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1. INTRODUCTION:

 
 

2. KEYWORDS:

3. ACCOMPLISHMENTS:

What were the major goals of the project?

Myotonic dystrophy type 1 (DM1) 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)exp where “exp” denotes an expanded repeat] harbored 
in the 3’ untranslated region (UTR) of the dystrophia myotonica protein kinase (DMPK) 
mRNA. This r(CUG)exp 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 MBNL1 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)exp 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)exp 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 MBNL1 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 DM1. 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). 

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

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)exp 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) 
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Major Task 2: Screen the DEL to identify improved compounds that bind selectively to a 
model of r(CUG)exp, r(CUG)12. 100% complete 

• Subtask 1: Development of FACS r(CUG)12 binding assay
Months 3-4: 11/01/19-12/31/19 

• Subtask 2: Multiplex FACS screen of DEL using r(CUG)12 and two competing RNAs
(r(CUG)2 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
In progress (may not be 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.  
• Subtask 1: Hit validation: inhibit  r(CUG)12-MBNL1 complex.  

Months 12-15: 09/01/20-11/30/20 

• Subtask 2:  In vitro evaluation of most potent compounds from Subtask 1: affinity, kon, koff
residence time by BL

Months 15-18: 11/01/20-02/28/21 

Major Task 4: Evaluate compounds from Maj. Task 3 in cells 
Subtask 1: Assess cell permeability & cytotoxicity of compounds 

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. 

Months 18-24: 02/01/21-08/31/21 

Subtask 4: Study transcriptome-wide effects of compound treatment by RNA-seq 
Months 18-24: 02/01/21-08/31/21 

SPECIFIC AIM 1b: Optimize the bleomycin A5 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) 

•
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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)exp 
(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)exp 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 DM1-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) 
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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)exp. 

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)12 - 
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) 
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What was accomplished under these goals? 

SPECIFIC AIM 1a: Optimize our cleaving compound for binding to r(CUG)exp 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. 

Previously, small molecules have been designed to selectively target r(CUG)exp, liberating 
MBNL1 and thereby improving DM1-associated disease defects.1, 2  One strategy to deactivate 
this target is the selective recognition of structural motifs in r(CUG)exp with small molecules, which 
can be further derivatized into dimers that target multiple motifs simultaneously.2  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)1, 2 or by 
attaching cellular uptake tags such as lysine and arginine,3 thus enhancing the uptake and 
localization of the compounds.  Subsequently, uptake tags9 have also been used as spacing 
modules.4  The enhanced permeability of these previously developed uptake tags has been traced 
to polycation’s interactions with cell surface heparin sulfate.5  However, the increased basicity of 
these compounds has also been correlated with promiscuity and off-target binding.6, 7  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 

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)exp 
(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 RIBOTACs selectively cleave r(CUG)exp in multiple DM1 patient-
derived cell lines.  

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

Subtask 2: Study compounds for improving DM1-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 
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transcription,8, 9 and degrading the RNA by appending cleaving modules (such as bleomycin A5) 
to structure-binding small molecules, which enhances both potency and selectivity. 1, 10   

Below, we describe the design and synthesis of 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 affinity for r(CUG)exp and cellular potency, without increasing the cationic 
nature of the compound.  The optimized binder for r(CUG)exp was then appended with bleomycin 
A5, further enhancing potency, as compared to the parent compound in DM1 patient-derived 
myotubes (Figure 1).  

Previously, dimeric compounds comprising two copies of an RNA-binding module and a linker 
moiety have been shown to be biologically active against r(CUG)exp.  These molecules contain a 
peptoid backbone,2 which was optimized with an N-methyl peptide as a spacer between the two 
RNA-binding modules (2H-K4NMeS, Figure 2A).11  Both the first generation compound and 2H-
K4NMeS improve various DM1-associated disease processes in cells; a bleomycin conjugate of  
2H-K4NMeS provided a selective, bioactive compound in a pre-clinical animal model.10  Given 
the success for improving compound properties by changing the spacer module and of other work 
that has shown the identity of the spacer can affect affinity, uptake, and compound localization in 
various disease cell models,11, 12 we further optimized the linker moiety by changing its length and 
geometry.  

Design and in vitro evaluation of dimer derivatives.  A library of dimeric compounds displaying a 
5’CUG/3’GUC RNA motif binding module (H) linked to D-alanine (D-Ala), tyrosine (Tyr), 
hydroxyproline (OH-Pro), and proline (Pro) spacers was synthesized using the optimal 4-spacer 
module of previously reported 2H-K4NMeS (Figure 2A & B).1  These linker spacers were chosen 
in order to investigate the roles of the side chain orientation with D-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 IC50s of these dimers were measured, as assessed by disruption of the 
r(CUG)12-MBNL1 complex using a previously reported time-resolved fluorescence resonance 
energy transfer (TR-FRET) assay.13, 14  Two dimers were modestly more potent than 2H-
K4NMeS, 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 part of the backbone.15, 16  The implications of this cis-trans 
isomerization in biological systems translates to distinct conformational flexibility, hydrogen 
bonding interactions, hydrophobic interactions and solvation,17  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 5) in the linker (Figure 2B) and measuring their IC50s in the TR-FRET assay (Figure 3A).  
Notably, 2H-K2-Pro, containing two prolines in the linker, was the most potent with an IC50 of 
5.3 ± 0.8 µM, 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, 



10 

hydrogen bond donors, and topological polar surface area (TPSA), were calculated and no 
significant differences were observed amongst the proline derivatives. 

The binding affinity and selectivity of 2H-K2-Pro was next evaluated using a direct binding assay, 
measuring the change in the inherent fluorescence of the RNA-binding modules as a function of 
RNA concentration, whether r(CUG)12 or an RNA hairpin containing eight GC base pairs 
[r(GCGCGCGCGAAAGCGCGCGC); dubbed r(GC)8].  The 2H-K2-Pro bound to r(CUG)12 with 
an EC50 of 150 ± 5 nM, while binding was not observed to the GC base-paired control RNA 
(Figures 3B).  Additionally, 2H-K2-Pro showed an ~2-fold greater affinity for r(CUG)12 than the 
parent compound 2H-K4NMeS (EC50 = 280 ± 90 nM), while having less atoms in the linker.12 

In cellulis evaluation of the designed dimer to alleviate DM1-associated defects.  Given that 2H-
K2-Pro is a potent and specific binder to r(CUG)exp and is capable of disruption of a pre-formed 
complex between r(CUG)exp and MBNL1 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 MBNL1; and (ii) the presence of r(CUG)exp-containing nuclear 
foci.18-20  We therefore studied the rescue of these DM1-associated defects by 2H-K2-Pro.  DM1 
patient-derived fibroblasts harboring 1300 repeats were differentiated into myotubes21 as a robust 
model of human disease.  We first assessed improvement of the MBNL1-dependent splicing of its 
own exon 5;22 in DM1-affected cells exon 5 is included too frequently, 50% vs. 15% in healthy 
cells, as previously observed.10  Notably, 2H-K2-Pro rescued splicing of MBNL1 exon 5 in a dose-
dependent fashion (Figure S2).  At the 5 µM dose, both 2H-K2-Pro and 2H-K4NMeS improved 
the MBNL1 exon 5 splicing defect similarly, by ~30% (Figure 3D).  Likewise, both compounds 
reduced the number of foci containing r(CUG)exp [imaged by RNA fluorescence in situ 
hybridization (FISH)] and MBNL1 (imaged using immunofluorescence) similarly, when DM1 
myotubes were treated with 5 µM compound (Figures 3E and 3F).     

Potential reasons that the ~3-fold enhancement in 2H-K2-Pro’s in vitro potency was not 
recapitulated in cells could be due to 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 concentrations of compound into lysate from untreated myotubes.  Interestingly, 
uptake of the two compounds was similar.  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, which could 
contribute to a reduction in the bioactivity of 2H-K2-Pro as r(CUG)exp is sequestered in the 
nucleus in foci. 

As the Pro-spacing module changed the subcellular localization 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 µM and was not investigated 
further (Figure S3A).  Interestingly, 2H-K4-OH-Pro was taken up into cells at a higher 
concentration than 2H-K4NMeS, while the permeability of 2H-K4-D-Ala was similar to 2H-
K4NMeS.  Further investigation of the cellular localization of 2H-K4-D-Ala and 2H-K4-OH-Pro 
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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.  Neither of these 
compounds improved MBNL1 exon 5 splicing in DM1 myotubes, likely due to the combination of 
the less favorable subcellular localization or linker length.  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)exp.  To enhance the activity of 2H-K2-Pro, we converted 
the binder into an RNA-degrader by using a bleomycin conjugation strategy.1, 10, 23, 24  That is, 2H-
K2-Pro was conjugated to bleomycin A5 via its amine (known to contribute to DNA binding25) to 
yield 2H-K2-Pro-bleo (Figures 4A & 4B).10  The affinity of 2H-K2-Pro-bleo was similar to 2H-
K2-Pro with an EC50 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)8 (Figure 4C).   

In vitro cleavage of r(CUG)10.  In order to assess the ability of 2H-K2-Pro-bleo to cleave 
r(CUG)exp in vitro, a control compound, Ac-K2-Pro-bleo was synthesized, where bleomycin A5 
was coupled to the peptoid backbone lacking the RNA-binding modules (Supporting Information, 
Synthetic Procedures).  2H-K2-Pro-bleo dose-dependently cleaved r(CUG)10, cleaving ~20% of 
the RNA at the highest concentration tested, 2.5 µM (Figure 4D).  No significant RNA cleavage 
was observed with Ac-K2-Pro-bleo, as expected (Figure 4D).1, 10  

Evaluation of DNA damage in cells.  We have previously shown that by attaching r(CUG)exp-
binding modules to the C-terminal amine of bleomycin A5, a key positive charge on bleomycin 
A5 that contributes to DNA binding is eliminated, thus ablating its ability to cleave DNA.10  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 (g-H2AX) foci, formed in response to 
DNA double strand breaks.26  Indeed, 2H-K2-Pro-bleo did not cause a significant increase in 
g-H2AX in DM1 myotubes, whereas bleomycin A5 alone showed a ~6-fold increase in the number
of foci observed per cell (Figure 5), as expected based on its ability to cause DNA damage in
cancer cells.26  Thus, DNA recognition and cleavage by bleomycin A5 is significantly reduced
when conjugated to 2H-K2-Pro.

Biological evaluation of compounds that cleave r(CUG)exp.  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)1300 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).10  Notably, 2H-K2-Pro-bleo reduced DMPK levels by 45 ± 4% at 5 µM, 
whereas only ~30 ± 3% decrease was observed with Cugamycin at 5 µM (Figure 6A).  Importantly, 
no effect was observed on DMPK levels in healthy myotubes that only express wild-type (WT) 
DMPK [r(CUG)20 in the 3’ UTR], indicating that 2H-K2-Pro-bleo specifically recognizes and 
cleaves the mutant r(CUG)exp-containing DMPK transcript.  To further explain the gain in potency 
by 2H-K2-Pro-bleo, we evaluated its and Cugamycin’s cellular uptake into DM1 myotubes.  
Interestingly, a statistically significant increase in permeability was observed for 2H-K2-Pro-bleo 
(P < 0.05; Figure S8).  However, compared to the parent binder, both bleomycin A5 conjugates 
are taken up ~4-fold less (Figure S8).     
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Next, the ability of 2H-K2-Pro-bleo to rescue DM1-associated splicing defects and the formation 
of nuclear foci was investigated.  2H-K2-Pro-bleo rescued the MBNL1 exon 5 splicing defect by 
50 ± 8% at 5 µM and 30 ± 7% at 1 µM (Figure 6B), similar to 5 µM 2H-K2-Pro (Figure 3D).  
Thus, in this assay, 2H-K2-Pro-bleo is about 5 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.  Likewise, 2H-
K2-Pro-bleo did not change MBNL1 exon 5 splicing patterns in wild-type myotubes.  Altogether, 
these control experiments indicate specificity for r(CUG)exp.  Next, we evaluated the ability of 2H-
K2-Pro-bleo (1 µM) to reduce the number of r(CUG)exp-MBNL1 foci in cells.  A significant 
decrease in the number of foci per cell was observed (Figures 6C & 6D).   
 
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 μM 2H-K2-Pro-bleo; if 2H-
K4NMeS and 2H-K2-Pro bind to the same site in r(CUG)exp 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 (EC25 = 0.2 µM) inhibited DMPK cleavage 
more efficiently than 2H-K4NMeS (EC25 = 1 µM) and restored levels to that observed in untreated 
cells (Figure 6E).   
 
To evaluate selectivity, the ability of 2H-K2-Pro-bleo to discriminate between disease-causing 
r(CUG)exp 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 that of r(CUG)exp, as shown in our previous folding analysis.10  As a control, we also 
evaluated Ac-K2-Pro-bleo, the analog of 2H-K2-Pro-bleo lacking the RNA-binding modules, in 
DM1 myotubes.  As expected, no effect was observed on DMPK levels nor MBNL1 splicing.  
Thus, cleavage of r(CUG)exp 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)exp with oligonucleotides 
as previously shown.10 
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Figure 1: The design of potent dimers targeting 
r(CUG)exp in DM1.  (A) r(CUG)exp in the 3’ UTR of DMPK 
folds into a hairpin displaying a periodic array of internal 
loops that bind and sequester MBNL1, resulting in pre-
mRNA splicing defects and formation of nuclear foci.  (B) 
Step-by-step methodology for the design of compounds 
targeting r(CUG)exp. 
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Figure 2: Design of small molecules that selectively 
target r(CUG)exp.  (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)exp loops simultaneously and 
releases MBNL1, 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)exp-MBNL1 complex in 
vitro and assessment of compound activity in DM1 myotubes.  (A) In vitro IC50s for disruption of the 
r(CUG)exp-MBNL1 complex by new dimer derivatives, compared to parent compound (n = 3 replicates; 2 
independent experiments).  (B) Binding affinities (EC50s) of 2H-K2-Pro and 2H-K4NMeS for a model of 
r(CUG)exp, r(CUG)12 (n = 3 replicates; 2 independent experiments), and a base-paired control (n = 2 
replicates; 2 independent experiments).  (C) Secondary structures of the r(CUG)12 and r(GC)8 constructs used 
for binding assays.  (D, E, 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 MBNL1 exon 5 
splicing defect (n = 3 replicates).  (E) Quantification of r(CUG)exp-MBNL1 foci/nucleus.  Error bars 
represent SD, n = 3 biological replicates, 40 nuclei counted per replicate.  *P < 0.05, ****P < 0.0001, as 
determined by a one-way ANOVA.  (F) Representative images of r(CUG)exp-MBNL1 foci in DM1 myotubes 
treated with 2K-K2-Pro or 2H-K4NMeS. 
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Figure 4: Design and in vitro evaluation of small molecules 
that cleave r(CUG)exp.  (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)exp, cleaves the toxic RNA
repeat, and displaces MBNL1, thereby improving DM1-
associated defects.  (C) Binding affinities of 2H-K2-Pro-bleo
and Cugamycin to r(CUG)12 (n = 3 replicates; 2 independent
experiments) and r(GC)8 (n = 2 replicates); 2 independent
experiments each.  (D) In vitro RNA cleavage of r(CUG)12 (n =
2 replicates; 2 independent experiments). *P < 0.05, **P <
0.01 as determined by a one-way ANOVA relative to 0.
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Figure 5: Effects of small molecules on the DNA damage 
response pathway. (A) Representative images from g-H2AX 
immunofluorescence to assess DNA damage in DM1 myotubes 
upon treatment with 2H-K2-Pro-bleo and Bleomycin A5.  (B) 
Quantification of the number of g -H2AX foci/nucleus.  Error bars 
represent SD; n = 3 biological replicates, with 40 nuclei counted per 
replicate.  ****P < 0.0001, as determined by one-way ANOVA. 
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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)exp-containing DMPK 
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 MBNL1 exon 
5 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)exp-MBNL1 foci in DM1 
myotubes treated with 2H-K2-Pro-bleo.  (D) Quantification of r(CUG)exp-
MBNL1 foci/nucleus.  Error bars represent SD, n = 3 biological replicates, 40 
nuclei counted per 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 
DMPK levels, as measured by RT-qPCR.  Error bars represent SD, n = 3 
biological replicates. *P < 0.05 (one-way ANOVA).  (F) The effect of 2H-K2-
Pro-bleo (1 μM) on the abundance of mRNAs containing more than six, 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). 
 



On-going studies:  DNA-encoded library (DEL) 
 
Note: The section below summarizes activities completed by the  Paegel Laboratory at 
University of Californa, Irvine 
 
During the reporting period, the Paegel Laboratory relocated to the University of California, Irvine. 
We have successfully rebuilt our DNA-encoded library (DEL) synthesis platform and brought all 
necessary instrumentation back on-line. Efforts quickly shifted toward curation of our DEL 
building block (BB) stocks, computational DEL design, DEL synthesis, and quality control (QC). 
DEL Synthesis and QC procedures were followed according to our previous publication 
(10.1021/acscombsci.5b00106).  
 
Our goal during this period was to design, synthesize, and produce QC data for a “druglike” DEL. 
This first project DEL followed a previously published and highly successful DEL reaction 
sequence that entailed coupling an amino acid (AA) with a carboxylic acid (CA).  
 
In the design phase, we conducted a full analysis of our BB collection to purge those containing 
previously identified nuisances while procuring new BBs to maximize structural diversity. 
Nuisances included ambiguous stereochemistry, metabolic liabilities, spuriously reactive 
functional groups, and protecting groups. BBs exhibiting these qualities tended to complicate 
validation studies. We also wished to expand our collection to include new BBs that maximized 
structural diversity within the accepted space of Lipinski/Veber druglikeness. We produced new 
code for analyzing our BB collection by Tanimoto chemical similarity clustering (> 0.7). New BBs 
(42 AAs, 29 CAs) were procured. Finally, we included a minor tweak in our encoding scheme; the 
coding for the new library assigned multiple codes to each BB during synthesis. This approach 
allowed us to use a simpler and shorter DNA encoding tag, which should enhance sequencing 
confidence and quality. New coding oligonucleotides were thus procured. Total library chemical 
complexity was 192 AAs x 288 CAs, or 55,296 unique compounds. An analysis of chemical 
similarity to PubChem and ChemBL databases is underway.  
 
We successfully executed the DEL synthesis. New BBs and coding procedures were implemented 
uneventfully. We had previous modified our solid-phase synthesis procedures to enable greater 
scale of DEL production. The first project DEL synthesis was executed at the 1 g (2E9 beads) 
scale, corresponding to ~36k equivalents of DEL. Synthesis procedures were still conducted 
manually using multi-channel pipettors. We are exploring options for robotic automation.  
 
QC methods have remained unchanged for the moment. We continue to conduct DEL synthesis 
on mixed-scale 10- and 160-µm beads. The 160-µm QC beads are harvested post-synthesis, 
manually segregated into single microplate wells for qPCR analysis and Sanger DNA sequencing, 
and the analyzed beads are then treated w/ acid and analyzed by MALDI-TOF MS. UCI funded 
the procurement of a new Thermo LC-MS system, and we are now in the process of developing 
analytical methods for automated synthesis yield calculation using the QC beads from this DEL 
as a testbed. 
 
Finally, early in our time at UCI, we learned that the DNA sequencing facility does not support 
the ION Torrent platform. The Torrent was previously our preferred sequencing platform for cost 
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and turnaround. As a result, we both curated primers for Torrent library preparation and had only 
developed code for reducing Torrent data files to chemical structure. While rebuilding synthesis 
capabilities, we developed a sequencing library preparation protocol that would be compatible 
with UCI's Illumina sequencers. Using a 3 ~1000- and ~100 bead aliquots of a previous library, 
we showed that we could successfully detect bead-derived sequences from a solid-phase DEL. 
 
Thus far, we have assayed 32 QC beads from the newly synthesized library. Of the 32 beads, 30 
produced sequence that predicted a chemical synthesis product and/or truncate that was the 
predominant feature in the corresponding MALDI-TOF mass spectrum. The two beads that did 
not validate did not produce legible sequence. There were no QC beads indicating a chemical 
structure that did not match with the DNA codes. These metrics indicate that the DEL was 
successfully synthesized. An aliquot (250 mg, 9000 DEL equivalents) are to be transferred to 
Disney Lab for screening.  
 
Note: The section below summarizes activities completed by a collaborative effort between the 
Paegel (UCI) and Disney Laboratories (TSRI) related to DEL screening. 
 
Per our SOW, 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 Cy-3, respectively.  The DEL beads were incubated simultaneously with the two RNAs.  We 
were only interested in compounds selective for r(CUG)12; 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 0.19%.  We completed two secondary validations of these hits: (i) in vitro 
activity as assessed by inhibition of the r(CUG)12-MBNL1 complex by using a previously 

established TR-
FRET assay;27 and 
(ii) affinity 
measurement of 
those with inhibitory 
activity by 

microscale 
thermophoresis 

(MST).  These data 
are summarized in 
the figure below.  
We are currently 
evaluating these 
lead compounds in 
cellular models of 
DM1.  
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Screening of a DNA-encoded library (DEL) to identify small molecules with 
enhanced affinity for and activity against the DM1 RNA.  Top, representative 
FACS analysis for selective binders of r(CUG)12 vs. a fully paired RNA.  The 
secondary structures of the RNAs screened are shown to the right.  Bottom, secondary 
validation of the DEL screening hits by using an in vitro activity assay that measured 
inhibition of the r(CUG)12-MBNL1 complex. Affinity of the inhibitors were then 
measured by microscale thermophoresis (MST). 
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SPECIFIC AIM 1b: Optimize the bleomycin A5 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). 
 
One approach to alleviate DM-associated defects is to utilize small molecules that recognize the 
structure of r(CUG)exp, thereby liberating bound MBNL1 or preventing its binding.28-30  
Alternatively, expression of r(CUG)exp has been reduced or eliminated by using RNA targeted-
Cas9 editing of r(CUG)exp,31 ASOs,32, 33 DNA-binding small molecules that inhibit transcription,34, 

35 and small molecules that bind and directly cleave r(CUG)exp. 28, 36, 37  The latter approach (Fig. 
7) has been accomplished with Cugamycin, a small molecule that selectively binds r(CUG)exp’s 
structure conjugated to the natural product bleomycin A5 (BLM) (Fig. 8).  Indeed, Cugamycin 
broadly improved DM1-associated defects with no off-target effects in a mouse model of DM1.36   
 
BLM is an anti-cancer natural product that cleaves DNA and RNA through H-atom abstraction 
and the production of a radical species by the metal binding core.25, 38  Extensive structure-activity 
relationship (SAR) evaluations of BLM derivatives25, 39 and structural data for DNA-bound 
BLM40, 41 have revealed structural components that are essential for metal coordination, oxygen 
activation, DNA binding, and subsequent cleavage.  This information has been used to guide 
attachment of RNA-binding small molecules at the C-terminal amine of BLM, eliminating a 
charge critical to DNA binding and producing BLM-conjugated compounds that specifically 
cleave a target RNA.36, 42  SAR studies of BLM can guide the selection of analogs to further 
enhance RNA selectivity by eliminating DNA-binding interactions.25  One such analog is 
deglycobleomycin (DeglycoBLM; Fig. 8) in which the disaccharide moiety of BLM is removed.  
The carbohydrate domain can contribute to DNA binding affinity by participating in hydrogen 
bonding interactions with the DNA backbone, and DeglycoBLM cleaves DNA between 2-5 fold 
less efficiently than BLM.25, 41  This disaccharide also contributes to the cellular permeability of 
BLM.43  Collectively, attachment of DeglycoBLM to small molecules targeting r(CUG)exp can 
further reduce its affinity for DNA to enhance RNA selectivity in cells, provided the compound 
retains cellular permeability.  The examination of such features is summarized below. 
 
DeglycoBLM was synthesized via HF-pyridine cleavage of the carbohydrate of BLM44 and 
conjugated to a dimeric compound that recognizes r(CUG)exp (2H-K4NMeS, 3)28 to afford 
compound 1 (DeglycoCugamycin; Fig. 8).  A control compound that does not contain the RNA-
binding modules in 1 and thus has no affinity for the RNA target was also synthesized (compound 
2; Fig. 2).  To assess the molecular recognition of 1, its affinity for r(CUG)12, r(GC)8, and DNA 
was measured in the absence of Fe(II).  Compound 1 only bound avidly to r(CUG)12 (Kd = 610 ± 
150 nM) (Fig. 9A), which is comparable to the affinity of Cugamycin (Kd = 365 ± 75 nM).28  Thus, 
removal of the carbohydrate domain does not affect the ability to bind r(CUG)exp in vitro.   
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Next, the ability of 1 to cleave r(CUG)10 and DNA was assessed in vitro.  Cugamycin and 1 cleaved 
r(CUG)10 to a similar extent at the same concentrations (~35% cleavage at 1 µM), while BLM only 
cleaved r(CUG)10 by 15% at 2 µM (Fig. 9B).  In contrast, DeglycoBLM and 2 (lacks RNA-binding 
modules) were unable to cleave r(CUG)10 at the concentrations tested (up to 2 µM; Fig. 9B), as 
expected since DeglycoBLM alone is 5-fold less efficient at cleaving nucleic acids than BLM.19  
Thus, functional RNA cleavage by 1 is not affected through removal of the disaccharide.  The 
selectivity of the observed cleavage was assessed by measuring DNA cleavage (Fig. 9C).  While 
BLM efficiently cleaved DNA in vitro with >50% cleavage observed at all concentrations (250 
nM – 2 µM), DeglycoBLM cleaved DNA about 5-fold less efficiently, with >50% cleavage only 
observed at 2 µM (Fig. 9C),  consistent with previous studies.25  We previously showed that 
Cugamycin does not cleave DNA when r(CUG)12 is present,36 and thus is selective for cleaving 
the RNA target.  However, when incubated in the absence of r(CUG)12, Cugamycin cleaved DNA 
at concentrations >500 nM (Fig. 9C).  In contrast, 1 and 2 did not significantly cleave DNA at any 
of the concentrations tested (250 nM – 2 µM; Fig. 9C).  Thus, by eliminating two key DNA-
binding interactions through removal of the disaccharide and attachment of the r(CUG)-binding 
compound at the C-terminal amine, DNA cleavage is further ablated and selectivity for r(CUG)exp 
is enhanced. 
 
To study potential off-target binding to DNA in cells, we measured the amount of phosphorylated 
histone H2A variant H2AX (γ-H2AX), which forms foci in response to DNA double strand breaks, 
induced by compound treatment in the rapidly growing mouse myoblast cell line C2C12 and in 
DM1 patient-derived myotubes.  In C2C12 cells, we used a fluorescence resonance energy transfer 
(FRET) assay to quantify γ-H2AX foci after treating with the compound of interest for 24 h.  BLM 
caused a significant increase in γ-H2AX at all concentrations tested (1.65 – 25 µM), as expected 
from previous studies45 (Fig. 9D).  In contrast, Cugamycin only induced DNA damage at 25 µM, 
a concentration that is ~10 fold higher than its bioactive concentration in DM1 myotubes,36 while 
no increase in γ-H2AX foci was observed for 1 or DeglycoBLM upon treatment with up to 25 µM 
compound (Fig. 9D).  Importantly, and consistent with these studies in C2C12 cells, neither 1 nor 
DeglycoBLM induced DNA damage in DM1 patient-derived myotubes, as determined from 
immunostaining and imaging by fluorescence microscopy.  [Note: the signal:noise observed in the 
FRET assay described above for C2C12 cells was not sufficient for quantification in DM1 
myotubes.]  Thus, 1 further diminished off-target DNA cleavage in cells as compared to 
Cugamycin, in agreement with in vitro DNA cleavage analysis.    
 
To probe if the difference in DNA damage in cells is due to changes in cellular uptake, as the 
disaccharide has previously been implicated in cell permeability,43 the concentration of 
Cugamycin, 1, and the dimer from which they are derived (328) taken up into DM1 myotubes was 
determined by measuring the fluorescence of the RNA-binding modules after washing and lysing 
treated cells.  Cugamycin and 1 had similar cell permeabilities, and both compounds were only 
~3-fold less permeable than 3.  To confirm these results, permeability and localization were 
compared by using live-cell fluorescence microscopy.  Both Cugamycin and 1 localized in the 
nucleus where r(CUG)exp is sequestered in foci to a similar extent.  Thus, although the carbohydrate 
domain has been shown to affect the permeability of DeglycoBLM itself and may account for its 
lack of DNA damage in cells (Fig. 9D), the disaccharide did not affect permeability of conjugate 
compounds, as determined by comparing Cugamcyin and 1.      
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Since 1 ablated DNA damage observed for Cugamycin without reducing cell permeability, its 
ability to cleave r(CUG)exp and improve DM1-associated defects in cells was measured.  In DM1 
patient-derived myotubes,46 1 cleaved ~30% of r(CUG)exp-containing DMPK at low micromolar 
concentrations (Fig. 10A), which is comparable to the cleaving activity of Cugamycin.36  
Importantly, 2, which lacks RNA-binding modules, did not affect DMPK levels.  To demonstrate 
that reduction in DMPK levels was due to direct cleavage of the RNA, a competition experiment 
was performed in which cells were co-treated with 1 and 3; 3 binds r(CUG)exp but does not affect 
DMPK mRNA levels (Fig. 10B).  Indeed, upon co-treatment, cleavage by 1 was inhibited by 3, 
and DMPK levels were restored to levels similar to untreated samples or samples treated with 3 
alone (Fig. 10B).  Notably, 1 was selective for cleaving r(CUG)exp, as DMPK levels were not 
affected in wild-type cells expressing r(CUG)20 (Figs. 10C), and mRNAs containing short non-
pathogenic r(CUG) repeats were also unaffected (Fig. 10C).  We have previously shown that this 
selectivity is due to structural differences in transcripts containing short r(CUG) repeats vs. 
r(CUG)exp, as the small molecule recognizes the structure formed by the repeat expansion.36  
Indeed, compounds that recognize the structure of r(CUG)exp can be selective for the toxic  disease-
driving repeat expansion; that is, structure-targeting ligands can be allele-selective.36  In contrast, 
an ASO complementary to the r(CUG) repeats is not able to discriminate between short and long 
repeats and thus has off-target effects.36    

After confirming that 1 cleaved r(CUG)exp with similar selectivity and potency as Cugamycin, the 
ability of 1 to rescue DM1-defects, including formation of r(CUG)exp-MBNL1 nuclear foci47 and 
MBNL1-regulated splicing defects,48 was assessed.  At 2 µM, 1 reduced the number of r(CUG)exp-
MBNL1 nuclear foci by ~40% (Figs. 10D & E), similar to Cugamycin,36 while 2, which lacks 
RNA-binding modules, had no effect.  In DM1 myotubes, MBNL1 exon 5 splicing is dysregulated 
(Fig. 7B), as MBNL1 regulates the alternative splicing of its own pre-mRNA.49  Cleavage of 
r(CUG)exp by 1 resulted in an ~30% improvement in the MBNL1 exon 5 splicing defect (Fig. 10F), 
a similar improvement to that observed for Cugamycin.36  Compound 2 had no effect on MBNL1 
exon 5 splicing, as expected.  Importantly, 1 did not affect MBNL1 exon 5 splicing in wild-type 
myotubes nor the NOVA-dependent splicing of MAP4K4 exon 22a50.  Thus, rescue of the MBNL1 
exon 5 splicing defect can be traced to the specific to cleavage of r(CUG)exp.   Collectively, these 
studies show that removal of the carbohydrate domain of BLM allows for enhanced selectivity by 
further ablating DNA damage without affecting cellular permeability or activity.   

Small molecules that selectively cleave a target RNA are attractive chemical probes as they can 
more potently improve disease-associated defects than simple binding compounds.36, 51  
Furthermore, RNA cleavage, either through direct cleavage as demonstrated herein or through 
recruitment of a cellular nuclease,51 can be used to profile molecular recognition of RNA-binding 
small molecules.  The use of BLM analogs to specifically cleave r(CUG)exp offers an attractive 
method to enhance RNA cleavage selectivity by further diminishing off-target DNA cleavage.  
Although the carbohydrate domain of BLM is necessary for its efficient cleavage of DNA25 and 
cellular permeability,43 the disaccharide is not essential for permeability or cleavage of r(CUG)exp 
when attached to r(CUG)exp-binding small molecules.  Thus, by using BLM analogs, RNA 
cleavage and the ability to improve DM1-associated defects is retained while further enhancing 
selectivity by reducing DNA damage that occurs with high concentrations of BLM-conjugated 
small molecules.   
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The most common way to target RNA for destruction is by using oligonucleotide-based target 
recognition elements.  These approaches recognize unstructured regions in RNA.  The ability to 
design ligands that target structured regions in an RNA and cleave them selectively provides an 
alternative approach to probe the biology of RNA in general and RNA structure in particular.  
Although bleomycin-small molecules conjugates have higher molecular weights than orally 
bioactive drugs, they are still lower molecular weight than oligonucleotides and significantly lower 
molecular weight than CRISPR approaches that are packed into viruses.31  Additionally, medicinal 
chemistry approaches may be more broadly applicable to these compound sets as the RNA-binding 
modules and linkers that tether them can be therapeutically optimized.  It is likely that as more 
information is accumulated on the RNA folds that bind small molecules and on the small molecules 
that bind RNA folds that the deglycobleomycin cleavage module described herein could be broadly 
deployed.  Furthermore, the ability to effect cleavage of an RNA target can allow for more diverse 
modes of action.  Small molecules can now target an RNA for destruction in cells via three 
mechanism: (i) direct cleavage by using bleomycin conjugates28, 36; (ii) nuclease recruitment by 
using ribonuclease targeting chimeras (RIBOTACs)51, 52; and (iii) shunting introns with toxic 
expanded repeats to decay pathways.53  Some targets may be more amendable to one strategy than 
the others.  The ability to minimize off-target effects by using the deglycobleomycin cleavage 
module described here could have broad implications in this emerging area.   
 

 
Figure 7.   Small molecule cleavage of r(CUG)exp.  (A) DM1 is caused by r(CUG)exp, located in the 3’ UTR 
of the DMPK gene, which forms a structure with repeating 1 x 1 U/U internal loops.  The loops bind and 
sequester MBNL1, resulting in nuclear foci and pre-mRNA splicing defects.  (B) MBNL1 protein regulates 
the splicing of its own pre-mRNA.  When MBNL1 is sequestered by r(CUG)exp, MBNL1 exon 5 is included 
too frequently.  (C) Scheme of small molecule cleavage of r(CUG)exp, resulting in improvement of DM1-
associated defects. 
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Figure 8.  Chemical structures of bleomycin A5 (BLM), deglycobleomycin (DeglycoBLM), Cugamycin, 
1 and 2.   
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Figure 9.  Cleaving capacity and selectivity of small molecule cleavers. (A) Binding affinity of 1 for 
r(CUG)12 (Kd = 610 ± 150 nM), r(GC)8 (Kd > 20 µM) and DNA (Kd > 20 µM); n = 3.  (B) Quantification 
of cleavage of r(CUG)10 by 1, 2, Cugamycin, BLM, and DeglycoBLM; n = 3  (C) Quantification of cleavage 
of DNA by 1, 2, Cugamycin, BLM, and DeglycoBLM; n = 3 (D) Effects of 1, Cugamycin, BLM, and 
DeglycoBLM on γ-H2AX, a marker of DNA damage, in C2C12 cells.  n = 8, ** P < 0.01, *** P < 0.001, 
as determined by comparison to untreated cells by a one-way ANOVA.  Error bars indicate SD for all 
panels.     
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Figure 10.  Activity of 1 in DM1 myotubes.  (A) Cleavage of r(CUG)exp-containing DMPK by 1 as 
determined by RT-qPCR. n = 6, *** P < 0.001, as compared to untreated cells; determined by a one-way 
ANOVA.  (B) A competitive cleavage experiment between 1 (1 µM) and 3 (5 µM) in which 3 prevents 
cleavage of DMPK.  n = 3, ** P < 0.01, as compared to untreated cells; determined by a one-way ANOVA.  
(C)  Effect of 1 on r(CUG)n-containing transcripts. n = 3, ** P < 0.01, as compared to untreated cells; 
determined by a Student t-test. (D) Representative images of r(CUG)exp-MBNL1 foci imaged by RNA FISH 
and anti-MBNL1 immunostaining.  (E) Quantification of nuclear foci.  n = 3, 40 nuclei quantified/replicate, 
*** P < 0.001, as compared to untreated cells; determined by a Student t-test.  (F) Improvement of the 
MBNL1 splicing defect in DM1 myotubes upon treatment with 1.  n = 6, ** P < 0.01, *** P < 0.001, as 
compared to untreated cells; determined by a one-way ANOVA.  Error bars indicate SD for all panels.      
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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 1-
12. For our site, we proposed to: 

• Aim 2, Task 3, Subtask 4: Complete a comprehensive analysis of transcriptome-and 
proteome-wide effects (months 6-36) 

• 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 myoblasts treated with a bleomycin conjugate (1H-
Bleomycin) or another tool compound (2H4KNMes). We compared these samples to WT unaffected 
myoblasts. We generated two RNA-seq libraries for each condition (8 libraries total) and obtained the 
following read coverage for each library: 
 

Sample No. reads 
(Millions) 

DM1 + 2H4KNMes 133 
DM1 + 2H4KNMes 174 
DM1 + 1HBleo 143 
DM1 + 1HBleo 112 
DM1 152 
DM1 151 
Unaffected 174 
Unaffected 142 

 
Reads were mapped to the hg19 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. 
 

 
 
Because a major question regarding these small molecules is whether they can rescue MBNL-dependent 
mis-splicing in DM1 cells, we focused on a subset of DM1-relevant exons known to be mis-regulated in 
human DM1 muscle. Some of these show mis-regulation in DM1 myoblasts as well, and some show rescue 
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in response to small molecule treatment. Plotted below are percent spliced in (PSI) values for each of these 
exons, in each sample: 
 

 
As visualized in this plot, MBNL1 and MBNL2 contain exons that are mis-regulated between WT and DM1 
myoblasts, and these show rescue in response to both 1HBleo and 2H4KNMes. 
 
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. 
 
 
SPECIFIC AIM 3: Targeted small molecule recruitment of a nuclease to r(CUG)exp. 
 
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.54  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.55  Indeed, we have shown that this approach, dubbed Ribonuclease targeting chimeras 
(RIBOTACs), allows for the selective cleavage of a desired transcript.  Herein, we propose to develop 
RIBOTACs to selectively degrade r(CUG)exp by appending 1 and compounds identified in Specific Aim 1a 
(simple binding compounds) with RNase L-recruiting modules.  These RIBOTACs will be evaluated in 
DM1 patient-derived fibroblasts and myotubes and in vivo.   
 
We designed and synthesized a RIBOTAC to cleave r(CUG)exp selectively by conjugating a heterocyclic 
small molecule that recruits RNase L56 to our lead molecule, 2H-K4NMeS.  We also synthesized a control 
couple to a less efficient RNase L recruiting small molecule.  We first studied the ability of the RIBOTAC  
to cleave r(CUG)exp in vitro. Notably, it dose-dependently cleaved r(CUG)12, cleaving ∼90% of the RNA 
at the highest concentration tested, 10 μM.  No significant RNA cleavage was observed with the control 
RIBOTAC, as expected.   
 
We next studied the cytotoxicity of the r(CUG)exp-targeting RIBOTAC in DM1-patient derived cells as well 
as its ability to cleave the DMPK transcript harboring the repeat expansion. Although, a reduction in DMPK 
levels were observed at a 5 µM dose, cell viability was also affected.  Interestingly, as these studies were 
being completed, we had optimized the linker in 2H-K4NMeS, as reported above in our summary for 
Specific Aim 1.  We therefore created a RIBOTAC using this optimized molecule, 2H-K2-Pro.  
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Importantly, no cytotoxicity was observed up to the highest concentration tested, 10 μM.  Therefore, the 
RIBOTAC was evaluated in DM1-patient derived cells to evaluate cleavage of DMPK and for rescue of 
dysregulation of MBNL1-dependent alternative pre-mRNA splicing. The RIBOTAC reduced dose 
dependently reduced DMPK levels, significantly at 5 μM and rescued of MBNL1-dependent splicing at 
doses of 1 and 5 μM.  Unfortunately, this potency is not significantly improved over the parent, simple 
binding compound.  A summary of these data can be found in the figure below. 

We are currently optimizing the RIBOTAC for cleaving activity against r(CUG)exp by identifying nuclear 
RNase that we can recruit to the RNA.  As aforementioned, r(CUG)exp is sequestered in nuclear foci; RNase 
L is mainly localized to the cytoplasm, likely limiting the effectiveness of the RIBOTAC.   

Design of a RIBOTAC that degrades r(CUG)exp. Top, an 
optimized RIBOTAC has no effect on the viability of DM1 
fibroblasts (left) and degrades the DMPK transcript harboring 
r(CUG)exp (right).  Middle, representative gel image of rescue 
of MBNL1 exon 5 misplacing by the optimized RIBOTAC. 
Bottom, quantification of MBNL1 exon 5 rescue.   
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What opportunities for training and professional development has the project provided?    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
How were the results disseminated to communities of interest?    
 
 
 
 
 
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.   

• Subtask 1: Hit validation: inhibit  r(CUG)12-MBNL1 complex; Months 12-15: 
09/01/20-11/30/20; Disney Laboratory 

 
• Subtask 2:  In vitro evaluation of most potent compounds from Subtask 1: affinity, kon, 
koff, residence time by biolayer interferometry; Months 15-18: 11/01/20-02/28/21; Disney 
Laboratory 

 
Major Task 4: Evaluate compounds from Maj. Task 3 in cells 

• Subtask 1: Assess cell permeability & cytotoxicity of compounds; Months 15-18: 
11/01/20-02/28/21; Disney Laboratory 

• Subtask 2: Study non-toxic, cell permeable compounds for improving splicing defects and 
foci in patient-derived cells; Months 18-24: 02/01/21-08/31/21; Disney Laboratory 

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. 

Results were disseminated in the usual way by publishing in peer-reviewed journals. 
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• Subtask 4: Study transcriptome-wide effects of compound treatment by RNA-seq; Months 
18-24: 02/01/21-08/31/21; Wang 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. 

• Subtask 1: In vitro DMPK analysis; Months 1-30: 09/01/19-02/28/22; Disney 
Laboratory 
 

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

• 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. 
• 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 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; ; Disney Laboratory 

 
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)12 - 
FRET-based assay. 100% complete – currently undergoing re-optimization; Months 
6-18: 02/01/20-02/28/21; ; Disney Laboratory 
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• Subtask 2:  Rigorously evaluate the ability of small molecule-RNase L conjugates to recruit 
RNase L and cleave r(CUG)12; Months 6-18: 02/01/20-02/28/21; Disney Laboratory 

 
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; Disney Laboratory 

 
• Subtask 2: Study non-toxic, cell permeable compounds for selective cleavage of r(CUG)exp 

(patient-derived cells); Months 15-21: 11/01/20-05/31/21; ; Disney Laboratory 
 
Major Task 4:  Comprehensive in cellulis evaluation of RIBOTAC probes 

• Subtask 1: Determine if RIBOTACs selectively cleave r(CUG)exp in multiple DM1 patient-
derived cell lines; Months 18-30: 02/01/21-02/28/22; Disney Laboratory 
 

• Subtask 2: Study compounds for improving DM1-associated splicing defects and reducing 
foci in multiple cell lines; Months 18-30: 02/01/21-02/28/22; Disney Laboratory 

 
• 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 mRNAs57 and >700 novel conserved 
RNA structures, almost all with unknown function, in the mammalian transcriptome.58  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 
that causes DM1 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 
DM1.   
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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 

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

Changes that had a significant impact on expenditures 

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 

 

NOTHING TO REPORT 

NOTHING TO REPORT 
 

NOTHING TO REPORT 

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

Significant changes in use of biohazards and/or select agents 

6. PRODUCTS:
• Publications, conference papers, and presentations

Journal Publications 

1. 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).

2. 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).

3. 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).

4. 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), in
press. doi: 10.1039/d0cs00560f.  acknowledges federal support (yes).

5. 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), in press.  doi: 10.1039/d0cs00455c.  acknowledges federal support (yes).

6. Fitzgerald PR & Paegel BM; DNA-Encoded Chemistry: Drug Discovery From a Few Good
Reactions; ACS Chemical Reviews, (2020), accepted and in press; acknowledges federal support
(yes).

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

 

Other publications, conference papers and presentations.  

 

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

NOTHING TO REPORT 
 

NOTHING TO REPORT 

NOTHING TO REPORT 
 

NOTHING TO REPORT 
 

NOTHING TO REPORT 
 



36 

• Technologies or techniques
 
 
 

• Inventions, patent applications, and/or licenses

 

• Other Products
 

 

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

Name: Matthew D. Disney 
Project Role: Principal Investigator (Initiating PI) 
Researcher Identifier: 0000-0001-8486-1796 
Nearest Person Month Worked:3 calendar months 
Contribution to Project: Professor Disney oversees all aspects of the Initiating project. 
Funding Support: in addition to this award, active awards include W81XWH2010727; UG3 
NS116921; R35 NS116846; R01 CA249180; and P01 NS099114. R33 NS096032 and R01 
GM097455 are both in one-year no cost extension ending in 2020 and 2021, respectively. 

Name: Raphael I. Benhamou 
Project Role: Postdoctoral Associate, Disney Lab 
Researcher Identifier: 0000-0003-1743-0886 
Nearest Person Month Worked: 1 calendar month 
Contribution to Project:  Completed experimental work associated with Disney Laboratory 
milestones/tasks 
Funding Support: None at time of project participation; Myotonic Dystrophy Foundation and 
National Ataxia Foundation awarded in Spring 2020. 

Name: Brian M. Paegel 
Project Role: Co-Investigator 
Nearest Person Month Worked: 1 calendar month 
Contribution to Project: The Paegel lab is designing and synthesizing DNA-encoded libraries for 
RNA ligand discovery and providing computational support to deconvolute screening hits. 
Funding Support: in addition to this award, active awards include R01 GM120491. 

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

NOTHING TO REPORT 
anything 

NOTHING TO REPORT
 

NOTHING TO REPORT
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Contribution to Project: Professor Wang oversees all aspects of the Partnering project. 
Funding Support: in addition to this award, active awards include R01 AR076060; R01 
AG058636; R01 AR060209; R01 GM121862; R01 NS112291; and R01 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)exp 
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)exp 
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?  

Matthew D. Disney 
New Awards Received Throughout Budget Period (2019-2020): 

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. 
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.  
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Overlap: None 

UG3 NS116921 (Mouradian/Disney)          06/01/20-05/31/21      0.76 calendar (6.33%) 
NIH/NINDS 
Disney lab share: (total direct costs for project) | (total costs for project) Project period 
beyond Year 1 contingent upon promising first annual progress report. RNA Targeted 
Drug Discovery and Development for Parkinson's Disease  
6001 Executive Boulevard Suite 3309 
Bethesda, MD 20892- 9531 
Program Official: Joel A. Saydoff, joel.saydoff@nih.gov 
This project aims to identify, optimize, and test drug-like compounds that modulate the levels of 
a key protein in Parkinson's disease and protect the brain from degeneration. 
Specific Aim 1: Advance a number of biologically active small molecules of diverse 
chemotypes that target α-synuclein 5’ UTR through in vitro and cellular assays. 
Specific Aim 2: Pre-development in vivo proof of mechanism. 
Specific Aim 3: Pre-development activities: Enabling Therapeutic Index (TI) assessment. 
Specific Aim 4: IND-enabling work. 
Specific Aim 5: Single Ascending Dose (SAD) Phase 1 trial. 
Overlap: None 

R35NS116846 (Disney)        05/01/20-04/30/28            6.0 calendar (50%) 
NIH/NINDS 
 (total direct costs for project) | (total costs for project) 
Design of Precision Small Molecules Targeting RNA Repeating Transcripts to Manipulate 
and Study Disease Biology  
6001 Executive Boulevard, Suite 3290, MSC 9537 
Bethesda, MD 20892-9537 
Program Official: James Washington, washingj@ninds.nih.gov 
We will develop generalizable and potentially transformative methods to selectively target the 
RNA repeat expansions that cause >30 incurable neuromuscular diseases and genetically-defined 
dementia.   
Specific Aim 1: Study molecular recognition in cellulis. 
Specific Aim 2: Use on-site drug synthesis to improve compound activity and selectivity. 
Specific Aim 3: Interfacing SMIRNAs with natural decay processes. 
Specific Aim 4: Recruit nuclease with small molecules to cleave expanded repeats selectively 
Specific Aim 5: Evaluate therapeutic efficacy in mouse models. 
Overlap: None 

R01 CA249180 (Disney)           04/01/20-03/31/25. 1.9 calendar (15.83%) 
NIH/NCI 
Disney lab share: (total direct costs for project) (total costs for project) 
Targeted Degradation of RNAs by Using Small Molecules 
9000 Rockville Pike 
Bethesda, MD 20892-9086 
Program Official: Jeffrey Smiley, smileyja@csr.nih.gov 
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Our goal is to develop a new strategy to destroy toxic RNAs that cause the metastatic phenotype 
using small molecules. We will use a transformative approach to drug RNA, by generating 
chimeric small molecules that selectively bind to and recruit nucleases to cleave a desired RNA 
target. 
Specific Aim 1: Comprehensively characterize our lead RIBOTAC (5) against miR-21 in vitro 
and in situ, a benchmark for lead optimization. 
Specific Aim 2: Lead optimize 5 to deliver a proof-of-concept compound with properties 
amenable for in vivo testing. 
Specific Aim 3: Assess efficacy of optimized RIBOTACS against a panel of TNBC lines and 
TNBC PDX tumor cells. 
Overlap: None 

Changes to Information Previously Listed on Prof. Disney's Post-Submission PCPS: 
DP1 NS096898: formerly active; completed effective 07/31/2020. 
R21/33 NS096032: currently in 1-year no cost extension at decreased effort. 
R01 GM097455: currently in 1-year no cost extension at decreased effort. 

Changes to Information Previously Listed on Prof. Wang's Post-Submission PCPS: 
Target ALS Consortium Grant: "Therapeutic Potential of CRISPR-Cas9 in C9ORF72 - 
Repeat Deletion and Transcriptional Repression Strategies in C9ORF72 BAC Transgenic 
Mice": formerly active; completed effective 04/30/2020. 

Changes to Information Previously Listed on Prof. Paegel's Post-Submission PCPS: 
R42 GM115130 and R21 EB024116: formerly active; completed effective 03/31/2019 and 
02/29/2020, respectively. 

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) 

Organization Name:  The University of California, Irvine 
Location of Organization: 101 Theory, Suite 154, Mail Code 3958 

Irvine, CA 92617 
Partner's Contribution: Collaboration (academic worksite of Co-I Brian Paegel) 

Partner's Contribution:
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8. SPECIAL REPORTING REQUIREMENTS

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

QUAD CHARTS: 3OHDVH�VHH�DWWDFKHG�DSSHQGLFHV�ZLWK�TXDG�FKDUW�  

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)exp] 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 A5 cleaving module converts the simple binding compound
into a potent allele-selective cleaver of r(CUG)exp. This study shows that the linker in modularly assembled ligands targeting RNA
can be optimized to afford potent biological activity.

■ INTRODUCTION
To date, much of chemical biology and drug discovery for
human diseases has been centered on targeting proteins.1

However, recent estimates have suggested that the number of
potential RNA drug targets far exceeds the number of potential
protein drug targets.2,3 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.4 Many RNAs, however, contribute to
human biology by forming particular structures,5−7 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.8

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.9 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,10 participate in gain-of-function pathways by
binding to and sequestering proteins involved in RNA
biogenesis including pre-mRNA splicing,11 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)exp] harbored in the 3′ untrans-

lated region (UTR) of the dystrophia myotonica protein kinase
(DMPK) gene.12 This r(CUG)exp folds into a highly stable
structure with regularly repeating 5′CUG/3′GUC 1 × 1
nucleotide internal loops (Figure 1A). This structure binds to
and sequesters the muscleblind-like 1 (MBNL1) protein,
which regulates pre-mRNA splicing. Sequestration of MBNL1
by r(CUG)exp results in pre-mRNA splicing defects in various
genes, and these defects contribute to DM1 pathology.13

Previously, small molecules have been designed to selectively
target r(CUG)exp, liberating MBNL1 and thereby improving
DM1-associated disease defects.14,15 One strategy to deactivate
this target is the selective recognition of structural motifs in
r(CUG)exp with small molecules, which can be further
derivatized into dimers that target multiple motifs simulta-
neously.15 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)14,15 or attaching cellular uptake tags such
as lysine and arginine,16 thus enhancing the uptake and
localization of the compounds. Subsequently, uptake tags9 have
also been used as spacing modules.17 The enhanced
permeability of these previously developed uptake tags has
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been traced to polycationic interactions with cell-surface
heparin sulfate.18 However, the increased basicity of these
compounds has also been correlated with promiscuity and off-
target binding.19,20 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 transcription21,22 and
degrading the RNA by appending cleaving modules (such as
bleomycin A5) to structure-binding small molecules, which
enhances both potency and selectivity.14,23

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)exp and cellular
potency without increasing the cationic nature of the
compound. The optimized binder for r(CUG)exp was then
appended with bleomycin A5, further enhancing potency, as
compared to the parent compound in DM1 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)exp.
These molecules contain a peptoid backbone,15 which was
optimized with an N-methyl peptide as a spacer between the
two RNA-binding modules (2H-K4NMeS, Figure 2A).24 Both
the first generation compound and 2H-K4NMeS improve

Figure 1. Design of potent dimers targeting r(CUG)exp in DM1. (A)
r(CUG)exp in the 3′ UTR of DMPK folds into a hairpin displaying a
periodic array of internal loops that bind and sequester MBNL1,
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)exp.

Figure 2. Design of small molecules that selectively target r(CUG)exp. (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)exp loops simultaneously and releases
MBNL1, improving DM1-associated defects. (B) Optimization of the peptoid linker connecting the two binding modules, generating seven new
derivatives.
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various DM1-associated disease processes in cells; a bleomycin
conjugate of 2H-K4NMeS provided a selective, bioactive
compound in a pre-clinical animal model.23 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,24,25 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 D-alanine
(D-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).14

These linker spacers were chosen in order to investigate the
roles of the side-chain orientation with D-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 IC50s of these dimers were measured as assessed by
disruption of the r(CUG)12−MBNL1 complex using a
previously reported time-resolved fluorescence resonance
energy transfer (TR-FRET) assay.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.28,29 The implications of this cis−trans isomerization
in biological systems translates to distinct conformational
flexibility, hydrogen bonding interactions, hydrophobic inter-

actions, and solvation,30 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 5) in the linker
(Figure 2B) and measuring their IC50s in the TR-FRET assay
(Figure 3A). Notably, 2H-K2-Pro containing two prolines in
the linker was the most potent with an IC50 of 5.3 ± 0.8 μM,
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)12 or
an RNA hairpin containing eight GC base pairs [r-
(GCGCGCGCGAAAGCGCGCGC); dubbed r(GC)8]. The
2H-K2-Pro bound to r(CUG)12 with an EC50 of 150 ± 5 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)12 than the
parent compound 2H-K4NMeS (EC50 = 280 ± 90 nM), while
having less atoms in the linker.12

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

Figure 3. Studying the ability of designer compounds to inhibit the r(CUG)exp−MBNL1 complex in vitro and assessment of compound activity in
DM1 myotubes. (A) In vitro IC50s for disruption of the r(CUG)exp−MBNL1 complex by new dimer derivatives, compared to the parent compound
(n = 3 replicates; 2 independent experiments). (B) Binding affinities (EC50s) of 2H-K2-Pro and 2H-K4NMeS for a model of r(CUG)exp,
r(CUG)12 (n = 3 replicates; 2 independent experiments), and a base-paired control (n = 2 replicates; 2 independent experiments). (C) Secondary
structures of the r(CUG)12 and r(GC)8 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 MBNL1 exon 5 splicing defect (n = 3
replicates). (E) Quantification of the number of r(CUG)exp−MBNL1 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)exp-MBNL1 foci in
DM1 myotubes treated with 2H-K2-Pro or 2H-K4NMeS.
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MBNL1 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
MBNL1 and (ii) the presence of r(CUG)exp-containing nuclear
foci.31−33 We therefore studied the rescue of these DM1-
associated defects by 2H-K2-Pro. DM1 patient-derived
fibroblasts harboring 1300 repeats were differentiated into
myotubes34 as a robust model of human disease. We first
assessed improvement of the MBNL1-dependent splicing of its
own exon 5;35 in DM1-affected cells, exon 5 is included too
frequently, 50% versus 15% in healthy cells as previously
observed.23 Notably, 2H-K2-Pro rescued splicing of MBNL1
exon 5 in a dose-dependent fashion (Figure S2). At the 5 μM
dose, both 2H-K2-Pro and 2H-K4NMeS improved the
MBNL1 exon 5 splicing defect similarly by ∼30% (Figure
3D and Figure S2). Likewise, both compounds reduced the
number of foci containing r(CUG)exp [imaged by RNA
fluorescence in situ hybridization (FISH)] and MBNL1
(imaged using immunofluorescence) similarly when DM1
myotubes were treated with 5 μM 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

of 2H-K2-Pro as r(CUG)exp 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 μM 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 MBNL1
exon 5 splicing in DM1 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)exp. To
enhance the activity of 2H-K2-Pro, we converted the binder
into an RNA degrader by using a bleomycin conjugation
strategy.14,23,36,37 That is, 2H-K2-Pro was conjugated to
bleomycin A5 via its amine (known to contribute to DNA
binding38) to yield 2H-K2-Pro-bleo (Figure 4A,B).23 The
affinity of 2H-K2-Pro-bleo was similar to that of 2H-K2-Pro
with an EC50 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)8 (Figure 4C
and Figure S4).

Figure 4. Design and in vitro evaluation of small molecules that cleave r(CUG)exp. (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)exp, cleaves the toxic RNA repeat, and displaces MBNL1, thereby
improving DM1-associated defects. (C) Binding affinities of 2H-K2-Pro-bleo and Cugamycin to r(CUG)12 (n = 3 replicates; 2 independent
experiments) and r(GC)8 (n = 2 independent experiments with two replicates each). (D) In vitro RNA cleavage of r(CUG)12 (n = 2 replicates; 2
independent experiments). *P < 0.05, **P < 0.01 as determined by a one-way ANOVA relative to 0.
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Figure 5. Effects of small molecules on the DNA damage response pathway. (A) Representative images from γ-H2AX immunofluorescence to
assess DNA damage in DM1 myotubes upon treatment with 2H-K2-Pro-bleo and Bleomycin A5. (B) Quantification of the number of γ-H2AX
foci/nucleus. Error bars represent SD; n = 3 biological replicates with 40 nuclei counted/replicate. ****P < 0.0001 as determined by one-way
ANOVA; “ns” denotes not statistically significant.

Figure 6. Biological activity of 2H-K2-Pro-bleo in DM1 patient-derived myotubes. (A) Effect of 2H-K2-Pro-bleo on r(CUG)exp-containing
DMPK 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 MBNL1 exon 5 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)exp−MBNL1 foci in DM1 myotubes treated with 2H-K2-Pro-bleo. (D) Quantification of the r(CUG)exp−
MBNL1 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 DMPK 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 μM) 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)10. In order to assess the
ability of 2H-K2-Pro-bleo to cleave r(CUG)exp in vitro, a
control compound, Ac-K2-Pro-bleo, was synthesized where
bleomycin A5 was coupled to the peptoid backbone lacking
the RNA-binding modules (Supporting Information, Synthetic
Procedures). 2H-K2-Pro-bleo dose-dependently cleaved r-
(CUG)10, cleaving ∼20% of the RNA at the highest
concentration tested, 2.5 μM (Figure 4D and Figure S5A,B).
No significant RNA cleavage was observed with Ac-K2-Pro-
bleo as expected (Figure 4D and Figure S5A,B).14,23

Evaluation of DNA Damage in Cells. We have
previously shown that by attaching r(CUG)exp-binding
modules to the C-terminal amine of bleomycin A5 a key
positive charge on bleomycin A5 that contributes to DNA
binding is eliminated along with its ability to cleave DNA.23 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 (γ-H2AX) foci, formed in response
to DNA double strand breaks.39 Indeed, 2H-K2-Pro-bleo did
not cause a significant increase in γ-H2AX in DM1 myotubes,
whereas bleomycin A5 alone showed an ∼6-fold increase in the
number of foci observed per cell (Figure 5 and Figure S6) as
expected based on its ability to cause DNA damage in cancer
cells.39 Thus, DNA recognition and cleavage by bleomycin A5
are significantly reduced when conjugated to 2H-K2-Pro.
Biological Evaluation of Compounds that Cleave

r(CUG)exp. 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)1300 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).23 Notably, 2H-K2-Pro-bleo reduced DMPK levels by
45 ± 4% at 5 μM, whereas only an ∼30 ± 3% decrease was
observed with Cugamycin at 5 μM (Figure 6A). Importantly,
no effect was observed on DMPK levels in healthy myotubes
that only express wild-type (WT) DMPK [r(CUG)20 in the 3′
UTR] (Figure S7), indicating that 2H-K2-Pro-bleo specifically
recognizes and cleaves the mutant r(CUG)exp-containing
DMPK transcript. To further explain the gain in potency by
2H-K2-Pro-bleo, we evaluated its and Cugamycin’s cellular
uptake into DM1 myotubes. Interestingly, a statistically
significant increase in permeability was observed for 2H-K2-
Pro-bleo (P < 0.05; Figure S8). However, compared to the
parent binders, both bleomycin A5 conjugates were ∼4-fold
less permeable (Figure S8).
Next, the ability of 2H-K2-Pro-bleo to rescue DM1-

associated splicing defects and the formation of nuclear foci
were investigated. 2H-K2-Pro-bleo rescued the MBNL1 exon
5 splicing defect by 50 ± 8% at 5 μM and 30 ± 7% at 1 μM
(Figure 6B), the latter of which is similar to 5 μM 2H-K2-Pro
(Figure 3D). Thus, in this assay, 2H-K2-Pro-bleo is
approximately 5 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 MBNL1 exon 5 splicing patterns in wild-type myotubes
(Figure S7). Altogether, these control experiments indicate
specificity for r(CUG)exp. Next, we evaluated the ability of 2H-
K2-Pro-bleo (1 μM) to reduce the number of r(CUG)exp−
MBNL1 foci in cells. A significant decrease in the number of
foci per cell was observed (Figures 6C,D and Figure S10).

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 μM 2H-K2-Pro-bleo; if 2H-
K4NMeS and 2H-K2-Pro bind to the same site in r(CUG)exp

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
(EC25 = 0.2 μM) inhibited DMPK cleavage more efficiently
than 2H-K4NMeS (EC25 = 1 μM) 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)exp 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)exp, as shown in our previous folding analysis.23 As a
control, we also evaluated Ac-K2-Pro-bleo, the analog of 2H-
K2-Pro-bleo lacking the RNA-binding modules, in DM1
myotubes. As expected, no effect was observed on DMPK
levels nor MBNL1 splicing (Figure S12). Thus, cleavage of
r(CUG)exp 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)exp with oligonucleotides as previously shown.23

■ 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)exp

disease biology across several disorders, such as myotonic
dystrophy type 1 (DM1), Fuchs endothelial corneal dystrophy
(FECD),40 and Huntington’s disease-like 2 (HDL-2).41 In
contrast, oligonucleotide-based modalities do not target
r(CUG)exp; 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.

■ EXPERIMENTAL SECTION
General Synthetic Procedures. Bleomycin A5 (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-
CO2H), intermediate (10), and 2H-K4NMeS were synthesized as
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reported previously.14 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 5 μm 19
× 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 μm 4.6 × 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 α-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, 50 mm × 4.6 mm, 2.7 μm).
Synthesis of 2. A mixture of tert-butyl (4-(methylamino)butyl)-

carbamate (3.00 g, 14.8 mmol), NEt3 (4.13 mL, 29.7 mmol), and
AllocCl (1.89 mL, 17.8 mmol) in CH2Cl2 (60 mL) was stirred at
room temperature overnight. After completion of the reaction, the
reaction was diluted with CH2Cl2 (100 mL), extracted with brine, and
washed with 5% HCl aq (v/v, 15 mL) twice and aqueous NaHCO3
(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:CH2Cl2 was added, and the
reaction was stirred at room temperature overnight. The reaction
mixture was concentrated, and then NaHCO3 (aq; 15 mL) was
added. The mixture was then extracted with CH2Cl2 (5 × 15 mL) to
give 2 (759 mg, 27% yield over 2 steps). This compound was used for
the next reaction without further purification. 1H NMR (600 MHz,
CDCl3) δ 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) 13C NMR (150 MHz, CDCl3) δ ppm): 154.8, 131.0, 115.5, 64.3,
46.3, 37.6, 32.1, 22.6, 22.4 HR-MS (ESI): Calculated for
[C9H19N2O2]

+, 187.1441; found, 187.1445.
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 ×
20 min). The resin was washed with DMF (3 × 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 CH2Cl2 (3 × 8 mL) and DMF (3 × 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 CH2Cl2 (3 × 8 mL) and DMF (3 × 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 CH2Cl2 (3 × 8
mL) and DMF (3 × 8 mL) to afford intermediate 3.
Synthesis of 2H-K4-D-Ala. Resin 3 (20 mg, 10 μmol) was

swollen in DMF (500 μL) for 10 min, and DMF was removed. To the
resin, a pre-mixed solution of Fmoc-D-Ala-OH (27.0 mg, 50 μmol),
HATU (19.0 mg, 50 μmol), HOAt (6.8 mg, 50 μmol), and DIPEA
(16.5 μL, 100 μmol) in DMF (500 μL) was added, and the reaction
was shaken at room temperature for 30 min. The resin was then
washed with DMF (5 × 1 mL). To the resin, 20% piperidine in DMF
(500 μL) was added, and the resin was shaken at room temperature
for 10 min. This step was repeated. The resin was washed with DMF
(5 × 1 mL). This cycle was repeated an additional 2 times. Following
this, a pre-mixed solution of Fmoc-D-Ala-OH (27.0 mg, 50 μmol),
HATU (19.0 mg, 50 μmol), HOAt (6.8 mg, 50 μmol), and DIPEA
(16.5 μL, 100 μmol) was added to the resin, which was then shaken at
room temperature for 30 min. The resin was washed with DMF (5 ×
1 mL). To this resin, Pd(PPh3)4 (5.78 mg, 5.0 μmol) in CH2Cl2 (500
μL) and PhSiH3 (24.7 μL, 200 μmol) and CH2Cl2 (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 CH2Cl2 (5 × 1 mL, 30 s), 0.5% DIPEA (v/v) in DMF (2 × 1

mL, 30 s) and 0.5% sodium diethyl dithiocarbamate (w/v) in DMF (2
× 1 mL, 30 s), and DMF (5 × 1 mL, 30 s). To the resin, 20%
piperidine in DMF (500 μL) was added, and the reaction was shaken
at room temperature for 10 min. This step was repeated. The resin
was washed with DMF (5 × 1 mL). These two steps were repeated.
To the resin, a pre-mixed solution of (Ht-CO2H (6) (25.5 mg, 50
μmol), HATU (19.0 mg, 50 μmol), HOAt (6.8 mg, 50 μmol), and
DIPEA (16.5 μL, 100 μmol) in 500 μL of DMF was added, and it was
shaken at 45 °C for 40 min. The resin was washed with DMF (5 × 1
mL). To this resin, 1 mL of TFA/H2O (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 Et2O, and the resulting precipitate was
collected. The precipitate was washed with Et2O (5× volume), and
the supernatant was removed by decantation. This crude product was
purified by HPLC (41−81% MeOH+0.1% TFA vs H2O + 0.1% TFA,
over 20 min) to give 2H-K4-D-Ala (372 nmol, 1.86% yield); HR-MS
(MALDI): Calculated for [C77H94N19O9]

+, 1428.7476; found,
1428.7456.

Synthesis of 2H-K4NMe-Tyr. Resin 3 (20 mg, 10 μmol) was
swollen in DMF (500 μL) 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 μmol), DIC (7.7 μL, 50 μmol), and
oxyma (7.1 mg, 50 μmol) in DMF (500 μL) was added, and the resin
was shaken at room temperature for 2 h. After washing the resin with
DMF (5 × 1 mL), 20% piperidine in DMF (500 μL) was added,
followed by shaking at room temperature for 10 min. This step was
repeated. The resin was washed with DMF (5 × 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 μmol), DIC (7.7 μL, 50
μmol), and oxyma (7.1 mg, 50 μmol) in DMF (500 μL) was added,
and it was shaken at room temperature for 2 h. The resin was washed
with DMF (5 × 1 mL). To this resin, Pd(PPh3)4 (5.78 mg, 5.0 μmol)
in CH2Cl2 (500 μL), PhSiH3 (24.7 μL, 200 μmol), and CH2Cl2 (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 CH2Cl2 (5 × 1 mL, 30 s), 0.5% DIPEA (v/
v) in DMF (2 × 1 mL, 30 s) and 0.5% sodium diethyl
dithiocarbamate (m/v) in DMF (2 × 1 mL, 30 s), and DMF (5 ×
1 mL, 30 s). To the resin, 20% piperidine/DMF (500 μL) was added,
and it was shaken at room temperature for 10 min twice. The resin
was washed with DMF (5 × 1 mL). To the resin, a pre-mixed solution
of (Ht-CO2H (6) (25.5 mg, 50 μmol), HATU (19.0 mg, 50 μmol),
HOAt (6.8 mg, 50 μmol), and DIPEA (16.5 μL, 100 μmol) in 500 μL
of DMF was added, and it was shaken at room temperature overnight.
The resin was washed with DMF (5 × 1 mL) followed by addition of
1 mL of 1:1 TFA: H2O. The mixture was shaken at room temperature
for 1 h. After that, the solution was collected and concentrated. To the
mixture was added 10× the volume of Et2O, and the resultant
precipitate was collected. The precipitate was washed with Et2O (5×
volume), and the supernatant was removed by decantation. This
crude product was purified by HPLC (50−100% MeOH + 0.1%
TFA/H2O + 0.1% TFA, over 20 min) to give 2H-4N-Me-Tyr (60
nmo l , 0 . 60% y i e ld) HR-MS (ESI) : Ca l cu l a t ed fo r
[C105H119N19O13]

2+, 926.9612; found, 926.9590.
Synthesis of 2H-K4-OH-Pro. Resin 3 (20 mg, 10 μmol) was

swollen in DMF (500 μL) for 10 min, and then DMF was removed.
To the resin, a pre-mixed solution of Fmoc-Hyp(tBu)-OH (20.5 mg,
50 μmol), DIC (7.7 μL, 50 μmol), and oxyma (7.1 mg, 50 μmol) in
DMF (500 μL) was added followed by shaking at room temperature
for 2 h. The resin was washed with DMF (5 × 1 mL), and then 20%
piperidine in DMF (500 μL) was added. The resin was shaken at
room temperature for 10 min and then washed with DMF (5 × 1
mL). This cycle was repeated an additional 2 times. To the resin, a
pre-mixed solution of Fmoc-Hyp(tBu)-OH (20.5 mg, 50 μmol), DIC
(7.7 μL, 50 μmol), and oxyma (7.1 mg, 50 μmol) was added, and it
was shaken at room temperature for 2 h. The resin was washed with
DMF (5 × 1 mL), and then Pd(PPh3)4 (5.78 mg, 5.0 μmol) in
CH2Cl2 (500 μL), PhSiH3 (24.7 μL, 200 μmol), and CH2Cl2 (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 CH2Cl2 (5 × 1 mL, 30 s each), 0.5% DIPEA (v/v)
in DMF (2 × 1 mL, 30 s each) and 0.5% sodium diethyl
dithiocarbamate (m/v) in DMF (2 × 1 mL, 30 s each), and DMF
(5 × 1 mL, 30 s each). To the resin, 20% piperidine in DMF (500 μL)
was added, and it was shaken at room temperature for 10 min. This
step was repeated. The resin was washed with DMF (5 × 1 mL)
followed by addition of a pre-mixed solution of (Ht-CO2H (6) (25.5
mg, 50 μmol), HATU (19.0 mg, 50 μmol), HOAt (6.8 mg, 50 μmol),
and DIPEA (16.5 μL, 100 μmol) in 500 μL of DMF. The resin was
shaken at room temperature overnight and then washed with DMF (5
× 1 mL). To this resin, 1 mL of 95:5 TFA/H2O 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
10× the volume of Et2O, and the resultant precipitate was collected.
The precipitate was washed with 5× the volume of Et2O, and its
supernatant was removed by decantation. The crude product was
purified by HPLC (45−75% MeOH + 0.1% TFA vs H2O + 0.1%
TFA, over 20 min) to give 2H-K4-OH-Pro (233 nmol, 2.33% yield).
HR-MS (ESI): Calculated for [C85H103N19O13]2+, 798.8986; found,
798.9019.
Synthesis of 2H-K2-Pro. Resin 10 (400 mg, 200 μmol) 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 μmol),
HATU (380 mg, 1000 μmol), HOAt (136 mg, 1000 μmol), and
DIPEA (331 μL, 2000 μmol) in DMF (4 mL) was added, and the
mixture was shaken at room temperature for 30 min. The resin was
washed with DMF (5 × 5 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 (5× 10 mL). This addition of Fmoc-L-Pro-OH was
repeated. To the resin, 4.0 mL of 30% TFA in CH2Cl2 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 10× the volume of Et2O. The precipitate was washed
with Et2O (5× v/v), and the supernatant was removed by
decantation. To a solution of the product in DMF (2.0 mL), a
mixture of Ht-CO2H (6) (215 mg, 420 μmol), HATU (160 mg, 420
μmol), HOAt (57.2 mg, 420 μmol), and DIPEA (139 μL, 840 μmol)
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 H2O, 0.1%
TFA as an additive, 3 times) and then by HPLC (41−81% MeOH +
0.1% TFA/H2O + 0.1% TFA, over 40 min) to give 2H-K2-Pro (192
nmol, 0.96%) HR-MS (MALDI): Calculated for [C75H88N17O7]

+,
1338.7047; found, 1338.7058.
Synthesis of 2H-K3-Pro. Resin 3 (20 mg, 10 μmol) 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 μmol), HATU (11.4 mg, 30
μmol), HOAt (4.1 mg, 30 μmol), and DIPEA (9.9 μL, 60 μmol) in
DMF (1 mL) was added, and the resin was shaken at room
temperature for 30 min. The resin was washed with DMF (5 × 1 mL).
To the resin, 20% piperidine in DMF (500 μL) was added, and the
resin was shaken at room temperature for 10 min. The resin was
washed with DMF (5 × 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 μmol), HATU (11.4 mg, 30 μmol), HOAt (4.1 mg, 30 μmol),
and DIPEA (9.9 μL, 60 μmol) was added followed by shaking at
room temperature for 30 min. The resin was washed with DMF (5 ×
1 mL). To this resin, Pd(PPh3)4 (5.78 mg, 5.0 μmol) in CH2Cl2 (500
μL) and PhSiH3 (24.7 μL, 200 μmol) and CH2Cl2 (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 CH2Cl2 (5 × 1 mL, 30 s each), 0.5% DIPEA (v/v) in
DMF (2 × 1 mL, 30 s each) and 0.5% sodium diethyl dithiocarbamate
(w/v) in DMF (2 × 1 mL, 30 s each), and DMF (5 × 1 mL, 30 s
each). To the resin, 20% piperidine in DMF (500 μL) was added, and
the mixture was shaken at room temperature for 10 min. This step
was repeated. The resin was washed with DMF (5 × 1 mL) followed

by addition of a pre-mixed solution of Ht-CO2H (6) (25.5 mg, 50
μmol), HATU (19.0 mg, 50 μmol), HOAt (6.8 mg, 50 μmol), and
DIPEA (16.5 μL, 100 μmol) in 500 μL of DMF. The resin was then
shaken at 45 °C for 40 min. The resin was washed with DMF (5 × 1
mL). To this resin, 1 mL of 95:5 TFA/H2O 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 10× the
volume of Et2O, and the resultant precipitate was collected. The
precipitate was washed with Et2O (5× volume), and the supernatant
was removed by decantation. This crude product was purified by
HPLC (42−82% MeOH + 0.1% TFA vs H2O + 0.1% TFA, over 20
min) to give 2H-K3-Pro (106 nmol, 1.06%) HR-MS (MALDI):
Calculated for [C80H95N18O8]

+, 1435.7575; found, 1435.7566.
Synthesis of 2H-K4-Pro. Resin 10 (400 mg, 200 μmol) 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 μmol),
HATU (380 mg, 1000 μmol), HOAt (136 mg, 1000 μmol), and
DIPEA (331 μL, 2000 μmol) in DMF (1 mL) was added, and the
mixture was shaken at room temperature for 30 min. The resin was
washed with DMF (5 × 5 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 μmol of the resin, 4.0 mL of 30% TFA in CH2Cl2 was added. The
mixture was shaken at room temperature for 10 min. After, the
solution was collected and then added to 10× the volume of Et2O.
The resulting precipitate was collected and washed with 5× the
volume of Et2O. The supernatant was removed by decantation. The
precipitate was dissolved in DMF (1.9 mL), and then a mixture of Ht-
CO2H (6) (204 mg, 399 μmol), HATU (152 mg, 399 μmol), HOAt
(54.3 mg, 399 μmol), and DIPEA (132 μL, 798 μmol) in DMF (1.9
mL) was added at room temperature. The mixture was stirred at 50
°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 H2O, 0.1%
TFA as an additive) to give 2H-K4-Pro (12.0 μM, 6.00%) HR-MS
(MALDI): Calculated for [C85H102N19O9]+, 1532.8102; found,
1532.8101.

Synthesis of 2H-K5-Pro. Resin 10 (50 mg, 25 μmol) 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 μmol), HATU
(47.5 mg, 125 μmol), HOAt (17.0 mg, 125 μmol), and DIPEA (41.3
μL, 250 μmol) in DMF (1 mL) was added, and the mixture was
shaken at room temperature for 30 min. The resin was washed with
DMF (5 × 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 × 1 mL). This cycle was repeated an additional
4 times. To 12.5 μmol of the resin, 1.0 mL of 30% TFA in CH2Cl2
was added. The mixture was shaken at room temperature for 10 min.
After, the solution was collected and added to 10× the volume of
Et2O. The resultant precipitate was collected and washed with Et2O
(5× volume). The supernatant was removed by decantation. To a
solution of this product in DMF (0.25 mL), a mixture of Ht-CO2H
(6) (16.0 mg, 31.3 μmol), HATU (11.9 mg, 31.3 μmol), HOAt (4.3
mg, 31.3 μmol), and DIPEA (10.3 μL, 62.5 μmol) in DMF (0.25 mL)
was added at room temperature. The mixture was stirred at 50 °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 H2O + 0.1% TFA, over 30 min) to give 2H-K5-Pro (64 nmol,
0.26%) HR-MS (MALDI): Calculated for [C85H102N19O9]

+,
1629.8630; found, 1629.8601.

Synthesis of 13. A mixture of tert-butyl (4-(methylamino)butyl)-
carbamate (2.00 g, 9.89 mmol), NEt3 (2.76 mL, 19.8 mmol), and
NsCl (2.27 g, 11.9 mmol) in CH2Cl2 (49 mL) was stirred at room
temperature overnight. After completion of the reaction, the reaction
was diluted with CH2Cl2 (100 mL) and washed with 5% HCl aq (v/v,
15 mL) twice and then aqueous NaHCO3 (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/CH2Cl2 (98 mL) was stirred at room
temperature for 3 h. The mixture was concentrated followed by
addition of aq NaHCO3 (15 mL) and extraction with CH2Cl2 (5 × 15
mL) to give 13 (1.521 g, 54%, 2 steps). This was used for the next
reaction without further purification. 1H NMR (400 MHz, CDCl3) δ
ppm: 7.96−7.91 (m, 1H), 7.72−7.68 (m, 2H), 7.59−7.62 (m, 1H),
3.25 (t, 2H, J = 6.9 Hz), 2.87 (s, 3H), 2.79 (t, 2H, J = 6.8 Hz), 1.68−
1.61 (m, 2H), 1.59−1.52 (m, 2H). 13C NMR (100 MHz, CDCl3) δ
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 [C11H18N3O4S]

+, 288.1013;
found, 288.1015.
Synthesis of 2H-K2-Pro-bleo. The 2-chlorotrityl resin (12) (500

mg, 730 μmol) was washed with CH2Cl2, which was then removed.
To this resin, CH2Cl2 (6.6 mL) and HCl in dioxane (4 M, 3.0 mL)
were added. After shaking for 30 min, the resin was washed with
CH2Cl2 (3× 10 mL) and DMF (3× 10 mL). To the resin,
bromoacetic acid (1.0 M, 3650 μL, 730 μmol) and DIPEA (636 μL,
3650 μmol) were added. The mixture was shaken at room
temperature for 2 h. After, the resin was washed with CH2Cl2 (3 ×
10 mL) and DMF (3× 10 mL). To the resin, 13 (1.049 g, 3650 μmol)
in DMF (3 mL) was added. The mixture was shaken at room
temperature for 1 h followed by washing with CH2Cl2 (3 × 10 mL)
and DMF (3 × 10 mL). To the resin, a pre-mixed solution of Fmoc-L-
Pro-OH (1232 mg, 3650 μmol), HATU (1388 mg, 3650 μmol),
HOAt (497 mg, 3650 μmol), and DIPEA (1207 μL, 7300 μmol) in
DMF (10 mL) was added, and the reaction was shaken at room
temperature for 30 min. The resin was then washed with DMF (5×
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 (5× 10 mL). This cycle
was repeated additionally. To 365 μmol of this resin, DBU (273 μL,
1825 μL) and 2-mercaptoethanol (256 μL, 3650 μL) in DMF (5 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 CH2Cl2 (5× 10 mL) and DMF (5× 10 mL). To the
resin, a pre-mixed solution of (Ht-CO2H (6) (399 mg, 1460 μmol),
DIC (113 μL, 1460 μmol), and oxyma (104 mg, 1460 μmol) was
added, and it was shaken at room temperature overnight. The resin
was washed with DMF (5 × 10 mL). To this resin, 10 mL of 30%
TFA in CH2Cl2 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% CH3CN +
0.1% TFA/H20 + 0.1% TFA, over 60 min) to afford 17 (83.0 mg, ca.
80% purity).
Compound 17 (13.0 mg) was washed with Et2O (3× 1 mL), and

the supernatant was removed by decantation. To a solution of this
product in DMF (181 μL), a mixture of HATU (11.0 mg, 29.0 μmol),
HOAt (29.0 μL, 1.0 M in DMF, 29.0 μmol), and DIPEA (21.5 μL,
130.3 μmol) in DMF (181 μL) was added at room temperature. The
mixture was stirred at room temperature for 2 min. To this solution,
bleomycin A5 (217.2 μL, 0.20 M in DMF, 43.4 μmol) 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 H2O + 0.1% TFA, over
90 min; and step 4: after concentrating the product in step 3, 8−58%
MeOH + 0.1% TFA vs H2O + 0.1% TFA, over 60 min] to give 2H-
K2-Pro-bleo (1.02 μmol, 0.89% yield); HR-MS (MALDI):
Calculated for [C132H174N35O28S2]+, 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 CH2Cl2 followed by
treatment with a mixture of 6 mL of CH2Cl2 and 3.0 mL of 4 M HCl
in dioxane. After shaking for 30 min at room temperature, the resin
was washed with CH2Cl2 (3× 10 mL) and DMF (3× 10 mL). To the
resin, a mixture of bromoacetic acid (1.0 M, 3.65 mL, 3.65 mmol) and
DIPEA (626 μL, 3650 mmol) in CH2Cl2 (3.65 mL) were added. The
mixture was shaken at room temperature for 3 h, and then the resin
was washed with CH2Cl2 (3 × 10 mL) and DMF (3 × 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

was shaken at room temperature overnight followed by washing with
CH2Cl2 (3× 10 mL) and DMF (3× 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 μL, 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 (5×
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 CH2Cl2 (3 × 10 mL) and DMF (3 × 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 CH2Cl2 and DMF, DBU (546 μL, 3.65
mmol) and HO(CH2)2SH (511 μL, 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 CH2Cl2 (5 × 10 mL) and DMF (5 × 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 CH2Cl2 (5 × 10 mL) and DMF (5 ×
10 mL), and then 10 mL of 30% TFA in CH2Cl2 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 μmol), HATU (0.017 g, 45.6 μmol), HOAt (6.0 mg, 45.6
μmol), DIPEA (20 μL, 114 μmol), and bleomycin A5 (0.055 g, 34.2
μmol) were stirred at room temperature overnight. The reaction
mixture was purified using HPLC to give the target compound in a
2.1% yield (472 nmol). HR-MS (MALDI): Calculated for
[C78H122N23O26S2]

+, 1860.8367; found, 1860.8273.
Cell Lines. Compounds were tested in two cell lines that could be

differentiated into myotubes:34 (i) a DM1 [1300 r(CUG) repeats]
conditional MyoD-fibroblast cell line and (ii) a WT conditional
MyoD-fibroblast cell line.

In Vitro IC50 Measurements. The ability of compounds to
disrupt the r(CUG)exp−MBNL1 complex was completed using a
previously reported TR-FRET assay27,42 with minor modifications.
Briefly, 5′-biotinylated r(CUG)12 was folded in a 1× folding buffer
(20 mM HEPES, pH 7.5, 110 mM KCl, and 10 mM NaCl) by heating
at 60 °C for 5 min followed by cooling to room temperature. This
buffer was adjusted to a 1× assay buffer (20 mM HEPES, pH 7.5, 110
mM KCl, 10 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 5 mM DTT,
0.1% BSA, and 0.5% Tween- 20). Next, MBNL1-His6 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)12 and MBNL1 were 80 and 60 nM, respectively. A solution
of streptavidin-XL665 and anti-His6-Tb antibody was then added to
final concentrations of 40 nM and 0.44 ng/μL, respectively, in a total
volume of 10 μL. 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 M5 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
IC50 values:

( )
y B A B

1
x

IC hillslope
50

= + −
+ (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/
F665 value at the max FRET effect (the solution has RNA and protein
but no compound added), A is the F545/F665 value at the min FRET
effect (the solution has antibodies but no RNA, protein, or
compound), and the IC50 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.14 Briefly, nucleic acids
were folded in a 1× binding buffer (8 mM Na2HPO4, pH 7.0, 185
mM NaCl, and 1 mM EDTA) for 5 min at 60 °C. The solution was
cooled to room temperature, and bovine serum albumin (BSA) was
added to a final concentration of 40 μg/mL. Binding assays with
r(CUG)12 were completed by titrating folded RNA into 5 μM of
either 2H-K2-Pro or 2H-K2-Pro-bleo in a 1× binding buffer
containing 40 μg/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)8 were completed by serial dilution (1:2) of the RNA in
1× binding buffer containing 40 μg/mL BSA and either 5 μM 2H-K2-
Pro or 5 μM 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):

y B x x( )/(EC )h h h
max 50= × + (2)

where y is the change in fluorescence, Bmax is the extrapolated
maximum change in fluorescence, x is the concentration of the nucleic
acid, and h is the Hill slope. n = 3 replicates for r(CUG)12; n = 2
replicates for r(GC)8; 2 independent experiments.
Radiolabeling r(CUG)10. The r(CUG)10 oligonucleotide was

purchased from Dharmacon and deprotected according to the
manufacturer’s standard protocol. The RNA (500 pmol) was then
5′-end-radiolabeled using [γ-32P] ATP and T4 polynucleotide kinase
as previously described.14 The labeled RNA was purified on a
denaturing 15% polyacrylamide gel, excised from the gel, and
extracted as previously described.14

RNA Cleavage In Vitro. The 5′-32P-r(CUG)10 radiolabeled RNA
was dissolved in 40 μL of water. A 4 μL aliquot of this solution was
diluted in 150 μL of 5 mM NaH2PO4 (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 (NH4)2Fe(SO4)2·6H2O in 5 mM
NaH2PO4, pH 7.4, was then added. The solutions were incubated
at 37 °C and supplemented with additional equimolar aliquots of
(NH4)2Fe(SO4)2·6H2O in 5 mM NaH2PO4, 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 μL of radiolabeled RNA

with 30 μL of T1 Buffer (20 mM sodium citrate, pH 5, 1 mM EDTA,
and 7 M urea) and heating to 95 °C for 30 s. After cooling to room
temperature, RNase T1 (3 units/μL 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 2× loading buffer
(95% formamide, 20 mM EDTA, pH 8.0). A hydrolysis ladder was
prepared by mixing 1 μL of radiolabeled RNA with 10 μL of 1×
alkaline hydrolysis buffer (50 mM NaHCO3, pH 9.2, and 1 mM
EDTA,) and heating at 95 °C for 5 min.
All reactions were quenched by adding an equal volume of 2×

loading buffer, and the fragments were separated on a denaturing 15%
polyacrylamide gel (70 W for 3 h in 1× 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 lines14,34 were grown in 1× DMEM growth medium
(Corning), 10% FBS (Sigma), 1% antibiotic/antimycotic solution
(Corning), and 1% Glutagro (Corning) at 37 °C, and 5% CO2. Once
cells reached ∼80% confluency, fibroblasts were differentiated in
differentiation medium [1× MEM supplemented with 0.01% iron-
transferrin, 0.001% insulin (Life Technologies), and 2 μg/mL

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 × 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.23

DM1 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 μg
of total RNA was reverse transcribed using a qScript cDNA synthesis
kit (20 μL total reaction volume, Quanta BioSciences), and 2 μL of
RT reactions were used for each primer pair for qPCR with a SYBR
Green Master Mix performed on a QuantStudio 5 real-time PCR
system. The relative abundance of each transcript was determined by
normalizing to GAPDH using the 2(−ΔΔCt) method. n = 3 replicates; 2
independent experiments.

Evaluation of Nuclear Foci Using Fluorescence In Situ
Hybridization (FISH).23 RNA FISH was used to determine a small
molecule’s effect on the number of nuclear foci present as previously
described.23 Briefly, DM1 patient-derived fibroblasts were grown in a
Mat-Tek 96-well glass bottom plate, differentiated, and treated as
described above with 1 μM compound for 48 h. To fix the cells, the
growth medium was removed, and the cells were washed with 1×
DPBS followed by addition of 100 μL of 4% paraformaldehyde in 1×
DPBS. The cells were incubated at 37 °C for 10 min and then washed
five times with 1× DPBS at 37 °C for 2 min each. Myotubes were
permeabilized with 100 μL of 1× DPBS containing 0.1% Triton X-
100 (v/v) for 5 min at 37 °C followed by incubation with 100 μL of
30% formamide in 2× SSC (saline sodium citrate buffer) for 10 min
at room temperature. Then, 100 μL of the FISH probe, DY547-
2′OMe-(CAG)6, was added to each well to a final concentration of 1
ng/μL in 30% formamide, 2× SSC, 2 μg/μL BSA, 1 μg/μL yeast
tRNA, and 2 mM vanadyl complex, and the myotubes were incubated
at 37 °C overnight. The cells were then washed with 100 μL of 30%
formamide in 2× SSC buffer at 37 °C for 30 min followed by washing
with 100 μL of 2× SSC buffer at 37 °C for 30 min. MBNL1 was
imaged by adding 20 μL of 1:100 anti-MBNL1 (EMD Millipore,
#MABE70) in 2× SSC and incubating the cells at 37 °C for 1 h. The
cells were washed three times with 100 μL of 0.1% Triton X-100 (v/
v) in 1× DPBS for 5 min at 37 °C followed by incubation with a
1:200 dilution of anti-mouse IgG Dylight 488 conjugate (Thermo
Scientific) in 2× SSC at 37 °C for 1 h. After washing three times with
100 μL of 1× DPBS containing 0.1% Triton X-100 (v/v) at 37 °C for
5 min, the cells were washed with 1× DPBS for 5 min at 37 °C.
Nuclei were stained by incubating with 100 μL of 1 μg/mL DAPI for
5 min at 37 °C. The cells were then washed with 1× DPBS twice and
imaged in 100 μL of 1× DPBS using an Olympus Fluoview 1000
confocal microscope at 100× 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 μg of total RNA was reverse transcribed using a
qScript cDNA synthesis kit (20 μL total reaction volume, Quanta
BioSciences). A 2 μL aliquot of the RT reactions was used for each
primer pair for qPCR with SYBR Green Master Mix performed on a
QuantStudio 5 real-time PCR System. Relative abundance of MBNL1
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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%rescue
Exon 5 relative abundance DM1 Exon 5 relative abundance treated

Exon 5 relative abundance DM1 Exon 5 relative abundance WT
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.23 Briefly, after 48 h, the
cells were lysed, and the total RNA was harvested using a Zymo
Quick RNA Miniprep Kit. Approximately 1 μg of total RNA was
reverse transcribed using a qScript cDNA synthesis kit (20 μL total
reaction volume, Quanta BioSciences); 2 μL 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 5 min. Products were separated
on a 2% agarose gel stained with ethidium bromide (110 V for 1 hour
in 1× TBE buffer) and visualized using a Typhoon 9410 variable
mode imager. Gels were quantified using ImageJ. Primer sequences
are provided in Table S1. n = 3 replicates; 2 independent experiments.
Evaluation of γ-H2AX Foci.23 DNA damage induced by small

molecules was assessed by imaging γ-H2AX, a known marker of DNA
double strand breaks.23 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 2×
SCC for 30 min at 37 °C, cells were incubated with a 1:500 dilution
of anti-γ-H2AX (Abcam) at 37 °C for 1 h. The myotubes were then
washed three times with 1× DPBS containing 0.1% Triton X-100 (v/
v) for 5 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 1× DPBS containing
0.1% Triton X-100 (v/v) and twice with 1× DPBS for 5 min at 37 °C,
nuclei were stained with DAPI (1 μg/mL). Cells were imaged in 1×
DPBS using an Olympus Fluoview 1000 confocal microscope at 100×
magnification. The number of γ-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 5
μM). After 24 h, the growth medium was removed, and the cells were
washed twice with 100 μL of 1 × DPBS and imaged in 100 μL of
Gibco FluoroBrite DMEM using an Olympus Fluoview 1000 confocal
microscope at 100× 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 5 μM 2H-K2-Pro or 2H-K4NMeS as described above
for 24 h. Cells were then washed with 100 μL of 1× DPBS and lysed
in 30 μL 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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ABSTRACT: RNA repeat expansions cause more than 30
neurological and neuromuscular diseases with no known cures.
Since repeat expansions operate via diverse pathomechanisms, one
potential therapeutic strategy is to rid them from disease-affected
cells, using bifunctional small molecules that cleave the aberrant
RNA. Such an approach has been previously implemented for the
RNA repeat that causes myotonic dystrophy type 1 [DM1,
r(CUG)exp] with Cugamycin, which is a small molecule that
selectively binds r(CUG)exp conjugated to a bleomycin A5 cleaving
module. Herein, we demonstrate that, by replacing bleomycin A5
with deglycobleomycin, an analogue in which the carbohydrate
domain of bleomycin A5 is removed, the selectivity of the resulting
small-molecule conjugate (DeglycoCugamycin) was enhanced,
while maintaining potent and allele-selective cleavage of r(CUG)exp and rescue of DM1-associated defects. In particular,
DeglycoCugamycin did not induce the DNA damage that is observed with high concentrations (25 μM) of Cugamycin, while
selectively cleaving the disease-causing allele and improving DM1 defects at 1 μM.

Developing small-molecule chemical probes that modulate
RNA function is increasingly important, because of the

numerous mechanisms by which RNA can cause disease. One
way to target RNAs is the recognition of unstructured regions
by antisense (ASOs) and other oligonucleotide-base modalities
that bind via base pairing interactions. However, many RNAs
have structured regions that directly influence biological
function. Small molecules can target these biologically
important structures, by matching the RNA’s three-dimen-
sional binding pocket, in terms of size, shape, and
complementarity in the display of functional groups and/or
surfaces.1,2

One class of disease-causing RNAs that form stable
structures is repeat expansions that cause more than 30
microsatellite disorders, including Huntington’s disease3 [HD,
r(CAG)exp, where the repeating nucleotides are given in
parentheses and “exp” denotes expansion] and myotonic
dystrophy types 14 [DM1, r(CUG)exp] and 25 [DM2,
r(CCUG)exp]. DM1 is the most common form of adult on-
set muscular dystrophy, which presently has no cure. This
neuromuscular disorder is caused by an expanded CTG repeat,
ranging in size from 75 to thousands, harbored in the 3′
untranslated region (UTR) of the dystrophia myotonica
protein kinase (DMPK) gene.4 When transcribed into RNA,
r(CUG)exp forms a hairpin structure with repeating 1 × 1 U/U
internal loops. These loops provide high-affinity binding sites
for RNA-binding proteins such as muscleblind-like 1

(MBNL1), which are sequestered in nuclear foci (Figure
1A).6 Thus, r(CUG)exp operates by a gain-of-function
mechanism. MBNL1 regulates the alternative splicing of a
subset of pre-mRNAs, and its sequestration by r(CUG)exp in
nuclear foci6 results in pre-mRNA splicing defects that
contribute to the phenotypes found in DM1 (Figure 1B).7,8

One approach to alleviate DM-associated defects is to utilize
small molecules that recognize the structure of r(CUG)exp,
thereby liberating bound MBNL1 or preventing its bind-
ing.9−11 Alternatively, the expression of r(CUG)exp has been
reduced or eliminated by using RNA targeted-Cas9 editing of
r(CUG)exp,12 ASOs,13,14 DNA-binding small molecules that
inhibit transcription,15,16 and small molecules that bind and
directly cleave r(CUG)exp.9,17,18 The latter approach (Figure
1C) has been accomplished with Cugamycin, which is a small
molecule that selectively binds the r(CUG)exp structure
conjugated to the natural product bleomycin A5 (BLM) (see
Figure 2, as well as Figure S1 in the Supporting Information).
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Figure 1. Small-molecule cleavage of r(CUG)exp. (A) DM1 is caused by r(CUG)exp, located in the 3′ UTR of the DMPK gene, which forms a
structure with repeating 1 × 1 U/U internal loops. The loops bind and sequester MBNL1, resulting in nuclear foci and pre-mRNA splicing defects.
(B) MBNL1 protein regulates the splicing of its own pre-mRNA. When MBNL1 is sequestered by r(CUG)exp, its exon 5 is included too frequently.
(C) Scheme of small-molecule cleavage of r(CUG)exp, resulting in improvement of DM1-associated defects.

Figure 2. Chemical structures of bleomycin A5 (BLM), deglycobleomycin (DeglycoBLM), Cugamycin, 1, and 2.
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Indeed, Cugamycin broadly improved disease associated
defects with no off-target effects in a mouse model of DM1.17

BLM is an anticancer natural product that cleaves DNA and
RNA through H atom abstraction and the production of a
radical species by the metal binding core.19,20 Extensive
structure−activity relationship (SAR) evaluations of BLM
derivatives19,21 and structural data for DNA-bound BLM22,23

have revealed structural components that are essential for
metal coordination, oxygen activation, DNA binding, and
subsequent cleavage. This information has been used to guide
attachment of RNA-binding small molecules at the C-terminal
amine of BLM, eliminating a charge critical to DNA binding
and producing BLM-conjugated compounds that specifically
cleave a target RNA.17,24 SAR studies of BLM can guide the
selection of analogues to further enhance RNA selectivity by
eliminating DNA-binding interactions.19 One such analogue is
deglycobleomycin (DeglycoBLM; see Figure 2, as well as
Figure S1), in which the disaccharide moiety of BLM is
removed. The carbohydrate domain can contribute to DNA
binding affinity by participating in hydrogen bonding
interactions with the DNA backbone, and DeglycoBLM
cleaves DNA between 2- and 5-fold less efficiently than
BLM.19,23 This disaccharide also contributes to the cellular
permeability of BLM.25 Collectively, the attachment of
DeglycoBLM to small molecules targeting r(CUG)exp could
further reduce its affinity for DNA to enhance RNA selectivity
in cells, provided the compound retains cellular permeability.
The examination of such features is the subject of this report.
DeglycoBLM was synthesized via HF-pyridine cleavage of

the carbohydrate of BLM26 and conjugated to a dimeric
compound that recognizes r(CUG)exp (2H−K4NMeS, 3; see
Figure S1)9 to afford compound 1 (DeglycoCugamycin; see
Figure 2, as well as Figure S1). A control compound that does
not contain the RNA-binding modules in 1 and, thus, has no
affinity for the RNA target, was also synthesized (compound 2 ;

see Figure 2, as well as Figure S1). To assess the molecular
recognition of 1 , its affinity for r(CUG)12, r(GC)8, and DNA
was measured in the absence of Fe(II). Compound 1 only
bound avidly to r(CUG)12 (Kd = 610 ± 150 nM) (see Figure
3A, as well as Figure S2 in the Supporting Information), which
is comparable to the affinity of Cugamycin (Kd = 365 ± 75
nM).9 Thus, removal of the carbohydrate domain does not
affect the ability to bind r(CUG)exp in vitro.
Next, the ability of 1 to cleave r(CUG)10 and DNA was

assessed in vitro. Cugamycin and 1 cleaved r(CUG)10 to a
similar extent at the same concentrations (∼35% cleavage at 1
μM), while BLM only cleaved r(CUG)10 by 15% at 2 μM (see
Figure 3B, as well as Figure S3 in the Supporting Information).
In contrast, DeglycoBLM and 2 (lacks RNA-binding modules)
were unable to cleave r(CUG)10 at the concentrations tested
(up to 2 μM; see Figure 3B, as well as Figure S3), as expected,
since DeglycoBLM alone is 5-fold less efficient at cleaving
nucleic acids than BLM.19 Thus, functional RNA cleavage by 1
is not affected through removal of the disaccharide. The
selectivity of the observed cleavage was assessed by measuring
DNA cleavage (see Figure 3C, as well as Figure S4 in the
Supporting Information). While BLM efficiently cleaved DNA
in vitro with >50% cleavage observed at all concentrations
(from 250 nM to 2 μM), DeglycoBLM cleaved DNA ∼5-fold
less efficiently, with >50% cleavage only observed at 2 μM
(Figure 3C), consistent with previous studies.19 We previously
showed that Cugamycin does not cleave DNA when r(CUG)12
is present17 and, thus, is selective for cleaving the RNA target.
However, when incubated in the absence of r(CUG)12,
Cugamycin cleaved DNA at concentrations >500 nM (Figure
3C). In contrast, 1 and 2 did not significantly cleave DNA at
any of the concentrations tested (from 250 nM to 2 μM; see
Figure 3C). Thus, by eliminating two key DNA-binding
interactions through removal of the disaccharide and attach-
ment of the r(CUG)-binding compound at the C-terminal

Figure 3. Cleaving capacity and selectivity of small-molecule cleavers. (A) Binding affinity of 1 for r(CUG)12 (Kd = 610 ± 150 nM), r(GC)8 (Kd >
20 μM), and DNA (Kd > 20 μM); n = 3. (B) Quantification of cleavage of r(CUG)10 by 1 , 2 , Cugamycin, BLM, and DeglycoBLM; n = 3. (C)
Quantification of cleavage of DNA by 1 , 2 , Cugamycin, BLM, and DeglycoBLM; n = 3. (D) Effects of 1 , Cugamycin, BLM, and DeglycoBLM on γ-
H2AX, a marker of DNA damage, in C2C12 cells. n = 8, (**) P < 0.01, (***) P < 0.001, as determined by comparison to untreated cells by a one-
way analysis of variance (ANOVA). Error bars indicate the standard deviation (SD) for all panels.
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amine, DNA cleavage is further ablated and selectivity for
r(CUG)exp is enhanced.
To study potential off-target binding to DNA in cells, we

measured the amount of phosphorylated histone H2A variant
H2AX (γ-H2AX), which forms foci in response to DNA
double strand breaks, induced by compound treatment in the
rapidly growing mouse myoblast cell line C2C12 and in DM1
patient-derived myotubes. In C2C12 cells, we used a
fluorescence resonance energy transfer (FRET) assay to
quantify γ-H2AX foci after treating with the compound of
interest for 24 h. BLM caused a significant increase in γ-H2AX
at all concentrations tested (1.65−25 μM), as expected from
previous studies27 (Figure 3D). In contrast, Cugamycin only
induced DNA damage at 25 μM, which is a concentration that
is ∼10-fold higher than its bioactive concentration in DM1
myotubes,17 while no increase in γ-H2AX foci was observed for
1 or DeglycoBLM upon treatment with up to 25 μM
compound (Figure 3D). Importantly, and consistent with
these studies in C2C12 cells, neither 1 nor DeglycoBLM
induced DNA damage in DM1 patient-derived myotubes, as
determined from immunostaining and imaging by fluorescence
microscopy (see Figure S5 in the Supporting Information).
[Note: the signal:noise observed in the FRET assay described
above for C2C12 cells was not sufficient for quantification in
DM1 myotubes.] Thus, 1 further diminished off-target DNA
cleavage in cells, compared to Cugamycin, in agreement with
in vitro DNA cleavage analysis.
To probe if the difference in DNA damage in cells is due to

changes in cellular uptake, as the disaccharide has previously
been implicated in cell permeability,25 the concentration of
Cugamycin, 1 , and the dimer from which they are derived (3 ;9

see Figure S1) taken up into DM1 myotubes was determined

by measuring the fluorescence of the RNA-binding modules
after washing and lysing treated cells. Cugamycin and 1 had
similar cell permeabilities, and both compounds were only ∼3-
fold less permeable than 3 (see Figure S6 in the Supporting
Information). To confirm these results, permeability and
localization were studied by using live-cell fluorescence
microscopy. Both Cugamycin and 1 localized in the nucleus
where r(CUG)exp is sequestered in foci to a similar extent (see
Figure S6). Thus, although the carbohydrate domain has been
shown to affect the permeability of DeglycoBLM itself and may
account for its lack of DNA damage in cells (Figure 3D), the
disaccharide did not affect permeability of conjugate
compounds, as determined by comparing Cugamcyin and 1 .
Since 1 ablated DNA damage observed for Cugamycin

without reducing cell permeability, its ability to cleave
r(CUG)exp and improve DM1-associated defects in cells was
measured. In DM1 patient-derived myotubes,28 1 cleaved
∼30% of r(CUG)exp-containing DMPK at low micromolar
concentrations (Figure 4A), which is comparable to the
cleaving activity of Cugamycin.17 Importantly, 2 , which lacks
RNA-binding modules, did not affect DMPK levels (see Figure
S7A in the Supporting Information). To demonstrate that the
reduction in DMPK levels was due to direct cleavage of the
RNA, a competition experiment was performed in which cells
were co-treated with 1 and 3 ; 3 binds r(CUG)exp but does not
affect DMPK mRNA levels (Figure 4B). Indeed, upon co-
treatment, cleavage by 1 was inhibited by 3 , and DMPK levels
were restored to levels similar to untreated samples or samples
treated with 3 alone (Figure 4B). Notably, 1 was selective for
cleaving r(CUG)exp, as DMPK levels were not affected in wild-
type cells expressing r(CUG)20 (see Figure 4C, as well as
Figure S8A in the Supporting Information), nor were mRNAs

Figure 4. Activity of 1 in DM1 myotubes. (A) Cleavage of r(CUG)exp-containing DMPK by 1 as determined by RT-qPCR. n = 6, (***) P < 0.001,
as compared to untreated cells; determined by a one-way ANOVA. (B) Competitive cleavage experiment between 1 (1 μM) and 3 (5 μM) in
which 3 prevents the cleavage of DMPK. n = 3, (**) P < 0.01, as compared to untreated cells; determined by a one-way ANOVA. (C) Effect of 1
on r(CUG)n-containing transcripts. n = 3, (**) P < 0.01, as compared to untreated cells; determined by a Student’s t-test. (D) Representative
images of r(CUG)exp−MBNL1 foci imaged by RNA fluorescence in situ hybridization (FISH) and anti-MBNL1 immunostaining. (E)
Quantification of nuclear foci. n = 3, 40 nuclei quantified/replicate, (***) P < 0.001, as compared to untreated cells; determined by a Student’s t-
test. (F) Improvement of the MBNL1 exon 5 splicing defect in DM1 myotubes upon treatment with 1 . n = 6, (**) P < 0.01, (***) P < 0.001, as
compared to untreated cells; determined by a one-way ANOVA. Error bars indicate the SD for all panels.
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containing short nonpathogenic r(CUG) repeats (Figure 4C).
We have previously shown that this selectivity is due to
structural differences in transcripts containing short r(CUG)
repeats versus r(CUG)exp, as the small molecule recognizes the
structure formed by the repeat expansion.17 Indeed, com-
pounds that recognize the structure of r(CUG)exp can be
selective for the toxic disease-driving repeat expansion; that is,
structure-targeting ligands can be allele-selective.17 In contrast,
an ASO complementary to the r(CUG) repeats is not able to
discriminate between short and long repeats and, thus, has off-
target effects.17

After confirming that 1 cleaved r(CUG)exp with similar
selectivity and potency as Cugamycin, the ability of 1 to rescue
DM1 defects, including the formation of r(CUG)exp−MBNL1
nuclear foci6 and MBNL1-regulated splicing defects,7 was
assessed. At 2 μM, 1 reduced the number of r(CUG)exp−
MBNL1 nuclear foci by ∼40% (see Figures 4D and 4E),
similar to Cugamycin,17 while 2, which lacks RNA-binding
modules, had no effect (see Figure S7 in the Supporting
Information). In DM1 myotubes, MBNL1 exon 5 splicing is
dysregulated (Figure 1B), as MBNL1 regulates the alternative
splicing of its own pre-mRNA.29 Cleavage of r(CUG)exp by 1
resulted in an ∼30% improvement in this splicing defect (see
Figure 4F, as well as Figure S9 in the Supporting Information),
which is an improvement that is similar to that observed for
Cugamycin.17 Compound 2 had no effect on MBNL1 exon 5
splicing, as expected (see Figure S7). Importantly, 1 did not
affect MBNL1 exon 5 splicing in wild-type myotubes (see
Figure S8 in the Supporting Information) nor the NOVA-
dependent splicing of MAP4K4 exon 22a30 (see Figure S9).
Thus, rescue of the MBNL1 exon 5 splicing defect can be
traced specifically to cleavage of the r(CUG)exp. Collectively,
these studies show that the removal of the carbohydrate
domain of BLM allows for enhanced selectivity by further
ablating DNA damage without affecting cellular permeability
or activity.
Small molecules that selectively cleave a target RNA are

attractive chemical probes, because they can more potently
improve disease-associated defects than simple binding
compounds.17,31 Furthermore, RNA cleavage, either through
direct cleavage as demonstrated herein or through recruitment
of a cellular nuclease,31 can be used to profile molecular
recognition of RNA-binding small molecules. The use of BLM
analogues to specifically cleave r(CUG)exp offers an attractive
method to enhance RNA cleavage selectivity by further
diminishing off-target DNA cleavage. Although the carbohy-
drate domain of BLM is necessary for its efficient cleavage of
DNA19 and cellular permeability,25 the disaccharide is not
essential for permeability or cleavage of r(CUG)exp when
attached to r(CUG)exp-binding small molecules. Thus, by using
BLM analogues, RNA cleavage and the ability to improve
DM1-associated defects is retained while further enhancing
selectivity by reducing DNA damage that occurs with high
concentrations of BLM-conjugated small molecules.
The most common way to target RNA for destruction is by

using oligonucleotide-based target recognition elements. These
approaches recognize unstructured regions in RNA. The ability
to design ligands that target structured regions in an RNA and
cleave them selectively provides an alternative approach to
probe the biology of RNA in general and RNA structure in
particular. Although bleomycin−small-molecule conjugates
have higher molecular weights than orally bioactive drugs,
they still have lower molecular weight than oligonucleotides

and significantly lower molecular weight than CRISPR
approaches that are packed into viruses.12 In addition,
medicinal chemistry approaches may be more broadly
applicable to these compound sets as the RNA-binding
modules and linkers that tether them can be therapeutically
optimized. It is likely that, as more information is accumulated
on the RNA folds that bind small molecules and on the small
molecules that bind RNA folds, the deglycobleomycin cleavage
module described herein could be broadly deployed.
Furthermore, the ability to effect cleavage of an RNA target
can allow for more diverse modes of action. Small molecules
can now target an RNA for destruction in cells via three
mechanisms: (i) direct cleavage by using bleomycin con-
jugates;9,17 (ii) nuclease recruitment by using ribonuclease
targeting chimeras (RIBOTACs);31,32 and (iii) shunting
introns with toxic expanded repeats to decay pathways.33

Some targets may be more amendable to one strategy than the
others. The ability to minimize off-target effects by using the
deglycobleomycin cleavage module described here could have
broad implications in this emerging area.

■ METHODS
A detailed description of methods can be found in the Supporting
Information.
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ABSTRACT: RNA offers nearly unlimited potential as a target for small
molecule chemical probes and lead medicines. Many RNAs fold into
structures that can be selectively targeted with small molecules. This
Perspective discusses molecular recognition of RNA by small molecules
and highlights key enabling technologies and properties of bioactive
interactions. Sequence-based design of ligands targeting RNA has
established rules for affecting RNA targets and provided a potentially
general platform for the discovery of bioactive small molecules. The RNA
targets that contain preferred small molecule binding sites can be
identified from sequence, allowing identification of off-targets and
prediction of bioactive interactions by nature of ligand recognition of
functional sites. Small molecule targeted degradation of RNA targets
(ribonuclease-targeted chimeras, RIBOTACs) and direct cleavage by
small molecules have also been developed. These growing technologies
suggest that the time is right to provide small molecule chemical probes to target functionally relevant RNAs throughout the human
transcriptome.

■ DRUG DISCOVERY IN THE “-OMICS” ERA
In 2001, the dissemination of the draft sequence of the human
genome was noted as a crowning scientific achievement.1

Genomics inspired “omics” for nearly every biomolecule such
as the proteome, the glycome, and the transcriptome.2−5 Many
of these studies have been aimed at associating differential
biomolecule expression to disease states.6 Ideally, being armed
with an encyclopedia of genome sequence, one could readily
identify the basis for understudied diseases and rapidly develop
effective, orally bioavailable small molecule treatments.
Because of the focus of using genomics to inform medicinal

development, one of the first genome-wide analyses
determined the number of open reading frames (ORFs).
Surprisingly, these annotations, culminating in the Encyclope-
dia of DNA Elements (ENCODE) project,7 revealed that
canonical ORFs are present in only 1/3 of the genes that
humans were previously predicted to have. Additionally, only
2% of human DNA is translated into protein, the most well
studied small molecule drug target (Figure 1).8 Interestingly, it
was found that 90% of the genome is transcribed into RNA,
with the vast majority of these having non-protein-coding
functions.8,9 Noncoding RNAs have been subsequently found
to have many different functions, and analysis of the noncoding
RNA between organisms follows their complexity, in contrast
to differences in their respective protein-coding genes (Figure
1).10,11 Historically, protein is the predominant biomolecule
considered for small molecule drug targeting. Thus, drugg-
ability, or whether a target protein is a member of a family that

has been previously targeted with a small molecule, was
initially assessed across the genome for protein-coding genes.
This analysis revealed that 15% of proteins are considered
“druggable”, i.e., within genes that have been targeted with a
small molecule (Figure 1A).12,13 Recent studies suggest that
this notion may need reassessment, however. Perhaps the
language should be changed to “undrugged”, as a wide variety
of difficult to target proteins have been targeted by small
molecules, including the mutant Kirsten rat sarcoma (KRAS)
proto-oncogene.14,15

A dogma for the development of small molecules against this
fraction of the proteome has been centered on some tenants
that perhaps need re-evaluation. First, binding sites for a
bioactive ligand must be in an active site or an allosteric site to
affect function. Second, the occupancy-driven view of
pharmacology dictates that high target occupancy is necessary
for effective target inhibition. Thus, maintained exposure to the
target is the major driver of pharmacodynamic profiles. Third,
the proteome is targetable at defined three-dimensional clefts
that allow for high surface area recognition of ligands.
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Many groups have worked tirelessly to challenge these
assertions. While there are no hard and fast rules in drug
discovery, pragmatic solutions to important biomedical
problems always win out. For example, recent developments
on targeting KRAS have shown that ligands can be developed
to target important proteins that do not have the traditionally
desired ligand binding pockets.16−18 There are a variety of new
ligands in the clinic that affect these previously perceived as
impossible-to-drug targets. Additionally, work in the targeted
protein degradation, or proteolysis targeting chimeras
(PROTACs), area has challenged notions of occupancy-driven
pharmacology, as well as the necessity for bioactive ligands
targeting allosteric or active, i.e., functional, sites.19 For
example, the ability to recruit E3-ubiquitin ligases to selectively
degrade target proteins bound by selective ligands suggests that
small molecules do not require occupancy to enable a
pharmacological effect. Additionally, ligand occupancy or
“ligandability” has been studied across the proteome and has

provided an encyclopedia of information on proteome-wide
ligand occupancy.20,21

RNA could be advantageous as a small molecule drug target,
following the paradigm of occupancy-driven inhibition of
functional sites with defined three-dimensional structure
employed for enzymes and receptors. RNA is also an attractive
target as it is causative and/or upstream of pathological
mechanisms related to disease states (Figure 1).22,23

Importantly, RNAs can be analyzed from tissue or liquid
biopsies more easily than proteins because nucleic acids can be
amplified and sequenced. This Perspective focuses on our
current understanding of the molecular recognition of RNA by
small molecules, the design of bioactive small molecules, and
tools used to study RNA target validation, engagement, and
selectivity. There are many excellent reviews on RNA chemical
biology and drug discovery that cover topics outside the scope
of this Perspective.24−29

Figure 1. RNA as a viable drug target. (A) The conventional binary approach to small molecule drugs is their molecular recognition of proteins.
Among the ∼20 000 proteins that comprise the proteome, only about 15% are in traditional “druggable” protein families. In turn, this only
represents a fraction of the genome that is transcribed, leaving much of the transcriptome underexploited as therapeutic targets. (B) Noncoding
genes relate to the complexity of the organism, as the relative number of coding bases remains similar, while the relative number of long noncoding
RNAs (lncRNA) significantly increases, indicating that much of the intricacies of human biology and disease are represented among noncoding
regions. (C) Due to the importance of coding and noncoding RNA to biology, small molecules interacting with RNA can act on the transcriptome,
resulting in varied downstream effects. Importantly, validated activities for small molecules that target human RNA include: (i) changing gene
expression by modulating the stability of mRNA by direct binding; (ii) affecting its noncoding RNA effectors; (iii) affecting the epitranscriptome;
or (iv) influencing alternative splicing. Affecting the transcriptome with small molecule drugs can rescue disease by modulating the translation of
beneficial or detrimental proteins.
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■ ASSESSING RNA AS A DRUG TARGET
Since the beginning of modern medicine, RNA played an
essential role as a small molecule drug target (Figure 2).
Streptomycin was found to target the bacterial ribosome and
shortly after its discovery, became a first-in-line treatment for
Mycobacterium tuberculosis. Prior to this breakthrough discov-
ery, tuberculosis was a devastating disease, and those affected
were housed in sanitariums until they succumbed to the
infection. Other natural products isolated from species of
Streptomyces bacteria are also tried and true antibacterials such
as other aminoglycoside antibiotics like neomycin B, the active
ingredient in Neosporin. Studies of these compounds and their
derivatives quickly expanded to various other aminoglycosides-
based antibiotics, which are still in wide use today.30 While
these aminoglycosides are effective as broad-spectrum anti-
biotics, they tend to be promiscuous binders, leading to their
limited use unless they are modified.31 However, between their
discovery during WWII and now, there have been few ligands
that target RNA that have progressed to the clinic (Figure 2).
Phenotypic screens have been broadly used in the drug

discovery industry beyond screening bacterial lysates to find
active antibacterials. These approaches provide compounds
that affect a wide variety of pathways. The challenge with
phenotypic screens is identifying the engaged targets to
understand the mechanism of action, compounded by the
fact that target validation tools for these assays were generally
designed to probe protein-centric pathways. For example,
pooled CRISPR and shRNA hairpin libraries knock down
ORFs (protein) or forced expression of the ORF can be used
to track down a target for a small molecule.32,33

Although these phenotypic screens do not traditionally
consider RNA as a potential target, they have indeed
discovered compounds that modulate RNA. Unfortunately,
these screens do not necessitate interaction with the target
RNA of interest to modulate downstream RNA biology.
Discovered serendipitously through phenotypic screening of
small molecules interfering with the bacterial riboflavin
biosynthetic pathway, Merck reported ribocil, which acts to
inhibit the flavin mononucleotide (FMN) riboswitch and
subsequently disrupt translation of the downstream mRNA.34

After demonstrating that riboflavin genes (ribA and ribB) are

essential for Escherichia coli growth, ∼57 000 compounds were
screened for inhibition of bacterial growth that could be
reversed by riboflavin supplementation. This screen identified
that ribocil inhibited cellular production of riboflavin and its
metabolites. Compound-resistant E. coli strains were then
sequenced, revealing that all mutants contained base pair
mutations affecting the aptamer region of the FMN riboswitch,
which controls ribB expression. Additional binding and
reporter gene assays indicated that ribocil was a competitive
inhibitor of FMN and that inhibition was ablated in FMN
mutant constructs, validating this RNA as the compound’s
target. Although ribocil selectively binds the FMN riboswitch
and is structurally distinct from the endogenous FMN
riboswitch ligand, the rapid development of bacterial resistance
in various species precluded it from progression as a clinical
candidate. Overall, the development of ribocil has proven that
phenotypic screens can provide small molecules that bind
RNA, encouraging investigators to consider RNA modulation
as a mechanism of action.
An early adaptor of these phenotypic studies was PTC

Therapeutics. Their programs include compounds that perturb
readthrough of stop codons and affect pre-mRNA splicing
outcomes. Phenotypic screening identified ataluren, a clinical
candidate for treatment of Duchenne’s muscular dystrophy
(DMD). DMD is caused by a premature stop codon in the
dystrophin mRNA, and ataluren is thought to stimulate its
readthrough. Although ataluren was conditionally approved for
treatment of DMD in Europe, the FDA declined to accept it as
a drug based on a clinical trial in which ataluren missed its
primary end point.35,36 While exact details of its mechanism are
not known, studies revealed that ataluren directly binds and
stabilizes firefly luciferase, thus allowing for its identification in
the luciferase-based nonsense codon suppression assay.37,38

Therefore, in order to avoid false positives, target activity
observed from phenotypic screens must also consider potential
interference with downstream assay signals.
Risdaplam is a second compound that emerged from these

screens and affects pre-mRNA splicing as a treatment for
spinomuscular atrophy (SMA). This autosomal recessive
neurodegenerative disease is caused by deficiencies in survival
motor neuron (SMN) protein, which is caused by deletion or

Figure 2. Timeline of major developments in the RNA-targeting field. The history of drugging RNA is tied closely with molecular biology
discoveries (DNA/RNA structural determination). Antibacterials that targeted RNA preceded the first investigations into antisense
oligonucleotides. However, FDA approvals of antisense oligonucleotides increased upon completion of the human genome project. Recent
developments, such as the use of rational design-based approaches, the initiation of clinical trials for small molecule drugs treating spinal muscular
atrophy (SMA), and the first report of ribonuclease targeting chimeras (RIBOTACs), demonstrate the rapid development of small molecules
targeting RNA. These advancements provide a convincing argument to turn our focus to the druggable transcriptome.
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loss in function of the SMN1 gene.39 SMA is classified by
disease severity, which scales with the reduction of SMN
protein levels. The loss of functional SMN protein can be
compensated by its expression through the SMN2 gene.
However, SMN2 typically produces shorter and nonfunctional
SMN protein due to a C to T single nucleotide change that
causes biased exon 7 skipping, decreasing the half-life of the
resulting protein. Phenotypic screens led by Roche/PTC
identified compounds that increased inclusion of exon 7 in a
luciferase-based cellular assay. Following efficacy studies in
patient-derived cells and mouse models and RNA-Seq analysis

to verify selectivity, the orally active Risdaplam was identified
to convert the SMN2-encoding pre-mRNA into a longer lived
version by modifying its splicing outcome.40 In a similar report,
phenotypic screening at Novartis identified a compound,
Branaplam, that similarly increased production of functional
SMN protein through splicing modulation, which is now
progressing through clinical development.41

Due to their identification through phenotypic screens, the
mechanisms of action of these splicing modulators have not
been completely defined.42 Multiple studies have proposed
that compounds in the Risdiplam series can achieve such

Figure 3. Modular RNA secondary structure motifs form three-dimensional structures. (A) Hierarchical assembly of RNA structure from sequence
to secondary structure. Many of these secondary structures can form modular RNA motifs that can allow for small molecule recognition. (B)
Structural schematic of microRNA processing. Primary transcripts (pri-miRNAs) are processed by the Drosha endonuclease to yield precursor
hairpins (pre-miRNAs), which are exported to the cytoplasm and subsequently processed by the Dicer endonuclease to liberate a mature miRNA.
One of the mature strands is then loaded into the argonaute/RNA-induced silencing complex (AGO/RISC), whereupon it acts on RNAs to
modulate gene expression. Aberrant miRNA expression can be causative of disease phenotypes. (C) One rational design approach to target RNA is
to understand the molecular recognition of structural elements by small molecules, those elements that are preferred by the small molecule and
those that are discriminated against. Inforna compares structural elements within an RNA target to a database of these preferred interactions to
afford lead small molecules. For example, binding to the pri- or pre-miRNAs at functional Drosha or Dicer sites can prevent their processing to the
active, mature strand, thus allowing the rescue of disease-associated phenotypes through the inhibition of biogenesis.
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exceptional molecular recognition and specificity by formation
of a higher order complex comprising the exonic splicing
enhancer (ESE) sequence, the 5′-splice site (5′-ss), and other
regulatory splicing proteins.43 Wang and others used several
approaches, including chemical cross-linking and isolation by
pull-down (Chem-CLIP), in order to determine direct target
engagement and interactions of these compounds with
RNA.42,44 These Chem-CLIP studies, in addition to a series
of genomic and proteomic experiments of this class of
compounds, revealed their direct binding to the AGGAAG
motif present in exon 7 of the SMN2 pre-mRNA. Small
molecule binding promotes conformational changes that result
in increased binding of splicing modulators (FUBP1, KHSRP)
to enhance SMN2 splicing.42 These studies suggest that
compounds can directly bind and alter SMN2 RNA structure,
thereby affecting interactions with other splicing modifiers.42,43

Unfortunately, the specificity afforded by these compounds in
the context of interacting with specific splicing proteins and
RNA motifs in SMA may not be available for all RNA targets.
Collectively, none of these efforts purposefully targeted

RNA. While they validate that small molecules can affect
several different RNA functions, purposeful targeting of RNA is
altogether different. Tools such as Chem-CLIP will therefore
by key for exploiting RNA as a drug target, providing direct
evidence of target engagement and hence compound mode of
action.

■ RICH STRUCTURE OF RNA
Mammalian RNA encodes both genetic and structural
information, exemplified by noncoding transfer (t)RNA,
which was the first nucleic acid sequenced (Figure 2).45 The
discovery that the stable cloverleaf structure of tRNA interacts
with the codon of messenger (m)RNA represents that RNA−
RNA interactions function as a physical template for protein
synthesis, setting the stage for the central dogma of biology.46

Beyond their fundamental roles in protein synthesis, non-
coding RNAs also play essential regulatory roles. Recent
research even points to the fact that organismal complexity is
directly associated with the number of noncoding RNAs, rather
than the size of the genome (Figure 1).10 As an early example,
the Steitz group proved in seminal work that noncoding U1
small nuclear RNA (U1 snRNA) recognizes 5′ splice sites in
pre-mRNA,47 demonstrating that RNA structural recognition
is necessary for accurate splicing and that RNA adopts intricate
structures that influence genetic processes.
RNA folds into elaborate structures that enable its essential

functions in diverse applications in biology, encompassing
regulation of gene expression, ligand sensing, catalysis, and
others.48 In order to minimize its free energy, single stranded
RNA forms fully base-paired as well as noncanonically paired
regions (hairpins, internal loops, bulges, etc.) that determine
higher order (tertiary) folding patterns (Figure 3).48 These
secondary and tertiary RNA structural elements are highly
dynamic and dependent on their environment (protein, salt
concentration, small molecules, etc.), which can greatly affect
function. Within structured RNAs, over 50% of residues are
confined in Watson−Crick base-paired helices, and emerging
studies show that subtle changes to secondary structure, or
variation in Watson−Crick base pair interactions within RNA
helices, significantly impact the formation of tertiary
structures.49,50 Notably, not all human RNAs contain long-
range interactions between secondary structural elements, or
tertiary structure (unlike RNase P RNA, (t)RNAs, and

ribosomal (r)RNAs that display well-defined tertiary struc-
tures), including coaxial stacking and pseudoknots, among
others. Recent investigations into RNA tertiary folding
energetics have also suggested that tertiary structure can be
defined through a dynamic thermodynamic ensemble of
assembled secondary structural elements based on RNA
sequence.51 That is, secondary structure limits the number of
tertiary interactions available and hence constrains tertiary
structure.
As understanding RNA folding is foundational to deducing

its overall structure, much effort has been dedicated toward
accurately predicting RNA secondary structure from sequence,
including phylogenetic comparison, free energy minimization,
and combinations thereof.52−54 For example, entire kingdoms
of life have been determined through the conservation of RNA
secondary structure and phylogenetic comparison.55 In cases
where limited RNA sequences are available, secondary
structure prediction through free energy minimization is
commonly used.56 These free energy calculations are able to
provide both optimal and suboptimal structures.57 This
technique is more powerful when incorporating experimental
constraints from structural probing, allowing accurate deter-
mination of more complicated RNA structures (rRNA, viral
RNAs, etc.).58 Use of dimethyl sulfate (DMS) chemical
probing has also allowed global monitoring of RNA structure
in vivo with single nucleotide resolution, showing that cellular
mRNAs are predominantly unfolded.59,60 Optimal integration
of chemical probing experimental data and computational tools
remains an ongoing challenge in the field of RNA structural
determination, as recent quantitative tools to measure
covariations in RNA alignments have disputed evidence of
proposed secondary structures of various long noncoding
RNAs.61 Recently, advanced bioinformatics scanning window
models (ScanFold) have allowed generation of high likelihood
functional RNA structures.62 These resultant RNA structur-
omes provide evidence for hubs of structured regions within
viral and mammalian RNA.52

RNAs play essential roles in cellular processes; thus their
dysregulated expression or misfolding can be causative of
disease pathologies.22,23 For example, overexpression of
regulatory noncoding RNAs, such as microRNAs (miRNAs)
that have defined secondary structural elements but lack
tertiary structure, can result in oncogenic phenotypes.63

Improper folding of RNA can also be responsible for disease
pathology, as is commonly seen with short tandem repeat, or
microsatellite, RNA expansions.64 Due to their misfolding,
several pathological mechanisms can cause a wide variety of
disease mechanisms. Examples include (i) dysregulation of
RNA splicing due to single nucleotide polymorphisms (SNPs),
as seen in Tau neurodegenerative disorders; (ii) sequestration
of essential proteins that disrupts their normal function, as
observed in the sequestration of splicing factors by expanded
r(CUG) or r(CCUG) repeats in myotonic dystrophy type 1
(DM1) and type 2 (DM2), respectively; and (iii) the
production of toxic or nonfunctional proteins, as observed in
r(G4C2) repeat expansions observed in frontotemporal
dementia and amyotrophic lateral sclerosis (FTD/ALS).64

Overall, the molecular basis for many diseases is rooted in
deregulated RNA function, which is intimately tied to its
proper structural folds.
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■ BASICS OF TARGETING RNA

As aberrantly folded RNA structures contribute to disease, it is
of utmost importance to provide compounds to correct their
dysfunction or to facilitate their study in healthy and disease
states. Beyond simple molecular recognition, however,
targeting RNA is also a function of a variety of interrelated
factors (Figure 4). First of all, drugs to target RNA must be
able to access the structural elements present in the target
RNA, which may be in prohibitive structural interactions with
other biomolecules [i.e., competition with RNA-binding
proteins (RBPs)], or the RNA itself may be difficult to access
(e.g., blood−brain penetrance). Additionally, selective com-
pounds must be able to disrupt the on-target RNA, while not
binding to off-target transcripts, within acceptable limits.
Binding to a specific transcript is also related to the expression
levels of competing RNA motifs, which is intimately connected
to tissue-specific or cellular compartment-specific expression.
Furthermore, compounds must be able to elicit observable
biological modulations; that is, compounds must interact with
RNA at a functional site (Figure 4).

A common approach to affect RNA function is sequence
complementarity through antisense oligonucleotide (ASO)
hybridization with a target strand. The resultant antiparallel
base-paired duplex can either affect the natural folding of the
target RNA, thus disrupting its interactions with other
biomolecules, or recruit endogenous cellular machinery to
cleave the RNA.65 These interactions, however, are dependent
on the thermodynamic and kinetic energy barriers necessary
for the folding/unfolding/hybridization of the native con-
formations of both the target RNA and ASO, which can limit
their effectiveness against highly structured RNAs.64 Thus, the
antisense-based strategy is best applied to weakly structured
RNAs. Beyond these difficulties to provide meaningful
molecular interactions, oligonucleotides have been known to
have inadequate in vivo properties (limited delivery strategies,
biodistribution, and tissue penetrance) and exhibit various side
effects that include eliciting of an immune response,
thrombocytopenia, and hepatotoxicity in patients that have
caused clinical trials to be halted.65−68

As the previous FDA standards indicate, ASO drugs are
assumed to be selective. Intriguingly, the selectivity of past

Figure 4. Factors that influence bioactivity and selectivity of RNA-binding ligands. (A) 2DCS selection and HiT-StARTS analysis identifies the top
binding RNA motifs and nonbinders to targapremir-210 (TGP-210). Z-Score is a calculated value that represents fitness of the RNA-small
molecule interaction. (B) Fitness plot of the top 25 binding motifs are shown. One of the highest fitness RNA motif interactions with TGP-210 is
the 5′ ACU/3′ UCA 3 × 3 internal loop (blue box) found in the functional Dicer site of miR-210. The 5′ AGC/3′ UAG RNA motif is a lower
affinity interaction (purple box). (C) Structure of TGP-210. (D, E) The bioactivity of TGP-210 to selectively inhibit miR-210 biogenesis is a
function of multiple factors, including the fitness of the RNA motif-small molecule interaction, the expression and turnover of the target RNA(s),
whether or not occupancy of the target site will result in a functional interaction (i.e., occupying a Dicer/Drosha site), and the accessibility of TGP-
210 to off-target sites.
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FDA-approved ASOs have not been thoroughly studied
transcriptome-wide or proteome-wide, despite the increasing
stringency to provide mode-of-action centric, selective drugs at
the molecular level.66,69 Indeed, investigations into the
specificity and selectivity of ASOs are more nuanced than
previously thought.66 Naively, it might be assumed that
selectivity can be enhanced by simply lengthening the
oligonucleotide. Herschlag and co-workers found, however,
that there is an optimal length of oligonucleotide to achieve
selectivity.70 Oligonucleotides that are too long can form
thermodynamically stable duplexes containing mismatches
with off-targets. Indeed, the sources of hybridization of
oligonucleotides with unintended targets are well-studied,
and developments in analytical bioinformatics and algorithms
have allowed computational screening to determine the
maximal on-target transcript effects with an acceptable
tolerance of off-targets.66,71 Still, the experimental determi-
nation of on-/off-targets through transcriptome-wide profiling
of ASOs is still necessary to measure selectivity. Interestingly,
there are multiple demonstrations that small molecules that
target RNA can rival the selectivity of ASOs or even exhibit
enhanced selectivity in certain cases.72−74 Thus, small molecule
targeting of RNA structure may overcome the various liabilities
of ASOs.
An emerging strategy to selectively target RNA with small

molecules is to focus on the molecular recognition of structural
elements.75 One approach to rapidly define selective small
molecule binders of RNA structural motifs is through a
selection-based method that screens a library of RNA motifs vs
a library of small molecules embedded in an agarose
microarray (Figure 3C).76 Dubbed two-dimensional combina-
torial screening (2DCS), the small molecule microarray is
incubated with a labeled RNA library that displays discrete
structural elements in a randomized region. Weak binders and
interactions with elements common to all library members
(i.e., outside the randomized region) are competed off with an
excess of oligonucleotide competitors (including DNA and
regions that mimic the cassette displaying the randomized
motif). Upon excision, amplification, and RNA-seq analysis of
the bound RNA, the motifs preferred by each small molecule
are defined by a statistical method named “high throughput
structure−activity relationships through sequencing” (HiT-
StARTS).77 HiT-StARTS determines the statistical significance
of the enrichment of a given motif in the 2DCS selection vs the
starting library. The higher the statistical confidence in this
enrichment, the more privileged, or fit, the interaction is.
Normalization of the statistical confidence affords a fitness
score for all members of an RNA library for a given small
molecule. By creating a database of the results from 2DCS and
HiT-StARTS, we developed a lead identification strategy for
RNA targets, dubbed Inforna (Figure 3C).78,79 That is, Inforna
searches RNA targets for structural elements preferred by small
molecules, which are chemical leads. Similar to the Watson−
Crick base-pairing rules that govern oligonucleotide selectivity
to RNA sequence, Inforna provides the small molecule
equivalent of experimentally derived RNA fold-small molecule
interactions for selective recognition of RNA structure.
While structure-based targeting shows great promise as

detailed below, it does have limitations. For example, not all
structural elements are functional; thus, even if a small
molecule binder is identified, it likely will have no biological
consequence. Alternatively, a ligand may not yet have been
discovered for a particular functional structure. We have

recently developed a strategy dubbed ribonuclease targeting
chimeras (RIBOTACs) to overcome these limitations
(discussed below). Furthermore, not all structures may be
accessible for ligand binding, for example, due to the presence
of long-range tertiary interactions or its interaction with RBPs.

■ SELECTIVE SMALL MOLECULE APPROACHES TO
PURPOSEFULLY AFFECT microRNA BIOLOGY

Much of the transcriptome exists in defined hubs of structured
RNA folds, and Inforna’s foundation is in querying these highly
probable regions of structured RNA elements against
experimentally identified and characterized RNA 3D fold-
small molecule interactions. Built into Inforna are several
strategies to rationally design compounds to purposefully
target RNA and affect downstream biology. As selectivity
remains the largest concern for small molecule targeting of
RNA, Inforna has the ability to predict on- and off-target
transcripts (Figure 4) (that is, RNAs with 3D-folds that are
optimal (high fitness) or suboptimal for small molecule
targeting).80 Additionally, these RNA 3D folds can be limited
to parts of RNA that are important for bioactivity, such as the
Dicer and Drosha processing sites in miRNAs. By use of the
highest fitness and most selective binders from Inforna, small
molecules that target oncogenic miRNA precursors have been
designed and have shown promising preclinical data in
vivo.75,77

Studies have determined that Inforna-defined RNA-small
molecule interactions can inform selective targeting of miRNA
precursors. These studies have formulated guidelines for
targeting RNA with small molecules. The oncogenic miR-
210 provides a prototypical example. Aberrant expression of
miR-210 is observed in cancer cells that are in low oxygen,
hypoxic environments, such as in solid breast cancer
tumors.81,82 Inforna identified a compound, Targapremir-210
(TGP-210), that selectively inhibits miR-210 biogenesis by
binding to the C/C internal loop displayed in its Dicer
processing site.80 Inhibition of miR-210 disrupted the hypoxic
circuit, resulting in stimulation of apoptosis in cellular and in
vivo models.80,83

Inhibition of miR-210 as a result of selective on-target
engagement was confirmed with a Chem-CLIP probe in which
TGP-210 was appended to a cross-linking (chlorambucil)
module and a purification (biotin) module. Chem-CLIP
studies revealed that miR-210 was the most enriched transcript
among highly abundant RNAs (rRNAs, tRNAs, mRNAs, etc.)
but also among hypoxia-associated miRNAs and miRNAs that
contain suboptimal binding sites (Figure 4). As the less
expressed miR-497 contained the same C/C internal loop as
miR-210, it was also pulled down in the enriched Chem-CLIP
fraction. Transcripts like miR-497, or other RNAs that contain
predicted interactions with the lead compound, are termed
RNA isoforms. Interestingly, TGP-210 bound to pre-miR-497
in a nonfunctional site; thus miR-497 biogenesis remained
unaffected.
Competitive Chem-CLIP (C-Chem-CLIP) was also applied

by co-treating cells with the TGP-210 Chem-CLIP probe and
the parent compound. Here, levels of miR-210 were depleted
in the pulled down fraction due to competition for occupancy
of target binding sites with TGP-210. These thorough studies
elucidated various rules necessary for small molecules targeting
RNA structure to selectively affect RNA biology. Importantly,
the presence of the C/C internal loop in the functionally
relevant Dicer processing site enabled TGP-210 to modulate
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miR-210’s downstream biology. Despite Chem-CLIP studies
indicating target engagement with off-target miR-497, due to
its interaction with TGP-210 in a nonfunctional site, its
binding remained “silent”. Additionally, abundance of the
target plays an important role, as miR-497 expression is 10-fold
lower than the overexpressed miR-210 in hypoxia, potentially
explaining its lower occupancy by TGP-210 (Figure 4). Giving
confidence to target expression being necessary for compound
bioactivity is the fact that apoptosis was not triggered in
normoxic cells, i.e., in a regular oxygen environment, that do
not overexpress miR-210. Overall, target expression levels and
occupancy of a biologically relevant site are necessary variables
to consider for small molecules that target structured RNAs.
Furthermore, target engagement techniques, such as Chem-
CLIP, can be used to verify on- and off-targets.
In the case of miR-210, Inforna identified lead RNA motif-

small molecule interactions that are uniquely displayed in
highly expressed, functional sites. Given the high concentration
of bystander RNAs (rRNA, tRNA) and RNA isoforms, there
are small molecules that bind motifs found in multiple
RNAs.84,85 As an example, Inforna identified a small molecule
with overlapping affinity for the functional Drosha sites present
in both pri-miR-515 and pri-miR-885.78,86 Selective inhibition
of pri-miR-515 was further compounded by the ∼2.5-fold
increased expression of miR-885 relative to miR-515 (Figure
4). In order to discriminate between these two miRNAs,
Inforna queried adjacent structured regions for a lead small
molecule, enabling optimization through a modular approach
in which multiple motifs can be targeted with the same
molecule.73 While many transcripts may contain the specific

RNA motif targeted by a small molecule, not all of them will be
presented in functional sites, while even fewer RNAs will
contain two targetable sites separated by defined, specific
distances (Figure 4). By screening a library of RNA-binding
modules separated by different linker lengths,87 a dimeric
compound, Targaprimir-515 (TGP-515), was developed to
selectively inhibit production of miR-515 vs miR-885.73

Treatment with TGP-515 in a nonmigratory breast cancer
cell line resulted in the increased biosynthesis of sphingosine 1-
phosphate (S1P) through the derepression of sphingosine
kinase 1 (SK1), triggering a migratory phenotype. This
multivalent approach has been also been applied to target
other specific RNAs successfully.88,89

The selectivity of TGP-515 to inhibit miR-515 biogenesis
and modulate downstream biology was validated through
several approaches. In a similar manner to the miR-210 studies,
a Chem-CLIP probe was synthesized, and competition with
TGP-515 indicated selective occupancy of only pri-miR-515,
and not pri-miR-885. The selectivity of the dimer compound
was rigorously confirmed through quantitative polymerase
chain reaction (qPCR) profiling, RNA-seq, and global neo-
protein studies, demonstrating on-target pathway activation
and limited off-target effects in MCF-7 cells (Figure 5).
Interestingly, proteomic studies indicated that human
epidermal growth factor receptor 2 (HER2) was the most
upregulated protein, which is normally not highly abundant in
basal MCF-7 cells. Pretreatment with TGP-515 in various
HER2-negative cell lines sensitized cells to the anti-HER2
therapies, Herceptin and Kadcyla, proving the hypothesis that
increased HER2 production upon TGP-515 treatment can

Figure 5. Tools to assess target engagement and selectivity of small molecules targeting RNA. Developing small molecules against RNA starts with
identification of a hit, whether through Inforna (Figure 3) or screening approaches (target-based, phenotypic, fragment-based, DNA-encoded, etc.).
Considering the factors from Figure 4, the hit must then be validated and optimized, including for in vitro binding affinity to the RNA structural
element over RNAs that do not contain the motif and other abundant RNA/DNAs. Further validation in vitro and in cells can be accomplished
with target engagement approaches that use chemical probing methods that measure RNA enrichment (Chem-CLIP) or RNA depletion
(Competitive (C)-Chem-CLIP), among others. Comprehensively evaluating cellular selectivity on a transcriptome- and proteome-wide scale is also
part of the workflow to validate a small molecule RNA target. After demonstration of selective on-target effects, the compound’s functional effect
must then be validated in more advanced models, including the effect of a gain or loss in expression of the target.
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render insensitive cells sensitive to targeted therapies.
Generally, the selectivity of a small molecule for its target is
one of the first considerations when designing chemical probes.
In this study, potential off-targets were identified computa-
tionally through Inforna, and suboptimal selectivity was
overcome through the use of multivalency. Ultimately,
validation and selectivity studies were able to identify a
potential precision medicine approach for difficult-to-treat
cancers.
In a similar case to miR-515, a monomeric compound

inhibited the biogenesis of both miR-377 and miR-421 by
binding to their common Dicer functional sites.90 Fortuitously,
Inforna identified a lead compound that bound to an adjacent
RNA motif in the pre-miR-377 hairpin that was not present in
pre-miR-421. Upon optimization of the linker spacing between
the RNA-binding modules that bound the two sites in pre-
miR-377, the resulting dimeric compound selectively inhibited
pre-miR-377, effecting angiogenesis through modulation of
VEGFA protein.
Thus, Inforna has proven to be broadly applicable for the

purposeful targeting of functional sites in human RNAs with
selective, bioactive small molecules, while also providing
comprehensive data sets defining RNA landscapes that are
key for selective targeting and for identifying chemotypes with
RNA-binding capacities. In addition, Inforna can be applied to
develop multivalent ligands with improved selectivity and
potency for RNAs that display unique targetable RNA motifs.

■ EXPLOITING RNA STRUCTURE FOR CHEMICAL
PROBE DESIGN

Many proteins are difficult to drug directly since they lack
traditionally targeted small molecule binding pockets; that is,
they have intrinsically disordered domains. Therefore, affecting
the coding mRNA upstream of protein production may present
a more viable therapeutic option to decrease aberrant protein
levels. One aspect of protein folding only recently receiving
attention for its possible functional roles is intrinsically
disordered regions.91,92 Indeed, only a small fraction of protein
crystal structures recorded in the Protein Data Bank (PDB) do
not possess disordered regions. These regions could represent
a protein−protein interface or potential allosteric site, the
folding of which is induced by binding of another protein,
metabolite, or small molecule drug. Indeed, the study of
molecular recognition of these protein structures by small
molecules has provided well-informed paths toward drug
design.93

One clinically relevant intrinsically disordered protein is α-
synuclein, which is causative of neurodegeneration in
Parkinson’s disease due to its aggregation in Lewy bodies.94

While α-synuclein protein is intrinsically disordered, the SNCA
mRNA that encodes this pathogenic protein has a highly
structured iron responsive element (IRE) in its 5′ untranslated
region (UTR) that controls its translation.95 Inforna identified
a small molecule, Synucleozid, that directly binds an A bulge in
the IRE, inhibiting translation in cells and providing a
cytoprotective effect.96 Direct molecular recognition of the
RNA by Synucleozid was validated using antisense oligonu-
cleotide ligand binding site mapping (ASO-Bind-Map), a small
molecule application of a previously developed technique.97

ASO-Bind-Map profiles binding sites of small molecules in
vitro and in cells as the small molecule binds and stabilizes the
target RNA’s structural element, thus interfering with ASO
binding and subsequent RNase H-mediated cleavage. Target-

ing α-synuclein upstream of its pathogenic protein demon-
strates that targeting RNA elements with extensive structure
can inhibit canonical translation. Importantly, affecting disease-
causing intrinsically disordered proteins encoded by structured
RNAs may not be limited to mRNAs with IRE and could be
broadly applied to other proteins that lack binding sites for
traditional “drug-like” small molecules.
The biology of RNA repeat expansion disorders presents

another notable target for small molecules that bind to
structured regions. From a small molecule targeting standpoint,
these repeat expansions form stable repeating structural units
that can be exploited for targeting, especially with on-site
compound synthesis using the disease-causing RNA as a
catalyst for inhibitor synthesis.89,98 These repeats are
potentially difficult to treat with ASOs that have to disrupt
these stable RNA structures. Repeating transcripts are
causative of >30 incurable diseases including ALS/FTD,
fragile X-associated tremor ataxia syndrome (FXTAS), and
DM1 and DM2.99 Disease-causing RNA repeats can be present
within coding or noncoding regions, which can affect their
downstream biology. In FXTAS and DM, repeats are present
in the 5′ and 3′ UTRs, respectively. ASOs sterically blocking
protein interactions within the RNA repeat expansions can
therefore modulate downstream biology. In the case of
FXTAS, however, ASOs can also decrease downstream
translation, suggesting that targeting r(CGG) repeat expan-
sions with ASOs could worsen, rather than alleviate, disease.
The repeating units, however, are amenable for small molecule
targeting, as they can allow for increased specificity through the
use of multivalent ligands.
In the case of myotonic dystrophy type 1, the r(CUG)

repeats trigger disease by sequestering muscle-blind like
protein 1 (MBNL1), which regulates the alternative splicing
of various transcripts, including the insulin receptor (IR) and
muscle-specific chloride ion channel (Clnc1). This gain of
function by the repeats thus results in aberrant splicing
products and hence DM1 disease biology. In addition to
spliceopathy, other phenotypic complications arise from the
expanded repeat such as aggregation of mutant transcripts with
RBPs in nuclear foci, activation of stress pathways,
haploinsufficiency, alteration of neighboring genes, and
dysregulation of translation.100−102 The binding affinity of
MBNL1 for r(CUG) repeats has been measured in the nM
range (∼3−200 nM).103 Therefore, multivalent small mole-
cules that bind the repeats with binding affinities also in the
nM range were developed that can compete for binding with
MBNL1, freeing it to resume its normal splicing functions.
Thus, directly binding RNA to compete with RBPs presents a
viable strategy to treat repeat expansion disorders. This
strategy is in contrast to small molecules that form a ternary
complex with the RNA and protein to treat SMA, as described
above.

■ TOOLS TO ASSESS TARGET ENGAGEMENT AND
SELECTIVITY OF RNA-BINDING SMALL
MOLECULES

A significant amount of weight in the drug discovery process
for any biomolecule is placed on in vitro binding affinity. While
important, depending too heavily on binding studies can also
be problematic, especially for dynamic RNA targets whose
structure can vary in vitro vs in situ. Indeed, studies have
generated ligands that interact with RNA with high affinity but
display little to no bioactivity. This mismatch between
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Figure 6. Quantitatively evaluating the selectivity of small molecules targeting RNA. (A) Data from profiling experiments can be used to quantify
compound selectivity by calculating a Gini coefficient (GC). GC analysis of kinase inhibitors showed that promiscuous compounds (staurosporine)
are characterized by values close to 0, while highly selective compounds exhibit Gini coefficient values close to 1 (PD184352; 0.91), with selective
compounds being defined as >0.6. (B) GC analyses can be applied to profiling data (left), such as miRNA qPCR profiling data between small
molecules (TGP-515; blue) and ASOs (515-ASO; green). Applying this analysis to various small molecule ligands targeting RNA structure indicates
that they demonstrate high selectivity for their targets. Antisense oligonucleotides targeting RNA sequence are also selective for their targets. Shown
are the structures and GC values of TGP-515 (blue) and Vivo-Morpholino ASO targeting miR-515 (green), in addition to other small molecule/
ASO GC analyses. Overall, Gini coefficients provide a metric to quantitatively define compound selectivity. When applied to RNA targeting, GC
analyses demonstrate that small molecules that recognize RNA structure can rival or exceed the selectivity of ASOs designed to bind via Watson−
Crick base pairing.
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optimized binding affinity and bioactivity could be due to
many factors, including in vitro conditions significantly
differing from in situ conditions (concentration/expression
level, presence of other biomolecules, metal ions, etc.), in vitro
models adopting different structures than the cellular RNA, the
binding method itself, poor cellular permeability, localization
of the small molecule to a cellular compartment where the
target is not located, etc. Thus additional methods of analysis
are required to validate target engagement (Figures 4 and 5).
Studying the in vitro selectivity of small molecules has been

more or less standardized. Typically, binding affinities of the
compound to the target RNA are quantified using various
biophysical techniques (biolayer interferometry [BLI], surface
plasmon resonance [SPR], NMR spectroscopy, microscale
thermophoresis [MST], ESI-LC/MS, electrophoretic mobility
shift assays [EMSA], etc.), that have been previously used for
other biomolecules.104−106 In addition, studying RNA-small
molecule interactions has also made the use of ligand or RNA-
based fluorescence and fluorescence-based displacement
assays.106,107 In these in vitro studies, the selectivity of ligands
to the target RNA are measured relative to several controls,
including point mutants of the target RNA that change its
three-dimensional structure (mutating an internal loop into a
base pair, for example), highly expressed RNAs (yeast tRNAs),
or bulk DNA (fish sperm DNA). These initial studies provide a
starting point to inform the on- and off-rate of the small
molecule to bind to a specific region of the RNA in a general
sense; however these assays may simplify the complexity of
RNA structural dynamics in the cell, which typically exist
across a population of states rather than a single explicit
structure and where stability of RNA structures can be
influenced by RBPs or post-transcriptional modifications.48,54

If we are indeed to develop guidelines for the selective recognition
of RNA by small molecules, it is imperative to trace bioactivity to
direct engagement of the target. Indeed, even among well-
developed protein targeting modalities that have reached
clinical trials, the compound action and mechanism of action
remains not well-characterized, which can result in off-target
effects.108 Until recently, target engagement methods had not
been developed for RNA targets. These new methods, which
employ cross-linking or cleavage, have been reviewed
previously.75 In addition to target engagement, many profiling
techniques are available to assess selectivity of small molecules
targeting RNA, each with their own experimental advantages
and liabilities.109,110 Below, we summarize three such methods.
Quantifying expression differences of RNA transcripts has

traditionally been performed through real-time reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR).
Indeed, new instrumentation and technologies have allowed
for increased throughput while maintaining high sensitivity and
resolution, even at the single-cell level.111,112 The use of RT-
qPCR has been commonly used to measure differential
miRNA expression (Figure 5). RT-qPCR miRNA profiling
revealed that small molecule hits, defined by Inforna, that
target pri-miR-96 or pri-miR-515 had comparable selectivity to
ASOs targeting mature miR-96-5p or mature miR-515-5p,
respectively (Figures 5 and 6). Potential liabilities with
measuring RNA levels with RT-qPCR include the potential
biases in melting temperatures and amplification efficiency, and
the labor-intensive process can be prone to user error. RT-
qPCR profiling as a tool to measure the transcriptome is still
useful to measure a large quantity of genes, but it is used more
importantly for validation of known pathways. The method’s

reliance on gene specific primers potentially precludes its use
as a discovery tool.
Whole transcriptome, RNA sequencing (RNA-Seq) is the

emerging technology to measure transcript abundance in gene
expression studies. As RNA-Seq is based on counting reads
aligned to reference sequences and does not require specific
probe sequences for expression measurements, it overcomes
limitations encountered by RT-qPCR profiling. Additionally,
the dynamic range of RNA-Seq is only limited by the read
count and can be performed with a limited amount of
transcript material. A potential limitation with RNA-Seq has
been standards for data processing and methods for normal-
ization and statistical analysis, where best practices are still
being developed and must be completed on a case-by-case
basis. Differential expression analysis from RNA-Seq can also
be used to quantitatively define on- and off-targets, as well as to
study the downstream effects of compound treatment, i.e.,
downstream pathway analysis. A recent example includes
utilizing RNA-Seq at an early time point in breast cancer cells
treated with a compound that inhibited miR-515 biogenesis.
This analysis showed the compound’s limited off-target effects
on the transcriptome but also the upregulation of downstream
proliferative pathways.73

Studying the effects on the downstream proteins takes
investigations into small molecule selectivity beyond the
transcriptome and can define how the modulation of RNA
biology affects the proteome. Although compounds are
affecting the transcriptome, proteomics can be used as a
readout to measure the change in the protein landscape as a
result of affecting RNA. Global proteomics, commonly used to
study compounds selectively targeting proteins, or neo-protein
synthesis, measuring proteins that are up- or down-regulated
after compound treatment, can reveal novel biology. Indeed,
the downstream neo-protein synthesis upon inhibition of miR-
515 with TGP-515 revealed compound enhancement of HER2
protein expression in a normally HER2 negative cell line. Upon
this realization, the levels of HER2 were able to be tuned in
order to sensitize their treatment with anti-HER2 precision
medicines.
Functional assays are important to verify that the compound

is functioning through the predicted RNA-centric mode of
action. With TGP-515, important loss- and gain-of-function
assays were performed to validate the sensitivity of HER2
negative cell lines affecting miR-515 and SK1 pathways. For
example, an siRNA or chemical knockdown of SK1 ablated the
migratory phenotype (Figure 5) and sensitivity to HER2
therapies. Similarly, overexpression of SK1 resulted in a similar
sensitivity, indicating that derepression of SK1 by miR-515
inhibition was responsible for increased sensitivity to HER2-
targeted therapies. In addition to confirmation of target
engagement and selectivity through techniques such as
Chem-CLIP and profiling, functional assays are necessary to
ascertain that the compound is operating through the
hypothesized mode of action.

■ QUANTIFICATION OF SELECTIVITY
Quantification of compound selectivity has previously been
measured with kinase inhibitors.113 One particular metric is
called a Gini coefficient, which was originally developed as a
measure of statistical dispersion of wealth distribution to
measure inequality.114 More recently, the Gini coefficient has
been used to measure selectivity of kinase inhibitors as it
expresses a frequency distribution of differential inhibition
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among a population of kinases. In brief, Gini coefficients range
from 0, indicating a nonselective compound, to 1, indicating
selectivity for a single target. For example, a kinase inhibitor
that lacks selectivity (inhibits 78/85 kinases tested) had a Gini
coefficient of 0.15 while inhibitors considered selective had
Gini coefficients ranging from 0.69 to 0.91 (Figure 6).114,115

Applying such an analysis to RT-qPCR profiling data from
miRNAs expressed in MCF-7 cells indicated similar selectivity
of a small molecule that affects pri-miR-515 and a Vivo-
Morpholino modified ASO that targets miR-515-5p (Gini

coefficients of 0.75 and 0.72, respectively) (Figure 6). In
another analysis, the small molecule and ASO targeting miR-96
displayed comparable levels of selectivity with Gini coefficient
values of 0.71 and 0.62, respectively (Figure 6). Besides qPCR
profiling data, Gini coefficient analysis can be applied to larger
data sets. For example, an analysis on a transcriptome-wide
microarray experiment highlighted the broad selectivity of both
a small molecule targeting miR-544 (Gini coefficient = 0.73)
and an ASO targeting miR-544 (Gini coefficient = 0.70).116

Interestingly, the monomeric miR-544 small molecule has

Figure 7. Physiochemical properties of RNA binders and common RNA-binding scaffolds. (A) Physiochemical properties of cataloged RNA
binders contained within Inforna and R-BIND show convergence and correlate with properties of FDA approved drugs. FDA approved drugs were
taken from DrugBank.122 (B) Properties that are enriched within RNA binders include greater positive charge at pH 7.4, number of H-bond donor
and acceptor counts, and total polar surface area (TPSA). RNA binders also exhibit fewer chiral centers, aliphatic atoms, and rotational bonds
compared to nonbinders. (C) Scaffolds contained within Inforna and R-BIND that exhibit RNA binding. These include oligosaccharides,
benzimidazoles, purines, naphthalenes, quinolines, quinazolines, aminopyrimidines, and quinidine thiazoles. Interestingly, while most data generally
point to planar molecules as RNA binders, some sterically rich compounds have been found to bind RNA.
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highly drug-like properties, supporting the idea that selective
small molecules targeting structured RNA motifs also occupy
traditional “drug-like” chemical space. Overall, in order to be
able to objectively measure the selectivity of small molecules
interacting with RNA, metrics such as the Gini coefficient are
useful tools to compare compound selectivity. Importantly,
Gini coefficient analyses have shown that the selectivity of
small molecules can rival or exceed that of ASOs.

■ DRUGLIKENESS AND BEYOND THE RULE OF 5
Drug discovery has long used a set of physicochemical
parameters to define the chemical space that is most likely to
become an orally bioavailable drug. As RNA has previously
been considered an “undruggable” target, then perhaps the
physicochemical profiles of orally bioactive drugs may not
necessarily be the best measure for RNA-binding ligands.
Indeed, not all drugs are created for the same purpose, which
may inaccurately bias trends toward an average that is not
necessarily true for the specific applications of lead
compounds.117 For example, many small molecules differ in
clearance rates and exposure to the tissue type of interest; i.e.,
blood−brain barrier penetrant compounds are different from
systemic broad spectrum antibiotics. Therefore, the commonly
used parameters that make drugs particularly attractive for oral
delivery in protein targeting applications may not be
appropriate for targeting RNA. In fact, there is an increasing
trend of compounds that exist in a space that is extended from
the Rule of 5 (eRo5) or even beyond the Rule of 5 (bRo5).118

Indeed, as the methods to analyze the selectivity of compounds
has progressively become more rigorous (full proteomics and
transcriptomics profiles) and with the greater rigor for
compounds with defined modes of action, the landscape of
what is considered a “drug” that selectively hits a defined drug
target has significantly changed.108 Traditional ASOs, and
other biologics such as antibody-drug conjugates, have also
seen a rapid rise in approvals as FDA-approved drugs,
suggesting that compounds that do not fit into traditional

medicinal chemistry parameters are also viable as effective
therapeutics.119

In pursuit of more selective and potent compounds, a recent
trend has become known as “compound bloat”. That is, drugs
and potential drug candidates have been increasing in
molecular weight and changing the classic idea of drug-like
compounds. As mentioned by others, this “compound bloat”
has been in response to decreasing off-target effects that were
not previously measurable with technologies available at the
time the drug was developed (CRISPR screens, RNA-Seq,
proteomics).108 Indeed, targeting multiple “hot sites” of the
same target or using binding sites between two different
surfaces (i.e., protein−protein interactions (PPI)) has now
been implemented.120 However, these innovative techniques
have required increased molecular weight and polar surface
area, along with an increased number of hydrogen bond
donors and acceptors.119

While many drug-like compounds are heavily tested in vitro
before in cellulis evaluation, binding contacts are not the only
factor that influences bioactivity when concerned with drug-
like properties. Furthermore, bioactivity does not necessarily
indicate on-target effects, as without proper target engagement
and validation, the compound may work in a different
mechanism than hypothesized. Indeed, focusing on optimal
physicochemical properties is important toward discovering
privileged RNA space, but more innovative and novel
approaches to the problem of targeting RNA with small
molecules may result in compounds that look more “undrug-
like” than traditional small molecule therapeutics. More
provocatively, chemical matter that affects RNA space most
effectively may differ significantly from traditional guidelines
used to identify, design, and optimize ligands that affect other
biomolecules.
Insight into the physicochemical properties of RNA-binding

small molecules can begin to be gleaned from interactions
housed in Inforna79 and a recently created catalog named R-
BIND.121 Analysis of the compounds in both databases
revealed highly similar chemical properties to FDA approved

Figure 8. Properties of bioactive therapeutic modalities. Current and emerging strategies to affect downstream biology include antibodies
(rituximab, PDB code 4KAQ), ASOs (Nusinersen), small molecules (TGP-210), and targeted degradation approaches (TGP-210 RIBOTAC).
Each targets a unique space, but RIBOTACs can affect bioactivity of RNA without binding to a functional site. RIBOTACs also degrade their
targets in a catalytic and substoichiometric fashion, thus allowing greater potency. Small-molecule-based modalities are advantageous as their
physicochemical properties can be potentially medicinally optimized. ASO, small molecule, and targeted degradation models were made using the
Online SMILES Generator (National Cancer Institute).
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drugs in DrugBank (Figure 7A).122 However, differences are
indeed observed. For example, RNA binders on average have
more aromatic rings (3.9 ± 1.9 vs 1.4 ± 1.4 in approved drugs)
and more H bond donor (5.2 ± 4.5 vs 2.4 ± 0.5.0) and
acceptor groups (8.5 ± 6.2 vs 5.1 ± 7.4).
In one large screen to identify novel compounds that bind

RNA, a comparison of binding and nonbinding molecules
showed that binders had on average 1.5-fold higher cLogP
values, 1.3-fold more ring systems, 1.7-fold fewer aliphatic
atoms, 1.5-fold more H-bond donors, 2.4-fold more H-bond
acceptors, 10-fold fewer chiral centers, and slightly greater
positive charge (δ+ of 0.4 vs 0.3 at pH 7.4) (Figure 7B).90

These data indicate a propensity for RNA binders to be
structurally rigid and planar, likely driving binding of the RNA
via π−π stacking and hydrogen bonding interactions with the
nucleobases and/or the phosphate backbone.90

Scaffolds commonly associated with RNA binding that have
yielded bioactive ligands include benzimidazoles, bis-benzimi-
dazoles and phenylbenzimidazoles, aminopyrimidines, and
quinazolines (Figure 7C). Other scaffolds identified from
Inforna and R-BIND include oligosaccharides, naphthalenes,
and purines. While the above physiochemical data and
previous works suggest a preference for planar molecules,
sterically rich compounds have also been identified such as
oligosaccharides and those found in Figure 7C including
spirocycles and fused ring spirocycles.

■ EMERGING MODALITIES FOR AFFECTING RNA
BIOLOGY

As RNA presents a novel and challenging target, new
approaches are needed to affect its downstream biology
through its direct targeting. Recent work has demonstrated the
use of other modalities to enable the targeted degradation of

RNA, such as bleomycin conjugates (reviewed more in-depth
previously),69,99,119,123 outside the traditional “drug-like”
physicochemical properties.124 Many compounds (described
above) have rescued disease-associated phenotypes through a
binding mode of action; however, it may be advantageous to
expand the mode of action to cleave the RNA target, whether
directly or by recruiting endogenous nucleases (Figure 8).
These “RNA degraders” can potentially ameliorate disease
pathologies in a more potent and selective manner than simple
binding compounds.72,89

RNA degraders have been applied extensively to RNA repeat
expansion disorders, as many of these highly stable structures
can function as scaffolds to sequester proteins or to trigger
repeat associated non-ATG (RAN) translation. Recently,
Angelbello et al. demonstrated that RNA-degraders rescue
DM1 disease pathology through intraperitoneal delivery of
Cugamycin (a dimeric r(CUG)-binding compound appended
to bleomycin), which selectively cleaves the repeat expansion
in a preclinical mouse model.72 In addition to its therapeutic
potential, these degrader molecules can also function as
effective chemical probes, as described through the develop-
ment of small molecule nucleic acid profiling by cleavage
applied to RNA (RiboSNAP). RiboSNAP uses the cleavage
activity of bleomycin to deplete the RNA target’s levels in
patient-derived cells, thus demonstrating target engagement.
RiboSNAP has also been applied with other noncoding RNAs
to map small molecule binding sites,75 thus establishing RNA
degraders and RiboSNAP as a new potential class of targeted
therapeutic and chemical probing technique.
Recently, our lab has designed small molecules that can

recruit a nuclease to a specific transcript, triggering its
degradation. RIBOTACs, akin to PROTACs,125 recruit
nucleases for the targeted degradation of structured RNA

Figure 9. Ribonuclease targeting chimeras (RIBOTACs) as heterobifunctional degraders of RNA. (A) Taking cues from PROTACs and RNase H-
based antisense oligonucleotide approaches, RIBOTACs are heterobifunctional compounds that recruit endogenous nucleases to degrade a
targeted transcript. RIBOTACs can potentially increase potency of small molecules as they can catalytically and substoichiometrically degrade an
RNA target. These RIBOTACs simply need to bind the target (not necessarily at a functional site) and use endogenous ribonuclease pathways to
remove the RNA via targeted degradation, which also rids the RNA of any potential scaffolding functions with RBPs. Formation of the ternary
complex may also increase selectivity as only meaningful interactions between the RNA:RIBOTAC:RNase L will result in cleavage. While this
approach is potentially broadly applicable, development and optimization of both RNA binders and RNase-recruiting modules remain time-
consuming, especially as there are a limited number of known RNase activators. Additionally, RIBOTACs that function through RNase L can have
less pronounced effects on nuclear RNA, as RNase L is primarily cytoplasmic. (B) Advantages provided by the RIBOTAC approach. (C)
Demonstration of increased selectivity of different RNA-binding modules, as indicated by GC analysis. The monomeric RNA-binding module that
binds a single functional site on an RNA is less selective than the multivalent ligand targeting the same RNA. Adding an RNase L recruitment
module to convert the dimeric compound into a RIBOTAC allows for increased selectivity, potentially due to the requirement of effective ternary
complex formation between the RNA, RIBOTAC, and RNase L.
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sites (Figure 8). Specifically, RIBOTACs locally recruit
endogenous latent ribonuclease (RNase L) to a specific
transcript, allowing for assembly of dimeric, active RNase L to
selectively degrade the RNA target. This strategy is akin to a
small molecule form of CRISPR, without the need for
transfection of foreign guide RNA transcripts or proteins. In
contrast, RIBOTACs exploit a cell’s endogenous machinery for
nucleic acid disposal by bringing together all the “players” in a
ternary complex (target RNA:RIBOTAC:RNase L). By locally
eliminating aberrantly functioning RNA, rather than simply
binding and inhibiting it, RIBOTACs offer specific advantages:
Occupancy vs Event Driven Processes. Current

pharmacological paradigms require small molecules to
modulate downstream function by occupying enzyme active
sites or blocking receptors, which requires high concentrations
of drug at the correct position. Not only can maintaining high
concentrations of drug lead to off-target effects, this
occupancy-driven model requires RNA with accessible,
“druggable” active sites, which may be difficult to target
selectively. By eliminating the aberrant RNA, rather than
binding and inhibiting them, RIBOTACs circumvent the
occupancy-driven model and instead are event-driven: binding
enables activation of ribonucleases to initiate degradation
(Figures 8 and 9).
Increased Potency and Catalytic Activity. Low levels of

occupancy of RIBOTACs may be able to maintain a rate of
RNA degradation that can provide the desired pharmacological
effect. Previous small molecule catalytic activity was seen with
Ru(bypy) photocatalysts as singlet oxygen generators,126 and
RIBOTACs have demonstrated a similar level of substoichio-
metric degradation of their targets.127 This catalytic effect also
suggests that RIBOTAC concentrations required for degrada-
tion may be much lower than those required for levels of
inhibition by simple binding. As a catalytic degrader,
RIBOTAC action also allows for greater RNA depletion over
time; that is, low exposures can lead to meaningful knockdown,
reducing potential off-target toxicity.
Avoiding Target Accumulation. Drug binding can

potentially stabilize RNA, thereby increasing its half-life.
Once drug exposure drops below a certain inhibitory level,
the disease-causing RNA will then persist. Degradation avoids
this dilemma entirely, as it eliminates the target RNA
completely. Additionally, degradation rather than binding
also rids the targeted RNA of their potential disease-causing
interactions with other biomolecules, such as RBPs like
MBNL1 with r(CUG) expanded repeats. Accumulation of
mutations in the drug target can also occur under selective
pressure, which may negatively affect drug binding and
occupancy, thereby leading to a decrease in efficacy, as
observed with ribocil. Interestingly, RIBOTACs do not
necessarily have to target an active site to form a ternary
complex and degrade the target, as even an allosteric binder
can be used. Degradation of the RNA also leads to a lower risk
of the target complex evolving a resistant form, but upon
formation of resistance, the modularity of RIBOTACs can
potentially lead to the simple solution of using an alternative
target binder. As ribonucleases are highly conserved and
ubiquitous among cells, resistance to RIBOTAC-induced
degradation may be much lower than observed for simple
binding compounds.
Gain of Specificity. Achieving good selectivity over off-

targets still presents a significant challenge among small
molecule inhibitors, especially in RNA targets that contain

highly homologous binding sites. RIBOTACs achieve targeted
degradation in two steps, first from binding of the RIBOTAC
to the target and, second, upon nuclease recruitment to the
target RNA (Figure 9). While the first step is mainly controlled
by the affinity of the RIBOTAC to form binary complexes with
its target RNA, the selectivity of the latter step can be
appropriately adjusted for the RNA of interest via linker length
or even by modulating the RNase recruiter. Additionally, as
described above, compounds typically require binding to active
sites within an RNA target to be effective; however
RIBOTACs can be designed to bind structural motifs unique
to a specific target RNA, thus enabling greater selectivity.
Therefore, selectivity can be engineered into each component
of the RIBOTAC to modulate the intrinsic binding affinity of
the lone RNA-binding module to off-target RNAs. One
important factor to consider for future RIBOTACs may be
the role of binding kinetics (kon/koff rates). Indeed, with the
advent of newer biophysical methods to analyze kinetics,
recent studies have shown greater appreciation for on-/off-
rates for drugs binding to their targets.128 These properties are
further complicated upon accounting for the optimal
presentation/rate of recruitment of the RNase recruitment
module and the complexities of ternary complex formation
with the RNA target and RNA-binding module in the cell,
which are required for RIBOTACs to propagate cleavage.
Collectively, our inaugural studies suggest (i) RIBOTACs

could be a general strategy broadly applicable to imbue RNA-
targeted small molecules with cleavage capability, extending
mode of action beyond simple binding and (ii) selectivity, as
compared to the RNA-binding compound alone, can be
enhanced by conjugation of a degradation module, as also
observed with nonspecific kinase inhibitors converted to a
PROTAC.129 Additionally, RIBOTACs can use guiding
principles from studies into ternary complex formation and
the role of kinetics for optimal activity in the PROTACs space
when considering RNA-targeted degradation.130,131 Bearing
this in mind, future studies to apply the RIBOTAC technology
for the druggable transcriptome may require (i) medicinal
chemistry of RNA-binding small molecule, linker, and RNase L
recruitment modules, especially regarding on-/off-rates; (ii)
studies toward the recruitment of other ribonuclease modal-
ities, preferably with favorable physicochemical properties; (iii)
new linker chemistries to optimize presentation of the
bifunctional ends; and (iv) application of RIBOTACs to in
vivo models. Indeed, a recent study has shown that a
RIBOTAC using a heterocyclic recruiter of RNase L was
able to substoichiometrically degrade pre-miR-21 to impede
metastasis of breast cancer to the lung in a mouse model.132

Interestingly, selectivity and Gini coefficient analysis indicated
that the RIBOTAC targeting miR-21 was more selective than
the parent binding compounds, rivaling or exceeding that of
protein-targeted drugs. Further downstream transcriptome and
proteome-wide studies demonstrated broad inhibition of
oncogenic pathways, as expected upon miR-21 depletion.132

■ CONCLUSION
As controlled RNA expression manages nearly every function
in the human body, modulation of these phenomena
represents an integral goal in biomedical research. As a result
of chemical probes and small molecule drugs being developed
for a tiny fraction of the proteome, a call to develop chemical
probes (small molecules, degraders, biologics, etc.) for the
entirety of the human proteome was recently announced
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(Target 2035).133 Indeed, this ambitious aspiration will require
many groups willing to work on proteins in the “dark
proteome” and the advancement and optimization of new
and current technologies (DNA-encoded libraries, massively
parallel high throughput screening, functional assays for
understudied proteins, etc.).134,135 Another approach to
increase coverage of chemical probes would be to study
compounds that modulate protein levels by affecting them at
the RNA level. Not only could compounds that target RNA
effectively inhibit protein expression by binding to their
precursor mRNA transcript, but they also could potentially
activate proteins by modifying their associated regulatory
RNAs (miRNAs, lncRNAs, etc.), thus providing a bilateral
approach to affect protein biology.
While effective control of RNA expression using antisense

technologies has been demonstrated, these modalities are still
limited in their own unique ways, leading researchers to
examine if the same level of control and selectivity can be
achieved using small molecules. Highlights from this
Perspective have illustrated that the selective molecular
recognition of RNA with small molecules is possible through
the interaction of ligands with structured RNA motif regions.
Bioactivity of small molecule ligands requires more than just
optimizing for high affinity in vitro binding interactions.
Furthermore, the analysis of transcriptome- and downstream
proteome-wide selectivity can determine how structural
recognition can be exploited for specific RNA modulation.
Importantly, target engagement and validation studies are
essential to verify RNA-centric modes of action and to rescue
disease-associated phenotypes through an expanding toolbox
of techniques. Finally, RNA is indeed druggable, although the
compounds used may not look like traditional drugs, such as
heterobifunctional chimeric compounds that have demon-
strated efficacy in selective RNA degradation.
As opportunities arise and challenges are met for RNA-

targeting small molecules, it is an exciting time to propose a
druggable transcriptome project in order to provide chemical
probes for functional RNAs on a transcriptome-wide scale.
Developing technologies, such as RIBOTACs, and currently
existing methodologies, such as Inforna, can be used in
conjunction to study and optimize small molecules targeting all
functionally relevant RNAs broadly. As advancements and
innovations in the design and discovery small molecules
interacting with RNA continue, the use of these techniques can
bring about a new paradigm in chemical biology and
potentially launch research into new therapeutic modalities
and viable medicines.
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chimera; RiboSNAP, small-molecule nucleic acid profiling by
cleavage applied to RNA; RIBOTAC, ribonuclease targeting
chimera; RNase, ribonuclease; RNA-Seq, RNA sequencing;
RT-qPCR, real time reverse transcription quantitative polymer-
ase chain reaction; S1P, sphingosine 1-phosphate; shRNA,
short hairpin RNA; siRNA, short interfering RNA; SK1,
sphingosine kinase 1; SMA, spinomuscular atrophy; SMN,
survival motor neuron protein; SPR, surface plasmon
resonance; TGP-210, targapremir-210; TGP-515, targaprimir-
515; U1 snRNA, U1 small nuclear RNA; UTR, untranslated
region; VEGFA, vascular endothelial growth factor A
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RNA structures†
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Targeting RNAs with small molecules represents a new frontier in drug discovery and development.

The rich structural diversity of folded RNAs offers a nearly unlimited reservoir of targets for small

molecules to bind, similar to small molecule occupancy of protein binding pockets, thus creating the

potential to modulate human biology. Although the bacterial ribosome has historically been the most

well exploited RNA target, advances in RNA sequencing technologies and a growing understanding of

RNA structure have led to an explosion of interest in the direct targeting of human pathological RNAs.

This review highlights recent advances in this area, with a focus on the design of small molecule probes

that selectively engage structures within disease-causing RNAs, with micromolar to nanomolar affinity.

Additionally, we explore emerging RNA-target strategies, such as bleomycin A5 conjugates and

ribonuclease targeting chimeras (RIBOTACs), that allow for the targeted degradation of RNAs with

impressive potency and selectivity. The compounds discussed in this review have proven efficacious in

human cell lines, patient-derived cells, and pre-clinical animal models, with one compound currently

undergoing a Phase II clinical trial and another that recently garnerd FDA-approval, indicating a bright

future for targeted small molecule therapeutics that affect RNA function.

1. Introduction
RNA is a critical component of the Central Dogma, best known
for its roles in transcription and translation. However, non-
coding (nc) RNAs play important functions critical for the regula-
tion of cell homeostasis and normal biology.1 These ncRNAs, such

as microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), small
nuclear RNAs (snRNAs), transfer RNAs (tRNAs), long non-coding
RNAs (lncRNAs), etc. (Fig. 1) are highly structured1 and offered the
first clues that RNA structures may play vital roles in human
biology beyond the encoding and synthesis of protein. Indeed,
this hypothesis has been proven true as RNA structures have been
linked to both normal biology and disease pathology.2,3

The variability and complexity of RNA structures has been
widely explored, leading to the appreciation that RNAs range
from being largely disordered (dynamic) to adopting simple
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structures such as loops and bulges (secondary structure) to
creating highly intricate pseudoknots, G-quadruplexes, and
coaxial stacking (tertiary structure). The influence of these
structures has been explored in the context of bacterial gene
expression and riboswitches4 and in viral replication and
infection.5 In the context of human biology, structured RNAs
influence translational regulation,6–8 alternative splicing,9,10

and even enzymatic catalysis,11–14 further demonstrating their
intimate involvement in maintaining healthy biology. As these
topics will not be reviewed in depth here, we direct the reader to
the references cited above for additional detail.

Predictably, disruption of RNA structure via mutation, for-
mation of unnatural RNA structures, e.g., by insertions or
expansions, or aberrant expression, leads to dysregulation of
cellular processes, resulting in disease. For example, dysregula-
tion of miRNAs, short regulatory RNAs that modulate gene
expression via the RNA-induced silencing complex (RISC),7 have

Fig. 1 RNA is highly structured. The Central Dogma of biology, showcasing
the numerous types of structured RNAs that have been identified to date.
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been associated with, among others, cardiovascular disease,
inflammatory disorders, and cancer.7,15,16 Additionally, structured
RNAs have been implicated in several neurological disorders, as
reviewed in Bernat et al.,17 a well-known example being RNA
repeat expansion/microsatellite disorders. This class of disorders
is responsible for over 30 human diseases including Huntington’s
disease (HD), amyotrophic lateral sclerosis (ALS), fragile
X-associated tremor and ataxia syndrome (FXTAS), and myo-
tonic dystrophies type 1 and 2 (DM1 and DM2).17 The biological
consequences of these repeat expansions will be reviewed in
detail below.

To date, two main therapeutic strategies have been employed
to target disease-causing RNAs: antisense oligonucleotides (ASOs)
and small molecules.18 ASOs are single-stranded nucleotide
sequences designed to complementarily base pair a target
RNA’s primary sequence. ASOs, which often contain modified
phosphate backbones and sugar motifs to protect against
cellular degradation, either repress translation by sterically
blocking ribosomal loading onto the RNA or induce degrada-
tion of the target RNA via Ribonuclease H (RNase H).19 RNase
H recognizes the RNA–DNA heteroduplex and hydrolyzes
the phosphodiester bonds of the RNA strand, cleaving it.19

Conversely, small molecules are designed to target RNA structure
instead of sequence, much like how small molecules are designed
to target proteins via structure-based recognition. Small molecule
binding of an RNA target can modulate disease biology, thus
creating avenues to further explore RNA-disease biology and
potential therapeutics against RNA-associated disorders.18

This review provides a general overview of recently developed
RNA-targeting small molecules, highlighting advances in the field
that continue to push towards the development of potent and
selective small molecule lead therapeutics. A focus is placed on
small molecules targeting miRNA biogenesis, lncRNAs, mRNAs
encoding intrinsically disordered proteins (IDPs), and repeat
expansion disorders. This review details both the pathome-
chansims caused by the RNA’s structure and how small
molecules can alleviate this pathology. Additionally, emergent
modalities such as RNA-targeted cleaver and degrader compounds,
including ribonuclease targeting chimeras (RIBOTACs), are
reviewed in detail, highlighting the selectivity and potency of these
compounds. There is still much to be learned about small
molecules targeting RNA before these probes can be converted
into lead medicines, but a solid foundation has been laid to enable
clinical advancement across multiple indications. (See Table 1 for
a complete list of diseases mentioned in this review and the
abbreviations used to define them.) A tutorial on targeting RNA
structures derived from sequence with small molecules can be
found in ref. 20.

2. Small molecule targeting of miRNAs
MiRNAs are short 20–25 nucleotide (nt) sequences of RNA that
negatively regulate gene expression through translational repres-
sion of their mRNA targets, dictated by sequence complementarity
to the 30 untranslated region (UTR) of the mRNA target. These

RNAs are actively involved in regulation of cellular processes
including proliferation, development, differentiation, and
apoptosis. Like other types of RNAs, miRNAs are transcribed as
primary transcripts (pri-miRs) that are processed into precursor
miRNAs (pre-miRs), both of which fold into hairpin structures.
These structures are cleaved sequentially by the nucleases Drosha
and Dicer to produce the final, single-stranded mature miRNA
(Fig. 2A).7

Biogenesis begins with the Drosha:DiGeorge syndrome critical
region 8 (DGCR8) microprocessor complex that excises a portion
of the pri-miR at the open stranded end of the hairpin, yielding a
pre-miR of B70 nucleotides in length. The pre-miR is then
exported from the nucleus via exportin 5.21 In the cytoplasm,
pre-miR is further processed at the hairpin loop by the enzyme
Dicer, which acts as a molecular ruler, yielding a double stranded
miRNA.22 The miRNA is then loaded into the argonaute (AGO)/
RISC complex where the guide strand stays successfully loaded
and the complementary strand is degraded.23 After biogenesis,
the RISC complex regulates gene expression either through
translational inhibition via steric hinderance of ribosomal loading
or via stimulation of complete mRNA decay.24–26

Due to the complexity of miRNA interaction networks
(i.e., multiple miRNAs often act upon one mRNA, and one
miRNA can regulate multiple mRNAs),27,28 dysregulation of
miRNA expression has been associated with a variety of human
diseases, especially cancer.29–31 Examples of how RNA-binding
small molecules have been designed and optimized to bring
about potent and selective regulators of miRNA function are
discussed in detail below.

2.1 Neomycin–nucleobase conjugates targeting oncogenic
miRNAs

Neomycin–nucleobase conjugates are small molecules that
target disease-causing miR-372 and -373 (Fig. 2C and Table S1,
ESI†).32 These bifunctional conjugates consist of (i) an artificial
nucleobase designed to specifically recognize an RNA base pair
of the double-stranded region of pre-miRNA and (ii) an amino-
glycoside shown to have strong binding affinity to stem-loop
RNA motifs. Artificial nucleobases engage in the formation of
Hoogsteen-type triplex DNA helices,33 and when conjugated
to basic amino acids, form compounds with high affinity and
selectivity for the stem loop structure of human immuno-
deficiency virus type 1 (HIV-1) transactivation response element
(TAR) RNA.34 Aminoglycoside antibiotics, which alone constitute

Table 1 Commonly mentioned diseases and abbreviations

Disease Abbreviation

Triple negative breast cancer TNBC
Fragile X-associated tremor and ataxia syndrome FXTAS
Spinal muscular atrophy SMA
Frontotemporal dementia FTD
Parkinsonism linked to chromosome 17 FTDP-17
Myotonic dystrophy type 1 DM1
Myotonic dystrophy type 2 DM2
C9orf72-associated frontotemporal dementia
and amyotrophic lateral sclerosis

c9FTD/ALS

Parkinson’s disease PD

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
5 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
on

 9
/2

8/
20

20
 6

:2
3:

21
 P

M
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n-
N

on
Co

m
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2020

a class of widely prescribed medicines targeting the decoding
A-site in prokaryotic rRNA to inhibit protein translation, bind stem-
loop structured RNAs along the major groove of the RNA duplex.

On the basis of these findings, the Duca lab rationalized
conjugation of the aminoglycoside neomycin with an artificial

nucleobase would yield chemical matter capable of binding the
stem-loop sequences of miR-372 and -373.32 These first-generation
conjugate compounds fortuitously bound the Dicer processing
sites of pre-miR-373 and pre-miR-372, inhibiting their biogenesis
in vitro, as determined by a cell-free Förster resonance energy

Fig. 2 Small molecule targeting of miRNAs. (A) Schematic of the biogenesis of miRNAs. Primary miRNAs (pri-miR) are processed by the nuclear RNase III
Drosha and exported to the cytoplasm, affording precursor miRNAs (pre-miR), which are then processed by the RNase III endonuclease Dicer. The
miRNA duplex is loaded into the AGO/RISC complex, where the duplex is dissociated and acts through either translational repression or mRNA
degradation to downregulate target proteins. (B) Workflow schematic of the Inforna hit identification process. (C) Structures of neomycin conjugates that
inhibit miRNA biogenesis. (D) Schematic of monomeric RNA binder mode of action, blocking functional processing sites on miRNA. Representative
chemical structures of these monomers are also shown. (E) Structures of polyamines that inhibit miRNA biogenesis. (F) Dimeric RNA binders have
improved potency and selectivity by binding to a functional site and nearby druggable motif simultaneously. Structures of representative miRNA-
targeting dimers are shown.
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transfer (FRET) based assay, and reduced oncogenic burden in
cells. The Neo-S conjugate inhibited Dicer cleavage in vitro and
rescued expression of the miRNA-regulated protein Large Tumor
Suppressor homologue 2 (LATS2). However, Neo-S was not entirely
selective and affected expression of miR-17-5p, -21, and -200b in a
dose-dependent manner, albeit to a lesser extent than miR-372
and -373 (Table S1, ESI†).

Through medicinal chemistry efforts, Vo et al.35 synthesized
and evaluated the properties of second generation compounds
with the aim of improving potency and selectivity. Using a cell-
free FRET based assay, they learned that select modifications of
the artificial nucleobase motif yielded little to no improvement
in inhibitory activity. Extended linker length proved deleterious
and between a selection of other aminoglycosides, neomycin
still remained the best at inhibiting Dicer processing. Preliminary
evaluation of compounds offered two new structures for examina-
tion in further studies, the first of which quickly fell out of favor
due to unspecific binding to both the stem and loop regions of
pre-miR-372 and evidence of binding to double-stranded DNA and
tRNA. The second structure, Neo-S-Ar, with an improved IC50

relative to Neo-S (1.0 mM versus 2.4 mM for Neo-S), decreases
miR-372 and -373 levels in cells in a dose-dependent manner, but
much like Neo-S, inhibits Dicer processing of pre-miR-17 and -21
and affects levels of miR-200b in AGS (human Caucasian gastric
adenocarcinoma) cells (Table S1, ESI†). The authors noted that
Neo-S and Neo-S-Ar only elicit a phenotypic response in AGS cells,
which overexpress miR-372 and -373, and not in MKN74 (human
gastric tubular adenocarcinoma) cells, which do not overexpress
these oncogenic miRNAs. Despite imperfect selectivity, these
efforts provided a lead for further drug optimization.

With the aim of improving potency and selectivity for the
miR-372 and -373 targets, Vo et al.36 reasoned that because
amino acids are natural ligands of RNA and easily interact with
negatively charged RNA structures/sequences, appending one
such amino acid could improve potency and selectivity.37 The
lab had also shown that basic amino acids, including arginine,
lysine, and histidine are particularly effective in the design of
selective RNA ligands,34,38 inspiring Neo-S-His, which had
improved selectivity for pre-miR-372 over previous generations
(Neo-S and Neo-S-Ar) (Table S1, ESI†).36 Conjugation of different
amino acids appended at various positions on the neomycin–
nucleobase scaffold were synthesized, but Neo-S-His was the
only compound selective for pre-miR-372 over DNA. Treatment
of AGS cells with Neo-S-His showed the compound inhibited cell
growth by B40% and even though the compound also affected
expression levels of oncogenic miR-21, aberrant expression of
miR-21 has been shown to have no effect on the proliferation of
AGS cells, indicating this off-target did not contribute to the
observed anti-proliferative effects. Furthermore, expression
levels of other miRNAs, including miR-371, -373, -17, and
-200b, were not affected by Neo-S-His, unlike previous genera-
tions of the compound (Table S1, ESI†).

2.2 Polyamines targeting oncogenic miRNAs

In addition to neomycin–nucleobase conjugates, Staedel et al.39

screened a 640-member library for inhibition of Dicer-mediated

pre-miR-372 processing to identify novel scaffolds with enhanced
potency and selectivity. The top hits were all polyamines, the most
potent of which, PA-1, inhibited growth of AGS cells, but not
MKN74 cells (Fig. 2E and Table S1, ESI†). Treatment of AGS cells
with PA-1 also resulted in a dose-dependent accumulation of
the downstream protein LATS2, much like the first-generation
neomycin–nucleobase conjugate series. PA-1, however, binds and
affects expression levels of miRs other than miR-372 in AGS cells
(Table S1, ESI†). Binding studies of PA-1 revealed that RNA
binding was enhanced most significantly by interactions between
the polyamine chain and the RNA phosphate backbone, and less
significantly by p–p interactions between the dihydroquinoline
motif and specific nucleotides.40 Therefore, a strained analog of
PA-1, PA-3, featured a fused benzazepine-dihydroquinoline motif
appended to the polyamine chain. Using the previously employed
cell-free FRET based assay, it was shown that PA-3 inhibited Dicer
processing of pre-miR-372 twice as well as PA-1. Compared to
PA-1 and other newly synthesized analogs, PA-3 showed (i) the
most selective inhibition of Dicer-mediated processing of miR-
372, (ii) the most selective binding of pre-miR-372 in the presence
of a large excess of tRNA and DNA, and (iii) the greatest selectivity
for pre-miR-372 and pre-miR-373 over other pre-miRNAs in terms
of activity and affinity (Table S1, ESI†). Furthermore, thermo-
dynamic binding profiles of the polyamine/pre-miR-372 complex
revealed that PA-3 bears the highest enthalpic contribution.

2.3 Design of monomeric small molecules targeting
disease-causing miRNAs

Additional small molecules targeting miRNAs have been iden-
tified by the lead identification strategy dubbed Inforna.41 (For
a more in-depth, tutorial review of Inforna and its utilization
please see ref. 20.) Inforna comprises a database of experi-
mentally selected RNA motif-small molecule interactions and
mines the structural motifs in a chosen disease-related RNA
target, deduced from its sequence, for overlap with the data-
base (Fig. 2B). Inforna allows for transcriptome-wide probing
of bioactive small molecules that target RNA without target bias
(a target agnostic approach). This ‘‘bottom-up’’ strategy has
enabled the design of modularly assembled small molecules
that bind RNAs linked to human disease, proving particularly
successful in the targeting of disease-causing miRNAs. One
such example includes the design of Targapremir-18a (TGP-18a),
named for its targeting of pre –miR –18a (Fig. 2D and Table S1,
ESI†).42 In vitro studies showed that TGP-18a inhibits Dicer
processing of multiple members of the miR-17-92 cluster,
namely pre-miR-17, pre-miR-18a, and pre-miR-20a, which share
a common bulge at the Dicer site and adjacent structural
similarity. Using RT-qPCR, these in vitro results were corro-
borated in DU145 prostate cancer cells, in which miR-18a is
overexpressed. Importantly, inhibition de-represses serine/
threonine protein kinase 4 (STK4) and rescues phenotype, i.e.,
triggers apoptosis. Interestingly, these studies used Inforna
to identify potential miRNA off-targets, that is other miRNAs
with binding sites for TGP-18a, albeit with less avidity. The
potential off-targets are expressed at much lower levels than
the miRNAs in the miR-17-92 cluster, on average about 10-fold
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less (Table S1, ESI†). Not only were these miRNAs unaffected by
TGP-18a, target engagement studies show that they were not
bound by the small molecule, demonstrating that differences
in target expression level can be exploited to enhance the
observed selectivity.

Another example of a miRNA target proven druggable
through the use of Inforna is miR-96 (Table S1, ESI†).43

Velagapudi et al.43 showed the compound Targaprimir-96
(TGP-96) reduces miR-96 levels (via inhibition of Drosha pro-
cessing) at least as selectively as a locked nucleic acid (LNA).
In one example, when dosed at concentrations high enough to
silence approximately 90% of miR-96 expression, the miR-96
LNA also silenced B50% of miR-183 expression, owing to the
overlapping seed sequences of the two miRNAs (only the first
nucleotide differs). In contrast, TGP-96 only silenced miR-182
expression by B15% when dosed at concentrations that
silenced miR-96 expression by B90% (Table S1, ESI†). Inhibi-
tion of miR-96 biogenesis by TGP-96 de-repressed downstream
protein expression of Forkhead box O1 (FOXO1), a putative
tumor suppressor regulated by miR-96,44 and stimulated apoptosis
in MCF-7 breast cancer cells. Importantly, these studies confirmed
that TGP-96 acts along the miR-96-FOXO1 circuit by knocking
down FOXO1 expression with an siRNA. Indeed, knockdown of
FOXO1 reduces TGP-96 activity.

In complementary studies, Costales et al.45 designed
TGP-210, a miR-210 binding small molecule that inhibits
Dicer processing (Table S1, ESI†). MiR-210 controls hypoxia
inducible factors (HIFs) through the negative regulation of
glycerol-3-phosphate dehydrogenase 1-like (GPDL1).46 In vitro
and in triple negative breast cancer (TNBC) MDA-MB-231 cells,
cultured under hypoxic conditions, TGP-210 dose-dependently
inhibited Dicer processing of pre-miR-210. In cells, this
inhibition resulted in rescue of GPDL1 expression, reduction
of levels of HIF1-a, and triggering of apoptosis. TGP-210
was selective across a panel of hypoxia-associated miRNAs,
as determined by RT-qPCR of treated MDA-MB-231 cells
(Table S1, ESI†).

A technique termed Chemical-Cross Linking and Isolation
by Pull Down (Chem-CLIP)47 was then used to confirm direct
target engagement of pre-miR-210 by TGP-210. In this techni-
que, the small molecule of interest (in this case TGP-210) was
appended with cross-linking (ex. chlorambucil) and purifica-
tion (ex. biotin) modules. Upon compound binding to the
target RNA, proximity-induced cross-linking occurs, which
results in a complex that can be purified via pull-down with
streptavidin beads. The RNAs enriched in the pull-down frac-
tion, relative to the starting lysate, can be determined either
through RT-qPCR or RNA-seq to confirm the compound’s
cellular target. Although expression levels of other mature
miRNAs had been shown to be unaffected by TGP-210, Chem-
CLIP experiments demonstrated binding does occur to other
miRNAs. These studies showed that binding to a functional site
is required for bioactivity and confirmed the observation by
Velagapudi et al.42 that expression level influences the degree of
target occupancy. In vivo studies in NOD/SCID mice showed
that treatment with TGP-210 effectively reduces tumor growth

via inhibition of miR-210 levels, de-repression of GPDL1, and
reduction of HIF1-alevels.

2.4 Design of dimeric small molecules targeting
disease-causing miRNAs

The observed selectivity for TGP-210 was fortuitous, as off-targets
were bound significantly less avidly and/or at non-functional
sites and their expression levels were significantly lower than the
desired target. However, such factors are unlikely to align for
most targets. Therefore, facile methods to enhance small mole-
cule potency and selectivity would be beneficial. As a test case,
Costales et al.48 explored TGP-515/885, a monomeric compound
designed using Inforna that binds with dual selectively to the
Drosha processing sites of both miR-515 and -885 (Fig. 2D and
Table S1, ESI†). While both hairpin miRNA structures bear
similar sequences at the Drosha processing sites, miR-515 folds
with an additional internal loop adjacent to the Drosha proces-
sing site that also binds TGP-515/885. Dimerization of TGP-515/
885 yields TGP-515, which binds both the Drosha processing site
and the adjacent internal loop to confer selectivity for pri-miR-
515 over pri-miR-885 (Fig. 2F). Indeed, TGP-515 bound miR-515
avidly while discriminating against pri-miR-885 in vitro and in
cells (Table S1, ESI†). Its 4200-fold enhancement in affinity
compared to TGP-515/885 translated into a 410-fold boost in
potency in cells. Experiments in MCF-7 cells revealed that across
all miRNAs, the entire transcriptome, and the proteome,
TGP-515 was selective for its RNA target.

Interestingly, cellular inhibition of miR-515 biogenesis
de-repressed sphingosine kinase 1 (SK1), responsible for the
synthesis of the second messenger sphingosine 1-phosphate
(S1P), both of which were upregulated by TGP-515 treatment.
Activation of this circuit triggers migratory and proliferative
characteristics of MCF-7 cells. However, it also enhances levels
of human epidermal growth factor receptor 2 (HER2) levels,
sensitizing HER2 negative cells (MCF-7 cells) to HER2-targeting
precision medicines. Taken all together, this study shows that
Inforna can inform how to design a specific compound from a
dual-selective monomeric fragment.

In addition to the design of homodimeric molecules,
Inforna can be used to design heterodimeric compounds which
bind avidly to miRNAs.49 Vascular endothelial growth factor
A (VEGFA) stimulates angiogenesis in human endothelial
cells and is a sought after target in the treatment of heart
failure.50–52 MiR-377 regulates VEGFA expression, and repres-
sion of miR-377 by an antisense oligonucleotide has been shown
to rescue VEGFA expression and stimulate angiogenesis.53,54

Inforna-based design afforded TGP-377, which binds pre-miR-
377 at the Dicer site and another bulge directly adjacent (Fig. 2F
and Table S1, ESI†).49 Expression levels of miR-377 from human
umbilical vein endothelial cells (HUVEC) treated with TGP-377
were knocked down with an IC50 of B500 nM, 10-fold more
potently than the lead small molecule monomer (Table S1, ESI†).
Accumulation of pre-miR-377 was also observed, demonstrating
TGP-377 acts through inhibition of Dicer processing and corre-
spondingly rescues VEGFA expression. A miRNA profiling experi-
ment showed that TGP-377 targets miR-377 selectively, including
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among miR-377 isoforms (Table S1, ESI†). Global proteomics
analysis revealed that TGP-377 affects only 160 of over 4000
unique proteins. A bioinformatic STRING analysis uncovering
protein association networks showed, unsurprisingly, cell
proliferative pathways including FGFR, Hedgehog, MAP kinase,
and ERK were upregulated. Furthermore, TGP-377 induced a
pro-angiogenic phenotype in HUVEC cells as evidenced by
increased tubule branching density by B50% relative to control.
As gene therapy is the only known treatment strategy to increase
VEGFA expression, TGP-377 represents the first small molecule
to do so.50–52,55

3. Small molecule recognition of
lncRNAs
LncRNAs are eukaryotic transcripts 4200 nt in length that do
not encode a protein.56 These RNAs play key regulatory roles in
cellular processes such as proliferation, differentiation, and
development, the aberrant expression of which can lead to
cancer,57 neurodegenerative58 and neuromuscular59 disorders,
and immune disorders.60,61 LncRNAs are promising thera-
peutic targets because of their differential expression between
cancerous and normal tissues and their important roles in
carcinogenesis.62 Not surprisingly, small molecule screening
against lncRNAs has been attracting attention.63–65 In this
section, we describe examples of small molecule regulation of
lncRNAs.

3.1 Small molecule recognition of the lncRNA HOTAIR

The lncRNA HOX transcript antisense RNA (HOTAIR) is involved
in several cellular processes associated with carcinogenesis,
such as those affecting cell mobility, proliferation, apoptosis,
invasion, aggression, and metastasis.66 Additionally, HOTAIR
recruits chromatin-modifying complexes, such as polycomb
repressive complex 2 (PRC2) and lysine-specific histone
demethylase 1 (LSD1) to modulate the cancer epigenome and
suppress tumor suppressor genes.67

Ren et al.68 used in silico high-throughput screening to
identify ADQ as a potent small molecule binder of HOTAIR
(Fig. 3A and Table S1, ESI†). In multiple cancer cell lines, ADQ
increased expression of nemo like kinase (NLK), a transcrip-
tional target of HOTAIR, in a luciferase assay. Electrophoretic
mobility shift assay (EMSA) confirmed ADQ directly binds
HOTAIR. To further confirm the functional domains of ADQ,
full-length HOTAIR, the 50 domain, or a mutant 50 domain
construct were stably transfected into U87 and MDA-MB-231
cells. The ADQ-mediated dissociation of HOTAIR and enhancer
of zeste 2 polycomb repressive complex 2 subunit (EZH2) was
confirmed using full-length HOTAIR but was not observed with
the mutant 50 domain in which the ADQ binding site was
ablated (Fig. 3B).

3.2 Small molecule recognition of the lncRNA MALAT1

The lncRNA metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) has recently been identified to be upregulated

and coupled to tumorigenesis in several cancers.69 MALAT1 has
been linked to several physiological processes, including alter-
native splicing, nuclear organization, and epigenetic modulation
of gene expression.70 A study in colorectal cancer cells showed
that an B1500 nt segment at the evolutionarily conserved 30 end
of MALAT1 was sufficient to increase invasion and proliferation,
implying that this region enables its oncogenic function.71 The
recent structural characterization of a 74 nt region at the 30 end
of MALAT1 by X-ray diffraction confirmed a unique, bipartite
triple helix where the U-rich stem-loop sequesters the A-rich tail,
a phenomenon proposed to prevent exonucleolytic degradation
(Fig. 3B).72,73 Notably, the deletion of this segment decreased
accumulation of the MALAT1 transcript. A comparable decrease in
accumulation was also observed upon mutation of a Hoogsteen-
positioned uridine, thought to disrupt the triple-helix structure,
indicating that subtle alterations in the stability of this structure
can lead to significant changes in transcript level.

Donlic et al.74 have identified small molecule binders of
MALAT1 through in vitro assays. They used furamidine, the
tunable diphenylfuran (DPF)-based scaffold, as a starting point
because furamidine is known to bind to triple helix structures

Fig. 3 Small molecule inhibition of lncRNAs. (A) Chemical structure of
ADQ. (B) ADQ binds to the 50 domain of HOTAIR and suppresses
trimethylation of histone H3 lysine 27 (H3K27) in the promoter region of
nemo like kinase (NLK) by weakening HOTAIR’s ability to recruit and bind
enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2), the
enzymatic component of the PRC2 complex, thus restoring expression of
NLK. (C) MALAT1 triple helix structure. (D) Chemical structures of MALAT1
small molecule binders.
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of various DNAs.75,76 They synthesized a DPF scaffold-based
small molecule library, diversified in subunit composition and
positioning, to explore the recognition of MALAT1.

Using a small molecule microarray (SMM) strategy, Abulwerdi
et al.64 reported the discovery of two structurally unrelated deri-
vatives (1 and 2) that target the triplex region of MALAT1 (Fig. 3C
and Table S1, ESI†). Compound 1 was selective for MALAT1 and
nuclear paraspeckle assembly transcript 1 (NEAT1), which has a
similar structure to MALAT1 (Table S1, ESI†). FRET, isothermal
titration calorimetry (ITC) and nuclear magnetic resonance (NMR)
spectroscopic experiments confirmed 1 binds to MALAT1 in vitro.
However, understanding of the inhibitory mechanism of 1
is limited by the lack of knowledge surrounding the actual
mechanism of triplex-mediated protection. Additional research
in this area will prove advantageous for the design of therapeutics
targeting oncogenic lncRNAs and provide further support for
target engagement.

4. Small molecule rescue of repeat-
associated transcriptional repression
in fragile X syndrome
Currently without a cure, fragile X syndrome (FXS) is the most
common hereditary disorder that causes mental retardation,
resulting from 4200 CGG triplet repeats [full mutation allele;
r(CGG)exp] in the 50 UTR of the fragile X mental retardation 1
(FMR1 ) gene on the X chromosome.77 The FMR1 promoter is
epigenetically silenced through elevated levels of DNA CpG
methylation and repressive histone marks H3K9me2, H3K9me3,
H3K27me3, and H4K20me3, as well as lower levels of active
histone marks H3K9ac, H3K4me2, and H4K16ac. Silencing
progresses during embryonic development with the consequent
loss of fragile X mental retardation protein (FMRP) encoded by the
FMR1 gene.77 Although the mechanism of disease progression of
FXS is not fully understood at present, a small molecule targeting
the FXS RNA has been discovered that rescued repeat-associated
epigenetic silencing.

4.1 Small molecule prevents the formation of RNA:DNA
hybrids

Colak et al.78 reported that treatment of human embryonic
stem cells (hESCs) from FXS patients with 1a, which was
discovered using Inforna,79 can prevent epigenetic silencing
during neuronal differentiation (Table S1, ESI†). Knockdown of
FMR1 mRNA in hESCs decreased silencing histone marks,
suggesting the FMR1 transcript is involved in the gene silencing
process of its own gene. In the presence of 1a, repressive
histone marks induced by differentiation also decreased. Since
the compound thermodynamically stabilizes the r(CGG)exp

hairpin by binding to its 1 ! 1 GG internal loops, it was
speculated that the unfolded FMR1 mRNA is responsible for
epigenetic silencing. To support this hypothesis, they performed
chromatin isolation by RNA purification, a technique used to
identify DNA sequences which bind to a specific RNA sequence.
These studies showed the FMR1 DNA adjacent to the genomic

CGG repeat is highly enriched only in the absence of 1a. Further-
more, treatment with RNase H, which selectively digests RNA:DNA
duplexes, significantly reduced the enrichment of the FMR1
promoter. Based on these results, a mechanism was proposed
by which FMR1 mRNA containing extended CGG repeats binds to
complementary DNA to form the RNA:DNA duplex that induces
epigenetic silencing of the FMR1 promoter (Fig. 4A). It was also
suggested that 1a promotes CGG stem-loop formation of the
FMR1 transcript and thus prevents the formation of the RNA:DNA
duplex. In addition, because silencing decreases FMR1 mRNA
expression, RNA:DNA duplex formation would be engaged only at
the initiation of silencing. In fact, 1a has no effect on silenced
cells, as subsequent gene silencing is maintained by other factors.

4.2 Small molecule targeting of r(CGG)exp in combination
with 5-azadeoxycytidine

In 2016, Kumari et al.80 proposed that 1a also has an inhibitory
effect on histone methyltransferase polycomb repressive com-
plexes 2 (PRC2) recruitment. Treatment of FXS patient cells
with 5-azadeoxycytidine (AZA), an inhibitor of DNA methyl-
transferase 1, has been reported to demethylate the FMR1
promoter and reactivate the FMR1 gene.81,82 Although AZA
withdrawal causes re-silencing of the FMR1 gene, this can be
greatly delayed in the presence of 1a, but not by inhibiting the
RNA:DNA hybrid. Rather, 1a inhibits association of r(CGG)exp

with PRC2, interfering with its recruitment to unmethylated
CpG motifs and thus slowing FMR1 resilencing in FXS patient
cells (Table S1, ESI†).79,83 It is assumed that H3K27 in the FMR1
promoter is methylated by the aberrantly recruited histone
methyltransferase. Indeed, it was observed that inhibitors of
EZH2, the enzymatic component of PRC2, affect the mainte-
nance of the reactivated state similar to how 1a does. Knock-
down of FMR1 mRNA also reduced EZH2 levels associated with
the FMR1 gene. Taken together, these data support that 1a is
a dual functioning compound, preventing DNA:RNA hybrid
formation and the recruitment of PRC2 by binding to the
r(CGG)exp stem-loop (Fig. 4B).

5. Small molecules modulate
alternative splicing
Alternative splicing is a complex, elegant cellular process that
allows for variation in protein isoforms to modulate protein
function.84 During the splicing process, exons can be included
or excluded, giving rise to a variety of splicing isoforms afforded
from a single pre-mRNA.84 Mutations that change splicing
patterns unsurprisingly cause human diseases including
muscular atrophy,85,86 tauopathies,87 b-thalassemia,88 progeria,89

and Pompe disease.90

5.1 Small molecules modulate SMN2 splicing

Spinal muscular atrophy (SMA) is caused by mutations in the
SMN1 gene that decrease levels of survival motor neuron (SMN)
protein produced in the spinal cord.86 In humans, SMN1 and
SMN2 are the two genes that encode for SMN, but the majority
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of SMN protein is translated from the full-length mRNA
produced from the SMN1 pre-mRNA.91 Due to a C-to-U transi-
tion at position 6 on exon 7, exon 7 skipping is dominant in the
splicing of SMN2 pre-mRNA,92 producing a truncated SMN
protein with a reduced half-life.93 Currently, there are three
treatment options for SMA: nusinersen, an ASO that regulates
SMN2 splicing to produce the full-length SMN protein;94

onasemnogene abeparvovec, an adeno-associated virus (AAV)
carrying the normal SMN1 gene;95 and risdiplam (PTC/Roche),
an orally avaliable small molecule that was recently FDA-
approved.96,97 Another small molecule therapeutic candidate,
branaplam (Novartis), is also currently undergoing clinical
trials (Fig. 5A and Table S1, ESI†).96 Risdiplam and branaplam
generate the SMN protein via regulation of SMN2 splicing.
Since both compounds were discovered from phenotypic
screening, a series of studies on their modes of action (MOAs)
were reported and are discussed below.

5.1.1 Small molecule stabilization of exon 7 50 splice site–
U1 snRNP complex. Palacino et al.98 investigated branaplam’s
MOA by using the active derivative, NVS-SM2, as a proxy (Table S1,
ESI†). Since it is known that mutations at the end of SMN2 exon
786,99 and in breast cancer 1 (BRCA1 ) exon 18100 induce exon
skipping, the authors tested the ability of NVS-SM2 to modulate
the splicing of these two exons, the latter as a counter screen of
small molecule selectivity. While NVS-SM2 rescued SMN2 exon 7
splicing, it failed to rescue BCRA1 exon 18 splicing. To define the

SMN2 RNA sequence that interacts with NVS-SM2, the authors
utilized a set of SMN2-BCRA1 chimeric genes to pinpoint the
sequence necessary for NVS-SM2 interaction. Only one chimeric
gene, containing 21 nucleotides of the 50 splice site in SMN2 exon
7 fused to BRCA1 , showed exon inclusion activity when treated
with NVS-SM2, suggesting NVS-SM2 interacts with the 50 splice
site of SMN2 exon 7. Interestingly, the GA sequence at the end of
exon 7 was found to be critical for the activity of NVS-SM2,
as determined by base mutation experiments of the 50 splice
site. A RefSeq comparison revealed nGA sequences at the 30 ends
of exons are rare, suggesting the U1 small nuclear ribonucleo-
protein (snRNP), a splice site-recognizing RNP, is involved in the
mode of action of NVS-SM2. Size-exclusion chromatography
confirmed that exon 70s 50 splice site bound to U1 snRNP only
when NVS-SM2 was present. In addition, total correlated spectro-
scopy (TOCSY) NMR showed that chemical-shift perturbations
were observed at residues proximal to the nGA motif. Combining
all these data with the crystal structure of U1 snRNP,101,102 it was
proposed NVS-SM2 has a novel mode of action by which it
stabilizes a ternary complex between the small molecule, U1
snRNP, and the 50 splice site, particularly at the major groove of
the –1A RNA bulge (Fig. 5B and Table S1, ESI†).

Risdiplam’s MOA was defined using a derivative dubbed
SMN-C5 and a duplex model of the 50 splice site/U1 snRNP complex
(Table S1, ESI†).103 The model consisted of 11 nt of the 50 splice
site hybridized to 11 nt of the U1 snRNA. The three-dimensional

Fig. 4 Proposed mode of action of an r(CGG)exp repeat binder that prevents epigenetic silencing of the FMR1 promoter in fragile X syndrome (FXS).
(A) Schematic mechanism showing stabilized r(CGG)exp hairpins restrict formation of the RNA:DNA hybrids responsible for epigenetic silencing of FMR1.
(B) Schematic mechanism showing binding of a small molecule to the r(CGG)exp hairpin preventing recruitment of polycomb repressive complex 2
(PRC2), a H3K27 methylation enzyme complex.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
5 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
on

 9
/2

8/
20

20
 6

:2
3:

21
 P

M
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n-
N

on
Co

m
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2020

structure of this model with and without SMN-C5 was defined by
NMR spectroscopy, constrained by nuclear Overhauser effects
(NOEs). In the binding model of the apo form, the unpaired adenine
in the 50 splice site is located in the minor groove. Upon SMN-C5
binding to the RNA’s major groove, the bulged adenine is pushed
back into the duplex, stabilized by the hydrogen bond formed
between the carbonyl group of SMN-C5 and the amino group of
the adenine. Previous structural studies have shown that the U1
snRNP zinc finger stabilizes the minor groove at exon–intron
junction of RNA duplexes.101,102 Modeling the apo duplex in the
zinc finger produces an obvious steric clash between the bulged
adenine and the zinc finger. In contrast, the SMN-C5-bound
duplex alleviates this clash, improving the accessibility of the
minor groove. Collectively, these studies suggest that SMN-C5
improves splice site recognition by U1 snRNP, facilitating exon
7 inclusion and expression of functional, full length SMN
protein (Table S1, ESI†).

5.1.2 Small molecule interaction with exonic splicing
enhancer 2 (ESE2) in SMN2 exon 7 recruits splicing factors.
Risdiplam modulates the alternative splicing of other exons

such as striatin 3 (STRN3 ) exon 8, among others. Sivarama-
krishnan et al.104 searched for common sequence motifs
around these exons (STRN3 exon 8 and SMN2 exon 7) and
found the sequences of their 5’ splice site are an exact match,
while they share similar exonic splicing enhancer (ESE)
sequences juxtaposed to a purine rich sequence. ESE sequences
are known to recruit positive splicing factors and thus aid in the
splicing process.105 These results suggested that SMN-C5 may
have an additional mode of action besides ternary complex
formation with the 5’ splice site and U1 snRNP. Surface
plasmon resonance (SPR) studies indicated binding of
SMN-C5, but not NVS-SM1, to the ESE2 in SMN2 pre-mRNA.
In addition, NMR spectroscopy showed large chemical-shift
perturbations of the ESE2 RNA were induced by addition of
SMN-C5, resulting in the formation of broad imine signals,
indicative of a small molecule-induced conformational change.

The authors then sought to identify potential protein com-
ponents that may be contributing to SMN2 exon 7 skipping
using a pull-down experiment. Ten proteins were enriched only
in the presence of SMN-C5, among them heterogenous nuclear

Fig. 5 Mode of action of small molecule splicing modulators targeting SMN2 pre-mRNA. (A) Structures of small molecule splicing modulators targeting
SMN2 pre-mRNA and the derivatives used to study their mechanisms of action. (B) Schematic mechanism of small molecules facilitating SMN2 exon 7
inclusion by stabilizing the complex between SMN2 exon 7, the 50 splice site (SS), and the U1 snRNP. (C) Schematic representation of
50 splice site bulge repair mediated by risdiplam. (D) Competing modes of action proposed for risdiplam.
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ribonucleoprotien (hnRNP) G, a known positive splicing factor
that interacts with ESE2.106 Unexpectedly, SMN-C5 partially
competes with hnRNP G for ESE2 binding, and small molecule
binding alters the RNA structure of the region to which hnRNP
G normally binds. Thus, one hypothesis is that partial displace-
ment of hnRNP G by SMN-C5 facilitates the progression of the
splicing process (Fig. 5D).

Wang et al.107 also reported that SMN-C2 and SMN-C3,
derivatives of risdiplam, act on ESE2. SMN2 exon 7 is known
to form two stem-loops, terminal stem-loop 1 (TSL1) and
terminal stem-loop 2 (TSL2), that have an inhibitory effect on
splicing.108 Both cell-free and cell-based selective 20 hydroxyl
acylation analyzed by primer extension (SHAPE) analysis
showed that the addition of SMN-C2 altered the reactivity
of some bases in TSL1, suggesting this compound induces
conformational changes of this inhibitory loop. Further, pro-
teomics analysis using a photo-cross-linking probe revealed
enrichment of far upstream element binding protein 1 (FUBP1)109

and far upstream element binding protein 2 (KHSRP).110

Fluorescence polarization assays with SMN-C2 and recombinant
FUBP1 induced higher polarization in the presence of ESE2.
These results indicated that SMN-C2, FUBP1, and exon 7 form a
ternary complex. Furthermore, EMSA showed the formation of
FUBP1–exon 7 complexes are enhanced in a dose-dependent
manner by SMN-C3. Based on these results, it was concluded
that derivatives of risdiplam interact with ESE2 to induce con-
formational changes in exon 7 and improve the binding affinity
of positive splicing factors (Fig. 5D).

In summary, risdiplam has been proposed to have two
modes of action: (i) stabilizing the RNA duplex of exon 7 50

splice site and U1 snRNP and (ii) inducing conformational
changes of exon 7 ESE2 to facilitate the formation of a complex
with positive splicing factors. These two modes of action may
contribute to risdiplam’s high selectivity.

5.2 Small molecule modulation of MAPT pre-mRNA
splicing

The small molecules described above direct SMN2 splicing
towards exon 7 inclusion. However, many diseases are caused
by aberrant exon inclusion and therapeutic benefit is achieved
by exclusion of exons. One such example is tauopathies, caused
by aggregation of the protein tau, a regulator of microtubule
stability that is highly expressed in neurons.111 The microtubule-
associated protein tau (MAPT) gene encoding tau is composed
of 16 exons and is known to produce six isoforms by alternative
splicing.87 Exclusion of exon 10 produces the 3R isoform, with
three microtubule binding domains (MBDs), while inclusion
produces the aggregation-prone 4R isoform, with four MBDs.112

The ratio of 3R tau to 4R tau is nearly equal in healthy adults
(Fig. 6A).113 However, in frontotemporal dementia (FTD) and
Parkinsonism linked to chromosome 17 (FTDP-17), genetic muta-
tions of the MAPT gene increase the rate of exon 10 inclusion, and
hence the ratio of 4R/3R tau.114 This causes aggregation of tau
proteins and ultimately neuronal death.114

The 50 splice site of MAPT exon 10 forms a stem-loop, known
as a splicing regulatory element (SRE).115,116 Genetic mutations

in the SRE destabilize its structure, increasing the rate of exon
10 inclusion in the mature transcript.115–117 For example,
DDPAC is an intronic mutation in which the 14th C down-
stream from the 50 splice site is mutated to U, therefore
mutating a GC base pair to a GU base pair, thermodynamically
destabilizing the SRE by 1.2 kcal mol!1.117 This results in an
B30 : 1 ratio of 4R : 3R tau isoforms. Thus, thermodynamic
stabilization of the tau SRE via small-molecule targeting could
be a viable therapeutic option.

One of the first studies to demonstrate the ligandability of
the SRE in tau exon 10 showed the anticancer drug, mitoxantrone
(MTX) binds and stabilizes the SRE, resulting in decreased produc-
tion of the tau 4R isoform (Table S1, ESI†).118 Zheng et al.118

reported the NMR structure of the tau pre-mRNA-MTX complex,
showing MTX interacts with the bulged region of the SRE stem-
loop. The elucidation of this structure highlighted the importance
of structure-based recognition between RNA and small molecule
ligands as it showed the three-dimensional shape of the RNA was
necessary for binding to MTX.118 Additional structure–activity
relationships (SAR) were used to optimize MTX’s ability to decrease
exon 10 inclusion, leading to compounds with enhanced affinity
for tau pre-mRNA and increased potency for reducing the levels of
4R tau (Table S1, ESI†).119

More recently, Chen et al.120 reported that stabilizing the
SRE by small molecule binding to the A bulge present in the
SRE structure could inhibit recognition by U1 snRNP and
promote exon 10 exclusion in wild-type (WT) and DDPAC tau.
Tanimoto score-based similarity searching using a previously
reported Inforna hit121 as a query identified A-1 as a modulator
of the 4R/3R tau ratio (Fig. 6B and Table S1, ESI†). To improve
physical properties of A-1, in silico-based hit expansions were
conducted. As a result, A-2, A-3, and A-4 were obtained from the
pharmacophore modeling of A-1, and A-5 was obtained from
structure-based design using the three-dimensional structure
of the SRE (Table S1, ESI†).

All five compounds not only decrease the 4R/3R ratio by
50% at 10–25 mM, but also had improved physicochemical
properties, including potential for blood–brain barrier (BBB)
penetrance, compared to A-1 (Table S1, ESI†). In particular, the
average central nervous system multiparameter optimization
(CNS-MPO) score for A-3, A-4, and A-5 was 4.8; CNS-MPO scores
44 indicate high potential for brain pentrance.122

Target engagement studies using Chem-CLIP confirmed A-5
binds directly to the MAPT pre-mRNA SRE. Furthermore, melting
curve analysis showed that hit compounds specifically increased
the melting temperature (Tm) of tau SRE, providing experimental
evidence that small molecule binding to the A bulge indeed
thermodynamically stabilizes the tau SRE and prevents recogni-
tion by U1 snRNP (Fig. 6C). To further elucidate the binding
mode, three-dimensional structures of the apo-SRE and the
compound bound SRE (A-1, A-2, and A-5) were characterized by
NMR spectroscopy. In both cases, the RNA duplex was consistent
with an A-form helical structure, and all compounds bound
to a cavity around the bulged adenine, despite having different
binding modes. Altogether, these studies demonstrated that
compounds identified using Inforna can be converted to more
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potent and drug-like compounds possessing the designed RNA-
centric mechanism of action.

As is presented here, small molecules can modulate the
alternative splicing of pre-mRNAs selectively, either by binding
to RNA structural motifs or stabilizing complexes between
pre-mRNA and splicing factors. Since aberrant alternative
splicing has been associated with various diseases, including rare
hereditary diseases,123 central nervous system disorders,124,125 and
cancers,126,127 further studies in this field could lead to the
development of potent and selective small molecules that can
direct splicing outcomes.

6. Small molecules targeting RNA
repeat expansion disorders
RNA repeat expansion, or microsatellite, disorders are charac-
terized by long abnormal stretches of repeating RNA nucleo-
tides that can be harbored in intronic, coding, or untranslated
regions of pre-mRNAs. These expanded repeats often fold into
hairpin structures that interfere with normal RNA processing,
leading to disease. Indeed, RNA repeat expansions are responsible

for over 30 human diseases, with a large majority being neurode-
generative and neuromuscular in nature.17 Repeats contribute to
disease via various mechanisms, including: (i) RNA gain-of-
function in which RNA-binding proteins (RBPs) are sequestered
and inactivated; (ii) formation of nuclear foci; and (iii) production
of toxic proteins, either as a result of canonical translation of an
open reading frame (ORF) or as a result of repeat-associated non-
ATG (RAN) translation (discussed in Section 8, ‘‘Small Molecules
Targeting RNA Repeat Expansions Inhibit RAN Translation’’).

A common RNA gain-of-function pathomechanism in micro-
satellite disorders is the formation of RNA–protein complexes
between the hairpin structures of repeating RNA and RBPs.
However, there are various ways by which these complexes lead
to disease (Fig. 7). For example, the sequestration of endo-
genous splicing factors by RNA repeats leads to deregulation
of alternative pre-mRNA splicing that affects overall cellular
protein levels and homeostasis. Additionally, RNA–protein
complexes aggregate in the nucleus in toxic RNA foci, affecting
nucleocytoplasmic transport. Thus, the driving idea behind
small molecule therapeutics for these disorders is that binding
of small molecules competes with RBPs for the disease-causing
RNA target, liberating them to fulfill their normal function.

Fig. 6 Small molecule modulation of MAPT pre-mRNA splicing. (A) Alternative splicing of MAPT exon 10 yields tau 3R and 4R isoforms. (B) Structures of
small molecule splicing modulators that bind to the A-bulge of the MAPT splicing regulatory element (SRE). (C) Schematic representations showing the
effect of U1 snRNP accessibility to the MAPT SRE on tau 3R/4R isoform balance.
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In this section, we focus on four neurodegenerative diseases
and their associated RNA–protein complexes: (i) the r(CUG)exp–
muscleblind-like 1 (MBNL1) complex in myotonic dystrophy
type 1 (DM1) where the repeating nucleotides are indicated in
parentheses and ‘‘exp’’ denotes ‘‘expanded’’; (ii) the
r(CCUG)exp–MBNL1 complex causative of myotonic dystrophy
type 2 (DM2); (iii) the r(CGG)exp–DGCR8 complex that forms a
scaffold for splicing regulators Src-associated in mitosis 68 kDa
protein (Sam68) and hnRNP in FXTAS; and (iv) the r(G4C2)exp–
hnRNP H complex in C9orf72 -associated frontotemporal
dementia and amyotrophic lateral sclerosis (c9FTD/ALS).

6.1 Small molecule inhibition of the r(CUG)exp–MBNL1
complex in DM1

DM1 is an adult-onset neuromuscular disorder caused by an
expanded repeating CUG sequence [r(CUG)exp] in the 30 UTR of
dystrophia myotonica protein kinase (DMPK) mRNA (Fig. 8A).
The expanded RNA affects disease biology by folding into a
hairpin structure with a periodic array of internal loops that
sequester proteins (RNA gain-of-function), such as the splicing
factor MBNL1. Sequestration of MBNL1 deregulates the

alternative splicing of the protein’s natural substrates, which
are directly correlated with disease symptoms. For example,
MBNL1 regulates the alternative splicing of the muscle-specific
chloride ion channel (CLCN1). In DM1-affected cells, CLCN1’s
aberrant splicing causes loss of the chloride ion channel from
the surface of muscle cells, altering conductance and resulting
in myotonia. MBNL1 also self-regulates splicing of its own exon
5. In normal cells, exon 5 is included in the mature mRNA
sequence B45% of the time (Fig. 8B). In DM1-affected cells
however, exon 5 is included 85% of the time. In addition,
r(CUG)exp–MBNL1 complexes aggregate and form RNA foci in
the nucleus that lead to reduction of nucleocytoplasmic trans-
port and result in cytotoxicity.128,129 Being that the r(CUG)exp

hairpin plays a key role in DM1 pathology, this structure has
become a promising target for small molecule therapeutics.

In 2013, Rzuczek et al.130 identified a bis-benzimidazole
derivative (H) as a 1 ! 1 UU internal loop RNA binder. To
target the repeating chain of UU internal loops present in
r(CUG)exp, they synthesized a series of H-dimers with various
linkers. After assessing rescue of DM1-associated splicing,
cellular permeability, cytotoxicity, and proteolytic stability of

Fig. 7 Small molecule binding of RNA repeat expansions releases sequestered RNA-binding proteins (RBPs). (A) Schematic of RBP sequestration by RNA
repeat expansions. (i) RBPs, such as splicing factors, are sequestered by RNA repeat expansions, contributing to disease pathology. (ii) Small molecules
competitively bind to RNA repeats and release sequestered proteins, resulting in rescue of splicing defects, reduction in RNA foci, and repression of
repeat-associated non-ATG (RAN) translation. (B) Schematic of alternative splicing resulting from the presence or absence of endogenous splicing
factors. (C) The RNA:protein complexes that contribute to myotonic dystrophy type 1 (DM1), myotonic dystrophy type 2 (DM2), fragile X-associated
tremor and ataxia syndrome (FXTAS), and C9orf72-associated frontotemporal dementia and amyotrophic lateral sclerosis (c9FTD/ALS).
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the compounds, 2H-K4NMe was identified as the most promising
ligand (Table S1, ESI†). 2H-K4NMe showed 430-fold binding
selectivity to r(CUG)12 over other RNA sequences, with a Kd of
13 nM (Table S1, ESI†). Further, 2H-K4NMe rescued the cardiac
troponin T (cTNT) splicing defect at a 5 mM dose.

Based on these findings they developed the dimer 2H-
K4NMeS, which displayed enhanced metabolic stability over
2H-K4NMe (Table S1, ESI†).131 2H-K4NMeS has Kd’s of 280 nM
and 12 nM for r(CUG)12 and r(CUG)109, respectively, indicating
cooperative binding (Table S1, ESI†). Treatment of DM1-
patient-derived cells with as little as 100 nM of 2H-K4NMeS
improved the MBNL1 exon 5 pre-mRNA splicing defects
(Fig. 8D). 2H-K4NMeS also rescued splicing defects of other
MBNL1-regulated splicing events, such as calcium/calmodulin
dependent protein kinase II gamma (CAMK2G) exon 14 and
nuclear receptor corepressor 2 (NCOR2) exon 45a splicing, and
to a similar extent as MBNL1 exon 5. This study clearly showed

that RNA-binding small molecules can free MBNL1 from RNA–
protein complexes at reasonable concentrations for therapeutic
use, thereby normalizing splicing events.

Another mechanism by which RNA–protein complexes con-
tribute to DM1 pathology is by aggregating into RNA foci in the
nucleus (Fig. 8C). RNA-binding small molecules are expected to
disrupt RNA foci by competitively binding to the RNA, preventing
protein binding or releasing bound proteins from the complex.
Indeed, 2H-K4NMeS decreased the number of foci present in cells
by B50% when treated at 1 mM.131 As expected, the activity of
2H-K4NMeS for improving nucleocytoplasmic transport defects
was also observed using a firefly luciferase reporter with r(CUG)800

in the 30 UTR. Disruption of RNA foci was also reported after
treatment of cells with compound 3.

To study target engagement, 2H-K4NMeS was converted into
a Chem-CLIP probe, 2H-K4NMeS-CA-Biotin.131 This molecule
potently rescued splicing defects and reduced the number of

Fig. 8 Small molecule targeting of r(CUG)exp, the RNA causative of myotonic dystrophy type 1 (DM1). (A) r(CUG)exp sequesters MBNL1 protein, which
regulates alternative pre-mRNA splicing. (B) MBNL1 regulates self-splicing of its own exon 5. Sequestration of MBNL1 by r(CUG)exp results in exon 5 being
included in the mature MBNL1 transcript too frequently, contributing to DM1 pathology. (C) Schematic representation of RNA foci formation and
disruption by small molecule binding. (D) Structures of compounds that bind r(CUG)exp.
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nuclear foci when DM1 patient-derived cells were dosed at a
10 nM concentration. In pulled down factions, an B13 000-fold
enrichment of DMPK mRNA was observed, as compared
to the starting cell lysate. Using the competitive version of
Chem-CLIP, C-Chem-CLIP, in which increasing concentrations
of 2H-K4NMeS were co-treated with a constant concentration
of 2H-K4NMeS-CA-Biotin, confirmed 2H-K4NMeS and
2H-K4NMeS-CA-Biotin share the same binding site in cells.
The specific binding site was further defined by Chem-CLIP-
Map,132 confirming binding of the UU internal loops of
r(CUG)exp in the DMPK mRNA.

More interestingly, Rzuczek et al.131 demonstrated target-
templated oligomerization of an H-dimer in cells (Fig. 9). The
designed H-dimer was modified with azide and alkyne moieties
at opposite ends of the molecule, allowing oligomerization
upon binding r(CUG)exp through click chemistry. This oligo-
merization only occurred in DM1 cells, as healthy cells lack the
repeating RNA necessary to template the reaction. This in situ-
produced oligomer rescued splicing defects at concentrations
as low as 100 pM in DM1 patient-derived cells.

Arambula et al.133 developed acridine–triaminotriazine con-
jugate 3 targeting the r(CUG)exp (Table S1, ESI†). They designed
3 based on the complementary Janus-wedge hydrogen bonding
between triaminotriazine and the UU internal loops of
r(CUG)exp. This bonding is further stabilized by stacking inter-
actions of the acridine moiety (Fig. 8D). ITC, using a model RNA
hairpin, r(CUG)4, revealed 3 has a Kd of 430 nM and 1 : 1
binding stoichiometry (Table S1, ESI†). However, 3 also binds
with similar avidity to d(CTG)2 duplex with a Kd of 390 nM.
In vitro, 3 inhibits r(CUG)4–MBNL1 complex formation with an
IC50 of 52 mM and a Ki of 6 mM to r(CUG)4, similar to values
observed for r(CUG)12. To capitalize on the multiple binding
sites (UU internal loops) of the target, bivalent derivatives of 3
were developed.134 A bivalent ligand containing an oligoamino
linker was deemed the most superior with improved properties

such as aqueous solubility and cell permeability compared to
monomeric 3. The dimer inhibited formation of RNA foci in a
transfected cellular model of DM1 at 20 mM, and almost
complete disruption at 50 mM.

In 2016, Luu et al.135 demonstrated that dimerization of a
dimeric compound which has two triaminotriazines linked
with bisimidate produced a potent inhibitor of the r(CUG)exp–
MBNL1 complex. This intricate ‘‘dimer of dimers’’, has 1000-
fold improved potency in vitro (Ki of 25 nM) compared to the
original dimer. This molecule reduced RNA foci by B20% when
treated at 1 mM in cells, significantly improved splicing defects
of insulin receptor (IR) exon 11 (10 mM dose in cells), and
alleviated disease phenotypes in a Drosophila model of DM1.
However, due to the compounds high molecular weight, it had
issues with cellular uptake. To overcome this weakness, Lee
et al.136 developed oligomeric ligand 4, composed of triamino-
triazine units (targeting the UU internal loops of r(CUG)exp) and
bisimidate units (targeting the major groove of RNA) (Fig. 8D
and Table S1, ESI†). Although 4 is still too large to permeate the
cell membrane, its poly-cationic nature makes it membrane
penetrant by endocytosis. Using 200 nM of 4, they showed full
rescue of IR mis-splicing and a decrease in foci number in a
transfected model of DM1. However, 4 also inhibits transcrip-
tion of d(CTG)exp, indicating the compound is not specific for
the RNA repeat (Table S1, ESI†). They used adult DM1 Drosophila
(CTG480) to investigate the in vivo effects of 4 by measuring the
improvement of climbing defects observed after treatment with
the compound. Approximately 80% of untreated files show signi-
ficant defects in their ability to climb, but this was rescued by
treatment with 4 (80 mM; 37% fail to climb). In addition, in a liver-
specific DM1 mouse model containing 960 interrupted CUG
repeats, 4 decreased the levels of the transgene, likely due to the
compound’s inhibitory effect on d(CTG)exp transcription, improved
pre-mRNA splicing defects, and reduced RNA foci formation, high-
lighting the compound’s potential in preclinical animal models.

Fig. 9 RNA-templated ligand oligomerization catalyzed by r(CUG)exp. (A) In cellulis click chemistry, templated by the RNA repeat expansion, forms an
oligomeric compound on-site, that is bound to the r(CUG)exp RNA target. (i) MBNL1 sequestered by r(CUG)exp is released upon binding of the dimeric
click compound. (ii) The azide terminus of one dimer reacts with the alkyne terminus of another dimer in close proximity to synthesize an oligomer in
cellulis. (B) Structures of the RNA binding motif and dimeric click compound that oligomerizes in cellulis.
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As another example of an r(CUG)exp binding molecule,
Li et al.137 designed a 1,10-phenanthroline derivative (DAP)
and studied its effect by in vitro translation (Fig. 8D and Table S1,
ESI†). Using a transfected template RNA with r(CUG)20 inserted
between Renilla luciferase (Rluc) and firefly luciferase (Fluc)
showed treatment with DAP suppressed translation of Fluc
downstream of the repeat sequence in a concentration-
dependent manner. The translation of Rluc was also mode-
rately affected by DAP treatment. The selectivity of DAP was
assessed by SPR and melting temperature, revealing DAP shows
preferential binding to r(CUG)9 and r(CCG)9 among r(CXG)9

sequences (X = A, U, G, or C) (Table S1, ESI†). Furthermore,
electrospray ionization time-of-flight mass spectrometry
(ESI-TOF MS) analysis showed DAP binds to r(CUG)9 with an
RNA:compound ratio of 1 : 4.

6.2 Small molecule inhibition of the r(CCUG)exp–MBNL1
complex in DM2

DM2 is caused by r(CCUG)exp in intron 1 of CCHC-type zinc
finger nucleic acid binding protein (CNBP) pre-mRNA (Fig. 10A).
As observed in DM1, r(CCUG)exp sequesters MBNL1, causing
MBNL1-dependent splicing defects and RNA foci formation, but
also causes aberrant splicing of CNBP intron 1 (intron retention).
To target DM2, Lee et al.138 developed a dimeric kanamycin
compound (5 ) that inhibits formation of r(CCUG)12–MBNL1 com-
plexes in vitro with an IC50 of B90 nM (B2500-fold more potent
than the monomer; IC50 = B220 mM) (Table S1, ESI†). Compound
5 demonstrated good cellular permeability and localized to both
the nucleus and cytoplasm. In DM2 fibroblasts, 5 (10 mM)
successfully rescued IR splicing defects and significantly reduced
the number of RNA foci (Fig. 10B and C).139 These activities were
further improved by the incorporation of a cleavage module
on the ligand (discussed in Section 10.4, ‘‘Targeted Cleavage of
r(CCUG)exp by a Small Molecule–Bleomycin A5 Conjugate’’).

Similar to the case shown with DM1 (Fig. 9), incorporation
of azide and alkyne moieties into the kanamycin RNA-binding
module afforded target-templated oligomerization in DM2
patient-derived cells.140 When DM2 fibroblasts were treated with
this clickable molecule (1 mM), the number of foci observed was
reduced by B45% and IR exon 11 splicing defects were rescued
by approximately the same percentage. These results clearly
indicated the activity of the compound was far improved by
on-site, in situ oligomerization. This oligomeric molecule also
affected aberrant splicing of CNBP mRNA by inhibiting binding
of MBNL1 to intron 1, thus allowing the intron to be properly
spliced out of CNBP pre-mRNA (discussed in Section 7, ‘‘Small
Molecules Shunt Toxic RNA to Endogenous Decay Pathways’’).

6.3 Small molecule inhibition of the r(CGG)exp–protein
complexes in FXTAS

In FXTAS, expanded r(CGG) repeats of lengths 455 but o200
(premutation allele) in the 50 UTR of FMR1 mRNA cause disease
(Fig. 11A). The repeat folds into a hairpin structure with
repeating 1 ! 1 GG internal loops that sequester several
proteins, such as DGCR8, Sam68, and hnRNP. Because these
proteins have important roles in RNA biogenesis, their seques-
tration alters pre-mRNA splicing, thus resulting in disease.

Disney et al.79 previously identified compound 1a as a binder to
r(CGG)exp by screening compounds using a time-resolved fluores-
cence resonance energy transfer (TR-FRET) assay that monitors
r(CGG)12–DGCR8D complex formation and SAR (Fig. 11C and
Table S1, ESI†). In particular, 1a disrupted the r(CGG)12–DGCR8D
complex with an IC50 of 12 mM, in the presence of competitor
tRNA. Sequestration of Sam68 by r(CGG)exp dysregulates splicing of
SMN2 mRNA, therefore the ability of 1a to improve Sam68-
regulated splicing defects was assessed (Fig. 11B). In transfected
COS7 cells, r(CGG)exp causes SMN2 exon 7 to be included too
frequently (B70% compared to 30% in healthy cells). Upon

Fig. 10 Small molecule targeting of r(CCUG)exp, the causative agent of myotonic dystrophy type 2 (DM2). (A) r(CCUG)exp sequesters MBNL1. (B) MBNL1
regulates splicing of insulin receptor (IR) exon 11. Aberrant splicing results in exon 11 being excluded from the mature IR transcript, contributing to DM2
pathology. (C) Structures of the kanamycin RNA-binding motif and dimeric compound that bind r(CCUG)exp.
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treatment of these cells with 1a (20 mM), improvement of the SMN2
splicing defect was observed while improvement of another
Sam68-regulated splicing event, apoptosis regulator Bcl-X (Bcl-x)
exon 2, was observed upon treatment with 100 mM of 1a (Table S1,
ESI†). 1a (10 mM) also reduced the number of RNA foci, as studied
by RNA fluorescence in situ hybridization (FISH).79

As discussed previously, dimerization of RNA-binding modules
is a powerful and easy method to obtain highly potent and
selective compounds. Thus, a dimeric derivative of 1a, 2HE-
5NMe, was designed and studied (Fig. 11C and Table S1, ESI†).141

Inhibition of the r(CGG)12–DGCR8D complex by 2HE-5NMe was
assessed by TR-FRET and revealed the compound inhibits
complex formation with 6-fold greater activity than monomeric
1a (IC50 = 3.5 mM in the presence of tRNA). Further, 2HE-5NMe
has 16-fold higher affinity for r(CGG)12 (Kd = 50! 0.6 nM) than 1a,
which translates into a 3-fold higher occupancy in cellulis, as
revealed by Chem-CLIP studies (Table S1, ESI†).141

The activity of 2HE-5NMe for rescuing splicing defects was
assessed by exon 7 inclusion in SMN2 mRNA. Treatment of 2HE-
5NMe at 50 mM rescued exon 7 inclusion levels back to those
observed in wild type cells, demonstrating a 410-fold increase
in activity over 1a. While 1a can inhibit foci formation but not
disrupt existing foci, 2HE-5NMe has the ability to do both (B70%
reduction at 50mM). It should be noted that most foci in this study
were dissolved within 1 h of treatment and fully dissolved after
4 h. Recovery of SMN2 splicing defects were observed in parallel to
this time course. The effect of these compounds on RAN transla-
tion is discussed in Section 8.2, ‘‘Small Molecules Targeting the
r(CGG)exp in FMR1 Inhibit RAN Translation’’.

6.4 Small molecule inhibition of the r(G4C2)exp–hnRNP H
complex in c9FTD/ALS

An expanded repeat of G4C2 [r(G4C2)exp] in intron 1 of
C9orf72 mRNA is the most common genetic cause of the

neurodegenerative disease c9FTD/ALS (Fig. 12A). The structure
of r(G4C2)exp has been well-studied, revealing the repeating RNA
can adopt two main structures, a hairpin with an array of
internal loops and a G-quadruplex. Because the hairpin form
of r(G4C2)exp forms the same 1 " 1 GG internal loops as
r(CGG)exp, Su et al.142 hypothesized that 1a might also bind to
r(G4C2)exp. Using 1a as a lead, a library of chemically similar
compounds was created and screened for binding r(G4C2)8

using a dye displacement assay. The screen revealed 1a and
two additional compounds, 6 and 7 , bind r(G4C2)exp (Fig. 12B
and Table S1, ESI†), with Kds of 9.7, 10, and 16 mM, respectively
(Table S1, ESI†). To assess the biological activities of each
compound, foci formation was evaluated in r(G4C2)66-
expressing COS7 cells. Compounds 1a and 6, but not 7 , showed
a 3-fold reduction of foci-positive cells. This reduction in foci by
1a can be traced to its direct engagement of r(G4C2)exp, as
determined by Chem-CLIP, which revealed an 80-fold enrich-
ment of r(G4C2)66 in the pulled down fractions, as compared to
18S rRNA.142 C-Chem-CLIP studies where r(G4C2)66-expressing
COS7 cells were co-treated with 1a and its Chem-CLIP probe
verified target engagement by the parent compound.142

Interestingly, C9orf72 mRNA is bidirectionally transcribed
and thus repeats from the sense [r(G4C2)exp] and antisense
[r(G2C4)exp] strand are produced. Like the sense strand,
r(G2C4)exp also forms nuclear inclusions. However, the anti-
sense foci were not reduced by the treatment of 1a, confirming
its selectivity for the sense strand. Furthermore, 1a showed
significant reduction of RNA foci-positive cells in three
C9ORF72 + induced neuron (iNeuron) lines.

In a subsequent study,143 1a was further optimized, affording
8 (Fig. 8 and Table S1, ESI†). Compound 8 binds to r(G4C2)8 with
a Kd of 0.26 mM, while showing B300-fold weaker binding to
antisense r(G2C4)8 and B540-fold weaker binding to base-pair
control r(G2C2)8 (Table S1, ESI†). With the remarkable binding

Fig. 11 Small molecule targeting of r(CGG)exp, the RNA causative of fragile X-associated tremor ataxia syndrome (FXTAS). (A) r(CGG)exp sequesters
proteins such as DGCR8, Sam68, and hnRNP. (B) Sam68 regulates splicing of SMN2 exon 7. Thus, its sequestration results in increased exon 7 inclusion in
the mature SMN2 transcript, contributing to FXTAS pathology. (C) Structures of compounds that bind to r(CGG)exp.
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affinity of 8, the binding mechanism was further investigated by
NMR spectroscopy. In brief, 8 stacks between GG internal loops
and closing GC base pairs to stabilize the closing base pairs with
p–p interactions. In vitro, 8 inhibited the r(G4C2)8-hnRNP H
complex with an IC50 of 19 mM and reduced both the number
of foci-positive cells and the number of foci present per cell by
half in HEK293T cells transfected with a plasmid encoding
r(G4C2)66 (5 mM dose). Therefore, 8 is a potent and selective
small molecule capable of alleviating disease-associated pheno-
types in cellular models of c9ALS/FTD. The inhibition of RAN
translation by 8 is discussed in Section 8.3, ‘‘Small Molecules
Targeting the r(G4C2)exp in C9orf72 Inhibit RAN Translation’’.
Most importantly, these studies with 8 revealed that the hairpin
form of r(G4C2)exp, not the G-quadruplex, is RAN translated.

7. Small molecules shunt toxic RNAs to
endogenous decay pathways
As discussed in Section 6.2 (‘‘Small Molecule Inhibition of the
r(CCUG)exp-MBNL1 Complex in DM2’’), r(CCUG)exp causes
CNBP intron 1 retention. Although formation of nuclear foci
and splicing defects have been well studied in DM2, intron
retention was only recently discovered by the Swanson group
(B40% retained in DM2-affected cells vs. B10% in healthy
cells) (Fig. 13A).144 Intronic regions of pre-mRNAs are normally
subjected to endogenous decay upon liberation, but in DM2 the
intron containing the repeat expansion remains present in the
mature mRNA transcript.145 Shortly after this discovery, 5,
previously reported to target r(CCUG)exp and alleviate DM2-
associated defects, was employed as a chemical probe to inves-
tigate the mechanism of intron retention (Table S1, ESI†).140

These studies showed that binding of MBNL1 causes intron
retention and that small molecules can alleviate this retention by
shunting the intron to endogenous decay pathways.

Treatment of DM2 patient-derived cells with 5 (1–10 mM) led
to B15–20% of the retained intron being eliminated, while no
effect was observed on CNBP mature mRNA levels (Fig. 13B),140

suggesting a mechanism by which small molecule binding of
the r(CCUG)exp shunts pathogenic RNAs to endogenous quality
control pathways. Notably, there are a variety of disease-causing
RNA repeats harbored in introns that lead to intron retention,
such as c9FTD/ALS caused by r(G4C2)exp and Fuchs endothelial
corneal dystrophy (FED) caused by r(CUG)exp. Small molecule
intervention in these cases may have similar cooperative effects
with endogenous RNA decay mechanisms to be therapeutically
advantageous.

8. Small molecules targeting RNA
repeat expansions inhibit RAN
translation
8.1 RAN translation in microsatellite diseases

An additional pathomechanism found in some neurodegenera-
tive RNA repeat expansion disorders, such at r(CGG)exp and
r(G4C2)exp, is RAN translation.146–150 In this phenomenon,
repeat expansions serve as non-canonical translation initiation
sites, thus giving rise to homopolymeric, as in the case of
r(CGG)exp,149,150 or dipeptide repeat (DPR) proteins, as in
the case of r(G4C2)exp.146,148 These proteins are intrinsically
disordered and form neurotoxic aggregates that contribute to
disease pathology.151 Therefore, small molecules that inhibit
RAN translation are of high therapeutic importance.

8.2 Small molecules targeting the r(CGG)exp in FMR1 inhibit
RAN translation

In FXTAS, RAN translation produces the homopolymeric protein
poly(G) (Fig. 14A).149,150 As 1a and 2HE-5NMe (Fig. 14B and
Table S1, ESI†) were shown to bind r(CGG)exp selectively both

Fig. 12 Small molecule targeting of r(G4C2)exp, the most common genetic cause of C9orf72-associated frontotemporal dementia and amyotrophic
lateral sclerosis (c9FTD/ALS). (A) r(G4C2)exp sequesters hnRNP H, resulting in splicing defects. The repeat expansion also undergoes RAN translation and
forms RNA foci. (B) Structures of compounds that bind to r(G4C2)exp. Compound 1a also binds to r(CGG)exp due to the 50-C!GG/3 0-G!GC binding site
shared between the two repeats.
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in vitro and in cellulis (as determined by Chem-CLIP),79,141 their
ability to inhibit RAN translation was also assessed. Interest-
ingly, both 1a and 2HE-5NMe thermally stabilize r(CGG)12 (by 1.4
and 0.9 kcal mol!1 respectively),141 suggesting they may prevent
ribosomal readthrough or loading and thereby inhibit RAN
translation. In agreement with their similar degree of stabili-
zation of r(CGG)12, 1a and 2HE-5NMe inhibited RAN translation
to a similar extent (B80% inhibition at 50 mM) as well as
reduced the number of poly(G) nuclear inclusions.141 Notably,
both compounds reduced polysome loading onto r(CGG)88,
as hypothesized.79,141 Importantly, neither compound affects
mRNA levels or canonical translation of the downstream
ORF.79,141

To date, the most potent inhibitor of r(CGG)exp RAN transla-
tion is the covalent cross-linker 2H-5-CA-Biotin (Table S1,
ESI†).152 2H-5-CA-Biotin selectively engaged the RNA target in
cells and inhibited RAN translation at a dose of only 500 nM
(B40% decrease in poly(G) levels) while not affecting canonical
translation of the downstream ORF.152 Additionally, polysome
profiling indicated that 2H-5-CA-Biotin disrupts polysome
loading onto r(CGG)exp-containing transcripts.

8.3 Small molecules targeting the r(G4 C2)exp in C9orf72 inhibit
RAN translation

In c9FTD/ALS, RAN translation gives rise to five DPRs.151

Poly(GA) and poly(GR) are translated from the sense strand
[r(G4C2)exp], while poly(PA) and poly(PR) are translated from the
antisense strand [r(G2C4)exp].153 Poly(GP) is RAN translated
from both strands and is highly expressed in the central
nervous system. Additionally, it is the most soluble of the DPRs,
making its detection facile (Fig. 14A).146,151,154 In agreement with
its ability to alleviate another c9FTD/ALS-associated defect
(nuclear inclusions), 1a dose-dependently reduced levels of
poly(GP) by 10%, 18%, and 47% in iNeurons treated at 25, 50,
or 100 mM, respectively.142 Likewise, the 1a derivative 8 dose-
dependently inhibited RAN translation in HEK293T cells expres-
sing r(G4C2)66 (IC50 = 1.6 " 0.20 mM), while having no effect on
canonical translation (Fig. 14B).143 Polysome profiling upon treat-
ment with 8 showed the amount of r(G4C2)66 transcripts loaded
into polysomes was significantly decreased for high and low
molecular weight polysomes and monosomes, indicating that 8
works by sterically blocking the assembly of ribosomes onto
r(G4C2)exp, thus reducing the levels of toxic DPRs produced.143

Fig. 13 Small molecule binding causes toxic RNAs to be shunted to endogenous decay pathways. (A) MBNL1 sequestration by r(CCUG)exp results in
CNBP intron 1 retention. (B) Small molecule binding frees MBNL1 and allows for proper intron splicing to occur. The excised intron is shunted to
endogenous decay pathways.
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9. Small molecules inhibit translation
of traditionally undruggable proteins
Over the past decades, tremendous efforts have been invested in
the development of small molecules targeting disease-causing
proteins, and yet only 15% of proteins are considered ‘‘druggable’’
from genome-wide analysis.155,156 One major roadblock in drug-
ging the remaining 85% is their lack of defined structures that can
serve as potential small molecule binding pockets.157,158 To over-
come this challenge, an alternative strategy, especially useful for
proteins with aberrantly high expression levels, is to target their
encoding mRNA specifically with small molecules and hence
inhibit downstream translation. A recent example of this is the
development of a small molecule targeting the a-synuclein
mRNA,159 which encodes an intrinsically disordered protein
(IDP) key to the pathogenesis of Parkinson’s disease (PD).160

The a-synuclein protein, encoded by the SNCA gene, can
oligomerize to form fibrils across neurons in the brain as well
as accumulate in Lewy bodies and Lewy neurites, contributing
to the risk of developing PD (Fig. 15A).161,162 Since individuals
with multiplication of the SNCA gene locus develop dominantly
inherited PD with a gene-dosage effect,163 reducing the level of
a-synuclein expression could be a promising disease-alleviating
strategy.164,165 As an IDP, a-synuclein is challenging to target.
The SNCA mRNA, however, displays a functionally impor-
tant and structurally defined 50 UTR with an iron responsive
element (IRE) that provides opportunities for small molecule
targeting.166,167 Indeed, employment of the sequence-based
design and lead identification strategy, Inforna (discussed in
Section 2.3, ‘‘Design of Monomeric Small Molecules Targeting
Disease-Causing miRNAs’’),41 yielded a set of small molecules
that bind the IRE region of SNCA mRNA. These initial hits were

Fig. 14 Small molecule targeting of RNA repeat expansions reduces aberrarnt repeat-associated non-ATG (RAN) translation. (A) Schematic of RAN
translation of FMR1 due to r(CGG)exp in the 50 UTR and C9orf72 due to r(G4C2)exp in intron 1. (B) Small molecules targeting r(CGG)exp and r(G4C2)exp inhibit
RAN translation.
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subjected to a western blot screen of a-synuclein inhibition
potency in neuroblastoma cells, with the most potent com-
pound, Synucleozid, exhibiting an IC50 B500 nM (Fig. 15B and
Table S1, ESI†).159 To ensure that inhibition occurs at the
translational and not transcriptional level, RT-qPCR was used
to confirm the level of SNCA mRNA remained constant upon
treatment of Synucleozid.

It should be noted, however, that observation of the
expected biological effects can only support, not validate, the
putative binding mode of a small molecule. To validate the A
bulge of the IRE of SNCA mRNA as the binding site of
Synucleozid, competitive binding assays and mutational ana-
lyses were performed. Indeed, mutations of the A bulge to
either a U/G bulge or a base pair reduced the binding affinity
of Synucleozid by 10-fold, while mutations of other non-
canonical base pairs had no effect on Synucleozid binding
avidity. Furthermore, ASO-Bind-Map18,168 was used to confirm
the binding of Synucleozid to the IRE both in vitro and
in cellulis. Briefly, ASO-Bind-Map relies on ASO-mediated RNA
cleavage, via RNase H, which can be inhibited by small mole-
cule binding of the RNA target. Small molecule binding ther-
modynamically stabilizes the RNA and impedes ASO binding at
the binding site. In vitro, protection from RNase H cleavage can
be read out by gel electrophoresis while RT-qPCR or RNA-seq
can be used to read out protection by the binding small mole-
cule in cellulis. In this case, treatment of Synucleozid impeded

cleavage of the IRE, indicating that Synucleozid indeed binds to
the IRE and stabilizes its structure.

In addition to its intrinsic specificity for the binding pocket
on RNA, the overall specificity of a small molecule depends on
the prevalence of the structured pocket across the entire human
transcriptome. In other words, a small molecule that is specific
to its target binding pocket would still suffer from off-target
effects if this binding pocket is shared by other non-target
RNAs. The selectivity of Synucleozid was first assessed by
studying its effect on mRNAs expressed in the nervous system
that contain known IREs in their UTRs, including amyloid
precursor protein (APP), prion protein (PrP), ferritin and the
transferritin receptor (TfR). Upon treatment of Synucleozid
(1 mM), no effect was observed upon APP, PrP, or TfR levels,
but ferritin levels were reduced by B50%. This reduction could
be the result of an off-target effect of Synucleozid or could be
due to compound-mediated rescue of autophagic and lyso-
somal dysfunction caused by an accumulation of a-synuclein
in PD.169 While future studies are necessary to elucidate
Synucleozid’s effect on ferritin levels, the compound demon-
strated overall high selectivity for SNCA mRNA due to its unique
structure in the 50 UTR. Moreover, the targeted 50-G_G/3 0-CAU
region was searched across a database of structural elements
expressed in the human transcriptome, including miRNA hairpin
precursors (7436 motifs) and 2459 other known motifs from rRNA,
RNase P RNA, U4/U6 snRNA, and nonredundant tRNAs.159,170

Fig. 15 RNA-targeted small molecules inhibit translation of traditionally undruggable proteins. (A) Schematic depiction of a-synuclein-mediated disease
pathway. (B) Structure of Synucleozid, an Inforna-designed small molecule that binds the A-bulge of the SNCA IRE that regulates translation of the
mRNA. (C) Synucleozid targets the IRE structure of SNCA mRNA and represses a-synuclein protein expression by inhibiting ribosomal assembly onto the
SNCA transcript.
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Remarkably, the bulge targeted by Synucleozid only occurs
five times among these motifs (0.051%) and fortuitously, the
potential miRNA off-targets are not expressed at appreciable
levels.170 Not surprisingly, Synucleozid had no effect on their
expression. A transcriptome-wide assessment of Synucleozid
treatment using RNA-seq revealed very few changes (55/20 034
genes changed; 0.3%).159,171 Similarly, a proteome-wide selec-
tivity analysis also showed limited changes (283/3300 proteins
changed; 8%). Collectively, these data support the fundamental
claim that RNAs can indeed form unique 3D structures suitable
for targeting with small molecules, therefore expanding the
druggability of proteins broadly. Notably, this assertion is
bolstered by studies that direct the splicing outcome of MAPT
exon 10 (tau), another IDP.120

10. Targeted cleavage of disease-
causing RNAs using bleomycin
A5-conjugates
10.1 Bleomycin A5 cleavage of miRNAs

Bleomycin A5 is a well-known, DNA-cleaving natural product172

that also cleaves RNA (Fig. 16A).173,174 Building on the founda-
tional studies of Hecht,173,174 it was recently determined that
bleomycin A5 has two preferred RNA cleavage sites, AU rich
regions, with longer stretches of AU base pairs correlating with
more efficient RNA cleavage and purine-rich sequences.175

Angelbello et al.175 identified a compilation of 13 human miRNAs
that contain AU-rich regions, seven of which have been tied to
disease. Of these, pri-miR-10b has a 50AUAUAU/30UAUAUA

Fig. 16 Small molecule-bleomycin A5 conjugates cleave disease-causing RNAs in a targeted manner. (A) Structure of Bleomycin A5. (B) TGP-96-Bleo
targets and cleaves oncogenic pri-miR-96. (C) Targeted degradation of r(CUG)exp by Cugamycin and r(CCUG)exp by 5-Bleo. (D) Targeted degradation of
the pri-miR-17-92 cluster by TGP-17-92 Bleo.
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sequence, creating a potential recognition site for bleomycin
A5 cleavage. Indeed, bleomycin A5 cleaved pri-miR-10b at two
locations, the predicted AU-rich region and a 50GUG/30CAC site
near the Dicer processing site. This finding was not surprising as
bleomycin A5 also prefers purine-rich sequences.175

Bleomycin A5 was then studied for cleavage of pri-miR-10b
in two cellular models: (i) HeLa cells transfected with a plasmid
encoding pri-miR-10b and (ii) the TNBC cell line MDA-MB-231
in which miR-10b is overexpressed.176 Aberrant levels of
miR-10b have been linked to both tumor invasion and metas-
tasis in TNBC.176 At nM concentrations, the compound cleaved
pri-miR-10b in both cell types thereby reducing levels of mature
miR-10b, as determined by RT-qPCR.

This study highlighted the ability of bleomycin A5 to cleave
RNA in cells, opening the door for the development of small
molecule-bleomycin conjugates that direct the natural product
to cleave a specific RNA target. This work also emphasized that
ncRNAs can be targets of known drugs and should therefore be
considered in drug discovery screens.

10.2 Targaprimir-96-Bleo (TGP-96-Bleo): Targeted cleavage of
pri-miR-96 by a small molecule–bleomycin A5 conjugate

The first example of using small molecule–bleomycin conju-
gates to cleave miRNAs came from Li et al.,177 in which they
used a heterodimeric–bleomycin A5 conjugate to target onco-
genic pri-miR-96. Both the bleomycin derivative and its site of
conjugation to the small molecule were carefully selected.
Bleomycin contains four domains: (i) a metal-binding nucleic
acid cleavage domain; (ii) a C-terminal DNA-binding domain;
(iii) a linker connecting the cleavage and DNA-binding
domains; and (iv) a carbohydrate domain important for cellular
uptake of the molecule.172 The derivative bleomycin A5 was
chosen for conjugation to RNA-binding small molecules because
the DNA-binding domain contains a butyl-1,4-diamine side chain
that allows for easy conjugation of small molecules. Additionally,
it has been shown that conjugation through bleomycin’s
C-terminal free amine reduces affinity for DNA via ablation of
the amine’s positive charge.178,179 These studies suggest that
small molecule–bleomycin A5 conjugates have the potential to
selectively cleave RNA targets.

As discussed previously (in Section 2.3. ‘‘Design of Mono-
meric Small Molecules Targeting Disease-Causing miRNAs’’),
TGP-9647 was designed using Inforna and is a potent binder of
the pri-miR-96 Drosha processing site and adjacent 1 ! 1 GG
loop. Binding of TGP-96 to pri-miR-96 inhibited the biogenesis
of mature miR-96, derepressed FOXO1, and triggered apoptosis
in MDA-MB-231 cells.47 To further improve bioactivity, a small
molecule cleaver was synthesized by conjugating TGP-96 to
bleomycin A5 (TGP-96-Bleo) via the C-terminal amine in the
traditional DNA-binding domain of bleomycin A5, thus disrupting
key interactions necessary for DNA recognition (Table S1, ESI†).177

As bleomycin A5 has been shown to cleave AU base pairs,175 and
pri-miR-96 has AU base pairs in close proximity to TGP-96’s binding
site, this conjugation strategy had a high potential for success.

Indeed, TGP-96-Bleo bound pri-miR-96 with a Kd of 64 "
11 nM and cleaved the hairpin at the predicted AU base pairs,

while no binding to DNA was observed (Fig. 16B and Table S1,
ESI†).177 A control compound lacking the RNA-binding modules
cleaved plasmid DNA at levels 5-fold greater than those seen with
TGP-96-Bleo,177 indicating conjugation of bleomycin A5 to RNA
binding modules reduces its affinity for DNA, lowering the
potential for off-targets. This was further supported by visualizing
g-H2AX foci formation in cells, a marker for DNA double stranded
breaks. Cells treated with the control compound lacking RNA-
binding modules displayed B2.3-fold more foci than cells treated
with TGP-96-Bleo.177 Notably, the concentrations of TGP-96-Bleo
that cleaved DNA and induced double stranded DNA breaks are
20-fold higher than the concentrations that reduced mature miR-
96 levels, vide infra.

Based on these promising results, TGP-96-Bleo was com-
pared to TGP-96 in MDA-MB-231 TNBC cells for reducing levels
of mature miR-96. RT-qPCR analysis confirmed treatment with
TGP-96-Bleo decreased the levels of both pri-miR-96 and
mature miR-96.177 As mentioned above, TGP-96 decreased
mature miR-96 levels but increased pri-miR-96 levels. These
data are consistent with the mechanisms of action for the two
compounds; TGP-96-Bleo as an RNA cleaver and TGP-96 as an
RNA binder. Target occupancy of TGP-96-Bleo for the predicted
pri-miR-96 binding sites was confirmed via a competitive
cleavage assay in which cells were co-treated with TGP-96-Bleo
and TGP-96, with TGP-96 added in increasing concentrations to
compete off a constant concentration of TGP-96-Bleo. Treat-
ment with TGP-96-Bleo also resulted in rescue of FOXO1
expression and subsequent activation of apoptotic pathways
in MDA-MB-231 cells, demonstrating rescue of disease pheno-
types by TGP-96-Bleo.177 TGP-96-Bleo did not have an effect on
any other miRNAs predicted to target FOXO1.180

To further profile the selectivity of TGP-96-Bleo, small
molecule nucleic acid profiling by cleavage applied to RNA
(RiboSNAP) was utilized against the 349 miRNAs expressed
in MDA-MB-231 cells.177 The results of this profiling showed
miR-96 levels were the most drastically and significantly
affected by TGP-96-Bleo treatment, highlighting the selectivity
of this small molecule RNA cleaver (Table S1, ESI†). Addition-
ally, this experiment showed DNA off-targets of bleomycin A5
can be ablated by conjugation to an RNA-binder and that small
molecule cleaver compounds can be successfully used for
cellular profiling. A variation of RiboSNAP, RiboSNAP-Map,
in which cleavage fragments are analyzed to determine the
exact binding site of a small molecule, was also debuted in
this paper.177 RiboSNAP-Map uses a gene specific forward
primer and universal reverse primer to amplify cleavage
products, which are then sequenced to determine the site of
cleavage.177 This method confirmed the TGP-96-Bleo cleavage
site is in close proximity to the known binding sites of TGP-96,
positioning bleomycin A5 to cleave the proximal AU base pairs
of pri-miR-96.

The data presented in this paper demonstrate the utility
of conjugating bleomycin A5 to selective RNA-binding small
molecules for the targeted degradation of disease-relevant
RNAs and introduces novel methods for cellular profiling and
target engagement validation using these compounds.
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10.3 Cugamycin: Targeted cleavage of r(CUG)exp by a small
molecule–bleomycin A5 conjugate

Small molecule–bleomycin A5 conjugates can be used to target
structured RNAs other than miRNAs. For example, another
class of important RNA targets is the hairpin structures
characteristic to microsatellite/repeat expansion disorders.
The dimeric compound 2H-K4NMeS, described above, that
reverses DM1-associated defects was appended with bleomycin
A5 to yield the small molecule cleaver, Cugamycin (Fig. 16C and
Table S1, ESI†).181 In vitro binding studies demonstrated Cuga-
mycin’s selectivity for r(CUG)exp (EC50 = 365 nM) over DNA, and
cleavage studies confirmed bleomycin A50s reduction in affinity
for DNA when conjugated to an RNA-binding small molecule,
as DNA cleavage was reduced by 4-fold as compared to bleo-
mycin A5 (Table S1, ESI†).181

In DM1 patient-derived myotubes, Cugamycin localized to
the nucleus and cleaved B70% of r(CUG)exp-containing DMPK
transcripts (dosed at 1 mM), while having no effect on wild-type
DMPK transcripts that contain only a few r(CUG) repeats
(non-pathogenic).181 Further, Cugamycin demonstrated allele
selectivity; that is, it only cleaved the mutant DMPK allele
(1300 repeats). In conjunction with this cleavage, Cugamycin
rescued MBNL1-dependent alternative splicing by B40%,
leading to a B30% reduction in MBNL1-r(CUG)exp nuclear foci
when treated at 1 mM. Cugamycin did not have an effect on
NOVA-mediated splicing, indicating selectivity for the r(CUG)exp

target.181 Additionally, selectivity was profiled by measuring
cleavage of five additional mRNAs that contain short r(CUG)
repeats (o20 repeats). All five transcripts were unaffected by
Cugamycin treatment.181 Of note, an antisense LNA gap-mer
complementary to r(CUG)exp reduced the levels of all five
r(CUG) repeat-containing mRNAs, as well as wild-type DMPK
levels.181 Modeling of RNA structures present in these mRNAs,
as well as r(CUG)exp, indicated the hairpin structure adopted
by r(CUG)exp is not recapitulated by shorter repeat lengths,
bolstering the notion that structure-binding small molecules
can indeed be selective in patient-derived cells and that selec-
tivity translates in vivo (discussed below).

Off-target DNA cleavage in DM1 myotubes was assessed by
visualizing g-H2AX foci after treatment with Cugamycin, a
control compound lacking the RNA-binding modules, or bleo-
mycin A5, all tested at concentrations at which Cugamycin
cleaved r(CUG)exp and improved DM1-associated defects. Both
the control compound and bleomycin A5 caused formation of
g-H2AX foci, while Cugamycin had no effect.181 This again
demonstrates that conjugation of bleomycin A5 through its
C-terminal amine ablated affinity for DNA.

Cugamycin was also tested in vivo using the HSALR mouse
model of DM1.181 This model contains 250 CTG repeats driven
by the human skeletal actin (HSA) promoter and recapitulates
DM1 disease phenotypes such as dysregulation of MBNL1-
dependent splicing, loss of the muscle-specific chloride ion
channel (CLCN1), and myotonia.182,183 Cugamycin was i.p.
injected every other day, at a dose of 10 mg kg!1, for a total
of 8 days. After treatment, an B40% reduction in the levels of the
HSA transgene [r(CUG)250] was observed in tibialis anterior (TA)

and gastrocnemius muscles, indicating that Cugamycin engaged
its RNA target in vivo.181 Lung fibrosis, a common side effect of
bleomycin,184 was not observed with Cugamycin treatment.

Rescue of aberrant alternative splicing in the TA and gastro-
cnemius muscles were also studied upon treatment with
Cugamycin, showing that MBNL1-dependent splicing events
Mbnl1 exon 7 and Clcn1 exon 7A were rescued by B50%, while
alternative splicing of integrin b-1 precursor (Itgb1) exon 17 and
capping actin protein of muscle z-line subunit b (Capzb) exon 8,
non MBNL1-dependent events, were unaffected.181 Loss of the
CLCN1 protein, due to aberrant alternative splicing and exon
7A inclusion contributes directly to myotonia.183 Therefore,
recuse of MBNL1-dependent splicing should increase CLCN1
protein expression on the cell surface, leading to a rescue of
disease phenotype. Indeed, upon Cugamycin treatment, the
levels of CLCN1 in TA muscle plasma membranes increased
and an B40% reduction in myotonia was observed.181 These
results were consistent across TA, gastrocnemius, and quad-
riceps muscles, indicating Cugamycin reaches DM1-affected
tissues and rescues disease-associated phenotypes broadly.

Interestingly, Cugamycin’s parent compound, 2H-K4NMeS,
when delivered at the same dose and route of administration
was unable to rescue MBNL1-dependent splicing or myotonia,
indicating the cleavage capacity of Cugamycin is essential for
in vivo efficacy.181 These data also suggest that a cleavage-driven
mechanism of action can provide a more prolonged and potent
effect in vivo than a simple binding mode of action.

The ability of Cugamycin to rescue MBNL1-associated alter-
native splicing defects broadly and selectively was assessed by
transcriptome-wide analysis of splicing events. By comparison
to wild-type mice, the extent of the dysregulation of each
splicing event in HSALR was measured. Angelbello et al.181

identified 138 exons that are deregulated, reported as percent
spliced in (C), using mixture of isoforms (MISO)185 analysis. Of
these 138 exons, 134 of them showed C values shifted back
towards wild-type upon treatment with Cugamycin.181 These
data indicate that through Cugamycin’s selective recognition of
r(CUG)exp, the compound was able to globally rescue aberrant
MBNL1-dependent alternative splicing in a mouse model of
DM1. In addition to changes in alternative splicing, transcrip-
tomic changes are also observed in DM1 mice. In particular,
326 genes are significantly dysregulated in HSALR mice.181

Treatment with Cugamycin resulted in rescue of expression of
177 of these genes, highlighting the ability of the compound to
normalize the transcriptome.181 Cugamycin had no effect on
the transcriptome of wild-type mice, as measured by RNA-seq,
again highlighting the selectivity of this small molecule cleaver
compound.

This study validated the strategy of using a small molecule-
bleomycin A5 conjugate, Cugamycin, to target and cleave RNA
repeats selectively in microsatellite/repeat expansion disorders,
including in preclinical mouse models. Cugamycin showed
remarkable potency in vitro and rescued DM1-associated pheno-
types both in cells and in vivo. Additionally, the compound showed
high selectivity for the DMPK mutant allele harboring r(CUG)exp and
demonstrated the ability to rescue MBNL1-dependent alternative
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splicing transcriptome-wide with no significant off-targets. The
data presented in this study indicate the cleavage-mediated
mechanism of action of Cugamycin is highly effective at
rescuing DM1-associated disease phenotypes in a mouse
model, suggesting Cugamycin is a strong lead candidate for
further optimization into a preclinical compound.

10.4 Targeted cleavage of r(CCUG)exp by a small
molecule-bleomycin A5 conjugate

After the success observed with Cugamycin, a small molecule-
bleomycin A5 conjugate was created to target the r(CCUG)exp in
intron 1 of CNBP, causative of DM2.139 Building off a previously
designer dimer (5)139 (discussed in Sections 6.2 and 7),
Benhamou et al.139 conjugated bleomycin A5 through the
natural product’s C-terminal amine to afford 5-Bleo (Table S1,
ESI†). In vitro studies showed 5 and 5-Bleo bind r(CCUG)10 with
similar affinities (B100 nM) and that 5-Bleo cleaved RNA
between 50-GC steps in base paired regions adjacent to the
compound’s binding site (Fig. 16C and Table S1, ESI†).139 This
compound also demonstrated selectivity for the RNA target over
DNA, consistent with the results from previous bleomycin A5
conjugates.139,181

While the dimer and cleaver compounds display similar
binding affinities for r(CCUG)exp (B100 nM) in vitro, in DM2
fibroblasts the cleaver reduced levels of intron 1-containing
r(CCUG)exp transcripts by an B2.5-fold greater extent than the
dimer, the binding of which shunts the intron down endogen-
ous decay pathways (i.e., has a different mode of action).139

Mature CNBP mRNA levels were also reduced upon treatment of
5-Bleo. Thus, the bleomycin A5 conjugate was able to more
effectively reduce levels of mutant CNBP mRNA, compared to
the binder, and cleaves the r(CCUG)exp target. Off-target DNA
cleavage was again assessed by visualizing the formation of
g-H2AX foci in DM2 fibroblasts. Treatment with 5-Bleo did not
result in a significant increase in foci at the active concen-
tration, demonstrating the compound’s selectivity in cellulis.139

Target engagement of 5-Bleo was confirmed in cells using a
competitive cleavage assay in which increasing concentrations
of the dimer were co-treated with a constant concentration
of 5-Bleo and the levels of mature CNBP mRNA were measured.
Increasing the concentration of the simple binding dimer led to
an increase in CNBP mRNA levels (a reduction in cleavage),
indicating 5-Bleo and the dimer share the same RNA target and
that the mechanism of 5-Bleo is through direct cleavage of
r(CCUG)exp.139

Further cellular studies demonstrated 5-Bleo’s enhanced
ability to rescue MBNL1-dependent IR pre-mRNA splicing
defects compared to the dimer. 5-Bleo rescued splicing by
B50% at 5 mM, while the dimer only rescued splicing defects
by B20% at 10 mM, a 2-fold higher concentration.139 Additionally,
an B50% reduction in r(CCUG)exp-containing foci was observed
upon treatment of 5-Bleo. Evaluation of mature CNBP mRNA
levels and IR splicing in healthy fibroblasts after treatment with
5-Bleo showed no changes, confirming 5-Bleo’s allele selectivity
for the disease-causing r(CCUG)exp as the shorter r(CCUG) repeats
present in healthy fibroblasts were unaffected.139

11. Targeted degradation of disease-
causing RNAs using RIBOTACs
The advent of proteolysis targeting chimeras (PROTACs)186

demonstrated the ability to trigger protein degradation with
small molecules. This concept has been broadened to other
biomolecules, such as RNAs, as is the case of RIBOTACs.187

RIBOTACs mediate RNA decay by recruiting endogenous
RNases to degrade specific transcripts. In particular, RIBOTACs
have been developed that recruit RNase L, a component of the
antiviral immune response. RNase L is present in minute
quantities in all cells as an inactive monomer. Upon viral
infection, it is upregulated, dimerized and activated by 20–50

oligoadenylate [20–50 poly(A)].188 RNase L is thus an intriguing
enzyme for small molecule recruitment and targeted RNA
destruction. That is, an RNA-binding small molecule coupled
to an RNase L-recruiting module could locally recruit and
activate RNase L to cleave the target selectively, without activa-
tion of the immune system.

11.1 Targaprimir-96 RIBOTAC (TGP-96 RIBOTAC): Targeting
pri-miR-96 for degradation

As previously described in Section 2.3 (‘‘Design of Monomeric
Small Molecules Targeting Disease-Causing miRNAs’’), TGP-96
is a dimeric small molecule that binds pri-miR-96 and inhibits
its biogenesis, thereby derepressing the transcription factor
FOXO1 and triggering apoptosis in TNBC cells.47 TGP-96 was
converted into a RIBOTAC (TGP-96 RIBOTAC) by appending a
short 20–50 A4 oligonucleotide as the RNase L recruiting module
onto the compound (Fig. 17 and Table S1, ESI†).187 In vitro
binding assays confirmed the recruiting module does not affect
the avidity of the compound for pri-miR-96’s Drosha processing
site (Kd = 20 nM) (Table S1, ESI†).187 In vitro cleavage assays
demonstrated the ability of TGP-96 RIBOTAC to recruit and
dimerize RNase L, leading to the selective cleavage of pri-miR-
96.187 This cleavage was inhibited when TGP-96 was added as a
competitor, validating the binding sites of TGP-96 and TGP-96
RIBOTAC are the same.

In MDA-MB-231 cells, despite having B2-fold reduced
cellular permeability compared to TGP-96, TGP-96 RIBOTAC
reduced the levels of pri-miR-96 and mature miR-96, confirming
compound mode of action.187 RNase L-dependent cleavage was
verified in multiple experiments: (i) immunoprecipitation with an
RNase L antibody confirmed ternary complex formation between
pri-miR-96, RNase L, and TGP-96 RIBOTAC; (ii) competitive
cleavage between TGP-96 RIBOTAC and a derivative lacking the
RNase L-recruiting module showed a dose-dependent decrease in
cleavage of pri-miR-96, validating the ability of TGP-96 RIBOTAC
to locally dimerize RNase L; and (iii) siRNA knockdown of RNase L
ablated TGP-96 RIBOTAC’s ability to degrade pri-miR-96.187

Treatment of TGP-96 RIBOTAC in MDA-MB-231 cells
resulted in modulation of the invasive phenotype associated
with miR-96 in cancer. An B2-fold increase in FOXO1 expres-
sion was observed upon treatment, consistent with inhibition
of miR-96 biogenesis, and thus resulted in apoptosis.187

This effect can be reversed upon over expression of pri-miR-96.
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TGP-96 RIBOTAC has no effect on apoptosis in MCF-10a cells
(healthy breast epithelial cells).187 Further, TGP-96 RIBOTAC
stimulated apoptosis to the same extent as its parent binding
compound at a 2.5-fold lower dose. Combined with the decreased
uptake of the compound, RNase L recruitment by TGP-96 RIBO-
TAC enhances the compound’s activity by B5-fold compared to
TGP-96.187 Most importantly, TGP-96 RIBOTAC acts catalytically
and in a substoichiometric fashion to recruit RNase L for targeted
RNA degradation, cleaving 3.1 pri-miR-96 molecules per molecule
of RIBOTAC.187

11.2 Targapremir-210 RIBOTAC (TGP-210 RIBOTAC):
Targeting pre-miR-210 for degradation

As discussed in Section 2.3 (‘‘Design of Monomeric Small
Molecules Targeting Disease-Causing miRNAs’’), TGP-210,
designed by Inforna, binds the Dicer processing site of
pre-miR-210, inhibits its biogenesis and normalizes proteins
in this circuit, ultimately inducing apoptosis in hypoxic cancer
cells.45 Costales et al.189 optimized TGP-210 by appending a
20–50 A4 RNase L recruiting module to yield TGP-210 RIBOTAC
(Fig. 17 and Table S1, ESI†). In vitro cleavage assays showed
TGP-210 RIBOTAC cleaved pre-miR-210 and binding assays
demonstrated TGP-210 RIBOTAC is more selective than TGP-
210; an B10-fold difference in affinity is observed between the
Dicer processing site of pre-miR-210 and DNA while only an
B5-fold difference was observed for TGP-210 (Table S1, ESI†).189

Thus RNA degraders can show enhanced selectivity over their
simple binding counterparts.

In hypoxic MDA-MB-231 cells, TGP-210 RIBOTAC decreased
the levels of both pre-miR-210 and mature miR-210, consistent
with its mode of action.189 Upon treatment with TGP-210
RIBOTAC, GPD1L mRNA levels were significantly increased
and HIF1a mRNA levels were decreased.189 As a result of
deactivation of the oncogenic circuit, TGP-210 RIBOTAC trig-
gered apoptosis in hypoxic cancer cells, to a similar extent as
TGP-210. However, because TGP-210 RIBOTAC is half as cell
permeable as TGP-210, these results demonstrate the RIBOTAC
has B2-fold enhanced activity over TGP-210.189

Specific RNase L recruitment was confirmed via: (i) compe-
titive cleavage assays, in which co-treatment of increasing
amounts of TGP-210 with TGP-210 RIBOTAC resulted in a
dose-dependent decrease in pre-miR-210 cleavage; (ii) over-
expression of RNase L, resulting in increased cleavage; (iii) over-
expression of pre-miR-210, resulting in decreased cleavage; and
(iv) siRNA ablation of RNase L, resulting in no TGP-210 RIBOTAC-
mediated cleavage of pre-miR-210.189 Additionally, immunopreci-
pitation of RNase L showed enrichment for pre-miR-210 only in
cells treated with TGP-210 RIBOTAC.

RNA-seq and RT-qPCR profiling experiments revealed TGP-
210 RIBOTAC has no significant off-targets trancriptome-wide
(Table S1, ESI†).189 Combined with its catalytic and substo-
ichiometric mode of action, TGP-210 RIBOTAC demonstrates

Fig. 17 Ribonuclease targeting chimeras (RIBOTACs) degrade disease-causing RNAs in a targeted manner. (A) Structures of first- and second-
generation RNase L recruiting modules and schematized monomeric RNase L. (B) RIBOTAC-mediated degradation of oncogenic pri-miR-96, pre-miR-210,
and pre-miR-21.
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that enhanced activity and selectivity can be achieved through the
targeted recruitment of nucleases via RIBOTAC compounds.

11.3 Targapremir-21 RIBOTAC (TGP-21 RIBOTAC): Targeting
pre-miR-21 for degradation

A RIBOTAC targeting pre-miR-21, dubbed TGP-21 RIBOTAC,
was recently reported that is based on the dimeric binding
compound TGP-21 (Table S1, ESI†).190 TGP-21 was first vali-
dated in MDA-MB-231 TNBC cells, reducing levels of mature
miR-21 and increasing levels of pre-miR-21, in accordance with
its mechanism of inhibiting Dicer processing (Table S1,
ESI†).190 The binding dimer also increased expression of pro-
grammed cell death protein 4 (PDCD4) and phosphatase and
tension homolog (PTEN), two proteins that are translationally
repressed by miR-21.190 Additionally, invasion assays confirmed
TGP-21’s ability to inhibit the invasive phenotype of MDA-MB-231
cells.190

TGP-21 was optimized by appending a heterocyclic small
molecule recruiter of RNase L to create TGP-21 RIBOTAC
(Fig. 17 and Table S1, ESI†). Previous studies by Thakur et al.191

demonstrated the ability of a heterocyclic small molecule to
recruit and activate RNase L in place of the traditional 20–50

poly(A) substrate. Extensive optimization of this structure by
Costales et al.190 yielded the small molecule RNase L-recruiting
heterocycle that was incorporated in TGP-21 RIBOTAC.

In MDA-MB-231 cells, TGP-21 RIBOTAC showed a 20-fold
enhancement in activity for reducing mature miR-21 levels
compared to TGP-21 and reduced pre-miR-21 levels in a sub-
stoichiometric manner (Table S1, ESI†).190 RNase L recruitment
was confirmed using the same assays as described for TGP-210
RIBOTAC, further supporting the mechanism of small
molecule-targeted degradation.190 A time course experiment
in which reduction of mature miR-21 levels were monitored
up to 96 h post-treatment revealed TGP-21 RIBOTAC has a more
potent and prolonged effect than TGP-21.190

Importantly, TGP-21 RIBOTAC did not trigger an innate
immune response, as monitored by mRNA and protein levels
of innate immunity-associated biomarkers.190 In contrast,
transfection of 20–5 0 A4 into MDA-MB-231 cells resulted in
upregulation of several innate immunity biomarkers, such as
interferon gamma (IFN-g), 20–50-oligoadenylate synthase 1
(OAS1), retinoic acid-inducible gene 1 (RIG-1), and melanoma
differentiation-associated protein 5 (MDA5).190 These results
support the hypothesis that TGP-21 RIBOTAC locally recruits
and activates RNase L, instead of triggering a global antiviral
innate immune response.190

Selectivity was also assessed miRNome-wide and quantified
by calculating Gini coefficients. Gini coefficients were first
introduced as a metric of biological selectivity by Graczyk192

as a measure of kinase inhibitor selectivity, however the metric
can be broadly applied to any biomolecule and small molecule
modulator. A Gini coefficient of 0 represents a nonselective
compound while a Gini coefficient of 1 represents an exqui-
sitely selective compound. Gini coefficients for the monomer
that comprises TGP-21, TGP-21, and TGP-21 RIBOTAC, by
measuring their effects on the miRNome, are 0.52, 0.68, and

0.84 respectively, highlighting the increase in selectivity that is
achieved by dimerization and by RNase L-mediated targeted
degradation of RNA.190 Proteome-wide analysis of the effects of
TGP-21 RIBOTAC in MDA-MB-231 cells confirmed the selec-
tivity of the compound with only 47 of 4181 proteins being
significantly affected.190

TGP-21 RIBOTAC was also evaluated in vivo in a mouse
model of metastatic breast cancer (NOD/SCID mice i.v. injected
with MDA-MB-231-Luc cells). Treatment with TGP-21 RIBOTAC
(10 mg kg!1, every other day for 6 weeks) inhibited metastasis
to lung, as evident by a significant decrease in the number of
lung nodules present in TGP-21 RIBOTAC-treated mice.190

Additionally, tissues from mice in the RIBOTAC treatment
group displayed decreased hematoxylin and eosin (H&E) stain-
ing, decreased pre-miR-21 and mature miR-21 levels (as assayed
by FISH and RT-qPCR), and increased levels of PDCD4 (as
assayed by immunohistochemistry).190 Thus, TGP-21 RIBOTAC
selectivity and potently modulates the miR-21 pathway in a
preclinical mouse model, resulting in inhibition of breast
cancer metastasis.

12. Case study: direct comparison of
bleomycin A5-mediated cleavage
versus RNase L-mediated degradation
of the pri-miR-17-92 cluster
The pri-miR-17-92 cluster is a direct target of the transcription
factor c-MYC193 and is upregulated in human diseases ranging
from cancers194–196 to fibrosis.197 For each disease, the mature
miRNA deregulated from the cluster and its downstream effects
can be unique or overlap,198 and the mature miRNAs can act
either individually or synergistically to affect disease biology.193,199

Through the use of Inforna and subsequent optimization steps,
Liu et al.200 developed a dimeric small molecule that binds to
three miRNAs in the pri-miR-17-92 cluster (miR-17, miR-18a, and
miR-20a) that share structural commonalities at and adjacent to
their Dicer processing sites. They then appended the small
molecule with either bleomycin A5, yielding Targaprimir-17-92
Bleo (TGP-17-92 Bleo) or the heterocyclic RNase L-recruiting
module, yielding TGP-17-92 RIBOTAC (Fig. 16D and Table S1,
ESI†).200 The ability of these two compounds to reduce levels
of pri-miR-17-92 was evaluated in MDA-MB-231 TNBC cells and
DU-145 prostate cancer cells.200 TGP-17-92 Bleo reduced pri-miR-
17-92 levels and hence functionally inhibited all six miRNAs it
encodes (Table S1, ESI†). Further, pre-miR17, pre-miR-18a, and
pre-miR-20a levels were reduced. Cleavage of the cluster and the
three pre-miRNAs that TGP-17-92 Bleo binds is consistent with the
compound’s cellular localization. In contrast, TGP-17-92 RIBOTAC
only reduced levels of pre-miR17, pre-miR-18a, and pre-miR-20a
and their mature miRNAs while not affecting the primary tran-
script (Table S1, ESI†).200 That is, the RIBOTAC only cleaved the
pre-miRNAs that bind TGP-17-92 because of the co-localization of
the RIBOTAC, RNase L, and the pre-miRNA, the three compo-
nents required for cleavage, in the cytoplasm.200 Thus, these
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studies devised a facile design strategy to remove an entire
pri-miRNA cluster, of importance since B25% of all miRNAs
are transcribed in clusters, or individual members of the cluster
simply by careful selection of the cleavage module and by
exploiting differences in cellular localization.

13. Conclusion
As this review showcases, various types of RNAs have been
successfully targeted with small molecules including miRNAs,
lncRNAs, splicing modifiers, repeat expansion disorders, and
structured elements found within disease-causing RNAs.
Since only 1–2% of the genome is translated into protein but
B80% is transcribed into RNA, it is not surprising that RNA
is rapidly emerging as a promising target of small molecule
therapeutics.3,18,201 As illustrated by the examples discussed
herein, RNA-targeting small molecules can display impressive
potency (nM) and selectivity for their RNA targets, often rivaling
those seen with traditional protein-targeting small molecules.

Current chemotherapeutic options come with a myriad
of side-effects due to off-target effects of the drug. However,
compounds such as TGP-96 RIBOTAC, TGP-210 RIBOTAC,
TGP-21 RIBOTAC and TGP-17-92 Bleo demonstrate proteome-
and transcriptome-wide selectivity while decreasing levels of
oncogenic miRs. Thus, these compounds could offer a starting
place for the development of novel anti-cancer treatments with
fewer side effects.

In addition, this review highlights several RNA-targeting
small molecules that affect neurodegenerative disease biology,
further highlighting the potential of these small molecules to
act as novel therapeutics. More importantly, RNA-targeting
small molecules have unlocked therapeutic avenues against
proteins of neurological relevance that were traditionally viewed
as ‘‘undruggable,’’ such as the case of Synucleozid for a-synuclein
and A-5 for tau. Examples such as these highlight the importance
of targeting RNA over traditional protein targets as a means of
investigating the vast space of disease biology that has remained
elusive to drug development. Additionally, RNA cleavers and
degraders, such as bleomycin A5-conjugates and RIBOTACs, offer
novel therapeutic modalities to reduce levels of disease-causing
RNAs, whether oncogenic or neurodegenerative, further
expanding the types of diseases that can be targeted with small
molecules.

In comparison to antisense oligonucleotide (ASO) technology,
the current leading therapeutic option for targeting RNA, small
molecules are an attractive alternative due to their synthetic
accessibility, on- and off-target optimization via structure–activity
relationships, mode of action, and ease of administration. ASOs
recognize RNA sequence, while small molecules recognize RNA
structure; this essential difference gives small molecules many
advantages over ASOs. For example, ASOs targeting repeat expan-
sion disorders are often designed to target the coding region of
the gene harboring the expansion, not the expansion itself due to
off-target effects on transcripts that contain short repeats.43,139,181

Thus, ASOs have to be specifically designed for each disease, even

if the diseases are caused by the same RNA repeat expansion.
In contrast, a single small molecule recognizing a disease-causing
structure could be a potential treatment for all diseases that
harbor the same repeat expansion. For example, DM1, Fuchs
endothelial corneal dystrophy (FECD),202 and Huntington’s
disease-like 2 (HDL-2)203 are all caused by r(CUG)exp. Therefore,
small molecules targeting r(CUG)exp could be applied broadly
across these diseases as shorter, non-pathogenic repeats found
in other transcripts typically lack structure. Another advantage
of small molecules over ASOs is the route of therapeutic
administration. ASOs are injected intrathecally, a painful
and sometimes dangerous procedure for patients to endure.
However, RNA-targeting small molecules have shown efficacy in
mouse models with intraperitoneal injection181 and success
with oral bioavailability in clinical trials.96

Looking at the various classification of RNA-targeting small
molecules that have emerged it is interesting to note the
differences in affinity and bioactivity that result from appending
bleomycin A5 or an RNase L-recruiting module to simple RNA-
binding small molecules. While the conjugates tend to decrease
the compounds’ binding affinities for the target RNA, the overall
biological effect observed upon treatment with the cleaving/
degrading compounds far exceeds that of the simple RNA binder
(Table S1, ESI†). This is demonstrated in the case of TGP-96
(Kd = 39 nM) and TGP-96 Bleo (Kd = 64 nM), where TGP-96 Bleo
demonstrates a greater biological effect than TGP-96. This trend
was also observed for TGP-210 (Kd = 160 nM) versus TGP-210
RIBOTAC (Kd = 340 nM) and 2H-K4NMeS (Kd = 12 nM) versus
Cugamycin, the bleomycin conjugate of 2H-K4NMeS (EC50 =
365 nM). In all of these cases, the small decrease in affinity that
results from appending a cleaving or degrading module to the
compound is made up for by the large increase in biological
activity (up to 20-fold) due to target RNA ablation, rather than
simple binding.

Selectivity is also improved when an RNA-binding small
molecule is converted to either a RIBOTAC or bleomycin A5
conjugate. Again, looking at the case of TGP-210 and TGP-210
RIBOTAC, converting the small molecule to a RIBOTAC resulted
in an increase in the selectivity window over DNA from 5-fold with
the RNA binder to 10-fold with the degrader, despite TGP-210
RIBOTAC having decreased affinity for pre-miR-210.189 Addition-
ally, appending bleomycin A5 to RNA-binding small molecules
decreases both the affinity of bleomycin A5 and the RNA binder
itself for DNA, further enhancing the compound’s selectivity.
Thus, RNA-targeting small molecules demonstrate a novel avenue
for achieving highly selective RNA-centric therapeutics.

The field of RNA-targeting small molecules is still in its
infancy, as such the only FDA-approved small molecules on the
market are anti-bacterials (targeting bacterial RNA), noting that
risdiplam, which targets an RNA–protein interface, recently
received FDA approval for the treatment of SMA (approved
August 7th, 2020).97 Additionally, branaplam (Novartis)204 is
also undergoing a Phase II clinical trial for the treatment
of SMA. Both risdiplam and branaplam are administered
orally, further supporting the advantages of using small molecules
to target RNA. Despite the lack of branded ‘‘RNA-targeting’’
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FDA-approved small molecules it is important to note that
many protein-targeting FDA-approved drugs, such as kinase
and topoisomerase inhibitors, have been found to also bind
RNA as off-targets. Thus, the future is exciting for the field of
RNA-targeted small molecule therapeutics and will undoubtedly
contribute to the advancement of modern, precision medicines.
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Design of small molecules targeting
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The design and discovery of small molecule medicines has largely been focused on a small number of

druggable protein families. A new paradigm is emerging, however, in which small molecules exert a

biological effect by interacting with RNA, both to study human disease biology and provide lead

therapeutic modalities. Due to this potential for expanding target pipelines and treating a larger number of

human diseases, robust platforms for the rational design and optimization of small molecules interacting

with RNAs (SMIRNAs) are in high demand. This review highlights three major pillars in this area. First, the

transcriptome-wide identification and validation of structured RNA elements, or motifs, within disease-

causing RNAs directly from sequence is presented. Second, we provide an overview of high-throughput

screening approaches to identify SMIRNAs as well as discuss the lead identification strategy, Inforna, which

decodes the three-dimensional (3D) conformation of RNA motifs with small molecule binding partners,

directly from sequence. An emphasis is placed on target validation methods to study the causality between

modulating the RNA motif in vitro and the phenotypic outcome in cells. Third, emergent modalities that

convert occupancy-driven mode of action SMIRNAs into event-driven small molecule chemical probes,

such as RNA cleavers and degraders, are presented. Finally, the future of the small molecule RNA

therapeutics field is discussed, as well as hurdles to overcome to develop potent and selective RNA-centric

chemical probes.

Key learning points
! Aberrant RNA structure contributes to the pathology of numerous human diseases.
! Structured, evolutionarily conserved RNA motifs can be predicted directly from sequence with the state-of-the-art computational tool, ScanFold.
! Inforna decodes these evolutionarily conserved RNA 3D folds with small molecules to provide high-quality chemical probes.
! Robust target engagement techniques are necessary to validate RNA-centric modes of action.
! Emergent therapeutic modalities include RNA-targeted degraders and cleavers that destroy disease-causing RNAs.

1. Introduction
Most drug discovery campaigns, both past and present, are
focused on protein targets. Decades of technological advance-
ments and scientific discoveries have been dedicated to exploring
the proteome and modulating protein activity for therapeutic
benefit. These efforts yielded chemical probes to test mechanistic
hypotheses, uncover new biology, and manipulate biological

processes. Ultimately, this knowledge has been translated into
novel and safe medicines for a plethora of human diseases.
However, druggable proteins are confined to a small set of
families. To expand druggability and increase our understanding
of disease biology, many have turned to RNA targets. RNA is best
known for its role in translation, where messenger RNAs (mRNAs)
are translated into proteins via the ribosome, a complex macro-
molecular machine composed of ribosomal RNAs (rRNAs) and
proteins, in conjunction with transfer RNAs (tRNAs). The func-
tions of RNA, however, go well beyond this critical role in biology.
For example, RNA molecules encode unique secondary and
tertiary structures that have biological functions on their own
(acting in cis) or can recruit other factors (RNAs, proteins) to assist
in their function (acting in trans).

a Department of Chemistry, The Scripps Research Institute, 130 Scripps Way,
Jupiter, FL, 33458, USA. E-mail: disney@scripps.edu

b Roy J. Carver Department of Biochemistry, Biophysics & Molecular Biology,
Iowa State University, Ames, Iowa, USA. E-mail: wmoss@iastate.edu

† Electronic supplementary information (ESI) available. See DOI: 10.1039/d0cs00455c

Received 29th April 2020

DOI: 10.1039/d0cs00455c

rsc.li/chem-soc-rev

Chem Soc Rev

TUTORIAL REVIEW

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
by

 S
cr

ip
ps

 R
es

ea
rc

h 
In

st
itu

te
 o

n 
9/

28
/2

02
0 

6:
20

:5
0 

PM
. 

View Article Online
View Journal



Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2020

As many disease phenotypes can be traced back to dysregu-
lation of RNA function, various approaches have been
employed to target disease-causing RNAs for therapeutic ben-
efit. The two most studied modalities are antisense oligonu-
cleotides (ASOs) and small molecules, i.e., small molecules
interacting with RNAs (SMIRNAs), which fundamentally differ
in their modes of action.1 ASOs, in general, consist of modified
nucleotides, either via the backbone or sugar moiety, and are
designed by sequence complementarity. That is, ASOs recog-
nize RNA primary sequence (Fig. 1A) and hybridize to cognate
disease-causing RNAs to: (i) sterically block the assembly
of RNA–protein or RNA–RNA interactions; or (ii) promote
degradation of the disease-causing RNAs via Ribonuclease H
(RNase H), an endoribonuclease that hydrolyzes the phosphodi-
ester bonds of the RNA strand in RNA–DNA heteroduplexes.
Although the design and generation of complementary ASOs

for any given disease-causing RNA is rapid and straightforward,
their binding sites must be accessible, i.e., unstructured. Both
RNA’s intramolecular (secondary and tertiary) structures and
intermolecular structures with other biomolecules can affect
ASO binding in cellular context.

In contrast to ASOs, SMIRNAs recognize unique three-
dimensional (3D) RNA conformations, or structure. RNA secondary
structure is dictated by its sequence, which restricts and directs
the formation of intramolecular base pairing, generating helical
regions interspersed with loops, bulges, and hairpins (Fig. 1B)
(see ref. 2 and citations therein for a detailed description of
structured RNA motifs). That is, the overall secondary structure
of an RNA can be viewed as modules of structured elements, or
motifs, strung together. Though built only on four nucleotide
building blocks, RNA sequence encodes dynamic and sufficiently
unique ensembles of 3D folds that can be targeted and/or
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stabilized selectively by small molecules (Fig. 1C). Importantly,
RNA secondary structure can be predicted or determined
accurately from RNA sequence. Secondary structure then constrains
available tertiary interactions and thus tertiary structure (Fig. 1C). As
tertiary structures are generally weak, they can be disrupted by small
molecule binding, affecting the RNA’s function.

Small molecules offer several advantages that support their
use as a viable modality to target 3D folds of structured motifs
within RNA. For example, structurally related analogs can be
used to define structure–activity relationships (SAR), informing
lead optimization for biological activity and selectivity. More-
over, SMIRNAs targeting adjacent structured RNA motifs can be
covalently linked together, yielding dimeric molecules with
increased binding affinity and selectivity compared to the
individual compounds from which they were derived.1 Finally,
SMIRNAs can be functionalized with various modules to
affect direct cleavage, to induce degradation via recruitment
of endogenous nucleases,3 or to image disease-causing RNAs
through on-site synthesis of a Förster resonance energy transfer
(FRET) pair. These features expand the mode of action of SMIRNAs
to explore RNA biology and to provide therapeutic opportunities
for many human diseases mediated by RNA structures.

This review highlights three key components required to design
high-quality SMIRNAs with defined RNA-centric modes of
action: (1) state-of-the-art approaches to identify ligandable 3D
structured motifs within RNA that are evolutionarily conserved
and hence likely to be functional; (2) methods to target
structured motifs within RNA; and (3) RNA target validation
methods. We also highlight novel modalities developed by
converting occupancy-driven SMIRNAs into event-driven chemical
probes (RNA cleavers and degraders) that ablate disease-causing
RNAs. Finally, we offer an overview of the future challenges that
need to be overcome to facilitate the design and optimization
of potent and selective small molecule RNA therapeutics in
a robust and rational fashion. A comprehensive review of
targeting disease-causing RNAs extending beyond this tutorial
can be found in ref. 4.

2. The role of RNA structure in biology
& disease
RNA structure is intimately linked to both normal biology and
disease pathology.5 RNA structures range from simple loops
and bulges to more complex structures such as coaxial stack-
ing, pseudoknots, and other tertiary structures. Indeed, these
structures influence and dictate human biology, ranging from
the regulation of translation, to splice site selection, and
catalysis. RNA structure also controls viral replication and
infection as well as bacterial gene expression (riboswitches).
As these topics have been extensively reviewed, we direct the
reader to the excellent references below for additional details.

Not surprisingly, RNA mutation and aberrant expression
can trigger disease by causing deregulation of normal cellular
processes. For example, transcriptomic studies have revealed
that microRNAs (miRNAs), small regulatory RNAs that modu-
late gene expression by binding to complementary mRNAs, are
commonly dysregulated in tumor tissue, suggesting a mecha-
nism by which cancer cells downregulate tumor suppressor
genes or enhance expression of oncogenes. Aberrant expres-
sion of miRNAs, whether up- or down-regulated, has been
linked to many other diseases, including cardiovascular dis-
ease, inflammatory and neurodevelopmental disorders and
liver disease.

RNA structure has also been implicated in many neuro-
logical disorders. RNA repeat expansions cause over 30 human
diseases, including Huntington’s disease (HD) [r(CAG)exp],
amyotrophic lateral sclerosis (ALS) [r(G4C2)exp] and myotonic
dystrophy type 1 (DM1) [r(CUG)exp]. In these disorders, the
repeating RNA, often found in intronic or untranslated regions
(UTRs), forms hairpin structures containing repeating struc-
tured RNA motifs that interfere with normal RNA processing
and function. These structures can sequester RNA-binding
proteins, lead to the formation of nuclear foci, and undergo
repeat-associated non-ATG (RAN) translation. This disruption
in normal biology has substantial consequences, leading to

Alicia J. Angelbello

Alicia J. Angelbello received her
BS in Chemistry from Villanova
University. She joined the Disney
laboratory in 2015 as a graduate
student where she works on
developing small molecules to
target RNA repeat expansions.

Walter N. Moss

Walter N. Moss is an Assistant
Professor at Iowa State
University whose research
focuses on identifying and
characterizing functional RNA
structures using computational
and experimental approaches.
His long-term goal is to
establish methodological pipe-
lines that facilitate the discovery
of structural motifs with
significance to human health
and disease using innovative
in silico tools, biochemical
and cell/molecular biological
approaches.

Chem Soc Rev Tutorial Review

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
by

 S
cr

ip
ps

 R
es

ea
rc

h 
In

st
itu

te
 o

n 
9/

28
/2

02
0 

6:
20

:5
0 

PM
. 

View Article Online



Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2020

Fig. 1 Overview of RNA structure and its prediction directly from sequence using ScanFold. (A) The primary structure of RNA, i.e., sequence, consists of
four bases; two purines, adenine (A) and guanine (G), and two pyrimidines, cytosine (C) and uracil (U). (B) The secondary structure of an RNA consists of
the non-covalent bonds that form between A and U, G and C, or G and U, bases. These pairings consist of hydrogen bonds and base stacking interactions
which form stems (light green) and are often punctuated with internal loops (blue), bulges (pink), and hairpin loops (dark green). (C) The tertiary structure
of RNA is largely dictated by the base pairs that form the secondary structure. Stems (light green) will form structured A-form helices and internal loops
(blue), bulges (pink), and hairpin loops (dark green) will be less structured, more accessible regions that distort the more rigid helix and offer sites for
trans-acting factors to bind in a sequence specific manner. Here, the dotted black line represents the single strand between the two more structured
hairpins. (D) Identification of structured RNA motifs within the mRNA sequence of MYC via ScanFold. Portions of the MYC mRNA coding region and
30 untranslated region (UTR) are depicted with overlapping ScanFold analysis windows below. In each scanning analysis window, ScanFold calculates
numerous folding metrics including the minimum free energy (MFE), ensemble diversity, and z-scores which are depicted as bar graphs. It is important to
note that a window will be represented by a single bar, but the downstream nucleotides (nt) (corresponding to the window size) are used to predict the
metrics. ScanFold then determines the most stable and significant base pairs and uses them to generate a consensus structure (displayed as an arc
diagram). Regions with highly negative z-scores and low ensemble diversity indicate regions of presumed function, with one (or few) dominating
structures and that may merit further, in-depth analyses: e.g., comparative analysis, additional bioinformatics analyses, functional assays, and structure
probing assays. These techniques can further characterize and validate the biological function of the structured RNA motif.
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disease pathologies that are both common and unique to
different microsatellite disorders.

Collectively, regulation and maintenance of RNA structure is
critically important to sustain normal biology, and identification
of novel functional RNA structures (discussed below) featuring
motifs that can be targeted with SMIRNAs will be critically
important to study RNA’s role in disease for therapeutic benefit.

3. Methods to identify functional RNA
structures via evolutionary
conservation
3.1 Overview of RNA Structure Prediction

An RNA structure is defined by the intramolecular base pairs
which form as the RNA molecule folds back on itself, i.e., by
the helices formed between complementary stretches of RNA.
The composite strength of base pairs in a secondary structure
are relatively strong compared to the weaker interactions that
form an RNA’s tertiary structure. Generally, the formation of
RNA tertiary structure does not alter the underlying secondary
structure and is instead guided by it in a hierarchical manner.
Therefore, the accurate prediction of RNA secondary structure
is highly valuable when defining a RNA’s structured landscape
in order to: (i) generate biological hypotheses about RNA
structure–function relationships; and (ii) identify structured
3D folds within RNA for modulation with SMIRNAs.

When predicting a single secondary structure model for a
given RNA sequence, the most frequently used method is free
energy minimization. This method calculates the most stable
secondary structure (i.e., the structure with the most negative
DG37

!) as evaluated from an underlying set of experimentally-
derived thermodynamic parameters. The key assumption is the
base pairing pattern that yields the most stable minimum free
energy (MFE) secondary structure is also the best representa-
tion of the native fold. The reality of RNA folding is of course
much more complicated in the cellular milieu, where a multi-
tude of 3D conformations can not only exist, but also inter-
convert, depending on environmental factors and external
stimuli. Therefore, the predictions made via free energy mini-
mization methods serve only as a valuable guide for building
hypotheses as to the structured RNA motifs responsible for the
phenotype(s) of interest.

The accuracy of secondary structure prediction by free energy
minimization, however, decreases with sequences 4700 nucleo-
tides (such as mRNAs or viral genomes).6 For example, RNA
folding algorithms performed best when the analyzed sequence
length was restricted to between 100 and 150 nucleotides, thus
limiting the analysis to locally stable RNA regions rather than
calculating the most globally stable structure. Further, free
energy minimization alone cannot clearly define whether a
structured RNA motif is functional.

Recently, tools have been developed to predict structured RNA
motifs throughout the transcriptome.7 These tools consider two
hallmarks of functional RNAs: (i) unusual structural stability; and
(ii) evolutionarily conserved base pairs. These approaches focus

on finding not only well-defined, i.e., stable RNA structures, but
also structured elements that are more stable than expected for
their nucleotide composition (as characterized by the thermo-
dynamic z-score eqn (1)). Further, if a specific RNA structure
is likely to be functional, conservation across homologous
sequences, as indicated by mutations which retain the secondary
structure, should be observed.

z-score ¼ MFEnative # MFErandom

s
(1)

As shown in eqn (1), the z-score compares the MFE of a
sequence within an RNA of interest (MFEnative) to the average
MFE of a set of randomized RNA sequences (MFErandom),
normalized by the standard deviation (SD; s) of the MFE.
That is, a native RNA sequence that is more thermodynamically
stable (lower MFE) than a set of randomized sequences will
yield a negative z-score and be considered to form a stable
structure. The z-score reports the number of SDs the native
MFE is away from the average MFE from random sequences
with similar nucleotide composition.

Indeed, the most reliable tools to date for computational
prediction of functional RNA secondary structures from
sequence7 incorporate these strategies. The Moss Lab has
recently developed a computational method which prioritizes
RNA structural characterization and analysis followed by con-
servation analysis. This method, named ScanFold,8 charac-
terizes the structured landscape of any large RNA sequence
(Fig. 1D and Table S1, ESI†). In brief, ScanFold analyzes RNA
sequences using a scanning window approach and reports the
results of MFE and ensemble-based predictions across the
entire sequence.

Whenever available, the predicted secondary structures are
further validated with RNA structural data obtained from
chemical probing experiments in cells, for example using
dimethyl sulfate (DMS) or selective 20-hydroxyl acylation ana-
lyzed by primer extension (SHAPE).9,10 These chemical probing
reagents react with non-canonically paired or single stranded
nucleotides, modifying the bases in the case of DMS or the
sugar moieties of dynamic nucleotides in the case of SHAPE.
After modification, the RNAs are then analyzed by RNA sequen-
cing (RNA-seq), which requires reverse transcription (RT) and
polymerase chain reaction (PCR) amplification. Reaction of a
nucleotide with a mapping reagent creates a unique signature
during reverse transcription, either by preventing readthrough
resulting in a ‘‘stop’’ or creating a mutation. The reactivity of
each nucleotide with the chemical modifying reagent, or the
extent of mutation or termination of the RT-PCR step, is
calculated as normalized to untreated RNA. Increased reactivity
indicates that the nucleotide is not canonically base paired.
These data can then be used as checks on existing structure
models or used directly during MFE calculations as a constraint
on secondary structure predictions.

Base reactivities from structure probing are calculated and
can be incorporated as constraints during MFE calculations
in programs such as RNAfold11 (which ScanFold utilizes)
or RNAstructure (Table S1),6 and are then cross-referenced
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with ScanFold results. Incorporating such data helps to yield
biologically relevant models of RNA secondary structure(s).
Notably, results from chemical probing experiments must be
carefully controlled and the statistical confidence of the result-
ing data must be calculated, as various artifacts arising from
transcriptional noise, limitations of high-throughput experi-
mentation, and computational analysis errors can generate
erroneous RNA structures.

To date, ScanFold has been applied to several genomes,
including human,12 human immunodeficiency virus type 1
(HIV-1) and Zika virus (ZIKV),8 as well as mRNA sequences
encoding microtubule-associated protein tau (tau)13 and a-synu-
clein (SNCA),14 the results of which are summarized below.

3.2 Validation of ScanFold: structured RNA Motifs within
HIV-1 and ZIKV

The genomes of ZIKV and HIV-1 are composed of positive (+)
sense (protein-coding) single-stranded RNA molecules: 10 807
and 9175 nucleotides (nt) in length, respectively. Their small
genomes are translation-competent and, much like mRNAs, are
composed of coding and non-coding regions, the former flanked
by 50 and 30 UTRs. Because of their relevance to human health,
these viruses have been studied extensively and were each found
to utilize several structured RNA motifs to carry out aspects of
their viral life cycles including replication, packaging, and trans-
lation. Due to the thorough structural and functional character-
ization of these viral RNA structures, the HIV-1 and ZIKV
genomes served as ideal RNA sequences to test ScanFold’s ability
to detect structured RNA motifs.

The ScanFold platform, introduced in Andrews et al.,8 accu-
rately identified all known functional structures from the HIV-1
and ZIKV genomes and revealed additional potentially struc-
tured RNA motifs throughout each. The ideal settings for
detecting known structures in HIV-1 and ZIKV were optimized
in this report (where a window size of 120 nt was found to best
recapitulate known functional models). In a follow-up report, a
detailed description of these settings were described to advise
researchers using ScanFold on how to adjust settings for any
RNA sequence.15 An emphasis was placed on practical usage,
for quick and accurate characterization of an RNA’s overall
landscape of structured motifs. In this follow-up study, it was
also revealed that ScanFold’s characterizations of HIV-1 and
ZIKV agreed with available SHAPE probing data, accurately
characterizing RNA regions as either housing a uniquely struc-
tured RNA motif (where low z-score structures correlated with
unambiguous experimental results and high prediction accu-
racy) or a more dynamic/loose structure (where more positive
z-score motifs correlated to experimental results which allow
more than one structural interpretation and suggest an overall
unstructured nature). These results showed that while Scan-
Fold excels at highlighting potential (and known) structured
RNA motifs, it can also accurately characterize an RNA’s
structural landscape. Importantly, such results can be obtained
quickly, easily, and using only a single sequence to point
investigators towards potentially structured RNA motifs, which
are likely to be biologically relevant.

4. Methods to target functional,
evolutionarily conserved structures
The next challenge is to exploit the discovery of evolutionarily
conserved structures to design small molecules that selectively
recognize them and modulate RNA function. There are at
least three critical factors for the development of SMIRNAs:
(i) exploration of diverse chemical space to identify privileged
chemotypes that selectively bind structured 3D folds within
RNA(s); (ii) complementary exploration of structured RNA 3D
folds within disease-causing RNAs that form well-defined pock-
ets for small molecule ligands; and (iii) development of a
bioinformatic platform that links (i) and (ii) and ultimately
yields bioactive SMIRNAs against disease-causing RNAs.

In order to gather data on the first two key factors, we
developed the selection-based strategy termed two-dimensional
combinatorial screening (2DCS) (Fig. 2).1,16–18 2DCS is a massively
parallel screening method that probes the interaction of small
molecule libraries against libraries of structured RNA motifs
found within cellular RNAs. The library-vs-library screen is per-
formed by covalently immobilizing or absorbing (dubbed
AbsorbArray16) small molecules onto agarose-coated microarrays,
followed by incubation with a labeled library of RNA motifs
(Fig. 2). These RNA libraries contain thousands of structured
RNA motifs in discrete patterns, featuring bulges, hairpins, inter-
nal loops, etc. The screen is performed in the presence of excess
competitor RNAs that mimic regions common to all RNA
library members, DNA and RNA base pairs, and/or tRNAs
(Fig. 2). That is, the screen is completed under conditions of
high oligonucleotide stringency. This screening format can be
performed with structurally related small molecules such that
SAR can be derived or with diverse chemical matter to expand
our understanding of chemotypes that confer avidity and
selectivity for RNA. This experimental approach is highly
advantageous when compared to other small molecule micro-
array (SMM) approaches, which typically screen a single RNA
target at a time.19

RNAs that bind each small molecule are isolated from the
surface of the 2DCS microarray, amplified, and subjected to
RNA-seq analysis (Fig. 2).16 Simultaneously, an aliquot of the
RNA library that was not incubated with the array is also
amplified and analyzed by RNA-seq. The RNA-seq data undergo
a rigorous statistical analysis, named High Throughput Struc-
ture–Activity Relationships Through Sequencing (HiT-StARTS),
where the frequency of each structured RNA 3D fold bound to
the small molecule is compared to the frequency of each
structured motif in the starting library.17 A pooled population
comparison calculates the statistical significance of the enrich-
ment, reported as a Z-score (Zobs) (Fig. 2). We have shown that a
Zobs 4 8 represents an avid RNA motif-small molecule inter-
action and that the relative affinity of the interactions for a
given SMIRNA directly correlates with Zobs.

17 Importantly,
the output of 2DCS and HiT-StARTS are privileged RNA 3D
fold-small molecule interactions, i.e., the RNA affinity land-
scape for each small molecule, which informs ligand design
and potential off-targets (Fig. 2).
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The third key factor to enable the rational design of SMIR-
NAs is a bioinformatic pipeline to link these privileged inter-
actions to structured 3D folds found in evolutionarily conserved
regions of cellular RNAs. Indeed, our lead identification strategy,
Inforna (Table S1, ESI†),20 is this pipeline and has enabled the
design of many bioactive small molecules that target disease-
causing RNAs, as described in Sections 7 and 8.

5. Other methods to identify small
molecules that bind RNA
Various other approaches have been developed to identify small
molecules that bind structured RNA motifs, particularly structure-
based design. As a starting point, structure-based design uses NMR
spectroscopy or X-ray crystallography to generate an ensemble of 3D
structures for an RNA motif either in its free form or in complex
with a small molecule. Then, virtual small molecule libraries can be
docked into this ensemble and predicted hit molecules can be
ranked according to the free energy of binding to the structured
RNA motif. The accuracy of these predictions, however, must
subsequently be validated in vitro using various biophysical
techniques. Indeed, such combined approaches have been
successfully implemented for viral RNAs including the hepatitis
C virus (HCV) internal ribosomal entry site (IRES) and HIV
transactivation response element (TAR) RNA.21

Besides structure-based design, a variety of other high-
throughput screening methods have been employed to identify
small molecules that bind structured RNA motifs. However, in
many cases, such approaches focus on a single RNA target.
That is, a library of small molecules is screened against a single
structured RNA motif at a time, rather than the thousands of
RNA motifs probed in a target agnostic fashion as in 2DCS.
These target-centric methods include SMMs,25 which have been
used to identify ligands that bind the HIV TAR RNA, among
others; fluorescent dye displacement assays or the use of a
small molecule’s intrinsic fluorescence, which was used to
identify small molecules that bind the long noncoding RNA
(lncRNA) metastasis associated lung adenocarcinoma tran-
script 1 (MALAT1);22 or monitoring the change in fluorescence
of RNAs containing fluorescent nucleosides23 or end-labeled
RNA constructs, which identified small molecule binders to a
self-splicing group II intron.

Other emerging high-throughput screening methods for the
identification of small molecules binding structured RNA
motifs include automated ligand identification system (ALIS),
which identifies RNA motif-small molecule binding partners
through affinity-selection mass spectrometry (AS-MS), pattern
recognition,24 SMM,25 and catalytic enzyme-linked click chem-
istry assay (cat-ELCCA), which can be used to screen for small
molecule inhibitors of miRNA processing in vitro through the
use of a system that amplifies chemiluminescence if processing

Fig. 2 Overview of two-dimensional combinatorial screening (2DCS) and Inforna. In 2DCS, a small molecule library is spatially arrayed onto a
microarray, either through covalent attachment or absorption (AbsorbArray). Compounds are then incubated with a labeled RNA motif library, e.g., 3 ! 2
internal loops, containing randomized regions that form structured RNA motifs found in disease-causing RNAs. Unlabeled competitor oligonucleotides
that mimic regions common to all library members, r(AU) and r(GC) base pairs, DNA oligonucleotides, and other RNAs are added to eliminate non-
specific binding. Small molecules that bind RNAs are excised, amplified by RT-PCR, sequenced by RNA-seq, and analyzed by High Throughput
Structure–Activity Relationships Through Sequencing (HiT-StARTS). HiT-StARTS calculates the statistical significance of the enrichment of an RNA in the
selection, reported as a Z-score (Zobs). Selective small molecule-RNA motif interactions generally exhibit Zobs 4 8. These small molecule-RNA motif
interactions and their corresponding Z-scores comprise Inforna. Using Inforna, privileged SMIRNAs can be identified for functionally relevant RNA 3D
folds within disease-causing RNAs, such as miRNAs. In addition to mining for SMIRNAs with favorable affinity landscapes for the RNA target of interest,
Inforna can also predict potential off-target RNAs.
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is inhibited.26 Rational design and a variety of other screening
methods have also been utilized to identify small molecules
that bind RNA repeat expansions.27–29 Extensive reviews of
these methods and the small molecules they identified can
be found in the following ref. 30–32.

6. Target validation methods
Two challenges in identifying high-quality SMIRNAs is confirm-
ing target engagement and quantifying selectivity for the
desired target relative to other RNAs featuring identical, similar,
or disparate structured RNA motifs.1 Therefore, robust target
validation approaches are of key importance to: (i) confirm that
phenotype modulation is a direct cause of the RNA-centric
mechanism of action of the SMIRNA, i.e., confirming cellular
occupancy of the RNA target; and (ii) broadly profile the
selectivity of SMIRNAs in a transcriptome-wide manner. Indeed,
various target engagement methods have been developed and
validated to assess RNA target occupancy in vitro and in cells
including cross-linking and cleavage-based approaches as well
as competition experiments between a SMIRNA and an ASO.1

These methods, discussed in detail below, are imperative to
implement as high-quality SMIRNAs are being developed for
current, as well as emerging, RNA targets.

Chemical Cross-linking and Isolation by Pull-Down (Chem-
CLIP) is a target validation method in which a SMIRNA is
appended with nucleic acid cross-linking (e.g., chlorambucil,
diazirine) and purification (e.g., biotin) modules at positions
that do not affect molecular recognition (Fig. 3).1,33 In cells, the
Chem-CLIP probe undergoes a proximity-induced cross-linking
reaction upon binding a structured RNA motif. Total RNA is
extracted and cross-linked RNAs are isolated and purified by
using the purification module, enriching them in the pulled-
down fraction. The RNA targets of the Chem-CLIP probe are
then identified via RNA-seq or quantitative (q)RT-PCR (Fig. 3).
This method can also be used in a competitive fashion

(C-Chem-CLIP) to confirm the target occupancy of an unmodi-
fied SMIRNA.1 That is, in C-Chem-CLIP, the SMIRNA competes
for binding to the same RNA target as the Chem-CLIP probe,
which prevents crosslinking and therefore decreases enrich-
ment of the RNA target. Additionally, the Chem-CLIP probe can
be used to map binding sites of SMIRNAs in cells via Chem-
CLIP-Map-Seq (Fig. 3).1,33 Here, after cross-linking, the bound
RNAs isolated from cells are reverse transcribed, PCR ampli-
fied, and sequenced. The binding sites of SMIRNAs on RNA
targets can then be identified by deconvolution of RT ‘‘stops’’,
which are proximal to the cross-linking sites.

Complementary to Chem-CLIP is the cleavage-based approach
named small-molecule nucleic acid profiling by cleavage applied
to RNA (RiboSNAP; Fig. 3), which has been used to confirm target
engagement, map binding sites, and profile off-targets of SMIRNAs
in vitro and in cells.1,33 In RiboSNAP, a SMIRNA is appended to a
nucleic acid cleaving module, such as bleomycin A5,34 at a position
that does not contribute to the binding of the SMIRNA to the target
(Fig. 3). Attachment of bleomycin A5 via its primary amino group
has been shown to eliminate off-target DNA cleavage upon amide
bond formation.1 Thus, the bleomycin-SMIRNA conjugate selec-
tively cleaves sequences proximal to the structured RNA motifs
engaged by the SMIRNA. Cellular targets of SMIRNAs are then
identified through RNA-seq or RT-qPCR, where the abundance of
targeted RNAs are reduced as a result of the RiboSNAP probe.
Similarly to C-Chem-CLIP, the competitive version of RiboSNAP,
coined C-RiboSNAP, can also be employed to study the parent
compound (Fig. 3). SMIRNAs that compete with the RiboSNAP
probe for the same RNA binding site will reduce the amount of
cleavage.1 Cellular mapping of binding sites can also be accom-
plished with RiboSNAP probes, or RiboSNAP-Map, using RNA
target-specific RT primers to identify the cleavage site.1

Although both Chem-CLIP and RiboSNAP have been
robustly applied to validate engagement of SMIRNAs with
various RNA targets, both require chemical functionalization
of the SMIRNA, which can involve laborious, multi-step

Fig. 3 Methods to validate the targets of SMIRNAs, to study cellular selectivity, and to map SMIRNA binding sites within an RNA target. Schematics of
target validation techniques for SMIRNAs. In ASO-Bind-Map, unmodified SMIRNAs are used to prevent hybridization of complementary ASOs, thus
preventing cleavage. In Chemical Cross-Linking and Isolation by Pull-Down (Chem-CLIP) and related methods (competitive Chem-CLIP (C-Chem-CLIP)
and Chem-CLIP-Map-Seq), SMIRNAs are functionalized with cross-linking (chlorambucil or diazirine) modules and a purification module (biotin) at
positions that do not affect binding to the intended RNA target. In small molecule nucleic acid profiling by cleavage applied to RNA (RiboSNAP) and its
competitive variant, the SMIRNA is appended with the natural product bleomycin A5.
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synthetic procedures. Therefore, the development of label free
target validation methods that avoid chemical derivatization of
SMIRNAs are highly desirable. As an example, ASO-Bind-Map18

exploits the endogenous activity of RNase H to cleave RNA–DNA
heteroduplexes instead of derivatizing the SMIRNA (Fig. 3). To
validate target engagement and map the binding site of a
SMIRNA using ASO-Bind-Map, ASOs are designed to span the
target RNA binding site such that upon RNA–DNA heteroduplex
formation, RNase H efficiently cleaves the RNA target. If bind-
ing of a SMIRNA, however, thermally stabilizes the RNA bind-
ing site or triggers a conformational change that hinders the
hybridization of an ASO, cleavage will be inhibited, which can
be read out using RT-qPCR or RNA-seq (Fig. 3). ASO-Bind-Map
is advantageous over other reagents that are used to map RNA
structure and determine binding sites, such as DMS and
SHAPE, which require highly resident small molecule interac-
tions that may not be able to inhibit an irreversible reaction
with the chemical modifier. Additionally, the sites that react
with mapping reagents may not overlap with small molecule
binding sites. Collectively, ASO-Bind-Map can confirm the
binding site(s) and selectivity of SMIRNAs, both in vitro and
in cells. However, unlike Chem-CLIP and RiboSNAP, this
method is not target agnostic and cannot be applied across
the transcriptome.

Collectively, the target validation methods presented in this
section offer unparalleled accessibility to assess RNA target
occupancy, profile off-targets, and map binding sites of SMIRNAs
in vitro and in cells. Application of these methods early in the
development of SMIRNAs is key to developing high-quality
chemical probes that modulate disease biology with a defined,
RNA-centric mode of action.

7. Targeting disease-causing RNAs
with SMIRNAs, enabled by Inforna
Structured RNAs have long been linked to disease,5 making
them ideal targets for novel SMIRNAs. For example, dysregula-
tion of miRNA expression has been linked to cancers of the
lung, prostate, and breast, cardiovascular disease, inflamma-
tory disorders, and liver disease.35 Additionally, neurotoxic
proteins such as SNCA14 and tau13 are encoded by pre-mRNAs
featuring unique 3D structured RNA motifs, further substan-
tiating the therapeutic potential of targeting disease-causing
RNAs with small molecules. Our lead identification strategy,
Inforna,20 can be utilized to assess the ligandability of these
disease-relevant RNA 3D folds and rapidly identify privileged
SMIRNAs that target these structures and affect disease biology.

7.1 The RNA structurome of human miRNA precursors

As mentioned above, miRNAs regulate a myriad of biological
processes and their dysregulation triggers a wide variety of
human diseases.35 Thus, they are an important class of emer-
gent therapeutic targets. Fortuitously, miRNA precursors fold
into accurately predicted structures, forming well-defined struc-
tured 3D folds that can be recognized by small molecules.

Indeed, blocking miRNA processing sites could directly inhibit
miRNA biogenesis, i.e., reduce mature miRNA levels, and con-
sequently deactivate signaling pathways modulated by mature
miRNAs.

Liu et al.,36 cataloged all structured motifs formed by human
miRNA precursor hairpins in an effort to enable lead design by
Inforna (Table S1, ESI†). Over 7000 motifs were cataloged,
among which small loops, such as 1-nucleotide bulges and
1 ! 1 internal loops, were highly represented. These bulges and
loops featured various closing base pairs, increasing the overall
diversity of structured RNA motifs within the miRNome and
hence the ensemble of 3D folds amenable to SMIRNA targeting.

Further, 752 unique functional RNA motifs within Dicer
(n = 451) and Drosha (n = 301) processing sites were reported.
Among these, only 10 were identified in other highly expressed
human RNAs (potential off-targets), rendering the remaining
motifs highly valuable as SMIRNA binding sites. That is, there
are a plethora of well-defined structured RNA motifs present
within the Drosha and Dicer processing sites of miRNAs that
could be selectively targeted with SMIRNAs. Access to this
database of motifs present within human miRNA hairpin
precursors is accessible upon request (Table S1, ESI†).

7.1.1 Small molecules that recognize the 3D fold of onco-
genic pri-miR-96. In the inaugural study to validate Inforna as a
lead identification strategy, we compared the structured 3D
folds in all human miRNA hairpin precursors to our database of
privileged RNA fold-small molecule interactions.20 The hits
were further refined by disease-association and requiring the
small molecule to occupy the Drosha or Dicer processing site.
We studied each potential interaction in cells by measuring
reduction of mature miRNA levels, affording a hit rate of 44%.

The optimal interaction from this query, as defined by
inspection of affinity landscapes, was between the Drosha site
of pri-miR-96, 50U"UU/30A"UA (1 ! 1 UU internal loop), and
monomeric compound 96-SM1 (Fig. 4A). We therefore studied
the effects of 96-SM1 in more detail, confirming compound
mode of action (inhibition of Drosha processing), de-repression
of the downstream pro-apoptotic transcription factor Forkhead
box protein O1 (FOXO1), and induction of apoptosis. Impor-
tantly, knock down of FOXO1 by an siRNA reduced 96-SM1’s
activity, providing further evidence that the observed rescue of
phenotype is through the miR-96-FOXO1 circuit. Additional in
cellulis selectivity studies via miRNA profiling by RT-qPCR of
detectable miRNAs showed that 96-SM1 significantly affected
only miR-96 levels and was as selective as an ASO antagomiR.

Although 96-SM1 inhibited miR-96 levels in cells, its cellular
potency (IC50 of B20 mM) was not sufficient for in vivo studies.
Numerous examples, including this study, have shown that
covalently linking monomeric units targeting adjacent struc-
tured RNA motifs increases binding affinity and potency.1

We therefore used Inforna to identify SMIRNAs that engage
motifs adjacent to pri-miR-96’s Drosha site. This search yielded
a small molecule binder 96-SM2 (Fig. 4A) of a nearby 50C"GA/
30U"GG (1 ! 1 GG) internal loop.37 Linking 96-SM1 and 96-SM2
via a peptoid linker afforded dimeric compound Targaprimir-
96 (in which ‘‘Targa’’ indicates targets and ‘‘primiR-96’’
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indicates pri-miR-96; TGP-96) (Fig. 4A). Notably, the optimal
length of the peptoid linker was experimentally determined to
mimic the precise distance between the Drosha site and the 1 !
1 GG internal loop.37 Indeed, TGP-96 bound B40-fold more
tightly to pri-miR-96 than 96-SM1 and B30-fold more avidly than
96-SM2. In a triple negative breast cancer (TNBC) cell line, MDA-
MB-231, TGP-96 decreased mature miR-96 levels and increased
levels of pri-miR-96, as a result of inhibiting Drosha processing at
a dose of 50 nM.37 As expected, TGP-96 also boosted levels of
FOXO1 and triggered apoptosis, but at an 800-fold lower
concentration. Importantly, in this study direct target engagement
of pri-miR-96 by TGP-96 in cells was demonstrated using both
Chem-CLIP and C-Chem-CLIP. The TGP-96 Chem-CLIP probe was
used in a follow-up study to map the exact binding site of TGP-96
within pri-miR-96, the Drosha binding site, which was further
validated by RiboSNAP-Map.

Fortuitously, TGP-96 has a favorable drug metabolism and
pharmacokinetic profile. In vivo studies using NOD/SCID mice
injected with MDA-MB-231 cells to form breast tumors showed
that TGP-96 (10 mg kg"1) reduced tumor growth by inhibiting
miR-96 biogenesis and increasing FOXO1. Collectively, these
studies validated Inforna as a lead identification strategy,
utilizing primary RNA sequence to mine small molecules
targeting structured 3D folds within disease-causing miRNA.
This approach allows for the subsequent modular assembly
of identified small molecules to improve the potency
and selectivity of SMIRNAs. Ultimately, Inforna provides
the means of directly connecting structured 3D folds with
privileged small molecule interactions. Moreover, Inforna’s
SMIRNA predictions readily translate into biological activity
in disease-relevant cell lines as a result of the RNA-centric
mode of action.

Fig. 4 Using Inforna to identify SMIRNAs targeting disease-causing miRNAs. (A) Schematic representation of miRNA biogenesis, where SMIRNA binding
can inhibit processing by binding to either Drosha or Dicer sites and thereby reduce the levels of the mature miRNA. Reduction of mature miRNA levels
results in decreased translational inhibition of target mRNAs by the RNA-induced silencing complex (RISC). Thus, SMIRNA inhibition of miRNA biogenesis
derepresses the miRNA’s protein targets, resulting in phenotype modulation. Structure of pri-miR-96 and chemical structures of monomeric compounds
96-SM1 and 96-SM2 that target 1 ! 1 GG and UU internal loops (blue and orange, respectively) in the Drosha processing site. Covalent attachment of
96-SM1 to 96-SM2 via a peptoid linker yields dimeric compound TGP-96, a more potent and selective SMIRNA compared to the monomeric units.
Indeed, TGP-96 decreases tumor burden in a mouse xenograft model. (B) Secondary structure of pre-miR-210 and chemical structure of TGP-210,
which targets a 1 ! 1 CC internal loop in the Dicer processing site (highlighted in purple). (C) Secondary structure of pri-miR-885 and pri-miR-515, with
the Drosha processing sites highlighted in blue and the adjacent 50U"CA/30A"UU motif present in pri-miR-515 highlighted in orange. The chemical
structures of monomeric TGP-515/885 and dimeric compound TGP-515 are also shown. TGP-515 is an example of a potent and selective SMIRNA,
generated by simultaneously targeting two 1 ! 1 CU internal loops near the Drosha processing site.
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7.1.2 A small molecule that recognizes the 3D fold of
oncogenic pre-miR-210. One clinical feature of difficult to treat
and aggressive cancers is hypoxia, a reduction in normal levels
of tissue oxygenation. Tumors with hypoxia exhibit increased
resistance to radiation and chemotherapy and are associated
with increased invasion. Thus, modulation of hypoxia-
associated pathways is an important therapeutic target. MiR-
210 is key to adaption to a low oxygen environment, and its
expression under hypoxia is upregulated by hypoxia inducible
factors (HIFs), as has been demonstrated in oxygen depleted
solid tumors. At the molecular level, miR-210 represses glycerol-
3-phosphate dehydrogenase 1-like (GPDL1), which leads to
suppression of prolyl hydroxylase (PHD).38 Under normoxic
conditions, PHD hydroxylates proline residues in HIF-1a,
preventing its interaction with HIF-1b, therefore blocking
the formation of the HIF-1a/HIF-1b heterodimer, which
functions as a turn-on switch for genes that contribute to
metastasis. Thus, suppression of PHD due to elevated levels of
miR-210 enables adaptation and metastasis of cancer cells.38

In MDA-MB-231 TNBC cells, miR-210 levels are upregulated
significantly under hypoxic conditions compared to normoxic
conditions.

Inforna identified a SMIRNA, Targapremir-210 (TGP-210;
Kd B 200 nM), that targets the Dicer processing site of pre-
miR-210, which features a 50A!CU/3 0A!CU (1 " 1 CC) internal
loop (Fig. 4B).39 TGP-210 inhibited pre-miR-210 processing by
Dicer in vitro and in MDA-MB-231 TNBC cells (IC50 B 200 nM),
as demonstrated by decreased levels of mature miR-210 and
increased levels of pre-miR-210 and upon compound
treatment.39 As a result of inhibiting miR-210 biogenesis, levels
of GPDL1 mRNA were increased, HIF-1a mRNA levels were
decreased, and apoptosis was triggered selectively in hypoxic
MDA-MB-231 cells.38 That is, TGP-210 modulated the hypoxic
miR-210-HIF-1a axis via GPDL1. Microarray analysis of all
human miRNAs revealed that TGP-210 was selective, similar
to a miR-210-targeted antagomiR. Chem-CLIP and C-Chem-
CLIP studies showed direct target engagement of both the
TGP-210 Chem-CLIP probe and TGP-210 itself.39 In particular,
the Chem-CLIP probe selectively enriched miR-210, and this
enrichment was depleted by addition of TGP-210. As a further
measure of selectivity, the enrichment of other miRNAs that
have motifs recognized by TGP-210 as predicted by Inforna, or
RNA isoforms, was also measured. Of these 15 RNA isoforms,
only miR-497 contained the same 1 " 1 CC internal loop as
miR-210, while the other 14 isoforms featured motifs with
weaker affinity for TGP-210. Of these 15 miRNAs, the TGP-
210-Chem-CLIP-probe only enriched four, including miR-497;
however, they were enriched to a lesser extent than miR-210 as
they bind TGP-210 less avidly or were expressed less
abundantly.39 Importantly, TGP-210 did not inhibit the biogen-
esis of these enriched miRNAs despite engaging them in cells
because binding did not occur in a functional, i.e., Dicer or
Drosha processing, site and/or these miRNAs were less abun-
dant and contained weaker affinity motifs. Further, TGP-210
treatment decreased tumor burden in vivo using a NOD/SCID
mouse model of hypoxic breast cancer.

Taken together, the study elucidated important insights into
SMIRNAs targeting structured RNA motifs. For example, a
SMIRNA must engage a functional RNA motif (Dicer site in
the case of TGP-210; or Drosha site in the case of TGP-96)
within the disease-causing miRNA, and selectivity can be
obtained if the target miRNA is expressed at sufficiently higher
levels than potential off-targets.

7.1.3 Small molecules that recognize the 3D fold of pri-miR-
515, a miRNA with a pivotal role in cell signaling. Fortuitously
for miR-210, potential off-target liabilities were ameliorated
because their small molecule binding sites occurred outside
of processing sites, however, this is unlikely to be the case for
other RNA targeting endeavors, which begs the question of how
to selectively target one RNA over another if they harbor the
same motif in a functional site. A case study of pri-miR-515
and pri-miR-885 sought to provide a general solution to this
problem. The two miRNAs have similar loops in their Drosha
binding sites, 50U!CA/30AUU (miR-515) and 50U!CU/30A!UA
(miR-885), that bind with similar affinity to a small molecule
identified by Inforna, Targaprimir-515/885 (TGP-515/885)
(Fig. 4C). Further, the processing of both is inhibited to a
similar extent in MCF-7 cells.20

In order to selectively target miR-515 over miR-885, Costales
et al.,40 employed a modular approach to exploit the differences
in the two miRNAs’ 3D folds. In particular, pri-miR-515 features
an adjacent 50U!UC/30G!CG loop not present in pri-miR-885
(Fig. 4C). We therefore used Inforna to identify a small mole-
cule lead for this loop. Tethering the two RNA-binding modules
via a linker of precise length afforded Targaprimir-515 (TGP-
515) (Fig. 4C). As compared to TGP-515/885, TGP-515 was
B250-fold more avid and 43200-fold more selective in vitro,
validating the modular assembly strategy to bolster binding
affinity and selectivity.40 Interestingly, TGP-515 did not bind an
RNA with only a singular binding site. This effect can be traced
in part to TGP-515’s self-structure, acting as a stringency clamp.
The increased avidity and selectivity observed in vitro translated
in cellulis, where TGP-515 inhibited biogenesis of miR-515,
reducing mature levels and boosting pri-miRNA levels, while
not affecting miR-885.40 This selectivity was widespread across
the miRNome, as determined by RT-qPCR profiling of all
miRNAs detectable in MCF-7 cells.40

A key downstream target of miR-515 is sphingosine kinase
1 (SK1) protein that synthesizes sphingosine 1-phosphate (S1P), a
second messenger involved in migration. As expected, inhibition
of pri-miR-515 by TGP-515 increased levels of both SK1 and S1P.
Further, the compound’s effect was reduced by both an siRNA
directed at SK1 mRNA and a small molecule inhibitor of SK1,
validating the compound’s mode of action. A proteome-wide
study upon TGP-515 treatment revealed that human epidermal
growth factor receptor 2 (HER2) was significantly upregulated.
Interestingly, MCF-7 cells are HER2-negative, and these results
suggest that they may be sensitized to treatment with anti-HER2
precision medicines. Indeed, TGP-515 sensitized MCF-7 cells to
Herceptin. In conclusion, this study provided a general strategy to
lead optimize a dual-targeting SMIRNA into a single-target,
selective compound.
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7.2 Targeting the IRE within the 5 0 UTR of SNCA mRNA with
Synucleozid

7.2.1 Prediction of RNA structural motifs within SNCA
mRNA that encodes an IDP. SNCA, or a-synuclein, is a critical
component in the pathogenesis of Parkinson’s disease and
belongs to a class of genes defined as producing intrinsically
disordered proteins (IDPs), meaning the proteins do not form
well-defined tertiary structures. Therefore, SNCA, as well as
other IDPs, do not feature defined pockets that can accommo-
date small molecules. The RNAs encoding these proteins,
however, could contain structured RNA motifs more amenable
to small molecule targeting, therefore providing a viable ther-
apeutic alternative. Indeed, the SNCA mRNA contains various
structured RNA motifs within its 50 UTR, known as an iron-
responsive element (IRE), whose secondary structure was found
to be targetable by a small molecule, thus altering protein
translation.14

ScanFold was used by Zhang et al.,14 to define the structured
motif landscape of all human mRNAs encoding IDPs, including
SNCA. In this case, ScanFold results were used to determine if
these mRNAs were particularly enriched for unusually stable
structures (leading to lower average z-scores across the entire
mRNA sequence). While IDP-encoding mRNAs overall did not
appear to be any more enriched with unusually stable structures
than the average mRNA, for each IDP mRNA that was scanned,
there was at least one region which contained well-defined,
structured RNA motifs. The important finding of ScanFold’s

results was that structure-less IDPs are produced from intrinsi-
cally structured mRNAs, opening up new therapeutic modalities
for diseases caused by IDPs. In the SNCA mRNA, for example,
36% of its 3,167 nt contribute to structures that generate
significantly low z-scores. These nts are organized into many
new structured motifs, beyond the known IRE structure that was
recently targeted by Zhang et al.14

7.2.2 Targeting the SNCA IRE to selectively inhibit transla-
tion. SNCA is an IDP involved in Parkinson’s disease (PD) that
contributes to neurotoxicity by accumulating in Lewy bodies.
Thus, lowering SNCA protein levels, by preventing its transla-
tion, could mitigate neurotoxicity in PD. Since SNCA protein is
difficult to target, an alternative method to reduce protein levels
is to target SNCA mRNA and inhibit translation. Fortuitously,
the 50 UTR of SNCA mRNA contains a structured IRE that
directly modulates protein production as a function of iron
levels via iron regulatory protein (IRP). Using Inforna, a small
molecule named Synucleozid (Fig. 5) was identified to bind the
50!GG/30C!AU A bulge in the IRE, along with other SMIRNAs.14

Only Synucleozid reduced SNCA protein levels in cells without
affecting SNCA mRNA expression, and this reduction conferred
cytoprotection against cell death caused by aggregation of pre-
formed a-synuclein fibrils. Furthermore, selective inhibition of
translation was observed as the compound did not affect the
translation of other mRNA sequences featuring IREs with different
structures in their 50 UTRs, such as amyloid precursor protein
(APP) and prion protein (PrP).

Fig. 5 Mining Inforna to identify Synucleozid, which targets the iron responsive element (IRE) within a-synuclein’s (SNCA) mRNA and inhibits translation
in cellulis. The 50 UTR of SNCA mRNA sequence contains ligandable structured RNA motifs within the IRE (highlighted in orange and blue). Mining Inforna
for small molecules targeting these RNA motifs yielded potential candidates, the most potent of which named Synucleozid binds to the
50G_G/30C!AU A-bulge of the IRE. Among the 3300 proteins detectable in the proteome-wide analysis, only B8% were significantly down- or
upregulated (p-value o 0.01) upon treatment with Synucleozid (1.5 mM). Various proteins involved in the oxidative phosphorylation pathway, such as the
mitochondrial ATP synthase subunit beta (ATP5B), NADH dehydrogenase [ubiquinone] iron–sulfur protein 3 (NDUFS3), cytochrome c oxidase subunit
6B1 (COX6B1), succinate dehydrogenase [ubiquinone] flavoprotein subunit (SDHA), and cytochrome b-c1 complex subunit 6 (UQCRH), were down-
regulated upon Synucleozid treatment. RNA-sequencing (RNA-seq) analysis revealed limited off-target effects transcriptome-wide (99.7% of the
differentially expressed genes were unchanged) following treatment with Synucleozid. Note: Synucleozid has no effect on SNCA RNA levels as its mode
of action is binding the RNA and inhibiting its translation.
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Target engagement was demonstrated and the exact binding
site of Synucleozid was defined both in vitro and in cells using
ASO-Bind-Map.14 Careful design of ASOs spanning SNCA’s IRE
confirmed that Synucleozid targets the 50!GG/30C!AU structural
motif both in vitro and in cells. Optical melting experiments
showed that Synucleozid thermally stabilizes the IRE. Cellular
mechanistic studies demonstrated that Synucleozid selectively
inhibited SNCA’s translation via this stabilization, which alters
ribosomal loading. Furthermore, proteome- and transcriptome-
wide studies showed that Synucleozid exhibited favorable selec-
tivity at both the protein and RNA levels (Fig. 5).

Importantly, transcriptome-wide analysis of mRNAs that
encode IDPs revealed that each has structured RNA motifs that
could be targeted with small molecules.14 Collectively, these
studies demonstrate the potential for targeting proteins with
poorly defined tertiary structure at the level of their structured
coding mRNAs.

7.3 Targeting MAPT pre-mRNA with SMIRNAs

7.3.1 Prediction and validation of structured RNA motifs
within tau’s pre-mRNA. Tau protein, encoded by MAPT, stimu-
lates microtubule assembly and stability, with different iso-
forms playing roles in cytoskeletal plasticity and stability.
Differential expression of tau isoforms in the nervous system
is involved in the establishment and maintenance of neuronal
polarity. Not surprisingly, dysregulation of tau levels, as a result
of mutations, leads to several neurodegenerative disorders,
collectively termed tauopathies, including Alzheimer’s and
Parkinson’s diseases. They are marked by the aberrant deposi-
tion of protein into tau inclusion bodies leading to deleterious
phenotypes such as neurodegeneration. As there are currently
no effective therapeutics for tauopathies, likely due to the fact
that tau is an IDP, the selective reduction of tau levels provides
a viable therapeutic option.

Chen et al.,13 applied ScanFold to tau’s pre-mRNA sequence
to explore the existence of structured RNA motifs that may be
functionally relevant, and potentially targetable with SMIRNAs
(Fig. 6A). Novel structured RNA motifs were discovered, espe-
cially at exon–intron junctions and within the 50 and 30 UTRs.
Twenty structured RNA regions were predicted at the exon–
intron junctions. The 50 UTR contained a single predicted
region that overlaps a known IRES, while the 30 UTR contained
eight structured regions. Additional analyses of these struc-
tured RNA motifs via luciferase reporters showed their ability to
affect stability and splicing of the tau pre-mRNA. In conclusion,
ScanFold successfully identified previously validated structured
RNA motifs within tau’s pre-mRNA and predicted additional
motifs that could be targeted with SMIRNAs.

7.3.2 Targeting the tau exon 10-intron junction. RNA struc-
tures at exon–intron junctions can direct the alternative splicing
of the MAPT (tau) gene. For example, a mutation at the exon 10-
intron junction (+14C 4 U) causes frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17) by destabiliz-
ing the RNA’s structure (Fig. 6B).41 This destabilization enables
increased binding of U1 small nuclear RNA (snRNA) and increases
exon 10 inclusion (Fig. 6B). This inclusion leads to over-

production of an mRNA encoding four microtubule domains,
or 4R tau, which is aggregation-prone and contributes to the
progression of neurodegenerative diseases (Fig. 6B). Thus, one
therapeutic strategy is to stabilize the RNA structure at the exon–
intron junction with a SMIRNA by targeting a structured RNA
motif. Although various studies identified small molecules that
indeed stabilize the junction, in vitro binding did not translate to
rescue of aberrant tau splicing observed in FTDP-17.42

Recently, drug-like small molecules were identified that
bind an A bulge, 50C!AG/30!CG, present in the exon 10-intron
junction, that rescued endogenous tau splicing in the human
neuroblastoma cell line Lan5 and in primary neurons from an
hTau transgenic mouse model (Fig. 6B).43 These small molecules
were designed from a previously Inforna-derived compound and
by analysis of chemotypes that confer RNA-binding capacity as
determined from the Inforna database.43

Particularly, these studies were initiated by searching for
chemically similar small molecules related to the substituted
2-phenyl-1H-indole-derived compound discovered via Inforna.
We were able to determine the structure of a potent compound,
SMIRNA1, that bound to the exon 10-intron junction and
reduced exon 10 inclusion in a cell-based reporter of exon
10 splicing (Fig. 5B). The free and bound RNA structures
revealed that the A bulge was dynamic, and its conformation
changed upon SMIRNA1 binding. These observations enabled a
facile, high-throughput binding assay in which the A bulge was
replaced with the nucleobase 2-aminopurine (2-AP), the fluores-
cence emission of which changes with its microenvironment,
i.e., stacked or unstacked in a helix. We used this assay as well
as a cell-based reporter and docking to identify three new
scaffolds from chemical libraries.

As SMIRNA1 was unlikely to be blood–brain barrier (BBB)
penetrant, two different hit expansion strategies were employed
to identify potent SMIRNAs with favorable physiochemical
properties for BBB penetrance, as determined from Central
Nervous System Multiparameter Optimization (CNS-MPO)
scores.44 CNS-MPO scores quantify favorable physicochemical
properties for BBB penetrance, each on a scale from 0–1.
These properties include: lipophilicity (clog P), distribution
coefficient at pH 7.4 (clog D), molecular weight (MW), topo-
logical polar surface area (TPSA), number of hydrogen bond
donors (HBD), and pKa values. The scores for each parameter
are then summed; a CNS-MPO score Z4.0 is considered
promising for BBB penetrance.44 Applying this CNS-MPO score
criterion early in the lead identification and optimization
process increases chances of success for developing CNS
clinical candidates.

In one method, a pharmacophore model was generated from
SMIRNA1 and chemically similar compounds that rescued spli-
cing in a cellular model. In the second hit expansion method,
4500 analogs of the three new scaffolds were studied, selected
based on their structural similarity and CNS-MPO scores. Of
these, SMIRNA2 (Fig. 6B) was the most optimal with enhanced
cellular potency and improved physiochemical properties.
Indeed, SMIRNA2 rescued aberrant endogenous exon 10 splicing
in Lan5 cells and in primary neurons from an hTau transgenic
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mouse model. Importantly, target engagement studies of
SMIRNA2 via Chem-CLIP demonstrated that it directly and
selectively engaged tau pre-mRNA, as RNAs containing other
bulge motifs, such as mRNAs with IREs that regulate translation
and miRNAs with the same A bulge, were not enriched. Thus,
Inforna can be integrated with traditional medicinal chemistry
strategies for the facile lead optimization of drug-like SMIRNAs
with improved physiochemical properties.

8. Emerging modalities for targeted
degradation of disease-causing RNAs
The studies described above demonstrate the power of Inforna,
in concert with computational methods to predict evolutionarily
conserved and structured RNA motifs, to design small mole-
cules that modulate RNA function, provided the SMIRNA binds
to a functional site. There is ongoing interest, however, to

Fig. 6 RNA structure prediction and design of SMIRNAs that target structured RNA motifs within tau’s pre-mRNA. (A) Secondary structure prediction via
Scanfold of microtubule associated protein tau’s (MAPT) pre-mRNA sequence. The MAPT pre-mRNA is depicted with 50 and 30 UTRs (blue regions),
introns (solid, black lines), and exons (yellow regions), along with its chromosomal location (chr17: 45,894,382-46,028,334). The 5 0 UTR contains a single,
large, structured region that encompasses a known internal ribosome entry site (IRES). ScanFold predicted structured RNA motifs, depicted as hairpins, at
exon–intron junctions throughout the MAPT pre-mRNA. These structures are expected to affect which regions are effectively spliced out of the final
mRNA product. In the 30 UTR, eight structured regions were predicted and presumed to confer regulatory effects on mRNA processing. (B) A mutation in
MAPT exon 10 (+14C 4 U, green box around GU pair) destabilizes a splicing regulatory element (SRE) at the exon 10-intron junction, resulting in
increased inclusion of exon 10 and increased production of 4R tau. This form of tau is prone to aggregation, triggering neurotoxicity. Chemical similarity
searching identified SMIRNA1 that binds the A bulge of the exon 10-intron hairpin (highlighted in purple). Further optimization of SMIRNA1 yielded
compound SMIRNA2 with improved properties. Both compounds stabilize the SRE’s RNA structure at the exon 10-intron junction, consequently
increasing production of 3R tau and reducing production of the aggregation-prone 4R form.
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develop new strategies to target any RNA, particularly if a
functional site has not yet been identified or validated. Here,
we describe two such strategies that employ degradation
and cleavage, rather than simple binding, of the RNA target:
(i) nuclease recruitment; and (ii) direct cleavage by conjugation
of bleomycin A5 to SMIRNAs.1 These cleavage modes of action
remove the requirement of the SMIRNA to occupy a functional
site as they rid the cell of the RNA altogether. In many cases,
discussed below, these small molecule degraders and cleavers
are more potent and selective than the occupancy-driven com-
pounds from which they are derived.3

8.1 Targeted degradation via recruitment of RNase L

Ribonuclease targeting chimeras (RIBOTACs) hijack the cell’s
endogenous machinery of quality control and degradation
pathways to degrade RNA targets selectively.3,45 RIBOTACs are
bifunctional, i.e., chimeric compounds, in which one compo-
nent binds a structured RNA 3D fold and the other locally
recruits endogenous RNase L to the RNA target.3,45 In inaugural
studies, the RNase L recruiting module was based on RNase L
endogenous activator, 20-50poly(A),45 but more recently has
been replaced with a small molecule heterocycle.3

A RIBOTAC was recently developed to target oncogenic miR-
21 in cells and in vivo (Fig. 7A). MiR-21 is overexpressed in
various types of cancers, and its expression negatively correlates
with survival rate in triple negative breast cancer. The RIBOTAC
is built on Targapremir-21 (TGP-21), a dimer that binds pre-
miR-21’s Dicer site and an adjacent U bulge simultaneously
(Fig. 7A).3 TGP-21 bound pre-miR-21 with B20-fold greater
affinity than the monomer from which it was derived 21-SM
(Kd = 20 mM for 21-SM and 1 mM for TGP-21). Treatment of
MDA-MB-231 TNBC cells with TGP-21 reduced mature miR-21
levels and did so selectively across the miRNome, as assessed
by miRNA profiling.3 Moreover, the expression levels of phos-
phatase and tensin homolog (PTEN) and programmed cell
death protein 4 (PDCD4), downstream targets of miR-21,
increased by B50% upon TGP-21 treatment, ultimately leading
to reduced invasion of MDA-MB-231 cells.3

To increase potency, TGP-021 RIBOTAC was synthesized by
conjugating TGP-21 to a heterocyclic small molecule that
recruits RNase L (Fig. 7A).3 This RIBOTAC was more potent
than TGP-21 in cellulis, as assessed by three different metrics:
the IC50 for reducing levels of mature miR-21 (IC50 B 0.05 mM
for TGP-21 RIBOTAC vs. 1 mM for TGP-21),3 boosting PTEN and
PDCD4 levels, and rescuing phenotype (invasion). This
improved potency can be traced at least partially to TGP-21
RIBOTAC’s substoichiometric cleavage, degrading 26 mole-
cules of pre-miR-21 per RIBOTAC molecule. Notably, cleavage
was RNase L-dependent as indicated by both gain- and loss-of-
function studies. Both miRNome- and proteome-wide studies
showed that TGP-21 RIBOTAC is indeed selective.

Comparing the biological activity of TGP-21 and TGP-21
RIBOTAC allowed for direct evaluation between the two modes
of action, event-driven RNA degradation of RIBOTACs vs.
occupancy-driven binding of SMIRNAs. Treatment with TGP-
21 RIBOTAC exhibited a faster, more active and prolonged

reduction of miR-21 levels as compared to TGP-21. The selec-
tivity of TGP-21 (dimer binder), 21-SM (monomeric ligand), and
TGP-21 RIBOTAC were compared by calculating Gini coeffi-
cients from miRNome-wide profiling studies. Gini coefficients
range in value from 0 to 1, indicating a non-selective and an
exquisitely selective compound, respectively.46 A Gini coeffi-
cient considers the percent inhibition of each target analyzed
by a small molecule, ranking the targets by the corresponding
percent inhibition; that is selectivity is not scored relative to
a particular target, rather over the entire target population.
We point the reader to ref. 46 for details about how Gini
coefficients are calculated. Generally, a compound is consid-
ered selective if the Gini Coefficient 40.75. Our studies showed
that selectivity can be improved by multivalency as the Gini
Coefficients for 21-SM and TGP-21 are 0.52 and 0.68, respec-
tively. Selectivity can be further improved by converting a
simple binding compound into a nuclease-recruiting probe,
as the Gini Coefficient for TGP-21 RIBOTAC is 0.84.

Importantly, in a mouse model of breast cancer metastasis,
TGP-21 RIBOTAC inhibited metastasis to lung, quantified by
reduction of lung nodules. This reduction was due to dimin-
ished levels of pre- and mature miR-21 and increased expres-
sion of PDCD4, validating the RNA-centric mode of action of
TGP-21 RIBOTAC in vivo.

This study highlighted the comparison of two modes of
action that affect cellular levels of mature miR-21. On one hand,
occupancy-driven pharmacology exhibited by 21-SM (monomer)
and TGP-21 (dimer) reduced mature miR-21 levels by interfering
with the Dicer processing of pre-miR-21. On the other hand, a
more potent and selective biological activity was achieved via
event-driven pharmacology exhibited by RNA degrader TGP-21
RIBOTAC, as a result of degradation of pre-miR-21. Therefore,
converting SMIRNAs to RIBOTACs increases potency and selec-
tivity in cells, resulting in a more rapid, effective, and prolonged
pharmacological effect in cells and in vivo. Interestingly, the
catalytic nature of RIBOTACs and its prolonged effect suggest
that ideal, or even perhaps very good pharmacokinetic (PK)
properties might not be required to observe a therapeutic effect.

8.2 Direct cleavage of RNA targets by SMIRNAs conjugated to
bleomycin A5

Another method to ablate RNA is direct cleavage through
conjugation of bleomycin A5, a natural product known to cleave
nucleic acids, to a SMIRNA. Through attachment of a SMIRNA
at the C-terminal primary amine of bleomycin A5, DNA cleavage is
reduced such that off-target DNA cleavage does not occur
at concentrations required to cleave the desired RNA target.47 This
bleomycin-SMIRNA conjugation strategy has been used to cleave
RNA repeats in cells33 and in vivo47 and various miRNAs in cells.

In one recent example, a bleomycin-conjugated SMIRNA was
used to affect the biology of an entire oncogenic miRNA cluster
through cleavage.48 The pri-miR-17-92 cluster is upregulated in
various cancers and polycystic kidney disease with the mature
miRNAs acting synergistically in some diseases.49 Thus, a method
to simultaneously affect all six miRNAs within the 17-92 cluster
could be advantageous. Interestingly, three of the miRNAs share a
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common Dicer site, 50!GU/30C!UA: pre-miR-17, pre-miR-18a, and
pre-miR-20a (Fig. 7B). Pre-miR-17 and pre-miR-20a also share an
adjacent G bulge, while pre-miR-18a contains an A bulge (Fig. 7B).
Inforna identified a small molecule, SMIRNA3, that binds all
three bulges with 30 mM affinity (Fig. 6B). A homodimer,
SMIRNA4, was created to target the two bulges simultaneously
(Fig. 7B).48 As a simple binding compound, SMIRNA4, inhibited
the biogenesis of the three miRNAs in TNBC, prostate cancer,
and polycystic kidney disease cells. Interestingly, cellular target
engagement studies, revealed that SMIRNA4 bound both
pri-miR-17-92 and pre-miR-17, pre-miR-18a, and pre-miR-20a,

in agreement with its cellular localization. The dimer de-
repressed the corresponding downstream protein in each dis-
ease model and rescued phenotype in the two systems in which
it was studied (breast and prostate cancer).

Since the occupancy-driven compound demonstrated on-
target activity and rescued disease-associated molecular defects
in an RNA-centric manner, it was an excellent candidate to
employ the direct cleavage approach by conjugation to bleomy-
cin A5, which would allow for the ablation of the entire cluster
(Fig. 7B). Indeed, not only did the SMIRNA-bleomycin A5 conjugate,
SMIRNA4-bleo, reduce levels of all six mature miRNA in the pri-miR-

Fig. 7 Developing SMIRNAs into chimeric probes that degrade and cleave disease-causing miRNAs. (A) Inforna identified 21-SM that targets the Dicer
processing site within pre-miR-21 (highlighted in blue). From monomeric 21-SM, the dimeric compound TGP-21 was generated to target the Dicer
processing site and an adjacent bulge (highlighted in orange). A RIBOTAC probe (TGP-21 RIBOTAC) was then synthesized by appending dimeric
compound TGP-21 with a small molecule that recruits endogenous RNase L. TGP-21 RIBOTAC more potently and selectively inhibits mature miR-21
levels as a result of the selective RNase L-mediated degradation of pre-miR-21. (B) Inforna identified SMIRNA3 that binds structured RNA motifs
(highlighted in green, blue and orange), within the Dicer sites of pre-miR-17, -18a, and -20a in the miR-17-92 cluster. Dimeric compound SMIRNA4 was
generated from monomeric SMIRNA3 units connected via a peptoid linker. SMIRNA4 simultaneously targets adjacent bulges present in pre-miR-17,
-18a, and -20a, respectively. SMIRNA4 was appended with bleomycin A5 as a cleaving module, yielding SMIRNA4-bleo, and with an RNase L recruiting
module, generating SMIRNA4 RIBOTAC. SMIRNA4-bleo selectively ablated the pri-miR-17-92 cluster resulting in a reduction of all mature miRNAs from
this cluster. In contrast, SMIRNA4 RIBOTAC only degraded pre-miR-17, pre-miR-18a, and pre-miR-20, as RNase L is cytoplasmic and its interaction is
restricted to RNAs present in the cytoplasm.
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17-92 cluster, but it also did so more potently than SMIRNA4 while
rescuing downstream circuits in three disease models. As many
miRNAs are embedded in clusters, a strategy to cleave a cluster in its
entirety could have far reaching implications.

Interestingly, this study also converted SMIRNA4 into a nuclease
recruiting SMIRNA4 RIBOTAC (Fig. 6B). In contrast, to the SMIRNA-
bleomycin A5 conjugate, SMIRNA4 RIBOTAC was only able to cleave
pre-miR-17, pre-miR-18a, and pre-miR-20. This is because RNase L
is localized to the cytoplasm, meaning SMIRNA4 RIBOTAC can only
cleave pre-miRs of the pri-miR-17-92 cluster that are present outside
the nucleus. Thus, these studies showed that cellular localization
can be used to tune compound activity.

9. Conclusions
Although the pharmaceutical industry remains focused on
drugging protein targets, many companies have begun investi-
gating the tractability of drugging RNA targets. Indeed, this
movement towards RNA has been bolstered by the success of
the splicing modifier risdiplam, and derivatives thereof, that
treat spinal muscular atrophy.50 As a result, we are currently
experiencing a boom in the identification and validation of
druggable human disease-causing RNAs, made possible by
advances in sequencing, computation, bioinformatics, chemical
probing of RNA structure in vitro and in vivo, biophysical
techniques, structural determination by X-ray crystallography
and NMR spectroscopy, etc. These interdisciplinary approaches
also validate the intimate connection between RNA’s 3D struc-
ture and its importance in the regulation of biological pro-
cesses. The ligandability of structured RNA motifs can be
achieved by increasingly accurate computational prediction
tools, which are easier to implement than various RNA second-
ary structure chemical probing methods that can be experimen-
tally costly and laborious. For example, ScanFold8 can rapidly
identify biologically relevant structured RNA motifs with high
probability to form, especially when coupled with chemical
probing of RNA structure in cells and in functional biological
experiments. The improvement of such tools will offer the
scientific community a more accessible visual perspective of
RNA structure and its associated 3D folds, which will ultimately
translate into establishing more rational approaches to develop
SMIRNAs directly from sequence. However, continued research
into the fundamental nature of RNA’s 3D structure and the
ensemble of conformations featured by structured RNA motifs
is sure to inform even more advanced target discovery methods.

In addition to fully understanding RNA structure and
dynamics, an equally important aspect is the identification of
chemical matter that potently and selectively interacts with
structured RNA motifs, i.e., efficient charting of the chemical
space for SMIRNAs. Currently available compound libraries are
enriched with small molecules designed and optimized for
protein targets and the fraction targeting RNA, in a selective
manner, is currently unknown. Therefore, screening technologies
such as 2DCS along with other methods mentioned above, will
aid in identifying chemical matter that potently and selectively
bind structured 3D RNA motifs within disease-causing RNAs.

Performing such campaigns by iteratively integrating chemoin-
formatic/machine learning/statistical approaches will help populate
existing databases, such as Inforna, to: (i) improve understanding of
the physicochemical properties, parameters and chemical features
of small molecules that mediate RNA binding; and (ii) better design
tailored-chemical libraries that are more prone to interact with
structured RNA motifs.

As previously observed with small molecule chemical probes
of protein targets, high potency and selectivity in vitro does not
always translate into on-target activity in cells or in vivo, high-
lighting the fact that not all chemical matter will be biologically
or therapeutically relevant. Therefore, applying target engage-
ment techniques to probe RNA target occupancy by SMIRNAs in
cells will help better prioritize chemical scaffolds to be pursued
at various stages of chemical probe development. Collectively, these
studies will yield the identification of potent and selective SMIRNAs.
An array of techniques to assess target engagement to probe
RNA-centric modes of action of SMIRNAs have been developed,
including Chem-CLIP and Chem-CLIP-Map-Seq,1 RiboSNAP and
RiboSNAP-Map,1 RIBOTACs,3 ASO-Bind-Map,1 and SHAPE.9,10

Notably, Chem-CLIP and its competitive version, C-Chem-
CLIP, allow for direct assessment of target occupancy via
covalent crosslinking reactions that either enrich or deplete,
respectively, crosslinked SMIRNA-RNA motifs in pull-down
fractions. This technique can be used to simultaneously con-
duct cellular profiling and binding studies and is advantageous
over: (i) non-covalent pull down, which lacks precision in which
targets are bound in the purification process; and (ii) compe-
titive profiling with SHAPE or DMS, which leaves many sites
unreactive and can generate false negatives as the labeling
reaction does not occur under equilibrium.

Taken together, the use of target engagement techniques
during early stages of the discovery and development process
could mitigate off-target effects of SMIRNAs sooner. Although
optimization of potency and selectivity in vitro is important,
more relevant for the development of high-quality SMIRNAs is
rescue of phenotype via an RNA-centric mode of action, i.e.,
potent and selective engagement of a biologically relevant
structured RNA motif with minimum off-targets proteome-
and transcriptome-wide.

An ongoing discussion in the field of small molecule RNA
therapeutics is the drug-likeness of SMIRNAs. These semi-
empirical rules were historically generated from a pool of
approved drugs over a certain interval of time. However, new
molecular entities (NME) that were approved since 2002 are
deviating from the traditionally considered drug space. More-
over, a recent survey of the approved oral drug space indicated
that parameters such as MW and hydrogen-bond acceptors
(HBA) have significantly increased over the last 20 year period.
Contrarily, over interpretation of ligand and/or drug-likeness
metrics might filter out promising chemical candidates. ‘‘Drug-
ging’’ RNA with small molecules is still in its infancy, and using
parameters derived from protein-targeted drug campaigns to
filter out SMIRNAs featuring ‘‘undruglike’’ properties might
hinder the exploratory research that is necessary to advance the
field of small molecule RNA therapeutics.

Chem Soc Rev Tutorial Review

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
by

 S
cr

ip
ps

 R
es

ea
rc

h 
In

st
itu

te
 o

n 
9/

28
/2

02
0 

6:
20

:5
0 

PM
. 

View Article Online



Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2020

As previously noted, drug targets are unique; thus, the
compounds that successfully target them are also unique.
RNA-targeted lead and drug discovery campaigns need to be
careful not to lose potential candidates due to selection guide-
lines that are too narrow, particularly for a field that is rapidly
evolving. For example, protein–protein interactions (PPIs), fea-
turing relatively large and flat polar surface areas, are tradition-
ally addressed with macrocyclic compounds, that typically reside
outside the ‘‘Rule of Five’’ (Ro5), i.e., they are ‘‘Beyond Rule of
Five’’ (bRo5). The same principle might very well apply to RNAs,
where most potent and selective SMIRNAs with in vivo activity to
date are chimeric compounds, e.g., homo- and/or heterodimers.
Interestingly, a survey for active ingredients in recently approved
bRo5 drugs revealed several examples of chimeric compounds,
including HCV NS5A homodimeric inhibitors such as Pibentrasvir,
Ledispasvir, Ombitasvir, Daclatasvir, Elbasvir and Velpatasvir.
Although these derivatives exhibit poor drug metabolism and
pharmacokinetic (DMPK) properties, including low permeability
and solubility and high plasma protein binding capacity that limit
oral absorption, these liabilities are overcome by delivery to target
organs by human serum proteins and their high affinity binding to
the target HCV NS5A protein.

Conversely, other bRo5 approved drugs act locally, thus
avoiding systemic exposure. The most recent example is Tena-
panor, a sodium-proton exchange sodium/hydrogen exchanger
3 (NHE3) inhibitor, approved in 2019 for irritable bowel syn-
drome with constipation. Tenapanor is minimally absorbed
following oral administration in human plasma (below the limit
of quantification). To avoid potential systemic toxicity caused by
higher doses, Tenapanor was designed to be restricted to the
lumen of the gastrointestinal tract, where its target, NH3
protein, is highly expressed. Moreover, there is a growing body
of evidence for the potential therapeutic application of chimeric
chemical probes, such as proteolysis targeting chimeras (PRO-
TACs), a bleomycin-SMIRNA conjugate (Cugamycin),47 and
RIBOTACs.3 Consequently, charting the bRo5 chemical space
is likely to reveal novel therapeutically beneficial modalities.

As we continue to identify novel, functional, conserved and
structured RNA motifs, these emerging modalities will greatly
expand on the types of RNAs that can be targeted with SMIR-
NAs. In conclusion, exciting times are ahead with the continued
exploration of the potential of small molecule chemical probes
targeting both functional and non-functional structured RNA
motifs to explore RNA biology and affect a broad spectrum of
human disorders.
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4 ABSTRACT: Click chemistry, proposed nearly 20 years ago, promised access to novel
5 chemical space by empowering combinatorial library synthesis with a “few good reactions”.
6 These click reactions fulfilled key criteria (broad scope, quantitative yield, abundant starting
7 material, mild reaction conditions, and high chemoselectivity), keeping the focus on
8 molecules that would be easy to make, yet structurally diverse. This philosophy bears a
9 striking resemblance to DNA-encoded library (DEL) technology, the now-dominant
10 combinatorial chemistry paradigm. This review highlights the similarities between click and DEL reaction design and deployment in
11 combinatorial library settings, providing a framework for the design of new DEL synthesis technologies to enable next-generation
12 drug discovery.
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1. INTRODUCTION
46Early stage drug discovery in both the pharmaceutical industry
47and academia has driven technology development efforts to
48revolutionize methods for generating and screening large
49collections of compounds for biological activity. What began
50as amassing compounds for robotic high-throughput screening
51(HTS) has evolved dramatically in recent years with the
52development of DNA-encoded library (DEL) technology.1

53DELscombinatorial libraries of drug-like molecules, each
54barcoded with a DNA sequence that encodes the attached
55library member’s structurecan be prepared at unprecedented
56scales of diversity and efficiently screened for ligands of a
57purified protein target. The many published examples of DEL
58screening hits becoming leads or even clinical candidates have in
59turn spurred intense interest in developing new chemistry to
60generate DELs of ever-increasing structural diversity that
61maximize the probability of successfully discovering additional
62leads. However, the constraints of DEL-compatible reaction
63development (e.g., in water, quantitative yield, dilute reactants,
64DNA-orthogonal) pose a great challenge to modern synthetic
65organic chemistry.
66A surprising majority of the properties that define DNA-
67compatible chemistry coincide with those of click reactions. As
68initially described, the click philosophy is a pragmatist’s
69approach to chemistry: achieve diverse chemical function from
70“a few good reactions”.2 Click reactions proceed with
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71 quantitative yield and with minimal side-product formation in
72 aqueous or inoffensive solvent, are broad in substrate scope, and
73 ideally require no chromatographic purification. These criteria
74 are also highly advantageous for DEL preparation. For example,
75 while 20 or more DEL-compatible reactions have been
76 developed, a single DEL generally employs only two to three
77 robust reactions to maximize library quality. Furthermore, DEL
78 generation often entails parallel synthesis using hundreds (if not
79 thousands) of substrates, thus demanding broad scope, and
80 chromatography is impossible past the first coupling cycle. The
81 def ining elements of click reactions in essence describe the ideal
82 reaction for DEL.
83 In this review, we spotlight the remarkable relationship
84 between click chemistry and DEL reaction development. In the
85 first part of this review, we begin with a brief description of DEL
86 technology and establish a framework for evaluating reaction
87 development. We then apply these criteria to analyze six
88 commonly practiced DEL reactions and three emerging reaction
89 formats that potentially expand the scope of DEL synthesis. We
90 restrict coverage to DNA-encoded synthesis (i.e., the DNA
91 sequence encodes the synthetic history, it does not template or
92 direct library synthesis) from 2008 to 2020, with some relevant
93 background. DNA-templated3,4 and dual pharmacophore5

94 libraries are alternative encoded library approaches that have
95 evolved significantly over the years and have delivered hits
96 against numerous targets.6−8 However, reaction development
97 for these types of libraries diverges significantly, since they use
98 purified and validated DNA−small molecule heteroconjugates
99 to yield well-defined combinations of building blocks. Our
100 analysis of prospective strategies for expanding DEL synthesis,
101 such as photocatalytic transformations and solid-phase rever-
102 sible immobilization, is speculative, as the state of the art is
103 changing rapidly. However, we expect that this broader
104 framework for reaction development will guide future efforts

105to achieve higher-quality and more structurally novel DELs,
106thereby delivering ever more successful screening outcomes in
107drug discovery.

2. CLICK CONSTRAINTS ESTABLISH A FRAMEWORK
108FOR DEL DESIGN

2.1. DEL Fundamentals

109Despite major technological advances in genome sequencing,
110structural biology, and computational drug design, drug
111discovery remains an empirical science. Screening large
112(100,000−5,000,000) compound collections by HTS is routine
113in the pharmaceutical industry and a handful of academic
114centers. These collections vary in composition depending on the
115screening center but often comprise compounds synthesized in
116house, natural product extracts, and compounds purchased
117through external vendors.9,10 Advances in laboratory automa-
118tion and analytical instrumentation have delivered the capacity
119to screen >100,000 compounds per day, but HTS remains a
120costly endeavor that is limited by the chemical diversity inherent
121to collected compounds.
122As HTS took root in industry, the rate of screening began to
123outstrip the rate at which chemical diversity could be generated,
124driving the development of more efficient chemical library
125synthesis methods. Combinatorial chemistry emerged as a
126prospective solution to the synthesis bottleneck. In contrast to
127HTS compound collections, which grow linearly with
128acquisition, combinatorial synthesis exponentially diversifies a
129target scaffold by split-and-pool strategies.11,12 Combinatorial
130libraries could be screened against purified proteins or against
131whole cells,13 but limited throughput of analytical methods
132available at the time for determining the hit structures after
133screening resulted in underpowered experiments.14,15

Figure 1. DNA-encoded library synthesis and screening. (A) The linchpin “headpiece” DNA molecule is a covalently tethered (gray) dsDNA
heteroduplex (cyan) displaying a primary amine for chemical synthesis and a 5′-CC-3′ dinucleotide overhang and 5′ phosphate for enzymatic cohesive
end ligation. (B) Encoded synthesis proceeds in interleaved steps of enzymatic ligation and building block coupling. Synthesis begins with ligation of a
5′-phosphorylated dsDNA (green) to the headpiece. Coupling of the position 1 building block (R1, purple hexagon) and enzymatic encoding (purple
dsDNA) follow. Synthesis continues with analogous coupling and encoding steps for the position 2 building block (R2, orange square) and position 3
building block (R3, magenta bicycle) and a final dsDNA ligation (green). Green sequences flanking the synthesis encoding region are constant PCR
primer binding sites. The product is a small molecule attached to aDNAwhose sequence encodes the synthesis history of the small molecule. (C) Split-
and-pool diversification entails parallel position 1 building block coupling and encoding (purple hues) to yield three different example DEL members.
A second encoded split-and-pool synthesis step (orange hues) yields 32 = 9 different DEL members. (D) Protein target (gray) immobilized to resin
captures all molecules in the library that are ligands. Washing removes unbound species, leaving the bound fraction encoding DNA sequences for PCR
amplification, sequencing, and structure decoding.
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134 The advent of DEL technology in 2009 resurrected the field of
135 combinatorial chemistry and gave rise to a powerful new mode
136 of designing and searching chemical space. Originating from a
137 seminal thought experiment of Lerner and Brenner in 1992,16

138 DNA-encoded synthesis matured as a technology through
139 disclosures from Neri17 and, critically, Morgan,1 who described

f1 140 DEL as it is widely practiced today (Figure 1). The power of
141 DEL lies in linking compound identity with DNA-encoding tags.
142 The DEL can be affinity panned as a highly complex mixture
143 against the immobilized protein target of interest, and the
144 specifically bound fraction is amplified and deep sequenced18 to
145 reveal large collections of hit structures en masse. The statistical
146 power of these experiments eclipses that of combinatorial
147 chemistry from decades past by many orders of magnitude,
148 simultaneously lending high confidence in hit authenticity and
149 revealing detailed structure−activity relationship trends.19 The
150 analytical throughput advantages of DNA deep sequencing,
151 however, are contingent on the library chemistry, yielding solely
152 the intended product while minimally compromising the fidelity
153 of the encoding DNA.

2.2. Applying the Click Constraints to DEL

154 The quantitative yield, bioorthogonality, and other constraints
155 associated with the ideal DEL reaction are highly evocative of
156 the broader foundations of click reaction development. To the
157 contemporary chemical biologist, click chemistry usually refers
158 to the Cu(I)-catalyzed azide−alkyne cycloaddition (CuAAC)
159 reaction for bioconjugation,20−22 but click chemistry was
160 originally a pragmatic, philosophical approach to defining a
161 new mode of ligand discovery.2 Given that the number of
162 permutations of H, C, N, O, P, S, F, Cl, and Br atoms yielding a
163 drug-like molecule is vast (1063)23 compared to pharmaceutical
164 industry compound collections (106), the click philosophy
165 suggested looking for leads in the most strategically accessible
166 regions of chemical space to expedite the process.2,24

167The click ideals for ligand discovery simply restrict all searches
168to molecules that are easy to make.2 As a corollary to this rule,
169the philosophy strongly advocates creating chemical diversity by
170using only the most efficient “click” reactions for coupling two
171building blocks rather than performing multiple reactions. Even
172a few reactions with broad scope can yield libraries with
173sufficient diversity by capitalizing on readily available and deep
174building block sets. Aspects of click chemistry that resonate
175strongly with current practices in the field of DEL and
176underscore important commonalities between the reactions
177that define the two approaches include (1) broad scope and high
178yield and (2) viable in water or benign solvent under mild
179conditions. Click chemistry has also evolved, becoming
180intertwined with bioorthogonal chemistry.25 This final aspect
181of click chemistry also reflects an increasingly important
182consideration in DEL reaction development: (3) DNA-
183orthogonal reactivity. The following sections provide in-depth
184analysis of recent DEL reaction development efforts in the
185context of these click chemistry constraints.
1862.2.1. Maximize Reaction Scope and Yield. High
187reaction yield is important to all chemists, but yield require-
188ments and reaction considerations vary with application, such as
189in process chemistry, total synthesis, medicinal chemistry, or
190combinatorial chemistry. Likewise, the importance of yield
191carries different concerns in click and DEL. The primary
192concern for yield in the context of click chemistry relates to
193expedient and efficient synthesis of individual molecules to
194populate large compound libraries. In contrast, DEL practi-
195tioners strive for maximum reaction yield during split-and-pool
196synthesis to ensure that all intended library members are
197prepared. As the composition of a full DEL cannot be
198analytically measured, nor each member individually purified,
199DEL generally adheres to the first principle of click, employing
200only high-yielding reactions.
201Click reactions are by definition very high yielding. While this
202was not quantitatively defined, originally published click

Scheme 1. Structural Diversification Using a Few Good Reactionsa

aAdapted with permission from ref 2. Copyright 2001 Angewandte Chemie International Edition.
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203 reactions proceeded with >60% yields, with many reactions
204 achieving >95% yield.2 These reactions produced C-heteroatom
205 functionality through four main classes of reactions, including
206 C−C multiple bond addition (epoxidation, aziridination,
207 dihydroxylation, Michael addition), nucleophilic ring opening,
208 cycloaddition (Diels−Alder, Huisgen dipolar addition), and
209 non-aldol carbonyl chemistry (formation of oxime ethers,
210 hydrazones). Notably, the majority of these reactions are fusion
211 reactions that can be conducted stoichiometrically, proceeding
212 to completion without generating undesired side products.
213 These few reactions can be combined in just two to three steps

s1 214 to generate new structures with interesting function (Scheme 1).
215 A high-yielding reaction with broad scope can be incredibly
216 enabling for discovery science. The CuAAC reaction is perhaps
217 the quintessential example. When it was discovered shortly after
218 the formalization of click principles,20,21 CuAAC offered
219 significant regioselectivity and rate enhancement advantages
220 over the uncatalyzed Huisgen condensation. CuAAC became a
221 reaction of choice for large-scale library synthesis due to its high
222 yield, orthogonal reactivity, broad scope, and mild conditions.24

223 In fact, researchers at Lexicon Pharmaceuticals used CuAAC
224 and the first-generation click reactions to generate a 200k-
225 member library of individually purified compounds (25−50 mg
226 each).24 Despite comprising few reactions, click chemistry has
227 demonstrated the potential to create diverse libraries by
228 sampling readily available building block sets24,26−33 and
229 continues to enable access to new chemical spaces by virtue of
230 sustained reaction development, such as the recently disclosed
231 sulfur(VI) fluoride exchange (SuFEx) chemistry.34−37

232 Like click chemistry, DEL seeks to generate massive diversity
233 expediently from large collections of building blocks. For
234 example, the seminal disclosure of DEL technology1 described
235 two library plans for diversifying a central triazine scaffold with
236 large building block pools (32−384 building blocks/cycle),
237 resulting in impressive library diversity (7 × 106 and 8 × 108

238members). However, subsequent computational analysis38,39

239has shown that these higher-cycle-number DELs contain large
240swathes of chemical space that deviate from typical drug-like
241molecules. Increasing the number of synthesis cycles generally
242increases molecular weight and all other relevant physicochem-
243ical property distributions (MW, logP, TPSA, H-bond donors/
244acceptors).39,40 These considerations collectively prescribe
245constraining synthesis to two to three cycles using large diversity
246sets. For example, a two-cycle DEL, which is likely the most
247densely populated with drug-like matter, will require two parallel
248synthesis steps of >1000 building blocks per coupling,
249underscoring the importance and scale of reaction scope in
250the state of the art.
251To synthesize such a drug-like library with high chemical
252diversity, the requisite building blocks must be readily available
253and all members of these large building block sets must couple to
254the growing encoded compound in high yield to ensure
255interpretable screening data. Given the nature of split-and-
256pool synthesis, the presence and diversity of reaction byproducts
257increases exponentially with the number of additional synthetic
258steps, while the fraction of desired product corresponding to a
259 f2given sequence decreases exponentially (Figure 2). As reaction
260yield is inevitably variable across building blocks, this means
261that, among similarly potent library members, those with higher
262synthesis yield will be preferentially identified as hits during
263affinity selection. In fact, in computational screening simulations
264of three-cycle libraries (100× 100× 100) that parametrized and
265modeled the outcome of variable synthesis yields (average 60%,
266standard deviation 20% per step), library member enrichment
267was more highly correlated with synthesis yield than with target
268association constant.41,42 These simulations support the
269hypothesis that low yielding reactions decrease the signal-to-
270noise ratio in DEL, potentially leading to false SAR.
271Further experimental analysis has substantiated the impor-
272tance of incorporating high-yielding reactions. Sixteen DELs

Figure 2.DNA-encoded library synthesis decision tree. Combinatorial synthesis yields an exponentially increasing diversity of products. The decision
tree maps all possible molecular outcomes of a three-cycle DEL synthesis (excluding unanticipated side reactions). The attachment point to DNA is
shown with a wavy line. The DEL synthesis begins with coupling of a trifunctional hub (purple hexagon) and ends with two capping groups (magenta,
orange). Three successful building block couplings lead to formation of the desired product three-cycle DEL member (bold decision branches).
Incomplete building block coupling leads to one of five different truncate byproducts, or in the case of no coupling, an unmodified DNA results. The
scheme is representative of the triazine DEL, which are the product of two sequential nucleophilic aromatic substitutions of a cyanuric chloride hub
using amine building blocks. The desired product, byproducts, and no reaction all share the same encoding sequence. As a consequence, schemes with
fewer steps employing only high-yielding chemistry universally lead to higher fidelity library outputs by maximizing the number of encoding tags that
display the desired product. Adapted from ref 42. Copyright 2016 American Chemical Society.
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273 were synthesized and screened against a phosphodiesterase and
274 a kinase.43 The library that produced the most hit clusters in
275 these experiments was generated by employing robust
276 acylation/Fmoc deprotection conditions; library productivity
277 did not correlate with numeric size. While this study was limited
278 to Roche’s DELs and only two protein targets, it is now routine
279 practice across many groups to screen building block sets and
280 exclude monomers that are problematic for DEL syn-
281 thesis.1,44−49 Notably, both of GSK’s DEL-derived clinical
282 candidates were the product of libraries prepared using robustly
283 validated acylation or nucleophilic substitution of cyanuric
284 chloride.19,50−53 There is no agreed upon yield threshold for
285 including a building block in a DEL synthesis, but standard
286 practice seems to suggest that a yield >70% is suitable.1,44−49

287 Yield determination for large building block sets requires
288 high-throughput, automated workflows that are sufficiently
289 sensitive to analyze the rather unusual DNA−small molecule
290 heteroconjugate products of DEL synthesis. DEL reactions are
291 usually performed at the nanomole scale, and the product of
292 building block coupling typically results in amass shift of∼100−
293 300 Da on DNA starting material >5000 Da. LCMS
294 accompanied by UV absorbance detection is the gold standard
295 for DEL reaction yield determination. Reaction crude is
296 separated, and relative abundance of starting materials and
297 products is quantitated by the DNA tag UV absorbance (λ = 260
298 nm), which is the dominant contributor to the molar extinction
299 coefficient. The DNA tag also dominates chromatographic
300 character; thus, the same LC method usually provides adequate
301 separation for all DNA-building block conjugates. LC method
302 optimization (heating, hexafluoroisopropanol mobile phase,
303 ion-pairing reagents, column particle size) has further enhanced
304 separation efficiency and sensitivity while reducing analysis
305 time.1,44,54 MS analysis enables facile peak assignment and
306 identification of side products; some also favor using MS
307 abundance over UV absorbance for quantitation.55 LCMS
308 analysis cannot offer insight into reaction performance in a true
309 combinatorial synthesis setting because DELs are too complex,
310 but the workflow is routinely deployed for building block
311 validation.
312 2.2.2. Employ Water- and Air-Compatible Reactions.
313 Just as analytical characterization of DEL compounds is shaped
314 by the dominant physical properties of DNA, optimal synthesis
315 conditions must also accommodate DNA. DNA’s hydrophilic
316 nature and the lability of its glycosidic bonds impose the strictest
317 constraints on DEL synthesis, limiting reaction conditions to
318 aqueous solution with organic cosolvent, moderate temper-
319 atures (4−95 °C), and moderate pH (4−10). These coincide
320 with click conditions, which prize a simple reaction setup using a
321 benign solvent (often water) and insensitivity to water/
322 oxygen.2,24 The similarity between click and DEL reaction
323 development becomes even more apparent in the context of
324 click-enabled bioorthogonal labeling chemistry (discussed later)
325 where robust and selective reaction performance under aqueous
326 conditions is necessary, for example, to preserve native protein
327 structure or cell viability.
328 Using water as the solvent during click chemistry library
329 generation is profoundly and counterintuitively enabling.
330 Aqueous synthesis epitomizes ease of implementation, and
331 water’s physical and chemical properties are favorable for
332 characteristic reactions.While the low solubility of many organic
333 compounds in water may seem like a liabilty, low compound
334 solubility can be offset by the high free energy of organic
335 compounds poorly solvated with water.2 In fact, some reactions

336perform better in this fashion and some of the very best click
337reactions, such as 1,3-dipolar azide/alkyne cycloaddition,
338proceed best when reactants are “on water”.24 The nucleophil-
339icity of water is also a potential liability, but again, it is offset by
340water’s behavior specifically in the click context. Water’s polar
341nature and tendency to formH-bonds allows it to facilitate rapid
342changes in H-bonding required for nucleophilic additions
343(epoxide/aziridine ring opening) that feature prominently in
344click. Moreover, water’s high specific heat capacity (4.18 J·g−1·
345K−1) allows the solvent to double as a heatsink for highly
346exothermic click reactions. The low volatility and high surface
347tension of water also make it an ideal solvent for automated
348liquid handling, which facilitates large-scale parallel synthesis.
349Water is similarly ideal and virtually required for solution-
350phase DEL chemistry because it is the only solvent in which the
351DNA polyanion is appreciably soluble. However, this solubility
352is still minimal (<10 mM) compared to the concentrations of
353reactants found in traditional organic synthesis (0.1−1 M),
354which introduces kinetic reaction constraints. While click
355chemistry (as initially envisioned) may be more closely aligned
356with organic synthesis conditions, click chemistry extended to
357bioorthogonal labeling is quite reminiscent of DEL. Like DEL,
358bioorthogonal labeling chemistry also faces the challenge of
359limiting reactant concentration in the form of minimal biological
360reactant (micromolar or lower concentration of antibody, native
361protein, metabolite, etc.). Bioorthogonal chemistry develop-
362ment often solves this challenge by designing reactions with
363large kinetic rate constants, a feature that is also desirable for
364DEL reactions.25,56 Indeed, several routine bioorthogonal
365labeling reactions have been applied to DEL, including
366CuAAC,47,48,57−63 SuFEx,35 strain-promoted cycloaddition,64

367and inverse electron demand Diels−Alder reactions.65 Fur-
368thermore, using high-throughput experimentation and reaction
369progress kinetic analysis protocols, it is now possible to design
370the highest yielding reactions within kinetic constraints by, for
371example, employing excess small molecule building blocks,
372different catalysts, and/or ligands, higher temperature, solvent
373admixtures, or some complex combination of these parame-
374ters.66 Even with these advances, DEL reaction development
375remains a challenging endeavor, especially considering the
376difficulties associated with designing aqueous reactions.
377Water is an enabling solvent for many click reactions, but it is a
378challenging solvent for most of the medicinal chemistry
379transformations that feature prominently in DEL. Water is
380necessary to solubilize DNA, but organic cosolvent (DMA,
381ACN, MeOH) is also necessary to improve building block
382solubility, making reaction development an exercise in
383compromise. The suggested percentage of organic solvent that
384is compatible with on-DNA synthesis ranges from <5067 to
385<80%.66 In our analysis of commonly employed DEL reactions,
386we observe that the majority of reactions are performed with
387 t1<50% organic cosolvent (Tables 1−5) though certain on-DNA
388reactions tolerate higher percentages of organic solvent.64,68−70

389Balancing building block solubility with DNA solubility is a
390major challenge in DEL, so organic solvent percentage
391optimization is routine. Interestingly, as was observed for click
392reactions, DEL reactions can sometimes proceed even when
393building blocks are not fully soluble.71 Methods for integrating
394solid-phase synthesis with DEL have emerged for circumventing
395building block solubility issues and for enabling water-sensitive
396reactions (discussed in detail later).
3972.2.3. Prioritize High Chemoselectivity. In addition to
398having broad scope and high yield while proceeding in aqueous
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399 solvent, click reactions exhibit high chemoselectivity, a critical
400 characteristic of DEL reactions. The specific considerations of
401 reaction orthogonality are interesting to compare between these
402 applications and even suggest new reactions for implementation
403 in DEL. Click reactions used for parallel library synthesis
404 leverage orthogonal reactivity to allow for sequential trans-
405 formations without the need for protecting groups or
406 purification. Click reactions used for bioconjugation demand
407 conditions that are inert to biological nucleophiles, and in many
408 cases, the reaction must occur in the complex intracellular
409 milieu. The most useful transformations for DEL often share
410 these elements; highly chemoselective reactions allow for
411 multiple sequential building block coupling reactions while
412 minimally interfering with the DNA encoding tag.
413 Avoiding complicated protecting group strategies is a major
414 motivating factor for employing click chemistry in library
415 synthesis. This is achieved through orthogonal, high-yielding
416 chemistry. For example, in the library generation strategy we
417 described earlier (Scheme 1), nucleophilic epoxide-ring opening
418 produces a free hydroxyl group and an azide or hydrazine group
419 depending on the nucleophile. This reaction is followed by non-
420 aldol carbonyl or cycloaddition reaction for the respective
421 nucleophile. When performed in water, these reactions are inert
422 to the −OH group that would otherwise require protection.
423 Similarly, these reactions are also inert to most amine
424 nucleophiles, allowing a broad range of building blocks.
425 Reactions in DEL share with click a need for chemoselectivity,
426 as both are library synthesis strategies involving highly diverse
427 pools of building blocks that display different functional groups.
428 As such, orthogonal reactivity in both building block sets and
429 protecting group strategies (if used) is critical. For example, the
430 Schreiber lab recently synthesized a stereochemically rich,
431 100,000-member library using orthogonal amidation, N-Boc
432 deprotection, reductive amination, sulfonylation, and Suzuki
433 coupling reactions.44 In another recent example, researchers at
434 Pfizer synthesized a library using amidation, reductive
435 amination, sulfonylation, and carbamoylation coupling reac-
436 tions, while azide, Fmoc, and Boc functionalities served as NH2
437 protecting groups.72

438 Highly chemoselective reactions are also important in DEL
439 for the critical reason that side reactions with the DNA tags can
440 compromise library selection analysis. This is evocative of click
441 applied to bioconjugation, such as activity-based protein
442 profiling,73−75 preparation of antibody−drug conjugates,76,77

443 andmetabolic labeling in cells or animals.78−82 Optimizing these
444 reactions to perform under physiological conditions while

445avoiding reactivity with off targets, such as proteins or
446intracellular thiols, is a challenging endeavor. These concerns,
447as well as avoiding cellular toxicity, make the constraints of
448bioorthogonal reaction development stricter than those for
449DEL, but DNA still possesses structural features that can be
450problematic. The main structural liabilities present in DNA are
451the reactive heteroatoms of the nucleobases (exocyclic amines
452and purine N3, N7), the nucleophilic 3′-OH necessary for
453enzymatic ligation, the glycosidic bond, and the phosphodiester
454backbone.83,84 Several reaction conditions, such as low pH and
455high temperature, lead to DNA damage through depurination
456and concomitant phosphodiester strand scission, resulting in
457loss of encoded information. Radical species induce strand
458cleavage by oxidative abstraction of H from the deoxyribose-
459phosphate backbone and by introducing mutations by oxidation
460of guanine, the most easily oxidized nucleobase.85 The potential
461pathways that introduce DNA damage are diverse and complex,
462which requires general methods for empirically determining the
463extent of DNA damage from a set of reaction conditions.
464Analytical characterization of DNA integrity during DEL
465reaction development is typically performed via LCMS, but
466these measurements cannot directly report whether the DNA
467remains amplifiable in PCR and intelligible by sequencing.
468However, analytical methods relying on tag ligation and qPCR
469now provide a reliable assessment of DNA damage.54,86 In the
470first of these approaches, solid-phase DEL reactions are
471performed in the presence of DNA-functionalized “sensor
472beads”, which are subsequently harvested postsynthesis for
473qPCR analysis to measure the quantity of amplifiable DNA.86

474Pfizer adapted this approach to the conventional on-DNA DEL
475synthesis format.54 Their DNA compatibility assay begins by
476coupling building blocks to a DNA construct displaying both an
477appropriate site for coupling and an overhang for enzymatic
478 f3DNA ligation (Figure 3). LCMS analysis provides reaction yield
479while enzymatic ligation of a qPCR Taqman probe sequence to
480the overhang, and then analysis of the product by gel
481electrophoresis and qPCR provides quantitative assessment of
482the amplifiable DNA remaining. DNA-compatible reactions
483maximize the recovery of DNA measured by qPCR.
484Using this approach, the Pfizer team demonstrated high yield
485and DNA compatibility of several common deprotection and
486coupling reactions. Notably, the conditions demonstrated for
487Boc-deprotection avoid trifluoroacetic acid in favor of thermal
488deprotection conditions (250 mM borate buffer, pH 9.5, 18 h,
48990 °C).54,67 Pfizer researchers subsequently implemented the
490validated amidation and Boc-deprotection reactions in a library

Figure 3.DNA compatibility assay. Comprehensive qPCR and LCMS characterization of DEL reactions is critical for preparing high-quality libraries.
A candidate reaction is evaluated by coupling one or several model building blocks (orange diamond) in an on-DNA reaction with an elaborated DNA
headpiece. The elaborated headpiece displays the appropriate reaction site (purple hexagon) for the candidate reaction and a partial DNA encoding
tag. The resulting reaction mixture is analyzed by LCMS to obtain the on-DNA % conversion. The mixture is also enzymatically ligated (T4 DNA
ligase) to dsDNA oligonucleotide modules that install binding sites for a Taqman exonuclease probe (purple) and closing primer (green). The ligase
reaction is analyzed for ligation yield by gel electrophoresis and for the molecules of amplifiable DNA remaining by qPCR. The qPCR analysis is also
conducted on DNA that has experienced control conditions (e.g., incubation in buffer) and the result used to calculate % amplifiable DNA remaining
after exposure to conditions of chemical synthesis. Adapted from ref 54. Copyright 2019 American Chemical Society.
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491 setting as discussed above.72 DNA-damage assays using qPCR
492 are generalizable to other reactions as well, since both Pfizer and
493 GSK have used this assay format to determine the compatibility
494 of photoredox reactions.69,87 Unfortunately, qPCR cannot
495 directly identify the cause of DNA damage, but it nevertheless
496 provides a rapid platform for hypothesis testing; qPCR assays
497 are readily parallelized (96-well plates) for simultaneous and
498 high-precision analysis of standards, controls, and sample
499 replicates.
500 Although qPCR readily provides a holistic evaluation of
501 postsynthesis DNA integrity, there are some liabilities. First,
502 mutagenic damage is silent. Some reactions invoke known
503 mutagens (e.g., hydroxylamine44) or induce mutagenesis while
504 leaving the DNA intact (e.g., deamination). Incorporation of
505 Sanger sequencing as an additional assay can detect whether
506 mutagenesis has occurred.44,69 Appropriate encoding language
507 design can also mitigate mutagenesis issues by increasing the
508 genetic distance between sequences in the encoding sets.62

509 Second, assigning an exact cutoff point for damage acceptability
510 is difficult, since systematic studies are still lacking. Nonetheless,
511 these quantitative analyses assist planning library synthesis and
512 aid in understanding screening outcomes. Although PCR can
513 amplify single molecules from a library, the notoriously low yield
514 of affinity selection means that 104−106 amplifiable copies of
515 each library member are needed as input to detect signal after
516 multiple rounds of selection.88−90 As quantitative assessment of
517 DNA damage by qPCR becomes more widely practiced,
518 correlations between overall DNA fidelity and DEL quality are
519 likely to emerge.
520 Regardless of the DNA damage threshold for describing
521 useful DEL reactions, developing such chemistry will always be
522 challenging. Reactions must not only be DNA compatible but
523 should also be high yielding for a broad scope of building blocks,
524 enable sequential couplings, and proceed in aqueous conditions,
525 evocative of click chemistry development. In fact, the strong
526 overlap of reaction conditions between click and DEL suggests
527 that click reactions would make excellent starting points for
528 developing DEL-compatible reactions. As mentioned earlier,
529 several biocompatible/click reactions have already been
530 i n v e s t i g a t e d i n t h e DEL s e t t i n g , i n c l u d i n g
531 CuAAC,47,48,57−60,62,63 SuFEx,35 strain-promoted cycloaddi-
532 tion,64 and inverse electron demand Diels−Alder reactions.65
533 Additionally, several more common click reactions such as
534 Diels−Alder17 and epoxide ring opening91 have also been
535 implemented in DEL.
536 Enzymatic transformations are at the frontier of DEL
537 chemistry development. Enzymatic reactions occur in water
538 with limiting substrate concentrations and, by virtue of enzyme
539 structure, are highly chemoselective (suggesting DNA compat-
540 ibility). They are also typically high yielding and feature large
541 kinetic rate enhancements. Thus far, however, these advantages
542 have only been explored in a proof-of-concept on-DNA
543 synthesis.92 The model reaction sequence began with
544 carbamoylation between DNA-NH2 and nine 2-ethyl-amino-
545 glycosides, followed by modification using one of four enzymes
546 (β-galactosyltransferase, sialyl transferase, trans sialidase,
547 galactose oxidase). Scaling enzyme production for DEL
548 synthesis and expensive cofactors may hinder widespread
549 adoption of the approach. Narrow substrate scope could also
550 render the approach incompatible with the relatively large and
551 structurally diverse building block pools used in DEL.
552 Nonetheless, this initial study sets the stage for future DEL
553 synthesis using biocatalysis and, more broadly, demonstrates

554that novel linkages and structures are attainable in DEL using
555reactions that embody virtually all aspects of the click
556philosophy.

3. REACTION CONSTRAINTS APPLIED TO DEL
557ANALYSIS

3.1. Practiced Reactions

558We have thus far established a connection between click reaction
559constraints and DEL reaction development to inform and
560prioritize future DEL design. High-yielding reactions simplify hit
561deconvolution and reduce false negative rates. The physical
562properties of the DNA encoding tag strictly constrain reactions
563to aqueous conditions, which in turn limits the types of reactions
564that are possible on DNA. Finally, enforcing high chemo-
565selectivity reduces the probability of damaging DNA, an
566emerging constraint of interest in the field as new DNA analysis
567methods emerge (qPCR, Sanger sequencing) and integrate with
568routine measurements of reaction yield (LCMS).
569In the following section, we apply the click criteria as a
570framework to overview the state of the art in DEL reactions and
571designs. Vipergen recently enumerated the complete set of
572reactions for DEL.93 In contrast, we focus our discussion on six
573widely practiced reactions and their implementation in libraries.
574Generally, each section describes the reaction’s advantages for
575library diversification, the evolution of reaction conditions to
576broaden scope and/or utility, and the DNA compatibility of the
577 s2reaction.

5783.1.1. Amide Bond Formation. Amide bond forming
579reactions feature prominently in DEL for their versatility and
580DNA compatibility. Amidation usually involves the condensa-
581tion of an amine and a carboxylic acid, two of the largest
582commercially available building block pools,94 owing to its
583popularity in medicinal chemistry.95 Further, amide chemistry
584permits ready diversification through heterobifunctional amino
585acids (another large pool of building blocks), which can be
586fashioned into both linear and macrocyclic products. Structur-
587ally diverse diamines and diacids that are amenable to
588decoration via amide chemistry provide additional strategies
589for accessing novel chemical space.1 Finally, the routinely high
590yields and DNA compatibility of this reaction meet many of the
591click criteria.
592Amine-terminated headpiece DNA is the most common
593starting material for DEL synthesis,39 so amidation with
594functionalized carboxylic acid building blocks (Fmoc-amine,
595Boc-amine, aryl halide, etc.) is a nearly ubiquitous first step of
596library synthesis.43,93,96 Many libraries have also relied on amide
597formation as a critical diversification reaction.53,72 Activating
598agents are necessary reactants for converting carboxylic acids to
599active esters to promote condensation with amines. There is
600conflicting evidence for which activation conditions provide the
601highest average yields while minimizing DNA damage. Neri
602performed a thorough analysis of eight different activating
603conditions for their ability to couple carboxylic acids to on-DNA

Scheme 2. Amide Bond Formation
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604 amines, finding that the combination of EDC/HOAt/DIPEA
605 outperformed all others.97 However, many DEL groups
606 routinely use DMT-MM for modification of DNA-conjugated
607 amines49,72 or other coupling reagents.54,98 Reaction conditions
608 (organic cosolvent, buffer composition, pH, DNA concen-
609 tration, and building block selection) varied widely between
610 these studies, possibly explaining the diversity in optimal
611 conditions.
612 While amidation of on-DNA amines tends to employ basic
613 buffer conditions (pH 8−9.5), amidation of on-DNA carboxylic
614 acids tends to employ acidic buffer conditions.1,98,99 DMT-MM
615 is the dominant coupling reagent for this reaction. Gillingham’s
616 recent comparison of reaction conditions for acylation with 126
617 amino acids determined that DMT-MM outperformed EDC/
618 HOAt/DIPEA for coupling amino acids to on-DNA carboxylic
619 acids.47

620 Building block validation is critical for chemistries like
621 amidation that use deep, structurally diverse building block
622 pools. To give a sense of scale, some commercial suppliers offer
623 >28,000 carboxylic acids alone. Many pharmaceutical compa-
624 nies also curate internal, proprietary building block collec-
625 tions.100 As a consequence, broad and novel chemical
626 functionalities (aromatic, cyclic, heterocyclic, aliphatic, bridged,
627 etc.) can be added to a library using robust acylation reaction
628 conditions. Running contrary to the widespread notion that
629 amides are an intrinsic liability, both DEL compounds in late
630 stage clinical trials feature amides.19,50−53 The RIP1K candidate
631 consists of a benzoxazipinone linked by an amide bond to a
632 benzyl-isoxazole,53 and the parent DEL of the sEH candidate
633 was synthesized by nucleophilic aromatic substitution of
634 cyanuric chloride with amines/amino acids followed by
635 acylation.51

636 The high yield and broad reaction scope of amidations have
637 led to the success of these and other library screens by tailoring
638 amide bond forming reactions to aqueous reaction conditions.
639 Outside of DEL, amide bond coupling reagent development has
640 received significant attention within the chemical synthesis
641 community,101,102 but these chemistries are not usually designed
642 to accommodate aqueous reaction conditions. DEL addresses
643 the challenge of aqueous chemistry by most often employing
644 EDC or DMT-MM as activating agents, which likely succeed in
645 aqueous conditions, since they are water-soluble cationic salts.
646 Critically, amide formation occurs under mild conditions and
647 does not promote amidation of DNA’s numerous nucleophilic
648 sites. Amide formation does not require extreme pH, mutagenic
649 reagents, metal catalysts, or high temperature. Moreover, qPCR
650 analysis of recovered DNA has shown that amidation conditions
651 minimally affect DNA amplifiability. Under aqueous reaction
652 conditions, Stress et al. found that acylation of dsDNAwith acids
653 or amino acids activated by DMT-MM leaves 80% amplifiable
654 DNA remaining,47 and Ratnayake et al. found that acylation of
655 headpiece DNA using HATU/DIPEA leaves the DNA
656 completely unharmed.54 Similarly, numerous DNA-compatible
657 conditions now exist for removing common protecting groups
658 associated with amidation, such as Fmoc, Boc, and azides.54,72,86

659 Thus, between the array of coupling reagents and orthogonal
660 nucleophile protection strategies available, amide formation

s3 661 represents the best-developed reaction class in DEL.
662 3.1.2. Reductive Amination/Alkylation. Reductive ani-
663 mation is another very popular reaction in DEL. It is one of the
664 10 most frequent transformations in traditional medicinal
665 chemistry95 and was one of the first reactions to be
666 demonstrated for DNA-templated synthesis,105 foretelling its

667utility in DEL. This reaction furnishes the C−N bonds found in
668many drugs110 and is operationally simple, making it attractive
669for library preparation. Reductive amination reactions are
670generally high yielding and exhibit a broad scope for both
671 t2amine and aldehyde reaction partners (Table 2). While aqueous
672solvent is traditionally avoided for reductive amination,111

673reaction adaptation has allowed facile implementation in water
674at library scale. Finally, in the context of DEL, this reaction is
675reasonably tolerant of additional functional groups and reaction
676conditions are DNA compatible.
677Reductive amination/alkylation generally occurs as a
678sequential one-pot reaction. In the first step, a primary or
679secondary amine reacts reversibly with a carbonyl, resulting in
680loss of water and concomitant imine or imminium ion
681formation. This species is subsequently reduced in the second
682stepfrequently with borohydridesrendering the reaction
683irreversible through formation of the desired C−N bond.
684Reagent selection is important because strong reducing agents
685reduce aldehydes and ketones, leading to unproductive alcohol
686synthesis. In more traditional organic synthesis, several reducing
687agents (NaCNBH3, NaBH4, NaBH(OAc)3, etc.) are used in
688slight excess (2−3 equiv),111 but DEL has thus far almost
689exclusively used NaCNBH3 and in large excess (Table 2). The
690reaction is quite attractive for DEL due to the sheer quantity of
691commercially available amines and aldehydes, which also tend to
692be the most economical.94

693Reductive amination of on-DNA aldehydes has been a highly
694fruitful coupling mode for DEL synthesis. This direction of the
695reductive amination has been implemented in published work
696four times.46,63,92,112 The largest amine sets included 2259 and
6972341 amines,63,112 but these publications did not describe
698building block validation or structural diversity. Of the published
699reductive amination reactions, GSK disclosed the most
700comprehensive scope for this transformation with an evaluation
701of 813 amines coupling to a model benzaldehyde DNA
702substrate.46 Under the specified reaction conditions, 216 amines
703achieved yields >70% and were subsequently included in the
704library. Generally, primary amines coupled more efficiently than
705secondary amines and aromatic amines coupled more efficiently
706than aliphatic amines. However, the majority of amines did not
707couple efficiently, again highlighting the importance of building
708block validation.
709Reductive alkylation of on-DNA amines has similarly been a
710productive reaction for DEL synthesis, leveraging abundant
711commercial collections of amino acids and aldehydes. To avoid
712bis-alkylation during library synthesis, on-DNA amine reactants
713are often restricted to secondary amines, though conditions for
714monoalkylation of primary amines have been described.67

715Conditions for reductive alkylation of the secondary amine of
716proline-conjugated DNA were disclosed in the initial patent
717describing DEL filed by Praecis Pharmaceuticals in 2004.108

718Since then, reductive alkylation of on-DNA amines in library
719synthesis has been published twice in recent reports from the
720Schreiber lab44 and X-Chem pharmaceuticals/Arrakis thera-
721peutics.113 Schreiber’s conditions achieved a broad scope,

Scheme 3. Reductive Amination/Alkylation
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722 coupling 72 out of 117 aldehydes with an azetidine-DNA
723 substrate in >70% yield (previous studies coupling 20 aldehydes
724 per scaffold showed little reactivity difference between azetidine-
725 and pyrolidine-DNA). However, 22 aldehydes were entirely
726 unreactive, suggesting that certain classes of aldehydes are not
727 suitable for this chemistry. In the other reported application,
728 Litovchik et al. reacted 85 aldehydes, a similar sized building
729 block set, with 1024 secondary amine DNA conjugates, but
730 building block validation data were not provided. Taken
731 together, these studies substantiate the reaction of aldehydes
732 with on-DNA secondary amines as useful for DEL synthesis.
733 Expanding the reductive alkylation reaction scope to include
734 addition of ketones would be highly beneficial for generating
735 Csp3 amine bonds. Scripps Research/Pfizer discovered aqueous
736 phase conditions for reductive alkylation of on-DNA amines
737 with ketones.114 Nine of 14 ketones coupled with a primary
738 amine at yields >70%. Boric acid was key for this transformation,
739 but the reaction also employed significantly higher concen-
740 trations of ketone and NaCNBH3 (500 mM) than similar
741 transformations with aldehyde building blocks (30−50 mM, see
742 Table 2). Overall, the reaction scope will require further study to
743 confirm suitability for library synthesis.
744 In addition to the high yields achievable by reductive C−N
745 bond formation in aqueous solution, these reactions are also
746 orthogonal to other reactions, thereby facilitating more complex
747 library design. Multifunctional building blocks can combine

748amidation reactions, reductive alkylation/amination, and Suzuki
749couplings. Recently, small collections of trifunctional building
750blocks have become commercially available for this purpose
751(Enamine), but so far, library synthesis with trifunctional
752building blocks has incorporated only custom building blocks. In
753all cases, the order of reaction is important. Schreiber suggested
754that reductive alkylation should precede Suzuki coupling to
755avoid side reactions with the on-DNA amine, while GSK
756suggested that Suzuki coupling should precede reductive
757amination to avoid dehalogenation.46 The relative orthogonality
758of reductive amination enables incorporation of other
759chemistries as well. For example, a recent library featured
760chemoenzymatic installation of aldehyde-labeled sugars, which
761were subsequently modified by reductive amination.92

762Like amide formation, reductive C−N bond formation
763generally invokes reactivity that is orthogonal to DNA and is
764another feature that makes the chemistry attractive for DEL.
765Quantitative analysis of the DNA compatibility of this reaction is
766limited to solid-phase DEL synthesis methods, but those studies
767indicated that there is no detectable effect on DNA
768amplifiability.86 Even for untested reaction conditions, though,
769they are relatively mild, suggesting compatibility. For example,
770although the reaction usually proceeds at pH 5.5, this is not
771sufficiently acidic to promote depurination, which proceeds only
772sluggishy at pH > 5.0.115 Similarly, one would not predict redox
773cross-reactivity of DNA with the commonly used borohydride

Table 2. Reductive Amination Conditions

reducing
agent conditions scope investigated library year

NaCNBH3 60 nMNH2-DNA, 60 nMCHO-DNA, 3mMNaCNBH3, 0.1MMES pH 6.0,
1.5 h, 25 °C

1 NH2-DNA, 1 CHO-DNA, or
1 glyoxal-DNA

2002105

NaCNBH3 0.76 mMproline-DNA, 30 mMRCHO/NaCNBH3, 75% 150mMphosphate
pH 5.5, 25% DMF, 2 h, 80 °C or 1 mM CHO-DNA, 30 mM
RNH2/NaCNBH3, 2 h, 80 °C

proline-DNA and CHO-DNA 2005108

NaCNBH3
a 50 μM CHO-DNA, 500 mM amine/NaCNBH3, 300 mM MOPS, pH 7.4,

16 h, 37 °C
12 amines 2014116

NaCNBH3 0.63 mM CHO-DNA, 50 mM amine/NaCNBH3, 62.5% 500 mM phosphate
pH 5.5, 12.5% H2O/MeCN/DMF, 16 h, 60 °C

2259 amines (no validation) 3.3 × 108 201563

NaCNBH3 0.5 mMCHO-DNA, 50mM amine/NaCNBH3, 50% 250mM phosphate pH
5.5, 25% DMA/ACN, 16 h, RT

218/831 amines (yield >70%) 3.5 × 106 2015,117
201646

NaCNBH3
a 0.63 mM NH2-DNA, 50 mM R-CHO/NaCNBH3, 62.5%, 25% DMF, 12.5%

DMA 250 mM phosphate pH 5.5, 16 h, 60 °C
636 R-CHO in library, >50% yield in
validation with 1° and 2° amine-DNA
substrates

3.4 × 107 201545

NaCNBH3
b resin-bound 2° amine, (1) 0.5 M R-CHO, 1% AcOH in DMF, 10 min, RT;

(2) 0.5 M NaCNBH3, 1% AcOH in MeOH, 1 h, RT
4-iodobenzaldehyde 201686

NaCNBH3
c 33 μM carbohydrate/CHO-DNA, 333 mM amine/NaCNBH3, 16 h, 37 °C 1 carbohydrate/CHO-DNA with 19

RNH2, 7 carbohydrate/CHO-DNA
with benzylamine

201792

NaCNBH3
a 0.19 mM 2° amine-DNA, 37.5 mM RCHO/NaCNBH3, 25% NaHCO3,

37.5% 1 M phosphate pH 4.2/DMF, 8 h, 37 °C
4 NR2H-DNA with 20 aldehydes,
1 NR2H-DNA with 118 R-CHO
(72/118 >70% yield)

1.07 × 106 201944

NaCNBH3
a 500 mM ketone, 1 M NaCNBH3, 400 mM B(OH)3, 80% NMP, 20% H2O,

20 h, 60 °C
17 ketones 2019114

NaCNBH3 100 equiv of RCHO, 100 equiv of NaCNBH3, O/N, 60 °C 1347 aldehydes 1.9 × 108 202072

aAnalysis of DNA conjugates by HPLC(A260) and LCMS. bQuantitative analysis of DNA compatibility by qPCR. cAnalysis of DNA conjugates by
MALDI-TOF.

Scheme 4. Suzuki−Miyaura Cross-Coupling
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774 reductants. Finally, the reaction occurs at mild temperature as
775 well, with most <60 °C. Altogether, reductive amination adheres

s4 776 to the suggested reaction criteria for DEL.
777 3.1.3. Suzuki−Miyaura Cross-Coupling. Since its discov-
778 ery in 1981, the Suzuki−Miyaura cross-coupling reaction has
779 become one of the most popular reactions in medicinal
780 chemistry95 and it received a citation for the 2010 Nobel Prize
781 in chemistry. Approximately 30 drugs contain biaryl C−C
782 linkages,118 suggesting that this reaction has high potential for
783 generating suitable chemical matter. While designing Suzuki
784 couplings that are compatible with DEL synthesis is particularly
785 challenging, extensive reaction optimization has yielded
786 improved scope and the reaction has been implemented in
787 several libraries.
788 Among the now many DEL-compatible chemistries, the
789 Suzuki cross-coupling has been unique in its ability to deliver
790 sufficiently robust C−C bond construction as to be useful in a
791 library setting. Initially, Suzuki reactions were implemented in
792 DEL using Pd(PPh3)4 as the catalyst and the scope was limited
793 to the reaction of on-DNA aryl iodides (primarily) or
794 pyrimidinyl bromides (far less explored) with excess boronates

t3 795 to yield the corresponding biaryl linkage (Table 3, entries 3, 4,
796 and 6).45,46,63,119 Alternative Pd ligands explored recently have
797 provided higher yields for aryl iodide building blocks,44 and
798 some ligands catalyze cross-coupling with challenging aryl
799 chloride-DNA substrates,46,120 and other coupling part-
800 ners,121,122 expanding the scope of Suzuki cross-couping in DEL.
801 The utility of the Suzuki reaction in library synthesis derives
802 from its relatively broad substrate scope and its orthogonality
803 with other common bond construction strategies. The first
804 disclosed DEL45 that used Suzuki coupling was a three-cycle
805 library (Table 3, entry 4) designed around 44 trifunctional
806 building blocks (Fmoc-protected amine, aryl iodide, carboxylic
807 acid). These trifunctional building blocks were used to amidate
808 NH2-DNA and were then further elaborated in cycles two and
809 three by Suzuki coupling with 265 boronic acids followed by
810 amine capping reactions with 2976 electrophilic building blocks
811 (carboxylic acids, sulfonyl chlorides, aldehydes, isocyanates, and
812 heteroaryl chlorides). A screen for BCATm inhibitors using this
813 34.7-million-member Suzuki DEL yielded an optimized hit
814 compound with IC50 = 2 μM in an enzyme activity assay. A
815 second DEL from GSK used these Suzuki conditions in
816 conjunction with trifunctional aldehydes and reductive amina-
817 tion46 to yield a 3.5-million-member DEL of biaryls. X-Chem
818 reported similar reaction conditions for DEL synthesis, coupling
819 222 bromoaryl carboxylates by Suzuki with 667 boronic acids,
820 but yields for this transformation were not reported.63

821 Further studies of Suzuki reactions in on-DNA synthesis
822 expanded the reaction scope to other aryl halide species for
823 accessing other building block pools. Researchers at GSK
824 discovered that precombining POPd with the Buchwald sSPhos
825 precatalyst (1:2) enabled cross-coupling to challenging pyridinyl
826 and aryl chlorides.123 To improve operational simplicity, Li and
827 Huang reported that the commercially available precatalyst
828 sSPhosPd G2 also catalyzed the aryl chloride cross-coupling
829 reaction.120 In this work, eight Buchwald precatalysts were
830 tested, and only sSPhosPd G2 provided appreciable yield,
831 possibly due to its water solubility derived from sulfation; the
832 parent SPhosPd G2 compound lacking sulfation (but otherwise
833 identical) did not catalyze the reaction. The optimized
834 conditions using the sSPhosPd G2 catalyst were evaluated in a
835 substrate scope study of 6 aryl/heteroaryl chloride, 1 heteroaryl
836 bromide, and 1 heteroaryl iodide headpiece coupled with 84 T
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837 boronates. For all headpieces tested, >60% of the building blocks
838 coupled in >50% yield, but some boronates (e.g., sterically
839 hindered, chlorinated, fluorinated) remained low yielding.
840 Finally, a fluorosulfonate electrophile (accessible via phenols)
841 enabled more permissive coupling at lower temperature under
842 ligand-free conditions.121

843 Despite improvements in ligands and other reaction
844 parameters, Suzuki coupling conditions are among the more
845 demanding and can be quite detrimental for DNA. Suzuki
846 reactions are commonly alkaline and require both high
847 temperature and metal catalyst. All of these are depurination
848 hazards, and indeed, X-Chem observed that library recovery
849 following Suzuki coupling was 3-fold lower than the other
850 reactions used to generate this library.63 Similarly, our laboratory
851 observed that Suzuki coupling catalyzed by Pd(PPh3)4 yielded
852 only 30% amplifiable DNA after the reaction.86 The potential for
853 Pd species to induce DNA damage is well appreciated: several
854 unique library purification strategies have emerged from Pd-
855 mediated reaction development, such as spin filtration,45

856 centrifugation,44 and addition of metal scavengers, including
857 sodium sulfide67 and sodium diethyldiothiocarbamate.119 Addi-
858 tionally, ligation analysis45 and Sanger sequencing120 data have
859 provided further characterization of the Suzuki reaction’s DNA
860 compatibility. Collectively, Suzuki−Miyaura cross-coupling is
861 highly advantageous for increasing druglikeness of DELs, but
862 caution is necessary, as common reaction conditions com-
863 promise DNA fidelity.
864 3.1.4. Buchwald−Hartwig and Ullmann Cross-Cou-
865 pling. The rise of Suzuki coupling in DEL has driven strong
866 parallel interest in C−N cross-coupling reactions by way of
867 Buchwald−Hartwig (Pd-catalyzed) or Ullmann type couplings
868 (Cu-catalyzed). The Buchwald and Ullmann reactions forge aryl
869 C−N bonds, which occupy chemical space distinct from C−N
870 bonds formed by reductive amination. Buchwald coupling is a
871 particularly popular transformation in medicinal chemistry for
872 its simplicity, the prevalence of C−N bonds in natural products,
873 and the pharmacokinetic versatility of the secondary amine
874 linkage. From a combinatorial chemistry perspective, C−N
875 cross-coupling reactions are more attractive than C−C Suzuki
876 cross-coupling reactions because amines are much more
877 commercially abundant than aryl boronates and they are
878 substrates for a wider array of reactions. However, the small
879 reaction scale in DEL offers opportunities for exploring
880 complementary C−N and C−C cross-couplings, modularly

s5 881 increasing library diversity.98,124

882 Despite the appeal of C−N cross-coupling for DEL
883 diversification, discovering suitable reaction conditions has
884 proven difficult. GSK’s initial disclosure of C−N cross-coupling
885 for DNA-linked substrates included both Buchwald- and
886 Ullmann-type reactions with large amine sets, but yields were

887generally low.124 The Buchwald reaction, employing tBuXPhos
888precatalyst G1, was evaluated by coupling 6329 primary
889aromatic amines to a DNA-linked aryl iodide, but for 93% of
890building blocks, the yield was <50%, highlighting the challenge
891of achieving broad scope. The Cu(I)-catalyzed Ullmann
892reaction proved fruitful using primary aliphatic amines and
893amino acids, but yields were similarly low. Although these initial
894Buchwald and Ullmann conditions yielded a narrow building
895block scope, both were used for library construction (screening
896yet to be disclosed), paving the way for future reaction
897development.
898The first major improvement to Buchwald coupling in DEL
899stemmed from the use of third-generation Buchwald catalysts.
900Incorporating these catalysts125,126 in DEL49,98,121 expanded the
901amine and aryl halide scope. In the largest study, Eli Lilly found
902that 310/867 primary aromatic amines coupled in >70%
903conversion with a model aryl bromide DNA conjugate. This
904compares favorably with GSK’s previous conditions that
905required higher temperature, more base, and more reactive
906aryl iodide substrate to identify only 177/6329 primary aromatic
907amines coupling in >70% yield. Direct comparison of six
908reactions under both conditions uniformly proceeded in higher
909yield using Lilly’s method. Lilly’s conditions also expanded the
910aryl halide scope to include several aryl bromide building blocks.
911In a two-step validation of 471 aryl bromide carboxylates, 225
912acylated DNA in >70% yield and 105 of these underwent further
913Buchwald coupling in >70% yield. The utility of the developed
914conditions was demonstrated when Lilly synthesized a
915Buchwald DEL that was used in over 140 selection experiments.
916More recent optimization of Buchwald for DEL improved the
917reaction scope through use of a pyridine-enhanced precatalyst
918(PEPPSI) activated by ascorbate.127 The optimized conditions
919required careful PEPPSI catalyst selection, high temperature (95
920°C), and DMF cosolvent but expanded both the amine and aryl
921halide scope. While a small number of aryl chloride couplings
922suggested the potential suitability of these building blocks, the
923major focus of the work was identifying suitable aniline and
924secondary amine coupling partners. To this end, 197/328 and
925123/292 aniline building blocks coupled to aryl bromide
926headpiece DNA and pyridinyl bromide headpiece DNA,
927respectively. Secondary amines remained challenging with 23/
92892 and 15/92 coupling in >70% yield to the same aryl bromide
929and pyridinyl bromide headpieces, respectively. The aryl halide
930scope investigation was more limited, but the newly developed
931reaction conditions were nevertheless applied to the synthesis of
932a 6× 107 member library featuring 165 aryl halides in the second
933cycle followed by 386 anilines and 92 cyclic secondary amines in
934the third cycle.
935The Ullmann coupling remains the most promising reaction
936for coupling aryl halides with aliphatic amines. Once again,

Scheme 5. Buchwald and Ullmann Cross-Coupling
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937 ligand optimization was critical to enabling Ullmann-type
938 couplings for DEL. Whereas commercial catalysts drove
939 Buchwald coupling, Novartis tested 8 potential ligands and
940 then synthesized 13 derivatives to arrive at an optimal ligand.68

941 Using this ligand and optimized conditions, 5/8 aliphatic amines
942 coupled to the aryl iodide headpiece in >70% yield. In another
943 study, 8 aryl iodide headpiece DNA substrates were reacted with
944 12 aliphatic amines. Both aryl iodides with ring-adjacent
945 substituents and sterically hindered amines uniformly coupled
946 poorly, but sterically unhindered aryl iodides and amines
947 generally coupled in >70% yield. While the newly designed
948 catalyst and optimized conditions have not yet been applied to
949 library synthesis, they again highlighted the importance of
950 catalyst selection.
951 Although Buchwald and Ullmann reaction conditions often
952 resemble those of Suzuki couplings, C−N couplings are in
953 several instances less damaging to DNA. For example, Ruff and

t4 954 Berst found that Ullmann coupling (Table 4, entry 2) leaves 65%
955 amplifiable DNA,68 while Ratnayake et al. found Buchwald
956 (Table 4, entry 6) coupling left 73% amplifiable DNA by
957 qPCR.54 In the absence of quantitative data, the DNA
958 compatibility of reactions employing PEPPSI precatalyst
959 remains speculative. The higher temperature and increased
960 basicity under PEPPSI precatalyst conditions (95 °C) are likely
961 to increase DNA damage, warranting further study. As in Suzuki
962 couplings, Pd species in Buchwald couplings may be scavenged
963 post reaction with thiol-containing compounds.49 Cu may be
964 scavenged with EDTA.68

965 Together with Suzuki, Buchwald and Ullmann reactions
966 comprise a suite of highly valuable cross-couplings that use
967 commercially available and deep building block pools to access
968 chemical matter of high druglikeness. The scope has rapidly and
969 dramatically improved, both increasing the diversification
970 potential and allowing the DEL designer to pull from a
971 collection of aryl halides to construct either C−N or C−C
972 bonds. Finally, while the DNA compatibility appears suitable for
973 all of these metal-mediated couplings, arriving at these
974 conditions has been a multivariate battle to enhance reaction
975 kinetics through proper catalyst selection while minimizing
976 reaction time.Metal scavenging has also played a crucial role and
977 one that has not been fully characterized to date. Further
978 quantitative studies, particularly of Ullmann, will be helpful in
979 establishing a click-like set of cross-coupling conditions for the
980 field.
981 3.1.5. Triazine Substitution. Nucleophilic displacement
982 on the cyanuric chloride scaffold has yielded diverse published
983 DELs. The seminal disclosure of DEL1 showcased this scaffold
984 and chemistry sequence, which uses economical and plentiful
985 amines in three cycles of chemistry for readily accessing
986 numerically large libraries (106−108). Libraries employing this
987 chemistry have furnished several novel inhibitors,1,128−131

988 including the lead for GSK’s sEH inhibitor.51 Although
989 computational analysis identified potential liabilities,38 the
990 cyanuric chloride scaffold is still a logical starting material for

s6 991 creating branched libraries.
992 The simplicity of cyanuric chloride functionalization is a
993 major aspect of its appeal for library synthesis. Cyanuric chloride
994 is a trifunctional scaffold elaborated through symmetric and
995 dynamic site reactivity132 instead of protecting groups or
996 orthogonal functionalities in other DEL scaffolds. Synthesis of
997 the Praecis/GSK triazine “DEL A” entailed mild initial
998 nucleophilic chloride substitution (1 h, 4 °C), a longer second
999 substitution on the less-activated ring system (16 h, 4 °C), and T
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1000 an aggressive third substitution on the most deactivated ring
1001 system (6 h, 80 °C).1

1002 The relatively large scope of nucleophiles that reacts with the
1003 cyanuric chloride scaffold is also a highly attractive feature of the
1004 chemistry. Competent nucleophile classes include amines,
1005 thiols, and alcohols,132 but amines predominate for their utility
1006 in several different DEL chemistries. GSK identified 340/1000
1007 amines that performed at least one step of substitution in >70%
1008 yield. This reaction tolerated most classes of primary and
1009 secondary amines including aliphatic, aromatic, or cyclic amines.
1010 Substitution with phenolic acids, amino acids, or diamines
1011 introduces opportunities for a fourth cycle, increasing library
1012 size but reducing librarymember druglikeness.1,38 Incorporation
1013 of thiol nucleophiles or using the final aryl chloride in a Suzuki
1014 coupling poses alternative routes for exploiting the versatility of
1015 the cyanuric chloride scaffold while retaining druglike
1016 character.133

1017 Despite the common synthesis of libraries focused around
1018 cyanuric chloride, a quantitative understanding of the DNA
1019 compatibility of the associated SNAr reactions remains lacking.
1020 For the first substitution, electrophilic cyanuric chloride reacts
1021 with amine-functionalized DNA to introduce the core library
1022 structure but has potential for off target reactivity with
1023 nucleobase amines. The second and third nucleophilic
1024 substitutions appear mild, requiring low amine concentrations
1025 and temperatures <80 °C. In comparison, Buchwald coupling
1026 with higher amine concentration, strong base, and metal catalyst
1027 leaves 73% amplifiable DNA.
1028 The range of lead compounds discovered from triazine
1029 libraries is remarkable. Examples include metalloprotease
1030 inhibitors exhibiting high selectivity between highly homolo-
1031 gous enzymes,128,129 an LFA1-ICAM1 protein−protein inter-
1032 action inhibitor,130 and an OXA-48 β-lactamase inhibitor131 to
1033 highlight a few target class firsts for DEL screening. Finally, the
1034 sEH inhibitor in late stage clinical trials exemplifies a few good
1035 reactions (amidation, cyanuric chloride substitution) enabling

s7 1036 drug discovery through DEL.51

1037 3.1.6. Copper-Catalyzed Azide Alkyne Cycloaddition.
1038 The quintessential click reaction, CuAAC, has served myriad
1039 purposes in encoded libraries. It was first shown in a DNA-
1040 templated reaction57 and has since been deployed in DEL for
1041 introducing diversity elements,47,48,58,61 macrocyclization,59,60

1042 coupling DNA to resin for solid-phase DEL synthesis,62 and
t5 1043 even chemical ligation of encoding tags in place of enzymatic

1044 t5ligation63 (Table 5). CuACC is altogether convenient for DEL
1045syntheses due to its facile reaction setup, broad scope, aqueous
1046compatibility, and chemoselectivity, but commercial abundance
1047of azides and alkynes is low relative to most other building block
1048classes.
1049CuAAC in DELs employs conditions similar to those of
1050bioconjugation. Most often, in situ reduction of Cu(II) with
1051ascorbate furnishes the active Cu(I) catalyst, which tris-triazole
1052ligands subsequently stabilize. The reaction benefits from
1053sealing after gentle sparging with inert gas to protect the catalyst
1054from decomposition by reaction with O2. As is the case for
1055bioconjugation,22 an excess of coupling reagent and gentle
1056heating (45−60 °C) enhance reaction kinetics. Ligand and
1057solvent optimization generally maximizes reaction rate134−136

1058while minimizing oxidative damage to off targets.137 While the
1059majority of DEL applications have used TBTA as the ligand,
1060Neri recently explored a more water-soluble TBTA deriva-
1061tive138and further ligand exploration may prove fruitful.
1062The chemoselectivity of CuAAC has prompted several
1063innovative applications in DEL beyond just building block
1064coupling. For example, CuAAC has been used for encoding tag
1065ligation in place of enzymatic methods. X-Chem described
1066library synthesis starting from ssDNA functionalized with a 5′-
1067amine for diversification and a 3′-propargyl group for CuAAC
1068ligation of encoding tags. Additional ssDNA oligonucleotides
1069functionalized with a 3′-silane-protected propargyl group and a
10705′-azide63,139 enabled efficient chemical tag ligation. The
1071Klenow fragment could read through DNA triazole linkages,
1072but efficiency was low. This strategy enabled split-and-pool
1073library synthesis on ssDNA with encoding tag ligation by
1074CuAAC to yield a 334-million-member DEL. Selection of this
1075library identified a potent inhibitor of sEH (IC50 = 2 nM). As an
1076additional example of CuAAC enabling novel library design
1077through orthogonality, it has been the reaction of choice for
1078attaching the DNA headpiece to resin for solid-phase DEL
1079synthesis (see section 3.2.2 below).62

1080Macrocyclization is another important application showcas-
1081ing the versatility of the CuAAC in DEL design. GSK created a
10826-mer macrocyclic peptide library with theoretical diversity of
10832.3 × 1012 peptide backbones cyclized via CuAAC.59 This
1084application depended on the high yield and orthogonality of
1085CuAAC. Selection patterns indicated that macrocylic library
1086members were more potent ligands than linear counterparts
1087obtained from an aliquot of the DEL that was not subjected to
1088CuAAC. A similar strategy using CuAAC to cyclize scaffolds was
1089also applied to DNA-recorded peptoid macrocycle libraries.60

1090While acylation was the chosen reaction for macrocylization in a
1091recent library from Stress et al., CuAACwas critical for attaching
109221 non-peptidic macrocycle precursors to encoding tags.47

1093Given its roots as a library diversification strategy, CuAAC has
1094appeared in several DEL syntheses. In one example, aliphatic
1095and benzylic halides were converted in situ to azides by
1096nucleophilic substitution with NaN3 and then coupled to
1097propargyl glycine, pyrimidine, and benzodiazepine scaffolds.58

Scheme 6. Nucleophilic Substitution

Scheme 7. CuAAC
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1098 Prior to library synthesis, building blocks were validated by
1099 coupling to a propargylamido−DNA conjugate, identifying 82/
1100 102 building blocks that coupled quantitatively. In alternative
1101 strategies, alkyne building blocks diversified azide-functionalized
1102 scaffolds. Stress et al. coupled 663 alkynes to azido homoalanine-
1103 functionalized library en route to a 1.4 × 106-member
1104 macrocycle library,47 Li et al. coupled 136 alkynes to an
1105 azidolysine-functionalized scaffold during synthesis of a 3.5 ×
1106 107-membermacrocycle library,48 and Favalli found that 72/115
1107 alkynes coupled to an azido iodiphenylalanine ssDNA conjugate
1108 in >75% yield.138

1109 Although CuAAC has seen limited application as a
1110 diversification strategy in DEL, synthetic methodology develop-
1111 ment is providing new opportunities for exploration. Perhaps the
1112 most significant impediment has been the relative paucity of
1113 commercially available azides and alkynes compared to, for
1114 example, amines or aldehydes. Novel azides are accessible from
1115 alkyl/aryl halide starting materials,58 and drawing on a larger
1116 building block set, several approaches generate azides from
1117 primary amines.140−142 However, on-demand building block
1118 generation is a fairly recent innovation in the field,55 and
1119 deployment in library synthesis is not yet published.
1120 CuAAC is generally high yielding and prized for its
1121 orthogonality, suggesting high compatibility with DNA, but
1122 the Cu(I) catalyst introduces known hazards to DNA. For
1123 example, Cu mediates oxidative DNA damage and radical
1124 chemistry.97,143 Measurements of DNA damage from CuAAC
1125 vary with conditions. Skopic et al. ascribed a loss of 50% of
1126 amplifable DNA post CuAAC to oxidative damage.58 In a
1127 separate study, CuAAC preserved 74% of amplifiable dsDNA,
1128 but only 10% of amplifiable ssDNA remained.47 Avoiding
1129 oxidative DNA damage is a multivariate problem requiring
1130 optimization of Cu, reducing agent, ligand, and even solvent.
1131 Ligand optimization, particularly as it relates to solvent choice, is
1132 the likeliest starting point for further investigation.

3.2. Prospective DEL Reaction Schemes

1133 Emergent synthesis technologies are both rapidly expanding the
1134 chemical space that DEL can access and enabling new screening
1135 modalities that have the potential to unlock previously
1136 intractable targets. For example, on-DNA photoredox coupling
1137 is delivering novel structural diversity via radical-mediated
1138 reactivity and solid-phase synthesis-inspired approaches are
1139 circumventing the aqueous reaction constraint of on-DNA
1140 synthesis while supporting activity-based DEL screening. The
1141 framework for evaluating the utility of these new technologies
1142 remains unchanged: rigorous analytical characterization of
1143 reaction yield and DNA compatibility are determinants of
1144 effective synthesis methodology development, and building
1145 block availability continues to influence adoption prospects.
1146 Altogether, this section seeks to highlight the potential for new
1147 synthesis technologies to expand the scope of useful DEL
1148 reactions.
1149 3.2.1. Covalent Attachment to Solid Support. Syntheses
1150 involving covalent binding of library members to solid supports
1151 have enabled both novel DEL reaction development and
1152 screening modalities. Drawing inspiration from conventional
1153 automated DNA synthesis, protected oligonucleotides attached
1154 to controlled porous glass (CPG) solid supports have been
1155 modified under reaction conditions likely to be incompatible
1156 with unprotected DNA to yield functionalized ssDNAs for
1157 initiating library synthesis. Libraries have also been prepared
1158 directly on polymeric solid supports using enzymatic encoding

1159tag ligation reminiscent of conventional DELs but circum-
1160venting the solubility limitations of DNA during chemical
1161synthesis steps. Solid-phase DELs also introduce the unique
1162ability to conduct activity-based screening by exploiting the
1163polyvalent library member display on each bead.
1164Recent exploration of DEL synthesis initiated on CPG has
1165suggested that solid-phase synthesis procedures can expand the
1166scope of DNA-compatible chemistries. Building on the earliest
1167work in DNA-encoded combinatorial chemistry,103 Brunsch-
1168weiger disclosed methodologies for accessing modified hetero-
1169cycles. Initiating synthesis on CPG-linked DNA removes the
1170aqueous reaction constraint, and nucleobase protection
1171increases the chemical robustness of DNA tags. Linkers
1172composed of only pyrimidines such as hexathymidine
1173(“hexT”) or an alternating TC linker were most robust.144,145

1174Exposure to 10% TFA or certain metal ions (Sc(III), Rh(II),
1175Ru(II), Pd(0), and Pd(II)) still resulted in significant DNA
1176damage detected by HPLC,144,145 but on-CPG synthesis using
1177protected oligonucleotides has nonetheless furnished previously
1178inaccessible DNA conjugates.
1179On-CPG synthesis has introduced innovative approaches to
1180library coding and access to several new chemistries on DNA.
1181Brunschweiger’s procedure begins with nucleobase-protected
1182ssDNA bound to CPG at its 3′ terminus; the 5′ terminus
1183displays an amine for compound synthesis. On-CPG reactions
1184have included acid-catalyzed Pictet Spengler reaction to form β-
1185carbolines and gold-catalyzed pyrazoline and spirocycle
1186formation.144,146 Several multicomponent reactions, including
1187Zn(II)-catalyzed aza Diels−Alder, Povarov, Biginelli, Castagno-
1188li-Cushman, 1,3-dipolar azomethine ylide−alkene cycloaddi-
1189tion, and isocyanide reactions, have also been devel-
1190oped.61,144−148 After the initial on-CPG reaction, products are
1191cleaved from solid support and splint-ligated to the encoding tag.
1192These reactions showcased the ability of on-CPG synthesis to
1193enable otherwise difficult transformations that also explore
1194Csp3-rich chemical space.
1195An alternative DNA-encoded solid-phase synthesis (DESPS)
1196approach has provided additional unique opportunities for
1197reaction development and library screening. Drawing inspiration
1198from the canonical one-bead-one-compound combinatorial
1199synthesis strategy popularized by Lam,12,149 solid-phase DELs
1200 f4are synthesized and screened entirely on beads62,104 (Figure 4).
1201Solid-phase technology development in DEL remained largely
1202dormant until the 2015 publication of DESPS, which married
1203the enzymatic encoding paradigm of DEL with the water-free
1204and automation advantages of solid-phase synthesis.62 Solid-
1205phase DELs are constructed on a bifunctional linker that
1206supports compound synthesis and substoichiometric DNA-
1207encoding tag ligation. Like traditional DEL, split-and-pool
1208synthesis delivers exponential diversification of chemical
1209structure, while enzymatic ligation of encoding tags records
1210each bead’s synthetic history. Unlike conventional on-DNA
1211DEL synthesis, DNA solubility considerations are irrelevant in
1212DESPS; thus, building block couplings are conducted in organic
1213solvent.
1214High yield and DNA compatibility remain critical for
1215successful solid-phase DEL reaction development. To evaluate
1216chemical reactions for solid-phase DEL synthesis, our laboratory
1217developed DNA-encoded reaction rehearsal. Solid-phase
1218reactions of unknown yield or DNA compatibility are conducted
1219on synthesis resin that has been mixed with magnetic sensor
1220beads displaying a fully constructed DNA tag.86After the
1221reaction, sensor beads are separated from synthesis beads.
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1222 LCMS is used to determine the reaction yield from synthesis
1223 resin cleavage product, and qPCR is used tomeasure the amount
1224 of amplifiable DNA remaining on the sensor beads. Several
1225 common coupling reactions, such as amidation, Suzuki cross-
1226 coupling, and reductive amination, were studied.86 Along with
1227 azide reduction, protecting group removal (Fmoc, Mtt, and
1228 Alloc) proceeded to completion with acceptable DNA
1229 damage.86 Several more specialized reactions, such as a
1230 proline-catalyzed aldol reaction,150 Knoevanagel condensa-
1231 tion,151 and Mannich reaction,152 provide additional reactions
1232 for library generation. A variety of aldehyde reactions were also
1233 found to be both high yielding and highly DNA compatible.153

1234 While many DNA-compatible solid-phase reactions have been
1235 disclosed, only amidation,109 nucleophilic displacement,151,154

1236 and Knoevenagel condensation151 have been used to prepare
1237 solid-phase DELs.
1238 The primary driver for developing solid-phase DEL
1239 technology has been achieving the ability to screen libraries in
1240 functional assays. As each DEL bead polyvalently displays one
1241 library member, it is possible to generate high local
1242 concentrations of an individual library member in the vicinity
1243 of the bead for screening. This is in stark contrast to
1244 conventional on-DNA DELs, which are inherently complex,

1245inseparable mixtures. Synthesis of libraries on photocleavable
1246linkers and microfluidic compartmentalization of beads allowed
1247automated and miniaturized off-DNA screening of solid-phase
1248DELs.155,156 Using this technology, activity-based DEL screens
1249identified inhibitors of the phosphodiesterase autotaxin,109

1250while fluorescence polarization competition binding assays
1251identified ligands of the receptor tyrosine kinase DDR1.157 By
1252separating the DEL member from the encoding tag, solid-phase
1253DELs are poised to remove the barrier to investigating nucleic
1254acid binding proteins40 and enable direct interrogation of
1255cellular signaling.
12563.2.2. Solid-Phase Reversible Immobilization. Sus-
1257tained interest in performing chemical modification of
1258oligonucleotides in organic solvent has also motivated studies
1259of solid-phase reversible immobilization to eliminate the DNA
1260solubility constraint. These “pseudo-solid-phase” strategies
1261leverage the polyanionic phosphate backbone of DNA to
1262immobilize it on cationic resin for suspension in organic solvent.
1263Conceivably, this facilitates translation of organic synthesis
1264conditions to DNA-encoded synthesis conditions. In addition,
1265pseudo-solid-phase chemistry offers ease of resin washing to
1266allow rapid exchange of reagents and repeat couplings for
1267increasing synthesis yield. Finally, these approaches expand the
1268chemical space accessible to DEL by permitting transformations
1269that do not tolerate water.
1270In 2004, Halpin and Harbury described amidation and an
1271extensive suite of deprotection strategies for the automated
1272chemical modification of DNA substrates immobilized on
1273DEAE sepharose.107,158 This approach enabled repeated cycles
1274of synthesis and selection for two 106-member libraries.106 In an
1275investigation of several resin types, DEAE sepharose provided
1276optimal DNA immobilization and proof-of-concept experiments
1277demonstrated Fmoc-peptide synthesis on immobilized DNA.107

1278Since then, pseudo-solid-phase reactions on DNA using DEAE
1279sepharose have been used for amide bond formation,48,58,159,160

1280peptoid synthesis ,161 reductive amination,116 and
1281CuAAC.58,61,138 Despite clear utility, whether DEAE-based
1282synthesis provides yield improvements compared to reactions in
1283solution remains unclear.
1284Subsequent development of pseudo-solid-phase synthesis on
1285DNA has focused on optimizing resin properties. The DEAE-
1286 f5functionalized sepharose core (Figure 5) displays numerous
1287hydroxyl groups that are potentially cross-reactive, the resin
1288retains sufficient water to render water-sensitive chemistries
1289inaccessible, and the DEAE becomes deprotonated above pH
1290∼8, abrogating DNA binding. Two parallel efforts sought to
1291address this limitation with an essentially identical solution.
1292Reversible adsorption to solid support (RASS)114 and
1293amphiphilic polymer-facilitated transformations under anhy-
1294drous conditions (APTAC)162 both employed a resin with an
1295organic core (PEG or PS) and quaternary amine functionality.
1296These resins lack potentially cross-reactive nucleophiles, the
1297organic resin core can be readily dehydrated, and quaternary
1298amine DNA binding is pH independent.
1299These resin improvements offered renewed incentive to
1300develop pseudo-solid-phase reactions that were difficult under
1301aqueous conditions. RASS first enabled Ni-catalyzed Csp2−
1302Csp3 cross-coupling of an aryl iodide-modified DNA with
1303soluble redox-active esters (RAE), providing 82% yield in a
1304model reaction.114 Reactions with an additional 42 RAEs
1305proceeded in >60% yield, while the same reaction on DEAE
1306resin or free in solution was unproductive. A Ni-catalyzed
1307electrochemical amination of on-DNA aryl iodide was then

Figure 4. Solid-phase versus conventional on-DNA DELs. (A) A
conventional three-cycle DEL member contains a DNA-encoding tag
that is stoichiometrically conjugated to the encoded small molecule.
(B) A solid-phase three-cycle DEL member comprises a bead that
polyvalently displays the DNA-encoding tag and the encoded small
molecule. DNA functionalization is substoichiometric to small
molecule loading. Solid-phase DELs are prepared using analogous
encoded split-and-pool combinatorial synthesis.
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1308 investigated, yielding 74% conversion in a model reaction, while
1309 the corresponding reaction performed free in solution phase
1310 reaction leads to DNA loss, presumably due to electrode
1311 absorption. Yields for this reaction were roundly modest in a 21-
1312 substrate scope study (19 reactions <55%), but this was the first
1313 electrochemical modification of DNA substrates. Subsequently,
1314 RASS afforded novel C−S and S−N bonds.163 Aryl iodide-DNA
1315 and thiols/thiophenols were coupled using a water-sensitive Ni
1316 catalyst; 29 thiols reacted with variable C−S bond forming yield
1317 (19−83%). In a second demonstration, bromohexanamide-
1318 DNA was reacted with thiols or sodium sulfinates; 12 sulfinate
1319 salts reacted in variable yields (29−83%), and 6 thiols/
1320 thiophenols all reacted in high yield (>70%).
1321 The APTAC method has similarly expanded the scope of
1322 DEL-compatible chemistry, but fewer reactions have been
1323 disclosed.162 While Umpolong addition and tin amine protocol
1324 (SnAP) reactions164 were demonstrated as potential APTAC
1325 reactions, these use rare building blocks and the reaction scope is
1326 still unproven. APTAC was explored to enable photocatalytic
1327 decarboxylative cross-coupling, which uses abundant carboxylic
1328 acids. Using a custom LED-illuminated 96-well photo reactor (λ
1329 = 470 nm), APTACpermittedNi/Ir dual catalyst cross-coupling
1330 between aryl iodide-DNA and 25 aliphatic carboxylic acids. This
1331 transformation provided high yields (>70%) for 12 carboxylic
1332 acids.
1333 Both RASS and APTAC warrant further investigation for
1334 introducing anhydrous reactions to library synthesis. These
1335 strategies require bead handling, which increases the complexity
1336 of library synthesis but provides access to new chemical space.
1337 Reactions such as decarboxylative cross-coupling increase the

1338Csp3 character and introduce stereochemistry, while C−S cross-
1339couplings form bonds that are not currently found in DEL.
1340Abundant building blocks for these reactions increase their
1341utility for library synthesis, but RASS and APTAC do not yet
1342appear in published DELs. An analysis of resin binding capacity,
1343however, supports scalability, and similar pseudo-solid-phase
1344synthesis with DEAE resin has yielded several DELs.48,106,160 In
1345summary, solid-phase reversible immobilization seems generally
1346promising, granting access to useful functionality through
1347anhydrous conditions. Further studies are likely to confirm
1348that these approaches exhibit the requisite high yield, broad
1349scope, and DNA compatibility of other canonical DEL
1350chemistry formats.
13513.2.3. Photoredox Catalysis. Photoredox reactions have
1352attracted significant attention in medicinal chemistry for their
1353ability to generate novel C−C bonds, and they appear to be
1354equally promising for DEL bond construction. Photoredox
1355couplings betweenC-centered radicals and alkene groups (Giese
1356coupling or defluorinative alkylation) can produce Csp3−Csp3
1357linkages. Similarly, dual catalytic photoredox cross-couplings
1358between heteroaryl-halide-conjugated DNA and C-centered
1359radicals can generate valuable Csp2−Csp3 linkages. The
1360photoredox reactions demonstrated thus far have great appeal
1361for DEL synthesis, as they proceed with fast kinetics despite
1362dilute DNA concentrations, use abundantly available building
1363block sets, and generate highly desirable functionality. Also,
1364although radical-mediated, several studies suggest that these
1365 s8reactions do not significantly affect DNA recovery.
1366Photochemistry was one of the first reaction modes to receive
1367attention for its inherent compatibility with DNA. Halpin and

Figure 5. Solid-phase reversible immobilization-enabled DEL synthesis. The cationic bead surface immobilizes DNA conjugates through ionic
interactions with the DNA phosphodiester backbone. Resin is combined with DNA in aqueous media, washed with water-miscible solvent, and then
washed with dry solvent to provide near-anhydrous conditions for DNA modification. Anion exchange resins used in this process include DEAE
sepharose, a modified ChemMatrix resin (PEG+), and Strata-XA.

Scheme 8. Photoredox Giese Reaction
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1368 Harbury highlighted the use of the nitroveratryloxycarbonyl
1369 (NVOC) group for mild and selective nucleophile protection in
1370 DNA-routed synthesis,107 and both o-nitroveratryl and o-
1371 nitrobenzyl linkers have seen heavy use in oligonucleotide
1372 synthesis for their ability to mediate mild and chemoselective
1373 DNA phosphodiester cleavage. Later, Liu’s powerful reaction
1374 discovery platform uncovered an on-DNA photocatalytic azide
1375 reduction,57 and GSK used NVOC deprotection in a triazine
1376 library,128 setting the stage for implementation of photoredox
1377 chemistry in DEL. Drawing inspiration from the corresponding
1378 off-DNA reactions,165,166 Pfizer disclosed a photocatalytic Giese
1379 coupling167 between acrylamide DNA and Boc-protected
1380 phenylalanine. After optimization, the desired 1,4 product was
1381 obtained in 89% yield. Boc-protected α-amino acids generally
1382 coupled in high yield (25/29 conversion >65%), while other
1383 radical precursors were only preliminarily investigated. Further,
1384 the reaction tolerated several radical acceptors; 6/9 alkene-
1385 conjugated DNA species coupled with Boc-phenylalanine in
1386 >65% conversion.
1387 Photoredox-catalysis-based reaction development for DEL
1388 has continued to be an intense area of investigation. Novel dual
1389 catalytic reaction cycles for decarboxylative arylation were high
1390 yielding and DEL compatible.69,162,168 In the dual catalytic
1391 approach, the photocatalyst (Ir or suitable organic dye)
1392 generates an α-carbon radical through decarboxylation, which
1393 inserts in Ni-activated aryl halides to yield the corresponding
1394 Csp3−Csp2 linkages and regenerate the catalysts. The reaction
1395 conditions varied widely, employing 60% aqueous,168 20%
1396 aqueous with MgCl2 to aid DNA solubility,69 or nearly
1397 anhydrous conditions on solid support.162 The reaction scope
1398 was similarly variable. Pfizer’s conditions were best suited for
1399 coupling Boc-protected α-amino acids as 26/29 such substrates
1400 reacted in >70% yield, while 10/21 heteroaryl halide DNA
1401 conjugates coupled to N-Boc morpholine carboxylic acids in
1402 >65% conversion.168 Molander’s conditions were simpler, as
1403 they did not require exclusion of air, but yields were generally
1404 lower. Only 4 of 15 reactions between various Boc-protected α-
1405 amino acids and aryl/pyridinyl halides surpassed 60% yield.69

1406 Novartis’s conditions were the most intensive, requiring both
1407 solid support and water/air exclusion, but they provided access
1408 to aliphatic carboxylic acids (12/25 >70% converison with aryl

s9s10 1409 iodide substrate).162

1410 Adaptation of cross electrophile coupling has further
1411 expanded the scope of photoredox chemistry.70,169 Pfizer
1412 identified a novel bis(carboxamidine) ligand that provided
1413 92% yield in a model reaction between aryl iodide DNA and N-
1414 Boc-3-bromopiperidine.169 In a scope study of 26 aryl halides
1415 reacting with a DNA-linked aryl halide, primary and secondary

1416alkyl bromides reacted favorably for many building blocks, but
1417tertiary or sterically hindered alkyl bromides coupled poorly. In
1418contrast, Molander developed cross electrophile coupling
1419conditions that proceeded under a standard atmosphere using
142080% DMSO as the reaction solvent.169 Optimal conditions
1421included an Ir photocatalyst and a Ni catalyst, but triethylamine
1422was used as a mild reductant. The optimized reaction coupled 15
1423alkyl bromides with 4-bromobenzoic acid-tagged DNA (43−
142484% yield). Then, 15 heteroaryl bromides/iodides were tested
1425against two alkyl bromides (34−74% yield).
1426Several additional photoredox reactions have been developed,
1427increasing both reaction and building block scope. Molander
1428demonstrated defluorinative alkylation using a range of radical
1429precursors, including N-Boc/Fmoc-α-amino acids, alkyl 1,4-
1430dihydropyridines (DHP), alkyl bis(catecholato)silicates,69 and
1431methyl trimethylsilyl amines.70 Similarly, methyl trimethylsilyl
1432amines70 and alkyl DHP radical precursors69 were coupled to
1433aryl halide DNA. Finally, Pfizer recently showed photoredox [2
1434+ 2] cycloaddition as another potential reaction for
1435implementation in DEL.169

1436Altogether, photoredox couplings appear to be one of the
1437most promising additions to the DEL repertoire. Certain
1438photoredox conditions, including decarboxylative cross-cou-
1439pling,162 cross electrophile coupling,87 and [2 + 2] cyclo-
1440addition,169 minimally impacted DNA. DNA recovery was 48,
144167, and 60% post reaction, respectively. Of the available
1442photoredox reactions, decarboxylative cross-coupling reactions
1443are particularly attractive given that they use versatile, stable, and
1444abundant building block sets, introduce attractive library
1445functionalities, and complement other cross-couplings found
1446in DEL. All photoredox couplings introduce unique challenges
1447for optimizing catalytic cycles, designing high-throughput LEDs,
1448and devising enclosures to exclude air. Both Pfizer and Novartis
1449have already designed 96-well-plate illuminators for this specific
1450purpose,162,168 hinting that the future of photoredox coupling in
1451DEL may be bright.

4. CONCLUSIONS
1452DEL synthesis is a powerful new technology for drug discovery
1453that depends critically on reaction development. In this review,
1454we compared click reaction constraints with desirable features of
1455DEL reactions, providing an outline for evaluating reaction
1456utility. This comparison emphasized both the convenience of an
1457aqueous reaction setup and the importance of building block
1458validation and quantitative postsynthesis DNA recovery assess-
1459ment. Analysis of six of the most popular reactions in modern
1460DEL as well as emerging synthesis technologies demonstrated
1461the utility of the click-inspired framework.

Scheme 9. Decarboxylative Cross-Coupling

Scheme 10. Cross Electrophile Coupling
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1462 The success of DEL technology is ultimately measured by the
1463 quality of lead molecules that result from screening. Employing
1464 reactions that maximize library quality is critical for providing
1465 reliable data to discover molecules that can be readily optimized
1466 to druglike compounds. Additionally, exploring new bond
1467 construction is advantageous for pioneering new chemical space,
1468 particularly for the purposes of investigating increasingly
1469 difficult targets. Despite the challenges associated with designing
1470 robust reactions for DEL synthesis, several established reactions
1471 have realized dramatic performance improvements in DEL and
1472 novel reaction development efforts have greatly expanded in
1473 recent years. It will be exciting to see how future library design
1474 influences the next generation of DEL-derived clinical
1475 candidates and how these new synthesis technologies enable
1476 other efforts to circumvent the canonical limits of druggability.
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(11) 1569Furka, A.; Sebestyeń, F.; Asgedom,M.; Dibo,́ G. General Method
1570for Rapid Synthesis of Multicomponent Peptide Mixtures. Int. J. Pept.
1571Protein Res. 1991, 37 , 487−93.

(12) 1572Lam, K. S.; Salmon, S. E.; Hersh, E. M.; Hruby, V. J.; Kazmierski,
1573W. M.; Knapp, R. J. A New Type of Synthetic Peptide Library for
1574Identifying Ligand-Binding Activity. Nature 1991, 354, 82−84.

(13) 1575Silen, J. L.; Lu, A. T.; Solas, D. W.; Gore, M. A.; Maclean, D.;
1576Shah, N. H.; Coffin, J. M.; Bhinderwala, N. S.; Wang, Y.; Tsutsui, K. T.;
1577et al. Screening for Novel Antimicrobials from Encoded Combinatorial
1578Libraries by Using a Two-Dimensional Agar Format. Antimicrob. Agents
1579Chemother. 1998, 42, 1447−1453.

(14) 1580Kennedy, J. P.; Williams, L.; Bridges, T. M.; Daniels, R. N.;
1581Weaver, D.; Lindsley, C. W. Application of Combinatorial Chemistry
1582Science on Modern Drug Discovery. J. Comb. Chem. 2008, 10, 345−
1583354.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00789
Chem. Rev. XXXX, XXX, XXX−XXX

T



(15)1584 Kodadek, T. The Rise, Fall and Reinvention of Combinatorial
1585 Chemistry. Chem. Commun. 2011, 47, 9757−9763.

(16)1586 Brenner, S.; Lerner, R. A. Encoded combinatorial chemistry.
1587 Proc. Natl. Acad. Sci. U. S. A. 1992, 89, 5381−5383.

(17)1588 Buller, F.; Zhang, Y.; Scheuermann, J.; Schaf̈er, J.; Bühlmann, P.;
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1692Ezquerra, J.; Torrado, A. Mild and Efficient Palladium-Mediated C-N
1693Cross-Coupling Reaction between DNA-Conjugated Aryl Bromides
1694and Aromatic Amines. ACS Comb. Sci. 2019, 21, 69−74.

(50) 1695Lazaar, A. L.; Yang, L.; Boardley, R. L.; Goyal, N. S.; Robertson,
1696J.; Baldwin, S. J.; Newby, D. E.; Wilkinson, I. B.; Tal-Singer, R.; Mayer,
1697R. J.; et al. Pharmacokinetics, Pharmacodynamics and Adverse Event
1698Profile of GSK2256294, a Novel Soluble Epoxide Hydrolase Inhibitor.
1699Br. J. Clin. Pharmacol. 2016, 81, 971−979.

(51) 1700Belyanskaya, S. L.; Ding, Y.; Callahan, J. F.; Lazaar, A. L.; Israel,
1701D. I. DiscoveringDrugs withDNA-Encoded Library Technology: From
1702Concept to Clinic with an Inhibitor of Soluble Epoxide Hydrolase.
1703ChemBioChem 2017, 18, 837−842.

(52) 1704Harris, P. A.; King, B. W.; Bandyopadhyay, D.; Berger, S. B.;
1705Campobasso, N.; Capriotti, C. A.; Cox, J. A.; Dare, L.; Dong, X.; Finger,
1706J. N.; et al. DNA-Encoded Library Screening Identifies Benzo[b][1,4]-
1707oxazepin-4-ones as Highly Potent and Monoselective Receptor
1708Interacting Protein 1 Kinase Inhibitors. J. Med. Chem. 2016, 59,
17092163−2178.

(53) 1710Harris, P. A.; Berger, S. B.; Jeong, J. U.; Nagilla, R.;
1711Bandyopadhyay, D.; Campobasso, N.; Capriotti, C. A.; Cox, J. A.;
1712Dare, L.; Dong, X.; et al. Discovery of a First-in-Class Receptor
1713Interacting Protein 1 (RIP1) Kinase Specific Clinical Candidate
1714(GSK2982772) for the Treatment of Inflammatory Diseases. J. Med.
1715Chem. 2017, 60, 1247−1261.

(54) 1716Ratnayake, A. S.; Flanagan, M. E.; Foley, T. L.; Smith, J. D.;
1717Johnson, J. G.; Bellenger, J.; Montgomery, J. I.; Paegel, B. M. A Solution
1718Phase Platform to Characterize Chemical Reaction Compatibility with
1719DNA-Encoded Chemical Library Synthesis. ACS Comb. Sci. 2019, 21,
1720650−655.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00789
Chem. Rev. XXXX, XXX, XXX−XXX

U



(55)1721 Zambaldo, C.; Geigle, S. N.; Satz, A. L. High-Throughput Solid-
1722 Phase Building Block Synthesis for DNA-Encoded Libraries. Org. Lett.
1723 2019, 21, 9353−9357.

(56)1724 Oliveira, B. L.; Guo, Z.; Bernardes, G. J. Inverse Electron
1725 Demand Diels-Alder Reactions in Chemical Biology. Chem. Soc. Rev.
1726 2017, 46, 4895−4950.

(57)1727 Chen, Y.; Kamlet, A. S.; Steinman, J. B.; Liu, D. R. A Biomolecule-
1728 Compatible Visible-Light-Induced Azide Reduction from a DNA-
1729 Encoded Reaction-Discovery System. Nat. Chem. 2011, 3, 146−153.
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