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ABSTRACT: One major class of disease-causing RNAs is
expanded repeating transcripts. These RNAs cause diseases via
multiple mechanisms, including: (i) gain-of-function, in which
repeating RNAs bind and sequester proteins involved in RNA
biogenesis and (ii) repeat associated non-ATG (RAN)
translation, in which repeating transcripts are translated into
toxic proteins without use of a canonical, AUG, start codon.
Herein, we develop and study chemical probes that bind and
react with an expanded r(CGG) repeat (r(CGG)exp) present in
a 5′ untranslated region that causes fragile X-associated
tremor/ataxia syndrome (FXTAS). Reactive compounds bind
to r(CGG)exp in cellulo as shown with Chem-CLIP-Map, an
approach to map small molecule binding sites within RNAs in
cells. Compounds also potently improve FXTAS-associated pre-mRNA splicing and RAN translational defects, while not
affecting translation of the downstream open reading frame. In contrast, oligonucleotides affect both RAN and canonical
translation when they bind to r(CGG)exp, which is mechanistically traced to a decrease in polysome loading. Thus, designer small
molecules that react with RNA targets can be used to profile the RNAs to which they bind in cells, including identification of
binding sites, and can modulate several aspects of RNA-mediated disease pathology in a manner that may be more beneficial than
oligonucleotides.

■ INTRODUCTION

Although RNA targets in the transcriptome are numerous,
there is a dearth of small molecule chemical probes that can be
used to study RNA function and dysfunction. Despite great
interest in this area, the development of such compounds is
difficult1 owing to a lack of fundamental information, or design
principles, that could enable the development of compounds
that selectively target an RNA in a cell.2,3 One approach to
design compounds that affect function is to study RNA motif−
small molecule interactions, thereby identifying small molecule
“modules” that bind regions of an RNA of interest. Affinity and
selectivity of the modules can be improved by linking them
together to bind two or more regions in the desired RNA
simultaneously. Indeed, such a bottom-up approach has been
used to design compounds that target repeating transcripts and
other RNAs.4,5

The use of small molecules to modulate RNA function is of
particular interest for studying various aspects of disease
pathology. Repeating transcripts cause diseases via a gain-of-
function mechanism or by translation into toxic proteins with
or without the use of a start codon (Figure 1).6 A common
defect caused by RNA repeat gain-of-function is dysregulation
of alternative pre-mRNA splicing.7 For example, fragile X-
associated tremor/ataxia syndrome (FXTAS) is caused by an
expanded r(CGG) repeat (r(CGG)exp) that binds and
sequesters various proteins including DiGeorge syndrome

critical region 8 protein (DGCR8), Src-associated in mitosis
68 kDa (Sam68), and others.8,9 Sequestration of these proteins
causes dysregulation of microRNA processing and alternative
pre-mRNA splicing.8,9 As has been demonstrated for the RNAs
that cause the myotonic dystrophies (DM), amyotrophic lateral
sclerosis and frontal temporal dementia (ALS/FTD), and
FXTAS, expanded repeating RNAs are also translated without
the use of a start codon, or repeat associated non-ATG (RAN)
translation.10−12 RAN translation produces toxic polymeric
proteins that appear to contribute to disease.
We sought to determine if we could design small molecules

that address both modes of toxicity using r(CGG)exp as a model
system (Figure 1). Ideally, the designed compound would
improve alternative pre-mRNA splicing defects and inhibit
RAN translation while having no effect on translation of the
downstream open reading frame (ORF). It is particularly
important that translation of this downstream ORF is not
affected; r(CGG)exp is located in the 5′ untranslated region
(UTR) of the fragile X mental retardation 1 (FMR1) gene,
which encodes fragile X mental retardation protein (FMRP).
FMRP is important for regulation of protein synthesis.13 In
fragile X syndrome (FXS), which is also caused by a r(CGG)
expansion, albeit larger than those that cause FXTAS, FMRP is
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silenced; mice that do not produce FMRP have learning defects
and hyperactivity.14 There are likely spatial aspects that govern
whether RAN and/or canonical translation is inhibited, as has
been previously shown in engineered systems.15,16 Thus, a
focus of the present studies is to examine such aspects in
systems in which translational events resemble those found in
disease-associated mRNAs and how such events can be
advantageously modified.
Previously, we designed the small molecule 2H-5 (Figure

2A) to target r(CGG)exp by mining interactions in a RNA
motif-small molecule database.17 The compound contains two
RNA-binding modules (H) that are appropriately spaced to
target two 5′CGG/3′GGC motifs in r(CGG)exp simultaneously
(Figure 2A). Indeed, 2H-5 improves pre-mRNA splicing
defects caused by sequestration of Sam68 at μM concentrations
and does not affect translation of a model downstream ORF.17

In this study, we sought to improve 2H-5′s potency by
appending it to a reactive module akin to our previously
reported studies of a designed small molecule that targets
r(CUG)exp,3 the causative agent of DM type 1. To engender
2H-5 with the ability to react with cellular RNA targets, it was
coupled to a nitrogen mustard (CA or MA, Figure 2A).3 Since
such compounds prefer to react with the N-7 of G,18 we
hypothesized that r(CGG)exp might be an ideal RNA to which
to extend this approach. A biotin tag was also incorporated
onto 2H-5 to allow for the facile isolation of the RNA targets it

binds in cells (via Chemical Cross-Linking and Isolation by
Pull-down, or Chem-CLIP),3 affording 2H-5-CA-Biotin and
2H-5-MA-Biotin (Figure 2A). We also synthesized 2P-5-CA-
Biotin and 2P-5-MA-Biotin, control compounds that lack the
RNA-binding modules, to study the effect on selective targeting
of r(CGG)exp. (Please see the Supporting Information for
details of chemical syntheses, in particular Schemes S-1−3 and
Figure S-1.) Importantly, the reactive compounds bind the
desired target in cells and potently improve FXTAS-associated
pre-mRNA splicing and RAN translational defects, while not
affecting translation of the downstream ORF.

■ RESULTS AND DISCUSSION
Studying the Reaction of Designer Small Molecules

with RNA in Vitro. Compounds 2H-5-CA-Biotin, 2H-5-MA-
Biotin, 2P-5-CA-Biotin, and 2P-5-MA-Biotin were tested for
selective reaction with r(CGG)12. The compounds contain two
RNA-binding modules (H), a reactive module (CA or MA),
and a purification tag (Biotin) (Figure 2A). Control
compounds (P) without RNA-binding modules were also
tested. The CA module on 2H-5-CA-Biotin can react with two
sites (typically an intrastrand cross-link)19 within a single target
RNA because two N-chloroethyl groups are present. In
contrast, 2H-5-MA-Biotin only has one reactive N-chloroethyl
group and is thus incapable of forming intrastrand cross-links.19

Comparative studies of these two compounds facilitate an
understanding of how different reactivity modes can affect
biological activity and target recognition.
Initial in vitro assays were completed by using 32P-labeled

r(CGG)12. In these experiments, the biotin tag installed on the
compounds allowed capture of reacted RNAs with streptavidin-
coated resin. This allowed us to determine the amount of RNA
that reacted with a given small molecule via scintillation
counting. These studies showed that the order of reaction was
2H-5-CA-Biotin > 2H-5-MA-Biotin > 2P-5-CA-Biotin > 2P-
5-MA-Biotin (Figure 2B). Thus, addition of the RNA-binding
modules enhances the ability of the compounds to react with
RNA in vitro, and the type of reactive module used influences
compound reactivity.
The products of the in vitro reaction between r(CGG)12 and

2H-5-CA-Biotin or 2P-5-CA-Biotin were further studied. After
incubation with both 2H-5-CA-Biotin and 2P-5-CA-Biotin,
r(CGG)12 was treated with P1 nuclease, and the reaction
products were identified by mass spectral analysis. The
observed mass of the reaction products corresponds to a 2H-
5-CA-Biotin adduct that reacted with two guanosines (Figure
2C), consistent with the preferred reactivity of chlorambucil
(N-7 of guanine).18 Importantly, no adduct formation between
r(CGG)12 and 2P-5-CA-Biotin was detected. Collectively,
these studies show that 2H-5-CA-Biotin reacts with r(CGG)
repeats in vitro and that the RNA-binding modules (H) are
required.

Studying the Cellular Activity of Designer Com-
pounds: Inhibition of RAN Translation. Next, we studied
if the above compounds inhibit translation events of a
r(CGG)exp-containing transcript, including both RAN and
canonical translation. For these studies, we employed a cellular
model system in which r(CGG)88 was embedded in the 5′ UTR
of green fluorescent protein (GFP), which was previously
designed and validated by the Todd and Paulson groups.11 The
construct was developed such that the orientation of r(CGG)88
in the 5′ UTR relative to the GFP ORF mimics that between
r(CGG)exp and the ORF in FMR1. Two translation products

Figure 1. Modes of toxicity associated with r(CGG)exp, the causative
agent of FXTAS. (Top) The repeating RNA folds into a hairpin
structure that binds and sequesters proteins that regulate RNA
processing. Additionally, repeating transcripts are translated without a
start codon in a mechanism called RAN translation, producing toxic
polymeric proteins that contribute to pathogenesis. (Bottom) Small
molecules that bind to and react with r(CGG)exp and free bound
proteins improve defects in RNA processing and inhibit production of
RAN, but not normal, translation products.

Journal of the American Chemical Society Article

DOI: 10.1021/ja507448y
J. Am. Chem. Soc. 2015, 137, 5336−5345

5337

http://dx.doi.org/10.1021/ja507448y


are observed in cells: the canonical translation product, GFP,
and the RAN translation product, polyG-GFP. The two
products can be resolved by SDS-PAGE and visualized by
Western blot with an anti-GFP antibody as previously
described.11

Indeed, 2H-5-CA-Biotin decreases the RAN translation
product by ∼40% at 500 nM but does not significantly affect
translation of GFP initiated at the canonical translational start
site (Figures 3A and S-2). Further, a dose response is observed.
Although 2H-5-MA-Biotin also inhibits RAN translation but
not canonical translation, it is less potent (Figure 3A); at 1 μM,
2H-5-MA-Biotin and 2H-5-CA-Biotin inhibit 23% and 47% of
RAN translation, respectively. Interestingly, the extent of
inhibition of RAN translation correlates with in vitro reactivity
toward 32P-labeled r(CGG)12 for each compound (Figure 2B).
We also employed a construct in which the ATG start codon
was removed from the r(CGG)88-GFP construct (Figure 4A).
As expected, only the RAN translation product was observed,
and its abundance was similar to the amount of RAN product
observed for the plasmid containing an ATG start codon
(Figure S-6). In this system, 2H-5-CA-Biotin inhibits ∼65% of
RAN translation at 1 μM compound concentration (Figure
4B).
To further study the features of compounds that allows for

inhibition of RAN translation, we studied the control
compound that lacks the RNA-binding modules, 2P-5-CA-
Biotin, and the noncovalent binder 2H-5 (Figures 2B and 3A).
Neither canonical nor RAN translation were inhibited when
cells were treated with 50 μM 2H-5 or 1 μM 2P-5-CA.
Collectively, these studies show that both a reactive module and

RNA-binding modules are required for inhibition of RAN
translation in this system (Figure 3A and 3B). We also tested
the effect of 2H-5-CA-Biotin on r(CGG)88-GFP mRNA levels
(Figure S-3) and translation of GFP when the 5′ UTR lacks
r(CGG)exp (Figure S-4). No statistically significant changes
were observed for protein expression or mRNA abundance.
The compound exhibited no significant cytotoxicity via a MTT
assay at the concentrations used in biological assays (Figure S-
5). Collectively, these studies suggest that the effects are due to
reaction at specific sites within the mRNA, likely r(CGG)exp in
the 5′ UTR, vide inf ra. It also shows that it is possible to inhibit
RAN translation of an expanded repeat embedded in a 5′ UTR
with a small molecule without significantly affecting translation
of the downstream ORF.
We also studied if a 2′OMe phosphorothioate oligonucleo-

tide (2′OMe-PS-(CCG)12) that is complementary to r-
(CGG)exp modulates RAN and canonical translational events.
The oligonucleotide inhibits both RAN and canonical trans-
lation (Figure 3C), and selective inhibition of RAN translation
could not be obtained despite using a 2-fold alteration in
treatment concentrations. We also tested the effect of the
oligonucleotide on r(CGG)88-GFP mRNA levels; these data
showed that there was no effect on the mRNA’s abundance
(Figure S-7). The oligonucleotide had no effect on translation
of GFP if the 5′ UTR lacks r(CGG)exp (Figure S-8). It has been
previously observed that the binding of oligonucleotides to the
5′ UTR can affect translation.20 It is likely that the
oligonucleotide inhibits both RAN and canonical translation
by either preventing ribosome loading or inhibiting ribosomal
read-through, vide inf ra.

Figure 2. Structures of the compounds used in these studies. (A) 2H-5-CA-Biotin is comprised of two RNA-binding modules (purple circles), a
reactive module (gray box), and a biotin purification module (blue box) to improve potency and enable identification of cellular targets. 2H-5
noncovalently binds r(CGG)exp and was described previously.17 2P-5-CA-Biotin and 2P-5-MA-Biotin lack RNA binding modules. 2H-5-MA-Biotin
has a single reactive group. (B) Studying the reaction of designer small molecules with RNA in vitro. (C) MS analysis of the 2H-5-CA-Biotin-
r(CGG)12 adduct generated in vitro.
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Studying the in Cellullo Activity of Designer Com-
pounds: Improvement of FXTAS-Associated Pre-mRNA
Splicing Defects. Since 2H-5-CA-Biotin improves one

FXTAS-associated defect (RAN translation), we next deter-
mined if the compound improves alternative pre-mRNA
splicing defects. The ability of 2H-5-CA-Biotin to improve
FXTAS-associated pre-mRNA splicing defects was evaluated
using a plasmid that encodes r(CGG)60 and a mini-gene that
reports on the alternative splicing of survival motor neuron 2
(SMN2) mRNA.21 It was previously shown that the alternative
splicing of SMN2 exon 7 is dysregulated in FXTAS by
sequestration of Sam68 by r(CGG)exp.8 In the presence of
r(CGG)60, exon 7 is included in ≈60% of the mature mRNA,
while in the absence of r(CGG)60, exon 7 is included in ≈20%
(Figure 5A).
Treatment of cells with 1 μM of 2H-5-CA-Biotin improved

the SMN2 splicing defect by ∼40%, similarly to 2H-5-MA-
Biotin (Figure 5B). Neither compound affected SMN2 splicing
in cells that did not express r(CGG)60 (Figure S-9). Further, no
significant effect on SMN2 splicing was observed when cells
were treated with 1 μM 2H-5 or 2P-5-CA-Biotin. The
observed bioactivity of 2H-5-CA-Biotin was not due to
changes in r(CGG)60 abundance as there was no effect on
transcription as determined by qRT-PCR (Figure S-10). In
agreement with our RAN translation studies (Figure 3), these
studies show that both covalent binding and the RNA-binding
modules are required for the observed bioactivity (Figure 5B).

Chem-CLIP Evaluation of the Cellular Targets of the
Designer Small Molecules. Compounds were evaluated for
the RNA targets they reacted with in cells by using a reactive
profiling approach named Chem-CLIP (Chemical Cross-

Figure 3. Effects of small molecules and an oligonucleotide on protein translation in cells. (A) Effect of 2H-5-CA-Biotin, 2H-5-MA-Biotin, 2P-5-
CA-Biotin, and 2P-5-MA-Biotin on RAN translation of r(CGG)exp and canonical translation of the downstream ORF that encodes GFP, as
determined by Western blotting. (B) Effect of 2H-5 on RAN and canonical translation. (C) Effect of a 2′OMe phosphorothioate oligonucleotide,
2′OMe-PS-(CCG)12, on RAN and canonical translation. *, **, ***, and **** denote p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively, as
compared to the untreated sample with a two-tailed Student t test (n ≥ 3 for compounds and n = 3 for 2′OMe-PS-(CCG)12). Values are reported as
mean ± standard error.

Figure 4. Modification of (CGG)88-GFP to afford a construct without
an ATG start codon and the effect of 2H-5-CA-Biotin on RAN
translation in the absence of AUG. (A) Schematic of the (CGG)88-
(No ATG)-GFP construct. (B) Western blot image and quantification
of relative amounts RAN translation products in the presence or
absence of 2H-5-CA-Biotin when the AUG start codon is removed. *
and **** denote p < 0.05 and p < 0.0001, respectively, as determined
by a two-tailed Student t test (n = 3). Values are reported as mean ±
standard error.
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Linking and Isolation by Pull-down),3 a small molecule
approach similar to cross-linking and immunoprecipitation
(CLIP).22 For these studies, we employed the model cellular
model system described above for RAN translation.11 Cells
were treated with 2H-5-CA-Biotin, 2H-5-MA-Biotin, or 2P-5-
CA-Biotin, and cellular targets were isolated using streptavidin-
coated resin. Bound targets were released from the resin and
analyzed via qRT-PCR (Figure 6A).3 Relative to the starting
total RNA, a 24-fold enrichment of r(CGG)88-GFP was

observed in the pulled down fractions from cells treated with
2H-5-CA-Biotin. Compound 2H-5-MA-Biotin was also able to
enrich r(CGG)88-GFP by ∼6-fold. There was no enrichment in
r(CGG)88-GFP upon treatment with 2P-5-CA-Biotin, con-
sistent with our in vitro reactivity studies (Figure 2B). Only a
minor enrichment of the GFP mRNA was observed when cells
that express GFP lacking r(CGG)exp were treated with 2H-5-
CA-Biotin (Figure 6A). Taken together, these studies show
that 2H-5-CA-Biotin reacts with the intended target in cellulo.
To assess the extent to which the noncovalent binder binds

to r(CGG)88-GFP in cellulo, we completed a Competitive
Chem-CLIP (C-Chem-CLIP) experiment. In C-Chem-CLIP,
cells are cotreated with 2H-5 and 2H-5-CA-Biotin, and
depletion of RNA targets captured by 2H-5-CA-Biotin is
assessed (indicates binding of 2H-5). The results indicate that
2H-5 can compete with 2H-5-CA-Biotin for binding to
r(CGG)exp in cells, confirming that both the covalent and the
noncovalent compound engage the target (Figure 6B). Thus,
noncovalent recognition of 5′(CGG)exp in cells by 2H-5 is not
sufficient to affect a translational event, whereas covalent
reaction is. This observation may be due to the degree of
thermodynamic stabilization of r(CGG)exp upon compound
binding; that is, a minimum amount of stabilization is required
to prevent ribosomal read-through or loading. We therefore
measured the thermodynamic stability imparted to r(CGG)12
by 2H-5-CA-Biotin and 2H-5 by optical melting. These
experiments showed that reaction of 2H-5-CA-Biotin with
r(CGG)12 as compared to the RNA alone increases the Tm by
>10 °C (Figure S-11). In contrast, binding of 2H-5 has a
negligible effect on Tm. Taken together, 2H-5-CA-Biotin
inhibits either: (i) ribosome loading onto r(CGG)exp; and/or
(ii) ribosomal read-through by forming a steric or thermal
block within the repeats that does affect ribosome loading onto
the downstream ORF. That is, the ribosome can shunt through
to the canonical AUG start codon. The latter mechanism is
supported by studies in which oligonucleotides that target an
ORF only inhibit translation when they are conjugated to

Figure 5. Improvement of FXTAS-associated pre-mRNA splicing defects by 2H-5-CA-Biotin. (A) Schematic of the alternative pre-mRNA splicing
of SMN2 mini-gene in the presence and absence of r(CGG)exp. (B) Cellular efficacy of 2H-5-CA-Biotin, 2H-5, and 2P-5-CA-Biotin against FXTAS
as assessed by improvement in SMN2 pre-mRNA splicing defects. ** and *** denote p < 0.01 and p < 0.001, respectively, as compared to the
untreated sample by a two-tailed Student t test (n = 3). Values are reported as the mean ± standard error.

Figure 6. Identification of the cellular RNA targets of 2H-5-CA-
Biotin, 2H-5-MA-Biotin, 2H-5, and 2P-5-CA-Biotin. (A) Results of
Chem-CLIP pull-down of RNA targets in cells upon exposure to
reactive compounds. An ∼24- and ∼6-fold enrichment of r(CGG)88-
GFP relative to starting lysate was observed in the pulled down
fraction from cells treated with 2H-5-CA-Biotin (500 nM) and 2H-5-
MA-Biotin (1 μM), respectively. No enrichment was observed when
cells were treated with 2P-5-CA-Biotin. Further, r(CGG)88 is required
for pull down by 2H-5-CA-Biotin as an ∼13-fold decreased
enrichment of GFP mRNA was observed in cells that express a
construct lacking r(CGG)exp in the 5′ UTR. (B) Results of competitive
Chem-CLIP experiment. Cells were cotreated with 2H-5 and 2H-5-
CA-Biotin. The depletion of the r(CGG)88-GFP target confirms that
2H-5 binds to r(CGG)88-GFP. **, ***, and **** denote p < 0.01, p <
0.001, and p < 0.0001, respectively, (compared to the starting lysate
for A) as determined by a two-tailed Student t test (n = 3). Values are
reported as the mean ± standard error.
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psoralen and hence cross-linked with the mRNA; noncovalent
binders had no effect on translation.20 These studies are also
consistent with 2H-5’s inability to inhibit RAN translation
despite binding to r(CGG)exp in cellulo; binding does not
enhance the RNA’s thermodynamic stability sufficiently enough
to impede ribosomal read-through.

Chem-CLIP-Map Enables Mapping of Small Molecule
Binding Sites in Cellulo. Given that Chem-CLIP allowed for
the targeted pull-down of the r(CGG)88-GFP transcript, we
sought to determine the site of reaction. This could be
completed by primer extension, as has been described to
identify sites of chemical modification by dimethyl sulfate
(DMS) or kethoxol to map RNA secondary structure.23 Such

Figure 7. Binding site mapping for reactive compounds. (A) Schematic of Chem-CLIP-Map. (B) Results for 2H-5-CA-Biotin and 2P-5-CA-Biotin.
The enrichment of the 5′ fragment by 2H-5-CA-Biotin indicates the small molecule binds to the 5′ UTR in the mRNA. * and ** denote p < 0.05
and p < 0.01, respectively, as compared to samples before pull-down by a two-tailed Student t test (n = 2). Values are reported as the mean ±
standard error.

Figure 8. Polysome profiling of cells treats with 2H-5-CA-Biotin and 2′OMe-PS-(CCG)12. (A) Schematic of polysome profiling. (B) Representative
polysome profile. (C) Plot of the number of polysomes associated with r(CGG)88-GFP upon treatment with 2H-5-CA-Biotin and 2′OMe-PS-
(CCG)12. While no change in the amount of r(CGG)88-GFP and GFP (control) mRNA associated with translationally active polysomes was
observed after 2H-5-CA-Biotin treatment, the oligonucleotide decreased the number of associated polysomes by ∼30%. 2H-5-CA-Biotin
diminished the number of polysomes associated with r(CGG)88-(No ATG)-GFP, which lacks a start codon by ∼10%. ** denotes p < 0.01 and ***
denotes p < 0.001, as compared to the untreated sample with a two-tailed Student t test (n = 2).
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an approach is intractable for mapping small molecule binding
sites in r(CGG)exp, or other repeating transcripts, due to their
highly structured, GC-rich nature that complicates read-
through by reverse transcriptase. Thus, we mapped the
ligand-binding site by using an alternative approach named
Chem-CLIP-Map. In this approach, cells are treated with a
reactive compound, and total RNA is harvested. The harvested
RNA is then cleaved by treatment with an antisense
oligonucleotide and RNase H (Figure S-12).24 The cleaved
RNA fragments are then captured onto streptavidin resin and
quantified by qRT-PCR to identify the region(s) within the
mRNA that reacted with compound (Figure 7). In this
application, the antisense oligonucleotide binds between
r(CGG)exp and the AUG start codon. If the compound reacts
with r(CGG)exp as expected, then the 5′ region of the RNA
should be pull-down by streptavidin resin, while the remainder
of the RNA (the ORF) should not.
As expected, 2H-5-CA-Biotin reacted preferentially with the

5′ end of the r(CGG)88-GFP mRNA, where the repeat is
present (Figure 7). No enrichment was observed for 2P-5-CA-
Biotin. Thus, the RNA-binding modules engender the
compound with its reaction preference for the r(CGG)exp-
containing mRNA in cells. These studies support a mechanism
for inhibition of FXTAS-associated defects in which the small
molecule reacts with r(CGG)exp, displacing bound proteins or
preventing their binding altogether (improvement of alternative
pre-mRNA splicing defects) and simultaneously inhibiting
ribosome recognition/loading of r(CGG)exp (RAN translation)
but not the downstream ORF.
Studying the Mechanism of Compound Inhibition of

RAN Translation via Polysome Profiling. Polysome
profiling is a powerful tool to study mRNAs bound by the
ribosome and undergoing active translation. We therefore used
polysome profiling to further investigate the modes of action of
2H-5-CA-Biotin and 2′OMe-PS-(CCG)12. COS7 cells were

transfected with the (CGG)88-GFP plasmid and treated with
2H-5-CA-Biotin or 2′OMe-PS-(CCG)12. A sucrose gradient
was then used to separate RNAs bound to single ribosomes and
polysomes (Figure 8A and 8B). The distribution of r(CGG)88-
GFP in each fraction was then determined by qRT-PCR.
Compared to the untreated control, no significant change in the
distribution of r(CGG)88-GFP was observed after treatment
with 500 nM 2H-5-CA-Biotin (Figures 8C and S-13). In
contrast, treatment with 2′OMe-PS-(CCG)12 decreased the
amount r(CGG)88-GFP mRNA associated with active poly-
somes by 27% (Figures 8C and S-13), consistent with its
inhibition of both RAN and canonical translation events shown
in Figure 3C. The control transcript (GFP mRNA lacking
r(CGG)exp) showed no significant change in its distribution
after 2H-5-CA-Biotin or 2′OMe-PS-(CCG)12 treatment. We
further studied the effect of 2H-5-CA-Biotin on ribosome
loading using a r(CGG)88-GFP that lacks a start codon. As GFP
is not translated in this system, we expected a larger effect on
polysome loading upon compound treatment as compared to
the r(CGG)88-GFP construct containing a start codon. Indeed,
2H-5-CA-Biotin reduced the amount of the transcript that
lacks the start codon associated with polysomes by 10% relative
to untreated sample (Figure S-14), indicating the reactive
compound inhibits RAN translation in this system and does so
by at least in part by reducing the amount of mRNA bound by
ribosomes.

Mechanistic Considerations for 2H-5-CA-Biotin and
2′OMe-PS-(CCG)12. Taken together, our data beg the
questions: (i) how does 2H-5-CA-Biotin selectively inhibit
RAN translation?; and (ii) why does the oligonucleotide inhibit
both RAN and canonical translation? (Figure 9). The lack of
selectivity by the oligonucleotide is likely due to its formation
of an extraordinarily stable secondary structure 5′ to the
canonical start codon. In order for a stable secondary structure
to inhibit initiation, it must be close to the 5′ cap.25,26 Stable

Figure 9. Possible mechanisms of inhibition of RAN translation in FXTAS by 2H-5-CA-Biotin and 2′OMe-PS-(CCG)12. (A) Schematic of RAN and
canonical translational events in FXTAS. (B) Schematic of a potential mode of action for the selective inhibition of RAN translation by 2H-5-CA-
Biotin. (C) Schematic of a potential mode of active for the inhibition of RAN and canonical translation events by 2′OMe-PS-(CCG)12.
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secondary structures distal to the cap can inhibit translation/
elongation by preventing unwinding by helicase eIF4A,
provided that their ΔGo is at least −50 kcal/mol.25,26 Since
binding of 2′OMe-PS-(CCG)12 occurs distal to the 5′ cap,
>100 nucleotides downstream, it is therefore likely that 2′OMe-
PS-(CCG)12 inhibits ribosome read-through/processivity dur-
ing both RAN translation and ribosome shunting to the
canonical AUG start codon. Indeed, the predicted free energy
of the duplex formed between a single 2′OMe-PS-(CCG)12 and
r(CGG)12 (up to seven oligonucleotides could bind to each
transcript) is −101.7 kcal/mol. In contrast, the binding of our
small molecule thermodynamically stabilizes the repeat but
does not significantly affect ribosome loading. This suggests: (i)
initiation of RAN and canonical translation is not inhibited; (ii)
the cross-link and thermodynamic stabilization created by the
small molecule inhibit elongation of ribosomes bound to
r(CGG)exp, likely preventing unwinding by helicase eIF4a; and
(iii) the small molecule does not prevent scanning of the
ribosome to identify the canonical AUG start site since
canonical translation is not affected. Ribosome shunting has
been previously observed to bypass stable secondary structures
to identify the canonical AUG start codon.27,28

■ CONCLUSION

In summary, we have demonstrated that a designer small
molecule that binds and reacts with an RNA target covalently,
2H-5-CA-Biotin, is a more potent inhibitor than a related
compound that binds noncovalently (2H-5). In particular, 2H-
5-CA-Biotin improves pre-mRNA splicing defects and
selectively inhibits RAN translation in a FXTAS cellular
model. Compounds that modulate noncanonical translational
events could have broad applicability. For example, proteome-
wide profiling in viruses and human cell lines has shown that
many peptides are translated without the use of start codons.11

There are many speculations about the functional consequen-
ces of these proteins; one way to study them is to develop
inhibitors of their production, as shown herein.

■ MATERIALS AND METHODS
General. The RNA used in in vitro reactions (r(CGG)12) was

purchased from Dharmacon and deprotected per the manufacturer’s
recommended protocol. DNA primers used for RT-PCR were
purchased from Integrated DNA Technologies, Inc (IDT). Western
blot images were quantified with QuantityOne version 4.6.5 software.
Mass spectra were collected on an ABI 4800 MALDI-TOF
spectrometer. Statistical significance was computed by using a student
t test and *, **, ***, and **** indicate p < 0.05; p < 0.01; p < 0.001; p
< 0.0001, respectively.
Reaction of Small Molecules with r(CGG)12. The r(CGG)12, 5′-

GCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC,
was 5′-end-labeled with 32P using [γ-32P] ATP. To determine if 2H-5-
CA-Biotin, 2P-5-CA-Biotin, 2H-5-MA-Biotin, and 2P-5-MA-Biotin
react with r(CGG)12 in vitro, 5 μL of 32P-labeled r(CGG)12
(∼1,000,000 cpm) was diluted in a total volume of 300 μL of 1×
PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, and 2.7
mM KCl, pH 7.4). The RNA was folded by heating at 60 °C for 5 min
and slowly cooling to room temperature. Compound was then added
at various concentrations, and the solutions were incubated for at least
4 h at room temperature. Next, 10 μL of streptavidin resin (high
capacity streptavidin agarose beads; Thermo Scientific) was added to
the samples which were then incubated for 30 min at room
temperature. After centrifugation, the supernatant was removed, and
the resin was washed with 1× PBST (1× PBS + 0.1% Tween 20). The
amount of radioactivity in the supernatant, wash, and associated with

the beads was measured using a Beckman Coulter LS6500 liquid
scintillation counter.

MS Analysis of the 2H-5-CA-Biotin-r(CGG)12 Adduct. The
r(CGG)12 RNA (1 μM) was folded in 1× PBS by heating at 95 °C
followed by slowly cooling to room temperature. To this solution was
added 2H-5-CA-Biotin (1 μM) and 2P-5-CA-Biotin (1 μM) in a total
volume of 10 μL. The sample was incubated at 37 °C for 24 h. The
RNA was digested with nuclease P1 (1 unit) at 37 °C for 19 h, and the
solution was then desalted by ZipTip Pipette Tip (EMD Millipore).
The products of the reaction were analyzed by MALDI-TOF mass
spectrometry.

Quantifying RAN and Canonical Translation Products by
Western Blot. COS7 cells were grown as monolayers in 96-well
plates in 1× DMEM containing 10% FBS and 1× Glutagro (growth
medium). After the cells reached 90−95% confluency, they were
transfected with 150 ng of a plasmid encoding (CGG)88-GFP using
Lipofectamine 2000 (Invitrogen) per the manufacturer’s standard
protocol. The compound of interest was added to the transfection
cocktail, which was then applied to the cells. Approximately 5 h post-
transfection, the transfection cocktail was removed and replaced with
growth medium containing the compound, and the cells were
incubated at 37 °C for 18−20 h. Cells were lysed in the plate using
100 μL/well of mammalian protein extraction reagent (MPER, Pierce
Biotechnology) containing 1 μL of halt protease inhibitor cocktail
(Thermo Scientific). Cellular proteins were separated by SDS-PAGE
and then transferred to a PVDF membrane. Western blotting was
completed using anti-GFP (Santa Cruz) or anti-β-actin (Sigma-
Aldrich) as primary antibodies and anti-IgG-horseradish peroxidase
conjugate as the secondary antibody. Chemiluminescent signal was
generated by SuperSignal West Pico Chemiluminescent substrate
(Thermo Scientific), and the blot was imaged using X-ray film.

Determination of r(CGG)88-GFP mRNA Expression Levels by
qRT-PCR. COS7 cells were transfected with the (CGG)88-GFP
plasmid and treated with compound as described above. Total RNA
was harvested by using a Quick-RNA MiniPrep Kit (Zymo Research)
per the manufacturer’s recommended protocol including an on-
column DNA digestion. cDNA was generated from 50 ng of RNA
using a qScript cDNA Synthesis Kit (Quanta Biosciences) per the
manufacturer’s protocol. qPCR was performed on an ABI 7900 HT
Real-Time PCR System (Applied Biosystems). Primer pairs for
(CGG)88-GFP (GFP-F/R) and a β-actin (hACTBF and hACTBR) are
provided in Table S-1. (CGG)88-GFP mRNA levels were normalized
to β-actin.

Cell Viability, MTT Assay. COS7 cells in 96-well plates were
transfected with the (CGG)88-GFP plasmid and treated with
compound as described above. MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide, Life Technologies) assays were
completed per the manufacturer’s recommended protocol.

Construction of a Plasmid Expressing r(CGGexp)-GFP Lacking
a Start Codon. The plasmid without ATG start codon was derived
from (CGG)88 +1 GFP plasmid.21 A small fragment of the (CGG)88+1
GFP plasmid (75 nucleotides) containing the ATG start codon was
removed by digestion with NheI and BseRI, and the vector was
purified by agarose gel electrophoresis. This small fragment was
replaced with an insert in which the ATG start codon was mutated,
generated by PCR-amplification of the (CGG)88 + 1 GFP plasmid
with the following primers: forward: 5′-CTCCCGGCGCTAG-
CAAGGGCTGAAGAGACCGAGGTG-3′ (the bold text denotes
the modified sequence) and reverse: 5′-GATGGGCAC-
CACCCCGGTGAACAG-3′. The new fragment was doubly digested
with NheI and BseRI and ligated back into vector. The sequence of the
construct was verified by Eton Bioscience.

Improvement of pre-mRNA Splicing Defects in a FXTAS Cell
Culture Model Using RT-PCR. Improvement of pre-mRNA splicing
defects by various compounds was tested in cellulo as previously
described with minor modifications.21 Briefly, COS7 cells were grown
as monolayers in 96-well plates in growth medium. After the cells
reached 90−95% confluency, they were transfected with 200 ng of
total plasmid (150 ng of a plasmid encoding r(CGG)60 and 50 ng of
the SMN2 mini-gene) using lipofectamine 2000 (Invitrogen) per the
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manufacturer’s standard protocol. The compound of interest was
added to the transfection cocktail, which was then applied to the cells.
Approximately 5 h post-transfection, the transfection cocktail was
removed and replaced with growth medium containing the compound,
and the cells were incubated at 37 °C for 18−20 h. Total RNA was
harvested as described above. A sample of RNA was subjected to RT-
PCR as previously described,17 and the pre-mRNA splicing products
were separated by denaturing polyacrylamide gel electrophoresis. The
primer sequences for the SMN2 mini-gene (SMN2-F/R) are provided
in Table S-1.
Chem-CLIP and C-Chem-CLIP to Pull-Down the Cellular

Targets of Compounds. COS7 cells were grown in growth medium
(1× DMEM, 10% FBS, and 1× GlutaMax (Invitrogen)) as monolayers
in a 75 cm2

flask to ∼95% confluency. Cells were transfected with the
plasmid of interest ((CGG)88-GFP or GFP) using lipofectamine 2000
(Invitrogen) per the manufacturer’s recommended protocol. The
compound of interest was added to the transfection cocktail (final
concentration of 500 nM for 2H-5-CA-Biotin and 2P-5-CA-Biotin
and 1 μM for 2H-5-MA-Biotin), which was then applied to the cells.
For C-Chem-CLIP, cells were treated with 500 nM 2H-5-CA-Biotin
and 50 μM 2H-5. After 5 h incubation, the transfection cocktail was
removed and replaced with growth medium containing compound.
The cells were then incubated at 37 °C for 18−20 h. Total RNA was
extracted by using Trizol reagent (Ambion) according to the
manufacturer’s protocol. After RQ1 DNase (Promega) treatment,
total RNAs were phenol:chloroform extracted and ethanol precipi-
tated. Approximately 100 μg of total RNA was incubated with
streptavidin beads (100 μL, Sigma-Aldrich) in 1× PBS for 2 h at room
temperature with gentle shaking. The solution was removed, and the
beads were washed with 5 × 200 μL H2O for 5 min each, until the
presence of RNA was no longer detected in the wash solution as
determined by absorbance at 260 and 280 nm using a Nanodrop
2000C spectrophotometer (Thermo Scientific). Bound RNA was
released from the beads by heating the beads in 1× Elution Buffer (100
μL, 95% formamide, 10 mM EDTA, pH 8.2) at 65 °C for 5 min. The
released RNA was purified by a Quick-RNA MiniPrep Kit (Zymo
Research), and cDNA was generated from 50 ng of RNA using a
qScript cDNA Synthesis Kit per the manufacturer’s protocol. qPCR
was performed on an ABI 7900 HT Real-Time PCR System. Primer
sequences for GFP mRNA are provided in Table S-1.
Mapping the Binding Sites of Small Molecules in Cellulo

(Chem-CLIP-Map). COS7 cells were transfected with the (CGG)88-
GFP plasmid and treated with compound followed by isolation of total
RNA as described above. After RQ1 DNase treatment, total RNAs
were phenol:chloroform extracted and ethanol precipitated. Next, 10
μg of total RNA (100 μL) in RNase H Buffer (20 mM Hepes, pH 7.5,
100 mM KCl, 20 mM MgCl2, and 0.1 mM DTT) was annealed with
500 pmoles of antisense oligonucleotide at 37 °C with slow cooling to
room temperature over 20 min. RNase H (Life Sciences) (5 U) was
added, and the mixture was incubated at 37 °C for 30 min. After, the
mixture was heated at 65 °C for 20 min to deactivate the RNase H,
and then the samples were incubated with streptavidin beads (100 μL,
Sigma-Aldrich) for 1 h at room temperature with gentle shaking. The
solution was removed, and the beads were washed with 5 × 200 μL
H2O for 5 min each, until the presence of RNA was no longer detected
in the wash solution as determined by absorbance at 260 and 280 nm.
Bound RNA was released from the beads by heating the beads in 1×
Elution Buffer at 65 °C for 5 min. The released RNA was purified by
ethanol precipitation, and cDNA was generated from 20 ng of RNA
using a qScript cDNA Synthesis Kit per the manufacturer’s protocol.
qPCR was performed on an ABI 7900 HT Real-Time PCR System.
The sequences of antisense oligonucleotide and primers (a-d) are
provided in Table S-1.
Polysome Profiling. COS7 cells in 100 mm dishes were

transfected with the construct of interest ((CGG)88-GFP or
(CGG)88-(No ATG)-GFP) and treated with compound as described
above. About 18 h post-transfection, 100 μg/mL (final concentration)
cycloheximide (CHX) was added into the dish, and cells were
incubated at 37 °C for 10 min. Cells were washed twice for 5 min with
10 mL of 1× PBS supplemented with 100 μg/mL CHX and then twice

for 5 min with 5 mL of 1× PBS supplemented with 100 μg/mL CHX
and 1 mM PMSF. Cells were scraped into 1 mL 1× PBS with 100 μg/
mL CHX and 1 mM PMSF, pelleted by centrifugation, and
resuspended in 400 μL lysis buffer (20 mM Hepes, pH 7.5, 100
mM KCl, 5 mM MgCl2, 0.3% NP40, RNasin, protease inhibitor, 100
μg/mL CHX, and 1 mM DTT). Lysed cells were pelleted by
centrifugation at 13,200 rpm in a cold microfuge. The resulting
supernatant was layered onto 10 mL linear 10−50% sucrose gradients
containing 20 mM Hepes pH 7.4, 5 mM MgCl2, 100 mM KCl, 300
mM DTT, and 100 μg/mL CHX. The samples were centrifuged at
40,000 rpm for 2 h at 4 °C. The gradients were fractionated using a
fraction collector (Brandel Inc.,) and the absorbance of cytosolic RNA
was recorded at 254 nm by an inline UV monitor. Total RNAs were
extracted from 100 μL of each fraction by using a Quick-RNA
MiniPrep Kit (Zymo Research). A sample of RNA was subjected to
qRT-PCR with primers (GFP-F/R) as described above.

Melting Analysis of r(CGG)12. To determine the effect of the
reaction of 2H-5-CA-Biotin with r(CGG)12 on the thermodynamic
stability of the RNA, optical melting experiments were completed.
Briefly, 10 μM of r(CGG)12 (with a trace amount of 32P-labeled
r(CGG)12) in 1× PBS was folded by heating at 60 °C for 5 min and
slowly cooling to room temperature. Then, 5 μM of 2H-5-CA-Biotin
was added, and the solution was incubated for 4 h at room
temperature. The reaction mixture was passed through a Sephadex
G-25 column to remove unreacted 2H-5-CA-Biotin. The products of
the reaction were then captured onto 50 μL streptavidin resin by
incubating for 30 min at room temperature. The resin was then
centrifuged, the supernatant was removed, and the resin was washed
with 1× PBST. Then, 100 μL of 1× Elution Buffer was added to the
resin and was incubated at 95 °C for 5 min to recover 2H-5-CA-
Biotin-r(CGG)12 that was bound to the resin. The eluted RNA was
ethanol precipitated and resuspended in 100 μL of water. A sample of
r(CGG)12 was treated similarly without addition of 2H-5-CA-Biotin
for comparison. To determine the stabilization afforded by binding to
2H-5, samples of r(CGG)12 and r(CGG)12 treated with 5 equivalents
of 2H-5 were also prepared. Optical melting of the RNA was
performed at 260 nm in 1× Melting Buffer (4 mM Na2HPO4, pH 7.0,
93 mM NaCl, and 0.5 mM EDTA) on a Beckman DU-800 UV−vis
spectrophotometer using a gradient of 1 °C/min.
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