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ABSTRACT
The human VAMP-associated protein B (hVAPB) has been shown to
cause a range of motor neurodegenerative diseases, including amyotrophic
lateral sclerosis 8 (ALS8) and spinal muscular atrophy (SMA). However, the
molecular mechanisms underlying VAPB-induced neurodegeneration remain
elusive. We sought to address this question by identifying VAPB interacting
proteins, which may be affected by the disease causative mutations. Using a
combination of biochemical and genetic approaches in Drosophila, we
confirmed the evolutionarily conserved phosphoinositide phosphatase Sac1
(Suppressor of Actin 1), as a DVAP binding partner and showed that the two
proteins colocalise in the endoplasmic reticulum. We also show that DVAP
function is required to maintain normal levels of phosphoinositides (PIs) and
that downregulation of either Sac1 or DVAP at the larval neuromuscular
junction (NMJ) affects a number of synaptic processes, including axonal
transport, synaptic growth, microtubule integrity and localisation of several
postsynaptic components. We found that double knock down of DVAP and
Sac1 induces no further increase in the severity of the mutant phenotypes when
compared to either single mutant alone. This, together with the similarity in
mutant phenotypes, indicates that the two genes function in a common
pathway. In flies carrying the ALS8 mutation (DVAP-P58S), we observed
reduced viability, locomotion defects and early death in surviving adults,
closely matching the phenotypes of both DVAP and Sac1 downregulation.
Additionally, transgenic expression of DVAP-P58S in the motor system elicits
synaptic defects similar to those of either Sac1 or DVAP loss-of-function,
including an increase in the levels of PtdIns-4-Phosphate (PI4P), the substrate of
Sac1.
Consistent with these observations, we found that Sac1 is sequestered
into DVAP-P58S mediated aggregates and that downregulation of PI4P in
neurons rescues the neurodegenerative and the synaptic phenotypes associated
with DVAP-P58S transgenic expression. Together our data unveil a previously
unknown function for Sac1 in neurodegeneration and synaptic function, as well
as provide evidence for a dominant negative mechanism for phosphoinositidemediated ALS8 pathogenesis. We also highlight a causative role for increased
PI4P levels in VAPB-P56S induced neurodegeneration.
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Chapter 1
Introduction

1.1 Overview of the project
The experiments and results described in this work were designed to
help elucidate the pathological mechanisms of amyotrophic lateral sclerosis
(ALS), caused by mutations in the vesicle-associated membrane protein
(VAMP)-associated protein B (VAPB). We focus primarily on the interaction
between VAPB and the lipid phosphatase protein Sac1, with particular
attention to the role of phosphoinositides (PIs) and other lipid species, in the
development of the disease.

1.1.1 Amyotrophic lateral sclerosis and MNDs
Amyotrophic lateral sclerosis (ALS) was first described by the French
neurologist Jean-Martin Charcot around 140 years ago and until this day
remains both incurable and fatal. The term “amyotrophy” means “atrophy of
muscle”, while “lateral sclerosis” refers to the hardness of the spinal cord at
autopsy (Rowland and Shneider, 2001). ALS is a devastating and rapidly
progressing disease and the commonest form of motor neurone disease (MND)
(James and Talbot, 2006). ALS is characterised by the degeneration of upper
(UMN) and lower (LMN) motor neurons in the primary motor cortex,
corticospinal tract, brainstem and spinal cord (Wijesekera and Leigh, 2009).
Recent analyses of UMN-dominant and LMN-dominant ALS cases indicate that
UMN-dominant ALS occurs earlier and has a longer disease progression than
LMN-dominant ALS (Sabatelli et al., 2011). It has also been shown that diseases
which predominantly affect lower MNs such as progressive muscular atrophy
(PMA) can in some instances (22%), spread to upper motor neurons and are
then classified as ALS cases (Kim et al., 2009). The contiguous spread of ALS
motor phenotypes around the 3-dimensional anatomy of the motor system
suggests that ALS is an active, orderly, non-accelerating and propagating
process (Ravits and La Spada, 2009).
In many cases, this degeneration affects breathing and swallowing
abilities to the extent that breathing ventilation assistance and percutaneous
endoscopic gastrostomy (PEG) feeding are required (Eisen, 2009). Despite the
availability of such treatments, the outcome for most ALS patients is death by
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respiratory failure within 2-5 years of diagnosis (Wijesekera and Leigh, 2009).
The lifetime risk of ALS is 1:400 for females and 1:350 for males (Kiernan et al
2011). Incidence of disease is also higher for men (3.0 per 100,000 person-years)
compared to women (2.4 per 100,000 person-years) (Kiernan et al 2011), with
the vast majority of ALS cases being late onset (45-60 years) (Dion et al., 2009).
However, incidences of juvenile ALS are well documented (Hadano et al., 2001;
Yang et al., 2001).

1.1.2 Pathophysiology of ALS
ALS has been shown to affect motor neurons of the ventral spinal cord,
brain stem and anterior horn of the spinal column, as well as large pyramidal
neurons of the motor cortex and more recently the frontal lobes. Recently it has
been proposed that the vulnerability of these regions is due to the absence of
Ca2+ -binding proteins, calbindin and parvalbumin, thus making them more
susceptible to glutamate mediated excitotoxicity as mitochondria are forced to
deal with large calcium influxes (Quinlan, 2011). By comparison, the resistance
of oculomotor nerves and Onuf’s nucleus in the sacral spinal cord are thought
to be due to enrichment of ALS-related proteins C9orf72, optineurin and VAPB
and the hereditary spastic paraplegia protein spastin (Brockington et al 2012).
Together, the degeneration of these affected nerves can lead to atrophy of the
innervated muscles, leading to atrophy of arm muscles (flail-arm phenotype),
hand muscles (split-hand phenotype) and the tongue, leading to difficulties
with speech, swallowing and eventually breathing. In the case of frontal lobe
degeneration, this has been shown to cause a form of ALS-associated dementia
(ALS- frontotemporal dementia). Post-mortem analysis of ALS patients has
identified several characteristic markers of the disease, including Wallerian
(anterograde) degeneration, Bunina bodies (ubiquitinated protein aggregates in
neurons) (Leigh et al 1991), evidence of astrogliosis and the presence of
proximal axonal spheroids, swellings of the nerve containing disrupted
cytoskeletal components and organelles (Coleman, 2005).
Diagnosis of ALS for patients is a very serious consideration for
Neurologists and medical professionals to deliver, as in the vast majority of
cases a positive diagnosis means that the patient will die of the disease within a
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few years. Thus, it is imperative that other MNDs and potential mimic
syndromes be discounted first of all. ALS mimic syndromes include
adrenoleukodystrophy, HIV, Lyme disease, multiple sclerosis (MS) and
tumours of the central nervous system (Joyce & Carter, 2013). To this end, a
number of tests have been developed, including peripheral nerve conduction
studies, fasciculation potentials and motor unit number estimation (MUNE).
Additionally, in order to clinically confirm ALS, there must be evidence of
deficits within three of the following four regions; bulbar, cervical, thoracic and
lumbosacral (Joyce & Carter, 2013).

1.1.3 Clinical phenotypes of ALS
Clinically, ALS has been described as a disease involving Golgi
disruption (Mourelatos et al., 1990, 1993) and characterised by intracellular
protein aggregations (Wang et al., 2008; Wood et al., 2003). Endoplasmic
reticulum (ER) stress (Ito et al., 2009; Kanekura et al, 2009; Lautenschlaeger et
al., 2012; Walker and Atkin, 2011) and mitochondrial defects (Boillée et al., 2006;
Cozzolino et al., 2012; Duffy et al., 2011; Menzies et al., 2002; Pasinelli and
Brown, 2006) are also significantly associated with neurodegeneration in
general, and ALS in particular (Dion et al., 2009; Lautenschlaeger et al., 2012).
ALS has been described as a “distal axonopathy” (Fischer et al., 2004), as
axonal degeneration (Brettschneider et al., 2006; Saxena and Caroni, 2007;
Vickers et al., 2009) and defects in both retrograde and anterograde axonal
transport are often observed (Ström et al., 2008; De Vos et al., 2007, 2008). Many
ALS patients also suffer from muscle fasciculations caused by hyperexcitability,
which has been attributed to glutamate excitotoxicity (Rothstein, 2009) and
increases in persistent Na+ conductances (Kiernan, 2009; Vucic and Kiernan,
2010). Defects have also been described in both movement initiation and
inhibition (Thorns et al., 2010) while some groups have also defined a
neuroinflammatory component to the disease (Barbeito et al., 2010; Mantovani
et al., 2009; Papadimitriou et al., 2010).
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In terms of behavioral defects, evidence points to increased fatigue and
depression in ALS patients (McElhiney et al., 2009). Indeed, depending on
which depression inventory is used, more than 50% of patients indicate a
degree of depression (Taylor et al., 2010) while around 30% of patients are
described as apathetic (Masellis et al., 2010). Many ALS patients also suffer
from a degree of cognitive dysfunction (Masellis et al., 2010; Phukan et al.,
2007), indicating that ALS is not simply a muscular wasting disease. In fact,
frontotemporal degeneration (FTD) (Lagier-Tourenne et al., 2010), dementialike symptoms and cognitive impairment (Giordana et al., 2011) are associated
with many cases of ALS, so much so that a whole spectrum of ALS-FTD
conditions has now been described (Al-Chalabi et al., 2012; Mackenzie and
Rademakers, 2008; Talbot and Ansorge, 2006; Witgert et al., 2010).
It has also been observed that hypermetabolism and increased resting
energy expenditure (REE) are prevalent factors in around 50% of ALS cases
(Bouteloup et al., 2009) while rates of hypertension, diabetes and heart disease
are comparatively higher in ALS patients than in Parkinson’s or Alzheimer’s
disease (Steenland et al., 2010). Perhaps it is this wide range of associated
conditions, combined with a greater knowledge of the phenotypes and
underlying genetic components that cause ALS, which will finally allow us to
develop tailored therapies for those patients whose life may depend on it.

1.1.4 Familial and sporadic ALS
One of the most perplexing aspects of ALS research is the distinction
between familial (inherited) ALS (fALS) and sporadic ALS (sALS). Clinically,
there is remarkably little to distinguish between sALS and fALS, apart from a
general earlier onset in familial cases (Andersen and Al-Chalabi, 2011). Since
commencing this investigation into Drosophila models of ALS in 2008, the
number of known and suspected genes implicated in ALS has grown
immensely, with an average of around four new genes per year being reported
(Al-Chalabi et al., 2012; Valdmanis and Rouleau, 2008).
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The first known causative gene of ALS, Cu/Zn-superoxide dismutase (SOD1),
responsible for between 15-20% of familial ALS cases, confirmed a suspected
link to chromosome 21 (Rosen et al., 1994; Siddique et al., 1991) and was
discovered a full century after the death of Jean-Martin Charcot (1825-1893), by
a large collaborative group of ALS researchers (Deng et al., 1993). Early
investigations uncovered 11 mutations within the relatively small SOD1 gene
(Beckman et al., 2001; Rosen et al., 1993). Several of the aforementioned
phenotypic outcomes can be attributed to SOD1-induced oxidative stress, an
enzyme which dampens down free radicals and reactive oxygen species,
primarily in neuronal cell types (Beckman et al., 2001; Hartz and Deutsch, 1972;
McCord and Fridovich, 1969). Now, fast forward 20 years and the number of
known mutations in the 153-codon SOD1 gene exceeds 160 (Al-Chalabi et al.,
2012). In fact, there are so many variants of SOD1 mutations that a range of
SOD1-proteinopathies has been described in both mouse models and patients
(Brown, 1994; Gruzman et al., 2007; Gurney, 1994; Rothstein, 2009), depending
on which mutant allele is involved (Kerman et al., 2010). It has also been shown
that around one third of SOD1-ALS patients survive for longer than seven
years, thus suggesting that some SOD1 alleles may be less deleterious than
others (Millecamps et al., 2010).
The discovery that SOD1 mutations lead to the accumulation of
neurofilament (NF) proteins in mice and humans (Rooke et al., 1996; Rouleau et
al., 1996) and the identification of neurofilament heavy chain (NF-H) variants in
ALS (Figlewicz et al., 1994), gave weight to the previous reports of
neurofilamentous inclusions in ALS patients (Mizusawa et al., 1989; Munoz et
al., 1988). The tentative link between ALS and NF proteins was confirmed in the
late 1990s by the discovery of two separate mutation events in NF-H. Firstly, a
84bp insertion in the lysine-serine-proline (KSP) repeat element of NF-H was
discovered in a 69 year old female, who very rapidly succumbed to respiratory
failure caused by ALS (Tomkins et al., 1998). This was closely followed by the
revelation that four separate deletions in the tail sub-unit of NF-H can be
causative of ALS, with three of the mutations being found in sporadic ALS
patients (Al-Chalabi et al., 1999). The authors went on to say that NF-H
mutations represent only a small fraction of ALS cases, thus leaving SOD1 as
the gene of choice for ALS researchers
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1.1.5 Genetic causes of ALS
The next ALS-causative gene to be identified confirmed a link between
chromosome 2 and a form of recessive and early onset motor neurone disease
designated as ALS2 (Hentati et al., 1994). The Alsin gene (Hadano et al., 2001;
Yang et al., 2001), encodes a Rab5 and Rac1 guanine nucleotide exchange factor
(GEF) (Topp et al., 2004), which controls motor neuron morphology via a Rac1dependent process (Jacquier et al., 2006). By 2009, the number of known ALS2
mutations had reached 17, and a range of juvenile clinical phenotypes spanning
hereditary spastic paraplegia (HSP), primary lateral sclerosis (PLS) and ALS
itself had been attributed to mutations in the endolysosomal trafficking protein
(Chandran et al., 2007; Shirakawa et al., 2009). Recent studies into the ALS2
gene suggest that Alsin and mutant SOD1 converge in a common pathway
regulating the production of reactive oxygen species (ROS) and induce a
proinflammatory phenotype that leads to the death of motor neurons in cell
culture (Li et al., 2011). Additionally, Alsin has been shown to interact with
Spartin (SPG20) (Cobanoğlu et al., 2012) a microtubule interacting and
epidermal growth factor receptor (EGFR) trafficking protein (Bakowska et al.,
2007) which is mutated in a recessive form of HSP named Troyer syndrome
(Patel et al., 2002).
In the decade following on from the discovery of Alsin, several more
ALS-causative genes have been identified, including our gene of interest VAPB.
The VAPB gene was identified as causative in ALS by the discovery of a P56S
(Proline to Serine) substitution in a large Brazilian family of European origin
(Nishimura et al., 2004a, 2004b, 2005). With relevance to the current
investigation of VAPB and its interaction with the lipid phosphatase Sac1,
mutations in Fig4 (Sac3 in mammals), have been shown to cause both juvenile
onset Charcot-Marie-Tooth disease type 4J (CMT4J) and ALS (Chow et al.,
2009).
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1.1.6 RNA processing defects in ALS
The cytoplasmic protein inclusions found in ALS have been shown to
contain, in many cases, the RNA-processing proteins TDP-43, encoded by
Transactive response DNA-binding protein (TARDBP) (Kwong et al., 2007;
Mackenzie et al., 2007; Neumann et al., 2006; Tan et al., 2007) and Fused in
Sarcoma, encoded by FUS (Blair et al., 2010; Kwiatkowski et al., 2009; Vance et
al., 2009), thus giving rise to a new range of RNA-processing dependent ALS
sub-types entitled TDP-43 and FUS proteinopathies (Bäumer et al., 2010;
Kwong et al., 2007; Lanson and Pandey, 2012; Polymenidou et al., 2012). The
number of potential mRNA binding species in mouse and human brains has
been shown to top 5,500 for FUS. Depletion of FUS caused a reduction in
expression of over 950 proteins, of which only 45 were also reduced by
depleting TDP-43, most of which were characterised by long intronic regions
and functions in neuronal integrity (Lagier-Tourenne et al., 2012).

1.1.7 Recent discovery of C9orf72 expansion in ALS
Typically, fALS has been thought to account for around 10% of all ALS
cases with the remainder being sporadic in nature (Rowland and Shneider,
2001). However, these estimates may be revised in the near future as the
development of genome-wide screening (Chiò et al., 2009a; Gwinn et al., 2007)
allows investigators to interrogate greater numbers of patients for the presence
of a wider range of candidate genes (Al-Chalabi et al., 2012). Indeed it has been
shown that the newly identified GGGGCC hexanucleotide expansion, defined
as 30 or more repeats (García-Redondo et al., 2012) in chromosome 9 open
reading frame 72 (C9orf72) (DeJesus-Hernandez et al., 2011; Renton et al., 2011)
is carried by around 2.5% of sALS patients with similar numbers of apparently
sporadic cases found to harbor mutations in either TARDBP (Daoud et al., 2009;
Kabashi et al., 2008) or SOD1 (Lattante et al., 2012). There are some countries in
which the C9orf72 mutation appears to be more prevalent, these include the
Finnish ALS population (46% fALS, 21% sALS) (Renton et al., 2011), with a
similarly high percentage of Irish and UK ALS patients carrying the mutation
(41% fALS and 5% sALS in Ireland, 43% fALS and 7% sALS in the UK) (Byrne
et al., 2012; Cooper-Knock et al., 2012). Assessment of the clinico-pathological
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features of ALS caused by the expansion showed that all affected patients had
associated TDP-43 aggregates, particularly in the frontal cortex and
hippocampal regions (Cooper-Knock et al., 2012).
Several other recent investigations into C9orf72 have estimated the
percentage of apparently sporadic patients carrying the expansion in the USA,
Greece and France to be between 7-11% (Brettschneider et al., 2012; Millecamps
et al., 2012; Mok et al., 2012; Rutherford et al., 2012). However, some countries,
particularly in Asia, have virtually no association with this hexanucleotide
expansion. Recent analyses in Korea of around 250 predominantly sALS
patients and matched controls, showed that 0% of all subjects carried the
C9orf72 expansion and all had a maximum repeat length of 11 (Jang et al., 2012).
Similarly, in Japan, a larger study with double the number of sALS patients
identified only 0.4% of them to be carrying the expanded allele (Ogaki et al.,
2012). The presence of the C9orf72 expansion is also associated with earlier
onset and shorter disease duration (van Rheenen et al., 2012) and has been
strongly linked to FTD (Brettschneider et al., 2012; Millecamps et al., 2012).
Interestingly, in the Greek study, none of the C9orf72 patients were found to
exhibit frontotemporal symptoms (Mok et al., 2012), while in the small Irish
study, 50% of the expansion carriers also had FTD, as well as reporting earlier
onset and a significant tendency towards spinal onset (90%). The authors went
on to suggest that all patients with a family history of ALS or FTD, unless they
show no frontotemporal behavioural symptoms themselves, should be tested
for the C9orf72 expansion (Byrne et al., 2012). The known ALS-causative genes,
along with their year of discovery and position on the FTLD-ALS-MND
spectrum are shown in Figure 1.
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Figure 1 ALS-causative genes. Y-axis represents year of discovery, X-axis
represents position on the FTLD-ALS-MND spectrum. Circle size indicates the level of
research on each gene based upon the number of ALS-relevant publications (AlChalabi et al., 2012).

The ALS mutation database (Yoshida et al., 2010), describes some 600+
mutations which have been uncovered in ALS-related genes. Although this has
not been updated since 2010, one can only speculate that the increasing
emphasis on genetic research in ALS will contribute many more to this list.
Understanding these mutations and their deleterious functions on the genes in
question and the wider organism as a whole, are a mainstay of the battle to
tackle ALS and neurodegeneration in general.

1.1.8 Genetic risk factors for ALS
In addition to the known genetic causes of ALS described above,
numerous other genetic risk factors have been proposed to contribute to disease
onset and progression. For example, our own gene of interest, VAPB has been
found downregulated in spinal cord samples from ALS patients (Anagnostou et
al., 2010). A common variant in UNC13A, a regulator of neurotransmitter (NT)
release, has been shown to correlate with earlier onset of disease and quicker
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disease progression (Diekstra et al., 2012; van Es et al., 2009). The Alzheimer’s
related gene APOE has also been linked to ALS. Certain allelic combinations
have been proposed to alter the onset of the disease (Steenland et al., 2010;
Zetterberg et al., 2008), although this association has been contradicted by other
studies (Jawaid et al., 2011). Similarly, polyglutamine (polyQ) expansions in the
Ataxin-2 protein, encoded by ATXN2, the causative gene of spinocerebellar
ataxia 2 (SCA2), have been uncovered in various ALS patient cohorts (Daoud et
al., 2011; Elden et al., 2010). Long (>8 repeats), polyalanine expansions in the
HSP6 gene NIPA1 were found to cause earlier onset of ALS and decreased
survival times (Blauw et al., 2012). However, some genetic polymorphisms have
been found to be beneficial in terms of disease progression and onset. A prime
example of this is EPHA4, which has previously been shown to bind to the
VAPB MSP-domain (Tsuda et al., 2008). It has recently been shown that
reduced levels of EPHA4 are indicative of later disease onset, while mutations
that disrupt EPHA4 function can improve survival rates (Van Hoecke et al.,
2012).

1.1.9 Altered lipid metabolism in ALS
A large number of genes have been found upregulated in spinal cord
samples from ALS patients, amongst these are genes encoding proteins
involved in proteasomal inhibition, apoptosis and lipid metabolism (Malaspina
and de Belleroche, 2004; Malaspina et al., 2001). Several groups have identified
dyslipidemia as a common factor in ALS patients (Turner et al., 2009). Indeed, it
was found that patients carrying the ALS8-causative mutation in VAPB
presented with hyperlipidemia along with motor neuron disease (Marques et
al., 2006), while in Drosophila DVAP is strongly associated with cytoplasmic
lipid droplets (Cermelli et al., 2006). It has been proposed that hyperlipidemia
and more specifically an elevated low-density lipoprotein (LDL)/high-density
lipoprotein (HDL) ratio, is associated with an increase in disease duration
(Dedic et al., 2012; Dupuis et al., 2008) while a lower LDL/HDL ratio is
associated with increased susceptibility to respiratory failure (Chiò et al.,
2009b).
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Lipid rafts are highly dynamic sphingolipid and cholesterol rich microdomains found within lipid bilayers. They are quick to form and dissociate in
response to signaling activity and can anchor receptors and transmembrane
proteins within specific regions of the membrane (Lingwood and Simons, 2010).
Recently, mutations in two known lipid raft proteins, SIGMAR1 and ERLIN2,
have been associated with juvenile onset ALS and juvenile onset PLS
respectively (Al-Saif et al., 2011, 2012), thus indicating that these membrane
compartments can play a role in neurodegeneration.

1.2 Mutations in VAPB are causative of ALS8
VAP proteins are ubiquitously expressed type II integral membrane
proteins, phylogenetically conserved from yeast to man (Galaud et al., 1997;
Nikawa et al., 1995; Nishimura et al., 1999; Skehel et al., 1995; Weir et al., 1998).
Human VAPs regulate membrane trafficking, lipid homeostasis, microtubule
organisation and the unfolded protein response (UPR) (Kanekura et al., 2006,
2009). The VAPB gene was identified as causative in ALS by the discovery of a
P56S (Proline to Serine) substitution in the highly conserved major sperm
protein (MSP) domain (Klass et al., 1984), found in a large Brazilian family, all
distant descendants of a Portuguese founder (Nishimura et al., 2004a, 2004b,
2005). Since then, it has been shown that VAPB expression is downregulated in
spinal cord tissue and the pyramidal tract of sporadic ALS patients
(Anagnostou et al., 2010) and in late-stage SOD1 mice (Teuling et al., 2007).
Figure 2 shows the VAP consensus sequences within the MSP and TM domain
for several homologs (Lev et al., 2008). Around 200 patients from the 1500
strong cohort carried the mutation, and these presented, in varying number,
with ALS8, late-onset Spinal Muscular Atrophy (SMA) and typical severe ALS
with rapid progression (Nishimura et al., 2004b). The P56S mutation within the
same patient group has also been found to cause several cases of proximal SMA
with dysautonomia (Marques and Marques, 2008; Marques et al., 2006).
Biochemical analysis of the P56S mutant protein suggests that the crystal
structure of VAPB contains a seven-strand !-sandwich in which Pro56 is critical
to the conformation. The P56S mutation was found to render the protein
insoluble and disrupts the typical S-shaped loop within the !-sandwich (Shi et
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al., 2010). At the same time it was shown that oligomerisation of VAPB does not
require the MSP domain but is instead mediated by the central coiled-coil
domain and a dimerisation motif within the TM domain. The P56S mutation
was found to induce conformational changes which enhance oligomerisation
and lead to the formation of insoluble aggregates, thus preventing many of the
MSP dependent binding interactions of VAPB (Kim et al., 2010a).

Figure 2 Conserved sequences within VAPB MSP and TM domains. (a)
Domain organisation in VAPB homologs. (b) VAP consensus sequence,
asterisks indicate conserved amino acids. The conserved proline residue
(boxed) at position 56 is substituted by serine in ALS8. (c) A conserved GxxxxG
motif, indicated in blue, has been discovered in the TM domain of most
metazoan VAPB homologs (Lev et al., 2008).

1.2.1 The VAPB-P56S mutation causes accumulation of protein
aggregates
Numerous models have shown that the P56S mutation predisposes
VAPB proteins to formation of insoluble aggregates, and greatly impairs the
ability to mediate the unfolded protein response (UPR) (Kanekura et al., 2006;
Skehel et al., 2000; Suzuki et al., 2009; Teuling et al., 2007), factors which can
lead to ER-stress induced cell death. Similarly, upregulation of the UPR
mechanism, particularly through ATF6", which binds VAPB and is inhibited by
the VAPB-P56S mutation (Gkogkas et al., 2008) and XBP1, have been reported
in a motor neuron cell culture model of mutant SOD1-induced ALS (Prell et al.,
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2012). Also, it has been shown that VAP proteins may be direct interactors of
ALS-causative TDP-43, with mutant VAPB exacerbating the degenerative
effects of TDP-43 in cell culture (Suzuki and Matsuoka, 2011) while in mice,
mutant VAPB has been shown to increase expression of TDP-43 (Tudor et al.,
2010).
Disruption to the ubiquitin proteasome system (UPS) has often been
associated with neurodegeneration. It has been shown that proteasomal
inhibition in human cell lines leads to an accumulation of previously
unreported VAPB splice variants, each missing various exons, which are
presumably rapidly degraded in vivo. One such variant, VAPB-2 was found to
coimmunoprecipitate with wt VAPB, suggesting that proteasomal impairment
in ALS and other neurodegenerative diseases may cause aggregation between
the endogenous protein and non-functional VAP peptides (Nachreiner et al.,
2010). This hypothesis was strengthened by recent evidence which suggests that
both wt VAPB and VAPB-P56S can cause proteasomal dysfunction through ER
stress, and that the wt and mutant proteins associate with the 20S proteasome
and cause accumulations of ubiquitin and ubiquitin related proteins (Moumen
et al., 2011).

1.2.2 The VAPB-T46I mutation is also causative of ALS
To bolster the link between VAPB and ALS, evidence of alternative
mutations within the same gene and causing the same condition is required. It
was thought at first that VAPB mutations were rare in ALS, and when a second
mutation, $S160 was discovered in a familial ALS patient, the mutation which
was predicted to be pathogenic turned out to be a rare polymorphism in the
general population (0.45%), with no impact on ALS (Landers et al., 2008). It was
also thought that the VAPB-P56S ALS cases in Brazil were due to a common
founder effect from a Portuguese colonist (Nishimura et al., 2005), however,
since then, VAPB-P56S mutations have been uncovered in patients of both
European and Japanese origin also (Funke et al., 2010; Millecamps et al., 2010),
thus indicating that the P56S substitution is not a rare mutation, and deserves
further investigation. Although having independently arising VAPB-P56S
mutations each causing a range of MNDs, more proof was required in the shape
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of a second pathogenic mutation within the same gene. This arrived in a
collaboration between the de Belleroche and Pennetta laboratories, where it was
found that a newly uncovered T46I (threonine to isoleucine substitution)
mutation, which itself lies within the MSP domain, also caused degenerative
phenotypes. Using a cross species approach combining human genetic evidence
with neuronal cell culture experiments and an in vivo Drosophila model, allows
for the rapid translation of newly identified mutant alleles into quantifiable
genetic models of the disease in question (Chen et al., 2010).
Although the T46I mutant is predicted to be a more pathogenic allele
than P56S, the age at onset of the disease for the affected patient was 73, while
P56S-related cases of either SMA or ALS tend to occur earlier in life (late 30s)
and succumb to respiratory failure before the age of 55 (Nishimura et al., 2004a,
2004b). Unfortunately, the two brothers carrying the VAPB-T46I allele had no
living relatives making it impossible to show the genetic transmission of the
mutant allele. However, studies using Drosophila suggest that the allele may
cause a dominantly inherited loss of function similar to that of the P56S
mutation (Chai et al., 2008; Chen et al., 2010). Interestingly, a recent analysis of
the T46I mutation in VAPB suggests that the T46I variant is not predisposed to
aggregation as much as the earlier described P56S mutation (Lua et al., 2011).
The T46I mutation does however reduce the binding affinity of the MSP
domain to both EphA4 (Tsuda et al., 2008) and the PI transfer protein Nir2
(Amarilio et al., 2005; Lev, 2004) leading to disruption of the Eph pathway and
PI regulation defects (Lua et al., 2011).

1.2.3 A new VAPB TM domain mutation associated with ALS
The discovery of further mutations within the same gene, leading to the
same disease, greatly emphasises our motivation for understanding the
function and interactions of the VAP proteins. Very recently, a new mutation
has been uncovered in VAPB, in this case, again, the mutation is a substitution
(V234I), although not within the MSP domain (van Blitterswijk et al., 2012). The
V234I mutation lies within the transmembrane domain of VAPB, and the
substituted valine residue appears to be conserved from Drosophila, thus giving
the potential for a Drosophila model of this mutation using DVAP. At the same
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time, several other VAPB polymorphisms were detected in this analysis, one of
which (S158N), was predicted to have pathogenic potential, but was also found
in control subjects so was discarded. The calculated pathogenicity of the V234I
mutation was 0.79, which is on a par with T48I (0.77) (Chen et al., 2010), and it
is predicted to cause conformational changes to the transmembrane domain of
VAPB (van Blitterswijk et al., 2012). This latest mutation appears to cause
familial ALS, as the patient in whom it was discovered had a family history of
ALS. Interestingly, this patient was also a carrier of the C9orf72 expansion,
which has been linked to earlier onset of disease and quicker disease
progression (van Rheenen et al., 2012)

Although in comparison to VAPB-P56S patients, who generally develop
the disease from their mid-30s onwards, the V234I mutation was uncovered in a
65 year old patient, which is considerably older and more akin to the reported
T46I patient who was 73 (Chen et al., 2010). The VAPA isoform has been found
to regulate vesicle transport (Lotz et al., 2008) and neurite extension (Saita et al.,
2009), however no link between VAPA and ALS has been uncovered so far.
Recently an explanation for the resistance of hVAPA and the yeast VAP
ortholog Scs2p to the P56S mutation has been proposed. Both proteins have
three proline residues within a conserved domain, while VAPB has only two
prolines within the same domain, thus the P56S mutation reduces hVAPB to
only one proline. Genetically removing any two of the conserved prolines from
either hVAPA or Scs2p was found to cause aggregation of the human protein
and inactivation of the yeast protein (Nakamichi et al., 2011).

1.2.4 VAP proteins predominantly localise to the ER
We are now attempting to identify which cellular pathways are
disrupted by mutations in VAPB. Numerous interacting-protein partners have
already been attributed to VAP proteins, across several model systems and
covering a variety of cellular functions (Lev et al., 2008). A host of these
interactions occur at the ER, where VAPB was shown to colocalise with the ERresident protein disulfide isomerase in mammals (Teuling et al., 2007). Recently
it has been shown that yeast VAP proteins are required for tethering the cortical
ER to the plasma membrane (Zhang et al., 2012a) while in Drosophila DVAP is
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found to colocalise with the ER marker Boca (Chen et al., 2010). It has recently
been suggested that the P56S mutation in VAPB does not affect membrane
insertion but quickly forms aggregates in the membrane and causes the
formation of a novel form of ER membrane cisternae, described as organised
smooth ER (OSER) which is continuous with the ER itself and may be
responsible for the pathogenicity of the P56S mutant (Fasana et al., 2010). It has
also been proposed that clearance of the abnormal VAPB-induced protein
clusters is dependent on the ATPase valosin-containing protein (VCP) (Papiani
et al., 2012), which itself has been linked to ALS in recent years (Johnson et al.,
2010; Koppers et al., 2012; Tiloca et al., 2012).

VAPB mutations cause defects in calcium homeostasis
In addition to ER stress, defects in calcium (Ca2+) homeostasis were
caused by adeno-associated viral (AAV) vector driven expression of wt or
mutant VAPB in vitro. In the same model, an upregulation of the proapoptotic
proteins Caspase-3 and Caspase-12 was observed, leading to death of primary
motor neuron cell types (Langou et al., 2010). Defects in calcium homeostasis
are also found to cause mitochondrial defects in VAPB-P56S mutants. It was
shown that wt VAPB binds to the outer mitochondrial membrane protein,
protein tyrosine phosphatase-interacting protein 51 (PTPIP51) and that the P56S
mutation disrupts PTPIP51 binding and increases mitochondrial calcium
uptake upon Ca2+ release from the ER stores. Thus VAPB plays a crucial role in
regulation of Ca2+ transfer at the mitochondria-associated membrane (MAM)
(De Vos et al., 2012). A similar defect in Ca2+ homeostasis was observed in
cultured rat cortical neurons expressing VAPB-P56S but not the wt protein. In
this case, resting Ca2+ concentrations increased leading to defects in anterograde
axonal mitochondria transport through disruption of the mitochondrial Rho
GTPase-1 (Miro1)/kinesin-1 complex and reducing Miro1 binding affinity for
tubulin (Mórotz et al., 2012).
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VAPB binds to lipid transfer proteins at the ER
Numerous VAP interacting proteins have been identified using various
model systems, many of which are found to involve the diphenylalanine (FF) in
an acidic tract (FFAT)-motif EFFDAxE (Kaiser et al., 2005; Levine and Munro,
2002; Loewen et al., 2003). Many of these FFAT-containing proteins, such as
Opi1p in yeast, which regulates PI production by inositol-1-phosphate synthase
(INO1) in a process dependent on Opi1p localisation to the ER by Scs2p (Daum,
2004; Kagiwada and Zen, 2003; Loewen et al., 2003), are intricately involved in
the regulation of membrane lipid composition, lipid metabolism and lipid
transfer. These include the ceramide transfer protein (CERT) (Kawano et al.,
2006; Saito et al., 2008), the PI/PC transfer protein Nir2 (RdgB in Drosophila)
(Amarilio et al., 2005; Peretti et al., 2008) as well as oxysterol binding protein
(OSBP) and several OSBP-related proteins (ORPs) (Ngo and Ridgway, 2009;
Rocha et al., 2009; Teuling et al., 2007). Error! Reference source not found.
depicts VAP mediated lipid transfer between the ER and Golgi membranes
(Peretti et al., 2008). Both CERT and OSBP are substrates of protein kinase D
(PKD) which is itself activated by DAG in order to regulate trans-Golgi network
(TGN) to plasma membrane transport (Nhek et al., 2010).

Figure 3 ER localised VAP proteins regulate lipid transport. Lipid transport
proteins bind to ER localised VAP protein via their FFAT motif (blue) in
response to 25-hydroxycholesterol (25OH) signaling (Peretti et al., 2008).
The three classical LTPs, namely CERT, OSBP1 and the FAPP proteins
(Dowler et al., 2000), which are localised to the Golgi by PI4P (Godi et al., 2004;
Levine and Munro, 2002) and to the ER by interaction with VAP proteins via
the FFAT motif, have been described as the COF family (D’Angelo et al., 2008).
The P56S mutation in VAPB is found to expose a hydrophobic patch within the
MSP domain of the protein (Smith and Ward, 1998) which makes aggregation
with the wild-type protein far more likely and strongly disrupts the FFAT
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binding functions of the protein (Furuita et al., 2010; Kim et al., 2010a). It has
been shown previously that coexpression of a FFAT containing construct along
with VAPB-P56S can rescue some of the mutant phenotypes (Prosser et al.,
2008). This rescue has now been extended to include the nuclear envelope
defects and mislocalisation of nuclear envelope proteins nucleoporins (Nups)
and emerin (EMD), associated with VAPB-mediated disruption of retrograde
transport. The two proteins were found in cytoplasmic membranes within the
ER-Golgi intermediate compartment (ERGIC), induced by either knockdown of
endogenous VAPB or expression of the VAPB-P56S mutant construct. Again,
coexpression of an FFAT construct was able to restore retrograde transport
function (Tran et al., 2012).
The number of potential VAP interactors has increased considerably, as a
number of FFAT-like motifs have been described in a range of proteins with
functions at the ER including lipid transport (Mikitova and Levine, 2012). The
authors proposed that the core EFFDA-E motif could tolerate changes at one or
two positions, without completely compromising the VAP-binding abilities or
ER targeting mechanism. Of the 127 possible motif variants, 30 distinct motifs
were discovered across 69 different eukaryotic proteins, mainly homologs of
ORPs, RdgB, Rab3GAP1 and rabphilin-11. By measuring ER targeting in a
yeast strain overexpressing Scs2p, it was found that two protein kinase A
(cAMP-dependent protein kinase) anchoring proteins, AKAP220 and AKAP110,
as well as the lipid transfer protein (LTP) phosphatidylinositol-four-phosphate
adaptor-protein-2 (FAPP2) interact with VAP at the ER (Mikitova and Levine,
2012).
These findings place VAP proteins at the heart of a PI4P regulatory
network encompassing all aspects of its metabolism. Firstly, VAP proteins have
been shown to have an affinity for PI4P itself (Kagiwada and Hashimoto, 2007),
secondly, VAP proteins have been shown to complex with the PI 4-kinase Stt4
in yeast (Gavin et al., 2002) and to interact with the PI 4-phosphatase Sac1 194,195.
Finally, VAPB has recently been shown to interact with the PI4P transfer
protein FAPP2 at the ER (D’Angelo et al., 2012; Mikitova and Levine, 2012).
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1.2.5 The VAP major sperm protein (MSP) domain is a cleaved
and secreted signaling molecule
The highly conserved major sperm protein (MSP) domain is a 120-126 a.a
component of VAP proteins and shows a high degree of similarity to the group
of around 28 known MSP isoforms in C. elegans, which themselves vary by only
4a.a at the most (Han et al., 2012; Klass et al., 1984; Miller et al., 2001). A wealth
of evidence from studies using the nematode worm has shown that the MSP
domain acts as a bipartite signaling molecule controlling sexual fertility and
oocyte maturation through interactions with the Ephrin receptor (EphR) (Cheng
et al., 2008; Han et al., 2010; Miller et al., 2003). A similar signaling role for the
cleaved and secreted MSP domain of Drosophila VAP has been identified,
although this time the MSP signal is transferred from the presynaptic
membrane to the postsynaptic EphRs and regulates glutamate receptor
clustering (Ackerman and Cox, 2008; Tsuda et al., 2008). Very recently, this
VAP-induced disregulation of Eph/EphR signaling has been proposed to play a
role in breast cancer tumour growth (Rao et al., 2012). Similarly, an association
between VAPB and the tumour suppressor gene von Hippel-Lindau (VHL) has
recently been identified. VHL disease is an inherited renal cancer syndrome,
which accounts for almost half of all adult kidney cancers. VHL is found to
suppress tumourigenesis by controlling the ubiquitination and degradation of
hypoxia-inducible factor " (HIF") (Lai et al., 2012).
It has been also shown that the DVAP-P58S mutation renders the DVAP
protein less cleavable, presumably through the binding and sequestering of the
wild-type DVAP protein into aggregates (Chai et al., 2008; Ratnaparkhi et al.,
2008; Tsuda et al., 2008). More recently, a further signaling function was
postulated for the DVAP MSP domain, this time in the postsynaptic muscle
compartment of the NMJ. Secretion of the cleaved MSP domain from DVAP
was found to regulate muscle mitochondria morphology and localisation
through binding to postsynaptic Roundabout (Robo) and Lar-like proteintyrosine phosphatase receptors (Han et al., 2012). Interestingly, the DVAP
interacting protein Sac1 has also been shown to interact with the Robo receptor
and its ligand Slit, in this case regulating presynaptic axon guidance and
midline crossing (Lee et al., 2011). Recently it has been shown that wt VAPB is
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proteolytically cleaved to generate the smaller VAPB fragments which were
observed previously (Nachreiner et al., 2010) and that the VAPB-P56S mutation
prevents proteolysis of the full length protein (Gkogkas et al., 2011).

1.2.6 VAP proteins interact with CMT2B causative Rab7
VAPB has previously been found to interact with the late endosome
associated protein Rab7 (McCray et al., 2010; Rocha et al., 2009). The small
GTPase Rab7, is one of at least 75 vertebrate and 31 Drosophila Rab proteins
(Zhang et al., 2007), and has been genetically linked to Charcot-Marie-Tooth 2B
(CMT2B) (Cogli et al., 2009; Verhoeven et al., 2003). In Drosophila, around 50%
of all Rab proteins play a specialised synaptic role (Chan et al., 2011). In parallel
with the extensive increase in Rab protein isoforms over evolutionary time, a
wide range of regulatory proteins have been recruited to control the localisation
and degree of activity of each Rab protein (McCray et al., 2010). Other groups
have pinpointed the evolution of the Rab family as a key contributor to the
great complexity of the eukaryotic organelle system (Brighouse et al., 2010). As
well as a vast array of Rab GDP-dissociation inhibitors (GDIs) (Ullrich et al.,
1993), guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs), both of which have been reviewed recently (Barr and
Lambright, 2010), Rab proteins can also interact with each other. Rab7 has been
intricately linked with Rab5 in axonal transport (Deinhardt et al., 2006) and in
early-to-late endosomal transition (Poteryaev et al., 2010; Rink et al., 2005).
Work on Rab proteins has identified several new interaction partners for
Rab7, as well as the known interactors, ORP1 (Oxysterol binding proteinrelated protein 1) (Johansson et al., 2005) and the Rab-interacting lysosomal
protein (RILP) (Cantalupo et al., 2001) and our gene of interest, VAPB (McCray
et al., 2010). The finding of a protein-protein interaction between Rab7 and
VAPB validates the recent report, which found VAP and ORP1 to be
components of a Rab7-RILP-containing complex, responsible for cholesterol
sensing and removal of the p150Glued sub-unit of dynactin to halt minus-end
directed microtubular transport (Rocha et al., 2009). Similarly VAPB has been
shown to control sterol transport towards lipid droplets by stabilising Orp1s
and Orp2 (Jansen et al., 2011). The p150Glued sub-unit of DCTN1 is itself strongly
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associated with ALS (Münch et al., 2004, 2005; Puls et al., 2003). Interestingly
the Rab7–RILP–p150Glued complex requires a functional dynactin receptor α1βIII
-spectrin to regulate endocytic transport (Johansson et al., 2007).

1.2.7 VAP proteins are involved in cell death and proliferation
In addition to the roles that VAP proteins play in axonal transport,
bouton morphology and ER targeting, numerous other functions have been
described. For instance, in Drosophila, DVAP is upregulated by 2.8 fold from
baseline levels in the larval salivary glands, prior to the initiation of steroid
induced autophagy (Lee et al., 2003). Although the focus of this work is
neurodegeneration, VAPB proteins are not specific for neuronal cell types, and
indeed both VAPA and VAPB are found ubiquitously although at different
levels. The two proteins appear to overlap in some regions of the cell while
being limited to specific subcompartments in other regions (Gkogkas et al.,
2008). Both A and B VAP isoforms were found to interact with and regulate the
proteolysis and subsequent activity of the ER-localised transcription factor
ATF6 which is released and cleaved for translocation to the nucleus in response
to ER stress (Haze et al., 1999; Yoshida et al., 2000) in SOD1 mice and ALS
patients (Lautenschlaeger et al., 2012). However, the VAPB-P56S mutation was
found to increase the level of inhibition of ATF6 in a rat brain cell culture model
(Gkogkas et al., 2008). The VAPA isoform has also been shown to regulate the
localisation of the motor protein prestin to the plasma membrane of outer hair
cells (OHCs) in the cochlea (Sengupta et al., 2010).
VAP proteins have been linked to the PLC# and Ca2+ mediated process
of osteoclastogenesis, with levels of VAP being upregulated prior to induction
(Choi et al., 2012). This link between a known motor neuron disease gene and
bone development is also found for the valosin-containing protein gene VCP,
which has been shown causative of ALS (Rumpf et al., 2011) as well as inclusion
body myopathy associated with Paget’s disease of bone and frontotemporal
dementia (IBMPFD), a disease which is associated with overactive osteoclasts
(Nalbandian et al., 2011).
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In recent years an association between VAPB and cancer has been
proposed, several analyses of genes upregulated in different breast cancer cell
lines have identified VAPB as being upregulated in these proliferating cells
(Rao et al., 2012). A further link between ALS and cancer has been identified
recently. From a huge patient group of one year cancer survivors in the USA, it
was shown that survivors of melanoma and tongue cancer have an increased
risk of death by ALS, while by contrast, survivors of prostate cancer showed a
significantly lower risk of death by ALS (Freedman et al., 2012). It has now been
shown that overexpression of VAPB in epithelial cells increased cell growth,
while VAPB knockdown in tumour cells was sufficient to inhibit cell
proliferation (Rao et al., 2012).
In Drosophila, DVAP has been found associated with cytoplasmic lipid
droplets (Cermelli et al., 2006) while in HeLa cells knockdown of VAPB was
found to impair PM to lipid droplet sterol transport through destabilisation of
Orp1s and degradation of Orp2 (Jansen et al., 2011). These same lipid droplets
have now been found to be an intracellular store for potentially toxic histones
during embryo development (Li et al., 2012), thus if DVAP is knocked down we
might expect some downstream effects at the level of histone-mediated
chromatin modification.
We are examining the interaction between VAP and the lipid
phosphatase Sac1, a key regulator of the seven-member phosphatidyl inositide
(PI) system. The phosphorylation of CERT by Protein Kinase D (PKD), has also
been shown to regulate PI4P levels and reduce ceramide transfer activity
(Fugmann et al., 2007). Appropriate levels of PI4P, DAG and SM, are required to
maintain Golgi membrane integrity, and it has been shown that PI4P is the most
abundant of the monophosphorylated phosphoinositides in mammalian cells
(Lemmon, 2008). It has long been known that Golgi fragmentation in neurons is
a marker of ALS pathology (Mourelatos et al., 1990, 1993), as well as occurring
in Creutzfeldt-Jakob disease (CJD) and SCA2 (Gonatas et al., 2006). Recently it
has been shown that deletion of hSac1 in human cells leads to a severely
dispersed Golgi membrane phenotype (Liu et al., 2009). Defects in the PI system
as a whole, have been linked to numerous degenerative conditions (Liu and
Bankaitis, 2010; McCrea and De Camilli, 2009; Vicinanza et al., 2008), while
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increases in sphingolipids and ceramide have been implicated in the induction
of apoptosis (Taha et al., 2006; Woodcock, 2006).

1.3.1 Sac1 is a suppressor of actin mutations in yeast
Sac1 was first described as a suppressor of temperature sensitive actin
mutations in yeast (Novick et al., 1989). The same group later pinpointed Sac1
as a suppressor of Golgi defects caused by the phosphatidylinositol transfer
protein Sec14, as well as Sec6 and Sec9-related vesicle secretion defects
(Bankaitis et al., 1990; Cleves et al., 1989; Hama et al., 1999). Thus, the yeast Sac1
is a regulator of both cytoskeletal actin function and the secretory pathway.
Yeast Sac1 protein, the product of ySac1p, is an integral membrane lipid
phosphatase of 67-kDa, in which the SAC domain (400a.a, seven conserved
motifs) is responsible for the intrinsic phosphoinositide phosphatase activity,
primarily against Golgi-generated phosphatidylinositol 4-phosphate (PI4P)
(Guo et al., 1999; Nemoto et al., 2000) as well as against PI3P and PI(3,5)P2. The
SAC domain exhibits negligible activity towards PIPs containing vicinal
phosphates, such as PI(3,4)P2 and PI(3,4,5)P3 (Hughes et al., 2000a; Liu and
Bankaitis, 2010). PI4P is a tightly regulated biomolecule and accounts for
around 2% of total cellular phosphoinositides in yeast+and is the main
monophosphorylated PI species in mammalian cells (Lemmon, 2008). The PI
system and regulation of PI4P by Sac1 and the PI 4-kinases is discussed further
in Section 1.4.
In a review of the first decade of Sac1 analysis, several mutant Sac1p
phenotypes are described in yeast. These include; inositol auxotrophy and
impaired inositol biosynthesis, drug and cold sensitivity, sporulation defects
and severe disruption of the actin cytoskeleton (Hughes et al., 2000b).
Interestingly, the yeast VAP homolog Scs2p has a similar phosphoinositide
phosphate binding capability via the FFAT-binding motif (Kagiwada and
Hashimoto, 2007) and can suppress inositol auxotrophy (Kagiwada et al., 1998),
which is a known phenotype of mutant Sac1p in yeast (Hughes et al., 2000b).
The interaction of VAP-related proteins with the Coatomer I complex has also
been shown. It was found that an ER and Golgi localised VAP-related protein
(ERG30) in rats played a role in the secretory pathway of COPI vesicles
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(Soussan et al., 1999). Similarly, mammalian Sac1 proteins contain a conserved
KEKID COPI-binding motif which regulates Sac1 transfer between the ER and
Golgi membranes (Rohde et al., 2003).
In addition to regulating the pool of PI4P, Sac1p expression is itself
regulated by intracellular PI4P levels, via a 9bp element within the SAC1
promoter region (Knödler et al., 2008), as well as being allosterically activated
by PI4P (Zhong et al., 2012). Numerous proteins, including human
synaptojanins, yeast Inositol-1,4,5-trisphosphate 5-phosphatase (Inp5p) proteins
and Fig4 (Sac3) contain the SAC domain (Guo et al., 1999), however, Sac1 is the
only integral membrane localised member of this group (Konrad et al., 2002).
SAC1 domain phosphatases and myotubularins, which dephosphorylate PIs at
the D-3 position and are causative of myotubular myopathy and CMT4B
(Begley et al., 2003), belong to the protein tyrosine phosphatase (PTP)
superfamily. They share the presence of a conserved cysteine residue in the
conserved CX5RT/S consensus sequence (Blero et al., 2007).

1.3.2 The role of Sac1 in Drosophila and mammals
Work on the lipid phosphatase Sac1 in yeast was strengthened by the
identification of both murine and rat Sac1 orthologs (Nemoto et al., 2000). They
found that rSac1 was similar in size (65-kDa), bore 35% similarity to Sac1p, and
was an integral membrane protein primarily localised to the ER, exhibiting
similar substrate specificity to its yeast counterpart. Human Sac1 (hSac1) was
first identified in 2001 (Kiss et al., 2001) and mapped to a region of chromosome
3 (C3CER1), proposed to be a tumour suppressor region. The human Sac1
protein was found to interact with the Coatomer I complex, which directs
vesicular membrane traffic between the Golgi and ER membranes (Rohde et al.,
2003). Later, a Drosophila Sac1 homolog (dSac1) was identified, which regulated
cell shape change and the Jun N-terminal kinase (JNK) cascade during
embryonic dorsal closure (DC). It was found that mutations in dSac1 prevented
negative regulation of the JNK cascade and led to an embryonic lethal “cuticle
puckering” phenotype. This discovery demonstrated the first role for Sac1 in
the development of a multi-cellular organism (Wei et al., 2003a, 2003b).
Similarly, it was found that mSac1 deletion in mice leads to pre-implantation

25

lethality (Liu et al., 2008). Thus, before we have analysed the Sac1 NMJ
phenotype, a casual link between VAP (boutons) and Sac1 (amnioserosa cells)
in the control of cell membrane morphology has already been identified
(Pennetta et al., 2002; Wei et al., 2003b)
One of the first links between Sac1 and a human disease came from a
Drosophila retinal model of Spinocerebellar Ataxia 8 (SCA8), a triplet repeat
expansion disease. In this model, dSac1 was identified as an enhancer of the
neurodegenerative retinal phenotype (Mutsuddi et al., 2004). Improper
functioning of the phosphatidylinositide (PI) system has now been linked with
several diseases, including: Cancer, Bipolar Disorder, X-linked myotubular
myopathy (MTM1) and Charcot-Marie-Tooth (CMT) disease (Vicinanza et al.,
2008). More recently, the SAC domain protein Fig4 (Sac3), a PI(5)Pase has been
linked to both sALS and fALS, as well as recessively inherited CMTJ4 (Chow et
al., 2007, 2009). In yeast it was shown that Sac1p substrate specificity is altered
in vitro from PI4P to PI3P (Hughes et al., 2000b), suggesting that intracellular
localisation is essential for its “biological specificity” (Foti et al., 2001). Recently
it has been shown that a wild-type Drosophila Sac1 protein releases significantly
more free phosphate from PI4P in a malachite green phosphatase assay, than a
catalytically dead Sac1 with two previously identified nullifying point
mutations (Kearns et al., 1997; Rohde et al., 2003) in the catalytic core (Lee et al.,
2011). This provides more proof that the SAC domain and particularly the
catalytic core, perform vital functions in maintaining cell integrity, and that
defects in Sac phosphatase activity have the potential to cause
neurodegeneration. Even in plants, the dependency on Sac1 for actin
organisation and cell wall synthesis has been shown. Arabidopsis thaliana SAC1
mutants display defects in cell morphogenesis as well as actin cytoskeleton
regulation (Zhong et al., 2005).
In summary, all of these findings lend increased weight to our current
analysis of Sac1 and its functional relationship with VAP proteins. It has been
shown that most organelles within the cell can be characterised by their
predominant PI species (Di Paolo and De Camilli, 2006), and by the PI effector
proteins which they attract (Kutateladze, 2010). The ER is associated with PI4P
and has been shown previously to mediate phagosome formation (Gagnon et
al., 2002; Touret et al., 2005), thus it is of little surprise that Sac1 and the PI 426

kinase protein four wheel drive (Fwd) which regulate PI4P levels, as well as
DVAP and OSBP, are found in Drosophila phagosome preparations (Stuart et al.,
2007).

1.3.3 Sac1 localisation and functions
In yeast and mammals, Sac1 is an integral membrane protein, which
localises to the endoplasmic reticulum (Whitters et al., 1993; Nemoto et al., 2000;
Rohde et al., 2003; Tahirovic et al., 2005), as well as both cis- and trans-Golgi
membranes (Cleves et al., 1989; Kearns et al., 1997; Liu et al., 2008, 2009). It has
also been shown in yeast that a cytoplasmic Sac1 fragment containing the
catalytic domain only, failed to catalyse the hydrolysis of PI4P thus indicating
that membrane-recruitment of Sac1 is required for its activity (Rivas et al., 1999).
Localisation of Sac1p is now thought to be growth and nutrient dependent,
making Sac1 almost unique in this respect (Faulhammer et al., 2007). It was
shown that during starvation Sac1p localises to the Golgi membrane, returning
to the ER when nutrients are available. The response of Sac1 to varying glucose
levels has been shown recently to be dependent on the MAPK protein Hog1,
which responds to both glucose starvation and glucose stimulation (Piao et al.,
2012). Recruitment of Sac1 to the ER leads to increased PI4P levels at the Golgi,
built up by the conversion of PI to PI4P by PI4KIII! (Fwd in Drosophila) and
allows for enhanced protein secretion at the Golgi (Szentpetery et al., 2010).
Retention of Sac1p to the ER membrane is regulated by its binding to
dolicholphosphate-mannose synthase (Dpm1p) (Faulhammer et al., 2005, 2007).
At the ER, Sac1 has been proposed to regulate ATP uptake across the ER
membrane in a manner that is dependent on the ER-resident Sec61p protein in
yeast (Kochendörfer et al., 1999; Konrad et al., 2002; Rivas et al., 1999).
At the Golgi membrane, Sac1p depletes a pool of PI4P generated by PI 4kinase (Pik1p). Thus, “reciprocal rounds of association/dissociation” between
Sac1p and Pik1p regulate cellular levels of Golgi phosphoinositides
(Faulhammer et al., 2007). In mammalian cells, depletion of Sac1 has been
shown to cause moderate to severe disruption of Golgi morphology (Liu et al.,
2009). Further to this, it has been shown that oligomerisation via the N-terminal
leucine zipper motif of the SAC1 domain, in a coatomer II (COPII)-dependent
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manner, is required for Golgi translocation in quiescent or starving cells. When
quiescent cells are stimulated by mitogens via p38 mitogen activated kinase
(MAPK), Sac1p is shuttled from the Golgi to the ER, mediated by COPI
(Blagoveshchenskaya et al., 2008), a process which has also been shown to
require PITP! in human cell culture (Carvou et al., 2010) and to regulate lipid
homeostasis in Drosophila (Beller et al., 2008). This would imply a direct role for
both MAPK and Sac1 in signaling to the secretory pathway
(Blagoveshchenskaya and Mayinger, 2009; Blagoveshchenskaya et al., 2008).

Figure 4 Sac1 localisation is nutrient dependent. (A) Sac1 is retained at the
ER by Dpm1p in exponentially growing yeast cells, leading to increased PI4P
levels at the Golgi and enhancing secretory activity. (B) Under limited nutrient
conditions Sac1 is released from Dpm1p, then oligomerises at the Golgi
membrane, reducing PI4P levels and slowing down secretion. (C) In EGF
stimulated mammalian cells Sac1 is transported to the ER by the COPI
complex, leading to increased PI4P at the Golgi and enhancing secretory
activity. (D) In quiescent mammalian cells Sac1 is transported to the Golgi by
the COPII complex, reducing Golgi PI4P levels and slowing down secretion (Liu
and Bankaitis, 2010).
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The activity of Sac1 appears to be highly regulated, which is not
surprising given that no other protein with substrate specificity for PI4P has
been uncovered. Recently, and with great relevance to our current project, it has
been shown that the yeast VAP protein Scs2p, which has binding affinity for
PI4P (Kagiwada and Hashimoto, 2007), is required along with the PH domaincontaining PI4P sensor oxysterol-binding homolog 3 (Osh3p), for PI4P
metabolism and Sac1p activity at the ER (Manford et al., 2012; Stefan et al.,
2011). Whereas in the Golgi, PI4P metabolism appears to require a different
oxysterol-binding homolog, this time Osh4p, which also regulates recruitment
of Pik1p to the Golgi (Alfaro et al., 2011). Similarly, another PH domaincontaining PI4P sensor, Vps74 (GOLPH3 in humans), is targeted to the Golgi by
PI4P (Dippold et al., 2009) and binds to the Sac1 protein at the medial Golgi
cisternae. Vps74 appears to regulate the phosphatase activity as depletion of
either Vps74 or Sac1 was found to induce an increase in the pool of PI4P in the
medial Golgi region (Wood et al., 2012). As a further level of control, Sac1 is
allosterically regulated by its own product, reaching saturation at 50%M
concentration of PI, thus in Sac1 mutants or hypomorphs the inhibition of PI4P
being reduced back to PI and free phosphate, will in effect slow down PI4P
metabolism even further (Zhong et al., 2012).

1.3.4 Mutations in Sac3/Fig4 cause ALS and CMT disease
One of the most compelling reasons for studying Sac1 in relation to
neurodegeneration is that mutations in Sac3/Fig4 are causative of
neurodegenerative disorders. Fig4 is a SAC domain containing, PI(3,5)P2
phosphatase, which also complexes with Vac14 to control the production of its
own substrate by the PI3P 5-kinase Fab1/Pikfyve and vice versa (Zolov et al.,
2012). The 29phosphoinositide PI(3,5)P2 is tightly regulated and accounts for
less than 0.05% of total cellular phosphoinositide lipids in mammals, with
defects causing abnormally sized vacuoles in both yeast and mice (Duex et al.,
2006; Jin et al., 2008; Rudge et al., 2004). The gene was first linked to
neurodegeneration in a mouse model of neuropathy characterised by motor
dysfunction, loss of mobility and vacuolar defects, classified as the “pale tremor
mouse” (Chow et al., 2007; Ferguson et al., 2009). The authors noticed that the
symptoms of these mice were similar to patients with Charcot-Marie-Tooth
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neuropathy, so decided to screen a cohort of CMT patients with no prior genetic
confirmation. It was found that Fig4 null mutant alleles and partial loss of
function alleles were strongly linked to a type of juvenile onset CMT, classified
as CMT4J (Chow et al., 2007; Lenk et al., 2011; Winters et al., 2011). However, one
of the families in the CMT4J group were primarily affected in later life by motor
neuron disease-like symptoms, which led to a wider search for Fig4 mutations
in around 500 non-SOD1 ALS patients, 20% of which were apparently sporadic
ALS cases. Analysis of the 23 Fig4 exons from patients’ genomic-DNA revealed
10 separate mutations causing truncations of the protein or splicing defects,
none of which were carried by the control group (Chow et al., 2009). This
provides more proof that the SAC domain performs vital functions in
maintaining cell integrity, and that defects in Sac protein activity have potential
to cause neurodegeneration. Thus, lending increased weight to our current
analysis of Sac1 and its functional relationship with DVAP.

1.4.1 Phosphoinositide species control membrane identity and
secretory protein trafficking
There are over 35 individual inositol phosphate species found in
eukaryotes, the majority of which are soluble phosphorylated derivatives of
inositol phosphate (IP). There are seven known lipidic species in Drosophila and
mammals, known as phosphatidylinositides (PIs) (Stevenson-Paulik et al., 2006).
PIs are phosphorylated derivatives of phosphatidylinositol (PtdIns), which
contain between 1 and 3 additional phosphate moieties (Figure 5A). PtdIns is
generated by PtdIns-synthase (Pis1), from cytidinediphosphate diacylglycerol
(CDP-DAG) and myo-inositol (Shen and Dowhan, 1997). Recent work has
shown that Pis1 is found at the ER alongside the enzyme CDP-DAG synthase,
but also in small microsomes which can be trafficked around the cell to deliver
PtdIns to whichever organelle requires it (Kim et al., 2011).

30

Figure 5 PI4P recruits effector proteins to the membrane. (A) Phosphatidyl inositol
(PI) structure. (B) The conversion of PI to PI4P is regulated by PI 4-kinases and Sac1.
PI4P recruits effector proteins to the membrane to facilitate clathrin-dependent and
clathrin-independent protein sorting (Mayinger, 2009).

PtdIns itself can be reversibly phosphorylated at the D3, D4, or D5
positions of the inositol ring and the seven possible variants are named
according to their phosphorylation site(s). There are three singly
phosphorylated species, namely PI3P, PI4P (our molecule of interest) and PI5P.
There are also three doubly phosphorylated species, two containing vicinal
phosphates, PI(3,4)P2 and PI(4,5)P2 and one with a free hydroxyl group in the
middle, PI(3,5)P2. The final PI species is the triply phosphorylated PI(3,4,5)P3
(De Matteis et al., 2005). Analysis of relative concentrations of these PI species in
varying cell types may now be possible; a newly described method of
electrospray ionisation and mass spectrometry (ESI-MS) allows for accurate
separation of the various molecules (Kiefer et al., 2010). These PI species are
regulated by around 50 mammalian PI kinases and phosphatases which are in
some cases specific and in others, less so (Sasaki et al., 2009). Certainly, a wide
range of downstream targets for the dually phosphorylated PI species PI(4,5)P2
have been described with effects on cytokinesis and actin remodeling. These
include polymerisation, bundling and crosslinking, severing, membrane
attachment and myosin-based contractility (Logan and Mandato, 2006). Recent
evidence suggests that some of the many plasma membrane and actin
regulatory functions previously attributed to PI(4,5)P2 in yeast and mammalian
cells (Saarikangas et al., 2010), may also be regulated by PI4P (Hammond et al.,
2012). For instance, PI4P has now been shown to be required for myosin-Vdependent vesicle secretion to growth sites in yeast (Santiago-Tirado et al., 2011)
and at exocytic sorting hubs in mammals (Santiago-Tirado and Bretscher, 2011).
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1.4.2 Generation of PI4P by phosphatidylinositol 4-kinases
The inositol lipid phosphatidylinositol 4-phosphate (PI4P) is the
molecular focus of this research. In mammals it is generated from PtdIns and
free phosphate by two type II and two type III PI 4-kinases (see Figure 5B), the
discovery of which date back over 70 years. In yeast, flies and worms there are a
single type II and two type III PI 4-kinases (Burgess et al., 2012). PI4P plays a
number of roles in cellular function and viability, as well as being the precursor
of the signaling lipid PI(4,5)P2 (Balla, 1998). At the same time it was shown that
a PI 4-kinase localises to small synaptic vesicles (SSVs) in synaptosome
preparations from rat cerebral cortices (Wiedemann et al., 1998a) and is
required for secretion at the Golgi in yeast (Hama et al., 1999; Walch-Solimena
and Novick, 1999). The vast majority of phosphatidylinositol in cells is
generated by PI-synthase (Pis1) at both the ER and in specific PI-distributing
vesicles, which convert D-myo-inositol and cytidinediphosphate-diacylglycerol
(CDP-DAG) into PtdIns for delivery around the cell (Kim et al., 2011), before
conversion to PI4P by the PI 4-kinases. The type II and type III kinases can be
distinguished from each other by their size, affinity for ATP, adenosine and
PtdIns, as well as their responsiveness to various cellular cues or inhibitors and
are shown in Table 1.
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Type II

Type III! (Stt4)

Type III" (Fwd)

Mol. Weight

79 kDa

240 kDa

184 kDa

PH-domain

No

Yes

No

< 100 %M

>400 %M

>400 %M

Km (PtdIns)

~20 %M

~100 %M

~100 %M

Ki (adenosine)

<50 %M

>mM

>mM

Wortmannin

Insensitive

Sensitive

Sensitive

Staurosporine

Insensitive

Sensitive

Insensitive

Ca2+-sensitivity

Inhibits

No effect

No effect

ER and vesicles

PM and ER

TGN and nuclear

Km (ATP)

Localisation

Table 1 Characteristics of type II and type III PI 4-kinases. Molecular
weights and localisation are for Drosophila proteins, while the other categories
are implied from various studies (Balla, 2008).

Membrane bound PtdIns is then phosphorylated at the D-4 position by
the PI 4-kinases. The type III kinases are, the plasma membrane and ER
localised Stt4p (PI4KIII") (Yoshida et al., 1994) which generates a PM localised
pool of PI4P (Balla et al., 2005) and contains a PI4P-binding pleckstrin homology
(PH) domain between its lipid kinase domain and catalytic domain (Strahl and
Thorner, 2007). Also, the nuclear (Demmel et al., 2008; Garcia-Bustos et al.,
1994) and Golgi localised Pik1p (PI4KIII!) (Guo et al., 2003), which generates a
separate pool of PI4P. The PI4KIII! protein has been shown to interact with the
neuronal calcium sensor-1 (NCS-1) and ADP-ribosylation factor 1 (Arf1) in the
regulation of TGN to PM trafficking (Haynes et al., 2005; Strahl et al., 2007;
Zhao et al., 2001).
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1.4.3 PI4P adaptor proteins are coincidence detectors
The COF family of PI4P-interacting proteins can be thought of as
coincidence detectors for the lipid species, ceramide (CERT), oxysterol (OSBP1)
and PI4P itself (FAPP2) respectively. Each of these proteins also has a FFATmediated binding affinity for VAP which is predicted to tether them to the ER
and facilitate ER to Golgi transport of the lipidic ligand (D’Angelo et al., 2008).
A second group of PI4P-interactors are the coat adaptors, which are important
for cargo recognition and primarily localise to the Golgi and trans-Golgi
network (TGN) in an Arf1-dependent manner (D’Angelo et al., 2012; Godi et al.,
1999; Hirst et al., 2001). The clathrin adaptor protein complex 1 (AP-1) regulates
TGN to endosome/lysosome trafficking and requires simultaneous binding to
Arf1 and PI4P in order to function (Wang et al., 2007, 2003). Similarly the Golgilocalised, #-ear containing, Arf-binding proteins (GGAs) are recruited to the
TGN and endosome membranes by coincident detection of PI4P and Arf1
(Nakayama and Wakatsuki, 2003; Wang et al., 2007). In terms of membrane
identity and morphology, GGAs in yeast have been shown to control vacuolar
morphology and biogenesis (Mullins and Bonifacino, 2001). Similarly, epsinrelated protein (epsinR) protein and its homolog liquid facets-Related (lqfR) in
Drosophila, function in clathrin-coated vesicle formation and endocytosis, as
well as contributing to membrane curvature (Ford et al., 2002). EpsinR is
recruited to the Golgi or PM by AP-1 and binds to PI4P via its Epsin N-terminal
homology (ENTH) domain (Mills et al., 2003). In a Drosophila model, lqfR was
found to be an essential developmental protein and to be required for cell
proliferation and growth in eye cells (Lee et al., 2009). Epsin itself (liquid facets
in Drosophila), has been found to control synaptic growth in a ubiquitindependent manner (Bao et al., 2008) and is a downstream component of the
target of Rapamycin (TOR) autophagy pathway, required for autophagosome
formation (Csikós et al., 2009). Again, with relevance to membrane growth and
separation, Sac1p in yeast has been shown to regulate cell separation in
budding yeast, through the trafficking of chitin synthase (Chs3p) to the bud
neck (Tahirovic et al., 2003). Thus we can predict that disregulation of PI4P
levels may seriously affect not only the lipid transport proteins but also the
Golgi membrane cargo trafficking process. Indeed, tight regulation of PI4P has
proven to be vital for trans-Golgi network to endosome transport in yeast. By
manipulating Pik1p expression and Fqn1, which stabilises and activates Pik1p
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in the cytoplasm (Hendricks et al., 1999; Strahl et al., 2007), it was shown that
reducing PI4P at the Golgi could slow down the recruitment of clathrin adaptor
proteins Gga2p and AP-1 (Mayinger, 2009), while enhancing PI4P levels at the
Golgi led to an increased speed of adaptor recruitment for both (Daboussi et al.,
2012).
Also, within the last year a previously explored link between VAP
proteins and the replication of the Hepatitis-C virus (HCV) (Gao et al., 2004;
Hamamoto et al., 2005), has been strengthened considerably. It has been shown
that the VAPC isoform can negatively regulate HCV propagation (Goyal et al.,
2012; Gupta et al., 2012; Kukihara et al., 2009), while the same process has also
been shown to require the activities of both VAPB and the PI 4-kinases as well
as being dependent on PI4P levels (Alvisi et al., 2011; Berger et al., 2011; Bianco
et al., 2012; Tai and Salloum, 2011) and the upregulation of sphingomyelin
synthase genes (Hirata et al., 2012). Finally, the pathogenicity of Hepatitis-C has
also been shown to involve Sac1, PI4KIII! and Arf1, with PI4P levels playing an
important role in HCV replication. Notably overexpression of Sac1 was
sufficient to inhibit replication of the viral RNA (Zhang et al., 2012b)

1.4.4 Presynaptic and postsynaptic effects of phospholipids
It has long been known that increases in phosphoinositide levels lead to
disruption of microtubule polymerisation, along with a decreased affinity for
microtubule-associated protein 2 (MAP-2) (Yamauchi and Purich, 1987).
Numerous mouse models of neurodegeneration since then have shown that
tight phosphoinositide regulation is required for normal functioning animals.
For instance, the vibrator mouse line, characterised by excessive vacuolisation,
ER morphology defects and spinocerebellar neurodegeneration with a wholebody action tremor (18-20Hz) in juveniles (Weimar et al., 1982). The gene
responsible was later identified as a PI-transfer protein (PITP") (Hamilton et al.,
1997). The vibrator gene (Giotto in Drosophila) has been shown to act alongside
Fwd and Rab11 to control membrane trafficking during cytokinesis (Giansanti et
al., 2006, 2007) which may or not have a secondary use during synaptic
development. Other mouse models of PI-induced conditions include the weeble
mouse, caused by mutations in inositol polyphosphate 4-phosphatase (Inpp4a) and
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characterised by selective neuronal loss (Nystuen et al., 2001) as well as the
previously described pale tremor mouse caused by mutations in the Sac1-domain
containing phosphatase Fig4 (Chow et al., 2007; Ferguson et al., 2009). More
recently, it has been shown that Fab1/Pikfyve, which complexes with
Fig4/Sac3 is responsible for the generation of all cellular PI(3,5)P2 and the
majority of PI5P. In fact, a hypomorphic Pikfyve mouse, which expresses about
10% of the wild-type protein, shows neurodegenerative phenotypes
characterised by vacuolisation in the cerebellum, brainstem and spinal cord
(Zolov et al., 2012).
Accumulations of particular PI species and lipid molecules give identity
to lipid rafts such as ceramide platforms (Silva et al., 2009), which are important
for receptor clustering (van Blitterswijk et al., 2003) within individual organelle
membranes (Ohanian and Ohanian, 2001). Lipid rafts have come to prominence
recently with the discovery of ALS-causative mutations in the lipid raft proteins
SIGMAR1 and ERLIN2 (Al-Saif et al., 2011, 2012) In terms of the sphingolipids
and ceramide species and the network of enzymes which regulate their
interconversion (Acharya and Acharya, 2005), much of the recent work on these
molecules focuses on their roles in apoptosis and cell signaling. Indeed, an
upregulation of ceramide and sphingolipid species was associated with
oxidative stress and motor neuron death in a mouse model of SOD1-induced
ALS (Cutler et al., 2002). It has been shown that late stages of apoptosis are
associated with an increase in ceramide, a process that requires membrane
scrambling to bring SM from the outer leaflet to the inner leaflet before
conversion to ceramide, leading to membrane changes or vesiculation (Ohanian
and Ohanian, 2001; Tepper et al., 2000; Woodcock, 2006).
In Drosophila, proper regulation of lipid scrambling has been shown to
modulate neurotransmitter release and vesicle formation (Acharya et al., 2006).
Ceramide is converted to sphingosine by the ceramidase slug-a-bed/slab,
which has been shown to regulate exocytosis and vesicle trafficking. Mutant
slab NMJs have fewer readily releasable vesicles and show a significant
reduction in evoked synaptic currents (Rohrbough et al., 2004). The conversion
of sphingosine to ceramide is catalysed by the ceramide synthase schlank and is
a positive regulator of fatty acid synthesis, controlling body growth and fat
deposition in developing larvae (Bauer et al., 2009). More recently, the schlank
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protein has been found localised to the CNS and PNS in developing embryos,
(Voelzmann and Bauer, 2011), while depletion of the ceramide transporter
CERT has previously been shown to cause neurodegeneration and reduced
lifespan (Rao et al., 2007), thus suggesting an important role for ceramide in
neuronal development (Voelzmann and Bauer, 2011). Therefore, Drosophila has
shown to be a suitable model organism for the analysis of lipid metabolism
genes with reference to neurodegeneration and the viability of the animal.

1.5.1 Drosophila as a model for human disease
Over the last 15 years the fruit fly Drosophila melanogaster has emerged as
a highly useful and adaptable metazoan model organism. Drosophila can be
used to elucidate the causes and effects of human disease, with the anticipation
that therapeutic possibilities will be uncovered (Bier, 2005; Pandey and Nichols,
2011; Shulman et al., 2003). Over 100 years of research into Drosophila has
delivered major advances in the study of numerous aspects of general biology,
including learning and memory (Dudai et al., 1976; Quinn et al., 1974), the
processes of the visual system (Pak et al., 1970; Zuker, 1996) and cell patterning
during embryonic development (Nüsslein-Volhard and Wieschaus, 1980). In
addition to their low cost, short generation time and simple maintenance, a
wide spectrum of genetic techniques, notably the UAS-GAL4 system (Brand
and Perrimon, 1993), allow us to manipulate both known and unknown genes
and track their passing from one generation of flies to the next (Venken and
Bellen, 2005; Venken et al., 2011).
One advantage for research into disease using Drosophila is the high
degree of overlap in conserved genes, despite 700 million years of divergence,
between the humble fruit fly and humans (St Johnston, 2002). Remarkably,
around 75% of the genes linked to human disease are evolutionarily conserved
from Drosophila (Bier, 2005; Fortini et al., 2000; Reiter et al., 2001). Not only are
the Drosophila genes similar, in many cases they provide a platform to study
genes in isolation that may have undergone evolutionary duplication events in
the ensuing millennia, to either assume new functions or lie redundant
(O’Kane, 2003; O’Sullivan et al., 2012). This is particularly relevant to the kinases
and phosphatases which regulate phosphoinositide levels in Drosophila, where
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there are single isoforms of all the vertebrate kinases and phosphatases, apart
from SH2-domain-containing inositol 5-phosphatase 1 and 2 proteins, encoded
by SHIP1 and SHIP2 respectively, which may have evolved later (Morrison et
al., 2000; Slabbaert et al., 2012). Better still, Drosophila can be humanised, by
forced expression of those genes for which no homologs are found, such as the
Parkinson’s disease protein "–synuclein (Feany and Bender, 2000) which
accounts for around 1% of total neuronal proteins in humans (Bosco et al., 2011)
but is missing from earlier metazoans and yeast (Outeiro and Lindquist, 2003).
The same approach has been used in studies of the Alzheimer’s related gene #site APP cleaving enzyme (BACE) (Greeve et al., 2004).

1.5.2 Drosophila models of amyotrophic lateral sclerosis
Animal models of human neurodegenerative conditions, including ALS,
should accurately represent the phenotypes of the disease that is being studied.
In the case of ALS, there are several phenotypes of interest, including but not
limited to; mechanisms of cell death (apoptosis and autophagy), ER stress,
ubiquitination, protein inclusions (ubiquitinated and otherwise), as well as age
dependence.
One question which should be addressed is whether the DVAP null
mutant previously described (Pennetta et al., 2002), which acts as a loss-offunction mutation, is a valid model of ALS pathology. If so, then we would
expect to find similar neurodegenerative phenotypes in both DVAP null and
DVAP-ALS mutants. This would lead to the conclusion that the disease
mechanism is a dominant negative one, at least with regards to the Sac1-DVAP
interaction. In support of this, recent evidence from zebrafish and mouse VAPB
knock-out lines indicate that VAPB LOF leads to motor swimming deficits in
the zebrafish model, as well as mild motor deficits in mice (Kabashi et al., 2013).
With regards to the development of mutant VAPB aggregates, it has been
shown that accumulations of VAPB do not form in induced pluripotent stem
cells from ALS patients, while sporadic ALS patients often show a general
decrease in VAPB levels (Mitne-Neto et al., 2011). Taken together these findings
indicate that the loss of VAPB from the system as a whole is sufficient to
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contribute to ALS, while the formation of aggregates may constitute a toxic
gain-of-function which compounds the deleterious effects.
In terms of cell death mechanisms, Drosophila has been extensively used
to study both apoptosis and autophagy and there are a wide range of available
antibodies and markers for both, including caspase-3 for apoptosis and Atg8,
which is a marker of autophagosomes. It has also been shown that ER stress can
be induced by pharmacological blockade of the proteasome in Drosophila, which
itself leads to induction of both autophagy and apoptosis (Velentzas et al 2013).
Similarly, it has been shown that mutant VAP (T48I) is unable to activate the
IRE1/XBP1 ER-stress pathway but does lead to an increase in ubiquitination
(Chen et al., 2010). Cytoplasmic and nuclear TDP-43 positive inclusions are
indicative of ALS, and these have been shown to cause neurodegeneration in
Drosophila models (Feiguin et al., 2009, Miguel et al., 2011). In terms of agedependent neurodegeneration, Drosophila has previously been used to examine
the effects of Alzheimer’s related proteins, APP, BACE and presenilin, with the
beta-amyloid plaques induced causing age-dependent degeneration (Greeve et
al., 2004).
In recent years, Drosophila has emerged as a useful model for many
neurodegenerative conditions (Lloyd and Taylor, 2010). Drosophila can be
manipulated genetically by the generation of transgenic models which express
either the wild-type (wt), or pathogenic variants of human disease genes (Trinh
et al., 2008; Venken and Bellen, 2005). Relevant examples of these transgenic
methods include the Huntingtin (Htt) gene in Huntington’s disease (HD)
models (Agrawal et al., 2005; Jackson et al., 1998; Tamura et al., 2011) and
Survival motor neuron 1 (Smn1) used to model spinal muscular atrophy (SMA)
(Chang et al., 2008; Imlach et al., 2012). Similar models have been utilised to
study other neurodegenerative diseases including Alzheimer’s disease
(Gunawardena and Goldstein, 2001; Torroja et al., 1999; Wittmann et al., 2001;
Zhao et al., 2010), Parkinson’s disease (Feany and Bender, 2000; Greene et al.,
2003; Imai et al., 2008) and a wide range of polyglutamine repeat
diseases.(Zoghbi & Orr, 2009), notable examples of these include
spinocerebellar ataxia 3 (SCA3) (Bonini, 1999; Warrick et al., 1998), Ataxin-1
which causes SCA1 (Fernandez-Funez et al., 2000) and more recently a
Drosophila model of polyglutaminic Atrophin, the cause of dentatorubral39

pallidoluysian atrophy (DRPLA) (Napoletano et al., 2011). Many of these
models utilise the Drosophila neuromuscular junction (NMJ) or the developing
compound eye as tractable systems with which to monitor the pathogenic
outcomes of disease-causing mutations.

1.5.3 The postsynaptic actin-spectrin cytoskeleton is disrupted
in neurodegenerative mutants
The stability and plasticity of PSDs (Gerrow et al., 2006; Renner et al.,
2008) at the NMJ are highly dependent on both presynaptic activity (Thomas
and Sigrist, 2012) and the integrity of the underlying actin-spectrin cytoskeleton
(Das et al., 2008; Pielage et al., 2005, 2006) in Drosophila (Featherstone et al., 2001)
as well as in mammals (Baines, 2009). The actin cytoskeleton appears to be
regulated by phosphoinositide species such as PI(4,5)P2 and the PI 3-kinase
which generates PI(3,4,5)P3 (Saarikangas et al., 2010). The actin capping protein
gene Adducin or hu-li tai shao (hts) as it is known in Drosophila (Yue and
Spradling, 1992), has also been strongly linked with ALS. Excessive levels of
phosphorylated Adducin have been observed in spinal cord tissue from ALS
patients as well as in a mouse model of SOD1-induced ALS (Hu et al., 2003a,
2003b). Adducin is a protein kinase C (PKC) substrate (Bennett et al., 1988) and
a vital component of the actin-spectrin cytoskeletal framework. Additionally,
adducin is found to regulate both DLG phosphorylation and localisation (Wang
et al., 2011b) as well as synapse growth and stability in mice (Bednarek and
Caroni, 2011) and flies, with hts mutants showing extreme disruption to
presynaptic nerve terminals (Pielage et al., 2011).

1.5.4 Spectrin mutations cause neurodegeneration
Spectrin proteins, of which there are seven in humans (2 "-spectrins and
5 !-spectrins) and two in Drosophila (" and !) (Featherstone et al., 2001) typically
form a tetrameric complex of two " and two ! subunits. These tetramers bind to
an actin-containing complex to form a stable but flexible meshwork that gives
structure to the NMJ. Mutations in human !-III Spectrin have been shown
causative of spinocerebellar ataxia type 5 (SCA5), a dominantly inherited
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neurodegenerative disease characterised by gait problems, slurred speech and
difficulty in swallowing (Ikeda et al., 2006). Likewise, in mice, the loss of !-III
Spectrin leads to cerebellar ataxia-like motor problems and the loss of Purkinje
cells (Gao et al., 2011; Perkins et al., 2010). In Drosophila, the loss of either "- or
!-Spectrin presynaptically leads to defects in synapse stabilisation and larval
lethality (Pielage et al., 2005) while postsynaptic Spectrin knock-down affects
muscle membranes and causes the presynaptic AZs to increase in size (Pielage
et al., 2006). More recently, it has been shown that expression of either a
Drosophila or human SCA5 mutant #-spectrin transgene in larval neurons, leads
to axonal transport deficits and smaller synapses (Lorenzo et al., 2010). Similar
defects in axonal transport, including the accumulation of synaptic markers Brp
and synaptotagmin (Syt) in the motor axons of both Adducin/hts and Ankyrin2L/ank2 mutant larvae have also been reported (Keller et al., 2011; Pielage et al.,
2011).

1.5.5 The Drosophila eye as a model for neurodegeneration
The adult Drosophila eye is a proven and experimentally tractable model
for studying neuronal development and axonal guidance, without the need for
skillful or time-consuming dissections. Specific neurons or cell types within the
eye or brain of Drosophila can be genetically manipulated to either enhance or
repress the expression of particular mutant or wt alleles, in isolation from the
whole animal. This process has been achieved primarily using the yeast UASGAL4 system (Brand and Perrimon, 1993) which is a valuable bipartite method
for the tissue and temporally specific expression of the genes of interest
(Southall et al., 2008).
In terms of eye models dealing specifically with ALS genes, an ALS1
model featuring overexpression of wt or mutant hSOD1 in the eye, did not
cause a degenerative phenotype, although pan-neural expression of each
transgene in the CNS did cause motor dysfunction and SOD1-mediated protein
accumulations (Watson et al., 2008). Although this particular SOD1 model had
little effect on the eye, it has since been shown that mutant VAPB/DVAP as
well as both wt (Li et al., 2010) and mutant TDP-43 (Estes et al., 2011), caused
neurodegeneration and accumulation of aggregates in the Drosophila eye. In a
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separate model, it was shown that cytoplasmic rather than nuclear localised
TDP-43 aggregations cause retinal degeneration (Miguel et al., 2011). Work in
yeast has also shown that mutant TDP-43 aggregates relocate from the nucleus
to the cytoplasm (Johnson et al., 2008), while aggregates caused by mutations in
OPTN1, encoding a Golgi protein which also binds to huntingtin (Sahlender et
al., 2005), exhibit a toxic gain-of-function (Kryndushkin et al., 2012). A recent
model of mutant FUS-mediated ALS in Drosophila has shown that not only does
this RNA-processing protein cause a neurodegenerative phenotype in the eye,
but also that the phenotype is significantly enhanced by coexpression of wt or
mutant TDP-43 (Lanson et al., 2011). Conversely, it was found that TDP-43
coexpression is neuroprotective in a model for ALS and Paget’s disease
(Nalbandian et al., 2011), caused by mutations in valosin-containing protein
(VCP/TER94 in Drosophila) (Ritson et al., 2010). Ter94 has since been shown to
cause neurodegeneration in the eye by decreasing intracellular levels of
adenosine trisphosphate (ATP) (Chang et al., 2011) Recently, the ALS-associated
protein Adducin has been shown to play a role in axon guidance in the
developing Drosophila eye (Ohler et al., 2011). Despite causing visual problems
and mental retardation, the oculocerebrorenal syndrome of Lowe (OCRL/CG3573 in
Drosophila) gene, which encodes an inositol polyphosphate 5-phosphatase, has
not presently been modeled in flies (Pirruccello and De Camilli, 2012).

1.6 Experimental Aims
The motivation behind this series of experiments is to gain an
understanding of the pathogenic mechanisms that underlie ALS8 caused by the
VAPB-P56S or VAPB-T46I mutations. This was to be achieved by examining the
phenotypes caused through mutations in Sac1, which has been identified as an
interactor of the VAP protein. By a close comparison with the DVAP mutant
phenotypes we aim to identify the roles played by both proteins in the
development and maintenance of motor neurons. Finally, we attempt to
ameliorate the mutant phenotypes by reducing the expression of either Stt4 or
Fwd PI 4-kinases. Eventually, elucidating the network of proteins that are
dependent on VAP and Sac1 may allow us to identify potential therapeutic
targets in the treatment of VAPB-induced ALS. +

+
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Aim+1.+Confirm+the+interaction+between+DVAP+and+Sac1.+Prior to our analysis of
Sac1 with relevance to the DVAP-P58S Drosophila ALS disease model, we must
first verify the reported interaction between the two proteins (Giot et al., 2003).
We plan to achieve this firstly in vitro using yeast two-hybrid, coimmunoprecipitation and cell culture based assays, then in vivo using a FLAGlabeled Sac1 construct in various Drosophila larval tissue types.+
+
Aim+2.+Compare+Sac1+and+DVAP+mutant+phenotypes+in+the+eye+and+NMJ.+Previous
results from the Pennetta laboratory have shown that presynaptic
overexpression of the DVAP-P58S mutation induces degenerative phenotypes
in the neuromuscular junction (Chai et al., 2008). Similarly, expression of DVAPT48I in the developing eye leads to a neurodegenerative phenotype in the adult
eye (Chen et al., 2010). It is also known that Sac1 hypomorphic mutants exhibit
a degenerative eye phenotype (Wei et al., 2003b). We therefore set out to
determine whether the NMJ phenotypes attributed to DVAP mutants are
comparable to those induced by Sac1RNAi.
+
Aim+3.+Examine+PI4P+levels+in+DVAP+and+Sac1+mutant+lines.+Sac1 is the main PI 4phosphatase, while VAP proteins in yeast have previously been shown to
regulate Sac1 activity (Stefan et al., 2011). Therefore, we plan to examine
whether the degenerative phenotypes associated with the DVAP-P58S mutation
and Sac1RNAi are in fact caused by an upregulation of PI4P levels.
+
Aim+4.+Attempt+to+ameliorate+DVAP+and+Sac1+mutant+phenotypes+by+blocking+PI4P+
generation.+The Drosophila genome includes two type-III PI 4-kinases, namely
Stt4 and Fwd. We propose that reducing the expression of either Stt4 or Fwd
may ameliorate the upregulation of PI4P observed in DVAP or Sac1 mutants.
This will be tested using the same neuromuscular junction and developing eye
paradigms that were originally used to examine the DVAP-P58S and DVAPT48I mutations in Drosophila.
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Chapter 2
Materials and Methods
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2.1.1 Drosophila melanogaster stock lines used
All fly stocks were maintained on standard cornmeal medium at room
temperature (22-25°C) transferring to fresh food vials at three-week intervals.
The following stock lines were used during the course of this project.

Line

Source

Reference

Elav-Gal4

Bloomington Drosophila Stock
Center

(Yao and White, 1994)

Ey-Gal4

Bloomington Drosophila Stock
Center

(Halder et al., 1995)

OK6-Gal4

Bloomington Drosophila Stock
Center

(Aberle et al., 2002)

BG57-Gal4

Bloomington Drosophila Stock
Center

(Budnik et al., 1996)

UAS-DIAP1

Bloomington Drosophila Stock
Center

(Lohmann et al., 2002)

UAS-mCD8:GFP

Bloomington Drosophila Stock
Center

(Lee and Luo, 1999)

DVAPRNAiJF02621

Bloomington Drosophila Stock
Center

(Forrest et al., 2013)

Sac12107

Gift from Nicholas Harden

(Wei et al., 2003b)

UAS-Sac1Δ

Andrea Chai & Giusy Pennetta

(Forrest et al., 2013)

UAS-Flag-Sac1

Giusy Pennetta

(Forrest et al., 2013)

Ey-Gal4,DVAP-P58S

Andrea Chai & Giusy Pennetta

(Forrest et al., 2013)

DVAPRNAiGD3990

Vienna Drosophila RNAi center
(VDRC)

(Forrest et al., 2013)

Sac1RNAi

Vienna Drosophila RNAi center
(VDRC)

(Yavari et al., 2010)

Stt4RNAi

Vienna Drosophila RNAi center
(VDRC)

(Khuong et al., 2010)

FwdRNAi

Vienna Drosophila RNAi center
(VDRC)

(Yavari et al., 2010)

Table 2 List of Drosophila stocks used in this project
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2.1.2 Genetics and transgenics
Lethal transgenic insertions were maintained over GFP or Tubbycontaining balancers to allow selection of the relevant genotypes for larval
phenotypic analysis. In crosses where the transgene of interest was maintained
over a GFP chromosome, e.g. Sac1RNAi/TM3,Sb,GFP, mutant F1 larvae were
selected on by the absence of the GFP signal . For crosses where the transgene
was maintained over a Tb balancer chromosome, larvae were selected on the
absence of the Tubby phenotype that is characterised by shortened, fatter larvae.
Transgenics were generated using standard protocols. To characterise the
transgenic expression phenotype, tissue specific Gal4 driver lines were crossed
with the transgenic lines. Embryos were collected for 20-24 h and then
transferred to an air-incubator or water-bath, set to 30°C unless otherwise
stated, in order to maximise the activity of the GAL4 and the expression of the
UAS-transgene. The ey-Gal4 driver was recombined with DVAP-P58S following
standard procedures.

2.2.1 Primary antibodies used for immunohistochemistry
Antibody

Conc.

Source

Reference

!-HRP (rabbit)
!-HRP (goat)

1:500
1:200

Jackson
Immunoresearch

(Jan and Jan, 1982)

!-Brp (mouse)

1:100

DSHB

(Kittel et al., 2006;
Wagh et al., 2006)

!-DVAP (GP)

1:1000

Giusy Pennetta

(Pennetta et al., 2002)

!-adducin (mouse)

1:50

DSHB

(Pielage et al., 2011)

!-alpha-spectrin (mouse)

1:50

DSHB

(Dubreuil et al., 1987)

!-beta-spectrin (rabbit)

1:500

Jan Pielage

(Hülsmeier et al., 2007)

!-DLG (mouse)

1:50

DSHB

(Budnik et al., 1996)

!-futsch (mouse)

1:100

DSHB

(Hummel et al., 2000;
Roos et al., 2000)

!-dCSP2 (mouse)

1:50

DSHB

(Zinsmaier et al., 1994)

!-PI4P (mouse)

1:100

Echelon Bioscience

(Forrest et al., 2013;
Yavari et al., 2010)

!-boca (GP)

1:500

Joaquim Culi

(Culi and Mann, 2003)

!-GM130 (mouse)

1:100

Abcam

(Nakamura et al., 1995)

Table 3 Primary antibodies
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2.2.2 Secondary antibodies used for immunohistochemistry

Antibody

Conc.

Source

!-rabbit – Cy3

1:500

Jackson Immunoresearch

!-rabbit – FITC

1:500

Jackson Immunoresearch

!-mouse – Cy3

1:500

Jackson Immunoresearch

!-mouse – Cy5

1:500

Jackson Immunoresearch

!-mouse – FITC

1:500

Jackson Immunoresearch

!-GP – Cy3

1:500

Jackson Immunoresearch

!-GP – Cy5

1:500

Jackson Immunoresearch

!-GP – FITC

1:500

Jackson Immunoresearch

!-goat - FITC

1:200

Jackson Immunoresearch

Table 4 Secondary antibodies

2.3.1 Dissection and antibody staining of third-instar larval
NMJs
Wandering third instar larvae (n=20) of the required phenotypes from
each cross, were collected and washed in PBS. They were then dissected in cold
PBS using fine tipped spring scissors, from posterior to anterior between the
trachea, leaving the brain and imaginal discs intact. After flushing out and
removing the fat body and other surplus tissue, the larval pelt was pinned out
using small insect pins. Each set of NMJ preparations was then fixed in either
Bouin’s fixative (15:5:1 saturated picric acid: 37% formaldehyde: glacial acetic
acid) or 4% paraformaldehyde solution for 10 minutes, with the choice of
fixative depending on which antibody combinations were used. The fixed
preparations were then rinsed of fixative using a 0.1% solution of phosphate
buffered Triton (PBT). The NMJs were then carefully unpinned and transferred
into labelled Eppendorf tubes (1.5mL) in PBT. They were then washed under
rotation for 6x15 min in fresh PBT, changing the solution each time. Each set of
NMJs was then blocked for 2hr using 10% normal goat serum (NGS) in 1x
phosphate buffered saline (PBS) at room temperature (RT). Primary antibodies
were added at the concentrations specified in Section 2.2.1, in a solution of 5%
NGS in PBT and left to rotate overnight at 4°C. The next morning the antibody
solutions were pipetted off and retained for repeat use if necessary, then
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replaced with 0.1% PBT. A further 8 x 15min washes in PBT were then carried
out before adding the relevant secondary antibodies. Secondary antibodies
were added at the concentrations specified in Section 2.2.2, in a solution of 5%
NGS in PBT then incubated for 2hr at room temperature. Secondary antibody
solutions were then removed and replaced with PBT and washed for a further 8
x 15min. The NMJs were then trimmed of excess tissue and nerve sprouts
before mounting onto microscope slides using Vectashield mounting medium.
For the axonal transport assay, Brp and dCSP2 staining of larval motor nerves
required the ventral nerve cord and attached nerves to be retained in the NMJ
preparations. For antibodies raised in goat, the NGS blocking agent was
replaced by a 2% bovine serum albumin (BSA) in PBT (PBS+Triton 0.1%) for
blocking, and by 0.5% BSA in PBT for the antibody incubation periods.

2.3.2 Dissection and antibody staining of larval brains, eye
discs and salivary glands
For the immunohistochemical analysis of third-instar larval brains, eye
imaginal discs and salivary glands, the same primary dissection method was
used. After selecting at least 20 larvae of the relevant genotypes from each
cross, the larvae were transferred to a dissection plate in cold PBS. Using fine
tipped tweezers, the larvae were pinched in the middle and pulled apart to
separate the anterior and posterior portions. Again using the tweezers, the
larval cuticle was turned inside out by gently pushing the head end in on itself,
thus exposing the larval brains, imaginal discs and salivary glands but keeping
them attached to the remaining larval cuticle. Each set of brain preparations
was then carefully transferred to a labeled Eppendorf tube (1.5mL), before
fixation in one of three possible fixatives. Depending upon which antibody
combination was used, the fixatives were Bouin’s fixative, 4%
paraformaldehyde or 3.7-4.1% formaldehyde. Similarly the fixation times used
for various antibodies were adjusted by trial and error to achieve optimal
staining affinity. After the fixation stage each set was washed in PBT several
times to remove the excess fixative, before blocking for 2hr at RT in a solution of
10% NGS in PBT. Primary and secondary antibody staining procedures were
carried out exactly as described for the NMJ preparations in Section 2.3.1. After
the final washing steps, each set of brain preps was transferred onto a
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microscope slide with a few drops of PBT. Using a set of fine tipped tweezers
and a small bore syringe needle, the individual salivary glands, eye imaginal
discs or brains themselves were carefully separated from the remaining tissue
and transferred to a fresh microscope slide with a few drops of Vectashield.
Slides were then covered and sealed at the edges using nail varnish to avoid the
preparations drying out.

2.3.3 Anti-PI4P staining for NMJs, eye discs, brains and salivary
glands
For PI4P staining, all tissues were dissected as in Section 2.3, before being
fixed for 30 min in 4% paraformaldehyde in PBS, then washed 5x quickly in
PBS. The fixative was quenched by washing in 50mM NH4Cl in PBS for 10 min,
before washing for 3 x 10 min in 1x TBS pH 7.4. Salivary glands were processed
as follows; Permeabilised in TBS + 0.5% Saponin (Sigma

S-7900) for 1hr at RT

before blocking overnight in TBS + 0.3% Saponin + 10% NGS at 4°C. Primary
antibody was used at 1:100 in TBS + 0.3% Saponin + 5% NGS for 2 hours at RT.
Primary and secondary antibody washes were carried out in TBS + 0.3%
Saponin + 1% NGS, for 8 x 15 min. Eye imaginal discs were processed similarly
with a 3hr permeabilisation and 4hr primary antibody incubation time. Larval
brains and NMJs were processed similarly with an overnight permeabilisation
at 4°C, over-day blocking and overnight (4°C) primary antibody incubation
time, followed by a further set of washes and a 4 hour secondary incubation
time. After the final wash, the NMJs or relevant tissue were cleaned of excess
tissue before being transferred to microscope slides with a few drops of
Vectashield, before sealing the slide with nail varnish.

49

Tissue type

Fixation

Permeabilisation

Blocking

1° Ab

2° Ab

Salivary
glands

30 min

1h @ RT

O/N @ 4°C

2h @ RT

2h @ RT

Eye I.D

30 min

3h @ RT

O/N @ 4°C

4h @ RT

2h @ RT

Brain

30 min

O/N @ 4°C

O/D @ 4°C

O/N @ 4°C

4h @ RT

NMJ

30 min

O/N @ 4°C

O/D @ 4°C

O/N @ 4°C

4h @ RT

Table 5 PI4P staining protocol

2.4 Yeast two-hybrid experiments
Binary interactions between DVAP and Sac1 constructs were performed
using the MATCHMAKER 3 GAL4 Yeast Two Hybrid System (Clontech). This
system is specifically designed to reduce the possibility of false positive results
by utilising three reporters, ADE2, HIS3 and MEL1. The full-length cDNA for
DVAP was cloned in frame into the pGADT7 vector using PCR primers
containing EcoRI and BamHI sites. Full-length cDNA for Sac1 was cloned in
frame into the pGBKT7 vector using PCR primers containing NdeI and BamHI
sites. All other fragments were cloned in frame by PCR using primers
containing NdeI and BamHI sites. DVAP constructs lacking the coiled coil and
transmembrane domains were generated by using the QuikChange II XL site
directed mutagenesis kit (Agilent Technologies) and following the manual's
instructions. Protein interactions were analysed in media lacking histidine,
adenine, leucine and tryptophan (-HALT medium) following transformation in
AH109 yeast strain with the relevant plasmids.
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2.5.1 Co-immunoprecipitation and immunocytochemistry
Cells were cultured in DMEM medium containing 10% fetal bovine
serum (FBS) until 80% confluent and transfected with the relevant plasmids
using FuGENE Transfection Reagent (Roche) according to the manufacturer’s
instructions. Protein lysates for coimmunoprecipitation were prepared as
previously described in (Kawano et al., 2006), with minor modifications. The
protein complexes were immunoprecipitated using anti-Myc beads from Pierce
Profound c-Myc Tag IP/Co-IP Application set (Thermo Scientific). Inputs,
precipitated protein complexes and supernatants were analysed by SDS-PAGE
and Western blots.
Detection of Flag-DVAP proteins by western blot was performed using a
guinea pig anti-DVAP antibody at a concentration of 1:40,000 and a secondary
HRP-conjugated anti-guinea pig antibody at 1: 60,000. Myc-Sac1 proteins were
detected by western blot using a rabbit anti-Myc (Sigma) antibody at a
concentration of 1:10,000 and an anti-rabbit HRP-conjugated secondary
antibody at 1:30,000. For immunocytochemistry, cells were plated on BioCoatTM
Poly-L-Lysine glass coverslips (BD Biosciences) and transfected as described
above. Confluent cells were fixed in 4% paraformaldehyde for 20 minutes,
blocked in PBT containing 10% NGS, and incubated overnight with both rabbit
anti-Myc (Sigma, 1:200) and mouse anti-Flag (Sigma, 1:200) antibodies.
Fluorescent secondary antibodies were used at 1:500. Preparations were
mounted in Vectashield medium.

2.5.2 Generating the FLAG-tagged Sac1 construct
To generate the N-terminal Flag-tagged Sac1 (Flag-Sac1) construct, the
full-length Sac1 cDNA was amplified from clone GH08349 with PCR primers
containing BamHI and SalI sites and cloned in frame into the pCMV-Tag2b
vector (Clontech). The Flag-Sac1 fragment was then cloned into the pUAST
vector using NotI and KpnI sites.
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2.5.3 Generating FLAG and Myc-tagged constructs for Co-IP
and immunocytochemistry
For co-immunoprecipitation experiments, the Myc-Sac1 construct was
generated by PCR amplification of the full-length Sac1 cDNA using primers
containing SalI and KpnI. The resulting fragment was cloned in frame into
pCMV-Myc vector (Clontech). The Flag-tagged DVAP (Flag-DVAP) construct
was generated by amplifying the full-length DVAP cDNA with PCR primers
containing EcoRI and SalI sites and by cloning the resulting DNA fragment in
frame into the pCMV-Tag2b vector. The DVAP-P58S construct was cloned into
the pCMV-Tag2b vector using the same strategy as for the cloning of DVAP
cDNA in the same vector.
For immunocytochemistry, a Myc-DVAP construct was generated by
PCR amplification of the full-length DVAP cDNA using EcoRI and NotI primers
and cloned in frame into pCMV-Myc vector (Clontech). For the same
experiment, the Flag-Sac1 fragment was cloned into the pCMV-Tag2b vector as
described above.

2.6 Histological analysis of adult brains and eyes
For frontal sections of adult fly eyes, adult heads were decapitated from
live animals of relevant genotypes, under anesthesia by CO2. After removing
the proboscis from each to facilitate the penetration of the fixative, they were
then transferred to labeled vials and fixed overnight at room temperature in
37% formaldehyde, ethanol and acetic acid (10:85:5), before being dehydrated in
ethanol. Samples were then transferred to a specially constructed plastic collar,
with two removable metal plates used to firmly but gently hold the samples in
place. The collars were then embedded into individual paraffin-wax blocks and
left to set overnight. The next day, the collars were carefully extracted from the
excess wax; the metal plates were then removed to allow the small block of wax
containing the samples to be extracted. We then used a diamond bladed
microtome to cut vertical semi-thin sections (5-10%m), which were then floated
onto microscope slides. After labeling the slides with the correct genotype and
gender for each sample, we then identified the slides that contained the tissue
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of interest using a standard light microscope. Haematoxylin and Eosin (H&E)
staining was carried out by Bob Morris and colleagues in the QMRI histology
facility at Edinburgh University.+

2.7 Scanning electron microscopy analysis of adult eyes
To observe the degenerative phenotype of the adult eye, around 20 flies
of the relevant genotypes were anaesthetised under CO2, before decapitation
using tweezers. The proboscis was removed from each fly before the heads
were fixed in a solution of 3% glutaraldehyde in 0.1M sodium cacodylate buffer
pH 7.3, for 2-3 hr. The samples were then washed 3 times with 0.1M sodium
cacodylate buffer for 10 min. Specimens were then post-fixed in 1% osmium
tetroxide in 0.1M sodium cacodylate buffer for 45 min, prior to being washed
three times in 0.1M sodium cacodylate buffer for 10 min. The samples were
then dehydrated in 50%, 70%, 90% and 100% normal grade acetone for 10 min
each, then two more times in acetone for 10 min. Dehydrated samples were
then critical point dried in CO2, in a Polaron E3000 SII CPD. Samples were
mounted with the eyes facing upwards onto sticky-tape coated aluminium
stubs, then sputter coated with 20nm Gold/Palladium (60/40) in an EMSCOPE
SC500 Sputter Coater. The purposes of the sputter coating are manifold, but
include reducing microscope beam damage, increasing thermal conduction,
improving secondary electron emission and reducing the penetration of the
electron beam, thus improving edge resolution and delivering cleaner sharper
images. The SEM allowed us up to 800x magnification of the control and
mutant eyes. The samples were then scanned using a Hitachi 4700 FESEM
microscope (SEM). Steve Mitchell performed the preparation of the samples for
us at the Kings Buildings SEM suite - Edinburgh University.
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2.8.1 Quantifying adult eye sizes using ImageJ software
To quantify the reduction of the eye size we used the ImageJ software
(Abramoff et al., 2004) that gives the eye quantification in a simple way. The
average size of at least 20 eyes were measured and compared with the size of
the appropriate controls. Statistical analysis of these data, performed using
GraphPad Prism 5, compared the tested genotype with its control using the
two-tailed Student’s t-test.

2.8.2 Image analysis and quantification
For imaging and quantification, the NMJs, brains, eye imaginal discs and
salivary glands from wandering third instar larvae were dissected and
immunostained with appropriate antibodies. Preparations were imaged on a
Zeiss Axiovert LSM510 confocal microscope. The same confocal gain settings
were applied to controls and samples. For all images, the gain was chosen at
the maximum gain that did not saturate the signal for each sample. Images
were processed with the LSM software and Adobe Photoshop. Quantification of
bouton number for at least 15 larvae per genotype was performed by counting
the total number of boutons on muscle 12 and 13 of segment A3. The size of
boutons was analysed by measuring the surface area of type I and type III
boutons on muscle 12 of segment A3 and represented as a ratio between the
number of boutons with a given range of sizes and the total number of boutons
(relative frequency). This analysis was performed on at least 200 boutons per
genotype. For the quantification of the axonal transport phenotype, a complete
Z stack was acquired through nerves and rendered as a maximum projection.
Common appropriate intensity thresholds were selected to properly identify
specific signals and ignore background intensities in the ImageJ package. The
average number of detectable Brp puncta was quantified in 100 µm lengths of
segmental nerves using ImageJ. Characterisation of phenotypes in which elavGal4 was used as a driver was performed between gender-matched animals.
However, besides the case of the Sac1 neurodegenerative phenotype, no major
differences in phenotypes were observed between males and females in any
other context in which elav-Gal4 was used as a driver.
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2.8.3 Statistical analysis
Statistical analysis was performed and graphs were generated using
GraphPad 5.0. The D'Agostino and Pearson omnibus test was applied to check
for normality in the distributions of samples. For experiments with more than
two samples which all passed the normality test, a one-way ANOVA test was
applied to the samples. Tukey's multiple comparison test was then used as a
post-test when a significant difference was found in the ANOVA test. For
experiments with more than two samples where at least one did not pass the
normality test, statistical analysis was performed using the Kruskal-Wallis test
and the Dunn's multiple comparison test as a post-test. For experiments with
only two samples and where at least one of the two did not pass the normality
test, statistical significance was evaluated using the Mann-Whitney U test.
Finally, for experiments with only two samples that both passed the normality
test, a two-tailed unpaired Student's t-test was applied.

2.9 Western blot analysis
Detection of Flag-DVAP proteins by Western blot was performed by
using a guinea pig anti-DVAP antibody at a concentration of 1:40,000 and a
secondary HRP-conjugated anti-guinea pig antibody at 1: 60,000. Myc-Sac1
proteins were detected by western blot using a rabbit anti-Myc (Sigma)
antibody at a concentration of 1:10,000 and an anti-rabbit HRP-conjugated
secondary antibody at 1:30,000.

+
2.10 PCR amplification of Sac1 and Rp49
For the semiquantitative PCR amplification, total RNA was purified
from 20 dissected brains of the relevant genotypes and collected in TRIzol
reagent (Sigma). cDNAs were produced using oligo-dT primers and following
manufacturer's instructions (SuperScript III First Strand kit, Invitrogen).
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Amplification of Rp49 cDNA was made using the following primers:
Rp49-L: CCGACCACGTTACAAGAACTCTC and
Rp49-R: CGCTTCAAGGGACAGTATCTGA.
For the amplification of Sac1 cDNA the following primers were used:
Sac1-L: TGCTGGGAACCATTCACCTA and
Sac1-R: TGGCACTGACAGCGATCATT.
In both cases PCR conditions were in the linear part of amplification. At least
three different samples for each genotype were analysed. PCR products were
visualised with ethidium bromide on a gel. For the Sac1Δ construct the deletion
of the RTNCIDCLDRTN catalytic motif was introduced into Sac1 cDNA
(GH08349 clone) by site-directed mutagenesis using QuikChange IIXL Site
Directed Mutagenesis Kit (Agilent Technologies) and following the
manufacturer's instructions. The Sac1cDNA carrying the RTNCIDCLDRTN
motif deletion was isolated by PCR amplification and cloned into pUAST vector
using BamHI-KpnI linkers. Basic molecular biology techniques were performed
following standard protocols.

2.11.1 Viability assay
To assess the viability of flies expressing Sac1RNAi pan-neuronally,
several individual cross-vials with 10 virgin females and 10 males of genotypes
elav/elav x

Sac1RNAi/TM3,Sb,GFP were raised at 30°C in the waterbath

after 24hr of egg-laying time. All male and female eclosers from each vial were
collected twice per day then divided into four categories;
elav;Sac1RNAi,

elav;TM3,Sb,GFP ,

elav;Sac1RNAi and

elav;TM3,Sb,GFP. The flies carrying the balancer chromosome were treated as
littermate controls for the Sac1 RNAi line.
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2.11.2 Survival assay
To assess the survival phenotype of flies expressing Sac1 RNAi panneuronally, several individual cross-vials with 10 virgin females and 10 males
of genotypes

elav/elav x

Sac1RNAi/TM3,Sb,GFP were raised at 28°C in the

waterbath after 24hr of egg-laying time. A control cross with similar numbers of
elav/elav x

Canton S (CS) was set up to negate any possible effects from the

Sac1 RNAi line balancer chromosome. Around 100 males and 100 females from
genotypes elav;Sac1RNAi and elav;+ were collected in fresh food vials with
around 25 per vial. At 2-3 day periods the remaining living flies were counted
and transferred to fresh vials while dead flies were counted and discarded. This
was continued until all mutant flies were dead and only controls remained.

2.12 Reagent stocks
PBS 10x – Per liter: Dissolve 80g of sodium chloride, 2g of potassium chloride,
14.4g of Na2HPO4 and 2.4g of KH2PO4 in 800mL of ddH2O. Add ddH2O to make
the final volume up to 1L. Prepare working solution PBS 1x by 1:10 dilution of
stock solution.
0.1% PBT – Per litre: Add 1mL of TritonX-100 detergent solution to 1L of PBS
1x then stir on magnetic stirring plate until clear.
TBS 10x – Per litre: Dissolve 80g of sodium chloride, 30g of Trizma base (Sigma
T1503) and 2g of potassium chloride in 800mL of ddH2O. Adjust to pH 7.4
using concentrated HCl then add ddH2O to bring up the volume to 1L. Prepare
working solution TBS 1x by 1:10 dilution of stock solution.

+
Ammonium Chloride NH4Cl (1M) – Per 100mL: Dissolve 5.35g of ammonium
chloride in 80mL of ddH2O. Adjust volume to 100mL using ddH2O. Prepare
working solution NH4Cl (50mM) by 1:20 dilution in PBS 1x.
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Chapter 3
DVAP and Sac1 interaction
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3.1 Introduction
The purpose of our initial experiments was to confirm a previously
identified interaction between DVAP, the Drosophila homolog of ALS-causative
VAPB and the lipid phosphatase Sac1 (Giot et al., 2003). Having done so,
further experiments were carried out to determine the relevance of this
interaction to VAPB-related ALS. This was achieved by knocking down either
of the two genes of interest using RNA interference, allowing us to quantifiably
measure the phenotypic outcomes of either knockdown in various tissue types.

3.1.1 Wild-type and mutant DVAP interact with Sac1 by Y2H
Determining genetic interactors of disease-causative genes is a vital cog
in the understanding of disease pathology and the identification of potential
curatives. In the case of VAPB, one such interactor is the phosphoinositide
phosphatase Sac1, which like VAPB, is evolutionarily conserved from yeast to
man. Initial reports of this interaction came from an early genome-wide
interaction screen of Drosophila proteins (Giot et al., 2003), using yeast as a
model vector for the interaction, by a technique known as yeast two-hybrid
(Y2H) analysis. Further evidence of the Sac1 and VAP protein interaction
emerged in 2007, when it was shown that the two yeast VAP homologs Scs2p
and Scs22p have a binding site for phosphatidylinositol 4-phosphate (PI4P)
within their N-terminal major sperm protein (MSP) domain (Kagiwada and
Hashimoto, 2007). This was subsequently strengthened by the reports that both
Scs2p and Scs22p are required for Sac1 activity in vivo (Stefan et al., 2011).
Before we commenced our analysis into dSac1 phenotypes, we first
sought to confirm the Y2H interaction data. By inserting a wt DVAP construct
and wt dSac1 construct into the yeast UAS-GAL4 activation domain (AD) and
binding domain (BD) respectively and cotransfecting these constructs into the
yeast strain AH109 (Clontech), which is engineered to report any potential
interaction between two proteins, we obtained a positive interaction. To control
this experiment, two separate cotransfections were carried out at the same time,
both of which contained a T-antigen insert in the activation domain, with either
p53 as the positive control, or the non T-antigen binding Lamin as the negative
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control. In the case of the DVAP - dSac1 interaction, similar levels of AH109
growth were observed between DVAP - dSac1 and T-Antigen – p53
cotransfections, while growth on the negative control panel was negligible as
shown in Figure 6 A (K. Parry and G. Pennetta).
Two specific mutations in VAPB, derived from individual mutation
events, namely a proline to serine substitution at position 56 (P56S) (Nishimura
et al., 2004b) and a threonine to isoleucine substitution at position 46 (T46I)
(Chen et al., 2010) have been modeled in Drosophila by creating transgenic lines
which express the equivalent P58S and T48I mutations in DVAP. To determine
whether DVAP proteins carrying these mutations would retain their binding
ability for dSac1, two individual constructs were generated, with either DVAPP58S or DVAP-T48I being cloned into the AD expression vector. As with the
wild-type DVAP, it was found that the cotransfection of Sac1 in the BD
expression vector with either of the mutant DVAPs gave a positive result in the
Y2H experiment, with little difference in growth levels between wt DVAP and
either mutant construct when selected on high-stringency plates (See Error!
Reference source not found.Figure 6 A) (K. Parry and G. Pennetta).

3.1.2 Sac1 and DVAP proteins interact by Co-IP
To further confirm the positive Y2H results we also carried out a coimmunoprecipitation (Co-IP) assay in cell culture. The Sac1 cDNA was inserted
into a Myc-tagged vector while DVAP and a DVAP-P58S construct were cloned
separately into a Flag-tagged vector. As with the Y2H experiments, the
potential interaction partners were cotransfected into host cells, which after
lysation and immunoprecipitation by a "-Myc antibody, yielded a pellet and
supernatant fragment. In both cases, positive interactions were indicated, as
shown by western blot analysis using either "-DVAP or "-Myc antibodies, as
shown in Figure 6 B. Thus, we have shown by two separate methods, that
DVAP protein, whether in its wild-type or mutant form, has a definite binding
affinity for dSac1 (A.Chai, S. Forrest and G.Pennetta).
We then extended our Y2H analysis of DVAP and dSac1 to try and
identify the specific binding domains that mediate the interaction between the
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two proteins. The Sac1 gene encodes an enzymatic protein of 592 amino acids
(a.a). The Sac1 protein is characterised by a conserved phosphoinositide
phosphatase domain (SAC domain) of around 400 a.a that contains seven
evolutionarily conserved motifs, including the catalytic domain (Hughes et al.,
2000a). At the C-terminal are two putative transmembrane domains, TM1 and
TM2, whilst the N-terminal features a leucine zipper (LZ) motif. The VAP
protein of 269 a.a is characterised by its highly conserved N-terminal MSP
domain, in which two known ALS-causative mutations are found. VAP also
contains a 40 a.a coiled-coil (CC) domain and a single TM domain at the Cterminal (Pennetta et al., 2002). In order to detect which domains are required, a
series of delta ($) constructs were generated, which expressed truncated forms
of the two proteins with varying structural motifs removed from either the Nterminal domains or the C-terminal transmembrane domains. In the case of the
Sac1$ constructs (Figure 6 C), the only BD construct which positively interacted
with the full-length DVAP AD construct was Sac1$TM2, which is lacking only
the most C-terminal TM domain ($TM2 547-592 a.a deleted). All other Sac1$
constructs failed to give positive interactions with full length DVAP, suggesting
that the most N-terminal !1 helix is required for the interaction, as are the
catalytic domain and TM1.
For the DVAP$ constructs (Figure 6 D), positive interactions with Sac1
were observed for a C-terminal DVAP construct with the entire MSP domain
truncated (C-DVAP 1-133 a.a deleted), while a DVAP$ construct with only the
CC domain excised ($CC 183-227 a.a deleted), was also able to interact with full
length Sac1. It was shown that truncation of the entire C-terminal comprising
both CC and TM domains (N-DVAP 140-269 a.a deleted), abolished the
interaction with Sac1, however the positive results obtained for the $CC
construct suggest that the interaction is dependent on the TM domain alone (K.
Parry, V. Sahota and G. Pennetta)
Together, these various data strongly indicate that Sac1 and DVAP are
bona fide interaction partners, as well as identifying the most C-terminal TM
domain in Sac1 and the TM domain of DVAP as being essential for the
interaction. One fascinating aspect of this analysis is the fact that the interaction
between Sac1 and DVAP is entirely independent of the VAP MSP domain in
general and the disease causing mutations in particular.
61

62

Figure 6 Legend overleaf.

Figure 6 Sac1 interacts with both DVAP and DVAP-P58S
(A) Sac1 interaction with DVAP and DVAP-P58S by yeast two-hybrid assay.
p53/T-Ag interaction is the positive control and the T-Ag/Lamin (LAM) lack of
interaction is the negative control. Sac1 interacts with DVAP as well as with
DVAP-P58S and DVAP-T48I. DB: Gal4 DNA binding domain. AD: Gal4
Activation Domain.
(B) Coimmunoprecipitation of Myc-Sac1 and Flag-DVAP or Flag-DVAP-P58S
from cell lysates transfected with the indicated plasmids. Protein extracts were
immunoprecipitated (IP) with an antibody to Myc. Input (I),
immunoprecipitated complexes indicated as Pellet (P) and Supernatants (S)
were analysed by western blots with antibodies to DVAP or Myc.
(C) DVAP interaction with Sac1 truncated proteins. Leucine Zipper (LZ),
Catalytic Domain (CD), Transmembrane domains 1, 2 (TM1,TM2). On the right
column interactions (Int) are indicated by (+) and lack of interaction by (-).
(D) Sac1 interaction with DVAP truncated proteins is reported. Major Sperm Protein
(MSP), Coiled coil (CC), Transmembrane (TM) domains. Interactions (Int) are indicated
by (+) and lack of interaction is indicated by (-). The CC domain (aa 184-227) and the
TM domain (aa 250-269) were deleted from DVAP.

3.2 Sac1 and DVAP are required for synaptic morphology
Having shown that the DVAP and Sac1 proteins are true binding
partners by Y2H and Co-IP, we then investigated whether Sac1 impacts upon
the same biological processes as are under the control of DVAP. Previous
analyses of DVAP null mutants and strong hypomorphic mutations (Pennetta et
al., 2002), as well as pan-neuronal expression of DVAP-P58S (Chai et al., 2008;
Ratnaparkhi et al., 2008) or DVAP-T48I (data not shown), consistently lead to a
Drosophila NMJ phenotype characterised by a decrease in the number of
synaptic boutons, accompanied by a significant increase in the average bouton
diameter. However, it has been shown previously that strong hypomorphic
mutations in Sac1 can cause embryonic lethality, due in part to an early
requirement for the Sac1 protein during dorsal closure (DC). Similarly, the
phosphatidylinositol transfer protein Giotto (Giansanti et al., 2006) and the PI 4kinase Fwd (Giansanti et al., 2007) have also been associated with embryonic
defects through control of actomyosin ring contraction. Sac1 hypomorphs
exhibit severe dorsal closure (DC) defects and a “cuticle puckering” phenotype
with a resemblance to known DC mutants (Harden, 2002; Jacinto et al., 2002)
and cause embryonic lethality through loss of inhibition of the JNK cascade
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(Wei et al., 2003a). The same group also shows that, in homozygosity, Sac1
hypomorphs, including Sac12107, which we have used in this project, lead to cell
morphology defects with an emphasis on the control of apical constriction and
expansion.
In order to overcome the embryonic requirement for Sac1 we used a
transgenic RNA interference (RNAi) (Reichhart et al., 2002; Van Roessel et al.,
2002) method to temporally and tissue specifically silence Sac1 expression in the
presynaptic compartments of the larval NMJ. To achieve this we selectively
targeted Sac1RNAi presynaptically using the UAS-Gal4 system (Brand and
Perrimon, 1993). We first obtained a lethal Sac1RNAi line (Transformant ID –
44376), from the Vienna Drosophila RNAi Center (VDRC). This line was then
balanced over a GFP expressing balancer chromosome (TM3,Sb,GFP) which
allowed us to discriminate between those larvae which carry the RNAi allele
(mutants) and those which carry the balancer allele (littermate controls) on the
basis of GFP expression.
At least 8 male Sac1RNAi/TM3,Sb,GFP flies and 10 virgin females of the
neuronal specific driver line elav-Gal4 (Yao and White, 1994) were left to mate
and lay eggs for a period of 24 hours, before the eggs were transferred to a
temperature controlled waterbath set at 30°C, the optimal temperature for
GAL4 activity. After around 4-5 days of larval growth we selected those larvae
that had ceased to consume food and were “wandering” up the vial wall in
preparation for pupation. After sorting the larvae on the basis of GFP
expression, we then dissected out the neuromuscular junction (NMJ) of
elav;Sac1RNAi and elav;+ control larvae, before fixing them and staining for the
presynaptic membrane marker HRP (Jan and Jan, 1982). Similar numbers of
male and female flies were used in all other crosses mentioned, and all were
carried out at 30°C unless otherwise stated. It was found that reducing Sac1
expression presynaptically (elav;Sac1RNAi) leads to a highly significant
decrease in bouton number (181 ± 3.9 versus 280 ± 4.6 in controls – P<0.001) in
muscle 12 axonal terminals (Figure 7 A,B,D). This decrease in bouton number
was accompanied by a general increase in bouton size, particularly for the most
distal boutons (Figure 7 C), phenocopying DVAP loss-of-function mutations
(Pennetta et al., 2002) and the elav;DVAP-P58S bouton phenotype (Chai et al.,
2008).
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Figure 7 Presynaptic downregulation of Sac1 decreases bouton number and
increases their size. (A,B) Representative confocal images of muscle 12
synapses stained for HRP in (elav-Gal4/+) control (A) and elav;Sac1RNAi (elavGal4/+;+/+;UAS-Sac1RNAi/+) mutant larvae (B). (C,D) Quantification of bouton
size (C) and number (D) in controls and elav;Sac1RNAi mutants. There is a
significant difference in both size and number of boutons between controls and
elav;Sac1RNAi mutants (P<0.0001 for both comparisons). Scale bar: 10 %m. Error
bars denote s.e.m. ***P<0.0001.

3.3 Presynaptic Sac1 and DVAP are required for microtubule
integrity and axonal transport
To further investigate the links between Sac1 and DVAP at the NMJ we
compared the presynaptic phenotypes induced by RNAi knockdown of each
gene. Again, using the elav-Gal4 driver line to drive expression of a UASDVAPRNAi line (DVAPRNAiGD3990 from VDRC) and the UAS-Sac1RNAi line,
presynaptically, with elav-Gal4 x Canton S (CS) serving as the control line. As
shown in Figure 8 B,C, the presynaptic knockdown of either DVAP or Sac1
leads to a bouton expansion phenotype, resembling that of the DVAP null
mutants (Pennetta et al., 2002). One of the major phenotypic observations in
DVAP null mutants was the similarity between the morphology of DVAP
mutant NMJs and a previously reported MAP1B-like protein futsch mutant
(Pennetta et al., 2002; Roos et al., 2000). In wild-type flies the microtubule
network, which is decorated by futsch protein along its entire length, carves a
direct path through each bouton in the synaptic chain, with outcrops of clearly
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defined filaments which deviate from the main track, then curve out towards
areas of bouton expansion, before returning to the main track (Figure 8 A).
In comparison to wild-type flies, we found that depletion of DVAP or
Sac1 presynaptically by RNAi, led to a microtubule phenotype of severely
disrupted futsch staining throughout the bouton chain, although relatively
normal in the main axonal trunk. In the most proximal boutons, those closest to
the branch point of the nerve, futsch staining is broadly distributed with
numerous fragmented filaments, splaying apart to apparently fill the whole
bouton. Further along the nerve, in the most expanded boutons, futsch staining
is punctate at best and undetectable in the most extreme cases (Figure 8 B,C).
Where previously VAP proteins have been associated with microtubules in
both Drosophila (Pennetta et al., 2002) and mouse brain (Skehel et al., 2000), this
work is the first to identify a role in presynaptic microtubule stability for the
Sac1 protein. This does however, tie in with an established role for the Sac1
product phosphatidylinositol (PI) in microtubule assembly and stability, with
high concentrations causing arrest of polymerisation and destabilisation of
MAP-2 binding (Yamauchi & Purich 1987). Thus, if blocking Sac1 activity
through RNAi or depleting wild-type VAP leads to a general decrease in the
available levels of PI, we might expect some level of increase in polymerisation
along with an increase or variation in MAP-2 binding ability. Similarly, the Lee
group in Korea has recently claimed that Sac1 and futsch are found in close
company together along the microtubule network, as well as indicating that
Sac1 depletion or lack of phosphatase activity leads to axonal guidance defects
and aberrant midline crossings through disruption of the Slit and Robo axonal
repulsion pairing (Lee et al., 2011). It must be noted though, that these axonal
guidance defects were observed in late stage embryos of Sac1 P-element
induced mutants which were purported to be Sac1 protein nulls (Lee et al.,
2011). Given that previously described Sac1 null mutant embryos fail to pass the
DC stage of gastrulation (Wei et al., 2003a), questions remain as to whether
these P-element induced mutant lines are indeed nulls. However, for the
purposes of our analysis, we used a Sac1RNAi line with tissue and temporal
specificity, thus allowing us to bypass the embryonic requirement for Sac1.
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Despite observing no major morphological defects in the axonal MT
cytoskeleton of our Sac1 and DVAP RNAi lines, we did observe some
indications of axonal protein and vesicle transport defects. To confirm these
observations, the same RNAi lines and control NMJs were again dissected out,
this time with the major axonal tracts and ventral nerve cord retained. In
control nerves co-stained for the membrane marker HRP and the active zone
protein Bruchpilot (Brp), very little Brp signal is observed and the staining
which is observed appears to be a small number of discernably rounded
particles (Figure 8 D). Brp is a key component of presynaptic active zone
assembly, which as described earlier act in parallel with postsynaptic glutamate
receptors to form synapses (Chen and Featherstone, 2005; Thomas and Sigrist,
2012). Depletion of Brp presynaptically does not cause any particular bouton
size phenotype, however larvae show reduced evoked NT release while adults
show unstable flight, thus earning the protein the German name Bruchpilot
(Crash pilot) (Wagh et al., 2006). When we examined Brp staining in motor
nerve axons of elav;DVAPRNAiGD3990 and elav;Sac1RNAi larvae, we observed a
highly significant increase in levels of Brp throughout and along the whole
axon, with some punctate staining and some aggregate-like accumulations of
Brp visible (Figure 8 E,F). We do however find a Brp signal in some of the
healthier looking boutons of the RNAi lines (data not shown), which may be
sufficient to maintain a degree of synaptic homeostasis, as has been shown for
VAP mutants previously (Chai et al., 2008). We then confirmed this axonal
transport defect phenotype by co-staining NMJs and nerves with HRP and the
vesicle-associated cysteine-string protein (dCSP2) which itself is a regulator of
both evoked NT release and synaptic growth (Bronk et al., 2005; Zinsmaier et
al., 1994). Again, we found little dCSP2 signal in the motor nerves of control
larvae, while both elav; DVAPRNAiGD3990 and elav;Sac1RNAi larvae exhibited
similar accumulations of the vesicle marker along the whole nerve (data not
shown).
We have also observed increases in the levels of postsynaptic GluRIIA in
DVAP mutants (Chai et al., 2008), while in this work a decrease in postsynaptic
GluRIIA was observed for elav;Sac1RNAi (data not shown). The glutamate
receptor field is regulated by both the activities of presynaptic AZs and the
stability of the postsynaptic cytoskeleton (Collins and DiAntonio, 2007; Thomas
and Sigrist, 2012). Taken together, the data from the analysis of presynaptic
67

RNAi for Sac1 and DVAP, suggests that both proteins function together in the
control of synaptic bouton morphology and remodeling, the axonal transport of
proteins and synaptic vesicles, and the regulation of microtubule stability and
integrity.

Figure 8 Presynaptic Sac1 and DVAP are required for microtubule
integrity and axonal transport. (A-C) Representative confocal images of
muscle 12 synapses stained for both HRP and Futsch in (elav-Gal4/+) controls
(A), elav;DVAPRNAiGD3990 (elav-Gal4/+;UAS-DVAPRNAi GD3990/+) larvae (B) and
elav;Sac1RNAi (elav-Gal4/+;+/+;UAS-Sac1RNAi/+) transgenic mutants (C).
elav;DVAPRNAiGD3990 and elav;Sac1RNAi NMJs exhibit accumulation of Futsch
staining in proximal boutons (arrows) and lack or punctate staining in distal
boutons (arrowhead). (D-F) Representative confocal images of nerves stained
for both HRP and Bruchpilot (Brp) in controls (D), elav;DVAPRNAiGD3990 (E) and
elav;Sac1RNAi transgenic larvae (F) Scale bar: 10 µm. Error bars denote s.e.m.
***P<0.0001.
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3.4 Postsynaptic downregulation of Sac1 or DVAP affects
synaptic morphology and adducin localisation
In order to assess the postsynaptic functions of Sac1 and DVAP we
turned our attention to components of the underlying actin-spectrin
cytoskeleton. As Sac1 is an enzymatic protein with PI 4-phosphatase
capabilities, we focused our attention on two cytoskeletal proteins that are
regulated in a PI4P dependent manner, namely adducin and !-spectrin.
Adducin, encoded by the hu-li tai shao (Hts) gene in Drosophila (Yue and
Spradling, 1992) is an actin capping protein (Stevens and Littleton, 2011), which
is required for synaptic stability and remodeling, in both flies (Pielage et al.,
2011) and mammals (Babic and Zinsmaier, 2011; Bednarek and Caroni, 2011). A
link between adducin regulation and motor neurone disease was first
postulated in 2003, when excessive levels of phosphorylated adducin were
recorded in ALS patients (Hu et al., 2003b) as well as in murine SOD1 models of
ALS(Hu et al., 2003a; Shan et al., 2005).
We used the muscle cell specific driver line BG57-Gal4 (Budnik et al.,
1996) to drive expression of both Sac1RNAi and DVAPRNAiGD3990
postsynaptically from first-instar larval stages onwards, with BG57 x CS as a
control cross. The third-instar NMJs were then dissected out from the
wandering larvae as described above, before staining with HRP and
adducin/Hts antibodies. In the control animals, the adducin signal appeared to
completely circumscribe the presynaptic boutons and to partially colocalise
with the presynaptic HRP-stained membrane (Figure 9 A). By contrast,
postsynaptic knockdown of either Sac1 or DVAP by RNAi caused severe
disruption to the adducin staining profile. No longer did the adducin signal
tightly circumscribe the presynaptic membrane, instead the signal appeared
faint or entirely absent around some boutons, particularly those which had
undergone an expansion. In some regions of the NMJ, the adducin staining
appears to be heavily skewed towards a specific facet of the bouton chain
(Figure 9 B,C) Again, as with the presynaptic knockdown of Sac1 and DVAP,
we observed major increases in bouton size and shape in comparison to control
NMJs (Figure 9 B,C).

69

Figure 9 Postsynaptic downregulation of DVAP or Sac1 induces defects in bouton
morphology and adducin localisation. (A-C) Representative confocal images of larval
NMJs stained for HRP and adducin in (BG57-Gal4/+) controls (A), BG57/DVAPRNAi
GD3990
(BG57-Gal4/UAS-DVAPRNAiGD3990) transgenic mutants (B) and BG57;Sac1RNAi
(BG57-Gal4/+;UAS-Sac1RNAi/+) transgenic mutants (C). Scale bar: 10 %m.

3.5 Postsynaptic downregulation of Sac1 or DVAP disrupts
DLG and β-spectrin localisation
Having shown that both Sac1 and DVAP postsynaptic RNAi disrupt
adducin localisation we then turned our attention to the spectrin proteins and
the subsynaptic reticulum (SSR) protein Discs-large (DLG), which function
together with adducin in the regulation of the postsynaptic actin cytoskeleton
and the stability and plasticity of the postsynaptic density (PSD). Spectrin
proteins, of which there are seven in humans (2 "-spectrins and 5 !-spectrins)
and two in Drosophila (" and !) (Featherstone et al., 2001), typically form a
tetrameric complex of two " and two ! subunits. These tetramers bind to an
actin-containing complex to form a hexagonal meshwork that gives stability to
the NMJ. Mutations in human !-III Spectrin have been shown causative of
spinocerebellar ataxia type 5 (SCA5), a dominantly inherited neurodegenerative
disease characterised by gait problems, slurred speech and difficulty in
swallowing (Dick et al., 2012; Ikeda et al., 2006). Likewise, in mice, the loss of !III Spectrin leads to cerebellar ataxia-like motor problems and the loss of
Purkinje cells (Gao et al., 2011; Perkins et al., 2010).
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In Drosophila, it has been shown that the loss of either " or ! Spectrin
presynaptically leads to defects in synapse stabilisation and larval lethality
(Pielage et al., 2005), while postsynaptic Spectrin knock-down affects muscle
membranes and causes the presynaptic active zones to increase in size (Pielage
et al., 2006). More recently, it has been shown that expression of either a
Drosophila or human SCA5-! Spectrin transgene in larval neurons leads to
axonal transport deficits and smaller synapses, whilst expression in the eye
leads to a neurodegenerative rough eye phenotype in a dosage-dependent
manner(Lorenzo et al., 2010). Thus, matching our labs previous findings for
DVAP, in that the human gene is interchangeable with the Drosophila homolog,
and that both mutated versions cause dosage-dependent NMJ defects and
neurodegeneration in the eye (Chai et al., 2008).
Control NMJs show a !-spectrin staining pattern similar to that
described for adducin, with each bouton haloed by a relatively wide band of !spectrin which thins out around the nerve processes (Figure 10a A) In the NMJs
of the postsynaptic RNAi mutants BG57/DVAPRNAiGD3990 and BG57;Sac1RNAi
we observed a general reduction in !-spectrin levels, with more diffuse and
granular staining surrounding the majority of boutons, or asymmetrically
skewed towards one side of the bouton chain (Figure 10a B,C). !-spectrin
enables localisation of both "-spectrin (Pielage et al., 2006) and Ankyrin2
(Ank2)(Koch et al., 2008) to the postsynaptic actin cytoskeleton. Here, they act to
regulate both postsynaptic neurotransmitter receptor localisation and
presynaptic active zone size and distribution. Unsurprisingly, given the
disruption of !-spectrin observed, we found that "-spectrin staining at the NMJ
is almost completely eradicated in BG57;Sac1RNAi and BG57/DVAPRNAiGD3990
(data not shown). Taken together, the consistent mislocalisation of adducin and
!-spectrin, along with the almost complete absence of "-spectrin, suggest that
the postsynaptic cytoskeleton is seriously disrupted by the postsynaptic
knockdown of either Sac1 or DVAP.
The sub-synaptic reticulum protein Discs-large (DLG) is the homolog of
the mammalian postsynaptic density protein PSD-95 and a prototypical
MAGUK (Membrane associated guanylate kinase) protein (Thomas et al., 2000).
MAGUKs are strongly implicated in the recruitment and stabilisation of ion
channels, cell adhesion molecules and glutamate receptors to the sub-synaptic
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reticulum (Budnik et al., 1996; Chen and Featherstone, 2005; Oliva et al., 2012;
Zito et al., 1997). At the Drosophila NMJ, DLG is dependent upon adducin
(Wang et al., 2011b), as well as both spectrin proteins, for its localisation
(Featherstone et al., 2001). In concordance with both of these findings, DLG
staining was found to surround each bouton perimeter in controls (Figure 10a
D), while in BG57/DVAPRNAiGD3990 and BG57;Sac1RNAi NMJs, DLG staining
appears to be far more diffuse and less symmetrically opposed to each bouton,
although remaining in the vicinity of the bouton chain (Figure 10a E,F). Thus,
downregulation of Sac1 or DVAP may have wide reaching impact, both
presynaptically through axonal transport defects and microtubule instability, as
well as postsynaptically via a breakdown in the cytoskeletal framework and
underlying sub-synaptic reticulum.
Whilst examining the postsynaptic cytoskeletal phenotypes, we were
surprised to observe some major morphological changes in the presynaptic
axon terminals of both BG57/DVAPRNAiGD3990 and BG57;Sac1RNAi NMJs. These
trans-synaptic modifications suggest that Sac1 and DVAP are required both
pre- and postsynaptically for the regulation of synaptic bouton morphology. In
control NMJs synaptic boutons are stereotypically round to oval in appearance,
the vast majority of which are less than 20 µm in diameter. The boutons extend
from the branch point of the nerve in a chain-like manner and are generally
separated by a well-defined neural process labeled by the HRP antibody
(Figure 10a D), although some boutons can form in the spaces between preexisting boutons (Zito et al., 1999). In both Sac1 and DVAP postsynaptic RNAi
lines, we observe a general decrease in bouton number and a severe distortion
of bouton size and shape. Surprisingly, we also observed several incidences of
spike-like protrusions emanating from the contours of the boutons (as indicated
by the white arrows in Figure 10a B,C,E,F). Although little is known about
these spikes, they may be similar in nature to the “small-calibre membrane
protrusions” described previously for adducin/hts mutants (Pielage et al., 2011).
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Figure 10a Postsynaptic downregulation of either Sac1 or DVAP changes
bouton morphology and mislocalises β-spectrin and DLG. (A-C)
Representative confocal images of larval NMJs stained for HRP and β-spectrin
in BG57-Gal4/+ controls (A), BG57/DVAPRNAiGD3990 transgenic mutants (B)
and BG57;Sac1RNAi transgenic mutants (C). (D-F) Representative confocal
images of larval NMJs stained for HRP and DLG in controls (D),
BG57/DVAPRNAi (E) and BG57;Sac1RNAi (F) larvae. Arrowheads indicate
spike-like protrusions and arrows point to diffused or missing postsynaptic
staining. Bars =10 µm.
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3.6 Postsynaptic expression of DVAP-P58S disrupts
localisation of postsynaptic cytoskeleton proteins
Having shown that postsynaptic RNAi for either Sac1 or DVAP leads to
disruption of DLG and !-spectrin we extended this analysis to include the
DVAP-P58S mutation driven postsynaptically. In control larval NMJs, the trio
of postsynaptic protein markers, adducin, !-spectrin and DLG, are primarily
found associated with the outside rim of the individual boutons with little if
any overlap between the presynaptic membrane marker HRP and the three.
Adducin is found lightly but consistently distributed along the whole bouton
chain, but not, incidentally, around a small emerging bouton, which is
highlighted by HRP staining.
In the postsynaptic DVAP-P58S mutant, adducin staining is far more
diffuse in most regions of the bouton chain, or concentrated to one facet of the
most expanded boutons (Figure 10b B). Similarly, !-spectrin in control NMJs is
closely associated with the synaptic boutons, although a degree of !-spectrin
staining is found in localised patches throughout the postsynaptic muscle field
(Figure 10b C). Levels of !-spectrin in BG57/DVAP-P58S are greatly decreased
in comparison to controls, with no definable assemblages of the protein around
any of the boutons. The !-spectrin staining that was visible appeared to be
highly diffuse, although still in the general proximity of the nerve terminal
(Figure 10b D). We also stained BG57/DVAP-P58S NMJs for "-spectrin as an
independent confirmation of the !-spectrin phenotype. As expected, "-spectrin
was severely disrupted to the point that it was almost undetectable (data not
shown), consistent with the requirement for !-spectrin in the recruitment of "spectrin to the postsynaptic cytoskeleton (Pielage et al., 2006).
As with the individual components of the actin-spectrin cytoskeleton
that were tested, we also found a severe disruption of the subsynaptic
reticulum protein DLG, when compared to controls (Figure 10b E,F). Again this
disruption of DLG is highly similar to that induced by downregulation of either
Sac1 or DVAP postsynaptically. Perhaps most convincingly, we again find
evidence of spike-like protrusions, which resemble filopodia emerging from the
presynaptic bouton membrane. This phenotype is very rarely found in control
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NMJs, or in other known Drosophila mutants, and appears to be in some way a
PI4P-dependent process. These data also suggest that the combined activities of
DVAP and Sac1 on PI4P metabolism are vital regulators of a wide variety of
processes throughout the motor system, presynaptically through regulation of
axonal transport and microtubule stability, as well as at the synaptic interface,
regulating bouton size, stability and morphology. Both proteins also appear to
control the recruitment and localisation of the postsynaptic actin-spectrin
cytoskeleton, with direct or indirect effects upon the postsynaptic receptor field
localisation and stability, through interactions with DLG. It can also be
hypothesised that the DVAP is necessary, but not sufficient for the regulation of
PI4P in the absence of Sac1, and that the upregulation of PI4P levels observed in
Sac1 and DVAP mutants is at the heart of many of the phenotypes observed.
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Figure 10b Expression of DVAP-P58S in muscles phenocopies the
postsynaptic downregulation of Sac1 and DVAP. (A,B) Representative
confocal images of NMJs stained for both HRP and adducin in (BG57-Gal4/+)
controls (A) and BG57/DVAP-P58S (BG57-Gal4/UAS-DVAP-P58S) transgenic
mutants (B). (C,D) Representative confocal images of NMJs stained for HRP
and β-spectrin in controls (C) and BG57/DVAP-P58S transgenic mutant larvae
(D). (E,F) Representative confocal images of NMJs stained for HRP and DLG in
controls (E) and BG57/DVAP-P58S transgenic mutants (F). White arrowheads
point to the filopodia-like protrusions. Scale bars: 10 µm.
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3.7 Summary tables
Table 6 Yeast two-hybrid results summary
Line

Sac1

N-Sac1

C-Sac1

DVAP
DVAP-P58S
DVAP-T48I
N-DVAP
C-DVAP
DVAP#CC
DVAP#TM

+
+
+
+
+
-

-

-

Sac1
#TM2
+

Sac1
#TM1,2
-

Sac1
#"1
-

Table 7 Presynaptic RNAi phenotypes summary
Line
Elav x CS
Elav x Sac1RNAi
Elav x DVAPRNAi

Bouton No.
280
160
150

Brp puncta
10
42
55

Futsch staining
Wild-type
Disrupted
Disrupted

Table 8 Postsynaptic RNAi and DVAP-P58S phenotypes summary
Line
BG57 x CS
BG57 x Sac1RNAi
BG57 x DVAPRNAi
BG57 x DVAP-P58S

Adducin
Wild-type
Disrupted
Disrupted
Disrupted

"- Spectrin
Wild-type
Disrupted
Disrupted
Disrupted

DLG
Wild-type
Disrupted
Disrupted
Disrupted

3.8 Conclusions
By analysis of the interaction between DVAP and Sac1 both
biochemically and immunohistochemically, we have shown that not only do wt
DVAP and Sac1 interact, but also that the interaction is unaffected by either of
the two ALS-causative mutations in the VAP protein. From our in vivo analysis
in the larval nervous system and musculature we can determine that the
phenotypic consequences of DVAP and Sac1 are highly similar, affecting axonal
transport and bouton morphology presynaptically as well as the localisation of
several postsynaptic cytoskeleton proteins. Together the pre- and postsynaptic
phenotypes indicate a strong requirement for both DVAP and Sac1 in the
developing larval nervous system.
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Chapter 4
DVAP regulates Sac1 activity
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4.1 Introduction
The aim of the following experiments was to confirm the specificity of
the RNAi lines used in the preceding chapter. Once confirmed we were again
able to compare the phenotypes induced by knocking down either Sac1 or
DVAP against the phenotypes induced by overexpression of mutant DVAPP58S protein in a number of tissue types. Additionally, as it has previously been
shown that DVAP null mutants and DVAP-ALS mutants are less viable with
shorter survival, we also tested the Sac1 RNAi line for viability and longevity.

4.1.1 Sac1 RNAi and Sac1 deletion line phenotypes are similar
Although we have shown that Sac1 and DVAP knockdown by RNAi
lead to synaptic defects, we must account for any potential off-target effects
caused by the RNAi transgenes used (Ma et al., 2006; Schulz et al., 2009). In
order to measure the specificity of our Sac1RNAi line we carried out a semiquantitative PCR analysis, comparing levels of Sac1 RNA with levels of the
ribosomal protein Rp49 RNA in the larval brains of both elav;Sac1RNAi and
elav;+ animals. In triplicate we selected 20 larvae from each of the relevant
genotypes, then dissected out the larval brains, carefully removing excess tissue
and imaginal discs to avoid contamination from cells that do not express elavGal4 and consequently do not activate the RNAi transgene. After extracting
total RNA from the brain, cDNAs for Sac1 and Rp49 were generated using
oligo-dT primers, which were then amplified using Sac1 and Rp49 specific
primers. The PCR products were then separated by gel electrophoresis and
visualised using ethidium bromide. For both control and elav;Sac1RNA brains,
Rp49 signal was of similar strength for both lines, whilst the Sac1 signal was
almost completely eradicated in the elav;SacRNAi brains in comparison with
control (Figure 11 A).
To rule out the possibility of off-target effects caused by the Sac1 RNAi
line, we performed a phenotypic comparison between our Sac1RNAi transgenic
line and a catalytic site deletion line for Sac1 (!Sac1), which was generated by
Andrea Chai and Giusy Pennetta in the Pennetta lab. The !Sac1 line has the
Sac1 catalytic site RTNCIDCLDRTN removed from conserved motif 6 (Hughes
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et al., 2000a) of the SAC phosphatase domain found in yeast Sac1p (Cleves et al.,
1989). The highly conserved sequence CXDCLDRT defines the catalytic core of
Sac1 activity with non-conservative changes to this domain shown to vastly
reduce the phosphatase activity of Sac1 proteins in yeast, humans and
Drosophila. Similarly, an mSac1 wt construct was sufficient to rescue the inositol
auxotrophy phenotype of a Sac1! yeast line, while expression of a catalytically
dead mSac1D391N construct failed to rescue the phenotype (Liu et al., 2008).
It was predicted that transgenic expression of !Sac1 under the control of
UAS-GAL4 in a wild-type background should act as a dominant negative
mutation by impairing the activity of endogenous Sac1 in the cell type of
interest. Thus, expression of !Sac1 pre- or postsynaptically should exhibit
mutant NMJ phenotypes which are similar to those of Sac1 loss-of-function
alleles. We have shown that expression of !Sac1 presynaptically using the elavGal4 driver leads to an expanded bouton phenotype with associated disruption
of the futsch-labeled microtubule cytoskeleton in comparison to control NMJs
(Figure 11 B,C). As with the Sac1RNAi line, presynaptic expression of !Sac1
caused an increase in average bouton size with a concomitant highly significant
decrease in bouton number (Figure 7 C,D and Figure 11 F,G) When we targeted
expression of the !Sac1 transgene to the postsynaptic muscle compartment
using BG57-GAL4 we observed extreme morphological changes in the boutons.
Whereas control boutons are typically spherical, we observed enlarged and
stretched out oval shape boutons in the !Sac1 mutant NMJs. Again, as with the
postsynaptic Sac1RNAi line and DVAPRNAiGD3990 there were several spike-like
protrusions observed, emanating from the presynaptic bouton membrane. We
also show that the normally close association between adducin and the
presynaptic membrane was severely disrupted, appearing restricted to
concentrated patches in the smaller boutons and missing from many of the
stretched and expanded boutons (Figure 11 D,E).

80

Figure 11 Transgenic expression of the ΔSac1 allele induces mutant
phenotypes similar to those of Sac1RNAi. (A) RNAi for Sac1 significantly
knocks down Sac1 expression as observed by PCR amplification of Sac1 and
Rp49 cDNAs in brains of Sac1RNAi (elav-Gal4/Y;+/+;UAS-Sac1RNAi/+) and
(elav-Gal4/+) control larvae. (B,C) Representative confocal images of muscle
12 NMJs stained for both HRP and Futsch in (elav-Gal4/+) controls (B) and
elav;ΔSac1 (elav-Gal4/Y;+/+; UAS-ΔSac1/+) transgenic mutants (C). (D,E)
NMJs stained for both HRP and adducin in (BG57-Gal4/+) controls (D) and
BG57;ΔSac1 (BG57-Gal4/+;UAS-ΔSac1/+) transgenic mutants (E). (F)
Quantification of bouton size in controls and elav;ΔSac1 transgenic mutants.
(G) Quantification of bouton number in controls (290±3.3) and elav;ΔSac1
mutants (186.2±2.9). There is a highly significant decrease in number and
increase in size in elav;ΔSac1 boutons when compared to controls (P<0.0001
for both comparisons). Scale bar: 10 µm. Error bars denote s.e.m. ***P<0.0001.

81

4.2.1 Sac1RNAi mutants are less viable and die earlier
Initial studies on the functions of Sac1 in Drosophila were hampered by
the fact that homozygotic hypomorphs suffer embryonic lethality (Wei et al.,
2003b). Similarly, DVAP null mutants very rarely survive long enough to
eclose, with only a 1% chance of survival. In order to test the viability of our
Sac1RNAi line we compared the number of successfully eclosing flies of
elav;Sac1RNAi against elav;TM3,Sb,GFP control littermates over two trials.
Several cross vials were set up at the same time, each with around 10 female
virgins of the elav-Gal4 driver line and 10 males of the Sac1RNAi/ TM3,Sb,GFP
line. After 24 hours of mating and egg laying the adults were transferred to
fresh food vials, while the egg-containing vials were transferred to a humid
30°C air incubator. After 9 days, the first eclosers emerged from each vial; these
were the littermate controls, as identified by the Stubble phenotype carried in
the balancer chromosome. All eclosing flies were separated into male and
female groups and counted. During further twice daily inspections of the cross
vials, the remaining control flies and Sac1RNAi flies were collected and counted
until it was deemed that remaining pupae in the vials were not going to eclose
(15 days). The Sac1RNAi flies, as identified by lack of Stubble phenotype, were
characterised by eye colour defects in females and by severe patches of necrosis
in the eyes of the males (Figure 21 A), presumably due to dosage compensation
of the X-chromosomal elav-Gal4 driver (Gupta et al., 2006; Larschan et al., 2011).
In a cross where the adults carry only two variable chromosomes, the F1
generation has only 2 possible genotypes and should follow a strict Mendelian
ratio of 50:50 females and males, with each sex being 50:50 for the two alleles,
namely the Sac1RNAi allele and the balancer chromosome, which prevents
recombination events. We found that the female Sac1RNAi flies did eclose at the
expected Mendelian ratio, however there were very few surviving male
Sac1RNAi flies, around 11% of the total, and just 42% of the expected Mendelian
ratio (Figure 12), thus suggesting that Sac1 knockdown after early embryonic
stages causes a death phenotype similar to strong hypomorphs (Wei et al.,
2003b) and a heterozygous mutant which had a viability of around 70% (Lee et
al., 2011). The Sac1RNAi males that did survive to eclosion all exhibited the
necrotic eye phenotype, had limited mobility and failed to quickly right
themselves when turned over on their backs (data not shown). Attempts to
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perform a survival assay experiment using Sac1RNAi flies raised at the optimal
Gal4 temperature of 30°C were not practicable, due to the inhibitive number of
cross vials required to obtain sufficient male RNAi subjects. Additionally, a
large proportion of male Sac1RNAi flies appeared to succumb to paralysis and
die within the first few days of eclosion.

Figure 12 Viability assay for elav;Sac1RNAi. Percentage of total eclosers
from two separate collections of a 30°C cross between elav/elav females and
Sac1RNAi/TM3,Sb,GFP males. Male elav;Sac1RNAi survivors account for only
11% of the total. Female elav;Sac1RNAi flies eclose at the expected Mendelian
ratio of 25%. Male elav;TM3,Sb,GFP flies account for 27% of the total. Female
elav;TM3,Sb,GFP flies account for 37% of the total.

4.2.2 Sac1RNAi survival assay
In order to assess the survival of Sac1RNAi flies, we chose to reduce the
air incubator temperature to 28°C therefore causing a reduction in GAL4
activity. By doing this we were able to obtain a sufficient number of mutant
survivors with which to perform the survival assay. Again, several cross vials
of elav-Gal4 x UAS-Sac1RNAi/TM3,Sb,GFP were set to lay for 24 hours before
transferring the egg-containing vials to the humid air incubator set to 28°C.
However, as we could not rule out potential unwanted effects from the balancer
chromosome in elav;TM3,SB,GFP littermates, we used elav-Gal4 x CS as the
control cross since all offspring would contain the elav-Gal4 transgene but no
UAS transgene. Survivors were collected from the cross vials after 9-12 days at
28°C. From an initial population of approximately 100 males and 100 females
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for Sac1RNAi and controls, in vials containing 20- 25 flies each, the number of
survivors in each vial was counted at 48-72 hour intervals. Dead flies were then
removed, and surviving flies transferred to fresh clean food vials and returned
to the air incubator. Notably, when the number of survivors for the male
Sac1RNAi flies had fallen to 50% of the initial number after 17 days, the female
Sac1RNAi flies were comparable in survival to both male and female control
flies. However, the female Sac1RNAi survival began to deteriorate quickly from
around 19 days onwards and all female mutants were dead within 40 days,
while the male Sac1RNAi had survived a maximum of 34 days, by which point
more than 60% of the controls were still alive (Figure 13). Taken together with
the semiquantitative PCR and NMJ phenotype data, these results suggest that
the Sac1RNAi line is Sac1-specific, and induces Sac1 loss-of-function like
phenotypes in a dosage dependent manner. As further proof, we have shown
that expression of the Sac1RNAi transgene in muscles, motor neurons, brains or
eye cells by a variety of driver lines leads to an increase in PI4P levels in the
affected tissue (). These data are also in agreement with the prediction that Sac1
is the primary PI 4-phosphatase protein in eukaryotes, apart from Synaptojanin,
which is a dual phosphatase (Mani et al., 2007) with a PI 5-Pase domain also
(Blero et al., 2007; Hughes et al., 2000a).++
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Figure 13 Sac1RNAi survival curve at 28°C. Survival curve for male and
female elav;Sac1RNAi and elav;+ raised at 28°C. Male elav;Sac1RNAi flies
begin dying within the first week of eclosion and reach 50% after 17 days, all
are dead within 34 days. Female elav;Sac1RNAi flies are as fit as controls for
the first 19 days before tailing off quickly and all are dead within 40 days. At
28°C the control flies do not survive as long as at room temperature, however
around 50% of all male and female controls are still alive by the time the
elav;Sac1RNAi males and females are all dead.

4.3 DVAPRNAi lines are specific for DVAP
To confirm the specificity of the DVAPRNAi GD3990 line, we obtained a
second RNAi line from an independently generated collection of Drosophila
RNAi mutants. The original line DVAPRNAi GD3990 was generated by the Vienna
Drosophila RNAi Center (VDRC) while the comparison line, DVAPRNAiJF02621
was obtained from the Transgenic RNAi Project (TRiP) based at Harvard
Medical School. The two VAP RNAi lines are both predicted to knockdown
endogenous VAP expression only and to have no off-target effects, according to
an RNAi specificity algorithm described recently (Schulz et al., 2009). These
VAP RNAi lines were established using inverted repeat constructs targeted
against two separate non-overlapping fragments of the VAP gene. For the
DVAPRNAiJF02621 line the P{TRiP.JF02621} construct was used and the target
sequence is in the 3'UTR of the cDNA while the P{GD3990} construct used for
the DVAPRNAiGD3990 line has a target sequence located within the ORF of the
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DVAP cDNA. We found that targeted expression of DVAPRNAiGD3990 in the
salivary glands and brains using elav-Gal4 effectively knocked down DVAP
expression in both tissues (Figure 14 B,D). In comparison with control brains,
where strong DVAP staining is found in a reticular pattern around the cell
nuclei, DVAP staining is almost undetectable in elav;DVAPRNAiGD3990 brains
(Figure 14 C,D).
Control salivary glands are large with regularly shaped and sized cells
throughout; here VAP staining is also in a reticular pattern as well as being
associated with the plasma membrane. By comparison, elav;DVAPRNAiGD3990
salivary glands are particularly small and they are often dwarfed by the fat
body tissue which surrounds them (See white outline in Figure 14 D)
Interestingly we find very little staining for DVAP in the salivary gland cells
and a more physiological level of DVAP in the fat body, which does not express
the elav-Gal4 driver and cannot therefore activate the RNAi transgene. A similar
decrease in DVAP levels was observed when the alternative RNAi line,
DVAPRNAiJF02621 was expressed in the same tissues (data not shown), thus
giving a strong indication that the RNAi phenotypes observed are indeed tissue
specific.
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Figure 14 Transgenic expression of DVAPRNAiGD3990 induces a decrease
in DVAP levels. DVAP levels are decreased in salivary glands of
elav;DVAPRNAiGD3990 (elav-Gal4/+;UAS-DVAPRNAi GD3990/+) larvae (B)
compared to (elav-Gal4/+) controls (A). Note that in (B) the white profile delimits
the salivary gland, which has nearly no DVAP detectable staining while the fat
body (fb) surrounding the salivary glands exhibits intense immunoreactivity for
DVAP. elav;DVAPRNAiGD3990 salivary glands are also much smaller than
controls. A significant decrease in DVAP levels is also observed in
elav;DVAPRNAiGD3990 brains (D) compared to controls (C). The intensity of HRP
staining is similar in both genotypes. Scale bar: 10 µm.
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4.4 Two independent DVAPRNAi lines give the same phenotype
In order to strengthen our assertion that the two DVAPRNAi lines are
both DVAP specific we analysed the presynaptic and postsynaptic phenotypes
induced by the TRiP line DVAPRNAiJF02621 for comparison with those induced
by the VDRC line DVAPRNAiGD3990. Reassuringly, we found that expression of
DVAPRNAiJF02621 by elav-Gal4 led to the familiar Sac1 and DVAP NMJ
phenotype of vastly reduced bouton numbers accompanied by an expansion in
average bouton size, as well as showing thickening or disruptions of the
microtubule cytoskeleton, as marked by futsch staining (Figure 15 A,B).
Similarly, we found that muscle cell specific postsynaptic expression of
DVAPRNAiJF02621 using BG57-GAL4 caused some morphological changes in the
presynaptic boutons and a severe disruption to the adducin component of the
postsynaptic cytoskeleton (Figure 15 C,D), closely resembling the phenotypes
induced by both Sac1RNAi and DVAPRNAiGD3990. Together the data presented
here indicate that the RNA interference process targeted against Sac1 using
Sac1RNAi or DVAP using DVAPRNAiGD3990 and DVAPRNAiJF02621 was highly
specific, affecting only the genes in question with no off-target effects.
Additionally we have confirmed that RNAi, under the control of the UASGAL4 system is tissue-specific and can be modulated by reductions in
temperature from the optimal 30°C.
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Figure 15 Two independent VAPRNAi lines give the same phenotype.
(A,B) Representative confocal images of NMJs stained for both HRP and
Futsch in (elav-Gal4/+) controls (A) and elav;DVAPRNAiJF02621 (elavGal4/+;UAS-DVAPRNAiJF02621/+) transgenic mutants (B). As for
DVAPRNAiGD3990 transgenic expression of elav;DVAPRNAiJF02621 in neurons,
exhibits accumulation of Futsch staining in boutons proximal to the branching
point and lack of, or punctate staining in the most distal boutons. (C,D)
Postsynaptic expression of BG57/DVAPRNAiJF02621 (BG57-Gal4/UASDVAPRNAiJF02621) induces disorganisation in adducin distribution and changes
in bouton morphology. (E) Quantification of bouton size in controls and
elav;DVAPRNAiJF02621 mutants. (F) Quantification of bouton number in controls
(271±4.3) and elav;DVAPRNAiJF02621 mutants (154.3±2). The difference in both
size and number of boutons between controls and elav;DVAPRNAiJF02621
transgenic mutants is highly significant (P<0.0001 in both cases). Scale bar: 10
µm. Error bars denote s.e.m. ***P<0.0001.
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4.5 Sac1 and DVAP function in a common pathway
During our specificity testing of the RNAi lines for Sac1 and DVAP we
found that knockdown of either protein caused similar phenotypes in all tissues
analysed thus far. These similarities strongly suggest that DVAP and Sac1 are
vital components of a common pathway, both pre- and postsynaptically. The
observation of additive phenotypic effects caused by having two mutant genes
in the same fly would suggest that the two genes function in different
pathways, or that one of the genes in question functions downstream of the
other. This is exemplified by the fact that coexpression of mutant alleles for the
ALS-causative genes FUS/Cabeza and TDP-43/TBPH led to an increase in eye
phenotype severity in comparison to either mutant protein alone (Lanson et al.,
2011) while it has also been shown in Drosophila that FUS functions downstream
of TDP-43 (Wang et al., 2011a). In order to assess any additive effects between
Sac1 and DVAP we chose the easily quantifiable presynaptic bouton
morphology phenotype as a sensitive assay of Sac1 and DVAP function. This
method has been used often, to assess amongst other things, synaptic retraction
in bone morphogenetic protein (BMP)-signaling mutants (Eaton and Davis,
2005) and satellite bouton formation in endocytosis mutants (Dickman et al.,
2006). In both elav;Sac1RNAi and elav;DVAPRNAiGD3990 NMJs we observed the
familiar phenotype characterised by a reduced number of larger boutons. When
both RNAi transgenes were expressed in the same larvae under the control of
elav-Gal4 (elav;DVAPRNAiGD3990/Sac1RNAi), there was no statistically significant
increase in the severity of the phenotype in comparison to either of the single
RNAi lines. These data suggest that, in the NMJ at least, Sac1 and DVAP are
components of a common pathway and most likely act in parallel to regulate
bouton morphology (Figure 16).
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Figure 16 DVAP and Sac1 function in a common pathway. Representative
confocal images of muscle 12 synapses stained for HRP in (elav-Gal4/+)
controls (A), elav;Sac1RNAi (elav-Gal4/+;+/+;UAS-Sac1RNAi/+) transgenic
larvae (B), elav;DVAPRNAiGD3990 (elav-Gal4/+;UAS-DVAPRNAiGD3990/+)
transgenic larvae (C) and elav;DVAPRNAiGD3990; Sac1RNAi (elav-Gal4/+;UASDVAPRNAiGD3990/+;UAS-Sac1RNAi/+) transgenic larvae (D). (E) Quantification
of bouton size in controls, elav;Sac1RNAi, elav;DVAPRNAiGD3990 and
elav;DVAPRNAiGD3990;Sac1RNAi NMJs. (F) Quantification of total bouton
number in controls (280.8±4.6), elav;Sac1RNAi (164.3±3.7),
elav;DVAPRNAiGD3990 (151.6±1.7) and elav;DVAPRNAiGD3990;Sac1RNAi
(151.8±1.9). The number and the size of boutons in
elav;DVAPRNAiGD3990;Sac1RNAi double mutants was not significantly different
from that in elav;DVAPRNAiGD3990 (P>0.05 in both cases) demonstrating a lack
of enhancement of the elav;DVAPRNAi GD3990 phenotype by elav;Sac1RNAi.
Scale bar: 10 µm. Error bars denote s.e.m.

4.6 Sac1 and DVAP colocalise in vivo
In order to assess the expression pattern of Sac1 in vivo, we generated
several lines of transgenic flies that expressed a functional Flag-tagged Sac1
construct (Flag-Sac1) under the control of the UAS-GAL4 system. We found that
crossing the Flag-Sac1 flies with flies containing the homozygous lethal Sac12107
allele and a motor neuron specific GAL4 driver could rescue the lethality
associated with the mutant allele (data not shown). Additionally, the small non-
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endogenous Flag tag allowed us to accurately mark the localisation of the Sac1
protein using Flag-specific antibodies. Thus, in a wild-type background for
DVAP, we could assess the possible colocalisation of the two proteins using the
Flag antibody and a well established antibody to DVAP (Pennetta et al., 2002).
The pan-neuronal GAL4 driver line elav drives expression of UAS-activated
transgenes in larval brains and eye imaginal discs (Lin and Goodman, 1994) as
well as in the larval salivary glands (Vinegoni et al., 2008).
We found that Sac1 and DVAP colocalised together in larval brains of
elav;Flag-Sac1 flies, primarily in a reticular pattern around the cell nuclei (Figure
17 A) colocalisation of the two proteins is defined by white pseudocolouring of
pixels in which both antibody signals were identified). This high degree of
overlap between Sac1 and DVAP signaling was also observed in eye imaginal
discs and salivary gland cells of elav;Flag-Sac1 larvae (Figure 17 B,D). Similarly,
when Flag-Sac1 expression was driven postsynaptically by the muscle specific
driver BG57-GAL4, a high degree of overlap between the two proteins was
observed, particularly in regions surrounding the cell nuclei. This perinuclear
localisation of DVAP has been reported previously and corresponds to the
ER/sarcoplasmic reticulum markers Boca and SERCA in muscle (Chen et al.,
2010). We also find a diffuse spread of Sac1 bordering the ER zone, which may
correspond to the Golgi apparatus. Numerous studies into the functions of
Sac1p in yeast have shown that the protein traverses between the ER and Golgi
membranes as metabolic needs demand it (Blagoveshchenskaya et al., 2008;
Piao and Mayinger, 2012).
In yeast cells (Whitters et al., 1993), as well as in mammalian cells (Liu et
al., 2008; Nemoto et al., 2000), Sac1 is associated with both the ER and the Golgi.
Sac1p is targeted to the yeast ER by association with dolichol phosphate
mannose synthase (Dpm1p) (Faulhammer et al., 2005, 2007) while human Sac1
features a C-terminal COPI interaction motif which regulates ER localisation
(Rohde et al., 2003). The COPI coatomer complex is also found in Drosophila
(Beller et al., 2008). However, Drosophila Sac1 does not contain a COPI
interaction motif. Evidence from 20 years worth of Sac1 yeast models suggest
that Sac1 negatively regulates secretion from the Golgi, while having a
stimulatory effect at the ER, presumably by quickly lowering the PI4P
concentration in whichever membrane it resides at (Cleves et al., 1989;
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Kochendörfer et al., 1999; Konrad et al., 2002; Schorr et al., 2001). The expression
pattern of Sac1 at early and late embryonic stages has recently been described
(Lee et al., 2011), using an antibody raised against amino acids 18-100 at the Nterminal of Drosophila Sac1, they found that Sac1 staining colocalises with the
microtubule marker 22C10 in sensory neurons and with the cell adhesion
protein Fasciclin II in the longitudinal axon tracts. The same group also
postulates a role for Sac1 in Slit/Robo-dependent midline axon guidance (Lee et
al., 2011).
In order to determine the subcellular localisation of Drosophila Sac1 in
relation to DVAP, we generated a Myc-tagged DVAP construct using the full
length DVAP cDNA, to be used alongside the previously described Flag-Sac1
construct, in a cell culture model. We cotransfected COS-7 (African Green
monkey fibroblast) cells with both the Flag-Sac1 and Myc-DVAP constructs for
a 24hr period. After fixation in 4% paraformaldehyde the cells were incubated
overnight with α-Flag and α-Myc antibodies followed by appropriate secondary
antibodies. We found that the DVAP and Sac1 signals overlap considerably,
again in a reticular pattern indicative of the ER (Chen et al., 2010; Culi and
Mann, 2003). We also find localised paranuclear accumulations of the Sac1
signal, which corresponds to the Golgi apparatus (Nemoto et al., 2000; Rohde et
al., 2003; Liu et al., 2008a). The almost complete lack of DVAP signal in these
particular paranuclear regions of the cell (Figure 17 E) (Manuela Marescotti), is
an independent confirmation of the findings that endogenous DVAP is
primarily associated with the ER in flies (Chen et al., 2010) and in mammals
(Skehel et al., 2000; Soussan et al., 1999).
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Figure 17 DVAP and Sac1 colocalise in vivo. Representative confocal
images of (A) brains, (C) imaginal discs and (D) salivary glands from elav;FlagSac1 (elav-Gal4/+;UAS-Flag-Sac1/+) larvae stained for Flag and DVAP. (B)
Muscles from BG57/Flag-Sac1 (BG57-Gal4/UAS-Flag-Sac1) larvae stained for
Flag and DVAP. For every image the colocalised signals of DVAP and FlagSac1 proteins were analysed by ImageJ software and indicated with a
pseudocolour (white). (E) Confocal images of COS7 cells cotransfected with
Myc-DVAP and Flag-Sac1 and stained with both DVAP and Flag antibodies.
Scale bar: 10 µm.
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4.7 Sac1 colocalises with both ER and Golgi membrane
markers
Having determined that Sac1 is found at both the ER and Golgi in cell
culture, we turned our attention to an in vivo analysis of Sac1 localisation. Using
elav-Gal4 we targeted expression of the Flag-Sac1 transgene to the larval salivary
glands of Drosophila. We then selected wandering third-instar larvae of the
correct genotype and dissected out the salivary glands. These were fixed and
then separately stained with either the ER marker Boca (Culi and Mann, 2003)
or the cis-Golgi marker GM130 (Nakamura et al., 1995) in addition to a Flagspecific monoclonal antibody to detect the Flag-Sac1 protein construct. In
agreement with our COS-7 data we found partial colocalisation between Sac1
and Boca, in the familiar reticular pattern around the cell nuclei as well as
around the cell membrane and cell-cell junctions (Figure 18 A). Similarly, we
found a partial but incomplete colocalisation between Sac1 and the Golgi
protein GM130 (Figure 18 B).
In summary, we have shown that in all tissues examined thus far, Sac1
and DVAP are closely associated, with their combined activities controlling
presynaptic bouton morphology, axonal transport, microtubule stability and
regulation of the postsynaptic actin-spectrin cytoskeleton. We have confirmed
Sac1 localisation at both the Golgi and ER, in agreement with the distribution of
yeast and mammalian Sac1 homologs. At the same time, showing that the
DVAP and Sac1 interaction occurs primarily at the ER or between ER-Golgi
contact sites.
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Figure 18 Sac1 partially colocalises with both ER and Golgi markers. (A)
Representative confocal images of salivary glands from elav;Flag-Sac1 (elavGal4/+;UAS-Flag-Sac1/+) larvae stained for both anti-Boca and anti-Flag. In (B)
confocal images of salivary glands from elav;Flag-Sac1 larvae stained with both
anti-GM130 and anti-Flag antibodies. Boca and GM130 are ER and Golgi
markers respectively. Scale bar: 10 µm.

4.8 DVAP and Sac1 control PI4P levels
The phosphatidylinositide phosphatase Sac1 can promiscuously
hydrolyse the phosphate residue from either the D-3, D-4 or D-5 position of the
inositol head group (Guo et al., 1999; Tahirovic et al., 2005), although the SAC
domain is unable to act on polyphosphoinositides which contain vicinal
phosphates (Liu and Bankaitis, 2010). In mammals, Sac1 has been shown to
regulate PI4P levels in the Golgi (Cheong et al., 2010; Liu et al., 2008, 2009) and
at ER exit sites (ERES) (Blumental-Perry et al., 2006). In yeast, Sac1p is found at
both the ER and the Golgi (Foti et al., 2001; Kochendörfer et al., 1999; Konrad et
al., 2002; Whitters et al., 1993). Recent studies in yeast have shown that the VAP
orthologs Scs2 and Scs22 are required for Sac1p activity and act to regulate PI4P
levels at the plasma membrane, indeed, yeast VAP mutants show an increase in
PI4P levels (Stefan et al., 2011). This would suggest that the previously shown
requirement for tethering of the Sac1 catalytic domain to the ER in order to
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activate it (Rivas et al., 1999), might be mediated through the interaction with
VAP. An explanation for the ability of Sac1 to act between opposing
membranes at either the ER and Golgi, or with the plasma membrane, has
recently been postulated (Manford et al., 2010). They suggest that the peptidelinker region between the catalytic and transmembrane domains of Sac1 allows
a range of around 15nm, sufficient length to function at the plasma membrane
while still tethered to the ER.
If the requirement for VAP in Sac1 activity were an evolutionarily
conserved mechanism, then we would expect to find an increase in PI4P levels
in our DVAPRNAiGD3990 mutants. It has been previously shown that Drosophila
Sac1 mutants induce a specific upregulation of PI4P levels in mosaic mutant
cells of the eye imaginal disc. However, there was no significant disruption to
the levels of PI3P and PI(4,5)P2 in the same cells (Yavari et al., 2010). The
salivary glands of Drosophila represent an ideal system for the analysis of
changes to the internal milieu of the cell. From an initial cluster of
approximately 100 cells, the salivary glands differentiate and increase in size
without undergoing cell division (Andrew et al., 2000; Bradley et al., 2001). They
have been used to study both apoptosis mechanisms (Martin and Baehrecke,
2004) and induction of autophagy (Berry and Baehrecke, 2007; Dutta and
Baehrecke, 2008). More recently the larval salivary glands have been used to
measure PI4P levels in Sac1 RNAi clones (Yavari et al., 2010). Control larval
salivary glands are large, and can extend for half the length of the intact larvae.
Several salivary gland specific Gal4 lines were initially chosen to drive
expression of our RNAi or mutant constructs, including Salivary gland
secretion factor 3 (Sgs3)-Gal4 (Cherbas et al., 2003; Mach et al., 1996) which
expresses from third-instar onwards and AB1-Gal4 which induces constitutive
Gal4 expression throughout salivary gland development (Costantino et al.,
2008). Although both driver lines did induce transgene expression, for
consistency with our other analyses, we chose to use the elav-Gal4 driver, which
delivers constitutive expression throughout salivary gland development.
We dissected out the third instar larval salivary glands from controls,
Elav;Sac1RNAi and Elav;DVAPRNAiGD3990 larvae in cold PBS, these were then
fixed in paraformaldehyde 4% and stained overnight with a monoclonal
antibody specific for PI4P. Unfortunately, as the PI4P antigen is not a protein
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molecule, the rigorous protocol required to optimise the PI4P staining did not
facilitate co-staining with any of the intracellular markers that we tried.
However, when we co-stained the salivary glands with the non-antigenic DNA
marker DAPI (4',6-diamidino-2-phenylindole) we did observe a degree of
disruption, with apparent holes in the normally tight-packed DNA (data not
shown), which for Sac1 at least is in agreement with the situation in mammalian
cells where an excess of active mitotic spindle poles caused by Sac1
downregulation leads to chromosomes being pulled apart in the wrong
direction (Liu et al 2009).
In control salivary gland cells, which were large in comparison to mutant
salivary gland cells, we observed very little PI4P staining intracellularly, with
only a few small patches evident around the plasma membrane of each cell,
consistent with the observations that PI4P accounts for around 2% of total
cellular phospholipids (Hughes et al., 2000b; Lemmon, 2008; Yavari et al., 2010).
By contrast, we observed far greater levels of PI4P in the far smaller salivary
glands of elav;Sac1RNAi and elav;DVAPRNAiGD3990 larvae, particularly in the
intercellular compartments ( A). Interestingly, it is known that Robo and Slit
signaling is required during Drosophila salivary gland development (Pirraglia
and Myat, 2010) and that Sac1 mutants affect Robo and Slit signaling during
axon guidance (Lee et al., 2011). The fact that deregulated axon guidance
molecules have now been associated with the genome of pancreatic cancer cells
(Biankin et al., 2012), may partially explain the extremely small size of the
elav;Sac1RNAi salivary glands. Yet another, perhaps more substantial
explanation, for the extraordinarily small salivary glands may be an excessive
activation of autophagy. Recent reports from studies of the PI 4-kinases in
yeast, Stt4p and Pik1p, and first postulated around six years ago (Yamashita et
al., 2006), suggest that downregulation of either kinase, or the PI-transfer
protein Sec14p prevents trafficking of the autophagy-related (Klionsky, 2012)
Atg9 and leads to a reduction in autophagy and mitophagy (mitochondrial
autophagy) (Wang et al., 2012). If we presume that the requirement for Pik1 and
Stt4 is the generation of sufficient levels of PI4P to induce autophagy, rather
than the recruitment of another protein, then it stands to reason that reducing
Sac1 and subsequently increasing PI4P levels beyond the physiological
requirement, might lead to an increase in autophagic activity.
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4.8.1 Development of PI4P staining protocol for brains and
NMJs
Previously published work using the PI4P antibody has focused on
relatively thin tissue types such as the salivary glands and imaginal discs in
Drosophila (Yavari et al., 2010). When we tried to apply the same staining
protocols as were used for these tissue types, to the brain and neuromuscular
junction, we repeatedly observed a paucity of staining in both wild-type and
mutant larvae. Having already observed that PI4P levels were increased in
mutant salivary glands, we hypothesised that PI4P levels would be similarly
increased in presynaptic mutant brains and postsynaptic mutant muscles.
Therefore, a wide range of extended fixation and permeabilisation schedules
were employed for control and mutant larvae until we determined an
improved staining scheme which delivered repeatable and consistent results.
We then analysed the larval brains of the same mutants and controls,
again we observed very little PI4P staining in control brains and in fact, the
signal was virtually undetectable. To facilitate penetration of the antibody into
the comparatively thicker brain tissue, the antibody protocol was extended to
allow a greater degree of permeabilisation (See Section 2.3.3). As for the
salivary glands, we observed highly elevated intracellular concentrations of
PI4P in both the elav;Sac1RNAi and elav;DVAPRNAiGD3990 larval brains ( B). In
order to examine whether the phenotypes associated with Sac1 and DVAP
knockdown postsynaptically are due to increased levels of PI4P in the muscles,
we drove expression of the Sac1RNAi and DVAPRNAiGD3990 transgenes using the
muscle specific driver line BG57-GAL4. After selecting the correct larval
genotypes we dissected out the NMJs from each line and fixed in 4%
paraformaldehyde. Again, as for the salivary glands and brains, an extended
staining protocol was used which did not facilitate costaining with HRP or any
other markers that were tried. Once more, we observed very little PI4P staining
in the muscles of third-instar control larvae. On the other hand, BG57;Sac1RNAi
and BG57/DVAPRNAiGD3990 muscles were highly enriched in PI4P, in a punctate
pattern spread throughout the whole postsynaptic muscle field ( C). These
convincing results allow us to tie together a cohesive model whereby DVAP
controls PI4P metabolism and the many downstream events which are PI4P-
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mediated, potentially through its own interaction with the lipid phosphatase
Sac1.
Several lines of investigation have shown that reduced levels of VAP
protein are associated with ALS. Although the vast majority of familial cases of
VAP-induced ALS8 are found in Brazil (Nishimura et al., 2004b) with a few
scattered cases described in Europe (Chen et al., 2010; Funke et al., 2010), the
impact of VAP proteins in ALS deserves closer attention. In fact, the
concentration of VAPB mRNA in spinal cord samples from sporadic ALS
patients was reduced to a highly significant degree, to around 80% of control
levels (Anagnostou et al., 2010). VAPB was also found to be reduced in
symptomatic stages of a G93-SOD1-induced mouse model of ALS (Teuling et
al., 2007). A similar decrease in endogenous VAPB levels has been observed in
motor neuron cells derived from induced pluripotent stem cells (iPSCs), taken
from patients with genetically confirmed ALS8 (Mitne-Neto et al., 2011). A
recently discovered pathogenic mutation V234I, within the transmembrane
domain of VAPB has been uncovered in an ALS patient who also carried the
C9orf72 repeat expansion (van Blitterswijk et al., 2012). If this transmembrane
mutation were to cause depletion of VAP protein from its normal localisation,
this would presumably cause similar effects to VAP knockdown.
Studies of VAP mutant proteins in Drosophila indicate that the DVAPP58S mutation may act as a dominant negative allele, which means that the
mutant protein acts antagonistically to the wild-type protein. It has also been
shown that around 70% of amino acid polymorphisms in Drosophila genes cause
harmful effects (Sawyer et al., 2007). In the case of the DVAP-P58S and DVAPT48I mutations, the dominant negative effect is predicted to occur by the
sequestration of wild-type DVAP into intracellular aggregates, thus removing
the protein from its endogenous localisation (Chai et al., 2008; Chen et al., 2010;
Ratnaparkhi et al., 2008). If this explanation for the defects induced by DVAPP58S holds true for the interaction between Sac1 and DVAP, then we should
also expect to find an increase in PI4P levels, as well as the associated mutant
phenotypes found in Sac1RNAi and DVAPRNAi lines. In agreement with our
predictions, we observed similar increases of PI4P levels in both larval salivary
glands and brains of elav;DVAP-P58S as well as in the muscles of BG57/DVAPP58S larvae ( A-C).
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Figure 19 Legend overleaf

Figure 19 PI4P levels are increased in elav;Sac1RNAi,
elav;DVAPRNAiGD3990 and elav;DVAP-P58S mutant tissue. (A) Salivary
glands expressing elav;Sac1RNAi (elav-Gal4/+;+/+;UAS-Sac1RNAi/+),
elav;DVAPRNAiGD3990 (elav-Gal4/+;UAS-DVAPRNAi GD3990/+), elav;DVAP-P58S
(elav-Gal/+;UAS-DVAP-P58S/+) and controls (elav-Gal4/+) were stained with
an antibody specific to PI4P phosphoinositides. (B) Larval brains of controls and
larval brains expressing elav;Sac1RNAi, elav;DVAPRNAi GD3990 and elav;DVAPP58S were stained with a PI4P antibody. (C) Third instar larval muscles of the
following genotypes: controls (BG57-Gal4/+), BG57;Sac1RNAi (BG57Gal4/+;UAS-Sac1RNAi/+), BG57/DVAPRNAiGD3990 (BG57-Gal4/UASDVAPRNAi GD3990) and BG57/DVAP-P58S (BG57-Gal4/UAS-DVAP-P58S) were
stained with an antibody specific to PI4P. Scale bar: 20 µm.

4.9 Presynaptic DVAP-P58S phenocopies DVAP and Sac1 RNAi
Having shown that the DVAP-P58S mutant causes an upregulation of
PI4P similar to that of the Sac1RNAi and DVAPRNAi lines we then examined
the presynaptic larval phenotypes of DVAP-P58S when overexpressed by the
pan-neural driver elav-Gal4. We found that the presynaptic microtubule
stability phenotype observed in the RNAi lines characterised by reduced and
punctate futsch staining throughout the axon terminal, was entirely
phenocopied by the pathogenic DVAP-P58S mutation, however there appeared
to be less of a wide distribution of futsch staining within the most expanded
boutons (Figure 20 A,B). Again, as with the RNAi lines for Sac1 and DVAP
when driven presynaptically, we observed a similar increase in the average size
of the boutons, accompanied by a highly significant decrease in bouton number
(Figure 20 E,F). Similarly, in the same mutant line, by retaining the axonal nerve
projections from the ventral nerve cord to the NMJ during our preparation, we
were able to detect the levels of the active zone protein Bruchpilot (Brp) along a
comparatively long section of the Drosophila motor system. Once again, we
found almost a five-fold increase in the number of Brp puncta per 100%m
compared to control nerves (Figure 20 C,D,G). Like the RNAi lines, these
results suggest that the DVAP-P58S mutation causes defects in axonal
transport, disruption to bouton morphology and fragmentation of the
presynaptic microtubule cytoskeleton. This, together with the evidence from the
analysis of PI4P levels, which are detailed herein, indicate that the DVAP-P58S
acts a dominant negative allele, as the presynaptic phenotypes and PI4P
increases observed in the DVAPRNAi and Sac1RNAi lines are entirely
phenocopied by the ALS mutant.
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Figure 20 Transgenic expression of DVAP-P58S in neurons phenocopies
the presynaptic downregulation of DVAP or Sac1. (A,B) Representative
confocal images of muscle 12 NMJs stained for both HRP and Futsch in (elavGal4/+) controls (A) and elav;DVAP-P58S (elav-Gal4/+;UAS-DVAPP58S/+)
transgenic mutants (B). (C,D) Representative confocal images of nerves stained
for both HRP and Brp in controls (C) and elav;DVAP-P58S transgenic mutants
(D). (E) Quantification of bouton size in (elav-Gal4/+) control and elav;DVAPP58S transgenic mutants. In elav;DVAP-P58S transgenic NMJs there is a
change in the distribution of bouton sizes with an increased number of larger
boutons and a decreased number of smaller ones (***P<0.0001). (F)
Quantification of total number of boutons in controls (282.4±3.9) and in
elav;DVAP-P58S transgenic mutants (144.9±1.6). There is a highly significant
decrease in the number of boutons in elav;DVAP-P58S mutants compared to
controls (***P<0.0001). (G) Quantification of Bruchpilot (Brp) puncta in 100 µm
lengths of segmental nerves in elav;DVAP-P58S and control larvae. There is a
highly significant increase in the number of Brp positive puncta in elav;DVAPP58S compared to controls (n=10 and 14 respectively, ***P<0.0001). Scale bar:
10 µm. Error bars denote s.e.m.
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4.10 Summary tables
Table 9 Presynaptic phenotypes summary
Line

Bouton No.

Brp Puncta

Futsch

PI4P level

Elav x CS

280 - 290

10

Wild-type

Low

Elav x #Sac1

186

n/a

Disrupted

n/a

Elav x
DVAPRNAi

152

55

Disrupted

High

Elav;Sac1RNAi x
VAPRNAi

152

n/a

n/a

n/a

Elav x Sac1RNAi

164

42

Disrupted

High

Elav xDVAPP58S

145

42

Disrupted

High

Table 10 Postsynaptic phenotypes summary
Line

Adducin

PI4P level

BG57 x CS

Wild-type

Low

BG57 x #Sac1

Disrupted

n/a

BG57 x DVAPRNAi

Disrupted

High

BG57 x Sac1RNAi

n/a

High

BG57 x DVAP-P58S

n/a

High
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4.11 Conclusions
The results here indicate a highly significant increase in PI4P levels in all
tissue types examined for both Sac1 and DVAP mutants. For both genes, we
observe severe defects including the reduction in number of boutons and
significant increase in bouton size. Similarly, for both genes there is an axonal
transport aspect to the phenotypes, as mutants were shown to exhibit an
increased number of Brp positive puncta in the segmental nerves. Indeed,
futsch microtubule staining was severely disrupted within the NMJ, thus
suggesting a severe disruption of the protein transport mechanism.
Postsynaptically, knocking down either protein, or expressing the DVAP-P58S
transgene lead to a significant increase in PI4P levels, as well as severely
disrupting the cytoskeletal framework. These findings are strengthened by the
fact that expression of the equivalent VAPB-P56S mutation in humans, or a
general decrease in VAPB levels can induce ALS.
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Chapter 5
Rescue of Sac1 and DVAP phenotypes
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5.1 Introduction
It has been shown here and previously that Sac1 mutants, as well as
DVAP RNAi and DVAP-P58S mutants, lead to upregulation of PI4P levels
(Yavari et al., 2010; Forrest et al., 2013). To test our hypothesis that reducing PI4P
to a level approaching that of the wild type flies could suppress the
neurodegeneration, the DVAP-P58S adult eye was used as a sensitive assay for
rescue of the mutant phenotypes.

5.1.1 Downregulation of Sac1 in the eyes causes dosagedependent neurodegenerative phenotypes
Data has been presented that verifies the interaction between Sac1 and
DVAP both in vivo and in vitro as well as indicating that the two proteins are
vital components of a common pathway regulating PI4P levels and impacting
upon numerous cellular processes. Previous analysis of the DVAP-P58S mutant
in the Pennetta laboratory has shown that pan-neural expression of the
transgene causes death of the animal during pupation, with very few surviving
to eclosion at the optimal GAL4 temperature of 30°C. However, it was found
that expression of the mutant DVAP-P58S as well as the more recently
discovered DVAP-T48I, under the control of an eye cell-specific driver line
Eyeless-GAL4 (Ey-Gal4), led to dosage dependent neurodegeneration in the
adult eye (Chen et al., 2010). This rough eye phenotype, similar to that observed
in Drosophila tauopathy models (Blard et al., 2007), is characterised by
reductions in eye size and a disorganisation of the ommatidial array. The
stereotypical interommatidial bristle array which is normally observed in wildtype flies appears to be completely disrupted, with hair cells either missing,
misoriented or found in excess at some junctions. As we have now shown,
DVAP-P58S expression also induces an increase in the levels of PI4P in addition
to causing neurodegeneration in the eye and severe disruption to the larval
motor system. Since we have also repeatedly shown that the Sac1RNAi
phenotypes closely resemble those of DVAPRNAi and the ALS mutant, we
should expect to find some neurodegenerative phenotypes upon
downregulation of Sac1 also.
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In order to investigate this hypothesis we downregulated Sac1
expression by RNA interference in the nervous system, using the pan-neural
elav-GAL4 driver as described above. Similarly to the DVAP-P58S mutants
which fail to eclose, DVAP null mutants very rarely reach eclosion (Pennetta et
al., 2002). We found that some elav;Sac1RNAi flies did survive to eclosion 30°C,
although the number of survivors was around 40% of that predicted by simple
Mendelian genetics, with a skew towards female survivors over male. Those
survivors that successfully escaped from the food slurry after eclosion, were
collected and separated into male and female populations. All elav;Sac1RNAi
flies regardless of sex, exhibited an easily distinguishable degeneration in the
eye when compared to littermate controls.. As stated previously, the elav-Gal4 is
an artificial pan-neural expression promoter line which is inserted on the Xchromosome, which provides an opportunity to study dosage dependent effects
simply by comparison of males, which upregulate expression of their single Xchromosome, and females with the same allele.
On inspection of the female mutant eyes we consistently observed an eye
depigmentation phenotype, whereby patches of cells or individual cells
appeared to lack the colour depth of their neighbouring cells. The females
appeared to exhibit no other external phenotypes and were fairly mobile in
comparison to the males, which were weaker and often had necrotic patches
visible at the joints of their limbs. In the male elav;Sac1RNAi survivors we were
immediately struck by the level of neurodegeneration in the eyes, which were
in all cases affected by severe patches of necrosis and in the most severe cases
almost completely blackened by necrotic eye tissue (Figure 21 A). By
comparison, the eyes of the male and female littermate controls elavGAL4;TM3,Sb,GFP as well as those of elav-GAL4;+ and wild-type Canton S
showed no difference in the survival of the eye tissue, thus indicating that the
neurodegeneration phenotypes observed in the eyes of Sac1RNAi flies are
independent of either gender, or the expression of the elav-GAL4 construct
alone. However, we are not the first group to present data showing the
requirement for Sac1 in the Drosophila eye. A previously described Sac1
hypomorphic allele (Sac1L2F/Sac1L16C), which produced a truncated Sac1 protein,
missing the crucial catalytic and transmembrane domains, was found to cause
an identical necrotic eye phenotype in the adult flies (Wei et al., 2003b).
Unfortunately we could find no available sources of this specific Sac1 allele
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with which to independently confirm these findings. However, since we have
shown that a separate, independently generated mutant allele for Sac1, namely
the Sac1RNAi line, exhibits a strikingly similar phenotype of neurodegeneration
in the eye, it is highly unlikely that the phenotypes observed should be due in
any way to off-target effects caused by the RNAi transgene.
In order to confirm these similarities in eye phenotypes between
Sac1RNAi and the previously described Sac1 mutants, we performed a scanning
electron microscopy (SEM) analysis of both male and female elav;Sac1RNAi
flies. The same method has been used previously by our group, to analyse the
effects of the DVAP-ALS mutant alleles in the adult eyes, although neither
DVAP-P58S nor DVAP-T48I induced a necrotic eye phenotype when driven by
the ey-GAL4 driver (Chen et al., 2010). On the other hand, both DVAP-ALS
mutants did cause a general decrease in the eye size, however this may be due
to the cell-specificity of the eyeless driver in comparison to the elav driver line.
Unfortunately this cannot be clarified due to the pupal lethality of elav;DVAPP58S flies.
After collecting a sufficient number of control and Sac1RNAi mutant
flies, they were divided into male and female populations, before being
decapitated in cold PBS. After removal of the proboscis by fine tweezers to
allow for optimal penetration of the fixative, the heads were then fixed and
processed for SEM as described in Section 2.7. Whereas control eyes showed an
orderly and symmetrical array of ommatidial eye units interspersed by a
uniformly oriented set of interommatidial bristles, we could clearly see the
severity of the necrotic eye phenotype in the males of elav;Sac1RNAi (Figure 21
B) The mutant eyes were characterised by patches of fused ommatidia (example
indicated by black arrow) with missing interommatidial bristles, as well as
numerous supernumerary bristles (example indicated by white arrow) in
neighbouring regions of the eye. Thus we have shown that two independent
Sac1 alleles as well as the two independent VAP-ALS mutations cause
neurodegeneration in the eye. This data also fits well with the finding that PI4P
levels are increased in the eye imaginal discs of elav;Sac1RNAi and elav;DVAPP58S larvae (data not shown).
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As shown, the control Drosophila eye appears very organised with a high
degree of symmetry. Each individual retinal cell group is distinguishable from
the next and the underlying tissue appears intact. By contrast the eyes of the
male elav;Sac1RNAi flies show a severe disruption to the normal retinal array, as
well as general thinning of the retina and patches of tissue degeneration (Figure
21 C). Amongst the elav;Sac1RNAi brains which were stained for H&E we
observed many instances of vacuolisation, similar such phenotypes have been
described for numerous neurodegenerative mutants in Drosophila, including
blue cheese (bchs) (Finley et al., 2003), which encodes a PI3P-binding scaffolding
protein controlling selective clearance of ubiquitinated protein aggregates
(Filimonenko et al., 2010; Nezis, 2012). Abnormally sized vacuoles are also
found in mutants for spongecake and eggroll which model human lipid storage
diseases (Min and Benzer, 1997) and more recently, due to a proposed lipid
processing defect in a Drosophila model of Freidreich’s ataxia (Navarro et al.,
2010). Once again we find that the strength and severity of the phenotypes
induced by the knockdown of Sac1 can be traced to the dosage dependent
effects caused by excess PI4P.
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Figure 21 Downregulation of Sac1 in the eye induces neurodegeneration in a
dosage-dependent manner. (A) Stereo microscope images of control (elavGal4/+), elav;Sac1RNAi (elav-Gal4/Y;+/+;UAS-Sac1RNAi/+) male and
elav;Sac1RNAi female (elav-Gal4/+;+/+;UAS-Sac1RNAi/+) adult eyes. (B)
Scanning electron micrographs of control (elav-Gal4/Y) and elav;Sac1RNAi
transgenic eyes of adult males. While the adult Drosophila eye is composed of an
ordered array of ommatidia with interspersed, regularly oriented bristles,
transgenic eyes exhibit extensive regions of fused ommatidia (black arrow),
with missing (black arrow) and misoriented bristles (white arrow). (C) Frontal
sections of control and elav;Sac1RNAi transgenic eyes of adult males. The
arrowhead points to tissue degeneration. Scale bar: 10 %m in (B) and 50 %m in
(A) and (C).
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5.2 DVAP-P58S induced neurodegeneration is ameliorated by
downregulation of Stt4 or Fwd PI 4-kinases
The data that has been presented thus far, gives a strong indication that
disregulation of PI4P metabolism leading to a general increase in intracellular
PI4P concentrations, may be a key factor in the development of DVAP-P58Smediated neurodegenerative phenotypes. If our stance on this matter proves
correct, then we might expect that reducing PI4P levels by blocking production
at the source would ameliorate these phenotypes. In Drosophila, PI4P is
generated by two type-III PI 4-kinases, both of which are required for cell
viability, in fact, deletion of either of these genes leads to a 50% decrease in
yeast PI4P levels (Audhya et al., 2000). It has been shown previously that
PI4KIII" (Stt4) has no transmembrane domain but is localised to the plasma
membrane, and has been shown to bind the yeast VAP protein Scs2p (Gavin et
al., 2002). Stt4 generates a pool of PI4P which is required for actin cytoskeleton
remodeling and vacuole morphology in yeast (Foti et al., 2001). Recently it has
been shown that presynaptic RNAi for Stt4 using the pan-neuronal driver
nSyb-GAL4 leads to a synaptic overgrowth phenotype in Drosophila (Khuong et
al., 2010). The PI4P phosphatase Sac1 has been linked to disregulation of
Hedgehog signaling, whereas defects in the Hippo pathway have been attributed
to the PI 4-kinase Stt4 (Yan et al., 2011; Yavari et al., 2010). The other kinase,
PI4KIII! (Four wheel drive (Fwd)/Pik1p in yeast) is localised to the Golgi in
yeast, Drosophila and humans (Audhya et al., 2000; Brill et al., 2000; Godi et al.,
1999; Polevoy et al., 2009) and generates a second pool of PI4P, which is
compartmentalised to the Golgi secretory network under the control of ADPribosylation factor 1 (ARF1) and the PI 4-phosphate adaptor proteins (FAPP1
and FAPP2) (Godi et al., 2004). In yeast Pik1p has been shown to recruit PH
domain-containing proteins to the Golgi (Levine and Munro, 2002). Fwd has
also been shown to act in combination with the PITP Giotto (Gio) and Rab11 to
control membrane formation during cytokinesis in Drosophila (Giansanti et al.,
2006, 2007). Interestingly, Rab11 has been shown to rescue the degenerative
phenotypes induced by mutant Htt protein in both mouse and Drosophila
models of HD (Richards et al., 2011; Steinert et al., 2012).
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Previous work in the Pennetta laboratory has generated a Drosophila eye
model of ALS8, using a DVAP-P58S transgene recombined on chromosome 2
with the eye-cell specific driver ey-GAL4 (Andrea Chai). This particular line
represents the modification target for a genome-wide screen for DVAP
interactors, currently ongoing in the Pennetta laboratory. At room temperature
(20-25°C), the ey,DVAP-P58S flies are relatively healthy with no observable eye
phenotype, however if the larvae are raised at between 27-30°C a dosage
dependent neurodegenerative phenotype occurs, with those flies raised at 30°C
having eye sizes around 50% of wild-type.
In order to evaluate the effects of reducing PI4P levels on the mutant eye
sizes, we obtained RNAi lines for both Fwd and Stt4 from the VDRC. As the eyGAL4 promoter was already recombined with the DVAP-P58S transgene, we
could assess these effects simply by crossing female virgins of the ey,DVAPP58S line with males of the relevant RNAi lines and leaving the offspring to
develop in the air incubator at 30°C until eclosion. The wild-type controls for
these experiments were ey-GAL4 x Canton S, while the mutant line was
ey,DVAP-P58S x Canton S, thus each of the three non-mutant crosses receive
only one copy of the DVAP-P58S transgene and one copy of the promoter,
while the control flies receive one copy of the promoter and no transgene. After
selecting flies of the correct genotypes and dividing them by gender, at least 25
fly eyes per genotype, in duplicate, were digitally photographed using an
adapted light microscope. The images obtained were then processed using
ImageJ (Abramoff et al., 2004) to calculate the sizes of each individual eye. In
agreement with our hypothesis we found that coexpression of either Stt4RNAi
or FwdRNAi transgenic constructs in the ALS8 eye model ey,DVAP-P58S led to
a highly significant rescue of the eye size phenotype for both. The eyes of
ey,DVAP-P58S;FwdRNAi in particular were returned to a size approaching that
of the wild-type controls (Figure 22 A,D)
To further confirm the rescue of the mutant phenotype by
downregulation of the PI4P producing kinases Stt4 and Fwd we again
performed an analysis of the structural and neurodegenerative phenotypes by
histological H&E staining and SEM. As shown, the retinal degeneration
phenotype of ey,DVAP-P58S is characterised by a thinner retinal field, collapse
of the external architecture of the eye and vacuolisation, in comparison with
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controls. Coexpression of either Stt4RNAi or FwdRNAi in the mutant
background was shown to increase the thickness and symmetry of the retinal
field, improve the external architecture of the eye and to reduce the numbers of
vacuoles observed (Figure 22 B). A striking level of rescue was observed by
SEM comparison of the mutant and kinase knockdown rescue eyes. Similarly to
the eyes of elav;Sac1RNAi (Figure 21 B) and the previously described ALS8
model ey,DVAP-T48I (Chen et al., 2010), the eyes of ey,DVAP-P58S show a
disorganisation of the ommatidial array (Figure 22 C), with many of the
interommatidial junctions missing their bristles (indicated by black arrowhead),
while others have 2 or more which may be out of alignment with the others
(indicated by black arrow). Again, at the structural level, we find that RNAi for
Stt4 or Fwd is sufficient to induce a significant rescue of the ey,DVAP-P58S
mutant eye. We have shown that the ommatidial array is far more aligned than
in the mutant as well as a vast reduction in the numbers of missing or
supernumerary bristles at the ommatidial junctions. The bristles also appear to
be returned to the stereotypical alignment seen in control flies (Figure 22 C).
One possible caution against the use of dual transgenes in an experiment is that
the phenotypic change observed may simply be caused by a dilution of the
GAL4 promoter as a result of having two targets. We have shown that the
suppression of the ey,DVAP-P58S mutant eye phenotype is a true genetic
suppression, as when we coexpressed a non-toxic GFP transgene in the mutant
background no suppression of the eye phenotype was observed (Figure 24)
(Mario Sanhueza).
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Figure 22 – Legend overleaf
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Figure 22 DVAP-P58S-mediated neurodegeneration is rescued by
downregulating either Stt4 or Fwd PI4-kinases. (A) Stereo microscope images,
(B) frontal sections and (C) scanning electron micrographs of adult fly eyes of
the following genotypes: controls (ey-Gal4/+), ey,DVAP-P58S (ey-Gal4,UASDVAP-P58S/+), ey,DVAP-P58S/Stt4RNAi (ey-Gal4,UAS-DVAP-P58S/UASStt4RNAi), ey,DVAP-P58S;FwdRNAi (ey-Gal4,UAS-DVAP-P58S/+;UASFwdRNAi/+). Whereas control eyes are composed of ommatidia and regularly
spaced mechanosensory bristles (C), ey,DVAP-P58S eyes are smaller (A) with
missing (arrowhead in C), supernumerary (black arrow in C) bristles and
occasionally fused ommatidia. In (B) white arrow points to tissue degeneration.
The ey,DVAP-P58S-mediated neurodegeneration is rescued by downregulating
either Stt4 (ey,DVAP-P58S/Stt4RNAi) or Fwd (ey,DVAP-P58S;FwdRNAi). (D)
Quantification of the eye surface area of every genotype. The reduced eye size
of ey,DVAP-P58S flies is significantly suppressed by coexpressing either
Stt4RNAi (ey,DVAP-P58S/Stt4RNAi) or FwdRNAi (ey,DVAP-P58S;FwdRNAi).
Scale bar: 50 %m. in (A) and (B) and 10 %m in (C). Error bars denote s.e.m. n=25
eyes per genotype. ***P<0.001.

5.3 Suppression of DVAP-P58S eye phenotype by FwdRNAi and
Stt4RNAi corresponds to a significant decrease in PI4P levels
We have shown that Sac1 and DVAP cause highly similar defects across
a wide spectrum of phenotypes. We have also shown that PI4P metabolism, and
specifically increases in intracellular PI4P caused by the DVAP-P58S mutant or
the knockdown of either Sac1 or DVAP, may be a key component underpinning
several of these mutant phenotypes. Our initial hypothesis that blocking the
source of PI4P in the mutants through Stt4 or Fwd knockdown would rescue the
eye phenotype was partly confirmed by the significant rescue of the structural
defects and eye size decrease. In order to directly confirm the role of DVAPP58S-induced PI4P increases in both the mutant and the rescue lines, we
focused our attention on the developing larval eye imaginal discs. As described
above, we tested ey-Gal4;+ as the control line, along with the mutant ey,DVAPP58S;+ and flies coexpressing either of the two PI 4-kinase RNAi lines,
ey,DVAP-P58S/Stt4RNAi and ey,DVAP-P58S;FwdRNAi. Again, we set up a
control for the dilution of GAL4, specifically a transgenic construct that
expresses a non-toxic, non-functional GFP protein ey,DVAP-P58S/GFP, which
allowed us to distinguish mutants from controls on the basis of GFP expression.
All of the larvae were raised at 30°C in the waterbath, to ensure optimal activity
of the UAS-GAL4 during development. We selected at least 20 third-instar
larvae from each relevant genotype before dissecting out the ventral nerve cord
along with the optic lobes and attached imaginal discs, leaving some of the
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larval cuticle intact to prevent loss or damage to the tissue of interest during
processing. The brain preparations were then fixed in 4% paraformaldehyde
and stained as described in Section 2.3.3, using a PI4P specific antibody. After
completing the staining process with appropriate secondary antibodies, we
carefully separated the eye discs from the optic lobes before mounting them in
Vectashield on labeled microscope slides. Confocal image stacks of eye discs
from each genotype were then collected. Whereas the control eye imaginal discs
showed very little PI4P staining other than a few isolated patches scattered
around the whole disc, the ey,DVAP-P58S eye discs showed a marked increase
in PI4P levels. Consistent with our findings at the level of the adult eye, we
observed a significant return towards control levels of PI4P in the eye imaginal
discs of both ey,DVAP-P58S/Stt4RNAi and ey,DVAP-P58S;FwdRNAi larvae
(Figure 23 A,B,D,E). Thus we have a strong indication that the
neurodegenerative mutant phenotypes induced by DVAP-P58S expression in
the eye are PI4P dependent, and that these same phenotypes can be
significantly ameliorated by genetic manipulation of PI4P production through
Stt4 and Fwd. Again, by coexpressing a GFP construct in the ey,DVAP-P58S
background and finding no change in the levels of PI4P, we can confidently
predict that the rescue is not a result of GAL4 dilution (Figure 23 C).
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Figure 23 Suppression of DVAP-P58S-mediated neurodegeneration by
FwdRNAi and Stt4RNAi correlates with a decrease in PI4P levels. (A-E)
Representative confocal images of eye imaginal discs stained with an antibody
specific to PI4P phosphoinositides from (ey-Gal4/+) control larvae in (A),
ey,DVAP-P58S (ey-Gal4,UAS-DVAP-P58S/+) larvae in (B), ey,DVAP-P58S/GFP
(ey-Gal4,UAS-DVAP-P58S/UAS-mCD8-GFP) larvae in (C), ey,DVAPP58S/Stt4RNAi (ey-Gal4,UAS-DVAP-P58S/UAS-Stt4RNAi) larvae in (D) and
ey,DVAP-P58S;FwdRNAi (ey-Gal4, UAS-DVAP-P58S/+;UAS-FwdRNAi/+) larvae
in (E). The control levels of PI4P are barely detectable in our experimental
conditions but there is a massive upregulation of PI4P levels in ey,DVAP-P58S
eye imaginal discs. A decrease in PI4P levels is observed when either the Stt4 or
Fwd kinases are downregulated in eye imaginal discs expressing DVAP-P58S
while coexpression of a GFP transgene has no effect. Scale bar: 50 %m.

5.4 Co-expression of DIAP1 suppresses Sac1 and DVAP mutant
phenotypes
We have shown that the degenerative eye phenotypes observed in our
ALS8 eye model are correlated with increased levels of PI4P. Similarly, the
degenerative phenotype in the elav;Sac1RNAi eye is associated with greater
levels of PI4P in the eye imaginal discs (data not shown). In Sac1 mutant eye
imaginal discs, the pro-apoptotic protein caspase-3 is upregulated, thus
indicating a potential role for the apoptotic pathway in the phenotypes
observed. This activation of caspase-3 can be suppressed by coexpression of the
Drosophila inhibitor of apoptosis 1 (DIAP1) gene (Yavari et al., 2010). We
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proposed that with the phenotypes of Sac1 and DVAP being so similar in many
respects, then DIAP1 overexpression should also suppress the ey,DVAP-P58S
eye size phenotype. We found that this was indeed the case, and that DIAP1
overexpression caused a significant increase in the average eye size of the
mutant flies (Figure 24 A,B). However, as with the suppression by RNAi for the
two PI 4-kinases, the eye sizes do not return to fully wild-type dimensions. This
would suggest that besides the apoptotic pathway, there are other avenues by
which these degenerative phenotypes occur. For example, it has been shown
that in yeast Sac1p deletion lines, the unfolded protein response (UPR) is
constitutively activated (Kochendörfer et al., 1999), while expression of the
human VAPB-P56S mutated protein in cell culture was also found to cause
upregulation of the UPR (Kanekura et al., 2006, 2009). As before, we confirmed
our suppression to be independent of GAL4 dilution, by coexpression of a nontoxic GFP construct, again finding no significant evidence of suppression or
enhancement (Figure 24 A,B) (Mario Sanhueza). Taken as a whole, these data
from the analysis of Sac1 and DVAP using the developing Drosophila eye as a
model system, indicate that the neurodegenerative phenotypes associated with
both genes are induced in a dosage dependent manner, and that each of the
phenotypes examined so far in the eye are tightly correlated with the levels of
PI4P.
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Figure 24 Legend overleaf

Figure 24 Transgenic expression of DIAP1 suppresses the DVAP-P58S
eye phenotype. (A) Stereo microscope images of (ey-Gal4/+) controls,
ey,DVAP-P58S (ey-Gal4,UAS-DVAP-P58S/+), ey,DVAP-P58S;DIAP1 (eyGal4,UAS-DVAP-P58S/+;UAS-DIAP1/+) and ey,DVAP-P58S/GFP (eyGal4,UAS-DVAP-P58S/UAS-mCD8GFP) eyes. (B) Quantification of the eye
surface area in flies of the indicated genotypes. DIAP1 expression suppresses
the DVAP-P58S eye phenotype (P<0.001) while coexpression of a GFP
transgene has no effect. Scale bars: 50 µm.

5.5 Summary
Our analysis of the eye phenotypes of Elav;Sac1RNAi indicate extensive
degeneration and disruption to the ommatidial array. These phenotypes closely
match those previously described for DVAP-T48i and DVAP-P58S, again
indicating that Sac1 and DVAP play a role in maintaining the integrity of the
developing Drosophila eye. The one distinction being that the VAP mutant eyes
are significantly smaller than wild-type, while the Sac1RNAi eyes are closer in
size to wild-type. However, this may be on account of the different drivers used
for the two experiments, Elav-Gal4 for Sac1RNAi and Eyeless-Gal4 for the VAP
mutants and subsequent experiments. The data strongly support the rescue of
the degenerative phenotypes and PI4P increases observed in Ey,DVAP-P58S by
the concurrent downregulation of either Stt4 or Fwd PI 4-kinases.
Table 11 Eye phenotypes summary

Line

Surface Area ($m2)

PI4P level (eye i.d)

Ey x CS

1.0 – 1.1 x 105

Wild-type (low)

Ey,P58S

5.0 x 104

High

Ey,P58S x GFP

5.0 x 104

High

Ey,P58S x Stt4RNAi

7.5 x 104

>Wild-type

Ey,P58S x FwdRNAi

8.5 x 104

>Wild-type

Ey,P58S x DIAP1

9.0 x 104

n/a
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Chapter 6
Rescue of DVAP NMJ phenotypes
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6.1 Introduction
Having shown that the neurodegenerative eye phenotypes induced by
DVAP-P58S are ameliorated in PI 4-kinase RNAi lines, we turned our attention
to the NMJ phenotypes which are more relevant to the disease condition. If, as
for the DVAP-P58S eye, knocking down the PI 4-kinases in the NMJ was
sufficient to reduce PI4P upregulation, then we would expect to find a rescue of
the NMJ phenotypes also.

6.1.1 Presynaptic FwdRNAi rescues DVAP mutant NMJ
phenotypes
The data presented thus far suggest that the specific upregulation of PI4P
is a key contributing factor to the range of DVAP-P58S-mediated
neurodegenerative phenotypes. If this prediction is correct then we should
expect to be able to ameliorate the NMJ phenotypes caused by presynaptic
expression of DVAP-P58S or the knockdown of either Sac1 or DVAP
presynaptically by simultaneously reducing the levels of PI4P. Thus,
coexpression of either the Stt4RNAi or FwdRNAi transgenes, which were
sufficient to almost fully suppress the ey,DVAP-P58S eye phenotypes, should
suppress the microtubule stability and bouton phenotypes induced by
expression of DVAP-P58S in the motor system. In order to isolate the motor
neurons for our experiment, expression of the transgenes was under the control
of the motor neuron specific OK6-GAL4 driver line (Aberle et al., 2002), rather
than the pan-neural elav-GAL4 line. As with the elav;DVAP-P58S NMJs
described previously, we observed a similar decrease in synaptic bouton
number with a concomitant increase in synaptic bouton size. Again, we
observed a lack of futsch microtubule staining at the distal tips of the synaptic
terminals, along with the familiar filamentous spread of futsch staining in the
expanded mutant boutons in comparison to controls (Figure 25 A,B,G,H).
Consistent with our earlier data from the eye experiments, we found that
simultaneously knocking down Fwd by RNAi in the OK6;DVAP-P58S
background significantly rescued the microtubule and bouton morphology
phenotypes (Figure 25 A,C,G,H). Similarly, the presynaptic NMJ mutant
phenotypes were significantly rescued by downregulation of Stt4 (data not
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shown). In order to confirm this rescue using an independent DVAP allele we
first examined the presynaptic NMJ phenotype induced by DVAPRNAi in
motor neurons only (OK6/DVAPRNAiGD3990). Again we found that MN-specific
knockdown of DVAP by RNAi induces the same phenotypic effects as the ALS8
allele DVAP-P58S, with a similarly large proportion of overly large boutons and
a general decrease in bouton number. This outcome once more is highly
suggestive of a dominant negative mechanism involving disregulation of PI4P
metabolism, for the ALS8 mutant allele. Therefore it came as little surprise to us
that simultaneously knocking down DVAP and Fwd expression in motor
neurons by RNAi could significantly rescue the bouton morphology phenotype
as well as restoring the integrity of the microtubule cytoskeleton.

Figure 25 Legend overleaf
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Figure 25 Downregulation of Fwd PI 4-kinase in neurons rescues either the
DVAPP58S or DVAPRNAiGD3990 presynaptic phenotypes.
Downregulation of Fwd PI4-kinase in neurons rescues the DVAP-P58S presynaptic
phenotypes. (A–C) Representative confocal images of NMJs stained for HRP and
Futsch in OK6-Gal4/+control (A), in OK6/DVAP-P58S larvae (B) and in OK6/DVAPP58S;FwdRNAi larvae (C). (D–F) Representative confocal images of nerves stained for
HRP and Brp antibodies in OK6-Gal4/+ control (D), in OK6/DVAP-P58S larvae (E)
and in OK6/DVAP-P58S;FwdRNAi larvae (F). (G) Quantification of bouton size at
muscle 12 (type I and type III boutons) of segment A3 in OK6-Gal4/+ control,
OK6/DVAP-P58S and OK6/DVAP-P58S;FwdRNAi NMJs (n . 205, 149, 286,
respectively). (H) Quantification of total number of boutons on muscle 12 and 13 of
segment A3 in OK6-Gal4/+ controls (287.4+3.2, n . 10), OK6/DVAP-P58S (160.9+1.4, n .
10) and OK6/DVAP-P58S;FwdRNAi (265+3, n . 10) NMJs. The decrease in number of
boutons and the increase in their size in OK6/DVAP-P58S are significantly rescued by
downregulating Fwd (P , 0.0001 in every case). Presynaptic downregulation of Fwd
kinase rescues the morphological, the MT and the axonal transport phenotypes
associated with both DVAP-P58S presynaptic downregulation. Bar . 10 mm. Error bars
denote SEM. ***P<0.0001.

6.2 Postsynaptic FwdRNAi suppresses DVAP mutant NMJ
phenotypes
Although unsurprising that PI4P mediated suppression of the DVAPP58S phenotypes in the eye and pre- and postsynaptic compartment of the
NMJ, we were far more interested to discover that the rescue did not extend to
the postsynaptic compartment. When either the DVAPRNAiGD3990 or the DVAPP58S transgenes were expressed in muscles using the BG57-GAL4 driver we
observed major morphological disturbances of the presynaptic bouton
membrane, along with disregulation of key components of the actin-spectrin
cytoskeleton such as adducin. When we simultaneously downregulated Fwd PI
4-kinase in the ALS8 or DVAP knockdown background, rather than seeing a
return towards the wild-type NMJ condition, with a defined chain of regularly
sized boutons interspersed by filamentous HRP staining and a closely
associated rim of postsynaptic adducin staining, we observe even stronger
indications of degeneration. The synaptic boutons of both BG57/DVAPP58S;FwdRNAi and BG57/DVAPRNAiGD3990;FwdRNAi are grossly expanded in
comparison to both wild-type controls and the ALS8 mutant itself. The bouton
shapes are severely elongated and far more convoluted than wild-type. In some
parts of the NMJ it appears as if two or more boutons have fused together to
form megaboutons, although it is also possible that these megaboutons may just
be single boutons which have undergone an abnormal expansion (Figure 26
C,D). A similar effect was observed upon coexpression of Stt4RNAi with
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BG57/DVAP-P58S (data not shown). These results are consistent with the
findings that Stt4p is required for regulation of vacuole morphology in yeast,
with defects causing fusion of vacuoles (Audhya et al., 2000) and that Stt4RNAi
in Drosophila under the control of the pan-neural nSyb-GAL4 driver leads to an
NMJ expansion phenotype (Khuong et al., 2010). Additionally, the staining
distribution and intensity for adducin in the double mutants is severely
disrupted. We then realised that the NMJ phenotypes of the double mutant line
were far more similar to those induced by expression of FwdRNAi alone (Figure
26 B). This phenotypic similarity led us to deduce that the impact of knocking
down Fwd in muscles of DVAP mutant larvae causes a reduction in PI4P to
below wild-type levels. The severe changes in morphology that are observed
suggest a further range of phenotypes induced not by PI4P excess but by PI4P
deficits. It should be noted that we have observed similar expanded bouton
phenotypes in NMJs from larvae which overexpress wt Sac1 either pre- or
postsynaptically (data not shown). Thus, we provide strong evidence that
disregulation of PI4P metabolism can cause neurodegeneration and associated
synaptic phenotypes.

126

127

Figure 26 Legend overleaf

Figure 26 Postsynaptic downregulation of Fwd PI 4-kinase suppresses
either the DVAP-P58S and DVAPRNAiGD3990 phenotypes. (A-D)
Representative confocal images of NMJs stained for HRP and adducin in
control (BG57-Gal4/+) larvae (A), BG57;FwdRNAi (BG57-Gal4/+;UASFwdRNAi/+) larvae (B), BG57/DVAP-P58S;FwdRNAi (BG57-Gal4/UAS-DVAPP58S;UAS- FwdRNAi/+) larvae (C) and BG57/DVAPRNAiGD3990;FwdRNAi
(BG57-Gal4/UAS-DVAPRNAi GD3990;UAS-FwdRNAi/+) larvae (D). Note that
postsynaptic coexpression of FwdRNAi with either DVAP-P58S or
DVAPRNAiGD3990 transgenes induces a phenotype similar to that of
BG57;FwdRNAi alone. Scale bar: 10 µm.

6.3 Sac1 is sequestered into DVAP-P58S-induced aggregates
The biochemical data presented in this work and analysis of the mutant
phenotypes induced by DVAP-P58S strongly suggest that in our model of
ALS8, the neurodegenerative phenotypes are caused by a DVAP loss-offunction mutation which causes downregulation of Sac1 activity and a
subsequent increase in PI4P levels. Perplexingly however, we have also
repeatedly shown that the ALS8 mutations (P56S/P58S and T46I/T48I) in
human and Drosophila VAP proteins do not affect the binding ability of Sac1
and DVAP. To try and reconcile this functional impairment of Sac1 despite the
retained binding ability of the VAP-ALS mutant proteins we coexpressed a
functional, Flag-tagged Sac1 transgene, UAS-Flag-Sac1 in the ey-GAL4,DVAPP58S recombinant line. We then dissected out the eye imaginal discs from thirdinstar larvae of the relevant genotypes before staining with antibodies specific
for the Flag tag and for DVAP (Pennetta et al., 2002).
Previous research into ALS8 has shown that DVAP-P58S-mediated
protein aggregates contain both the wild-type and the mutant DVAP proteins.
It was also shown that the DVAP specific antibody recognised both the wildtype and mutant DVAP proteins (Chen et al., 2010). As predicted by our Y2H
and Co-IP experimental results, we found that the Flag-Sac1 signal overlapped
strongly with the DVAP signal and that Sac1 was depleted from its normal
localisation. This overlap suggests that the Sac1 protein has been sequestered
into the aggregates caused by the mutated DVAP proteins (Figure 27 A).
Similarly, when we coexpressed Flag-Sac1 in elav;DVAP-P58S larval brains we
found a high level of Sac1 recruitment to the DVAP-positive aggregates
throughout the brain (Figure 27 B). These accumulations of Sac1 in the ALS8
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brain and eye discs are in stark contrast to the diffuse and granular Sac1
staining observed in control flies (Figure 17 A,C). In order to show that the
sequestration of Sac1 by mutant DVAP was a specific process, we also
coexpressed a GFP transgene, which has no binding affinity for DVAP and was
not recruited into the DVAP-P58S-induced aggregates (data not shown).

Figure 27 Sac1 is sequestered into DVAP-P58S-mediated aggregates. (A) Eye
imaginal discs and (B) brains stained for both DVAP and Flag in ey,DVAPP58S/Flag-Sac1 (ey-Gal4,UAS-DVAP-P58S/UAS-Flag-Sac1) and elav;DVAPP58S/Flag-Sac1 (elav-Gal4/+;UAS-DVAP-P58S/UAS-Flag-Sac1). Scale bar: 10 %m
(C) Graphical summary of the data. The left panel shows a chemical
equilibrium between two reactions: one in which Sac1 interacts with DVAP to
catalyse the conversion of PtdIns4P into PtdIns and another in which PI4K
converts PtdIns into PtdIns4P. The right panel shows that depleting DVAP (i)
or Sac1 (ii) or the aggregation of Sac1 and DVAP into DVAP-P58S-induced
aggregates (iii) inhibits Sac1-mediated reaction leading to an increase in
PtdIns4P levels.
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6.4 Summary
In summary, the data presented in this work indicate that the tight
regulation of PI4P levels via the interaction between DVAP and Sac1, controls a
vast range of processes, particularly in neuronal cell types. The data also
strengthen the case that the sequestration of wt DVAP and wt Sac1 proteins into
pathogenic DVAP-P58S-mediated inclusions disrupts the capacity of both
proteins to jointly regulate PI4P levels, and causes a wide variety of motor and
visual system phenotypes.
Table 12 Presynaptic NMJ rescue summary
Line

Bouton sizes
2

Bouton No.

Futsch

287

Wild-type

OK6 x CS

0 – 25 %m

OK6 x DVAP-P58S

0 – 35+ %m2

161

Disrupted

OK6/P58S;FwdRNAi

0 - 25 %m2

265

Rescued

155

Disrupted

247

Rescued

OK6 x DVAPRNAi

0 – 35+ %m

OK6/DVAPRNAi;FwdRNAi

0 – 25 %m2

2

Table 13 Postsynaptic NMJ rescue summary
Line

Bouton shape

Bouton No.

Adducin

BG57 x CS

round/oval

Wild-type

Wild-type

BG57 x FwdRNAi

expanded

low

Disrupted

BG57/P58S;FwdRNAi

expanded

low

Disrupted

BG57/DVAPRNAi;FwdRNAi

expanded

low

Disrupted
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Chapter 7
Discussion and Future Perspectives
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7.1 Overview of the Sac1-DVAP project
As with many neurodegenerative diseases, some of the genetic reasons
for the development of amyotrophic lateral sclerosis (ALS) have been
uncovered in the last 20 years (Al-Chalabi et al., 2012). However, despite all of
this accumulated knowledge, the development of an effective treatment for this
devastating disease remains elusive, and so far the anti-glutamatergic agent
Riluzole remains the only accredited treatment (Miller et al., 2012; Rudnicki et
al., 2012). Riluzole itself has recently been shown to inhibit muscular AChR
receptors and prolong channel closing time (Deflorio et al., 2012), which may be
one of the reasons why extended survival periods after treatment are so short,
and why so many patients cease to carry on with the treatment, and why so
many drop out of clinical trials for potential treatments (Zinman and
Cudkowicz, 2011). Therefore, it benefits us to know not only which genes are
malfunctioning in the disease, but also which are the knock-on effects of these
malfunctions; which genetic and molecular pathways are being disrupted,
which organelles are most vulnerable to the mutations and what can be done to
ameliorate these effects? VAPB is a confirmed causative gene of ALS8, with
three known mutations being strongly associated with the disease, these being
P56S and T48I which are crucial to VAPB’s FFAT-binding motif and lie within
the conserved major sperm protein (MSP) domain (Chen et al., 2010; Nishimura
et al., 2004b), as well as the more recently identified V234I mutation, which lies
within the similarly conserved transmembrane (TM) domain of VAPB (van
Blitterswijk et al., 2012). VAP proteins have been linked to many and various
cellular functions in recent years, including the MSP domain acting as an
intercellular signaling molecule (Han et al., 2010; Tsuda et al., 2008), regulation
of synaptic morphology (Pennetta et al., 2002), and lipid transport (D’Angelo et
al., 2008; Lev et al., 2008). Recently the Pennetta group and others have
generated Drosophila models of both MSP domain mutations, which recapitulate
several of the phenotypes associated with motor neurone diseases and ALS8 in
particular. These include the formation of cytoplasmic protein aggregates
around the mutant and wild-type proteins as well as locomotion defects, early
death and neural degeneration (Chai et al., 2008; Chen et al., 2010; Ratnaparkhi
et al., 2008).
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The main aim of this project was to use these established DVAP models
of ALS as a vantage point from where to uncover the complex regulatory
network of proteins and phospholipid signaling molecules which are disrupted
by the ALS-causative mutation. Our progress was aided by the earlier
identification of a DVAP interacting protein Sac1 which is a lipid phosphatase
controlling levels of phosphatidylinositol 4-phosphate (PI4P) at the Golgi and
ER (Cleves et al., 1989; Giot et al., 2003; Whitters et al., 1993). Katherine Parry
provisionally confirmed the interaction between Sac1 and DVAP in the
Pennetta lab, while Andrea Chai generated a variety of Sac1 mutant alleles in
the same lab. We proposed to use these mutant lines and others to analyse the
DVAP mutant flies and begin to unravel the network of interactions that are
disrupted by the ALS-causative mutations. This was achieved using a broad
range of biochemical and genetic techniques, which exploit the full potential of
Drosophila as a model of neurodegenerative disease.

7.2.1 The Sac1 and DVAP interaction is unaffected by the ALScausative mutations in DVAP
The first step in our analysis of the Sac1 and DVAP interaction was to
confirm the previous yeast-two hybrid data, which first proposed the link
between the two wild-type (wt) proteins (Giot et al., 2003), as well as to check
whether either of the two VAP MSP domain mutations, P56S and T46I (P58S
and T48I in Drosophila), affect the interaction. As we understood from previous
yeast models, VAP proteins have an affinity for PI4P (Kagiwada and
Hashimoto, 2007) and are required for Sac1 activity in vivo (Stefan et al., 2011),
we were confident that the interaction would be confirmed. Reassuringly, we
found that in our yeast two-hybrid system, wt DVAP and wt Sac1 gave a strong
positive interaction confirmed against the positive control for the experiment
(p53/T-antigen). Interestingly, we found a similar positive result when we
tested Sac1 against either the DVAP-P58S or DVAP-T48I mutant VAP
constructs, which strongly suggested that the MSP domain, or at least the
FFAT-binding motif where both mutations lie, of DVAP is not required for the
Sac1 interaction. By comparison, the negative control for the experiment
(Lamin/T-antigen) showed no yeast growth; thus we can assert that the
interactions between the Sac1 and DVAP proteins are not false positives (Figure
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6 A). As an independent confirmation of this interaction between wt and
mutant DVAP proteins with Sac1, we then performed a Co-IP assay in COS-7
cells. Again we found that a Myc-tagged Sac1 construct, when
immunoprecipitated using an "-Myc antibody was also complexed with both
wt DVAP and DVAP-P58S in the pellet fraction of the cell lysates (Figure 6 B).
Thus, we have two independent confirmations for the protein-protein
interaction between Sac1 and the two VAP MSP domain mutations. However, it
remains to be seen whether the newly discovered VAPB V234I variant in the
TM domain, which appears to be conserved from Drosophila (V260) (van
Blitterswijk et al., 2012) maintains the interaction with Sac1. We did generate a
series of DVAP deletion ($) constructs, which expressed truncated versions of
the protein, however none of these omitted V260 in isolation, although we did
show that a VAP construct featuring only the first 139aa, including the MSP
domain, at the N-terminal (N-DVAP) was unable to bind to Sac1. This is in
agreement with our Y2H result, which shows that the MSP domain mutations
do not affect the interaction. By contrast, a similarly sized fragment from the Cterminal (C-DVAP), containing the coiled-coil domain and the transmembrane
domain, was sufficient for Sac1 binding. To determine whether the coiled-coil
(CC) domain is responsible for the interaction, a DVAP deletion construct with
a 45aa excision corresponding to the CC was generated (DVAP$CC). This
construct was found to interact positively with the wt Sac1 construct. A final
DVAP deletion construct was generated with only the C-terminal TM domain
being omitted (DVAP$TM) (Figure 6 D). In this case there was no interaction
with Sac1, thus confirming our suspicions that the TM domain is vital for the
interaction, as well as supporting the relevance of the latest V234I mutation,
which also lies within the TM domain (van Blitterswijk et al., 2012). We then
followed a similar approach in an attempt to identify which of the numerous
domains in Sac1 (Hughes et al., 2000a) are responsible for the interaction with
DVAP. We first generated two individual Sac1 constructs with either the Cterminal and catalytic domain removed (N-Sac1) or the N-terminal and Sac1
domain removed (C-Sac1). We could not narrow down the interaction to a
single terminal of the protein as both constructs failed to interact with wt
DVAP. Similarly we found that Sac1 constructs featuring either a deletion of
both transmembrane domains (Sac1$TM1,2) or a short 18aa N-terminal
fragment corresponding to the primary !-helix (Sac1$!1) also failed to interact
with DVAP, thus implicating both terminals of the Sac1 protein in the
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interaction. However, we did manage to narrow down the potential C-terminal
binding site to TM1, as a Sac1 construct with only TM2 deleted (Sac1$TM2)
gave a strong positive interaction with wt DVAP (Figure 6 C). Nonetheless, we
cannot rule out the involvement of some large fragments of the Sac1 domain,
including the catalytic domain, in the interaction, as we did not generate any
constructs that deleted these domains in isolation while retaining the essential
!-helix and TM1 domain.
With regards to DVAP our results strongly suggest that the TM domain
is vital for the interaction with Sac1. Previously it has been shown that the TM
domains of both VAPA and VAPB are required for their heterodimerisation
and homodimerisation (Nishimura et al., 1999). The TM domain of VAPA was
found to be required for the interaction with protein phosphatase 2C epsilon
(PP2C&) which controls phosphorylation of ceramide transfer protein (CERT)
(Saito et al., 2008). More recently, it has been postulated that the interaction
between VAPA and the motor protein prestin is also dependent on the TM
domain of VAPA (Sengupta et al., 2010).

7.2.2 DVAP and Sac1 interact in vivo in several tissue types
We have shown by both Y2H and Co-IP that Sac1 and DVAP interact in
vitro, thus confirming previous reports of this interaction in yeast (Giot et al.,
2003; Stefan et al., 2011). However, until now there was very little evidence
available to support the relevance of this interaction in higher organisms. We
report here an extensive, but not exclusive, overlap in localisation of both Sac1
and DVAP in the Drosophila nervous system (Figure 17 A,C) and musculature
(Figure 4.6B) as well as in the larval salivary gland cells (Figure 17 D) and in a
model mammalian cell culture system using COS-7 cells (Figure 17 E). Using a
labeled Flag-Sac1 construct we were also able to confirm that Sac1 co-localises
with both the ER marker Boca (Culi and Mann, 2003) and the Golgi membrane
marker GM130 (Nakamura et al., 1995) (Figure 18 A,B). In the same tissue types,
a previously described DVAP antibody was used to show that DVAP is
essentially an ER localised protein (Figure 17 A-E). Thus, we can predict that
the interaction between the two proteins at the ER is an essential one in all cell
types. Using a variety of model systems in Drosophila, the relevance of the
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interaction between Sac1 and DVAP has been examined in this work, as well as
potential genetic manipulations of the PI4P system that may rescue the mutant
phenotypes observed. The implications of the results obtained and their
relevance to ALS and neurodegeneration in general will be discussed.

7.3 DVAP-P58S and DVAPRNAi phenotypes are similar
We have shown here, by immunohistochemistry using a DVAP antibody
for two independent alleles that the DVAPRNAi lines are specific for the DVAP
gene alone and confirmed that both lines induce the same mutant phenotypes.
Similarly, we have shown that the Sac1RNAi line is specific for Sac1 alone by
quantitative PCR and by comparing the phenotypes of Sac1RNAi with a Sac1
catalytically-dead mutant line (!Sac1), thus validating our use of the RNAi
method and reducing the possibility of off-target effects. We find that the
phenotypes of Sac1 and DVAP are similar both pre- and postsynaptically and
appear to be the same as the previously reported DVAP-P58S mutation (Chai et
al., 2008). To clarify this we again tested the NMJ phenotypes induced by either
pan-neural expression or postsynaptic muscle cell specific expression of DVAPP58S against both Sac1RNAi and DVAPRNAi lines. In all cases we found that
the mutant phenotypes induced were virtually indistinguishable from each
other. Specific examples of these phenotypes and their relevance to the
neurodegeneration model are described in the following sections.

7.3.1 Sac1 and DVAP mutants cause similar synaptic bouton
morphology defects
As stated, presynaptic knockdown of either Sac1 or DVAP by UAS-GAL4
regulated RNAi expression, leads to a significant increase in bouton size
accompanied by a decrease in bouton number. These results match those
described for DVAP hypomorphic mutations (Pennetta et al., 2002) and the
DVAP-P58S mutation (Chai et al., 2008). Here again, it was found that
expression of DVAP-P58S presynaptically using the elav-Gal4 driver led to an
increase in average bouton size as well as a highly significant decrease in
bouton number when compared to control NMJs. The fact that both DVAPP58S
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expression and DVAPRNAi phenocopy Sac1RNAi is consistent with the
findings that the FFAT-binding motif in yeast VAP proteins is required for the
recruitment of oxysterol-binding homology (Osh) proteins, as well as the
regulation of Sac1 activity. Indeed, Osh mutants show a 7.7x increase in cellular
PI4P levels, while a sac1! line increased PI4P levels 13-fold (Stefan et al., 2011).
Thus, we can envisage four scenarios occurring in our Drosophila model;
In wild-type flies, the Sac1 and DVAP proteins are correctly localised and
function together to keep PI4P levels within the physiological range,
presumably under the control of lipid sensing Osh homologs. The remaining
three scenarios all lead to the familiar presynaptic morphology phenotype of
fewer and larger boutons, and may be associated with an increase in PI4P
levels. Firstly, in the case of elav;Sac1RNAi the loss of Sac1 at the NMJ would
mean that any PI4P generated in this location becomes almost impervious to
hydrolysis, as Sac1 is the only recognised PI 4-phosphatase, thus leading to an
increase in PI4P levels at the membrane which may be affecting the bouton
budding process. Depletion of Sac1p in yeast has been shown to cause around
2-fold increases in PI(3,5)P2 and PI3P with little significant change in PI(4,5)P2
(Guo et al., 1999). However, in Drosophila Sac1 mutants exhibit no increase in
either PI3P or PI(4,5)P2 (Yavari et al., 2010) and this work (data not shown).
Secondly, in the case of elav;DVAPRNAi the loss of DVAP from its normal
localisation will cause a double effect, in that DVAP is required for Sac1
activity, if results from yeast can be translated to flies (Stefan et al., 2011). Again
this can be expected to result in an increase in cellular PI4P levels at the NMJ.
Finally, expression of the DVAP-P58S mutation, which has previously been
shown to induce aggregation in numerous models (Chai et al., 2008; Gkogkas et
al., 2011; Suzuki et al., 2009; Teuling et al., 2007), as well as to retain binding
affinity for Sac1, can be expected to sequester Sac1 into the mutant aggregates,
leading to mislocalisation and impairment of Sac1 function and a consequent
increase in PI4P levels.
To confirm that wt Sac1 is sequestered into these DVAP aggregates we
coexpressed a functional Flag-tagged Sac1 transgene (UAS-Flag-Sac1), in a
presynaptic DVAP-P58S mutant background (elav;DVAP-P58S). Here, we
found that the Flag signal indicating the presence of Sac1 was colocalised with
the DVAP mutant aggregates, which were labeled by a DVAP antibody which
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recognises both wt and P58S DVAP proteins, in both larval brains and eye
imaginal discs. This is in stark contrast to the highly diffuse pattern of Sac1
staining observed in control brains and eye discs. As with all such experiments,
we carried out an independent control for the specificity of the accumulation of
Sac1 into DVAP-P58S induced aggregates. Indeed, coexpression of a GFP
transgene in the elav;DVAP-P58S mutant background showed the same number
of DVAP-immunoreactive aggregates, however as expected, there was no
colocalisation with the GFP protein (data not shown). The ability of cells to deal
with ER stress caused by misfolded proteins has been shown to reduce
appreciably with aging (Calderwood et al., 2009). Thus in motor neurons which
are with us from birth, a gradual increase in the amounts of mutant proteinmediated inclusions over a long period must surely lead to eventual
overwhelming of the ER stress response.

7.3.2 Sac1 and DVAP presynaptic mutants cause microtubule
instability and axonal transport defects
The motor neuron microtubule (MT) network in Drosophila stretches
from the cell soma all the way to the distal boutons of the NMJ, and is
decorated along the way by the microtubule-associated protein futsch
(Hummel et al., 2000). Previous work on DVAP hypomorphic mutations
(Pennetta et al., 2002), has shown that the NMJ phenotype induced by loss of
DVAP, characterised by fewer and larger boutons, is similar to that of futsch
mutants (Roos et al., 2000), as well as to that induced by overexpression of the
Fragile-X mental retardation gene homolog dfxr/dfmr1, a regulator of futsch,
which are characterised by axonal transport defects and neurodegeneration
(Bettencourt da Cruz et al., 2005; Zhang et al., 2001). It has previously been
shown that mutant DVAP protein is stalled in the motor axon trunk and does
not appear at the NMJ or in the smaller branches leading to the synaptic
terminals, as well as being required for microtubule stability along the route
(Chai et al., 2008; Pennetta et al., 2002). We found that in the case of all four
mutant lines, !Sac1, Sac1RNAi, DVAPRNAi and DVAP-P58S, microtubule
stability as indicated by the "-futsch antibody 22C10, was severely disrupted
upon presynaptic expression by elav-Gal4. In each case we observed a severe
fragmentation or truncation of the normal Futsch staining pattern towards the
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distal tips of the NMJs, whilst in the abnormally large boutons the pattern of
Futsch staining appears to spread out in unorganised thin filaments to fill the
entire bouton. This is in contrast to the control MT staining, which forms a thin
filament throughout each bouton and appears to provide the backbone of the
entire presynaptic NMJ. It is known that high levels of PI cause microtubule
polymerisation to stall (Yamauchi and Purich, 1987), perhaps then low levels of
PI cause an excess of polymerisation in an uncontrolled fashion. This is also
hinted at in mammalian cells, where it has been shown that Sac1
downregulation causes an excess of mechanically active mitotic spindles,
accompanied by disorganisation of the Golgi membrane (Liu et al., 2008, 2009).
Therefore, we attempted to determine whether these phenotypes were due to
upregulation of PI4P, and consequently a decrease in available PI, in the NMJ,
using a PI4P-specific antibody. However, the fixation method and extended
staining protocol required to ensure an adequate PI4P signal, did not facilitate
the use of a second antibody such as HRP, fasciclinII or synapsin as a marker of
the presynaptic NMJ, at least not those at our disposal in the lab (data not
shown).
Although the microtubule cytoskeleton leading into the NMJs appeared
to be relatively normal, if slightly thicker, in the mutant lines, on many
occasions we observed an increased amount of punctate staining for the active
zone protein Bruchpilot (Brp) which was absent in control larvae. Very recently,
the P56S mutation has been shown to deregulate calcium homeostasis with
knock-on effects on the transport of mitochondria, and an end result of
neurodegeneration (Langou et al., 2010; Mórotz et al., 2012; De Vos et al., 2012).
We used a previously established protocol to retain the long motor axons
between the ventral nerve cord and the NMJs, which showed that DVAP-P58S
itself, is found accumulated at either end of the descending axons (Chai et al.,
2008). Dissected NMJs with nerves still attached were then stained for either the
AZ protein Brp or the synaptic vesicle protein CSP in addition to HRP. We have
shown for Sac1RNAi, both DVAPRNAi lines and the DVAP-P58S line a highly
significant increase in the number of Brp-positive puncta in comparison to
controls, over a 100%m length of the motor axon. Future plans with regards to
this experiment, should include a triple staining along with DVAP to determine
whether the Brp puncta colocalise with the previously observed DVAP mutant
aggregates. Similarly when stained for the synaptic vesicle marker CSP, we
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observed the same degree of increased punctate staining throughout the nerves,
in comparison to control nerves which were almost absent of CSP staining (data
not shown). These data appear to signify a role for Sac1 and DVAP in the
axonal transport of vital AZ components as well as the NT-containing synaptic
vesicles themselves, which for DVAP at least was previously discounted
(Pennetta et al., 2002).

7.3.3 Relevance of endocytotic mutants like synaptojanin, Rab7
and others to the NMJ phenotypes
In each of our mutant NMJs, we observe an increase in the number of
extra large boutons, which suggests that the membrane surrounding newly
forming boutons is failing to pinch off from the original bouton. These
phenotypes appear to be in contrast to the supernumerary “satellite” boutons
induced by mutants of endocytosis genes regulating the synaptic vesicle cycle,
such as dynamin, endophilin, synaptotagmin and most relevantly, the Sac1
domain-containing Synaptojanin (Dickman et al., 2006; Mani et al., 2007), as well
as Eps15 and Dap160/intersectin (Koh et al., 2007). However synj NMJs appear to
show a homeostatic compensatory mechanism, which partially overcomes the
morphological defects (Dickman et al., 2006) and has also been shown for DVAP
mutants (Chai et al., 2008).
As DVAP mutant synapses have been shown to maintain the evoked
response to a train of stimuli (Pennetta et al 2002), it may be more likely that our
Sac1 and DVAP phenotypes represent defective endocytotic mechanisms of
signaling receptor retrieval and degradation rather than SV recycling. It is
becoming apparent that the proper regulation of endocytosis is important for
maintaining retrograde signaling, whether by RTKs (receptor tyrosine kinases)
such as EGFR (epithelial growth factor receptor), MAPKs (mitogen activated
protein kinases), GPCRs (G-Protein coupled receptors) or ligand receptors such
as dishevelled (Sorkin and von Zastrow, 2009). Although the inter-conversion
of Rab5-labelled early endosome to Rab7-labelled late endosome is tightly
controlled by numerous GDI, GEF and GAPs, single nucleotide mutations in
certain conserved residues are sufficient to greatly alter the GTP/GDP binding
and activation profile of Rab7 (McCray et al., 2010; Spinosa et al., 2008).
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Analysing four known Rab7 mutations, it was found that the CMT disease
causing mutations Q67L, L129F (situated next to the conserved GTP-binding
domain) and V162M cause a marked decrease in the level of GTP hydrolysis,
while Q67L alone maintains the wt level of GTP binding and dissociation, as
well as retaining some GTPase activity. The Q67L mutation also retained an
almost wt affinity for the Rab interacting protein RILP, in comparison to the
dominant negative T22N mutation, in which the Rab7-RILP interaction is
diminished, and the CMT2B causing mutations, which greatly increase the
affinity of Rab7 for RILP. The equivalent T22N mutation in Rab7b, which
localises to the lysosome and the trans-Golgi-network, is found to affect both
TGN46 distribution and CI-MPR (cation-independent mannose-6-phosphate
receptor) trafficking (Seaman et al., 2009). Rab7-positive endosomes are
responsible for trafficking of Wingless (Wg) and its receptors, Arrow and
DFrizzled in Drosophila, thus acting to maintain the morphogenetic gradient of
Wg in the wing imaginal disc (Rives et al., 2006). Recently a link has been
postulated between Sac1 downregulation and an increase in Wg availability
and PI4P levels (Yavari et al., 2010). As a lab group, we were lucky enough to
receive a set of UAS-line flies carrying the described Rab7 mutations from Paul
Taylor. Our preliminary investigations into the presynaptic phenotypes
induced by these mutations did suggest some defects in NMJ morphology,
however these were not followed up in this current project.

7.4 DVAP and Sac1 function in a common pathway that is
disrupted by the ALS-causative mutation
Having shown that the proposed interaction between Sac1 and DVAP
does occur in vivo, we then sought to determine whether the phenotypes
associated with Sac1 knockdown matched the neurodegenerative effects caused
by DVAP knock-down (Pennetta et al., 2002) or the ALS-causative mutations
(Chai et al., 2008; Chen et al., 2010). Unfortunately, both DVAP and Sac1
proteins are required during embryonic development (Pennetta et al., 2002; Wei
et al., 2003a), as is the PI 4-kinase Fwd (Brill et al., 2000). This meant that we had
to work with temporally and tissue specific RNA interference (RNAi) lines in
order to bypass these early requirements. Previously it has been shown that
DVAP knockdown causes larval or pupal lethality, with only 1% of flies
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surviving to eclosion (Pennetta et al., 2002). Flies expressing DVAP specific
RNAi constructs pan-neuronally, also fail to eclose in any great number. We
show here that pan-neural expression of a Sac1 specific RNAi line at 30°C
causes a dosage-dependent early lethality with only 40% of males surviving to
eclosion. As with other mutant lines such as dCERT, which affect lipid
metabolism in flies and cause early death (Rao et al., 2007), we found that male
Sac1RNAi flies survive for a maximum of 5 weeks at 28°C, with the females
surviving for a few days longer. We also found that presynaptic and
postsynaptic Sac1RNAi expression using the elav-Gal4 and BG57-Gal4
respectively caused NMJ phenotypes which matched those of a Sac1 deletion
line ($Sac1), in which the catalytic core of Sac1 was removed.
In order to determine whether Sac1 and DVAP function in a common
cellular pathway we focused on the easily quantifiable presynaptic NMJ bouton
phenotype. The comparison was made between control flies, elav;Sac1RNAi,
elav;DVAPRNAiGD3990 and a double RNAi line for both genes of interest
elav;DVAPRNAiGD3990;Sac1RNAi. If either protein were to operate downstream of
the other then we might reasonably expect to find some variation between the
phenotype of the double mutant line and either of the single RNAi lines.
However, at the level of presynaptic morphology, we observed no significant
difference in either the number of boutons or the range of larger bouton sizes
that are induced by the RNAi lines. Thus, we can state with a degree of
confidence that Sac1 and DVAP, and presumably their mammalian homologs,
jointly regulate a common pathway that controls synaptic bouton budding and
growth. Together with the findings that Sac1 and DVAP colocalise in all cell
types tested so far, we can predict that the interaction between the two proteins
is required for general cell viability.

7.5.1 Postsynaptic downregulation of Sac1 and DVAP disturbs
the postsynaptic cytoskeleton
Previous research into the VAP proteins at the NMJ in Drosophila have
shown that not only is DVAP necessary for presynaptic bouton morphology,
microtubule stability and active zone distribution (Chai et al., 2008; Pennetta et
al., 2002), but also has a trans-synaptic effect on the localisation and distribution
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of GluRIIA and GluRIIB subunit-containing GluRs (Chen and Featherstone,
2005; Thomas and Sigrist, 2012), showing a tendency towards GluRIIA (Chai et
al., 2008) which has also been shown for Dlg mutants (Chen and Featherstone,
2005). In the course of this project we have shown that these phenotypes are
copied by the loss of Sac1, at least in terms of bouton morphology,
mitochondrial stability and axonal transport. In order to test the postsynaptic
functions of DVAP and Sac1 we used the same RNAi lines described above, as
well as the DVAP-P58S mutant line and a control line with no UAS construct,
driven by the larval muscle specific BG57-Gal4 promoter line.
The neuromuscular junction of Drosophila lends itself very well to studies
of synaptic development and over the years has given rise to a wide panel of
postsynaptic protein markers covering receptors, transporters, postsynaptic
density proteins and components of the underlying actin-spectrin cytoskeleton.
We therefore had a choice of which aspects of the NMJ we wished to investigate
with relevance to DVAP and Sac1. Rather than taking a random approach to the
investigation we decided to focus upon components of the actin-spectrin
cytoskeleton which have either been linked to ALS, namely Adducin/Hts (Hu
et al., 2003a, 2003b) or have a known requirement for the Sac1 substrate PI4P for
their localisation or activity, namely !-spectrin, which can bind PI4P via its PH
domain (Macias et al., 1994) and has been identified as a SCA5-causative gene.
Additionally, we tested for any disturbances to the expression or localisation of
"-spectrin, which is dependent upon !-spectrin for its localisation (Pielage et al.,
2006), as well as the subsynaptic reticulum protein DLG, which is a component
of the postsynaptic density (PSD) and has a requirement for both adducin and
!-spectrin in its localisation (Featherstone et al., 2001; Wang et al., 2011b).
For both Sac1RNAi and DVAPRNAi driven postsynaptically, we
observed disruption to the staining pattern of all four markers described above,
adducin, !-spectrin and DLG and finally "-spectrin (data not shown). When
compared against the presynaptic membrane as defined by HRP, we observed a
high degree of disruption in the postsynaptic localisation of each protein. From
the literature, it would appear that !-spectrin is the protein at the heart of this
postsynaptic foursome, as the function and/or localisation of the other three
can be attributed to !-spectrin in some respect (Hülsmeier et al., 2007; Pielage et
al., 2005, 2006, 2011; Stevens and Littleton, 2011; Thomas et al., 2000; Wang et
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al., 2011b). If indeed !-spectrin does bind to PI4P on the inner-leaflet of the
postsynaptic plasma membrane, then a general increase in PI4P levels might
lead to aberrant !-spectrin localisation, with downstream effects including the
mislocalisation or reduction in expression of "-spectrin (Das et al., 2008; Pielage
et al., 2006). Disruption of the normal tetrameric spectrin complex may then
disrupt actin stability, thus accounting for mislocalisation of the actin capping
protein adducin (Bennett et al., 1988; Stevens and Littleton, 2011). Taken
together, this disruption of the actin-spectrin cytoskeleton has already been
shown to disrupt both postsynaptic DLG localisation and GluR distribution, but
also presynaptic AZ development (Budnik et al., 1996; Pielage et al., 2011;
Thomas et al., 2000; Wang et al., 2011b). When the experiments were repeated,
this time including postsynaptic expression of DVAP-P58S, we found in each
case a similar postsynaptic phenotype characterised by the mislocalisation of all
postsynaptic markers examined, again strongly suggesting that the ALScausative mutant allele is a loss-of-function mutation affecting both DVAP and
Sac1. Similarly, overexpression of the !Sac1 transgene postsynaptically led to a
severe disruption of the normal halo-like adducin staining pattern, thus
providing an independent confirmation of the Sac1RNAi phenotype.

7.5.2 Postsynaptic knockdown of Sac1 and DVAP has farreaching effects on presynaptic bouton morphology
As stated, we have identified a severe disruption of the actin-spectrin
cytoskeleton after postsynaptically decreasing Sac1 or DVAP, a range of
phenotypes that are very well recapitulated by expression of the ALS-related
DVAP-P58S transgene postsynaptically. These results validate our decision to
focus our attention on the cytoskeletal meshwork underlying the postsynaptic
membrane and NT receptor fields. To our surprise, we also found that the
presynaptic phenotype of bouton number and morphology appeared to be
stronger in the NMJs of muscle-cell specific BG57-driven Sac1 and DVAP
mutants rather than in the presynaptic elav-driven mutants, although these
were not quantified for comparison. Numerous exceedingly large boutons
(megaboutons) are observed at all of the mutant NMJs, which may be due to
excessive spread of a single bouton membrane, or perhaps an accumulation of
two or more boutons which have failed to bud properly. Interestingly Golgi

144

membrane-trafficking has been shown to require PI4KIII!-generated PI4P
binding to Golgi localised effector proteins (GOLPH3/Vps74 in yeast) (Dippold
et al., 2009; Wood et al., 2009, 2012). Thus, downregulation of Sac1 or DVAP may
have the same effect as upregulating Fwd expression, that is an increase in PI4P
levels leading to an increased rate of membrane trafficking. Interestingly, we
also uncovered a relatively rare presynaptic membrane phenotype
characterised by a small number of spike-like protrusions emanating from the
expanded boutons, and which are devoid of postsynaptic companion staining
from adducin, !-spectrin or DLG.
One possible explanation for the development of these protrusions may
be an excess of microtubule or actin polymerisation occurring within the
bouton in an uncontrolled fashion, an outcome which has already been
predicted for DVAP mutants (Ratnaparkhi et al., 2008). Here, we can bring in
the contribution of yet another protein from the actin-spectrin framework,
namely Ankyrin2 (Ank2), which has alternately been proposed to function
downstream or upstream of the spectrin pathway (Das et al., 2008) and is also
required for microtubule stability presynaptically (Pielage et al., 2008). Defects
in microtubule stability have also been described for mutants in the PI4P 5kinase skittles (Sktl) which phosphorylates the substrate of Sac1 to generate
PI(4,5)P2 (Gervais et al., 2008). Alternatively, the underlying membrane may
have collapsed due to cytoskeletal defects thus allowing the opposing
membrane to fill the vacuum created. If this were to happen, we might expect
to find a higher degree of overlap between the presynaptic HRP signal and the
postsynaptic markers, however this does not appear to be the case.

7.6.1 Sac1 and DVAP mutant phenotypes are associated with
increased levels of PI4P
Having shown that not only do Sac1 and DVAP interact, but that their
functions and activity are intricately linked in both pre- and postsynaptic facets
of the NMJ, we then wanted to test whether the phenotypes induced were due
to an upregulation of PI4P, as has been suggested for Sac1 recently (Yavari et al.,
2010). Similarly, Sac1p deletions in yeast have consistently been shown to
upregulate PI4P levels by around 10x the normal physiological level (Guo et al.,
1999; Hughes et al., 2000b; Rivas et al., 1999). Therefore, we dissected out the
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salivary glands and brains from our elav-Gal4 driven mutant lines, as well as
the NMJs from our BG57-Gal4 driven mutants before probing them with a PI4P
specific antibody. As expected for the control larvae, we found low levels of
PI4P staining in each tissue type, barely detectable in fact under the fixation and
staining protocols that were employed. Conversely, and with a high degree of
similarity to each other, we found a significant increase in intercellular and
plasma membrane associated PI4P in the salivary glands and brains of
Sac1RNAi, DVAPRNAi and DVAP-P58S presynaptic mutant larvae. This is
consistent with previous reports stating that Sac1 regulates at least two separate
pools of PI4P, residing at the Golgi/ER or plasma membrane and generated by
either Fwd or Stt4 PI 4-kinases respectively. These findings were confirmed for
the postsynaptic muscle cells also, which were almost devoid of PI4P in
controls yet in the mutants were dotted throughout with numerous PI4Ppositive puncta. Again, these findings strongly support our stance that Sac1
function is impaired in both the DVAPRNAi lines and the DVAP-P58S mutant
line, due to mislocalisation in the DVAPRNAi larvae or through sequestration
into mutant aggregates in the case of DVAP-P58S.

7.6.2 Downregulation of Sac1 and DVAP causes increases in
PI4P levels and neurodegeneration in the eye
In a previous analysis of the DVAP-P58S and DVAP-T48I mutations
under the control of an eye-cell specific driver, both mutant alleles were shown
to cause a dosage-dependent rough eye phenotype in the adult eye and around
a 50% decrease in eye size caused by an apparent upregulation of the UPS and
apoptotic mechanisms (Chen et al., 2010). If this were due to an upregulation of
PI4P, as we have hypothesised for the pre- and postsynaptic NMJ phenotypes
observed, then we should also expect to see a similar dosage dependent eye
defect in our Sac1RNAi line. Indeed, the elav;Sac1RNAi adult flies did show a
degenerative phenotype, however in terms of size they were considerably
nearer to wild-type controls. The most striking aspect of the male elav;Sac1RNAi
was undoubtedly the severe patches of black necrotic tissue covering almost the
whole surface of the eye in the most affected flies, thus independently
confirming the earlier description of rough and blackened eyes in a Sac1
hypomorphic mutant line (Wei et al., 2003b). Again, as with the DVAP flies
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where dosage dependence effects were analysed by decreasing the waterbath
temperature and decreasing GAL4 activity, the dosage dependent effects of
Sac1RNAi could be observed simply by comparing male and female
phenotypes, due to dosage compensation in males of the elav-Gal4 promoter
(Deng et al., 2011b; Gupta et al., 2006; Larschan et al., 2011). Previously, it has
been shown that Sac1RNAi leads not only to an increase in PI4P levels, but also
to an upregulation of proapoptotic caspase-3, which in turn can be suppressed
by simultaneous coexpression of the apoptosis inhibitor DIAP1 (Yavari et al.,
2010). Around the same time it was also shown that viral-mediated expression
of wt or mutant VAPB in cell culture caused an upregulation of the caspase
cascade, including caspase-3 and caspase-12 (Langou et al., 2010). Also,
upregulation of caspase-3 has been shown to induce the cleavage and
redistribution of Golgi matrix structural proteins during apoptosis leading to
the break-up of the Golgi into variously sized tubulovesicular structures (Xiang
and Wang, 2011).
We carried out caspase-3 staining on the brains and eye-imaginal discs of
our elav-Gal4 driven Sac1RNAi, DVAPRNAi and DVAP-P58S mutants which
supported the upregulation of caspase-3 in each case (data not shown). To
determine whether the DVAP mutant eye phenotypes were also dependent on
apoptosis, we coexpressed a UAS-DIAP1 transgene in our ey,DVAP-P58S
mutant background. As stated previously, the ey,DVAP-P58S flies as well as
ey,DVAP-T48I flies raised at the optimal UAS-GAL4 temperature of 30°C, have
eyes around 50% of the size of wild-type flies raised at the same temperature. If
these eye size defects were dependent upon unregulated levels of apoptosis,
then we would expect to find a return towards wild-type eye sizes upon
inhibiting apoptosis by overexpressing DIAP1. Indeed, we found a significant
increase in the eye size of ey,DVAP-P58S;DIAP1 flies, thus confirming our initial
expectations and the previous findings of the Pennetta laboratory (Chai et al.,
2008). In support of this finding, we carried out the same experiment using a
UAS-mCD8GFP construct in place of DIAP1. In this case, there was no
suppression of the eye size phenotype, therefore we can be more confident in
our belief that the Sac1 and DVAP mutant phenotypes, and by extension the
VAPB-induced ALS phenotypes, are partially mediated by an upregulation of
the apoptotic cell machinery in neuronal cell types.
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7.6.3 Potential contributions of PI(4,5)P2 upregulation in DVAP
and Sac1 mutant eye and NMJ phenotypes
As stated previously, PI4P is the precursor of the tightly regulated
signaling lipid PI(4,5)P2, which can act in the nucleus (Bunce et al., 2006) but is
primarily found at the plasma membrane (Compagnon et al., 2009; Downes et
al., 2005) where it can be converted to IP3 and DAG or be phosphorylated itself
to produce PI(3,4,5)P3, all of which can have wide-reaching effects throughout
the cell (Wenk and De Camilli, 2004). It is also known that mutations in OCRL
(Pirruccello and De Camilli, 2012), the phosphatase which acts upon PI(4,5)P2
(Lichter-Konecki et al., 2006; Vicinanza et al., 2011) lead to endosomal trafficking
defects and neurodegeneration in the eye and cerebral cortex (Choudhury et al.,
2005; Vicinanza et al., 2008; Zhang et al., 1995). Therefore, it is no surprise that
PI(4,5)P2 production is tightly regulated, in fact double mutants in yeast for
Sac1p and Inp54p show an accumulation of PI(4,5)P2 on vacuolar membranes,
which is associated with vacuolar fusion defects (Wiradjaja et al., 2007). In
Drosophila, the generation of PI(4,5)P2 by the PI4P 5-kinase Skittles is required for
microtubule stability during oocyte polarisation (Gervais et al., 2008), as well as
in the developing retinal system of the eye (Hardie and Franze, 2012; Hardie et
al., 2004; Raghu et al., 2012) and for the regulation of synaptic growth at the
NMJ (Khuong et al., 2010; Slabbaert et al., 2012). In yeast, double mutants for the
two VAP proteins (Scs2$ Scs22$) exhibit increased levels of PI3P and PI(4,5)P2
(Stefan et al., 2011). We and others have tested the upregulation of PI(4,5)P2 in
Sac1 mutants and observed no significant changes in PI(4,5)P2 to accompany the
increase in PI4P (Yavari et al., 2010) (data not shown). However, in terms of this
project, the PI(4,5)P2 tests were carried out before an adequate protocol for the
staining was determined, and the results were not quantified. As PI(4,5)P2 is a
relatively rare PI species also, comparable to PI4P at around 0.05% of total
cellular phospholipids (Lemmon, 2008), the fact that we were almost unable to
detect baseline levels of PI4P in wild-type larval brains, eye-discs and muscles
would suggest that a reinvestigation of PI(4,5)P2 levels in Sac1 and DVAP
mutants should be carried out in future. !
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7.7.1 Mutant eye phenotypes and PI4P increases can be
rescued by knocking down the PI 4-kinases
Numerous studies in yeast, Drosophila and mammalian models have
shown that phosphoinositide levels are tightly regulated through the interplay
between PI kinases and phosphatases (McCrea and De Camilli, 2009; Sasaki et
al., 2009; Slabbaert et al., 2012). In some cases this regulation is so tightly
controlled that the kinase and opposing phosphatase are complexed together,
for instance the PI3P 5-kinase Fab1 and the PI(3,5)P2 5-phosphatase Fig4/Sac3
(Gary et al., 2002; Ikonomov et al., 2009; Sbrissa et al., 2007, 2008). The
Drosophila ortholog of Fab1 is required for the trafficking of endocytosed
receptors, with mutants showing an increased eye size (Rusten et al., 2006). It
may therefore be possible that the PI4P increase induced by Sac1 and DVAP
mutants lead to an increased trafficking of receptors and thus the decrease in
eye size which is also associated with collapse of the retinal architecture,
ommatidial defects and necrosis. We knew from previous reports that Sac1 can
dephosphorylate at least two individually compartmentalised pools of PI4P
(Audhya and Emr, 2002; Audhya et al., 2000; Foti et al., 2001; Godi et al., 1999,
2004), generated by the PI 4-kinases Stt4 and Pik1/Fwd, therefore we decided to
try and ameliorate the Sac1 and DVAP associated increases in PI4P, by
simultaneously decreasing either of the Drosophila kinases using RNA
interference.

When we crossed either Stt4RNAi or FwdRNAi flies against the ey,DVAPP58S line, in both cases there was a highly significant rescue of the small-eye
phenotype, with ey,DVAP-P58S;FwdRNAi eyes in particular almost
approaching the size of the control eyes. The rescue of the phenotypes also
extended to the retinal architecture phenotypes and improved the organisation
of the ommatidial array and interommatidial bristles. To determine whether the
rescue was due, as we suspected, to a return towards physiological levels of
PI4P in the developing eyes, we stained the eye-antennal imaginal discs of with
a PI4P specific antibody. As predicted we observed a highly significant
reduction in PI4P levels when we knocked down either kinase in the ey,DVAPP58S mutant background, thus confirming our hypothesis that the
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neurodegenerative phenotypes observed are due in part to an upregulation of
PI4P. Similarly, simultaneous depletion of Stt4 in Sac1RNAi mutant clones was
shown to reduce PI4P levels in larval wing discs (Yavari et al 2010). We also
confirm here that the effects on PI4P levels were indeed due to the RNAi
transgenes, as a simultaneously coexpressed GFP transgene failed to modify
either the PI4P levels or the eye size phenotype. However, we were surprised to
see that the FwdRNAi line reduced PI4P levels to below those observed in
control eye discs, a factor which may play a part in our NMJ analyses of the
rescue also.

7.7.2 PI 4-kinase mediated rescue extends to Sac1 and DVAPinduced NMJ phenotypes also
Having shown that reducing expression of Stt4 or Fwd elicited a rescue
of the DVAP-P58S induced eye phenotypes; we extended our analysis to the
NMJ phenotypes. To do this we switched from the pan-neuronal driver elavGal4 to the motor neuron-specific OK6-Gal4 driver, in order to focus specifically
on the presynaptic NMJ. Here, we found that coexpression of either Stt4RNAi
or FwdRNAi significantly rescued the bouton size and number phenotype as
well as the Futsch microtubule instability phenotypes induced by either the
DVAP-P58S mutant or the DVAPRNAi line. To determine whether this rescue
extended to the postsynaptic compartment of the NMJ we carried out the same
tests as before, using the muscle-specific BG57-Gal4 driver. This time we found
that the disruption to postsynaptic markers such as adducin and !-spectrin, as
well as the expanded presynaptic bouton phenotype induced by BG57/DVAPP58S or BG57/DVAPRNAi were not remotely rescued by simultaneous
FwdRNAi expression. In fact, the phenotypes we observed for the rescue cross
were more similar to those induced by BG57;FwdRNAi on its own, which, given
our previous findings that FwdRNAi in the DVAP-P58S mutant background
reduces PI4P to below wild-type levels, would appear to strengthen the
association between regulation of PI4P and the development of the NMJ in
Drosophila. Previous analyses of DVAP have shown that overexpression of the
wild-type protein leads to an NMJ phenotype characterised by an increased
number of smaller boutons (Chai et al., 2008), while presynaptic overexpression
of a wild-type Sac1 construct generated by Andrea Chai in the Pennetta lab, was
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also found to cause a similar phenotype (data not shown). However, we did not
analyse the PI4P levels in either of these lines therefore cannot definitively say
that the smaller boutons are due to a decrease in PI4P caused by upregulation
of Sac1 or DVAP expression.

7.7.3 Summary of DVAP-P58S rescue by PI 4-kinase RNAi
Together, the data contained in this work pinpoint a role for the
combined activities of both Sac1 and DVAP in each and every tissue and celltype examined. We have shown that the two proteins bind to each other and
interact in vitro and in vivo and that they control a number of cellular processes,
whether in the salivary glands, the developing eye or the neuromuscular
junction. In mutants for VAPB, which we predict to cause loss-of-function of
Sac1, we observe significant neurodegeneration in the eye and severe
morphological defects in the NMJ, accompanied by increases in the levels of
PI4P. The fact that the eye phenotypes can be ameliorated by simultaneous
downregulation of the PI 4-kinases strongly suggests that pathomechanism of
VAPB-P56S involves upregulation of PI4P in some respects.

7.8 Contributions of my research to synaptic neurobiology and
amyotrophic lateral sclerosis
The lipid phosphatase Sac1 is regulated by association with
VAPB/DVAP and plays an important role both pre- and postsynaptically in the
development of motor axon synaptic terminals in the developing Drosophila
neuromuscular junction. Although DVAP (Chai et al., 2008; Pennetta et al.,
2002) and VAPB orthologs in general (Foster et al., 2000; Skehel et al., 1995,
2000; Soussan et al., 1999) have a long established role in neurotransmitter
release and synaptic development, no such function has been attributed to Sac1.
However, a recent report in Drosophila has indicated that Sac1 is required for
axon guidance (Lee et al., 2011), while ours is the first work to show the
requirement for DVAP and Sac1 mediated regulation of PI4P levels in both the
presynaptic axon terminal and in the postsynaptic muscle compartment of the
NMJ. We have also shown that expression of the DVAP-P58S mutant protein, as
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with downregulation of Sac1 or DVAP expression by RNAi, significantly
disrupts the tightly organised PI cycle, leading to trans-synaptic effects on
bouton morphology.
We also describe a rare NMJ phenotype of spike-like membrane
deformities protruding from the synaptic boutons, which may be induced by
postsynaptic PI4P upregulation, as they were observed for Sac1 and DVAP
mutants alike. Similarly, we propose that the DVAP-Sac1 interaction and their
combined maintenance of physiological PI4P levels, is a contributing factor to
the structural stability and localisation of several vital components of the actinspectrin cytoskeleton and postsynaptic density. One exciting outcome from our
investigation is the successful rescue of the DVAP-P58S mutant eye phenotypes
and presynaptic NMJ phenotypes through downregulation of PI4P formation
by Stt4 and Fwd PI 4-kinases. These results confirm our initial suspicions
regarding the involvement of Sac1 and PI4P levels in VAPB-P56S-mediated
pathology, and are strengthened further by the fact that reducing PI4P to below
wt levels can itself lead to a mutant NMJ phenotype.
In terms of the disease caused by the P56S and T46I mutations in VAPB,
our results steer us towards the view that the FFAT-binding motif within the
MSP domain of DVAP is not required for the interaction with Sac1, despite
being essential for the interaction with other lipid regulating proteins. Therefore
we can envisage two scenarios, which play out concurrently in the presynaptic
motor neurons and postsynaptic muscle cells of patients carrying the disease
causative alleles.
In motor neurons, previous work using Drosophila indicates that mutant
DVAP is stalled or blocked in the trunk of the axon and does not reach the
synaptic terminal as would the wt protein. However, the mutant protein does
retain its ability to insert into the ER, as well as to dimerise with the wt protein
and to interact with Sac1. Therefore, would expect to find cytosolic or
membrane bound accumulations of the VAP-Sac1 complex within the cell
soma. This may have the effect of depriving the FFAT-containing COF family
proteins (CERT, OSBP and FAPP) of their interaction with VAP, along with an
increase in local PI4P levels as Sac1 function is inhibited. At the same time,
long-term depletion of Sac1 has been shown to cause Golgi fragmentation,
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while VAP aggregates have also been shown to cause severe morphological
defects to the ER, causing rearrangements of the membrane cisternae to form an
organised smooth ER (OSER) (Fasana et al., 2010). The P58S mutant DVAP
protein can sequester Sac1 and wt DVAP into intercellular aggregates. The
mutation also prevents the proteolysis of the MSP domain, thus the transsynaptic signals normally mediated by MSP may also be impaired. In addition
to these signaling defects, the loss of DVAP or Sac1 has also been shown to
affect microtubule stability as well as axonal transport of synaptic vesicles and
active zone proteins. The fact that we observe severe neurodegeneration in the
eyes of ey,DVAP-P58S flies suggests that the NMJ phenotypes of Sac1 and
DVAP as a whole, are not dependent on axonal transport but may be mediated
by a wide range of possible downstream effectors. From analysis of the
literature and confirmatory preliminary results in our experiments, several key
themes emerge in relation to VAP proteins and the regulation of PI4P by Sac1
and the two PI 4-kinases. These include, but are not limited to; defects in the
unfolded protein response (UPR), defects in the ubiquitin proteasome system
(UPS), disregulation of autophagy, activation of the JNK cascade, activation of
the Caspase-3 mediated apoptosis pathway and disruption to the crucial
signaling pathways mediated by Hedgehog. Some of these themes are
discussed more fully in terms of future perspectives for the DVAP-P58S model
of ALS in the following section.
At the same time as the presynaptic effects mediated by DVAP and Sac1
are happening, a further set of effects are also occurring in the postsynaptic
muscle cells. We have shown that muscle cell PI4P levels are highly elevated in
DVAP and Sac1 mutants in comparison to wild-type muscles, which
presumably also suffer from Golgi defects due to mislocalisation of Sac1 as well
as ER defects caused by mutant VAP-mediated protein aggregation. In addition
to the deleterious effects on Golgi and ER membranes, there is a severe
disruption of the actin-spectrin cytoskeleton, which may be due to the local
upregulation of PI4P at the postsynaptic muscle cell membrane. Also, although
we did not investigate this in the present work, the loss of MSP signaling may
also impact on the pre- and postsynaptic phenotypes observed.

153

7.9 Potential explanations for DVAP and Sac1 mutant
phenotypes
Our examination of the literature with relevance to the function of VAP
proteins and the regulation of PI4P by Sac1 and the PI 4-kinases has revealed
numerous cellular mechanisms which are regulated in some way by these
proteins. Although our data do not decisively indicate which pathway or
pathways are primarily responsible for the deleterious effects, it is clear that all
of the phenotypes we observed are accompanied by an increase in PI4P levels
and in some cases can be ameliorated by reducing PI4P. The following
paragraphs give a brief explanation of the cellular response mechanisms that
potentially mediate the phenotypes we have observed in our mutant flies. In
each case, it may be possible to confirm and further analyse these effects using
our Drosophila model, as well as to make subjective measures of any
suppression mediated by downregulation of the PI 4-kinases in the VAP
mutant background.

ER stress and the unfolded protein response (UPR)
Both Sac1 in yeast (Kochendörfer et al., 1999) and VAP proteins in
various models, from yeast and Drosophila to mammalian systems (Brickner and
Walter, 2004; Chen et al., 2010; Kanekura et al., 2006), have been shown to
impact on the function of the UPR. Initially, it was shown that depletion of Sac1
in yeast led to constitutive activation of the UPR (Kochendörfer et al., 1999),
however it was later shown that Sac1 expression is not upregulated in response
to UPR activation (Knödler et al., 2008). Although Sac1 expression itself does not
change in response to the UPR, increased UPR activity in yeast has been shown
to upregulate expression of several other lipid regulating genes via a
triumvirate of proteins including Sac1. It was shown that $Sac1 yeast are 0.48x
wt fitness and that removing either of the fat storage-inducing transmembrane
(FIT) proteins, SCS3 or YFT2 lowers the fitness even further. However, a triple
mutant for Sac1, Scs3 and Yft2 was found to be significantly fitter than $Sac1 or
either double mutant (0.78x wt fitness) (Moir et al., 2012).
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Similarly, the role of VAP proteins in mediating the UPR was also
identified in a yeast model. It was shown that nuclear membrane localised Scs2
is required for the recruitment of inositol-1-phosphate synthase (INO1) to the
periphery of the nucleus in response to UPR-mediated activation of INO1
(Brickner and Walter, 2004). Notably, these findings appeared at around the
same time as the P56S mutation in VAPB was being identified in a large
number of Brazilian ALS patients (Nishimura et al., 2004b). Following this, the
key contributions of VAPB to the UPR and the impact of the P56S mutation on
the UPR were soon uncovered. In an apparent doubly deleterious manner,
cytoplasmic aggregates induced by the VAPB-P56S mutant protein were found
to induce the activity of the IRE1/XBP1 mediated UPR while at the same time,
the sequestration of wt VAPB into the aforementioned aggregates prevents the
UPR-mediated degradation of the aggregates themselves (Kanekura et al., 2006;
Suzuki et al., 2009).
ER stress has also been shown to cause upregulation of the transcription
factors NF-'B (Pahl and Baeuerle, 1995) and ATF6 (Haze et al., 1999; Yoshida et
al., 2000) as well as protein folding chaperones and heat shock proteins. As with
IRE1 and XBP1, VAP proteins have been shown to interact with these
transcriptional regulators also. It was shown that expression of VAP protein in
HEK293 cells led to an eighty-fold increase in NF-'B activity (Matsuda et al.,
2003), while VAPB has been shown to bind to and regulate the activity of ATF6
(Gkogkas et al., 2008). Interestingly, as with Sac1 in our experiments, the P56S
mutation in VAPB does not affect its interaction with ATF6, therefore we might
assume that both Sac1 and ATF6 become incorporated into the mutant VAPmediated aggregates, with inhibitory effects on the activity of both proteins,
although this remains to be tested. In Drosophila, expression of mutant DVAPT48I was shown to upregulate the expression of the vital protein folding
regulator heat-shock protein 70 (Hsp70) (Chen et al., 2010), however we did not
assess the effect of PI 4-kinase downregulation in terms of Hsp70 expression in
the course of this project. If, as proposed, VAP mutations prevent the UPR from
functioning properly, then alternative protein clearance mechanisms may be
activated, including the ubiquitin proteasome system and autophagic
pathways.
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Ubiquitin proteasome system (UPS) and autophagy
The proteasomal degradation of ubiquitinated proteins is a vital
component of synaptic growth, which has been conserved from Aplysia to
mammals (Shen and Ganetzky, 2009; Tai and Schuman, 2008). However, if the
UPS fails, then autophagy may be induced through activation of histone
deacetylase 6 (HDAC6) in a further bid to remove the target protein
accumulations (Pandey et al., 2007). HDAC6 is itself regulated by two ALSrelated proteins, TDP-43 and FUS (Kim et al., 2010b). Impairment of the UPS has
been described for SOD1 mice (Cheroni et al., 2009) and more recently, a
number of studies have identified UPS dysfunction in ALS patients. Mutations
in UBQLN2, which regulates the degradation of ubiquitinated proteins, have
been shown to cause juvenile ALS and ALS/Dementia (Deng et al., 2011a),
while mutations in Sequestosome1/p62 have been shown to cause both ALS
and FTLD (Fecto et al., 2011; Rubino et al., 2012). In addition to TDP-43 and
SOD1 related ALS patients, which have shown evidence of UPS impairment
(Chen et al., 2012; Kabashi et al., 2012; Otomo et al., 2012), recent reports now
indicate that both wt and VAPB-P56S interact with the 20S proteasome and that
the mutant protein induces accumulations of ubiquitinated proteins at the ER
(Moumen et al., 2011). It has also been shown that clearance of the characteristic
OSER induced by VAPB-P56S is dependent on the proteasomal system rather
than autophagy (Papiani et al., 2012).
We can draw a comparison between the impact of the VAP-ALS
mutations on the proteasome and the impact of the disease causative mutation
in Fig4/Sac3, which results in an unstable truncated protein expression. Here,
overexpression of the mutant protein is sufficient to rescue a Fig4 null mouse,
however the observed level of protein expression is only 2% of that expected.
This shows that the proteasomal system can cope with the misfolded protein,
and is supported by the findings that proteasomal inhibition increased the
levels of the CMT4J-causative mutant Fig4 protein (Lenk et al., 2011). However,
this would appear to be at odds with results from a neuronal cell model of AD,
which suggests that ER stress caused by misfolded amyloid proteins does not
induce increased proteasomal activity, but instead results in an increased
autophagic response (Nijholt et al., 2011). The question of whether autophagy
defects or proteasomal disruption in animal models of ALS most closely
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resemble the human disease condition has been addressed recently. Using
motor neuron specific mice knockout lines, for either the proteasome subunit
Rpt3 or the autophagy induction gene Atg7, the two scenarios were compared.
It was shown that proteasomal impairment led to an accumulation of ALSrelated proteins including TDP-43, FUS and UBQLN2 and motor neuron loss,
while the Atg7 mutant accumulated only ubiquitin and the autophagy receptor
p62, the ortholog of human Sequestosome1 and Drosophila Ref(2)P, with no
significant motor deficits or neuronal loss (Tashiro et al., 2012).
Although VAP proteins have been associated with the UPS as described
above, and with induction of autophagy in Drosophila salivary glands (Lee et al.,
2003), little is known about the relevance of Sac1 to autophagy. We carried out a
few preliminary experiments to detect levels of the autophagy marker Ref(2)P
(Nezis et al., 2008) in our DVAP mutants, which appeared to show an increase
in Ref(2)P signaling, although this was not quantified. However, the role of
PI4P in autophagy has been explored in yeast models previously. In the
methylotrophic yeast Pichia pastoris, it was shown that upregulation of PI4P by
PpPik1 is a prerequisite for membrane formation during autophagic peroxisome
degradation, in a PpAtg26-dependent manner (Yamashita et al., 2006). Similarly,
PI4P upregulation by Pik1p in Saccharomyces cerevisiae was shown to be required
for trafficking of the autophagy complex protein Atg9, with both Pik1 and Frq1
mutants showing exhibiting defective autophagy phenotypes (Wang et al.,
2012). This opens up the question of whether upregulation of PI4P in DVAP
and Sac1 mutants can tap into this autophagic pathway by modulating Atg9
trafficking. Fortunately, a number of Drosophila UAS lines for autophagy related
genes are available, which can be tested as suppressors or enhancers of the
DVAP-P58S ALS model used in this project.

JNK/basket pathway activation in Sac1 mutants
In Drosophila it has previously been shown that depletion of Sac1 during
embryogenesis leads to a puckered-like dorsal closure phenotype. Puckered
mutants cause loss of inhibition of the JNK/basket mitogen-activated protein
kinase signaling cascade, while Sac1 mutants appear to cause increased
activation of JNK as indicated by increased ectopic expression of a dpp reporter
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(Wei et al., 2003a). The JNK cascade is required time and again after
embryogenesis, for instance in the development of the NMJ (Etter et al., 2005).
Here, the JNK cascade is regulated from the top down by Hiw-mediated
degradation of the MAPKKK wallenda in order to control synaptic growth
(Collins et al., 2006). It was later shown that the upregulation of JNK activation
and increased levels of dpp caused by the loss of Sac1 during embryogenesis
were also observed in Sac1 mutant clone cells of the developing eye imaginal
disc. These increases in JNK activation were also associated with an increased
level of proapoptotic caspase-3 and Wingless (Yavari et al., 2010). By contrast to
the proposed Sac1 related increase of dpp through activation of JNK during
embryogenesis, the eye cell model indicates that expression of dpp is
independent of JNK signaling and is mediated by a secondary pathway,
predicted to be the Hedgehog pathway (Yavari et al., 2010).
In terms of VAP proteins and the JNK pathway, DVAP protein and the
JNK transcriptional regulator NF-Y(A), have twice been shown to interact in the
same yeast two-hybrid analyses which have identified the DVAP-Sac1
interaction (Giot et al., 2003; Guruharsha et al., 2011). Not only does NF-Y(A)
control JNK expression via an X-box binding promoter (Yoshioka et al., 2008),
but it also controls TGF! receptor II (T!RII) transcription in breast cancer cells
(Park et al., 2002) and in motor neurons. T!RII expression is disrupted in motor
neurons of a transgenic mouse SBMA model (Katsuno et al., 2011). Therefore, if
DVAP is mutated and forms aggregates, which affect its localisation and
activity, we may reasonably expect to find some changes in the levels of NFY(A)-regulated proteins such as JNK and T!RII, in comparison to wt flies. In
the course of our experiments, we found that the Sac1 and DVAP mutant
phenotypes caused an upregulation of Caspase-3 mediated apoptosis, which
could be suppressed by simultaneous overexpression of DIAP1. As caspase-3 is
a downstream target of JNK signaling we can state the case that both DVAP and
Sac1 mutants cause upregulation of JNK activity, which may contribute to the
phenotypes observed. With relevance to mutant VAPB-induced ALS pathology,
one line of investigation suggests that VAP proteins may indeed impact on the
JNK cascade. The motor neuron phenotypes observed in a NCS34 cell culture
model of TDP-43 accumulation were enhanced by coexpression of a VAPB-P56S
construct and suppressed by expression of wt VAPB (Suzuki and Matsuoka,
2011). The same authors later proposed that TDP-43-mediated increases in JNK
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phosphorylation lead to upregulation of the cell death mediator Bim and the
growth arrest protein CHOP to induce cell death (Suzuki and Matsuoka, 2012).

Mitochondrial function and calcium homeostasis
Defects in mitochondrial function and mutations in oxidative
phosphorylation complex proteins such as cytochrome C oxidase subunit 1,
have been known to cause ALS (Borthwick et al., 2006; Comi et al., 1998;
Menzies et al., 2002; Wiedemann et al., 1998b). Since then a number of studies
have shown that mitochondria are trafficked using molecular proteins (Pilling
et al., 2006). Data obtained using animal models of ALS have now shown that
defects in mitochondrial trafficking due to mutant SOD1 (Bilsland et al., 2010;
De Vos et al., 2007), as well as mitochondrial complex 1 deficiencies and
decreases in ATP are associated with ALS (Ghiasi et al., 2012).
Significantly to our project, it was shown that ER stress causes
deficiencies in Ca2+ uptake by mitochondria in VAPB-P56S mutants, through an
interaction with protein tyrosine phosphatase-interacting protein 51 (PTPIP51)
(De Vos et al., 2012). Interestingly, as with Sac1, the interaction between VAPB
and PTIP51 is unaffected by the P56S mutation, although in this case the
interaction is stronger than for the wt DVAP-PTPIP51 interaction. Also, it has
been shown that the upregulation of Ca2+ observed in cortical neurons of VAPBP56S mutant rats, was a significant factor in the blockage of anterograde
mitochondrial axonal transport (Mórotz et al., 2012). The role of VAPB in
mitochondrial localisation has also been shown for the postsynaptic muscle
compartment in both Drosophila and C. elegans. In both cases, the loss of MSP
signaling caused by inhibition of VAP cleavage in the mutants, led to defects in
mitochondrial morphology and localisation in the muscles (Han et al., 2012).
Perhaps the strongest indication for the role of mitochondria in ALS comes
from the recent drug treatment trials using the mitochondrial modulator
Dexpramipexole. In early clinical trials the drug was found to be safe to use, as
well as delivering dosage dependent improvements in mortality and rate of
disease progression (Cudkowicz et al., 2011; Rudnicki et al., 2012).
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Summary of potential pathogenic mechanisms
By assimilating the data and conclusions from both human patients and
animal models of ALS we can begin to unravel the pathogenic mechanisms of
mutant VAPB-induced motor neurone diseases. Our results pinpoint the
interaction of DVAP with the lipid phosphatase Sac1 and their combined
regulation of PI4P levels, as a predominant factor in the Drosophila mutant
phenotypes observed. Further to this, we can predict that the disregulation of
PI4P levels may have downstream effects including disruption of the UPR,
activation of the UPS and autophagic pathways as well as activation of the JNK
signaling cascade. These phenotypes may also be accompanied by defects in
mitochondrial morphology, trafficking and localisation. The following section
details a few selected experiments utilising the DVAP-ALS model, which may
further our understanding of the pathogenic mechanisms of this
neurodegenerative disease.

7.10 Future perspectives for the Drosophila model of ALS
In the course of this project we have identified the phosphatidylinositol
4-phosphatase Sac1 as an in vivo interactor of DVAP, the Drosophila ortholog of
ALS-associated VAPB. We have shown that the specific upregulation of PI4P
induced by the ALS mutant allele DVAP-P58S or by tissue specific knockdown
of DVAP or Sac1, leads to neurodegenerative phenotypes in the eye and to
severe morphological defects in the NMJ. Carrying out the following set of
potential experiments may allow us to further assess the involvement of the
mechanisms described above, while at the same time opening up a range of
possibilities for testing the phenotypes of other known or suspected ALS genes.
1. Identify the protease responsible for cleavage of the VAP MSP
domain.
Cleavage of the VAP protein to generate a free MSP fragment has
previously been shown in Drosophila and mammals (Gkogkas et al., 2008;
Tsuda et al., 2008). However, the protease responsible for this cleavage
remains elusive and is rarely discussed (Gkogkas et al., 2011; Han et al.,
2012). The wide availability of single gene knockouts and RNAi lines
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covering almost the entire genome in Drosophila should allow us to test a
range of known proteases, for their ability to cleave DVAP in both wt
flies and in our DVAP-P58S model.

2. Test interaction between Sac1 and newly discovered VAPB-V234I
mutant and compare mutant phenotypes to previous DVAP models.
In this work we have confirmed the interaction between Sac1 and DVAP
by both Y2H and Co-IP, in the process showing that the interaction with
Sac1 is unaffected by the DVAP MSP domain mutations P58S and T48I.
The recent discovery of a third ALS-associated VAPB mutation means
that we can make comparisons between the MSP-domain FFAT-binding
motif mutations and the V234I transmembrane domain mutation. We
can generate mutant DVAP constructs featuring the equivalent valine to
isoleucine substitution at the C-terminal of the protein as has been done
previously for DVAP-P58S (Chai et al., 2008) and DVAP-T48I (Chen et
al., 2010). This should allow us to determine whether the mutant protein
can still dimerise with the wt DVAP protein, as well as whether it retains
its binding ability for Sac1.
Once we have generated a cDNA construct featuring the V234I
equivalent mutation in DVAP this can be used to generate a number of
transgenic Drosophila lines, expression of which can then be driven by the
same promoters used in the current project for comparison of NMJ, eye
and salivary gland phenotypes. Similarly, it should be possible to obtain
or generate Drosophila mutants for the ALS-causative SAC domain
containing Fig4/Sac3, allowing us to draw comparisons between defects
in PI4P regulation and defects in the conversion of PI(3,5)P2 to PI3P in
each tissue type.
3. Further investigate the spike-like NMJ protrusions observed in DVAP
and Sac1 postsynaptic mutants.
In this work we have shown that upregulation of PI4P by depletion of
DVAP or Sac1 postsynaptically, causes severe disruption of the actinspectrin cytoskeleton. Associated with these postsynaptic defects we also
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observed a rare NMJ phenotype characterised by significant increases in
bouton size and abnormal bouton morphology. Perhaps the most
interesting finding in these mutant NMJs are the spike-like protrusions
emanating from some of the worst affected boutons. By utilising the
available panel of pre- and postsynaptic markers in Drosophila we should
be able to determine the main components of these spikes as well as
detecting whether they contain functional active zones or are opposed by
receptor clusters, using confocal microscopy. However, the relatively
small size of these spikes may necessitate the use of electron microscopy
(EM) to finely resolve their structure.
4. Further examine NMJ phenotypes caused by upregulation of Sac1.
We have shown here that downregulation of Sac1 causes an increase in
PI4P levels and neurodegeneration. During the course of our
investigation we also tested the NMJs of larvae overexpressing Sac1
presynaptically. Here we found that the increased number of smaller
synaptic boutons shared more morphological similarity to the previously
described DVAP overexpression line (Chai et al., 2008) than to the DVAP
or Sac1 mutant lines. Similarly, it was shown that Stt4RNAi driven by a
pan-neuronal Syb-Gal4 driver leads to increased synaptic growth at the
NMJ (Khuong et al., 2010). If we consider that Stt4RNAi and FwdRNAi
prevent ER/PM and Golgi localised generation of PI4P respectively, and
that Sac1 over-expression may also decrease PI4P levels, it may be that
downregulation of PI4P represents a further neurodegenerative
mechanism, which may have equivalents in human disease.
Also, Sac1 has recently been shown to play a role in axonal guidance
during embryonic development in Drosophila through interaction with
Slit and Robo receptors (Lee et al., 2011). We can use the Flag-tagged
Sac1 UAS line generated for this project to determine whether this
proposed interaction with Slit and Robo extends to larval NMJ
development also.
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5. Determine whether Sac1 and DVAP impact on autophagy regulation.
Recent work in yeast has shown that upregulation of PI4P by Pik1 is
required for autophagy (Wang et al., 2012; Yamashita et al., 2006).
Similarly, proteasomal inhibition caused by mutant VAPB protein
expression may also contribute to the upregulation of autophagy. In
order to clarify this we can assess the suppressive or enhancing effects of
a wide-range of single gene autophagy mutants in our mutant DVAPP58S background. By doing so we should be able to determine which
autophagy related genes mediate the involvement of DVAP in the
process.
6. Attempt to ameliorate the ey,DVAP-P58S eye phenotype
pharmaceutically.
We have shown in the course of these experiments that the small rougheye phenotype induced by ey,DVAP-P58S can be ameliorated by
simultaneous coexpression of DIAP1or by downregulating the PI 4kinases Stt4 and Fwd. In addition to the single gene modifier screen that
is ongoing in the Pennetta laboratory at this time, it should also be
possible to quantifiably measure any suppression or enhancement of the
phenotype caused by drug treatments, which can be administered by
mixing the drug into the food medium
These experiments, along with several others relating to the Sac1mediated regulation of the Hedgehog pathway (Yavari et al., 2010) or the VAP
and UPR-mediated upregulation of NF-'B (Matsuda et al., 2003; Nijholt et al.,
2011), should allow us to further elucidate the pathogenic mechanisms of the
VAPB-ALS mutants.
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7.11 Future perspectives for ALS research
This work has shown that increases in intracellular PI4P levels lead to
neurodegeneration in a Drosophila model of VAPB-P56S induced ALS8. We also
show that the mutant phenotypes induced by downregulation of Sac1 are
dosage dependent and highly similar to those of DVAP-P58S or DVAPRNAi,
thus identifying Sac1 as a potential neurodegenerative gene. The fact that the
SAC domain of Sac1 is so highly conserved across species would suggest that
mutations affecting the catalytic motif might cause deleterious effects in
humans, particularly as Sac1 is the primary PI 4-phosphatase. Therefore, it is
not inconceivable that future analyses of apparently sporadic ALS patient gene
signatures should also include PI4P regulating proteins such as Sac1, the PI 4kinases and the PI transfer proteins.
Additionally, it may be that increased levels of intracellular PI4P in the
case of ALS8 and PI(3,5)P2 in the case of Fig4-induced ALS represent a novel
ALS biomarker. Both PI species are tightly regulated in wild-type controls and
can be easily assessed using mass spectrometry or high performance lipid
chromatography. Similarly, a large number of distinct degenerative conditions
are associated with mutations in other phospholipid metabolising genes,
including OCRL (Attree et al., 1992; Zhang et al., 1995), PTEN and the
myotubularins (Begley et al., 2003; Bolino et al., 2000; Li et al., 1997; Wishart and
Dixon, 2002) and Synaptojanin (Arai et al., 2002; Herrera et al., 2009). Thus, by a
comparison of PI species signatures from various patient groups it may be
possible to classify certain PI combinations as either deleterious or protective in
comparison to healthy controls.

164

REFERENCES
Aberle, H., Haghighi, A.P., Fetter, R.D., McCabe, B.D., Magalhães, T.R., and
Goodman, C.S. (2002). wishful thinking encodes a BMP type II receptor that
regulates synaptic growth in Drosophila. Neuron 33, 545–558.
Abramoff, M.D., Magalhães, P.J., and Ram, S.J. (2004). Image Processing with
ImageJ. Biophotonics Int. 11, 36–42.
Acharya, U., and Acharya, J.K. (2005). Enzymes of sphingolipid metabolism in
Drosophila melanogaster. Cell. Mol. Life Sci. Cmls 62, 128–142.
Acharya, U., Edwards, M.B., Jorquera, R.A., Silva, H., Nagashima, K., Labarca,
P., and Acharya, J.K. (2006). Drosophila melanogaster Scramblases modulate
synaptic transmission. J. Cell Biol. 173, 69–82.
Ackerman, S.L., and Cox, G.A. (2008). From ER to Eph receptors: new roles for
VAP fragments. Cell 133, 949–951.
Agrawal, N., Pallos, J., Slepko, N., Apostol, B.L., Bodai, L., Chang, L.-W.,
Chiang, A.-S., Thompson, L.M., and Marsh, J.L. (2005). Identification of
combinatorial drug regimens for treatment of Huntington’s disease using
Drosophila. Proc. Natl. Acad. Sci. U. S. A. 102, 3777–3781.
Alfaro, G., Johansen, J., Dighe, S.A., Duamel, G., Kozminski, K.G., and Beh, C.T.
(2011). The Sterol-Binding Protein Kes1/Osh4p Is a Regulator of Polarized
Exocytosis. Traffic 12, 1521–1536.
Alvisi, G., Madan, V., and Bartenschlager, R. (2011). Hepatitis C virus and host
cell lipids: an intimate connection. Rna Biol. 8, 258–269.
Amarilio, R., Ramachandran, S., Sabanay, H., and Lev, S. (2005). Differential
regulation of endoplasmic reticulum structure through VAP-Nir protein
interaction. J. Biol. Chem. 280, 5934–5944.
Anagnostou, G., Akbar, M.T., Paul, P., Angelinetta, C., Steiner, T.J., and de
Belleroche, J. (2010). Vesicle associated membrane protein B (VAPB) is
decreased in ALS spinal cord. Neurobiol. Aging 31, 969–985.
Andersen, P.M., and Al-Chalabi, A. (2011). Clinical genetics of amyotrophic
lateral sclerosis: what do we really know? Nat. Rev. Neurol. 7, 603–615.
Andrew, D.J., Henderson, K.D., and Seshaiah, P. (2000). Salivary gland
development in Drosophila melanogaster. Mech. Dev. 92, 5–17.
Arai, Y., Ijuin, T., Takenawa, T., Becker, L.E., and Takashima, S. (2002).
Excessive expression of synaptojanin in brains with Down syndrome. Brain
Dev. 24, 67–72.
Attree, O., Olivos, I.M., Okabe, I., Bailey, L.C., Nelson, D.L., Lewis, R.A.,
McInnes, R.R., and Nussbaum, R.L. (1992). The Lowe’s oculocerebrorenal
syndrome gene encodes a protein highly homologous to inositol
polyphosphate-5-phosphatase. Nature 358, 239–242.

165

Audhya, A., and Emr, S.D. (2002). Stt4 PI 4-kinase localizes to the plasma
membrane and functions in the Pkc1-mediated MAP kinase cascade. Dev. Cell
2, 593–605.
Audhya, A., Foti, M., and Emr, S.D. (2000). Distinct roles for the yeast
phosphatidylinositol 4-kinases, Stt4p and Pik1p, in secretion, cell growth, and
organelle membrane dynamics. Mol. Biol. Cell 11, 2673–2689.
Babic, M., and Zinsmaier, K.E. (2011). Memory, synapse stability, and !adducin. Neuron 69, 1039–1041.
Baines, A.J. (2009). Evolution of spectrin function in cytoskeletal and membrane
networks. Biochem. Soc. Trans. 37, 796–803.
Bakowska, J.C., Jupille, H., Fatheddin, P., Puertollano, R., and Blackstone, C.
(2007). Troyer syndrome protein spartin is mono-ubiquitinated and functions in
EGF receptor trafficking. Mol. Biol. Cell 18, 1683–1692.
Balla, T. (1998). Phosphatidylinositol 4-kinases. Biochim. Biophys. Acta 1436,
69–85.
Balla, A., Tuymetova, G., Tsiomenko, A., Várnai, P., and Balla, T. (2005). A
plasma membrane pool of phosphatidylinositol 4-phosphate is generated by
phosphatidylinositol 4-kinase type-III alpha: studies with the PH domains of
the oxysterol binding protein and FAPP1. Mol. Biol. Cell 16, 1282–1295.
Bankaitis, V.A., Aitken, J.R., Cleves, A.E., and Dowhan, W. (1990). An essential
role for a phospholipid transfer protein in yeast Golgi function. Nature 347,
561–562.
Bao, H., Reist, N.E., and Zhang, B. (2008). The Drosophila epsin 1 is required for
ubiquitin-dependent synaptic growth and function but not for synaptic vesicle
recycling. Traffic Cph. Den. 9, 2190–2205.
Barbeito, A.G., Mesci, P., and Boillée, S. (2010). Motor neuron-immune
interactions: the vicious circle of ALS. J. Neural Transm. Vienna Austria 1996
117, 981–1000.
Barr, F., and Lambright, D.G. (2010). Rab GEFs and GAPs. Curr. Opin. Cell Biol.
22, 461–470.
Bauer, R., Voelzmann, A., Breiden, B., Schepers, U., Farwanah, H., Hahn, I.,
Eckardt, F., Sandhoff, K., and Hoch, M. (2009). Schlank, a member of the
ceramide synthase family controls growth and body fat in Drosophila. Embo J.
28, 3706–3716.
Bäumer, D., Hilton, D., Paine, S.M.L., Turner, M.R., Lowe, J., Talbot, K., and
Ansorge, O. (2010). Juvenile ALS with basophilic inclusions is a FUS
proteinopathy with FUS mutations. Neurology 75, 611–618.
Beckman, J.S., Estévez, A.G., Crow, J.P., and Barbeito, L. (2001). Superoxide
dismutase and the death of motoneurons in ALS. Trends Neurosci. 24, S15–20.

166

Bednarek, E., and Caroni, P. (2011). !-Adducin is required for stable assembly
of new synapses and improved memory upon environmental enrichment.
Neuron 69, 1132–1146.
Begley, M.J., Taylor, G.S., Kim, S.-A., Veine, D.M., Dixon, J.E., and Stuckey, J.A.
(2003). Crystal structure of a phosphoinositide phosphatase, MTMR2: insights
into myotubular myopathy and Charcot-Marie-Tooth syndrome. Mol. Cell 12,
1391–1402.
Beller, M., Sztalryd, C., Southall, N., Bell, M., Jäckle, H., Auld, D.S., and Oliver,
B. (2008). COPI complex is a regulator of lipid homeostasis. Plos Biol. 6, e292.
Bennett, V., Gardner, K., and Steiner, J.P. (1988). Brain adducin: a protein kinase
C substrate that may mediate site-directed assembly at the spectrin-actin
junction. J. Biol. Chem. 263, 5860–5869.
Berger, K.L., Kelly, S.M., Jordan, T.X., Tartell, M.A., and Randall, G. (2011).
Hepatitis C virus stimulates the phosphatidylinositol 4-kinase III alphadependent phosphatidylinositol 4-phosphate production that is essential for its
replication. J. Virol. 85, 8870–8883.
Berry, D.L., and Baehrecke, E.H. (2007). Growth arrest and autophagy are
required for salivary gland cell degradation in Drosophila. Cell 131, 1137–1148.
Bettencourt da Cruz, A., Schwärzel, M., Schulze, S., Niyyati, M., Heisenberg,
M., and Kretzschmar, D. (2005). Disruption of the MAP1B-related protein
FUTSCH leads to changes in the neuronal cytoskeleton, axonal transport
defects, and progressive neurodegeneration in Drosophila. Mol. Biol. Cell 16,
2433–2442.
Bianco, A., Reghellin, V., Donnici, L., Fenu, S., Alvarez, R., Baruffa, C., Peri, F.,
Pagani, M., Abrignani, S., Neddermann, P., et al. (2012). Metabolism of
phosphatidylinositol 4-kinase III"-dependent PI4P Is subverted by HCV and is
targeted by a 4-anilino quinazoline with antiviral activity. Plos Pathog. 8,
e1002576.
Biankin, A.V., Waddell, N., Kassahn, K.S., Gingras, M.-C., Muthuswamy, L.B.,
Johns, A.L., Miller, D.K., Wilson, P.J., Patch, A.-M., Wu, J., et al. (2012).
Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes.
399–405.
Bier, E. (2005). Drosophila, the golden bug, emerges as a tool for human
genetics. Nat. Rev. Genet. 6, 9–23.
Bilsland, L.G., Sahai, E., Kelly, G., Golding, M., Greensmith, L., and Schiavo, G.
(2010). Deficits in axonal transport precede ALS symptoms in vivo. Proc. Natl.
Acad. Sci. U. S. A. 107, 20523–20528.
Blagoveshchenskaya, A., and Mayinger, P. (2009). SAC1 lipid phosphatase and
growth control of the secretory pathway. Mol. Biosyst. 5, 36–42.
Blagoveshchenskaya, A., Cheong, F.Y., Rohde, H.M., Glover, G., Knödler, A.,
Nicolson, T., Boehmelt, G., and Mayinger, P. (2008). Integration of Golgi
trafficking and growth factor signaling by the lipid phosphatase SAC1. J. Cell
Biol. 180, 803–812.
167

Blair, I.P., Williams, K.L., Warraich, S.T., Durnall, J.C., Thoeng, A.D., Manavis,
J., Blumbergs, P.C., Vucic, S., Kiernan, M.C., and Nicholson, G.A. (2010). FUS
mutations in amyotrophic lateral sclerosis: clinical, pathological,
neurophysiological and genetic analysis. J. Neurol. Neurosurg. Psychiatry 81,
639–645.
Blard, O., Feuillette, S., Bou, J., Chaumette, B., Frébourg, T., Campion, D., and
Lecourtois, M. (2007). Cytoskeleton proteins are modulators of mutant tauinduced neurodegeneration in Drosophila. Hum. Mol. Genet. 16, 555–566.
Blauw, H.M., van Rheenen, W., Koppers, M., Van Damme, P., Waibel, S.,
Lemmens, R., van Vught, P.W.J., Meyer, T., Schulte, C., Gasser, T., et al. (2012).
NIPA1 polyalanine repeat expansions are associated with amyotrophic lateral
sclerosis. Hum. Mol. Genet. 21, 2497–2502.
Blero, D., Payrastre, B., Schurmans, S., and Erneux, C. (2007). Phosphoinositide
phosphatases in a network of signalling reactions. Pflügers Arch. Eur. J.
Physiol. 455, 31–44.
Van Blitterswijk, M., van Es, M.A., Koppers, M., van Rheenen, W., Medic, J.,
Schelhaas, H.J., van der Kooi, A.J., de Visser, M., Veldink, J.H., and van den
Berg, L.H. (2012). VAPB and C9orf72 mutations in 1 familial amyotrophic
lateral sclerosis patient. Neurobiol. Aging.
Van Blitterswijk, W.J., van der Luit, A.H., Veldman, R.J., Verheij, M., and Borst,
J. (2003). Ceramide: second messenger or modulator of membrane structure and
dynamics? Biochem. J. 369, 199–211.
Blumental-Perry, A., Haney, C.J., Weixel, K.M., Watkins, S.C., Weisz, O.A., and
Aridor, M. (2006). Phosphatidylinositol 4-phosphate formation at ER exit sites
regulates ER export. Dev. Cell 11, 671–682.
Boillée, S., Vande Velde, C., and Cleveland, D.W. (2006). ALS: a disease of
motor neurons and their nonneuronal neighbors. Neuron 52, 39–59.
Bolino, A., Muglia, M., Conforti, F.L., LeGuern, E., Salih, M.A., Georgiou, D.M.,
Christodoulou, K., Hausmanowa-Petrusewicz, I., Mandich, P., Schenone, A., et
al. (2000). Charcot-Marie-Tooth type 4B is caused by mutations in the gene
encoding myotubularin-related protein-2. Nat. Genet. 25, 17–19.
Bonini, N.M. (1999). A genetic model for human polyglutamine-repeat disease
in Drosophila melanogaster. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 354, 1057–
1060.
Borthwick, G.M., Taylor, R.W., Walls, T.J., Tonska, K., Taylor, G.A., Shaw, P.J.,
Ince, P.G., and Turnbull, D.M. (2006). Motor neuron disease in a patient with a
mitochondrial tRNAIle mutation. Ann. Neurol. 59, 570–574.
Bosco, D.A., LaVoie, M.J., Petsko, G.A., and Ringe, D. (2011). Proteostasis and
movement disorders: Parkinson’s disease and amyotrophic lateral sclerosis.
Cold Spring Harb. Perspect. Biol. 3, a007500.
Bouteloup, C., Desport, J.-C., Clavelou, P., Guy, N., Derumeaux-Burel, H.,
Ferrier, A., and Couratier, P. (2009). Hypermetabolism in ALS patients: an early
and persistent phenomenon. J. Neurol. 256, 1236–1242.
168

Bradley, P.L., Haberman, A.S., and Andrew, D.J. (2001). Organ formation in
Drosophila: specification and morphogenesis of the salivary gland. Bioessays
News Rev. Mol. Cell. Dev. Biol. 23, 901–911.
Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Dev. Camb. Engl. 118,
401–415.
Brettschneider, J., Petzold, A., Süssmuth, S.D., Ludolph, A.C., and Tumani, H.
(2006). Axonal damage markers in cerebrospinal fluid are increased in ALS.
Neurology 66, 852–856.
Brettschneider, J., Van Deerlin, V.M., Robinson, J.L., Kwong, L., Lee, E.B., Ali,
Y.O., Safren, N., Monteiro, M.J., Toledo, J.B., Elman, L., et al. (2012). Pattern of
ubiquilin pathology in ALS and FTLD indicates presence of C9ORF72
hexanucleotide expansion. Acta Neuropathol. (Berl.) 123, 825–839.
Brickner, J.H., and Walter, P. (2004). Gene recruitment of the activated INO1
locus to the nuclear membrane. Plos Biol. 2, e342.
Brighouse, A., Dacks, J.B., and Field, M.C. (2010). Rab protein evolution and the
history of the eukaryotic endomembrane system. Cell. Mol. Life Sci. Cmls 67,
3449–3465.
Brill, J.A., Hime, G.R., Scharer-Schuksz, M., and Fuller, M.T. (2000). A
phospholipid kinase regulates actin organization and intercellular bridge
formation during germline cytokinesis. Dev. Camb. Engl. 127, 3855–3864.
Bronk, P., Nie, Z., Klose, M.K., Dawson-Scully, K., Zhang, J., Robertson, R.M.,
Atwood, H.L., and Zinsmaier, K.E. (2005). The multiple functions of cysteinestring protein analyzed at Drosophila nerve terminals. J. Neurosci. Off. J. Soc.
Neurosci. 25, 2204–2214.
Brown, R.H. (1994). A transgenic-mouse model of amyotrophic lateral sclerosis.
N. Engl. J. Med. 331, 1091–1092.
Budnik, V., Koh, Y.H., Guan, B., Hartmann, B., Hough, C., Woods, D., and
Gorczyca, M. (1996). Regulation of synapse structure and function by the
Drosophila tumor suppressor gene dlg. Neuron 17, 627–640.
Bunce, M.W., Bergendahl, K., and Anderson, R.A. (2006). Nuclear PI(4,5)P(2): a
new place for an old signal. Biochim. Biophys. Acta 1761, 560–569.
Burgess, J., Del Bel, L.M., Ma, C.-I.J., Barylko, B., Polevoy, G., Rollins, J.,
Albanesi, J.P., Krämer, H., and Brill, J.A. (2012). Type II phosphatidylinositol 4kinase regulates trafficking of secretory granule proteins in Drosophila. Dev.
Camb. Engl. 139, 3040–3050.
Byrne, S., Elamin, M., Bede, P., Shatunov, A., Walsh, C., Corr, B., Heverin, M.,
Jordan, N., Kenna, K., Lynch, C., et al. (2012). Cognitive and clinical
characteristics of patients with amyotrophic lateral sclerosis carrying a C9orf72
repeat expansion: a population-based cohort study. Lancet Neurol. 11, 232–240.

169

Calderwood, S.K., Murshid, A., and Prince, T. (2009). The shock of aging:
molecular chaperones and the heat shock response in longevity and aging--a
mini-review. Gerontology 55, 550–558.
Cantalupo, G., Alifano, P., Roberti, V., Bruni, C.B., and Bucci, C. (2001). Rabinteracting lysosomal protein (RILP): the Rab7 effector required for transport to
lysosomes. Embo J. 20, 683–693.
Carvou, N., Holic, R., Li, M., Futter, C., Skippen, A., and Cockcroft, S. (2010).
Phosphatidylinositol- and phosphatidylcholine-transfer activity of PITPbeta is
essential for COPI-mediated retrograde transport from the Golgi to the
endoplasmic reticulum. J. Cell Sci. 123, 1262–1273.
Cermelli, S., Guo, Y., Gross, S.P., and Welte, M.A. (2006). The lipid-droplet
proteome reveals that droplets are a protein-storage depot. Curr. Biol. Cb 16,
1783–1795.
Chai, A., Withers, J., Koh, Y.H., Parry, K., Bao, H., Zhang, B., Budnik, V., and
Pennetta, G. (2008). hVAPB, the causative gene of a heterogeneous group of
motor neuron diseases in humans, is functionally interchangeable with its
Drosophila homologue DVAP-33A at the neuromuscular junction. Hum. Mol.
Genet. 17, 266–280.
Al-Chalabi, A., Andersen, P.M., Nilsson, P., Chioza, B., Andersson, J.L., Russ,
C., Shaw, C.E., Powell, J.F., and Leigh, P.N. (1999). Deletions of the heavy
neurofilament subunit tail in amyotrophic lateral sclerosis. Hum. Mol. Genet. 8,
157–164.
Al-Chalabi, A., Jones, A., Troakes, C., King, A., Al-Sarraj, S., and van den Berg,
L.H. (2012). The genetics and neuropathology of amyotrophic lateral sclerosis.
Acta Neuropathol. (Berl.) 124, 339–352.
Chan, C.-C., Scoggin, S., Wang, D., Cherry, S., Dembo, T., Greenberg, B., Jin,
E.J., Kuey, C., Lopez, A., Mehta, S.Q., et al. (2011). Systematic discovery of Rab
GTPases with synaptic functions in Drosophila. Curr. Biol. Cb 21, 1704–1715.
Chandran, J., Ding, J., and Cai, H. (2007). Alsin and the molecular pathways of
amyotrophic lateral sclerosis. Mol. Neurobiol. 36, 224–231.
Chang, H.C.-H., Dimlich, D.N., Yokokura, T., Mukherjee, A., Kankel, M.W.,
Sen, A., Sridhar, V., Fulga, T.A., Hart, A.C., Van Vactor, D., et al. (2008).
Modeling spinal muscular atrophy in Drosophila. Plos One 3, e3209.
Chang, Y.-C., Hung, W.-T., Chang, Y.-C., Chang, H.C., Wu, C.-L., Chiang, A.-S.,
Jackson, G.R., and Sang, T.-K. (2011). Pathogenic VCP/TER94 alleles are
dominant actives and contribute to neurodegeneration by altering cellular ATP
level in a Drosophila IBMPFD model. Plos Genet. 7, e1001288.
Chen, K., and Featherstone, D.E. (2005). Discs-large (DLG) is clustered by
presynaptic innervation and regulates postsynaptic glutamate receptor subunit
composition in Drosophila. Bmc Biol. 3, 1.

170

Chen, H.-J., Anagnostou, G., Chai, A., Withers, J., Morris, A., Adhikaree, J.,
Pennetta, G., and de Belleroche, J.S. (2010). Characterization of the properties of
a novel mutation in VAPB in familial amyotrophic lateral sclerosis. J. Biol.
Chem. 285, 40266–40281.
Chen, S., Zhang, X., Song, L., and Le, W. (2012). Autophagy dysregulation in
amyotrophic lateral sclerosis. Brain Pathol. Zurich Switz. 22, 110–116.
Cheng, H., Govindan, J.A., and Greenstein, D. (2008). Regulated trafficking of
the MSP/Eph receptor during oocyte meiotic maturation in C. elegans. Curr.
Biol. Cb 18, 705–714.
Cheong, F.Y., Sharma, V., Blagoveshchenskaya, A., Oorschot, V.M.J.,
Brankatschk, B., Klumperman, J., Freeze, H.H., and Mayinger, P. (2010). Spatial
regulation of Golgi phosphatidylinositol-4-phosphate is required for enzyme
localization and glycosylation fidelity. Traffic Cph. Den. 11, 1180–1190.
Cherbas, L., Hu, X., Zhimulev, I., Belyaeva, E., and Cherbas, P. (2003). EcR
isoforms in Drosophila: testing tissue-specific requirements by targeted
blockade and rescue. Dev. Camb. Engl. 130, 271–284.
Cheroni, C., Marino, M., Tortarolo, M., Veglianese, P., De Biasi, S., Fontana, E.,
Zuccarello, L.V., Maynard, C.J., Dantuma, N.P., and Bendotti, C. (2009).
Functional alterations of the ubiquitin-proteasome system in motor neurons of a
mouse model of familial amyotrophic lateral sclerosis. Hum. Mol. Genet. 18, 82–
96.
Chiò, A., Schymick, J.C., Restagno, G., Scholz, S.W., Lombardo, F., Lai, S.-L.,
Mora, G., Fung, H.-C., Britton, A., Arepalli, S., et al. (2009a). A two-stage
genome-wide association study of sporadic amyotrophic lateral sclerosis. Hum.
Mol. Genet. 18, 1524–1532.
Chiò, A., Calvo, A., Ilardi, A., Cavallo, E., Moglia, C., Mutani, R., Palmo, A.,
Galletti, R., Marinou, K., Papetti, L., et al. (2009b). Lower serum lipid levels are
related to respiratory impairment in patients with ALS. Neurology 73, 1681–
1685.
Choi, S.-W., Yeon, J.-T., Park, K.-I., Lee, C.H., Youn, B.S., Oh, J., and Lee, M.S.
(2012). VapB as a regulator of osteoclastogenesis via modulation of PLC#2Ca(2+)-NFAT signaling. Febs Lett. 586, 263–269.
Choudhury, R., Diao, A., Zhang, F., Eisenberg, E., Saint-Pol, A., Williams, C.,
Konstantakopoulos, A., Lucocq, J., Johannes, L., Rabouille, C., et al. (2005).
Lowe syndrome protein OCRL1 interacts with clathrin and regulates protein
trafficking between endosomes and the trans-Golgi network. Mol. Biol. Cell 16,
3467–3479.
Chow, C.Y., Zhang, Y., Dowling, J.J., Jin, N., Adamska, M., Shiga, K., Szigeti, K.,
Shy, M.E., Li, J., Zhang, X., et al. (2007). Mutation of FIG4 causes
neurodegeneration in the pale tremor mouse and patients with CMT4J. Nature
448, 68–72.

171

Chow, C.Y., Landers, J.E., Bergren, S.K., Sapp, P.C., Grant, A.E., Jones, J.M.,
Everett, L., Lenk, G.M., McKenna-Yasek, D.M., Weisman, L.S., et al. (2009).
Deleterious variants of FIG4, a phosphoinositide phosphatase, in patients with
ALS. Am. J. Hum. Genet. 84, 85–88.
Cleves, A.E., Novick, P.J., and Bankaitis, V.A. (1989). Mutations in the SAC1
gene suppress defects in yeast Golgi and yeast actin function. J. Cell Biol. 109,
2939–2950.
Cobanoğlu, G., Ozansoy, M., and Nazlı Başak, A. (2012). Are alsin and spartin
novel interaction partners? Biochem. Biophys. Res. Commun.
Cogli, L., Piro, F., and Bucci, C. (2009). Rab7 and the CMT2B disease. Biochem.
Soc. Trans. 37, 1027–1031.
Collins, C.A., and DiAntonio, A. (2007). Synaptic development: insights from
Drosophila. Curr. Opin. Neurobiol. 17, 35–42.
Collins, C.A., Wairkar, Y.P., Johnson, S.L., and DiAntonio, A. (2006). Highwire
Restrains Synaptic Growth by Attenuating a MAP Kinase Signal. Neuron 51,
57–69.
Comi, G.P., Bordoni, A., Salani, S., Franceschina, L., Sciacco, M., Prelle, A.,
Fortunato, F., Zeviani, M., Napoli, L., Bresolin, N., et al. (1998). Cytochrome c
oxidase subunit I microdeletion in a patient with motor neuron disease. Ann.
Neurol. 43, 110–116.
Compagnon, J., Gervais, L., Roman, M.S., Chamot-Boeuf, S., and Guichet, A.
(2009). Interplay between Rab5 and PtdIns(4,5)P2 controls early endocytosis in
the Drosophila germline. J. Cell Sci. 122, 25–35.
Cooper-Knock, J., Hewitt, C., Highley, J.R., Brockington, A., Milano, A., Man, S.,
Martindale, J., Hartley, J., Walsh, T., Gelsthorpe, C., et al. (2012). Clinicopathological features in amyotrophic lateral sclerosis with expansions in
C9ORF72. Brain J. Neurol. 135, 751–764.
Costantino, B.F.B., Bricker, D.K., Alexandre, K., Shen, K., Merriam, J.R.,
Antoniewski, C., Callender, J.L., Henrich, V.C., Presente, A., and Andres, A.J.
(2008). A novel ecdysone receptor mediates steroid-regulated developmental
events during the mid-third instar of Drosophila. Plos Genet. 4, e1000102.
Cozzolino, M., Ferri, A., Valle, C., and Carrì, M.T. (2012). Mitochondria and
ALS: Implications from novel genes and pathways. Mol. Cell. Neurosci.
Csikós, G., Lippai, M., Lukácsovich, T., Juhász, G., Henn, L., Erdélyi, M., Maróy,
P., and Sass, M. (2009). A novel role for the Drosophila epsin (lqf): involvement
in autophagy. Autophagy 5, 636–648.
Cudkowicz, M., Bozik, M.E., Ingersoll, E.W., Miller, R., Mitsumoto, H., Shefner,
J., Moore, D.H., Schoenfeld, D., Mather, J.L., Archibald, D., et al. (2011). The
effects of dexpramipexole (KNS-760704) in individuals with amyotrophic lateral
sclerosis. Nat. Med. 17, 1652–1656.

172

Culi, J., and Mann, R.S. (2003). Boca, an endoplasmic reticulum protein required
for wingless signaling and trafficking of LDL receptor family members in
Drosophila. Cell 112, 343–354.
Cutler, R.G., Pedersen, W.A., Camandola, S., Rothstein, J.D., and Mattson, M.P.
(2002). Evidence that accumulation of ceramides and cholesterol esters mediates
oxidative stress-induced death of motor neurons in amyotrophic lateral
sclerosis. Ann. Neurol. 52, 448–457.
D’Angelo, G., Vicinanza, M., and De Matteis, M.A. (2008). Lipid-transfer
proteins in biosynthetic pathways. Curr. Opin. Cell Biol. 20, 360–370.
D’Angelo, G., Rega, L.R., and De Matteis, M.A. (2012). Connecting vesicular
transport with lipid synthesis: FAPP2. Biochim. Biophys. Acta 1821, 1089–1095.
Daboussi, L., Costaguta, G., and Payne, G.S. (2012). Phosphoinositide-mediated
clathrin adaptor progression at the trans-Golgi network. Nat. Cell Biol. 14, 239–
248.
Daoud, H., Valdmanis, P.N., Kabashi, E., Dion, P., Dupré, N., Camu, W.,
Meininger, V., and Rouleau, G.A. (2009). Contribution of TARDBP mutations to
sporadic amyotrophic lateral sclerosis. J. Med. Genet. 46, 112–114.
Daoud, H., Belzil, V., Martins, S., Sabbagh, M., Provencher, P., Lacomblez, L.,
Meininger, V., Camu, W., Dupré, N., Dion, P.A., et al. (2011). Association of
long ATXN2 CAG repeat sizes with increased risk of amyotrophic lateral
sclerosis. Arch. Neurol. 68, 739–742.
Das, A., Base, C., Manna, D., Cho, W., and Dubreuil, R.R. (2008). Unexpected
complexity in the mechanisms that target assembly of the spectrin cytoskeleton.
J. Biol. Chem. 283, 12643–12653.
Daum, G. (2004). Membrane targeting: glued by a lipid to the ER. Curr. Biol. Cb
14, R711–713.
Dedic, S.I.K., Stevic, Z., Dedic, V., Stojanovic, V.R., Milicev, M., and Lavrnic, D.
(2012). Is hyperlipidemia correlated with longer survival in patients with
amyotrophic lateral sclerosis? Neurol. Res. 34, 576–580.
Deflorio, C., Palma, E., Conti, L., Roseti, C., Manteca, A., Giacomelli, E.,
Catalano, M., Limatola, C., Inghilleri, M., and Grassi, F. (2012). Riluzole blocks
human muscle acetylcholine receptors. J. Physiol. 590, 2519–2528.
Deinhardt, K., Salinas, S., Verastegui, C., Watson, R., Worth, D., Hanrahan, S.,
Bucci, C., and Schiavo, G. (2006). Rab5 and Rab7 control endocytic sorting along
the axonal retrograde transport pathway. Neuron 52, 293–305.
DeJesus-Hernandez, M., Mackenzie, I.R., Boeve, B.F., Boxer, A.L., Baker, M.,
Rutherford, N.J., Nicholson, A.M., Finch, N.A., Flynn, H., Adamson, J., et al.
(2011). Expanded GGGGCC hexanucleotide repeat in noncoding region of
C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron 72, 245–256.

173

Demmel, L., Beck, M., Klose, C., Schlaitz, A.-L., Gloor, Y., Hsu, P.P., Havlis, J.,
Shevchenko, A., Krause, E., Kalaidzidis, Y., et al. (2008). Nucleocytoplasmic
shuttling of the Golgi phosphatidylinositol 4-kinase Pik1 is regulated by 14-3-3
proteins and coordinates Golgi function with cell growth. Mol. Biol. Cell 19,
1046–1061.
Deng, H.-X., Chen, W., Hong, S.-T., Boycott, K.M., Gorrie, G.H., Siddique, N.,
Yang, Y., Fecto, F., Shi, Y., Zhai, H., et al. (2011a). Mutations in UBQLN2 cause
dominant X-linked juvenile and adult-onset ALS and ALS/dementia. Nature
477, 211–215.
Deng, H.X., Hentati, A., Tainer, J.A., Iqbal, Z., Cayabyab, A., Hung, W.Y.,
Getzoff, E.D., Hu, P., Herzfeldt, B., and Roos, R.P. (1993). Amyotrophic lateral
sclerosis and structural defects in Cu,Zn superoxide dismutase. Science 261,
1047–1051.
Deng, X., Hiatt, J.B., Nguyen, D.K., Ercan, S., Sturgill, D., Hillier, L.W.,
Schlesinger, F., Davis, C.A., Reinke, V.J., Gingeras, T.R., et al. (2011b). Evidence
for compensatory upregulation of expressed X-linked genes in mammals,
Caenorhabditis elegans and Drosophila melanogaster. Nat. Genet. 43, 1179–
1185.
Dick, K.A., Ikeda, Y., Day, J.W., and Ranum, L.P.W. (2012). Spinocerebellar
ataxia type 5. Handb. Clin. Neurol. Ed. Pj Vinken Gw Bruyn 103, 451–459.
Dickman, D.K., Lu, Z., Meinertzhagen, I.A., and Schwarz, T.L. (2006). Altered
synaptic development and active zone spacing in endocytosis mutants. Curr.
Biol. Cb 16, 591–598.
Diekstra, F.P., van Vught, P.W.J., van Rheenen, W., Koppers, M., Pasterkamp,
R.J., van Es, M.A., Schelhaas, H.J., de Visser, M., Robberecht, W., Van Damme,
P., et al. (2012). UNC13A is a modifier of survival in amyotrophic lateral
sclerosis. Neurobiol. Aging 33, 630.e3–8.
Dion, P.A., Daoud, H., and Rouleau, G.A. (2009). Genetics of motor neuron
disorders: new insights into pathogenic mechanisms. Nat. Rev. Genet. 10, 769–
782.
Dippold, H.C., Ng, M.M., Farber-Katz, S.E., Lee, S.-K., Kerr, M.L., Peterman,
M.C., Sim, R., Wiharto, P.A., Galbraith, K.A., Madhavarapu, S., et al. (2009).
GOLPH3 bridges phosphatidylinositol-4- phosphate and actomyosin to stretch
and shape the Golgi to promote budding. Cell 139, 337–351.
Dowler, S., Currie, R.A., Campbell, D.G., Deak, M., Kular, G., Downes, C.P.,
and Alessi, D.R. (2000). Identification of pleckstrin-homology-domaincontaining proteins with novel phosphoinositide-binding specificities. Biochem.
J. 351, 19–31.
Downes, C.P., Gray, A., and Lucocq, J.M. (2005). Probing phosphoinositide
functions in signaling and membrane trafficking. Trends Cell Biol. 15, 259–268.
Dubreuil, R., Byers, T.J., Branton, D., Goldstein, L.S., and Kiehart, D.P. (1987).
Drosophilia spectrin. I. Characterization of the purified protein. J. Cell Biol. 105,
2095–2102.

174

Dudai, Y., Jan, Y.N., Byers, D., Quinn, W.G., and Benzer, S. (1976). dunce, a
mutant of Drosophila deficient in learning. Proc. Natl. Acad. Sci. U. S. A. 73,
1684–1688.
Duex, J.E., Tang, F., and Weisman, L.S. (2006). The Vac14p-Fig4p complex acts
independently of Vac7p and couples PI3,5P2 synthesis and turnover. J. Cell
Biol. 172, 693–704.
Duffy, L.M., Chapman, A.L., Shaw, P.J., and Grierson, A.J. (2011). Review: The
role of mitochondria in the pathogenesis of amyotrophic lateral sclerosis.
Neuropathol. Appl. Neurobiol. 37, 336–352.
Dupuis, L., Corcia, P., Fergani, A., Gonzalez De Aguilar, J.-L., BonnefontRousselot, D., Bittar, R., Seilhean, D., Hauw, J.-J., Lacomblez, L., Loeffler, J.-P.,
et al. (2008). Dyslipidemia is a protective factor in amyotrophic lateral sclerosis.
Neurology 70, 1004–1009.
Dutta, S., and Baehrecke, E.H. (2008). Warts is required for PI3K-regulated
growth arrest, autophagy, and autophagic cell death in Drosophila. Curr. Biol.
Cb 18, 1466–1475.
Eaton, B.A., and Davis, G.W. (2005). LIM Kinase1 controls synaptic stability
downstream of the type II BMP receptor. Neuron 47, 695–708.
Eisen, A. (2009). Amyotrophic lateral sclerosis: A 40-year personal perspective.
J. Clin. Neurosci. Off. J. Neurosurg. Soc. Australas. 16, 505–512.
Elden, A.C., Kim, H.-J., Hart, M.P., Chen-Plotkin, A.S., Johnson, B.S., Fang, X.,
Armakola, M., Geser, F., Greene, R., Lu, M.M., et al. (2010). Ataxin-2
intermediate-length polyglutamine expansions are associated with increased
risk for ALS. Nature 466, 1069–1075.
Van Es, M.A., Veldink, J.H., Saris, C.G.J., Blauw, H.M., van Vught, P.W.J., Birve,
A., Lemmens, R., Schelhaas, H.J., Groen, E.J.N., Huisman, M.H.B., et al. (2009).
Genome-wide association study identifies 19p13.3 (UNC13A) and 9p21.2 as
susceptibility loci for sporadic amyotrophic lateral sclerosis. Nat. Genet. 41,
1083–1087.
Estes, P.S., Boehringer, A., Zwick, R., Tang, J.E., Grigsby, B., and Zarnescu, D.C.
(2011). Wild-type and A315T mutant TDP-43 exert differential neurotoxicity in a
Drosophila model of ALS. Hum. Mol. Genet. 20, 2308–2321.
Etter, P.D., Narayanan, R., Navratilova, Z., Patel, C., Bohmann, D., Jasper, H.,
and Ramaswami, M. (2005). Synaptic and genomic responses to JNK and AP-1
signaling in Drosophila neurons. Bmc Neurosci. 6, 39.
Fasana, E., Fossati, M., Ruggiano, A., Brambillasca, S., Hoogenraad, C.C.,
Navone, F., Francolini, M., and Borgese, N. (2010). A VAPB mutant linked to
amyotrophic lateral sclerosis generates a novel form of organized smooth
endoplasmic reticulum. Faseb J. Off. Publ. Fed. Am. Soc. Exp. Biol. 24, 1419–
1430.

175

Faulhammer, F., Konrad, G., Brankatschk, B., Tahirovic, S., Knödler, A., and
Mayinger, P. (2005). Cell growth-dependent coordination of lipid signaling and
glycosylation is mediated by interactions between Sac1p and Dpm1p. J. Cell
Biol. 168, 185–191.
Faulhammer, F., Kanjilal-Kolar, S., Knödler, A., Lo, J., Lee, Y., Konrad, G., and
Mayinger, P. (2007). Growth control of Golgi phosphoinositides by reciprocal
localization of sac1 lipid phosphatase and pik1 4-kinase. Traffic Cph. Den. 8,
1554–1567.
Feany, M.B., and Bender, W.W. (2000). A Drosophila model of Parkinson’s
disease. Nature 404, 394–398.
Featherstone, D.E., Davis, W.S., Dubreuil, R.R., and Broadie, K. (2001).
Drosophila alpha- and beta-spectrin mutations disrupt presynaptic
neurotransmitter release. J. Neurosci. Off. J. Soc. Neurosci. 21, 4215–4224.
Fecto, F., Yan, J., Vemula, S.P., Liu, E., Yang, Y., Chen, W., Zheng, J.G., Shi, Y.,
Siddique, N., Arrat, H., et al. (2011). SQSTM1 mutations in familial and
sporadic amyotrophic lateral sclerosis. Arch. Neurol. 68, 1440–1446.
Ferguson, C.J., Lenk, G.M., and Meisler, M.H. (2009). Defective autophagy in
neurons and astrocytes from mice deficient in PI(3,5)P2. Hum. Mol. Genet. 18,
4868–4878.
Fernandez-Funez, P., Nino-Rosales, M.L., de Gouyon, B., She, W.C., Luchak,
J.M., Martinez, P., Turiegano, E., Benito, J., Capovilla, M., Skinner, P.J., et al.
(2000). Identification of genes that modify ataxin-1-induced neurodegeneration.
Nature 408, 101–106.
Figlewicz, D.A., Krizus, A., Martinoli, M.G., Meininger, V., Dib, M., Rouleau,
G.A., and Julien, J.P. (1994). Variants of the heavy neurofilament subunit are
associated with the development of amyotrophic lateral sclerosis. Hum. Mol.
Genet. 3, 1757–1761.
Filimonenko, M., Isakson, P., Finley, K.D., Anderson, M., Jeong, H., Melia, T.J.,
Bartlett, B.J., Myers, K.M., Birkeland, H.C.G., Lamark, T., et al. (2010). The
selective macroautophagic degradation of aggregated proteins requires the
PI3P-binding protein Alfy. Mol. Cell 38, 265–279.
Finley, K.D., Edeen, P.T., Cumming, R.C., Mardahl-Dumesnil, M.D., Taylor,
B.J., Rodriguez, M.H., Hwang, C.E., Benedetti, M., and McKeown, M. (2003).
blue cheese mutations define a novel, conserved gene involved in progressive
neural degeneration. J. Neurosci. Off. J. Soc. Neurosci. 23, 1254–1264.
Fischer, L.R., Culver, D.G., Tennant, P., Davis, A.A., Wang, M., CastellanoSanchez, A., Khan, J., Polak, M.A., and Glass, J.D. (2004). Amyotrophic lateral
sclerosis is a distal axonopathy: evidence in mice and man. Exp. Neurol. 185,
232–240.
Ford, M.G.J., Mills, I.G., Peter, B.J., Vallis, Y., Praefcke, G.J.K., Evans, P.R., and
McMahon, H.T. (2002). Curvature of clathrin-coated pits driven by epsin.
Nature 419, 361–366.

176

Forrest, S., Chai, A., Sanhueza, M., Marescotti, M., Parry, K., Georgiev, A.,
Sahota, V., Mendez-Castro, R., and Pennetta, G. (2013). Increased levels of
phosphoinositides cause neurodegeneration in a Drosophila model of
amyotrophic lateral sclerosis. Hum. Mol. Genet.
Fortini, M.E., Skupski, M.P., Boguski, M.S., and Hariharan, I.K. (2000). A Survey
of Human Disease Gene Counterparts in the Drosophila Genome. J. Cell Biol.
150, 23–30.
Foster, L.J., Weir, M.L., Lim, D.Y., Liu, Z., Trimble, W.S., and Klip, A. (2000). A
functional role for VAP-33 in insulin-stimulated GLUT4 traffic. Traffic Cph.
Den. 1, 512–521.
Foti, M., Audhya, A., and Emr, S.D. (2001). Sac1 lipid phosphatase and Stt4
phosphatidylinositol 4-kinase regulate a pool of phosphatidylinositol 4phosphate that functions in the control of the actin cytoskeleton and vacuole
morphology. Mol. Biol. Cell 12, 2396–2411.
Freedman, D.M., Curtis, R.E., Daugherty, S.E., Goedert, J.J., Kuncl, R.W., and
Tucker, M.A. (2012). The association between cancer and amyotrophic lateral
sclerosis. Cancer Causes Control Ccc.
Fugmann, T., Hausser, A., Schöffler, P., Schmid, S., Pfizenmaier, K., and
Olayioye, M.A. (2007). Regulation of secretory transport by protein kinase Dmediated phosphorylation of the ceramide transfer protein. J. Cell Biol. 178, 15–
22.
Funke, A.D., Esser, M., Krüttgen, A., Weis, J., Mitne-Neto, M., Lazar, M.,
Nishimura, A.L., Sperfeld, A.D., Trillenberg, P., Senderek, J., et al. (2010). The
p.P56S mutation in the VAPB gene is not due to a single founder: the first
European case. Clin. Genet. 77, 302–303.
Furuita, K., Jee, J., Fukada, H., Mishima, M., and Kojima, C. (2010). Electrostatic
Interaction between Oxysterol-binding Protein and VAMP-associated Protein A
Revealed by NMR and Mutagenesis Studies. J. Biol. Chem. 285, 12961 –12970.
Gagnon, E., Duclos, S., Rondeau, C., Chevet, E., Cameron, P.H., SteeleMortimer, O., Paiement, J., Bergeron, J.J.M., and Desjardins, M. (2002).
Endoplasmic reticulum-mediated phagocytosis is a mechanism of entry into
macrophages. Cell 110, 119–131.
Galaud, J.P., Laval, V., Carriere, M., Barre, A., Canut, H., Rouge, P., and PontLezica, R. (1997). Osmotic stress activated expression of an Arabidopsis plasma
membrane-associated protein: sequence and predicted secondary structure.
Biochim. Biophys. Acta 1341, 79–86.
Gao, L., Aizaki, H., He, J.-W., and Lai, M.M.C. (2004). Interactions between viral
nonstructural proteins and host protein hVAP-33 mediate the formation of
hepatitis C virus RNA replication complex on lipid raft. J. Virol. 78, 3480–3488.
Gao, Y., Perkins, E.M., Clarkson, Y.L., Tobia, S., Lyndon, A.R., Jackson, M., and
Rothstein, J.D. (2011). !-III spectrin is critical for development of purkinje cell
dendritic tree and spine morphogenesis. J. Neurosci. Off. J. Soc. Neurosci. 31,
16581–16590.

177

Garcia-Bustos, J.F., Marini, F., Stevenson, I., Frei, C., and Hall, M.N. (1994).
PIK1, an essential phosphatidylinositol 4-kinase associated with the yeast
nucleus. Embo J. 13, 2352–2361.
García-Redondo, A., Dols-Icardo, O., Rojas, R., Esteban-Pérez, J., CorderoVázquez, P., Muñoz-Blanco, J.L., Catalina, I., González-Muñoz, M., Varona, L.,
Sarasola, E., et al. (2012). Analysis of the C9orf72 gene in patients with
amyotrophic lateral sclerosis in Spain and different populations worldwide.
Hum. Mutat.
Gary, J.D., Sato, T.K., Stefan, C.J., Bonangelino, C.J., Weisman, L.S., and Emr,
S.D. (2002). Regulation of Fab1 phosphatidylinositol 3-phosphate 5-kinase
pathway by Vac7 protein and Fig4, a polyphosphoinositide phosphatase family
member. Mol. Biol. Cell 13, 1238–1251.
Gavin, A.-C., Bosche, M., Krause, R., Grandi, P., Marzioch, M., Bauer, A.,
Schultz, J., Rick, J.M., Michon, A.-M., Cruciat, C.-M., et al. (2002). Functional
organization of the yeast proteome by systematic analysis of protein complexes.
Nature 415, 141–147.
Gerrow, K., Romorini, S., Nabi, S.M., Colicos, M.A., Sala, C., and El-Husseini, A.
(2006). A preformed complex of postsynaptic proteins is involved in excitatory
synapse development. Neuron 49, 547–562.
Gervais, L., Claret, S., Januschke, J., Roth, S., and Guichet, A. (2008). PIP5Kdependent production of PIP2 sustains microtubule organization to establish
polarized transport in the Drosophila oocyte. Dev. Camb. Engl. 135, 3829–3838.
Ghiasi, P., Hosseinkhani, S., Noori, A., Nafissi, S., and Khajeh, K. (2012).
Mitochondrial complex I deficiency and ATP/ADP ratio in lymphocytes of
amyotrophic lateral sclerosis patients. Neurol. Res. 34, 297–303.
Giansanti, M.G., Bonaccorsi, S., Kurek, R., Farkas, R.M., Dimitri, P., Fuller, M.T.,
and Gatti, M. (2006). The class I PITP giotto is required for Drosophila
cytokinesis. Curr. Biol. Cb 16, 195–201.
Giansanti, M.G., Belloni, G., and Gatti, M. (2007). Rab11 is required for
membrane trafficking and actomyosin ring constriction in meiotic cytokinesis of
Drosophila males. Mol. Biol. Cell 18, 5034–5047.
Giordana, M.T., Ferrero, P., Grifoni, S., Pellerino, A., Naldi, A., and Montuschi,
A. (2011). Dementia and cognitive impairment in amyotrophic lateral sclerosis:
a review. Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 32,
9–16.
Giot, L., Bader, J.S., Brouwer, C., Chaudhuri, A., Kuang, B., Li, Y., Hao, Y.L.,
Ooi, C.E., Godwin, B., Vitols, E., et al. (2003). A protein interaction map of
Drosophila melanogaster. Science 302, 1727–1736.
Gkogkas, C., Middleton, S., Kremer, A.M., Wardrope, C., Hannah, M.,
Gillingwater, T.H., and Skehel, P. (2008). VAPB interacts with and modulates
the activity of ATF6. Hum. Mol. Genet. 17, 1517–1526.

178

Gkogkas, C., Wardrope, C., Hannah, M., and Skehel, P. (2011). The ALS8associated mutant VAPB(P56S) is resistant to proteolysis in neurons. J.
Neurochem. 117, 286–294.
Godi, A., Pertile, P., Meyers, R., Marra, P., Di Tullio, G., Iurisci, C., Luini, A.,
Corda, D., and De Matteis, M.A. (1999). ARF mediates recruitment of PtdIns-4OH kinase-beta and stimulates synthesis of PtdIns(4,5)P2 on the Golgi complex.
Nat. Cell Biol. 1, 280–287.
Godi, A., Di Campli, A., Konstantakopoulos, A., Di Tullio, G., Alessi, D.R.,
Kular, G.S., Daniele, T., Marra, P., Lucocq, J.M., and De Matteis, M.A. (2004).
FAPPs control Golgi-to-cell-surface membrane traffic by binding to ARF and
PtdIns(4)P. Nat. Cell Biol. 6, 393–404.
Gonatas, N.K., Stieber, A., and Gonatas, J.O. (2006). Fragmentation of the Golgi
apparatus in neurodegenerative diseases and cell death. J. Neurol. Sci. 246, 21–
30.
Goyal, S., Gupta, G., Qin, H., Upadya, M.H., Tan, Y.J., Chow, V.T.K., and Song,
J. (2012). VAPC, an human endogenous inhibitor for hepatitis C virus (HCV)
infection, is intrinsically unstructured but forms a “fuzzy complex” with HCV
NS5B. Plos One 7, e40341.
Greene, J.C., Whitworth, A.J., Kuo, I., Andrews, L.A., Feany, M.B., and Pallanck,
L.J. (2003). Mitochondrial pathology and apoptotic muscle degeneration in
Drosophila parkin mutants. Proc. Natl. Acad. Sci. U. S. A. 100, 4078–4083.
Greeve, I., Kretzschmar, D., Tschäpe, J.-A., Beyn, A., Brellinger, C., Schweizer,
M., Nitsch, R.M., and Reifegerste, R. (2004). Age-dependent neurodegeneration
and Alzheimer-amyloid plaque formation in transgenic Drosophila. J. Neurosci.
Off. J. Soc. Neurosci. 24, 3899–3906.
Gruzman, A., Wood, W.L., Alpert, E., Prasad, M.D., Miller, R.G., Rothstein, J.D.,
Bowser, R., Hamilton, R., Wood, T.D., Cleveland, D.W., et al. (2007). Common
molecular signature in SOD1 for both sporadic and familial amyotrophic lateral
sclerosis. Proc. Natl. Acad. Sci. U. S. A. 104, 12524–12529.
Gunawardena, S., and Goldstein, L.S. (2001). Disruption of axonal transport and
neuronal viability by amyloid precursor protein mutations in Drosophila.
Neuron 32, 389–401.
Guo, J., Wenk, M.R., Pellegrini, L., Onofri, F., Benfenati, F., and Camilli, P.D.
(2003). Phosphatidylinositol 4-kinase type II" is responsible for the
phosphatidylinositol 4-kinase activity associated with synaptic vesicles. Proc.
Natl. Acad. Sci. 100, 3995–4000.
Guo, S., Stolz, L.E., Lemrow, S.M., and York, J.D. (1999). SAC1-like domains of
yeast SAC1, INP52, and INP53 and of human synaptojanin encode
polyphosphoinositide phosphatases. J. Biol. Chem. 274, 12990–12995.
Gupta, G., Qin, H., and Song, J. (2012). Intrinsically unstructured domain 3 of
hepatitis C Virus NS5A forms a “fuzzy complex” with VAPB-MSP domain
which carries ALS-causing mutations. Plos One 7, e39261.

179

Gupta, V., Parisi, M., Sturgill, D., Nuttall, R., Doctolero, M., Dudko, O.K.,
Malley, J.D., Eastman, P.S., and Oliver, B. (2006). Global analysis of Xchromosome dosage compensation. J. Biol. 5, 3.
Gurney, M.E. (1994). Transgenic-mouse model of amyotrophic lateral sclerosis.
N. Engl. J. Med. 331, 1721–1722.
Guruharsha, K.G., Rual, J.-F., Zhai, B., Mintseris, J., Vaidya, P., Vaidya, N.,
Beekman, C., Wong, C., Rhee, D.Y., Cenaj, O., et al. (2011). A protein complex
network of Drosophila melanogaster. Cell 147, 690–703.
Gwinn, K., Corriveau, R.A., Mitsumoto, H., Bednarz, K., Brown, R.H., Jr,
Cudkowicz, M., Gordon, P.H., Hardy, J., Kasarskis, E.J., Kaufmann, P., et al.
(2007). Amyotrophic lateral sclerosis: an emerging era of collaborative gene
discovery. Plos One 2, e1254.
Hadano, S., Hand, C.K., Osuga, H., Yanagisawa, Y., Otomo, A., Devon, R.S.,
Miyamoto, N., Showguchi-Miyata, J., Okada, Y., Singaraja, R., et al. (2001). A
gene encoding a putative GTPase regulator is mutated in familial amyotrophic
lateral sclerosis 2. Nat. Genet. 29, 166–173.
Halder, G., Callaerts, P., and Gehring, W.J. (1995). Induction of ectopic eyes by
targeted expression of the eyeless gene in Drosophila. Science 267, 1788–1792.
Hama, H., Schnieders, E.A., Thorner, J., Takemoto, J.Y., and DeWald, D.B.
(1999). Direct involvement of phosphatidylinositol 4-phosphate in secretion in
the yeast Saccharomyces cerevisiae. J. Biol. Chem. 274, 34294–34300.
Hamamoto, I., Nishimura, Y., Okamoto, T., Aizaki, H., Liu, M., Mori, Y., Abe,
T., Suzuki, T., Lai, M.M.C., Miyamura, T., et al. (2005). Human VAP-B is
involved in hepatitis C virus replication through interaction with NS5A and
NS5B. J. Virol. 79, 13473–13482.
Hamilton, B.A., Smith, D.J., Mueller, K.L., Kerrebrock, A.W., Bronson, R.T., van
Berkel, V., Daly, M.J., Kruglyak, L., Reeve, M.P., Nemhauser, J.L., et al. (1997).
The vibrator mutation causes neurodegeneration via reduced expression of
PITP alpha: positional complementation cloning and extragenic suppression.
Neuron 18, 711–722.
Hammond, G.R.V., Fischer, M.J., Anderson, K.E., Holdich, J., Koteci, A., Balla,
T., and Irvine, R.F. (2012). PI4P and PI(4,5)P2 are essential but independent lipid
determinants of membrane identity. Science 337, 727–730.
Han, S.M., Cottee, P.A., and Miller, M.A. (2010). Sperm and oocyte
communication mechanisms controlling C. elegans fertility. Dev. Dyn. Off.
Publ. Am. Assoc. Anat. 239, 1265–1281.
Han, S.M., Tsuda, H., Yang, Y., Vibbert, J., Cottee, P., Lee, S.-J., Winek, J.,
Haueter, C., Bellen, H.J., and Miller, M.A. (2012). Secreted VAPB/ALS8 major
sperm protein domains modulate mitochondrial localization and morphology
via growth cone guidance receptors. Dev. Cell 22, 348–362.
Harden, N. (2002). Signaling pathways directing the movement and fusion of
epithelial sheets: lessons from dorsal closure in Drosophila. Differ. Res. Biol.
Divers. 70, 181–203.
180

Hardie, R.C., and Franze, K. (2012). Photomechanical responses in Drosophila
photoreceptors. Science 338, 260–263.
Hardie, R.C., Gu, Y., Martin, F., Sweeney, S.T., and Raghu, P. (2004). In vivo
light-induced and basal phospholipase C activity in Drosophila photoreceptors
measured with genetically targeted phosphatidylinositol 4,5-bisphosphatesensitive ion channels (Kir2.1). J. Biol. Chem. 279, 47773–47782.
Hartz, J.W., and Deutsch, H.F. (1972). Subunit structure of human superoxide
dismutase. J. Biol. Chem. 247, 7043–7050.
Haynes, L.P., Thomas, G.M.H., and Burgoyne, R.D. (2005). Interaction of
neuronal calcium sensor-1 and ADP-ribosylation factor 1 allows bidirectional
control of phosphatidylinositol 4-kinase beta and trans-Golgi network-plasma
membrane traffic. J. Biol. Chem. 280, 6047–6054.
Haze, K., Yoshida, H., Yanagi, H., Yura, T., and Mori, K. (1999). Mammalian
transcription factor ATF6 is synthesized as a transmembrane protein and
activated by proteolysis in response to endoplasmic reticulum stress. Mol. Biol.
Cell 10, 3787–3799.
Hendricks, K.B., Wang, B.Q., Schnieders, E.A., and Thorner, J. (1999). Yeast
homologue of neuronal frequenin is a regulator of phosphatidylinositol-4-OH
kinase. Nat. Cell Biol. 1, 234–241.
Hentati, A., Bejaoui, K., Pericak-Vance, M.A., Hentati, F., Speer, M.C., Hung,
W.Y., Figlewicz, D.A., Haines, J., Rimmler, J., and Ben Hamida, C. (1994).
Linkage of recessive familial amyotrophic lateral sclerosis to chromosome 2q33q35. Nat. Genet. 7, 425–428.
Herrera, F., Chen, Q., Fischer, W.H., Maher, P., and Schubert, D. (2009).
Synaptojanin-1 plays a key role in astrogliogenesis: possible relevance for
Down’s syndrome. Cell Death Differ. 16, 910–920.
Hirata, Y., Ikeda, K., Sudoh, M., Tokunaga, Y., Suzuki, A., Weng, L., Ohta, M.,
Tobita, Y., Okano, K., Ozeki, K., et al. (2012). Self-enhancement of hepatitis C
virus replication by promotion of specific sphingolipid biosynthesis. Plos
Pathog. 8, e1002860.
Hirst, J., Lindsay, M.R., and Robinson, M.S. (2001). GGAs: roles of the different
domains and comparison with AP-1 and clathrin. Mol. Biol. Cell 12, 3573–3588.
Van Hoecke, A., Schoonaert, L., Lemmens, R., Timmers, M., Staats, K.A., Laird,
A.S., Peeters, E., Philips, T., Goris, A., Dubois, B., et al. (2012). EPHA4 is a
disease modifier of amyotrophic lateral sclerosis in animal models and in
humans. Nat. Med.
Hu, J.H., Chernoff, K., Pelech, S., and Krieger, C. (2003a). Protein kinase and
protein phosphatase expression in the central nervous system of G93A mSOD
over-expressing mice. J. Neurochem. 85, 422–431.
Hu, J.-H., Zhang, H., Wagey, R., Krieger, C., and Pelech, S.L. (2003b). Protein
kinase and protein phosphatase expression in amyotrophic lateral sclerosis
spinal cord. J. Neurochem. 85, 432–442.

181

Hughes, W.E., Cooke, F.T., and Parker, P.J. (2000a). Sac phosphatase domain
proteins. Biochem. J. 350 Pt 2, 337–352.
Hughes, W.E., Woscholski, R., Cooke, F.T., Patrick, R.S., Dove, S.K., McDonald,
N.Q., and Parker, P.J. (2000b). SAC1 encodes a regulated lipid phosphoinositide
phosphatase, defects in which can be suppressed by the homologous Inp52p
and Inp53p phosphatases. J. Biol. Chem. 275, 801–808.
Hülsmeier, J., Pielage, J., Rickert, C., Technau, G.M., Klämbt, C., and Stork, T.
(2007). Distinct functions of alpha-Spectrin and beta-Spectrin during axonal
pathfinding. Dev. Camb. Engl. 134, 713–722.
Hummel, T., Krukkert, K., Roos, J., Davis, G., and Klämbt, C. (2000). Drosophila
Futsch/22C10 is a MAP1B-like protein required for dendritic and axonal
development. Neuron 26, 357–370.
Ikeda, Y., Dick, K.A., Weatherspoon, M.R., Gincel, D., Armbrust, K.R., Dalton,
J.C., Stevanin, G., Dürr, A., Zühlke, C., Bürk, K., et al. (2006). Spectrin mutations
cause spinocerebellar ataxia type 5. Nat. Genet. 38, 184–190.
Ikonomov, O.C., Sbrissa, D., Ijuin, T., Takenawa, T., and Shisheva, A. (2009).
Sac3 is an insulin-regulated phosphatidylinositol 3,5-bisphosphate
phosphatase: gain in insulin responsiveness through Sac3 down-regulation in
adipocytes. J. Biol. Chem. 284, 23961–23971.
Imai, Y., Gehrke, S., Wang, H.-Q., Takahashi, R., Hasegawa, K., Oota, E., and
Lu, B. (2008). Phosphorylation of 4E-BP by LRRK2 affects the maintenance of
dopaminergic neurons in Drosophila. Embo J. 27, 2432–2443.
Imlach, W.L., Beck, E.S., Choi, B.J., Lotti, F., Pellizzoni, L., and McCabe, B.D.
(2012). SMN Is Required for Sensory-Motor Circuit Function in Drosophila. Cell
151, 427–439.
Ito, Y., Yamada, M., Tanaka, H., Aida, K., Tsuruma, K., Shimazawa, M.,
Hozumi, I., Inuzuka, T., Takahashi, H., and Hara, H. (2009). Involvement of
CHOP, an ER-stress apoptotic mediator, in both human sporadic ALS and ALS
model mice. Neurobiol. Dis. 36, 470–476.
Jacinto, A., Woolner, S., and Martin, P. (2002). Dynamic analysis of dorsal
closure in Drosophila: from genetics to cell biology. Dev. Cell 3, 9–19.
Jackson, G.R., Salecker, I., Dong, X., Yao, X., Arnheim, N., Faber, P.W.,
MacDonald, M.E., and Zipursky, S.L. (1998). Polyglutamine-expanded human
huntingtin transgenes induce degeneration of Drosophila photoreceptor
neurons. Neuron 21, 633–642.
Jacquier, A., Buhler, E., Schäfer, M.K.E., Bohl, D., Blanchard, S., Beclin, C., and
Haase, G. (2006). Alsin/Rac1 signaling controls survival and growth of spinal
motoneurons. Ann. Neurol. 60, 105–117.
James, P.A., and Talbot, K. (2006). The molecular genetics of non-ALS motor
neuron diseases. Biochim. Biophys. Acta 1762, 986–1000.

182

Jan, L.Y., and Jan, Y.N. (1982). Antibodies to horseradish peroxidase as specific
neuronal markers in Drosophila and in grasshopper embryos. Proc. Natl. Acad.
Sci. U. S. A. 79, 2700–2704.
Jang, J.-H., Kwon, M.-J., Choi, W.J., Oh, K.-W., Koh, S.-H., Ki, C.-S., and Kim,
S.H. (2012). Analysis of the C9orf72 hexanucleotide repeat expansion in Korean
patients with familial and sporadic amyotrophic lateral sclerosis. Neurobiol.
Aging.
Jansen, M., Ohsaki, Y., Rita Rega, L., Bittman, R., Olkkonen, V.M., and Ikonen,
E. (2011). Role of ORPs in sterol transport from plasma membrane to ER and
lipid droplets in mammalian cells. Traffic Cph. Den. 12, 218–231.
Jawaid, A., Poon, M., Strutt, A.M., Rice, L.K., McDowell, E.J., Salamone, A.R.,
Qureshi, S.U., Simpson, E., Appel, S.H., York, M.K., et al. (2011). Does
apolipoprotein E genotype modify the clinical expression of ALS? Eur. J.
Neurol. Off. J. Eur. Fed. Neurol. Soc. 18, 618–624.
Jin, N., Chow, C.Y., Liu, L., Zolov, S.N., Bronson, R., Davisson, M., Petersen,
J.L., Zhang, Y., Park, S., Duex, J.E., et al. (2008). VAC14 nucleates a protein
complex essential for the acute interconversion of PI3P and PI(3,5)P(2) in yeast
and mouse. Embo J. 27, 3221–3234.
Johansson, M., Lehto, M., Tanhuanpää, K., Cover, T.L., and Olkkonen, V.M.
(2005). The oxysterol-binding protein homologue ORP1L interacts with Rab7
and alters functional properties of late endocytic compartments. Mol. Biol. Cell
16, 5480–5492.
Johansson, M., Rocha, N., Zwart, W., Jordens, I., Janssen, L., Kuijl, C., Olkkonen,
V.M., and Neefjes, J. (2007). Activation of endosomal dynein motors by
stepwise assembly of Rab7-RILP-p150Glued, ORP1L, and the receptor betalll
spectrin. J. Cell Biol. 176, 459–471.
Johnson, B.S., McCaffery, J.M., Lindquist, S., and Gitler, A.D. (2008). A yeast
TDP-43 proteinopathy model: Exploring the molecular determinants of TDP-43
aggregation and cellular toxicity. Proc. Natl. Acad. Sci. U. S. A. 105, 6439–6444.
Johnson, J.O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V.M.,
Trojanowski, J.Q., Gibbs, J.R., Brunetti, M., Gronka, S., Wuu, J., et al. (2010).
Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron
68, 857–864.
Kabashi, E., Valdmanis, P.N., Dion, P., Spiegelman, D., McConkey, B.J., Vande
Velde, C., Bouchard, J.-P., Lacomblez, L., Pochigaeva, K., Salachas, F., et al.
(2008). TARDBP mutations in individuals with sporadic and familial
amyotrophic lateral sclerosis. Nat. Genet. 40, 572–574.
Kabashi, E., Agar, J.N., Strong, M.J., and Durham, H.D. (2012). Impaired
proteasome function in sporadic amyotrophic lateral sclerosis. Amyotroph.
Lateral Scler. Off. Publ. World Fed. Neurol. Res. Group Mot. Neuron Dis. 13,
367–371.

183

Kabashi, E., El Oussini, H., Bercier, V., Gros-Louis, F., Valdmanis, P.N.,
McDearmid, J., Mejier, I.A., Dion, P.A., Dupre, N., Hollinger, D., et al. (2013).
Investigating the contribution of VAPB/ALS8 loss of function in amyotrophic
lateral sclerosis. Hum. Mol. Genet.
Kagiwada, S., and Hashimoto, M. (2007). The yeast VAP homolog Scs2p has a
phosphoinositide-binding ability that is correlated with its activity. Biochem.
Biophys. Res. Commun. 364, 870–876.
Kagiwada, S., and Zen, R. (2003). Role of the yeast VAP homolog, Scs2p, in
INO1 expression and phospholipid metabolism. J. Biochem. (Tokyo) 133, 515–
522.
Kagiwada, S., Hosaka, K., Murata, M., Nikawa, J., and Takatsuki, A. (1998). The
Saccharomyces cerevisiae SCS2 gene product, a homolog of a synaptobrevinassociated protein, is an integral membrane protein of the endoplasmic
reticulum and is required for inositol metabolism. J. Bacteriol. 180, 1700–1708.
Kaiser, S.E., Brickner, J.H., Reilein, A.R., Fenn, T.D., Walter, P., and Brunger,
A.T. (2005). Structural basis of FFAT motif-mediated ER targeting. Struct. Lond.
Engl. 1993 13, 1035–1045.
Kanekura, K., Nishimoto, I., Aiso, S., and Matsuoka, M. (2006). Characterization
of amyotrophic lateral sclerosis-linked P56S mutation of vesicle-associated
membrane protein-associated protein B (VAPB/ALS8). J. Biol. Chem. 281,
30223–30233.
Kanekura, K., Suzuki, H., Aiso, S., and Matsuoka, M. (2009). ER stress and
unfolded protein response in amyotrophic lateral sclerosis. Mol. Neurobiol. 39,
81–89.
Katsuno, M., Adachi, H., Banno, H., Suzuki, K., Tanaka, F., and Sobue, G.
(2011). Transforming growth factor-! signaling in motor neuron diseases. Curr.
Mol. Med. 11, 48–56.
Kawano, M., Kumagai, K., Nishijima, M., and Hanada, K. (2006). Efficient
trafficking of ceramide from the endoplasmic reticulum to the Golgi apparatus
requires a VAMP-associated protein-interacting FFAT motif of CERT. J. Biol.
Chem. 281, 30279–30288.
Kearns, B.G., McGee, T.P., Mayinger, P., Gedvilaite, A., Phillips, S.E., Kagiwada,
S., and Bankaitis, V.A. (1997). Essential role for diacylglycerol in protein
transport from the yeast Golgi complex. Nature 387, 101–105.
Keller, L.C., Cheng, L., Locke, C.J., Müller, M., Fetter, R.D., and Davis, G.W.
(2011). Glial-Derived Prodegenerative Signaling in the Drosophila
Neuromuscular System. 760–775.
Kerman, A., Liu, H.-N., Croul, S., Bilbao, J., Rogaeva, E., Zinman, L., Robertson,
J., and Chakrabartty, A. (2010). Amyotrophic lateral sclerosis is a non-amyloid
disease in which extensive misfolding of SOD1 is unique to the familial form.
Acta Neuropathol. (Berl.) 119, 335–344.

184

Khuong, T.M., Habets, R.L.P., Slabbaert, J.R., and Verstreken, P. (2010). WASP
is activated by phosphatidylinositol-4,5-bisphosphate to restrict synapse growth
in a pathway parallel to bone morphogenetic protein signaling. Proc. Natl.
Acad. Sci. 107, 17379–17384.
Kiefer, S., Rogger, J., Melone, A., Mertz, A.C., Koryakina, A., Hamburger, M.,
and Küenzi, P. (2010). Separation and detection of all phosphoinositide isomers
by ESI-MS. J. Pharm. Biomed. Anal. 53, 552–558.
Kim, S., Leal, S.S., Ben Halevy, D., Gomes, C.M., and Lev, S. (2010a). Structural
requirements for VAP-B oligomerization and their implication in amyotrophic
lateral sclerosis-associated VAP-B(P56S) neurotoxicity. J. Biol. Chem. 285,
13839–13849.
Kim, S.H., Shanware, N.P., Bowler, M.J., and Tibbetts, R.S. (2010b).
Amyotrophic lateral sclerosis-associated proteins TDP-43 and FUS/TLS
function in a common biochemical complex to co-regulate HDAC6 mRNA. J.
Biol. Chem. 285, 34097–34105.
Kim, W.-K., Liu, X., Sandner, J., Pasmantier, M., Andrews, J., Rowland, L.P.,
and Mitsumoto, H. (2009). Study of 962 patients indicates progressive muscular
atrophy is a form of ALS. Neurology 73, 1686–1692.
Kim, Y.J., Guzman-Hernandez, M.L., and Balla, T. (2011). A highly dynamic ERderived phosphatidylinositol-synthesizing organelle supplies
phosphoinositides to cellular membranes. Dev. Cell 21, 813–824.
Kiss, H., Kedra, D., Kiss, C., Kost-Alimova, M., Yang, Y., Klein, G., Imreh, S.,
and Dumanski, J.P. (2001). The LZTFL1 gene is a part of a transcriptional map
covering 250 kb within the common eliminated region 1 (C3CER1) in 3p21.3.
Genomics 73, 10–19.
Kittel, R.J., Wichmann, C., Rasse, T.M., Fouquet, W., Schmidt, M., Schmid, A.,
Wagh, D.A., Pawlu, C., Kellner, R.R., Willig, K.I., et al. (2006). Bruchpilot
promotes active zone assembly, Ca2+ channel clustering, and vesicle release.
Science 312, 1051–1054.
Klass, M.R., Kinsley, S., and Lopez, L.C. (1984). Isolation and characterization of
a sperm-specific gene family in the nematode Caenorhabditis elegans. Mol.
Cell. Biol. 4, 529–537.
Klionsky, D.J. (2012). Look people, “Atg” is an abbreviation for “autophagyrelated.” That’s it. Autophagy 8, 1281–1282.
Knödler, A., Konrad, G., and Mayinger, P. (2008). Expression of yeast lipid
phosphatase Sac1p is regulated by phosphatidylinositol-4-phosphate. Bmc Mol.
Biol. 9, 16.
Koch, I., Schwarz, H., Beuchle, D., Goellner, B., Langegger, M., and Aberle, H.
(2008). Drosophila ankyrin 2 is required for synaptic stability. Neuron 58, 210–
222.
Kochendörfer, K.U., Then, A.R., Kearns, B.G., Bankaitis, V.A., and Mayinger, P.
(1999). Sac1p plays a crucial role in microsomal ATP transport, which is distinct
from its function in Golgi phospholipid metabolism. Embo J. 18, 1506–1515.
185

Koh, T.-W., Korolchuk, V.I., Wairkar, Y.P., Jiao, W., Evergren, E., Pan, H., Zhou,
Y., Venken, K.J.T., Shupliakov, O., Robinson, I.M., et al. (2007). Eps15 and
Dap160 control synaptic vesicle membrane retrieval and synapse development.
J. Cell Biol. 178, 309–322.
Konrad, G., Schlecker, T., Faulhammer, F., and Mayinger, P. (2002). Retention of
the yeast Sac1p phosphatase in the endoplasmic reticulum causes distinct
changes in cellular phosphoinositide levels and stimulates microsomal ATP
transport. J. Biol. Chem. 277, 10547–10554.
Koppers, M., van Blitterswijk, M.M., Vlam, L., Rowicka, P.A., van Vught,
P.W.J., Groen, E.J.N., Spliet, W.G.M., Engelen-Lee, J., Schelhaas, H.J., de Visser,
M., et al. (2012). VCP mutations in familial and sporadic amyotrophic lateral
sclerosis. Neurobiol. Aging 33, 837.e7–13.
Kryndushkin, D., Ihrke, G., Piermartiri, T.C., and Shewmaker, F. (2012). A yeast
model of optineurin proteinopathy reveals a unique aggregation pattern
associated with cellular toxicity. Mol. Microbiol.
Kukihara, H., Moriishi, K., Taguwa, S., Tani, H., Abe, T., Mori, Y., Suzuki, T.,
Fukuhara, T., Taketomi, A., Maehara, Y., et al. (2009). Human VAP-C negatively
regulates hepatitis C virus propagation. J. Virol. 83, 7959–7969.
Kutateladze, T.G. (2010). Translation of the phosphoinositide code by PI
effectors. Nat. Chem. Biol. 6, 507–513.
Kwiatkowski, T.J., Jr, Bosco, D.A., Leclerc, A.L., Tamrazian, E., Vanderburg,
C.R., Russ, C., Davis, A., Gilchrist, J., Kasarskis, E.J., Munsat, T., et al. (2009).
Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic
lateral sclerosis. Science 323, 1205–1208.
Kwong, L.K., Neumann, M., Sampathu, D.M., Lee, V.M.-Y., and Trojanowski,
J.Q. (2007). TDP-43 proteinopathy: the neuropathology underlying major forms
of sporadic and familial frontotemporal lobar degeneration and motor neuron
disease. Acta Neuropathol. (Berl.) 114, 63–70.
Lagier-Tourenne, C., Polymenidou, M., and Cleveland, D.W. (2010). TDP-43
and FUS/TLS: emerging roles in RNA processing and neurodegeneration.
Hum. Mol. Genet. 19, R46–64.
Lagier-Tourenne, C., Polymenidou, M., Hutt, K.R., Vu, A.Q., Baughn, M.,
Huelga, S.C., Clutario, K.M., Ling, S.-C., Liang, T.Y., Mazur, C., et al. (2012).
Divergent roles of ALS-linked proteins FUS/TLS and TDP-43 intersect in
processing long pre-mRNAs. Nat. Neurosci.
Lai, Y., Song, M., Hakala, K., Weintraub, S.T., and Shiio, Y. (2012). The
interaction of the von Hippel-Lindau tumor suppressor and heterochromatin
protein 1. Arch. Biochem. Biophys. 518, 103–110.
Landers, J.E., Leclerc, A.L., Shi, L., Virkud, A., Cho, T., Maxwell, M.M., Henry,
A.F., Polak, M., Glass, J.D., Kwiatkowski, T.J., et al. (2008). New VAPB deletion
variant and exclusion of VAPB mutations in familial ALS. Neurology 70, 1179–
1185.

186

Langou, K., Moumen, A., Pellegrino, C., Aebischer, J., Medina, I., Aebischer, P.,
and Raoul, C. (2010). AAV-mediated expression of wild-type and ALS-linked
mutant VAPB selectively triggers death of motoneurons through a Ca2+dependent ER-associated pathway. J. Neurochem. 114, 795–809.
Lanson, N.A., Jr, and Pandey, U.B. (2012). FUS-related proteinopathies: lessons
from animal models. Brain Res. 1462, 44–60.
Lanson, N.A., Jr, Maltare, A., King, H., Smith, R., Kim, J.H., Taylor, J.P., Lloyd,
T.E., and Pandey, U.B. (2011). A Drosophila model of FUS-related
neurodegeneration reveals genetic interaction between FUS and TDP-43. Hum.
Mol. Genet. 20, 2510–2523.
Larschan, E., Bishop, E.P., Kharchenko, P.V., Core, L.J., Lis, J.T., Park, P.J., and
Kuroda, M.I. (2011). X chromosome dosage compensation via enhanced
transcriptional elongation in Drosophila. Nature 471, 115–118.
Lattante, S., Conte, A., Zollino, M., Luigetti, M., Del Grande, A., Marangi, G.,
Romano, A., Marcaccio, A., Meleo, E., Bisogni, G., et al. (2012). Contribution of
major amyotrophic lateral sclerosis genes to the etiology of sporadic disease.
Neurology 79, 66–72.
Lautenschlaeger, J., Prell, T., and Grosskreutz, J. (2012). Endoplasmic reticulum
stress and the ER mitochondrial calcium cycle in amyotrophic lateral sclerosis.
Amyotroph. Lateral Scler. Off. Publ. World Fed. Neurol. Res. Group Mot.
Neuron Dis. 13, 166–177.
Lee, T., and Luo, L. (1999). Mosaic analysis with a repressible cell marker for
studies of gene function in neuronal morphogenesis. Neuron 22, 451–461.
Lee, C.-Y., Clough, E.A., Yellon, P., Teslovich, T.M., Stephan, D.A., and
Baehrecke, E.H. (2003). Genome-wide analyses of steroid- and radiationtriggered programmed cell death in Drosophila. Curr. Biol. Cb 13, 350–357.
Lee, J.-H., Overstreet, E., Fitch, E., Fleenor, S., and Fischer, J.A. (2009).
Drosophila liquid facets-Related encodes Golgi epsin and is an essential gene
required for cell proliferation, growth, and patterning. Dev. Biol. 331, 1–13.
Lee, S., Kim, S., Nahm, M., Kim, E., Kim, T.-I., Yoon, J.H., and Lee, S. (2011). The
phosphoinositide phosphatase Sac1 is required for midline axon guidance. Mol.
Cells 32, 477–482.
Lemmon, M.A. (2008). Membrane recognition by phospholipid-binding
domains. Nat. Rev. Mol. Cell Biol. 9, 99–111.
Lenk, G.M., Ferguson, C.J., Chow, C.Y., Jin, N., Jones, J.M., Grant, A.E., Zolov,
S.N., Winters, J.J., Giger, R.J., Dowling, J.J., et al. (2011). Pathogenic mechanism
of the FIG4 mutation responsible for Charcot-Marie-Tooth disease CMT4J. Plos
Genet. 7, e1002104.
Lev, S. (2004). The role of the Nir/rdgB protein family in membrane trafficking
and cytoskeleton remodeling. Exp. Cell Res. 297, 1–10.

187

Lev, S., Ben Halevy, D., Peretti, D., and Dahan, N. (2008). The VAP protein
family: from cellular functions to motor neuron disease. Trends Cell Biol. 18,
282–290.
Levine, T.P., and Munro, S. (2002). Targeting of Golgi-specific pleckstrin
homology domains involves both PtdIns 4-kinase-dependent and -independent
components. Curr. Biol. Cb 12, 695–704.
Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S.I., Puc, J., Miliaresis,
C., Rodgers, L., McCombie, R., et al. (1997). PTEN, a putative protein tyrosine
phosphatase gene mutated in human brain, breast, and prostate cancer. Science
275, 1943–1947.
Li, Q., Spencer, N.Y., Pantazis, N.J., and Engelhardt, J.F. (2011). Alsin and
SOD1(G93A) proteins regulate endosomal reactive oxygen species production
by glial cells and proinflammatory pathways responsible for neurotoxicity. J.
Biol. Chem. 286, 40151–40162.
Li, Y., Ray, P., Rao, E.J., Shi, C., Guo, W., Chen, X., Woodruff, E.A., 3rd,
Fushimi, K., and Wu, J.Y. (2010). A Drosophila model for TDP-43
proteinopathy. Proc. Natl. Acad. Sci. U. S. A. 107, 3169–3174.
Li, Z., Thiel, K., Thul, P.J., Beller, M., Kühnlein, R.P., and Welte, M.A. (2012).
Lipid Droplets Control the Maternal Histone Supply of Drosophila Embryos.
Curr. Biol. Cb.
Lichter-Konecki, U., Farber, L.W., Cronin, J.S., Suchy, S.F., and Nussbaum, R.L.
(2006). The effect of missense mutations in the RhoGAP-homology domain on
ocrl1 function. Mol. Genet. Metab. 89, 121–128.
Lin, D.M., and Goodman, C.S. (1994). Ectopic and increased expression of
Fasciclin II alters motoneuron growth cone guidance. Neuron 13, 507–523.
Lingwood, D., and Simons, K. (2010). Lipid rafts as a membrane-organizing
principle. 46–50.
Liu, Y., and Bankaitis, V.A. (2010). Phosphoinositide phosphatases in cell
biology and disease. Prog. Lipid Res. 49, 201–217.
Liu, Y., Boukhelifa, M., Tribble, E., Morin-Kensicki, E., Uetrecht, A., Bear, J.E.,
and Bankaitis, V.A. (2008). The Sac1 phosphoinositide phosphatase regulates
Golgi membrane morphology and mitotic spindle organization in mammals.
Mol. Biol. Cell 19, 3080–3096.
Liu, Y., Boukhelifa, M., Tribble, E., and Bankaitis, V.A. (2009). Functional
studies of the mammalian Sac1 phosphoinositide phosphatase. Adv. Enzyme
Regul. 49, 75–86.
Lloyd, T.E., and Taylor, J.P. (2010). Flightless flies: Drosophila models of
neuromuscular disease. Ann. N. Y. Acad. Sci. 1184, e1–20.
Loewen, C.J.R., Roy, A., and Levine, T.P. (2003). A conserved ER targeting motif
in three families of lipid binding proteins and in Opi1p binds VAP. Embo J. 22,
2025–2035.

188

Logan, M.R., and Mandato, C.A. (2006). Regulation of the actin cytoskeleton by
PIP2 in cytokinesis. Biol. Cell Auspices Eur. Cell Biol. Organ. 98, 377–388.
Lohmann, I., McGinnis, N., Bodmer, M., and McGinnis, W. (2002). The
Drosophila Hox gene deformed sculpts head morphology via direct regulation
of the apoptosis activator reaper. Cell 110, 457–466.
Lorenzo, D.N., Li, M., Mische, S.E., Armbrust, K.R., Ranum, L.P.W., and Hays,
T.S. (2010). Spectrin mutations that cause spinocerebellar ataxia type 5 impair
axonal transport and induce neurodegeneration in Drosophila. J. Cell Biol. 189,
143–158.
Lotz, G.P., Brychzy, A., Heinz, S., and Obermann, W.M.J. (2008). A novel HSP90
chaperone complex regulates intracellular vesicle transport. J. Cell Sci. 121, 717–
723.
Lua, S., Qin, H., Lim, L., Shi, J., Gupta, G., and Song, J. (2011). Structural,
stability, dynamic and binding properties of the ALS-causing T46I mutant of
the hVAPB MSP domain as revealed by NMR and MD simulations. Plos One 6,
e27072.
Ma, Y., Creanga, A., Lum, L., and Beachy, P.A. (2006). Prevalence of off-target
effects in Drosophila RNA interference screens. Nature 443, 359–363.
Mach, V., Ohno, K., Kokubo, H., and Suzuki, Y. (1996). The Drosophila fork
head factor directly controls larval salivary gland-specific expression of the glue
protein gene Sgs3. Nucleic Acids Res. 24, 2387–2394.
Macias, M.J., Musacchio, A., Ponstingl, H., Nilges, M., Saraste, M., and
Oschkinat, H. (1994). Structure of the pleckstrin homology domain from betaspectrin. Nature 369, 675–677.
Mackenzie, I.R.A., and Rademakers, R. (2008). The role of transactive response
DNA-binding protein-43 in amyotrophic lateral sclerosis and frontotemporal
dementia. Curr. Opin. Neurol. 21, 693–700.
Mackenzie, I.R.A., Bigio, E.H., Ince, P.G., Geser, F., Neumann, M., Cairns, N.J.,
Kwong, L.K., Forman, M.S., Ravits, J., Stewart, H., et al. (2007). Pathological
TDP-43 distinguishes sporadic amyotrophic lateral sclerosis from amyotrophic
lateral sclerosis with SOD1 mutations. Ann. Neurol. 61, 427–434.
Malaspina, A., and de Belleroche, J. (2004). Spinal cord molecular profiling
provides a better understanding of amyotrophic lateral sclerosis pathogenesis.
Brain Res. Brain Res. Rev. 45, 213–229.
Malaspina, A., Kaushik, N., and de Belleroche, J. (2001). Differential expression
of 14 genes in amyotrophic lateral sclerosis spinal cord detected using gridded
cDNA arrays. J. Neurochem. 77, 132–145.
Manford, A., Xia, T., Saxena, A.K., Stefan, C., Hu, F., Emr, S.D., and Mao, Y.
(2010). Crystal structure of the yeast Sac1: implications for its phosphoinositide
phosphatase function. Embo J. 29, 1489–1498.

189

Manford, A.G., Stefan, C.J., Yuan, H.L., Macgurn, J.A., and Emr, S.D. (2012). ERto-plasma membrane tethering proteins regulate cell signaling and ER
morphology. Dev. Cell 23, 1129–1140.
Mani, M., Lee, S.Y., Lucast, L., Cremona, O., Di Paolo, G., De Camilli, P., and
Ryan, T.A. (2007). The dual phosphatase activity of synaptojanin1 is required
for both efficient synaptic vesicle endocytosis and reavailability at nerve
terminals. Neuron 56, 1004–1018.
Mantovani, S., Garbelli, S., Pasini, A., Alimonti, D., Perotti, C., Melazzini, M.,
Bendotti, C., and Mora, G. (2009). Immune system alterations in sporadic
amyotrophic lateral sclerosis patients suggest an ongoing neuroinflammatory
process. J. Neuroimmunol. 210, 73–79.
Marques, V.D., and Marques, W., Jr (2008). Neurophysiological findings of the
late-onset, dominant, proximal spinal muscular atrophies with dysautonomia
because of the VAPB PRO56SER mutation. J. Clin. Neurophysiol. Off. Publ. Am.
Electroencephalogr. Soc. 25, 233–235.
Marques, V.D., Barreira, A.A., Davis, M.B., Abou-Sleiman, P.M., Silva, W.A., Jr,
Zago, M.A., Sobreira, C., Fazan, V., and Marques, W., Jr (2006). Expanding the
phenotypes of the Pro56Ser VAPB mutation: proximal SMA with
dysautonomia. Muscle Nerve 34, 731–739.
Martin, D.N., and Baehrecke, E.H. (2004). Caspases function in autophagic
programmed cell death in Drosophila. Dev. Camb. Engl. 131, 275–284.
Masellis, M., Zinman, L., and Black, S.E. (2010). More than just “frontal”:
disentangling behavioural disturbances in amyotrophic lateral sclerosis. Eur. J.
Neurol. Off. J. Eur. Fed. Neurol. Soc. 17, 5–7.
Matsuda, A., Suzuki, Y., Honda, G., Muramatsu, S., Matsuzaki, O., Nagano, Y.,
Doi, T., Shimotohno, K., Harada, T., Nishida, E., et al. (2003). Large-scale
identification and characterization of human genes that activate NF-kappaB
and MAPK signaling pathways. Oncogene 22, 3307–3318.
De Matteis, M.A., Di Campli, A., and Godi, A. (2005). The role of the
phosphoinositides at the Golgi complex. Biochim. Biophys. Acta 1744, 396–405.
Mayinger, P. (2009). Regulation of Golgi function via phosphoinositide lipids.
Semin. Cell Dev. Biol. 20, 793–800.
McCord, J.M., and Fridovich, I. (1969). The utility of superoxide dismutase in
studying free radical reactions. I. Radicals generated by the interaction of
sulfite, dimethyl sulfoxide, and oxygen. J. Biol. Chem. 244, 6056–6063.
McCray, B.A., Skordalakes, E., and Taylor, J.P. (2010). Disease mutations in
Rab7 result in unregulated nucleotide exchange and inappropriate activation.
Hum. Mol. Genet. 19, 1033–1047.
McCrea, H.J., and De Camilli, P. (2009). Mutations in phosphoinositide
metabolizing enzymes and human disease. Physiol. Bethesda Md 24, 8–16.

190

McElhiney, M.C., Rabkin, J.G., Gordon, P.H., Goetz, R., and Mitsumoto, H.
(2009). Prevalence of fatigue and depression in ALS patients and change over
time. J. Neurol. Neurosurg. Psychiatry 80, 1146–1149.
Menzies, F.M., Ince, P.G., and Shaw, P.J. (2002). Mitochondrial involvement in
amyotrophic lateral sclerosis. Neurochem. Int. 40, 543–551.
Miguel, L., Frébourg, T., Campion, D., and Lecourtois, M. (2011). Both
cytoplasmic and nuclear accumulations of the protein are neurotoxic in
Drosophila models of TDP-43 proteinopathies. Neurobiol. Dis. 41, 398–406.
Mikitova, V., and Levine, T.P. (2012). Analysis of the key elements of FFAT-like
motifs identifies new proteins that potentially bind VAP on the ER, including
two AKAPs and FAPP2. Plos One 7, e30455.
Millecamps, S., Salachas, F., Cazeneuve, C., Gordon, P., Bricka, B., Camuzat, A.,
Guillot-Noël, L., Russaouen, O., Bruneteau, G., Pradat, P.-F., et al. (2010). SOD1,
ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral
sclerosis: genotype-phenotype correlations. J. Med. Genet. 47, 554–560.
Millecamps, S., Boillée, S., Le Ber, I., Seilhean, D., Teyssou, E., Giraudeau, M.,
Moigneu, C., Vandenberghe, N., Danel-Brunaud, V., Corcia, P., et al. (2012).
Phenotype difference between ALS patients with expanded repeats in C9ORF72
and patients with mutations in other ALS-related genes. J. Med. Genet. 49, 258–
263.
Miller, M.A., Nguyen, V.Q., Lee, M.H., Kosinski, M., Schedl, T., Caprioli, R.M.,
and Greenstein, D. (2001). A sperm cytoskeletal protein that signals oocyte
meiotic maturation and ovulation. Science 291, 2144–2147.
Miller, M.A., Ruest, P.J., Kosinski, M., Hanks, S.K., and Greenstein, D. (2003).
An Eph receptor sperm-sensing control mechanism for oocyte meiotic
maturation in Caenorhabditis elegans. Genes Dev. 17, 187–200.
Miller, R.G., Mitchell, J.D., and Moore, D.H. (2012). Riluzole for amyotrophic
lateral sclerosis (ALS)/motor neuron disease (MND). Cochrane Database Syst.
Rev. Online 3, CD001447.
Mills, I.G., Praefcke, G.J.K., Vallis, Y., Peter, B.J., Olesen, L.E., Gallop, J.L.,
Butler, P.J.G., Evans, P.R., and McMahon, H.T. (2003). EpsinR: an AP1/clathrin
interacting protein involved in vesicle trafficking. J. Cell Biol. 160, 213–222.
Min, K.T., and Benzer, S. (1997). Spongecake and eggroll: two hereditary
diseases in Drosophila resemble patterns of human brain degeneration. Curr.
Biol. Cb 7, 885–888.
Mitne-Neto, M., Machado-Costa, M., Marchetto, M.C.N., Bengtson, M.H.,
Joazeiro, C.A., Tsuda, H., Bellen, H.J., Silva, H.C.A., Oliveira, A.S.B., Lazar, M.,
et al. (2011). Downregulation of VAPB expression in motor neurons derived
from induced pluripotent stem cells of ALS8 patients. Hum. Mol. Genet. 20,
3642–3652.

191

Mizusawa, H., Matsumoto, S., Yen, S.H., Hirano, A., Rojas-Corona, R.R., and
Donnenfeld, H. (1989). Focal accumulation of phosphorylated neurofilaments
within anterior horn cell in familial amyotrophic lateral sclerosis. Acta
Neuropathol. (Berl.) 79, 37–43.
Moir, R.D., Gross, D.A., Silver, D.L., and Willis, I.M. (2012). SCS3 and YFT2
Link Transcription of Phospholipid Biosynthetic Genes to ER Stress and the
UPR. Plos Genet. 8, e1002890.
Mok, K., Traynor, B.J., Schymick, J., Tienari, P.J., Laaksovirta, H., Peuralinna, T.,
Myllykangas, L., Chiò, A., Shatunov, A., Boeve, B.F., et al. (2012). Chromosome
9 ALS and FTD locus is probably derived from a single founder. Neurobiol.
Aging 33, 209.e3–8.
Mórotz, G.M., De Vos, K.J., Vagnoni, A., Ackerley, S., Shaw, C.E., and Miller,
C.C.J. (2012). Amyotrophic lateral sclerosis-associated mutant VAPBP56S
perturbs calcium homeostasis to disrupt axonal transport of mitochondria.
Hum. Mol. Genet. 21, 1979–1988.
Morrison, D.K., Murakami, M.S., and Cleghon, V. (2000). Protein kinases and
phosphatases in the Drosophila genome. J. Cell Biol. 150, F57–62.
Moumen, A., Virard, I., and Raoul, C. (2011). Accumulation of wildtype and
ALS-linked mutated VAPB impairs activity of the proteasome. Plos One 6,
e26066.
Mourelatos, Z., Adler, H., Hirano, A., Donnenfeld, H., Gonatas, J.O., and
Gonatas, N.K. (1990). Fragmentation of the Golgi apparatus of motor neurons in
amyotrophic lateral sclerosis revealed by organelle-specific antibodies. Proc.
Natl. Acad. Sci. U. S. A. 87, 4393–4395.
Mourelatos, Z., Yachnis, A., Rorke, L., Mikol, J., and Gonatas, N.K. (1993). The
Golgi apparatus of motor neurons in amyotrophic lateral sclerosis. Ann.
Neurol. 33, 608–615.
Mullins, C., and Bonifacino, J.S. (2001). Structural requirements for function of
yeast GGAs in vacuolar protein sorting, alpha-factor maturation, and
interactions with clathrin. Mol. Cell. Biol. 21, 7981–7994.
Münch, C., Sedlmeier, R., Meyer, T., Homberg, V., Sperfeld, A.D., Kurt, A.,
Prudlo, J., Peraus, G., Hanemann, C.O., Stumm, G., et al. (2004). Point mutations
of the p150 subunit of dynactin (DCTN1) gene in ALS. Neurology 63, 724–726.
Münch, C., Rosenbohm, A., Sperfeld, A.-D., Uttner, I., Reske, S., Krause, B.J.,
Sedlmeier, R., Meyer, T., Hanemann, C.O., Stumm, G., et al. (2005).
Heterozygous R1101K mutation of the DCTN1 gene in a family with ALS and
FTD. Ann. Neurol. 58, 777–780.
Munoz, D.G., Greene, C., Perl, D.P., and Selkoe, D.J. (1988). Accumulation of
phosphorylated neurofilaments in anterior horn motoneurons of amyotrophic
lateral sclerosis patients. J. Neuropathol. Exp. Neurol. 47, 9–18.
Mutsuddi, M., Marshall, C.M., Benzow, K.A., Koob, M.D., and Rebay, I. (2004).
The spinocerebellar ataxia 8 noncoding RNA causes neurodegeneration and
associates with staufen in Drosophila. Curr. Biol. Cb 14, 302–308.
192

Nachreiner, T., Esser, M., Tenten, V., Troost, D., Weis, J., and Krüttgen, A.
(2010). Novel splice variants of the amyotrophic lateral sclerosis-associated gene
VAPB expressed in human tissues. Biochem. Biophys. Res. Commun. 394, 703–
708.
Nakamichi, S., Yamanaka, K., Suzuki, M., Watanabe, T., and Kagiwada, S.
(2011). Human VAPA and the yeast VAP Scs2p with an altered proline
distribution can phenocopy amyotrophic lateral sclerosis-associated
VAPB(P56S). Biochem. Biophys. Res. Commun. 404, 605–609.
Nakamura, N., Rabouille, C., Watson, R., Nilsson, T., Hui, N., Slusarewicz, P.,
Kreis, T.E., and Warren, G. (1995). Characterization of a cis-Golgi matrix
protein, GM130. J. Cell Biol. 131, 1715–1726.
Nakayama, K., and Wakatsuki, S. (2003). The structure and function of GGAs,
the traffic controllers at the TGN sorting crossroads. Cell Struct. Funct. 28, 431–
442.
Nalbandian, A., Donkervoort, S., Dec, E., Badadani, M., Katheria, V., Rana, P.,
Nguyen, C., Mukherjee, J., Caiozzo, V., Martin, B., et al. (2011). The multiple
faces of valosin-containing protein-associated diseases: inclusion body
myopathy with Paget’s disease of bone, frontotemporal dementia, and
amyotrophic lateral sclerosis. J. Mol. Neurosci. Mn 45, 522–531.
Napoletano, F., Occhi, S., Calamita, P., Volpi, V., Blanc, E., Charroux, B., Royet,
J., and Fanto, M. (2011). Polyglutamine Atrophin provokes neurodegeneration
in Drosophila by repressing fat. Embo J. 30, 945–958.
Navarro, J.A., Ohmann, E., Sanchez, D., Botella, J.A., Liebisch, G., Moltó, M.D.,
Ganfornina, M.D., Schmitz, G., and Schneuwly, S. (2010). Altered lipid
metabolism in a Drosophila model of Friedreich’s ataxia. Hum. Mol. Genet. 19,
2828–2840.
Nemoto, Y., Kearns, B.G., Wenk, M.R., Chen, H., Mori, K., Alb, J.G., Jr, De
Camilli, P., and Bankaitis, V.A. (2000). Functional characterization of a
mammalian Sac1 and mutants exhibiting substrate-specific defects in
phosphoinositide phosphatase activity. J. Biol. Chem. 275, 34293–34305.
Neumann, M., Sampathu, D.M., Kwong, L.K., Truax, A.C., Micsenyi, M.C.,
Chou, T.T., Bruce, J., Schuck, T., Grossman, M., Clark, C.M., et al. (2006).
Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Science 314, 130–133.
Nezis, I.P. (2012). Selective autophagy in Drosophila. Int. J. Cell Biol. 2012,
146767.
Nezis, I.P., Simonsen, A., Sagona, A.P., Finley, K., Gaumer, S., Contamine, D.,
Rusten, T.E., Stenmark, H., and Brech, A. (2008). Ref(2)P, the Drosophila
melanogaster homologue of mammalian p62, is required for the formation of
protein aggregates in adult brain. J. Cell Biol. 180, 1065–1071.
Ngo, M., and Ridgway, N.D. (2009). Oxysterol binding protein-related Protein 9
(ORP9) is a cholesterol transfer protein that regulates Golgi structure and
function. Mol. Biol. Cell 20, 1388–1399.

193

Nhek, S., Ngo, M., Yang, X., Ng, M.M., Field, S.J., Asara, J.M., Ridgway, N.D.,
and Toker, A. (2010). Regulation of oxysterol-binding protein Golgi localization
through protein kinase D-mediated phosphorylation. Mol. Biol. Cell 21, 2327–
2337.
Nijholt, D.A.T., de Graaf, T.R., van Haastert, E.S., Oliveira, A.O., Berkers, C.R.,
Zwart, R., Ovaa, H., Baas, F., Hoozemans, J.J.M., and Scheper, W. (2011).
Endoplasmic reticulum stress activates autophagy but not the proteasome in
neuronal cells: implications for Alzheimer’s disease. Cell Death Differ. 18, 1071–
1081.
Nikawa, J., Murakami, A., Esumi, E., and Hosaka, K. (1995). Cloning and
sequence of the SCS2 gene, which can suppress the defect of INO1 expression in
an inositol auxotrophic mutant of Saccharomyces cerevisiae. J. Biochem.
(Tokyo) 118, 39–45.
Nishimura, A., Mitne-Neto, M., Silva, H., Oliveira, J., Vainzof, M., and Zatz, M.
(2004a). A novel locus for late onset amyotrophic lateral sclerosis/motor
neurone disease variant at 20q13. J. Med. Genet. 41, 315–320.
Nishimura, A.L., Mitne-Neto, M., Silva, H.C.A., Richieri-Costa, A., Middleton,
S., Cascio, D., Kok, F., Oliveira, J.R.M., Gillingwater, T., Webb, J., et al. (2004b).
A mutation in the vesicle-trafficking protein VAPB causes late-onset spinal
muscular atrophy and amyotrophic lateral sclerosis. Am. J. Hum. Genet. 75,
822–831.
Nishimura, A.L., Al-Chalabi, A., and Zatz, M. (2005). A common founder for
amyotrophic lateral sclerosis type 8 (ALS8) in the Brazilian population. Hum.
Genet. 118, 499–500.
Nishimura, Y., Hayashi, M., Inada, H., and Tanaka, T. (1999). Molecular cloning
and characterization of mammalian homologues of vesicle-associated
membrane protein-associated (VAMP-associated) proteins. Biochem. Biophys.
Res. Commun. 254, 21–26.
Novick, P., Osmond, B.C., and Botstein, D. (1989). Suppressors of yeast actin
mutations. Genetics 121, 659–674.
Nüsslein-Volhard, C., and Wieschaus, E. (1980). Mutations affecting segment
number and polarity in Drosophila. Nature 287, 795–801.
Nystuen, A., Legare, M.E., Shultz, L.D., and Frankel, W.N. (2001). A null
mutation in inositol polyphosphate 4-phosphatase type I causes selective
neuronal loss in weeble mutant mice. Neuron 32, 203–212.
O’Kane, C.J. (2003). Modelling human diseases in Drosophila and
Caenorhabditis. Semin. Cell Dev. Biol. 14, 3–10.
O’Sullivan, N.C., Jahn, T.R., Reid, E., and O’Kane, C.J. (2012). Reticulon-like-1,
the Drosophila orthologue of the hereditary spastic paraplegia gene reticulon 2,
is required for organization of endoplasmic reticulum and of distal motor
axons. Hum. Mol. Genet. 21, 3356–3365.

194

Ogaki, K., Li, Y., Atsuta, N., Tomiyama, H., Funayama, M., Watanabe, H.,
Nakamura, R., Yoshino, H., Yato, S., Tamura, A., et al. (2012). Analysis of
C9orf72 repeat expansion in 563 Japanese patients with amyotrophic lateral
sclerosis. Neurobiol. Aging 33, 2527.e11–2527.e16.
Ohanian, J., and Ohanian, V. (2001). Sphingolipids in mammalian cell
signalling. Cell. Mol. Life Sci. Cmls 58, 2053–2068.
Ohler, S., Hakeda-Suzuki, S., and Suzuki, T. (2011). Hts, the Drosophila
homologue of Adducin, physically interacts with the transmembrane receptor
Golden goal to guide photoreceptor axons. Dev. Dyn. Off. Publ. Am. Assoc.
Anat. 240, 135–148.
Oliva, C., Escobedo, P., Astorga, C., Molina, C., and Sierralta, J. (2012). Role of
the MAGUK protein family in synapse formation and function. Dev. Neurobiol.
72, 57–72.
Otomo, A., Pan, L., and Hadano, S. (2012). Dysregulation of the AutophagyEndolysosomal System in Amyotrophic Lateral Sclerosis and Related Motor
Neuron Diseases. Neurol. Res. Int. 2012, 498428.
Outeiro, T.F., and Lindquist, S. (2003). Yeast cells provide insight into alphasynuclein biology and pathobiology. Science 302, 1772–1775.
Pahl, H.L., and Baeuerle, P.A. (1995). A novel signal transduction pathway from
the endoplasmic reticulum to the nucleus is mediated by transcription factor
NF-'B. Embo J. 14, 2580–2588.
Pak, W.L., Grossfield, J., and Arnold, K.S. (1970). Mutants of the visual pathway
of Drosophila melanogaster. Nature 227, 518–520.
Pandey, U.B., and Nichols, C.D. (2011). Human disease models in Drosophila
melanogaster and the role of the fly in therapeutic drug discovery. Pharmacol.
Rev. 63, 411–436.
Pandey, U.B., Nie, Z., Batlevi, Y., McCray, B.A., Ritson, G.P., Nedelsky, N.B.,
Schwartz, S.L., DiProspero, N.A., Knight, M.A., Schuldiner, O., et al. (2007).
HDAC6 rescues neurodegeneration and provides an essential link between
autophagy and the UPS. Nature 447, 859–863.
Di Paolo, G., and De Camilli, P. (2006). Phosphoinositides in cell regulation and
membrane dynamics. Nature 443, 651–657.
Papadimitriou, D., Le Verche, V., Jacquier, A., Ikiz, B., Przedborski, S., and Re,
D.B. (2010). Inflammation in ALS and SMA: sorting out the good from the evil.
Neurobiol. Dis. 37, 493–502.
Papiani, G., Ruggiano, A., Fossati, M., Raimondi, A., Bertoni, G., Francolini, M.,
Benfante, R., Navone, F., and Borgese, N. (2012). Restructured Endoplasmic
Reticulum, Generated by Mutant, Amyotrophic Lateral Sclerosis-Linked VAPB,
is Cleared by the Proteasome. J. Cell Sci.

195

Park, S.H., Lee, S.R., Kim, B.C., Cho, E.A., Patel, S.P., Kang, H.-B., Sausville,
E.A., Nakanishi, O., Trepel, J.B., Lee, B.I., et al. (2002). Transcriptional regulation
of the transforming growth factor beta type II receptor gene by histone
acetyltransferase and deacetylase is mediated by NF-Y in human breast cancer
cells. J. Biol. Chem. 277, 5168–5174.
Pasinelli, P., and Brown, R.H. (2006). Molecular biology of amyotrophic lateral
sclerosis: insights from genetics. Nat. Rev. Neurosci. 7, 710–723.
Patel, H., Cross, H., Proukakis, C., Hershberger, R., Bork, P., Ciccarelli, F.D.,
Patton, M.A., McKusick, V.A., and Crosby, A.H. (2002). SPG20 is mutated in
Troyer syndrome, an hereditary spastic paraplegia. Nat. Genet. 31, 347–348.
Pennetta, G., Hiesinger, P.R., Fabian-Fine, R., Meinertzhagen, I.A., and Bellen,
H.J. (2002). Drosophila VAP-33A directs bouton formation at neuromuscular
junctions in a dosage-dependent manner. Neuron 35, 291–306.
Peretti, D., Dahan, N., Shimoni, E., Hirschberg, K., and Lev, S. (2008).
Coordinated lipid transfer between the endoplasmic reticulum and the Golgi
complex requires the VAP proteins and is essential for Golgi-mediated
transport. Mol. Biol. Cell 19, 3871–3884.
Perkins, E.M., Clarkson, Y.L., Sabatier, N., Longhurst, D.M., Millward, C.P.,
Jack, J., Toraiwa, J., Watanabe, M., Rothstein, J.D., Lyndon, A.R., et al. (2010).
Loss of beta-III spectrin leads to Purkinje cell dysfunction recapitulating the
behavior and neuropathology of spinocerebellar ataxia type 5 in humans. J.
Neurosci. Off. J. Soc. Neurosci. 30, 4857–4867.
Phukan, J., Pender, N.P., and Hardiman, O. (2007). Cognitive impairment in
amyotrophic lateral sclerosis. Lancet Neurol. 6, 994–1003.
Piao, H., and Mayinger, P. (2012). Growth and metabolic control of lipid
signalling at the Golgi. Biochem. Soc. Trans. 40, 205–209.
Piao, H., Maclean Freed, J., and Mayinger, P. (2012). Metabolic activation of the
HOG MAP kinase pathway by Snf1/AMPK regulates lipid signaling at the
Golgi. Traffic Cph. Den.
Pielage, J., Fetter, R.D., and Davis, G.W. (2005). Presynaptic spectrin is essential
for synapse stabilization. Curr. Biol. Cb 15, 918–928.
Pielage, J., Fetter, R.D., and Davis, G.W. (2006). A postsynaptic spectrin scaffold
defines active zone size, spacing, and efficacy at the Drosophila neuromuscular
junction. J. Cell Biol. 175, 491–503.
Pielage, J., Cheng, L., Fetter, R.D., Carlton, P.M., Sedat, J.W., and Davis, G.W.
(2008). A presynaptic giant ankyrin stabilizes the NMJ through regulation of
presynaptic microtubules and transsynaptic cell adhesion. Neuron 58, 195–209.
Pielage, J., Bulat, V., Zuchero, J.B., Fetter, R.D., and Davis, G.W. (2011).
Hts/Adducin controls synaptic elaboration and elimination. Neuron 69, 1114–
1131.

196

Pilling, A.D., Horiuchi, D., Lively, C.M., and Saxton, W.M. (2006). Kinesin-1 and
Dynein are the primary motors for fast transport of mitochondria in Drosophila
motor axons. Mol. Biol. Cell 17, 2057–2068.
Pirraglia, C., and Myat, M.M. (2010). Genetic regulation of salivary gland
development in Drosophila melanogaster. Front. Oral Biol. 14, 32–47.
Pirruccello, M., and De Camilli, P. (2012). Inositol 5-phosphatases: insights from
the Lowe syndrome protein OCRL. Trends Biochem. Sci. 37, 134–143.
Polevoy, G., Wei, H.-C., Wong, R., Szentpetery, Z., Kim, Y.J., Goldbach, P.,
Steinbach, S.K., Balla, T., and Brill, J.A. (2009). Dual roles for the Drosophila PI
4-kinase four wheel drive in localizing Rab11 during cytokinesis. J. Cell Biol.
187, 847–858.
Polymenidou, M., Lagier-Tourenne, C., Hutt, K.R., Bennett, C.F., Cleveland,
D.W., and Yeo, G.W. (2012). Misregulated RNA processing in amyotrophic
lateral sclerosis. Brain Res. 1462, 3–15.
Poteryaev, D., Datta, S., Ackema, K., Zerial, M., and Spang, A. (2010).
Identification of the switch in early-to-late endosome transition. Cell 141, 497–
508.
Prell, T., Lautenschläger, J., Witte, O.W., Carri, M.T., and Grosskreutz, J. (2012).
The unfolded protein response in models of human mutant G93A amyotrophic
lateral sclerosis. Eur. J. Neurosci. 35, 652–660.
Prosser, D.C., Tran, D., Gougeon, P.-Y., Verly, C., and Ngsee, J.K. (2008). FFAT
rescues VAPA-mediated inhibition of ER-to-Golgi transport and VAPBmediated ER aggregation. J. Cell Sci. 121, 3052–3061.
Puls, I., Jonnakuty, C., LaMonte, B.H., Holzbaur, E.L.F., Tokito, M., Mann, E.,
Floeter, M.K., Bidus, K., Drayna, D., Oh, S.J., et al. (2003). Mutant dynactin in
motor neuron disease. Nat. Genet. 33, 455–456.
Quinn, W.G., Harris, W.A., and Benzer, S. (1974). Conditioned behavior in
Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 71, 708–712.
Raghu, P., Yadav, S., and Mallampati, N.B.N. (2012). Lipid signaling in
Drosophila photoreceptors. Biochim. Biophys. Acta 1821, 1154–1165.
Rao, M., Song, W., Jiang, A., Shyr, Y., Lev, S., Greenstein, D., Brantley-Sieders,
D., and Chen, J. (2012). VAMP-Associated Protein B (VAPB) Promotes Breast
Tumor Growth by Modulation of Akt Activity. Plos One 7, e46281.
Rao, R.P., Yuan, C., Allegood, J.C., Rawat, S.S., Edwards, M.B., Wang, X.,
Merrill, A.H., Jr, Acharya, U., and Acharya, J.K. (2007). Ceramide transfer
protein function is essential for normal oxidative stress response and lifespan.
Proc. Natl. Acad. Sci. U. S. A. 104, 11364–11369.
Ratnaparkhi, A., Lawless, G.M., Schweizer, F.E., Golshani, P., and Jackson, G.R.
(2008). A Drosophila model of ALS: human ALS-associated mutation in
VAP33A suggests a dominant negative mechanism. Plos One 3, e2334.

197

Ravits, J.M., and La Spada, A.R. (2009). ALS motor phenotype heterogeneity,
focality, and spread: deconstructing motor neuron degeneration. Neurology 73,
805–811.
Reichhart, J.-M., Ligoxygakis, P., Naitza, S., Woerfel, G., Imler, J.-L., and Gubb,
D. (2002). Splice-activated UAS hairpin vector gives complete RNAi knockout
of single or double target transcripts in Drosophila melanogaster. Genes. New
York N 2000 34, 160–164.
Reiter, L.T., Potocki, L., Chien, S., Gribskov, M., and Bier, E. (2001). A
systematic analysis of human disease-associated gene sequences in Drosophila
melanogaster. Genome Res. 11, 1114–1125.
Renner, M., Specht, C.G., and Triller, A. (2008). Molecular dynamics of
postsynaptic receptors and scaffold proteins. Curr. Opin. Neurobiol. 18, 532–
540.
Renton, A.E., Majounie, E., Waite, A., Simón-Sánchez, J., Rollinson, S., Gibbs,
J.R., Schymick, J.C., Laaksovirta, H., van Swieten, J.C., Myllykangas, L., et al.
(2011). A hexanucleotide repeat expansion in C9ORF72 is the cause of
chromosome 9p21-linked ALS-FTD. Neuron 72, 257–268.
Van Rheenen, W., van Blitterswijk, M., Huisman, M.H.B., Vlam, L., van
Doormaal, P.T.C., Seelen, M., Medic, J., Dooijes, D., de Visser, M., van der Kooi,
A.J., et al. (2012). Hexanucleotide repeat expansions in C9ORF72 in the
spectrum of motor neuron diseases. Neurology 79, 878–882.
Richards, P., Didszun, C., Campesan, S., Simpson, A., Horley, B., Young, K.W.,
Glynn, P., Cain, K., Kyriacou, C.P., Giorgini, F., et al. (2011). Dendritic spine loss
and neurodegeneration is rescued by Rab11 in models of Huntington’s disease.
Cell Death Differ. 18, 191–200.
Rink, J., Ghigo, E., Kalaidzidis, Y., and Zerial, M. (2005). Rab conversion as a
mechanism of progression from early to late endosomes. Cell 122, 735–749.
Ritson, G.P., Custer, S.K., Freibaum, B.D., Guinto, J.B., Geffel, D., Moore, J.,
Tang, W., Winton, M.J., Neumann, M., Trojanowski, J.Q., et al. (2010). TDP-43
mediates degeneration in a novel Drosophila model of disease caused by
mutations in VCP/p97. J. Neurosci. Off. J. Soc. Neurosci. 30, 7729–7739.
Rivas, M.P., Kearns, B.G., Xie, Z., Guo, S., Sekar, M.C., Hosaka, K., Kagiwada,
S., York, J.D., and Bankaitis, V.A. (1999). Pleiotropic alterations in lipid
metabolism in yeast sac1 mutants: relationship to “bypass Sec14p” and inositol
auxotrophy. Mol. Biol. Cell 10, 2235–2250.
Rives, A.F., Rochlin, K.M., Wehrli, M., Schwartz, S.L., and DiNardo, S. (2006).
Endocytic trafficking of Wingless and its receptors, Arrow and DFrizzled-2, in
the Drosophila wing. Dev. Biol. 293, 268–283.
Rocha, N., Kuijl, C., van der Kant, R., Janssen, L., Houben, D., Janssen, H.,
Zwart, W., and Neefjes, J. (2009). Cholesterol sensor ORP1L contacts the ER
protein VAP to control Rab7-RILP-p150 Glued and late endosome positioning.
J. Cell Biol. 185, 1209–1225.

198

Van Roessel, P., Hayward, N.M., Barros, C.S., and Brand, A.H. (2002). Twocolor GFP imaging demonstrates cell-autonomy of GAL4-driven RNA
interference in Drosophila. Genes. New York N 2000 34, 170–173.
Rohde, H.M., Cheong, F.Y., Konrad, G., Paiha, K., Mayinger, P., and Boehmelt,
G. (2003). The human phosphatidylinositol phosphatase SAC1 interacts with
the coatomer I complex. J. Biol. Chem. 278, 52689–52699.
Rohrbough, J., Rushton, E., Palanker, L., Woodruff, E., Matthies, H.J.G.,
Acharya, U., Acharya, J.K., and Broadie, K. (2004). Ceramidase regulates
synaptic vesicle exocytosis and trafficking. J. Neurosci. Off. J. Soc. Neurosci. 24,
7789–7803.
Rooke, K., Figlewicz, D.A., Han, F.Y., and Rouleau, G.A. (1996). Analysis of the
KSP repeat of the neurofilament heavy subunit in familiar amyotrophic lateral
sclerosis. Neurology 46, 789–790.
Roos, J., Hummel, T., Ng, N., Klämbt, C., and Davis, G.W. (2000). Drosophila
Futsch regulates synaptic microtubule organization and is necessary for
synaptic growth. Neuron 26, 371–382.
Rosen, D.R., Siddique, T., Patterson, D., Figlewicz, D.A., Sapp, P., Hentati, A.,
Donaldson, D., Goto, J., O’Regan, J.P., and Deng, H.X. (1993). Mutations in
Cu/Zn superoxide dismutase gene are associated with familial amyotrophic
lateral sclerosis. Nature 362, 59–62.
Rosen, D.R., Sapp, P., O’Regan, J., McKenna-Yasek, D., Schlumpf, K.S., Haines,
J.L., Gusella, J.F., Horvitz, H.R., and Brown, R.H., Jr (1994). Genetic linkage
analysis of familial amyotrophic lateral sclerosis using human chromosome 21
microsatellite DNA markers. Am. J. Med. Genet. 51, 61–69.
Rothstein, J.D. (2009). Current hypotheses for the underlying biology of
amyotrophic lateral sclerosis. Ann. Neurol. 65 Suppl 1, S3–9.
Rouleau, G.A., Clark, A.W., Rooke, K., Pramatarova, A., Krizus, A.,
Suchowersky, O., Julien, J.P., and Figlewicz, D. (1996). SOD1 mutation is
associated with accumulation of neurofilaments in amyotrophic lateral
sclerosis. Ann. Neurol. 39, 128–131.
Rowland, L.P., and Shneider, N.A. (2001). Amyotrophic lateral sclerosis. N.
Engl. J. Med. 344, 1688–1700.
Rubino, E., Rainero, I., Chiò, A., Rogaeva, E., Galimberti, D., Fenoglio, P.,
Grinberg, Y., Isaia, G., Calvo, A., Gentile, S., et al. (2012). SQSTM1 mutations in
frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Neurology.
Rudge, S.A., Anderson, D.M., and Emr, S.D. (2004). Vacuole size control:
regulation of PtdIns(3,5)P2 levels by the vacuole-associated Vac14-Fig4
complex, a PtdIns(3,5)P2-specific phosphatase. Mol. Biol. Cell 15, 24–36.

199

Rudnicki, S.A., Berry, J.D., Ingersoll, E., Archibald, D., Cudkowicz, M.E., Kerr,
D.A., and Dong, Y. (2012). Dexpramipexole effects on functional decline and
survival in subjects with amyotrophic lateral sclerosis in a Phase II study:
Subgroup analysis of demographic and clinical characteristics. Amyotroph.
Lateral Scler. Off. Publ. World Fed. Neurol. Res. Group Mot. Neuron Dis.
Rumpf, S., Lee, S.B., Jan, L.Y., and Jan, Y.N. (2011). Neuronal remodeling and
apoptosis require VCP-dependent degradation of the apoptosis inhibitor
DIAP1. Dev. Camb. Engl. 138, 1153–1160.
Rusten, T.E., Rodahl, L.M.W., Pattni, K., Englund, C., Samakovlis, C., Dove, S.,
Brech, A., and Stenmark, H. (2006). Fab1 phosphatidylinositol 3-phosphate 5kinase controls trafficking but not silencing of endocytosed receptors. Mol. Biol.
Cell 17, 3989–4001.
Rutherford, N.J., DeJesus-Hernandez, M., Baker, M.C., Kryston, T.B., Brown,
P.E., Lomen-Hoerth, C., Boylan, K., Wszolek, Z.K., and Rademakers, R. (2012).
C9ORF72 hexanucleotide repeat expansions in patients with ALS from the
Coriell Cell Repository. Neurology 79, 482–483.
Saarikangas, J., Zhao, H., and Lappalainen, P. (2010). Regulation of the actin
cytoskeleton-plasma membrane interplay by phosphoinositides. Physiol. Rev.
90, 259–289.
Sabatelli, M., Zollino, M., Luigetti, M., Grande, A.D., Lattante, S., Marangi, G.,
Monaco, M.L., Madia, F., Meleo, E., Bisogni, G., et al. (2011). Uncovering
amyotrophic lateral sclerosis phenotypes: clinical features and long-term
follow-up of upper motor neuron-dominant ALS. Amyotroph. Lateral Scler.
Off. Publ. World Fed. Neurol. Res. Group Mot. Neuron Dis. 12, 278–282.
Sahlender, D.A., Roberts, R.C., Arden, S.D., Spudich, G., Taylor, M.J., Luzio,
J.P., Kendrick-Jones, J., and Buss, F. (2005). Optineurin links myosin VI to the
Golgi complex and is involved in Golgi organization and exocytosis. J. Cell Biol.
169, 285–295.
Al-Saif, A., Al-Mohanna, F., and Bohlega, S. (2011). A mutation in sigma-1
receptor causes juvenile amyotrophic lateral sclerosis. Ann. Neurol. 70, 913–919.
Al-Saif, A., Bohlega, S., and Al-Mohanna, F. (2012). Loss of ERLIN2 function
leads to juvenile primary lateral sclerosis. Ann. Neurol. 72, 510–516.
Saita, S., Shirane, M., Natume, T., Iemura, S.-I., and Nakayama, K.I. (2009).
Promotion of neurite extension by protrudin requires its interaction with
vesicle-associated membrane protein-associated protein. J. Biol. Chem. 284,
13766–13777.
Saito, S., Matsui, H., Kawano, M., Kumagai, K., Tomishige, N., Hanada, K.,
Echigo, S., Tamura, S., and Kobayashi, T. (2008). Protein phosphatase 2Cepsilon
is an endoplasmic reticulum integral membrane protein that dephosphorylates
the ceramide transport protein CERT to enhance its association with organelle
membranes. J. Biol. Chem. 283, 6584–6593.
Santiago-Tirado, F.H., and Bretscher, A. (2011). Membrane-trafficking sorting
hubs: cooperation between PI4P and small GTPases at the trans-Golgi network.
Trends Cell Biol. 21, 515–525.
200

Santiago-Tirado, F.H., Legesse-Miller, A., Schott, D., and Bretscher, A. (2011).
PI4P and Rab inputs collaborate in myosin-V-dependent transport of secretory
compartments in yeast. Dev. Cell 20, 47–59.
Sasaki, T., Takasuga, S., Sasaki, J., Kofuji, S., Eguchi, S., Yamazaki, M., and
Suzuki, A. (2009). Mammalian phosphoinositide kinases and phosphatases.
Prog. Lipid Res. 48, 307–343.
Sawyer, S.A., Parsch, J., Zhang, Z., and Hartl, D.L. (2007). Inaugural Article:
Prevalence of positive selection among nearly neutral amino acid replacements
in Drosophila. Proc. Natl. Acad. Sci. 104, 6504–6510.
Saxena, S., and Caroni, P. (2007). Mechanisms of axon degeneration: from
development to disease. Prog. Neurobiol. 83, 174–191.
Sbrissa, D., Ikonomov, O.C., Fu, Z., Ijuin, T., Gruenberg, J., Takenawa, T., and
Shisheva, A. (2007). Core protein machinery for mammalian
phosphatidylinositol 3,5-bisphosphate synthesis and turnover that regulates the
progression of endosomal transport. Novel Sac phosphatase joins the
ArPIKfyve-PIKfyve complex. J. Biol. Chem. 282, 23878–23891.
Sbrissa, D., Ikonomov, O.C., Fenner, H., and Shisheva, A. (2008). ArPIKfyve
homomeric and heteromeric interactions scaffold PIKfyve and Sac3 in a
complex to promote PIKfyve activity and functionality. J. Mol. Biol. 384, 766–
779.
Schorr, M., Then, A., Tahirovic, S., Hug, N., and Mayinger, P. (2001). The
phosphoinositide phosphatase Sac1p controls trafficking of the yeast Chs3p
chitin synthase. Curr. Biol. Cb 11, 1421–1426.
Schulz, J.G., David, G., and Hassan, B.A. (2009). A novel method for tissuespecific RNAi rescue in Drosophila. Nucleic Acids Res. 37, e93.
Seaman, M.N.J., Harbour, M.E., Tattersall, D., Read, E., and Bright, N. (2009).
Membrane recruitment of the cargo-selective retromer subcomplex is catalysed
by the small GTPase Rab7 and inhibited by the Rab-GAP TBC1D5. J. Cell Sci.
122, 2371–2382.
Sengupta, S., Miller, K.K., Homma, K., Edge, R., Cheatham, M.A., Dallos, P.,
and Zheng, J. (2010). Interaction between the motor protein prestin and the
transporter protein VAPA. Biochim. Biophys. Acta 1803, 796–804.
Shan, X., Hu, J.H., Cayabyab, F.S., and Krieger, C. (2005). Increased phosphoadducin immunoreactivity in a murine model of amyotrophic lateral sclerosis.
Neuroscience 134, 833–846.
Shen, H., and Dowhan, W. (1997). Regulation of phospholipid biosynthetic
enzymes by the level of CDP-diacylglycerol synthase activity. J. Biol. Chem.
272, 11215–11220.
Shen, W., and Ganetzky, B. (2009). Autophagy promotes synapse development
in Drosophila. J. Cell Biol. 187, 71–79.

201

Shi, J., Lua, S., Tong, J.S., and Song, J. (2010). Elimination of the native structure
and solubility of the hVAPB MSP domain by the Pro56Ser mutation that causes
amyotrophic lateral sclerosis. Biochemistry (Mosc.) 49, 3887–3897.
Shirakawa, K., Suzuki, H., Ito, M., Kono, S., Uchiyama, T., Ohashi, T., and
Miyajima, H. (2009). Novel compound heterozygous ALS2 mutations cause
juvenile amyotrophic lateral sclerosis in Japan. Neurology 73, 2124–2126.
Shulman, J.M., Shulman, L.M., Weiner, W.J., and Feany, M.B. (2003). From fruit
fly to bedside: translating lessons from Drosophila models of
neurodegenerative disease. Curr. Opin. Neurol. 16, 443–449.
Siddique, T., Figlewicz, D.A., Pericak-Vance, M.A., Haines, J.L., Rouleau, G.,
Jeffers, A.J., Sapp, P., Hung, W.Y., Bebout, J., and McKenna-Yasek, D. (1991).
Linkage of a gene causing familial amyotrophic lateral sclerosis to chromosome
21 and evidence of genetic-locus heterogeneity. N. Engl. J. Med. 324, 1381–1384.
Silva, L.C., Futerman, A.H., and Prieto, M. (2009). Lipid raft composition
modulates sphingomyelinase activity and ceramide-induced membrane
physical alterations. Biophys. J. 96, 3210–3222.
Skehel, P.A., Martin, K.C., Kandel, E.R., and Bartsch, D. (1995). A VAMPbinding protein from Aplysia required for neurotransmitter release. Science
269, 1580–1583.
Skehel, P.A., Fabian-Fine, R., and Kandel, E.R. (2000). Mouse VAP33 is
associated with the endoplasmic reticulum and microtubules. Proc. Natl. Acad.
Sci. U. S. A. 97, 1101–1106.
Slabbaert, J.R., Khuong, T.M., and Verstreken, P. (2012). Phosphoinositides at
the neuromuscular junction of Drosophila melanogaster: a genetic approach.
Methods Cell Biol. 108, 227–247.
Smith, H.E., and Ward, S. (1998). Identification of protein-protein interactions of
the major sperm protein (MSP) of Caenorhabditis elegans. J. Mol. Biol. 279, 605–
619.
Sorkin, A., and von Zastrow, M. (2009). Endocytosis and signalling:
intertwining molecular networks. Nat. Rev. Mol. Cell Biol. 10, 609–622.
Soussan, L., Burakov, D., Daniels, M.P., Toister-Achituv, M., Porat, A., Yarden,
Y., and Elazar, Z. (1999). ERG30, a VAP-33-related protein, functions in protein
transport mediated by COPI vesicles. J. Cell Biol. 146, 301–311.
Southall, T.D., Elliott, D.A., and Brand, A.H. (2008). The GAL4 System: A
Versatile Toolkit for Gene Expression in Drosophila. Csh Protoc. 2008,
pdb.top49.
Spinosa, M.R., Progida, C., De Luca, A., Colucci, A.M.R., Alifano, P., and Bucci,
C. (2008). Functional characterization of Rab7 mutant proteins associated with
Charcot-Marie-Tooth type 2B disease. J. Neurosci. Off. J. Soc. Neurosci. 28,
1640–1648.
St Johnston, D. (2002). The art and design of genetic screens: Drosophila
melanogaster. Nat. Rev. Genet. 3, 176–188.
202

Steenland, K., MacNeil, J., Seals, R., and Levey, A. (2010). Factors affecting
survival of patients with neurodegenerative disease. Neuroepidemiology 35,
28–35.
Stefan, C.J., Manford, A.G., Baird, D., Yamada-Hanff, J., Mao, Y., and Emr, S.D.
(2011). Osh proteins regulate phosphoinositide metabolism at ER-plasma
membrane contact sites. Cell 144, 389–401.
Steinert, J.R., Campesan, S., Richards, P., Kyriacou, C.P., Forsythe, I.D., and
Giorgini, F. (2012). Rab11 rescues synaptic dysfunction and behavioural deficits
in a Drosophila model of Huntington’s disease. Hum. Mol. Genet. 21, 2912–
2922.
Stevens, R.J., and Littleton, J.T. (2011). Synaptic growth: dancing with adducin.
Curr. Biol. Cb 21, R402–405.
Stevenson-Paulik, J., Chiou, S.-T., Frederick, J.P., dela Cruz, J., Seeds, A.M.,
Otto, J.C., and York, J.D. (2006). Inositol phosphate metabolomics: merging
genetic perturbation with modernized radiolabeling methods. Methods San
Diego Calif 39, 112–121.
Strahl, T., and Thorner, J. (2007). Synthesis and function of membrane
phosphoinositides in budding yeast, Saccharomyces cerevisiae. Biochim.
Biophys. Acta 1771, 353–404.
Strahl, T., Huttner, I.G., Lusin, J.D., Osawa, M., King, D., Thorner, J., and Ames,
J.B. (2007). Structural insights into activation of phosphatidylinositol 4-kinase
(Pik1) by yeast frequenin (Frq1). J. Biol. Chem. 282, 30949–30959.
Ström, A.-L., Gal, J., Shi, P., Kasarskis, E.J., Hayward, L.J., and Zhu, H. (2008).
Retrograde axonal transport and motor neuron disease. J. Neurochem. 106, 495–
505.
Stuart, L.M., Boulais, J., Charriere, G.M., Hennessy, E.J., Brunet, S., Jutras, I.,
Goyette, G., Rondeau, C., Letarte, S., Huang, H., et al. (2007). A systems biology
analysis of the Drosophila phagosome. Nature 445, 95–101.
Suzuki, H., and Matsuoka, M. (2011). Amyotrophic lateral sclerosis-linked
mutant VAPB enhances TDP-43-induced motor neuronal toxicity. J.
Neurochem. 119, 1099–1107.
Suzuki, H., and Matsuoka, M. (2012). The JNK/c-Jun signaling axis contributes
to the TDP-43-induced cell death. Mol. Cell. Biochem.
Suzuki, H., Kanekura, K., Levine, T.P., Kohno, K., Olkkonen, V.M., Aiso, S., and
Matsuoka, M. (2009). ALS-linked P56S-VAPB, an aggregated loss-of-function
mutant of VAPB, predisposes motor neurons to ER stress-related death by
inducing aggregation of co-expressed wild-type VAPB. J. Neurochem. 108, 973–
985.
Szentpetery, Z., Várnai, P., and Balla, T. (2010). Acute manipulation of Golgi
phosphoinositides to assess their importance in cellular trafficking and
signaling. Proc. Natl. Acad. Sci. 107, 8225–8230.

203

Taha, T.A., Mullen, T.D., and Obeid, L.M. (2006). A house divided: ceramide,
sphingosine, and sphingosine-1-phosphate in programmed cell death. Biochim.
Biophys. Acta 1758, 2027–2036.
Tahirovic, S., Schorr, M., Then, A., Berger, J., Schwarz, H., and Mayinger, P.
(2003). Role for lipid signaling and the cell integrity MAP kinase cascade in
yeast septum biogenesis. Curr. Genet. 43, 71–78.
Tahirovic, S., Schorr, M., and Mayinger, P. (2005). Regulation of intracellular
phosphatidylinositol-4-phosphate by the Sac1 lipid phosphatase. Traffic Cph.
Den. 6, 116–130.
Tai, A.W., and Salloum, S. (2011). The role of the phosphatidylinositol 4-kinase
PI4KA in hepatitis C virus-induced host membrane rearrangement. Plos One 6,
e26300.
Tai, H.-C., and Schuman, E.M. (2008). Ubiquitin, the proteasome and protein
degradation in neuronal function and dysfunction. Nat. Rev. Neurosci. 9, 826–
838.
Talbot, K., and Ansorge, O. (2006). Recent advances in the genetics of
amyotrophic lateral sclerosis and frontotemporal dementia: common pathways
in neurodegenerative disease. Hum. Mol. Genet. 15 Spec No 2, R182–187.
Tamura, T., Sone, M., Iwatsubo, T., Tagawa, K., Wanker, E.E., and Okazawa, H.
(2011). Ku70 alleviates neurodegeneration in Drosophila models of
Huntington’s disease. Plos One 6, e27408.
Tan, C.-F., Eguchi, H., Tagawa, A., Onodera, O., Iwasaki, T., Tsujino, A.,
Nishizawa, M., Kakita, A., and Takahashi, H. (2007). TDP-43 immunoreactivity
in neuronal inclusions in familial amyotrophic lateral sclerosis with or without
SOD1 gene mutation. Acta Neuropathol. (Berl.) 113, 535–542.
Tashiro, Y., Urushitani, M., Inoue, H., Koike, M., Uchiyama, Y., Komatsu, M.,
Tanaka, K., Yamazaki, M., Abe, M., Misawa, H., et al. (2012). Motor Neuronspecific Disruption of Proteasomes, but not Autophagy, Replicates
Amyotrophic Lateral Sclerosis. J. Biol. Chem.
Taylor, L., Wicks, P., Leigh, P.N., and Goldstein, L.H. (2010). Prevalence of
depression in amyotrophic lateral sclerosis and other motor disorders. Eur. J.
Neurol. Off. J. Eur. Fed. Neurol. Soc. 17, 1047–1053.
Tepper, A.D., Ruurs, P., Wiedmer, T., Sims, P.J., Borst, J., and van Blitterswijk,
W.J. (2000). Sphingomyelin hydrolysis to ceramide during the execution phase
of apoptosis results from phospholipid scrambling and alters cell-surface
morphology. J. Cell Biol. 150, 155–164.
Teuling, E., Ahmed, S., Haasdijk, E., Demmers, J., Steinmetz, M.O.,
Akhmanova, A., Jaarsma, D., and Hoogenraad, C.C. (2007). Motor neuron
disease-associated mutant vesicle-associated membrane protein-associated
protein (VAP) B recruits wild-type VAPs into endoplasmic reticulum-derived
tubular aggregates. J. Neurosci. Off. J. Soc. Neurosci. 27, 9801–9815.
Thomas, U., and Sigrist, S.J. (2012). Glutamate receptors in synaptic assembly
and plasticity: case studies on fly NMJs. Adv. Exp. Med. Biol. 970, 3–28.
204

Thomas, U., Ebitsch, S., Gorczyca, M., Koh, Y.H., Hough, C.D., Woods, D.,
Gundelfinger, E.D., and Budnik, V. (2000). Synaptic targeting and localization
of discs-large is a stepwise process controlled by different domains of the
protein. Curr. Biol. Cb 10, 1108–1117.
Thorns, J., Wieringa, B.M., Mohammadi, B., Hammer, A., Dengler, R., and
Münte, T.F. (2010). Movement initiation and inhibition are impaired in
amyotrophic lateral sclerosis. Exp. Neurol. 224, 389–394.
Tiloca, C., Ratti, A., Pensato, V., Castucci, A., Sorarù, G., Del Bo, R., Corrado, L.,
Cereda, C., D’Ascenzo, C., Comi, G.P., et al. (2012). Mutational analysis of VCP
gene in familial amyotrophic lateral sclerosis. Neurobiol. Aging 33, 630.e1–
630.e2.
Tomkins, J., Usher, P., Slade, J.Y., Ince, P.G., Curtis, A., Bushby, K., and Shaw,
P.J. (1998). Novel insertion in the KSP region of the neurofilament heavy gene in
amyotrophic lateral sclerosis (ALS). Neuroreport 9, 3967–3970.
Topp, J.D., Gray, N.W., Gerard, R.D., and Horazdovsky, B.F. (2004). Alsin is a
Rab5 and Rac1 guanine nucleotide exchange factor. J. Biol. Chem. 279, 24612–
24623.
Torroja, L., Chu, H., Kotovsky, I., and White, K. (1999). Neuronal
overexpression of APPL, the Drosophila homologue of the amyloid precursor
protein (APP), disrupts axonal transport. Curr. Biol. Cb 9, 489–492.
Touret, N., Paroutis, P., Terebiznik, M., Harrison, R.E., Trombetta, S., Pypaert,
M., Chow, A., Jiang, A., Shaw, J., Yip, C., et al. (2005). Quantitative and dynamic
assessment of the contribution of the ER to phagosome formation. Cell 123, 157–
170.
Tran, D., Chalhoub, A., Schooley, A., Zhang, W., and Ngsee, J.K. (2012). A
mutation in VAPB that causes amyotrophic lateral sclerosis also causes a
nuclear envelope defect. J. Cell Sci. 125, 2831–2836.
Trinh, K., Moore, K., Wes, P.D., Muchowski, P.J., Dey, J., Andrews, L., and
Pallanck, L.J. (2008). Induction of the Phase II Detoxification Pathway
Suppresses Neuron Loss in Drosophila Models of Parkinson’s Disease. J.
Neurosci. 28, 465–472.
Tsuda, H., Han, S.M., Yang, Y., Tong, C., Lin, Y.Q., Mohan, K., Haueter, C.,
Zoghbi, A., Harati, Y., Kwan, J., et al. (2008). The amyotrophic lateral sclerosis 8
protein VAPB is cleaved, secreted, and acts as a ligand for Eph receptors. Cell
133, 963–977.
Tudor, E.L., Galtrey, C.M., Perkinton, M.S., Lau, K.-F., De Vos, K.J., Mitchell,
J.C., Ackerley, S., Hortobágyi, T., Vámos, E., Leigh, P.N., et al. (2010).
Amyotrophic lateral sclerosis mutant vesicle-associated membrane proteinassociated protein-B transgenic mice develop TAR-DNA-binding protein-43
pathology. Neuroscience 167, 774–785.
Turner, M.R., Kiernan, M.C., Leigh, P.N., and Talbot, K. (2009). Biomarkers in
amyotrophic lateral sclerosis. Lancet Neurol. 8, 94–109.

205

Ullrich, O., Stenmark, H., Alexandrov, K., Huber, L.A., Kaibuchi, K., Sasaki, T.,
Takai, Y., and Zerial, M. (1993). Rab GDP dissociation inhibitor as a general
regulator for the membrane association of rab proteins. J. Biol. Chem. 268,
18143–18150.
Valdmanis, P.N., and Rouleau, G.A. (2008). Genetics of familial amyotrophic
lateral sclerosis. Neurology 70, 144–152.
Vance, C., Rogelj, B., Hortobágyi, T., De Vos, K.J., Nishimura, A.L., Sreedharan,
J., Hu, X., Smith, B., Ruddy, D., Wright, P., et al. (2009). Mutations in FUS, an
RNA processing protein, cause familial amyotrophic lateral sclerosis type 6.
Science 323, 1208–1211.
Venken, K.J.T., and Bellen, H.J. (2005). Emerging technologies for gene
manipulation in Drosophila melanogaster. Nat. Rev. Genet. 6, 167–178.
Venken, K.J.T., Simpson, J.H., and Bellen, H.J. (2011). Genetic manipulation of
genes and cells in the nervous system of the fruit fly. Neuron 72, 202–230.
Verhoeven, K., De Jonghe, P., Coen, K., Verpoorten, N., Auer-Grumbach, M.,
Kwon, J.M., FitzPatrick, D., Schmedding, E., De Vriendt, E., Jacobs, A., et al.
(2003). Mutations in the small GTP-ase late endosomal protein RAB7 cause
Charcot-Marie-Tooth type 2B neuropathy. Am. J. Hum. Genet. 72, 722–727.
Vicinanza, M., D’Angelo, G., Di Campli, A., and De Matteis, M.A. (2008).
Function and dysfunction of the PI system in membrane trafficking. Embo J. 27,
2457–2470.
Vicinanza, M., Di Campli, A., Polishchuk, E., Santoro, M., Di Tullio, G., Godi,
A., Levtchenko, E., De Leo, M.G., Polishchuk, R., Sandoval, L., et al. (2011).
OCRL controls trafficking through early endosomes via PtdIns4,5P*-dependent
regulation of endosomal actin. Embo J. 30, 4970–4985.
Vickers, J.C., King, A.E., Woodhouse, A., Kirkcaldie, M.T., Staal, J.A.,
McCormack, G.H., Blizzard, C.A., Musgrove, R.E.J., Mitew, S., Liu, Y., et al.
(2009). Axonopathy and cytoskeletal disruption in degenerative diseases of the
central nervous system. Brain Res. Bull. 80, 217–223.
Vinegoni, C., Pitsouli, C., Razansky, D., Perrimon, N., and Ntziachristos, V.
(2008). In vivo imaging of Drosophila melanogaster pupae with mesoscopic
fluorescence tomography. Nat. Methods 5, 45–47.
Voelzmann, A., and Bauer, R. (2011). Embryonic expression of Drosophila
ceramide synthase schlank in developing gut, CNS and PNS. Gene Expr.
Patterns Gep 11, 501–510.
De Vos, K.J., Chapman, A.L., Tennant, M.E., Manser, C., Tudor, E.L., Lau, K.-F.,
Brownlees, J., Ackerley, S., Shaw, P.J., McLoughlin, D.M., et al. (2007). Familial
amyotrophic lateral sclerosis-linked SOD1 mutants perturb fast axonal
transport to reduce axonal mitochondria content. Hum. Mol. Genet. 16, 2720–
2728.
De Vos, K.J., Grierson, A.J., Ackerley, S., and Miller, C.C.J. (2008). Role of axonal
transport in neurodegenerative diseases. Annu. Rev. Neurosci. 31, 151–173.

206

De Vos, K.J., Mórotz, G.M., Stoica, R., Tudor, E.L., Lau, K.-F., Ackerley, S.,
Warley, A., Shaw, C.E., and Miller, C.C.J. (2012). VAPB interacts with the
mitochondrial protein PTPIP51 to regulate calcium homeostasis. Hum. Mol.
Genet. 21, 1299–1311.
Wagh, D.A., Rasse, T.M., Asan, E., Hofbauer, A., Schwenkert, I., Dürrbeck, H.,
Buchner, S., Dabauvalle, M.-C., Schmidt, M., Qin, G., et al. (2006). Bruchpilot, a
protein with homology to ELKS/CAST, is required for structural integrity and
function of synaptic active zones in Drosophila. Neuron 49, 833–844.
Walch-Solimena, C., and Novick, P. (1999). The yeast phosphatidylinositol-4OH kinase pik1 regulates secretion at the Golgi. Nat. Cell Biol. 1, 523–525.
Walker, A.K., and Atkin, J.D. (2011). Stress signaling from the endoplasmic
reticulum: A central player in the pathogenesis of amyotrophic lateral sclerosis.
Iubmb Life 63, 754–763.
Wang, J., Sun, H.-Q., Macia, E., Kirchhausen, T., Watson, H., Bonifacino, J.S.,
and Yin, H.L. (2007). PI4P promotes the recruitment of the GGA adaptor
proteins to the trans-Golgi network and regulates their recognition of the
ubiquitin sorting signal. Mol. Biol. Cell 18, 2646–2655.
Wang, J.-W., Brent, J.R., Tomlinson, A., Shneider, N.A., and McCabe, B.D.
(2011a). The ALS-associated proteins FUS and TDP-43 function together to
affect Drosophila locomotion and life span. J. Clin. Invest. 121, 4118–4126.
Wang, K., Yang, Z., Nair, U., Mao, K., Liu, X., and Klionsky, D.J. (2012).
Phosphatatidylinositol 4-kinases are required for autophagic membrane
trafficking. J. Biol. Chem.
Wang, Q., Johnson, J.L., Agar, N.Y.R., and Agar, J.N. (2008). Protein aggregation
and protein instability govern familial amyotrophic lateral sclerosis patient
survival. Plos Biol. 6, e170.
Wang, S., Yang, J., Tsai, A., Kuca, T., Sanny, J., Lee, J., Dong, K., Harden, N., and
Krieger, C. (2011b). Drosophila adducin regulates Dlg phosphorylation and
targeting of Dlg to the synapse and epithelial membrane. Dev. Biol. 357, 392–
403.
Wang, Y.J., Wang, J., Sun, H.Q., Martinez, M., Sun, Y.X., Macia, E., Kirchhausen,
T., Albanesi, J.P., Roth, M.G., and Yin, H.L. (2003). Phosphatidylinositol 4
phosphate regulates targeting of clathrin adaptor AP-1 complexes to the Golgi.
Cell 114, 299–310.
Warrick, J.M., Paulson, H.L., Gray-Board, G.L., Bui, Q.T., Fischbeck, K.H.,
Pittman, R.N., and Bonini, N.M. (1998). Expanded polyglutamine protein forms
nuclear inclusions and causes neural degeneration in Drosophila. Cell 93, 939–
949.
Watson, M.R., Lagow, R.D., Xu, K., Zhang, B., and Bonini, N.M. (2008). A
drosophila model for amyotrophic lateral sclerosis reveals motor neuron
damage by human SOD1. J. Biol. Chem. 283, 24972–24981.

207

Wei, H.-C., Sanny, J., Shu, H., Baillie, D.L., Brill, J.A., Price, J.V., and Harden, N.
(2003a). The Sac1 lipid phosphatase regulates cell shape change and the JNK
cascade during dorsal closure in Drosophila. Curr. Biol. Cb 13, 1882–1887.
Wei, H.-C., Shu, H., and Price, J.V. (2003b). Functional genomic analysis of the
61D-61F region of the third chromosome of Drosophila melanogaster. Genome
Natl. Res. Counc. Can. Génome Cons. Natl. Rech. Can. 46, 1049–1058.
Weimar, W.R., Lane, P.W., and Sidman, R.L. (1982). Vibrator (vb): a
spinocerebellar system degeneration with autosomal recessive inheritance in
mice. Brain Res. 251, 357–364.
Weir, M.L., Klip, A., and Trimble, W.S. (1998). Identification of a human
homologue of the vesicle-associated membrane protein (VAMP)-associated
protein of 33 kDa (VAP-33): a broadly expressed protein that binds to VAMP.
Biochem. J. 333 ( Pt 2), 247–251.
Wenk, M.R., and De Camilli, P. (2004). Protein-lipid interactions and
phosphoinositide metabolism in membrane traffic: insights from vesicle
recycling in nerve terminals. Proc. Natl. Acad. Sci. U. S. A. 101, 8262–8269.
Whitters, E.A., Cleves, A.E., McGee, T.P., Skinner, H.B., and Bankaitis, V.A.
(1993). SAC1p is an integral membrane protein that influences the cellular
requirement for phospholipid transfer protein function and inositol in yeast. J.
Cell Biol. 122, 79–94.
Wiedemann, C., Schäfer, T., Burger, M.M., and Sihra, T.S. (1998a). An essential
role for a small synaptic vesicle-associated phosphatidylinositol 4-kinase in
neurotransmitter release. J. Neurosci. Off. J. Soc. Neurosci. 18, 5594–5602.
Wiedemann, F.R., Winkler, K., Kuznetsov, A.V., Bartels, C., Vielhaber, S.,
Feistner, H., and Kunz, W.S. (1998b). Impairment of mitochondrial function in
skeletal muscle of patients with amyotrophic lateral sclerosis. J. Neurol. Sci. 156,
65–72.
Wijesekera, L.C., and Leigh, P.N. (2009). Amyotrophic lateral sclerosis.
Orphanet J. Rare Dis. 4, 3.
Winters, J.J., Ferguson, C.J., Lenk, G.M., Giger-Mateeva, V.I., Shrager, P.,
Meisler, M.H., and Giger, R.J. (2011). Congenital CNS hypomyelination in the
Fig4 null mouse is rescued by neuronal expression of the PI(3,5)P(2)
phosphatase Fig4. J. Neurosci. Off. J. Soc. Neurosci. 31, 17736–17751.
Wiradjaja, F., Ooms, L.M., Tahirovic, S., Kuhne, E., Devenish, R.J., Munn, A.L.,
Piper, R.C., Mayinger, P., and Mitchell, C.A. (2007). Inactivation of the
phosphoinositide phosphatases Sac1p and Inp54p leads to accumulation of
phosphatidylinositol 4,5-bisphosphate on vacuole membranes and vacuolar
fusion defects. J. Biol. Chem. 282, 16295–16307.
Wishart, M.J., and Dixon, J.E. (2002). PTEN and myotubularin phosphatases:
from 3-phosphoinositide dephosphorylation to disease. Trends Cell Biol. 12,
579–585.

208

Witgert, M., Salamone, A.R., Strutt, A.M., Jawaid, A., Massman, P.J., Bradshaw,
M., Mosnik, D., Appel, S.H., and Schulz, P.E. (2010). Frontal-lobe mediated
behavioral dysfunction in amyotrophic lateral sclerosis. Eur. J. Neurol. Off. J.
Eur. Fed. Neurol. Soc. 17, 103–110.
Wittmann, C.W., Wszolek, M.F., Shulman, J.M., Salvaterra, P.M., Lewis, J.,
Hutton, M., and Feany, M.B. (2001). Tauopathy in Drosophila:
neurodegeneration without neurofibrillary tangles. Science 293, 711–714.
Wood, C.S., Schmitz, K.R., Bessman, N.J., Setty, T.G., Ferguson, K.M., and Burd,
C.G. (2009). PtdIns4P recognition by Vps74/GOLPH3 links PtdIns 4-kinase
signaling to retrograde Golgi trafficking. J. Cell Biol. 187, 967–975.
Wood, C.S., Hung, C.-S., Huoh, Y.-S., Mousley, C.J., Stefan, C.J., Bankaitis, V.,
Ferguson, K.M., and Burd, C.G. (2012). Local control of phosphatidylinositol 4phosphate signaling in the Golgi apparatus by Vps74 and Sac1
phosphoinositide phosphatase. Mol. Biol. Cell 23, 2527–2536.
Wood, J.D., Beaujeux, T.P., and Shaw, P.J. (2003). Protein aggregation in motor
neurone disorders. Neuropathol. Appl. Neurobiol. 29, 529–545.
Woodcock, J. (2006). Sphingosine and ceramide signalling in apoptosis. Iubmb
Life 58, 462–466.
Xiang, Y., and Wang, Y. (2011). New components of the Golgi matrix. Cell
Tissue Res. 344, 365–379.
Yamashita, S., Oku, M., Wasada, Y., Ano, Y., and Sakai, Y. (2006). PI4Psignaling pathway for the synthesis of a nascent membrane structure in
selective autophagy. J. Cell Biol. 173, 709–717.
Yamauchi, P.S., and Purich, D.L. (1987). Modulation of microtubule assembly
and stability by phosphatidylinositol action on microtubule-associated protein2. J. Biol. Chem. 262, 3369–3375.
Yan, Y., Denef, N., Tang, C., and Schüpbach, T. (2011). Drosophila PI4KIIIalpha
is required in follicle cells for oocyte polarization and Hippo signaling. Dev.
Camb. Engl. 138, 1697–1703.
Yang, Y., Hentati, A., Deng, H.X., Dabbagh, O., Sasaki, T., Hirano, M., Hung,
W.Y., Ouahchi, K., Yan, J., Azim, A.C., et al. (2001). The gene encoding alsin, a
protein with three guanine-nucleotide exchange factor domains, is mutated in a
form of recessive amyotrophic lateral sclerosis. Nat. Genet. 29, 160–165.
Yao, K.M., and White, K. (1994). Neural specificity of elav expression: defining a
Drosophila promoter for directing expression to the nervous system. J.
Neurochem. 63, 41–51.
Yavari, A., Nagaraj, R., Owusu-Ansah, E., Folick, A., Ngo, K., Hillman, T., Call,
G., Rohatgi, R., Scott, M.P., and Banerjee, U. (2010). Role of lipid metabolism in
smoothened derepression in hedgehog signaling. Dev. Cell 19, 54–65.

209

Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., Negishi, M., and Mori, K.
(2000). ATF6 activated by proteolysis binds in the presence of NF-Y (CBF)
directly to the cis-acting element responsible for the mammalian unfolded
protein response. Mol. Cell. Biol. 20, 6755–6767.
Yoshida, M., Takahashi, Y., Koike, A., Fukuda, Y., Goto, J., and Tsuji, S. (2010).
A mutation database for amyotrophic lateral sclerosis. Hum. Mutat. 31, 1003–
1010.
Yoshida, S., Ohya, Y., Goebl, M., Nakano, A., and Anraku, Y. (1994). A novel
gene, STT4, encodes a phosphatidylinositol 4-kinase in the PKC1 protein kinase
pathway of Saccharomyces cerevisiae. J. Biol. Chem. 269, 1166–1172.
Yoshioka, Y., Suyari, O., and Yamaguchi, M. (2008). Transcription factor NF-Y is
involved in regulation of the JNK pathway during Drosophila thorax
development. Genes Cells Devoted Mol. Cell. Mech. 13, 117–130.
Yue, L., and Spradling, A.C. (1992). hu-li tai shao, a gene required for ring canal
formation during Drosophila oogenesis, encodes a homolog of adducin. Genes
Dev. 6, 2443–2454.
Zetterberg, H., Jacobsson, J., Rosengren, L., Blennow, K., and Andersen, P.M.
(2008). Association of APOE with age at onset of sporadic amyotrophic lateral
sclerosis. J. Neurol. Sci. 273, 67–69.
Zhang, D., Vjestica, A., and Oliferenko, S. (2012a). Plasma Membrane Tethering
of the Cortical ER Necessitates Its Finely Reticulated Architecture. Curr. Biol.
Cb.
Zhang, J., Schulze, K.L., Hiesinger, P.R., Suyama, K., Wang, S., Fish, M., Acar,
M., Hoskins, R.A., Bellen, H.J., and Scott, M.P. (2007). Thirty-one flavors of
Drosophila rab proteins. Genetics 176, 1307–1322.
Zhang, L., Hong, Z., Lin, W., Shao, R.-X., Goto, K., Hsu, V.W., and Chung, R.T.
(2012b). ARF1 and GBF1 generate a PI4P-enriched environment supportive of
hepatitis C virus replication. Plos One 7, e32135.
Zhang, X., Jefferson, A.B., Auethavekiat, V., and Majerus, P.W. (1995). The
protein deficient in Lowe syndrome is a phosphatidylinositol-4,5-bisphosphate
5-phosphatase. Proc. Natl. Acad. Sci. U. S. A. 92, 4853–4856.
Zhang, Y.Q., Bailey, A.M., Matthies, H.J., Renden, R.B., Smith, M.A., Speese,
S.D., Rubin, G.M., and Broadie, K. (2001). Drosophila fragile X-related gene
regulates the MAP1B homolog Futsch to control synaptic structure and
function. Cell 107, 591–603.
Zhao, X., Várnai, P., Tuymetova, G., Balla, A., Tóth, Z.E., Oker-Blom, C., Roder,
J., Jeromin, A., and Balla, T. (2001). Interaction of neuronal calcium sensor-1
(NCS-1) with phosphatidylinositol 4-kinase beta stimulates lipid kinase activity
and affects membrane trafficking in COS-7 cells. J. Biol. Chem. 276, 40183–
40189.

210

Zhao, X.-L., Wang, W.-A., Tan, J.-X., Huang, J.-K., Zhang, X., Zhang, B.-Z.,
Wang, Y.-H., YangCheng, H.-Y., Zhu, H.-L., Sun, X.-J., et al. (2010). Expression
of beta-amyloid induced age-dependent presynaptic and axonal changes in
Drosophila. J. Neurosci. Off. J. Soc. Neurosci. 30, 1512–1522.
Zhong, R., Burk, D.H., Nairn, C.J., Wood-Jones, A., Morrison, W.H., and Ye, Z.H. (2005). Mutation of SAC1, an Arabidopsis SAC Domain Phosphoinositide
Phosphatase, Causes Alterations in Cell Morphogenesis, Cell Wall Synthesis,
and Actin Organization. Plant Cell Online 17, 1449–1466.
Zhong, S., Hsu, F., Stefan, C.J., Wu, X., Patel, A., Cosgrove, M.S., and Mao, Y.
(2012). Allosteric activation of the phosphoinositide phosphatase Sac1 by
anionic phospholipids. Biochemistry (Mosc.) 51, 3170–3177.
Zinman, L., and Cudkowicz, M. (2011). Emerging targets and treatments in
amyotrophic lateral sclerosis. Lancet Neurol. 10, 481–490.
Zinsmaier, K.E., Eberle, K.K., Buchner, E., Walter, N., and Benzer, S. (1994).
Paralysis and early death in cysteine string protein mutants of Drosophila.
Science 263, 977–980.
Zito, K., Fetter, R.D., Goodman, C.S., and Isacoff, E.Y. (1997). Synaptic
clustering of Fascilin II and Shaker: essential targeting sequences and role of
Dlg. Neuron 19, 1007–1016.
Zito, K., Parnas, D., Fetter, R.D., Isacoff, E.Y., and Goodman, C.S. (1999).
Watching a synapse grow: noninvasive confocal imaging of synaptic growth in
Drosophila. Neuron 22, 719–729.
Zolov, S.N., Bridges, D., Zhang, Y., Lee, W.-W., Riehle, E., Verma, R., Lenk,
G.M., Converso-Baran, K., Weide, T., Albin, R.L., et al. (2012). In vivo, Pikfyve
generates PI(3,5)P2, which serves as both a signaling lipid and the major
precursor for PI5P. Proc. Natl. Acad. Sci. U. S. A.
Zuker, C.S. (1996). The biology of vision of Drosophila. Proc. Natl. Acad. Sci. U.
S. A. 93, 571–576.

211

APPENDIX 1
Published paper
Forrest, S., Chai, A., Sanhueza, M., Marescotti, M., Parry, K., Georgiev, A.,
Sahota, V., Mendez-Castro, R., and Pennetta, G. (2013). Increased levels of
phosphoinositides cause neurodegeneration in a Drosophila model of
amyotrophic lateral sclerosis. Hum. Mol. Genet. doi:10.1093/hmg/ddt118

212

HMG Advance Access published March 29, 2013
Human Molecular Genetics, 2013
doi:10.1093/hmg/ddt118

1–16

Increased levels of phosphoinositides cause
neurodegeneration in a Drosophila model
of amyotrophic lateral sclerosis
Stuart Forrest1,2, Andrea Chai1,2,{, Mario Sanhueza1,2, Manuela Marescotti1,2, Katherine Parry1,2,
Atanas Georgiev1,2, Virender Sahota1,2, Raquel Mendez-Castro1,2 and Giuseppa Pennetta1,2,∗
1

Center for Integrative Physiology and 2Euan MacDonald Center for Motor Neuron Disease Research,
School of Biomedical Sciences, University of Edinburgh, Edinburgh, UK
Received November 26, 2012; Revised and Accepted March 7, 2013

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a progressive, degenerative disorder characterized by the selective loss of motor
neurons in the brain and spinal cord leading to paralysis,
muscle atrophy and eventually, death (1). Two missense mutations in the gene encoding the human Vesicle-associated membrane protein (VAMP)-Associated Protein B (hVAPB) causes
a range of dominantly inherited motor neuron diseases including ALS8 (2,3). VAP family proteins are characterized by an
N-terminal major sperm protein (MSP) domain, a coiled-coil

(CC) motif and a transmembrane (TM)-spanning region.
They are implicated in several biological processes, including
regulation of lipid transport, endoplasmic reticulum (ER)
morphology and membrane trafficking (4). Drosophila
Vap-33-1 (hereafter, DVAP) regulates synaptic structure,
synaptic microtubule (MT) stability and the composition of
postsynaptic glutamate receptors (5,6). MSP domains in
DVAP are cleaved and secreted into the extracellular space
where they bind Ephrin receptors (7). MSPs also bind postsynaptic Roundabout and Lar-like receptors to control muscle
mitochondria morphology, localization and function (8).
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The Vesicle-associated membrane protein (VAMP)-Associated Protein B (VAPB) is the causative gene of amyotrophic lateral sclerosis 8 (ALS8) in humans. Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized by selective death of motor neurons leading to spasticity, muscle atrophy and
paralysis. VAP proteins have been implicated in various cellular processes, including intercellular signalling,
synaptic remodelling, lipid transport and membrane trafficking and yet, the molecular mechanisms underlying
ALS8 pathogenesis remain poorly understood. We identified the conserved phosphoinositide phosphatase
Sac1 as a Drosophila VAP (DVAP)-binding partner and showed that DVAP is required to maintain normal
levels of phosphoinositides. Downregulating either Sac1 or DVAP disrupts axonal transport, synaptic growth,
synaptic microtubule integrity and the localization of several postsynaptic components. Expression of the disease-causing allele (DVAP-P58S) in a fly model for ALS8 induces neurodegeneration, elicits synaptic defects
similar to those of DVAP or Sac1 downregulation and increases phosphoinositide levels. Consistent with a
role for Sac1-mediated increase of phosphoinositide levels in ALS8 pathogenesis, we found that Sac1 downregulation induces neurodegeneration in a dosage-dependent manner. In addition, we report that Sac1 is sequestered into the DVAP-P58S-induced aggregates and that reducing phosphoinositide levels rescues the
neurodegeneration and suppresses the synaptic phenotypes associated with DVAP-P58S transgenic expression. These data underscore the importance of DVAP–Sac1 interaction in controlling phosphoinositide metabolism and provide mechanistic evidence for a crucial role of phosphoinositide levels in VAP-induced ALS.
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RESULTS
DVAP physically interacts with Sac1
A previous yeast two-hybrid screen for large-scale mapping of
protein –protein interactions in Drosophila identified Sac1 as a
DVAP-interacting protein (24). We confirmed this by yeast

two-hybrid binary interaction and co-immunoprecipitation
assays. A yeast two-hybrid analysis to detect a binary interaction between DVAP and Sac1 showed that these proteins
can bind each other and that both the disease-causing alleles
DVAP-P58S and DVAP-T48I retained their ability to bind
Sac1 (Fig. 1A). For the co-immunoprecipitation assays,
Myc-tagged Sac1 and Flag-tagged DVAP constructs were
transfected in COS7 cells. In cell extracts expressing both
Myc-tagged Sac1 and Flag-tagged DVAP, Flag-DVAP was
clearly co-immunoprecipitated with Myc-Sac1 by the
anti-Myc antibody. In agreement with the yeast two-hybrid
data, Flag-DVAP-P58S was also significantly co-immunoprecipitated with Myc-Sac1. As a control, little co-immunoprecipitation was observed using cell extracts expressing either
Flag-DVAP or Flag-DVAP-P58S but not Myc-Sac1 (Fig. 1B).
To further extend this analysis, we mapped the interaction
domains on both proteins by yeast two-hybrid assay. Sac1 contains a conserved phosphoinositide – phosphatase module
termed the Sac domain, comprising seven highly conserved
motifs, including the catalytic domain. It also contains an Nterminal leucine zipper motif and two C-terminal putative
TM domains, TM1 and TM2. We found that whereas TM2
was dispensable for the binding activity of Sac1, truncation
of the first 18 amino acids encompassing the b1 helix effectively abolished Sac1 binding to DVAP (Fig. 1C). DVAP
also exhibits conserved structural domains, including the
MSP domain, a CC motif and a TM domain. Surprisingly,
we found that the MSP domain was dispensable for the interaction, whereas removal of the C-terminal TM domain abolished the ability of DVAP to physically interact with Sac1
(Fig. 1D). Collectively, our data indicate that DVAP binds
Sac1 via its TM and that a Sac1 fragment of 546 amino
acids lacking the most C-terminal TM is necessary to bind
DVAP. These data also show that ALS8-causing mutations
do not affect the ability of DVAP to bind Sac1.
Presynaptic Sac1 is required for synaptic morphology, MT
organization and axonal transport
Since DVAP and Sac1 physically interact, we asked whether
mutations in Sac1 could affect the same biological processes
as those affected by mutations in DVAP. DVAP loss-of-function mutations lead to a synaptic phenotype at the larval neuromuscular junction (NMJ) characterized by a reduction in the
number of boutons and an increase in their size (5). Strong
hypomorphic mutations in Sac1 cause embryonic lethality
due to an early requirement of the gene during development
(19). We therefore undertook a transgenic RNA interference
(RNAi) approach to reduce Sac1 protein level during postembryonic development from the presynaptic side. We selectively expressed Sac1RNAi in neurons, using the UAS-Gal4
system and the neuronal-specific driver elav-Gal4. Staining
with anti-HRP antibodies that label and allow for visualization
of synaptic terminals showed that reducing Sac1 expression in
presynaptic cells (elav;Sac1RNAi) led to a decrease in bouton
number (181 + 3.9 versus 280 + 4.6 in controls) and a concomitant increase in their size (Fig. 2A and C and Supplementary Material, Fig. S1A and B). To dissect the cell-specific role
of DVAP, we downregulated DVAP expression in presynaptic
cells, using DVAPRNAi lines and the elav-Gal4 driver.
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Transgenic expression of the disease-linked alleles
(DVAP-P58S and DVAP-T48I) in the larval motor system
recapitulates major hallmarks of the human disease, including
aggregate formation, locomotion defects and chaperone upregulation (3,6,9). Several studies have also implicated the
ALS mutant allele in abnormal unfolded protein response
(UPR) (3,10– 13) and in the disruption of the anterograde
axonal transport of mitochondria (14). However, it is unclear
how these diverse VAP functions are achieved and which
mechanisms underlie the disease pathogenesis in humans.
One way to address these questions is to search for
DVAP-interacting proteins. We identified Sac1 (Suppressor
of Actin 1), an evolutionarily conserved phosphoinositide
phosphatase, as a DVAP-binding protein. Phosphoinositides
are low-abundance lipids that localize to the membrane – cytoplasm interface and function by binding various effector proteins. The inositol group can be reversibly phosphorylated at
the 3′ , 4′ and 5′ positions to generate seven possible phosphoinositide derivatives, each with a specific intracellular dynamic
distribution (15). Sac1 predominantly dephosphorylates
PtdIns4P pools, although PtdIns3P and PtdIns(3,5)P2 can
also function as substrates (16). In yeast, Sac1 has been
linked to several processes, including actin organization,
vacuole morphology and sphingomyelin synthesis (17,18).
Drosophila Sac1 mutants die as embryos and exhibit defects
in dorsal closure and axonal pathfinding (19,20). Mouse
lines deficient for Sac1 are cell lethal, whereas Sac1 downregulation in mammalian cell cultures results in disorganization
of Golgi membranes and mitotic spindles (21). Interestingly,
SAC3 (also known as FIG4), another member of the Sac phosphatase family, is mutated in familial and sporadic cases of
ALS (22). Inactivation of SAC3 in mice also results in extensive degeneration and neuronal vacuolization in the brain,
most relevantly in the motor cortex (23). We identified Sac1
and DVAP as binding partners and show that DVAP is
required to maintain normal levels of PtdIns4P. Loss of
either Sac1 or DVAP function disrupts axonal transport, MT
stability, synaptic growth and the localization of a number
of postsynaptic markers. We also show that the diseasecausing mutation (DVAP-P58S) induces neurodegeneration
and displays synaptic phenotypes similar to those of either
Sac1 or DVAP loss-of-function, including an increase in
PtdIns4P levels. Importantly, reducing PtdIns4P levels
rescues the neurodegeneration associated with DVAP-P58S
and suppresses the synaptic phenotypes associated with
DVAP-P58S and DVAP loss-of-function alleles. Consistent
with these observations, Sac1 is sequestered into DVAPP58S-mediated aggregates and downregulation of Sac1 in
neurons induces increased PtdIns4P levels and degeneration.
These data highlight the crucial role of DVAP and Sac1 in
regulating phosphoinositides and support a causative role for
PtdIns4P levels in ALS8 pathogenesis.
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Presynaptic knockdown of DVAP (elav;DVAPRNAiGD3990)
induced a synaptic morphological phenotype similar to those
of DVAP null mutations (5) and presynaptic Sac1RNAi expression (Fig. 2A–C and Supplementary Material, Fig. S1A and B).
The presynaptic MT cytoskeleton, as visualized by staining
with antibodies specific for the MAP1B-like protein Futsch, is
severely perturbed in DVAP mutant NMJs (5). We tested
whether Sac1 or DVAP downregulation in neurons affected
MT stability at the NMJ. In control NMJs, MTs run mainly
as a filament of Futsch staining across the nerve terminal
branches (Fig. 2A). Occasionally, Futsch staining appears
punctuate or splayed into a number of thinner filaments
filling up the entire volume of the boutons. These two forms
of staining, i.e. ‘punctuate and splayed’ have been described
as two variant forms of disorganized MTs found in mutants
affecting synaptic architecture (25,26). At both elav;Sac1RNAi
and elav;DVAPRNAiGD3990 NMJs, there was an increase in the
number of boutons showing MT disorganization. Although in
controls the percentage of boutons exhibiting the ‘filled’ or
‘diffuse’ pattern of Futsch staining was only 35.7 + 1.4, the
number of boutons with the same pattern in elav;Sac1RNAi
and elav;DVAPRNAiGD3990 NMJs was 58.3 + 1.7 and
70.5 + 2.4%, respectively (Fig. 2B and C; Supplementary Material, Fig. S1C).
Although the axonal MT cytoskeleton had no obvious morphological defects (data not shown), we observed abnormalities in the distribution of proteins and synaptic vesicles
along the nerves. At control NMJs, Bruchpilot (Brp), an essential component of the synaptic active zones (27), was barely

detectable along the nerves (Fig. 2D). Conversely, both
elav;DVAPRNAiGD3990 and elav;Sac1RNAi mutants exhibited
massive accumulation of Brp aggregates along the axons
(Fig. 2E and F, Supplementary Material, Fig. S1D). Similar
aggregates were observed using antibodies specific for the
vesicle-associated cysteine string protein (data not shown).
Hence, these results indicate that DVAP and Sac1 exhibit
functional similarity and control several aspects of NMJ physiology, including synaptic structure, axonal transport and MT
organization.
Postsynaptic downregulation of either Sac1 or DVAP
affects synaptic morphology and the distribution of several
synaptic markers
To assess the postsynaptic function of Sac1, we focused on
two phosphoinositide-dependent proteins, adducin and
b-spectrin, both with established NMJ function and involvement in ALS pathogenesis or neurodegeneration (28 –31).
The muscle-specific driver BG57-Gal4 was used to express
either Sac1RNAi or DVAPRNAi transgene postsynaptically. In
controls, synaptic boutons had a rounded to oval appearance
and were separated from each other by a well-defined neural
process (Fig. 3A). Adducin, a predominantly postsynaptic
marker, colocalized with and surrounded the presynaptic membrane defined by HRP staining (Fig. 3A). In both BG57/DVAPRNAiGD3990 and BG57;Sac1RNAi mutants, a complex phenotype
affecting both the pre- and postsynaptic compartments was
observed. The most striking effect was an aberrant synaptic
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Figure 1. Sac1 interacts with both DVAP and DVAP-P58S. (A) Sac1 interaction with DVAP and DVAP-P58S by yeast two-hybrid assay. p53/T-Ag interaction
is the positive control and the lack of interaction between T-Ag and Lamin (LAM) is used as a negative control. Sac1 interacts with DVAP as well as with
DVAP-P58S and DVAP-T48I. AD, Gal4 activation domain. DB, Gal4 DNA-binding domain. (B) Co-immunoprecipitation of Myc-Sac1 and Flag-DVAP or
Flag-DVAP-P58S from cell lysates transfected with the indicated plasmids. Immunoprecipitates were collected on anti-Myc Sepharose beads. Input (I), immunoprecipitated complexes indicated as pellet (P) and the unbound fractions indicated as supernatant (S) were analysed by western blots with antibodies to DVAP
or Myc. (C) DVAP interaction with Sac1-truncated proteins. LZ, leucine zipper; CD, catalytic domain; TM1,TM2, transmembrane domains 1, 2. On the right
column, interactions (Int) are indicated by plus signs and lack of interaction by minus signs. In (D), Sac1 interaction with DVAP-truncated proteins is reported.
MSP, major sperm protein; CC, coiled coil; TM, transmembrane domains. Interactions (Int) are indicated by plus signs and lack of interaction is indicated by
minus signs. The CC domain (amino acids 184–227) and the TM domain (amino acids 250–266) were deleted from DVAP.
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morphology, although the number of boutons remained nearly
normal. Boutons were larger and exhibited a highly irregular
shape with a number of spike-like protrusions emerging from
their contours. Remarkably, a mismatched apposition between
the presynaptic membrane visualized by the HRP staining and
the postsynaptic marker adducin was observed in mutants
when compared with controls (Fig. 3B and C). At the postsynaptic compartment, adducin no longer tightly associated with the
presynaptic boutons to entirely circumscribe the presynaptic
membrane as in controls but it appeared confined to specific
subregions of the membrane and absent or diffused in others
(Fig. 3B and C). Similar phenotypes were observed for
b-spectrin (Supplementary Material, Fig. S2A – C). Moreover,
the postsynaptic localization of Discs-Large (DLG), the Drosophila homologue of the mammalian PSD-95, has been shown
to depend on both adducin and b-spectrin (32,33). As expected,
in both DVAPRNAiGD3990 and Sac1RNAi muscles, DLG was
not surrounding the perimeter of the boutons but appeared
rather disorganized and diffused (Supplementary Material,
Fig. S2D – F). A high degree of heterogeneity among the
different phenotypic classes was observed; however, the most
abnormal bouton branches were those with the most aberrant
organization in the distribution and localization of the adducin
and b-spectrin postsynaptic markers. This is in agreement
with previous data reporting that disruption of the

actin – spectrin postsynaptic cytoskeleton can affect the shape
and the appearance of presynaptic boutons (34). DVAP null
alleles do not exhibit the morphological phenotype associated
with postsynaptic downregulation of DVAP. A possible cause
for this apparent discrepancy could be the non-cell autonomous
effect of DVAP (7), as in this case phenotypic outcomes do not
simply depend on the genotype of a mutant cell but may be also
affected by the genotype of neighbouring cells.
It is well known that off-target activity can complicate
the interpretation of phenotypic effects in gene silencing
experiments by RNAi. To test the specificity of Sac1 knockdown by RNAi, we showed that expression of the Sac1RNAi
construct in larval brains resulted in an almost complete depletion of Sac1 RNA (Supplementary Material, Fig. S3A). To
exclude the possibility of off-target effects, we performed a
phenotypic analysis of larvae expressing a Sac1 transgenic
line (DSac1) in which the – RTNCIDCLDRTN – catalytic
site has been removed. Expression of the DSac1 transgenic
line in a wild-type background should have a dominant negative effect and should exhibit mutant phenotypes similar to
those of a Sac1 loss-of-function allele. As expected, targeting
the expression of DSac1 allele either pre- or postsynaptically
led to a phenotype similar to those associated with Sac1
downregulation by Sac1RNAi (Supplementary Material,
Fig. S3B – G).
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Figure 2. Presynaptic Sac1 and DVAP are required for synaptic morphology, MT integrity and axonal transport. (A–C) Representative confocal images of
muscle 12 synapses stained for both HRP and Futsch in elav-Gal4/+ controls (A), elav;DVAPRNAiGD3990 larvae (B) and elav;Sac1RNAi transgenic mutants
(C). elav;DVAPRNAiGD3990 and elav;Sac1RNAi NMJs exhibit a significant increase in the number of boutons with splayed (arrow) and lack or punctuate (arrowhead) Futsch staining. (D–F) Representative confocal images of nerves stained for both HRP and Bruchpilot (Brp) in controls (D), elav;DVAPRNAiGD3990
(E) and elav;Sac1RNAi transgenic larvae (F). Bar ¼ 10 mm.

Human Molecular Genetics, 2013

5

For DVAP, two RNAi lines are available: DVAPRNAiGD3990
from the VDRC (Vienna Drosophila RNAi Center) collection
and DVAPRNAiJF02621 from the TRiP collection. These lines
were generated using constructs containing inverted repeats
that target different, non-overlapping sequences within
DVAP (see Materials and Methods for details). The DVAPRNAiGD3990 line effectively knocks down DVAP expression in
salivary glands and brains from progeny of elav-Gal4 flies
crossed to DVAPRNAiGD3990 flies (Supplementary Material,
Fig. S4). A similar decrease in DVAP levels was associated
with transgenic expression of DVAPRNAiJF02621 in the same
tissues (data not shown). In addition, either pre- or postsynaptic expression of DVAPRNAiJF02621 induced mutant phenotypes reminiscent of those associated with DVAPRNAiGD3990
transgenic expression (Supplementary Material, Fig. S5). Together, these data indicate that for both DVAP and Sac1,
gene knockdown by RNAi was specific and exclusively
affected the intended genes.
Studies in Drosophila have suggested that DVAP-P58S
could act as a dominant negative allele by sequestering wildtype DVAP into aggregates and depleting it from its normal
localization (6,9). If this holds true for the DVAP –Sac1 interaction as well, then DVAP-P58S flies should exhibit mutant
phenotypes similar to both DVAP and Sac1 downregulation.
Indeed, the mutant phenotypes associated with both pre- and
postsynaptic expression of DVAP-P58S (Supplementary Material, Figs S1, S6 and S7) were highly similar to those of
DVAPRNAi and Sac1RNAi in the same tissues, thus confirming the proposed genetic effect of the DVAP-P58S allele.
The phenotypes associated with synaptic downregulation of
Sac1 are highly reminiscent of those of DVAPRNAi mutants,
suggesting that DVAP and Sac1 function in the same pathway.
To assess additive effects, we focused on the easily quantifiable
presynaptic morphology phenotype. Both elav;Sac1RNAi and
elav;DVAPRNAiGD3990 exhibited a reduction in bouton

number with a concomitant increase in their size. We noticed
that elav;DVAPRNAiGD3990;Sac1RNAi double mutants did not
show any further severity in the phenotype when compared
with either single mutant alone (Supplementary Material, Fig
S8). Taken together, these data indicate that Sac1 and DVAP
do indeed function in a common pathway.
Sac1 colocalizes with DVAP in vivo
To assess the expression pattern of Sac1 in vivo, we generated
antibodies against two subfragments of the protein. However,
these antibodies performed rather poorly, so we generated transgenic flies expressing a functional Flag-Sac1 construct, which
rescued the lethality of Sac12107 mutants and facilitated Sac1
localization using Flag-specific antibodies. We found that
both Sac1 and DVAP proteins colocalized in larval brains, eye
imaginal discs and salivary glands (Supplementary Material,
Fig. S9A, C and D). DVAP and Sac1 closely associated in
muscles where they colocalized in a perinuclear region (Supplementary Material, Fig. S9B) that has been previously shown to
correspond to the ER/sarcoplasmic reticulum (3).
In yeast and mammalian cells, Sac1 associated with the ER
and the Golgi (35,36). To define the subcellular localization of
Drosophila Sac1, we cotransfected Flag-Sac1 and Myc-DVAP
constructs in COS-7 cells. Staining with antibodies specific for
DVAP and Flag revealed a considerable overlap of the two
proteins in a reticular pattern that previous studies showed to
be the region where DVAP overlapped with ER-specific
markers (3). Sac1 also localized to a paranuclear region corresponding to the Golgi complex. DVAP staining appeared to be
excluded from this region, confirming that DVAP was predominantly an ER-associated protein (Supplementary Material, Fig. S9E). Finally, to define the subcellular localization
of Sac1 in vivo, we targeted expression of Flag-Sac1 in salivary glands. Consistent with the COS-7 data, Sac1 partially
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Figure 3. Postsynaptic downregulation of either DVAP or Sac1 induces changes in bouton morphology and adducin disorganization. (A –C) Representative
confocal images of larval NMJs stained for HRP and adducin in BG57-Gal4/+controls (A), BG57/DVAPRNAi GD3990 transgenic mutants (B) and BG57;Sac1RNAi transgenic mutants (C). Asterisks indicate big and irregular boutons; arrowheads point to spikes; triangles show mismatched apposition of pre- and postsynaptic components and arrows indicate diffused and missing adducin staining. Bar ¼ 10 mm.
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colocalized with both the ER marker Boca (37) and the ciscisternal Golgi marker GM130 (Supplementary Material,
Fig. S10). In summary, these data indicate that DVAP and
Sac1 colocalize in all the tissues examined. Moreover, Sac1,
like its yeast and mammalian homologues, associates with
subcellular compartments corresponding to both the Golgi
and the ER.
DVAP function is required to maintain normal PtdIns4P
levels

Downregulation of Sac1 in neurons causes
dosage-dependent neurodegeneration
Flies expressing DVAP-P58S in the adult nervous system fail to
eclose, whereas targeted expression of DVAP-P58S in the eye
induces extensive neurodegeneration, characterized by
reduced eye size, with disorganized ommatidia showing missing,
irregular or supernumerary bristles (3). As DVAP-P58S expression induces an increase in PtdIns4P levels and causes extensive

Upregulation in PtdIns4P levels induces
DVAP-P58S-associated synaptic phenotypes
and neurodegeneration
Our data so far indicate that upregulation of PtdIns4P could be
a major cause of DVAP-P58S-mediated neurodegeneration. If
this were true, then one would expect that blocking PtdIns4P
production by downregulating either of the two PtdInskinases, PI4KIIIa and Four-wheel drive (Fwd), should suppress neurodegeneration. Coexpressing either FwdRNAi or
PI4KIIIaRNAi transgenes in ey,DVAP-P58S recombinant
flies markedly attenuated the neurodegenerative phenotype.
Specifically, the structural phenotypes and !50% size reduction in ey,DVAP-P58S eyes were significantly suppressed in
both ey,DVAP-P58S/PI4KIIIaRNAi and ey,DVAP-P58S;FwdRNAi
flies (Fig. 5). This suppression was not due to a dilution of Gal4,
as coexpression of a GFP transgene had no effect (Supplementary Material, Fig. S13).
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In mammals, Sac1 controls PtdIns4P levels in the ER and in the
Golgi, and in yeast, it can also modulate PtdIns4P associated
with the plasma membrane (PM) (17,38). In yeast, VAP is
required for Sac1 activity, and in VAP mutants PtdIns4P levels
are increased (39). If such a mechanism were conserved in Drosophila, then one would also expect an increase in PtdIns4P levels
in DVAPRNAiGD3990 mutants. We first stained larval salivary
glands with a PtdIns4P antibody. In control cells, PtdIns4P was
mainly detected at the PM, while under these staining conditions
the intracellular pool was barely detectable. In contrast, both
elav;Sac1RNAi and elav;DVAPRNAiGD3990 salivary glands
exhibited increased PtdIns4P levels, particularly intracellularly
(Supplementary Material, Fig. S11A). In control brains and
muscles, PtdIns4P levels were basically below our detection
limit (Supplementary Material, Fig. S11B and C). However, in
Sac1RNAi and DVAPRNAiGD3990 brains, the expression levels
of PtdIns4P were dramatically increased (Supplementary Material, Fig. S11B). In BG57;Sac1RNAi and BG57/DVAPRNAiGD3990
muscles, a similar increase in PtdIns4P levels was observed (Supplementary Material, Fig. S11C). These results support a role for
DVAP in PtdIns4P metabolism, potentially by controlling Sac1
phosphatase function.
The mutant phenotypes associated with both pre- and postsynaptic expression of DVAP-P58S (Supplementary Material,
Figs S1, S6 and S7) were highly similar to those of DVAPRNAi
and Sac1RNAi in the same tissues. We should expect then to
observe increased PtdIns4P levels in DVAP-P58S flies. Indeed,
PtdIns4P levels were dramatically elevated in salivary glands,
brains and muscles expressing the DVAP-P58S transgene (Supplementary Material, Fig. S11A–C). Finally, we showed that in
every genotype the increase in PtdIns4P levels was not accompanied by a significant upregulation of PtdIns(4,5)P2, suggesting
that the observed phenotypes are unlikely to be mediated by an
upregulation of PtdIns(4,5)P2 (Supplementary Material,
Fig. S12). Hence, these data indicate that DVAP function is
required for PtdIns4P metabolism at the NMJ and that transgenic
expression of ALS-causing mutations associates with an upregulation of PtdIns4P levels both in neurons and muscles.

neurodegeneration, one would expect the same outcome from
Sac1 downregulation in neurons.
To test this hypothesis, we downregulated Sac1 in the
nervous system, using the elav-Gal4 driver (elav;Sac1RNAi).
Accordingly, elav;Sac1RNAi flies failed to eclose in 60% of
individuals, whereas survivors exhibited marked neurodegeneration in the eye. The extent of neurodegeneration was,
however, different in males and females. Females displayed
extensive depigmentation, whereas males had the majority of
the eye surface covered by patches of severe necrosis
(Fig. 4A). The necrotic patch phenotype was fully penetrant
as it was observed in 100% of males; however, differences
in the degree and extent of the necrotic regions could be
seen. The gender difference was consistent with higher
levels of elav-Gal4 expression in males than in females
owing to the X-chromosome dosage compensation effect in
males (40). No difference in eye tissue survival between
elav-Gal4 females and males was observed, indicating that
the degenerative phenotype was not dependent on differences
in gender or expression of Gal4 alone. Scanning electron
micrographs of male eyes showed extensive regions of fused
ommatidia and missing or misoriented interommatidial bristles
(Fig. 4B). Eye sections showed a severe disruption in retinal
organization, with thinning of the retina and loss of retinal
neurons (Fig. 4C). This degenerative phenotype correlated
with increased levels of PtdIns4P in elav;Sac1RNAi eye imaginal discs (data not shown).
In Sac1 mutant clones, activation of pro-apoptotic caspase 3
is suppressed by simultaneously overexpressing the Drosophila Inhibitor of Apoptosis 1 (DIAP1) gene (41). Likewise,
DIAP1 overexpression strongly suppressed the reduction in
eye size associated with DVAP-P58S expression in the eye.
This suppression was not due to a dilution of Gal4, as coexpression of a GFP transgene had no effect (Supplementary
Material, Fig. S13). These data indicate that in both cases neurodegeneration was, at least in part, due to death by apoptosis.
In conclusion, these data demonstrate that Sac1 downregulation induces neurodegeneration in a dosage-dependent
manner and that a similar phenotype is associated with transgenic expression of DVAP-P58S in neurons.
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boutons lacking their characteristic smooth and round shape.
These boutons appeared deformed, with elongated and misshapen profiles (Supplementary Material, Fig. S14A– C). This
phenotypic similarity suggests that FwdRNAi expression in
BG57/DVAP-P58S
postsynaptic
terminals
decreased
PtdIns4P below wild-type levels. An analogous effect was
observed when PI4KIIIaRNAi transgene was expressed in
BG57/DVAP-P58S muscles (data not shown). Interestingly,
we found that presynaptic and postsynaptic coexpression of
FwdRNAi transgene in DVAPRNAiGD3990 NMJs had a
similar effect, further supporting the importance of PtdIns4P
levels in DVAP-mediated function (Supplementary Material,
Figs S15 and S14D, respectively). In conclusion, these data
provide strong evidence for a direct role of PtdIns4P upregulation in DVAP-P58S-mediated neurodegeneration and synaptic
phenotypes.

Figure 4. Downregulation of Sac1 in the eye induces neurodegeneration in a
dosage-dependent manner. (A) Stereo microscope images of control
(elav-Gal4/+), elav;Sac1RNAi male and elav;Sac1RNAi female adult eyes.
(B) Scanning electron micrographs of control and elav;Sac1RNAi transgenic
eyes of adult males. Although the adult Drosophila eye is composed of an
ordered array of ommatidia with interspersed, regularly oriented bristles, transgenic eyes exhibit extensive regions of fused ommatidia (black arrow), with
missing (black arrow) and misoriented bristles (white arrow). (C) Frontal sections of control and elav;Sac1RNAi transgenic eyes of adult males. The arrowhead points to tissue degeneration. Bar ¼ 10 mm in (B) and 50 mm in (A)
and (C).

To directly confirm the role of PtdIns4P in DVAP-P58Sinduced neurodegeneration, we assessed PtdIns4P levels in
eye imaginal discs of ey,DVAP-P58S; ey,DVAP-P58S/
PI4KIIIaRNAi and ey,DVAP-P58S;FwdRNAi. A marked increase in PtdIns4P levels was observed in ey,DVAP-P58S
eye imaginal discs, whereas PtdIns4P levels were reduced
and similar to wild-type in ey,DVAP-P58S/PI4KIIIa RNAi
and ey,DVAP-P58S;FwdRNAi animals (Fig. 6A, B, D and E).
The decrease in the PtdIns4P levels was not a consequence of diluting the Gal4, as coexpression of a GFP transgene with
DVAP-P58S had no effect (Fig. 6C).
Synaptic phenotypes associated with the expression of
DVAP-P58S in the motor system could also be due to an upregulation of PtdIns4P and therefore knocking down either Fwd
or PI4KIIIa kinase should suppress DVAP-P58S-mediated
phenotypes. In both cases, the motor neuron-specific driver
OK6-Gal4 was used. We found that the NMJ phenotypes of
OK6;DVAP-P58S were significantly rescued by coexpressing
the FwdRNAi transgene (Fig. 7). A similar effect was observed
when PI4KIIIaRNAi was expressed in motor neurons together
with DVAP-P58S (data not shown). In addition, the effect of
coexpressing FwdRNAi and DVAP-P58S transgenes in
muscles (BG57/DVAP-P58S;FwdRNAi) was assessed. Interestingly, we found that BG57/DVAP-P58S;FwdRNAi NMJs
did not resemble wild-type but rather NMJs expressing
BG57;FwdRNAi alone. Specifically, NMJs exhibited an abnormal structure and were composed mainly of a few fused

Our biochemical data and the analysis of mutant phenotypes indicate that ALS8 is due to DVAP loss-of-function, with Sac1
being downregulated and PtdIns4P levels subsequently increasing. However, our biochemical analysis also showed that both
ALS8 mutations retain their ability to bind Sac1. How then is
Sac1 function impaired in DVAP-P58S mutants? To address
this question, we coexpressed a Flag-Sac1 transgene in
ey-Gal4,DVAP-P58S recombinant flies and stained eye imaginal discs with antibodies specific for Flag and DVAP. We
have previously shown that DVAP-P58S-mediated aggregates
contain wild-type and mutant DVAP proteins that are both
immunoreactive to DVAP-specific antibodies (3). We observed
that, in larval eye imaginal discs, Sac1 was sequestered in the
DVAP-P58S-mediated inclusions and was depleted from its
normal localization (Fig. 8A). Similarly, in elav;DVAP-P58S;
Flag-Sac1 larval brains, Sac1 appeared to be recruited into
DVAP-P58S-mediated aggregates (Fig. 8B). This was in contrast to the diffuse and granular pattern of Sac1 staining
observed in controls (Supplementary Material, Fig. S9A and
C). In both instances, the association of Flag-Sac1 with the
aggregates was specific since a coexpressed GFP was not
recruited into the aggregates (data not shown). In conclusion,
our data indicate that the DVAP–Sac1 interaction regulates
PtdIns4P levels and support a model whereby sequestering Sac1
and DVAP into pathogenic aggregates compromises the function
of both proteins, leading to an increase in PtdIns4P levels.

DISCUSSION
Here we identified Sac1 as a DVAP-binding protein and
uncovered a hitherto unknown function of Sac1 in postembryonic synaptic maturation and neurodegeneration. Presynaptic reduction of either DVAP or Sac1 levels induces structural
changes, disruption of the synaptic MT cytoskeleton and accumulation of clusters of proteins and vesicles along the axons.
In addition, muscle down-regulation of either Sac1 or DVAP
leads to a strikingly aberrant synaptic morphology and abnormal localization and distribution of several postsynaptic
markers, including adducin and b-spectrin. We also report
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Sac1 is sequestered in DVAP-P58S-induced aggregates
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DVAP and Sac1 interact to control PtdIns4P levels

Figure 5. DVAP-P58S-mediated neurodegeneration is rescued by downregulating either PI4KIIIa or Fwd PI4-kinases. (A) Stereo microscope images,
(B) frontal sections and (C) scanning electron micrographs of adult fly eyes
of the following genotypes: controls (ey-Gal4/+), ey,DVAP-P58S, ey,
DVAP-P58S/PI4KIIIaRNAi and ey,DVAP-P58S;FwdRNAi. Whereas control
eyes are composed of ommatidia and regularly spaced mechanosensory bristles (C), ey,DVAP-P58S eyes are smaller (A) with missing (arrowhead in
C), supernumerary (black arrow in C) bristles and occasionally fused ommatidia. In (B), white arrow points to tissue degeneration. The ey,DVAPP58S-mediated neurodegeneration is rescued by downregulating either
PI4KIIIa or Fwd. (D) Quantification of the eye surface area of every genotype.
The reduced eye size of ey,DVAP-P58S flies is significantly suppressed by
coexpressing either PI4KIIIa (ey,DVAP-P58S/PI4KIIIaRNAi) or FwdRNAi
(ey,DVAP-P58S;FwdRNAi). Bar ¼ 50 mm in (A) and (B) and 10 mm in (C).
Error bars denote SEM. n ¼ 25 eyes per genotype. ∗∗∗ P , 0.001.

that depletion of DVAP as well as Sac1 expression induces an
increase in PtdIns4P levels.
We go on to show that Sac1 downregulation in the adult
nervous system causes early death and neurodegeneration in
a dosage-dependent manner, a phenotype similar to that of
DVAP-P58S transgenic expression. Our analysis indicates
that the DVAP-P58S allele has a dominant negative effect,
as its transgenic expression leads to an upregulation of
PtdIns4P and its mutant phenotypes are similar to those associated with either DVAP or Sac1 loss-of-function. In agreement with the hypothesis that neurodegeneration in the

There is evidence supporting that DVAP functions to maintain
normal cellular levels of PtdIns4P by interacting with Sac1.
First, Sac1 and DVAP bind to each other and colocalize in
many different tissues. It has been reported that phosphoinositol transfer proteins/phosphoinositide-binding proteins associate directly with phosphatases and kinases to control their
activities (39,42,43). Specifically, VAP has been shown to
bind PtdIns4P in vitro (44) and to be required for Sac1 activity
in yeast (39). Second, PtdIns4P levels are upregulated in
DVAPRNAi mutants, suggesting that DVAP function is
required for normal PtdIns4P levels. Similarly, in yeast, inactivation of Scs2/Scs22 VAP genes induces an increase in the
levels of PtdIns4P (39,45). Third, the phenotypic similarity
associated with either DVAP or Sac1 loss-of-function mutations supports the idea that the pool of PtdIns4P that is upregulated in DVAP mutants is the same as the one
dephosphorylated by Sac1.
Previous studies attributed a prominent functional role to the
N-terminal MSP domain of DVAP. The MSP domain is cleaved
and secreted and binds to the extracellular domain of Ephrin
receptors (7). Secreted MSP also binds to Robo and Lar-like
receptors to control mitochondria morphology, localization
and function in muscles (8). We identified a new DVAPbinding activity that is MSP-independent and involves a Cterminal fragment encompassing the TM domain. Interestingly,
a new hVAPB mutation replacing valine at position 234 with an
isoleucine in the conserved TM domain of hVAPB has been
shown to cause ALS8 in humans (46). These data may
provide direct evidence of a role of hVAPB-Sac1 interaction
in the disease pathogenesis in humans.
Dynamic localization of Sac1 and ER/PM contact sites
In yeast and mammalian cells, Sac1 is an integral membrane
protein localized to the ER and the Golgi (17,36,47). Here
we report a similar localization for the Drosophila homologue
of Sac1. In yeast and mammalian cells, Sac1 localization
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DVAP-P58S context is due to a loss-of-function of both
DVAP and Sac1, we report that both wild-type DVAP and
Sac1 are depleted from their normal localization and are
sequestered into DVAP-P58S-mediated aggregates.
Altogether, these data are consistent with a model in which
DVAP is required for Sac1 activity and for the regulation of
intracellular PtdIns4P levels. Loss-of-function of DVAP and
Sac1 by a DVAP-P58S-mediated dominant-negative mechanism induces cell degeneration by an upregulation of
PtdIns4P, which is also responsible for the observed disruption
of fundamental biological processes at the NMJs (Fig. 8C).
We and others have previously shown that transgenic expression of DVAP proteins carrying the equivalent ALS8
mutations in Drosophila mimic the human disease (3,6,9).
Notably, expression of hVAPB in flies rescues the lethality
and the phenotypes associated with DVAP mutants, indicating
an evolutionarily conserved function for VAP proteins (6).
Collectively, these data indicate that DVAP-mediated molecular pathways are likely to be important for our understanding of the disease pathogenesis in humans.
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appears to be very dynamic, as this protein shuttles between
ER and Golgi upon nutrient conditions. Specifically, glucose
starvation in yeast or growth factor deprivation in mammalian
cells causes relocalization of Sac1 from the ER to the Golgi
complex, where it reduces PtdIns4P levels and slows protein
trafficking (38). The ER – Golgi shuttling ability of Sac1 is
reversed when nutrients or growth factors are added back to
the growth medium (38). The growth factor-induced translocation of Sac1 from the Golgi to the ER requires p38 MAPK
(mitogen-activated protein kinase) activity (48). These data
suggest that Sac1 trafficking may be regulated by stressors
that activate p38 MAPK. Some of these stressors such as oxidative damage and ER stress are triggers of neurodegeneration
(49). This raises the intriguing possibility that a p38
MAPK-activated mechanism of PtdIns4P spatial regulation
may be implicated in neurodegenerative processes.
A paper published after our paper was submitted revealed
that Scs2/Scs22 VAP proteins in yeast play a pivotal role in
tethering the ER to the PM to form ER/PM contact sites
(45). Recent studies have highlighted the role of membrane
junctions between organelles as important sites for lipid metabolism and intracellular signalling controlled by PtdIns4P
(50). Depletion of Scs2/Scs22 VAP proteins located to the
ER/PM contact sites leads to a retraction of the ER into internal structures, elevated levels of PtdIns4Ps at the PM and induction of the UPR (45). At the ER/PM contact sites, Sac1
dephosphorylates PtdIns4P on the PM in trans from the ER
(39). This reaction requires the Scs2/Sc22p VAP proteins
and the oxysterol-binding homology proteins that act as
PtdIns4P sensors and activates Sac1 phosphatase activity

(39). ER/PM junctions have been described in many organisms and cell types, including neurons and Drosophila photoreceptors (51,52). In addition, VAP proteins have been
implicated in ER – Golgi, ER – endosomes and ER – mitochondria contacts in mammalian cells, suggesting that they may
function as a tether for several organelle/membrane contact
sites (53– 55).
In conclusion, emerging evidence suggests that VAP proteins may be a crucial component of a hub controlling
PtdIns4P metabolism in yeast and possibly, in higher eukaryotes as well.
The role of PtdIns4P in synaptic physiology
and neurodegeneration
The ability of either PI4KIIIa or Fwd to suppress the synaptic and
neurodegenerative phenotypes associated with transgenic expression of DVAP-P58S is somewhat surprising, as their yeast homologues (Stt4 and Pik1, respectively) are supposed to play
non-redundant functions and to control spatially separate pools
of PtdIns4P. This is based on previously published data
showing that, in yeast, Stt4 and Pik1 are both essential for cell viability but control different cellular processes (56–58). Pik1 is essential for anterograde vesicular trafficking (59), whereas Stt4
plays a role in actin cytoskeleton organization and protein
kinase C signalling (57). Both Pik1 and Stt4 play distinct roles
in regulating MAPK signalling (60,61). Localization studies
further suggest that Pik1p is primarily present in the nucleus
and in the Golgi, whereas Stt4p is mainly cytoplasmic and is
recruited to the PM for localized synthesis of PtdIns4P (56,57,59).
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Figure 6. Suppression of DVAP-P58S-mediated neurodegeneration by FwdRNAi and PI4KIIIaRNAi correlates with a decrease in PtdIns4P levels. (A –E) Representative confocal images of eye imaginal discs stained with an antibody specific to PtdIns4P phosphoinositides from ey-Gal4/+ control larvae in (A),
ey,DVAP-P58S larvae in (B), ey,DVAP-P58S/GFP larvae in (C), ey,DVAP-P58S/ PI4KIIIaRNAi larvae in (D) and ey,DVAP-P58S;FwdRNAi larvae in (E).
The control levels of PtdIns4P are barely detectable in our experimental conditions, but there is a massive upregulation of PtdIns4P levels in ey,DVAP-P58S
eye imaginal discs. A decrease in PtdIns4P levels is observed when either the PI4KIIIa or Fwd kinases are downregulated in eye imaginal discs expressing
DVAP-P58S, whereas coexpression of a GFP transgene has no effect. Bar ¼ 50 mm.
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However, at present, the precise degree to which Stt4 and
Pik1 functions have been conserved and apportioned among
their homologues in flies remains unclear.
In Drosophila, the Stt4 homologue PI4KIIIa is required for
oocyte polarization and its intracellular localization has not
been determined (62). On the other hand, previous studies
revealed that the fly Pik1 homologue Fwd is required for
male germ-line cytokinesis (63). In spermatocytes, Fwd localizes to the Golgi and it is required for the accumulation of
PtdIns4P on this organelle, implying that its function in providing PtdIns4P in the Golgi is evolutionarily conserved
with yeast (64). However, whereas Pik1 is required for cell
viability, Fwd appears to be dispensable for normal development, suggesting that it is redundant with similar genes in carrying out its function (56,64– 66).
Another way to explain the rescue data would be to admit
that upregulation of PtdIns(4,5P)2 and not PtdIns4P is responsible for DVAP-P58S mutant phenotypes.

PtdIns4P formed by the PM-associated STT4 can function
as a substrate of PI4P 5-kinase to generate PtdIns(4,5)P2 at
the cell cortex (15). It is also possible that PtdIns4P that is
phosphorylated by plasmalemmal PI4P 5-kinase originates
from intracellular sources. In the Golgi, PtdIns4P levels play
a central role in the formation of vesicles delivered from the
trans-Golgi network to the PM and their lipid cargo could be
the substrate for the plasmalemmal PtdIns(4,5)P2 synthesis
(67). As PtdIns4P in the Golgi is mainly produced by Pik1
is therefore possible that PtdIns(4,5)P2 associated with the
PM and its effector proteins are downstream of both Stt4
and Pik1. Moreover, upregulation of PtdIns(4,5)P2 would
explain the MT phenotypes, the mislocalization of postsynaptic markers and the axonal transport defects. Indeed,
PtdIns(4,5)P2-enriched microdomains in the PM have been
shown to participate in the regulation of MT plus-end
capture and stabilization during polarized mobility (68). In
Caenorhabditis elegans, the microtubular motor UNC-4
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Figure 7. Downregulation of Fwd PI4-kinase in neurons rescues the DVAP-P58S presynaptic phenotypes. (A–C) Representative confocal images of NMJs
stained for HRP and Futsch in OK6-Gal4/+control (A), in OK6/DVAP-P58S larvae (B) and in OK6/DVAP-P58S;FwdRNAi larvae (C). (D –F) Representative
confocal images of nerves stained for HRP and Brp antibodies in OK6-Gal4/+ control (D), in OK6/DVAP-P58S larvae (E) and in OK6/DVAP-P58S;FwdRNAi
larvae (F). (G) Quantification of bouton size at muscle 12 (type I and type III boutons) of segment A3 in OK6-Gal4/+ control, OK6/DVAP-P58S and OK6/
DVAP-P58S;FwdRNAi NMJs (n ¼ 205, 149, 286, respectively). (H) Quantification of total number of boutons on muscle 12 and 13 of segment A3 in
OK6-Gal4/+ controls (287.4 + 3.2, n ¼ 10), OK6/DVAP-P58S (160.9 + 1.4, n ¼ 10) and OK6/DVAP-P58S;FwdRNAi (265 + 3, n ¼ 10) NMJs. The decrease
in number of boutons and the increase in their size in OK6/DVAP-P58S are significantly rescued by downregulating Fwd (P , 0.0001 in every case). Presynaptic
downregulation of Fwd kinase rescues the morphological, the MT and the axonal transport phenotypes associated with both DVAP-P58S presynaptic downregulation. Bar ¼ 10 mm. Error bars denote SEM. ∗∗∗ P , 0.0001.
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gene was shown to be anchored to synaptic vesicles, using a
pleckstrin homology domain, thus implicating PtdIns(4,5)P2
in MT-based intracellular motility (69). Finally, spectrin proteins and adducin require PtdIns(4,5)P2 for their correct localization to the cell cortex (29,31).
However, if this were true, we should observe an increase in
PtdIns(4,5)P2 levels wherever we observe an upregulation of
PtdIns4P. By using an antibody specific for PtdIns(4,5)P2, we
quantified PtdIns(4,5)P2 levels in tissues in which either Sac1
or DVAP were downregulated as well as in tissues expressing
the DVAP-P58S transgene. Surprisingly, PtdIns(4,5)P2 levels
were not affected by the dramatic upregulation of PtdIns4P in
any of the genotypes described earlier. Consistent with these
data, it was previously reported that, in Drosophila eye imaginal
discs, depletion of Sac1 exhibits a dramatic increase in PtdIns4P
levels, whereas PtdIns(4,5)P2 and PtdIns3P levels remain
similar to wild-type (41). In addition, a paper published after
our paper was submitted and another paper published a few
months earlier showed that loss of PM PtdIns4P by downregulation of PI4KIIIa was not matched by a decrease in PtdIns(4,5)P2
levels (70,71). They showed that the major function of PtdIns4P
is not to generate the pool of PtdIns(4,5)P2 on the PM but rather
to contribute to the generation of a polyanionic lipid environment in the inner leaflet of the PM. PtdIns4P would then function
in recruiting soluble proteins to the PM by electrostatic interaction with their polycationic surface. They also show that

PtdIns4P contributes to processes such as modulation of ion
channel activity that have been traditionally associated with
changes in PtdIns(4,5)P2 (71). Finally, upregulation of
PtdIns(4,5)P2 by inactivation of the Drosophila PI(4,5)P2 5phosphatase synaptojanin leads to a distinct endocytotic phenotype due to defects in synaptic vesicle recycling. In synaptojanin
mutants, synaptic vesicles are severely depleted and those
remaining are clearly clathrin-coated. Intracellular recordings
revealed enhanced synaptic depression during prolonged highfrequency stimulation (72). Ultrastructural and electrophysiological analysis of DVAP mutants do not exhibit a synaptojaninlike phenotype (6,9 and G. Pennetta, unpublished data), indicating that upregulation of PtdIns(4,5)P2 does not mimic the phenotype associated with increased levels of PtdIns4P.
Taken together, these considerations suggest that increased
levels of PtdIns4P could be the main factor determining the
observed synaptic and neurodegenerative phenotypes. Further
studies using fluorescent phosphoinositide probes and genetic
analyses will be needed to fully clarify the contribution of
PtdIns4P versus PtdIns(4,5)P2 pools to NMJ physiology and
neurodegeneration.
The role of DVAP – Sac1 interaction in lipid transport
Emerging evidence indicates that VAP and Sac1 may also play
an important and specific role in membrane homeostasis (73).
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Figure 8. Sac1 is sequestered into DVAP-P58S-mediated aggregates. (A) Eye imaginal discs and (B) brains stained for both DVAP and Flag in ey,DVAP-P58S/
Flag-Sac1 and elav;DVAP-P58S/Flag-Sac1 larvae. Bar ¼ 10 mm. (C) Graphical summary of the data. The left panel shows a chemical equilibrium between two
reactions: one in which Sac1 interacts with DVAP to catalyse the conversion of PtdIns4P into PtdIns and another in which PI4K converts PtdIns into PtdIns4P.
The right panel shows that depleting DVAP (i) or Sac1 (ii) or the aggregation of Sac1 and DVAP into DVAP-P58S-induced aggregates (iii) inhibits Sac1mediated reaction leading to an increase in PtdIns4P levels.
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Putative roles of PtdIns4P in neurodegeneration
VAPB is involved in the IRE1/XBP1 signalling pathway of the
UPR, an ER reaction inhibiting the accumulation of unfolded/
misfolded proteins. In the disease-context, the hVAPB-P56S
protein recruits its wild-type counterpart into the aggregates
and it attenuates its ability to induce the UPR (10). This together
with the observation that, in yeast, depletion of VAP proteins
from the ER/PM contact sites induces a constitutive activation
of the UPR suggests that motor neurons in ALS8 could be particularly vulnerable to cell death-induced ER stress. In addition,
VAP proteins have been shown to be involved in lipid transfer
and metabolism and accumulation of lipids and intermediates
of lipid biosynthetic pathways are potent inducers of apoptosis
(79). Finally, recent studies in yeast have shown that defects
in the PtdIns4K Pik1 activity lead to a blockage of autophagy,
a process controlling the degradation of long-lived proteins,
damaged organelles and bulk cytoplasm in response to various
types of stress (80).
Many questions remain to be explored concerning the
precise molecular mechanism underlying neurodegeneration
in ALS. However, over the last few years, an increasing
number of experimental models have been generated and
they represent an excellent tool for identifying molecular pathways in ALS and for evaluating their contribution to the
disease pathogenesis.

MATERIALS AND METHODS
Drosophila stocks
Flies were raised on standard cornmeal food at 258C. The following strains were used: elav-Gal4, ey-Gal4, OK6-Gal4,
BG57-Gal4 and UAS-DIAP1 and the DVAPRNAiJF02621 (Bloomington Drosophila Stock Center) and Sac12107 (19).
Sac1RNAi, PI4KIIIaRNAi, DVAPRNAiGD3990 and FwdRNAi
stocks were obtained from the VDRC. For the DVAPRNAiJF02621 line, the P{TRiP.JF02621} construct was used and
the target sequence is in the 3′ UTR of the cDNA, whereas
the P{GD3990} construct used for the DVAPRNAiGD3990
line has a target sequence located within the ORF of the
DVAP cDNA (http://flybase.org).
Immunohistochemistry
NMJs from wandering third-instar larvae were dissected in
cold PBS before fixation and staining as previously described
(5). The PtdIns4P staining and PtdIns(4,5)P2 staining were
performed as previously reported (41) with tissue-specific
modifications. For PtdIns4P and PtdIns(4,5)P2 staining,
tissues were fixed with 4% paraformaldehyde in PBS for
30 min, then washed in PBS and quenched with 50 mM
NH4Cl in PBS for 10 min, before washing. Salivary glands
were permeabilized in TBS + 0.5% saponin (Sigma) for 1 h
at room temperature before blocking overnight in TBS with
0.3% saponin and 10% NGS at 48C. Primary antibodies
were used at 1:100 in permeabilization buffer containing 5%
NGS for 2 h at room temperature. Primary and secondary antibody washes were carried out in TBS containing 0.3% saponin
and 1% NGS. Eye imaginal discs were processed similarly
with a 3 h permeabilization and 4 h primary antibody incubation time. Larval brains and NMJs were processed similarly
except that the permeabilization and the incubation with the
primary antibody were performed overnight at 48C.
Mouse monoclonal antibodies for Futsch, Adducin, dCSP, Brp
and DLG were all used at a concentration of 1:50. Other antibodies were used at the following concentrations: anti-b-spectrin
at 1:500, rabbit anti-DLG at 1:8000, anti-Boca at 1:1000, antiDVAP at 1:1000, anti-GM130 (Abcam) at 1:100, anti-Flag
(Sigma) at 1:100 and anti- PtdIns4P (Echelon) at 1:100. Goat
anti-HRP (1:200), rabbit anti-HRP (1:500) and all secondary antibodies (1:500) were purchased from Jackson ImmunoResearch.
Samples were mounted on microscope slides using Vectashield
mounting medium (Vector Laboratories).
Eye histology and scanning electron microscopy
Frontal sections and scanning electron microscopy of adult fly
eyes were processed as previously described (3).
Molecular biology
To generate the N-terminal Flag-tagged Sac1 (Flag-Sac1)
construct, the full-length Sac1 cDNA was amplified from
clone GH08349 with PCR primers containing BamHI
and SalI sites and cloned in-frame into the pCMV-Tag2b
vector (Clontech). The Flag-Sac1 fragment was then cloned
into the pUAST vector using NotI and KpnI sites. For
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Biogenesis of sphingolipids, sterols and phosphoinositides that
together determine the structural and functional properties of
cell membranes must be closely coordinated. VAP interacts
with both oxysterol-binding protein (OSBP) and ceramide
transfer protein (CERT), recruiting them to contact sites
between the ER and the Golgi complex (74). CERT has a
FFAT (diphenylalanine in an acidic tract) motif that mediates
its binding to ER-localized VAP and a PH domain that recognizes the PtdIns4P-enriched Golgi membrane. It has been proposed that CERT, because of its dual-binding ability, shuttles
ceramide from the ER to the Golgi, where it is converted into
sphingomyelin (75). Sphingomyelin continues to move
through the secretory pathway to the PM, where it is most
abundant. OSBP has an analogous function to CERT but
instead mediates inter-membrane sterol transfer. This functional similarity is also reflected in OSBP’s domain architecture: like CERT, it contains a PtdIns4P-binding PH domain
and a VAP-binding FFAT motif (76). Ridgway and Perry
(74) showed that sterols regulate sphingolipid metabolism
by inducing a significant increase in SM synthesis that is dependent on OSBP, CERT and their shared binding partner
VAP. The precise mechanism is not yet known but OSBP
appears to activate CERT by promoting its recruitment to
membranes and its binding to VAP. It is likely that disruption
of the VAP – Sac1 interaction may have profound effects on
the lipid composition of the PM, affecting its curvature and
thickness and by consequence, vesicle budding and membrane
remodelling (77). Interestingly, synaptic growth requires
membrane remodelling and, at the Drosophila NMJs, occurs
mainly by the budding of new boutons from pre-existing
ones (78).
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immunocytochemistry, cells were plated on BioCoatTM
poly-L-lysine glass coverslips (BD Biosciences) and transfected as described earlier. Confluent cells were fixed in 4%
paraformaldehyde for 20 min, blocked in PBS-T containing
10% NGS and incubated overnight with both rabbit
anti-Myc (Sigma, 1:200) and mouse anti-Flag (Sigma,
1:200) antibodies. Fluorescent secondary antibodies were
used at 1:500. Preparations were mounted in Vectashield
medium.

co-immunoprecipitation experiments, the Myc-Sac1 construct
was generated by PCR amplification of the full-length Sac1
cDNA, using primers containing SalI and KpnI. The resulting
fragment was cloned in-frame into pCMV-Myc vector (Clontech). The Flag-tagged DVAP (Flag-DVAP) construct was
generated by amplifying the full-length DVAP cDNA with
PCR primers containing EcoRI and SalI sites and by cloning
the resulting DNA fragment in-frame into the pCMV-Tag2b
vector. The DVAP-P58S construct was cloned into the
pCMV-Tag2b vector, using the same strategy as for the
cloning of DVAP cDNA in the same vector. For immunocytochemistry, a Myc-DVAP construct was generated by PCR
amplification of the full-length DVAP cDNA, using EcoRI
and NotI primers and cloned in-frame into pCMV-Myc
vector (Clontech). For the same experiment, the Flag-Sac1
fragment was cloned into the pCMV-Tag2b vector as
described earlier. For the semiquantitative PCR amplification,
total RNA was purified from 20 dissected brains of the relevant genotypes and collected in TRIzol reagent (Sigma).
cDNAs were produced using oligo-dT primers and following
the manufacturer’s instructions (SuperScript III First Strand
Kit, Invitrogen). Amplification of Rp49 cDNA was made
using the following primers: Rp49-L: CCGACCACGTTAC
AAGAACTCTC; Rp49-R: CGCTTCAAGGGACAGTATCT
GA. For the amplification of Sac1 cDNA, the following
primers were used: Sac1-L: TGCTGGGAACCATTCACCTA
and Sac1-R: TGGCACTGACAGCG ATCATT. In both
cases, PCR conditions were in the linear part of amplification.
At least three different samples for each genotype were analysed. PCR products were visualized with ethidium bromide
on a gel. For the Sac1D construct, the deletion of the
RTNCIDCLDRTN catalytic motif was introduced into Sac1
cDNA (GH08349 clone) by site-directed mutagenesis using
QuikChange IIXL Site-Directed Mutagenesis Kit (Agilent
Technologies) and following the manufacturer’s instructions.
The Sac1cDNA carrying the RTNCIDCLDRTN motif deletion was isolated by PCR amplification and cloned into
pUAST vector, using BamHI– KpnI linkers. Basic molecular
biology techniques were performed following standard
protocols.

Binary interactions between DVAP and Sac1 were performed
using the MATCHMAKER 3 GAL4 Yeast Two Hybrid
System (Clontech). The full-length cDNA for DVAP was
cloned in-frame into the pGADT7 vector, using PCR primers
containing EcoRI and BamHI sites. Full-length cDNA for
Sac1 was cloned in-frame into the pGBKT7 vector, using
PCR primers containing NdeI and BamHI sites. All other fragments were cloned in-frame by PCR, using primers containing
NdeI and BamHI sites. DVAP constructs lacking the CC and
TMs were generated by using the QuikChange II XL SiteDirected Mutagenesis Kit (Agilent Technologies) and following
the manual’s instructions. Protein interactions were analysed
in media lacking histidine, adenine, leucine and tryptophan
(2HALT medium) following transformation in AH109 yeast
strain with the relevant plasmids.

Co-immunoprecipitation and immunocytochemistry

Statistical analysis

Cells were cultured in DMEM medium containing 10% FBS
until 80% confluent and transfected with the relevant plasmids, using FuGENE Transfection Reagent (Roche) according
to the manufacturer’s instructions. Protein lysates for coimmunoprecipitation were prepared as previously described
in Kawano et al. (81), with minor modifications. The protein
complexes were immunoprecipitated using anti-Myc beads
from Pierce Profound c-Myc Tag IP/Co-IP Application Set
(Thermo Scientific). Inputs, precipitated protein complexes
and supernatants were analysed by SDS –PAGE and western
blots. Detection of Flag-DVAP proteins by western blot was
performed by using a guinea pig anti-DVAP antibody at a concentration of 1:40 000 and a secondary HRP-conjugated antiguinea pig antibody at 1: 60 000. Myc-Sac1 proteins were
detected by western blot using a rabbit anti-Myc (Sigma) antibody at a concentration of 1:10 000 and an anti-rabbit
HRP-conjugated secondary antibody at 1:30 000. For

Statistical analysis was performed and graphs were generated
using GraphPad 5.0. The D’Agostino and Pearson omnibus
test was applied to check for normality in the distributions
of samples. For experiments with more than two samples
which all passed the normality test, a one-way ANOVA test
was applied to the samples. Tukey’s multiple comparison
test was then used as a post hoc-test when a significant difference was found in the ANOVA test. For experiments with
more than two samples where at least one did not pass the normality test, statistical analysis was performed using the
Kruskal– Wallis test and the Dunn’s multiple comparison
test as a post-test. For experiments with only two samples
and where at least one of the two did not pass the normality
test, statistical significance was evaluated using the Mann –
Whitney U-test. Finally, for experiments with only two
samples that both passed the normality test, a two-tailed unpaired Student’s t-test was applied.

Genetics and transgenics

Yeast two-hybrid assay
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Lethal transgenic insertions were maintained over GFP-containing balancers to select the relevant genotypes for larval
phenotypic analysis. Transgenic lines were generated using
standard protocols. To characterize the mutant phenotypes,
Gal4 drivers were crossed with the transgenic lines. Embryos
were collected for 20– 24 h and then transferred to a water-bath
at 308C to maximize the expression of the transgene. The
ey-Gal4 driver was recombined with DVAP-P58S on the same
chromosome, following standard procedures.
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Imaging analysis and quantification

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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For imaging and quantification, NMJs, brains, eye imaginal
discs and salivary glands from wandering third instar larvae
were dissected and immunostained with the appropriate antibodies. Preparations were imaged on a Zeiss Axiovert
LSM510 confocal microscope. The same confocal gain settings were applied to controls and samples. For all the
images, the gain was chosen at the maximum gain that did
not saturate the signal for each sample. Images were processed
with the LSM software and Adobe Photoshop. Quantification
of bouton number was performed by counting the total
number of boutons on muscle 12 and 13 of the segment A3.
The size of boutons was analysed by measuring the surface
area of type I and type III boutons on muscle 12 of segment
A3 and represented as ratio between the number of boutons
with a given range of sizes and the total number of boutons
(relative frequency). For the quantification of the axonal transport phenotype and PtdIns(4,5)P2 levels, a complete Z-stack
was acquired and rendered as a maximum projection.
Common appropriate intensity thresholds were selected to properly identify specific signals and ignore background intensities
in the ImageJ package. The average number of detectable Brp
puncta was quantified in 100 mm lengths of segmental nerves
by using ImageJ. For the PtdIns(4,5)P2 levels, detectable
puncta in 104 mm2 surface areas were quantified. Semiquantitative analysis of the colocalization was performed and
Pearson’s overlap coeffcient was obtained with the JACoP
plugin for ImageJ (82). Characterization of phenotypes in
which elav-Gal4 was used as a driver was performed between
gender-matched animals. However, besides the case of the
Sac1 neurodegenerative phenotype, no major differences in
phenotypes were observed between males and females in any
other context in which elav-Gal4 was used as a driver.
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