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SUMMARY

1. SUMMARY

Dystrophin is a roghaped cytoplasmic protein that physicdilyks the cytoskeleton to the
ECM through the dystrophiassociated protein complex (DAPC), therepyoviding
sarcolemmal stabilityMutations in the dystrophin encodinDMD gene cause the severe X
linked disorder Duchenne muscular dystrophy (DMD). DMihasacterized by progressive
muscle wasting and fibrosignpairing notably skeletal and heart muscle function as wetbas
various degreesognitive, visual and gastrointestinal function due to missing dystrophin in the
respective tissuedn this work anovelDmdFS teporter mouse that expresses a fluorescently
labelled endogenous dystrophdEGFP fusion protein was generated and characterized. The
protein was tagged at the-@rminus that is present in the most dystrophin isoforms date,

no dystroghin reporter mice exist, thus imaging is only possible by indirect antipoeliated
processingex vivo For the generation of transgenic mice a targeting vector containing a-FLAG
EGFP coding sequence insertedrame after the last modified exon 79 ofdhmurineDmd
gene was constructed. Following the EGFP sequencePdlémked neomycincassette was
AYASNISR Ayid2 (GKS o0Q! ¢wd ¢KS @EhaniosdMNdDmd & dza S
locus in embryonic stercells and germline transmission of the moelifiallele. After removal

of the neomycinselection cassette in the F1 generati@dmdcPmice and their wildtype

littermates were characterized.

Strong natural EGFP expression was observed in skeletal and smooth muscles, heart, brain
and the eye and EGRHBorescence cdocalized with dystrophin at all sites suggesting proper
tagging of the major dystrophin isoforms. In skeletal muscle, dystrophin as well as other
proteins of the DAPC were expressed in normal quantity at correct
sarcolemmalsubsarcolemmal localization. Skeletal muscle maintained normal tissue
architecture, suggesting a correct function of the dystropBBFP fusion protein. Isolated
myofibers as well as satelli=ell derived myotubes express&dsFRn vitro. Thus, he novel
dystrophin repeter mouse provides a valuable tool for direct visualization of dystrophin

expression

Furthermore, the model can be used to investigate dystrophiaxgeressiorin vivoor ex vivo
after various gene therapy protocols that are aimed at the reestablishment of the dystrophin

open reading frame or in naturally occurring revertant fibers.



ZUSAMMENFASSUNG

2. ZUSAMMENFASSUNG

Dystrophin is ein zytoplasmatisches Protein, welches wesentlich fir den Aufbau des
Dystrophinassoziierten Proteinkomples (DAPC) ist. Der Komplex vernetzt dasskeleton

mit der extrazellularen Matrix, wodurch das Dystroph@mtscheidend zu6tabilisierung des
Sarkolemma und zur Erhaltung der Muskelfaserintegritat wahrend der Musiedraktion
beitréagt. Mutationen im Dystrophin kodierendeDMD Gen, verursachen die schwere X
chromosomal vererbte Muskeldystrophie Duchenne (DMD). DMD ist gekennzeichnet durch
eine fortschreitende Muskeldegeneration und Fibrose, welche die Skelettmuskel
Herzmuskelfunktion beeintrachtigt. Dartber hinaus sind zu einem gewissen Grad auch
kognitive, visuelle und gastrointestinale Funktionen gestort. Ursache fur die Krankheit ist das
Fehlen des DystrophiRroteins in dem jeweiligen Gewebl@. der vorliegeden Arbeithabe

ich ein neues Mausmodelklie DmdF® "Reportermaus, generiert und charakterisiert. Das
Model ist gekennzeichnet durch die Expression eines Fluoresaarkierten Dystrophin
EGFP Fusionsproteins. Bislang existiert keine Reportermaus fliofysir so dass die
Visualisierung der DystrophiBxpression bisher nur mittels indirekter Antikoérperfarbueg
vivomoglich war. Fur die Herstellung der transgenen Maus habe ich einen Taryetor
entwickelt, welcher die FLABGFP Gensequenz downstredes letzten Exons (Exon 79) des
DmdDSya RSNJ al dza SAYFNIGP 2 SAGSNI PoflahkieRe 6y & (0 N
Neomycin Selektionskassette eingebracht, welche spater nach homologer Rekombination und
Blastozysteninjektion durch Verpaarung der -Géneration mit einer ubiquitar
exprimierenden Créaus wieder entfernt werden konnte. Zum Nachweis der Dydtnop
Expression und zum Ausschluss einer moglichen Induktion einer Dystrophinopathie durch das
EGFPmarkierte Fusionsprotein habe ich dend=®"Mause und ihre wildtyp Wurfgeschwister
histologisch charakterisiert. Dabei konnte ich eine starke natirlichePE@uoreszenz sowohl

in den SkelettHerz, und glatten Muskeln, als auch im Gehirn und Auge beobachten. Das
EGFFSignal kolokalisierte mit dem immunhistologisch nachgewiesenen Expressionsmuster
des Dystrophins, was die korrekte Markierung der Mehrheit @gstrophin Isoformen
bestatigt. ImSkelettmuskelurden Dystrophin sowie andere Proteine des DAPCs in normaler
Menge am Sarkolemma exprimiert. Der Muskel bewahrte seine normale Gewebestruktur, was
die korrekte Funktion des DystrophEGFP Fusionsproteinspliziert. Sowohl isolierte

Muskelfasern als auch aus Satellitenzellen generierte Myotuben exprimierten das EGFP

2



ZUSAMMENFASSUNG

Fusionsproteinn vitro. Somitist die neue Reportermauwsn nitzlickes und wertvdles Model

fur die direkte Visualizierunger Dystrophin Bpession.

Darliber hinaus kannman dasModel benutzen, umin oder ex vivo die Dystrophin
WSSELINB&aA2Yy VyI OK DSy i KSNI LA Sreverten§ fillershzai vy I (0 N |

studieren.
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3. RESUME

La dystrophine est une protéine cytoplasmique qui lie physiguement le cytosquelette a la
matrice extracellulaire par le biais du complexe dystropfpnaéines associées (DAPC),
assurant ainsi la stabilité du sarcolemme. Des mutations dans le @&tizcodant pour la
REAUNRLIKAYSS O2yRdZA&lIY(d t tQF6aSyO0S RS I LIN
de Duchenne (DMD) qui est une maladie liée au chromosome X. La DMD est caractérisée par
une atrophie et fibrose musculaire progressive, affectans l®nctions musculaires
squelettiques et cardiaques. Les fonctions cognitives, visualgastrointestinales peuvent

 dz4&aA sONB FiGSAYyiSa £ RAFTFSNByGa yAdSIdzEd t
un nouveau modeéle de souris transgénggurapportrices, dénomm®md? qui exprime

une protéine dystrophine endogéne fusionnée avec la protéine fluorescente EGFP. La protéine
dystrophine est liée dans sa régiontéminale qui est présente dans la majorité des

isoformes.

A ce jour, il Q SeEaucurie souris rapportrice pour la dystrophine et le marquage de la
REAGNRLIKAYS R2AG &S FIANBS RS YIYASNBE AYRANBO
vecteur de ciblage génique, la séquence codante pour fH®@EP a été insérée apres le

dernier exon 79 du genBmdmurin en respectant son cadre de lecture et dans lequel le codon

de terminaison était enlevé. En aval de la séquence EGFP, une cassette ayant une séquence
O2RIyiS RQdzy 3§ gedSmyéireluitnBnielandué dé SitBexR, étditlinsérée

afin de sélectionner les cellules ES. La recombinaison homologue dans |é©ifoduki
chromosome X était vérifiée par la techniqgue du Southern blot et les cellules ES étaient
injectées dans des blastocystes. Aprés la transmission gdemites animauomdc de la

génération F1 étaient croisés avec des souris exprimant la Cre recombinase dans le but

RQSyft S@S Ndéedmycin€le géaof/pajeSles souris était effectué par PCR.

'yS SELINBaarz2y TFT2NIS S eydans tsNBuscieSsqurlittiqie 9 D C't
lissesf S OdzdzNE S OSNWSIFdz SiG f Qdzatx OS ljdzA adz33
RS I ReAUGNRLIKAYS® Jlokalisaifexagteddni V& yadyStrophle dar®@9 D Ct
tous les sites. Dans le musédj dzStf SGG Al dzSE fF REAUGNRLIKAYS | A\
DAPC étaient exprimées dans des quantités normales et dans la bonne localisation
adzoal NO2f SYYIfSod 5SS LXdzasz f QF NOKAGSOGdzZNE Rd:

suggérant que la fotion de la protéine de fusion dystrophifleGFP était maintenud®ar
4
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FAftSdzNEEX Ay OGAGNR:E fQoDCt Said sS3rtSySyid SEL
dans les myotubes étivés des cellules satellites.Par conséquent, cette nouvelle souris
rapportrice de la dystrophine devient un outil important pour la visualisation direcite \&t/o

RS t QSELINBaaArzy RS I ReaidNRLKAYySO

De plusle modéle peut étre utilisé pour étudier la dystrophineesdpressiorin vivoou ex vivo

apres différents protocoles de thérapie génique qui visent a le rétablissement du cadre de

lecture ouvert de la dystrophineu en fibregévertantes d'origine naturelle.



INTRODUCTION

4. INTRODUCTION

Dystrophin is large rotlke cyteskeletal protein that is primarilfound at the inner surface of
muscle fibers.lt is eyressed in all types of muscles as wellimghe nervous system.
Dystrophn wasidentified as the proteinwhich isabsent in patients suffering from Duchenne
muscular dystrophyDMD),a severe neuromuscular disordédost of our knowledg®n the
function of dystrophin is derived from studies on DMD patients as well fromamnodels of
the disease. N cure for DMDhasbeen foundyet. Prevously unknown functions df/strophin
have been discovered recently leading the reseanmcidMDinto newdirections Hence here
are still many questions to be answered in ordebtiter understandthe role of dystrophin

in the normal and in the context of disease.

4.1. Pathology of Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD; OMIM#310200) is the most common form of muscular
dystrophies in childhood a group of diseases chatadzed by progressive muscle
degeneration, loss of the ability to walk, the impairmeitrepiratory andcardiac function

and early death. Due to its transmission in families it was known that the disslaeeditary

and Xlinked, butthe precise mechaemremained a mystery until 1986, when the causative
genetic defect in DMD was discover@beniget al., 1987; A. P. Monacet al., 1986)and its
protein product, named dystrophin from then on, was identifigtbffmanet al, 1987) It is

either ésent inor nearly absenDMD patients or truncatednd reducedn the milder disease

form, calledBecker muscular dystrophy (BM@Yorton, 1995)

Duchenne muscular dystrophy was first describedaoyllaumeBenjaminrAmand Duchenne

(de Boulogne)jDuchenne, 1868and William Richard Gaeers (Gowers, 1878)it is the most
common and severe form of anliked, recessive neuromuscular disorder, affecting 1 in
3,500 boys(Emery, 1998) Initial symptoms in DMD start in early childhood and include
difficulties in running, in climbing stairs andvaddling gait. A characteristic sighproximal
muscle weaknesstheseO £ £ SR D2 ¢ S NE Q ichikeSiil@ cfidby @ ¥iis thighs & K
when trying to rise from the flooGowers, 1878)Typical features of the disease aiee
hypertrophy of thecalf musclesa progressive weakness and wasting of the proximal skeletal
muscles Figurel). Ambulation is lost in most DMD patients by the age ofda@s and only a

few patients survive until the third decade of life. Respiratory and/or cardiac failure are the

6



INTRODUCTION

main causes of death in DMD patients. Other orghamg affected besides the skeletal
muscles and myocardium are the smooth muscles as wellecentral nervous syste(@NS)
(Barohnet al, 1988; Bresoliret al, 1994; Nigroet al, 1990; Zellweger and Niedermeyer,
1965)

Further features of the disease includehigh elevation of seim creatine phosphokinase
myopathic pattern during electromyography, andistological changes includingyofiber
degeneration regeneration with fibrosis and fatty infiltrations as well as necrosis

accompanied by immune cell infiltratiof&mery and Muntoni, 2003; McDouatlal., 1990)

Figurel: 5 dzOK Sy y S (résesBoMdhgiarkdd talf enlargement ¢
- lumbar lordosis. FrorfEmery and Muntoni, 2003, p14)

Milder forms of DMD xist and the most common one is the Beckgre muscular dystrophy
(BMD, OMIM#300376Becker and Kiener, 1955)he clinial presentationof BMD patients

is much more diverse then in DMD, and walking ability might be lost in the late teens, but in
some patients symptoms may occur very late, so that they experience no significantgdhy
impairment. The distribution of muscle wasting and weakness are very similar to DMD

(Bushby and Gardnévledwin, 1993)

The dystrophin protein, discovered more than 100 years after the first documented cases of
DMDas well as its codindystrophin gendDMD) which beardhe causative mutationhave

been subjects to extensive investigations and analysis in thedeastdes In DMD patients
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mutations disupt the open reading framand preventhe expression of dystrophin, whereas
in BMD dystrophin is expressdalt in a shorterjnternallytruncated versions due to #frame

mutations(Koeniget al., 1989) however there are exceptions to this reading frame rule.

The long period between the publication of first case reports and the discovery of the disease
cause might be due to the fact that the skeletal musdehe main affected tissue is complex

with regard to its development, physiological function and regulation.

4.2. Themdxmouse: a naturally occurring animal model for DMD

Animal models are indispensable to study and understand the function of dystrophin in
normal and disease states as well as for the development of thesagpgainst DMD. Until
present more than 50 animal models have been described, both laboratory made and
naturally occurringpnes Studies have been done using murine, canine and feline radad|
also small model organisriike the zebrafishDanio rerio(D.rerio) and the nematode

Caenorhabditis elegan(€.elegansjMcGreevyet al., 2015)

The most widely used arwkst characterized model for DMBthe Dmd"*mouse, whictwill
be referred tofrom here onasmdx mouse murine dystrophyX-linked (Bulfieldet al., 1984)

It has largely contributed to our general knowledge about muscle biology and dystrophin.

Themdx mouse carries a spontaneous nonsensénponutation in exon 23 (CAQTAA) at
nucleotide position 3185 ofDmd leading to a premature trangation termination,
(p.GINLO62) and a subsequent absence of dystrophin expresgSitinsket al., 1989) The
mdx mousedisplays some hallmarks of DMIDch as muscldegeneration, cardiomyopathy
and the elevation of activity of muscle specific enzymes in the sddawever, in contrast to
human DMD, those symptoms manifest much laed in milder form if referedo the entire

life spanof a mouse(Quinlanet al, 2004; Stedmart al, 1991) The lifespanof the mdx
mouse is reduced by only 25%s compared to >80 for DMD patient§McGreevyet al,,
2015) Thedystrophic changes begin apprearin the animals between-8 weeks of lifavith

a rapid muscle fiber degeneratidollowed by a regeneration phase, typically characterized
by the presence of central nucliei regenerating fiberand an inflammatory redmwn. Unlike

in humans, where the condition turns rapidly into muscle atrophy, mice maintain hypertroph
troughout much of their life span. Only the diaphragm muscladkmice displays the muscle

wasting and degeneration observed in DMD boy&hamberlainet al, 2007; Duport
8
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Versteegden and McCarter, 1992; Pastoret and Sebille, 1995; Steetrabn1991) The less
severe murine phenotype has been partially attributed @n increased expression and
probable compensation by utrophimvhich isa shorter dystrophin homologyend will be
discussed in more detail in secti@g4.4 (Matsumuraet al, 1992; Rybakovat al., 2006)
Consequentlytihas been shown that dystrophin/utrophin douhteutant mice have a much
more severe phenotypthan mdxmice (Deconinclet al, 1997) Another explanation for the
difference between human and mouse might be a different muscle load and mechanical
stress that both organisms are expoded If examined under conditions of exhaustion or of
physical work, which enhances thevivoandex vivomechanical load, the clinical course of
the mdxmousewasshownto be aggravated(Danialouet al., 2001; Nakamurat al., 2001)
Furthermore, the body size between man and mouse differ considerably, as do the processes

by which such difference is achieved and maintained throughoutPiéetridge, 2013)

To characterize and understd DVMD as a disease process, the functanthe dystrophin
protein in the muscles and in other tissues has to be understood. In the next sectiorss |
describe the organization of the muscle and thumction which dystrophin has therein.

Moreover, | diccussthe current knowledge about the role diystrophin in noamuscle tissue

4.3. The structure and function of the muscle

The muscle is a specialized organ with various functions and locations throughout the body
and is characterized by its ability to comtt. Based on its histological appearanee
distinguish between smooth andrgted muscle, the lattetbeing further subdivided into

skeletal and cardiac muscle.

4.3.1. Skeletal muscle

The skeletal muscle isvaluntarycontrolledmuscle and the largest orgamthhe humanbody.

Ly Kdzylyas | Gz2a4lf 2F Fcnn &St Silnalesdntta Of Sa
F o m’zfemalgs(Jansseret al, 2000) It is characterizednainly by its mechanical activity
required for posture, movement and breathing, which depends on the ability of muscle fibers

to contract. The skeletal muscle is composed of parallel bundles of myofibers, which are
organized in fascicles while a networkoollagen fibers surrounds each fascigder{mysium

and extends into the space between individual muscle fibensl¢gmysium. Each myofiber,
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also called muscle cell, is a multinucleated syncytium generated by fusion of numerous
dividing mononucleated mgblasts. After fusion and generation of the fiber, the myonuclei

do not divide anymore and remain in the subsarcolemmal space of the sarcoplasm. The

YdzaOt S adSy OSttasz rtaz2 OFrttSR aaliSttadsS OFf

plasma membrae sarcolemmaand the basement membrar(®auro, 1961) Satellite cells
have myogenic potential and the capability to selhew. They are responsible for postnatal

muscle growthrepair and regeneratio(Emery and Muntoni, 2003)

A single myofiber is composed of many myofibrils containing the cotilegproteins actin

and myosin, which represent the thin and thick filaments respectively. The mysfda
organized into sarcomeres, thinctional contractile units of the skeletal muscle. The
sarcomeresre demarkatedoy ther Z-discs thaprovide ascaffold for the thin actin filaments

and anchor the center of the actin filament bundles. Near tlt#sgs thin actin filaments form

the kband. Additional poteins of the Zdiscsprovide a link tothe sarcolemmavia the
dystrophinassociatedprotein complex, which plays a central role in the mechanical and
contractile properties of the muscle. The region containing the thick myosin filaments is called
the A-band and in itxenter,a dense zone called the-bandis located Structures calledT-
tubules are transversely arranged and interconnectethular extensions of the plasan

membrane into the sarcoplasifigure2) (Emery and Muntoni, 2003)

Contraction of the skeletal muscle is initiated through an action potential traveling down its
& dzLJLX & A y-motoyiébiidd) Badioghto a release of the neurotransmitter acetylcholine
(ACh) from the presynaptic terminus of the neuromuscular junction (NMJ). In the synaptic
cleft of the NMJ, ACh binds to the acetylcholine receptors (AChR) that are densely clustered
in thepostsynaptic membrane of the NNBrattet al., 2015) This results in the depolarization

of the skeletal muscle membrane and a downstream release of calcium from the sarcoplasmic
reticulum into the cytosol. Calcium causes binding of myosin to actin, which subsequently
leads to a contractiorof the myofibers as amdenosine triphosphate ATP) consuming
process by which the bundles of myosin filaments slide onto the actin filamergs the
osliding filameng¢ theory), (Huxley and Niedergerke, 1954Yhis entire process is called
GOEOAG2YIitkRIYOGA2Y O2dzL) Ay3E D

Myofibers differ in their ability to resist fatigue and produce muscle force. Tiheir fype can

be determined immunohistochemicalyathe subtype of its myosin heavy chain. Type I fibers
10
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FNB FHAOAIdS NBAAAGH Y | yR -(LARICOKRES f 2AHINE 181 RN
lla and IIx fibers produce higher force, are l8sirA A G F yd G2 FFdA3dzS | yR
G Al0OKE Ekitfidroxidakive or gholyti¢Schiaffino and Reggiani, 201East I1b fibers

are identified in other mammals but not in humatsorza, 1990)
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Figure2: Structure of the skeletal muscle.

The skeletal muscle is attached to the boria a tendon and composed of myofibers that are organized into

fasciculi Each myofiber, a multinucleateduscle cell, is surrounded by the plasmalemma and the basal lamina.
{FrYR6AOKSR 0SGsSSy (KSasS Gg2 tIFI8SNE NBaARS GKS ai1StSi
myofiber contains numerous myofibrils, actin and myosin filaments whiehoaganized into the sarcomes.

The contractile units consist of actin and myosin filaments. The sar@smaee divided into alternating &nd A

oA X,

bands giving the fiber thBiJ & & G N& | i S R édified frrd$Relbik ayidVarmmita2012)
4.3.2. Cardiac and smooth muscle

Cardiac muscle is also striated but an involuntary muscle. Similar as in the skeletal muscle,
actin and myosin filaments are organized into sarcomeres threitcontractile tissue has a
different structure and is regulated in different manner. The individual cardiomyocytes
remain oligonucleated cells, which are connected through the intercalated disc, a highly
specialized structure providing mechanieal wel as electriacoupling. Three different cell

cell junctions exist in the intercalated discs: (i) gap junctions, responsible for the electrical
coupling, (ii) intermediate filament anchoring desmosomes, and (iii) adherent junctions which

anchor actin(Perriardet al., 2003)

Smooth muscles are involuntary as well and their contraction is mostlyconscious. They

are Ining the walls of hollow organs like the gastrointestinal tract, uterus, urinary bladder,
11
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and blood vessels. The structure of the smooth muscle differs largely from that of skeletal
muscle; the muscle cells are thin, elongated and arranged in pavaligh accounts for their
smooth appearance. Smooth muscle tissue is primarily under the conttbkeaiutonomic
nervous system and single cells are connected with each other mechanically through

adherens junctions and cherraedrically through gap junctions

4.3.3. Myogenesis

¢KS LINRPOS&aa o0& oKAOK Ydza Of Sa THemlby, waliStiyighidhlr G SR A
three phases which are (i) embryoraad fetaldevelopment, (ii) postnatal musclgrowth,

and (iii) reestablishing homeostasis after regeneratiddfferent factors orchestrate the

complex process of myogenesidlthree above mentioned processes dueledby precursor

cells with myogenic potential. Such myocgenerating cells differ between different

muscles, but also between the myogenic phasd#the same muscle type.

Skeletal muscles have a remarkable capacity for regeneration after irgufanction
attributed to the presence oflormantadult muscle stem cells, the satellite celighich are
also responsible for the postnatal muscle growffhe process of regeneration plays an
important role in the pathophysiology of muscle dystrophy, which in itsaif be considered

a state of chronic injury.

4.3.4. The satellite cell and skeletal muscle regeneration

Thesatellite cellsvere first described in 181 based on their location under the basal lamina

of the myofiber (Katz, 1961Mauro, 1961) During postnatal growththe satellite cells
proliferate and give rise to myoblasts that differentiate and fuse with each other to form the
new myofibergBischoff, 1975; Konigsbeegal., 1975; Lipton and Schultz, 1979Yhen the
muscle matures, satellite cells become postmitotic and remain quiescent at their location on
the muscle fibers. In the adult muscle, myoblasts are required for normal homeostasis as well
as for hypertrophigrowth or myofiber repair and regeneration. In those casasellite cells

are activaed, start to proliferate andlifferentiate thereby supplying the muscle with the
necessary myoblasts. As satellite cells have also stem cell propérggshave the hility to

selfrenew and to replenish their own po@ammitet al,, 2006)

12
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The differentiation of the early myoblast through the myogenic program into a mature muscle
cell is characterized by a distinct gene expression program. The paired box transcription factor
7 (Pax¥ isconsidered asatellite cell marker, and has been shown to be expressed in mice as
well as in many other species including humé@riablonkaReuveni, 2011)Ablation of Pax7
leads to the inability of the muscle to regenerate thus demonstrating the essentabf

satellite cells in this process.

Activation of satellite cells is controlled by proxinggnals from the muscle niche and
microvasculature andhrough an inflammatory respons@ischoff, 1989; Carlsat al., 2008;
Christovet al., 2007; Gopinath and Rando, 2008; Shavlakatiz®, 2009; YhlonkaReuveni

et al, 1999) Furthermore systemic factoes like hepatocyte growth factoneuronal nitric
oxide synthasenNOS) and Notchgands can activate satellite cell§yablonkaReuveni,
2011) In a states of muscle degeneration such as in DMD, denervation, advanced age, or
wasting syndromeghe satellite cell number antheir proliferative capacity decreases. The
systembecomes exhausted thus reducing the regenerative capacity of the m{Jsjleikar
and Kuzon, 2003)In DMD lack of dystrophin and the sarcolemmal instability induce new
cycles of degeneration and the satellite cells fail to repair the muscle after unsuccessful
rounds of regeeration, which ultimatively resultsn necrosis.The exactmechanismof
reduced regenerative capacity due to satellite cells exhaustiootiglear yet and different
theories exist. In mdx mice, it has been shown that the capability to regenerate is not an
endogenous quality of satellite cells, but depends orraoéllular cues from the stem cell
niche (Boldrinet al, 2012; Braclet al., 2007; Conbo¥t al., 2005) Boldrin andcolleagues
demonstrated thatatellite cells from young and ageatixmice can regeneratm vivoin the
same manner as witgdpe satellite cell{Boldrinet al., 2015) Other studies show that cell
autonomousfactors(satellite cell intrinsic functiongre responsible for the changes iheir
regenerativecapacity(Cosgroveet al., 2014; Dumongt al,, 2015) In a recentstudy Dumont
and collagues suggested thathe impaired regeneration inrmdx mice was the result of
defectiveasymmetricdivisionof satellite cellsand generation of myogenic progenitoriie

to intrinsic dysfunction resulting fromdystrophin loss (Dumont et al, 2015) The
aforementioned work described for the first time a functional roledgétrophin in satellite
cells and is discussed section4.4.7. Another recent study showeth micethat, unlike

previously assumedpss of satellite cellependantregenerative capcity had no direct

13
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impact on sarcopenia, the state of agelated lossof muscle mass and stretty However,
the satellite cell loss contributed to the increased fibrosis observed in aged skeletal muscle
(Fryet al,, 2015) Thesestudies highlighthe necessity of &roaderresearchapproach, which
should be aimedo unravel the interplay of cell intrinsic and extrinsic fastthat influence
the satellite cell faten normal state and conditions of degeneratid@uch undrstaning could

be exploited fothe development of satellite cell centered regenerative therapies.
4.4. Dystrophin

4.4.1. TheDMDgene

Dystrophin is a large, reshapel protein which is expressed in all types of muscle (i
skeletal, cardiacand smoothmuscles) as well as in neurofidoffmanet al, 1987, 1988;
Uchno et al, 1994) As already mentioned it is encoded by th&ID gene which causes

Duchenne muscular dystrophy if mutatédoeniget al., 1987; A. P. Monacet al.,, 1986)

The dystrophirgene DMD) is the largest human gene spanning 2.4 Mb at the Xp21 locus and
comprises 9 primary exons plus 6 alternativierst exons(Emery and Muntoni, 2003)
However the coding sequence By f @ Fwmn {03 fgéhdmic DA dequeevs 2 F
(Hoffmanet al,, 1987; Koenigt al, 1987; Anthony P. Monagczt al., 1986)

MRNAs for several dystrophin isoforms are transcribed fromDtW gene through the use

of tissue specific promoters or bytainative splicing. The fulength dystrophirprotein has

a molecular weight of 427 kDa and the corresponding mRNA is transcribed from 3 different
tissue specific promoters: muscle (M), brain (B) and Purkinje cell type énaih dystrophin
isoform Dp421s present in the skeletal, cardiac and sriifomuscle and is controlled by the
muscle specific promoter. It carries a uniquédiminal sequence, which is encoded by exon

1 (Bieset al,, 1992) This promoter is also active in glial cé@hellyet al,, 1990) The brain
promoter (B) is active in cortical neurons, heamd cerebellar neurons, whillae Purkinje

cell specific promoter regulates the cerebellar dystrophin expresgsareckiet al, 1992;
Nudelet al., 1989)

Developmentally regulated shorter dystrophin isoforms are transcribed from internal
promoters like the retinal dystrophiBp260 spanning exons 3®, the cerebellar and renal

isoforms Dp140 spanning exons-48(Lidovet al., 1995) the Schwann cell Dp1Hystrophin

14
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spanning exons 589. These three isoforms (Dp260, Dp116 and Dpdd®)priseparts of the
rod domain and express the cysteineh and @erminal domains, but lack th#&l-terminal
actin binding domairfByerset al~z ™M o §ooazeet ab, ©995; Lidowet al., 1995)

A moreubiquitouslyexpressed short isoforns Dp71, which spangxons 6379 (Figure3). It
has aunique seven residue-derminus fused to the cysteirgech and @erminal domaingBar

et al, 1990; Howarckt a., 1995; Lederfeiet al., 1992, 1993)

Further dystrophin diversification is provided byeatftative splicing throughout theoding
sequenceof dystrophin(Bieset al,, 1992; Sironet al., 2002) Notably, two alternative splicing
aA08a& SEAA&LU f dydirophinkF@enared al, 198R) Their usage habeen well
characterized in the Dp71 isoforim Dp71d &lso namedp7la)splicing of exon 71 does not
change the reading frame of the transcript and generates the 13 aagitiong Gterminus
common tomostdystrophinisoforms The Dp71f (Dp71b) isoforns generated bylternative
splicing of exon 78vhich causes a change in threadingframe and produces Gterminus
that contains31 new amino acids with hydrophobic propertigsother isoform iDp71c
lacking exon 7474 that encodethe 110 aminoacid sequence of the syntrophin binding
domain.Moreover, exon 78 can be further skippealthe latter isoforncreating thes LJT 1w n
variant. Theexpression of thesesoformsis differentially regulatediuring humanembryonic
developmentand adulthoodAustinet al,, 1995; Biegt al., 1992; Feeneet al., 1989) Similar
expression patterns have been observed in animal models on the mRNA and protein level

(Bieset al., 1992; Daad et al., 2009)

The various isoforms and splicing variants of dystrophérhighly conserved in mammals and
differ in their cellular and subcellular localization as well iasbinding partnes thus

contributing to the pledtropic functions of dystrophin.
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Figure3: Organization of the DMD gene and its protein products.

(A) The DMD gene is 2.5 Mb long and encodes RA FFSNBy (i A 35Sy TFRINE S dR 2¢aKINP AL IKdkfy't
encodeghe 427kDa isoform which is named Dp427. For this isofdhree different tissue specific proners
exist:brain (B), muscle (M), and cerebellar Purkinje cells (P). Protein products differ in #teemiNal region.
Shorter dystrophin isoforms are produced from distally locgteaimoters and expressed in thetina (Dp260);
brain and kidney (Dp140); periphénaerve (Schwann cells) (Dp116) or are expressed ubiquitously (EBY1).
Schematic representation of the functional domains of different dystrophin isoforms and their localization. H1
H4 hinge regions are proline rich and interrupt the rod, spedik@domain. The @rminal region (CT), which

is present in all isoforms, contains binding sites for proteins of the dystrophin assbgiabtein complex
(DAPC). Theysteinrich domain includes the WW binding domain, which mediates spqmifitein-protein
interactionswith short proline-rich or prolinecontaining motif, the ZZype-zinc finger binding domain and a
coiled-coil domain in the @erminus. Modified fromBlake and Kréger, 2000)

4.4.2. The dystrophin protein in the skeletal muscle

Only fulllength dystrophin is expressed in neonatal and adieletal muscle where it
accounts for 0,002% of the total protein content. In striated musdagstrophin is localized

at the cytoplasmatic side of thearcolemmaWatkinset al,, 1988) In longitudinal sections
dystrophin expression shovesstriated pattern and cdocalizes with the costamers, when the
skeletal muscle fibers are visualiz@iervast, 2003; Porteret al., 1992; Strauket al., 1992)
Furthermore, dystrophin is concentrated around tN&J(Huardet al., 1991) The fullength
dystrophin isoform has a molecular weight (M@#)427 kDa and is composed of 3,685 amino
acids. At thesarcolemma dystrophin assembles several transmembrane and cytoplasmic

proteins into the dystrophin associated protein complex (DAR{axhis complexdystrophin
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provides a link beveen the cytoskeleton and thextracellular matrix ECN) that assures
mechanical stability ofhe sarcolemmaand protects the muscle from contractianduced

muscle damage.

5283 0NRLKAY 06-85II8 ¢ Bahny @otein Kadily(Koeniget al., 1988)and can
be divided into 4 functional domains: antdrminal actin binding domain, a central rod
domain, a cysteineich, and a @erminal domain Figure3). The Nterminal and part of the
dystrophin rod domain interact with cytoskeletal acttimannet al., 1998; Norwoockt al.,
200000 ¢ KS NRR R2 Y-helicgl cofls2cbnmpasediof/ #42spedttike repeats
interrupted by 4 prolinerich hinges that contribute to the flexible structure of the protein
(Blakeet al., 2002; Koenigt al., 1988) Behind the hinge region we find a WW protein binding
domain which can also be found in signaling and regulatory mole¢Blek and Sudol, 1994)
This WWdomain bindstd -R@ a G N2 3t @ Ol Yy @ KA OK A YaminidzMl O2VYy
the ECME |y Ay (i SNI Ol dpsyoglyyaS(Butide,i2808) The &VWdomain is
followed by the cysteingich domain displaying two EF hand motifs that potential binding
sites for alcium ions(Koeniget al., 1988) The ability of dystrophin to bind calcium in a
calmodulin dependent manner is facilitated by therddtif (Andersonret al., 1996) which is
enriched with cysteine residues. Theaee predicted to form the @ordination sites for
binding divalent metal cations such anc ions(Pontinget al., 1996) In the Germinal
domain, another coitoil region of dystrophin interacts wigyntrophin that can bind to nNOS

and to dystrobevin.

A major role of the dystrophin protein is the assembly of the DAPC. Helgs&rophin
provides a link between the cytoskeleton and tk&tracellular matrix Absence of this
mechanical apparatus is thought to destabilize Haecolemmamaking the myfibers more
susceptible to damage during contractio(EBhmsenet al., 2002; Lederfeiret al, 1993;
Pasternaket al, 1995; Petrofet al, 1993; Saccet al., 1992) Another important role of
dystrophin is its scaffoldgfunction for signal transduction through the DAPC and for various
ion channels. DAPC members either bind to or are substrates for knowalisgynolecules
like nNOS, caveolin3yavth factor receptorbound protein 2 (Grb2) and various kinases
(Rando, 2001; Sotget al., 2000, 2001; Spencst al, 2004; Yangt al., 1995) Dystrophin
plays a role in the cytosolic calcium homeostasis, which is impaired in dystrophic muscle due
to an alteration of ion channels and pumffBriedrichet al., 2008) Dystrophin has also a
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functionat the NMJHence, in dystrophic muscle the pastnaptic membrane shows reduced
folding, which disturbs the distribubn of AChRand of other proteins at the postynaptic
membrane. This observation is moselik due to defects in nNOS localization or nitric oxide

(NO) productior(Shiacet al., 2004)

Most of the studies about functional domains of dystrophin and its bindingneast have
been conducted using transgenic mice that eegpressed minior micro-dystrophins, which
contained various functional domairf€oxet al., 1994a; Gaedigét al., 2006; Harpeet al,,
2002; Judge, 2006; Letial,, 2009; Tinslegt al., 1998; Warneet al,, 2002)

The nechanical and signaling functions of dystrophin are exerted through the interaction with
a complex protein network at thearcolemmathe DAPC, which will be described in more

detail in the next section.

4.4.3. Dystrophin associated protein complex (DAPC)

Dystroghin serves as the central player for assembling the D&tPiGe sarcolemma The
complex provides the mechanical link from actin to the ECM and recruits either directly or
indirectly signaling molecules. The importance of dystrophin in assembling the complex is
highlighted by the absence of DAPC in dystrophic muscle. The DARGnemts can be
divided into the following subcomplexes: the dystroglycan complex, the sarcoglycan complex,
as well as thecytoplasmic and ECM components including sarcospsyntrophin,
dystrobrevin anchNOS Figured) (Blake and Kréger, 2000; Enms#ral.,, 2002) Beyondthat,
several components of the DAPC are disond in the CNS generating various DAlke

complexes.

Thedystroglycan complexd o Yy RREA G NR It 2 OF y 0O LINRPOBARSAE (KS
dystroglycan is located in the extracellular matrixes it interacts with laminins 1, 2 and 4
perlecan and agrin and is required for the assemblythef basal laminaeAt the NMJ
dystroglycans plays a specialized role whigrbinds to agrin andaminin 4, two proteins
required forNMJ formationC dzNIi K S Mjstohl§sanserves as a cell surface receptor for

a number of micreorganisms(Hemler, 1999; IbraghimeBeskrovnayaet al, 1992) i -
dystroglycan spans thsarcolemmaand binds with its prolingich Gterminus to the WW

and EFdomains of dystrophin as well as to the Sth8nain of Grb2. Such and interaction

could transmit extracellular signals to the muscle cytoskelgtganget al., 1995) Both
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dystroglycans are pduced from a single polypeptide and are heavily glycosylated prior to
being sorted to their respective locatigiwinder, 2001) In mice dystroglycan function is
indispensible for survival. Total absence is embryonically lethal due to disrupfiextra-
embryonic basement membrane formatigWilliamsonet al., 1997) In the CNS, conditional
deletion of dystroglycans leado impaired synaptic plasticiffMooreet al,, 2002) Moreover,
genetic loss or defective glycosylationheflystroglycan leasito alterations of the basement
membrane andabnormal neural migration during developme(Rerronnetet al., 2010)

Thesefindingspoint out the crucial functions of dystglycans in nofmuscle tissues.

The sarcoglycan complexconsists of 6 trd 8 YSY O NI y S -TINR-B!'SSAy¥ 0O h

aF NO23fellyaal NgRIARFORY GRENB OGO &-Sakeguly@umis OG a4 6
located closer to the dystroglycan complek B F2 NI & | {sdrcadiydariChangf{ 6 A G K
al., 1998) Mutations ineachof the sarcoglycans lead to a specific form of muscular dystrophy,

the so called Limb Girdle MuscularDystrophy. This diseasentity is associated with a

reduction or absence of the other DAPC members atsdieolemma Mutant sarcoglycans

are thought to block the formation of the complex and its insertion intogaecolemmahus

leading to a dystrophichenotype(Holt and Campbell, 1998Further functional roles of the

sar@ 3f @ 0L ya KI @S 0SSy RSmdylgcsnmhash lydsine rediddes i iisN3HzO G
cytoplasmic domain suggesting bidirectional signaling with intediieshidaet al., 1998)

Until recently the expressiomf sarcoglycans wakought to berestricted to the striated and

smooth muscles and to lesser extantthe peripheral nervesdowever recent research has

shown thats-sarcoglycan plays an important role in the brain and thaarcoglycan is

abundantlyexpressed in the braias well(Shigaet al., 2006; Zimpriclet al., 2001)

Sarcospanis a unique tansmembrane protein whose -Bhd Ctermini are both located
intracellularly. It forms a subomplex with the sarcoglycari€rosbieet al,, 1997; Ehmsent
al., 2002)

The Germinal coiled coil domain of dystrophinepresens the binding site for the
cytoplasmic components of the DAPC. Sietrophinfamily is composed oAf @S & dzo (0 & LIS &
1% 2230 | strophinthatt N SELINB&AaSR YR RAFFSNBylf &
syntrophins are localized at trearcolemma2 ¥ | € f i-syhtfophfisNdieXpresent in fast

G A0GOK T AsgnBaplEins cah lyeRourid at the NMJ. Syntrophins are characterized by

two plekstrin homology(PH)domairs anda PDZ domaifPSER5, postsynapticdensitiy
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protein 95 disclarge andZO-1, zonula occluden$) domain They bind directly to dystrophin
Iy R -dystrobkevin, both of which having two syntrophin binding saétheir Gterminus
(Neweyet al, 2000) The ErbB4 receptor tyrosine kinase, voltageed sodium channels,
NNOS,stressactivated protein kinases (SAPRkjjuaporind (AQP4)and neuroliging have
been proposed as potential binding partsdor syntrophinsviatheir PDZ domaiBrenman
et al, 1995, 1996; Garcet al, 2000; Geet al., 1998; Hasegawet al,, 1999; Schultet al.,
1998; Yamakawat al., 2007) Many ofthe aforementionedsyntrophin interaction partners
have important functions in the brajrhowever the effects they haveon the DAPdike

complexegemainsto be elucidated

Dystrobrevin hasfive different isoforms, which are generated through alternative splicing
and through different tissue specific promoters in a similar manner as already described for
dystrophin. Two of the isoforms are highly expressed astreolemmavhere they associate
with syntrophin. In skeletal musde-dystrobrevin2 is the primary isofornassociated with
0KS 51 t tdystrobrg@iRl ig mainly localized at the NM@here it interacts with
utrophin (Peterset al,, 1998) Moreover, dystrobrevins interacts with sxcoilin, which is highly
expressed at thesarcolemmaof skeletal, cardiac and smooth muscles. In addjtgymcalin
co-localizes with desmin at the NMJslides andsarcolemmaof skeletal muscle hence
providing connection between the DAPC with the intediage filaments systenfPoonet al,,
2002) i -dystrobrevin is present in brajrbut not in muscle and can hid directly to
dystrophin. It is exclusivly expressed imeurons ad there expressed ahigh levels at the
postsynaptic densities (PpBlakeet al., 1998 1999; Peterst al., 1997)

20



INTRODUCTION

— Laminin
Collagen
Extracellular *  Dystroglycans

matrix Sarcolemma Caveolin-3

s & nNOS
<l J" .7 Syntrophins
i J‘/ 0-Dystrobrevin

Intracellular

(Sarcoplasm) Sarcoglycans

!Hinges

C terminus |
i Cysteine-
2 } A ‘_yﬁlelne
Cymfkele‘al & Spectrin rich domain
F-actin é I repeats
N terminus-€_

Hinges
Dystrophin

Figure4: Dystrophin and the dystrophin associated protein complex (DARQHuscle tissue

Dystrophin interacts with actin through its-tdrminal domain and part of the rod domain. 23pectrin repeats
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Sarcospan covers the sarcoglycan complex towards the ECM. AteéhmiBus dystrophin reactgiaits cysteine
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4.4.4. Utrophin: a dystrophin homolog

Utrophin is a structural homolog of dystrophin and containg ttame protein binding
domains, although small differences exist; utrophin lacks the actin binding whith is
located in the rod domain of dystrophin. Utrophin is the autosomally encddsdologof
dystrophin. During embryonic development it is expegbat the sarcolemmaof the fetal
muscle and becomes gradually replaced by dystrophin postndtalerket al, 1993) It is
assumed that dystrophin is better specialized and adafoethe higher workload of skeletal
muscle and heart during birth and thereaftéfinsleyet al, 1996) In the adult muscle
utrophin is expressed in intramuscular nerves, blood vesaal$in the muscle fibers, wher

it islocalized at the NMJ and at the myotendinous juncii@hlendieclet al., 1991) Utrophin

is thought to be part of the postsynaptic cytoskele{@oveet al., 1993) Both dystrophin and
utrophin, however, are found at different locations of the NMJ, blood vessels, and cardiac
muscle (Ponset al, 1994) In myopathies, the expression of utrophin is increased at the
sarcolemmaand it is upregulated in regenerating fibe(slelliwell et al, 1992) The
upregulationof utrophinin mdxmice ould partly compensate for th@bsence of dystrophin
and ameliorate muscle pathology. imuscle dystrophic migautrophin overexpressioivia
transgene or cDNA delivery ampitted adenovirus improved dystrophic pathology in the

animals. Utrophin has been shown to provide sarcolemmal stability and restore the DAPC to
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some extent, but the nNOS expression was not restored suggesting thlngh utrophin
cannotanchor nNOS at thearcolemma(Gilbertet al,, 1999; Liet al, 2010; Tinslewt al.,
1998) Therapiesaimingat the upregulation of the endogenous utrophin in DMD patients
have been subjegcof many investigations. A small molecule (BMN195) idastified that
could modulate the expression of utrophinn pre-clinical models itshowed promise to
upregulate utrophin(Tinsleyet al, 2011) Neverthelessa clinicalstudy failed to confirm a
clinical benefitdue to poor bioavailability(http://mwww.musculardystroptyuk.org/press
releases/news256@sappointing_results_from_biomarin_s_utrophin_clinical_trial_for_duc
henne/). Presently additional candidates that should overcotine limitations of BMN195
but with asimilar positive effect on utrophinpregulationare beng developedTinsleyet al.,
2014)

4.4.5. Dystrophin in cardiac and smooth muscles

The important role of dystrophin in cardiac and smooth muscles is highlighted by the fact that
most of DMDpatients die from cardiac and respiratory failure. Patiettsnot only suffer

from skeletal muscle related symptoms but also from card@mery, 1972; Perlo#t al.,

1967) and vascular dysfunctionNoordeenet al, 1999)as well asdysfunction of the

gastrointestinal trac{Barohnet al., 1988; Chungt al., 1998; Leoret al., 1986)

The muscléDP427m) and brain specific (Dp427b) dystrophin isoforms are the major ones in
heart and smooth muscle During development the dystrophin expression at the
plasmalemma occurs earlier iardiac and smooth foetal musc{8 weeks of gestatiorthen

in skeletal muscleOf note,in cardiac muscle therhin and muscle isofms are expressed in

parallel(Torelliet al, 1999)

4.4.5.1. Dystrophin in the heart muscle

In cardiac myocyteslystrophin is localized at thearcolemmaand theT-tubules(Klietschet

al.,, 1993) In contrast to skeletal muscle, where loss of dystrophin dramatically reduces the
expresion of other DAPC component$ieir expression in the heart remains unaffected
(Townsendet al., 2007) The reason for this striking difference is not yet known. InCDM
patients, the primary cellular defecieading to the demise of cardiac myocytes and

subsequent cardiomyopathis thought to be the mechanical instability of the cell membrane
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(Fanchaouyet al,, 2009; Yasudat al, 2005) These findings confirm the observation from
skeletal muscle that the primary role of dystraphis the mechanical stabilization of the
sarcolemma It has been shown that isolated cardiac myocytes froax mice are more
susceptible to membrane damage due to either passive stretch or-bgpwotic stress. Like

in skeletal muscles, this mechanical uny] is associated with increased membrane
permeability, decreased force production, lateral force transmission, but not with reductions

in the force geneating capacity of the sarcome(Eanchaout al,, 2009; Yasudet al., 2005)

In addition, abnormalities of dystrophin expression have not only been observed in inherited
dystrophinopathies but also in neinherited conditions such as acuitgchemia, enteroviral
infection, and isoproteraol-induced cardiomyopathyArmstronget al., 2001; Kyokt al.,
2006; ToyeOkaet al., 2005) It has been shown in mice that dystrophin expression in the
heart declines significantly with agBodyaket al., 2002) Furthermore, under conditions of
isoprotenerol intoxication and ischemialystrophin has an enhanced susceptibility to
degradation in contrast to integrins and other DAPC proté@amnpost al., 2008; Rodriguez

et al, 2005) Degradation of dystrophin is achieved through calpain proteases, which are
calciumdependent cysteine proteinases. These enzymes can beaatilyr activated in DMD
and heart failure(Takahashet al., 2006; Zatz and Starling, 2005) transgeniandx mice,
overexpression afhe calpain inhibitor calpistatifed to reduction in muscle necrosidene,
expression of the endogenous calpain inhibitor calpistatin and of other inhibitors rnégat
therapeutic strategy for DMD andduring heart failure (Spencer and Mellgren, 2002)
Dystrophin can also be cleavdy the 2A proteases that are expressed by cardiotropic
enterovirusegBadorffet al., 1999) Cleavage disconnects the actin binding amdl domain

from the Gterminus, therebycontributing to the destabilization of the DAPC and the

sarcolemma

4.4.5.2. Dydrophin in the smooth muscle

DMD patients often suffer from symptoms such as dysphagia, vomigastric dilation
paralytic ileus, severe constipati@mdbladder paralysis the later phases of their disease.
Most of the information about smooth muscieathology has been gained by autopsies

where small fiber sizes, atrophy or loss of myofibers, and fibrosis have been noted in
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gastrointestinal smooth musclgB8arohnet al., 1988; Chungt al, 1998; Jaffet al., 1990;
Leonet al,, 1986; Nowalet al,, 1982)

Dystrophinin smooth muscles is found atistinct regions of thi plasmamembrane.
Dystrophin localizes at the caveoldeh membrane domains that lie between the ribstloé
adherens junctions, together with caveolin, timositol triphosphate(IP3)receptor and the

sodiumcalciumionexchangefNorth et al., 1993)

A study on vascular smooth muscles shows that dystrophin plays an important role in smooth
muscle function and differentiation. The dystrophin gene was among the genes whose
transcription wa induced by actin polymerization and its expression was promoted by the
transcription factors myocardin and myocardilated transcription factor & ¢ dzNO kté Z2a 1 |
al.,, 2015) Contractile smooth muscle cells of the vascular system show high degree of
plasticity and can undergo reversible phenotypic changes in response to eneintancues

and vascular injuryAn important function in these processes is attributed to the DAPC

linking the actin filaments to the ECM. A strong correlation between dystrophin expression
andthe contractile performance othe vascular smooth muscleasbeen shownin vivoand

in vitro. However, in the presence of serum, dystrophin is not expressed in cultured smooth

muscle cells, which caas their dedifferentiatiorfLeeset al., 1994, 1995)

4.4.6. Dystrophin in nonmuscletissues

Therole of dystrophin in muscléas ben intensively investigated in DMD patients. The
absence of dystrophin from thearcolemmatriggers a cascade of events leading to muscle
degenerationEmery and Muntoni, 2003jlowever DMDcan be considered multisystenic
disorder and dysfunction of the numerous dystrophin isoformsgiamtropiceffects in non

muscle tissues.

DMD patients do not only suffer from musaelated symptoms, but displadNSlysfunction

including cognitive impairmentDubowitz and Crome, 1969; Mehler, 2000; Yoshiekal.,

1980)as well asmpairment of the visual syster(Cibiset al,, 1993; Costatal>z H A AT T 5 Qf 2«
et a., 1995; Pillergt al., 1993)

In the nervous system all dystrophin isoform have been identifiedeaadxpresseth adult

life but alsothroughout neural developmenDuring developmentdystrophin is expressed
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within the neural tube, selected areaofthe embryonic and postnatal neuraxis suggesting a
possible rgulatory role in neurogenesisieuronal migraon and cellular differentiation
(Ceccaringet al,, 1997; Cisnerost al., 1996; Sarigt al., 1999; Schofielét al., 1994) During

this period the most prominent isoform is the shortest Dp71. In adulthptite brain
expresses the higest variety of isoforrs whereasDp260 is restricted to the retind 5 Q{ 2 dzl |
et al, 1995)and the Dp116 isoform is found predominantly in Schwann cells of peripheral

nerves(Byerset al., 1993)

The exact role of dystahin in the CNS as well as its correlation to the CNS phenotype in DMD
still remains to be elucidated and is hampered by the compleaitg high variety of
dystrophin proteins and DAFR{Re complexes expressedroughout development and adult

life.

4.4.6.1. Dystrophin in the brain

Although dystrophin levels in the brain are only 10% of those in muscles, the highest number
of isoforms can be found therébservations in some DMD patients with impairment of
cognition or memory, as well as behavioral probsdmve focised the research towards the

role of dystrophin in the brain. Interestingly, a correlation can be found between the position
of a mutation in theDMD gene and thepresence of cognitive problemall DMD patients
dispby moderate but specific memory and atttion deficits. Since Dp427 isofos is
commonly lost in all DMD patients, a rolefafl-length dystrophin in brain dysfunction has
been suggesteddowever the severity and frequency of mental retardation increases with a
progressive loss of function@lterminalisoforms(Bushby, 1992; Lerdt al., 1993) Mutations
extending to exon 50 leading to loss of Dp427, Dp260 and Dpl140 have been shown to
contribute significanty to mentd retardation inDMD patients (Bardoniet al., 2000; Emery

and Muntoni, 2003; Rapaposdt al, 1991) The majorfeatures of CNS involvement in DMD
have been observed andportedalready in the 19 century by Duchenne describing a seven
year old boy as dull and with poor language skidlachenne, 1868)Themental retardation

found in 2030% of the DMD patients resuliis lower global IQ performance scoréssbeen
attributed mostly to deficisin the verbal IQ, language and learning ab{Bilardet al., 1992,

1998; Ogasawara, 198Ftructural changes have been observed in some DMD patients like

cerebral atrophy(Yoshiokat al., 1980) neuronal lossand gliosigJagadha and Becker, 1988)
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Most of our understanding of the function of dystrophin in the brain is derived from studies
done onmdxmice,which express all themall dystophin isoforms including Dp7but lack
the full-length dystrophin.The behavioral and cognitive changes observeanix mice
include impaired memory retention, spatial memory and procedural learfNhmtoniet al.,
1991; Vaillendet al, 1995, 2004)Interestingly, the behavioral abnormalities imdx mice
normalize upon restoration of dystrophin suggesting reversél neuronal function

(Goyenvalleet al.,, 2015)

In the brain,normally,the full-length dystrophin igranscribed from theBrain- and Purkinje
cell promoters (Lidov et al., 1990) Dp427 and DARIke complexes are expre=s at
postsynapse afieurons in the hippocampuserebellumandcerebral cortexAltered synaptic
plasticityhasbeen observed in hippocampal neurons andPurkinje cells omdx micethat
lack only the Dp427 isoforffndersoret al, 2004, 2010; Mehleet al, 1992; Vaillenet al.,
1998, 1999)Authors havesuggested that dystrophiwould beinvolved in the clustering of
subpopulations of -aminobutyric acideceptors (GABAR).! -Aminobutyric acids the major
inhibitory neurotransmitter in the nervous system suggesting a role of dgktroat inhibitory
synapses.&f 20 f AT A2y 0SG6SSy Reéa i RRastsasifowh Yy R { K
in cultured hippocampal neuroria vitro (Briiniget al, 2002) Moreoverloss ofdystrophin
and/or dystrobrevinleads tosevere reductionn the number and size of GARR (Gradyet
al., 1999; Kneusset al., 1999; Sekiguclet al., 2009) Althoughfunctional molecular data are
lacking abouthe interaction between dystrophin and GARR, electrophysiologicastudies
support this hypothesi§Andersoret al., 2003; Kuelet al., 2008; Vaillend and Billard, 2002)
Additional studiesare necessarjo better characterize andrealyze the ra of dystrophin at
the synapse&nd itscontribution to cerebral network activityBeyond a direct involvement of
dystrophin in neuronal activity, authors suggesteéunction of fullength dystrofin inthe

formation and maintenance of blodarainbarrier (Nico et al,, 2003, 2004)

The Dp140 isoform is manly expressed during development, but expression in the

microvasculature of the adult brain was suggested as.viagl71 is expressed in ghalls,

notablyin perivascular astrocytes artle Bergmann glian the cerebellunmsurrounding the

endothelial cell§Blakeet al., 1999 Lidovet al, 1995) The distinct expression of Dp71 at the

gliakvascular interface observed in humans, as well as in animal models, suggested a role of

Dp71 in blood brain barrier function. It has been reported that Dp71 is involved in regulation
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of water homeostasivia the AQR! water permeable channel and is involved in potassium
(K buffering mediated by the inward rectifier' Khannel (Kir4.1Connorset al., 2004;
Nicchiaet al., 2008) Additionally, Dp7Znull mice display cognitive defects that were linked

to excitatory synapse organization and function. Hermo®ther role for Dp71 was proposed

at excitatory glutamatergic synapses that was supported by some experimental evidence
(Daoudet al.,, 2009) Further studiesieed to be done to eicidate the precise functions of

Dp71 and its alternative splicingariants

4.4.6.2. Dystrophin andthe retina

In the retina followinglystrophin isoformsre expressedDp427m Dp260,Dp140, and Dp71
(Schmitz and Drenckhahn, 199If) the mouse retina, the fulengthand Dp26Qdystrophin
isoformsare found at theouter plexiform layer (OPL), a regiamere the highly specialized
synapses between thglutamatergic photoreceptowith horizontaland with bipolar cellare
located (Dalloz et al, 2003; Pillerset al, 1993; Schmitz and Drenckhahn, 199The
dystrophin isoforms in this region are assoethtwith the photoreceptor terminals and
suggest involvement of dystrophin in synaptic transmisgli¢edaet al., 1997) but theprecise
mechanisms still remain to be elucidatethe shortDp71 dystrophin isoform is present in
astrocytes and in the principgial cells of the retina, the Mler cells which are locted at

the inner limiting membrane thais the basal lamina separating the neural retina from the
vitreous humour Like in the brainDp71 expression in these cells is limited to the glial
endfed. Transgenic mice lacking all retinal isoforms as well as Dp71 null mice exhibit a
mislocalization of the Kir4.1 potassium channel and the AQP4 channel with reduced AQP4
levels. Thus, like in the brain, a role of Dp71 in the maintenance of potassium aed w
homeostasis as well as in the regulation of retinal vascular permeability has been proposed

(Dalloz, 2003; Seret al., 2009; Wersingeet al,, 2011)

The best characterized nemuscle manifestation of DMD is described in the visual system
80% of the patientghere is a reduction in the amplitude of thevimave response revealed by
the dark-adapted (scotopic) electroretinogram (ERT)e ERG measures electric responses
of the various cell types in the retingon light stimulationDepending on théind of stimuli

and stimuliadaptationdifferent patternscan berecorded reflecting the activity of different

cell types in the retinaUsually dark adapted responseflects the activity of therod
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photoreceptorssystem.Theabnormalb-wave in DMD patients and mdxmice, that lackall
dystrophin isoforms reflexts changes of synaptic transmission between the rod
photoreceptorsand the ON-bipolar cells(Cibiset al, 1993; Rlers et al, 1993) There is a
correlation betweerthe type of mutation, the affection of the respectiZaMD gene product
and thepresenceof anabnormal ER@sponse. In patients, in whothe mutation does not
abolish the expression of the Dp260 isofolrave normal ERSwhile most @&erminally
locatedmutations lead to chages in the bwvave. Thesdindings suggesthat Dp260 retinal
isoformindeedplays a role in thedwave generatiorfDallozet al., 2003) In dystrophicmdx<"
mice that lack all short dystrophin isoforms duead” dzii I G A 2 Yy eAddf INddshdwS
similar abnormalities inb-wave amplitude, further indicting theequirement of specific
dystrophin isobrms for normal retinal function(Pillerset al, 1995) It is noteworthy,
however, that,unlikein humans all three isoforms need to be abolishedorder toprovoke
the ERG changeis mice (Pillerset al, 1995) A similar phenotype was observed in
dystroglycan deficient miceuggesting goint role of dystroplin andits DAP@ike complex
(Satzet al., 2009) In addition authors recently reportedhat some DMD patientswith
mutations affectinghe Dp260isoform, exhibitesa deficit in redgreen discriminatiorfCosta
et al, 2007)

4.4.7. The role of dystrophin irsatellite cells

Arecent study done by Dumont and colleaguescribedfor the first time a functional role
for dystrophin in the muscle stem ce(Bumontet al,, 2015) It wasgenerallyassumedhat
dystrophinwould not be expressed in satellite cells. Howevtre study showed expression
of full-length dystrophinin activated satellite cells and provided data for flwactiond role
of dystrophin infor the establishment opolarity through interactionwith the microtubule
associating protein (MAP)/microtubule affingegulating kinase 2 (Mark2). During apico
basal asymmetric division satellite cells give rise to two daugieks witha distinct cell fate.
The onedaughter cell differentiates and contributes to tin@yogenic progenor cells, which
fuse with the myofiber for growth and repair, whilee otherdaughter celkeepsits stem cell
potential. During this process thexpression of dystrophin was confined to the cell that
maintained the satellite cell state. The novel role for dystrogtas a direct impaobn the
pathophysiological understanding @ystrophin deficient conditions. The auttswf the study

presened data showing the impaired polarity establishment and loss of asymmeeit
28
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division in dystrophin deficiemhdxmicedue to dysregulation of mitotic spindle orientation.
Subsequently, the animals hadducednumbers myogenic progenitors, whicluldexplain
the impaired regeneration olesved indystrophic conditions despite theigh number of
satellite cells normally observed mdx mice and DMD patients.This novel function of
dystrophin opens a new avenue of reseadftdystrophinopathies. The defecobserved in
asymmetric stem cell division in dystrophic mivew allow for a re-interpretation of the

muscular deficitobserved in DMD patient®umontet al,, 2015)

4.5. Mutations of the DMDgene

Thousands of independent mutatiohsive beerdescribedin the DMDgene that has a hig
spontaneous mutation rate af0* gene/generation(Blakeet al, 2002» ¢ KS G NB I RA Yy 3
rule¢ SELIX I Ay&d sKeé ySAlKSNJIDWEdRletianniuétion/sAaMd ai K S LJ2
good correlation with the phenotype (genotygmhenotype relation). It postulates, in case a

deletion disrupts the operDMD reading frame, the resulting premature termination of
translation prevents theproper expression of dystyghin. The nearly total absence of
dystrophin causes theesere Duchenne variant of musculdystrophy. Incases, wherethe

deletion does not disrupt the reading frame, dystrophin can be produced albeit in a tachca

form that consensegnly partial functon. These mutations tend to cause the milder Becker

variant ofmusculardystrophy(Monacoet al., 1988)

The mutations found in DM[patients and thdr corresponding phenotype have vastly
contributed to the umerstanding of the functiorof specific dystrophin domains and have
facilitated the development of minbr micro-dystrophins that are tested foso-calledgene

therapeutic interventiongBlakeet al., 2002)

Large deletions are the most conon mutations in DMD or BMD and are identified in
approximately 65% of the patients. Two mutational hotspots spanning exch8 4hd exons
2-20 have been identifie@Koeniget al,, 1989; Koenig and Kunkel, 1998jnall deletions and
point mutations have been observed in one third of the patients, most commonly leading to

premature stop codonélenket al., 1993; Roberts and Bobrow, 1998)

The rod domain has been found to accommodate largeame deletiongesulting in a mild
Becker type dystrophyThe rod domain acts as a bridge or spacer betweerfuhetionally

important Nterminal actin binding and the cysteifrech and Germinal domain. Skipping this
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region results in truncated dystrophin protein isoforrtisat seem to function normally

(Englancet al., 1990)

4.6. Revertant fibers in DMD patients and imdx mice

Mutations in DMD patients and in tedxmouse disrupthe openreading frame and prevent
the expression of dystrophin. Nevertheleise emergence of dystrophin positive fibetke
soOF £ £ SR & NB @S Niidn ytilerwisd dysidphirt negatweCakground has been
observed (Arechavale&Gomezaet al, 2010; Dankoet al, 1992; Hoffmanet al, 1990;
Nicholson, 1993; Nicholsoet al, 1989; S.D. Wiltoet al, 1997) RFs express an internally
truncated form of dystrophin. This suggests that secondary events hawv& occurred that
resulted in there-establishment of the reading frame. In thedx mouse, RFs haveebn
studied more intenselyand it has been shown that they emerge around birth in short
segments andncrease in size and number with age. The revertant event is thought to take
place in the muscle precursor cells that are then at&d and proliferate during the
repetitive cycles of deand regeneration that are characteristic for the dystrophic muscle.
This process leads to the expansion of REet al., 2000; Yokotat al., 2006) RFs form clonal
clusters but exhibiDmd splicing pattern, which differs between neighboring independent
clusters. The different dystrophin isoforms etindividual clusters havgeen confirmed on

the protein level using exespecific antibodiegLuet al., 2000; Thantet al, 1995) as well as

on the MRNA levdly RTPCRS. D. Wiltoret al,, 197). On the mRNA levesuch shortened
transcripts have also l®m observed in the normahuscle tissuef the mouse but wheher
they are translated intoprotein has not yet been shown. The size of each cluster can
encompass up to 100 fibers and rea®0 mm length at 18 months of ageuet al., 2000)
Such RFs can also Bmund in muscles of othebreeds of mdx mice that bear different
mutations (Dankoet al., 1992; Echigoyat al, 2013)as well as in the Golden Retriever
Dystrophic @g (GRMD{Schatzbergt al., 1998) In human DMD patients the percentage of
RFs ranges between 0.01 and 7 percent and, in contrast tontitemice, no RF expansion
with age has bee observed. A correlation between the emergence of RFs and an
improvement of DMD symptos has not been observed so fgrechavalaGomezaet al.,
2010) The amount of RFs is not only influencedlsy location of the mutation, but alsby

the genetic backgrounodf the mouse(Echigoyeet al, 2013) More recent studies, which

support the hypothesis oflanal expansion of RFs, suggest the occurrenceleoinovo
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reversions throughout the whole lifespan and show that seebntscould take place in the

heart as wel(Pigozzeet al,, 2013)

The natural emergence of RFs in DMD patients has to be taken into account when assessing
the efficacy of(gene) therapeutic approaches. On the other hand, it is important to
understand the underlying molecular mechanisms and the origin and expansion of RFs as this
phenomenon could be exploited for novel therapies and will contribute to the better
understandirg of the disease. Furthermoréhe natural phenomenon of RFs provides the
basis for one of the most promising therapeutic approaches against DMD, the exon skipping

which will be explained in the next section.

4.7. Therapies for DMD

Different therapies againstNdD exist and are being continuously develop&te am is to
slowthe progression of the disease by immumedulation(e.g.via steroidsandinhibitors of
transforming growth factoy, by inducingor introducing proteins that may compensate for
dystrophin d@ficiency in the myofiber (e.g. utrophin, biglycan, and laminingrdrancethe
regenerative responsef the musclge.g. myostatin and activin 2B). Alternativedyidies are
on the way thataim to introduce a more functional gene into the patieansingviral gene
transfer (Koppanatiet al, 2010; Kornegagt al., 2010) or to repairthe DMDgeneof the
patient. Due to a multitude of technical and biological obstacles, howeverativanceof
gene therapies and of cell transplantation into tleéinic is very slow despite extensive

research(Maffioletti et al,, 2014; Setet al,, 2012; Tremblagt al., 2009; Wanget al,, 2011)

A more promising therapy against DMD has been developed using small mo]extifesal
antisense oligonucleotides (A that drepair€ the open reading frame of thenutated gene
through skipjing of exonswhich flank the original mutation. If thisould be achieved in a
highly predictive way, the reading frame could be restored and such transcript translated into
a truncated but partially functional dystroph{Dunckleyet al., 1998; Goyenvallet al, 2011;
Matsuoet al,, 1991;Yokotaet al, 2007) ThisseD | f t SR G SE2y &1 ALILIA Yy IE
the phenomenon of RFs, in which exon skipping occus§ | (i dzhsldéstridai in the
previous sectionAlternatively, exon skippingcan be achievedsing specific mMRNA splicing

molecules (U7 or U1 RNA) which splice out extra exdisadvantagef the U7 or UL RNA
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moleculesas opposed to A@Is is the delivery system whialsesviral vectorsand could

provokean immune response(Goyenvallest al., 2004, 2009; Loraiet al., 2008)

4.7.1. Exon skippingia AONs

AONs used in exon skipping recogniazespecificexorrintron bourdary of the premRNA,
resultin modulation of the splicing patterand aimto restore the dystrophin expression. The
mutated exonand, if necessary, some of its neighboring exons are thus remianddhe
reading frame of thgore-mRNA isreconstituted, alleit shorter. In preclinical studies for
DMD, 6 KS Y2ad LINRPYA&aAY3I OFyYRARIGS -Crieitiyh a
pK 2 & LK 2 N2 i K ABS) and theoph@@phardamidate morpholino oligam¢PMO)
both targeting exon 5{Aokiet al,, 2012; Heemskent al., 2009; Prenonoet al., 1996; Yokota
et al, 2009) These two compounds entered phase 2/3 clinivéls. However both
compoundsshowedlittle clinical efficacyikely as the trial duration was too short in order to
discriminate a clear clinical improveme{@iraket al,, 2011; Goemanst al., 2011; Mendell
et al, 2013; Voiket al,, 2014)

A great disadvalage of these two moleculelsad alreadybeen observed during prénical
studiesbecause they were not effectivetreatingcardiac and the central nervoggmptoms
Recently a novel promising A5 have ben develogd that overcome theae limitations.
PeptideconjugatedPMOsoffers significantly higher efficiency th&MOs. In animal models,
it has been shown thathe peptideconjugated PMOs suefully retored dystrophin
expression and improve the function of skeletal and cardiac mugulaset al, 2012)
Moreover, animportant advancein the treatment of the multisystemic DMDGoyevalle
andcolleaguesusdal tricycle DNA oligomers imdxand utrophin/dysrophin double knockout
mice andclearly demonstratedlystrophinrescuein skeleta) heart and to somextentin the
brain after systemic deliveryf the drug(Goyenvalleet al, 2015) Functionaltests have

confirmed the clinicalimprovement in thetreated animals

Currently themdxand mdx52mice are the most widely used moddts testing the efficacy
of AONs or other plicing modulators(Aoki et al., 2012; Luet al, 2003) Mdx52 bears a
deletion of exon 52which is one of the mutationdlotspots in DMD patients. Thedx52
mouseand can be used to test AONs sequences for skipping exon 51 an@AbRiet al.,

2012) The use of animal models to test different Mgland assess their main properties like
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stability, efficacy and toxicityNakamura and Takeda, 2008) indispensable. Preinical
evidence of the therapeutic potential of A3 have been provided by numerous vivo
studies(Aokiet al., 2012; Fletcheet al., 2006,2007; Gebslet al., 2003; Liet al,, 2003; Yokota
et al,, 2009)

4.8. Aims ofthe study

Dystrophin is a protein expressed in all types of muscle as well as imuscle tissue
(Hoffmanet al., 1987, 1988; Uchinet al,, 1994) It was discovered almost 30 years ago as the
protein missng in Duchenne muscular dystrophy, a sevetmbked disorder known for more

than 100 year§Duchenne, 1868; Koenigt al, 1987; Anthony P. Monacet al, 1986)
Dystrophin is a roghaped cytoplasmic protein that physically links the cytoskeleton to the
extracellular matrix. The identification of dystrophin close to the inner surface of the
plasmalemma pushed the research efforts toward understanding the plogsoall role of
dystrophin in the cell membrane. Vast progress has been made in the last two decades in
comprehending the role of dystrophin in the muscle. Its protein structure, its binding
partners, as well as its coding gene and complex regulatory meshanare well

characterized.

The advancement of this field was based on studies on DMD patients, and prominent
contributions have also been gained through identification and later also generation of animal
models. Such models play a tremendously importasié in the development of different
therapeutic strategies; however, presently DMD cannot be cured. This calls for further
investigations into the physiological role of dystrophin, not only in the muscle but also in other
organs and tissues where it iggressed. Most of the murine models studying dystrophin are
transgenic lines expressing a certain dystrophin isoform or overexpressingamimicro-
dystrophinsin a particular tissu€Coxet al., 1994b; Gaedigkt al., 2006; Greenbergt al.,

1994; Hakim and Duan, 2013; Hargesml., 2002; Judge, 2006; Letial., 2009; Let al., 2006;
Phelpset al,, 1995; Sakamotst al., 2002; Warneet al., 2002)

However,DMD is anulti-systemdisorder and dystrophin has a higinmberof isoforms and
splicing variants expressed at different cellular and subcellular localizafibimssontributes
to the pleiotropic function of dystrophiand different effects of gene mutatns depending

on their location
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Therefore,it would be beneficial to hava more general model that will facilitate the study
of dystrophin expression in various tissues in a -adificial system. In the work that
comprises my dissertation,strove togenerate and characterizzDmdFreporter mouse,

whichshouldexpress a functional dystrophtaGFP fusion protein.

Aim 1:To insert an EGFRg behinddystrophin exon 79to create a dystrophin reporter

mouse

The fluorescently labeledystrophinprotein should beexpressed throughout muscle
and nornmuscle tissues by the natural endogenous promatére aim beindo target
as many dystrophin isoforms as possible. Ther@inus of dystrophin is an important
functional domain, known to be expressed in alhctional relevantdystrophin
isoforms. The last &on 790f the dystrophin genés present in most of these isoforms
as well as in revertant dystrophi#/e thus aimed tonsertthe EGFP coding sequence
behind the lasDmdexon 79, which had to be modifiéa order for theEGFP sequence
to be ceexpressedThus,we expected to target all fulength dystrophin isoforms
(Dp427M, B, P), the retinal specific Dp266form, as well as the shorter Dp140,
Dp116, Dp71d and Dp71c isoforms. Only Dp71f and pbpvdannot be targeed in

our model since alternative splicing of exon 78 excludes also exon 79.

Aim 2:To investigate dystrophifEGFP expression in different tissues of the mouse

After successfiintroduction of the EGFRg Iwanted to investigate the tissugpecific
expression of the dystrophieGFP fusion protein in skeletal, smooth and cardiac
tissue as well as in nemuscle tissues like brain and eydp to date, no dystrophin
reporter mouse model exists and only few models use a fluorescent tag to fopjow
the expression of dystrophi(Bajanca et al., 2015; Li et al., 2006;-Raimojski et al.,
2015) Through direct visualization of dystrophin, without the necessity dibady
staining thedevelopedDmdF® "model will facilitate the studies of dystrophin and

dystrophinopathieex vivoas well asn viva

Aim 3:To exclude the possibility that the-€@rminal EGFRPtag causes musculatystrophy

Adding a @erminal tag to a protein might hinder its function. Hence, | wanted to

analyzethe mouse modelith respect to possible features of a dystrophinopathy and
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to check for midocalization of other components of the dystrophin associated

complex (APC) that might have been unintentionally caused by the E&FP
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5. MATERIALS

Chemicals used in the context of this thesisre obtained from Applilem (Darmstadt,
Germany), GE Healthcare (Munich, Germany), Merck AG (BattmSermany), Roche GmbH
(GrenzacHNVyhen, Germany), Carl Roth GmbH (Karlsruhe, Germany) and Sigma Aldrich GmbH

(Taufenkirchen, Germany).

Plastic materiawere obtained from Becton Dickinson GmbH (Heidelberg, Germany), Biozym
Scientific GmbH (Hessis@idendorf, Germany), Braun (Melsungen, Germany), Carl Roth
GmbH (Karlsruhe, Germany), Eppendorf AG (Hamburg), Falcon/Corning (BY, USA), GE
Healthcare (Munich, Germany), Kisker (Steinfurt, Germany), Sarstedt AG & Co (Nurnbrecht,
Germany), Thermo Fischer Sdiga Inc. (Langenselbold, Germany), TRB (Trasadlingen,
Switzerland) and/WR (Darmstadt, Germany).

Media and compounds for cell culture work were obtainednir&ibco/ LifeTechnologies
(Karlsruhe, Germany), Inkgigen GmbH (Karlsruhe Germany) adMiWR (Danstadt,

Germany).
Bacteria and supplies for bacterial culture were obtained from loggén GmbH (Karlsruhe

Germany) andPromega (Mannheim, Germany).

5.1. Plastic materia

Tablel: Plastic material for tissue culture and moleculbiology

Plastic material Supplier

Cell culture dishes (& 10 cm) Becton Dickinson, Heidelberg, Germany
Sarstedt, Nurnbrecht, Germany

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

Cell culture dishes (& 35 cm)
Cell culture flasks (175 énv5 cn¥, 25¢n¥)

Cell culture platesnultiwell
(6, 12, 24, 96 well)
Conical polysterene tubes

Falcon/ Corning, NY, USA

(15 ml/ 50 ml)

Coverslips Menzel, Braunschweig, Germany

Coverslips, round R. Langenbrink, Emmendingen, Germany
Cryovials Thermo Fisher Scientific, Langenselbold, Germa
Cuvettes Sarstedt, Nirnbrecht, Germany

Disposable hypodermic needle, 22 G*% 1

Braun, Melsungen, Germany

Film, Fuji Super RX

RontgenBender, BaderiBaden ,Germany

HybondXI™¢ Transfermembran

GE Healthcare, Munich, Germany

Insulin syringes

VWR, Darmstadt, Germany

Pasteur Pipettes

Assistent, Hecht, Sondheim v. d. Rhdn, Germany
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Pipette tips (10 pl, 200 pl, 1000 pl) Sarstedt, Nurnbrecht, Germany
Kisker Steinfurt, Germany
Biozym, HessiseBldendorf, Germany
VWR, Darmstadt, Germany
Pipettes (sterile) Becton Dickinson, Heidelberg, Germany
(2 ml, 5 ml, 10 ml, 25 ml) Falcon/ Corning, NY, USA
TPP, Trasadingen, Switzerland
SephadexColumnsProbeQuant &0 Miao GE Healthcare,Munich, Germany
Columns
Safelock micro test tubes Eppendorf, Hamburg, Germany
(1.5 ml, 2 ml)
Sequencing plates ThermoFisher Scientific, Langenselbold, German
Scalpel Braun, Tuttlingen, Germany
Slides Superfrost® Menzel, Braunschwei@ermany
Stripes, PCR+caps ThermoFisher Scientific, Langenselbold, Germar
Sterile filter (& 0.22 pm / 0.45 um) Millipore, Schwalbach, Germany
Syringe 2 ml, 5 ml, 10 ml Braun, Melsungen, Germany
Carl Roth, Karlsruhe, Germany
Whatman Filterpaper WhatmanGmbH, Géttingen, Germany

5.2. Instruments, equipment

Table2: Instrumentsand equipment for molecularbiological work

Instruments Supplier

ABI PRiSM Genetic analyzer 3500 Thermofisher Scientific, Berlin, Germany
Analytical balances Kern 770, BP 3100 S Sartorius Gottingen, Germany
Autoclave Systec V150 Systec GmbH, Wettenberg, Germany
Centrifuge 5415C Eppendorf, Hamburg, Germany
Centrifuge 5804R Eppendorf, Hamburg, Germany

BioRadMunich, Germany

DNAelectrophoresis chambers LifeTechnologies/Gibco, CA, USA

Electroporator BioRad, Munich, Germany

Electrophoresis unit Ruby SE600 Amersham/Hoeffer, Germany

Magnetic stirrer Janke & Kunkel GmbH & Co. H&ALabortechnik,
Staufen, Germany

Molecular Biologyncubator, Heraus Heraeus, Hanau, Germany

Microwave Sharp, Germany

NanoDrop NELOOO Spectrophotometer Peqglab, Erlangen, Germany

PHMeter Greisinger, Regenstauf, Germany

Precision balance Sartorius, MA, USA

Biometra, Géttingen, Germany

Powersupply BioRad, Munich, Germany

Rotator MSL GmbH, Wiesloch
Semidry Blot Biometra, Gottingen, Germany
Shaker TH25 Edmund Buhler, Tibingen

. New Brunswick Edmund Bihler GmbH, Hechingg
Shaking incubator

Germany

Spectrophotometer Helios Thermo Spectroniduppertal, Germany
Table Centrifuge Ministar VWR, Darmstadt, Germany
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Thermocycler T3000

Biometra, Géttingen, Germany

Thermomixer compact

Eppendorf, Hamburg, Germany

Thermomixer Thermostat plus

Eppendorf, Hamburg, Germany

UV-Transilluminator GelDo2000

BioRad, Munich, Germany

Voltage power supply

BioRad, Munich, Germany

Vortexer Janke & Kunkel GmbH & &

IKA Labortechnik, Staufen, Germany

Water bath shaking

GFL, Burgwedel, Germany

Table3: Instruments and equipment for tissue cultureork

Instruments

Supplier

Biological Safety Cabinet Herasafe

Heraeus, Hanau, Germany

Cell Culture Incubator, Hera cell, Hera cell150

Thermofisher Scientific, Berlin, Germany

Centrifuge 5415R

EppendorfHamburg, Germany

Centrifuge Rotofix32A

Hettich, Tuttlingen, Germany

Freezing chambers Nalgene® Mr Frosty

Thermo Scientific, Dreieich, Germany

Microscope Inverted Leica DMI 3000B

LeicaMicrosystems, Wetzlar, Germany

Pipetboy acu

Eppendorf, Hamburgsermany

Pipettes

Eppendorf, Hamburg, Germany
Gilson, Bad Camberg, Germany
Finnpipette, Dreieich, Germany

Stereomicroscope

Schott, Mainz, Germany

Vortexer Janke & Kunkel GmbH & €&
Vortexer

IKA Labortechnik, Staufen, Germany
Heidolph, Schwabacigermany

Water bath

GFL, Burgwedel, Germany

Table4: Instruments and equipment for histological work

Instruments

Supplier

Cryostat, Leica CM 1900

Leica Microsystems, Wetzlar, Germany

Fluorescence microscope

LeicaMicrosystems, Wetzlar, Germany

Fluorescence light source

Leica Microsystems, Wetzlar, Germany

Fluorescence light sourceCite 120

Excelitas Technologies, Wiesbaden, Germany

Rolera MGI camera

Qimaging, BC, Canada

SPOT RT3 camera

Spotimaging, MI, USA

Surgical scissors

neolLab Migge Laborbeda¥fertriebs, Heidelberg,
Germany

Tweezers

GFL, Burgwedel, Germany

5.3. Chemicals

Table5: Chenicals

Chemicals Supplier

Acetone Merck, Darmstadt, Germany
Acrylamide/Bisacrylamide 40%, 29:1 BioRad, Munich, Germany
Agarose MP Roche, GrenzaeWWyhen, Germany

Albumine bovine fraction V

ServaHeidelberg, Germany

Ampicillin sodium salt

CartRoth, Karlsruhe, Germany

Arabinose

Applidhem, Darmstadt, Germany

Bisodium Hydrogenphosphaf@ihydrate

CartRoth, Karlsruhe, Germany

Boric acid

Merck, Darmstadt, Germany
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Calciumchloride

Merck, Darmstadt, Germany

Chicken embryo extract

US Biological, VWR International, Karlsruhe,
Germany

Chloroquine Diphosphate

SigmaAldrich, Taufenkirchen, Germany

Chbramphenicol

Applithem, Darmstadt, Germany

Collagenase type | (0,2%)

Worthington,MN, USA

p-Coumaric acid

SigmaAldrich, Taufenkirchen, Germany

DABCO CartRoth, Karlsruhe, Germany
DAPI CarlRoth, Karlsruhe, Germany
5a9a 05dzZ 06 S0O02 QNediam® R A ¥ Gibco BRL, Karlsruhe, Germany

Dimethyl sulfoxide (DMSO)

Applithem, Darmstadt, Germany

DirectPCR Lyse Reagenz

Peqglab/VWR, Erlangen, Germany

EDTA Disodium salt dehydrate

CartRoth, Karlsruhe, Germany

Ethanol

Merck, Darmstadt, Germany

Ethidium bromide

CartRoth, Karlsruhe, Germany

Fetal bovine serum, heat inactivated

Gibco/Life®chnologies, Karlsruhe, Germany

Formaldehyde solution 37%

Merck, Darmstadt, Germany

Glucose SigmaAldrich, Taufenkirchen, Germany
L-Glutamine GibcolLifetecimologies, Karlsruhe, Germany
Glycerol 87% SigmaAldrich, Taufenkirchen, Germany
Glycine SigmaAldrich, Taufenkirchen, Germany
HEPES Applithem, Darmstadt, Germany

Horse serum, heat inactivated

Gibco/Life®chnologies, Karlsruhe, Germany

Hydrochloricacid 1N

Merck, Darmstadt, Germany

Hydrochloric acid 25%

Merck, Darmstadt, Germany

Isopropanol Merck, Darmstadt, Germany
Kanamycin CartRoth, Karlsruhe, Germany
LBAgarmedium CartRoth, Karlsruhe, Germany
LBmedium CartRoth, Karlsruhe, Germany

Luminol SigmaAldrich, Taufenkirchen, Germany
Matrigel Becton Dickinson, Heidelberg, Germany
Methanol Merck, Darmstadt, Germany

i -Mercaptoethanol Applitiem, Darmstadt, Germany
Milkpowder Applidiem, Darmstadt, Germany
Normal goat serum Biozol, Echingzermany
Paraformaldehyde Merck, Darmstadt, Germany

PBS Dulbecco

Gibco/LigTechnologies, Karlsruhe, Germany

Penicillin/streptomycin

Gibco/LifeEchnologies, Karlsruhe, Germany

Potassium chloride

SigmaAldrich, Taufenkirchen, Germany

Ponceau S

Applichem, Darmstadt, Germany

Protease Inhibitor cocktail, Complete mini

Roche, GrenzaeWyhlen, Germany

Protein Assay Dye (Bradford)

BioRad, Munich, Germany

RotiFree Stripping buffer

CartRoth, Karlsruhe, Germany

RotiSafe CarlRoth, Karlsruhe, Germany

SDS Merck, Darmstadt, Germany

Sephadex &0 Fine GE Healthcare, Munich, Germany

SOB medium CartRoth, Karlsruhe, Germany

TEMED Merck, Darmstadt, Germany

TrisBase Calbiochem Merck, Darmstadt, Germany

Tris (hydroxymethyl)aminomethane

Merck, Darmstadt, Genany
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TritonXx100 Merck, Darmstadt, Germany
Trypan blue, 0,4% Gibco/LifeEchnologies, Karlsruhe, Germany
Trypsin/EDTA Gibcol/LifeEchnologies, Karlsruhe, Germany

5.4. Kit systems, markers, enzymes and nucleotides

Table6: Kits

Kit

Supplier

BigDye® Terminator v3.1 Cycle Sequencing Kit

Applied Biosystems, Weiterstadt, Germany

HiSpeed Plasmid Midi Kit

Qiagen, Hilden, Germany

Lipofectamin, LTX

Thermo Fisher Scientific, Wuppertal, Germany

MOM Kit

Vector Laboratories, Enzbyrrach, Germany

pGEMT¥easy Vector System 1

Promega, Mannheim, Germany

QIAprep® Spin Miniprep Kit

Qiagen, Hilden, Germany

QIAquick® Gel Extraction Kit

Qiagen, Hilden, Germany

QIAquick® PCR Purification Kit

Qiagen, Hilden, Germany

Quickligase Kit

NewEngland Biolabs, Frankfurt, Germany

VenorGEM mycoplasma diagnosis test

Biochrom, Berlin, Germany

Table7: Standardmarkers

Markers

Supplier

100 bp Standard marker

New England Biolabs, Frankfurt, Germany

1 kb Standard marker

New England Biolabs, Frankfurt, Germany

t NSOA&AAZ2Y
Standards

t t dza

t NRBGSAY

BioRad, Munich, Germany

| A al NJ-stinad Ritein Standard

Thermo Fisher Scientific, Wuppertal, Germany

Table8: Enzymes

Enzymes Supplier

Calf intestine Phosphatase New England Biolabs, Frankfurt, Germany
DNasel Invitrogen, Karlsruhe, Germany

GoTad" DNAPolymerase Promega, Mannheim, Germany
Proteinase K Applithem, Darmstadt, Germany
Phusion™ DNAPolymerase Finnzymes, Espoo, Finnland

Restriction Enzymes New England Biolabs, Frankfurt, Germany
Quickligase Promega, Mannheim, Germany

Table9: Nucleotides

Markers

Supplier

dNTPs (je 100 mM)

Promega, Mannheim, Germany
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5.5. Plasmids

Tablel0: Plasmids

Official name Supplier
pBACe3.6 (Clone bM®MQ389g17) Source bioscience, Berlin Germany
pCMV{Tag3A Schuelke lab
pCRScriptAMP Stratagene, AmsterdasBAuidoost, Niederlande
PEGFIN3-L221K Schuelke lab
PENTRA1#&L0x8a Schuelke lab
pPGEMT Easy Promega, MannheinGermany
PL452 National Cancer Institute, Rockville, MD, USA
pTagRF®ito Evrogen, Heidelberg, Germany
PEGFMN3-L221K Schuelke lab

5.6. Bacteria

Tablell: Bacteria

Bacteria Genotype Supplier
E. coli IM109 endAl recA gyrA thi hsdR17rknk+) relAl supEf Promega,
(lacLINB ! . = wCQX { NMMIBloc = LINJ Mannheim,
Germany
E. coli SW106 YONI HsORMENONI / 0 ptl O-T1n National
araD13%(ara, leu) 7697 rpstecAl nupG Cancer
80dlaciM15 galU galk<g1857 (crebioA)<>Tet] Institute,
galK+gal490 (crbioA)<>ara€PBADCre gapgalK Rockville,
MD, USA
XL-:10 Gold TetrD(mcrA)183D(mcr@sdSMRNIT)173 endAl SIMNA Science
Ultracompetent cells SUpE44 thil recAl gyrA96elAl lac Hte [F* proAB Services GmbH
laclgZDM15 Tn10 (Tetr) Amy Camr] Berlin
Germany

5.7. Antibodies

Antibodies were purchased from Abcam (Cambridge, UK), Novocastra/Leica (Wetzlar,

Germany) Merck/Millipore (Darmstadt, Germany), Roche (Grdn¥éghlen, @rmany),
DSHB (10, USA), Thergher Scientific (Wuppertal, Germang)l antibodies are listed in

Appendix10.1,Table AZ3.

5.8. Oligonucleotide primers for PCR

All oligonucleotide primers were custom synthesized the the MWG Biotech AG (Ebersberg,

Germany) company. A complete list of all used oligonucleotide psnseattached in the

Appendix13.1, Table A.
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5.9. Cell lines

Cell lines were cultured in an incubator at 37°C, 95% humidity and %%ti@asphere. All

cell culture work was done under sterile conditions in a biological safety cabinet.

Table12: Celllines, primary murine cells and media used for culturing

Cell line/Primary cells Description/medium

293 human embryonic kidney epithelial celfsr
G§NJ} ya¥FTSOil kstagdard M5 a 9 a

COsl cells monkey fibroblastdike cells derived from kidney,
F2NJ GNI yaTFSsuindadly ™ 5a9

Primary murine satellite cells/ myoblasts murine EDL muscle derived; differentiation of
satellite cells into myotubes

9ngle fibers murine EDL muscle deriveidymunofluorescence,
satellite cellderived myoblasts

ES cell line murine, Sv129 derived

5.10.Animal experiments

5.10.1 Mouse strains and animal husbandry conditions

Animals were bred ankept under specific pathogefree (SPF)ke conditions in the animal
facilities of the Charité Cross Over building, as well as in the central animal facility FEM of the
Charité Universiitsmedizin BerlinAnimals for organ preparatiowere sacrificed by cerval
didoction. The experiments were performed in compliance with the local animal
experimentation guidelines. Animal experiments were approved by the local aud®orit

(LaGeSo Berlin, T 0222/13).

Table13: Mouse strains

Name/Reference Internal name Supplier

C57BL/10ScSDmd"®/J mdx Jackson Laboratory, Maine, US

Credeleter (Schwenlet al,, 1995) | Cre Birchmeier Lab, MD8erlin,
Germany

DdeGFFCredeleter DmcEGFReo

DmcESFP DmdCFP

5.11.Software

Tablel4: Software

Program Supplier Application

Adobe Photoshop CS5 Adobe GmbH, Munich, Germany Image editing
DNAStar Lasergene 8 DNA Star Medison, USA Sequence analysis
Image J Rasband, WS, USA Images editing
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Image Pro Plus MediaCybernetics, PA, USA Camera software
MS Office Microsoft Corporation WA, USA| Text editing, scheme drawing
Vector NTI Invitrogen, Karlsruhe, Germany | Cloning
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6. METHODS

6.1. Methods for the generation ofa transgenic Dystroph#EGFP reporter mouse

The main aim of this work was to generate a reporter mouse, in which aEG&AB sequence
was insertedoehindthe last exon of thédmdgene so that a @&rminally tagged dystrophin
EGFP protein would be expredsd his model will facilitaten vivostudies on dystrophin and

DMD, as theravould beno need for antibody staining.

In summary, to generate thBmdreporter allele, | constructed a targeting vector using the
method of recombineering so that a 10.943 KWNA fragment spanning intron 78, exon 79
FYR LI NI 27F (KS Dmnd@astexecised fFom i Kehomicakidiogofhal BAC
clone and subcloned. Afterwards, tBandexon 79 was modified by changing the stop codon
into a leucine and inserting a FLAGFPexjuence irframe, followed by a neomycin cassette
mead AY GKS o0Q! ¢w {ldPsiies. FHe fargdinglvetiprvas liredrized with
Sal and electroporated into 1290iderived ES cells. Correctly targeted ES clones were
selected by Southernlditting via restriction enzyme sitesBgll andBamH) that had been
introduced into the vector and injected into C57BL/6 blastocysts. Chimeras were generated
and mated to C57BI/6N mice. Germline transmission of the targeted dystrophin allele was
confirmed in the F1 generation of the heterozygous femaiga PCR screening for the
neomycin cassette as well as by Southern blot analysis. The ES cell culture and generation of
transgenic mice (F1 generation) have been done commercially (Polygene AG, Switzerland)
Mice were then bred under normal husbandry conditions. mhecassette was removed by
crossing mice from the F1 generation mice with mice that ubiquitously expresse@rthe

recombinasgSchwenlet al,, 1995) Below | describe the single steps in more detail.

6.2. Generationof the targeting vectorvia recombineering

Generation of the targeting vector was done using the method of recombineering
(recombinatiommediated genetic engineering)Copelandet al, 2001; Liuet al., 2003;
Muyrerset al, 2001) Recombineerings amolecular genetic technique based on genetic
engineering byin vivo DNA manipulation inEscherichia coli (E. colWja homologous
recombination This system allows the construction of DNA molecules with precise junctions

and is independent of the locatioaf appropriate restriction sites, which overcomes the
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limitations of conventional cloning strategies. It is suitable for modification of murine
genomes and for the cloning of long fragments. This method exploits a gfiesgpsl
recombination system irkE. cal which forcesthe introduction of a linear DNA of interest
aSldzSy0S Ayia2 | LXIFAYAR LINPJARSR GKSNB Aa

of interest. The proteins responsible for homologous recombination are produced by a

A

SY

replication defective< t Kl 3S Ay i0S3aINI GSR Ayidz2z (& bal OGSNRA

andgamregulate the homologous recombination allowing insertion of double stranded DNA
fragments into plasmids, BAGm(terial artificial chromosoméger PACsI-derived artificial
chromosomey The genes are under the control of the PL promoter und a temperature
sensitive repressor cl857. At low temperature{80C) the repressor is active, but raising the

temperature to 42°C leads to deactivation of the repressor and expressidreastt! genes.

ExoSy 02 RS&Q SE2y dzOt S a8 (KFd NBO23yAl S& R2dzt

RA3ISaida GKS pQ SyR 2F (KSaS 5b! &GN} YRAOD
bet encoded protein bringing the homologous regions close toge(Roteete, 2001; Stahl,
1998) The gamencoded protein prevents the degradation of linear DNeNnhibition of the
bacterial RecBGBxonuclease activity. This is necessary as the DNA to be integrated
recombineering is mostly in the form of short PCR fragments, which would be degfaded

RecBCD system was not blocked.

The 10.94%b genomic fragment spanningintnor y = SE2Yy T | YR LI NI
Dmd gene was subcloned from a murine Svi9ived BAC clone (GenomeCube,
bMQ389g17)via recombineeringand gap repairinto a pCRScript vector (Stratagene,
Holland) containing homology arm$§he HAs enabled the homologous recombination and
retrieval of theDmdfragment of interest, thus generatingmdexon 79retrieval vectorIn a
second recombineering ste@md exon 79was modified so that the stop codon was
exchanged for a leucine (TAGIG) and a FLAEBSFP sequence insertedfiame followed by

I aSljdzSy0S Ay (i K&Pflanked ieacasSedte/réghldted byPEK and Em7
promoter for expression in prokaryotend eukaryotic cells, respectively. The so generated
targeting vector included also%al restriction enzyme site for linearization and subsequent
electroporation into ES cells as well Bgll andBamH restriction sites for Southern blot
screening of psitive ES clones for homologous recombination. The results of the detailed

cloning steps are described in the sectibd.l
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6.2.1. Plasmid DNA preparation frorischericlta coli

Smaliscale plasmid DNA preparations for analytical purposes were done usii@jApeep®
Spin Miniprep Ki{Qiagen Hilden, Germarnly The method is based on the alkaline lysis of
bacterial cells, modified afteBirnboim and Doly, 19795 ml of an overnight culture of
transformedE. coliJM109 or Xivn D2t R o6l OGSNAI gSNBE dzaSR | O

instructions.

For preparative purposes midi preparations were performed ubli®@peed Plasmid Midi Kit

FNRY GKS O2YLIlye vAF3ISY FOO2NRAy3A G2 Y ydzFl
culture volume of 500 ml. The isolation and purification is based on the alkaline lysis of
bacterial cells and binding of plasmid DNA tooarmexchange columns under |esalt
O2yRAGAZ2YyAad 5b! gl a StdziSR Ay wmpn >f ¢9 0dzF

plasmid DNA concentrations were determined using a NanddbP00 spectrophotometer.

6.2.2. BAC DNA mparation fromEscherichia coli

BAC plasmid DNA (clone bMQ389g17, backbone:pBACe3,) encoding a fragment ftomdthe
gene of the SV129 mouse was prepared from a glycerol stock after plating single colonies and
inoculating a 5 ml overnight culture in LB medium supplemented with chlorampblen
Overnight culture was pelleted for 5 min at 2,009,xhe supernatant removed, the pellet
dissolved in 250 pl buffer P1 (fro@lAprep® Spin Miniprep Kibm Qiagen) and transferred

to a microcentrifuge tube. 250 ml P2 buffer were added, followednixing and incubation

for <5 min at room temperature. Buffer N3 was added, followed by mixing and incubation on
ice for 5 min. The supernatant was cleared by two rounds of centrifugation at 13 $6dr x

5 min in a tabletop centrifuge. Each time the supsant was transferred into a new tube.

DNA was precipitated by adding 750 pl isopropanol, mixing and centrifugation for 20 min at
13,600 xg. The pellet was washed once in 70% ethanolRaMA SR | YR RA&aa2f SR
watero Wb / I G CNB R S NKh© BAC DNARag #n@hyzdd dofcontaining the correct
Dmdgenomic sequence using specific PCR primers that andpdiffeagmentat aroundDmd

exon 79. BAC DNA was used for recombineering.
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6.2.3. Transformation ofEscherichia colvith plasmid DNA

Chemically competenE. coliJM109 and XL1Gold bacteria were used for transformation
with plasmid DNA. The competent bacteriar@ehawed on ice and aliquots of 50 pl or 100

pl, respectively, were used for each transformation. Plasmid DNA or ligation mixture was
added to the cells followed by 30 min incubation on ice. Cells were heat shocked for 2 minutes
at 42°C in water bath angut back on ice for-3 minutes. The fast change in the temperature
leads to stretching of the bacterial membrane, which supports the plasmid uptake.
Subsequently, 500 ul prarmed SOE medium (SOB medium plus 20 mM glucose; SOB
medium: 0.5% (w/v) yeagxtract, 2% (w/v) tryptone, 10 mM NaCl, 2.5 mM KCI, 20 mM
MgSQ) were added to the cells and the samples were incubated for at least 45 min in the
shaker at 37°C. The bacteria were pelleted at 5,0@0or 2 min and 450 pl medium was
discarded. The cellwere resuspended in the remaining volume and plated on LB plates
supplemented with either ampicillin (100 pg/ml), kanamycin (30 pg/ml), or chloramphenicol
(20 pg/ml) for later selection of positive clones transformed with plasmid or BAC DNA,

encoding the espective resistance gene. Plates were incubated over night at 37°C.

6.2.4. Culturingconditions and longterm storage ofEscherichia coli

Single bacterial clones were picked from the plates and used to inoculate a culture 1&th 2

ml LBmedium supplemented wit the respective antibiotic. Agar plates with transformed
bacteria were stored at 4°C for several weeks. For long term storage glycerol stocks were
prepared by adding glycerol to tHe. coliovernight culture to a final concentration of 20%.
The mixture wa flash frozen in liquid nitrogen and stored-80°C. Bacteria were recovered

by scratching dittle amount out of the glycerol stock and plating it on LB agar plates
containing appropriate antibiotics. Single positive clones were picked and inoculated in

bacterial culture for small or bigger scale DNA plasmid preparation.

6.2.5. Preparation of electreO2 YLISUG Sy i OSftt & F2NJ NSOgeied Ay SSNJI

Electracompetent cells for recombineering were prepared by inoculation of 0.5 ml of an
overnight wlture (E. coliSW106) in 35 ml LB medium. The bacterial cells were incubated at
32°C until they reached an @jgof 0.4-0.6. For activation of the recombineering enzymes the

bacterial culture was incubated for 15 min at 42°C in a shaking water battoftiadf culture
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was induced; the other half was left at 32°C and used as a control. Both the induced and
uninduced cells were rapidly chillexh ice/ -water slurry and incubated for 10 min on ice.
Cells were spun down for 5 min at 5,309 and washed three times with pyrogen free water.
The supernatant was transferred into microcentrifuge tubes and centrifuged at 10 @ x

30 sec at 4°C. The supernatant was aspirated carefully and cells suspended in 1 foblof ice
H.O. After repeatig this stepthe cell pellet was resuspended in 200 pl of sterile cold distilled

H>O and kept on ice until used.

For expression of th&€regene and subsequent excision of the selectable markeo (
cassette), 0.5 ml of overnigh. coliSW106 culture werencubated in 35 ml of LB medium at
32°C until reaching GB=0.4. Subsequently, arabinose was added to a final concentration of
0.1% (w/v) and the cells were incubated #ofurther 1 h at 32°C. Cells were then used for

electroporation.

6.2.6. Electroporation ofcompetent bacterial cells

For the introduction of DNA into electtmompetent cellsvia a mixture of bacteria and
plasmidDNA was poured into a pr@ooled electroporation cuvette (width: 0.1 c¢cm) and
electroporation was carried out with following parametevsitage: 1.65 kV, capacity: 25 uF,
NE&aAaAGEYOSY unn mo ¢ K $oantxreBuspad® ind mMESOQ iieBliyvim, G NI v
incubated for 1 h at 32°C and streaked onto LB plates without antibiotics (recombineering) or
containing appropriate antibioticéelectroporation of retrieval vector or BAC DNA). For the
introduction of theDmdfragment from the BAC DNA into pGRriptand generation of the
Dmdexon 79retrieval vector, 100 ng linear plasmid DNA, and 100 ng BAC DNA were added

02 pn -ildiictede®dirdicompetent cells. For the generation of the targeting vector,
electroporation was done using 10 ng retrieval vector and 150 ng linearized PL452 vector
containing the modifiedmdexon79 with the EGFPLAGo0XP flankedneocassette. For the
excisior2 ¥ (GKS aStSOdAaz2y OFraasSidiSszs m y3 LIIAYAR
electro-competent cells. Correct recombinants and positive clones were then picked and

analyzedviacolony PCR and automatic sequencing.
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6.2.7. Polymerase chain reaction (PCR)

The PR is a method for the exponential amplification of DNA fragments. In the first step
(denaturation), the DNA is separated into single strands, followed by the annealing process,
at which oligonucleotide primers specific for a particular DNA region bindetsingle
strands. A heat stable DNA polymerase synthesizes the second DNA strand starting from the
matrix complementary double strands (elongation). In this work, Phi8iDiNAPolymerase
(Finnzymes, Espoo, Germany) with a proofreading ability or the (34 TaNAPolymerase
(Promega, Mannheim, Germany) without proofreading function were used. A standard
reaction volume for the PhusidM polymerase containethe following components: 10 pl of

5 xreactionbuffer, 0.2 mM dNTPs0.5 uM forward and reverse priers 3% DMSO, 1 unit
DNApolymeraseand0.2-150 ngtemplate DNA in #otal reactionvolume of50 pl.

Cycling conditions for the PCR reactions were as follows: 95°C, 5 R35x 285°C, 3680 sec;
54-65°C, 3660 sec; 72°C for the duration of 1 rfkh); 72°C, 10 min.

The GoTad™ DNAPolymerase was used for colony PCR to find and verify correctly cloned
plasmids in the positive bacterial clones. Clones were picked and diluted in 20 pl baited

and 1 pl was used as template for the PCR reaction.

ht A32ydz0f S20ARS LINAYSNE dzaSR T2NJ Of 2y Ay 3
overhangs with thecharacteristic recognition sequence ftre restriction endonucleases
which allowed thedigestion of the linear fragments and their subsequent clonimg &
vector. They were specifically HPLC purified to prevent the incorporation of falsely
synthesizednucleotides The modified exon 79 fused with the FLAG sequence was also

incorporated into the oligonucleotideia primer overhangs.

6.2.8. DNA digestion with rstriction enzymes

For restriction analysis plasmid DNA or BAC DNA were digested with restriction
endonucleases obtained from New England Biolabs and used in the recommended buffers in
I on >f NBIOGA2Y -1 aritsirsiction @Niesvarmifar wéreoused H

and incubated for 1 to 3 hours at 37°Correct dgestion wasverified by agarose gel
electrophoresis (see section 3.1.10). For subcloning of the 10.943 kb fragment from BAC DNA
into pCRScriptl used the restriction endonucleas8al, Hindlll andNotl. Forcloning of FLAG
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EGFRoxP-necloxPinto PL452 used the restriction endonucleaskpr, EcCoR BamH, Sadl.
Linearization othe retrieval plasmid anaf the targeting vector was done iindll andSal
digestion respectively BamH and Bgll control digestions of the targeting vector were
performed as these two enzymes were to be used for Southern blot analysis of successfully
transformed ES cell clones after positive selection. For the cloning of the mddifie@éxon

79 plus FLAGEGFP cassette into pCND@x8 vectoPst andHindll were used.

6.2.9. Agarose gel electrophoresis

Agarose gel electrophoresis separates linear DNA fragments according to their siz&%.7
(w/v) agarose gels in 0.5 x TBE buffer (5x TBE stock solution: 490isnB&se, 450 mM Boric
acid, 10 mM EDTA, add 1 $O0Hwas used. The gels were prepared by dissolving the required
amount of agarose in TBE buffer through boiling in a microwave stove. After the solution had
cooled down, ethidium bromide was added to thgarose solution to a final concentration

[n ®o PirAnedidtely before casting the gel. Ethidium bromide fluoresces under UV light
when intercalating with DNA, hence enabling its detection. Solidified agarose gels were
placed into the gel chamber, the BNsamples were mixed with 6 x DNA loading dy25d
bromphenol blue; 15% Ficoll 400) and pipetted into the gel pockets. In parallel, a standard
molecular size marker was loaded @teterminationof the fragment lengths. Electrophoresis
was performed at8-12 V/icm in 0.5% TBE buffer. DNA bands were visualized with a
GNI YyaAf tdzYAYF 2N 6< I occ VYYU I-RaR MBki).dzySy i SR

6.2.10.DNA extraction from agarose gels

For the extraction and purification of DNA fragments of interest from arasg gel, these

were visualized on the gbly UMlight € T 0) and the/g¥l piece containing the fragment

was cut out with a scalpel. The purification was done usingQhsquick Gel Extraction Kit
OVALF3ASY> | AftRSYy> DSNXNI yiastructios OrheNshitioy d thaiBNA Y | Y dzF
fragment was done with 30 ul TE buffer.

6.2.10.1.Purification of the PCR products

PCR products used for cloning were purified after digestion with restriction enzymes in order

to remove excessive reaction components and adhggandonucleases. The purification was
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performed using theQiagen PCR Pfidation Kito vA | 3Sy 0o | OO2NRAY 3 (2

instructions. Elution volume was 30 pl.

6.2.11.Cloning of DNA Fragments

Digested and purified PCR products and agarose gel fragments wetdarscloning into a
plasmid that was digested and linearized with the same restriction enzymes as the fragment
to be inserted in order to produce compatible ends. The recipient linearized plasmid DNA
(backbone) and the DNA fragment to be introduced itite vector (insert) were used in a
ligation reaction at a molar ratio of 3:1 (insert:backbone). The molecular mass of each

fragment was calculatedsingthe following formula:
insert masgng] = 3 xifsert length[bp]/ backbone lengtibp]) xvector masgng].

Ly | GeLAOFt NBFOUGA2YS wn >t tAILGA2Yy NBIF Ol A
2x Quickligase® buffer and Quickligase® enzyme (Invitrogen) for 20 min at room temperature.

1p >f €AILGA2Yy YAE 61 & dza SR mpeenlbacieNdl gelisT 2 NI | (
(section6.2.3.

C2NJ GKS {2dziKSNy oft2d lyrfeairas pQ IyR oQ 5b
positive ESlones that had underwent homologous recombination with the targeted region

at the murine Dmd locus. The fragments were subcloned into the pGEMasy vector
(Promegayial LINR OSaa OFftfSR dac¢! OTFo2eyhanggBlubtesdk S @S
PCRFragnents that were generated with the proeading Phusiol DNApolymerase
(Finnzymes, Espoo, Finland) were incubated for 12 min at 72°C with the '®disé

t 2f @YSNI aS o0t NPYS3AlIZT al YyYKSAYIAWEMNNstyte | YR
fragmens for subsequent TA cloning. Ligation and transformation were carried out as

described above.

Positive clones were identified using colony PCR, DNA was then purified from the bacteria by

mini or midipreparation as described.

6.2.12 DNA sequencing

For each newly clted DNA fragment, the correct sequence was verifisd Sanger
sequencindSangeet al, 1977) The method is based on the use of fluorescently marked di

desoxynucleotides in a reaction that leads to a base specific chain termination during DNA
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synthesis. This leads to generation of DiM#gments of different lengths, which can be
separated by various electrophoretic techniques (e.g. capillary electrophoresis) and assigned
to the corresponding dilesoxynucleotide. In this way, the nucleotide sequence of a DNA
fragment can be determined prOA & Sf & dzLJ (2 | -1,00BbpRAutbn@geI G K 2
sequencing was performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) according tbe Y I y dzF I OG dzZNENRa Ay adNdzOGA2ya | yR
(Applied Biosystems)-or each sequencing reaction, 150 ng of plasmid were used. The

sequence reads were analyzed using the DNAStar software.
6.3. General tissue culture methods

6.3.1. Tissue culture conditions for eukaryotic cell lines

Eukaryotic cell lines and primary, isolated cellseMespt in a cell culture incubator at 37°C,
5% C®@and 80690% humidity. The cells were supplemented every 2 to 3 days with fresh
medium. The adherent 293 and COS1 cell lines used in this work were cultured in DMEM

supplemented with 10% (v/v) fetal calfrsen, and 1%penicillin/ streptomycin.

Cells were split at approximately 90% confluence evetydays by trypsination according to

the following protocol: Cells were washed once with RB&moveresidual FCS, which would
interfere with trypsin activityAfter washing, trypsifEDTA solution (2 ml for 25 éulishes, 3

ml for 75 cnmi dishes, and 5 ml for 175 éndishes) was added. After 1 mitrypsin was
removed and residual enzyme was inactivated by addition of an excess DMEM supplemented
with FCS. If neceary, the culture flask had to be incubated sometimes #&r 18in at 37°C

until all cells detached. Cells were than resuspended, and eventually split. The isolation and

culturing of single fibers with their attached satellite cells is described in segtt8.

All cell cultures were regularly tested fpotential mycoplasmacontamination using the

VenorGEM® Mycaggma Diagnosis test (Biochrom).

6.3.2. Freezing and thawig of cells

For longterm storage, cells were kept in liquid nitrogen. Adherent cells were trypsinized,
diluted in excess of complete culture medium and counted. The cell suspensions were then
transferred to a 50 ml Falcon tube and pelleted by centrifugator 10 min at 200 g. The

supernatants were discarded and the cell pellets were resuspended in 90% FCS, 10% DMSO
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at a concentration of 10cells/ml. 1 ml aliquots of the cell suspensions were transferred to
cryotubes in a preooled (4°C) freezing canber and were incubated aB0°C overnight

before the cryotubes were stored in liquid nitrogen for permanent storage.

For restauration otryo-stocks cells were thawed rapidly in a water bath at 37°C. The cell
suspension was diluted in 10 ml pnearmed nedium in a 15 ml Falcon tube and centrifuged

for 5 minutes at 20k g. The DMS&@ontaining supernatant was discarded and the cell pellet
was resuspended using 12 ml of complete medium. Finally, the cell suspension was

transferred into a 75 chcell culure flask and cultured at 37°C.
6.3.3. Cell counting

6.3.3.1. Cell counting by using counting chamber
/| Stf ydzYoSNA ¢6SNBE RSGSNNYAYSR 08 dzaAy3I-GKS b
resuspended cell suspension was mixed with 1x trypan blue solution. Trypan blue stains only
dead cell and the viable, unstained cell W& dzy § SR® F mn sfifled iit&tBe Y A E (i dz
counting chamber and cells were aded. The cell number in two big squares was
determined and then divided by 2 to obtain the average count in one big square (one big
dljdz- NE O2NNBalLRyRa (G2 | @2t dzy8SRTO8DMantbyR¢
replaced in the following formula:

cells/ml = counted cells x F x¥*10

F is the dilution factor of the cell suspension and can be calculated as follows:

F= (cell suspension 10 pl + trypan blue suspension x pl)/ cell suspension 10 pl

6.3.4. Transient transfection

To test whether the modified exon 79 fragment containing thérame FLAGEGFP cassette

was expressed properlyhé fragment was subcloned into tmeammalian expression vector
pCMVTag3A and transfected into COS1 cells. The sequeinteedCox8amitochondrial

targeting signal waslonedp Q 2F GKS adlF NI O2R2y 2F &KS Ol a
EGFP fragment would bargetedinto the mitochondria. Therefore, etransfection with the

mammalian expression vector pF&jrPmito was peformed. This vector fluorescently labels

the mitochondria with red fluorescence and -tmralization with the EGFP signal would
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confirm the correct expression of the EGFP cassette. Transfection was carried out using the
Lipofectamine® LTX reagent (Léefnologies) according the Y I y dzF I O dzZNBE NN & Ay 3

24 h after transfection cells were imaged for EGFP and RFP fluorescence.
6.4. Animal experiments

6.4.1. Animal husbandry conditions

Mice were kept and bred according to animal welfare guidelines under the ratystrof the
LaGeSo (T 0222/13) in the SPF animal husbandry facility of the Charité (FEM) and of the
Charité Cross Over Building. The breeding conditions were constant temperature at 22°C with
humidity from 50 to 60%, 12 h light/dark rhythm, light brightse300 lux, and enriched
environment. The animals were fed with a standard pelleted diet and autoclaved drinking
water. The general state of health was monitored at regular intervals by the experimenter, by
animal caretakers, as well as by a veterinariadicrobiological and virological tests for

common rodent pathogens were performed at regular intervals.

6.4.2. Generation ofDMdFCFeporter mice

The work comprising homologous recombination in ES cells, screening for correct insertion
(using our predesigned Sihvern blot probes), blastocyst injection, as well as breeding of the
Fl-generation and screening for germline transmission was done commercially by the

Polygene AQRuemlangSwitzerland.

6.4.3. ES cell electroporation, generation of chimeric mice and germlirensmission

The targeting vector was linearized usiggl and electroporated into SV129Qdarived ES

cells. G418 (0.4 mg/ml) was used to select for stable transfection. After 10 days of selection,
a total of 200 clonewaspicked and analyzedia Southernblot analysis. After expansion and
freezing of the isolated clones, DNA was prepared and digested with the restriction enzyme
Bgll, run by agarose gel electrophoresis and blotted onto a Hybond® membkafi}

NI} RA 2 O A @exterial probednd is€dRo dptéxt the proper genomic region on the
X-chromosome. The primers used for generation of the probes are listégpendix13.1,

Table AlAfter hybridization to thégll digested genomic DNA, a fragment of 15.8&kbuld

be detected for the wiltype allele, whereas the targeted allele would result in a fragment of
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only 6.2 kb. All positive clones were further analyzedSouthernblotah f @ aA & 2y (KS
F2N) K2Y2f232dza NBO2YOoAYlGA2Yy dzaAy3d || oQ SEC
thawed, expanded, and DNA was prepared. For confirmation, a second Southern blot analysis

was performed using the restriction enzylBamH. | Y RextériaSprobeQCorrect 1290la

derived ES cells clones were injected into blastocysts of C57BI/6 mice. Injected blastocysts
were transferred into two CQ) foster mice. The chimeras were mated to C57BI/6N mice for
germline transmission of the modified dysphin locus at the X chromosome. Germline

transmission was confirmed by coat color, as wellvas Southern blot analysis, PCR

genotyping.

6.4.4. Removal of theneo-cassette using abiquitous Credeleter mice

Animals with successful germline transmission of tBendFLAGEGFRoxP-necloxP
construct were then crossed with abiquitous Creexpressing (Crdeleter) mouse in order
to remove the lo® flanked neo cassette. The resultin®@md-Pmice and their wiltype
littermates were subsequently used for analysis ahdracterization. All animals of the F1

and F2 generation were genotyp&th PCR on DNA extracted from tail biopsies.

6.4.5. Genotyping of the mice

The DNA was extracted from the tail biopsies using@emScript TissueDiré¥tMultiplex

PCR SysterfGenScript Qporation, Piscataway, NJ, USA) accordingh®oY I y dzF | O dzNB NI
instructions. Genomic DNA was obtained directly during lysis of the tissue without any further
purification steps and used for PCR amplification with gene specific primgperidix13.1,

Table A).

6.4.6. Sacrificing and sectioning of the animals

Donor animals were sacrificed by cervical dislocation. The dead animals were fixed in dorsal
position on a corktray and disinfected with 70% ethal. The fur was removed carefully

and the following organs were prepared for cryopreservation and subsequent sectioning
(section6.5.1) or used for extraction of single fibers and satellite cells (sediéf): Muscles:

tibialis anterior(TA),extensor digitorum longuEDL)guadriceps (QC),gastrocnemiugGC),
soleug(SOL) and diaphragm (DIA3%; well aseart, stomach, gut, brajrand eyes.
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6.5. Methods for analysis of the transgenic mice

6.5.1. Tissue andsection preparation

Tibialis anterioTA),extensor digitorum longuéEDL)guadricepgQC),gastrocnemiugGC)

and soleus(SOL) muscles as well as the diaphragm (DIA), h&any, duodenum colon
stomach, brainand eye were dissected fro 8to 12-weeks-old (adult) or émonth-old male
DmdCFimice and their ageand sex matched wildtype littermates. The tissue was mounted
on TissueTek® O.C.T. (Hartenstein, Germany), frozen in fluid nitrogen cooled isopentane and
processed for cryostat sectioning. 8 um cross sections were collected from thieetty of

the muscles and either stored é80°C or directly fixed and stained.

6.5.2. Isolation of EDimuscle derived myofibers

EDL muscles were dissected from the hind limbs -efe8ks-old Dmdc™"mice and their
wildtype littermates and digested in 0.2 % cglmase type | (Sigriadrich, Germany) in
DMEM as previously describé@asutet al., 2013) Muscles were transferred to DMEMed
horse serurrrinsed Petri dishes using a hgatlished glass Pasteur pipette. Muscles were
triturated until the fibers beame separated, transferred to a fresh dish and incubated at
37°C, 5% CPlIntact fibers were transferred under the dissecting stereomicrosaojeefresh
DMEMfilled horse serunrinsed dishes using a thinly bored Pasteur pipette to exclude any
cell debrisThe isolated myofibers were eithexéd for immunofluorescence (IBjaining or

kept in culture in for satellite cells differentiation.

6.5.3. Culture and differentiation of single fibederived satellite cells

The isolated myofibers including their attachededlite cells (SC) were cultured in DMEM
supplemented with 20% fetal bovine serum (SigAddrich), 10% horse serum (HS, Sigma
Aldrich) and 1% chicken embryo extract (CEE, Ultrafiltrate, VWR International, Germany) in
dishes that had been coated with 10% tvgel® (BDBiosciences, Germany) in DMEM
(Danoviz and Yablonigeuveni, 2012). After 2 days, satellite cdisived myogenic
progenitors started to migrate off the myofibers and formed myogenic colonies composed of
proliferating myoblasts that differenttad into myotubeshetween days 6 and.& his process

was enhanced by changing the growth medium afiedtays to low horse serum (4% HS)
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medium. Differentiating myoblasts were observed daily under the microscope and fixed after

8 days for subsequent immuriabrescent staining.

6.5.4. Histological analysis and immunhistochemistry

y >Y ONR2adSO0GA2ya FTNRBY SAGKSNI FRdzZE G 2NJ F 3SR
(H&E) at the institute of Neuropathology (Charité, Berlin).

8 um cryosections from adult mice were aymdd via immunohistochemistry(IHC)and
immunofluorescence(lF) Single fibers and differentiated myoblasts were analyze

immunofluorescence.

Immunohistochemistry on cryosections was performed at the Institute of Neuropathology
(Charité, Berlin) with pmary antibodies and appropriate biotinylated secondary antibodies
and diaminobenzidine visualization of the peroxidase reaction. In order to suppress unspecific
background staining, we used the.®M.™ kit (Vector Laboratories, Burlingame, CA, USA)
for all primary mouse antibodies. All dilutisaf the primary antibodies used in this study are
described imMppendix13.5 Table AZ.

Immunofluorescent staining was performed on single fibers, differentiated myoblasts and 8
pm muscle cryosections. Fibers and myoblasts were fixd& PFA, washed, incubated for 1

h at room temperature in blocking solution (BS) camitag 5% normal goat serur.5% BSA

and 0.2% Triton-£00), followed by overnight incubation with primary antibodies in BS. The
cryosections were fixed in ice cold acetone, washed in PBS, blocked 30 min in 5% normal goat
serum with followed by 1 h incubiain with primary antibodies in 3% BSA in PBS. For staining
with primary mouse antibodies cryosections were blocked additionally for 1 h with an
immune globulinblocking reagent from the ND.M.™ kit. After the primary antibody
incubation, fibers, myotubesind cryosections were washed and incubated for 1 h with
fluorescent dye coupled secondary antibodies (Alexa488 and 568gtHaologies, CA, UGA

washed three times in PBS and counter stained with DAPI.

Primary antibodies in this study were directed amgithe following proteins or protemn
R2YIl Ay ayY -speethi dystrgphinDys2 Dysl MANDYS19H4, GFP,FLAG, GFAP,
CD31,h-a | NO2 3H & QIOZ I8 & QD¢ 3 {dystdglytan, nNOS -bungarotoxin,
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@ A y O d#icthiyiZzandhutrophin. Images wre recorded with an inverted fluorescent

microscope (Leica DMI4000).

6.5.5. Western blot analysis

In order to analyze the expression of the dystrophin protein and potential isoforms in the
muscles of transgenic mieee performedWesternblotting. Proteins were extracted from the
tissue of interest and separated by SBSGE according to their molecular size. Proteins were
then transferred onto a membrane by electbdotting and incubated with an antibody
specific for the protein of interg and visualized using a chemiluminescent reaction. Proteins
were extracted frontibialis anterior(TA)muscle or brain of 8veeks-old maleDmd¢ mice

and their wildtype littermates after homogenization in liquid nitrogen and sonification in lysis
buffer (75 mM TrispH 6.8,1% SDS) containing a proteinase inhibitor cocktail (Complete®,
RocheDiagnostics). The Western blot analysis was done atrtbiitute of Neuropathology
(Charité, Berlinand at the Université de Versailles-Quentin (Montignyle-Bretonneux,
France).Briefly, 50 ug protein were loaded on a8% trisacetate gradient gel (Novex,
LifeTechnologigs electrophoresed and wetlotted onto a nitrocellulose membrane. The
blots were probed with mouse antibodies against the dystrophin rod doni2yalj and the
dystrophin Germinus Qys2) in 5% milk powder for 2 days at 4°C followed by incubation with
the secondary goaanti-mouse IgGeroxidase conjugated antibodands were visualized

by chemiluminescence. Subsequently, the blot was stripped afataleed with a second
mouse monoclonal aMGFP antibody and rabbit polyclonal ahtactinin 2 antibody. For
Western blots on braitissug protein extractionwas done using a combination of following
two bufferscontaining proteinase inhibitor cocktaili) 250 mM sucrose, 10mM T#4ClI, pH

8.2 and (ii) 20% SDS, 20% glycerol, 10%ataaptoethanol12,5%western blot running
buffer in wate. NuPage LDS sample buffer (Invitrogen) was used for the gel electrophoresis.
The blots were probedising the iBind Flex Western System (Invitrogen, LifeTechnologies)
with a mouse antibody against thaystrophin rod domain (Dys1,) and a rabbit polyclonal
antibody against the dystrophini&rminus (clone H4, gifrom Cyrille Vaillengtogether with
secondary fluorescent antibodies (Alexa Fluor 700 and 800 respectively). A second blot was
probed withmonoclonal antGFP antibodyogether with a secondary fiorescent antibody

(Alexa Fluor 700). As loading cont@imouse monoclonal antrinculin antibody was used.
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Bands were visualized using the Odyssey CLx syst&orjLAll antibodies are listed irthe
Appendix13.5 Table AZ.
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/. RESULTS

7.1. Generation ofDMdEC teporter mice

The first part of my study was focused on the generation of a riowefC teporter mouse.

For this modég the gene encoding the Enhanced Green Fluorescent Protein (EGFP) had to be
integrated into theDmdlocus after the last exon 79. This wBymdsplice isoforms containing

exon 79 would be automatically tagged with EGFP at th&ari@inus. The dystrophHEGFP
fusion protein will facilitate the study of dystrophin expression in different tissues/oand

ex vivowithout the needfor antibody staining.

The single steps leading to the generation of Bx@d-® reporter mice are summarized in
Figureb. In order to modify the murine dystrophin locus on thelomosome, a targeting
vector was designed. The vector encodes a modified sequehte last dystrophin exon
(removal of the natural termination codon), anfimme insertion of a FLABGFP sequence,
followed by a loR flanked neomycin (neoPF aaSGGS Ay (GKS o0Q! ¢wo
cassette homologous Dmd stretches wereinserted into the vector that will enable
homologousrecombination in embryonic stem cells (ES cells). Successfully targeted ES cells
were used for blastocyst injection, generation of chimeric mice and germline transmission of
the modified allele. The part of thiwork including the ES cell culture and generation of
transgenic mice in the F1 generation was done by a commercial company (Polygene AG,
Switzerland). Transgenic mice expressing the dystrep@RrP fusion protein were then
crossed with ubiquitous Creeleter mice to remove th@eoselection cassette. The targeting
strategy for modification of th&®mdlocus using the targeting vector is depictedrigure6.

All plasmid maps and primers used for cloning of the targeting vector and for genotyping the
mice are attached in theAppendix 13.1 and 13.2 The cloning software Vector NTI®

(Invitrogen, Germany) was used to visualize emnsilicotest the design strategy.
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Subcloning o genomicDmdfragment spanningexon 79
(Dmdexon 79retrieval vector)
Q@
Cloning of a mini targeting cassette with a modified ExorRFRAGEGFP
and a loPflanked neoselection cassette
(VectorPL452mini targeting cassette)
@
Introduction of a mini targeting casste that contains
the modified exon 79FLAGEGFRnd a loxP flanked neo sequence
into the retrieval vector, thereby modifyingthe Dmdgene fragment
(Targeting vector)
Q@
In vitro expressiontests of the targeting construct
@
Linearization of the targeting vector
Q@
Electroporationof the targeting vectorinto ES cells
Q@
Selection of positive ES cell clones with G418 resistance
Q@
Southern blot analysis for confirmations of successful
homologous recombination in ES cells
Q@
Blastocyst injection of recombined ES cell clones
(Generation of chimeric mice)
Q@
Confirmation of germline transmission, genotyping
of the F1 generation and Southern blot analysis
Q@
Removal of the neomycin selection cassette by crossing
Fl-generation mice with ubiquitous Creleleter mice
Q@
Generation and characterization dmd*® reporter mice

Figure5: Flowchart forthe generation ofDmdf® reporter mice.

61



RESULTS

Sall Bgh BamHI
. : stop i
Targeting vector ‘
EX79* FLAG NEO = 3'UTR———
loxP loxp.~
BamHi 7 Bamk
Wild type allele BQ;’" stop Bqlll
'l gl | ’
—‘ Ex78 Ex79 3’UTR
5’probe ¥3'probe
BamH| ‘BamH)_ BamHi
Bgli : Bglll Bglll
Targeted allele [ stop P
— Ex78 - I Ex79* | FLAG _—V NEO p— ¥37prope — 3UTR —
’ _, -
5’probe loxP IOXB’"‘
| +Cre-
recombinase
Knockin allele stop
loxP

Figure6: Strategy for genomic modification of the murinBmdlocus.

Atargeting vector was constructddr insertion ofa FLAG DCt O2 RAy 3 & S| dz&heOrsd
geneso that a dystrophirEGFP fusion protein would be expressé&tie lastexon 79was malified by
exchanging the stop codon to a leucine (an asterisk indicates the modified exand®% FLAGGFP
sequence with a Id¥sites flankedheo cassette was inserted. TH2mdwildtype allele was targeted in E¢
cells after electroporation dhe Sal linearized targeting veor and subsequent homologous recombinatio
Dashed lines represent homologous regioBgll andBanH]I restriction sitesvere artificially inserted into
the transgeneo facilitate identification of targeted ES cells Syuthern bla analysisdza A y 3 S A ( F
hybridization probes (blue squares) located outside of the targeting vePusitive ES cells were used fi
generation of transgenic mic&he neo cassette was removed byassing the F1 generation mice wit
ubiquitousCre-deleter mice (constructs are not drawn to scale): exon.

7.1.1. Generation of the targeting vector

Theresults of the process of making th&rgeting vectorare described in more detail in the
next sections. The targeting cassette consists of three regions: (i) the region encoding the
modified exon 79 together with the FLAf&FP tag, (ii)reeoresistance gene flanked by Bx

sites and (ii) two homology arms enaty homologous recombination in ES cells.

7.1.1.1.Subcloning of a genomi®md fragment containing the coding sequencef Dmd

exon 79

In order to modify theDmdlocus we used a bacterial artificial chromosome plasmid (BAC)
DNA (Sv129 derived, bMQ389gl7ue Bioscience, Germany) covering the dystrophin
3Sy2YAO0 NBIA2Yy O2YLINAAaAAYy3I AYIiNRY Tys SE2Y
kb Dmdfragment around exon 79 for modification and subcloned it from the BAC into the
pCRScriptAMP vector to faditate subsequent cloning steps. The subcloning was done by

gap repairvia recombineering (see sectiof2.5, a cloning method that uses homologous
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recombinationm bacteria without the need of restriction enzymé&sgure7 shows the cloning
strategy. Homology arms, no longer than 238 bp, flanking the seldotad region were
aYLXt AFASR FTNRBY (KS Hohadogy & i 5a 0dp Q2 S-tafiéa SR
oligonucleotide primers for amplification that contained restriction enzyme recognition
sequences enabling cloning of the arms into the {8CRptAMP vedor. Thereafter, thepCR
ScriptHAs vector was linearized usikigndll, a restriction enzyme cutting exactly between
the two homology arms, leaving a gap. The linearized DNA was electroporated into
recombination competen€&. coliSW106 cells that carried already the BAC. Rdxnation
between the HAs on the BAGdon the linearized pCGRBcriptiHAS vector led to gap repair of

the plasmid and retrieval of the 10.943 Kimdfragment of interest. The ensuing vector was
namedDmdexon 79retrieval vector. The retrieval vector wasen further modified in order

to generate the targeting vector for homologous recombination in ES cells.

Hindll Hindlll

Notl
P sall Notl san "2 f - Notl

ot T o S'HA [ 3'HA

y amplification of the

PBAC3.6
BMQ389517 homology arms
(5’HA and 3'HA)
_— pCR-Script-AMP — PCR-Script+HAs
10.943 kb 2961 bp 3384 bp

[
~2%kb 154, go1skb —/ cloning of the HAs into
5 o CR-Script vector 5 §

%, stop X p P ¢

L P —— Notl o »o

Sea EELY Y _ ——

\ % § 7

3 /
3 S stop
Notl E
sall \\§ \ 7 _Nor
guh:  (3Ha electroporation of the BAC _no* g L e S
- . . 0 .,
DNA and Hindlll digested * £ Sury | .
linear pCR-Script+HAs *’?’%

Dmd exon 79 retrieval vector
13.855 kb

PCR-Script+HAs
3384 bp

recombineering in
) SW106 cells and gap repair

Figure7: Subcloningof the 10943kb Dmdexon 79 genomic fragment by gap repair.

Homology arms (H# were amplifiedrom BAC DNA using primer pairs vittle following restriction emyme
sites:Sal, Notl, andHind. L L  @sw&llafHindll andNotL 60 QI ! 0 @ | | athepSRSSBipt C
AMP vector. In a second stdpAC DNA was electroporatedto E. coli SW106 cells Subsequently,
recombineering genes were induced atiet Hindll linearized pCScript-HAs DNAwastransformed into
these cellsAfter successful recombinatiovia gap-repair the 10.943 kibmdexon 79 fragment was clonec
into the pCRScript+HA vector generating th®mdexon 79retrieval vector. Positive clones weselected
by their ampicillinAmp") resistanceEx: exon, HA: homology arms.
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7.1.2. Generationof a mini targeting cassette

For the modification of the retrieval vector by inserting tHeAGEGFP coding sequence and

the loxXP flanked neo cassette and thus generating the targeting vector, a mini targeting
cassette was cloned. As a recipient of the mini targeting cassette, we used the PL452 vector

that already contained a Ié¢X flanked neo resstance geng which is transcriptionally

controlled by a hybrid PGEm7 promoter. PGK drivegoexpression in mammalian cells and

Em7 permits the expression akoin bacterial cells. A modifieBmd exon 79FLAGEGFP

sequence was inserted upstream of tleeP-neo-loxP cassette. Furthermore, mini homology

arms were designed and cloned into the vector to enable recombination. A mini targeting
OFraasSiidsS ¢1a RSaA3IySR Ay &adzOK | gl @& GKFG GK
arms, 200 bp each) span DNégions next to each other on the genonilend exon 79

FNI IAYSYyGs yR GKS pQ YAYA NXY AyOtfdzRSa SEz2y

stop codon sequence in exon 79.

Both homology arms were amplified from the BAC DNA and cloned into the PL462 vect

dzaZ Ay 3 pQill Af SR 2 farcadyyaxilied end shawSgLRIIDYrBd\Ee | a
FYLIEAFAOFGAZ2Y 2F (GKS pQ YAyathSl M5 GBNEST 0 @F (LINz
the primer binds to the exon 79 sequence, however, introduces a single nucleotide mismatch
changing the natural stop codon of exon 79 into a leucine coding sequenceiPAT ey,

(i) this long primer further contained the FLA&quence fused to the exon 79 sequence and
(i)auniqueBgL L aAGS F2NJ € F GSNJ { 2dz0i KSNY o0f 2hiis I y I f &
still contains theDmdhomology region of 200 bp but with a slight modification of the exon

79 stop coding sequerand a FLAG coding sequence. The arm was inserted upstream of the
neoOlF aaSGGS Ay Ayia2 t[npH @DSO02NI» ¢KS 0Q YAYA
GKS o0Q!'¢w g1 & Of 2y PRankePoasseitel NS vevtor PLAGIRI KAS 2 E
was generagd (Figure).

In the next step, an EGFP sequence was cloned into the vector downstream of the FLAG
sequence. EGFP was amplified from the plasmid pIN3ER21K agsi dza Atgiledl p Q
oligonucleotide primers. This vector encodes a monomeric version of EGFP in which a
hydrophobic residue is exchanged for a positively charged residue (L221K). EGFP was digested
with EcoRand cloned into the I45-+mini HAs Eigure8). The new vector contained the mini

targeting cassette consisting of the modifiBdndexon 79FLAGEGFP sequence (inserted in
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frame) and the loRflankedneocassette. The homology arms flathiks cassette and can be

used for recombineering=gure8 ).

Figure8: Generation of the PL452+mini targeting cassette.

In the first step(L) pQ FYR 0Q YAYA K2Y2f23& I N¥a phind
oligonucleotideprimers: forthep Q Y A Y A | exdf 7FKpdl agdfE doRBYlI-FLAGModifiedexon 79
containing primes were designedt KS 0 Q YA Y A | BaMH aD@Sydili rechgyiitoR seduines
After amplification, the 200 bp mini arms together with the PL452 vector were digested and the fragr
wereinsdflli SRY (G KS pQ YAKRLAG upstivam ofkhe BneSEI128/3 SiFS= | YR
downstream of the loR flankedneo cassette. In a second st€p.) an EGFP sequence was amplified w
EcoR flanked primers from pEGHB-L221K and cloned intBL452+mini HAs downstream of the FL/
sequence generating the PL452+mini targeting cassette. A ugliesite was included for later Souther
blot analysis. Asterisk (*) indicates the modified exon 79. Ex: exon, HAs homology armsapipiline
resistance, NEODneomycine resistance.

7.1.3. Generation of the targeting vector

In order to generate the final targeting vector, the mini targeting cassette was digested from
the PL452 vector and electroporated together with tBbend exon 79retrieval vector into
recombineering competenkE. coliSW106 cells. Successful recombination of mini homology
arms resulted in the modification dhe Dmd exon 79 retrieval vector by inserting the
modified exon 79 sequence followed by FEEGFHoxP-neo-loxP cassette between the two

mini homology armsHKigure9). Thus, the targeting vector was generated and could be used
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