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Duchenne muscular dystrophy (DMD) is ca used by the lack of functional dystrophin protein, most com­
monly as a result of a range of out-of- frame mutations in the OMO gene. Modulation of pre-mRNA splic­
ing with anti sense oligonucleotid es (AOs ) to res tore the reading frame has been demonstrated in vitro 
and in vivo, such that truncated but functiona l dystrophin is expressed. AO- induced skipping of exon 
5 1 of the OMO gene, w hich could trea t 13% of DMD patients, has now progressed to clinical trials. We 
describe here the methodical, cooperative compari so n, in vitro ( in DMD ce ll s) and in vivo ( in a tran sgenic 
mouse expressing human dystrophin ), of 24 AOs of the phosphorodiamidate morpholino oli gomer (PMO) 
chemistry designed to targe t exon 53 of the OMO gene, skipp ing of whi ch cou ld be potentially app li cab le 
to 8% of patients. A number of the PM Os tested should be considered worthy of development for clinica l 
trial. 

1. Introduction 

Duchenne muscular dystrophy (DMD) is a ,eve, ' musc lr wast 
ing disease, affecting I :3500 live mal r bi,th s, ca used by the l,1ck of 
functional dystrophin prot r in in skrlrtal mu sc l 'S, ,is a result of 
frame-di srupting de let ions or clupli ca t ion s or, lrss common ly, non 
sense or missense mutati ons in the OM/J gene I 11. MuI,111ons th ,1 1 
maintain the reading fram e or th r grnr and ,1 llow expre,, ion of 
semi - functional, but internally-delr ted dy, trophin are gener,1lly 
assoc iated with the lrss srvrrr Brcker muscular dystrophy 
(BMD) 11 ,2 1. 

Transforming an out-of- framr DMD mutation into its in- fram e 
BMD counterpa rt with anti se nse oligonucleot ides (AOs) is the ba sis 
of the potentially exc iting exon skipping therapy for DMD (re­
vi ewed by Muntoni and Wells) 131. The hybridiza ti on of AOs to spe­
cific RNA sequence motifs prevents assemb ly of the spliceosome, 
so that it is unable to recogni se the target exon(s) in the pre-mRNA 
and include them in the mature gene transcript 14,5 ]. AOs have 
been used to induce skipping of spec ific exons such that the read­
ing fram e is restored and truncated dystrophin expressed in vitro 

Corresponding au thor. Tel. : +44 (0)1784 443870: fax: +44 (0)1784 4 14224. 
E-mail address: g.dickson@rhul.,1c.uk (G. Dickson ). 

' These aut hors contribut ed equally 10 1his paper. 

0960-8966/$ · see front 1na11 er " 2009 Elsevier 13.V. All rigl1ts reserved. 
doi : I 0. 101 6/j .nrncl.2009. 10.0 13 

([) 2009 Elsevi er B.V. All rights reserved. 

in DMD patient cells 16,5,7- 9 ], and in anima l models of the disease 
in vivo 14,10- 131. 

Initial proof-of-principle clinica l trial s, using two different AO 
ch ·mistri es (phosphorothioate- linked 2'-O-methyl modified bases 
(2'OMe l>S) I I4I and phosp horod iam idate morpholino oligomer 
( PM O) 11 51) for I hr targe ted skipping of exon 51 of the OMO gene 
,1lI er intr,1 muscular injection, have been performed recrntly with 
encou,aging r suits. Whi le both chemi stri es hav exce llent safety 
profilrs I 16, 17 I, J>MOs appear to producr more cons is ten I and sus-
1,1incd rxon skipping in th r mclx mouse modr l of I MD I I8- 201, in 
humdn mu sc le rx plant , 12 1 I, and dy, trophic canine musc lr cr ll s 
in vi tro 1221. I lowever, for so me human •xons, 2'OMrPS and 
PM O AON s perform ·cl equally wr ll I 171, ince the mutations that 
ca usr DMD arr so clivr rse, or those DMD pa1i 0 n1 s with genomic 
dr l tions, skipping or rxon 5 1 would h,,v, 1hr pot ential 10 Irr,1 1 
only 13% of such patient s on the Lr id n DMD cl at,1b,1se 12'3 1. ,incl 
I r:: % of such patients on th r UM D DMD Fr,rnce mul,1t ion~ clat ,1b,1se 
(see http ://www.umd.b /D MD/4A l'ION/W MONO ). Although any 
predi ctions on the frequency of mutati ons and pr rcrntag or skip­
pabl e pati ents should be viewed w ith ca ution , it is undeni.:tbl r that 
the continued development and analysis of AO · for the targeting of 
other DMD exons is vital. 

Here we report the compara ti ve ana ly is of,, seri es of PM Os tar­
geted to exon 53, skipping of which wou ld have the potential to 
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treat a further 8% of DMD patients with geno111ic deletions on the 
Leiden database 123 1. and a further 13.5% of patients on the 
UMD-DMD France 111utations data base (see http: //www.umcl.be/ 
DMD/4ACrJON /W_MONO ). PMOs des igned and previously te tecl 
in normal human skeletal muscle cell s (hSkMCs) for the targeting 
of exon 53 I 24 I were furth er studied here in cell s from a DMD pa­
tient with a relevant deletion (clel 45- 52). These PMOs were di ­
rectly compared to a PMO based on a AO previously identified as 
being the most bioactive by Wilton et al. I25 I. Time-course studi es 
were performed to evaluate the persistence of skipping and close­
responses were exa mined. Findings from these experiments were 
supported by in vivo studi es in a mouse model tran sgenic for the 
entire human clystrophin locus 11 21. Col lectively, thi s work reports 
a nu111ber of PMOs ab le to produce targeted skipping of exon 53 to 
levels that would suggest them worthy of consideration for 
upcoming PMO clini ca l trial s. 

2. Materials and methods 

2. I. AO design 

All AOs were synthesized as phosphoroclia111idate morpholino 
oligomers (PMOs) by Gene Tools LLC (Philomath OR, USA). 

2.2. DMD patient primmy myoblast culture 

Skeleta l musc le biopsy samples were taken from a diagnostic 
biopsy of the quadriceps from a DMD patient with a deletion of 
exons 45- 52. Informed consent was obtained before any process­
ing of samples, and all work was ca rri ed out with the approval of 
the institutional ethi cs committee. Muscle precursor cells were 
prepared from the biopsy sample by sharp dissection into I mm 3 

pieces and disaggrega ted in solution conta ining HEPES (7.2 mg/ 
1111 ), NaCl (7.6 mg/ 111I ), KCI (0.224 111g/ 111l ), glucose (2 111g/ml ), Phe­
nol reel ( 1.1 pg/ml ), 0.05% Trypsin- 0.02% EDTA ( lnvi trogen, Paisley, 
UK) in cli still ecl water, three times at 37 °( for 15 111in in Whea ton 
nasks w ith vi gorou s stirring. Iso lated ce lls were plated in non­
coa ted plastic nasks and cu ltured in Skeleta l Muscle Growth Media 
(Promocell, Heidelberg, Germany) supplemented with 10% Foetal 
Bovine Serum (PAA Laboratories, Yeovil, UK), 4 111M L-glutamine 
and 5 pg/111I genta111ycin (S igma- Aldrich, Poole, UK) at 37 °C in 
5% CO2. 

2.3. Nucleof ection of OMO prima,y myoblasts 

Between 2 x 105 and 1 x 106 ce ll s/ml were pelleted and resus­
pended in I 00 pl of so lution V (Amaxa Biosystems, Cologne, Ger­
many ). The appropriate PMO to skip exon 53 was added to the 
cuvette provided, sufficient to give the concentrations described, 
followed by the ce ll suspension, and nucleofected using the Ama xa 
nucleo fector 2, program B32. Five hundred microliters of mecliu111 
was aclclecl to the rnvette i111111ed iately following nucleofection 
126 1. Thi s suspension was transferred to a 6 well plate in differen­
liJtion medium. Nucleofected cell s were 111aintained in differenti ­
ation media for 3- 21 days post treatment before extraction of 
RNA or protein. Transfections were performed blindly and in each 
experiment in tripli cate. Each experiment was repea ted at leas t 
once to ensure reproducibility of results. 

2.4. Lc1c1c11e dehydrogenase cyrotoxicity assay 

A sampl e of medium was taken 24 h post- transfection to assess 
cy totoxicity by release of lactate clehyclrogenase (LOH ) into the 
111 eclium , using the LOH Cytotoxic ity Detection Kit (Roche, Burgess 
Hill , UK), fo llowing the manufacturer's instructions. The mean of 

three readings for each sample was record ed, with medium only, 
untreated and dead con trol s. The readings were normali sed for 
background (minus medium only) and percentage toxicity ex­
pressed as l (sa mple-untrea tecl )/( cleacl -untrea tecl ) x lOOJ. 

2.5. Transgenic lwman OMO mice 

A tran sgenic mouse express ing a complete copy of the human 
OMO gene has been generated I 12,27 ]. Experiments were per­
formed at the Leiden Unive rsity Medical Center, with the authori ­
zation of the Animal Experim ental Commiss ion (UDEC) of the 
Medica l Farnlty of Leiden University as described prev iously I 9 J. 
Twenty micrograms of each PMO was injected once in to two gas­
trocnemius musc les , pretreated with ca rdiotoxin. Mice were sacri ­
fi ced 1 week after the injection, and RNA harvested from the 
iso lated gastrocnemius muscles and analysed by RT-PCR. 

2.6. /?NA isolation and reverse tmnscriplion -polymemse chain reaaion 
c11wlysis 

RNA was iso lated and ana lysed by RT-PCR, as described previ ­
ously 19]. Primer seq uences and detailed PCR protoco ls are avai l­
ab le on request. PCR products were analysed on 1.5% (w/v) 
agarose gels in Tris- borate/EDTA buffer. Sk ipping effic iencies were 
determined from gel images by comparing induced shortened dys­
trophin mRNAs to the intact transcript of the full length using den­
sitometric analysis with Image J so ftware (for patient sa mples) or 
by quantifying the skipped products w ith ONA 1000 LabChip Kit 
on the Agilent 2100 bioanalyzer (Agilent Technologies, USA) ( for 
hDMD mouse samples). Sk ipping percentages were ca lcu lated as 
the amount of skip tran scripts relative to the total tran scripts (s kip 
and full length ). Equa l amounts of the induced and intact tran­
scripts would be rega rd ed as representing 50% effici ency, w hile 
an estimate of 25% exon skipping wou ld be represented by the in ­
tact tran script being three times more abundant than the band 
representing the induced transcript. Likewise, if the induced tran­
script was present at three times the level of the intact transcript, 
the exon skipping effi ciency would be assessed to be 75%. Where 
appropriate, the two-tailed student's I- test was used to determine 
the stati sti cal strength of the sk ipping efficiencies produced. 

2. 7. Sequence analysis 

RT- PCR products were exc ised from agarose gels and extracted 
with a QIAqu ick ge l extract ion kit (Qiagen, Crawley, UK). Direct 
DNA sequencing was ca rri ed out by the MRC Genomics Co re 
Facility. 

2.8. Western blot analysis of dyslrop/Jin protein 

DMD patient cell s, transfected as described and cultured in dif­
ferentiation medium, were harvested 7, 14 or 2 1 clays post- trans­
fection. Cells (4 x 105) were pelleted and resuspended in 50 pl or 
load ing buffer (75 mM Tri s- HCI pH 6.8, 15% sodium clodecyl sul ­
phate, 5% ls-mercaptoethanol, 2% glycero l, 0.5% bromophenol blue 
and complete mini protease inhibitor tablet). Sa mples were incu­
bated at 95 °C for 5 min and centrifuged at I 8,000g for 5 min. 
Twenty microliters of sample was loaded per w ell in a 6% poly­
acrylamide gel with 4% stacking gel. Protein from CHQ5B ce ll s dif­
ferentiated for 7 clays was used as a positive control for clystrophin. 
Gels were electrophoresecl for 5 hat 100 V before blotting on nitro­
cellulose membrane at 200 mA overnight on ice. Blots w ere stained 
w ith protogo lcl to assess protein loading, then blocked in 10% non­
fat milk in PBS with 2% Tween (PBST) for 3 h. Blots were probed 
with antibod ies to dystrophin, NCL-DYSl (Vector Labs, Peterbor­
ough, UK) diluted 1 :40 and to dysferlin, Hamletl (Vector Labs) 
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diluted 1 :300 in 3% non-fat milk/PBST. An anti -mouse, biotinylated 
secondary antibody (diluted 1 :2000; GE Healthcare, Amersham, 
UI<) and streptaviclin /horse radi sh peroxidi se conjugated antibody 
( 1: 10,000; Dako, Ely, UI<) allowed vi suali sa tion in a luminol-HRP 
chemiluminescence reaction (ECL-Plus; GE Healthca re) on Hyper­
film (GE Healthcare), exposed at intervals from IO s to 4 min. 

2.9. Statistirnl analysis 

For the blind comparison at 300 nM in DMD patient cells, data 
from two separate experiments performed in duplicate and tripli ­
cate respectively were pooled and compared by two-tai led student 
t- test. Dose- response and time-course experiments were com­
pared by two-tail d, paired 1-tcst. 

3. Results 

Twenty-four AOs clesignecl to target exon 53 of the OMO gene 
have been previously tested in normal human skeletal musc le ce ll s 
(hSkMCs) 124,25). Table 1 summarises the names and targe t se­
quence characteristics of these AOs (shown in bold ), and % skipping 
produced by each in normal hSkMCs. However, studies in normal 
hSkMCs are limited as they clo not allow assessment of the thera­
peutic effect at the protein level ( i.e. clystrophin restoration ). Fur­
ther studies have therefore been performed here to elucidate and 
confirm which AO(s) would have the potential as a trea tment for 
patients with an eligible deletion. AOs, whose target sites are with ­
in the sequence +29 to + 74 of exon 53 , the region previously shown 
to be in open confo rmati on, binding to which interferes with 
spli ceosome-mecliated pre-mRNA spli cing, such that exon 53 is 
skipped 124,25 I, were directly compared in exon 53-skippable pa­
tient ce ll s (at UCL), and in the humanised DMD (hDMD) mouse (at 
LUMC). The AOs were all synthesized as PMOs to all ow direct com­
pari son or skipping effi cacy. While PMOs were hybridized to 
mixed-backbone DNA leashes in the previous study I 24), the nucle­
ofection method used here was performed on unleashed PMOs. 

3. 1. Comparison of PMOs 10 exon 53 in ()Ml) pcrcient ce lls 

Our compa rative eva luation of l'MO inclucecl exon skipping effi 
ciencies was perform ed in a blinded f,1 shion. /\ II t1a11 ~fcctio11 s were 
performed in tripli ca te and repe,1tecl Jl lec1 st once to emu 1c unifor 
mity of results. Skipping effi ciencies were determined from In PCR 
ge l images by comparing induced shortened clystroph1n ml~N/\s to 
the intact full length transcript using clcn~itometril ,111.ilysis, as cle 
scribed prev iously 125 I. Seq uencing of RT- l'CR products confi1 med 
the targeted skipping of exon 53 ( result s not shown ). For quJntifi ­
ca tion , the sk ip-products were a11 Jlysecl using densitometric ,rna l­
ys is witl1 Image J so ftware. Thi s technique for quantifyi ng skipping 
effi ciencies of AOs targeted l o the DMD gene has been publi shed 
previous ly /9, l 7/. Rea l-lime PCR quantification of int.let and in­
clucecl transcripts has proven to be imposs ible clue to a number 
of obstacles (variation of ampli fication effi ciencies of each tran ­
script, poss ible interference of intact and induced transcript prim­
ers/probes with each other) ( results not shown). No DMD exon 
skipping studies thus far reported have included rea l- time PCR 
quantification of AO efficacy, and we believe we have used the best 
method avai lable for quantificat ion. Sk ipping effi ciency is given as 
the percentage of skip transcript over the total amount of tran­
script (sk ip and fu ll length). AOs were sub-divided on the basis 
of their skipping efficiency. PMOs that produced over 50% exon 
skipping w ere des ignated as Type I , those that produced between 
25% and 50% exon skipping w ere described as Type 2, while those 
that produced less than 25% as Type 3. Where appropriate, the 

two- tail ed student's t- tes t was used to assess signifi ca nt differ­
ences between AOs. 

The 13 PMOs, whose target sites are within the sequence +29 to 
+ 74 of exon 53, were com pa reel directly at a 300 nM close by nucle­
ofection [26 1. Thi s dose was se lected for comparison, since such 
concentrat ions of AOs have been used in numerous previous exon 
skipping studies in DMD 15,6,91. PMOs-G, -Hand -A w ere the most 
efficient, producing a mea n of 73% (±4.10%), 68% (±4.77%) and 68% 
(±4.14%) exon skipping respectively ( class ified as Type I ) (Fi g. I ). 
The other PMOs tested produced the following exon skipping lev­
els: PMO- 1, 63% (±7.5%); PMO-B, 56% (±6.29%): PMO-M, 52% 
(±10.78%) (all class ified as Type 1 ); PMO-J, 37% (±4.95%); (classified 
as Type 2). All other PMOs tes ted gave exon skipping at leve ls of 
between 15% and 26%. When compared by two- tai led student r­
tes t, PMO-G ( the most effi cient PMO) gave signifi cantly higher lev­
els of exon skipping than PMOs -C (p < 0.0001 ), -D (p < 0.0001 ), -E 
(p < 0.0001 ), -F (p < 0.000 I ), -J (p = 0.0005 ), - I< (p = 0.0002) and -L 
(p < 0.0001 ), but was not significantly more effective than the other 
PMOs tested. The more effi cacious PMOs should produce sustained 
and pronounced exon skipping when applied at lower concentra­
tions. Therefore, the six most effective PM Os ( i.e. Type 1) (-A, -B, 
-G, -H, - I and -M) were se lected for dose- response and time-course 
experiments. 

When the concentrJtion dependence of exon skipping was 
examined for the most efficient PMOs, skipping levels approaching 
30% were ev ident for the Type 1 PMOs -G and -H at concentrations 
as low as 25 nM (Fig. 2a, b). The other PMOs classified as Type 1 
(PMOs -A, - B, - I and -M ) dicl not induce such levels of exon skipping 
when used at lower concentration s. Similar leve ls of skipping (30%) 
were on ly achieved by PMO-A, PMO-B and PMO-M at 100 nM, 
whil e PMO-1 needed to be present at 200 nM to produce over 
30% exon skipping (Fig. 2a, b). Thi s is why the concentration 
dependence of exon skipping is a valuable tool in ascertaining 
the most efficient AO(s). 

The exon skipping proclucecl by the six Type 1 PMOs was shown 
to be persistent, lasting for up to 10 clays after transfection, with 
over 60% exon skipping observed for the lifetime of the cu ltures 
for PMOs -A, PMO-G and PMO-H (Fig. 3a, b ). When compared by 
two- tai led, paired f-test across all time-points, PMO-G gave signif­
ica ntly higher level s of skipping than PMOs -B, -H, - I and -M 
(p = 0.0004, 0.01 26, 0.0008 and 0.0004, respectively ) ancl bordered 
on signifi ca nce for PMO-A (p = 0.0550). Three of the most effective 
Type I PMOs (-A, -G and -H) were also compared in a longer time­
course experiment up to 2 1 days after transfection (Fig. 3c, d). 
l'MO G gave sustained high leve ls of exo n skipping (over 60%) 
for the 2 1 clays whereas skipping by PMOs -A and -H had fallen 
10 '18% and 46%, respect ively by clay I 7. When compared by two­
tail ecl, paired /- test across all time-points, PMO-G gave signifi ­
can tl y higher leve ls or skipping than PM Os -A and -H (p = 0.0422 
.:i ncl 0.023 1, respect ive ly ). There was no evidence that any oft he 
PMOs test ·cl ca us ·cl ce llul ,1 r cyto loxici ty relative to mock- I ran sfec­
tecl controls, as assessed by visual in specti on, ,incl l,ir t,1 tr cl ehyclro 
genase release into culture medium (res ult s not shown). The 
relative effi cacy or the six Type I PMOs in the clir ct compari son, 
close- response and time-course ,1ssays is summarised in Fig. 4a. 
Exon 53 skipping by PMO-G is us •cl as I h b.:i se line se t at I 00%. 
Thi s clea rly shows the PMO-G outperforms the other Type I t'MOs 
in vitro in pJtient ce ll s. However, it should al ·o be noted thJt J 
number of the other Type I PM Os, namely PMO-/\ .:i ncl PMO- 11. al so 
appear to perform very we ll Jcross these three com parative t sts. 

The most effective Type I PMO (PMO-G) from the time-cou rse 
experim ents was compJred to the most effective PMO to skip exon 
5 1 that has been taken forward lo clini cJ I tri al, in DMD pJtient 
cells with an amenable mutation (del 45- 52 for exon 53 skipping 
and cl el 48- 50 for exon 5 1 skipping) in a close- response experi ­
ment from 25 to 400 nM (see Fig. 4b ). PMO-G gave higher I vels 



I..}. PopplC'we/1 et a/./Ne11 ro m11scu/111· Disorders 20 (20 10) 102- 11 0 105 

Table 1 

Tab le summ.iri sing Jh ' chM,1c1cri~I ics or PMOs used. Charac1eri sIics or 1l1c PMOs ,ind 1hei r target siIes li s1ed (rakcn from 1241). 

PMO % Pos i t ion %CC Exon-PMO PMO-PMO % Open'' Ends in % Overlap 
Ski p 

Sta n End 
bind ing bi nd ing open w irh hybrid . 
energy energy loops·' pea k 

( Cl) 

A h53 A I 12.7 +35 +59 52 38.6 17.4 50 2 92 
B h53 A2 9.7 +38 +62 56 36. 1 17.4 46.7 I 100 
C h53A3 2.0 +4 1 +65 56 36.7 13.7 36.7 0 0 
D h53 /\4 10.5 +44 +68 48 34.3 8.5 20 0 100 
E h53 A5 9.0 +47 +7 1 48 35.5 8.5 43.3 2 100 
F h53A6 0.3 +50 +74 48 35.3 8.5 43.3 2 92 
N h53B I 0 +69 +93 28 22. 1 - 12. 1 53.3 0 
0 h53 B2 0.6 +80 + 104 48 30. 1 11.3 23.3 0 
p h5383 3.0 +90 + I 14 48 34.5 5.5 48 2 0 

Q h53C I 0 + 109 + 133 48 32.4 9.8 46.7 2 0 
R h53C2 0 •· 11 6 + 140 56 31.3 12.7 33.3 0 

s h53C3 0 + 128 + 152 60 34.6 13.7 26.7 0 
T 11 53 D I 0 + 149 + 173 52 34 .1 13.4 30 I 0 
u 1153 D2 0.9 + 158 + 182 48 36.5 14.5 40 2 0 

V 11 53 D3 3.7 + 170 + 194 36 34.3 \ 1.2 40 0 

w 11 53 D4 12.3 + 182 +206 32 30.9 9.2 63.3 0 
X 11 53 D5 7.9 + 188 +2 12 36 3 1.5 3.3 66.7 0 
G h53 A30/ I 52.4 +30 +59 50 48. 1 17.4 56.7 92 
H h53A30/2 87.2 +33 +62 53 45.1 17.4 63.3 100 

h53A30/3 80. 1 +36 +65 53 44.6 17.4 53.3 100 

h53A30/4 38.6 +39 +68 50 43.4 17.4 43.3 100 
I{ h53A30/5 9.4 +42 +7 1 47 42.4 11.3 46.7 JOO 
L h53 A30/6 35.9 +45 +74 47 42.3 8.5 56.7 I JOO 

M H53 A N/D +39 +69 52 48.5 17.4 48.4 2 100 

PMO 11 Rescue % Overlap % Over lap w irh ESE fi nder va lues over threshold" 
ESE sites w irh Rescue 

PESE PESS SF2/ASF 
ESE 

BRCA I SC35 SRp40 SRp55 Tra 2B 9GS 

(b) 
A h53A I 7 56 84 0 6.58 7.26 0 3. 12 0 24.04 19.02 

B h53 A2 4 32 72 0 6.58 7.26 0 3. 12 0 7.25 19.02 

C h53 A3 3 32 60 0 6.58 7.26 0 3. 12 0 7.25 11.9 

D h53 A4 4 28 48 8 6.58 7.26 0 3. 12 0 7.25 11.9 

E h53A5 3 36 36 20 6.58 7.26 0 3. 12 0 7.25 11.9 

F h53 A6 2 36 28 32 6.58 7.26 0 0 0 7.25 11.9 

N 1153 8 1 5 56 40 40 0 9.26 3.62 10.66 0 5.06 I . I 

0 h53 B2 5 60 60 0 0 9.26 3.62 4.73 0 5.06 8.28 
p h53 B3 8 72 64 0 3.49 9.26 3.44 4.73 0 24.04 28.68 

Q h53C I 6 52 72 0 4. 19 6.72 0 2.04 0 24,04 28.68 

R h53C2 I 24 60 0 4. 19 6.72 10.2 4.38 0 0 8.28 

s h53C3 I 24 32 0 3.49 6.4 1 10.2 4.38 6.86 0 14.1 8 

T h53 D I 4 40 32 0 0.52 0 18.68 0 6.86 0 12.7 1 

u h53D2 6 44 32 0 0.52 1.8 18.68 0.42 0 0 12.7 1 

V h53 D3 9 64 0 0 0 1.8 0 6.95 0 24.04 10.49 

w h53 D4 16 96 24 0 8.5 11.95 0 7.67 0.33 24 .04 7. 14 

X h53 D5 14 92 44 0 8.5 11 .95 0 7.67 0.33 24.04 7. 14 

G h53 A30/ I 9 60 86 0 6.58 7.26 0 3. 12 0 24.04 19.02 

H h53A30/2 8 53 77 0 6.58 7.26 0 3. 12 0 24.04 19.02 

I h53 A30/3 6 43 67 0 6.58 7.26 0 3. 12 0 24.04 19.02 

J h53 A30/4 4 43 57 7 6.58 7.26 0 3. 12 0 7.25 11 .9 
I{ h53 A30/5 5 47 47 17 6.58 7.26 0 3. 12 0 7.25 11.9 

L h53A30/6 5 48 37 27 6.58 7.26 0 3. 12 0 7.25 11.9 

M H53A 4 45 58 10 6.58 7.26 0 3. 12 0 7.25 11.9 

Alph,1beti ca l codes shown in bold represent the PMOs compared in t hi s present study. 
·' C.1lcu latecl as% of PMO target site in open structures on predicted RN A secondary srru crure oblained using MFOLD analys is. The pos it ion or t he PM O ra rge l sit es relali ve Jo 

open loops in 1 he l<NA ;econclary structure is listed (0. no ends in open loops; I, one end in an open loop ; 2, both ends in open loops). 
" In our analyses. SR bi nding si tes were pred icted using spl ice sequence find er (http ://www.umcl .be/SSF/) so frwa re. Va lues above t hreshold are given ror l'MOs w hose 

targe t sit es cove r 50% or more of potential binding sites fo r SF2/ASF, BRCA I , SC35, SRp40, SRp55, Tra2Jl and 9G8. 

or skipping at all doses tes ted. When compared by two- ta iled. 
pa ired t-tes t, PMO-G across all concent rations used, gave signifi ­
cantly higher levels of skippi ng than h51A (p ; 0.0033 ). 

Wes tern blot ana lysis of DMD patient (de l 45- 52 ) ce ll lysates, 
treated in cul ture with the Type 1 25mers (PMOs -A and-B) and 
30mers (-G , -H, -I and -M) is shown in Fig. Sa. De novo express ion 
of dystrophin protein was evident w i th all six PMOs. bu t was most 
pronou nced w ith PMOs -H. -1. -G and -A. producing 50%, 45%, 33% 
and 26% dystroph in ex press ion. respectively, relati ve to the posi­
tive cont rol. and seemingly weakest w ith PMO-B and PMO-M 

( 11 % and 17% dystrophin express ion respectively, relative to the 
posit ive contro l). Al though there are limi tat ions to quantifyi ng 
Western blots of this nature, the quali ta ti ve importa nce of the data 
holds. 

3.2. Comparison of PMOs to exon 53 in hunw nised DMD mouse 

The hDM D mouse is a valuable too l fo r study ing the process ing 
of the human DMD gene in vivo, and as such provi des a model fo r 
studying the in vivo action of PM Os, pri or to cl inical test ing in 
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Fig. 1. Blind compa rison of 13 l'MO oligonucleo1icle sequences 10 skip human exon 53. Myoblas l s derived rrom a DMD pari ent ca rryin g a deletion of clyst rophi n exons 45 - 52 
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Fig. 2. Dose- response of the six best-perfo rming PM Os. (a) Myoblas1s derived from a DMD pal ienl carry ing a clele1ion or clys1 rophin exons 45 °2 were I ran sfcc1ccl w il 11 1l1e 
six best-performing l'MOs by nucleo fection, at closes ranging from 25 to 400 nM . RT- l'CR products derived from RNA iso lated rro111 cells ] clay s post 1r,111 sfecI ion w ere 
separa ted by agarose gel elect rophoresis. (b) The percentage of exon skipping observed is ex pressed for each concentral ion of each !'MO ,is ,1 co1r1p,1rison or I he percenl ,1gc OD 
or skipped and unskippecl band, as measured using Image J. (c) Dara for each PMO over 1he range or cl oses w ere poo led ,,ml comp,1 rccl by 1wo 1.1ilccl, p.ii rccl S1uclen1 1 Ics1. 
PMO-G gave significanrly higher effi ciency than PMOs A and B ( p < 0.05 ) bu1 did 1101 give signifi can ll y higher efn cacy 1h,111 l'MOs 11 , I ,111cl M . 



LJ. l'opp/cwe// et o/./Ne11ron111srn /w· Disorcle,·s 20 (2010) 102- 110 107 

a 

b 

A 

B 

G 

90 

1: so I 
i 10 I 

..0 
0 60 

! so I 
£ 40 I 
1 30 I 
i 20 I 
U) 

* 1: I 
D1 D2 D3 D4 D7 D10 

Days post transfection 

-------• _______ .. 
_!!## ........... ... . ------

H 

M 

.:.. ww•• ••ti 
- ..... w ... --

e 

I ■ A 
□ B 

l □ G 
O H i ~, 

l1 ■ M 

C ao 

] 10 ., 
..8 60 

~ so I 
0 
::, 

"O £ 40 I 

-g 30 
a. I 
a. 20 
32 
<fl 10 , 
~ 

d 

0 

A 

G 

H 

* 
Day 3 

-: 

l 
■ A 

'O G 
'% .a 
& I O H 

" :~-

% iW 
"' 

?fl' 

* 
"6 ~ 

Day 7 Day 10 Day 14 Day 17 Day21 

Days post transfection 

Q) -" <') " S' ;!: ~ ;:;; 

~ 
u "' "' "' "' "' "' 0 ro ro ro ro ro ro 
:a 0 0 0 0 0 0 

PMO 

G vs A 

G vs B 

G vs H 

G vs I 

G vs M 

(-value (10 days) P-value (21 days) 

I 

0.0550 I 0.0422* 

0.0004* -
0.0126* 0.0231* 

0.0008* 

0.0004* 
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(b). (c) Long term exon skipping up to 2 1 cl ays after transfecri on wirh PMOs A, G and H. The percentage of exon skipping was compared using the percen tage OD of skipped 
and unskipped bands, measured using lmagej analysis of the agarose gel of the nested RT- PCR products shown in (cl ). (e) Dat,1 for each PMO over the time-course experiment s 
were pooled and compared by two-rail ed, paired student r-tesl. Over the 10 clay time-cou rse experim ent, PMO-G gave signifi ca ntl y higher effi ciency than PMOs B, H, I and M 
( p < 0.05 ) but clicl not give signifi ca ntly higher efficacy rhan PMO A. Over the 2 1 clay time-course experiment. PMO-G gave signi ri c.rn tl y higher effi c,1cy than PMOs A and H 
( p < 0.05). 

patients. The Type 1 PMOs (-A, -G, -H, - I and -M ) (20 pg) were in­
j ected into the gastrocnemius muscle of hDMD mice in duplo. RNA 
extracted from the muscles was ana lysed for exon 53 skipping by 
RT-PCR (Fig. Sb). For quantification, the skipped products were 
ana lysed using the DNA 1000 LabChip Kit on the Agilent 2100 bio­
ana lyzer, which, unlike densitometry, corrects for fragment length. 
Skipping percentages were ca lcula ted as the amount of skip tran­
scripts relative to the tota l transcripts (skipped and fu ll length ). 
Skipping of exon 53 was ev ident for each of the PM Os tested: aver­
age sk ipping seen in both legs was 8% for PMO-A, 7.6% for PMO- I. 
7.2% for PMO-G, but a slightly lower level of 4.8% for PMO-H. 
PMO-M produced exon skipping levels of less than 1 %, whi ch is 
Lh e detection threshold for the sys tem used. 

4. Discussion 

We describe here the comparative ana lysis of PM Os des igned to 
target cxon 53 of the human OMO gene and thereby induce its 
skipping. Previously, a se ri es of PMOs had been designed and their 
exon skipping effi cacy investigated in normal human skeletal mus­
cle ce ll s 124 1. These were directly compared to a PMO based on an 
AO prev iously identifi ed as being the most bioactive by Wilton 
et al. 125 1- Skipping effi ciencies of the PMOs were compared here 
by Lwo independent groups in two different sys tems (a t UCL and 

LUMC). Such a co llaborative approach has been used previously 
as a way of validating target sequences in DMD I 9]. The use of pri ­
mary human myoblast cu ltures all owed controlled in vitro com­
pari son of PMO sequences. and confirmation of skipping of exon 
53 at the RNA level by PMOs in DMD patient ce lls with a releva nt 
mutation. These results were further borne out by the express ion 
of dystrophin protein in the DMD cel ls trea ted with spec ifi c PM Os. 
Use of the humanised DMD mouse provided an in vivo setting to 
confirm correct exon exc lusion prior to any planned clini ca l tria l. 
The combined use of these three different systems (normal ce ll s, 
patient cell s and hDMD mouse) as tests of PMO bioactivity pro­
vided a reliab le and coherent confirmation of optimal sequence(s) 
for the targeted skipping of exon 53 . 

The putative use of AOs to skip the exons wh ich nank out-of­
frame deletions is fa st becoming a rea lity in the treatment of 
DMD boys. Indeed the restoration of dystrophin expression in the 
TA muscle of four patients, injected with a 2'OMePS AO optimised 
to target exon 51 of the OMO gene, has been reported recently I I 4 ]. 
Moreover a clinica l tr ial using a PMO targeting exon 51 has re­
cently been completed in seven DMD boys in the UK I 15 I. How­
ever, the targeted skipping of exon 51 would have the potential 
to treat on ly 13% of DMD.patients on the Leiden database with 
genomic deletions [23 ]. There is therefore a definite requirement 
for the optimisation of AOs to target other exons common ly mu­
tated in DMD. The targeted skipping of exon 53 of the human 
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DMD gene would have the potential to treat a fu rther 8% of DMD 
patients on the Leiden database 123 I. and 13.5% of pa ti ents on 
the UMD-DMD France mutations database (see http:/ / 
www.umcl.be/DMD/4ACT10N/W_MON0). 

There have been many large sc reens of AO bioacti vi ty in vitro 
[24,25,28,29 1 w hi ch provide guidelines to aid AO design. The ta r­
geting of AOs to exonic spli cing enhancer (ESE ) motifs 125,28,29 1. 
RNA secondary structu re, ta rget site access ibi lity and strength of 
AO-target binding are all important predicto rs of AO effi cacy 
I 24,29 I- Al though there are too ls availab le to aid the design of 
AOs for the targeted ski pping of DMD exons, the empirica l analys is 
of AOs is still required. Hence the importa nce of this study in the 
development of AO sequences as potential gene thera py drugs 
fo r DMD. The data presented here would indicate that PMOs ta r­
geting w ithin the sequence +30+65 of exon 53 (namely PMO-A, -
G and - H) produce leve ls of exon skipping t hat may be considered 
effective (over 50% exon sk ipping). There remains however the 
poss ibili ty that a stepped base-by-base screening of AOs across 
the entirety of exon 53 and some indetermin ate distance in to the 
flanking in tron ic sequences might revea l an AO with a better 
cl ose- response and longevi ty of acti on pro fil e. Sequence +30+65 
has been shown to be access ible to binding on hexa mer hybridi za­
t ion array analysis and in open confo rm ation by mfo ld prediction 
of pre-mRNA secondary stru cture 1241 . These Type 1 PMOs ca n 
therefore bind more strongly since they ca n access their target site 
more directly. These therm odynamic considerati ons have also 
been reported in a complementa ry study of 2'OMePS AOs [29 I- In­
deed, the fact that the 30mer PMOs (-G, -H) were more bioactive 
than 25 mer PMO counterpart (-A) ta rge ted to the sa me open/ 
access ible sites on the exon, would suggest that strength of binding 
of PMO to the ta rget si te may be the most importa nt factor in 
determining PMO bioactivity. The influence of AO length on bioac­
t iv ity has been reported elsewhere 19,30 1, and is further confir111ed 
in the present study; all 30mers tested were more bioactive rela­
t ive to their 25mer counterpart. Previous studies by the Leiden 

"" E ... 
M UT 0 

z 
--+- Dysfrophm 

427 kDa 
+- Dysttophin 

(dcl 42-53) 

+- Dyslorhn 
230 kDa 

Protogold 

I 43 44 I 53 I 54 I 55 I 
43 44 I 54 I 55 

%skip 

Fig. 5. Analysis of induced clystrophin protei n expression in del DMD cells and in vivo effic,,cy of Type I PMOs in hlJMIJ mice . {,1 ) We, tc1 n biol ,111,1lys1s w,1, IJerl ormrcl on 
tota l protei n extr,1CLS from clel 45 - 52 DMD ce ll s 7 clays ,,l'ler transfecI ion w it h Ihc six 1Jes1 PM Os (300 nM ). IJIOl s were probed w i1h ,1111ibocli l's 10 cl y, 11 ophi11, 10 cly , IL'1 l111 a, a 
musc le-spec ific loading cont rol, and protogolcl for tOlal protein loading co11Iro l. CHQ5B myoblasts, after 7 clays of di 1Tercm ia I ion wcrl' u,ecl as ,1 po, iI ivl' contro l for dysi rophin 
protei n (normal ). ( IJ ) PM Os (20 pg) were injec1cd in a bli nd experiment into 1he gastrocncmius muscle of hlJMD mice in cluplo. RT- l'CI{ ,111 ,1ly, is of l<NA h,1rvc, Iccl 11 0111 musc le 
isolated I week after injection was performed ,111d produns vi sualised by ag,1 rose ge l elenrophoresis. Quan1ificat io11 of PCR procl ucls w,, , I) rfo1 med using., DN/1 l,11JCh1p. 



LJ. l'opp lewe/1 et nl./ Ne11ro11111sc,1/c11· Disorclers 20 (20 10) 102- 110 109 

group 128 1 suggest that the optilllal 2'OMePS AO is ta rgeted to the 
sequence +46+63 of exon 53 , prod ucing exon skipping in up to 25% 
of t ranscripts in cul tured contro l ce ll s and 7% in the hDMD lllouse. 
This 2'OMePS AO shows so llle degree of overl ap w ith the optilllal 
PMOs reported here w hi ch strengthens our fi ndings. The reason 
that our PMOs produce higher levels of exon skipping could be a 
(co lllbinecl ) consequence of the different AO chellli stri es, length 
of AO used, type of ce ll used (patient vs . control ) and the abso lute 
target site of AO. No direct CO lllpari son was lllacl e here between 
PM O and 2'OMe AOs targeted to the sa llle sequence of exon 53, 
since the purpose of this study was not to elucidate w hich chelll is­
try was superi or, but to ascerta in the opt illlal target site for a PMO. 
A direct CO lllpari son would in fact be difficult as 2'OMe AOs are 
generall y only 20 nucleo tides long, w hereas the PMOs used here 
were 25 and 3017l ers. 

A PMO ca n be classified as an effective AO if it produces strong 
(over 50%), consistent and susta ined exon skipping after adminis­
trati on to myogenic ce ll s in vitro at low concentrati ons (25 nM ). 
An AO reagent that produces sustained exon skipping at low con­
centrati ons would be preferable in the clini ca l se tting as a gene 
therapy as this would low er the cost of trea tlllent, ex tend the ther­
apeutic acti on of exon skipping and reduce the poss ible tox icity of 
chronic AO administration. The levels of skipping produced in vitro 
by those PM Os targe ting the sequence +30+65 are comparabl e, or 
indeed superior, to those reported pre-clinica ll y fo r PRO051 128 ] 
and AVl 4658 [9], the 2'OMe and PMO AOs that are now both being 
used in Phase 1/ 11 clinica l tri als w ith encouraging results [1 4,151. ln­
cl eecl we directly clelllonstrate here the greater skipping effi cacy of 
PMO-G relative to AVl4658 (H51 A) over a range of concentrati ons 
(see Fi g. 4b ). How ever predict ing the amount of skipping neeclecl 
in vitro for an AO to be therapeutic in a pati ent is illlposs ible; 
the effi ciency of exon skipping is likely to differ frolll patient to pa­
t ient and lllutati on to mu ta ti on, and the levels of cl ys trophin pro­
te in res torati on w ill cl epencl on the quality of the llluscle itse lf 
when a clini ca l trea tment is sta rted. 

When considering the data presented previously 124) and here 
as a whole, the superi ori ty of the PMOs targeting the sequence 
+30+65 ( i.e. PM Os -A, - B, -G and -H) is st rongly indica ted. The 
30mers PMO-G and PMO-H produce higher levels of sk ipping rela­
tive to the 25 1llers PMO-A and PMO-B. In norlllal lllyobl as ts, lipo­
somal-ca rri er lllecli atecl t ransfecti on of leashed form s of these 
3017l er PMOs ta rgeting proclu cecl over 50% skipping of exon 53, 
imply ing that they act ex trelllely effi cientl y within the ce ll . This 
was confi rlllecl in patient lllyoblas ts using nucleo fecti on as the en­
try lllethocl of naked PMOs in to the cells. The different leve ls of 
exon skipping seen here in the patient ce lls relative to control ce ll s 
is clue to the different concentrations used (300 nM in pati ent ce ll s 
ve rsus 500 nM in norlll al ce ll s), the different techniques used to 
introduce the PMOs into the ce ll s, and the differences between 
the cells thelll selves. The clystrophin in patient ce ll s is generall y 
lllore read ily ski ppab le than norlllal ce ll s 15,6,3 1 ). The results seen 
in patient ce lls were reproducible, implying that sufficient PM O is 
get t ing into the ce ll s to induce such ski pping, and the ord er of effi ­
ciency of exon skipping induced in patient ce ll s lllirrorecl that seen 
in norlll al ce ll s (Table 1, and Fig. 1 ). Further, these PMOs generate 
the highest leve ls of exon sk ipping in pa t ient cell s over a range of 
concentrati ons (up to 200 nM ) and, lll0St illlportant fo r potential 
therapeutic appli cat ion, exert their activity at concentrations as 
low as 25 nM. The exon skipping activity of these PMOs is also per­
sistent, w ith over 60% exon skipping for 21 clays in cu lture for 
PMO-G. This would hJve illlportJnt safety and cost illlpli ca ti ons 
as a genetic therapy fo r DMD pati ents w ith the appropriate dele­
ti ons. PMOs ta rgeting the sequence +30+65 of exon 53 of the 
OMO gene were also shown to skip exon 53 co rrectly in vivo in 
the hDMD lll0use. It should be noted that the leve ls of exon skip­
ping in the hDMD lllouse by each parti cular PM O was vari abl e. Thi s 

has been reported previously I 12), and is li ke ly to be clue to the 
poor upta ke in to the non-clystrophic llluscle of the hDM D lll0use. 
However thi s does not colllpro llli se the importance of the fi nding 
that the PMOs tested here are able to elici t the ta rgeted skipping 
of exon 53 in vivo. A sumlllary of the relative efficacy of the differ­
ent Type 1 PMOs tested over the different assays used is presented 
in Fig. 4a. The reCOllllllendation of PMO-G as a potent ial clinica l 
trial reagent of choice fo r the targeted sk ipping of exon 53 of the 
OMO gene relative to the other Type 1 PMOs, is based prilllaril y 
on it's lllore persistent longevi ty of action. Repeated acllllini stra t ion 
of PMO w ill be required for pro longed antisense therapeutic action, 
and the pro longed action of PMO-G lllakes it an at tracti ve choice 
w ith PMOs-A and -H prov iding viable alternat ives if required. 
These RNA results were further confi rllled by the detection of clys­
trophin pro tein in ex tracts frolll patient cell s treated w ith these 
PM Os. 

Al though effi ciency of exon skipping is perhaps the lll0St illlpor­
ta nt quality an AO ca n possess, i t is not the only one. The potent ial 
fo r the PM Os ta rgeting sequence+ 30+65 of exon 53 to have off-ta r­
get effects could be considered to be negligible, since no CO lll ­
pletely holllologous sequences were fo und on BLAST analysis 
(resul ts not shown). There is a COllllll0ll single nucleotide poly lllor­
phislll (SNP) seen on exon 53 of the OMO gene. PMOs -J, - I<. -Land -
M had thi s SNP (c7728C>T) in the last, fourth to last, seventh to last 
and second to last base of their target sites, respectively. There is 
the potential that thi s allelic llli slllatch could influence the binding 
and bi oactivi ty of these PM Os. However, the lllore active PM Os (-A, 
-B, -G, -H and -1) all had their target sites away frolll the SN P, thus 
rellloving the poss ible effect of a llli slllatch weakening binding and 
bioactivi ty, allowing definiti ve compari sons between these PMOs 
to be lllacle. The DMD patient ( del 45- 52 ) ca rried the norlllal (T) al­
lele, hence the SNP would not affect the binding of the PMOs that 
anneal at thi s site. Aclcli t ionall y, there was no ev idence that the 
PMOs produced ce llul ar cy totox icity (results not shown). Thi s, to­
gether with the predicted stabili ty of the PMO- target complexes 
124 1, sugges ts these PMOs have potential as a clinica l therapy. 

We would therefore reco lllmend that PMOs targeting sequence 
+ 30+65 of exon 53 of the OMO gene worthy of consideration fo r 
any upcoming clini ca l tri al. In this study, sequence +30+65 was 
effectively ta rgeted by PM Os-A, -B, -G and -H, resulting in exo n 
53 skipping. Since repeated deli ve ry would be requi red for thera­
peutic acti on, the lllore persistent action of PMO-G may suggest 
thi s to be the PMO of choice for the ta rgeted skipping of exon 53, 
and PMOs-A and -H providing v iable alte rn atives if req uired. 
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