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hybridization between the oligonucleotide and the target
strand serve to alter gene expression. But in practice, use of
these strategies has fallen from favor owing to difficulties
in predicting: (i) the accessible sites or structures of the target
against which the oligonucleotide must be directed, (ii) the
optimum dose of the agent which will avoid toxic effects,
and (iii) the specificity andn vivo stability of the oligo-
nucleotide.

B. Ravindra Babu studied chemistry at the University of Delhi (Delhi, India)
and completed his Ph.D. in 1998 on the isolation and total synthesis of
the natural products. He then carried out postdoctoral research with
Professor Jesper Wengel at the University of Southern Denmark (Odense,
Denmark) on the synthesis of chemically modified nucleosides and
oligonucleotides. In 2005, he joined the medicinal chemistry department
of LEO pharmaceuticals (Copenhagen, Denmark) as a Research Scientist.

1.3. Overview of Different Modified Nucleotide
Analogues

During the last couple of decades, exploration and
examination of novel structurally modified oligonucleotides
that act as potent and selective therapeutic agents has gained
of the translation is achieved when an antisense oligonucleo-momentum and has led to the development of analogues
tide is directed to the'8erminus of the target, thus, blocking which have the desired properties and minimum toxicity. In
the binding and assembly of the translational machinery, general, there exist three types of modified nucleotides,
while RNase H-mediated cleavage occurs when the antisenseamely, analogues with unnatural bases, analogues with
oligonucleotide binds to the target strand at any site to modified sugars (especially thé-gosition), and those with
produce a duplex conformation of DNRNA heteroduplex. an altered phosphodiester backbone (Figure 2). Among the
This conformation serves as a recognition element of RNasemost widely used modified oligonucleotide analogues are
H recruitment, leading to the cleavage of the RNA strand of Phosphorothioates (PS) (Figure 2), which represent an
the heteroduplex. RNA blockage by small interfering RNA important class of first generation antisense (AS) molecules.
(siRNA) can also inhibit translation, thereby greatly altering The operative modification in these analogues involves
the level of gene expression. siRNAs result when trans- substitution of one of the nonbridging oxygens in the
posons, viruses, or endogenous genes express long doublgshosphodiester linkage with a sulfur atom. This produces a
stranded RNA (dsRNA), or when dsRNA is introduced phosphorothioate linkage (PS) that destabilizes the base
experimentally into plant or animal cells to trigger gene pairing somewhat but renders the AS molecule resistant to
silencing, a process known as RNA interference (RNAI) nuclease digestion. Although the presence of a polyanionic
(Figure 1)! Of all the silencing modes listed, the degradation backbone allows these analogues to interact with proteins
of MRNA by RNase H and siRNA is considered to be and thereby increase their half-life in biological fluitihis
extremely potent in terms of ensuing complete mMRNA seemingly advantageous property also contributes signifi-
breakdown. cantly to cellular toxicityt The second generation of

In theory, use of oligonucleotide-based antisense andtherapeutic molecules is mainly comprised of nucleotides
antigene strategies seems quite feasible where high-affinitywith an alkyl modification at the '2position of the ribose,
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Figure 1. Conceptual representation of antisense-mediated gene-silencing approaches. Antisense oligonucleotides may block translation of
mMRNA or induce RNase H-mediated degradation of their targets. Cleavage of mRNA also results from the catalytic activity of the DNAzymes

or ribozymes. Alternatively, small interfering RNA (siRNA), a class of short23 nt RNA duplex molecules, might stimulate the cellular
machinery (RISC) to cleave other single-stranded RNA having the sequence complementary to siRNA.
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Figure 2. Examples of synthetic nucleic acid analogues containing
backbone modifications.

for example,2'-O-methyl and 2'-O-methoxy ethyl RNA.

splicing, in which blocking a given splice site leads to an
increased expression of an alternatively spliced varidihe

third generation of modified oligonucleotides includes mor-
pholino oligonucleotides, N35-phosphoroamides, '2
deoxy, 2-flouro-g-p-arabino (FANA) nucleic acid, and
peptide nucleic aciddN3'-P5-phosphoroamidates(NPs)
have a modified phosphate backbone where tHey@roxyl
group of the 2deoxyribose ring is replaced with &8mino
group. NPs exhibit high affinity and high nuclease resistance
toward complementary RNA strad&imilar to 2-O-methyl
RNA, NPs also achieve their antisense effect by steric
blockade of translation. However, both the analogues can
be made RNase H active with the use of the so-called gapmer
technology, in which a central core of DNA or phosphoro-
thioate DNA monomers flanked by modified nucleotides at
each end induces RNase H recruitment. The potency of NPs
as AS has already been demonstratedivo, where they
proved to be superior to PS in specifically down-regulating
the expression of the-myc gene® Because NPs do not

These are less toxic than PS oligodeoxynucleotides, possesiiduce RNase H cleavage of the target RNA, they might

a higher binding affinity to their respective target sequence,

prove useful where RNA integrity needs to be maintained,

and can effectively mediate antisense effects by steric blocksuch as in the case of splicing modulatidvorpholino

hindrance of translation, but they lack the ability to activate
RNase H6

oligonucleotides (MF), which are examples of nonionic
DNA analogues, have ribose replaced by a morpholino

The RNase H-independent mechanism of action of such moiety and contain phosphoroamidate inter-subunit linkages

modified oligonucleotides can be exploited to alter mRNA

instead of phosphodiester bonds. Most of the work on
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One of the most promising candidates of chemically

¢
.50 T modified nucleotides developed in the past few years is the

) 2' Locked Nucleic Acid (LNA). LNA bases are ribonucleotide
CIJHH““O analogues containing a methylene linkage between the 2
0:§=—0- oxygen and 4carbon of the ribose ring (Figure 3). The
) ] ] constraint on the sugar moiety results in a lockéerglo
Figure 3. Locked nucleic acid (LNA). conformation that prepares the base for high affinity

morpholino compounds has focused on gene regulationhybridization!*2! Its close structural resemblance to RNA,
during the development of zebrafi§hMFs do not activate  high affinity and specificity toward the target strand, high
RNase H but can be targeted toward tHeuhtranslated in vivo stability, lack of toxicity, and ease of transfection
region or the first 25 bases downstream of the start codoninto cells have contributed to its success as a promising tool
to block translation by preventing ribosome-binding. Because in therapeutics and functional genomics. Furthermore, LNA
their backbone is uncharged, MFs are unlikely to have oligonucleotides can be synthesized using conventional
unwanted interactions with nucleic acid binding proteins. The phosphoramidite chemistry, thus, allowing automated syn-
target affinity of MFs is similar to that of isosequential DNA  thesis of fully modified LNA and chimeric oligonucleotides
oligonucleotides, but is lower than that of many of the other such as LNA/DNA and LNA/RNAS8Finally, their charged
modifications described here. Another important compound phosphate backbone allows ready delivery into cells using
is 2'-deoxy-2-fluoro- -p-arabino nucleic acid analogue standard cationic transfection agefits.

(FANA), a 2 epimer of RNA and the first uniformly sugar-

modified AS oligonucleotide that is reported to induce RNase 2 | NA: An Insight

H cleavage of a bound RNA molecufe.The Peptide

Nucleic Acids (PNAs)>**are another class of extensively 9 1 Family

studied modified DNA analogues. They consist of a synthetic

peptide backbone formed from-(2-aminoethyl)-glycine A number of structural analogues of LNA have been
units, which results in achiral and uncharged molecules. Sincesynthesized (Figure )4and investigated for various at-
these PNAs are uncharged compounds, their consequent podributes?>23 Although most members of the LNA family
water solubility relative to DNA is a major disadvantage exhibit high binding affinity to RNA, the binding efficiency
compared to other modified DNA analogues. Nevertheless, of 5-D-LNA (parent LNA) is known to be the highest of all
PNAs can bind to DNA as well as RNA to form sequence- the diastereomeric forms. Among the other stereoisomers,
specific hydrogen-bonded structures that are chemically a-L-LNA caught the attention as it displayed thermostability
stable, resistant to enzymatic cleavage, and exhibit higherproperties only slightly inferior to the parent LNA. Such
thermal stability. PNA oligomers recognize duplex homo- remarkable binding affinity and specificity obtained for LNA
purine DNA sequences to which they bind by a strand and a-L-LNA, when fully and partially modified, have
invasion mechanisti to form a stable PNADNA—PNA established these molecules as unique nucleic acid m#ics.
triplex. Thus, they can exhibit an antigene effect by arresting These molecules, along with other derivatives containing the
transcription and an antisense effect by steric blockade of 2'-heteroatom to'4C linkage (Figure 4), were testéa vivo
RNA processing enzymes. However, a successful therapeutidor their antisense efficacy and were found to be very
application of PNAs still awaits the development of efficient effective?® However, each of these molecules exhibit dif-

methods for its uptake and delivery into cells. ferent pharmacokinetic profiles, thereby, opening new
§
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Figure 4. LNA (represented by-p-LNA) and its molecular family.
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avenues towards the choice of LNA chemistry to suit the
desired profiles.

2.2. Synthesis

Two strategies have been used to synthesize LNA mono-
mers: a linear strategy using nucleosides as the starting
material?*2” and a convergent strategy wherein an ap-
propriately modified glycosyl donor is synthesized and then
coupled with the nucleobase to give the modified nucleo-
side1415182733 Following the linear approach, LNAA426
and LNA-A?" nucleosides have been synthesized with uridine
and adenosine as starting materials. Despite some advantage
such as the relatively short series of chemical transformations
required and the cheap RNA nucleoside starting materials,
the linear strategy has its limitations. Two key reactions in
the synthetic pathway, that is, introduction of the additional
hydroxymethyl group at the'4C-position of the protected
RNA nucleoside (Scheme 1: step a) and the regioselective
tosylation (or mesylation) of the€C-hydroxymethyl group
(Scheme 1: step b), generally produce rather small yields.

Alternatively, the LNA nucleosides containing all the
natural nucleobases have been synthesized using the co
vergent strategyt All of the chemical reactions involved in
the optimized synthesis of LNA containing thymiHe?4-N-
acetyl and 4N-benzoyl cytosiné! 6-N-benzoyl adeniné!
and 2N-isobutyryl guanin& as nucleobases were subse-
quently refined and published (Scheme 2).

In the convergent synthesis, the key intermediaigas
prepared in a three-step protocol from 1,2:5,8disopro-
pylideneea-p-allofuranosel.®* The starting sugat is com-
mercially available but can also be synthesized from its
gluco-epimer via oxidation and selective reduction in 58%
yield with a one-pot, two-step procedure using DMSQ@c
NaBH;,, or in 73% yield with a two-pot, two-step procedure
using DMSO/ROs/NaBH;,. The 5,6-isopropylidene protecting

Scheme 1. Linear Approach: General Scheme for the Synthesis

Kaur et al.

group in1 was selectively removed using 80% aqueous acetic
acid, the 5,6-glycol was oxidatively cleaved by periodate,
and the resulting 5-aldehyde derivative was reacted with
formaldehyde. This was followed by ain situ crossed
Cannizzaro reaction with excess formaldehyde, which yielded
the desired 4z-hydroxymethyl derivativ®. The diol2 was
permesylated, and subsequent acetolysis followed by acet-
ylation gave the anomeric mixtuBsn 67% yield (from1).32
This mixture was then used as a common glycosyl donor in
the coupling reactions with different nucleobases. The
protected nucleobases were stereoselectively coupled with
under Vorbiiggen’s condition® to give the corresponding
’-C-nucleosides. Subsequently, a one-pot reaction sequence
consisting of 20-deacetylation followed by intramolecular
cyclization under alkaline conditions gave the protected LNA
nucleosidessa—d. Additionally, due to the lability of the
4-N-acetyl group of nucleosidéb and 6N-benzoyl group
of nucleosidedc, the reaction was allowed to proceed until
complete nucleobase deprotection was accomplished, fur-
nishing nucleosidesb and5c, respectively. The'50-mesyl
groups in the nucleosidésa—d were displaced by nucleo-

pphilic substitution using sodium benzoate. Subsequent sa-

ponification of the 5-benzoates and catalytic removal of the
3'-O-benzyl groups (and protection of the exocyclic amino
groups of LNA-A and LNA-C) afforded the free LNA diols
7a—d. Formic acid was used as the hydrogen donor for
debenzylation 06d to prevent the removal of the base-labile
2-N-isobutyryl group. LNA diols were '5O-dimethoxytri-
tylated“ and subsequently quantitatively converted into their
phosphoramidites derivatives by reaction with 2-cyanoethyl-
N,N,N',N'-tetraisopropylphosphoramidite and using 4,5-di-
cyanoimidazole as an activator suitable for automated
incorporation into oligonucleotides.

In another approach, the phosphoramidites of LNA-T and
LNA-U have been transformed into their 4-triazolo deriva-

of LNA Nucleosides

B PG B PG PG PG
HO o ase a HO o ase b HO o Base c HO 0 Base
——
HO TsO/MsO —
PGO OPG PGO  OPG PGO  OPG HO —O
aBase, nucleobase; PG, protecting group; Ms, methanesulphonys:tdkjenesulphonyl.
Scheme 2. Convergent Synthesis of LNA Phosphoramidit&s’2a
< ] ]
(6] o) i HO o) ii MsO o) iii MsO o Base iv
e — —_— OAc ——> —_—
(0] HO (0] MsO MsO
HO of BnO o# BnO  OAc BnO  OAc
1 2 3 4
. B
RO o. Base vi RO o _Base i DMTO 0™ Base|4 5 6 7 8 9
a|lT T T T T 7T
BnO\O HO\O cl)\o b |CAc ¢ C Bz Bz (B2
} ,P\O/\/ c |ABZ A A APz ABZ ARz
5R=Ms " 7R=H N CN d |ghu gbu @hbu @bu ghbu gbu
VE6R=BZ V",—_>8R=DMT

9

aReagents (and yields): (i) (a) BnBr, NaH, THF; (b) 80% aqg. AcOH; (c) NalF, H0; (d) HCHO, aq. NaOH, dioxane; (ii) (a) MsCl, pyridine,

CHCly; (b) Ac20, AcOH, concd HSO, (67% from1);32 (iii) nucleobaseN,O-bis
88%; 4b, 82%: 4c, 68%;4d, 84%); (iv) ag. NaOH, THF or dioxaneHNH.OH fo
6b, 93%; 6¢, 84%,; 6d, 92%); (vi) (a) agq. NaOH, THF; (b) 20% Pd(O#E, HC

(trimethylsilyl)acetamide, TMS-triflate, GEN or 1,2-dichloroethanetg,
r 5¢) (5a, 94%;5b, 87%;5¢, 78%;5d, 85%); (v) NaOBz, DMF §a, 86%;
O:NH4, MeOH (7a, 76%) or (a) 20% Pd(OHJ)C, HCONH4, MeOH; (b)

NH4OH; (c) BzO, pyridine; (d) ag. NaOH, EtOH7p, 72%) or (a) 20% Pd(OH)C, HCO:NH4, MeOH, dioxane (b) BzCl, pyridine; (c) ag. NaOH, pyridine,
EtOH (7c, 75%) or (a) ag. NaOH, EtOH, pyridine; (b) 10% Pd/C, HEDMeOH (7d, 70%); (vii) DMTCL, pyridine 8a, 93%;8b, 68%;8d, 86%)15 (viii)
2-cyanoethyIN,N,N',N'-tetraisopropylphosphoramidite, 4,5-dicyanoimidazole (1 M solution ir@Nj, CH,Cl, (=95%)8” T = thymin-1-yl, C*¢ = 4-N-
acetylcytosin-1-yl, 2 = 4-N-benzoylcytosin-1-yl, &Z = 6-N-benzoyladenin-9-yl, & = 2-N-isobutyrylguanin-9-yl, Bn= benzyl, Ms= methanesulphonyl,

DMT = 4,4-dimethoxytrityl.
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Scheme 3. Efficient Synthesis of LNA-G Phosphoramidite by Regiospecific Vorbggen Coupling of 2-Amino-6-chloropurine to

the Carbohydrate Moiety?

cl o 0
<,N N <)“fNH <,N e
M NSy NN N"TINNNT
i sO o N~ "NH, ii RO 1) N~ "NH, v RO o N~ N N
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MsO S~
BnO  OAc RO ™0 RO ™0
10 [ 11R=Ms,R'=Bn — 14R=R'=H
_ . \
iv[:12R—Bz,R—Bn ,_%15R=DMT,R‘=H
13R=R'=H Vil> 46 R = DMT,

R' = P(O(CH,),CN(iPr),

aReagents (and yields): (i) 2-amino-6-chloropuriNe®-bis(trimethylsilyl)acetamide, TMS-triflate, 1,2-dichloroethane (90%); (ii) HQCH.CN, NaH,
THF (86%); (iii) NaOBz, DMSO (95%); (iv) (a) MsOH, Ci€l,; (b) Amberlyst A-26 (OH (aq), EtOH); (c) ag. NaOH, EtOH; (v) (a) (GB).CHN(CHs)2,
DMF; (vi) 4,4-dimethoxytrityl chloride, pyridine (84% from2); (vii) 2-cyanoethyIN,N,N',N'-tetraisopropylphosphoramidite, 4,5-dicyanoimidazole (1 M

solution in CHCN), CHCl,, DMF (88%).

tives, which were then easily converted into the cytidine
derivatives (LNA®MeC and LNA-C, respectively) by treat-
ment with concentrated ammonia after oligonucleotide
synthesig026

LNA and LNA—DNA chimeras containing phosphodiester

the LNA-G nucleotide in that it preferred binding to the
DNA-C nucleotide.

2.3. Attributes

or phosphorothioate linkages, or a mixture thereof, can be 2.3 1. Hybridization
assembled by standard DNA synthesizers. Compared to the

standard protocols used for DNA synthesis, slightly longer

coupling and oxidation times are needed for efficient
oligomerization of the LNA phosphoramidité.

During the synthesis of LNA-G (Scheme 3), the glyco-
sylation reaction applied to R-isobutyryl guanine furnished
an isomeric mixture of the N-9/N-7 nucleosides in a ratio of
about 9:13! and chromatographic purification was required
after the ring closing reaction to obtain an isomerically pure
compoundbd. The strategy devised to overcome this problem
(Scheme 3} involved the glycosylation reaction of 2-amino-
6-chloropurine with the glycosyl dond@ to form only the
N-9 regioisomer selectively. Reaction of nucleosldevith
3-hydroxypropionitrile in the presence of sodium hydride
resulted in the ring closure to form the bicyclic LNA skeleton
with concomitant transformation of the 2-amino-6-chloro-

The potential for LNA to act as a therapeutic tool lies in
its ability to mediate high-affinity hybridization with the
complementary RNA, as well as with ssSDNA, without the
loss of sequence specificity. In fact, LNAs exhibit mismatch
discrimination equal or superior to native DNA. The
hybridization properties of LNA-containing oligonucleotides
have been evaluated in different sequence contexts with
oligomers ranging from 6 to 20 nucleotides with varying
levels of LNA content including, for example, fully modified
LNA, LNA/DNA mixmers, LNA/RNA mixmers, and LNA/
PS-DNA mixmers>184042The unprecedented hybridization
potential of LNA with either RNA or DNA targets is
reflected in the increased thermostability of the LNA-
containing duplexes. Substitution by an LNA monomer leads
to an increase of, values up tot1 to +8 °C against DNA

purine nucleobase into a guanine nucleobase, that is, nucleoand an increase of2 to +10 °C against RNA182144This

side11l. Mild removal of the 50O-mesyl group froml1 by
the standard two-step procedure ah@®3debenzylation with
methane sulfonic acid furnished the fully deprotected LNA

is possibly the largest increase in thermostability observed
for a nucleic acid analogue, but it does saturate when the
relative substitution by LNA monomer reaches to about 50%

guaninel3. The guanine nucleobase was protected with the of the total residues in the LNA/DNA chimet&a2i4t

dimethylformamidine protective group, which is cleaved
rapidly using the standard oligonucleotide deprotection
protocol. Standard'8D-dimethoxytritylation followed by '3
O-phosphitylation furnished the LNA-G phosphoramidié2
Following the convergent synthetic strategy principle,

Furthermore, the impact on the thermostability depends on
the oligomer length and composition. Since, LALNA base
pairing is very strong, the self-annealing capacity of LNA
must be taken into account when designing fully modified
LNA or LNA mixmers with a large number of LNA

analogous synthetic procedures were used for the synthesisubstitutions.

of second generation LNA purine nucleotides containing
hypoxanthine (LNA-1)3® 2,6-diaminopurine (LNA-D}33°
and 2-aminopurine (LNA-2APj as nucleobases. All of the
three nucleotides hybridized very efficiently to complemen-
tary DNA following the Watsonr-Crick base pairing rules
with increased binding affinity when compared to the

2.3.2. Thermodynamics

Accurate predictions of nucleic acid hybridization ther-
modynamics are fundamental to primer and probe design.
The novelty and versatility of LNA as an oligonucleotide-

isosequential DNA oligonucleotides. Replacement of an based therapeutic agent has led to its multifarious applications

internal LNA-A monomer by an LNA-D monomer further
stabilized the duplex by the potential formation of three
hydrogen bonds with DNA (T). LNA-2AP monomer, when

in genomics and diagnostics. However, the much needed
insight into its hybridization thermodynamics, which is
required for accurate primer and probe design, was still

incorporated into an LNA strand, also showed a strong lacking. One of the recent repdftscharacterizing the

preference for hybridization with a DNA-T nucleotide, which

thermodynamics of LNA-based oligonucleotides used simple

suggests the formation of stable bidentate hydrogen bondingUV-melting studies to explore the sequence dependence of

in LNA—DNA duplexes. The LNA-I monomer, which

thermodynamic parameters for LNADNA duplex forma-

contains hyoxanthine as a nucleobase, behaved similarly totion. Table 1 presents the data obtained by melting 100 LNA-
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Table 1. Experimental Thermodynamic Values for LNA-Containing DNA Oligonucleotide$
LNA-substituted DNA results from absorbance changes due to
oligonucleotides melting curves LNA substitution
length, AH° AS AG®37 Tm AT AAH® AAS AAG®37

name sequence'(® 3) trinuc  (kcal/ mol) (e.u.) (kcal/mol)  (°C) (°C) (kcal/mol) (e.u.) (kcal/mol)
D1 GTCGAACAGC 10 —-80.6+1.6 —221+5 —12.1+0.1 51.8

Lla GTGG-AACAGC CG-A —742+28 —-202+9 -—11.6+0.1 512 —0.6 6.5+ 3.2 19.4+9.9 0.43+0.16
L1b GTCGALACAGC GA'A —-76.2+15 —-206+5 —123+0.1 538 20 4422 149+ 6.8 —0.24+0.12
Lic GTCGAALCAGC AALC —77.2+13 -—-209+4 -—-124+01 539 21 3421 12.0+6.4 —0.32+0.11
L1d GTCGAAC-AGC ACtA —-7554+1.1 —-202+3 —-128+0.1 56.1 4.3 5#20 18.746.0 —0.71+0.11
D2 ATCTATCCGGC 11 —-80.3+1.0 —219+3 -—-12.3+0.1 527

L2a ATCT-ATCCGGC CTtA  —79.3+26 -213+8 —13.3+0.2 573 4.6 1.6:2.7 6.5+£8.3 —1.01+0.18
L2b ATCTALTCCGGC AT —-76.8+£20 —207+6 —125+0.1 545 1.8 3522 12.2+ 6.7 —0.23+0.13
L2c ATCTAT-CCGGC ATC —739+24 —-198+7 —125+0.2 554 2.7 6.4 2.6 21.5+79 —-0.27+£0.16
L2d ATCTATC-CGGC TC'C —-74.04+1.3 —-198+4 —-12.7+0.1 56.1 35 6.3 1.6 21.9+49 -0.444+0.10
L2e ATCTATCCLGGC actG  —-76.6+1.0 —206+3 -—-128+0.1 559 32 3Z&1l4 13.6+ 4.3 —0.53+0.08
D3 CGCTGTTACGC 11 —79.3+1.2 —-214+4 —-13.0+£0.1 56.1

L3a CGCT-GTTACGC CT'G —-829+14 —-2214+4 —142+01 605 43 -3.6+18 -7.6+55 —1.22+0.13
L3b CGCTG-TTACGC TG'T -81.0+1.8 —-217+5 —-13.6+0.1 584 23 —-1.7+21 —-34+6.3 —-0.63+0.15
L3c CGCTG'TACGC GI*T —-81.1+19 —-217+6 —13.8£0.1 59.2 31 —-18+22 —-32+6.7 —-0.81+£0.16
L3d CGCTGTT-ACGC TT'A  —78.2+24 -208+7 —13.64+02 592 3.1 1627 5.3+8.0 —0.62+0.19
L3e CGCTGTR:CGC TA'C -—-78.7+14 -2114+4 -13.3+0.1 57.6 1.5 0.6 1.8 28+5.6 —0.30+0.12
D4 GGACCTCGAC 10 —772+12 —-209+4 -123+0.1 536

L4a GGAC-CTCGAC AC'C —-745+14 —-198+4 —13.3+0.1 587 51 2418 11.6+£ 5.6 —0.94+0.12
L4b GGACC'TCGAC CC'T  —-74.14+16 —-197+5 —13.0£0.1 57.9 4.2 3120 124+ 6.0 —0.74+0.13
L4c GGACCT-CGAC CTtC -747+1.1 -200+3 —12.6+0.1 555 19 2417 8.8+ 50 —0.29+0.10
L4d GGACCTC-GAC TC'G -75.0+14 -200+4 -—13.14+01 578 42 2219 9.6+5.6 —0.78+0.12
D5 CCATTGCTACC 11 —824+1.1 -—-227+3 -119+0.1 509

L5al CQALTTGCTACC CA'T —75.8+1.6 —-207+5 —-116+0.1 50.6 —0.3 6.6+£19 20.1+59  0.35+0.09
L5a CCAT-TGCTACC AT'T  —77.24+419 —-209+6 —12.3+0.1 53.7 2.8 5221 18.0+ 6.5 —0.42+0.12
L5b CCATTLGCTACC TG -78.6+15 —213+5 —12.6+0.1 544 35 3.818 142+ 5.6 —0.64+0.10
L5c CCATTG-CTACC TG:C -—-77.3+1.1 -210+3 -—12.1+0.1 525 1.6 515 16.9+ 4.7 —0.15+ 0.07
L5d CCATTGCTACC GC'T —-79.4+1.1 -2144+4 —13.0+£0.1 56.0 5.1 3.6t1.6 13.0+4.8 —1.04+0.08
D6 GGTGCCAA 8 —51.6+09 —-138+3 —8.65+0.02 38.7

L6a GGI-GCCAA GT'G —52.3+1.6 -137+5 —9.7+£0.1 448 6.2 —0.7£1.8 1.0+£56 —-1.01+0.06
L6b GGTG-CCAA TG'C —-50.1+1.4 -132+4 —9.31+0.04 429 4.2 1516 6.8+5.2 —0.66+ 0.04
L6b2 GGTQCLCAA GC'C —525+20 -—-138+6 -9.8+01 459 7.3 —-09+22 0.9+ 6.8 —1.19+0.07
L6c GGTGCCLAA CCtA —496+15 —-130+5 —9.44+0.04 438 51 2.&17 8.9+ 5.4 -0.78+0.05
D7 GGAACAAGATGC 12 —-90.8+£1.0 —250+3 —13.3+0.1 549

L7a GGAACA'AGATGC CA'A —-885+13 —242+4 —-134+01 558 09 2316 7.7+£49 -0.11+0.10
L7b GGAACAALGATGC AALG —89.3+2.2 —-243+7 —13.94+0.2 576 26 15:24 6.6+ 7.2 —0.59+0.16
L7c GGAACAAG-ATGC AG'A —89.4+1.7 -242+5 —1424+0.1 58.6 3.7 1.4-1.9 7.3£58 —-0.87+0.13
L7d GGAACAAGALTGC GA'T —89.8+1.1 —2444+3 —14.0+£0.1 57.6 2.7 1.6:1.4 52+ 4.4 -0.64+0.09
D8 CACGGCTC 8 —58.5+1.3 —158+4 —-9.7+0.1 440

L8al CAC'GGCTC AC'G —-66.5+3.6 —179+11 -11.0+0.2 498 57 —-80+38 —-21+12 -1.33+0.18
L8a CACG-GCTC GG —-59.5+16 —159+5 —10.3+0.1 474 34 -1.0+20 -1.2+6.3 -0.63+0.10
L8b CACGGLCTC GGLC —-58.9+2.2 —-155+7 —10.7+0.1 499 59 —04+26 23+79 —-1.06+0.13
L8c CACGQCLTC GC'T —64.4+34 —-1724+11 —-11.24+0.2 51.2 7.2 —5.9+3.7 —144+411 —1.53+0.18
D9 GCAGGTCTGC 10 —-705+1.3 -188+4 —12.1+0.1 546

L9a GCALGGTCTGC AG —-719+18 —-190+5 -129+0.1 577 32 —-144+23 -—-22+70 -0.81+0.15
L9b GCAG-GTCTGC AG'G —76.5+14 —-202+4 —140+0.1 615 69 —-6.1+19 —-13.7+59 -1.90+0.14
L9c GCAGG-TCTGC &G'T —-70.7+£2.2 —-186+7 —13.0+£02 584 3.8 —0.2+2.6 1.8+7.9 -0.86+0.18
D10 GTAGCGATGTA 11 —75.3+1.2 —-205+4 —-11.8+£0.1 519

L10a GTAG-CGATGTA AG'C -77.44+1.4 -210+4 —-124401 539 2.0 —-21+1.8 —-49+56 -0.54+0.10
L10b GTAGCLIGATGTA GC'G —-72.84+24 —-194+7 —127+0.2 56.6 4.7 2.6 2.7 11.2+8.2 —-0.87+0.17
L10c GTAGGG-ATGTA CG'A —723+18 —194+6 —12.0+0.1 53.6 17 3622 10.4+ 6.6 —0.21+0.12
L10d GTAGCGAT-GTA AT'G —73.7+28 -196+8 —13.0+0.2 57.7 58 1.6:3.0 9.0+9.1 —-1.16+0.20
D11 ACGTCTTCG 9 —57.2+1.6 —-1544+5 —-9.35+0.04 424

L1lal AGG'TCTTCG QG'T —574+16 —154+5 —9.46+0.04 430 06 —-0.1+23 -0.1+7.1 -0.114+0.06
L1la ACGI:CTTCG GrtCc —-58.1+2.0 —-155+6 —-10.2+0.1 470 47 —-09+25 -0.2+7.9 -0.85+0.08
L11b ACGTC-TTCG TC'T —-63.0+1.4 -168+4 —10.8+0.1 496 7.2 —57+2.2 -13.7+6.7 —1.494+0.08
L1lc ACGTCT'TCG CrtT -59.1+21 -158+7 —10.0+0.1 457 33 -19+27 —-4.0+83 -0.64+0.08
L1le ACGTCTT'CG TTC —-58.9+1.8 —158+6 —10.0£0.1 455 31 -1.7+24 —-344+7.6 —-0.60+0.07
D13 TTGGGAGTAGC 11 —72.6+13 —-197+4 -115+0.1 511

L13a TTG-GGAGTAGC TG'G —723+25 —-194+8 —1214+01 538 26 0.4t28 3.0+ 85 —0.54+0.16
L13b TTGG-GAGTAGC GGG —74.0+2.7 —198+8 —12.6+0.2 559 48 —1.44+3.0 -09+9.0 —1.094+0.18
L13c TTGGG-AGTAGC GG'A -752+14 -202+4 —-12.7+0.1 559 48 —26+19 —-46+59 -1.16+0.11
L13d TTGGGA-GTAGC GALG -76.9+14 —-206+4 —13.0£0.1 56.9 57 —43+20 —-914+59 -1.474+0.12
L13e TTGGGAG-TAGC AG'T -69.4+19 -184+6 —12.1+01 548 3.7 3324 125+ 7.2 —0.60+0.14
L13f TTGGGAGT-AGC GT*tA —724+21 -193+6 —12.6+0.1 56.3 51 0.2 2.5 42+7.6 —1.07+£0.15
L13g TTGGGAGMR-'GC TALG —71.8+1.6 —192+5 —12.3+0.1 549 3.8 0.9 2.1 53+ 6.3 —-0.76+£0.12
L13rv GCTACTCCLCAA CC'C -709+22 -189+7 -—12.2+0.1 548 3.7 12426 7.8+7.8 —0.68+0.15
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Table 1 (Continued)

LNA-substituted DNA results from absorbance changes due to
oligonucleotides melting curves LNA substitution
length, AH° AS AG°3; Tmn  ATn AAH® AAS AAG°37
name sequence'(® 3) trinuc  (kcal/ mol) (e.u)) (kcal/mol) (°C) (°C)  (kcal/mol) (e.u)) (kcal/mol)
D14  CTAAATAGCG 10 —67.3+1.7 —187+6 —9.14+0.03 40.6

L14a CTALAATAGCG TA*A —-61.8+21 -170+7 —9.17+£0.04 411 05 5% 27 17.8+8.6 —0.03+0.05
L14b CTAALATAGCG AA*A —67.2+20 -185+6 —9.73+0.05 434 238 0.%2.7 2.2+84 —0.594+0.06
L14c CTAAALTAGCG AA'T —654+20 -180+6 —9.56+0.05 427 21 1926 7.3£8.3 —0.42+0.05
L14d CTAAAT-AGCG AT'A —66.4+14 -182+4 —10.03+0.04 449 43 0.8&2.2 55+7.0 —0.894+0.05
D15 TGCACGCTA 9 —49.0+£14 -125+4 -10.1+0.1 482

L15a TGC-ACGCTA GC'A —-48.1+15 -121+5 —105+0.1 51.0 28 0.9 2.0 4.1+ 6.2 —0.36+0.08
L15b TGCALCGCTA CALC —-53.7+18 -139+6 —105+01 498 16 —-47+23 -13.8+7.0 —0.42+0.10
L15c TGCAGG'CTA CG'C —-535+16 -—-138+5 —10.9+0.1 521 38 —-45+21 -121+6.5 -0.77+0.10
D16 ATTTGACTCAG 11 —76.9+1.7 -—-214+5 -10.7+0.1 465

L16a ATT'TGACTCAG TT‘T —69.0+24 -188+8 —10.8+0.1 483 1.7 7.9 3.0 259+9.2 -0.124+0.12
L16b ATTTG:ACTCAG TG'A —-66.8+1.8 —-181+6 —10.6+0.1 47.6 1.0 10.*24 323+ 7.5 0.09+ 0.09
L16c ATTTGA'CTCAG GA'C —67.1+1.7 -181+5 —11.0+£0.1 495 29 9.824 32.7£74 —0.30£0.10
L16d ATTTGAC'TCAG AC'T —-66.0+26 -—-176+8 —11.3+0.1 511 46 11.&3.1 37.2£95 -0.58+0.14
L16e ATTTGACTC'AG TCA —723+14 -197+4 —-11.1+01 493 28 4.6£2.2 16.4+ 6.8 —0.46+0.09

aEach LNA and DNA top strand shown was hybridized to the complementary DNA bottom strand All changes due to LNA were calculated
using non-rounded values of the thermodynamic parameters for individual oligonucleotides. Adapted with permission from ref 45. Copyright 2004
American Chemical Society

Table 2. Average Stability Increments for Different LNA Base$

average thermodynamics parameters for each LNA nucléotide

AAH® AAS AAG°3; ATn
(kcal/mol) (cal/mol K) (kcal/mol) (°C)
LNA-A avg =+ std dev 3.64+ 5.04 12.60+ 15.09 —0.27+0.49 211+ 1.30
range observed —4.71t0 12.93 —13.84 t0 39.36 —1.47t00.75 —0.28t05.74
LNA-C avg =+ std dev 1.93t 5.52 8.74+ 16.44 —0.78+ 0.48 4444 1.46
range observed —8.051t0 11.62 —21.45t0 37.18 —1.721t00.35 2.25t07.26
LNA-G avg =+ std dev 0.74+ 3.99 417+ 11.51 —0.56+ 0.54 2.83+1.75
range observed —6.07 to 10.68 —13.70 t0 32.28 —1.90t00.83 —0.62106.88
LNA-T avg + std dev 1.04+ 4.53 5.33+ 13.53 —0.62+ 0.44 3.21+1.41
range observed —7.97 t0 10.22 —22.01t033.11 —1.22t00.57 0.621t06.17

aThe effect of LNA substitution on duplex stabilization is represented as the difference &kHhand AS’ for hybridization between LNA-
containing and natural DNAAAH® = AH® naona.ona — AHbnacona @NAAAS’ = AS  napna.ona — AS pna.ona. IN terms ofAAG®sy, the average
stability increments are ordered-A< G- < T- <C# P Data are averaged over the entire combined data set of 100 oligonucleotides (ref 45).

modified oligonucleotides containing a single LNA substi- additive when LNA nucleotides are separated by at least one
tution in proximity to different neighboring bases. The data 2'-O-methyl nucleotide. Further, the Individual Nearest
has been averaged to give the relative stability incrementsNeighbor Hydrogen Bonding (INN-HB) model, commonly
for each LNA base. Estimation ?AH®, AAS’, andAAG’s; used for stability predictions for RNA/RNA duplexes, was
increments attributable to LNA substitution allowed precise employed to predict the stability of-®-methyl RNA/RNA
prediction of the effect of an LNA substitution on the stability duplexes. The same model furnished parameters for the
of LNA-modified duplexes based on the nearesasd 3 stability enhancements of-B-methyl RNA/RNA duplexes
neighbors flanking the modification, and also showed that 1,y sypstitution of LNA nucleotides internally and/or at the
the effect of LNA substitution on duplex stabilization is  37_ands when the LNAs are separated by at least 6@ 2
largely governed by the sequence of neighboring bases. INye | nucleotidé Our own datd” on hybridization ther-
general, LNA pyrimidines are known to confer more stability -, q4ynamics of a series of LNA-substituted octamers showed
than LNA purines, with the order being"A= G* < T+ < that the net effect of the LNA modification on enthalpy

Ct in terms of AAG®3; (Table 2). However, there is Lo s . L
substantial sequence dependence for each LNA base, ang:ntropy compensation |s_p05|t|0n—dependent,' since It Is
influenced by the neighboring bases. In comparison with an

this must be considered in making accurate predictténs. " i e

Strong enthalpy entropy compensation was observed across unmlodlﬂed dup!ex, thg r:‘orrrr]?tlrc]) n of an L_NA-mod;ﬁed

different sequences, showing that the origin of stability is dUPI€x is associated with a higher counterion uptake and
relatively a lower uptake of water molecules. This is

either enthalpy or entropy, but not both at the same fime. : ; i ,
Another repor® made use of a'20-methyl substituted RNA attributed to an LNA-mediated structural change in the helical

heptamer to investigate the position-dependent effects of ageometry to an A-type conformation that possesses a higher
single LNA substitution on the stability of the hetero- charge density but is less hydrated than the B-type confor-
duplexes, and accordingly, several principles for the design mation of the unmodified duplexé$Furthermore, hybrid-

of 2-O-methyl RNA/LNA chimeras for hybridization to ization kinetics using stopped-flow stufyshowed that the
RNA were formulated. The effects of LNA substitutions as extra stability of LNA-modified duplexes mainly stems from

a function of sequence context in the middle of the heptamer the slower dissociation rate constants of the two strands of
duplex were investigated and found to be approximately the duplex.
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2.3.3. Conformation

The structures of LNA mixmeRNA and LNA mixmes
DNA duplexes have been characterized using NMR, CD
spectroscopy, and X-ray crystallography. In general, the
hybrids retain features common for the native nucleic acid
duplexes, that is, the usual Watson and Crick base pairing,
nucleobases in anti-orientation, base stacking, and a right-
handed helical conformation. Structural characterization of
three 9-mer LNA/DNARNA hybrids where the LNA/DNA
mixmers contained one, three, and nine LNA monomers
revealed increasing A-like conformation in the hybrid as the
LNA content of the modified strand was increage&d! This
is attributed to the LNA-induced structural perturbation of
the DNA nucleotides in the LNA strand to attain an N-type
sugar pucker, which contrasts with the equilibrium between
the N- and S-type sugar conformations in the native Figure 6. High-resolution NMR structures of LNVRNA anda-L-
DNAeRNA duplex (Figure 5). NMR studies describe these LNA«DNA duplexes. The LNA/DNA mixmeRNA duplex at left

adopts an A-type conformatidfi,whereas thex -L-LNA/DNA
a ¢ Eo) mixmefrDNA duplex at right adopts a B-type conformati&iirhe

© Base Base mixmer sequence in both the cases(B-€CTGATATGC-3), where
—%/ - % each ‘T' is modified LNA oro-L-LNA nucleotide, respectively.
o0-P-oO Reprinted with permission from ref 56. Copyright 2004 American
Q : Chemical Society.
0=P-0-
C2'-endo C3'-endo helical geometry intermediate between A- and B-type helixes
(S-type) (N-type) in such a way that the global structure remains very similar
b to a native unmodified DNARNA helix. Therefore, am-L-
~0 Base LNA mimics a deoxyribonucleotide in both DNRNA
W hybrids and dsDNA duplexes, thus, leaving the global
structure unperturbed yet conferring a substantial elevation
o—g o\o in the duplex stability.
: 2.3.4. Triplex-Forming Oligonucleotide (TFO)
LNA (N-type)

Figure 5. (a) The C2-endo-C3-endo sugar ring equilibrium The specific recognition by triplex-forming oligonucleotide
present in nucleic acids. (b) The molecular structure of locked (TFO) of homopurine-homopyrimidine tracts in duplex

nucleic acid (LNA), which shows the locked G&ndo sugar DNA provides an attractive strategy for genetic manipulation
conformation. and is of interest in medicinal chemistry and biotechnology

_ . ) (Figure 7). In a target DNA duplex, the TFO lies in the major
effects as local, wherein only the flanking nucleotides of the groove where it interacts with the purines through Hoogsteen
modifications are affected. X-ray crystallography, however, hydrogen bonding. Thus, a TFO can work as an effective

suggested that incorporation of a single modification in a antigene agent if capable of interfering with the target gene
dodecamer DNA stand produced a global effect where all expression.

the nucleotides exhibited an N-type sugar puckéiurther,
the NMR data showed that the increase in the population of
N-type sugar puckers in the hybrid forces an A-like geometry
which progressively increases with an increased LNA
content?®-51 However, with the incorporation of three LNA
monomers in the nonamer, a saturation level was achieved
with respect to structural changes in the sugar conformation.
This correlates well with the observation that the increase
in helical thermostability per LNA monomer reach a
maximum in LNAs containing 50% or less of LNA mono-
mers? This trend was also evident when LNAs were
incorporated in a dsDNA duplex, where the inclusion of LNA
monomes led to a change in sugar conformation of all the
remaining unmodified nucleotides, except for terminal sugars,
toward to an N-type conformaticii. The B conformation
of the DNA duplex was thus compromised with the resultant
acquisition of A conformatiofi?~5°

Similar studies have been performed for 9- and 10-mer
a-L-LNA/DNA «DNA duplexes which, in stark contrast to
LNA/DNA «DNA duplexes, adopt S-type sugar puckers and

retain the B-type helix featute® (Figure 6). The same-L- Figure 7. Triplex-forming oligonucleotide (TFO) placed in the
LNA/DNA chimera, when hybridized to RNA, imparts a major groove of the DNA duplex.
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However, the extreme instability of pyrimidine motif formation of modified triplexes was negative, suggesting that

triplex DNAs at physiological pH limits their applicatian different kinds of hydrogen bonding and/or stacking inter-
vivo because TFO binding is strongest at a pH low enough actions occur ina-L-LNA-modified triplexes than in un-
to ensure protonation of the cytosines. Systematic studiesmodified triplexes. Finally, some generalizations were for-
with different LNA constructs as TFOs have shown that mulated for the optimum design ofL-LNA TFOs: modi-
incorporation of one LNA monomer centrally in a TFO leads fication at every third or fourth residue of the TFO is favored,
to a significant increase in its binding affinitAT,, > +10 as is the optimization of the number of cytosinesoef-
°C).59-61 Increasing the number of LNAs in the TFO raises LNA TFOs$5*
the Ty, at pH 6.6 by as much as 4:5.0°C per modification. -
The presence of LNA modifications in a TFO, thus, leads 23> RNase H Activation
to increased stability of the triplex at low pH and, also, = Among the various gene-silencing strategies adopted by
promotes triplex formation at/near physiological p8! the modified oligonucleotides, RNase-H mediated cleavage
This increased stability, which is caused by the increased of the target mRNA is one of the most potent and commonly
rigidity of LNA-modified TFO in the free state, causes a used, since the enzyme is found in all cell types (Figure 8).
significant 20-fold increase in the binding constant at neutral

pH.S® Molecular mechanics modeling studies show the il P
entropy-driven (or less enthalpy-driven) nature of triplex . KTINYTTIT WADNAmimie :
formation by LNA containing TFOs, as compared to b T — RNA »
unmodified triple helixe§* The unusual high puckering initial RNA cleavage site

225&:#3?1: ?rf]éhsa;EAp;ﬁzI%?ﬂg“:gﬁ;ﬂﬁ?gﬁgmfr %?StfﬁeFigure 8. lllustration of the model of nuclease RNase H digestion

) ; ST of RNA«DNA hybrids. The vertical arrow indicates that the enzyme
helical axis. Consequently, a substantial displacement of thewiil| cleave the RNA strand further toward its-8nd until the
bases of the LNA-containing strand in the groove occurs to enzyme senses the end of the hybrid.

relieve steric hindrance between base and sugar moieties and - ) , .

to ensure base stackifiyFurther, kinetic data ascribes the N fact, the ability of an antisense oligonucleotide (AON) to
increase in binding constant at neutral pH to a decreasedinduce RNase H activation is an important consideration in
dissociation rate constaftThe binding affinity of TFO can ~ Judging its potential as a therapeutic agent. Among the
be further increased if it is conjugated to an intercalator such Various AONSs that display promising affinities for RNA, only
as acridine, which facilitates its interaction with the target @ handful form RNA hybrids that are recognized and cleaved
DNA strand. In simulating physiological conditioris, vitro by RNase H. LNA-based oligonucleotides serve as potent
data indicated a strong DNA binding efficiency for both the antisense agents, since they have excellent binding to their
acridine-conjugated and -unconjugated 16-mer T,C/LNA: the r€Spective complementary strand and are able to block RNA
dissociation constantkg) of the former was 200 times ~Processing enzymes. They also exhibit significant RNase H
smaller than that of the unconjugated counterpart. Further, activation, but ‘only” when used in the form of so-called
with high triplex stability, both pyrimidine-rich TFOs 9apmers. An LNA gapmer construct is composed of a central
exhibited inhibition of the expression of the target géme ~ €Or€ of DNA or phosphorothioate DNA flanked by LNA
vivo, but the expression of the mutated gene remained nucleotides from both ends_. Whlle RNase H binds to both
unaffected. The observation suggested that both LNA dSDNA and DNARNA hybrids, it recognizes the latter to

modification and the intercalator increased TFO actiwity ~ nitiaté RNA hydrolysis.

vivo without affecting its sequence specificity. Furthermore, . Studies on RNase H recruitment by LNA gapmers and
hybridization studies show that an increase in pH led to a WNA mixmers (LNA-monomers interspersing DNA-mono-

faster dissociation constant of the TFO, while with an mers) have yielded conflicting results: In one case, both the

acridine-conjugated LNA/TFO, a stable triplex could be LNA/DNA/LNA gapmer containing a hexanucleotide DNA
forrlmled at néﬂ?ral pH2 plex cou gap and an LNA/DNA mixmer with six DNA and nine LNA

. . L interspersed have been shown to elicit RNase H activation,

Detailed investigations of sequence- and pH-dependentgimijar 1o the corresponding DNA and phosphorothioate
effects of TFOs containing LNA have allowed formulation  55109ued! Subsequent studies, however, showed contradic-
of guidelines for the optimum design of LNA-based TFOs. tory results with the mixmers. In one study, no RNase-

The LNA—DNA residues of the TFO should alternate, and ggiated cleavage was observed with an 11-mer LNA/DNA
the number of thymine LNA residues in the TFO should be iy mer or with a fully modified 11-mer LN/AS Yet another

maximized for stable triplex formatidtt. The hybridization study revealed that a contiguous stretch of six DNA
properties of TFOs containing G-LNA nucleotides have also onomers within an LNA/DNA oligonucleotide was neces-
been characterized and have been shown to exhibit enhance ary to restore 65% of the RNase H activation and that a
stability as compared to the isosequential phosphodiester an ap of 78 DNA monomers completely restores the activity.
to a pyrimidine LNA-TFO directed against the same target. |, contrast, no cleavage could be observed for LNA/DNA
It was shown that TFOs containing G-LNA nucleotides mixmers when bound to targetmRNAThe failure of LNA
produced an inhibitory effect even under conditions where gjigonucleotides to elicit RNase H activity when in mixmer
the parent phosphodiester failed to &ct. design could be attributed to the LNA-induced conforma-
Finally, the potential oftx-L-LNA to form a stable triple tional change in the helix geometry. LNA-based oligonucle-
helix has also been investigated using TFOs of different otides tend to adopt an A-type helix geometry, while RNase
designsa-L-LNA could form a stable TFO at physiological H requires as its reognition element a minor groove width
pH, and unlike fully modified LNA TFO, a fully modified  intermediate between that of an A-type RNA and a B-type
o-L-LNA could mediate stable triplex interaction at pH 6.8, DNA helix.®® The change toward A-type character is much
albeit with lower stability than partially modified TFOs. more significant when an LNA mixmer hybridizes to RNA
Compared to the unmodified triplexes, the enthalpy of compared to when an LNA gapmer hybridizes to RNA. The
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excessively increased A-type character of an LNA mixmer dependent. Biostability issues for LNA-based oligonucleo-
RNA hybrid prevents it from recruiting RNase H, while the tides have been addressed for both exonucleases and
minor groove width of an LNA gapmeRNA hybrid is quite endonucleases. End-protection with LNA increases the half-
compatible with the enzyme and thus allows efficient RNase life of oligonucleotides in human serum significantly more

H recruitment. Once the RNase H activity is restored, the than the corresponding phosphorothioate DNA gaps &nd 2
efficiency of an oligonucleotide in eliciting RNase H O-methyl flanks*> Serum stability assays show that LNA/
cleavage correlates with its affinity for the target RNA (i.e., DNA/LNA gapmers are much more stable than DNA alone,
LNA > 2'-O-Me-RNA > DNA > PS-DNA)#? Another and also that LNA/DNA mixmers are even more resistant
noteworthy finding was the ability afi-L-LNA to mediate to nuclease digestiot.The end-capped LNA gapmers are,
RNase H activation, which proved that the locked furanose however, less stable to serum endonucleases. Susceptibility
conformation is not incompatible with RNase H activity. tests with S1 endonuclease indicate that fully modified LNA
Since,a-L-LNA is a deoxyribonucleotide mimic, the minor and fully modified a-L.-LNA are very stable against S1
groove width (average 8.4), the intra-strand phosphorus endonuclease digestion, whereas the presence of a DNA gap
distances, and several helical parameters of oan- makes them prone to cleavafe.

LNA<RNA hybrid resemble that of an DNWRNA duplex. Significant resistance to exonucleolytic activity is observed
Thea-L-LNA«RNA hybrid could, therefore, elicit RNase H 4y plocking the 3end of an oligonucleotide with two LNA
cleavage of the RNA strand, albeit the cleavage rate is monomers (LNA/DNA mixmers). On the other hand, little
significantly lower than an unmodified DNMRNA hybrid 57 or no protection is afforded by one penultimate LNA or by
A comparison of RNase H recruitment activity &b-LNA a single LNA nucleotide in the middle of the sequefit®.
(LNA) and o-L-LNA showed that unlikg8-D-LNA, an o-L- Complete protection against-8xonuclease snake venom
LNA can elicit RNase H activity even in a non-gapmer pnosphodiesterase (SVPD) is conferred by a fully modified
design®’ Further, RNase H cleavage kinetics studies showed | NA 67 |ncreased stability against SVPD is also observed
that among LNA gapmers, DNA, phosphorothiate;C2 for ana-L-LNA nucleotide positioned penultimate to the 3
methyl/DNA, and LNA/DNA oligonucleotide, the highest anq, and this stability is further impoved for an oligonucleo-
efficacy for inducing RNA cleavage is exhibited by the LNA  tide which also contains a number of internally positioned

gapmers (Figure 9). The study also revealed a correlation,_, | NA nucleotides ¢-L-LNA /DNA mixmers)/°
betweenT, and the kinetics of RNase cleavage wherein an

increase inly, by the introduction of modified nucleotides
raised the rate of cleavage.

Polymerases usually display some nuclease activity, and
their effects on LNA oligonucleotides have been observed
during primer extension with a few LNA monomers near or
at the 3-end’ It has been observed that positioning of a
single 3-terminal LNA nucleotide significantly lowers the
degradation by the'3—~ 5' proofreading exonuclease activity
of the polymerases Pfu and Vent, while the exonuclease
function of T7 DNA polymerase and of Klenow Fragment
is not significantly impeded. In contrast, a single LNA
nucleotide in the penultimate position provides complete
resistance to all nucleases tested in this stidy.

Serum stability assays have been done with both single-
and double-stranded oligonucleotides. Under the experimen-
tal conditions used in one of the studies involving double-
stranded oligonucleotidé$presence of one or two terminal
LNA bases outside the NEB (a transcription factor) binding
sequence is sufficient to confer maximal resistance to DNase

fraction uncleaved [%]

time [min]
Figure 9. RNase H cleavage kinetics for differently modified | (NF-«B(a) and NFxB(b)) (Figure 10). However, internally

?slgggr%cs!)eo%%sé&ﬁ?o?hgzNéi?ag se)quéfﬁ%aefrﬁ:mmf:/%‘ﬁzu ('?j’i\gf‘ positioned LNA substitution caused no significant further

monds), and 20-Methyl/DNA (triangles) oligonucleotides, re- improvement in endonuc'Qase'reSiStanqe (e), NF-
spectiv)ely, were incuba¥ed in thé pres?enc)e of%{Nase H. The fraction<B(c+b), and NF«B(b+c) (Figure 10). Resistance to DNase
remaining uncleaved as determined from aliquots taken from the | (& double-strand-specific endonuclease) degradation of NF-
sample at appropriate time points is plotted as a function of time. kB(a) and NF«B(b) is of particular interest, since this
The rate of RNase H-mediated cleavage was observed to be thenuclease is known to recognize certain helical parameters
largest for LNA-modified oligonucleotides (diamonds). Reprinted  of jts DNA substrate, such as groove width and flexibility*
\év;tgmssermssmn from ref 42. Copyright 2002 Oxford University - rpg fact that the presence of terminal LNAs is able to confer
' protection against DNase | digestion suggests that ENA
. . LNA base pairing at the terminal ends probably induces
2.3.6. Nuclease Resistance and Serum Stability changes in oligonucleotide phosphate-backbone geometry
The sensitivity of unmodified AONs to nucleolytic deg- that perturb the interactions between the enzyme and the
radation in biological media limits their use in cell cultures target DNA in a way that the substrate is no longer prone to
and animals. Thus, the need for an oligonucleotide modified cleavage by the enzyme. Interestingly, this perturbation in
to the extent that nucleases do not recognize it as a substratéhe oligonucleotide geometry does not affect interaction
becomes a prerequisite for most antisense experiments. Irbetween the protein NkEB and the LNA/DNA/LNA co-
this context, LNAs are preferred over other modified polymers. Further, Bal 31 exonucleolytic degradation showed
nucleotides because of their high biological stability and low that at least two terminal LNA bases per strand were required
toxicity. Serum stability assays done on LNA/DNA chimeras to confer protection from exonuclease digestion. However,
of different designs revealed that stability is sequence- significant stabilization in terms of Bal 31 exonucleolytic
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Figure 10. (a) LNA oligonucleotides (20-mer) of different designs consisting of two copies ofBIBinding sequences, which have been
extended at both ends with unrelated extra sequences of 5 nt (in gray). A 30-mer phosphodiester oligonucleotide with same sequence was
used as control. LNA substitutions are indicated in bold upper case letters. Reprinted with permission from ref 72. Copyright 2002 Oxford
University Press. Figure 10. (b) Susceptibility to DNase | degradation of LNA-modified oligonucleotidesBdl-(b), (c), (e-b), and

(b+c)] and control phosphodiester [NfB(d)], incubated for different lengths of time with 0.5 U/mL DNase | and then submitted to
electrophoretic separation on 2.5% (w/v) agarose gels«Bi@&) and NFxB(b) oligonucleotides, containing one or two terminal LNA

bases, conferred maximum stabilization against the DNase | endonuclease activity. Reprinted with permission from ref 72. Copyright 2002
Oxford University Press.

cleavage could be achieved with internal LNAs, but only ential localization of LNA/DNA chimera is consistently

when they were present in both strariéls. observed in the rRNA component of rough endoplasmic
) . reticulum#® Studies employing delivery by lipofectAMINE
2.3.7. Delivery into Cell and Effectin conducted on HeLa cell lines and fixed DU145E

LNA oligonucleotides have a high potential for use in Prostate cancer cells showed localization of LNAs in both

diagnostics and therapeutics provided that they penetrate the€ytoplasm and nucleus, whereas for CV-1 monkey kidney
cell membrane barrier and successfully interact with the Cells, localization was exclusive to the nuclédéiswe
intracellular target site. Delivery concerns are especially conclude that LNAs can be efficiently delivered into mam-
important when oligonucleotides with new chemistry are malian cell lines using standard protocols, although the
characterized and compared with others. Unlike PNAs and Precise localization of LNA may vary with details such as
morpho"nOS, the Charged phosphate backbone of LNA the cell type, the Ol|gor:|uc|eot|de Sequence, the carrier Chosen,
allows its convenient delivery to cells using routinely the transfection duration, and so forth.

employed conventional methods for oligonucleotide trans- 238, In Vivo Toxicit
fection. Both carrier- and non-carrier-based methods have“ =™ Y

been investigated as mediators of efficient delivery into the  To qualify as a therapeutic tool, the agent must display
MCF-7 cell line. It was found that non-carrier methods such high efficacy and low toxicityn vivo. To date, most human

as scrape loading and electroporation, damage cells and arantisense studies use phosphorothioate DNA analogues.
thus not useful. Five other carrier systems have beenAlthough markedly resistant to the action of deoxyribo-
successfully employed, namely, FUGENE 6, lipofectin, nucleases, they are known to mediate nonspecific interactions
lipofect AMINE 2000, PolyFect, and Oligofectamife/>and with proteins because of their polyanionic backbone. This
among these, lipofectAMINE 2000 proved to be the most phenomenon contributes to the toxic profile of phophorothio-
efficient, allowing delivery of PS, LNA/PS gapmers, or fully ates (fever, hypotension, asthenia, complement activation,
modified LNA oligonucleotides to the nuclei of 6@80% of thrombocytopenia), thus, limiting their applicatian vivo.

the MCF-7 cells. However, these oligonucleotides varied In contrast, LNAs are well-tolerated in biological systems.
greatly in their pattern of compartmentalization. Phospho- The toxicity of LNAs has been investigated systemically in
rothioate oligonucleotides were distributed uniformly through- rodents (Figure 11). Unlike the severe tissue damage caused
out the nucleus, whereas both LNA/PS and fully modified by phophorothioates in the rat brain (caudate putamen), LNA-
LNA accumulated in the nucledi?.Similar studies with fully containing oligonucleotides were as well-tolerated as their
modified LNA oligonucleotide delivered by Lipofectine DNA counterparts (Figure 1#.LNA-mediated toxic effects
showed primarily nuclear localizatidf.This pattern was  have been examined for both LNA chimeras (LNAZ>
consistent with the high affinity of LNA for RNA. Prefer-  methyl chimeric oligonucleotid&and fully modified LNAs’’
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Figure 11. Rat core temperature and the histological examination of rat brain (caudate-putamen) used as markers for toxic manifestations.
Panels A-C show the increase in core body temperature (the normal temperature beingC37fbllowing introduction of (A)
phosphorothioates (PS), (B) DNA/phosphorothioate gapmer, and (C) LNA oligodeoxynucleotides in rat brain. Arrows in the fluorescence
micrographs show lesions that indicate antisense-induced severe tissue damage. LNA oligonucleotides behaved like their DNA counterparts
and exhibited no toxicity, but severe tissue damage was observed for other modified oligonucfé®einted with permission from ref

20. Copyright 2000 National Academy of Sciences, U.S.A.

The latter have been tested in the murine model system usingsubstitutions of CpG nucleobases with LNA reduce or
the serum levels of aspartate aminotransferase (ASAT) andeliminate the immunostimulatory effects of CpG-containing
alanine aminotransferase (ALAT) as markers for toxic phosphorothioate oligonucleotide. We anticipate this to mean
manifestationg’ In both studies, it was found that continuous that LNA oligomersper seare poor immunostimulators.
treatment with LNA oligonucleotide is well-tolerated, and
minor toxicity manifests only at doses well above the 3. LNA as a Tool: Implications
optimum dose. The low-toxic profile exhibited by LNA-
modified oligonucleotides is attributed to the fact that LNA- 3.1. LNA as a Therapeutic
based AONSs, by virtue of their high affinity and specificity, .
can be reduced to a length shorter than that required by the3-1.1. Antisense Agent
conventially used DNA AONSs. This allows a short length 3.1.1.1. Targeting mRNA. The concept of antisense
of LNA oligomer to successfully mediate a desired biological agents is not new, and theoretically possesses enormous
effect with only a low degree of binding to serum proteins potential to modulate gene expression at the level of RNA.
and, thus, without displaying many of the toxic manifesta- In practice, however, gene inhibition by employing antisense
tions that arise merely from the longer polyanionic backbone oligomers has not proven to be robust or reliable, because
of the classical AONs. all available antisense agents used until now suffer from one
One of the major concerns for antisense therapy is the or more inherent weakness&g.o be highly potent, antisense
recognition of antisense oligonucleotides as foreign invadersoligomers need to be highly selective. Among the classes of
in biological systems. Experiments have shown that oligo- new reliable antisense molecules, LNA oligonucleotides are
nucleotide fragments containing a two-base sequence, CpCGobvious candidates for possessing desirable gene silencing
(Cytosine-phosphate-Guanine), present in a correct sequenceroperties such as improved hybridization, high specificity,
context, mediate immunostimulatory effects. However, this and high nuclease stability fdn vivo applications. The
immune response is triggered only when the CpG sequenceRNase H activation potential of LNAs in a gapmer design
is unmethylated. Since unmethylation is common in bacterial has been successfully used to silence expression of Intra-
DNA and not in mammalian DNA, the immune sysytem cellular adhesion molecule-1 (ICAM-1}.ICAM-1, which
considers unmethylated oligonucleotide sequences as bacteis expressed on the surface of endothelial cells, is important
rial and attacks therff. Some phosphorothioate AONs in cell-to-cell mediated immune response and acts as a
bearing CpG dinucleotides also possess immune modulatoryreceptor for the major group of human rhinoviruses. Target-
capacities? Since cytosine-LNAs are routinely synthesized ing of the 3 untranslated region (@JTR) of ICAM-1 mRNA
as methyl-cytosine-LNAs, it is likely that LNA-CpG motifs  revealed an LNA gapmer containing a nonanucleotide DNA
are poor immune stimulators. Nevertheless, the effect of LNA gap to be a potent inhibitor of ICAM-1 expression in
substitutions on immune stimulation mediated by an antisenseHUVEC cells, acting in a dose-dependent and sequence-
CpG containing LNA/PS/LNA gapmer has been tesfed. specific mannef? The performance of-p-LNA in terms
Increasing the number of LNA residues in the flanks or of antisense activity, RNase H recruitment, nuclease stability,
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and thermal stability has also been evaluated with respectphysiological role of the steroid receptor coactivators-1

to a-L-LNA. Different gapmers and mixmers designsseb- (SRC-1) in Japanese quéflin anotherin vivo study, a fully
LNA and a-L-LNA were tested. Whilgs-p-LNA exhibited modified LNA targeting the RNA polymerase Il gene product
a more potent antisense activity thanL-LNA, more caused significant reduction of tumor growth in mice at a
versatile design possibilities were displayed doy -LNA, nontoxic dose of<5 (mg/kg)/day. These findings highlight
eliciting RNase H recruitment even in the non-gapmer the superiority of LNA AONs as anti-tumor agents over the
design®’ isosequential phosphorothioated AONE’ In another thera-

LNA can also exert its antisense effect by presenting a Peutic application, the antisense LNA has been shown to
steric block to the translational apparat®iBifferent designs inhibit translation of Hepatitis virus, which contains within
of LNA oligonucleotides, for example, fully modified LNA, the 3-UTR region a highly conserved internal ribosome entry
LNA/DNA chimera, and LNA/DNA/LNA gapmers, were site (IRES) that mediates end-independent ribosomal attach-

effectively targeted against theBTR, the region surround- ~ Ment to an internal position in the MRNA. LNA and PNA
ing the start codon, and the coding region of firefly luciferase AONS directed against this site successfully inhibit viral
mRNA, and all of these LNA-based oligonucleotides inhib- €Plication by inhibiting IRES-dependent translatftn.

ited luciferase activity. However, they differed in their ~Finally, the antisense efficacy of LNA has been compared
mechanism of action. Oligomers directed to the translation With another gene silencing approach, namely, small interfer-
start site and the coding region required consecutive DNA INd RNA. In this study, the potency of an LNA/DNA/LNA
bases in their backbone to induce RNase-H mediated9@Pmer as well as of an isosequential PS and-@-Ble
cleavage, whereas active oligomers targeting the/ER gapmer in knocking down the expression of th_e vanilloid
region blocked ribosome binding to the transcripts and, thus, '6Ceptor_subtype 1 (VR1) was compared with that of
inhibited translation stericall§® The desirable antisense SIRNA.The potency of the LNA/DNA/LNA gapmer (145
attributes of LNA have been validatéd vivo, where two ~ Of 0-4 nM) was found to be manyfolds better than those of
different LNA sequences have been used to target mRNA the phosphorothioate (kg~ 70 nM) and the 20-methyl/
encodingd type opioid receptors (DOR) in the central DNA gapmer (IGo ~ 220 nM) AONSs. Furthermore, SIRNA
nervous system of the rat. Both an LNA/DNA mixmer and 2nd LNA/DNA/LNA gapmers completely blocked the ex-
an LNA/DNA/LNA gapmer proved to be highly efficacious pression of VRT+GFP at low-nanomolar concentrations. A

in reducing the expression of DOR in a dose-dependentSigniﬁcant antisense_effect_was observed for phosphoro-
manner, with potencies being superior to that of an iso- thioate at concentrations higher than 25 nM, whereas no

- . ; : ; duction of gene expression was found for tBeMe-
sequential phosphodiester, and without any toxic manifesta- reduct : ; A
tions?! The attractive set of properties offered by LNAs in modified gapmer (Figure 12). Thus, SiRNAs and chimeric

terms of biostability, RNase H activation, lack of toxicity, LNA/DNA oligonucleotides act as potent antisense agénts.

and potent biological activity prompted exploration into its
prospects as an anticancer agent. The efficacy of LNAs in OMe | Thio ] LNA | siRNA
downregulating expression of two endogenous proteins, C | AS v AS Inv AS Iv  ds s
namely, cyclin-dependent kinase inhibitor p21 and estrogen
receptor alpha (ER alpha), both of which are implicated in
cancer development, has been compared with standard PS
AONSs in human breast cancer cell line MCF%7lt was
found that an LNA/PS/LNA gapmer caused RNase-H medi-
ated downregulation of the expression of both proteins, while
fully modified LNA, LNA/DNA, or LNA/PS mixmers were
inactive. A similar study targeting protein kinaseoGPKC-

o) mRNA in lung carcinoma cell line showed greater
downregulation of the target by a full-length LNA/PS/LNA
gapmer and also by a four-nucleotide truncated LNA/PS/
LNA gapmer than the isosequential phosphorothioated AON
ISIS 352182 LNA AONSs also mediate effective downregu-
lation of anti-apoptotic proteins Bcl-2, Bcl-xL, and survivin

A, . Py
in different cancer cell line&:** Since all known h“".‘a” of the plasmid encoding the VRAGFP fusion protein and modified
tumors express either Bcl-2, Bel-xL, or both, an antisense gpiisense (AS) oligonucleotides. OMe-DNA and LNA gapmers, PS,
strategy targeting Bcl-2 and Bcl-xL simultaneously, has broad and the siRNA were used at concentrations between 5 and 100
clinical applicability. The ability of a well-known antisense nM. Inverted control oligonucleotides (Inv) (with sequence invert
ODN design of an LNA/DNA/LNA gapmer to inhibit tumor  of the AON sequence) for each modification and the sense strand
growth by targeting H-Ras mRNA has been successfully (s) of the siRNA were used as controls. Cells were harvested after
demonstrated in both cancer cell cultures and a nude mous 4 h, and Western blots were performed with an anti-GFP antibody.

) . . o confirm equal loading of the samples, membranes were reprobed
model bearing prostate tumor xenogréftsligh antisense it 3 monoclonal mouse antibody against actin. V, VRGP

efficacy was also exhibited by anti-H-Ras ODN containing pand; A, actin band; C, control VRIGFP expression in the absence
a-L-LNA. These results indicated thatL-LNA is a promis- of AON. Reprinted with permission from ref 89. Copyright 2003

ing member of the LNA molecular family when it comes to Oxford University Press.

antisense applicatio8LNA-based antisense strategies are

also increasingly the subjectiof vivo studies as well: LNAs Lately, the development of the so-called siLNA technol-
have been used successfully to elucidate the molecularogy, which involves using LNA in siRNA technology, has
mechanisms by which estradiol (E2) acts to reduce sleep ancheen proposed to improve the thermal stability, serum
increase activity in rodent8, and also to establish the stability, cellular activity, or pharmacokinetic properties of

———— o

10 nM

25 nM

50 nM

f

l.

1
gLl

|[

100 nM

=

Figure 12. Western blot analysis from cotransfection experiments
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siRNAs? siRNAs can accommodate quite a number of DNAzymelLNAzyme .CT A (Catalytic loop
modifications at both base-paired and non-base-paired posi- 10:23 motif A CA

tions without significant loss of activity. LNA is quite E A

compatible with the siRNA machinery and substantially am G G

. . - e . 5 G A am 3
increases the biostability and thermal stability of siRNAs NNNLNNLN NNLNL NNN
without compromising their efficienc§. However, for ef- 3 EEEREEN NEERERR 5
ficient gene inhibition, the content and positioning of LNA NNNNNNNNNNNPPuNNNNNNNNNNN
substitutions within an siRNA needs to be optimized. It has Cleavage S“GT RNA substrate

:)heeg obzer}/?ﬁ thattlthe posi:ioniélg(_of Lt'F:A si[ubsgtut_it?]nﬂ?t Figure 13. Diagram illustrating the target recognition for-1@3

e 3-end of the ‘antisense strand’ (i.e., the strand wi . e motif DNA- and LNAzymes. Lines represent Watse@rick base
sequence complementary to the target mRNA) of the SiRNA pairs The letter ‘N’ stgmds for unmogified nucleotides, while ‘L’
duplex leads to complete loss of acivity, but tHeefd of represents LNA-subtsituted monométsAdapted from ref 96.
the ‘sense strand’ (i.e., the strand with the sequence identicalCopyright 2002 American Chemical Society,

to the target MRNA) can be modified without loss of activity. .

Interestingly, activity lost by send modification of the  Of LNA into the two arms of DNAzyme produces an
antisense strand can be recovered by substituting ter@e ~ LNAZyme which confers marked resistance to nucleolytic
end, and this effect is even greater if modifications are attack, and. simultaneously, increases the cleavage activity,
included in the 5sense en® This is attributed to the strand ~ €VEN 91;or highly structured RNAs such as 23S ribosomal
biasing or the functional asymmetry exhibited by the two RNA.” The DNAzyme cleaved only moderately well when
strands of SIRNA duplex, with only one strand being eligible Present in a 50-fold molar excess of the RNA substrate,
to trigger MRNA cleavage and the other destined to be Whereas stoichiometric amounts of the LNAzyme were
destroyed. It is proposed that the strand displaying the sufficient to cleave>50% of the substrate. The bandshift
weakest binding energy at the closing Base-pair is analysis of hybridization complexes run on polyacrylamide
preferentially incorporated in RISC assembly (Figure 1), 9€! électrophoresis (PAGE) suggested that the improvement
which subsequently mediates target mMRNA cleavdge. [N the cleavage activity was probably due to a higher
Substitution of LNA at the 5antisense end increases the hyb(|d|zat|on affinity of the LNAzyme f°f.th?‘ RNA sub§trate.
binding energy of its Sbase-pair and this prevents it from S|m|lz;\£ resu_lts were als_o seen by substltu_tlng LNA vaito-
being assembled in RISC. Further compensatory modifica- -NA-” Optimally designed, LNA-substituted DNAzyme
tions at the 5and 3 sense end can successfully restore the @rgets the SUTR of human rhinovirus more efficiently than
effect. Apart from terminal modifications, certain internal DNAzymes stabilized by ther modified nucleotides like
substitutions in the antisense strand might also hamperphosphorothloate linkages, -®-metr?y_| RNA (adde_d_ to
siRNA activity. These internal positions are the ones that enhance the rate of cleavage), a_mlenverted thymidine

lie close to the site where mRNA cleavage occurs. It is (used to enhance nuclease stabilfty)t was observed that

anticipated that the presence of LNA modification at these |r_1tro_o!uct|on_of LNA in the nonanucleotide sub_strate arm
sites exerts a direct conformational or functional effect on significantly increased the rate of cleavage, albeit only under

e calaicse. wich subsegenty afects SRNA scuty. S0 LTOVSTcondlens, i e imover sondltons
A major concern for the use of siRNA as a genomic tool is ’ y '

i A . indicating that it binds to the RNA target too tightly.
e g It cells mghtncoporae bt tands o leavage knetis stuces of LNAzymes soved that LA
complementary. sense strand leads to the so-called ‘Oﬁ_targef'”eSpeCtlve of RNA sizes or structures, boosts substrate
effect that decreases the potency of SIRNA by simply hybridization, while no change appears in the substrate

lowering the number of RISC complexes loaded onto the scission stefl! These studies also enabled the design of
erng L COmMples : . DNAzymes modified at both binding arms and the catalytic
antisense strand. LNA substitution in this case is particularly

; C -7 core. It was found that for a heptanucleotide arm with three
useful as it may help to minimize these effects by acting

through two different mechanisms. LNA substitution at the L(;rrrgnaclzger(;uglessﬁﬁ}s,éggil:étl?il \:‘gfr(t:;[yt\g?rﬁilnnzflriﬁid
5 sense p05|tc|jor'1A dvél'”' en;:puragel stlr)and .Ioadl.nghof the nucleotide reduces the activity. This can be ascribed to either
antisense strand. Additional internal substitutions In the Sense, o ification in the inner part of the binding arm that
strand m_|gr|1t wgpgw_ its ;‘b'“éyl\ltz pacrjtlmpgte 'Iln target cIeav?ge interferes with the correct folding of the catalytic center or
once it Is loaded In the -induced stiencing Complex: y, the requirement of an optimal affinity for high catalytic
(RISC) assembly? Together, these findings emphasize the 9 P y 9 y

1 of de the th '~ benefits of th activity. A correlation of the melting temperatures of the
potential of LNA to provide the therapeutic benefits of the - e5nonding enzymeltarget heteroduplex with the reaction
siRNA technology.

rates demonstrated the pivotal role of the balance between
3.1.1.2. LNAzymesLNA can possibly be used as a potent increased substrate affinity and uncompromised product
antisense agent in the DNAzyme-mediated gene-silencingrelease. Therefore, optimization of the RNA cleavage by
approach. DNAzymes are catalytically active DNA mol- LNAzymes requires careful adjustment of the arm length,
ecules that bind to specific sequences in RNA and act assequence composition, and number of LNA mononiéns.
specific RNA endonucleases by cleaving the RNA phos- another study, introduction of LNA monomers into the
phodiester backbone. The most commonly used DNAzymessubstrate recognition arms of the DNAzyme led to complete
are derivatives of a 31-nucleotide ‘10-23' oligomer that cleavage of the previously inaccessible coxsackievirus A21
consists of a 15 nucleotide catalytic core flanked by two (CAV-21) RNA at a high catalytic rate, indicating that
binding arms (Figure 13). The binding arms control the nucleotides with high target affinity were able to compete
specificity of DNAzyme by hybridization to the RNA  successfully with internal structures. This strategy was then
substrate, whereas the catalytic core cleaves the phosphodiadopted to successfully convert two previously inactive
ester bond held between the binding afhBcorporation DNAzymes into ones highly effective against their respective
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target structure® Recently, one effect of LNAzymes was
shown to be the inhibition of human vascular smooth muscle
cell growth by targeting early growth response-1 (EGR-1)
transcript. Even at lower concentrations, LNAzymes are more
effective than DNAzymes with respect ito vitro substrate @Q —Q—I
cleavage, protein expression, smooth muscle cell prolifera-

tion, and regrowth after mechanical injury. Thus, introduction No Binding No Binding

of LNAzymes is indeed a significant step toward the

realization of oligonucleotide-based therapeutics with intrin-

sic endonucleolytic activity? (@ fiws (b) s

3.1.1.3. Targeting Noncoding RNA.The propensity of
some RNAs (e.g., rRNAs,8JTRs of mMRNA, RNAs P, and 3. _5'TAR
group | and group Il introns) to adopt multiple folded states
of similar free energy can be exploited to silence gene
expression. The inactive folded states of these RNAs can be
trapped kinetically by interaction with short antisense oligo-
nucleotide leading to silencing of the respective RNA
function. This method known as “oligonucleotide directed
misfolding of RNA” or ODMIR has been demonstrated in
Candida albicansa human pathogen, where an 8-mer fully
modified AON and a 12-mer LNA/DNA mixmer success-
fully inhibited group | intron splicing by introducing mis-
folding.1°° When the intron is transcribed in the presence of
these AONSs, self-splicing is inhibited by 50% at a concentra-
tion of about 150 nM for fully modified AON and 30 nM (¢)  RO6y 5
for LNA/DNA mixmer. On the other h?”d’the isqsequential Figure 14. Inhibition of HIV Tat-TAR interaction using (a
12-mer DNA and 20 methoxy AON displayed higher kg an%isense and (b) aptamer approach. Presence of ang a(nt?sense
values. Optical melting experiments of several oligonucleo- oligonucleotide sterically blocks the binding of Tat to TAR, while
tides with their RNA complements further showed that a the aptamer competes with Tat for binding to TAR and, subse-
stronger base pairing, attributed to LNA-substitution, usually guently, distrupts the native RNA secondary such that TAR is no
provides a lower 1. Thus, the high affinity of LNA toward longer recognized by Tat. (c) Chimeric LNA/DNA aptamers derived
the target strand allowed its access to the highly structured';_rfl’\'r/nlgl"S RO6 hairpin RNA interacting with TAR-stem loop of
region of RNA '

In another study, LNA-based AON was used to target a gpjcal stem-loop have been shown to inhibit Tat-dependent
cancer-specific ribonucleoprotein telomerase effectiVly. iy yitro transcription in HeLa cell nuclear extract equally
Telomerase is known to be critical for cancer cell prolifera- efficiently (50% inhibition at 106-200 nM) and sequence
tion, since its 11-mer RNA sequence binds to telomeric DNA specifically (Figure 14a)6191n contrast, the antisense effect
and thus guides the addition of telomeric repeats from one was poor for short phosphodiesters and phosphorothigftes.
generation to the next. Targeting this RNA template sequencece|jular studies with HeLa cell using-8arboxyfluorscein
by an antisense LNA caused a marked reduction in telom- (Fam)-labeled olignucleotides allowed intracellular tracking
erase activity. When they are compared with analogous of 12-mer oligonucleotides. In addition to a fully modified
PNAs, the fully or partially modified LNAs exhibited high 2'-O-methyl (OMe) and a 12-mer chimeric AON containing
affinity recognition for the target template sequence. Fur- seyen 20Me and five LNA residues, additional OMe-FAM
thermore, the fact that different designs of fully modified gerivatives containing a number of phosphorothioate linkages
LNA oligonucleotides or LNA/DNA chimeras effectively  (oMe-FAM-thio) were tested for intracellular inhibition of
inhibited telomerase, while analogous mismatched LNA did Tat-dependent transcription. While neither of the OMe-FAM
not, thereby suggesting that inhibition by LNA/DNA chimera  and OMe-FAM-thio derivatives exhibited dose-dependent
and LNA involves greater stringenéy.This further sug-  inhibition, use of a 12-mer FAM-labeled LNA/OMe chimera
gested that manipulation of LNA length and the backbone showed inhibition at submicromolar concentration-{B0%
substitution pattern can be used to tailor successful telom-sypression at M) with both sequence and dose depen-
erase inhibition. dencé’® Further, study of the structureeactivity relationship

LNA AONSs have been employed to sterically block and showed that OMe-oligonucleotides with optimally-480%
inhibit the interaction of HIV-1 Tat (Trans-activator of LNA units and a minimum of 12 residues in length were
Transcription) protein with an RNA recognition sequence active in the cellular assay, whereas activity in thesitro
TAR (trans-acting responsive element). HIV-1 transactivation transcription assay was observed down to 9 residues. The
responsive element (TAR) is a 59-nucleotide stem-loop RNA other structural analogues of LNA, namely, the -LNA
that interacts with HIV transactivator protein (Tat) and other or 2-thio-LNA, were also active in repression of vitro
cellular factors to stimulate transcriptional elongation from transcription, with the former demonstrating that promotion
viral long terminal repeat (LTR). The high degree of of cellular uptake by LNA is not due to specific sugar
sequence conservation in the HIV RNA region makes the conformational effect$®®
TAR stem-loop an ideal target for antisense therapy. Dif-  As an alternative to antisense oligomers, the HIV-1 FAR
ferent 12-residue oligonucleotide analogues (fully modified Tat interaction has also been interrupted by the use of the
2'-O-methyl, 2-O-methyl chimeras including LNA/20- aptamer approach, in which a short (24-mer) chemically
methyl chimeras, and PNAs) complementary to the TAR synthesized hairpin RNA (R06) was shown to interact with

Antisense —» Aptamer—
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TAR through loop-loop interactions (the so-called kissing apoptosis and cell division, and to inhibit HIF-1a, a key
complex) (Figure 14b). It was found that the chimeric LNA/ sensor of cellular hypoxia, which responds to hypoxia by
DNA aptamers (16-mer, designated as R016) derived from transcriptionally upregulating a host of genes that play
this RO6 hairpin RNA retained the binding property of the important roles (such as angiogenesis, apoptosis, cell migra-
originally selected R06 and successfully competed with tion, and metastasis) in the promotion of cancers. Clinically,
binding of Tat peptide to TAR%41950f the various LNA/ Survivin and HIF-1a expression are associated with poor
DNA aptamers synthesized, a chimeric hairpin with a four prognosis, increased cancer recurrence, and resistance to
base-pair stem containing two LNA pairs at the bottom and radiotherapy and cytotoxic drugs. These compounds, thus,
four interspersed LNA residues in the eight nucleotide loop have the potential to improve response to therapy in a wide
(Figure 14c) showed efficient inhibition of TARTat variety of malignant solid tumors and thus become new anti-
interaction, whereas both the fully modified LNA version cancer drugs with multiple modes of action and a broad
of R06 and the chimeric LNA/DNA derivative with an LNA  spectrum of application (www.Santaris.com). The progress
loop and DNA stem or vice versa failed to do 8 The of LNA in clinical trials promises to improve the clinical
selected LNA/DNA aptamer could discriminate between two outcome for cancer patients by serving as a potent and safe
TAR variants differing only by a single mutation in the loop, alternative to the highly toxic chemotherapeutic drugs that
whereas an LNA/DNA antisense octamer with the same are currently used for cancer treatment.

binding constant as the hairpin chimera could not. Further-

more, unlike the antisense oligomer, the modified aptamer 3.1.3. Antigene Strategies

could effectively compete with Tat peptide binding to TAR,
even though the binding sites of the two ligands did not
overlap each other. This suggests that the aptamer, and no
the antisense octamer, upon binding, switches the TAR bulge
region, that is, the binding site of Tat, to a structure that is
no longer recognized by the Tat peptidé.

In another study, the LNA/DNA mixmers and gapmers
were used to target another important site of the HIV-1
genome, the dimerization initiation site (DIS). DIS is a stem-
loop structure which assists dimerization of the two sense
strands of the RNA genome, packaging, and also proviral
synthesis. Targeting this site by 9-mer antisense RNA no,05hysiology of human diseases caused by aberrant gene
inhibited viral replication, whereas the corresponding anti- activation or expression
sense DNA did not. However, inclusion of LNA bases in ' - . .
the same antisense DNA augumented the interference of HIV A panel of douplg—stranded, mod|f|ed' ollgonup]eotldes
1-genome dimerization and exhibited the same potent (Figure 10a) containing LNA bases at various positions was
inhibitory effect as did RNA. Concomitant RNase H activa- d€signed by Crinelli et & to act as decoys for transcription
tion was observed when the terminals of this antisense DNA factor «B (NF-«B). They exhibited high hybridization
were substituted with LNA flanks. Interestingly, the ‘sense’ efficiency and sensitivity, not manifested by PNA oligomers

LNA/DNA mixmer also showed significant inhibitory effect, ~ €ither fully or partially modified with phophorothioate
Since the dimerization interaction involves the coming ohgonu_clegt;)des. Theb dechoy I}:fNA ohgom@#feoﬂdes were
together of two RNA sense strands, the sense oligonucleo-"6¢09nized by NFeB, but the efficiency of different com-

tides (LNA/DNA mixmer) can pair with DIS and, thus, likely petitc_)rs for NFxB binding _varied. Inclusion of one or two
behave as a competitive inhibitor of the dimerization terminal LNA monomers, in both of the strands and outside

procesg0 of the kB sequence, appreciably increased the protection
against nucleases without interfering with transcription factor
3.1.2. Current Status: Clinical Trials binding, but positioning of additional LNA substitutions
internal to the NRe¢B sequence had varying effects on NF-
Since LNAs possess high hybridization affinity and target «B binding. This is attributed to the LNA-induced confor-
selectivity, it is unsurprising that they are strong candidates mational change produced in the helical geometry of the
for antigens and antisense strategies. Their increasing succedsirget sequence. The degree of conformational change varied
in cell-line-based experiments has paved their way to clinical with the extent and position of LNA substitutions. This
trials. The status of LNA in clinical trials have not been conformation change further perturbed the extent of binding
reviewed so far; however, pharmaceutical companies areof NF-«B to the target sequence. Thus, for a few cases where
engaged in developing new innovative anti-cancer drugsinternal substitutions were introduced in both strands, a
based on LNA-antisense technology, so as to downregulatesignificant loss of NRe«B binding to the target was seen,
genes that are aberrantly activated in many, if not all, types but internal substitutions in one strand had minimal effect
of cancer. One of the most advanced LNA-based drug on NF+«B binding’? Positioning of substitutions, whether
candidates to have entered a Phase I/1l clinical study is beingin one strand or in both strands of the aptamer, can also be
developed for use against Chronic Lymphocytic Leukaemia optimized to reconcile the biostability with target transcrip-
(CLL). This LNA—AON acts by inhibiting the synthesis of tion factor affinity, since there exists a strong correlation
Bcl-2, a key sensor protein that protects cells against between internal LNA substitution position and NB-
apoptosis (programmed cell death). Downregulation of bcl-2 binding. A noteworthy finding was that the diastereoisomeric
expression resensitizes the cancerous cell to natural apoptotiforms of LNA (a-L-LNA) in place of LNA reverse the
stimuli and chemotherapeutic drugs that induce apoptosis.adverse effects of LNA on NkB binding. With these
LNA-based antagonist technology is also being developed considerations, the delivery ofL-LNA-based decoys against
to target and inhibit Survivin, a vital regulator of both NF-«B to the monocytes or macrophages constitute progress

The term “antigene effect” refers to strategies operating
at the level of chromosomal DNA to inhibit gene expression
at the level of transcription, replication, and other protein
DNA interactions. The “decoy” approach based on the same
principle involves the use of dsDNA bearing the consensus
binding sequence for a specific transcription factor. Such
sequences, when transfected into the cell, interact with the
target factor and prevent its binding to the respective
promoter, thus, causing a marked reduction of transcriptional
activation. This method can be used to antagonize the
function of transcription-activating proteins involved in the
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toward the goal of achieving long-term modulation of NF-
«B activation and controlled release of proinflammatory
mediators in pathophysiological conditioHs.

Interaction of NFx¥B with its target dsDNA is also
inhibited by incorporation of LNA in triplex forming
oligonucleotides. Presence of LNA increased the stability
and affinity of TFO toward dsDNA, allowed triplex forma-
tion at pH 7, and prevented binding of transcription factor
NF-xB.26 On similar grounds, it was found that the binding
of LNA TFO to the promoter region of multidrug resistant
gene 1 (hdr 1) reduced the overexpression of drug efflux-
related P-glycoprotein in cancer celfs.

In addition to TFO and the aptamer antigene approaches

Chemical Reviews, 2007, Vol. 107, No. 11 4689

additional locking at the penultimate position causes sig-
nificant conformational change in the phosphodiester back-
bone and consequent repositioning of the terminal nucleotide,
which contributes to active site deformation of the poly-
merases and, ultimately, to the decrease of the polymerization
rate by almost an order of magnitude in the case of Klenow
fragment. The inclusion of several internal LNA nucleotides
leads to conformational changes that induce a transition from
B-form to A-form duplex DNA, which may control the upper
limit to the number of modified nucleotides that can be
included within a primer to be used in enzymatic reactions
sensitive to such structural changdés.

One of the strategies employed in SNP genotyping is

another strategy to attack dsDNA employs a short high- allele-specific PCR (AS-PCR), which is based on positioning
affinity oligonucleotide that binds to the transcription of the 3 base of PCR primer to match one SNP allele and
complex. At the beginning of transcription, RNA polymerase accurately extending the correctly matched primer under
unwinds the dsDNA promoter region and exposes a small stringent conditions. However, natural DNA primers often

stretch of ssDNA. During this stage, a short high-affinity lead to incorrect priming and, hence, to inaccurate geno-

2'-O-Me oligoribonucleotide (pentamer) possessing a non-
extendable terminal'3leoxyribonucleotide can hybridize to

typing. Substitution by LNA at the '3osition of allele-
specific PCR primers significantly increases their specificity

the sequence upstream of the promoter region of the templateand reliability. The effects of '3LNA incorporation have

and inhibit transcription by aim situ block to elongatiort®®

The use of LNA in the 20-Me-ribonucleotide pentamer
greatly improves this interaction and drastically reduces the
efficiency of Escherichia coliRNA polymerase at théac
UV-5 promoter by nearly 95%°

3.2. LNA in Diagnostics

3.2.1. Probes for Single Nucleotide Polymorphism (SNP)
Detection

The exceptionally high binding affinity and sequence
specificity of LNA finds significant use in diagnostics where
LNA-substituted oligonucleotides are used as probes in

several hybridization-based assays such as expression profil

ing, DNA sequencing, SNP genotyping, and so forth. SNPs
are the DNA sequence variations occurring when a single

been investigated for plasmid and human genomic DNA
templates, where they exhibited superior allelic discrimina-
tory ability under a wider window of PCR conditions than
the corresponding DNA prime#$® Positioning of LNA at

the 3-position of the primer has also been used to quantify
the methylation level of a specific cytosine within a complex
genome. The method makes use of methylation-specific real-
time PCR with SYBR Green | using one of the primers
whose 3-end discriminates between the methylation states
of this cytosine. The presence of a locked nucleic acid at
the 3-end of the discriminative primer provides the specific-
ity necessary for accurate and sensitive quantification, even
when one of the methylation states is present at a level as
low as 1% of the overall populatidf®

The extraordinary advantage of LNA probes has also been
exploited in ELISA-like assays where immobilized allele-

nucleotide in the genome differs between members of a specific LNA capture probes detect SNPs in PCR-amplicons
species. SNPs may fall within coding sequences of genes,from human genomic DNA, for example, factor V Laiden
noncoding regions that may have regulatory effects, or the mutation, an apolipoprotein B (apoB) R3500Q mutation, a
intergenic regions between the genes. SNPs in the codingtwo-mutation apolipoprotein E, and so fofti '3 The
region may alter the gene product (polypeptide) and causescreening assays rely on hybridization of biotinylated-PCR-
several ailments. The traditional time-consuming manual amplicons of the target sequence to the complementary LNA-
methods of SNP-screening can be automated using LNA modified capture probes which have been covalently im-
technology which relies on a single nucleotide mismatch mobilized on microtiter plates. Subsequently, hybridization
being discriminated better by LNA oligomers. This high is scored colorimetrically using a horseradish peroxietase
discriminatory power of LNA originating from strong anti-biotin Fab conjugate and tetramethylbenzidine, a chro-
hybridization efficiency and high specificity makes it an mogenic substrate for horseradish peroxidase. The presence
ideal tool for use in hybridization-based genotyping assays. of LNA probes allowed efficient and specific interrogation
Assays based on the ability of allele-specific LNA capture of SNPs in which the hybridization signal from the perfectly
probes to discriminate with enhanced signal-to-noise ratio matched targets was more than 10 times higher than that
between matched and mismatched targets have been defrom the single-nucleotide-mismatched targets. Further, the
scribed. These enzyme-independent genotyping methodsconformational fixation of the sugar moiety in the LNA
have used colorimett# 113 and direct fluorescence or nucleotide enables the design of short LNA capture probes
fluorescence polarizatiéH to signal the hybridization event, ~ capable of identifying DNA targets differing only by a single
and can be run in parallel or multiplexed formats. nucleotide!™**3 SNP genotyping within g3-adrenergic
LNA primers and templates are read by different poly- r€ceptor is also based on a similar assay in which two
merases (Klenow and Taq polymerase) and by reversedifferently Iabe_le_d, a_lllele-sp_emflc, I__I_\IA-sp|ked probes com-
transcriptase. However, when using LNA-based primers in Peété for hybridization to immobilized, denatured PCR-
genotyping, relative positioning of LNAs at and near the 3 ~amplicons:/
terminus of a primer needs to be considered, since it In addition to solid-phase SNP genotyping, LNA probes
significantly affects the polymerase-mediated extension. have been used in homogeneous (liquid) hybridization for
While a terminal LNA nucleotide does not substantially slow SNP genotyping. Here, fluorescence polarization (FP) values
primer extension with natural deoxy-NTP substrate, an of a fluorescent dye, such as rhodamine/hexachlorofluores,
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attached to the LNA probe increases significantly upon

hybridization of the probe to the target DNA molecule. In 4, FP

contrast, the presence of single mismatch results in only a g 5
small or even no change of this parameter. Based on its high, 3
sensitivity and relative simplicity, this assay is suitable for FEFTTTTTTT I lz M5’
high-throughput screening of SNPs. Furthermore, multiplex- 1, Polymerization RP

ing in the assay could be achieved using differentially labeled

wild-type- and mutant-specific probes in the same solution

to allow simultaneous detection of several SNPdiomo-

geneous SNP genotyping assay has also been adopted to

screen co-segregating variants of toll-like receptor-4 (TLR4),

a member of a large family of transmembrane proteins which 5: ,
are predominantly expressed on monocytes and macrophage%’ g
and are involved in various diseases and in innate and 5!W5’
adaptive immunity. Its variants are associated with a blunted .

response to inhaled lipopolysaccharides that alters the 2. Strand displacement
immune response to pathogens. Detection of variants in this

case was made possible by the use of LNA-modified

SimpleProbe oligomers on the LightTyper instrument. These —

probes used a terminal self-quenching fluorophore that

changed its properties when stacked with the neighboring

base during binding, thereby increasing fluorescence signal,ﬁ; 5
a method that has allowed rapid detection of the wild-type, 3_ 3
mutant, or heterozygous samplésLNA-modified, fluoro- ¥ Wgs
phore-labeled hybridization probes in LightCycler assays 3+ Cleavage

have also allowed genotyping of triallelic variant (G2677T/

A) in MDR-1 gene. The genotyping results produced by this

assay were validated using PCR-RFLP with 100% concor- 9
dance!!® Fluorogenic LNA probes have detected factor V. ——
Leiden mutation and sickle cell anemia mutation in the 2 5°

f-globin gene using'Enuclease assay (Figure 15). The assay 3‘ 3
pointed out the enhanced discriminatory power of LNA 5;m5’
oligonucleotides by outperforming the comparable DNA 3 -

probest?® The use of LNAs in 5nuclease assay has also 4. Polymerization completed

been compared to the routinely used minor groove binder Figure 15. Schematic representation of Fluorogenie riiclease
(MGB) probes in terms of their ability to target staphylo- assay. The method uses dually labeled LNA probe hybridizing
coccal enterotoxin gene. The study showed equivalent‘r’1"'tk§"_r(‘j_thfj DNA ta;]rget seque?lce bound by PCR pnme(;s. Ina
sensitity and specifciy or both of the probes, suggesting [Y2192e0 Stte, e renoier fluorescence s suppressed, sice
that the use of LNA probes provides an attractive alternative gyensjon, the 'snuclease activity of the Taq polymerase cleaves

to MGB probes for rapid detection of genes of bacterial the probe, which results in increased fluorescence of the reporter
pathogend?! probe. Mismatches between the probe and target reduce the

; _ fficiency of probe hybridization. Furthermore, the enzyme is more
Recently, LNA probes have been used in a one ste_p assa)ﬁkely to displace a mismatched probe reather that cleave it to release
for asymmetric PCR and homogeneous hybridization for o reporter dye. FP, forward primer; RP, reverse primer; R,

genotyping HLA'DQBI a”eles aSSOCiated W|th Susceptlblllty reporter; Q’ quencher; P’ ﬂuorogenic LNA probe_
to Type | diabetes. The genotyping of HLA-DQB1 is rather
complex, since there is no one single SNP that is distinct point- and tandenB-raf (an oncogene) mutations in mixtures
from other allele. Despite this, the LNA probes used were of mutant and wild-type melanoni& With the use of similar
very specific and produced no cross-reactivity. It is remark- pNA—LNA clamps, screening for genetic heterogeneity in
able that where DNA prObeS failed to give read-able results epiderma| growth factor receptor (EGFR) has been success-
due to the presence of secondary structure in the PCRfylly done to allow the detection of EGFR mutations against
product, LNA probes allowed good separation of geno- 3 |arge background of wild-type EGFR.
types:?? LNA oligonucleotides have furthermore been successfully
Polymorphism studies using LNA probes have also al- applied to FISH (fluorescende situ hybridization) where
lowed association of polymorphism in PG€ (Gly483Ser), LNA/DNA chimeras have been used to probe different
a coactivator of numerous transcription factors, with hyper- tandem repeats sequence elements, such as the satellite-2
tension in Danish White populatid®® Another assay for  repeat in heterochromatic regions, thesatellite repeats in
screening mutant populations which uses the high sensitivity centromeres, and the telomeric repeats. In comparison with
of LNA probes involves Clamped-Probes that allow sensitive DNA probes, LNA probes produced a strong signal, with a
detection of minority mutations in a tissue sample containing short time of hybridization, and detected regions as small as
excess wild-type DNA. Screening, in this case, is greatly 1—3 kb127128
facilitated by the use of non-extendable, LNA-containing  Highly efficient LNA probes have opened new avenues
clamping oligomers (Figure 16). The method is successful for assays based on nucleic acid hybridization. However,
in screening for thé&fcrt K76 T mutation associated with guantitative studies on genomes strongly demand bio-
vitro chloroquine resistané® and could even detect minority  molecular recognition probes with high specificity and
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CLAMPED - PROBE ASSAY oligonucleotide microarray to monitor expression of a set

of 120 potential marker genes for stress and toxicological

Wild-type LNA Mutant DNA primer processes and pathway$.The design is based on several
{Clamp) ~._ e parameters including recognition and filtering of the target
| e PR Emificatome sequence in the genome of interest; genome-wide BLAST
- blocked analysis using blastf? for minimized cross-hybridization;
Wild-type DNA LNA melting temperature prediction using thermodynami-
Wiki-type LNA cally derived formula’>*** modified to predict melting
Mutant DNA / temperature if LNA/DNA mixmers based on melting tem-
primer  \ _'/ perature measurements 6f1400 DNA—-LNA duplexes;
o PCR DNA binds and prediction of LNA self-annealing using the Smith-Waterman
— :':;T;ﬁ?;m sequence alignment algoritht#; and finally, secondary
Mutant DNA structure prediction using the Nussinov algoritihfior the

Figure 16. Schematic representation of Clamped-probe assay. TheLN’,A‘,prObe as well as the target ,nUdeOtide sequence.
non-extendable LNA (phosphorylated at-ehd) clamp binds  Individual scores for the aforementioned parameters are

preferentially to the wild-type DNA sequence, thus, suppressing calculated for each possible probe in the query gene and run
its PCR amplification and changing the PCR bias toward the through a fuzzification process. The OligoDesign program
mutated target. Stringent PCR conditions allow annealing and js freely accessible at http:/Inatools.com.

extension of mutated primer only.

3.2.2. RNA Capture Probes
selectivity, such as, for example, a molecular beacon (MB). . . . )
Molecular beacons are single-stranded oligonucleotide hy- !N Situ detection by hybridization of RNA with comple-
bridization probes that form a stem-and-loop structure (Figure Mentary probes is a powerful technique for studying expres-
17). The loop contains a probe sequence that is complemenSion level and localization of RNA within all types of
tary to a target sequence, and the stem is formed by the€ukaryotic cells ranging from yeast to humans as well as

annealing of complementary arm sequences that are located®" Probing tissue sections or whole-mount preparations. The
on either side of the probe sequence. A fluorophore is rapid development of LNA-modified oligonucleotide probes

covalently linked to the end of one arm, and a quencher is Nas significantly improved the sensitivity and specificity of
covalently linked to the end of the other arm. Molecular RNA detection. Our own daté? based on FRET-binding
beacons do not fluoresce when they are free in solution. StUdy and electrophoretic mobility shift assay, highlighted
However, when they hybridize to a nucleic acid strand the superiority of ]_NA-based ollgonuc'leotlde to target'hlghly
containing a target sequence, they undergo a conformationafStructured nucleic acid targets, which are otherwise not
change that enables them to fluoresce brightly. Because of2ccessible to the conventionally used unmodified oligo-

their high signal/background ratio and their high selectivity nucleotides. The high affinity and high sensitivity of LNA-
in molecular recognition, MBs have found broad application
in in vitro assays. Lately, LNAs have been compared to the
analogous DNA-MB molecular beacons consisting of a 19-
mer loop and a 6-mer stem, and LNA-MBs proved to be far
superior to DNA-MBs. The LNA-MBs were highly thermo-
stable and did not open even at 95. The presence of the
target strand, however, leads to their efficient opening and
subsequent hybridization even at room temperature without
loss of higher selectivity, nuclease stability, or signal-to-
background ratio in the intracellular environment. The longer
lifetime with extremely low background of LNA-MBs makes
them an excellent probe for gene expression in the cellular
studies'?®

With LNA-substituted oligonucleotides outperforming
DNA probes, it is desirable to develop general software tools
to provide optimal designs of LNA-modified oligonucleotides
for application in functional genomics. Tolstrup et al.
developed a new computer program, OligoDesi§nyhich

ranks a probe on the basis of a number of parameters for

application in microarrays. They have used this program
successfully to design &aenorhabditis elegand NA-

based probes indicated that they can be even employed in
cases where detection of target is limited by its smaller size,
lower abundance, or structural featut&The attractive set

of properties offered by LNA has been exploited in efficient
isolation of intact poly (Aj RNA from guanidine thiocyanate
lysedC. elegansvorm extracts as well as from lysed human
K562 and vincristine-resistant (K562/VCR) leukemia cells.
When every second thymidine in these probes was substituted
with LNA-T, mRNA vyield increased by 30650-fold3"
Further, the probes were highly efficient in isolation of poly
(A)™ RNA from extracted total RNA samples in low salt
binding buffers. Thus, the LNA oligo (T) method could be
automated for streamlined high-throughput expression profil-
ing by real-time PCR after covalently coupling the LNA
affinity probe with a solid surface such as a microtiter plate
or a magnetic particl&®’

3.2.3. miRNA Detection

One of the most promising applications of LNAs is their
use in efficient detection and characterization of microRNAs
(miRNAS), which are small (2623 nucleotide) noncoding
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Figure 17. Schematic representation of the operation of molecular beacons.
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RNAs that regulate gene expression by base-pairing toand, thus, the identification of miRNA-regulated genes which
partially complementary mRNAs. Regulation by miRNAs are thereby, marked as potential new therapeutic targets.
is important in embryonic development. However, the LNA-mediated inhibition of miRNA function has been
detection and characterization of miRNAs have been techni- studied in cultured cells with the use of LNA antagomirs to
cally challenging because of their small size. DNA oligo- inhibit the well-characterized interaction betwdamsophila
nucleotides with several positions substituted by LNA melanogastebantam miRNA and its target gemgd. The
residues have been used in Northern blot analysis tobantammiRNA controls cell proliferation and regulates the
significantly increase detection of low-abundance miRNAs proapoptotic gendid in Drosophila LNA-modified anti-

by at least 1 order of magnitud& Besides being highly ~ miRNA oligonucleotide (antagomir) could mediate specific
efficient as Northern blot probes, LNA-modified oligo- inhibition of both endogenous miRNAs and exogenously
nucleotides have been used forsitu hybridization (FISH) applied miRNAs, resulting in subsequent derepression of
both on fixed yeast cells to detect specific mRNBsind cognate target protein expressidh.LNA-based loss-of-

on whole-mount zebrafish embryos to detect the temporal function studies have also been used to establish the role
and spatial expression pattern of 115 conserved vertebrateand biological significance of elevated levels of miR-21 in
miRNAs14 To explore the usefulness of LNA-modified glioblastoma, a highly malignant human brain turfor.
probes in the detection of miRNAs in other organisms, the Suppression of miR-21 by LNA-modified oligonucleotides
conditions for hybridization of LNA probes to miRNAs have (22-mer) led to a drastic reduction in the number of
been optimized. Subsequently, numerous previously un-transfected cells. Further, studies showed that the decrease
known miRNAs were identified in mouse and frog embryos in cell number was associated with a marked increase in
usingin situ hybridization!4! Single molecular LNA probes ~ caspase activity that subsequently acelerated the rate of cell
have allowed quantification of miRNAs in humaHs The apoptosis in antisense treated cells. The study thus established
technique involved using two spectrally distinguishable MiR-21 as an antiapoptotic factor that may function as a
fluorescent locked nucleic acid probes for detection of the Micro-oncogene in glioblastomas by blocking expression of
miRNA of interest and then directly counting the tagged key apoptosis-enabling gen€$in another study, LNA/DNA
molecules on a single molecule detection instrument. The Mixmers were used to inhibit the functional activity of
high sensitivity of this technique allowed the detection and endogenous miR-181, thus, preventing its interaction with
guantification of expression at low concentration in 16 its target MRNA, Hox-All, which is an essential regulator
different tissues of 45 human miRNAs and yielded a Of embryonic uterine development and the cyclic develop-
quantitative differential expression profile that correlated well ment of the adult uterine endometridftiInhibition in this

with published report&2 Recently, LNA probes have been Cas€ was sequence-specific, with there being no cross-
used in microarray-based miRNA profiling assays that allow inhibition between different miRNAs, and with the presence
parallel screening for the expression of a large number of of four mismatches abolishing the inhibition. When trans-
miRNAs 143 This novel assay (miChip) exploits the biophysi- fected into the cells, the LNA/DNA mixmers Were_able to
cal properties of LNA to design capture probes with a induce complete disappearance _of the_zlr_targe_t miRNA, as
uniformly normalizedT,, which in turn allows establishing observed by Northern blot analysis. This is attributed to the

uniform, high-affinity hybridization conditions suitable for formation of highly stable LNA/DNA mixmemiRNA
all miRNAs. Hybridization conditions optimized for high- duplexes inside the cells that are subsequently able to resist

stringency binding not only accurately detect the expression € denaturing conditions used for Northern blot, thereby
of miRNAs, but also increase the specificity of detection Préventing miRNA detection. Significantly, inside the cells,
for related miRNA family members that differ by a single- LNA/DNA mixmer affected not or)ly the mat_ure‘mlRNA, ,
nucleotide!#® Another miRNA expression profiling assay bgt also the_ apparent levels of its respective ‘precursor
utiized the RAKE (RNA-primed, array-based, Klenow MIRNAS, which suggests that LNA might affect the regula-
Enzyme) miRNA-microarray platform in conjunction with 0¥ 100 in miRNA processing, thereby influencing the
LNA-based in situ hybridization (LNA-ISH) to analyze actual levels of miRNA precursofs’

coordinated miRNA expression from the tissue level to

subcellular levels. The RAKE microarray, which involves 3-3- Other Uses of LNAs

on-slide application of Klenow fragment of DNA polymerase : ppe 150 ;
to extend unmodified miRNAs hybridized to immobilized diji‘ﬂ‘%‘tze;j‘\f,‘gn?azségnofpLe,\f'Af'Cgtimrs EVSP%NOL Sceovrﬁ:glls_
capture probes, revealed t|ssue-speC|f|_c expression of PaThese attributes allow highly sensitive and highly specific
ticular mRNAs. Subsequently, LNA-basedsitu hybridiza- 5 jification of PCR targets of LNA primers. LNA may
tion was applied to refine the data obtained by RAKE and 154 e ysed as an inhibitor in PCR, or in real-time PCR.
to localize -the CeIIuIa( and lsubcell'ular d|str|but|on (.)f Real-time PCR is a highly sensitive method for the detection
_rmRNAs: This allowed differential spatial expression profil- ¢ 5w-abundance mRNA. However, one of the most serious
ing of MiRNA 144 drawbacks of this method involves possible amplification
The use of LNA probes is no longer limited to the of false positives, which can interfere with mRNA quanti-
detection or expression profiling of miRNAs, but extends fication, due to DNA contamination in the RNA samples.
even to the understanding of the precise molecular functionswith the use of an LNA oligonucleotide complementary to
of specific miRNAs. In this application, the same LNA the intron of a gene, genomic DNA amplification could be
probes are used as ‘antagomirs’ to silence the functioning eliminated without affecting the amplification of reverse-
of endogenous MiRNAs. These LNA-antagomirs are short transcribed spliced mRNA. When this strategy was used for
RNA molecules that bind to miRNA and sequester it in a the B-cell plasma cell marker, x-box binding protein 1
duplex form so that it is no longer available to bind to its (XBP1) gene, genomic XBP1 amplification was blocked for
target mMRNA!*® These loss-of-function studies allow the both PCR and real-time PCR but not for cDNA XBFP41.
characterization of specific functions of particular miRNAs These studies thus predicted a promising role for LNA in
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enhancing assay specificity by eliminating false-positive $
genomic amplification and a particular usefulness in ampli- 07 o fBase
fications dealing with low-abundance mRNA. —p

The application of LNA in “gene repair” or “targeted (')\N OO
nucleotide exchange technique” is currently being ex- 0=P-0" § ‘O
plored!®? LNA successfully directs single-base-mutation 3
repair in Sacchromyces cesisiae Here, the correction of ~ Figure 19. 2'-N-(Pyrene-1-yl)carbonyl-2zamino-LNA monomer.
point and frameshift mutations of the mutant hygromycine- ) ) ]
resistant gene was facilitated by a 24-mer oligonucieotide assays (Figure 195>*>"Typically, molecular beacons relying
vector containing LNA residue at each terminus, which ©on distance-dependent fluorescence quenching are used in
serves to target either strand of the gene while hybridizing such assays. However, such probes often form secondary
to the site with the mismatched base pair. The nucleotide Structure and generate false-positive signals. Therefore, an
exchange event was then catalyzed by proteins involved inalternative strategy is realized by tethering reporter groups
DNA recombination and repair pathway?@.The potential to single-stranded oligonucleotides and observing modulation
of LNAs for gene editing has been validated in higher Of hybridization-induced fluorescence intensit{N2(Pyren-
eukaryotes by directing mutagenesis at two different sites, 1-yl)carbonyl-2-amino-LNA is promising in this context,
the eBFP (blue fluorescence protein) and thel mutant since it displays both a large increase in thermal stability
retinoic photorecepto3PDE (rod photoreceptor-specific ~against DNA or RNA W!th e_xcellent mismatch _discrimination
phosphodiesterase ger&) Again, the use of a short 25- and a large hybridization-induced increase in fluorescence
mer oligonucleotide with flanking LNAs exhibited efficient  intensity, upon duplex formation. Upon hybridization to DNA
dose-dependent mutagenesis and also allowed stable tran®2r RNA, the dioxabicyclo[2.2.1]heptane skeleton and amide
mission of the modification during cell division. The latter linkage of the modifucation fix the orientation of the pyrene
is a feature important for reliable cloning of the modified Moiety in the minor groove of the nucleic acid duplex. Pyrene
cells. Finally, the survival of photoreceptors in the retinas and nucleobase interactions, which typically quench fluo-
of rd1 mutant mice was promoted by such oligonucleotides, rescence, are thereby reduced, and hybridization-induced
which suggested the possibility of their successful ise ~ fluorescence intensity measured & = 383 nm is
vivo. We, thus, Specu|ate that LNAs can act as powerfu| increased®® The detection of nucleic acid is thus facilitated

reagents for targeted mutagenesis in cultured cells and alsdn the presence of such multilabeled pyrene-functionalized
in animal models of human disease. 2'-amino-LNA-based oligonucleotides.

LNA oligonucleotides can efficiently attach fluorophores ~ LNAs have been used to improve the biostability and

as functional moieties to super-coiled plasmid DNA in a
sequence-specific manner. LNA oligonucleotides bind to
plasmid DNA by strand displacement far more stably than
peptide nucleic acids (PNA) and, thus, allow particle-
mediated delivery of many functional peptides or adjuvant

specificity of the Tenascin-C binding 39-mer oligonucleotide
aptamer TTA1, which structurally recognizes human Tena-
scin-C (TN-C), a hexameric protein found in the extracellular
matrix involved in tumorigenesis, embryogenesis, and wound
healing. On the basis of this feature, TTAL labeled with

moieties without interfering with the gene expressietin technetium-99m (Tc-99m) is a promising candidate for
addition, they have also been used to facilitate attachmentimaging tumors expressing TN-€” The TTA1 aptamer
of functional moieties by PNA oligomers. Here, the LNA currently in clinical trials has a three-stem junction where
oligomers act as openers by hybridizing to the partially the binding domain is centered. In this case, the stems play
overlapping sites of the opposite plasmid DNA strand and an important role in the binding and maintenance of the
facilitating strand invasion by bisPNA (oligomers with two overall structure. Experiments with different oligonucleotides
identical peptide nucleic acid sequences joined by a flexible (unmodified RNA, 2-O-methyl RNA, 2-fluoro RNA, and
hairpin linker) anchor peptides (Figure 18). In this way, LNA) have shown that incorporation of LNA and-@-Me
modifications in the non-binding double-stranded stem 1

Functional molty confer desirable properties to the aptamer; the LNA-modified

Bis PNA TTA1 derivative exhibited significant stem stabilization and
LNA Opener _\9 markedly improved plasma stability while maintaining its
NN binding affinity to the target. In addition, it was found that
—

the presence of LNA leads to a higher tumor cell uptake
and longer blood retentiof®

Figure 18. Schematic representation of attachment of functional 4. Conclusions and Future Prospects
moiety (peptide) by bisPNA anchor molecules by strand displace-
ment, facilitated by LNA-modified openers. With an emphasis on improving stability and specificity,
nucleic acid analogues are finding numerous applications in
greater than 80% hybridization is obtained at PNA-to-plasmid contemporary molecular biology. LNA is one such analogue
ratios as low as 2:1. The high biological stability of the LNA that has recently gained much attention for its favorable
openers in combination with bis PNAs as anchor molecules properties. The stability of LNA-modified oligonucleotides
thus offers an attractive strategy to couple different functional in biological fluids, their lack of toxicity, and their improved
moieties to the plasmid in a sequence-specific matiier.  hybridization behavior have made them promising therapeu-
The successful use of LNA technology has allowed tic tools for use in antisense and antigene applications
application of its functionalized derivatives for numerous involved in the therapy of many pathophysiological condi-
other versatile applications as well. The pyrene-functionalized tions including cancer. High-affinity LNAs can be readily
2'-amino-derivative of LNA is increasingly being adopted designed as fully modified LNA, LNA/DNA chimera, LNA/
for nucleic acid detection in homogeneous fluorescence RNA chimera, or combined with other modifications such
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as phosphorothioate linkages 6r@Q-Me-RNA. This makes A novel application of LNA might involve the use of
LNA compatible with different oligonucleotide chemistries LNA-modified ATPs or GTPs, which will allow high-affinity
and technologies. Further, the flexibility in the architecture binding of these NTPs toward their target ATP or GTP
of LNA oligonucleotides can be well-tuned to achieve the binding proteins (such as kinases or GPCRs), with the
desired level of gene expression, for example, RNase potential use of monitoring effects of their prolonged
H-mediated gene silencing by employing LNA gapmers, or expression or activation. LNA can also be used to add
LNA chimeras-mediated increase in protein expression by functionality to a wide range of DNA constructs. We propose
blockade of splice sites. that several peptides, enzymes, drugs, and adjuvant moieties
In addition to creating avenues for gene-based therapy,¢an b€ coupled with DNA in a controlled manner by
the heightened ability %f LNA to dis?:riminate betweeﬁy attgichmg functional moieties to thé-and 3-ends of LNAs.
matched and mismatched target nucleic acids has increasingly M _appr%ach may greatlﬁl improve gen‘gth;@w and ]P '?I]A
attracted the attention of the genotyping community. Since ﬂ?ccmesr y |ncr(t=.\a5|(rj1g the go}_ency ant efficiency of the
hybridization-based genotyping methodologies are limited erapeutic a}ger_1 and gene delivery systems.
by the presence of thermally stable mismatches, the inclusion Many applications of LNA rely on the use of N-alkylated
of LNA residues in probe oligonucleotides significantly ~derivatives of LNA, such as attachment of fluorophores to
improves their differentiation characteristics, thus, allowing the N-2-position of 2-amino-LNA via short amide linkages,
increasing use of LNA-based primers and probes in geno-Which may become a general paradigm for tethering of
typing and diagnosis. In comparison with a DNA probe, the fluorophores to oligonucleotides without the typical loss in
increased ATy, of an LNA probe between/against the fluorescence intensit}?’ Because of their resistance to RNase
perfectly matched and mismatched targets broadens the! @nd 3-exo- and endonucleases, pyrene-functionalized 2

interval required to set optimal conditions for specific @MiNO-LNA probes could, in this context, significantly
hybridization to a matched target. improve real-timein vivo imaging of RNAs. In addition,

functionalization of 2amino-LNA with the pyrene moiety
can be used to couple oligonucleotides with carbon nanotubes

pharmacogenomics, which requires a robust, reliable, and(cnT). Carbon nanotubes find wide use in nanobiotechnol-
cost-effective method for microarray-based gene eXpressionygy in areas ranging from molecular electronics to ultra-

profiling of individual patients. At present, the potential for ~ sensitive biosensors, but successful applications still await
a small set of 8- and 9-mer probes to identify every gene is yhe gevelopment of efficient methods for enhancing their
being investigated and should greatly simplify the probe ater solubility. The high affinity of pyrene toward carbon

set>® Another breakthrough in the technology of LNAS is  3notubets! is, in this case, of great use, since pyrene
their use in the discovery and determination of the respective gttached to LNA may serve as a linker to tether LNA-

functions of mIRNAs. Understanding the role of microRNAS - modified oligonucleotides to the surface of carbon nanotubes.
in the fundamental processes associated with complexgrafting of oligonucleotides not only increases the solubility
diseases such as asthma, chronic obstructive pulmonarnand biocompatibility of carbon nanotubes, but also provides

disease, cancer, chronic infections, and immune disordersthem with specific handles to make them suitable for several
may aid in disease diagnosis and prognosis and potentiallyapplications.

identify new therapeutic targets. The use of LNA-antagomirs
to target specific miRNAsn vivo represents an important

therapeutic strategy for silencing miRNAs in disease condi- assembly of nanoscale devidé&We suggest that LNAPNA
tions. hybrids may serve as more stable templates for organizing
Numerous other versatile applications of LNAs are nanoparticles and nanowires, quantum dots, carbon nano-
foreseen: The high binding affinity of LNA combined with  tubes, dendrimers, micron-sized polystyrene beads, and virus
retention of sequence specificity can be exploited to trap a particles, and for attaching nano- and micron-sized particles
number of biologically relevant secondary structures formed to substrates, thereby enhancing their physical stability
in both RNA and DNA, so that, for instance, short LNA- without the loss of chemical reactivity. In each of the
modified oligonucleotide stretches can be used to trap instances cited, nucleic acids act as templates to place
intramolecularly formed G-rich quadruplex motifs which are reactants in close proximity on hybridization, thereby
formed transiently in a number of cellular events such as facilitating chemical reactions. The stability of a LNANA
replication, recombination, transcription, and telomere elon- duplex is higher than the stability of individual LNERNA
gation, and are therefore thought to play important roles in or PNAsDNA. Also, stability equivalent to a DNSDNA
a number of biological processes. Targeting of these struc-duplex can be achieved with a LNRNA duplex of a
tures by high-affinity LNA-modified ODNs will promote  significantly shorter lengtf2 The LNAsPNA combination,
Watson and Crick base pairing over quadruplex formation thus, is a unique example of an orthogonal programmable
and will therefore have a profound effect in better under- assembler that can serve quite well as a replacement for DNA
standing and modulation of quadruplex-mediated biological in programmable assembly.
processes. Quadruplex-regulated gene expression can also LNA is, thus, likely to make a strong impact on every
be modulated by use of G-rich LNA-modified sequent®s,  sphere of biotechnology and medicine. However, a thorough
which are capable of forming quaduplex structures. Such understanding of the biophysical and molecular aspects of
multistranded LNA oligonucleotides can be used as aptamersthe hybridization thermodynamics of LNA is necessary for
to target transciption-activating proteins that normally interact facilitating its proper design and use in diverse applications.
with G-quadruplex structures to regulate a number of This will not only enable us to tune its architecture according
biological processes. This strategy thus allows the biological to the functional requirements, but also allow us to predict
application of LNAs as tools to design aptamer oligo- and design further analogues with better properties and higher
nucleotides. efficiency.

A possible application of LNA probes is in the field of

Substantial effort is also currently being applied to the
utilization of LNAePNA hybrids and to the programmed
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5. Abbreviations

LNA/DNA single-strand-containing LNA and DNA nucleotides
LNA-DNA double-stranded hybrid containg an LNA-modified
and a DNA strand

PS phosphorothioates

2'-O-Me 2-O-methyl RNA

FANA 2'-deoxy, 2-flouro-3-p-arabino nucleic acid

PNA peptide nucleic acids

SiRNA small interfering RNA

RISC RNA-induced silencing complex

AS antisense

AON antisense oligonucleotide

CD circular dichroism

NMR nuclear magnetic resonance

Tm temperature of melting

TFO triplex-forming oligonucleotide

PCR polymerase chain reaction

NF-«xB necrosis factorxB

Pfu Pyrococcus furiosuslerived DNA polymerase

Bal31 Alteromonas espejianderived endonuclease

Cv-1 cells derived from kidney of an adult male African
green monkey@ercopithecus aethiops

HelLa Henrietta Lack cervical cancer cells

MCF-7 epithelial breast cancer derived cell line

UTR untranslated region

SNP single nucleotide polymorphism

ICAM intracellular adhesion molecule

FISH fluorescence in situ hybridization

HLA-DQB1 major histocompatibility complex, class I, DQ beta 1

6. Acknowledgments
The authors acknowledge CSIR for financial support (OLP

0047) as well as Prof. Jesper Wengel (Nucleic Acid Center,

Southern Denmark University), Prof. S. P. Modak (Institute
of Genomics and Integrative Biology, Delhi, India), and Dr.

Beena Pillai (Institute of Genomics and Integrative Biology,

Delhi, India) for their valuable comments and encourage-
ments during manuscript preparation.

7. References

(1) Kurreck, J.Eur. J. Biochem2003 270, 1628.

(2) Marwick, C.J. Am. Med. Assod. 998 280, 871.

(3) Eckstein, FAntisense Nucleic Acid Drug e200Q 10, 117.

(4) Brown, D. A.; Kang, S. H.; Gryaznov, S. M.; DeDionisio, L.;
Heidenreich, O.; Sullivan, S.; Xu, X.; Nerenberg, MJIBiol. Chem.
1994 269, 26801.

(5) Baker, B. F.; Lot, S. S.; Condon, T. P.; Cheng-Flournoy, S.; Lesnik,
E. A.; Sasmor, H. M.; Bennett, C. B. Biol. Chem1997, 272, 11994.

(6) Sierakowska, H.; Sambade, M. J.; Agrawal, S.; KolePRxc. Natl.
Acad. Sci. U.S.A1996 93, 12840.

(7) Kang, S. H.; Cho, M. J.; Kole, RBiochemistry1998 37, 6235.

(8) Gryaznov, S.; Chen, J.-Kl. Am. Chem. S0d 994 116, 3143.

(9) Skorski, T.; Perrotti, D.; Nieborowska-Skorska, M.; Gryaznov, S.;
Calabretta, BProc. Natl. Acad. Sci. U.S.A997, 94, 3966.

(10) Nasevicius, A.; Ekker, S. QNat. Genet200Q 26, 216.

(11) Damha, M. J.; Wilds, C. J.; Noronha, A.; Bruckner, |.; Borkow, G.;
Arion, D.; Parniak, M. A.J. Am. Chem. S0d.998 120, 12976.

(12) Nielsen, P. EMethods EnzymoR00Q 313 156.

(13) Elayadi, A. N.; Corey, D. RCurr. Opin. Irvest. Drugs2001, 2, 558.

(14) Singh, S. K.; Nielsen, P.; Koshkin, A. A.; Olsen, C. E; Wengel, J.
Chem. Commuril99§ 4, 455.

(15) Koshkin, A. A; Singh, S. K.; Nielson, P.; Rajwanshi, V. K.; Kumar,
R.; Meldgaard, M.; Olsen, C. E.; Wengel, Tetrahedronl998 54,
3607.

(16) Koshkin, A. A.; Nielson, P.; Meldgaard, M.; Rajwanshi, V. K.; Singh,
S. K.; Wengel. JJ. Am Chem. S0d 998 120, 13252.

(17) Singh, S. K.; Wengel, £hem. Commuril998 12, 1247.

(18) Wengel, JAcc. Chem. Red.999 32, 301.

(19) Wengel, J.; Petersen, M.; Nielsen, K. E.; Jensen, G. A.; Hakansson,

A. E.; Kumar, R.; Sorensen, M. D.; Rajwanshi, V. K.; Bryld, T;
Jacobsen, J. Nucleosides, Nucleotides Nucleic Ac&f¥1, 20, 389.

Chemical Reviews, 2007, Vol. 107, No. 11 4695

(20) Wahlestedt, C.; Salmi, P.; Good, L.; Kela, J.; Johnsson, T.; Hokfelt,
T.; Broberger, C.; Porreca, F.; Lai, J.; Ren, K.; Ossipov, M.; Koshkin,
A.; Jakobsen, N.; Skouv, J.; Oerum, H.; Jacobsen, M. H.; Wengel,
J. Proc. Natl. Acad. Sci. U.S.£00Q 97, 5633.

(21) Obika, S.; Nanbu, D.; Hari, Y.; Andoh, J.; Morio, K.; Doi, T;
Imanishi, T.Tetrahedron Lett1998 39, 5401.

(22) Rajwanshi, V. K.; Hakansson, A. E.; Sorensen, M. D.; Pitsch, S.;
Singh, S. K.; Kumar, R.; Nielsen, P.; WengelAhgew. Chem., Int.
Ed. 200Q 39, 1656.

(23) Fluiter, K.; Frieden, M.; Vreijling, J.; Rosenbohm, C.; De Wissel,
M. B.; Christensen, S. M.; Koch, T.; Orum, H.; Baas,GhemBio-
Chem2005 6, 1104.

(24) Obika, S.; Nanbu, D.; Hari, Y.; Morio, K.; In, Y.; Ishida, T.; Imanishi,
T. Tetrahedron Lett1997, 38, 8735.

(25) Savy, P.; Benhida, R.; Fourrey, J. L.; Maurisse, R.; Sun,Bid®rg.
Med. Chem. Lett200Q 10, 2287.

(26) Obika, S.; Uneda, T.; Sugimoto, T.; Nanbu, D.; Minami, T.; Doi,
T.; Imanishi, T.Bioorg. Med. Chem2001, 9, 1001.

(27) Koshkin, A. A.; Rajwanshi, V. K.; Wengel, Jetrahedron Lett1998
39, 4381.

(28) Nielsen, P.; Wengel, JChem. Commurl998 23, 2645.

(29) Wengel, J.; Koshkin, A. A.; Singh, S. K.; Nielsen, P.; Meldgaard,
M.; Rajwanshi, V. K.; Kumar, R.; Skouv, J.; Nielsen, C. B.; Jakobsen,
N.; Olsen, C. ENucleosides, Nucleotides Nucleic Aciti899 18,
1365.

(30) Obika, S.Yakugaku Zass00Q 120, 147.

(31) Koshkin, A. A.; Fensholdt, J.; Pfundheller, H. M.; Lomholt, L.
Org. Chem.2001, 66, 8504.

(32) Pfundheller, H. M.; Lomholt, CCurr. Protoc. Nucleic Acid Chem
2002 4, 12.1.

(33) Rosenbohm, C.; Pedersen, D. S.; Frieden, M.; Jensen, F. R.; Arent,
S.; Larsen, S.; Koch, TBioorg. Med. Chem2004 12, 2385.

(34) Youssefyeh, R. D.; Verheyden, J. P. H.; Moffatt, JJ&rg. Chem
1979 44, 1301.

(35) Christensen, S. M.; Hansen, H. F.; KochQOrg. Process Res. De
2004 8, 777.

(36) (a)Vorbriggen, H.; Krolikiewicz, K.; Bennua, BChem. Ber1981,

114, 1234. (b)Vorbrggen, H.; Hdle, G. Chem. Ber1981, 114, 1256.

(37) Pedersen, D. S.; Rosenbohm, C.; KochSynthesi002 6, 802.

(38) Pfundheller, H. M.; Sorensen, A. M.; Lomholt, C.; Johansen, A. M.;
Koch, T.; Wengel, JMethods Mol. Biol.2005 288 127.

(39) Koshkin, A. A.J. Org. Chem2004 69, 3711.

(40) Braasch, D. A.; Liu, Y.; Corey, D. Rlucleic Acids Re2002 30,
5160.

(41) Kvaerno, L.; Kumar, R.; Dahl, B. M.; Olsen, C. E.; Wengel,JJ.
Org. Chem.200Q 65, 5167.

(42) Kurreck, J.; Wyszko, E.; Gillen, C.; Erdmann, V. Rucleic Acids
Res.2002 30, 1911.

(43) Elayadi, A. N.; Braasch, D. A.; Corey, D. Biochemistn2002 41,
9973.

(44) Obika, S.; Hemamayi, R.; Masuda, T.; Sugimoto, T.; Nakagawa, S.;
Mayumi, T.; Imanishi, T.Nucleic Acids Res. Sup®001, 1, 145.

(45) McTigue, P. M.; Peterson, R. J.; Kahn, J.Blochemistry2004 43,
5388.

(46) Kierzek, E.; Ciesielska, A.; Pasternak, K.; Mathews, D. H.; Turner,
D. H.; Kierzek, R.Nucleic Acids Re2005 33, 5082.

(47) Kaur, H.; Arora, A.; Wengel, J.; Maiti, Biochemistry2006 45,
7347.

(48) Christensen, U.; Jacobsen, N.; Rajwanshi, V. K.; Wengel, J.; Koch,
T. Biochem. J2001, 354, 481.

(49) Petersen, M.; Bondensgaard, K.; Wengel, J.; Jacobsen,JJAR.
Chem. So0c2002 124, 5974.

(50) Nielsen, K. E.; Rasmussen, J.; Kumar, R.; Wengel, J.; Jacobsen, J.
P.; Petersen, MBioconjugate Chenm2004 15, 449.

(51) Bondensgaard, K.; Petersen, M.; Singh, S. K.; Rajwanshi, V. K.;
Kumar, R.; Wengel, J.; Jacobsen, JO0Rem—Eur. J.200Q 6, 2687.

(52) Egli, M.; Minasov, G.; Teplova, M.; Kumar, R.; Wengel,Ghem.
Commun2001 7, 651.

(53) Nielsen, K. E.; Singh, S. K.; Wengel, J.; Jacobsen, Bi¢tonjugate
Chem.200Q 11, 228.

(54) Petersen, M.; Nielsen, C. B.; Nielsen, K. E.; Jensen, G. A;
Bondensgaard, K.; Singh, S. K.; Rajwanshi, V. K.; Koshkin, A. A.;
Dahl, B. M.; Wengel, J.; Jacobsen, J.J?Mol. Recognit200Q 13,

44.

(55) Jensen, G. A.; Singh, S. K.; Kumar, R.; Wengel, J.; Jacobsen, J. P.
J. Chem. Soc., Perkin Tran2001, 2, 1224.

(56) Vester, B.; Wengel, Biochemistry2004 43, 13233.

(57) Nielsen, J. T.; Stein, P. C.; Petersen, Nucleic Acids Res2003
31, 5858.

(58) Nielsen, K. M. E.; Petersen, M.; Hakansson, A. E.; Wengel, J.;
Jacobsen, J. Ehem—Eur. J. 2002 8, 3001.

(59) Obika, S.; Hari, Y.; Sugimoto, T.; Sekiguchi, M.; Imanishi, T.
Tetrahedron Lett200Q 41, 8923.



4696 Chemical Reviews, 2007, Vol. 107, No. 11

(60) Torigoe, H.; Hari, Y.; Sekiguchi, M.; Obika, S.; Imanishi,JI Biol.
Chem.2001, 276, 2354.

(61) Sun, B. W.; Babu, B. R.; Sorensen, M. D.; Zakrzewska, K.; Wengel,
J.; Sun, J. SBiochemistry2004 43, 4160.

(62) Brunet, E.; Corgnali, M.; Perrouault, L.; Roig, V.; Asseline, U.;
Sorensen, M. D.; Babu, B. R.; Wengel, J.; GiovannangelN@leic
Acids Res2005 33, 4223.

(63) Brunet, E.; Alberti, P.; Perrouault, L.; Babu, R.; Wengel, J.;
Giovannangeli, CJ. Biol. Chem2005 280, 20076.

(64) Kumar, N.; Nielsen, K. E.; Maiti, S.; Petersen, M. Am. Chem.
Soc.2006 128 14.

(65) Sorensen, M. D.; Kvaerno, L.; Bryld, T.; Hakansson, A. E.; Verbeure,
B.; Gaubert, G.; Herdewijn, P.; Wengel,JJ.Am. Chem. So002
124 2164.

(66) Fedoroff, O. Y.; Salazar, M.; Reid, B. R. Mol. Biol. 1993 233
509.

(67) Frieden, M.; Christensen, S. M.; Mikkelsen, N. D.; Rosenbohm, C.;
Thrue, C. A.; Westergaard, M.; Hansen, H. F.; Orum, H.; Koch, T.
Nucleic Acids Re2003 31, 6365.

(68) Morita, K.; Hasegawa, C.; Kaneko, M.; Tsutsumi, S.; Sone, J.;
Ishikawa, T.; Imanishi, T.; Koizumi, MBioorg. Med. Chem. Lett.
2002 12, 73.

(69) Lauritsen, A.; Dahl, B. M.; Dahl, O.; Vester, B.; WengelBioorg.
Med. Chem. Lett2003 13, 253.

(70) Frieden, M.; Hansen, H. F.; Koch, Nucleosides, Nucleotides
Nucleic Acids2003 22, 1041.

(71) Di Giusto, D. A.; King, G. CNucleic Acids Re2004 32, e32.

(72) Crinelli, R.; Bianchi, M.; Gentilini, L.; Magnani, MNucleic Acids
Res.2002 30, 2435.

(73) Suck, D.; Oefner, CNature 1986 321, 620.

(74) Suck, D.Biopolymersl1997, 44, 405.

(75) Jepsen, J. S.; Pfundheller, H. M.; Lykkesfeldt, ACHigonucleotides
2004 14, 147.

(76) Arzumanov, A.; Walsh, A. P.; Rajwanshi, V. K.; Kumar, R.; Wengel,
J.; Gait, M. J.Biochemistry2001, 40, 14645.

(77) Fluiter, K.; ten Asbroek, A. L.; De Wissel, M. B.; Jakobs, M. E.;
Wissenbach, M.; Olsson, H.; Olsen, O.; Oerum, H.; Baablu€leic
Acids Res2003 31, 953.

(78) Krieg, A. M. Nat. Med.2003 9, 831.

(79) Vollmer, J.; Janosch, A.; Laucht, M.; Ballas, Z. K.; Schetter, C.;
Krieg, A. M. Antisense Nucleic Acid Drug De2002 12, 165.

(80) Vollmer, J.; Jepsen. J. S.; Uhimann, E.; Shcetter, C.; Jurk, M.; Wader,
T.; Wullner, M.; Krieg. A. M. Oligonucleotide2004 14, 23.

(81) Braasch, D. A.; Corey, D. RBiochemistry2002 41, 4503.

(82) Hansen, J. B.; Westergaard, M.; Thrue, C. A.; Giwercman, B.; Oerum,
H. Nucleosides, Nucleotides Nucleic AcRI303 22, 1607.

(83) Simoes-Wust, A. P.; Hopkins-Donaldson, S.; Sigrist, B.; Belyanskaya,
L.; Stahel, R. A.; Zangemeister-Wittke, @ligonucleotides2004
14, 199.

(84) Zangemeister-Wittke, LAnn. N. Y. Acad. ScR003 1002 90.

(85) Mong, J. A.; Devidze, N.; Goodwillie, A.; Pfaff, D. WProc. Natl.
Acad. Sci. U.S.A2003 100, 5206.

(86) Charlier, T. D.; Ball, G. F.; Balthazart, Bleuroscienc006 140,
1381.

(87) Fluiter, K.; ten Asbroek, A. L.; van, G. M.; Nooij, M.; Aalders, M.
C.; Baas, FCancer Res2002, 62, 2024.

(88) Nulf, C. J.; Corey, DNucleic Acids Re2004 32, 3792.

(89) Grunweller, A.; Wyszko, E.; Bieber, B.; Jahnel, R.; Erdmann, V.
A.; Kurreck, J.Nucleic Acids Res2003 31, 3185.

(90) Jepsen, J. S.; Wengel,Qurr. Opin. Drug Disceery Dev. 2004 7,
188.

(91) Braasch, D. A.; Jensen, S.; Liu, Y.; Kaur, K.; Arar, K.; White, M.
A.; Corey, D. R.Biochemistry2003 42, 7967.

(92) Elmen, J.; Thonberg, H.; Ljungberg, K.; Frieden, M.; Westergaard,
M.; Xu, Y.; Wahren, B.; Liang, Z.; Orum, H.; Koch, T.; Wahlestedt,
C. Nucleic Acids Res2005 33, 43.

(93) Schwarz, D. S.; Hutvagner, G.; Du, T.; Xu, Z.; Aronin, N.; Zamore,
P. D.Cell 2003 115, 199.

(94) Khvorova, A.; Reynolds, A.; Jayasena, S.@ell 2003 115, 209.

(95) Santoro, S. W.; Joyce, G. Proc. Natl. Acad. Sci. U.S.A997 94,
4262.

(96) Vester, B.; Lundberg, L. B.; Sorensen, M. D.; Babu, B. R;
Douthwaite, S.; Wengel, J. Am. Chem. So2002 124, 13682.

(97) Schubert, S.; Gul, D. C.; Grunert, H. P.; Zeichhardt, H.; Erdmann,
V. A.; Kurreck, J.Nucleic Acids Re2003 31, 5982.

(98) Schubert, S.; Furste, J. P.; Werk, D.; Grunert, H. P.; Zeichhardt, H.;
Erdmann, V. A.; Kurreck, JJ. Mol. Biol. 2004 339, 355.

(99) Fahmy, R. G.; Khachigian, L. MNucleic Acids Re004 32, 2281.

(100) Childs, J. L.; Disney, M. D.; Turner, D. HProc. Natl. Acad. Sci.
U.S.A.2002 99, 11091.

(101) Arzumanov, A.; Walsh, A. P.; Liu, X.; Rajwanshi, V. K.; Wengel,
J.; Gait, M. JNucleosides, Nucleotides Nucleic AcRB01, 20, 471.

Kaur et al.

(102) Vickers, T.; Baker, B. F.; Cook, P. D.; Zounes, M.; Buckheit, R.
W.; Jr.; Germany, J.; Ecker, D.Nucleic Acids Res.991, 19, 3359.

(103) Arzumanov, A.; Stetsenko, D. A.; Malakhov, A. D.; Reichelt, S.;
Sorensen, M. D.; Babu, B. R.; Wengel, J.; Gait, MQligonucleo-
tides 2003 13, 435.

(104) Darfeuille, F.; Hansen, J. B.; Orum, H.; Di, P. C.; Toulme, J. J.
Nucleic Acids Res2004 32, 3101.

(105) Darfeuille, F.; Reigadas, S.; Hansen, J. B.; Orum, H.; Di, P. C;
Toulme, J. JBiochemistry2006 45, 12076.

(106) Elmen, J.; Zhang, H. Y.; Zuber, B.; Ljungberg, K.; Wahren, B.;
Wabhlestedt, C.; Liang, ZFEBS Lett.2004 578 285.

(107) Crinelli, R.; Bianchi, M.; Gentilini, L.; Palma, L.; Sorensen, M. D.;
Bryld, T.; Babu, R. B.; Arar, K.; Wengel, J.; Magnani, Mucleic
Acids Res2004 32, 1874.

(108) Chernolovskaya, E. L.; Koshkin, A. A.; Vlassov, V. Nucleosides,
Nucleotides Nucleic Acid2001, 20, 847.

(109) Hwang, J. T.; Baltasar, F. E.; Cole, D. L.; Sigman, D. S.; Chen, C.
H.; Greenberg, M. MBioorg. Med. Chem2003 11, 2321.

(110) Filichev, V. V.; Vester, B.; Hansen, L. H.; Abdel, Aal, M. T.; Babu,
B. R.; Wengel, J.; Pedersen, E. BhemBioChen2005 6, 1181.

(111) Jacobsen, N.; Bentzen, J.; Meldgaard, M.; Jakobsen, M. H.; Fenger,
M.; Kauppinen, S.; Skouv, Nucleic Acids Res2002 30, e100.

(112) Jacobsen, N.; Fenger, M.; Bentzen, J.; Rasmussen, S. L.; Jakobsen,
M. H.; Fenstholt, J.; Skouv, Llin. Chem.2002 48, 657.

(113) Orum, H.; Jakobsen, M. H.; Koch, T.; Vuust, J.; Borre, MCHin.
Chem.1999 45, 1898.

(114) Simeonov, A.; Nikiforov, T. TNucleic Acids Res2002 30, e91.

(115) Lattora, D.; Hopkins, D.; Campbell, K.; Hurley, J. BioTechniques
2003 34, 1154.

(116) Thomassin, H.; Kress, C.; Grange,Nucleic Acids Re2004 32,
e168.

(117) Mouritzen, P.; Nielsen, A. T.; Pfundheller, H. M.; Choleva, Y.;
Kongsbak, L.; Moller, SExpert Re. Mol. Diagn. 2003 3, 27.

(118) Grannemann, S.; Landt, O.; Breuer, S.; BlomekeCB. Chem.
2005 51, 1523.

(119) Arjomand-Nahad, F.; Diefenbach, K.; Landt, O.; Gaikovitch, E.;
Roots, I.Anal. Biochem2004 334, 201.

(120) Ugozzoli, L. A.; Latorra, D.; Puckett, R.; Arar, K.; Hamby, Knal.
Biochem.2004 324, 143.

(121) Letertre, C.; Perelle, S.; Dilasser, F.; Arar, K.; FachiM®l. Cell.
Probes2003 17, 307.

(122) Kiviniemi, M.; Nurmi, J.; Lovgren, T.; llonen, Clin. Biochem2005
38, 1015.

(123) Andersen, G.; Wegner, L.; Jensen, D. P.; Glumer, C.; Tarnow, L.;
Drivsholm, T.; Poulsen, P.; Hansen, S. K.; Nielsen, E. M.; Ek, J,;
Mouritzen, P.; Vaag, A.; Parving, H. H.; Borch-Johnsen, K.;
Jorgensen, T.; Hansen, T.; Pederserigpertensior2005 45, 565.

(124) Senescau, A.; Berry, A,; oit-Vical, F.; Landt, O.; Fabre, R.; Lelievre,
J.; Cassaing, S.; Magnaval, J.FClin. Microbiol. 2005 43, 3304.

(125) Dominguez, P. L.; Kolodney, M. ®ncogene005 24, 6830.

(126) Nagai, Y.; Miyazawa, H.; Huqun; Tanaka, T.; Udagawa, K.; Kato,
M.; Fukuyama, S.; Yokote, A.; Kobayashi, K.; Kanazawa, M.;
Hagiwara, K.Cancer Res2005 65, 7276.

(127) Silahtaroglu, A. N.; Tommerup, N.; Vissing, Nlol. Cell. Probes
2003 17, 165.

(128) Silahtaroglu, A.; Pfundheller, H.; Koshkin, A.; Tommerup, N.;
Kauppinen, SCytogenet. Genome Reéx)04 107, 32.

(129) Wang, L.; Yang, C. J.; Medley, C. D.; Benner, S. A.; Tan,JVN.
Am. Chem. So005 127, 15664.

(130) Tolstrup, N.; Nielsen, P. S.; Kolberg, J. G.; Frankel, A. M.; Vissing,
H.; Kauppinen, SNucleic Acids Res2003 31, 3758.

(131) Altschul, S. F.; Madden, T. L.; Schaffer, A. A.; Zhang, J.; Zhang,
Z.; Miller, W.; Lipman, D. J.Nucleic Acids Resl997, 25, 3389.

(132) Santalucia, J., JProc. Natl. Acad. Sci. U.S.A998 95, 1460.

(133) Allawi, H. T.; SantaLucia, J., JBiochemistry1997 36, 10581.

(134) Smith, T. F.; Waterman, M. S. Mol. Biol. 1981, 147, 195.

(135) Nussinov, R.; Shapiro, B.; Le, S. Y.; Maizel, J. V.,Math. Biosci.
1990 100, 33.

(136) Kaur, H.; Wengel, J.; Maiti, SBiochem. Biophys. Res. Commun.
2007, 352, 118.

(137) Jacobsen, N.; Nielsen, P. S.; Jeffares, D. C.; Eriksen, J.; Ohlsson,
H.; Arctander, P.; Kauppinen, Slucleic Acids Re2004 32, e64.

(138) Valoczi, A.; Hornyik, C.; Varga, N.; Burgyan, J.; Kauppinen, S.;
Havelda, Z.Nucleic Acids Re2004 32, e175.

(139) Thomsen, R.; Nielsen, P. S.; Jensen, TRNA2005 11, 1745.

(140) Wienholds, E.; Plasterk, R. HFEBS Lett.2005 579, 5911.

(141) Kloosterman, W. P.; Wienholds, E.; de Bruijn, E.; Kauppinen, S.;
Plasterk, R. HNat. Method2006 1, 27.

(142) Neely, L. A.; Patel, S.; Garver, J.; Gallo, M.; Hackett, M.;
McLaughlin, S.; Nadel, M.; Harris, J.; Gullans, S.; RookeNat.
Methods2006 3, 41.

(143) Castoldi, M.; Schmidt, S.; Benes, V.; Noerholm, M.; Kulozik, A.
E.; Hentze, M. W.; Muckenthaler, M. LRNA2006 12, 913.



Perspectives on Chemistry and Therapeutic Applications of LNA

(144) Nelson, P. T.; Baldwin, D. A.; Kloosterman, W. P.; Kauppinen, S.;
Plasterk, R. H.; Mourelatos, ZRNA 2006 12, 187.

(145) Naguibneva, I.; meyar-Zazoua, M.; Nonne, N.; Polesskaya, A.; Ait-
Si-Ali, S.; Groisman, R.; Souidi, M.; Pritchard, L. L.; Harel-Bellan,
A. Biomed. PharmacotheR006 60, 633.

(146) Orom, U. A.; Kauppinen, S.; Lund, A. K5ene2006 372 137.

(147) Chan, J. A,; Krichevsky, A. M.; Kosik, K. £ancer Res2005 65,
6029.

(148) Naguibneva, I.; meyar-Zazoua, M.; Polesskaya, A.; it-Si-Ali, S;
Groisman, R.; Souidi, M.; Cuvellier, S.; Harel-Bellan, Wat. Cell
Biol. 2006 8, 278.

(149) Latorra, D.; Arar, K.; Hurley, J. Mol. Cell. Probe2003 17, 253.

(150) Costa, J. M.; Ernault, P.; Olivi, M.; Gaillon, T.; Arar, KClin.
Biochem.2004 37, 930.

(151) Hummelshoj, L.; Ryder, L. P.; Madsen, H. O.; Poulsen, L. K.
BioTechniquef005 38, 605.

(152) Parekh-Olmedo, H.; Drury, M.; Kmiec, E. Bhem. Biol.2002 9,
1073.

(153) Andrieu-Soler, C.; Casas, M.; Faussat, A. M.; Gandolphe, C.; Doat,
M.; Tempe, D.; Giovannangeli, C.; Behar-Cohen, F.; Concordet, J.
P. Nucleic Acids Re2005 33, 3733.

(154) Hertoghs, K. M.; Ellis, J. H.; Catchpole, I. Rucleic Acids Res.
2003 31, 5817.

Chemical Reviews, 2007, Vol. 107, No. 11 4697

(155) Lundin, K. E.; Hasan, M.; Moreno, P. M.; Tornquist, E.; Oprea, |.;
Svahn, M. G.; Simonson, E. O.; Smith, CBiomol. Eng.2005 22,
185.

(156) Hrdlicka, P. J.; Babu, B. R.; Sorensen, M. D.; Harrit, N.; Wengel, J.
J. Am. Chem. So@005 127, 13293.

(157) Hrdlicka, P. J.; Kumar, T. S.; Wengel,Ghem. Commur2005 34,
4279.

(158) Schmidt, K. S.; Borkowski, S.; Kurreck, J.; Stephens, A. W.; Bald,
R.; Hecht, M.; Friebe, M.; Dinkelborg, L.; Erdmann, V. Nucleic
Acids Res2004 32, 5757.

(159) Moore, PNature 2005 435, 238.

(160) Randazzo, A.; Esposito, V.; Ohlenschlager, O.; Ramachandran, R.;
Mayola, L. Nucleic Acids Res2004 32, 3083.

(161) Ehli, C.; Rahman, G. M. A.; Jux, N.; Balbinot, D.; Guldi D. M.;
Paolucci, M.; Marcaccio, M.; Paolucci, D.; Melle-Franco, M.;
Zerbetto, F.; Campidelli, S.; Prato, M. Am. Chem. So@006 34,
11222.

(162) Ng, P.-S.; Bergstrom, D. Bano Lett.2005 5, 107.

CR050266U



