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1. INTRODUCTION:

Myotonic dystrophy type 1 (DMI) is a genetic disorder characterized by multisystemic
wasting of muscle function, including organ wasting that leads to cardiac disease, respiratory
impairment, cataracts, and a host of other significant problems. In particular, DM1 is caused
by an RNA repeat expansion [r(CUG)*P where “exp” denotes an expanded repeat] harbored
in the 3’ untranslated region (UTR) of the dystrophia myotonica protein kinase (DMPK)
mRNA. This r(CUG)**P is toxic via a gain of function mechanism; the repeat forms a
structure recognized by various RNA binding proteins, in particular muscleblind-like 1
which controls the alternative splicing of various transcripts. Mis-splicing of the muscle-
specific chloride ion channel due to MBNLI1 sequestration can be directly linked to
myotonia. Over more than a decade, the Disney Laboratory has designed small molecules
that bind and deactivate r(CUG)®*P in patient derived cells and mouse models. Indeed, we
have developed nM and pM inhibitors of r(CUG)exp dysfunction using innovative
approaches: onsite drug synthesis in which r(CUG)®*? catalyzes the synthesis of its own
inhibitor, engendering small molecules with the ability to cross link to its target, and
engendering small molecules with the ability to cleave disease causing RNAs directly or by
recruiting an endogenous nuclease. Here, bolstered by in vivo studies in which a small
molecule cleaves r(CUG)exp selectively, rescues 134 of 138 MBNLI1 regulated splicing
events, normalizes the transcriptome, and improves myotonia, we propose to develop
antisense- or CRISPR- like small molecules into preclinical candidates for the treatment of
the root cause of DMI. Importantly, these studies are directly applicable to other
microsatellite diseases including amyotrophic lateral sclerosis (ALS), frontotemporal
dementia (FTD), and fragile X associated tremor ataxia syndrome (FXTAS).

2. KEYWORDS:

Myotonic dystrophy type 1; RNA repeat expansion; r(CUG)=»; RNA binding proteins;
muscleblind-like 1; myotonia; small molecule cleavage; splicing events

3. ACCOMPLISHMENTS:

What were the major goals of the project?

Below we list the major goals of the project per our approved SOW.

SPECIFIC AIM 1a: Optimize our cleaving compound for binding to r(CUG)**? by
using a massively parallel screening approach enabled by using DNA-encoded
libraries (DEL), focusing on the linker that tethers RNA-binding modules.

Major Task 1: Design and synthesis of a DNA-encoded small molecule library
Subtask 1: Design and synthesis of DEL libraries. 100% complete
Months 1-4: 09/01/19-12/31/19
Prof. Paegel’s laboratory: design, synthesis, QC
Prof. Disney’s laboratory: design
(continued below)




Major Task 2: Screen the DEL to identify improved compounds that bind selectively to a
model of r(CUG)**P, r(CUG)12. 100% complete
Subtask 1: Development of FACS r(CUG):2 binding assay 100% complete

Months 3-4: 11/01/19-12/31/19

Subtask 2: Multiplex FACS screen of DEL using r(CUG)2 and two competing RNAs
(r(CUG); and fully paired RNA). 100% complete
Months 4-9: 12/31/19-05/31/20

Subtask 3: Lead refinement by competition with 1 using FACS or with long residence times
Was not necessary
Months 9-12: 05/31/20-08/31/20

Subtask 4: Synthesis and characterization of hit compounds. 100% complete
Months 9-12: 05/31/20-08/31/20

Major Task 3: In vitro evaluation of hit compounds from DEL. 100% complete
Subtask 1: Hit validation: inhibit r(CUG)12.-MBNL1 complex. 100% complete
Months 12-15: 09/01/20-11/30/20

Subtask 2: In vitro evaluation of most potent compounds from Subtask 1: affinity, Kon, Kofr
residence time by BL
Months 15-18: 11/01/20-02/28/21

Major Task 4: Evaluate compounds from Maj. Task 3 in cells 100% complete
Subtask 1: Assess cell permeability & cytotoxicity of compounds 100% complete
Months 15-18: 11/01/20-02/28/21

Subtask 2: Study non-toxic, cell permeable compounds for improving splicing defects and
foci in patient-derived cells. 100% complete
Months 18-24: 02/01/21-08/31/21

Subtask 3: Study transcriptome-wide effects of compound treatment by RNA-seq. 100%
complete
Months 18-24: 02/01/21-08/31/21

SPECIFIC AIM 1b: Optimize the bleomycin AS cleavage module and attach to lead
compounds

Major Task 5: Synthesis of bleomycin conjugates. 100% complete
Subtask 1: Synthesis of bleomycin derivatives and conjugates. 100% complete
Months 1-12: 09/01/19-08/31/20

(continued below)




Major Task 6: In vitro evaluation. 100% complete
Subtask 1: Study cleavage of r(CUG)12 by small molecule-bleomycin conjugates by gel
electrophoresis. 100% complete

Months 12-18: 08/01/20-02/28/21

Subtask 2: Compare extent of cleavage of r(CUG)12 by small molecule-bleomycin conjugates
to DNA and other RNAs. 100% complete
Months 12-18: 08/01/20-02/28/21

Major Task 7: Cellular evaluation of conjugates. 100% complete
Subtask 1: Assess cell permeability and cytotoxicity
Months 18-21: 02/01/21-05/31/21

Subtask 3: Study non-toxic, cell permeable compounds for selective cleavage of r(CUG)**P
(patient-derived cells). 100% complete
Months 21-28: 05/01/21-12/31/21

Subtask 4: As a counter screen, study compounds in Subtask 3 for inducing DNA damage in
patient-derived cells. 100% complete
Months 21-28: 05/01/21-12/31/21

SPECIFIC AIM 2: Rigorously evaluate optimized small molecule-bleomycin conjugates
in cells and in vivo.

Major Task 1: Comprehensive in cellulis evaluation of cleaving compounds emanating

from Aim 1.

Subtask 1: Study selective cleave of r(CUG)**P in DM1 cell lines. 100% Complete
Months 24-30: 08/01/21-02/28/22

Subtask 2: Study if compounds induce DNA damage. 100% Complete
Months 24-30: 08/01/21-02/28/22

Subtask 3: Study compounds for improving DM 1-associated splicing defects and reducing
nuclear foci in multiple cell lines. 100% Complete
Months 24-30: 08/01/21-02/28/22

Subtask 4: Complete a comprehensive analysis of transcriptome-and proteome-wide effects.
Months 24-30: 08/01/21-02/28/22

Major Task 2: Complete DMPK studies.
Subtask 1: In vitro DMPK analysis
Months 1-30: 09/01/19-02/28/22

(continued below)




Subtask 2: Mouse pharmacokinetics and tissue distribution
Months 1-30: 09/01/19-02/28/22

Subtask 3: Study lung fibrosis (not expected)
Months 1-30: 09/01/19-02/28/22

Major Task 3: Determine the optimal dosing regimen of optimal bleomycin conjugates and
RIBOTAC probes.

Subtask 1: Study myotonia over different dosages and treatment periods, informed by
Specific Aim 2, Major Task 2.
Months 6-36: 02/01/20-08/30/22

Subtask 2: Study improvement of splicing defects and formation of foci over different

dosages and treatment periods.
Months 6-36: 02/01/20-08/30/22

Subtask 3: Study lung fibrosis (not expected; bleomycin conjugates) over different dosages

and treatment periods.
Months 6-36: 02/01/20-08/30/22

Subtask 4: Complete a comprehensive analysis of transcriptome- and proteome-wide effects.
Months 6-36: 02/01/20-08/30/22

Subtask 5: Compare effects of small molecule-bleomycin conjugates and RIBOTACS probes
in vivo to ASOs.
Months 6-36: 02/01/20-08/30/22

SPECIFIC AIM 3: Targeted small molecule recruitment of a nuclease to r(CUG)®*P.

Major Task 1: Synthesis of RIBOTAC probes
Subtask 1: Synthesis of different RNase L recruiting modules and small molecule-RNase L

conjugates. 100% complete — currently undergoing re-optimization
Months 1-6: 09/01/19-02/28/20

Major Task 2: Assess if small molecule-RNase L conjugates recruit RNase L in vitro

Subtask 1: Evaluate ability of small molecule-RNase L conjugates to cleave r(CUG);> -

FRET-based assay. 100% complete — currently undergoing re-optimization
Months 6-18: 02/01/20-02/28/21

Subtask 2: Rigorously evaluate the ability of small molecule-RNase L conjugates to recruit
RNase L and cleave r(CUG)12. Ongoing
Months 6-18: 02/01/20-02/28/21

(continued below)




Major Task 3: Cellular evaluation of RIBOTAC probes
Subtask 1: Assess cell permeability & cytotoxicity of compounds.
Months 12-15: 08/01/20-11/30/20

Subtask 2: Study non-toxic, cell permeable compounds for selective cleavage of r((CUG)*P
(patient-derived cells).
Months 15-21: 11/01/20-05/31/21

Major Task 4: Comprehensive in cellulis evaluation of RIBOTAC probes
Subtask 1: Determine if RIBOTAC:S selectively cleave r(CUG)*P in multiple DM1 patient-
derived cell lines.

Months 18-30: 02/01/21-02/28/22

Subtask 2: Study compounds for improving DM 1-associated splicing defects and reducing
foci in multiple cell lines.
Months 18-30: 02/01/21-02/28/22

Subtask 3: Complete a comprehensive analysis of transcriptome-wide and proteome-wide
(including immune system) effects of compound treatment.
Months 18-30: 02/01/21-02/28/22

What was accomplished under these goals?

SPECIFIC AIM 1a: Optimize our cleaving compound for binding to r(CUG)®? by using a
massively parallel screening approach enabled by using DNA-encoded libraries (DEL),
focusing on the linker that tethers RNA-binding modules. [Note: parts of the summary below
are also related to SPECIFIC AIM 1b.]

Note: the studies described below were completed by the Disney Laboratory.

Major Tasks 1 & 2 were completed during the previous funding period. Please see our
previous report for details. Below we summarize our progress on Major Tasks 3 & 4, which
are now complete. Prior to discussing progress on Major Tasks 3 & 4, below please find an
update on our studies to optimize the linker in dimeric molecules that bind r(CUG)®*? and
inhibit hallmarks of disease in DM1 patient-derived cells, further fulfilling Specific Aim 1a.

Massively parallel optimization of the linker domain in small molecule dimers targeting
a toxic r(CUG) repeat expansion.

Targeting RNA with synthetic molecules was long thought challenging both because of RNA’s
limited local diversity from only four nucleotides and its flexible and dynamic nature. Many
RNAs, however, adopt stable three-dimensional (3D) structures, which are potential binding sites
for small molecules.!"¢ The discovery of selective small molecules targeting disease-causing RNA
has historically been accomplished through selection methods’ or in various targeted screens for



specific RNA structures.®® Suitable RNA targets for small molecules were identified in a myriad
of diseases, such as cancers caused by oncogenic microRNA (miR)-21,'% ! or spinal muscular
atrophy.'? To identify and optimize novel chemical matter targeting toxic RNA structures, robust
combinatorial methods are required. Advanced combinatorial chemistry methods, such as DNA
encoded libraries,!3"'® one-bead-one-compound libraries (OBOC),!” ¥ phage display,'® 2° and
affinity selection-mass spectrometry?! 22 have been successfully applied to proteins and can be
adapted for RNA. Notably, Patel and coworkers reported a one-bead-two-compounds (OBTC)
strategy to discover macrocycles targeting the long non-coding RNA Growth Arrest Specific 5
(GAS5), with implications for the treatment of type 2 diabetes mellitus.>*> The application of
combinatorial methods to disease-causing RNAs enables the discovery of novel chemical probes
and optimization of ligands targeting these RNA structures in a massively parallel fashion.

One class of toxic RNAs is repeat expansions that cause greater than 40 genetic diseases
including myotonic dystrophy type 1 (DM1). DMI is caused by a r(CUG) repeat expansion
[r(CUG)**?] located in the 3’ untranslated region (UTR) of the dystrophia myotonica protein kinase
(DMPK) mRNA.?* DMI is an incurable neuromuscular disease with a prevalence of ~1 in 8,000
people. Those afflicted with DM1 have symptoms that include muscle weakness and myotonia,
heart abnormalities, cataracts, and insulin resistance.?> 2 The r(CUG)®P folds into a highly
structured hairpin, the stem of which comprises a periodic array of 5°’CUG/GUC 1x1 internal
loops. These loops bind and sequester the pre-mRNA splicing regulator muscleblind-like 1
(MBNLI1) protein as well as other RNA-binding proteins in nuclear foci (Figure 1A).
Sequestration of MBNLI1 by r(CUG)®*? prevents its interaction with its natural substrates, therefore
leading to dysregulation of alternative pre-mRNA splicing and manifestation of disease.?’> 28
Different types of modalities can bind to r(CUG)**? and improve disease defects in DM 1-affected
cells,?®3! including monomeric small molecules,?!* modularly assembled dimeric compounds
that occupy multiple internal loops simultaneously,’* 3* pseudopeptides,®> and small molecules
that cleave r(CUG)®*?.3¢ These compounds were discovered by various approaches, such as a bead-
based screening method called resin-bound dynamic combinatorial chemistry (RBDCC)?® and by
fragment-based target-guided synthesis.*

Our group has previously reported the modular assembly of RNA-binding modules targeting
consecutive 5’CUG/GUC 1x1 internal loops to disrupt the toxic MBNL1- r(CUG)®*? complex and
improve DM 1-associated defects (Figure 1B and 1C).3” A dimeric compound named 2H-4 was
built by a N-propylglycine peptoid bridge to separate the binding modules at a specific distance to
enable simultaneous binding (Figure 1D). Efforts to improve the binding affinity and potency of
2H-4 have involved changing the nature of its backbone including an N-methyl alanine linker,*® a
proline linker,*® and macrocyclization.** These modifications have improved binding affinity and
cellular activity, however thus far the optimization of the linker between RNA-binding modules
has not been attempted on a large scale.

Peptoids, oligomers of N-substituted glycine building blocks, offer access to a large chemical
diversity by simple incorporation of primary amine building blocks. Further, peptoids have
desirable pharmacological properties, such as cellular permeability and resistance to proteolytic
degradation.*!: #> Since their syntheses are fully compatible with OBOC library approaches,** we
envisioned a simple method to introduce a wide variety of functional groups in the linker domain
of 2H-4, which is described herein.



Briefly, the OBOC library was synthesized on 90 pm Tentagel microbeads with four variable
positions between the two 5’CUG/GUC internal loop binding modules, as this is the optimal linker
length identified from previous studies (Figure 2A).>® A peptide tag, BBRGYM, was incorporated
at the C-terminal of each compound, allowing release from the beads by selective cyanogen
bromide (CNBr) cleavage of the M residue for facile deconvolution of compound identity by
tandem mass spectrometry (MS-MS). Indeed, fragmentation of the amide bonds generates a mass
ladder that represents the nature of the different building blocks and their sequential order in the
compound. The peptide tag provides a known starting point in the MS-MS spectrum from which
unknown building blocks are identified. A set of 24 different building blocks were incorporated
by split-and-pool methodology (Figure 2B), generating a theoretical diversity of 331,776
compounds. Building blocks were selected to cover various chemotypes, such as aliphatic,
cationic, aromatic or heteroaromatic moieties. As a quality control step, random beads from the
library were selected and processed for compound deconvolution, and indeed MS-MS analysis
enabled structure deconvolution unambiguously.

To identify compounds that avidly bind r(CUG)**P, the OBOC library was incubated with 150
nM of an established structural model of r(CUG)®*®, r(CUG):> containing a 5’ biotin tag,* in the
presence of 15 uM of 2H-4 (100-fold molar excess as compared to the RNA’s concentration). The
2H-4 competitor was added to increase the stringency of the screen and to allow identification of
compounds that bind more avidly to r(CUG)12 than the competitor. Beads bound to 5’-biotin-
r(CUQG)12 were isolated with streptavidin-coated Dynabeads (Figure 2C) and identified by MS-MS
analysis, affording 142 hit compounds.

To triage the hits to a more manageable number for further investigation, we calculated the
enrichment and the statistical confidence thereof (Z-score) of each building block at each variable
position (Figure 2D). (A Z-score of 1.96 corresponds to P = 0.05 and hence statistical
significance.) The Z-score at each position was also summed for each hit compound (Figure S2).
Several trends could be observed in selection amongst the building blocks, including (i) a depletion
of tertiary amines, particularly building blocks #19-22, at positions 1 —3 (P =0.013 to 0.039) and
(i1) enrichment of secondary and primary amines, building blocks #13 and #15, at all positions (P
<0.0001).

We observed that the sum of Z-scores for the building blocks of the hit compounds correlated
with positive charge. Since the RNA backbone is negatively charged, this is not surprising. To
further investigate this observation as well as to maintain chemical diversity, we binned hit
compounds by their linker charge and then selected those in each bin with Z-scores in the top 30%.
This first triage provided a reasonable number of compounds (n = 32) to synthesize by solid-phase
parallel synthesis on Rink amide polystyrene resin, measure avidity for bind r(CUG)®*?, and study
for rescue of DM 1-associated defects.

In previous studies of dimeric compounds targeting r(CUG)**P, we observed that cell uptake
and localization can change as a function of the structure of the linker.>>-® Furthermore, charged
backbones are known to affect localization.** As nuclear localization is crucial for biological
activity as r(CUG)**P is sequestered in nuclear foci, we studied the compounds’ cellular
permeability and localization .
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DM 1-patient derived myotubes containing 1300 r(CUG) repeats were treated with 5 uM of
each compound and localization was monitored by using the inherent fluorescence of the H RNA-
binding modules. Interestingly, 2H-4 localizes almost completely in the nucleus, as do 12 of the
32 hit OBOC compounds, which were thus prioritized for further study. A closer inspection of
building block distribution provided insights into the relationship between compound structure and
nuclear localization. Amongst the nuclearly localized compounds, only the polar building block
#14 (N-hydroxyethyl substituent) was found to be significantly enriched at position 2 (17%, P =
0.03). Within the compounds with poor nuclear localization, building blocks #2 (N-propyl
substituent) and #13 (N-methylaminobutyl substituent) were found to be significantly enriched at
positions 3 (20%, P = 0.03) and 2 (33%, P = 0.049), respectively. These data suggest that the
position where polar and hydrophobic moieties are incorporated within the dimer linker influence
localization. MBNL1 protein self-regulates the alternative splicing of its exon 5, which is included
too frequently in DM1 cells.*® Thus, we evaluated which of the 12 compounds rescue the MBNL1
exon 5 splicing defect in DM1-patient derived myotubes and compared their activities to 2H-4
(Figure 3).

DMI cells were treated with a 5 uM dose for 2, 5, 10, 13, 15, 18, 21, and 25 for 48 h. Changes
in cellular morphology were observed upon treatment with 5 pM of 7, 14, 22 and 32, and therefore
these compounds were evaluated at 1 pM, where no changes in morphology were observed. Of
the eight compounds evaluated at 5 uM, only two slightly improved the MBNLI exon 5 splicing
defect, by ~20%, which is less than the effect observed upon treatment with 2H-4 (~30%
improvement) (Figure 3A). The four compounds evaluated at 1 uM all improved the MBNLI exon
5 splicing defect, more potently than 2H-4 which is inactive at the 1 uM dose (Figure 3B), although
the percent rescue by 32 was not statistically significant. Notably, 7 and 22 improved MBNL1
exon 5 splicing dose-dependently, with 22 appearing to be the more potent of the two (7% rescue
for 22 vs. 2% rescue for 7 at 0.2 uM) (Figure 3C). As 14 improved splicing similarly at all
concentrations tested, it was eliminated form further study (Figures 3C). Since 22 was the most
potent, it was studied in more detail, both in vitro and in DM1 patient-derived myotubes.

We first measured the binding of 22 to r(CUG)12 in vitro, affording an ECso of 106 £ 4 nM
(Figure 4A), ~10-fold more avid than 2H-4 (ECso = 1140 + 31 nM).*® Importantly, no saturable
binding was observed for 22 and a base paired control RNA that does not contain the 1x1
nucleotide UU internal loops. This avid binding of 22 to r(CUG) repeats translated to inhibition
of the formation of the r(CUG)**’-MBNLI1 complex in vitro with an ICso 0f 2.8 £ 0.2 uM in a TR-
FRET assay,* a ~10-fold improvement over 2H-4 (ICso of 32.2 + 4.3 uM; determined by the same
TR-FRET assay),*® which correlates with its enhanced affinity.

To rationalize the improved in vitro binding of 22 to r(CUG)i2 when compared to 2H-4,
molecular modeling studies were carried out. Models of dimer 22 bound to a model RNA with
two 1x1 nucleotide Uuu internal loops in r(CUG)=P [r(5'-
CCGCUGCUGCGG/3’GGCGUCGUCGCC] were generated using molecular dynamics
simulations and compared with a previously published model of 2H-4. The best model, as defined
by the lowest free binding energy, generated for 22 was 10 kcal/mol lower than 2H-4 (-61.7 vs. -
51.7 kcal/mol).
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Inspection of the interactions of 22 with the internal loops shows increased number of
interactions between the dimer’s linker region and the RNA backbone, in addition to the
interactions of RNA-binding modules with the RNA, which are similar to 2H-4 (Figure 4E). The
imidazole group of the building block in position 1 hydrogen bonds with NH> of G21 [r(5'-
CCGCUGCUGCGG/3’GGCGUCGUCGCC] and stacks with the RNA-binding module. The
carbonyl groups in the backbone undergo a number of hydrogen bonding interactions, including
intramolecular hydrogen bonds with the NH-CH3 side chain of the building block in position 3 and
NH: of the side chain of the building block in position 4. Intermolecular H-bonding interactions
of the dimer backbone with the RNA also contribute significantly to the binding of the dimer,
including: (i) interaction of building block 2’s carbonyl with 2° OH of G6; (ii) H-bond formed
between the terminal amide CONH> with 2° OH of C7; (iii) interaction of building block 3’s
carbonyl with G6’s and G8’s NH»; and (iv) H-bond between the linker’s terminal amide NH» with
phosphate backbone of US. These interactions, in addition to the Van der Waals and n-stacking
interactions formed throughout the dimer-RNA complex, attribute to the observed 10 kcal/mol
improvement in the binding energy when compared to the bound structure of 2H-4.

The selectivity and activity of 22 was further investigated in DM1 patient-derived myotubes.
Importantly, the observed rescue of MBNLI exon 5 pre-mRNA splicing defect was not due to
transcriptional inhibition of DMPK, as its RNA levels were unaffected (Figure 4B), suggesting
direct r(CUG)®*? target engagement. Importantly, 22 specifically improved DM1-associated
defects as MAP4K4 exon 22a splicing, a NOVA-regulated splicing event,*’ was not affected in
DMI myotubes. Furthermore, MBNLI exon 5 splicing was not affected in wild-type myotubes
(from healthy donors) treated with 22. Compound 22 also reduced the number of r(CUG)*P-
MBNLI1 foci in DM1 myotubes by ~20%, which correlates with the observed improvement in
splicing (Figures 4C & 4D). Thus, through specific binding to r(CUG)**P, 22 potently and
specifically improves DM 1-associated defects in patient-derived myotubes.

In conclusion, the OBOC library methodology provides a facile means to optimize the linker
domain of a dimeric compound targeting r(CUG)**P. A simple affinity-based selection strategy
enabled the screening of >330,000 compounds and subsequent hit identification via MS-MS
sequencing. Through subsequent analysis of the bioactivity of hit compounds, we identified
compound 22 which bound r(CUG) repeats ten times more avidly than 2H-4 by forming additional
interactions between the target and optimized linker and more potently rescued disease-associated
defects in DM patient-derived myotubes. Thus, OBOC library synthesis and screening can be
used to identify high affinity binders to r(CUG)**P. Importantly, the methodology developed herein
is likely to be general, applicable to numerous other RNA targets, to aid in the identification of
high-affinity small molecules.
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A. r(CUG)exr as a therapeutic target in DM1
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Figure 1. Small molecule targeting approach for the toxic RNA repeat expansion, r(CUG)®®, that
causes myotonic dystrophy type 1 (DM1). (A) The toxic r(CUG)®*? present in the 3’ UTR of the DMPK
mRNA sequesters MBNL1 protein, a regulator of alternative pre-mRNA splicing, with high affinity,
leading to splicing defects. (B) Modularly assembled RNA-binding modules bind with high affinity to
r(CUG)®®, liberating MBNL1 and rescuing DM 1-associated splicing defects. (C) Chemical structure
of the 5’CUG/3°’GUC (loops present in r(CUG)™) RNA-binding module used in this study. (D)
Chemical structure of a previously developed dimeric compound that rescues DM 1-associated defects,
2H-4. 2H-4 was used as a starting point to develop the OBOC methodology described herein.
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Figure 2. OBOC library and screening method to optimize dimeric compounds targeting
r(CUG)**P. (A) Chemical structure of the library with Ri.4 indicating variable residues. (B)
Building blocks incorporated to generate the chemical diversity of the 331,776-member library.
(C) Screening workflow using compounds supported on 90 um Tentagel beads. 1) Incubation with
biotinylated r(CUG)12; 2) magnetic pull-down using streptavidin coated Dynabeads; 3) bead
isolation and cleavage; 4) hit structure deconvolution by tandem mass spectrometry. (D) Hit triage
of the 142 hits by enrichment score and nuclear localization in DM1 myotubes.
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Figure 3. Evaluation of hit compound activity in DM1 patient-derived myotubes. (A) Activity of
hit compounds with no toxicity at 5 uM, as assessed by rescue of the MBNLI exon 5 splicing
defect in DM1 myotubes (n = 3). (B) Activity of hit compounds with no toxicity at 1 uM, as
assessed by rescue of the MBNLI exon 5 splicing defect in DM1 myotubes (n = 3). (C) Dose
response analysis of compounds with statistically significant activity at 1 pM (n = 6). For all
panels: error bars represent SD, * P <0.05, ** P<0.01, *** P<0.001, as determined by one-way
ANOVA. (D) Chemical structure of compound 22.
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Figure 4. Compound 22 binds avidly to r(CUG)12 in vitro and selectively improves disease-
associated defects in DM1 myotubes. (A) Representative direct binding curve of 22 and r(CUG)12
hairpin using the inherent fluorescence of 22 (n = 3). (B) Evaluation of DMPK levels in DM1
myotubes treated with 22 via RT-qPCR (n = 3). (C) Representative confocal microscopy images
of nuclear foci. MBNL1 was imaged by immunofluorescence while r(CUG)*? was imaged by
RNA fluorescence in situ hybridization (FISH). (D) Quantification of the number of foci/nucleus
in DM 1 myotubes treated with 22 (n = 3; 40 nuclei counted/replicate). *** P <0.001 Student’s z-
test. (E) Interactions between 22 and two 5’CUG/3’GUC internal loops present in r(CUG)**P from
a model generated by molecular dynamics simulation. Dashed lines represent interactions between
the linker residues of 22 and the RNA.
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Macrocycles are privileged scaffolds displaying desirable pharmacological properties.*-53 They
provide a rigid scaffold that bind targets with high affinity and selectivity and have a propensity
for high cellular uptake.>*>8 A few studies reported the design of cyclic ligands targeting 3D RNA
motifs.>% ® The effect of macrocyclization on ligands that bind r(CUG)®*? is thus the purview of
this report (Figure 5A). The bioactive compound 2H-4, previously designed to bind r(CUG)*P,
comprises two RNA-binding modules (H) separated by four N-propylglycine spacing units, the
optimal distance to span the two base pairs between r(CUG)®*P’s internal loops (Figure 5B & 5C).6!
To mimic the periodicity between the RNA-binding modules in a macrocyclic topology, we
developed a solid phase synthesis approach to construct a library of dimeric compounds that
display two H modules.

A collection of macrocycles with ring sizes from 26 to 35 atoms was synthesized (Figure 5D).
The size of the macrocycle and the distance between the H RNA-binding modules was
systematically altered. An allyl ester was incorporated as a side chain to provide a palladium-
labile protected carboxylic acid to afford macrocyclization via amide bond formation. Final
treatment of the resin with trifluoroacetic acid yielded the desired diamine macrocycles, which
were then coupled to two H RNA-binding modules (Figure 5D).

The library of macrocycles was studied for inhibition of the r(CUG)*’-MBNL1 complex in
vitro.** %2 An initial study was completed at 5 uM compound (Figures 5E &5F). The macrocycle
with the shortest linker, 2H-2C2 showed the greatest amount of inhibition (~50%). A full dose-
response revealed that 2H-2C2 had an ICso of ~3 uM, a 10-fold improvement over linear 2H-4
(ICs0=32.2+4.3 uM, Figure 5G). To assess the selectivity of macrocycle 2H-2C2, we developed
a high throughput selectivity screen that monitors the binding of a base paired RNA and the protein
DiGeorge Syndrome Critical Region Gene 8 (DGCR8D), a general RNA-binding protein.%® In
this assay, 2H-2C2 and 2H-4 had ICsos of >20 uM and >100 pM, respectively, indicating
selectivity for r(CUG)**? (Figure S1). Thus, this newly developed assay can be used in High-
throughput screening (HTS) format to define ligand selectivity for RNA. We next measured the
affinity and selectivity of 2H-2C2 using direct RNA binding assays using a model r(CUG)12
construct. The macrocycle bound r(CUG)2 with an ECso of 81 = 8 nM, compared to 1,100 £ 30
nM for linear 2H-4. Neither compound exhibited measurable affinity for the fully base-paired
RNA.

Modeling studies were performed to study conformational differences between 2H-4 and 2H-
2C2 by using a model of r(CUG)**P containing two copies of the 5’CUG/3’GUC motif.
Conformational searching of the unbound state generated 35 conformers for 2H-4 and only 10
conformers for 2H-2C2.%* These results suggest conformational restriction of the macrocycle and
its pre-organization to bind r(CUG)**P, as has been observed previously with other macrocyclic
ligands.*® 65 ¢ Next, we generated a model of the H module bound to a single 5°CUG/3°’GUC
motif by using dynamic docking. Based on the lowest energy structure, homology models of 2H-
4, and 2H-2C2 bound to an RNA with two 5’CUG/3’GUC loops [r(CUG)4] were generated.
Explicit solvent MD simulations, cluster analysis, and additional MD simulations were used to
study binding energies of the bound complexes.
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The most probable structure for 2H-4 (32% probability; Figure 6A) had a free energy of -46
kcal/mol, whereas 2H-2C2 (38% probability; Figure 6B) had a free energy of -51 kcal/mol.
Interestingly, both complexes have the same number of interactions (n = 24). Closer inspection
revealed important interactions unique to the 2H-2C2-r(CUG)4 complex occur to the macrocyclic
linker. Thus, both entropic (pre-organization) and enthalpic contributions may enhance binding
of 2H-2C2 to r(CUG)**?, as compared to 2H-4.

As aforementioned, macrocyclization can enhance cellular uptake.*® ¢7- 8 In comparison to
linear 2H-4, the macrocycle 2H-2C2 entered DM1 patient-derived myotubes at a 10-fold higher
concentration (Figure 7A). Subcellular localization studies showed that 2H-4 was predominantly
nuclear while 2H-2C2 is nuclear and cytoplasmic. We next compared the ability of both
compounds to rescue DMIl-associated defects. We first studied reduction of nuclear foci
containing r(CUG)**? and MBNLI1 by RNA fluorescence in situ hybridization (FISH) and
immunohistochemistry (IHC). 2H-2C2 reduced the number of foci per cell from 4.5 + 0.4 to 3.2
+ 0.2 in DM1 myotubes (P <0.01) while linear 2H-4 was less effective, reducing the number of
foci to 3.8 £ 0.1 per cell (P<0.05) (Figures 7B & C). Sequestration of r(CUG)**? in nuclear foci
reduces its nuclear export, causing reduced translation of DMPK mRNA.%

Therefore, we measured if 2H-2C2 could allow for nucleocytoplasmic transport of the
r(CUG)**P-containing mRNA and hence translation; that is, if 2H-2C2 affects mRNA subcellular
localization. Experiments were completed by using a luciferase reporter fused to a 3’'UTR
harboring r(CUG)soo or control reporter lacking r(CUG) repeats (Figure 8A).5! When cells stably
expressing luciferase-r(CUG)goo were treated with macrocyclic 2H-2C2, luciferase activity was
increased, indicating increased transport to the cytoplasm (Figure 8B). In contrast, no change in
luciferase activity was observed upon treatment of cells with the reporter lacking r(CUG) repeats
(Figure 8C). Further, 2H-2C2 was 10-fold more potent than linear compound 2H-4 in this cellular
assay.

Rescue of nuclear foci and nucleocytoplasmic transport defects suggests that 2H-2C2 liberates
MBNLI1 and may also rescue dysregulation of alternative pre-mRNA splicing. We assessed
alleviation of two splicing defects, MBNLI exon 5 and nuclear receptor corepressor 2 (NCOR?2)
exon 45a, both of which are regulated by MBNLI, in a DM 1-patient derived cell line.” Indeed,
2H-2C2 (200 nM) rescued aberrant splicing of MBNLI exon 5 by 25+4%, which is 10-fold more
potent than 2H-4 (Figure 9D). Similar results were obtained for NCOR2 exon 45a. Importantly,
neither compound affected the NOV A-regulated alterative splicing of mitogen-activated protein
kinase kinase kinase kinase 4 (MAP4K4) exon 22a.”! To ensure that this improvement in MBNL1-
regulated splicing events was due to binding of 2H-2C2 to r(CUG)*? and not reduction of DMPK
mRNA abundance, we measured DMPK levels by RT-qPCR in DM1 myotubes. No effect was
observed as expected for a selective RNA-targeted ligand. Furthermore, 2H-2C2 has no effect on
DMPK levels and MBNLI exon 5 splicing in healthy fibroblasts as the target, r(CUG)®*®, is not
present. Thus, 2H-2C2’s mechanism of action is binding to toxic r(CUG)*P and freeing
sequestered proteins, thereby improving DM 1-associated defects, such as formation of nuclear
foci, defects in nucleocytoplasmic transport of mutant DMPK mRNA, or aberrant splicing.

In summary, we investigated the impact of macrocyclization of a bivalent ligand targeting
r(CUG)*? in DM1 patient-derived myotubes. A small library of macrocycles was generated with
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various ring sizes. The optimal macrocycle provided an overall 10-fold improved potency that can
be traced to enhanced uptake and binding affinity. Evidently, macrocyclization of small molecules
targeting highly structured RNAs provides favorable properties both in vitro and in cellulis. Future
structure-activity relationship (SAR) studies by changing the nature of incorporated residues
within the macrocycle could provide useful insights into how the chemical functions of
macrocycles and their conformations can be programmed to enhance bioactivity.
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Figure 5. Design of bivalent macrocycles to alleviate DM 1-associated defects. (4) Mechanism of
a macrocycle binding to r(CUG)**? and release of MBNLI, leading to improvement of DM1-
associated molecular defects. (B) Structure of the H module that binds the 1x1 U/U loops in
r(CUG)**?. (C) Molecular structure of the linear dimer 2H-4. (D) Library structures of the designed
macrocyclic compounds. (E) Secondary structure of r(CUG)12. (F) Percent inhibition of r(CUG)12-
MBNLI1 complex of the linear and macrocyclic compounds at 5 uM using a previously developed
TR-FRET assay. Error bars represent SEM (n = 2). (G) Comparison of ICs values for inhibition
of r(CUG)12-MBNLI1 of the best macrocycle, 2H2-C2, and the parent linear dimer, 2H-4, as
determined from the TR-FRET assay.
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Figure 6. The bound state with the lowest binding energy for (4) 2H-4/r(CUG)4 and (B) 2H-
2C2/r(CUG)s. RNA molecules are displayed in gray NewRibbon representation, while the dimeric
compounds are displayed in MSMS model (green).
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Figure 7. Cellular permeability of 2H-2C2 relative to 2H-4 and rescue of nuclear foci formation.
(4) Evaluation of cellular permeability using the intrinsic fluorescence of 2H-2C2 or 2H-4 in DM1
myotubes (n = 3). (B) Quantification of r(CUG)**-MBNL1 foci/nucleus (n = 3 biological
replicates, 40 nuclei counted per replicate). (C) Representative microscopic images for the
reduction of nuclear foci by 2H-2C2 and 2H-4, imaged by RNA FISH and IHC using a
fluorescently labeled complementary oligonucleotide and an anti-MBNL1 antibody,
respectively.”? Error bars represent SD. *P < 0.05, **P < 0.01, ****P < (0.0001, as determined by
a one-way ANOVA.
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Figure 8. 2H-2C2 alleviates DM 1-associated defects. (4) Schematic of the cellular model used to
study translational defects, a C2C12 mouse myoblast cell line that stably expresses firefly
luciferase mRNA with r(CUG)goo in the 3° UTR. r(CUG)goo causes the transcript to be retained
mostly in the nucleus and thus it is not efficiently translated (low luciferase activity). If the
macrocycle binds to r(CUG)goo and displaces or inhibits MBNL1 binding, then the transcript is
more efficiently exported from the nucleus and translated in the cytoplasm (increased luciferase
activity). (B) Quantification of the effect of 2H-2C2 and 2H-4 on the DM1 translational defect, as
measured by luciferase activity in a C2C12 cell line with r(CUG)so0 (n = 6). (C) Quantification of
the effect of 2H-2C2 and 2H-4 on luciferase activity in a control C2C12 cell line that does not
harbor the disease-causing repeats [r((CUG)o] (n = 6). (D) 2H-2C2 and 2H-4 rescue the MBNLI
exon 5 splicing defect in DM1 patient-derived myotubes (n = 3). Error bars represent SD. **P <
0.01, ****P < (0.0001 as determined by a one-way ANOVA.
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Major Task 3: In vitro evaluation of hit compounds from DEL.
e Subtask 1: Hit validation: inhibit r(CUG)>-MBNLI complex.

o Subtask 2: In vitro evaluation of most potent compounds from Subtask 1: affinity, kon, kog;
residence time by BLI

Major Task 4: Evaluate compounds from Major Task 3 in cells
o Subtask 1: Assess cell permeability & cytotoxicity of compounds
o Subtask 2: Study non-toxic, cell permeable compounds for improving splicing defects and
foci in patient-derived cells.
o Subtask 3: Study transcriptome-wide effects of compound treatment by RNA-seq

In our previous report, we summarized our efforts to design and study a DNA-encoded library
for binding r(CUG)®*?. In brief, we successfully synthesized the DEL, where all building blocks
(n = 3) were selected for druglikeness. We rapidly screened the DEL library for selective binding
of r(CUG) repeats by fluorescence activated cell sorting (FACS).

To complete a FACS screen for selective binders, the r(CUG) repeat RNA and a fully base
paired control were labeled with a different fluorophore, Cy-5 and Alexa-750 dyes, respectively.
The DEL beads were incubated simultaneously with the two RNAs. We were only interested in
compounds selective for r(CUG)i2; that is, they had high fluorescence signal derived from
r(CUG)12 and little or no fluorescence derived from the fully paired RNA, affording a hit rate of
0.5%.

Next Generation Sequencing (NGS) was used to decode each building block position via its
DNA tag. Commonalities between the hits were then assessed. In building block position #1, D-
phenylalanine and L-4-chloro-phenylalanine were most highly represented; L-4-chloro-
phenylalanine was also the most highly represented at position 2 while a phenyl-substituted
benzimidazole was enriched in position 3 (Figure 9A). We next applied three filters to refine the
hits: (i) total number of reads; (ii) high quality reads; and (iii) redundant hits. The intersection of
all three criteria afforded 23 hit compounds from the DEL screen (Figure 9B). Of these, 16 were
successfully re-synthesized with high purity (>95%) and were evaluated for displacing MBNL1
from a r(CUG)1>-MBNLI1 complex in vitro. The percentage of MBNL1 displaced ranged from 0
—40% by 50 uM of the compound of interest, the most potent of which is compound 23 (Figure
90).

We next tested the nine compounds that showed activity in vitro in a cell-based assay to study
amolecular defect in DM1, decreased nucleocytoplasmic transport and hence translation of mutant
DMPK. Here, we used a previously reported luciferase reporter in which r(CUG)so0 or no repeats
fused to luciferase as a 3° UTR is stably expressed in the mouse myoblast cell line C2C12. Active
compounds will bind the repeats and facilitate transport to the cytoplasm where luciferase is
translated; thus, luciferase activity should increase dose dependently. Indeed, a dose dependent
increase in luciferase was observed upon treatment of C2C12 cells expressing luciferase-
r(CUG)sz00 with compound 3 and 23, albeit to a lesser extent (Figure 10A). We therefore further
studied 3, which had no activity in C2C12 cells stably expressing the luciferase reporter expressing
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no r(CUG) repeats, suggesting a selective interaction (Figure 10B). In DMI patient-derived
myotubes, 3 improves the MBNL1 exon 5 splicing defect (deregulated in DM1 due to
sequestration of r(CUG)**? by MBNL1) by ~30% at a 10 uM dose, with no effect on DMPK levels
(Figure 10C). These data support a mechanism of action whereby 3 binds the repeats and
displaced MBNL1 to resume its normal function, not transcriptional inhibition (DNA level).
Further, these cell permeable compounds were not toxic to DMI1 myotubes at the active
concentration.
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Figure 9: Screening of a DNA-encoded library (DEL) to identify new chemical matter that binds
r(CUQG) repeats. A) Frequency of DEL building blocks observed at each position of compounds
that selectively bind r(CUG) repeats vs. a fully paired RNA. B) Schematic of the refinement
process for DEL hit compounds. C) Displacement of MBNLI1 from r(CUG) repeats in vitro for
DEL hit compounds and the structures of two lead compounds.
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Figure 10: Cellular activity of DEL hit compounds. A) Activity of DEL compounds from
improving the nucleocytoplasmic transport defect of mutant DMPK using a luciferase-based
reporter. B) Dose dependent rescue of the nucleocytoplasmic transport defect of mutant DMPK
by 3 and its inactivity in a control luciferase reporter containing no r(CUG) repeats. C) Effect of
3 on DMPK mRNA abundance and on rescue of the MBNLI exon 5 splicing defect in DM1
patient-derived myotubes.
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SPECIFIC AIM 1b: Optimize the bleomycin AS cleavage module and attach to lead
compounds

and

SPECIFIC AIM 2: Rigorously evaluate optimized small molecule-bleomycin conjugates in
cells and in vivo.

Note: The section below summarizes activities completed by the Disney Laboratory (TSRI).

The use of bleomycin (BLM) analogs to specifically cleave r(CUG)**? offers an attractive
method to enhance RNA cleavage selectivity by further diminishing off-target DNA cleavage. In
our previous technical report, we showed that the carbohydrate domain of BLM is not essential for
permeability or cleavage of r(CUG)**P when attached to r(CUG)**P-binding small molecules.
Notably, it is necessary for the efficient cleavage of DNA” and cellular permeability,’* the
disaccharide, enhancing selectivity for the RNA target by reducing DNA damage that occurs with
high concentrations of BLM-conjugated small molecules. Below, we report additional work we
have completed on bleomycin-small molecule conjugates.

In particular, we appended 22 (reported above in progress for Specific Aim 1a) with bleomycin
AS using its terminal amine as attachment at this site is known to decrease bleomycin’s affinity
for DNA and ablate off-target effects (Figure 11A).>¢ The compound 22-Bleo was first evaluated
for its ability to selectively bind and cleave r(CUQG):2 in vitro. Indeed 22-Bleo selectively bound
r(CUG):2 with an ECso of 120 + 7 nM (similar to the ECso of 22, 106 + 4 nM; note: Fe*", required
for cleavage, is absent in binding assays), with no binding observed to a base paired RNA (Figure
11B). The RNA degrader also cleaved the r(CUG) repeats in vitro, and >70% of the RNA was
cleaved at a 5 uM dose (Figure 11C). Thus, 22-Bleo can selectively recognize r(CUG)**? and
cleave it in vitro.

We next studied whether the in vitro cleavage activity of 22-Bleo translated to cleavage of
r(CUG)**? in DM1 myotubes. Indeed, a ~35% reduction in the abundance of DMPK was observed
after treatment with 1 uM of 22-Bleo (Figure 11D). Importantly, this cleavage was specific to the
disease-causing, DMPK allele harboring r(CUG)**? as DMPK levels were not affected in wild-type
cells. A competition experiment between 22-Bleo and parent compound 22 was then completed
to confirm the former’s mode of action (cleavage rather than transcriptional inhibition) and the
latter’s direct engagement of r(CUG)**P. As expected, co-treatment of DM1 myotubes with
varying concentration of 22 and a constant concentration of 22-Bleo afforded a dose dependent
rescue of DMPK levels (Figure 11G).

Specific cleavage of r(CUG)**P resulted in improvement of DM 1-associated defects including
~30% rescue of the MBNLI exon 5 splicing defect and ~30% reduction in the number of
r(CUG)*>-MBNL1 nuclear foci (Figures 11E-F). A small but statistically significant
improvement in splicing was observed at 0.2 uM indicating that 22-Bleo is more potent than 22
(Figure 11E). Similar to the parent compound, 22-Bleo did not affect MBNL1 exon 5 splicing in
wild-type myotubes or MAP4K4 exon 22a splicing in DM1 myotubes, indicating specific effects.



Importantly, the cleavage mode of action of 22-Bleo allows for direct profiling of potential
off-targets. We assessed the levels of all transcripts containing short, non-pathological r(CUG)
repeats upon treatment of DM1 myotubes with 22-Bleo. None of these genes was significantly
affected indicating that 22-Bleo can specifically recognize and cleave the disease-causing repeat
expansion (Figure 11H). We have previously shown that these RNAs containing shorter r(CUG)
repeats do not fold into a structure containing repeating 1x1 U/U internal loops, the source of the
observed selectivity.*¢
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Figure 11. Compound 22-Bleo cleaves r(CUG)**P in vitro and in DM1 myotubes, rescuing
disease-associated defects. (A) Conjugation of 22 to bleomycin A5 afforded cleaving compound
22-Bleo. (B) Direct binding assay of 22-Bleo with (CUG)12 hairpin using the fluorescence of 22
(n = 3). Note: assays were completed in the absence of Fe?*, required for cleavage. (C) In vitro
cleavage activity of 22-Bleo using radioactively labeled r(CUG)10 and analysis of fragments by gel
electrophoresis (n = 3); **** P <(.0001, as determined by one-way ANOVA. (D) Evaluation of
DMPK levels upon compound treatment via RT-qPCR (n = 6); ** P <0.01, as determined by one-
way ANOVA. E) Ability of 22-Bleo to improve the MBNLI exon 5 splicing defect in DM1
myotubes (n = 6); ** P < 0.01, *** P < (0.001, as determined by one-way ANOVA. (F)
Quantification of the number of foci/nucleus in DM1 myotubes treated with 22-Bleo (n = 3; 40
nuclei counted/replicate); *** P < (0.001, as determined by a Student’s #-test. (G) Competitive
cleavage experiment between 22 and 22-Bleo where excess 22 prevents cleavage of DMPK by 22-
Bleo. Levels of DMPK mRNA were measured by RT-qPCR (n = 6); *** P <(.001, as determined
by one-way ANOVA. (H) Abundance of r(CUG) repeat-containing transcripts upon treatment with
22-Bleo, as measured by RT-qPCR (n = 6); *** P <0.001, as determined by a Student’s ¢-test. For
all panels, error bars represent SD.
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Complementarily to these studies, we have also identified new chemical matter, a low
molecular weight fragment, that binds to r(CUG)*®, the conjugation of which to bleomycin affords
a potent cleaver of r(CUG)®*P in patient-derived cells. Relative to conventional ligand discovery
screens which utilize larger libraries of higher molecular weight compounds, fragment-based
ligand discovery (FBLD) utilizes libraries of lower molecular weight compounds to more
efficiently explore chemical space 7>77. However, a major challenge of FBLD is the development
of assays that detect low affinity binding or short residence times of fragments 76 7882, Recent
work has demonstrated that this obstacle can be overcome through the installation of photoaffinity
groups onto small molecule fragments, to capture and identify bound protein targets directly in
cells via mass spectrometry-based proteomics 8% #. These fully functionalized fragments (FFFs)
thus can be used to provide binding site information, to broadly assess proteome-wide
“ligandability”, and even be advanced to compounds that selectively modulate protein function.

Identification of CUG targeting small molecules in vitro: Previous work has demonstrated the
efficacy of utilizing FFFs to elucidate RNA-small molecule interactions.?3-%° By using FFF
screening methods, information can be gathered on a small molecule’s binding site, selectivity,
and even proteome-wide drugability. We therefore screened a library of FFFs to identify potential
binders of r(CUG)®*?. Using our previously reported method, chemical cross-linking and isolation
by pull-down (Chem-CLIP),%¢ 87 radiolabeled r(CUG)io was incubated with a FFF library
consisting of ~500 functionalized small molecule fragments (Figure 12A). In our preliminary
screen, of the 473 compounds tested, 18 showed significant enrichment of the 5'- 3?P-labled
r(CUG)1 after pulldown when treated at 100 uM of compound (Figure 12B). Compounds that
demonstrated significant enrichment were then tested in full dose response. Of the 18 initial hits,
six dose dependently enriched 5'- 3*P-labled r(CUG)o (Figure 12C), with compound 1 (Figure
12D) having the most significant enrichment.

Synthesis of compound 2: As lead fragment 1 demonstrated the most significant enrichment of
32P-r(CUG)1 in vitro, we proceeded with the synthesis of a simple binding compound 2 (Figure
13A), which lacks the diazirine cross-linking module, replacing it with a propanamide group. To
assess if compounds 1 and 2 compete for the same site, a competitive chem-CLIP (C-Chem-CLIP)
experiment was performed wherein 3?P-r(CUG)1o was treated with 50 uM compound 1 along with
varying concentrations of 2 ranging from 0 to 500 uM. Indeed, compound 2 was able to compete
1 from the RNA, resulting in a dose-dependent reduction in the amount of radioactive r(CUG)10
pulled down (Figure 13B), thereby confirming they bind to the same site.

Affinity measurements for lead compounds: To confirm the molecular recognition of
compounds 1 and 2, its affinity for r(CUG)12, and r(CAG-CUGQG):; (fully paired) was measured by
microscale thermophoresis (MST). Indeed, both compounds 1 and 2 demonstrated saturable
binding to r(CUG)12 with Kq of 237 £ 129 nM and 34 + 23 nM respectively, while having no
measurable binding to the fully paired RNA (Figure 13C). Binding of 1 was further confirmed
by NMR spectroscopic analysis.

Compound 1 and the corresponding control compound 3, which contains the diazirine and
alkyne but lacks the RNA-binding module, were examined for their ability to cross-link to DMPK
in cells using the Chem-CLIP approach. DM1 and wild type myotubes were treated with 5 uM of
1 or 3 for 24 h. Following compound treatment, cells were irradiated with UV light to cross-link
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the Chem-CLIP probes to any bound RNA. The alkyne handle is clicked to biotin, and the cross-
linked RNA is isolated and purified with streptavidin beads. The abundance of DMPK was
assessed before and after pull-down for each treatment group by RT-qPCR. In DM1 myotubes,
DMPK abundance was enriched by ~7-fold upon treatment 5 uM of 1 (Figure 13D), while no
enrichment was observed with 3. Importantly neither compound significantly enriched DMPK
abundance in wild type myotubes. When DMI1 myotubes were co-treated with 1 and 2, we
observed dose-dependent competition as measured by decreased enrichment of DMPK by 1
(Figure 13E), in agreement with in vitro experiments.

Synthesis of 037Bleo.: As aforementioned, we have previously demonstrated that r(CUG)*P
can be successfully targeted with small molecule-bleomycin conjugates to elicit targeted cleavage
of the repeat containing DMPK transcript and rescue MBNLI1 splicing defects.®® To this end, 2
was functionalized with bleomycin A5 to afford small molecule 4 (Figure 14A).

Target validation of compound 4 was first assessed by in vitro C-Chem-CLIP. Radiolabeled
1(CUG)10 was co-incubated 50 uM of 1, and varying concentrations of 4 in a solution lacking iron,
which is required for cleavage. With increasing concentration of 4, a dose dependent decrease in
the percent of 5°-3?P-r(CUG)1o pulled down by 1 was observed (Figure 14B), indicating that 4
indeed binds the target RNA. We verified cleavage by 4 using radioactively labeled r(CUG)10 and
analysis of the resulting fragments by gel electrophoresis. Significant cleavage of r(CUG)1o was
observed upon incubation with 4, with ~50% of the RNA cleaved at as little as 2.5 uM, and 75 +
14% cleavage observed at 10 pM (Figure 14C). No statistically significant cleavage of r(CUG)10
was observed with the parent compound 2, which does not have the bleomycin functionality.
Collectively, these data confirm that 4 indeed binds the 1 % 1 internal U/U loops formed by the
expanded r(CUG) repeat, eliciting targeted cleavage of the RNA in vitro.

Bioactivity of 037Bleo: We next sought to measure the ability of 4 to selectively cleave
r(CUG)**? and improve DM1-associated defects in cells (Figure 15A). In DM1 patient-derived
myotubes,? 4 cleaved 40 + 8% of r(CUG)®*P-containing DMPK when treated at 5 uM (Figure
15B). Notably, the observed decrease in DMPK abundance was selective for r(CUG)**P, as WT
myotubes, which express r(CUG)20, were unaffected by treatment with 3. This selectivity can be
traced to differences in structure — r(CUG)®*P folds into an array of 1x1 UU internal loops whereas
r(CUG)20 does not. Additionally, treatment with 5 uM of 4 was able to improve the dysregulation
of MBNL1 exon 5 splicing observed in DM1 myotubes by 60 + 6% (Figure 15B), while having
no effect on MBNLI splicing in wildtype myotubes.
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Figure 12. Screening of Diazirine small molecule library. A) Schematic of screening FFFs for
binding to r(CUG) repeats. B). In vitro Chem-CLIP screening of FFF library for binding to
1(CUG)10. The screen identified 18 lead fragments enriching radioactivity by >30 from the mean
of all FFFs studied. C) Secondary validation of hit compounds by measuring dose dependent
enrichment of r(CUG)i0 by in vitro, with lead fragment 1 showing the greatest extent of
enrichment. D) Chemical structure of lead fragment 1.
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Figure 13. Validation of hit compound 037 target engagement in vitro and patient-derived
cells. A) Chemical structure of parent compound 2, which lacks the diazirine functionalization,
replacing it with a propanamide group. B) Competitive Chem-CLIP experiment performed in vitro
between compounds 1 and 2 as demonstrated by a decrease in the percent radioactivity pulled
down by 1 with increasing concentration of the competitor, 2 (n = 3); ** P=10.0053, as determined
by a One-way ANOVA with multiple comparisons. C) Binding affinity (Kq) of compounds 1 and
2 as determined by MST to r(CUG)i2 and a control nucleic acid, r(CAG-CUG)i2. D) Chem-CLIP
pulldown of 1 in differentiated DM1 and wildtype myotubes. Compound 1 significantly enriches
the r(CUG)**P-containing DMPK gene selectively in DM1 cells (n = 3); **** P < 0.0001, as
determined by a One-way ANOVA with multiple comparisons.. E) Competitive Chem-CLIP
experiment performed in patient-derived myotubes. Compounds 1 and 2 compete for the same
binding site in cells as observed by a decrease in the abundance of DMPK gene enriched by
compound 1 upon addition of the competition, 2 (n = 3); ** P = 0.0022; **** P < (.0001, as
determined by a One-way ANOVA with multiple comparisons.
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Figure 14. Design and validation of monomeric cleaver module that cleaves toxic r(CUG)®*.
A) Structure of compound 4, functionalized with bleomycin A5, capable of directed RNA
cleavage. B) Competitive Chem-CLIP experiment performed in vitro between compounds 1 and
4, as demonstrated by a decrease in the percent radioactivity pulled down by 1 with increasing
concentrations of the competitor, 4 (n = 3); * P =0.044; **** P <(0.0001, as determined by a One-
way ANOVA with multiple comparisons. C) In vitro cleavage of r(CUG)10 by 4, as determined
using 5°-32P-RNA and gel electrophoresis. Quantification of gel autoradiograms are reported as
percent of r(CUG)io cleaved for each treatment group relative to vehicle-treated samples (n = 3);
* P =0.0332; *¥** P =0.0009; **** P <0.0001, as determined by a One-way ANOVA with
multiple comparisons.
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Figure 15. Design and validation of monomeric cleaver in patient-derived muscle cells. A)
Effect of 4 on DMPK abundance, which harbors r(CUG)**?, in DM1 myotubes as determined by
RT-qPCR (n = 3 biological replicates). B) Effect of 4 on DMPK levels and MBNLI exon 5
inclusion in DM1 myotubes, as determined by RT-qPCR. For the latter, primers span the MBNL 1
exon 5 — exon 6 junction (n = 3); * P=0.0406; ** P=0.001; *** P <0.0005, as determined by a

One-way ANOVA with multiple comparisons.
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Wang Lab Progress Report: University of Florida

For this project period, we have focused on tasks outlined in the statement of work from
months 12-24. For our site, we proposed to:
e Aim 2, Task 3, Subtask 4: Complete a comprehensive analysis of transcriptome-and
proteome-wide effects (months 6-36)
e Aim 2, Task 3, Subtask 7: Compare effects of small molecule-bleomycin conjugates
and RIBOTACS probes in vivo to ASOs (months 6-36)

We have generated RNA-seq libraries from DM1 patient-derived and WT unaffected myotubes
treated with a variety of compounds. These include cells treated with 037-Bleo, 2H2-C2, ASOs,
and DMSO (vehicle), of which the first two have been described above. We have generated 21
RNA-seq libraries in total. We describe in detail analyses of a triplicate set of DM1 and WT
myotubes treated with DMSO and 037-Bleo (12 libraries total):

Percent & Number of Mapped Reads

% Mapped Reads
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Figure 16. Percent and number of mapped reads for a subset of RNA-seq libraries in which
WT or DM1 myotubes were treated with DMSO or 037-Bleo.

Reads were mapped to the hgl9 genome, gene expression was quantitated by Kallisto, and
isoforms were quantitated by MISO. Plotted below are MA plots for each pairwise comparison
between samples; the high degree of correlations between samples both support a high degree of
reproducibility as well as the idea that global gene expression changes are not extremely dramatic
in response to small molecule treatment.
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Figure 17. MA Plots for pairwise comparisons between all samples using TPM (transcript
per million) values as estimated from RNA-seq. Correlation values are shown above the
diagonal.

To analyze splicing patterns, we computed psi values for all alternative splicing events; we used
all three replicates for each condition for this analysis. Using stringent thresholds (|delta psi| > 0.1,
MISO Bayes Factor > 5), we found 122 events significantly regulated between WT DMSO and
DM1 DMSO myotubes, and 100 events significantly regulated between WT DMSO and DM1
037-Bleo myotubes.
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Figure 18. Scatter of mean psi between selected conditions. The mean and standard deviation
in psi for significantly regulated events is highlighted in red; non-regulated events are plotted in
gray.

Future studies for this project will continue to evaluate transcriptome-wide responses to small
molecule treatments in DM1 cells and DM1 animal models. Our infrastructure and analytical

pipelines are well equipped to assess both on- and off-target effects in these systems in
collaboration with the Disney lab.
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SPECIFIC AIM 3: Targeted small molecule recruitment of a nuclease to r(CUG)®*P.
Note: The section below summarizes activities completed by the Disney Laboratory (TSRI).

A potential approach to direct malfunctioning RNAs down endogenous decay pathways is to
exploit ribonucleases (RNases) and recruit them to specific transcripts with a small molecule.
RNase L, an integral part of the viral immune response, is present in minute quantities in all cells
as an inactive monomer. Upon activation of the immune system, RNase L is upregulated and 2'-
5' oligoadenylate [2'-5'poly(A)] is synthesized; binding of 2'-5'poly(A) dimerizes and activates
RNase L. Due to the ubiquitous nature of this system, we sought to assemble active RNase L
onto a specific RNA target to cleave it, akin to antisense.”! Indeed, we have shown that this
approach, dubbed Ribonuclease targeting chimeras (RIBOTAC:), allows for the selective cleavage
of a desired transcript. Herein, we propose to develop RIBOTACs to selectively degrade
r(CUG)**? by appending compounds identified in Specific Aim la (simple binding compounds)
with RNase L-recruiting modules. These RIBOTACs will be evaluated in DM1 patient-derived
fibroblasts and myotubes and in vivo.

During the last funding period, we have focused our efforts on optimizing the RNase L
recruiting molecule, as we were seeing much less cleavage of r(CUG)**? by the RIBOTAC than
we have observed for other targets. To that end, we have completed a high throughput screen to
identify RNase L binding and activating small molecules. In brief, we employed an in vitro,
fluorescence-based assay in which an RNA with multiple RNase L cleavage site is labeled with a
fluorophore and a quencher on the 5° and 3’ ends, respectively (Figure 19A). Upon cleavage, the
fluorophore and quencher are no longer proximal and fluorescence increases. Here, we took a 2-
pronged approach, screening derivatives of previous RNase L recruiter as well as new chemical
matter (Figure 19B), affording 15 hit compounds (increased fluorescence <3c of the mean). In
secondary validation, four of these compounds increased fluorescence dose dependently (Figure
19C) and oligomerized RNase L (Figure 19D). The structures of the four compounds are shown
in Figure XE.

We are currently synthesizing RIBOTACs in which the RNase L recruiting molecule is
systematically changed to one of these four molecules (Figure XE) and other analogs of our
original recruiter. To assess their ability to cleave r(CUG)**P, we will: (i) use the fluorescence-
based, in vitro assay described above with r(CUG) repeats labeled with a fluorophore and quencher
on the 5* and 3’ ends, respectively; (ii) verify cleavage and nucleotides that are cleaved by using
5°-32P-labeled r(CUG) repeats and gel electrophoresis; and (iii) measure DMPK transcript levels
upon treatment of DM1 patient-derived myotubes.
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Figure 19. Chemical fragment library screening to identify novel chemical matter capable of
recruiting and activating RNase L. A) Schematic depicting the fluorescence-based in vitro
RNA cleavage assay that was utilized in this high-throughput screen (Z factor = 0.52). B) Fifteen
hit compounds were identified by the high-throughput screen (>3 S.D. hit cut-off; 0.5% hit rate).
C) Four hit compounds showed dose-dependent RNA cleavage in the fluorescence-based in vitro
cleavage assay. D) The same four hits oligomerized RNase L in vitro, as determined by Western
blotting. E) Structures of the four hits identified by the high-throughput screen that showed dose-
dependent RNA cleavage and in vitro RNase L oligomerization.
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What opportunities for training and professional development has the project provided?

The Scripps Research Institute (Disney): Annual performance reviews and Individual
Development Plans (IDPs) are widely recognized as effective tools for setting and achieving
Ph.D.-level training goals. They also encourage productive communication between trainees
and their mentors. The Scripps Research Institute strongly encourages postdocs such as Dr.
Raphael Benhamou to create and revisit IDPs, and to seek regular feedback on their
performance from their mentor (Prof. Matthew Disney). IDP templates are available from the
institute's Career and Postdoctoral Services Office website and are provided to trainees as part
of their initial onboarding process. The Career and Postdoctoral Services Office also arranges
biannual IDP workshops to help trainees such as Dr. Benhamou interpret self-assessment
information, explore career options, and set goals using myIDP from
AAAS/ScienceCareers.org. Dr. Disney worked with Dr. Benhamou to create his own
personalized IDP for this project. To provide necessary feedback, TSRI also recommends that
mentors conduct annual reviews with their assigned postdocs to discuss lab obligations,
research goals, skills development, and career planning. Dr. Disney and Dr. Benhamou have
consulted together frequently in this regard.

The University of Florida (Wang): This award provided opportunities for staff to maintain
the skills required to generate RNA-seq libraries as well as to perform computational analysis
of data.

How were the results disseminated to communities of interest?

Results were disseminated in the usual way by publishing in peer-reviewed journals.

What do you plan to do during the next reporting period to accomplish the goals?

Specific Aim 1: In the next year, we plan to initiate and/or complete the following tasks and

subtasks in Aim 1:

Major Task 3: In vitro evaluation of hit compounds from DEL.
e Subtask 2: In vitro evaluation of most potent compounds from Subtask 1: affinity, kon,
kotr, residence time by biolayer interferometry; Disney Laboratory

Specific Aim 2: In the next year, we plan to initiate and/or complete the following tasks and
subtasks in Aim 2:

Major Task 2: Complete DMPK studies of lead molecules.
e Subtask 1: In vitro DMPK analysis; Months 1-30: 09/01/19-02/28/22; Disney
Laboratory

e Subtask 2: Mouse pharmacokinetics and tissue distribution; Months 1-30: 09/01/19-
02/28/22 Disney Laboratory
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e Subtask 3: Study lung fibrosis (not expected); Months 1-30: 09/01/19-02/28/22 Disney
Laboratory

Major Task 3: Determine the optimal dosing regimen of optimal bleomycin conjugates.

e Subtask 1: Study myotonia over different dosages and treatment periods, informed by
Specific Aim 2, Major Task 2; Months 6-36: 02/01/20-08/30/22; Disney Laboratory

Subtask 2: Study improvement of splicing defects and formation of foci over different
dosages and treatment periods; Months 6-36: 02/01/20-08/30/22; Disney Laboratory

Subtask 3: Study lung fibrosis (not expected; bleomycin conjugates) over different dosages
and treatment periods; Months 6-36: 02/01/20-08/30/22; Disney Laboratory

Subtask 4: Complete a comprehensive analysis of transcriptome- and proteome-wide
effects; Months 6-36: 02/01/20-08/30/22; Wang Laboratory

Subtask 5: Compare effects of small molecule-bleomycin conjugates and RIBOTACS
probes in vivo to ASOs; Months 6-36: 02/01/20-08/30/22; Wang Laboratory

Specific Aim 3: In the next year, we plan to initiate and/or complete the following tasks and
subtasks in Aim 3:

Major Task 4: Comprehensive in cellulis evaluation of RIBOTAC probes
e Subtask 1: Determine if RIBOTAC: selectively cleave r(CUG)®* in multiple DM1 patient-
derived cell lines; Months 18-30: 02/01/21-02/28/22; Disney Laboratory

e Subtask 2: Study compounds for improving DM 1-associated splicing defects and reducing
foci in multiple cell lines; Months 18-30: 02/01/21-02/28/22; Disney Laboratory

e Subtask 3: Complete a comprehensive analysis of transcriptome-wide and proteome-wide
(including immune system) effects of compound treatment; Months 18-30: 02/01/21-
02/28/22; Disney Laboratory

4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?

It is estimated that there are 30,000 non-redundant human mRNAs®? and >700 novel conserved
RNA structures, almost all with unknown function, in the mammalian transcriptome.”> An
extraordinarily challenging problem is developing general methods to target selectively defective
or malfunctioning RNAs that cause disease. Current therapeutic strategies to target RNAs are
based on specific sequence recognition by oligonucleotides. However, many human disorders are
caused by highly structured RNAs not readily targetable by conventional base pairing. We are
implementing a radical new approach for reprogramming or eliminating the highly structured RNA
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that causes DM 1 with a small molecule directly or by recruiting endogenous cellular machinery to
degrade the RNA.

Our chemical approach employs bi-functional, cell-permeable small molecules composed of
structural RNA-binding modules coupled to a small molecule cleaving or protein-recruiting
module. This modular design will enable rapid assembly and identification of molecules capable
directly cleaving the DM1 RNA or of recruiting endogenous enzymes to eliminate the RNA by
nucleolytic cleavage. Such studies are advancing new therapeutic strategies for the treatment of
DMI.

What was the impact on other disciplines?

Our highly unconventional approach has the potential to establish a completely new paradigm for
studying human disease pathology caused by toxic structured RNAs. Such diseases include
numerous other expanded microsatellite repeat disorders such as, Huntington’s disease (HD),
fragile X-associated tremor ataxia syndrome (FXTAS), and amyotrophic lateral sclerosis and
frontotemporal dementia (ALS/FTD), as well as viral infections such as HIV and HCV.

What was the impact on technology transfer?

NOTHING TO REPORT

What was the impact on society beyond science and technology?

Collectively, our studies are changing how pharmaceutical companies view RNA, traditionally as
poor drug targets, and how they approach tackling diseases caused by RNA. We have expanded
the mode of action of drugs from simple binding to binding and cleavage, eliminating toxic RNAs
directly or by recruiting a cellular protein to degrade it. That is, our studies are opening up new
therapeutic pipelines, approaches, and strategies for the treatment of many diseases, which will
have a positive impact on human health in the form of precision medicines.

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change
NOTHING TO REPORT

Actual or anticipated problems or delays and actions or plans to resolve them

NOTHING TO REPORT
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Changes that had a significant impact on expenditures

NOTHING TO REPORT

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Significant changes in use or care of human subjects

N/A
significant changes in use or care of vertebrate animals

NOTHING TO REPORT

Significant changes in use of biohazards and/or select agents

NOTHING TO REPORT

6. PRODUCTS:

o Publications, conference papers, and presentations
Journal Publications

New During Current Funding Period

1. Vezini-Dawod S, Angelbello AJ, Choudhary S, Won Wang K, Yildirim I, Disney
MD. Massively parallel optimization of the linker domain in small molecule dimers targeting a
toxic 1r(CUG) repeat expansion. ACS Med Chem Lett (2021), 12, 907-914. doi:
10.1021/acsmedchemlett.1c00027; acknowledges federal support (yes).

2. Baisden T Jared, Childs-Disney, Lucas S Ryan, Disney MD. Affecting RNA biology genome-
wide by binding small molecules and chemically induced proximity. Curr Opin Chem Biol (2021),
62, 119-129. doi: 10.1016/j.cbpa.2021.03.006; acknowledges federal support (yes).

3. Benhamou RI, Abe M, Choudhary S, Meyer SM, Angelbello AJ, Disney MD. Optimization of
the linker domain in a dimeric compound that degrades an r(CUG) repeat expansion in cells. J
Med Chem (2020), 63, 7827-7839; published; acknowledges federal support (yes).

Reported Last Funding Period

4. Angelbello AJ, DeFeo ME, Glinkerman CM, Boger DL, Disney MD. Precise targeted cleavage

of a r(CUG) repeat expansion in cells by using a small-molecule-deglycobleomycin conjugate.
ACS Chem Biol (2020), 15, 849-855; published; acknowledges federal support (yes).
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5. Costales MG, Childs-Disney JL, Haniff HS, Disney MD; How we think about targeting RNA
with small molecules. J Med Chem, (2020), 63, 8880-8900; acknowledges federal support (yes).

6. Meyer SM, Williams CC, Akahori Y, Tanaka T, Aikawa H, Tong Y, Childs-Disney JL, Disney
MD. Small molecule recognition of disease-relevant RNA structures. Chem Soc Rev (2020), 49,

7167-7199; acknowledges federal support (yes).

7. Ursu A, Childs-Disney JL, Andrews RJ, O'Leary CA, Meyer SM, Angelbello AJ, Moss WN,
Disney MD. Design of small molecules targeting RNA structure from sequence. Chem Soc Rev

(2020), 49, 7252-7270; acknowledges federal support (yes).

8. Fitzgerald PR & Paegel BM; DNA-Encoded Chemistry: Drug Discovery From a Few Good
Reactions; ACS Chemical Reviews, (2020), 121, 7155-7177; acknowledges federal support (yes).

Books or other non-periodical, one-time publications.

NOTHING TO REPORT

Other publications, conference papers and presentations.

NOTHING TO REPORT

o Website(s) or other Internet site(s)

NOTHING TO REPORT

o Technologies or techniques

NOTHING TO REPORT

o Inventions, patent applications, and/or licenses

NOTHING TO REPORT

° Other Products

NOTHING TO REPORT

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
What individuals have worked on the project?

Name: Matthew D. Disney

Project Role: Principal Investigator (Initiating PT)
Researcher Identifier: 0000-0001-8486-1796
Nearest Person Month Worked:1 calendar month

Contribution to Project: Professor Disney oversees all aspects of the Initiating project.
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Funding Support: in addition to this award, active awards include W81XWH2010727; UG3/UH3
NS116921; R35 NS116846; R0O1 CA249180; and PO1 NS099114.

Name: Shruti Choudary

Project Role: Postdoctoral Associate, Disney Lab

Researcher Identifier: 0000-0002-3373-0080

Nearest Person Month Worked: 7.3 calendar months

Contribution to Project: Completed experimental work associated with Disney Laboratory
milestones/tasks

Funding Support: N/A

Name: Xueyi Yang

Project Role: Postdoctoral Associate, Disney Lab

Researcher Identifier: 0000-0003-3876-1852

Nearest Person Month Worked: 1.2 calendar months

Contribution to Project: Completed experimental work associated with Disney Laboratory
milestones/tasks

Funding Support: N/A

Name: Samantha Meyer

Project Role: Graduate Student- Div. 3, Disney Lab

Researcher Identifier: 0000-0003-3353-6939

Nearest Person Month Worked: 0.92 calendar months

Contribution to Project: Completed experimental work associated with Disney Laboratory
milestones/tasks

Funding Support: N/A

Name: Christopher Williams

Project Role: Graduate Student- Div. 3, Disney Lab

Researcher Identifier: 0000-0001-7503-0149

Nearest Person Month Worked: 0.92 calendar months

Contribution to Project: Completed experimental work associated with Disney Laboratory
milestones/tasks

Funding Support: N/A

Name: Yuquan Tong

Project Role: Graduate Student- Div. 3, Disney Lab

Researcher Identifier: 0000-0003-0793-7747

Nearest Person Month Worked: 0.92 calendar months

Contribution to Project: Completed experimental work associated with Disney Laboratory
milestones/tasks

Funding Support: N/A

Name: Eric Wang

Project Role: Principal Investigator (Partnering PI)
Researcher Identifier: 0000-0003-2655-5525
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Nearest Person Month Worked: 1 calendar month

Contribution to Project: Professor Wang oversees all aspects of the Partnering project.
Funding Support: in addition to this award, active awards include RO1 AR076060; RO1
AGO058636; RO1 AR060209; RO1 GM121862; RO1 NS112291; and RO1 NS114253.

Name: Hailey Olafson

Project Role: Computational Biologist, Wang Lab

Researcher Identifier: N/A

Nearest Person Month Worked: 8 calendar months

Contribution to Project: RNA-seq and proteomics analysis of small molecules targeting
r(CUG)*®

Funding Support: N/A

Name: Kendra McKee

Project Role: Laboratory Manager, Wang Lab

Researcher Identifier: N/A

Nearest Person Month Worked: 7 calendar months

Contribution to Project: RNA-seq and proteomics analysis of small molecules targeting
r(CUG)**r

Funding Support: N/A

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

New or ended since last year in budget period
Matthew D. Disney

New Awards Received Throughout Budget Period (2020-2021):
New

W81XWH2010727 (Disney/Lairson) 09/01/20-08/31/23 0.76 calendar (6.33%)
DoD/PRMRP

Disney lab share: (total direct costs for project) | (total costs for project) Small Molecules That
Target the RNAs That Cause Pulmonary Fibrosis and Polycystic Kidney Disease
Department of the Army

US Army Medical Research Acquisition Activity

820 Chandler Street

Fort Detrick, MD 21702-5014

Program Official: Christopher L. Baker, christopher.l.baker132.civ@mail.mil

This project aims to provide a potentially transformative approach to treating pulmonary fibrosis
and polycystic kidney disease (PCKD) by developing and optimizing novel small molecule
compounds for use in RNA-targeting therapeutics.
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Specific Aim 1: Develop and study small molecules that cleave the pri-miR-17/92 cluster, the
upregulation of which causes PCKD.

Specific Aim 2: Develop and study small molecules that cleave pre-miR-21, the upregulation of
which causes PCKD and lung fibrosis.

Specific Aim 3: Study the optimal compounds emerging from Aims 1 & 2 for improving PCKD
and lung fibrosis in animal models of each disease.

Overlap: None

Special Funding Project 0205 12/22/2020-12/22/2022 0.12 calendar (1.00%)
(total costs for project)

Developing Pre-Clinical Candidates Against miRNAs Implicated in Autoimmune Diseases
EMD Serono

1 Technology Place

Rockland, MA 02370

Program Official: Sophia Perides, Sophia.perides@emdserono.com

New or ended since last year in budget period
Eric Wang

RO1 AR076060 (Lott/Wang) 08/01/2020-06/01/2023 0.12 calendar (1.00%)
Wang Lab: per year for 3 years

Development of MRI, Alternative Splicing, and Functional Abilities as Biomarkers in Myotonic
Dystrophy Type 1

NIAMS

6701 Democracy Blvd

Building: Democracy I, Suite 800

Bethesda MD 20892-4872

Program Official: Emily Carifi, emily.carifi@nih.gov

The objective of this proposal is to develop splicing and MRI biomarkers for DM1.
Overlap: None

Service Agreement (Wang) 03/05/2021-03/04/2022 No effort requested
(total costs for project)

Evaluation of peptide-oligonucleotide conjugates for myotonic dystrophy

Entrada Therapeutics

50 Northern Avenue

Boston, MA 02210

Program Official: Dipal Doshi, dipal@entradatx.com
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What other organizations were involved as partners?

Organization Name: The University of Florida
Location of Organization:  Center for NeuroGenetics
Dept. of Molecular Genetics & Microbiology
2033 Mowry Road
Gainesville, FL 32610
Partner's Contribution: Collaboration (academic worksite of Partnering PI Eric Wang)

8. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS: In this collaborative award, Initiating and Partnering PI are
submitting a joint progress report.

QUAD CHARTS: N/A

9. APPENDICES: Please see attached appendices with published articles.
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ABSTRACT: RNA repeat expansions are responsible for more
than 30 incurable diseases. Among them is myotonic dystrophy
type 1 (DM1), the most common form of adult on-set muscular
dystrophy. DM1 is caused by an r(CUG) repeat expansion
[r(CUG)®®] located in the 3’ untranslated region (UTR) of the
dystrophia myotonica protein kinase gene. This repeat expansion is
highly structured, forming a periodic array of 5'CUG/3'GUC
internal loop motifs. We therefore designed dimeric compounds
that simultaneously bind two of these motifs by connecting two
RNA-binding modules with peptoid linkers of different geometries and lengths. The optimal linker contains two proline residues and
enhances compound affinity. Equipping this molecule with a bleomycin AS cleaving module converts the simple binding compound
into a potent allele-selective cleaver of r(CUG)®®. This study shows that the linker in modularly assembled ligands targeting RNA

can be optimized to afford potent biological activity.

B INTRODUCTION

To date, much of chemical biology and drug discovery for
human diseases has been centered on targeting proteins.'
However, recent estimates have suggested that the number of
potential RNA drug targets far exceeds the number of potential
protein drug targets.”” Currently, the most common approach
for targeting RNA and affecting its biological function is by
using oligonucleotide-based modalities to recognize sequences
through base pairing.* Many RNAs, however, contribute to
human biology by forming particular structures,””” which are
generally not targetable using oligonucleotides. In contrast,
RNA structures are best targeted by small molecules that can
bind to the shapes and features these structures display, much
like a small molecule binding to a pocket in a protein.”

One major class of disease-causing RNA targets is repeat
expansions. Repeat expansions have diverse and varied
biological dysfunction and contribute to greater than 30
human diseases.” In these microsatellite diseases, the RNA
repeats generally fold into stable structures that undergo
various processes contributing to disease pathology. For
example, they can be translated without the use of a canonical
start codon,'’ participate in gain-of-function pathways by
binding to and sequestering proteins involved in RNA
biogenesis including pre-mRNA splicing,'' and participate in
other deleterious functions. One disease that is mediated by an
RNA gain-of-function mechanism is myotonic dystrophy type
1 (DM1), the most common cause of adult on-set muscular
dystrophy. DM1 is caused by a non-coding expansion of
r(CUG) [hereafter, r(CUG)®?] harbored in the 3’ untrans-
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lated region (UTR) of the dystrophia myotonica protein kinase
(DMPK) gene."”” This r(CUG)®® folds into a highly stable
structure with regularly repeating 5'CUG/3'GUC 1 X 1
nucleotide internal loops (Figure 1A). This structure binds to
and sequesters the muscleblind-like 1 (MBNLI1) protein,
which regulates pre-mRNA splicing. Sequestration of MBNL1
by r(CUG)®?® results in pre-mRNA splicing defects in various
genes, and these defects contribute to DM1 pathology."
Previously, small molecules have been designed to selectively
target r(CUG)®®, liberating MBNL1 and thereby improving
DM I-associated disease defects.''> One strategy to deactivate
this target is the selective recognition of structural motifs in
r(CUG)®™ with small molecules, which can be further
derivatized into dimers that target multiple motifs simulta-
neously.”> These dimeric molecules have been optimized for
binding repeating targets by altering the identity of the linker
connecting the two RNA-binding motifs (N-methyl alanine or
propylamine linkers)'*"* or attaching cellular uptake tags such
as lysine and arginine,'® thus enhancing the uptake and
localization of the compounds. Subsequently, uptake tags” have
also been used as spacing modules.’” The enhanced
permeability of these previously developed uptake tags has
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Figure 1. Design of potent dimers targeting r(CUG)®? in DM1. (A)
r(CUG)®™® in the 3’ UTR of DMPXK folds into a hairpin displaying a
periodic array of internal loops that bind and sequester MBNLI,
resulting in pre-mRNA splicing defects and the formation of nuclear
foci. (B) Step-by-step methodology for the design of compounds
targeting r(CUG)®®.

been traced to polycationic interactions with cell-surface
heparin sulfate.'® However, the increased basicity of these
compounds has also been correlated with promiscuity and off-
target binding.'”** Thus, the cationic nature of a compound
must be properly balanced in order to maintain selectivity.
Other methods to inhibit DM1 biology include targeting the
encoding DNA and thus inhibiting transcription”"*” and
degrading the RNA by appending cleaving modules (such as
bleomycin AS) to structure-binding small molecules, which
enhances both potency and selectivity.'#**

Herein, we designed and synthesized a library of dimeric
compounds by modifying the linker connecting the two RNA-
binding modules. We show that a shorter and more rigid linker
can improve both the affinity for r(CUG)®® and cellular
potency without increasing the cationic nature of the
compound. The optimized binder for r(CUG)®® was then
appended with bleomycin AS, further enhancing potency, as
compared to the parent compound in DMI patient-derived
myotubes (Figure 1B).

Results and Discussion. Previously, dimeric compounds
comprising two copies of an RNA-binding module and a linker
moiety were shown to be biologically active against r(CUG)“?.
These molecules contain a peptoid backbone,'® which was
optimized with an N-methyl peptide as a spacer between the
two RNA-binding modules (2H-K4NMeS, Figure 2A).”* Both
the first generation compound and 2H-K4NMeS improve
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Figure 2. Design of small molecules that selectively target rf(CUG)®*. (A) Bivalent small molecules linked together using an N-methyl peptide
scaffold (2H-K4NMeS) with two H RNA-binding modules (purple spheres). The dimer binds two r(CUG)®? loops simultaneously and releases
MBNLI, improving DM1-associated defects. (B) Optimization of the peptoid linker connecting the two binding modules, generating seven new

derivatives.
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Figure 3. Studying the ability of designer compounds to inhibit the r(CUG)*?—~MBNL1 complex in vitro and assessment of compound activity in
DMI myotubes. (A) In vitro IC4s for disruption of the r(CUG)*?—MBNLI complex by new dimer derivatives, compared to the parent compound
(n = 3 replicates; 2 independent experiments). (B) Binding affinities (ECgs) of 2H-K2-Pro and 2H-K4NMeS for a model of r(CUG)®®,
r(CUG),, (n = 3 replicates; 2 independent experiments), and a base-paired control (n = 2 replicates; 2 independent experiments). (C) Secondary
structures of the r(CUG);, and r(GC)g constructs used for binding assays. (D—F) Studying the ability of 2H-K2-Pro to alleviate DM1-associated
defects in DM1 myotubes, compared to 2H-K4NMeS. (D) Studying the ability of 2H-K2-Pro to rescue the MBNLI exon S splicing defect (n = 3
replicates). (E) Quantification of the number of r(CUG)*?—MBNLI foci/nucleus. Error bars represent SD, n = 3 biological replicates, 40 nuclei
counted/replicate. *P < 0.05, **¥*P < 0.0001, as determined by a one-way ANOVA. (F) Representative images of r(CUG)**-MBNLI foci in

DMI1 myotubes treated with 2H-K2-Pro or 2H-K4NMeS.

various DM1-associated disease processes in cells; a bleomycin
conjugate of 2H-K4NMeS provided a selective, bioactive
compound in a pre-clinical animal model.”* Given the success
for improving compound properties by changing the spacer
module and of other work that has shown that the identity of
the spacer can affect affinity, uptake, and compound local-
ization in various disease cell models,”*** we further optimized
the linker moiety by changing its length and geometry.

Design and In Vitro Evaluation of Dimeric Deriva-
tives. A library of dimeric compounds displaying a 5'CUG/
3’GUC RNA motif binding module (H) linked to p-alanine
(p-Ala), tyrosine (Tyr), hydroxyproline (OH-Pro), and proline
(Pro) spacers was synthesized using the optimal four-spacer
module of previously reported 2H-K4NMeS (Figure 2A,B)."*
These linker spacers were chosen in order to investigate the
roles of the side-chain orientation with p-Ala, the rigidity of the
linker with Tyr, OH-Pro, and Pro spacers, or the addition of
hydrogen bond donors in 2H-K4-Tyr or 2H-K4-OH-Pro. The
in vitro ICss of these dimers were measured as assessed by
disruption of the r(CUG);;,—MBNLI complex using a
previously reported time-resolved fluorescence resonance
energy transfer (TR-FRET) asse1)7.26’27 Two dimers were
modestly more potent than 2H-K4NMeS, namely 2H-K4-D-
Ala and 2H-K4-Pro (Figure 3A).

Compared to other amino acids in a peptide backbone that
prefer a trans orientation of the amide bond, proline undergoes
an equilibrium between cis- and trans- isomers as a result of its
structure where the residue itself forms a part of the
backbone.”*” The implications of this cis—trans isomerization
in biological systems translates to distinct conformational
flexibility, hydrogen bonding interactions, hydrophobic inter-
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actions, and solvation,*° all of which influence the binding of a
ligand to its target and hence its bioactivity.

We therefore explored the proline linker further by varying
the number of proline spacers (n = 2, 3, and S) in the linker
(Figure 2B) and measuring their ICqys in the TR-FRET assay
(Figure 3A). Notably, 2H-K2-Pro containing two prolines in
the linker was the most potent with an ICg; of 5.3 + 0.8 uM,
an ~3-fold improvement over 2H-K4NMeS (Figure 3A).
Interestingly, 2H-K2-Pro has a shorter linker and is more rigid
than the original dimer 2H-K4-Pro, contributing to a favorable
bioactive conformation. Moreover, physical properties of the
compounds, such as logP, hydrogen bond donors, and
topological polar surface areas (TPSAs), were calculated, and
no significant differences were observed among the proline
derivatives (Supporting Information, Dataset 1).

The binding affinity and selectivity of 2H-K2-Pro were next
evaluated using a direct binding assay, measuring the change in
the inherent fluorescence of the RNA-binding modules as a
function of the RNA concentration, with either r(CUG);, or
an RNA hairpin containing eight GC base pairs [r-
(GCGCGCGCGAAAGCGCGCGC); dubbed r(GC)g]. The
2H-K2-Pro bound to r(CUG);, with an ECy, of 150 + S nM,
while binding was not observed to the GC base-paired control
RNA (Figure 3B and Figure S1). Additionally, 2H-K2-Pro
showed an ~2-fold greater affinity for r(CUG);, than the
parent compound 2H-K4NMeS (EC, = 280 + 90 nM), while
having less atoms in the linker."”

In Cellulis Evaluation of the Designed Dimer to
Alleviate DM1-Associated Defects. Given that 2H-K2-Pro
is a potent and specific binder to rf(CUG)®? and capable of
disruption of a pre-formed complex between r(CUG)®® and

https://dx.doi.org/10.1021/acs.jmedchem.0c00558
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Figure 4. Design and in vitro evaluation of small molecules that cleave r(CUG)®?. (A) The binder 2H-K2-Pro was conjugated to bleomycin to
afford the cleaver 2H-K2-Pro-bleo. (B) 2H-K2-Pro-bleo binds to r(CUG)®?, cleaves the toxic RNA repeat, and displaces MBNLI, thereby
improving DM1-associated defects. (C) Binding affinities of 2H-K2-Pro-bleo and Cugamycin to r(CUG),, (n = 3 replicates; 2 independent
experiments) and r(GC), (n = 2 independent experiments with two replicates each). (D) In vitro RNA cleavage of r(CUG),, (n = 2 replicates; 2
independent experiments). *P < 0.0S, **P < 0.01 as determined by a one-way ANOVA relative to 0.

MBNLLI in vitro, the compound was evaluated in DM1-patient
derived cells for rescue of two disease-associated defects: (i)
dysregulation of alternative pre-mRNA splicing regulated by
MBNLI1 and (ii) the presence of r(CUG)®®-containing nuclear
foci.>'™** We therefore studied the rescue of these DMI-
associated defects by 2H-K2-Pro. DMI1 patient-derived
fibroblasts harboring 1300 repeats were differentiated into
myotubes’® as a robust model of human disease. We first
assessed improvement of the MBNL1-dependent splicing of its
own exon 5;°° in DM1-affected cells, exon § is included too
frequently, 50% versus 15% in healthy cells as previously
observed.”® Notably, 2H-K2-Pro rescued splicing of MBNLI
exon S in a dose-dependent fashion (Figure S2). At the S uM
dose, both 2H-K2-Pro and 2H-K4NMeS improved the
MBNLI1 exon S splicing defect similarly by ~30% (Figure
3D and Figure S2). Likewise, both compounds reduced the
number of foci containing r(CUG)®® [imaged by RNA
fluorescence in situ hybridization (FISH)] and MBNLI
(imaged using immunofluorescence) similarly when DM1
myotubes were treated with S uM compound (Figure 3E,F).

A potential reason that the ~3-fold enhancement in 2H-K2-
Pro’s in vitro potency was not recapitulated in cells could be
the differences in cell permeability or subcellular localization.
Thus, the cellular uptake of 2H-K2-Pro and 2H-K4NMeS$ was
measured using the inherent fluorescence of the RNA-binding
modules. After treatment, DM1 myotubes were washed and
lysed followed by measurement of fluorescence in the lysate. A
standard curve was created by spiking in varying concen-
trations of the compound into lysate from untreated myotubes.
Interestingly, the uptake of the two compounds was similar
(Figure S2C,D). Next, we studied subcellular localization via
live-cell fluorescence microscopy. Microscopy studies revealed
that 2H-K4NMeS was predominantly localized in the nucleus,
whereas 2H-K2-Pro was both cytoplasmic and nuclear (Figure
S2C), which could contribute to a reduction in the bioactivity
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of 2H-K2-Pro as rf(CUG)®? is sequestered in the nucleus in
foci.

As the Pro-spacing module changed the subcellular local-
ization of 2H-K4NMeS from primarily nuclear to nuclear and
cytoplasmic, we investigated how other spacing modules
affected cell permeability, localization, and bioactivity, namely,
2H-K4-D-Ala, 2H-K4-OH-Pro, and 2H-K4-Tyr. 2H-K4-Tyr
was found to be toxic in DM1 myotubes at 5 #M and was not
investigated further (Figure S3A). Interestingly, 2H-K4-OH-
Pro was taken up into cells at a higher concentration than that
of 2H-K4NMeS, while the permeability of 2H-K4-D-Ala was
similar to that of 2H-K4NMeS (Figure S3B). Further
investigation of the cellular localization of 2H-K4-D-Ala and
2H-K4-OH-Pro via live-cell fluorescence microscopy revealed
that 2H-K4-OH-Pro was localized only in the cytoplasm while
2H-K4-D-Ala was localized in the cytoplasm and the nucleus
(Figure S3C). Neither of these compounds improved MBNL]
exon S5 splicing in DMI1 myotubes, likely due to the
combination of the less favorable subcellular localization and
linker length (Figure S3D). Thus, although 2H-K2-Pro is
localized in both the cytoplasm and the nucleus, its improved
in vitro potency contributes to its cellular activity.

Design of Compounds that Cleave r(CUG)®**. To
enhance the activity of 2H-K2-Pro, we converted the binder
into an RNA degrader by using a bleomycin conjugation
strategy.'***3*%7 That is, 2H-K2-Pro was conjugated to
bleomycin AS via its amine (known to contribute to DNA
binding38) to yield 2H-K2-Pro-bleo (Figure 4A,B).>* The
affinity of 2H-K2-Pro-bleo was similar to that of 2H-K2-Pro
with an ECg, of 280 + 30 nM. [Note: binding assays were
completed in the absence of Fe(II) such that the compound
does not cleave the RNA.] No binding of 2H-K2-Pro-bleo was
observed to the GC-paired control RNA, r(GC), (Figure 4C
and Figure S4).
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Figure 6. Biological activity of 2H-K2-Pro-bleo in DM1 patient-derived myotubes. (A) Effect of 2H-K2-Pro-bleo on r(CUG)®®-containing
DMPXK levels in DM1 myotubes compared to Cugamycin, as determined by RT-qPCR. Error bars represent SD, n = 3 biological replicates. *P <
0.05, **P < 0.01, ****P < 0.0001 (one-way ANOVA). (B) 2H-K2-Pro-bleo rescue of the MBNLI exon § splicing defect compared to Cugamycin,
as measured by RT-qPCR. Error bars represent SD, n = 3 biological replicates. **P < 0.01, ****P < 0.0001 (one-way ANOVA). (C)
Representative images of r(CUG)*?~MBNLI1 foci in DM1 myotubes treated with 2H-K2-Pro-bleo. (D) Quantification of the r(CUG)**—
MBNLI foci/nucleus. Error bars represent SD, n = 3 biological replicates, 40 nuclei counted/replicate. **P < 0.01 (Student t-test). (E) Results of a
cellular competitive cleavage assay between 2H-K2-Pro-bleo and 2H-K2-Pro on DMPXK levels, as measured by RT-qPCR. Error bars represent SD,
n = 3 biological replicates. *P < 0.05 (one-way ANOVA). (F) Effect of 2H-K2-Pro-bleo (1 M) on the abundance of mRNAs containing more
than 6 but less than 20 r(CUG) repeats expressed in DM1 myotubes, as determined by RT-qPCR. Error bars represent SD, n = 3 biological
replicates; 2 independent experiments. **P < 0.01, (Student t-test).
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In Vitro Cleavage of r(CUG);q. In order to assess the
ability of 2H-K2-Pro-bleo to cleave r(CUG)®® in vitro, a
control compound, Ac-K2-Pro-bleo, was synthesized where
bleomycin AS was coupled to the peptoid backbone lacking
the RNA-binding modules (Supporting Information, Synthetic
Procedures). 2H-K2-Pro-bleo dose-dependently cleaved r-
(CUG),y, cleaving ~20% of the RNA at the highest
concentration tested, 2.5 uM (Figure 4D and Figure SSA,B).
No significant RNA cleavage was observed with Ac-K2-Pro-
bleo as expected (Figure 4D and Figure SSA,B).'**?

Evaluation of DNA Damage in Cells. We have
previously shown that by attaching r(CUG)®®?-binding
modules to the C-terminal amine of bleomycin AS a key
positive charge on bleomycin AS that contributes to DNA
binding is eliminated along with its ability to cleave DNA.** To
confirm that a similar effect is observed for 2H-K2-Pro-bleo,
we measured the amount of the phosphorylated form of H2A
histone family member X (y-H2AX) foci, formed in response
to DNA double strand breaks.*” Indeed, 2H-K2-Pro-bleo did
not cause a significant increase in y-H2AX in DM1 myotubes,
whereas bleomycin AS alone showed an ~6-fold increase in the
number of foci observed per cell (Figure S and Figure S6) as
expected based on its ability to cause DNA damage in cancer
cells.*” Thus, DNA recognition and cleavage by bleomycin AS
are significantly reduced when conjugated to 2H-K2-Pro.

Biological Evaluation of Compounds that Cleave
r(CUG)®P. After confirming in vitro activity, the ability of 2H-
K2-Pro-bleo to improve DM1-assiociated defects in myotubes
was assessed. First, cleavage of the mutant allele [DMPK
mRNA harboring r(CUG);3, in the 3’ UTR] by 2H-K2-Pro-
bleo was measured by RT-qPCR and compared to the
previously reported cleaver, Cugamycin (2H-K4NMeS-
bleo).”> Notably, 2H-K2-Pro-bleo reduced DMPK levels by
45 + 4% at 5 uM, whereas only an ~30 + 3% decrease was
observed with Cugamycin at S uM (Figure 6A). Importantly,
no effect was observed on DMPK levels in healthy myotubes
that only express wild-type (WT) DMPK [r(CUG),, in the 3’
UTR] (Figure S7), indicating that 2H-K2-Pro-bleo specifically
recognizes and cleaves the mutant r(CUG)®P-containing
DMPK transcript. To further explain the gain in potency by
2H-K2-Pro-bleo, we evaluated its and Cugamycin’s cellular
uptake into DMI1 myotubes. Interestingly, a statistically
significant increase in permeability was observed for 2H-K2-
Pro-bleo (P < 0.0S; Figure S8). However, compared to the
parent binders, both bleomycin AS conjugates were ~4-fold
less permeable (Figure S8).

Next, the ability of 2H-K2-Pro-bleo to rescue DMI-
associated splicing defects and the formation of nuclear foci
were investigated. 2H-K2-Pro-bleo rescued the MBNLI exon
S splicing defect by 50 + 8% at S M and 30 + 7% at 1 uM
(Figure 6B), the latter of which is similar to S uM 2H-K2-Pro
(Figure 3D). Thus, in this assay, 2H-K2-Pro-bleo is
approximately S times more potent than 2H-K2-Pro.
Importantly, 2H-K2-Pro-bleo did not affect the alternative
splicing of mitogen-activated protein kinase kinase kinase
kinase 4 (MAP4K4) exon 22a, which is NOVA-, not MBNL1-,
dependent (Figure S9). Likewise, 2H-K2-Pro-bleo did not
change MBNLI exon $ splicing patterns in wild-type myotubes
(Figure S7). Altogether, these control experiments indicate
specificity for r(CUG)®®. Next, we evaluated the ability of 2H-
K2-Pro-bleo (1 uM) to reduce the number of r(CUG)™P—
MBNLI foci in cells. A significant decrease in the number of
foci per cell was observed (Figures 6C,D and Figure S10).
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To assess target engagement, competitive cleavage assays
between the cleaver, 2H-K2-Pro-bleo, and either 2H-
K4NMeS or 2H-K2-Pro were completed in DM1 myotubes.
In these experiments, cells were co-treated with excess 2H-
K4NMeS or 2H-K2-Pro and 1 yM 2H-K2-Pro-bleo; if 2H-
K4NMeS and 2H-K2-Pro bind to the same site in r(CUG)®?
as 2H-K2-Pro-bleo, then cleavage of mutant DMPK should be
reduced. As expected, both binding compounds reduced the
cleavage of DMPK dose-dependently. However, 2H-K2-Pro
(ECys = 0.2 uM) inhibited DMPK cleavage more efficiently
than 2H-K4NMeS (EC,; = 1 uM) and restored levels to those
observed in untreated cells (Figure 6E and Figure S11).

To evaluate selectivity, the ability of 2H-K2-Pro-bleo to
discriminate between disease-causing r(CUG)®® and short
non-pathological r(CUG) repeats in other transcripts was
measured. Notably, only the DMPK levels from DM1-patient
derived myotubes were significantly decreased after treatment
with the compound, while the levels of the other transcripts
remained unchanged (Figure 6F). It is important to note that
the r(CUG) repeat number found in these other transcripts is
less than 20 so they do not fold into a hairpin structure. That
is, the 3D structures of these RNAs are different than those of
r(CUG)®®, as shown in our previous folding analysis.”* As a
control, we also evaluated Ac-K2-Pro-bleo, the analog of 2H-
K2-Pro-bleo lacking the RNA-binding modules, in DMl
myotubes. As expected, no effect was observed on DMPK
levels nor MBNLI splicing (Figure S12). Thus, cleavage of
r(CUG)®? is driven by the RNA-binding modules in 2H-K2-
Pro-bleo. 2H-K2-Pro-bleo is able to selectively target the
expanded disease-driving allele of DMPK, which in terms of
selectivity is advantageous over sequence-based recognition of
r(CUG)® with oligonucleotides as previously shown.”’

B CONCLUSIONS

Small-molecule RNA cleavers may offer potent and selective
alternatives to antisense oligonucleotides, which can have off-
target effects as they recognize the RNA’s sequence, not its
structure. Additionally, RNA cleavers such as 2H-K2-Pro-bleo
offer a generalized approach for selectively affecting r(CUG)*®
disease biology across several disorders, such as myotonic
dystrophy type 1 (DM1), Fuchs endothelial corneal dystrophy
(FECD)," and Huntington’s disease-like 2 (HDL-2).*' In
contrast, oligonucleotide-based modalities do not target
r(CUG)®; instead, they target the coding region of genes
that harbor the repeat expansion. Thus, oligonucleotides have
to be customized for each disease even though they are caused
by the same repeat. Ligands targeting RNA structure, however,
could prove to be general across these repeat-associated
diseases.

Overall, this study demonstrated that altering the peptoid
backbone of dimeric RNA-targeting compounds can alter
bioactivity, thus creating an easy avenue for optimization. In
addition, this work further supports the idea that appending a
cleaver to RNA-binding small molecules can be used broadly
to target and cleave structured RNAs associated with repeat
expansion disorders selectively.

B EXPERIMENTAL SECTION

General Synthetic Procedures. Bleomycin AS (Bleocin) was
purchased from EMD Millipore and used without further purification.
Hoechst carboxylic acid, 4-(3-(6-(4-methylpiperazin-1-yl)-1H,3'H-
[2,5’-bibenzo[d]imidazol]-2'-yl)phenoxy)butanoic acid (6) (Ht-
CO,H), intermediate (10), and 2H-K4NMeS were synthesized as
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reported previously.'* Peptide synthesis reactions were monitored by
a chloranil test. Preparative HPLC was performed using a Waters
1525 Binary HPLC pump equipped with a Waters 2487 dual
absorbance detector system and a Waters Sunfire C18 OBD S ym 19
X 150 mm column. Absorbance was monitored at 345 and 220 or 254
nm. A gradient of methanol in water with 0.1% TFA varied in each
purification. Purity was assessed by analytical HPLC using a Waters
Symmetry C18 5 pm 4.6 X 150 mm column, and a linear gradient of
0—100% methanol in water with 0.1% TFA over 60 min. Absorbance
was monitored at 345 and 254 or 220 nm. All compounds evaluated
had >95% purity (see characterization of small molecules). Mass
spectrometry was performed with an Applied Biosystems MALDI
ToF/ToF Analyzer 4800 Plus using an @-cyano-4-hydroxycinnamic
acid matrix or an Agilent 1260 Infinity LC system coupled to an
Agilent 6230 TOF (HR-ESI) with a Poroshell 120 EC-C18 column
(Agilent, SO mm X 4.6 mm, 2.7 um).

Synthesis of 2. A mixture of tert-butyl (4-(methylamino)butyl)-
carbamate (3.00 g, 14.8 mmol), NEt; (4.13 mL, 29.7 mmol), and
AllocCl (1.89 mL, 17.8 mmol) in CH,Cl, (60 mL) was stirred at
room temperature overnight. After completion of the reaction, the
reaction was diluted with CH,Cl, (100 mL), extracted with brine, and
washed with $% HCl aq (v/v, 15 mL) twice and aqueous NaHCO,
(15 mL) once. The organic layer was concentrated to afford allyl (4-
((tert-butoxycarbonyl)amino)butyl) (methyl)carbamate. To the inter-
mediate, 90 mL of a 1:1 mixture of TFA:CH,Cl, was added, and the
reaction was stirred at room temperature overnight. The reaction
mixture was concentrated, and then NaHCO; (aq; 15 mL) was
added. The mixture was then extracted with CH,Cl, (5 X 15 mL) to
give 2 (759 mg, 27% yield over 2 steps). This compound was used for
the next reaction without further purification. '"H NMR (600 MHz,
CDCl,) & ppm): 5.95—5.87 (m, 1H), 6.01=5.61 (br, 2H), 5.28 (d,
1H, J = 17.2 Hz), 5.20 (d, 1H, J = 10.3 Hz), 4.58—4.50 (m, 2H),
3.32—3.23 (m, 2H), 2.98—2.92 (m, 2H), 2.89 (s, 3H), 1.69—1.55 (m,
2H) C NMR (150 MHz, CDCl;) § ppm): 154.8, 131.0, 115.5, 64.3,
46.3, 37.6, 32.1, 22.6, 22.4 HR-MS (ESI): Calculated for
[CoH,oN,0,], 187.1441; found, 187.1448.

Synthesis of 3. Rink amide resin (1) (2.00 g, 1.0 mmol) was
swollen in DMF (16 mL) at room temperature for 10 min and then
deprotected with a solution of 20% piperidine in DMF (16 mL, 2 X
20 min). The resin was washed with DMF (3 X 8 mL). To the resin,
bromoacetic acid (0.50 M, 10 mL, 5.0 mmol), DIC (0.774 mL, 5.0
mmol), and oxyma (0.711 g, 5.0 mmol) in DMF (4 mL) were added.
The mixture was shaken at room temperature for 2 h. After, the resin
was washed with CH,Cl, (3 X 8 mL) and DMF (3 X 8 mL). To the
resin, DMF (4 mL) and 2 (0.447 g, 2.40 mmol) in DMF (4 mL) was
added. The mixture was shaken at room temperature overnight. The
resin was then washed with CH,Cl, (3 X 8 mL) and DMF (3 X 8
mL). Again, to the resin, DMF (4 mL) and 2 (0.447 g, 2.40 mmol) in
DMF (4 mL) was added. The mixture was shaken at room
temperature overnight. The resin was washed with CH,Cl, (3 X 8
mL) and DMF (3 X 8 mL) to afford intermediate 3.

Synthesis of 2H-K4-p-Ala. Resin 3 (20 mg, 10 pmol) was
swollen in DMF (500 xL) for 10 min, and DMF was removed. To the
resin, a pre-mixed solution of Fmoc-p-Ala-OH (27.0 mg, 50 ymol),
HATU (19.0 mg, 50 ymol), HOAt (6.8 mg, S0 umol), and DIPEA
(16.5 pL, 100 ymol) in DMF (500 uL) was added, and the reaction
was shaken at room temperature for 30 min. The resin was then
washed with DMF (5 X 1 mL). To the resin, 20% piperidine in DMF
(500 uL) was added, and the resin was shaken at room temperature
for 10 min. This step was repeated. The resin was washed with DMF
(5 x 1 mL). This cycle was repeated an additional 2 times. Following
this, a pre-mixed solution of Fmoc-p-Ala-OH (27.0 mg, S0 umol),
HATU (19.0 mg, 50 gmol), HOAt (6.8 mg, S0 umol), and DIPEA
(16.5 pL, 100 umol) was added to the resin, which was then shaken at
room temperature for 30 min. The resin was washed with DMF (5 X
1 mL). To this resin, Pd(PPh;), (5.78 mg, 5.0 umol) in CH,Cl, (500
uL) and PhSiH; (24.7 uL, 200 umol) and CH,Cl, (1 mL) were
added, and the mixture was shaken at room temperature for 40 min.
This step was repeated once more. After that, the resin was washed
with CH,Cl, (5 X 1 mL, 30 s), 0.5% DIPEA (v/v) in DMF (2 X 1
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mL, 30 s) and 0.5% sodium diethyl dithiocarbamate (w/v) in DMF (2
X 1 mL, 30 s), and DMF (5 X 1 mL, 30 s). To the resin, 20%
piperidine in DMF (500 uL) was added, and the reaction was shaken
at room temperature for 10 min. This step was repeated. The resin
was washed with DMF ($ X 1 mL). These two steps were repeated.
To the resin, a pre-mixed solution of (Ht-CO,H (6) (25.5 mg, SO
umol), HATU (19.0 mg, SO umol), HOAt (6.8 mg, SO umol), and
DIPEA (16.5 uL, 100 gmol) in 500 L of DMF was added, and it was
shaken at 45 °C for 40 min. The resin was washed with DMF (5 X 1
mL). To this resin, 1 mL of TFA/H,O (95/5) was added. The
mixture was shaken at room temperature for 1 h; after which, the
solution was collected and concentrated. To the mixture was added
10 times the volume of Et,O, and the resulting precipitate was
collected. The precipitate was washed with Et,0 (SX volume), and
the supernatant was removed by decantation. This crude product was
purified by HPLC (41—81% MeOH+0.1% TFA vs H,O + 0.1% TFA,
over 20 min) to give 2H-K4-p-Ala (372 nmol, 1.86% yield); HR-MS
(MALDI): Calculated for [C,;HgN;4O,]", 1428.7476; found,
1428.7456.

Synthesis of 2H-K4NMe-Tyr. Resin 3 (20 mg, 10 umol) was
swollen in DMF (500 uL) for 10 min, and then the DMF was
removed. To the resin, a pre-mixed solution of Fmoc-N-Me-
Tyr(tBu)-OH (23.7 mg, 50 umol), DIC (7.7 uL, S0 umol), and
oxyma (7.1 mg, S0 ymol) in DMF (500 L) was added, and the resin
was shaken at room temperature for 2 h. After washing the resin with
DMF (5 X 1 mL), 20% piperidine in DMF (500 uL) was added,
followed by shaking at room temperature for 10 min. This step was
repeated. The resin was washed with DMF (S X 1 mL). This cycle
was repeated an additional 2 times. To the resin, a pre-mixed solution
of Fmoc-N-Me-Tyr(tBu)-OH (23.7 mg, 50 ymol), DIC (7.7 uL, SO
umol), and oxyma (7.1 mg, SO pmol) in DMF (500 uL) was added,
and it was shaken at room temperature for 2 h. The resin was washed
with DMF (S X 1 mL). To this resin, Pd(PPh,), (5.78 mg, 5.0 ymol)
in CH,Cl, (500 uL), PhSiH; (24.7 uL, 200 pumol), and CH,Cl, (1
mL) were added, and the mixture was shaken at room temperature for
40 min. This deprotection step was repeated once more. After that,
the resin was washed with CH,Cl, (5 X 1 mL, 30 s), 0.5% DIPEA (v/
v) in DMF (2 X 1 mL, 30 s) and 0.5% sodium diethyl
dithiocarbamate (m/v) in DMF (2 X 1 mL, 30 s), and DMF (5 X
1 mL, 30 s). To the resin, 20% piperidine/DMF (500 uL) was added,
and it was shaken at room temperature for 10 min twice. The resin
was washed with DMF (S X 1 mL). To the resin, a pre-mixed solution
of (Ht-CO,H (6) (25.5 mg, S0 pumol), HATU (19.0 mg, S0 umol),
HOAt (6.8 mg, SO #mol), and DIPEA (16.5 yL, 100 ymol) in S00 uL
of DMF was added, and it was shaken at room temperature overnight.
The resin was washed with DMF (S X 1 mL) followed by addition of
1 mL of 1:1 TFA: H,O. The mixture was shaken at room temperature
for 1 h. After that, the solution was collected and concentrated. To the
mixture was added 10X the volume of Et,0, and the resultant
precipitate was collected. The precipitate was washed with Et,O (Sx
volume), and the supernatant was removed by decantation. This
crude product was purified by HPLC (50—100% MeOH + 0.1%
TFA/H,0 + 0.1% TFA, over 20 min) to give 2H-4N-Me-Tyr (60
nmol, 0.60% vyield) HR-MS (ESI): Calculated for
[CiosH 110N 160,3]%, 926.9612; found, 926.9590.

Synthesis of 2H-K4-OH-Pro. Resin 3 (20 mg, 10 gmol) was
swollen in DMF (500 L) for 10 min, and then DMF was removed.
To the resin, a pre-mixed solution of Fmoc-Hyp(#Bu)-OH (20.5 mg,
50 pmol), DIC (7.7 uL, SO pmol), and oxyma (7.1 mg, SO ymol) in
DMF (500 uL) was added followed by shaking at room temperature
for 2 h. The resin was washed with DMF (5 X 1 mL), and then 20%
piperidine in DMF (500 uL) was added. The resin was shaken at
room temperature for 10 min and then washed with DMF (S x 1
mL). This cycle was repeated an additional 2 times. To the resin, a
pre-mixed solution of Fmoc-Hyp(Bu)-OH (20.5 mg, 50 gmol), DIC
(7.7 pL, SO pmol), and oxyma (7.1 mg, SO pmol) was added, and it
was shaken at room temperature for 2 h. The resin was washed with
DMF (5 X 1 mL), and then Pd(PPh,), (5.78 mg, 5.0 umol) in
CH,Cl, (500 uL), PhSiH; (24.7 pL, 200 umol), and CH,Cl, (1 mL)
were added. The mixture was shaken at room temperature for 40 min.
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This deprotection step was repeated once more. After that, the resin
was washed with CH,Cl, (5 X 1 mL, 30 s each), 0.5% DIPEA (v/v)
in DMF (2 X 1 mL, 30 s each) and 0.5% sodium diethyl
dithiocarbamate (m/v) in DMF (2 X 1 mL, 30 s each), and DMF
(5% 1 mL, 30 s each). To the resin, 20% piperidine in DMF (500 uL)
was added, and it was shaken at room temperature for 10 min. This
step was repeated. The resin was washed with DMF (S X 1 mL)
followed by addition of a pre-mixed solution of (Ht-CO,H (6) (25.5
mg, 50 ymol), HATU (19.0 mg, S0 ymol), HOAt (6.8 mg, S0 ymol),
and DIPEA (16.5 uL, 100 umol) in 500 uL of DMF. The resin was
shaken at room temperature overnight and then washed with DMF (5
X 1 mL). To this resin, 1 mL of 95:5 TFA/H,0 was added. The
mixture was shaken at room temperature for 1 h. After that, the
solution was collected and concentrated. The mixture was added to
10X the volume of Et,O, and the resultant precipitate was collected.
The precipitate was washed with SX the volume of Et,O, and its
supernatant was removed by decantation. The crude product was
purified by HPLC (45—75% MeOH + 0.1% TFA vs H,O + 0.1%
TFA, over 20 min) to give 2H-K4-OH-Pro (233 nmol, 2.33% yield).
HR-MS (ESI): Calculated for [CggH,0;N190,5]*", 798.8986; found,
798.9019.

Synthesis of 2H-K2-Pro. Resin 10 (400 mg, 200 umol) was
swollen in DMF (8 mL) for 10 min, and DMF was removed. To this
resin, a pre-mixed solution of Fmoc-L-Pro-OH (337 mg, 1000 ymol),
HATU (380 mg, 1000 pmol), HOAt (136 mg, 1000 pmol), and
DIPEA (331 uL, 2000 pmol) in DMF (4 mL) was added, and the
mixture was shaken at room temperature for 30 min. The resin was
washed with DMF (5 X S mL). To the resin, 20% piperidine in DMF
(5 mL) was added, and the resin was shaken at room temperature for
10 min. These two steps were repeated. The resin then was washed
with DMF (5X 10 mL). This addition of Fmoc-L-Pro-OH was
repeated. To the resin, 4.0 mL of 30% TFA in CH,Cl, was added.
The mixture was shaken at room temperature for 10 min to allow the
peptoid to be cleaved from the resin. The solution was collected and
precipitated in 10X the volume of Et,O. The precipitate was washed
with Et,0 (5X v/v), and the supernatant was removed by
decantation. To a solution of the product in DMF (2.0 mL), a
mixture of Ht-CO,H (6) (215 mg, 420 umol), HATU (160 mg, 420
umol), HOAt (57.2 mg, 420 umol), and DIPEA (139 uL, 840 umol)
in DMF (2.0 mL) was added at room temperature. The mixture was
stirred at 60 °C under microwave irradiation for 1 h. The mixture was
concentrated under vacuum and then purified by flash chromatog-
raphy on a C18 column (120 g size column, MeOH in H,0, 0.1%
TFA as an additive, 3 times) and then by HPLC (41—-81% MeOH +
0.1% TFA/H,0 + 0.1% TFA, over 40 min) to give 2H-K2-Pro (192
nmol, 0.96%) HR-MS (MALDI): Calculated for [C,HgN;,0,] 7,
1338.7047; found, 1338.7058.

Synthesis of 2H-K3-Pro. Resin 3 (20 mg, 10 pmol) was swollen
in DMF for 10 min, and DMF was removed. To the resin, a pre-mixed
solution of Fmoc-L-Pro-OH (10.1 mg, 30 ymol), HATU (11.4 mg, 30
umol), HOAt (4.1 mg, 30 ymol), and DIPEA (9.9 uL, 60 ymol) in
DMF (1 mL) was added, and the resin was shaken at room
temperature for 30 min. The resin was washed with DMF (5 X 1 mL).
To the resin, 20% piperidine in DMF (500 xL) was added, and the
resin was shaken at room temperature for 10 min. The resin was
washed with DMF (5 X 1 mL). This cycle was repeated an additional
2 times. To the resin, a pre-mixed solution of Fmoc-L-Pro-OH (10.1
mg, 30 ymol), HATU (11.4 mg, 30 umol), HOAt (4.1 mg, 30 umol),
and DIPEA (9.9 uL, 60 umol) was added followed by shaking at
room temperature for 30 min. The resin was washed with DMF (5 X
1 mL). To this resin, Pd(PPh;), (5.78 mg, 5.0 gmol) in CH,Cl, (500
uL) and PhSiH; (24.7 uL, 200 umol) and CH,Cl, (1 mL) were
added, and the mixture was shaken at room temperature for 40 min.
This deprotection step was repeated once more. After, the resin was
washed with CH,Cl, (5 X 1 mL, 30 s each), 0.5% DIPEA (v/v) in
DMEF (2 X 1 mL, 30 s each) and 0.5% sodium diethyl dithiocarbamate
(w/v) in DMF (2 X 1 mL, 30 s each), and DMF (S X 1 mL, 30 s
each). To the resin, 20% piperidine in DMF (500 xL) was added, and
the mixture was shaken at room temperature for 10 min. This step
was repeated. The resin was washed with DMF (5 X 1 mL) followed
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by addition of a pre-mixed solution of Ht-CO,H (6) (25.5 mg, SO
umol), HATU (19.0 mg, S0 pmol), HOAt (6.8 mg, SO umol), and
DIPEA (16.5 uL, 100 umol) in 500 uL of DMF. The resin was then
shaken at 45 °C for 40 min. The resin was washed with DMF (5 X 1
mL). To this resin, 1 mL of 95:5 TFA/H,0 was added. The mixture
was shaken at room temperature for 1 h. After that, the solution was
collected and concentrated. To the mixture was added 10X the
volume of Et,O, and the resultant precipitate was collected. The
precipitate was washed with Et,0 (5X volume), and the supernatant
was removed by decantation. This crude product was purified by
HPLC (42—82% MeOH + 0.1% TFA vs H,O + 0.1% TFA, over 20
min) to give 2H-K3-Pro (106 nmol, 1.06%) HR-MS (MALDI):
Calculated for [CgoHgsN;5O5]*, 1435.7575; found, 1435.7566.

Synthesis of 2H-K4-Pro. Resin 10 (400 mg, 200 pmol) was
swollen in DMF (8 mL) for 10 min, and DMF was removed. To this
resin, a pre-mixed solution of Fmoc-L-Pro-OH (337 mg, 1000 ymol),
HATU (380 mg, 1000 gmol), HOAt (136 mg, 1000 pmol), and
DIPEA (331 uL, 2000 pmol) in DMF (1 mL) was added, and the
mixture was shaken at room temperature for 30 min. The resin was
washed with DMF (S X S mL). To the resin, 20% piperidine in DMF
(5 mL) was added, and the reaction was shaken at room temperature
for 10 min. This step was repeated. The resin was washed with DMF
(5% 10 mL). This cycle was repeated an additional three times. To
190 pmol of the resin, 4.0 mL of 30% TFA in CH,Cl, was added. The
mixture was shaken at room temperature for 10 min. After, the
solution was collected and then added to 10X the volume of Et,O.
The resulting precipitate was collected and washed with 5X the
volume of Et,O. The supernatant was removed by decantation. The
precipitate was dissolved in DMF (1.9 mL), and then a mixture of Ht-
CO,H (6) (204 mg, 399 umol), HATU (152 mg, 399 yumol), HOAt
(54.3 mg, 399 pmol), and DIPEA (132 uL, 798 umol) in DMF (1.9
mL) was added at room temperature. The mixture was stirred at SO
°C under microwave irradiation for 1 h. The mixture was
concentrated under vacuum and then purified by flash chromatog-
raphy using a C18 column (120 g size column, MeOH in H,0, 0.1%
TFA as an additive) to give 2H-K4-Pro (12.0 uM, 6.00%) HR-MS
(MALDI): Calculated for [CgsHi0,N;9Oo]", 1532.8102; found,
1532.8101.

Synthesis of 2H-K5-Pro. Resin 10 (50 mg, 25 pmol) was swollen
in DMF (1 mL) for 10 min, and DMF was removed. To this resin, a
pre-mixed solution of Fmoc-L-Pro-OH (42.2 mg, 125 pmol), HATU
(47.5 mg, 125 pmol), HOAt (17.0 mg, 125 umol), and DIPEA (41.3
uL, 250 umol) in DMF (1 mL) was added, and the mixture was
shaken at room temperature for 30 min. The resin was washed with
DMF (S X 1 mL), and then 20% piperidine in DMF (1 mL) was
added with shaking for 10 min. This step was repeated. The resin was
washed with DMF (5 X 1 mL). This cycle was repeated an additional
4 times. To 12.5 pmol of the resin, 1.0 mL of 30% TFA in CH,Cl,
was added. The mixture was shaken at room temperature for 10 min.
After, the solution was collected and added to 10X the volume of
Et,0. The resultant precipitate was collected and washed with Et,O
(5% volume). The supernatant was removed by decantation. To a
solution of this product in DMF (0.25 mL), a mixture of Ht-CO,H
(6) (16.0 mg, 31.3 umol), HATU (11.9 mg, 31.3 umol), HOAt (4.3
mg, 31.3 ymol), and DIPEA (10.3 uL, 62.5 ymol) in DMF (0.25 mL)
was added at room temperature. The mixture was stirred at S0 °C
under microwave irradiation for 30 min and then concentrated under
vacuum. The mixture was purified by HPLC (49—69% MeOH + 0.1%
TFA vs H,0 + 0.1% TFA, over 30 min) to give 2H-KS-Pro (64 nmol,
0.26%) HR-MS (MALDI): Calculated for [CggH;0,N;04]%,
1629.8630; found, 1629.8601.

Synthesis of 13. A mixture of tert-butyl (4-(methylamino)butyl)-
carbamate (2.00 g, 9.89 mmol), NEt; (2.76 mL, 19.8 mmol), and
NsCl (2.27 g, 11.9 mmol) in CH,Cl, (49 mL) was stirred at room
temperature overnight. After completion of the reaction, the reaction
was diluted with CH,Cl, (100 mL) and washed with 5% HCl aq (v/v,
15 mL) twice and then aqueous NaHCOj; (15 mL). The organic layer
was concentrated. The crude material was purified by column
chromatography (silica gel, ethyl acetate in hexanes) to give tert-butyl
(4-((N-methyl-4-nitrophenyl)sulfonamido)butyl)carbamate. A mix-
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ture of this material in 1:1 TFA/CH,Cl, (98 mL) was stirred at room
temperature for 3 h. The mixture was concentrated followed by
addition of ag NaHCOj; (15 mL) and extraction with CH,Cl, (5 X 15
mL) to give 13 (1.521 g, 54%, 2 steps). This was used for the next
reaction without further purification. 'H NMR (400 MHz, CDCL,) §
ppm: 7.96—7.91 (m, 1H), 7.72—7.68 (m, 2H), 7.59—7.62 (m, 1H),
325 (t, 2H, J = 6.9 Hz), 2.87 (s, 3H), 2.79 (t, 2H, ] = 6.8 Hz), 1.68—
1.61 (m, 2H), 1.59—1.52 (m, 2H). *C NMR (100 MHz, CDCl;) §
ppm): 148.2, 133.6, 132.0, 131.8, 130.5, 124.1, 50.1, 40.4, 34.4, 28.2,
24.9; HR-MS (ESI) Calculated for [C,;;H;gN;0,S]*, 288.1013;
found, 288.1015.

Synthesis of 2H-K2-Pro-bleo. The 2-chlorotrityl resin (12) (500
mg, 730 umol) was washed with CH,Cl,, which was then removed.
To this resin, CH,Cl, (6.6 mL) and HCl in dioxane (4 M, 3.0 mL)
were added. After shaking for 30 min, the resin was washed with
CH,Cl, (3x 10 mL) and DMF (3x 10 mL). To the resin,
bromoacetic acid (1.0 M, 3650 uL, 730 umol) and DIPEA (636 L,
3650 umol) were added. The mixture was shaken at room
temperature for 2 h. After, the resin was washed with CH,Cl, (3 X
10 mL) and DMF (3% 10 mL). To the resin, 13 (1.049 g, 3650 ymol)
in DMF (3 mL) was added. The mixture was shaken at room
temperature for 1 h followed by washing with CH,Cl, (3 X 10 mL)
and DMF (3 X 10 mL). To the resin, a pre-mixed solution of Fmoc-L-
Pro-OH (1232 mg, 3650 umol), HATU (1388 mg, 3650 umol),
HOAt (497 mg, 3650 pmol), and DIPEA (1207 L, 7300 umol) in
DMF (10 mL) was added, and the reaction was shaken at room
temperature for 30 min. The resin was then washed with DMF (Sx
10 mL). To the resin, 20% piperidine in DMF (10 mL) was added,
and it was shaken at room temperature for 10 min. This step was
repeated. The resin was washed with DMF (5x 10 mL). This cycle
was repeated additionally. To 365 pmol of this resin, DBU (273 uL,
1825 uL) and 2-mercaptoethanol (256 uL, 3650 L) in DMF (S mL)
were added, and the mixture was shaken at room temperature for 15
min. This deprotection step was repeated once more. After, the resin
was washed with CH,Cl, (5X 10 mL) and DMF (5X 10 mL). To the
resin, a pre-mixed solution of (Ht-CO,H (6) (399 mg, 1460 umol),
DIC (113 uL, 1460 pmol), and oxyma (104 mg, 1460 pmol) was
added, and it was shaken at room temperature overnight. The resin
was washed with DMF (5 X 10 mL). To this resin, 10 mL of 30%
TFA in CH,Cl, was added. The mixture was shaken at room
temperature for 10 min. The solution was collected and concentrated.
This crude product was initially purified by HPLC (20—8% CH;CN +
0.1% TFA/H,0 + 0.1% TFA, over 60 min) to afford 17 (83.0 mg, ca.
80% purity).

Compound 17 (13.0 mg) was washed with Et,0 (3X 1 mL), and
the supernatant was removed by decantation. To a solution of this
product in DMF (181 yL), a mixture of HATU (11.0 mg, 29.0 imol),
HOAt (29.0 uL, 1.0 M in DMF, 29.0 umol), and DIPEA (21.5 uL,
130.3 umol) in DMF (181 uL) was added at room temperature. The
mixture was stirred at room temperature for 2 min. To this solution,
bleomycin AS (217.2 uL, 020 M in DMF, 43.4 ymol) was added.
The mixture was stirred at room temperature for 2 h. The mixture was
concentrated under vacuum and then purified by HPLC [step 1: 0.1
mM EDTA in water (pH 6.3) for 15 min; step 2: 100% water for 15
min; step 3: 20—80% MeOH + 0.1% TFA vs H,O + 0.1% TFA, over
90 min; and step 4: after concentrating the product in step 3, 8—58%
MeOH + 0.1% TFA vs H,O + 0.1% TFA, over 60 min] to give 2H-
K2-Pro-bleo (1.02 umol, 0.89% yield); HR-MS (MALDI):
Calculated for [C,3,H;74N35054S,]%, 2761.2704; found, 2761.2832.

Synthesis of Ac-K2-Pro-bleo. The 2-chlorotrityl resin (0.5 g,
0.73 mmol) was washed three times with CH,Cl, followed by
treatment with a mixture of 6 mL of CH,Cl, and 3.0 mL of 4 M HCl
in dioxane. After shaking for 30 min at room temperature, the resin
was washed with CH,Cl, (3x 10 mL) and DMF (3X 10 mL). To the
resin, a mixture of bromoacetic acid (1.0 M, 3.65 mL, 3.65 mmol) and
DIPEA (626 ul, 3650 mmol) in CH,Cl, (3.65 mL) were added. The
mixture was shaken at room temperature for 3 h, and then the resin
was washed with CH,Cl, (3 X 10 mL) and DMF (3 x 10 mL). To
the resin, N-(4-aminobutyl)-N-methyl-4-nitrobenzenesulfonamide
(0.525 g, 0.285 mmol) in DMF (4 mL) was added. The mixture
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was shaken at room temperature overnight followed by washing with
CH,Cl, (3x 10 mL) and DMF (3X 10 mL). To the resin, a pre-mixed
solution of Fmoc-Pro-OH (1.232 g, 3.65 mmol), HATU (1.388 g,
3.65 mmol), HOAt (0.497 g, 3.65 mmol), and DIPEA (1251 uL, 7.30
mmol)) in DMF (8 mL) was added, and the mixture was shaken at
room temperature for 30 min. The resin was washed with DMF (Sx
10 mL). After these washing steps, 20% piperidine in DMF (10 mL)
was added, and the mixture was shaken at room temperature for 10
min. The solvent was removed, and this step was repeated. The resin
was then washed with CH,Cl, (3 X 10 mL) and DMF (3 X 10 mL).
The coupling reaction with Fmoc-Pro-OH was repeated once more,
and the process was repeated as mentioned above.

After washing the resin with CH,Cl, and DMF, DBU (546 uL, 3.65
mmol) and HO(CH,),SH (511 uL, 7.30 mmol) in DMF (10 mL)
were added, and the mixture was shaken at room temperature for 15
min. This deprotection step was repeated once more. The resin was
washed with CH,Cl, (5 X 10 mL) and DMF ($ X 10 mL). To the
resin, a 1:1 solution of acetic anhydride and DIPEA (total volume 4
mL) was added, and the mixture was shaken at room temperature for
1 h. The resin was washed with CH,Cl, (5 X 10 mL) and DMF (5 X
10 mL), and then 10 mL of 30% TFA in CH,Cl, was added. The
mixture was shaken at room temperature for 10 min, and the
supernatant was collected and concentrated under vacuum. The
resultant product was purified by HPLC, and the intermediate (0.010
g, 22.8 umol), HATU (0.017 g, 45.6 umol), HOAt (6.0 mg, 45.6
umol), DIPEA (20 uL, 114 ymol), and bleomycin AS (0.05S g, 34.2
umol) were stirred at room temperature overnight. The reaction
mixture was purified using HPLC to give the target compound in a
2.1% vyield (472 nmol). HR-MS (MALDI): Calculated for
[CrsH2N»3058,]%, 1860.8367; found, 1860.8273.

Cell Lines. Compounds were tested in two cell lines that could be
differentiated into myotubes:** (i) a DM1 [1300 r(CUG) repeats]
conditional MyoD-fibroblast cell line and (ii) a WT conditional
MyoD-fibroblast cell line.

In Vitro 1Cs, Measurements. The ability of compounds to
disrupt the r(CUG)**—MBNLI complex was completed using a
previously reported TR-FRET assay’”** with minor modifications.
Briefly, S'-biotinylated r(CUG),, was folded in a 1X folding buffer
(20 mM HEPES, pH 7.5, 110 mM KCl, and 10 mM NaCl) by heating
at 60 °C for S min followed by cooling to room temperature. This
buffer was adjusted to a 1X assay buffer (20 mM HEPES, pH 7.5, 110
mM KCl, 10 mM NaCl, 2 mM MgCl,, 2 mM CaCl,, 5 mM DTT,
0.1% BSA, and 0.5% Tween- 20). Next, MBNL1-His; was added, and
the samples were incubated at room temperature for 15 min. The
compound of interest was added, and the samples were incubated for
another 15 min at room temperature. The final concentrations of
r(CUG),, and MBNLI were 80 and 60 nM, respectively. A solution
of streptavidin-XL665 and anti-Hiss-Tb antibody was then added to
final concentrations of 40 nM and 0.44 ng/uL, respectively, in a total
volume of 10 pL. The samples were incubated for 30 min at room
temperature and added to a well of a white 384-well plate where time-
resolved fluorescence resonance energy transfer was measured on a
Molecular Devices SpectraMax MS plate reader. The ratios of
fluorescence intensity at 545 and 665 nm were calculated, and ratios
in the absence of a compound and RNA were used to calculate the
percent disruption. The resulting curves were fit to eq 1 to determine
ICy, values:

A—B

y=B+ allsh
1C,, \ hillslope
1+ (—)

(1)

where y is the ratio of fluorescence intensities at 545 and 665 nm
(F545/F665), x is the concentration of a compound, B is the F545/
F665S value at the max FRET effect (the solution has RNA and protein
but no compound added), A is the FS45/F66S value at the min FRET
effect (the solution has antibodies but no RNA, protein, or
compound), and the ICg, is the concentration of a compound
where half of the protein is displaced by a compound. n = 3 replicates;
2 independent experiments.
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Affinity Measurements. The affinity of ligands for various RNAs
was measured by monitoring fluorescence intensity as a function of
the RNA concentration as previously reported.'* Briefly, nucleic acids
were folded in a 1X binding buffer (8 mM Na,HPO,, pH 7.0, 185
mM NaCl, and 1 mM EDTA) for § min at 60 °C. The solution was
cooled to room temperature, and bovine serum albumin (BSA) was
added to a final concentration of 40 ug/mL. Binding assays with
r(CUG),, were completed by titrating folded RNA into S uM of
either 2H-K2-Pro or 2H-K2-Pro-bleo in a 1X binding buffer
containing 40 pg/mL BSA. After each addition of RNA, the samples
were incubated for 1 min, and the intrinsic fluorescence intensity of
the H RNA-binding modules was measured using a BioTek FLX-800
fluorescence plate reader (excitation wavelength: 360/40 nm;
emission wavelength: 460/40 nm; sensitivity = 90). Binding assays
with r(GC)g were completed by serial dilution (1:2) of the RNA in
1X binding buffer containing 40 pg/mL BSA and either 5 yuM 2H-K2-
Pro or 5 uM 2H-K2-Pro-bleo. Samples were incubated for 30 min
before the fluorescence intensity was measured as described above.
For all experiments, plots of the concentration of the nucleic acid
versus the relative change in fluorescence were used to determine the
binding affinity. Curves were plotted in GraphPad Prism and fit using
the equation (eq 2):

¥ = (B x &)/ (ECgy + ") @)
where y is the change in fluorescence, B, is the extrapolated
maximum change in fluorescence, x is the concentration of the nucleic
acid, and 4 is the Hill slope. n = 3 replicates for rf(CUG),; n = 2
replicates for r(GC)g; 2 independent experiments.

Radiolabeling r(CUG);,. The r(CUG),, oligonucleotide was
purchased from Dharmacon and deprotected according to the
manufacturer’s standard protocol. The RNA (500 pmol) was then
§’-end-radiolabeled using [y-**P] ATP and T4 polynucleotide kinase
as previously described.' The labeled RNA was purified on a
denaturing 15% polyacrylamide gel, excised from the gel, and
extracted as previously described."*

RNA Cleavage In Vitro. The 5'-3*P-r(CUG),, radiolabeled RNA
was dissolved in 40 uL of water. A 4 uL aliquot of this solution was
diluted in 150 L of S mM NaH,PO, (pH 7.4) and folded by heating
at 95 °C for 30 s. The solution was cooled to room temperature, and
compounds were added at varying concentrations. An equimolar
amount of freshly prepared (NH,),Fe(SO,),6H,0 in S mM
NaH,PO,, pH 7.4, was then added. The solutions were incubated
at 37 °C and supplemented with additional equimolar aliquots of
(NH,),Fe(S0,),:6H,0 in S mM NaH,PO,, pH 7.4, after 30 min and
1 h. The RNA was incubated with the compounds for a total of 24 h
at 37 °C.

A T1 ladder was prepared by mixing 1 uL of radiolabeled RNA
with 30 uL of T1 Buffer (20 mM sodium citrate, pH S, 1 mM EDTA,
and 7 M urea) and heating to 95 °C for 30 s. After cooling to room
temperature, RNase T1 (3 units/uL final concentration) was added.
The samples were incubated at room temperature for 20 min, and the
reaction was stopped by adding an equal volume of 2X loading buffer
(95% formamide, 20 mM EDTA, pH 8.0). A hydrolysis ladder was
prepared by mixing 1 uL of radiolabeled RNA with 10 uL of 1x
alkaline hydrolysis buffer (50 mM NaHCO;, pH 9.2, and 1 mM
EDTA,) and heating at 95 °C for S min.

All reactions were quenched by adding an equal volume of 2X
loading buffer, and the fragments were separated on a denaturing 15%
polyacrylamide gel (70 W for 3 h in 1x TBE buffer). Gels were
imaged using aTyphoon 9410 variable mode imager (GE Healthcare
Life Sciences). Percent cleavage was quantified using QuantityOne
(BioRad). n = 2 replicates; 2 independent experiments.

Cell Culture and Compound Treatment. Conditional MyoD-
fibroblast cell lines'*** were grown in 1x DMEM growth medium
(Corning), 10% FBS (Sigma), 1% antibiotic/antimycotic solution
(Corning), and 1% Glutagro (Corning) at 37 °C, and 5% CO,. Once
cells reached ~80% confluency, fibroblasts were differentiated in
differentiation medium [1X MEM supplemented with 0.01% iron-
transferrin, 0.001% insulin (Life Technologies), and 2 pg/mL
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doxycycline (Sigma)] for 24 h. For experiments with binding
compounds, cells were treated with compounds in differentiation
medium for 48 h. For cleaving compounds, after incubating the cells
for 24 h in differentiation medium, the medium was replaced with
fresh medium lacking iron-transferrin (i.e., 1 X DMEM, 10%FBS, 1%
antibiotic/antimycotic solution, and 0.01% insulin) containing 2H-
K2-Pro-bleo, and the myotubes were incubated for an additional 48
h.

Analysis of Abundance of r(CUG)-Containing Transcripts.”*
DMI myotubes were grown in 6-well plates and treated as described
in Cell Culture and Compound Treatment. After 48 h, the cells were
lysed and the total RNA was harvested using a Zymo Quick RNA
Miniprep Kit as per the manufacturer’s protocol. Approximately 1 ug
of total RNA was reverse transcribed using a qScript cDNA synthesis
kit (20 uL total reaction volume, Quanta BioSciences), and 2 uL of
RT reactions were used for each primer pair for gPCR with a SYBR
Green Master Mix performed on a QuantStudio S real-time PCR
system. The relative abundance of each transcript was determined by
normalizing to GAPDH using the 2(7A5¢) method. n = 3 replicates; 2
independent experiments.

Evaluation of Nuclear Foci Using Fluorescence In Situ
Hybridization (FISH).?®> RNA FISH was used to determine a small
molecule’s effect on the number of nuclear foci present as previously
described.”® Briefly, DM1 patient-derived fibroblasts were grown in a
Mat-Tek 96-well glass bottom plate, differentiated, and treated as
described above with 1 M compound for 48 h. To fix the cells, the
growth medium was removed, and the cells were washed with 1X
DPBS followed by addition of 100 uL of 4% paraformaldehyde in 1X
DPBS. The cells were incubated at 37 °C for 10 min and then washed
five times with 1X DPBS at 37 °C for 2 min each. Myotubes were
permeabilized with 100 yL of 1X DPBS containing 0.1% Triton X-
100 (v/v) for S min at 37 °C followed by incubation with 100 L of
30% formamide in 2X SSC (saline sodium citrate buffer) for 10 min
at room temperature. Then, 100 yL of the FISH probe, DY547-
2'OMe-(CAG),, was added to each well to a final concentration of 1
ng/puL in 30% formamide, 2X SSC, 2 ug/uL BSA, 1 ug/uL yeast
tRNA, and 2 mM vanadyl complex, and the myotubes were incubated
at 37 °C overnight. The cells were then washed with 100 yL of 30%
formamide in 2X SSC buffer at 37 °C for 30 min followed by washing
with 100 uL of 2X SSC buffer at 37 °C for 30 min. MBNL1 was
imaged by adding 20 uL of 1:100 anti-MBNL1 (EMD Millipore,
#MABE70) in 2X SSC and incubating the cells at 37 °C for 1 h. The
cells were washed three times with 100 uL of 0.1% Triton X-100 (v/
v) in 1x DPBS for S min at 37 °C followed by incubation with a
1:200 dilution of anti-mouse IgG Dylight 488 conjugate (Thermo
Scientific) in 2X SSC at 37 °C for 1 h. After washing three times with
100 uL of 1xX DPBS containing 0.1% Triton X-100 (v/v) at 37 °C for
S min, the cells were washed with 1X DPBS for § min at 37 °C.
Nuclei were stained by incubating with 100 L of 1 pg/mL DAPI for
S min at 37 °C. The cells were then washed with 1X DPBS twice and
imaged in 100 L of 1X DPBS using an Olympus Fluoview 1000
confocal microscope at 100X magnification. The number of foci were
counted in 40 nuclei/replicate (120 total nuclei counted); n = 3
replicates; 1 independent experiment.

Evaluation of MBNL1 Splicing by RT-qPCR. Myotubes were
grown in 6-well plates and were treated as described in Cell Culture
and Compound Treatment. After 48 h, the cells were lysed, and total
RNA was harvested using a Zymo Quick RNA Miniprep Kit.
Approximately 1 pug of total RNA was reverse transcribed using a
qScript ¢cDNA synthesis kit (20 uL total reaction volume, Quanta
BioSciences). A 2 uL aliquot of the RT reactions was used for each
primer pair for qPCR with SYBR Green Master Mix performed on a
QuantStudio S real-time PCR System. Relative abundance of MBNLI
exon 5 was determined by normalizing to GAPDH. The percent
rescue was calculated according to eq 3. n 3 replicates; 2
independent experiments.
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Y%rescue
_ Exon S relative abundance DM1 — Exon $ relative abundance treated
Exon § relative abundance DM1 — Exon S relative abundance WT
X 100 (3)

Evaluation of Alternative pre-mRNA Splicing by RT-PCR.
Myotubes were grown in 6-well plates and were treated as described
in Cell Culture and Compound Treatment. Alternative pre-mRNA
splicing was assessed as previously described.”® Briefly, after 48 h, the
cells were lysed, and the total RNA was harvested using a Zymo
Quick RNA Miniprep Kit. Approximately 1 ug of total RNA was
reverse transcribed using a qScript cDNA synthesis kit (20 uL total
reaction volume, Quanta BioSciences); 2 uL of the RT reaction was
used in PCR amplification reactions with GoTaq DNA polymerase
(Promega). RT-PCR products for MAP4K4 RT-PCR products were
observed after 35 cycles of 95 °C for 30's, 58 °C for 30's, 72 °C for 1
min, and a final extension at 72 °C for S min. Products were separated
on a 2% agarose gel stained with ethidium bromide (110 V for 1 hour
in 1x TBE buffer) and visualized using a Typhoon 9410 variable
mode imager. Gels were quantified using Image]. Primer sequences
are provided in Table S1.n =3 reglicates; 2 independent experiments.

Evaluation of y-H2AX Foci.”®> DNA damage induced by small
molecules was assessed by imaging y-H2AX, a known marker of DNA
double strand breaks.* Briefly, DM1 myotubes were grown, fixed,
and washed as described in the Evaluation of Nuclear Foci Using
Fluorescence In Situ Hybridization section. After washing with 2X
SCC for 30 min at 37 °C, cells were incubated with a 1:500 dilution
of anti-y-H2AX (Abcam) at 37 °C for 1 h. The myotubes were then
washed three times with 1X DPBS containing 0.1% Triton X-100 (v/
v) for S min at 37 °C, followed by incubation with a 1:200 dilution of
a goat anti-mouse IgG-DyLight 488 conjugate (Thermo Scientific) at
37 °C for 1 h. After washing three times with 1X DPBS containing
0.1% Triton X-100 (v/v) and twice with 1X DPBS for 5 min at 37 °C,
nuclei were stained with DAPI (1 ug/mL). Cells were imaged in 1X
DPBS using an Olympus Fluoview 1000 confocal microscope at 100X
magnification. The number of y-H2AX foci was counted in 40 nuclei/
replicate (120 total nuclei counted over three biological replicates). n
= 3 replicates; 1 independent experiment.

Evaluation of Subcellular Localization by Fluorescence
Microscopy. DM1 myotubes were grown in a Mat-Tek 96-well glass
bottom plate, differentiated, and treated as described above. Cells
were then treated with compounds 2H-K2-Pro or 2H-K4NMeS (at S
uM). After 24 h, the growth medium was removed, and the cells were
washed twice with 100 uL of 1 X DPBS and imaged in 100 uL of
Gibco FluoroBrite DMEM using an Olympus Fluoview 1000 confocal
microscope at 100X magnification. n = 3 replicates; 1 independent
experiment.

Evaluation of Cellular Permeability. DM1 myotubes were
grown in Mat-Tek 96-well glass bottom plates, differentiated, and
treated with § yM 2H-K2-Pro or 2H-K4NMeS as described above
for 24 h. Cells were then washed with 100 yL of 1X DPBS and lysed
in 30 uL of RNA Lysis Buffer from a Zymo Quick RNA Miniprep Kit.
Intrinsic fluorescence intensity of the RNA-binding modules was
measured using a BioTek FLX-800 fluorescence plate reader
(excitation wavelength: 360/340 nm; emission wavelength: 460/440
nm; sensitivity = 90), and concentrations of compound were
extrapolated to standard curves of 2H-K2-Pro or 2H-K4NMeS
spiked into untreated cell lysate. n = 6 replicates; 2 independent
experiments.

SMILES and Physicochemical Properties. Marvin was used for
generating SMILES and for calculating the physicochemical proper-
ties, Marvin 20.8.0, ChemAxon (https://www.chemaxon.com).
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Dataset 1: simplified molecular-input line-entry system
(SMILES) notation for each compound and their
associated physical properties (CSV)
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Abstract

The ENCODE and genome-wide association projects have
shown that much of the genome is transcribed into RNA and
much less is translated into protein. These and other functional
studies suggest that the druggable transcriptome is much
larger than the druggable proteome. This review highlights
approaches to define druggable RNA targets and
structure—activity relationships across genomic RNA. Binding
compounds can be identified and optimized into structure-
specific ligands by using sequence-based design with various
modes of action, for example, inhibiting translation or directing
pre-mRNA splicing outcomes. In addition, strategies to direct
protein activity against an RNA of interest via chemically
induced proximity is a burgeoning area that has been validated
both in cells and in preclinical animal models, and we describe
that it may allow rapid access to new avenues to affect RNA
biology. These approaches and the unique modes of action
suggest that more RNAs are potentially amenable to targeting
than proteins.
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Introduction

Although ~80% of the human genome is transcribed
into RNA, only 1% is translated into protein [1],
suggesting that there are more opportunities to affect
biology at the transcriptional level (Fig. 1). Furthermore,
RNA has diverse functions tied to its structure [2],

including regulating pre-mRNA splicing outcomes [3],
cellular localization [4], phase separation [5], and
microRNA (miRNA) biogenesis [6,7]. Indeed, RNA-
targeting  oligonucleotide-based  modalities  have
garnered Food and Drug Administration (FDA)
approval, including those that target RNAs associated
with central nervous system disorders such as spinal
muscular atrophy (SMA) [8] and liver disease [9].
Although these medicines have transformed patients’
lives, their transcriptome-wide implementation has
been limited to tissues readily amenable to oligonucle-
otide targeting, that is, direct delivery to the central
nervous system, liver, or kidney.

Highly structured regions in RNA are often functional
[10], and the three-dimensional shapes they adopt could
provide small-molecule binding pockets [11], occupied
by compounds with complementarity of size, shape,
stacking, and charge. Although there are challenges
associated with small-molecule targeting of RNA, small
molecules can be penetrant to a variety of tissues, and
often, lead compounds can be medicinally optimized to
enhance target engagement [12] and minimize subop-
timal features [13]. Herein, we discuss lead drug and
chemical probe discovery against RNA targets on a
genome-wide scale to elicit effects on the proteome
(Table 1): downregulation of ‘undruggable’ proteins by
targeting RNA structures in untranslated regions, upre-
gulation of proteins by targeting miRNAs that repress
their expression, and altering the ratio of protein isoforms
by influencing pre-mRNA splicing outcomes. Collec-
tively, targeting RNA structures with small molecules can
indeed be an effective way to study and control biology.

Drug discovery on a genome-wide scale
Defining small-molecule binding landscapes for RNA
structures

Targeting RNA with small molecules is not without its
challenges, particularly garnering sufficient selectivity
and potency to elicit a biological outcome. Selectivity is
a composite of (i) the selectivity of the small molecule
for the desired RNA structure, (ii) the presence of that
structure elsewhere in the transcriptome, (iii) the
relative expression levels of all targets with said struc-
ture, and (iv) the structure’s functionality. We devel-
oped a method, two-dimensional combinatorial
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Disparity in drug development against protein and RNA targets. The
human genome, transcriptome, and proteome are shown to scale, with
current clinical targets [1] highlighted as a small slice (bright red) of the
druggable proteome. Current RNA therapeutics, including antisense oli-
gonucleotides, currently account for ~1% Food and Drug Administration
(FDA)-approved therapies, shown to scale as a purple pixel within all
FDA-approved small molecules.

screening (2DCS), that studies the binding capacity and
selectivity of small molecules for RNA structures,
defining binding landscapes and structure—activity re-
lationships on a transcriptome-wide scale. Coupling
2DCS with the accurate modeling of the RNA’s struc-
ture from sequence [14—17] has enabled the develop-
ment of small molecules against RNA targets on a
genome-wide scale.

2DCS probes the binding potential of small molecules
against a library of discrete RNA structures, wherein
compounds from a chemical library are immobilized onto
functionalized agarose microarrays. RNA structures that
bind a small molecule are identified by high-throughput
RNA sequencing (RNA-seq). The resulting RNNA-seq
data are analyzed to calculate the statistical confidence
in the enrichment of RNA structures from a 2ZDCS se-
lection vs. the starting RNA pool (library) [18]; that is,
the analysis accounts for biases that may arise during
in vitro transcription to generate the RNA library, reverse
transcription, polymerase chain reaction amplification,
and sequencing. Statistical confidence is a metric of
binding fitness, including both affinity and selectivity.
Logos [19] and Diffl.ogos [20] can then be used to
visualize privileged sequences and relate structural
similarities and differences between molecules, eluci-
dating structure-activity relationships (SAR).

SAR on a transcriptome-wide scale
Fortuitously, RNA secondary structure can be readily
and accurately modeled from sequence. RNA's limited

number of building blocks and the large contribution of
base pairing energy to its stability enable rapid second-
ary structure prediction. This ability to model RNA
structure facilitates mapping of potential small-mole-
cule binding pockets across the transcriptome and
insight into compound selectivity, a function of the
number of structures that a compound binds, its relative
affinity for each, and the presence of these structural
elements across the transcriptome. Notably, the folding
landscape for RNA can be dynamic, wherein intercon-
version between states is necessary for function in some
cases [10]. Although labor-intensive, RNA conforma-
tional dynamics can be modeled and used to identify
lead molecules, as demonstrated with a dynamic
ensemble of HIV trans-activation response element
(TAR) RNA [11]. Likewise, Hong et al [21] and Dohno
and Nakatani [22] have exploited the base pairing pro-
pensity of unpaired and dynamic RNA structures by
developing ligands to induce higher order interactions
within target RNAs.

To integrate RNA structure prediction and small-
molecule design on a transcriptome-wide scale, our
laboratory has developed a pipeline named Inforna
[23,24]. This pipeline starts with computational pre-
diction of the target RNA's secondary structure based
on its genomic sequence alone, which can be further
refined by analyzing sequence conservation [25] and by
experiment [26]. The structures within an RNA target
are then compared with the RNA structure—small
molecule interactions identified by 2DCS or other
methods. In the following section, we describe how a
fundamental understanding of the molecular recogni-
tion of RNA structures by small molecules enables the
development of compounds with various modes of
action (MOAs) that influence the content of the pro-
teome (Table 1).

Affecting RNA biology: binding small
molecules

As coding and noncoding RNAs adopt 3D folds that
influence their biological roles, there are likely many
ways to modulate their function. This section describes
how simple binding compounds can alter cellular pro-
tein content by various mechanisms (Fig. 2).

RNA repeat expansions

Microsatellite disorders are a class of more than 40
inherited diseases [27] caused by RNA repeat expan-
sions, perhaps ideal targets for small molecules. In
general, repeat length is correlated with disease onset
and/or severity, and disease mechanism is dependent on
the location of the repeat within the transcript. Once
the repeat expansion reaches a pathogenic length, which
is unique to each disease, the RNA folds into a periodic
array of loops that form small-molecule binding pockets.
These pockets are absent in transcripts lacking the
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RNA structure—function relationships. Hubs, or regions, of RNA structure are essential for many cellular processes [10] and provide targetable sites for
small-molecule binding. Shown are a subset of important RNA structural motifs and their associated biological processes, both in health and disease.
RNA-binding molecules, shown in dark blue, have been developed to target a number of these structures and alter their function. Primary and precursor
miRNA structures are shown on the bottom right, which are recognized by the miRNA biogenesis machinery by their specific structural motifs and the

distances between them. Inc, long noncoding.

repeat expansion, and the structural differences be-
tween pathogenic and short repeats afford the possi-
bility of developing allele-specific small molecules.
Furthermore, the repeating nature of these 3D struc-
tures enables the design of dimers that bind two adja-
cent loops simultaneously, which increases affinity,
specificity, and potency [28,29]. Notably, repeat ex-
pansions, owing to the highly thermodynamically stable
structures that they form, are not amenable to antisense
oligonucleotide (ASO) targeting, which are not allele
specific as they recognize the repeat sequence present
in both mutant and wild-type alleles as well as in other
transcripts.

The loops formed by RNA repeat expansions can be
toxic via gain-of-function mechanisms, such as binding
and sequestration of RNA-binding proteins. Such is the
case in myotonic dystrophy 1 [DMT1; r(CUG)®*P] and
myotonic dystrophy type 2 [r(CCUG)*P], the two most
common forms of adult-onset muscular dystrophy.
Indeed, many laboratories have developed ligands that
bind r(CUG)*P, although some have mixed MOAs. In
carly work, the Miller lab used a dynamic combinatorial
screening method to identify compounds that bind a
model of r(CUG)®*P [30], while Nakatani [31] and
Zimmerman [32,33] laboratories synthesized dimeric
compounds to bind r(CUG)®* and inhibit the seques-
tration of MBNL1. A peptide has also been developed to
bind r(CUG)®* and alleviate defects in a Drosophila
model of DM1 [34].

A dimer that binds two adjacent loops in r(CUG)®*
developed by our laboratory is allele selective, occupying
the target in DMT1-affected cells while not affecting
mRNAs that contained these shorter repeats [35]. This
selectivity can be traced to the lack of structure adopted
by short repeats in their corresponding transcripts [29].
The dimer was later appended with bleomycin [36,37],
affording a chimeric molecule that cleaved the mutant
allele selectively over short repeats found in the wild-
type allele and other transcripts in patient-derived
muscle cells and in a mouse model with no detectable
off-targets [38].

This notion that expanded repeats can be selectively
targeted by small molecules over short, nonpathogenic
repeats has been explored for other repeat expansions
[39], for example, r(CAG)*, which causes
Huntington disease [40—43]; r(CGG)*P, associated
with fragile X syndrome and fragile X-associated tremor/
ataxia syndrome [44—47]; and r(G4C;)“*?, which causes
C9orf72 frontotemporal dementia and amyotrophic
lateral sclerosis (c9ALS/FTD). The latter repeat has
been shown to adopt various structures [48—50] (an
array of internal loops and G-quadruplexes) that have
been targeted with small molecules for therapeutic
benefit [45,50—52].

MicroRNAs
Small, but highly structured, miRNAs suppress trans-
lation of complementary mRNAs, acting as genetic
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‘dimmer switches.” Expression levels of a subset of
proteins can therefore be tuned by modifying miRNA
abundance, that is, miRNA biogenesis. Primary and
precursor miRNAs form well-defined structures that are
recognized by processing enzymes, affording the mature
miRNA. Small molecules that bind structures located in
processing sites and thus inhibit miRNA biogenesis have
been discovered through various methods, including
microarrays [53] and a click chemistry approach that
assays for Dicer inhibition [54]. The Duca lab devel-
oped aminoglycoside conjugates and polyamines to show
specific interaction with miR-372 [55,56], while many
studies have focused on inhibiting the biogenesis of
miR-21 [57—63] as its upregulation has been linked to
cardiovascular disease, fibrosis, and many cancers.

The structures embedded in miRNA processing sites
are not always unique in the transcriptome. In the
following paragraphs, we describe the lead optimization
of a small molecule that binds a structural element
found in the Dicer processing sites of two different
miRNAs, miR-421 and miR-377, to create a miR-377—
selective inhibitor (Fig. 3) [64]. The lead molecule for
the two Dicer sites was generated from the RNA-
binding preferences of AstraZeneca’s small-molecule
library, as determined by 2DCS. As expected, the lead
molecule occupies both miRNAs in cells similarly and
hence inhibits their biogeneses to similar extents.
Target occupancy was studied by Chemical Cross-
Linking and Isolation by Pull-down (Chem-CLIP), in
which the RNA-binding small molecule is functional-
ized with a cross-linking module. RNAs cross-linked to
the Chem-CLIP probe are isolated by cells and analyzed

Figure 3

by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) or RNA-seq.

Thus, the question at hand was if the lead molecule
could be optimized in facile fashion to selectively
inhibit miR-377. Careful inspection of pre-miR-377 and
pre-miR-421 revealed a structural feature unique to
pre-miR-377, which fortuitously was nearby the Dicer
site and could be exploited to enhance selectivity.
Inforna identified a compound that binds the unique
site, and tethering the two binding fragments together
(a heterodimer) afforded selective inhibition of miR-
377 biogenesis, as determined by miRNome-wide
profiling and proteomics studies. Importantly, compet-
itive Chem-CLIP studies, in which cells are cotreated
with the Chem-CLIP probe and parent compound,
showed that the pre-miR-377 target, but not pre-miR-
421, was occupied.

Collectively, these studies show that degeneracy in RNA
structural motifs in the genome does not preclude the
development of selective small molecules that induce a
biological effect. The combination of RNA structure
modeling and small-molecule binding preferences, in
the form of binding landscapes, can inform lead mole-
cules and identify degenerate sites in the transcriptome.
Furthermore, this degeneracy can be alleviated by
exploiting structural differences in the RNAs with the
degenerate site. Although these chimeric molecules lie
outside traditional oral bioavailability guidelines, such as
the Lipinski Rule of Five [65], there is growing evidence
that therapeutic small molecules can indeed deviate
from these standards.
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Two-dimensional combinatorial screening and fragment assembly of RNA-binding small molecules. The RNA’s sequence can be combined with folding
simulations to reveal important structural motifs across the transcriptome. To demonstrate that binding preferences can inform design of a selective small-
molecule inhibitor, a degenerate Dicer site in pre—miR-377 and pre—miR-421 was used as a test case. A structural feature unique to miR-377 was
exploited, affording a dimer that binds the degenerate and unique site simultaneously, abrogating binding and activity against pre—miR-421.
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Compounds from highlighted references.

10A + miR-21 differences {miRNA

Compound name {reference number} Chemical structure RNA target {disease} Potency (ECsp) or Selectivity {off-target} Structure Development stage
change {cell line or
model}
Risdiplam {8/83/85} SMN2 splicing {SMA} 4 nM (EC4 5x) 16.75 nM {FOXM1 Yes FDA approved
{fibroblasts derived splicing}
from patients with
SMA}
Pyrido[2,3-d]pyrimidine {29} r(CUG) {DM1} **Foci reduction {cells of NR MD only NA
patients with DM1}
DB1246 {49} 1(G4C2)®*® {c9ALS/FTD} **Foci reduction {iPSC NR No NA
cortical neurons}
bPGN {70} Pre—miR-21 {colorectal 0.035 + 0.003 uM (Glsg) >10 uM {CRL-1790: No NR
cancer} {HTC-116: colorectal normal colon}
cancer cells }
Compound 5 {95} [ >‘/\© MALAT triple helix ***Branching No significant MD only NR
i {metastasis and morphogenesis differences {Neat1}
- proliferation} {MMTV-PyMT tumors}
0
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4©_</ O negative breast

cancer}

transfection} profiling}

DM1, myotonic dystrophy 1; MALAT, metastasis-associated lung adenocarcinoma transcript; SMA, spinal muscular atrophy; miRNA, microRNA; NA, not applicable; NR, not reported; FDA, Food and Drug

Administration; iPSC, induced pluripotent stem cell; MD, molecular dynamics simulation; **, P < 0.001; ***, P < 0.001
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Chemically induced proximity expands the mode of action of RNA-
targeted small molecules. Using computational prediction and a fully
functionalized fragment (FFF) screening strategy, structure-specific
dimeric molecules can reveal RNA function and downstream networks
(red binding sites), for example, the inhibition of miR-377 biogenesis [64].
In addition, induced proximity can be used to alter RNA lifetime (degra-
dation by RNase L or TUTase) [62,85] or change its sequence using
editing enzymes such as ADAR (green), which could change the
sequence of the encoded protein or alter splice site selection. Collectively,
induced proximity has the potential to impart new modes of action for
RNA-targeting small molecules. ADAR, adenosine deaminase that acts
on RNA; RNase, ribonuclease; TUTase, terminal U transferase.

Targeting pre-mRNA splicing with RNA-binding
compounds, molecular glues that stabilize
RNA-protein complexes

Small molecules can also affect the protein isoform
generated from an mRNA by affecting alternative pre-
mRNA splicing, with important proof-of-concept
studies demonstrated with oligonucleotides [66]. The
most extensive efforts have centered on alleviation of
SMA, culminating in therapies such as risdiplam [8]. In
SMA, the survival motor neuron 1 (SMNT1) gene is
defective, resulting in loss of SMN1 protein. Fortu-
itously, humans have a second SMN gene, SMN2, that
varies by a single nucleotide, or single nucleotide poly-
morphism (SNP). This SNP changes SMIN2’s splicing
pattern, causing exon exclusion and producing a protein
isoform with a reduced half-life. Risdiplam directs the
splicing of the SMN2 gene to include SMNZ exon 7,
affording the stable protein isoform that can compensate
for loss of SMN1 [67].

Small molecules that influence splicing have been most
commonly discovered by phenotypic screens and
generally act by stabilizing RNA-protein interfaces [68].
More recently, drug/probe discovery efforts have
focused on RNA-specific screening, as was the case for

the discovery of the ‘5’ splice site bulge repair’ com-
pound that directs the inclusion of SMN2 exon 7 [69].

Small molecules can also influence the protein isoforms
generated from a transcript by effecting exon exclusion,
as demonstrated for microtubule-associated protein tau
(MAPT) [70—72]. In frontotemporal dementia with
Parkinsonism-17, a splice site mutation enhances the
interaction of a regulator element in MAPT with Ul
snRNA, causing inclusion of exon 11 and an aggregation-
prone protein isoform [73]. Small molecules that stabi-
lize the mutated structure facilitate exon exclusion,
shifting splicing toward the protein isoform that does
not aggregate [70].

Targeting internal ribosome entry sites and G-
quadruplexes

Small molecules can also alter the proteome by binding
and occluding important structures in the encoding
transcript that regulate protein expression. In particular,
targeting internal ribosome entry sites sallows for gene-
specific regulation of translation, for example, the in-
ternal ribosome entry site in ¢-MYC [74]. Likewise,
inhibition of translation can be achieved by stabilization
of other structures in the 5 untranslated region (UTR),
preventing cap-dependent translation. Of these UTR
targets, G-quadruplex (G4) structures are often
targeted as they are incredibly stable and are found in
oncogenes KRAS [75], metalloproteinase 10 [76],
NRAS [77], telomeric repeat-containing RNA [78,79],
and others.

Small molecules that target metastasis-associated
lung adenocarcinoma transcript 1, a long noncoding
RNA

Long noncoding (Inc) RNAs are an emerging class of
targets with a diverse array of functions, including
epigenetic regulation, polycomb formation, nuclear
localization, and others. A notable Inc RNA target,
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), causes tumorigenesis by forming a highly
stable triple helix structure that enables nuclear locali-
zation and results in constitutive function. Indeed, small
molecules that bind the triple helix reduce oncogenic
potential [80].

Genome-wide design: fully functionalized
fragments

Fragment-based drug discovery has been a key tech-
nology in the protein-targeting field. Unlike traditional
screemng methods of large small-molecule libraries
(~10%4), fragment- based approaches use a much
smaller number (~10 ) of low-molecular-weight com-
pounds. Indeed, a recent study combined fragment-
based ligand discovery with a cross-linking and mass
spectrometry strategy that uses fully functionalized
fragments (FFFs) equipped with an alkyne and a
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photoreactive diazirine [81]. The strategy enabled
study of target specificity for each fragment in living
cells and allowed for optimization of highly homologous
proteins while reducing the resources required for
fruitful screening efforts.

This FFF screening strategy was applied to RNA targets
using pre-miR-21 as a test case. In brief, the library was
screened in the presence of a previously developed
Dicer site—binding molecule to identify FFFs that bind
other sites on the target RNA [82]. One FFF bound
cooperatively with the RNA-binding module, the teth-
ering of which afforded a low-molecular-weight dimer
with improved affinity and specificity over its individual
counterparts, validated by experiments that measured
RNA target occupancy in cells and RNA-seq. Collec-
tively, these studies provide a facile route to lead
molecule optimization without substantially increasing
the molecule’s molecular weight and hence maintaining
druglikeness.

Moving forward, the cellular screening of FFFs against
RNA could enable rapid targeting of functional sites in
the RNAs structure, simplifying the pipeline for
transcriptome-wide targeting of RNA; that is, func-
tionalized fragment screening of RNA targets
strengthens structure-based targeting platforms by
directly mapping small-molecule binding.

Affecting RNA biology: induced proximity

In addition to inhibiting RNA function through
structure-specific  targeting of tandem binding
pockets, fragment assembly has enormous potential to
enable design of small molecules with MOAs outside
simple binding; that is, a structure-specific RNA-
binding fragment can be coupled to a fragment that
recruits enzymes or proteins that act on RNA,
referred to as induced proximity. Originally developed
for protein-targeted ligands by recruiting ubiquitin
transferase [83] to target proteins for degradation,
‘protein targeting chimeric molecules,” or PROTACs
[84], were adopted for targeted RNA-induced
degradation and similarly named ‘ribonuclease
targeting chimeras’ or RIBOTAGs [62,85,86]. These
chimeric molecules comprise an RNA-targeting
molecule attached to a molecule that selectively re-
cruits ribonuclease (RNase) L to the desired RNA
target. A miR-21—targeting RIBOTAC had enhanced
activity and selectivity as compared with the parent
binding molecule and selectively altered the prote-
ome, short-circuiting oncogenic molecular pathways
in triple-negative breast cancer cells and a mouse
model of triple-negative breast cancer. The observed
enhancement in selectivity was likely the combined
effect of the RNA binder and the inherent substrate

preferences of the RNase. A recent study showed that
selectivity could be engineered into a promiscuous
protein-binding small molecule by its conversion into
a PROTAC [87]. Overall, these proof-of-concept
studies of induced proximity directed at RNA tar-
gets illustrate the ability to recruit a cellular factor
with desired function to a specific RNA using a small
molecule. Importantly, induced proximity eliminates
the requirement of RNNA-targeted small molecules to
bind functional sites. Although not induced proximity,
a recent study showed that a bifunctional small
molecule comprising an RNA binder and an inhibitor
of Dicer blocked miR-21 biogenesis [88], an inter-
esting approach that could be applied to other
miRNAs.

Induced proximity has immense potential as other
cellular factors could be recruited to specific RNA
structures with a chimeric small molecule, expanding
possible compound MOAs (Fig. 4). For example,
induced proximity could be used to introduce site-spe-
cific modifications by recruiting adenosine deaminases
that act on RNA (ADARs), supported by studies in
which a guide RNA, delivered by an adeno-associated
virus (AAV) vector, specifically edited an RNA target
[89]. RNA lifetime could be altered by recruiting the
polyadenylation machinery, deadenylating enzymes,
terminal U transferase (‘T'UTase) which targets an RNA
for degradation, decapping enzymes, and so on. Induced
proximity could unveil exciting new functions for RNA
and further our understanding of RNA biology for
therapeutic benefit.

Summary and outlook

There is vast potential to alter the proteome by
targeting RNA, not only for RNA-related diseases but
also for ‘undruggable’ proteins. RNA’s limited number
of building blocks and diverse folding landscapes
come with unique and challenging problems. How-
ever, its hierarchical folding and the accurate
modeling thereof can be exploited to design lead
molecules. With additional methodology such as
Chem-CLIP and Chem-CLIP Fragment Mapping
(Chem-CLIP-Frag-Map), small-molecule specificity
can be directly measured in cells, validating the target
and informing off-target effects. These methodolo-
gies can be synergistically combined into a platform
for drugging the RNA transcriptome by sequence
alone.

As genome-wide association studies provide a stream
of RNA targets, many questions remain, such as how
relatively small changes in sequence or repeat length
cause large changes in structure [90], the uniqueness
of RNA structures throughout the transcriptome, if
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small molecules can lock dynamic structures in a
cellular RNA into a single conformation, and so on.
Induced proximity could be an invaluable tool for
future RNA research. While initial work demon-
strated that removing a specific RNA through the
recruitment of an RNase is indeed feasbile, induced
proximity could provide a more extensive under-
standing of RNA localization, modification, lifetime,
and epigenetic effects. Indeed, recent studies on
RNA methylation [91] and sequence modification
[89] illustrate its biological diversity. As we anticipate
the discovery of new and important RNA functions,
we believe that RNA-targeted therapies will become
a pillar of small-molecule development.
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Discovery of new probes with optimized potency

ABSTRACT: RNA contributes to disease pathobiology and is an important therapeutic target. The downstream biology of disease-
causing RNAs can be short-circuited with small molecules that recognize structured regions. The discovery and optimization of small
molecules interacting with RNA is, however, challenging. Herein, we demonstrate a massively parallel one-bead-one-compound
methodology, employed to optimize the linker region of a dimeric compound that binds the toxic r(CUG) repeat expansion
[r(CUG)™®] causative of myotonic dystrophy type 1 (DM1). Indeed, affinity selection on a 331,776-member library allowed the
discovery of a compound with enhanced potency both in vitro (10-fold) and in DM1-patient-derived myotubes (S-fold). Molecular
dynamics simulations revealed additional interactions between the optimized linker and the RNA, resulting in ca. 10 kcal/mol lower
binding free energy. The compound was conjugated to a cleavage module, which directly cleaved the transcript harboring the
r(CUG)®® and alleviated disease-associated defects.

KEYWORDS: RNA, small molecule targeting, repeat expansion, targeted degradation, one-bead-one-compound,
myotonic muscular dystrophy

! I T argeting RNA with synthetic molecules was long thought (GASS), with implications for the treatment of type 2 diabetes

to be challenging because of RNA’s limited local diversity mellitus.”®> The application of combinatorial methods to
from only four nucleotides and its flexible and dynamic nature. disease-causing RNAs enables the discovery of novel chemical
Many RNAs, however, adopt stable three-dimensional (3D) probes and optimization of ligands targeting these RNA
structures, which are potential binding sites for small structures in a massively parallel fashion.
molecules."™® The discovery of selective small molecules One class of toxic RNAs is repeat expansions that cause
targeting disease-causing RNA has historically been accom- greater than 40 genetic diseases including myotonic dystrophy
plished through selection methods” or in various targeted type 1 (DM1). DML is caused by a r(CUG) repeat expansion
screens for specific RNA structures.”” Suitable RNA targets for [r(CUG)“*] located in the 3’ untranslated region (UTR) of

. . . . 24
small molecules were identified in a myriad of diseases, such as the dystrophia myotonica protein kinase (DMPK) mRNA.
10,11 DML is an incurable neuromuscular disease with a prevalence

cancers caused by oncogenic microRNA (miR)-21 or
of ~1 in 8000 people. Those afflicted with DM1 have

spinal muscular atrophy.'” To identify and optimize novel : )
chemical matter targeting toxic RNA structures, robust symptoms. Fhat include muscle V\{eakn.ess anc.i myotozr;uzaé heart
abnormalities, cataracts, and insulin resistance.””"” The

combinatorial methods are required. Advanced combinatorial
chemistry methods, such as DNA-encoded libraries,"*~'® one-

bead-one-compound (OBOC) libraries,"”"* phage display,'”*’ Special Issue: RNA: Opening New Doors in Medicinal | "t e
and affinity selection mass spectrometry,”””> have been Chemistry

successfully applied to proteins and can be adapted for RNA. Received: January 13, 2021

For example, Patel and co-workers reported a one-bead-two- Accepted: February 23, 2021

compounds (OBTC) strategy to discover macrocycles Published: March 2, 2021

targeting the long noncoding RNA growth arrest specific S
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A. r(CUG)*xr as a therapeutic target in DM1
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Figure 1. Small molecule targeting approach for the toxic RNA repeat expansion, r(CUG)®?, that causes myotonic dystrophy type 1 (DM1). (A)
Toxic r(CUG)®? present in the 3" UTR of the DMPK mRNA sequesters MBNLI protein, a regulator of alternative pre-mRNA splicing, with high
affinity, leading to splicing defects. (B) Modularly assembled RNA-binding modules bind with high affinity to r(CUG)®?, liberating MBNL1 and
rescuing DM1-associated splicing defects. (C) Chemical structure of the S’CUG/3’GUC [loops present in r(CUG)*?] RNA-binding module used

in this study. (D) Chemical structure of a previously developed dimeric compound that rescues DM1-associated defects, 2H-4. 2H-4 was used as a
starting point to develop the OBOC methodology described herein.
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Figure 2. OBOC library and screening method to optimize dimeric compounds targeting r(CUG)®®. (A) Chemical structure of the library, with
R,_, indicating variable residues. (B) Building blocks incorporated to generate the chemical diversity of the 331,776-member library. (C) Screening
workflow using compounds supported on 90 um Tentagel beads. (1) Incubation with biotinylated r(CUG),,; (2) magnetic pull-down using

streptavidin-coated Dynabeads; (3) bead isolation and cleavage; (4) hit structure deconvolution by tandem mass spectrometry. (D) Hit triage of
the 142 hits by enrichment score and nuclear localization in DM1 myotubes.
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r(CUG)®? folds into a highly structured hairpin, the stem of
which comprises a periodic array of 5'CUG/GUC 1 X 1
internal loops. These loops bind and sequester the pre-mRNA
splicing regulator muscleblind-like 1 (MBNL1) protein as well
as other RNA-binding proteins in nuclear foci (Figure 1A).
Sequestration of MBNLI1 by r(CUG)®? prevents its interaction
with its natural substrates, therefore leading to dysregulation of
alternative pre-mRNA splicing and manifestation of dis-
ease.”””" Different types of modalities can bind to r(CUG)®®
and improve disease defects in DMaI-affected cells,” "
including monomeric small molecules,”’ ™ modularly as-
sembled dimeric compounds that occupy multiple internal
loops simultaneously,””** pseudopeptides,” and small mole-
cules that cleave r(CUG)®®.*® These compounds were
discovered by various approaches, such as a bead-based
screening method called resin-bound dynamic combinatorial
chemistry” and by fragment-based target-guided synthesis.”*

Our group has previously reported the modular assembly of
RNA-binding modules targeting consecutive 5'CUG/GUC 1
X 1 internal loops to disrupt the toxic MBNL1—r(CUG)*?
complex and improve DMIl-associated defects (Figure
1B,C).”” A dimeric compound named 2H-4 was built by a
N-propylglycine peptoid bridge to separate the binding
modules at a specific distance to enable simultaneous binding
(Figure 1D). Efforts to improve the binding affinity and
potency of 2H-4 have involved changing the nature of its
backbone including an N-methyl alanine linker,”® a proline
linker,”” and macrocyclization.”” These modifications have
improved binding affinity and cellular activity; however, thus
far, the optimization of the linker between RNA-binding
modules has not been attempted on a large scale.

Peptoids, oligomers of N-substituted glycine building blocks,
offer access to a large chemical diversity by simple
incorporation of primary amine building blocks. Further,
peptoids have desirable pharmacological properties, such as
cellular permeability and resistance to proteolytic degrada-
tion."""*> As their syntheses are fully compatible with OBOC
library approaches,” we envisioned a simple method to
introduce a wide variety of functional groups in the linker
domain of 2H-4, which is described herein.

Briefly, the OBOC library was synthesized on 90 um
Tentagel microbeads with four variable positions between the
two 5’CUG/GUC internal loop binding modules, as this is the
optimal linker length identified from previous studies (Figure
2A).*® A peptide tag, BBRGYM, was incorporated at the C-
terminal of each compound, allowing release from the beads by
selective cyanogen bromide (CNBr) cleavage of the M residue
for facile deconvolution of compound identity by tandem mass
spectrometry (MS—MS). Indeed, fragmentation of the amide
bonds generates a mass ladder that represents the nature of the
different building blocks and their sequential order in the
compound. The peptide tag provides a known starting point in
the MS—MS spectrum from which unknown building blocks
are identified. A set of 24 different building blocks were
incorporated by split-and-pool methodology (Figure 2B),
generating a theoretical diversity of 331,776 compounds.
Building blocks were selected to cover various chemotypes,
such as aliphatic, cationic, aromatic, or heteroaromatic
moieties. As a quality control step, random beads from the
library were selected and processed for compound deconvo-
lution, and indeed MS—MS analysis enabled structure
deconvolution unambiguously (Figure S1).

9209

To identify compounds that avidly bind r(CUG)®?, the
OBOC library was incubated with 150 nM of an established
structural model of r(CUG)™?, r(CUG);, containing a S’
biotin tag,Ar4 in the presence of 15 yM of 2H-4 (100-fold molar
excess as compared to the RNA’s concentration). The 2H-4
competitor was added to increase the stringency of the screen
and to allow identification of compounds that bind more avidly
to r(CUG),, than the competitor. Beads bound to 5’-biotin-
r(CUG),, were isolated with streptavidin-coated Dynabeads
(Figure 2C) and identified by MS—MS analysis, affording 142
hit compounds.

To triage the hits to a more manageable number for further
investigation, we calculated the enrichment and the statistical
confidence thereof (Z-score) of each building block at each
variable position (Figure 2D). (A Z-score of 1.96 corresponds
to P = 0.05 and hence statistical significance.) The Z-score at
each position was also summed for each hit compound (Figure
S2). Several trends could be observed in selection among the
building blocks, including (i) a depletion of tertiary amines,
particularly building blocks #19—22, at positions 1-3 (P =
0.013 to 0.039) and (ii) enrichment of secondary and primary
amines, building blocks #13 and #1S, at all positions (P <
0.0001) (Figure S3).

We observed that the sum of Z-scores for the building blocks
comprising hit compounds correlated with positive charge
(Figure S4). As the RNA backbone is negatively charged, this
is not surprising. To further investigate this observation as well
as to maintain chemical diversity, we binned hit compounds by
their linker charge and then selected those in each bin with Z-
scores in the top 30%. This first triage provided a reasonable
number of compounds (n = 32) to synthesize by solid-phase
parallel synthesis on Rink amide polystyrene resin, to measure
avidity for bind r(CUG)®?, and to study for rescue of DM1-
associated defects.

In previous studies of dimeric compounds targeting
r(CUG)®®, we observed that cell uptake and localization can
change as a function of the linker’s structure.’®*° Furthermore,
charged backbones are known to affect localization.** Because
nuclear localization is crucial for biological activity as
r(CUG)®™ is sequestered in nuclear foci, we studied the
compounds’ cellular permeability and localization.

DMI1 patient-derived myotubes containing 1300 r(CUG)
repeats were treated with S uM of each compound, and
localization was monitored using the inherent fluorescence of
the H RNA-binding modules. Interestingly, 2H-4 localizes
almost completely in the nucleus, as do 12 of the 32 hit OBOC
compounds (Figure SS), which were thus prioritized for
further study. A closer inspection of building block distribution
provided insights into the relationship between compound
structure and nuclear localization (Figure S6). Among the
nuclearly localized compounds, only the polar building block
#14 (N-hydroxyethyl substituent) was found to be significantly
enriched at position 2 (17%, P = 0.03). Within the compounds
with poor nuclear localization, building blocks #2 (N-propyl
substituent) and #13 (N-methylaminobutyl substituent) were
found to be significantly enriched at positions 3 (20%, P =
0.03) and 2 (33%, P = 0.049), respectively. These data suggest
that the position where polar and hydrophobic moieties are
incorporated within the dimer linker influence localization.

MBNLI protein self-regulates the alternative splicing of its
exon 5, which is included too frequently in DMI cells.*® Thus,
we evaluated which of the 12 compounds rescue the MBNLI
exon 5 splicing defect in DM1-patient-derived myotubes and

https://dx.doi.org/10.1021/acsmedchemlett.1c00027
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compared their activities to 2H-4 (Figure 3). DMI cells were compounds were evaluated at 1 yM, where no changes in
treated with a 5 uM dose for 2, §, 10, 13, 15, 18, 21, and 2§ morphology were observed. Of the eight compounds evaluated
for 48 h. Changes in cellular morphology were observed upon at 5 uM, only two slightly improved the MBNLI exon §
treatment with 5 uM of 7, 14, 22, and 32, and therefore these splicing defect, by ~20%, which is less than the effect observed
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bleomycin AS afforded cleaving compound 22-Bleo. (B) Direct binding assay of 22-Bleo with r(CUG), using the inherent fluorescence of 22 (n =
3). Note: assays were completed in the absence of Fe?*, required for cleavage. (C) In vitro cleavage activity of 22-Bleo using radioactively labeled
r(CUG),, and analysis of fragments by gel electrophoresis (n = 3); **¥*P < 0.0001, as determined by one-way ANOVA. (D) Evaluation of DMPK
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transcripts upon treatment with 22-Bleo, as measured by RT-qPCR (n = 6); ***P < 0.001, as determined by a Student’s t-test. For all panels, error

bars represent standard deviation.

upon treatment with 2H-4 (~30% improvement) (Figures 3A
and S7). The four compounds evaluated at 1 yM all improved
the MBNLI exon $ splicing defect more potently than did 2H-
4, which is inactive at the 1 yM dose (Figures 3B and S7),
although the percent rescue by 32 was not statistically
significant. Notably, 7 and 22 improved MBNLI exon $
splicing dose-dependently, with 22 appearing to be the more
potent of the two (7% rescue for 22 vs 2% rescue for 7 at 0.2
uM) (Figure 3C). As 14 improved splicing similarly at all
concentrations tested, it was eliminated from further study
(Figures 3C and S8). Since 22 was the most potent, it was
studied in more detail, both in vitro and in DMI-patient-
derived myotubes.

We first measured the binding of 22 to r(CUG), in vitro,
affording an ECyg, of 106 + 4 nM (Figure 4A), ~10-fold more
avid than 2H-4 (EC, = 1140 + 31 nM).*" Importantly, no
saturable binding was observed for 22 and a base-paired
control RNA that does not contain the 1 X 1 nucleotide UU
internal loops (Figure S9). This avid binding of 22 to r(CUG)
repeats translated to inhibition of the formation of the
r(CUG)®®—MBNLI complex in vitro with an ICg, of 2.8 +
0.2 uM in a TR-FRET assay (Figure $10),** an ~10-fold
improvement over 2H-4 (ICy, of 32.2 + 4.3 uM; determined
by the same TR-FRET assay),”” which correlates with its
enhanced affinity.

To rationalize the improved in vitro binding of 22 to
r(CUG),, when compared to that of 2H-4, molecular
modeling studies were carried out (Tables S2—SS and Figures
S11—S14). Models of dimer 22 bound to a model RNA with
two 1 X 1 nucleotide UU internal loops in r(CUG)*® [r(5'-
CCGCUGCUGCGG/3'GGCGUCGUCGCC] were gener-

ated using molecular dynamics simulations and compared
with a previously published model of 2H-4. The best model, as
defined by the lowest free binding energy, generated for 22 was
10 kcal/mol lower than that of 2H-4 (—61.7 vs —51.7 kcal/
mol).

Inspection of the interactions of 22 with the internal loops
shows an increased number of interactions between the
dimer’s linker region and the RNA backbone, in addition to
the interactions of RNA-binding modules with the RNA, which
are similar to those of 2H-4 (Figure 4E). The imidazole group
of the building block in position 1 hydrogen bonds with G21’s
NH, [the bolded nucleotide in r(5’-CCGCUGCUGCGG/
3’GGCGUCGUCGCC)] and stacks with the RNA-binding
module. The carbonyl groups in the backbone undergo a
number of hydrogen bonding interactions, including intra-
molecular hydrogen bonds with the NH—CHj; side chain of
the building block in position 3 and NH, of the side chain of
the building block in position 4. Intermolecular H-bonding
interactions of the dimer backbone with the RNA also
contribute significantly to the binding of the dimer, including
(i) interaction of building block 2’s carbonyl with 2’ OH of
G6; (ii) H-bond formed between the terminal amide CONH,
with 2 OH of C7; (iii) interaction of building block 3’s
carbonyl with G6’s and G8’s NH,; and (iv) H-bond between
the linker’s terminal amide NH, with the phosphate backbone
of U8. These interactions, in addition to the van der Waals and
m-stacking interactions formed throughout the dimer—RNA
complex, contribute to the observed 10 kcal/mol improvement
in the binding energy when compared to that of the bound
structure of 2H-4.
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The selectivity and activity of 22 were further investigated in
DM1 patient-derived myotubes. Importantly, the observed
rescue of MBNLI exon 5 pre-mRNA splicing defect was not
due to transcriptional inhibition of DMPK, as its RNA levels
were unaffected (Figure 4B), suggesting direct r(CUG)®?
target engagement. Importantly, 22 specifically improved
DMI1-associated defects as MAP4K4 exon 22a splicing, a
NOVA-regulated splicing event,"” was not affected in DM1
myotubes (Figure S15). Furthermore, MBNLI exon $ splicing
was not affected in wild-type myotubes (from healthy donors)
treated with 22 (Figure S16). Compound 22 also reduced the
number of r(CUG)*P—MBNLI1 foci in DM1 myotubes by
~20%, which correlates with the observed improvement in
splicing (Figure 4C,D). Thus, through specific binding to
r(CUG)®™, 22 potently and specifically improves DMI1-
associated defects in patient-derived myotubes.

We have previously demonstrated that conjugation of
bleomycin AS to repeat-targeting compounds allows for
specific cleavage of the target RNA as well as increases
potency.’>* This direct cleavage by bleomycin AS also enables
target identification and analysis of selectivity as cleavage will
be observed for all targets that the compound engages. Thus,
we appended 22 with bleomycin AS using its terminal amine as
attachment at this site is known to decrease bleomycin’s
affinity for DNA and ablate off-target effects (Figure SA).*
The compound 22-Bleo was first evaluated for its ability to
selectively bind and cleave r(CUG), in vitro. Indeed 22-Bleo
selectively bound r(CUG),, with an ECg, of 120 = 7 nM
(similar to the ECy, of 22, 106 + 4 nM; note: Fe**, required
for cleavage, is absent in binding assays), with no binding
observed to a base-paired RNA (Figures SB and S17). The
RNA degrader also cleaved the r(CUG) repeats in vitro, and
>70% of the RNA was cleaved at a S M dose (Figures SC and
S$18). Thus, 22-Bleo can selectively recognize r(CUG)®® and
cleave it in vitro.

We next studied whether the in vitro cleavage activity of 22-
Bleo translated to cleavage of rf(CUG)®® in DM1 myotubes.
Indeed, a ~35% reduction in the abundance of DMPK was
observed after treatment with 1 uM of 22-Bleo (Figure SD).
Importantly, this cleavage was specific to the disease-causing,
DMPK-allele-harboring r(CUG)®® as DMPK levels were not
affected in wild-type cells (Figure S19). A competition
experiment between 22-Bleo and parent compound 22 was
then completed to confirm the former’s mode of action
(cleavage rather than transcriptional inhibition) and the latter’s
direct engagement of r(CUG)®®. As expected, co-treatment of
DM1 myotubes with varying concentration of 22 and a
constant concentration of 22-Bleo afforded a dose-dependent
rescue of DMPK levels (Figure 5G).

Specific cleavage of r(CUG)™® resulted in improvement of
DM1-associated defects including ~30% rescue of the MBNL]
exon § splicing defect and ~30% reduction in the number of
r(CUG)®*®—MBNLI nuclear foci (Figures SE,F and S20). A
small but statistically significant improvement in splicing was
observed at 0.2 uM, indicating that 22-Bleo is more potent
than 22 (Figure SE). Similar to the parent compound, 22-Bleo
did not affect MBNLI exon § splicing in wild-type myotubes or
MAP4K4 exon 22a splicing in DMI1 myotubes, indicating
specific effects (Figure S21).

Importantly, the cleavage mode of action of 22-Bleo allows
for direct profiling of potential off-targets. We assessed the
levels of all transcripts containing short, nonpathological
r(CUG) repeats upon treatment of DM1 myotubes with 22-
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Bleo. None of these genes was significantly affected, indicating
that 22-Bleo can specifically recognize and cleave the disease-
causing repeat expansion (Figure SH). We have previously
shown that these RNAs containing shorter r(CUG) repeats do
not fold into a structure containing repeating 1 X 1 U/U
internal loops, the source of the observed selectivity.*

In conclusion, the OBOC library methodology provides a
facile means to optimize the linker domain of a dimeric
compound targeting r(CUG)®?. A simple affinity-based
selection strategy enabled the screening of >330,000
compounds and subsequent hit identification via MS—MS
sequencing. Through subsequent analysis of the bioactivity of
hit compounds, we identified compound 22 which bound
r(CUG) repeats 10 times more avidly than 2H-4 by forming
additional interactions between the target and optimized linker
and more potently rescued disease-associated defects in DM1
patient-derived myotubes. A derivative of 22 attached to the
natural product bleomycin AS selectively cleaved r(CUG)®? in
cells and improved DM1 defects at concentrations lower than
that of the parent binder. Thus, OBOC library synthesis and
screening can be used to identify high-affinity binders to
r(CUG)®?. Importantly, the methodology developed herein is
likely to be general and applicable to numerous other RNA
targets to aid in the identification of high-affinity small
molecules.
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