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SUMMARY

The genome-wide perturbation of transcriptional networks with CRISPR-Cas technology has
primarily involved systematic and targeted gene modulation. Here, we developed PRISM
(Perturbing Regulatory Interactions by Synthetic Modulators), a screening platform that uses
randomized CRISPR-Cas transcription factors (crisprTFs) to globally perturb transcriptional
networks. By applying PRISM to a yeast model of Parkinson’s disease (PD), we identified guide
RNASs (gRNAs) that modulate transcriptional networks and protect cells from alpha-synuclein
(aSyn) toxicity. One gRNA identified in this screen outperformed the most protective suppressors
of aSyn toxicity reported previously, highlighting PRISM’s ability to identify modulators of
important phenotypes. Gene expression profiling revealed genes differentially modulated by this
strong protective gRNA that rescued yeast from a.Syn toxicity when overexpressed. Human
homologs of top-ranked hits protected against aSyn-induced cell death in a human neuronal PD
model. Thus, high-throughput and unbiased perturbation of transcriptional networks via
randomized crisprTFs can reveal complex biological phenotypes and effective disease modulators.
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INTRODUCTION

The systematic perturbation of transcriptional networks enables the elucidation of gene
functions and regulatory networks that underlie biological processes. Current methods of
modulating transcriptional networks mainly rely on targeted single-gene overexpression,
knockout, and knockdown (Boutros and Ahringer, 2008; Carpenter and Sabatini, 2004;
Costanzo et al., 2016; Forsburg, 2001). With the advent of artificial transcription factors,
such as zinc-finger-, Transcriptional Activator-Like Effector (TALE)-, and CRISPR-Cas9-
based transcription factors (crisprTFs), customized transcriptional perturbations are possible
(Blancafort et al., 2005; Carroll, 2014; Park et al., 2003; Zhang et al., 2011). For example,
crisprTF-based platforms enable bi-directional gene activation and repression in eukaryotic
systems (Chavez et al., 2015; Farzadfard et al., 2013; Gilbert et al., 2013; Mali et al., 2013;
Nishimasu et al., 2014; Zalatan et al., 2015) and have been used for genome-wide targeted
screens owing to the ease of designing and synthesizing guide RNAs (gRNASs) (Gilbert et
al., 2014; Horlbeck et al., 2016; Konermann et al., 2015). In addition, strategies for higher-
order perturbations using barcoded combinatorial genetic screens in human cells have been
adapted to be compatible with CRISPR-Cas9 screens (Wong et al., 2015; Wong et al., 2016).
Existing CRISPR-Cas9-based screening strategies rely on gRNAs designed to target
individual genes while minimizing off-target effects (Cencic et al., 2014; Frock et al., 2015;
Gilbert et al., 2014; O'Geen et al., 2015; Parnas et al., 2015; Shalem et al., 2014; Wang et al.,
2014; Wu et al., 2014). Although these technologies provide powerful strategies for
perturbing individual genes, they may not be suitable for global or combinatorial
perturbation of transcriptional networks. Many complex diseases, as well as treatments
required to counteract those conditions, may involve simultaneous or dynamic changes in
the expression levels of many genes, which are not accessible by screens that target genes
one at a time (Khurana et al., 2017; Yeger-Lotem et al., 2009).

To address this limitation, we explored the use of randomized gRNAs and crisprTFs in an
approach called PRISM (Perturbing Regulatory Interactions by Synthetic Modulators) in
order to effect global transcriptional perturbations conferring enhanced cellular resistance to
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alpha-synuclein (a.Syn). The aggregation of misfolded a.Syn in intraneuronal Lewy bodies is
one of the pathological hallmarks of Parkinson’s disease (PD) (Goedert et al., 2013;
Spillantini et al., 1997). The overexpression of aSyn in various eukaryotic model organisms
has been used to elucidate the complex cellular processes associated with PD (Lashuel et al.,
2013; Maries et al., 2003; Wong and Krainc, 2017). Because of its conserved molecular
mechanisms and the availability of genetic tools, Saccharomyces cerevisiae has been
extensively used as a model to systematically study and identify genes involved in
neurodegenerative diseases such as PD and Alzheimer's disease (Khurana and Lindquist,
2010; Tardiff et al., 2014).

Here, we demonstrate that one of the strongest protective gRNAs identified in our PRISM
screens outperformed any individual overexpressed gene that we tested in suppressing aSyn
toxicity, including the strongest protective genes found in previous genome-wide screens
(Cooper et al., 2006; Gitler et al., 2009; Tenreiro et al., 2016; Yeger-Lotem et al., 2009).
These results highlight that randomized gRNA/crisprTF perturbations can achieve powerful
phenotypic modulation compared with other targeted gene perturbation methods.

RANDOMIZED gRNA SCREENING DESIGN

We cloned a dCas9-VP64 expression cassette under the control of a doxycycline (Dox)-
inducible (Tet-ON) promoter. To build the yeast screen strain, this construct was integrated
into the genome of an aSyn-expressing S. cerevisiae strain (hereafter referred to as the yeast
parental strain) in which two copies of the human wild-type aSyn (SNCA) gene fused to
yellow fluorescent protein (YFP) are overexpressed under the control of a galactose (Gal)-
inducible promoter (Cooper et al., 2006) (Figure 1A). Both the yeast parental strain and the
screen strains showed significant cellular growth defects in the presence of Gal due to
overexpression of aSyn. The expression of dCas9-VP64 with no gRNA in the screen strain
did not interfere with normal cellular growth or aSyn-associated toxicity (Figure S1A).

A randomized gRNA-expressing plasmid library was built by co-transforming the screen
strain with linearized high-copy Zu plasmids, flanked by the RPR1 promoter (RPR1p) and
gRNA handle at the ends, and a randomized oligo library encoding 20-mer randomized
nucleotides flanked by homology arms to the ends of the vector (Figure 1A). We observed
approximately 100 million colony forming units (CFUSs) per library transformation, which is
comparable with the theoretical diversity of the seed sequence, the protospacer adjacent
motif (PAM)-proximal 12 nucleotides (412 = ~1.67 x107). Library representation and
sequence distributions were determined by deep sequencing (Figures S2A-S2G). After cells
were transformed with the library, they were recovered in liquid culture with Dox (1 pg/mL)
for 12 hours to amplify the library and induce crisprTF expression. The cultures were then
plated on synthetic complete media (Scm)-Uracil (Ura)+Gal+Dox plates, and gRNAs from
surviving colonies were characterized by colony PCR followed by Sanger sequencing.
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RESULTS

gRNA Suppressors of aSyn Toxicity were ldentified by a Randomized Screen in
Saccharomyces cerevisiae

To validate the activity of the identified gRNAs, they were re-cloned in both high-copy 2u
and low-copy ARS/CEN plasmids, and transformed back into both parental and screen
strains. We confirmed that two gRNAs (designated as gRNA 6-3 and gRNA 9-1), expressed
from either high-copy and low-copy plasmids, could rescue the screen strain from a.Syn
toxicity (Figure 1B). gRNA 6-3 moderately suppressed aSyn toxicity whereas gRNA 9-1
strongly suppressed it; gRNA 9-1 was thus chosen for further characterization. Although no
perfect match between the identified gRNAs and the yeast genome was found, relaxing the
search criteria (to find up to two mismatches inside the seed region) revealed the presence of
a few dozen sites that could potentially serve as off-target binding sites of these gRNAs,
including one in the GAL4 gene (Table S1). As additional controls, we confirmed that
gRNA 9-1-mediated suppression of aSyn toxicity relied on the presence of dCas9-VP64
(Figure S1B) and that GAL4 and a.Syn expression levels were not directly affected by
gRNA 9-1/crisprTF (Figures SIE-S1F). Furthermore, we re-encoded the putative gRNA 9-1
off-target binding site in GAL4 so that there were five matches in the seed sequence and
found that gRNA 9-1 preserved its ability to rescue the screen yeast strain from a.Syn
toxicity (Figures S1G-S1l).

Gene Expression Profiling of aSyn-resistant Cells by gRNA 9-1/crisprTF Revealed
Suppressors of aSyn Toxicity

We compared the transcriptome of screen cells expressing gRNA 9-1 and dCas9-VP64 to
that of cells expressing dCas9-VP64 but no gRNA by using RNA sequencing to map
transcriptional perturbations enacted by the a.Syn-protective crisprTF (Figure 1C and
Figures S2H-S21). We identified 114 differentially expressed genes with at least two-fold
changes in MRNA expression levels compared with the non-gRNA control (false discovery
rate (FDR)-adjusted p-value < 0.1) (Table 1 and Table S2). Most of these genes (93%) have
not been previously identified in single gene knockout or overexpression screens as
suppressors of aSyn toxicity (Cooper et al., 2006; Gitler et al., 2009; Yeger-Lotem et al.,
2009). Intriguingly, they were enriched in Gene Ontology (GO) categories including protein
quality control, ER/Golgi trafficking, lipid metabolism, mitochondrial function, and stress
responses (Table S3). Almost all of the newly identified genes exhibited only modest
changes in gene expression (109 out of 114 genes had fold-changes <5).

We systematically tested the effects of our differentially expressed genes on aSyn toxicity in
the screen strain by overexpressing 95 of them that were found in the Yeast ORF Collection
(Open Biosystems). Overexpression of 57 out of 95 (60%) genes (13 down-regulated and 44
up-regulated by gRNA 9-1/crisprTF) significantly suppressed aSyn toxicity (Figure S3A,
summarized in Table S2; representative candidates are shown in Figure 2A), whereas only 5
out of 34 (14.7%) genes randomly chosen from the Yeast ORF Collection suppressed aSyn
toxicity (Figure S3B and Table S4). Thus, our randomized gRNA/crisprTF screening
approach enriched the search for aSyn-toxicity suppressors.
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Furthermore, there was no significant correlation between observed aSyn expression levels
and toxicity (Figures S1IE-S1F). UBP3 (ubiquitin-specific protease) was used as a positive
control. UBP3, previously shown to be a strong suppressor of aSyn toxicity, is known to
participate in the degradation of misfolded proteins in the vesicular trafficking processes
(Chung et al., 2013; Cooper et al., 2006; Tardiff et al., 2013). We found that 29 genes whose
expression was modulated by gRNA 9-1 protected against aSyn-toxicity similarly to or
better than UBP3. Notably, gRNA 9-1 alone outperformed the overexpression of any single
gene in abrogating aSyn-associated phenotypes based on cell viability assay results, shown
in Figure 2A and microscopy (see below and Figures S4A-S4B), suggesting that gRNA 9-1
plays a master role in mitigating aSyn stress.

Alterations in membrane trafficking and localization of aSyn from the plasma membrane
into cytoplasmic foci are well-established hallmarks of PD (Outeiro and Lindquist, 2003).
Owing to highly conserved mechanisms involved in membrane trafficking, yeast cells have
been used to study aSyn-coupled vesicular trafficking defects, which has led to mechanistic
insights into modifiers of aSyn toxicity, such as UBP3and the Rab family GTPase YPT1
and their human homologs (Chung et al., 2013; Cooper et al., 2006; Tardiff et al., 2013). We
quantitatively measured the effect of gRNA 9-1 on the localization of aSyn-YFP by
microscopy. In this assay, aggregated aSyn-YFP is detected as cytoplasmic foci, which are
distinguishable from the membrane-localized, non-aggregated form of the protein. As shown
in Figures 2B and 2C, upon 6 hours of aSyn induction, 92% of yeast cells with dCas9-VP64
but no gRNA (negative control) contained aggregated aSyn-YFP foci. Overexpression of
dCas9-VVP64 along with gRNA 9-1 resulted in localization of aSyn-YFP to the plasma
membrane such that aggregated a.Syn-YFP foci were observed in only ~7% of cells. This
was significantly lower than the percentage of cells overexpressing UBP3 (~39% cells with
aSyn-YFP foci), which we used as a positive control.

Human DJ-1/PARK7, ALS2, GGA1, and DNAJB1 Homologs were Identified as Robust
Protectors against aSyn Toxicity

One of the interesting functional categories identified in our screen involves the heat shock
chaperones. Specifically, HSP31-34 heat shock proteins are homologs of the human DJ-1/
PARK7 gene, in which autosomal recessive mutations are associated with early onset of
familial PD (Bonifati et al., 2003). DJ-1 is thought to protect neurons from mitochondrial
oxidative stress by acting as a redox-dependent chaperone to inhibit aSyn aggregates
(Bonifati et al., 2003; Canet-Aviles et al., 2004). The roles of HSP31-34in protecting yeast
cells from aSyn toxicity have been previously investigated (Zondler et al., 2014); however,
these genes have not been identified in previous genome-wide screens for modifiers of aSyn
toxicity. We identified SNO4/HSP34 and HSP32 as two of the differentially expressed genes
in our screen. As shown in Figure 2, either SNO4/HSP34 or HSP32, when overexpressed,
significantly rescued aSyn-induced growth defects and membrane-trafficking abnormalities.
Interestingly, SNO4/HSP34 was moderately up-regulated by gRNA 9-1, whereas HSP32
was extremely down-regulated (Figure 1C and Table 1), which could reflect evolutionarily
conserved functions of these paralog proteins, despite their being under the control of
different gene regulatory programs. Furthermore, overexpression either of the other two
yeast DJ-1 homologs (HSP31 and HSP33) also significantly suppressed aSyn toxicity

Mol Cell. Author manuscript; available in PMC 2017 November 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 6

(Figure 2A), even though they were not significantly modulated by gRNA 9-1. This further
supports the involvement of this class of paralog heat-shock proteins in suppressing a.Syn
toxicity. Consistently, #SP31 (which among HSP31-34 shows the least homology with
DJ-1) was recently shown to be a chaperone involved in mitigating various protein
misfolding stresses, including that of aSyn (Tsai et al., 2015).

Among other top a.Syn-toxicity suppressors (Table 1 and Figure 2), yeast SAFI encodes an
F-Box protein that selectively targets unprocessed vacuolar/lysosomal proteins for
proteasome-dependent degradation (Escusa et al., 2007; Mark et al., 2014). The homolog of
this protein in mice and humans, ALS2/alsin, functions as a guanine nucleotide exchange
factor (GEF) that activates the small GTPase Rab5, an evolutionarily conserved protein
involved in membrane trafficking in endocytic pathways (Hadano et al., 2007). Mutations in
human ALSZhave been shown to cause autosomal recessive motor neuron diseases
(Chandran et al., 2007). In addition, we found that GGAZ and its paralog GGAZ could both
alleviate aSyn toxicity (Figures 2 and S3), which was interesting because neither of them
had been reported previously to have this activity. The yeast GGAI protein has been
implicated in binding ubiquitin, thus facilitating the sorting of cargo proteins from the trans-
Golgi network to endosomal compartments (Takatsu et al., 2002; Zhdankina et al., 2001).
Human GGAI overexpression attenuates amyloidogenic processing of amyloid precursor
proteins (APP) in Alzheimer’s disease and a rare inherited lipid-storage disease, Niemann-
Pick type C (NPC) (Kosicek et al., 2014; von Einem et al., 2015). Finally, S/51, the yeast
Hsp40 homolog of human DNAJHSP40 family proteins, was identified as aSyn suppressor
via PRISM. DNAJfamily proteins play roles in priming the specificity of HSP70
chaperoning complexes. It has been shown that mammalian DAAJand HSP70are up-
regulated in response to aSyn overexpression (Vos et al., 2008). In addition, the DNAJB
subfamily has been shown to suppress polyglutamine (polyQ) aggregates (Gillis et al.,
2013). These results demonstrate that randomized transcriptional perturbations with PRISM
enable the discovery of modulators of disease-relevant phenotypes.

Verification of Human Homologs of the Identified Hits in a Neuronal PD Model

To investigate the neuroprotective effects of the human homologs of the protective yeast
genes described above, we overexpressed DJ-1, ALS2, GGAI, and DNAJBI in an aSyn-
overexpressing human neuroblastoma cell line (SH-SY5Y), an established neuronal model
of PD (Vekrellis et al., 2009). SH-SY5Y cells were differentiated into cells with
dopaminergic neuron-like phenotypes upon retinoic acid (RA) treatment. When f-
galactosidase (B-gal) was expressed in these cells, no toxicity was observed. In contrast,
aSyn-expressing cells gradually exhibited neurite retraction and only 40-50% viability at 6
days of differentiation (Figures SS5A-S5B). Expressing DJ-1 or ALSZ2alone did not alter cell
survival in the absence of a.Syn, but strongly suppressed aSyn-inducible cell death (Figure
3B). aSyn-expressing cells that were transfected with GGAI or DNAJB1 exhibited about
60% viability, which was similar to the effect of expressing the known anti-apoptotic gene
Bcl-xL (positive control). Consistent with these results, overexpression of DJ-1 or ALS2
resulted in reductions in the dead cell populations, as did treatment with the apoptotic
inhibitor zZVAD (Figure 3C).
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Human TNX and TIMM9 Synergistically Protect Cells against aSyn Toxicity

Increased oxidative stresses and defective mitochondrial function are pathological
mechanisms involved in sporadic PD (Henchcliffe and Beal, 2008). We identified that yeast
thioredoxin 7RXZ, an oxidoreductase involved in maintaining the cellular redox potential,
and 7/M9, a mitochondrial chaperone involved in the transport of hydrophobic proteins
across mitochondrial intermembrane space (Neupert and Herrmann, 2007), participate in the
suppression of aSyn toxicity in yeast cells (Figure 2 and Figures S4C-S4E). Neuronal cells
transfected with the human homologs of either of these genes, 7Z.XN or TIMMB9, respectively,
exhibited about ~60% survival upon aSyn induction compared with <50% with the vector
control expressing no transgene. Intriguingly, co-expression of the two human genes 7XNV
and T/MM$9 led to enhanced survival in the presence of aSyn toxicity (~88 % survival)
(Figure 3D). Furthermore, the neuroprotective effects of expressing DJ-1, TXN, and TIMM9
were specific to aSyn-associated toxicity, as these genes did not protect against 1-methyl-4-
phenyl pyridinium (MPP+)-induced neurodegeneration (Dietz et al., 2008) (Figure 3E and
Figures S5C-S5D).

To further investigate these genes as potential therapeutic targets for neuroprotection in PD,
we engineered lentiviral vectors expressing DJ-1, TXN, or TIMMY, or co-expressing 7XN
and 7/MM39. We then used these vectors to stably infect cells prior to inducing aSyn stress.
Consistent with our transient transfection experiments, DJ-1 reliably protected differentiated
SH-SY5Y cells from aSyn-induced cell death and neuronal abnormalities, as did co-
expression of TXNand 7/MM3 (Figure 4). These results also suggest that activation of
these endogenous genes could be explored as a potential therapeutic direction for
neuroprotection in PD.

DISCUSSION

In this study, we introduce the PRISM screening platform to probe mechanisms underlying
cellular responses to aSyn stress. This platform takes advantage of the promiscuity of
crisprTF activity with randomized gRNAs for global transcriptional network perturbations.
In contrast to typical targeted CRISPR screens, in which gRNAs are designed to modulate
individual genes, PRISM does not require any assumptions regarding potential targets and
enables unbiased and high-level perturbations of cellular networks. Thus, randomized gRNA
screening with PRISM is complementary to targeted screening strategies that have been used
with CRISPR-Cas nucleases, crisprTFs, and RNA interference (Blancafort et al., 2005;
Demir and Boutros, 2012; Gilbert et al., 2014; Konermann et al., 2015; Moffat et al., 2006;
Park et al., 2003; Parnas et al., 2015; Paulsen et al., 2009; Root et al., 2006; Santos and
Stephanopoulos, 2008; Shalem et al., 2014; Wang et al., 2014; Whitehurst et al., 2007; Wong
et al., 2015; Wong et al., 2016). Randomized gRNA screening with crisprTFs involves a
simple library construction procedure and enables global perturbations of transcriptional
networks that might not be accessible by traditional single- or multiple-gene perturbations.
Such high-order perturbations may be especially important when studying sophisticated
phenotypes involving multi-layered regulatory networks, such as those associated with
complex human diseases or stress tolerance.

Mol Cell. Author manuscript; available in PMC 2017 November 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

As a proof of concept, we applied this system to a yeast model of PD and identified a diverse
set of differentially expressed genes that could individually and collectively rescue a.Syn-
associated phenotypes. Transcriptomic analysis of the top aSyn-toxicity-protecting gRNA
candidate (QRNA 9-1) revealed modest changes in the expression of multiple genes involved
in various pathways associated with PD. Intriguingly, genes perturbed by gRNA 9-1 were
enriched for aSyn toxicity suppressors versus random selection, most of which have not
been reported in previous unbiased genome-wide screens. We verified that over half of these
newly identified genes, when overexpressed, rescued yeast cells from aSyn-mediated
toxicity. Moreover, gRNA 9-1/crisprTF ameliorated aSyn-associated phenotypes more than
overexpression of any individual gene, highlighting the power of global transcription factor
screening and suggesting that combinatorial or global effects can enhance desired
phenotypes.

To verify the physiological relevance of our hits, we overexpressed the human homologs of
validated yeast hits in a human neuronal model of aSyn toxicity. Interestingly, human genes
TXNand T/MM9, homologous to yeast genes 7RXZ and 7/M39, respectively, worked
synergistically to suppress aSyn toxicity in human cells (Figure 4). Thioredoxin is known to
facilitate the mitochondrial import of 7/M9in yeast (Durigon et al., 2012) and to act as a
neuroprotective agent against oxidative stress in neuronal cells (Lin and Beal, 2006). The
observed synergistic effect of 7XNand 7T/MM9, as well as the protective effect of redox-
dependent chaperones, in suppressing aSyn toxicity further points to the potential
importance of mitochondrial maintenance and oxidative stress in PD. Future efforts will be
needed to determine whether combinatorial modulation of mitochondrial function pathways
and cellular redox may help treat aSyn-associated dysfunction in animal models and clinical
settings. In addition, future work should investigate the underlying mechanisms of
neuroprotection from the hits identified in this study. These insights could help to develop
neuroprotective strategies or engineer aSyn-resistant neuronal cells that could help prevent
progressive neurodegeneration in PD patients diagnosed early.

LIMITATIONS

In this screening effort, we used a first-generation crisprTF that results in modest levels of
gene activation or repression (Farzadfard et al., 2013; Gilbert et al., 2014). Stronger
activation and repression could be achieved by recently improved variants of crisprTFs
(Chavez et al., 2015; Konermann et al., 2015; Tanenbaum et al., 2014) while other types of
perturbations could be introduced via dCas9 fused to epigenetic regulatory domains (Hilton
et al., 2015; Kearns et al., 2015; Thakore et al., 2015).

We performed Sanger sequencing on the surviving colonies to identify gRNA 9-1 and gRNA
6-3, which were then tested in validation experiments. In several cases, we identified
multiple different gRNAs within a single yeast cell. Performing high-throughput sequencing
on amplicons obtained from surviving yeast colonies could reveal additional gRNAs that
could rescue cells from aSyn toxicity when combinatorially expressed. However, for the
purpose of this study, we chose to focus only on individual gRNAS that had suppressive
effects against a.Syn toxicity on their own. In future work, yeast single-copy centromeric
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(ARS/CEN) plasmids could be used for gRNA expression to ensure that each transformant
receives only one gRNA variant.

Even though many genes were up- or down-regulated by gRNA 9-1, we validated them only
through overexpression using the readily available Yeast ORF Collection. Thus, our current
data suggests that genes modulated by gRNA hits from PRISM screens are enriched for
effects on the desired phenotype, but does not indicate the impact of directionality of gene
modulation on the phenotype. In future work, genes identified via PRISM screens can be
tested via knockdown as well as overexpression in order to determine whether directionality
makes a difference. Furthermore, we chose to overexpress genes from the GALZ promoter in
the Yeast ORF Collection rather than using CRISPR activation because efficient targeted
CRISPR activation still requires tuning and optimization for each gene of interest. However,
overexpression of ORFs by the strong GAL 1 promoter can result in expression levels much
higher than those achievable by our first-generation crisprTFs. In future work, assessing how
different expression levels of identified genes modulate the phenotypes identified through
PRISM screening will also be of interest. Finally, we envision that genetic interactions
between genes identified by PRISM screening can be further mapped through combinatorial
CRISPR technologies (Han et al., 2017; Shen et al., 2017; Wong et al., 2016) and both gene
activation and inhibition technologies. Thus, high-throughput randomized crisprTF screens
should provide access to a broader range of biological phenotypes across a wide range of
organisms in the future.

We predicted 51 potential binding sites for gRNA 9-1 in the yeast genome (Table S1).
Although direct crisprTF binding should be identifiable by Chromatin Immunoprecipitation
Sequencing (ChIP-Seq) experiments, we were unable to achieve this despite trying multiple
different approaches (Kuscu et al., 2014; O'Geen et al., 2015; Wu et al., 2014). We
hypothesize that this may be due to weak binding of dCas9 in the absence of perfect-match
binding sites for gRNA 9-1 in the genome. Furthermore, it remains challenging to infer
transcription regulatory networks solely based on predicted crisprTF binding sites and
changes in RNA levels without mapping the transient and indirect cascades involved in
transcriptional perturbations (MacQuarrie et al., 2011). Therefore, drawing direct
connections between crisprTFs and regulated genes in PRISM screens remains a challenge
that needs to be addressed in future work.

STAR METHODS

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Timothy K. Lu (timlu@mit.edu).

Experimental Model and Subject Details

Yeast Strains and Growth Condition—Strains used in this study are all derivatives of
W303 (MATa ade2-1 trp1-1 can1-100 leu2-3, 112 his3-11, 15 ura3). The 1Tox2C yeast
strain (Cooper et al., 2006) harboring two copies of wild-type aSyn (SNCA)-YFP under
control of the Gal-inducible GAL1 promoter (hereafter referred to as the parental strain, a
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generous gift from Dr. Susan Lindquist, Whitehead Institute, USA) was used for the
construction of the crisprTF-expressing screen strain. The Dox-inducible (Tet-ON) promoter
was constructed by cloning the pTRE promoter and reverse tetracycline-controlled
transactivator (rtTA, from Addgene plasmid #31797) upstream of a minimal CYCZ promoter
in the pRS405 backbone. The dCas9-VP64 expression cassette (Addgene plasmid #49013)
was then cloned into this vector using Gibson assembly. A sense mutation was introduced
within the LEUZ ORF by using the QuikChange system (Stratagene) in order to generate a
unique Pstl site in the vector. The pRS405-pTetON-dCas9-VP64-Pstl plasmid was linearized
by Pstl and transformed into 1Tox2C parental strain to build the screen strain. Leucine-
positive integrants were verified by genomic PCRs as well as testing for the presence of
aSyn-mediated defects by the survival assay and microscopy after Gal induction.

To build the GAL4*strain, a sequence containing full endogenous GAL4 promoter (—257 to
214) was first PCR amplified by oligos (forward: 5’-
CCCAGTATTTTTTTTATTCTACAAACC -3’; reversed: 5’-
AAATCAGTAGAAATAGCTGTTCCAGTCTTTCTAGCCTTGATTCCACTTCTGTCAGYT
GaGCtCggGTtaaCGGAGACCTTTTGGTTTTGG -3°). This fragment was then assembled
(by Gibson assembly) with a kanMX6 expression cassette amplified from pFA6a-kanMX
(Addgene plasmid #39296) using oligos (forward: 5’-
GGGGCGATTGGTTTGGGTGCGTGAGCGGCAAGAAGTTTCAAAACGTCCGCGTCC
TTTGAGACAGCATTCGGAATTCGAGCTCGTTTAAAC -3’; reversed: 5°-
GAAGGTTTGTAGAATAAAAAAAATACTGGGCGGATCCCCGGGTTAATTAA -3°).
The assembled kanMX- GAL4* cassette was then purified and transformed into yeast cells
and transformants were selected in presence of 200 mg/L G418 (Thermo Fisher Scientific).
Integrants were confirmed by yeast colony PCR and Sanger sequencing.

Yeast cells were cultured in either YPD (1% yeast extract, 2% Bacto-peptone and 2%
glucose) or Synthetic complete medium (Scm) supplemented with 2% glucose, raffinose, or
galactose. Doxycycline (Sigma) was added directly to culture media or plates immediately
before pouring (final concentration of 1 ug/mL).

Neuroblastoma Cell Culture and Gene Expression—~Parental and engineered SH-
SY5Y cell lines (Mekrellis et al., 2009) (kindly provided by Dr. Leonidas Stefanis,
Biomedical Research Foundation Academy Of Athens, Greece) were grown in Dulbecco's
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) base medium plus 1%
GlutaMAX™ supplemented with 15% heat-inactivated FBS (Fetal Bovine Serum) and 1x
antibiotic-antimycotic (Invitrogen) at 37 °C with 5% CO». Cells were seeded at an initial
density of 10 cells/cm? in culture dishes coated with 0.05 mg/mL collagen (Invitrogen).
Cells were maintained with 2 pg/mL Dox as previously described (\Vekrellis et al., 2009), in
order to repress expression of aSyn and B-galactosidase (-gal), which are driven by the
Tet-OFF promoter (Gouarne et al., 2015; Vekrellis et al., 2009). The expression of aSyn and
[B-gal was induced by removing Dox from the media. Cells were differentiated by treating
the cells with 10 uM all-trans Retinal (RA; Sigma) for 6 days. For transient expression of
human genes, cells were transfected by adding 1 ug plasmid DNA/ 4 uL FUGENE® HD
Transfection Reagent (Promega).
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Lentivirus production and transduction were performed as previously described (Lois et al.,
2002). Viral supernatants from HEK-293T fibroblasts were collected at 48-hr after
transfection, and filtered through a 0.45 pm polyethersulfone membrane. For transduction
with individual vector constructs, 2 ml filtered viral supernatant was used to infect 2 x 108
cells in the presence of 8 ug/mL polybrene (Sigma) overnight. Cells were washed with fresh
culture medium 1 day after infection, and cultured for following 6 days before RA treatment
and a.Syn induction.

Method Details

Randomized gRNA Library construction and Screening—To build the randomized
gRNA library, random oligos containing 20 bp random nucleotide flanked by homology
arms to the vector were co-transformed into yeast with a linearized 2u vector flanked by
RPR1 promoter and gRNA handle at the ends into the screen yeast strain. Once inside the
cells, a gRNA-expressing library was reconstituted by the yeast homologous recombination
machinery. The randomized oligo library was synthesized by the IDT hand-mixed protocol
for randomized oligos using the following template: 5'-
GCTGGGAACGAAACTCTGGGAGCTGCGATTGGCAG(N1:32181832)(N1)(N1)(N1)
(NI)(N1)(N1)(NI)(NI)(N1)(N1)(NI)(N1)(N1)(NI)(NI)(N1)(N1)(NI)
(N1)GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-3', where N1 indicates the
hand-mixed nucleotide with the following ratio: A:C:G:T = 32:18:18:32. The GC content of
the randomized portion of the oligo pool was set to 64% to match with the average GC
content of yeast promoters (http://rulai.cshl.edu/SCPD/). The libraries were screened in the
presence of both galactose and Dox, and the gRNA content of surviving colonies were
characterized by colony PCR followed by Sanger sequencing. Individual gRNAs were
verified by cloning each gRNA sequence into the empty gRNA vector and transforming
these vectors back into the screen strain to validate gRNA activity in a clean background.

Yeast Growth and Viability Assays—The yeast screen strain was transformed with
gRNAs or individual genes obtained from yeast ORF library (Open Biosystems). Single
transformant colonies were grown overnight in Scm-Uracil (Ura)+raffinose media in the
presence of Dox (1 pg/mL) to induce crisprTF expression. Saturated cultures were diluted to
ODggg = 0.1 in Scm-Ura+Glucose+Dox and Scm-Ura+Galactose+Dox media and grown at
30 °C in a Synergy H1 Microplate Reader (BioTek). ODgpg and fluorescence (excitation and
emission spectrum at 508 and 534 nm, respectively) were monitored over the course of the
experiments. For measuring cell viability by spotting assays (Chen et al., 2013), cultures
were serially diluted (5-fold dilutions) and spotted on Scm-Ura+Glucose+Dox plates for
visualizing total viable cells and on Scm-Ura+Galactose+Dox plates for measuring survival.
Plates were incubated at 30 °C for 2 days.

RNA Preparation and Sequencing—The screen strain was transformed with either a
vector expressing gRNA 9-1 or the empty gRNA vector. Two single-colony transformants
from each sample were grown overnight in Scm-Ura+Glucose+Dox. These cultures were
diluted into the same fresh media to ODgpg = 0.1 and were incubated at 30 °C, 300 RPM.
Samples were collected in mid-logarithmic phase (ODggg = 0.8) and flash-frozen in liquid
nitrogen. Samples were kept in —80 °C until further processing. Total RNA samples were
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prepared using the MasterPure Yeast RNA Purification kit (Epicentre) following the
manufacturer’s protocol. mMRNA libraries were prepared using the Illumina TruSeq library
preparation kit, barcoded, multiplexed and sequenced by Illumina HiSeq. The reads were
processed by the MIT BioMicroCenter facility pipeline and mapped to the S. cerevisiae
reference genome (sacCer3). RPKM values were calculated using ArrayStar and
differentially expressed genes were identified by t-test (p-value < 0.1, FDR
correction(Benjamini, 1995)). Genes that exhibited at least twofold changes in expression in
cells containing the gRNA 9-1 compared with the reference (empty gRNA vector) were
considered as differentially expressed. Functional classification of the identified genes was
performed using the FunSpec webserver (Robinson et al., 2002).

Western Blotting and Fluorescence Imaging—Yeast protein extracts were prepared
for Western blotting by trichloroacetic acid extraction (Chen and Weinreich, 2010). Blots
were probed in phosphate-buffered saline containing 0.1% Tween containing 1% (w/v) dried
milk. Overexpression constructs containing a 6xHis tag were detected using anti-His
monoclonal antibody (1:2000; R93025, Life Technologies) followed by anti-mouse-HRP
secondary antibody. a.Syn (SNVCA) was detected with mouse monoclonal anti-aSyn
antibodies (1:1000; Syn-1/Clone 42, BD Biosciences).

aSyn-YFP expressing cells were directly visualized under an inverted fluorescence
microscope (Zeiss) after 6 days of aSyn induction. The phenotypes were quantified by
counting a.Syn foci in at least 100 individual cells in multiple randomly chosen fields of
view for three independent sets of experiments.

Neuroblastoma Cell Viability and Death Assays—Viable SH-SY5Y cells were
quantified by using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). Images
were captured using the EVOS™ FL Cell Imaging System directly from culture plates under
10x magnification. Cell death was measured by the FITC Annexin V Apoptosis Detection
Kit | (BD Biosciences) followed by LSR Fortessa Il flow cytometry analysis. At least 10,000
cells were recorded per sample in each data set. In the cell death assay (Figure 3C), caspase
inhibitor zZVAD (Z-VAD-FMK; BD Biosciences) was added into the media upon aSyn
induction (100 uM final concentration). For the cell survival assay (Figure 3E), MPP+ iodide
(1-methyl-4-phenylpyridinium iodide; Sigma) was added into media of transfected cells 48
hours before processing for cell viability assay.

Quantification and Statistical Analysis

Potential Target Site Analysis—Potential target sites for gRNAs 6-3 and 9-1 in the S.
cerevisiae genome were identified using CasOT CRISPR off-target search tool (Xiao et al.,
2014). All potential target sites with up to two mismatches inside the seed region are
presented in Table S1.

Scoring Strategy for aSyn-toxicity Suppression in Yeast Survival Assays—A
defined scoring system, which quantified the numbers of total and full spots in the spotting
assays with serial dilutions, was used to score yeast survival upon aSyn induction: cells
expressing the empty vector (which showed the least survival upon aSyn induction; sick
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colonies in the first spot) were scored as 1, and samples overexpressing gRNA 9-1 and
UBP23 (the positive control for aSyn-toxicity suppression) were scored as 6 (five full spots
and healthy colonies in the sixth spot). Other samples were scored by visual inspection and
comparing the spotting assay survival results with the two abovementioned reference points.

Score  Number of total spots  Number of full spots Scorereference

6 6 5 UBP3and gRNA 9-1

\ector

o B N W b~ O
o B N W ~ O
o O B N W

Scoring Strategy for aSyn Aggregate Suppression in Fluorescence
Microscopy Assays—A defined scoring system, which distinguished the percentage of
cell-containing aSyn-YFP foci, was used to score aSyn-aggregate suppression: cells
expressing the empty vector were scored as 1 (91.7%), and the samples overexpressing
gRNA 9-1 were scored as 10 (6.5%).

Score % cellswith aSyn aggregates  Scorereference

=
o

0-10% gRNA 9-1
10 - 20%
20 - 30%
30 - 40%
40 - 50%
50 — 60%
60 — 70%
70 — 80%
80 - 90%
90 - 100% Vector

P N W 01O N 00 ©

Synergy Quantification—The increased survival against aSyn toxicity by
overexpression of 7XN, TIMMSY, and TXN + TIMM9was normalized to the vector control
(Figure 3D) or the EGFP control (Figure 4B). We considered co-expression of 7XN +
TIMMS1to be interacting synergistically if the observed combination effect was greater than
the expected effect given by Highest Single Agent (Borisy et al., 2003), Linear Interaction
Effect (Slinker, 1998), and Bliss Independence (Greco et al., 1995) models. Synergy was
calculated based on data presented in Figure 4B and tested by three models respectively, as
illustrated in Figure 4C.
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Data and Software Availability

The accession number for the RNA-Seq data reported in this paper is GEO: GSE87547. The
sequences of recombinant DNA reported in this study have been deposited at Mendeley
database (http://dx.doi.org/10.17632/wfskh3hjj5.1).

Additional Resources

Detailed Protocols—The protocols describe the procedures to construct and screen
randomized gRNA library.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Co-transformation of linearized vector gRNA6-3 5-GGGTTTTTCTTCTATACAGG-3
and randomized oligos gRNA9-1 5-GTATAATTTTCCCTAGTCAG-3'
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Figur_e_l. Randomized gRNA/crispr TF screensidentify genetic modifiers of aSyn toxicity in S.
cerevisiae

(A) Schematic illustration of the engineered yeast screen strain expressing aSyn and
crisprTF (left) and the strategy used for building the randomized gRNA library (right). See
Methods section and Figures S1-S2 for details. (B) Sequences of the two identified gRNAs
(designated as gRNA 6-3 and 9-1) that could suppress aSyn-mediated toxicity. 5-fold serial
dilutions of saturated cultures were spotted on Scm (Synthetic complete media)—Uracil
(Ura)+Glucose+Doxycycline (Dox) plates to quantify the total number of viable cells and
Scm-Ura+Galactose (Gal)+Dox plates to score cell viability upon aSyn induction. gRNA
9-1 is a strong suppressor of aSyn toxicity while gRNA 6-3 is a moderate suppressor. Both
gRNAs performed better than the negative control (empty vector), and suppression levels
were independent of gRNA plasmid copy number. See also Figure S1. (C) The
transcriptome analysis of the screen strain harboring gRNA 9-1 in comparison with the
reference strain (screen strain with no gRNA) represented as a volcano plot (x-axis: fold
change versus y-axis: statistical significance). A list of differentially expressed genes is
provided in Table S2.
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Figure 2. Overexpressing genesidentified from the gRNA 9-1/crispr TF screen rescues aSyn-
associated cellular defectsin yeast

(A) Survival of the screen strain harboring gRNA 9-1 (‘gRNA 9-1") compared to cells
expressing the empty vector (“Vector’) and those overexpressing HSP31-34 (heat shock
proteins) (top) as well as top-ranked aSyn suppressors identified in the screen (bottom).
UBP3, a known strong a.Syn suppressor, was used as a positive control. (B) Quantification
of aSyn-YFP foci in the screen strain harboring either no gRNA or gRNA 9-1, or cells
harboring plasmids that overexpress the indicated genes. Cytoplasmic YFP foci represent
aSyn aggregates produced as a result of defects in vesicular trafficking. Cells expressing
crisprTF and gRNA 9-1 robustly inhibited aSyn aggregates, evidenced by the absence of
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cytoplasmic YFP foci in these samples. Cells overexpressing UBP3were used as a positive
control in this assay. Data were presented as mean + SEM of three biological replicates. (C)
Representative images of aSyn-expressing cells mentioned in b. Bar = 10 um. See also
Figures S3-54.
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Figure 3. Human homologs of yeast aSyn-toxicity suppressorsin a human neuronal PD model
(A) A schematic representation of the experimental procedure used to test the human

homologs of yeast aSyn-toxicity suppressors in differentiated neuronal cell lines. Different
constructs expressing individual genes were transfected into the SH-SY5Y neuroblastoma
cell line via transient transfection to examine their ability to protect against aSyn toxicity.
a.Syn expression was induced by removal of Dox from the media and retinoic acid (RA)
treatment was used for neuronal differentiation over the course of a six-day period. The anti-
cell-death drug zZVAD and the toxin MPP+ were applied in control experiments. See also
Figure S5. (B) Cell viability of differentiated cell lines overexpressing aSyn and the
indicated constructs (white bars) were determined by the CellTiter-Glo luminescent assay.
The expression of individual genes did not significantly affect cell survival of differentiated
cells in the absence of aSyn induction (black bars). Constructs expressing human DJ-1
(homolog of yeast SNO4/HSP34 and HSP32), GGA1 (GGAI), ALS2 (SAFI), or DNAJBI
(S/51) were tested. Be/-xL, which protects against apoptotic neuronal death, was used a
positive control (Dietz et al., 2008). (C) The percentage of dead cells upon aSyn induction
was quantitated by FITC-Annexin V staining followed by flow cytometry. Effects of
overexpressing DJ-1 or ALS2via plasmid transfection were compared with effects of zZVAD.
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(D) Constructs expressing human 7XN (homolog of yeast 7RXZ) or 7/MM9 (homolog of
yeast 7/M9) were transfected individually or co-transfected together to test for synergistic
effects on protection from aSyn toxicity. XN+ TIMMS9synergistically rescued these cells
from aSyn toxicity when co-transfected together. (E) Overexpression of DJ-1, TIMMSY, or
TXN+ TIMM3did not protect against MPP+ toxicity, in contrast with Be/-xL
overexpression. Transfected and differentiated cells were treated with 6 mM MPP+ and then
tested for cell viability 48 hours afterwards. All data were presented as mean = SEM of
triplicate sets. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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Figure 4. Lentiviral expression of human DJ-1, TXN, and TIMM9 protects against aSyn-
associated toxicity in a neuronal PD model

(A) The human homologs of yeast aSyn-toxicity suppressors were stably expressed via
lentiviral vectors six days before RA treatment and aSyn induction, as indicated in the
experimental procedure diagram. (B) Overexpression of DJ-1 or TXN + TIMM9
significantly increased neuronal viability in the presence of aSyn. The 2A peptide sequence
(P2A) was used to achieve the simultaneous expression of multiple genes from a single
promoter. (C) 7XNand T/MM9work synergistically protect neuronal cells from a.Syn
toxicity based on Highest Single Agent [Max(E 7xas E 77191 (Borisy et al., 2003), Linear
Interaction Effect (E 7xn + E 7019 (Slinker, 1998), and Bliss Independence (E 7y +

E 71mm9 — Emxen E 7iaanag) (Greco et al., 1995) models (dashed lines). The effect of 7XN +
TIMM9was greater than the threshold values obtained from these models. (D)
Representative images of neuronal morphology and cell density of cells transfected with
lentiviral vectors overexpressing the indicated human genes. Bar = 400 um. All data were
presented as mean + SEM, n = 6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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