AREA RICERCA E TRASFERIMENTO TECNOLOGICO
SETTORE DOTTORATI E CONTRATTI PER LA RICERCA

U. 0. DOTTORATI DI RICERCA

s P’/&

A PANOR,

Dottorato di ricerca in Biomedicina, Neuroscienze ¢ Diagnostica avanzata
Dipartimento di Biomedicina, Neuroscienze e Diagnostica avanzata (BiND).
Settore Scientifico Disciplinare: BIOS/12A

A Novel Approach to Investigating the TARDBP p.G376D
Mutation in an Italian Familial ALS Case: Molecular Analysis in
Fibroblasts and iPSC-Derived Motor Neuron Models.

IL COORDINATORE

IL DOTTORE
Prof.re Fabio Bucchieri

Martina Pecoraro

IL TUTOR
Prof.re Fabio Bucchieri

CICLO XXVI
ANNO CONSEGUIMENTO TITOLO 2025



“There are no secrets to success. It is the result of preparation,

’

hard work and learning from failure.’

Colin Powel



TABLE OF CONTENTS

TABLE OF FIGURES ... ettt e ete e e e een e e e e eena e 4
TABLE OF TABLES ...ttt e ettt e e e et e e e eeae e e e eeeaaeees 5
ABBREVIATIONS ...ttt et ettt e e et e e e teaa e e e eeeaa e e e ennaeeeeees 6
ABSTRACT ...ttt e e et e e et s e e et s e e eeane s eeennaenes 14
CHAPTER I: INTRODUCTION ....cooiiiiiiiieii ettt etete e e e e e e e e e eeenaen e 16
1. Amyotrophic Lateral Sclerosis ...........ccoooooiiiiiiiiiiiiiii 16
1.1. Epidemiology................ccccooiviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 16

1.2. CURICAL fEATUTES .........ceeeeeeeeeeieeeieeeeie et ettt et e et e et e e e e een s eeeaeeeenens 16

1.3. Multifactorial disease: genetic and environmental factors. ................................ 20

1.4. Physiopathological mechanisms involved in ALS..................cc..cccovvvvnvennnnnnnnn.. 24

2.  TAR DNA binding protein-43 (TDP-43) ........cooiiiiiiiiiiiiiiieeee et 27
2.1 Pathological role of TDP-43 in ALS .............c.cccoevviiiiiiiiiiiiiiiiiiiiiiiiiiiiieneceenn, 29
2.1.1. Mislocalization: loss and gain of function....................cccc.cccccoueeeeeinnieiieennnennene. 30
2.1.2.  Post-translational ModifiCations.....................cccoeueeeuiieeiiniiiiiineeiieeiiieeeiieeeenanens 30
2.1.3. Cytoplasmic aggregations and cytotoOXiCILY ..............cooveeeniiiinniiiiniiiiniiiiininennnnens 31

2.2, The concept of TDP-43 proteinopathy .................ccccoooeevueiiiiiiniiiiiiiininiieinnneneeen. 32

2.3. ALS-associated TDP-43 MULALIONS ..................cc.ceevviiuniiiiiiiiiiiiiiiiniieiiieneeenann. 32
23010 G370D TDP-43 ...ttt ettt ettt e 34

3. Induced Pluripotent Stem CellS............ccouviiiiiiiiiiiiiiiiiiiiireiiie et eeie et e eeeaeeeens 37
3.1 iPSC generations: reprogramming and characterization ................................... 37
3.1.1. Delivery methods for reprogramming ...................cccoceevvvivnieiiiiiniinieiininieennnnnne. 38
3,12, ISOZERIC IPSCS .....couuoeeeeeeeeeeeee ettt e e et e et e e et e eea s e eeneeena s 39
3.1.3. Characterization Of IPSCS ...........cc.ccoeeeeumiiiiiiiiiaieiiieee et 40

3.2 Challenge of using iPSCs as disease models: the impact of cellular heterogeneity 41

4.  IPSCs-derived Motor NEUIONS .........cccouuiiiiiiiiiiiiiiiiiiiiiii e 43
4.1. Methods for differentiating iPSCs into MINS............ccccoeeeeuiieiniiiiiiiiiiieeieeeennn. 43
4.1.1. In vivo MNs development: the basis for in vitro differentiation .......................... 43
4.1.2. In Vitro differentiation: Small Molecules....................c.ccccevvueeveneieeniriiinnaeennans 45
4.1.3. Invitro differentiation: Transcription factors ................cccccceueveeeniveeniiiinninennnnens 47
4.1.4. Invitro differentiation: 3D- culture SyStems ................ccccoeeveuuieeiniviinniienninennnnens 47
4.1.5. Invitro differentiation: “aged” MINS ............ccccccccoouviiiiiiniiiiiiiiiiiiiiiiieniiinnnnnn. 48

5. Stress Gramules .........cooouiiiiiiiiiiiiiiiiiiiii ettt 51
5.1 Role of SGs in TDP-43 aggregation in ALS .............cccouueveenieeiiieeinineiieneennannns 51



CHAPTER II: AIM OF THE PROJECT .....ccoiiiiiiiiiiiiiiiiii et 53

CHAPTER III: MATERIAL AND METHODS ......ccooiiiiiiiieeeeteeeecee et 54
1. Primary Fibroblasts: source, culture conditions and experimental procedure ......... 54
1.1. Patient- and control-derived fibroblasts ....................cccccocoovvveiiiiiniiiiiiiniiniiinnn. 54
1.2, Skin biopsy and fibroblast culture conditions ....................ccccccoeeeenieinnieeennnnnnn. 54
1.3. Chronic StresS PAradi@mi..................coeeueeiunieeiniiiiieeeiie et et eeie e et e eeneeeenans 55
1.4. IMMUROCYIOCHEMISIIY ASSAYP ........oevueeenaeiiieeeiieneiiieeeiieeeeiieeeteeeeieeeeieeeeneeennnns 55
L.5. Nuclear and cytoplasmic fractionation......................cccccccveeeeniiiiniiinnniennnneennn.. 56
1.6. WeSLErn Blot..............ccouueeeniiiiiiiiiiiiiiie ettt ettt e 56
2. Human Induced Pluripotent Stem Cells: generation, culture condition and NIL/NIP
rANSTECTION ...t ettt e e et e eeas 57
2.1. Generation of hiPSCs and culture conditions ......................ccccoceeveeceeeunceeennnnnnn. 57
2.1.1.  Passaging with ReLeSR.................cccouueeeiuieiiiniiiiiieeiiieeetieeeeiineeiaeetiaseeneeeenanees 58
2.2. NIL/NIP transfection with PiggyBac in hiPSCs................cccccoocoviviiiiiiinnnniiinnn. 59
2.3. iPSCs differentiation in mMoOtOY REUFORS ................ccccuuveeniiiiniieiniiiiiiieiniieennneeen. 59
2.4. MNSs immunOCYLOCREMISIEY ................covvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicciiee e 60
3. Data analysis and StatiSticS............oeeiuuiiiiiiiiiiiiiiiii e 61
CHAPTER IV: RESULTS. ...ttt ettt e e et e e et e e eeena e 62
1. Expression and subcellular localization of TDP-43 in basal and chronic stress
[00) 110 LU (1) 1 R PP PPPPP 62
1.1 TDP-43 is mostly localized in the nucleus under basal conditions ...................... 62
1.2, Symptomatic G376D carrier fibroblasts are more susceptible to chronic stress .... 63
2. Differentiation and characterization of iPSCs-derived MNS ...........cccceeviiiinnnnennne. 66
2.1. From progenitors t0 IMIINS........ccouuuiiiiireiiretiieeeiieeetieeetieeetieeetneeenseernneennnnees 66
2.2, From iPSCS 10 MINS .......couuoevnniiiiiiiiiiiiiiiiiiiiiii ettt sttt ea e 69
3.  Protocols improvements: iPSC culture conditions and NIL transfection, MNs
differentiation and characterization. ...............c....ccooiiiiiiiiiiiiiiiiiii 71
3.1 Improvements on iPSCs culture conditions .....................cccccccveveuiieuniiennnnnennn.. 72
3.2, Transfection with NIL plasmids using the PiggyBac system...................c........... 74
3.3. Differentiation and MNS characterization ....................ccccueeeeeuereenneeeenaneenneeennnns 75
CHAPTER V: DISCUSSION ..ottt e ettt e e e et e e eenne e e eeenaeeee 77
1.  Does the G376D mutation have an impact on stress response?............cccceceoeevunnnines 77
2.  iPSCs-derived MNs can be obtained in 15 days using the PiggyBac System............. 78
3.  From challenges to solutions: optimizing protocols for better outcomes.................. 79
CHAPTER VI: CONCLUSIONS AND FUTURE PERSPECTIVES ........cccoceiiiiiiiiiiiinnnnnn. 81
) R O01) 1 U0 U1 T 1) | PP PPPRPPN 81
2. Future PersPeCtives .........ccceiiiiuiiiiiiiiiiiiiiiieiiieii ettt eea e e e 82
REFERENCES ...ttt ettt e et e e ettt e e e e et e e e etta e e eeeaneeeeeenaenns 84



TRACEABLE ACHIEVEMENTS

ACKNOWLEDGEMENT ............



TABLE OF FIGURES

Figure 1. Motor and cognitive features of ALS P .............cocooovuieeeiiiiciieeiee et eeiee ettt svee e 17
Figure 2. ALS gene discovery from 1990 10 2022. ................ccoouueeeeeimiieeiiiieeeiiiee et eeenans 20
Figure 3. Structural organization of TDP-43. ................cccccooiiiiiiiiiiiiiiiiiiiiii e, 27
Figure 4. Schematic representation of TDP-43 physiological function B/, ....................ccccovvvviiiiiiennnn, 29
Figure 5. Schematic representation of TDP-43 pathological mechanisms in ALS .. ........................... 30
Figure 6. Representation of TDP-43 structure and the localization of its ALS-associated mutations........ 35
Figure 7. G376D TDP-43 family tree of Apulian family [7’.................cccoovvieeeviieniiieiie e 36
Figure 8. Viral and non-viral delivery methods. ....................cc.ccocoouiiiiiiiiiiiiiiiiiiiiiiiiiiiiieniciie e, 39
Figure 9. Comparison of motor neurons differentiations: in vivo VS in vitro. .................ccccceceeuuueeeennn.. 50
Figure 10. Chronic Stress Paradigm. ..........................c.ccoiiiiiiiiiiiiiiiiiiiiiiii e, 55
Figure 11. Manual Picking. ..................c.ccccoooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii ittt 58
Figure 12. Schematic representation of the epB-NIL and epB-NIP constructs Y ..............cccceevvnne... 59
Figure 13. Timeline of differentiation protocol [PV, .................ccococvemiiiiieiiieeee e 59
Figure 14. Localization of TDP-43 and TIA-R in basal condition in fibroblasts.. ..................c..ccccceeun... 62
Figure 15. Expression of TDP-43 in basal condition in fibroblasts.. ..............ccc.....cccoeevvvviiiiiiinniininnnnn. 63
Figure 16. Comparison of chronic stress on fibroblasts at TO and T24.....................ccccceeeveueveeeunereennnn.. 64

Figure 17. Percentage of cells, showing stress granules and TDP-43 cytoplasmic aggregates at T0 after
CRPONIC STIESS (INSUILS). ....coneveeniiiiiiiiei ettt ettt et et et s et s eea s eenes 64

Figure 18. Expression of TDP-43 of subcellular fractions in non-treated and treated (T0) fibroblasts of the

THP@E SUDJECTS. . ...........cooiviiiiiiiiiiiiiiiiii i e 65
Figure 19. Characterization of WT NIL- MINS...........ccccouuieiiiiiiiiiiiiiiieiiiien ettt eetane e eeanans 67
Figure 20. Characterization of S.G376D NIL- MINS. ..........c.ccouuieeeimiieeiieeeeiiiee et eeee e ereneeeeeenans 67
Figure 21. Subcellular localization of TDP-43 in NIL-MINS.............ccccccoooiiiiiiiiiiiiiiiiiiiiiiiceeana, 68
Figure 22. Spatial organization of the neurites in @.G3760D. ...............cc.cceeeuiiiiiiiiiiiiiiiiiiiieeiiieeiiieeeanees 68
Figure 23. Presence of “flat cells” at day 20. ....................ccccouuiviiiiiiiiiiiiiiiiiiiiiiiiiieeeiiee et 69
Figure 24. Proliferative NOn-neuronal cells.. .................cccccoeuuiiiiiiiiiiiiiiiiiiiiiieeeiie et eeeee e e 70
Figure 25. High-quality IPSCS (WT).. ...c...uceiiiiiiiiiiiiieiiiieeeitteee ettt ettt e 71
Figure 26. Defective IPSCS. .............cooieuuuiiiiiiiiiiiiiiie ettt ettt st et s era s e eeanaes 72
Figure 27. Passaging with RELESR. ..................c.coouiiieiiiiiiieiiiii ettt ettt eeee e eeenaes 73
Figure 28. Increased quality of iPSCs after improvements on culture conditions.. ................................ 73
Figure 29. Cell Viability ASSAY..................cooooiviiiiiiiiiiiiiiiiiiiiiiiiii ittt et 74
Figure 30. Established NIL- iPSCS IIRe. ..............cccoceeeeeiiiiiiiiiiieiee ettt eeee e eeenans 74
Figure 31. Differentiation of NIL- iPSCs into MNS. ..............cccccoooiuiiiiiiiiiiiiiiiiiiiiiiiiicci e, 76
Figure 32. Characterization Of WT MINS............c.ccoveiiiiiiiiiiiiiiiiiiiiiiiiiiiiin sttt 76



TABLE OF TABLES

Table 1. Symptoms related to the involvement of the upper and lower motor neurons *'%, ... .. 18

Table 2. ALS-associated gene and the implicated disease mechanism listed by year of discovery

I ALS P71 oo 23
Table 3. List up to date of ALS-associated TDP-43 mutation. ......................cccococeevcvevcvencnnannnn. 33
Table 4. List of protocols using small molecules to differentiate hiPSCs into MNs """/, ............. 46



5-FDU
a.G376D
AA

ADP
ALS
ALS2
AMPA
ANG
ANXAL11
APP
ARPP21
ATG7
ATXNI1
ATXN2
BBB
BDNF
bFGF
BIBR1532
BIO
BMAA
BMP
BSA
BsdR
bvFTD
C
C210RF2
CI90ORF72
C-AMP
Cas9
CAV1
CCNF

ABBREVIATIONS

Floxuridine

asymptomatic G376D carrier

Amino acid

Adenosine diphosphate

Amyotrophic lateral sclerosis

Alsin
a-Amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid
Angiogenin

Annexin Al1

Amyloid precursor protein

CAMP regulated phosphoprotein 21
Autophagy related 7

Ataxin 1

Ataxin 2

Blood-brain barrier

Brain-derived neurotrophic factor

basic Fibroblast Growth Factor
2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-benzoic acid
6-Bromoindirubin-3'-oxime
B-Methylamino-L-alanine

Bone morphogenetic protein

Bovine Serum Albumin

Blasticidin Resistance

Behavioural variant frontotemporal dementia
Carbonium/ Carboxyl

Chromosome 21 open reading frame 2
Guanine nucleotide exchange COORF72
Cyclic adenosine monophosphate
CRISPR-associated protein 9

Caveolin 1

Cyclin F



CDNF
CFAP410
CFTR
CHAT
CHCHD10
CHIR-99021
CHMP2B
C-MYC
CNS
CNTF

CO;
CRISPR
CS

CSF

CTD

CTF

Cy3

DAPI
DAPT

DCTN1
DMH-1
DMEM
DNA
DNAJC7
DOX
DPR
DTT

E. coli
EB
EDTA
elF2a
ELP3

Cerebral dopamine neurotrophic factor

Cilia and flagella associated protein 410

Cystic fibrosis transmembrane regulator

Choline acetyltransferase
Coiled-coil-helix-coiled-coil-helix domain-containing 10
Glycogen synthase kinase 3f inhibitor

Charged multivesicular body protein 2B

Cellular myelocytomatosis oncogene

Central nervous system

Ciliary neurotrophic factor

Carbon dioxide

Clustered regularly interspaced short palindromic repeats
Calf serum

Cerebral spinal fluid

C-terminal domain

C-terminal fragment

Cyanine 3

4',6-Diamidino-2-phenylindole

Tert-butyl (S)-{(25)-2-[2-(3,5-difluorophenyl) acetamido] propanamido}

phenylacetate

Dynactin subunit 1

Dorsomorphin homolog 1

Dulbecco’s modified Eagle medium
Deoxyribonucleic acid

Dnal heat shock protein family (Hsp40) member C7
Doxycycline

Dipeptide repeat proteins

Dithiothreitol

Escherichia coli

Embryoid body

Ethylenediaminetetraacetic acid

Eukaryotic translation initiation factor 2 alpha

Elongator subunit 3



EMG Electromyography

EnoG Electroneurography

EPHA4 Ephrin type-A receptor 4

ER Endoplasmic reticulum

ERBB4 Erb-B2 Receptor Tyrosine Kinase 4
ESCs Embryonic stem cells

fALS Familial amyotrophic lateral sclerosis
FDA Food and Drugs Administration

FGF Fibroblast growth factors

FIG4 Polyphosphoinositide phosphatase

FITC Fluorescein isiothiocynate

FTD Frontotemporal dementia

FOXP1 Forkhead Box P1

FUS Fused in sarcoma

G3BP rasGAP SH3 domain binding protein 1
GDNF Glial cell-line derived neurotrophic factor
GLTS8D1 Glycosyltransferase 8 domain containing 1
gRNA Guide RNA

GSK3 Glycogen synthase kinase-3

HB9 Homeobox gene Hb9

HC Healthy control

HCI Hydrochloric acid

HES Hairy/enhancer of split

hESCs Human embryonic stem cells

HFE Homeostatic iron regulator

hiPSCs Human induced pluritpotent stem cells
HIV-1 Human immunodeficiency virus type 1
HMC Hypaxial motor column

hnRBP Human retinol-binding protein
HNRNPA1 Heterogeneous nuclear ribonucleoprotein Al
HNRNPA2B Heterogeneous nuclear ribonucleoproteins A2/B1
HOX Homeobox genes

HRE Exanucleotide repeat expansion



HRP
HSP
HTT
IF
IGF-1
iPSCs
IQR
ISL-1
ISR

IWRl1e

kDa
KIF5A
KLF4
L-myc
LCD
LDN

LHX3
LLPS

LMC
LMN
IncRNA

IvPPA
MALATI1
MATR3
MgCl,
MMC
MMTV
MN
MND
mRNA
miRNA

Horseradish peroxidase

Heat shock proteins

Huntingtin

Immunofluorescence

Insulin-like growth factor 1
Induced pluritpotent stem cells
Interquartile range

Insulin gene enhancer protein ISL-1
Integrated stress response

4-[(1R,28,6R,7S)-3,5-dioxo-4-azatricyclo [5.2.1.02,6] dec-8-en-4-yl]-N-
quinolin-8-ylbenzamide

Lysine

Kilodalton

Kinesin family member 5A
Kruppel-like factor 4
L-myelocytomatosis oncogene
Low complexity domain
4-[6-[4-(1-Piperazinyl) phenyl] pyrazolo[1,5-a] pyrimidin-3-yl] quinoline
dihydrochloride

LIM homeobox 3
Liquid-liquid phase separation
Lateral motor column

Lower motor neurons

Long non-coding RNA

Logopenic variant of primary progressive aphasia
Metastasis associated in lung adenocarcinoma transcript 1
Matrin 3

Magnesium chloride

Median motor column

Mouse mammary tumor virus

Motor neuron

Motor neuron disease

Messenger RNA

Micro RNA



NaAsO;
NaCl
naPPA
NEAA
NEAT1
NEFH
NEK1
NES
NKX6.1
NGN2
NIL
NIP
NIPA1
NLS
NMR
NRSF
NT-3
NTD
OCT3/4
OLIG2
OPTN
PA
PABP
PARylation
PAX
PB
PBMC
PBP
PBS
PBS-T
pDNA
PenStrep
PET

Sodium Arsenite
Sodium Chloride
Non-fluent/agrammatic variant of primary progressive aphasia
Non essential amino acid
Nuclear enriched abundant transcript 1
Neurofilament heavy chain
Serine/threonine-protein kinase Nek 1
Nuclear export signal
Homeobox transcription factor NK6 homeobox 1
Neurogenin2
Neurogenin2-Isl1-Lhx3
Neurogenin2-Isl1-Phox2a
Non-imprinted in Prader-Willi/Angelman syndrome region protein 1
Nuclear localization signal
Nuclear magnetic resonance
Neuron-restrictive silencer factor
Neurotrophin-3
N-terminal domain
Octamer-binding transcription factor 3/4
Oligodendrocyte transcription factor
Optineurin
poly Adenine
PolyAbinding protein
Poly (ADP-ribosyl) ation
Paired box
PiggyBac
Peripheral blood mononuclear cell
Progressive bulbar paralysis
Phosphate buffered saline
Phosphate buffered saline — Tween20
plasmid DNA
penicillin + streptomicin

Positron emission tomography

10



PFN1

PGC
PHOX2A
PICs

PLS

PMA
PMSF

PPA
Pre-miRNA
Pri-miRNA
PubC

Q/N

RA

RAN
RANBP17
RBP

REST

ROS

RRM

RNA

RT
RT-PCR
rtTA
s.G376D
SAG
SALS

SB

SCDF1
SDS
SDS-PAGE
SETX

SeV

SGs

Sh-p53

Profilin 1

Preganglionic column

Paired like homeobox 2A

48S preinitiation complexes

Primary lateral sclerosis

Progressive muscular atrophy
Phenylmethylsulfonyl fluoride

Primary progressive aphasia

miRNA precursor

Primary-microRNA

Plasmid Ubiquitin C promoter
Glutamine/asparagine-rich domain

Retinoic acid

Repeat-associated non-ATG translation
Ran-binding protein 17

RNA-binding protein

REl-silencing transcription factor

Reactive oxygen species

RNA recognition motif

Ribonucleic acid

Room Temperature

Reverse transcription — polymerase chain reaction
Reverse tetracycline-controlled transactivator
symptomatic G376D carrier

S-antigen

Sporadic amyotrophic lateral sclerosis
N-(benzo[d][1,3] dioxin-5-yl)-2-(6-methyl) pyridin-2-yl) imidazoles
Sec-1 family domain-containing 1

Sodium dodecyl sulfate

Sodium Dodecyl Sulfate — Polyacrylamide Gel Electrophoresis
Probable helicase senataxin

Sendai virus

Stress granules

Short hairpin RNA targeting p53

11



SHH Sonic hedgehog morphogen
SIGMAR1 Sigma non-opioid intracellular receptor 1

siRNA Small interfering RNA

SMAD Suppressor of mothers against decapentaplegic
SNCA a-Synuclein

SOD1 Superoxide dismutase 1

SOX2 Sex determining region Y-box 2

SPG11 Spastic paraplegia 11

SPTLC1 Serine palmitoyltransferase long chain base subunit 1
SQSTM1 p62/Sequestosome 1

STR Short tanderm repeat

STX Senataxin

SU- 5402 synthetic small-molecule inhibitor

svPPA Sematic dementia variant of primary progressive aphasia
T2A T2A peptide

TALENSs Transcription activator-like effector nucleases
TAR Trans activation response region

TARDBP TAR DNA-binding protein 43

TAT Trans-activator of transcription

TBK1 Serine/threonine-protein kinase 1

TBS-T Tris-buffered saline — Tween20

TET Transactivator protein gene

TGF- B Transforming growth factor beta

TIA-1 T-cell intracellular antigen 1

TIA-R TIA- receptor

T™MS Transcranial magnetic stimulation

TRA-1-60 Tumor-related antigens 1-60

TRE Tetracycline response element

TUBA4A Tubulin a4A

UBQLN2 Ubiquilin-2

UMNs Upper motor neurons

UNCI13A Protein unc-13 homolog A

UPS Ubiquitin-proteasome system

12



UTR
VAPB
VCP
WDR?7
WNT
WT
ZFN

Untranslated region

Vesicle-associated membrane protein-associated protein B/C
Valosin-containing protein

WD repeat-containing protein 7

Wingless-type MMTYV integration site family members
Wild type

Zinc-finger nucleases

13



ABSTRACT

Background. Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease that affects motor
neurons and leads patients to progressive paralysis and death. ALS can be sporadic ALS (sALS),
which affects approximately 90% of cases, or familial (fALS), which affects approximately 10% of
cases. To date, more than 40 ALS-related genes have been identified, including TARDBP
(Transactive DNA-Binding Protein), which encodes for TDP-43 protein, involved in RNA
metabolism. Recently, a novel TARDBP mutation, pG376D, was described in a large Italian family,
causing an aggressive and rapid ALS. To date, this mutation is unique among Caucasians.
Aim of the study. To better understand the molecular pathological mechanisms underlying ALS in
subjects carrying the G376D TDP-43 mutation, 4 objectives were set:
1) Study of the expression and sub-cellular localization of TDP-43 in patient-derived fibroblasts
under both basal and chronic stress conditions
2) Generation of induced pluripotent stem cells (iPSCs) from patient fibroblasts and
transfection with NIL and NIP transposons using the PiggyBac system
3) Differentiation and characterization of MNs
4) Study of the expression and sub-cellular localization of TDP-43 in the MNs under both basal
and stress conditions (acute and chronic).
Results. Patient-derived fibroblasts from symptomatic TDP-43 G376D mutation carrier (s.G376D),
an asymptomatic TDP-43 G376D mutation carrier (a.G376D), and a healthy control (WT) were
analysed under basal and chronic stress conditions. Under basal conditions, TDP-43 exhibited its
expected nuclear localization, consistent with its physiological role. However, upon chronic stress
induction with Sodium Arsenite, the s.G376D fibroblasts showed a reduced ability to form stress
granules and a more rapid disassembly of these granules during recovery.
iPSCs were successfully generated from fibroblasts and transfected with NIL constructs using the
PiggyBac system. The iPSCs differentiated in MNs — using an established protocol with transcription
factors —showed the typical morphology of MNs and expressed canonical markers — ChAT, Hb9,
BIII- tubulin and others — validating the robustness of the differentiation protocol. Few challenges
were encountered while establishing this human-based ALS model — particularly due to the presence
of differentiated cells — therefore, protocols refinements were carried out to enhance the culture
quality and viability of MNs population, including improved passaging methods (use of ReLeSR), a
selection of post-transfected colonies, and the use of Floxuridine to suppress proliferation of the
differentiated cells.
TDP-43 remained mostly nuclear in MNs, with some diffusion in the neurites, under basal conditions,
which aligns with aligns with its physiological roles and suggests that pathological mislocalization
may occur at later stages of disease progression, highlighting the need for further investigations in

mature MNs.
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Conclusions. This study provides important insights into the inefficient cellular responses of TDP-
43 in symptomatic G376D carriers and offers valuable improvements to iPSC culture and
differentiation protocols for ALS modelling. While further refinements are needed to improve the
quality of differentiated MNs and reduce the presence of “flat cells”, the results presented here lay
the groundwork for using iPSC-derived models to investigate ALS pathogenesis and potential

therapeutic interventions targeting G376D TDP-43.

15



CHAPTER I: INTRODUCTION

1. Amyotrophic Lateral Sclerosis
Amyotrophic Lateral Sclerosis (ALS), also known as Motor Neuron Disease (MND) or Lou Gerig’s
disease (mostly used in United States, from the name of a famous baseball player who died from
this disease in 1941) is a neurodegenerative disorder that affects motor neurons, discovered for the
first time in the 1869 by the neurologist Jean-Martin Charcot. It is characterized by the progressive
degeneration of the upper motor neurons (UMNSs, which project from the cortex to the brainstem
and the spinal cord) and lower motor neurons (LMNs, which project from the brainstem or spinal

cord to muscles) causing a progressive denervation of voluntary muscles !

1.1. Epidemiology
The ALS has an incidence of approximately 0.2-2.5 per 100000 individuals per year, the range is
large because the incidence ratio changes depending on different geographic areas: for example,
the European incidence is 3 times higher than the Asian one. Numerous population studies have

146 In the past there was a

highlighted the importance of ancestral origin in disease risk !
difference in incidence gender-related with a proportion of 1:2 in male/female, but more recent
research has shown that there is no longer difference between the gender, with the ratio now 1:1.2.
Even the global incidence is changing and increasing each year, this could be due to the
globalization that leads to a change of demographic population and a better knowledge, and
therefore diagnosis of the disease . Globally the prevalence is of 6-9 per 100000 individuals **
5]

ALS is mainly a sporadic disease (SALS), but there are cases where a mutation in an ALS-related
gene is inherited in a family, mostly with an autosomal dominant pattern; in these cases, we refer

to it as familial ALS (fALS). Onset is mainly in adults (58-63 years for sALS and 40-60 years for

fALS), but there are cases of juvenile onset (under 25 years of age) !"".

1.2. Clinical features
The neurodegeneration of motor neurons leads to progressive weakness of the muscles (upper and
lower limbs, bulbar and respiratory). Most commonly the onset is spinal (weakness of the limbs),
but in about 25-30% of cases there is a bulbar onset (characterised by dysarthria and dysphagia).
The progression is variable and depends on different factors (sporadic or familial case, gene and
mutation involved, onset type, age, risk factor, environmental factors), but generally the survival
is around 3 years, and death occurs mostly due to respiratory system failure '), Negative
prognostic factors include an advanced age at onset, bulbar onset and early impairment of

respiratory function (),
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ALS is a far more complex disease and has different phenotypic subtypes. They can be classified
by the regional onset, or by the type of motor neuron involved or even by the frontotemporal

involvement (Fig.]).

Motor features _ Cognitive features
Subtypes by regional onset UMN signs
Classic ALS * Hyperreflexia
* Bulbar ALS * Spasticity | Behavioral
¢ Spinal ALS * Slowing of variant
movements (bVFTD)
Specific subtypes Ll
¢ Pscudobulbar palsy — Primary Progressive
* Progressive bulbar palsy Spinal cord progressive nonfluent aphasia
* Mill's syndrome aphasia (PPA) (naPPA)
(hemiplegic)
Respiratory ALS
Ai?:ilz.gry Sematic dementia

Flail arm syndrome (svPPA)

Flail leg syndrome
Pseudopolyneuritic ALS LMN signs

Descending
corticalspinal neuron

-

Spinal motor neuron

* Weakness
* Muscle atrophy —

Subtypes by UMN vs LMN « Fasciculations
involvement

* Primary lateral sclerosis (PLS)

UMN predominant ALS

ALS

LMN predominant ALS

Progressive muscular

atrophy (PMA)

* s s

Figure 1. Motor and cognitive features of ALS %/,

The most common classification of ALS is by the region of onset.

Spinal onset, which affects two-thirds of ALS patients, presents with weakness and atrophy in
upper or lower limb muscles. Upper limb onset is characterised by the split-hand syndrome, while
the lower limb onset affects firstly the anterior tibial and hamstring muscles and after the
gastrocnemius and quadriceps muscles.

Bulbar onset, which affects the other one-third of ALS patients, most commonly presents with
dysarthria and dysphagia and in the later stages of the disease axial muscle weakness with head
drop and posture problems.

Depending on the type of motor neurons affected, UMNs or LMNs, symptoms may vary as listed
in Table 1.
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Motor Neurons Involved ALS Symptoms

Upper motor neuron e  Spastic hypertonicity

e pathological reflexes (Hoffmann’s and Babinski’s
reflexes)

e hyperreflexia; spastic dysarthria

Spinal lower motor neuron | e  Hypotonia with weakness and muscular hypotrophy,

fasciculations and cramps

e flaccid dysarthria

e split hand sign (asymmetry of the trophism of the muscle
masses in the hands)

e increasing dyspnoea (due to the involvement of the

respiratory muscles)

Bulbar lower motor neuron | e Dysphagia, dysarthria, dysphonia, hypotrophy e lingual

fasciculations
e sialorrhea and symmetrical muscle asthenia

e possible ab ingestis pneumonia

Table 1. Symptoms related to the involvement of the upper and lower motor neurons 121,

Although most patients can be classified in the “Classic ALS” phenotype (spinal or bulbar ALS),

the disease is clinically heterogeneous and presents a variety of subtypes:

PLS (Primary Lateral Sclerosis) involves exclusively the UMNSs. Patients with PLS can
have a family member affected with ALS ('),

PBP (Progressive Bulbar Paralysis) involves IX, X and XII cranial nerves and is possibly
associates with pseudobulbar hallmarks; this subtype has a more rapid and worse
progression with a life expectancy of 24 months ['*,

PMA (Progressive Muscular Atrophy) involves only the LMNs and is considered the less
severe ALS subtype. Some patients with PMA have mutations in ALS-related genes [/,
Pseudobulbar palsy is characterized by “expressionless face” !, dysarthria and chewing
difficulty, and dysphagia. While the PBP involves the LMN, in pseudobulbar palsy the
UMN is involved "%,

Flail arm and Flail leg ALS are two syndromes with LMN involvement, with Flail arm

onset in the upper limbs and Flail leg in the lower limbs B!4!7),

' Frontal lobe damage leads to corticobulbar tract damage that makes the face sag and impairs expression ['®
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In addition, ALS can be classified by cognitive impairment. Cognitive and behavioural changes,
which can occur early in the disease course, are now recognised to occur in 35-50% of patients
with ALS, with loss of normal language and executive function (i.e., poor working memory,
inhibition, and fluency). Typically, more long-term memory and spatial domains remain intact.
Other behavioural changes include apathy, irritability, disregard for hygiene, and eating habit
changes.

In about 10-15% of ALS patients, the degenerative process can lead to Frontotemporal dementia
(FTD) '8, FTD is characterized by the degeneration of frontal and anterior temporal lobes and

leads to behavioural changes, impairment of executive functioning and/or language impairment
[19]

ALS diagnosis consists of clinical investigation through various examinations (electromyography
(EMQG), electroneurography (ENoG), Nuclear Magnetic Resonance (NMR), Transcranial
Magnetic Stimulation (TMS), tomography and Positron Emission Tomography (PET) ') to
exclude other diseases.
The clinical investigation is then based on the revised El Escorial criteria !, which requires:
a) Evidence of LMNs degeneration by clinical, electrophysiological or neuropathological
examinations
b) Evidence of UMNs degeneration by clinical examinations
c) Progression of the motor syndrome within a region or to other regions, as determined by
history or examination
in association with the absence of:
a) Electrophysiological and pathological evidence of other disease processes that might
explain the signs of LMNs and UMNSs degeneration
b) Neuroimaging evidence of other disease processes that might explain the observed

clinical and electrophysiological signs.

Up to date, only 2 compounds have been approved for ALS therapy by the Food and Drug
Administration (FDA): Riluzole and Edavarone . Riluzole, the first approved drug, blocks the
voltage-gated sodium channel in the presynaptic neurons, reducing the glutamate release into the
synaptic cleft and consequently the excitotoxicity. Population studies have documented an
increase in survival from 6 to 19 months 2,

Edavarone is an antioxidant agent that seems to slow the progression in selected patients, but it is
not yet known whether there is an effect on survival.

Aside from these 2 compounds, the standard therapy for ALS is treatment of the symptoms

(muscle relaxants, anticholinergic drugs, drugs for neuropathic and nociceptive pain, dietary

changes and exercise, and antidepressants).
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Gene Count

1.3. Multifactorial disease: genetic and environmental factors.

ALS is a multifactorial disease in which both genetic and environmental factors take part in

neurodegeneration.

Environmental risk factors for ALS are:
¢ Smoking, which seems to be the only probable risk factor [**!

e Dietary factors, especially a higher intake of antioxidants (like Vitamin E) seem to be
correlated with a lower risk of ALS %]

e Mass index and physical activity, since there is a higher frequency of ALS among athletes
(251 or individuals who engage in vigorous physical activity

e Exposure to metals or pesticides *¥

e [-methylamino-L-alanine (BMAA), in the western Pacific

e Head injury, especially repeated ones (nevertheless, the association with ALS is not

thoroughly certain)

e Viral infections, like enteroviral infections, herpes viruses or retroviruses.

The first ALS-associated gene discovered was SOD1 (Superoxide Dismutase 1) in 1993 **)and
since then more than 120 potential genes have been identified as definitively causative, ALS risk

increasing or clinical modifiers (https://alsod.ac.uk/).
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Figure 2. ALS gene discovery from 1990 to 2022. Representative discovery of genes implicated with strong and
moderate evidence in ALS.?7

To date (Fig. 2), 17 genes are definitively implicated in ALS pathogenesis, and 27 genes have

strong or moderate evidence for their roles in causing ALS (7ab.2).
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Year | Gene (Protein) Role in ALS Implicated mechanism

1993 | SOD1 (superoxide dismutase 1) Causative Oxidative stress

1994 | NEFH (Neurofilament Heavy Chain) Risk factor Axonal transport

1998 | SETX (probable helicase senataxin) Tenuous RNA metabolism

2001 | ALS2 (alsin) Tenuous Endosomal trafficking

2003 | DCTN1(dynactin Subunit 1) Risk factor Axonal transport, Autophagy

2004 | VAPB (vesicle-associated membrane protein- Causative Endoplasmic reticulum stress, Protein homeostasis

associated protein B/C)

2004 | HFE (Homeostatic Iron Regulator) Risk factor (Strong) Iron homeostasis

2006 | ANG (angiogenin) Risk factor (Moderate) | RNA metabolism

2006 | CHMP2B (charged multivesicular body protein 2B) Risk factor (Moderate) | Endosomal trafficking, Autophagy, Protein homeostasis
2008 | TARDBP (TAR DNA-Binding Protein 43) Causative RNA metabolism

2009 | FUS (Fused in Sarcoma) Causative RNA metabolism

2009 | ELP3 (Elongator acetyltransferase complex subunit 3) | Tenuous RNA metabolism, Cytoskeletal integrity

2009 | FIG4 (polyphosphoinositide phosphatase) Risk factor (Moderate) | Endosomal trafficking

2009 | UNCI13A (protein unc-13 homolog A) Causative Neurite outgrowth, Synaptic neurotransmission

2010 | VCP (Valosin Containing Protein) Causative Mitochondrial dysfunction, Defective UPS degradation, Autophagy
2010 | SPG11 (Spatacsin) Tenuous DNA damage

2010 | ATXN?2 (ataxin 2) Clinical modifier RNA metabolism

2010 | OPTN (optineurin) Causative Autophagy, Neuroinflammation

2010 | SIGMARI1 (sigma non-opioid intracellular receptor 1) | Tenuous UPS and autophagy

2011 | C9ORF72 (guanine nucleotide exchange COORF72) Causative Autophagy, RNA metabolism, Endosomal trafficking
2011 | UBQLN?2 (ubiquilin-2) Causative Autophagy, Protein homeostasis

2011 | SQSTMI1 (p62/sequestosome 1) Risk factor (Moderate) | Autophagy, Neuroinflammation
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Year

Gene (Protein)

Role in ALS

Implicated mechanism

2011 | PFNI(profilin 1) Causative Cytoskeleton organization, Axonal growth and transport
2012 | EPHA4 (Ephrin type-A receptor 4) Causative Cytoskeletal function, Axonal degeneration
2012 | ATXNI (ataxin 1) Risk factor (Strong) Nucleocytoplasmic transport
2013 | ERBB4 (Erb-B2 Receptor Tyrosine Kinase 4) Risk factor (Moderate) | Neuronal development
2013 | HNRNPAI1 (heterogeneous nuclear ribonucleoprotein | Causative RNA metabolism
Al)
2013 | HNTNPA2BI (heterogeneous nuclear Tenuous RNA metabolism
ribonucleoprotein A2/B1)
2014 | MATR3 (matrin 3) Tenuous RNA metabolism
2014 | TUBA4A (tubulin 04A) Risk factor (Strong) Cytoskeletal dynamics, Axonal transport
2014 | CHCHDI10 (coiled-coil-helix-coiled-coil-helix Causative Mitochondrial dysfunction, Synaptic integrity
domain-containing 10)
2015 | TBKI (serine/threonine-protein kinase 1) Causative Autophagy, Neuroinflammation
2016 | C210RF72/CFAP410 (Cilia and Flagella Associated | Risk factor (Strong) Cilia formation, DNA damage repair, Mitochondrial function
Protein 410)
2016 | NEKI(serine/threonine-protein kinase Nek1) Causative DNA damage and repair, Cell cycles, Cilia formation
2016 | CCNF (Cyclin F) Risk factor (Strong) Autophagy, Axonal defects, Protein aggregation
2017 | ANXA11 (annexin Al1) Causative Protein homeostasis
2017 | TIA1 (TIA1 cytotoxic granule associated RNA Tenuous TDP-43 accumulation, RNA metabolism
binding protein)
2018 | KIF5A (Kinesin heavy chain isoform 5A) Causative Axonal transport
2019 | DNAJC7 (Dnal heat shock protein family (Hsp40) Risk factor (Moderate) | Protein homeostasis
member C7)
2019 | ARPP21 (cAMP Regulated Phosphoprotein 21) Tenuous Toxic factor acts synergistically with GLT8D1 mutation
2019 | GLT8DI (glycosyltransferase 8 domain containing 1) | Tenuous Ganglioside synthesis
2020 | CAVI1 (Caveolin 1) Unassigned Intracellular calcium homeostasis
2020 | WDR7 (WD Repeat Domain 7) Unassigned Calcium flux, Neurotransmitter release
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Year | Gene (Protein) Role in ALS Implicated mechanism

2021 | SPTLCI (Serine palmitoyl transferase long-chain base | Unassigned Sphingolipid synthesis
subunit 1)
Table 2. ALS-associated genes and the implicated disease mechanism are listed by year of discovery in ALS 1*I. Causative: variants in these genes have been shown to increase the risk of ALS based
on statistical tests. Risk factor (Strong): variants in these genes have been shown to increase the risk of ALS in well-conducted recent studies. Risk factor (Moderate): variants in these genes have been

shown to increase risk of ALS in smaller studies. Tenuous: Genetic variants in these genes have been associated with ALS in smaller studies published some time ago that have not stood up to
replication. Clinical modifier: Genetic variants in these genes have been linked to a difference in the clinical phenotype of ALS, often disease duration. Unassigned: Variants in these genes have been
linked to the ALS phenotype, but the category has not yet been assigned. (https://alsod.ac.uk/).
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A meta-analysis of the genetic epidemiology of ALS confirmed the most prevalent genetic causes
of ALS are SOD1, C9ORF72 (chromosome 9 open reading frame 72), TARDBP (TAR DNA
binding protein) and FUS (fused in sarcoma) %/,

SOD1 (Superoxide Dismutase 1). SOD1 gene encodes for a homodimeric metalloenzyme that
catalyses the reaction that changes toxic O, into O, and H,O,, which is part of the defence
mechanism against oxidative stress. SOD1 is altered in 20% of fALS and 2-7% of sSALS and more

than 200 mutations have been described, mainly missense mutations (https://alsod.ac.uk/). The

pathological mechanism proposed for ALS-associated mutations is a gain-of-function due to the
improper folding of the SOD1 protein, leading to its aggregation.

CIORF72 (Chromosome 9 Open Reading Frame 72). The pathogenic hexanucleotide repeat
expansion (HRE) (GGGGCC)n found in C9ORF72 is the most common genetic cause of ALS. It
is present in up to 50% of fALS cases and around 10% of sALS cases. This mutation in
CI90REF72 is associated with neuronal inclusions. Three pathological mechanisms have been
proposed: a loss of function due to the decreased expression of the protein, and two gain-of-
function due to the production of toxic GGGGCC repeat-containing RNAs or to the accumulation
of dipeptide repeat proteins (DPR) produced by noncanonical translation (repeat-associated non-
ATG translation, RAN).

TARDBP (TAR DNA Binding Protein). The TARDBP (trans-activation element DNA-binding
protein) gene is mutated in 5% of fALS cases and 1% in SALS cases. More than 60 different
mutations have been identified. The pathological mechanisms proposed are linked to its
cytoplasmic mislocalization and its aggregation, due to an increase of the phosphorylated TDP-
43 in the cytoplasm or to a depletion of the nuclear TDP-43 (further explored in paragraph 2).
FUS (Fused in Sarcoma). Mutant FUS is observed in 4% of fALS patients and 1% of sALS
patients. More than 120 mutations have been described at present, predominantly in the 3’ region
encoding an arginine/glycine-rich region and a NLS domain (nuclear localization signal). FUS,
which is essentially in the nucleus, regulates RNA processing, splicing, and mRNA trafficking.
More than 60% of cases with FUS mutations show disease onset before 45 years of age, with
many juvenile ALS cases. Two plausible pathological mechanisms have been proposed: a gain of
function due to the mutant FUS protein aggregates that accumulate in neurons, disrupting their
normal function and leading to cell death, and a loss of function due to the lack of the normal
function of FUS, which can lead to defects in RNA processing, potentially contributing to cell

dysfunction or death.

1.4. Physiopathological mechanisms involved in ALS
Most of the ALS-related genes are involved in the protein homeostasis and RNA metabolism of
the cells, leading in most cases to protein aggregation, mainly ubiquitinated (in fact, post-mortem

studies have shown protein aggregates in upper and lower motor neurons **)). Different
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mechanisms are involved in ALS, and their interaction leads to a disruption of the cellular network
(Fig.3).

Oxidative stress. Excess levels of reactive oxygen species (ROS) and the cell’s inability to
neutralize them contribute to neuronal injury that leads to other pathophysiological processes.
Oxidative stress in cellular models promotes alteration in TDP-43 (acetylation, phosphorylation,
mislocalization and/or cytoplasmic aggregation), which leads to dysregulation of mitochondrial
functions and RNA metabolism ),

Mitochondrial dysfunction. Different ALS models show that mitochondrial function is impaired:
altered energy production, excess generation of ROS, disruption of mitochondrial axonal
transport, altered mitochondrial morphology and dynamics, perturbation of mitophagy and
calcium buffering, and triggering of apoptosis. For example, TDP-43 physiologically binds
mitochondria-transcribed mRNA, but mutations in TARDBP increase the mitochondrial
localization of TDP-431%%),

Exitotoxicity. Excessive stimulation of postsynaptic glutamate receptors induces toxicity induced
by calcium entry in motor neurons, which are very sensitive due to a lower calcium buffering
capacity and higher presence of AMPA receptors %!,

Impaired protein homeostasis. The balance between the biogenesis and degradation of protein is
very important for the cells. Mutations in some ALS-related genes disrupt this balance due to
translation of misfolded proteins that accumulate or with aberrant localization or that can impair
the degradation system (autophagy and Ubiquitin-proteasome system (UPS)) 'l In addition,
multiple ALS-associated genes encode proteins (like TDP-43 and FUS) which interfere with
stress granules (SGs) dynamics. Stress granules are membraneless compartments constituted by
mRNA and RNA-binding proteins (RBPs) that temporarily assemble in response to stress by
stopping all the mRNA translation aside from the cytoprotective ones (further explored in
Paragraph 5).

Aberrant RNA metabolism. Many RNA-binding proteins are involved in the pathogenesis of
ALS. The RNA-binding proteins are a group of proteins that interact with RNA molecules to
regulate various aspects of RNA metabolism, including RNA processing, stability, splicing,
transport, localization, translation, and degradation. These proteins play essential roles in
maintaining cellular function by controlling the life cycle of RNA and ensuring proper gene
expression. Therefore, mutations in genes encoding these proteins can have widespread effects
on gene expression and cellular homeostasis. The two major RBPs involved in ALS are TDP-43
and FUS, which predominantly localize in the nucleus but, when mutated, mislocalize to the
cytoplasm. The mislocalization to the cytoplasm causes the depletion inside the nucleus (thus not
exploiting their physiological functions) and aggregation in the cytoplasm, where they may cause
toxicity #*3¥, Mutations in other RBPs such as angiogenin (ANG), senataxin (STX), matrin-3

(MATR3), heterogeneous nuclear ribonucleoproteins Al (hnRNPA1) and A2B1 (hnRNPA2B1),
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and ataxin-2 (ATXN2) further support the notion that disrupted RNA metabolism probably plays
an important role in ALS B,

Neuroinflammation. The central nervous system (CSN) of ALS patients can show signs of
neuroinflammation either histologically (post-mortem samples or in the cerebrospinal fluid (CSF)
and blood) and in imaging studies %), Astrocytes and microglial cells modulate inflammatory
signalling by releasing neuroprotective or neurotoxic factors.

DNA damage and repair. Several ALS-associated genes have a role in the DNA repair
mechanism (NEK1 and C210RF2) or can lead to elevated DNA damage (TARDBP).

Impaired axonal transport. Axonopathy is a hallmark in ALS studied in patients and models and
is characterized by pathological accumulations of organelles and phosphorylated neurofilaments
in motor neuron axons. Some ALS-associated mutations have been found in genes involved in

cytoskeletal and axonal transport B7

. Increasing evidence suggests that ALS axonopathy
progresses through a “dying-back” mechanism (where axon degeneration begins at the distal end
of the axon and gradually progresses backwards toward the cell body), starting from an energy
depletion in the distal axon due to mitochondrial dysfunction and defective anterograde axonal
transport [38],

Dysregulated endosomal and vesicle transport. ALS-associated gene variants that affect the
endosomal transport are: TARDBP (its loss alter dendritic endosomes and thus reduce neuronal
health), ALS2 (associated with a form of autosomal recessive juvenile onset), UNC13A (involved
in priming synaptic vesicles and neurotransmitter release), VAPB, OPTN, CHMP2B, FIG4

(mediates retrograde trafficking of endosomal vesicles to the Golgi apparatus) ..
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2. TAR DNA binding protein-43 (TDP-43)

TAR (TransActivation Response region) DNA binding protein-43 (TDP-43) is a protein, codified
by TARDBP gene (locus 1p36.22), of 414 amino acids and a molecular weight of 43 kDa,
discovered for the first time in 1995 by Ou et al *!. Ou et al. studied this protein for the first time
in the HIV-1 (Human Immunodeficiency Virus type 1), where plays a critical role in Tat (Trans-
Activator of Transcription) activation and thus the regulation of gene expression.

TDP-43 is a highly conserved and ubiquitously expressed RNA-binding protein [*’!, belonging to
the heterogeneous nuclear ribonucleoprotein (hnRNP) family, which acts as key protein in the
cellular nucleic acid metabolism due to its sequence-specificity ability to bind RNA 4,

The structure of TDP-43 (Fig.3) consists of [*3);

e N-terminal domain (NTD, aa 1-102), which comprises the Nuclear Localization Signal
(NLS, aa 82-98). The first 10 residues of the NTD are crucial for the formation of the
functional homodimers and TDP-43 physiological functions, RNA splicing, but it is also
involved in the aggregation of the full-length TDP-43 ). The NTD is also involved in liquid-
liquid phase separation (LLPS).

e two RNA recognition motifs: RRM1 (aa 104-176) and RRM2 (aa 192-262), which
comprehend the Nuclear Export Signal (NES, aa 239-250). The RRM domains have high
specificity towards short UG/TG-rich sequences of the RNA/DNA molecules 7.

e C-terminal domain (CTD, aa 274-414) which encompasses a prion-like
glutamine/asparagine-rich (Q/N) domain (aa 345-366) and a glycine-rich region (aa 366—
414). The CTD is highly disordered, and its structure resembles the prion-like domain of
yeast proteins and thus is aggregation-prone. Through this domain, TDP-43, not only binds
to 3’ Untranslated Regions (UTRs) of several thousand mRNAs, but also its mRNA (an

1 This domain is

autoregulation mechanism to control its cellular concentration) |
physiologically involved in LLPS. Most of ALS-associated TDP-43 mutations and

phosphorylation sites reside in this region.

N-terminal domain LCD
A A
- N r ™
NLS 102 ) 192 NES 262
TDP43 | B | rRmi [ TRRVM2 [ ] [oN] I
1 82 98 104 176 239 250 272 345 366 414

Figure 3. Structural organization of TDP-43. NLS: Nuclear Localization Signal, RRM1 (RNA Recognition Motif 1),
RRM?2 (RNA Recognition Motif 2), NES: Nuclear Export Signal, LCD: Low Complexity Domain), ON:
glutamine/asparagine-rich domain. [*°/

TDP-43 is mostly localized in the nucleus but, since its RNA-binding activity, shuttles to the
cytoplasm where executes its functions. Physiologically, TDP-43 is natively dimeric or exists in a

monomer-dimer equilibrium 5%,

27



TDP-43 physiologically is involved in various aspect of RNA metabolism “*! (Fig. 4):

L.

Transcription: it can act as a transcriptional repressor and is associated with proteins
implicated in transcription.

Splicing: it regulates the splicing patterns of transcripts of several important genes, such as
Cystic fibrosis transmembrane conductance regulator (CFTR), FUS, SNCA (a-synuclein),
HTT (Huntingtin), and APP (Amyloid precursor protein) and itself.

mRNA maturation and stability: it interacts with regulatory 3" UTR sequences of various
mRNAs and affects their half-life positively and/or negatively.

Transport: it associates with RNA and forms granules that transport along the axons to
deliver them in the dendrites.

Translation: it has several protein partners of the translation machinery, it can even form
complexes with some of them.

microRNA (miRNA) and long non-coding RNA (IncRNA) processing: It is involved in the
miRNA? biogenesis, since it is a component of the nuclear Drosha complex, which facilitates
the binding with pri-miRNAs?, resulting in their cleavage into pre-miRNAs* %, TDP-43
also binds several IncRNAs®, such as nuclear enriched abundant transcript 1 (NEAT1) and
metastasis-associated in lung adenocarcinoma transcript | (MALAT1).

Stress granules (SGs) formation: it is involved in the assembly and maintenance of SGs®,
and it also regulates the expression of key SG nucleating proteins, rasGAP SH3 domain

binding protein 1 (G3BP) and T cell-restricted intracellular antigen-1 (TTA-1).

2miRNA are short endogenous sequences (20—22 nucleotides) of single-stranded non-coding RNA involved
in finely controlling gene expression.
% Pri-miRNAs are long primary transcripts which consist of a short double strand RNA (dsRNA) region and a

loop.

4 Pre-miRNAs are intermediate precursors that are formed after the cleavage of the pri-miRNAs by the nuclear
Drosha complex.

®IncRNA are non-coding transcripts of more than 200 nucleotides that have a broad role but generally involve
transcriptional regulation of other genes.

€ Further explored in Paragraph 5.
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Figure 4. Schematic representation of TDP-43 physiological function I, TDP-43 is crucial for RNA metabolism, such
as transcription and splicing, mRNA maturation, miRNA biogenesis, mRNA transport and more. More than 6000 of
mRNA target are associated with TDP-43 (around 30% of the entire transcriptome).

2.1. Pathological role of TDP-43 in ALS

The pathological inclusion of TDP-43 in the brain is one of the defining features of ALS, and its
presence has become a hallmark of the disease. TDP-43 undergoes a series of pathological
alterations that culminate in its mislocalization from the nucleus to the cytoplasm, where it
aggregates and forms insoluble inclusions. These inclusions are a key pathological feature of ALS
and are found in motor neurons, glial cells, and other brain regions associated with the disease.
The effects of the ALS-associated mutations on the TDP-43 protein include increased propensity
to aggregate, enhanced cytoplasmic mislocalization, altered protein stability,

resistance to proteases or modified binding interactions with other proteins and more (Fig.5).
Most of the mutation are in the exon 6 of TARDBP which encodes for the CTD, enhancing its
aggregation propensity or its mislocalization to the cytoplasm or increased susceptibility to the

protease-mediate degradation. Some mutations are found in both familial and sporadic cases.
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Figure 5. Schematic representation of TDP-43 pathological mechanisms in ALS *l, In ALS, TDP-43 undergoes

abnormal changes, such as hyperphosphorylation, mislocalization from the nucleus to the cytoplasm, and aggregation

into insoluble inclusions within motor neurons and other brain cells.

2.1.1. Mislocalization: loss and gain of function

One of the principal alterations of TDP-43 in ALS is its mislocalization from the nucleus to

the cytoplasm and thus its inclusion in cytoplasmic bodies in the brain [,
TDP-43 is mostly nuclear but its presence in the cytoplasm is physiological since it shuttles
between the two compartments to carry out its functions. However, when TDP-43 is mutated,
its cytoplasmic concentration increases, leading to its depletion in the nucleus and to a
tendency to aggregation. The mechanism underlying the mislocalization it’s still unclear, but
the effects alter the normal cellular function, leading to neurons degeneration, due to both a
loss of function and a gain of function of TDP-43. The loss of function mechanism results
from TDP-43 nuclear depletion where it cannot carry out its normal functions (impaired RNA
splicing, disruption of mRNA stability and transport, aberrant chromatin remodelling), while
the gain of function mechanism results from its accumulation and toxic aggregation into the
cytoplasm (post-translation modifications of TDP-43 lead to toxic aggregates formation,

sequestration of RNA and proteins, cellular toxicity) 5,

2.1.2. Post-translational modifications
The alterations that TDP-43 goes through are mostly post-translational modifications, such as
phosphorylation, acetylation, proteolytic cleavage and ubiquitination.
Phosphorylation. TDP-43 has 41 serine, 15 threonine and 8 tyrosine residues,
which may act as potential phosphorylation sites. Some of the most well-known

phosphorylation sites reside in CTD and include Ser-379, Ser-403, Ser-404, especially Ser-
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409 and Ser-410, which are considered crucial for cytoplasmic aggregation ). The
phosphorylated TDP-43 in the cytoplasm is often found in ubiquitin-positive and tau-negative
inclusions in the brain cortex and spinal cord of ALS and FTD patients °°. The aggregates
formed by phosphorylated TDP-43 are thought to exacerbate the loss of function mechanism
and contribute to cell stress, mitochondrial dysfunction, and thus neuronal death.
Ubiquitination. In 2006, TDP-43 was identified as a key component of the insoluble and
ubiquitinated inclusions in the brains of ALS and FTD patients [****!. The most well-known
ubiquitination sites are the lysines K-48 and K-63. Scotter et al. have also found that when K-
48 is poly-ubiquitinated, TDP-43 is degraded through the UPS, instead, when K-63 is
polyubiquitinated TDP-43 is removed through the autophagic system P’ Despite being
ubiquitinated, TDP-43 aggregates are not efficiently degraded. This suggests that there is a
failure of the UPS in ALS, which is unable to clear the ubiquitinated TDP-43 aggregates
effectively, leading to their accumulation in the cytoplasm and disruption of cellular processes.
Acetylation. TDP-43 has 20 lysine residues, but not all of them can be acetylated. The most
well-known acetylation sites are K-145 and K-192. In ALS, TDP-43 acetylation can impair its
ability to bind RNA, regulate gene expression, and participate in RNA processing [,
Proteolytic cleavage. TDP-43 presents 8 asparagines that could be sites for proteolytic
cleavage, such as Asp89, Asp174 and Asp391. This cleavage generates C-terminally truncated
fragments (CTF), such as CTF25 and CTF35, leading to the formation of the corresponding
truncated protein, TDP-25 and TDP-35. CTF35 is generated by caspase-3/7-mediated cleavage
after Asp89; CTF25 could be generated by caspase-4-mediated cleavage after Asp174 and by
the cleavage after Asp169 %, Li et al. discovered that TDP-43 is cleaved initially after
Aspl74, generating CTF25, and this activates the downstream caspase-3/7 pathway,
generating CTF35. This proteolytic cleavage of TDP-43 impairs its RNA binding capability
and increases its propensity to aggregate in the cytoplasm.

Poly ADP-Ribosylation. TDP-43 glutamate or aspartate can be poly ADP-ribosylated (or
PARylated) under DNA damage or cellular stress conditions. This modification can alter TDP-
43’s ability to bind RNA and other proteins, causing its mislocalization to the cytoplasm and
its aggregation. In addition, PARylation seems to promote TDP-43’s accumulation in stress
granules [,

Cysteine oxidation. TDP-43 has 6 cysteines, mostly localized in the RRM. Under oxidative
stress conditions, TDP-43’s cysteines can undergo oxidation, which could affect its RNA-

binding functions and lead to TDP-43 misfolding and aggregation '/,

2.1.3. Cytoplasmic aggregations and cytotoxicity
The pathological alterations that TDP-43 undergoes, lead to impairment of its physiological
functions which lead to cytoplasmic aggregation and thus causes a cascade of detrimental

effects (Fig.5). The nuclear depletion of TDP-43, due to its mislocalization, lead to aberrant
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RNA metabolism, accumulation to the cytoplasm and alteration of the ability to autoregulate
its levels, promoting cytoplasmic aggregations.

Furthermore, the pathological changes in TDP-43 influence the protein turnover due the
disruption of the UPS and autophagy. In ALS, the UPS is perturbed probably due to age-
dependent malfunctions or ALS-associated mutations in proteins involved in the UPS,
impairing TDP-43 clearance 7).

The accumulation of TDP-43 in the cytoplasm also influences autophagy. In addition, ALS-
associated mutation in TDP-43 can lose the ability to bind the mRNA of protein ATG7
(Autophagy related 7), a key protein of the autophagy [**.

Pathological TDP-43 aggregates can have an impact on the mitochondrial functions:
microtubule-mediated transport, membrane integrity, increased oxidative stress, dynamics,
interactions with ER, calcium dysregulation and microglial activation (3!,

In ALS and FTD, TDP-43 aggregates show prion’-like behaviour, such as self-propagation
and intercellular spread. Misfolded TDP-43 aggregates can recruit normally folded TDP-43
inside, causing it to misfold and thus propagate within the cell. Furthermore, some studies
suggest that TDP-43 can spread outside the cell through either exosome-mediated transfer or

direct cellular connections 4,

2.2. The concept of TDP-43 proteinopathy
TDP-43 inclusions are a hallmark of ALS and FTD disease. However, numerous studies have

found inclusions of non-mutated TDP-43 in other neurodegenerative diseases: dementia with

65] [66

Lewy bodies ® corticobasal degeneration [°“, progressive supranuclear palsy '®”, Guam

[68]

parkinsonism-dementia *®), Pick’s disease (671

1691, , Alzheimer's,

hippocampal sclerosis
Huntington’s and Parkinson’s disease [**'. Despite the differences in etiology, clinical symptoms
and hallmarks between these diseases, TDP-43 shows the same pathological patterns (nuclear
depletion, aggregation, ubiquitination and phosphorylation) in neurons and glia as ALS and FTD.
These common TDP-43 pathomechanisms allow this group of neurodegenerative disease to be

51,70]

described as TDP-43 proteinopathies !

2.3. ALS-associated TDP-43 mutations
Since TDP-43 discovery, more than 60 mutations have been found and associated with ALS (5%
in fALS cases and 1% in sALS cases). Most of the mutations are missense® and falls in the exon
6 which codify for CTD, aside from G40G, D65E, A66A in the NTD, A90V in NLS, S104S and
D169G in RRM1, P225P in RRM2 and N267S (Fig. 6). Since the CTD is highly disordered and

7 “Proteinaceous infectious particle” is a misfolded protein that induces misfolding in normal variant of the
same protein.
8 Missense mutations occur when a single nucleotide base in a DNA sequence is substitute with another,
resulting in a different codon and a different amino acid.
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encompass the Q/N-rich domain, the mutations in this region heighten TDP-43 aggregation-
proneness. The possible reason behind the local prevalence of the mutations could be due to a
better compatibility with normal development during early life stages "),
The first mutations associated with ALS were discovered in 2008:

e DI169G, G287S, A315T, G348C, R3618S, A382T, N390D, N390S 1"

e G290A, G298s ™

e G294A, Q331K, M337v ™

e Q343R"
Since then, more mutations have been found each year (7able 3) and their functional

consequences in ALS have been understood.

ALS-associated TDP-43 mutations

G40G D65E A66A A90V S104S D169G
P225p N267S G287S G290A S292N G294A
G294V G295C G295R G2958S G298S Q303H
M311V A315A A315E A315T S317T A321G
A321V Q331K S332N G335D M337V Q343R
N345K G348C G348R G348V N352N N3528
N352T G357R G3578 M359V R361S R361T
P363A A366A G368S Y374X S375G G376D
N378D N378S N378 A382del | S379C S379P A382P
A382T I383T 1383V G384R W385G S387del/insTNP
N390D N390S S393L c.-12-54G>A | ¢.-66G>T | c.-69C>T
c.403-80G>A | c.411A>G| c.543+112C>A | c.81G>A

Table 3. List up to date of ALS-associated TDP-43 mutation (https://alsod.ac.uk/output/gene. php/TARDBP).

Most missense mutations exhibit an autosomal dominant pattern of inheritance and a spinal onset
in both UMN and LMN of the disease. The most frequent ALS-associated TDP-43 mutation is
the A382T, observed both in fALS and sALS, followed by the M337V, the G348C, and the
G294V ") Many mutations result in substitutions to threonine and serine residues and may thus
increase TDP-43 phosphorylation. Other mutations enhance aggregates formation (Q331K,
M337V, Q343R, N345K, N390D), others may increase TDP-43 fragmentation with potential
aggregation of CTF (A382T, S393L) and others may enhance TDP-43 mislocalization (G294V,
A315T, M337V, A382T, and G376D) ). Some mutations are involved with the stress granules
dynamics: D196G and R361G TDP-43 accumulate in major quantity in the stress granules;
G348C TDP-43 forms larger stress granules; A315T and Q343R TDP-43 increase their size but
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decrease their distribution density; D169G, G294A, Q343R, N390D, Q331K, and M337V TDP-
43 enhance inclusion bodies **).

However, all the existing data suggest that the effect of TDP-43 mutations may vary from patient
to patient even within the same family, because they are heavily influenced by personal genetic

background.

2.3.1.G376D TDP-43

In 2011, the novel mutation p.G376D was detected by Conforti et al. in a 67-year-old Italian
woman, who developed progressive upper-limb weakness ["®!. This woman belonged to a large
Apulian family with several members affected by a rapidly progressive form of ALS. The
construction of the family tree of this Apulian family (Fig.7), thanks even to the non-profit
2HE Association (https://www.ioposso.eu/2he), revealed an autosomal dominant inheritance
pattern with high yet incomplete penetrance "), According to 2HE Association, since 2014 to
date, among the 39 individuals diagnosed with this mutation, 25 cases have developed
symptoms manifesting ALS, resulting in about 1 new case each year. To date, this family tree
has expanded to include 8 generations, tracking back to 1890, with a total of 890 individuals
and it is still evolving (personal communication).

The only other description of this mutation is an Asian fALS case * and a Swiss case [*],
which was later revealed to be a member of the same Apulian family living in Switzerland
(2HE Association, personal communication). Therefore, this mutation remains unique in
Caucasians.

The pathological mechanism behind this mutation is still unknown, and therefore, the 2HE
Association has started a program and collected biological samples (DNA, plasma and
fibroblasts of asymptomatic, symptomatic carriers and healthy controls) from members of this
family, which has the advantage of sharing a similar genetic background. Various research
groups in Italy, including the one led by the late Professor Vincenzo La Bella, under whom |
completed my PhD, are part of this program dedicated to studying, understanding and

ultimately developing treatments for this mutation.
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Figure 6. Representation of TDP-43 structure and the localization of its ALS-associated mutations. Most of the mutations are localized in exon 6 that codify for the CTD.

This is a revisited and updated image from Prasad et al, 2019 (%,
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Figure 7. G376D TDP-43 family tree of Apulian family |”’!. Square indicates male; circle female; slash deceased; black symbols patients affected by ALS; empty symbols with black
dot are asymptomatic carriers. Red dot indicates DNA available for the study. To date, this family tree has expanded to include 8 generations, tracking back to 1890, with a total of 890
individuals and it is still evolving.
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3. Induced Pluripotent Stem Cells

In 2006, a revolutionary technological discovery was made by Yamanaka and Takahashi, which

2] These cells were

generated embryonic stem cells (ESCs)-like cells from mouse somatic cells
termed induced pluripotent stem cells (iPSCs) and possess the ability to self-renew and differentiate
into almost any cell type. In 2007, Yamanaka and Takahashi generated iPSCs from human
fibroblasts [**], using the same 4 transcription factors: Oct3/4 (Octamer-binding transcription factor
3/4), Sox2 (Sex determining region Y-box 2), Kif4 (Kruppel-like factor 4) and c-Myc.

This new technology marked a turning point in the study of disease-related cell types (especially
for diseases lacking suitable animal models), which are essential to study the disease pathogenesis,
to screen new therapeutics and to develop cell replacement therapy, ultimately leading to patient-
specific therapy.

In recognition of this revolutionary work, in 2012, Yamanaka was awarded the Nobel Prize in

Physiology or Medicine.

3.1. iPSC generations: reprogramming and characterization
To generate iPSCs, Yamanaka et al. used the so-called ““Yamanaka factors” in the fibroblasts of
mouse. These four transcription factors were Oct3/4, Sox2, KIf4 and Myc.
Oct3/4. Oct3/4 is a pluripotency regulator during embryonic development, and its repression
induces loss of pluripotency and differentiation, therefore, it plays a fundamental role in activating
pluripotency-associated genes, maintaining the undifferentiated state of the stem cells and
inhibiting differentiation genes [#2-%% 881,
Sox2. Sox2 is a transcriptional factor that regulates pluripotency and neural differentiation.
Together with Oct3/4, it maintains the self-renewal ability of iPSCs and is essential for their
reprogramming. In addition, Sox2 interacts with other neural transcription factors and activates
the expression of neural progenitor genes 825658,
c-Myc. C-Myc, together with its binding protein Max, is involved in cell proliferation, growth,
differentiation and apoptosis and its repression stops self-renewal in ESCs and promotes

differentiation. C-Myc may allow Oct3/4 and Sox2 to bind to their specific target DNA loci
[82,87,88]

Kif4. Klf4 is a zinc finger-type transcription factor that regulates proliferation, apoptosis,
differentiation and development. Nanog activate K1f4, which in turn, activates the expression of
Nanog, Sox2 and Oct3/4. Together with c-Myc, its role is not essential for iPSCs reprogramming

but enhances the effects of Oct3/4 and Sox2 #8339,
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The first somatic cells used to generate iPSCs were fibroblasts (of mouse first, and human after)
(8281 To date, the fibroblasts are the most used somatic cell type since they have a lot of
advantages:

e can grow from a skin punch biopsy, which is an easy and not too much invasive

procedure

e are easily cultured, requiring a minimum of serum and medium

e have a high proliferative rate.
Aside from fibroblasts, theoretically every type of somatic cells can be used as starting material,
however in the practice, the other cell types used today to generate iPSCs are: 1) PBMCs
(peripheral blood mononuclear cells), 2) exfoliated renal cells (from urine), 3) keratinocytes (from
plucked hair). These cells are more accessible than fibroblasts, since they can be collected through

non-invasive methods (blood, urine, hair) %%,

3.1.1. Delivery methods for reprogramming
iPSCs can be generated through viral or non-viral delivery methods of the transcription factors.
Viral delivery methods. The first reprogramming methods were viral transduction, specifically

82931 " and to date, they are still widely used. However,

retroviral and lentiviral transduction !
retrovirus and lentivirus can integrate into the iPSCs genome, leading to improper activation
of proto-oncogenes and insertional mutagenesis.
Therefore, non-integrative methods have been developed, such as Adenovirus’ and Sendai
virus'®, although they are less effective than integrative ones . Adenovirus do not integrate
into the iPSCs genome, but it results in transient delivery; therefore, several transductions are
required for reprogramming. In addition, it is a DNA virus, so it leaves a DNA footprint in the
iPSCs. F-deficient Sendai virus, instead, is an RNA virus that does not have a DNA phase and
does not enter the nucleus, therefore, it will not leave a DNA footprint, and it will be cleared
from the cells after around 10 passages. In addition, Sendai virus has a high efficiency (more
than 80%), compared to the previous methods and even the non-viral methods P*°7),
Non-viral methods. Several non-viral methods have been successfully developed °® such as
(Fig. 8):

e Episomal vectors are now an established method to reprogram human fibroblasts into

human iPSCs (hiPSCs) with a good efficiency ..

® Adenovirus is a non-enveloped, double-stranded DNA with icosahedral capsid virus belonging to the
Adenoviridae family 3,

10 Sendai virus (mouse parainfluenza virus type 1 or hemagglutinating virus of Japan (HVJ)) is a non-
segmented negative-strand RNA virus belonging to the Paramyxovirus family with a large spherical shape. A
SeV virion consists of the nucleocapsid (genomic RNA complexed with proteins), an envelope (a lipid bilayer)
and a matrix connecting the nucleocapsid and envelope [**,
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e PiggyBac system'' is promising for mouse iPSCs but has a very low efficiency for
reprogramming human mesenchymal stem cells (50-fold less than retroviral delivery)
[100]

e Minicircle DNA'? has low efficiency of reprogramming in neonatal fibroblasts and
there are no reports in other somatic cell types %!,

e Direct protein delivery has a lower efficiency of mRNA delivery ',

e Synthetized mRNA has the advantage of having high efficiency and being

commercially available but is labour intensive %,

Sendai Virus
mRNA

Retrovirus/ Lentivirus

= ‘ Episomal vectors ‘
20
E PiggyB

iggyBac . . .
E LR Risk of integration
) Extremely High
~ Moderate

Figure 8. Viral and non-viral delivery methods. Reprogramming delivery methods, viral and non-viral,
ordered by reprogramming efficiency and distinguished (by colour) based on their risk of integration in the
iPSCs genome.

3.1.2. Isogenic iPSCs
Patient-derived primary cells are valuable tools for disease modelling, aiding in the study of
the disease and the development of therapeutic strategies. However, their use is limited due to
the restricted growth potential and to difficulty in accessing certain cell types. The
development of human iPSC technology overcomes limitations of primary cells by offering
the possibility of using hiPSCs derived from easily available patient-derived cells as a model.
Obtaining the necessary starting material from patients remains a challenge, as it’s not always
feasible due to patient refusal or the lack of patients with very rare mutations. Furthermore,
when using an iPSCs-based disease model (particularly those with defined genetic causes),

most of the time, the adequate controls are iPSCs derived from a healthy family member, but

" PiggyBac is transposon that in the presence of a transposase can be integrated into chromosomal TTAA sites
and subsequently excised from the genome footprint-free upon re-expression of the transposase 81,
2 Minicircle DNA are minimal vectors containing only the eukaryotic promoter and cDNA(s) that will be
expressed (%,
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this condition can lead to confounded data interpretation due to cell heterogeneity and different
genetic backgrounds. For this reason, isogenic iPSCs are increasingly being used as disease
model.

Isogenic iPSCs are iPSCs that have been gene-edited: 1) correction of disease-causing gene
mutations in patient-derived iPSCs; 2) introduction of specific mutation in wild-type (WT)
iPSCs. This allows the generation of iPSCs lines genetically identical to the donor somatic
cells, which can ensure the identification of the physiopathological mechanisms underlying
the disease with the sole variable of the introduced/corrected mutation and without the genetic
background variable and line-to-line variations (further explored in sub-paragraph 3.2) ',
The most used gene-editing technologies are:

e CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/ CRISPR-
associated protein 9). CRISPR/Cas9 involves a guide RNA (gRNA) that matches the
desired target gene and Cas9, an endonuclease, which breaks a double-stranded DNA,
allowing the cell’s repair mechanism system to knock out the gene or enable the
insertion of new genetic material %%,

e Z7FNs (zinc-finger nucleases). ZFNs consist of a customized array of zinc-fingers
engineered to bind to a specific DNA sequence and a non-specific DNA endonuclease
domain. When the ZFN binds the targeted sequence, the nucleases domain dimerizes
and makes a double-strand break on DNA, allowing then the cell’s repair mechanism
system to intervene !,

e TALENS (transcription activator-like effector nucleases). TALENSs consist of a non-
specific DNA nuclease fused to a DNA-binding domain, engineered to target specific

DNA sequences. Like the ZFN, the nuclease induces double-strand breaks, which are

then repaired by the repair mechanism system %7,

3.1.3. Characterization of iPSCs
To ensure that the reprogramming process is successful, it is very important to characterize
the iPSCs before differentiating them, through different assays [**!%,
Morphology. iPSCs present typical stem cell morphology: compact and well-defined borders
— colonies should have smooth and “round” edges with clear boundaries, a high nucleus-to-
cytoplasm ratio — cells should appear dense with large nuclei and minimal cytoplasm,
uniform cell morphology — cells within the colony should look similar in size, tightly
packed, prominent nucleoli — the nuclei often show one or more nucleoli, flat colony
structure — colonies should grow in a flat monolayer, high refractivity under phase-contrast
microscopy, absence of differentiated cells.
Pluripotency markers. To ensure that the reprogramming process was successful, the iPSCs
must express pluripotency markers. Therefore, the pluripotency markers to be studied must
certainly be Oct3/4, Sox2 and Nanog, but it would be recommended to study other markers in
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combination with the first ones, such as c-Myc, KIF4 and Tra-1-60 (Tumor-related antigens
1-60) to better determine the pluripotency of the iPSCs.

Embryoid body and teratoma formation. iPSCs should be able to differentiate into cells of
the three germ layers (ectoderm, endoderm and mesoderm), therefore embryoid body and
teratoma formation assays are carried out. In the embryoid body (EB) formation assay the
iPSCs are grown in suspension so that they can spontaneously aggregate to form the EB, while
in the teratoma formation assay, they are injected into an immunodeficient mouse to become
a teratoma. Then the expression of markers belonging to the three germ layers is tested on EBs
and teratoma.

STR. STR" (Short Tandem Repeat) assay, along with gene sequencing (in case of iPSCs with
a specific mutation) is carried out to authenticate the iPSCs identity.

Karyotype. During reprogramming, the iPSCs could acquire genetic abnormalities
(aneuploidies and structural changes), therefore, the karyotype is required after
reprogramming to ensure that the iPSCs obtained are stable and without any abnormalities.
Silencing of transgenes. The transgenes used for reprogramming should not be expressed

anymore after some passage; therefore, is important to study their silencing.

3.2. Challenge of using iPSCs as disease models: the impact of cellular heterogeneity

The use of iPSCs as a disease model is a powerful tool in the research field and gene therapy.
Despite their numerous advantages, iPSCs-based disease model presents some challenges that are
still to be overcome, such as cellular heterogeneity, lack of maturity of the iPSCs-derived
phenotypic cells and incomplete disease representation.

Cellular heterogeneity refers to the variability shown within iPSCs cultures derived from the same
donor "), This heterogeneity can complicate the interpretation of the results and could be due to:
1) clonal variation, i.e. subtle genetic differences during the reprogramming process can lead to
variations between iPSCs clones from the same donor; 2) incomplete reprogramming process,
some cells may remain partially differentiated; 3) epigenetic variations between cells during the
reprogramming process; 4) variability due to passage number and culture conditions of the
somatic cells.

Especially in the case of polygenic or sporadic disease, the use of iPSCs as a disease model is
even more challenging since the phenotypic cells obtained from the differentiation of the iPSCs
often exhibit an immature, embryonic-like phenotype, lacking the functional and molecular
characteristics of a fully developed adult. Moreover, conventional iPSC-derived cell cultures (2D-
cuture systems) do not reflect the complex interactions between different cell types or the
influence of the in vivo environment. As a result, disease mechanisms, especially those associated

with late-onset or multifactorial conditions such as amyotrophic lateral sclerosis (ALS), cannot

13 STR (short tandem repeats) are short sequences of DNA of 2-6 bp that are repeated in tandem 1'%, used as molecular
marker of loci for DNA profiling, forensic genetic and authentication of cells.
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be fully elucidated using single-cell-type models alone ', Co-culture of two-different types of
phenotypic cells and organ-on-a-chip (3D-culture systems) promises to overcome these
limitations by enabling the study of cellular interactions and more accurately simulating the

physiological microenvironment.
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4. TPSCs-derived Motor Neurons

ALS is characterized by the progressive degeneration of the UMNs and LMNs. The UMNSs reside
in the cerebral cortex, specifically within the primary motor cortex, and their axons descend to the
brainstem and establish a pathway that connects with the spinal cord. The LMNs - which include
the branchial, visceral and spinal MNs - reside in the brainstem and the spinal cord and innervate
skeletal muscle in the periphery '),

Until recently, the study of MNs affected by ALS relied on post-mortem brain tissue, animal models
or neuron-like cell lines. However, each of these models presents significant limitations; for
example, findings from animal models cannot always be extrapolated directly to humans. The
advent of iPSCs technology has opened new avenues for studying ALS.

Insights into motor neuron development in vivo enabled Wichterle et al. to successfully
differentiate embryonic stem cells (ESCs) into MNS in 2002 "% a breakthrough that was later
extended by Dimos et al., who derived MNs from iPSCs in 2008 '), Since then, many researchers
have contributed to the development of differentiation protocols, which can be categorized into: 1)
differentiation through the use of small molecules which mimic morphogen signals in embryo
development; 2) differentiation through the expression of lineage-specific transcription factors; 3)

differentiation through use of 3D cultures.

4.1. Methods for differentiating iPSCs into MNs
Several factors must be considered when selecting a method for differentiating iPSCs into MNs.
In 2D-culture systems, in particular, the fundamental aspects to consider are the differentiation
yield and the homogeneity of the resulting MNs population. Consequently, many laboratories are
developing increasingly sophisticated differentiation protocols to optimize these outcomes. The
2D culture system is useful for studying the development of MNs and the disease pathology driven
by intrinsic cellular factors, but it cannot mimic the effect of a more complex microenvironment.
Therefore, it is useful to use the co-culture or 3D-culture system with heterogeneous cells, such
as MNs and skeletal muscle or microglia, to better understand multifactorial disease and the
interaction with the microenvironment !4,

Given that ALS primarily affects LMNs located in the spinal cord, the present thesis focuses

specifically on the generation of spinal MNs from iPSCs. The following sections provide an

overview of current differentiation protocols aimed at producing sMNs in vitro (Fig. 9).

4.1.1. In vivo MNs development: the basis for in vitro differentiation
The differentiation process of iPSCs is based on in vivo embryonic development, in which the
iPSCs are guided through the neural progenitor stages towards a motor neuronal fate. The
signalling pathways during embryonic motor neuron development have been extensively
studied "', In vivo, the ectoderm undergoes a process called neurulation, which leads to the

formation of three ectodermal masses:
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e the neural tube, which gives rise to the CNS (Central Nervous System), composed of
the brain and the spinal cord
e the neural crest cells, which form the peripheral ganglion, the pigments of the skin and
the dorsal root ganglia

e the external ectoderm, which generates the epidermis.
After the neurulation, the neural tube undergoes by several stimulations of inductive signalling
for the subsequent differentiation process. The ectodermal cells acquire neural identity through
the activation of FGFs (Fibroblast growth factors) and Wnt (Wingless-type MMTYV integration
site family members) signalling, and at the same time, the mesodermal and endodermal cells
are inhibited through the dual-SMAD, i.e. inhibition of BMPs (Bone Morphogenetic Proteins)
and TGF- B (Transforming Growth Factor Beta) signalling ' '],
FGFs, Retinoic Acid (RA), and Wnt signalling are fundamental for establishing caudal (spinal)
neural identity. RA promotes the expression of rostral Hox genes'* (e.g., Hox1 — Hox5), while
FGF signalling induces more caudal Hox genes (e.g., Hox6 — Hox9), thereby defining motor
neuron columnar identities. These factors are expressed in a decreasing dorsal to ventral
gradient, while simultaneously co-operate with an increasing ventral to dorsal gradient of SHH
(sonic hedgehog morphogen). SHH are critical for the induction of spinal MN progenitors
through the sequential activation of transcription factors such as PAX6, NKX6.1 and OLIG2.
OLIG2 represses HES expression, which induces Neurogenin2 (Ngn2). Ngn2 is required for
cell cycle exit and induction of MN transcription factors such as HB9, Isl-1 and LHX3, which
further specify and stabilize the MN identity. As HB9"™ MNs exit the cell cycle and mature,
they start to express CHAT (Choline Acetyltransferase), which is responsible for synthesizing
acetylcholine at the neuromuscular junction ! 118,
After the formation of the general MN progenitor, inductive signals along the rostro-caudal
axis ulteriorly develop MNs to adjust to specific local needs, leading to the formation of
anatomically defined motor columns. There are four main columns: the median motor column
(MMC, which innervate axial muscles'®), the lateral motor column (LMC, which innervate
limb muscles), the hypaxial motor column (HMC, which innervate muscles derived from the
ventral mesenchyme'®), and the preganglionic column (PGC, which connect to the
sympathetic ganglia) '),
The spatial expression of Hox genes, along with transcription factors such as FOXP1 and

LHX3, determines the subtype identity of spinal MNs. For example, LMC neurons are
characterized by a FOXP1"/LHX3" profile, whereas MMC neurons express FOXP1/LHX3".

14 Hox genes (or homeobox sequences) are a conserved 180 bp region of DNA that encodes a DNA-binding homeodomain.
Homeobox-containing genes often encode transcription factors that play crucial roles in development and patterning 17,
15 Axial muscles are mainly involved in the maintenance of the body posture and are found all along the body axis !,

16 The ventral mesenchyme gives rise to the body wall musculature composed of the intercostal and abdominal muscles
present only at thoracic level [,
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These molecular signatures are critical for classifying MN subtypes both in vivo and in vitro

(11

4.1.2. In Vitro differentiation: Small Molecules
Inspired by the MNs in vivo development, several approaches have been proposed to
successfully differentiate iPSCs into spinal MNs.
Wichterle et al. were the first to develop a protocol to successfully differentiate mouse ESCs
into spinal MNs by culturing them in suspension to form EBs. The EBs were exposed to RA
and SHH signalling to generate MN progenitors, which became MNs using neurotrophic
factors. This protocol was successful but time-consuming "%,
To enhance differentiation efficiency, different strategies have been applied in the years (7ab.
4). Following are some of the most relevant modifications to improve the differentiation in
MNs:

e Chambers et al. introduced the dual-SMAD inhibition to promote the formation of
neural stem cells (NSCs) [

e Amoroso et al. increased the yield of MNs through the increase of RA concentration
and the addition of SHH agonists, and later Qu et al. increased even more the yield by
advancing the timing of RA treatment 2% 121,

e Maury et al. and Du et al. demonstrated that inhibiting GSK3 with CHIR-99021, a
Wnt pathway agonist, during neural induction promoted neural differentiation and
enhanced generation of MN progenitors 2% ]

e Ben-Shushan et al. inhibited the Notch signalling with y-secretase inhibitors (e.g.
DAPT) to accelerate MN differentiation !>,

Other optimisation efforts have also demonstrated the impact of timing, plating, and media

composition on the yield and purity of MN populations. These efforts highlight the complexity

of developing efficient MN differentiation protocols, where small changes in protocol can

affect outcomes.
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Year  Small molecules Duration (days) = MN efficiency (%) @ References

2008 RA, SHH, BDNF, GDNF, CTNF 30 20 Dimos et al. (2008)
2009 RA, SHH, BDNF, GDNF, IGF-1 35 =40 Hu & Zhang, (2009)
2009 RA, PMA, GDNF, BDNF, CTNF 48-62 =35 Karumbayaram et al.
(2009)
2012 SB, Dorsomorphin, RA, PMA, BDNF, GDNF, forskolin 71 =10 Bilican et al (2012)
2013 LDN, SE, RA, SHH, BDNF, GDNF, CNTF 31 30 Amoroso et al. (2013)
2013 RA, PMA, GDNF, BDNF 31 40 Sareen et al. (2013)
2014 LDN, SB, RA, SAG, PMA, BDNF, GDNF, CNTF 31 >30 Grunseich et al. (2014)
2013 Dorsomorphin, RA, SHH, BDNF, GDNF, IGF-1 20 70 Qu et al. (2014)
2015 Dorsomorphin, 5B, BIO (GSK inhibitor), RA, PMA, ¢ AMP, BDNF, GDNF, IGF-1 28-42 =60 Shimojo et al. (2015)
2015 5B, LDN, RA, SAG, CHIR, DAPT 25 70 Maury et al. (2015)
2015 CHIR, DMH-1, SB, RA, PMA, BDNF, GDNF, CNTF, IGF-1, Compound E 30 95 Du et al (2015)
2016 RA, SHH, c-AMP, BDNF, GDNF, IGF-1 21-30 40 Dafinca et al. (2016)
2016 LDN, SE, RA, PMA, CHIR, c-AMP, BDNF, GDNF, IGF-1 28 80 Hu et al. (2016)
2018 CHIR, DMH-1, 5B, RA, PMA, BDNF, GDNF, CNTF, IGF-1, Compound E 18-53 60 Sances et al. (2018)
2018 CHIR, Dorsomorphin, Compound E, SHH, SAG, PMA, RA, CTNF, BDNF, GNDF, 21 73 Bianchi et al. (2018)
NT-3
2018 SEB, CHIR, Dosormorphin, RA, PMA, DAPT, db-cAMP, BDNF, GDNF, IGF-1 40 70 Fujimori et al. (2018)
2018 LDN, SE, RA, SHH, BDNF, GDNF, CNTF 27 20 Bossolasco et al. (2018)
2019 SB, Dorsomorphin, RA, PMA, BDNF, GDNF, forskolin 28-42 90 Bax et al. (2019)
2020 CHIR, DMH-1, SBE, RA, PMA, BDNF, GDNF, CNTF, IGF-1, Compound E 28 67 Thiry et al. (2020)
2020 Dorsomorphin, FGF2, Noggin, SB, RA, SHH, BDNF, GDNF, IGF-1 20 80 Faye et al. (2020)
2020 SE, LDN, RA, SAG, CHIR, DAPT 29 90 Garcia-Diaz et al. (2020)
2021 LDN, 5B, IWRle, CHIR, RA, PMA, DAPT 28-42 16 Sato et al. (2021)
2021 RA, PMA, BDNF, GDNF, IGF-1, c-AMP 28-52 =90 Cutarelli et al. (2021)

Table 4. List of protocols using small molecules to differentiate hiPSCs into MNs "%, [n the Table the protocols are ordered by year
of publication and highlight the small molecules used, the duration and the yield of differentiation. For each protocol, the references
cited can be found in Castillo-Bautista et al. paper (2023).



4.1.3. In vitro differentiation: Transcription factors

Despite the significant progress achieved using small molecules to mimic developmental
mechanisms for high-yield and faster MN differentiation, several challenges remain. Notably,
applying the same differentiation protocol to various iPSC lines often results in inconsistent
efficiencies. Even within the same iPSC line, different passages or subclones can produce
variable yields of MNs, further complicating reproducibility. These limitations have led
researchers to delve into new approaches, such as the expression of transcription factors.

Mazzoni et al. generated MNs forcing the expression of the transcription factors NGN2, ISL1,
and LHX3 (collectively referred to as NIL) and NGN2, ISL1 and PHOX2A (collectively
referred as NIP) in mouse ESCs, which are known to define post-mitotic MN identity,
respectively spinal and cranial. NIL expression in mouse ESCs resulted in nearly 80%
efficiency of spinal MN differentiation in just 6 days ['*). Similar approaches, Adenovirus or
Sendai virus have yielded promising results in hESCs and iPSCs, though with variable

efficiency and technical challenges related to virus handling and transduction variability [

127 To address these limitations, alternative non-viral methods have been developed. Goparaju
et al. have demonstrated that synthetic mRNAs encoding neurogenic transcription factors can
differentiate with a high MN purity, although technically demanding '**. Another approach
was developed by De Santis et al which used a PiggyBac transposon-based system (from epB-
Bsd-TT"") for a rapid and efficient spinal and cranial MN generation, with over 90% of cells
expressing MN markers by day 5 (3,

Despite these advances, one persistent challenge remains: the functional immaturity of the
derived MNs. While transcription factor-based protocols accelerate differentiation and
increase yield, the resulting MNs often lack full physiological maturity, indicating that

additional transcriptional programs or environmental cues may be required to recapitulate in

vivo MN functionality.

4.1.4. In vitro differentiation: 3D- culture systems

During development, MNs interact with many other cell types, such as glial cells and skeletal
muscle cells. These interactions may contribute to key aspects of MN function and their
development and are often spatially organized in vivo: MN somas and dendrites primarily
engage with central glial cells, while axons form connections with Schwann cells and muscle
fibers in the periphery. To better mimic this complex and dynamic environment in vitro,
researchers have developed co-culture approaches and 3D systems, such as organoids.

Among these, microfluidic devices are powerful tools which typically consist of two or more

chambers connected by microchannels. Basic motor circuits can be reconstituted by culturing

17 A transposon is a DNA segment, which can change its relative position within the entire genome of a cell. The piggyBac
(PB) transposon is a highly efficient movable genetic element that recognizes transposon-specific inverted terminal repeats
(ITRs) sequences on both ends of the transposon and through a “cut and paste” mechanism moves the contents from its
original positions and efficiently integrates them into TTAA chromosomal sites [12%],
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iPSC-derived MNs in one compartment, allowing axons to extend through the microchannels
to innervate skeletal muscle cells in the opposing compartment between 28 to 36 days [*"132],
Such systems enable the isolation of subcellular compartments, allowing researchers to
distinguish between local and retrograde signalling events and to conduct highly controlled,
localized manipulations.

Another approach is organ-on-a-chip systems, which should mimic intricate intercellular
interactions, including those of the blood-brain barrier (BBB). Some platforms have
successfully integrated MNs into these systems, forming motor units in the presence of skeletal
muscle fibers [**). These systems offer a high level of physiological relevance in comparison
to the microfluidic chambers, but are technically demanding, costly, and often challenging to
standardize.

In contrast to 2D-cultures approaches, iPSC-derived organoids are self-organizing 3D-
cultures that more closely mimic early developmental processes. Since the first report of
cerebral organoids in 2013, developed by Lancaster et al. '**], several types, such as spinal
cord and sensorimotor organoids, have been developed to model different regions of the
nervous system. An upgraded and promising approach involves the generation of assembloids,
in which multiple organoids are combined to mimic interregional neural circuits. Andersen et
al. have developed one of the most complete models of MN signalling, a cortico-spinal
assembloids which integrates cortical and spinal MN with skeletal muscle organoids '3,
Despite their promise, both organ-on-a-chip and organoids have several limitations:
reproducibility challenges, batch-to-batch variability, and heterogeneity in cellular
composition and spatial organization (particularly for organoids). Moreover, their complex
setup and long maturation timelines restrict their scalability and utility in high-throughput

applications ¥,

4.1.5. In vitro differentiation: “aged” MNs

Aging represents a significant risk factor for the onset and progression of numerous
neurodegenerative diseases, including ALS. For better understanding, it is important to
distinguish between mature MNs (obtained by most of the differentiation methods discussed
in the above sub-paragraphs) and “aged” MNs. Mature MNs are exhibit intrinsic excitability,
can generate and propagating action potentials, form functional synaptic connections and
express synaptic proteins, voltage-gated ion channels, and neurotransmitter receptors. Instead,
“aged” MNs show dendritic retraction, synaptic loss, reduced electrophysiological
performance, telomere shortening, compromised mitochondrial dynamics and function,
increased accumulation of DNA damage, global heterochromatin loss, nuclear lamina
disorganization, protein aggregation, and cellular senescence %/,

This discrepancy presents a major limitation in the study of late-onset neurodegenerative

diseases, as these pathologies are characterized by age-related cellular decline.
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To overcome this limitation, several strategies have been proposed to induce aging-like
phenotypes in iPSC-derived MNs. One approach involves the expression of progerin, a
truncated form of Lamin A associated, which induces several age-associated cellular
alterations, including nuclear abnormalities and DNA damage '3,

Another approach involves the inhibition of telomerase, using BIBR1532 to accelerate
telomere shortening and induce premature aging phenotypes !*”.

The manipulation of age-associated regulatory proteins, such as RANBP17 [*% and the
transcriptional repressor NRSF/REST %! induces transcriptional and epigenetic profiles
more closely resembling those of aged neurons, offering an additional route to induce aging
in vitro.

Collectively, these approaches underscore the importance of incorporating aging features into

iPSC-based models for neurodegenerative disease research.
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Figure 9. Comparison of motor neurons differentiations: in vivo VS in vitro. A) Timeline of in vivo differentiation from blastocyst to MN, showing the most relevant steps; B)
Timeline of in vitro differentiation using small molecules from iPSCs to MNs, showing the most important activation/inhibition pathways,; C) Timeline of in vitro differentiation using
transcription factors from transfected (NIL) — iPSCs to MNs, showing the crucial steps.
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5. Stress Granules

Stress granules (SGs) are membraneless cytoplasmic organelles of the size of 100-2000 nm,
containing RBPs and RNAs, that form in response to cellular stress, such as oxidative stress, heat
shock, viral infection or nutrient deprivation. SGs include PICs (stalled 48S preinitiation
complexes) consisting of translationally arrested mRNAs (mostly housekeeping), small ribosomal
subunits, translation initiation factors and RBPs. Over the last 20 years, numerous SG- related
RBPs, involved in the SGs formation and stability, have been discovered, such as PABP (PolyA-
binding protein), G3BP (RasGAPSH3-binding protein) and TIA-1 (T-cell intracellular antigen-1)
(141 ‘More in-depth analyses have shown that SGs are constituted of two layers: a “core”, that is a
stable centre substructure, and a “shell” that surrounds the core and whose composition is more
dynamic.

SGs are transient granules that form in response to cellular stress, inhibiting the translation
machinery by sequestering mRNA. When the cells receive a stress-induced insult, the translation
initiation is inhibited, primarily by the activation of the integrated stress response (ISR). ISR
activation relies on the phosphorylation of elF2a (eukaryotic translation initiation factor 2 alpha)

[141

by one or more of four elF20 kinases ['*!). The IRS pathway term in accumulating of stalled mRNAs

which, together with their associated proteins, condense into SGs. Once the stress-inducing insult

140-1492] ‘The cytoskeletal proteins,

is resolved, the SGs disassemble, and the translation is resumed [
such as microtubules, take part in the assembly and disassembly of SGs.

SGs play a protective role during cellular stress: by halting general translation, the cell redirects
cellular energy toward the expression of stress-response genes and sequesters pro-apoptotic

[140-192] 'However, under particular conditions, SGs

signalling molecules, promoting cell survival
dynamics can be altered, contributing to the disease process.

As previously described in sub-paragraphs 1.4, SGs dynamic is impaired in ALS due to different
pathological mechanisms, including the alteration of ALS-associated RBPs, such as TDP-43, FUS
and hnRNPA1. Chronic stress or genetic mutations may impair the normal dynamics of SGs
assembly and disassembly, leading to the formation of persistent or aberrant granules, which may

facilitate the cytoplasmic aggregation **,

5.1. Role of SGs in TDP-43 aggregation in ALS
Cytoplasmic mislocalization and aberrant post-translational modifications of TDP-43 occur in
ALS. Once it is accumulated in the cytoplasm, TDP-43 could be recruited to SGs, compromising

the normal function of SGs, thus impairing stress response.

TDP-43 RRM1 domain and amino acid residues 216-315 (C-term) are required for TDP-43

recruitment to the SGs [,

TDP-43 can localize to SGs under selected stress conditions, though findings are not always

consistent: TDP-43 aggregation can occur both in association with and independently of SGs

145

formation ["*). Fernandes et al. studied the co-localization of TDP-43 to SGs in yeast, where SGs
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facilitate TDP-43 aggregation in the early-phase, but then, TDP-43 aggregates persist even when
SGs disassemble (SGs marker absence) ['*3].

These inconsistencies may be attributed to differences in the choice of antibodies or cell lines, or
specific TDP-43 mutations. Nevertheless, doubts remain regarding the interaction between TDP-
43 and SGs: is TDP-43 actively involved in the formation of SGs? Do SGs facilitate TDP-43
aggregation? Or is TDP-43 aggregation independent of SGs dynamics, with their co-localization
being merely coincidental?

Consequently, targeting the mechanisms that regulate SGs dynamics and TDP-42 aggregation

represents a critical step toward understanding ALS and other TDP-43 proteinopathies, and may

contribute to the development of effective therapeutic strategies.
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CHAPTER II: AIM OF THE PROJECT

Amyotrophic lateral sclerosis (ALS) is a multifactorial neurodegenerative disorder. Since its first
identification, increasing studies have been conducted to classifying the disease, identify early
diagnostic biomarkers, understand the molecular mechanisms underlying its progression, and
develop therapeutic strategies.

One of the most relevant ALS-associated genes is TARDBP, which encodes for TDP-43 protein, a
key regulator of RNA metabolism in motor neurons (MNs).

In 2011, anovel mutation in TARDBP, G376D, was identified by Conforti et al. in an Italian family
(from the Apulia region). This mutation was associated with a particularly rapid and aggressive

disease course.

The aim of this project — as part of the national initiative “ScintilLA” promoted by the 2HE
Association — is to investigate for the first time the pathogenetic mechanism of G376D mutation in
TDP-43 with the goals to: 1) elucidate the molecular events associated with the pheno-conversion
— i.e. the transition from an asymptomatic mutation carrier to a symptomatic carrier — for a
tempestive diagnosis and intervention; 2) lay the groundwork for personalized therapeutic

approaches, such as siRNA or ASO (Anti-sense oligonucleotide).
Specifically, the objectives of this project are:

1. Study the expression and sub-cellular localization of TDP-43 in patient-derived fibroblasts
under both basal and chronic stress conditions

2. Generate induced pluripotent stem cells (iPSCs) from patient fibroblasts and transfect them
with NIL and NIP transposons using PiggyBac system (focusing primarily on NIL-MNs)

3. Differentiate iPSCs into MNs and characterize them through immunocytochemistry

4. Study the expression and sub-cellular localization of TDP-43 in the MNs under both basal

and stress conditions (acute and chronic).

This thesis aims to provide the first insights into the molecular pathophysiology of the p.G376D
TARDBP, with a long-term goal of contributing to the development of personalized therapy.
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CHAPTER III: MATERIAL AND METHODS

1. Primary Fibroblasts: source, culture conditions and experimental

procedure

1.1. Patient- and control-derived fibroblasts

For this study, the fibroblasts were obtained from 3 study subjects belonging to the Apulian family
carrying the pG376D TARDBP mutation:

e WT, a female healthy subject of 34 years old

e a.G376D, a female asymptomatic G376D carrier of 34 years old (still asymptomatic to

date)

e 5.G376D, a male symptomatic G376D carrier of 42 years old (deceased in 2020)
The age refers to the moment of fibroblasts collection.
Informed consent for genetic testing and skin biopsy was obtained from each study subject or a
close relative if the subject was too severely disabled to give written consent. The experiments
were carried out following the World Medical Association Declaration of Helsinki and the

protocols were approved by the Palermo 1 Ethics Committee (Protocols 7/2017 and 4/2019).

1.2. Skin biopsy and fibroblast culture conditions
Fibroblasts were obtained through skin biopsy in the volar region of the left arm. The obtained
skin fragment was immediately placed in PBS 1X (phosphate-buffered saline). Each biopsy was
coded to ensure the subject’s anonymity. The skin fragment was sliced and placed in 4-wells plate
and cultured in complete medium (DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 10% CS (calf serum), 2mM L -glutamine, ImM sodium pyruvate, 100U/mL penicillin and
100U/mL streptomycin) in a 5% CO; incubator at 37°C. The medium was changed every 3—4
days until the released fibroblasts were grown to 80% confluence (about 20 days). Fibroblasts
were then maintained in culture on T75 flask and passaged every 5-7 days by Trypsin 0,25X. All
experiments were performed with cells at the 3'/4" passage on flask.
For long-term storage, the fibroblasts in a T75 flask with ~80% confluence were frozen in freezing
solution (50% DMEM, 40% FBS (Fetal Bovine Serum) and 10% DMSO (Dimethylsulfoxid),
Sigma-Aldrich (St. Louis, MO, USA)). Then the cells were placed in a Mr. Frosty and kept at -
80°C overnight with a slow freezing rate of -1°C/min and transferred into liquid nitrogen for
cryopreservation on the day after.
To restore the frozen fibroblasts, the frozen vial containing fibroblasts was thawed rapidly in a
37°C water bath until only a small piece of frozen material remained. The cells were transferred
to a 15 ml tube and centrifuged at 300g for 8 min. Then, the pellet was resuspended in complete
medium and seeded in a T75 flask with 10 ml of complete medium.

All the reagents used were from Euroclone (Pero, MI, Italy) unless specified otherwise.
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1.3. Chronic stress paradigm

Chronic stress induction was carried out following the protocol proposed by Ratti et al., 2020 (461,
In short, the fibroblasts were exposed for 30 hours to DMEM with 15uM Sodium Arsenite
(NaASQO,) while the controls were incubated for the same amount of time but with complete
medium. After stress exposure, the cells were rescued by substituting the medium with a complete
one. The analyses were carried out a selected times: TO (i.e. immediately after 30h exposure, no
recovery time), T24 (i.e. 24h of recovery after stress), T48 (i.e. 48h of recovery after stress) and

T72 (i.e. 72h of recovery after stress) (Fig. 10).
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Figure 10. Chronic Stress Paradigm. Timeline of stress exposure with recovery and collection time. Black triangles
indicate the start of treatment with NaAsO:; Blue triangles indicate the time of interruption of stress and of washes
during recovery time; Red triangles indicate the time of collection of the cells for the immunocytochemistry.

1.4. Immunocytochemistry assay
Fibroblasts were cultured on glass coverslips in a 4-well plate and plated at a concentration of
10000 cells/ml in duplicate for each subject. The following protocol is an adapted version of La
Bella et al., 1998 "47], Cells were fixed with 4% paraformaldehyde for 30 min at room temperature
(RT), permeabilized with PBS-TritonX100 0,5% for 10 min and then blocked with 2% BSA
(bovine serum albumin) for 1 hour. The cells were incubated overnight at 4°C with primary
antibody solution (PBS-TritonX100 0,1%, 0,2% BSA and primary antibodies). The following day
the cells were rinsed with PBS-TRitonX100 0,1% to remove primary antibody and incubated for
1 hour at RT in the dark with secondary antibody solution (PBS-TritonX100 0,1%, 0,2% BSA
and secondary antibodies).
Polyclonal TDP-43 (N-term) antibody at 1:1000 dilution (Proteintech Group Inc., Chicago, IL,
USA) was used in both basal expression and chronic stress experiments.
To detect stress granule after stress induction, co-staining was carried out, adding a monoclonal
anti-TIA-R antibody'® (BD Transduction Laboratories TM, San Jose, CA, USA) at 1:500 dilution
to the polyclonal TDP-43 antibody.

18 TIA-R, together with TIA-1 and G3BP1, are used as SGs markers.
55



Secondary Cy3-conjugated donkey anti-rabbit antibody and secondary FITC-conjugated donkey
anti-mouse antibody at 1:1500 dilution (Chemicon International Inc., Temecula, CA, USA) were
used for TDP-43 and TIA-R detections, respectively.

Microscopy analyses were carried out with an Olympus IX70 fluorescence microscope and a

Nikon A1l confocal microscope.

1.5. Nuclear and cytoplasmic fractionation
Subcellular fractions (nuclei and cytoplasm) were prepared from cultured fibroblasts at

48] Briefly, cells were resuspended in

approximately 80% confluence, as previously described !
RBS 100 buffer (10mM Tris-HCI, pH 7.4, 100mM NacCl, 2.5mM MgCl, ImM EDTA, cocktail
of protease inhibitors and 1mM PMSF) containing 40pg/ml digitonin and incubated for 10 min at
4°C. The cells were then disrupted by passaging them through a syringe. The suspension was
centrifuged at 900 g for 10 min at 4°C to obtain a pellet (nuclei) and a supernatant (cytoplasmic
fraction). The cytoplasmic fraction was taken and put in corresponding labelled tubes, while the
nuclei fraction was resuspended with the same RSB 100 buffer but without digitonin and
sonicated at 40Hz for a few seconds.

Both nuclei and cytoplasmic fractions were stored at —80°C until use.

All the reagent used were from Sigma-Aldrich (St. Louis, MO, USA).

1.6. Western Blot
Subcellular fractions were thawed on ice, mixed with SDS-PAGE sample buffer, and placed at
95°C for 4 min. A 10% SDS-PAGE electrophoresis and Western blotting were performed. Low-
range pre-stained molecular weight markers Sharpmass VI (Euroclone — Pero, MI, Italy) were
used in all experiments. Blots were incubated with 1:2000 dilution of polyclonal TDP-43
antibody (Proteintech Group Inc. — Chicago, IL, USA) overnight at 4 ° C.
Secondary HRP-conjugated donkey anti-rabbit antibody (Chemicon, Darmstadt, Germany)
was used at a dilution of 1:5000 in 1% milk/PBS-T. Protein bands were visualized using ECL
star (Euroclone — Pero, MI, Italy) and the chemiluminescence detection was performed by
ChemiDoc-It Imaging Systems (UVP, Cambridge, UK).
In some experiments, filters were washed and stripped out of the bound antibodies for 30 min at
65°C with a stripping solution (62,5 mM Tris-HCI ph 6,8, 2% SDS, 100 mM DTT). The filters
were washed with TBS-t and re-blocked with 10% milk/PBS-T. After blocking, membranes
were reused for detection of the cytosol marker a-tubulin with 1:1250 dilution of the respective
monoclonal antibody (Sigma-Aldrich — St. Louis, MO, USA). Polyclonal anti-Lamin A
antibody (Millipore — Burlington, MA, US) at 1:1000 dilution was used as a nuclear fraction
marker. Secondary HRP-conjugated donkey anti-mouse antibody (Chemicon — Darmstadt,

Germany) was used at a dilution of 1:5000 in 1% milk/PBS-T.

56



2. Human Induced Pluripotent Stem Cells: generation, culture condition

and NIL/NIP transfection

2.1. Generation of hiPSCs and culture conditions
The hiPSCs used for this project were generated from the same fibroblasts (at 3"/4™ passages)
by Dr Jessica Rosati (Research Institute “Casa Sollievo della Sofferenza” (IRCSS) — Mendel,
Rome, Italy) following the protocol by D’Anzi et al., 2022 ¥, In this protocol, fibroblasts have
been reprogrammed using three non-integrative episomal vectors containing the reprogramming
factors OCT 3/4, SOX2, L-MYC, KLF4, LIN28, Sh-P53 ¥***l. To ensure that the fibroblasts
have been reprogrammed into hiPSCs, they were tested for:
e Typical human stem cell-like morphology in phase contrast microscopy
e Presence of pluripotency markers through immunofluorescence and RT-PCR (OCT
3/4, TRA-1-60 by immunofluorescence and OCT4, KLF4, LIN28, L-MYC and
SOX2 by RT-PCR)
e Absence of transgene expression through RT-PCR
e EBs formation and differentiation in three germ layers through quantitative RT-
PCR"
e Teratoma formation in mouse
e Chromosomal variation in the karyotype

o Authentication of hiPSCs identity through STR assay and gene sequencing.

The hiPSCs were cultured in NutristemXF medium (Sartorius — Gottingen, Germany) in a
Matrigel (Corning — NY, USA)-coated 6-well plate and passaged once a week using the
“scraping” method. The “scraping method” consist in detaching the colonies by scraping them
with a p200 tip. The scraped fragments will be collected with a micropipette and seeded at a
desired concentration (from 1:2 to 1:6 dilution) in a new Matrigel-coated 6-well plate. In some
cases, the iPSCs are passaged by “manual picking”, which consists in cutting the colony with a
needle in square of similar size (Fig. /7). Each square is collected with a micropipette and
seeded at a desired concentration (from 1:2 to 1:6 dilution) in a new Matrigel-coated 6-well
plate. For long-term storage, the hiPSCs with ~80% confluence were frozen in Nutrifreez D10
(Sartorius — Gottingen, Germany). Then the cells were placed in a Mr. Frosty and kept at -80°C
overnight with a slow freezing rate of -1°C/min and transferred into liquid nitrogen for
cryopreservation on the day after.

To restore the frozen hiPSCs, the frozen vial containing hiPSCs was thawed rapidly in a 37°C
water bath until only a small piece of frozen material remained. The cells were transferred to a

15ml tube with 9ml of DMEM/F12 supplemented with 10uM Y-27632 and centrifuged at 300g

9 Ectodermal lineage was confirmed by overexpression of SOX1, NESTIN and PAX6, mesodermal lineage by the
expressions of BRACHIURY and EOMES and endodermal lineage by the overexpression of GATA4, FOXA2 and SOX17.
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for 5 min. Then, the pellet was resuspended in NutristemXF supplemented with 10uM Y-27632
and seeded in 1 well of a Matrigel-coated 6-well plate with 2ml of NutristemXF with 10uM Y-
27632.

Once every two weeks the hiPSCs were tested for the absence of mycoplasma agent with N-
GARDE Mycoplasma PCR Reagent set (Euroclone — Pero, MI, Italy) following the

manufacturer’s instructions.

Figure 11. Manual picking. The iPSCs colony is cut with a needle following the scheme in this figure,
forming square of similar size.

2.1.1. Passaging with ReLeSR

The iPSCs have been initially passaged by “scraping”, however this is a laborious and
inefficient method. Therefore, later the iPSCs have been passaged using ReLeSR (Stemcells
Technologies, Vancouver, Canada), a non-enzymatic dissociation reagent. After removing the
medium, 1ml ReLeSR have been added to the well for 1 min at RT. The ReLSR has been
removed, and the cells are incubated for 3 min at RT. After the incubation time has passed,
only the non-differentiated iPSCs will be detached at first by gently hitting the plate for 30 sec
and after adding 2mL of DMEM/F12 to wash the surface. The suspension was put in a 15ml
tube and centrifuged at 300g for 5 min. The supernatant was removed, and the pellet
resuspended with NutristemXF until the rightful size of cell aggregates® is obtained (~50-200
um). The aggregates are seeded in a Matrigel-coated 6-well plate at the desired density (1:10
or 1:20 dilution).

20 iPSCs are always passaged in aggregates and never at single-cells, unless for differentiation. Single-cells iPSCs tend to
spontaneously differentiate.
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2.2. NIL/NIP transfection with PiggyBac in hiPSCs
In this work, the differentiation method used is the PiggyBac System which gives the possibility
of generating a stable and inducible iPSCs line integrated with the NIL or NIP construct (Fig.12).
For this purpose, the hiPSCs have been transfected following the protocol by De Santis et al.,
2018 119,

epB-NIL + Dox
,(b\” m = <<’ly" 435’"
@A BscR 1A | Pubc M TRE pA
epB-NIP + Dox
& ey P~ & o
BsdR M TA | Pubc = TRE

Figure 12. Schematic representation of the epB-NIL and epB-NIP constructs '3, pA: polyadenylation
signal; BsdR: blasticidin resistance gene; T2A: self-cleavage peptide; rtTA: TET transactivator protein gene;
Pubc: human Ubiquitin C constitutive promoter, TRE: TET responsive element; Dox: doxycycline; Ngn2:
Neurogenin 2; Isll: Insulin gene enhancer 1; Lhx3: LIM homeobox 3; Phox2a: Paired Like Homeobox 2A.
Black triangles represent terminal repeats of the transposon.

The PiggyBac System is composed of a transposable vector and a transposase, obtained from Dr.
A. Rosa (Sapienza University of Rome, Rome, Italy) and inserted in two butch of StbI3™
Chemically Competent E. coli (Escherichia Coli) (Invitrogen — Waltham, MA, USA). The DNA
of the two Stbl3 E. coli butches were purified through NucleoBond Xtra Maxi (Macherey-Nagel
— Dueren, Germany), thereby obtaining the corresponding plasmid DNAs (pDNA): ePB — Bsd —
TT — NIL/NIP pDNA and HyPB - MDM — IPB7 — CMV pDNA [°1],

The iPSCs were co-transfected using Lipofectamine Stem Transfection Reagent (Invitrogen —
Waltham, MA, USA) with a ratio of 3:1 for a total of Sug pDNA (4,5ug ePB — Bsd — TT —
NIL/NIP pDNA + 0,5ug HyPB — MDM - IPB7 — CMV pDNA) following the manufacturer’s
instructions. Selection in 2,5ug/ml blasticidin (Cayman Chemical Company — Ann Arbor, MI,

USA) for 10 days gave rise to stable and inducible cell lines.

2.3. iPSCs differentiation in motor neurons
The NIL- or NIP- iPSCs were differentiated into MNs following the protocol by Garone et al.,
2019 52 (Fig. 13).
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Figure 13. Timeline of differentiation protocol 3%, Dox: Doxycycline.
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Briefly, the iPSCs are dissociated at single-cells using Accutase (Sigma-Aldrich — St. Louis, MO,
USA) and seeded into a Matrigel-coated 6-wells plate at a density of 500000 cells/well in
NutristemXF with 10uM Y-27632 (Sigma-Aldrich — St. Louis, MO, USA). The next two days
(d1 and d2) media has been daily changed with Induction media (DMEM/F12, Gibco,
supplemented with 1% Non-Essential Amino Acids (NEAA), Euroclone, 1%
PenStrep/Glutamine, Gibco) with 1pg/ml Doxycycline (Sigma-Aldrich — St. Louis, MO, USA).
The following 3 days (d3-d5), media has been daily changed with Differentiation media
(Neurobasal, Gibco, supplemented with 1% PenStrep/Glutamine, 1% NEAA, 1% B27 without
Vitamin A, Gibco, 5uM DAPT, Sigma, 4uM SU5402, Sigma) with 1pg/ml Doxycycline. At day
6 (d6), the cells have been dissociated using Accutase and re-seeded in a Poly-L-
Ornithine/Laminin (Sigma-Aldrich — St. Louis, MO, USA) — coated 96-wells plate at a density
of 60000 cells/well in Maturation media (Neurobasal supplemented with 1% PenStrep/Glutamine,
1% B27 without Vitamin A, 20ng/ml Brain-Derived Neurotrophic Factor (BDNF), Proteintech,
10ng/ml Glial Cell Line-Derived Neurotrophic Factor (GDNF), Proteintech, and 0,2mM Ascorbic
Acid, Sigma). For 24h, the cells have been treated with 4uM Floxuridine (5-FDU - Cayman
Chemical Company — Ann Arbor, MI, USA). From day 7, the maturation media have been
changed every 3 days, and the neurons have been kept in culture for at least one week before the

immunocytochemistry assay.

2.4. MNs immunocytochemistry

At day 14 (d14) of differentiation, MNs have been fixed with 4% paraformaldehyde for 15 min
at RT and thereafter permeabilized for 45 min at RT on gentle shaking with Permeabilization
Block Solution (10% FBS, 1% BSA, 0,1% TritonX100 in PBS 1X). The MNs were incubated
overnight at 4°C with staining solution (0,1% BSA in PBS 1X) and the primary antibodies under
gentle shaking. The following day the cells were rinsed with staining solution to remove primary
antibody and incubated for 1 hour at RT in the dark under gentle shaking with staining solution
and secondary antibodies.

Polyclonal TDP-43 (N-term) antibody at 1:1000 dilution (Proteintech Group Inc., Chicago, IL,
USA), monoclonal Isl1 at 1:500 dilution (Millipore — Burlington, MA, US), monoclonal HB9 at
1:100 dilution (Santa Cruz Biotechnology, Dallas, TX, USA), Polyclonal BIlI-tubulin at 1:40
dilution (Sigma-Aldrich — St. Louis, MO, USA), monoclonal CHAT at 1:66 dilution (Millipore
— Burlington, MA, US), monoclonal MAP2 at 1:200 dilution (Millipore — Burlington, MA, US)
and polyclonal Neurofilament200 at 1:500 dilution (Sigma-Aldrich — St. Louis, MO, USA) were
used to characterize the MNs populations. Secondary Cy3-conjugated donkey anti-rabbit
antibody and secondary FITC-conjugated donkey anti-mouse antibody at 1:1500 dilution
(Chemicon International Inc., Temecula, CA, USA) were used. MNs were stained with DAPI
using Fluoroshield with DAPI (Sigma-Aldrich — St. Louis, MO, USA) mounting medium.
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Microscopy analyses were carried out with an Olympus IX70 fluorescence microscope and a

Nikon A1 confocal microscope.

3. Data analysis and statistics

Data for all the experiments were obtained by 3 separate experiments, each performed in duplicate.
Data obtained by counting the cells from each subject showing the pattern of TDP-43 expression
and the proportion of cells containing stress granules at different times after stress insult were
calculated as a percentage of the total number of counted cells and expressed as the median with
interquartile range (IQR) of 3 separate experiments, each performed in duplicate.

SIGMASTAT 3.5 software (Systat Software Inc. — San Jose, CA, USA) was used for statistical
analysis. Differences in the proportions of the patterns of TDP-43 staining and the granule-
containing cells for each subject group were analysed by 1-way ANOVA (variance on ranks),

followed by post hoc analysis with Dunn’s method. P values < 0.001 were considered significant.
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CHAPTER IV: RESULTS

1. Expression and subcellular localization of TDP-43 in basal and chronic

stress conditions

Skin fibroblasts were collected from three groups of donors belonging to the same Apulian family:
1) symptomatic G376D carrier (s.G376D); 2) asymptomatic G376D carrier (a.G376D); 3) healthy
control (WT). Fibroblasts were cultured as described in Chapter III, sub-paragraph 1.2.

1.1. TDP-43 is mostly localized in the nucleus under basal conditions
Since G376D is a rather novel mutation with no data published on the expression of the protein,
the first experiment carried out was to understand if abnormal behaviour was already present in
basal condition. Therefore, the expression and localization of TDP-43 in the three groups of
fibroblasts have been studied through immunocytochemistry and western blotting assays (Figs.
14 and 15), as described in Chapter 111, sub-paragraph 1.4. Both assays showed that TDP-43
is mostly nuclear, an expected result, previously described in other works ", The few cells that
showed a presence of TDP-43 even in the cytoplasm have not been considered as a pathological
marker, instead as a physiological one, since TDP-43 is a protein that has to shuttle between the

nucleus and cytoplasm.

WT

a.G376D

s.G376D

Figure 14. Localization of TDP-43 and TIA-R in basal condition in fibroblasts. Nuclear localization and expression of TDP-43
(red) and TIA-R (green) in fibroblasts of symptomatic G376D carrier through immunocytochemistry. Scale bar: 60 pm.
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Figure 15. Expression of TDP-43 in basal condition in fibroblasts. Comparison of the subcellular fractions
from fibroblasts, showing a mostly nuclear expression of TDP-43 in all three groups. Lamin A was used as
nuclear fraction control, while a-Tubulin as cytoplasmic fraction control. The different expression of Lamin A in
a.G376D and s.G376D in comparison to WT is due to technical variability.

1.2. Symptomatic G376D carrier fibroblasts are more susceptible to chronic stress
As described in Chapter 111, sub-paragraph 1.3, the three groups of fibroblasts were subjected
to chronic stress insult using 15uM NaAsO- for 30h. The effects of stress were analysed through
an immunocytochemistry assay. At rescue — immediately after chronic stress, TO — the localization
remained predominantly nuclear, but with an increase in the number of cells expressing the
protein also in the cytoplasm. Specifically, at TO, it was observed (Fig.16, panel A, and Fig. 17):
e In WT, most cells show TIA-R positive granules (42%) and TDP-43 cytoplasmic
aggregates (10%). Only a few cells showed a co-localization of TIA-R and TDP-43
e In a.G376D, TIA-R positive granules (30%) and TDP-43 cytoplasmic aggregates (8%)
were present but none of them co-localized
e In s.G376D, the total number of TIA-R granules (4%) and TDP-43 cytoplasmic
aggregates (2%) was lower in comparison to the other two subjects, with no apparent co-
localization between the two proteins.
After 30 hours, the fibroblasts start a period of recovery time of 72 hours in which the stressor
was removed, and complete medium was given. After 24 hours of recovery, the cells were rescued
and analysed through microscopy (Fig.16, B panel). In both WT and a.G376D fibroblasts, there
was a decrease in the number of cells with TIA-R granules (more than half less), while in the
$.G376D all the granules had disassembled. However, the localization of TDP-43 was again
nuclear.
At T48 and T72 (time of recovery after stress), there was a total recovery in all groups showing

no more stress granules.
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The statistical analysis regarding the percentage of stress granules and TDP-43 aggregates in
fibroblasts after chronic stress (T0) was performed using the median and interquartile range
(IQR), comparing WT with G376D TDP-43 mutation carriers. Among the markers analyzed, only
TIA-R showed a statistically significant difference between groups (p.value < 0.001). Although
no statistically significant differences were observed in the other groups, s.G376D exhibited a

trend toward a lower number of TDP-43 aggregates. This trend may become more pronounced

with a larger sample size.

Figure 17. Comparison of chronic stress on fibroblasts at T0 and T24. Effects of chronic stress after 30 h (T0) and after
24h recovery (T24) on the expression and sub-cellular localization of TDP-43 (red) and SGs formation (TIA-R positive,
green) in the three subjects. Green arrows highlight TIAR-positive aggregates (i.e. SGs) while Red arrows the TDP-43

aggregates. DAPI: in blue. Scale bar: 60 ym.
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Figure 16. Percentage of cells, showing stress granules and TDP-43 cytoplasmic aggregates at T0 after chronic stress
(insults). *: p.value <0,0001 (ANOVA on ranks followed by Dunn’s method post-hoc analyses.
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To confirm these data, a western blot assay was carried out with the subcellular fraction of
fibroblasts at TO (Fig. 18), comparing them with the corresponding non-treated fractions. TDP-
43 in all three groups was mostly expressed in the nuclear fraction, even though there was a slight

expression in the cytoplasmic fraction.

wT wT s.G376D s.G376D a.G376D a.G376D

TDP-43 —

LaminA —

a- Tubulin—

Figure 18. Expression of TDP-43 of subcellular fractions in non-treated and treated (T0) fibroblasts of the
three subjects. Comparison of the expression of TDP-43 before and after stress in fibroblasts: 1) the row with (-)
are the non-treated cells, the row with (+) are the treated cells with NaAsO: at TO. Lamin A and a- Tubulin are
used as nuclear and cytoplasmic fractions controls. The presence of Lamin A in the cytoplasmic fraction is due a
contamination during the fractionation procedure.
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2. Differentiation and characterization of iPSCs-derived MNs

2.1. From progenitors to MNs
Fibroblasts are mesenchymal cells and do not fully represent the changes that may occur in
affected motor neurons. In fact, most of this work is devoted to the characterization of iPSC
derived from the collected fibroblasts and their differentiation in MNs.

The iPSCs were generated and transfected with NIL/NIP plasmid by Dr. Rosati’s research group
[129,148,149]

Initially, the aim was to begin differentiation from the progenitor state (day 5 of the differentiation
protocol). According to De Santis et al. (2018), cells can be frozen at day 5 of differentiation,
once the induction with Doxycycline is completed, at which point they exhibit markers and
characteristics typical of MNs progenitors. Accordingly, Dr. Rosati’s research group
differentiated the three iPSCs lines — transfected with either NIL or NIP —up to day 5, after which
the cells were collected and cryopreserved.

In this study, differentiation was initiated by thawing the progenitors (NIP and NIL) and seeding
them in Matrigel-coated 6-well plates, followed by one week of culture in Maturation medium.
Given that ALS predominantly affects spinal MN, this work focused on NIL-MNs, and all the
subsequent experiments were conducted using this population.

The spinal MNs were characterized at various time points during differentiation — day 7, day 9,
day 122! - using markers including Neurofilament200, MAP2, Isl-1, Chat and BIII-tubulin (Fig.
19 — 21), as described in Chapter III, sub-paragraph 2.4. Additionally, TDP-43 staining was
performed at each time point (Fig. 20). Since minimal differences were observed between day 7
and day 9, subsequent analyses focused on day 7 and day 12.

MNs derived from all three subjects were positive for the tested markers, confirming that this
differentiation protocol reliably generates spinal MNs in 15 days.

TDP-43 was mostly nuclear in all the MNs, as observed in fibroblasts, with slight diffusion in the

neurites consistent with its physiological role.

21 The days are counted considering day 1 the first day of differentiation when the doxycycline was added, day 5 as the day
of freezing and thawing the progenitors.
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Figure 19. Characterization of WT NIL- MNs. Developing WT MNs were characterized using several markers. Shown
here are representative immunofluorescence images stained for Neurofilament 200 (green) and pllI-tubulin (red). A)
Developing MNs at day 7, B) newly matured MNs at day 12. Scale bar: 60 um.
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s. G376D

Figure 20. Characterization of s.G376D NIL- MNs. Developing s.G376D MNs were characterized using several
markers. Shown here are representative immunofluorescence images stained for MAP2 (green) and Neurofilament 200
(red). A) Developing MNs at day 7, B) newly matured MNs at day 12. Scale bar: 60 um.
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Figure 21. Subcellular localization of TDP-43 in NIL-MNs. At day 12, MNs are newly matured, as demonstrated by the
presence of ChAT (red) in the three groups (left: WT; center: a.G376D; right: s.G376D). TDP-43 (green) remains
predominantly nuclear, with slight diffusion into the neurites. DAPI: in blue. Scale bar: 60 um.

Alongside the characterization experiments, a subset of MNs was maintained in culture to obtain
more mature MNs. According to protocol '*”), MNs can be cultured for 30-40 days from the start
of the differentiation. This extended culture period revealed two observations: 1) improved spatial
organization of the neurites; 2) the emergence of “flat cells”, which negatively impact MNs
survival.

During the differentiation, neurite linearization was observed, contributing to enhanced spatial
organization. This was evident not only morphologically but also through Neurofilament200
staining. At day 7, neurites appeared disorganized (Fig. 22, A panel), whereas by day 16, they
exhibited a linear structure with direct connections between cells (Fig. 22, B panel).

However, prolonged culture of MNs led to an increased presence of “flat cells” — non-neuronal,
proliferative cells that persist despite the use of a differentiation medium. These cells eventually

reached confluence, competing for nutrients and thereby compromising MNs viability (Fig.23).

a.G376D

Figure 22. Spatial organization of the neurites in a.G376D. Stained with Neurofilament 200 (red), the neurites were: A)
disorganized at day 7, B) organized with a linear structure at day 16. Scale bar: 50 um
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s.G376D

Figure 23. Presence of “flat cells” at day 20. A) Phase-contrast image (10x) of the three lines of MNs at day 20
showing the abundant presence of “flat cells”. Scale bar: 100um. B) Magnification of the WT image in panel A of the
“flat cells”.

2.2. From iPSCs to MNs

The need to initiate differentiation directly from the iPSCs stage, rather than from the progenitors,
emerged following consultation with both Dr. Rosati (who generated and transfected the iPSCs)
and Dr. Rosa (developer of the NIL and NIP plasmids, and the differentiation protocol used in
this study). They suggested that the high rate of MNs mortality and the presence of “flat cells”
could be attributed to increased susceptibility of the progenitor cells to the transport on ice, as
these cells are already partially differentiated and therefore more vulnerable.

The culture of iPSCs and their differentiation were carried out as described in Chapter III,
paragraph 2. Briefly, the iPSCs were cultured in NutristemXF medium in a Matrigel-coated 6-
well plate and passaged once a week by scraping. The iPSCs were dissociated into single-cells
using Accutase and seeded into a Matrigel-coated 6-wells plate at a density of 500000 cells/well
in NutristemXF with 10uM Y-27632 to start the differentiation. The next two days (d1 and d2)
media has been daily changed with Induction media with 1pg/ml Doxycycline. The following 3
days (d3-d5), media has been daily changed with Differentiation media with 1pg/ml Doxycycline.
At day 6 (d6), the cells have been dissociated using Accutase and re-seeded in a Poly-L-
Ornithine/Laminin — coated 96-well plate at a density of 60000 cells/well in Maturation media.
From day 7, the maturation media have been changed every 3 days and neuron kept in culture for

at least one week before the immunocytochemistry assay.
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The characterization was carried out through immunocytochemistry, in the same way as
previously described in sub-paragraph 2.1.

Nevertheless, the results were consistent with the previous observations: spinal MNs specification
was confirmed by motor neuronal markers, such as ChAT, and TDP-43 remained predominantly
localized in the nucleus. However, high MNs mortality and the presence of proliferative “flat

cells” persisted too (Fig. 24).

s.G376D

Figure 24. Proliferative non-neuronal cells. Phase-contrast image of 's.G376D MNs at day 22, showing few but long
neurites and abundant “‘flat cells”. Scale bar: 50um.
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3. Protocols improvements: iPSC culture conditions and NIL

transfection, MNs differentiation and characterization.

Upon further analysis, it became evident that the colonies did not exhibit the typical morphology

of high-quality iPSCs (Fig. 25, A panel). High-quality iPSCs should show morphologically the

following characteristic

g [109].
Compact and well-defined borders — colonies should have smooth and “round” edges with
clear boundaries

High nucleus-to-cytoplasm ratio — cells should appear dense with large nuclei and minimal
cytoplasm

Uniform cell morphology — cells within the colony should look similar in size, tightly
packed

Prominent nucleoli — the nuclei often show one or more nucleoli

Flat colony structure — colonies should grow in a flat monolayer

High refractivity under phase-contrast microscopy

Absence of differentiated cells — no colony’s “outburst”? (Fig. 25, B panel), elongation or

morphology changes.

Figure 25. High-quality iPSCs (WT). A) Phase-contrast image of a colony of a WT iPSCs. B) “Outburst” of

differentiated cells at the colony’s border (in the red circle). Scale bar: 100um.

Instead, the iPSCs used in this study contained a significant number of differentiated cells (“flat

cells”). While a well-established iPSC line should have less than 20% differentiated cells, more

than 60% of the cells in this case were already differentiated (Fig.26).

Given these findings, it was necessary to restart from the iPSC stage, improving the culture

condition protocol, transfecting the cells again with the PiggyBac system, and introducing

Floxuridine during the differentiation.

22 Colony’s “outburst” is referred to an area of the colony’s border in which the cells spontaneously differentiated and
spread outside the borders.
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s.G376D

Figure 26. Defective iPSCs. A) iPSCs colony surrounded by differentiated cells, B) differentiated colony. Scale bar:
100um.

This part of the study was carried out with Dr. J. Sterneckert’s research group (Center for
Regenerative Therapies TU Dresden (CRTD), Germany). Unfortunately, the s.G376D and
a.G376D iPSCs didn’t survive after thawing. Therefore, the following results only refer to the WT

line.

3.1. Improvements on iPSCs culture conditions

The first improvement was related to the culture conditions, especially the passaging method. The
“scraping” method is outdated and not standardized, as it causes physical stress to the cells,
leading to spontaneous differentiation, and results in low passaging yield — from 1 confluent well
it is typically possible to perform a 1:6 dilution. Today, it is standard to use gentle dissociation
reagents such as Dispase and ReLeSR, which not only reduce the physical stress but increase the
passaging yield (making even a 1:50 dilution possible). Dispase® is a proteolytic enzyme that
cleaves extracellular matrix proteins without damaging cell surface proteins, detaching intact
colonies. ReLeSR*, on the other hand, is a non-enzymatic, chemical reagent that loosens cell-
substrate interactions, allowing a selective detachment of undifferentiated colonies, leaving
differentiated cells behind (Fig. 27). Therefore, Dispase is more suitable for high-quality iPSCs
while ReL.eSR is preferable for cultures with a high percentage of differentiated cells.

Given that the iPSCs used in this study had more than 60% of differentiated cells, ReLLeSR was

chosen as the dissociation reagent for passaging.

2 https://www.stemcell.com/products/dispase-1-u-ml.html
24 https://www.stemcell.com/products/relesr.html
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Figure 27. Passaging with ReLeSR. A) iPSCs colony surrounded by differentiated cells before passage. B) Treatment
with ReLeSR, the border of the colony starts to detach. C) Remained differentiated cells after passage with ReLeSR.
D) Recommended size of the fragments obtained with ReLeSR. Scale bar: 100um.

The iPSCs were thawed and cultured as described in Chapter III, sub-paragraph 2.1. During
the first two passages, it was necessary to perform “manual picking” due to the abundance of
differentiated cells and a low number of colonies (2-4 colonies per cryovial). “Manual picking”
is a non-standardised passage method similar to “scraping”: while in “scraping” the colonies are
scraped using a p200 tip, in “manual picking” the colonies are cut in squares of similar size using
a needle, and each square is aspirated using a micropipette. This technique allowed only a select
few to form a colony and helped reduce the number of differentiated cells. After the two passages
with “manual picking”, the iPSCs have been passaged using ReLeSR, as described in Chapter
111, sub-paragraph 2.1.1. This approach reduced the percentage of differentiated cells to 10-20%
after 8 passages (Fig. 28), significantly improving the quality of the iPSCs.

Figure 28. Increased quality of iPSCs after improvements on culture conditions. A) WT iPSCs at passage 10, B) WT
iPSCs at passage 18. Scale bar: 100um.
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3.2. Transfection with NIL plasmids using the PiggyBac system
Once the iPSCs had a low percentage of differentiated cells, they were transfected with the NIL
plasmid as described in Chapter 111, sub-paragraph 2.2.
After the transfection using Lipofectamine, the cells are selected using 2,5 pg/ml Blasticidin for
10 days. The concentration of blasticidin was chosen after testing the cell viability with CellTiter-
Glo Luminescent Cell Viability Assay (Promega — Madison, WI, USA) following the

manufacturer’s instructions (Fig. 29).

Cell Titer Glo

120,00%
100,00%
80,00%
60,00%

40,00%

% CellViability

20,00%
0,00%
-20,00%

7 ug/ml Gug/ml 5 ug/ml 4ug/ml 3ug/ml 2ug/ml lug/mi | 0,5ug/ml | OQug/ml
Series1  -2,20% -1,63% -1,07% 0,97% 16,27% 42,03% 82,86% @ 10645% @ 100,00%

ug/ul Blasticidin

Figure 29. Cell viability assay. Blasticidin was tested at different concentration—7, 6, 5, 4, 3, 2, 1, 0.5 and 0 ug/ml — on
iPSCs. The range of Blasticidin was between 2 and 3 ug/ml: 2 ug/ml let survive almost half the cells, while 3 ug/ml let
survive less than 20%. Therefore, it was chosen to use 2,5 ug/ml.

Immediately after the blasticidin selection, the transfected iPSCs that survived showed an
imperfect iPSCs morphology (Fig. 30, A panel). This morphology was not surprising and in fact
it is expected, since the iPSCs have gone through diverse stress stimuli — the transfection itself
and the antibiotic selection. But after some passages, the NIL-iPSCs started showing the normal

iPSCs morphology (Fig. 30, B panel).

Figure 30. Established NIL- iPSCs line. A) NIL- iPSCs after blasticidin selection, B) established NIL- iPSCs colony
after 3 passages. Scale bar: 100um.
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3.3. Differentiation and MNs characterization
While the differentiation protocol itself required no modifications, the presence of “flat cells”
posed a significant issue for the execution of the subsequent experiments.
Since “flat cells” are non-neuronal cells that proliferate, it was necessary to find a solution to stop
their proliferation if not possible to remove them completely.
Floxuridine is an antimetabolite and pyrimidine analogue that suppresses the proliferation of cells
by inhibiting the thymidylate synthase and therefore the DNA synthesis. It is commonly used to
selectively inhibit the proliferation of the feeder cells in stem cell culture. Because iPSCs divide
more slowly, they are not significantly affected by low concentrations of Floxuridine.
Since the appearance of “flat cells” typically occurred after the completion of doxycycline
induction, 4uM Floxuridine was added for 24 hours on day 6. If necessary, the treatment was
extended for an additional 24 hours.
Following Floxuridine treatment, the “flat cells” remained present, but their proliferation was
halted, which made it possible to complete differentiation and maintain MNs in culture for
prolonged periods (Fig. 31). The cells did differentiate into MNs, showing not only motor
neuronal morphology but also motor neuronal markers.
Once MNs were mature, they were characterized through an immunocytochemistry assay, as
previously described. Stained with DAPI, two types of nuclei were observed: small nuclei
belonging to MNs and large nuclei belonging to non-neuronal cells. The staining of the motor
neuronal markers was consistent with the previously obtained, but with a notable reduction of the

“flat cells” (Fig. 32).
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Figure 31. Differentiation of NIL- iPSCs into MNs. A) Dayl. Start of the induction with Doxycycline. B) Day 5, last day
of dox induction and a day before Floxuridine treatment. Visible presence of “flat cells”. C) Day 15, mature MNs.
Reduced presence of “flat cells”. Scale bar: 50um.

WT

Figure 32. Characterization of WT MNs. A) ChAT (red)-positive MNs with small nuclei stained with DAPI (blue). Large
nuclei are from undifferentiated cells. B) TDP-43 (Violet) is mostly nuclear, but physiologically present even in the
neurites. Scale bar: 60um.
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CHAPTER V: DISCUSSION

Amyotrophic lateral sclerosis is a neurodegenerative disorder characterized by the progressive
degeneration of motor neurons. While ALS is predominantly sporadic, approximately 10% of cases
exhibit a familial history, with several genes identified as being associated with the disease (7ab. 2).
One of the most significant ALS-associated gene is TARDBP, which encodes for TDP-43 — a RBP
involved in RNA metabolism and in transport of RNA granules along the axon. To date, more than
50 mutations in the TARDBP gene have been identified (7ab. 3), among which the G376D mutation
is particularly notable as it gives rise to a more rapid and aggressive form of ALS. While this mutation
is relatively novel (identified for the first time in 2011 by Conforti et al.), studies have begun to shed
light on its role in ALS pathogenesis: abnormal protein aggregation, cellular stress and
neurodegeneration. However, much remains to be understood regarding the cellular mechanisms
underlying disease onset and progression, particularly in asymptomatic carriers who may later

develop symptoms.

This study aimed to investigate the expression, localization and functional implications of TDP-43
in fibroblasts derived from both asymptomatic and symptomatic G376D carriers and healthy
controls, belonging to the same Apulian family (Fig. 7). Additionally, iPSCs were generated from
these fibroblasts to differentiate into motor neurons. The work focused on understanding the cellular
behaviour of TDP-43 under both basal and chronic stress conditions and aimed to develop a human-
based ALS model using iPSCs-derived MNs to explore disease-specific phenotypic changes in

G376D mutation carriers.

1. Does the G376D mutation have an impact on stress response?

Under basal conditions, it was observed that TDP-43 was predominantly localized to the nucleus
in fibroblasts from all three groups (s.G376D, a.G376D and WT), consistent with previous studies
showing the physiological role of TDP-43 as a nuclear protein (Fig. /4). The presence of TDP-43
in the cytoplasm was minimal and not considered pathological, as it aligns with the well-known
shuttling behaviour of this protein between the nucleus and the cytoplasm.

This finding suggests that under basal conditions, the expression and sub-cellular localization of
TDP-43 in fibroblasts from G376D carriers does not exhibit a clear pathological alteration. This is

important for understanding the baseline molecular status of these cells.

Since patients affected by ALS have elevated levels of cortisol, a steroid hormone that increase in
response to stress, the behaviour of TDP-43 under chronic stress conditions was investigated. The
decision to focus on chronic stress rather than acute stress was made to replicate more accurately

the long-term stress response that may contribute to the gradual progression of ALS pathology.
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In response to chronic stress, induced by Sodium Arsenite, a distinct change occurred in TDP-43
subcellular localization and stress granules formation. The fibroblasts from all three groups showed
a diffusion of TDP-43 in the cytoplasm and formation of TIAR-positive stress granules
immediately after stress exposure (T0). However, s.G376D cells showed a less pronounced
response compared to the a.G376D and WT (30% and 40% of TIAR-positive granules,
respectively), with lower levels of stress granules (4% of TIAR-positive granules) and TDP-43
aggregates (Fig. 16, A panel and Fig, 17).

This result suggests that s.G376D carriers may exhibit a reduced ability to respond to stress, as
evidenced by the lower number of SGs. Interestingly, this altered stress response may reflect an
underlying susceptibility to stress insult in these cells, which could contribute to the pathogenesis
of G376D ALS.

After 24 hours of recovery from the stress, both WT and a.G376D showed the presence of some
SGs, indicating that the stress response was still active (Fig. 16, B panel). The persistence of SGs,
even after the stressor had been removed from the environment for 24 hours, suggests that the
cellular effects of stress continue to linger within the cells. In contrast, s.G376D cells showed a

complete disassembly of SGs, which strengthens the reduced ability to respond to stress.

In the scientific community, there is still a debate regarding whether TDP-43 is actively involved
in the SGs formation. Some studies suggest that TDP-43 works together with SGs, as evidenced by
their co-localization, while others propose that the co-localization is merely incidental due to the
increased abundance and prolonged presence of TDP-43 in the cytoplasm. In this study, co-
localization was observed only in the WT, while in the G376D carriers, it seems that SGs and TDP-
43 do not co-localize. This result aligns more closely with the hypothesis of incidental co-

localization.

2. iPSCs-derived MNs can be obtained in 15 days using the PiggyBac

System
iPSCs-derived MNs have become a powerful ALS model for studying its pathophysiology, as they

can provide insight into the specific neuronal vulnerabilities that occur in ALS patients.
Historically, the study of ALS-affected MNs has depended on post-mortem brain tissue, animal
models or neuron-like cell lines. However, each approach had notable limitations, such as the
inability to directly translate findings from animal models to human conditions. The development
of iPSCs technology has revolutionized the study of ALS by providing a more relevant and human-
specific model.

For this study, iPSCs from all three groups (s.G376D, a.G376D, and WT) were successfully
generated by Dr. J. Rosati’s research group and transfected with both NIL and NIP plasmids, kindly
given by Dr. A. Rosa.
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The established iPSCs lines were successfully differentiated into MNs — spinal and cranial —
following the protocol by Garone et al. (2018), initially starting from the progenitor stage. The MNs
were characterized using motor neuronal markers, such as ChAT, Neurofilament 200, MAP2, BIII-
tubulin, Isl-1, HBY, at multiple time points (day 7, 9 and 12) (Fig. 19— 21).

This result indicates that the differentiation protocol used in this study is robust and successfully
generates MNs from iPSCs in 15 days.

The localization of TDP-43 in MNs was predominantly nuclear, with slight diffusion into neurites.
Given that the cytoplasmic diffusion of TDP-43 was observed even in the WT MNs, this result was
not considered as a pathological marker but as consistent with its physiological role (Fig. 21).
Additionally, a progressive linearization of the neurites was observed during the development of
MNs (Fig. 22), suggesting that the initial outgrowth may occur in a random and exploratory
manner, but as MNs begin to establish connections with one another, these contacts are stabilized

at the expense of non-targeted projections.

However, a high rate of MNs mortality was observed. This could be attributed to an increased
susceptibility of the progenitor cells to the transport on ice, as these cells are already partially
differentiated and therefore more vulnerable. Therefore, the differentiation was carried out starting
from the iPSCs and the resulting MNs were characterized as in previous experiments. The results
of the characterization and TDP-43 localization were consistent with the previous. Additionally,
the MNs mortality decreased, suggesting that starting from the iPSCs is relevant for the outcome

of the differentiation process

Despite the success of the differentiation process, the presence of “flat cells”, non-neuronal
proliferative cells, was observed, which negatively impacted the MNs survival in longer culture
periods (more than 15 days) (Fig. 23, B panel and 24). The presence of these proliferative cells
suggested that refinements to the protocols were necessary to limit their presence and ensure long-
term viability of the MNs cultures. These cells could be a result of inefficient cells management or
a problem during the transfection procedure or even in the iPSCs generation. Therefore, different
strategies were carried out in this study to overcome the problem and optimize this protocol, to

establish a human-based ALS-associated G376D TDP-43 mutation model.

3. From challenges to solutions: optimizing protocols for better outcomes

A key component of this study involved improving the protocols — culture conditions for iPSCs,
refining the transfection and differentiation protocols — to ensure high-quality iPSCs, which
severely impact the overall experimental outcomes. As described in Chapter IV, paragraph 3,
high-quality iPSCs should show: compact and well-defined borders, high nucleus-to-cytoplasm
ratio, uniform cell morphology, prominent nucleoli, flat colony structure, high refractivity under

phase-contrast microscopy and no differentiated cells (Fig. 25).
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The first improvement was transitioning from manual “scraping” to ReLeSR passage method. The
“scraping” method is outdated and may induce spontaneous differentiation, while ReLeSR is a
gentle dissociation reagent that selectively detach only undifferentiated cells (Fig. 27). This
improvement allowed for a more homogeneous population of iPSCs, with less than 20% of
differentiated cell, after just 8 passages from thawing (2 passages with “manual picking” and 6
passages with ReLLeSR). This is a significant improvement over the initial state, where more than

60% of differentiated cells were present.

Transfection of the NIL plasmid, whether via Lipofectamine or alternative delivery systems, also
induces stress to iPSCs. Inadequate selection of transfected colonies may result in the inclusion of
differentiated colonies. The presence of already or partially differentiated colonies amidst
undifferentiated ones can increase the rate of spontaneous differentiation, thereby increasing the
proportion of differentiated cells. Moreover, such colonies may induce differentiation in an
undifferentiated colony. Therefore, another optimization of the protocols was the careful selection
of post-transfected colonies. This improvement in transfection efficiency is crucial for generating

stable NIL-iPSCs lines and subsequently for obtaining good-quality MNs populations.

Despite the first two improvements, “flat cells” persisted during differentiation in MNs. Therefore,
another improvement was the addition of Floxuridine, an antimetabolite and pyrimidine analogue,
during the differentiation to inhibit the proliferation of these cells. The addition of Floxuridine

successfully inhibited their proliferation, allowing to culture MNs for long periods (Fig. 31).
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CHAPTER VI: CONCLUSIONS AND FUTURE
PERSPECTIVES

1. Conclusion

This study aimed to explore the molecular mechanisms underlying the G376D mutation in

TARDBP in an Italian familial ALS case. Specifically, the objectives of this project were:

. Study the expression and sub-cellular localization of TDP-43 in patient-derived fibroblasts

under both basal and chronic stress conditions

. Generate induced pluripotent stem cells (iPSCs) from patient fibroblasts and transfect them

with NIL and NIP transposons using PiggyBac system (focusing primarily on NIL-MNs)

. Differentiate iPSCs into MNs and characterize them through immunocytochemistry

Study the expression and sub-cellular localization of TDP-43 in the MNs under both basal and

stress conditions (acute and chronic).

To address these aims, a series of experiments were carried out, and the findings are summarized

below according to each objective:

1.

Study of the expression and sub-cellular localization of TDP-43 in patient-derived
fibroblasts under both basal and chronic stress conditions
Patient-derived fibroblasts from symptomatic (s.G376D), asymptomatic (a.G376D) and
healthy control (WT) individuals were analysed under basal and chronic stress conditions.
Under basal conditions, TDP-43 exhibited its expected nuclear localization, consistent with its
physiological role. However, upon chronic stress induction with Sodium Arsenite, subtle but
significant differences emerged between the subjects. In particular, the s.G376D fibroblasts
showed a reduced ability to form stress granules and a more rapid disassembly of these
granules during recovery. This suggests a diminished or altered stress response mechanism in
the symptomatic carrier, potentially contributing to disease onset or progression.
Generation of induced pluripotent stem cells (iPSCs) from patient fibroblasts and
transfection with NIL and NIP transposons using PiggyBac system (focusing primarily
on NIL-MNs5)
iPSCs were successfully generated from fibroblasts (by Dr. J. Rosati’s research group) and
transfected with NIL and NIP constructs using PiggyBac system. While early challenges were
encountered, particularly due to the presence of numerous differentiated cells, protocols
refinements, including improved passaging methods (use of ReLeSR) and a selection of post-
transfected colonies, significantly enhanced culture quality and stability. These optimizations
allowed me to work with high-quality NIL-iPSCs and provided a foundation for subsequent
MNs differentiation.
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3. Differentiate iPSCs into MNs and characterize them through immunocytochemistry
iPSCs from all three groups were differentiated into spinal MNs following Garone et al. (2018)
differentiation protocol. The resulting MNs showed the typical morphology of MNs and
expressed canonical markers such as ChAT, Hb9, BIII- tubulin and others at various stages
(days 7, 9, and 12), validating the robustness of the differentiation protocol. However, the
emergence of non-neuronal "flat cells" after prolonged culture highlighted a persistent
challenge in maintaining pure MN cultures and disrupted their viability. This phenomenon
further highlights the complexity of generating stable and mature motor neuronal models for
ALS. Nevertheless, the use of Floxuridine to suppress proliferation of these unwanted “flat
cells” enabled the extension of MN viability and thus long-term culture.

4. Study of the expression and sub-cellular localization of TDP-43 in the MNs under both
basal and stress conditions (acute and chronic)

TDP-43 remained mostly nuclear in MNs, with some diffusion in the neurites, under basal
conditions, which aligns with aligns with its physiological roles and suggests that pathological
mislocalization may occur at later stages of disease progression, highlighting the need for
further investigations in mature MNs.

However, the inability to culture s.G376D and a.G376D MNs long-term limited the

investigation under stress conditions, thereby preventing the full achievement of this objective.

In conclusion, this study provides important insights into the inefficient cellular responses of TDP-
43 in symptomatic G376D carriers and offers valuable improvements in iPSC culture and
differentiation protocols for ALS modelling. While further refinements are needed to improve the
quality of differentiated MNs and reduce the presence of “flat cells,” the results presented here lay
the groundwork for using iPSC-derived models to investigate ALS pathogenesis and potential

therapeutic interventions targeting G376D TDP-43.

2. Future perspectives

While this study provides important insight in understanding the pathophysiology of ALS in

G376D TDP-43 mutation carrier, further analyses and optimization are required.
¢ Refinement of ALS models: the findings of this study highlight the need for further
optimization of the differentiation protocol and the development of mature MNs models.
Future work will focus on strategies to remove the challenges given by the presence of “flat
cells” and to develop models with “mature MNs” to explore the long-term effects of ALS.
e Acute and chronic stress response on MNs: future work will aim to complete the final
objective of this study by investigating the stress response in iPSCs-derived MNs, and to

compare these findings with the previously obtained in fibroblasts.
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o Co-culture systems: although the study of ALS pathogenesis on MNs is significantly
important, to better understand the underlying mechanisms is essential to work on co-
culture systems, such as MNs and microglia. Future work will focus on generating
microglial cells derived from PBMC (Peripheral Blood Mononuclear Cells) of the same
subject used in this study, and culturing them together with the MNs. This system will
highlight the role of neuroinflammation in ALS.

e Therapeutic strategies: Given that the G376D mutation leads to a particularly aggressive
and rapid form of ALS and considering the presence of a large family carrying this
mutation in which 1 individual develops symptoms nearly every year, future research will
focus on the development of personalized therapeutic strategies. This will include the

133 (in collaboration with Dr. C. Bucci — University of

design and testing of siRNAs !
Salento, LE, Italy) and ASOs (in collaboration with Dr. N. Shneider — Columbia
University, NY, USA).

e Expansion to other ALS-related mutations: while this study focuses on the G376D
mutation, it would be valuable to extend this work to other TDP-43 mutations and other
ALS-associated genes. Future works will focus on the comparison of another 2 TDP-43
mutations — A382T and G294V — and another 2 ALS-associated genes — FUS P525L and
C90RF72. Understanding the common and divergent pathological mechanisms in ALS

could pave the way for understanding the molecular causes of ALS.

Some of these future directions have already been initiated, and I am currently contributing to their

execution.
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