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Significance

Parkinson’s disease can be caused 
by elevated levels of α-synuclein, 
an intrinsically disordered protein 
lacking typical small-molecule 
binding pockets. Here, we present 
an integrated approach to define 
drug-like chemical matter that 
targets its mRNA by simple 
binding and by targeted 
degradation to reduce α-synuclein 
protein levels in patient-derived 
neurons. Collectively, our work 
demonstrates that “undruggable” 
proteins can be targeted by 
binding to the encoding mRNA 
with small molecules. Further, we 
show that conversion of an RNA 
binder into a ribonuclease-
targeting chimera can significantly 
enhance its potency while 
retaining selectivity on the 
transcriptome and proteome. 
Broadly, this platform can be used 
to expand the druggability of 
many challenging disease targets.
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α-Synuclein is an important drug target for the treatment of Parkinson’s disease (PD), but 
it is an intrinsically disordered protein lacking typical small-molecule binding pockets. In 
contrast, the encoding SNCA mRNA has regions of ordered structure in its 5′ untranslated 
region (UTR). Here, we present an integrated approach to identify small molecules that 
bind this structured region and inhibit α-synuclein translation. A drug-like, RNA-focused 
compound collection was studied for binding to the 5′ UTR of SNCA mRNA, afford-
ing Synucleozid-2.0, a drug-like small molecule that decreases α-synuclein levels by 
inhibiting ribosomes from assembling onto SNCA mRNA. This RNA-binding small 
molecule was converted into a ribonuclease-targeting chimera (RiboTAC) to degrade 
cellular SNCA mRNA. RNA-seq and proteomics studies demonstrated that the RiboTAC 
(Syn-RiboTAC) selectively degraded SNCA mRNA to reduce its protein levels, affording 
a fivefold enhancement of cytoprotective effects as compared to Synucleozid-2.0. As 
observed in many diseases, transcriptome-wide changes in RNA expression are observed 
in PD. Syn-RiboTAC also rescued the expression of ~50% of genes that were abnormally 
expressed in dopaminergic neurons differentiated from PD patient–derived iPSCs. These 
studies demonstrate that the druggability of the proteome can be expanded greatly by tar-
geting the encoding mRNAs with both small molecule binders and RiboTAC degraders.

RNA | parkinsonism | α-synuclein | Alzheimer’s | targeted degradation

Genome-wide analyses suggest that only 15% of proteins are in druggable families (1, 2). 
A goal of chemical biology and medicinal chemistry, therefore, is to expand the druggable 
space by developing new approaches to target “undruggable” proteins that typically do 
not have architectures that are compatible with small-molecule binding. Current strategies 
to expand druggability include the use of proteolysis-targeting chimeras (ProTACs) to 
degrade protein targets (3–7) and covalent chemistry to define ligands that bind to shallow 
pockets, for example in mutant KRAS (8–11) and others (12, 13).

The protein α-synuclein is central to the pathogenesis of Parkinson’s disease (PD) and 
other α-synucleinopathies, as it misfolds, oligomerizes, and forms fibrils (14). These fibrils 
propagate across neurons, aggregate in Lewy bodies and Lewy neurites, and are associated 
with neuronal degeneration (Fig. 1A) (15). A major factor that promotes α-synuclein 
fibrillization is its concentration, as individuals with multiplication of the SNCA gene 
locus develop dominantly inherited PD with a gene dosage effect (16). Thus, reducing 
the levels of α-synuclein protein is a potential disease-modifying strategy (17). However, 
as an intrinsically disordered protein (IDP) that lacks pockets that can typically be bound 
by small molecules, α-synuclein protein is considered undruggable (18, 19).

One promising strategy to expand protein druggability, particularly for disease-causing 
proteins that are overexpressed, is to target their coding mRNAs and inhibit translation 
(21, 22). Such an approach could be accomplished by defining structured regions in an 
mRNA as potential small-molecule binding pockets, followed by the identification of 
small molecules that bind these structures. Previously, we designed a small molecule named 
Synucleozid-1.0 (20) that selectively targets the iron-responsive element (IRE) in the 5′ 
untranslated region (5′ UTR) of SNCA mRNA (23), which encodes α-synuclein (Fig. 1A). 
The IRE is bound and stabilized by iron regulatory proteins (IRPs) at low iron concen-
trations, leading to repression of SNCA mRNA translation (24). At higher concentrations 
of iron, the IRPs are bound to iron rather than the SNCA IRE, increasing the accessibility 
of the mRNA to the translational machinery. The small molecule Synucleozid-1.0 stabilizes 
the SNCA IRE structure and is a functional surrogate for the cellularly expressed IRP that 
regulates the amount of SNCA mRNA loaded into polysomes. However, Synucleozid-1.0 
did not have ideal physicochemical properties for CNS penetration (25).
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In the current study, we lay a foundation to discover small mol-
ecules that target RNA by using several synergistic approaches to 
define novel chemical matter with favorable drug-like physico-
chemical properties, as applied to SNCA mRNA (SI Appendix, 
Fig. S1A). First, we designed and delivered RNA-focused small 
molecules by informatic analysis of all known small-molecule-RNA 
fold interactions housed in our lead identification software, Inforna 
(26). These small molecules were screened for binding to the SNCA 
IRE using a microarray approach in which the small molecules are 
noncovalently absorbed onto the surface. Dubbed AbsorbArray, 
this method allowed for the facile screening of compounds for 
binding to the SNCA IRE, defining drug-like and selective lead 
small molecule binders (27). Biological investigations demonstrated 
direct RNA target engagement and defined the small molecule’s 
binding site. These synergistic methods defined the druggable 

pockets within the SNCA 5′ UTR and delivered a unique bioactive 
compound, dubbed Synucleozid-2.0, with improved potency, selec-
tivity, and drug-like physicochemical properties compared to 
Synucleozid-1.0 (25). We have also mechanistically defined the 
small molecule’s mode of action where it inhibits the assembly of 
actively translating ribosomes onto the SNCA mRNA.

To further enhance the potency, we converted Synucleozid-2.0 
into an RNA degrader by tethering it with a ribonuclease-recruiting 
module, affording a ribonuclease-targeting chimera (RiboTAC). 
Named Syn-RiboTAC, the degrader molecule’s cytoprotective 
effect was fivefold greater than Synucleozid-2.0. Transcriptome- 
and proteome-wide studies confirmed that both compounds selec-
tively target SNCA mRNA in cells and reduce α-synuclein 
expression levels in PD patient–derived dopaminergic neurons 
differentiated from induced pluripotent stem cells (iPSCs).

Fig.  1. Schematic depiction of α-synuclein-mediated disease pathway shows small molecules targeting the SNCA IRE can inhibit α-synuclein translation.  
(A) α-synuclein can misfold and form fibrils that propagate across neurons in the brain, accumulate in Lewy bodies, and lead to neuronal death. The IRE harbored 
in the 5′ UTR of SNCA mRNA regulates α-synuclein translation. Synucleozid-1.0 is a small molecule that we previously identified to bind the SNCA IRE A bulge 
and inhibit α-synuclein translation (20). (B) RNA-focused chemotype library containing (a) 2-phenyl-1,3-benzimidazoles, (b) 1,2-benzimidazoles, (c) 2-phenyl 
indoles, (d) 4-phenyl thiazoles, and (e) 2-amino quinazolines screened for binding to the SNCA IRE. (C) Comparison of the physiochemical properties of 8,719 
cataloged drugs in DrugBank, 3,271 compounds in the RNA-focused library, and 89 hit compounds from the RNA-focused library that bind the SNCA IRE. (D) 
Chemical structures of seven small molecules that down-regulate α-synuclein levels in SH-SY5Y cells identified by Western blotting out of the 89 hit compounds.  
***P < 0.001, as determined by two-tailed Student t test. Error bars indicate SD.
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Results and Discussion

RNA-Focused Small Molecules Bind to the SNCA IRE. Previously, 
we constructed an RNA-focused, drug-like small molecule library 
(28) by analyzing the physicochemical properties of all known 
RNA-binding small molecules (26). The 1.3 million compounds 
in the Chembridge Core and Express Libraries were mined 
for diverse small molecules with similar properties, affording a 
collection of 3,271 drug-like small molecules biased for binding 
RNA. Common chemotypes in the library include 2-phenyl-1,3-
benzimidazoles, 1,2-benzimidazoles, 2-phenyl indoles, 4-phenyl 
thiazoles, and 2-amino quinazolines (Fig.  1B). Comparison of 
the properties of RNA-focused library to the properties of known 
drugs shows that overall they are similar with modest differences 
in hydrophobic surface area and the number of hydrogen bond 
donors (Fig. 1C).

The RNA-focused library was evaluated for binding to the 
SNCA IRE target by using small molecule microarrays, particu-
larly AbsorbArray where compounds are absorbed onto an 
agarose-coated microarray (27). AbsorbArray expedites the con-
struction and screening of arrays as it does not require installation 
of an orthogonal reactive handle for immobilization, which can 
obscure binding if the modification removes key interactions with 
the RNA target. The array surface was incubated with 32P-labeled 
IRE RNA in the presence of excess unlabeled tRNA (competitor), 
affording 89 hit compounds (2.7% hit rate) that selectively bound 
the SNCA IRE (SI Appendix, Fig. S1B).

The structures of the compounds were analyzed informatically 
to define chemotypes that confer binding to the SNCA IRE. The 
enrichment of a particular scaffold in the binders as compared to 
the entire RNA-focused library and the statistical significance of 
that enrichment were calculated. This analysis defined eight dif-
ferent substructures that are biased for binding the SNCA IRE. 
The most statistically significant classes (P < 0.01) included ben-
zimidazole, benzamidine, and imidazole-containing substructures 
(class 1 and class 2; SI Appendix, Fig. S1B). Not surprisingly, many 
of these scaffolds have previously been shown to interact with 
RNA (29–32). Other physicochemical properties that were 
enriched in the SNCA IRE binders relative to the starting 
RNA-focused library include a modestly increased cLogP and an 
increased number of hydrogen bond donors (Fig. 1C).

Compounds That Bind the SNCA IRE Inhibit Its Translation. It 
is difficult to design or discover bioactive ligands that bind RNA 
and affect target-mediated processes; an even greater challenge 
is to define the mechanistic underpinnings of such compounds. 
Therefore, we conducted a screening cascade on candidate 
compounds that bind the SNCA IRE to identify those that are 
bioactive and to provide experimental support for their mode of 
action (SI Appendix, Fig. S1A).

The 89 small molecules (2 µM) that bind the SNCA IRE were 
evaluated for inhibiting α-synuclein translation in SH-SY5Y cells, a 
human dopaminergic neuroblastoma cell line commonly used to 
study the expression of α-synuclein, by Western blotting (SI Appendix, 
Fig. S2) (33). Seven decreased the levels of α-synuclein, by more than 
40%, and all compounds were well tolerated by the cells (Fig. 1D 
and SI Appendix, Fig. S3 A–C).

Reduction of α-synuclein protein levels can be due to several 
factors and can be independent of binding to the SNCA IRE. To 
gain insight into whether compound activity is due to selective 
recognition of the IRE, we used a luciferase reporter with or without 
SNCA 5′ UTR that harbors the IRE. Four compounds, 2, 4, 6, 
and 7, selectively inhibited translation of luciferase when fused to 

the SNCA 5′ UTR; that is, they had no effect on translation of lucif-
erase lacking the IRE (Fig. 2A and SI Appendix, Fig. S3 D and E).  
The next step in the screening cascade was to assess the effect of 
these small molecules on endogenous SNCA mRNA levels in 
SH-SY5Y cells by using qRT-PCR. Compounds 2, 4, and 7 had 
no effect on SNCA mRNA levels and thus were carried forward; 
6, which reduced the mRNA levels, was removed from further 
consideration (Fig. 2B and SI Appendix, Fig. S3F). An inhibitory 
effect on SNCA translation can also occur if a small molecule 
increases IRP levels, as IRPs are negative regulators of SNCA trans-
lation (34). Compounds 4 and 7 had no effect on IRP-1 or IRP-2 
levels. Compound 2, on the other hand, increased IRP-1 levels (but 
not IRP-2) and was therefore excluded from further study 
(SI Appendix, Fig. S3G).

Compounds That Inhibit SNCA Translation Protect against Cell 
Death Induced by α-Synuclein Preformed Fibrils. Preformed 
fibrils (PFFs) of α-synuclein prepared from recombinant human 
α-synuclein monomeric protein (35) seed aggregation and 
fibrillization of soluble endogenous α-synuclein when added to 
cells, triggering cellular damage and toxicity, which can be measured 
by lactate dehydrogenase (LDH) release (35). Small molecules 
4 and 7 conferred cytoprotection from cytotoxicity upon PFF 
challenge, with 4 being more effective and providing protection 
at a dose as low as 2 µM (Fig. 2C and SI Appendix, Fig. S4A). 
Importantly, no toxicity was observed upon 4-treatment in SH-
SY5Y cells, as determined by LDH cytotoxicity assay (SI Appendix, 
Fig. S4B). As 4 (heretofore referred to as Synucleozid-2.0) was 
superior to 7, we further characterized its activity and mechanism 
by which it inhibits translation. Note: Synucleozid-2.0 is a unique 
scaffold, a substituted indazole, different from Synucleozid-1.0, a 
di-guanidinylated substituted indole (Fig. 1 A and D).

Synucleozid-2.0 Specifically Inhibits SNCA IRE-Driven Translation 
in Cells. In SH-SY5Y cells, Synucleozid-2.0 dose-dependently 
inhibited SNCA translation with an IC50 of ~2 µM, as determined 
by Western blotting (Fig. 2D and E). To assess its specificity for the 
SNCA IRE vs. IRE-driven translation of other mRNAs, we studied 
its effect on ferritin and APP, both of which have an IRE in their 
5′ UTR (24, 36), and TfR, which has an IRE in its 3′ UTR (Fig. 2 
D and E) (37). Notably, these IREs have no structural overlap with 
the SNCA IRE (SI Appendix, Fig. S5), and Synucleozid-2.0 had no 
effect on their protein levels. Interestingly, Synucleozid-1.0, while 
potently decreasing α-synuclein levels, also had a modest effect on 
ferritin (20).

Synucleozid-2.0 Selectively Binds and Stabilizes the SNCA IRE 
In  Vitro. We measured the binding affinity and selectivity of 
Synucleozid-2.0 using a previously described model of the IRE 
in which the A bulge was replaced with the fluorescent adenine 
mimic 2-aminopurine (2-AP) (20). The emission of 2-AP is 
dependent upon its microenvironment (38); thus, ligand binding 
can alter how 2-AP is stacked in a helix and change its fluorescence 
intensity (39, 40). This simple modification allows detection 
of small-molecule binding to the A bulge of the IRE. Indeed, 
Synucleozid-2.0 decreased 2-AP emission of the labeled IRE with 
an EC50 of 2.9 ± 0.4 µM (SI Appendix, Fig. S6A). Competitive 
binding assays were also completed with unlabeled wild-type 
(WT) SNCA IRE. Recovery of 2-AP emission was observed 
as a function of unlabeled WT IRE concentration, affording a 
competitive Kd of 1.8 ± 0.3 µM (SI Appendix, Fig. S6B). Thus, 
both 2-AP-labeled and WT IRE bind to Synucleozid-2.0 with 
similar affinities.

http://www.pnas.org/lookup/doi/10.1073/pnas.2306682120#supplementary-materials
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To study selectivity, we completed additional competition bind-
ing experiments with a series of 12 unlabeled RNAs into which 
mutations were introduced into the IRE. Each of RNA-1 to RNA-5 
replaces one noncanonically paired region with base pairs 
(SI Appendix, Fig. S6B). Only RNA-1, in which the A bulge was 
mutated to an AU pair, reduced Synucleozid-2.0 binding, by 
12-fold, while binding was unchanged in the presence of the other 
competitor RNAs. Thus, Synucleozid-2.0 has one binding site, the 
A bulge. Further, Synucleozid-2.0 did not bind fully base-paired 
RNA-6, with no significant recovery of 2-AP emission at 100 µM.

The selectivity of Synucleozid-2.0 for binding to the SNCA IRE 
A bulge was next assessed by introducing a point mutation to afford 
a G or U bulge (SI Appendix, Fig. S6B). The A bulge was not 
replaced with C as a significant structural rearrangement was pre-
dicted to occur. We also studied RNAs in which the A bulge’s closing 
base pairs were altered. These mutated RNAs are designated as 
RNA-7 to RNA-12. Mutation of the A bulge to U or G (RNA-7 
and RNA-8) reduced affinity of Synucleozid-2.0 by >10-fold. 
Interestingly, these bulges can be found in the ferritin, APP, and 
TfR IRE, and the lack of binding affinity is consistent with the 
inability of Synucleozid-2.0 to inhibit their translation (Fig. 2D and 
E). Mutating the closing base pairs to GC and AU (RNA-9 to 
RNA-12) reduced the small molecule’s affinity by >12-fold 
(SI Appendix, Fig. S6B). Collectively, these experiments show that 
Synucleozid-2.0 recognizes the A bulge and its closing base pairs in 
SNCA IRE to confer selective binding by forming contacts with the 
three-dimensional structure within the RNA.

Synucleozid-2.0 Binds a Unique, Functional Site in the SNCA IRE. 
To verify these data, both in vitro and in cells, we employed antisense 
oligonucleotide ligand binding site mapping (ASO-Bind-Map), 
which provides a streamlined approach to define small-molecule-RNA 

binding sites (20). The ASO-Bind-Map approach was developed 
to provide a simple means to study small molecule binding and 
molecular recognition of RNA targets, including the specific binding 
site, without modification of the small molecule (20).

ASO-Bind-Map detects ligand binding sites by impeding the 
ability of oligonucleotides to hybridize to sites where the small 
molecule is bound, inspired by studies that used RNase H to 
investigate RNA folding (41). That is, small molecule binding 
thermodynamically stabilizes the RNA target at the binding site, 
inhibiting oligonucleotide hybridization (20). In contrast, oligo-
nucleotides that hybridize outside of the small-molecule binding 
site are not affected and induce RNase H cleavage of the transcript. 
Thus, ASO-Bind-Map identifies the binding sites for small mol-
ecules to RNA in vitro and in cells. Knowledge of binding sites 
can help establish a mode of action and validate the target.

Detection of small-molecule binding sites by using ASO-Bind-Map 
can be completed in several formats. In vitro, a simple fluorescence 
resonance energy transfer (FRET) assay can be employed, particu-
larly for RNA targets that fold into hairpin structures. The RNA is 
fluorescently labeled with FRET pairs on the 5′ and 3′ ends, 
generating a FRET signal when folded, i.e., a molecular beacon 
(SI Appendix, Fig. S7). Binding of an oligonucleotide to an RNA 
target disrupts the structure and causes a loss in FRET. The loss in 
FRET signal can be amplified when RNase H is added to the reac-
tion as it cleaves the RNA strand in an RNA-DNA hybrid to cause 
irreversible disruption of structure upon cleavage. Small molecules 
that bind the same site as the oligonucleotide would prevent or 
reduce loss of the FRET signal.

In cells, inhibition of oligonucleotide binding due to small mol-
ecule stabilization of the target RNA is assessed by using qRT-PCR. 
Oligonucleotides (DNA or DNA gapmers) recruit endogenous 
cellular RNase H to cleave the RNA strand in an RNA–DNA hybrid 

Fig. 2. Synucleozid-2.0 inhibits translation of SNCA mRNA and is cytoprotective in cells by selectively binding to the SNCA IRE region. (A) Effect of Synucleozid-2.0 
(48 h) on translation of a luciferase reporter gene in HeLa cells with or without the SNCA 5′ UTR that harbors the IRE (n = 3 biological replicates for all conditions 
except vehicle-treated Control Luciferase reporter where n = 4). (B) Effect of Synucleozid-2.0 (48 h) on SNCA mRNA levels in native SH-SY5Y cells (n = 4 biological 
replicates for vehicle (0 µM) and n = 3 for Synucleozid-2.0 (2 µM)). (C) Cytoprotective effect after 48 h of Synucleozid-2.0 treatment of SH-SY5Y cells against 50 ng/µL 
human preformed fibrils (PFFs), a model of α-synuclein toxicity, measured by LDH assay (n = 4 biological replicates). PFFs act as seeds and recruit endogenous 
α-synuclein to aggregate. (D) Representative Western blot analysis for α-synuclein and other proteins that have IREs in the UTRs of their respective encoding 
mRNAs, including ferritin, TfR, and APP after treatment with Synucleozid-2.0 for 48 h. (E) Quantification of Western blot data, including those shown in D (n = 2 
biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001, as determined by two-tailed Student t test. Error bars indicate SD.
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and deplete the target RNA (Fig. 3A). If the binding site of an oli-
gonucleotide and that of a small molecule overlap, the target RNA 
is not cleaved or cleaved to a lesser extent, and its levels are restored. 
If these binding sites do not overlap, there is similar cleavage of the 
RNA target in the presence and absence of the small molecule.

Six tiling ASOs that bind throughout the SNCA IRE hairpin 
(SI Appendix, Table S1) were designed to define the binding site of 
Synucleozid-2.0. We first validated that each oligonucleotide 
induced RNase H cleavage in vitro using the FRET RNA sensor 
(SI Appendix, Fig. S8A). Synucleozid-2.0 inhibited RNase H cleav-
age triggered by ASO-1 and ASO-6, which overlap with the A bulge. 
(As an aside, 7 inhibited cleavage triggered by ASO-3, ASO-4, and 
ASO-5, indicating that this small molecule binds to the AGU hair-
pin loop and the adjacent GG bulge. These experiments defined 
two druggable pockets in the SNCA IRE mRNA that inhibit trans-
lation). Interestingly, Synucleozid-2.0 and Synucleozid-1.0 have the 

same binding site (20). To further support the notion that 
Synucleozid-2.0 binds and stabilizes the SNCA IRE as indicated by 
ASO-Bind-Map studies, thermal melting experiments were per-
formed on WT SNCA IRE (RNA-0) and RNA-1 (in which the A 
bulge is mutated to an AU pair) in the presence or absence of 
Synucleozid-2.0. The compound stabilized the WT IRE, decreasing 
its ΔG°37 from −2.85 to −3.19 kcal/mol and increasing its Tm by 
4 °C from 51.1 to 55.1 °C (SI Appendix, Fig. S8B).

We next investigated Synucleozid-2.0 binding site in cells using 
gapmer ASOs (2′-O-methoxyethyl [MOE] phosphorothioates) that 
are metabolically stable and overlap with the Synucleozid-2.0 bind-
ing site as determined from in vitro studies. A control gapmer of 
ASO-5 (Gapmer-5), which does not overlap with the Synucleozid-2.0 
binding site, and a scrambled gapmer, which is not complementary 
to the SNCA mRNA, were also used in these cellular experiments 
(Fig. 3 A and B and SI Appendix, Table S1) (20). The three gapmers 

Fig. 3. Target validation and mapping of Synucleozid-2.0 for the SNCA IRE by Chem-CLIP. (A) Schematic depiction of cellular ASO-Bind-Map studies. (B) Gapmer 
sequences used in this study for the cellular ASO-Bind-Map. (C) Levels of SNCA mRNA in cells transfected with two designed Gapmers, in the presence or 
absence of Synucleozid-2.0 (48 h treatment; n = 3 biological replicates except for vehicle-treated samples where n = 4). Synucleozid-2.0 protects SNCA mRNA 
from RNase-mediated degradation by Gapmer-1, defining Synucleozid-2.0 binding site. No protection is observed by Gapmer-5, which hybridizes to a distal site.  
(D) Structure of the probe Syn-ChemCLIP (Chemical Cross-Linking and Isolation by Pull-down) for target validation and binding site mapping. (E) Schematic 
depiction of the Chem-CLIP workflow. (F) Syn-ChemCLIP dose-dependently enriched SNCA mRNA by cross-linking and pull-down in SH-SY5Y cells after a 16 h 
treatment period (n = 4 biological replicates except for vehicle-treated samples (0 µM) where n = 3). (G) Competitive Chem-CLIP (C-Chem-CLIP) showed that 
co-treatment of Synucleozid-2.0 dose-dependently ablated the enrichment of SNCA mRNA by Syn-ChemCLIP in SH-SY5Y cells (16 h treatment; n = 4 biological 
replicates). (H) Syn-ChemCLIP does not enrich other mRNA containing IRE regions, as determined by RNA-seq (16 h treatment; n = 3 biological replicates).  
*P < 0.05; **P < 0.01, ***P < 0.001, as determined by two-tailed Student t test. Error bars indicate SD.
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were transfected into SH-SY5Y cells. As expected, Gapmer-1 and 
Gapmer-5, but not the scrambled control gapmer, cleaved the 
SNCA mRNA (Fig. 3C). Addition of increasing concentrations of 
Synucleozid-2.0 afforded dose-dependent inhibition of SNCA 
mRNA cleavage by Gapmer-1 but not Gapmer-5 or the scrambled 
control. Thus, ASO-Bind-Map studies showed direct target engage-
ment in cells and that the site around the A bulge is bound, further 
supporting that Synucleozid-2.0 binds to the A bulge region of the 
SNCA IRE.

Cellular target engagement was further explored using an 
orthogonal target validation assay named Chemical Cross-Linking 
and Isolation by Pull-down (Chem-CLIP) (30). The probe used 
for these studies, Syn-ChemCLIP, was synthesized by tethering 
Synucleozid-2.0 with a photoactivatable diazirine group and an 
alkyne handle (Fig. 3D). Upon irradiation with UV light, the 
diazirine module reacts with its proximal targets to form covalent 
bonds, and the alkyne group enables click chemistry to beads for 
pull-down of the targets (Fig. 3E). Target enrichment is quantified 
by qRT-PCR. Indeed, dose-dependent enrichment of the SNCA 
mRNA was observed upon treatment of SH-SY5Y cells with 
Syn-ChemCLIP, with a 50% increase at 2 µM and a twofold 
increase with 10 µM, supporting direct target engagement 
(Fig. 3F). To confirm that Syn-ChemCLIP occupies the same bind-
ing site as its parent compound Synucleozid-2.0, competitive 
Chem-CLIP (C-Chem-CLIP) was performed. SH-SY5Y cells were 
co-treated with varying concentrations of Synucleozid-2.0 and a 
constant concentration of Syn-ChemCLIP (5 µM). As expected, 
increasing concentrations of Synucleozid-2.0 ablated enrichment 
by Syn-ChemCLIP, suggesting that both compounds compete for 
the same binding site within the SNCA mRNA (Fig. 3G). Notably, 
APP, TfR, and ferritin mRNAs were not enriched by Syn-ChemCLIP, 
as they do not share structural similarity with the SNCA IRE nor 
did Synucleozid-2.0 inhibit their translation (Figs. 2E and 3H).

We also used Syn-ChemCLIP to map the Synucleozid-2.0 
binding site within the SNCA IRE in vitro. Cross-linking of the 
probe to the IRE impedes reverse transcription, and the exact 
location of the cross-link can be mapped by sequencing the trun-
cated cDNA product (42). Consistent with results from 
ASO-Bind-Map studies, the cross-linking site of Syn-ChemCLIP 
was mapped to a guanosine residue that forms the G-U closing 
base pair of the targeted A bulge (SI Appendix, Fig. S8C). 
Collectively, both ASO-Bind-Map and Chem-CLIP validated 
direct target engagement of Synucleozid-2.0 in vitro and in cells, 
mapping its binding site to the A bulge in SNCA IRE.

Synucleozid-2.0 Acts by Inhibiting Assembly of Ribosomes 
onto SNCA mRNA. We explored several hypotheses related to 
Synucleozid-2.0’s mode of action for inhibiting SNCA translation. 
First, we investigated whether Synucleozid-2.0 affects the 
molecular recognition of the SNCA IRE by IRP-1 and IRP-2 using 
an RNA immunoprecipitation (RIP) assay (SI Appendix, Fig. S9A). 
The amount of SNCA mRNA immunoprecipitated by IRP-1 
or IRP-2 did not change upon treatment with Synucleozid-2.0 
(SI  Appendix, Fig.  S9B), indicating that Synucleozid-2.0 did 
not interfere with the interactions between the IRPs and SNCA 
mRNA. The interaction between IRP-1 and SNCA IRE was, 
however, affected by iron concentration. Treatment of SH-SY5Y 
cells with iron (II) decreased the amount of SNCA mRNA pulled 
down in RIP fractions (SI Appendix, Fig. S9B), as expected since 
iron binds to IRP-1 and inhibits its interaction with the IRE. 
Conversely, treatment with the iron chelator deferoxamine 
(DFOA) (43) increased the amount of SNCA mRNA pulled down 
(SI Appendix, Fig. S9B). As IRP-2 expression is dependent on iron 
concentration (44), an ASO complementary to the IRP-2 binding  

site in the IRE was used as positive control and reduced the amount 
of SNCA mRNA in the pulled-down fractions (SI  Appendix, 
Fig. S9B). These findings suggested that Synucleozid-2.0’s mode 
of action is not blocking the association of SNCA mRNA with 
IRPs, in agreement with in vitro displacement assays (SI Appendix, 
Fig. S9 C and D).

Previous studies showed that Synucleozid-1.0, which shares its 
binding site with Synucleozid-2.0, affects ribosome assembly onto 
SNCA mRNA. We therefore investigated whether Synucleozid-2.0 
operates by the same mode of action by using polysome profiling 
(SI Appendix, Fig. S10A) (20, 45). In polysome profiling, mRNAs 
are fractionated by how many ribosomes they are associated with 
using a sucrose gradient. An mRNA that is less translated is 
expected to have fewer ribosomes loaded onto it. Treatment of 
SH-SY5Y cells with Synucleozid-2.0 significantly shifted the dis-
tribution of SNCA mRNA associated with polysomes (fractions 
8 to 14) to incomplete ribosomes (association with 40S or 60S 
subunits; fractions 1 to 5), with no significant change in the 
amount associated with single ribosomes (80S; fractions 5 to 7) 
(SI Appendix, Fig. S10 B and C). The significant increase of the 
fraction of SNCA mRNA complexed with incomplete ribosomes 
suggested that Synucleozid-2.0 inhibits translation during forma-
tion of the preinitiation complex (40S subunit and initiation fac-
tors) that scans from 5′ cap to the AUG start codon but not the 
elongation stage when single 80S ribosomes scan through the open 
reading frame (ORF; SI Appendix, Fig. S10A) (46).

Collectively, these experiments indicate that the translational 
inhibition of SNCA mRNA by Synucleozid-2.0 can be traced to 
stabilizing the IRE in the SNCA 5′ UTR, preventing its unfolding, 
and inhibiting ribosomal loading. This mechanism is akin to that 
observed for Synucleozid-1.0, which might be expected since both 
compounds bind the same structure within the SNCA IRE.

Bioactive Ligands Targeting SNCA IRE Have Drug-Like Physico­
chemical Properties. To assess the physicochemical properties of 
small molecules targeting SNCA mRNA in cells, we calculated 
Central Nervous System Multiple Parameter Optimization 
(CNS-MPO) scores, which predict blood–brain barrier (BBB) 
penetrance, a key pharmacological profile for the treatment of 
PD (47). The CNS-MPO score takes into account: i) lipophilicity 
(cLogP); ii) calculated distribution coefficient at pH 7.4 (cLogD); 
iii) molecular weight (MW); iv) topological polar surface area 
(TPSA); v) the number of hydrogen-bond donors (HBDs); and 
vi) the most basic center (pKa) (47). Each parameter is equally 
weighted on a scale of 0 to 1 (based on comparison to known 
CNS-penetrant drugs) and summed. A score >4 indicates the small 
molecule is likely BBB penetrant. Synucleozid-1.0 has a CNS-
MPO of 1.9 while Synucleozid-2.0 has a CNS-MPO of 3.5. Thus, 
the compound’s drug-likeness has been improved substantially 
without sacrificing biological activity, selectivity, or compromising 
mode of action.

Converting Synucleozid-2.0 into a Ribonuclease-Targeting 
Chimera Enhances Its Cytoprotective Activity. One approach 
to enhance the potency of RNA binders is to tether them to a 
ribonuclease-recruiting small molecule, affording a ribonuclease-
targeting chimera (RiboTAC) (48). The RNA-binding module 
drives the interaction with the SNCA IRE, while the ribonuclease-
recruiting small-molecule module activates RNase L in proximity 
of the target RNA to induce its cleavage. Previous studies have 
shown that RiboTACs degrade the target substoichiometrically 
and are more selective (48, 49) than the RNA-binding small 
molecule from which they are derived. The observed enhancement 
in selectivity is a composite of the specificity of the RNA-binding 
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module, the substrate specificity of RNase L, and the juxtaposition 
of the binding site of the RNA-binding module to a site sensitive 
to RNase L cleavage (49).

Therefore, Synucleozid-2.0 was converted into Syn-RiboTAC 
by conjugation to a heterocyclic small molecule that recruits and 
activates RNase L (Fig. 4A). A control compound, Syn-CTRL 
(Fig. 4A), was also synthesized in which the RNase L-recruiting 
module was replaced with a regioisomer that is ~20-fold less active 
in its ability to induce RNase L cleavage (48). To confirm that the 
modification of the bromide did not interfere with the binding 
to the target, we measured the binding affinities of Synucleozid-2.0 
(Kd = 66 ± 4 nM), Syn-PA (replacing bromine with propyl amide; 
Kd = 230 ± 51 nM), Syn-RiboTAC (Kd = 103 ± 10 nM), and 
Syn-CTRL (Kd = 97 ± 3 nM) for the SNCA IRE by microscale 
thermophoresis (MST). No significant change in Kd was observed 
for these derivatives of Synucleozid-2.0, and they retained selec-
tivity as no saturable binding was observed for the fully base-paired 
RNA (SI Appendix, Fig. S11).

In the SNCA-UTR luciferase reporter assay, both Syn-RiboTAC 
and Synucleozid-2.0 decreased the luminescence signal dose- 
dependently to similar extents, with IC25s of 1.2 ± 0.2 µM and 1.6 
± 0.2 µM, respectively (Fig. 4B and SI Appendix, Fig. S12). 
Analogous studies using the control luciferase reporter revealed at 
least 10-fold selectivity toward SNCA-IRE (IC25s >10 µM; 
SI Appendix, Fig. S12). While Syn-RiboTAC reduced luciferase 
activity driven by the SNCA IRE by ~40% at the 2 µM dose, 
Syn-CTRL harboring the less active RNase L regioisomer, only 
modestly reduced luminescence signal (~10%; Fig. 4B), which 
could be due to its reduced ability to induce RNA cleavage or to 
inhibiting ribosomal assembly as a binder (same mode of action as 
Synucleozid-2.0; Fig. 4B). Importantly, none of the three com-
pounds inhibited a control luciferase reporter lacking the IRE.

To provide support that inhibition of translation by Syn-RiboTAC 
was due to RNA cleavage, the abundance of the SNCA IRE-luciferase 
transcript was measured by qRT-PCR. Syn-RiboTAC dose-dependently 
reduced the transcript’s levels by ~50% at 2 µM, while Syn-CTRL 
had no effect (Fig. 4C), confirming that Syn-CTRL inhibits translation 
through a binding mechanism instead of cleaving the transcript at the 
2 µM concentration.

Next, we tested whether Syn-RiboTAC could cleave endogenous 
SNCA mRNA and reduce α-synuclein protein levels in SH-SY5Y 
cells. Notably, not all SNCA transcripts harbor the IRE. Previous 
RNA-seq studies showed that SNCA transcript variants containing 
the targeted IRE account for ~50% of all detected SNCA mRNA 
species (20). Thus, we expect a maximum reduction of ~50% of 
total SNCA mRNA levels. We designed three sets of primers: one 
set amplifies the SNCA IRE region (measuring all IRE-containing 
SNCA mRNA variants), the second set amplifies a conserved region 
(measuring total SNCA mRNA), and the third set amplifies a region 
unique to highly expressed non-IRE containing SNCA mRNA 
(measuring the non-IRE containing transcripts). As measured by 
qRT-PCR, Syn-RiboTAC decreased IRE-containing SNCA mRNA 
levels dose-dependently (48 ± 2% reduction at the maximum con-
centration of 2 µM; Fig. 4D), which corresponds to 29% reduction 
of total SNCA mRNA at the same concentration (Fig. 4E). Notably, 
Syn-RiboTAC showed no effect on non-IRE containing SNCA 
mRNA variants, as they do not have the targeted RNA structure 
(Fig. 4E). A concentration-dependent reduction of α-synuclein 
protein levels was also observed, down by 63 ± 9% upon treatment 
with 2 µM of Syn-RiboTAC (Fig. 4F), compared to 53 ± 3% by 
Synucleozid-2.0 at the same concentration (Fig. 2D and E). 
Intriguingly, Syn-RiboTAC reduced α-synuclein protein levels to 
a greater extent than SNCA mRNA levels, suggesting that not all 
transcript variants are translated equally into proteins or that the 

translating pool of cytoplasmic mRNAs is more selectively 
degraded with an RNase L RiboTAC (50, 51). It has been shown 
that a reduction of α-synuclein protein levels by as little as 25% 
is therapeutically beneficial in a mouse model (52).

Syn-RiboTAC Confers Cytoprotection to SH-SY5Y Cells upon α-
Synuclein PFF Challenge. To study the cytoprotective effects of 
Syn-RiboTAC, we completed the same PFF challenge assay in 
SH-SY5Y cells that was used for Synucleozid-2.0. As expected 
from the reduction of α-synuclein protein levels, Syn-RiboTAC 
protected SH-SY5Y cells dose-dependently from death upon 
PFF challenge, with 78 ± 16% rescue of cells at the 10 µM dose 
and an EC50 of 2 ± 1 µM (SI  Appendix, Fig.  S13A). (Percent 
rescue was calculated by comparing the number of cells where 
death was induced by PFFs with and without compound). The 
cytoprotective effect conferred by Syn-RiboTAC was greater than 
that of Synucleozid-2.0, which yielded an EC50 of 13±4 µM, an 
~sixfold difference (SI Appendix, Fig. S13A). Syn-RiboTAC also 
had longer-lasting effects than Synucleozid-2.0, as demonstrated by 
a wash-out experiment, determined from both the PFF challenge 
assay and the SNCA-UTR luciferase reporter assay. In the PFF 
challenge assay, Syn-RiboTAC demonstrated higher cytoprotective 
effects than Synucleozid-2.0 at 24 h and 36 h after removal from the 
cells (SI Appendix, Fig. S13B). Similarly, in the luciferase reporter 
assay, Syn-RiboTAC was still active 16 h after its removal from the 
cells (24 ± 2% inhibition as compared to 34 ± 2% without the wash-
out), whereas Synucleozid-2.0 was no longer active (SI Appendix, 
Fig. S13C).

Syn-RiboTAC Activity Is RNase L-dependent. To validate mode of 
action, we knocked down RNase L in SH-SY5Y cells with a pool 
of siRNAs (SI Appendix, Fig. S13D), followed by treatment with 
Syn-RiboTAC. As expected, knocking down RNase L levels ablated 
the effect of Syn-RiboTAC on SNCA mRNA levels, supporting 
the notion that compound activity is RNase L-dependent 
(SI Appendix, Fig. S13E). We also validated that Syn-RiboTAC and 
Synucleozid-2.0 engage the same binding site in cells by carrying out 
a competition experiment using a constant concentration of Syn-
RiboTAC (2 µM) and varying concentrations of Synucleozid-2.0 
(0.1 to 10 µM). A dose-dependent restoration of SNCA mRNA 
levels was observed as a function of Synucleozid-2.0 concentration, 
suggesting that the two compounds compete for the same A bulge 
binding pocket of SNCA IRE (SI Appendix, Fig. S13F).

Synucleozid-2.0 and Syn-RiboTAC Are Selective Transcriptome- 
and Proteome-Wide. Although the SNCA IRE A bulge is a rather 
simple motif, it is not as common as might be expected. Our 
previous analysis (20) indicates that the SNCA IRE A bulge and its 
closing base pairs are found only five times in the transcriptome, in 
miR-1207 (Dicer cleavage site), miR-4310 (nonfunctional site), and 
in three tRNAs, amongst all human RNAs with known structures 
(n = 7,436 structural elements). To investigate the selectivity of 
both Syn-RiboTAC and Synucleozid-2.0, we defined all transcripts 
occupied by the small molecule and then characterized the effect 
of occupancy transcriptome- and proteome-wide.

To gain initial insight into the selectivity of Syn-RiboTAC at 
the transcript level, we measured the mRNA levels of other tran-
scripts with IREs in SH-SY5Y cells, including APP, ferritin, and 
TfR, by qRT-PCR. None of the transcripts was affected by 
Syn-RiboTAC as they lack the same A bulge as SNCA mRNA 
(Fig. 4G and SI Appendix, Fig. S5). Similarly, no effect was observed 
on the protein levels of APP, ferritin, and TfR by Western blot 
(Fig. 4H). These results confirmed that Syn-RiboTAC retained the 
same specificity for the SNCA IRE that Synucleozid-2.0 has.
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In unbiased transcriptome-wide studies using RNA-seq, among 
30,175 genes detected, Syn-RiboTAC only affected 48 (0.16%) genes 
(Log2fold change > 0.58 and P < 0.05), with 34 genes down-regulated 
and 14 genes up-regulated (SI Appendix, Fig. S13G). Both Syn- 
RiboTAC and an siRNA targeted to SNCA reduced abundance of 
total SNCA transcripts by ~25-30%, although these reductions were 

not statistically significant by RNA-seq analysis. When measuring 
the effects on IRE-containing SNCA transcripts only, Syn-RiboTAC 
reduced their abundances by ~50%, consistent with the results meas-
ured by qRT-PCR. Notably, APP, ferritin, and TfR transcript levels 
were unaffected in the RNA-seq data (SI Appendix, Fig. S13G), in 
accordance with qRT-PCR measurements. There are 690 other 

Fig. 4. Syn-RiboTAC selectively degrades SNCA mRNA in cells. (A) Chemical structures of Syn-RiboTAC, and the control compound, Syn-CTRL, which has a recruiter 
module that is ~20-fold less active. A schematic of Syn-RiboTAC recruiting RNase L and cleaving SNCA mRNA in cells is shown on the right. (B) Syn-RiboTAC and 
Sy-CTRL inhibited SNCA-UTR-Luciferase signal, with no effect on the control luciferase signal that lacks the SNCA-UTR sequence (48 h treatment; n = 3 biological 
replicates for the SNCA-UTR Luciferase reporter and n = 4 for the Control Luciferase reporter). (C) Syn-RiboTAC decreased luciferase mRNA level for SNCA-UTR-
Luciferase, while Syn-CTR had no effect on the luciferase mRNA level (48 h treatment; n = 4 biological replicates). (D) Syn-RiboTAC cleaved IRE-containing SNCA 
mRNA in SH-SY5Y cells dose-dependently after a 48-h treatment period (n = 4 biological replicates). (E) Syn-RiboTAC selectively cleaved IRE-containing SNCA mRNA 
but had no effect on SNCA transcript variants lacking the targeted IRE (48 h treatment; n = 4 biological replicates). (F) Syn-RiboTAC reduced α-synuclein protein 
level in SH-SY5Y cells in a dose-dependent manner (48 h treatment; n = 3 biological replicates). (G) Syn-RiboTAC had no effect on APP, TfR, or H-Ferritin mRNA 
levels in SH-SY5Y cells (48 h treatment; n = 3 biological replicates). (H) Syn-RiboTAC had no effect on the protein levels of APP, TfR, or H-Ferritin in SH-SY5Y cells 
(48 h treatment; n = 4 biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001, as determined by two-tailed Student t test. Error bars indicate SD.
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mRNAs that are known to contain IREs in the transcriptome 
(53). Of these, 447 were detectable in the RNA-seq data, only 19 
of which were affected by Syn-RiboTAC treatment (11 down- 
regulated and eight up-regulated), none of which harbor Syn- 
RiboTAC/Synucleozid-2.0 binding site in the SNCA IRE. 
Notably, the transcriptome profile of Syn-RiboTAC treatment 
showed a significant correlation with that of an siRNA targeted 
to SNCA with R2 > 0.99 (SI Appendix, Fig. S13 G–I). Collectively, 
these results suggest that Syn-RiboTAC is selective on the tran-
scriptome with limited off-targets.

We also conducted an unbiased proteome-wide analysis. At the 
proteome level, among 2,813 proteins detected, Synucleozid-2.0 
affected 150 (0.53%) proteins, with 55 proteins down-regulated 
and 95 proteins up-regulated. (α-synuclein was not detected by 
proteomics due to its low abundance.) Syn-RiboTAC showed sim-
ilar selectivity, affecting 194 (0.56%) proteins among 3,436 total 
detected, with 114 proteins down-regulated and 80 up-regulated 
(P < 0.05 with FDR = 1%). Three proteins, MDH2, TCEB2, and 
RBM33, were up-regulated by both compound treatments. 
Compared with previous proteomic profiling of Synucleozid 1.0 
which affected 8% of global proteins (20), both Synucleozid-2.0 
and Syn-RiboTAC showed comparable selectivity with a smaller 
number of proteins significantly affected (Fig. 5A). By comparing 
RNA-seq and proteomics datasets, a direct correlation between 
changes in transcript and protein levels can be assessed. Of the 194 
proteins that showed changes upon treatment with Syn-RiboTAC, 
86 (44%) also showed the corresponding change at the transcript 
level with modest global correlation (Pearson r = 0.15, P < 0.05).

To determine whether the changes observed in the transcrip-
tome and proteome can be traced to direct target engagement, we 
evaluated the global target engagement of Syn-ChemCLIP fol-
lowed by transcriptome-wide RNA-seq analysis of all occupied 
transcripts. These studies revealed that Syn-ChemCLIP enriched 
(bound) only 107 (0.6%) transcripts (with a minimum enrich-
ment of 1.5-fold and minimum read count of 10) among 18,604 
detected in SH-SY5Y cells (SI Appendix, Fig. S13J). Among these 
107 enriched transcripts, only two (SNCA and TAGLN) are known 
to contain IREs. Syn-RiboTAC showed no effect on TAGLN 
mRNA levels (SI Appendix, Fig. S13K), and neither Synucleozid-2.0 
nor Syn-RiboTAC affected TAGLN protein abundance (Fig. 5 B 
and C).

Comparing transcriptome-wide Chem-CLIP studies with 
RNA-seq data of Syn-RiboTAC revealed that none of the 11 tran-
scripts containing IREs that were reduced by Syn-RiboTAC [val-
idated by qRT-PCR measurements (SI Appendix, Fig. S14)] were 
bound by Syn-ChemCLIP. Of the 107 bound transcripts, 38 were 
detected in the RNA-seq analysis of Syn-RiboTAC; the levels of 
only four (including SNCA) were reduced (cleaved) by 
Syn-RiboTAC treatment (SI Appendix, Fig. S13K). Of the three 
other transcripts, one (NEAT1) is a long noncoding (lnc) RNA 
while the other two (HHIPL1 and MYO15B) were not detectable 
in the proteomics data, whether vehicle- or RiboTAC-treated. By 
Western blotting, the levels of HHIPLI and MYO15B were only 
modestly reduced (~20%; SI Appendix, Fig. S15).

Of the remaining 34 transcripts bound by the small molecule 
and detectable in the RNA-seq data where their levels were gen-
erally unaffected (BLVRB was reduced by a statistically nonsignif-
icant ~20%; SI Appendix, Fig. S13K), the proteins encoded by 
seven of them were detectable by global proteomics. Expression 
levels of these proteins were not significantly altered by 
Synucleozid-2.0 (Fig. 5B) or Syn-RiboTAC treatment (Fig. 5C), 
and this finding was verified by Western blotting (SI Appendix, 
Fig. S16). No correlation (P > 0.1 with Pearson correlation test) 
was observed between enrichment by Syn-ChemCLIP and the 

change in protein abundance upon treatment with either 
Synucleozid-2.0 or Syn-RiboTAC, confirming that not all target 
engagements elicited a downstream effect.

Synucleozid-2.0 and Syn-RiboTAC Reduce α-Synuclein Protein 
Levels in Dopaminergic Neurons. We next tested Synucleozid-2.0 
and Syn-RiboTAC in human dopaminergic neurons as their 
degeneration is a key hallmark of PD (54). Dopaminergic neurons 
were differentiated from induced pluripotent stem cells (iPSCs) 
obtained from either a PD patient with SNCA triplication or 
a healthy individual. At 2 µM, both compounds decreased α-
synuclein protein levels by ~50%, lowering the elevated levels 
of α-synuclein in patient-derived neurons to a level similar to 
that observed in healthy, untreated neurons (Fig. 5D). Notably, 
Synucleozid-2.0 had no effect on the SNCA mRNA levels while 
Syn-RiboTAC decreased transcript levels by ~50%, consistent 
with their respective mechanisms of action (Fig. 5E).

Total RNA-seq to evaluate the global effects of Syn-RiboTAC in 
PD patient–derived dopaminergic neurons revealed only one gene 
besides SNCA, hexokinase 2 (HK2), which does not harbor an IRE, 
was decreased significantly by Syn-RiboTAC treatment (SI Appendix, 
Fig. S13L). Interestingly, HK2 is known to promote apoptosis of 
dopaminergic neurons in PD (55) and, thus its decrease could alle-
viate neuronal degeneration in PD. Among 976 genes that were 
significantly up-regulated in PD patient–derived neurons as com-
pared to those derived from a healthy donor (Log2FoldChange > 1 
and P < 0.05), 488 (50%) were improved by treatment with 
Syn-RiboTAC (Log2FoldChange > 1 and P < 0.05); the abundance 
of 28 genes was reduced by >50%. Similarly, among 461 genes 
significantly down-regulated in PD patient-derived neurons 
(Log2FoldChange > 1 and P < 0.05), 223 (48%) improved by treat-
ment with Syn-RiboTAC (Log2FoldChange > 1 and P < 0.05; 
Fig. 5F) with 31 genes increased by >50%. Overall, Syn-RiboTAC 
rescued expression of about half of the genes dysregulated in PD 
patient–derived dopaminergic neurons.

Since α-synuclein protein levels were not detected by proteom-
ics in SHSY-5Y cells, we also performed a global proteomics study 
in iPSCs derived from a PD patient and from a healthy donor 
(SI Appendix, Fig. S17A). Comparing the proteomic profiles of 
iPSC from the healthy donor and from the PD patient revealed 
that amongst 6,903 proteins detected, the abundance of 53 pro-
teins (0.8%) were up-regulated and 111 proteins were 
down-regulated (1.6%) (P < 0.05 with FRD = 1%). As expected, 
α-synuclein protein levels were ~threefold higher in patient-derived 
iPSCs than those from a healthy donor, in agreement with meas-
urements by ELISA (Fig. 5D). Notably, α-synuclein protein levels 
were reduced by twofold upon Syn-RiboTAC treatment, as quan-
tified by global proteomics. Supporting the selectivity of 
Syn-RiboTAC (2 µM, 48 h), only 152 (2.2%) proteins were 
affected overall, with the abundance of 86 increased and 66 
reduced (SI Appendix, Fig. S17B), similar to global proteomics 
studies completed in SHSY-5Y cells (Fig. 5A). Importantly, these 
changes in protein abundance reflect an overall improvement of 
the proteomic profile of patient-derived iPSCs. That is, of the 53 
proteins with increased abundance in patient-derived iPSCs, 51 
were reduced (~96%), 24 of which were reduced by >50%. 
Similarly, amongst the 111 down-regulated proteins, 102 were 
increased upon Syn-RiboTAC treatment (~92%), 58 of which 
were increased by >50%.

In transcriptome-wide studies, Syn-RiboTAC reduced the aber-
rant upregulation of 28 genes by >50%. Of these one, COLEC11, 
was also detected by global proteomics, showing a ~25% reduction 
in protein levels. A previous study has shown COLEC11 is a causal 
gene for PD (56). The RiboTAC also boosted the levels of 31 genes 

http://www.pnas.org/lookup/doi/10.1073/pnas.2306682120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2306682120#supplementary-materials
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that were aberrantly down-regulated in PD patient-derived iPSCs. 
None was detected by global proteomics due to their low protein 
abundances; four were noncoding genes that are not translated.

Conclusions and Implications

We have presented an integrated approach to define drug-like chem-
ical matter that affects RNA by simple binding and by targeted 
degradation, as applied to targeting the SNCA mRNA. Importantly, 
small-molecule binding selectively inhibits translation of the 
mRNA, reducing levels of α-synuclein protein, a difficult-to-target 
IDP. Both antibodies (57) and ASOs (52) have been employed, the 
former to target extracellular α-synuclein, for therapeutic interven-
tion of PD. One advantage of the small molecule approach pre-
sented herein is the potential for oral bioavailability and to target 
intracellular α-synuclein in both central and peripheral systems. 
Much work remains to test this hypothesis, however.

To meet many unmet medical needs, expanding druggability 
and developing the tools to do so will be required. We showed 
that an undruggable protein can be modulated by targeting its 
encoding mRNA and developed a streamlined workflow to define 
and study these compounds. This approach could be broadly 
applicable and includes targeting structural elements throughout 
an mRNA. The demonstration that targeting RNA structural 

elements near a start codon is effective to modulate biology sug-
gests that such elements may be important general targetable sites.

Nature has evolved processes that allow small molecules to con-
trol the structural switching of bacterial RNAs to regulate produc-
tion of metabolites, and these riboswitches are the targets of 
antibacterials (58, 59). This study gives credence to the assertion 
that small molecules can target human RNA structural elements 
and impart riboswitch-like control to translation by using exoge-
nously delivered small molecules (60, 61). In addition, as the 
defined mode of action of Synucleozid-2.0 is to pause ribosome 
assembly, the small molecule is a useful chemical tool to better study 
this process. Further, we demonstrated that one way to enhance the 
bioactivity while retaining the selectivity of small molecules target-
ing RNA is to convert simple RNA binders to RiboTAC degraders. 
Importantly, RiboTACs do not require binding to functional sites 
to elicit activity as is the case for small molecules with binding 
mechanisms of action; rather, they can bind biologically inert sites 
and induce their degradation by endogenous nucleases. The most 
common way to elicit functional effects to eliminate disease-causing 
RNAs is by using oligonucleotide modalities, many of which have 
achieved FDA-approval. However, these large molecular weight 
compounds can have limited tissue distribution, are injected med-
icines, and have poor brain penetrance. The approach herein for 
targeted RNA degradation using heterobifunctional molecules 

Fig. 5. Synucleozid-2.0 and Syn-RiboTAC are selective 
on the proteome and reduce α-synuclein protein 
abundance in PD patient-derived dopaminergic 
neurons. (A) Global proteomics for SH-SY5Y cells 
treated with Synucleozid-1.0 (1.5 µM), Synucleozid-2.0 
(2 µM), and Syn-RIBOTAC (2 µM) for 48 h (n = 3 
biological replicates). Dotted lines indicate a false 
discovery rate (FDR) of 1%. Among 2,813 proteins 
detected, Synucleozid-2.0 affected 150 (0.53%) 
proteins, with 55 proteins down-regulated and 95 
proteins up-regulated. Syn-RiboTAC showed similar 
selectivity by affecting 194 (0.56%) proteins among 
3,436 total detected, with 114 proteins down-
regulated and 80 up-regulated. (B) Protein expression 
levels detectable by proteomics (shown on Y axis) of 
seven genes enriched by Syn-ChemCLIP after a 16-h 
treatment period (shown on X axis) were not affected 
by Synucleozid-2.0 (2 µM) treatment (n = 3 biological 
replicates). (C) Protein expression levels detectable by 
proteomics of seven genes enriched by Syn-ChemCLIP 
are not affected by Syn-RiboTAC (2 µM) treatment  
(n = 3 biological replicates). (D) Synucleozid-2.0 and 
Syn-RiboTAC decreased α-synuclein protein levels 
in human iPSC-derived dopaminergic neurons as 
determined by ELISA (48 h treatment; n = 3 biological 
replicates). (E) Syn-RiboTAC decreased SNCA mRNA 
levels while Synucleozid-2.0 had no effect in iPSC-
derived dopaminergic neurons (48 h treatment;  
n = 3 biological replicates except for vehicle-treated 
control dopaminergic neurons where n = 4 biological 
replicates). (F) Syn-RiboTAC normalized expression 
level of about half of the genes in dopaminergic 
neurons differentiated from PD patient–derived iPSC 
cells by converging them toward the levels observed 
in neurons from a control individual after a 48-h 
treatment period (n = 3 biological replicates). *P < 0.05; 
**P < 0.01; ***P < 0.001, as determined by two-tailed 
Student t test. Error bars indicate SD.
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could be further advanced to provide molecules with broader tissue 
distribution that could also be developed into orally bioactive med-
icines. Although much work remains in this area, these studies could 
lay a foundation to achieve these goals.

Materials and Methods

Characterization of in vitro binding and target engagement were completed by 
a 2-AP fluorescence-based assay, microscale thermophoresis, thermal melting 
analysis, Chem-CLIP, Chem-CLIP-Map-Seq, and ASO-Bind-Map. Cellular activ-
ity, selectivity, and target engagement were assessed using luciferase reporters, 
Western blotting of endogenous a-synuclein, qRT-PCR, cytoprotection against 
PFFs, cellular viability, Chem-CLIP, ASO-Bind-Map, and global transcriptome-wide 
and proteome-wide analysis. Complete methods can be found at SI Appendix.

Quantification and Statistical Analysis. All data are reported as means with 
error bars representing SD, unless noted otherwise. Statistical tests and number of 
replicates (n) are noted in each figure legend. Data were plotted using GraphPad 
Prism 7 software, which was also used to calculate statistical significance.

Data, Materials, and Software Availability. All data including global proteom-
ics and RNA-seq studies are available on Mendeley Data (DOI: 10.17632/pmt-
jyvmvn8.1) (62). No unique codes or software were used in this study. Detailed 
methods for all experiments in this manuscript can be found in SI Appendix.
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