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A Druggable Genome Screen Identifies Modifiers of �-Synuclein
Levels via a Tiered Cross-Species Validation Approach
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Accumulation of �-Synuclein (�-Syn) causes Parkinson’s disease (PD) as well as other synucleopathies. �-Syn is the major component of
Lewy bodies and Lewy neurites, the proteinaceous aggregates that are a hallmark of sporadic PD. In familial forms of PD, mutations or
copy number variations in SNCA (the �-Syn gene) result in a net increase of its protein levels. Furthermore, common risk variants tied to
PD are associated with small increases of wild-type �-Syn levels. These findings are further bolstered by animal studies which show that
overexpression of �-Syn is sufficient to cause PD-like features. Thus, increased �-Syn levels are intrinsically tied to PD pathogenesis and
underscore the importance of identifying the factors that regulate its levels. In this study, we establish a pooled RNAi screening approach
and validation pipeline to probe the druggable genome for modifiers of �-Syn levels and identify 60 promising targets. Using a cross-
species, tiered validation approach, we validate six strong candidates that modulate �-Syn levels and toxicity in cell lines, Drosophila,
human neurons, and mouse brain of both sexes. More broadly, this genetic strategy and validation pipeline can be applied for the
identification of therapeutic targets for disorders driven by dosage-sensitive proteins.
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Introduction
Altered protein levels are at the core of many neurodegenerative
diseases. For example, altered levels of the amyloid precursor

protein (APP), either due to trisomy of chromosome 21 (Down
syndrome) or segmental duplications, cause early-onset Alzhei-
mer’s disease (AD) (Wisniewski et al., 1985; Rovelet-Lecrux et al.,
2006; Antonarakis, 2017). Similarly, changes in the levels of pro-
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Significance Statement

We present a research strategy for the systematic identification and validation of genes modulating the levels of �-Synuclein, a
protein involved in Parkinson’s disease. A cell-based screen of the druggable genome (�7,500 genes that are potential therapeutic
targets) yielded many modulators of �-Synuclein that were subsequently confirmed and validated in Drosophila, human neurons,
and mouse brain. This approach has broad applicability to the multitude of neurological diseases that are caused by mutations in
genes whose dosage is critical for brain function.
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teins, such as PMP22, GRN, and Tau, contribute to a broad spec-
trum of neurodegenerative diseases (Gendron and Petrucelli,
2009; Li et al., 2013; Petkau and Leavitt, 2014; Ward et al., 2017).
Thus, studying the molecular mechanisms that govern the levels
of disease-linked proteins is essential for understanding disease
pathologies and developing therapeutic approaches.

Parkinson’s disease (PD) is a prototypical neurodegenerative
disease that can be driven by changes in gene dosage and subse-
quently protein levels. It is characterized pathologically by the
accumulation of wild-type �-Synuclein (�-Syn) in proteinaceous
aggregates called Lewy bodies, and Lewy neurites (Spillantini et
al., 1998; Wong and Krainc, 2017). Moreover, duplications and
triplications of the �-Syn gene (SNCA) are sufficient to cause
autosomal dominant PD (Singleton et al., 2003; Chartier-Harlin
et al., 2004; Ibáñez et al., 2004). Individuals with gene duplica-
tions present with clinical features similar to those of idiopathic
PD (Chartier-Harlin et al., 2004; Ibáñez et al., 2004), whereas
those with gene triplications manifest a more malignant disease
phenotype characterized by early age of onset and more rapid
progression, including development of dementia (Singleton et
al., 2003; Devine et al., 2011). Additionally, PD-associated risk
variants in regulatory elements of SNCA cause small increases in
its transcript levels (Soldner et al., 2016). Thus, in humans, there
is a clear connection between �-Syn levels and disease severity.
This finding has been replicated in animal models, as overexpres-
sion of wild-type �-Syn is sufficient to drive pathological and
behavioral abnormalities similar to those seen in PD (Kirik et al.,
2002; Fleming et al., 2004; Chesselet et al., 2012; Chouhan et al.,
2016). To date, studies have focused on the downstream effects of
�-Syn toxicity and how its accumulation might drive degenera-
tion. However, little is known about the upstream post-
transcriptional and post-translational mechanisms that regulate
�-Syn levels (Cooper et al., 2006; Kuwahara et al., 2008; Chung et
al., 2013; Gonçalves et al., 2016; Yedlapudi et al., 2016; Rousseaux
et al., 2017). Given these connections between �-Syn and PD
pathogenesis, identifying factors that regulate its levels will shed
additional insight into PD pathogenesis and open new therapeu-
tic avenues.

We previously developed an arrayed screening strategy to
monitor steady-state levels of dosage-sensitive proteins, such as
Ataxin-1 (Park et al., 2013), �-Syn (Rousseaux et al., 2016), and

Tau (Lasagna-Reeves et al., 2016; Rousseaux et al., 2016), based
on the Global Protein Stability methodology (Yen et al., 2008).
Individual samples of cells stably expressing a bicistronic reporter
construct were queried by genetic disturbance (siRNA) to iden-
tify modifiers of the target proteins’ levels. While these screens
were successful in identifying modulators, they were limited in
their scope because each gene was queried individually. To bypass
this limitation, we developed a pooled screening approach for
protein levels that was modeled after dropout screens previously
used to identify modifiers of cell viability in several cancer types
(Westbrook et al., 2005, 2008; Schlabach et al., 2008; Hu et al.,
2009; Luo et al., 2009; Emanuele et al., 2011; Kessler et al., 2012).
In this study, we developed a strategy that can be generalized to
any protein. We describe the approach to screen and validate
druggable modulators across different species, including Dro-
sophila, human neurons, and mice. Using this approach, we high-
light six among 60 previously unknown regulators of �-Syn levels
that provide insight into PD pathogenesis and development of
disease modifying therapeutics.

Materials and Methods
Druggable genome library generation
A whole genome shRNA library was designed based on the shERWOOD
algorithm (Knott et al., 2014). Ten hairpins with the best shERWOOD
score targeting each gene were selected. Hairpins were grouped into dif-
ferent sublibraries based on the functional categorization of their target
genes, and synthesized as 97mer oligos on chip by Agilent Technologies.
The chip material was amplified using primers SiRNAf: 5�CTAATT
GATCTTCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG, Si-
RNAr-long: 5�ATGTTACTAACTGAATTCCGAGGCAGTAGGCA and
Accurime PFX (Invitrogen) with 7% DMSO. PCR product was then
digested with EcoRI and XhoI, gel purified and cloned into EcoRI and
XhoI digested pMSCV(Murine Stem Cell Virus)-PM-Phes vector.

Lentiviral production and titering
Library preparation. Retrovirus was produced using standard protocols.
Briefly, low-passage HEK293T (ATCC CRL-3216; RRID:CVCL_0063)
cells were transfected at 80%–90% confluency in a 150 mm dish with a
7:1:1 ratio of pMSCV-library, Gag/Pol, and VSV-G (total of 48 �g of
DNA, transfected using 144 �l of Mirus TransIT reagent [MIR 2706]).
Media was changed the next day to low volume media (10 ml). Superna-
tants were collected at 48 and 72 h after transfection. The 48 and 72 h
supernatants were collected and centrifuged at 4000 � g for 10 min to
remove cellular debris. Supernatant was then filtered through a Poly-
ethersulfone filter (VWR, 28145-505) before being aliquoted and snap
frozen. Virus was thawed on ice before each use and 4 �g/ml of polybrene
(Millipore, TR-1003-G) was added to the viral supernatant to improve
infection efficiency.

Titering. Retroviral titering was performed on Daoy cells (ATCC cat-
alog #HTB-186, RRID:CVCL1167) using serial dilutions of the virus via
a variation of the Open Biosystems pGIPZ method (Thermo Fisher Sci-
entific). Because the libraries do not contain a fluorescent reporter, pu-
romycin resistance-based selection was used as a tool to count-positive
colonies. Briefly, Daoy cells were plated on a 24-well plate at 1 � 10 4 cells
per well. The next day, serial dilutions of the viral stock were made in a
round-bottom 96-well plate. Daoy cells in the 24-well plate were infected
with different viral amounts. The next day (36 – 48 h after plating, 24 h
after infection), media was changed to puromycin (1 �g/ml)-containing
DMEM (Thermo Fisher Scientific, MT10013CM). Cells were cultured in
puromycin for 3 d, changing the media once to remove dead cells. Four
days after infection (3 d after selection), puromycin-resistant colonies
were counted for each well and viral titer was estimated accordingly. On
average, viral titers of the MSCV libraries corresponded to 2–10 � 10 5

transduction units/ml.
Individual lentivirus preparation. Individual lentiviral preparations

were generated as above with a few alterations. Low-passage HEK293T
cells were transfected in 150 mm dish and 96-well format at 80%–90%
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confluency with a 4:3:1 ratio of pGIPz, psPAX2, pMD2.G (total of 45 �g
and 210 ng for 150 mm dish and 96-well formats). Media was collected at
48 and 72 h and frozen down before being used for downstream appli-
cations. For viruses produced in 96-well format, viral titer was estimated
for a subset of the viruses to ensure adequate viral delivery for down-
stream applications. For virus produced in 150 mm dishes (used for
human neuron experiments), the virus was titered as described in
Retroviral production. The only difference in titering method was
that we used the GFP marker in the pGIPZ constructs to count colo-
nies. Viruses produced in 150 mm dishes were concentrated 100-fold
using Lenti-X concentrator (Clontech, 631231), according to the
manufacturer’s instructions.

Pooled shRNA screen
Cell culture. Daoy cells stably expressing a bicistronic dual reporter con-
struct, DsRed-IRES-SNCA-GFP (Yen et al., 2008; Rousseaux et al., 2016)
were cultured in DMEM supplemented with 10% FBS (Atlanta Biologi-
cal, S11150) and 1% antibiotic/antimycotic (Invitrogen, 15240-062).
This medium is referred to as complete DMEM. Cells were infected at a
multiplicity of infection of 0.3 with a representation of 2000x in 150 mm
culture dishes. This number was used as it allows for single-copy integra-
tion of viral genomes into target cells. One day after infection, media was
changed to puromycin-containing media (1 �g/ml) to select for infected
cells. Three days following puromycin selection, media was changed to
complete DMEM and cultured for an additional 6 d, for a total of 10 d of
culture after infection. Cells were cultured in sufficient numbers to main-
tain 1000 –2000x representation. Of note, an uninfected plate was also
subjected to puromycin selection to ensure its efficacy. At each instance
of sorting, a plate-containing reporter cells infected with shRNA library
was trypsinized and maintained in a single-cell suspension in sorting
buffer (1x PBS containing 2% FBS and 1 mM EDTA). This cell suspen-
sion was then sorted using a SH800 cell sorter equipped with a 100 �m
nozzle (SONY Biotechnology). Cell populations containing the lowest
5% and the highest 5% GFP/DsRed ratio (gated from the alive, single-cell
population) were sorted to at least 50 –100x representation and pelleted.
In each sorting instance, postsort purity confirmed that there was a sig-
nificant enrichment of cells in the low and high 5% populations (�85%).
For each sorted replicate, cells were spun down for 10 min at 4000 � g at
4°C and frozen for downstream analysis.

Genomic DNA extraction, PCR amplification, and next generation se-
quencing. Frozen cell pellets were thawed at room temperature, and
genomic DNA was extracted using the Blood and Tissue DNeasy Blood
and Tissue Kit (QIAGEN, 69506). The DNA was extracted according to
the manufacturer’s instructions with the following exceptions: (1) the
tissue lysate was applied twice to the DNeasy Mini spin column (step 4 of
the Quick start protocol) to increase yield; and (2) Step 8 (DNA elution)
was also repeated twice for increased yield. shRNA hairpins were ampli-
fied using two consecutive PCRs with the following primers:

PCR1: amplify half-hairpin from genomic DNA. JH353F-ext: TCGTC
GGCAGCGTCAGATGTGTATAAGAGACAGTAGTGAAGCCACAGA
TGTA and MSCV 3� ext KK7: GTCTCGTGGGCTCGGAGATGTGTAT
AAGAGACAGTATAAACGGTTGGTCTTCCAA.

PCR2: add indices to each sample. The following index combinations
were used for indexing 12 samples at a time (Nextera Index Kit; Illumina,
FC-121-1011): N503/N701, N503/N702, N503/N703, N503/N704,
N503/N705, N503/N706, N504/N701, N504/N702, N504/N703, N504/
N704, N504/N705, and N504/N706.

PCR2 was cleaned up using AMPure XP beads (Beckman, A63881) as
per the manufacturer’s protocol. Samples were then run on a Pippen
prep (Sage Science; target size 339 bp), Qubit (Thermo Fisher Scientific),
and Bioanalyzer (Agilent Technologies) to allow for proper quality con-
trol. Following this, samples were run on an Illumina HiSeq2500 with
150 bp single-end reads on rapid run mode using a 25% PhiX spike-in to
control for sequence clustering and diversity.

Analysis of sequence data from the screen. FASTQ files generated from
the HiSeq2500 runs were analyzed through a standalone pipeline of
CRISPRcloud (https://github.com/hyunhwaj/CRISPRcloud-standalone)
(Jeong et al., 2017). Based on four different measures of shRNA knock-
down efficiency/consistency (hit ratio, directionality score, conflict

score, and enrichment score), we set the criteria of goodness of each
measure as follows: hit ratio � 0.35; directional score � 0.75; conflict
score � 0.2; and enriched shRNAs in the low group � 2.

From these criteria, we defined tiers of each gene with the following
rules: Tier 1, genes satisfy all four criteria; Tier 2, genes fulfill three crite-
ria; Tier 3, genes meet any of two criteria; Tier 4, genes satisfy only one
criterion; and Tier 5, genes do not meet any criteria.

Results from this analysis yielded 350 Tier 1 genes. Complete analysis is
presented in Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.
0254-18.2018.t1-1.

�-Syn ELISA
To monitor �-Syn levels, ELISA was performed on HEK293T cells pre-
viously infected with lentiviruses harboring shRNAs against the targeted
gene of interest; 5 � 10 3 cells were plated per well in a 96-well flat-bottom
dish in quadruplicates. One day later, cells were infected with 40 �l of
viral supernatant (corresponding to a multiplicity of infection of �5).
Two days after infection, media was changed to puromycin-containing
media (1 �g/ml) for 3 d to allow for selection of lentivirus expression.
turboGFP signal was further monitored to confirm viral expression
across wells. Over a period of 11 d, cells were split into 24-well plate
format and harvested using RIPA (50 mM Tris, pH 7.5, 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate; 1% NP-40, 5 mM EDTA, pH 8.0)
buffer-containing protease and phosphatase inhibitors (1�, Gendepot,
P3100 –100, P3200 – 020) as well as DNaseI (10 �g/ml, Roche Diagnos-
tics, 10104159001). Because of the dilution step in the ELISA, cells had to
be lysed in a low volume (30 �l/well for a 24-well plate) and thus adding
DNaseI helped reduce viscosity. Lysis was performed on a rocking plat-
form at 37°C for 10 min as this allowed for the best extraction. A com-
mercial �-Syn ELISA kit (Invitrogen, KHB0061) was used to measure
�-Syn levels, and a series of standards ranging from 0 to 15 ng/ml were
used to quantify the absolute amount of �-Syn. Samples were then di-
luted 1:5 in standard dilution buffer before moving forward with the
standard kit-provided protocol. Absorbance was read at 450 nm using a
Synergy 2 plate reader (Biotek).

Western blot analysis
Samples (either from ELISA or prepared fresh from cells or mouse brain)
were lysed in RIPA buffer, diluted 1:1 with Laemmli buffer (2x) (Sigma-
Aldrich, S3401-10VL), and heated at 95°C for 10 min; 10 –30 �g of sam-
ple (concentration measured using the BCA assay, Thermo Fisher
Scientific, PI23225) was loaded on a 4%–12% NuPAGE gel (Invitrogen,
NP0336BOX). Samples were transferred onto Immobilon-FL PVDF
(0.45 �m, 26.5 cm � 3.75 m, Millipore, IPFL00010) in Tris-glycine buf-
fer supplemented with 10% methanol using Mini Trans-Blot Electro-
phoretic Transfer Cells (Bio-Rad, 1703930) at 340 mA for 1 h at 4°C.
Membranes were then dried for 1 h before being reactivated using 100%
methanol for 15 s. Reactivated membranes were blocked in LI-COR
Odyssey TBS blocking buffer (927–50003) and probed overnight with
primary antibody diluted in 0.5x blocking buffer and 0.1% Tween (for
antibody information and RRIDs, see Table 1-2, available at https://
doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-2). The next day, mem-
branes were washed in TBS-T and incubated in fluorescent secondary
antibody (1:10,000 once again diluted in 0.5� TBS blocking buffer with
0.1% Tween) before being imaged on an Odyssey CLx imager (LI-COR).

Drosophila experiments
The Drosophila lines carrying UAS-(�-Syn) optimized for expression in
insect cells have been previously described (Chouhan et al., 2016). For
pan-neuronal expression, we used the elav-GAL4C155 driver obtained
from the Bloomington Drosophila Stock Center (BDSC). The alleles
tested as candidate modifiers of the �-Syn-induced motor dysfunction
were obtained from the BDSC and from the Vienna Drosophila Resource
Center. To assess motor performance of fruit flies as a function of age, we
used 15 age-matched virgin females per replica per genotype. Flies were
collected in a 24 h period and transferred into a new vial containing 300
�l of media every day. Four replicates were used per genotype. Using an
automated platform, the animals were taped to the bottom of a plastic
vial and recorded for 7.5 s. Videos were analyzed using custom software
to assess the speed and stumbles of each individual animal. Four trials per
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replicate were performed each day shown, and four replicates per geno-
type were evaluated. A linear mixed-effect model ANOVA was run using
each four replicates to establish statistical significance across genotypes.

Control RNAi lines targeting codon-optimized �-Syn were generated
as described previously (Ni et al., 2011). Briefly, shRNA sequences were
selected based on the algorithm of Vert et al. (2006). Each shRNA recog-
nizes nonoverlapping sequences of �-Syn cDNA, and no off-target gene
was predicted. Hairpin constructs carrying RNAi target sequences were
assembled and cloned into Valium22 vectors, then verified by Sanger
sequencing. Two shRNA constructs and a Valium22 vector (served as a
negative control) were injected individually into y v nanos-integrase;
attP40 (y[1], v[1], P{nos-phiC31�int.NLS}X; P{CaryP}attP40) (BDSC cat-
alog #25709, RRID:BDSC_25709) embryos, and the transgenic flies were
selected. RNAi target sequences are as follows: �-Syn sh1: CGG
GCTTTGTCAAGAAGGATC, and �-Syn sh2: CCAAGGAGGGAGTT
CTCTACG.

For Western blot analysis, eight heads from age-matched females were
used per genotype. Tissue was homogenized in NuPAGE 4x LDS sample
buffer. Samples were run on 12% acrylamide gels. Membranes were
stained with primary antibodies overnight (Table 1-2, available at https://
doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-2). Fluorescent second-
ary antibodies were obtained from LI-COR and blots imaged using
Odyssey CLx imaging system.

Human embryonic stem cell (hESC)-derived neuron culture
We used WA09 (H9; RRID:CVCL_9773) female embryonic stem cells
(ESCs) to generate human neurons as previously described (Jiang et al.,
2017). Neural progenitors were differentiated into human neurons over
three weeks. During this time the media was changed every 3 d. After-
wards, trypsin was used to dissociates the neurons and passage them.
Three days later, cells were infected with lentiviruses containing pGIPZ
shRNA clones at a multiplicity of infection of 20. We verified the tropism
of the virus and infectivity using the tGFP reporter signal. At day 6 after
infection, the neurons were subjected to puromycin selection (0.75–1.25
�g/ml) to select for infected cells. The selection was maintained for 6 d.
The cells were cultured until 14 d after infection. Protein and RNA were
extracted as described in their respective sections.

qPCR analysis
Relative RNA measurements following shRNA-mediated knockdown
were performed as previously described (Rousseaux et al., 2016). Briefly,
RNA was isolated from cultured cells or mouse brain (male and female)
using Trizol and total RNA was purified using the miRNeasy micro kit
(QIAGEN, 217004). cDNA was synthesized using the QuantiTect Re-
verse Transcription Kit (QIAGEN, 205313), and qPCR was performed
using PowerUp SYBR Master Mix (Thermo Fisher Scientific, A25777)
and gene-specific primers spanning exon junctions on a Bio-Rad CFX96
real-time PCR machine. Relative transcript abundance was measured
using the ddCT method (Pfaffl, 2001) in relation to the housekeeping
gene S16 (for mouse transcripts) and GAPDH (for human transcripts).
qPCR primers are presented in Table 1-2, available at https://doi.org/
10.1523/JNEUROSCI.0254-18.2018.t1-2.

Mouse studies
CFW (MGI catalog #5911387, RRID:MGI:5911387) and CD-1 (IMSR
catalog #CRL:22, RRID:IMSR_CRL:22) female and male mice were used
for neonatal (P0) viral injection due to their large litter size and good
fostering capabilities. Both sexes were used, and up to 5 mice were housed
per cage and kept on a 12 h light/12 h dark cycle and were given water and
standard rodent chow ad libitum. All procedures performed in mice were
approved by the Institutional Animal Care and Use Committee for Bay-
lor College of Medicine and Affiliates.

Adeno-associated virus (AAV)-mediated knockdown in vivo
pAAV-YFP/miRE construct generation and virus production. An AAV8
vector containing both YFP and a miRE cassette-containing shRNA
(Fellmann et al., 2013) under the control of the chicken � actin promoter
was generated using Gibson cloning as previously described (Rousseaux
et al., 2018). Individual shRNA sequences were generated using the
SplashRNA algorithm (Pelossof et al., 2017). Each shRNA vector was

tested for efficiency in Neuro2A cells (catalog #400394/p451_Neuro-2A,
RRID:CVCL_0470) before virus generation. Briefly, Neuro2A cells (1 �
10 5) were plated in 24-well plates and transfected with 500 ng of each
vector using Lipofectamine 3000 (Thermo Fisher Scientific, L3000150).
Transfection efficiency was measured by looking at YFP fluorescence
(average �60%-75% cells infected) and knockdown efficiency was de-
termined by qPCR.

P0 injection of AAV. AAV delivery was performed in neonatal (P0)
CFW or CD-1 mouse pups as previously described (Kim et al., 2013;
Rousseaux et al., 2018). Briefly, neonatal pups (�8 h from birth) were
separated from lactating dams and anesthetized on ice; 4 � 10 10 viral
genomes were injected per ventricle (total of 8 � 10 10 genomes per
mouse), and mice were left to recover on a heated pad before returning
them to their mother. All procedures were performed in a BSL2-
contained area, and mouse bedding and housing were changed 72 h after
injection. Virus expression confirmation was performed using a BlueStar
UV light (Electron Microscopy Sciences) at 3 d after injection (see Fig.
5B). Tissue from the caudal region of the cerebrum (cortex � hippocam-
pus) was harvested 3 weeks after injection as this region had the maximal
viral expression (YFP-positive signal) and offered optimal target-gene
knockdown by qPCR. Flash frozen tissue was homogenized in a 1.5 ml
Eppendorf containing 10 �l/mg of PEPI buffer (1x PBS containing 5 mM
EDTA, protease inhibitor mixture, and RNase inhibitor mixture) using
an electric pestle. The resulting homogenate was split in a 3:1 ratio for
downstream protein (3 parts) and RNA (1 part) applications. RNA ex-
traction was performed using the RNeasy mini kit (QIAGEN), whereas
protein extraction was performed by adding equal volumes of 2� RIPA
buffer (100 mM Tris, pH 8.0, 300 mM NaCl, 0.2% SDS, 1% sodium
deoxycholate, 2% Nonidet P-40, 5 mM EDTA, protease and phosphatase
inhibitor cocktails), vortexing and incubating samples on ice for 20 min
before spinning lysates down at 16,000 � g for 20 min at 4°C.

Flow cytometry following transfection of siRNAs or
cDNA constructs
To measure the effect of overexpression of modulators on �-Syn levels,
we used flow cytometric assisted analysis as described by Rousseaux et al.
(2016). Briefly, the two bicistronic Daoy cell lines were cultured in 96-
well plates (4,000 cells/well). The first is the same as was used for the
pooled screen (DsRed-IRES-SNCA-EGFP); the second is a DsRed-IRES-
EGFP control. On the next day, the cells were transfected with 40nMoles
of siRNAs using Dharmafect (T-2001-03) or 100 ng of each cDNA con-
struct using MIRUS TransIT-293 reagent (MIR 2706) according to the
manufacturer’s instructions. At 72 h after transfection, cells were
trypsinized and resuspended in sorting buffer (see Cell culture). Flow
cytometric measurement of EGFP and DsRed fluorescence ratio was
performed using an LSRII Fortessa coupled with an HTS module (BD
Biosciences).

Immunoprecipitation
HEK293T cells (500,000 cells/well in 6 well plates) were transfected with
250 ng of each construct bearing a flag tagged modifier using MIRUS
TransIT-293 reagent (MIR 2706). At 48 h after transfection, cells were
resuspended in 1x PBS and spun down at 5,000 rpm for 5 min at 4°C. Cell
pellets were lysed in modified NETN buffer (Tris 50 mM, NaCl 170 mM,
EDTA 1 mM, Triton X-100 0.5%, pH 7.4) plus 1x protease and phospha-
tase inhibitor cocktails (Genedepot, P3100-100, P3200-020) by careful
resuspension, incubated on ice for 20 min and spun down at 15,000 rpm
for 20 min at 4°C. During this time, 10 �l of Dynabeads Protein A
(Invitrogen, 100 – 02D) per reaction were resuspended and washed with
1x modified NETN buffer 3 times using a magnetic rack (Invitrogen,
123–21D) before being coated with 1 �g of either anti-�-Syn polyclonal
(C-20, Santa Cruz Biotechnology) or normal rabbit IgG (Millipore) for
1 h at 4°C (for antibodies and RRIDs, see Table 1-2, available at https://
doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-2). Beads were then
washed 3 more times, and each sample was divided in half and incubated
with 10 �l of suspended beads per reaction for 30 min at 4°C. After the
incubation, all samples were washed 5 times with NETN buffer before
boiling at 85°C with 1x Laemmli sample buffer (Sigma-Aldrich, S3401-
10VL) and used for SDS-PAGE. SDS-PAGE and Western blot were then
performed as described previously (Rousseaux et al., 2016).
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Quantification and statistical analysis
FACS-based screen. Quantification and statistical analysis in the primary
screen were performed as previously described (Jeong et al., 2017).
Briefly, shRNA sequence counts were compared between Low (lowest
5%) and Bulk ( presort population), L:B; or high (highest 5%) and Bulk,
H:B. For the each of the population comparisons, fold changes were
calculated and statistical analysis was performed by using the inverted
beta-binomial test (Pham and Jimenez, 2012). Inverted beta-binomial
allowed for rigorous statistical interrogation while controlling for intra-
group variation (because replicates were sorted on different days).
shRNAs were clustered into their respective gene group, and multimetric
scores were assigned to take into account number of shRNAs affecting
�-Syn levels (hit ratio), directionality (directional score), and concor-
dance within a given shRNA (conflict score). These parameters were used
to assign each gene to a Tier (1–5). Of note, these tests were applied to
each sublibrary, and the amalgamation of all sublibraries made the hit list
for downstream validation (secondary screen).

Cell-based screen ELISA. Quantification in the secondary screen was
performed both on absolute �-Syn levels via ELISA as well as normalized
�-Syn levels via Western blot analysis. In the case of �-Syn, standards of
human recombinant �-Syn were run on the plate to ensure appropriate
dynamic range within the lysate. Moreover, BCA analyses were run in
parallel to control for effects of each shRNA on total protein levels cell
viability. Results from biological quadruplicates were analyzed as a func-
tion of control (empty vector and nontargeting) shRNAs. Genes whose
knockdown decreased or increased �-Syn levels by �15% in �2/3
shRNAs were considered hits. Moreover, each hit had to have �50% via-
bility (measured by protein levels via BCA analysis) and be concordant with
the primary screen results. As such, due to the non-normal distribution of
the results (given that hits were biased toward modulators of �-Syn levels),
we resorted to percentage cutoffs coupled to these other metrics to determine
which gene passes as a hit to move on to Western blot analysis.

Western blot validation in human cells and mouse brain. Quantification
of �-Syn and loading control (Vinculin or �III-Tubulin) Western blot
signals obtained from a LI-COR Odyssey CLx imager was done using
ImageStudio Lite (version 5.2.5, LI-COR). Relative �-Syn levels were
normalized to control shRNAs and plotted as the percentage change of
the control. For hit calling, we used the same percentage cutoffs as above
but also performed additional statistical analysis to ensure rigor in our
findings. Specifically, we used one-way ANOVA followed by correction
for false discovery rate of 10% via the two-stage step-up method of Ben-
jamini and Yekutieli (2006). We chose this statistical method because of
the large number of groups being compared and the small effect size
being tested. All statistical analyses for this section were performed using
Prism 7 (GraphPad) software.

Mechanistic studies: qPCR, clearance assays, and flow cytometric analy-
sis. qPCR analysis for SNCA transcript was performed as described in
qPCR analysis. For statistical analysis, we compared SNCA transcript in
each condition with shLuciferase controls by one-way ANOVA followed
by Dunnett’s multiple-comparisons tests. In the flow cytometric mea-
surements, we measured the percentage change �-Syn-EGFP/DsRed ra-
tio by calculating each percentage value relative to the ratio in the empty
vector control and subtracting those values to the average of the control
(100%). We used one-way ANOVA followed by Dunnett’s multiple-
comparisons test to measure statistical significance.

Results
Pooled screens identify modulators of �-Syn levels
To gain insight into potential druggable regulators of �-Syn, we
performed pooled screens targeting 7,787 genes whose protein
products are potential pharmaceutical targets (Fig. 1A). To gen-
erate this list, we combined five resources: (1) Ingenuity pathway
analysis (protein targets of drugs that made it to clinical trials),
(2) Drugbank (protein targets of FDA-approved drugs), (3)
ENSEMBL/Invitrogen (lists of protein targets curated by indus-
try), (4) Interpro (blast of Drugbank target sequences), and (5)
BioLT (a literature-based resource that measures the co-
occurrence of drug and the term inhibit). Subsequently, olfactory

G-protein-coupled receptors and pseudogenes were removed be-
cause it is unlikely that these categories of genes would yield
druggable modifiers for protein dosage-sensitive disorders of the
brain. Finally, a whole genome list of chromatin and ubiquitin
modifiers was added. Using this list, we generated pooled libraries of
shRNAs targeting eight different subgroups of targets (kinases and
phosphatases, nonolfactory GPCRs, ion channels, transporters,
ubiquitin-related, chromatin-related, enzymes, and other druggable
targets; Fig. 1-1, available at https://doi.org/10.1523/JNEURO-
SCI.0254-18.2018.f1-1; Table 1-1, available at https://doi.org/
10.1523/JNEUROSCI.0254-18.2018.t1-1) for a total of 7,787
genes. For each of these libraries, �10 shRNAs were generated for
each gene to increase confidence of hit identification. �-Syn re-
porter medulloblastoma (Daoy) cells (DsRed-IRES-SNCA-
EGFP) (Rousseaux et al., 2016) were infected with each pooled
library tested and sorted into two bins: those with the lowest 5%
GFP/DsRed ratio (lowest �-Syn stability, low group) and those
with the highest 5% GFP/DsRed ratio (highest �-Syn stability,
high group). Following genomic DNA extraction and half-
hairpin amplification, next-generation sequencing was used to
identify the relative abundance of each shRNA in relation to the
unsorted population (collected on the sort day). Enrichment of a
given shRNA (enriched or depleted per group) was first deter-
mined by using a low-pass p-value cutoff via the inverted beta-
binomial test (Pham and Jimenez, 2012). We used four screening
parameters to determine the functional significance and hierarchical
tier of each gene (Fig. 1B): (1) the hit ratio, the proportion of signif-
icantly enriched shRNAs compared with the unsorted population;
(2) the directional score, the inter-shRNA consistency in enrichment
vs depletion; (3) the conflict score, the presence of enrichment or a
depletion in both the high and/or low populations; and (4) the group
enrichment score, the enrichment of more than two shRNAs in one
of the populations. These collective scores were computed to allow
for target identification (Jeong et al., 2017) (for details, see Materials
and Methods). Tier 1 modifiers consisting of 350 genes (4.5% of the
druggable genome, meeting all criteria) were selected for further
downstream validation.

To test whether targets identified in the pooled screen altered
endogenous �-Syn levels in an independent cell line, we tested the
effect of three new shRNAs per Tier 1 modifier on �-Syn levels
using ELISA in HEK293T cells (total of 1,038 shRNAs targeting
the bulk of these genes). We used 293T cells given their ease of
manipulation and high level of endogenous �-Syn compared
with other cell lines tested (Fig. 2-1A, available at https://doi.org/
10.1523/JNEUROSCI.0254-18.2018.f2-1). We used three inde-
pendent shRNAs to control for false-positive hits arising from
off-target effects of the RNAi. We performed high throughput
virus production and cell infection in quadruplicates and
monitored for infectivity using turbo-GFP reporter on the
viral construct (Fig. 2-1B, available at https://doi.org/10.1523/
JNEUROSCI.0254-18.2018.f2-1). Eleven days following infec-
tion, cells were lysed and processed for �-Syn as well as total
protein levels (to control for effects on cell viability) (Fig. 2A). Of
note, we confirmed that the targeted reduction of �-Syn was
specific and did not decrease �- and �-Syn (Fig. 2-1C, available at
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1). In ad-
dition, we filtered out shRNAs that altered total protein levels by
�50% as this may represent altered cell viability (Table 1-1, avail-
able at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1).

Of the 350 Tier 1 candidates tested, we identified 60 genes that
modified endogenous �-Syn by at least 15% in two or more in-
dependent shRNAs in the same direction as the screen (Fig. 2B).
Of these, 33 genes decreased �-Syn levels and 27 increased its
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https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f1-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f1-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1


levels. Given the therapeutic goal of decreasing �-Syn levels, we
further validated the 33 genes whose knockdown resulted in a
decrease in �-Syn by Western blot. Our results confirmed the
ELISA findings (Fig. 2C) and show clear concordance between all
data points tested (r 2 � 0.32, p � 0.0001; Fig. 2-1D, available
at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1). To-
gether, pooled screens targeting the druggable genome in trans-
genic reporter cells yields targets that can be validated in a
different cell line under endogenous levels.

Assessing �-Syn-induced neuronal dysfunction to validate
candidate genes in a Drosophila model of synucleinopathy
To test whether the candidates that decrease endogenous �-Syn
in 293T cells can also mitigate �-Syn-mediated neuronal dys-
function, we turned to a Drosophila model of synucleinopathy.
We used a recently developed fruit fly model (Chouhan et al.,
2016) to drive expression of two copies of codon-optimized wild-
type human �-Syn to all neurons. These animals exhibit progres-
sive motor deficits (caused by neuronal dysfunction) over the
course of 18 d. We quantified these deficits in a motor perfor-
mance assay using metrics, such as average speed and stumbling,
which are sensitive to �-Syn levels (Fig. 3; Fig. 3-1, available at
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f3-1; Movie
1). Using this assay, we found that knocking down the Drosophila
homologs of 9 of the 33 (27%) validated genes resulted in ame-
lioration of �-Syn-induced motor dysfunction (Fig. 3; Table 1).

Thus, our biochemical readout is sufficient to identify robust,
phenotypically actionable effects in vivo.

Knockdown of candidate modulators in cultured human
neurons confirms their effects on �-Syn protein levels
To test whether our targets regulate �-Syn levels in neurons, we
turned to human neuron culture. For the scope of this study, we
chose 10 of the 60 validated targets whose brain expression, bio-
logical function, or relation to PD made them attractive �-Syn
modulator candidates for PD therapeutics (Zhang et al., 2014).
Moreover, we chose targets whose knockdown resulted in a de-
crease of �-Syn levels as they would likely be easier therapeutic
targets. Among the targets whose reduction decrease �-Syn levels
in 293T cells are two kinases (DCLK1, and CDK14/PFTK1), en-
zymes involved in long-chain fatty acid synthesis (ACSBG1),
Lysyl residue oxidation (LOXL1), �-galactoside binding
(LGALS3BP), and deneddylation (SENP8), as well as a member
of the ESCRT-III complex (CHMP4B), and an ER receptor
(KDELR2). We also tested HLA-DRB1, a transmembrane recep-
tor that is a potential PD risk gene (Nalls et al., 2014). We derived
human neurons from ESCs (Fig. 4-1, available at https://doi.org/
10.1523/JNEUROSCI.0254-18.2018.f4-1) and infected them
with shRNA-carrying lentiviruses (Fig. 4A,B). qPCR experi-
ments revealed differential target knockdown efficiency between
each of the 3 shRNAs targeting each gene, with 50% of genes
having a �40% reduction in target gene expression (Table 1-1,

Figure 1. Screening the druggable genome to identify modulators of �-Syn levels. A, Strategy used to identify modulators of �-Syn via pooled RNAi libraries in transgenic reporter cells
expressing equimolar amounts of �-Syn:EGFP and DsRed (see Table 1-2, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-2). Approach was used for eight distinct libraries in
quadruplicate. B, Computational prioritization of top gene candidates via tier classification. Hit ratio, directionality score, and conflict score are presented as violin plots. See also Figure 1-1, available
at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f1-1; and Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1.
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Figure 2. Validation in human cells reveals modulators of endogenous �-Syn levels. A, Validation approach in HEK293T cells (see Table 1-2, available at https://doi.org/10.1523/
JNEUROSCI.0254-18.2018.t1-2). Individual lentiviral infection is performed in quadruplicate using three shRNAs per gene target of the Tier 1 candidates (350 genes). Individual samples are collected
and tested for �-Syn levels via ELISA (as well as total protein levels). Hits that decrease �-Syn levels are further confirmed using Western blot analysis. B, Summary chart of all shRNAs tested for Tier
1 candidates. Blue bars represent hits that decrease �-Syn levels. Red bars represent those that increase �-Syn levels (n �4 samples per condition). C, The top 33 hits that decrease �-Syn by�15%
using �2 shRNAs are retested by Western blot. A representative Western blot for �-Syn following downregulation of candidate targets CDK14, CHMP4B, and DUSP11 is included above the graphical
representation (n � 4 samples per condition). *q � 0.1 (one-way ANOVA followed by correction for false discovery rate of 10% via the two-stage step-up method of Benjamini and Yekutieli, 2006).
See also Figure 2-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f2-1; and Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1.

9292 • J. Neurosci., October 24, 2018 • 38(43):9286 –9301 Rousseaux, Vázquez-Vélez et al. • Pooled Genetic Screens for Synucleinopathies
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available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.
t1-1). Notably, we used only two shRNAs to test HLA-DRB1, as
these were the only two that were commercially available to us.
When we knocked down each candidate in eight biological

replicates, we found that all targets (with the exception of HLA-
DRB1, a candidate whose neuronal expression is almost unde-
tectable) (Uhlén et al., 2015) had multiple shRNAs that caused at
least a 15% decrease in �-Syn levels (Fig. 4C,D). Thus, the bio-

Figure 3. Cross-species validation of novel �-Syn modifiers in Drosophila. A, Approach for identifying modifiers of �-Syn toxicity in Drosophila. B, Motor performance as a function of age in
control fruit flies (blue line in every panel), flies specifically expressing �-Syn in neurons (black line in every panel), and animals expressing �-Syn and carrying genetic variants reducing the function
of the indicated candidate gene in neurons (red line in every panel). Two read-out metrics are represented: speed in mm/s (top panel for each gene) and stumbling events (bottom panel for each
gene). Expression of �-Syn in the Drosophila nervous system (using elav-Gal4 ) leads to progressive motor performance deficits, resulting in decreased average speed and increased stumbling events
as the fruit flies age. Reducing levels of each of the indicated candidate genes result in an amelioration of the �-Syn-induced motor impairment, seen as improved average speed and decreased
number of stumbles as the animals age, compared with Drosophila expressing �-Syn alone. Error bars indicate SEM. *Statistical significance between �-Syn alone (black line) or together with a
candidate gene knockdown (red line) based on a linear mixed-effect model ANOVA (�� 0.05). LOF, Loss of function; hp, hairpin RNAi. The specific genotypes are indicated in Table 1. For Additional
characterization of the Drosophila model and results with additional alleles see Figure 3-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.f3-1.
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chemical effect of these modifiers on �-Syn levels are conserved
in human neurons for 9 of the 10 selected (90%) modifier genes.

Candidate modulators impact �-Syn levels in the
mammalian brain
To test whether target modifiers regulate �-Syn levels in a mam-
malian system in vivo, we tested the effect of decreasing the iden-
tified modifier genes on �-Syn levels in mouse brain (Fig. 5A). To
do so, we generated shRNAs targeting the mouse homologs for 9
of 10 modifiers that were tested in human neurons (HLA-DRB1

is not conserved in the mouse). We used the recently developed
SplashRNA algorithm to design effective, on-target shRNAs and
cloned them into AAV-competent miR-E vectors (Fellmann et
al., 2013; Pelossof et al., 2017). We next screened three shRNAs
per gene for their capacity to knock down their target in a mouse
neuroblastoma cell line (for details, see Materials and Methods),
before taking the two most efficient ones and packing them into
AAVs. We then performed intraventricular injections of AAVs
carrying these shRNA constructs on neonatal mouse pups. We
first confirmed effective vector delivery by imaging the YFP signal
from live mice and from brain sections (Fig. 5B) and found that
the virus was most strongly expressed in the caudal cortex and
hippocampus (Kim et al., 2013). Three weeks following injection,
we collected the caudal cortex and hippocampal brain tissue from
the shRNA-expressing mice and extracted protein and RNA from
both sides of the brain. Notably, of the 19 viruses tested, only the
one targeting Chmp4b resulted in toxicity (animals injected with
Chmp4b targeting shRNA had to be sacrificed at day 18 because
they failed to thrive), likely due to its critical role in nuclear en-
velope formation (Olmos et al., 2015). We subsequently per-
formed qPCR to measure target knockdown and Western blot to
measure �-Syn protein levels (Fig. 5A). We found that each
shRNA could knock down most of the target genes by �50%
(Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.
0254-18.2018.t1-1). Moreover, Western blot analysis revealed
that 6 of 9 genes (67%) decreased �-Syn protein levels when
knocked down (Fig. 5C,D). Collectively, these experiments show
that the effect of our candidate modifiers, first identified in a
pooled screen on a reporter cell line, can be recapitulated in vivo
and that most of these modifiers can be safely reduced in the
mouse brain.

Candidates regulate �-Syn levels directly and indirectly
through diverse cellular pathways
To gain insight into how these candidates regulate �-Syn levels,
we chose to further study two strong modulators, DUSP11 and
LGALS3BP. We first tested whether the regulation of these
modifiers was bidirectional by knocking them down and overex-
pressing them in the �-Syn reporter cell line (DsRed-IRES-
SNCA-EGFP) described previously (Fig. 6A). We found that
knockdown of each modifier decreased the relative protein levels
of �-Syn (measured by the EGFP/DsRed ratio) (Rousseaux et al.,
2016), and that overexpression of each modifier had the opposite
effect (Fig. 6B). This indicates that the regulation is indeed bidi-
rectional. Notably, siDUSP11 and the overexpression constructs
decreased GFP levels in the control cell line. In the first case, this
may be due to the role of DUSP11 in regulation of RNA (Burke et
al., 2016). Regardless, the effect on SNCA-GFP was significantly
larger (p � 0.01) than the effect on GFP, which likely reflects a
decrease in �-Syn protein. In the second case, this effect is due to
the fact that both the transgene and the overexpression constructs
used CMV promoters, which results in competition for tran-
scription. This resulted in less expression of the transgene under
transfected conditions but did not interfere with the increase in
�-Syn protein that we observed. Next we tested if loss of these
modulators altered the endogenous expression of Snca transcript.
Given that the initial screen was designed to identify post-
translational regulators of �-Syn levels, we surmised that knock-
down of the targets would not alter Snca RNA levels. We found
that depletion of Dusp11 and Lgals3bp in the mouse brain did not
cause a significant decrease in Snca transcript (Fig. 6C). It is
worth noting however, that one of the shRNAs against Dusp11
caused a trend toward a decrease in Snca transcript. To gain ad-

Movie 1. Representative video of motor performance assay on
�-Syn transgenic flies compared with controls.

Table 1. Summary of the Drosophila based candidate modifier screen

Human
gene

Drosophila
homolog

Blast e-value
(human to fly)

Effect on motor
performance in �-Syn
transgenic flies Modifier allele

ACSBG1 bgm 2E-172 Improves bgm	MI14249

CACNA1S Ca-alpha1D 0 Improves Ca-alpha1D	MI08906

CACNA1S cac 0 Improves GD15341(hp RNAi)
CDK14 Eip63E-LOF1 2E-159 Improves Eip63E	MI00413-GFSTF.1

CDK14 Eip63E-LOF2 2E-159 Improves Eip63E	81

CDK14 Eip63E 2E-159 Improves Eip63E	MI04853
a

DDC Ddc 0 Improves Ddc	ts2

DNER Notch 2E-65 Improves N	fa-swb

ERBB2 Egfr 7E-126 Improves slbo(FRT.lacZ)Egfr.RNAi
HDAC3 HDAC1 0 Improves HDAC1	12–37
a

HDAC3 HDAC3 0 Improves GD9732(hp RNAi)
LGALS3BP lox2 4E-17 Improves lox2	MI06311

LOXL1 lox2 8E-55 Improves lox2	MI06311

aData not shown.
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https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1
https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1






ditional insight into the mechanism of regulation, we asked
whether these modulators interact with �-Syn. We tested this by
immunoprecipitation, and found that endogenous �-Syn inter-
acted with DUSP11, but not with LGALS3BP or CDK14 (a can-
didate that did not meet our validation criteria in vivo) (Fig. 6D).
Thus, our screen uncovered both direct and indirect modifiers of
�-Syn protein levels.

Discussion
In this study, we present a straightforward, yet effective, way to
identify novel regulators of proteins levels for preclinical devel-
opment. Using �-Syn as a prototype protein whose increased
dosage is intrinsically tied to neurodegeneration, we provide a
tiered pipeline to find brain-specific modulators of its levels (Fig.
7). Using in vivo validation on a subset of candidates, we found six
strong regulators of �-Syn levels: ACSBG1, CHMP4B, DCLK1,
DUSP11, KDELR2, and LGALS3BP. Several lines of evidence
suggest that these modifiers are functionally related to �-Syn
biology. On the one hand, KDELR2 is a member of the KDEL
endoplasmic reticulum receptors, a family of proteins that func-
tion in the retrograde transport of chaperones (and other ER
resident proteins) from the Golgi to the ER, thus preventing the

accumulation of misfolded proteins (Giannotta et al., 2015). In-
terestingly, KDELRs are upregulated as part of ER stress and the
unfolded protein response, and ER stress is one of the earliest
events of �-Syn toxicity (Wang et al., 2011). This suggests that
KDELR2-mediated increases in �-Syn levels could contribute to
its toxicity. Additionally, KDELRs have been reported to regulate
autophagy, a well-known mediator �-Syn clearance (Webb et al.,
2003). On the other hand, LGALS3BP (lectin galactoside soluble
3 binding protein), is a membrane bound and secreted glycopro-
tein initially described as an interactor of LGALS3 (also known as
galectin-3) (Rosenberg et al., 1991; Sasaki et al., 1998; Stampoli-
dis et al., 2015). LGALS3 is normally present on the surface of cell
and vesicular membranes. Intriguingly, exogenous �-Syn has
been previously shown to rupture lysosomes coated with
LGALS3 (Freeman et al., 2013). Moreover, an extensive connec-
tion exists between �-Syn accumulation and lysosomal dysfunc-
tion in PD (Sidransky and Lopez, 2012; Woodard et al., 2014;
Taguchi et al., 2017). Given the clear links between �-Syn and
lysosomal pathophysiology, it is plausible that �-Syn functionally
interacts with LGALS3BP via LGALS3 to disrupt lysosomal func-
tion, which leads to increased levels of the toxic protein (Mazzulli

Figure 4. Testing candidate �-Syn modulators in human neurons. A, Approach for identifying modulators of �-Syn levels in hESC-derived neurons (see Table 1-2, available at https://doi.org/
10.1523/JNEUROSCI.0254-18.2018.t1-2). Cells are infected for 2 weeks with three independent shRNAs. Expression of virus is confirmed by presence of turboGFP (tGFP) signal (B), and candidate
knockdown is confirmed using qPCR (see Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1). C, Representative Western blot from human neurons infected with
lentiviruses harboring the indicated shRNAs targeting candidate genes LOXL1, SENP8, and CDK14. D, Quantification of each candidate tested (n � 8 samples per condition). Each bar represents an
individual shRNA. Three shRNAs were tested per gene, except for HLA-DRB1. Percentage change in �-Syn levels was quantified in relation to a scrambled shRNA. *q � 0.1 (one-way ANOVA followed
by correction for false discovery rate of 10% via the two-stage step-up method of Benjamini and Yekutieli, 2006). See also Figure 4-1, available at https://doi.org/10.1523/JNEUROSCI.0254-
18.2018.f4-1; and Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1.
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et al., 2016). Together, these candidates hold promise and should
be studied in further detail given their potency toward �-Syn
regulation and their potential druggability. Despite these in-
teresting clues, future studies will be required to understand
the exact mechanism by which these candidates regulate
�-Syn levels. One limitation to the screening approach used
here is the difficulty of parsing out direct versus indirect
effects of modifiers on �-Syn levels. In the future, multi-
tiered screening approaches wherein PD-centric genomic-,
transcriptomic-, proteomic-, and toxicity-based screening
platforms (Tardiff et al., 2013; Dhungel et al., 2015; Chang et
al., 2017; Chung et al., 2017; Khurana et al., 2017; Robak et al.,
2017; Hook et al., 2018) can be integrated with protein dosage-
based screens to provide mechanistic insight.

Given that even a 15%–30% decrease on neurotoxic disease
protein levels often translates to a functional recovery in their
respective disease models (Jafar-Nejad et al., 2011; Park et al.,
2013; Lasagna-Reeves et al., 2015; Rousseaux et al., 2016), the
candidates described herein may hold promise when moved into
preclinical studies. Nevertheless, thorough evaluation of the
modes of action and efficacy of these targets will be critical for
downstream therapeutic development. Our human neuron-
based validation together with our mouse-based validation offer
a quick solution to identify species-relevant pathways and pre-
liminary safety margins for candidate modifiers, respectively. By

acutely knocking down a candidate gene once the brain is mostly
developed (P0), this approach offers an opportunity to rapidly
mimic the acute nature of postnatal pharmacological inhibition
of targets, thus assessing safety and tolerability. Further studies
using extensive behavioral profiling on adult knock-outs of such
targets (Ruzankina et al., 2007; Rousseaux et al., 2018) will help
identify safety margins for drug development.

Because this screen identified regulators that also increase
�-Syn, this may allow for putative disease-driving gene identifi-
cation. Several lines of evidence suggest that factors that increase
levels of neurodegeneration driving proteins can be novel disease-
driving genes. First, we have recently found that Pumilio-1 (Pum1)
regulates Ataxin-1 levels and that loss of Pum1 leads to increased
levels of Ataxin-1 and Purkinje cell degeneration in mice similar
to what is seen in spinocerebellar ataxia 1 (Gennarino et al.,
2015). This led us to propose that haploinsufficiency of PUM1
might cause ataxia in humans; and indeed, we found that
heterozygous mutations in PUM1 cause ataxia in humans
(Gennarino et al., 2018). Second, this concept was recently
elegantly illustrated by the Scherzer group for �-Syn, where
drugs that increase SNCA transcript correlate with increased
lifetime PD risk (Mittal et al., 2017). In this study, we identi-
fied factors, including PAK2 and SIAH2, which may contrib-
ute to an increase of �-Syn levels upon their disruption.
Interestingly, PAK2 was recently found to be enriched in

Figure 5. Candidate modulators regulate �-Syn levels in the mammalian brain. A, Approach to testing modulators of �-Syn levels in mouse brain. B, Confirmation of virus expression using UV
light on 3-d-old pups (3 d post injection [D.P.I.]) and epifluorescence on cryosectioned tissue from 3-week-old pups (21 D.P.I.). C, Representative Western blots for �-Syn following downregulation
of candidate targets Chmp4b, Acsbg1, and Lgals3bp are included above the graphical representation (n � 4 –11 samples per condition). D, Each gene was targeted using two independent shRNAs
(each bar represents an individual shRNA), except for Chmp4b (one caused perinatal lethality). *q � 0.1 (one-way ANOVA followed by correction for false discovery rate of 10% via the two-stage
step-up method of Benjamini and Yekutieli, 2006). See also Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-1.
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�-Syn inclusions formed in neurons after exposure to fibri-
llar �-Syn (Henderson et al., 2017), whereas SIAH2 is an
E3 ligase that has been previously reported to mono-
ubiquitinate �-Syn and poly-ubiquitinate its binding partner
Synphillin-1, leading to the degradation of the latter (Liani et
al., 2004). Given that duplications and triplications of SNCA
cause PD (Singleton et al., 2003; Chartier-Harlin et al., 2004;
Ibáñez et al., 2004), it is reasonable to posit that modifiers that
increase �-Syn levels by 50% would be potential PD genes.
This is compounded by the recently suggested finding that a
lifelong increase of 10% of SNCA may predispose individuals
to PD (Soldner et al., 2016). Thus, identifying factors that

increase the dosage of �-Syn to 110%–150% of its normal level
may provide a host of new factors contributing to PD
pathogenesis.

It is important to note that only a subset of the targets identi-
fied in this screen were tested in this study. We identified 60
modulators of �-Syn (33 whose inhibition decreased and 27
whose inhibition increased its levels). Among the 60 genes, we
chose 10 that met the following criteria: decreased �-Syn levels
when inhibited, were expressed in the brain, and were optimal
drug targets for further experimentation. Of these 10 targets, we
validated six in human neurons and mice. There are other prom-
ising targets in this dataset that deserve further validation and

Figure 6. Mechanistic insight into the regulation �-Syn levels for two candidate modulators: DUSP11 and LGALS3BP. A, Experimental design for testing individual modifiers of protein
stability in a bidirectional manner. B, Flow cytometry-based quantification of �-Syn stability following DUSP11 and LGALS3BP siRNA knockdown and overexpression in experimental
(DsRed-IRES-SNCA-EGFP; blue) and control (DsRed-IRES-EGFP; white) cell lines (see Table 1-2, available at https://doi.org/10.1523/JNEUROSCI.0254-18.2018.t1-2). Data are presented
as the percentage change compared with either siScrambled or a control plasmid (empty Flag-tag vector). C, qPCR for Snca expression following neonatal depletion of Dusp11 and
Lgals3bp in mouse brain. D, Immunoprecipitation of endogenous �-Syn from HEK293T cells transfected with indicated flag-tagged constructs. �-Syn interacts with DUSP but not the
other proteins; the signal in CDK14 IP is not specific as it is also seen with the IgG control. Western blot is representative of three independent experiments. ***p � 0.001, ****p �
0.0001. B, C, ANOVA followed by Dunnett’s multiple-comparisons test.
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study as they are likely to provide insight into the regulatory
mechanisms for �-Syn. Nevertheless, as with most screening ap-
proaches, the attrition rates obtained at each validation step in-
dicate that there is room for improvement. As with any shRNA
screen, it is likely that these attrition rates are caused by the use of
several different cellular and organismal systems together with
the inherent shortcomings of the technology.

The cellular mechanisms that govern protein levels have
been difficult to grasp. This is likely due to the reliance upon
candidate-based approaches and assumptions as to the func-
tion of the disease-driving protein. The use of pooled genetic
screens removes the need for this bias and allows for the dis-
covery of novel modifiers of protein levels that are putative
drug targets. Moreover, the basis of screens rooted in strong
genetic evidence makes no assumptions as to the role of a
particular protein in the cell but rather seeks to correct the
root cause of disease: altered protein homeostasis. One prom-
ising therapeutic consideration is the use of antisense oligo-
nucleotide approaches that directly lower disease-driving
protein via RNase H-mediated silencing of DNA-RNA du-
plexes (Sztainberg et al., 2015; Finkel et al., 2017). However,
because neurodegenerative diseases are chronic and age-

dependent disorders, treatment will ideally start in the pres-
ymptomatic stage and must continue for decades to be
effective. Thus, it is preferable to develop pharmacological-
based therapy as it is easy to administer and less invasive. By
targeting modifiers, and slightly decreasing (by 10%–30%) the
levels of a toxic protein, a disease-modifying treatment could
be achieved. This concept was recently illustrated by the find-
ing that �2 adrenergic agonists reduce �-Syn levels, and their
use is associated with lower risk of PD in a Norwegian popu-
lation (Mittal et al., 2017).

A growing body of evidence suggests that the brain is ex-
quisitely sensitive to protein dosage. Copy number variations
in dosage-sensitive genes, such as APP, GRN, and SNCA, result
in neurodegenerative disorders (Wisniewski et al., 1985; Baker
et al., 2006; Singleton and Hardy, 2016; Ward et al., 2017),
whereas altered dosage of proteins, such as RAI1, MeCP2, and
SHANK3, can lead to a host of neurodevelopmental disorders
(Potocki et al., 1993; Amir et al., 1999; Ramocki et al., 2010;
Han et al., 2013). Thus, growing academic- and industry-led
efforts have focused on finding ways to alter the levels of
dosage-sensitive proteins as a therapeutic strategy. The
screening pipeline outlined in this study offers one approach

Figure 7. Pipeline for identifying potentially druggable modulators of �-Syn levels. Validation pipeline for uncovering modulators of �-Syn levels. Primary cell-based screen is
performed using pooled libraries of shRNAs targeting �7500 genes (Fig. 1). Secondary screens in HEK293T cells (Fig. 2) and Drosophila (Fig. 3) help narrow down the list and highlight
strong modulators of �-Syn levels and toxicity. Validation in human neurons (Fig. 4) and mouse brain (Fig. 5) ensures robustness of hits and validates targets for preclinical nomination.
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to do so by identifying and prioritizing candidate modifiers
through steps of increasing stringency. Last, it is worth noting
that the increasing accessibility to versatile gene-disruption
strategies, such as CRISPR and CRISPRi (Gilbert et al., 2014;
Shalem et al., 2015; Du and Qi, 2016), coupled with decreasing
sequencing costs (van Dijk et al., 2014) and analysis time
(Jeong et al., 2017), will help facilitate the broad use of such
screening approaches to the scientific community to target
virtually any protein whose dosage is critical for cellular
function.
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Ibáñez P, Bonnet AM, Débarges B, Lohmann E, Tison F, Pollak P, Agid Y,
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