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5 ABSTRACT

During my Ph.D., I have been involved in two different projects:
1. The study of the role of ESCRT-0 in Notch signaling and tumor suppression.
2. The study of the regulation of V-ATPase in a subset of Notch-dependent

developmental processes.

5.1 Abstract Project 1

Sorting and degradation of ubiquitylated cargoes depends on the
endosomal sorting required for transport (ESCRT) machinery. The ESCRT
machinery is composed of four multi-subunit ESCRT complexes (ESCRT-O0, -, -1I, -
I11), which act in a sequential fashion to deliver endocytic cargoes into the internal
luminal vesicles (ILVs) of the multivescicular endosome (MVE) for subsequent
degradation. ESCRTSs sort a number of transmembrane proteins including Notch
and the JAK/STAT signaling receptor Domeless. In Drosophila epithelial tissue,
mutation in ESCRT -1, -1I, -IIl components results in misregulation of several
signaling pathways, loss of epithelial polarity and unrestrained proliferation,
suggesting that ESCRT genes act as tumor suppressors. Unexpectedly, Drosophila
Hrs, one of the two components of the ESCRT-0 complex that acts upstream of the
other ESCRT complexes have been found to be dispensable for tumor suppression.
Thus, when I started my Ph.D. it was unclear whether ESCRT-0 had a tumor
suppressive function. In my first project, I have found that mutation of Stam, a
second ESCRT-0 component or of both Hrs and Stam result in accumulation of
ubiquitinated proteins and of the signaling receptors Notch and Domeless.

Nevertheless, mutant tissue displays normal tissue architecture, proliferation and
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Notch signaling activation. Overall, our in vivo data indicate that the ESCRT-0

complex does not play a crucial role in tumor suppression.

5.2 Abstract Project 2

In mammals, the Transcription Factor EB (TFEB) family of basic Helix-Loop-
Helix (bHLH) transcription factors regulates both lysosomal function and organ
development. However, it is not clear whether and how these two processes are
interconnected. In Drosophila, the Microphthalmia-associated Transcription Factor
(Mitf) is the unique homolog of the TFEB family. In my second project I have found
that Mitf acts similar to its mammalian counterparts as transcription factor
shuttling from lysosomes to the nucleus to regulate V-ATPase expression and
lysosomal biogenesis. Interestingly, [ found that V-ATPase subunits display diverse
expression patterns in the wing imaginal disc, suggesting complex regulation of
V-ATPase during development. Remarkably, I could show that Mitf cooperates to
regulate expression of a key component of the V-ATPase during differentiation of
proneural clusters (PNCs), a process that specifies cells with neuronal identity. In
addition, I have observed that the PNCs possess a distinctive endo-lysosomal
compartment and Notch localization. Finally, I have determined that modulation of
V-ATPase and Mitf in the disc alters endo-lysosomal function and PNC
development. Overall my in vivo analysis indicates that lysosomal-associated
functions regulated by V-ATPase/Mitf axis might play a role in tissue patterning

during Drosophila development.

In addition to the work described above, I co-wrote a chapter on
immunohistochemical tools and techniques to visualize Notch in Drosophila, in

Methods in Molecular Biology Vol. 1187 (Tognon & Vaccari, 2014)
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6 INTRODUCTION

6.1 Notch signaling

Notch signaling mediates cell fate decisions during development and tissue
homeostasis in metazoans (Guruharsha, Kankel, & Artavanis-Tsakonas, 2012). The
Notch pathway is remarkably pleiotropic and very context-specific; in certain
contexts Notch promotes proliferation, whereas in others differentiation (Wilson &
Radtke, 2006). As a consequence of the countless instances in which Notch
operates, signaling alterations are observed in a wide array of diseases including

cancers of the breast and lung (Pece et al., 2004; Westhoff et al., 2009).

6.1.1 Structure of Notch receptor and its ligands

Characterization of the Notch signaling pathway started at the beginning of
the 20th century with the discovery of the Notch gene in Drosophila as a sex-linked
mutation, which causes notches at the margins of the wing blades (Morgan, 1917).
The Notch gene encodes for a single pass transmembrane protein, which is
presented at the plasma membrane as a heterodimer composed of a large
extracellular domain (Notch Extracellular Domain or NECD) non-covalently linked
to a membrane tethered intracellular domain (Notch Extracellular Truncation-
NEXT). NEXT can be in turn cleaved to generate a smaller intracellular fragment
(Notch Intracellular Domain-NICD) as a consequence of signaling activation. The
extracellular domain of Notch contains up to 36 Epidermal Growth Factor (EGF)-
like repeats, some of which important for the interaction with its ligands (Rebay et
al,, 1991). Many EGF repeats bind to calcium ions, which play an important role in
the stabilization of the receptor (Cordle et al., 2008). The EGF repeats are then

followed by a unique negative regulatory region (NRR). The NRR modulates
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interactions between the extracellular and the membrane-tethered-intracellular
domains (Wharton, Johansen, Xu, & Artavanis-Tsakonas, 1985; Yochem, Weston, &
Greenwald, 1988) and plays a critical role in preventing receptor activation in the
absence of ligands. The NEXT fragment contains (i) a RAM (RBPjk association
module) domain, which sits close to the membrane, (ii) seven ankyrin repeats
(ANK domain), which are flanked by (iii) nuclear localization sequences (NLS), (iv)
aloosely defined transactivation domain (TAD) and at the very C-terminus (v) a
conserved proline/glutamic acid/serine/threonine-rich motifs (PEST) essential for
sending Notch to proteasomal degradation (Gupta-Rossi et al., 2001)(Fig. 1). In
particular, the C.elegans and mammalian E3 ligases SEL-10/Fbw7 were shown to
ubiquitinate the nuclear NICD in its PEST domain and promote proteasomal
degradation in the nuclear compartment (Gupta-Rossi et al.,, 2001; Wu et al., 2001).
In its intracellular region, Notch has a domain targeted by members of the HECT-
type (homologous to E6-AP carboxyl terminus) E3 ubiquitin ligase: Nedd4 and
Drosophila suppressor of Deltex [Su(Dx)]/mammalian Itch/AIP4 (Cornell et al.,
1999; Qiu et al,, 2000). Another region of Notch important for ubiquitination is the
ankyrin repeats, which are modifies by Deltex (Dx), a RING (really interesting new
gene) finger-type ubiquitin ligase (Diederich, Matsuno, Hing, & Artavanis-
Tsakonas, 1994). To activate the pathway, the Notch protein interacts with ligands,
which are also transmembrane proteins, therefore a cell-cell interaction is
required to trigger the canonical pathway. The common feature of Notch ligands is
the presence of two related structural motifs: an N-terminal DSL
(Delta/Serrate/Lag-2) motif and several EGF-like repeats. The DSL region of the
ligand mediates the interaction with Notch EGF-like repeats 11 and 12 (Rebay et
al,, 1991). In mammals, there are four Notch genes, which all exhibit the same

overall structure, and five genes encoding ligands, three Delta-like ligands (DIl)
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called DII1, D112 and D114 and two Serrate-like ligands called Jagged1 and Jagged?2.

In addition, noncanonical ligands have been described, either secreted or

membrane-tethered proteins (D’Souza, Meloty-Kapella, & Weinmaster, 2010).

Conversely, one of the advantages of studying Notch signaling in Drosophila

depends on its high level of conservation in metazoans and its low redundancy

compared to mammals. The Drosophila genome has one Notch gene encoding for

the receptor and only two genes encoding the ligands Delta (D1) and Serrate (Ser)

(Lissemore & Starmer, 1999). The main structural difference between the DI and

Ser ligands is that Ser molecules contain in the extracellular region a greater

number of EGF repeats and a cysteine-rich region that is absent in the DI ligands

(Fig. 1).

Extracellular
region
EGF-like
repeats
DSL
EGF-like
Te] ts
P psL |
EGF-like Lin12
. repeats ——
Cys-rich L
region Heterodimerization
domains !
PM
vertebrate Delta RAM
Jagged/Serrate

Intracellular
region

Figure 1 Structure of Notch receptor and DSL ligands.
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All molecules are single-spanning transmembrane proteins. EGF: Epidermal Growth Factor-like
repeats; RAM: RBPj-associated Molecule; TAD: Trans-activation domain; PEST: Proline (P), Glutamic
Acid (E), Serine (S) et Threonine (T); DSL: Delta, Serrate, Lag-2; Cys: Cysteine. Adapted from (Fitiza &
Arias, 2007).

6.1.2 Post-translational modification of Notch and its ligands

Notch and its ligands are glycoprotein, therefore subjected to two forms of
0-glycosilation, O-fucose and O-glucose. Although these post-translational
modifications seem in part dispensable for efficient signal transduction, it is likely
that O-fucosilation can facilitate proper Notch folding in the endoplasmic reticulum
(ER) and have a regulatory role on the ligand-binding properties of the receptors

(Sakamoto, Ohara, Takagi, Takeda, & Katsube, 2002; A. Xu, 2005).

6.1.3 Canonical Notch signaling activation

It is very well established that Notch receptor activation is mediated by a
sequence of proteolytic and endocytic events. The first Notch cleavage (S1) occurs
in the trans-Golgi apparatus, where a furin-like convertase cleaves the Notch
protein to form a non-covalently linked heterodimer that is mature to be exposed
at the plasma membrane. The biological relevance of S1 cleavage for efficient
Notch signaling is still controversial, but it seems dispensable for Notch activity in
mammals (Gordon et al., 2009), and also in Drosophila whereby Notch does not
appear to even undergo furin-processing (Kidd & Lieber, 2002). At the cell surface,
Notch heterodimer can interact with one of its ligands expressed in a neighboring
cell (signal-sending cell). The binding of the receptor to the ligand results in the
shedding of the ectodomain and exposure of an extracellular metalloprotease site
(S2) that can be cleaved by transmembrane proteases of the ADAM (a desintegrin
and metallopepidase) family, which in Drosophila is primarily represented by
kuzbanian (kuz) (Mumm et al., 2000; Nichols et al., 2007). In the signal-receiving
cell, the remaining NEXT fragment is then a substrate for y-secretase, a

multicomponent member of a growing family of intramembrane cleaving
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proteases (reviewed in (Selkoe & Wolfe, 2007)). NEXT fragment is then cleaved by
y-secretase at the S3 sites to generate the soluble fragment NICD, which can

translocate in the nucleus and behave as a transcription factor (Fig. 2).
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Figure 2 Schematic representation of canonical Notch signaling activation.

The binding of Notch to the ligand elicits a series of cleavage and endocytic steps. The first one is
mediated by the protease ADAM. Then NEXT becomes substrate for the y-secretase complex. Thus
NICD is released and translocates into the nucleus where it dislodges co-R and forms a ternary complex
with CSL and MAM leading to the recruitment of transcription factors and activation of target gene
expression. Adapted from (Kopan & Ilagan, 2009)

Whether this S3 cleavage takes place at the plasma membrane or in
endocytic compartments or in both places has long been debated (Kaether, Haass,
& Steiner, 2006; Pasternak et al., 2003). In the nucleus, NICD interacts with a
repressive transcriptional regulatory complex composed of CSL DNA binding

proteins (RBPjk/CBF1 in vertebrates, Lag-2 in Caenorhabditis and suppressor of
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hairless [Su(H)] in Drosophila) and co-repressors (co-R). In the nucleus, by
displacing co-R, NICD binds to CSL and recruits one member of the Mastermind-
like family (mam) that acts as a co-activator. The ternary complex then recruits
transcription factors, thereby initiating a series of events to promote transcription
of Notch target genes. The most classical target genes of Notch belong to the HES
(hairy enhancer of split) and Hrt (Hes-related) families, which are members of the
basic helix-loop-helix (bHLH) transcription factor family. The target of Notch
signaling during lateral inhibition in Drosophila include the bHLH genes of
Enhancer of split complex [E(spl)-C](Bailey & Posakony, 1995; Fortini & Artavanis-
Tsakonas, 1994; Jennings, Preiss, Delidakis, & Bray, 1994; Lecourtois &
Schweisguth, 1995; Struhl & Adachi, 1998)while during the development of the
wing NICD-CSL complex has different targets, for example it activates the

expression of vestigial (Kim et al., 1996).

6.1.4 Inhibitory effects of ligands

In addition to an inter-cellular ligand-ligand interaction (trans-interaction)
(Annette L Parks et al., 2006) an intra-cellular (cis-interaction) between ligands
and Notch expressed by the same cell has been shown to repress ligand-dependent
Notch signaling and to buffer cells against accidental activation of ligand-
independent Notch signaling (del Alamo, Rouault, & Schweisguth, 2011; Micchelli,
Rulifson, & Blair, 1997; Palmer, Jia, & Deng, 2015; Sakamoto et al., 2002). Ligands
lacking only the intracellular domain or lacking both the intracellular domain and
trans-membrane domains (secreted forms) lose their ability to trans-activate
Notch but retain strong inhibitory interactions with the receptors suggesting that
cis-inhibition requires sequences found in the extracellular domain of the ligands
(Sun & Artavanis-Tsakonas, 1996, 1997). It has been reported that during

Drosophila wing formation this mechanism contributes to restrict Notch signaling

18



activity to the dorsal/ventral (D/V) boundary, regulating correct wing margin
formation (Micchelli et al., 1997). Cis-mediated inhibition has been reported also in
Drosophila follicle cells where a miRNA promotes Notch activation by repressing
expression of DI, where in a cell autonomous context it acts as a repressor of Notch

signaling (Poulton et al., 2011).

6.2 Three types of developmental Notch-dependent processes

Notch can have a permissive function in which it mediates decisions
between two alternative fates such as in the processes of “lateral inhibition”, or of
“asymmetric cell fate decision”. Notch signaling can also have a more instructive
role, as in the case of the formation of boundaries between cells in Drosophila or

during somitogenesis in vertebrates.

6.2.1 Lateral inhibition

Lateral inhibition is a central process to assign cell fate during tissue
patterning. There are many examples where Notch functions in lateral inhibition.
The best studied is the selection of the sensory organ precursor cells (SOP) among
a cluster of cells (proneural cluster, PNC). This process can give rise to both
macrochaete and microchaete bristles, which are sensory structures present in the

thorax and in the wing of adult flies (Fig.3).

| ;
I i, microchaete
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anterior wing margin
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Figure 3 Positioning of macrochaete and microchaete in adult thorax and wing.
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The small sensory bristles (microchaete) are arranged in rows. Within a
row, the bristles are uniformly spaced and separated by epidermal cells. The
microchaete precursors arise from stripes of Achaete (Ac) and Scute (sc)
expression and are specified around 6-9 hours after puparium formation (APF)
(Usui & Kimura, 1993). The large bristles arise from small groups of Ac-sc
expressing cells that occupy stereotyped positions (Simpson, 1997). The formation
of SOPs occurs in the Drosophila wing imaginal disc (WD), an epithelial sac that
will give rise to the adult wing. This epithelial organ proliferates extensively during
larval development achieving a final size of 50,000 cells (Fig.4A).

During development, the PNC have the same developmental potential, but
only some cells within the group are singled out to finally adopt the potential. By
amplification of small differences within the PNCs, SOPs start to express an
increased levels of proneural proteins, which leads to inhibition of the neural
potential and the activation of Notch signaling in the surrounding cells (Castro,
Barolo, Bailey, & Posakony, 2005). Cells that trigger Notch signaling and activate
genes of the E(spl)-C will maintain an epithelial fate and in turn repress Ac and sc,
while those expressing more DI will be locked in the proneural fate (Fig.4B). The
PNC is recognizable by the expression of the bHLH transcriptional activators Ac-sc,
which confer the ability to make SOPs (Skeath & Carroll, 1991). The SOPs are
recognizable by the expression of other proteins, which are selectively retained in
the proneural cells; these include Neuralized (Neur) and the transcription factor
Hindsight (Hnt).

The differentiation cascade that forms SOPs is also in part dependent on
Wnt/Wingless (wg) signaling activation and required the combinatorial activity of
many bHLH transcription factors (Bray, 1997; Heitzler, Bourouis, Ruel, Carteret, &

Simpson, 1996). Members of the bHLH family share a common structural motif
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composed of a basic region followed by two a-helices joined by a flexible peptide
loop (HLH domain). The basic domain makes site-specific contact with DNA at
specific sequences, while the HLH domain is required for homo-or
heterodimerization with other partners. Different members of the bHLH family act
at different stages in the neuronal commitment. Some earlier factors regulate the
expression of later differentiating factors. In contrast to bHLH proneural proteins,
the bHLH family of the E(spl)-C act as transcriptional repressors (reviewed in

(Philpott, 2010)).

Figure 4 Positioning of SOPs in the wing imaginal disc.

A) Schematic representation of a Drosophila WD. The mechano-sensory bristles arise in the third
instar WDs from clusters of Ac-sc (As-C)-expressing cells at specific sites (in blue). B) Schematic
representation of the lateral inhibition process that occurs in the PNCs. Notch positive cells (blue)
repress proneural genes (AS-C) and maintain an epithelial fate. The DI (Dl;grey) cell instead
upregulates proneural proteins and is locked in the proneural fate.

In the WD, Notch signaling also participates in the partitioning of vein and
intervein cell fates (Huppert, Jacobsen, & Muskavitch, 1997). Mutations in genes
that affect Notch signaling in these two processes result in either alteration of
bristle numbers and/or aberrant wing vein morphogenesis (Goriely, Dumont,
Dambly-Chaudiére, & Ghysen, 1991; Lehmann, Jim€nez, Dietrich, & Campos-

Ortega, 1983; Shellenbarger & Mohler, 1975). Hyperactivity of Notch signal in all
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cells of the PNC results in the absence of SOPs (balding phenotype) and wing veins
in the adult. Conversely, loss of Notch signaling results in dense patches of bristles
in positions where only one bristle would normally be present due to

supernumerary SOPs and thicker veins.

6.2.2 Lineage decisions

Notch signaling can participate in binary cell decisions, which result in
unequal partitioning of regulators of DI/Notch signaling and identification of two
intrinsically different daughter cells. As a consequence, one of the daughter cell
will present ligand molecules that cause Notch activation in its sibling. This
process relies on cell polarization and polarity proteins (Schober, Schaefer, &
Knoblich, 1999; Wodarz, Ramrath, Kuchinke, & Knust, 1999). Epithelial cells of the
Drosophila WDs are polarized cells containing adherens and septate junctions in
the apical region. In the dorsal thorax, the division of the SOP occurs in parallel to

the anterior-posterior body axis.
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Figure 5 Drosophila sensory organ lineage.

socket

Scheme of pupal lineage from the precursor cell pl to the specification of the adult sensory organ cells
after several rounds of asymmetric cell divisions. Blue nuclei indicate cells responding to Notch
signaling and red nuclei indicate cells sending Notch signals. On the right side schematic
representation of how the four differentiated cells are organized to form the adult sensory organ. The
shaft and socket form the external cells, whereas sheath and neuron are internal. Adapted from
(Fiirthauer & Gonzalez-Gaitan, 2009)

After the SOP (pI) is chosen, this cell undergoes a series of asymmetric cell
divisions where regulators of Notch signaling (e.g. Numb and Neuralized) are

distributed asymmetrically between daughter cells, rendering the anterior cell
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(pllb) able to trigger Notch signaling in the posterior sibling cell (pIla). Numb and
Neuralized localize to the pllb cell and are involved in enhancing the ability of DI to
signal. Numb in the signal-sending cell antagonizes Notch signaling (Tong et al.,
2010). Asymmetric division of pIlb gives rise to a small glial cell that soon
undergoes apoptosis (Gho, Bellaiche, & Schweisguth, 1999) and to a plllb
precursor cell. The pllIb cell then undergoes a second round of asymmetric cell
division that gives rise to internal cells (sheath and neuron) whereas the plla
becomes the progenitor of the external cells (socket and shaft) (Fig.5). When
Notch signaling is lost the plla transforms into a pllb, leading to a loss of external
cells and gain of internal cells (de Celis, Garcia-Bellido, & Bray, 1996). Conversely,
when Notch signaling is ectopically activate there is a pllb-to-plla transformation
leading to gain of external cell at the expenses of internal cells (Guo, Jan, & Jan,

1996).

6.2.3 Boundaries formation

Compartment boundaries separate adjacent populations of cells and
prevent them from mixing. Notch signaling is important for maintaining
compartment boundaries, notably in the WD of Drosophila during development. At
early stages of development, the WD is divided by two lineage boundaries: the
anterior posterior (A/P) and the dorsal ventral (D/V) boundary (review in (Irvine
& Vogt, 1997) (Fig.6). The D/V compartment boundary of the WD acts as an
organizing center important to keep the identity of the dorsal and ventral
compartments distinct. The maintenance of the boundary depends on the
differential expression of Notch ligands Ser and Dl in the dorsal and ventral cells,
respectively. In this way Ser and DI are expressed in a compartment-specific
manner and Notch in the dorsal compartment only responds to DI, while in ventral

compartments it only responds to Ser (Micchelli & Blair, 1999). Thus, productive
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ligand-receptor interaction can take place only at the cell surfaces facing the D/V

boundary.

Figure 6 Notch signaling defines the D/V boundary.

On the left side, schematic representation of the wing imaginal disc divided by the two lineage
boundaries: the D/V boundary (in red) and the A/P boundary (in blue). On the right panel, schematic
representation of how Notch signaling maintains the D/V boundary. Ser (from dorsal green cells) and
DI (from ventral gray cells) activate Notch along the boundary and it, in turn, drives the expression of
target genes including wg, vg, cut

Activation of Notch signaling in the D/V boundary leads to expression of
Notch target genes such as vestigial (vg), wingless (wg) and cut. While wg is a
soluble factor that diffuses, Vg and Cut are cell-autonomous transcription factors.
Vg protein induces or maintains wg expression at the D/V boundary in the
presence of high Notch signaling activity. Notch seems capable of inducing wg
expression as well. Evidences indicate an elaborated feedback loop between Notch,
wg and Cut in which Notch and wg cooperate to activate Cut expression and Cut
and wg maintain each other expression (Neumann & Cohen, 1996) reviewed in

(Brook, Diaz-Benjumea, & Cohen, 1996)).
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6.3 The role of Notch signaling in cell-proliferation during

development

In addition to controlling cell fate, Notch signaling has been also shown to
support cell proliferation in a context-specific manner both in invertebrate and in
vertebrates (Silvia Fre et al., 2005; Go, Eastman, & Artavanis-Tsakonas, 1998).
Indeed, ectopic activation of Notch signaling in the WD results in substantial
enlargement of the disc. Interestingly, Notch has both cell autonomous and non-
cell-autonomous effect on mitotic activity (Go et al., 1998). Moreover the
proliferative potential of certain tissues can be modulated by the synergistic action
of Notch with other genes. Simultaneous activation of Notch and wg signaling
results in synergistic effects inducing the formation of ectopic wing (Couso, Bishop,
& Martinez Arias, 1994). The Notch/wg synergistic effect on cell proliferation is
particularly interesting considering that abnormal activation of Notch or wg
signaling in mammals has been associated with neoplasias (S. Fre et al., 2009;
Ranganathan, Weaver, & Capobianco, 2011). In a genetic screen carried out in
Drosophila for factors that synergize Notch-dependent proliferative events, the
transcription factor Myocyte enhancer Factor 2 (Mef2) has been identified as a
crucial partner of Notch in triggering massive proliferation and invasive metastatic
growth through Jun N-terminal kinase (JNK) signal activation (Pallavi, Ho, Hicks,

Miele, & Artavanis-Tsakonas, 2012).

6.4 The role of Notch signaling at mid-oogenesis in Drosophila

Notch signaling is also required for numerous important aspects of
oogenesis in Drosophila. One of these occurs in the follicle epithelium (FE). The FE
is a somatic monolayer of cells, which surrounds the cluster of 16 germ cells to

form an egg chamber. Among the 16 germ cells, one differentiates as the oocyte
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and the other 15 become nurse cells, which contribute maternal mRNAs and
proteins and nutrients to the forming oocyte. Oogenesis occurs within the
Drosophila ovary, which consists of 16-20 long tube-like structures called
ovarioles. Each ovariole is formed by series of progressively older egg chambers.
Egg chambers are staged depending on their morphological size from stage 1
(when the egg chamber is forming) to stage 14 (an egg chamber with a mature
egg). The FE proliferates until stage 6 of oogenesis. At this point divisions cease
and the FE nuclei undergo three rounds of endo-replication. Notch signaling
activation is responsible for such proliferative to endo-replicative switch (Fig.7A).
In fact, a DI signal from the germ line has been proposed to activate Notch in the FE

leading to the expression of the transcription factor Hnt and to downregulation of

Cut (Fig.7B).
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Figure 7 Notch signaling activation at mid-oogenesis.

A) At mid-oogenesis, follicle cells (FCs-yellow) switch from a proliferative to an endo-replicative stage
due to Notch signaling activation. Low levels of Dl are expressed in the germ line cells (GL-blue). B)
Notch signaling activation results in the upregulation of target genes including Hindsight (Hnt) and
represses the transcription factor cut.
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6.5 The importance of endocytosis in Notch signaling

Activation and deactivation of signaling can be tightly controlled by
internalization, trafficking and degradation of receptors, ligands and transducers
through the endocytic pathway (Sigismund et al., 2012). Consistent with this,
endo-lysosomal components play a pleiotropic role in controlling signaling and
tumor suppression. Notch signaling appears exquisitely regulated by endocytic
trafficking. For the purpose of this Thesis, [ will describe more in details two
endocytic components extremely important for the trafficking of Notch and its

activation.

6.6 The ESCRT machinery

6.6.1 ESCRT function

The Endosomal sorting complex required for transport (ESCRT) machinery
controls endosomal sorting and multivesicular endosome (MVE) biogenesis, two
key steps for the degradation of signaling molecules in the endo-lysosomal system
(Fig.8). The ESCRTs were originally identified in yeast for their crucial role in
sorting ubiquitinated membrane proteins into the lumen of the vacuole, which
functions as lysosome (Raymond, Howald-Stevenson, Vater, & Stevens, 1992). The
main function of the ESCRT machinery is to deliver cargoes into intraluminal
vesicles (ILVs) of newly formed MVE, and eventually send them toward
degradation; In addition ESCRTs are also required for viral budding, for autophagy,
for mRNA transport and for cytokinesis (reviewed in (Rusten, Vaccari, & Stenmark,
2011)). ESCRTs have been widely implicated in the regulation of many membrane-
bound receptors (Camilla Raiborg & Stenmark, 2009). In Drosophila, loss of ESCRT

function results in alteration of receptor signaling leading to excess of tissue
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proliferation and to ectopic activation of several signaling pathways, including
Notch. For this reason, ESCRT genes have been proposed to behave as tumor

Suppressor.

6.6.2 The composition of the ESCRT complexes

The ESCRT machinery is composed of four biochemically distinct protein
complexes termed ESCRT-O0, -1, -1I, -1I1, according to their step-wise requirement to
sort cargoes towards the lumen of MVEs. ESCRT-0, -1, -1I possesses ubiquitin-
interacting modules necessary for cargo sorting. In addition, ESCRT-I and -II
cooperate to form invagination of the endosomal membrane. Conversely, ESCRT-
I11, the final complex in the pathway, has no ubiquitin-recognizing module but
instead actively recruits de-ubiquitylating enzymes (DUBs) to remove ubiquitin
from the cargoes before incorporation in ILVs. Moreover, the Vps32 subunits of the
ESCRT-III complex form spiral-shaped oligomers that constrict the neck of the
forming ILVs ultimately leading to severing the invaginating ILV neck. Finally, the
ESCRT-III complex recruits the machinery that catalyzes the disassembly of the
ESCRTSs from the endosomal membrane at the end of the process of inward

budding.
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Figure 8 ESCRT machinery along the endocytic pathway

Early endosomes (EE) are predominantly tubule-vesicular structures, which constitute a major sorting
platform in the cell, whereas late endosomes show the characteristics of typical MVE and are capable
of fusing with lysosomes. The transition between these two stages occurs by progressive involution of
the limiting membrane to form ILVs. The four ESCRTSs are recruited to endosomes by the interaction
with membranes, clathrin, lipids and ubiquitin and with each other.

The ESCRT-0 complex is formed by a heterodimer composed of Hrs
(hepatocyte growth factor (HGF)-regulated Tyrosine kinase substrate) and Stam
(signal transducing adaptor molecule). Hrs mediates the recruitment of ESCRT-0
to the endosomal membrane, through the interaction of the FYVE domain of Hrs
with phosphatidylinositol-3-phosphate (PtdIns(3)P), present on endosomes.
Eventually, clathrin is recruited to form a flat coat that sequesters ubiquitylated
cargoes in microdomains on the endosomal membrane where ILV will occur (C
Raiborg, Bremnes, et al., 2001). Hrs also possesses an ubiquitin interaction motif
(UIM) to bind ubiquitin (Lloyd et al., 2002; Polo et al., 2002). Finally, ESCRT-0
recruits the ESCRT-I complex by direct interaction with the ESCRT-I component
Tsg101. The ESCRT-I is made of Tsg101, vps28, vps37 and mvb12 (Chu, Sun,
Saksena, & Emr, 2006; Morita, Sandrin, Alam, et al., 2007). The ESCRT-1 is

structurally organized in a core complex with flexible connected modules that
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mediate interactions with other partners, including ESCRT-II components and

ubiquitin through the ubiquitin E2 variant (UEV) domain of Tsg101.
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Figure 9 Schematic of the composition of ESCRT machinery in Drosophila.

ESCRT-II consists of a heterotetramer of two Vps25 molecules and one Vps22 and
Vps36 (Im & Hurley, 2008; Teo, Perisic, Gonzalez, & Williams, 2004), which act as a
platform for assembly of ESCRT III. This complex consists of two polymeric
filaments, each made of one Vps20, a polymer of Vps32 molecules, and one of each
Vps24, and Vps2 (Teis, Saksena, & Emr, 2008). Vps2 and Vps24 cap the filament
and provide connection to Vps4, an AAA ATPase that provides energy for
disassembly and reuse of ESCRT IIIl components (reviewed by (Williams & Urbé,

2007)) (Fig.9).
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6.7 The V-ATPase

The Vacuolar-type H*-ATPase (V-ATPase) is a proton pump that is
conserved throughout the animal and plant kingdoms. It localizes at the plasma
membrane and in a variety of intracellular compartments including lysosomes,
endocytic and secretory vesicles (Stevens and Forgac, 1997). The V-ATPase has
been mainly studied in yeast and its structure, function and regulation has been
well characterized in the last 30 years. Yeasts lacking a functional V-ATPase are
unable to grow at neutral pH and survive only at acid pH (5.5) (Nelson & Nelson,
1990; Yamashiro, Kane, Wolczyk, Preston, & Stevens, 1990). The structure of V-
ATPases from animals, plants and fungi is quite similar and composed of two
functional domains. V-ATPase shows a membrane-embedded Vy sector and a
peripheral catalytic V1 sector (Stevens and Forgac, 1997). The integral membrane
Vo sector consists of at least six different subunits (a, c, ¢’, ¢”, d, e), which assemble
to form a 250-300 kDa highly hydrophobic proteolipid ring important for proton
translocation. The cytoplasmic V1 sector is formed by eight different subunits (A-
H) and is a 570 kDa peripheral complex important for ATP hydrolysis (Forgac,

2007).

6.7.1 Drosophila V-ATPase

In D. melanogaster V-ATPase gene family has been identified during the late
nineties by sequence similarities searches (Dow, 1999). The Drosophila V-ATPase
is encoded by 33 genes (Fig.10). Some subunits are represented by a single gene;
this is the case of vha55, vha44, vhaSFD, vhaAc45 and vhaPRR. Other subunits are
encoded by multiple paralogs, and the expression of these genes varies
considerably within the tissues (Allan, Du, Davies, & Dow, 2005). The presence of

V-ATPase in Drosophila has been documented at apical membrane of highly
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specialized epithelial cells such as those of salivary glands, Malpighian tubules and

gut (Allan et al., 2005).

V1sector VO sector

A=Vhat8 a=Vhaloo
B=Vha55 c¢=Vhalé

D=Vha36 d=VhaAC39

E = Vha2 e = VhaM9.7
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H = VhaSFD MB8.9=VVhaPRR
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Figure 10 Schematic representation of Drosophila V-ATPase.

The genes that encode the Vi sector of the Drosophila V-ATPase are the followings: vha68-1, vha68-2,
vha68-3 that codes for subunit A, vha55 that codes for subunit B, vhaSFD for subunit SFD (H), vha44 for
subunit C, vha36-1, vha36-2, vha36-3 for subunit D, vha14-1, vha14-2 for subunit F, vha13 for subunit G.
The genes that encode for the Vo sector instead are the followings: vha100-1, vha100-2, vha100-3,
vha1l00-4, vha100-5 for subunit a, vhal6-1, vhal6-2, vhal6-3, vhal6-4, vhal6-5 for subunit ¢, vhaPPA1-
1, vhaPPA1-2 for subunits PPA1 (c¢”), vhaM9.7-1, vhaM9.7-2, vhaM9.7-3, vhaM9.7-4 for subunit M9.7 (e),
vhaA(C39-1, vhaAC39-2 for subunit AC39 (d). The genes that encode for the accessory subunits are
vhaAC45 for AC45 subunit and vhaM8.9 also known as vhaPRR for subunit M8.9.

Mutations in V-ATPase subunits show a Malpighian tubule phenotype due
to defect in urinary acidification which prevents the precipitation of uric acid
crystals (Allan et al., 2005). Table 1 shows a comparative analysis of V-ATPase

gene family for Human, Drosophila and Yeast.
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Table 1 Comparative analysis of V-ATPase gene families.

Note that most subunits are shared by all V-ATPase. Only accessory subunits are not present in yeast.

Eukaryotic V-ATPase

Subunits \ Drosophila | Human Yeast
Vi
Vha68-1 ATP6V1A VMA1
A Vha68-2 - -
Vha68-3 - -
B Vha55 AT6V1B1 VMA2
- ATP6V1B2 -
SFD (H) VhaSFD ATP6V1H VMA13
C Vha44 ATP6V1C1 VMAS
- ATP6V1C2 -
Vha36-1 ATP6V1D VMAS8
D Vha36-2 - -
Vha36-3 - -
E Vha26 ATP6V1E1 VMA4
- ATP6V1E2 -
Vhail4-1 VMA7
F Vhald-2 ATP6V1F )
ATP6V1G1 VMA10
G Vhal3 ATP6V1G2 -
ATP6V1G3 -
Vo
Vha100-1 ATP6VO0A1 VPH1
Vha100-2 ATP6VO0A2 STV1
a Vha100-3 ATP6VO0A3 -
Vha100-4 ATP6V0A4 -
Vha100-5 - -
Vhal6-1 ATP6VOC VMA3
Vhal6-2 - -
C Vhal6-3 - -
Vhal6-4 - -
Vhal6-5 - -
c - - VMA11
PPA1 (c”) Zzgigﬁ;é ATP6VOB VMA16
VhaM9.7-1 ATP6VOE VMA9
VhaM9.7-2 - -
M9.7(e) VhaM9.7-3 . .
VhaM9.7-4 - -
VhaAC39-1 ATP6VOD1 VMA6
Ac39 (d) VhaAC39-2 ATP6VOD2 -
Accessory subunits
Ac45 VhaAC45 ATP6VAP1 -
M8.9 VhaPRR ATP6VAP2 -
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6.7.2 Mechanism of V-ATPase catalysis

V-ATPase operates with a rotary mechanism to drive protons across cell
membranes. The translocation can occur only when the V1 is assembled on Vo. ATP
hydrolysis occurs at the interface of A and B subunits in the cytoplasmic Vi sector,
where they form the stator, a pseudo-hexameric arrangement with three catalytic
sites for ATPs (Marshansky, Rubinstein, & Griiber, 2014; Muench, Trinick, &
Harrison, 2011). Energy released from the ATP hydrolysis forces a proton to enter
subunit a of the Vo sector and protonate a universally conserved glutamic acid

residue (Fig.11).
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Figure 11 Mechanism of V-ATPase catalysis.

The V1 sector is necessary for the hydrolysis of ATP at the cytosolic side of the membrane and Vo to
translocate protons against concentration gradients. Hydrolysis of 3 ATP in the stator (composed of
subunits A and B) drives rotation of a shaft (subunits D, F, d) and is bound to a proteolipid ring that
rotates and allow proton translocation. Adapted from (Hayek, Lee, & Parra, 2014)

Rotation of the central stalk formed by subunits F, D and d in turns drives
rotation of the membrane-associated hexameric proteolipid ring composed of 5-6
subunits of ¢ and one subunit of ¢” (Y. Wang, Cipriano, & Forgac, 2007). Rotation of
the proteolipid ring allows the proton to pass from two “half channels”. One

channel exchanges protons from one side of the membrane into the lipid bilayer,
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and a second channel transfers the proton from the lipid bilayer to the other side
of the membrane against a concentration gradient.

A core of three EG heterodimers serves to prevent rotation of the stator
during ATP hydrolysis (Marshansky et al., 2014). Subunit C operates as a receptor
for the dissociation signal. It is released from the pump when the Vo and V1 sectors
need to be disassembled (Vitavska, Wieczorek, & Merzendorfer, 2003). Subunit H
instead has been proposed to have an inhibitory effect on ATPase activity upon
separation of the V1 and Vj sectors (Parra, Keenan, & Kane, 2000). Its absence in
yeast results in the proper assembly of V-ATPase complex, which however do not
possess any ATPase activity or the ability to translocate protons (Ho et al,, 1993).
In the integral Vo domain, the membrane-embedded proteolipid ring is composed
of several copies of the 16 kDa subunits c, which contain 4 transmembrane helices
with two cytosolic loops exposed to the cytosol while the 23 kDa ¢” subunit has
five trasmembrane helices (Flannery, Graham, & Stevens, 2004; Y. Wang et al.,
2007). The a subunit is the largest Vo subunit of 100 kDa and possesses different
isoforms (Manolson et al., 1994; Nishi & Forgac, 2000) that contain targeting
information to direct V-ATPase complexes in different subcellular compartments
(Manolson et al., 1994). For example, in budding yeast, the two isoforms of subunit
a, Stvl and Vphlare targeted to the late Golgi/endosome and to vacuoles,
respectively (Manolson et al., 1994). Subunit d is present on the top of the
proteolipid ring, it is peripherally associated to Vo on the cytosolic side of the
membrane and provides the connection between the central stalk and the ring.
The e subunit is an extremely hydrophobic protein associated with the ¢ subunit
(Ludwig et al,, 1998) that perhaps prevents proton leakage. In addition, two
accessory subunits that are not present in yeast have been associated with the Vo

sector: Ac45 and M8-9 whose function might be dispensable for V-ATPase activity.
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The accessory subunit Ac45 is a globular protein that resides in the luminal side of
the Vo sector (Rawson et al., 2015). Recent studies have shown that AC45 might be
a regulatory subunit for proper V-ATPase recruitment at the plasma membrane
and CaZ*-dependent exocytosis (Jansen et al., 2012) . The subunit M8.9 has been
recently identified as the (pro) renin receptor and it seems to have a dual role: (i)
in the recruitment of Wnt receptor complex into the acidic microenviroment
(Buechling et al,, 2010; Cruciat et al., 2010; Hermle, Saltukoglu, Griinewald, Walz, &
Simons, 2010) (ii) in the renin-angiotensin system that also regulates V-ATPase

activity (Burcklé & Bader, 2006).

6.7.3 Regulation of V-ATPase function

Regulation of V-ATPase activity is accomplished through a number of
mechanisms, including reversible dissociation of ViV, complexes, control of their
cellular localization, and changes in the coupling efficiency of ATP hydrolysis with
proton transport. The V1 sector can reversibly associate and dissociate from the Vg
sector depending on the cellular demand (review in (Forgac, 2007)). Subunits
assembly into functional holoenzyme takes place in the ER and Golgi; alternatively,
soluble V1 and membrane-associated Vo can be produced separately and later
associated (Graham, Hill, & Stevens, 1998). Notably, neither disassembly nor
reassembly of V-ATPase requires new protein synthesis. Dissociation and
assembly appear to be independently controlled processes because dissociation
but nor reassembly requires an intact microtubular network (T. Xu, 2001),
whereas reassembly but not dissociation requires a protein complex called RAVE
(regulator of the ATPase of vacuolar and endosomal membranes) (Seol,
Shevchenko, & Deshaies, 2001). In yeast, dissociation of the complex occurs
rapidly in response to glucose depletion. In insects assembly of the V-ATPase is

under the control of Protein kinase A (PKA), although PKA independent
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mechanism has also been demonstrated (Tiburcy, Beyenbach, & Wieczorek, 2013).
In mammals, regulation of V-ATPase assembly appears to be dependent on
Phosphoinositide-3 kinase (PI3K) in response to stimuli such as elevated glucose
concentrations (Marjuki et al.,, 2011) and on mTOR complex 1 (mTORC1) activity
(Y. Xu et al., 2012). Recently, it has been shown that the V-ATPase complex acts in
nutrient sensing. Upon the current model, V-ATPase senses the amino acid levels
in the lysosomes and is required for the switch between anabolic and catabolic
processes of the cell (Zoncu et al,, 2011) . Interestingly, V-ATPase assembly
appears to be increased upon amino acid starvation and the amino acid-dependent
change in assembly seem independent on mTORC1 or PI3K signaling, suggesting
that V-ATPase assembly involve distinct signaling pathways and quite complex

distinct mechanisms (Stransky & Forgac, 2015).

6.7.4 Main function of V-ATPase: acidification

The main function of the V-ATPase is to acidify intracellular compartments
and the extracellular milieu by pumping protons across membranes. Acidification
is required for a number of key cellular processes including lysosomal-mediated
degradation, receptor-mediated endocytosis, proton-coupled transport of ions and
small molecules, ligand-receptor dissociation and for the movement of carrier
vesicles from early to late endosomes (reviewed in (Forgac, 2007; Stevens and
Forgac, 1997). Physiologically, in renal intercalated cells, in osteoclasts and
epididymal clear cells, V-ATPase is located at the plasma membrane where it
exerts its role in urine acidification (Brown, Smith, & Breton, 1997), bone
resorption (Chatterjee et al.,, 1992) and sperm maturation (Shum, Da Silva, Brown,
& Breton, 2009) respectively. Accordingly, perturbation of V-ATPase function is
associated with multiple diseases including lysosomal storage disorders,

neurodegeneration, myopathy, bone diseases and even cancers. Increased
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expression or activity of V-ATPase is displayed by almost all cancers, where it is
thought to contribute to extracellular matrix degradation and tumor spreading
(Martinez-Zaguilan, Lynch, Martinez, & Gillies, 1993). The V-ATPase activity is
critical for pH homeostasis and organelle acidification, as well as generation of the
membrane potential that drives cellular metabolism. In early Xenopus embryo,
both cytoplasmic pH and membrane voltage are required for establishing the left-
right axis (Dany S Adams et al., 2006). Moreover, ion flux per se is necessary for
Xenopus tail regeneration and correct neuronal patterning in the new tissue (D. S.

Adams, Masi, & Levin, 2007).

6.7.5 Unconventional V-ATPase functions

Beside its role in acidification, It has been suggested that V-ATPase might
have different function beyond that of proton pump (Finbow et al., 1994; Hiesinger
et al., 2005; Peters et al., 2001; Zoncu et al., 2011). Interestingly, evidence in
Drosophila and Manduca have also shown that the c subunit of the Vo, also called
ductin, can assemble in a ring-shaped structure which forms the connexon channel
of gap junctions and mediates exchange of soluble factors (Finbow et al., 1994).
The c subunits can therefore assemble to form a channel complex for the Vo sector
of the V-ATPase or as part of the connexon channel for gap junctions, depending on
the dual orientation that the ¢ subunit can assume (Dunlop, Jones, & Finbow,
1995).

In addition, it has been postulated that the Vy sector of the V-ATPase in S.
cerevisiae participates in membrane fusion events, independent of proton
translocation (Peters et al., 2001). In Drosophila the neuronal specific isoform of a-
subunit (Vha100-1) has been proposed to act in fusion of synaptic vesicles, a
process necessary for neurotransmitter release (Hiesinger et al., 2005; Williamson,

Wang, Haberman, & Hiesinger, 2010). In worms, the Vy is required for apical
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protein secretion and in zebrafish it appears to mediate fusion between
phagosomes and lysosomes during phagocytosis (Peri & Niisslein-Volhard, 2008).
Finally in mammals V-ATPase regulates insulin secretion in pancreatic beta-cells
independent of the pH of the secretory granules (Sun-Wada et al., 2006). However
the role of Vo sector in membrane fusion is considered controversial and it remains

difficult to rule out indirect effects on acidification (Coonrod et al., 2013).

6.7.6 Transcriptional regulation of V-ATPase expression: the role of
TFEB/Mitf transcription factors family

Recently, studies in vertebrate systems have indicated that V-ATPase
expression is regulated by the Transcription Factor EB (TFEB), a member of the
TFEB/Microphtalmia associated transcription factor (Mitf) bHLH leucine-zipper
family (Palmieri et al., 2011; Sardiello et al., 2009). TFEB proteins preferentially
form homodimers or heterodimers with family members and bind to E-box related
DNA sequences (CANNTG) in the promoter region of target genes. These
sequences have been named Coordinated Lysosomal Expression and Regulation
(CLEAR) sites and consist of a palindromic 10-base pair GTCACGTGAC motif
present either as a single sequence or in multiple copies, which appear highly
enriched in the promoter regions of not only V-ATPase subunit genes but of
several lysosomal and autophagy genes (Palmieri et al., 2011). In vertebrates,
TFEB functions as a regulator of lysosomal biogenesis and autophagy in an axis
with V-ATPase and mTOR that senses the nutritional status of the cell (Settembre
etal., 2011; Zoncu et al,, 2011). Interestingly, TFEB was also shown to be essential
for placental vascularization (Steingrimsson, Tessarollo, Reid, Jenkins, & Copeland,
1998) while MITF, another member of the family, has been shown to have a role in
eye development and development of specialized cell types, including osteoclasts,
melanocytes and mast cells (Hemesath et al.,, 1994)(reviewed in (José A Martina,

Diab, Li, & Puertollano, 2014)). Therefore, the transcription factor TFEB/MITF
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family might control organ development by regulating signaling in the endo-
lysosomal system. A single ortholog of vertebrate TFEB/MITF transcription factors
is encoded by the Drosophila genome (Jén Hallsteinn Hallsson, Haflidadottir,
Schepsky, Arnheiter, & Steingrimsson, 2007). Over-expression of Drosophila Mitf in
eye imaginal discs has been shown to perturb eye development (Jén H Hallsson et
al., 2004). This phenotype resembles the one of its vertebrate MITF counterpart
suggesting that the function of the TFEB/MITF family in tissue patterning is
evolutionarily conserved (Jon H Hallsson et al., 2004). Despite this, it is unknown
whether Drosophila Mitf controls transcription of homologs of TFEB target genes,
including V-ATPase subunits or endo-lysosomal biogenesis and autophagy, and

finally how it functions in regulation of tissue patterning.

6.8 Roles of endocytic trafficking components in ligand-

dependent and ligand-independent Notch activation

As previously discussed, Notch signaling is highly sensitive to dis-regulation
of the endo-lysosomal system. Drosophila mutations that block Notch trafficking at
different endocytic steps have different effects on Notch signaling activity. In
general, mutations that block endocytic transport from the cell surface to the
endosome appear to inhibit Notch signaling, whereas mutations that block
endosomal sorting lead to excess of signaling (reviewed in (Baron, 2012; Hori, Sen,
Kirchhausen, & Artavanis-Tsakonas, 2012)). The molecular basis of such effects is

discusses below.

6.8.1 Current models for ligand endocytosis in activation of Notch signaling
The first evidence that endocytosis was required for Notch signaling came
from the observation that transient removal of the vesicular trafficking regulator

dynamin in developing flies phenocopies loss of Notch signaling, highlighting for
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the first time the importance of endocytosis for both ligand and receptor to

activate signaling (A L Parks, Klueg, Stout, & Muskavitch, 2000; Seugnet, Simpson,

& Haenlin, 1997). Dynamin and other specialized components involved in

endocytic internalization, including the epsin liquid facets, the E3 ubiquitin ligase

Neuralized and Mind Bomb are required for ligand internalization and signaling

ability of the signal-sending cells (Itoh et al., 2003; Overstreet, 2004; W. Wang &

Struhl, 2004). Notch ligands are ubiquitinated by Neuralized and Mind Bomb and

endocytosed in a process that requires liquid facets in the signal-sending cell (W.

Wang & Struhl, 2004, 2005). Two popular models for the role of ligand endocytosis

in Notch signaling have been proposed: (i) prior to Notch binding, endocytosis is

required for ligand processing and recycling of a competent ligand back to the cell

surface (Fig.12a)(W. Wang & Struhl, 2004) (reviewed in (Le Borgne, Bardin, &

Schweisguth, 2005; M. B. Wilkin & Baron, 2005)) and (ii) endocytosis by the ligand

cell produces mechanical force to pull on Notch and induce structural changes

leaving the S2 cleavage site unprotected allowing proteolysis and NICD release

(Fig. 12b) (Meloty-Kapella, Shergill, Kuon, Botvinick, & Weinmaster, 2012; Nichols

etal., 2007; A L Parks et al., 2000; Windler & Bilder, 2010).
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Figure 12 Proposed models for ligand-induced endocytosis in Notch signaling.
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A) Schematic representation of the “recycling model” where ligands need to be endocytosed and reach
microdomains to activate Notch pathway. B) Schematic representation of the “pulling force” model,
where the endocytosis of the ligand is needed to generate the force sufficient for Notch ectodomain
shedding. Adapted from (Musse, Meloty-Kapella, & Weinmaster, 2012)

6.8.2 Canonical ligand-dependent Notch activation

A number of studies have highlighted the requirement of endocytosis also
of Notch receptor itself in productive signaling. In particular, in Drosophila mutants
for proteins such as dynamin, the GTPase Rab5 and the endocytic syntaxin
avalanche(Avl), which are required for cargo internalization and fusion with early
endosomes, Notch accumulates at or below the plasma membrane and Notch
signaling activation is significantly reduced in imaginal discs and in the FE at mid-
oogenesis, a model of ligand-dependent signaling (Lu & Bilder, 2005; Vaccari, Lu,
Kanwar, Fortini, & Bilder, 2008). In addition, previous work in our lab using the
same Drosophila tissues has demonstrated the importance of V-ATPase activity for
ligand-dependent Notch signaling activation (Vaccari, Duchi, Cortese, Tacchetti, &
Bilder, 2010). Drosophila V-ATPase mutants show impaired acidification of the
endo-lysosomal compartment and are unable to degrade cargoes, thus suggesting
that V-ATPase-dependent acidification not only promotes the degradation of Notch
in the lysosome but also its activation. Concomitantly, another study in Drosophila
have reached the same conclusion by showing that mutants for Rabconnectin-3
alpha and beta, proteins implicated in the regulation of V-ATPase display

impairment in Notch signaling activation (Yan, Denef, & Schiipbach, 2009).

6.8.3 Ligand-independent Notch activation

ESCRT complexes are instead required for attenuation of Notch signaling. In
fact, mutations in Drosophila components ESCRT-I, ESCRT-II and ESCRT-III
complexes all display accumulation of Notch receptor in early endosomes and
ectopic ligand-independent Notch signaling activation (Herz et al., 2006; Menut et

al, 2007; Moberg, Schelble, Burdick, & Hariharan, 2005; Thompson et al., 2005;
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Vaccari & Bilder, 2005; Vaccari et al,, 2009, 2008). Mechanisms underlying Notch
signaling by ESCRTs might be complex, as distinct members of the ESCRT
complexes exhibit non-overlapping phenotypes (Herz, Woodfield, Chen, Bolduc, &
Bergmann, 2009). Moreover, Drosophila Hrs, which codes for one of the two
obligate ESCRT-0 component has been shown to be dispensable for Notch
signaling activation and tumor suppression (Vaccari et al., 2008). In addition, in a
Hrs mutant, Notch fails to be degraded but it is otherwise normally activated
(Lloyd et al., 2002; Vaccari et al., 2008). Another tumor suppressor gene involved
in Notch trafficking has been identified in the lethal giant discs (lgd) gene that
codes for a conserved C2 protein that binds to phospholipids and phosphorylated
proteins present on endosomes. When Igd function is compromised strong ligand-
independent Notch activation and hyperplastic overgrowth of Drosophila imaginal
discs are observed. In addition, endosomes are enlarged and accumulate
ubiquitinylated transmembrane proteins including Notch. Later studies have
shown that Lgd interacts with the ESCRT-III component Shrub the Drosophila
homologue of Vps32, and this interaction, which takes place in the cytosol is
required for the function of Shrub, indicating that Lgd might modulate the function
of the ESCRT-III complex (Troost, Jaeckel, Ohlenhard, & Klein, 2012). Consistent
with this, Hrs, Shrub and other ESCRT components are needed for the ectopic
Notch signaling seen in [gd mutants (Childress, Acar, Tao, & Halder, 2006;
Gallagher & Knoblich, 2006; Jaekel & Klein, 2006; Troost et al., 2012).

The observations that different defects in vesicular trafficking affect Notch
signaling confirm that endocytosis is required for Notch signaling and raise also
the possibility that Notch trafficking is an important mechanism for Notch
signaling modulation. It is apparent that in the case of [gd mutant tissue, Notch

must be transported to late endosome/lysosomes for activation to occur and
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required the fusion of endosome with lysosomes, while in ESCRT mutant cells
Notch seems to accumulate in an earlier endosomal compartment, which is Hrs-

positive (Schneider, Troost, Grawe, Martinez-Arias, & Klein, 2013; Troost et al.,

2012; Vaccari & Bilder, 2005). This evidence suggests that activation of Notch may

occur in different endosomal compartments with different mechanisms.
Fig. 13 shows the role of endocytic components in ligand-dependent and

ligand-independent Notch signaling
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Figure 13 Endocytic regulation of Notch signaling.
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Endocytic factors that promote signaling are Dynamin, liquid facets, neuralized, Mind bomb,
Rab5,Avalanche V-ATPase Deltex and AP-3, HOPs, while those involved in signaling downregulation
are Kurtz, ESCRTs, ITCH/[Su(Dx)], Lgd, cbl and Sel10. Adapted from (Le Bras, Loyer, & Le Borgne, 2011)

6.8.4 Notch ubiquitination

The ability of the Notch receptor to traffic via different endocytic routes
depends on its ubiquitination. E3 ubiquitin ligases have been shown to
ubiquitinate Notch, to regulate its trafficking and sorting and ultimately its
signaling activity. In particular, overexpression of the RING finger E3 ubiquitin
ligase Deltex (Dx) in Drosophila mimics the phenotypes associated with Notch
gain-of-function mutations, and loss of Dx function results in wing-margin
phenotypes that are reminiscent of loss of Notch function, indicating a positive role
in Notch signaling (Hori et al., 2004; Matsuno, Diederich, Go, Blaumueller, &
Artavanis-Tsakonas, 1995; A. Mukherjee et al., 2005). However, complete
elimination of Dx function affects only a narrow subset of Notch-dependent
patterning processes in Drosophila suggesting that Dx contributes to the
robustness of signaling in some context but is dispensable for most of Notch
decisions. Genetic studies uncovered a number of components required for Dx-
induced Notch signaling. Mukherjee et. al showed that Dx, in combination with
Kurtz (Krz), the single Drosophila homologue of mammalian non-visual 3-
arrestins, functions as a negative regulator of Notch promoting polyubiquitination
of the receptor (A. Mukherjee et al., 2005). The strong downregulation of Notch
signaling produced by the combined effect of Dx and Krz is suppressed by
chloroquine, a reagent known to inhibit lysosomal degradation by raising
intracellular pH, confirming that Dx and Krz regulate the sorting and degradation
of Notch protein via an endosomal/lysosomal pathway. The Dx and Krz co-
expression phenotype is also suppressed by reducing the activity of the ESCRT III
component Shrub (Hori, Sen, Kirchhausen, & Artavanis-Tsakonas, 2011). Mutation

or RNAi knock-down of Shrub results in a strong-upregulation of the Dx-induced
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Notch signal in a ligand-independent manner. In contrast, co-expression of Dx with
Shrub results in Notch signal-downregulation. In both circumstances Notch
accumulates on the Rab7-positive, late endosomes. Other members required for
Dx-induced Notch activation have been identified in components of the HOPS
(homotypic fusion and vacuole protein sorting) and AP-3 (Adaptor protein-3)
complexes, genes that are known for their role in biogenesis of lysosomal-related
pigment granules, lysosomes and autophagy (M. Wilkin et al., 2008). Mutations in
genes encoding members of these complexes result in loss of Notch signaling
activity. Interestingly, the differences between up and down-regulation of Notch is
correlated with its ubiquitination status.

Interaction of Dx with Krz promotes poly-ubiquitination of Notch associated
with its down-regulation. Conversely, Dx promotes Notch mono-ubiquitination,
which helps to evade ESCRT-mediated sorting and ultimately lysosomal
degradation (M. Wilkin et al., 2008). In such condition, the cytoplasmic domain of
Notch would be exposed to the cytoplasm while its extracellular domain to the
intra-luminal environment. Therefore, NECD is subjected to proteolytic
degradation by a yet unknown mechanism that however seems independent of
Kuz-mediated S2 cleavage (Schneider et al., 2013; Shimizu et al., 2014). The
resulting membrane tethered, truncated product would be then a substrate for
intra-membrane proteolysis by y-secretase, which is required for Dx and lgd-
induced Notch activation and is present and more active in the limiting lysosomal
membrane (Pasternak et al., 2003).

Other E3 ubiquitin ligases involved in Notch signaling include members of
the HECT E3 ligases, such as Su(Dx)/Itch/AIP4 and Nedd4, which are implicated in
the sorting and lysosomal degradation of unactivated Notch. Gain-of-function of

Su(Dx) and Nedd4 cause a Notch loss-of-function phenotype in the Drosophila wing
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margin, indicating that these E3 ligases exert a negative regulation on Notch
signaling in a subset of Notch decisions (Fostier, Evans, Artavanis-Tsakonas, &
Baron, 1998; Sakata et al., 2004; M. B. Wilkin et al., 2004). Su(Dx) blocks Dx-
induced Notch activation by diverting endocytosed Notch from the late endosome
limiting membrane into the MVEs, thus sequestering it from activation. Su(Dx) has
been considered a negative regulator of Notch signaling, however, the phenotype
of Su(Dx) null mutations were also shown to be temperature sensitive (Cornell et
al,, 1999; Fostier et al., 1998; Mazaleyrat et al., 2003). A recent study revealed that
Su(Dx) can also promote Notch signaling at low temperatures (Shimizu et al.,
2014). Interestingly, it has been shown that Su(Dx) promotes Notch endocytosis
through a glycophosphatidylinositol (GPI)-positive, sterol-dependent endosomal
route in a temperature-dependent manner. Conversely, Dx promotes Notch
internalization through a GPI-negative sterol-independent route toward late
endosomes/lysosomes and this route is insensitive to temperature (Shimizu et al.,
2014). Interestingly, at low temperatures, both Dx- or Su(Dx)- dependent routes
leads to Notch activation. Conversely, at moderate temperatures, Su(Dx) induces
Notch degradation, and both Dx and Su(Dx) are in competition for Notch to enter

their routes (Shimizu et al., 2014).

6.9 Therole of ligands in ligand-independent Notch activation

Ligands have been vey recently shown to protect the cell from ligand-
independent Notch signaling activation in cis. Surprisingly, upon removal of both
cis- and trans- ligands, Notch appears to become activated cell autonomously in
both the ovarian follicle cells and WDs in Drosophila, suggesting that cis-inhibition
efficiently blocks ligand-independent Notch activity (Palmer et al., 2015).
Moreover, it has been shown that increasing cis-ligand expression levels can

reduce ligand-independent Notch signaling activation that occurs in mutants for
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lgd, shrub, and dx (Mukherjee et al., 2011; Palmer et al., 2015). Finally, ligand-
independent activation of the receptor has been recently shown to be essential for
the normal development of Drosophila blood cells (Mukherjee et al., 2011).
However, there has been little evidence that such mechanism is required in

mammalian development.

6.10 CSL-independent Notch signaling activation

Several papers suggested that Notch could signal independently of CSL. In
these cases, NICD have been proposed to interact directly with transcription
factors other than members of the CSL family, such as Mef2 and LEF1 (Ross &
Kadesch, 2001; Wilson-Rawls, Molkentin, Black, & Olson, 1999). In addition, it has
been shown that Notch receptor can interact with proteins within the cytoplasm
that function without changes in gene expression. This is the case of several Notch
alleles that alter adult Drosophila SOP development. In particular, in one class of
Notch alleles represented by certain Abruptex (Ax) mutations (Ax>%4, AxM?) and
Michrochaete defective (Mcd) mutations, the establishment of the PNC does not
occur. In fact, the alleles prevent Ac-sc expression resulting in loss of the adult
sensory bristle phenotype. The phenotype has been shown to be independent of
CSL/Su(H) and it is suppressed by removing the function of the Wnt regulator
Shaggy/Zeste White 3 Kinase (Sgg/zw3) or of Dx (Brennan et al., 1999; Ramain et
al,, 2001), supporting a possible interaction of Notch receptor with component of
the wg pathway. Consistent with this, it was demonstrated that a membrane-
bound form of Notch physically interacts with [3-catenin and modulates Wnt

signaling by negatively regulating 3 -catenin activity in flies (Hayward et al., 2005).
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7 AIM OF THE WORK

During my Ph.D, [ have been involved in two different projects;

7.1 Project 1: The role of ESCRT-0 in Notch signaling and tumor

suppression

It has been previously shown that Drosophila epithelial imaginal discs
lacking components of the ESCRT-I, -1I, or -III complexes overproliferate, fail to
polarize apico-basally, lack terminal differentiation and display increased Notch
signaling and JNK-and Hippo-dependent apoptosis (Herz et al., 2006, 2009; Menut
etal., 2007; Moberg et al., 2005; Thompson et al., 2005; Vaccari & Bilder, 2005;
Vaccari et al., 2009). In contrast, the role of ESCRT-0 in such processes had not
been studied. A Stam mutant and a double mutants for Hrs and Stam, encoding for
two components of the ESCRT-0 complex had just been characterized in Drosophila
tracheal cells when I started to work on the project. They were shown to possess
reduced FGF (fibroblast growth factor) receptor signaling and to fail to undergo
correct morphogenesis (Chanut-Delalande et al., 2010). However, it was not clear
whether they display loss of tumor suppression or altered Notch trafficking and
signaling. Thus, in this project [ investigated whether mutations in Stam or both
Hrs and Stam led to loss of tumor suppression phenotype in Drosophila epithelial
tissues, and whether ESCRT-0 complex is required for endosome maturation and

for Notch signaling activation or downregulation.
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7.2 Project 2: Regulation of V-ATPase expression in a subset of

Notch-dependent developmental processes

In the second part of my Ph.D, [ have been involved in studying the role and the
regulation of V-ATPase in Notch-dependent developmental processes in Drosophila
developing tissues. Recently, it has been found that the V-ATPase is controlled by
the lysosomal transcription factor TFEB and is required to regulate mTOR as well
as Wnt and Notch signaling (Cruciat et al., 2010; Palmieri et al., 2011; Vaccari et al.,
2010; Zoncu et al,, 2011) . In particular, we recently reported a key role of V-
ATPase in the activation of Notch in endosomes (Vaccari et al., 2010). However,
whether and how the TFEB/V-ATPase axis controls N signaling is not known. In
this study, I investigated whether Mitf, the unique Drosophila homolog of TFEB,
regulates V-ATPase expression, lysosomal biogenesis and Notch signaling

activation in Drosophila.
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8 MATERIALS AND METHODS

8.1 Fly cultivation

Flies were maintained on standard yeast/cornmeal/agar media. All crosses

were performed at 25°C unless otherwised stated.

8.2 Genetics

8.2.1 Genetics of Project 1

Drosophila lines used in the first projects are: FRT40AHrsP28 referred in the
text as Hrs (Lloyd et al., 2002); and FRT40AStam?.289 referred in the text as Stam
(Chanut-Delalande et al., 2010) and the triple mutant Hrs Staml(2)gl. (Bloomington
Drosophila Stock Center (BDSC) #3914, #41804 and #41806, respectively).
Genetically, the mutations Hrs and Stam behave as null alleles. Due to early stop
codon HrsP28expresses only the amino terminal first quarter of the protein, lacking
most functional domains (Lloyd et al., 2002). Similarly, Stam?.28% harbors a
nonsense mutation leading to an early stop codon at amino acid 6 (Chanut-
Delalande et al., 2010).

Genotypes of the experiments presented in the figures for project 1 are

listed in more detail in Table 2.

8.2.1.1 Generation of Hrs,Stam recombinants

The Hrs, Stam recombinants were generated via standard genetic
procedures. Hrs females were crossed with Stam males to generate
recombinogenic F; females. These were then crossed to a balancer stock and the F»
male progeny was stocked and crossed back to Hrs and Stam mutants and relative
deficiencies (Hrs deficiency: BDSC #9543; Stam deficiency BDSC #7821). Males

that failed complementation with both loci but complemented I(2)gl4or a I(2)gl
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deficiency (BDSC #3634) were kept as independent recombinant fly lines (see

complementation test in Table 4.
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Table 2 Genotypes Project 1

Fig Panel
Fig. 15
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Label, if any

WT mosaics

Hrs mosaics

Stam mosaics
Hrs, stam mosaics
WT mosaics

Hrs mosaics

Stam mosaics
Hrs, stam mosaics
WT

Hrs

Stam

Hrs Stam

WT

Hrs

Stam

Hrs Stam

WT mosaics

Hrs mosaics

Stam mosaics
Hrs, stam mosaics

Genotype

P(mini-w, ubi-GFP) FRT40A/FRT40A; GR1-GAL4 UAS-FLP/+;

P(mini-w, ubi-GFP) FRT40A/FRT40A HrsP?8 GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A Stam?.28%: GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A HrsP28 Stam?L28%6; GR1-GAL4 UAS-FLP/+;/+
eyFLP/+; FRT40A/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A HrsP28/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A Stam?.2896/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A HrsP28 Stam?L28%6 /FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A /FRT40A P(mini w, cl)

eyFLP/+; FRT40A HrsP28 /FRT40A P(mini w, cl)

eyFLP/+; FRT40A Stam?L2896/FRT40A P(mini w, cl)

eyFLP/+; FRT40A HrsP28 Stam?2L2896 /FRT40A P(mini w, cl)

eyFLP/+; FRT40A /FRT40A P(mini w, cl)

eyFLP/+; FRT40A HrsP28 /FRT40A P(mini w, cl)

eyFLP/+; FRT40A Stam?L28%6 /FRT40A P(mini w, cl)
eyFLP/+; FRT40A HrsP28 Stam?2L2896 /FRT40A P(mini w, cl)

eyFLP/+; FRT40A/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A HrsP28/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A Stam?.2896/FRT40A P(mini ubi GFP)
eyFLP/+; FRT40A HrsP28 Stam?L28%6 /FRT40A P(mini ubi GFP)
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Fig. 18
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WT

Hrs Stam
Hrs Stam
Hrs Stam
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Vps25
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Stam mosaics
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eyFLP/+ FRT42D vps2543/FRT42D P(mini-w, cl)

eyFLP/+; FRT40A Stam?L28%6/FRT40A P(mini w, cl)
eyFLP/+; FRT40A HrsP28 /FRT40A P(mini w, cl)

eyFLP/+; FRT40A HrsP28 Stam?L2896]gl /FRT40A P(mini w, cl)
eyFLP/+; FRT40A /FRT40A P(mini w, cl)

eyFLP/+; FRT40A/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A HrsP28/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A Stam?.28%/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A HrsP28 Stam?L2696 /FRT40A P(mini ubi GFP)

P(mini-w, ubi-GFP) FRT40A/FRT40A HrsD28 GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A Stam?L28%6; GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A HrsD28 GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A Stam?.28%6; GR1-GAL4 UAS-FLP/+;/+

eyFLP/+; FRT40A/FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A HrsP28 Stam?L28%6 /FRT40A P(mini ubi GFP)
eyFLP/+; FRT40A HrsP28 Stam?L2696 /FRT40A P(mini ubi GFP)
eyFLP/+; FRT40A HrsP28 Stam?L28%6 /FRT40A P(mini ubi GFP)

eyFLP/+; FRT40A /FRT40A P(mini w, cl)
eyFLP/+ FRT42D vps2543/FRT42D P(mini-w, cl)
eyFLP/+; FRT40A HrsP28 Stam?2L2896]gl /FRT40A P(mini w, cl)

eyFLP/+; FRT40A HrsP28/FRT40A P(mini ubi GFP)
eyFLP/+; FRT40A Stam?.2896/FRT40A P(mini ubi GFP)
eyFLP/+; FRT40A HrsP28 Stam?L28%6 /FRT40A P(mini ubi GFP)
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WT

Stam

Hrs Stam
WT

Stam

Hrs Stam

P(mini-w, ubi-GFP) FRT40A/FRT40A; GR1-GAL4 UAS-FLP/+;

P(mini-w, ubi-GFP) FRT40A/FRT40A Stam?.28% GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A Hr HrsP?8 Stam?-2896; GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT404; GR1-GAL4 UAS-FLP/+;

P(mini-w, ubi-GFP) FRT40A/FRT40A Stam?.28%; GR1-GAL4 UAS-FLP/+;/+
P(mini-w, ubi-GFP) FRT40A/FRT40A HrsP?8 Stam?L26%; GR1-GAL4 UAS-FLP/+;/+
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8.2.2 Genetics of Project 2

8.2.2.1 GFP-trapped lines

The GFP trap lines: GFP::Vha16-1 (G00007,); GFP::VhaAC45 (ZCL0366),
GFP::Vha13(CA07644); YFP::Vha55 (CPTI100063); GFP::VhaSFD (G00259) were
obtained from large-scale random transposon insertion project where a mobilizing
transposable element containing an exon encoding GFP/YFP protein flanked by
strong splice acceptor and donor sequences was randomly inserted in the
Drosophila genome (Buszczak et al., 2007; Lowe et al., 2014; Morin, Daneman,
Zavortink, & Chia, 2001). YFP::Lamp1 insertion line CPTI001775 is from
Kyoto/DGRC (Takats et al., 2013). GFP::CG8668 (117-2) was a gift of ]. Zallen. The
G/YFP cassette, which is inserted within the gene of interest behaves as an extra
exon and undergoes splicing and translation to generate a chimeric protein.
Therefore, the expression of the YFP/GFP is under the endogenous transcriptional
and translational control of the gene of interest and it can be used to study the
expression pattern of the gene of interest and sometimes its subcellular
localization. Fig.14 show schematic representations of the insertion points of the

different Drosophila lines used in this study.
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Figure 14 Schematic representation of the loci of the genes, which are potential target of TFEB.

A-F) Coding exons are in grey and non coding exons are in black. The GFP/YFP insertion points are
shown in green, according to FlyBase. For Vhal6-1 gene, two other Vha16-1::Gal4 lines were used. Gal4
insertion points are indicated in blue. A schematic of the UASVha16-HA is shown in grey while the
region of the 3’'UTR targeted by the Vha16-1RNAIi line used in this study is shown in red.

8.2.2.2 Other Drosophila lines used for Project 2

Lines obtained from the Bloomington Drosophila Stock Center (BDSC) are:
UAS Vhal6-1 RNAi (#40923); Neur-LacZ (#4369); UASmCD8GFP(#5137);
UASmCD8RFP; PannierGAL4 (#3039); Ms1096-Gal4 (#8860); Neur-Gal4
A101(#6393); Df(2R)BSC326 (#24351); Df(2R)ED1791 (#9063); Df(3R)ED6025
(#8964); P{lacW}Vha55j2E9 (#12128); P{EPgy2}VhaSFD EY04644 (#15758). The
Vha1l6-1-Gal4 lines NP5271 and NP3437 are from Kyoto. UAS VhaPPA1-1 RNAi
(#v47188) is from Vienna Drosophila Resouce Center (VDRC). UAS NICD and UAS
NEXT were a gift of M. Fortini. E(spl)mf3 lacZ and E(spl)m4 LacZ were gifts from E.
Lai. UAS MITF and Uas MITFDN was a gift from F. Pignoni (Jén H Hallsson et al.,
2004). The MitfDN carries a point mutation in the basic domain of the protein,
preventing its binding with the DNA but not its homodimerization with other
transcription factor molecules. Neur-GFP and NiGFP4mCherry5 (Couturier,
Trylinski, Mazouni, Darnet, & Schweisguth, 2014)were a gift from Francois
Schweisguth, ActGal4>GFPhLamp1 was a gift from Helmut Kramer. UAS E(spl)m8,

and m4 were a gift of C. Delidakis. Misexpression in either larval or adult tissues
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was achieved using the Gal4/UAS system (Duffy, 2000). Genotypes of the

experiments presented in the figures for project 2 are listed in Table 3
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Table 3 Genotypes Project 2

control w[1118]
control w[1118]
ms1096>Mitf Ms1096 GAL4 /+;;Uas-Mitf/+
A control Ms1096 GAL4/+;
ms1096>Mitf Ms1096 GAL4/+;;Uas-Mitf/+
ms1096>Mitf DN Ms1096 GAL4/+;Uas-Mitf EA /+
B control Ms1096 GAL4/+;
ms1096>Mitf Ms1096 GAL4 /+;;Uas-Mitf/+
A ms1096>cd8GFP Ms1096 GAL4/+;Uas-cd8GFP/+
B control Ms1096 GAL4/+;
ms1096>Mitf Ms1096 GAL4/+;;Uas-Mitf/+
ms1096>Mitf DN Ms1096 GAL4i+;Uas-Mitf EA i+
ms1096> Ms1096 GAL4/+;
ms1096>Mitf Ms1096 GAL4/+;;Uas-Mitf /+
ms1096>Mitf DN Ms1096 GAL4i+;Uas-Mitf EA i+
A and B ms1096>YFP::Lamp1 Ms1096 GAL4/+; PBac{681.P.FSVS-1}Lamp1[CPTI001775]/+;
Ms1096 GAL4/+; PBac{681.P.FSVS-1}Lamp1[CPTI001775]/+; Uas-

ms1096>Mitf YFP::Lamp1l Mitf/+

AandB control Ms1096 GAL4/+;
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Fig. 30
A and B

Fig. 31

Fig. 32

Fig. 33

Fig. 34

ms1096>Mitf
ms1096>Mitf DN
ms1096>Nicd

ms1096>
ms1096>Mitf

control
ms1096>Mitf
ms1096>Mitf DN

control
ms1096>Mitf
ms1096>Mitf DN

ms1096>Mitf;YFP::Vha55
ms1096>Mitf;GFP::VhaSFD
ms1096>Mitf;GFP::Vha1l3
ms1096>Mif;GFP::Vhal6-1
ms1096>; MitfGFP::VhaAC45
ms1096>Mitf; YFP::Lamp1
YFP::Vha55

GFP::VhaSFD

GFP::Vhal3

GFP::Vhalé6-1
GFP::VhaAC45

YFP::Lamp1

Ms1096 GAL4 /+;;Uas-Mitf/+
Ms1096 GAL4/+;Uas-Mitf EA /+
Ms1096 GAL4/+;Uas-Nicd /+

Ms1096 GAL4/+;
Ms1096 GAL4/+;;Uas-Mitf /+

Ms1096 GAL4/+;
Ms1096 GAL4 /+;;Uas-Mitf/+
Ms1096 GAL4/+;Uas-Mitf EA /+

Ms1096 GAL4/+;
Ms1096 GAL4 /+;;Uas-Mitf/+
Ms1096 GAL4/+;Uas-Mitf EA /+

Ms1096 Gal4/+; ;Vha55[ CPTI100063]/UAS-Mitf
Ms1096 Gal4/+; VhaSFD[ G00259}/+; UAS-Mitf/+
Ms1096 Gal4/+; ;Vhal3[ CA07644]/UAS-Mitf
Ms1096 Gal4/+; Vhal6[ GO007}/+; UAS-Mitf/+
Ms1096 Gal4/+; VhaAC45[ ZCL0366}/+; UAS-Mitf/+
Ms1096 Gal4/+; Lamp1 [CPTI001775]/+; UAS-Mitf/+
w([1118]; PBac{544.SVS-1}Vha55[ CPTI100063]/TM3
w1118; P{PTT-GA}VhaSFDG00259/Cy0

y1 w*; P{PTT-GA}Vha13CA07644/TM3, Ser1 Sb1
w1118; Vha16-1 G0007/CyO

y1 w1118; P{PTT-GB}VhaAC45ZCL0366/Cy0
w1118; PBac{681.P.FSVS-1}Lamp1CPTI001775/CyO
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Fig. 35

Fig. 36
Aand B

CandD

Fig. 37

Fig. 38

Fig. 39

Fig.40

Fig. 41

E(spl)mf lacZ ;GFP::Vha16-1

ms1096>
ms1096>Nicd
ms1096>
ms1096>Nicd

GFP::Vhal6-1
ms1096>NICD;GFP::Vhal6-1
GFP::Vhal3
ms1096>NICD;GFP::Vha13
ms1096>NICD;YFP::Vha55
ms1096>NICD;GFP::VhaSFD
ms1096>; NEXT; GFP::VhaAC45
GFP::CG8668
ms1096>NICD;GFP::CG8668

GFP::Vhal6-1;Neur101-LacZ
GFP::Vhal6-1;E(spl)m4-LacZ

control
control

GFP::Vhal6-1

Vhal6-1::GAL4 NP5271> CD8GFP
Vhal6-1::GAL4 NP3437> CD8GFP

E(spl)mfB-HLH-lacZ 0.9/+ ;GFP::Vhal6-1/+

Ms1096 GAL4/+;
Ms1096 GAL4/+;Uas-Nicd /+
Ms1096 GAL4/+;

Ms1096 GAL4/+;Uas-Nicd /+

w1118; Vha16-1 G0007/CyO

Ms1096 GAL4/+Vha16-1 GO007 /UAS-NICD;
GFP::Vha13/Tm3

Ms1096 GAL4/+;UAS-NICD/+;GFP::Vha13/+

Ms1096 Gal4/+;Uas-NICD/+ ;Vha55[ CPTI100063]/+
Ms1096 Gal4/+; VhaSFD[ G00259}/UAS-NICD;
Ms1096 Gal4/+; VhaAC45[ ZCL0366}/+; UAS-NEXT/+
;CG8668 117-2 (II)

Ms1096 Gal4/+;Uas-NICD/CG8668 117-2 (II)

Vhal6-1 G0007/+;Neur101-LacZ/+
Vhal6-1 G0007/;E(spl)m4-BFM-LacZ

w[1118]
w[1118]

w1118; Vhal6-1 G0007/CyO

w*; P{GawB}Vha16-1NP5271/UAS-cd8GFP
w*; P{GawB}Vha16-1NP3437/UAS-cd8GFP
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Fig. 43

Fig. 44
A-F

G-N

Fig. 45

Fig. 46

ms1096>GFP::Vhal6-1
ms1096>E(spl)m4;GFP::Vhal6-1
ms1096>E(spl)m8;GFP::Vhal6-1

ms1096>
ms1096>Nicd
ms1096>
ms1096>Nicd

ms1096>GFP::Vhal6-1
ms1096>Mif DN;GFP::Vhal6-1

ms1096>

ms1096>Mitf
ms1096>Mitf DN
ms1096> neur-GFP
ms1096>Mitf neur-GFP
ms1096>Mitf DN

ms1096>
ms1096>Mitf
ms1096>Mitf DN

GFP::Vhal6-1;neur101>RFP
ms1096>

ms1096>Vhal6-1 Rnai HMS02171;
ms1096>Vhal6-1 Rnai HMS02171;
GFP::Vhalé6-1

Ms1096 Gal4/+; Vhal6[ GOOO7}/+;
Ms1096 Gal4/+; Vhal6[ GO007}/+; Uasm4/+
Ms1096 Gal4/+; Vhal6[ GO007}/UAS-m8

Ms1096 GAL4/+;
Ms1096 GAL4/+;Uas-Nicd /+
Ms1096 GAL4/+;

Ms1096 GAL4/+;Uas-Nicd /+

Ms1096 Gal4/+; Vhal6[ GOOO7}/+;
Ms1096 Gal4/+; Vha16[ G0007}/ UAS-Mitf EA;

Ms1096 GAL4/+;

Ms1096 GAL4/+;;Uas-Mitf/+

Ms1096 GAL4/+;Uas-Mitf EA /+

Ms1096 GAL4/+;;Neuralized-GFP/+
Ms1096 GAL4/+;;Neuralized-GFP/Uas-Mitf
Ms1096 GAL4/+;Uas-Mitf EA /Neuralized

Ms1096 GAL4/+;
Ms1096 GAL4 /+;;Uas-Mitf/+
Ms1096 GAL4/+;Uas-Mitf EA /+

Vhal6-1 G0007/Uas-cd8RFP;neuralized GAL4/+
Ms1096 GAL4/+;
ms1096 GAL4/+; Vhal6-1 Rnai HMS02171/+

Ms1096 GAL4/+; Vhal6-1 Rnai HMS02171/Vhal6

:GFP [GOO7];
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D and E pnr> ;; Pannier GAL4/+

pnr>Vhal6-1-HA Pannier GAL4/UAS Vhal6-1-HA
pnr>Vhal6-1 Rnai HMS02171 Vhal6-1 Rnai HMS02171/+; Pannier GAL4/+
pnr>Vhal6-1 Rnai HMS02171; Vhal6-1-HA  Vhal6-1 Rnai HMS02171/+; Pannier GAL4/UAS Vhal6-1-HA
F pnr> ;; Pannier GAL4/+
pnr>VhaPPA1-1 Rnai GD16478 VhaPPA1-1 Rnai GD16478/+; Pannier GAL4/+
Fig. 47
A YFP::Lamp1 w1118; PBac{681.P.FSVS-1}Lamp1CPTI001775/CyO
B neur-GFP Neuralized-GFP/TM3
C act>GFP-hLAMP1 Actin GAL4, UAS GFP-Lamp1/Cyo
D wild type w[1118]
E NiGFP4Cherry5 See (Couturier et al., 2014)



8.3 Complementation test

8.3.1 Complementation test in Project 1

In the first project, complementation test has been used to make sure that
both the HrsP28 and Stam?2L28% single mutants did not contain lesions in the
lethal(2) giant larvae (I(2)gl) gene. Indeed, [(2)gl gene, which behaves as tumor
suppressor in Drosophila is frequently lost due to the fact that it resides very close
to the subtelomeric region of the second chromosome (Agrawal, Kango, Mishra, &
Sinha, 1995; Roegiers et al., 2009). To test this, we crossed the HrsP28 and
Stam?2128% single mutants with the null allele /(2)gl*. Moreover, we also used the
complementation test to assess that the Hrs and Stam double mutant line we
generated carried both mutations and was devoid of the I(2)gl lesion (Table 4).

Both the HrsP28 and Stam?-28% fly lines carry a recessive lethal mutation, and
therefore the mutations can be maintained only in heterozygosis over a balancer
chromosome. The balancer is a rearranged chromosome that prevents genetic
recombination between homologs during meiosis and carries a phenotypic marker
that can be used to sort flies. These lines were balanced over CyO, a balancer that
showed a curled-up wing. Thus the progeny from the cross was scored for the wing
phenotype. “Complementation” reveals that the mutations are in two different
genes and it is revealed by the presence of straight wings in the progeny, while
“non complementation” means that the mutations occur in the same gene and it is

revealed by the absence of progeny with straight wings.

64



Table 4 Test of complementation Project 1

cross row by colum Stam Hrs Hrs stam 1gl
Stam F C - C
Hrs C F - C
Hrs stam F F F C
Hrs stam gl F F F F
F: failed complementation C: complementation
Genotypes:

Stam: : FRT40A Stam?L28%6 /Cy (0

Hrs:: FRT40A HrsP?8/Cy0

Lgl; FRT40A Igl/ Cy0

Hrs stam: FRT40A HrsP28 Stam?L28% /Cy()

Hrs stam Igl: : FRT40A HrsP28 Stam?L.28%]gl/Cy0

8.3.2 Complementation test in Project 2

In the second project, GFP-trapped lines were crossed with lines carrying a
deletion of the locus of interest or a P-element insertion that likely disrupts the
gene function and assay for the ability to complement. This assay was useful to
investigate whether the GFP insertion would disrupt the gene function.
This analysis revealed that most knock-in lines in V-ATPase genes behave as loss-
of-function mutants, presumably because of effects of the GFP insertion on the
functionality of the tagged proteins (Table 5). However, all lines are viable and
fertile in heterozygosis and we do not observe dominant effects. Thus, these exon

traps can be used in heterozygosis to study regulation of expression in vivo.
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Table 5 Test of complementation Project 2.

GFP-trapped lines were crossed for each other or with deletion lines or P-element insertions as indicated.

Vhal3 Vhals-1 YhahC4s
cross row by colum | ¥FP:Vhatt | whaS5 p EL |GFP:VhaSFD|whaSFD p EL] GFP:Whald | delegon  [SFP::vVhalb-1 delation GFEP:VhaAC4s deletion
YFP-Vhats F F = 3 + + " = 3 -
GFP:haSFD - - C F | : > x x = =
GFP::Vhald - - - - F F - - - -
GFPEVhale-1 - - - - - - F F - -

GFP:VhaACds = - 4 - E - - F F
Genotypes C= Camplementation
¥FP:Whass FiPrat CPT] Yhas5s) CPTELDO0GE] Tm3 F= Failure to complement
Vha55 o El w1 w™; PllacWivhaS5j2E9/TME, Shil
GFP:VhaSFD FiyTrap WVhaSED[ GOO258}/Cv0
VhasFDp El PIEPRy2 WhaSFDEYOAG44/ Dy
GFP:Ahald FiyTrap Whal3d] CAO?644]/Tma
Whall deletion w1118; DF{3ARIEDE02S , PI3' RS5+3. 3 EDG025/TMEL, cul Shi
GFPVhals-1 FiyTrap Vhale] GOOO?)/Cnd:

WhalE-1 deletion wil18; DF[ZRHSCII6 000
GFP:VhasCas FiyTrap VhalC45] BILOGEE| Ol

Vhal45 deletion

wlll8; DE[ZRFEDLTE] | P{3"RS5+3. 3" FEDL 7L SShdGa
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8.4 Live thorax imaging of intact pupae.

Collect the pupae at the appropriate stage. Gently adhere the pupae to a
double-side tape with the ventral side up. Cut the edge of the operculum (the
circular batch on the anterior dorsal tip of the pupal case) and remove the whole
pupal case. Be careful of not pinching the fly. Once the fly is free from the pupal
case, use a brush to move the fly into a slide object dorsal side up. Make a square
frame of Whatman paper with a small open in the middle and soak it into water.
Place the paper around the pupae. Use a syringe filled with silicone vacuum grease
to create a layer of grease around the paper frame. Place a small drop of water (1
ul) on the center of the coverslip and seal the pupa with the coverslip. For a

detailed video description see (Zitserman Diana, 2011)

8.5 Adult wing, thorax and eye preparation

Adult flies were scored 2-3 days after enclosure, and only females were taken
into account. More than 10 females from crosses were collected in isopropanol and
kept at room temperature until preparation. Wings were dissected in isopropanol
and mounted on microscopy slides using a mixture of Canadian balm (xylem-free)
with methyl salicylate 1:1. Preps were dried at room temperature and analyzed
and imaged with a Nikon SMZ1500 microscope using the NCIS Elements 5.0
software. Images displayed in figures are representative examples out of at least
10 images per samples. To image thoraces, legs and wings from the adult flies were
removed with forceps, and the body of the fly was placed on a soft agar plate
dorsal side up and directly imaged with a Nikon SMZ1500 microscope. Stacks of
approximately 10 sections with step size of 0.59 um were taken. Each image

represents the max projection of each z-stack. To image the adult eye, the adult
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head of a fly was placed on soft agar plate on a side and the eye was imaged with

the Nikon SMZ1500 microscope.

8.6 Misexpression using the GAL4/UAS system

This technique is used to control when and where specific genes are
expressed (Duffy, 2000). This technique is based on the transactivator GAL4,
which is a yeast protein that binds to upstream activating sequences (UAS) to drive
the expression of any gene of interest. Any gene of interest can be mis-expressed in
different cells and tissues simply crossing the line carrying a UAS-gene of interest
with any Gal4-activator lines. In addition a UAS sequence can be introduced
upstream to a RNAi sequence for the gene of interest. In this case the GAL4/UAS
system would lead to the downregulation of the mRNA of the gene of interest

rather than its overexpression.

8.7 Generation of clones with FLP /FRT system

This method is used to create homozygous mutations in a patch of cells that
express the FLP enzyme. This is particularly useful for mutant alleles that are
homozygous lethal. The mutation for the gene of interest is distal to an FRT site.
When FRT interacts with the FLP enzyme, recombination will occur between the
identical FRT sites, which are in close proximity. This results in mosaic tissue
containing cells homozygous for the mutation in the gene of interest.
Predominantly mutant eye and WDs (referred to in the text as mutant discs) were
generated with the eyeFLP cell lethal system as described (Newsome, Asling, &
Dickson, 2000). Mutant eye disc clones were generated with the eyeFLP mosaic
system as described previously (Tapon, Ito, Dickson, Treisman, & Hariharan,
2001). Mutant follicle epithelial cell clones were generated by using the heat

shock-mosaic system (Lee & Luo, 2001) and the GR1 system (Goentoro, Yakoby,
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Goodhouse, Schiipbach, & Shvartsman, 2006). For most of the mosaic experiments,
female flies were heat-shocked at 37°C for 1 h two times a day for 2 days and then

incubated at 25°C for 4 days before dissection.

8.8 Generation of transgenic UAS Drosophila lines
For the generation of the UAS Vha16-1-HA fly strain, we amplify the cDNA for
Vha1l6-1 from the plasmid (pFLC-I #RH30178) using the following primers

represented in Table 6:

Table 6 Oligonucleotides used for the generation of UASVha16HA fly line.

Orientation Sequence Lenght | Features
Forward 5 GATCGAATTCATGTCTTCTGAAGTGAGCAG 3’ | 30 EcoRi site
ATG start
codon
Reverse 5'GATCTCTAGATTAGGCGTAGTCAGGCACGTCG | 61 Xbal Site
TAAGGATATTTCGTGTACAGGTAAATGGC 3’ HA tag
TTA Stop
codon

An HA tag was inserted at the C-term of the protein. The amplicon of Vhal6-1-HA
was inserted into the pUAST expression vector and injected into the ZH-86fb

landing site (Basler lab). Transgenesis was performed 