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Protein aggregation is a hallmark feature of human neurodegenerative
diseases (NDs). In familial NDs the affected genetic locus is perturbed by point /
missense mutation that codes for a protein which misfolds and forms intracellular
inclusions. Large-scale whole genome RNAi screens using cells in culture are
useful to identify proteins/genes that may modulate (enhance or suppress) the
formation of cellular inclusions in disease conditions. These modulators could

help us understand relationship between aggregation and neuronal cell death.

For my thesis work, | present the standardization and validation of a
Drosophila S2 cell based high-throughput screen for identifying genes that can
modulate the aggregation of the ALS8 locus VAP. We have established stable S2
cells expressing inducible VAPB"**:GFP and VAP:GFP fusions that can be
monitored for aggregate formation over time, by epifluorescence microscopy.
Using high-throughput gene knockdown and automated imaging, we have
collected data for the effect of knockdown of 1200 independent genes on
VAPBP*8S:GFP aggregation. The imaged data has been analyzed using a custom
MATLAB program and a list of modifiers has been generated. One key result is
that modifiers include other ALS loci such as ALS1/SOD1, ALSZ2/Alsin and
ALS10/TDP43.

As a final step of my study, | have characterized and validated the
interaction of ALS1/SOD1 with VAPB™°®. My investigations suggest that different
ALS loci can interact with VAPB™® and their levels can affect the propensity /
degree of protein aggregation. This finding has major implications as it may lead
to a better mechanistic understanding of onset and progression of motor neuron
disease.
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Figure 1: ALS; Many Loci, complex multifactorial etiology

Figure 2: A Schneider cell aggegation system to identify genetic modifiers of
VAPP8 aggregation.

Figure 3: Developed stable cell lines suitable for high throughput screening.
Figure 4: Standardization of screening parameters.

Figure 5: Pilot screens and choice of targets

Figure 6: A high througput screen based on parameters established in pilot
screens.

Figure 7: Image Analysis.

Figure 8: Validation. Knockdown of modifiers (SOD1, TBPH, Alsin) changes
kinetics of aggregation.

Figure 9: Overexpression of SOD1 does modifies VAP"**%:GFP expression but
not VAPB protein levels.

Figure 10: Knockdown of SOD1 in Drosophila brain decrease VAP"°®S aggregate
formation.

Figure 11: Decrease in aggregation of VAP"%%S

may be a result of increased ROS
in cells.
Figure 12: A mechanistic model for the interaction of VAPB™ with SOD1,

TBPH and Alsin.

Table 1: List of genes that modify kinetics of aggregation in VAP™*®%:GFP. These
genes are a small subset (4.8%) of the 1200 screened genes.

Table 2: List of ALS causative loci that modify kinetics of aggregation in
VAPP%®.GFP,

Table 3: List of ALS-related genes that modify kinetics of aggregation in
VAPP%®.GFP,
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Amyotrophic lateral sclerosis also called “Lou Gehrig’s disease”
(Cleveland and Rothstein, 2001; Tarasiuk et al., 2012) is a progressive, fatal
neurodegenerative disease characterized by loss of motor neurons. This leads to
gradual paralysis and death of the patient within 2-5 years post diagnosis. Most
often, the disease occurs sporadically; the patients lack any familial history of the
disease. In 5-10% of the patients, the disease occurs due to inheritance of
dominant mutation . Many associated genetic loci have been discovered, with the
first locus ALS1/SOD1 discovered in 1993 (Rosen et al., 1993). Since then, over
a dozen independent genetic loci (Figure 1) (Pasinelli and Brown, 2006) in
humans have been associated with ALS and a large volume of research has
been done to understand relationships between these genes and cellular
dysfunction (Robberecht and Philips, 2013). While these studies have
demonstrated the wide-range of consequences of the mutant protein on cellular
function, no clear unifying mechanism has emerged that might explain the
selective death of motor neurons (Andersen and Al-Chalabi, 2011; Mulligan and
Chakrabartty, 2013; Turner et al., 2013; Walker and Atkin, 2011).

One common feature of ALS and other neurodegenerative disease is the
aggregation of mutant proteins (Chhangani and Mishra, 2013). These aggregates
are thought to be a byproduct of protein misfolding, which recruits or entangles
other proteins in the cytoplasmic inclusion. The cell has pathways that deal with
and regulate misfolded aggregates. These include the Unfolded protein response
(UPR), proteasome / ubiquitin system and autophagy (Chhangani and Mishra,
2013; Mulligan and Chakrabartty, 2013). For reasons not completely understood,
the presence of mutant protein in aggregates is strongly linked to neuronal cell
death. Since ALS has a large sporadic component and the familial loci are
diverse, with no obvious relationship with each other, it has been suggested
(Cluskey and Ramsden, 2001) that the etiology of the disease is multifactorial
with the onset and progression dependent on a complex interplay between
genetic factors, stress, glutamatergic excitotoxicity, organelle homeostasis and
the cellular response to chronic aggregation of proteins (Figure 1A) (Chhangani
and Mishra, 2013; Robberecht and Philips, 2013).
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Figure 1: ALS; Many Loci, complex multifactorial etiology

A. Genetic loci governing many different processes selectively affect motor neurons, which
are influenced by surrounding cells, such as presynaptic neurons, astrocytes and microglia,
in disease. These processes include: induction of ER stress; aggregation of misfolded
proteins and formation of intracellular inclusions; macroautophagy; oxidative and nitrosative
stress; excitotoxicity mediated by over-stimulation of postsynaptic glutamate receptors;
redistribution of TDP-43 and FUS from the nucleus to the cytoplasm; fragmentation of the
Golgi apparatus; dysfunction of mitochondria and activation of mitochondrial apoptotic
pathways; inhibition of microtubule-based dynein-mediated intracellular and axonal
transport, and; inhibition of the ubiquitin-proteasome system (Adapted from(Walker and
Atkin, 2011).

B. VAP/ALSS is one genetic locus that is linked to ALS. VAP is associated with the ER and
has been shown to affect diverse cellular functions. A missense P56S mutation in VAP
causes ALS in humans.

C. VAP contains a N-terminal major sperm protein (MSP) domain which is cleaved and acts
as a secreted ligand for ephrin receptors, a coiled coil domain (CCD) involved in inter and
intra-molecular interactions with VAP and SNARE’s and a single pass trans-membrane that
anchors the protein to its primary location, the ER membrane.

D. Lipid metabolism, ER homestasis and Eph signaling are amongst the cellular events that
are perturbed in response to the VAPP*® mutation (Tsuda et al., 2008) in flies.

E. VAP"®® protein forms intracellular aggregates. These cellular inclusions, amongst other
proteins, contain VAP and ubquitin (Adapted from Ratnaparkhi et. al., 2008).
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In 2004, Mayana Zatz and collegues (Nishimura et al., 2004) identified and
mapped a new locus (ALS8) for ALS in a large white Brazilian family (Nishimura
et al., 2004). The novel missense mutation P56S (P58S, in Drosophila) was found
to be in the vesicle associated membrane protein (VAMP) / synaptobrevin
associated protein B (VAPB; hereafter referred to as VAP)(Lev et al., 2008). In
Drosophila, dVAPB, the fly ortholog, has been shown to regulate bouton size and
microtubule organization at the neuromuscular junction (Pennetta et al., 2002).
Drosophila has long been used to study neurodegenerative diseases due to a
well-studied nervous system and the availability excellent tools for manipulation of
genes (Bier, 2005; Zhang et al., 2010). Drosophila models of ALS8 generated
show that VAP™®S aggregates and recruits wildtype protein to these aggregates
eliciting a dominant negative effect (Chai et al., 2008; Ratnaparkhi et al., 2008;
Tsuda et al., 2008). In these models, some features of the human disease,
especially the aggregation of the mutant protein is recapitulated when mutant
human or dVAPB is expressed in neurons or muscles (Ratnaparkhi et al., 2008).

In addition to animal models (Chiu et al., 1995; Gurney et al., 1994;
Murakami et al., 2012; Turner and Talbot, 2008; Vaccaro et al., 2012), cell based
models, using cells in culture for exploration of disease onset and progression,
are popular (Chiu et al., 1995; Gkogkas et al., 2008; Pennetta et al., 2002;
Teuling et al., 2007; Tsuda et al., 2008). This popularity stems from their ease of
use and faster data collection. A major advantage of cell models is that they are
amenable to high throughput assays. Drosophila S2 cells are amongst the most
extensively used for high throughput RNA interference assays because of their
ease of maintanence, low cost for growth and high efficiency knockdown of
transcripts using RNA interference (Zhang et al., 2010).

In our study, we have generated a new system for efficient screening of
modifiers of VAP aggregation by high throughput screening and automated
computational image analysis (Figure 2). The components of the system are as
follows. First we have developed inducible Drosophila S2R+ cell lines that allow
fast and accurate measurement of VAP:GFP and VAP"*%%:GFP aggregation.

Second, we have standardized conditions for measuring kinetics of aggregation,

11
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using fluorescent imaging, in a 384 well format. Third, we have developed
methods to analyze the images gathered and finally we have generated a list of
genes, which on knockdown significantly affect the kinetics of VAP™>®S:GFP
aggregation. A single gene from our modifier list has been chosen for validation
and its effect on VAP"°®S aggregation was confirmed both in S2R+ cells and
Drosophila third instar larval brain.

(i) Develop a Schneider cell system for VAPP*® that is suitable for a genome
wide dsRNAi screen.

(i) Generate a list of modifiers of aggregation through the dsRNAi screen
combined with high throughput imaging and automated analysis.

(i) Validate a subset of discovered hits to gain insight into the mechanism of

neuroaggregation.

12
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Stable S2R+ line expressing VAP(P58S):GFP

Standardization of dsRNAi, Measurement of aggregates,
kinetics of aggregation

Pilot Screens to fix parameters

1000 Genes targeted in one module of the
Main Screen

X 10

Secondary screens

Enhancers/Modifiers of aggregation; Analysis

Exploration of top-rank hits for mechanism

Link mechanism to disease

Figure 2: A Schneider cell aggegation system to identify genetic modifiers of
VAPP583aggregation. A flow chart for developing an aggregation screen. Critical
standardization steps including development of cell lines lead to a pilot screen to fix
parameters and finally to the main screen using an automated imaging system. We plan
to screen one thousand genes per module. Information on valid modifiers will be used to
chose the next 1000 genes in the screen. Finally, the list of modifiers will be used to
understand mechanistic basis of regulating aggregate formation and this might lead to a
better understanding of initiation/progression of ALS.
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Handling of Schneider cells: Drosophila S2R+ cells were procured from the

laboratory of Dr. Satyajit Mayor, NCBS. The cells were maintained in Schneider
cell Media (#21720-024; GIBCO) with 10% Heat inactivated Fetal Bovine Serum
(FBS, #10270; GIBCO). Batches of cells were frozen in 10% DMSO (D2650;
Sigma) and stored in liquid nitrogen following DRSC protocol

(http://www.flyrnai.org/DRSC-PRC.html).In general, after reviving, cells were

discarded after 25-30 passages. Cell were maintained at 23° C, and split every 4
days at a ratio of 1:5.

Generation of Stable cell lines: VAP and VAP"*®° cDNA sequences were
cloned into pRM-GFP plasmid at the BamH1 restriction site in the MCS. The pRM
vector is a vector with an inducible metallothionein promoter that is sensitive to
concentrations of CuSO4. pRM-VAP:GFP and pRM-VAP"*%%:GFP plasmid were
co-transfected with pCo-Hygro in S2R+ cells using Effectene Transfection
Reagent (301425; QUIAGEN). The ratio of pRM: pCo-Hygro was 15:1.
Hygromycin B was obtained from Invitrogen (10687-010). Cells were selected in

0.2 mg/ml Hygromycin for 10 passages and samples intermittently checked for
GFP expression post CuSO,4 induction. A pRM-GFP stable line was made in a
similar fashion using Mirus (TransIT 2020; MIR 5400) reagent with ratio of pRM:
pCo-Hygro of 10:1.

dsRNA preparation: dsRNA for the high throughput screen was generated

by Chromous Biotech, Bangalore and plated into 384 well plates in preparation
for the experiment. The library used as a template for generating dsRNAs was
procured from Open Biosystems (RDM1189 and RDM4220). dsRNA for all
primary experiments, the pilot and the validation screens was generated in-house
at IISER using GOLD collection (DGRC, Indiana;
https://dgrc.cgb.indiana.edu/vectors/Gold) and AMBION Megashortscript kit
(AM1354) using standard protocols.
(http://tools.lifetechnologies.com/content/sfs/manuals/cms_055515.pdf). cDNA

templates used were individual clones from the BDGP Gold collection.

14
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Reviving clones from the GOLD cDNA collection: The GOLD cDNA
collection contains sequenced and verified clones of Drosophila genes. The

collection consists of ~ 7000 Glycerol stabs of bacteria, each with a unique gene.
Copies of these stocks are stored at IISER at -80°C.

Image acquisition and data analysis: Imaging for the pilot screen was done

using in-house OLYMPUS IX81 system using MT20 florescence. Objective used
was 20X S-Apo objective with Hamamatsu OrcaR2 CCD camera. Images were
captured from Xcellence RT software. Images were acquired in 2 binning,
672x512. Imaging for the high throughput screen was performed byTHERMO
Array Scan VTl HCS system. Dual- channel images from ten fields in each well
were captured using a 20X air objective and an EMCCD camera. The FITC
channel was used for checking the level of GFP expression and the DAPI
channel for cell nuclei. Images from the FITC and DAPI channels in each site
were quantified using MATLAB code to calculate the parameters of aggregated
population of cells and determine the cell number within each field. To ensure
accuracy, manual counting was performed on handpicked wells on the plate and
the results were comparable to those obtained from automated analysis.
Numbers of cells present in each field were calculated from the images taken
from DAPI channel. Approximately 4000 cells were scanned for each well and
12000 for each dsRNA knockdown.

Targets obtained from the screen were validated after imaging on EVOS
FL Auto Cell Imaging system. All the imaging was done on 20x air objective
unless mentioned otherwise. FITC, DAPI and DIC channels were used to image
GFP-tagged aggregates, cellular nuclei and cells in each field, respectively.
Counting was performed manually and auto-count feature using software

package provided with the microscope.

Plasmids:Clones streaked from GOLD collection were grown overnight.
Secondary incubation was done in 5ml Luria Broth for 12 hours. Cells were
pelleted down and processed using QIAGEN Miniprep kit (27104; QUIAGEN).

(https://www.giagen.com/in/products/catalog/sample-technologies/dna-sample-

technologies/plasmid-dna/qiagen-plasmid-kits/)
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Primers:Desiging of primers was done using NEXTRNAI
(http://www.nextrnai.org/). T7 promoters were incorporated at 5’ end of the primer

for in vitro transcription reaction. siRNA length for specificity used were 16
nucleotides with amplicon size of 150-250 base pairs.

Western Blotting: S2R+ cells / Stable cell lines were centrifuged at 3000

rom in an Eppendorf 5414R and the cell pellet was processed with 2X SDS Dye
at 95°C and re-centrifuged at 10000 rpm for 10 minutes. Cell extracts were
separated on 10% SDS-PAGE and transferred onto 0.45 mm PVDF membrane
(Millipore). Membranes were blocked for 1 hour in 5% skimmed milk in TBS-0.1%
Tween-20 at room temperature and probed with 1:10,000 diluted anti-Tubulin
(3H3085; Santa Cruz Biotechnology), 1:20,000 diluted anti-VAP (custom antibody
generated in the lab), 1:10,000 diluted anti-GAPDH (AB8245; AbCam), 1:10,000
diluted anti-GFP (A6455; Invitrogen) or 1:1000 diluted anti-HA (04902; Millipore).
Anti-rabbit and anti-mouse secondary antibodies conjugated to horseradish
peroxide (Pierce) were used. Blots were developed with Immobilon
Chemiluminescent Substrate (LuminataClassico Western HRP substrate from
Millipore) using a LAS400 Fuji imaging System. Quantitation was performed after
normalization with tubulin/GAPDH and plotted with error bars representing
standard deviation ()

Fly strains : Fly lines were maintained at 18°C on standard corn meal agar
medium. UAS-GAL4 system was used for overexpression of transgenes. UAS-
VAP wildtype and VAP"*®® lines used for fly experiments have been described in
Ratnaparkhi et al 2008. Canton S flies were used as wildtype control flies. Trip
lines from SOD1 (34616), TBPH (29517) and VAP (27312) knockdown were
obtained from Bloomington stock centre.

Immunostaining : Five brains were dissected from 3" instar larvae and

processed for immunostaining assay. 0.1% Triton-X with 4% paraformaldehyde
was used for fixation followed by washes with PBS. Blocking treatment and
washes were performed with 0.3% Triton-X with 2% BSA. Brains were stained
with 1:500 diluted Anti-VAP antibody (custom antibody generated in the lab) and
1:1000 anti-rabbit secondary was used. Five brains for each sample were imaged
under 60X oil objective of Ziess LSM 710 Confocal Microscope.

16
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1. Development of cell lines suitable for high-throughput screening

S2R+ cells have been extensively used for high throughput screening. The
popularity of S2 cells is based on their ease of use, effective knockdown of
specific mMRNA and flat morphology for microscopy (Zhang et al., 2010)
(D'Ambrosio and Vale, 2010). In order to screen for modifiers of
VAPP*®Saggregation, we chose to fuse a fluorescent GFP to VAP so as to
visualize the aggregates by epifluorescence. This would allow us to visualize and
image aggregates without resorting to downstream antibody staining. The GFP
fusion would also allow us to measure live, the kinetics of aggregation by
measuring the increase in aggregates with increased protein accumulation in the

cell as a function of time.

Proteins are usually tagged at the N or C terminus with GFP. Tagging
proteins with GFP may perturb folding as well as localization and thereby protein
function within the cell (Stadler et al., 2013). An important step in the setting up of
the screen was to characterize the different possible GFP fusion variants and
confirm that, as seen in the untagged scenario, the mutant versions aggregate
while the wild-type versions do not. The variant most suitable for the screen
would be chosen for further studies. We cloned (See Methods section) and
tagged both VAP & VAP at both N and C terminal with GFP (Figure 3). The
fusion proteins could be expressed in cells by adding CuSO4 to the medium,
which would drive transcription via the metallothionein promoter.

pRM-VAP:GFP, pRM-VAP™%:GFP, pRM-GFP:VAP & pRM-GFP:VAP"®%
plasmids were transiently transfected into S2R+ cells. Twenty-four hours post
transfection; 500 yM CuS0O4 was added to the medium in order to induce VAP
protein expression. The numbers of cells with aggregates were visualized over
time at 16, 24, 36 and 48 hours by fixation with 4% paraformaldehyde, incubation
with DAPI and dual channel imaging under DAPI and GFP channel. In each case,

the number of cells in a field was counted (DAPI positive cells), as well as the

17



A reverse genetic screen to discover genetic modifiers of ALS8 aggregates

total number of cells with aggregates.

The GFP:VAP™® protein aggregated as expected, but the control,
GFP:VAP fusion had a strong tendency to aggregate as early as 24 hours. In
contrast, the VAP:GFP fusion did not aggregate significantly, with only a small
number of cells with aggregates seen after 48 Hours. The VAPP*%S:GFP
expression showed strong aggregation, in contrast to the wild type. Based on the
above results, where the C-terminally tagged lines showed the strongest contrast
between wild-type and mutant, we decided proceed with the C-terminally tagged
pair (VAP:GFP and VAP"*85:GFP) for further experiments.

As we planned to use the cell lines extensively for future experiments, we
decided to generate stable cell lines for all 5 constructs (VAP:GFP, VAP™*%5:GFP,
GFP:VAP, GFP: VAP™®% & GFP). The stable cell lines would allow us to avoid
the variability in transient transfection with each experiment and these lines could
be stored in liquid nitrogen for replicate experiments. Independent stable cell lines
were made for the five constructs and characterized. The ‘aggregation’ phenotype
and kinetics of the stable cell lines was similar to that of the transiently
transfected ones. One problem we faced with stable lines was a decrease in the
percentage of cells expressing aggregates as compared to the transient-
transfected counterparts after multiple passages during the process of stable cell
formation. In general, with transient transfection we saw 50-70% cells transfected
(GFP positive cells), while at the end of the stabilization process, the number of
cells expressing GFP dropped to 10%. A solution was found by clonal expansion
of the C-terminally tagged GFP fusion lines, which show approximately 25% cells
expressing aggregates in each field upon induction with 500uM of CuSO, for 24
hours. Also, the generated stable cell lines were continuously maintained under
hygromycin selection to maintain the percentage cells expressing protein of

interest.

18
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Figure 3: Develop stable cell lines suitable for high throughput screening.

A. Flowchart for generation and selection of appropriate GFP tagged constructs for screening.
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B. pRM-GFP was used to clone VAP and VAP"*%°,

C. VAP and VAP™®® were expressed with N-terminal GFP fusions.

D. VAP and VAP"%$ were expressed with C-terminal GFP fusions.

E. Percentage cells expressing aggregates in GFP positive cells in each case were scored 36
hours post induction with 500uM CuSO,. The C-terminal fusions behaved as expected with
strong aggregation seen in the mutant but not in wild type. The N-terminal GFP fusions for VAP
however showed aggregates for both wild-type and mutant. Error bars indicate SD. (GFP
positive cells counted for each transfection = 200)

F. A high resolution image showing inclusions in cells expressing VAPB™®$:GFP and their
absence in VAP:GFP. (L) C-terminal GFP tagging of wild type and mutant VAP protein. The
images were collected using Super resolution (Ground State Depletion) microscopy.

G. A Stable line expressing GFP was used as a control for downstream experiments. Stable
lines were also made for VAP:GFP, VAP™**:GFP, GFP:VAP and VAP"*®*.GFP.

To identify modifiers or regulators of aggregation from our planned screen,
we wanted to select a robust parameter that could be reproducible and would be
sensitive to our assay. In order to choose a parameter we artifically expressed
increasing concentrations of VAP-GFP or VAPP*®%:GFP protein in stable cell lines
by inducing the metallothionin promoter with different concentration of CuSO4(0
MM, 250 uM, 500 uM, 750 uM & 1000 pM). After image acquistion, we attempted
to quantify various parameters like number of cells expressing aggregates,
number of aggregates per cell and size of aggregates as a function of increasing
concentration of CuSO4. Using either manual counting or programs available as
part of the microscope suite or by custom MATLAB programs (described in Image
Analysis section), we could efficiently and robustly count the percent of cells that
showed aggregation.We could not effectively count number or intensity of
individual aggregates due to the low resolution of the 20X objective; a higher
objective decreased the number of cells per field and increased collection time
significantly. Importantly, the percent cells expressing aggregates increased
linearly with increasing amount of CuSO4 and also increased with time; 24 to 48
hours (Figure 4).This parameter (percent cells with aggregates / total number of
cells) was, thus, chosen as a simple but robust parameter for high throughput
screening that was sensitive to protein levels of VAP™® inside the cells. As part
of the characterization of the cell lines, we showed that knockdown of VAP or
GFP by RNA interference led to a dramatic decrease in the percent cells with
aggregates, indicating that one could modulate the formation of cellular
aggregates by modifying expression of protein levels.
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2. Standardization of screening and parameters for high-throughput screening

The VAPP*®S:GFP was the primary line used for the high-throughput
screening. The VAP:GFP and GFP stable lines were used for downstream
validation of modifiers that were identified in the primary screen. As a preliminary
to the high-throughput screen we used a pilot screen in-house to standardize
parameters for the high throughput screen. Again, we used a concentration
dependent kinetic experiment to validate increase of percent cells with
VAPP®8S:GFP aggregates in a 96 well Corning Glass bottom plate. Time points
measured were 24, 36 & 48 hours for 0 uM, 250 uM, 500 pM, 750 uM and1000
MM CuSO.. VAP or GFP Knockdowns were performed by incubating cells with
dsRNA added Serum free media for about 30 minutes, followed by addition of
serum complete media. The 48-hour time point was discarded after this exercise
as a there was a considerable increase in population of floating cells at 48-hour
time point, interfering with the focusing of the microscope. Live cell imaging was
also discontinued post the pilot screen as it was seen that there was high
background auto fluorescence in live cells due to presence of media in wells.
Also, without fixation, DAPI staining of live cells was not robust. Since cells are
confluent at the 48-hour time-point, using watershed algorithm to segment cells
using DIC images was highly inaccurate. Thus, to mark cells in a better and
accurately quantifiable method we fixed cells / stained nuclei with DAPI and
imaged using 20x air objective for time points at or less than 36 hours.

For the pilot screen, the percent cells showing aggregates for
standard curve for the pilot run were counted manually and by using the imaging

software available in the microscope (EVOS FL microscope).

We also started the process of developing a MATLAB code for automated
image analysis using the images generated in our pilot screen. As described in
later sections images collected by automated imaging were quantified in a high

throughput manner using a custom MATLAB code.
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Figure 4: Standardization of screening parameters.

A. Images of VAP™®5:GFP induced with 500uM and 750uM CuSO, and visualized in GFP
and DAPI channels. DAPI staining was used to count total cells while the GFP channel
marked cells expressing VAP™®S:GFP.

B. Concentration dependent increase of percent cells (GFP/Total X 100) showing GFP
aggregates with increasing CuSO,4 (0 yM, 250 uM, 500 uM, 750 pyM and 1000 uM). Cells
with aggregates also increased with time (24 hours vs. 48 hours). The percent GFP positive
cells was a simple, quantifiable robust parameter that was reproducible across systems and
over biological replicates.

C.VAPP®S:GFP protein levels also increase with increasing concentration of CuSQO,, as
measured by Western blotting using the anti-GFP antibody.

D. Quantification of 60kDa VAPP**:GFP band observed in westerns probed with Anti-GFP.
Intensity was measured and quantified using ImagedJ and normalized with respect to un-
induced control (OuM). Error bars represent SD. (N=2)

Pilot screens were conducted at IISER (Figure 5A) to fix the concentration
of dsRNA, hours for knockdown, optimal concentration of CuSO, for expression
of protein, time points for image collection and to test expression of stable lines
generated (VAP:GFP & VAP"*%%:GFP). These pilot screens were usually
executed with all three stable lines, VAP™*®:GFP, VAP:GFP and GFP. dsRNA
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was used to knockdown both VAP and GFP to reduce expression / aggregation of
VAP:GFP and VAP"*%:GFP.
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Figure 5: Pilot screens and choice of targets

A. Pilot screens in 96 well glass bottom plates were performed to fix critical parameters for
the main screen. Three time points, 24, 36 & 48 hrs post induction by CuSO4 were used to
collect images on Olympus IX81 microscope. dsRNA concentrations were fixed (10 ug/ml)
and dsRNA was added 48 hours before induction. At each time point, cells were fixed,
stained with DAPI and washed with PBS. 5 images were collected per well by manual
focusing at a magnification of 20X. dsRNA knockdown of VAP or GFP lead to effective
knockdown of VAP"*® aggregation.

B. Choice of genes for the first high throughput set based on modifiers discovered in an
earlier VAP screen (Deivasigamani et al., 2014). 1200 genes were tested and they could be
divided into 14 independent categories.

C. Gene Ontology representation of the 1200 genes chosen for the first set of high
throughput screening. Future sets (n X 1000) will be based on results of the first set.

23



A reverse genetic screen to discover genetic modifiers of ALS8 aggregates

Previous genome-wide screens performed using cell-based approaches
(D'Ambrosio and Vale, 2010; Zhang et al., 2010) have shown the difficultly posed
with identification of ‘true’ hits, which directly modify a phenotype, from ‘false’ hits
which act in an indirect manner by having a global effect on cellular machinery to
change the phenotype being scored. We, thus, chose to perform a screen
targeted to specific family of proteins rather than targeting the whole genome.
Primarily, this included the previously identified genetic interactors for wild type
VAP protein in the lab (Deivasigamani et al., 2014) and various other known ALS
loci ((Renton et al., 2014); (Abel et al., 2012; Andersen and Al-Chalabi, 2011).
Other categories included genes pertaining to ALS like Ubiquitin, Ubiquitin-
Proteosomal pathway genes, autophagy etc. The list of genes screened and their

Gene Ontology (GO) distribution can be seen in Figure 5B.

3. The high-throughput screen

The final screen was performed at screening facility at CCAMP-NCBS,
Bangalore. Parameters standardized for the 96 well-plate formats were modified
to suit the 384-well/high-throughput format (Figure 6). A flowchart of the steps
followed is displayed (Figure 6A). The time points chosen for visualization of
aggregates were 24 & 36 hours post CuSO4 induction with 500 yM CuSO4 for
used for induction.50 pl of cells (3 X 1076 / ml) were plated in each well for the
384 well plate obtained from Porvair. Each target dsRNA knockdown experiment
was run in triplicate. Figure 6B lists the parameters used for the final screen.

To account for systemic errors like well errors or plate-errors that can arise
due to errors in sizes of wells leading to inaccurate data collection; we

randomized the position of each of the triplicate data (Figure 6D).
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Chromus 384 well plates spotted with dsRNA
dsRNA (10ug/ul) (16 plates)

50 pL cells spotted per well for 48 hours Stable line

VAP (P58S-GFP)

500uM CuSO4 induction post knockdown for 24 and 36
hours

. . . . 1200 genes
20 images per field using THERMO Cellomics Array Scan

VTI.
20x — GFP and DAPI channel

MATLAB analysis

Percent cells
expressing aggregates Mean GFP levels

List
Enhancers/Suppressors

10ug/ml dsRNA concentration for Primary screen
48 hours VAPPS8-GFP

500uM CuSO, induction Secondary screen

— PRM-GFP / VAP-GFP/
24 & 36 hour Time point in GFP-VAPP58s
triplicates
THERMO Cellomics array scan Vti 384 well Corning, flat bottom
plates
Custom MATLAB Script for image
analysis - 20 fields per well

Fixing — Washing x2 — DAPI -
Washing x2 — Imaging
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Figure 6: A high througput screen based on parameters established in pilot
screens.

A. Workflow of the steps executed for the high throughput screen. The screen was
conducted on a 16 X 384 well Porvair glass bottom plate(s) using a THERMO Cellomics
Array Scan VTi. dsRNA for 1200 unique genes was procured from Chromous Biotech.
B.Standardized parameters for the final screen. Concentration of dsRNA, duration for
knockdown and optimal concentration of inducer that could allow monitoring of percent
cells expressing aggregates increasing or decreasing were fixed as mentioned. The
primary screen was performed on VAP®.GFP cell line in 384 well plates with glass
bottom. For imaging, an automated microscopy platform from THERMO was used.

C. Controls included in each plate to ensure the proper functioning of stable cell line and
knockdowns carried out by dsRNAs. Each gene was screened in triplicates and these
were randomly plated in the 384 well plate to reduce well and plate errors. Multiple
positive and negative controls were included in each plate to ensure dsRNA treatment.
Around 12000 cells were screened and imaged for each target knockdown.

D. Template for a sample plate shown (Plate map). Each plate contained 7 controls
occupying 42 wells. 114 unique genes were screened in each plate. Few genes were
kept as overlap between multiple plates to check for their consistency and
reproducibility.
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Each plate contained multiple controls that ensured the quality control for
each plate (Figure 6C, D). First, non-dsRNA treated CuSO, controls induced with
different concentrations of CuSOy (in triplicates) were used to plot standard curve
for each plate used for screen. This helped us confirm the concentration
dependent induction of VAP*®%:GFP protein induced in each plate. Second, to
ensure the efficiency of dsRNA treatment, dsRNA against VAP and GFP were
included in each plate. Third, to also check for reproducibility of the observed
phenotype (increase or decrease in percent cells expressing aggregates) post
knockdown we chose 4 targets that were repeated across the plates, which could
be used as potential controls to check for variation across all plates. For each
case if 2 of 3 targets fail to show reproducibility of phenotype, they are marked as
false positive (FP) or false negative (FN). If the FP or the FN rates are high for a

particular plate, the entire plate is discarded.

High throughput imaging was done using Thermo Array Scan VTI
automated station (Figure 6A). 10 fields were imaged per well and 400 cells were
imaged per field. Due to presence of triplicates for each sample, around 12000
cells were imaged for each dsRNA knockdown. Dual channel imaging was
performed with DAPI labeling each cell nucleus and GFP labeling the mutant VAP
aggregates. After Phase-1, we screened for all the genes (~10% Drosophila
genome) pertaining to the selected categories mentioned in Figure 5 and focused
on development of automated programs that could score for percent cells

expressing aggregates.

On completion of the analysis, we will perform the secondary screens for
the hits obtained from the primary screen on three cell lines — VAP:GFP; GFP
and GFP:VAPP®%% |n Phase-2, we expect to continue with the rest of the screen

with coverage of 50% of Drosophila genome in similar steps.

4. Analysis of the imaged data

The imaged data consists of over 2.5 lakh images including control and
test plates. Each well has been imaged using DAPI and GFP channel where both
the images are stored in Thermo Array Scan VTI proprietary format (*.C01).
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The most challenging part for large high content screening studies has
been data analysis. Previous studies have used software packages like MetaMorf
to analyze the acquired images (Zhang et al., 2010). Initially, we tried to use
commercial software such as Volocity and Cell profiler to identify and count
cellular inclusions. These methods were, however, discarded due to limited
accessibility to program servers and due to large amount of variation in
background noise leading to lack of identification of modifiers that behaved
robustly in our pilot screens. Cellular clumps led to difficulty in segmentation for
automated analysis software. Due to sheer amount of images (~2.5 lakhs),

analyzing these manually was a difficult task.

The *.CO1 files were converted using the Bio Format Importer plugin

(LOCI; http://loci.wisc.edu/software/bio-formats) or by a custom MATLAB script

that would import and process these images. We used both the means to
standardize and set up automated analysis. Here, | would be describing the latter,
where we developed a MATLAB script for computerized analysis of these

aggregates.

Cells were stained with DAPI after fixation to mark the nuclei. Introducing
additional steps for processing these samples for optimal imaging decreased the
auto-florescence from medium and removed all the floating cells from each field,
however it was sometimes seen to introduce debris / small particles in some
fields which would lead to problems during automated analysis. Thus, the first
step was to detect these debris / particles that had been arising in the well due to
manual error during washing or plate errors. Hence, the first part of the code set a
size cut-off for the DAPI signal. This meant only particles under acceptable sizes
were subjected to further analysis. After iteration of background correction, new
images were stored by the code as processed image. The code then read the
processed DAPI image and applied K-means clustering by 2 populations
assuming each image had pixels with significantly high intensity (florescent DAPI
signal) and pixels with lower intensity (background). Once clustered in 2 bins, the
high intensity fluorescent pixels were marked as nuclei, such that for each clump
of pixels, the peak of the Gaussian curve marked the center of the nucleus of the

corresponding cell. S2R+ cells are characterized to be semi-adherent cells with
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circular morphology. Under 20x magnification we estimated the cellular radius to
be around 10 pixels corresponding to 5 um. Using this estimate, we dilated each
center detected by 10 pixels and obtained Region of interests (ROlIs) that
represented each cell in the field. Around 400 ROls were obtained from each field
consistent with manually counted cells in these images. Although cells were
seeded with a confluency of around 30% in each field, clumping was observed
due to overgrowth of cells or during fixation and washing of samples. Since we
were interested in identifying the percent cells expressing aggregates, clumped
cells posed a big problem. Using ROls generated, we uniquely labeled each cell
and checked for intersection between these ROIs. If areas of any two ROIs
overlap more than 30%, the ROIs were marked as a clump and all the connected

pixels / ROls corresponding to clumped cells were deleted from the image.

Image extraction (Cellomics-BioFormats importer plugin)

Nuclear segmentation using K-means clustering

Top Hat filter implemented on the GFP image: for illumination correction and

background subtraction.

Segmentation on the GFP image (Initial K-means clustering with two

populations, to check dynamic range of the image).

In ROIs with cluster difference between foreground and background pixels in

grey is greater than 3%, clustering done using K means with 3 populations

Thresholding gives GFP aggregates image.

Region of interest calculated for the DAPi image used to calculate size of cell

using dilation.

For loop : to identify number of aggregates per cell.

Nuclear segmentation
ROI generation

— > | Analysis
Bl Clump deletion
Check expression
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Figure 7: Image Analysis.

A. Workflow of the steps executed for image analysis for the screen. All Images were
analysed in an automated manner using MATLAB codes.

B. Representative image for DAPI and GFP being processed to acquire various features
that are analysed by the MATLAB code.

To isolate background noise that was intrinsically present in the system we
needed to delete the background intensity from each pixel, making all the
background pixels to have zero value. However, since auto focus feature during
imaging was used on GFP channel that marked aggregates, many DAPI images
appeared to be at a small off-set (in z-axis), although they could be identified and
quantified. To optimize background correction, we generated another ROI by
dilating the radius by a bigger circle that encompasses the entire cell along with
few pixels surrounding cells. This was marked as ROI-2 that would quantify the
background noise in each image. Thus using DAPI, clumps are deleted, cells are
marked as ROls and ROI-2 is marked for background correction. GFP image is
read and pixels are scanned only in regions corresponding to area covered by
ROIs. To ensure optimal threshold conditions for each image due to varying
background noise we used variable cut-off that was calculated based on
background in each image rather than arbitrary fixed cut-off value.

Standard deviation for background in each image was calculated and
thresholding was performed after background correction by subtracting mean +
10 times SD of background intensity (obtained from ROI-2), allowing aggregates
to be highlighted for efficient counting. K-means clustering of 2 populations was
applied on the thresholded image to check for GFP aggregates in each cell. The
output file thus contained the following parameters: position of the image in the
384 well plate, field of image, total number of cells, percent cells expressing
aggregates, mean GFP intensity for ROIs, standard deviation for GFP intensity in

the ROls and the cut-off value.

Upon identification of percent cells expressing aggregates, another code
was written to compile and average the randomly arranged triplicate data
corresponding to a single gene. Due to the presence of noise in the system,

genes that would show changes in 2 of the total 3 replicates were marked as hits.
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The second method used to screen for hits from the screen used a more
robust methodology by accounting for inherent variability in the population of
screened cells. Similar to the first code, this also used DAPI image to remove
non-specific / noisy particles that were picked up in the images, mark cellular
nuclei and their corresponding cells and to remove clumps in each field. Average
GFP for each cell and total GFP intensity for each well were measured from the
DAPI channel generated ROIls and plots for population distribution for both these
cases were plotted and compared for each target knockdown. Kolmogorov-
Smirnov-like (KS) statistic was used to assign Z-scores to each gene on plate as
reported by (Dey et al., 2014) for their whole genome RNAI screen analysis —
“Exploiting Cell-To-Cell Variability To Detect Cellular Perturbations.” Negative and
positive control wells could be distinguished after normalization of mean and
variance in each plate from their resulting population distribution. Results
obtained from the method are shown in Table 1 and discussed in the next

section.

5. A list of modifiers of aggregation identified using the screen.

Two independent methods were used to generate a list of modifiers
in our screens. Since the list is an output of our primary screen, with secondary
screening to follow, we decided to set non-stringent thresholds so as not to lose
important modifiers. Table 1 lists the modifiers using the Analysis method of Dey
et. al. (Dey et al., 2014). The methodology for the other method is being refined
and the list is a work in progress.

Table 1: List of genes that modify kinetics of aggregation in VAP"**:GFP. The genes are
a small subset (4.8%) of the 1200 screened genes. The genes in bold are known ALS causing
loci in humans.

Modifiers | Name of Protein/Gene
CG9543 | Coat Protein (coatomer) epsilon
CG9347 | neither inactivation nor afterpotential B
CG9324 | Pomp
CG9291 | ElonginC
CG8998 | Regulator of cullins 2
CG8979 |-
CG8846 | Thor
CG8771 |-
CG8532 | liquid facets
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CG8465 | lethal (1) G0222

CG8219

CG8203 | Cyclin-dependent kinase 5
CG8057 | alicorn

CG7842 | bad egg

CG7504 |-

CG7158 | Amyotrophic lateral sclerosis 2 ortholog
CG6885 | -

CG6502 | Enhancer of zeste

CG6349 | DNA polymerase alpha 180kD
CG6345 | -

CG6302 | lethal (Lietal.) 01239
CG6147 | Tscl

CG5953 | -

CG5841 | mind bomb 1

CG5808 | -

CG5686 | chico

CG5520 | Glycoprotein 93

CG5387 | Cdk5 activator-like protein
CG5285 | -

CG5198 | hole-in-one

CG5092 | Target of rapamycin

CG4886 | cyclophilin-33

CG4627 | -

CG4319 | reaper

CG3412 | supernumerary limbs
CG3411 | blistered

CG31098 | -

CG3060 | morula

CG3051 | AMP-activated protein kinase alpha subunit
CG1768 | diaphanous

CG1747 | Sphingosine kinase 1

CG1736 | Proteasome alpha3 subunit, Testis-specific
CG17051 | dodo

CG15433 | Elongator complex protein 3
CG14490 | -

CG13296 | -

CG1318 | Hexosaminidase 1

CG12919 | eiger

CG12423 | -

CG11940 | pico

CG11793 | Superoxide dismutase
CG11777 | -

CG11335 | lysyl oxidase-like

CG11115 | Suppressor of Stem-Loop mutation ortholog
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(S. cerevisiae)

CG1100 | Regulatory particle non-ATPase 5
CG10956 | Serpin 53F

CG1081 | Ras homolog enriched in brain ortholog (H.
sapiens)

CG1063 | Inositol 1,4,5,-tris-phosphate receptor
CG10327 | TAR DNA-binding protein-43 homolog

The list contains a number of interesting targets, including Tor, Tuberous
Sclerosis Complex 1, Thor discovered earlier in a fly based genetic screen
(Deivasigamani et al., 2014), ALS causative loci (ALS1, ALS2, ALS10) and a
dozen genes that are defined as ALS-related (Abel et al., 2012). As we plan our
secondary screen, where we will use the hits obtained from Analysis Methods 1 &
2 and test these as modifiers of VAP:GFP and GFP, we have taken a few
interesting modifiers and have initiated the downstream process of validation and
characterization.

6. Validation of SOD1, Alsin & TBPH -targets discovered in our high

throughput screen.

An interesting finding from the list of aggregation modifiers was the
identification of other ALS loci such as Alsin, SOD1 and TBPH as modifiers
(Table 1, highlighted in bold; Table 2). Table 3 lists a few of the ALS-related loci
found in our screen (Abel et al., 2012). This result is reminiscent of the
observations made using a reverse genetic screen that was used to identify
genetic modifiers of VAP (Deivasigamani et al., 2014). This fly based screen,
using reduced macrochaetae of the Dorsal thorax of flies as a sensitized genetic
background (seen in Sca-Gal4 > UAS-VAP) was used to identify amongst 102
modifiers, the ALS genes SOD1, Alsin and TBPH. The same players are
significant hits in a completely independent experiment in S2 cells, using
VAPP%8S:GFP aggregation as a readout. This result strongly suggests a gene
regulatory network of VAP modifiers that exists in cells (including neurons) with
both VAP and VAP"*%S. The elements of this network (VAP, Alsin, SOD1, TBPH)

appear to be sensitive to each other’s activity.
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Table 2: List of ALS causative loci that modify kinetics of aggregation in VAP"***:GFP.

Gene Name |Chromosome Function
Amyotrophic
lateral sclerosis Rab guanyl-nucleotide
Alsin ALS2 2 ortholog 2933.2 exchange factor activity
ALS1 Superoxide
SOD1 dismutase 21922.11 antioxidant activity
ALS10| TAR DNA-
TARDBP/ binding protein- mRNA binding and
TDP43 43 homolog 1p36.22 processing

Table 3: List of ALS-related genes that modify kinetics of aggregation in VAP"*®:GFP.
Six of the fourteen genes that are identified as modifiers of aggregation in our screen. The
ninetten genes are defined as ALS-related genes by the ALSoD database (Abel et al., 2012).

Inositol 1,4,5,-
tris-phosphate
ITPR2 receptor 12p11.23 Calcium channel activity
1942- Serine-type endopeptidase inhibitor
AGT Serpin 53F q43 activity
LOX lysyl oxidase-like| 5g23.2 Scavenger receptor activity
Hexosaminidase
HEXA 1 15923 | beta-N-acetylglucosaminidase activity
Elongator
complex protein
ELP3 3 8p21.1 acetyltransferase activity
DIAPH3 diaphanous 13921.2 Rho GTPase binding

We validated SOD1, Alsin and TBPH by repeating the high throughput
experiments in-house in 96 well imaging plates, visualizing the aggregates using
EVOS FL Auto microscope. Our results confirmed the trends seen in our screen;
that knockdown of SOD1 decreased the formation of VAP"*%:GFP aggregates
while Alsin and TBPH knockdown led to an increase in aggregate formation. In
order to further understand the effect on VAP™%5:GFP levels, we utilized western

blots to monitor the change in protein levels on SOD1, Alsin and TBPH
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Figure 8: Validation. Knockdown of modifiers (SOD1, TBPH, Alsin) changes kinetics of
aggregation.

A. Images acquired from EVOS microscope under 20x for Mock, TBPH and SOD1 knockdown.
SOD1i shows reduced number of cells expressing aggregates whereas TBPHi shows an
increase in number of cells expressing. dsRNA for these experiments was made in-house using
clones procured from the DGRC Gold collection.

B. Western blots indicate that knockdown of SOD1 leads to a decrease of VAP™*®S:GFP
levels, equivalent to a two-fold reduction (250 pM) of protein expression while Alsin levels do
not change significantly.

C. Quantification for the western blot. Values normalized with intensity of GAPDH and further
normalized to control. (Error bars indicate SD; N=3) (* Indicates p-value less than 0.001g

D. Unlike in the case of SOD1 knockdown, knockdown of TBPH increases VAP™>*S:GFP
levels. An intense protein band is also seen at 45 kDa, suggesting a N-terminal deletion in VAP,
possibly the MSP domain.
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E. Quantification for the western blot. Values normalized with intensity of Tubulin and further
normalized to control. (Error bars indicate SD; N=3) (* Indicates p-value less than 0.001)

As shown in Figure 8, knockdown of SOD17 decreased the levels of
VAPP*8S:GFP (a 60 kDa band) by 50% as compared to a VAP knockdown, that
decreased levels by 80%. VAP"*%:GFP levels increased by 100% on knockdown

of TBPH, which led to an increase in VAP"%8S

aggregates. Interestingly, the most
dramatic change was the increase in a cross-reactive band at 45 kDa. Based on
its size and cross-reactivity to the anti-VAP (CCD domain) antibody, we predict

that this may correspond to cleaved VAP"*®S:GFP without the MSP domain.

7. SOD1 knockdowns lead to a decrease in VAP aggregation.

One of the key findings from our screen was that knockdown of Super-
oxide Dismutase (SOD1) led to 40% decrease in cells expressing VAP ®S:GFP
aggregates. The phenotype was reproducible and statistically significant. SOD1
was the first genetic loci identified in ALS. Multiple mutations in the wild type
SOD1 protein have been reported to lead to misfolding and aggregation and the
manifestation of ALS. It has been reported that VAP levels are reduced in mice
ALS models of mutant SOD1 background (Teuling et al., 2007). Here, we report
the perturbations of mutant VAP"%S:GFP levels upon decrease in SOD1 activity
by RNA..

As shown in Figure 8, using western blots, we validated the levels of
VAPP®®S:GFP levels in the SOD1 knockdown background. Consistent with the
screen data, we detected lowered protein levels of mutant VAP"*%:GFP in
western blots. To further check for effect of SOD1 dsRNA on metallothionein
promoter, we checked the effect of SOD1 dsRNA on VAP:GFP and GFP alone.
No change was seen on VAP:GFP or GFP protein levels on SOD1 knockdown in
the respective cell lines (Data not shown) indicating that the effect was specific to
the aggregation prone form of VAP.

Further we checked the effect on aggregation of VAP"**:GFP upon
overexpression of SOD1. Epi-fluorescence images did not show a significant up
regulation in aggregate expressing cells. However western blotting showed an
increase in VAP"°®S:GFP levels upon over expression of SOD1 in S2R+ cells
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(Figure 9). The experiments are preliminary and need to be repeated with
different loading controls.
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Figure 9: Overexpression of SOD modify VAPP*®%:GFP levels but not VAP
protein levels.

A. Protein levels of mutant VAP are changed on expression of SOD-HA.
However, SOD overexpression fails to modify levels of wildtype VAP.

B. Quantitation of band intensity in western blots using Image-J indicates an

increase in VAP"®$:GFP but no change in VAP:GFP on overexpression of
SOD1.(N=2)

The most striking phenotype being the decreased aggregation of
VAPP8S:GFP in S2 cells; the same experiment was carried out in flies, with
change in aggregation of untagged VAP"*®® measured in larval brain tissue. As
shown in Figure 10, in fly brains with overexpressed VAP"*®S aggregates are
formed with numbers dependent on level of VAP"*%S expression, which more at

25 °C as compared to 18 °C, based on temperature dependent Gal4
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expression.

C155>VAPpP-8 C155>VAPP58S:VAPi/+|  C155>VAPP8S;SOD1i/+

C155>VAPP85,VAPI/+ C155>VAPP85,SOD1i/+

Figure 10: Knockdown of SOD1 in Drosophila brain decrease VAP"**® aggregate
formation.

Representative images of expression of mutant VAP-P58S aggregates driven by pan-
neuronal C155-Gal4 at 25°C (A) and 18°C (D) in the ventral nerve cord, immunostained with
rabbit anti-CCD (VAP) antibody and imaged using Zeiss 710 confocal microscope.
Knockdown of VAP leads to dramatic decrease in number of aggregates (B and E) as
compared to C155>VAP"*% control (A and D). Knockdown of SOD1 leads to considerable
decrease in number of aggregates (C and F) as compared to C155>VAP"*% control (A and
D). This knockdown however is not as dramatic as VAP knockdown (B and E). Figure
contributed by Kriti Chaplot.

Knockdown of VAP transcripts by RNAI (Figure 10 B & E) leads to a
reduction of expressed protein and thus reduction of number of aggregates.
Similarly, reduction of SOD1 transcripts also led to reduction in VAPP8S
aggregates. This result, in a cell type different from S2R+ cells, confirms that
VAPP®S protein/aggregate levels are sensitive to SOD1 activity and these levels
fall with decrease in SOD1.

8. Decrease in VAP aggregation may be a response to increased ROS.

The decrease in aggregation for VAP™®5:GFP on knockdown of
SOD1 is intriguing. A primary function for SOD1 in the cell is the regulation of
superoxide radicals (Muller et al., 2006). SOD1 reduces super oxides to peroxide

(H202) and water. One effect of malfunction or reduction of SOD1 activity would
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be an increase in superoxide levels in the cell.
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Figure 11: Decrease in aggregation of VAP"*®*S may be a result of increased ROS in cells.

A. Paraquat, a chemical used to induce production of ROS species in cells, when added to the
VAP™:GFP stable line appears to lead to a decrease of cells with aggregates. Cells
expressing VAPP®S:GFP were treated with 10mM and 20mM Paraquat for 24 hrs prior to
induction with 500uM CuSO4. Trypan Blue assay was used to account for cell death. Cell
viability was estimated to be 97% for control and 92.8% and 92.3% for 10mM and 20mM
treatment with Paraquat respectively. The samples were then processed for westerns.

B. Quantitation of percent cells with aggregates indicates a 2.5 fold decrease at 20 mM
Paraquat. (Error bars indicate SD) (cells counted =1000)

C. Western blots of cells treated with Paraquat indicate a decrease in both VAP and
VAPP8S:GFP protein levels, which in turn would account for a decrease in aggregates.

D. Quantitation of the western blots, showing 2-3 fold decrease in VAP"*® |evels on addition of
Paraquat to cellular media. (N=2)

An independent method to increase superoxide levels without perturbing
SOD1 levels is the addition of the chemical agent Paraquat (Oeda et al., 2001). In
order to test if the decrease of aggregates of VAP™® was indeed in response to
increased superoxide levels, we added Paraquat to the liquid media. Increasing
amounts of Paraquat 10mM and 20mM (Figure 11-A, B) lead to 30% and 70%
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decrease of percent aggregation in the VAP"*%:GFP line respectively (p-value
0.003 and 0.0004 respectively), which appeared to be because of decrease in
VAPP*8S:GFP protein levels (Figure 11-C). This result appears to confirm that the
decrease in VAP levels is an effect of increase superoxide levels. Though this
data is interesting, we do not, as of now, have a mechanistic understanding of the
relationship between these two events.
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In the era of high throughput genomic screens, S2 cells have been the
primary workhorses for many cell based genetic screens (Agaisse et al., 2005;
Boutros et al., 2004; D'Ambrosio and Vale, 2010; Goshima et al., 2007; Nybakken
et al., 2005). Over a hundred genomic screens have been carried out by the
Harvard based Drosophila RNAi Screening Centre alone (DSRC) (Flockhart et
al., 2012). Recent developments in the field of imaging and microscopy coupled
to genetics have encouraged the use of high-throughput cell-based screens to
identify genes responsible for complex cellular pathways. However, only a limited
number of screens have been performed to identify modifiers of aggregation
underlying neurodegenerative disorders. Initial screens (Teuling et al., 2011;
Zhang et al., 2010) examined the effect of knocking down of genes on aggregates
in Drosophila melanogaster tissue culture cells and also in human cells
respectively. High throughput RNAi screening techniques along with automated
image acquisition has identified image analysis a rate-limiting step in most of
these studies.

In this study using an RNAi knockdown strategy we successfully report an

assay to identify modifiers of VAP"°%S

aggregation in S2R+ cells. The methodlogy
is based on earlier screens, with the change that we use a VAP™®5:GFP fusion to
visualize aggregates by epifluorescence. Of the 1200 genes screened we find
that 58 genes that on knockdown modifiy aggregation. These 58 genes need to
be validated through the planned secondary screens using VAP:GFP and GFP
cell lines. Validation steps allow us to rule out non-specific effects that are not

related to specific modification of VAP"*®® aggregation kinetics.

As of 2015, 26 loci have been identified that are affected or involved in
ALS. These include proteins like SOD1, TDP-43, Alsin, Ataxin, VAP that are
involved in varied cellular processes. It is yet unclear how single or multiple point
mutations in one or more than one of these loci lead to the same disease. We
hypothesize that there might be a pathway by which these genes might be
interconnected and perturbation of this pathway can lead to the disease. The

1200 genes we screened contain 56 ALS loci, contributing to 4% of screened
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targets. We find that 17 genes (15% of identified hits) affected aggregation
kinetics, thus supporting our hypothesis. The 17 genes however need to be
validated and intercations shown to have biological significance either for cellular

homeostasis or disease.

The most common mutant of SOD1 protein, G93A has been shown to
aggregate and form intracellular inclusions. C. Hoogenraad and group have
reported perturbation of wild-type VAP levels in mutant SOD1 cases using mouse
as model system (Teuling et al., 2007). However, no one has yet reported the
effect of SOD1 knockdown on mutant VAP levels conditions. We here show
evidence that VAP™® |evels might be regulated by SOD1 levels leading towards
a possible cross talk between these ALS causing loci. We had also screened for
genes pertaining to categories like autophagy (117 genes contributing to 9% of
total screened genes) and ubiquitin proteasome pathway (98 genes contributing
to 7% of screened genes). We identified 5 genes and 19 genes corresponding to
4% and 17% of identified hit list that are involved in autophagy and UPS pathway.
Inclusion bodies in ALS have been shown to co-localize with proteins like
ubiquitin, p62 and chaperones leading researchers to believe that Ubiquitin
proteasome system (UPS) and autophagy-lysosome system plays a vital role in
clearing or containing the aggregated proteins (Blokhuis et al., 2013).

In this study we have have also validated one target from the screen,
namely SOD1. As shown in results, SOD1 knockdowns appear to reduce the
levels of VAPP*®S:GFP protein the cells and thus reduces levels of aggregates.
This affect is interesting, especialy considering that transcription is driven not by
a native promoter but by a metallothionein promoter that is constitutively active.
This strongly suggests that the decrease in protein levels is a post-transcriptional
response, possibly because of increased turnover of the protein by cellular
pathways that degrade the soluble or aggregated protein. SOD1 functions in the
cell to regulate the levels of superoxides which are a by product of mitochondrial
physiology and are toxic to cells if not contained. One effect of SOD1 knockdown
is the increase in superoxide levels in the cell, which in turn may lead to the

increased turnover of proteins in general or VAPP*%°

PPSBS

in particular. We tested the

relationship between VA reduction and superoxide levels by inducing
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superoxide levels, without knocking down SOD1 using the chemical agent
paraquat. Paraquat addition to the culture media led to a dramatic decrease in
both VAP protein levels as also aggregation. This suggests a mechanistic link
between SOD1 and VAP™® via levels of cellular superoxides.
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Figure 12: A mechanistic model for the interaction of VAPB"*® with SOD1 ,TBPH and
Alsin.

Our data indicates that VAPB"*®*® aggregates are affected by both SOD1, a cytoplasmic
protein with antioxidant function as well as TBPH, a protein implicated in mRNA binding and
processing. Our data suggests that VAPB™*®S aggregate formation is sensitive to superoxide
levels in the cell, based on data from SOD1 knockdown and paraquat treatment. The
mechanism for the effect of TBPH on VAPB™*®® aggregate formation in unknown and may
involve regulation of VAPB mRNA. Alsin has not been well characterized, with possible
roles as a Rab GTPase regulator. Its role in modifying VAPB"°®® aggregation may be via
regulation of endosomal trafficking.

Mutations in Alsin gene have been implicated to lead to juvenile recessive
form of ALS2. Alsin is an activator for small GTPase Rab$, which is involved in
endosomal dynamics (Kunita et al., 2007). The 2015 study using Drosophila as a
model system, reports abnormal accumulation of Rab5 proteins in eye imaginal
discs in background of expression of mutant VAP protein (Sanhueza et al., 2015).
Alsin could thus be regulating aggregation of VAP by perturbing levels of
Rab5.
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The Drosophila homologue for TDP-43 (Tar DNA binding protein-43) is
TBPH that is associated with ALS. TDP-43 is conserved ubiquitously expressed
protein that has been shown to contain multiple RNA binding motifs that are
involved in mRNA splicing, transcription, stability and transport. Perturbing levels
of wild type TBPH in flies has been reported to lead to key neurological disorders
like motor defects, decreased life span (Diaper et al., 2013b). In brains of patients
with ALS, FLTD and Alzheimer's, TDP-43 positive inclusions have been observed
in the cytoplasm. Transgenic mice expressing ALS8 associated VAP"*®® are
shown to develop cytoplasmic TDP-43 and ubiquitin positive aggregates in motor
neurons (Tudor et al., 2010).

In summary, | have successfully established a Schneider cell based
system for a high throughput screen that can identify modifiers of ALS8 cellular
inclusions. Methodlogy for knockdown and imaging has been standardized and
1200 genes have been tested in the first phase of the proposed whole genome
screen. Various methods have been explored for analysis of the imaged data so
as to extract information on modifiers of VAPP**S_ This entire effort establishes
the protocols developed as a useful way to understand neuroaggregation. A key
result is the identification of other ALS loci as modifiers, especially SOD1. A
mechanistic exploration of the dependancies of different ALS loci on each other
using cellular and animal models, as planned in our study should lead to a better
understanding of initiation and progression of ALS in humans.
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MATLAB Code used for Image Processing and Analysis

wellvec=('A','B','C','D','E','F','G','H",'1','3','K','L','M','N','0','P");
slashtype='/"; $dependent on OS.

r
nucleiSize = 30;
LargeObjSize = 300;
idxl=findstr(slashtype,inputdir); $ResultMat
cc=date; cc = strrep(cc, '-', '');
resultmat = [inputdir(idxl(end)+l:end) ' ' cc '.mat'] %Output analyzed file

filepath=fuf([inputdir slashtype '*.C01'],'detail'); %Path
filepath=filepath{l};
reader = bfopen(filepath);

welldatamat=[];namevec={};frac_agg=[];frag ratio=[];

for i=l:size(reader,1) $length(reader)-1
seriesl = reader{i,1};
gfpl=seriesl{2,1}; %Read GFP

gfp=double(imtophat (gfpl,strel('disk',12)));

dapi=seriesl{1l,1}; %Read DAPI
dapimain = dapi;
dapi = double(imtophat(dapi,strel('disk',60)));

wellsrch='wWell '; $Map Well-ID
metadata=seriesl{1,2};

idxl=findstr(wellsrch,metadata);
wellid=metadata(idxl(end)+length(wellsrch):idx1l(end)+length(wellsrch)+2);
wellx=strmatch(wellid(1l),wellvec, 'exact');

welly=str2double(wellid(2:3));

fieldsrch='Field #'; $FieldID
idx2=findstr(fieldsrch,metadata);

fieldnumber=str2double (metadata(idx2(end)+length(fieldsrch):idx2(end)+length(fie
ldsrch)+1));

f= im2bw(mat2gray(double(dapi)), 0.2); $Cluster 20% highest
pixels

f = bwareaopen(£f,60);

f = ~£f;

dapi = double(dapi).*f;
% Florescent and background on DAPI
[aa ii]=kmeans(double(dapi(:)),2, 'emptyaction’', 'singleton');

linvecl=dapi(:); % finds minimum pixel intensity of each class
threshvec=[min(linvecl(aa==1)) min(linvecl(aa==2))1];

imgl=dapi>max(threshvec); % marks that class that has maximum intensity
img2=bwareaopen(bwlabel(imgl),LargeObjSize);
pixidx=intersect(find(imgl==1),find(img2==0) % removes cell clumping
finimg=zeros(size(dapi,l),size(dapi,2));

finimg(pixidx)=1;

nfinimgd = zeros(size(dapi,l),size(dapi,2));
npixidl= intersect(find(imgl==0),find(dapi==1));
nfinimgd(npixidl)=1;

finimg=imclearborder (bwareaopen(finimg,nucleiSize)); %filter through cells
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centvec=regionprops (bwlabel(finimg), 'Centroid', 'Area'); %Threshold GFP

zerovecl=zeros(size(dapi,1l),size(dapi,2));
zerovec3l=zerovecl;
gfp_img=zerovecl;tmpimg=zerovecl;
ag_idx=1;

for z=1l:length(centvec)

zerovec=zeros(size(dapi,1l),size(dapi,2)); ¢make and empty image

idx=z;

[

zerovec (round(centvec(idx).Centroid(2)),round(centvec(idx).Centroid(1l)))=1;

zerovec=imdilate(zerovec,strel('disk',11)); %generate ROI by 11
zerovec3=imdilate(zerovec,strel('disk',30)); %negative area ROI

idx2=find(zerovec>0);

nidx2 = find(zerovec3>0);

zerovec3(nidx2)=z; $negative ROI
zerovec (idx2)=z;

zerovecl=zerovecl+zerovec;

zerovec3l = zerovec3l+zerovec3; $negative ROI cutoff

clear nidx2 idx2 idx;
end

clear negpixid;
negpixid=intersect(find(nfinimgd==1),find(zerovec31==0));
clear jj;

jj=gfp(negpixid);

cutoff=mean(jj)+10*std(jj);

cutoff2 = mean(jj)+5*std(jj);

clear idx2 idx3;

imgl=gfp>cutoff; $thresholding by z-score

t_imgl=gfp>cutoff2;
img2=bwareaopen(bwlabel(imgl),10);
img3=bwareaopen (bwlabel(imgl),150);

t_img3=bwareaopen(bwlabel(t_imgl),150);
pixidx=setdiff (find(img2==1),find(img3==1));
finimgl=img2;
finimg2=zeros(size(gfp,1),size(gfp,2));
finimg2 (pixidx) = 1;

imgl=finimgl;

idx3=intersect(find(zerovecl>0),find(finimg2>0));
gfp_img(idx3)=gfp(idx3);

line gfp = double(gfp(:));
lin gfp img = line gfp(idx3);

agr_img=zerovecl (idx3);

aggregates(i,l)=length(unique(agr_img))-1;

total cells (i,1l) = z;

welldatamat(i,:) = [total_cells(i,l), wellx, welly, fieldnumber,
aggregates(i,l),mean(lin_gfp img),std(lin_gfp img),mean(jj),cutoff];

namevec=[namevec ; [wellid ' ' num2str(fieldnumber)]];
mat_cell(wellx,welly) = mat cell(wellx,welly)+total cells(i,1l);
mat_ag(wellx,welly) = mat_ag(wellx,welly)+aggregates(i,1l)

end

plate(counter,1l).matcell = mat_ cell;
plate(counter,1l).matag = mat_ag;
plate(counter,l).matratio = mat_ag./mat_cell;
save(resultmat, 'welldatamat', 'namevec', 'plate');
end

% round centroids to integers
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