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Abstract—Antisense technology provides an effective strategy to inhibit synthesis of the gene product. We prepared a novel anti-
sense reagent comprised of oligodeoxynucleotides (ODN) and a thermo responsive polymer, poly(N-isopropylacrylamide) (PNI-
PAAm). The conjugate inhibited gene expression in a dose-dependent manner. The ODN-PNIPAAm conjugate demonstrated
excellent resistance to S1 nuclease. In particular, PNIPAAm-modified antisense ODN at the 3’,5'-ends of the ODN provided com-
plete resistance against nuclease at 37°C, which is above the phase transition temperature of the PNIPAAm side chain. These
characteristics of the conjugate suggest it may have potential for use in a new gene delivery system as part of an antisense strategy.

© 2003 Elsevier Ltd. All rights reserved.

Antisense therapy works at the genetic level to prevent
mutated or overactive genes from directing the synthesis
of disease-related proteins.!=3 Attempts have been made
to interfere with gene expression by in situ generation of
mRNA from recombinant vectors* or by exogenous
introduction of synthetic ODN.>® Antisense phospho-
diester-linked ODNs have demonstrated inhibition of
many viral and cellular gene products, both in vitro and
in vivo. However, such ODNs are susceptible to degra-
dation by exo- and endo-nucleases, which are ubiquitous
in serum and in the intracellular milieu. Chemical
modification of ODNs to enhance their stability is a
typical approach to overcome this obstacle.” Phos-
phorothioate-linked ODNs are commonly used, and
effectively inhibit the synthesis of the gene product in
various cell types.!®!! Unfortunately, phosphorothioate
ODN possesses a relatively low binding affinity for tar-
get RNA, which impacts its potency in antisense appli-
cations.!? Thus, the development of new ways to modify
and/or protect conventional phosphodiester ODN to
improve nuclease resistance is important.

We previously proposed an intelligent antisense reagent
comprised of phosphodiester-linked ODN and a thermo
sensitive polymer, PNIPAAm.'? The antisense ODN-
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PNIPAAm conjugate demonstrated a stimuli-respon-
sible regulation of the hybridization between the con-
jugate and the target RNAs. This phenomenon was
caused by a conformational change in polymer moiety
linked to the ODN at the 3’-end and depending on the
temperature condition. In the present study, we pre-
pared 3’- and 3/,5-modified ODN-PNIPAAm con-
jugates, and then evaluated their antisense activity and
nuclease resistance.

A synthesized ODN (20 mer) having the antisense
sequence for the ribosomal binding site of the mRNA
coding enhanced green fluorescent protein (EGFP) was
conjugated with PNIPAAm. The 3’-modified ODN-
PNIPAAm conjugate was prepared as described in a
previous report.!3!5 The novel antisense reagent 3',5'-
modified ODN-PNIPAAm conjugate was synthesized
as follows: 3’,5'-Methacryloyl-modified antisense ODN5s
(GGTATATCTCCTTCTTAAAAG) (ribosomal bind-
ing site underlined) (0.05 pmol) and NIPAAm (0.2
mmol) were dissolved in 0.94 mL of 10 mM Tris—HCI
(pH 8.0). Then 100 pL of aqueous ammonium persul-
fate (13 mM) and 40 uL of aqueous solution of
N,N,N',N'-tetramethylethylenediamine (2.15M) were
added to the mixture. The resulting mixture was incu-
bated at room temperature for 1 h under nitrogen
atmosphere for copolymerization to obtain the anti-
sense ODN-PNIPAAm conjugate. The conversions of
vinyl-ODNs and NIPAAm were determined to be ca.
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93% and 87%, respectively, by HPLC analysis. ODN-
PNIPAAm conjugates showed a temperature-induced
conformational change at 33°C in 10 mM Tris—HCI
(pH 7.4) containing 100 mM NaCl. The melting tem-
perature (7,) of the duplex formed between unmodified
antisense ODN and its complementary DNA strand
(CTTTAAGAAGGAGATATACC) was 47°C in a
buffer containing 10 mM Tris—-HCI (pH 7.4) and 100
mM NaCl.

The antisense activities of these conjugates were eval-
uated using the Escherichia coli T7 S30 extract system
(Promega). This system can monitor the efficacy of the
transcription/translation of DNA sequences cloned in a
plasmid vector containing a T7 promoter by providing
an extract that contains T7 RNA polymerase for tran-
scription and all the necessary components for transla-
tion. T7 RNA polymerase transcription reaction was
performed according to standard protocol using plas-
mid pET16EGFP!3 as a transcription template. The
reaction was terminated by placing the reaction mixture
on ice for 5 min, after which the expression of GFP was
determined by measurement of the fluorescence inten-
sity of the solution (excited at 474 nm). Figure 1 shows
the dose-dependent translational repression by 20-mer
antisense ODN-PNIPAAm conjugates at 27°C. The
conjugates were added to the solutions by 10-, 100- and
500-fold higher amounts than that for the template,
respectively.  Fluorescence intensity was clearly
decreased with increasing dosage of the conjugates. We
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Figure 1. Dose-dependent inhibition of gene expression by antisense
ODN-PNIPAAm conjugates: 3’-modified ODN (a) and 3',5-modified

ODN (b) were added to E. coli T7 S30 extract by 0.054, 0.54 and 2.7
UM, respectively.

observed 63 and 74% reduction in GFP expression after
treatment of 2.7 uM of 3’- and 3,5-modified ODN-
PNIPAAm conjugates, respectively. On the other hand,
the PNIPAAm homopolymer had no effect on the GFP
gene expression under the same conditions (data not
shown). In a previous report, we confirmed that DNA
moiety of the conjugate retains the original hybridiza-
tion property and sequence recognition ability, even if it
is grafted into the polymer.!3> Thus, the inhibition of
gene expression would be caused by the binding of the
antisense ODN to the target mRNA.

In order to investigate the stability of DNA moiety in
the conjugate, the ODN-PNIPAAm conjugates were
treated with endonuclease S1 nuclease. 3’- and 3',5-
modified ODN-PNIPAAm conjugates (1 nmol each)
were dissolved in reaction buffer [30 mM sodium acetate
(pH 4.6), 280 mM NaCl, and 10 mM ZnSO,]. 1.5 U of
S1 nuclease was added to the solutions (final volume,
500 pL). Half of each conjugate mixture was incubated
for 120 min at 27 °C, and the other half of each mixture
for 120 min at 37 °C; these temperatures are respectively
below and above the phase transition temperature of the
conjugates. Figure 2 shows the profiles of nuclease
digestion of the DNA as detected by an increase in
absorbance at 260 nm caused by nucleobases liberation
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Figure 2. Stability of antisense ODN-PNIPAAm conjugate against S1
nuclease. Incubation temperature, 27°C (a) and 37°C (b); ODN, 1
nmol; S1 nuclease, 1.5 U.
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Figure 3. Schematic illustration of stimuli-responsive antisense reagent comprised of oligodeoxynucleotide and poly(N-isopropylacrylamide).

from stacking in oligomer.'® Unmodified ODN was
rapidly digested by nuclease regardless of incubation
temperature. On the other hand, both conjugates
demonstrated excellent resistance to nuclease degrada-
tion at 27°C (Fig. 2a). After incubation the increase in
UV absorbance caused by DNA degradation was sup-
pressed by 47% for the 3’-modified conjugate and 54%
for the 3’,5-modified conjugate. In contrast, under the
same conditions, the PNIPAAm homopolymer in reac-
tion solution showed essentially no effect against the
nuclease digestion of the DNA. These results suggested
that the stability of antisense ODN against cellular
nuclease attack was effectively improved by polymer
modification of the DNA.

At 37°C, the 3',5-modified ODN-PNIPAAm conjugate
was completely protected against degradation by the S1
nuclease (Fig. 2b). In contrast, nuclease resistance of the
3’-modified ODN-PNIPAAm conjugate was not sig-
nificantly influenced by incubation temperature. The
reason for this difference in nuclease resistance between
the two conjugates is not clear. The most plausible pos-
sibility is the difference of accessibility of the nuclease to
the grafted ODN. An ODN-PNIPAAm conjugate can
reversibly change its conformation from extended to
condensed in response to temperature change associated
with the phase transition of the grafted PNIPAAm
chains on DNA. The PNIPAAm part of the conjugate
was in the globule state at 37°C. Thus, condensed
polymer moiety of the conjugate may affect accessibility
of the nuclease to the ODN moiety (Fig. 3). In the case
of the 3',5-modified ODN-PNIPAAm conjugate, the
two condensed PNIPAAm parts can inhibit access of
nuclease to the ODN moiety more effectively by steric
hindrance. On the other hand, the protective effect
against the nuclease by the polymer moiety in the
3’-modified conjugate is limited to the PNIPAAm-mod-
ified side of the ODN moiety. Therefore, the nucleases
may be able to access the DNA from the opposite side.

In conclusion, we evaluated the antisense activity and
nuclease stability of an intelligent antisense agent com-
prised of an antisense ODN and stimuli-responsible
polymer PNIPAAm. These properties are key criteria in

the search for optimal antisense nucleic acid modifi-
cations, though the origins of the various levels of
resistance to nuclease degradation conferred by chemi-
cal modification of DNA are currently not understood.
The ODN-PNIPAAm conjugate could successfully
control the nuclease resistance property via conforma-
tion change of the polymer chain. It has been shown
that PNIPAAm in a globule state has excellent cellular
membrane permeability and low toxicity.!” Further, this
strategy can use antisense ODN without chemical
modification at the phosphodiester linkage of the ODN,
which means the conjugate may retain its binding affi-
nity for the target RNA. These characteristics of the
conjugate are promising for its use as an antisense ODN
carrier in gene therapy.
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