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This report orexon skippingthe most advanced genetic
technique for an effective therapy of Duchenne ralasc
dystrophy, is the first of several specialized ¢exthich I,
Gunter Scheuerbranda biochemist in Germany, am writ-
ing for you, the Duchenne boys and young men, faeir
milies and care givers, who wish to know how theeeech
work of many scientists and clinicians is prognegsilhe
following parts of the entire research report wilch con-
tain the latest news on several other therapeppicacaches
like the transfer of the dystrophin gene into mesells,
the use of stem cells, the upregulation of utropaind a
number of other pharmacological possibilities adl a®
the current diagnostic methods.

Every one of the new reports will be indivilyaup-
dated from time to time with newly published resw@hd
the news presented at scientific meetings. As hatra
medical doctor, my reports contain only informatam
therapeutic research but not on the medical treatard
management of Duchenne patients.

| have written this text as all my earlier ogg first in
English and am translating them into German aftedaa
A few weeks later, they will also be available jpa8ish,
translated byicardo Rojasn Mexico who has Becker

dystrophy. As before, all my reports and this e are
not scientific publications with many difficult wads, be-
cause | have tried to write them in a way that leillyou
understand what is happening for you in the lalooied
even if you have not studied modern biochemistiy ger
netics.

In the summaries, | only mention the namethef
heads of laboratories, although they have colleagne
students working as a team on the projects repoetesl
but it is impossible to list them all. | have weitt the
names of the scientists without their academiegijtbut
most of them are professors and all have an MDh@r P
degree.

References to some of the most important patitins
are given at the end of this report. They are mtgid by
numbers in parentheses, e.g. (12), at the pladbe itext
where they belong.

If you have questions concerning exon skipgind
other Duchenne research, please send an e-may Gam
man addresgscheuerbrandt@t-online.i®English,
French, German, Spanish, or Italian. | will tryaieswer all
of them, but only in English or German.

How genes make proteins

Genesare functional units
of the genetic material
deoxyribonucleic acid
DNA. lIts structure looks
like an intertwined ladder,
thedouble helixwhich
was described in 1953 by
James WatsoandFran-
ces Crick

Each rung of this lad-
der contains two of four
different small molecules,
thebases adenine gua-
nine, thymine andcyto-
sine(A, G, T, C). We can
call them thegenetic let-
ters. The rungs can only
contain two base combi-
nations, thévase pairs
A-T and G-C. This is the
structure of the four bases:
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If, for instance, GGCTTAATCGT is the sequen-
ce of thesdasen one strand of the DNA, the se-
guence on the opposite strand musta@plemen-
tary to it. A is opposite T and G opposite C because
then they just fit between the strands:

-GGCTTAATCGT-

[T
-CCGAATTAGCA-

This sequence of the bases, of geaetic lettersis
thegenetic information for the development and
maintenance of a living organism, and it is passed
from one generation to the next.



Most of the genes carry the instructions far bbio- 26-March-2009 issue of the jourridature(1). This Ul

synthesis oproteins. In the cell nucleus, the genetic in- complex alone consists of 10 proteins und one RNA.
struction of active genes is expressed, it is aypian- You can see the 3-dimensional structure by focgssin
scribed, to another genetic substance, pnemature your left eye on the left picture and the right eyethe
messenger ribonucleic acat pre-mRNA, also called right picture without any instrument. You will theee
thetranscript Most genes consist of active or coding 3 pictures, the one in the middle quite spectabular
regions, thexons which contain the information for three dimensions. The orange line U1C-70 K is tlostm
the proteins, and the often much longegrons, which important of the proteins which recognizes the exon
do not contain only “genetic junk”, as one onceuidiat, intron borders and orchestrates the splicing reacti
but also important information for the control @&free These illustrations are highly abstract. lalitg,
activities. The ribonucleic acidBNAS, use the base U, there are no colors and everything looks like a gre
uracil, instead of the similar base T of the DNA. jelly. I mention these very new research resultsomby

After transcription and still inside the ceilicleus, to give you an example of how modern science is pre
the introns are removed from the pre-mRNA, and the sented, but also because a similar complex, a mddif
exonssplicedtogether to form thenessenger RNA U7 snRNA is already been used for exon skippindp wit
mRNA, which then contains only the coding regions, gene transfer (see page 9).
the genetic information for the synthesis of a @irat

This mMRNA then leaves the nucleus and moves to The genetic codeFor the translation of the language of
theribosomesthe protein synthesizing structures, in the the gene into that for the proteins, the genefizrima-
cytoplasm outside the nucle&plice sitesare specific tion of the mRNA is written in genetic words eadne
sequences inside the exons and at the border®n§ex sisting of three consecutive bases,a¢bdons which
to introns which are essential for the correct reahof specify,with three exception®ne of 20 differenami-
the non-coding intron sequences from the pre-mRNA. no acids the building blocks of the proteins, according
The splicing itself is accomplished bgliceosomesa to thegenetic codeThere are 64 different code words
complex of many proteins and small RNAs. of 3 bases each. Here are a few examples:

GUU = valine, AGC = serine, AUG = methionine,
CCA = proline, UUU = phenylalanine, GCA = alanine,
GCG = alanine, etc.

Most amino acids have more than one RNA code
word. There are no spaces between the codons.-There
fore, the first code word of the coding sequencefo
protein — it is always AUG — defineg@ading frame f
this frame shifts by one or two letters, the codeds
change their meaning, they then specify differenina
acids.This is very important for understanding how
exon skipping works.

In theribosomes the genetic code words of the mes-
senger RNA are read atiéinslatedinto the language
of the proteins, which are built of many, oftenuho
sands, of amino acids. The three exceptions megdion
above are the words UAA, UAG, and UGA, which are
stop codong where the assembly of the protein in the
ribosomes comes to a halt.

You can watch a film showing a gene making RNA

To show you how far scientific research has advance and the ribosome assembling a protein by usingnthe

to understand the function of living cells, | antlasing formation in the RNA as fast as it happens in reair
here stereo pictures of one of the 5 structureshwhi www.youtube.com/watch?v=D3fOXt4AMrOM&feature=
form the spliceosomes in human tissue. The molecula related— click on this address + Strg key and then click
structure of this complex, callédl snRNP small nu- on the button at the right of the HQ button to tee

clear ribonucleoprotein, was recently publishethin film full screen. If you have loudspeakers, turarthon.

Dystrophin gene and protein.

Duchenne muscular dystrophyaffects only boys — about by mutations of the by far largest of our 20,488ex the
each 3,508newborns — because women, when they are dystrophin gene.The next illustration shows the location
genetic carriers, transmit it, on the average atb ¢f their of the gene on the short arm of the X chromosotse. |
sons. Sometimes, it appears spontaneously in damaw DNA consists of 2,220,223 genetic letters, whiaoh ar

ily. This still incurable hereditary diseass being caused grouped in79 exonsthe active sections. Indicated are also
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the 7 promoters, the starting regions for the petido of
the full-length and the 6 shorter versions of thetgin.
After splicing, the mRNA contains only 11,058 geoet
letters, only 0.5% of those of the entire genghmri-
bosomes, the proteitystrophin, is assembled according
to the genetic information in the mMRNA from 3,688ia0
acids which are being brought to the site of sysithby
another kind of RNA, the transfer or tRNAs.

The dystrophin protein has a rod like shapb 24 re-
peated amino acid sequences separated by 4 higigase
Its two end regions are called the N and C termireahd
there is also a region with many cysteins, sulfamtaining
amino acids. In the right corner is a cross seatiomuscle
tissue with the dystrophins in the cell membranasen
visible with fluorescent antibodies.

The size of the dystrophin gene and proteinfhe dou-
ble-helix structure of the dystrophin gene is Oni
long. Together with the other about 20.000 human
genes, it fits into a cell nucleus of about 0.01 diet
meter because the genetic material is extremeylyig
packed. One molecule of the full-length dystroptrio-
tein is much shorter than its gene, it is 125 namame-
ters, = 0.000125 mm, long, 8,000 of them laid end t
end in a straight line would cover just one milliere
And in one gram of muscle, there are 114 billios-dy
trophin molecules.

The role of dystrophin. Dystrophin is needed for the
mechanical stability of the muscle cells. It isdtad on
the inside of the muscle cell membranesChierminal
endis bound to a group of other proteins in the mem-
brane, thelystrophin-glycoprotein complex and the
other end, thé&l-terminal connects to the contractile
structures inside the muscle cells. The centradimd
main of dystrophin consists of twisted amino acid
chains that fold back on themselves several titfidise
contraction movement of the muscle cell forcesdye
trophin protein to change its length, its foldedisture
allows it to act like a spring, likeshock absorber
Thus dystrophin transmits the mechanical energy pro
duced by the actin-myosgontraction machineryo the
muscle cell membranes and the structures outseia,th

the connective tissue and the tendons, in a wédlAga
ed way that does not overstresses them.

The dystrophin-glycoprotein complex.

Dystrophin has more roles: It organizes thegie
cated structure of the dystrophin-glycoprotein ctaxp
and the location of many other proteins. It alggutates
biological processes like the maintenance of thieecod
amount of calcium in the cells and those contrgltine
growth of the muscles. Many details of these iatec
interactions between numerous components in aglivin
cell are still unknown.

Duchenne boys haveeither none or very little dystro
phin in their muscle fiberdVhen its protective and or-
ganizing effects are missing, the muscle contractio
causes the rupture of the muscle membranes, asd thi
allows large amounts of calcium to flow into thlefis.
The excessive calcium activates enzymesdidpain
and otheproteaseghat break down muscle proteins
and initiate cell death programs, apoptosis. Theseo
guences are a chain of events like inflammationad
tivation of fibroblasts which lead fibrosis, scar tissue
that slows down muscle regeneration and causdg-the
pical symptoms of older Duchenne patients.

Boys with the slower progressiBgcker muscular
dystrophyhave lower than normal amounts of dystro-
phin that is also often shorter than normal. It séin
fulfill its role, but cannot work as effectively 8% nor-
mal version.

But not only the skeletal muscles suffer whgstro-
phin is missing, but also the smooth and heart taasc
Damage to the heart muscles prodwzasliomyopathy
and the weakness of the smooth muscles has many con
sequences, among them the reduced ability of blood
vessels to relax, when blood flow increases, leathn
respiratory and other problems, and also the gastro
intestinal tract is affected when the motility bétintes-
tines is reduced. So the damage of just one ganafea
fect large parts of the body.



Exon Skipping

The task of research A healthy 5-year old boy weighing
30 kg has about 12 kg muscles which contain 1.8lGua
lion (1.5 x 13° dystrophin molecules. A 5-year old Du-
chenne boy has only 6 kg muscles left which pratificlo
not contain any dystrophin, because the informagiothe
damaged gene cannot be correctly read during tisyivi
thesis of the protein. In order to make his renmgninus-
cles function again, at least to a certain ext@mbut 30%
of the normal amount of dystrophin must reappedrkan
present during his entire lif€), this would be 200 trillion
(200 x 16 molecules in his 6 kg of muscles. The new
dystrophins don't have to have exactly the samgtheand
form of the normal one in the muscle, they canhmatsr,
but they must be able to work properly.

Exon skipping, a genetic Duchenne therapyAt a dis-
cussion in the mid-90s;ertjan van Ommerof the Uni-
versity of Leiden in the Netherlands explained @ mow a
genetic therapy could accomplish this task forreyltime
without serious side effects. It is now calkedn skipping
and has been developed during the last 15 yeansskand
other research groups, above all in Japan, Austridiée
UK and the United States to such an extent thatgtoce-
dure is not only being tested on sick mice and dagsl-
ready on Duchenne patients.

Local and systemic clinical trials — on oneghe mus-
cle or on all of them — for skipping exon 51 of fire-
mRNA in Duchenne boys have been and are being per-
formed in Leiden, Leuven, and Goteborg with thephaeid
partial funding by the Dutch compaRyosensaand by
the American compankVI BioPharma in London and
Newcastle under the direction of the MDEX Consortiu
In addition to van Ommen, the teams aroudndith van
DeutekomandAnnemieke Aartsma-Rui the Nether-
lands and aroundate BushbyandFranceso Muntoniin
the UK should be mentioned here, too.

Exon skipping means “jumping across exons”. Exons are
the active sections of a gene. In the dystrophirege
most Duchenne boys, one or more exons are missing,
they are duplicated or have mistakes in the sequehc
their letters. This interrupts the reading proadfshe ge-
netic information for the protein biosynthesis kattno
dystrophin can be made. These mistakes can bectedre
that is,the protein synthesis can be restoesin if one
blocks one or more of the still present neighboergns
in such a way that the mechanism that joins es&iss
over themand thus does not use them anym@je

For this blockadeyntisense oligonucleotidesAOs, are
needed. They are short pieces of genetic matabalit 20
to 30 genetic letters long with a special sequesaehat
they can attach themselves to the complementamtlgxa
fitting sequence of the exon to be skipped. AOshaw
been made, mainly byteve Wiltorat Perth in Australia
for all 79 exong4) and byAnnemieke Aartsma-Rum
Leiden in the Netherlands, for 39 exons, each waiithther
structure which blocks only the one targeted exatmit a
single other one in the many thousand other hureaerg

Duchenne is converted into Becker dystrophyBecause
of the missing exons — those deleted by the mutatial
those skipped in addition —, the amino acid bugdditocks
determined by these missing exons will also be imysis
the newly made dystrophin. Thus, the new dystrophiiih
be shorter than normal but it will often still blel@to pro-
tect to a certain extent the muscle cell membraheste-
fore, the symptoms of the disease will be mildee, tus-
cle degeneration will proceed more slowly, andlifieeex-
pectancy should increase significantly up to norimal
some cases. The Duchenne dystrophy would then have
been changed to the mild variant of this diseasBgtker
muscular dystrophy.

A therapy but no cure yet.As the patients will still be
handicapped after the treatment, however signifigdess
than before, exon skippirgannot be a curef the disease
but onlyan effective therapyith this method of gene
technology, the damaged gene itself will neitherdpdac-
ed nor repaired, but only the mechanism of readgig-
formation will be corrected.

Animal experiments. Exon skipping has been tested with
success on dystrophic mice and ddgsally by injection

of the AOs into a single muscle, systemicallyinto the
blood circulation so that all muscles are reachésh those
of the heart and the lung function. In most of $lgetemic
experiments, the muscle functions could be sigauifity
improved. One of the most important of these pheigl
experiments with systemic injections of the AOwitite
blood circulation of dystrophic mdx mice has beab-p
lished byTerence Partridgeand colleagues in 2005).

The mutations of the dystrophin geneThere are many
reports in the scientific literature about the paitages of
the different types of the dystrophin mutations amall
Duchenne patients. The publicationAynemieke Aarts-
ma-Rusand colleagues in 2006) is based on more than
4,700 mutations listed in the Leiden Duchenne miascu
dystrophy database and thus seems to be the niiablee
According to this publicatiorjeletionsof one or more
exons make u@2% of all mutationsDuplications of one
or more exons are found %o of all patients20% have
point mutations, that is, very small deletions or insertions
of one or a few genetic letters, and in the renngitiPb,
severakare mutations are found like those disrupting
splice sites or rearranging large parts of the gtneture.
The authors conclude that for 91% of the pidi¢he
reading-frame rule holds true, meaning that out-of-frame
mutations cause Duchenne and in-frame mutationkeéBec
muscular dystrophy. They say also that in moshefga-
tients, whose mutations seem to be exceptionsetoethd-
ing-frame rule, the structure of their MRNA mayeéed
follow this rule. However, in most cases, the mMR&EA
guence is not determined when a genetic analygisris
formed. Before an exon skipping treatment is stiuiite
may be advisable to confirm in a tissue-cultureegxpent
that this treatment really produces an in-frame rARN



Applicability of exon skipping. Although all Duchenne
patients have more or less similar clinical symppthere
are many different causes of their disease, bedhesmu-
tations of the very large dystrophin gene can hapgre
many different sites. Therefore, exon skippingiistation
specific. It will be a personalized therapy Each patient
will need a specialized AO, but each AO can ofterubed
for a group of patients with different mutationatneed
the skipping of one or more particular exons.
Annemieke Aartsma-Ruand her colleagues have re-
ported the applicability for skipping one or twooes in
Duchenne patients with deletions, point mutatiams @u-
plications reported in the Leiden Duchenne MuscDigs-
trophy pages as of the "1 bf March 2008. They analyzed
the genetic and clinical data of 4,770 patients|eted
120 groups of patients needing the skipping of @mtsvo
particular exons according to their percentageixedo
Duchenne patients with all kinds of different midas.
Here is a list of the percentages of the 8 largestps:

Rank Exon
to be skipped

% of all patients

1 51 13.0
2 45 8.1
3 53 7.7
4 44 6.2
5 46 4.3
6 52 4.1
7 50 4.0
8 43 3.8
1-8 51.2%

You can see the entire list on the internet atttdress:
http://wwwa3.interscience.wiley.com/journal/12164814h
stract?CRETRY=1&SRETRY=0t has also been pub-
lished in March 20097).

As shown in this short list, 13.0% of all jgautis will
need the skipping of their exon 51, the anti-51tAGs is
the potential skipping drug for the largest grofiplb
Duchenne patients. For this reason, the Dutch aitiiB
scientists try to skip just this particular exortheir first
clinical trials to help this group of patients a®s as pos-
sible. And the Dutch company Prosensa is develoihiag
skipping of the exons in the groups 2 — 8, provited
exon-51 trials are successful. With the AOs agahmsex-
ons in this priority list, more than half of all Bleenne pa-
tients could be treated.

Double and multi-exon skipping.Many of the Duchenne
dystrophies caused by deletions, duplications,perinit
mutations will need the skipping of two or more Bdo
restore the reading frame.

By theoretical considerations it was even joted that
a simultaneous skipping of the 11 exons 45 to 56ldvo
produce a Becker dystrophy with very mild symptams
up to 63% of all Duchenne boy3).

Annemieke Aartsma-Ruand her team have tried to
remove in cell culture these 11 exons from myoblast
tained from a healthy person and from two Duchgraze
tients with deletions of exons 48-50 and 46-50. Ktaits

of 2’0O-methyl AOs against the human sequences di ea
of the 11 exons were used in different combinations
cluding a mixture of all 11 AOs. Different intermatk
partially skipped mRNAs were obtained at low levaahsl
occasionally also the mRNA with all targeted exdas
leted. Irregular splicing processes of the rathertsexons
bordered by very long introns may have been thgorea
for the difficulties to skip the 11 targeted exams con-
secutive way.

The authors conclude that this approach isréieally
promising for producing a very mild Becker dystrgptut
that the current state of this technique does uiicgently
support the clinical development of multi-exon £5<kip-
ping (9).

Because dystrophic dogs need the simultangdps
ping of two exons, experiments with them would offen
way to the development of multi-exon skipping far-D
chenne boys. The results of the first successippshkg of
3 exons in dogs have been published in March 2009
and are summarized here. They created much innest
attention from parents and patients. However, tirdy
mean that skipping 2 or 3 exons or a few more dsvail
be feasible, but skipping the 11 exons 45-55 wtl lme
possible for the time being as explained before.

Multi-exon skipping in dystrophic dogs.Eric Hoffman
andTerence Partridgeof the Children's National Medical
Center in Washingtorghin'ichi Takedaof the General
Animal Research Facility in Tokyo, and their coljeas
developed a cocktail of morpholino antisense oligk®s)
for multi-exon skipping in dystrophic CXMD beaglegb
(10). In contrast to the mdx mice with their mild dystr
phic symptoms, these dogs are physically handichppd
they are much larger than mice. Thus experimertts wi
them give results that would likely be similar bmse ob-
tained in clinical studies with Duchenne boys. And
periments lasting several years can be performéd wi
dogs, because they live much longer than mice.

These dystrophic dogs have a mutation atpheessite
of exon 7 in their dystrophin gene which causeddbe of
exon 7 from the mRNA and a reading-frame shift vaith
premature stop codon soon afterwards. Skippingefwo
flanking exons 6 and 8 would restore the readiagé.

Before the experiments with live dogs couldstseted,
preliminary tests in tissue cultures with isolategoblasts
from these dogs were necessary. Four AOs with segue
of 24 and 25 bases were constructed against seggiénc
side exons 6 and 8 and against the borders of @xorin-
tron 6 and of exon 8 to intron 8. They had to be-gie-
thyl AOs which are electrically charged and entgtscn
tissue culture tests more efficiently than eleealhcneutral
morpholinos. These AOs were used alone or as aaibck
of a mixture of all four.

The results of the cocktail experiments shqwtieat
four days after the myoblasts had produced myotdabes
another stage of muscle development —, the mRNA se-
guence joined the end of exon 5 directly to theit@gg
of exon 10. That means that in addition to theteelexon
7 and the desired skipping of exons 6 and 8, exan®
also skipped although no AO was used against Kus.dt
is not yet understood why this happens. But skigih
exon 9 alone does not shift the reading framehisoetxtra
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skipping does not affect the therapeutic outconthisf
type of multi-exon skipping. The production of dygthin
in these isolated myotubes could also be confirtrethe
experiments with the single AOs, it was shown that
one against the border of exon 8 to intron 9 didafifect
the outcome of the skipping, so in the experimaeurits
living dogs, the cocktail contained only three A@Qssig-
nated Ex6A, Ex6B, and EX8A.

The next step was the injection of 0.5 andmgPof the
three-AO cocktails, containing equal amounts ohe@®©,
locally into one single tibialis anterior (shin) sule of a 6-
month old and a 5-year old living dog. This timeftb
types of AOs were used, 2'0O-methyls and morpholinos
Two weeks later, tissue from around the injectibessvas
obtained by biopsies. Between 61 and 83% of the ARN
in the muscle fibers around the injection site hak-
guence missing the exons 6, 7, 8, and 9. With therh
dose of morpholinos, a practically normal levehefv
dystrophin protein was seen, and the results \wigh2tO-
methyl cocktail were similar. The structure of thestro-
phin-positive cells was significantly improved, aheé re-
sults with the young dog were better than withdfer
one.

Thus the quality of the muscle influencesah®unt of
the dystrophin that can be produced, again anatidic
that exon skipping, once it becomes available, khbe
startedas early as possibldt was also noted that, whereas
in tissue culture a single AO against exon 6 cdedd to
efficient skipping of exons 6-9, this did not happehen
the same single morpholino was injected into thggslo
muscles, where the complete cocktail was requirbd
means that one cannot necessarily rely on tissiigres as
a means of screening effectiveness of a given Ai@-to
duce skipping.

For asystemidreatment, performed Bhin'ichi Ta-
keda’'sAnimal Research Facility in Tokyo, three 2-month
old dogs were treated by injecting the threerpholine
AO cocktail into their leg veins. The first dog edeed
doses of 120 mg/kg once a week for 5 weeks, thensec
the same dose every second week 11 times for Snfhso
and the third 200 mg/kg once a week for 7 weeks Tw
weeks after the last injection, many of their masahere
examined.

In all the tested muscles of each treated deg, dys-
trophin was found in up to 50% of the normal lezlt
some muscles, especially the heart muscle fibaxsonly
trace amounts of new dystrophin. The muscles ofitte
which received the largest dose of the cocktailxsgtban
average level of 26% of the normal amount of dystio,
which, based on earlier findings, is sufficient famrmal
muscle function. The new dystrophin had the amiridsa
missing which are coded for by the m-RNA sequerice o
the exons 6, 7, 8, and 9. This proves that in aidib the
missing exon 7 the two targeted exons 6 and 8 were
skipped and also, for unknown reasons, exon 9.

Based on several muscle function tests, tlysipél
state of the dogs was stabilized at the same &svitlwas
before the treatment started while untreated degswker-
ated considerably during this time. Thus, the sygte
treatment seemed to hakalted their muscle degenera-
tion. Nuclear magnetic resonance (NMR) tests were done
to analyze the structure of the muscles. This myasive

technique proved to be as informative as tests ascha
tissue from biopsies. This will be important foinatal tri-
als with Duchenne boys because then much fewesigisp
would be needed to follow the change of musclectire
during treatments.

Thus, morpholino AOs work well in a large manima
with a similar body structure as in humans. Theyrat
toxic, and do not cause immune rejection. Howethgry
will have to be applied repeatedly, because tHésceis
not permanent, but this would allow interrupting theat-
ment if problems occur. And they are only effectivéis-
sues such as muscle, where the dystrophin gerenis-t
cribed into pre-mRNA.

You can see one of the dogs in two short firafore
and after the treatment on one of my internet pages
http://www.duchenne-information.eu/home-en.hthyou
do not understand what the people say, who aragalare
of the dog, then you do not speak Japanese.

Exon skipping to repair duplications. Duplications of
one or more exons causing a shift of the readismgnér
have happened in about 7% of all Duchenne patiénts.
principle, they can be repaired by exon skippirsp aif it
were possible to remove the one additional sehefiu-
plicated exons without touching the first, the oréd set of
exons. Such an exon-skipping treatment would thegn n
only be a therapy but real cure because, after the re-
moval of the extra exons, that mMRNA would havenis
mal structure with all exons present only once, tued
new dystrophin protein would have the normal size.

But the situation is not simple, mainly be@itss not
easy to direct an AO to only one of two identiceb se-
guencesAnnemieke Aartsma-Ruand her colleagues
have done laboratory experiments in cultured musells
from Duchenne patients with duplicatiofidl).

They were able to correct an exon-45 duplicely
skipping one of the two exons, and up to 80% oftiues-
cle fibers contained normal dystrophin two daysrattis
in-vitro treatment. On the other hand, it was ingible to
remove only one of the two exons 44 in the isolaters-
cle fibers from two Duchenne brothers. Howevethis
case, skipping of the two exons 44 and in additibexon
43 would restore the reading frame. The attempbteect
the larger duplication of exons 52-62 was not ss&ita.

At the request of a family whose son had ttene
8-11 duplicated, Annemieke answered to explairdifie
culties: “We would need a combination, a cockt&ih@s
targeting all four exons 8-11. But these AOs carli®t
criminate between the original and the duplicateshs.
So the result will be skipping of either the origiexon 8,
the duplicated exon 8 or of both exons 8. Or it rekip
the original exon 9, the duplicated exon 9 or botta
combination of exons 8 and 9, and so on. Thus there
many possibilities only one of which — skipping thepli-
cated exons 8, 9, 10 and 11, hotthe original exons 8, 9,
10 and 11 — will restore the reading frame. Thecgfis
diluted. Simply increasing the amount of the AOghia
cocktail will not change the situation. We areniyio find
solutions for these problems but things are natr@sght-
forward as with deletions. We do not know if, ahdd,
when exon skipping will be applicable for large licg-
tions".



Exon skipping to repair point mutations. Point muta-
tions are small changes of one or several gergdtiers in
the gene itself. If the mutation has added or ddlene
single letter, then the reading frame is shiftedofe letter
has been exchanged against another, then the geadin
frame is not shifted, but the code word now may mresa
other amino acid. If this exchange does not disttugpt
structure of the dystrophin, then nothing happ8us.if
one of the three stop codons, TGA, TAG, or TAA, bps
peared, then — although the reading frame is ritiedh-
the protein synthesis is halted at sugit@mature stop
sign, and the result is Duchenne dystrophy. It maydee p
sible in the future that such a stop mutation caover-
come with the dru¢pTC124which is already in clinical
trials. Or it can be repaired by skipping the patr exon
containing the stop codon if the exon has the cbiver-
ders so that its deletion would not shift the ragdrame.
Or, if this does cause a frame shift, a neighboeixgn
would have to be skipped in additigi?).

Exon skipping to repair rare mutations. Even shifted
reading frames caused by rare mutations at theeboed
gions between an exon and a neighboring intronsthe
called splice sites, could be restored by exonmkip As
an example, | am quoting here agaimemieke Aartsma-
Rusexplaining how an exchange of the base A to Tat th
beginning ofintron 46 causes rather mild Duchenne sym-
ptoms in Tomas, a patient from Argentina:

“This mutation will probably lead to a parti full
spontaneous skipping of exon 46 in the mMRNA whigh-c
not be seen at the DNA level by a genetic tests $plice
site is normally rather active for this exon, buedo this
mutation, there is a very severe inactivation ¢ #ite. |
can imagine that exon 46 is skipped in the mRNhisf
patient. This, however, is a prediction and we caknow
for certain whether and how much exon 46 is skipp&d
muscle mMRNA is analyzed. In case the exon-46 skips
not complete, Tomas will have low levels of dystiop
and this may be the reason for his mild form of Barmne.
If an mRNA analysis shows that exon 46 is absehichv
would shift the reading frame, then skipping of ®xX&®
could restore it.”

Will exon skipping be a therapy for my sonMany
Duchenne families from all over the world are agkine
this question. To answer it: because exon skipjgirgmu-
tation-specific technique, you first have to kndwe exact
mutation in the dystrophin gene of your sick bohjak
can best be determined in a modern genetic labgrato
with the MLPA method (multiplex ligation-dependent
probe amplification), which analyzes all 79 exam®u-
chenne boys and their mothers and other femaléveta

With the mutation known — deletion, duplicati@r
point mutation — you may examine the gene sequehce
the 13,990 bases or genetic letters of the combifesk-
ons of the dystrophin mRNA. You can see and dowhloa
this sequence from the Leiden Muscular DystrophyeBa
on the internetwww.dmd.nl/seqs/murefDMD.htmFrom
this sequence you can determine whether a pantioula
tation shifts or maintains the reading frame attermuta-
tion, thus whether this genetic information presi@tDu-
chenne or Becker dystrophy for your child.

By looking at the border sequences of the sxgou
can also determine which exon or exons must beskip
for bringing the reading frame from out-of-frameckdo
in-frame again. On the last page of this repasinlshow-
ing the molecular details of the skipping of exdnté re-
store the shifted reading frame caused by theidalet
exon 50. In a similar way, you can determine whigbn
your son needs to have skipped.

But you have to have experience to do thigpdacili-
tate this taskAnnemieke Aartsma-Rubas included in her
PhD thesis several lists from which you can reaelody
which exon or exons must be skipped when you kraw t
details of your son’s mutation. These lists havenbgub-
lished at Annemieke’s websiteww.dmd.nl/gt then go to
“applicability”. Here is a selection of 10 entristhe list
for deletions:

Deleted exons Exon(s) to skip

40 - 43 44

43 - 45 46

43 -50 51

43 - 52 53

44 43 or 45

44 - 50 43+51

46 — 47 45

46 — 52 45+53 or 53+54
48 — 50 51

51-53 50

It is quite interesting to know that the dgstnin gene
has mutatiomot spots50% of all mutations involve dele-
tions of one or more exons between 45 and 53 afd 20
between the exons 2 and 20.

It is important to understand that these listgot
guaranteethat the severe Duchenne symptoms of a Du-
chenne boy will be changed into the milder symptaoifns
Becker dystrophy, if he will be treated with histponal”
exon-skipping drug as shown. All they can say & th
particular skipping will change the reading franfiehe
genetic message on the mRNA from out-of-frame 1o in
frame again. It does not say that the in-frame tienees-
sage will produce a “Becker”-dystrophin in evergeabe-
cause the reading-frame rule has many exceptisisgas
been explained in the recent publicationsleyence Par-
tridge (13) andEric Hoffman (14).

The reasons for these exceptions are not eiaipl
understood in each case. For instance, the boodéne
deletions in the dystrophin gene do not necesseoiise-
spond to the borders of the exons but may lie sdreesv
inside the often very large introns between thenexo
These deletion borders are normally not determinethe
usual genetic test methods, and they may be difféne
patients with the same deletions. Because theristton-
tain sequences which are important for the reguiaif
genes, their presence or absence may produceeditfer
disease symptoms. On the other hand, the dystrgupbin
tein has a structure with regions of different impoce.
Some deletions together with the skipped exons may,
some cases, produce an altered protein structateltkes
not allow the correct functioning of the shortemgdgtro-
phin.



Thus, an exon skipping therapy will in mangespro-
duce a protein that reduces the dystrophic symptbuots
there might be surpriseghich will only become apparent
during an actual treatment.

Different types of potential exon skipping drugsThe
AOs used by the Dutch researchers were first aldtesl/
as AONSs, because they are protected oligonucleotigiat
the morpholinos are similar to, but not real nutitkes, so
the abbreviation AO foantisense oligés now used gen-
erally for all antisense compounds, also in thpgore

For the animal experiments and the first eskipping
clinical trials, two kinds of chemically protectéds are
used. They have to be protected because then teeyot
or only slowly destroyed in the muscle cells bylpige
acid destroying enzymes.

The Dutch scientists are usidi@-methyl-phosphoro-
thioates also callednethyl thioatesr 2’0O-methyls They
have a methyl group, a carbon with three hydrogems,
on the oxygen of the second carbon of the riboss,.and
a sulfur atom instead of one of the oxygen atontb®f
phosphate groups. Theorpholinos the British research-
ers are using have one of the phosphate oxygetecesh
by a dimethyl amide group, a nitrogen carrying twethyl
groups, and the entire ribose units are replacaddrypho-
lino rings, six-membered rings, each consisting o&rbon
atoms, 1 oxygen and 1 nitrogen atom with hydrogema
attached to the carbons at the corners of thetates:

2'0-methyl AO morpholino AO

I am showing you here the chemical structure oe¢hevo
types of AOs with just two of their genetic letténdicat-

ed. The 2'0O-methyl AO used in the Dutch tridt 0057,
has 20 genetic letters with the sequence:

UCUUUACGGUAGAAGGAACU

The morpholino AO used in the British triaksy|-4658,
has 30 letters, which include the 20 letters ofldigch
AO (underlined).

GAUCUUUACGGUAGAAGGAACUACAACCUC

Both of these AOs attach themselves to the exaplic-s
ing-enhancer sequence, ESE, because their sequaeces
complementary to the ESE sequence (and its suriogsid

inside exon 51. This sequence is important fomibrenal
splicing process, for the inclusion of this exortie dys-
trophin mRNA. If it is blocked by the AO, the ex@n
skippedexcludedrom the mRNA.

The molecules of these AOs have quite largecam-
plicated chemical structures. The 2'0O-methyl PRQG64
instance, consists of 699 atoms and the morphdiie
4658 of more than one thousand. This shows you that
these potential drugs for our Duchenne boys are qiif-
ferent from “normal” drugs, they are also diffictdt make
and they will be expensive.

The Dutch researchers have recently compaeea’'O-
methyls with the morpholino AOs for skipping exo® g
living mice (15). After local and systemic injections of the
AOs, they found that there are indeed differendefo
ciency, as described before, when mdx mice weetédde
However these differences were less pronouncedear e
absent when AOs targetitgiman exongvere injected in
hDMD mice which contain normal human dystrophin
genes. What one can learn from these preliminagies
is, that possibly some exons will be skipped mdiie e
ciently by morpholinos, others by 2°0O-methyls and f
some both may be equally efficient. However, trase
mal studies are only an indication of what may leapin
human patients, as discussed in my interview Wéte
Bushbyon pages 13-15.

Annemieke Aartsma-Rus, PhD.
DMD Genetic Therapy Group
Department of Human Genetics
Leiden University Medical Center

PO Box 9600
2300 RC Leiden, the Netherlands

You should get to know some of the scientists whoea
working for our children. At this point, | think, it is time
to show you a picture of the first of four scietgig/ho,
together with their co-workers, are engaged inifigdan



exon-skipping treatment, and whose work | am répgrt
here.Annemieke’'picture is the first, you have seen how
often | have mentioned her. We have written mamnyaéls
to each other, she has helped me whenever | néedied
and always very fast within a few hours. My spethiainks
go to her!

Two new types of AOsTwo more types of AOs — one
with tails of a short chain of amino acids, a pegtiand
the other with a protein-like backbone — have kderel-
oped which may be more effective than the two firsts
now being tried in Duchenne patients:

Exon skipping with peptide-conjugated nucleic acids
One of the problems of the morpholino AOs is thatyt
have difficulties to enter the muscles of the heBotover-
come this problemylatthew Woodand his colleagues at
the University of Oxford in collaboration wit#hVI Bio-
Pharmain Portland/Oregon modified the morpholino AO
for skipping exon 23 in mdx mice by attaching staorti-
no-acid chains, peptides, to the antisense streictur

After experimenting with many different comations
of peptides, the researchers developed an optinpiepe
tide-conjugated morpholino A®ith two peptides attached
to the usual morpholino AO of 25 base units agasmen
23 of the mouse. The mdx mouse has a premature stop
codon in its exon 23 which is the reason for theeabe of
dystrophin in its muscles. Skipping of this exostoees
the production of dystrophin.

One of the two attached peptides isBhgeptide,
which helps the AOs to cross cell membranes, amd th
other is thamuscle specific peptiddSP, which leads the
AO specifically to muscle tissue. The B-peptidesists of
14 amino acids and the MSP of 7. | think you wdlibter-
ested to see the complete 46 components of thetsteuof
this exon skipping drug for dystrophic mice, writt@ the
abbreviations used by the scientists.

RXRRBRRXRRBRXB — ASSLNIA —
GGCCAAACCUCGGCUUACCUGASAU

Three weekly systemic injections of 6 mg/kg of thyi-

mized AO into mdx mice restored widespread higtelev
dystrophin expression in skeletal as well as cardias-
cles, the reappearance of the dystrophin-assoqiataein
complex on the muscle cell membranes, a normadiaatf
the CK activity, and a significant improvement ofiscle
function(16).

Just before finishing this repofturélie Goyenvalle
informed me that she and her team in the laboratbi§ay
Daviesin Oxford have used an older version of this type o
a peptide-conjugated morpholino AO to treat mdxamic
which not only are missing dystrophin but also sheilar
protein utrophin because their utrophin gene hamh loe-
netically destroyed. In contrast to the “normal”>omdice,
these double-KO mice have Duchenne-like symptorhs. T
treatment with the peptide-conjugated AO improvesirt
severe symptoms considerably.

Exon skipping with peptide nucleic acidsAnother group
of AOs, peptide nucleic acid°NAs, are now also being
investigated for their exon skipping propertiestéad of
the sugar-phosphate backbones of DNA and RNA, pep-
tides form the backbone of PNAs. They are wateuntsel
very stable, can easily be modified and designezhtoy
the usual bases of DNA and RNA in the correct spat-
rangement with any desired sequence so that thregaa
like other AOs.

Michael Gaitand his colleagues at the University of
Cambridge UK, conjugated, meaning joined, the PNA
against exon 23 of mdx mice with a peptide throaghio-
ether bridge containing a sulfur atom. The mosaive
structure added to the anti-mouse-23 PNA of 25sunés
aPNA-internalization peptidé?ip2b, with the following
abbreviated structure:

RAhXRRAhXRRAhXRIHILFQNdRRMKWHKRAIaC

The intramuscular injection of only 5 microgramgiug
PNA-AOQ into 8-week old mdx mice showed a high num-
ber of dystrophin-containing fibers in the singigected
mouse muscle. In cooperation with the AVI compaaxy,
periments with systemic injections of this verymising
exon-skipping drug are being performéd).

Exon skipping with gene transfer.

First approach: The researchers at the Institut de Myolo-
gie in Paris|_uis GarciaandAurélie Goyenvallgnow at
the University of Oxford) and their co-workers angng

to combine exon skipping with gene therdygyinstructing
the muscle cells to produce the AOs themselvethato
they do not have to be injected repeatedly. Thishea
achieved by genetically instructing the muscleprtmduce
modified U7-snRNAs containing the genetic information
for the construction of the AOBI7-snRNAsre small
RNAs in the cell nucleus which have a structureilginto
splicing factors.

The researchers constructed a modified ganiado
U7-snRNA by adding the complementary DNA sequenceg
for two AOs which are necessary for skipping ex8ro2
mdx mice. These short snRNAs are also "made” bggen

This modified U7-gene, U7 SD23/BP22 together with-c

trol sequences, was placed into the DNA of typelena-
associated viruses, AAV. These transport vectorg we
then injected firstocally into single muscles of mdx mice
and thersystemicallynto their blood circulation. In the
muscle cells, the incoming DNA sequences were tran-
scribed into the corresponding RNAs which then per-
formed the usual exon skipping process that redtthre
reading frame and thus opened the way for the sgigfof
dystrophin without the amino acids determined bgrex
23. This new shortened dystrophin appeared in @9%
of the fibers of the treated muscles where it magdo its
normal position underneath the cell membranes asl w
stable for more than one year without causing amyiine
reaction.

The dystrophic processes in the mdx musdies,is,
their accelerated degeneration and regeneratiar, we



completely halted. The systemically treated mdxenic
which were physically stressed by running in adred,
did not develop the usual muscle damage foundim no
treated mdx-micé¢19).

This U7-gene transfer technique was then agbt
treat the clinicallydystrophicgolden retrieve GRMD dog.
These dogs have a mutation in the splice site of 6x
which can be “repaired” by skipping exons 6 an@y.
using a dog-specific modified U-7 vector containarg
tisense structures against exons 6, 7, and 8 esteattdys-
trophin at almost the normal level was obtained two
months after a singlecal injection into one muscle. A
regionalsystemidnjection into one leg with blocked circu-
lation resulted in large quantities of new dystiioplihich
was still present six months later.

Second approachMore recentlyAurelie Goyenvallede-
veloped a new, more general techniqueSdly Davies
laboratory in Oxford. In this approach, the exoippkg

is mediated by a new and almost “universal” U7snRNA
vector that is bifunctional, because it carrie®mplemen-
tary DNA sequence to the exon to be skipped arwaals
free tail which has binding sites for theterogeneous
nuclear ribonucleoproteind1/A2 (hnRNP). These pro-
teins can, when they come near the spliceosonfreat t
borders of an exon, inhibit the splicing procesthat
particular exon so that it is not included in the-;mRNA.

The complementary DNA sequences of the bifanet
U7 gene brought by the viruses, once they are drioesl
into small RNAs, will attach to the exon to be glég, and
because these RNA sequences attract the hnRNRe to t
splicing sites, they will induce the skipping oétbxon be-
cause they interfere with the spliceosomes, sitiinpe
ends of this particular exon in the pre-mRNA. Thhss
kind of exon skipping is not brought about by tiseial
AOs but by these “universal” proteins that aresame for
inhibiting the splicing of all exons.

The reason for this approach is to shortenidensbly
the lengthy approval processes possibly requiredhemy
or even all AOs used by the normal exon skippiraces
dures, because the new approach uses only theuanie “
versal” tail structure in addition to the complegt®NA
sequence to the sequence of the exon to be skipped.

This method has already been tried succegsfuthe
laboratory for skipping exon 51 in isolated myoldasom

a Duchenne patient with a deletion of exons 49%hd
The most effective U7snRNA was the one with thk tai
structure called Al (U7ex51-A0ON-Al). It restorea th
dystrophin level to almost normal in these myolslaBly
injecting this bifunctional structure locally intouscles of
the “humanized” mdx mouse developed by the Duteh re
searchers which contains human dystrophin, an skipa
ping rate of 54% was reached.

Aurélie Goyenvalle, PhD.
Dept. of Physiology, Anatomy & Genetics
Henry Wellcome Centre for Gene Function
University of Oxford
South Parks Road
Oxford OX1 3QX, UK

It is expected that this technique will algodble to
skip other exons and even those which are diffimustkip
by “normal” exon skipping. This vectorized approado
offers the possibility to perform multi-exon skippiby
using two or more U7snRNAs.

A publication on the use of the bifunctionaldhRNA
has been accepted by the journal Molecular Theligpy,
title is “Enhanced exon-skipping induced by U7snRNA
carrying a splicing silencer sequence: promisirud tor
DMD therapy”.

Personalized therapies and the regulation agencies.

TheFederal Drug AdministrationFDA, in the United
States, th&uropean Medicines AgendyMEA , and other
regulation agencies require that the “normal” depeaient
of a classical drug has to go through the followstages:

Thepre-clinical phaseinvolving laboratory and animal
studies to assess its safety, biological actiatyd formu-
lations;

theclinical phase-Itrial on 20 — 100 healthy volunteers
to determine its safety in humans;

theclinical phase-Il trial on 100 — 500 patients to eva-
luate optimal dosages, safety, and efficacy; and
theclinical phase-Ill investigationon 1,000 — 5,000 pa-

tients to confirm the drug’s safety and effectivenef
long-term use.

The cost of all three clinical investigatiotidls can be
up to 500 million US$ for one drug and it may taigeto
15 years from the first concept of a new drug utgimar-
ket approval.

The regulatory rules were made in an age vgatient-
specific types of approaches as exon skipping weteet
available. To get a personalized Duchenne drugigiro
these stages, several challenges are encounterel avb
new to the agencies and which have to be overcafwd
they can reach the patients.
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For instance, phase-I toxicity studies withsA¢uld
shift the reading frame in a normal dystrophin mRak#d,
if they are sufficiently effective, give the healtholun-
teers Duchenne dystrophy, a dangerous side effeichw
has nothing to do with “normal” toxicity. Anotherajor
concern would be so-callexdf-target effectsmeaning that
exons could be skipped in other genes than theahrsh
gene.

Another problem, not encountered in normapdie-
velopment might be specific to Duchenne dystrojiiey:
cause of the absence of dystrophin, the cell memeisraf
Duchenne muscles have tears and holes through wech
exon skipping drugs can get into the cytoplasnhefdells
and also into the nucleus where they are needetidor
therapeutic action. Thus, certain toxic effectshhigppear
only in patients but not in people without Duchenfiis
makes the standard toxicity studies with healthiynters
problematic.

The team ofric Hoffman at the Children’s Medical
Center in Washington DC has recently received a5 m
lion US dollars from the US Department of Defenae f
studying in mice and monkeys these toxicity consern
the AVI anti exon-51 AO used in the British clini¢gals.

Another challenge for the approval of exorppkig

drugs would be the cost of several hundred miltioHars
and the time necessary for going through all féagess
with each of the many different AO sequences reguio
treat patients with different mutations. Most oé$k indi-
vidual sequences will be applicable only to a smathber
of patients, thus, in many cases, there will jugtbe a suf-
ficient number of patients available for the stadaini-
cal studies.

If the ongoing first exon skipping trials conte to
show no drug related adverse effects, as it seefns t
likely, the regulating agencies can hopefully bewinced
to consider entire groups of AOs of a certain cloafrtype
as one single drug and thus shorten considerablgh
proval process.

Duchenne boys have not much time left. Margpie
therefore think that it is justified to accept tiegks that
some adverse effects will become apparent only ofitey-
term use. That would mean that the boys whose skipa
ping drugs could go through an abbreviated appnonad-
ess will also have a chance for a therapy befagetito
late for them, before most of their muscles areegon

This summary is based on a new publicatioi iy
Hoffman of the Children’s Medical Center in Washington
DC (13).

Clinical trials

Four clinical trials for skipping exon 51 are déised in
this most important section of this report. Twatdm are
local ones, in which only one unimportant muscle is treat
ed. This cannot improve the disease of all musthesy,
cannot provide a clinical benefit. The two othetssys-
temicones, in which the potential drugs, the AOs, are in
jected into the blood circulation. They may alreatipw a
small improvement of the muscle function.

But the main question these four trials arsigteed to
answer isAre the potential new drugs safafer all, they
may have to be given for the hopefully extendestilifie
of the Duchenne boys.

These indispensable steps to the full devetoyrof a
therapy are just human experiments which also can g
wrong. Participation of a sufficient number of baylso
need exon-51 skipping is important, but it is notth-
while for the family to undertake expensive joursigy the
trial centersKate Bushbyexplains this in her interview
starting on page 13.

Local exon skipping trial in the Netherlands.Thefirst
in-human trial with the exon skipping techniquas per-
formed under the direction dfidith van DeutekomJan
Verschuuren and others of the compaRyosensa The-
rapeutics BV and thelLeiden University Medical Center
in the Netherlands between January 2006 and Ma&@.2
It was designed to providepaoof of principleonly and
was not expected to result in a therapeutic beteeflie
treated boys. It waslacal studyon a small area of a sin-
gle muscle, théibialis anterior muscle of the shin, which
was treated with a 2’0O-methyl AO against exon Sleda
PROO051

With this type of a chemically modified AOgtibutch
researchers had worked in pre-clinical experimémnts

many years and were able to successfully skip ogbkin
exons in muscle fibers not only in cell culturesigkx
from Duchenne patients with different mutations &lsb
in various mouse models, mdx and hDMD, after |lecal
after either subcutaneous or intravenous systanec-
tions.

Four Dutch boys participated in this open gtuichey
were between 10 and 13 years old and had proven del
tions of the dystrophin exon(s) 50, 52, 48-50, &50.
They were treated sequentially, meaning that ofter the
results for one boy were positive and did not slaoy se-
rious side effects, the next boy was treated. bagtre-
ceived a single dose of 0.8 mg PRO051 dissolvesdline,
0.9% salt solution, under local anesthesia intmallsre-
gion of approximately 1.5 cm length of his shin ulas

After 4 weeks, muscle tissue was obtainedbiopsy
from the injection site and tested for the expestédped
MRNA and novel dystrophin protein. Almost all mscl
fibers in the biopsy tissue, up to 94%, showed hdys-
trophin expression at the muscle fiber membranésviels
of 33%, 35%, 17%, and 25% compared to healthy reuscl
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tissue. The treated muscle tissue volume was t@dl smn
provide any clinical benefit to the participatingyls. This
was expected and the boys and their families kinésw t

These results showed for the first time, thattn skip-
ping does not only work in mice and dogs, but atsiou-
man muscle, in Duchenne boys, and they signify thlab
an exon skipping treatment, when it becomes availab
should be started when most of the muscles aténsétt,
that is, immediately after diagnosis and the egatérmi-
nation of the mutation in the dystrophin gene.

The results of this first application of thea-skipping
technique in Duchenne boys have been publishedeon t
27" of December 2007 in the New England Journal of
Medicine with a commentary by Eric Hoffm&tg).

Judith van Deutekom, PhD.
Head of Research
Prosensa B.V.
Wassenaarseweg 72
2333 AL Leiden, the Netherlands

First systemic clinical trial in the Netherlands.Between
July 2008 and January 2009, Prosensa Therapeufics B
started asystemidrial with twelve 5-15-year old Du-
chenne boys in Géteborg and Leuven with the PRO051
AO against exon 51 injectessibcutaneous)yunder the
skin.

Experiments with mice had shown that, aftdrcsta-
neous injections, the AO spreads throughout they banald
reaches all muscles including those of the heattiamg
function. Each boy received one injection at thgiteing
and then 4 other injections once a week for 4 weEhs
was a dose escalation study with AO doses betwéen 0
and 10 mg/kg/injection. The results, which may adie
show a therapeutic benefit, will be available ia fummer
of 2009 after full evaluation of all the data. Utlie end
of March 2009, no serious side effects have appeare

Subcutaneous injections have the advantagéhting
would not require frequent visits to doctor’s officand
hospitals if repeated treatments will later becomees-
sary.

Prosensa Therapeutics BV has acquired gramtitjga
of the AO against exon 51 in clinical grade qualitythe
two first trials. Also, AOs with optimized structs to skip
exons 43, 44, 45, 46, 50, 52 and 53 have been q@epa
The next AO to be developed by Prosensa until ntizudce
will be the one for skipping exon 44 with the ficinical
trials to begin in 2009/2010.

Judith van Deutekom said: “We are very pleasgitil
the set up, progress and results of the studyrsedpe-
cially since no serious side effects were obsetoathte
for each dose group. Our knowledge obtained inghidy
will be very helpful in the set up of the subsedusmase
[1/11 trial.”

First local clinical trial in the United Kingdom. Another
clinical exon-skipping trial was performed in th& be-
tween the summer and the end of 2008 byMB¥=X Con-
sortiumunder the direction dfrancesco Muntoniof the
Imperial College London, anglate Bushbyof the Univer-
sity of Newcastle upon Tyne. The MDEX consortium,
funded by the department of Health, groups togetimer
researchers as well as the charities Muscular Dykir
Campaign, ActionDuchenne, and Duchenne Parents Sup-
port Group.

Eight different morpholino AOs were testectuitures
of normal and Duchenne human muscles and in living
non-dystrophic mice which contained human dystnoi
their muscles. The best results were obtained tivéh
morpholinoAO H51Adeveloped bysteve Wiltonin Perth
(Australia) and shown byominic Wellsin London to be
sufficiently stable for a long-term clinical treagnt. This
morpholino AO is being manufactured in clinical desby
the company AVI BioPharma Inc. in Portland, Oregon,
and is called AVI-465820).

Seven 12-18-year old Duchenne boys particihathe
first two boys received a low dosage of 0.09 mgphor
lino AO in 0.9 ml saline, delivered with nine infemns of
0.01 ml solution each directly into tle&tensor digitorum
brevismuscles at the outside of one foot. The muscle of
the other foot received similar injections of sadtution
for control tests. The 5 other boys received aith@es
higher dose of 0.90 mg AO in a similar injectiomadule.
Extensive clinical checks and 2 biopsies were paréal
before and 30 days after the injections.

In a press release in January 2009, AVI ancedithat
the biopsy data after this first local clinicabdrivith a
morpholino AO showed that new dystrophin was induce
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in a dose responsive manner, meaning that withityteer

dose, more dystrophin was produced than with theido

dose. The AO drug was well tolerated with no dreigted
adverse effects. A manuscript with the full residteeady
to be submitted for publication.

First systemic clinical trial in the United Kingdom. One
of the most decisive pre-clinical animal experinseiotr
the preparation of this trial were 7 weekly AO itjens
into the tail vein of mdx mice which resulted in rmadhan
50% of shortened dystrophin in most of their muscle
compared to the normal amount. This new dystroplaa
then present for at least 14 wegRks).

After approval was obtained from the three &ikoer-
vising agencies MHRA, GTAC, and GOSH between Au-
gust and November 2008, the first two boys recethed
intravenous injections of the AVI-4658 AO into thieod
circulation at the beginning of 2009. In total, sitBl ambu-
lant Duchenne boys in 4 groups of 4 boys, who edich
exon-51 skipping, will receive the injections wegefdr 12
weeks. The injections are being done sequentiallyat a
later treatment can be stopped immediately if shmgt
happens in an earlier one. All treatments will inéshed
during the second half of 2009.

This trial is again a dose escalating study,revtiee first

Interview with Kate Bushby

boys receive a very low dose of 0.5 mg/kg of AOrgve
week, which will be raised to 4.0 mg/kg for the baseat-
ed at the end of the trial. For a 10-year old bejging
30 kg, this would mean that he would receive hrns
of the AO drug during the entire trial. In earl@inical
trials for other diseases, AO doses of up to 30(kgiday
were well tolerated. The aims of the trial aredst for
safety and tolerability and also to changes of rieufssic-
tion and strength. And it is hoped that a lowestedcan be
determined that will induce sufficient exon skipgpwvhile
being well tolerated by the children without ses@ide
effects.

Although biopsies on several muscles woulddees-
sary to prove that the AO drug injected into theoil
stream has reached several muscles and producid-dys
phin there, only one biopsy after the trial hasrbakowed
by the regulation agencies. This biopsy will bestakrom
the biceps of the boys.

It is expected that the full results of thiisdy can be
published at the end of 2009.

AVI BioPharma is the sponsor of this trialddfran-
cesco Muntonihas been awarded of 1.3 million US$ from
the Medical Research Council of the UK to offsansoof
the costs of the trial.

Clinical trials for skipping exon 51 in Duchenne bgs.

| recorded this interview in Nicosia on Cyprus ba £'
of March 2009 at the"®Congress of the Mediterranean
Society of Myology. The following text is an editadd
shortened version of the spoken interview. It heenbap-
proved by Kate Bushby for you, the patients, y@mif
lies, and care-givers. My questions are writteitakics,
Kate Bushby'sinswers are in normal print.

Local and systemic clinical trials for skipping ex861 of
the mRNA in Duchenne boys have been and are beirg p
formed by the Dutch company Prosensa in Leidervdriy
and Goéteborg, and by the American company AVI Bio-
Pharma in London and Newcastle with the help of the
MDEX Consortium of which you are a leading member.
Professor Rudolf Korinthenberg at the Children’sdgial
in Freiburg told me that he is ready to help eitlfeo-
sensa or AVI to perform the next large and pivotalical
trials with his organization of 10 German clinicaénters.

The TREAT-NMD network, of which Rudolf and his
team are a key partner, is very pleased abouttre bf
industry interest in the network, in particular feasibility
inquiries, and regarding future studies. It wouddféantas-
tic if these future studies were co-ordinated vied8if's
team.

If the companies get outside funds from puddierces
like health departments or so, wouldn'’t there belppems
when they are earning money later?

There is often collaboration between drug canigs
and public funders for drugs to be developed. lip$eo
move the process forward.

Because | got the merit medal of Germany fpren
ports from our president Horst Kohler, | can novktto
some German politicians at a high level. | toldrthehat
we will need about two million euros for a larg@tmwith
100 Duchenne boys. But it seems to be quite difficget
anything outside the normal way of applications] dmat
takes years.

Yes, getting public money takes a long timmel also
the drug companies have to agree that you go dogn t
route of accessing public money for a collaboragixe
ject. As you know, exon skipping is mainly beinghddy
Prosensa and AVI. They are developing the techiyolog
and they chose to do these ongoing trials. Weyraalpe
that partnerships will develop which will allow thevel-
opment of new trials in the future.

| saw in a press release of AVI that your Idcal has
been finished, and that the results are availalyl@bw.

The results have been written up. Our manpsiin
the process of being submitted. The publicatiorukho
come out soon.

Your results are positive, aren’t they? Areytlbetter
than the results the Dutch got in their local trighich
were published at the end of 2007 in the New Erhlan
Journal of Medicine?

Yes our results are positive. We can't reafiynpare
them with the Dutch results, because the way wetdid
trial was slightly different. For example, we wedtowed
to take a biopsy from the same EDB muscle of thesbo
other leg. One muscle was injected with the ansisatrug
and the other with only a salt solution, to hawmatrol.
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The control is very important, because of the bemlgd
level of dystrophin in some Duchenne patientss hliéces-
sary to determine that what we are seeing aftetréat-
ment is definitely higher than the background. Vfith
low dose, our results were not so good, but wieh1®
times higher dose, they were much better. Dystroplas
visible in a significant portion of the muscle fise

Your next trial, the systemic one, has nowistarted.
From what Francesco Muntoni said at ActionDuchesne’
meeting in London last November, | calculated that
trial will be ready in about the month of Augustluif
year. Can anything been said already?

The trial will be finished later than Augubyt we hope
it will be ready this year. Two patients have bagected
so far. So it is a bit premature to say anything.

And will you do multiple biopsies to see Wkethe
drug is active in possibly all muscles?

No, we are not allowed that. There will bet joise bi-
opsy afterwards, from the biceps. This will be caneg
with a biopsy taken before treatment.

Do you expect some improvement of the musate f
tion?

Not really. But because we have to checkttiaimus-
cles are not damaged by the treatment we are niegsur
muscle function and strength. But this is not ditafy
trial. It lasts only for 12 weeks.

What will happen afterwards, will you need tes
trial?

Yes, and that will be the controlled triale thial where
we have to use a placebo for determining efficatiglnly.

And this could not be done together with thich to
compare the two types of drug at the same time?

From the academic point of view that would makry
great sense. But | don’t think the companies walddhat.
It is most likely that they rather would complelteir trials
independently.

But wouldn’t one then need to give the pladebmuch
fewer children?

Possibly, it would depend on the design ofttla. It is
more likely that when both drugs are ready andhen t
market, the academics could do a comparison.

The Dutch have just published a paper on tmepari-
son of the two types of the drug where they saytitiedr
effect was about the same.

They were tests, done in the laboratory ant mice
but not with humans. And that is not the final aaswt is
however very reassuring to see promise with batigsir

The Dutch have a so-called first list for thext exons
to be skipped. Didn't AVI say in their press reledsat
their next exon whose skipping they will develdphei
exon 50?

It does seem like this is the case. They haldeme
that they are looking at the deletions of the défe pa-
tients to determine the next important group ofgues
whose exons should be skipped.

Hasn't this already have been done by Annesniek
Aartsma-Rus in Leiden?

Our list is slightly different, because itiased on the
results of the TREAT-NMD global registry. Around 30
countries are in partnership with TREAT-NMD to coiot
ute to the DMD global database which now has oy&0@®
registrants. All of the patients enrolled on thesgistries

are interested in taking part in trials, and somsdclini-
cal information on them is also available. An ovew of
the information held will be available on the TREAT
NMD website very soon.

Will you need new approvals for the next trial?

For every trial, you need specific approvabri the
local to the systemic trial that was quite straiigiward. It
went faster than for the first trial where we hatkav drug
and a new technology. The approval for the secthred,
systemic trial, was much easier for us.

Do you think that the next steps will alsoebsier?

Yes, they will be easier. The regulators wauitl have
approved an early trial if it had not a prospectitSs im-
portant that there are more trials in the pipelive. will
discuss the regulation of the antisense treatméhttie
EMEA and the FDA agencies next autumn in a meeting
led by TREAT-NMD.

So the talks are going on, and how do thel(2o&re
the regulators interested?

We are talking to them, but we don’t know wiat
happen. But sure, they are interested in helping us

Who are the people who decide to approve bano
clinical trial?

They are very highly competent pharmacologisis
pediatricians. They are experienced people. We kihisv
from the discussions about trials for spinal muscatro-
phy.

Didn’t AVI try to do their trials in the UniteStates
also?

Professor Kate Bushby, MD.
TREAT-NMD Coordinator
Institute of Human Genetics

University of Newcastle
International Centre for Life
Newcastle upon Tyne, NE1 3BZ, UK

| am sure that they have plans to move thigilstinto
the US also. Up until now, the FDA in the States baen
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less easy to engage on this issue than the Eurdid&m.

Is that the reason you are doing the two &ial the
UK?

Yes, partly.

In the next trials, can children from outsttie UK par-
ticipate?

For the current trial, | don't think that & practical to
come from another country, because the childree tav
be there every week for injections. They have teeHats
of blood samples taken. The families have to ligarrthe
clinical centers. It would be better to have moi@ sites
in other countries especially as we move into afficstu-
dies. Possible trial sites are being identified scigened
by TREAT-NMD. We see how complicated it is to take
part in a trial with the PTC trial. Families haweput their
whole life on hold, even if they live close by. Evior
them it is difficult to participate.

| get requests from all over the world. Eveogle from
Siberia and Argentina would like to come.

| can imagine that, but they should realiz the trials
are only trials. In the efficacy trials, their ahitould even
be on placebo. It may not help them and there neayr
foreseen side effects. Trials are really hard work.

| always tell them, that the children partiatpng do not
get any direct benefit. But if they stay in contaith me,
they will get my reports. | have more than 1,006radses
on my English, German, and Spanish e-mailing Ists,
they would find out fast when something is readytfeir
children.

| would even say that the people in the tréaks almost
at a disadvantage. Because they have to go thmhgls-
sle to get to something everybody else will pristim
later provided it is proven to work. We are vergtgful
indeed to the families and boys who take all theetand
effort to take part in these studies, which welyeabpe
will move things forward for everyone..

Can you say about how long it will take uttig first
exon-51 skipping drug will be ready? Gerard Platergh
said in my interview with him last July in Philaghkla, it
would take about four years.

Yes it might be something like that. But ivisry hard
to give even an estimate.

If one could skip almost all exons, one cdrddt 83%
of all Duchenne boys. But there are other treatnparssi-
bilities, like upregulation of utrophin, which theould
even be combined with exon skipping.

Yes, this kind of combination will be one wayen-
hance efficacy. For the development of potentiséisanse
drugs for the smaller target groups, maybe someafari
investors or foundations could provide the fundsdfevel-
oping exon skipping drugs for small groups of paseif
the commercial companies cannot do this.

And the morpholinos are more expensive thar2t®-
methls, yes?

They are both expensive. The company Genzgle s
their drug for the rare neuromuscular Pompe’s disdar
many thousands of dollars per year. Who knows nexo
skipping might be similarly expensive, or it midig much
cheaper. If the systemic trials produce spectacekuilts,
then, maybe, some private investors will come ald&hg
when they are not spectacular, this might not happe
to now everything is just an experiment for a laggeup
of related new drugs. PTC124 is different, thatist one
small molecule the manufacturer has to take care of

And it is only for 15% of the patients. Is P'P@ really
working?

Nobody knows yet. We have to wait until thel efithe
trial.

Sometimes | am approached by Becker pati€htsy
are already there where the Duchenne boys wanéto b
But the pharmacological methods might help them.

Yes, that is true. But they want to improveittsitua-
tion also.

Thank you for answering my questions. Would yo
please conclude this interview with some final vealthe
Duchenne patients and their families who will rehi$
interview?

| would just like to say that we have waited fhany
years to be able to talk about ongoing clinicall$ti This is
a very exciting new era for this condition.

Some personal final words.

Dear friends everywhere:As | said at the beginning, |
wrote this research report and my earlier onesadisihe
for you, the boys and young men with Duchenne mlascu
dystrophy and your families, so that you understaitier
what is being done to stop this disease. | hopevorgls
were not too complicated for you, the young men laayks
with Duchenne dystrophy and for your families. But
know that because you wish to know what the reseasc
are doing for you, you will have already some basic
knowledge about the many scientific facts mentioined
this report. If you have problems you have perHepads
who studied medicine or biology or others who calph
you. Or you may ask me by writing in English, Frenc
German, Spanish, Italian, | will answer all e-maitdet-
ters, as well as | can, but not always immediageig only
in English or German, | cannot write in the otteer-I
guages without too many mistakes.

Scientific research.If you have read this report, you will
realize that the many scientists and their teamtioreed
are doing everything they can and as fast as gedsib
finding a therapy. In 1986/87, when the dystropene
and its protein were found, we all thought thatway was
finally open for a cure that could very soon cottée
cause of the disease. But now, more than 20 yasms ve
are still waiting for that cure or at least folheitapy that
would slow down the destruction of the muscles. it
only the fight againghis disease proved to be much more
difficult than first imagined, progress for othagrgetic dis-
eases like cystic fibrosis or the many forms ofcesinis
also very slow. In fact, “our disease”, Duchennesoular
dystrophy, could become the first not so rare hieasd
disease which will have a genetic therapy in thiesoadis-
tant future.

When once talking tdnnemieke Aartsma-Rysshe
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said “Duchenne dystrophy helps us to heal its&#'.I told
her that | will spread her words to the rest of Duchenne
community. She then said that she really stoleghiste

from Gert-Jan van Ommenwho originally said: “This
disease wants to be cured”. The disease realilggthat,
because the Duchenne muscle cell membranes hase tea
and holes which allow the AOs to get easily inte tells

to do their healing job there. To get them intomak mus-
cles is much more difficult.

Mutation diagnostics. As you have seen, exon skipping is
amutation specifitechnique. That means the exact mu-
tation must be known for the patient to later bériefm
such a treatment. The MLPA method is now a wideskydu
technique for detecting deletions and duplicatioosonly
in Duchenne patients but also in female carrieventf

the mutation of the patient in a family is not knoar
cannot be determined any more, the MLPA methodsfind
the dystrophin deletions and duplications in thehacs or
other women related to them. This is importantgfenetic
counseling which can avoid the birth of additioDal
chenne boys in the extended family of a patient.iBal
woman at risk can be assured that sheta carrier, this
can encourage her to have healthy children witFeart of

a recurrence.

Registration. All boys and young men with Duchenne
should have their personal medical data registieréuke
Duchenne data banks of their own country which khou
be part of the international registry networks tisred by
TREAT-NMD (www.treat-nmd.eu/registjyand Duchenne
Connect ywww.duchenneconnect.grdrl his would allow
finding participants for clinical trials of therags for more
unusual mutations, and it would also assure thep#z
tients and their families have access to the mp4dbtdate
information about research results and medical geana
ment.

Beware of miracle drugs and treatmentsA treatment
that is safe and effective for a long time can drdydeve-
loped with strictly scientific methods. If you s&riracle”
drugs on the internet or get offers of miracle timents,
which cost thousands of dollars or euros and ymsicer
getting and applying them for your child, pleask the
miracle providers how many Duchenne boys they lave
ready cured, how these boys were diagnosed withh wha
results, how much new dystrophin have they founithén
muscles, how much the muscle function has improaed,
in which important medical journal the results wpti-
lished. If that what is offered really had anyualask
yourself why not thousands of families are goingré¢h
with their sick children. Be careful, otherwise ywill lose
lots of money and possibly hurt your boy severely.

Recognition for my report writing. The president of
GermanyHorst Kohler, has awarded me the “Bundesver-
dienstkreuz”, the medal of merit of our country faiiting
my reports, and in a quite impressive ceremonyherst

of February it was given to me by state secrefangdolf
Fleischerhere in our Black Forest village. | used this op-
portunity to explain to the about 120 persons prege
situation of the families with Duchenne childrerdda

propose a collaboration between our Dutch and Germa
scientists to perform the next large exon-skipplgical
trial with German patients in Germany. | am noveam-
tact with 12 high-level politicians including oueéferal
President and his wifeéva Luise Kohler who takes care
of rare diseases, and the Federal Ministers foithlead
Researchylla SchmidtandAnnette Schavanlt will not
be easy to get the about 2 million euros for thisaal
trial but the correspondence still continues, arthe an-
nual meeting of our Duchenne-parent-project orgaitn
Aktion Benni & Coon the 18 of May at the city of Bo-
chum, the new president of Proseridans Schikan will
discuss details of the proposed Dutch-German dirtiél
with us.

And on the 2% of March, the Gaetano-Conte-Academy
of Naples in Italy awarded me its 20B8¢ize for Social
Researclat the meeting of the Mediterranean Society of
Myology in Nicosia on Cyprus. At that occasionrép
sented a paper on how | explain exon-51 skippirth¢o
Duchenne patients and families. In about one maoyuth,
will be able to see the 55 power-point slides ofprgsen-
tation on the English section of my internet pagethe
addresswww.duchenne-information.etlYou may down-
load them from there. They are quite detailed aandeh
many animations, so you will understand them withaou
explanation by me.

This report has illustrations. This is my first report with
pictures which will help you to better understang ex-
planations. Quite some time ago, | realized thatemo
women scientists than men are working on finding an
exon-skipping therapy for “our” boys. Four of them,
Annemieke, Aurélie, JudithandKateare leading entire
teams which again include more women than menefo |
you see these four attractive and, obviously, watefli-
gent ladies, they sent me their photos which | auento
this report.

But there is a fifth photo of a very specady together
with three children. This iBat Furlong, the president of
the American Parent Project Muscular Dystrophy, BRM
on a picture taken by me last year at the PPMD ing @t
Philadelphia. Many of you will know her personaliyd
most will know what she did and is still doing fecceler-
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ating research for a Duchenne therapy at an evezasing
speed toward an effective therapy to be ready, fatipe
within a few more years. We cannot be thankful gmou
for what she is doing!

To conclude these final words, here are my thoughtsit
the most difficult question | often have to answer:

Why must my son have this terrible disease™®his is a
guestion which | often hear when | receive e-maild
phone calls from almost everywhere in the worldstmo
often from the mothers of Duchenne children. Altglol
have not learnt professionally how to deal witls tiiles-
tion, | am trying to answer it anyway, in my ownnas
like these:

Duchenne muscular dystrophy is not new, likB3,
because it has been found also in mice, rats, datss, and

horses, and thus probably exists in all animalb wius-
cles. So it started long before we became diffefiremn

our animal ancestors. It is an accident of evolutiWith-
out the mutations, the random changes of the geimeti
formation, we would not be here and the rest eftibt

either. Some of the mutations are “good”, becaheg t
improve life, but most are “bad” and dangerous glose
they cause death and disease before birth andvafits.

The mutations that cause Duchenne musculdragysy
do not punish you, the sick boys, or your mothets)
may have passed on the damaged gene to you. Tlae mut
tions just happen, probably most often by mistaidesn
the gene is duplicated during cell division.

This is not the place to discuss religiousstjoas
which easily come to mind. Just allow me to add one
thought: Nature seems to act blindly without regard
whom she hurts, on the other hand, a long seriagmof
good mutations gave us the human brain, the mast co
plex structure of the universe, which is able tyasmany
problems including how to repair these accidentsicay
Duchenne dystrophy. This report shows you thatithis
exactly what is happening!

| am sending all of you my best regards from mykiray
place in the Black Forest in Germany.

Gunter Scheuerbrandt, PhD.

Im Talgrund 2

79874 Breitnau, Germany

Tel.: *49-7652-1777,

E-Mail: gscheuerbrandt@t-online.de
Internet:www.duchenne-information.eu
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Thank you! I am thanking all those whom | asked to help
me to write this report by looking through my sunni@a

of their work and making changes and additions wfliter
was necessary: Annemieke Aartsma-Rus, Aurélie Goyen
valle, Judith van Deutekom, Kate Bushby, and T &y
tridge. | am thanking also TREAT-NMD, PPMD, and
ActionDuchenne for financial support. Here aretieeim-
plete addresses and contact information:

This report will be updated repeatedly You can see it —
and, after about 6 weeks, translations into Geramh
Spanish — on my internet pagesatw.duchenne-
information.euas well as two interviews and my earlier
reports about the two PPMD meetings in Cincinn@@&
and Philadelphia 2007 and the ActionDuchenne mgétin
London 2006. If you wish to receive all my futueports
as soon as they are ready, please send me youit aemna
dress for inclusion in my English, German, or Sphni
mailing lists which already contain more than dmeut
sand addresses.

TREAT-NMD

Prof. Kate Bushby

Institute of Human Genetics

University of Newcastle upon Tyne, NE1 3BZ, UK
Tel.: *44-191-241-8621, Internettww.treat-nmd.eu

Parent Project Muscular Dystrophy

Patricia Furlong

1012 North University Blvd. Middletown, Ohio 45042,
USA

Tel.: *1-513-424-0696, Internet:
www.parentprojectmd.org

ActionDuchenne

Nick Catlin

Epicentre, 41 West Street

London E11 4LJ, UK

Tel.: *44-208-556-9955,
Internet:www.actionduchenne.org

Our Poster Child.

This is 5-year old Christian, we found him in
1985, when he was 4 weeks old with our CK
screening test for the early detection of Du-
chenne muscular dystrophy.

He is one of the about half a million Duchenne

boys and young men in the world, for whom all
our work is done.
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Molecular details of skipping exon 51

In the local clinical trial in the Netherlands, gging of exon 51 has been achieved. Here, the milaledetails of this skipping
for one of the boys are explained whose aim it twagstore the reading frame which was shifted$miRNA by the deletion
of exon 50 in the dystrophin gene.

Part of the base sequences of exons 50 and 5& off#fNA of thenormal dystrophin genare shown as well as the end of
exon 49 and the beginning of exon 52. In exon SQyiplets are not shown and 52 in exon 51. Belaehetriplet, the abbre-
viation of the name of the amino acid in the dyshia protein is shown that is coded by the trip{f€he translation to the
amino acids occurs in the ribosomes. The amincsaaie not attached to the RNA codons.) The trigtdtsw each other
without spaces, the hyphens indicate only the repfitame and the vertical lines the borders ofetkens. The three bases of
thehiddenstop signal UGA are shown in red. Exon 50 ends #ffirst base of the last triplet, which themrdsnpleted to
UCU with the first and second bases of exon 51wshio blue.

End Exon 49 | Start Exon 50 End Exon 50 | Start Exon 51
---CAG-CCA-GUG-AAG | AGG-AAG-UUA-GAA---AUU-GGA- GCCU | CUCCU-ACU-CAG-ACU-
gln pro val lys | arg lys leu glu ile gly ala ser| pro thr gin thr

hidden stomlon
---GUU-ACU-CUG-G  UG-ACA-CAA---AAA-CUA-GAA-AUG-CCA-UCU-UCC-UUG-AUG-UUG-GAG---
val thr leu val thr gin lys leu glu met pr o ser ser leu met leu glu

End Exon 51 | Start Exon 52
---AUG-AUC-AUC-AAG-CAG-AAG | GCA-ACA-A UG-CAG-GAU-UUG---
met ile ile lys gIn lys | ala thr m etgln asp leu

When exon 50 is deleted in the gene and also imiRBIA, exon 49 is followed directly by exon 51. $ltiauses the shift of
the reading frame in exon 51 by one nucleotiddé¢oright, with the consequence that 8 incorrecharacids are incorporated
into the dystrophin until finally a premature s&ignal UGA is reached. The shifted base sequenaktha wrong amino ac-
ids are shown in red. The synthesis of dystrophinterrupted prematurely, it remains incompletejéstroyed, anBuchenne
muscular dystrophglevelops.

End Exon 49 | Start Exon 51
---CAG-CCA-GUG-AAG | CUC-CUA-CUC-AGA-CUG-UUA-
gin pro val lys | leu leu leu arg leu leu
active stop codon antisense oligoribonutige®

UC-UUU-ACG-GUA-GAA-GGA-ACU
- CUC-UGGUGA CAC AAG---AAC-U AG-AAA-UGC-CAU-CUU-CCU-UGAJGU-UGG--
leu trp STOP!

End Exon 51 | Start Exon 52
AU-GAU-CAU-CAA-GCA-GAA-G | GC-AAC-AAU-GCA-GGA-UUU---

The exon-skipping antisense oligoribonucleotide NNPROO051, as used by the Dutch researchers, isrsimoblue attached
by Watson-Crick base pairing to 20 bases in exoritaduces skipping of exon 51 in the mRNA of thatatedgene which,
in this example, does not contain the sequencaaf B0.

If, in addition to the deleted exon 50, exon 5feimoved by skipping, then exon 52 is directly cateé to exon 49. The read-
ing frame is not disturbed any more because excendi8 and exon 52 begins with a complete codonreétbases.

End Exon 49 | Start Exon 52
---CAG-CCA-GUG-AAG | GCA-ACA-AUG -CAG-GAU-UUG---
gln pro val lys | ala thr met gln asp leu

No premature stop signal appears in exon 52 or, latg 77 amino acids are missing in the protdinsé whose genetic infor-
mation was carried by the base sequence of eoaad61. They are missing in the central part ofstih@tened dystrophin,
which, however, will probably still be partly fumahal and thus give rise to the mild Becker dysiypmstead of the severe
Duchenne dystrophy.
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