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Abstract: Alternative splicing of tau pre-mRNA is regulated by a 5′ splice site (5′ss) hairpin present at
the exon 10–intron 10 junction. Single mutations within the hairpin sequence alter hairpin structural
stability and/or the binding of splicing factors, resulting in disease-causing aberrant splicing of exon
10. The hairpin structure contains about seven stably formed base pairs and thus may be suitable for
targeting through antisense strands. Here, we used antisense peptide nucleic acids (asPNAs) to probe
and target the tau pre-mRNA exon 10 5′ss hairpin structure through strand invasion. We characterized
by electrophoretic mobility shift assay the binding of the designed asPNAs to model tau splice site
hairpins. The relatively short (10–15 mer) asPNAs showed nanomolar binding to wild-type hairpins
as well as a disease-causing mutant hairpin C+19G, albeit with reduced binding strength. Thus,
the structural stabilizing effect of C+19G mutation could be revealed by asPNA binding. In addition,
our cell culture minigene splicing assay data revealed that application of an asPNA targeting the 3′

arm of the hairpin resulted in an increased exon 10 inclusion level for the disease-associated mutant
C+19G, probably by exposing the 5′ss as well as inhibiting the binding of protein factors to the
intronic spicing silencer. On the contrary, the application of asPNAs targeting the 5′ arm of the hairpin
caused an increased exon 10 exclusion for a disease-associated mutant C+14U, mainly by blocking
the 5′ss. PNAs could enter cells through conjugation with amino sugar neamine or by cotransfection
with minigene plasmids using a commercially available transfection reagent.
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1. Introduction

Tauopathies are a class of neurodegenerative disorders characterized by the formation of
neurofibrillary tangles and paired helical filaments composed of microtubule-associated protein
tau (MAPT) [1–5]. Tauopathies include Pick′s disease, Alzheimer′s disease, as well as frontotemporal
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dementia and parkinsonism linked to chromosome 17 (FTDP-17) [3]. FTDP-17 is an autosomal dominant
neurodegenerative disorder that includes behavioral and personality changes, cognitive impairment,
and motor symptoms [6]. FTDP-17 is caused by mutations in the MAPT gene, which encodes the tau
protein [7–9]. Tau proteins are predominantly expressed in neurons and are involved in microtubule
assembly, morphogenesis, neuron cytoskeletal maintenance, and axonal transport [10,11].

The MAPT gene contains 16 exons, with exons 2, 3, and 10 alternatively spliced to generate six tau
isoforms. Alternative splicing of exon 10 gives rise to tau isoforms with four microtubule-binding
repeat domains (4Rs) upon exon 10 inclusion or three repeats (3Rs) upon exon skipping (exclusion)
(Figure 1a). The ratio of 4R/3R isoforms is maintained at close to 1:1 [7,12–14]. Either 3R or 4R isoforms
or both can be present in tau protein filaments [4,5,7,15–17].

An RNA hairpin structure at the tau pre-mRNA exon 10 5′ splice site (5′ss, located at the 3′ end of
exon 10 and the 5′ end of intron 10, Figure 1) may regulate the alternative splicing of exon 10 and thus
the ratio of 4R/3R isoforms [18–24]. The formation of this hairpin masks the 5′ss, thus inhibiting its
recognition by U1 small nuclear ribonucleoprotein (U1 snRNP, Figure 1a), which is a key initial step in
pre-mRNA splicing [25–27]. Point mutations in the hairpin region affect its stability by introducing
mismatched base pairs or by structural rearrangement within the hairpin [15,18–23,28,29].
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Figure 1. Microtubule-associated protein tau (MAPT) exon 10 5′ splice site recognition: (a) (top) 
schematic of MAPT pre-mRNA containing exon 9 (gray box), exon 10 (white box), and exon 11 (gray 
box). The regulatory hairpin (shown in orange) is located at the junction of exon 10 and intron 10, and 
4R and 3R isoforms are generated based on the inclusion or exclusion (skipping) of MAPT exon 10. 
(bottom) Schematic of the recognition of the 5′ splice site by U1 small nuclear RNA (snRNA) (shown 
in blue). (b–e) Secondary structures for tau pre-mRNA exon 10 splice site hairpins. The values shown 
below the structures are folding free energies (in kcal/mol, at 1 M NaCl, pH 7.0) predicted by RNA 
structures [29,30]. The disease-causing mutations are shown in red. The +11C and +19G mutations 
result in structural rearrangement in the top and bottom stems, respectively [29]. The 5′ splice site 
located at the 5′ arm of the hairpin is indicated with an arrow in panel (b). The 5′ and 3′ arms of the 
hairpin may contain the exonic splicing enhancer elements and intronic splicing silencer/modulator 
sequences, respectively, as potential binding sites of trans-acting protein factors [31–34]. 

Figure 1. Microtubule-associated protein tau (MAPT) exon 10 5′ splice site recognition: (a) (top)
schematic of MAPT pre-mRNA containing exon 9 (gray box), exon 10 (white box), and exon 11
(gray box). The regulatory hairpin (shown in orange) is located at the junction of exon 10 and intron 10,
and 4R and 3R isoforms are generated based on the inclusion or exclusion (skipping) of MAPT exon 10.
(bottom) Schematic of the recognition of the 5′ splice site by U1 small nuclear RNA (snRNA) (shown in
blue). (b–e) Secondary structures for tau pre-mRNA exon 10 splice site hairpins. The values shown
below the structures are folding free energies (in kcal/mol, at 1 M NaCl, pH 7.0) predicted by RNA
structures [29,30]. The disease-causing mutations are shown in red. The +11C and +19G mutations
result in structural rearrangement in the top and bottom stems, respectively [29]. The 5′ splice site
located at the 5′ arm of the hairpin is indicated with an arrow in panel (b). The 5′ and 3′ arms of the
hairpin may contain the exonic splicing enhancer elements and intronic splicing silencer/modulator
sequences, respectively, as potential binding sites of trans-acting protein factors [31–34].

The hairpin has a single A bulge, which results in the formation of a top stem and a bottom
stem above and below the A bulge, respectively (Figures 1b and 2f). Mutations in the relatively
more stable top stem often destabilize it by introducing a mismatched base pair or by local structural
rearrangement (Figure 1c,d) and tend to increase the 4R/3R ratio [15,29]. On the other hand, a single
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C-to-G mutation in the relatively less stable bottom stem at the 19th nucleotide downstream of
the 5′ss (C+19G or +19G) (Figure 1e) causes a significant decrease in the 4R/3R ratio [15,29,33].
The +19G mutation alters the structure of the bottom stem, resulting in the formation of a new
bottom stem with enhanced stability (Figures 1e and 2g) [29]. Abnormal 4R/3R ratios caused by
these mutations lead to the pathogenesis of FTDP-17. Thus, this particular RNA hairpin becomes
an important target in the development of therapies for FTDP-17. As exemplified by the recent US
Food and Drug Administration (FDA)-approved drug nusinersen (Spinraza) for spinal muscular
atrophy [35], splice-switching antisense oligonucleotides (SSOs) are promising therapeutic agents for
neurodegenerative and other diseases [36,37]. SSOs have been utilized for targeting the tau pre-mRNA
hairpin region for the regulation of the 4R/3R ratio in vitro and in vivo [16,38–42].
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Figure 2. Sequences and structures of PNAs and RNAs. (a–e) PNAs studied in this paper.
(f,g) Cy3-labeled tau pre-mRNA wild-type and mutant +19G RNA hairpin constructs used for
nondenaturing PAGE assay. The gray box represents the A bulge structure, resulting in the formation
of top and bottom stems. (h) A complex formed between antisense PNA asPNA(−8/+7) and hairpin
tau-wt-Cy3. (i) A complex formed between asPNA(+8/+18) and hairpin tau-19G-Cy3. (j) Chemical
structure of a PNA–neamine conjugate. The PNA is an 8-mer and is shown for illustration purposes.
The Lys residue (attached with neamine) has an L configuration.

Peptide nucleic acid (PNA) was first introduced by Nielsen and his coworkers in
1991 [43]. Unlike natural nucleic acids (DNA and RNA), a canonical PNA contains a neutral
N-(2-aminoethyl)-glycine (AEG) backbone, a methylene carbonyl linker, and nucleobases (Figure 2) [44].
The neutral PNA backbone results in no electrostatic repulsion upon hybridization with negatively
charged RNA and DNA strands [45,46]. Thus, compared to Watson–Crick duplexes containing DNA
and RNA strands, PNA–DNA or PNA–RNA Watson–Crick duplexes show enhanced stabilities [47].
Strong hybridization of PNA to the complementary RNA/DNA may allow the strand invasion
of preformed duplex structures of RNA and DNA [48]. In addition, compared to unmodified
RNA and DNA, PNA has several advantages in that it is resistant against nucleases and proteases
and is immunologically inert [49–52]. PNAs have been utilized for replication inhibition, genome
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editing, transcription arrest, splicing correction, translation arrest, and noncoding RNA function
regulation [44,53–65].

The tau pre-mRNA exon 10 splice site (Figure 1) has a relatively short stem interrupted by an
A bulge and other non-Watson–Crick structures, which may allow for invasion by PNAs. Here, we
characterized the binding of a series of antisense PNAs (asPNAs) to tau pre-mRNA exon 10 5′ss hairpin
structures through strand invasion. In addition, we carried out a cell culture minigene splicing assay
for asPNAs conjugated with neamine or cotransfected with minigene plasmids.

2. Results and Discussion

2.1. asPNAs Can Invade Tau Pre-mRNA Hairpin

We made asPNAs that are complementary to the 5′ arm or 3′ arm of the tau pre-mRNA exon 10
5′ss hairpin (Figure 2a–e). The formation of a stable PNA–RNA duplex targeting the 3′ arm of the
hairpin was expected to expose the 5′ss and increase the exon 10 inclusion level (Figure 2i). On the
contrary, formation of a PNA–RNA duplex targeting the 5′ arm of the hairpin was expected to block
the 5′ss and increase exon 10 skipping (exclusion) (Figure 2h).

We made an 11-mer PNA (asPNA(+8/+18), NH2-Lys-ACGTGTGAAGG-CONH2, Figure 2a),
which was complementary to the 3′ arm of the RNA hairpin. Our nondenaturing PAGE data revealed
that asPNA(+8/+18) bound tightly to the Cy3-labeled wild-type tau pre-mRNA hairpin (tau-wt-Cy3,
Kd = 1.8 ± 0.7 nM) in a near physiological buffer (200 mM NaCl, pH 7.5) (Figure 3a, Supplementary
Figure S2). Remarkably, asPNA(+8/+18) showed a weakened binding to the hairpin with a +19G
mutation (tau-19G-Cy3, Kd = 7.0 ± 1.5 nM) (Figure 3f, Supplementary Figure S2), even though the
mutation was adjacent to, but not within, the recognition site of the asPNA. A C+19G mutation
has been shown to cause RNA secondary structural rearrangement, resulting in the stabilization of
the splice site hairpin (Figures 1e and 2f) [29]. In addition, asPNA(+8/+18) may have invaded two
and one base pairs below the A bulge and G bulge in the wild-type and +19G mutant, respectively
(Figure 2). Clearly, a +19G mutation causes the formation of a stabilized stem below the G bulge,
which in turn results in the stabilization of the top stem above the G bulge and reduces the invasion by
asPNA(+8/+18). Thus, the strand invasion of RNA structures by asPNA may be used to reveal the
structural stability changes of target RNA hairpins upon subtle single mutations.

We next made a 15-mer PNA (asPNA(−8/+7), NH2-Lys-TACTCACACTGCCGC-CONH2,
Figure 2e), which is complementary to the 5′ arm of the RNA hairpin. Our nondenaturing PAGE
data revealed that asPNA(−8/+7) showed strong binding to hairpin tau-wt-Cy3 (Kd = 1.8 ± 0.7 nM,
200 mM NaCl, pH 7.5) (Figure 3e, Supplementary Figure S2). Shortening the asPNA length resulted
in the weakening of the binding (asPNA(−9/+4), 13-mer, Kd = 3.4 ± 1.3 nM; asPNA(−9/+3), 12-mer,
Kd = 7.3 ± 4.1 nM; and asPNA(−8/+2), 10-mer, Kd = 12.4 ± 3.4 nM) (Figures 2b–d and 3b–d,
Supplementary Figure S2). The top stem of the hairpin is relatively stable, as revealed by our previous
bulk thermal melting and single-molecule mechanical unfolding studies [29]. Consistently, lengthening
the asPNAs to invade the top stem above the A bulge (e.g., asPNA(−8/+2) versus asPNA(−8/+7))
resulted in a relatively moderate enhancement in binding. The relatively narrow range of Kd values
may be consistent with the fact that asPNAs bind to the tau pre-mRNA hairpin through the disruption
(invasion) of preformed RNA structures. For example, upon the binding of asPNA(−8/+2), a hairpin
structure involving the RNA residues from +3 to +12 (see Figure 2f) may still form, with the remaining
RNA stem coaxially stacked on the PNA–RNA duplex. However, upon the binding of asPNA(−8/+7),
the tau pre-mRNA hairpin is completely disrupted (Figure 2h). Thus, depending on the target RNA
structure and final asPNA-bound complex structure, lengthening an RNA structure-disrupting asPNA
may result in a small net enhancement in binding free energy. Further experiments are required to
understand the binding properties for asPNAs targeting structured RNAs.
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Figure 3. Nondenaturing PAGE study of various asPNAs binding to tau-wt-Cy3 and tau-19G-Cy3 (see
Figure 2f,g). The gels contained a running buffer of 1× TBE, pH 8.3, and were run for 5 h at 250 V.
The incubation buffer was 200 mM NaCl, 0.5 mM EDTA, and 20 mM HEPES at pH 7.5. RNA hairpins
were loaded at 5 nM in 20 µL. The PNA concentrations in the lanes from left to right were 0, 0.5, 1,
2, 5, 10, 15, 20, 30, 50, 100, and 200 nM, respectively. (a,f) asPNAs binding to the 3′ arm of the splice
site hairpins. Compared to tau-WT-Cy3, tau-19G-Cy3 showed weakened binding to asPNA(+8/+18),
even though the C + 19G mutation was adjacent to, but not within, the recognition site of the asPNA
(Figure 2), indicating that the single C+19G mutation stabilized the splice site hairpin. (b–e) asPNAs
binding to the 5′ arm of the splice site hairpin.

PNAs are able to invade certain DNA duplexes [66–69]. We tested the binding of asPNA(−8/+7)
to the model tau wild-type DNA duplex (tau-wt-DNA), which encodes the splice site hairpin of tau
pre-mRNA (Supplementary Figure S3a–c). Our nondenaturing PAGE data revealed that asPNA(−8/+7)
showed no binding to the fully complementary tau model DNA duplex encoding the tau pre-mRNA
hairpin sequence (Supplementary Figure S3d), probably because the targeted region is relatively
G-C pair rich and is in the middle of a duplex [67,69]. Thus, the A bulge structure and other
non-Watson–Crick structures destabilize the tau pre-mRNA hairpin and facilitate the invasion of
asPNAs and other antisense strands [16,42].

2.2. asPNAs Can Alter Tau Minigene Pre-mRNA Splicing in Cell Cultures

We tested the cell culture activities of the asPNAs in modulating the tau pre-mRNA minigene
splicing for the +19G and +14U mutants, which exhibited overly enhanced exclusion and inclusion
of exon 10, respectively. It has been previously reported that PNAs may be delivered into cells by
incorporating PNAs into liposome structures [70]. In our study, HEK293T cells were cotransfected
with the minigenes and asPNAs using the commercially available X-tremeGENE 9 DNA Transfection
Reagent (a nonliposomal multicomponent reagent, method A).

As expected, for the cells transfected with the +19G minigene alone, the exon 10 inclusion level
was close to 0% (Figure 4, lanes 1 and 11). We then cotransfected cells with the +19G minigene and
varied concentrations of asPNA(+8/+18). Significantly, upon the application of 1, 10, and 20 µM
asPNA(+8/+18), the exon 10 inclusion level increased in a dose-dependent manner to 3%, 27%,
and 59%, respectively (Figure 4, lanes 2–4). Note that our gel shift assay revealed a nM binding for
asPNA(+8/+18). A relatively high concentration of asPNA(+8/+18) was needed for the observable
regulatory effect in the cell culture, probably because the preformed splice site structure slows down
the binding rate of asPNAs. It is also probable that a relatively low efficiency of cellular uptake of
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PNA reduces the cellular activity of asPNA(+8/+18). We observed no significant change for exon 10
inclusion upon the application of 20 µM asPNA(−8/+2), which is complementary to the 5′ arm of the
hairpin (0%, Figure 4, lane 5).
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Figure 4. Effect of asPNAs on tau pre-mRNA exon 10 splicing. Representative RT-PCR data of the cell
culture splicing assays are shown. The levels of exon 10 inclusion were derived from three experimental
replicates (samples from independent minigene transfections, with the standard deviations <10%).
In method A, the PNAs were mixed with the minigene transfection mixture and incubated for 20 min
prior to transfection. In method B, the PNA–neamine conjugates were added to the cell culture medium
5 h after minigene transfection. Application of asPNA–neamine conjugates could restore the exon 10
inclusion level to close to 50%.

We next tested whether asPNA binding to 5′ss may mask its recognition by U1 snRNP (Figure 1)
and thus inhibit exon 10 inclusion. As expected, for the cells transfected with +14U minigene alone,
the exon 10 inclusion level was close to 100% (Figure 4, lane 6). We then cotransfected the cells with
+14U minigene and varied concentrations of asPNA(−8/+7). The exon 10 inclusion level decreased in a
dose-dependent manner from 100% to 98%, 87%, and 81%, respectively, upon the application of 1, 10,
and 20 µM asPNA(−8/+7) (Figure 4, lanes 7–9). Upon cotransfection with 20 µM of asPNA(−8/+2),
which is a truncated version of asPNA(−8/+7), no significant change was observed in exon 10 inclusion
(99%, Figure 4, lane 10). The result indicated that asPNAs targeting pre-mRNA residues between +2
and +7 may be critical in competing with U1 snRNA binding to pre-mRNA residues +1 to +7 (Figure 1a)
and thus inhibiting exon 10 inclusion. It is also probable that asPNA(−8/+2) has a slightly weakened
binding compared to asPNA(−8/+7) (Figure 3), resulting in no inhibition of exon 10 inclusion.

We next conjugated the asPNAs with an amino sugar neamine (see Figure 2j) to enhance cellular
uptake and to avoid the use of a transfection reagent [71,72]. We attached neamine to the N-terminus of
asPNA(+8/+18) to obtain a PNA–neamine conjugate, asPNA(+8/+18)–Nea. Five hours after minigene
transfection, we applied asPNA(+8/+18)–Nea (method B). We observed that the application of 20 µM
asPNA(+8/+18)–Nea resulted in the +19G minigene exon 10 inclusion level increasing from 0% to 56%
(Figure 4, lane 12), which is comparable to the effect of cotransfecting nonconjugated asPNA(+8/+18).
No significant change in the exon 10 inclusion level was observed upon the application of 20 µM
asPNA(−8/+2)–Nea (0%, Figure 4, lane 13), indicating that neamine alone may not affect splicing. It is
important to note that the covalent conjugation of PNAs with neamine avoids the use of transfection
reagents and may be more advantageous for potential therapeutic applications.

Similarly, we conjugated neamine with asPNA(−8/+2), asPNA(−9/+3), asPNA(−9/+4),
and asPNA(−8/+7) with varied lengths and target regions of the 5′ arm of the hairpin (Figure 2).
Among the four asPNA–neamine conjugates tested (Figure 4, lanes 15–18), asPNA(−8/+7)–Nea
reduced the +14U minigene exon 10 inclusion level most significantly (69%, lane 15), followed by
asPNA(−9/+3)–Nea (85%, lane 16), asPNA(−9/+4)–Nea (87%, lane 17), and asPNA(−8/+2)–Nea (92%,
lane 18). Note that the Kd values for asPNA(−8/+2) (12.4 nM), asPNA(−9/+3) (7.3 nM), asPNA(−9/+4)
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(3.4 nM), and asPNA(−8/+7) (2.0 nM) (Figure 3) are significantly below the concentration (20 µM) used
in the cell culture splicing assay. Thus, we may expect that the differences in splicing modulation of the
asPNAs result mainly from the differences in the binding sites. The data for both neamine-conjugated
and nonconjugated asPNAs suggest that it is important to block 5′ss positions around +2 to +7
(U1 snRNA binding site ranging from residue +1 to +7, Figure 1a) as a targeting site for reducing exon
10 inclusion levels. Overall, our results show that neamine-conjugated asPNAs could enter cells and
alter the splicing of exon 10 in a length- and position-dependent manner.

We tested whether the application of a PNA to the cells could bind to DNA and alter the expression
levels of endogenous and/or minigene tau transcripts. We measured the total RNA levels using
real-time PCR (Supplementary Figure S4). The tau transcript expression levels upon the application
of PNAs did not change significantly compared to the untreated controls. The real-time PCR data
are consistent with our nondenaturing PAGE data, which suggests that asPNA(−8/+7) does not bind
to the fully complementary tau model DNA duplex encoding the tau pre-mRNA hairpin sequence
(Supplementary Figure S3). Taken together, our results suggest that asPNAs alter the splicing of exon
10 via strand invasion of the pre-mRNA hairpins but not by binding to DNA.

3. Materials and Methods

3.1. General Methods and Synthesis of PNA Oligomers

Reverse-phase high-performance liquid chromatography (RP-HPLC) purified RNA and DNA
oligonucleotides were purchased from Sigma-Aldrich, Singapore. The PNA monomers were purchased
from ASM Research Chemicals (Hannover, Germany). PNA oligomers were synthesized manually
using tert-Butyloxycarbonyl protecting group (Boc) chemistry via a solid-phase peptide synthesis
(SPPS) protocol. Here, 4-methylbenzhydrylamine hydrochloride (MBHA·HCl) polystyrene resins
were used. The loading value used for the synthesis of the oligomers was 0.3 mmol/g, and acetic
anhydride was used as the capping reagent. Benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) and N,N-diisopropylethylamine (DIPEA) were used as the coupling
reagent. The oligomerization of PNA was monitored through a Kaiser test. Cleavage of the PNA
oligomers was done using a trifluoroacetic acid (TFA) and trifluoromethanesulfonic acid (TFMSA)
method, after which the oligomers were precipitated with diethyl ether, dissolved in deionized
water, and purified by reverse-phase high-performance liquid chromatography (RP-HPLC) using
H2O–CH3CN–0.1% TFA as the mobile phase. Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) analysis was used to characterize the oligomers (Table S1, Supplementary Figure S1),
with the use of α-cyano-4-hydroxycinnamic acid (CHCA) as the sample crystallization matrix.

3.2. Nondenaturing Polyacrylamide Gel Electrophoresis

Nondenaturing (12 wt%) polyacrylamide gel electrophoresis (PAGE) experiments were conducted
with an incubation buffer containing 200 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA),
and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.5. The concentration
of RNA (labeled with Cy3 at the 5′ end) was 5 nM. The loading volume for samples containing RNA
hairpins was 20 µL. The samples were prepared by snap cooling of the hairpins, followed by annealing
with PNA oligomers by slow-cooling from 65 ◦C to room temperature and incubation at 4 ◦C overnight.
Prior to loading the samples into the wells, 35% glycerol (20% of the total volume) was added to the
sample mixtures. A running buffer containing 1× Tris–Borate–EDTA (TBE) buffer, pH 8.3, was used for
all the gel experiments. The gel was run at 4 ◦C at 250 V for 5 h.

3.3. Cell Culture Minigene Splicing Assay

HEK293T cells were cultured in Hyclone Dulbecco′s Modified Eagle′s Medium (DMEM) (Thermo
Scientific, Waltham, MA, USA) with 10% (v/v) fetal bovine serum (FBS) and antibiotics (100 U·mL−1

penicillin and 100 mg·mL−1 streptomycin). For each experiment, ~50% confluent HEK293T cells in
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96-well plates were transfected with 0.1 µg of DNA per well, using 0.3 µL of X-tremeGENE 9 DNA
Transfection Reagent (Roche, Basel, Switzerland) diluted in 10 µL of Hyclone Opti-MEM (Thermo
Scientific, Waltham, MA, USA). Typically, tau minigene constructs were mixed with control plasmids
in a 1:11 ratio, as previously reported [27,29].

Two methods were used to test the effects of PNAs on splicing. In method A, the PNAs were mixed
with the minigene transfection mixture detailed above and incubated for 20 min prior to transfection.
In method B, the PNAs were covalently attached with neamine. The PNA–neamine conjugates were
added to the cell culture medium 5 h after minigene transfection.

Cells were harvested 48 h after minigene transfection, and the total RNA was extracted using a
PureLink® RNA Mini Kit (Life Technologies, Carlsbad, CA, USA). Residual DNA was removed by RQ1
RNase-Free DNaseI (Promega, Madison, WI, USA) digestion, and the RNA was ethanol-precipitated.
The RNA was reverse-transcribed with Moloney Murine Leukemia Virus Reverse Transcriptase (New
England Biolabs, Ipswich, MA, USA) according to the manufacturer′s instructions, with oligo-dT (18 T)
as a primer.

Our Universal Minigene Vector (UMV) was used to clone and express the tau minigenes [27,29].
The UMV has two constitutive exons (exons 8 and 10) from the coenzyme A dehydrogenase C-4
to C-12 straight chain gene (ACADM) and multiple cloning sites in the middle of the intron to
introduce the test exons along with splice sites and other regulatory sequences. The UMV-expressed
cDNAs were amplified using a pcDNA.F-R primer pair (GAGACCCAAGCTGGCTAGCGTT and
GAGGCTGATCAGCGGGTTTAAAC), which was complementary to the transcribed region of the
UMV minigene upstream of the 5′ exon and downstream of the 3′ exon. The forward primer (pcDNA.F)
was labeled on the 5′ end with 6-FAM (fluorescein) by the manufacturer (Integrated DNA Technologies,
Coralville, IA, USA). Semiquantitative PCR was performed as previously described [27,29] using the
fluorescent-labeled primers. The PCR products were separated by 10% native PAGE at 10 V/cm for
6 h and 30 min in 1× TBE buffer. The gels were scanned with Typhoon Trio (GE Healthcare Life
Sciences, Chicago, IL, USA) using a 532-nm green laser and a 526-nm short pass filter at 600 V at
normal sensitivity at 50-µM resolution. The gel bands were quantified to obtain the exon inclusion
percentages from the experimental triplicates, as detailed in our previous work [27,29].

3.4. Real-Time PCR

Real-time PCR was set up in 96-well microplates in a 10-µL mixture containing 2µL of the eight-fold
diluted cDNA, 10µL SYBR Select Master Mix (Life Technologies, Carlsbad, CA, USA), and 200 nM of each
primer in the CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The following parameters
were used: 95 ◦C for 3 min, 40 cycles of 95 ◦C for 20 s, 58 ◦C for 30 s, and 72 ◦C for 90 s. The fluorescence
threshold values (Ct) were calculated using a thermocycler system software. Tau endogenous and
minigene transcript levels were normalized to β-actin. The primers used were β-actin (forward:
5′-CCAGAGGCGTACAGGGATAG-3′; reverse: 5′-CCAACCGCGAGAAGATGA-3′), endogenous
tau (forward: 5′-AGGGGATCGCAGCGGCTACA-3′; reverse: 5′-CAGGTCTGGCATGGGCACGG-3′),
and tau minigene (forward: 5′-GTCTTCGAAGATGTGAAAGTGCC-3′; reverse: 5′-GAGGCTG
ATCAGCGGGTTTAAAC-3′). The endogenous tau and minigene tau primer designs were adapted as
previously reported [29,73]. Fluorescence threshold values (Ct) were used to calculate relative mRNA
expression by the 2-∆∆Ct relative quantification method, whereby the values were expressed as fold
change over the corresponding values for the control. Three technical replicates for each of three
biological replicates were performed.

4. Conclusions

We showed that relatively short asPNAs (10–15 mer) could invade the tau pre-mRNA exon 10
regulatory hairpin with nanomolar binding affinities. Cotransfection of asPNAs with a commercially
available DNA transfection reagent could facilitate the cellular regulation of tau minigene alternative
splicing. Furthermore, conjugation of asPNAs with neamine facilitated splicing regulation without a
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transfection reagent. The asPNAs did not invade the fully complementary DNA duplex, which was
consistent with the fact that the application of the asPNAs did not affect the tau transcript levels.
The findings indicate that asPNAs may be useful as probes and therapeutics targeting tau pre-mRNA
exon 10 splicing.

Our work indicates that it is critical to mask or expose the residues (+2 to +7) adjacent to the
tau pre-mRNA exon 10 5′ss by asPNAs for exon 10 exclusion (e.g., asPNA(−8/+7)) or inclusion (e.g.,
asPNA(+8/+18)). The 3′ arm of the hairpin may contain the binding sites for trans-acting intronic
splicing silencer (ISS)-binding proteins [31–34], and thus the effect of asPNA binding to the 3′ arm
of the hairpin (e.g., asPNA(+8/+18)) may also be due to the inhibition of the binding of trans-factors
to the ISS. Consistently, an 18-mer antisense oligonucleotide complementary to the residues +11 to
+28 showed in vivo activity in increasing exon 10 inclusion, probably due to the combined effects
of exposing 5′ss and inhibiting trans-factors binding to ISS [16]. Interestingly, an 18-mer antisense
oligonucleotide complementary to the residues +3 to +20 inhibited exon 10 inclusion [16], suggesting
that the effect of the inhibition of U1 snRNP binding to the 5′ss dominated that of masking the ISS.
However, two previously reported 25-mer antisense oligonucleotides complementary to the residues
−10 to +15 and +2 to +26 showed no activity in regulating exon 10 inclusion [42], probably because
the effects of inhibiting U1 snRNP binding to the 5′ss neutralized those of inhibiting trans-factor
binding to the ISS and the adjacent intronic splicing modulator (ISM). Interestingly, a 21-mer antisense
oligonucleotide complementary to the residues −8 to +13 inhibited exon 10 inclusion [38], which may
have resulted from the combined effects of binding to the exonic splicing enhancer (ESS), the U1
snRNA recognition sequence, and the ISS. Clearly, one may take RNA secondary structure, splice
site position, and binding of protein-splicing regulators into consideration for designing splicing
modulating antisense compounds.

Our data provide important insights into developing ligands targeting the tau pre-mRNA
hairpin structure. For example, double-stranded RNAs (dsRNAs) may be targeted by chemically
modified dsRNA-binding PNAs that show significantly reduced binding to single-stranded RNAs
(ssRNAs) [72,74–78] and dsDNAs [72,74–83]. However, the application of dsRNA-binding PNAs for
regulating tau pre-mRNA exon 10 splicing may not be ideal, because the splice site hairpin contains
a relatively short dsRNA region (seven base pairs), and residues +5 to +7 (critical for U1 snRNP
recognition) are not involved in stable base pairing interactions [21,29,84]. Thus, one may target
structured RNAs with structure-disrupting asPNAs or structure-recognizing ligands depending on the
function of the RNA sequence and structure.
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Author Contributions: Conceptualization, A.A.L.O., J.T., M.S.C., R.K., J.-L.D., X.R., and G.C.; methodology,
A.A.L.O.; J.T., M.B., C.D., K.M.P., formal analysis, A.A.L.O., J.T., M.B., and G.C.; investigation, A.A.L.O., J.T.,
and M.B.; resources, C.D.; K.M.P., R.K., and J.-L.D.; data curation, A.A.L.O., J.T., and M.B.; writing—original draft
preparation, A.A.L.O. and J.T.; writing—review and editing, A.A.L.O., J.T., X.R., and G.C.; visualization, A.A.L.O.,
J.T., M.B., and G.C.; supervision, M.S.C., J.-L.D., X.R., and G.C.; project administration, J.-L.D., X.R., and G.C.;
funding acquisition, J.-L.D., X.R., and G.C.

Funding: This work was supported by the Singapore Ministry of Education (MOE) Tier 1 grant (RG152/17) and
MOE Tier 2 grant (MOE2015-T2-1-028) to G.C, MOE Tier 1 (RG33/15) to X.R., and Fondation pour la Recherche
Médicale (DBF20161136768), Labex ARCANE, and CBH-EUR-GS (ANR-17-EURE-0003) to J.-L.D.

Acknowledgments: We thank Nanyang Technological University (NTU), Singapore, University Grenoble
Alpes/CNRS, France, Geriatic Education & Research Institute, Singapore, and Institute of Bioorganic Chemistry,
Polish Academy of Sciences, Poland for the support.

Conflicts of Interest: The authors declare no conflicts of interest.



Molecules 2019, 24, 3020 10 of 14

References

1. Irwin, D.J. Tauopathies as clinicopathological entities. Parkinsonism Relat. Disord. 2016, 22 (Suppl. 1), S29–S33.
[CrossRef]

2. Kosik, K.S.; Shimura, H. Phosphorylated tau and the neurodegenerative foldopathies. Biochim. Biophys. Acta
2005, 1739, 298–310. [CrossRef] [PubMed]

3. Lee, V.M.; Goedert, M.; Trojanowski, J.Q. Neurodegenerative tauopathies. Annu. Rev. Neurosci. 2001, 24,
1121–1159. [CrossRef] [PubMed]

4. Falcon, B.; Zhang, W.; Murzin, A.G.; Murshudov, G.; Garringer, H.J.; Vidal, R.; Crowther, R.A.; Ghetti, B.;
Scheres, S.H.W.; Goedert, M. Structures of filaments from Pick′s disease reveal a novel tau protein fold.
Nature 2018, 561, 137–140. [CrossRef] [PubMed]

5. Fitzpatrick, A.W.P.; Falcon, B.; He, S.; Murzin, A.G.; Murshudov, G.; Garringer, H.J.; Crowther, R.A.; Ghetti, B.;
Goedert, M.; Scheres, S.H.W. Cryo-EM structures of tau filaments from Alzheimer′s disease. Nature 2017,
547, 185–190. [CrossRef] [PubMed]

6. Wszolek, Z.K.; Tsuboi, Y.; Ghetti, B.; Pickering-Brown, S.; Baba, Y.; Cheshire, W.P. Frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17). Orphanet J. Rare Dis. 2006, 1, 30. [CrossRef] [PubMed]

7. Li, C.; Gotz, J. Tau-based therapies in neurodegeneration: Opportunities and challenges. Nat. Rev.
Drug Discov. 2017, 16, 863–883. [CrossRef]

8. D′Souza, I.; Poorkaj, P.; Hong, M.; Nochlin, D.; Lee, V.M.; Bird, T.D.; Schellenberg, G.D. Missense and silent
tau gene mutations cause frontotemporal dementia with parkinsonism-chromosome 17 type, by affecting
multiple alternative RNA splicing regulatory elements. Proc. Natl. Acad. Sci. USA 1999, 96, 5598–5603.
[CrossRef]

9. Hong, M.; Zhukareva, V.; Vogelsberg-Ragaglia, V.; Wszolek, Z.; Reed, L.; Miller, B.I.; Geschwind, D.H.;
Bird, T.D.; McKeel, D.; Goate, A.; et al. Mutation-specific functional impairments in distinct tau isoforms of
hereditary FTDP-17. Science 1998, 282, 1914–1917. [CrossRef]

10. Hirokawa, N. Microtubule organization and dynamics dependent on microtubule-associated proteins.
Curr. Opin. Cell Biol. 1994, 6, 74–81. [CrossRef]

11. Kellogg, E.H.; Hejab, N.M.A.; Poepsel, S.; Downing, K.H.; DiMaio, F.; Nogales, E. Near-atomic model of
microtubule-tau interactions. Science 2018, 360, 1242–1246. [CrossRef] [PubMed]

12. Wszolek, Z.K.; Slowinski, J.; Golan, M.; Dickson, D.W. Frontotemporal dementia and parkinsonism linked to
chromosome 17. Folia Neuropathol. 2005, 43, 258–270. [PubMed]

13. Young, J.J.; Lavakumar, M.; Tampi, D.; Balachandran, S.; Tampi, R.R. Frontotemporal dementia: Latest
evidence and clinical implications. Ther. Adv. Psychopharmacol. 2018, 8, 33–48. [CrossRef] [PubMed]

14. Ghetti, B.; Oblak, A.L.; Boeve, B.F.; Johnson, K.A.; Dickerson, B.C.; Goedert, M. Invited review: Frontotemporal
dementia caused by microtubule-associated protein tau gene (MAPT) mutations: A chameleon for
neuropathology and neuroimaging. Neuropathol. Appl. Neurobiol. 2015, 41, 24–46. [CrossRef] [PubMed]

15. Stanford, P.M.; Shepherd, C.E.; Halliday, G.M.; Brooks, W.S.; Schofield, P.W.; Brodaty, H.; Martins, R.N.;
Kwok, J.B.J.; Schofield, P.R. Mutations in the tau gene that cause an increase in three repeat tau and
frontotemporal dementia. Brain 2003, 126, 814–826. [CrossRef] [PubMed]

16. Schoch, K.M.; DeVos, S.L.; Miller, R.L.; Chun, S.J.; Norrbom, M.; Wozniak, D.F.; Dawson, H.N.; Bennett, C.F.;
Rigo, F.; Miller, T.M. Increased 4R-Tau Induces Pathological Changes in a Human-Tau Mouse Model. Neuron
2016, 90, 941–947. [CrossRef] [PubMed]

17. Dregni, A.J.; Mandala, V.S.; Wu, H.; Elkins, M.R.; Wang, H.K.; Hung, I.; DeGrado, W.F.; Hong, M. In vitro
0N4R tau fibrils contain a monomorphic beta-sheet core enclosed by dynamically heterogeneous fuzzy coat
segments. Proc. Natl. Acad. Sci. USA 2019, 116, 16357–16366. [CrossRef]

18. Hutton, M.; Lendon, C.L.; Rizzu, P.; Baker, M.; Froelich, S.; Houlden, H.; Pickering-Brown, S.; Chakraverty, S.;
Isaacs, A.; Grover, A.; et al. Association of missense and 5′-splice-site mutations in tau with the inherited
dementia FTDP-17. Nature 1998, 393, 702–705. [CrossRef]

19. McCarthy, A.; Lonergan, R.; Olszewska, D.A.; O′Dowd, S.; Cummins, G.; Magennis, B.; Fallon, E.M.;
Pender, N.; Huey, E.D.; Cosentino, S.; et al. Closing the tau loop: The missing tau mutation. Brain 2015, 138,
3100–3109. [CrossRef]

20. Donahue, C.P.; Muratore, C.; Wu, J.Y.; Kosik, K.S.; Wolfe, M.S. Stabilization of the tau exon 10 stem loop
alters pre-mRNA splicing. J. Biol. Chem. 2006, 281, 23302–23306. [CrossRef]

http://dx.doi.org/10.1016/j.parkreldis.2015.09.020
http://dx.doi.org/10.1016/j.bbadis.2004.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15615647
http://dx.doi.org/10.1146/annurev.neuro.24.1.1121
http://www.ncbi.nlm.nih.gov/pubmed/11520930
http://dx.doi.org/10.1038/s41586-018-0454-y
http://www.ncbi.nlm.nih.gov/pubmed/30158706
http://dx.doi.org/10.1038/nature23002
http://www.ncbi.nlm.nih.gov/pubmed/28678775
http://dx.doi.org/10.1186/1750-1172-1-30
http://www.ncbi.nlm.nih.gov/pubmed/16899117
http://dx.doi.org/10.1038/nrd.2017.155
http://dx.doi.org/10.1073/pnas.96.10.5598
http://dx.doi.org/10.1126/science.282.5395.1914
http://dx.doi.org/10.1016/0955-0674(94)90119-8
http://dx.doi.org/10.1126/science.aat1780
http://www.ncbi.nlm.nih.gov/pubmed/29748322
http://www.ncbi.nlm.nih.gov/pubmed/16416390
http://dx.doi.org/10.1177/2045125317739818
http://www.ncbi.nlm.nih.gov/pubmed/29344342
http://dx.doi.org/10.1111/nan.12213
http://www.ncbi.nlm.nih.gov/pubmed/25556536
http://dx.doi.org/10.1093/brain/awg090
http://www.ncbi.nlm.nih.gov/pubmed/12615641
http://dx.doi.org/10.1016/j.neuron.2016.04.042
http://www.ncbi.nlm.nih.gov/pubmed/27210553
http://dx.doi.org/10.1073/pnas.1906839116
http://dx.doi.org/10.1038/31508
http://dx.doi.org/10.1093/brain/awv234
http://dx.doi.org/10.1074/jbc.C600143200


Molecules 2019, 24, 3020 11 of 14

21. Varani, L.; Hasegawa, M.; Spillantini, M.G.; Smith, M.J.; Murrell, J.R.; Ghetti, B.; Klug, A.; Goedert, M.;
Varani, G. Structure of tau exon 10 splicing regulatory element RNA and destabilization by mutations of
frontotemporal dementia and parkinsonism linked to chromosome 17. Proc. Natl. Acad. Sci. USA 1999, 96,
8229–8234. [CrossRef] [PubMed]

22. Buratti, E.; Baralle, F.E. Influence of RNA secondary structure on the pre-mRNA splicing process. Mol. Cell Biol.
2004, 24, 10505–10514. [CrossRef] [PubMed]

23. Grover, A.; Houlden, H.; Baker, M.; Adamson, J.; Lewis, J.; Prihar, G.; Pickering-Brown, S.; Duff, K.; Hutton, M.
5′ splice site mutations in tau associated with the inherited dementia FTDP-17 affect a stem-loop structure
that regulates alternative splicing of exon 10. J. Biol. Chem. 1999, 274, 15134–15143. [CrossRef] [PubMed]

24. Chen, J.L.; Moss, W.N.; Spencer, A.; Zhang, P.; Childs-Disney, J.L.; Disney, M.D. The RNA encoding the
microtubule-associated protein tau has extensive structure that affects its biology. PLoS ONE 2019, 14,
e0219210. [CrossRef] [PubMed]

25. Roca, X.; Krainer, A.R.; Eperon, I.C. Pick one, but be quick: 5′ splice sites and the problems of too many
choices. Genes Dev. 2013, 27, 129–144. [CrossRef] [PubMed]

26. Roca, X.; Akerman, M.; Gaus, H.; Berdeja, A.; Bennett, C.F.; Krainer, A.R. Widespread recognition of 5′

splice sites by noncanonical base-pairing to U1 snRNA involving bulged nucleotides. Genes Dev. 2012, 26,
1098–1109. [CrossRef]

27. Tan, J.; Ho, J.; Zhong, Z.; Luo, S.; Chen, G.; Roca, X. Noncanonical registers and base pairs in human 5′

splice-site selection. Nucleic Acids Res. 2016, 44, 3908–3921. [CrossRef]
28. Zhou, J.; Yu, Q.; Zou, T. Alternative splicing of exon 10 in the tau gene as a target for treatment of tauopathies.

BMC Neurosci. 2008, 9 (Suppl. 2), S10.
29. Tan, J.; Yang, L.; Ong, A.A.L.; Shi, J.; Zhong, Z.; Lye, M.L.; Liu, S.; Lisowiec-Wachnicka, J.; Kierzek, R.;

Roca, X.; et al. A disease-causing intronic point mutation C19G alters tau exon 10 splicing via RNA secondary
structure rearrangement. Biochemistry 2019, 58, 1565–1578. [CrossRef] [PubMed]

30. Mathews, D.H.; Disney, M.D.; Childs, J.L.; Schroeder, S.J.; Zuker, M.; Turner, D.H. Incorporating chemical
modification constraints into a dynamic programming algorithm for prediction of RNA secondary structure.
Proc. Natl. Acad. Sci. USA 2004, 101, 7287–7292. [CrossRef]

31. Qian, W.; Liu, F. Regulation of alternative splicing of tau exon 10. Neurosci. Bull. 2014, 30, 367–377. [CrossRef]
[PubMed]

32. D′Souza, I.; Schellenberg, G.D. Tau Exon 10 expression involves a bipartite intron 10 regulatory sequence
and weak 5′ and 3′ splice sites. J. Biol. Chem. 2002, 277, 26587–26599. [CrossRef] [PubMed]

33. Lisowiec, J.; Magner, D.; Kierzek, E.; Lenartowicz, E.; Kierzek, R. Structural determinants for alternative
splicing regulation of the MAPT pre-mRNA. RNA Biol. 2015, 12, 330–342. [CrossRef] [PubMed]

34. Wang, J.; Gao, Q.S.; Wang, Y.; Lafyatis, R.; Stamm, S.; Andreadis, A. Tau exon 10, whose missplicing causes
frontotemporal dementia, is regulated by an intricate interplay of cis elements and trans factors. J. Neurochem.
2004, 88, 1078–1090. [CrossRef] [PubMed]

35. Hua, Y.; Sahashi, K.; Hung, G.; Rigo, F.; Passini, M.A.; Bennett, C.F.; Krainer, A.R. Antisense correction of
SMN2 splicing in the CNS rescues necrosis in a type III SMA mouse model. Genes Dev. 2010, 24, 1634–1644.
[CrossRef] [PubMed]

36. Havens, M.A.; Hastings, M.L. Splice-switching antisense oligonucleotides as therapeutic drugs.
Nucleic Acids Res. 2016, 44, 6549–6563. [CrossRef] [PubMed]

37. Shen, X.; Corey, D.R. Chemistry, mechanism and clinical status of antisense oligonucleotides and duplex
RNAs. Nucleic Acids Res. 2018, 46, 1584–1600. [CrossRef]

38. Kalbfuss, B.; Mabon, S.A.; Misteli, T. Correction of alternative splicing of tau in frontotemporal dementia and
parkinsonism linked to chromosome 17. J. Biol. Chem. 2001, 276, 42986–42993. [CrossRef]

39. Sazani, P.; Kole, R. Therapeutic potential of antisense oligonucleotides as modulators of alternative splicing.
J. Clin. Invest. 2003, 112, 481–486. [CrossRef]

40. Rigo, F.; Hua, Y.; Chun, S.J.; Prakash, T.P.; Krainer, A.R.; Bennett, C.F. Synthetic oligonucleotides recruit
ILF2/3 to RNA transcripts to modulate splicing. Nat. Chem. Biol. 2012, 8, 555–561. [CrossRef]

41. Havens, M.A.; Duelli, D.M.; Hastings, M.L. Targeting RNA splicing for disease therapy. Wiley Interdiscip.
Rev. RNA 2013, 4, 247–266. [CrossRef] [PubMed]

42. Sud, R.; Geller, E.T.; Schellenberg, G.D. Antisense-mediated exon skipping decreases tau protein expression:
A potential therapy for tauopathies. Mol. Ther. Nucleic Acids 2014, 3, e180. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.96.14.8229
http://www.ncbi.nlm.nih.gov/pubmed/10393977
http://dx.doi.org/10.1128/MCB.24.24.10505-10514.2004
http://www.ncbi.nlm.nih.gov/pubmed/15572659
http://dx.doi.org/10.1074/jbc.274.21.15134
http://www.ncbi.nlm.nih.gov/pubmed/10329720
http://dx.doi.org/10.1371/journal.pone.0219210
http://www.ncbi.nlm.nih.gov/pubmed/31291322
http://dx.doi.org/10.1101/gad.209759.112
http://www.ncbi.nlm.nih.gov/pubmed/23348838
http://dx.doi.org/10.1101/gad.190173.112
http://dx.doi.org/10.1093/nar/gkw163
http://dx.doi.org/10.1021/acs.biochem.9b00001
http://www.ncbi.nlm.nih.gov/pubmed/30793898
http://dx.doi.org/10.1073/pnas.0401799101
http://dx.doi.org/10.1007/s12264-013-1411-2
http://www.ncbi.nlm.nih.gov/pubmed/24627328
http://dx.doi.org/10.1074/jbc.M203794200
http://www.ncbi.nlm.nih.gov/pubmed/12000767
http://dx.doi.org/10.1080/15476286.2015.1017214
http://www.ncbi.nlm.nih.gov/pubmed/25826665
http://dx.doi.org/10.1046/j.1471-4159.2003.02232.x
http://www.ncbi.nlm.nih.gov/pubmed/15009664
http://dx.doi.org/10.1101/gad.1941310
http://www.ncbi.nlm.nih.gov/pubmed/20624852
http://dx.doi.org/10.1093/nar/gkw533
http://www.ncbi.nlm.nih.gov/pubmed/27288447
http://dx.doi.org/10.1093/nar/gkx1239
http://dx.doi.org/10.1074/jbc.M105113200
http://dx.doi.org/10.1172/JCI200319547
http://dx.doi.org/10.1038/nchembio.939
http://dx.doi.org/10.1002/wrna.1158
http://www.ncbi.nlm.nih.gov/pubmed/23512601
http://dx.doi.org/10.1038/mtna.2014.30
http://www.ncbi.nlm.nih.gov/pubmed/25072694


Molecules 2019, 24, 3020 12 of 14

43. Nielsen, P.E.; Egholm, M.; Berg, R.H.; Buchardt, O. Sequence-selective recognition of DNA by strand
displacement with a thymine-substituted polyamide. Science 1991, 254, 1497–1500. [CrossRef] [PubMed]

44. Hyrup, B.; Nielsen, P.E. Peptide nucleic acids (PNA): Synthesis, properties and potential applications.
Bioorg. Med. Chem. 1996, 4, 5–23. [CrossRef]

45. Egholm, M.; Nielsen, P.E.; Buchardt, O.; Berg, R.H. Recognition of guanine and adenine in DNA by cytosine
and thymine containing peptide nucleic acids (PNA). J. Am. Chem. Soc. 1992, 114, 9677–9678. [CrossRef]

46. Egholm, M.; Buchardt, O.; Nielsen, P.E.; Berg, R.H. Peptide nucleic acids (PNA). Oligonucleotide analogs
with an achiral peptide backbone. J. Am. Chem. Soc. 1992, 114, 1895–1897. [CrossRef]

47. Egholm, M.; Buchardt, O.; Christensen, L.; Behrens, C.; Freier, S.M.; Driver, D.A.; Berg, R.H.; Kim, S.K.;
Norden, B.; Nielsen, P.E. PNA hybridizes to complementary oligonucleotides obeying the Watson-Crick
hydrogen-bonding rules. Nature 1993, 365, 566–568. [CrossRef]

48. Armitage, B.A. The impact of nucleic acid secondary structure on PNA hybridization. Drug Discov. Today
2003, 8, 222–228. [CrossRef]

49. Demidov, V.; Frank-Kamenetskii, M.D.; Egholm, M.; Buchardt, O.; Nielsen, P.E. Sequence selective double
strand DNA cleavage by peptide nucleic acid (PNA) targeting using nuclease S1. Nucleic Acids Res. 1993, 21,
2103–2107. [CrossRef]

50. Winssinger, N.; Damoiseaux, R.; Tully, D.C.; Geierstanger, B.H.; Burdick, K.; Harris, J.L. PNA-encoded
protease substrate microarrays. Chem. Biol. 2004, 11, 1351–1360. [CrossRef]

51. Komiyama, M.; Ye, S.; Liang, X.; Yamamoto, Y.; Tomita, T.; Zhou, J.M.; Aburatani, H. PNA for one-base
differentiating protection of DNA from nuclease and its use for SNPs detection. J. Am. Chem. Soc. 2003, 125,
3758–3762. [CrossRef] [PubMed]

52. Upadhyay, A.; Ponzio, N.M.; Pandey, V.N. Immunological response to peptide nucleic acid and its peptide
conjugate targeted to transactivation response (TAR) region of HIV-1 RNA genome. Oligonucleotides 2008, 18,
329–335. [CrossRef] [PubMed]

53. Hanvey, J.C.; Peffer, N.J.; Bisi, J.E.; Thomson, S.A.; Cadilla, R.; Josey, J.A.; Ricca, D.J.; Hassman, C.F.;
Bonham, M.A.; Au, K.G.; et al. Antisense and antigene properties of peptide nucleic acids. Science 1992, 258,
1481–1485. [CrossRef] [PubMed]

54. Oh, S.Y.; Ju, Y.; Park, H. A highly effective and long-lasting inhibition of miRNAs with PNA-based antisense
oligonucleotides. Mol. Cells 2009, 28, 341–345. [CrossRef] [PubMed]

55. Abes, S.; Turner, J.J.; Ivanova, G.D.; Owen, D.; Williams, D.; Arzumanov, A.; Clair, P.; Gait, M.J.; Lebleu, B.
Efficient splicing correction by PNA conjugation to an R6-Penetratin delivery peptide. Nucleic Acids Res.
2007, 35, 4495–4502. [CrossRef] [PubMed]

56. Das, I.; Desire, J.; Manvar, D.; Baussanne, I.; Pandey, V.N.; Decout, J.L. A peptide nucleic acid-aminosugar
conjugate targeting transactivation response element of HIV-1 RNA genome shows a high bioavailability in
human cells and strongly inhibits tat-mediated transactivation of HIV-1 transcription. J. Med. Chem. 2012, 55,
6021–6032. [CrossRef]

57. Huang, X.W.; Pan, J.; An, X.Y.; Zhuge, H.X. Inhibition of bacterial translation and growth by peptide nucleic
acids targeted to domain II of 23S rRNA. J. Pept. Sci. 2007, 13, 220–226.

58. Fabani, M.M.; Abreu-Goodger, C.; Williams, D.; Lyons, P.A.; Torres, A.G.; Smith, K.G.; Enright, A.J.; Gait, M.J.;
Vigorito, E. Efficient inhibition of miR-155 function in vivo by peptide nucleic acids. Nucleic Acids Res. 2010,
38, 4466–4475. [CrossRef]

59. Cheng, C.J.; Bahal, R.; Babar, I.A.; Pincus, Z.; Barrera, F.; Liu, C.; Svoronos, A.; Braddock, D.T.; Glazer, P.M.;
Engelman, D.M.; et al. MicroRNA silencing for cancer therapy targeted to the tumour microenvironment.
Nature 2015, 518, 107–110. [CrossRef]

60. Quijano, E.; Bahal, R.; Ricciardi, A.; Saltzman, W.M.; Glazer, P.M. Therapeutic Peptide Nucleic Acids:
Principles, Limitations, and Opportunities. Yale J. Biol. Med. 2017, 90, 583–598.

61. Gupta, A.; Quijano, E.; Liu, Y.; Bahal, R.; Scanlon, S.E.; Song, E.; Hsieh, W.C.; Braddock, D.E.; Ly, D.H.;
Saltzman, W.M.; et al. Anti-tumor Activity of miniPEG-γ-Modified PNAs to Inhibit MicroRNA-210 for
Cancer Therapy. Mol. Ther. Nucleic Acids 2017, 9, 111–119. [CrossRef] [PubMed]

62. Ricciardi, A.S.; Bahal, R.; Farrelly, J.S.; Quijano, E.; Bianchi, A.H.; Luks, V.L.; Putman, R.; Lopez-Giraldez, F.;
Coskun, S.; Song, E.; et al. In utero nanoparticle delivery for site-specific genome editing. Nat. Commun.
2018, 9, 2481. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1962210
http://www.ncbi.nlm.nih.gov/pubmed/1962210
http://dx.doi.org/10.1016/0968-0896(95)00171-9
http://dx.doi.org/10.1021/ja00050a068
http://dx.doi.org/10.1021/ja00031a062
http://dx.doi.org/10.1038/365566a0
http://dx.doi.org/10.1016/S1359-6446(03)02611-4
http://dx.doi.org/10.1093/nar/21.9.2103
http://dx.doi.org/10.1016/j.chembiol.2004.07.015
http://dx.doi.org/10.1021/ja0295220
http://www.ncbi.nlm.nih.gov/pubmed/12656606
http://dx.doi.org/10.1089/oli.2008.0152
http://www.ncbi.nlm.nih.gov/pubmed/19006449
http://dx.doi.org/10.1126/science.1279811
http://www.ncbi.nlm.nih.gov/pubmed/1279811
http://dx.doi.org/10.1007/s10059-009-0134-8
http://www.ncbi.nlm.nih.gov/pubmed/19812898
http://dx.doi.org/10.1093/nar/gkm418
http://www.ncbi.nlm.nih.gov/pubmed/17584792
http://dx.doi.org/10.1021/jm300253q
http://dx.doi.org/10.1093/nar/gkq160
http://dx.doi.org/10.1038/nature13905
http://dx.doi.org/10.1016/j.omtn.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29246289
http://dx.doi.org/10.1038/s41467-018-04894-2
http://www.ncbi.nlm.nih.gov/pubmed/29946143


Molecules 2019, 24, 3020 13 of 14

63. Ozes, A.R.; Wang, Y.; Zong, X.; Fang, F.; Pilrose, J.; Nephew, K.P. Therapeutic targeting using tumor specific
peptides inhibits long non-coding RNA HOTAIR activity in ovarian and breast cancer. Sci. Rep. 2017, 7, 894.
[CrossRef]

64. Kolevzon, N.; Nasereddin, A.; Naik, S.; Yavin, E.; Dzikowski, R. Use of peptide nucleic acids to manipulate
gene expression in the malaria parasite Plasmodium falciparum. PLoS ONE 2014, 9, e86802. [CrossRef]

65. Gait, M.J.; Arzumanov, A.A.; McClorey, G.; Godfrey, C.; Betts, C.; Hammond, S.; Wood, M.J.A. Cell-Penetrating
Peptide Conjugates of Steric Blocking Oligonucleotides as Therapeutics for Neuromuscular Diseases from a
Historical Perspective to Current Prospects of Treatment. Nucleic Acid Ther. 2019, 29, 1–12. [CrossRef]

66. Lohse, J.; Dahl, O.; Nielsen, P.E. Double duplex invasion by peptide nucleic acid: A general principle for
sequence-specific targeting of double-stranded DNA. Proc. Natl. Acad. Sci. USA 1999, 96, 11804–11808.
[CrossRef] [PubMed]

67. Smolina, I.V.; Demidov, V.V.; Soldatenkov, V.A.; Chasovskikh, S.G.; Frank-Kamenetskii, M.D. End invasion of
peptide nucleic acids (PNAs) with mixed-base composition into linear DNA duplexes. Nucleic Acids Res.
2005, 33, e146. [CrossRef]

68. Hu, J.; Corey, D.R. Inhibiting gene expression with peptide nucleic acid (PNA)–peptide conjugates that target
chromosomal DNA. Biochemistry 2007, 46, 7581–7589. [CrossRef]

69. Wittung, P.; Nielsen, P.; Norden, B. Extended DNA-recognition repertoire of peptide nucleic acid (PNA):
PNA-dsDNA triplex formed with cytosine-rich homopyrimidine PNA. Biochemistry 1997, 36, 7973–7979.
[CrossRef] [PubMed]

70. Avitabile, C.; Accardo, A.; Ringhieri, P.; Morelli, G.; Saviano, M.; Montagner, G.; Fabbri, E.; Gallerani, E.;
Gambari, R.; Romanelli, A. Incorporation of naed peptide nucleic acids into liposomes leads to fast and
efficient delivery. Bioconjugate Chem. 2015, 26, 1533–1541. [CrossRef]

71. Riguet, E.; Tripathi, S.; Chaubey, B.; Desire, J.; Pandey, V.N.; Decout, J.L. A peptide nucleic acid-neamine
conjugate that targets and cleaves HIV-1 TAR RNA inhibits viral replication. J. Med. Chem. 2004, 47,
4806–4809. [CrossRef]

72. Kesy, J.; Patil, K.M.; Kumar, S.M.; Shu, Z.; Yee, Y.H.; Zimmermann, L.; Ong, A.A.L.; Toh, D.F.K.; Krishna, M.S.;
Yang, L.; et al. A short chemically modified dsRNA-binding PNA (dbPNA) inhibits influenza viral replication
by targeting viral RNA panhandle structure. Bioconjugate Chem. 2019, 30, 931–943. [CrossRef] [PubMed]

73. Peacey, E.; Rodriguez, L.; Liu, Y.; Wolfe, M.S. Targeting a pre-mRNA structure with bipartite antisense
molecules modulates tau alternative splicing. Nucleic Acids Res. 2012, 40, 9836–9849. [CrossRef] [PubMed]

74. Devi, G.; Yuan, Z.; Lu, Y.; Zhao, Y.; Chen, G. Incorporation of thio-pseudoisocytosine into triplex-forming
peptide nucleic acids for enhanced recognition of RNA duplexes. Nucleic Acids Res. 2014, 42, 4008–4018.
[CrossRef]

75. Toh, D.F.K.; Devi, G.; Patil, K.M.; Qu, Q.; Maraswami, M.; Xiao, Y.; Loh, T.P.; Zhao, Y.; Chen, G. Incorporating
a guanidine-modified cytosine base into triplex-forming PNAs for the recognition of a C-G pyrimidine-purine
inversion site of an RNA duplex. Nucleic Acids Res. 2016, 44, 9071–9082. [CrossRef]

76. Ong, A.A.L.; Toh, D.F.K.; Patil, K.M.; Meng, Z.; Yuan, Z.; Krishna, M.S.; Devi, G.; Haruehanroengra, P.; Lu, Y.;
Xia, K.; et al. General recognition of U-G, U-A, and C-G pairs by double-stranded RNA-binding PNAs
incorporated with an artificial nucleobase. Biochemistry 2019, 58, 1319–1331. [CrossRef] [PubMed]

77. Krishna, M.S.; Toh, D.F.K.; Meng, Z.; Ong, A.A.L.; Wang, Z.; Lu, Y.; Xia, K.; Prabakaran, M.; Chen, G.
Sequence- and structure-specific probing of RNAs by short nucleobase-modified dsRNA-binding PNAs
(dbPNAs) incorporating a fluorescent light-up uracil analog. Anal. Chem. 2019, 91, 5331–5338. [CrossRef]

78. Patil, K.M.; Toh, D.F.K.; Yuan, Z.; Meng, Z.; Shu, Z.; Zhang, H.; Ong, A.A.L.; Krishna, M.S.; Lu, L.; Lu, Y.; et al.
Incorporating uracil and 5-halouracils into short peptide nucleic acids for enhanced recognition of A-U pairs
in dsRNAs. Nucleic Acids Res. 2018, 46, 7506–7521. [CrossRef]

79. Li, M.; Zengeya, T.; Rozners, E. Short peptide nucleic acids bind strongly to homopurine tract of double
helical RNA at pH 5.5. J. Am. Chem. Soc. 2010, 132, 8676–8681. [CrossRef]

80. Gupta, P.; Zengeya, T.; Rozners, E. Triple helical recognition of pyrimidine inversions in polypurine tracts of
RNA by nucleobase-modified PNA. Chem. Commun. 2011, 47, 11125–11127. [CrossRef] [PubMed]

81. Zengeya, T.; Gupta, P.; Rozners, E. Triple-helical recognition of RNA using 2-aminopyridine-modified PNA
at physiologically relevant conditions. Angew. Chem. Int. Ed. 2012, 51, 12593–12596. [CrossRef] [PubMed]

82. Zengeya, T.; Gupta, P.; Rozners, E. Sequence selective recognition of double-stranded RNA using triple
helix-forming peptide nucleic acids. Methods Mol. Biol. 2014, 1050, 83–94. [PubMed]

http://dx.doi.org/10.1038/s41598-017-00966-3
http://dx.doi.org/10.1371/journal.pone.0086802
http://dx.doi.org/10.1089/nat.2018.0747
http://dx.doi.org/10.1073/pnas.96.21.11804
http://www.ncbi.nlm.nih.gov/pubmed/10518531
http://dx.doi.org/10.1093/nar/gni151
http://dx.doi.org/10.1021/bi700230a
http://dx.doi.org/10.1021/bi963136b
http://www.ncbi.nlm.nih.gov/pubmed/9201944
http://dx.doi.org/10.1021/acs.bioconjchem.5b00156
http://dx.doi.org/10.1021/jm049642d
http://dx.doi.org/10.1021/acs.bioconjchem.9b00039
http://www.ncbi.nlm.nih.gov/pubmed/30721034
http://dx.doi.org/10.1093/nar/gks710
http://www.ncbi.nlm.nih.gov/pubmed/22844088
http://dx.doi.org/10.1093/nar/gkt1367
http://dx.doi.org/10.1093/nar/gkw778
http://dx.doi.org/10.1021/acs.biochem.8b01313
http://www.ncbi.nlm.nih.gov/pubmed/30775913
http://dx.doi.org/10.1021/acs.analchem.9b00280
http://dx.doi.org/10.1093/nar/gky631
http://dx.doi.org/10.1021/ja101384k
http://dx.doi.org/10.1039/c1cc14706d
http://www.ncbi.nlm.nih.gov/pubmed/21909545
http://dx.doi.org/10.1002/anie.201207925
http://www.ncbi.nlm.nih.gov/pubmed/23125029
http://www.ncbi.nlm.nih.gov/pubmed/24297352


Molecules 2019, 24, 3020 14 of 14

83. Kim, K.T.; Chang, D.L.; Winssinger, N. Double-stranded RNA-specific templated reaction with triplex
forming PNA. Helv. Chim Acta 2018, 101, e1700295. [CrossRef]

84. Artigas, G.; Marchan, V. Synthesis and tau RNA binding evaluation of ametantrone-containing ligands.
J. Org. Chem. 2015, 80, 2155–2164. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/hlca.201700295
http://dx.doi.org/10.1021/jo502661j
http://www.ncbi.nlm.nih.gov/pubmed/25602935
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	asPNAs Can Invade Tau Pre-mRNA Hairpin 
	asPNAs Can Alter Tau Minigene Pre-mRNA Splicing in Cell Cultures 

	Materials and Methods 
	General Methods and Synthesis of PNA Oligomers 
	Nondenaturing Polyacrylamide Gel Electrophoresis 
	Cell Culture Minigene Splicing Assay 
	Real-Time PCR 

	Conclusions 
	References

