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Abstract
Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease characterized by
selective loss of motor neurons, muscle atrophy and paralysis. Mutations in the human
VAMP-associated protein B (hVAPB) cause a heterogeneous group of motor neuron diseases including ALS8. Despite extensive research, the molecular mechanisms underlying
ALS pathogenesis remain largely unknown. Genetic screens for key interactors of hVAPB
activity in the intact nervous system, however, represent a fundamental approach towards
understanding the in vivo function of hVAPB and its role in ALS pathogenesis. Targeted expression of the disease-causing allele leads to neurodegeneration and progressive decline
in motor performance when expressed in the adult Drosophila, eye or in its entire nervous
system, respectively. By using these two phenotypic readouts, we carried out a systematic
survey of the Drosophila genome to identify modifiers of hVAPB-induced neurotoxicity.
Modifiers cluster in a diverse array of biological functions including processes and genes
that have been previously linked to hVAPB function, such as proteolysis and vesicular trafficking. In addition to established mechanisms, the screen identified endocytic trafficking
and genes controlling proliferation and apoptosis as potent modifiers of ALS8-mediated defects. Surprisingly, the list of modifiers was mostly enriched for proteins linked to lipid droplet
biogenesis and dynamics. Computational analysis reveals that most modifiers can be linked
into a complex network of interacting genes, and that the human genes homologous to the
Drosophila modifiers can be assembled into an interacting network largely overlapping with
that in flies. Identity markers of the endocytic process were also found to abnormally accumulate in ALS patients, further supporting the relevance of the fly data for human biology.
Collectively, these results not only lead to a better understanding of hVAPB function but
also point to potentially relevant targets for therapeutic intervention.
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Author Summary
Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease causing loss of motor
neurons and consequently a progressive deterioration of motor functions. ALS is uniformly fatal with death occurring 5 years after onset of symptoms. There is currently no effective treatment for ALS. Several mutations in a gene called hVAPB have shown that this
gene is causative of a type of ALS known as ALS8. In this study we sought to identify genes
and cellular processes that are involved in the toxicity conferred by the defective ALS8 allele. By using the power of Drosophila genetics, we performed a large scale genomic screen
and identified a number of genes that can affect hVAPB-mediated toxicity. These modifiers cluster into functional pathways known to be involved in ALS as well as novel ones.
The relevance of these modifiers and mechanisms for the human disease was confirmed
by showing that the human homologues of the fly modifiers can be organized into a network that closely resembles that of the Drosophila genes. Identifying cellular processes and
proteins that modulate hVAPB pathological activity can facilitate the discovery of an effective treatment for ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is characterized by the degeneration of upper and lower
motor neurons leading to a progressive deterioration of motor function and ultimately death,
due to respiratory failure. Both environmental and genetic factors have been shown to contribute to ALS susceptibility. Approximately 10% of patients with ALS have a family history while
the majority of ALS cases are classified as sporadic [1]. In rare inherited familial forms of ALS,
specific mutations in causative genes have been identified and this has significantly advanced
the field [2]. However, the mechanisms by which these mutations cause motor neuron dysfunction and death remain unknown.
Several mutations in the human VAMP-associated protein B (hVAPB) have been identified
as being causative of a type of ALS known as ALS8 [3–5]. hVAPB is a member of a highly conserved protein family involved in a variety of functions including maintenance of endoplasmic
reticulum (ER) morphology, vesicular trafficking and intracellular lipid transport [6]. In C.elegans, the N-terminal domain of the protein is cleaved, secreted and functions as an extracellular ligand for Ephrin receptors [7]. Secreted fragments also bind to the leukocyte antigenrelated (LAR) and roundabout (Robo) family receptors situated on the muscle cell surface to
control actin organization and mitochondrial morphology and function [8]. Drosophila Vap33-1, (hereafter referred as DVAP) controls synaptic remodeling and composition of post-synaptic glutamate receptors [9,10].
The DVAP protein shows only 22% identity with its human orthologue hVAPB but the two
proteins share a common structural organization including a transmembrane domain, a
coiled-coil domain and a N-terminal region, which has a high degree of similarity to the C.elegans major sperm proteins (MSP domain). More importantly, expression of hVAPB in flies
can rescue the mutant phenotype associated with DVAP loss-of-function mutations, indicating
that DVAP and hVAPB are functionally interchangeable [10]. DVAP also shows conservation
of residues linked to ALS8 in humans (human P56 is equivalent to fly P58, human T46 is
equivalent to fly T48 and human V260 is equivalent to fly V264) and in Drosophila, expression
of transgenic alleles carrying pathogenic mutations reproduces major hallmarks of the human
disease, including aggregate formation, chaperon up-regulation and locomotion defects
[4,10,11]. A number of studies have implicated the disease-linked alleles in abnormal unfolded
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protein response (UPR) and in the disruption of both the anterograde axonal transport of mitochondria [12] and calcium homeostasis [13]. Moreover, the P56S disease-linked mutation is
a loss-of-function allele through a dominant negative mechanism as it antagonizes the endogenous protein function by recruiting hVAPB into cytoplasmic aggregates [14–16]. Consistent
with this disease mechanism, hVAPB levels are decreased in a number of sporadic cases as well
as in TDP-43 (transactive response DNA-binding protein 43) and in SOD1 (superoxide dismutase 1) models for ALS [17–19]. The ALS causative gene fused in sarcoma (FUS) has been
shown to bind VAPB mRNA and TDP-43 is associated with VAPB-positive aggregates in a
transgenic mouse model expressing the P56S pathogenic allele [20–22]. Taken together, these
data underline the importance of VAPB in ALS pathogenesis and explain why, in recent years,
much effort has been devoted to generate models of ALS8 in a number of experimental organisms including Drosophila [2]. Despite this, the molecular mechanisms and the cellular processes underlying ALS8 pathogenesis remain elusive.
Over the last few years, genome-wide genetic screens in yeast have proven to be extremely
powerful in identifying novel genetic risk factors for ALS [23–25] and investigating fundamental pathogenic mechanisms associated with the ALS disease proteins TDP-43 and FUS [26–29].
These studies have led to the identification of important genetic modifiers of FUS and TDP-43
toxicity, including RNA binding proteins and proteins involved in RNA metabolism, ribosome
biogenesis and cellular stress responses.
To gain insight into fundamental pathogenic aspects of hVAPB-mediated ALS, we adopted
a similar approach and by exploiting the power of Drosophila genetics, we conducted a genetic
screen for modifiers of DVAP-P58S-dependent phenotypes.
From the identified modifiers, a computational network of highly interconnected genes was
assembled that encompasses a wide range of functional categories associated with DVAP-P58S
toxicity. The Drosophila data were evaluated for their relevance to human biology by mapping
the Drosophila genes to their human homologs and showing that the human genes could be integrated into a network of interacting genes largely overlapping with the Drosophila one. Some
modifiers clustered within cellular processes that were already known to affect hVAPB protein
functions such as proteolysis, intercellular signaling pathways mediated by Robo receptors and
phosphoinositide metabolism [4,8,15]. However, we also identified a number of genes and processes that have not been previously associated with hVAPB function. Modifiers included
genes involved in lipid droplet (LD) biogenesis and dynamics as well as endocytosis. We further confirmed the role of endocytosis in ALS pathogenesis by showing that the RAB5 GTPase,
an early endosomal marker, is altered in post-mortem tissues of ALS patients. Importantly, a
considerable number of DVAP-P58S modifiers are members of the Ras and Hippo (Hpo) signal transduction pathways, which control cell proliferation and apoptosis. Our data point to a
mechanistic link between Ras and Hpo signaling on one hand and DVAP-P58S-mediated
ALS8 phenotypes on the other. These results identify genes and cellular processes that widen
our understanding of VAP protein function and provide novel therapeutic targets for ALS and
perhaps other closely related neurodegenerative diseases such as fronto-temporal dementia.

Results
A large-scale screen in Drosophila identifies modifiers of the
DVAP-P58S-induced eye phenotype
To identify genes that influence DVAP-P58S-mediated pathogenesis, we undertook a genetic
modifier screen and looked for genes that upon overexpression suppress or enhance the
DVAP-P58S neurodegenerative phenotype in the eye.
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Flies, in which the expression of the DVAP-P58S transgene under the control of the yeast
upstream activating sequence (UAS) was induced by the eyeless-GAL4 (ey-GAL4) driver [30],
exhibit a robust eye phenotype characterized by decreased size, fused ommatidia, missing and
occasionally supernumerary, bristles [15]. A transgenic strain (DVAP-P58S11) was identified,
whose targeted expression in the eye displays a reduction in eye size to about 30% of the wildtype value making this intermediate phenotype particularly suitable for an enhancer/suppressor screen. This eye phenotype was observed when flies expressing one copy of the DVAP-P58S
transgene (ey,DVAP-P58S), were raised at 30°C to maximize the expression of the transgene
(S1F, G, H Fig). A similar phenotype was also associated with the expression of a double copy
of the same transgene in the eyes of flies (ey,DVAP-P58S/DVAP-P58S) raised at 25°C (S1A, C,
H Fig). At 28°C flies expressing one DVAP-P58S copy exhibited a phenotype that was less severe than that associated with flies of the same genotype raised at 30°C (S1A, C, H Fig). However, at 28°C and at 30°C flies carrying a double copy of DVAP-P58S failed to hatch possibly due
to a strong ectopic expression of the transgene outside the eye. Control flies raised at any of
these temperatures did not show any visible eye phenotype (S1A, D, F, H Fig). Taken together,
these data clearly indicate that the reduction in eye size results from DVAP-P58S expression, it
is sensitive to its dosage and it is not affected by the increase in the temperature (S1 Fig). Additionally, we tested whether other disease features, such as the accumulation of aggregates, were
dependent on the dosage of the pathogenic transgene (S1I, J, K, L, M Fig). Stainings of larval
eye imaginal discs with an anti-DVAP antibody showed a similar accumulation of aggregates
positive to DVAP-immuno-reactivity in both ey,DVAP-P58S flies raised at 30°C and in ey,
DVAP-P58S/DVAP-P58S flies raised at 25°C (S1M, K Fig). A similar accumulation of aggregates was observed in eye imaginal discs of ey,DVAP-P58S flies raised at 28°C (S1L Fig) and
only a few, sporadic aggregates were present in flies of the same genotype raised at 25°C, which
exhibit only a small reduction in eye size (S1J, B Fig). Thus, these data show that the extent of
inclusion accumulation strictly correlates with the expression levels of the pathogenic transgene and with the severity of the eye phenotype.
For simplicity, we decided to use as tester line for the screen, flies carrying a single copy of
the DVAP-P58S transgene raised at 30°C.
A line is considered to be a suppressor if it ameliorates the DVAP-P58S phenotype making
the DVAP-P58S eye size becoming closer to that of the wild-type. By contrast, a line is an enhancer if it induces a decrease in the eye size of the ey-Gal4,DVAP-P58S tester line. We previously showed that the reduction in size is due to DVAP-P58S-mediated perturbations in cell
survival as coexpression of the Drosophila inhibitor of apoptosis 1 (DIAP1) transgene substantially rescues the small eye phenotype, with adult flies displaying nearly normal eye size [15].
For the actual screen, ey-Gal4,DVAP-P58S flies were crossed to mutants selected from publically available collections. As part of a large-scale gene disruption project, the Berkeley Drosophila genome project (BDGP) generated thousands of mutations associated with stable
insertions of modified P-element transposons [31]. We focused on the screening of the EP and
the EPgy2 collections of genome-wide insertional mutations for dominant modifications of the
eye neurodegenerative phenotype associated with the ey-GAL4,DVAP-P58S strain. These collections consist of UAS elements inserted in the promoters of endogenous genes and therefore
they can be used to overexpress the downstream gene if the UAS-binding transcription factor
GAL4 is co-expressed [32]. These collections were chosen for several reasons. Both collections
were generated by random insertions of P-elements throughout the fly genome thus representing a large, unbiased, genome-spanning set of mutant lines. Additionally, both the EP and the
EPgy2 collections comprise mutant lines in largely non-overlapping genes in which location
and orientation of P-element insertions were previously mapped making the identification of
the affected gene relatively straightforward.
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We initially focused on the second and the third chromosome and selected 1,120 P-element
insertions that, based on the position and orientation of P-elements, are predicted to generate a
potential overexpression of the affected gene. For 16 genes for which no EP or EPgy2 insertion
lines with the potential of inducing overexpression were available, lines from the P{MaeUAS.6.11} collection were selected [33,34]. In addition, 47 EP and EPgy2 lines with P-elements
inserted in the opposite direction, and therefore with the potential of disrupting the affected
genes, were analyzed. As a result, a total of 1,183 lines were tested (S2 Fig).
While performing our screen, we realized that at 30°C, the temperature used to raise flies
for the detection of suppressors, the identification of enhancers was difficult as the enhancing
effect on the eye phenotype was too subtle. We noticed, however, that flies expressing
DVAP-P58S under the control of the ey-GAL4 line exhibit decreased viability possibly due to
the ectopic expression of the transgene in brain areas other than the eye. Although not carefully
quantified, at 30°C expression of DVAP-P58S in the eye results in organism lethality and this
effect is sensitive towards genetic modification as enhancers consistently lead to a decrease in
the number of eclosed flies. Subsequently, the enhancing effect on the DVAP-P58S eye neurodegenerative phenotype was confirmed by rearing flies at 28°C to make the DVAP-P58S eye
phenotype less severe. In this condition, scoring a putative enhancement of the eye phenotype
becomes much easier. At 28°C, DVAP-P58S flies also exhibit partial organism lethality with
80% of the expected number of flies, eclosing. The enhancement effect of modifiers was confirmed by assessing the increase in organism lethality at 28°C.
To eliminate false positives, all interacting insertions were retested two more times by an experimenter who was blind to the identity of the gene. Since we are interested in genes that primarily modify the DVAP-P58S-dependent phenotype, lines exhibiting an eye phenotype when
driven by the ey-GAL4 line in the absence of the DVAP-P58S transgene were discarded. In
summary, only those lines that did not show a neurodegenerative phenotype in trans with eyGAL4 and for which results could be consistently repeated were designated as modifiers (S2
Fig).
Fig. 1A depicts light micrographs of representative eye phenotypes of one suppressor and
Fig. 1B shows scatter plots of actual surface areas for the same suppressor. Fig. 1C presents average surface areas of every suppressor resulting from a set of three independent experiments.
In Fig. 2, results of a representative enhancer (Fig. 2A,B) and data on the effect of the remaining
enhancers for viability and eye neurodegenerative phenotypes are presented (Fig. 2C). The
complete list of all suppressors is reported in S1 Table together with the percentage of modifying activity of every modifier. S2 Table reports genes with an enhancing effect on both the eye
and organismal lethality phenotypes.
In summary, this primary screen identified 85 modifiers including 71 suppressors and 14
enhancers(S2 Fig). The 7% hit rate for genetic modifiers among the 1,183 tested strains is double the number of 1–4% typically observed in similar genetic screens in Drosophila. This demonstrates that the adopted approach was successful in identifying genes interacting with the
DVAP-P58S neurodegenerative phenotype. However, false positive are common in highthroughput screens and therefore the effect of these modifiers was carefully and quantitatively
retested by using an independent allele and an additional assay.

Genetic validation of the identified modifiers
Insertions of P-elements within or close to a gene could make difficult to assign phenotypes to
specific genes with a high degree of confidence. However, if the ability of an EP or EPgy2 line
to genetically modify the ey-Gal4,DVAP-P58S phenotype is due to a disruption of the gene associated with the insertion, then other mutant alleles for that gene should also show a
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Fig 1. An overexpression screen for modifiers of the DVAP-P58S eye phenotype identified 71 suppressors. (A) Stereomicroscope images of external
eyes from control flies (ey-Gal4/+), flies expressing DVAP-P58S in the eye (ey,DVAP-P58S), flies expressing DVAP-P58S in the presence of an
heterozygous overexpression allele of Diap2 (ey,DVAP-P58S/Diap2G2326) and flies overexpressing Diap2 under the control of the ey-Gal4 driver (ey,
Diap2G2326). In controls, eye morphology is made up of a regular array of ommatidia, however expression of DVAP-P58S induces a reduction in eye size and
loss of ommatidial texture. Coexpression of DVAP-P58S and Diap2 leads to a highly significant suppression of the eye phenotype while overexpression of
the interacting gene on its own does not exhibit any phenotype. (B) Estimated eye surface area phenotype presented as scatter plots. Red horizontal lines
represent the average surface area of the indicated genotypes. (C) Quantification of eye surface areas of modifiers with a suppression activity. The average
eye surface area of each suppressor was measured, the area of the ey-GAL4,DVAP-P58S subtracted and the difference expressed as the percentage
change from the eye size reduction associated with the ey,DVAP-P58S tester line. The strongest suppressor is expected to have a suppression value of
100% and an eye size similar to that of the wild-type. Conversely, a weak suppressor has a suppression value close to zero and an eye size similar to that of
the ey,DVAP-P58S line. Results of three independent experiments for every suppressor are reported and red lines represent the average surface area for the
indicated suppressors. ***P<0.001. n = at least 15 flies per genotype. Scale bar: 50μm.
doi:10.1371/journal.pgen.1005107.g001

modifying effect. On the basis of previous studies, we identified additional alleles for many
modifiers and tested their ability to modify the phenotype associated with the
DVAP-P58S construct.
For 62 out of the 85 modifiers, we were able to confirm the modifying effect of the specific
gene on the ey-Gal4,DVAP-P58S phenotype using independently generated alleles obtained
from other laboratories/stock Centers or by RNAi knock-down of the putative modifier(S3
Table, S2 Fig). More specifically, of the 71 suppressors 39 were confirmed by showing that an
RNAi line has an enhancement effect on the eye/lethality phenotypes. Similarly, 3 suppressor
lines were shown to be enhancers when loss-of-function alleles were tested to confirm their interacting ability. Conversely, the suppressor effect of 5 genes was confirmed by UAS lines while
3 suppressors were confirmed by using an independent EP or EPgy2 line. For 3 suppressors,
the position and the orientation of the P-element suggest that the allele is likely to be a loss-offunction and therefore the suppression effect was confirmed by using an RNAi line (for
HSPC300 and Hippo) or an independent loss-of-function allele (for Klarsicht). Finally, the suppressive effect of the Syntaxin7/Avalanche gene was validated by using an antibody specific for
the corresponding protein that was shown to be abnormally distributed in ey-Gal4,DVAP-P58S
eye imaginal discs when compared to controls(S3 Fig). Of the 14 enhancers, 7 exhibited a
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Fig 2. Enhancers of the DVAP-P58S eye phenotype. (A) Stereomicroscope images of adult fly eyes from controls (ey-Gal4/+), flies expressing
DVAP-P58S in the eye (ey,DVAP-P58S), flies expressing DVAP-P58S in the presence of an heterozygous overexpression allele of the representative
enhancer CaBP1EY12345 (ey,DVAP-P58S/CaBP1EY12345) and flies overexpressing CaBP1EY12345 under the control of the ey-Gal4 driver (ey/CaBP1EY12345).
(B) Estimated eye surface area phenotype presented as scatter plots. Red horizontal lines represent the average surface area of the indicated genotypes.
(C) Quantification of the eye surface areas and lethality of modifiers with an enhancing activity. See Materials and Methods for the calculation of the lethality
and the eye surface areas of every enhancer. Reported data result from at least three independent experiments. ***P<0.001. n = at least 15 flies per
genotype. Scale bar: 50μm.
doi:10.1371/journal.pgen.1005107.g002

suppressor effect with RNAi alleles and 2 were suppressors when loss-of-function mutations
were tested. In summary, by using genetic and immune-histochemical approaches, the effect of
63 out of 85 modifiers was confirmed(S2 Fig).
For the remaining 22 lines (17 suppressors and 5 enhancers), it was not possible to confirm
their effect by using RNAi lines. Although the relevance of these genes as potential modifiers of
the DVAP-P58S phenotype needed to be confirmed by using additional independent alleles,
for 21 of them the P-element insertion has been molecularly mapped and supposed to affect a
specific gene. It is therefore conceivable that in these cases, RNAi alleles generated only a weak
hypomorph so that the partial inactivation of the gene would not be sufficient to induce a visible effect. For the CG15630 suppressor line, however, the localization of the P-element insertion made it difficult to assign the modifying effect to a specific gene and therefore, at the
moment, this gene remains a candidate modifier as it has been found to have an effect with
only one allele.
In conclusion, a total of 63 genes out 85 were confirmed to be modifiers of DVAP-P58S-induced neurodegenerative phenotype in the adult eye since the modifying ability is caused by
changes in activity/expression of interacting genes and not by unrelated or genetic
background effects.
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The modifying effect of DVAP-P58S interacting genes is extended to the
adult nervous system
Our main goal with the primary screen was to generate a short list of candidates that could
then be tested in a functional context that is more pertinent to the disease such as the motor
system. We confirmed and extended our analysis by testing whether the identified modifiers
also affect the DVAP-P58S-induced toxicity in neurons other than those of the adult eye and,
more specifically, whether they interact with DVAP-P58S to affect motor behavior. Pan-neural
expression of the DVAP-P58S construct under the control of the elav-Gal4 line does not result
in viable offspring at 30°C [15]. However, when flies of the same genotype are raised at 28°C,
about 70% of the expected offspring is viable and surviving flies exhibit a progressive decline in
locomotion ability. The motor performance of flies as a function of age was assessed and quantified using a climbing assay. Control flies show no significant decrease in their motor performance until later in life and, in particular, for the entire period during which the motor
performance was tested, about 80% of control flies were still able to climb (Fig. 3A,B,C, blue
lines). Conversely, flies expressing DVAP-P58S specifically in the nervous system using the
elav-Gal4 driver (elav-Gal4;DVAP-P58S), display progressive impairment of their motor performance (Fig. 3A,B,C, red lines). We then analyzed the effect of every modifier on the climbing phenotype associated with the expression of DVAP-P58S in neurons. As shown in Fig. 3A,
B for representative examples of two suppressor genes (black lines), climbing ability was dramatically improved compared to flies that expressed only DVAP-P58S. Conversely, Fig. 3C
(black line) reports an example of an enhancer where flies show a progressive worsening of the
phenotype over the same time period.
Data for all modifiers are reported in S4, S5, S6, S7 Fig. Suppressors were classified as strong
when they exhibited a consistent and robust suppression for at least three out of five time
points tested(S4 Fig). Suppressors with an intermediate effect displayed a significant change in
two time points out of five(S5 Fig). Finally, suppressors with a weak effect were those in which
performance was improved over the entire time period but differences were of high statistical
significance in only one time point or, mildly significant, over two time points (S6 Fig). Eight
genes identified as enhancers in the primary screen also exhibit a strong enhancing effect on
DVAP-P58S-induced motor dysfunction(S7 Fig). Out the 85 modifiers, 58 were found to have
a modifying effect on DVAP-P58S motor performance(S2 Fig).
To investigate whether the locomotion defects could be attributed to synaptic deficits, we
turned to the Neuromuscular Junction (NMJ) of third instar Drosophila larvae, a model glutamatergic synapse, the structural and functional properties of which have been extensively characterized [35]. We examined the morphology of larval NMJs located on muscle 12/13 by
immunohistochemistry with antibodies against the presynaptic marker HRP. As previously reported, elav-DVAP-P58S NMJs exhibit a reduction in the number of boutons and an increase
in their size when compared to controls [10,14]. Here we found that co-expression of either Ric
or Diap2, two potent suppressors of the DVAP-P58S-dependent eye and locomotion phenotypes; also rescued the morphological defects of NMJs both in size and number of boutons
(Fig. 3D,E,F,G, I,J). Notably, expression of either Ric or Diap2 alone under the control of the
same elav-Gal4 driver does not result in any visible structural change at the synapse(S8 Fig). In
contrast to what was observed for Diap2 and Ric, co-expression of Smooth (Sm), a gene with an
enhancing effect on the DVAP-P58S-mediated eye and motor phenotypes, leads to a severe disruption of synaptic structural integrity at NMJs. Specifically, while in controls synaptic boutons
within a branch resemble a string of beads connected by a short neuritic process, the architecture of NMJs co-expressing DVAP-P58S and Sm is profoundly altered and consists of a reduced number of irregularly shaped boutons which are frequently disconnected from the nerve
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Fig 3. Effect of a subset of modifiers on motor and synaptic structure abnormalities associated with the expression of DVAP-P58S in neurons. (A,
B) Representative analyses of two genetic modifiers showing suppression (Vamp7G7738 in A and AuxG6787 in B) and an enhancement (SmEY07191) in (C) of
motor defects associated with pan-neural expression of DVAP-P58S (elav;DVAP-P58S). (D-H) Representative confocal images of NMJs stained with antiHRP antibodies from elav-Gal4/+ control (D) and elav;DVAP-P58S larvae (E). (F,G) NMJs expressing DVAP-P58S and either one of two suppressor genes,
Diap2 (elav;DVAP-P58S/Diap2G2326 in F) or Ric (elav;DVAP-P58S/RicG2693 in G). (H) Representative images of NMJs stained with anti-HRP antibodies
expressing DVAP-P58S and one enhancer, Sm (elav;DVAP-P58S/SmEY07191). (I) Quantification of total number of boutons on muscle 12 and 13 of
abdominal segment 3 in elav-Gal4/+ control (275.3 ± 6.0, n = 8), elav;DVAP-P58S (156.4 ± 2.9, n = 8), elav;DVAP-P58S/Diap2G2326 (242.5 ± 3.3, n = 8) and
elav;DVAP-P58S/RicG2693 (244.4 ± 4.1, n = 8) NMJs. (J) Quantification of bouton size at muscle 12 (type I and type III boutons) of abdominal segment 3 in
elav-Gal4/+ control, elav;DVAP-P58S, elav;DVAP-P58S/Diap2G2326 and elav;DVAP-P58S/RicG2693 NMJs. The phenotypic decrease in number of boutons
and increase in their size in elav;DVAP-P58S is strongly suppressed by the co-expression of either Diap2G2326 or RicG2693 alleles (P < 0.001 in every case).
(K) Disruption frequency of NMJs in elav-Gal4/+ control (n = 94 NMJs/10 animals), elav;DVAP-P58S (n = 90 NMJs/10 animals), elav;DVAP-P58S/SmEY07191
(n = 87 NMJs/10 animals) and elav;SmEY07191 (n = 96 NMJs/10 animals) larvae. Quantification of disruption frequency is measured as the average
percentage of NMJs with severe structural abnormalities. Synaptic architecture is rarely altered in controls and in neurons of elav;SmEY07191 larvae. While
disruption is occasionally observed in larval neurons expressing DVAP-P58S compared to controls, this phenotype is significantly worsened by the coexpression of the enhancer Sm (P < 0.001). Bar = 10 μm. Error bars denote SEM. ***P < 0.001.
doi:10.1371/journal.pgen.1005107.g003
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or axonal branches (Fig. 3D,H,K). Disruptions are very rare in controls and in elav,Sm synaptic
terminals and are occasionally found in in DVAP-P58S expressing NMJs but their frequency is
drastically increased by co-expression of DVAP-P58S and Sm (Fig. 3K). Finally, a small but statistically significant decrease in bouton number was observed when Smooth expression was induced by the driver alone(S8F Fig). However, this defect is very mild compared to the
widespread disruption of synaptic structure due to the concomitant expression of DVAP-P58S
and Sm.
In summary, the strong correlation between modifying effects on locomotion behavior and
on synaptic morphology we reported for a subset of DVAP-P58S interacting genes, further
supports the functional relevance of the identified interactions.
While most modifiers were isolated as suppressors and confirmed to have a suppressive effect in the motor assay, DAP160 was isolated as a suppressor in the eye but exhibited an enhancing effect on the motor phenotype when broadly overexpressed in neurons. This apparent
contradiction suggests that perhaps a more complex interaction exists between DVAP-P58S on
one hand and the DAP160 gene on the other. Under these specific testing conditions, neuronal
expression of the three modifiers (rhomboid, Src42 and leak) exhibit an independent developmental lethality thus impairing the testing of motor performance in adult flies. These genes
and the remaining modifiers that were not confirmed by the motor assay still represented
bona-fide interactors of DVAP-P58S phenotypes, although additional alleles or/and different
assay conditions will be required to assess their effects on DVAP-P58S motor performance.
Importantly, these results show that our analysis identified 42 of the 85 tested as high-confidence genetic modifiers(S2 Fig, S6 Table). Indeed these genes exhibit a modifying effect on
DVAP-P58S disease phenotypes by using more than one allele and two independent assays, the
eye neurodegenerative phenotype and the adult fly motor performance. In conclusion, a large
set of modifiers was found to affect both phenotypes, eye degeneration and locomotion ability,
in the same direction and there is indeed a strong correlation between the severity of the modifying effect on eye neurodegeneration and that on locomotion impairment.
A reasonable test of success for any genetic screen would be the isolation of genes that we
would predict to interact with the DVAP protein on the basis of prior experiments. Not all the
Drosophila genes have been tagged with EP or EPgy2 insertions and we did not screen all the
available lines in the collections. Therefore the isolation of even a few such modifiers would
confirm that the screen has been successful. Indeed, we isolated several such genes. Most notable among them is rdgBβ. The gene rdgBβ is predicted to encode a phosphoinositide phosphatase that has not been extensively investigated hitherto. Previous studies suggest that rdgBβ
may have functions similar to those of the better characterized phosphodiesterase rdgB [36].
rdgB is the homologue of the human Nir2 gene that has been shown to interact with the
hVAPB protein to control Golgi transport in human cell lines [37]. In addition, we and others
have shown that a primary and conserved function of VAPB proteins is to control the levels of
phosphoinositides associated with cellular membranes [15,38,39]. Another gene isolated as a
strong modifier is leak. In C.elegans, the N-terminal MSP domain of VAPB is cleaved and secreted, serving as an extracellular ligand. The secreted MSP fragment binds LAR and Robo
family receptors on the muscle cell surface leading to alterations in actin organization and
changes in mitochondrial morphology and function [7,8]. Leak is the Drosophila homologue of
Robo2, a protein family controlling axonal pathfinding and tracheal system development [40].
In DVAP mutants, muscle phenotypes similar to those associated with the removal of the corresponding gene in C.elegans have been reported [7,8]. It is therefore possible that if leak is a
Robo2 receptor, the similarity in phenotypes between Drosophila and nematodes corresponds
to a similarity in molecular mechanisms underlying VAPB-mediated functions. In addition,
among the high-confidence DVAP-P58S interacting genes, our screen identified actin (S1
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Table) and mutations in profilin 1, which regulates actin polymerization, were recently linked
to ALS [41,42]. Our studies also uncover modifiers for which no involvement in VAPB function has been previously reported. Analysis of these genes could potentially illuminate novel
and so far unpredicted, functional processes involved in ALS8 pathogenesis.

Computational network analysis demonstrates that multiple processes
are involved in DVAP-P58S-mediated toxicity
Although we analyzed a large collection of genes, our screen was not saturating as less than
10% of the about 12,000 Drosophila genes were screened. Additionally, important modifiers
may have induced subtle changes in DVAP-P58S pathology, which would have been excluded
based on our strict criterion of robust suppression or enhancement of DVAP-P58S-associated
phenotypes. Therefore, we performed an extensive computational analysis of modifier genes in
order to extrapolate cellular processes, pathways and other genes that may have a relevant role
in DVAP-P58S-associated disease phenotypes. In the list of modifiers we also incorporated
DVAP as it has been shown that the wild-type protein binds to the ALS8-causing allele and is
sequestered into the aggregates. In addition, it appears that at least some of the interactions of
VAPB proteins are retained by the mutant allele [15,16]. It is therefore possible that the wildtype version of the protein has an important role to play in the disease pathogenesis.
The 85 modifier genes were analyzed using the R/Bioconductor package ‘topGO’ which
uses a GO-graph de-correlation method to remove conditional dependence from the annotated
GO tree improving interpretation of results by removal of non-specific higher level terms and
allowing for multiple testing correction to control the false positive rate [43]. The predominant
processes enriched in the modifier list reflect broad effects on a variety of biological processes
reinforcing the concept of the pleiotropic nature of disease pathogenesis (Fig. 4A). Analysis of
the Drosophila DVAP-P58S network with topGO identified endosomal regulation, lipid particle metabolism, vesicular trafficking and apoptosis as enriched functional categories (Fig. 4A).
Some of these biological processes, such as vesicular trafficking, have already been linked to
VAPB activity although their role in VAPB-mediated neurodegeneration has never been directly assessed [44,45]. Additionally, functional categories such as endocytosis and lipid particle metabolism represent biological processes that have not been previously associated with
VAPB activity (Fig. 4A). Based on a recent report showing that VAPB can function as an oncoprotein in humans [46], it is particularly intriguing that a number of modifiers fall within enriched functional categories related to apoptosis (Fig. 4A).
To further extend our analysis, we searched the GeneMania database [47] to determine
whether the genetic modifiers are interconnected through physical and genetic interactions as
well as colocalization studies. We found that 72 of the 85 genes are linked into a complex network and, more importantly, 7 of the DVAP-P58S genetic modifiers (CG7324, Syx7, Ero1L,
Rab5, CG5118, rho and Spp) have previously been reported to be physical interactors of DVAP
[48] (Fig. 4B).
We also carried out a statistical analysis comparing our GeneMania derived network graph
to those produced by repeatedly sampling the GeneMania data set with 1000 randomised gene
lists of the same size. To summarise the topographical properties of the resulting groups of network graphs we calculated the mean node-degree and mean node-betweeness, two properties
for which biological networks have been shown to have high values [49] and calculated Zscores for the comparison of both metrics between our graph and the distribution of random
gene graphs. We found significantly higher values for both mean node-degree (2.07x, Z = 4.67,
p = 3.05x10-6) and mean node-betweeness (2.86x, Z = 2.75, p = 0.006) consistent with our interpretation that the network of DVAP-P58S modifiers is structurally very different from that
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Fig 4. Functional role and interactome analysis of genetic modifiers in Drosophila. (A) Drosophila functional categories overrepresented in the genetic
modifiers list. Enrichment significance is expressed as the-log10 transformed Benjamini-Yekutieli corrected p-value resulting from hypergeometric tests of
GO-term enrichment. In this process we de-correlate the modifier gene list annotated GO-tree to remove GO-term conditional dependence using the
weighted elimination method [43] so that we can perform multiple testing correction. (B) Drosophila interaction network for DVAP-P58S screen hits identifies
connections between most of them. 72 of the 85 genes that modify the DVAP-P58S phenotypes are annotated as black circles while network edges are
colored accordingly to the type of interaction. 13 of the 85 genes are excluded from the interactome that includes also DVAP (yellow).
doi:10.1371/journal.pgen.1005107.g004
PLOS Genetics | DOI:10.1371/journal.pgen.1005107
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produced from random gene lists and shares key topographical features commonly observed in
other known biological networks.
Together, these findings confirm and expand categories and pathways associated with
DVAP function and provide us with a perspective on the diverse molecular functions that can
modulate DVAP-induced pathogenesis in vivo.

Building the human interactome of DVAP-P58S genetic modifiers
Careful Drosophila to human homology mapping using a recently developed orthologue mapping tool (Drosophila RNAi Screening Center Integrative Orthologue Prediction Tool, DIOPT
at http://www.flyrnai.org/diopt) shows that of the 85 Drosophila genes at least 77 have human
orthologues (S4 Table). We decided to use DIOPT instead of any other specific software because it has the advantage of integrating the results of several orthologue searching tools based
on different algorithms [50]. This tool also includes algorithms identifying potential functionally related proteins in humans based on information derived from protein-protein interaction
networks. In searching for orthologues using this tool, we applied a filter that removed predicted human proteins with a DIOPT score less than 2 as this would mean that the identification of this orthologue is supported by only one algorithm.
To search whether any of the identified modifiers are known to be associated with a disease
of the nervous system, we used a tool based on DIOPT named DIOPT-DIST (http://www.
flyrnai.org/diopt-dist). The DIOPT-DIST website links Drosophila genes to high-confidence
orthologues of disease genes extracting information from the Online Mendelian Inheritance in
Man data set and Genome-Wide Association Studies. We found that a considerable number of
human orthologues of genetic modifiers have been associated to neurological disorders including neurodegenerative diseases such as Parkinson’s and Alzheimer’s diseases, multiple sclerosis
and spinocerebellar ataxias. Other genes were linked to human psychiatric disorders such as
schizophrenia, autism spectrum disorder and mental retardation(S5 Table). The recovery of
these genes suggests that the genetic network identified by our screen may overlap, perhaps significantly, with the genetic networks associated with other human neurological disorders. If
this turns out to be true, the use of Drosophila to explore other neurological disease networks
via genetic screens would have the potential to identify common therapeutic targets that could
be tested in other disease models.
To study the DVAP-P58S genetic circuitry in the human context we generated a human
view of the genetic Drosophila interactome taking advantage of the manually curated source of
human molecular interactions from the Ingenuity Pathway Analysis (IPA database, Ingenuity
system at www.ingenuity.com). This database integrates human gene relationships derived
from a variety of experimental approaches including proteomic studies. Using the hVAPB proteins and the 77 human genes homologous to the genetic modifiers identified in Drosophila, we
derived the human interaction network of hVAPB. The generated human interactome includes
hVAPB and 31 additional genes indicating that these proteins, which represent 40% of the
identified modifiers, are interconnected in the human IPA database (Fig. 5A). Importantly, we
found that all the genes included in the hVAPB interactome are also components of the Drosophila genetic network further supporting the relevance of the fly modifiers for the elucidation
of the function of hVAPB and for ALS8 pathogenesis.
To further expand the hVAPB interactome, we identified proteins in the IPA database that
interact with hVAPB and incorporated them into the list of human orthologues of Drosophila
modifiers. In so doing, we established a new network of interconnected genes that include the
initial 31 modifiers and 12 additional ones (Fig. 5B). Our experimental data integrated with
our computational analysis support and reinforce the relevance of the Drosophila model in
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Fig 5. hVAPB human interactome. (A) IPA network between human orthologues of the Drosophila genetic modifiers that can be connected to each other
without intervening nodes. IPA analysis indicates that about 40% (28 genes out of 77) of the human orthologues of DVAP-P58S genetic modifiers are
connected in a network with other modifiers and hVAPB (red). In addition, three modifiers (STX7, VAMP7 and STX6) have interactions between them but not
with hVAPB interactome. Nearly 60% of the modifiers (46 genes) have no interactions that would connect them to hVAPB or other modifiers. Icons represent
the function of the node accordingly to the legend. (B) Extended human genetic network of hVAPB. Adding the direct and indirect interactors of hVAPB to the
network shown in (A) generated a novel and extended network. In this interactome, a total of 44 modifiers (green) are connected to hVAPB through 43
additional proteins from the IPA database (yellow). Direct interaction (solid line) indicates direct physical contact between two molecules, e.g. binding or
phosphorylation. Indirect interaction (dashed lines) indicates a functional interaction that does not require a direct contact between the two molecules (e.g.
signaling events).
doi:10.1371/journal.pgen.1005107.g005

identifying the cellular processes and in dissecting the complex genetic network underlying
ALS8 pathogenesis in humans.

Computational and experimental analysis identifies endocytosis as a
process implicated in ALS8 pathogenesis
To perform a further functional characterization of a subset of modifiers, we focused on genes
that were present within both the Drosophila modifier network and the expanded IPA human
network of hVAPB. A number of these genes include genes known to function in vesicular and
endocytic trafficking. Then we generated a sub-network including protein interactions relevant
to DVAP-P58S and proteins with Gene Ontology annotations related to vesicular trafficking
and/or endocytosis present in the GeneMania data base (Fig. 6A). A similar network was defined for the human orthologues of these genes using IPA (Fig. 6B). Rab7 is among the genes
that are predicted to be part of both the fly and human network but that were not identified in
the screen. Rab7 is an endocytic marker of late endosomes that results from the maturation of
early endosomes labeled by Rab5. Rab5 is a potent modifier of DVAP-P58S phenotypes and we
showed that up-regulation of Rab5 functions as a potent suppressor(S1 Table).
To assess whether a similar effect could also be extended to Rab7, we crossed ey-Gal4,
DVAP-P58S flies with flies expressing either a wild-type or a constitutive active form of Rab7
and, in both cases, a strong suppression of the disease phenotypes was observed. (Fig. 6C,D,E).
While Rab5 and Rab7 provide important organelle identity markers for early and late endosomes respectively, Rab11 is instead the identity marker for recycling endosomes. As for Rab5
and Rab7, overexpression of a wild-type version of Rab11 suppresses the DVAP-P58S eye
neurodegenerative phenotype(S9 Fig). These results are particularly striking if we consider that
VAPB has been shown to bind to Rab7 and to be required for the proper spreading of late endosomes throughout the cell [51,52].
To test the cellular distribution of endosomes, eye imaginal discs expressing the
DVAP-P58S transgene were stained with an antibody specific for Rab5. While in controls
Rab5-positive immuno-reactivity forms a granular pattern dispersed throughout the cell, Rab5
abnormally accumulates in cells expressing the DVAP-P58S transgene and partially overlap
with DVAP-P58S-induced aggregates (Fig. 7A,B). A similar effect was observed in neurons of
larval brains expressing DVAP-P58S under the control of the pan-neural driver elav-Gal4
(Fig. 7 C,D). These data suggest that inclusion of Rab5 proteins into aggregates and their inadequate delivery to the normal site of function may underlie DVAP-P58S-mediated neurodegeneration. Interestingly, we found that in eye imaginal discs simultaneously expressing Rab5 and
DVAP-P58S, Rab5 immunoreactivity exhibits, at least in part, a normal distribution(S10 Fig).
These data suggest that suppression of DVAP-P58S toxicity by overexpression of Rab5 proteins
occurs by replacement of those proteins that have been incapacitated by inclusion into
DVAP-P58S-induced aggregates. However, the elucidation of the mechanism whereby Rab5
protein expression confers protection against DVAP-P58S-associated neurodegeneration, requires further investigation.
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Collectively computational and experimental evidence provide proof that our data set is enriched for proteins such those involved in vesicular trafficking and endocytosis and that these
processes are important in DVAP function and patho-biology.

Fig 6. Computational and experimental analyses identify Rab7 as a modifier of the DVAP-P58S-mediated phenotypes. (A) Sub-network interactome
of Drosophila modifiers (black circles) involved in endocytosis and vesicular trafficking. Predicted intervening nodes are depicted in grey. Color of edges
indicates the type of interaction according to the legend. (B) Interactome of human orthologues of Drosophila modifiers involved in endocytic and vesicular
trafficking in green with intervening nodes predicted by the IPA system in yellow. Rab7 is indicated as predicted interacting gene in both networks. (C)
Stereomicroscope images of external eyes from control flies (ey-Gal4/+), flies expressing DVAP-P58S in the eye (ey,DVAP- P58S), flies expressing
DVAP-P58S in the presence of either a wild-type (Rab7wt) or constitutively active (Rab7Q67L) allele of Rab7. Quantification of the suppression effect on the
eye neurodegenerative phenotype (D) and motor performance (E) for flies of the indicated genotypes. Scale bar: 50μm.
doi:10.1371/journal.pgen.1005107.g006
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Fig 7. Abnormal accumulation of Rab5 in larval eye imaginal discs and brains expressing DVAP-P58S. (A) control ey-Gal4/+ eye imaginal discs and
elav-Gal4/+ brains (C) immuno-stained with anti-DVAP and anti-Rab5 antibodies. Eye imaginal discs (ey,DVAP-P58S in B) and larval brains (elav;
DVAP-P58S in D) expressing the pathogenic allele were stained with the same antibodies. In controls, DVAP and Rab5 are homogenously distributed
throughout the cytoplasm but form large, overlapping aggregates in DVAP-P58S expressing cells. Scale bars: 10μm.
doi:10.1371/journal.pgen.1005107.g007

Rab5 accumulates abnormally in motor neurons of patients affected by
ALS
We next performed immunohistochemistry on human post-mortem spinal cord tissue to determine whether RAB5 is present in motor neurons and whether its localization is affected in
ALS. RAB5 is robustly expressed in spinal cord motor neurons and localizes to punctuate,
granular pattern distributed throughout the cellular cytoplasm (Fig. 8A). Conversely, RAB5 localization in autopsy tissues from two sporadic ALS cases reveals an abnormal accumulation
and clustering of RAB5 positive vesicles (Fig. 8B,C).
To analyze whether there was a co-localization between hVAPB and RAB5, we immunostained post-mortem cervical sections of spinal cord from ALS patients and age-matched controls. In controls, hVAPB was homogenously distributed throughout the neuronal cytoplasm
and showed a granular appearance consistent with the protein being localized in the endoplasmic reticulum (Fig. 8D). In agreement with what previously described [17,18], we also noticed
hVAPB expression was abundant in large motor neurons characterized by a prominent nucleus
and nucleolus while smaller cells were still positive for Rab5 immunoreactivity but essentially
devoid of hVAPB staining. In ALS tissues however, hVAPB staining was more conspicuous
than in controls and present as punctuate accumulations that partially overlap with redistributed Rab5 positive clusters (Fig. 8E,F). Previous studies have reported that in a few ALS cases
the expression levels of hVAPB protein is decreased. Reasons that could explain this apparent
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Fig 8. RAB5 accumulates in the cytoplasm of spinal cord neurons of patients with ALS. (A-C) Immunoenzymatic detection of Rab5 in post-mortem tissues from ALS patients (B,C) and controls (A). RAB5 staining
shows punctuate and diffuse distribution of immunoreactivity throughout the cytoplasm, whereas RAB5
accumulates in cytoplasmic clusters of spinal cord neurons of patients affected by ALS. (D-F)
Immunofluorescence staining with anti-RAB5 and anti-hVAPB antibodies of spinal cord neurons from
controls (D) and ALS patients (E and F). In ALS tissues, RAB5 redistributes to form clusters that overlap with
hVAPB-positive immunoreactivity. Scale bar: 10μm.
doi:10.1371/journal.pgen.1005107.g008

discrepancy are not known but they could include differences in disease characteristics such as
disease duration and age of onset. Interestingly, we reported that in Drosophila expression of
DVAP wild-type protein is sufficient to trigger many hallmarks of the disease and that a recently identified ALS causing mutation in hVAPB mirrors the effects of DVAP wild-type overexpression and acts as an allele with increased wild-type activity [11]. These data indicate that in
humans as well as in fly models both gain and loss of function mechanisms may play an important role in hVAPB-induced ALS.
Notably, a recent study has also reported an abnormal accumulation of RAB5, RAB7 and
RAB11 in post-mortem tissues of ALS patients [53]. Taken together, these data further support
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the notion that endocytic trafficking is important for ALS8 pathogenesis and that aberrant accumulation of endocytic markers can contribute to the human pathology.

Discussion
A mutation in the hVAPB gene was initially reported to be causative of a range of motor neuron diseases including ALS8 [3]. The disease due to the P56S mutation in a conserved domain
of the protein is characterized by a high degree of heterogeneity in age of onset, severity and
clinical progression [3,54,55]. In a fly model of ALS8, severity of disease phenotypes has been
reported to strongly depend on the dosage/activity of the mutant allele suggesting that genetic
changes that either directly or indirectly affect DVAP function may be of therapeutic interest
[9,15]. Though VAPB proteins have been linked to a number of seemingly unrelated functions
[6,12,15,16,56], their interacting genes have not been systematically investigated nor has the
link between ALS8-causing mutations in the hVAPB gene and the specific loss of motor neurons been uncovered. To systematically explore the genome for genes that are capable of modulating hVAPB-mediated disease phenotypes in vivo, we took advantage of the ALS8 fly model
we recently developed [15]. This model offers the possibility of performing large-scale genetic
screens by using two phenotypic readouts: the neurodegenerative phenotype and the motor behavior analysis associated with expression of the disease-causing allele in the eye and the nervous system, respectively [15, this study]. We identified numerous DVAP-P58S genetic
modifiers that fall within a variety of different functional categories suggesting a pleiotropic genetic effect of ALS8 mutations in inducing neuronal dysfunction and death.
Overwhelming evidence supports a role of protein degradation deficits in neurodegenerative
diseases including ALS through disruption of either of the two major protein clearance pathways: the ubiquitin proteasome system and autophagy [57]. Autophagosomes accumulate in
the spinal cord of sporadic ALS patients [58] and a decrease in autophagic flux is present in
ALS mice and cell lines expressing mutant SOD1 [59]. Here we report that the autophagy-related 7 (Atg7) protein, essential for autophagy, is a high-confidence suppressor of DVAP-P58S as
overexpression of Atg7 suppresses and its down-regulation enhances the DVAP-P58S-associated disease phenotypes(S6 Table). These data are consistent with a scenario in which the autophagy process is down-regulated in DVAP-P58S expressing cells and are in agreement with
previous experiments reporting that mice lacking Atg5 and Atg7 in the nervous system exhibit
neurodegeneration [60,61].
The identification of ALS-causing mutations in genes affecting the ubiquitin-proteosome
system directly supports a role for this process in ALS pathogenesis. These genes include ubiquilin-2, p62/SQSTM1, optineurin, vasolin-containing protein, and charged multivesicular
body protein 2B ([2] and references therein). The ubiquitin-mediated protein degradation
pathway ensures that only proteins that are properly folded and assembled are transported to
their final destination. When mis/unfolded proteins are not degraded, an ER stress response is
induced, known as unfolded protein response (UPR). Previous studies have already implicated
VAPB proteins in protein homeostasis by showing that they can modulate the activities of the
IRE1 and ATF6 arms of the UPR [4,62].
Here, we report that several DVAP-P58S interacting genes including Cullin2, CG9153 and
CG4502, are involved in ubiquitin-mediated proteolysis. The ubiquitin-proteasome system is a
selective protein degradation pathway in which a substrate is first tagged with a chain of ubiquitin and the resulting modified protein is then recognized by the proteasome where its proteolysis takes place. The process of ubiquitination involves a three branched enzymatic cascade.
First, the chemically inert ubiquitin molecule is activated in an ATP-dependent reaction by
binding to an E1 activating enzyme. Second, ubiquitin is transferred to the active site of an E2
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ubiquitin conjugating enzyme. In the final step an E3 ubiquitin ligase functions to orchestrate
the transfer of ubiquitin to a substrate protein that needs to be tagged for degradation [63].
Cullins organize the largest class of RING-E3 ubiquitin ligases by functioning as molecular
scaffolds tethering a substrate target unit with the ring finger component that recruits the E2
ubiquitin conjugating enzyme [64]. Another type of E3 ubiquitin ligases is represented by the
Hect type. The single molecule HECT-type E3 ligases are characterized by a Homologous to
the E6-AP carboxyl terminus (HECT) domain that forms a thio-ester intermediate with ubiquitin as a pre-requisite for ubiquitin transfer to the substrate protein [65]. The CG9153
DVAP-P58S interacting gene encodes a putative HERC3 homologue in Drosophila. HERC3
contains a HECT domain and has been reported to associate with ubiquilin-2, an ALS causative
gene [66]. Finally, another modifier is the CG4502 that encodes a predicted E2 ubiquitin ligase.
Collectively these data provide further support to the notion that the ubiquitin-mediated protein clearance system represents a major component of ALS pathogenesis.
However, we were surprised to find that our list of modifiers is highly enriched for proteins
linked to lipid droplets (LDs), by either functional or proteomic studies. As an example, the
Acyl-CoA synthetase long-chain (Acsl) gene is a high-confidence modifier of DVAP-P58S phenotypes (S6 Table) and its vertebrate homologue ACSL3 has been implicated in LD biogenesis
[67]. LDs are ubiquitous organelles that collect, store and supply lipids [67]. The absence of
ACSL3 significantly reduces nucleation of emerging LDs, impairs accumulation of neutral lipids and decreases size and numbers of mature LDs [67,68]. Here we show that overexpression
of Acsl ameliorates, while its down-regulation exacerbates, both neurodegeneration and motor
disabilities associated with neuronal expression of DVAP-P58S. These data indicate that Acsl
could be down-regulated in DVAP-P58S neurons and that impaired LD biogenesis may represent an important pathological aspect of VAPB-mediated ALS.
Importantly, we also found that loss of function mutations in the Drosophila gene Klarsicht
controlling motion and distribution of LDs [69] acts as a potent suppressor of DVAP-P58S
phenotypes (S6 Table). Aberrant movement of droplets can compromise their dispersion
throughout the cytoplasm. In C.elegans and mice, mutations in VAPB induce an aberrant clustering of LDs in striated muscles that causes an energetic unbalance and a decrease in ATP production following starvation [70]. Consistent with these data, large-scale proteomic studies
showed that DVAP is an LD-associated protein [71].
The functional role of LDs in the nervous system has been largely neglected, though recent
studies have reported that a number of LD proteins are abundantly expressed in the brain
[72,73] and some of them have been directly linked to motor neuron diseases. One such protein is seipin. Gain-of-function mutations of seipin cause motor neuron diseases known as Silver syndrome/spastic paraplegia 17 and distal hereditary motor neuropathy type V [74]. Seipin
is an ER resident protein that regulates LD morphology in yeast while in mammals is essential
for the induction of lipogenesis [75–77]. Mice expressing the seipin transgene carrying the disease-causing mutations, develop symptoms of motor neuron diseases along with an up-regulation of ER stress markers and an induction of autophagy [78]. In addition, spartin/SPG20, a
protein mutated in the motor neuron disease known as the Troyer’s syndrome, is found on
LDs and is implicated in LD turnover [79]. Interestingly, it has been proposed that LDs may
play a protective role as they are large hydrophobic surfaces that sequester un-/mis-folded proteins and prevent their accumulation in large inclusions [80]. This protective function may be
of general relevance also for motor neuron diseases for which the link with LD metabolism is
not directly evident. Indeed, SOD1 mouse models of ALS have been shown to benefit from a
fat rich diet that appears to attenuate disease symptoms [81]. Taken together, these data suggest
the intriguing possibility that maintaining normal levels of neutral lipid content may represent
a novel and promising therapeutic strategy in ALS.
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Here we show that computational and experimental analyses support a role for the endocytic pathway in ALS8 pathogenesis. The endosomal system is necessary for regulating, sorting
and degrading proteins via autophagy or the ubiquitin proteasome-system. Rab-GTPases are
identity markers of endosomes and regulate endocytosis through interactions with vesicular
coat components, motor proteins and SNARE proteins. Incoming substances and receptors for
the regulation and fine-tuning of many cellular pathways are initially present on Rab5-containing early endosomes that undergo maturation to become Rab7-containing late endosomes
while Rab11 regulates recycling of endocytosed proteins via recycling endosomes [82]. Overexpression of several Rab-GTPases proteins including Rab5, Rab7 and Rab11, functions as potent
suppressor of DVAP-P58S associated phenotypes. Further supporting a link between hVAPB
and endocytosis, we identified as modifiers the SNARE proteins VAMP7 and Syntaxin 7,
which are required for late endosome-lysosome fusion events [83]. We also isolated as a modifier the VPS35 gene, coding for a component of a retromer complex, which guides protein sorting from the endosomal-lysosomal degradation pathway retrogradely to the Golgi network
[84]. Furthermore, we found an abnormal distribution of RAB5 into clusters overlapping with
hVAPB accumulations in ALS patients, suggesting hVAPB-mediated dysregulation of endosomal trafficking in ALS pathogenesis. These data were confirmed by a recent report showing aberrant accumulation of RAB7- and RAB11-positive vesicles in post-mortem tissues of ALS
patients [53]. Interestingly, previous studies have shown that DVAP binds Rab7 and controls
intracellular positioning and distribution of late endosomes [51,52]. These data collectively indicate that VAPB proteins have a broad and conserved function in facilitating endocytic trafficking and that disruption of this process is a prominent cause of ALS pathogenesis.
Among the genes our genetic strategy identified as DVAP-P58S modifiers, there are several
members of the Ras signaling pathway, indicating that disruption of this pathway may play a
role in ALS pathogenesis. The Ras pathway, which enables cells to respond to external cues,
controls cell proliferation, differentiation and apoptosis. In metazoans, the protein Ras, Raf
and MEK act sequentially to activate ERK [85]. Remarkably, we report that DVAP-P58S-mediated ALS phenotypes were sensitive to the dosage of a number of genes that function upstream
of Raf and downstream of Ras including connector enhancer of KSR (CNK), Src42 and 14-33z. CNK functions as multivalent adaptor protein that cooperates with Ras and Src42 to induce
activation of Raf [86,87].
Interestingly, we show that Hippo (Hpo) may be up-regulated in neurons expressing the
DVAP-P58S transgene as reducing the genetic dosage of the tumor suppressor gene Hpo by
using two independently generated alleles is sufficient to suppress the effect of DVAP-P58S expression on the eye neurodegenerative phenotype(S6 Table). Additionally, the same genetic
manipulation fully rescued the locomotion defects associated with pan-neural expression of
the pathogenic transgene. In agreement with these data, overexpression of Hpo represses cell
proliferation and induces apoptosis [88] while the mammalian homologue MST1 is hyperactivated in ALS patients and its down-regulation delays disease onset and extends survival in
SOD1 mice models for ALS [89].
It has been reported that Hpo promotes apoptosis by reducing the expression levels of a
number of downstream targets including the Drosophila inhibitor of apoptosis 1 (DIAP1) [90].
We have previously shown that DIAP1 is down-regulated in DVAP-P58S mutant background
and that up-regulation of DIAP1 mitigates DVAP-P58S neurodegeneration. These data provide further support to the hypothesis that in triggering neurodegeneration by apoptosis,
DVAP-P58S acts via the Hpo tumor suppressor pathway [15]. Recently, a high throughput
protein-protein interaction analysis looking for additional genetic members of the Hpo pathway identified DVAP as a high-confidence member of the Hpo interactome [91]. This study
also implicated a fundamental role for the vesicular trafficking process in various aspects of the
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Hpo signaling and the importance of VAPB protein function in intracellular vesicular trafficking has been well documented [44,45]. These data reinforce our genetic evidence supporting a
role for the tumour suppressor gene Hpo in ALS pathogenesis and provide a landscape of molecular interactions that can promote the formulation of additional mechanistic hypotheses to
be experimentally validated. Intriguingly, hVAPB can act as an oncoprotein as overexpression
of hVAPB in mammary epithelial cells induces an increase in cell proliferation and its expression levels are elevated in primary and metastatic tumor specimens [46].
Although further correspondence between the Drosophila model and the human condition
remains to be determined, the relationship between DVAP-P58 phenotypes and the Drosophila
modifiers, raises the possibility that pharmacological manipulation of these genes may assist in
developing treatments to ameliorate or prevent ALS-related abnormalities.
Note added in proof. While our manuscript was under revision, Liu and co-workers [92] reported that reactive oxygen species due to mitochondrial dysfunction lead to LD accumulation,
which, in turn, promotes neurodegeneration both in Drosophila and mice. These findings are
in agreement with the data of our screen showing that one of the largest and most effective categories of DVAP-P58S modifiers is represented by genes involved in LD biogenesis and dynamics. Therefore these two works converge together in designating a role for LD dysfunction
in the aetiology of ALS and, possibly, other neurodegenerative diseases.

Materials and Methods
Screening methods and Drosophila husbandry
A stock carrying ey-GAL4 and UAS-DVAP-P58S on the second chromosome was established
by conventional recombination methods and used as a tester line for the screen. Individual EP
or EPgy2 lines were crossed to this line and the F1 progeny was tested for suppression or enhancement of the DVAP-P58S-derived small and rough eye phenotype. To prevent accidental
and progressive accumulation of extragenic modifiers of the DVAP-P58S phenotype, the eyGal4,DVAP-P58S stock was maintained at 22°C or at 18°C degrees and in these conditions no
DVAP-P58S-induced eye phenotype was visible in the stock. Putative candidates isolated from
the screen were then maintained for the next round of analysis. To quantify the eye surface
area images were analyzed with ImageJ software (ImageJ software, National Institute of Health,
Bethesda, MD, USA). The phenotypic effect of doubling the dosage of the DVAP-P58S transgene was studied in CyO+ progeny derived from the cross of ey-Gal4,DVAP-P58S/CyO flies
with flies carrying the DVAP-P58S transgene in homozygosity.
To test the effect of overexpressing candidate genes in the motor system, EP or EPgy2 individual stocks were crossed to the tester line expressing the elav-GAL4 driver and the
DVAP-P58S transgene. For the genetic experiments in which the phenotypic analysis was performed in the larval imaginal discs, the tester line was balanced over a “green balancer”. GFP
expression from the balancer chromosome was used to select larvae for dissection that do not
contain the balancer and on which the phenotypic analysis was carried out. Individual strains
from the EP and EPgy2 collections as well as from the P{Mae-UAS.6.11} collection were tested
for their ability to genetically modify the ey-Gal4-DVAP-P58S eye phenotype by mating 8 to 10
males of their strain to 10–15 females of the ey-GAL4,DVAP-P58S/CyO screening stock. After
2 days, adults were transferred to a fresh vial to create a duplicate cross and to maintain optimal
cultural density. For the same reason, adults were discarded from the duplicate vial after an additional 2 days had passed. Embryos from both vials were raised at a temperature of 30°C in a
water bath to maximize the expression of the Gal4. For the analysis of the enhancing effect,
modifiers were first identified because, when compared to the tester line, they exhibit a reduction in the eye size and organism viability at 30°C. The potential enhancing effect of these lines
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was subsequently confirmed by quantifying the decrease in eye size and viability at 28°C. After
crossing females of the ey,DVAP-P58S/CyO-GFP line with wild-type Canton S males, the viability of the tester line (Vtes) was calculated as a ratio between the number of CyO+-GFP flies
(ey,DVAP-P58S/+) over the number of expected flies based on the Mendelian ratio. The viability of the ey,DVAP-P58S in the presence of the enhancer line (Venh) was calculated in the same
way. The normalized lethality for every enhancer was expressed as (1-Venh/Vtes) x 100.
RNAi lines were acquired from the Vienna Drosophila RNAi Center while the entire overexpressor collection and a few TRIP RNAi lines were from the Bloomington Drosophila stock
Center.

Functional annotation and association network analyses
We performed gene set enrichment analysis (GSEA) on the modifier list by first de-correlating
annotated terms in the GO-graph using the weighted elimination method of [43] resulting in
conditionally independent GO-terms. We tested for term enrichment by hypergeometric test
and corrected for multiple testing by controlling the false discovery rate through application of
the Benjamini Yekutieli correction (α = 0.05). The Drosophila association network was obtained by querying GeneMania with the modifier gene using all, but gene co-expression derived
interactions. In order to determine whether the network produced contained summary features
associated with real biological networks we compared the mean node-degree and mean nodebetweenness of the modifier network with those of GeneMania networks constructed from
1000 randomly selected gene lists of the same size. We calculated Z-scores comparing these
metrics between the modifier network and metric distributions from the random gene list derived networks. Human orthologues were mapped using predictions made by the DIOPT system. The modifier and the expanded hVAPB networks of the human orthologues were
generated through the use of IPA (Ingenuity Systems at www.ingenuity.com). All networks
were visualised using Cytoscape [93].

Climbing assay
Females of genotype elav-Gal4;DVAP-P58S were crossed to males of the mutant strains. Climbing assays were performed on 10 age-matched adult female flies raised at 28°C as described in
[94]. The flies placed in a plastic vial were tapped to the bottom of the vial and the number of
flies above 8 cm line was counted after 15 seconds. A total of 10 trials were performed every
48 hours.

Immunohistochemistry on Drosophila larval tissues
Third instar larvae were dissected in cold 1x PBS and fixed at room temperature (RT) for
10 min in Bouin’s fixative (15 Picric Acid:5 Formaldehyde:1 Acetic Acid). Samples were
washed in 0.1% Triton-X100 in PBS (PBT) and blocked in PBT containing 10% NGS for
2 hours at RT before being incubated overnight at 4°C with primary antibodies. A rabbit Rab5
primary antibody (Abcam, ab18211) was used at a concentration of 1: 1000 and the same concentration was used for the DVAP primary antibody made in guinea pig. The anti-syntaxin
7 antibody was used at a concentration of 1:200. Primary antibodies were washed off with PBT
at RT for two hours by changing PBT every 15 minutes. Samples were incubated with secondary antibodies at RT for 2h and washed for 2 hours in PBT with changes of PBT every 15 minutes. Secondary antibodies were purchased from Jackson ImmunoResearch and used at a
concentration of 1:500. Stainings on NMJs were performed as previously described [15]. Tissues were mounted in Vectashield Mounting Media (Vector Laboratories). Preparations were
imaged on a Zeiss Axiovert LSM510 confocal microscope.
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Immunohistochemistry on post-mortem human spinal cord tissues
Human tissue was obtained from the MRC Edinburgh Brain Bank with full ethical approval for
research studies by EoSRES (East of Scotland Research Ethics Service), Ref. No. 11/ES/0022.
For our analysis, we used 3 ALS cases and the same number of age-matched controls. The age
range of ALS cases was 55–63, with 2 females and 1 male case. Disease duration from diagnosis
to death ranged from 7 months to 22 months with an average of 13 months. All cases were sporadic and none of them showed the C9orf72 expansion. The age-matched controls died from
cardiac disease and after full neuro-pathological post-mortem examination, were considered to
have no neurological disease during life. Spinal cords from the cervical region were examined
in all cases.
Human spinal cord tissue fixed in 10% neutral-buffered formalin was processed into paraffin. 7 μm sections were cut and de-paraffinized with xylene before being rehydrated through
graded ethanol solutions. Sections were pre-treated using heat-induced epitope retrieval with
Novocastra pH6 retrieval buffer in a decloaking chamber by heating to 125°C for 10sec, cooling
to 90°C before washing in running tap water. For immuno-enzymatic stainings, slides were
stained on a Leica Vision Biosystems Bond robot using the refine polymer detection kit (Leica)
as follows. Endogenous peroxidase was blocked with 3% hydrogen peroxide in TBST for
10 min. Sections were incubated with rabbit anti-RAB5 (1:250, Bethyl Laboratories) primary
antibody in 0.1% TBST for 2 hours at 25°C and then incubated with anti-rabbit HRP polymer
for 15 minutes at 25°C. Staining was visualized using 3,3’-diaminobenzidine as chromogen.
Tissue was finally subjected to haematoxylin staining, dehydrated through graded ethanol,
cleared in xylene and mounted in Pertex (Cellpath).
For immuno-fluorescence stainings, following dewaxing in xylene and rehydration in graded ethanols, sections were rinsed in water and then subjected to heat-induced epitope retrieval
by heating to 125°C in a decloaking chamber (Biomed) before passively cooling to 90°C in
Novocastra pH 6 retrieval buffer. Sections were washed in running tap water then placed on a
Leica Biosystems Bond X robot for dual tyramide staining as follows. Following blocking in 3%
H2O2 for 30 mins in Bond wash buffer and 30 mins in 20% normal goat serum, sections were
incubated with the RAB5 antibody at a 1:500 dilution for 60 mins. After two washes in Bond
buffer for 5 mins, sections were incubated with goat anti-rabbit peroxidase Fab fragments
(Abcam) for 30 mins. Sections were again washed twice for 5 mins in Bond buffer and incubated with Tyramide-Cy3 for 10 mins (PerkinElmer). After two additional washes in Bond buffer
for 5 mins, sections were subjected to heat-induced antigen retrieval for a further 10 mins
using Leica Bond ER1 solution on the robot. Following a wash in bond buffer and blocking in
3% H2O2 for 30 mins in Bond wash buffer and 30 mins in 20% normal goat serum, sections
were incubated with an anti-hVAPB antibody at 1:1000 dilution for 60 mins. Sections were
then incubated with goat anti-mouse peroxidase fab fragments (Abcam) for 30 mins and subsequently with Tyramide FITC for 10 mins (Perkin Elmer). Sections were mounted on slides
using permafluor (Thermo Scientific) and examined on a Zeiss Axiovert LSM510 confocal
microscope.

Statistical analysis
Statistical analysis was performed and graphs were generated using GraphPad 5.0. For experiments with more than two samples, a one-way ANOVA test was applied. 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 only two samples, a two-tailed unpaired Student’s t-test
was applied. For the climbing assay data, two-way ANOVA and Bonferroni as a post-hoc test
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were used to compare differences in motor performance between genotypes at different
time points.

Supporting Information
S1 Fig. DVAP-P58S induces eye degeneration in a dosage-dependent manner. (A-G) Stereomicroscope images of external eyes from control flies (ey-Gal4/+) and flies expressing one
(ey,DVAP-P58S) or two (ey,DVAP-P58S/DVAP-P58S) copies of the DVAP-P58S transgene in
the eye at 25°C, 28°C and 30°C. (H) Estimated eye surface areas of the indicated genotypes presented as scatter plots. Red lines represent the average surface area of flies of the specified genotypes raised at 25°C, blue lines for flies raised at 28°C and green lines for flies raised at 30°C. At
25°C a single copy of DVAP-P58S transgene induces a small but significant change in eye size,
while a severe reduction is observed with two copies of the same allele. At higher temperatures,
one copy of the transgene is sufficient to induce severe neurodegeneration in the eye, while expression of a double copy induces organism lethality. (I-M) Eye imaginal discs of control larvae
(ey-Gal4/+ in I), and larvae of the indicated genotypes incubated at the specified temperatures
were immuno-stained with anti-DVAP antibodies. In controls, DVAP immuno-reactivity has
a granular pattern distributed throughout the cytoplasm at any of the tested temperatures.
Only control eye imaginal discs from larvae incubated at 30°C are shown. A double dose of
DVAP-P58S at 25°C induces accumulation of aggregates similar to that caused by the expression of a single copy of the same transgene at higher temperatures. At 28°C, the accumulation
of aggregates is less drastic than at 30°C, while a few sporadic inclusions are present in eye
imaginal discs of larvae expressing only one copy of DVAP-P58S at 25°C.  P<0.001. Scale
bars: 50μm for eye images and 10μm for eye imaginal disc stainings.
(TIF)
S2 Fig. Flow chart of the screen for genetic modifiers of DVAP-P58S-induced neurotoxicity
and motor impairment. The screen process is depicted including the results of each
screening step.
(TIF)
S3 Fig. Abnormal accumulation of Avalanche (Syntaxin7) in DVAP-P58S eye imaginal
discs. (A) Control (ey-Gal4/+) and (B) DVAP-P58S expressing eye imaginal discs (ey,
DVAP-P58S) immuno-stained with anti-DVAP and anti-Avalanche (Avl) antibodies. Both
proteins are homogenously distributed throughout the cytoplasm but Avl accumulates into aggregates partially overlapping with DVAP-positive inclusions in DVAP-P58S expressing cells.
Scale bar: 10μm.
(TIF)
S4 Fig. Strong suppressors of the motor disability associated with DVAP-P58S expression
in neurons. Suppressors are classified as strong when exhibit a highly significant suppression
over at least three tested time points. Blue lines represent the control line (elav/+), red lines indicate the elav;DVAP-P58S tester line and the black lines the elav;DVAP-P58S flies with the
modifying gene in trans-heterozygosity.  P<0.001,  P<0.01,  P<0.05.
(TIF)
S5 Fig. Modifiers with an intermediate suppression effect on the motor disability associated
with DVAP-P58S expression in neurons. Suppressors are classified as intermediate when they
exhibit a significant effect over two time points. Blue lines represent the control line (elav/+),
red lines indicate the elav;DVAP-P58S tester line and the black lines the elav;DVAP-P58S flies
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with the modifying gene in trans-heterozygosity.  P<0.001,  P<0.01,  P<0.05.
(TIF)
S6 Fig. Weak suppressors of the motor disability associated with DVAP-P58S expression in
neurons. Suppressors are classified as weak when they exhibit a significant suppression effect
only at one time point or a mild suppression effect over two time points. Blue lines represent
the control line (elav/+), red lines indicate the elav;DVAP-P58S tester line and the black lines
the elav;DVAP-P58S flies with the modifying gene in trans-heterozygosity.  P<0.001,

P<0.01,  P<0.05.
(TIF)
S7 Fig. Modifiers with an enhancing effect on the motor disability associated with
DVAP-P58S expression in neurons. Blue lines represent the control line (elav/+), red lines indicate the elav;DVAP-P58S tester line and the black lines the elav;DVAP-P58S flies with the
modifying gene in trans-heterozygosity.  P<0.001,  P<0.01,  P<0.05.
(TIF)
S8 Fig. Effect of neuronal expression of a subset of DVAP-P58S genetic modifiers on synaptic structure. (A-D) Representative confocal images of NMJs stained for HRP in elav-Gal4/+
control (A), in elav;Diap2G2326 (B), elav;RicG2693 (C) and in elav;SmEY07191 (D) larvae. (E)
Quantification of bouton size at muscle 12 (type I and type III boutons) of abdominal segment
3 in elav-Gal4/+ control, elav;Diap2G2326, elav;RicG2693 and elav;SmEY07191 NMJs. (F) Quantification of total number of boutons on muscle 12 and 13 of abdominal segment 3 in elav-Gal4/+
controls (275.3 ± 6.0, n = 8), elav;Diap2G2326 (259.3 ± 4.8, n = 8), elav;RicG2693 (254.1 ± 4.8,
n = 8) and elav;SmEY07191 (235.3 ± 3.7, n = 8) NMJs. Expression of Ric and Sm induces a small
but statistically significant decrease in bouton number compared to controls. However, co-expression of Ric and DVAP-P58S induces a significant amelioration of DVAP-P58S synaptic
phenotype while expression of Sm exacerbates the DVAP-P58S phenotype by leading to a severe disruption of the synaptic structural integrity. Scale bar: 10μm. Error bars denote SEM.

P < 0.001,  P < 0.05, n.s. P > 0.05.
(TIF)
S9 Fig. Overexpression of Rab11 suppresses the neurodegenerative phenotype associated
with DVAP-P58S expression. Stereomicroscope images (A) and quantification of surface
areas (B) of flies of the indicated genotypes.  P<0.001. Scale bar: 50μm.
(TIF)
S10 Fig. Expression of Rab5 in DVAP-P58S eye imaginal discs induces, at least in part, a
normal Rab5 distribution. (A) Control ey-Gal4/+ eye imaginal discs and (B) imaginal discs
expressing either DVAP-P58S alone (ey,DVAP-P58S) or (C) DVAP-P58S together with Rab5
(ey,DVAP-P58S/Rab5EY10619) were stained with antibodies as indicated. While Rab5 is localized
to small punctuate structures in controls, it accumulates and overlaps with DVAP-positive aggregates in DVAP-P58S eye imaginal discs. In discs in which DVAP-P58S and Rab5 are simultaneously co-expressed, Rab5 localization appears to be, at least in part, normal. Scale bars:
10μm.
(TIF)
S1 Table. List of suppressors recovered from the functional genetic screen. Drosophila full
names and gene symbols are listed along with the allele used for each gene, its stock identification number and the symbol of the relative human orthologue. The degree of modifying activity is also reported for every suppressor. Known molecular activities associated with
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suppressors were identified using the PANTHER classification system (www.pantherdb.org).
(DOCX)
S2 Table. List of genes with an enhancing activity. Drosophila full names and gene symbols
together with the allele used for each specific gene, its stock identification number and the symbol of the corresponding human orthologue are reported. The scored phenotypes (eye, lethality) and the degree of modifying activity for every interacting gene is indicated. Known
molecular activities for each enhancer were identified according to the PANTHER classification system (www.pantherdb.org).
(DOCX)
S3 Table. Validation of the modifying activity of identified hits. Drosophila full names and
gene symbols are reported together with the name of the new allele used, the validated phenotypes (eye, lethality or both) and the degree of suppression/enhancement effect. The effect of
the identified modifiers was confirmed using an independent allele. The majority were confirmed by using an RNAi line from the VDRC stock Center and these alleles are indicated with
a “v” preceding their line number. A few modifiers were confirmed by using a TRIP RNAi line
and are indicated with a “t” preceding the ID stock number. Some genes were validated using a
specific UAS line or an independent EP or EPgy2 overexpressor line. A few genes were confirmed using a loss-of-function allele while syntaxin 7 was confirmed using a specific antibody
(S3 Fig). A list of unconfirmed modifiers is reported possibly due to an insufficient knockdown
of the gene targeted by the selected RNAi line.
(DOCX)
S4 Table. Seventy seven of the eight five modifiers have a human orthologue. Drosophila full
names and gene symbols are reported for every genetic hit along with the gene symbols, full
names and gene ID of the corresponding human orthologue. The DIOPT system used for homology searches relies on a combination of 10 different algorithms. Human orthologues identified by only one algorithm (DIOPT score < 2) are not reported.
(DOCX)
S5 Table. Human orthologues of DVAP-P58S modifiers causing neurological disorders.
Symbols of the Drosophila gene and its human orthologue are reported along with the name of
the disease, the MIM number and the source of information (OMIM or GWAS).
(DOCX)
S6 Table. Classification of DVAP-P58S modifiers according to validation tests and phenotypic readouts.
(DOCX)

Acknowledgments
We thank Douglas Harrison, Matthew Freeman, Pascal Meier, Michael Welte, Cahir O'Kane,
Marc Freeman and David Bilder for fly stocks and/or antisera. We thank VDRC and Bloomington Drosophila stock Centers for fly stocks. We are particularly grateful to Anisha KubasikThayil for assistance with confocal imaging and to Mike Millar for help with immunohistochemistry on human tissues. We thank Luigi Zechini for technical support during the last
part of this project and Nicola Graham for critically reading the manuscript.

PLOS Genetics | DOI:10.1371/journal.pgen.1005107

March 31, 2015

27 / 32

A Network of Functional Interactions in ALS8

Author Contributions
Conceived and designed the experiments: MS AC GP. Performed the experiments: MS AC GP.
Analyzed the data: MS CS TIS JPT GP. Contributed reagents/materials/analysis tools: BAM.
Wrote the paper: MS CS TIS JPT GP.

References
1.

Dion PA, Daoud H, Rouleau GA (2009) Genetics of motor neuron disorders: new insights into pathogenic mechanisms. Nat Rev Genet 10: 769–782. doi: 10.1038/nrg2680 PMID: 19823194

2.

Ling S-C, Polymenidou M, Cleveland DW (2013) Converging mechanisms in ALS and FTD: disrupted
RNA and protein homeostasis. Neuron 79: 416–438. doi: 10.1016/j.neuron.2013.07.033 PMID:
23931993

3.

Nishimura AL, Mitne-Neto M, Silva HCA, Richieri-Costa A, Middleton S, et al. (2004) 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. doi: 10.1086/425287 PMID: 15372378

4.

Chen H-J, Anagnostou G, Chai A, Withers J, Morris A, et al. (2010) Characterization of the properties of
a novel mutation in VAPB in familial amyotrophic lateral sclerosis. J Biol Chem 285: 40266–40281. doi:
10.1074/jbc.M110.161398 PMID: 20940299

5.

Van Blitterswijk M, van Es MA, Koppers M, van Rheenen W, Medic J, et al. (2012) VAPB and C9orf72
mutations in 1 familial amyotrophic lateral sclerosis patient. Neurobiol Aging 33: 2950.e1–e4. doi: 10.
1016/j.neurobiolaging.2012.07.004

6.

Lev S, Ben Halevy D, Peretti D, Dahan N (2008) The VAP protein family: from cellular functions to
motor neuron disease. Trends Cell Biol 18: 282–290. doi: 10.1016/j.tcb.2008.03.006 PMID: 18468439

7.

Tsuda H, Han SM, Yang Y, Tong C, Lin YQ, 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. doi: 10.1016/j.
cell.2008.04.039 PMID: 18555774

8.

Han SM, Tsuda H, Yang Y, Vibbert J, Cottee P, et al. (2012) Secreted VAPB/ALS8 major sperm protein
domains modulate mitochondrial localization and morphology via growth cone guidance receptors. Dev
Cell 22: 348–362. doi: 10.1016/j.devcel.2011.12.009 PMID: 22264801

9.

Pennetta G, Hiesinger PR, Fabian-Fine R, Meinertzhagen IA, Bellen HJ (2002) Drosophila VAP-33A directs bouton formation at neuromuscular junctions in a dosage-dependent manner. Neuron 35: 291–
306. PMID: 12160747

10.

Chai A, Withers J, Koh YH, Parry K, Bao H, et al. (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. doi: 10.1093/
hmg/ddm303 PMID: 17947296

11.

Sanhueza M, Zechini L, Gillespie T, Pennetta G (2014) Gain-of-function mutations in the ALS8 causative gene VAPB have detrimental effects on neurons and muscles. Biol Open 3: 59–71. doi: 10.1242/
bio.20137070 PMID: 24326187

12.

Mórotz GM, De Vos KJ, Vagnoni A, Ackerley S, Shaw CE, et al. (2012) Amyotrophic lateral sclerosisassociated mutant VAPBP56S perturbs calcium homeostasis to disrupt axonal transport of mitochondria. Hum Mol Genet 21: 1979–1988. doi: 10.1093/hmg/dds011 PMID: 22258555

13.

De Vos KJ, Mórotz GM, Stoica R, Tudor EL, Lau K-F, et al. (2012) VAPB interacts with the mitochondrial protein PTPIP51 to regulate calcium homeostasis. Hum Mol Genet 21: 1299–1311. doi: 10.1093/
hmg/ddr559 PMID: 22131369

14.

Ratnaparkhi A, Lawless GM, Schweizer FE, Golshani P, Jackson GR (2008) A Drosophila model of
ALS: human ALS-associated mutation in VAP33A suggests a dominant negative mechanism. PLoS
ONE 3: e2334. doi: 10.1371/journal.pone.0002334 PMID: 18523548

15.

Forrest S, Chai A, Sanhueza M, Marescotti M, Parry K, et al. (2013) Increased levels of phosphoinositides cause neurodegeneration in a Drosophila model of amyotrophic lateral sclerosis. Hum Mol Genet
22: 2689–2704. doi: 10.1093/hmg/ddt118 PMID: 23492670

16.

Kuijpers M, Yu KL, Teuling E, Akhmanova A, Jaarsma D, et al. (2013) The ALS8 protein VAPB interacts
with the ER-Golgi recycling protein YIF1A and regulates membrane delivery into dendrites. EMBO J
32: 2056–2072. doi: 10.1038/emboj.2013.131 PMID: 23736259

17.

Anagnostou G, Akbar MT, Paul P, Angelinetta C, Steiner TJ, et al. (2010) Vesicle associated membrane protein B (VAPB) is decreased in ALS spinal cord. Neurobiol Aging 31: 969–985. doi: 10.1016/j.
neurobiolaging.2008.07.005 PMID: 18701194

PLOS Genetics | DOI:10.1371/journal.pgen.1005107

March 31, 2015

28 / 32

A Network of Functional Interactions in ALS8

18.

Teuling E, Ahmed S, Haasdijk E, Demmers J, Steinmetz MO, et al. (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 27: 9801–9815. doi: 10.
1523/JNEUROSCI.2661-07.2007 PMID: 17804640

19.

Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, Moran J, et al. (2011) Long pre-mRNA depletion and RNA missplicing contribute to neuronal vulnerability from loss of TDP-43. Nat Neurosci 14:
459–468. doi: 10.1038/nn.2779 PMID: 21358643

20.

Lagier-Tourenne C, Polymenidou M, Hutt KR, Vu AQ, Baughn M, et al. (2012) Divergent roles of ALSlinked proteins FUS/TLS and TDP-43 intersect in processing long pre-mRNAs. Nat Neurosci 15:
1488–1497. doi: 10.1038/nn.3230 PMID: 23023293

21.

Hoell JI, Larsson E, Runge S, Nusbaum JD, Duggimpudi S, et al. (2011) RNA targets of wild-type and
mutant FET family proteins. Nat Struct Mol Biol 18: 1428–1431. doi: 10.1038/nsmb.2163 PMID:
22081015

22.

Tudor EL, Galtrey CM, Perkinton MS, Lau K-F, De Vos KJ, et al. (2010) Amyotrophic lateral sclerosis
mutant vesicle-associated membrane protein-associated protein-B transgenic mice develop TARDNA-binding protein-43 pathology. Neuroscience 167: 774–785. doi: 10.1016/j.neuroscience.2010.
02.035 PMID: 20188146

23.

Elden AC, Kim H-J, Hart MP, Chen-Plotkin AS, Johnson BS, et al. (2010) Ataxin-2 intermediate-length
polyglutamine expansions are associated with increased risk for ALS. Nature 466: 1069–1075. doi: 10.
1038/nature09320 PMID: 20740007

24.

Couthouis J, Hart MP, Shorter J, DeJesus-Hernandez M, Erion R, et al. (2011) A yeast functional
screen predicts new candidate ALS disease genes. Proc Natl Acad Sci USA 108: 20881–20890. doi:
10.1073/pnas.1109434108 PMID: 22065782

25.

Couthouis J, Hart MP, Erion R, King OD, Diaz Z, et al. (2012) Evaluating the role of the FUS/TLS-related gene EWSR1 in amyotrophic lateral sclerosis. Hum Mol Genet 21: 2899–2911. doi: 10.1093/hmg/
dds116 PMID: 22454397

26.

Johnson BS, McCaffery JM, Lindquist S, Gitler AD (2008) A yeast TDP-43 proteinopathy model: Exploring the molecular determinants of TDP-43 aggregation and cellular toxicity. Proc Natl Acad Sci USA
105: 6439–6444. doi: 10.1073/pnas.0802082105 PMID: 18434538

27.

Johnson BS, Snead D, Lee JJ, McCaffery JM, Shorter J, et al. (2009) TDP-43 is intrinsically aggregation-prone, and amyotrophic lateral sclerosis-linked mutations accelerate aggregation and increase toxicity. J Biol Chem 284: 20329–20339. doi: 10.1074/jbc.M109.010264 PMID: 19465477

28.

Ju S, Tardiff DF, Han H, Divya K, Zhong Q, et al. (2011) A yeast model of FUS/TLS-dependent cytotoxicity. PLoS Biol 9: e1001052. doi: 10.1371/journal.pbio.1001052 PMID: 21541368

29.

Sun Z, Diaz Z, Fang X, Hart MP, Chesi A, et al. (2011) Molecular determinants and genetic modifiers of
aggregation and toxicity for the ALS disease protein FUS/TLS. PLoS Biol 9: e1000614. doi: 10.1371/
journal.pbio.1000614 PMID: 21541367

30.

Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering cell fates and generating dominant phenotypes. Development 118: 401–415. PMID: 8223268

31.

Spradling AC, Stern D, Beaton A, Rhem EJ, Laverty T, et al. (1999) The Berkeley Drosophila Genome
Project gene disruption project: Single P-element insertions mutating 25% of vital Drosophila genes.
Genetics 153: 135–177. PMID: 10471706

32.

Rørth P (1996) A modular misexpression screen in Drosophila detecting tissue-specific phenotypes.
Proc Natl Acad Sci USA 93: 12418–12422. PMID: 8901596

33.

Beinert N, Werner M, Dowe G, Chung H-R, Jäckle H, et al. (2004) Systematic gene targeting on the X
chromosome of Drosophila melanogaster. Chromosoma 113: 271–275. doi: 10.1007/s00412-0040313-5 PMID: 15480728

34.

Staudt N, Molitor A, Somogyi K, Mata J, Curado S, et al. (2005) Gain-of-function screen for genes that
affect Drosophila muscle pattern formation. PLoS Genet 1: e55. doi: 10.1371/journal.pgen.0010055
PMID: 16254604

35.

Collins CA, DiAntonio A (2007) Synaptic development: insights from Drosophila. Curr Opin Neurobiol
17: 35–42. doi: 10.1016/j.conb.2007.01.001 PMID: 17229568

36.

Allen-Baume V, Ségui B, Cockcroft S (2002) Current thoughts on the phosphatidylinositol transfer protein family. FEBS Lett 531: 74–80. PMID: 12401207

37.

Peretti D, Dahan N, Shimoni E, Hirschberg K, 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. doi: 10.1091/mbc.E08-05-0498 PMID: 18614794

PLOS Genetics | DOI:10.1371/journal.pgen.1005107

March 31, 2015

29 / 32

A Network of Functional Interactions in ALS8

38.

Stefan CJ, Manford AG, Baird D, Yamada-Hanff J, Mao Y, et al. (2011) Osh proteins regulate phosphoinositide metabolism at ER-plasma membrane contact sites. Cell 144: 389–401. doi: 10.1016/j.cell.
2010.12.034 PMID: 21295699

39.

Manford AG, Stefan CJ, Yuan HL, Macgurn JA, Emr SD (2012) ER-to-Plasma Membrane Tethering
Proteins Regulate Cell Signaling and ER Morphology. Dev Cell 23: 1129–1140. doi: 10.1016/j.devcel.
2012.11.004 PMID: 23237950

40.

Dickson BJ, Gilestro GF (2006) Regulation of commissural axon pathfinding by slit and its Robo receptors. Annu Rev Cell Dev Biol 22: 651–675. doi: 10.1146/annurev.cellbio.21.090704.151234 PMID:
17029581

41.

Wu C-H, Fallini C, Ticozzi N, Keagle PJ, Sapp PC, et al. (2012) Mutations in the profilin 1 gene cause
familial amyotrophic lateral sclerosis. Nature 488: 499–503. doi: 10.1038/nature11280 PMID:
22801503

42.

Ingre C, Landers JE, Rizik N, Volk AE, Akimoto C, et al. (2013) A novel phosphorylation site mutation in
profilin 1 revealed in a large screen of US, Nordic, and German amyotrophic lateral sclerosis/frontotemporal dementia cohorts. Neurobiol Aging 34: 1708.e1–e6. doi: 10.1016/j.neurobiolaging.2012.10.009

43.

Alexa A, Rahnenführer J, Lengauer T (2006) Improved scoring of functional groups from gene expression data by decorrelating GO graph structure. Bioinformatics 22: 1600–1607. doi: 10.1093/
bioinformatics/btl140 PMID: 16606683

44.

Soussan L, Burakov D, Daniels MP, Toister-Achituv M, Porat A, et al. (1999) ERG30, a VAP-33-related
protein, functions in protein transport mediated by COPI vesicles. J Cell Biol 146: 301–311. PMID:
10427086

45.

Weir ML, Klip A, Trimble WS (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.

46.

Rao M, Song W, Jiang A, Shyr Y, Lev S, et al. (2012) VAMP-associated protein B (VAPB) promotes
breast tumor growth by modulation of Akt activity. PLoS ONE 7: e46281. doi: 10.1371/journal.pone.
0046281 PMID: 23049696

47.

Zuberi K, Franz M, Rodriguez H, Montojo J, Lopes CT, et al. (2013) GeneMANIA prediction server
2013 update. Nucleic Acids Res 41: W115–W122. doi: 10.1093/nar/gkt533 PMID: 23794635

48.

Guruharsha KG, Rual J-F, Zhai B, Mintseris J, Vaidya P, et al. (2011) A protein complex network of Drosophila melanogaster. Cell 147: 690–703. doi: 10.1016/j.cell.2011.08.047 PMID: 22036573

49.

Zhu X, Gerstein M, Snyder M (2007) Getting connected: analysis and principles of biological networks.
Genes Dev 21: 1010–1024. doi: 10.1101/gad.1528707 PMID: 17473168

50.

Hu Y, Flockhart I, Vinayagam A, Bergwitz C, Berger B, et al. (2011) An integrative approach to ortholog
prediction for disease-focused and other functional studies. BMC Bioinformatics 12: 357. doi: 10.1186/
1471-2105-12-357 PMID: 21880147

51.

McCray BA, Skordalakes E, Taylor JP (2010) Disease mutations in Rab7 result in unregulated nucleotide exchange and inappropriate activation. Hum Mol Genet 19: 1033–1047. doi: 10.1093/hmg/ddp567
PMID: 20028791

52.

Rocha N, Kuijl C, van der Kant R, Janssen L, Houben D, et al. (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. doi: 10.1083/jcb.200811005 PMID: 19564404

53.

Farg MA, Sundaramoorthy V, Sultana JM, Yang S, Atkinson RAK, et al. (2014) C9ORF72, implicated in
amytrophic lateral sclerosis and frontotemporal dementia, regulates endosomal trafficking. Hum Mol
Genet 23: 3579–3595. doi: 10.1093/hmg/ddu068 PMID: 24549040

54.

Marques VD, Barreira AA, Davis MB, Abou-Sleiman PM, Silva WA Jr, et al. (2006) Expanding the phenotypes of the Pro56Ser VAPB mutation: proximal SMA with dysautonomia. Muscle Nerve 34: 731–
739. doi: 10.1002/mus.20657 PMID: 16967488

55.

Funke AD, Esser M, Krüttgen A, Weis J, Mitne-Neto M, 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. doi: 10.1111/j.
1399-0004.2009.01319.x PMID: 20447143

56.

Stoica R, De Vos KJ, Paillusson S, Mueller S, Sancho RM, et al. (2014) ER-mitochondria associations
are regulated by the VAPB-PTPIP51 interaction and are disrupted by ALS/FTD-associated TDP-43.
Nat Commun 5: 3996. doi: 10.1038/ncomms4996 PMID: 24893131

57.

Tanaka K, Matsuda N (2014) Proteostasis and neurodegeneration: the roles of proteasomal degradation and autophagy. Biochim Biophys Acta 1843: 197–204. doi: 10.1016/j.bbamcr.2013.03.012 PMID:
23523933

58.

Sasaki S (2011) Autophagy in spinal cord motor neurons in sporadic amyotrophic lateral sclerosis. J
Neuropathol Exp Neurol 70: 349–359. doi: 10.1097/NEN.0b013e3182160690 PMID: 21487309

PLOS Genetics | DOI:10.1371/journal.pgen.1005107

March 31, 2015

30 / 32

A Network of Functional Interactions in ALS8

59.

Ferraiuolo L, Kirby J, Grierson AJ, Sendtner M, Shaw PJ (2011) Molecular pathways of motor neuron
injury in amyotrophic lateral sclerosis. Nat Rev Neurol 7: 616–630. doi: 10.1038/nrneurol.2011.152
PMID: 22051914

60.

Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, et al. (2006) Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 441: 885–889. doi: 10.1038/
nature04724 PMID: 16625204

61.

Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, et al. (2006) Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature 441: 880–884. doi: 10.1038/nature04723
PMID: 16625205

62.

Gkogkas C, Middleton S, Kremer AM, Wardrope C, Hannah M, et al. (2008) VAPB interacts with and
modulates the activity of ATF6. Hum Mol Genet 17: 1517–1526. doi: 10.1093/hmg/ddn040 PMID:
18263603

63.

Salomons FA, Acs K, Dantuma NP (2010) Illuminating the ubiquitin/proteasome system. Exp Cell Res
316: 1289–1295. doi: 10.1016/j.yexcr.2010.02.003 PMID: 20149791

64.

Petroski MD, Deshaies RJ (2005) Function and regulation of cullin-RING ubiquitin ligases. Nat Rev Mol
Cell Biol 6: 9–20. doi: 10.1038/nrm1547 PMID: 15688063

65.

Ardley HC, Robinson PA (2005) E3 ubiquitin ligases. Essays Biochem 41: 15–30. doi: 10.1042/
EB0410015 PMID: 16250895

66.

Hochrainer K, Kroismayr R, Baranyi U, Binder BR, Lipp J (2008) Highly homologous HERC proteins localize to endosomes and exhibit specific interactions with hPLIC and Nm23B. Cell Mol Life Sci 65:
2105–2117. doi: 10.1007/s00018-008-8148-5 PMID: 18535780

67.

Pol A, Gross SP, Parton RG (2014) Review: biogenesis of the multifunctional lipid droplet: lipids, proteins, and sites. J Cell Biol 204: 635–646. doi: 10.1083/jcb.201311051 PMID: 24590170

68.

Kassan A, Herms A, Fernández-Vidal A, Bosch M, Schieber NL, et al. (2013) Acyl-CoA synthetase 3
promotes lipid droplet biogenesis in ER microdomains. J Cell Biol 203: 985–1001. doi: 10.1083/jcb.
201305142 PMID: 24368806

69.

Welte MA, Gross SP, Postner M, Block SM, Wieschaus EF (1998) Developmental regulation of vesicle
transport in Drosophila embryos: forces and kinetics. Cell 92: 547–557. PMID: 9491895

70.

Han SM, El Oussini H, Scekic-Zahirovic J, Vibbert J, Cottee P, et al. (2013) VAPB/ALS8 MSP ligands
regulate striated muscle energy metabolism critical for adult survival in caenorhabditis elegans. PLoS
Genet 9: e1003738. doi: 10.1371/journal.pgen.1003738 PMID: 24039594

71.

Cermelli S, Guo Y, Gross SP, Welte MA (2006) The lipid-droplet proteome reveals that droplets are a
protein-storage depot. Curr Biol 16: 1783–1795. doi: 10.1016/j.cub.2006.07.062 PMID: 16979555

72.

Takeuchi K, Reue K (2009) Biochemistry, physiology, and genetics of GPAT, AGPAT, and lipin enzymes in triglyceride synthesis. Am J Physiol Endocrinol Metab 296: E1195–E1209. doi: 10.1152/
ajpendo.90958.2008 PMID: 19336658

73.

Wang H, Zhang J, Qiu W, Han G-S, Carman GM, et al. (2011) Lipin-1γ isoform is a novel lipid dropletassociated protein highly expressed in the brain. FEBS Lett 585: 1979–1984. doi: 10.1016/j.febslet.
2011.05.035 PMID: 21616074

74.

Cartwright BR, Goodman JM (2012) Seipin: from human disease to molecular mechanism. J Lipid Res
53: 1042–1055. doi: 10.1194/jlr.R023754 PMID: 22474068

75.

Szymanski KM, Binns D, Bartz R, Grishin NV, Li W-P, et al. (2007) The lipodystrophy protein seipin is
found at endoplasmic reticulum lipid droplet junctions and is important for droplet morphology. Proc
Natl Acad Sci USA 104: 20890–20895. doi: 10.1073/pnas.0704154104 PMID: 18093937

76.

Fei W, Shui G, Gaeta B, Du X, Kuerschner L, et al. (2008) Fld1p, a functional homologue of human seipin, regulates the size of lipid droplets in yeast. J Cell Biol 180: 473–482. doi: 10.1083/jcb.200711136
PMID: 18250201

77.

Payne VA, Grimsey N, Tuthill A, Virtue S, Gray SL, et al. (2008) The human lipodystrophy gene
BSCL2/seipin may be essential for normal adipocyte differentiation. Diabetes 57: 2055–2060. doi: 10.
2337/db08-0184 PMID: 18458148

78.

Yagi T, Ito D, Nihei Y, Ishihara T, Suzuki N (2011) N88S seipin mutant transgenic mice develop features
of seipinopathy/BSCL2-related motor neuron disease via endoplasmic reticulum stress. Hum Mol
Genet 20: 3831–3840. doi: 10.1093/hmg/ddr304 PMID: 21750110

79.

Eastman SW, Yassaee M, Bieniasz PD (2009) A role for ubiquitin ligases and Spartin/SPG20 in lipid
droplet turnover. J Cell Biol 184: 881–894. doi: 10.1083/jcb.200808041 PMID: 19307600

80.

Hölttä-Vuori M, Salo VT, Ohsaki Y, Suster ML, Ikonen E (2013) Alleviation of seipinopathy-related ER
stress by triglyceride storage. Hum Mol Genet 22: 1157–1166. doi: 10.1093/hmg/dds523 PMID:
23250914

PLOS Genetics | DOI:10.1371/journal.pgen.1005107

March 31, 2015

31 / 32

A Network of Functional Interactions in ALS8

81.

Gonzalez de Aguilar J-L, Dupuis L, Oudart H, Loeffler J-P (2005) The metabolic hypothesis in amyotrophic lateral sclerosis: insights from mutant Cu/Zn-superoxide dismutase mice. Biomed Pharmacother
59: 190–196. doi: 10.1016/j.biopha.2005.03.003 PMID: 15862714

82.

Scott CC, Vacca F, Gruenberg J (2014) Endosome maturation, transport and functions. Semin Cell
Dev Biol 31C: 2–10. doi: 10.1016/j.semcdb.2014.03.034

83.

Mullock BM, Bright NA, Fearon CW, Gray SR, Luzio JP (1998) Fusion of lysosomes with late endosomes produces a hybrid organelle of intermediate density and is NSF dependent. J Cell Biol 140:
591–601. PMID: 9456319

84.

Bonifacino JS, Rojas R (2006) Retrograde transport from endosomes to the trans-Golgi network. Nat
Rev Mol Cell Biol 7: 568–579. doi: 10.1038/nrm1985 PMID: 16936697

85.

Kolch W (2005) Coordinating ERK/MAPK signalling through scaffolds and inhibitors. Nat Rev Mol Cell
Biol 6: 827–837. doi: 10.1038/nrm1743 PMID: 16227978

86.

Laberge G, Douziech M, Therrien M (2005) Src42 binding activity regulates Drosophila RAF by a novel
CNK-dependent derepression mechanism. EMBO J 24: 487–498. doi: 10.1038/sj.emboj.7600558
PMID: 15660123

87.

Ziogas A, Moelling K, Radziwill G (2005) CNK1 is a scaffold protein that regulates Src-mediated Raf-1
activation. J Biol Chem 280: 24205–24211. doi: 10.1074/jbc.M413327200 PMID: 15845549

88.

Pantalacci S, Tapon N, Léopold P (2003) The Salvador partner Hippo promotes apoptosis and cellcycle exit in Drosophila. Nat Cell Biol 5: 921–927. doi: 10.1038/ncb1051 PMID: 14502295

89.

Lee JK, Shin JH, Hwang SG, Gwag BJ, McKee AC, et al. (2013) MST1 functions as a key modulator of
neurodegeneration in a mouse model of ALS. Proc Natl Acad Sci USA 110: 12066–12071. doi: 10.
1073/pnas.1300894110 PMID: 23818595

90.

Harvey KF, Hariharan IK (2012) The hippo pathway. Cold Spring Harb Perspect Biol 4: a011288. doi:
10.1101/cshperspect.a011288 PMID: 22745287

91.

Kwon Y, Vinayagam A, Sun X, Dephoure N, Gygi SP, et al. (2013) The Hippo signaling pathway interactome. Science 342: 737–740. doi: 10.1126/science.1243971 PMID: 24114784

92.

Liu L, Zhang K, Sandoval H, Yamamoto S, Jaiswal M, Sanz E, et al. Glial Lipid Droplets and ROS Induced by Mitochondrial Defects Promote Neurodegeneration. Cell. 2015; 160: 177–190. doi: 10.1016/j.
cell.2014.12.019 PMID: 25594180

93.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, et al. (2003) Cytoscape: a software environment
for integrated models of biomolecular interaction networks. Genome Res 13: 2498–2504. doi: 10.1101/
gr.1239303 PMID: 14597658

94.

Miller JP, Holcomb J, Al-Ramahi I, de Haro M, Gafni J, et al. (2010) Matrix metalloproteinases are modifiers of huntingtin proteolysis and toxicity in Huntington’s disease. Neuron 67: 199–212. doi: 10.1016/j.
neuron.2010.06.021 PMID: 20670829

PLOS Genetics | DOI:10.1371/journal.pgen.1005107

March 31, 2015

32 / 32

