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Guidelines for Antisense Oligonucleotide Design 
and Insight Into Splice-modulating Mechanisms 
Annemieke Aartsma-Rus1, Laura van Vliet1, Marscha Hirschi1, Anneke AM Janson 2, Hans Heemskerk1, 
Christa L de Winter1, Sjef de Kimpe2, Judith CT van Deutekom2, Peter AC 't Hoen1 

and Gert-Jan B van Ommen 1 

'Department of Human Genetics, Leiden University Medical Center, Leiden, The Netherlands; ' Prosensa Therapeutics B. V., Leiden, The Netherlands 

Antisense oligonucleotides (AONs) can interfere with 
mRNA processing through RNase H-mediated degra­
dation, translational arrest, or modulation of splicing. 
The antisense approach relies on AONs to efficiently 
bind to target sequences and depends on AON length, 
sequence content, secondary structure, thermodynamic 
properties, and target accessibility. We here performed a 
retrospective analysis of a series of 156 AONs (1 04 effec­
tive, 52 ineffective) previously designed and evaluated 
for splice modulation of the dystrophin transcript. This 
showed that the guanine-cytosine content and the bind­
ing energies of AON-target and AON-AON complexes 
were significantly higher for effective AONs. Effective 
AONs were also located significantly closer to the accep­
tor splice site (SS) . All analyzed AONs are exon-internal 
and may act through steric hindrance of Ser-Arg-rich (SR) 
proteins to exonic splicing enhancer (ESE) sites. Indeed, 
effective AONs were significantly enriched for ESEs pre­
dicted by ESE software programs, except for predicted 
binding sites of SR protein Tra2fl, which were signifi­
cantly enriched in ineffective AONs. These findings com­
pile guidelines for development of AONs and provide 
more insight into the mechanism of antisense-mediated 
exon skipping. On the basis of only four parameters, we 
could correctly classify 79% of all AONs as effective or 
ineffective, suggesting these parameters can be used to 
more optimally design splice-modulating AONs. 

Received 4 July 2008; accepted 2 7 August 2008; published on/inc 
23 September 2008, doi: I 0, I 038/ml.2008.205 

INTRODUCTION 
Antiscnsc oligonuclcotidcs (AONs) arc useful tools to modulate 
gene expression in a sequence-specific manner (reviewed in ref. I), 
Generally, AONs arc used to induce gene knockdown through 
RNase H cleavage of DNA:RNA hybrids of an mRNA . In addi­
tion, mRNA translation can be arrested by stcric hindrance of the 
ribosomal complex by the AON. Finally, AONs can interfere with 
the splicing process to induce nonfunctional mRNAs that arc sub­
jected to the nonsense-mediated RNA decay pathway. Using the 
latter approach, it is also feasible to modulate alternative splicing, 

or to block aberrant, disease-causing splice sites (SSs). 2 ·1 hcsc 
mechanisms can be used for studies on developmental processes 
by allowing knockdown of genes at specific time points,-' or for 
therapeutic purposes. In fact, an RNase H-inducing AON is regis­
tered under the name Vitravenc to treat cytomegaloviral-induccd 
retinitis, and many AONs aiming at targeted gene downregula­
tion arc in late stage clinical trials mainly as putative anticancer 
drugs. 1 Splice-modulating AONs arc in early phase clinical trials 
for Duchenne muscular dystrophy (DM D). 1 Herc, the modulation 
of splicing (in this case the skipping of an cxon) aims to restore the 
disrupted dystrophin-rcading frame, allowing the generation of 
partly functional proteins and slowing down the severe, progres­
sive muscle wasting phenotype. 

Each antiscnsc mechanism requires stable and cflicicnt bind­
ing of the AON to its target sequence. One obvious determinant 
of AO N efficacy is the accessibility of the target (Supplementary 
Hgurc S l ). Several software programs arc available to predict 
the secondary structure of RNA, of which the 111-fold server 
is the most widely used. ' 'fhis server also provides a so-called 
SS-count for the target sequence, indicating the propensity of a 
nucleotide to be single stranded in a number of potential sec­
ondary structure predictions. ·1 his approach probably reflects 
the actual i11 vivo situation more closely than focusing only 011 

the most energetically stable structure. In addition, the stability 
and binding energy of the AON lo the target sequence inllurnce 
AON cllicienc y. ·1 hi.s depends 011 c,g., AON length and sequence 
constitution and the free energy of local structurcs. 1 To cllicicntly 
hind a largcl scquc1icc, the free energy of the AON-target com­
plex must be higher than that of the largcl complex and that of 
the AON . As AONs arc generally only 17-2:,-nucleotides long, 
tlwy arc unlikely to fc>rm stable secondary structures. I lowcver, 
most /\ONs can form AON-AON complexes with olhn /\ONs 
of the same sequence (S11pplc111c11lary Figure S2) . ·1 he soft­
ware program llNAstructurc •I.:, has a tool that provides the free 
energy of AON-AON complexes and AON-target complexes, in 
addition to the free energy of individual /\ONs and the largd 
sequence." 'Ihc aforementioned software programs (as well as 
others) can be used lo l'acililalc AON design (reviewed in rcC I). 
Nonetheless, none of them is I 00'¾, conclusive or predictive and 
in general a trial and error procedure is still involved lo identify 
potent AONs. 

Correspo111/e11ce: Annemieke Aartsma-Rus, Department of Human Genetics, Leiden University Mcc/ical Center, PO Box 9600, l'<Htzonc 54-1! 2 300 /IC, 
Leiden, The Netherlands . E-mail: a.m.rus@lumc.nl 
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