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Abstract

Parkinson’s Disease (PD) is a devastating neurodegenerative disease that affects over one million
patients in the US. Yet, no disease modifying drugs exist, only those that temporarily alleviate
symptoms. Because of its poorly defined and highly complex disease etiology, it is essential to
embrace unbiased and innovative approaches for identifying new chemical entities that target the
underlying toxicities associated with PD. Traditional target-based drug discovery paradigm can
suffer from a bias towards a small number of potential targets. Phenotypic screening of both
genetic and pharmacological PD models offers an alternative approach to discover compounds
that target the initiating causes and effectors of cellular toxicity. The relative paucity of reported
phenotypic screens illustrates the intrinsic difficulty in establishing model systems that are both
biologically meaningful and adaptable to high-throughput screening. Parallel advances in PD
models and in vivo screening technologies will help create opportunities for identifying new
therapeutic leads with unanticipated, breakthrough mechanisms of action.

Introduction

Parkinson’s Disease (PD) is the second most common neurodegenerative disease, affecting
~2% of the population over 65 years of age. Patients suffer from progressive loss of muscle
control, including tremor, rigidity, bradykinesia, and postural instability. These movement
deficits are largely caused by the selective degeneration of dopaminergic (DA) neurons in a
brain region called the substantia nigra pars compacta. The histopathological hallmark of
PD is the presence of large intracytoplasmic spherical structures (called Lewy Bodies, LBSs)
that contain the a-synuclein (a-syn) protein [1]. The misfolding and accumulation of a
disease-specific protein that causes proteotoxic stress is a common theme among many
neurodegenerative diseases, including Alzheimer’s and Huntington’s diseases. Although
most PD arises sporadically, a-syn pathology is almost always detected. Importantly, a
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causal role for a-syn was strengthened with the identification of rare mutations in the a-syn
gene (SNCA) [2]. Extra genomic copies of SNCA also cause familial PD, establishing that
simply increasing a-syn dose can cause disease [3]. Intriguingly, aging, which is the most
significant risk factor for PD, is accompanied by an increase in a-syn protein levels,
possibly sensitizing cells to a-syn misfolding and toxicity [4,5].

The genetic complexity of PD is exceptionally rich as several other monogenic mutations
cause related parkinsonisms. Some mutations, such as those in Parkin, PARK3, LRRK2,
PLA2G6, and GBA (Gaucher’s locus), accumulate a-syn-positive Lewy Bodies. Others,
including mutations in UCHL1, DJ-1, ATP13A2, PARK10, GIGYF2, PARK12, HTRAZ2,
FBXO07, PARK16, have less defined a-syn involvement [6]. The diverse functions of these
disease-associated genes creates a complexity where different pathological mechanisms,
including ubiquitin-proteasome system, oxidative stress, vesicle trafficking, and
mitochondrial dysfunction, manifest in related parkinsonisms. Also, a number of
environmental substances, including the mitochondrial toxins MPTP/MPP™ and rotenone, as
well as manganese, can cause related parkinsonism’s.

Model organism studies of “PD” have provided key insights into some basic, underlying
toxicities of PD. They do not, however, truly model “disease”, which integrates complex
interactions between cellular pathology, neuronal networks, multiple systems, and patient
heterogeneity. This distinction is critical in establishing dialogues between basic researchers
and clinicians treating PD patients. Herein, we refer to “PD models” without making claims
to the actual human disease, but rather to the underlying precipitating toxic events.

Model organisms used to study PD have provided key molecular insights into the underlying
cellular pathology. The accumulation of a-syn has been linked to mitochondrial dysfunction,
proteasome inhibition, oxidative stress, vesicle trafficking defects, lipid droplet
accumulation, calcium dysregulation, a-syn aggregation, and cellular toxicity. These
phenotypes are studied in several model systems, including immortalized cell lines, primary
neuronal cultures, yeast, fruit flies, nematodes, and rodents [7,8]. Although no model
organism faithfully recapitulates all cellular pathologies, the cross-validation of findings in
multiple systems strengthens new connections. Indeed, the combination of diverse cellular
pathologies with the aforementioned genetic complexity and environmental links
necessitates innovative, unbiased phenotypic screening approaches in simple model
organisms.

Despite the prevalence of PD and the substantial efforts in studying disease pathogenesis, no
disease modifying agents exist. Current therapies largely manage symptoms through
modulating neuronal activity, yet do not significantly modify disease progression [9].
Phenotypic screening provides an opportunity to both study toxic mechanisms and to
provide new chemical entities that target the precipitating biology and may themselves
modify disease. Herein, we will discuss the promise of phenotypic screens and early
successes that can enrich the pipeline for potential therapeutics. We will not discuss the
other significant hurdles in drug development, including compound optimization, the
difficulties in testing drugs in a slowly progressing disease, or other approaches such as
structure based design.
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Target-based versus phenotypic drug screening

The two main high-throughput (HT) screening approaches for discovering potential new
PD-modifying compounds are target-based and phenotype-based. Target-based approaches
rely on experimentally validated (though sometimes poorly so) protein activities to screen in
vitro. Phenotypic screens, in contrast, exploit unbiased cell-based assays to identify
compounds that elicit a desired response, such as protecting cells from a-syn toxicity. These
two fundamentally different approaches have advantages and disadvantages.

Target-based biochemical screening, currently the gold standard in drug discovery, is an
effective approach with a well-defined pathology and highly validated target. Its biggest
advantage is that the exact target and mechanism of action are known. However, many of
our most commonly used drugs function through unknown mechanisms and target-based
approaches do have a few key drawbacks. First, the success of target-centric approaches
hinges on correctly predicting the link between the chosen target and disease pathogenesis
such that modifying the target will modify disease. This bias may be based on false or
incomplete information. Second, this biased approach may not actually target the best or
most “druggable” protein to provide optimal rescue. Third, it is not always possible to
accurately predict a compound’s activity in vivo (e.g., too high a potency may be toxic to
cells). Finally, the small molecules obtained in vitro may have chemical liabilities that
preclude efficacy in vivo, including entry into cells, solubility, metabolism, distribution,
excretion, and off-target effects. These potential pitfalls can hinder validation of a
compound within the context of a cellular or animal model.

Phenotypic screening against the underlying toxicities that cause PD has several advantages.
First, without a preordained target, screens are fully unbiased and may identify compounds
targeting completely unexpected proteins or pathways. Second, in vivo screening more
likely identifies drug-like molecules that (1) can get into cells, (2) are not readily
metabolized, and (3) are not overtly cytotoxic themselves at effective concentrations. Thus,
the primary screen actually performs multiple functions by both identifying compounds and
filtering out liabilities. The most significant barrier in phenotypic screens is determining a
compound’s mechanism of action and protein target. However, the genetic tractability of
model organisms offers new approaches for target discovery, though this is often quite
difficult. Of course, a limiting factor for phenotypic screening is that a compound’s potential
is only as valid as the model from which it was derived. It is interesting to note that, despite
the heavy use of target-based drug screening, 37% of first-in-class new molecule entities
(NMEs) from 1999 to 2008 were identified through phenotypic screens, while only 23%
were identified from target-based approaches [10] (remaining were either modified natural
substances or biologics). Second generation follower drugs were typically identified through
directed target-centric methods (51% as compared to 18% for phenotypic screens).

Drug screening in cell culture models of PD-related toxicities

Academic screening centers provide an affordable and accessible entrée into HT phenotypic
compound screening. However, few screens directed at ameliorating PD-relevant toxicities
have been reported. This is likely because phenotypic screening requires robust,
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reproducible, and biologically meaningful assays. One must therefore examine the available
model systems for their suitability to high-throughput drug screens (Figure 1). Both genetic
and pharmacological approaches are used to model aspects of PD pathology.
Overexpression of wild-type or mutant a-syn induces some cytotoxicity and recapitulates
some key features of disease. Alternatively, treatment with mitochondrial toxins such as
MPTP and rotenone mimics the mitochondrial dysfunction observed in PD [7]. Both genetic
and pharmacological approaches provide meaningful insights and opportunities [7,8].

A robust phenotype that maximizes the Z’ (i.e., statistical effect size that quantifies the
suitability of an assay for use in a high-throughput screen) and signal to background (S/B) is
paramount for accurate hit calling (Figure 1). Low Z’ or S/B values preclude confidently
identifying hits. Though routine, stable immortalized cell lines conditionally expressing a-
syn typically exhibit low S/B in HT formats (~15-30% ‘toxicity’). This limitation is in part
because the same reduced apoptotic mechanisms that enable proliferation in culture also
makes them relatively resistant to proteotoxic insults. However, assays that monitor cell
health or death through mitochondrial reducing potential (e.g., MTT, MTS), ATP levels,
membrane leakage (e.g., LDH, AK), or caspase activity are amenable to HT screens if the Z’
and S/B values are sufficiently high. Extensive optimization must be performed prior to
screening. Less deranged cell types, such as primary rat neurons infected with a-syn-
expressing lentivirus, may be more sensitive, but they also suffer from technical limitations
in terms of required virus and cell amounts, as well as cost and labor constraints. Indeed, the
lack of reported cell culture toxicity screens reflects the difficulty in their development and
execution in HT formats (Table 1).

Despite these caveats, a-syn toxicity has been assayed with viability or membrane
permeabilization assays [11,12,13]. In addition to toxicity, a-syn oligomerization, which is
thought to be a key feature of a-syn toxicity, can be monitored in cell-based assays.
Expressing a-syn from separate constructs with a split GFP results in a-syn oligomerization
and reconstitution of GFP, as well as modest toxicity [14,15]. In these systems, small
molecule activity has been demonstrated for AGK2, a Sirt-1linhibitor [11] and B2, a
compound that increases inclusion formation [16]. Hsp90 inhibitors also reduced a-syn
oligomerization and cytotoxicity, consistent with previous experiments in flies and cells
[13,14,17]. A large-scale screen, however, has not yet been reported against a-syn toxicity
or oligomerization.

The toxicity elicited by a-syn is exquisitely dose-dependent [3,18], suggesting that reducing
a-syn levels in vivo may be a potential therapeutic avenue. Three recent screens assayed for
compounds that modulated translational regulation of a-syn through a unique 5 UTR
structure [19]. The first set of large scale screens looked for both activators and inhibitors of
5" UTR-dependent expression (Figure 2A,B) [20,21]. An a-syn 5" UTR luciferase construct
was introduced into neuroglioma cells and modulating activity was interrogated with over
300K compounds. Indeed, two probes that activated (ML163) or inhibited (ML150) activity
were identified and confirmed to modulate a-syn protein levels in cells [20,21]. A similar
but smaller screen of 720 natural products identified the glycoside, Strophanthidine as a
strong hit (Figure 2C) [22]. Together, these screens identified compounds that specifically
down-regulate a-syn expression and may provide a direct means of ameliorating the
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apparent dose-dependent a-syn toxicity in PD [21,22]. Future experiments both in neurons
and animal models will help determine if further pursuit of their therapeutic potential is
warranted.

Rotenone toxicity also provides a screenable phenotype whereby the toxin can be titrated to
a desired intermediate level. Indeed, a small scale screen of rotenone toxicity in SH-SY5Y
cells identified carnosic acid as a suppressor of toxicity (Figure 2D) [23]. Efficacy was
confirmed using high-content imaging to assess apoptotic cells. Although only a secondary
assay in this screen, the use of high-content imaging highlights its potential in high-
throughput screens [24]. High-content imaging screening (HCI) utilizes visualization and
quantitation of multiple cellular parameters by automated microscopy platforms and
software to provide a rich data set for each compound. HCS, though more technically
challenging than a live-dead assay, may be particularly useful in screens with mixed cell
populations (e.g., primary neuronal cultures), where overt cellular toxicity is not readily
evident, or where one non-cell autonomous effects are evident (e.g., glia and neurons). No
PD screens have yet employed this approach.

Yeast as a screening platform for chemical suppressors of a-synuclein

toxicity

A yeast model of a-syn toxicity is a robust HTS platform with potential for identifying
therapeutic leads. In exploiting the dose-dependence of a-syn toxicity, yeast was engineered
to express a-syn at different levels to cause clear dose-dependent a-syn foci formation
(Figure 3A) and toxicity [18] (Figure 3B). Whereas nontoxic levels of a-syn localized to the
plasma membrane, expressing toxic levels of a-syn caused the accumulation of a-syn foci
and stalled vesicles [18,25]. Genetic overexpression screens of a-syn toxicity directly
implicated disruption of vesicle trafficking, mitochondrial dysfunction, and involvement of
manganese in a-syn toxicity, which were all confirmed in multiple neuronal models
[26,27,28]. In one example, a yeast manganese pump, YPK9 (the homolog of human
PARKDY), was identified as a suppressor of a-syn toxicity, thereby creating a previously
unappreciated link between manganese homeostasis, a-syn, and parkinsonism. These
conserved mechanisms of toxicity in yeast highlight that this simple organism possesses the
cellular functions required to model a-syn toxicity and identify new pathways and
relationships through phenotypic screens. Therefore, drugs that alleviate a-syn toxicity in
yeast may target disease-relevant proteins and pathways. Indeed, several major drugs have
conserved targets in yeast, including statins, methotrexate, and omeprazole, highlighting
evolutionary conservation among organisms (Figure 3C).

Yeast is also exceptionally easy to genetically manipulate, grow, and monitor during HT
screening where a simple optical density reading reflects the rescue of toxicity. This
approach is also cost effective compared to expensive luciferase-based viability assays
(though luciferase-based ATP assays are quite sensitive in yeast and are amenable to HTS).
All that is required is that a compound rescues growth of a strain expressing a toxic protein.
Importantly, yeast-based screens typically have robust Z’ factors of 0.5 to 0.8, which enables
statistically significant scoring, and can be performed in only a couple of weeks. Compound
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activity, however, must be validated in mammalian neuronal systems. Upon validation, the
power of yeast genetics can be used to study mechanisms of action [29].

Two screens targeting a-syn toxicity have been performed. First, a small scale screen
identified a group of known protective flavonoids — quercetin and (-)-epigallocatechin
gallate (EGCG) - that protected a-syn-expressing yeast in the presence of iron (~10,000
compounds) [30]. In a second larger scale screen, a class of structurally related 1,2,3,4-
tetrahydroquinolinones rescued yeast from a-syn toxicity (~115,000 compounds; Figure
2E). These compounds reversed vesicle trafficking and mitochondrial defects [28].
Importantly, their confirmed efficacy in neuronal a-syn toxicity models argues for a highly
conserved drug target. Interestingly, these compounds also rescued rotenone toxicity in
neuronal cultures, supporting a deep-rooted activity linking rotenone and a-syn toxicities.

Yeast are also suitable to exploring novel classes of molecules, such as cyclic peptides (CPs)
[31]. CP selections exploit the ability of yeast to express a plasmid-derived self-splicing
intein that liberates a small peptide as a CP. These selections can assess the activity of over
107 CPs, roughly 10-100 times the size of a typical small molecule screen. The CP DNA
sequence can be randomized in a plasmid-encoded library, the library transformed en masse
into a-syn expressing yeast, and clones that express a protective CP construct selected and
structurally examined through mutagenesis [32]. Again, CPs were validated in neuronal
models of a-syn toxicity. Although not a quintessential ‘drug-like’ molecule, CPs may be
useful to identify new drug targets and characterize the effects of modulating its target. It is
likely that these CPs sample a different chemical space from traditional small molecules and
thus may function in unique ways.

Small molecules from other screens with potential for suppressing PD-
relevant toxicities

Screens not directly aimed at ameliorating PD-relevant toxicities may also identify small
molecules that target potentially relevant proteins or pathways. For example, screens against
basic protein homeostasis may provide protection in the context of PD-related toxicities. In
one example, inducers of autophagy in yeast also functioned in mammalian cells to rescue
polyglutamine toxicity and induce clearance of an A53T a-syn mutant protein [33,34]. In
addition, a yeast screen for compounds that activate human HSF1 (master transcriptional
regulator of the heat-shock response) and the heat-shock response identified compounds that
protected cells from polyglutamine toxicity [35]. This compound may prove efficacious in
a-syn toxicity models where heat-shock induction is known to ameliorate toxicity [36,37].
Screening of other models may also yield compounds protective of a-syn toxicity. For
example, B2, a compound identified from screen for polyglutamine modulators, similarly
rescued a-syn-expressing cells [16]. Finally, a recent screen of a TDP-43 yeast model
identified multiple 8-hydroxyquinolines, some of which also protected the a-syn models
[38]. Together, these screens highlight that compounds identified from alternative sources
may ultimately provide potential benefit for the underlying toxicities associated with PD and
that phenotypic approaches in model organisms can reveal these connections.
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Untapped Models for Parkinson’s Disease drug screens

Surprisingly few in vivo screens have been performed when considering the prevalence and
burden of PD. Proof of principle experiments have been reported for some models; however,
their true potential has yet to be realized. For example, the soil nematode C. elegans, with its
well-defined development, relative ease of growth and manipulation, and recapitulation of
PD-related phenotypes, may also be amenable to HT drug screens [39]. Worms expressing
a-syn recapitulate neuronal toxicity and have validated several drugs and genetic modifiers
identified in yeast [26,28]. In pharmacological models, small scale screens have identified
compounds protective against 6-OHDA and MPP+ toxicity [40,41]. However, large scale
screens have yet to be realized. Technological advances, such as microfluidics, may help
spur progress in establishing screening paradigms [42]. Zebrafish also offers an intact
animal model that is amenable to drug treatments and screening [43,44]. While an a-syn
zebrafish model has yet to be established, transgenic fish expressing Tau are amenable to
drug treatments and likely screening [43]. At the very least, these genetically tractable
animal models are strong secondary screening options for filtering primary screen hits from
cell-based assays for efficacy in an intact animal.

There is also considerable promise in using patient-derived iPSCs to study mechanisms of
toxicity [45,46,47,48]. These cell lines generated from patients with sporadic or familial PD
can be differentiated into mixed neuronal cultures enriched in DA neurons. Importantly, new
targeted-recombination technologies enable the correction of disease alleles in PD patient
cell lines such that an isogenic control line is available to compare potentially subtle
phenotypes [45]. It is likely that phenotypes from patient-derived neurons will have subtle
phenotypes. High-content screening (e.g., Cellomics) may help address these limitations by
quantifying subtle cellular alterations rather than cell death. Although this approach is in its
infancy, differentiated iPSCs may eventually provide a screenable platform of a disease-
relevant cell type.

Conclusions

Our ever-aging population will continue to increase the number of patients suffering from
age-related diseases, such as PD. Despite this trend, there are no disease-modifying agents
on the market for most neurodegenerative diseases. Symptom management (e.g., with L-
dopamine), and not disease modification, continues to be the focus of most therapeutics [9].
The limited number of published phenotypic high-throughput drug screens highlights the
intrinsic difficulty in establishing robust, meaningful PD models amenable to screening.
Yeast, despite its obvious differences from neuronal models, has actually provided
potentially useful lead compounds against a-syn toxicity. Subsequent to discovery, there is a
considerable bottleneck in generating the most effective probes as most academic labs lack
the medicinal chemistry capabilities for carrying out detailed structure-activity relationships
and compound optimization. This requires appropriate partnering — either through academic
collaboration or biotech/pharma licensing — so that the most effective, bioavailable molecule
can be pursued. Despite some of these limitations, the types of screens possible in academia
are free from some the risk-benefit calculations made by the pharmaceutical industry [49].
Our desire to truly investigate the underlying biology in the absence of a need to develop a
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product, may, in the end, ultimately uncover new chemical entities that are both informative
as biological probes and promising as therapeutic agents. Innovative approaches such as
those described here hold promise for bridging the gap between discovery and therapeutic
advancements. Although the distance between small molecule discoveries in vivo and an
actual lead compound in a clinical trial is great, the grave impact on human patients requires
that we make the effort to tackle this difficult task.
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List of abbreviations

PD Parkinson’s Disease
a-syn a-synuclein
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MPTP/MPP* 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
HCI high content imaging
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Model systems suitable for HTS
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(viability, high content imaging, ATP, LDH, Growth, etc)
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Primary HTS Screening
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Compounds l ‘Hits’

5 ‘Hit’ Selection
Quality control
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- Secondary assays
- specificity, toxicity, artifacts, etc
- Validate in multiple models
- Identify Target/mode of action

Figure 1. Phases of high-throughput phenotypic small molecule screens
After choosing a model organism with a suitable phenotype for screening, the assay must be

thoroughly vetted with robust, stereotypical behavior in high-throughput formats. A Z’, or
measure of statistical effect, should be greater than 0.5, and a signal to background (S/B)
should be maximized. Upon optimization, pilot screening of a small set of compound plates,
often a known bioactives library, confirms acceptable signal to background ratios between
positive and negative wells such that ‘hits’ can be reliably identified. Upon completion of a
pilot screen, the primary HTS is carried out, typically surveying between 10° and 108
compounds. Statistically significant hits are then cherry-picked, validated, and interrogated
in multiple secondary assays to focus on probes with the most desirable characteristics.
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Figure 2. Structures of compounds derived from recent PD-relevant HT screens
Structures of compounds identified in the last two years. (A,B) Compounds identified in a

reporter-based cell culture screen modulate a-syn expression via its unique 5’ UTR
structure. (C) A screen for natural products similarly identified Strophanthidine as a specific
modulator of a-syn’s 5 UTR translational regulation. (D) Carnosic acid, a compound
identified by its ability to rescue cells from rotenone toxicity. (E) A series of
tetrahydroquinolinones identified from a yeast model of a-syn toxicity were validated in
multiple neuronal assays. Bracketed numbers indicate references.
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C Bacteria Archaea Eukarya

Animals
l/ Fungi

Figure 3. Yeast a-synuclein model as a small molecule screening platform
(A) Three yeast strains expressing increasing amounts of a-syn-GFP exhibit a dose-

dependent increase in intracellular foci formation and loss of plasma membrane localization.
(B) The same three yeast strains exhibit an increase in toxicity with increase a-syn dose. (C)
Basic protein homeostasis machinery is conserved between yeast and man, allowing yeast-
based screening to provide insights into human disease.
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