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SUMMARY XV

SUMMARY

Spinal muscular atrophy (SMA) is a devastating genetically inherited neuromuscular disorder
characterized by the progressive los$ ehotor neurongMNs)in the anterior horn of thespinal cord,
leading to muscle atrophy and weakneS¥ithout treatment, SMA is the leading genetic cause of
infant death.Although SMA is caused by homozygous mutatiorsimival motor neuron {SMN2J

gene the disease severity is mainly determinedSiMN2copy number, an almost identical gene that
produaes ~10% correctly splicédll lengthSMNtranscripts. Recently, three FPa#nd EMAapproved
therapies that either increase correctly spliceMN2 transcripts (nusinersen- antisense
oligonucleotide, ASQG and risdiplam- small molecule- ) or replaceSMNL gene (onasemnogen
abeparvoveexioi) have revolutionized the clinical outcome of SMA patients. Howeli@ical and
scientific evidence emphasize the importanceapresymptomatic treatmentin order achievea
significant therapeutic outcome. Meover, tere is asignificantnumber of patients that do not
respond to the SMMnhancing treatments. Indeed, feeverelyaffected SMA individuals carrying only

two SMN2copies even a presymptomatic therapy might be insufficient to fully counteract disease
develppment Therefore, SMNhdependent compounds supporting SMNpendent therapies
represent a promising therapeutic approadh.this regard, genetic modifiers such as PLS3, NCALD or
CHP1 have proved to act protective against SMA across spEb@efore the aims of this work are

the following: 1) To test a combinatorial therapy usBiINASOand ChptASOs in SMA mice, 2) To
develop an efficient MN differentiation protocol from healthy and SMA hiPSCs to use as a platform for
compound screening (ASOs), 3)tést the longterm effect of the combinatorial therapy based on
SMNASO andNcaldASO.

In the first part of this work, we focused on the combinatorial treatment enhancing SMN protein levels
and reducig CHP1 protein amount. CHP1, calcinelikim EFhandprotein 1, is an interacting partner

of PLS3, a strong modifier of SMA, and acts as a negative regulator of neurite outgrowth and
endocytosis. Importantlya significant amelioration of SMA disease hallmaskes observedn a
severely affectedEMA mousenodel carrying a mutanChplallele when combined with a suboptimal
doseof SMNASCOtreatment. In this work we aimed to pharmacologically reduce CHP1 levels in an
ASGbased combinatorial therapy targetirigMNand Chplin SMA miceNotably, Chplmodulation
represensa major challenge since its reduction to ~56B6wed an amelioration dBMA pathology,
while the downregulation below those levels detrimental and promptscerebellar ataxia
characterized by Purkinje neuron lostereby, éicacy and tolerabity studiesin neonatal wild type
micedetermined that a single injection of 30 @hptASO4 in the CNS is a safe dosage that isignily
reduced CHP1 levels to aboti0% at postnatal day (PN[14 in the brain and the spinal cord

Unfortunately, neitherelectrophysiological predictors such as compound muscle action potential
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(CMAP) or motor unit number tisnation (MUNE) nor morphologicptoperties ofthe neuromuscular
junctions (NMJ) the spinal cord othe tibialis anteriormuscle were ameliorated in SMmice treated

with ChptASO4 compared to CFREO at PND21. UnexpectedBHPL1 levels werst reduced aé-
weeks post injection, indicating a rather shoetm effect and stability of the ASO. Nexwve re
administratedChptASO4 by i.c.v. bolus injectiah PND28. However, no significantgrovement of
SMA hallmarks was observati2 monthof-age.Taken together, in contrast to the protective effect

of the geneticallyinducedChpZlreduction on SMA, combinatorial therapy based@mpt and SMN
ASOs failed to significantly ameliorate the SMA pathology in mice. Thetshaorstability ofChpt
ASOs compared tBMNASO suggests that further optimization of the ASO may be required to fully

explore the combination of treatments.

The second part ofhis work focused on the loAgrm combinatorial treatment targetingSMN
upregulation andNcald reduction. NCALD, neurdcin delta, was identified as 8MA protective
modifier in a SMA discordant family, where asymptomatic individuals exhibited &% NCALD
reduction. NCALD is a calcium senzmtein that negatively regulatedathrinrmediated endocytosis

and axonal outgrowth NCALD reduction improves impaired endocytosis and ameliorates SMA
pathology across species. Moreovprevious work carried ouin our research group demonstrated
that NCALD pharmacological reduction usNepldASO in a lovdose SMNASO treated severe SMA
mouse model, significantly improveslectrophysiological and morphologigadthology hallmarks at
PND21. However, at 3 montla§ age SMA miceexhibited amelioration of motoric abilities solely. In
the present workwe aimed to study the longerm effectof NcaldASO by rénjecting it via.c.v.bolus
administrationat PND28. In parallel, we aimed to test the therapeutic effd¢tumanNCALEASGin

MNs differentiated fron patientderivedhiPSCdrirst,500ugNcaldASO administered viec.v.bolus
injection at AND28 in wild type mice showed a good tolerability loé torocedure and a significant
reduction of NCALIN the brain andthe spinal cord after two weekdmportantly, NcaldASO re
injection prolonged the amelioration of electrophysiological parameters and rescued denervation
defects. Moreover, humaiNCALBEASOG69 significantly downregulated NCALD levels in hiPS€deri
MNs from healthy and SMA type | individuals. In addition, growth cone morphology and spontaneous
neuronal activity were improved upoNCALEASOG9 treatmentThese data strongly supports the
therapeutic role of NCALID SMA and the importance of maintétg its reduction in order to achieve

better clinical outcomes.
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ZUSAMMENFASSUNG

Spinale Muskelatrophie (SMA) ist eine verheerende genetisch vererbte neuromuskulare Stérung, die
durch den fortschreitenden Verlust von AlpMotorneuronen im Vorderhorn @s Rickenmarks
gekennzeichnet ist und zu Muskelschwund wsdhwéache fuhrt. Ohne Behandlung ist SMA die
haufigste genetisch bedingte Todesursache bei Kindern. Obwohl SMA durch homozygote Mutationen
im Survival Motor Neuron XISMN2J-Gen verursacht wird, wird die Schwere der Erkrankung
hauptséchlich durch die Kopienzahl v@RIN2bestimmt,fast identisch mit densMN1Gen, das ~10%
korrekt gesplei3te SMNranskripte in voller La4nge produziert. In jlingster Zeit haben drei von der FDA
und der EMA zugelassene Therapien, die entweder die Zahl der korrekt gesplei3terT&visIiZipte
erhdhen (Nusinersen AntisenseOligonukleotid, AS@und Risdiplam kleines Molekil ) oder das
SMNZ1Gen ersetzen (Onasemnogen abeparvexied), den klinishen Verlauf von SMRatienten
revolutioniert. Klinische und wissenschaftliche Erkenntnisse unterstreichen jedoch, wie wichtig eine
prasymptomatische Behandlung ist, um einen signifikanten therapeutischen Erfolg zu erzielen.
Darlber hinaus gibt es eine bathtliche Anzahl von Patienten, die nicht auf die SéMhbhenden
Behandlungen ansprechen. Bei schwer betroffenen $d#enten, die nur zwe&SMN2Kopien tragen,
kénnte sogar eine prasymptomatische Therapie unzureichend sein, um der Entwicklung der iKrankhe
vollstdndig entgegenzuwirken. Daher stellen Stidbhangige Substanzen, die Sldbhangige
Therapien unterstiitzen, einen vielversprechenden therapeutischen Ansatz dar. In dieser Hinsicht
haben sich genetische Modifikatoren wie PLS3, NCALD oder CHPdrdmfiedenen Spezies als
schutzend gegen SMA erwiesen. In diesem Zusammenhang sind die Ziele dieser Arbeit die folgenden:
1) Erprobung einer kombinatorischen Therapie unter VerwendungSMMNASO undChpXASO in
SMAMausen, 2) Entwicklung eines effizientdiN-Differenzierungsprotokolls aus gesunden und SMA
hiPSCs als Plattform fiir das Screening von Wirkstoffen (ASOs), 3) Prifung der Langzeitwirkung der
kombinatorischen Therapie auf der Grundlage 8WINASO undNcaldASO.

Im ersten Teil dieser Arbeit konzteierten wir uns auf die kombinatorische Behandlung, die den SMN
Proteinspiegel erhéht und die CHPtoteinmenge reduziert. CHP1, das Calcineahinliche EfHand

Protein 1, ist ein Interaktionspartner von PLS3, einem starken Modifikator von SMA, utidhlwirk
negativer Regulator des Neuritenauswuchses und der Endozytose. Bei einer schwer betrofferen SMA
Maus, die ein mutierteChpXAllel tragt, wurde in Kombination mit einer suboptimal&MNASO
Behandlung eine deutliche Verbesserung der Sfi@dnkheitsmekmale beobachtet. In dieser Arbeit
haben wir versucht, die CHRSbiegel in einer ASkasierten kombinatorischen Therapie, die &MN

und Chplin SMAM&usen abzielt, pharmakologisch zu reduzieren. Insbesondere die Modulation von
Chp1lstellt eine grol3e Herssforderung dar, da eine Reduktion auf ca. 50 % eine Verbesserung der

SMAPathologie zeigt, wahrend eine Herabregulierung unter dieses Niveau nachteilig ist und eine
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durch den Verlust von Purkinjdeuronen gekennzeichnete zerebelldare Ataxie hervorruft.
Wirksamkeits und Vertraglichkeitsstudien an neonatalen WildiyfJiusen ergaben, dass eine
einmalige Injektion von 30 BhptASO4 in daBNS eine sichere Dosis die die CHRKonzetration

am postnatalen Tag (PNIB signifikant auf etwa 50 % senkte. Leideraren weder
elektrophysiologische Pradiktoren wie das zusammengesetzte Muskelaktionspotenzial (CMAP) oder
die Schatzung der Anzahl der motorischen Einheiten (MUIED die morphologischen Eigenschaften
der neuromuskuléaren Verbindungen (NMJ), des Ricleeksnoder des Tibialsnterior-Muskels bei
SMAMausen, die miChptASO4 behandelt wurdemm Vergleich zu CTRASO bei PNPIL verbessert.
Unerwarteterweise waren die CHFpiegel vieWochen nach der Injektion nicht reduziert, was auf
eine eher kurzfrisge Wirkung und Stabilitdt des AStinweist. AnschlieRend verabreichten Wdhp1
ASOd4als i.c.\-Bolusinjektion an PNPB. Jedoch konntem Alter von zwei Monaterkeine signifikante
Verbesserung der SM¥erkmale festgestellt werden. Im Gegensatz zur scmdee Wirkung einer
genetisch induzierten ChpReduktion auf die SMAonnte die kombinatorische Therapie auf der Basis
von Chpt und SMNASOs die SMRathologie bei Mausen nicht signifikant verbessern. Die
Kurzzeitstabilitat vonChptASOs im Vergleich ZBMN-ASO deutet darauf hin, dass eine weitere
Optimierung der ASOs erforderlich sein kénnte, um die Kombination von Behgadlwollstandig zu

erforschen.

Der zweite Teil dieser Arbeit konzentrierte sich auf die langfristige kombinatorische Behandlung, die
auf die Hochregulierung von SMN und die Reduzierung von Ncald abzielt. NCALD, Neurocalcin delta,
wurde in einer SMAliskordanten Familie als ein SM&hutzfaktor identifiziert, wobei
asymptomatische Personen eine54ache NCALReduktion aufwiesen. NCALBt ein Kalzium
Sensorprotein und reguliert die Clathnermittelte Endozytose negativ. Eine NCAR&uktion
verbesert die gestorte Endozytose und flhrt zu einer Besserung derSati#ologie bei allen Spezies
Darlber hinaus haben frilhere Arbeiten unseferschungsgruppe gezeigt, dass die pharmakologische
Reduktion von NCALD mitaldASO in einem mit niedrig dosierteeBMNASO behandelten schweren
SMAMausmodell zu einer signifikanten Verbesserung der $dihologiemerkmalebei PN21

fuhrte. Im Alter vordrei Monaten zeigten die SMMa&ause jedoch lediglich eine Verschlechterung der
motorischen Fahigkeiten. In der vorliegenden Arbeit wollten wir die LangzeitwirkunijleaidASO

durch eine ernete i.c.v:Bolusinjektion bei PNZB untersuchen. Parallel dazu wollten wir die
therapeutische Wirkung von humanedCALEASO in MNs testen, die aus von Patienten stammenden
hiPSCs differenziert wurden. Die Verabreichung von 500igaddASO b5 i.c.v-Bolusinjektion bei
PNR8 in WildtypMausen zeigte zunachst eine gute Vertraglichkeit des Verfahrens und eine
signifikante Reduktion von NCALD im Gehirn und im Rickenmark nach zwei Wdiehbei flhrte

die erneute Injektion vorNcaldASO zu¥erbesserung derlektrophysiologischen Parametand hob

die Denervierungsdefekte aubDartber hinaus wurde durch human®ECALEASO69 dieNCALD
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Konzentration in hiPS&bgeleiteten Nervenfasern von gesunden und SMal-Patienten signifikant
herunterreguliert. Aul3erdemverbesserten sich die Morphologie déVachstumskegel und die
spontane neuronale Aktivitat durch die Behandlung N@ALEASO69. Diese Daten unterstreichen die
therapeutische Rolle von NCALD bei SMAd zeigen, wie wichtig eine Aufrechterhaltung der

Reduktionist, um bessere klinische Ergasse zu erzielen.
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1. INTRODUCTIQN

1. INTRODUCTION

1.1 Spinal Muscular Atrophy (SMA)

Spinal muscular atrophies (SM refer to a heterogeneous group of inherited neuromuscular
disorders chareterized by muscle weaknesgyophyand hypotoniacaused by the loss apinal and
in some casedulbar motor neurons(Oskoui 2017) SMAscan be classifiec@ccording to their
inheritance pattern into autosomal recessive, autosomal dominant and recesdin&ed (Wirth,
Brichta, and Hahnen 20Q6Yhe present work will focusnothe most abundant form of MAs:
autosomal recessiveroximalSMA linked to chromosome(5SMA[Melki et al. 199Q)from now on

referred to as SMA

1.1.1 Autosomal recessive proximal SMA

LY mMydmI GKS LIKeaAOAlIyada DdIdZAR2 2SNRYAI YR W2KLIY
AYFEYGAES LINPINBaAABS {a!é y2461 Rl & aOskoli26ly) I a | d;
although theunderlyinggenetic cause of the disease was identified in 1@%5ebvre et al. 1995After

cystic fibrosis, autosomal recessive proximal SMA is the second most frequent autosomal recessive
inherited disorder, with an incidence of 1 in 6,0000,000 anl a carrieffrequency of 1:51 worldwide

and 1:41in the European populatiofFeldkotter et al. 2002; Sugarman et al. 2012; Wirth et al. 2020)

Indeed, without treatment, SMA is thieadinghereditary causef infant death.Importantly, more

countries aréncluding SMN in nelorn screeningrograms, whichvill help to better determine these

numbers in the futurgVill et al. 2021)

SMA iscaused bydecreasedevels of the ubiquitously expressed survival of motor neuron protein
(SMN).The reductionof SMN protein levelss due to biallelic deletion(96% of the patientspr
mutations in thesurvival of motor neuron g§iene EMN1, [MIM:600354), located atchromosome 5,
and the presence oburvival of motor neuron ZSMN2 [MIM: 601627) gene copiesthat are
alternatively spliced generating only ~10% functional SMN protein per ¢bpjebvre et al. 1995;
Feldkotter et al. 2002; Wirth et al. 2020)

1.1.2 SMApathology and classification

The major pathological hallmark of SMA is the progressive Idssnator neurongMNSs) in theventral

(anterior) horns of the spial cord resulting imuscle weakness and atropffyigure 1JLunn and Wang
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2008) Moreover, neuromusdar junction (NMJ) synapse impairmgrigure 1)s an early pathological
feature observedn SMA patient{Swoboda et al. 2005; Martindzernandez et al. 2009nd SMA
animalmodels(Murray et al. 2008; Kariya et al. 2008; Chang et al. 2008; McWhorter et al., 2003)
preceding MN deathin more detail, NMJ pathology in SMA is characterized by small endplate size,
delayed maturation, denervatignimpaired MN excitability and reduced synaptic transmission
(Jablonka et al. 2007; Kariya et al. 2008; Ling et al. 2012; Ruiz et al. 2010BEaitest al. 2011)n
addition, sensorymotor dysfunction hasbeen described in SMA patients and mi¢ghorrock,
Gillingwater, and Groen 2019; Mentis et al. 2011; Ling et al. 2040¢h ischaracterized byeduced
proprioceptive synapses onto MNg&igure 1) Furthernore, apart fromthe contributon of MN
dysfunction to muscle atrophigGreensmith and Vrbova 1998keletal muscles display intrinsic defects
due to reduced SMMevels that add to the overall disease pathogen¢Bigure 1) CifuentesDiaz et

al. 2001) Indeed muscles fronseverely affectedndividuals exhibit small atrophic fibe(sunn and
Wang 2008)

Interneuron Sensory neuron in dorsal
root ganglion

Small muscle fibers,
muscle immaturity, atrophy

P

Muscle spindle

Loss proprioceptive inputs
MN hyperexcitability
Synaptic dysfunction

= Small neuromuscular junctions (NMJ),
delayed maturation, denervation,
synaptic dysfunction

Figurel. SMA hallmarks in the sensofyotor circuit

Scheme representing the main morphologiaad functional impairments ahe sensorymotor circuit upon

loss of SMNNMJ pathology is characterized by denervation, delayed maturation, reduced size and impairment
of the synaptic transmission. MNs are hypeigable and there is a loss of synaptic transmission preceding MN
death. Skeletal muscles of SMA individuals are characterized by atrophic fbeater in sizeln addition,

there is a marked reduction of proprioceptive inputs from sensory neurons Mitts. Figure created with
BioRender.com.
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5S4LIAGS {a! 6SAy3d O2yaARSNBR | aft26SNI Y2({2N ySdz\
neuronal regions have been reported to be affected, including the cerebral cortex, brain stem,
cerebellum and badajanglia(Towfighi, Young, and Ward 1985; Harding et al. 2015; Tharanesethar

et al. 2021) Moreover, functional impairment of other tissues, including the heart, liver, vasculature,
intestine, bone, and pancreas have been obseriveseverely affected patients and diseasedels
(RudnikSchoneborn et al. 2008; Hamilton and Gillingwater 2013; Yeo and Darras 2021; Shababi,
Lorson, and Rudni8choneborn 2014}-or instanceSMN deficiency impairs murine and hiPSC derived
cardiomyocyte function by dysregulating intracellular*Gagnaling(Khayrullina et al. 2020)The
multisystemic aspect of SMA in gevere forms emphasizbe importance of targeting noneuronal

tissues with SMMénhancing therapies.

Although SMA is a monogenic disease causediddgtions ormutations of SMN1leading tothe
reduction of SMN protein, the clinical spectrum ranges froanlye onset severe weakness with

respiratory insufficiency to mild proximal limb weakness in ambulatory adults.

The widely used disease classification is based on age of onset and motor abilities, established at the
International SMA consortium meeting i®92 (Munsat and Davies 1992) graphical representation

of SMA classification is depicted in Figure 2.

SMNZ copies

Lethal Nonsitters Sitters Walkers Adult

swa type I 2 R

Figure2. SMAdisease classification

Schematicoverview of the disease classification based MN2copy numbers and motor milestones. All
patients exhibit mutations of deletions &VN1gene (grey). Disease severity inversely correlates SN2
copy number, from zer copies being embryonically lethal, to five copies displaying mild symptoms in
adulthood.Figure created with BioRender.com.
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Noteworthy, absence #MNland SMN2gene copies imicompatible with life and leads to embryonic
lethality. Type 0 SMA or typEA is the most severe form of the disease, witbstinfants carrying one
copy ofSMN2 Onset of symptoms can be noted prenatdilyreduced intrauterine movementy in
the first weekafter birth, and patients die within the first month of lifgAl Dakhoul 2017; Singh et al.
2018)

Type 1 SMA (MIM: 2533Q@Isoreferred to asWVerdnigHoffmann disease, is the mgstevalentform

of SMA with onset of symptoms in the first 6 months of life, andtdeccurring within the first two

years if treatment is notadministered. Patients typicallgarry two copies of SMN2 with some

individuals with threecopies. Infantcannotroll overo@ A 10X G Kdza FNB | f a2 Ofl aa
Observed symptoms include muscle weakness and hypmtomispiratory insufficiency due to
deformations of the thoracic cage, progressive bulbar weakness, feeding difficulties amine

infants, cardiac abnormalitieLunn and Wang 2008; Shababi, Lorson, and R&biibneborn 2014;
RudnikSchoneborn et al. 2010)

Type 2 SMA (MIM: 253550)atso referred to as intermediate SMA or Dubowitz disease. Symptoms

onset spans between 6 and 18 months gkapatients survive more than twgears and 68.5% of
individuals reach 25 years of agéwnutritional and respiratory support. Thmajority of the children

carry threeSMNZ2copies. WithoutreceivingSMNenhancing treatmers, infantscansit independently
6aaAGGSNREO o0dzi GKA&A oAt AGE OFy 0 $ptdd ddude2 @S NJ
proximal weaknesmainly affectinghe lower limbs, kyphoscoliosis and intercostal muscle weakness

leading to respiratory insufficiengzunn and Wang 2008; Oskoui 2017)

Type 3 SMA (MIM: 25340@r KugelbergVelander diseaseis considered a mild form of SMA.
Generally, dkcted children are diagnosed aft&8 months of age and have averagdife expectancy.
Individuals arry three or fourcopies of SMN2 with some patients that can walk independently
0agl f 1 SNEEO,adtdsdnk that 1B thé abilty of/ek tfn€ due to the progressive weakness.
(Lunn and Wang 2008; Osk@017)

Type 4 SMA (MIM: 271150)s considered the adult manifestation of the disease, and the less
prevalent Typically, individuals carry four or figepies ofSMNZ2 are usuallydiagnosed in the third
decade oftheir life and havean averagelife expectancy. Individuals might lose independent

ambulation years after diagnogisunn and Wang 2008; Oskoui 2017)
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1.1.3 Molecular genetics of SMA

In 1990, two independent grougserformed linkage analysis amdapped the gene responsible for
SMA in a highly unable chromosomal region of 50®Kregion 592-14 (Melki et al. 1990; Gilliam et
al. 1990. Five years latesurvivalof motor neuron (SMN1 [MIM: 600354}, which encodes for SMN
protein, was identifed as the diseaseausing gendocatedin region 5913.2(Lefebvre et al. 1995)
Moreover, SMN protein is also encoded s&yrvival of motor neuron 2SMN2 [MIM: 601627), a
paralog ofSMN1present only inrH. sapiengRochette, Gilbert, and Simard 200Generally, healthy
individuals carry tw@&MNZ1copies and one or twSMN2copies, but the copy number of both genes
can vary betwer null and four per chromosom@Virth 2017) SMA is caused by the homooryg loss

of the telomeric gene copy§MN1 and the disease severity inversely correlates with the number of
copies of the centromeric gen8MN2 consideredhe most potentSMA genetic modifiefLefebvre et

al. 1995; Lefebvre et al. 1997; Lorson et al. 1999; Feldkotter et al..2002)

In more detail SMN1and SMN2are @mprised of nine exonwith similar size but differ in five exonic
and intronic mutations (Figure) 3While SMN1is correctly spliced, the translationally silent Cto T
mutation at thesixth nucleotide of exon 7 iISMN2gene (¢.840C>T) is responsible afreX skipping
during splicing by abrogating an exonic splicing enhancer (ESE), thus pregplitimg factor 2 (SF2)
binding(Cartegni and Krainer 2002; Lorson et al. 1989addition, this mutation creates a new exonic
splicing silencer (ESS) site whishrecognized byhe heteogeneous nuclear ribonucl@ootein Al
(hnRNP Aland promotesexon 7 skpping during splicing (Figure gKashima and Manley 2003)
Hence, about 90% &MN2pre-mRNA undergoes alternative splicing with skipping of exon 7, leading
to production of an unstable truncated protein egfed to asSMM7 that is rapidly degraded through
the ubiquitin-proteasome pathwayLorson et al. 1999; Lorson and Andngp2000) Interestingly,
about 10% oSMN2is correctly spliced, producing a small amounfwfctional SMN protein (Figure
3). For instance, A type | indviduals carrying tw@&MNZ2copies are predicted to produce only 20%
of functional SMN and to develadhis devastating disease, whereharboringmore than50% of
functional SMN protein is enough to be asymptom@tiailman et al. 2002)Noteworthy, homozygous
loss ofSmrl in any other species leads to embryonic letha({iBchrank et al. 1997; Rochette, Gilbert,
and Simard 2001hile in humans the presence of one to figIN2gene copies is responsible for

the development of SMA wheBMN1gene is absent.
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Figure3. Schematic overview c86MNland SMN2genes and the SMN protein each of them produce.
SMNZ2and SMN1llocalize in the chromosomal region 5q13SMN2differs from SMN1in 5 nucleotidesin
SMN2 the silent C>T transition at position 6 of the exon 7, disrupts a exonic splicing silencer (ESidblue)
createsan exonic splicing silencer (E&%l), promoting exon 7 skipping in ~90% of the transcripts, which will
produce truncated protein that will be rapidly degraded. In comparisoiskN1 which produced00% of
functionalprotein, SMN2produces only 10% functional SMiNgure created with BioRender.com

1.2 SMN protein and function

SMN is aubiquitously expressed protein of 38 kDa with variable expression patterns in different tissues
(Groen et al. 2018hut especially abundant in the lower spinal cord MBl&ttaglia et al. 1997; Coovert
et al. 1997) SMN protein housekeeping functionsdasubcellular localizeons are summarized in

Figure 4and reviewed iflChaytow et al. 2018)
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mRNA transport, local translation

snRNP biogenesis, maturation

and recycling SMN in synapse
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endocytosis, local translation
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Figure4. SMN general functions and localization in neurons

In the nucleus, SMN is found in Gems where is involvechadl nuclear ribonucleoprotein (SnRNP) biogsis,
maturation and recyclingnithe nucleolus participatein ribosome biogenesis the cytoplasm is involved in
snRNP biogenesis, actin dynamasg ubiquitinhomeostass and bioenergetics pathways the axons takes
part in mRNA @nsport and local translationnlithe nerve terminals is involved in actin dynamics, vesicle
release, endocytosis and local translation. Adapted fr@@owerman et al. 2017)Figure creaté with
BioRender.com

SMN protein localizes in the cytoplasm and the nucleus of the telise nucleu# is concentrated in
nuclear Gems (Gemin of coile@)u et al. 1997)hat share components with the Cajal bodies, which
are essential for ribonucleoprotein (RNP) complexes maturation including small nuclear RNPs (ShRNPs)
(Singh et al. 2017snRNPs consist of small nuclear uridilsé noncoding RNAs forming complexes
with several proteins that play critical roles in nuclgasttranscriptional gene expression, including
pre-mRNA splicinfLiu et al. 1997; Pellizzoni, Charroux, and Dreyfuss 1SN formgart ofalarge
complex together with Gemins& and UNRnteracting protein (Unrip), known ahe SMNcomplex,
which ensures snRNP assembly (the key components of the splicecddeister, Eggert, and Fischer
2002) snRNP biogenesis occurs Ie tnucleus and cytoplasm of higheukaryotes, and the role of
SMN complex is to mediate the assembly of the Sm core in the cytofiRedtizzoni 2007 onsistent
with this critical function, SMN loss results in splicing alterati@ieng et al. 2008; Gabanella et al.
2007)of genes involved in synaptogenesigludingAgrin(critical for NMJ functioymaintenanceand
structure) andetvl/ER8Iformation of the sensormymotor circuit)(Zhang et al. 2013ndeed, a recent
study found that SMN playsneessentid role in U7 snRNP assembly dmidtone mRNA processing,
requiredfor Agrinexpression ad NMJ integrity(Tislale et al. 2022)In addition, SMN is involved in
other processes related to RNA metabolism, including stress granule forngkfti@nand Zhou 2004)

regulation of translatior(Sanchez et al. 2013nd mMRNA traffickim along the axong~allini, Bassell,
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and Rossoll 2012)nterestingly, a recent study demonstrated that reduction of SMN &adrong
impact in reprogramming efficiency and pluripotency, and that SMN is upregulated during
preimplantationof the mouse embryo, suggesting that SMN might play a role in the expression of

pluripotency gene¢Chang et al. 2022)

SMN is also present at the neurites and growth caofel8INsin ribonucleoprotein granulef~an and
Simard 2002; Zhang et al. 200@here is involved in mRNA transport and local translatiomg the
axon to the NMJRossoll et al. 2003; Rossoll et al. 2002; Fallini, Bassell, and Rossollri2l&k), SMN
reduction leads to decreased levels bfactin mRNA in the axon and growth cones, resulting in an
impairment of actin dynamics that affect axonal outgrowWlossoll et al. 2003; Jablonka et al. 2006)
Moreover, mMRNA afrowth-associated protein 4&apt3), abundant in developing growth cones, was
also fourd to be reduced in SMA M\ further supporting the criticalole of SMN in mMRNA axonal
transport (Fallini et al. 2016)In general, if there is an impairment of the axonal transport, proteins
required for synaptic transmission would not reach the end terminal, resultiaglaficientsynapse

at the NMJ. Besides defective mRNA transport, local mMRNA translation has been described to be
altered upon SMN reductio(Saal et al. 2014; Falliat al. 2016; Bernabo et al. 201Tj fact, SMN
binds to ribosomes vitroandin vivoand modulates the translation of specific mMRNAs subsets crucial
for several pathways described to be iaiged in SMA, including cytoskeleton dynamics, synaptic
vesicle, translatin, ubiquitination or chromatifnistones (Lauria et al. 2020)Furthermore, SMN
interacts with hnRNMR, HuD and IMP1, which are mRN#nding prdeins necessary for mRNA
trafficking and local protein synthesis found to be reduced in SMA gRossoll et al. 2003; Fallini et
al. 2011; Fallini et al. 2014Interestingly, overexpression of HuD aiiiP1 mRM-binding proteins
increasedGapt3 mRNA levels in growth conexf murine primary MNsand ameliorated axonal

outgrowth defects in SMgFallini et al. 2016)

Moreover, there is evidence tifie role of SMNn the regulation of cytoskeleton dynamigsarticularly
actin dynamicswhich is perturbed in SMA. Indeed, SMN binds to the adiinding protein pofillin
lla(Sharma et al. 2005$mnloss in PC12 cslinduces upregulation of prdifi Ila which then interacts
with ROCK, thus activating thehd®/ROCK pathway, essential for actin dynanmegulation
(Bowerman, Shafey, aritbthary 2007)Remarkably, RhoA/ROCK pathway pharmacological inhibition
by Fasudil or 227632 resulted in ameliorationfdNMJ pathology, muscle fiber size and prolonged
survival of an intermediate SMA mou&owerman éal. 2010; Bowerman, Murray, Boyer, et al. 2012)
In addition, key processes like synaptic vesicle trafficking or endocytosiiaea by cytoskeleton
dynamics and ardysregulated in SM@dosseinibarkooie et al. 2016; Kong et al. 2009; Ling et al..2010)
Interestingly, overexpression of thedeétin-binding and bundling protein PLS3, which is downstream

the RhoA/ROCK pathwéigowerman et al. 2009)escues endocytosis amats protective against SMA
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across specidgadependently of SMDimitriadi et al. 2010; Oprea et al. 2008; Ackermann et al. 2013;
Hao le et al. 2012; Hosseinibarkooie e24l16)

The housekeeping functions of SMN can explain why SMA is eoe$id multiorgan diseas@ its
severe forms, when SMN levels are reduced below a certain threghialchilton and Gillingwater
2013) However, why MH are predominantly vulnerable to the loss of ulitqusly expressed SMN
protein remains unclear. SMN expression levels vary between tissues and stagesetdpment
(Groen et al. 2018)ndeed, during NMJ maturatiosMN expression is increas@ariya et al. 2014)
Therefore, a reduction of SMN woultbe detrimental forthe development and function of NMJs.
Moreover, SMN binding to ribosomesdpolysomes occurs in a tissgpecific mannein vivo(Lauria
et al. 2020)and its deficiency leads to tissispecific splicinglefects that might contribute to MN
particular vulnerability (Zhang et al. 2008Altogether, these findings point towards differential
requirements of SMN in each tissue and developmental tpoénts, whichcould explain MN

vulnerability.

1.3 Animal models for SMA

Animal models are an indispensable taskd in preclinical resech that help us tdetter understand
the molecular mechanisms underlying diseases, since they can mimic altered biological processes
similar © what happens in humans. Moreover, they can be used to develop novel therapies before

translating tothe clinic

There are important considerations to take into account when working with SMA animal models. SMN
duplicationhappened during evolution anoinly humans and higher primates carry it. Other species
have onlythe Smnlgene, and its loss leads to embryonic letha{Bghrank et al. 1997This means

that SMA is caused bgduad SMNlevelsbelow a certain threshold and not by its complete depletion.
Several groups have succeeded in the generation of SMA animal models of different species that
resemble features of the humapathology includingC. elegansD. melanogasterD. regio, M.
musculusand S. scrofgBriese et al. 2009; Sleigh et al. 2011; Rajendra et al. 2007; Chan et al. 2003;
McWhorter et al. 2003; Monani, Coovert, and Burghes 2000; Le et al. 2005;LHistedd. 2000; Duque

et al. 2015)In mouse models, there is no perfect correlation betw&WN2copy number and SMA
severity. A mall increase in SMN levels has a stromgscue potential in mice compatldo humans
(Burghes 2017)In the followingsections, the commonly sedmouse models will be introduced,

including themodel used in the present worthe Taiwanesenousemodel in its intermediate form.
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1.3.1 Severe SMA mouse models

The first severe SMA mouse model vggesmeratedby incorporatingtwo copies of the humaisMN2
transgene toSmnnull (Smr#¥24) background to rescue embryonic lethaliylonani, Coovert, and

Burghes 2000)The resultantSmr#?4 SMN2"* mice survived fotess than a week (5.2 days), which
resembled the severe form of SMA in humans. Moreover, the addition of Bfd2transgene copies

reduced the severity of thelisease;in particular, eight copies of the transgemelly rescued the
phenotype of the miceFurthermore integration of theSMM7 transgenelackingexon 7 (section

1.1.3) into theSmrf*°; SMN2 (Smrf*°; SMN2 SMN § mouse further increasetife span of the

animals to 13.3 dayg§Le et al. 2008) ¢ KS&S YA OS> O2YyYz2yfé NBFTSNNBR
reduced levels of SMN, NMJ pathology with MN death and museskmess. Interestingly, animals

exhibit differences in survival depending on the background of tlee nbeing more severe in C578L/

than in FVB/N othe mixed backgroundwvhichlived the longes{Burghes 2017)

I aS02yR &aS@OSNB {a! Y2dzaS Y2RSt O2YyYz2yfteé NBFSNI
generated twodecades ag@HsiehLi et al. 200Q)In this caseSmndeletion was achieved by replacing
Smnexon 7 with thehypoxanthineguanine phosphoribosyltransferaselPRT selection cassetteln

this situation,a transcript lacking exon 7 can still be produced. In addition, a transgenic mosse wa
createdby introduchg abacterial artificial chromosomeBAGQ with a 115 kb DNA fragment with the

coding region and flanking sequence of two hurSanN2tandem copies (twaopies per allele). When
combined in aSmrf*° background(Smrf°*°; SMN2) animalsexhibited highphenotypic variability:

from early death before PND10 to mild symptarivereover Smrfoko; SMN299 mice which carry four

SMNZ2copiesare fertile anddo not exhibit a strong phenotypeart from ear and tail necrosis.

Our researchgroup routinely usesthe Taiwanese mouse model and established a new breeding
scheme by crossingomozygousSmnknockout miceSmr§%; SMN299 with heterozygousSmrfot
mice(Riessland et al. 2010)heresulting offspring has onyne SMN2transgeng(SMN29° , two SMN2
copies) and 50% of the animatevelopsevere SMAIMrE*%; SMN29°) and the other 50% arleealthy
(HET:Smrf™t; SMN29°) and serve as liermate controls These SMA mice recapitulatSMA type |
disease hallmarks sudMJimpairment muscle atrophy, and loss of spinal MNsaddition, these
mice exhibitsevee peripheral organ impairmentSchreml et al. 2013)Asalready mentionedthe
geneticbackground of the mouse lingrengly influences life span ardiseaseseverity. In ourhands
thesesevere SMA mice on FVB/N background displayedianlifespan ofabout 10days(Riessland

et al. 2010whereason congenic C57BL6/N backgrouheé median survival is extended to 15.5 days
(Ackemann et al. 2013)Moreover, cossing SMA mice on mixed genetic background (50% FVB/N and

50% C57BL6/Nicreasesverage lifespanpto 19.2 daygAckermann et al. 2013)
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1.3.2 Intermediate SMA mouse models

Mouse models exhibiting intermediate degrees of disease severity help researchers to study SMA
pathology in its entire spectrum. In this regard, one of the most commonly used modelsSsnfife
RS@®St 2 LJSR 0 & Thi¢ snaukel médeeihibifs laricleotide substitution (GGA to TTT) in
exon 7 ofSmnthat alters an exonisplicing enhancer elemettat normally recruits the transcription
factor TRA2BHofmann et al. 2000Disruption of the enhancer sequenpeomotes exon 7 skipping
and the production oftruncated SMIN7 protein. The combination oSmr® allele with Smrfoe
background leads to functional SMN production of about Hsftha median survival of the animals of
28daysin a mixed backgroundeforePNOL0animalsexhibit a healthy phenotypebut after that time
point animals develogharacteristis of SMA pathologyncluding muscle weakness, atrophy, loss of
lower MNs and NMJ impairmen(Bowerman et al. 2010; Bowerman, Murray, Beauvais, et al. 2012)
Moreover, disease severity can be altered depending on the genetic background of the aBimas:
micehave a shorter life span in FVB background (medfd®days) compared to animals @b7BL/6
genetic background (median of 25 dagsshraghi et al. 2016)

Our latoratory established aifferent approach to generatan intermediate mouse model, based on
elevation of SMN levels in the peripheral organs by systemic administration of a suboptimal dose of
SMNASO in animals carrying the humanN2 Lowdose SMNASO administration ameliorates the
severe organ impairments the severe SMA mouse, thus prolonging the median survival from 16 days

to about 28 dayg¢Hosseinibarkooie et al. 2016)

In the present study, in order to generate aldnEMA mouse model, a suboptimal doseSMNASO
(30 pg) can be administeretibcutaneouslyo severe SMAnice at PND1mmixed genetic background

(Riessland et al. 2017; TorfBenito et al. 2019; MuineBuhl et al. 2022)

1.4 hiPSC<ellular model for SMA

The development of several SMA animal models provideavitls a better understanding of the
disease. Wvertheless, their intrigic differences from humarsich as the existence 8MN2only in
humansdo not facilitate a direct translation of the findings to the clinic. In this regard, patient skin
fibroblasts have been widely uséal modeldiseassin vitro and screen therapeuticompoundswith

great succes@Makhortova et al. 2011; Cherry et al. 201&rhkin et al. 2014 However, thanain
disadvantage of using neviN cells is that key features of the most vulnerable cell type in SMA cannot

be studied from fibroblasts.
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Human induced pluripotent stem cells (hiPSCs) were first developed in 20@Thave the capacity to
differentiate into cells belonging to all three germ laydiéu et al.2007; Takahashi et al. 20Q7)
broadening the research possibilities and applications infiflds of regeerrative medicine, disease
modeing, drug discoveryand stem cell biologyin more detailthe group of Yamanaka discovered
that the overexpression of four transcriptional factel® I f £ SR & , I Y-(OFtH, Box2,-Byc O G 2 NA £
and KIf4) wa sufficient to reprogram murine and humanmatic cell&nd induce a pluripotent ESC

like identity (Takahashi and Yamanaka 2006; Takahashi et al..200&}ditional study showed that
Linc8and Nanog could subsiite c-Myc and Ki, respectivelyYu et al. 2007hiPSCs offeadvantages
compared to hESCs: 1) hiPSCs can be obtained from hoiogasyinstead of a fertilized embryo and

2) hiP&s are obtained fronmdependentindividuals which allows then vitro modeing of the entire
disease spectrunand preservation othe donor genetic backgroundin neuroscience, hiPSCs are
especially relevant since there is limited access to human primamyonal cells from the CNS and
peripheral nervous system. These cells provide a valuable resource to study pathological mechanisms
involved in neurodegeneratioand modelvarious degrees othe disease,as well as represent a
powerful platform for drug ereeningand personalized medicinéndeed, hiPSCs are frequently used

in drug discovery to test efficacy and toxici@kano et al. 2020; Mullard 20153upporting the
preclinical and clinical data in order to better determine the therapeutic potential of a treatment.
Moreover, genome editing technologies can be applied to introduce genetic modifications and
generate isogenic hiPSCs lines talérstand if a particular mutation is causative for the observed
phenotype(ValadezBarba et al. 2020; Delle Vedove et al. 20ER)ythermore to improvehiPS@ased
disease modkng, researcherdeveloped various techniques, including theatdture of different cell
types to study them as functional unifShi et al. 2017)grow 3D organoids which resemble the
structural organization in the organ@&ndrews and Kriegstein 2028) humanized animal models

which are hybridized wiit hiPS&lerived tissuegSharma et al. 2020)

In 2009, Ebert and collaborators derived one of the first SMA hiPSC lines from fibroblastezraold

patient affected withSMA type using lentivirus coding for the transcription fact@st4, Nanog Sox2

and Lin28 (Ebert et al. 2009)This study demonstrated that SMA hiPSC lines exhibited significant
reductionof SMN transcripts containing the 9 exons {fetigthSMN and SMN protein, compared to
healthy hiPSCs. Importantly, pluripotency profiles were comparable between SMA hiPSCs and control
lines Moreover, SMA hiPS@ere differentided into MNs withoutsignificantdifferences in efficiency

or morphologyafter 4 weeksvhen compared to the healthy lines. However, after 6 weeks in culture,

a drastic decrease of positive cells for the MN mark&ATand reduction of the soma area was
observed inneuronal cultues from the SMA lines(Ebert et al. 2009)In addition, asa proofof-
principle Ebert and collaboratordreated patient hiPSCs with two SM#hhancing compounds

valproic acid and tobramycin, and showed elevation of SMN protein levels and increasedp@r
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nuclei. Since then, several hiPSCs derived from SMA patients have been generated and other
phenotypes have been described, includderreased axonal leng{Corti et al. 2012; Lin et al. 2017)
endoplasmatic reticulumBER stress activatiorfNg et al. 2015MN hyperexcitabilityn SMA type | MNs

but not in SMA type I[Liu et al. 2015; Liet al. 2017)andaltered proteome(VarderidouMinasian et

al. 2021) In addition, researchers are using this important platform to test therapeutic compounds
(Ando et al. 2019; Ando et al. 201K)oreover, hiPSGierived MNdrom asymptomatic individualsf

the PLSSMAdiscordant familiegOprea et al. 2008xhibited PLS3 upegulation in comparison to

their affected siblings, paominantly at the growth conefHeesen et al. 2016)Thisstudy supports

the evidenceobserved in humans and mice about the protective role of PLS3 against SMA, and serves

asanexample of the potential thahiPSCs derived cells have to resemble huptanotypes

Additionally, other cell typethat contribute toSMA carbe differentiated from SMA hiPS@sd help

to better understand disease pathologystrocytes play givotal role in MN health and CNS
homeostasis by secreting trophic factors like glial cell-diesved neurotrophic factor (GDNF).
Moreover, SMNreduction induces astrocytes reactividnd decreased GDNF secretigindt et al.
2015; Patitucci and Ebert 2016hd monocyte chemoactivprotein 1 (MCP1jMartin et al. 2017)
which might influence MN los3his cell model confirmed the role of astrocytes in SMA pathology,
recapitulating the increase in astrocyte activation observed in mwspieal cordgRindt et al. 2015)
Furthermore, hiPS@lerived SMA microglimdopt a reactive profile and increased inflammatory
response as already described in murmedels(Khayrullina et al. 20225MA nyogenic progenitors
have been generad already(Hosoyama et al. 2014)n addition SMA muine and WPSCslerived
cardiomyocytes exhibit dysregulation of intracellular’Gagnaling and functiorfKhayrullina et al.

2020)

NMJ impairment is regarded to be an important hallmark of SMApghetededVIN loss HumanNMJs
can be generatedn vitro by coculturing hiPS@lerived MNs wth hiPSCslerived myotubes using
microfluidic devicesMicrofluidic chamberpermit celkspecificmicroenvironment maintenancehile
allowing ceHcell cortact through microgrooes crossed by the MNs to the myotube compartment
(Stoklund Dittlau et al. 20212and can be used to telterapeuticcompoundgStoklund Dittlau et al.
2021b) Importantly, this modelcould providea valuable tool to test the impact afrugsin the major
functional unit impaired in SMAndeed, Yoshida and collaborators establishadhybrid ceculture
using hiPS@erived MNs and C2C12 myotubes and succeeded to generate NMJs exhibiting reduced
acetylcholine receptors (AChRS) clusters in SMA cultures. Moreover, this plattsosedo testthe
therapeutic potential of SMN elevation ing Valproic acid cs8MNmorpholinos. Notablynumber of
AChRs cluster improvaghon SMNmorpholino treatment(Yoshida et al. 2015)Nevertheless, up to
now, there are no studies where SMA hiPSCs derived & myotubes were used to generate SMA

NMJs.
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1.5 SMA therapies

1.5.1 SMNdependent therapies

Since the identification of mutations or deletions3¥IN1as the genetic cause of SMAgsttreatment
strategies have focused on SMN level restoratiod ane generally referred to &MNdependent
therapies. Importantly, disease duration prior to treatment is a crucial parameter: the eénber
patients receie the treatment (ideally presymptomaticaly), the higher the probabilitthat they will
regpond to SMNenhancing therapieRamos et al. 2019; Vill et al. 2021; Baranello, Gorni, et al. 2021)
Several strategies have been tested in ortteincrease SMN protein leveliree of whichhave been

approved by the Food and Drug Administration (FDA) and the European Medicines Agency (EMA)

Histone deacetylase inhibitors (HDACIs) have the potential to increase gene transcription by allowing
histone acetylation, an epigeneticadification that promotes chromatin relaxation. Until now, various
HDACIs have been described to increBE&MN2transcriptsin vitro and in vivg including sodium
butyrate, valproic acid (VPA), phenylbutyratéchostatin A,LBH589 and the hydroxamic @ds
suberoylanilide hydroxamic acid (SAHX)ang et al. 2001; Sumner et al. 2003; Brichta et al. 2003)
(Andreassi et al. 2004; Avila et al. 2007; Garbes et al. 2009; Riessland et aD28pid¢ the promising
results obtained in prelinical trials for some HDACIs, translation to the clinics did not have the same
effect. In the case of VPA, noasponsiveness was explained by an increased expression of the fatty
acid translocase CD36rgventing twothirds of the treated SMA patients from responding to the
treatment(Garbes et al. 2013)

Another therapeutic approach focused on preventing SMN degradation via the ubiquitin proteasome
pathway. The proteasome inhibitor bortezoniiicreasedSMN levels$n vitroandin vivo(Chang et al.
2004; Kwon et al. 2011; Foran et al. 2016) addition, a synergistic effect was observedtbg
combination of proteasomal degradation blockiagd HDAC inhibitorgKwon et al. 2011)

Excitingly, in pasgears several breakthroughs have led to the FDA and EMA approval of three SMN
dependent treatments that reduce disease severity, althotiggy do not offer a cure for SMA. A
graphical summary of the mechanism of action of the approved therapies is depicted in Figure 5, and

a detailed explanation will be given in the following sections.
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Figure5. Overview FDAand EMA-approved therapies for SMA

FDAand EMAapproved SMA therapies aim to increase SMN protein levels by modulating the spliSigNaf

gene (nusinersen and risdiplam) or replacBigN1gene (onasemnogene abeparvovec xioi). Nusinersen (blue
schematic olig) is an antisense oligonucleotide that binds to the intronic splicing silencer NHI|Sfay) in

intron 7 of SMN2 thus preventing hnRNP Al to bind and promoting exon 7 inclusion. Risdiplam is a small
Y2t SO0dzZ S GKIG 06AYRA infrch 7,dhKsSncrpadivg LI shRNP re@aiyniitiSn addgnddsiarof 2 F
exon 7. Moreover, risdiplam (green hexagone) also binds to an exonic splicing enhancer 2 (ESE2, gray) in exon
7 avoiding hnRNP G binding, therefore facilitating inclusion of exon 7. Onasem@enabeparvovec xioi is a
SCAAV9 based gene therapy that aims to replace the mutated or deBdllgene.SMN1new gene sequence

is flanked by inverted terminal repeats (ITRs, purple) and uses the CMV promoter (yellow). In the bottom part
of the figure, the green arrow shows the advantages of thailableSMNenhancingcompoundsthe red arrow

the disadvantages and the blue arrow suggest the combinatorial therapies as an opportunity to overcome such
disadvantagedrigure created with BioRender.com

1.5.11 Antisense oligonucleotides (AS@&)sinersen

Chemically, antisense oligonucleotides are synthetic sisigb;nded sequences of 1% modified
nucleotides that target complementary RNA. This specific binding allows gene expression regulation
using diffeent mechanisms, including splicing modulation, RNase H1 or RISC recruitment to promote
MRNA degradation, or blocking of protein binding disrupting secondary and tertiary RNA structures. A
detailed overview of antisense technology can be foum¢{Crooke et al. 2021)n December 20186,
nusinersen $MNASO, commercial nanSpinraza, from Biogen) was the first Fipfroved therapy

for SMA, followed by EMA approval in June 2017. Nusinersen isArSIRJ Y 2 R@-reth&irethy Q

0 HVIDE) phosphorothioate ASO that binds to the intronic splicing silencer N1 elemeNtl() &Sated

in intron 7 of SMN2transcript and blocks the recruitment of hnRNP Al to theN$Spromoting exon

7 inclusion andunctional SMN protein produtbon (Figure 5]Hua et al. 2008)
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Clinical trials in presymptomatic SMA type | andlyeanset SMA patients with tw&MN2copies
showed encouraging improvements in motor function and prolonged sur{fFitakel et al. 2017; Vill

et al. 2021) Notably, presymptomatic treatment leads to better clinical outcomes, stressing the
importance of newborn screenings. For type Il and Ill SMA, nusinersen improved motor function
(Mercuri et al. 2018)and its administration for about 3 years resulted in diseaabilization(Darras,
Chiriboga, et al. 2019However, since ASOs are unable to cross the Hiwaith barrier (BBB), lumbar
intrathecal administration is necessary to target affectmsues in the CNSAfter four initial loading
dosages, nusinersen has to be administered every four months since it does not sustaerfong
activity as seen by the decreased production of S¥éF 8-4 months(Luu et al. 2017)Nevertheless,
distribution within the CNSinot uniform(Ramos et al. 2019)vhich could explain reduced degrees of
amelioration in bulbar and respiratp function in early onset SMpatients(Pechmann et al. 2022)
Snce its approval, more than 10Q0 patients (untilSeptember2021) have been treated with
nusinersen, which has proven to be a game changer for all types of SMA. However, for severe forms
of the disease, the number &VIN2copies that can be targeted ISMNASO are low and nusinersen

treatment might be ingfficient to counteract the disease Ideng.

1.5.1.2 Small molecules: Risdiplam

Risdiplam (commercially called Evrysdi, from Roche), a small molecule administered orally that
correctsSMN2splicing, was approved in 2020 by the FDA and in 2021 by the EiiZhanistically,
risdiplam binds to the 5 splice site in intron 7SWIN2 where the U1 small nuclear RNA (U1 snRNA)
binds to form the quaternary U1 snRNP complex involved in exon 7 retention, andsasrdl snRNA

binding affinity (El Marabti and AbdelVahab 2021) In addtion, risdiplam binding to the exonic
splicing enhancer 2 (ESE2) is predicted to dislocate the heterogeneous nuclear RNP G (hnRNP G)

binding and promote exon 7 inclasi (Sivaramakrishnan et al. 2017)

Risdiplam has a shetérm stability, thus requires dailgral administration (Rani et al. 2018) As of
May 2022, more than ,800 patients are taking risdiplam. Treatment of SMA type | patients with
risdiplam starting at the age ofmonths, showed an increase of fldhgth SMN protein in the blood.
Moreover, about 30% of patientsere able to sit at the end of the study. However, amelioration of
motoric function was not comparable to the achieved motor milestones with presymptomatic
administation of ASO and gene therafiyarras et al. 2021; Baranello, Darras, et al. 202iggesting
that treatment of symptomatic SMA patients, even with a systemically acting drug is not enough,
emphasizing the requirement for presymptomatic and/or combinatorial treatmeN&sverthelessa
recent study treating SMA type Il and nrambulant SMA type Il found significant motoric

improvements(Mercuri et al. 2022)
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1.5.1.3Gene replaement:Onasemnogen abeparvovrii

SMNZ2has been the predominant target of many therapeutic approaches, since all SMA patients harbor
SMN1 deletions or mutations. For monogenic disorders like SMA, gene replacement therapies
represent a promising therapeutic strategy. The first gene replacement therapy for SMA,

onasemnogene abeparvove@i (commercial name Zolgensma, from Novartis), wasdpproved by

the FDA in 2019 and by the EMA in 2020. It is based on-septinating selcomplementaryderivative

of the recombinant aden@associated virus (SCAAV) of serotype 9, wkitbctively transduces the CNS

and delivers functionaBMN1(Figure5). Transgene expression is driven by the constitutively active

and hybrid cytoregalovirus enhancer/chickenactin promoter(Foust et al. 2010; Foust et al. 2009)

As ofMarch 2022, more than 2,000 SMA patients have been treated with onasemnogene abeparvovec
xioi. The scAAV9 is administered only one time by intravenous infusion, since it can penetrate the BBB
and effectively transduce spinal MBuque et al. 2009Moreover, presymptomatic administration

of scAAVEMN had a stronger amelioration of SMA pathology in aiperSMA mode{Duque et al.

2015) Clinical trials in SMA type | patients showed prolongation of salraihd motoric improvement,
especially in patients treated before 8 months of diyeendell et al. 2017; Day et al. 202Results

from a phase Il clinical trial (SPR1NT) in presymptomatic SMA type | with two oStiiié2copies,

where patients were treated before 6 weetbage, show survival of all patients without nutritional or
respiratory support. Moreover, about 30% of patients with t®#IN2copies gained the ability to walk
before 18 months of agéStrauss, Farrar, Muoni, Saito, Mendell, Servais, McMillan, Finkel, Swoboda,
Kwon, Zaidman, Chiriboga, lannaccone, Krueger, Parsons, Shieh, Kavanagh, Wigderson, et al. 2022;
Strauss, Farrar, Muntoni, Saito, Mendell, Servais, McMillan, Finkel, Swoboda, Kwon, Zaidman,
Chiribo@, lannaccone, Krueger, Parsons, Shieh, Kavanagh, TaMdcinéewski, et al. 2022)This

study corroborates the importance of presymptomatic treatment to maximize the therapeutic effect,
and stresses the need for the implementation of newtbecreenings programs in the countries where
SMA therapies are available. Noteworthy, while gimee delivery of the vector can presumably supply
non-proliferative cells like MNs with sufficient levels of SMN, peripheral organs and proliferative cells
might not maintain those proti levels lifelong. In additiona recent study demonstrated that long

term overexpression of SMN leads to SMN aggregates in the cytoplasm and splicing defects prompting

neurotoxicity in the sensommotor circuit(Van Alstyne et al. 2021)
1.5.2 SMNndependent therapies for combinatorgtrategies
Currently, with three treatments available for the patients, there is a strong interest in the SMA

community to assesdf the combination of therapeutic compounds could lead to betpatient

outcomes The term combinatorial therapy refers to two or more compounds that work through the
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same or different mechanisms of action that can be administered simultaneously arrirtesmporal
proximity.In SMA, ombinatorial treatments may lead to synergistic benefits either by increasing SMN
levels using different mechanisms of action (combination of two Sipendent therapies) or by

addressing multiple aspects of the diseasarfbming SMNdependent and independent therapies).

In the first approachthe combination of two SMMlependent trerapies, it is important to keem

mind that using more than one drug to increase SMN levels may not have an additional benefit if a
single compound can achieve the required threshold for maximal SMN impact alone. [nSkibe
levels decrease with agéGroen et al. 2018pand in humans, the criticaime point for SMN
upregulation ighe perinatal period(Ramos et al. 2019Nevertheless, SMMnhancing treatments are
required througtout life in order to prevent the appearance of sympto(@sao et al. 2021 Moreover,

it has been widely assumed that increased SMN levels above physiological requirements would not be
harmful, but recent studies have demonstrated that overexpression of SMN via the scAAV9 leads to
neurotoxicity d the sensorymotor circuit in tre long term (Van Alstyne et al. 2021Yhe first
retrospective study combining nusinersen and onasemnogene abeparxavieshowedno adwerse
effects (Harada et al. 2020glthough a second study in SMA typeatients did notdemonstratea
synergistic amelioratiorin the patients(Mirea et al. 2021) Enhancing SMN levels is the logical
therapeutic approach and showed impressive results in some patients,Jewibere are significant
numbers of norresponders, whickemphasize the complexity of treating SMA and the need for

alternative therapies that could compensate for Siiiféversible degenerative processes.

The second therapeutic approachims to combine SMNenhancing compounds wit SMN
independent drugso target pathways disturbed in SMA that might ameliorate functions or symptoms
that cannot be improved by the increase of SMN solely. These combinatorial therapietsptaig
critical roles when SMiénhancing therapies are administered in symptomatic stages, when severe
SMA individuals do not respond to SMiNpendent treatmentsor for mild SMA patients that are

symptomatic for a long time until they receive the first treatment.

Various SMNndepender approaches focused on enhancing MN survival and muscle integrity using
neuro- and muscleprotector compounds.Olesoxime (TRO19622) exerts its heuroprotective effect by
decreasing mitochondrial membrane permeability, thereby preserving essential fuscii@spite its
protective effect having been demonstratéa vitro andin vivo(Bordet et al. 2010Q)clinical trials in
SMA type Il and Il showed no amelioration of the disease progression upon Olesoximestdtion
(Muntoni et al. 2020) Muscle protection focuses on enhancingiscle functionality or increasing
muscle mass. Reldesemtiv (formerly known aRCK7107) is aesondgeneration fast skeletal muscle
troponin activator (FSTA) that reduces?Ceelease from the regulatory troponin complex, thus

increasing muscle calcium sensitivity. Indeed, clinical trials in SMA tfge pltients showed
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improvement inmotor performance upon Reldesemtiv treaént alone (Rudnicki et al. 2021)
Moreover, a promising compound that acts at the muscle level is GYM329, an antibody that specifically
binds to the inactive form of myostatin in plasma and tissaducing the amount of active myostatin
generated, thus enhanainmuste growth (Muramatsu et al. 2021)is beingtested by Roche in
combination with risdiplam in ambulant pediatric patients (NCT05115110). A similar compound has
been developed and clinically tested by Scholar Rodombination with nusinerserSRKI15, with

similar results (NTC0392152@)bati et al. 2022)

Moreover, SMA protective modifiers represent a unique opportunity to further ameliorate or rescue

SMA independently of SMN upregulation, which will be further introduced in the following section.

1.6 Genetic modifiers of SMA

In monogenic disorders, differemdividuals carrying the same genetic variant can exhibit phenotypic
variety, from no clinical symptoms to severely affected,reaeong relativegKingdom and Wright
2022) This phenomenonis called incomplete penetrancand is caused by severdhctors,
includingepigenetic regulation, variants in regulatory regions, environmental fagtans genetic
modifiers. In this workwe will focus on the role of geneticadifiers in protecting from SMAnd how

we can use them as targets for SNHidependent approaches in combination with SM&hhancing

drugs

By definition, a genetic modifier is a genetic locus that can ameliorate or exacerbate the phenotypic
outcome of theprimary diseaseausing varianbut may not bethe diseasecausing gee itself(Rahit

and TaraileGraovac 2020)Genetic modifiers can act on the dise&seising gene or proteins involved

in the same or common pathway#/irth, Garbes, and Riessland 2018MA is a weknown example

of a monogenic disorder in which the severity of the disease is strongly determined by genetic
modifiers. The firstdentified SMA genetic modifier weBMN2gene copy numbers, which inversely
correlate with the severity of the diseasgeldkotter et al. 2002)Indeed, splicing modulator
therapeutic approaches aiming to enhance SMN protein tagjéN2ranscripts §ection 1.5.1. In tis

work, we focus on SMhhdependent genetic modifiers identified via screening of human discordant
families (PLS3 and NCALD) or by biochemical screening (CHP1), and their potential as therapeutic
targets.Notably, the discovery of seeral diseasenodifiers hasinraveled key molecular pathways that
contribute to disease progression downstream SMN, like cytoskeleton dynanais;ytosissynaptic
vesicle trafficking, neurotransmission, axonal transpand local trangtion, extensively reviewed in
(Wirth 2017)
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1.6.1 PLS3

Transcriptomewide differential expression ahgsis ofymphoblastoid cells RNA froimdividuals of six
unrelated SMA discordant families led to the discovery of the first described-iBiiégendent
protective modifier, Plastin 3(PLS3)YOprea et al. 2008)Unaffected siblings carried a genotypic
combination ofSMN1and SMN2that would normally cause SMA typelll. FHowever, unlke their
affected siblings, asymptomatic individuals exhibited afal@ upregulation ofPLS3transcripts,
preventing them from dveloping SMAPLS3 is a calcium dependeradtin and bundling protein that
stabilizes Factin filamentqLin et al. 1994; Giganti et al. 200B)oreover, increased levels of PLS3 were
found in hiPSC derived MNs from the asymptomatic individuals but not in the MNs derived from the
affeaed siblings(Heesen et al. 2016PLS3 overexpression rescued axonal length in SMA MNs and
neuropathology inSmndeficient zebrafish(Oprea et al. 2008and SMA hallmarks in a SMA severe
mouse model, including MN soma size, NMJ area, muscle fiber size, proprioceptive inpMbl per
soma and neurotransmission, but failed to prolong stal{Ackermann et al. 2013An explanation

for the lack of survival improvemeidthe importance oharboringa certain amount of SMN in order

for a modifier to exert its therapeutic potential. Indeed, asymptomatic individuals of discordant SMA
families have three to fouBMN2copies, resembling an intermediate SMA phenotype, but never a
SMA type | genotypic conmation (Oprea et al. 2008; Riessland et al. 201@portantly, various
studiesshowed that PLS3 overexpressiptogether withsubcutaneoudow-dose SMNASOQinjected
animals (resembling an intermediate phenotypejurther prolongedthe survival of SMA mice
(Hosseinibarkooie et al. 2016; Kaifer et al. 20BIpgether, these results demonstrate the protective
role of PLS3 overexpression indnhediate SMA mouse models, resembling the situation in the

discordant families.

In addition, the discovery of PLS3 as genetmdifier unraveled endocytosias a key molecular
mechanisnmaltered inSMA pathology, anitis upregulationwas proverto ameliorateendocyticdefects

in an Factin dependent mannefHosseinibarkooie et al. 2016)

1.6.2 CHP1

Calcineuridike EFhand protein 1 (CHP1) is a calcinauinhibitor (Lin et al. 1999}hat directly
interacts with PLS3 and its reduction acts protectagainst SMAJanzen eil. 2018) CHP1 is a
member of the conserved €abinding CHP subfamily, composed also of CHP2 and CHP3. CHP1 is
ubiquitously expressed, whereas CHP2 and CHP3 are restricted ticsjgstieqDi Sole et al. 2012)

In the cell, CHPs localize in the cytoplasm, around theena@nd in the plasa membrangDi Sole et

al. 2012) CHP1 [MIM: 606988] coding gene innfan is located in chromosome 15 and in mice in
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chromosome 2CHP1 is a 22 kDa protein composed of two globular domains,-taed\Clobe, each

of them harboring two C&binding EF hand motifs. Interestingly, only the ERBEIR4 hands of the C

lobe bindCa?*. In addition, CHP1 has two nuclear export signals responsible for its export to the cytosol,
and a Nterminal myristoylation signal involved in its®%Gamduced conformational chang®aoe et al.

2005; Pang et al. 2004)

Among CHP1 functions are: 1) regulation of gene transcrigdiomenezVidal et al. 201Q)2) vesicular
trafficking from organelles to the plasma membrafarroso et al. 1996; Andrade et al. 2004;
Nakamura et al. 2002nd 3) plasma membrane ion transporter regulatioin and Barber 1996; Liu et
al. 2013; Pang et al. 2004)

1.6.2.1 Regulation of gene transcription

CHP1 shares high homology with the phosphatase calcineurin, and when overexpressed acts as a
calcineurin inhibitor(Lin et al. 1999)Calcineurin activation dephosphorylates and translocates to the
nucleus the transcriptiorfactor nuclear factor of activated -Gells (NFAT), responsible for gene
transcription, includinginterleukine IL2 and IL4 Indeed, CHP1 overexpression impairs the
transcriptional activity of NFALIn et al. 1999)0On thecontrary, CHP1 reduction increases calcineurin
phosphatase activity and NFAT translocation to the nucleus. Importantly, NFAT transcriptional activity
has been found to mediataxonal growth(Graef et al. 2003)urthermore, in the nucleus, ribosomal

RNA synthesis is inhibited by CHP1 association with upstream binding famérs|JimenezVidal et

al. 2010)

1.6.2.2 Vesicular trafficking

CHP1 is required for the fusion of transcytotic vesicles (TCV) with the plasma membrane. Moreover,
CHP1 Nnyristoylation signal is necessary for exocytic traffickBarroso et al. 1996)EFhand Ca?*
binding poteins, like CHP1, function ag®?Gen®rs and transducers @&?* signals to proteins involved
in vesicle exocytosi@arroso et al. 1996; Di Sole et al. 201 icrotubule cytoskeleton is involved in
vesicle traffickingto the plasma membrand€Cui et al. 2022)Importantly, CHP1 associates with
microtubules and membranbound organelles mediating their interaction and the targeting/fusion of
exocytotic esicles to the plasma membrafi Sole et al. 2012This function is most likely facilitated
by CHPL1 interaction withtlber microtubulebinding proteins, such as GAPDH and kinésF1B2.
Indeed, KIF1R play a crucial role in synaptic vesicle transport to the near@md terminals, thus
KIF1B2-CHP1 interaction most probably modulates synaptic vesicle transport in ne(Do Sole et
al. 2012)
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1.6.2.3 Regulation of plasma membrane ion transporters

CHP1 irgracts withthe Na/H* exchanger NHE(Lin and Barber 1996\NHE family proteins regulate

pH homeostasis, cell volume, cell proliferation apoptosis and differentiation by catalyzing the exchang
of Na' for H" (Di Sole et al. 2012; Casey, Grinstein, and Orlowski 2CGHB1 interaction with NHEL is
required for pH sensing by the NHEEu et al. 2013; Pang et al. 200Kpteworthy, pH homeostasis is
crucial for neuronal activity and neurotransmission. Interestingly, loss of function mutations in NHE1
are associated with LiténsteinKnorr sydrome (LINKS [MIM:616291d¢haracterized by progressive
cerebellar ataxia. In the same line, mutations in CHP1 are described to cause autosomal recessive
cerebellar ataxigMendozaFerreira et al. 2018; Saito et al. 202These data strongly suggest that

NHE1CHP1 interaction is essential for optimal NHE1 activity.

1.6.2.4 EIP1 role as SMA genetic modifier

A study carried out in our research group by Janzen and collaborators identified CHP1 reduction to
about 50% to act as a protective modifagainst SMAJanzen et al. 2018CHP1 levels were found to

be elevated in the spinal cord and brain of severe SMA mice, functioning as a negative regulator of
axonal aitgrowth most probably due to decrease of NFAT translocation to the nucleus. Indeed, it has
been proven that CHP1 downregulation increases motor axonal len@mirdepleted MN-like cells

In addition, CHP1 reduction counteracts impaired bulk endocyinsistro by inducing calcineurin
phosphatase activity and DNM1 dephbspylation (Janzen et al. 2018)urthermore, severely
affected SMA mice carrying a heterozyg@igpldeficient mice, the so callegacillatormutation (Liu

et al. 2013) in addition to a systemic administration of la@se SMNASO immediately after birth,
prolonged survival by 1.6 fold and significantly improved SMA pathology hallmarks such as
electrophysiology preictors, neuromuscular junction (NMJ) size and maturity and reduced number of
proprioceptive synapses per MN sor@ianzen et al. 2018These results suggest CHP1 reduction as

an attractive SMNndependent therapeutic target.

1.6.3 NCALD

Neurocalcin delta (NCALD) was identified as a -8idBpendent potective modifier after Genome
wide linkage and transcriptom&vide differential expressions analysis was performed in a-four
generation discordant family from Utah (USR)essland et al. 20175even members of the family
carriedSMN1deletions; two of them developed SMA type | (t&8N2copies) and fivef them carried
four SMN2 copies, which wold correspond to SMA type ,llbut were asymptomatic except for

increased photosensitivitfRiessland et al. 201755enomewide linkage analysis with 14 family
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members identified eight regions with positive LOD scores (logathime odds, probability that two

loci are located near each other, and thus inherited together). Moreovemstiaptomewide
differential expression led to the identification of 17 transcripts differentially regulated in
asymptomatic individuals. Amorigem, NCALDranscript was found to be downregulated>4old in

the asymptomatic individuals but not in the relatives with SMA type | or in unrelated SMA type llI
patients. Importantly, NCALD was the only transcript localized in one of the eight pasiiveegions,
making it an interesting genetic modifier candidgiiessland et al. 20L.7NCALDNIM: 606722]
coding gene in humans iedated in chromosome 8 and has sewexons that produce 30 splice
variants. In mice, theNcald gere is on chromosome 15, and has sewxons that generate 12
alternatively spliced transcript®NCALDencodes for a 22 kDa protein that belongs to the neuronal
calcium sensor (NCS) family together with NC®ippocalcin, VILIP3, GCARPB and KChiR4
(Burgoyne and &ynes 2012)This group of proteins are abundantly expressed in the CNS and are
involved in neuronal function regulatidiPaterlini et al. 2000)interestingly, a recent study found that
NCALD expression in peripheral blood frEBMA Il and healthy subjects exhibits similar exzies
patterns(Zhuri et al. 2022)

NCALD, like all NCS protein family members, harbors four EF hand domaingf tthem have the

ability to bind C& (EF2, ER3and EF4)Burgoym 2007) Moreover, NCALD has antétminal
myristoylation group that facilitates its binding to the membranes in & @ependent manner. At
resting C& concentrations, NCALD localizes in the cytoplasm with the myristoylation signal hidden in
a hydroptobic pocket. Elevated calcium levels induce a conformational change that exposes the NCALD
myristoyl chain and allows proteiorotein interactionsand binding to membrane@vings et al. 2002)
including outer mitochondrial embrane and the endoplasmic reticulum (EBRJ)aunewell and Klein
Szanto 2009; Ames and Lim 2012} the ER membrane, NCALD interacts with the microsomal
cytochrome b5 (Cyb5) and modulates NA@#pendent electron transpor{Oikawa et al. 2004;
Oikawa et al. 2016)

In neurons, CA enters the cell mainly by voltaggated channels, and plays a role as secondary
messenger in processes such neurite outgrowth and neurotransmiBimgoyne 2007)Moreover,
dysregulation of &* signaling canrigger apoptotic processes leading to cell death and development

of neurodegenerative disorde®chitskaya, Popugaeva, and Bezprozvanny MBS proteins, like
NCALDrespondto changes in calcium levels and regulate signaling tardgsksheeva et al. 2022)
NCALD isbundant in retinal neurons, where is involved in the cyclic guanosine phosphate (cGMP)
signaling pathway by binding to guanylate cyclase (GC) and promoting its activation, suggesting NCALD
implication in ceklspecific generation of the secoadessenger yclic GMP(Krishnan et al. 2004)
NCALD role in the retinal neurons might explain the increased photosensitivity observed in

asymptomatic patients of theNpA discordanfamily (Riesslandt al. 2017). Interestingly, soluble GC
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is associated with depressi@md NCALD reduction using helicid (a drug used to treat headaches) was
proven to alleviate depressidike behaviors in a rat model by reducing hippocampal apoptosis
(reduced levels of caspa$} and sGC/cGMP/PKG pathw@hang et al. 2021 Moreover, NCALD is
abundant in CA3 and dentate gyrus (DG) of the hippocarf@inard et al. 2015; Upadhyay et al. 2019)
and its knoclout impacts DG morphology and adult neurogenesis in mice, whereas its reduction to
half does not exert pathological defedtdpadhyay et al. 2019 addition, NCALD in th®ain acts as

a C& sensorand increases the sensitivity for the slow afterhyperpolarization current (SAHP)
(Villalobos and Andrade 201G)hich is considered as one of the largest inhibitory responses in the

brain crucial for synaptic plastici¢gahu and Turner 2021)

Mass spectrometry studies and -tmmunoprecipitation assays revealed that NCALD in its
myristoylated state directly interact® A G K Of I (i K NJ iy Rudbulig and GcEnflvings Bt b

al. 2002) Moreover, clathrirmediated endocytosissi assisted by actin cytoskeletodynamics
(Leebrich 2014) and NCALD directly binds to clathrin and actin, both important proteins involved in
endocytosis and synaptic vesicle recycling. In addition, NCALD binding to actin and tubulin might
suggest a functional role in cytoskeleton dynamics. lnidedCALD overexpresa inhibits neurite
outgrowth (Yamatani etil. 2010)

Previous work from our research group demonstrated that SMN deficiency impairsv@ith, was
completely rescued upon NCALD reduction. In SMA, low SMN levels reduce -delpegelent C&
influx. Interestingly, NCALD binds clathrin at lo®*@&els and acts as an inhibitor of endocytosis, by
sequestering clathrin and preventing endocytic vesicle coafiRigssland et al. 2017Moreover,
NCALD reduction enhances MN differentiation and neurite outgrowth in NSC34 cells and restores
axonal growth and NMJ funom in zebrafish\Smnmorphans. Unexpected/yNcald reduction was
insufficient to prolong life span of intermediate SMA mice. However, heterozyijoaklknockout
(Ncald®™) in a mild SMA mouse model without life span impairment, significantly improved SMA
pathology hallmarks such as NMJ area and maturity and motoric abi{Riessland et al. 2017)
Furthermore,Ncald pharmacobgical reduction usingNcaldASO together with lovdose SMNASO
significantly improved SMA hallmarks at PND21 in SMA mice but failed to do so in tierlang
(TorresBenito et al. 2019)
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2. AIMS OF THE STUDY

The recentFDA and EMAapproved therapies that either increase correctly spli&dN2transcripts
(nusinersen and risdiplam) or replaB&N1(onasemnogen abeparvovei) have revoltionized the
clinical outcome 0EMA patientgFinkel et al. 2017; Mercuri et al. 2018; Mendell et al. 2017; Day et al.
2021; Darras et al. 2021; Baranello, Darrag).€2021)However, for severely affected SMA individuals
even a presymptomatic therapeutic intervention might be insufficient to fully counteract disease
progression. Thus, there is an urgent need to identify Siépendent compounds that couloe

used in a combinatorial therapy supporting Sh&pendent approaches. Importantly, genetic
modifiers represent promising targets for such therapeutic strategies as they have already been
proven tobe protective across specig®prea et al. 2008; Hosseinibarkooie et al. 2016; Riessland et

al. 2017; Janzen et al. 2018; TorBxnito et al. 2019)

2.1 Part I: Antisense oligonucleotide combinatorial therapy targeting SMN and CHP1

The geneticreduction resulting from thevacillator mutation of catineurin like Effand protein 1
(CHP21J¥urther prolonged the survival by 1-fold and SMA hatharksof low-dose SMNASO treated
SMAmice (Janzen et al. 2018Yhese resultdighlightthe attractive therapeutic potential of CHP1
reduction and encouraged us test an antisense oligonucleotidmsed combinatorial therapy aiming
to upregulate SMN systemically and downregulate CHP1 in theH&Xghy, the sixnain aims of this

study are the following:
1. Design, synthesize and teShptASOdeadsin wild type addt animals.

2. Test for efficacy and tolerability of thiop leads in neonatalvild type mice to select the best

candidate.

3. Presymptomatic doubleblindedpreclinicalstudy ofChpl+ SMNASOSs versus conti@T TRL} SMN
ASOs in SMA mice, measuring SMAmarks at PND21.

4.1.c.v.bolus ChpTASO ranjection at PND28 tgprolong CHP1 downregulaticemd measure SMA

hallmarks at 2 months of age.
5. To establish aafficientMN differentiation protocol using hiPSCs of healthy and SMA individuals.

6. To tesiCHPIASOs in hiPS@srived MNs for efficacy and tolerability.
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2.2Part Il:Antisense oligonucleotide combinatorial therapy targeting SMN and NCALD:

re-injections to assess long term therapeutic effect

NCALD reduction is proven be a protective modifie of SMA not only in humans but also across
species inelding worm, zebrafish and mi¢Riessland et al. 2017/ urthermore, its pharmadogical
reduction usingNcaldASO in combination with lodose SMNASOQOinjected in neonatal SMA mice
significantly ameliorated electrophysiological and histological disease hallmarks at PND21. However,
analysis of these pathological features at 3 monthagd showed that a singcaldASO injectiomt

PND2 only improved motoric abilities buvas not sufficient taescuedisease phenotypén a long

term compared tacSMNASO solelyTorresBenito et al. 2019)

Therefore, the mairgoal of this study is to assess the ldagm beneficial effect oNcaldASO re
injection in SMA mice, in combination with single lowdose SMNASO administered pre

symptomaticallyat PND1 More precisely, we intend to:
1. ToAssesdNcaldASOi.c.v.injectionefficacy and tolerability in adult wild type mice

2. Presymptomatic doubléblinded preclinicalstudy of Ncald+ SMNASOs versus contr@CTRL¥
SMNASOs in SMA micsyith re-injection of NcaldASO or CTRASO at PND28, measuring SMA

hallmarks at 2 months of age.
3. To tesNCALEASOs in hiPSCs derived MNs for efficacy and tolerability

4. To perform morphological anfdinctional analysis of patient hiPS@wived MNs upon antisense

oligonucleotide treatment.
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3.1 Partl: Antisense oligonucleotide combinatorial therapy targeting SMN and CHP1

A previous study carried outybhJanzen and collabators showed thatseverelyaffected SMA mice
carrying the heterozygous deficie@hplallele the vacillatormutation (Liu et al. 2013)in addition b

a systemic lowdoseSMNASO administration, lived longer and exhibited amelioration of SMA
hallmarkssuch aslectrophysiologicainarkers, neuromuscular junction (NMJ) size and maturity and
reduced number of propoceptive synapses per MN sonfdanzen et al. 2018Here, we aim to
investigate ifpharmacologicaChpldownregulation, byChptASO administration, in a combinatorial
approach together with lowdoseSMNASO in a SMA mouse model is a promising therapeutic strategy.
In addition, we aim to test huma@HPIASOs in hiPSCs derived MNs from healthy and SMA patients.
Noteworthy, resuls presented in the following sections 3.1.1 to 3.1.4 have been published in
September 2022 in the journal Neabiology of disease under: Muineéduhl A. Combinatorial ASO
mediated therapy with low dose SMN and the protective modifier Chpl is not sufftci@mbeliorate

SMA pathology hallmark$luinosBuhl et al. 2022)

3.1.1 Efficacy and tolerability of eight murfDlep2ASOs leads in wild type adult mice

In the frame of a collaboration with lonis Pharmaceuticals, multiptt0% MOE gapmer ASOs on a

mixed backbone targeting murin€hplwere designed and tested in order townregulateChpl

efficiently. The best eight leads from the cell culture screen were test&@eb-week-old wild-type mice

for preliminary efficacy and tolerability studies. At first, 586 2 ¥ (i K SChpdBSODWS Ol A O S
administered by intracerebroventricular (i.c.v) bolus injectiand PBS wa ugd as injection control.

After two weeks, theefficacy of thedifferent ChptASOswas variable, ranging between -B0%
knockdownof ChpImRNA levels iboth cortex and spinal cor(Figure & and B)Exceptfor animals

treated with ASOs #1113745 and #1114001, all mice continued to gain WEighte €).

Next,we performed an &veek tolerability study of the four most efficie@hptASO%> 60% reduction
inthe cortex) injectingt nn >3 2 F ChpSASOIGNE A 1113 781(later referredo as
ChpXASO2) and #1113816 (lat€hpXASO3) showed significantreduction inthe cortex and irthe
spinal cord (Figurel® and EB weeks after injectionAfter 8 weeksASO#1113816was the only ASO
lead that maintained similar knockdown levels as in theekefficacy study, exhibiting the strongest
effectwith a knockdown of 83% the cortex and 64% ithe spinal cordFigure 6 and D) and elevated

inflammatory markersuch assfapandCd68(Figure &). Moreover, histological analysis revealed that
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all four o the tested ChptASOs caused severe Purkinje neummsslin the cerebellum (Figurd-5
which is driven by Purkinje axon degeneratieventually leading to the loss of the soma. These results
not only indicate that the designe@hptASOs are highly spécisince previous publications report
Purkinje neuron loss upon CHP1 reduction, but also confirm that the CHP1 level falhhetow a
certain thresholdsince it is otherwise detrimental for Purkinje neurofisu et al. 2013; Mendoza

Ferreira et al. 2018)
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Figure6. Activity and tolerability screening of eight ASOs targeting muri@hplby i.c.v. bolus injetion in
adult wild type mice.

A-C) Wild type adultnice were i.c.v. bolus injected with 500 G9p2LASO and sacrificed 2 weeks post injection.
Chplknockdown in cortex (A) and spinal cord (B) was evaluated byP@IRT Dots in the graph represent

number of animals. Oneay ANOVAwith TuS & L1 &ai K20 (S&ad F2NJ Ydzf GALX S O2 YL

FFF LI X ndnnmdChp¥ASO inje2téamice N & 4 (RES) eéhdN = 3 faChipdASOs. Onevay
'bh+! GgAGK ¢dzl S& LRRadK20 GSaid T2NJ Yidef X A/ld/Bmad2 YLI NA
D-E) The four most efficient ASOs were selected faegk Chplexpression studies. Wild type adult mice were

i.c.v. bolus injected with 700 Y@hptASO and sacrificedvBeeks post injectionChplknockdown in cortex

(D) and spinal cord (E) wasaluated by qRPCR. Dots in the graph represent number of animals-\@ne
'bh+! GgAGK ¢dzl Se LRaikK20 (Said F2N) YdzZ GALX S O2 YLI NR
of biochemical and histological findings. N = 4 foChlp1ASOs.

Due to these results and previous studies showing that, a reduction of CHP1 of about 50% is well
tolerated in vivqg for our combinatorial studies we aimed to &be a CHP1 reduction of abcd®%

(Janzen et al. 2018; MendoEarreira et al. 2018)

2
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3.1.2 Efficacy and tolerability screening of four mu@hp1ASO leads in neonatal wild type
mice

It is importantto emphasize that we weraot interested in the most efficien€ChptASO regarding
knockdown level$ut in pharmacologicallyeduce CHP1 levels to ~50%ased on the previous data
from the ASO leads in adult witgpe mice(Figure 6), we setctedfor further testing in neonatal wild

type micefour out of the eight testedChptASOs.

3.1.2.1 Injection of 50ugGhpXASO leadm neonatal wild type mice.

Thefour Chp1ASO leads selectdffigure A)displayed various efficaciedwn injected inadult wild
type mice (Figure &). Here we want to assess the efficacy and tolerahidftthese leads in neonatal
wild-type miceto find the best candidate for our combinatorial therapy preclinical tfést, wd.c.v-
injectedmice at PND1 withn initial doseop 1 >3 2 ¥ (GHEASIORE lcafieOtédibEis and
spinal cord samples at PNDBurprisingly, @rvival analysis revealed that only 25% of animals injected
with ChptASO1 and about 54% injected willnpXASO2 survived untilND14 Figure B). h case of
death, mice usuallglied within the first 48h posinjection, suggesting toxicity of both ASOs in nheonatal
mice. Instead, 100% of mice injected wilthpXASO3and 95% injected wittlChp2ASO4 survived,
revealinggood tolerabilityin neonatal animalsgomparable to animals injged with CTRIASO (Figure
7B).

Next, we investigated the knockdown efficacy of €lgpEASOsn the brain and spinal cordn protein
level by Western BlatFigure T-J) In the animals that survivetthe injection,p n  ofCGhp2ASOLl led

to an average CHP1 reduction to about 66%hébrain and 76% ithe spinal cord (Figure@ and D),
none of them reaching the desired ~50% reductiGhptASO2 led to variableduction of the CHP1
levels, m average to about 67% ihe brain and no reduction ithe spinal cord (Figure and F).
Ly 2SO0l A THprAaS®3 resnltedbirdha highly significant CHP1 reduction to about 22bnain
and 24% irthe spinal cord (Figure@ and H)whichalignswith the results observed in adult wiltype
mice demonstrating the high efficacy of this A&ially,ChptASO4 also led to a significant CHP1
reduction to about 63% ithe brain and 53% ithe spinal cord (Figureland J)closer to the desired

reductionlevels.
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Figure?. Activity and tolerability screening of four selecte@hpXASOs in neonatal wild typenice.

A) Summary of the four selecté&hp1ASOs for testing in neonatal mice.

B) Survival analysis of ASO injected animals until PND14. Numbers in graph indicate N of injected mice per
condition. Survival rate is 25% fGhptASOL1, 53.8% f@@hptASO2, 100% fa€hptASO3 and 95% f@hpt

ASO4.

GJ) Western blot analysis and quartiftion of CHP1 level in brain and spinal cord lysates from ASO injected
mice.Chp2tASO1 injection led to @hplknockdown of 34% in brain (C) and 24% in spinal cordCptASO2

injection led to aChplknockdown of 33% in brain (E) and no reduction ima&pcord (F)ChptASO3 injection

led to aChplknockdown of 78% in brain (G) and 76% in spinal corddhf)2ASO4 injection led to &hpl

knockdown of 37% in brain (1) and 47% in spinal cord (J). All mice were i.c.v. injected at PND1 with 50 pg of the
respective ASO and sacrificed at PND14. ACTB: loading control. Unpaiiéd thof SR { 1 dzRSy 41 Qa & G
NBLR2NISR a YSIY YR SNNERNI oFNAE NBLNBaASYyd 5 {5d F LKA
represents an independent animal.
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Unfortunately, assessment o€HP1 reduction in MNsf spinal cord cross sections was not possible,
since the CHP1 antibodies give unspecific sighals by immunostainings as sihywdki© PC12 cells
(Figure &) and MEFderivedfrom the vacillatormice, carying Chplhomoz/gous mutations (g§ure
8B). On the contrary, thavailableCHP1 antibody gives a specific signal on Western Bigtie &)
thus western blot was the technique used to determine CHP1 reduction in the tisdlessven tested

newly generated CHPantibodiesin collaboration withDr. Koch Lalwith similar results(data not

shown).
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Figure8. CHP1 antibody is specific for Western blot but not for immunostaining.

A) Immunostaining of PC12 cells aBp1KO PC12ells generated using CRISPR/Cas9 show unspecific CHP1
antibody staining (green)-&ctin was stained with Phalloidin (magenta) and the nucleus with DAPI (blue). Scale
bar: 20 pm.

B) Immunostaining of WT murine embryonic fibroblasts (MEFsCapd2“V2MEFs from the vacillator mouse
model, with homozygous mutations ddhpl CHP1 (green), Phalloidin stainadfin (magenta) and DAPI for

the nucleus (blue). Scale bar: 50 um.
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C) Western blot from PC12 cells addp1KO PC12 cells. CHP1 antibody specifically binds to CHi¢1FE 12
cells and no bands werdetected for the PC12 cells witihp1KO. ACTB as loading control. Each band
correspond to a technical repetition.

After the results obtained in this preliminaneonatal screen, & decidedto discontinuewith Chpt
ASO1 and ASO2 due to their toxi@tyserved bythe reduction of the survivadnd their inconsistent
efficacy.However,ChptASO3 and ASO4 represent promising candidates, weugurther proceed

with the dosage optimization.

3.1.2.2Chp2ASO3iosage optimization

Chp1ASQ@ ledto a strong CHP1 reduction in comparison to the otA&Oleads.To decrease CHP1
amount to about 5860% in the CNS, vierther reduced the concentration €@hptASO3. Remarkably,

H N >ChplARSPO3 led to an average CHP1 reduction to 45% in brain and 42% in spirzaiveetds

after injection (Figure A and B)more similarto the desired therapeuticoncentration but still below

the safetylevels of ~50%Furthe decrease ofchptASBO2 Yy OSY i N> A2y G2 wmn >3
CHP1 reduction to 44% in brain and 80% in spinal €dgdite € and D)In this situation, CHP1 levels

in brainwere below ~50%ncreasing the risk of ataxic gait development. In additiow; losages of
ChpXASQ@ injectedbyi.c.v.showed poor distribution in the CNS, since CHP1 reduction in spinal cord
is only 20%An explanation to this irregular CHP1 reduction between brain and spinal cord can be
explained by the ASOs tendency to accurtaula the cortex, hippocampus and cerebell{Bennett,
Krainer, and Cleveland 2019; Jagjad et al. 2021)Moreover, 6-weeks brains exhibitededuced
cerebellar size upo€hpXASO3 injection, for both tested concentratiofr$gure € and F)which could

be a consequence of Purkinje cdégeneration in the cerebellum due to CHP1 reductidaken

together, these results lead us to disc&ZtptASO3 as candidate for the preclinical trial.
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Figure9. Dosageoptimization of Chp2ASO3 in neonatal wild type mice.

A-D)Western blot analysis and quantification of CHP1 level in brain and spinal cord lysates of ASO injected mice
at PND14. 20 pg ¢¢hptASO3 led to a 55% reduction of CHP1 levels in brain (A) and 58% reduction in spinal
cord (B). 10 pg d€hp1ASO3 led to &6% reduction of CHP1 level in brain (C) and 20% reduction in spinal cord
(D). All mice were i.c.v. |njected at PND1 W|th the respe@hrplASO3 concentratiorACTB: loading control.

Unpaired twoidi A £ SR { GdzRSy (i Qa G  Sandeporbafs fepredént +d2B. A NDKNILID NI § R F IL.
Xnonnmd 91 OK R2G Ay GKS o0FNJ INFYLKAE NBLINBaSyida Iy AYyR
(EF) Morphological analysis of brains fro@hptASO3 injectednice at 6weeks. hjection showingsevere
reduction of ceebellar size (scale bar:dm).

3.1.2.3Chp1ASO4

For dosage optimization d¢hptASD4, we reduced thénitial concentrationi 2 nnX~ o5 YR H

respectively, to avoid CHP1 reduction in the brain below safety levels as observed in some

experimental animals after 50 paj Chp2ASD4 administration.

FirsE n n ChpBAS@4ied to a significant average CHP1 reduction to 53% in Wwtdeh is within

the safety therapeutic windoypand 42% in spinal cordrigure 1@ and B)Morphological analysis of
brains at Bweeks of age showedrildly reducel cerebé f | NJ & A 1 ,8ut alzsbigftgin /p Ch2 3
ASOd4ijectionin comparison to CTRASO injected anima(§igurel0C and [ Next, weinvestigated

the effect 0of40> ThplASO4 on cerebellar morphology and motoric behavior in rdetail, in order

G2 RS{ S NYGhIRSO4Rad mmeffestih Purkinje neuron population or prompted cerebellar
ataxia For this purpose, we perfored sagittal brain sections\Beeks afteri.c.v.injection of50 and

40 pgChptASO4 and specifically @éeted the Purkinje neuronis the cerebellunty calbindinRD28k
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staining. Strikinglystrong Purkinje neuron lossvasidentifiedAy YA OS

severereduction when injected withn n

A 2 4 A x

> @hplAJO4 (Figure H) however Purkinje neuro

population was not conservedh neither situationas in CTRASO injected animalsmportantly,

gAlK

motoric analysis by beawalking assay did not reveal any significant difference in average

age Figure 16 and ® ¢

| 26 SOGSNE

mild ataxic gait at dveeks of age(Figure 1€). Furthermore, a trend towards reduced motor

A 2 4 oA~

2 dzi

performance wagerceivedat 6-weeks of agan comparison tocCTRIASO treated animal@-igure
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Figurel10. Dosage optimization witkt0 and 50 g ChptASO4 in neonatal wild type mice
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GD) Morphological analysis of brains from ASO injected mice-ateé&ks. 50 pgChptASO4(C)caused a
reduction of cerebellar size, whereas 40Qigp:ASO4D)caused a milder reductionS¢alebar: 5 mm).
E)Representative pictures of sagittal paraffin sections of cerebellu@hpftASO4 injected mice at\Beeks.

A dose dependent loss of Purkinje neurons and axon degeneration was detected for 50 anGREEASO4.
Purkinje cells were immunostained with awtlbindinD-28k antibody.

FG)Beamwalking assay of 40 UghptASO4 inje@d mice at 3and 6weeks respectively. The time to cross
the beam was measured for quantification. 40 pg administratio@lghtASO4 did not significantly affect the
performance at 3veeks(F) and 6weeks(G).

All mice were i.c.v. injected at PND1 widi® pg ChptASO4 Unpaired tweii  Af SR { G do§Sy G Qa
performed All values reported as mean and error bars represent #£8€Eh dot in the bar graphs represents
an independent animal.

The initial knock down data suggestitt 40 pg ofChptASO4 coul represent a valuable optiofor
our therapeutic approach. ¢dvever,Purkinje neuron population of the cerebelludid not resemble
the one in the CTRASO injected mice armhe of the animals developed an ataxic gdtee weeks
after injection.Therefore,in order to avoid secondary effecd® g ofChptASO4wvas discardeds a

therapeuticdosageoption.

Next,the administration ot 1 ChaASO4ed to CHP1 reduction 60% inbrain (Figure 1A)and
85% in spinal cor¢Figure 1B), similarto the effect observed forl0 ugChptASO3, with poor ASO
distribution in the CSEowards the spinal cor@Figure € and D)In addition morphological analysis
of brains at 8weeksdid not reveal reduction oferebellumsize(Figure 1TC) but this concentration

was dropped off for not reaching the desired CHP1 reduction in spinal cord.
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Figurell Dosage optimization 20 pgGhptASO4 in neonatal wild type mice.

A-B) Western blot analysis and quantification of CHP1 levels in brairspimél cord lysates of ASO injected
mice at PND1420 pg ofChptASO4 led to a 40% rechion of CHP1 levels in brain)(And15% reduction in
spinal cord (B ACTB: loading control.

C)Morphological analysis of brains from ASO injected mice\aeéks 20 pg ChptASO4 did at affect the
cerebellar size (3le bar: 5 mm).
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Finally, we tested 3¢ @f ChptASO4, whicled to an average CHP1 reduction to 47% in brain and
53% inspinal cord (Figre 12A and B)Notably, brain nmorphological analysis atWeeks d& agedid not
show cerebellar size reductiarpono n >CGhp1tA&S4.c.v.injection (Figure 1€). In addition, no
Purkinje neuron degeneration was detectedn ary of the analyzed mice (Figure D2 Most
AYLRNIFYy(Gfez y2 YICOBASOMSBY@d S &y tine pdint am ataxie gait or
reduced performance in comparison @TRIASO treated mice (Figure E2and F)Strikingly CHP1
levels detected by western blot in the brain and spinal cord at PND28 were the same as-lSOIRL
injected animals, indicating a shedgrm effect of ChptASO4 (Figure ©&@.Previous work by Torres
Benito and collaborataralready showed shoitierm stability of a gagMOE ASO targetinicald

althoughthe therapeutic potential wabe maintained for some week§ orresBenito et al. 2019)
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Figurel2. Dosage optimization 30 pGhptASO4 in neonatal wild type mice

A-B) Western blot analysis and quantification of CHP1 levels in brain and spinal cord lysates of ASO injected
mice at PND1 and analyzed at PNOXlv.injection of 30 pgChptASO4 led to a 53% reduction of CHP1 level

in brain (A) and 47% reductioningpi f O2NR 0. 0® FLXKN®npI FfrpLYKNOAMOD

C) Morphological analysis of brains from ASO injected micenadeks. 30 pgChptASO4 did not affect the
cerebellar size (scale bar: 5 mm), N = 2 (6ARDR), N =5 (30 |EhpIASO4).
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D) Representative pictures of sagitparaffin sections and quantification of Purkinje neuron number in lebe |
Il of the cerebellum ofChptASO4 injected mice at\Beeks. No Purkinje neuron loss and axon degeneration
was detected for 30 pgEhptASOA4. Purkinje cells were immunostained wattti-calbindinD-28k antibody
(Sale bar: 500 um).

E-F) Beamwalking assay d€hptASO4 injected mice atBeeks and éveeks. The time to cross the beam was
measured for quantification. 30 u@hptASO4 did not significantly affect the performance até&eks E) and
6-weeks (F).

G) Western blot analysis and quantification of CHP1 level in laradnspinal cord for Aveeks posiinjection
efficacy study of 30 uGhptASO4. No significant difference was detected.

All mice were i.c.v. injected at PND1 with thefRChptASO4 concentration. Unpaired tvibl A £ SR { (1 dzRSy (i
test was performed. All values reported as mean and error bars represent Eg8b.dot in the bar graphs
represents an independent animal.

The data obtained from th€hpXASO leasiscreening iradult and neonatal wild type mice led us to
conclude that 30 u¢hptASO4 did not promote Purkinje neuronal loss neither animals developed an
ataxic gait, meaning that the dosage is safe. Moreover, itdéadCHP1 reduction to the desired
therapeutic leels at PND14 of ~50% in brain and most importariygpinal cord. HowevelChpt
AS@ did notdisplaya longterm reduction effect four weeks after the administration, similarthe
observationswith NcaldASO(TorresBenito et al. 2019)Nevertheless, thgositiveresultsobtained

by TorresBenito and collaboratasencouraged us to test theombinatorial therapy using 30 |&hpt
ASO4 and lowdoseSMNASO in an intermediate SMA mouse model.

3.1.3 Combination ddbw-doseSMNASO an@0 pg ChptASO4 in SMA mice at PND21

Here we aimed to analyze théherapeutic effect of ChptASO4 injection in a doubldinded,
randomized preclinical study in a weltablished pharmacologicallgduced mildly affected SMA
mouse modelA suboptimal dose a0 ugSMNASOwasadministered systemicallgt PND1in order
to slightlyelevate SMNprotein levels in the peripheral organdid@reby, mimicking the asymptomatic
LI GASY G Qa O2yRAGA it theikKpfotedive uBcyicB. Y2 RAFTASNAE S

For the preclinical trial SMA and heterozygous control (HET) mice on rgixealckground (50%
C57BL6/N and ®o FVB/N) were first injected on PND1 with ddese SMN! { h oon >30
ddzo Odzii I yS2dzaft e 0adO0d0 | YR & doy GhPIASEHEH L fedpecivgly t b 5 H
(Figure 13. In the presenstudy, HETgmrfo™; SMN20) littermates were used as conti
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C57BL6/N FVB/N
X [ ¥, .
P \
Smnko/wt Smn'e/ko;SpN2te/te
HET ->Smn'e/wt;, spN2te/0
SMA —>Smnke/; spN2te/0
X hS
S § seeessssssssssssssmd SV hallmarks PND21

PND1 - s.c 30 ug SMN-ASO
PND2 -> i.c.v 30 ug CTRL-ASO or Chp1-ASO4

Figurel3. Breeding strategy and experimental scheme.

Breeding strategy to generateraild SMA mouse model by injecting mix background mice withdoge (30
Hg) of SMNASO at PND1. For the combtioigal therapy, neonatal mice &re injected at PND2 with 30 pg of
CTRIASO oChptASO4, and SMA hallmarks were analyzed at PNB@lre generated with Bi@Rder.

Survival of the animals was monitored until PND21, with no reduction obséoveahy of the four
studied groups Kigure 144 implying a rescue of the multiorgan failure by subopti@88sINASO
administration. Still, the body weight of SMA mice was reduced in comparison to HETFigioe (
14B). Surprisingly, we detected that theeanbody weightof SMA€hptASO4 injected animals was

more variable andresented a trend towards reduced body weigtimpared to SMA+CTRISO
treated mice after PND12.
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Figurel4. Survival and weight ofChptASQinjected SMA mice on Mixed50 b&ground
A) KaplarMeier curve until PND21 did not show any difference in survival.
B) Weight progressioourve N = 10 (HECTRIASO), N = 11 (HEEhpXASO4), N = 16 (SMATRIASO), N =8

(SMAChp1ASO4). All mice were s.c. injected with 3BBMNASO at PND1 ang.v. injected at PND2 witB0
Hg ChptASO4 or CTRASOrespectively



3. RESULT|IS

3.1.3.1Electrophysiological predictors: CMAP and MUNE

Previous studies reported electrophysiological deficits in SMA patients and mice, including reduction
of the conpound muscle action potential (CMAP) and the motor unit number estimation (MUNE)
(Arnold et al. 2014; Bogdanik et al. 201f)levant electrophysiological predictors ahusclenerve
functionality. In addition,in SMA mice harborindpeterozygousChplreduction via thevacillator
mutation in combination with lowdose SMNASQ a significant amelioration of both
electrophysiological parameters was achievadhe gastrocnemius musglemphasizing the role of

CHP1 reduction in motor unit functionaliaznd preservation(Janzen et al. 2018)

Hereby, in oder to asses# the combinatoriattherapy usingChptASO4 has a similar effectrituscle
nerve functionality to the one observed by Janzen and colletiors we analyzedthese
electrophysiologicapredictorsin the gastrocnemius muscht PND21As previoushdescribed SMA
animals exhibited marked reduction of both parameters in comparison to HET (ficgire 1% and
B). Surprisingly, nor CMAP nor MUNEreakd asignificant motor amelioration in SM&hptASO4
injected micewhen compared t&&SMA+CTRASGtreated animalgFigure 13 andB), which contrast
with the results obtainedvith Chplgenetic reductionsuggesting that 30 pghptASO4 administered

pre-symptomatically had no therapeutic effect at electrophysiological level.
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Figurelb. Electrophysiological anabis at PND21 d€hp1ASO4injected SMA mice.

A) Representative traces of sciatic CMAP response of gastrocnemius muscle at PND21.

B) Dot plots of CMAP and MUNE values at PND21 in HET and SMA mice enbadkepiound with mean +
SD. Number of animals uséatr CMAP: N = 10 (HET+GRMSIO); N= 14 (HEThptASO4); N= 13 (SMA+CIRL
ASO); N= 6 (SME&RpIASO4). MUNE: N= 7 (HET+CARD); N= 11 (HEChpXASO4); N= 9 (SMA+CTARO);
N= 7 (SMAEhp1ASO4). For analyses, ordinary emay ANOVA with Tukey posthoc test for multiple
O2YLI NRAaz2ya o6Fa LW ASR® FLIKNDOApI FrFLXKNOPAaAMD
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3.1.3.2NMJ architecture

NMJ defects have been described as an early pathmdbfgature in SMAcharacterized byeduced
acetylcholine receptors positive area addlayed maturation(Gogliotti et al. 2012)hat precede MN
death(Ling et al. 2012)or this reason, wevaluatedtheir architecture in the vulnerable transversus
abdominis (TVA) muscle upoB0 pg ChptASO4 treatment(Murray et al. 2008) For NMJ
quantification the postsynaptic acetylcholine receptors (AChRs)e stainedsg A (i -Kungarotoxin
(BTX) andthe presynaptic terminals with neurofilanmé-specific antibodyNF)(Figure 18. First we

Y S| & dzMBBMRositive endplates area. As expectddMJ areawas reducedin SMA+CTRASO
compared with HET+CTREQat PND21 However, there was no significantpnovement in the size
of SMA NMJs upoBhptASO4 treatment compared to CFREOThe lack of NMJ amelioration upon
ChpXASO4 treatment go in line and explain the results obtained from the electrophysiological
predictors (section 3.1.3.1): pharmacological reduction of CHRX.lyinjection of 30 ugdChptASO4
is not enough to ameliorate NMJ pathologyFiND21SMA mice.
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Figurel6. NMJ analysis at PND21 6hptASO4injected SMA mice.

Representative images and quantification of NMJ area and maturity in TVA muscle at PN®@@hg sh
postsynaptic NMJ region (B,Tidagenta) and gasynaptic nerve (NFgreen) (scale bar: 20um). NMJ area was
analyzed withmageJ (N=5, n= 100 NMJs/mousgfatistics were performed with mean values of animals per

group. Ordinary onevay ANOVA with Tukey posthoc test for mulipl O2 YLJI NRA &2y &3> F LIXKndnp
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3.1.3.3Muscle fber size and spinal Mi\broprioceptive inputs

In the sensormymotor circuit, propriceptive neurons localized in the dorsal root ganglia convey
information coming from the muscleand tendons to the MHN, thus allowing fine control of the
movements. Sensomnotor connectivity, the poprioceptive inputan the MNs, have been reported

to be impairedin SMA mouse modeldMentis et al. 2011; Shorrock, Gillingwn and Groen 2019)
thus we next quantified the number of glutamatergic inputs per MN soma in sections gpital cord
lumbar region which is vulnerable to degeneratiémthis case, we compared two groups, SMA+ETRL
ASO and SMAhp1IASO4 treated animals order to asess if CHP1 downregulation has dieet on

the number of proprioceptive inputs antherefore in the functionality ofensory synapsis. However,
in contrast with the observations obtained by Janzen and cotktbrs showingan increase in the
number of VG&UTT inputs upon CHP1 reduction, wid not detect differences in the number of

proprioceptive synapes per MN sombetween the groupgFigure 12).

Even though MNs are the most affected cells in SMA and their dysfunction contributes to skeletal
muscle atophy, it is likely that SMidepleted muscles exert intrinsic defects that can be directly
involved in SMA pathology. In therevious work performed by Janzen and collaboratoitsialis
anterior fiber analysis revealed a clear size difference between &hETSM\ animalgJanzen et al.
2018) Moreover, a significant increase in average fiber size was observed in heterozygjmubs
mutant SMA animalsSinceCHP1 reduction migthave a positive effect omuscle pathology, we
quantified the area of muscle fibers frothe tibialis anterior muscle at PND21, whits known to be
affected in SMA. The results showed no significant positive effe@hpflreduction in the mean
muscle fiber arain PND21 SMA animals (Figurd3L7
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Figurel?. Proprioceptive inputs and muscle fiber size anatyat PND21 o€hptASO4 injected SMA mice.
A) Representative images and quantification of proprioceptive inputs per MN soma in SMA rilceeid
stained with CHAT (magent®IN) and VGLUT1 (greeior glutamatergic synapses)céde bar: 20um). Mean
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input number within 5 um of NN soma was analyzed with Imagi3: 3for both groupsn= 3050 MNs/animal

Unpairedtwodi  Af SR { (dzRPeyfaimed G G Sad

B) Representative H&E staining and quaaéfion of muscle fiber area ofialis anterior mude at PND21.
(Scale bar: 50umN =5 for all groups, n=100 fibefanimal).Ordinary oneway ANOVA with key posth@ test

for multiple comparisonsError bars represent $D*pX{).05

In conclusion, these resultontrastwith the data obtained by Janzen and collaborators and can be
explained byapparent shortterm effect of ChptASO4, which does not maintaiHPlevels ofabout
50% for a prologed period as shown in Figure@2Consequently, the time CHP1 protein amount
fluctuates between therapeutic and netherapeutic levels is not sufficient to improve SMA hallmarks
at PND21.

3.1.4 Renjection of ChptASO4 at PND28

Next, we wanted to assess if the-irgection of ChptASO4 at PND28 could mainta@hpl at
therapeutic leved and lead to an improvement in SMA hallmarks as previously observed ©hhe

heterozygougenetic mode(Janzen et al. 2018)

3.1.4.1 Efficacy and tolerability @hptASO4.c.v.bolus injection at PND28 in wild type mice

First, we tested the efficacy and tolerability vdriousChptASO4 dosages in PND&Bd type mice.

All tested concentrations (15, 20 and 25 pg/g of animal) succeeded to downregulate CHP1 levels in
brain and spinal cord in comparison to PBS injected animals. Moreover, injection of ZDhpd/aSO4
achieved a CHP1 reduction to about ~45% ingEigue 18A)and ~60% in spinal co(&igure 18) 2

weeks after injectionImportantly, none of the animals developed an ataxic ¢@atta not shown).
Following the same strategy used for the treatment of SMA patients with nusinersen, we decided to

inject a fixed amount 0€hptASO4 (400 ug) independently of the body weight of the animals.
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Figurel8. Efficacy of variou€hptASO4 concentrations-@eeks afteri.c.v. bolus injection in adult wild type
mice.

A-B) Chp1ASO4 efficacy at different concentrationshirain (A) and spinal cord (B&eks after injection via
i.c.v. bolus at PND28 in wiliype mice, in comparisoto PBS injected animals. ACTB: loading control. Ordinary
one-way ANOVAwith Tukey posthoc test fo multiple comparisons Error bars represent + SBEp>K.05,

**p X0.01,**p>Q.001 Each dot in the bar graphs represents an independent animal.

Next, we followed a similar experimental scheme as in e part of the study, with amdditional
administraion 2 ¥ n /ChptASA@4 at PND28 by i.c.v. bolus injectiangd SMA hallmarksvere
analyzed a2 months of age (Figure A9. Western blot analysis performed on brain samples at 2
months revealed a significant downregulation of CHP1 in HET and SMA aningdstesl withChpt
ASO4 whe compared to their respctive CTRASO group (Figure BY. In contrast, in spinal cord of
HET animals no significant reduction was observed (QigntASO4 teatment after 2 months (Figure
190). Although there was a significant reduction between SMA GARD and SMBhpXASCgroups
(Figure 19¢
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Figurel9. Efficacy ofChp2ASO4 i.c.v. bolus rjected mice at 2 months

A) Treatmentnjection schemeFigure generated with Bi@Rder.

B-C) Western blot analysis and quantification of CHP1 levels in brain (B) and spinal cord (C) lysates from ASO
injected mice.B) 4weeks post i.c.v. bolus injection with 400 @hptASO4 shows significant reduction
betweenChptASO4 and CTHASO injected animals in brain. Gydeks posti.c.v. bolus injection with 400 ug
Chp1tASO4 only shows significant reduction in spinal ¢or8 MA animals when compared to 400 ug SMA
CTRIASO, but not between HET groups. ACTB: loading control. Ordinaryagn&NOVA with Tukey posthoc

test for multiple comparisons. Error bars represent + SD. All mice were s.c. injected withSBONASO at

PND1 and i.c.v. injected at PND2 and PND28 with 30 pg/400pdASO4 or CTRL{ h NB A LIS OG A @St & o
F FLYWn ®nwmZ HachddiIKihetbargmaphs represents an independent animal
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3.1.4.2 Analysis SMA hallmauk®n reinjection ofChptASO4

SMA hallmarks were analyzed at twwnths of age afteChptASO4 or CTRASO readministration

to assess ithe pharmacologicaleduction of CHP1 could have beneficial therapeutic effecer time.

Aspreviously performedwe determinedthe NMJ area fronthe transversus abdominis muscikRe
injection withChpXtASO4 had no enhancing effect on NMJ area in SMA comparedlitdASTRnjected
animals (Figure 28). Moreover, SMA pathology at the NMgvel is characterized by denervation
leading to the loss of mtor functionality. Thus, we wanted to assess {Lhp2ASO4 treatmentould
exert a protective influencelnnervation degree was categorized as fully, partially innervated or
denervated. Importantly, mild SMA animals injected with GABRO showed a higher gleee ofNMJ
denervationat the TVA muscléhan the HETice However, ChptASO4re-injection did not rescue
the denervation in SMAdult mice (Figure Z5).

Finally, we studied muscle pathology bwadyzingfiber size from the gastrocnemius muscle
Interestingly, analysis of sizgrouped gastrocnemius muscle fibeeghibited a trend towards an
increase in fibers with larger diameter (308 n n > Y 0 ChpBASO4 anjected animatompared

to CTRIASO treated SMA mice (FigureCp0
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Figure20. Morphological and histological analysis @hptASO4 reinjected mice

A) Representative images and quantification of NMJ area in TVA muscle, showing postsynaptic NMJ region
(BTX, magenta) andgsynaptic nerve (NFreen) (scale bar02um).Each dot in the bar graphs represents an
independent animal. For each anim&Q NMJs were analyzed. Statistics were performed with mean values of
animals per group. Ordinaryonel @ ! bh+! gAGK ¢dzl S& LRadK20 GSad F2NJ
B) NMJ innervation analysis from TVA muscle, showing postsynaptic region (BTX, magenta) and presynaptic
nerve (NF, green). NMJ innervation was classified in three categories: Innervated when more than 80% of the
AChRs was covered by the nerve terminalstigily innervated when the innervation was between 480%,

and denervated when the nerve terminals covered less than 15% of the endplate. (Scale bar: 20 um). N = 4 for
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all groups, n =481 baWiakl yAYlf® wSadzZ G6§a& | NBE LINGESyingSdR Ay LXK
AYRSLISYRSy (i SELSNARYSyiGaod FrpfFp RS§9.GSa adliAraGaaort &A3
C) Representative H&E staining and grouping of gastrocnemius muscle fibers according to the raaZum

months of age. (Scale bar: 50 um). Nferzll groups, n =100 fibers/animal).

Altogether, we demonstrated that the ChptASO4 used in this preclinical study specifically
downregulatesChpl Moreover, injection witho >3 | yQRpIAS@in necBatal and adult

animals respectivelyjs wel tolerated and do not produce toxic effedts | 2 6 SGSNE S PGSy (K2
of Chp2ASO4 is safe and does not induce an ataxic phengityisenot enough to counteract the SMA

pathology at PND21when combined with lowdose SMNASO Unfortunately, during ChptASG

screening and dosagmtimization we observed that administration®2 3 S& | 62 @S nn >3 f
defects, excluding the possibilitf increasinghe dosageln addition, reinjections withn 1. n hpld /

ASO4 at PND28 failed topnove SMA hallmdss in a long term.

3.1.5hiPSCs derived MNs: in vitro model for drug testing

The discovery of hiPS&lfowedresearcherso model diseasem vitroand perform drug screenirsgn
the targeted cell typeln the present studywe aimedto determine the therapeutic potential aChpl
or Ncald(section3.2.2 pharmacological reduction usitmgiman ASOsargeting the respective mRNAs
in MNs derivedrom hiPSC lines-or thigeason,we first had to establish a MN differentiation protocol

in ourlab thatcould provide us witligh yield functional MNs

As an important side note, all the experiments, images, graphs, statistics and text presented from this

point on areunpublished or under preparation for a future manuscript.

3.1.5.1 Healthy and SMA hiPSCs lines

In our lab we have several hiPSC lines derived from healthy and SMA patients from type | to type IlI

that were previously validate(Table ).

For maintenance and expansion, hiPSCs were cultured in féegeconditons using the commercial

LI dzNA LR GSyd YSRAF Y¢eS{wum FYyR YIFIGNRISE @2l SR |
appearance consisting in small cell body with a high nucleus/cytoplasm ratio and a charadlatistic

colony shape with rounded bordeand dense centre First,prior to our drug testingwe wanted to

determine if the hiPSC linexpressed pluripotency markers essential for stemness maintenance. All
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hiPSC lines expressed pluripotestem cell markers as OCT4 (Figure 21A) and SOX2gFdm);

determined by immunostaining.

A
HUVEC (Healthy) WTC11 (Healthy) HGK1 (SMAI) CS32iSMA (SMA)

HGK4a (SMA 11) CS13iSMA (SMAII) HGK13 (SMAII) HGK27 (SMA 1lIb)

HUVEC (Healthy) WTC11 (Healthy) HGK1 (SMAI) CS32iSMA (SMA)

HGK4a (SMA 1) CS13iSMA (SMA 1) HGK13 (SMA III) HGK27 (SMA lilb)

Figure21. hiPSCs staining of pluripotey markers OCT3/4 and S@X
A-B) Representative pictures of typical flat colony ptaslogy in all hiPSC lines.
A) Cells werémmunostainedfor the pluripotency marker OC3/4 (green). Nuclei wereaunterstained with

DAPI (blue).
B) Cells were stained wilOX marker (green) and nuclei were counterstained with DAPI (blue). Scale bar 100

pm.

In addition, SMN staining was performed in ordeidetect the number of SMN gems in the nucleus.
As expected, healthiziPSC lines exhibitezharacteristicSMN dotlike gemsmarked with the white

arrows which were absent in all SMA type | or type liscgtigure 22 Few small gemsere observed
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in both SMA type lll lines. Furthermore, SMN was also detected in the cytosol of the healthy and SMA
type 1l hiPSC lines, but markedly reduced in SMA type | and Il lines.

HUVEC (Healthy) WTC11 (Healthy) HGK1 (SMA 1) CS32iSMA (SMA 1)

HGK4a (SMA I1) CS13iSMA (SMA I1) HGK13 (SMA Il1) HGK27 (SMA IlIb)

Figure22. SMN protein staining in hiPSCs lines.

SMN staining (green) showed the characteristic dots in the nugi&ie, DAPIYhat represents the gems
(marked with white arrows) in both HUVEC and WTC11 healthy lines, and presence of SMN in the cytosol. SMN
gems were not observed in SMA type | (HGK1 an@iSBI2\) and SMA type Il (HGK4a and CS13iSMA) and a
visible reduction of SMN staining in the cytosol. Few gewmre detectedn some of the nuclei of the SMA type

Il individual and an increase in SMN protein present in the cytosol.

3.1.5.2 Directed differentiation of hiPSC iktNs

To obtain MM from hiPSC lines,evgelectedthe high-efficiencyMN differentiation protocol used in

(Guo et al. 2017)to which we appliedome madlifications. The protocol (Figure PBegins with the
generaton of embryoid bodies (EBs), which resemble the 3D conformation of embryos and facilitate
spontaneous differentiation of the uncommitted stem cgl@dorico, Kaufman, and Thomson 2001)

On the first days of the differentiation, induction into the neuroectodermal lineage (neuralization) was
achieved with SB43154#vhich inhibits the transforming growth factor beta mediated activation of
SMAD proteins) and LDN193189 (inhibits the bone morphogenic protein signaling pathway), in what
is commonly known as dual SMAD inhibition, and by activating Wtn signaling usR2PC2 (inhibits
Glycogen synthase kinase 3, GSK3). Next, in the patterning phase of the neural progenitors,
caudalization was accomplished with retinoic acid (RA) and ventralization with Smoothened agonist
(SAG) responsible for sonic hedgehog signalingwsy activation. The strong inhibitor of the
secretase, DAPT, wéger added to the MNorogenitors to hamper Notch pathway, that will further
enhance the differatiation towards MNs(BenShushan, Feldman, and Reubinoff 201Binally,
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maturation of the spinal MNsvas ahieved byadministrationof three neurotrophic factors: brain
derived neurotrophic factor (BDNF), glial adkived neurotrophic factor (GDNF) and ciliary

neurotrophic factor.

hiPSCs // MNPs Postmitotic sMNs Mature sMNs

Clumps formation EBs dissociation

N '

| | | | | | | | -

DAYS 1 3 8 10 11 15 17 32
Y27632 CNTF
SB431542 DAPT -
CHIR99021 BDNF + GDNF >

DN193189 N RA + R =
SMAD inhibition Whnt signaling activation pathway activ n Notch pathway inhibition Neurotrophicfactors

Figure23. Scheme of the MNifferentiation protocol from hiPSCs.

Left image shows the similgized squares manually made to help in the formation of¢henps (8ale bar
500 um). Central image shows aspheric embryoid bodies frenWTC11 hiPSC lineddy 7 (8ale bar 200
pum). Right image is a representative picture &l culture derived from healthy HUVEC hiP8G#L5 of the
differentiation (®ale bar 100 um). Above of the gray arrovege the abbreviation ofhe cytokines used in the
respective dgs duringthe differentiation, and below, following the color codbgir role. MNPs refers to MN
progenitors.

To determine the efficiency of the differentiation protocol in our hands, for each cellMiswere

fixed at day 15 of the differentiation @immunostained for LIM Homodomain factor Isletl (lstihe

of the first MNtranscription factor expressed in post mitodNs(Liang et al. 2011Y he ratio between
ISLT cells and DAPI was quantified from three epéndent differentiations (Fige 24). MN
differentiation protocolefficiency ranged from 50 to %6 of ISL1cellsbetween cell linesSMA lines
harboring differentSMN2copies did notdiffer morphologicallyat this time pointin comparison with
MNSs from healthy individual$-ollowing this differentiation protocol, SMA type Il (CS13iSMA) and SMA
type Il (HGK27) lines exhibited a reduced number of' I&ilE compared t&MA type lline HGK4,
which reached the highegtercentage of ISIMNs. We can conclude that in general, the established
protocol enables the direct differenti@n of hiPSCs into Mi\expressing ISL1. Howewdespite of the

SMA backgroundsome linedifferentiate more efficiently thamthers da
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Figure24. MN differentiation protocol efficiency, ISLIDAPI.

All hiPSCs were differentiated into MNs following the sgmwtocol previouslydescribed, and MNs were fixed

and immurostained at day 15. MNpecification was determined by the presence of ISL1 positive staining
OYF3ASyYydlvs FE2ya ¢ SINGbuldgamsh) Shalducet wityTRARI (bfud).(58ale bar: 100 pm

for all images. Ordinary oagay ANOVA with Tukegosthoc test for multiple comparisons. Error bars
NBLINBaAaSyd 5 {5® FLI X nZnpd 9| OKYDRA bf et Inthefediddny (a4 G K S
differentiation, N=3 for all hiPSC lines. Total numberediscounted per line is: HUVEC = 1461, WTCII934,

HGK1 =1466, CS32iSMA289, HGK4 = 759, CS13iSMA = 1011, HGK13 = 460, HGK27 = 350.

3.1.5.3 SMN protein is reduced in SMA hiPSC derived MNs

Next we wanted to validate SMN loss in SMA hiPSCs derived MNs. SMN can be found in the nucleus
(Gubitz, Feng, and Dreyfuss 200z)jtoplasm(Liu and Dreyfuss 1996)long the axon and the growth
cone(Fan and Simard 2002; Fallini, Bassell, and Rossoll, 20 it exerts aplethora of functions

(section 1.2. We differentiated MNs fronthe healthy line HUVEC and a SMA type |, CS32i8bA
Immunostaining was performed at day 20 of the differentiatids. expectedSMN was detected in

the neuronal soma and along the axooishealthy derived MNswhereas a marked reduction was
observedm the SMA type | MNs (FiguP®A). Moreover, a clear SMN reduction was detected at the
growth cones of the MNdg={gure25B)compared to healthy MNs.
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HUVEC (Healthy)

CS32iSMA (SMA 1)

HUVEC (Healthy)

CS32iSMA (SMA 1)

Figure25. SMN is reduced in MN soma and growth cone of SMA hiPSC derived MNs

SMN staining (magenjeof healthy and SMA type | MNs derived from hi®SC

A) SMN localizes at the nucleus (white, DAPI), cytoplasm and axons (green, TUJ1) of healthy MNs, whereas a
strong reduction of the signal was observed in SMA type $/8bkle bar 10m.

B) SMN (magenta) accumulates at the presynaptic terminal, the growth cone. Axons are counter stained with
TUJ1 (green), a microtubule mark8cale bar 10 pm.

3.1.5.4hiPSC derived MNxhibitsynaptic machinery components

In order to asess if thederived MNs express relevant proteins involved in the synaptic machinery,
mature neuronal cells were fixed and immurtaised at day 20 with PSD9Synaptophysirand

BassoorfFigure 28. Postsynaptic density protein 95 (PSD95) is an scaffolding proteiortiestrates
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the localization of receptors, channels and signaling proteins involved in synapses of excitatory
neurons(Jeong et al. 2019 Synaptophysin is a presynaptic vesicular protein that regulates vesicle
endocytosis duringnd after neuronal stimulatioffKkwon and Chapman 201Basson is a protein
localizedat the active zone of the presynaptic terminadd. day 20, after three days in culture under
maturation conditons MNs expressed PSD%,naptophysirand bassoon, kegomponents involved

in synaptic transmissian

Phalloidin

Phalloidin Bassoon’

Figure26. Immunostaining for neurotransmission machinery components.

Mature HUOVEIPSC derived MNs were stained at day 20 with phalloidin (light blue) synaptophysin | (red),
PSD95 (upper image, white) and bassoon (lower image, white). MNs exhibit relevant components required for
neurotransmission. Scale bar 10 yum.

3.1.6 HumarCHP1ASOeads testingn hiPSCs derived MNs

In parallel to oumpreclinical studies 08MNASO andChpXASO combinatorial therapy, we tested the
delivery method and efficaayf three MOEgapmer AS&targeting humarCHR. in hiPSC derived MN

(Figure 23). CHPIASO57 an@€HPIASO59 bind to a region located in intron 1, wher€a?1AS084

binds to aregion in exon 7 (Figure €J. The MOE gapmer ASOs used in this study regulate CHP1
translation by recruiting RNase H, which will induce the cleavage of the targeRNA. The
mechanism of action of ASO gapmers rely on their special struathesnically modifiedRNAbases,

in this case thregare flanking a central domain of DNéferredto asthe gap here 10 bases (kkiO-

kkk). The RNA flanking sequences enhance affinity to complementary sequences while the central DNA
domain serve as a substrate for RNase H, thiibiting translation of the targeted protei(Ghen and

Corey 2018)

First, lonis Pharmaceuticals testtile CHPXASO leads in A431 squamous carcinoma cell line by

delivering the ASO via free uptakafter 48h,CHR. mRNA levels were quafigd to determine the
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half-maximal inhibitory concentratiofiC50)of each AS@Figure 2B). Via free uptake60 nMCHP1
ASO59 was enough to downregulate mRNA levels to 50% wheHRHASO57 needed 90 nNTHP1
ASO084 had the highest IC50 of the three tds#e&s0s, 240 nM were needed in order to redGe¢R
MRNA to half.

A B
ASOID Sequence Chemistry IC50 Site CHP1, A431, 48hrs,RTS40299
(nM) Location 2004
kik-10-kkk 549144
CTRL-ASO GGCCAATACGCCGTCA (<Et) >5000 N/A 1504 o 1
= —— 1113084
CHP1- kkk-10-kkk £
ASO57 AGTGAATTAAGGGTGA (cEY) 90 Intron1 8 1004 = 1113157
32
CHPI- kik-10-kkk
504
ASOS59 GTTTATCAAGGTGTTT (cEt) 60 Intron 1
CHPI- kik-10-kkk 0 . . g .
ns08a ATATTAGGCACTTCCG (cEt) 240 Exon 7 3 3 M H ;
Concentration log(uM)
TSS Matches:
e e S e e LY LU o o — 1
Tss: | 1101067 (HG19_CHR15:41520199-41577 198(+) |
Leads: 11113159 11113084

; 11113157
5 I T T T T T T T T T T T T T T T T T T T T

0 10000 20000 30000 40000 50000

Figure27. CHPIMOEgapmer ASO leads.

A) Table with relevant information about theest threehumanCHPIASG designed for the study

B) Dose response curve to determine the50 of each huma@HPIASO tested in A431 cells 48 hours after
free up take treatment quantified by reéime PCR.

C)Location of the respective target site of eaCHPIASO alon@HP1

Next, we tested theaCHPIASOédadsin hiPSCs derived MNy free uptake administratiognto assess

CHRA protein levels after 7 day§Ve decided to test our ASOs via free uptakimgisype | SMA HGK1

MNSs since antisense oligonucleotides enin the cells by endocytogi€rooke et al. 2017x pathway

that is affectel in SMA(Hosseinibarkooie et al. 201&nd wantedo confirm that the cells utake the
compoundsMNswere treated at day 17 of the differentiation and pratsiwerecollected at day 24.
Before differentiation day 17, media exchange occurs daily, thus in order to avoid ASO removal from
the media the day after treatment, we decided to treat the cells on day 17, when maturation media
exchange occurs every other d@yjheonly limitation of free uptakén our cases that cells would not

be treated before the maturation phase begifased on the IC50 of each AF@ure BA and B)we

first tested increasing concentratisiof the most efficienfeads CHP1ASO57 an€HPI1ASO59.
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Figure28. Free uptakeCHPIASO57 andCHP1ASO59 in SMA type | MNs.

A) SMA type | (HGK1) MNs were treated on day 17 with 90, 150, 225 and 300CINP&ASO57 via free
uptake, and proteins were collected on day 24 of thifedentiation for western blot. As control, MNs were
treated with 300 nM of CTRASO. ACTB was used as loading cortirel for each condition.

B) SMA type | (HGK1) MNs were treated on day 17 with 60, 120, 180 and 240CIMP#ASO59 via free
uptake, andproteins were collected on day 24 of the differentiation for western blot. As control, MNs were
treated with 240 nM of CTRASO. ACTB was used as loading coriirgl. for each condition.

Surprisingly SMA type IMNs treated with 90 nMCHP1ASO57, the IC5determined by lonis
Pharmaceuticals, did not exereduction of CHP1 protein levels in comparison to GARD treated
cellsafter 7 days (Figure 28. A dose dependent reduction was observed upon increas€HPi
ASO57 administration. Indeeth order todecrease CHP1 levelswnto 57%, cells had to be treated
with 300 nM.Mild decreass of CHP1 levelaere obtained after 60 nM and 120 nM treatment with
CHPIASO59 (Fige 28). However in this case, 180 nM of the ASO reduced CHP1 levels almost to
half, ard 240 nM further decreased CHP1 protdownto 37%.

In parallel, we tested the ASOs using Lipofectamias delivery methodgince it is considered the

G320R YRI NRé F2NJ 4l FS RSt AQSNR 2F SE23Sy2dza 2t A3
earlier, at day 13 of the differentiation and collected proteins at day 15, 48h after administratibA.

type | MNs were treated with various ASO concentrations, and wash out of the media was performed

2h after. CHP1ASO57 treatment with different conceations led to Smilar knock dowrefficiencies

~4050% (Figure 28). Interestingly, MM treated with 90 nMCHP1ASO% or CTRIASO exhibited

axonal swellingwhich was not detected when treatada free uptake suggesting ASO neurotoxicity

when administerd in high doses using Lipofectaminé¢Figure 28). After this observation,dr the

other CHP1ASOswve decided to discard theeatment with 90nM, andtestedlower concentrations,

ranging from 15 to 60 nMurprisingly, CHP1ASO59, which was the most efficient candidate when
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administeredvia free uptakddown to 37% of CHP,Ynly reacheda maximum CHPeductiondown

to 61% after 60 nM of treatmentvhen administered using LipofectamingFigure 2€). Moreover,
30nM of CHPIAS084 exerted the strongest reduction bringing CHP1 protein levels down to 55%
(Figure 29). In generalfreatment using Lipofectaminerequired less amount of AS{0 reach similar
knockdown efficiencies as compared to free uptake. Finally, we selected 80AMPIASO57 as a
promising candidate to be tested in triplicates for knock down efficiency. As a result, 30 GNRIf

ASO57 led to a significant reduction of 69% CHP1 protein levels in SMA typéRidiiNs 28).

A CHP1-ASOS57 B RevEiA
Ll 1.5_ AL
3
CHP1-ASO57 8,
. CTRL __=A7--Aovof o 1.0
Lipo Aso 30 60 90 = 0 }
g 56% 62% oy —
CHP1 = 0.5- 1 Axonal swelling
o
s ACTB T ._
0.0 I I 1
Lipo CTRL ASO57 ASO57 ASOS57
ASO 30nM 60nM 90nM
C
CHP1-ASO59
— 1.5_
CTRL CHP1-ASO59 3
AsO 15 30 45 60 0
Q
— CHP1 <
acte &
S — . — 5

CTRL ASO59 ASO59 ASOS59 ASO59
ASO 15nM 30nM 45nM 60nM

D CHP1-AS0O84
.3.1.5-
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[(§)
g 55% 58%
CHP1 2 0.5—
— — — — e  [\CTB E
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|

CTRL ASO84 ASO84 ASO84 AsSO84
ASO 15nM 30nM 45nM 60nM

E 15 CHP1-ASO57
o
CTRL-ASO 30nM CHP1-ASO57 30nM o 1.0
-
(8]
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0.0-
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Figure29. CHP1ASOs administered using Lipofectamine in SMA type | MNs.
A) SMA type | (HGK1) MNs were treated on day 13 with 30,60 and 9C®NPEf { hpT dzAAy 3 [ ALR TSSO
and proteins were collected on day 15 of the differentiation for western blot. As corithils were treated
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with 90 nM of CTRASO. Lipo refers to cells treated with Lipofectamine alone. ACTB was used as loading
control. N=1 for each condition.

B) Representative images healthy MNs, and Malshowing signs of axonal swelling when treated wwitire

that 90 nM of either CTRASOorCHPL{ hpT F RYA Y A & (i S NB R Scaté Bary180 pmA L2 FSOG I YA
C) SMA type | (HGK1) MNs were treated on day 13 with 15, 30, 45 and 60rBHPIASO59 using

[ ALRFSOGF YAYSuSZ I yR LINERGSA WisfereatiGtiddSior @esternh Bldd andlysis. 2y R &
control, MNs were treated with 90 nM of CFREO. ACTB was used as loading control. N=1 for each condition.

D) SMA type | (HGK1) MNs were treated on day 13 with 15, 30, 45 and 60@WRAASO84 using

Lipofectr Ay Sus IyR LINRPGSAya sSNBE 02ttt SOGSR 2y RI& wmp 27
control, MNs were treated with 90 nM of CFREO. ACTB was used as loading control. N=1 for each condition.

E) SMA type | (HGK1) MNs were treated on day 1B ®OnM of CHPIASO57 or CTRASO using

[ ALRFSOGF YAYSuE YR LINRPGSAYya 6SNB O2tft SOGSR 2y RIF& W™
was used as loading contrddnpairedtweli F A f SR { (dzRSy i Qa G dGdSado ! st @I f dzS
represent £+ SOF F F LIK/NGBpaaich dptin the bar graphs represents an independent well.

In conclusionall humanCHP1ASOs efficiently dowergulated CHP1 levels in hiPSCs derived NENsn
though ASOs are uptaken by the cells via endocytosis, awat that is impaired in SMA
(Hosseinibarkooie et al. 2018HR-ASOs wereuccessfullynternalizedby SMA type | MNs when
administered without any lipidhased reagentNeverthelessthe amount of ASO needed in order to
reduce to hal{IC50) was 3 timedgher the amount used by lonii&maceuticals in A431 celSOs
delivered with Lipofectamine efficiently reduced CHP1 levels 2 days after treatment. In addition,
Lipofectaminet delivery allowed us to treat earlier in the differentiation, which resembled- pre
symptomatic stages.ifally, we selecte®0 nM of CHPIASO57 administereda Lipofectaminet as

an interesting option for therapgic testing in SMA M8l Howeverdue to the results obtained in the
doubleblinded preclinical study, where combinatorial therapy usd@gig ChptAS@ andlow-dose
SMNASO is not sufficient to ameliorate SMA phenotype in mice, we ééctiddiscontinue the testing
in hiPSCs derived MKs humanCHPIASO57.
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3.2 Part llLongterm antisense oligonucleotide combinatorial therapy targeting SMN
and NCALD

Previous studies have unraveldt reduction of the calcium sensdlCALDQo act protective against
SMAnNot only in human discordant families balsoacros speciegRiessland et al. 201 Mloreover,
NCALD reduction improved endocytosiginitroandin vivoSMA models. Indeethw-doseSMNASO
injectedsevere SMA mice carrying heterozygdieald(Ncald®™") in mixed lckground (50% FVB/N,
50% C57BL/6N), resembling mild SMA phenotypdibited synergistic improvement®f SMA
hallmarkg(Riessland et al. 201 Mloreover, combinatorial treatment using antisense oligonucleotides
to pharmacologically upregulat8MNand reduceNcaldin a mild SMA mouse model significantly
improved SMA hallmarks such as electrophysiological properties, NMJs area and maturity and muscle
fiber size atPND21(TorresBenito et al. 2019)Surprisingly, only motoric abilities were improved 3
months after the treatment, suggesting a shoerm effect of theNcaldASO. Here, we aim to test the
longterm therapeutic effect of the combinatorial theraggMNASO andNcaldASO by rénjecting
NcaldASO in adult mice.

3.2.1 Combinatorial therapy in SMA mouse modeinfetions

In order to assess the lortgrm therapeutic effect oNcaldASO, we appliethe same experimental
breeding scheme used in previous studiedichresembles anild SMA mouse model (Figure/80
(Riessland et al. 2017; TortBgnito et al. 2019; MuineBuhl et al. 2022)In addition, the similar
experimental program used faChptASO rdnjections was follaved (section 3.1.4.2) (Figure Bp
First, animals were injected s.c at PND1 waitbuboptimal dose d30 ug SMNASO in order to rescue
the multiorgan impairment. The next day, animals received. injection of 100pg CTRIASO or
NcaldASOas deternined in (TorresBenito et al. 2019) At PND28, experimental animals were
anesthetizedand fixed in a stereotaxic equipment in order terform ani.c.v.bolus injection of CTRL
ASO omMcaldASO. Finally, at 2 months of age amalyzed various SMA hallmarks to determine if

NcaldASO rdnjection can prolong the therapeutic effect of NCALD reduction in SMA.
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Smn*e/*;SMIN2te/te
HET > Smn'o/wt; SpN2tE/°
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PND1 PND2 PND28 2 months
U y, o
P L ¢ - e T; .I,l,
o SMA hallmarks
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SMN-ASO CTRL-ASO CTRL-ASO

Ncald-ASO Ncald-ASO

Figure30. Experimental breeding and injection scheme.

A) Experimental SMA breeding on mixsglslckground.

B) Injection scheme to test lotgrm NcaldASO therapeutic effect. At PND1, pups were injected s.c with low
doseSMNASO. At PND2, either CT&RRO oNcaldASO werénjected i.c.v. At PND28, all animals were injected

with their respective treatment, CTRASO oNcaldASO. SMA hallmarks were evaluated at 2 months of age.

Figure created with BioRender.

3.2.1.1 Efficacy and tolerability d€aldASO.c.v.bolus injection at PND28 in wild type mice

First we tested the efficacy and tolerability ©€.v.bolus injection of 50qug of CTRIASO andNcald

ASO in adult wild type mice. For this purpose, animals were injected at PND28 and brain and spinal
cord tisses were collected-2veeks after injection for western blot analysis. In brain lysates, upon 500

ng of NcaldASQnjection, NCALD protein levels were reduced to 43% compared to-&F8hjected
animals(Figure 3AR). In the spinal cord, significantreduction of NCALD proteito 63%was observed

in comparison to CTRASO injected anima(§igure 3B). Aspreviously observedNCALD reduction in

the spinal cord is less pronourttthan in the brain sincei.c.v.injectedASG have to be distributed in

the CNShrough the CSHmportantly, 500 g of CTRL andcaldASO were well tolerated by the
animals and no adverse effectgere observed. In summary, 50@ of NcaldASO was sufficient to

significantly reduce NCALD levels in brain and spinal coreeRs aftermjection in wild type mice.
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Figure31. NcaldASO efficiency @veeks after injection in wild type adult mice.

A) Westernblot analysis and quantification of NCALD levels in brain lysatesi franbolusinjected wild type

mice at PND28, samples ¢etted 2weeks after injection.njection with 500 pgNcaldASOor CTRIASO

showed significant reduction of NCALD protein levels compared to-&38linjected animals.

B) Western blot analysis and quantification of NCALD levedpiimal cordysates fromi.c.v.bolusinjected wild

type mice at PND28. Injectiemwith 500 pgNcaldASO or CTRASO show significant reductionCALD levels

in the spinal cord.

Unpaired tweii I A f SR t{tedtdaR\&yas$ gorted as mean and erbars represent = SDp»K n®pp = F F

X ndamd 91 OK R20G Ay GKS o6 NJ IN)FLKa NBLNBaSydaa Iy AyR

3.2.1.2 NCALD protein levelsvéeks after 500 pdlcaldASO injection in HET and SMA

NcaldASO longerm stability has been reportetb be rather iort (TorresBenito et al. 2019)and a
similareffect was observed witChptASO4 (Figure 12&d (MuinosBuhl et al. 2023) Hereby, we
wanted to determine NCALD downregulation at 2 monthsjegks after 50qug CTRIASO oMNcald
ASQi.c.v.bolus reinjection at PND28 in HET and SMA animals. One month afterAS®bMNcald

ASO rdanjection, brain lysatesf HETNcaldASO (Figure 32and B) and SMNcaldASO (Figure 32

and C) animals exhibited a significant reduction of NCALD levélsin when compared a their
respective control groupsMoreover, NCALD was significantly reduced in the spinal cord of HET
animals 4weeks after receivingNcaldASO ranjection compared to mice treated with CFREO
(Figure 32D and E). Notably, NCALD reduction in the sirdlof SMA animals was highly variable,

ranging between 50% reduction to absence of reduction (Figure 32D and F)
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Figure32. Ncald-ASO efficiency 4veeks after injection in mixeeb HET and SMA mice.

A) Western blot analysis &fCALD levels ihe brain ofHET and SMA mixed background animals at 2 months

of age, 4weeks afteii.c.v.bolus reinjection.

B) Quantification of NCALD reduction in brain of HET animatgaeted with CTRRASO in black ddcaldASO

in grey.Unpaired two-ii F A f SR { (dzZRSyiQa G GSad o1& LISNF2NN¥SRO ! ff
represent + SCEach dot in the bar graphs represents an independent anfnralLI>Kn &1 m

C) Quantification of NCALD protein levels in brain of SMA anlmm;emed with CTRASO in red oNcald

ASO in orang&Jnpairedtwedl  Af SR { GdzRSy G Qa G GSaid ot LISNF2NXYSRD !
represent £ SCEach dot in the bar graphs represents an independent argnfalLI>Xn q; nm

D) Western blot analysis of NCALD levelthe spinal cord of HET and SMA mixed background animals at 2

months of age, 4veeks after i.c.v. bolus fimjection.

B) Quantification of NCALD reduction in the spinal cord of HET animalgcéed with CTRRASO in black or
NcaldASO in greyJnpaired two-i F A f SR { GdzZRSy G Qa G (Sad 61 a LISNF2NX¥YSRO
bars represent + S[Each dot in the bar graphs represents an independent animal>XXn ® n p

F) Quantification of NCALD protein levels in the spinal cord of SMA anirFiajeaed with CTRIASO in red or

NcaldASO in orangdJnpaired tweili  Af SR { GdzZRSy G Qa (G GSad 61 a LISNF2N)SF
error bars represent + S[Bach dot in the bar graphs represents an independent animal.

3.2.1.3Analysis of SMA hallmarlkelectrophysiological predictors

Electrophysiological defects have been described in SMA patients and animal models, including
reduction of CMAP and MUNEewelt et al. 2010; Arnold et al. 2014; TorRmnito et al. 2019)One

single injection oNcaldASO at RD2 significantly increased both electroysiological parameters of

the gastrocnemius muscle in SMA mice &0R1, but was not sufficient to prolong the effieover

time (TorresBenito et al. 2019)In this study, we aied to assess théongterm effect of NcaldASO
reinjection in both CMR and MUNE measurements of thesgrocnemius muscle upon sciatic nerve

stimulation. For that purpose, waetermined the CMAP response and the MUNE at 2 months of age,
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after re-injection 0f500 pgNcaldASO at R[28. In order to assess the CMAP response, supramaximal
stimulation of the sciatic nerve was applied. As previously reported, SMA mice injectesdVMREIASO

and lowdoseSMNASO exhibéd reduced CMAP responses compared to healthy HET anfRiglge

33A and B)On the contraryintermediate SMA mice fimjected withNcaldASO showed a significant
amelioration of the CMAP responsedicating that prolonged NCALtBduction has a beneficial effect

on the functionality of the motor unit§Figure 33A and BMoreover, MUNE analysis confirmed
reduced motor unit numbers in SMBTRIASO animals compared to HET animals, a parameter that
was rescued upoiNcaldASO rdnjection (Figure 33C)This data strongly supports tha00 pgNcald

ASO renjection in combination with a single ledoseSMNASO administration not only prolongs the
motor unit function but also prevents the loss of motoritunumbers in SMA micever time thus

protecting from neurodegeneration.
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Figure33. 500 pgNcaldASO reinjection improves electrophysiological defects at 2 months.

A) Representative traces of CMAP response in the gastrocnemius muscle from HABOTRENcaldASO,

SMA CTRASO and SMHAcaldASQat 2 months of age,-veeks after reinjection.

B) Quantification of sciatic CMAP response of the gastrocnemius musttie four analyzed experimental

groups.For CMAP response, petdepeak amplitude was quantified. Each dot in the graph represents one

animal, N=1@12. Ordinary oneway ANOVA with Tukey posthoc test for multiple comparisons. Error bars
represent+ SO fFADNE FF LIKn®dPamMZ FFFLIKNZAAmM®

C) Quantification of the motor unit number estimatigMUNE)of the gastrocnemius muscle in theufio

analyzed experimental group&ach dot in the graph represents one animal, N¥20Ordinary oneway

ANOVA with Tukey posthocstefor multiple comparisons. Error bars represent ®£SDF LDKn ®np X fF F LK ®n
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3.2.1.4Analysis of SMA hallmarks: NMJ area and innervation

Previous work has shown that one single injectiomNoaldASO administered atNE2 was able to
improve NMJ areand maturation at RD21 in a severe SMA mouse model when combined with low

doseSMNASO, however this effect was not observed after 3 mofiftasresBenito et & 2019)

In order to test the longerm effect ofNcaldASO rdnjection in the pathological features of the NMJ,
we selected the TVA muscle which is proven to be affected in Aay et al. 2008)To quantify
the NMJ area, the size of BP¥sitive endplates was measured. @oalyze NMJ innervation, NMJs
were categorized according to the percentage of nerve terminal that overlaid with the AChRs as fully
innervated (>80%), partially innervatedl6%- 79%) and nofinnervated € 15%). In line witlthe
results obtained in the cobhinatorial therapy withChptASO4 NMJ area and innervation were
affected in the intermediate SMA mouse compared to HET littermates, both injected witddeav
SMNASODespite previous restd showing an amelioration of NMarea in TVA muscle at PNDEa@ft
one single injection 0100 pugNcaldASO, renjection with 500 pgNcaldASQOdid not increaseNMJ
area in SMA animals compared to GO injected SMA mice at 2 months of §ggure 34).
Remarkably, denervation of NMJs wascuedupon NcaldASO ranjection in SMA animal@igure
34B), emphasizing the key role of NCAL&luctionin preventing the progressive retraction of the

nerve terminal from its target muscle fiber, hence delaying neurodegeneration.
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Figure34. NMJ area and innervation at 2 months of age aftécaldASO reinjection.

A) Transversus abdominis NMJ afRapresentative images and quantificationNi¥lJ area at 2 months of age,
showing postsynaptic NMJ region (BTXagenta) anghresynapticnerve(NF, green) (8ale bar: 56>m). NMJ

area was analyzed wittmageJ (N=6,n =100 NMJs/mouse). Statistics were performed with mean values of
animals per group. Ordinary omeay ANOVA with Tukey posthoc test for multiple
comparisons**p .01,**p X.001.

B) Transversus abdominis NMJ innervation. Representative images of TVA NMJ innervation in each category,
showing the postsynaptic region (BTX, magenta) and presynaptic nerve (NF, green). NMJ innervation was
classified in three categories according to thregtee of innervationHET CTRASO (N=5, n=272), HN¢ald

ASO (N=5, n=270), SMA GASIO (N=5, n=259), SMMcaldASO (N=6, n=322Results are presented in
LISNOSy il 3Sad FrpF RSy2:0GSa 28 GAaGAOLIE aA3ayATAOIYOS LW

3.2.1.5Analysis of SMA hallmarks: muscle fiber size

In SMA, muscle pathology is characterized by small atrophic fibers that asca response to MN
denervation. Previously, one single dosel®0 pgNcaldASO at RD2 was sufficient to increase
gastrocnemiusnuscle fiber size atND21, but not in the long ternfTorresBenito et al. 2019)Here,

we aim todetermine if 500° g NcaldASO renjection at D28 can ameliorate this pathological
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feature over time. For this reason, we analyzed muscle fiber size from gastrocnemius muscles at 2
months of a@ (Figure 35A and BMuscle fiber size grouping ditbt reveal an improvement of the
phenotype upon500 pgNcaldASO reinjection in SMA animals compared to GARD SMA mice
(Figure 35B)

A B
HET CTRL-ASO _HET Nfald-A§9
. ,»‘;;E'- B )N o 2001
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o
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Z 0

Fiber size groups

® HET CTRL-ASO ® HET Ncald-ASO  ® SMA CTRL-ASO SMA Ncald-ASO

Figure35. Gastrocnemius muscle fiber size distribution aftsicaldASO reinjection at 2 months ofage.

A) Representative images of H&E staining of gastrocnemius muscle fiiberdHET and SMA animals at 2
months of ageScale bar 50 um.

B) Gastrocnemiusnusclesize categorization according to area intervals of 106. imtotal,five animals were
analzed per genotype, and 100 muscle fibers per animal.

3.2.2 HumamNCALBASO treatment in MN derived from hiPSCs

In parallel to our preclinical studies @8MNASO andNcaldASO combinatorial theragy SMA mice
we testedthe efficacy and tolerability of three humaMCALEASOSs in hiPSC derived MNs from healthy
and SMA type | individuals. Moreover, functional and morphological analysis were performed to

determine the therapeutic effect of the beBICALEASO leasl

3.2.2.1 Hicacy and tolerability of three humaNCALBASO treatment

Several humarMOEgapmeron mixed backbondNCALEASOs were designed anested in A431
carcinomecellsby lonisPharmaceuticals. Thiree bestNCALBEASO leads were sent to us for further
validation in hiPSCs derived MIFigure 3@\). AINCALBEASOs bind to regi@ocated inexon 6 (Figure
36C). Similarly to huma@HP1ASOs (section 3.1),6the MOE gapmer backbone structureNCALD
ASOs allowthe RNase Hinediated cleavage diICALDNRNA.
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First, lonis Pharmaceuticals tested the free uptake of vardQALEASO leads in the A431 cell line.
After 48h,CHPIMRNA levels were quantified to determine the halfiximal inhibitory concentratin
(IC50) of each ASO (Figur@36via free uptake, 60 NNICALPASO55 anblCALEASO89 were enough
to decreaseNCALDNRNA levels to 50% wheredS€ALEASO69 needed 90 nM.

ASOID Sequence Chemistry IC50 Site NCALD, A431, 48hrs, RTS40303
{nM1) location 200
kkk-10-kkk
CTRL-ASO  GGCCAATACGCCGTCA >5000 N/A 150
(cEt) 549144
; E - 1113369
NCALD- kkk-10-kkk £
neoss  GACAGATATGACTTCC (cEY 60 Exon 6 §1°° ~ 1113389
Kkk Kk 22 - 1113355
NCALD- -10-
asogo  CACATAGATTAAACCA (<E) 90 Exon 6 50
NCALD- kkk-10-kkk Exon 6
CTTTTT! 0 T T
ASO89 T GGTCTACCA (cEt) 60 3 2 - 0 1
Concentration log(uM)
TSS Matches:  f------------------—--  A— 1872380 (N}t 0010900204y -~ === === === -=-=-------—- F----H
Tss: | 1101011 (HG19_CHRE:102608229-103140226(.) |
Leads: 11113388

| 11132369
11113355

L s e e e e S S S S S S S S LA R S E e S e e e S s | e S e A e e

Figure36. NCALIMOE gapmer ASOs.

A) Table with relevant information about the best three hunN@ALBASOs designefdr the study.

B) Dose response curve to determine the IC50 of each hiM@ALEASO tested in A431 cells 48 hours after
free up take treatment quantified by reéime PCR.

C) Location of the respective target site of eAEBALEPASO aloniNCALD

Next, to test the efficacy and tolerability oNCALEASO leads in hiPSC derived MNs we used
Lipofectamine 3000 as described in section 5.2.3.4.2. As a preliminary experiment, we wanted to test
the efficacy and tolerability of various concentrations (20 @BD nM)of the threeNCALBEASOs in a
heathy line, the HUVEC MiNFigure 37). To avoid axonal swelling as detected when treating with 90
nM of CHPIASOs or CTRASO (section 3.1.6), the maximum concentration usedNIGALBEASO
candidate testing was 60 nMbBimilarly,as performed for humarCHP1ASOs (section 3.1.6)}N
cultures were treated at day 13 of the differentiation and proteins were collected at day 15 to
determine NCALD reduction by western blot. NoteworfRZALEASOs were tested simultaneously in
MNs derived from the same differentiation, in order to detect possible side effects of the ASOs.
Interestingly, in comparison t&€HPIASOs, treated MNs with maximum concentrationNCALD
ASO55 antdNCALEASOG69 did not show a decrease of NCALD levels cethpaICTRIASO treated
cellsNCALEASOB89 was the most efficient ASO in comparison to the other candidates, reducing NCALD
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levels to 75% when treated with 60nM. Importantly, no axonal swelling was detected NE&w.D

ASOs treatment. This was a prelimingasgt, with only one sample per condition.

CTRL-ASO NCALD-ASO55 NCALD-ASO69 NCALD-ASO89

60 20 40 60 20 40 60 20 40 60

.————--—-- ACTB
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]
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1
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(=]
pre
1

&
=)
1

T T T T T
CTRL ASO55 ASO55 ASO55 ASO69 ASO69 ASO69 ASO89 ASO89 ASO89
ASO  20nM 40nM 60nM 20nM 40nM 60nM 20nM 40nM  60nM

Figure37. Preliminary efficacy and tolerability study diICALBEASO leads in healthy MNs at day 15.

hiPSCs derived MNs from the healthy cell lingvEGvere treated at day 13 with vari@iconcentrations of
NCALEASOs (20 nM 60 nM). As control, MNs were treated with 60 nM of GASIO. Proteins were collected
at day 15 of the differentiation and processes for western blot analysis. ACTB was used as loading control

Next, we decided to pgorm the experiment by simultaneously treating HUVEC derived MNs belonging
to the same differentiation with 6@M of eachNCALBASO lead and to collect the proteins at day 20
(7 days after treatment) in order to assesdEALBEASOs efficiency increasever time. At day 20 of

the differentiation, alINCALEASO leads significantly downregulated NCALD protein levels in healthy
MNs determined by western blot (Figure 38A and B). Treatment with 60 nNIC#LBPASO55 and
NCALBASO69 had comparable knockdowirii@éncies, reducing NCALD protein levels to 51% and
46%, respectively (Figure 32B). Moreover, 60nMNIGALBASO89 further reduced NCALD levels down
to 30% in healthy derived MNs (Figure 38B). Surprisingly, the protein amount of the MN marker ISL1
was sigificantly reduced upon treatment with 60 nM dfICALEASO55 andNCALBASO89 in
comparison to CTRASO andNCALEASO69reated MNs (Figure 38A an@). Moreover, SMN levels
were also reduced afteNCALBEASOS55 an8iICALBEASO89 treatment when compared to SMNdksvin
CTRIASO oNCALEASOG69 treated MsI(Figure 38A and D¥ptrikingly, no axonal swelling or signs of
degeneration were observable in the MNs treated WitGALEASO55 oNCALBASO89 in comparison

to CTRIASO treated cells. These unexpected results estgipat NCALPASO55 andNCALBASO89
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might have somff-target effectsthat produce toxicity in the neurons, which were not detected in

the first screen performed by lonihBrmaceuticals on the A431 cells.

A B * k¥
1.5+ ¥k k
CTRL-ASO  NCALD-ASO535 NCALD-ASO69 NCALD-ASOS89
'5.' %k k
(]
TR T T s e — NCALD o 1.0-
5 %k %k
----—--—'_—---—--.-v ISL1 g *
2 0.5
- e ww “ . " - SMN O
=z
ﬁ_-_——_-—h___ ACTB 0.0 T T

CTRL NCALD NCALD NCALD
ASO ASO55 AS069 ASO89

C * % D %%k %k
1.5 ke 1.5+ * %k %
=) * * % E' k%  kkk
] it -
£ 1.0 £ 1.0
= (=
Q ()
< <
= 0.5 > 0.5
= =
@ 7
0.0 T T 0.0 I I
CTRL NCALD NCALD NCALD CTRL NCALD NCALD NCALD
ASO ASO55 ASOB9 ASO89 ASO ASO55 ASOB9 ASO89

Figure38. NCALPASOlead efficiency and tolerability 7 days after treatment in healthy MNs.

A) Western blot of HUVEC hiPSCs derived MNs treated with 60 nM cRSTRAr the respectivd CALEASO

t SR dzaAy3 [ALRTFSOGEYAYSHu G RI & ntiatoll ACTBRs&das gaiingdD2 f £ SO
control.

B) NCALMevelsquantificationat day 20 after treatment with eacNCALPASOsQOrdinary oneway ANOVA

GAGK ¢dzl Sé L1RadkK20 (Said FT2NJ YdzE GALIX S O2YLI NR&aA2yad 9N
All values reported as mean and error bars represent + SD. N=3, each dot in the bar graphs represents an
independent well.

C) ISL1 levels quantification at day 20 after treatment with @éCALPASOs. Ordinary ongay ANOVA with

Tukey posthoc test for multipl®2 YLI NR &2y ad 9NNBNI 6 NE NBLINBS&aSyid 5 {5
All values reported as mean and error bars represent + SD. N=3, each dot in the bar graphs represents an
independent well.

D) SMN levels quantification at day 20 after treatment with eld€ALPASOs. Ordinary onsay ANOVA with

¢dzl S& LIadkK20 GSad F2NJ YdzZ GALX S O2YLI NRazyad 9NNBNI o
All values reported as mean and error bars represent +Ns£3, each dot in the bar graphs represents an
independent well.

Next, we wanted to assess morphologii changes in the MNgon treatment with 60 nMNCALD
ASO69 oNCALEASO89 in comparison with CTRRO. For thatreated MNs were immuostained at
day 20 of the differentiation withanti-i -lll-tubulin, to mark microtubulesand Phalloidin foFactin
filaments(Figire 39. NCALEASOG9 treated cells displayed th@itsal morphology of Ml with long
axons similar to CTRASO treated cultures, and no axorsavelling wasdetected. However, MBI

treated with 60 nMNCALEASOS89 displayedn altered morphology characterized bijorter axons



70| 3. RESULTS

compared to CTRASO orNCALBASOG69 treated cells (Figure)3®Remarkably, both MN HUVEC
cultures treated with NCALEASOs seemed to havactin filaments displaying filopodial and

lamellipodialconformationsin the growth cones in comparison to CFREO treated cellé-igure 3%.

60 nM CTRL-ASO
< ‘ ~N

A

60 nM NCALD-ASO69

7 4

60 nM NCALD-ASO89

Figure39. Healthy MNs 7days after 60nMCALBPASOs treatment showhanges in growth cone morphology
Healthy MNs derived from the HUVEC hiPSC line were treated at day 13 with 60 nM -@STIBRLNCALD

ASO using Lipofectamine. Images were taken 7 days after transfection, at day 20 of the differentiation. Scale
bar: 50 pm

In summary 60 nMNCALEASOG69 significantly downregulated NCALD prdwiels in healthy MNs
derived from the HUVEC hiPSC liard did nod show reduction of MNhumber determined by ISL1
protein levels neither reduction of SMN levels in common toCTRIASO treated cells. Interestingly,
immunostaining of NCALEASO69 treatedVINs showed normal morphology similar to the one
exhibited byCTRIASO treated cells. MoreoveMCALBASOG9 treatment seesio have an impact in

growth cone morphology, whiclwaslater investigated in section 3.2.2.2
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3.2.2.2 Efficacy diCALEASOG9 inther hiPSCs derived MiNes

For NCALBEASO6Qherapy testing to assess the therapeutic effect of NCALD reduction in SMA we
decided to use another healthyiPSdine to have aascond control (line WTC11) and taidPSdines
derived fromSMA type patient fibroblasts HGKland CS32iSMA (Tablg Eirst, efficiency of 60nM
NCALBASO6%reatment was corroborated in each hiPSC liderived MNs and NCALRnd ISL1
protein levels wereestimated by western bloFigure 4). Noteworthy, none of the lines exhibited

axonal swelling or signs of ASO toxicity.
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Figure40. 60 nMNCALBRASO69 efficacy in healthy and SMA type | lines.
hiPSC derived MNs from healthy HUVEC (A) and WTC11 (B) lines and SNMAgypH&K1 (C) and CS32iISMA
(D) were treated at day 13 of the differentiatiowith 60 nM of CTRASO orNCALEASO69 using
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dot in the gragms represenione well of treated MNsUnpairedtwedi  Af SR { 6 dzRSy dQa G
values reported as mesand error bars represent = D LIKn dnp X fFF LIKN Pamd

Next, WTC11 Mbltreated with 60nM CTRASO oNCALBASOG69vere fixed and immunostainedt

day 20 in order to verify NCALD reduction (Fég41). NCALDs highly abundat in the soma of the
neurons (lgure 41A)andlocalizesat the growth cons (Figure 4B), which are a SM£elevant site In
SMA, voltagedependentC&* influx is reduced prompting the binding of NCALD to clathrin, thus
preventingclathrin from coating thesynaptic vesicles at the presynaptic termifiRiessland et al.
2017) Thus,NCALD reduction allows clathrin to mediandocytosis, even at low intracellular’Ca
levels Upon 60 nMNCALEASOG69 treatment, NCALD levels detected by immunostaining were
drastically reduced in the soma (Figure 4DbAt also at the presynaptic terminah the growth cones
(Figure 4B)when canparedto CTRIASCireated MNswhichsupport theresults dtained by western

blot (Figure 40B

A

WTC11 CTRL-ASO

WTC11 NCALD-ASO

WTC11 CTRL-ASO

WTC11 NCALD-ASO

Figure4l. NCALD reduction in MNs upon treatment withCALPASO69.
NCALD staining (mageitaf healthy WTC11 MNs derived fromiPSCs, treated with 60 nM CT&RBO or
NCALEASO69 at day 13, immunostaining performed at day 20 of the differentiation.

(V)
ax
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A) NCALD localizes at the cytosbMNs, and it is markedly reduced updCALEASOG69 treatment. Nuclei
were counter stained DAPI (wh)tand axons are stained with TUJ1 (green). Scale bar 10 yum.

B) NCALD localizes in the growth cones, and is reduced upon treatmentNGHALBPASO69 Axons were
counter stained with TUJ1 (green), a microtubule marker. Scale bar 10 um.

To sum up,we identified NCALEASO69 as an efficient and ntwxic ASCthat enablesNCALD
reductionin the four tested hiPSCs derived MNMloreover, NCALD downregulation can be detected
at the growth cones of the MNs, which are SMA relevant sifestest the therapeutic poteral of
NCALD reduction in SMA MNs derived from hiPSCs, we decided to treat the neuronal authuées
nM of NCALEASOG69 at day 13, amerform the functional and morphological experiments at day 20

of the differentiation.

3.2.2.3Growth cone morpholgganalysis pon NCALEASO treatment

In the present workupon NCALEASO6Qreatment we appreciated ahange inneuronal terminal
ends (Figure 39 Therefore we decidedto quantify if NCALDdownregulation usindd0 nM NCALBD
ASOG69 could have an impactgrowth cone morphology. MBlwere tre@ed at day 13 with 60nM of
NCALBASO69 or CTRASO, and growth cone morphology analysis was performed at day 20 by
immunostaining. Actidilaments werelabekd using Phalloidin and microtubules were stained using

anti- -lll-tubulin (TUJ1)

First, gowth cone structure was classified based actin morphology in three categorieblunt,
filopodia and lamellipodig@Figure 42(Khazaei et al. 2014pMA type | MNs (HGK1 and CS32i3M4)
more growth cones with blunt actin filamentsmpared tothe healthy Ines (Figurel2). Ths number
was reduced uponNCALBEAS@®9 treatment and more growth cones displayed filopodial and
lamellipodial actin morphologies. SurprisinglNCALEASO69also had an effectni growth cone
morphology inone of the healthy linefHUVEQG)suggesting tb NCALDnight have a role in actin
dynamics idependent of the SMA backgrounthterestingly, no effect was detected in MNsrived
from the WTC11 hiPSC lirmuggesting that the effect of NCALD in actin dynamight differ between

individuals.
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Figure42. Actin morphology at the growth cone upoNCALBPASOG69 treatment.

Actin was stained using Phalloidin (red) and microtubules were stained using TUJ1 (whitenadgkphology

was categadred aslunt ended filopodia or lamellipodia based on the morphology of the filameStsale bar

10 um. In total, three independent experiments coming from independent differentiation were performed per

cell line.HUVEC (N=3; CFREO n=141INCALEASO069 n=103), WTC11 (N=3; CARD n=84NCALFASO

n=85), HGK1 (N=3; CEREO n=138NCALEASO69 n=149), CS32isma (N=3; @W3L n=154NCALEASO69
YIMncO®PINNRBNI 6FNE aK2g p {5® DNJI LKA -s§jBreled)a Sy i LISNOSy

Next, microtubule morphology was categorized based on whether the microtubules of the central
domain displayed a bundled, spread or loopedformation Figure 43(Berghuis et al. 2007 nalysis

of the microtubuleconformationresulted in marked presenaaf bundled microtubules in the SMA
type | lines compad to the healthy MN#reated with CTRIASO The amount of bundled microtubules
was drastically regced in the SMA lines upddCALBASOG69 treatment and a significant increase in
spread and loped categorieswas observed. In this cas60 nM NCALEASOG69 treatment had a

positive effect in growth cone morphology ifNs derived fronboth healthy lines.
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Figure43. Microtubule morphologyat the growth cone uporNCALBEASOG69 treatment.

Microtubules were stained usiranti-i -lll-tubulin (TUJ1, greenand actin was counterstained using Phalloidin

(white). Microtubule morphology was categorized as bundled, spread or looped. Scale bar 10 um. In total, three
independent experiments comingdim three independent differentiation were performed per cell line. HUVEC

(N=3; CTRASO n=14INCALBASO69 n=103), WTC11 (N=3; CABQ n=84NCALEASO n=85), HGK1 (N=3;

CTRIASO n=138NCALEASO69 n=149), CS32isma (N=3; &8 n=154NCALEASO69 n=14@rror bars

A4K2g6 5 {5® DNILIKa& NBLINBaASYy( sMO&Sy Gl ISad FLKNDPAPI FF

These results strongly suppdtte role of NCALRBeduction on actin and microtubule cytoskeleton
modulation and therefore, growth cone dynamics, which is crdoiaheurite outgrowth andNMJ
maturation and functionindeed, NCALDBirectly binds toalpha and betatubulin, and actir(lvings et
al. 2002) which are essential component of the cgkeleton.These results go in line withur findings
on the improvement of NMJ innervation updtcaldASOtreatment in SMA micgsection 3.2.1.%
emphasizing once again the potential MCALDeduction as a promising therapeutic approatiat

targets oneof the key pathological features in SMA, the NMJ.
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3.2.2.4Multi-electrode array measaments uporNCALBASO treatment

Multi-electrode arrays (MEA) facilitate the recording of large populations of neurons and their network
activity by detecting the extracellular voltages, which reflect the firing activity of the surrounding
neuronal population. This type of electrophysigical measurements are particularly relevant for drug
testing, since it giveisnportantinformation of the impact a drug might have on the neuronal network,
more similar to what would happen on a specific tissueiva Whole-cell patch clamp recordingsdm
muscle cells obmndepleted zebrafistshowed an improvement of neuronal circuit function upon
Ncaldreduction (Riessland et.&017) Moreover,NcaldASO in combination with lodoseSMNASO
ameliorates electrophysiological properties (CMAP and MUNE) in SMA mice at AND2%Benito

et al. 2019und at 2 month®f ageafter NcaldASO renjection (section 3.2.1)3

To assess the therapeutic potentialgif nMNCALBAS@9treatmentin hiPSC derived MiNrom SMA
patients spontaneous firing of treatetealthy and SMA type | hiPSC derivdds were recorded at
day 20of the differentiation using aulti-electrode arraysystem As expected, spontaneous neuronal
activity wasreduced in SMA type | MNs compared to healthy MNemvtreated with CTRASO,
determined by the number of spikg§igured4A). Importantly, MN cultures treated withNCALD
ASO69 exhibited aimcrease in number of spiketn addition, SMA MN cultures had less active
electrodes than the healthiIN lines, a parameter that was improved aftdCALBAS@®9 treatment
(Figure 44)Moreover, the number of burst@roup of spikes in close successioifowed by a period
of silencg were markedly reduced in SMA MNs compared to the healthy liddgufe 448), a

parameter that wasamelioratedupon NCALBASOG69 transfectian
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Figure44. Spikes and burst of healthy and SMA hiPSC derived MNs IWOALEASOG69 treatment

A) MEA analysis at day 20 of CASIO oiNCALBASOG69 treated MNs. Each image represents spikes (black)
detected in 1 well, recorded for 3 minutes. Each line represents the activity detected by one electrode (in total
12 electrodes per well).

B) MEA analysis at day 20 of GASIO oNCALEASO69 treatedMNs. Each image represents burst (red)
detected in 1 well, recorded for 3 minutes. Each line represents the activity detected by one electrode (in total
12 electrodes per well).

In total, three independenéxperimentsfrom three independentMN differentiations were recorded.
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Interestingly,an increase in activéniPSC derived MNs was obsenadter NCALEAS@®9 treatment
independently of the genotype, as determined by the parameters evaluated: spike cousitcbunt,

burst spike count angercentage of spikes in burgtiSigure 44 and Figure }5n generalit seems that
NCALD reduction increased the spike height in all MN (ifigsire 45A)The healthy MN line, WTC11

and two SMA type | hiPSC derived MNs exhikiteignificant increasefespike numbers upoNCALD
ASO069 treatment (Figure 44A and 45B). Moreover, the healthy line WTC11 and the SMA type | HGK1
exhibited a marked increase in burst numbers when treated WBALPASOG69 in comparison to MNs
treated with CTRIASO (Figure 44A ad&B) NCALD reduction does not have an impact in the overall
number of burst spike counts (Figure 45B). Furthermore, the healthy HUVEC line and the SMA type |
line exhibited an increase in the percentage of spikes that are present in a burst when treti&dw

nM NCALEASO69. FinalyyCALEAS@9 had a strong impact in the reduction of the interval between
neuronal burstsn the SMA type | line HGKRigure 45B)

In conclusion, the multielectrode array allowed us to analyze the effect of NCALD downregulation in
the neuronal network activity of SMA type | and healttifSC derived MNdemonstrating its role in
increasing neuronal firing. These results further supgwe relevant role of NCALD in neuronal activity
and synaptic comectivity, and go in line with our previous data from section 3.24h8wing
amelioration of the electrophysiological propertie$ the gastrocnemius muscia SMA mice upon
NcaldASCre-injectiontreatment. Notably, SMA type | line HGK1 seems to be more sensitive to NCALD
reduction than SMA type | line CS32iSMA, and a similar phenomenom is observed between the healthy
MNs, HUVEC and WTC11. These data emphasize the importance of tesiogiedain hiPSC derived
MNSs, which better resefle the human genetic diversity, in order to provide a better understanding
of which patients might respond to a treatment and which ones will not. Ovehalleffect of NCALD
reductionin neuronal activityvas observed in all linesuggesting that NCALD downregulatiaas an
impact in neuronal activity independently of the SMA context and therefore could be beneficial in

other neurodegenerative disorders where neurotransmissioris altered, for example ifALS.
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Figure45. Multielectrode array shows increase in neuronal firing up®CALPASOG69 treatment.

A) Representative imag®ef the activity detected by one electrode for 30 seconds per condition.

B) MEA analysis of various parameter measured at day 20 of ZKIBRDbNCALEASOG9 treated MNs.

Dots in the graphs represent the average values of the technical replicates of each independent replicate, in
total three independent replicates correspondinig three independent MN differentiations (N=3, n#3.
Unpaired tweli I A £ SR { (i deBsSpgriothad inleacth Bné to compare CHO versus NCAIASO
treatment. All values reported as mean and error bars represent@ Sp LXKn ®np > fFfrp LI XKndanmod

































































































































































































































