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Abstract

Mutations of EXOSC3 have been linked to the rare neurological disorder known as
Pontocerebellar Hypoplasia type 1B (PCH1B). EXOSC3 is one of three putative RNA-binding
structural cap proteins that guide RNA into the RNA exosome, the cellular machinery that
degrades RNA. Using RNAcompete, we identified a G-rich RNA motif binding to EXOSC3.
Surface plasmon resonance (SPR) and microscale thermophoresis (MST) indicated an affinity in
the low micromolar range of EXOSC3 for long and short G-rich RNA sequences. Although
several PCH1B-causing mutations in EXOSC3 did not engage a specific RNA motif as shown by
RNAcompete, they exhibited lower binding affinity to G-rich RNA as demonstrated by MST. To
test the hypothesis that modification of the RNA—protein interface in EXOSC3 mutants may be
phenocopied by small molecules, we performed an /n-silico screen of 50 000 small molecules and
used enzyme-linked immunosorbant assays (ELISAs) and MST to assess the ability of the
molecules to inhibit RNA-binding by EXOSC3. We identified a small molecule, EXOSC3-RNA
disrupting (ERD) compound 3 (ERDO03), which (/) bound specifically to EXOSC3 in saturation
transfer difference nuclear magnetic resonance (STD-NMR), (/i) disrupted the EXOSC3-RNA
interaction in a concentration-dependent manner, and (/) produced a PCH1B-like phenotype with
a 50% reduction in the cerebellum and an abnormally curved spine in zebrafish embryos. This
compound also induced modification of zebrafish RNA expression levels similar to that observed
with a morpholino against EXOSC3. To our knowledge, this is the first example of a small
molecule obtained by rational design that models the abnormal developmental effects of a
neurodegenerative disease in a whole organism.

Graphical Abstract

RMNA exosome

In sifico _hit’ compound
docking

curved spine

cerebellar atrophy

The RNA exosome is ubiquitous cellular machinery that degrades and processes RNA.1-3
The RNA exosome is involved in the processing of small nucleolar RNAs (SnoRNAS), small
nuclear RNAs (SnRNAs), and rRNAs (rRNAs).* The overall structure of the RNA exosome
core (EXOSC1-9) is conserved from prokaryotes to higher eukaryotes and contains a ring-
like structure composed of six RNase Pleckstrin homology (PH) domains that form a central
channel able to accommodate single-stranded RNA and three additional proteins that form a
“cap-like” structure®8 (Figure 1A). The “cap proteins”—the entry point of RNAs threading
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through the exosome—are EXOSC1, -2, and —3. EXOSC2 and —3 contain two putative
RNA-binding domains, the KH (heterogeneous nuclear ribonucleoprotein K homology) and
S1 (ribosomal protein S1) domains, while EXOSC1 only contains an S1 domain; all three
proteins have a similar N-terminal domain (NTD; Figures 1B and C). The S1 domains are
positioned to bind RNA as it threads through the cap toward the core proteins and central
channel of the RNA exosome,? although it is not known if the KH domains also contribute
to RNA binding.

Pontocerebellar Hypoplasia 1B (PCH1B) is a recessive disorder characterized by cerebellar
hypoplasia, variable pontine atrophy, and progressive microcephaly with global
developmental delay.1% Whole genome sequencing of patients with PCH1B reported several
mutations clustered in EXOSC3.10-14 Survival of the patients is correlated with the type of
mutation and its association with a nonsense allele. Thus far, eight different point mutations
have been reported, as either homozygous or heterozygous morphism associated with
PCH1B (G31A, V80F, Y109N, D132A, G135E, A139P, and W238R;10-14 Figure 1C). The
majority of these mutations cluster in the S1 domain, one mutation in the KH domain, and
two in the NTD of EXOSC3.

Knockdown of EXOSC3 in zebrafish resulted in a PCH1B-like phenotype associated with
common alterations in the expression of genes implicated in development including ataxinlb
and homeobox gene HOXC.16 Another recent study demonstrated the lack of stability of a
yeast analog of EXOSC3 W238R, and its failure to associate efficiently with the exosome in
the presence of the wild-type yeast EXOSC3, Rrp40.18 Yet another study reported
sequestration of EXOSC3-D132A in the cytosol of patient fibroblasts and an accumulation
of MRNA in muscles of these patients; both were linked to mitochondrial dysfunction.1?
Thus, accumulating evidence points to a link between mutations in EXOSC3 and PCH1B
development.

How mutations in EXOSC3 lead to PCH1B is unknown. In this study, we interrogated how
EXOSC3 mutations perturb interactions with other RNA exosome proteins through peptide
array analysis and determined the RNA-binding preferences of EXOSC3 and several
disease-causing mutations using RNAcompete and microscale thermophoresis (MST). We
then used /n-silico docking to target the RNA-binding interface of EXOSC3 and identified a
small molecule, ERDO03, able to induce a PCH1B-like phenotype in zebrafish. Using
RNaseq and gPCR, we showed that RNA expression patterns were similar between
EXOSC3-knockdown and ERDO3-treated zebrafish. Finally, incubation of this compound
with zebrafish embryos induced an atrophy of the cerebellum. To our knowledge, this is the
first example of a small molecule obtained through targeted structure-based design that
models a neurodegenerative disease.

RESULTS AND DISCUSSION

Assessing PCH1B Mutation’s Effect on Exosome Integrity

First, we compared the effect of the mutations on protein—protein contacts within the RNA
exosome complex. Guided by the three-dimensional structure of the RNA exosome (PDB
ID: 2nn6),20 we identified proteins that directly contact EXOSC3 (Figure 1A, Supporting

ACS Chem Biol. Author manuscript; available in PMC 2019 May 08.
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Information Figure S1): EXOSC1 (another cap protein), EXOSC5, and EXOSC9. Among
the PCH1B mutations,10:12-14 only two out of eight mutations, G31A and D132A, are
located near protein—protein interfaces in the structure (Figures 1B,C).

As a disease-causing mutant (EXOSC3-W238R) failed to associate efficiently with the
exosome in the presence of the wild-type yeast EXOSC3, Rrp40,18 without being close to
protein—protein interfaces, we sought to determine if other mutations of EXOSC3 (V80F,
Y109N, D132A, and G135E) could alter its binding to EXOSC1, EXOSC5, and EXOSC9,
either directly or through an allosteric affect. These mutations were selected based on (/)
their location—V80F is in the NTD while Y109N, D132A, and G135E are clustered in the
S1 domain (Figure 1B)—and (7)) their varying spectrum of patient survival10.13.14
(Supporting Information Figure S2A). While homozygous D132A mutation, the most
common mutation, is linked to a mild phenotype, heterozygosity of D132A with V80F was
found to cause a milder PCH1 phenotype.19:13.14 The homozygous G135E and heterozygous
D132A/Y 109N are found to cause severe phenotypes and are fatal within a few months of
infancy.10.13

For all subsequent experiments, we purified EXOSC3-wildtype (EXOSC3-WT) and
EXOSC3-V80F, EXOSC3-Y109N, EXOSC3-D132A, and EXOSC3-G135E (Supporting
Information Figure S2B). To assess potential effects on protein—protein contacts, we
constructed peptide arrays that encompass the three proteins interfacing with EXOSC3:
EXOSC1, EXOSC5, and EXOSC9. The data were normalized to a maximum binding
peptide that was consistently found in each array (Figure 2); the points of contacts based on
the crystal structure are highlighted in red (Figure 2). There appears to be partial overlap of
predictions and array data for EXOSC1 and -9 and very little overlap for EXOSC5 (Figure
2, Supporting Information Figure S3); the predicted contacts may be affected by crystal
packing. On the basis of the normalized data, there are no differences in the ability of
EXOSC3 mutants when compared to wild-type to bind to points of contacts of EXOSC1,
=5, and -9 (Figure 2). These results suggest that mutations are unlikely to impact exosome
integrity through loss of EXOSC3 contact.

RNA-Binding by EXOSC3 Is Modified by PCH1B Mutations

As the mutations did not affect EXOSC3’s ability to interact with RNA exosome subunits
and are clustered in the RNA-binding domains, we analyzed their impact on RNA binding
using RNAcompete?1.22 (see Supporting Information Methods) and microscale
thermophoresis (MST).

The top 10 7-mers that emerged from EXOSC3-WT converged on a G-rich sequence (top
sequences: GGGUGGG and GGGAGGG,; Figure 3A, Supporting Information Table 1,
Supporting Information Figure S4A). We thus tested the ability of EXOSC3 to bind a short
G-rich RNA (GGGAGGG), a random RNA (AGUCAUUC), and a long G-rich sequence
(GGGAGGGAGGGAGAGGGA) using surface plasmon resonance (SPR). After
normalizing the signal to the molecular weight of the corresponding RNA, we noted no
difference in binding of EXOSC3 to the short and long G-rich sequences, while we observed
little binding of the random RNA to EXOSC3 (Figure 3B). Further SPR experiments
revealed binding of the long G-rich RNA to EXOSC3 with a dissociation constant (Ky) of
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2.4+ 1 M (Figure 3C,D). MST showed an apparent Ky of 5.8 + 1.3 M of NT647-GST-
EXOSC3 with long G-rich RNA (Figure 3E,F) and an apparent K of 3.6 + 2.5 ¢/M of
NT647-GST-EXOSC3 with short G-rich RNA (Figure 3G,H).

Together, our results demonstrate that EXOSC3 prefers G-rich RNA sequences. However, it
is not clear whether the aforementioned EXOSC3 mutations associated with PCH1B also
impact RNA binding. We thus used RNAcompete to analyze the RNA-binding preferences
of EXOSC3-V80F, Y109N, D132A, and G135E (Figure 4B-D). Except EXOSC3-D132A,
all mutants yielded low confidence RNA-compete data (Figure 4E-H, Supporting
Information Table 1, Supporting Information Figure S4B-E). For all EXOSC3 mutants, the
relative RNA-bindings, approximated by Z-score values, are reduced compared to EXOSC3-
WT (Figure 4E-H and Supporting Information Figure S4). EXOSC3-D132A was the only
mutant that yielded a motiF—GGGGGGC—similar, but not identical, to the GGGAGGG
motif of EXOSC3-WT (Figure 4G).

MST was next used to assess the effect of disease-causing mutations on EXOSC3’s binding
to long G-rich RNA (Figure 41). Robust thermodiffusion of labeled EXOSC3-WT,
EXOSC3-V80F, EXOSC3-Y109N, and EXOSC3-D132A was observed; NT647-EXOSC3-
G135E had a high propensity to adsorb to the capillaries and therefore was not used further.
Compared to a Ky of 5.8 = 1.3 ¢M of EXOSC3-WT (Figure 3F), EXOSC3-V80F and
D132A decreased the Ky values for RNA to 31.8 + 11 /M and 46.8 + 19 1M, respectively
(Figure 4l). No binding was detected for EXOSC3-Y 109N under our conditions (Figure 41).

Combined, our results demonstrate that EXOSC3 recognizes G-rich sequences and that
mutations V80F, Y109N, D132A, and G135E have impaired and/or modified RNA binding.
The defects in RNA binding and enrichment of RNA motifs of mutant EXOSC3 proteins
shows some correlation with PCH1B disease severity. For example, mutant EXOSC3-V80F
has reduced interaction with EXOSC1 and EXOSC9 (peptide array), only slightly decreases
RNA binding (MST), and is linked to a good survival rate; mutant EXOSC3-Y 109N, linked
with a poor survival,13 showed no binding to G-rich RNA (MST). Mutant EXOSC3-G135E,
also associated with poor survival,13 has no enriched binding motif (RNAcompete), and
mutant EXOSC3-D132A, which has a similar motif as EXOSC3-WT, is linked to the
mildest form of PCH1B 1013

Rationale for Targeting EXOSC3/RNA Interface

Modeling neurodegenerative diseases is challenging given the complexity arising from
development, identification of a vulnerable window of onset, and the multifactorial etiology
of these diseases.25:2" Compounding the problem is the fact that often neurodegenerative
diseases arise in patients due to diverse mutations within protein families, thus making it
difficult to create models that capture the full spectrum of the disease. A differentiated
approach is to understand the structural and mechanistic basis of diseases. We demonstrated
that RNA binding is altered by mutations in the S1 domain of EXOSC3. Next, we asked if
targeting RNA/EXOSC3 interfaces with small molecules could mimic the altered RNA-
binding landscape of EXOSC3 to recapitulate cerebellar atrophy, the hallmark of PCH1B.

ACS Chem Biol. Author manuscript; available in PMC 2019 May 08.
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Our rationale was that successful identification of such molecules could enrich our
understanding on the importance of the RNA-binding domain for EXOSC3’s function and
lead to induction of a PCH1B-like phenotype in zebrafish embryos, thus creating a new
model of this disease. Zebrafish have emerged as a useful model organism for developmental
biology, because of their physiologic similarities to humans,?8 their fast-developing rate, and
their translucent skin during larval stages permitting brain imaging. Previous studies
demonstrated that morpholino knockdown of EXOSC3 in zebrafish embryos caused the
phenotype of a short, curved spine and underdeveloped brain, associated with poor motility
and death by 3 days post-fertilization (dpf).1%:16 Imaging of the Purkinje cells in EXOSC3-
knockdown zebrafish further demonstrated cerebellar defects. Those observations modeled
critical elements of the clinical disease of PCH1B and established EXOSC3-knockdown in
the zebrafish as a facile model of this disease.

In-Silico Screen of EXOSC3 RNA-Protein Interfaces

Using the Schrodinger Suite, we performed an /n-sifico docking experiment targeting
residues in the two RNA binding domains—GIn244, Asn251, 11e252, Leu271, and Ser274 in
the KH domain and Phel46, Glul147, Arg152, Asn188, and Met190 in the S1 domain. A 50
000-compound library was docked on a 10 A grid surrounding these residues (Figure 5)
using Glide. On the basis of this docking, two pockets emerged in the KH and S1 domains
of EXOSC3 (Figure 5A). The S1-targeting compounds appeared to cluster in a region where
RNA threads into the exosome (Figure 5B). The predicted RNA binding interface and the
molecule binding site show a modest overlap (Figure 5B, inset). While the KH domain
compounds are not positioned directly in the path of RNA threading into the exosome, the
KH domain RNA-binding interface is accessible and may be necessary for RNA binding
(Figure 5C).

Biophysical Triage of Putative EXOSC3-RNA-Disrupting (ERD) Compounds

The top 20 selected compounds from /in-silico docking (Supporting Figure S5, Supporting
Table 2) were divided into molecules that target the KH domain (EXOSC3 RNA Disruptors
ERDO01-ERD12) and molecules that target the S1 interface (ERD13-ERD20).

Following docking, saturation transfer difference NMR (STD-NMR) was used to test the
ability of compounds to bind to EXOSC3. GST was used as a control for off-target binding.
STD-NMR demonstrated that seven compounds targeting KH (ERD 01, 02, 03, 04, 05, 08,
09) and four compounds targeting S1 (ERD13, 16, 18, 20) bound EXOSC3 (Figure 6A,C).
Compounds ERD09 and ERD20 also bound GST, typifying pan assay interference
compounds (PAINS)30:31 (Figure 6A and C, right panels). Compounds ERD16, ERD20, and
ERDOS5 also bound to GST-EXOSC2, but not to EXOSC1-His (Figure 6B,D).

With the above biophysical triage steps, we identified several molecules that met key
criteria: (4) binding to EXOSC3 but not EXOSC1 or EXOSC2; (/) no binding to GST; and
(#77) did not fit the structure of PAINs compounds (“false positive” in high throughput
screen). Selected compounds were ERD01, ERD02, ERD03, ERDO04, and ERDO08 (for the
KH domain) and ERD13 and ERD18 (for the S1 domain).

ACS Chem Biol. Author manuscript; available in PMC 2019 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Francois-Moutal et al.

Page 7

Disruption of EXOSC3/RNA Interactions with ELISA

We next asked if these compounds, used at 50 4#M, could disrupt EXOSC3-RNA
interactions using an enzyme-linked immunosorbant assay (ELISA). As expected, binding
was observed between G-rich RNA and EXOSC3 (Figure 7A). Among compounds that
target the KH domain, ERDO1 was the most effective with ~45% inhibition, followed by
ERDO04 and ERDO2 (~38% and 35% inhibition, respectively), and ERD03 with ~18%
inhibition. Among compounds that target the S1 domain, ERD18 inhibited binding by ~30%
(Figure 7B).

An ERD Compound Recapitulates PCH1B Phenotype in Development in Zebrafish

Embryos

To examine possible functional consequences of ERD compounds, we incubated zebrafish
embryos with selected ERDs and monitored their phenotype. No major differences are
expected between the structures of human and zebrafish EXOSC3 proteins in terms of the
sites that were targeted by the small molecules (Supporting Information Figure S6). A
morpholino that targets the AUG translational initiation site (AUG morpholino) resulted in a
pronounced phenotype with most zebrafish having a curved spine and a high incidence of
death, similar to the phenotype previously reported;19 control morpholinos did not affect
zebrafish development (Figure 8A,B). Of five ERD compounds tested in zebrafish, ERD18
and ERDO4 led to ~75% and 90% death, respectively, by 3-5 days postfertilization (dpf),
whereas ERD01, ERD02, and ERDO3 induced death equivalent to DMSO. Only ERDO3
caused significant spinal curvature (Figure 8A—C) and was thus selected as the lead
compound that might phenocopy the PCH1B disease in zebrafish.

Characterization of Binding Affinity and Inhibition of RNA-EXOSC3 Interaction by ERDO3

We showed that ERDO3 binds specifically EXOSC3 (Figure 6), disrupts the EXOSC3/RNA
interface (Figure 7), and causes a spinal curvature in zebrafish (Figure 8). To further
characterize ERD03, we measured ERDO03’s binding affinity for EXOSC3 using MST.
Photobleaching experiments revealed that ERD03 bound specifically to EXOSC3 with an
apparent Kyof 17 £ 7 4M (Figure 9A and B); no binding to GST was observed.

Next, we measured inhibition of RNA/EXOSC3 by ERDO03 using MST. We first incubated
EXOSC3 with several concentrations of long G-rich RNA with DMSO or 50 /M ERDO03
(Figure 9C). ERDO03 decreased EXOSC3 binding to long G-rich RNA at several
concentrations of RNA. At a concentration of 3.1 M of RNA, ERDO3 inhibited binding by
54% (Figure 9C, arrow). This 3.1 xM concentration of RNA was then used against several
concentrations of ERDO3. Data indicated a concentration-dependent inhibition for ERD03
(Figure 9D). Inhibition was also measured using ELISA but yielded less inhibition, albeit
still with a concentration dependency (Supporting Information Figure S7A). We also tested
the effect of ERD03 on EXOSC3 interaction with short G-rich RNA using MST, and we
observed an inhibition similar to long G-rich RNA at 50 xM of ERD03 (Supporting
Information Figure S7B).

To examine whether the compounds interfered with protein—protein interactions in the RNA
exosome proteins, we tested EXOSC3’s interactions with EXOSC1, EXOSCS5, and

ACS Chem Biol. Author manuscript; available in PMC 2019 May 08.
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EXOSC9 using peptide arrays in the presence of ERD03 and ERDO1: no major differences
were found between the peptide—protein interactions of EXOSC3 with the compounds
(Supporting Information Figure S8).

Optimization of ERDO3 to gain better potency would be advantageous in order to more
finely tune EXOSC3/RNA inhibition. The docking model of ERDO03 (Supporting
Information Figure S5) with EXOSC3 provides us a starting point for lead optimization. The
structure of ERDO3 consists of an isoquinoline ring with a butylbenzoyl group attached to a
nitrogen atom (Supporting Information Table 2), and an initial lead optimization program
could focus on the butylbenzoyl group with an aim to gain additional hydrogen bonding and
other interactions in the active site.

ERDO3 Recapitulates EXOSC3 Knockdown Effects on RNA Transcriptomic Profiles in

Zebrafish

Knockout of the EXOSC3 in mouse and in zebrafish has been previously shown to induce
accumulation of certain types of RNA including long noncoding RNA (IncRNA).16:32.33 Tg
address if ERDO3 does the same, RNaseq analysis was performed on 3 dpf zebrafish
incubated with ERDO3 or injected with AUG morpholino (Figure 10, Supporting
Information Table 3). Most transcripts appear to be affected in a similar fashion by AUG
injection and ERDO3 incubation compared to the control (Figure 10A). Change in relative
expression of each transcript, expressed as log, fold change, correlated well between the two
conditions (Figure 10B) as demonstrated by a Pearson correlation factor of 0.87 (p <
2.2e-16). A total of 3009 RNAs were downregulated and 1859 RNAs were upregulated in
both AUG and ERDO3 treatments (Figure 10C,D), leading to an ~80% overlap of
differentially expressed RNASs (75%, p < 0.01; 83%, p < 0.05). As previously described,
IncRNAS constituted a greater percentage of the upregulated vs downregulated genes (13.5%
Vs 6%, p < 0.001 by Fisher’s exact test). There is substantial similarity and overlap in the
effect on IncRNAs between EXOSC3 knockdown and ERDO3 treatment. The observed
strong positive correlation in gene expression suggests that pathways downstream of
EXOSC3 are being impacted in a similar manner and degree between the ERD03 and
EXOSC3 knockdown backgrounds. These data further support our assertion that ERD03 can
be used as a pharmacological tool to modulate EXOSC3 activity and mimic a PCH1B
phenotype.

ERDO3 Induces an Atrophy of the Zebrafish Cerebellum, a Clinical Feature of PCH1B

PCH1B patients exhibit cerebellar atrophy with dysmorphic Purkinje cells,10 and EXOSC3
knockdown in zebrafish previously showed significant cerebellum defects.16 Ataxin, a DNA-
binding protein encoded by the A7XNI gene, is important for differentiation of Purkinje
cells in the mouse,34 and defects in A7.XNZ were linked to spinocerebellar ataxia type 1,3 a
disorder similar to PCH1B, characterized by progressive movement problems due to
Purkinje cell degeneration and subsequent cerebellar atrophy.3¢ Furthermore, ataxinlb
MRNA was previously reported to be significantly upregulated with EXOSC3-knockdown in
zebrafish embryos and was linked to a toxic effect on the cerebellum development.16 We
performed quantitative RT-PCR (gPCR) on RNA extracted from zebrafish incubated with
ERDO03, DMSO control, or injected with AUG morpholino (Figure 11A). ERDO03 induced a
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~6-fold upregulation of ataxinlb mRNA (Figure 11A). Although ataxinla mRNA was not
modified by AUG morpholino, there is a minor accumulation of ataxinla mRNA in embryos
with ERDO3 (Figure 11B).

Because of the ability of ERDO3 to induce ataxinlb mRNA accumulation in zebrafish,
linked to an underdeveloped cerebellum, we imaged zebrafish brains in the presence of
ERDO03. We used the Tiibingen driver line (TDL6) zebrafish line where galactose (Gal4)-
driven green-fluorescent protein (GFP) expression marks neurons of the central nervous
system (Figure 11C).3” We incubated TDL6 zebrafish embryos with either buffer E3,
DMSO, or 50 uMERDO03 and imaged the brains at 3 dpf (Figure 11D). Incubation with
ERDO3 resulted in zebrafish cerebella half the size of control brains in DMSO (Figure 11D
and E). Taken together, these results demonstrate that disrupting the EXOSC3-RNA
interaction in zebrafish embryos recapitulates several hallmarks of PCH1B: (/) modification
of RNA transcription profiles, (/i) spine curvature, and (//j) accumulation of atxnlb mRNA
combined with an atrophy of the cerebellum. On the basis of these observations, we propose
that ERDO3 could be used as a chemical tool to model the progression of PCH1B
neurological disease through disruption of the EXOSC3/RNA interactions. Further studies
with ERDO3 will shed light on mechanisms of RNA processing and development of the
cerebellum. We may uncover additional mechanisms to the RNA displacement since ERD03
binding is 3-fold weaker than RNA binding to EXOSC3; alternatively, such a dramatic
phenotype in the zebrafish may be due to cumulative RNA defects.

The translational significance of this work is the possibility of discovering small molecules
to manage progression of PCH1B-phenotype in model organisms and could be applicable to
other neurological disorders. This chemical approach to mimic neurological disorders
caused by mutations may be an instructive example of how to model rare diseases and could
be utilized widely in the drug discovery field to develop testable mechanistic hypotheses and
drive therapeutic development. To our knowledge, this is the firstexample of a small
molecule obtained by rational design that models the abnormal developmental effects of a
neurodegenerative disease in a whole organism and could become an invaluable tool when
genetic modifications are difficult to obtain in conventional model species.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RNA exosome structure highlighting PCH1B-associated mutations in human EXOSC3. (A)

The RNA exosome complex (PDB code: 2nn62%) is composed of nine subunits. (B) Cartoon
model of EXOSC3. PCH1B-associated amino acids shown as sticks (buried residues) and
spheres (surface residues). Residues in black are associated with very poor survival, 1013
orange for those wherein survival is reduced when associated with D132A,10 and cyan for
those associated with survival into adulthood.10:11.14 Mutations targeted in this study are
underlined. NTD, N-terminal domain; S1, RNA binding S1; and KH, K homology domain.
(C) Surface representation of EXOSC3 showing predicted contacts with other subunits.
Colors refer to the EXOSC3 contacts with EXOSC5 (light green), EXOSC1 (blue), and
EXOSC9 (yellow).
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Figure 2.
Effect of PCH1B mutations on EXOSC3 binding to adjacent subunits through a peptide

array. Binding of EXOSC3-WT and four PCH1B mutants (V80F, Y109N, D132A, G135E)
on immobilized 12-mer EXOSC1 (A), EXOSC5 (B), and EXOSC9 (C) peptides, in
overlapping eight amino acid steps. The blots were scanned, and spot intensities were
quantified and represented as a normalized signal. Predicted contacts with EXOSC3 are
shown in red. Data: means £ SD (n=2).
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Figure 3.

Profiling RNA binding landscape of EXOSC3. (A) RNA binding specificities of EXOSC3
were determined with RNAcompete. The top 10 binding 7-mer sequences and their Z-scores
are shown. Below, the consensus RNA motif is shown as a position weight matrix. (B) SPR
sensorgrams showing binding of 200 zm long G-rich RNA
(GGGAGGGAGGGAGAGGGA), short G-rich RNA (GGGAGGG), and random RNA
(AGUCAUUC) on immobilized EXOSC3. The sensorgrams were normalized to the
molecular weight of the respective RNAs. (C) SPR sensorgrams showing binding of
increasing concentrations of long G-rich RNA to immobilized EXOSC3 (~0.5 ng). (D) SPR
data were fit to a one-site specific binding equation (/2 = 0.91) yielding an apparent Ky of
2.4 £1 pM. Data: means = SD (7= 3). Some error bars are smaller than the symbols. (E)
Thermographs of NT-647-GST-EXOSC3 with 0.0015-50 1M of long G-rich RNA. The gray
bar represents the time point at which the MST measurements were used in F. (F) MST
values yielded an apparent Ky of 5.8 + 1.3 M (see Methods for details). (G) Thermographs
of NT-647-GST-EXOSC3 with 0.0015-50 xM of short G-rich RNA. The gray bar represents
the time point at which the MST measurements were used in (H). (H) MST values yielded
an apparent Ky of 3.58 + 2.5 1M (see Methods for details).
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= GST-EXOSC3-V80F
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¥ GST-EXOSC3-D132A

10

107 10
log [RNA] (sM)

105 10+

PCH1B mutations on EXOSC3 altering the RNA binding landscape. Cartoon models of
EXOSC3 mutants (in red ball-stick representation): V80F (A), Y109N (B), D132A (C), and
G135E (D). The top 10 7-mers with their corresponding Z-scores show the RNA binding
landscape for EXOSC3 mutants V8O0F (e), Y109N (F), D132A (G), and G135E (H); an RNA
motif as a position weight matrix was extractable for D132A. (1) MST experiments yielded
apparent K4 values of 31.8 + 11 4M(V80F) and 46.8 + 19 x/M(D132A), which were higher
compared to 5.8 £ 1.3 /M (EXOSC3-WT). No association could be detected between long
G-rich RNA (GGGAGGGAGGGAGAGGGA) and GST-EXOSC3-Y109N; no binding curve
was extractable. Means + SD (/7= 3). Some error bars are smaller than the symbols.
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Figure5.
Docking of small molecules onto EXOSC3. (A) The top 20 molecules (stick representation)

were docked on the S1 (yellow) or the KH (blue) domain of EXOSC3 (carton
representation). (B) RNA exosome with core components colored in gray. Cap proteins
EXOSC1, EXOSC2, and EXOSC3 are shown in blue, dark green, and purple, respectively.
Close up of S1 domain binding site (orange) showing significant overlap with a predicted
RNA interface on EXOSC3 (pink). Cartoon representation of RNA from yeast structure 5jea
(for reference). EXOSC2 is omitted in the inset. (C) Rotated view of the RNA exosome
showing the docking pocket in the KH domain (red). Close-up of KH targeting compounds
docking site showing pocket accessibility.
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Figure6.

STD-NMR analysis of binding of small molecules to exosome subunits. 1D 1H STD-NMR
showing on-resonance difference spectrum of 500 xM (EXOSC3/RNA disrupting (ERD))
compounds with 5 4M proteins. The aromatic region of the spectrum (6-9 ppm) is shown.
(A) 1D 1H STD-NMR spectra of KH domain-targeting ERDO1-ERD12 compounds binding
to GST-EXOSC3 (left) or GST (right). (B) 1D *H STD-NMR of ERD compounds that
bound to GST-EXOSC3, but not GST, were tested against EXOSC1-His (left) and GST-

EXOSC2 (right). (C, D) Same as A and B except with compounds ERD13-ERD20

(targeting S1 domain). (*protons reproducibly found in independent experiments (7= 3).)
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Figure7.
RNA/EXOSC3 disruption by small molecules. (A) 300 nM GST-EXOSC3 was incubated

with increasing concentrations of long G-rich RNA. The data were fit to a one-site specific
binding equation (/2 = 0.94). Long G-rich RNA bound to EXOSC3 with a half-saturation
concentration of ~100 nM. Binding of GST alone demonstrated minimal background
binding to RNA. Data: means = SD (n7=6). Some error bars are smaller than the symbols.
(B) ERD compounds specifically binding to EXOSC3 were tested for their ability to disrupt
EXOSC3/RNA interaction. 50 M ERDs were incubated with 0.2 /M RNA and GST-
EXOSC3. Data: mean £ SD (*one-way ANOVA, p<0.05, n=6-12).
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Figure 8.
ERD compounds induce a PCH1B-like phenotype in zebrafish. (A) Zebrafish embryos were

incubated with 50 M ERDs, DMSO (0.5%), or injected with morpholinos (AUG vs control)
for 5 days before imaging. (B) The percent of dead zebrafish, assessed as having no
heartbeat, is shown for each condition. (C) Bar graphs of percentage of zebrafish with short,
curved spine (* X2 test, p< 0.001, 7= 50).
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Figure9.

Biophysical characterization of ERD03. (A) Thermographs of NT-647-GST-EXOSC3 with
ranging concentrations of ERD03 (0.00153-50 4M). The gray bar represents the time point
at which the MST measurements were used in B. (B) Photobleaching rates of EXOSC3’s
initial fluorescence in the presence of 0.00153-50 /M ERDO03 were used to determine
ERDO3 affinity for EXOSC3. The data were fitted (see Methods) with an apparent Ky =17
+7 /M (72 =0.96). GST protein was used as a negative control. Data: mean + SD (7= 3).
(C) MST values of EXOSC3 with 0.012-12.5 M of long G-rich RNA and 1% (v/v) DMSO
or 50 M ERDO3. Arrow denotes 3.12 4M RNA, which caused 54 + 10% inhibition of
EXOSC3-RNA by ERDO3. (D) Concentration-dependent curves were obtained for ERD03’s
disruption of RNA-EXOSC3 interaction at 3.12 4M of RNA. Data are represented as mean +
SD (n=13).
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Figure 10.
Transcriptomics in zebrafish after ERDO3 incubation or EXOSC3-knockdown. (A) Heatmap

of log, FPKM (fragments per kilobase of transcript per million mapped reads) values for the
top 1000 differentially expressed genes in morpholino knockdown samples (AUG) or
samples treated with ERDO3 compared to control. FPKM represents the absolute value of a
transcript expression. (B) Distribution of log, fold-change values for all differentially
expressed genes (relative to control with an adjusted p < 0.01) in the ERDO03-treated and
AUG-knockdown samples. Values are color-coded based on the treatment in which they
were significantly differentially expressed (relative to controls). The Pearson correlation
coefficient (PCC) was used to assess similarity between AUG and ERDO3 treatments (o <
2.2e-16). Venn diagram depicting distribution of overlapping downregulated (C) or
upregulated (D) RNAs in the treatments. Full data: https://www.ncbi.nlm.nih.gov/sra-
bioproject, ID PRINA470927.
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ataxin1a

DMSO ERDO03

ERDO3 effect on cerebellum development. Gene expression analysis of atxnlb (A) and
atxnla (B) in zebrafish following ERDO3 incubation or EXOSC3-knockdown. Data;: mean £
SD (*one-way ANOVA, p< 0.001, n=50). (C) Schematic depicting the localization of the
zebrafish brain. The TDL6 zebrafish line expresses GFP in neurons of the central nervous
system. Green text represents tissues expressing GFP. HB, hindbrain; CB, cerebellum; MB,
midbrain; FB, forebrain. (D) Fluorescent images of 3dpf zebrafish embryos’ brains
incubated with E3 buffer, DMSO (0.5%, v/v), or 50 M ERDOQ3. The area used to calculate
cerebellum average size is represented in white within each image. (E) Average cerebellum
size per 2D cross-section is shown. Data: mean + SD (*one-way ANOVA with Tukey HSD

posthoc test, p< 0.05, n=3).
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