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Abstract—Novel antisense peptide nucleic acid (PNA) constructs targeting p75NTR as a potential therapeutic strategy for amyotrophic
lateral sclerosis (ALS) were designed, synthesised and evaluated against phosphorothioate oligonucleotide sequences (PS-ODN).
An 11-mer antisense PNA directed at the initiation codon dose-dependently inhibited p75NTR expression and death signalling by
nerve growth factor in Schwann cell cultures. Inhibition of p75NTR production was not detected in cultures treated with the non-
sense PNA or antisense PNA directed at the 30-terminus sequence. The 19-mer PS-ODN sequences also failed to confer any activity
against p75NTR but, unlike the PNA sequences, were toxic in vitro at comparable doses.
# 2003 Elsevier Science Ltd. All rights reserved.
Expression of the death-signalling 75 kilodalton neuro-
trophin receptor (p75NTR) is associated with both
neurodevelopment1 and neurodegenerative disorders.2,3

One disease implicating a role of p75NTR and its
apoptotic effects is motor neuron disease (MND).
Amyotrophic lateral sclerosis (ALS), which accounts for
approximately 85% of MND incidence, is a progressive
and fatal paralytic disorder characterized by degeneration
of cortical, brainstem and spinal cord motor neurons.4

The abnormal re-expression of p75NTR in mature
degenerating spinal motor neurons of humans and
transgenic mice expressing ALS pathology suggests an
active role of this receptor.5 Recent evidence suggests
that p75NTR may be implicated in promoting caspase-
dependent death in spinal motor neurons of familial
ALS-expressing mice.6 These two events prompted us to
evaluate an antisense strategy comparing oligonucleotide
(ODN) and peptide nucleic acid (PNA)7 sequences
directed against p75NTR as a potential therapy. Here
we demonstrate that a simple 11-mer antisense PNA
targeting the initiation codon inhibits p75NTR protein
expression in a dose-dependent manner in rat Schwann
cell cultures. Furthermore, this antisense PNA con-
ferred significant protection against nerve growth factor
(NGF)-induced p75NTR-mediated Schwann cell death.
This study suggests that antisense therapies harnessing
PNA chemistry may provide a useful paradigm for
inhibiting death-signalling pathways in neurodegenera-
tive diseases such as MND.

Two classes of antisense8 agents were employed in this
study for comparison, phosphorothioate oligonucleotide
(PS-ODN) and peptide nucleic acid (PNA) molecules
(Fig. 1).9 Long 19-mer PS-ODN sequences targeting the
50-terminus of p75NTR and used previously to rescue
axotomised sensory and motor neurons of neonatal
rats10 were evaluated in vitro for inhibitory effects in
Schwann cell11 cultures (Table 1).
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Figure 1. Schematic representation of a general phosphorothioate
oligonucleotide (PS-ODN) and peptide nucleic acid (PNA).
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The structure of the PNA (Fig. 1) confers useful prop-
erties that make it an ideal agent for use in antisense
therapies. These include a resistance to nucleases and pro-
teases, enhanced target hybridisation independent of salt
concentration and crucial to any therapeutic paradigm, a
capacity to cross the blood–brain barrier12 after systemic
administration. Short PNA sequences (10, 11-mer) with
comparable Tm values to lengthy PS-ODNs (19-mer)
were designed (Table 1) against the 30-terminus (nt
1359-1368) and initiator codon (nt 106-116) of the rat
p75NTR gene (coding region length=1388 nucleotides)
and tested for efficacy in vitro. Sequences were designed
to minimize intramolecular hairpins or intermolecular
dimers. Because of the small size associated with the
PNA sequences, a BLAST nucleotide search for short
nearly exact matches against human and murine data-
bases using the National Centre for Biotechnology
Information (NCBI) is necessary to confirm the
‘uniqueness’ of each sequence to avoid non-specific
binding that may lead to complications.

The PNA sequences were synthesized using an Expedite
8909 nucleic acid synthesizer adapted for PNA proto-
cols. The nucleotide protecting groups (Bhoc) are
removed at the end of the synthesis with TFA in the
presence of the scavenger m-cresol. This protocol
affords the PNA(TFA)n salt (n=10, 11) which has
ramifications for the PNAs solubility in tonic buffers.13

Purification by preparative HPLC yields highly pure
materials as adjudged by mass spectrometry14 (Fig. 2).
Clearly evident for AS-PNA106 are major peaks corres-
ponding to multiply-charged PNA molecules at m/z
1469.5 ([M+2H]2+), 980.2 ([M+3H]3+), 735.6
([M+4H]4+) and 588.7 ([M+5H]5+). Minor neighbor-
ing peaks can for the most part be attributed to multiple
adducts of Na+ or K+ common with this technique.
Interestingly, the ESIMS obtained are cone voltage
dependant. At a cone voltage of 50 V (Fig. 2b), the
spectrum is simplified. Peaks corresponding to values
m/z 1469.5 ([M+2H]2+), 980.2 ([M+3H]3+) completely
dominate the spectrum with no evidence of higher
charged (lower m/z) species seen, consistent with the
results obtained for NS-PNA. A similar result is
obtained for FluAS-PNA106 in which a cone voltage of
30 V produces a spectrum dominated by higher charged
species e.g., [M+6]6+. This phenomenon can be regar-
ded as a variation of ‘charge-stripping’.15 In this case,
high cone voltages strip or remove the weakly bound
ammonium protons from the PNA salt.

AS-PNA106 targeting the translational start codon
inhibited p75NTR protein levels in a dose-dependent
manner at 1–100 mM concentrations (Fig. 3a). Inhibition
Table 1. Phosphorothioate oligonucleotide and peptide nucleic acid sequences
Type
 Sense typea
 Length
 Targetb
 Base sequencec
 Molecular weight (Da)
PS-ODN
 AS
 19-mer
 nt 110–128
 50-ACC TGC CCT CCT CAT TGC A-30
 9050.1

NS
 19-mer
 —
 50-CTC CCA CTC GTC ATT CGA C-30
 9050.1
PNAd
 AS
 10-mer
 nt 1359–1368
 N-ACT CGC TGC A-C
 2686.0

AS
 11-mer
 nt 106–116
 N-CAT TGC ACG CC-C
 2937.4

NS
 11-mer
 —
 N-CAC CAG CCT TG-C
 2937.4
FluASe
 11-mer
 nt 106–116
 FluOO-CAT TGC AGC CC-C
 3588.5
aAS=antisense, NS=nonsense, FluAS=Fluorescent-labelled antisense sequence.
bBased on R. norvegicus sequence, Genbank accession number NM_012610.
cOptimal PNA-DNA duplex Tm without intra-PNA hairpin and inter-PNA dimer calculated with Primer Premier 5.0 (Premier Biosoft).

nt=nucleotide number. PS-ODNs and PNAs were solubilised in mouse-tonicity phosphate-buffered saline (MT-PBS), pH 7.4.
dPNAs were synthesised using an automated Expedite 8909 nucleic acid synthesizer (Applied Biosystems) adapted for PNA synthesis. Synthesis was
performed on a 2 mmol scale with PS-PEG-XAL resin using Fmoc/Bhoc protected monomers. PNA was cleaved using trifluoroacetic acid with 20%
(v/v) m-cresol in polytetrafluoroethylene spin columns (Millipore). PNA pellets were precipitated, washed with ice-cold ether and air-dried prior to
purification. Preparative HPLC was performed on PNA pellets resolubilised in 1/1 distilled water/acetonitrile using preparative C18 columns. Pur-
ified fractions were collected, freeze dried and sequences analysed via electrospray ionization mass spectrometry (ESIMS).
eFluorescent-labelled PNAs were synthesized manually with the addition of two 2-aminoethylglycine spacers and 5-carboxyfluorescein succinimidyl
ester (Molecular Probes) to the 50 end of the PNA. 5(6)-carboxyfluorescein, succinimidyl ester (Molecular Probes) dissolved in dimethylformamide in
the presence of 0.07M diisopropyl ethylamine was manually injected through the column for 30 min post-PNA synthesis. Purification and analysis
were performed as forementioned, however samples were kept in the dark.
Figure 2. Positive electrospray ionisation mass spectra (ESIMS) of N-

CAT TGC ACG CC-C recorded on a Micromass Platform II MS at
cone voltages of (a) 35 V and (b) 50 V. Solutions of the PNA for
analysis were prepared in 3% (v/v) formic acid in MeCN/H2O (1/1).
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of p75NTR production was not detected in cultures
treated with either NS-PNA or AS-PNA1359 directed at
the 30-terminus sequence but unlike the AS- or NS-PS-
ODN, neither PNA sequence was toxic to cells at com-
parable doses. Although efficacious at low doses on
cultured sensory neurons,10 the higher concentrations of
PS-ODN deployed in this study suggest that there is
non-specific and sequence-independent toxicity, con-
sistent with previous reports for this type of molecule.9

As further evidence of PNA specificity, AS-PNA106 did
not alter b-actin levels at any dose tested (Fig. 3a). Sig-
nificant reductions in p75NTR protein levels were
detected using AS-PNA106 concentrations between 1–
100 mM after 48 h. In the best result, a 54% reduction of
p75NTR protein, relative to control cultures, was
achieved with 100 mM AS-PNA106 (Fig. 3a).

To assess whether AS-PNA106 could directly inhibit
ligand-dependent p75NTR-mediated cell death, Schwann
cells were exposed to b-NGF (10 ngmL�1).16 In the
absence of AS-PNA106, cell viability was significantly
reduced (Fig. 3b). However, in the presence of 10 and
100 mM AS-PNA106, 92 and 100% viability was detec-
ted, respectively. We can conclude from this result that
the p75NTR gene switching by AS-PNA106 as illu-
strated by Western analysis was also sufficient to sig-
nificantly block NGF-induced p75NTR killing in vitro.
As a final test, the uptake and intracellular distribution
of AS-PNA106 was determined using fluorescein tagging
(Fig. 4). Uptake and accumulation of FluAS-PNA106 in
the cytosol rather than endosomal and lysosomal com-
partments of cultured Schwann cells was seen at 48 h
incubation (Fig. 4b). Prolonged exposure (72 h) resulted
in complete nuclear localisation (Fig. 4d), supporting a
direct antigene effect of PNA in addition to antisense
inhibition of mRNA, based on its increased affinity for
DNA targets.

Specific PNA sequences were found to be superior to
PS-ODN in this antisense paradigm. The data described
in this paper demonstrates that antisense PNA-medi-
ated interference with p75NTR expression in culture is
indeed sufficient to modify cellular responses to exo-
genous neurotrophin ligands. The data presented here
supports recent reports that antisense inhibition is more
effective when targeting upstream elements such as the
50-untranslated region or initiation codon of the lucifer-
ase9 or huntingtin genes17 respectively. Truncation of
p75NTR, as created by AS-PNA1359 may continue to
induce ALS pathology. We are at present investigating
AS-PNA106 as a potential therapeutic in a mouse model
(SOD1G93A) of ALS.
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