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Many proteins are refractory to targeting because they lack small-
molecule binding pockets. An alternative to drugging these
proteins directly is to target the messenger (m)RNA that encodes
them, thereby reducing protein levels. We describe such an ap-
proach for the difficult-to-target protein α-synuclein encoded by
the SNCA gene. Multiplication of the SNCA gene locus causes dom-
inantly inherited Parkinson’s disease (PD), and α-synuclein protein
aggregates in Lewy bodies and Lewy neurites in sporadic PD. Thus,
reducing the expression of α-synuclein protein is expected to have
therapeutic value. Fortuitously, the SNCA mRNA has a structured
iron-responsive element (IRE) in its 5′ untranslated region (5′ UTR)
that controls its translation. Using sequence-based design, we dis-
covered small molecules that target the IRE structure and inhibit
SNCA translation in cells, the most potent of which is named
Synucleozid. Both in vitro and cellular profiling studies showed
Synucleozid directly targets the α-synuclein mRNA 5′ UTR at the
designed site. Mechanistic studies revealed that Synucleozid re-
duces α-synuclein protein levels by decreasing the amount of SNCA
mRNA loaded into polysomes, mechanistically providing a cytopro-
tective effect in cells. Proteome- and transcriptome-wide studies
showed that the compound’s selectivity makes Synucleozid suitable
for further development. Importantly, transcriptome-wide analysis
of mRNAs that encode intrinsically disordered proteins revealed that
each has structured regions that could be targeted with small mol-
ecules. These findings demonstrate the potential for targeting
undruggable proteins at the level of their coding mRNAs. This ap-
proach, as applied to SNCA, is a promising disease-modifying ther-
apeutic strategy for PD and other α-synucleinopathies.

RNA | chemical biology | Parkinson’s disease | α-synuclein | intrinsically
disordered proteins

Human diseases are often caused by malfunctioning proteins
with diverse functions, and yet only a small set of them can

be drugged or targeted with a small molecule (1, 2). Indeed, a
genome-wide analysis showed that only 15% of proteins are con-
sidered to be in druggable protein families, while the remaining
85% are considered “undruggable” (1, 2). Many of these undrug-
gable proteins do not fold into defined structures or assume
structures lacking pockets suitable for binding small molecules (3,
4). One intriguing strategy to expand protein druggability, partic-
ularly for proteins with aberrantly high levels linked to disease, is to
target their encoding mRNAs and inhibit translation. Such an
approach could be accomplished by defining structured regions in
an mRNA, namely potential small-molecule binding pockets, and
then identifying lead small molecules that bind these structures,
that is, a sequence-based design strategy. Indeed, we have previ-
ously used such an approach to target RNA broadly, including pri-
microRNAs (miRNAs), pre-miRNAs, and mRNAs (5, 6).
α-Synuclein is a key protein in the pathogenesis of Parkinson’s

disease (PD) and other α-synucleinopathies based on genetics,

neuropathology, cell biology, and animal model studies (7). This
protein can oligomerize, misfold, and form fibrils that propagate
across neurons in the brain and accumulate in Lewy bodies and
Lewy neurites (8, 9). The expression level of α-synuclein is an
important determinant of the rate of its fibrillization and neuro-
toxicity (10, 11), as individuals with multiplication of the SNCA
gene locus develop dominantly inherited PD and dementia with a
gene-dosage effect (12). Additionally, polymorphisms in the pro-
moter region and in a distal enhancer element of the SNCA gene
impact α-synuclein protein levels and elevate the risk of developing
PD (13–15). Thus, reducing the expression level of this protein is
expected to be a disease-modifying strategy (16, 17) (Fig. 1A).
α-Synuclein is an intrinsically disordered protein (IDP) and is

therefore difficult to target, owing to its lack of defined small-
molecule binding pockets. At the RNA level, however, SNCA
mRNA displays a functionally important and structured 5′ un-
translated region (UTR) with an iron-responsive element (IRE)
that regulates its translation (Fig. 1 A and B) (18, 19). The IRE is
bound by iron regulatory protein (IRP) at low concentrations of
iron. At high concentrations, IRP is bound by iron, freeing the
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mRNA to undergo translation (20, 21). The presence of iron in
Lewy bodies and translational control of α-synuclein via iron and
the IRE support their collective roles in PD (22, 23).
Thus, small molecules that target this RNA structure could be

of value as probes that inhibit translation of α-synuclein, enabling
the study of associated pathogenetic mechanisms. Further, such
studies could provide new strategies for drugging undruggable
proteins by targeting them at the RNA level. We therefore employed
our sequence-based design, lead-identification strategy, Inforna
(5, 24), to target the SNCA IRE. Inforna is built around a da-
tabase of experimentally determined, privileged RNA fold–small
molecule interactions. That is, the interactions are both high-
affinity and selective. Inforna then searches an RNA target for
druggability, that is, whether it houses an RNA fold in the da-
tabase. The small molecules that bind this targetable fold are
lead chemical probes that can be assessed for biological effects.
Indeed, Inforna has defined highly selective lead small molecules
that target many RNAs from different classes, modulating their
biology in highly predictable, rational ways in both cellular and
preclinical animal models (6, 25, 26).
In the present study, Inforna provided a cohort of small mole-

cules that bind folds present in the SNCA IRE. The most effective
compound, named Synucleozid, selectively repressed α-synuclein
translation in a neuronal cell line, as determined by proteome-
wide studies, providing a cytoprotective effect. Cellular mecha-
nistic studies revealed that Synucleozid: 1) binds and stabilizes the
SNCA IRE in cells at a specific structural element, as designed
by Inforna, and 2) represses translation by stabilizing the IRE,
thereby causing an accumulation of ribosome precursors on the
mRNA and hence reducing the amount of SNCA mRNA loaded
into polysomes. The former mechanistic studies were enabled by an
approach we developed to study molecular recognition of RNAs by
small molecules both in vitro and in cells, dubbed antisense oli-
gonucleotide ligand binding site mapping (ASO-Bind-Map) (27).
ASO-Bind-Map will likely have broad utility as a target-validation
tool as the field of RNA-targeted small molecules grows. Addi-
tionally, in silico results presented here suggest that, in addition to
SNCA, structured RNA elements are predicted to form in the
mRNAs of all IDPs—with some having extensive structure and

multiple (potentially targetable) motifs. Thus, the approaches de-
scribed herein could be broadly applicable.

Results and Discussion
Design of Compounds Targeting the SNCA IRE. The translation of
some α-synuclein isoforms is regulated by a 3-dimensionally folded
hairpin structure that is similar to IREs in the 5′UTR in its encoding
mRNA (located in exon 1 upstream of the AUG start codon; Fig. 1
A and B) (18, 21). To determine the percentage of SNCA mRNA
transcripts harboring the IRE, we performed RNA-seq (sequencing)
analysis of SH-SY5Y cells, a human dopaminergic neuroblastoma
cell line commonly used to study the expression of α-synuclein. Of
the 13 SNCA mRNA transcripts (28), 5 transcripts passed the de-
tection criteria for further analysis [at least 5 estimated counts in at
least 47% of the samples (29); SI Appendix, Table S1]. Among these
5 transcripts, 2 (transcripts SNCA-204 and SNCA-205) contain the
targeted IRE sequence. SNCA-204 and SNCA-205 make up ∼50%
of all SNCA mRNA species in SH-SY5Y cells (SI Appendix, Table
S1). Therefore, this IRE-like hairpin is an attractive therapeutic
target to reduce α-synuclein protein levels.
To explore such a strategy, we sought to design small mole-

cules that bind the SNCA 5′ UTR IRE structure. Two different
models of the SNCA 5′ UTR IRE structure have been reported
in the literature, deduced from free-energy minimization and/or
comparative sequence analysis (18, 21, 30). Here, we have used a
combined approach of evolutionary conservation and free-energy
minimization to refine the structure. The resulting model (Fig. 1B)
is further supported by its structural conservation (91.6%) and the
observation of multiple structure-preserving mutations in homolo-
gous SNCA sequences—spanning eutherian mammals, as explored
using Rfam (31) (SI Appendix, Fig. S1). The structure is similar to
that reported by Rogers et al. (30), except that the helix adjacent to
the hairpin is slipped, affording remarkable similarity between the
human SNCA and ferritin IRE structures. Interestingly, a potential
compensatory mutation was identified in our conservation studies,
supporting the revised model helix (SI Appendix, Fig. S1A). In vitro
mapping studies support that the 2 models may be in equilibrium
(SI Appendix, Fig. S1B). Our lead-identification strategy, Inforna
(5, 24), then identified 5 compounds that are privileged for 2

Fig. 1. Design and characterization of an SNCA 5′ UTR IRE-targeting small molecule. (A) Schematic depiction of an α-synuclein–mediated disease pathway.
(B) Secondary structure of the 5′ UTR IRE of SNCA mRNA that regulates translation and the chemical structures of hit small molecules predicted by Inforna.
(C) Quantification of a Western blotting screen of candidate small molecules inhibiting α-synuclein protein expression in SH-SY5Y neuroblastoma cells.
(D) Cytoprotective effect of Synucleozid against α-synuclein toxicity in SH-SY5Y cells measured using a lactate dehydrogenase assay. Synucleozid abrogates
cytotoxicity induced by α-synuclein preformed fibrils, which act as seeds and recruit endogenous α-synuclein to aggregate. *P < 0.05, **P < 0.01, ***P < 0.001,
as determined by ANOVA. Error bars indicate SD.
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structural elements found in both models of the IRE, namely a 1 ×
1–nucleotide internal loop and a 1-nucleotide bulge with GC and
GU closing base pairs (Fig. 1B).
To investigate the likelihood that these structures form within

IRE-containing species, we evaluated the sequence conservation
of their closing base pairs (SI Appendix, Fig. S1A) as well as
sequence variation as reported in SI Appendix, Fig. S1C. The 1-
nucleotide bulge’s closing pairs are 100% conserved in a MAFFT
alignment of 55 sequences of eutherian mammals while 1 closing
base pair of the internal loops is conserved 100% and the
other <90% (SI Appendix, Fig. S1A). To further investigate the
sequence variation within the SNCA IRE, we queried the NCBI
database and found that the highest-population minor-allele
frequency (MAF) observed in any population, including 1000
Genomes phase 3, ESP, and gnomAD, is equal to or less than
0.01 for all nucleotides, indicating high sequence conservation of
the SNCA IRE (SI Appendix, Fig. S1C) (28).
As a first assessment of activity, the compounds were studied

for inhibiting α-synuclein translation in SH-SY5Y cells (Fig. 1C).
Of these, Synucleozid, designed to bind the A bulge near the base
of the IRE hairpin, reduced levels of α-synuclein in a dose-
dependent manner with an IC50 of ∼500 nM (Fig. 1C and SI Ap-
pendix, Fig. S2). To ensure that reduction of protein levels was due
to inhibition of translation and not transcription, SNCA mRNA
levels were measured by reverse transcription-quantitative real-time
PCR (RT-qPCR) upon compound treatment. Indeed, Synucleozid
had no effect on the steady-state levels of SNCA mRNA (SI Ap-
pendix, Fig. S3). In agreement with these cellular studies on en-
dogenous α-synuclein protein and mRNA levels, Synucleozid
inhibited α-synuclein translation using a luciferase construct fused
to the SNCA 5′ UTR, both in transfected SH-SY5Y cells (Fig. 2A)
and in vitro (SI Appendix, Fig. S4). Dose-dependent effects were
observed in both systems, with 1 μM Synucleozid inhibiting ∼40%
of translation in cells. No inhibitory effect (cellular or in vitro)
was observed for a construct in which the SNCA 5′ UTR was
absent (Fig. 2A and SI Appendix, Fig. S4). Importantly, no toxicity
was observed upon Synucleozid treatment of SH-SY5Y cells,
as determined by cell viability (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium [MTS])
and lactate dehydrogenase (LDH) release (SI Appendix, Fig. S5).
To assess the biological effect of Synucleozid on an α-synuclein–

mediated phenotype, we studied its ability to confer cytoprotection
against the toxicity of α-synuclein preformed fibrils (PFFs) (32).
The PFFs are composed of recombinant human α-synuclein that,
when delivered to cells, seeds the aggregation and fibrillization
of soluble endogenous α-synuclein, triggering downstream cel-
lular damage and toxicity that can be measured by LDH release.
As expected for a compound that reduces levels of α-synuclein,

Synucleozid mitigated the toxicity induced by PFFs in a concentration-
dependent manner (Fig. 1D). Because of these favorable cellular
properties of Synucleozid, we completed in-depth analysis of this
compound and derivatives thereof to establish its mechanism of
action and confirmed its direct engagement of the SNCA IRE.

Selectivity of Synucleozid for the SNCA IRE. SNCA is not the sole
mRNA expressed in the nervous system that contains an IRE in
its 5′ UTR. We therefore studied whether Synucleozid also in-
hibits translation of these mRNAs, including amyloid precursor
protein (APP), prion protein (PrP), and ferritin. We created
analogous luciferase reporter gene constructs for the APP, PrP,
and ferritin 5′ UTRs (Fig. 2A, Top and SI Appendix, Methods)
and studied the effect of Synucleozid on their translation in SH-
SY5Y cells. In contrast to the luciferase reporter fused to the
SNCA 5′ UTR, Synucleozid had no effect on translation of lu-
ciferase fused to the APP or PrP 5′ UTRs. A very small (∼10%
inhibition) but statistically significant effect was observed for fer-
ritin upon treatment with 1 μM Synucleozid (similar to the percent
inhibition observed for the SNCA 5′ UTR at a 4-fold lower con-
centration, 250 nM) (Fig. 2A, Bottom). It is not surprising that
Synucleozid is selective for the SNCA 5′ UTR, as the 4 UTRs
studied have different secondary structures (SI Appendix, Fig. S6).
Considering these positive results using luciferase constructs,

the endogenous levels of APP, PrP, and ferritin were measured in
SH-SY5Y cells upon Synucleozid treatment. In addition, we also
studied the effect of the small molecule on the transferritin re-
ceptor (TfR) as it contains an IRE in its 3′ UTR (33) and because
of its role in regulating the translation of mRNAs with IREs in
their 5′ UTRs (21). Mirroring the results observed using luciferase
constructs, Synucleozid had no effect on protein levels of APP,
PrP, or TfR (Fig. 2B and SI Appendix, Fig. S2). Although no dose–
response was observed for its effect on ferritin, its levels were
reduced by ∼50% at the highest concentration tested (1 μM; Fig.
2B and SI Appendix, Fig. S2). This reduction in ferritin levels could
be due to an off-target effect and/or rescue of autophagic and
lysosomal dysfunction observed in PD. This dysfunction has been
linked to α-synuclein accumulation and α-synuclein–mediated
disruption of hydrolase trafficking (34). As long-lived proteins,
including ferritin, are degraded in the lysosome, rescue of lyso-
somal function by Synucleozid may account, in part, for reduction
of ferritin levels. In support of this notion, a study in α-synuclein−/−
mice showed that α-synuclein impaired ferritinophagy and con-
versely that elimination of α-synuclein reduced ferritin levels (35).

Studying Compound Affinity and Characterizing Its Binding Site within
the SNCA IRE. Next, we measured the affinity of Synucleozid for its
putative binding site in the IRE, the A bulge, by replacing the

Fig. 2. Synucleozid shows on-target effects in cells. (A, Top) Structures of designed luciferase (Luc) reporter plasmids used in selectivity studies. (A, Bottom)
Luciferase assay of Synucleozid effects in SH-SY5Y cells stably transduced with plasmids containing the 5′ UTR of SNCA, amyloid precursor protein, prion
protein, or ferritin mRNAs. (B) Selectivity of Synucleozid for inhibiting α-synuclein protein translation as compared with its effect on APP, PrP, ferritin, and
transferrin receptor determined by Western blotting. *P < 0.05, **P < 0.01, ***P < 0.001, as determined by ANOVA. Error bars indicate SD.
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bulge with the fluorescent adenine mimic 2-aminopurine (2-AP)
(Fig. 3A). The emission of 2-AP changes based on its microen-
vironment, particularly if it is stacked on neighboring bases (36),
which can be altered upon ligand binding (37, 38). Indeed,
Synucleozid decreased 2-AP emission with an EC50 of 2.7 ± 0.4 μM
(Fig. 3B). Importantly, recovery of 2-AP emission was observed as
a function of unlabeled SNCA IRE RNA (RNA-0) concentration,
affording a competitive Kd of 1.5 ± 0.3 μM (Fig. 3C and SI Ap-
pendix, Fig. S7A). That is, both 2-AP–labeled and native IRE
RNA bind to Synucleozid with similar affinities. Therefore, 2-AP–
labeled IRE RNA can serve as a useful model to assess Synu-
cleozid binding and avidity.
To converge on the A bulge as Synucleozid’s binding site,

competitive binding assays were completed with a series of un-
labeled RNAs into which mutations were introduced (Fig. 3C and
SI Appendix, Fig. S8) and 2-AP–labeled IRE RNA. For these in-
vestigations, each noncanonically paired region was systematically
replaced with base pairs, generating RNA-1 to RNA-5 (Fig. 3C
and SI Appendix, Fig. S8). Additionally, we completed a mutational
analysis for the A bulge and its surrounding base pairs (RNA-6 to
RNA-11; Fig. 3C and SI Appendix, Fig. S8). (Note that we were
unable to mutate the A bulge to a C as it caused structural rear-
rangement of the neighboring paired region.) If Synucleozid se-
lectively binds to the 5′-G_G/3′-CAU (the A bulge and its closing
pair, where underlining denotes the location of noncanonically
paired or unpaired nucleotides), their mutation should all nega-
tively impact binding. In contrast, mutation of the remaining
noncanonically paired regions that are not putative Synucleozid
binding sites should not significantly affect binding affinity.

As expected, mutation of the A bulge to a base pair (RNA-1)
or to a U or G bulge (RNA-6 and 7) reduced Synucleozid avidity
by 10-fold as compared with the native IRE (Kd ∼20 μM; Fig. 3C
and SI Appendix, Fig. S7 B and C). Importantly, mutation of the
closing base pairs (RNA-8 to 11) also reduced binding affinity,
emphasizing the importance of the GC and GU closing base
pairs in Synucleozid’s molecular recognition of the native IRE
(Fig. 3C and SI Appendix, Fig. S7C). Interestingly, the ferritin
IRE has 3 U bulges and 1 C bulge (SI Appendix, Fig. S6). This 10-
fold weaker binding observed to the U bulge, which might in part
be traced to Synucleozid’s doubly charged nature at physiological
pH, could contribute to the observed reduction of ferritin protein
levels (Fig. 2). Notably, as discussed above, the decreased ferritin
levels observed upon Synucleozid treatment could also be due to
rescue of an α-synuclein–mediated lysosomal dysfunction, as re-
duced ferritin levels were observed in α-synuclein−/− mice (35).
Replacement of all other noncanonically paired regions with

base pairs (RNA-2 to 5) had no effect on Synucleozid binding,
further indicating the selectivity of the compound for the A
bulge. Two other RNAs were also studied in this competition
assay: RNA-12, in which all internal loops and bulges, including
the Synucleozid binding site, were replaced with base pairs, and
tRNA. No significant recovery of the change in 2-AP emission
was observed until >100 μM of either RNA was added (Fig. 3C
and SI Appendix, Fig. S7A). To support these binding studies,
thermal melting experiments were performed on the wild-type
A-bulge IRE RNA and the corresponding fully paired RNA in
the presence and absence of Synucleozid. The compound only
stabilized the wild-type IRE upon binding, decreasing its ΔG37°C
from −2.91 to −3.23 kcal/mol and increasing its Tm by 3 °C (from
51.4 to 54.8 °C; SI Appendix, Fig. S9). Taken together with the
binding studies on IRE mutants, these melting studies indicate
that Synucleozid selectively recognizes the A bulge in the SNCA
IRE, resulting in thermal stabilization of the target RNA.
To gain insight into the prevalence of the 5′-G_G/3′-CAU

bulge that Synucleozid binds throughout the human transcriptome,
we queried a database of secondary structural elements present
in human miRNA hairpin precursors and highly expressed hu-
man RNAs with known structures (39). The latter include 5S
rRNA, 16S rRNA, 23S rRNA, 7SL (signal recognition particle),
RNase P RNA, U4/U6 snRNA, and 465 nonredundant tRNAs
(2,459 total motifs). Among 7,436 motifs in miRNA hairpin pre-
cursors, 5′-G_G/3′-CAU only occurs twice, once in miR-1207 and
once in miR-4310 (0.027%). The bulge only appears 3 times in
highly expressed RNAs, each in a tRNA (0.12%). Further, var-
ious studies have shown that typically small molecules must
target a functional site in order to induce downstream biological
effects (26). We have previously shown that many factors affect
the biological response of molecular recognition of an RNA
target, including target abundance and molecular recognition of
a functional site (26, 40). By analysis of these factors, the data
support that targeting this 3-dimensional (3D) structure in the
SNCA IRE selectively is indeed achievable and elicits a selective
biological response.

Synucleozid Structure–Activity Relationships. To further investigate
molecular recognition at the small-molecule level, a series of Syn-
ucleozid derivatives were synthesized and studied (SI Appendix,
Fig. S10A). These compounds were designed to have improved
blood–brain barrier (BBB) penetrance as defined by central ner-
vous system multiparameter optimization (CNSMPO) scores (41).
In particular, the guanidyl groups were replaced with imidazolyl or
cyano groups, while functionalities within the heterocycle as well as
the imino group linking the 2 benzyl substituents were altered to
study how changes in hydrogen bonding and stacking capacity af-
fect molecular recognition (SI Appendix, Fig. S10A).
Replacement of guanidyl groups with imidazolyl groups

(SynucleoziD-2 to SynucleoziD-5) largely increased compound

Fig. 3. Selectivity of Synucleozid for the A bulge in the SNCA IRE. (A) Sec-
ondary structure of 2-AP–labeled RNA used in the assays. (B) Plot of the
change in 2-AP fluorescence as a function of Synucleozid concentration. (C)
Plot of the affinity of Synucleozid for various SNCA IRE mutants as de-
termined by competitive binding assays with the 2-AP–labeled RNA. RNA-
0 is native SNCA IRE. RNA-12 is a fully base-paired RNA in which all 5 in-
ternal bulges and loops have been mutated. Each of RNA-1 to RNA-5 has
1 bulge or loop mutated. RNA-6 to RNA-12 are mutants of the A bulge or
have mutated closing base pairs (SI Appendix, Figs. S7 and S8). Error bars
indicate SD.
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CNS MPO scores without significantly affecting their avidity to the
SNCA IRE as measured in the 2-AP fluorescence binding assay (SI
Appendix, Fig. S10B and Table S2). Interestingly, despite the relatively
small change in avidity, the cellular potency of all 4 derivatives
was reduced compared with Synucleozid. At 1 μM concentration,
Synucleozid reduced α-synuclein levels by ∼67%. In contrast, the
4 imidazolyl derivatives only reduced α-synuclein levels by ∼40%
at 5 μM. Replacement of the guanidyl groups with cyano
(SynucleoziD-NC) ablated both binding avidity and its inhibitory
effect on SNCA mRNA translation (SI Appendix, Fig. S10C and
Table S2). These findings suggest that Synucleozid can be further
improved by using standard medicinal chemistry approaches.

Studying Molecular Recognition of Synucleozid to the SNCA IRE via
ASO-Bind-Map. Traditionally, chemical mapping studies are used
to identify ligand binding sites in vitro. However, compounds
must be highly resident to detect their binding; that is, they must
interact with the target site for sufficient time to inhibit an ir-
reversible reaction with a chemical modification probe. Further
confounding this analysis is that the sites that react with the
modification reagent may not overlap with the ligand binding
sites, leaving these sites invisible to detection (42). We previously
developed various strategies (chemical cross-linking and iso-
lation by pull-down to map binding sites [Chem-CLIP-Map] and
small molecule–nucleic acid profiling by cleavage applied to
RNA to map ligand binding sites [RiboSNAP-Map]) to alleviate
these challenges and to extend mapping of ligand binding sites
into cells (25, 42, 43). Although Chem-CLIP-Map and RiboSNAP-
Map are powerful target-validation tools that demonstrate direct
target engagement, they require the development of derivatives of
lead compounds to attach a cross-linker or a cleavage moiety.
Here, ASO-Bind-Map was developed to alleviate challenges as-
sociated with all 3 methods.
Previously, the Williamson laboratory explored the folding

pathways of large, highly structured RNAs using a series of ASOs
(44, 45). Domains within the RNA that fold quickly into stable
structures were largely inaccessible to ASO binding and hence
cleavage while ones that did not fold or folded more slowly were
subjected to ASO-mediated cleavage. We adapted this approach
to profile the binding sites of small molecules to RNAs both in
vitro and in cellulis. That is, since Synucleozid stabilizes the IRE
structure, it should impede ASO binding and reduce RNase H
cleavage at the binding site (Fig. 4 and SI Appendix, Fig. S11).
After designing and validating 6 tiling ASOs that bind throughout

the SNCA IRE hairpin structure (Fig. 4A and SI Appendix, Table
S3), ASO-Bind-Map was implemented in 2 ways, using 1) a 32P-
labeled IRE and analysis by gel electrophoresis (Fig. 4B), and 2) a
dually labeled IRE that is a fluorescence-based molecular beacon
(Fig. 4C). In our first experiments, the 32P-labeled IRE was in-
cubated with 0.1, 1, and 10 μM Synucleozid followed by addition
of ASO and then RNase H. As expected, protection of the IRE
from RNase H cleavage by Synucleozid was only observed with
ASOs whose binding sites overlap with the A bulge, namely
ASO(1–10) and ASO(40–50) (Fig. 4B and SI Appendix, Fig. S11).
In the molecular beacon assay, a model of the SNCA IRE was

dually labeled on the 5′ and 3′ ends with Cy3 and Cy5, respec-
tively, a fluorescence resonance energy transfer (FRET) pair.
Upon hybridization of an ASO, the hairpin unfolds and FRET is
reduced. Again, if a small molecule is bound to a structure that
overlaps with the sequence recognized by an ASO, the structure
is stabilized, impeding ASO binding, and the extent of FRET
reduction slows. Each ASO was validated for reducing FRET in
this system (SI Appendix, Fig. S12). In agreement with the RNase
H-mediated studies, Synucleozid was only able to reduce the
extent of unfolding induced by ASO(1–10) and ASO(40–50),
which bind sequences that overlap with the Synucleozid binding
site, indicating specific binding to the A bulge (Fig. 4C and SI
Appendix, Fig. S12).

Collectively, these 3 different assays, 2-AP–labeled RNA (including
mutational studies), RNase H-mediated ASO-Bind-Map, and
molecular beacon ASO-Bind-Map, all support binding of
Synucleozid to the A bulge as designed.

Profiling the Binding Site of Synucleozid in Cells via ASO-Bind-Map.
To profile the binding of Synucleozid to the hairpin structure of
the SNCA 5′ UTR in cells by ASO-Bind-MAP, ASO gapmers
(2′-O-methoxyethyl [MOE] phosphorothioates) were used. Three
oligonucleotides were studied: 1) the gapmer version of ASO(1–10),
which overlaps with the Synucleozid binding site; 2) the gapmer
version of ASO(29–39), which does not overlap with the Synu-
cleozid binding site; and 3) a gapmer control ASO that does not
share sequence complementarity with SNCA mRNA but has the
same number and position of 2′-MOEmodifications and is the same
length as ASO(1–10) and ASO(29–39) (SI Appendix, Table S3).
Akin to in vitro studies, a gapmer of interest was transfected

into SH-SY5Y cells in the presence and absence of Synucleozid
(Fig. 5A). As expected, ASO(1–10) and ASO(29–39) (200 nM),
but not the scrambled control ASO (200 nM), cleaved SNCA
mRNA, reducing its levels by ∼50%, as measured by RT-qPCR.
Addition of 0.1, 1, and 10 μM Synucleozid to cells afforded dose-
dependent inhibition of SNCA mRNA cleavage by ASO(1–10),
which binds the sequence in and around the A bulge, with an
EC50 of 1 μM; no effect was observed with ASO(29–39) or the
control ASO (Fig. 5B). These findings show direct target en-
gagement in cells to further support that Synucleozid binds to the
3D structure in and around the A bulge in the SNCA 5′ UTR
structure. Cellular engagement of the target at the designed site
is an important step to validate a compound’s mode of action.

Investigating the Cellular Mechanism of Action of Synucleozid. We
investigated 3 potential mechanisms of action through which
Synucleozid could inhibit α-synuclein translation: 1) Synucleozid

Fig. 4. ASO-Bind-Map studies confirm that Synucleozid binds to the pre-
dicted site in vitro and in cells. (A) Designed ASOs that tile through the SNCA
IRE. (B, Left) Scheme of RNase H-mediated ASO-Bind-Map. (B, Right) Relative
cleavage of full-length SNCA IRE by RNase H after hybridization of ASOs with
or without Synucleozid preincubation. Statistical significance was calculated
between each specific ASO with or without Synucleozid preincubation. (C,
Left) Scheme of FRET-based ASO-Bind-Map. (C, Right) Normalized relative fold
change of Cy5/Cy3 fluorescence for various ASOs with or without Synucleozid
preincubation. **P < 0.01, ***P < 0.001, as determined by a 2-tailed Student
t test. Error bars indicate SD.
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stabilizes the IRE hairpin structure and prevents its unfolding,
and thus could block the preinitiation ribosome complex from
scanning through the IRE portion of the mRNA and obstructing the
assembly of translationally competent ribosome machinery (Fig.
6A); 2) Synucleozid could increase expression of the iron response
element binding protein (IRP) and facilitate IRP and SNCA IRE
complex formation (Fig. 7A); IRP–IRE complex formation leads
to translational inhibition (20, 21); and 3) Synucleozid binding to
the IRE could increase the affinity between IRP and IRE, con-
sequently repressing translation (Fig. 7A).
We first investigated if Synucleozid affects ribosome assembly

onto SNCA mRNA using polysome profiling. Polysome profiling
is a powerful technique to study the association of mRNAs with
ribosomes and to assess which mRNAs are undergoing active
translation via their association in polysomes and the density of
ribosomal loading (46). We collected polysomes in the presence
and absence of Synucleozid and isolated them through a sucrose
gradient (Fig. 6B, Top). Fractions of the polysomes as a function
of the sucrose density gradient (e.g., the number of ribosomes
loaded onto mRNAs) were collected, and the amount of SNCA
mRNA relative to a control mRNA was measured by RT-qPCR
(Fig. 6B, Bottom).
Indeed, treatment with Synucleozid alters the distribution of

SNCA mRNA between incomplete ribosomes (association with
40S or 60S subunits; fractions 1 to 5), single ribosomes (80S;
fractions 5 to 7), and polysomes (fractions 8 to 14) (Fig. 6 B and
C), but does not affect the association of ribosomes with a
control RNA. In particular, Synucleozid decreases the amount of
SNCA mRNA associated with active polysomes by ∼20% (P <
0.05) with a concomitant increase in the amount associated with
incomplete ribosomes (P < 0.05) (Fig. 6C). Canonical translation

of eukaryotic mRNAs is initialized by recruiting the 40S ribo-
somal subunit to the 5′ cap (47). The 40S subunit and initiation
factors form the preinitiation complex that scans from the 5′ end
to the AUG start codon by unfolding the 5′ UTR, followed by
recruitment of the 60S subunit. The complete 80S ribosome
machinery then elongates through the open reading frame
(ORF). The observed significant increase of mRNA in fractions
1 to 5 suggests that Synucleozid inhibits translation during the
preinitiation complex scanning but not the elongation stage.
Collectively, these findings in conjunction with the in vitro and in
cellulis results from ASO-Bind-Map support the hypothesis that
Synucleozid inhibits ribosomal loading onto the SNCA mRNA
by stabilizing the IRE and preventing its unfolding.
We then studied if Synucleozid affects SNCA mRNA recog-

nition by the 2 IRP isoforms, IRP-1 and IRP-2 (Fig. 7A). IRP-1 is
an abundant protein that not only serves as an iron-responsive
protein but also as an aconitase to catalyze the conversion of
citrate to isocitrate (48). IRP-2 is a less abundant form and
differs from IRP-1 by a 73-amino acid insertion, removing its
aconitase activity and facilitating its degradation in cells with low
iron levels (49). To exclude the possibility that Synucleozid af-
fects IRP expression, SH-SY5Y cells were treated with Synu-
cleozid, and IRP abundance was measured by Western blotting.
No change in the levels of either protein was observed (SI Ap-
pendix, Fig. S13).
Next, IRP cellular complexes were isolated by immunopre-

cipitation (IP) and analyzed to assess if Synucleozid affects
loading of IRPs onto the IRE of SNCA mRNA (Fig. 7A). A
series of control experiments were completed for both IRP-1 and
IRP-2 to ensure that differences in SNCA mRNA levels could be
assayed (Fig. 7B). For IRP-1, treatment with iron (II) should
decrease the amount of SNCA mRNA pulled down in the IP
fractions, as iron (II) binds to IRP-1 and inhibits formation of
the SNCA mRNA–IRP-1 complex, which was experimentally
observed (Fig. 7B). As expected, the amount of pulled-down
SNCA mRNA increased in the presence of the iron chelator
deferoxamine (DFOA) (Fig. 7B). IRP-2 expression is dependent
on iron (II) concentration (50). Therefore, as an experimental
control, we treated cells with an ASO complementary to the
IRP-2 binding site in the SNCA mRNA, which blocked IRP-
2 binding and reduced the amount of immunoprecipitated
SNCA mRNA (Fig. 7B). Importantly, Synucleozid did not affect
the amount of SNCA mRNA associated with IRP-1 or IRP-2 in
these carefully controlled IP experiments, consistent with in vitro
displacement assays (Fig. 7B and SI Appendix, Fig. S14).
Collectively, these mechanistic investigations support a mecha-

nism by which Synucleozid binds to the A-bulge 3D structure
within the IRE hairpin of SNCA mRNA and inhibits the associ-
ation of functional ribosomes with mRNA (Fig. 6A).

Proteome- and Transcriptome-Wide Studies to Evaluate Synucleozid
Selectivity. To assess the proteome-wide selectivity of Synucleozid
for reducing α-synuclein protein levels, we completed a series
of studies comparing SH-SY5Y cells treated with 1) Synucleozid,
2) vehicle control, 3) α-synuclein small interfering (si)RNA, and 4)
a scrambled control siRNA (SI Appendix, Fig. S15). Among the
3,300 proteins detected, 381 proteins (11%) were affected by
α-synuclein siRNA treatment (relative to scrambled control
siRNA-treated cells), while 283 (8%) of the proteins were signif-
icantly affected (adjusted P < 0.01) with the cell-permeable small
molecule Synucleozid (relative to vehicle-treated cells) (Fig. 8 A
and B; a spreadsheet of full proteomics analysis is provided in
Dataset S1). Interestingly, the siRNA down-regulated 259 proteins
(7.9% of all proteins) while Synucleozid down-regulated 143
(4.3% of all proteins), of which 53 overlap. The numbers of pro-
teins with increased expression for the siRNA and Synucleozid are
similar, 122 (3.7% of all proteins) and 140 (4.2% of all proteins),
respectively, with 26 common proteins in the 2 datasets. These

Fig. 5. Cellular ASO-Bind-Map validates the SNCA IRE as the target of
Synucleozid. (A) Scheme of ASO-Bind-Map studies completed in cells. (B)
Expression of SNCA mRNA in SH-SY5Y cells transfected with designed
gapmers. Synucleozid protects SNCA mRNA from RNase H-mediated cleav-
age by ASO(1–10), which hybridizes with the Synucleozid binding site. Pro-
tection is not observed from cleavage mediated by ASO(29–39), which
hybridizes to a distal site. *P < 0.05, **P < 0.01, ***P < 0.001, as determined
by ANOVA. Error bars indicate SD.
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overlapping proteins could be involved in α-synuclein–related
pathways. For example, previous studies indicated that α-synuclein
impairs the mitochondrial complex in the brain (51, 52); thus, in-
hibition of α-synuclein synthesis could recover this phenotype. In-

deed, down-regulation of α-synuclein by compound and siRNA
treatment caused a common up-regulation of proteins involved in
the oxidative phosphorylation pathway, such as ATP5B, NDUFS3,
COX6B1, SDHA, and UQCRH (Fig. 8 A and B). Notably, we

Fig. 6. Investigation of a potential mode of action of Synucleozid. (A) Synucleozid could affect the loading of SNCA mRNA into polysomes and/or the as-
sembly of active ribosomes, which can be studied by polysome profiling. (B) Representative absorption trace (at 254 nm) of polysome fractionation from
polysome profiling of SH-SY5Y cells treated with Synucleozid (1 μM) or vehicle (dimethyl sulfoxide; DMSO) (Top) and quantification of the percentage of
SNCA mRNA level in each fraction relative to total SNCA mRNA expression, as assessed by RT-qPCR (Bottom). (C) Percentage of SNCA mRNA present within
monosome- and polysome-containing fractions with (black) and without (white) Synucleozid (1 μM) treatment. Fractions labeled as “incomplete ribosome”
contain 40S and 60S ribosomal subunits (fractions 1 to 5); “single ribosome” (fractions 6 and 7) indicates 80S ribosomes. *P < 0.05, **P < 0.01, as determined
by a 2-tailed Student t test. Error bars indicate SD.

Fig. 7. Investigation of 2 other potential modes of action of Synucleozid. (A) Synucleozid could affect the abundance of IRPs and/or the affinity of the IRP–
IRE complex, which can be assessed by Western blotting and immunoprecipitation. (B) SNCA mRNA was pulled down from treated (Synucleozid; 1 μM) and
untreated (vehicle; DMSO) SH-SY5Y cells by immunoprecipitation of IRP-1 (black bars) or IRP-2 (white bars). SNCA mRNA levels were quantified by RT-qPCR.
Iron (II) and deferoxamine are positive controls for IRP-1, and ASO is a positive control for IRP-2, each used to detect changes in the amount of immuno-
precipitated mRNAs. The amount of SNCA mRNA bound to IRP-1 or IRP-2 shows no significant difference with or without Synucleozid treatment. *P < 0.05,
***P < 0.001, as determined by a 2-tailed Student t test. Error bars indicate SD.
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searched for other proteins encoded by mRNAs with IREs in
proteomics data (n = 16; Dataset S1), 4 of which were expressed at
measurable levels: ACO2, NDUFS1, CDC42BPB, and FTH1
(ferritin). Only FTH1 was affected by Synucleozid treatment, as
expected from the cellular studies presented in Fig. 2. In summary,
Synucleozid demonstrated proteome-wide selectivity, which indi-
cates targeting the SNCA IRE by small molecules is a promising
direction for drug discovery and development since off-target ef-
fects have been previously observed in nucleic acid-based knock-
down experiments (53).
In complementary studies, we examined the transcriptome-

wide effect of Synucleozid treatment using RNA-seq (54). Differ-
entially expressed genes were identified using quantification and
analyses from the Kallisto and Sleuth packages in R (29). Very few
changes were observed upon Synucleozid (19,979/20,034 genes
were unchanged; 99.7%) or siRNA treatment (19,279/19,329 genes
were unchanged; 99.7%), suggesting limited off-target effects for
either modality (SI Appendix, Fig. S16).

Comparisons with Other Compounds That Target RNA. Previously, a
high-throughput screen was used to identify inhibitors of α-synuclein
translation, including plant cardiac glycosides, mycophenolic
acid (an immunosuppressant and iron chelator), and posiphen
(55). Although these compounds were found to selectively in-
hibit α-synuclein production, their mechanism of action is un-
known. Synucleozid, however, establishes that small molecules
can recognize the SNCA 5′ UTR IRE in cells, affecting assem-
bly of mature ribosomes onto the mRNA. Given that we have
established this mechanism of action in cells and the observation
that many other proteins that are overexpressed in neurological
disorders have IREs in their 5′ UTRs, such an approach and the
strategies described herein could be broadly applied to other
proteins, particularly APP, which is up-regulated in Alzheimer’s
disease and Down’s syndrome patients’ brains (56). These IREs

have different 3D structures that could be targeted selectively by
different small molecules that could be identified through sequence-
based design.
Additionally, small molecules have been shown to activate or

inhibit translation in RNA repeating transcripts. For example,
the toxicity observed in fragile X-associated tremor ataxia syndrome,
and C9orf72-associated frontotemporal dementia and amyotrophic
lateral sclerosis, is caused in part by repeat associated non-ATG
(RAN) translation of expanded r(CGG) and r(G4C2) repeating
transcripts, respectively (57, 58). Small molecules that bind to
these structures inhibit cellular RAN translation by directly
binding to the repeats and affecting loading of the RNAs into
polysomes. However, in these cases, the repeat sequence itself is
being translated. The highly repeating nature of these targets
allows for higher loading of compounds compared with the IRE
described herein. Thus, it is encouraging that translation can be
inhibited by binding to a single site in the 5′ UTR to impede
ribosome assembly.
Other small molecules can target human RNAs and modulate

their biology by affecting RNA–protein complexes. For example,
small molecules have been designed to target miRNA precursors
to inhibit their biogenesis and derepress downstream protein
targets (59–62). Viral RNAs have been important targets of small
molecules by using both screening and rational design to inhibit
viral transcription and translation (63–65). Collectively, there are
many avenues to affect RNA biology, that is, through inhibition of
RNA–protein complexes and binding to functional sites in an
RNA. Not all sites of an RNA that are targetable with small
molecules are functional and, thus, are unlikely to elicit a cellular
response (26). Importantly, these studies show that small mole-
cules that bind to structural elements in 5′ UTRs proximal to start
codons can affect ribosome assembly in a selective fashion, and we
show that these sites can be considered functional.

Fig. 8. Global proteome profiles of SH-SY5Y cells after treatment with Synucleozid or an siRNA directed at α-synuclein. (A and B) Volcano plots of SH-SY5Y
cells treated with (A) α-synuclein siRNA vs. a scrambled control (0.1 μM), or (B) Synucleozid (1.5 μM) vs. vehicle are shown. Data are represented as log2 fold
change; dotted lines represent a false discovery rate of 1% and an S0 of 0.1, indicating an adjusted P value of 0.01. Red dots represent the common up-regulated
proteins in the oxidative phosphorylation pathway. (C) Venn diagrams showing down- or up-regulated proteins upon α-synuclein siRNA or Synucleozid treatment
compared with their respective controls.
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Many Intrinsically Disordered Proteins Are Encoded by Intrinsically Ordered
or Structured mRNAs That Could Be Drugged with Small Molecules. Pre-
vious in silico studies of the human genome as well as a focused
analysis of the MYC mRNA suggest that targetable secondary
structures may be common in human genes (66, 67). To assess
structural propensity in SNCA and mRNAs encoding other IDPs,
all sequences from DisProt (68), a database of IDPs, were ana-
lyzed using the ScanFold pipeline (69), previously used for the
human genome and MYC mRNA (61). Briefly, ScanFold uses a
scanning analysis window to predict the most stable folds across
each mRNA as well as metrics that suggest sequences that may be
ordered, presumably by evolution, to be particularly stable. Sta-
bility is quantified by the thermodynamic z score; lower z scores
indicate that a sequence is ordered to adopt a more stable sec-
ondary structure than expected for its particular nucleotide com-
position. Unique consensus structures from overlapping sequence
windows are generated by weighting the base pairs that most
contribute to these unusually stable secondary structures. A sum-
mary of the results is shown in SI Appendix, Fig. S17, and all results
are available on Zenodo (70).
We analyzed if each mRNA is globally ordered by calculating

the average z score for having stable structures across all win-
dows of each mRNA. If the average of all windows is <−1, the
transcript is deemed to be globally ordered (71). The mean av-
erage z score for all mRNAs encoding IDPs, which was normally
distributed, was −0.51 (SI Appendix, Table S4). Overall, few
mRNAs (13/236; 5.5%) were considered globally ordered. SNCA
was not particularly biased for global structure, as indicated by its
average z score of −0.37. Of the mRNAs encoding the IDPs
studied, ∼30% were expected to be even less ordered (as indicated
by higher and in some cases even positive z scores; SI Appendix,
Fig. S17).
Interestingly, all mRNAs studied, whether or not classified as

globally ordered, had regions with defined structures. That is, in
each mRNA that encodes for an IDP, there is a particular set of
windows with z score(s) <−1 where unusually stable base pairs
reside. These regions form loops, bulges, and other structures
that are attractive targets for RNA-binding molecules (SI Ap-
pendix, Fig. S17). For example, 36% of SNCA’s 3,167 nt con-
tribute to structures that generate z scores with values <−1.
Notably, none of the SNCA IRE base pairs is predicted to be
significantly more stable than expected as compared with ran-
dom sequences (70), which may not be surprising, as a degree of
structural flexibility may be required to accommodate interac-
tions with IRPs and was observed experimentally in our mapping
studies (SI Appendix, Fig. S1B). Similar results were observed for
the viral structured ncRNA HSUR1, which requires structural
flexibility to allow interactions with host biomolecules (72).
Collectively, these results indicate that our approach to targeting
undruggable proteins by targeting structures in the encoding
mRNA could be successfully applied to other IDP-encoding
mRNAs.

Conclusions and Implications. The present set of studies demon-
strates the feasibility of down-regulating α-synuclein protein levels
by selectively targeting its mRNA 5′ UTR with the small molecule
Synucleozid. Global proteomics and RNA-seq studies showed that
Synucleozid is selective proteome-wide and transcriptome-wide.
Thus, these findings provide a promising approach for achieving
disease modification in α-synuclein–associated neurodegenerative
disorders including Parkinson’s disease and dementia with Lewy
bodies.
There is a myriad of RNA structures throughout the tran-

scriptome that may be targetable with small molecules to mod-
ulate RNA biology (SI Appendix, Fig. S17). The studies herein
further illustrate that sequence-based design can rapidly iden-
tify compounds that bind an RNA target. Our ASO-Bind-Map
strategy not only validates the target of the small molecule but

also if it binds the intended site. Indeed, such target-validation
studies are essential to define the compound mode of action,
namely that cellular occupancy of the target is leading to the ob-
served biological effect.
The tool compounds developed here could serve as drug leads

or useful entry points for medicinal chemistry studies to optimize
properties such as BBB penetrance and to mitigate off-target
liabilities. In support of this, our structure–activity relationship
studies provided compounds that retained activity with improved
likelihood of BBB penetrance, as predicted by CNS MPO cal-
culations. Additionally, the ability to design small molecules with
selectivities that are competitive with, if not exceed, those of
siRNAs suggests that small-molecule targeting of RNA could be
a sustained approach to affect biology for therapeutic benefit.
Selectivity is derived from small-molecule recognition of a par-
ticular RNA 3D fold and could be further enhanced by designing
compounds that interact with multiple motifs within an RNA
target simultaneously (6, 73–75).
We showed mechanistically that Synucleozid affects α-synuclein

translation by directly affecting the RNA and not an RNA–protein
complex. Key to small-molecule bioactivity for RNA targets is
binding to a functional site. By using ASO-Bind-Map coupled with
mechanistic investigations, our studies show that ligand binding to
a 3D structure proximal to a start codon can affect ribosome as-
sembly onto the mRNA. This cellular activity is distinct from
previous studies on drugging RNA in cells and sets the stage for
broadening the use of small molecules to affect canonical trans-
lation. Many disease-causing proteins are encoded by RNAs that
have conserved structures in their UTRs, for example, Huntingtin
mRNA (76, 77), that could be targeted to inhibit their translation.
Thus, this approach may not be limited to mRNAs with IREs and
is particularly intriguing for proteins lacking traditional, druggable
folds. Importantly, our studies indicate that mRNAs encoding
IDPs are structured, providing a route to inhibit proteins that are
difficult to target with small molecules.

Materials and Methods
Detailed information for all experimental methods and materials, includ-
ing synthetic methods and compound characterization, is provided in SI
Appendix.

Statistical Analysis. Data are presented as means ± SD from at least 3 inde-
pendent biological replicates. Statistical significance between experimental
groups was analyzed either by 2-tailed Student t test or one-way ANOVA
followed by Bonferroni’s multiple-comparison test. In all cases, P values of
less than 0.05 were considered to be statistically significant.

Cell Culture. Please see SI Appendix for details.

Reverse Transcription-Quantitative Real-Time PCR (RT-qPCR). After completion
of treatment, total RNA was extracted from cells (RNeasy Mini Kit; Qiagen)
and cDNA was synthesized (Superscript II; Invitrogen) according to the
manufacturer’s instructions. Quantitative real-time PCR was performed in
triplicate using iTaq Universal SYBR Green Supermix (Bio-Rad) with the
Applied Biosystems 7500 Real-Time PCR System to assess the relative SNCA
mRNA levels. Please see SI Appendix for additional details including primer
sequences.

Western Blotting. Protein expression of α-synuclein, APP, ferritin, and TfR were
analyzed in SH-SY5Y cells, while the level of PrP was tested in Neuro-2A cells
after compound or vehicle treatment. To improve immunodetection of en-
dogenous α-synuclein, membranes used to probe for endogenous α-synuclein
were mildly fixed with 0.4% paraformaldehyde for 30 min at room temper-
ature prior to the blocking step (78). Additional details are provided in
SI Appendix.

Cell-Death Assay. The cytoprotective effect of Synucleozid was tested against
α-synuclein PFFs. Human α-synuclein was expressed (79) and fibrillization
was induced as previously described (80). SH-SY5Y cells were pretreated
with Synucleozid (0.25 to 1 μM) for 24 h and challenged with 50 μg/mL
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α-synuclein PFFs for an additional 48 h in the presence of Synucleozid. Cell
death was measured using an LDH Cytotoxicity Detection Kit (Takara)
according to the manufacturer’s instructions and plotted either as optical
density value or as percent changes in comparison with the respective
controls. Monomeric α-synuclein (50 μg/mL) challenge was used as nega-
tive control for PFF cytotoxicity. Additional details are provided in SI
Appendix.

To assess if Synucleozid has a cytotoxic effect, SH-SY5Y cells were treated
with 0.25 to 1 μM for 48 h, and cell viability and cytotoxicity were measured
using the CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS)
(Promega) according to the manufacturer’s instructions.

DataAvailability.RNA-seqdataareavailable in theGeneExpressionOmnibus (GEO)
repository (accession no. GSE129590; ref. 54).
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