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The targeting of structural features in mRNA with specificity remains a great chemical challenge. A
hairpin structure near exon 10 in the pre-mRNA encoding the tau protein controls its splicing, and
dementia-causing mutations that disrupt this structure increase exon 10 splicing. We previously
reported the discovery of small molecules, mitoxantrone (MTX) and analogs, which bind to the tau

Keywords: RNA hairpin structure and the design of bipartite antisense oligonucleotides (ASOs) that simultaneously
Tal;lNA lici bind to the discontinuous sequences that flank this hairpin. Herein we report the synthesis of a bipartite
RmN A hasilr)plicring ASO conjugated to MTX using the tau RNA hairpin and flanking sequences as a template. A set of six MTX

analogs, each containing a linker-azide, and a set of ten bipartite ASOs, each containing a branched linker-
alkyne, were synthesized and tested in combinatorial fashion for their ability to conjugate in the presence
or absence of template RNA. A single template-dependent MTX-ASO conjugate was identified from
among the 60 reaction mixtures, demonstrating that the MTX and ASO precursors could simultaneously
bind the RNA template and allow proper positioning of azide and alkyne for 1,3-cycloaddition. While the
MTX-ASO conjugate proved too cytotoxic for cell-based assays, the conjugate inhibited tau exon 10 splic-
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ing under cell-free conditions more effectively than MTX or bipartite ASO alone.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Structural motifs within mRNA, such as hairpins, G-quadruplex-
es, and riboswitches, can control various aspects of mRNA biology,
including exon splicing, protein translation, and degradation [1-4].
As these structures regulate mRNA function, they may be worth-
while targets for ligand design [5-7]. Our focus has been on a
structural motif that controls the alternative splicing of pre-mRNA
encoding the microtubule-associated protein tau. Pathological tau
filaments are a common feature of a variety of neurodegenerative
brain disorders [8], and rare dominant mutations in the tau gene
cause familial forms of dementia [9-11]. Many of these mutations
are silent, only increasing the splicing of exon 10. Thus, altered tau
pre-mRNA splicing to increase isoforms that include exon 10 is suf-
ficient for tau pathology, neurodegeneration and dementia. The

Abbreviations: ABU, linker alkyne building unit; ASO, antisense oligonucleotide;
EGL, ethylene glycol-containing linker unit; MTX, mitoxantrone; PNA, peptide
nucleic acid.
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disease-causing mutations that shift splicing are found in and
around a hairpin structure at the boundary between exon 10 and
intron 10 (Fig. 1a) [12,13]. The disruption of this hairpin allows ac-
cess to splicing factors that then increase exon 10 inclusion, while
hairpin stabilization via artificial mutations have the opposite ef-
fect [14].

For these reasons, compounds that bind and stabilize the hair-
pin structure should decrease exon 10 splicing and counteract
the effects of the dementia-causing mutations. We previously re-
ported a high-throughput screen to identify small, organic mole-
cules that bind and stabilize the tau RNA hairpin and discovered
mitoxantrone (MTX) as such a ligand [15]. Elucidation of the struc-
ture of MTX bound to the tau RNA hairpin by NMR revealed that
the anthracene-dione ring system intercalates between two G-C
base pairs, adjacent to an unpaired adenosine and close to the base
of the hairpin (Fig. 1a), with the two N-(2-aminoethyl)ethanol-
amine substituents residing along the major groove [16]. Synthesis
and evaluation of MTX analogs validated this structural model and
led to the discovery that adding a third or fourth N-(2-amino-
ethyl)ethanolamine substituent to the other side of the anthra-
cene-dione ring system (MTX-3 and MTX-4, respectively) is
compatible with binding and stabilization of the tau RNA hairpin
[17]. However, MTX and its analogs did not display specificity for
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Fig. 1. (a) Tau pre-mRNA hairpin and flanking sequences and sites of binding by MTX and (left) and bipartite ASOs (right). Tau RNA exonic sequence in upper case, and
intronic sequence in lower case. (b) Strategy for template-directed synthesis of MTX-ASO conjugates.

the tau RNA hairpin over other RNA hairpins, and even with a mod-
el of the bound structure, the design of more specific analogs was
not obvious.

Our efforts then turned to the design of bipartite antisense oli-
gonucleotides (ASOs) that would simultaneously bind the 5 and 3’
sequences that flank the tau RNA hairpin, keeping the hairpin
closed by virtue of a linker connecting the two antisense compo-
nents. We envisioned the bipartite ASOs would bind to the tau
RNA so that the linker region would be close to the MTX binding
site at the base of the hairpin (Fig. 1a), with the possibility of ulti-
mately conjugating MTX to the bipartite ASO for improved potency
and specificity. Upon demonstrating the ability of the bipartite
ASOs to inhibit tau exon 10 splicing, both under cell-free condi-
tions and in whole cells [18], we sought a means to identify tripar-
tite compounds: bipartite ASOs conjugated to MTX or its analogs.
Herein we describe a template-directed approach to such MTX-
ASO conjugates, screening a variety of MTX analogs and ASOs in
a combinatorial manner for their ability to join via azide-alkyne
Hiiisgen cycloaddition (“click chemistry”) in the presence of tau
RNA oligonucleotide template (depicted schematically in Fig. 1b).

2. Results and discussion
2.1. Strategy and design

Although we had an NMR-based model for how MTX is bound
to the tau RNA hairpin, it was still unclear what would be the opti-
mal design of an MTX-ASO conjugate in terms of (1) linker length
between MTX and ASO, (2) placement of the linker on MTX, (3) the
exact sequence of the ASO, (4) the conformational flexibility of the
branched linker in the bipartite ASO, and (5) the location of the
branch in the ASO linker region. For these reasons, a template-di-

rected strategy promised particular efficiency, allowing the target
RNA structure and flanking sequences to guide us to conjugates
capable of effective binding of both MTX and ASO moieties. Since
click chemistry has been extensively used to covalently join two
proximally bound molecules into one in template-directed synthe-
sis [19], we chose this facile azide-alkyne 1,3-cycloaddition to
accomplish RNA template-directed conjugation between MTX
and bipartite ASO. This strategy required two synthetic precursor
libraries: MTX analogs containing a linker-azide, and bipartite
ASOs connected by a branched linker containing a terminal alkyne.
Considering the variables mentioned above, a set of six MTX ana-
logs and ten bipartite ASOs were designed as potential combinato-
rial building blocks for template-directed synthesis.

For MTX, we considered placing the linker-azide on the end of
one of the two N-(2-aminoethyl)ethanolamine substituents, as
we had previously shown that extending these substituents with
an ethylamine was not only compatible with tau RNA hairpin bind-
ing and stabilization but increased potency in these respects [17].
We also considered adding the linker to MTX analogs MTX-3 and
MTX-4, to the third or fourth N-(2-aminoethyl)ethanolamine sub-
stituent on the other side of the anthracene-dione ring system. In
these cases, the MTX core structure might bind in its usual way
according to the bound NMR structure [16], with intercalation of
the aromatic ring system and binding of the two amino alcohol
side chains to the major groove, while the linker-azide would be
located on the other side of the double-helical RNA (i.e., the com-
pound would be “threaded” through the RNA helix). Linker length
was also varied, with an 8-atom and 17-atom ethylene glycol chain
connected to the terminal azide. The six MTX-linker-azide analogs
(M1-M6) are depicted in Fig. 2a.

For bipartite ASOs, we chose a peptide-nucleic acid (PNA) back-
bone (Fig 2b). Antisense PNA binds very strongly to complemen-
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Fig. 2. (a) Target MTX-linker-azide analogs M1-M6. (b) Target bipartite PNA-linker-alkyne analogs PA1-PA5 types a and b.

tary RNA, stronger than DNA or RNA ASOs do [20]. Moreover, we
had previously synthesized bipartite PNA directed to the regions
flanking the tau RNA hairpin and shown that these could bind bet-
ter than the corresponding DNA or RNA ASOs: shorter sequences of
bipartite PNA were required for effective binding [18]. We had
found that seven nucleobases on either side of the linker provided
strong binding to a synthetic 40-nucleotide RNA with the tau RNA
hairpin and flanking sequences, and we therefore chose this PNA
ASO as the starting point for the design of a set of ASOs for tem-
plate-directed synthesis. Varying this bipartite PNA with one or
two ethylene glycol (egl) units as the linker provided optimal bind-
ing to tau RNA, although a 3 x egl linker also allowed good binding
[18].

In place of one of the egl units, we designed branched alkyne
building units (ABUs) a and b (Fig. 2b). In the ABU, the alkyne
tether was constructed onto N-(2-aminoethyl)glycine, the PNA
backbone building block, connected by either an amide function
(ABU a) or a tertiary amine (ABU b), as they represent two differ-
ent charges and degrees of conformational flexibility. The terminal
alkyne was directly connected to an electron-withdrawing amide
group, which was reported to dramatically increase alkyne reac-
tivity with azides, even in absence of Cu(I) catalyst [21]. With this
alkyne design, the Hilisgen 1,3-cycloaddition will not occur when
the reactants are at pM concentration at ambient temperature.
However, in the presence of the RNA template, with MTX and
PNA both bound, proximity between azide and alkyne should al-
low click chemistry to proceed and thereby conjugate MTX to
the PNA. Along with the nature of the linker branching, several
other variations in the bipartite PNA were explored. First ABUs
were placed either to the left or to the right of an egl unit
(Fig. 2b, PA1 or PA3, respectively) or in the middle of two egl
units (PA5). We also shifted the sequence of the PNA portion to
which the ABU is directly attached by one nucleobase (PA2 and
PA4), in the event that base pairing immediately proximal to

the ABU might interfere with the availability of the alkyne for
the click reaction.

2.2. Template-directed synthesis

M1-6 and types a and b of PA1-5 were synthesized as de-
scribed in supporting information. With the set of six MTX-lin-
ker-azides and ten bipartite PNA-linker alkynes, 6 x 10 RNA
template-directed click reactions were carried out in parallel.
We anticipated that only certain reactant combinations may
accomplish azide-alkyne cycloaddition in the presence of syn-
thetic 40-nucleotide tau RNA template. We performed the click
reactions by incubating RNA oligonucleotide (10 uM), bipartite
PNA alkyne (10 pM) and MTX azide (100 uM) in water at ambi-
ent temperature for four days. At the same time, 6 x 10 corre-
sponding control reactions were tested in the absence of the
RNA template. All 120 reactions were directly examined by MAL-
DI-MS following incubation. As expected, little or no conjugate
product peak was found in any of the control reactions (e.g.
Fig. 3a). Only one template-directed reaction out of 60 (M1 plus
PA5b) clearly resulted in the corresponding conjugate product as
identified by MALDI-MS (Fig. 3b). Thus, the RNA oligonucleotide
representing the tau hairpin and flanking sequences could effec-
tively serve as a template and facilitate the click reaction be-
tween M1 and PA5b.

We also tested a synthetic RNA oligonucleotide comprised of 19
adenosides and 1 cytosine, which cannot generate any RNA sec-
ondary structure by itself in solution. A control experiment with
this unstructured RNA, instead of the tau-based oligonucleotide,
was performed under the same reaction conditions between M1
azide and PA5b alkyne. Compared with the conjugate peak discov-
ered in the combinatorial chemistry strategy, the product MS sig-
nal was very minor (not shown), similar to that seen with no
RNA template (Fig. 3a), further validating that the RNA hairpin
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Fig. 3. MALDI-TOF mass spectrometry results from the reaction of M1 with PA5b in the absence (a) or presence (b) of template tau RNA oligonucleotide.

and flanking sequences specifically promoted the formation of the
MTX-PNA conjugate.

2.3. Biological results

The identity of the resulting click product M1-PA5b was con-
firmed by resynthesis by solid-phase on a larger scale, and this
resynthesis also allowed biological evaluation. However, the
MTX-PNA conjugate proved to be cytotoxic in several different cell
lines, precluding analysis of effects on tau exon 10 splicing, either
from a mini-gene construct or from endogenous tau pre-mRNA.

Although the anticancer agent MTX is well known to be cytotoxic,
our hope was that conjugation to PNA would attenuate this effect.
While this was indeed the case (MTX cytotoxicity ~100 nM; M1-
PA5b cytotoxicity ~1 uM), the reduced cytotoxicity of M1-PA5b
was still insufficient for analysis of effects on splicing in cells, which
appeared to be occurring at 1-3 pM. Installation of a cell-penetrat-
ing peptide (8 x lysine) on the C-terminus onto a closely similar
conjugate (M1-PA6) did not improve potency toward splice inhibi-
tion enough to clearly separate this effect from cytotoxicity.
Despite the cytotoxicity problem, conjugate M1-PA6 could still
be tested for in vitro effects on tau exon 10 RNA splicing. We had
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Fig. 4. Inhibition of tau exon 10 splicing by PA6 or M1-PA6 under cell-free conditions.
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previously reported a system for cell-free splicing of tau exon 10
using nuclear extract from HeLa cells and an RNA splicing unit with
exon 10, a shortened intron 10 and exon 11 [18]. M1-PAG6 could in-
hibit splicing of exon 10 to exon 11 in a concentration-dependent
manner, with almost complete inhibition at 500 nM, whereas
unconjugated bipartite PNA PA6 alone was much less effective
(Fig. 4). MTX alone showed little effect up to 1 uM (data not
shown). Thus, the conjugation of MTX to PAG led to a clear increase
in potency with respect to inhibition of tau exon 10 splicing com-
pared with either unconjugated component alone.

3. Conclusions

We have successfully carried out what is to our knowledge the
first template-directed synthesis targeting a structured RNA. We
found that out of 60 possible PNA-MTX combinations, only one
led to synthesis of a conjugate that was dependent on the presence
of an RNA oligonucleotide representing the tau hairpin and flank-
ing sequences. The successful specific template-directed conjuga-
tion strongly suggests that MTX and bipartite PNA portions
simultaneously bind to the RNA to bring the reactive azide and al-
kyne into proximity and with proper alignment to allow 1,3-cyclo-
addition. While the PNA-MTX conjugate exhibited cytotoxicity
that precluded proper evaluation of its effects on tau pre-mRNA
splicing in cells, a cell-free splicing assay demonstrated that the
conjugate is a much more effective inhibitor of tau exon 10 splicing
than either bipartite PNA or MTX component are alone. Thus, these
findings provide a proof of principle that compounds targeting an
RNA structure and inhibiting a specific splicing event can be dis-
covered through template-directed synthesis.

4. Experimental

The synthesis, purification and characterization of MTX analogs
M1-MS5, bipartite PNA analogs PA1-PA5 (a and b for each), and
M1-PA5b and M1-PAG6 are fully described in Appendix A (Supple-
mentary materials).

4.1. RNA template-directed click cyclization and the control reactions

For each combination of MTX azide M1 to M6 and bipartite PNA
alkyne PA-1 to PA5 (types a and b), a solution of the azide
(100 uM), alkyne (10 uM) and synthetic RNA 5’GGGAGGCGGCAG
UGUGAGUACCUUCACACGUCCCAUGCGC3’ (10 uM) in 50 puL H,0
was incubated at ambient temperature for 4 d. All reaction solu-
tions were directly examined by MALDI-MS. Each of the corre-
sponding 60 control reactions were carried out and analyzed in
exactly the same way but in the absence of RNA template. Another
control reaction was run with an unstructured RNA template: A
solution of azide M1 (100 uM), alkyne oligomer PA-5b (10 uM)
and a synthetic RNA 5’AAAAAAAAAAAAAACAAAAA3 (10 uM) in
50 pL H,O incubated for 4 d. The reaction solution was directly
examined by MALDI-MS.

4.2. Hela cell nuclear extract preparation and in vitro splicing assay

Nuclear extracts were prepared from HelLa cells by a protocol
adapted from Dignam et al. [22] The In vitro splicing assays were

carried out as previously described [18]. Briefly, splicing reactions
were performed for 3 h at 30 °C in reaction volumes of 25 pL. Reac-
tions contained 10 pL HeLa nuclear extract, 4 pL buffer D (20 mM
HEPES-KOH, pH 8.0, 100 mM KCl, 0.2 mM EDTA, 20% (v/v) glycerol,
0.5 mM PMSF, 1 mM DTT), 20 fmol splicing unit RNA, 0-1 pM test
compound, 20 mM phosphocreatine, 0.5 mM ATP, 3.2 mM MgCl2,
40 mU/pL creatine phosphokinase, 2.6% v/v polyvinyl alcohol and
20 mM HEPES-KOH pH 7.3. In negative control reactions, HeLa nu-
clear extract was substituted with extra buffer D. RNA was isolated
by phenol/chloroform precipitation and treated with DNase.
Spliced products were amplified by reverse-transcription PCR with
primers specific for the splicing unit RNA and detected by 20%
acrylamide gel electrophoresis in TBE buffer with SYBR Gold stain-
ing under UV light.
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