Department of

Medicine and Surgery

PhD programNeuroscience
CycleXXXIV Curriculum Experimental Neuroscience

Revealing the involvementMALAT1, NEAT1
HOTTIPcRNAS ilAimyotrophic Lateral Sclerosis
(ALS via annduced pluripotent stem cell (IPSC)

derived muscle ceathodel

Surnamé&iagnorio NameEleonora

Registration numi@é6021

TutoiRenatdEmilioMantegazza

Supervis@tefania Marcuzzo

CoordinatoMaria Rosa Moresco

ACADEMIC YEAR 2021202



Index Revealing the involvement of MALAT1, NEAT1,
IncRNAs in Amyotrophic Lateral Sclerosis (ALS
induced pluripotent stem cell @RS@ed muscle c
model

Index

sz

AbstracE é é é éeéeéeeééééééecececeecéééceee@Pak

sz

l.Introductio ¢ é € € é e éécééécéééeéééeeé&Paq

l1.1Amyotrophic Lateral (ééééée.

1.2Skel et al muscle as a éééé.ééPas
121The skel et al muscl eéeéééééPa4ds3
122Skel etal muscle recéééeéed&éPad

([N
([N
®r
([N
e
2N
()]

123Fi bre type switch ¢€éé

D~
(1)
([ON
([ON
D~
o
&

124Regul ation of musclé

7

1.25Skeletalmusclein A8 é é é ¢ é é é é é

([N
([N

é 666P alg

D~
D~

1.3Long non coding RNAs é € éééP a2g

D
(¢

1.3.1Bi ogenesi s and cl| aséééé éééP a2g

D
D
D
D
D
D
D
M
D
D
D

1.32Structure € 0 ed@é P a4

-
([N
([N
D
B
-
D
D
-
%

133Functi ons é

D~
B
D
D~
D~
D
T
8

1.3.4LncRNAs in the skeletal méselé é é é é

D

134IMALAT1 ééeééeecéeeéeceéhags
1342NEAT1 ééeeééééeéééeéecéPa4
1343HOTTI P ééeééeecée&éeeéePPH

1.3.8.ncRNAs imuscle anghotor neurahi s e aé é é ¢ é é P a7

sz

2. Materigland methodé ¢ ¢ ¢ é ¢ ¢ é¢ é ¢ é é

Br
(0]
(0]
([N
1))
([N
iLv)
R
el



Index Revealing the involvement of MALAT1, NEAT1,
IncRNAs in Amyotrophic Lateral Sclerosis (ALS
induced pluripotent stem cell @RS@ed muscle c
model

,,,,,,,,,,,,,,,,,

21Patients ééeéeééeéeéecéecéeéeéebPal
2.2.Fibroblast cultures, iPSC generation and spor

23PCR analysis for plurééééeee. B

,,,,,

24Gener ation of human «©.éééeé. ™
25ALS mutation anal geiéséé. . e s
26Reat i me PCR for myoger. . ééé. . B»
27l mmunofl uorescence & ééeceéeé. B

28Realt i me PCR f or | NncRNE EEéééé Rz

,,,,,

29Pr edi cti on and selectééé&éeée. .4B

210Reatt i me PCR for I ncRNééeéeéeéeéRra
B Result@ é 6 éééééééééeéeééeé. . ée&.eéP b2

3.1.Generation of iPSCs from CTRL, COORF72

and TDP43 patients €& éééééeée.h2
3.2.Generation of contractile myotubes

from CTRL, CO9ORF72 aéécécécécpi
3.3.Altered expression of myogenic

markers in iPSI@érived myotubes from CTRL,

C90ORF72 and TDP43 paééeéecécecepa
3.4.Dysregulated expression of IncRNAs in relatio

human disease mutations and upon myogeni

df ferentiation éééééeééeéeé. éed
3.5.MALAT1, NEAT1, HOTTIP and target gene

involvement in signalling pathways associate(

to human disease mutations and myogenic

,,,,,

di fferentiationééééeeée:r. eéeéé&é abg



Index

4. Discussioe ¢ ¢ ¢ ¢ é é é

Referenceg é ¢ ¢ € é é é é

Acknowledgemené € € € é é

Revealing the involvement of MALAT1, NEAT1,
IncRNAs in Amyotrophic Lateral Sclerosis (ALS

induced pluripotent stem cell @RS@ed muscle c
model

€éééééée.. e6ecééeépPat
eééeé. .. .eééeééRragr4d

7

eeéeeéeeé eceée.éPagd



Revealing the involvement of MALAT1, NEAT1,
IncRNAs in Amyotrophic Lateral Sclerosis (ALS
induced pluripotent stem cell @RS@ed muscle c
model



Abstract
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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative and fatal
disease characterized by progressive cortical, bulbar and spinal motor
neuron (MN) degeneration, leading to progressive muscle weakness,
atrophy, paralysis and, ultimately, death. At&icamtwo different

forms: sporadic ALS (SAL®PDP6 of individuals and familial ALS
(fALS). Different genes have been associated with fALS and/or SALS;
C9ORFTEBMCRS8 complex subuBRQRF72is the gene most
commonly linked to inherited ALS,edblloyy TAR DMbinding

protein 43TARDBER superoxide dismutas8Q) and FUS RNA

binding proteifrY3. Such genes affect several cellular functions,
including oxidative streS©N), RNA metabolisl@9ORF72
TARBDRand FUS, cytoskeletal organizafeg. tubulin alpha
(TUBA4Aand profilin PENJ)] and autophagy [e.g. TANHing

kinase 1TBKJ) and optineur@RPTNL ALSassociated mutant genes

are ubiquitously expressed, thus alterations in structure, metabolism
and physiology occur in €iffezell types, synergistically contributing

to ALS degenerative pathways. It is generally accepted that ALS is
primarily caused by MN death. However, growing evidence has shown
that muscle is active and plays a crucial role in the disease onset and
progresion. Currently, there are no effective treatments for ALS.
Indeed, one of the major aims in ALS research is the development of
successful therapies, by deepening the knowledge of the molecular

events leading to the degeneration of both MNs andsoruscle tis
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It has become increasingly clear that RNA dysregulation is a key
contributor to ALS pathogenesis. AmecgdimmnRNAS, long non

coding RNA (IncRNASs) are emerging as molecular contributors to ALS
pathophysiology because of their role in reguietiegpgession.
LncRNAs, that are 300 to thousands nucleotides long, being more
similar to mRNA than microRNAs, are key MN and muscle gene
expression regulators. However, the exact contribution to ALS

pathogenesis is still unknown.

Here, we analysed th@ression levels of MALAT1, NBAd1l

HOTTIP IncRNAs, known to be involved in the development and
homeostasis of the skeletal muscle, in a human induced pluripotent
stem cell (hiPSC) model differentiated towards a myogenic destiny
through a small moletated protocol, obtained from ALS patients

and healthy controls.

The expression of key markers of skeletal muscle development was
assessed by gPCR. Further, mRNA targets of the IncRNAs were
predictedh silicoand validated by qPCR. We repodiéfdrantial

INcRNA and mRNA target expression pattermuntahit Sultures
compared to controls, particularly at the mesodermal progenitor, early
myocyte and myotube stages. Specifically, through hierarchical
clustering analysis we identified sgdastficscof INcRNA/target gene
defining ALS cell lines, suggesting that an altered expression of these

molecules might contribute to the disease pathogenesis.

Our findings on dysregulation of MALAT1, NEAT1, HOTTIP and their
target genes in the iR#8Ged ALS in vitro model provide new insights
into ALS molecular basis, pointing out the possibility that altered
muscle differentiation processes, depending orcii¢as, could
eventually lead to alteration in trechitecture and massthe
skeletaland in its function throughtouthe diseaserogression

Further studies in genetically defined, or not defined, ALS patients, and

6
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in other motor neuron diseg8#dDs), could help to deeply
understand the synergistic effect of MALAT1, NEAT1 and HOTTIP in
disease onset and/or progression, towards future development of
patienspecific IncRNyased therapeutic strategies for ALS and other
MNDs.
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Introduction

1.1 Amyotrophic Lateral Sclerosis

Amyotrophicateral Sclerosis (AiSSp neurodegenerative disease
characterized by progressive and selective cortical, bulbar and spinal
motor neuron (MN) I@8sS symptoms begin with focal weakness in

the limbs, and spread inexorably to the other skeletdeadiages,

to progressively muselasting, atrophparalysis andltimately
deathThe initial presentagiohALSs/ary according to disease onset.

Some of them present a spimsét, but otheabout 30%how a
bulbaonset disease charazeati by dysarthria and dysphagia
[Hardima®.et a) 2017F.

However, apectrum of nomotor manifestatiossalso common,

since about 3680% of patients develop cognitive lb@kamoural
impairment whereas13% of ALS patients show concomitant
behaviourafariant of frontotemporal dementia (FTD), from the onset
[HuynhW. et aJ 2020 Average age of onset i8668years with
mediarsurvival from onset to death within two to four ydgrs, mai
due to respiratory failbi@flima®.et aJ 201T.

Disease progression and survival vary among different disease
subtypesaccording to clinical features, with older age and bulbar onset
having a worse outcd@iio A. et ,aP00R AlmosD90% of ALS

cases are sporadic (SALS), whereas 10% are familial {¥&IgS), sho

different patterns of inheritamoauding autosomal dominant,

Eleonora Giagnorio 9
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autosomal recessivelinked or witho discernible family history
[Boylan K201%.

As shown in Figure Janyncausative genes are associated with ALS,

as C9d72 SMCR8 complsxbunitG9ORF2, TAR DNBinding

protein 43TARDBER superoxide dismutase 1 (SOD1) and FUS RNA
binding proteiRrlYS. These genes affect different cellular functions,
mainly involving oxidativestgOD), RNA metabolisGOORF2
TARBDRand FUS, cytoskeletal organizafex. tubulin alpkéa
(TUBA4Aand profilin PENJ)] and autophadg.g. TANKbinding

kinase 1TBKJ) and optineur@RTN] [Hardiman @t aJ 201}, The

genetic heterogeneity reflects the different initial clinical presentations,

making ALS struggling and lengthy to diagnose.

>*"] B Implicated in protein homeostasis NEKI
M Involved in altered RNA-binding proteins C210RF.
254
TBK1

= MATRI—Ng ¥ \—— SCFDI

] CHCHD10

i HNRNPAI
154 TAF15
CI90ORF72
10 ATXN2
UNCI13A

5 FUS
04

T T T T T 1
1990 1995 2000 2005 2010 2015 2020

Year of Discovery

Figure 1Timeline of gne discovenand pathogenic mechanisSmALS.Blue
circles indicate genes associated with fALSlegdndicate genes associated
with sALS. The size of each circle reflects the proportion of all familial ALS cases

associated with that gene. From Brown R. H. et al, 2017.

A common pathogenic hallmark of ALS is the aggregation and

accumulation of protein inclusions in MNs. Pathological aggregations of

Eleonora Giagnorio 10
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TDP43 are seen in up to 97% of ALS patients, although mutations in
TARDBRre a rare cause of the disorder. In specihiessabBLS,

other types of protein aggregates were observed, such as FUS,
Sequestosonie p62), OPTN andbiquilin 2UBQLNZ2) inclusions
[Blokhuis A.M. et al, 2013].

It has become increasingly clear that RNA dysregulation is a key
contributor to ALS pgthwesis, especiallCRORF7ZARBDRNd
FUSmutant form of ALS.

TheGGGGCC hexanucleotgfgeat expansiam the first intron or
promoter regionGAORF78endeads to the accumulation of repeat
containing RNA foci in ALS patient tiSsmesdT.F. et al, 20]L3

In turn, RNA foci leadRdAbinding protein mislocalization causing
RNA metabolism alteratibosijielly C. J. et al, 201t3p still not

clear hoW€C9ORF78xpansion causes ALS for toxic gain of function,

loss of function, or both.

TARDBRyene codes for TDP43 proteinh#sata major role in

different stages of mMRNA processing, as splicing, stability and transport
[Buratti E. and Baralle F. E.]20@8”43 is normally nuclear, but in

case ofT ARDBMutations, it is mislocalizedhdocytoplasm and

forms aggregates. TDP43 aggregation provokes a loss of function of
TDP43 and thus a dysregulated RNA metabolism and a gain of
function, since the aggregates are cykabaghj E. et al, 2D10

FUSplays multiple roles in RNA progédssutirectly binding to RNA,
with an essential role in splicing reguagmil purenne C. et al,
2012. Indeed, it was shown that loss of funEtitileaf to splicing
changes in more thammore than 300 genes in mice[bagier
Tourenne C. &t 201p

Transgeni€OD1mouse is the most known and used ALS animal
model of the disea&ney M.E. et al, 198®jwever, the broad

Eleonora Giagnorio 11
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variety of genetic mutations identified in ALS led to generate several
transgenic ALS animal models of differéed sg€aenorhabditis
elegansDrosophila melanogadd@nio rerjdrattus norvegicasd

Sus scrofa which were introduced different mutatichRRBP

FUS CO9ORF72/APBandVCP[PicheMartel V. et al, 20T8jese
modelsmainlyrecapitulatéhe molecular and cellul@atures that
mimiadhose characteristitAdfSand é\LS.

The discovery of human induced pluripotent stem cells (iPSCs)
revolutionized the approablurean disease modelliiadkdhashi K.

et al, 2007]PSCs are a unique tool for studying the cellular and
molecular mechanisms of neurodegenerative diseases including ALS,
since these cells are pasipetifiin vitronodel and they are able to
differentiate in different cell t{fugisnpri K. et al, 8DIMoreover,
considering the great genotypic and phenotypic heterogeneity in ALS, a
personalized model better recapitulates the epidemiology of the
disease and allows the progress of precision medicine [Hardiman O. et
al, 2017]

Treatment of ALS is managed by a multidisciplinary research approach,
but only two compounds, Riluzole and Edaravone, were approved by
the Food and Drug Administration (FDA). Riluzole is a glutamate
antagonist, acting as inhibitor vblfageatedsodium channels on
presynaptic neurons, reducithg excessiveglutamatergic
neurotransmissjdadaravone & free radical scavengeptecting

cells against oxidative stress. However, Riluzole and Edaravone show
modest and few benefits on syHardnan O. et al, 2017].

Recently, a multicentric phase 2 clinical trial demonstrated that
Guanabenz, a drug targeting the unfolded protein response,
significantly slowed the progression of bulbar ALS patients, even

though the mechanisms underlying therffech disease subtype

Eleonora Giagnorio 12
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are unknowfDalla Bella E. et al, 3021

1.2 Skeletal muscle as a key site of ALS pathophysiology

In ALS, the major intrinsic pathogenic mechanisms occurring within
MNs include massive excitotoxic insult, axonal defitspocy and
neurofilament aggregation [Tsitkanou S2@1%l Le Gdll et al,

2020. However, a specific MN vulnerability arises from the combination
of several factors and events that result from MN interaction with
surrounding noeuronal cellanpcluding protein sfolding and
aggregatiomrmitochondrialterations, oxidative damagsifficient

growth facta@ignallinginflammation and glutamatergic excitotoxicity
[Ross C. A. and Poirier M. A. 2004; Raimondi A. eSald281d6;

et al2000RagagniA. M. G. et al, 20MEnorP. et 312015

ALS is consiydéeereemdca omséase, wher e MN
enhanced by impaineighbouringells, such as activated astrocytes

and microglia, which contribute to generate an inflatateatory

[Lobsiger C. S. and Cleveland D. W.I280ydnerally accepted that

ALS is primarily caused by MN #ieatieveigrowing evidenhes

shownthat muscle iactive and crucial rafethe onset and

progression ALS [Scaricamazza S. et al,.2021]

1.2.1 The skeletal muscle

Skeletal muscle is one of the most dynamic and plastic tissues of the
human body. & composed by a heterogerwditgell typeas
myofibersfibroblasts, endothetiells, blood cells, neurons and
others. Myofilseare the basianitof the skeletal musaled are
multinucleated since they are generated by the fousitiplef
myotubefCretoiu Cet a] 2018

Eleonora Giagnorio 13
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Of notethe ability to adapt to physiological and ectopic stimuli, as
physical exercise or disease sate distinctiveand unique
characteristic thfe skeletal muscl€@he musclegsticity is aseful
characteristic for respondma@ny circumstance with the best
performance, also in case of disHasdeaturglove down disease
progression and cawatt myodegeneration. In particular, muscles
regenerate omodify the composition of tileie phenotypes,
switching from fast kmagwitchfibresor vice versay they change

their crossectional area and thus the amount of force they can
produceHoppeler H. 2016

12.2.Skeletal muscle regeneration

The skeletal muscle has the abilityelbieegenerateby the
proliferation and differentiatfosatellite cellsSC9. SCs mostly
originatdromPaired boxXPAX 3* and PAX7embryonic progenitor

cells. dder basal conditions, SCs are quiescent and reside in a
muscleniche located between shecolemma and basal lamina
During nacle damaganddenervation orexerciseonditionSCs
proliferate and differentiate into mature myofibmrstactthe

damage or to positively support the physical activity

The qgiescencstateis maintained through the expressRAv®f

and PAX7genes, whkerasSC activation is determined by a down
regulation FAX3andPAX7genesand an up regulatioMMgbblast
determination prot@ity Opand Myogenic factav¥ E»genesAt

this stage, SCs differentiate rnyoblasfs myogenic precursors

characterised by an intense proliferative capacity (Figure 2.A.)

Interestinghé subsequent activatioNMydgeninMYOG, Myocyte
enhancer factor 2C (MEF2C) and M¥teémnineshe start of
terminal differentiation step characterised by the kesienalof

myoblasts to generate multinucleated in{feifiioee 2.A.)

Eleonora Giagnorio 14
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The morphological unit of the neMeletal muscle is the myofiber
postive for Myosin heavy chairiC)Mhat is the terminal
differentiation marker of the myogenic p@@ds$and Pourquié
0.2017.

123. Fibre type switch

In mammalian skeletal muscles, twatypgsfites exist and are
cl assi f4 widt als6 O tiviopve hfibrgs( oy péf & &)

Slowtwitchfibresexpress myosin heavy chatC§8 (encoded by
MYHY and are characterized by a slow contraction capesityvand

rate of fatiguéhey arenervated by srllibreaxons, have a small
diameter, high myoglobin content, numerous camxidaiage
metabolismand a high number of mitochondria. Because of these
characteristics, stwitchfibresare involved in sus&, tonic
contractile evefi&hiaffino S. and Reggiani C].2011

In contrast, fastitch myofés contract rapidly and are susceptible to
fatigue. Faswvitch myofdés express MH@M\ (encoded BWYH2,

MHGIIX (MYH1) and MHE (MYH4); they atemcterized by a

low number of mitochondria and are innervateecalybliaeg®ns

Fast IlAwitch fibres employ anoxidative metabolism and are
responsible for a fast contraction time with a high resistance to fatigue.
In turn, lIBbreshave the biggest diameter and the lowest amount of
mitochondria, they rely on a glycolytic metabolic pathway, which

guarantee a very quick comrdmit a higkusceptibility to fatigue.
Skeletal musdibresare generally intermingled withinereinsgtle

group and different muscle groups have varying proddt®ns of
typedSchiaffino S. and Reggiani C].2011

Eleonora Giagnorio 15
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Of note, myofisrchange from fasitch to sletwitch type to allow
adaptation to different events or stimuli, a phenomeriitmmecalled

type switchings shown in Figure. 2.B

Fibretype switching is observed as a consequence of exercise and
enhances muscle fatigaststance. It is also a preventive mechanism

to counteract myodegeneration, as observed in ALS patients and mice
[Peggion Gt gl2017Telermaitoppet N. and Coérs C. 1978

124. Regulation of muscle mass

Skeletal musdidreshave the ability to change theirsgotsnal

area and thus the amount of force they can produdirikizele

is influenced by a wide range of physiological inputs as physical
exercise, nutrients, growth hormones, cytokines, and other secreted
factors.  Skeletal muscle tissue grow by two
mechanismbyperplasigell number increasephypertrophigell

size increasfgchiaffino S. et2013

The postnatal growth of skeletal muscles is primarily due to
hypertrophy, which is due to an increasing net proteithabntent,
causes an elongation and expansion of the diameter ofuinybfibers

et al201%.

The control of muscle mass is achieved through the regulation of the
balance between protein synthesis and degradation in skeletal muscle
fibres This balance is regulatedPimgein kinase BK(]) pathway,

via two major branches: AKF mammalian target rapamycin

(MTOR pathway that controls protein synthesis amKThe
Forkhead box ®XQ® one controlling protein degradation. These
pathways are activated respectivdiysiiidike growth factor 1

(IGF), acting as a positive regulator of muscle growth, and by

Eleonora Giagnorio 16
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MyostatinMSTN, which negatively regulates muscle(Figise
2.C.JFrancaux M. and Deldicqz©19]

A. Myogenesis

MYOD, MYF5,
Mycblast s MYOGMEF2C, MYF6 Myotube

\ - _/

- ————p - - —r <GS

- =
Myoblast proliferation Myoblast differentiation
B. Fiber switch
Fast twitch fiber Fast to slow fiber switch Slow twitch fiber

\ e
(RO

Slow to fast fiber switch

C. Muscle mass regulation

Muscle mass increase
Small diameter muscle

IGF1 -> Akt/mTOR pathway

—»
—

MSTN -> Akt/FOXO pathway

Large diameter muscle
Muscle mass decrease

Figure2. Overview of skeletal muscle plastic functinsnyogenesis, B. fibre

switch and C. mass regulation.

Muscle mass increases following progressive exercise training and in
contrast, it is lost in case of neuromuscular disease, chronic disease,
ageing, as well as limb immobilization or prolonged bed rest due to

injury or trauma.

Skeletal muscle atrophy wgelknown ALS symptom and different
studies investigated the molecular pathways celasom difbek
M. et al, 2018

Eleonora Giagnorio 17
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125.Skeletal musclm ALS

The general assumption that ALS is only due to MN degeneration, is
widely debateDifferent studies support the idea that ALS is caused
by a cethutonomous dysfunction occurring in the MNs, suggesting that
ALS related mutant gemelyaffect MNs and thhatthe neuronal

damage is theniquedeterminant of disease onset and prgressi

The selective expressicBIFASODImutant protein in the neurons

of adult mice, was shown to be sufficient to induce the disease in
transgenic mickgafrsma D. et 2008 Irdeed according to the so
called Adyi ng f or whegidwithirt theecellr y , MN
body otippeiMNs, at the cortical level. Cortical MMeXuitsdility

causes the degeneration of spingl \NNs anterograde trans
synaptic glutamatergic mechasisiceaxonal electrophysiological
dysfunctions or axonal tramsiefects were observed inM&soh

P. et gl2015Marcuzzo S. et 2019 Howeverdl ALS causative

genes are ubiquitoushexpressed, thusonneuronal cells may

contribute to MN loss, then resulting in the disease.

Indeedprevious studidemonstratetle contributiom ALSf many

different cell types,magroglia, astrocytes, oligodendrocytes, T cells
and myofibefHieva H. et,aP00® These studies support sbe

cal l ed Adyi nwhicthostaldtethat My gysfunése s i s
begin distally, at the newscular junction (NMJ) leval the
peripheral tissuasd progress toward the cell Baalythis reason,

ALS was also described as a distal axonopathy, which, via a retrograde
signallingcascade, leads to MN deltblgjey E.B. et ,aR014

Rocha M.C. et aD1R

Growing evidendefine ALSsanulti systemic disease, since it arises
withindifferent cell types, all contributing to a toxic environment, which

sustain MN intringlegeneratiorBased on these evidendbs

Eleonora Giagnorio 18
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skeletal musdbas arelevant roia ALS pathogenedisya H. et al,
2009.

In G93A0ODIALS mouse modelwasshovedan early reduction of

the skeletal muscle volume before any clinical sign and
neurodegeneration in the motor nMdelEugzd. et a] 2011].

Mutant G9380Dlor G37RE5ODIproteins, expressed exclusively in
murine muselelead to progressive muscle inactivity and paresis
caused by a continuous myofiber loss. These conditions are
accompanied by NMJ and spinal cord MN alterations, suggesting that
the presence of mut&@D1lin the muscle is sufficient for MN

degenerationnmce fartin L.J. and Won@G820].

As shownin Figure 3.eseral cellular properties and functions are
dysregulated in ALS myofibers, inchltéiragions in the structure,

DNA integrity, dynamics and function of mitodiidodnandrial

changes alter cellular respiration rate and ATP production, leading to
calcium homeostasis loss, stimulatiorapbptatisignallingnd

increased ROS leveBmijth E.F. et aR019. Mitochondrial
dysfunctions and the accumulatiorcoveeaxygen species (ROS),

that argartially causative for the hypermetabolic statehav’é\LS,

been observed in human muscle biopsies during disease progression
[Echanitaguna A. et a@006].Andher ALS pathophysiological
alteration that is already-kmellvn in ALS MNSs is an imbalanced
proteostasis, in particular, the cytopratetipleagic pathways are
suppressed in ALS skeletal muscle, whereas apoptosis is enhanced,
leading to a boostemmscle atrophy and ALS progreXsonyYet

al, 2015]. In turn, these alteratiactsvely contribute toe
accumulation of protein aggregatesisting of misfolded proteins,
mainly TDP43, in the muscle tissue, which are associated with
myogenic muscle degener@on Fet al 2019 Moreover, satellite

cells (SCs) from ALS muscle, fundamental for myofiber regeneration,

Eleonora Giagnorio 19
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exhibit a high proliferative potential but dighlagraral senescent

like morphologgharacterized by an elevated number of vaodoles,
altered capacity to differentiate into myotubes, contributing to muscle
defects [Scaramozzatfa) 2014].

EALS alterations

ORGANELLE MITOCHONDRIAL OXIDATIVE STRESS ABERRANT Ca* PROTEIN REDUCED H
ALTERATIONS: ALTERATIONS: HOMEOSTASIS AGGREGATES PROTEASOME :
= DNA repair, RNA morphclogy, DNA repair, = SYSTEM =
= metabolism, ER stress, ETC, fragmentation @ @ ToP4TOPA3 H
Golgi fragmentation re @ TOr~TDkns H
g o @ TP B :
a5, \3~¥ t e |@ @ i gl :
an W fup N H
J° ’ g i
..................................................................................................................................................... ;
. ALS-related muscle denervallon] [Reinnenration attempt in ALS]

b t Reinnervating

egenerating . o
Q/ fast twitch Sprouting of small fibers, switching

fibers caliberaxon MN 8 .~ toslow twitch

Degenerating Surviving slow
large caliber axon ———- .~~~ twitch fibers
MN
® [ ]
Sl;_rl\)nvmg Smnj:J \Surv‘wing slow
caliber axon .
twitch fibers ) Fiber grouping
LA
& -
= GLUTAMATE AXON ALTERATIONS: = : SENESCENT CONCTRACTILE HYPERMETABOLISM:2
EXCITOTOXICITY neurofilament network = I SATELLITE CELLS MACHINERY increased energy =
at NMJ organisationand = H ALTERATION: expenditure
axonal transport = H fast- to slow-twitch fiber

switch

Figure 3.Fastto-slow myofilre type conversionin the context of ALS
pathogenesiOrganelle and mitochondrial alterations, oxidative stress, aberrant
Ca2+ homeostasis, protein aggregates and reduced proteasome activity are all
pathogenic events implicated in MN degeneration aadrophgcie ALS (see

inset in green). Bulbar and spinal cord MNs, connecting upper MNs to skeletal
muscle, are affected by glutamatergic excitotoxicity and axon alterations that
contribute to degenerative events (see inset in blue). Senescerls satdllite cel
hypermetabolism are a known characteristic of ALS atrophic muscle (red inset). From
Giagnorio E. et al, 2021
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Fasttoslow myofiber conversion acts as a mechanism to counteract
ALS myodegeneratidededus J. et al, 2ZD@pecifically, in ALS it

was observed an early degeneration e¢dibge axon MNs, which

in turn is accompanied by degenerationtwitdasmuscle fibres.
Sprouting of neighbouring intact small calibre axons determines the
innervation of multiple fibres by the same moteadxanto fibre
clustering and promoting reinnervation. Adialagger axons
degenerate early in ALS, reinnervation becomes dependent on small
diameter axons, which then lead to muscle fibre grouping, thereby
causing their fdaetslow phenotypic oga and hence a slower

muscleontraction capacity (Figur&agrorio E. et al, 4021

The involvemeand accessibilitf the skeletainuscle in ALS
suggests that it could represent a crucial and accessible site for
curative interventions, particularly for gene and cellular therapies.
Intramuscular injections of lentiviral vectors specificallg@Dibiting
expression in ALS GSZ#D1mice result in improved survival of
vulnerable brainstem and spinal cordREIpIs (5.S. et, &005].
Furthermore, intramuscular injections of neuregulin 1 type & (NRG1
trophic factor highly expressed in normal MNs and NMJs and
implicated in mus@enervation processes, shows positive effects on
survival of G9BOD1 mice [ModalCaballeroG. et al 2020
Interestinglyepeated intramuscular transplantation of human umbilical
cord bloederived mesenchymal stem cells into the gastrocnemius of
G93ASODI1mice significantly improves motor activity anddprolonge
survival Hook M.G. et aJ 2020 In ALS patients, intramuscular
injections of autologous mesenchymal stem cells secreting
neurotrophic factor (NTF) have been used in a phase 1/2 and 2a
clnical trial. The treatment was safe and well tolerated (primary
outcome) over the study folfpperiod and leads to a reduction of

the disease progression rate (secondary outcome), accompanied by a

lower muscle volunexlohe PetrouP. et al 2016] These studies
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indicate that skeletal muscle is a promising therapeutic target.
Therefore, treatment strategies aimed at improving muscle tissue
homeostasis and function could lead to a general disease improvement
due to threusst ridbc tc o@imhalesss thé i on .
development of such types of strategies would greatly benefit from a
deeper understanding ofrtblecalr alterations in ALS.

Intrinsic skeletal muscle deterioration plays a crucial role in the disease
and contributes to AuSgression. Currently, there are no effective
treatments for ALS, highlighting the need to obtain a deeper
understanding of the molecular events underlying degeneration of both
MNs and muscle tissue, with the aim of developing successful

therapies.

1.3.Long non coding RNA

Genomes are extensively transcribed and give rise to thousands of
long nowoding RNAs (IncRNASs), which are defined asnBélAs
than200 nucleotides that are not translated into functional proteins.
The number of functional INcRNAs is still debated, since the number of
known protegoding genes has remained stable over recent years
whereas the number of known IncRNAs is stillgfiderasinT.R.

and Mattick J.S. et al, 20I8y are widely expressed and have key

roles in gene regulation.

Several studies have begun to unravel how the biogenesis of INcRNAs
is distinct from that of mMRNAs and it is associated with their specific

subellular localization and functtate(lo L. et @020

Based on their localization and interactions with DNA, RNA and

proteins, INcCRNAs modulate chromatin structure and function, regulate
the assembly of membraneless nuclear bodies, alter the stability of
cytoplasmic mRNAs and influence different sigihaliayg.pBhese

functions ultimately affect gene expression in different biological and
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pathophysiological contexts, such as neurological disorders. Tissue
specific and condispecific expression patterns suggest that
INcRNAs are potential biomarkenseantherapeutic targets for the
treatment of different disegatello L. et, @020

1.31 Biogenesisand classification

MosticRNAsre generated via pathways similar to that of protein

coding genes, since they are transcriBdtAbyolymeradiethey

undergo a splicing phasehaadv-e n & Njm7 G -endgpplys and 3 Nj
(A) tails.

LncRNA genes are less evolutionarily cqoissraesithey contain

few exonthat are less abundantly expressed than mRN#ey

show a very high tisspecificexpressionas INcCRNAs muscle
specificincludindineMD1 and IncMydbBtatello Let al, 2020

Legnini et a] 2014GongC. et aJ 201k IncRNAs loci are often in
strongassociation with protein coding dartdsey are transcribed
independentlyven though it was shown that small polypeptides
(micropeptides) origin from IncRA&erfon D.M. et aD1h

According to their localisation in the genome, INcCRNAs are classified as
intergenic IncRNA (lincRNASs) if the IncRNA does not overlap with a
poteincoding transcript, or as genic INcRNAs if IncRNAs overlap with
a protencoding transcriptgnsohoff J.D. et al, 20@8nic INcCRNAs

are further classifiedagsExonic IncRNAmtoverlap with exonic

regions of a protewmding gene; b) IntrancdRNAshatmerge with

intronic regions of a prateding gene; c) Overlapping INCIRBIAS
overlapvith a protegoding gene in the sense or antisense direction.
HoweverlncRNAclassification is confusing and overlapping, since
severalranscriptome sequencing studies are accumulating, generating
ambiguity and lack of clarity in the field [reStsealuirent G. ef al

2015.
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1.3.2. Structure

LncRNAshave heterogenicstructurescompared tanicroRNAs
(MiRNAE reflecting their multifacétedtiongbropertied.ndRNAs
are characterized by a modutaitecturinat adda further level of
complexity to non preteiding RNAsqRNA) activityGuttman M.
et al2012.

Each module corresponds to arfuRi#fonalomainincludingens
to hundreds of nucleotidbaracterised lay independentblding
secondary structumdichconfers to the domaars independent
functiofGuttman M. et aD12

Clearly, IncRNA secondary structfilexstshe secondary structure

motif oftheireach targeMathews D.H. et 201D The secondary
structuresndependentlfold and subsequent tertiary interactions
occur, resulting in the hierarchical assembly of RNA structure
Interestingly, INCRNAs tend toraapmplex secondary and tertiary
structures and their function is dependent on structural conservation

rather than primary sequence conservation.

Anothercharacteristiof IncRNAstructure is the flexibility. Indeed
junctions confer rigittily molecul@heas internal loops are critical
to modulatecRNAlexibility of the helical stgthao Cetal 201%.

1.3.3 Function

Growing evidengighlightthe role ohtRNAs gsositive or negative
regulators of gene expression at the epigenetic, transcriptional, or post
transcriptional level and they are respontieléntegrity néiclear
structurg[Laneve P. at,202].

Compared with mRNgeyveralncRNAs anetainedn the nucleus

and, thanks to their long sequences, they contain multiple functional
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domainsthat permit toteract with differenblecules as DNA,
MRNAs, miRNAs and protainghe same time coordinating their
activity inrhe and spac®l@rchese F.P. & 2017. Interestingly,

IncRNAS regulate the expression of either nearby genes acting in cis in
the nucleus or genes elsewhere in cells acting in trans in the nucleus

via chromosomal loopingytoplasfiviarchese F.P.a&{201T7.

LncRNAgositively or negativalydulate gene expresaiaifferent
levelsvia their interaction with DNA, mRNAs, miRNAs andgroteins
shown in Figure 4.

B
LncRNA - mRNA interaction

C
LncRNA - miRNA interaction

IncRNA as mRNA
editor

IncRNA

Chromatin looping

Pol Il IncRNA sponging miRNA

wy
wuu {11117
mRNA

IncRNA IncRNA

IncRNA mechanisms of action

D LncRNA - protein interaction

Scaffold

Protein complex

Scaffold
Subnuclear compartments

% IncRNA

Guide

Chromatin modifying
enzyme

IncRNA

IncRNA

Figure 4LncRNA mechanisms of actiéndescribes INcRRANA interaction; B
INcRNANRNA interaction; C IncRWANA interaction and D IngiRdtain

interaction. Adapted fneta S. et al, 2019.

9 DNA interactianLncRNAsmodulate chromatin structure and

functionality via three mechanisms.
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o0 LncRNAdirectly interact with the DNA, in a sequence

specific manner, tfe formation af triple helix The
chromatin looping of two distant regions of the genome, as
enhancer and promoter, allows tahessytwo regioims

close proximithus to modulate tamgge transcription.
Interestinglyt was shown thMEG3causes chromatin
looping giromotedistal regulatory regiofiSransforming
growth factor betallG [ genesnodulating the activity of
TGFB pathway geffdsndal T. et 2015

LncRNAs act ascaffolds for chromatin modifiers or
transcription factoBy. proteHRNA photorosslinking and

mass spectrometry experiments on embryonic stem cell
nuclei, many R¥#Ading regions were identifiegveral
chromatimegulatorsas Teneleven translocatiofTET2),
demonstratirtgeir ability to bind RNA molefide€. et

al, 2016. Indeed TETZnteracting INcRNA (TETILA) guides
the position of TET2 on the genome in turn activating target
gene expression [Zhou kal,e019].

LncRNAs combine these two functidpfofiring a DNA
RNAtriplexhelixthatis subsequentigcognisednd act as
scaffoldforchromatimodifying enzymés noteKhpsl is
transcribed in antisense orientation to thenpogene
Sphingosine kinaseSPKK1Yirectly associates with the
promoter ofSPHK1gene by DNRNA triplex This
mecchanistead to the anchoring of effector proteins to the
gene promotestimulatinghe expression of the proto
oncogend’pstepskhgielska A. at. 201p

1 mRNA interactiomhrough the formation of-RNA duplex by

direct base pairing, IncRal#s the transcriptome and proteome
by affecting mRNA splicing and e8pedfically, IncRj#&

mRNAduplex conformaticauss the blockade of spliceosome

Eleonora Giagnorio 26



i Revealing the involvement of MALAT1, NEAT1,
Introductlon IncRNAs in Amyotrophic Lateral Sclerosis (ALS
induced pluripotent steafl (iPS@Jerived muscle ¢

model

assemblympairing intr@xon junctiom¢ltran M. etl, 2008.
IndeedSnaill IncRN&#ltersZeb2mRNA processing rogskng
an internal ribosome entry ditethis site, Snaill prevents the
binding of the spliceosome tsphsfic splice region causing the
retaining of an idditional iritratis fundamental for the correct
translation of ZelReltran M. et al, 2DOBloreovetncRNA
MRNA duplex is a good substrate for RNA adenosine deaminase,
an enzyme that converts adenine to inosine, altering the base
pairing.SeveralA to | editing sites are contained in INCRNA
sequences leading to a chanteelimcRNA secondary structure
and therefore in their functalsreh A. at, 2013 Prostate
cancer antigen BQA3} IncRNAnegatively targetitige tumor
suppressor gemrune homolog 2 with BCH doRPRIINER
thereby promoting malignant cell growth. PCA3 binds PRUNE2
MRNA generating a INcRWNA duplex which is recognised by
adenosine deaminase acting on RNA (ADAR) proteins. These
deaminasesA to | edit PCA3 or PRUNHEZading to a
downregulation of the ddiBASalameh A. et al, 2015
1 miRNA interactiofccording tinecompeting endogenous RNA
(ceRNA) hypothesiscRNANIRNA interactiompas miRNA
activity through their sequestratiort, i ng as mi RNA fAsponge
sequestratoBalmena L. at,2011]. Interestingly to note that t
INcRNAHULGequesterthe miRB72modulamgitstranscriptional
upregulation in hepatocellular carcivamg J. et al, 20.10
1 Protein interactiarLncRNAs mainly exist in the foprotein
complexesnd acts guidesscaffoldsand decoydor different
proteins Moreover, IncCRNAs are structural components of
subnuclear structufg@send C.S. et al, 2D09
0 LncRNAs act amides A hcRNA idengi§ and bindsa
specific DNA lociiagias guidefor recruibgthe proteins

and enzymesowvards the chromatin siteto regulad
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downstream gene expres§ion exampléncRNA guic
theactivityfpolycomb repressive con(PIBC) 1 and 2 to

target genes. PRC1 and PRC2 causenthdtation of
histone HB8nlysine27 (H3K27)eading tgenerepression
[Fiorenzano A. &t 2019. For exampl&-inactive specific
transcript (Xistyia this mechanissiresponsible for the

entire inactivation of orghddmosome in female somatic
cells by forming a transcriptionally repressed heterochromatic
structureJerase A. et al, 2D14

LncRNAs act acaffold to create protein compleres
specific regions of the genofhey recruitchromatin
remodellingcomplexes thus inducingcanformational
changein the state of the chromatin, casiaegative or
positive regulation of the gene expression in specific loci. By
this functignincRNAgecruit, bind and complex PRC1,
PRC2 and other proteins to inhibit gene expression in
discrete regions of the gendsa M.C. etl,201(0. HOX
transcript antisense RNA (HOTAIR) serves as a scaffold for
PRC2 and LSD1/CoREST/REST repressor complex. The
interaction between these factors lead$istone
modifications, responsible for Homeobox DH®XRr (
silencinglsai M.C. at,201Q.

LncRNAs act decoys to remove proteins from target loci
thuspositively or negativiedgulatinggene expression or
alternativesplicingLncRNAssequester splicing factors to
modulate their nuclear distribuhiereforeegulating the
alternative splicing ofHpRINAs at a precise time, place,

and concentrati@mipathi V. at,2010.

o0 LncRNAare structural scaffold for the formation and regulation

of subnuclear compartmentsncluding speckles and
paraspeckless MALATBANdNEAT Lrespectivefyang L. et
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al, 2011 Speckles and paraspechkles ribonucleoprotein
bodies, enriched in-pri@NA and splicing factors, loicetiee
interchromatin space of cell nliblese compartments play a
relevant role in regulatiregene expression and RNA splicing
[Mao Y.S. at,201].

13.4. LncRNAs itheskeletaimuscle

In view of the critical regulatory function of the RNA raathbwdism

crucial role of mustiALSpathogenesimusclespecifidncRNAs

are worthy of further investigation as potential molecular targets of
therapeutic strategies to immpwgtoms and counteract disease

progression.

LncRNAs are effective regulators of muscle development, myogenesis
and differentiation in both physiological and pathological conditions as
described ifable 1LncRNAyin yandl (yInd) is involved in the
development of the skeletal miisciey therst days of the embryo

life. Indeed activaeBRACHYURY (dgus, leading to mesodermal

cell fatéransitionluring gastrulatigfirank S. et al, 201@greover,
Maternally expressed gengeg3)wasshowno promoteskeletal
muscledevelopmetly interactingvithPCR2duringembryogenesis,

butit alsohasarolein the postnatal myogenssimulating myoblast

identity differentiation via regulating epithetiathymal transition
bythee pr e s s i signalliofDill TILGEE &, 2021].

Thefunction adhemost IncRNAs was dedapdhe adult myogenesis
and differentiatiprocesss because of their possible contribution to
musclaegeneratioideveralncRNAs act as spaigeer miRNAS,

as IncMyoD Long intergenic nprotein coding RNA muscle
differentiation 1in¢(MD1) Linesmad7 and long non coding RNA
Insulin receptor substrate 1 IRS1 (InctR&1)MIR370G3p,
miR133/135miR125b and miEg respectively. Viae ceRNA
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mechanispnthesdncRNAstimulate muscle differentiaieemf P.

et al, 202 esana M., et al, 2Adggnini |. et al, 20%éng C. et al,
2018; Li Z. et al, 2D1&terestingly, IncMyoD is under the
transcriptional contrdidfODdtself, suggesting a central regulatory
role for #nIncRNA in the myogenic differentiation pvimresser,

by binding and inhibiting 48RRIAinding protein 2MP32,
IncMyoDblocks myoblast proliferation, in turn creating a permissive
state for flerentiatiospng C. et al, 2015 cRNAnuscle anabolic
regulator IMAR] acts as a m#B7b sponge to regulate Wnt5a
protein, resulting in promoting miféeferdiation and regeneration,
whereas Myogenesmssociated IncRNAInc{ng) promotes
myogenesis by functioning as a ceRidhfoRNAL25bandmiR
3515p[Zhu M., et al, 2017; Du J., et all. BOGRNAS promote the
myogenesiacting on the expression of myogenic regulatory factors
(MRF),a transcription factors that centnel determination and
differentiation of skeletal muscle cells during pogtuEaesis,
indirectly. For instance¢inical unloadinduced muscle atrephy
related IncRNAhcMUMA promotes myogenic differentidiio
functioning as a ATIB2 spongm turn regulatitige core myogenic
regulatoMYOOZhang Z.K. et al, ZDIBhe lincMDland miR
133/135pairinginhibitsthe expression ®AML1and MEF2C
activahg thenusclespecific gene expres§ioesana M., et al, 2011
Legnini I. et al, 2014neYYlistranscribed from the promoter of the
transcription factor Yin YangYl) geneandinteracts with YY1 to
evict YYPRCZactivating the gene expression of myogenic factors in
trans [Zhou L. et al, 20@bjvever, IncRNadirectly involved in
the transcriptional control of MRF#&masvhichregulates the
expression of myogenic gelid-2D promoting the assembly of
MY@®LYMEF2D, thus regulating myogenesis [Sui Y., etlah019].
RNA activator of myogen@dsisRAM), ang nowoding steroid
receptor RNA activa(®@RA) andMYODlupstream noncoding
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(MUNC)ecruiand activate tiY Oyenepromoting muscle growth
andregeneratio{i X. et al, 2017; Caretti G., etOat,N2deller A.,

et al, 2015 LncRNAs influeneeyoblast fusioat the end of
myogenesis as 4mg By inducing the expression of myomaker
(MYMK Inemg affectsa musclspecific transmembrane protein
harbouring a critical role in the generation of multinucleated myotubes
beyond its ceRNA actiitylitgllo, G., et, #0183 Moreover,
Myogenipromoteassociated long rAmding RNAMyopary)a
IncRNA derived from the upstream regioM¥iCiegene, has a

dual role in myogenedisit is involved in myoblast cell cycle
withdrawal by the transactivation ehiRM&s expressi@)it is
responsible for the activaiaimof MY OQGranscriptioihrougtthe
interaction with DEB@&X Helicaser {Ddx17)/P300/C&$3ociated
factor (PCAF) aktY OGoromoteallowinghe entrance of myoblasts
into myogenic differentiatddaadhi K., et al, 2019]

In additionncRNAshavea negative role in controlling myogenic
differentiation processes, in turn supporting the proliferative myoblast
state inhibiting their differenti&tideed)ncRNAsilent information
regulator (Srt1 AS) forms an RNA duplex to promote Sirtl mRNA
trarslation by competing with-3a&gRnhibing muscle formation
AKO017368hcRNAhas the ability to induce proliferation and inhibit
myoblast differentiatioyy sponging m#Rc andinducingfibre
hypertrophy in moygéang G.Q. et al, 2016; Liang T.2&18l,

Finally SYNPO?2 intron seioserlappingcRNASYISL) promotes
proliferation and inhilbmgoblastifferentiation by silencingOM

and myosin heavy chain (MigénedJin J.J. et al, 2018

INcRNA Function Target Reference

AK017368 | Myoblagtroliferation | miR30c Liang T. et al, 2018
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Atrolngl | Muscle wasting ABINL Sun L. et al, 2018
Chronos | Atrophy EZH2 Neppl R.L. et al, 201
Irm Myoblast differentiati MEF2D Sui Y., etal, 2019
LINC00961 | Inhibits regeneration| v-ATPase g/loaltzumom At
lincMD1 | Myoblast differentiat| miR133/135 '(-:z%’;:y'-vl"f zazlogg
Lincsmad7 | Myoblast differentiati miR125b Song C. eta al, 2018
LincYY1l | Myoblast differentiati YY1/PCR2 Zhou L. et al, 2015
Lnc3l Myoblast proliferatio| ROCK1 [B)?r:izrritri]r?oMID'.eettaall’l ,220C
INcIRS1 Myoblast differentiati miR15 Li Z. et al, 2018
_ ~ | miRNAL25b and
Inc-mg Myaoblast differentiati MiR3515p Du J., et al, 2019:
Inc-mg Myoblast differentiati MYMK Militello, G., et al, 20
IncMUMA | Myoblast differentiati miR762 Zhang Z.K. et al, 201
IncMyoD Myoblast differentiat] IMP2 Gong C. et al, 2015
IncMyoD | Myoblast differentiatj miR3763p Zhang P. et al, 2021
MAR1 Myoblast differentiati miR487b Zhu M., et al, 2017
Meg3 Muscle development TGF Db s i gf pilT.L et al, 2021
MUNC Myoblast differentiati MYODMYOGnd Mueller A.. et al. 201
MHC3 o ’
Myolinc Myoblast differentiati TDP43 and Filip1| wilitello G. et al, 201
Myoparr Myoblast differentiati Ddx1P300PCAF| Hitachi K., et al, 2014
Sirtl AS Myoblast proliferatio]l miR34a Wang G.Q. et al, 201
SRA Myoblast differentiati MYOD Caretti G., et al, BOO
SYISL Myoblast proliferatio] PCR2 Jin J.J. etal, 2018
Mesodermal
yylncT differentiation T Frank S. et al, 2019
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Table 1Summary of the INcRNAs and their functions in the skeletal muscle
myoblast proliferatibght greénmyoblast differentiafgnee); muscle
regeneratiqdarkgree; nuscle atrophy(i®d; muscle developmégight blue

1.3.4.1. MALAT1

Metastasis associated lung adenocarcinoma trafdédigtT11()

gene, also known as nu@edched abundant transcript 2 (NEAT?2)
contains more than 8 kb arldcated within human chromosome
11913. MALATIsplays a high level of conservation throughout 33
mammalian species aubiquitously expressed in almost all human
tissues] P. et al, 20P®IALATL1 transcript is arodka i@ humans
andlacks a polytail.

The primary transcript of MALAT1 is processed by RNase P and
RNase Z into a long-ia7transcript, which localizes to nuclear
speckles,subnuclear bodies containing-nR&IA processing
proteinsand a much smaller MALasBbciated small cytapias

RNA (mascRNABgfnard D. et al, 2D10

MALAT1 was one of the first identified-asmocgsted INnCRNAS,
since idrives tumorigenesis through promoting tumour cell proliferation
[Zzhang X. et al, 2017

However, several studies demonstrated a crucial and relevant role of
this molecule in the myogenic processes. Malegd1l was found
upregulated during differentiation of both human and murine myoblasts
[Watts R. et al, 2013; Butchart L.C. etGhl,(t0dote, MALATL1
modulates Serum response factor (SRF) threl@® viaRceRNA
mechanism, thus stimulating myocyte differentiation [Han X. et al,
2016]. Moreover, MALAT1 inhibition reduces C2C12 myoblast
proliferation and promote their differentiatragatubes, acting on

the expression MY OGgene [Watts R. et al, 2043hore reent
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study showed that inhibition of MALAT1 accelerates the myogenic
differentiatioim vitro These experiments were confirmedvixo

studies, where MALAT1 KO mipéaydid a significant muscle
regeneration after injury and in dystrophic mice. According to the
authorsMYODs inhibited by MALAT1 but, upon differentiation, the
preomyogenic miEB1 expression level is increased and it targets
MALAT1 transcripts for atéagron, allowimdY ODactivation [Chen

X. et al, 2017]. Anotinevivesstudy showed that MALAT1 expression
levels are not altered by a variation of physical activity and muscle
masgHitachi K. et al, 2D20 addition, it was also observati¢hat
expession of MALAT1 was significantly upregulated throughout the
skeletal muscle regeneration prioceis® positively correlating with

the expression BFYOGandMYOD These findings supported the
hypothesis that Malatl is implicated in the regeferatitused

skeletal musciéhleng L. et al, 2020

1.3.4.2. NEAT1

Nuclear enriched abundant transdNfAT ), also knownMen

U / i$ transcribed from the same promoter of MALAT1, generating a
short variant called NEAT1 Wl BN U3.7 &kib transcripmd a

longer onesalled NEAT1 _v2ME N 6f 23 KANEAT1 vl RNA is
polyadenylated, whereas NEAT1 v2 is not, since it is an essential
component for the formation of the nuclear structure paraspeckles,
harbouring a critical role irctéimérol of gene expressibhyper

edited transcripts by tethering them within the nuclear bodies
[Nishimoto Y. et al, 2021

NEAT1 vinteracts with core paraspeckle proteidsd$dtiated
splicing factor (PSF) BiatdPOU domain containing octant@ndpin
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(NONO), which recruit PSP1NEAT1 vhnd other associating
molecules to the periphery of paraspelkiagawa S. et al, 2016].

As MALAT1, NEATL1 is highly conserved across mammalian species
[Yamazaki T. et al, 2015].

In cattle muscle tissueettression levels of NEAT1 are upregulated
during the development of the muscle siiggyesshg that this
upregulation @ssociatetty an increased number of nuclei in the
developing myofibers [Lehnert S.A. et al, 2007]. However, a higher
NEAT1 expression was observefl@i12 cells upon myoblast
differentiation, because of NEAT1 direct interactid@®@N@th
[Sunwoo H. et al, 2P0Aline with this, irC&7BL/6J mouse model it

was observed that both variants of NEAT1 are upregulated during post
natal growth, with NEAT1_v2 showing a more gradually increase than
NEAT1 vBftchart L.C. et al, J0Moreover, analysingig model

of aute physical activity, it was reported that NEAT1 was upregulated
in this stressing condition, probably in the attempt to regenerate the
muscle tissuégnsen J.H. et al, 2012

In a conflictingtudy, NEAT1 expression levels did not show any
significantlteration in atrophic and hypertrophic mouse models,
suggesting that NEAT1 involvement in skeletal muscle development is
not completely cl@iditachi K. et al, 2020].

However,he main suggested function for NEAT1 is in regulating
myoblast proliferatioather than differentiation, considering its role in
the generation and development of the muscledésgianiore
functional study showedkihatkdown BIEAT Improved the cress
sectional area of muscle fibres by increasing the expression of
myogenic genes and delaying muscle regeneration,bgranarily
reduction in the number of ‘R&Xg. SpecificalNVEATromotes
myoblast proliferation and inhibiteemydalifferentiation by guiding
EZH2 to targglYOGMHC4Troponin 12TGni, andCDKN1A
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cyclidependent kinase inhibitor p&) (genes Moreover,
NEATXegulate myogenesis via other proteins or signalling pathways,
becaus®&EATHAIso inhibitedYODexpression in an EZH2
independent mannd&iahg S. et al, 201L9b

1.3.4.3. HOTTIP

HOXA transcript at the distgH@ITIP) is a IncRNA of 3.7 kb,
transcribed from the 5' tip dfiéimeeobox A Cluste©OXAlocus on
chromosome 7, that coordinates the activation of several 5° HOXA

genesn Vivo

In the skeletal musthe chromosomal looping brings HOTTIP into

close proximity to its target genes, where it binds the adaptor protein

WD Repeat DomairfVBDR5) and WDRWBiked lineage leukemia

proteill MLL) complexes, driving histone H3 lysine 4 trimethylation
(H3K4me3and thus causing gene transcripffang[ K.C. et al,

2011 In mouse and chick embryos, it was shown that HOTTIP is
expressed in paste and distal anatomical locations, suggesting a
conserved HOTTIP expression pattern from development to adulthood
[Wang K.C. et al, 2011]. Mored@¥TIAs required to maintain
active expression of HMOcoMgleXA genes, by
atte 50 end of P@adedpa .Bl.net al, 01t st er [
HOTTIPexpression is required for the activattd@®X#13and

HOXA10/14nd, at a lower leveHHOIXA@NdHOXATWang K.C. et

al, 2011]. K®IOTTIRNn vivoexperiment;h the mousshowed

abnormalities of the hind limbs, including muscle weakness and
skeletal malformations, suggesting a central role for this molecule in the

development of the skeletal muaclke.M. et al, 2015
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1.3.5L.ncRNAs imuscle ananotor neuronliseases

Growing evidence highlights the role of IncRNAs as regulators of
muscle masss shown in Tabldrithefieldof muscle diseasds t
role of INcRNAs in the atrophic processes was investigated in skeletal

muscle disease as Duchenne muscle atrophy (DMD).

It wasdemonstratetthatInec31counteracts myoblast differentiation

and its expression is abundant in human DMD myoblasts, thus actively
participating in the disease progrdssithreinteraction witRho
associated coitedil containing protein kifagBDCK] [Ballarino

M. et al, 201Bjmartino D. et al, J0kBaddition,was shown that
IncRNAs reduce the regenerative capacity of the skeletal muscle
stimulatingiuscle hypertrophy and atrophic patmeagsl, it was
demonstrated thaNC0096is downregulated in mouse muscle upon
acute injurysince itinteractswith lysosomalAT Pasenegatively
regulatingmTOR Complex ITOROL activatignacting as
suppressor of muscle regeneration laitgyrhoto A. et al, 2016
Chronoghatis positively regulatednusclevith advancing age, has

the ability to inhibit muscle hypertropéstdy polycomb repressive
complex 2 subunEZH2) interaction regulatingiusclgene
expressiomeppl R.L. et al, 2DIRurthermorAirophyelatedong
noncoding RMNA (Atrolnt) is abundantly expressed in skeletal
musclend its expression is markedly increased in atrophying muscles
from mice with cachekliechanistically, Atrdlratrongly binds to

ABINL inhibiting N#-Bignallingnd causingrotein degradation in
muscle cells [Sun L. et al, 2018].

In the field MNdiseaes, the role otRNAs is not completely clear
and investigateHowever, different INCRNAs were showardot
with TD&3, with only two studies deepening thieimmglegenesis
[Li P. et al, 2014jlitello G. et al, 20&&hani S. et al, 201BJ. et al.
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2020. Howevetheir involvement in ALS pathological processes still

needs to be uncovered.

As demonstrated in C2C12 ddfislines an important regulator of
myogenic differentiatiorvitroandit is involved in skeletal muscle
regeneratiom vivp since Myolinc siRNA injection in mouse tibialis
anterior determines a reduction in fibre cross sectional area and in
MHGC myofiberdn factMyolincTDP43nteractiomwasshown to be
essential for the binding of TDP43 to the promoter MYi@s of
and other muscle marker genes to csigtrallingpathways
necessary for the differentiation of myoblasts into [vjidébers.

et al, 2018Another TDP43 binding IncRNAati4 % scaffold to
localise TDP43 at the promoter reddQdlin porcine SCus
promoting myogenic differentiaitidret al. 20R0

In ALS patients it was observed NBAT1_v2the essential
component of the paraspeadklésghly enriched in neurons of the
anterior horn of the spinal cord and in corticaltissigewith this,
paraspeckle hygemsembly was also observed ifShefkovnikova
T.A. et al, 20IL8At the cellular levBIEAT1 v@olocalize with
TDP43 and FUoteingn ALS MNbaraspecklgllishimoto Y. et al,
2013 Howeverthe role of NEAT1 v2 and paraspeckles in ALS
progression remains poorly understa@s only hypothesised that
NEAT1 Macilitats paraspeckle formation, potective response

in cells with impaired function of the mRNA m&ttaikenyn[kova
T.A. et al, 20118

Two atisense transcripts were found to be transcribed from
C90RF7gene C90ORF72nse (Q90ORF#3) and antisense
(COORF72S. Botltranscriptare translated into gbpeptides and
found in the MNsSGHORF7ALS patientiMori K. et al, 2013
Moreover, th€90RF73 and C9ORFZAS form RNA foci in
thespinal cord of ALS patients-dijmptides and RNA flepresent
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two distinct ways in whiCBORF7&peat expansion evoke
neurotoxic effectiggesting thilie twdncRNAsontribute tALS
pathogenesj&endron T.F. et al, 4013

Ataxin ZATXNR is a coding gene linked to [Eldén A.C. et al,

2010. ATXN2ocalizesn the endoplasmic reticudunciis implicated

in differentfunctios, as translation, mRNmaturation, energy
metabolisnendocytosasnd RNAinding proteiSgdroviero W. et al,

2017. An antisense transcript fromTéN2ocus, ATXNES, was

also described. As@OORF#3 andC9ORF7AS,ATXNAS has

a neurotoxic effect in cortical neurons, because of its disrupting effect
on RNA metabolism, contributing to ALS pathdgePésisef al,

2016.

In Spinal muscular plyy (SMA) it was identified a IncRAval

motor neuron antisense strand 1-ASHNvhich repress&VIN
expression by recruiting PCR2 contributing to the selective MN
degeneration in SMA disease. MoreSNASItargeted
degradation with antiserdgonucleotidé8SOs) in neurons,

improves survival of severe SMA mice [d'Ydewalle C. et al, 2017].
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Materials and Metho

2.1 Patients

The study included: four ALS patients, one female and one male
carrying thesG-richCOORF72epeat (OMIM#105550); two males,
carrying the p.A382T mutatibARDBBene (OMIM#605078.0013);

two ageand sexnatched healthy controls. The clinical fehalles
subjects included in the savelghown in TaBle

Patient Sex Age at| Region Phenotypg sALS/fALS Mutation
onset | of onset

COORF72 |F [469 |stL |umnp  |saLs | COORF7Epeat

— expansion
COORF72 |M |612 |SLL | Classical | sALS COORF7&peat

expansion

TDP43 1 | M 50,7 | SUL Classical | sALS p.A382T iIRARDBP
TDP43 2 | M n/a n/a n/a SALS p.A382T iRARDBP
CTRL_ 1 F 45 n/a n/a n/a n/a
CTRL_2 M |37 n/a n/a n/a n/a

Table2. Summary of the main features of ALS patiEnfemale; M, malé; 1S
spinalower limb onse&UL, spinalpper limb onset; UMNP, upper motor neuron

predominant.
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Written informed consent was obtained from ALS patients and from
healthy controls. The study was approved by the local Ethics
Committee and performed according to the amended Declaration of

Helsinki.

2.2. Fibroblast cultures, iPSC generation and spontaneou
differentiation into thregeerm layespecificcell types

Fibroblasts were isolated from skin biopsies as previously described
[Cazzato Det al, 2016]. Cells were maintained and expanded until
passage -8 in Dulbecco's modified Eagle mmed@MEM)
supplemented with 208taFbovine serum (FBS), Ltutamine,

1% noressential amino acids, 100 mM sodium pyruvate and 1%
penicillin/streptomycin (P/S). Fibroblasts were plé36éGa%
confluence and after two days thejnfeeted bysing Cytone®

IPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) as previously dedgaitme=dli[D. e, 2020.

After the infection, they were maintained in their medium for 7 days and
therefore plated onto Matrigel coated (@sheisig, Glendale, AZ,

USA). From day 8, medium was replaced with #@edPisC
Essential 8 medium (Thermo Fisher Scientific).-A5 dsix tbnes

per sample were picked for expansion. Colonies were passaged using
an EDTA 0.5 mmol/L solutiomdéoe, M, Italy) and cultured in
Essential 8 medium.

iIPSC pluripotency was evaluated via assessing thePSilgytof
spontaneously differentiate into cells of the three germ layers,
ectoderm, endoderm and mesoi®@s wersuspended in low
adlesion plates in HUES medium composed by DMEM/F12, 20%
knoclout serum replacementmn2ol/l.-glutamine, 1G/mL

penicillin, Mg/ mL s t r enprolt Migimumn Essenfial 1
MediumMEM NonrEssential Amino AcidEAAandl10e mo -/ L b
mercaptoethanol (all reagentsTinemmo Fisher Scientiidter 7
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days, embryoid bodies (EBs) were generated. They were plated on
Matrigetoated coverslips in Essential 8 metihemm¢ Fisher
Scientifjcfor additional 10 days to ob#dis differentiatetbithe

three germ layers.

2.3. PCR analysis for pluripotency markers

IPSC characterization was performed to evaluate the pluripotency of
the cells by PCR using primers specific for pluagstenatgd

stem cell markers indg@RYAbox transcription factoS@X2,

Octamer binding transcription factorOG/M 3(4 and Nanog
homoboXNANOG(Eurofins Genomics, Luxembourdolta))RNA

was isolated from iPSCs using Trizol Reagent (Thermo Fisher
Scientific) followinganufacturer's protocol, and reverse transcribed
into cDNA4Q ng/uL using SuperScript 1l reverse transcriptase
(Thermo Fisher ScientiffCR was performed with the following
protocol: denaturation 95°6€e806nds, annealing 60°Ged@nds,
elongatiod2°C Iminute, for 35 cychesd the primers are listed in
Table 3.

Gene Primer | Sequence

SOX2 F GGGAAATGGGAGGGGTGCAAAAGAGG
SOX2 R TTGCGTGAGTGTGGATGGGATTGGTG
OCT3/4 F GACAGGGGGAGGGGAGGAGCTAGG
OCT3/4 R CTTCCCTCCAACCAGTTGCCCCAAC
NANOG F CAGCCCTGATTCTTCCACCAGTCC
NANOG R GTTCTGGAACCAGGTCTTCACCTG

Table 3Sequencesf the primers used for PCR.
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2.4. Generation of human skeletal muscle cells

Skeletaimuscle cells were obtained by skeletal muscle differentiation
protocol adapted from Swartz and colleagues [SwartzaE. W. et
2016] The iPSCs were cultured %oddsg in Essential 8 medium
(Thermo Fisher Scientfigplemented with #i#tnethyl sulfoxide
(DMSO) (Merck, RM ltaly) to select th€©gaks $. et al, 2015

Then, the medium was replaced with Chemically defined medium
supplemented with bFGF, Ly294002, BMP4 and CHIR99021
(CDMFLyBC). CDM was composed of DMEM/F12 medium
supptmented with bovine serum albumin (BSA) (Merck), chemically
defined (CD) lipid concentrate 0.01% (Thermo Fisher Scientific),
transferrin 15 ug/mL (Merekipglycerol 450 uM (Merck), insulin 7
ug/mL (Thermo Fisher Scientific), 0,01% P/S (Thermo Fisher
Scientific). CDM medium stgsplemented wRA ng/mlof basic

fibroblast growth factor (bEKBé&protech, Rocky Hill, NJ, USA), 10

uM of2-(4MorpholinyphenytH1-benzopyrafone (Ly294002)
(MedChem, Monmouth Junction, NJ, UBAjg/mLof bone
maphogenetic protein 4 (BMPéproteclgnd10 uM o6-[2[[4
(2,4Dichlorophenfg)5methyll Himidazel-yl)2-
pyrimidinylJamino]ethyl]lartpgiidinecarbonitrile (CHIR99021)
(StemCell Technologies, Vancouver, Canada). Cells were cultured in
CDMFLBC fod..5 days. At day 1.5 medium was changed to CDMFLYy,
consisting of CDM supplemented with 20 ng/mL of bFGF and 10 uM of
Ly294002 until day 7. At day 7, the cells were cultured in Myoblast
Growth Medium (MGM) composed by 75% ofl2aNusrient Mix

(Thermo Fisher Scientific) and 25% of FBS (Thermo Fisher Scientific),
supplemented with 2.5 ng/mL of bFGF (resuspended in 0.5% BSA/PBS
solution) and 1% P/S. After 5 days, the medium was changed to fusion
medium (FM)ade of DMEM a2fb horse serum (Me(Gklermo

Fisher Scientifiahd it was fully changed on alternating days.
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To obtain mature myotubes, the medium was replaced with the terminal
differentiation medium (TBdWposed of DMEM/F12 (Thermo Fisher
Scientifig)lusN2supplemeriil%)Thermo Fisher Scientific) and ITS
Liquid Media Supplen{édt)(Merck) and fully changed daily for 14
days.

2.5 ALS mutation analysis

Genomic DNA was extracted from IPSCs aderm?E2Omyotubes,
according to a standard pkednotoform procedur&dlADsamples

were screened for exon FARDBRyene. Exon and infrexon
boundaries were amplified by polymerase chain reaction (PCR) and
analysed by direct sequence analysis using an automated sequencing
system (ABI 3130 XL, Thermo Fisher Scientlgcfiddsicand

amino acid residues were numbered according to the reference gene

sequence of the transcript GenBank (NCBI).

The GGGGCC hexanucleotide re@HDRF7g8ene was analysed

by a tweatep protocol, including a first PCR amplificationgstep usin
the genotyqmy primers previously repditedesusiernandelyl. et

al., 201]1 The normal range fragment length analysis was performed
on 2% agarose gel. Samples presenting two distinct amplification
products in the normal size range are definitively considered negative.
Samples resulting in a single amplification product heere furt
analysedn a second step by the rgpémed polymerase chain
reaction method (AmplideX PCR/CE C9orf72 Kit (RUO)) on a 3100XL
ABI Prism Genetic Analyzer (Applied Biosystems). The presence of
CPORF2 repeat expansion (RE) was assigned when the sample
displayed a typical electropherogram profile with decaying stutter
amplification peaks. This method are highly sensitive and robust,
singlegube, Jrimer AORKF2 PCR reagents that can flag all
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expanded samples irrespective of length and provideiziogurate s

up to ~145 repeat units using capillary electrophoresis.

26. Reatime PCR for myogenic marker expression

Total RNA was extracted by TRIzol reageeveasdranscribed

using SuperScript VILO cDNA Synthesis kit (Thermo Fisher Scientific
Inc.).cDNA(10 ng) was amplified in duplicate by Tagman gene
expression assays speé€icX3, PAX7, MYDDMYOG, desmin

(DES), MHC2, MHC3, MHC7 on the ViiA7 Real time PCR system
(Thermo Fisher Scientific)rik8somal RNA was stably expressed in

both control and ALS samples (standard deviation of Ct values: < 0.5)
and was used as endogenous control. Transcriptional levels of the
target genes were expressed as relative values normalized towards
18s levels aaeting to the following formakat 2

2.7 Immunofluorescence

Immunostaining analysis was performed on cells obtained from the
EBs, iPSCs, and iRP&Eived myotubes plated onto Muatajed

glass coverslips. The cells were fixed in 4% parafdenad|dedm
temperature for @hutes, permeabilized @igB6 Triton -X00

(Carlo Erba Reagents, Cornaredo, Ml, Italy) for iP3CQ%Bnitdrd

X-100 for cell from the EBs and cells differentiated into myotubes, and
treded with 10% normal goat s€N@S, Vector Laboratories,
Burlingame, CA, USA) in PBS.

Cells derived from the EBs were incubated with the following
antibodied: | -tubulibEEIIFTUB (1:5005abbit monoclonAlhcam)

for ectoderm, DES (1:t@bbit polyclonaMerck, Darmstadt,
Gemany for mesoderm aAtphdetoproteinAEB (1:125mouse
monoclonalhermo Fisher Scientiic endoderm.
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To analyse the pluripotency okjRig€3e cells were stained for 90
minutes at 37°C with the following primaryesniiboell receptor

alpha locusTRA -1-60 (1:125, mouse monoclonal, Thermo Fisher
Scientifichtagespecific embryonic ant§j@SEA4) (1:100, mouse
monoclonal, Thermo Fisher Scientific) and alkaline ph@dghatase
(1:250, rabbit monoclonal, Abcam, Cambridge, UK).

The iPS@erived myotubes were immunostained over night at 4°C
with:rabbit anfi (1:1000, rabbit polyclonal, Abicbhit arfAX3

(1:200, rabbit polyclonal, Abcam)se arBAX7 (1:200, mouse
monoclonal, Abcamapbit artMYODR (1:200, rabbit Igolonal,
Abcam)mouse anriYOG (1:200, mouse monoclonal, Thermo Fisher
Scientificyabbit anMIHC2 (1:2, rabbit monoclonal, Leica Biosystems,
Wetzlar, Germany) aabbHantiDES (1:200, rabbit polyclonal, Bio
Techne, Minneapolis, MN, USA). Thissearel also stained with
hematoxyheosin (Bio Optica, Milan, Italy) and examined by optical
microscopy (Eclipse E100, Nikon).

Immunopositivity was revealed with Alexa Fhomjuézted goat
antimouse 1gG, Alexa FluorcdaBhiugated goat ambhi IgG, and

Alexa Fluor 546njugated goat aabbit IgG secondary antibodies

(All antibodies 1:500, Thermo Fisher Scientific). Cells were
counterstained with DAPI (1:1000) (Thermo Fisher Scientific) and the
coverslips were mounted with FluorSave . (Meookdcal
fluorescence images were obtained withsadaserg microscope
(Eclipse TE 2080 Nikon, Tokyo) and analysed usi6d BZ0

imaging software (Nikon).

28. Reatime PCR for IncRNA expression

We selected three INCRNABALATINEATland HOTTIP from
literature, chosen because they were specifically expressed in the

muscle tissue and associated with development and maintenance of
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the skeletal musabd®NA previously analysed for myogenic marker
expression, was amplified in duplicdi@agMan gene expression
assays (Thermo Fischer Scientific) spetifd_forl, NEA&Dd

HOTTIPN the ViiA7 Real time PCR system (Thermo Fisher Scientific).
18s ribosomal RNA was stably expressed in both control and ALS
samples (standard deviation o&lG¢s: < 0.5) and was used as
endogenous control. Transcriptional levels of IncRNAs were expressed
as relative values normalized towards 18s levels, according to the
following formulee 2t

29. Prediction andegection of IncRNA target genes

We aimed to predictsilicdhe target genesMALATINEATJand

HOTTIP, iorder to identifyotentially diseaswdifying pathways

and toinvestigate their regulatory networks in the skeletal muscle
tissue. We usé two online resources, IncTarD
[http://biocc.hrbmu.edu.cn/LncTarD/JumpToAdvancedSearch#tableDiv
Head] and LncRNA2Target v2.0
[http://123.59.132.21/Incrna2target/seprctajspredict functional
IncRNA target genbBletwork analysis was performed via the use of
Gene Ontology (G@Y Kgto Encyclopedia of Genes and Genomes
(KEGGYatabasefsene Ontology Consor2048; Kanehisa M. et

al, 200D Enrichment analyses of the identified potential target genes
were performed using ClueGO app implemented in Cytoscape v3.7.1 to
identify the psible implications of the dysregulated IncRNAs and
MRNAs in the relevant GO ternsgradlingathwayfShannon P.

et al, 2043 Bonferroni adjustedafie <0.05 was considered to
indicate a statistically significant difféteatmap analysisof
IncRNAand mRNAexpressiorprofileswas performedising the

Pheatmap package.
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210 Reatime PCR for IncRNA target genes

cDNA previouslgnalysedfor myogenic markers and IncRNA
expression, was amplified in duplicate by TagMan gene expression
assays (Thermo Fisher scientific) spe&#d fotophagy related

(ATG) 4D, ATG7,R, B cell lymphe2néBCL2),&pase (CASP)

3, CASP9, DEADX helase 5 (DDX5), ELAV like RNA binding
protein 1 (ELAVHUR), EZH2 gt mobility grobpx 1 (HMGB1),
HOXA11l, HOXA13jtoferactivated rptein kinase (MAPK) 1,
MAPK3, duse doubl minute 2 (MDM2), mTOR, MY(QO¢kaN

factor kapdaghtchairenhanceof ativated B cells (NFKBBs R

related protein RABSABB®), 8ppressor of cytokine signalling 1
(SOCS1)gignal transducer and activator of transcr{i@iohT3),

T GF Bransforminggo wt h f act or RbleTiGER2 r ecept or
andWD repeat domain D@8B) on the ViiA7 Real time PCR system
(Thermo Fisher Scientific). 18s ribosomal RNA was stably expressed in
both control and ALS samples (standard deviation of Ct values: < 0.5)
and was used as endogenous control. Transcriptional levels of IncCRNA
target gnes were expressed as relative values normalized towards

18s levels according to the following for@ula 2

Gene Assay I Thermo
Fisher)
ATG4D Hs00262792_m1
ATG7 Hs00893766_m1
ATG12 Hs04980076_s1
BCL2 Hs04986394_s1
CASP3 Hs00234387_m1
CASP9 Hs00962278 m1l
DDX5 Hs01075383 g1
DES Hs00157258_m1
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ELAVL1/HUR Hs00171309_m1
HMGB1 Hs01923466_g1
HOXA11 Hs00194149_m1
HOXA13 Hs00426284_m1
MAPK1 Hs01046830_m1
MAPK3 Hs00385075_m1
MDM2 Hs00540450_s1
MHC2 Hs00430042_m1
MHC3 Hs01074230_m1
MHC7 Hs01110632_m1
mTOR Hs00234508_m1
MYOD Hs00159528_m1
MYOG Hs01072232_m1
NFKB1 Hs00765730_m1
PAX3 Hs00240950_m1
PAX7 Hs00242962_m1
RABSA Hs00702360_s1
SOCS1 Hs00705164_s1
STAT3 Hs00374280_m1
TGFo 1 Hs00998133_m1
TGFoR1 Hs00610320_m1
TGFo R2 Hs00234253_m1
WDR5 Hs00424605_m1

Tabled. IDs of the assays usémt RTPCR.

Eleonora Giagnorio

50



Revealing thiemvolvement of MALAT1, NEAT1, H¢
IncRNAs in Amyotrophic Lateral Sclerosis (ALS
induced pluripotent stem cell @RS@ed muscle c
model

Eleonora Giagnorio 51



Results

Revealing the involvement of MALAT1, NEAT1,
IncRNAs in Amyotrophic Lateral Sclerosis (ALS
induced pluripotent stem cell @RS@ed muscle c
model

Results

3.1. Generation of iPSI@am CTRL, COORF72 and TDP43 patients

We generated iPSC lines by reprogramming fibroblasts from two
CI90RF72 and two TDP43 mutant ALS patientagecdmasex

matched healthy controls. Both ALS and control iPSCs expressed the
pluripotency markersuaiiclg SOX2, OCT3/4 &RNOGFigure

5.A.). In addition, the cells were positive to ALPa8SERAGO

(Figure 5.B.). These molecules are specific markers for undifferentiated
pluripotent stem cellsus indicating that the iPSkh®weda

pluripotent stafBakahashi K. et al, 2088 ALS and control iPSCs
displayed similar morphology and proliferative (@atcityot

shown) Next, we investigated the iIPSC pluripotency capacity by
assessing their ability to spontaneously diffenémtits of the

three germ layemakahashi K. et al, 30@8l iPSCs formed EBs

which directly differentiated into ectoderm, endoderm and mesoderm
posi tidllN@B, AFB anfi DE®spectivelfFigure 5.C.). All
reprogrammed iPSCs expressedofgndp markers, differentiated

into the three germ layers and did not show any significant difference in

morphology.
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Revealing the involvement of MALAT1, NEAT1,

RGSUltS IncRNAdn Amyotrophic Lateral Sclerosis (ALS)
induced pluripotent stem cell @RS@ed muscle c
model
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E z ol
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ALP/DAPI SSEA-4/DAPI TRA-1-60/DAPI

Figure 5.Generatiorof iPSC coloniesA. RTPCR analysis of SOX2, 83€&nd

NANOG@ens in CTRL, COORF72 and TDP43 {RS€9er grou. Representative

confocal images of CTRL, C90RF72 and TDP4®$RSESOALP (red), SSHA

(red), TRA-60 (red)Cell nuclewerestained with A P | (bl ue) . Scale bar,
Representative confocal images of CTRL, COORE/RP 4nd Ti PSCs-llkst ai ned f or
TUB (greeFP (red) and DES (green) and DAPI (bl ue
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