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1. Introduction

Awide spectrum of diseasgwimarly affecting the motor neurons has been descrilred
humanes Among these, the spinal muscular atrophies represent a large gapmon to
all of them is the progressive loss of lower motor neurons in the spinal, ésading to a
preferential denervation of the voluntary muscles. Hence, main symptoms are muscle
weakness and atrdp, which can be present either proximaly or distaly as well
symmetricaly or asymmetricdy. Moreover, the individualmode of inheritance ranges from
sporadic cases to-liked as well as recessive or dominant forffise most common spinal
muscular atrophy iautosomal proximal spinal muscular atrophvhichwill therefore simply
be termed SMAIn the following Other weltdescried spinal muscular atrophies include
linked SMA XL-:SMA, spinal and bulbar muscular atrophiehnedy’s diseak and spinal
muscular atrophy with respiratory distresSSNIARD

1.1 Autosamal recessive pximal spinal muscular atrophySMA)

In the Western European populatignSMA is the second most frequent autosomal
recessive disorder in humaaster cystic fibrosisNowadgs, it isthe leadinggeneticcause of
early infant death.The inatlence of SMA is 1 in 10,000 1 in 6,000 livebirths in Western
Europe(Emery 1991; Pearn 1978h Germanythe carrier frequencyhas been estimated to
be between 1:25 to 1:3PAnhuf et al. 2003; Emery 1991; Feldkotter et al. 2002; Pearn 1978)
SMA is caused by th@ogressive degeneration @-motor neurons in the anterior horns of
the spinalcord. This leads to a steadily increasing hypotonia and weakness of the voluntary
muscles, ultimately resulting irtheir atrophy. Typically, muscle weakness occurs first in the
voluntary mustes of proxinal limbs. While the atrophy is morepronounced in the lower
extremties, hands and feet areisuallysparedin the early stageof SMA(Markowitz et al.
2004) Further symptoms include a weak cough and cry, diffesilto suck and swallow,
bladder weakness, tremor of the hands, areflexia and an increased susceptibility to
respiratory tract infections(RudnikSchoneborn et al. 1994)In contrast, facial and
oculomotornerves are typically unaffecteahd alsocognitive skills are not impaired.

1.1.1 Clinical diagnosis

The classicalmain diggnostic tool for SMA diagnosis fecording of electric pulses
controlling voluntary muscle movement by electroogyaphy (EMG)These pulses originate
in the motor cortex and are trasmitted by the motor neuronso the respective mecles.
EMG technique allows determiningf both transmission current and velocity. In SMA
patients, EMG demonsdtesspontareous muscle activity with fibrillations and fascicudats
of single muscle fiberas well as an increased mean duration and amplitude of action
potentials Nerve conduction velocity (NCV) is normal or mildly reduedule the number
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of motor unitsdecreassduring disease progressiggwoboda etl. 2005; Zerres and Davies
1999)

The pogess made in molecular diagnosticglramatically improved SMA diagnosis
15years ago the SMA determining gene, termmdvival of motor neuron {SMNJ, was
identified on chromosome 5@ efebvre et al. 1995)ts identification allowed confirmation
of clinical SMA diagnosis by screening 8fdN1gene for specific mutations, deletions or
gene conversions. This eventually led to the modification of the originally forwarded
diagnostic criteria from the International SMA Consortium in 1@8@nsat and Davies 1992)
by Zerres and Davi€Zerres and Davies 1999)

In order to distinguisiSMA from other rotor neuron disease®xclusion criterissuch as
CNS dysfunction orarthrogryposis have been define@Munsat and Davies 1992)
Furthermore,serumlevels of creatine kinase (C&n be used to rule out SMiA unclear
cases CK levelsire a common clinical marker for muscle membrane permeability. Typical
serum levels are around 140 to 170, but can noderately be elevated bya variety of
neuromuscular disorders, after external injury or even after excessive physical activity.
However, highly increased CK levels (>10 fold) are a feature of conditions that cause severe
muscle damage likenyocadial infarcction or Duchenne Musculabystrophy DMD). In
contrastto that, few mildlyaffected SMApatients exhibit modestly increased serum levels
(RudnikSchoneborn et al. 1998 very rare caseSMAwas found to be accompaniday
arthrogryposs, CNS dysfunctiomcreasedCK level®r congenital heart defectddowever,
the quegion remains open whether thesé { a! £LJCkz&E Sa | NBE O2AYy OARS
associated(Guillot et al. 2008; Rudni&chotneborn et al. 1996; Rudsichoneborn et al.
2008)

In the past clinical diagnosis has further been corroborated by histological ingpeof
a muscle biopsy. Muscles contain two types of fibers: Reddish type | fibers using triglycerides
as storage fuel and white type Il fibemshich generate energy from glycogen. While type |
fibers are suited for enduranceaype Il fibers are effecte for short bursts of muscle
contraction. In contrast to healthy individuals, SMA patients exhibit groups of both atrophic
type | and 1l fibers as well as hypertrophic type | fibers. Typically, muscle spindles are not
affected (Lunn and Wang 2008and myopathic features such as necrosis and lipid
accumulation areabsentwith the exclusion ofdng-standing SMA patient§Munsat and
Davies 1992)

A summary of the most commdy usedinclusion and exclusion critefar SMAIs given
in Table 1. Based on these guidelinea diagnost algorithm has been proposed which
combines all the above described diagnostic crit@riann and Wang 2008)



Introduction

System Criteria
weakness of trunk and limbs
symmetrical weakness

Inclusion
Muscle

Exclusior weakness of facial, oculomotor muscles or diapraghm

Inclusion| fasciculation of tongue and tremor of hands

sensory disturbances
CNS dysfunction
homozygous abser® of SMN1

Exclusior

Molecular

Inclusion

level intragenicSMN1mutation
inclusion abnormal spontaneous activity by EMG
Electo- increased mean duration and amplda of action potentials
physiology NCV lower 70% than in healthy subjects

Exclusior - -
abnormal sensory nerve action potentials

groups of atroplt fibers of both types

Exclusior higher than 16€fold increased CK levels

Histology
Others

Tablel Inclusionand exclusion criteria for the diagnosis of SM2erres and Davies 1999)
1.1.2 Classification of proximal SMA

The phenotype of proximal SMA is I variable. It ranges from the prenatal
appearance of symptoms to first marstations occuing during adulthoodin the mildest
forms. The severest form oEMA was first describechore than 100 years ago by the
Austrian neurologist Guido Werdn{ijvVerdnig 1891)whereas milder forms weresported
for the first timein the 1950"gKugelberg and Welander 1956 owadays, SMA is classified
into four types (type HlV)based on the age of onset and disease sevékilynsat and Davies
1992; Zerres and Rudrfichoneborn 1995)

1.1.2.1SMA type I(WerdnigHoffmanndiseasg, MIM #25330

WerdnigHoffmanndisease is the most commdorm of SMA and accounts for about
50% of SMA caséblarkowitz et al. 2004)t is the most severéorm and is often referredo
as SMA type | or acute SM@nset of the diseasks typicallybefore the age okix months -
in very rare casealreadyin the third trimester of pregnancy and death occursvithin the
first two years of life(Cobben et al. 2008; Fidzianska and Rafalowska 2002; Markowitz et al.
2004) Mean survivhhas been estimated to be approsevenmonths (RudnikSchoneborn
et al. 2009) VA type | children suffer frongeneralized muscle weakness, hypotonia and
I NE Yy SOSNI I 0f Stloppginfants ir-dptdeyior®, Patients SxRibisyrametrical
paralysis and cannot control head movemeBulbar denervation results inharacteristic
fasciculation of the tague thus leading to problems witucking and swallowindpue to a
spared diaphragnand weakened intercostis musclesthe chest is typicallgleformed and
bell-shaped In severe casg also arhrogryposis multiplex congenitaay occur (Falsaperla
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et al. 2001; Guillot et al. 2008Furthermore it has been reported thaih some cases SMA
typel patients also suffer from congenital heart defe¢insterer and Stollberger 1999;
RudnikSchoneborn et al. 2008)r necrosis of fingers and tog#raujo Ade et al. 2009;
RudnikSchoneborn et al. 2010)

1.1.2.2SMA type I] MIM #253550

SMA type Il is an intermediate SMA type and often called chronic SMA. Disease onset of
SMA type Il is between the™6and 18" month of life. Affected children are able to sit
indepently, but never learn to walk and require assistance to stand. Life expegcten
reduced, but more than 70% of patients reach an age of 20 years or @tdessman et al.
1996; Zerres et al. 1997Frequent synptoms are tremors of the handgaraparesisand
problems with tracheal sect®ns as well ascoughing due to weak intercostahuscles
(lannaccone 1998)Often surgical intervention is needed to correct developing scoliosis
(Bertini et al. 2005)The nost frequent cause of death of SMA type Il patients is respiratory
insufficenyduringadolescence.

1.1.2.3SMA type lI(KugelbergWelanderdiseasg, MIM #253400

SMA type lll was described for tliest time in 1956(Kugelberg and Welander 1956)
Characteristic for this juvenile form of SMwhich is often confused with limb girdle
muscular dystrophyis the appearance of disease manifestations aftee tL8" month of life.
Depending on the actual age of ons&MA type lll is divided inttwo subtypes.If first
symptoms occur before the age thfree years the disease is classified as type llla, whereas
in SMA type lllb the diseases occurs after an afjehree years (Zerres and Rudrik
Schoneborn 1995)Symptoms of SMA type Il include a waddling gait and overall thin
appearanceas well as scoliosidannaccone 1998However, the overall clinical picturef
SMA type lll is very heterogenous. Some individuals may need wheelchair assistaifee
others may be able to walk thughout their life.

1.1.2.4SMA type IMadult SMA, MIM #271150

SMA type IV is the mildest form of SMA. Typicéilist disease manifestationsccurafter
the third decade of lifeq(Wirth 2002) Symptoms are typically very mild and patients have a
normal life expectancyHowever, only a very low percentage of these patients are linked to
mutations in theSMN1gene while for the majority @ underlying molecular cause is still
unknown.

1.2 The molectar basis of SMA

In order to identify the critical SMA locusesearches started linkage ansiy.In 1990
finally, three independent groups mapped SMA to a 10 cM region on the long arm of
chromosome 5 (5q11-23.3)(Brzustowicz et al. 1990; Gilliam et al. 1990; Melki et al. 1990)
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Progressn the development of highly polymorphic markers allowed narrowing down the
SMA locus to an interval less th@ah0 kb between the marked31 and 95/23CA(DiDonato

et al. 1994; Melki et al. 1993; Melki et al. 1994; Soares et al. 1993; Wirth et al. 1995; Wirth et
al. 1994) Subsequent studieislentified an inverted duplication of a 500 kb elememthin

this region of which each of th duplcates can be present in zero to fotopies(Lefebvre et

al. 1995; Wirth et al. 2006a)his complex genomic organization sehgrhampered the
construction of a uniform physical mab the region surrounding theN#A determining gene
(Melki et al. 1994; Roy et al. 1995a; Roy et al. 1995b; Thompson et al. t3883ver, n

95% ofhealthycontrols a newly identified 20 kb gene was present in both the centromeric
and telomeric500 kb copywhereas the telomeric one was either lacking or interrupted in
the vast majority of patientsThis suggested that the identified telomoric gene copy is
indeed the SMA determing gene. Since SMA is characterized by the degeneration of motor
neurons the genewastermed survival motor neuroifSMN (Lefebvre et al. 1995Besides

SMN anotherfour genes have been shown to be included in the duplicated 500 kb segment:
BIRCI(baculoviral IAP repeatontainingprotein 1) which is also known asAIP(neuronal
apoptosis inhibitory protejy SERFIsmall EDRiGch factor 1, also termedH4F5 GTF2H2
(general transcription factor I)Hor p44, and OCLNoccludir) (Lefebvre etal. 1995; Schmutz

et al. 2004) Proximaly, this hidhly polymorphic region is flanked BRAD17 whereas the
distaly adjacent gene iBDP1(Figurel) (Deimling von et al. 1999; Kelter et 2000)

5q13

centromeric telomeric

hRADI7 OCLNc GTF2H2c BIRCic  SMN2  SERFID SERFIA SMINI BiRC1t GTF2ZHIt OCLNt BDPI
(sMnN) [SMN,)

Figurel { OKSYI GA O 2 3SNINBSHA 22yF (2kyS QGKNR!'Y24a2YS plimod
reading direction.(SMN. = centromericSMN SMN = telomericSMN

1.2.1 SMNL and SMN2

Within the SMA regiontwo copies ofSMNhave beendentified eachspanning 28 kb on
genomic level(Chen et al. 1998)Both genesonsistof nine exons (1, 2a, 2b,-8) with an
open reading frene of 882 bp(294 codons) encoding for a 38 kDa prot@iefebvre et al.
1995) The 1.5 kiSMNtranscript is expressed in all somatic tissuaswhich the expression
is 50- to 100fold higher in the spinal cord ogpared to other tissueg¢Coovert et al. 1997;
Lefebvre et al. 1997)The telomericSMNcopy, termedSMNJ has been identified as the
SMA determining genf@_efebvre et al. 19950ver 966 of SMA patiets have homozygous
deletions orgene conversion fronsMN1into SMN2(Lefebvre et al. 1995; Wirth 20Q0)he
latter case is predominantly founid type Il or Il patientsvho have multipleSMIN2 copies
(Wirth et al. 1997) Besides homozygous deletion 8MNL in approx. 4% of SMA patients
intragenicSMNL mutations areobserved which interfere with normal gene function or lead
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to NonsensemediatedmRNAdecay (NMD) These patients are typically compound
heterozygouswith a deletion ofone SMN1allele and a mutation in the other alle(8richta
et al. 2008; Lefebvre et al. 1995; Sun et al. 2005; Wirth 2000)

All SMA patientsretain at leastone copy of SMN2 Although SMN2 produces 90%
truncated protein due to alternative splicing (presented in detall .i2.2), the remaining 10%
full-length protein substantially inflencethe SMA phenotye: The moreSMN2copies are
present the less severe is the phenotyp&lost of SMA type | patients haweo SMN2
copies wherease.gthe majority of SMA type |l cases posstage copies(Lefebvre et al.
1995; Wirh 2000)

Recently, a positive modifier of the SMA phenotype has been identifidtdn SMN2 At
position +25 in exof7, a single base substitution (c.859G>C) was identifeatlingto a less
severeSMAphenotype than expected from thEMN2copy number(Prior et al. 2009; Vezain
et al. 2010) However,the SMA phenotype is also influenced by otlgenes For examplén
very rare casg high expression levels &L.Shavebeen found to fully protect women from
devebping SMAOprea et al. 2008)

The finding that deletion o6EMN1causes SMAvhereasSMN2only modifiesthe actual
phenotype was of particular interessince both genes are almost identical except %o
nucleotideexchangesn the 3"-end of SMN2(Burglen et al. 1996; Lefebvre et al. 1995)

A Intron 6 nt position 27092 G>A
A Exon7 ntposition 27141 ¢.840C>T, codon280(TTCFTT, PheRhe

A Intron 7 nt position 27289 A>G
nt pogtion 27404 A>G

A Exon8 ntposition27869  G>A (untranslated region)

Nowadays, several other gene variants have been described, but these occur in both
SMN1land SMN2(Brahe et al. 1996; Hahnen and Wirth 1996; Monaralei999)

Phylogenetic analysis showed that the SMN protein is highly conserved from yeast to
man (MiguelAliaga et al. 1999; Paushkin et al. 2000; Schrank et al. 19%&gene
duplication event occurred forhe first time in primatesroughly five million years ago
However, also in mas closest relativePan troglodytesonly two to severcopies of SMNL
are presenwhereasthe SMN2geneisunique to humangRochette et al. 2001)

1.2.2 SMNsplicing

AlthoughSMN1and SMN2differ by 5 nucleotidesboth genes encode for the identical
protein since these nucleotide exchanges are either intronic, TR or translationbl
silent (Burglen et al. 1996; Lefebvre et al. 1998pwever,on mRNA level botiSMNgenes
exhibit clear differencesSMN1producesalmostexclusively fullength transcriptswhereas
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90% ofSMNZ2transcripts are alternatively splideand lack exon ISMN2J). Merely 10% of
SMN2 pre-mRNAs are correctly spliced and are processed telengith transcripts Kl-
SMN3 (Gennarelli et al. 1995; Lefebvre et al. 1995; Lorson et al. 199@) lack oSMN
exon 7 dramaticallynfluences SMN protein productigsince it encodes the-@rminal 16
aaand contains thdirst stop codon of fuength SMNtranscripts(position +49 to +51)if
exon 7is induded in the mature mRNAIt is translated into fullength SMN protein
consising of 294 aaHowever, if exon 7 is skippedn alternative stop codon at position 13
of exon 8 is usedesulting in atruncated 282 aa protein(Figure2) (Gennarelli et al. 1995;
Lorson ¢ al. 1998) Recently, it has been shown that this alterede@ninus creates a
degron which leads to a more rapid degradation of tB&-protein compared to the ful
length protein (Burnett et al. 2009; Cho and DBifess 2010; Lorson and Androphy 2Q00)
Furthermore the truncated proteinalsoexhibits a reduced oligomerization capadibyrson
et al. 1998) From both SMN genes also three other transcripts are produck namey
SMNb lacking exorb, SMNZB deficientof exon3 as well asSMNIBLY in which both exons
5 and 7 areskipped(Chang et al. 2001; Gennarelli et al. 1995; Singh 2007; Sossi et al. 2001)

Selfevidenty, research has focuseon whySMNZ2exon 7is spliced in a different way
than SMNZ1lexon 7 SMNexon 7 is a relatively short expspanning only 54 nucleotide#t is
characterized by a weak 3" splice site due to a suboptimal polypyrimidine tnaging it
prone to alternativesplicing(Lim and Hertel 2001)Nowadays,two different hypotheses
have been proposetb explain the differences iaxon 7 splicingFundamental to both is the
C to T transition irMN2at position +6of exon 7. On the one handesearchers argue that
this particular nucleotide exchange destroys an exonic splicing enhancer (ESE) located at the
beginning of exon TLorson and Androphy 2000; Lorson et al. 199%)s heptameric motif
is typically recognized by the spli¢actor SF2/ASRvhich favors exon inclusion. the case
of SMN2 SF2/ASF is not able to bitlds ESEhus exon? is skippedFigure2) (Cartegni et al.
2006; Cartegni and Krainer 2002)concurring hypothesis suggests that the C to T transition
leads to a formation of a novel exonic splicing siE(ESS), which in turn recruits the splice
factor hnRNP Al leading to exon 7 skipp(K@shima and Manley 2003; Kashima et al.
2007a; Singh et al. 20Q4furthermore, it has been shown that Sam68 also binds to the
putative ESS and interacts with hnRNP Al to cooperatively promote exon 7 skipping
(Pedrotti et al. 2010)However, both hypotheses can also be combined in sualay that
the C to T transition destroys an ESE aedtes an ESS insteéeigure?).

In addition toSF2/ASFhnRNPA1 and Sam68a plethora of additional other factors is
involved in thesplicing ofSMN2pre-mRNA Among thesgthe SRiike splice factor hnTRAZL
(SFRS10, Serinegnine rich splice faor 10) has an exceptional rolesince its
overexpression reverses th8MN2 splicing to 80% fulength FLLSMN2 (Hofmann et al.
2000) hTRAZb1 binds to GArich secondESE in the central region 8MNexon 7 and acts as
an platform for the binding of othesplice factorssuch as SRp3ONRNP-G or TDP43. All
three of them have been demonstratkto favour SMN exon 7 inclusion by direct binding to
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hTRAZ1 (Figure2) (Bose et al. 2008; Helmken and Wirth 2000; Hofmann and Wo@22
Young et al. 2002)

Adjacent toSMNexon 7 several regulatory elements ka been identified(Figure?2).
Among these two positively acting intronicelements termed 171 and 72 have been
identified in intron 7 It has dearly been demonstrated that 1T acts as an intronic splicing
enhancer (ISEWwhich favors exon 7 inclusiofGladman and Chandler 2009 addition,
several potent negatively acting elements have been detectedh as element {E1)in
intron 6 which is bound by PTB and FU®&ughan et al. 2009; iygjima et al. 2002)
Moreover, inintron 7 the stemloop forming element ZE2) (Miyaso et al. 20033s well as
ISSN1, which isrecognizedby hnRNFAL have both been identified topromote exon 7
skipping(Kashima et al. 2007b; Singh et al. 2006)

Exon 6 | { Exon 8 |

s

Sam68

. Exon 7 inclusion ‘

. Exon 7 exclusion ‘ @
Exon 8

A7-protein

Figure2 Proposed molecular mechanism fd8MN exon 7 inclusion and exclusion. lthe case of
SMN1ldepicted in the upper part SF2/ASF binds to the ESEthe beginning of exon 7.
SF2/ASHnteracts via U2AF with the U2 snRNi#® facilitate the removal of intron 6.
Additional splice factors such as hTRA2 or hnRNFG act positively on exon 7 inclusion. In
the case of SMN2depicted inthe lower part binding of hnRNFAL1 and Sam68abolishs
binding of SF2/ASF (potentiallglso of the U2 snRNRhereby promotingexon 7 exclusion
Severalcisacting elements ke E1, ISSN1 or -l individually act on exon 7 inclusion or

exclusion.(Modified from (Lorson et al. 2010)

Furthermore, a positive acting element withiBMN2in exon 7 hasrecently been
identified in seeral SMA patientsshowing a much milder phenotype than expected from
the SMN2copy number. Downstream of the putative ESE/ESS at position si2fgla base
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substitution (c.859G8) was locatedwhich creates another putative SF2/ASF binding motif
(Prior et al. 2009; Vezain et al. 2010)

Although SMN splicing is quite complexseveral therapeutic approaches have been
undertaken which either directly or ingtictly target SMN2splicing. Though these will be
presentedin 1.6.

1.3 TheSMN protein

The human SMN protein is expressed in virtually all tissuiéis highest levels present in
the CNS and livefCarvalho et al. 1999; Young et al. 2001; Young.€2(10) Since SMN
abundancemarkedly declings after birth, it is thought that elevated SMN levels may play an
important role throughout prenatal developmeriBurlet et al. 1998)Similaly to that, also
the rodent Smnis present &the highest levels before birthbut its abundance decreases
soon thereafter bySmnpromoter hypoacetylation(Battaglia et al. 1997; Jablonka et al.
2000; Kernochan et al. 2005; Liu et al. 2010)

SMN has a molecular weight of BBa and consistsf@94 aa(Lefebvre et al. 1995) ike
the majority of cytoplasmatic proteinsSMN is degraded via the ubiquiproteasome
system (UPS)Burnett et al. 2009; Chang et al. 200%)ery recently the ubiquitinligase
UCHL1 has been identified to transfer activated ubiquitin onto SMMNs regulating its
degradation(Hsu et al. 2010)Within the SMN protein, severalfunctional domains have
been identifiedduringthe last yearsN-terminally, Exon 2b and the beginning of exthree
encode for RNAindingdomain (RBDJBertrandy et al. 1999whereas the major part of
exon 3 is spanned by a Tuddomain facilitating Sm protein binding during U snRNP
biogenesis(Selenko et al. 2001)n exons 4 and 5 a prolimeh stretch was identified
mediating interaction with Profilins (Bowerman et al. 2009; Bowerman et al. 2007,
Giesemann et al. 1999urthermorejt has been shown thahe YGbox, encoded by exon 6
in conjunction with exon 2fasrequired for $1N selfoligomerization(Lorson et al. 1998)

Inside the ce]l SMN is present in both the cytoplasm and the nucleus. While in the
cytoplasm it is diffusely distributedlistinct SMN foci are observedside the nuteus These
foci are most often found in close proximity or even oveplisyy with coiled bodies (also
known as Cajal bodies). Based on theseseyhations the nuclear SMN foavere termed
Gemini of coiled bodiesr gems(Burlet et al. 1998; Coovert et al. 1997; Liu and Dreyfuss
1996; Liu et al. 1997)n addition to the 38 kDa SMN proteamother shortened isoform has
been identified which iselectively expressed in the axons of developing motor neurons
(@SMN). Tisi isoform includes exons 1 to 3 aadretainedpart of intron 3(Setola et al.
2007)
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1.3.1 The SMN complex

SMN is the major constituent of a large mdtibunit protein complex weighing approx.
1 MDa termed the SMNcomplex. Thefurther core compornts Gemins2 te8 are stably
associated with the SMN complexd present in a stoichiometric mannéCarissimi et al.
2006a; Carissimi et al. 2006b; Pellizzoni et al. 2001a; Pelliezati 2002) In addition,
several transient interaction partners have been identifiechich are mainly involvedh
snRNFbiogenesisHowever, it is believed that SMN and Gemin2 represent the ancestral
core of the SMN complex to which the other Gemingsevaddedblockwiseduring evolution
(Kroiss et al. 2008From a struatral point of view SMN functios as modular backbone of
the SMN complex since its ability to seligomerize allows binding of a multitude of
partners (Figure 3) (Pellizzoni 2007)Furthermore, it has been shown that complexation
markedlyincreasesSMN protein haHlife from approx. 4.3 hrs to around 15 hi{Burnett et
al. 2009)

Figure3 Schematic overview of the SMN complex. Stable binding pars are Gemin2;3, -5, -7
and-8 whereas Gemin4 and6 are associated via other Gemingaken from (Pellizzoni
2007).

1.3.2 Functions of SMN

Since SMN is involved @&vast number of cdlilar processeghesewere sultlivided into
ubiquitous housekeeping ones and functions which are specific to either neurons or muscles.

1.3.2.1Housekeeping functions

A Biogenesis of ShRNPs

Small nuclear ribonucleoproteins (snRNP) are of vital importance for tloe gocess in
every cell since they identify and subsequently remove the introns frommR&ASSNRNPS
are constituented ofa major proteinous part and a small nuclear RNA (snRNA) of 100 to 300
bp transcribed by RNRolymerases IIt has been shown tiiadhe SMN complexacilitates
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addition of the Sm proteins D1, D2, E, F, G and D3, B (Smith antgém)the respective
SNRNA and catalyzes Sm ring clogirmayson et al. 1998; Meister and Fischer 2002; Pellizzoni
et al. 1999) Whilethe SMN complex directly recruits the respective snRINA Sm proteins

are handed over by the assembly chaperone p[Clnari et al. 2008)Following assembly
the SMNsnRNRcomplex shuttles into the nucleus and is typically storedgemsuntil
further usage. Once then®NP is released, the SMN complex is translocated out of the
nucleus and enters another round of sSnRNP assef@iari et al. 2009)

However, several point mutations BMN1have been shown to impair binding of SMN
to the Sm proteinsthus leading to generalized splicing defe@@abanella et al. 2007; Lorson
et al. 1998Pellizzoni 2007; Sun et al. 2005; Zhang et al. 2008)

A Stress response

Exposure of a cetb stress factors suchs heat orUV irradiation triggers widspread
alterations in expression as well as distribution of cellular constituétigdies showed that
specific stressnduced genes e.g. the heahockproteins (HSPs)which mostly fullfil
chaperoning functios, are actively expressed upon stress stimulus while most other genes
are silencedBuchan and Parker 2009)he key factor in this process is the phosphorylation
of eukaryotic initiation factor @ (elF2), leading to reduced globdranslation(Underhill et
al. 2005) More than 50% of total MRNA transcripts are actively recruited siress granules
(SG)to protect them from degradation or denaturatiofBuchan and Parker 2009tress
granules are formed by shuttling of the RNA bindingt@ns TIAL(T-cell internal antigerl)
and TIAR (TIAZelated protein) from the nucleus into the cytoplasnheve these proteins
seltaggregate(Kedersha et al. 1999owever, it has been shown that SMN interawaith
TIAL/R as well as Rpp2@vhich accumulate in stress granul@dua and Zhou 2004a, .b)
Nevertheless,iace SMNaccumulation preceessthat of TIAL/R, it has been suggested that
SMN serves as a facilitator aé$ormation(Hua and Zhou 2004b)

A Regulation of transcription

Transcription is opposingly regulated by the-salled co-activator and co-respressor
complexes which consist andrecruit enzymes involved in chromatin remoliey or
translational initiaton(Rosenfeld et al. 20065everal years agat was shown that SMN
interacts via its Y@®ox with mSin3AZouet al. 2004) which interacts with the corepressors
SMRT and XCoR(Nagy et al. 19975ince both, SMidnd mSin3A, are involved farmation
of a >40 MDa complext has been suggested that SMN malgso be involvedin the
regulation of transcriptional repressiofZou et al. 2004)Further evidence came from the
observations that SMN associates with RNA polymerag@dllizzoni et al. 2001band
dp103, a putative RNA helica@@ampbell etl. 2000)
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A Regulation of translation

Based on the finding that SMN is transporting mRNA along adoB2.Q, it has been
suggested that SMN may also be involved in translational regulation. Furter evidence
pointing into this direction came from the obsvation that the @erminal Y&Goox of SMN
interacts with FMRP (Fragile X Mental Retardation Prot@igzzon et al. 2008FMRP is
involved in nuclear export and traport of yet unknown target mRN/Asdis often detected
near polysomes(Bardoni et al. 2001)However, debate is still ongoing whether the SMN
complex is involved in the assembly of FR&dRtaining mMRNPs awhether SMN alone is
transiently interacting with mRNRRiringtheir transport.

1.3.2.2Neuron-specific functions

A Axonal mRNA transport

It has been observed that neurons of Silde miceexhibitreduced levels ob-ActinmRNA

at the axonal growth conesvhich suggestg that SMN is involved in mMRNA transport along
axons. This im line with the finding that SMN interacts with hnRIR(heterogenus nuclear
ribonucleoporteinrR) which controlsh-actin localization{Rossoll et al. ZTB). Furthermore, it
has been demonstratethat SMN complexes traffic along neuronal processes to the growth
cones of motor neurongZhang et al. 200&@nd that $IN, Gemin2 and Gemin3 associate
with 6-Actin mRNA inthe cytoplasm of neuronal cell@odd et al. Q10) Bagd o these
findings it was suggested that SM&f the SMN compleis actively involvedh the transport

of axonal MRNAs such hsActin. However, it has been shown that also other cytoskeletal
MRNAs like tubulin, peripherin andimentin are trasported along axons, but it has not yet
been reported whether SMN is involved in their transp@illis et al. 2007)

A Neurite outgrowth

Severalin vitro as well adn vivostudies in zebrafish and mice showed tI&VIN depletion
strongly reduces eurite outgrowth a process dependingn actin remodellingBowerman
et al. 2009; Fan and Simard 2002; McWhorter et al. 2003; Oprea et al..280&e
knockdown of SMN alters the G/Factin ratig it has been proposed that SMN may be
involved in microfilament metabolisnfvan Bergeijk et al. 2007)n line with this, the
protective SMA modifier PLS3 is actinbundling protein presumably restmyg disturbed
G-/F-actin ratios in SMA patient@Oprea et al. 2008)Furthermore, SMN depletion alters
Profillin 1l expressigrthus impairingthe RhoA/ROCK actin remadteg pathway(Bowerman
et al. 2007)

A Neuromuscular junction formation

Neuromuscular junctions (NMJ) are the connecting pdmstween the axon terminal of a
motor neuron and the respectiveiuscle. hstological inspection c6MAlike mice revealed
that the mauration of NMJs was severely reduced and AChR (Acetylcholine Receptor)
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clusters did not formproper pretzetlike structures Moreover, preterminal sprouting was
alsodescreasedKariya et al. 2008Electrophysilogic exammations showed that reduced
SMN levels in mice indeed lead to lower evoked endplate currents (EPC) deduized

neurotransmitter releas€Kong et al. 2009)-urthermore,even inDrosophilaSSMN depletion
seveely impaired NMJ structure and functig@hang et al. 2008)

1.3.2.3Musclespecific functions

Althoughin SMA the motor neurons are primarily affectedso musclespecific functions
of SMN have been identified. It has been shown tBatnknockdown in mouse ZC12
myoblasts resultén defective myoblast fusion and malformed myotupe®st likely due to
Z-disc deftiency(Shafey et al. 2005; Walker et al. 2008) addition, it has been proven that
the Smncomplex colocates with the Zdisc markera-Actinin in both skeletal and cardiac
myofibrilsand that SMN is direct target of the musclspecific protease Calpa(Walker
et al. 2008)

Although the underlying cause is not knowacent findings suggeshat Smnmay also
have a cardiaspecific role, since SMikke mice exhibit bradycard and develop dilated
cardiomyopathy(Bevan et al. 2010; Shababi et al. 2010Hpwever, whether this i
primary effect of redued Smnlevels or a secondary one due to neuronal defic#®mainsto
be determined.

1.4 Animal models of SMA

A number of animal models has been generated within the taxstyears to model the
SMA phenotype and to allow detailed examination of the pathophggilandin vivodrug
testing. However, humans are thanly species known carryirntpe SMN2 gene.Complete
loss ofSMN Smnleads to lethality in all organisms.

1.4.1 Non-vertebrate SMA models

A Schizosaccharomyces pombe

Using a bioinformatic approachn orthologue of SMNtermed smnI wasidentified in the

split yeastS.pombelt has beerdemonstrated thatsmnI is essential for viability i6.pombe

and that missense mutations mimicking SMA type | lead to Smnlp mislocalization and
decreasd cell viability Furthermae, it has beershown that Smnlp interacts with human
SMN and Smroteins thus implying a highly conserved functi@wen et al. 2000; Paushkin

et al. 2000)

A Caenorhabditis elegans

More than 10 years agathe nemabde ortholgue of SMN termed smnl/CeSMNwas
identified. While both disruption and overexgssion result in reduced progegras well as
locomotive defects, transient knockdown causes sterility embryonic lethality(Miguet
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Aliaga et al. 199965mnl is expressed ivarious tissuesincluding the nervous system and
body wall musclesThe hypomorphiesmnl1 mutation (smn1(ok355) reduces lifespan and
impairs locomotion and pharyngeal pumpindnterestingly, neuronal butnot muscle
directed expression ofmnl rescues thesmnl(ok355)phenotype (Briese et al. 2009)
Moreover, the nematode’s orthologue dbemin2 termed SMF], interacts with smnl,
suggesting the presence aimpified SMN complex i€.elegangBurt et al. 2006)

A Drosophila melanogaster

Within the Drosophila genome only a single, but highly consemtitblogue of SMN is
present. SMN loss of functionSii*9 leads to recesive larval lethality and NMJ
abnormalitiessuch as an enlargemenHowever, theobservedsurvival up to the larvae
stageis dependingon maternal wildtype smnstored in the nuse cells. Electrophysogic
examiration revealed that these flies exhibit reded ecidatory postsynaptic currents
(EPSC)whichis in line with the observed NMJ phenotype. Noteworthy, the expression of
Smns Cterminus partially overcomes the phenotyg€han et al. 2003WnexpectedlySmn
null mutations did not exhibit any detectable snRNP reductisnggesting that larvae
lethality is dueto a neuronspecific phenotypeln contrast to theSmnnull allele, flies
carrying hypomorphicSmn mutations survive but display atrophy and flightlessse
(Rajendra et al. 2007)

1.4.2 Vertebrate SMA mode$

A Danio rerio

Using Zebrafish is an elegant way to study motor neuron developmentq since the
transparent embryos allow eagnhalysis of the phenotyp@icWhorter et al. 2003; Oprea et
al. 2008) Antisense morpholino knockdown @mnled to motor aon specific effects like
truncation and increased branchirflylcWhorter et al. 2003)Using ENtnduced mutantsit
could be shown thatsimilar to flies maternal RNAs ahproteins deposited in egg allow
survivalof these mutantsup to the larvae stge. However, analis of theseENUmutants
revealed extremely reduced levels of the presynaptic protein SV@nim mutants. This
suggested a specific role for SMN in production and/or stability of ®kizh is important
for effective vesicle releasénterestingly, motor neuron specific expression of human SMN
corrected the NMJ defecunderlining the necessity of SMN for NMJ integ(@Boon et al.
2009)

Sudies using Gemin2 and plCln morphants revealed a sialamal phenotypgWinkler
et al. 2005) but a reduced snRNP biogenesis could be excluded as the underlying cause
(Carrel et al. 2006)However, refined experiments in whichef@in2 was knocked down
exclusivelyin motor neurons demonstrded that the axonal phenotype ofibiquitous
Gemin2 morphants is rather a secondary than a primary effdciWhorter et al. 2008)
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A Mus musculus

More than 10 years agothe first classical knockut of the murine Smngene was
described. Targeted insertion oflacZ/Neomycircassettetransgene into exon 2 resulted in
early embryonic lethality between E2.5 and.&-8ue to a disorganized morulaading to
apoptosis (Schrank et al. 1997However, heterozygousSmr’ mice exhibitedno obvious
muscle atrophy, but were found to have 46% reduced Smn levels and a SMA type lll like
degeneration of thea-motor neuronswithout any visible clinical impairmeigdablonka et al.
2000) In another approah, Smnexon 7 was replaced by HPRTcassette leading to
embryonic lethality at around E6.5 in the homozygous embifydseRLi et al. 200Q)In
conclusion, none of the generateBmn knockout mice allowed analysis of the SMN
phenotype due to the early lethality. To overcome this pitfall, it was tried to mimic the SMA
phenotype by addibn of the humarSMNZ2into a murinenull Smri~ background.

A SMN2transgenic mice

Almost simultaneously two groups reported the succefll generation of SMN2
transgenic miceRemarkedly, alreadpne or two copies of theSMN2transgene are
sufficient to overcomethe early embryonic lethalityeported earlier However, although
present at anormal number at birth motor neuronswere dramatically reduced at
postnatalday fiveand SMAanimals die soon thereafter which ressembled a SMA type |.
Similaty to humans addition of moreSMNZ2copies amelioratedhe phenotypeandeigth
SMNZ2copiesresulted in a rescuef the phenotype(Monani et al. 2000)In the same
year, a Taiwanese group could demonstrate that integratidnraoBAC clone containing
two human SMN2copies gives rise to living psifSeveral different founder lines were
generatedon amixed backgroungexhibitingeither a SMA typé, Il or 1l phenotype. One
of these strains is now commercially available on aepEWB/N background. While
homozygousSmr'{';SMNég’tgl mice carrying fouSMNZ2copies are fertile and survivier
about one year (HsiehLi et al. 2000Yheir Smr;SMN2¥"" Jittermates exhibita SMA
type | like phenotypeare lighter than their healthy littematesand surwe for approx.
10days(HsiehLi et al. 2000; Riessland et al. 2Q10)

Several years laterthe SMN27 cDNA was introduced on &mr ;SMN29
background to test whether SMI is beneficial or detrimentalt could be shown that
survival increased from 5 to 14 dagsiggesting that at lea8MND7 in part retains some
oliogomerization capacitgnd stabilizes the SMN complée et al. 2005)

Recently, a group of nov&8imi;SMN2" micecarrying one to fourcopies ofSMN2
was generated. Animalarrying three SMN2 copies exhibited an intermediate
phenotype characterized by decreased respiratory rate and an incleagmea
frequency. In line with thisNMJ defects atthe diaphragm were observed thus
culminating in a median survival of 15 ddljschaud et al. 2010)
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As a result of the contuous identification of novel mutations in SMA patientso
additional transgenic micestrains were generated. Thdirst one is based orthree
unrelated SMA patients carryingne intact SMNZ2allele andone with an A2G missense
mutation. These patientexhibited a much nmder phenotype than expected frorheir
SMN2 copy number (Parsons et al. 1998)Therefore a SMNZ,c transgene was
integrated into the previously describedonani et al. SMAlike mouse(Monani et al.
2003) Similaly to SMA patientsthese animals developed a SMA typellde phenotype
with a lifepan >15 months. Though, how SMiNameliorates the pheotype remains
elusive since SMhgis markedly redued in itsoligomerization capacity. One possible
explanation may be that fulength SMN serves as a scaffold whicbrpotes formation
of FL.SMN:SM,coligomers enhancing binding to several other protej®nani et al.
2003) Furthermore,it could be shownn asecondmouse modethat introduction of an
allele carrying thepreviously describedSMNL mutation (SMMi119 (Sun et al. 2005)
which retains capability of SnRNP assemidalso able to ameliorate the phenotypé
SmA;SMN2#" mice. Noteworthy, theSMN11callele was not able to rescue tHBMA
phenotype alone and also does not complement the A2G mutasioggesting that both
mutations affect the same functiofwworkman et al. 2009)

Very recently, also a humanizé&dockin SMAlike mouse has been reportedh this
model, the C at Pos +6 @mnexon 7 was replaced by ar@sulting in a murin@Smn2e.
This triggered exon 7 exclusion in 60 t@% of Smn transcripts deperding on the
respective organ. However, although SMN protein was generally reduced by 60%, the
animals developedn adult onset SMA phenotyg&ladman et al. 2010)

A Conditioral SMNknockout mice

Since neither the ubiquitouSmndeletion nor the addition oSMN2transgenes allowed
the investigationof tissuespecific functions of Smma few conditional knockut strains
were geneated by emplyoinghe Cre/LoxP system.

Deletion of Smnexon 7 in neurons by Grecombinase under the control of the
neuron specific enolase (NSE) resulted in motor axon loss while the cell body remained
unaffected. HoweverSmn exon 7™ NSECre animals exhibited tremors, atrophic
muscle fibers and had a mean survival of 25 délysugier et al. 2000)As a
complementary experimentSmnexon 7 was also deleteith the skeletal muscle using
HSACre @-skeletal actin promoter driven)Smn exon 7™ HASCré animals are
characterized by muscle paralysis afteree weeks leading taleath at a mean age of
33days. Furthermore, a progressive myopathy accompanied by muscular dystrophy was
observed suggesting a destabilization of the sarcolen{@iduentesDiaz et al. 2001)
UsingAflp-Cre Smnexon 7 was also deleted in the livemn exon 7™ Aflp-Creé mice
presented a dramatic liver atrophy associated with livgsfdnction andiron overload
leading to embryonic lethality at E18itte et al. 2004)
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In addition to tissuespecific deletion of Smn exon 7 full-length SMN was
overexpressedby usingeither the neuronalspecific prion promoter (PrP) or the muscle
specific HSA promoterSmr;SMNZ"9;:PRPSMN?? survive for approx 210 days
whereas Smr ;SMNZ";HSASMN®"® animals exhibited no improvement in the SMA
phenotype and survival. This suggested that atrophy in SM#thsr a secondary effect
due to neuron degeneration than a primary of@avrilina etal. 2008)

1.5 SMA:Why do specifically motor neurons die?

The major characteristic of spinal muscular atrophy humans is the specific
degeneration of thea-motor neurons in the aterior horns of the spinal cordrhile other cell
types remain sparedlannaccone 1998)nspection of diverse SMike modelsled to the
same conclusion that the predominant factor in diseaprogression is the continous
degenerationof the a-motor neurons(Chang et al. 2008; Frugier et al. 2000; Kariya et al.
2008; McGovern et al. 2008; McWhorter et al. 2003pwever, he fundamental question
remairs why specifically this type of cells is affected although SMN is ubiquitously
expressed? Since SM#hows a more than 5fbld higher expressionn the spinal cord
compared to other tissuefCoovert et al. 1997; Lefgke et al. 1995)it might be speculated
whether a-motor neurons are more vunerable to reduced SMN levels than other &lts.
which specific role fulfilledl(3.2 by SMN is the ultimate detrimental factor?

Nowadayshased on the numerous SMke animal modelsesearcherdave proposed
two popular hypotheseswhich try to explain the specific loss afmotor neurons in SMA
patients(Burghes and Beattie 2009)

A SMA is caused by the disruption of a neuspgcific function of SMN

SMN has been found in growth cones and axons of neuronal ioeilgro (Fanand
Simard 2002; Zhang et al. 2Q0Burthemore, knockdown ofSmnin zebrdish led to specific
motor neuron axon defects like truncation and branch{iMrWhorter et al. 2003)A similar
result was observed in cultured motor neurons from Shk& mice, including shortened
axons, smaller growth cones ananost importantly, reduced levels ofb-actin mRNA
transport(Rossoll et al. 2003n line with thisit could be demonstrated that overexpression
of PLS3 an actinbundling protein, is abléo overcome the SMA phenotype in zebrafish
(Oprea et al. 2008)rhe association betwee-Actin and SMN is further underlined by the
observation thatSmnknockdown in PC12 cells alters expressioprofillin Il This leads to
an inappropriate activation of the RhoA/ROCK patl causingdefective neuritogenesis
(Bowerman et al. 2009; Bowerman et al. 2Q0n) line with this it has been preen that
ROCHnhibition prolong survival of SMAike mice(Baverman et al. 2010)

Furthermore there is evidene that SMN may also have a NbgEcific role, since NMJ of
SMAlike mice are typically immature due to an abnormal developm&atriya et al. 2008;
Kong et al. 2009Pointing into the same directioit has been shown that intermediate SMA
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mice exhibit less synaptic vesicle releasghich mayexplained by the reduce€a?2.2 (a

C&* channel) expression observéa cultured motor neurons of SMA migdablonka et al.
2007; Kong et al. 200%1owever, i might be speculateavhetherthese observationgan be
attributed to the interaction between SMN anig-Actin protein/mRNA transpor{Bowerman

et al. 2009; Oprea et al. 2008; Rossoll et al. 20QBhough not finally proven yett is also

conceivable that lackf SMN disturbs transport of a certain additiomaRNA to the growth
cone which leads to a reduced expression at the synapse thgsliteg in an altered
synaptic architecture.

A SMA is caused by impaired sSnRNP biogenesis

Sinceimpaired snRNP biogenesis affecather every cellthan only motorneurons,it has
been suggested thaa-motor neurons are more vulnerable to subtle defects in ShnRNP
assembly because difieir high mMRNA demandYoo et al. 2010)interestingly it has been
shown that there is a correlatio between snRNP assembly atie severity of theSMA
phenotypein mice(Gabanella et al. 2007However, introduction of th&MN111CONStruct,
which is capble of undergoingsnRNFbiogenesisameliorates the SMA phenotype M
:SMN29% mice, but does not rescuethality inSmi~ mice (Monani et al. 2003)in line with

this, injection of assembled snRNPs into Slgbbrafishwas, at least to some extenable to
restore the phenotypgWinkler et al. 2005)suggesting that reducesnRNP contoutes to

the SMA phenotypeNevertheless, the question remains what are the consequences of
reduced snRNP assembly? Although recent studies using exome atemydied wide-
spread splicing differenceis SMAlike mice, especially in intrench genes(Zhang et al.
2008) it is difficult to decipher which of these changes are caused by low SMN levels and
which of them are seandary due to the SMA phenotypAlthough final proof is still missing,

it is conceivable that reduced snRMidgenesis alters splicing of certain synaptic mRN&
thus leaddo an altered synaptic arctacture.

In conclusion, both hypotheseprovide good reasors why a-motor neurons are
preferentially affected in SMA.Neverthelessa number of questions still remaiopen.
Especiallyvhich function of SMN is directly affecting motor axons? Is it indeed the decrease
in b-actinmRNA transport or doedisruption of snRRassembly altesplicing ofa gene that
is indispensable for proper axon and NMJ functi@chsequentlyfurther experiments are
needed to answer these questisrand finally explain the underlying molecular cause of
SMA.

1.6 Therapeutic approachem SMA

Although much research has been investin the developmentf a therapy for SMA, no
cure for SMA is avable yet. Indeed, symptomatic treatments like physical exercise or
respiratory drainage to remove tracheal mucus help to improve patient’s life quality, but
they do not target the underlying genetic cause of SMA. Also severdiangeting strategies



Introduction

have been followedbver the past yearslike neurotrophic agents whicheduce a-motor
neuron degeneraon. Althoughthe use of these agents sounds attractivegyhdo not target
the genetic cause of SMA. This is of particular importasicee in contrast to other genetic
disorders SMA offers the unique possibilitgf targeting a nearly identical copy of the
diseasedetermininggene SMN1 Therefore several theraies have been developeahich
will be briefly introduced irthe following. However, much data comes from experingent
using SMAike mice and only a very few regimens have yet been tested in humans.

1.6.1 Epigenetic therapy targetingMN2expression

Although may different approaches have been undertaken to cure SMA, none of them
has made it into routine clinical uset. However, among the proposed therapies described
in sectionl.6the epigenetic SMA therapy applying Histone Delasty Inhibitos (HDACI) has
proceeded farthestsince alreadyhree clinical trials with valproic acid an@dium butyrate
have been performed. Furthermore, a number of second generation HDACis are currently in
the pipeline undergoing extensiwe vitroand in vivotesting.

In general epigeneticscomprise two levels of gene expression regulation which are
added as a superstructure tmthe DNA. On the one hapndNA methylation has been
shown to effectively silence gene expression. For example, it has de@onstrated that
methylation offour CpGislands located withinhe SMN2promoter dramatically alters the
SMA phenotype by reducirfgMNZ2expressionHauke et al. 20090n the other handgene
expression is contrtdd by covalent histone modifications. Individual modifications &lter
chromatin structure ina way that either promotes or restricts gene express{Strahl and
Allis 2000)

1.6.1.1The concept of epigenetic therapy

Conceptuallyepigenetic therapy using HDACI relies on the loosgmif DNA packaging
leading to an enhanced transcriptional activity. DM$Aassociated in the nucleus with
proteins to form chromatin. Since the human genome consists of approx. 3.2basésa
completdy unwound DNA would be almost8lm in length. Theefore, DNA has to be
packedvery tighty to fit into a nucleus of around 15 pM in diameter. Consequently, approx
150 bp of the 2 nm DNA double helix are wrapped around a histone octames@ting in
the pearl necklace like 10 nm fiber (11 nm in diamgt&he next level of packaging is added
by the histone Hlwhich binds to the interspaced DNA between two histone octameres thus
forming the 30 nm fiber. A further step of DNA tightening is then introduced by attaching
the 30 nm fiber to the nucleic proteimatrix to form an even more condensed chromatin
structure (Maeshima and Eltsov 2008; McBryant et al. 2010)
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Figure4 Packaging of eukaryotic DNA in the nucleus. The 2 nm DNgY fiowrapped around histone
octameres to form the 10 nm fiber. It is then assumed that the 10 nm fiber is further
condensed to a 3hm chromatin fiber which isfinally packaged to a 0.7 um chromatid
(Maeshima and Eltsov 2008)

The basic elementof DNA packaging are the histone octameres which, together with
approx. 150 bp of DNA, form the fundamental DNA packaging unit, theorarhe. In total,
five main types of histones are known for both animal and plant cells: H1, H2A, H2B, H3 and
H4. Two histones of H2A, H2B, H3 and H4 each form together the histone octamere around
which 1.65 superhelical turns of DNA are wrapgBdrlingame et al. 1985; McBryant et al.
2010) The nucleosome itself is stabilized by extensive dipole interactions between the
arginin residues of the core structure of the histone and the negatively charged phosphate
backlone of the DNA. Common to all histones is a canomidalical histonefold motif of
the globular corewhich is responsible for the DNA interaction while th&iNS NY Ay I £  a G|
domains (NTD) reach out of the nucleosomal structure. NTDS are 14 to 38 aa in length,
enriched in lysine and arginine residues aggic¢ally without secondary structurgsuger
and Richmond 1998However, the pearl necklace like structure of nucleosomes on a DNA
strand is further condensed by the linker histone H1 which binds to the interspB&eA.
Unlike the histones H2A to Hthe linker histone H1 possesses a threeparted structure with
an unstructured N(13 to 44 aa) and-@rminus (approx. 100 aayvhich flank a welfolded
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globular domain. Histone H1 binds asymmetrically the nucleos@N& entry and exit sites
thus inducing folding of the DNA to form the 30 nm filjicBryant et al. 2010)

The NTDs of the nucleosomal histones have gained particular intenes¢ a number of
posttranslational modifications havdeen identified which lead to a highly dynamic
chromatin structure and thereby control expression. Based on these observaim2600
0KS aaKAalu2yS 0O2RSéwhidhlitried to 8Sigh spéi HunifiansS ke
expression or meiosis to certain NTD modifications (e.g. phosphorylation, methylation,
acetylation and ubiquitinylationStrahl and Allis 2000)However,in the light of the
identificaction and detailed characterization of numerous chromatimodelling comfexes
like SWI/SNF, ISWI, CHD and IN@89original codehas been rewritterand a final version
is not yet availabl¢Ho and Crabtree 2010)

Among the observed NTD modificatiorascetylation is the best charactezed one.
Addition of an acetytesidue to the positively chargegtaminogroup of a histone’s lysine
neutralizes i charge. Consequently, the DINAckaging is looser and the DNA is accessible
for factors involved in transcription, péication and DNA repaiF{gure5). Furthermore, it
has been suggested that acetylated histones may serve as binding platforms for activators or
repressorgKhan and Khan 201(Researchers have identified two gms of enzymes which
oppositionally add or remove acetykesidues from NTD of histones. The Histone Acetyl
Transferases (HAT) have been shown to pass an acetyl residue fromG@aAtyinto the
terminal aminogroup of lysine. The counteracting entities afee Histone Deacetylases
(HDAC), which remove acetyl residdeom the lysine sidechains thus leading to denser
heterochromatic structureRigure5).
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Figureb Histone acetylationand deacetylation catalzed by HAT and HDACSs. The figure illustrates
the molecular interaction between acetylated and deacetylated lysine residues and DNA

and the resulting transition from Euto Heterchromatin (taken from(Khan and Khan 201p)

Within the human gnome more than 20 HATs and 11 HDACs have been identified.
Based on their sequence homolgghese enzymes have been classified into several sub
classes which will be briefly characterized in the following.

1.6.1.2Histone Acetyl Transferases (HAT)

In contrast toHDACsthere is no regular structure among the HATs. Common to all of
them is an acetyltransferase domain which is at least in some cases only suspected.
However, based on the additional domains HATs were classified into several ¢kdgrs
and Khan 2010)Perhaps the most prominent HAT families are CBP/P300 enzymes, the
GNAT family, the MYST family and finally the group of Rtt109 enzymes. Several other HAT
families have been identifiedut they have yet only been studied in less detaihiM/the
CBP/P300 family is involved in rather global histone acetylation (H2B K12/15, H3 K14/18 and
H4 K5/8) the enzymes of the GNAT family primarily target H3 K14 and HD&&er and
Haisma 2009)The MYST falgiof HATs is mainly involved in cell cycle and growth control
and has also been linked to various types of cancer, especially (Ap6akumov and Cote
2007) However, HATs have been shown to be implicated in learfideggker and Haisma
2009) or diseases like asthma arzhronic obstructive pulmonary diseagBarnes et al.
2005) Noteworthy, the substrate specificity of HATSs is not restricted to histones since also
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other proteins like p53 or general transcription factors are sudist (Sterner and Berger
2000) Within the past yearsalso several HAT inhibitors have been identified like
isothiazolonesor the naturaly occurring substance curcumin but none of them has yet
entered everyday clinidBalasubramanyam et al. 2004)

1.6.1.3Histone Deacetylases (HDAC)

The 11 classical histone deacetylases are ifilegsnto three classes. Class |, which is
related to yeast HDAC Rpd&ntains HDAG3 and 8 while class I, which is structiyal
similar to the yeast Hdal histone deacetylase, includes HEFAG@4nd 10. In contrast to the
other groups class IV contas only HDAC11. In addition to these classical HDACs, another
group of deacetylases has been identified, the sirtuins, which are referred to as class lll
HDACs. However, in contrast to the classical HD#@sh are ZA-dependent, sirtuins rely
on NAD as essential cdactor (Khan and Khan 201Q)otably, none of the HDA@ossesses
a DNAbinding domain thus target specificity must be conferred by individual binding
partners(Glozak et al. 2005)

1.6.1.3.1 Class | HDAC

In contrast to class Il and IV HDA&kclass | HDACs are ubiquitously expressed and are
present in both cytoplasm and nucleus. The almost identical HDAC1 and 2 seem to be partly
redundant since depletion of one leads to an increasghe other (Brunmeir et al. 2009)

The structure of HDACS3 is slightly differesince it lacks a second CK phosphorylation site
whereas HDACS8 only posses®ne PKA phosphglation site (Yang and Seto 20Q8)Vith

the exception of HDACS all ckalsHDACSs are functioning as catalytic subunits of multiprotein
complexes. For example, HDAC1 and 2 interact to form the catalytic subunit of the Sin3,
NuRD (nucleosome remodeling deacetylase) and CoRtesdpressor of REdilencing
transcription fact@) complexes which repress transcriptig@rozinger and Schreiber 2002;
Yang and Seto 20Q8)

1.6.1.3.2 Class Il HDACs

The class Il HDACs are subdivided based on whether they contain one (class IIA; HDAC 4,
5, 7 and 9) or two calytic domains (class 1IB; HDAC6 and 10). All class IIA members contain
three conserved 14-3 binding sites, myocyte enhancer fac@®(MEF2) binding sites as well
as signals for the nuclear-irand export since they are present in both, nucleus and
cytoplasm (Yang and Seto 2008Consequently, MEF2 and-34 oppositiondly regulate
localization of class IIA HDAQsishino et al. 2008)he class [IB member HDAC6 has
emerged as the major cytoplasmatic deacetylasimce in vivo also tubulin, Hsp90 and
cortactin are HDACG6 substratéblaggarty et al. 2003)Interestingly HDAC6 contains a
Gterminal zinc finger which is involved in several pathways like clearance of aggresomes or
dendritic outgrowth (Kawaguchet al. 2003; Kim et al. 20Q9Jhe other class IIB member
HDAC10 has been found to be decreased in lung cancer patients suggesting an important
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role in the maintenance of normal cells. However, although HDAC10 has been shown to
deacetylate Hsp70, a fuadhental understanding of its function remains elus(ai et al.
2010)

1.6.1.3.3 Class Il HDACsdrtsins)

Mammals contain seven sirtuing which are characterized by their conserved
NAD-dependent catalyctic domain. Howavethe N- and Gtermini are strikingly different
which goes in line with their divergent roles regulators of lpysiology, calorie restriction
and aging(Haigis and Guarent2006) Since sirtuins are not inhibited by classical HDACI
they will not be discusseanyfurther at this point.

1.6.1.3.4 Class IV HDACs

HDAC11 is a highly conserved deacetylase and the only family member of class IV HDACSs.
Although little is known about its fution, its high conservation fron€.elegango man
suggests a fundamental rol&yang and Seto 20Q8%omein vitro experiments showed that
HDACL11 regulates interleuki® expression in antigepresenting cellgVillagra et al. 2009)
as well asmyelin basic protein (MBP) and proteolipidropein (PLP levels during
oliogodendrocyte maturatioriLiu et al. 2009)

1.6.1.4HDAC inhibitors

In addition to classical transcriptiofactors, gene expression is regulated in concert by
HATs and HDACs. Consequently, interieewith this tightly regulated balance by inhibition
of either HAT or HDACs switches transcription either on or off. In,1880 theoretical
assumption was pran by the finding that Trichostatin A, streptomycesnetabolite,
inhibits cell cycle and differentiation by blocking HDAW®sshida et al. 1990)In the
following, several other compounds were identified which clearly inhibited the activity of
HDACgStrahl and Allis 2000FFrom a mechanistic point of view, HDAC inhibition leads to an
overbalance of HAT activity resulting in a boosted transcriptioatd. Since this is an
unbiased approachwhich virtually should affect all genes, several studies tried to elucidate
the impact of HDACI treatment on global gene expression. However, depending on the type
of cells and HDACi employedlues ranged betwae2% and 20% of differentially expressed
genes(Mariadason et al. 2000; Peart et al. 2005; Stimson and La Thangue 2009; Van Lint et
al. 1996)

Initially, HDACi weretendedto be used primarily in cancer therapgtause excessive
deacetylation was found in several cancer entities. The ratoohusing HDACi was to-re
express heterochromatic regulatory genes by inducing a widespread transition into the
euchromatic statgBettrand 2010; Tan et al. 201L0lowever, the effect of HDACI treatment
is not a simple wpegulation of gene expression since several secondary effects are
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triggered. Induction of regulatory genes may in turn decrease expression of other genes
resulting ina rather complex expression pattern under HDACi regimen.

Depending on their chemical backbqridDACi have been divided into several classes

(Bertrand 2010)

A Short chain fatty acids >

>
>
A Hydroxamates >
>
>
>
>
>
>
>
>
>
A Benzamides >

A Cyclic tetrapeptides >

Phenylbutyrate (PB)
Sodium butyrate (SB)
Valproic acid (VPA)

Trichostatin A (TSA)

Suberoylanilide hydroxamic acid (SAHA)

Subere bishydroxamic acid (SBHA)
m-carboxycinnamic acid bishydroxamide (CBHA)
LBH589

NVRLAQ824

JnJd248645815

PCi34051

Oxamflamtin

Scriptaid

M344
MS275
CH94

Trapoxin A
Apicidin
FK228 (Depsipeptide)

Structural and mechanistic studies using TSA and SAHA suggested that HDACi block
HDACs by chelating the central?Zin the catalytic centerBertrand 2010; Firin et al.
1999) Based on these observatigrns wellaccepted pharmacophore for HDAC has been
proposed comprising the Zhbinding group(ZBG chelatingthe Zrf*), a linker thatpasses
through the tubelike access to the active centesd a cap group fointeradions with the

external surfaceKigure6).
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Figure6 Diagram depicting the typical structure of HDACI consisting of Zimaling domain, linker
and cap using the example of SAHA. Sinlildo most of the second generation HDAQinc
is chelated by the hydroxamic acid residue (modified frdBertrand 2010)

However, depending on their chemical composition some HDACI generally inhibit HDACs
(socalled panHDAGiWwhereas others preferentially block class | or Il enzymes. Although
suggested, there is no given ruieet which defines that certai residues either favor
inhibition of class | or Il. Nevertheless, some HBpA€rific HDACI have been developed in
the past yearssuchas PGB4051 which is an HDAGBecific inhibitor(Balasubramanyam et
al. 2004)

ClassI  Localization

] HDAC1 Nucleus Androgen Receptor
2 53
e p
% MyoD
n| & E2F-1
Nl & SHP
n|l & Stat3
= HDAC2 Nucleus Glucocorticoid Receptor
)
= Bcl-6
- - YY-1
=1 Stat3
Q (3] HDAC3 Nucleus RelA
o el YY-1
o C GATA-1
o < SHP
O
2l 5 Stat3
3] & |PCI- 34051 | HDACS8 Nucleus
s | —
& © Class Ila
% > HDAC4 Nucleus/Cytoplasm GATA-1
ks GCMa
<‘ HP-1
= HDACS Nucleus/Cytoplasm Smad7
= GCMa
HP-1
HDAC?7 Nucleus/Cytoplasm Plag1/Plag2
HDAC9 Nucleus/Cytoplasm
Class IIb
Tubacin | HDAC6 Mostly Cytoplasm a-tubulin
Hsp90
SHP
Smad7
HDAC10 Mostly Cytoplasm
Class IV
HDAC11 Nucleus/Cytoplasm
Table2 Inhibition profile of some HDACi and some downstream targets primarily affected by

blocking of the respective HDAC. (taken frqi@arew et al. 2009)



Introduction

1.6.1.5Epigenetic SMA therapy witkiDACi

The rationa¢ of using HDACIi in SMA therapy is quite simple. AlthoBgliiNlas the
major source ofF-SMNis lacking,SMN2still produces around 10% fud#ngth transcript.
Activation ofSMN2should consequently increase the amountFifSMN2 Almost10 years
agaq it could be shown that treatment of EB¥ansformed lymphoblagiid cell lines derived
from SMApatients with the HDACi Sodium butyrate markedly elevakdsEMN2 levels
(Chang et al. 2001)ithin the same work it could be demonstrated that treatment of
pregnant mothers oSmri;SMN2#" mice improves survival of the psgthus implying that
HDACI are indeed a prospective group of putative SMA drugs. In the following, several
additional HDACI were te=d in vitroandin vivoas putative SMA drugs such as Valproic acid
(1.6.1.9 (Brichta et al. 2003; Brichta et al. 2006; Swoboda et al. 2010; Swoboda et al. 2009)
Phenylbutyrate(Brahe et al. 2005; Mercuri et al. 2004; Mercuri et al. 200BAAvila et al.
2007)or the second generation panHDACi SAHAhnen et al2006; Riessland et al. 2010)

In conclusion, the results were very promising although it has to be considered that highly
potent panHDACI may exert several unfavorable-giffiects.

1.6.1.6VPA in SMA therapy

Valproic acid, abbreviated VPA, is a branched stioain fatty acid. In 1963/PA was
accidently identified as a compound having anticonvulsant properties in a seizure model
(Meunier et al. 1963)Since then, the therapeutic spectrum of VPA has been enlarged from
epilepsy to bipolar disorder, migraine prophylaxis and even cancer. However, the
mechanisms of action of VPA are poorly understoodaaitfh it has been shown that VPA
alters a wide variety of sigriadg pathwaygqTerbach and Williams 200%or examplgit has
been shown that VPA has an inhibitory effect on a variety of ion charhels influencng
sodium and calcium currents in hippocampal neur¢gbe Sarro et al. 1992; McLean and
Macdonald 1986)However, it may be criticized that many of these studies used very high
VPA concentrations like 400,y bodyweight (De Sarro et al. 1992Data from studies
further investigating the effect of VPA on neurons suggested that it increases levels of the
inhibitory neurotransmitter GABA, but more recent studies did not vetifg observation
(Lindekens et al. 2000Furthermore, it has been shwn that, similarly to thethe mood
stabilizer Lithium, VPA decreasednositol 1,4,5triphosphate levels thus increasing
amphetamine levelgShaltiel et al. 2007)

VPA ha beenwidely u®d in epilepsy therapy for more than 30 yegattserefore side
effects can be well estimated. Among the observed ones carnitine depletion is frequent. The
underlying cause is that VPA, like any other fatty asigdansferred from Ceenzyme A (CoA)
onto carnitine to form CarnityVPA This metabolite inhibits the carnitine transporter
supplying the cell with carnitine and furthermore reduces the intracellular carnitine content
by diffusing out of the cell and getting lost by renal excrefiionch 201Q)
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The most important observation in terms of SMA therapy was the finding that VPA
mimics theeffects of TSA thus inhibits HDAG®ttlicher et al. 2001; Phiel et al. 200This
observation also provided a major breakthrough in the understanding of another major side
effect of VPA, which is teratogenicityring pregnancyRobert and Guibaud 19823ince the
HDACIi Sodium butyrate alreagyoduced promising results, VPA was tested as a puéativ
SMA drugin vitro (Brichta et al. 2003; Chang et al. 2001) could be shown that
concentrations between 0.5 and 500 pM VPA significantly elevaMN2mRNA and protein
levels 2 to 4-fold. Based on these promig results, a first pilot clinical trial was enrolled
with 20 SMA patients and 10 SMA carriéBrichta et al. 2006)While insevenout of
10carriers SMN levels werdewated, the results in the VP®eated patients werenot that
consistent: While irsevenof the treated patients SMN blood levels were elevatedsimnof
them no change was detected whereas anoteevenSMA patients exhibited declined SMN
levels under VPA regimégBrichtaet al. 2006) More recently, VPA was tested in a phase Il
openabel clinical trial with 42 SMA patients (2 AM/pe |, 29 SMA type Il and $MA type
ll1) (Swoboda et al. 2009)in conclusionVPA was well toletad. In some cases motor
function decreased due to weight gain, but in the majority of younger SMA type Il cases the
mean motor score increased significantly. Unexpectedly, no chang&ViN2 expression
could be detectedon RNA level. However, againgie background of previous findings
(Brichta et al. 2006)he question may be raised whether a more differentiated analysis of
individual patients would have led to a more convincing outcome. Furtherm®hkaiN2
expression has nideen stratified in the tested patients. Without determination of a proper
basal levelit is hardto draw any final conclusion as to whethéPA affectSMN? levels or
not. Trese points have to be addresssthce in a study VPA treatment of SNMiKe mice
clearly improved motor function and mot@voked potentials as well as decreased motor
neuron degeneratiorfTsai et al. 2008)

1.6.2 Further therapies targetingSMN2
1.6.2.1RNAbased therapy

Since the detrimental difference bseen SMN1and SMN2is the splicing of exon 7,
modulation ofSMN2pre-mRNA splicing has come into focus. Based on the tremendous work
which has been spent on the understanding S¥IN2exon 7 skipping, several antisense
oligonucleotides (ASO) strategi¢gmve been developed to correcSMN2 splicing. For
examplein vitro blocking of the 3" splice site (ss) of exon 8 with an antisense probe altered
the competition of exon 7 and 8 for the joining with the 5°ss of exon 6 in such way that exon
7 was included in merthan 53%Geib and Hertel 2009; Lim and Hertel 200A)rthermore,
in vivostudies usingSMN2transgenic mice demonstrated that injection of ASOs targeting
the ISS in intron @&fficiently correctsSMN2splicing(Hua et al. 2008)
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The classical ASO approach was further extended by the creation of bifunctional RNAs
binding SMN2exon 7. In addition to the antisense sequence, these bifunctional RNAs also
contain ESE sequences asvalently bound peptides functioning as binding platforms for
SF2/ASF or hTRA2 to increase exon 7 inclusigBaughan et al. 2006; Baughan et al. 2009;
Marquis et al. 2007; Skordis et al. 200B) sucha way, it has been shown that addition of
ESE sequences to an antisense U7 snRNAs imateganto the U7 snRNP leads to nearly
complete reinclusion oSMN2exon 7 (Marquis et al. 2007)As a proof of principlea
bifunctional RNA covering the negative splregulator E1 in intron 6 wasjected in SM-
like mice. Although SMN levels were more thafol?l increasedthe impact on survival was
rather low (+10%]JBaughan et al. 2009However, it could recently be demonstrated that
direct infusion of an ASO targey ISSN1 in intron 7 via a microsmotic pump into the
lateral cerebral ventricle in aduBMNZ2transgenic miceesulted in a robust and longsting
increase in exon 7 inclusion. Moreover, a single neonatal or embryonic dose rescued the tail
and ear neassis in SMAike mice(Hua et al. 2010)

Furthermore, secalled transsplicing (ts) RNAs have been develop&hnceptually
thesets-RNAs relyipon splicing between the target RNA and the therapeutic RNA providing
the correct RNA sequence. Using this system to add exon 7 to the nBMIZMRNA it
could be demonstrated that tRNAs increasel-SMN2levelsin vitro andin vivo (Coady and
Lorson 2010; Coady et al. 2007)

1.6.2.2Gene herapy

Another approach to treat SMA is the delivery SifINinto the CNS of SMhike mice
using adeneassociated vectors (AAV) to complement the lacKwin Injection of an AAV8
vector encoding humaisMN1(AAVBhSMN) into the CNS of newborn mice increatiesl
survival from 15 to 50 days. Furthermore, myofiber size and NMJ architecture were
substantially improved. Moreover, injection of setimplementary (sc) AAV8 vector
improved efficacy of gene therapy to a median survival of more than 150(Bagsini et al.
2010) More recent results conjecture that -#AV9 vectors encoding fdMNZlare the
vectors of choice. Injection significantly improved motor function, NMJ architecture and the
cardiac phenotype of SMkke mice. In line with the previous resujtsiedian survival was
extended from approx. 15 to more than 100 dgfaevan et al. 2010; Foust et al. 2010)
even 200 daygValori et al. 2010)

1.6.2.3Drug therapy

Although data from ASO or gene therapy experiments sound quite promising
ambiguous whether one of these approaches wiltmme stateof-the-art therapyfor SMA
due to the unknown sideffects. Therefore, several small molecules have been developed
and identified targetingsMNZ2or the SMND7 protein, respectively.
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A SMN2promoter induction

In addition to SMNZ2 splicing and stabilization of the SNOX protein, also several
compounds have been identified which elevat8¥N2expressionin vitro. For example, it
has been observed that treatment dBMA fibroblasts withb2-adrenoreceptor agonist
Salbutamol rapidly increaseBl-SMN2 levels and subsequently elevates SMN protein
(Angelozzi et al. 2008 Moreover, based on the identification of an interferogspmse
element (IRE) in th&MN2promoter it could be shown that treatment with either the
interferon IFNb or IFN;g elevates SMN levels merelyfdld (BaronDelage et al. 2000)
Lastly, a compound screening campaign resulted in the identification of quinazolines which
more than doubledSMNZ2promoter activity(Jarecki et al. 2005)

A SMN2splicing

Several compounds have been identified to al@&¥wIN2splicing and to increase the
amount of fulllength SMN protein derived froBMN2 By screening a compound library
Aclarubicin was identified to stimulatencorporation of exon 7 in SMAbroblasts and
NSGC34 cells(Andreassi et al. 2001)Presumably via STAT5 activation the phosphatase
inhibitor NaVanadate has been demonstrated to increase exon 7 inclusimitro (Ting et
al. 2007; Zhang et al. 2001 Moreover, the cytostatic drug hydroxyurea (HU) has been
tested in vitro and in vivoas a putative SMA drug. Although the exact mode of action is
poorly understood F.-SMN2 levels were increased in-lpmphoblasbid cells from SMA
patients (Grzeschik et al. 2005)However, in SMApatients treated with HU only slight
improvements were observedout these YI 83X & (GKS | dziK2N& |
YS I y A y(Hdn&et &l.2008)

A SMN protein

Several aminoglycosides like Tobramycin or Geneteve been identified to post
transcriptionally elevate SMN levels by inducing rfadugh of the first stop codon in exon
8 of SMN2D7 (Heier and DiDonato 2009; Mattis et al. 2006; Wolstencroft et al. 20R&3ad
through leads to an elongatedt€rminus of the SMIN7 protein, thus increasing its stability
(Wolstencroft et al. 2005)In subsequent studies using the aminoglycosides T@00iXq
improved motor function was recorded and survival increased significantly by(ld@#ts et
al. 2009a; Mattis et al. 2009blrurthermore, it has been suggested that inhibition of SMN
turnover by MG132 may be beneficial for SMA patients, but this has not yet been tested
vivo(Chang et al. 2004)

1.6.3 SMN2-independent therapies
1.6.3.1Neurotrophic agents

Riluzole, a small benzothiazol which antagonizes the effects of the neurotransmitter
glutamate, was proven to be safe and effective in patients with AltBough Riluzole



improved median surval and NMJ architecture in SMike mice(Haddad et al. 20030
such effect was detected in Riluzdaleated SMA patientsHowever, only 10 patients were
enrolled during the clinical trial thus questioning the final conclusighsssman et al. 2003)

In another approach targeting synaptic transmissi@MAlike mice were trated with
NMDA (NMethyl-D-Aspartate) to activate the glutamatergic NMBéceptors (NMDAR).
NMDA improved NMJ maturation, induc&&MN2expression in the spinal cord via CREB
activation and reduced motor neuron apoptogigiondi et al. 2010)Furthermore, the role of
neurotrophic factor CNTRyhich is typically secreted by Schwann cells, was investigated in
SMAlike mice(Simon et al. 2010However, since systemic treatment of ALS patiemith
CNTF elicits severe sidfects such as fever and cachexizating SMA patients with CNTF
is not feasibl§ACTS 1996)

1.6.3.2Stem celtherapy

The underlying idea of using stem cells in SMA therapyo i®ither replace the
degenerateda-motor neurons or to support the remaining cells by the addition of neural
stem cells.Injection of spinal cord neural stem cells (NSC) in -Bk&Amice improved
neuromusclar function and increased lifspan by 40% from 13 to 18 days. Although NSC
migrated into the parenchyma and generated a small proportion of motor neyrtmes
FdzGK2NBR aL)SOdz S GKFEG GKS GNryaLXlyiaSR OS¢t f
and provide neuroprotective substances than replace degeneratedotor neurons(Corti
et al. 2008) The latter hypothesis was underlined by the observation that using embryonic
stem celderived NSC, which deto a similar amelioration of thehenotype, exhibited
markedlyincreased levels a$ecretal neurotrophic factors(Corti et al. 2009)Recently, it
wasshown that it is possible to reprogram fibroblasts by the ectopic viral overexpression of
the four factors Oct3/4, Sox2 Klf4 and c-Myc into induced plugpotent stem cells (iPS)
(Takahashi et al. 20073ubsequentlyalso SMAibroblasts were successfully reprogrammed
and in vitro differentiated into motor neurons expressing choline acetyltransferase (ChAT)
(Dimos et al. 2008; Ebert et al. 2008)though these data are promising, it remains elusive
whether injection of (pre-differentiated)iPScellsinto a SMApatient is indeed a therapeutic
option. Egeciallythe ectoptic ove-expression of several oncogenes is a risk factor which
should not be underestimated.

In summary diverse therapeutic approaches are currently ongoing or under
investigation. Among these, the HDACI discussed in settthd have an exceptional role,
since they are widely used in cancer therapy. The knowledge gained from these clinical trials
helps to improve and increase safety in any putative SMA clinical trial. Furthermore, some of
them, like VPA, are long knomdrugs whiti already have undergone intensive clinical
testing. In addition, thein vivotesting of the HDACI in SMike mice did not eveal any
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severe sideeffects. Nevertheless, the two clinical trials with VRBrichta et & 2006;
Swoboda et al. 2009)nderline the need for a better understanding lodw and why VPA
elicits its action as an HDACI in SMA patients. The deegerstanding of the cause of nen
responsiveness would not only have great benefit for SMA therbplalso improve the

VPA therapy of other diseases like epilepsy or bipolar disorder. Furthermore, alternative and
ideally more potent SMA drugs are still desperately needed to improve and advance future
SMA therapy.
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2. Study aims

Nowadays, proximal spinaduscular atrophy is the leading genetic cause of infant death.
Although much research has been spent on it, there is no cure available yet. The underlying
geneticfactor of SMA is the functional absence of thervival motor neuron {SMN2J gene.

While it generates nearly 100% fdéngth transcripts ELSMN the majority of transcripts
produced by the almost identical copy geB®N2lack exon 7 due to alternative splicing.
NeverthelessSMN2still produces around 10%l-SMN While this is not enough t@revent
diseaseonset, it issufficient to ameliorate the SMA phenotype. The m&®IN2copies are
present in a SMA patient the mildes the SMA phenotype. Based on these observations
SMN2becamenaturallya major target of SMA drug therapy.

Histone deacetyse inhibitors (HDACI) have been shown in numerous studies to activate
SMN2expression and in addition to modulate its splicing pattern which in combination
boosts FLSMN2levels. Among the testetHDACi the sho#thain fatty &id Valproic acid
(VPA) hagroven its efficacy as an SMA drungvitro and alsoin viva In a first pilot clinical
trial by our group around/; of VPA treated SMA patients responded posliiveeaning that
SMN levels were elevated in blood. In contrast to that in anotherof patients SMN
amounts dropped whereas in the lattdf; no change at all was detected.

The primary aim of theresent work was to identify the underlying cause why some SMA
patients react positively to VPA treatment whereas others do not. To investigatéssies
fibroblast lines from SMA patients included in st pilot clinical trial were established and
their response to VPA treatmershould be characterized in detaiby evaluation ofSMN2
DNA, RNA and protein level. Furthermore, transcriptomes of fiastblines responding
positively or negatively to VPA were supposed to be compared by differenigatay
analysis. Potential differentially expressed gerst®uld beselected and their role and
impact in VPA treatment should be analyzedutcoverthe underlying cause of VPA none
responsivenesslhe identifaction of the cause of the differential response to VPA may le
to the identification of biomarker which allows estimation of the therapeutic outcome
before therapy has actually started.

Since the qudson remains open whether a deeper understanding of VPA treatment will
lead to the identification of a switch which controls the response to VPA also another
putative SMA drug should be characterized. LBH589 is a seceihdgeneration HDACI
which exhibied a promising pharmacological profile in various malignancies. Its impact and
mode of action were supposed to be characterized in detail to allow dea&iont potential
evaluation ofLBH589n vivoin SMAlike mice.



Material and Methods

3. Material and Methods
3.1 Celllines

Forall primary human fibroblast cell lines used throughout this sfladgenetic analysis
was carried out and informed written consent was gi\®/ the respective subjects or their
legal guardians. All SMA patientsho donated human materialfulfilled the diagnostic
criteria for SMA(Munsat and Davies 1992)nd carry homozygouabsenseof SMN1 as
determined by routine molecular testing. The numberSMNZ2copies wasneasuredusing
DNA isolated from EDTA blood samples collected from the respective d&xaict
determination of SMN2 copies using eithergRFPCRor MLPA was carried out in the
diagnostic laboratory of thénstitute of Human Genetiaga Cologng(Feldkotter et al. 2002;
Tomaszewicz et al. 2009 list of all fibroblast lines used in this work is givefale3 on
the next page

3.2 Mouse inbred strains

Throughout this studytwo different SMAlike model mouse inbred strains were
employed:

A FVB.CgrgBMN22Hung Smnininungdd (purchased from Jackst Laboratory;
#005058)
In this mouse model th&mnlocus is disrupted by 1.6 kb deletion targeting
Smnexon 7using all5 kb large BA€lone integrate (clone 7¢ontaining the
SMNZ2gene as well ablAlIPand SERFINoteworthy, 2XSMN2copies are present
per BAC integratéHsiehLi et al. 2000) In the followingthese mice were termed
as SMA.ung mice. These mice were originally on a mixed background, but were
backcrossed by the Jackson’s Laboratory onto a pure FVB/N bac#igrou

A FVB.CggSMN289Ahmb Smninimsdd (kind gift from Michael Sendtner,
Wirzburg / Jackson’s Laboratory; # 001800). In this mouse modé&rimgene
was disrupted by homologous recombination of the targeting vector intoShmn
exon 2(Schrank et al. 1997The SMN2transgene, which is only present as a
single copy per integrate, is located on 35.5 kb large-&t&@& BamH1 fragment
(clone 215P5). These mice were originally published on a C57Bl 6J background
(Monani et & 2000) but were later on backcrossed onto a pure FVB/NJ
background. In the following these mice were termedSidAs ghesmice.

Animals were housed in mictieolation chambers in the mouse facility of the tmstitute
of Geneticsn Cologne. All micerere humanely euthanized according to the guidelinces set
forth by the Landesamt fur Natur, Umwelt und Verbraucherschutz NRMuse breedings
and experiments were approved by the local animal protection committee and were
performed under the reference nuber 9.93.2.10.31.07.292.
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Fibroblast line  Phenotype  n(SMN1) n(SMNZ2) é‘:iiggirt';_
ML16 SMA type | 3
ML17 SMA type | 2
ML86 SMA type | --- 2 ---
ML95 SMA type | 2
ML111 SMA type | 2
ML108 SMA tye | 3

ML5 SMA type Il 3
ML62 SMA type Il 3 P10
ML65 SMA type I --- 3 P12
ML60 SMA type Il 3 P5
ML67 SMA type Il - 3 P8
ML71 SMA type I 3 P6
ML72 SMA type Il 3 P7
ML59 SMA type Il 3 P13
ML73 SMA tye Il 3 P14
ML79 SMA type I 3
ML89 SMA type I 3
ML94 SMA type I 3
ML96 SMA type I 3
ML104 SMA type I n.d.
ML105 SMA type Il 3
ML110 SMA type Il n.d.
ML69 SMA type Il --- 4 P4
ML82 SMA type llla 3
ML103 SMA type llla --- 3 ---
ML100 SMA type lllb n.d.
ML106 SMA type lllb --- 4 ---
ML49 Carrier 1 2 C5
ML53 Carrier 1 1 C1
ML63 Carrier 1 2 C7
ML66 Carrier 1 3 C9
ML68 Carrier 1 2 C4
ML75 Carier 1 3 cS8

ML6 healthy 2

Table3 Primary fibroblast lines derived from skin biopsiesf SMA patients and carries used
throughout this thesis. Clinical diagnosis and number®f#Nland SMN2copies measured
either by gRTFPCRor MPLAare given. In the casgatients were included in the VPA pilot
study by (Brichta et al. 2006}he respective identfier is given in the last columifn.d. = not

determined).
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3.3 Equipment and chemicals

3.3.1 Equipmern

The following equipment was used throughout daily laboratory routine.

A
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Centrifuges:

Spectrophotometer

Cuvettes

Microplate reader
Luminometer
Thermocycler
Realtime thermocycler

Floating waterbath
Electrophoresis chambers
o Agarose gels
0 SDSPAA gels

Western blot chambers

Autoradiography cassette
Developer machine
Power supplies

Imaging Systems
Bacterial incubator
o0 Shaking incubator

o Standard incubator
Tissue culture hood
Cell incubator
Transfection apparatus
Cell counting chamber
Heating shaking block
Shaker

Allegra X2R

5415 D

5415 R

Avani J20XPI
BioPhotometer
NanoDrop NELOOO
U\-Vette

Safire2

Glomax
DNAengine Tetrad 2
LightCycler 1.5
ABI 7500 Tagman
FBC620

SGED20-02
Mini-Protean 3 cell
Protean Il xi
Mini-Protean 3 cell
Trans blot tansfer cell
Developer cassette
Curix 60

PowerPac 1000
PowerPac HC
ChemiDoc XRS

Innova 44

Kelvitron T

Hera Safe

Hera Cell 150
Nucleofector
Neubauer chamber
HTMR133

3015

VS.R23

Beckman Coulter
Eppendorf
Eppendorf
Beckman Coulter
Eppendorf
Peglab
Eppendorf
Tecan

Promega

MJ research
Roche

Applied Bigystems
FisherBrand

CBS scientific
Biorad

Biorad

Biorad

Biorad
Siemens
Agfa

Biorad

Biorad

Biorad

New Brunswick
scientific
Heraeus
Heraeus
Heraeus

Lonza

Optik Labor
HLC

GFL

Grant BOEKEL



A
A

A

pH meter pH level 1
Microscopes
o Inverted microscope Leica DMIL

0 Fluorescene microscopaxioplan 2
Tissue homogenizer

3.3.2 Chemicals

2 KSYSGOSN) LI2aarotfsSs

Basic Ultralurrax

2yte
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inoLab
Leica

Zeiss
IKA

OKS YOI 6 SN A deXKS K KB2

experimentsdescribed in this work. All standard chemicals and organic solvents were
purchased from the followingompanies:

A

> > > > > P>

A

Sigma Aldrich Taufkirchen
Roche Molecular Biochemical§annheim
Life sciendformerly Invitrogen) Leek
Merck, Darmstadt
Amersham, Freiburg
Qiagen, Hilden
AppliChem, Darmstadt
Roth, Karlsuhe

Germany
Germany
Netherlands
Germany
Germany
Germany
Germany
Germany

For RNA isolation and analysisly RNasdree chemicalsvere used.

3.3.3 Frequently used kits

The followings kits were udehroughout routine lab work:

A

> D> D> D> D> D> D> D> D> D> D> D> P

LowCell ChIP Kit
PowerSYB green PCR Master Mix
BigDye Teminator V1.1 Sequencing Kit

LightCycler FastStar DNA Master SYBR green |

FastStart HighFidelity P&ystem
QIlAshredder

RNasdree DNase | Set

RNeasy Mini Kit

QuantiTect Reverse Tramgation Kit
QiaQuick PCR Purification Kit

Qiagen MiniPrep Kit

EndoFree Plasmid Maxi Kit
pcDNAS3.1v5-His TOPO TA Expression kit
Quant-iT RiboGreen RNA assay Kit
Superscript VILO

SuperSignal West Pico ECL Substrate

Diagenode
AppliedBiosystems
Applied Biosystem
Roche

Roche

Qiagen

Qiagen

Qiagen

Qiagen

Qiagen

Qiagen

Qiagen

Invitrogen
Invitrogen
Invitrogen

Pierce
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DD D> > D> D

>\

BCA Protein Assay Reagent
Nucleofector Kit for primary mammalian fibroblastd.onza
CytoTox 96 nomadioactive cytotoxicity assay
ProteasomeGlo3-Substrate CelBased Assay SysteRrtome@
PepTag Assay for neadioactive Detetion of PKA Promega
QBT Fatty Acidptake Kit

CatchPoint Cych8MP fluorescent assay kit
EpiQuik Global Histone H3 acetylation assay

3.3.4 Reagentauused formolecularbiology

A Reagents for the work with nucleic acids

o

O O O O O o

o

Oligo d(T) primers 0%/
100 bp DNA Ladder

1 kb DNA Ladder
Agarose

GTG lowmelting agarose
TBEbuffer (10x)

dNTPs

Ethidiumbromide

A Reagents for the work with proteins

o

O O O O O O o o o o o

o

PageRuler Plus

Nonfat dried milk powder
RIPAbuffer

Camplete Mini Protease Inhibitors
Leupeptin

Aprotinin

Aqua plus (29:1) Acrylamide
Ammoniumpersulfat

SuperSignal West Pi&CL Substrate
Coomassie Brilliantblue-£50
Bovine serum albumin (BSA)
Ponceau S

Restoe Western Blot Strippinguifer

A Reagents for the work with bacteria

o

Ampicillin
Kanamycin

Bacto Trypton
BactoYeastExtract

Pierce

Promega

MolecularDevices
Molecular Devices
EpiGentek

Fermentas
Invitrogen
Invitrogen
Sigma

Nu Sieve
AppliChem
PegL&
AppliChem

FermentagySM181)
AppliChen(2710453)
Sigma

Roche

Sigma

Signa

AppliChem 0989
AppliChem

Pierce

AppliChem

Sigma

Sigma

Pierce

Sigma
Sigma
AppliChem
AppliChem



3.3.5 Reagents and supplies for cell culture

A 1xPB®ulbecco w/oC&", Mg, low endotoxin
A TrypsinEDTASolution

A DharmaFECT 1 Transfection Reagent

A Dimethylsulfoxide DPMSQ

A Disposable Filter Unit 0£2m FP30/0.2 G&S
A n -Diamidin2-phenylindol (DAPI)

A Thiazolyblue tetrazolium bromide (MTT)
A Amphotericin B

A Dimehtylformamide (DMF)

A Fetal Calf Serum,

A Pertstrep (Penicillin Strepmycin)

A Opti-MEM

Material and Methods

Biochram (L1825)
Sigma(T3924)
Dharmacon(T-2001)
Sigma

Whatman

Vector LabgH-1200)
Sigma

Gibco

Sigma

Biochrom AG
Invitrogen
Invitrogen(31985)

For individual cell culture medium formulation, contents and suppliers please st
For reagents which were used in specific experiments such as Hi@aAGient please se

Tabk 13.

3.3.6 Reagents for HP:RIS/MS

A Methylene chloride Sigma(65463)
A Triethylamine (TEA) Sigma(17924)
A 2-chloro-1-methylpyridiniumiodidegcas 143382.0) Sigma(198009
A 4-dimethylaminebenzylamindihydrochlorideas sa03526)  Sigma(285633)
A Acetonitrile (ACN) Sigma(34998)
A Formic acid AppliChen(3536)
A HPL@urified water Sigma(34877)
A Perdeuterized valproic acid {gVPA)psa91) CDNisotopes
3.3.7 Enzymes
The following enzymes were used throughout thisdst
A Tag DNA Polymerase Recombinant Invitrogen
(10342020)
A RNasdree DNase | Qiagen(79254)
A Exonuclease | NEB(M0206)
A Shrimp alkaline phosphatase | (SAP I) NEB(R0569)
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3.3.8 Purchased vectors

A Myc-DDKtagged ORFahe of Homo sapiesnlGFBP5 OrigengRC20379y
in pPCMV 6 entryFigure66)
3.4 Antibodies
3.4.1 Primary antibodies
. . Blocking ., .. Incubation . Product
Antibody Host species reagent Dilution fime Supplier number
a-SMN mouse, monoclona| milk | 1:2,000 2h BD labs S55920
a - -Actin | mouse, monoclonal milk |1:15,000 1h Sigma Al1978
a - -tubulin | rabbit, polyclonal | milk | 1:2,000f 1h Sigma T2200
a hTRA2 b| rabbit, polyclonal | milk | 1:2,000f 2h produced by Epigentsh
a SRP20 | mouse, monoclona] milk 1:200 o.n. Abnowa H00|\382428
a SF2/ASF rabbit, polyclonal | milk | 1:1,000| o.n. Abcam ab-38017
a -Gemin2 | rabbit, polyclonal BSA 1:200 o.n. CIND MANSIPla
a Gemin3 | mouse, monoclona] BSA 1:250 o.n. Santa Cruz sc57007
a PKAat rabbit, polyclonal | milk 1:200 o.n. Abcam ab-65067
a -ODC | mouse, monoclonal milk | 1:1,000 2h Abcam ab-66067
a Ubiquitin | mouse, monoclonal milk | 1:1,000| o.n. Santa Cruz sc58448
a P53 mouse, monoclonal milk 1:250 o.n. Abcam ab-78316
a-SMN rabbit, polyclonal | milk 1:250 o.n. Santa Cruz s¢15320
a-RAR rabbit, polyclonal BSA | 1:1,000| o.n. Abcam ab-53161
a-CD36 rabbit, polyclonal BSA | 1:1,000| o.n. Santa Cruz sc7309
a-IGFBP5 *| rabbit, polyclonal | BSA | 1:100 o.n. Santa Cruz sc13093
a-SMN (used for fluorescene
(FITQabelled) mouse, monoclona microscopy see3.8.2) BD labs 610646
a-H3K9ac | rabbit, polyclonal (used for ChIP, se210.2.9) Diagenode | pAb005-044
Table4 List of primary antibodies used tlmughout this study. * whenever tha-RAR antibody was
used the NaCl concentrationin the TBST buffer wasincreased from 137mM to 500mM
during antibody incubation
. . BIocking A Incubation .
Antibody Host species reagent Dilution ™" o Supplier Product number
a-mouse 1gG goat milk/BSA 1:10,000f 1h Dianova 11535000
. . ] GE
a-rabbit IgG donkey milk/BSA 1:5,000 1h healthcare N934AV
Table5 List of secondary HRRbeled antibodies which were used for the detection of primary

antibodies listedabove (Table4).



3.5 Solutions and media

3.5.1 Media for eukaryotic cell culture

Media for primary human fibroblasts (for 556,4ml):

A
A
A
A

Media for murine embryonic fibroblas{sor 555,5ml)

A
A
A
A

1XxDMEM +4500"Y, D-Glucose, +Glutamire,

+Pyruvate

Fetal calf serum (FCS)
Penicilin/Streptomycin
Amphotericin B (2569 )

IXDMEMb D f dzii I a4500™¥,D-Glucose

+Pyruvate

Fetal calf serum (FCS)
Penicilin/Streptomycin
b-Mercaptoethanol (10mM)

Material and Methods

500ml (Invitrogen #41966)

50ml (Biochram)
5ml (Invitrogen
1.4ml (Promocell

500ml (Invitrogen #31966)

50ml (Biochron)
5ml (Invitrogen
555ul (Applichem

Media for stably transfected NS32 SMN blecels (for 557 ml)(3.10.5:

A

D> > D

1xDMEM+ 4500™Y, D-Glucose, +-Glutamine,

+25 mM HEPES buffer
Fetal calf serum (FCS)
Penicilin/Streptomycin
AmphotericinB (250" )
G418 (500" )

500ml (Invitrogen #42430)
50ml (Biochron)

5ml (Invitrogen

1.4ml (Promocell

557ul (Gibcq

Media for siRNAransfection of primary human fibrobsss:

A

Freezing media for eukaryotic cells (fomi):

A
A

3.5.2 Frequently used buffers and solutions

A 10%Ammoniumpersulfatesolution(10 ml)

A 6% Blocking solutiof100 ml)

A

Opt-MEM

DMSO
Fetal calf erum (FCS)

1 g APS in 10 rdH:0

(Invitrogen #31985)

100ul (Sigma
900ul (Biochrom)

M c -dry rilk gowder or BSA in 100 ml TBS

DEPE+,0(1 I)

M m Y Bdadinaeit 1U8dk0, mix o.n. then autoclave
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A 100mM dNTPMix (1 ml)
M MHZIp xf &dEddSOOKmMIRb ¢t =
A LBMedia(2 )
M un 3T . 0G2 ¢ XehstExiayt,>10 giNaadfist pHtaYib 2
then autoclave, store at 4°C
A LB-Agar(500 ml)
M p n n -Média, 1.5.g Agar, autoclave and store at 4°C
A 1 M Tris pH=6.8400 ml)
M cn 3 ¢ NAa&D, ddjisRoH to6,8 fill Wit to 480 ml
A 1.5 M Tris pH=8.8(00 ml)
M dndp 3T ¢ NRAD,AadjustRpo 88 silhyp toy400 ni |
A TE'buffer (100 ml)
M M Y ¢NARA LITydns Hn  Xxt6100idip a 95¢! L

A Bradford solutior(1 I) A 10x DNA loading buffé60 ml)
o0 100 mg Coomassie Bril o 10 ml 100 mM EDTA
liant Blue G250 (pH 7.28.5)
o 100 ml HPQ, (85%) 0o 2.5ml20% SDS
o 50 ml EtOH (95%) o 28.7 ml Glycerol
A 2x Laemmli buffe¢100 ml) o 0.05 g Bromphenol Blue
o 0.757 g TridBBase 0 Add ddHO to 50 ml
0 20 ml Glycsn A TBSTween(1 )
o0 10 mg Bromphenol blue 0 2.429Tris
o 69gSDS o 8g NacCl
0 (Prior to use)lO mibMe o 5 ml Tween 20
0 AdjustpH to 7.56

3.5.2.1Buffers used in combination with the MirProtean 3 cell

A 10x Electrophoresis buffét 1) A Transfer buffe(5 )
o 30.29 g TridBase o 12.1 g TridBase
0 144.13 g Glycine 0 56.3gGlycine
o 10gSDS o 1I1MeOH
0 AdddHOto 1l 0 Add dHO to 5l

3.5.2.2Buffers usedwith Protean Il xi cell and Trans Blot electrophoresis cell

A 5x Electrophoresis buffés I)
0 45 g TrisBase
o0 216 g Glycine
o 159 SDS
0 AdddHOto 31



A Transfer buffe(1 I)

o 3.03gTris
0o 14.4 g Glycine
o 200 miMeOH
o0 AdddHOto1ll
Sepaating & stacking gel for bth SDSPAGEchambers
12% sepeating gel 4% stacking gel
Mini Cell Protean Il xi Mini Cell Protean Il xi
5ml 25 ml 2ml 5ml
dH,O| 1.7 ml 8.375ml | 1.4 ml 3.05 ml
Acry'?Z”;':‘ii 2 ml 10m | 330u | 650l
1.5 M TrigpH=8.8 1.3 ml 6.25 ml
1 M TrispH=6.8 250 ul 1.25 mi
10% SD| 50 ul 250 pl 20 pl 50 pl
10% APy 50 pl 250 pl 20 pl 50 pl
TEMELD 2l 10 pl 2 pl 5 pl

Table6

Material and Methods

Recipes for the preparation of SDFAA gels5 ml gels were run at 5200 V, whereas25 ml

gels were run at an amperage d8 mA. Blos of 5 ml gels were performed at 30 V o.n. and

those of 25 ml gels at 100 mA o.n. at 4°C.

3.6 Primersand siRNASs

3.6.1 Primers

All primers used in this thesis were designed usingRhimer Selectoftware conained in
the Lasergene packagBNA Star Ingor by hand. Primers were purchased from Metabion.

Transcript  Ensembl ID { SIjdzSy O0S o6p ID# Name T
fwd | CCA CCA CCC CAC TTACTA 1449 | SMN ex5 for
SMN FL | ENSDARG000000184 63°C
rev | GCT CTA TGC CAG CAT TTC| 3054 SMN—EXW 8_re
fwd | CCA CCA CCC CAC TTA CTA SMN ex5 for
SMN FL | ENSDARG000000184 1449 61°0
rev | GCT CTA TGC CAG CAT TTC| 1450 | SMN Ex 6/8 re
fwd | CCG AAG GCATTATACC( 2836 | Htra_fwla
ENSG00000136527 = °
hTRAZ1 rev CTC AGC CCAAATACT ( 2841 | Htra_revia 63°C
fwd | CCG TGC GCT AGG CTT GQ 3412 | SF2/ASF fwd
F2/ASH ENSG00000136450 @
sl rev| CCC CCG CGG CGATTCT1 3413 SF2/ASF Gert
fwd | GAA CGG GCT TTT GGC TAQ 3414 | SRp20 fwd
SRp20 | ENSG00000136450 3 P 61°0
rev | TGG GCC ACG ATT TCT ACT| 3415| SRp20 rev
fwd | GCC TGA GGA GCC ATT TTG 3410 | hnRNP Al fwd
hnRNP A] ENSG00000135486 61°C
rev | AGT GGG CAC CTG GTC TTT 3411 | hnRNP Al rev
fwd | CGA CGC GGG GAG GCT AT c-Myc fwd
c-Myc ENSG00000136997 3607 y 69°C
rev | GTC GCG GGA GGC TGC TG| 3608 | cMyc rev
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fwd | CAG GGG CCC CAG GAC TT4 3605 | Collagenlllavd
CoI3A1 | ENSG00000168542 68°C
rev | GGG CCA GGA GGA CCA AT/ 3606 | Collagetila rev
fwd
RPS12 ENSG00000112306 CGC AAG CCG AAG AAG CC( 3588 RPS12 fwd 61°0
rev | GCC CCC AGC CGT CAC TTQ 3589 RPS12 rev
fwd | CCG GCG GGT GAT GCT G( 3774 PKA fwd
ENSG00000072062 °
PKAcas rev | CCG ATC CGC CGTAGG TG 3775 PKA rev 2
) fwd | CCGGTAGAGCCTTGCGA TTl 3399| Gemin2 fwd
Gemin2 | ENSG00000092208 : 64°0
rev | CCACTTGTTGCTGTTGCCAT| 3400 Gemin2 rev
. fwd | GGAGGGACCCCATT TCACA 3405| Gemin3 fwd2
Gemin3 | ENSG00000064703 : 65°0
rev | CTGGCAGGCAAGGAAGAATA 3406 | Gemin3 rev2
Table7 Primers used fogRFPCFRon the LightCycler 1.5 machin®¢chg.
Transcript Ensembl ID { SljdzSy O0S op| ID# Name
fwd t aag cga aaaagtggd 3798 TMTC2 fwd
TMTC2 ENSG00000179104 919 999 aag cga 999 99
rev gag ggc agc agc ggc aac aa | 3799 TMTC2 rev
fwd t ggt tca tct
TCR ENSGO0000163235 agt ggt gcc ggg cec tecatctg | 3800 TGFA fwd
rev cca cct gge caa act cct ¢ty 3801 TGFA rev
fwd cgc ccc ggce tgg att gg 3802 RARB fwd
ENSG00000077092
RAR rev ttt ggc acg tag gct gtt ggt ctt 3803 RARB rev
fwd ggc cgg ccc acc aag aag ta | 3804 | PITPNM3 fwd
PITPNM3| ENSG00000091622
rev ctc cag cgcggc cag gtgtge | 3805 PITPNM3ev
fwd tgg ccg gca age aga gc 3806 | MAB21L1 fwd
MAB21L1| ENSG0000018066
rev tgg ccc gge agt tca agg tg 3807 MAB21L1 rev
fwd aaa tgg gca ccc acg ctg tat gtc| 3808 | LYPD6bnew fwd
LYPD ENSGO0000015055
6b rev ggc caa tga ctc atg cag gtc tgt| 3809 | LYPD6bnewev
fwd t t
LYPD6 ENSGO00000187123 ccg age atg aag gec aca agg tdf 3810 LYPD6 fwd
rev| ttt cgg ggc agt ggc aag ttacag| 3811 LYPDG6 rev
fwd t tg gt LOC404266 fwd
LOC40426| ENSG00000233101] cccgggcgtogegiggie | 3812
rev| agggggtggggaagggaatgag] 3813 | LOC40266 rev
fwd|  ccctcg gac ata cca aga tit aga| 3814 | KIAA1772 fwd
KIAA1772| ENSG0000014144
rev tcc aag gec gtg cga gtt a 3815 KIA1772 rev
fwd gct gtc gtt cce cet cec cetcte | 3816 HOXD11 fwd
ENSG00000128713
HOXD11 rev Cccc cca acc cgg ccc aac ttc ctgd 3817 HOXD11 rev
fwd caa aac cgc cga atg aaa ctc | 3818 HOXD10 fwd
HOXD10| ENSG0000012871
rev gaa cgc ggt gcc cec tet ¢ 3819 HOXD10 rev
fwd|  tcc cgg cac caa ctc cac cct cad 3820 HOXB3 fwd
ENSG00000120093
HOXE3 rev acc gcc gec gec acc aca g 3821 HOXB3 rev
fwd ccg gcet get ggg ggc gte tg 3822 GALN12 fwd
ENSGO00000119514
GALNT12 rev| catcaatcaccgggcacaccactg 3823 GALN12 rev
fwd t ggt t gt
EPHA4 | ENSGO000011610 gga agg cgt ggt cac taa atg taa] 3824 EPHA4 fwd
rev atg ccc acc agc tga atg act 3825 EPHA4 rev
fwd t t t
DIC® ENSG00000211448 9gc tga ccg cat gga caa taa o 3826 DIO2 fwd
rev cca gcc aat gcc gga ctt ctt 3827 DIO2 rev
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fwd gcg tgg gct ceg tee tet tet tg 3828 | C1l1lorf87 fwd
Cllorf87 | ENSG00000185742
rev cgg cgc cct ggc act cat tg 3829 C11orf87 rev
fwd cag cct cat ttc cac ctt ttg 3830 CD36 fwd
D EN%00000135218
CD36 rev cct ttc aga tta acg tcg gat tc 3831 CD36 rev
fwd cca ccc ccaacg ccatctcca | 3832 IGFPB5 fwd
IGFBP ENSG00000115461
G 5 rev | cacccccaagcaaccaccgaaal 3833 IGFBPS5 rev
fwd |  gca gac ctc aac gcc aaa gac ai 3834 ANKRD1 fwd
ENSGO0000@B677
ANKRD1 rev ccg cgc cat aca taatca gga gt| 3835 ANKRD1 rev
| fwd cca cag gcc gag aag gag aa 4017 PPARg fwd
PPAB |ENSG000001321 9 9¢c gag aag 9ag aag g
rev cca ggg ccc gga ggt cag 4018 PPARg rev
fwd ttc tt cttgctactaaact | 4019 MCT1 fwd
MCT1 | ENSG000001553¢ 9999 9¢10
(SLC16A1) rev gct tgg gee cga ttg gtc 4020 MCT1 rev
fwd agc cgg ccg gtg gtg ata 4021 MCT2 fwd
MCT2 | ENSG000001185¢ gc ©99 £¢0 919 g9 ala 9
(SLC16A7) rev taa ggc ggg ttg cag gtt gaa 4022 MCT2 rev
fwd cgc ccc gct tce ceca gtg ¢ 4023 MCT3 fwd
MCT3 | ENSG000001001! geeee g9
(SLC16A8) rev | cagagc cggccaggtagaagatg 4024 MCT3 rev
Table8 Primers used fogRFPCRon the ABI 7500ragmanmachine(Applied Biosystems
Promoter Ensembl ID { SljdzZSy O0S op| ID# Name
fwd aa c atagaacg | 4035| cCPTI1C fwd
CPT1C ENSG00000169169 9aa 999 9¢g 999 g g
rev gga gtc ctg ccc acc ccg agat| 4036| cCPT1C rev
fwd t AZGP1 fwd
AZGP1 ENSG00000160862 gge ccc agg acc cag gataa | 4039 ¢
rev gac agc agg aca ggc acccatt | 4055| cAZGP1rev
fwd taa gtt tcg caa gct cag tca aga cCD36 fwd
CD36 | ENSG00000135218 it teg caa gt cag tea aga) 4056
rev| agaggc cag aaa aac aaa agg a 4057 cCD36 rev
fwd CC cgc ccg ccc gta aaa tgg tc cTGFa fwd
TGR ENSG00000163235 g g g g 9gtc 4058
rev ccg ggg gaa gca ggg tgt cg | 4059 cTGFa rev
fwd | cag aca gaa agg cgc aca ga cRARD fwd
RAR ENSG00000077092 g g 99 ¢9 929 9| 4060
rev ttg cgc cgg ctt age ttg gaa aac| 4061 cRARD rev
fwd t ggc aaa gtg gga gaa aag ag 4062 | cIGFBPS5 fwd
IGFBP5 | ENSG00000115461 997 99¢ 293 9719 994 923 a0 A
rev cgg cgc cgc aga aca ggt aa | 4063 | cIGFBPS5 rev
_ fwd cag agt ttc ttt gtt ggg tg 3361| Huspl_fw M
Region 1
rev| taatcgttttagagagtacaattg | 3362| Husplrev M
_ fwd ttg tac att ggc aac atc atc 3026 Husp2 fw
Region 2 tit gag ctc ttc | 3027 | Husp2
rev| cac gaa agg aac ttt gag ctc ttc usp2.rev
SMN ENSDARGO000000184 g 99 gag it
Redion 3 fwd | got ttt aaa ttc cta gta gga gct tac | 3028 Husp3 fw
egion
g rev ggg ttt cgg cat gtt get t 3029 Husp3rev
Redion 4 fwd | cac tcg tag aaa gcg tga gaa gtt { 3030 Husp4 fw
egion
J rev gct tct tgg gag cgg aac ag 3031| Husp4rev
Tabk 9 Primers used fogPCRanaylsis of Chlexperiments 8.10.2.7)
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Gene/Plasmi¢  Ensembl ID { SljdzSy 0S o6pO| ID# Name
fwd ATG GGC TGT GAC CGG AAC T{ 3921 | CD36clone ex6ATG fw
CD36 ENSG000001352
rev TTTTAT TGT TTT CGATCT GC/{ 3922 | CD36clone ex17 rev
fwd ATG TTT GAC TGT ATG GAT GT1 3925 | RARRclone ex1ATG
RAR ENSG0000007704
rev TTG CAC GAG TGG TGA CTG AC| 3926 RARRclone ex8 rev
| fwd ATG GTC CCC TCG GCT GGA CA 3927 TGFa ex1ATG fwd
TGR ENSG0000016324
rev GAC CAC TGT TTC TGA GTG G{ 3928 TGFa ex5/6 rev
fwd TAA TAC GAC TCA CTATAG GG 1840 T7 fwd
\fsc/ﬁ:\ﬁi':o rev AG AAG GCA CAG TCG AGG | 1282 BGH
rev| GTT AGG GATAGG CTTACCTTC| 2951 TOPO_V5 rev
Tablel0  Primers used folTOPO TA clonin@.9.6.1) and subsequent analysis including sequencing.
Inbred tgigiii {SljdzSy 0SS 6pdO ID# Name Amplicar
strain ot J P length
Wit fwd ATA ACACCACCACTCTTACT| 3370 Hung WT fw 1050 b
Smn | rev GTA GCC GTGATGCCATTG TQ 3372 Hung WT_KO rev P
Hung | fwd AGC CTG AAG AAC GAG ATC AG 3371 Hung KO fw 950 b
SMA-Iung KO rev ATA LA CCACCACTCTTACT(Q 3372 Hung WT_KO rev P
wansgenic| Wd | ACT GCA ACC TCC TGG GTT CAA| 3373 H””Q,\ASIL\I"ZA?V"\‘I"Oluse—tg
5'UTR of A mc 172 bp
SMN2 HungSMA_mouse_tg
rev CAG TTC GAG ACC AGC CTG ACC 3374 MN2_rev 1B
Wi fwd CCG GGA TAGG GAT TGT AG | 2649 m_smn forw 782 b
Smi | rev TTCTTITTGGCTTTTATTC TTC 1 2650 m_smn rev P
Hung | fwd CCA GGC GAT TAA GTT GGG TAA 2647 GNA3 600 b
SMAsurghes Kd’ rev | GGC CTG GAA TTC AAT ATG CTA G4 2648 GMS11 P
fwd GTA AAC CAA AAA CCA CAC CTA| 2713 | hum SMN2 Ex2b fory
hSMNZ2 1040 bp
rev GGG AAA GTA GAT CGG ACA GA 2714| hum SMN2 EX3 rev
Tablel1l Primers used for genotyping of mic&ll PCRs were performed using 0.5 pl of Dhl#ution.

21, Vol 1 M Betain (Sigmg were addedto the PCRmix to obtain signals 10 Vol
Q-Solution (Qiagen were added.
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3.6.2 siRNAgsmall interfering RNAS)

Target_ Ensembl ID Sense Sequence Supplier Pl
Transcript number
hTRAZ1 | ENSG0000013652) r(CGA UCU GAA UCU AGG UCU A)d Qiagen | S102653504

SRp20 ENSG0000011208| r(GGA AAU AGA AGA CAG UUU G)d Qiagen *

CD36 ENSG0000013521{ r((GAA CCU AUU GAU GGA UUA ATT)] Qiagen | SI0001330

IGFBP5 | ENSG0000011546/ r(GCC CAA UUG UGA @23 ATT)dTd] Qiagen | SI00012558

TGR ENSG0000016323| r(CGG UAA GUA UGU UUA GAA ATT] Qiagen | S100049427

RAR ENSG0000007709| r(GCC AGU UCA GBAU CAA AAT)dTd| Qiagen | SI00019404

SiTOX control siRNA inducing apoptosis Dharmacon D-00150601-05
AlStas Nega e Nontargeting siRNA Qiagen | 1027280

Tablel2  siRNAs used throughout this thesis. * sSiRNA targeting SRp20 was a custom designed siRNA.
Sequence was taken frorfBedard et al. 2007)

3.7 Software, internet programs and databases

The following software programs were used.

A Quantity One 4.5.1 (densiometric analysis)  Biorad

A EndNote9/X2 (reference organization) ThomsorResearch
A SigmaPlot 9/10 (creation of graphs) SystatSoftwarelnc.
A Photoshop CS (image editing) Adobe

A Office 20®/2007 (word processing etc.) Microsoft

A LightGQycler Software (QRFPCRanalysis) Roche

A Sequence Detction Software (QRFPCRanalysis) ABI

A XFluor4Safire? software (platereader) Tecan

A AxioVision Bl.4.7 (fluorescence imaging)  Zeiss

A Laserger Package (Sequence analysis DNAstarnc.

The following databaseand internet programs wereoutinely employed.

A NCBI http:/ /www.ncbi.nlm.nih.gov/

A Genecards http://www.genecards.org/

A Ensembl http://www.ensembl.org/

A UCSC http://genome.ucsc.edu/

A Medline https://www.ncbi.nlm.nih.gov/pubmed

A OMIM http://www.ncbi.nlm.nih.gov/omim

A GeneExpression Atlas databe http://www.ebi.ac.uk/gxa/

A Human promotedatabase http://zlab.bu.edu/~mfrith/HPD.html

A Exon Primer http://ihg2.helmholtzzmuenchen.de/ihg/ExonPrimer.html
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3.8 Cell culture procedures

All cell culture work was performed under sterile conditions to avoid any contaminations
with fungi or bacteria. Sterile conditions were guaranteed by laminar flow cell culture hoods
as well as sterileolutions and materials. Growing cell lines were kept in an incubator at 37°C
in a humid atmosphere containing 5% £® not noted differenly, cell culture media were
supplemented with amphotericin B and penicillin/streptomycin.

3.8.1 Cell culture of eukarytc cells

Fibroblast cell lines were grown as adherent monolayer cultures-MEM medium
containing 10% FQS.5.1). Routirely, fibroblasts were cultured in either 26n? or 75 cn?
flaks and, depending on the cell divisionte fibroblasts were splitted once or twice a week
into new flasks. To split fibroblasts, cells wdirst washed once with 1xPB&o Mg>*, C&"
(Biochrom) and then trypsinised using TrypsHDTA (Sigma. After stopping the
trypsinisation by adition of 1 Vol fibroblast mediumthe cell suspension was evenly
distributed into new flaskand media wasaddedto a final volume of either 7 or 1fl,
respectively For longterm storage fibroblasts were fe@n in liquid nitrogen. To this ajm
following trypsiniséion fibroblasts were pelleted for 10 miat 500 x g and afterwards
resuspended in freezing mediu(B8.3.5. Next, fibroblasts were frozen over night -80°C
and then transferred t6196°C. At any time these aliquots can bleetia again into culture.

Murine embryonic fibroblast§MEF)and NS&34 cells were basically culturedsing the
same proceduresas described abovebut a different mediumwas used. For detailed
information see3.5.1

3.8.1.1Treatment ofcells with different compounds

To treat cells with anycompound, cells were first grown to approx. 80% confluency,
trypsinised and then counted using a haemocytometer. After countarg adequate
number of cells were plated out (18m petri dish: 1x16 cells; 10 cm petri dish:
2x10 fibroblasts; 6well plate: 1x18fibroblastsper well; 96well plate: 1x16fibroblastsper
well) and cultured for 24h to let the cells settle and starproliferating. For every
experiment at least one petri dish served astweated control and was incubated with the
respective solvent onlyTabk 13). All experiments were performed at least @iplicates or
three different celllines were used to calculated data. Final results are given as meaM+ S
if not indicated different.
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. . Time of  Concentration
Assay Compound Supplier Mode of action reatment used Solvent
Va'P(ngf) acid | gigma HDACi 16h [5pM-5mM| ddHO
LBH589 . . 100 nM-1
SMN2 (Panobinosta) Novartis HDACI 16 h-72 h uM DMSO
activation | 3326481585  anJ HDACi | 16 h-72h |10 nM-5uM| DMSO
Sodium butyrat§  Sigma HDACI 24 h 500" i ddH,0
Phenylbutyrate| Sigma HDACI 4h 2mM DMSO
MRNA . . . RNA synthesis Hg
stability Actinomycin D| Sigma inhibitor Oh-25h 5% DMSO
. Lysosome
NH,CI AppliChem " hibitor 15h 20 mM ddH,0
Protein MG-132 . Proteasome
stability (ZLeuLeulLeual) Sigma inhibitor 15h S UM-5mM DMSO
Bortezomib | kind gift of| Proteasome )
(Velcade) Dr. Kashka inhibitor 24 h 1-20 N ddH,0
. . . ATP synthase Hg
Oligomycin Sigma inhibitor 16 h 109, DMSO
. SSO
Fatty id (SulfoN-succini | Santa Cruz CD36nhibitor 16 h 400 uM DMSO
uptake midyl ester)
Oleic acid Sigma fatty acid 1mM 16 h DMSO
Retinoic ail Sigma Bioactive acid 16 h 1puM DMSO
Forskolin Sigma AC activator 2h 100 pM DMSO
oM S hib 2h 1mM DMSO
(3-isobutyhl- igma PDE inhibitor m
CAMP ELIS methylxanthine)
_ ddA _ Sigma AC inhibitor 16 h 0,5mM DMSO
(Dideoxyadenosin)

Tabk13  Compounds used for theréatment of primary fibroblasts(AC = Adenylyl cyclase, PDE =
Phosposdiesterase Given are concentrations and time periods typically used. Exceptions

are separately mentioned in the text.
3.8.1.2Transient trarsfection of primary human fibroblasts

To study the role of any protein inside the cellular machinérgan either be knocked
down or overexpressed. In both casesicleic acids have to be introduced into the cell
either by lipofection, transduction or ettroporation. To transfect primary human
fibroblasts with either sSIRNAs or plasmius different protocols were employed

For the transfectiorwith sSiRNAs20 uM stocks of siRNAs in d@MHwere prepared, which
were then diluted to a final concentrationfol pM. 24 h prior to transfection
2x10 fibroblasts were pated out in a 6-well plate per transfection At the day of
transfection 100 ul of the respective UM siRNA solution were mixed with 1Q00OpttMEM
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(Gibcg and incubated for 3nin at RT. At th same time2 pl of the transfection reagent
Dharmafectl Dharmacon were incubated with 198 OpttMEM and also incubated for 5
min at RT. Afterwards both solutions were combined and incubated foni2Gat RT to allow
the formation of lipophilic compbees. Nextthe culture medium was removed from the
fibroblasts. Subsequentlyl.6 ml of fibroblast media w/o antibiotics were added
(Gina[SIRNA]=50M) to the lipophilic complexeand thesolution wasaddedonto the cells.
The nontargeting AllStars Negae Control siRNAQiager) servedalwaysas mock control,
whereas the siTOX siRNBh@rmacoi), which induces apoptosis allowed estimations of the
transfection rate. All SIRNA transfections were performed as triplicates.

To transfect fibroblasts with expssion plasmidsthe Basc Nucleofetor Kit for Primary
Mammalian FibroblastsLpnzg was used according to the manufacturer’s instructidns.
brief, for each transfection 3xZ£0fibroblass from approx. 80% confluent flaskwere
trypsinised pelleted and esuspended in 1001 Nucleofector solution. g of the respective
plasmid were adde@nd transfectionwas carried outusing the prograntJ-20. Afterwards
1.5 ml of prewarmed fibroblas media were added and the cedluspension waslispensed
into asinglewell of a 6well plate.Transfection with the pmaxGFP expression vedtonga
served as transfection control.

After the respective incubatiotime, fibroblasts were harvested for isolation of either RNA
or protein 3.9.2.1.1and3.10.1.1.).

3.8.1.3Cytotoxicity and cellviability assays

Toinvestigatethe impact of HDAGreatment onthe viability offibroblastsas well as to
allow estimations otoxic side effectsMTT and LDldssays were performedsurthermore,
the MTTFassay was used to assess siRfdAsfection rateq3.8.1.2.

3.8.1.3.1 MTT assay

Assessment of the number of viable fibroblasts was performed using adgl§ay. MTT
(3-(4,5Dimethylthiazol2-yl)-2,5diphenyltetrazoliumbronide), a yellow tetrazole salt, is
reduced in active proliferating cells by the reduction equivalents NADH and NADPH
formazan(Berridge and Tan 1993Formazan production leads to the formation ablet
crystalshaving a distinct absorption maximum from MTT at 5. Therefore the amount
of formed formazan is directly proportional to the glykolysis ratlich in turn gives a hint
about the cell viability. To quantify formazan formatjosome 1x10' fibroblastsin 200 pl
were seededn each well of a 96vell plate as described previouglRiessland et al. 2006)
and 24h later treated with the HDACI. After the respective incubation pemoeldium was
replaced by 225l freshmedium + 25ul MTT stock solution (50mg MT3igmag in 10ml
1xPBSRiochron)). Fibroblasts were again incubated for approk & 37°C and 5% génd
then lysedby adding 1 Vol 209%DS/DMF (1:1) and subsequent shaking fom®n and
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750rpm on a shaking incubatoNext, photometric absorption was measured @nSafire?
plate reader(Tecarn. For all measurementsightreplicates were performed.

To assess siRNvansfectionratesfibroblasts transfected withAllStars NegativgQiager)
were compared to fibroblasts transfected withT OXSiIRNA Dharmaconviaa MTTassay as
described above.

3.8.1.3.2 LDH assay

Quantifaction of cytotoxicity was pfrmed with the CytoTox 96 nomadioactive
cytotoxicity assayPromega. It isbased on thdindingthat the lactate dehydrogenase (LDH)
a typically cytoplasmatic enzyme, rispidly released in the cell culture supernatamon
necrosis Addition of thesubstrate mix (containing NADlactate andINT, a tetrazole salt)
leads to the reduction ofactate to pyruvate bythe LDH,whereby NAD is reduced to
NADH+H NADH-+Hin turn reduces INT to formazafthe amount of formed formazan can
be quantified by measuring absorpti@h 490nm.

To assessny cytotoxic effects of HDA@ieatment, 8x10® fibroblasts in 200l were
seededinto each well of a 98vell and then incubated for the respective time period with
HDACIi.Then 50 pl of cell culture supernatant were transferred into a blackv@él plate
and mixed with 5Qul of reconstitute substrate mbReactions were incubated for 3@in at
RT in the absence of light and then stopped by addingu58topSolution. Subsequently
absorbance at 490im was measured on a Safire? plate read€edn). To calculate the
portion of overall released LD maximalLDH release sample waseparedby lysing all
cells of a well with lysis buffer. For all measuremenghtreplicates were performed.

3.8.2 Immunofluorescent staining oprimary human fibroblasts

To stain nuclear SMislccumulations called gemsin primary humanfibroblasts some
1x10 cells were plated oubnto flame-sterilized covesslip put into a 6well plate. After
HDACIitreatment, cells were washed with BBS andhen fixed for 10min usingice-cold
MeOH/Aceton (1:1). Né, fibroblasts were permeabikd far 15 min with 2% TXL0OO in
1xPBS followed by 3@in blocking with 2% BSA in 1xPBS at gentle agitation. After addition
of a mouse monoclonal FIH&belled SMNantibody (BD Transductiolaboratorie9 for 1 h
(dilution 1:1,000, fibroblasts were washed twic&ith 1xPBS and then mounted using the
Vectashield containindpAPI YectorLabsto ensure nuclear localization of gems. For each
condition, 300 nuclei were analysed ofli@rescencemicroscope CarlZeiss.
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3.9 Molecular biology methods

3.9.1 Working with DNA
3.9.1.1Genhomic DNA isolation

To isolate genomic DNA fromousetail-tip biopsies, taitips were lysed by incubation
with 500 ul Taitip lysis bufferat 55°C for at least B and 700rpm on a shaking heating
block Hairs and other insolubl debris werepelleted by centrifugation for 15min at
16,100x g. The supernatant was transferred to a new mbmicrocentrifuge tube and Yol
Isopropanol was added to precipitateucleic acid. After centrifugation for 1&in at
16,100x g the nucleic acid pellet was washedanwith 200ul 70% EtOH and afterwards
dried in a 37°C incubator. Finally, the pellet was resupended jii BE* containing RNase to
eliminate any RNA contaminations.

Taiktip lysis buffer

A 100 mM Tris pH=8.5

A 5mM EDTA

A 0.2 % (w/v) SDS

A 200 mM NacCl

A AddedfreshH200"Y ,, Proteinase KAppliChem

3.9.1.2Determination of DNA concentration

Determination of DNA concentrations was performed on a NanoDropl10dD
spectrophotometer Peglah) in triplicates. From the absorptionmeasured at 260 and
280nm, the software calcuted DNA concentration as well as DNA purity. Only samples
having a*®¥ ,g0 of approx 1.8were regarded as pure and used for subsequent PCRs. Higher
ratios would indicate RNAontaminationswhereas lower ratios point to protein or ethanol
remains.

3.9.2 Workingwith RNA
3.9.2.1RNA isolation

3.9.2.1.1 RNA isolation from eukaryotic cells

Depending on the amount of RNA needed, total RNA was either extracted fronta 10
petri dish (2x18cells) or a vell plate (1x16cells).To extract RNAcells werdysedfirst with
RLTbuffer ard QIAshredder Qiager). Subsequentlythe RNeasy Mini kit Qiagern was
performed according to the manufacturer’s protocol. The @piil 20 min DNasel Qiagen)
digestion step waslwaysincluded toeliminate any DNAcontamination.Finally RNA was
eluted with ddHO.
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3.9.2.1.2 RNA isolation from orgamissues

Isolation of total RNA fromsnapfrozen murine organ biopsiesvas dso performed with
QIAshredder and theRNeasy Mini Kitboth Qiagen. To ensure proper tissue breakup
samples wereafter thawing on icehomegenisé using aBasic Ultra Turrax Homogeniser
(IKA prior to RNA extraction. For the isolation out of fatty organs such as brain and spinal
cord, extraction steps with QiazolQjagen were included as given in the manufacturer’s
protocol. Again DNasel digestiaras included.

3.9.2.2Determination of RNA concentration

To circumvent any misleadirRNAconcentratiors leadingto artificial JRFPCRdata, RNAs
were generallymeasured using the Quaiht RiboGreen RNA assdg\itroger) as suggested
by the manufacturerThe meaurement was carried outn a Safire2 plate readeff é@an) in
96-well format Greiner bio one#655076) andjives far more precise measurements than
conventional photometric assay$he kitis based orthe fluorescent dye RiboGreewhose
fluorescence isx@remely enhancd when bound to nucleic ac&gdRiboGreerpreferentially
binds RNA;combiration with the DNasel digestion performed kg RNA extraction
(3.92.1) results in a RNA specific measuremenb verify that all sampgeare within the
detection range of this assagnd to ensure RNA qualitf®{ ,s0ideally 2.0)all samples were
beforehandmeasuredusing a classical spectrophotomet&ppendory.

3.9.2.3mRNAstability assayusing Actinomycin D

Actinomycin D, a peptide antiitic from Streptomycusparvulus inhibits de novoRNA
synthesis by intercalating with the DNAhis intercalation prevents the unwinding and
opening of the DNA double helduring transcription asvell as replication. Furthermore
Actinomycin D crosisks the guanine nucleotides of the DN#vhich, again, blocks DNA
dependent RNAynthesisTo assess mRN#Aability of different transcripts, fibroblasts were
treated 24 h after seeding out in aell plate with5 "y, Actinomycin D$igm3 (Tabk 13).
After treatment for the respectivetime periods RNA was isolated as describe above
(3.9.2.1.13 and lateron analyzed byRTFPCRHaltlife periods (§s) of different transcripts
were calcuhted by approximatede-functions and are represented as mean$ three
different experiments.

3.9.2.4cDNA synthesis

To allow expression analysis by measuring individual mMRNA abundance, RNA has first to be
reversely transcribed into cDNA since RNA cannot sertenaglate for gRFPCR3.9.3.3.
To this aim cDNA was produced using the QuantiTect Reverse TranscriptioQi&ggef),
which also includes ®Nase digestion calledDNA wipeout Exclusive transcription of
MRNAs was warrantedsing an oligadT Primer Eermenta} binding to the mRNApecific
poly-A-tail.
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In the case total coding sequences of genes should be cloned, the SuperscriptVilo Kit
(Invitroger) was used, since the total yield of the QuantiTect Reverse Transcription Kit
(Qiagen) is too low for cloning but sufficient fqRTFPCR

3.9.3 Polymerase chain reaction (PCR)

Working with DNA has greatly been boosted in 198%en Kary Mullis published the
polymerase chain reaction (PCRhich allowed rapid amplification of singérandedDNA
(Mullis et al. 1992) This work has beenonored with the Nobel Prize in chemistry in 1993.
The technique is based on thHading that DNAdependent DNAPolymerases are able to
synthesize complementary copies of a sirgfimnded DNAwhen starting from a free 3
end. During PCRhese free 3‘ends are given by sequence specific oligaleotides (primer)
and are then elongated by a thermostable Dp#lymerasee.g. TagPolymerasefrom
Thermophilusaquaticus Numerous repetitionof the 3 steps denaturing, primer binding
(annealing) and elongationefds in enormous ampidation of one and the same piece of
DNA.

3.9.3.1StandardPCR

Typical PCR conditions used to amplify either DNA or oid¥é as follows:

A 10min at 95°C [hinitial denaturation

A 30min at 95°C Th RSY | (dzNY GA2Y

A 30sec at XX°C I'bannealing XX°@epending on individual primgr 35x
A XXmin at 72°C b I&hgation, 1min per kb produciength

A 10min at 72°C Tbfinal extension

Reactionswere performed usingTag Polymeraselr{vitroge) and dNTPs ReqglLap
according to the manufacturer’s protocol. Enhancer of PCR efficisnch as €5olution
(Qiagen) or Betain igmg, were added whemeeded(Tablell).

3.9.3.2Agarose gel electrophoresiGel-Purification of PCHProducts

Analysisof PCR products normally done byagarose gel electrophoresiSincehe DNA
backbone is negatively chargeplacing DNA into an electric field leads ite migration
towards the anode. To separate PCR productsliierent size the electric field is put
through a gé matrix out of polysaccharidegarose which allows fast moving of small
fragments but slows down big DNA molecules.

Gels were eithepreparedwith Agarose $igma or, if PCR products should be clonedth
Agarose/LowMelting agarose (1:2)Bfozyn in 1XTBEbuffer (AppliChem Routinely, PCR
products were resolvedon 1-2% Agarose Gelgontaining 1 "9, Ethidiumbromide
(AppliChery which intercalates with DNAEthidiumbromideDNAcomplexes were visuakd
at 254nm using a ChemiDoc XRS imaging Sy$Beonad. Proper size of DNA fragment was
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estimated by comparision with either 100bp or 1kb laddEerfnenta¥. If PCR products
should be clonedthe respective bands were cut out and purified using theqQiek PCR
purification kit Qiagen according to the manufacturer’s instructions.

3.9.3.3Quantitative realtime PCRqRFPCR

Standard PCRas described ir8.9.3.1, does notallow the inference of initial template
amounts since it isan endpoint determination during the plateau phase of the PCR. To draw
conclusions on the template amountBCR product amounts have be determined during
the linearlogarithmic phase of the PCR. An easy way to do this is the addition of the
fluorescentdye SYBRreen to the PCR mastenix, which binds to doublestranded DNA.
During each elongatiostep, SYBRreen fluorescence is detected by an adequate detector
and plotted against the cycle number. Calculations based on these data allow the deduction
of the initial amount of a certain templat&.ypically, the quantification program is followed
by a melting curve to ensure PCR product identity.

3.9.3.3.1 gRFPCRusing the LightCycler 1.5

To determine transcript levels in cells or organ tissuetal RNA was exted and
measured as described abo®e.2 Prior to qRFPCRcDNA samples were diluted 1:5 with
TE* and 3 pl from this dilutionwere usedfor analysis PCR was carried out in {0 scale
(Master Mix per sample4.2 pl dHO, 12 ul MgC}, 1 ul each primer, 0.16gl FastStartMix,
0.33ul Poymerase with the FastStart DNA Master SYBR green Rith{¢ on a LightCycler
1.5 machine Rochg in 20l capillaries Rochg. Analysis of resulting amplification curves
was performed wh the second derivative maximum method implemeed in the
LightCycler software. Primers for individual transcripts can be foundrahble 7. All
measurements were performed as duplicates.

3.9.3.3.2 gRFPCRusing theABI 7500 Realtime PCR ofane

Whenever more than 32 samples should be measured simultaneously (which is the
maximum capacity of the LightCycler 1.6)e ABI 7500 Realtime PCR machine was ,used
since it allowggRFPCRnN 96-well format. To this aimnRNA extraction and cDMNAnthesis
was performed analog t8.9.3.3.1 Next cDNAs were diluted 1:10 with T&nd 3l from
this dilution were used pereaction PCR was carried out in 9&ll plates Bioplasti¢
covered with an optical foiBjoplasti¢ ushg the PowerSYBR green PCR Master Miglied
Biosystempin 25l scale(Master Mix per sample: 12.%l PowerSYBBreen Mix, 8.5 ul
dH0, 1 ul each primér Analysis of raw data was performed using the Sequence Detection
Software Applied BiosystemsPimers for individual transcripts can be foundTiable8. All
samples were at least measured as triplicates.
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3.9.4 Sangersequencing

Sequencing of DAl was performed using the chaterminator method developed by
Sanger(Sanger et al. 197 ®mploying the BigDye Terminator V1.1 SequencingAfipl{ed
Biosystems This method is based on lization of dNTPscombined withddNTPs which
leadsto chain termination during PCR. Each of ther didesoxynucleotides is labeled with a
different fluorescent dyewhich allows identification of the terminal nucleotidyy capillary
electrophoresis.To ®£quence genomic DNAhe regiorof-interest was first amplified by
standard PCR from 4ty genomidDNAusing the primers given ithe appendixTable18 to
Table21.

Next, PCR products wercleaned up usinthe EXO/SAfeaction. Typically,sequencing
reactions were set up with 5 pl 3xsequencing buffer, 1Tgrminator Mix Applied
Biosystems and 0.52 pl purified PCR producbr 150 ng plasmidDNA, respectivelyPCR
conditions wereas recommendd by the marmufacturer using an annealing teparature of
55°C for 25 cycleCapillary electrophoresis was carried out at t@®logne Center for
Genomicsn Cologne Sequences were analyzed using FinchGaoépizaand the Lasergene
Packagel(asergeng

EXO/SAReaction

A Exol 207, 2l

A SAP (t1,) 0.3 ul

A ddH0 1.625 pl
A PCR product 8l

M20min at 37°C then 15 min at 72°C

3.9.5 Transcriptomewide expression analysis usingarrays

To identify transcripts differentially expressed between Namd PosResponders -
arrays (GeneChip Human Gene 1.0 ST Arxdly April 2009Affymetrix) were employed. The
basic principle of expressionarrays is the hybridization of fluorescelatbeledsampleRNA
derived to aglasschip covered with thousands of different probgs5,000 prdves/cm?)
Typically, eaclprobe is approx. 5Gp in length and hybridizes to a different transcript. To
validate data sets of probes(5-30) are often detecting oneand the sameranscript. After
hybridization unspecific binding is washed away and flucessce intensitys measured by a
laser scannerAfter fluorescence readingintensities were normalized to exclude any
degradation effects or bad quality of extracted RN@smparisorof diversesamples is done
by labeling with different fluorescence dyasd simultaneoushybridization.

To perform parrays with fibroblast RNA, some 1Rklls were plated out in 16m petri
dishes and treated with 50AM VPA or mock for 16h, respectively. Cells weashed with
1XPBS, trypsinized amplleted at 500x gfor 10 min. For each sample 2 petri dishes were
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pooled to get enough materialAn aliquot of the cell suspension was used for protein
extraction and westar blot analysis §.10.1.9 to ensure a proper treatment effechext,

RNA vas extracted as described abo9.2.1.). At least 3ug of RNA were needed with a
concentration >300'Y . All subsequent steps includirdetermination of RNA purity and
bioinformaticalanalysisvere performed at theMicroarray facilityin Tubingenin brief, using

the Bioconductor Software Packggé was first tested whetheany artifacts or defective
probe spots may interfere with the subsequent analysis. Therefore a linear model of the
arrays was created and both the nowrmalized standard error (NUSE) as well as the
relative logarithmic expression (RLEprer analysed with boxplots. Comparable boxes
indicate a similar signal distribution. Furthermopuaefective spots were identified by false
color pictures of thearrarysand control probes were used to determine recehogrerator-
characteristics (ROC). ROC is a method to analyse the dependence of the efficiency from the
error rate of different parameters and varies between 0.5 and ideally 1. Since a ROC of 0.9
was determmed, and also the other tests indicated no possible faults, subsequent data
analysis was carried as described in the following. First steps included background
correction, intensity normalization, calculation of transcript intensities from the respective
probes and elimination of control probes (approx. 4,100).

After elimination of uninformative transcripts, differentially expressed transcripts were
identified bythree different models:

(1) Paired model > factor: group (PosResponder vs. NeResponder)
(2) Pairedmodel > factor: treatment (mock vs. VPA)
(3) Unpaired model > combined factor: group + treatment

Based on these modelthe expression profile for gene was calculated and the standard
error was modeled usingBayesian model.

3.9.6 Working with bacteria
3.9.6.1TOPO TAloning

One of the most common ways to stu@yy protein-of-interest in a given contextis
performingoverexpression studie®©verexpression typically doneby cloning the gene into
small circular doublstranded DNAragments of bacterial origin (plasd), whichwere then
transfected into the respective target celMost vectors contain strong expression
promoters (e.g. CM\promoter) and dow the fusion with aag (e.g. V5)o discriminatethe
overexpressed fronthe endogenous protein.

To clone our cagidate genes,PCR products encompassing tlespectivecomplete coding
sequence (w/o stop codon) wermgenerated(Table10) using the FastStart HighFidelity PCR
system Roch@. This kit makes use af prootreading polymerasewhich minimizes the risk
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of nucleotide exchanges. NeXRCR products wereloned into the pcDNA3.1/\VBis TOPO
vector Figure67) using the pcDNA3.1/WHis TOPO TA Expression kivifrogen). Since this
vector does not contain an ATi@tiation codon, the native initiation codon was included to
expressthe desired proteinContrariwise, the stop codon was excluded to fuse the protein
in-frame with the V5 epitopeCloning reactions were performed as recommended in the
manufacturer’s potocol. In brief, 4ul of fresh PCR product were combined withuflsalt
solution and 1ul TOPO vectaand incubated for 10nin at RT. Nextl ul thereof wasmixed
with 1 aliquot of chemical competeri.coliTOP10I(Qvitroger) and incubated for 3@nin on

ice. Heatshok at 42°C was performed for 4&gcand after addition of 25l SOOmedium
(Invitroger) bacteria were plated out (50 and 150ul) on prewarmed aggplates containing
5019 i Ampicillin for selection.

Transfection of the purchased IGFBR&Ing vector inE.coli TOP10 was performed
analogue usin@0"Y ., Kanamycin for selectiofiFigure66).

3.9.6.2dentification of correct clones using colony PCR amdjgencing

To identify positivetransformants carrying the insert in the ght orientation approx.
10clones were picked for each construid lysedby osmotic shock in 20l dHO. 10l of
lysed bacteria werehen used as templatdor colony PCRwhich was performed with one
vectorspecific primer Table 10 and Figure8) and one insertspecific primer, respectively.
Only if the insert wa integrated in the right orientatiorPCR products were obtained and
these clones werghen regarded as positive clones.

From each positivelone an 8ml overnight culture was prepared and plasmids were
isolated using &iagen MiniPrep Kiiagen accordingto the manufacturer’s protocollThe
kit is based on the alkaline lysis of the bacteria folldviy the binding of the plasmiBDNA
to a silica matrix. After several washing stepdasmids are eluted in ddB. From each
plasmid preparation 150hg were used for sequencing3.0.4 to identify any possible
mutations

3.9.6.3Maxi-Preparationof plasmids

To prepare plasmglfor the transfection of eukaryotic celithe Endo Free Plasmid Maxi
Kit Qiager) was usedollowing the manufacturer’s instruction$his kitis specially designed
to eliminate any bacterial component suchlgmpolysaccharidelP$ which may interefee
with subsequent transfection experiment$ypically 250 ml of bacterial culture were used
for plasmid isolation.
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3.10Proteinbiochemical and immunological methods

3.10.1Working with proteins
3.10.1.1Protein extraction

3.10.1.1.Xxtraction of proteins from eukaryotic cells

To isohte proteins from eukaryotic cells either after transfection or treatment with
various compoundghe culture medium was aspirated and the seNere washed once with
1xXPBSAIl subsequent steps were performed on ice or at,4&i@ce typically no protease
inhibitors wereused An appropriate amount of RIF#uffer was addedo the cell culture
dish (10 cm petri dish: 5Qul; 6-well plate: 30ul per well) and cells were lysed by incubation
for 20 min on ice. Thereaftercells were harvested using a cell s@gptransferred into a
1.5ml reaction tube and incubated on ice for another 2in to complete lysis. Nextell
debris and DNA were pelletday centrifugation at 4°C and 10 x g for 20min and the
supernatant containing the protein was stored-80°C

3.10.1.1.ZFExtraction of proteins from organ tissues

After humanely saification of the respective mouse, organs of interest were quickly
removed and snap frozen in liquid nitrogeho extract protein fronthese organsapprox.
300 mg of tissue were transferred tim 500 ul RIPAbuffer cortaining Protease Inhibitors
(1 complete minitablet per 7ml) (Rochg and homogenized on ice using a Basic Ultra Turrax
Homogeniser IKA. Cellular debris and DNA were pelleted by centrifugation at 4°C and
16,100 x g for 20min ard the supernatant containing the protein was carefully transferred
into a new 1.5ml reaction tube and stored aB0°C.

3.10.1.1.Determination of protein concentratioraccording to Bradford

The Triphenylmethawlye Coomassie Brilliant Blue G250 unspecifically intenaith basic
sidechains of aminacids wherebyits absorbanceas shiftedfrom 465nm to 595nm. Based
on this,Bradfad (Bradford 19763eveloped a method to quantify the proteamount in a
unknown sampleFollowing herprotocol, 2 pl of an unknown protein sample were mixed
with 500 ul Bradford solution and incubated for IBin at RT Afterwards absorption was
measured at 5951m using a photometerHppendorf and protein concentrations were
calculated using a BSA standard curve.

3.10.1.1.Determination of protein concentration using BCA

Since determination of protein concentration according to Bradford is strongly influenced
by protease inhibitors proteins were also quantified usinghe more robust BCA
(bicinchoninic acidinethod. It is based ontte fact that if both protein and Gliare present
the protein reduces Ciito CU. In a next step Cdormswith BCAa CuBCAcomplexhaving
a distinct absorption maximum at 56in.
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To determine protein with BCAthe BCA Protein Assay Reagent (Pierce) wused
according to the manufacturer’s guidelines. In briefil of protein sample wasixed with
200 ul BCA solutionyigorouslyshakenfor 30 sec and then incubated for 3@in at 37°C.
Afterwards absorbance was measured at 562n on a Safire? plate read (Te@an) and
protein concentrations were calculated using a BSA standard curve.

3.10.1.2Discontiruousdenaturing PAA gel electrophoresis (SPBGE)

During native gel electrophoresithe migration speed of proteins is strongly dependent
on their net charge, streture and conformationwhich makes identification of the correct
protein sometimes quite laboriou§ o circumvent this stumbling blocBDSPAGHEas been
developed. lis a widely used technique to separate proteins just depending on theibgize
employngthe anionic detergent SDSSD$infolds prdeins and applies a negatiahargeto
these which is directly proportional to the mass of tihespectiveprotein (typically around
1.4 g SDSper g peptide)(Laemmli 1970)Still it has to be taken ito account that some
proteins, mostly glycoproteins, behave abnormal during-BBSE.

The underlying principle of SDSPAGEs that inside the stacking gel the proteins are
focused inone sharp startingone from which proteins are then separate by sizédathe
separating gelPotein focusing inside the stacking gebishievedby a discontinuous buffer
system Typically, he stackinggel is prepared usin@g Trisbuffer with a pH of 6.8When
currentis appliedthe glycire ¢ dipolar ionized at this pHmigrates after the proteingo the
anode whereas the Clmigratesin front of them. These 2 ions create an electric field in
which all proteins are captured arate migratingdepending just on their ntecharge. Since
the net charge for all proteins is the same (8.8DS per d peptide)and size effects do not
come into playinside the stacking gesince its pores are too wide to hinder the proteins in
their migration, proteins are concentrated in ahin starting zoneOnce glycine enters the
separating gelit fully dissociateglue to a pH of 8.8, the electric field collapses and glycine
passes the proteins. Starting from this pooriwards proteins are separated by size since
the small poresof the separatinggel act as a sievewhich decreases the running speed of
bigger proteinswhereas smaller protein more easily fit through it.

To prepare a SDISAA gelfirst the 12% seperating g&as prepared according tbable6
between 2 clean glass plates and 70% EtOH was added on top until the gel has fully
polymerized. After solidificatigrEtOH was removed and th6stacking gel was poured on
top of the separating gel.

Protein samples indented to be analyzed by $IA&E weresupplemented with5 pl
2xLaemmli buffer and bat for 5min at 95°C to ensure full denaturatioypically 7.5.ug
of protein were used for analysi@ncesampleswere loaded onto the gel, electrophoresis
was performedusing therespective 1xelectrophoresis buffer (3.5.2. Protein size was
estimated by using the Page Ruler Pksr(nenta¥ loaded into a separate lane.
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3.10.1.3Coomassie staining of S[xels

Coomassie Brilliant Blue2B0 is a widely used dye to directly stain proteinsidea SDS
PAAgel. To visualize proteinglirectly in a SDBAA gel SDSPage was performed as
described abové3.10.1.3. Afterwards the gd was once shortly rinsed wittiH,O, covered
with staining solution andyently shakerfor 3 h to o.n. at RTThe gel was destained with
detaining solutioruntil the desired staining intensity was reached. Pictures were taken using
a ChemiDoc XRS imaging SystBiarad.

Staining solution(400 ml) Destaining solution (1 1)
A 0.4 g Coomassie blue R250 A 500 ml ddHO
A 200 ml 40% (v/viMeOH A 300 ml MeOH
A Filterout insoluble remants A 100 ml acetic acid
A Add 200 ml 20% (v/v) acetic A AdddHOto 11
acid in dHO

3.10.1.4Transferof proteins onto nitrocellulosemembranes

After resolving proteins via SHBRGE proteins were typically transferred onto
nitrocellulose membraesby wet bloting to make them available for antibody detection. To
this aim membrane (Protran BA83Yhatman and gel were equilibrated in the respective
transfer buffer(3.5.2 and placeal faceto-face between 2 filteand 2sponge pads soaked
with transfer buffer. Next, the gel sandwich was put into a transfer cell, a cooling module
was added and transfer was performed over night by applying a current ® Sthcethe
current is orientated perpendicular to the gethe charged proteins move onto the
membranewhere they adhere due to hydrophobic interactionmjt keep the organation
present in the SDSPAAgel. Oncetransferred ontothe membrane, proteins are easily
accessible for antibody detection.

3.10.1.5Porceau staining of nitrocellulosenembranes

After wet blotting, protein transfer was checked by incubation of the membrane in a
Ponceau S solutiorS{gma for 1 min. Ponceau israazadye which reversibly binds to the
positively charged amingroups of proteins. Followingtaining the membrane was
destained with TBS.

3.10.1.6lmmunostaining ofnitrocellulosemembranes using antibodies

Immunostaining of proteins transferred onto membranes is the easiestto specifically
detect and analyze the amount of any proteaftinterest. Specificity is achieved by using
primary antibodies bindingin epitopeexclusivelypresent on therespective protein. Given
that nitrocellulose membranes generally bind all proteinmispecific bindingof the
antibodies has to be prevented by blocking the membrane either with 6%{&&#g or 6%
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non-fat milk powder (Applichem) in TBST for at least 3h before starting the antibody
incubation. Nextmembranes were incubated withprimary antibody targeang the protein
of-interest diluted in TBS either containing 2% BSA or milk pow@dgtailed information
about dilution, blocking reagent and incubation time are giverTable4.) Subsequently
unspecific binding of the primamgntibody was eliminated by washirige membranethree
timesfor 10 min with TBST folbwing incubation with the secondary antibody fohln the
same solvent as the primary antibody. The secondeantybodyis directed against the host
IgG of the primary rtibody and typically coupled to the horseradish peroxidase (HRP) which
is used as a reporter enzynf€able5). Again unspecific antibody binding was eliminated by
washingthree timesfor 10 min with TBST. To visualize bound sewtary antibody the
membrane was then incubated for 5min with 8 ml of SuperSignal West Pico
Chemiluminescent Substrate (Pierce). This solution contai@®s, Mhich is cleaved by the
HRP and theesultingOH' reacts with luminol by emitting light. EBhchemlumiscent signal
was thendetected by a radiographic filr\{nersham and later on densiometrically analyzed
using a ChemiDoc XRS imaging Systmragd. Typically targetprotein amounts were
normalized by comparisio with the housekeeping geAmotein R3-Actin. If not noted
differently, all results are given as mean thiree different experimemn £ SEM

3.10.2Precipitation/Purification of proteins and chromatin
3.10.2.1Chromatin ImmunoprecipitationChiIP)

HDACitreatment induces widespread epigenetic changes and regearens in treated
cells. One of the best known and characterized histone modifications is the acetylation of
lysine 9 of histone H3 (H3K9awhich is a clear mark of transcriptionally aetichromatin.
To checkwhether HDACtreatment leads to a hyperatgation of different promotersand
thereby to a higher expression of target gendése LowCell ChIP KiDiggenodg¢ was
employed following the manufacturer’s guidelines. In brief, 3xi#ls were incubated with
12.5pul 37% formaldehyde in 500 1xPB®y which DNAProteincomplexes are stably cross
linked. Subsequent)ycells were washed withxPBS, peletted at 500g and the pellet was
resuspended in lysis buffer. Next, chromatin was sheared intel5000 bp long fragments
using the Bioruptor (1@nin, full power, 30sec cycles on/off){iagenodg. Following steps
included incubation of the sheared chromation with gg of an antH3K9 antibody
(Diagenodg over night, several washing steps and reverse crosslinking by boiling the sample
twice for 10min at100°C. After cleanup of the DNA by a DMN#ification slurry contained in
the kit, DNA concentrations were measured on a photomegpendorf. Next,equalDNA
amounts wereused forgRFPCRusing the ABI 7500 Realtime PCR machine to quantify the
amountof precipitatedindividual DNA piece@abk 9). Primers for the analysis of individual
promoters can be found ifabk 9.



Material and Methods

3.10.2.2Precipitation of ubiquitinylated proteins

Ubiquitinylation is the most common Ettranscriptional modification usedot target
proteins to proteasomal degradationTypically activated ubiquitin is transferred by, a
presumablytarget-specific Enzyme onto are-amine of atarget’s protein lysine. In a next
step, activated ubiquitinmolecules can be added onto the bound ubiquitin e.g. onto,K48
which ultimately results in polubiquitin chains bound to the target protein. These chains
are recognized by a certasubset of proteinse.g. Rpn10/S5a, which are preseaitthe
regulatory subunibf the proteasome.

To precipitateubiquitinylated proteins agarosebeads were employedovalently coupled
via glutathion GSH to the poly-ubiqutin-binding motif of Rpnl®B5a. Precipiation was
carried out as described in the following: Per sampbel( fibroblasts were plated out in
15cm petri dishes and incubated with HDACI fom6&ubsequently, cells were washed with
1xPBS, trypsinized and pelleted fomdn at 500x g. The cell pellet was resuspended in
500ul 1xPBS and washed twice at 50@ for 5min. To lysethe cells the pellet was
resuspended in 50Q1 TBSTGand sonicated using the Bioruptor (10min, full power,s&@
cycles on/off) Diagenodg. Since the Rpn185a is bound via GSH to the agarose betus
cell lysate wagext pre-cleared using 5QU GSHSepharose§igma and incubated for h at
4°C on a rotating wheel'he beads were pelleted and the supernatant was transferred to a
new 1.5ml microcentrifugetube. 20ul of Rpn10/S5agarose (Biomol) were added and the
lysate was incubated over night at 4°C on a rotating wheel. Afterwéndsbeads were
pelleted andwashed twice with 50 TBSTG for5 min at 500x g. To elute bound proteins
the beadpellet was resuspended in 20l 2xLaemmibuffer and boiled for 1Gmin at 95°C.
Subsequently SDSPAGE and western blot were performed as describe@.i®.1.2and
1.1.1.1 Ubiquitinylated SMNvas probedwith arabbit polyclonal aniSMN antibody $anta
Cru3.

TBSTG
A TBS pH=8.5
A 5% (v/v) Glycerol
A 1% (v/v) TritorX 100
A 1"9., Leupeptin and Aprotinin

3.10.3Determination of enzymatic activity
3.10.3.1Determintation of proteasomal activity

To test whether HDACi such as LB89 have an inhibitory effect onproteasomal
degradation the catabolic rate of thehree catalytic activities (Caspadi&e, Trypsidike and
Chymotrypsidike) embedded in the proteasome wemmeasured using Proteasontlo 3-
Substrate CelBased Assay Sgm (Promega. The kit isbased on synthetic substrates for
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each of thethree catalytic activities which are conjugated to aminoluciferifOnce the
proteasome substrate is degradedminoluciferin is liberated and available for luciferase
reaction.

The asay was performed accordirthe manufacturer’s protocol. Some 1x1fibroblasts
were cultured in whitewall 96well plates Greinerbio one #65508% and treated for the
respective periof time (Tabk 13). Medium was aspiratedrad substituted by 10@ul fresh
pre-warmed medium. Cells were incubated for trin at 37°C and 5% &QNext 100 pl
reconstituted ProteasomeD f 2 u -Bds&lfReagent ctaining the individual proteasome
substrateand UltraGlo rLuciferaseRromega were addel andmixed for 2min at 700rpm
on a shaking block. This step lyses the odflile keeping the proteasome intact
Subsequentlythe plate was incubated for 1Min at RT and afterwards luminescence was
read on a Glomax luminometePfomega. For all meas@ments eight replicates were
performed.

3.10.3.2Inhibition of proteasomal protein degradatiorby MG-132

General protein degradation under HDAGreatment was analyzed using the cell
permeable proteasome inhibitor M&32 Sigma. To this aim fibroblasts were prdreated
for 24 h with 400nM LBH589and MG132 was added at a final concentration ofis! for
15h (Tabk 13). Within this time proteins normally degraded byhé proteasome enrich
since they arenot longer degraded by the proteasme. Subsequently, proteins were
extracted 8.10.1.1.) and analyzed by western bl@.(0.1.2 as described above.

3.10.3.3Determination of PKAactivity

The cAMRlependent protein kinase A (PKA) is an img@ot mediator involved in the
regulation of diverse cellular mechanisms. Most importantlyhas also been shown that
VPA inhibits PKA activity by attenuating cellular cA&feIs(Boeckeler et al. 2006; Chang et
al. 2009) To assess PKA activity in HDi#&zited cellsthe Pg@Tag Assay for neradioactive
detection of cAMRdependent Protein Kinas@romega was used. The underlying principle
is that a synthetic PKA substrate is added to a whole cell exiaact cepending on the
respective PKA activity the amount of phophorylated substrate varies. Phosphorylated and
unphosphorylated substrateare then separatd by agarosegel electrophoresis, since the
unphosphorylated ondas apositive net charge and is theremmigrating to the cathode.

In contrast, the phosphorylated substrate is negatively charged and migrates to the anode.
Onceboth substrates are separatethe respective bands are cut out, melted and quantified
on a plate reader.

The determination of PKActvity was carried out as recommended by the manufacturer.
2x1@ fibroblastsper sample were HDA®keated for the respective time period, washed
trypsined and pelleted Ein at 500x g. The pellet was the resuspended inj2Gcecold PKA
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extraction buffer containing 0.5mM PMSFand sonicated using the Bioruptor (I@in, full
power, 30 sec cycles on/off) Qiagenodg. Cellular debris and DNA wenemoved by
centrifugation for 5Smin at 14000x g. Next, samples and controls were prepared as given in
Tablel4on ice

Positive  Negative
Sample
control control

PepTag PKA Reaction 5x By 5yl 5l 5l
PepTag Al Peptide (0%,)| 5ul S5ul Sl
PKA Activator 5x Soluti¢ 5 pl 5ul Sul
Protein Protection Mij 1 pl 1l 1
Recomb. PKA (2 ) * --- Sl ---
Sample’ 9ul --- ---
ddHO|  --- 4ul oul

Tablel4  Composition of thesample, positive and negative control reactions for tlietermination of

PKA activity. * sample and recombinarPKA wereadded after incubation for 1 min at 30°C.

Reactions were warmed up for rhin in 30°C waterbathAfterwards either sample or
recombinant PKA was added and reactions were incubated foni@0at RT. Subsequently
reactions were stopped by incubating for bdin at 95°C. After cooling down I 80%
glycerol was added. To separate phosphorylated and ungimgpated PKA substratea
0.8% agarosed in 50mM TrisHCI pH=8.0 was prepared with slots in the middle of the gel.
Total reactions were loaded and bothulstrates were separated by applying 180for
approx. 15min. Respective bands were cut out and melted in 380Gel Solubilization
Solution(5 M Urea)at 95°C in a heating block. 1R00of solublizedyelwere then mixed with
50 ul acetic acid thereby hydoylysing all agarose chains and keepihg solution liquid.
Next, amples were transferred into a black -9&ll plates Greiner bio one#655076) and
dye intensity was measured (excitation: 56& / emission: 592nm) on a Safire? plate
reader Te@n).

PKA extraction buffer PKA dilution buffer
A 25mM TrisHCI (pH=7.4) A 350mM KPQ, (pH=6.8)
A 0.5mM EDTA A 0.1mMDTT
A 0.5mM EGTA
A 10mM R-Mercaptoethanol
A 1YY, Leupeptinand Aprotinin
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3.10.3.4Determination of fatty acid uptake via BODIFFA

CD36 is one of majoatty-acid transporters in the human bodybumrad et al. 1993;
Coburn et al. 2000; Endemann et al. 199B) testwhether higher CD36 amounts in the
NonResponders indeed lead to a higher fatty acid uptake QBTFatty Acid Uptake Kit
(Molecular Device¥y was employed. It makes use of a BOB#P¥led oleic acid analogue
which is actively transported into the celBODIPYbpron-dipyrrometheng, a fluorescent
dye, allows monitoring fatty acidiptake since he more fluorescent is detected inside the
cells, tre higher was the fatty acid uptakeThe protocol was as follows: Some
1x10 fibroblasts were plated out in 96rell plates and 24 h later treated for 16 h either with
500uM VPA or mock. Next, cells were depdifor8 h with 100"/,,ei serum free medium at
37°C and 5% GOSubsequentlyl0 pl test compound dissolved in 1x HBSS + 0.2 g BSA were
added and cells were incubated for another 30 rfiiabk 13). Afterwards 100 pl 1x loading
buffer were addedand cells were incubated o.n. at 37°C and 5%. Gf@dium was aspired
and 200 pl 10% SDS in 1xPBS were added. Complete &gsismaured by incubation for
10min on a shaking block. Nextudrescencgexcitation: 485 nm; emission: 515 nmwas
measured on Safire? plate readdrg@n).

5x loading buffer (D ml)

A 1ml 10x HBSS5{bc9

A 0.2ml 1 M HEPESIigm3

A 20 myg fatty acid free BSASigma

A 8,8ml ddHO

A 1 Vial component A (containing BODIBbeled oleic acidolecularDevice¥

3.10.4Enzymelinked immunosorbent assay (ELISA)
3.10.4.1Quantification of intracellular cAMRcontent

cAMP is an importansecondmessenger involved in the regulation of a vast number of
cellular processegPavan et al. 2009)To quantify basal as well as cAMP levels under VPA
treatment, the CatchPoint CychaMP fluorescent assay kit was usédo(ecular Devicgs
The basic principle of this kit is a competitive immunoassay using cell lysates. cCAMP in the
sample competes with a horseradish peroxidéeeeled cAMP conjugate for the bimdy
sites of an anttAMP antibody boundo a microtiteplate. The more cAMP is presetthe
less cAMRantibody conjugates bindingthus less HRRBctivity is detected.

To quantify intracellular cAMPRvels some 1xT{fibroblastswere plated out in a 96vell
plate. The following daycells were treated withdifferent compounds Tabk 13) for the
indicated time periods. Following treatmerihe media was aspirated and %0 1xPBS was
added to each well. Nexfibroblasts were lysedby adding 50ul lysis reagent and gentle
agitation on a shking block for 10min. 40pul of cell lysate were then transired into the
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assay plate.40 ul of reconstituted abbit anttcAMP antibody were added to each well the
plate was gently shaken for rain. Subsequently40 pl reconstituted HREAMP conjugate
were added and following mixinghe assay plate was incubated forh2at RT. The plate
contents were aspirated and the plate was wasHedr times with 300 pl wash buffer.
100pl Stoplight Red sulbrmte were added to each well and the plate was incubated for
10min shielded from light. Finally fluorescence intensity (excitati88) nm; emission:
590nm) was measuredn a Safire? plate readeT é@n).

To rule out any artifacts based on different@ioliferation between cell lines, data was
normalized to the proten amount determinedby a BCAassay §.10.1.1.4 performed with
the remaining 6Qul of protein lysate produced at theitial stepsof this assay.

3.10.4.2Quantification of global histone H3 acetylation

Change in istone acetylation is the major hallmark of HDA@atment. To test if HDACI
are also able to induce histonleyperacetylationin vivo the EpiQuik Global Histone H3
acetylation assafEpiGentekwas usedccordng to the manufacturer’s guidelinés detect
changes in histone H3 acadibn. In brief, mice werenjected with HDACI, sacrificed by
gasification and brain and spinal cord were quickly prepaftD mg brain tissue or the
whole spinal cord, respectivelyvere transferred into diluted buffer GF1 and homogenized
using Basic Ultra Turrax Homogenid&A. The lysate was centrifuged for 5 min%800x g
and cellular debris pellet containing chromatin was resuspended in GF2/glycerol by
vortexing. After inabation for 5 min on ice nucleic debris was pelleted18{400x g for
5min at 4°C. The supernatant was transferred into a new 1.5 ml reaction aobde/aVol
100 TCA was adddd precipitate histones. After incubation for 30 min on ice the pellet
was collected (L3,400x g for 2 min at 4°C)nd washed with 1 ml acetone (13,480y for 2
min at 4°C). The supernatant was removed and the pellet was air dried before resuspended
in 100ul ddH:O.

Protein concentration of all samples was adjusted to 4%Q with GF4 and 5 pl of the
protein solution were spread into a well of the assay plate. The plate was dined for
90min at 37°C. 150l pf GF5 containing a HRBupled antibody directed against acetylated
histone H3 were added to each well and incubated30rmin at 37°C. After aspiration the
wells were washed 4x with 150 pl with GF3. Subseque@ity ul GF9 containing the HRP
substrate were added teach welland the plate was incubated for 10 min in the absence of
light. Reactions were stopped by adding @ GF10 and absorbance was read at 450 nm on a
Safire?2 plate reader Te@n). Acetylated histone H3 amounts were cedéted using a
standard curve provided witthe Kkit.
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3.10.5Determination of SMN2promoter activity

The basic idea behind using HDACI for therapy of SMA is to activate thBMN2
promoter and therebyactivating the production ofmore functional protein fromSMN2
Therefore 1 is of big interest to check whethédDACitreatment indeed increase SMN2
promoter activity. To clarify thisssug a N&-34 reporter cell line(Jarecki et al. 2005)as
used which is stably transfected with thie-lactamag reporter gene under the control of
the humanSMN2promoter (termed NSE34 blain the following) Addition of the fluorescent
dye CCFAM (Invitroger) allows monitoringSMN2promoter, since the dye isleaved by the
b-lactamase in aconcentraticm-dependent manner.The protocol was as follows: Some
8x10 NSG34 bla cells were plated out in a 16m petri dish and treated for 64 with
different concentrations LBH589. Afterwards cells were washed twice with 1xPBS and
resuspended in 2nl culture medim w/o FCS by pipetting up and down several tintss.
replicates of 10Qul cell suspension were transferred into a-@éll plate and let settle down
for 3-5 h. Next 20ul 6XxCCFR2AM staining solution were addednd the plate was incubated
for 15 h at RTin the absence of lightNext fluorescence intensity (internalized dye:
excitation: 395nm; emission: 530m / dye cleavedy b-lactamase: excitation395 nm;
emission: 460hm) was measured on a Safire? plate readBed@n). Promoter activity was
calculaed as ratio € s3) of cleaved CCH2M to CCR2AM internalized by the cells.

6x CCFAM staining solution (Invitrogen)

A 60pl Solution B

A 6pul 1mM CCFAM

A 12pl 1M Probencid $igma in 1M NaOH
A 1 ml Solution C

3.10.6Massspectroscopiaetermination of intracelular VPA content

To precisely determine the intracellular VPA content HMISIMS is the method of
choice since it gives famore preciseresults the standard gas chromatographitter
dissociationof the analytevia a HPL&olumn the separated reagestare identified by
massspectroscopy.The underlyingprinciple isthe resoling of ionizedand most often
fragmentedanalystsin an electridield based on their charg® massratio (m/z). lonization
is typically achieved by electrespray ionization otaserionization. Subsequentlyions are
acceleratedin vacuousing a static electric fielJdragmented in a cékion chamber and are
afterwards separated based om/zby a quadropo&nd individually detected.

Furthermore employing HPL-®1S/MSmakes itpossible o distinguish VPA from its blood
metabolite, 4ene VPA, allowingingp applythe assayalsofor the analysis of blood samples.
HPLEMS/MS procedures were carried oby Dr. Tim Baueon aTriplequadrupoleandem
mass spectrometer Q Trap 4008ppled Biosysten)scombined with SI-Z0AD Prominance
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HPLC machineShimadzy at the Institute of Pharmacologyn Cologne.Chromatographic
runs were carried out for 10 min with a flesate between 200 and 400 pAll dhemicals
used for HPLMS/MS experiments are of HPLQurity.

3.10.6.1Derivatization of VPA/4en VPA

For the detection of VPA andehe VPA a published protocol for the detection of VPA in
human blood(Cheng et al. 200Avas adopted and some modifications were addé&the
underlying principle is a preolumn activation of carboxylgroups with
1-chloro-4-methylpyridinium iodide and TEA and ubsequent formation of stable
4-dimethylaminebenzylamide derivates. These derivates have a much higher atomic weight
(VPA: 277.3 amu,dne VPA 275.2 amu) than underivatized VPA (144.3 amu)-ané ¥PA
(142.2 amu) and thereby allow easieiscfimination between both compounds based on
their HPLC retention tim@-igure?).

The intracellular VPA content was determined by treating 2xitBoblasts for 16 h with
500 uM VPAIn a 10 cm petri dish as described38.1.1 Subsequentlycells were washed
once with 1xPBS and collected trypsinization and centrifugation at 500 x g for 5 min.
Fibroblast were lysed by osmotic shock adding 200 ub@d&hd after 5 min incubation on
ice snapfrozenin liquid nitrogen. After thawing? pl 3 N HCI were added to lower the pH to
approx. 3. Next, proteins wer@recipitated by adding 300 ul ethylenechloride and
vigorous shaking for 30 min at 37%€a shaking heating blockfterwards, cell lysates were
centrifuged for 1 min at 16,100 xtg separate organic and aqueous phase. 250 ul of the
organic layer were transferred into the preparel.5 ml reaction tubecontaining 10 ul
2-chloro-1-methylpyridiniumiodide (10™Y.,), 10 pl 4dimethylaminebenzylamindiydro-
chloride (10™Y ) and 20 pl TEA.dbivatization reactiongFigure7) were carriedout for 1 h
at 900 rpm and 37°C on a shaking heating block. Subsequently, reactions were stopped by
adding 200 pl acetate buffepH =4 andubes were centrifuged for 1 min at 16,100 x g.
200ul of the organic layer were transferred into a new 1.5 ml reaction tube and evaporated
to dryness for 2h at 50°C and 200 rpm in a shaking heating block under a sterile hood. The
remaining precipitate waseconstituted in 120 ul ACN/ddB (1:1) containing 0.1% formic
acid. Subsequent HPERS/MS analysisvas performed by electron-spray ionization (ESI;
pos. 5500 V, neg4500 V) and fragmentation in multiple reaction monitoring (MRM) mode.
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Figure7 Reaction carried out for derivatisation of VPA,-ehe VPA or any other organic acid.

+H,0

Catalyzed by zhloro-1-methylpyridiniumiodide and heating 4-dimethylamino-benzyt
amindihydro-chloride is added onto the carboxylic acid residue fiorm an amide (adapted
from (Cheng et al. 2007)

3.10.6.2Determination of intracdlular VPA content withoutderivatization

To determine the intracellular VPA content without tletour of derivatisation VPA and
its metabolites were directly determined without fragmentation. fhis aim 1x10 treated
fibroblasts from a well of -&vell plate were lysed by adding 200 pl of 4 mM HCRYoteins
were pelleted by centrifugation for 1 min at 16,100 x g and 100f ihe supernatantvere
used for injection into the.CMSusing the singléon-mode (SIMwithout fragmentation

To identify any putive differences in the metabolism of VPA in Nand PosResponders
a shading assay was perform@@rundemann et al. 2005) othis aim,mass spectra ahree
pooled Non and three pooled PosRespondergrom 0 to 400 atomic units recorded in SIM
were superimposed by MBullView {eveloped by D. Grindemgnnallocated and
differences were marked in orange. To distinguish between-ME#abolites and molecules
produceal in response of VPt#keatment, 250 uM VPA and50 uM d;s-VPA CDNisotopes
were combined for treatment toige a final concentration of 500\t VPA.

3.11 Working with mice

3.11.1Animal breeding

All animals use throughout this thesis were housed in mielsplation chambers in the
mouse facility of thenstitute of Genetics, Colognender a normal dark and light rhythm
(22h). Animabedding, cages, water and feed was regularly changed anttatied by the
animal keepers.Genotyping was performed using standard PGM®.8.) and primers
described inTablell. Breedings were always set up in-#&otl manner. Mice showing a very
mild SMAphenotype were generated by crossbreedingmri; SMN2'® mouse (HsiehLi
et al. 2000with a Smri";SMN2" mouse(Monani et al. 2000)ObtainedSMAanimals and
their healthy littermates were numberedosn after birth with a wateiresistantmarker on
the abdomen.At an age othree weeks from all mice taitips were taken and numbered
ear-tags were set.
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3.11.2Determination of weight progression of mice

To characterize mice showing a very mild Sph&notype the weight progression was
used as the main outcome measuremesince it is welknown that SMAike mice have
reduced weight comparetb healthy littermates. Mice were weighenh plastic bowl placed
on a standard laboratory balance. During the fB6t days of life mice were weighkd daily.
Afterwards mice were weight once a week. Weighing wsisally performed between 4 and
6 pm

3.11.3Sulrutaneous injection of mice

To test whether HDACi are able to cross the blebdhin-barrier and to induce
hyperacetylationin the CNSadult Smi;SMN®" (HsiehLi et al. 2000)mice were sub
cutaneously injected with eithekBH589, JnJ26481585 or DMSO only into thd packer
using aBD Mico-Fine + W40 Insulin syringeBDMedica). After treatment for the respective
period of time, mice were killed by gasification and the orgasisnterest were removed.

3.11.4Preparation of mouse organs

To prepare different mouse orgajthe respective mouse was sacrificied by gasification on
dry ice. Subsequently, the mouse was fixed on a preparation table and the body was opened
by abdominal incision. Whole livegastrocnemiusmuscle, brain and spinal cord were
removed and snap frozen liguid nitrogen.
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4. Results

Proximal spinal muscular atrophy acommon autosomakecessive disordeand the
leading geneticcause of infant death in the ®étern European population. Although
nowadays the disease phenotype is quite well knptlere is no are for SMAavalable yet.
On molecular levelSMA is caused by functional absence ofshevival motor neuron gene 1
(SMN32, leadingto dramatically reduced SMN protein levellsefebvre et al. 1995)This
causesdegeneration of thea-motor neurons in the anterior horns of the spinal cord
resulting in progressive atropy of the voluntary muscles andjltimately, in lethal
respiratory failure. Intensive analysis of the chromosomal regosurrounding SMN1
revealed that SMN1is located in an inverted and duplicatedgion spanning more than
500Kb (Lefebvre et al. 1995)Within this region a nearly identichcopy gene has been
identified termed SMN2 Both genes encode for theame protein but due to a silent
nucleotide exchang&MN2splicing is dramaticallgltered (Lorson et al. 1999)0nly approx.
10% ofSMN2transcriptsgive rise tothe full-length SMN protein wlreas 90% oSMN2
transcripts lack the critical exon thus coding fora truncated and unstable protei(Lorson
et al. 1998)

However SMN2is the only origin of functional SMN protein in SMA patients. Its vital
importance isfurther underlined by the finding that the number &MN2copies inversely
correlateswith the SMA phenotypéFeldkotter et al. 2002; McAndrew et al. 1997; Wirth et
al. 2006b) The more SMN2 copies are pesent in a SMA patientthe milder is the
phenotype Therefore quite afew therapeutic strategies havieeen developed within the
last years which directly targgBMN2either by gene activationfestoration the splicing
pattern or gene replacemer{torson et al. 2010)

In our laboratory we pursuel the approach to increas8MNZ2activity by means of HDAC
inhibition. HDAG induce widespread chromatin hyperacetylation whereby general gene
activity is increaed. We identified the weknown HDACwvalproicacidto markedly increase
SMN protein amounts in fibroblastierivedfrom SMApatients(Brichta et al. 2003V alproic
acid, a shorchain fatly acid, § commonly use in the treatmentof eplepsybut is also FDA
approved for the treatmenof diverse types of seizures or bipolar disordesird VP Aa first
clinical trial in SMApatients and carriersvas performed andshowed that VPAindeed
increass blood SMNMRNA leels in%/; of treated patients(Positive ResponddBrichta et
al. 2006). However, /5 of treated SMApatients did no show any change at a{Non
Responderhereas the remainind/; of patients even showed a dowregulaion of SMN
(Negative ResponderiMore recently a phase Il opetabel clinical trial with VPA has been
performed in SMA type Il and Ill patien(Swoboda et al. 2009)Although this study
suggested that VPA has paositive effect on SMA disease progressianleasttwo critical
points have to be mentionedirst,no stratification of SMA patients depending on the SMN
levels has been undertaken. This is of fundamental importance since throughout the study
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huge fluctiations between individual samples have besyserved Secondthe clinical trial

was too short to allow any final statement. Since both SMA type Il and Il patients are rather
slow in their disease progressioa readout time of six months is too shotb detect any
significant impact. This argument is further underlined by the finding that -BikéAmice
treated for up to 12 moths with VPA clearly exhibit eaamelioration of the SMA phenotype
(Tsai et al. 2008)

Based on these conflicting datave tried to decipher the crucial factors whichight help
us to understand why somebody is pagly responding to VPA or ndinderstanding these
factors would not only have great impagn SMAtherapy but also on othediseases which
are treated with VPA such agpilepsy. Furthermore we identified the new HDACi LBH589 as
an auspicious candidate for SMA therapy and characterized its mode of actietail

4.1 SMAtherapy with VPA: Why dave haveNon- and PosResponders?

4.1.1 In vitro treatment of fibroblasts derived from SM#Avatients and carriers with
valproic acid

To answer the question wha given SMA patient either responds positivelynot or
negatively to VPA treatment enough material is needed terform all necessary
experimants. Since blood samples are quite precious awdilable only in limited amounts
more easily accedse experimental gstem was required Therefore, primary dermal
fibroblast cultureswere establishedrom all nine SMApatients andsix carriers includedn
our first clinical trial with VPABrichta et al. 2006)ourfibroblast lines were derived from
SMApatients in which VPA increaselliS levels, whereaswo fibroblastlines were derived
from SMA patients showingno change in SMN expression. Additionally, furthiéwree
fibroblastlineswere established from SMAatientshaving decreased SMN levels under VPA
treatment. Within the group ofcarriers¢ sixin total - no changein SMN expression levels
was detectedunder VPAreatmentin blood.With this tissue system in our handse were
able to address the quésn why somebody reacts to VRAatment or not.

Since itwas not knownwhetherthe response to VPA correlates among differessties, it
had first to bedetermined whether VPAtreatment indeed triggers the same response
regarding SMN levels in blood and fibrolas o this aimall 15fibroblastlineswere treated
for 16 h with VPAoncentrations between 5 uM and 500M) resembling therapeutic doses
routinely usedn clinic(Brichta et al. 2003Higheramountswere not used at this point since
earlier publicatiols had showrthat these did not produceubstantially stronger effectsAll
treatments were performed intriplicates from three different passages to exclude any
passagespecfic effect Protein extracts were themanalyzed bysemiquantitative western
blotting. b-actin was usedas loading control sincg has previously beeshown that VPA
only has minimal effects omsiexpressionA summary of all treated fibroblast lines is given
in Tablels.
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4.1.1.1Classification of fibroblasts into Norand PosResponder

To fascilitate comparison of thevast amount of western blot data derived from the VPA
treatment of all 17fibroblast linestested, cell linesneeded to beclassified Since the final
goal of these experiments was to idegtffbroblast lines which exhibd similar response to
VPA as the respective donor the results were sortetivim steps.Thefirst parameter used
to group VPAtreated fibroblast lines wathe in vivoresponse to VPA of the individual SMA
patients in the pilot clinical trial with VP@richta et al. 2006)PosRespondewere patients
in whom VPAelevated SMN leveldNonRespondeincluded all SMA patients whi diaot
respond to VPA at aih vivoand, finally, the term NegRespondewas used for patients in
whom VPA declinég SMN levels. Subsequently, VfPdated fibroblast lines were
discriminatel by whether the response between blood and fibroblasts was concordant. Cell
lines representing discrepant results were excluded from further analysis.

To determine theSMN threshold at whicha cell line bBould be regarded as a Pos
Respondein vitro, the mean response of all fibroblahes derived from SMA patientnd
carriers showingn vivo no change or reducedSMN levels undelPAtreatment (ML49,
ML53, ML63, ML66, ML68, ML75, ML62, ML65) was cadclil&ased on this calculation
(mean SMN level 4L7% +/ 5%) all cell linesexhibitinghigher SMN levelhan 120% under
VPA treatment were defined asPosRespondes. Furthermore fibroblast lines showing
reduced SMN levels upon VPA application were regardddegfkespondersvhereas those
exhibiting N amounts between 100 and®0% were classified d&¢on-Respondes:

A Carrierfibroblasts(marked grey in Table 14)

In line with thein vivo situation, VPA only slightly affected SMN levels by either
increasing or decreasing SMN levels by less thani2@tir out of sixcarrier cell lines
(ML49, ML53, ML68 and IM5). In contrast to that, VPA elevateihconsistenly to

the in vivodata - SMN protein levels in the carrier fibroblast lines ML63 and ML66 by
more than 40% at concentrations of 50 or 500 uM \iiédpectively.

ANon-Respondefiibroblasts (marked orange in Table 14)

Similaty to the carrier fibroblast lines ML63 and MLBBPA dramaticallgltered SMN
levelsin both fibroblasts linegML62, ML65Yerived from SMA patients showing no
change in SMN exgssion under VP&eatment in vivo. In ML62 SMN was elevated
for all three tested concentrations, whereas VPA reduced SMN in Miye®ore than
20% at every dostus not confirming then vivodata.

APosRespondefibroblasts (marked green in Table 14)

In total four cell lines were derived from SMpatients exhbiting augmented SMN
levels under VPA treatment (ML60, ML67, ML71 &fid72) With the exception of
ML71, in which a 5 to 10%ecline in SMN was obtained for 5 and 50 PWRA
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significantly increase SMN amounts in all casddowever,in ML60 the impact of VPA

on SMN was rather low since its abundance was elevated only by 20% at 5 and 50 pM
VPA. NoteworthyML67 showed the highest increase in SMN levels of all tested cell
lines with > 200% at 500 uMPA.

ANegRespondeffibroblasts (marked red in Table 14)

In the case of the fibroblasts derived from SMA patients showing decreased SMN
levels under VPA treatment (ML59, ML69, Man8 ML82, reduced SMN levels were
detected dosedependently for ML69 and M/3.ForML82 a decline of 5 to 10% was
observed for all tested concentratisnin contrast to that, ML59 showed slightly
elevated SMN levelSincethese were béow the PosResponder threshold, ML59 was
regarded ag NonResponder instead of a Nd&esponer.
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In conclusionthe in vivoresponse to VPA could clearly be confirmachine out of 17
cases. Irihree further fibroblast lines (ML75, ML65 and ML60) similar tendencies as in blood

were obtained but these results werenhas clear as in the other fibroblast lines. Therefore
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these cell lines were regardeas confirmedbut under reservation. In another fowell lines

a clearly opposite response to VRAs observedis expected from thén vivodata (ML63,
ML66, ML62 and M71). Thereforgthese cell lines were excluded from further experiments.
Furthermore, cell linederived from carriers (ML49, ML53 and ML@&Ye also not used for
further analysis, sincé was not known to what extenthe presentSMN1gene cloaks any
SMN2 activation by VPATHus, the following six fibroblast lines were selected for further
analysisigure8).

A PosResponderML67 and ML72
A Non- & NegResponder:ML59,ML82,ML69 and ML73

Noteworthy, both Nor and NegResponderswvere grouped togetherfor two reasons.
Firstmthe actual differencein SMN levels between both groups were sometimes blurred
e.g. in the case of ML5%econd,the project’s focus was to address the question why
somebody does not respongositivelyto VPA.However, it has to be kept in mind that all
NegResponders are indeed responding to YBAt in an opposite wayFor the sake of
consistency the group of Non and NegResponder willthereafter be termed Non
Respondemn the following.

In general, a VPAoncentration of 500 uM had the higheshpact on SMN protein levels
(sixout of ninetreated SMA patient cell lines). Therefome chose this concentration as the
GalGlyRFNR O2yOSy iGN GA2YE F2N FdzNIKSNJ SELISNRY
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4.1.1.2Generation d an unrelated control group

All cell lines characterized abokiad beenestablished before the start of this work. During
its accomplishment further fibroblast linesene collected from SMA patients undergoing
VPAtherapy. These cell lines were intendemllie used as an unrelated control grquyghich
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should serve to veriffhe data obtained from cell lines analyzed aboVealfle15). All newy
established fibroblast Ines were treated in triplicatewith VPA whenever they were
avaibble.To circumvent the possibilityf missingsome cell lines that do not react to VPA at
lower concentrations but respond at higher dostee treatmentwas changed in suchway
that fibroblasts were treated for 16 h with 50 uM, 500 pM and 1 mM VPA.

Bytreating 14 further fibroblast linewith VPAtwo additional concordant PeResponders
(ML94, ML95) andhree additional concordant No#Responder were identified (ML79,
ML86,ML105)(Tablel1. In the case of the PeResponders ML94 and ML9%be highest
increase in SMN wadetected at VPA concentration of 1 mM with SMN levels of around 160
to 170% A similar amount of SMN was also recorded at 50 uM VPA for ML94 whereas 500
MM VPA only slightly increased SMN protein. M95 a doselependent increase in SMN
was found. ML79 and ML86 were both identified as concordant-Responder either
showing nochange in SMN levels or a dedependent derease down to approx. 70% at
1 mM VPA fo ML86. The fibroblast lin®1L89 was excluded from further analysis since SMN
levels fluctuated between 140% at 50 uM and approx. 100% at 500 uM and 1 mNhuUBA
giving no consistent picture. ML96 showed a dose dependemease to merely 150% SMN
at 1mM, but also had to bexcludedsince these data did not matchn vivodata. Fnally, the
Non-Responder cell lineML105 SMN fluctuated by less than 10% at thllee VPA
concentrations thereby confirming the vivodata.

In total, eight further fibroblast lines were treated with VRAut it cannot be stated yet
whether these cellihes are concordant or notjree the VPA therapy of the neective SMA
patients is still ongoing (bée 14). Among these cell lineB]L103 most likely is a Nen
Responder since VPA treatment decreased SMN levels down to 86% at 1 mM. A similar
pattern was déund for ML104. In contrast to that, ML108 turned out to be a-Responder
since VPA significantly increaselll® levels to 144% at 1 mM VPIA. the remaining five
fibroblast lines VPA triggered neither a significant increase or decrease at all tested
concentrations.

Taken together five additional concordanfibroblastlines were identified two of which
are PosResponders and threare NonResponders. For another eigfibroblast lines VPA
therapy is still ongoing and therefore the classification asegittoncordant ordiscordant
needs to be awaited. Neverthelegbese fibroblast linegre currentlybeingcultivated again
to verify the data presented in the following.
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4.1.2 Search for the molecular bast#f VPA Nm-Respondes

Based on thepreviously describedibroblast data the question arose why SMN is not
increased in No#iResponders by VPA. Since the effect of VPSMN levels is mediated via
HDAGnNhibition, it was tested whether VPA has any effect on the @aébn status of the
SMN2promoter in NorrResponders. To this aim, fibroblasts from three-Responders and
three Non-Responders were treatedith 500 uM VPA for 16 h and compared via Chroma
Immunoprecipitation (ChlR)sing an antibody directtagains acetylated histone HgRoh et
al. 2005) Acetylation of lysiné® of histone H3 is a clear sighactive transcription and was
therefore chose as the pivotal parameter ddMN2promoter activity. FollowingchlR SMN2
promoter acetylationwas quantified bygRFPCRat four regionsknown to be susceptible to
HDACGinduced hyperacetylatio(Kernochan et al. 2005)

VPA increased acetylation in all threBosResponders throughout the whol&SMN2
promoter (Figure9). Highest increases of around 50 to 75% were detected at HUSP2, approx.
1.2kb upstream of theéranscriptional start site {S$ and HuSP4which is located directly
after the TSS. For both, HUSP1 and HuSP3, VPA increadgltmn by 25 to 50%. In
contrast to that, for althree Non-Responders no general hyperacetylation was detected. In
the case of HUSP1 and HuSP3 acetylation ewas decreased by 25% iall three cases.
Similar results were obtained for HUSP2 and HuS#E4# thve exception of ML82r ML59,
respectively. Taken together, these data clearly show that VPA is not inducing histone
hyperacetylation at theSMN2promoterin NonRespondersind therefore does not act as an
HDACI.
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Figure9 Change in H3K@cetylation after 16 h 500 pM ViR treatment inthree Pos and three Non-
Responder cell linesLocation of allfour analyzed regions is given in the lower part. (Ros
Responderhfrom left to right: ML17, ML67, ML72. NeResponderThfrom left to right:
ML59, ML73, ML82)

Since ChIP analysis revealdtiat VPA did not induce hyperaggation of the SMN2
promoterin NonResponder fibroblast lines wasnext testedwhether Non-Respondes are
generally inert to HDAQ@ieatment and could thereforebe regarded asseneral HDA@on
ResponderTo clarify this issyeNon-Responder fibroblasktines were treated with various
HDACI. Since VPA is a branched stioain fatty acigdifferent fatty acid HDACi wetested
such as Sodium Butyrate,short-chainfatty acid HDACi shown to increase SMN amounts
(Chang et al. 2001)Furthermore the aromatic fatty acid Phenylbutyrate, a derivate of
Sodium Butyrate, wasncluded As acontrol HDACI having no fatty acid charatgtcs
LBH589was employedTreatment conditions of all HDACi were taken from the respective
publication ¥YPA 16 h 500 uM(Brichta et al. 2003)Sodium butyrate 24 h 500"9
(Andreassi et al. 2001Phenylbutyrate 4 h 2 mM(Andreassi et al. 2004).BH58964 h
400nM (Garbes et al. 200R)Following treatment SMN levels were analyzed lsgmt
guantitative western blottingising a SMN and laActin antibody As shown irFigurel0, all
tested HDACI increased SMN levels in the-Responder ML5thereby confirming their
capacity. As expected, LBH589 had the highest impat SMN levels VPA and
Phenylbutyrate produced similareffects and increased SMN by 50%odium butyrate
merely doubled SMN amounts ML5whereas it did not affect SMN levels in neithdt.73
nor in ML59 VPAhad, as expectedalsono positive impact orSMN protein amounts, but








































































































































































































































































































































































































































































