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Abstract 

Amyotrophic	 Lateral	 Sclerosis	 (ALS)	 or	Motor	 Neurone	 Disease	 (MND)	 is	 a	 rapidly	

progressive	 and	 universally	 fatal	 neurological	 disorder.	While	 some	 genetic	 causes	

have	 been	 discovered,	much	 remains	 unknown,	 especially	 in	 different	 populations.	

Brachial	monomelic	amyotrophy	(MMA)	is	a	rare	condition	that	mimics	MND,	but	with	

a	better	prognosis.	The	genetic	basis	of	MMA	is	currently	unknown.	In	this	study,	DNA	

samples	 from	 the	motor	 cortex	 of	 ALS	 cases	were	 genotyped	 using	whole	 genome	

sequencing	(WGS)	to	compare	results	with	those	previously	found	in	peripheral	blood	

to	screen	for	the	presence	of	somatic	mutations.	Targeted	sequencing	of	ALS	genes	in	

28	 Bangladeshi	 MND	 patients,	 including	 11	 MMA	 patients,	 was	 performed	 and	

compared	with	results	from	8	UK	MMA	patients	to	establish	if	there	was	genetic	link	

between	 the	 two	diseases.	Two	SOD1	 and	a	FUS	mutation	were	 found	 in	 the	motor	

cortex	samples	but	had	previously	been	found	in	peripheral	blood,	not	supporting	the	

hypothesis	 of	 somatic	 heterogeneity.	 Screening	 of	 Bangladesh	 samples	 revealed	 99	

variants	in	32	ALS	risk	genes,	including	pathogenic	SOD1	mutations	in	3	patients.	Forty-

three	variants	of	conflicting	interpretations	(n=17),	uncertain	significance	(n=12),	risk	

factor	(n=1)	and	unknown	(n=13)	were	found	in	MMA	patients,	highlighting	a	shared	

genetic	basis	of	MMA	and	MND.	This	is	supported	by	the	presence	of	TDP-43	pathology	

in	 UK	 MMA	 patient	 samples.	 The	 study	 discovered	 the	 genetic	 basis	 of	 MND	 in	

Bangladesh	 was	 overlapping	 but	 distinct	 compared	 to	 the	 UK,	 with	 no	 C9ORF72	

mutations	found	in	the	Bangladeshi	MND	cases.	Further	work	is	needed	to	validate	the	

variants	currently	designated	as	variants	of	uncertain	significance	 in	both	MMA	and	

MND	patients.	
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Chapter	1. Introduction		

Amyotrophic	 Lateral	 Sclerosis	 (ALS)	 is	 a	 rapidly	 progressive	 terminal	

neurodegenerative	disease	related	to	the	progressive	death	of	motor	neurons	(Klim	et	

al.,	2019,	Peters	and	Brown	Jr,	2023).	ALS	typically	develops	in	adults	during	midlife.	

In	 general,	 death	 takes	 place	 due	 to	 respiratory	weakness	 after	 a	 disease	 course	 of	

three	to	five	years	(Haverkamp	et	al.,	1995,	Corcia	et	al.,	2008,	Udine	et	al.,	2023).			

1.1. Classification	

ALS	 is	 the	most	common	motor	neurone	disease	(MND),	an	umbrella	 term	which	 is	

used	and	also	includes	primary	lateral	sclerosis	(PLS),	progressive	muscular	atrophy	

(PMA),	progressive	bulbar	palsy	(PBP),	pseudobulbar	palsy,	monomelic	amyotrophy	

(MMA)	(WHO,	2018,	Harrison	et	al.,	2021).	Depending	on	the	affected	motor	neurons,	

MND	can	be	divided	into	three	major	groups:	70%	ALS	(van	Es	et	al.,	2017)	involving	

upper	motor	neurons		(UMNs)	and	lower	motor	neurons	(LMNs),	5%	primary	lateral	

sclerosis	(PLS)	 involving	only	UMNs	and	25%	progressive	muscular	atrophy	(PMA),	

involving	 only	 LMNs	 (Swinnen	 and	 Robberecht,	 2014,	 Grad	 et	 al.,	 2017).	 Benign	

brachial	monomelic	amyotrophy	(MMA),	also	called	Hirayama	syndrome	(Hirayama,	

2008),	 is	a	rare	type	of	motor	neuron	disorder.	 It	primarily	affects	 the	upper	 limbs,	

causing	 muscle	 wasting	 and	 weakness.	 At	 the	 onset,	 it	 can	 resemble	 amyotrophic	

lateral	sclerosis,	but	it	has	a	benign	prognosis	and	is	more	commonly	found	in	males	

(Aundhakar	et	al.,	2017).		
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ALS	can	be	classified	in	different	ways	such	as	progression	rate,	mode	of	inheritance,	

site	of	onset	and	age	of	onset	(Figure	1.1) (Ravits	et	al.,	2013,	Kennedy	et	al.,	1998).	ALS	

can	 be	 fast/rapid	 or	 slow	 depending	 on	 the	 rate	 of	 the	 progression	 of	 the	 disease	

(Müller	et	al.,	2018).	Usually,	 fast	progression	is	defined	as	a	disease	duration	of	<2	

years;	 slow	progression	 is	 a	 disease	 duration	 of	 >4	 years	 (van	 den	Berg-Vos	 et	 al.,	

2003).		ALS	can	be	familial	(FALS)	or	sporadic	(SALS).	Sporadic	Amyotrophic	Lateral	

Sclerosis	 (SALS)	 is	 the	most	 common	 form	of	ALS	accounting	 for	90%	of	 cases	 that	

occur	randomly,	with	no	history	of	the	disease	in	the	family	(Sabatelli	et	al.,	2013).	If	

one	 or	more	 first-	 or	 second-degree	 relatives	are	 reported	 to	 suffer	 from	ALS,	 it	 is	

known	as	FALS	 (Valdmanis	and	Rouleau,	2008).	While	 the	majority	of	 cases	exhibit	

autosomal	dominant	(AD)	inheritance	there	are	rare	cases	of	autosomal	recessive	(AR),	

or	 X-linked	 (XD)	 inheritance	 (Rowland	 and	 Shneider,	 2001,	 Nguyen	 et	 al.,	 2018a,	

Cooper-Knock	 et	 al.,	 2017).	 SALS	 also	 has	 a	 strong	 genetic	 component	 –	 estimated	

heritability	from	twin	studies	is	61%	(Al-Chalabi	et	al.,	2010).		SALS	likely	results	from	

a	 complex	 interaction	 of	 genetics	 and	 the	 environment	 although,	 to	 date,	 there	 is	

disagreement	as	to	which	environmental	risk	factors	are	important.		

ALS	can	also	be	subdivided	based	on	the	site	of	onset:	most	commonly	spinal-onset	

ALS/limb-onset	ALS	(70%),	bulbar	onset	ALS	(20-15%),	though	rare	respiratory	onset	

and	generalized	onset	where	multiple	regions	are	involved	simultaneously	have	also	

been	reported	(Brotman	et	al.,	2021).	Progressive	bulbar	palsy	(PBP),	a	subtype	of	PLS	

was	originally	thought	to	be	a	different	disease	from	ALS	based	on	a	distinct	survival	

profile	associated	with	dysarthria	or	dysphagia	due	to	bulbar	muscle	weakness	and	
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atrophy	 (Swinnen	 and	 Robberecht,	 2014,	 Couratier	 et	 al.,	 2021).	 Two	 additional	

regional	 variants	 are	 described	 associated	 with	 prolonged	 survival:	 flail	 arm	

syndrome/brachial	 amyotrophic	 diplegia	 and	 flail	 leg	 syndrome/leg	 amyotrophic	

diplegia	 in	 which	 proximal	 muscles	 are	 preferentially	 affected	 (Swinnen	 and	

Robberecht,	 2014).	 Other	 variants	 include	 amyotrophic	 lateral	 sclerosis-

frontotemporal	dementia	(ALS-FTD),	a	form	of	ALS	referring	to	patients	who	fulfil	the	

diagnostic	 criteria	 for	 both	 ALS	 and	 frontotemporal	 dementia	 (FTD)	 (van	 Es	 et	 al.,	

2017).	A	very	rare	variant	is	respiratory	onset,	with	orthopnoea	or	dyspnoea,	and	mild	

or	even	absent	spinal	or	bulbar	signs	at	presentation	(Chiò	et	al.,	2011).	Usually,	ALS	

starts	 in	 the	 fifth	or	sixth	decade	of	 life	which	is	described	as	 the	peak	age	of	onset.	

Onset	at	a	younger	age	has	been	described	as	either	young	onset	of	ALS	before	age	45	

(Turner	et	al.,	2012)	or	juvenile-onset	of	ALS	affected	before	age	25	(Orban	et	al.,	2007).		
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Figure	1.1.	Overview	of	MND	and	frequent	ALS	classifications;	it	should	be	noted	

that	certain	patients	can	have,	for	example,	bulbar	onset	associated	with	PLS.	

1.2. Signs	and	symptoms		

The	onset	of	ALS	is	often	subtle	such	that	the	symptoms	may	be	barely	noticeable	at	

the	early	stage	but	the	weakness	becomes	more	visible	over	time.	The	progression	of	

ALS	differs	from	person	to	person.	Some	of	the	early	symptoms	and	signs	include:	

1. Trouble	in	carrying	out	daily	activities	such	as	fastening	buttons	and	using	a	fork	

2. Weakness	in	the	feet,	hands,	legs,	and	ankles	

3. Muscle	 cramps	 and	 fasciculations	 (muscle	 twitches)	 in	 the	 arms,	 shoulders,	 and	

tongue	

4. Worsening	posture	and	a	hard	time	holding	the	head	up	
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5. Cognitive	changes	(~3	to	30%	of	ALS	patients	develop	mild	cognitive	impairment	

which	can	progress	to	FTD	(Grossman	et	al.,	2007))	

6. Slurred	and	nasal	speech	

7. Difficulty	in	breathing,	chewing	and	swallowing	(Saudagar	et	al.,	2019).	

1.3. Pathophysiology/Pathogenesis	of	ALS	

1.3.1. ALS	Mechanism	

The	mechanisms	involved	in	the	development	of	ALS	neurodegeneration	are	still	not	

understood	although	a	set	of	consistent	candidates	has	been	described	(Figure	1.2)	

(Kiernan	et	al.,	2011).	Many	mechanisms	have	been	implicated	in	both	SALS	and	FALS,	

including	 protein	 aggregation,	 excitotoxicity,	 RNA	 toxicity,	 hypermetabolism,	

inflammation,	 prion-like	 spreading,	 and	 decreased	 neurotrophic	 support	 from	non-

neuronal	 cells	 (van	 Es	 et	 al.,	 2017).	 Table	 1.1	 shows	 the	major	 pathophysiological	

mechanisms	 involved	 in	 ALS	 along	 with	 a	 set	 of	 risk	 genes	 associated	 with	 each	

mechanism.	
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Figure	 1.2.	 The	 cellular	 and	 molecular	 mechanism	 mediating	 ALS	

neurodegeneration.	

The	arrows	indicate	the	links	between	the	mechanisms.	ER,	endoplasmic	reticulum.	

The	figure	is	adapted	from	Hardiman	et	al.,	2017		(Hardiman	et	al.,	2017).		
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Table	1.1.	The	main	pathophysiological	mechanisms	involved	in	ALS	and	the	ALS	

genes	are	shown	to	be	associated	with	each	of	these	mechanisms.	For	abbreviation	

see	Table	1.2.	

Implicated	disease	
mechanisms	

Gene	 Refs	

Hyperexcitability	 SOD1	 (Kim	et	al.,	2017)	
Impaired	DNA	
repair	

C21ORF2,	FUS,	NEK1	and	
SPG11		

(Sun	et	al.,	2020)	

Aberrant	RNA	
metabolism	

ANG,	ATXN2,	C9ORF72,	ELP3,	
EWSR1,	FUS,	HNRNPA1,	
HNRNPA2B1,	MATR3,	SETX,	
TAF15	and	TARDBP	

(Donnelly	et	al.,	2014)	

Nuclear	export	 C9ORF72	and	FUS	 (Jovicic	et	al.,	2016)	
Impaired	protein	
homeostasis	

ALS2,	C9ORF72,	CHMP2B,	
OPTN,	SIGMAR1,	SQSTM1,	
UBQLN2,	SOD1,	TBK1,	VAPB	
and	VCP			

(Maruyama	et	al.,	2010a,	
Johnson	et	al.,	2010b,	Luty	et	
al.,	2010,	Al-Saif	et	al.,	2011,	
Fecto	et	al.,	2011,	Weidberg	
and	Elazar,	2011)	

Oxidative	stress	 ALS2,	SOD1	and	TARDBP	 (Rosen,	1993,	Siddique	et	al.,	
1991)	

Mitochondrial	
dysfunction	

CHCHD10,	SOD1	and	
TARDBP	

(Bannwarth	et	al.,	2014)	

Dysregulated	vesicle	
transport	

ALS2,	CHMP2B,	FIG4,	OPTN,	
SOD1,	UNC13A	and	VAPB	

(Nishimura	et	al.,	2004,	
Sreedharan	et	al.,	2008)	

Glial	dysfunction	 C9ORF72	and	SOD1	 (DeJesus-Hernandez	et	al.,	
2011,	Renton	et	al.,	2011)	

Axonopathy	 DCTN,	NEFH,	PFN1,	PRHPH,	
SOD1,	SPG11	and	TUBA4A		

(Moloney	et	al.,	2014,	Wu	et	
al.,	2012)	

	

SOD1	 has	 been	 linked	 to	 the	 largest	 number	 of	 associated	 pathophysiological	

mechanisms,	probably	because	it	was	the	cornerstone	of	disease	modelling	from	the	

time	 of	 the	 discovery	 that	 autosomal	 dominant	 mutations	 within	 SOD1	 cause	 ALS	

(Rosen	 et	 al.,	 1993,	 Masrori	 and	 Van	 Damme,	 2020)	 until	 relatively	 recently.	

Mechanisms	 linked	 to	 ALS	 associated	 with	 SOD1	 include	 oxidative	 stress,	
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mitochondrial	 dysfunction,	 dysregulated	 vesicle	 transport,	 glial	 cells,	 axon	

dysfunction,	neuronal	hyperexcitability	and	SOD1	protein	aggregates	(Hardiman	et	

al.,	2017).	Intracellular	ubiquitinated	protein	aggregates	which	are	a	hallmark	of	ALS	

are	proposed	to	be	harmful	to	neurons.	Some	of	the	most	prominent	mechanisms	will	

now	be	discussed	in	detail.		

1.3.1.1. Protein	Aggregation	

Protein	aggregation	is	identified	as	a	key	feature	of	ALS	(Ince	et	al.,	1998a,	Ince	et	al.,	

1998b,	Piao	et	al.,	2003).	The	TDP-43	protein,	encoded	from	TARDBP	was	found	to	be	

the	key	protein	aggregated	in	>98%	of	both	familial	and	sporadic	ALS	(Sreedharan	et	

al.,	2008).	Exceptions	include	cases	of	FALS	with	mutations	in	SOD1	and	FUS,	misfolded	

SOD1	and	cytoplasmic	 inclusions	containing	mutant	 fused	 in	sarcoma	(FUS)	protein	

are	detected	respectively	(Rakhit	et	al.,	2007,	Groen	et	al.,	2010,	Hewitt	et	al.,	2010b).	

Mutations	in	genes	responsible	for	protein	processing	may	contribute	directly	to	ALS.	

For	 example,	 recently	 mutation	 within	 valosin-containing	 protein	 (VCP)	 which	

regulates	protein	homeostasis,	autophagy,	organelle	biogenesis	and	cell	signalling,	and	

mutation	 within	 ubiquitin	 2	 (UBQLN2)	 which	 regulates	 the	 protein	 degradation	

pathway,	have	been	associated	with	monogenic	ALS	(Johnson	et	al.,	2010a,	Ritson	et	

al.,	2010,	Deng	et	al.,	2011).	In	2022	Gosset	et	al	proposed	the	prionoid	hypothesis	that	

protein	 aggregates	 may	 be	 toxic	 to	 neurons	 via	 a	 prion-like	 behaviour	 in	 which	

misfolded	 protein	 aggregates	 induce	 aggregation	 in	 spatially	 associated	 wild	 type	

protein	(Gosset	et	al.,	2022).	Previous	studies	showed	a	prion-like	activity	of	SOD1	in	

vivo	 that	 suggested	 that	 the	 expression	 of	 human	wildtype	 SOD1	 can	 influence	 the	
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phenotype	of	mice	expressing	ALS-linked	mutated	SOD1	(Deng	et	al.,	2006,	Prudencio	

et	al.,	2010,	Wang	et	al.,	2009).	TAR	DNA-binding	protein	of	43	kDa	(TDP-43)	exhibits	

prionoid	characteristics	in	addition	to	Cu/Zn	superoxide	dismutase	1	(SOD1)	and	fused	

in	sarcoma	(FUS)	(McAlary	et	al.,	2019,	Polymenidou	and	Cleveland,	2011,	Bertolotti,	

2018).		

It	is	interesting	that	TDP-43	proteinopathy	is	observed	in	various	neurodegenerative	

diseases	 such	 as	 Parkinson’s	 disease	 (PD)	 without	 or	 with	 dementia	 (PDD),	 and	

dementia	 with	 LBs	 (DLB)	 alone	 or	 in	 association	 with	 Alzheimer’s	 disease	 (AlzD)	

(Nakashima-Yasuda	et	al.,	2007,	Amador-Ortiz	et	al.,	2007,	Tziortzouda	et	al.,	2021).	

Moreover,	 the	presence	of	TDP-35,	 a	 truncated	 fragment	of	TDP-43,	beyond	certain	

thresholds	 in	humans	 is	suggested	 to	affect	neuronal	health	and	may	aggravate	 the	

course	of	TDP-43	proteinopathies	(Chhangani	and	Rincon-Limas,	2022).	

The	formation	of	TDP-43	into	stress	granules	is	a	natural	and	reversible	process	that	

enables	 cells	 to	 conserve	 energy	 by	 reducing	 mRNA	 translation	 during	 stressful	

periods.	In	vivo	stress	granules	are	a	prime	example	of	liquid-liquid	phase	separation	

(LLPS)	and	are	held	 together	by	protein-protein	 interactions	 through	TDP-43's	 low	

complexity	domain	and	protein-RNA	 interactions	via	TDP-43	RRM.	The	presence	of	

mutant	TDP-43	has	been	linked	to	impaired	stress	granule	formation	and	an	elevated	

depletion	of	TDP-43	in	the	nucleus	of	the	mammalian	nervous	system,	which	may	be	

significant	in	the	development	of	ALS/FTD	pathology	(Dubinski	et	al.,	2023).	However,	

TDP-35	 can	 form	 irreversible	 aggregates	 in	 the	 cytoplasm,	 which	 could	 represent	

stress	granules	that	failed	to	disassemble.	The	presence	of	TDP-35	is	always	considered	



Chapter	1:	Introduction	

	 10	

pathological,	 and	my	observations	 in	 induced	astrocyte	 (iAstrocyte/iA)	suggest	 that	

the	 mutations	 modelled	 have	 caused	 TDP-43	 proteinopathy,	 a	 key	 feature	 of	 ALS.	

Additionally,	 these	 irreversible	 RNA	 granules	 containing	 TDP-35	may	 result	 in	 the	

mislocalization	of	endogenous	TDP-43.	

TDP-35	 inclusions	 containing	 TDP-43	 or	 other	 RNPs	 formed	 by	 RNA-assisted	

sequestration	may	be	relevant	to	a	gain-of-function	pathology.	The	ability	of	TDP-35	to	

form	inclusions	in	the	cytoplasm,	while	possessing	the	most	essential	domains	of	TDP-

43,	may	impact	the	inherent	function	of	TDP-43	in	mRNA	processing	(Che	et	al.,	2011).	

In	 summary,	 TDP-35's	 ability	 to	 sequester	 normal	 TDP-43	 and	 other	 RNA-binding	

proteins	 into	 cytoplasmic	 inclusions	 via	 RNA	 binding	 may	 be	 relevant	 to	 the	

pathogenesis	of	neurodegenerative	diseases	which	exhibit	TDP-proteinopathy,	and	the	

TDP-35	 inclusions	 formed	 by	 RNA-assisted	 sequestration	 may	 be	 similar	 to	

cytoplasmic	 RNP	 granules.	 Understanding	 the	 mechanisms	 underlying	 TDP-35's	

pathogenicity	 may	 provide	 insights	 into	 developing	 new	 therapies	 for	 these	

devastating	diseases.	

1.3.1.2. Mitochondrial	Dysfunction	&	Oxidative	Stress	

Mitochondria,	which	are	the	energy	producers	of	the	cell,	generate	ATP	via	oxidative	

phosphorylation	 (OXPHOS)	 and	 are	 involved	 in	 responding	 to	 oxidative	 stress	 and	

apoptosis.	 (Federico	 et	 al.,	 2012).	 Efficient	 mitochondrial	 function	 is	 particularly	

essential	 for	 large	 motor	 neurons	 because	 of	 their	 high	 energy	 demand.	 As	

mitochondria	contain	many	redox	enzymes,	malfunction	of	mitochondria	may	lead	to	
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oxidative	phosphorylation	generating	reactive	oxygen	species	(ROS)	(Federico	et	al.,	

2012).	Although	ROS	produced	in	normal	cells	is	not	thought	to	cause	ALS,	excessive	

production	may	contribute	 to	 the	development	of	 the	disease	due	 to	energy	 failure	

(Federico	et	al.,	2012,	Zhao	et	al.,	2022).	ALS-associated	mutations	within	both	SOD1	

and	TARDBP	proteins	cause	mitochondrial	dysfunction	leading	to	oxidative	stress	in	

ALS	 (Vande	 Velde	 et	 al.,	 2011,	 Magrane	 et	 al.,	 2014,	 Motataianu	 et	 al.,	 2022).	

Postmortem	and	biopsy	samples	from	the	spinal	cord,	nerves	and	muscles	of	both	SALS	

and	FALS	show	abnormalities	in	mitochondrial	structure,	number	and	localization	(Lin	

and	Beal,	2006)	as	well	as	increased	oxidative	stress	(Stein	et	al.,	2021).	Mitochondrial	

dysfunction	 has	 been	 associated	 with	 many	 pathological	 changes	 in	 ALS	 and	 is	

therefore	believed	to	be	commonly	involved	in	the	pathogenesis	of	the	disease	(Zhao	

et	al.,	2022).	

1.3.1.3. Excitotoxicity,	 Glutamate,	 its	 Transport	 and	

Receptors	

In	 CNS,	 the	 main	 excitatory	 neurotransmitter	 is	 glutamate.	 Excitatory	 amino	 acid	

transporter	2	(EAAT2)	acts	as	a	glutamate	reuptake	transporter	removing	glutamate	

from	the	synaptic	cleft	and	ending	the	excitatory	signal.	Thus	alterations	in	glutamate	

receptor	expression	or	neuronal	energy	homeostasis	may	cause	increased	sensitivity	

of	 the	 postsynaptic	 neuron	 to	 glutamate	 or	 synaptic	 levels	 of	 glutamate	 leading	 to	

excitotoxicity	(Van	Damme	et	al.,	2005).	The	key	components	of	excitotoxicity	include	

abnormal	 mitochondrial	 function	 and	 ATP	 production,	 and	 intracellular	 calcium	

homeostasis	 (Arundine	 and	 Tymianski,	 2003).	 Another	 excitatory	 glutamatergic	
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neurotransmission	 regulating	 α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic	

acid	 (AMPA)	 receptor	 is	 also	 found	 to	 mediate	 excitotoxicity	 through	 calcium	

permeability.	Elevated	CSF	glutamate	levels	are	found	in	ALS	patients	which	might	be	

consistent	with	excessive	neuronal	stimulation	leading	to	excitotoxicity	(Shaw	et	al.,	

1995).	Riluzole,	the	first	drug	approved	for	the	treatment	of	ALS,	is	thought	to	act	via	

the	prevention	of	excitotoxicity	(Kyllo	et	al.,	2022).	

UNC13A	(Unc-13	Homolog	A)	is	a	key	player	in	the	process	of	vesicle	maturation	during	

exocytosis	and	is	targeted	by	the	diacylglycerol	second	messenger	pathway	(Diekstra	

et	 al.,	 2012b).	 Specifically,	 it	 participates	 in	 neurotransmitter	 release	 by	 facilitating	

synaptic	vesicle	priming	before	vesicle	 fusion	and	contributes	 to	 the	 refilling	of	 the	

readily	releasable	vesicle	pool	in	an	activity-dependent	manner	(Diekstra	et	al.,	2012b).	

TDP-43	 has	 an	 important	 role	 as	 a	 repressor	of	 cryptic	 exon	 inclusion	 during	RNA	

splicing	 (Ling	 et	 al.,	 2015).	 Although	 human	 genome-wide	 association	 studies	 have	

identified	 single	 nucleotide	polymorphisms	 in	UNC13A	 as	 being	 strongly	 associated	

with	FTD	and	ALS	(Van	Es	et	al.,	2009,	Diekstra	et	al.,	2014),	it	is	not	clear	how	these	

variants	increase	the	risk	of	disease.	Recent	studies	by	Ma	et	al.	and	Brown	et	al.	shed	

light	on	this	mechanism	by	revealing	that	loss	of	TDP-43	function	leads	to	the	inclusion	

of	cryptic	exons	in	specific	mRNAs,	including	the	synaptic	gene	UNC13A	(Ma	et	al.,	2022,	

Brown	 et	 al.,	 2022).	 Loss	 of	 TDP-43	 from	 the	 nucleus	 in	 various	 human	 brain	 and	

neuronal	cell	lines,	as	well	as	motor	neurons	derived	from	induced	pluripotent	stem	

cells,	 resulting	 in	 the	 inclusion	 of	 a	 cryptic	 exon	 in	 UNC13A	 mRNA	 and	 reduced	

expression	of	the	UNC13A	protein.	
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Moreover,	the	top	variants	associated	with	FTD	or	ALS	risk	in	humans	are	located	in	

the	intron-containing	cryptic	exon,	and	they	increase	UNC13A	cryptic	exon	splicing	in	

the	 presence	 of	 TDP-43	 dysfunction.	 These	 findings	 provide	 evidence	 of	 a	 genetic	

association	 between	 UNC13A	 and	 the	 loss	 of	 nuclear	 TDP-43	 function	 and	

excitotoxicity	 (Liu	 et	 al.,	 2023).	 Additionally,	 the	 research	 sheds	 light	 on	 the	

mechanisms	by	which	UNC13A	variants	worsen	the	effects	of	reduced	TDP-43	function	

(Ma	et	al.,	2022,	Brown	et	al.,	2022,	Liu	et	al.,	2023).		

1.3.1.4. Immunity,	Inflammation	&	Cytokines	

The	 pathology	 of	 ALS	 shows	 evidence	 of	 neuroinflammation	 such	 as	 activated	

microglia	and	 infiltrating	 lymphocytes	 in	 the	CNS	 (Henkel	 et	 al.,	 2004).	 In	 the	early	

stage	of	ALS	reduced	monocytes	(CD14+	cells)	and	CD4+CD25+	regulatory	T	(TREG)	cells	

are	detected	(Henkel	et	al.,	2013).	Other	studies	reported	a	reduced	amount	of	TREG	

being	associated	with	disease	severity	(Mantovani	et	al.,	2009,	Rentzos	et	al.,	2012)	and	

disease	duration	(Rentzos	et	al.,	2012).	In	ALS	altered	immune	responses	have	been	

linked	 to	 the	 degeneration	 and	 death	 of	 motor	 neurons	 (Hardiman	 et	 al.,	 2017).	

Neuroinflammation	is	also	connected	to	the	activation	of	immune	response	that	can	be	

observed	in	imaging	studies	in	ALS	patients,	rodent	models	of	ALS	and	human	post-

mortem	 samples	 (Corcia	 et	 al.,	 2012,	 Brites	 and	 Vaz,	 2014).	 For	 example,	 deleting	

mutant	SOD1	from	astrocytes	and	microglial	cells	in	a	mouse	model	of	ALS	increases	

survival	by	slowing	the	disease	progression	(Wang	et	al.,	2011);	it	is	thought	that	this	

may	be	via	a	direct	effect	on	the	 inflammatory	modulation	performed	by	these	glial	

cells.		
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1.3.2. Genetic	factors	involved	in	ALS	

Both	genetic	and	environmental	factors	are	thought	to	be	responsible	for	ALS.	Multiple	

genetic	 factors	 causing	 ALS	 have	 been	 identified	with	mutations	 in	more	 than	 120	

genes	 found	 to	 be	 associated	 with	 ALS	 (alsod.ac.uk),	 accounting	 for	 about	 70%	 of	

familial	and	15%	of	apparently	sporadic	cases	(Table	1.2)	(Nguyen	et	al.,	2018a,	Klim	

et	al.,	2019,	Cooper-Knock	et	al.,	2021a).	Among	them,	 the	most	 frequently	mutated	

ALS	 risk	 genes	 are	 chromosome	 9	 open	 reading	 frame	 72	 (C9ORF72),	 superoxide	

dismutase	1	(SOD1),	TAR	DNA	Binding	Protein	(TARDBP)	and	Fused	in	Sarcoma	(FUS)	

(Morgan	and	Orrell,	2016,	Lattante	et	al.,	2013,	Paez-Colasante	et	al.,	2015).		

1.3.2.1. C9ORF72	

The	C9ORF72	protein	is	thought	to	be	involved	in	the	initiation	of	autophagy	however,	

it	is	still	unknown	whether	ALS-associated	mutation	changes	the	normal	function	of	

C9ORF72.	 The	 C9ORF72	 mutation	 is	 a	 GGGGCC	 (G4C2)	 hexanucleotide	 repeat	

expansion	(HRE)	within	intron	1.	The	exact	length	of	expansion	necessary	to	cause	the	

disease	is	debated	but	expansions	of	longer	than	30	repeats	are	associated	with	ALS	

(Majounie	et	al.,	2012).	The	expansion	in	C9ORF72	is	proposed	to	cause	disease	through	

1)	haploinsufficiency	causing	loss-of-function	of	C9ORF72,	2)	RNA	toxicity	due	to	the	

construction	of	irregular	HRE-containing	RNA,	and	3)	accumulation	of	toxic	dipeptide	

repeat	proteins	(DPR)	translated	from	HRE	RNA	(Babic	Leko	et	al.,	2019).		Around	39%	

of	familial	and	7%	of	sporadic	cases	of	ALS	of	European	ancestry	carry	the	C9ORF72	

HRE;	notably,	the	frequency	varies	significantly	between	populations	(Saudagar	et	al.,	
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2019).		The	C9ORF72	HRE	is	the	most	common	mutation	linking	familial	ALS	and	FTD	

(Gossye	et	al.,	2020).	For	instance,	the	C9ORF72	HRE	is	linked	to	25%	of	familial	FTD	

cases	(Smeyers	et	al.,	2021).	FALS	and	SALS	are	largely	indistinguishable	clinically	and	

pathologically.	 Therefore,	 studying,	 C9ORF72	may	 be	 helpful	 for	 the	 diagnosis	 and	

design	of	therapies	for	all	ALS	patients	as	it	is	the	largest	single	genetic	cause	of	ALS.	

1.3.2.2. SOD1	

Cu–Zn	superoxide	dismutase	1	(SOD1)	mutation	was	the	first	designated	genetic	cause	

for	FALS	(Rosen	et	al.,	1993).	Around	20%	of	 familial	and	1%	of	sporadic	cases	are	

estimated	 to	 have	mutations	 in	 the	SOD1	 gene	 (Saudagar	 et	 al.,	 2019).	 Around	200	

mutations	in	the	SOD1	gene	have	been	reported	to	cause	ALS.	In	ALS,	SOD1	acquires	a	

toxic,	unknown	gain	of	function	(Bunton-Stasyshyn	et	al.,	2015).	However,	the	normal	

functions	 of	 SOD1	 and	 the	 cellular	 pathways	 that	 depend	 on	 this	 protein	 are	 still	

unclear,	despite	 its	 abundance	and	ubiquity.	Although	 it	 is	known	 to	 function	as	an	

antioxidant	 in	 the	 cytosol,	 the	 levels	of	SOD1	protein	are	much	higher	 than	what	 is	

required	 for	 this	 role	 alone.	 Recent	 research	 has	 revealed	 new	 functions	 of	 SOD1,	

including	its	involvement	in	RNA	metabolism	as	a	nuclear	transcription	factor,	and	in	

metabolic	signalling.	Interestingly,	given	the	roles	of	other	genes	that	cause	ALS,	these	

functions	 shed	 new	 light	 on	 SOD1's	 potential	 involvement	 in	 the	 disease	 (Bunton-

Stasyshyn	et	al.,	2015).	The	role	of	SOD1	in	ALS	is	affected	by	various	factors	such	as	

excitotoxicity	(via	AMPA	receptor	and	sodium	channel	activation),	ER	stress,	and	cell-

specific	impacts	from	astrocytes	and	microglia.	Investigating	these	functions	provides	

potential	 avenues	 for	 developing	 much-needed	 treatments	 to	 slow	 down	 disease	



Chapter	1:	Introduction	

	 16	

progression	 in	 SOD1-FALS,	 and	 perhaps	 even	 SALS,	 along	 with	 anti-sense	

oligonucleotide	 therapies	 (Musarò,	 2013,	 Yang	 et	 al.,	 2013).	 While	 the	 majority	 of	

SOD1-related	 familial	ALS	cases	exhibit	autosomal	dominant	 inheritance,	 there	have	

been	 reports	 of	 rare	 cases	 displaying	 autosomal	 recessive	 inheritance.	 In	 certain	

families,	 a	 "tightly	 linked	 protective	 factor"	has	 been	 identified,	which	modifies	 the	

toxic	impact	of	the	mutant	SOD1	and	leads	to	the	manifestation	of	recessive	inheritance	

(Al-Chalabi	 et	 al.,	 1998).	 However,	 our	 understanding	 of	 SOD1's	 functions	 is	 still	

limited,	and	many	aspects	of	this	small	protein	remain	enigmatic.	

1.3.2.3. TARDBP	

The	TARDBP	gene	encodes	a	protein	called	transactive	response	DNA	binding	protein	

43	kDa	(TDP-43).	TARDBP	encodes	several	isoforms	of	which	a	heterogeneous	nuclear	

ribonucleoprotein	(hnRNP),	TDP-43	is	considered	to	be	the	most	predominant	and	a	

major	component	of	the	cytoplasmic	ubiquitinated	inclusions	seen	in	the	majority	of	

ALS	 cases	 (Corrado	et	 al.,	 2009).	Mutations	 in	 the	TDP-43	protein	mostly	affect	 the	

glycine-rich	 domain,	 the	 protein	 region	 involved	 in	 mRNA	 processing,	 likely	

interrupting	the	production	of	other	proteins	(Lagier-Tourenne	et	al.,	2012).	Around	

5%	of	 FALS	 patients	 are	 found	 to	 have	TARDBP	 mutations	 (Saudagar	 et	 al.,	 2019).	

(Section	1.3.1.1	and	1.3.1.2).	



Chapter	1:	Introduction	

	 17	

1.3.2.4. FUS	

The	FUS	gene	encodes	a	protein	 involved	 in	microRNA	processing,	 the	transcription	

process,	transport,	trafficking,	and	alternative	splicing.	At	least	85	mutations	causing	

ALS	have	been	reported	in	the	FUS	gene,	and	account	for	5%	of	FALS	cases	(Saudagar	

et	al.,	2019).	Mutations	mostly	affect	the	protein	region	involved	in	DNA	binding	and	

messenger	RNA	(mRNA)	processing	(Fujii	and	Takumi,	2005,	Fujii	et	al.,	2005).	These	

ultimately	result	in	interfering	with	the	transportation	of	mRNA	from	the	nucleus	of	

cells.	Consequently,	mutant	FUS	protein	and	mRNA	are	aggregated	within	the	motor	

neuron	cells	of	ALS	patients.	A	younger	onset	of	ALS	and	a	decreased	life	expectancy	

have	 been	 observed	 in	 cases	 carrying	mutations	 in	 the	FUS	 gene	 compared	 to	ALS	

triggered	 by	mutations	 in	 other	 genes	 (Bäumer	 et	 al.,	 2010).	 In	 a	 study	 by	 López-

Erauskin	et	al.,	humanized	FUS	mice	were	created	to	investigate	the	role	of	human	wild-

type	and	ALS/FTD-linked	FUS	mutants	in	complementing	the	functions	of	murine	FUS.	

The	 research	 shows	 that	 when	 mutant	 human	 FUS	 is	 expressed	 at	 a	 level	 and	

subcellular	distribution	that	mimics	endogenous	FUS,	it	leads	to	progressive	motor	and	

cognitive	deficits	 in	mice,	 accompanied	by	RNA	alterations	due	 to	a	gain	of	 toxicity	

(López-Erauskin	et	al.,	2020).	The	study	reveals	that	even	a	slight	increase	in	FUS	 is	

sufficient	to	trigger	age-dependent	motor	deficits,	indicating	that	neurodegeneration	

is	 not	 primarily	 caused	 by	 reduced	 FUS	 activity.	 The	 research	 suggests	 that	 RNA-

binding	proteins	play	a	critical	role	in	regulating	local	protein	translation	and	synaptic	

function.	
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Table	 1.2.	 ALS	 Genes.	 Abbreviations	 are	 Autosomal	 Dominant	 (AD),	 Autosomal	

Recessive	(AR),	X-linked	(XD),	*Extremly	Rare.		

ALS	types	 Gene	 Abbreviation	 Associated	
with	Loci	

Type	of	
inheritance	

Known	ALS	loci	and	genes	
ALS1	 Superoxide	dismutase	1	 SOD1	 21q22	 	 AD/AR*	
ALS2	 Alsin	Rho	Guanine	

Nucleotide	Exchange	
Factor	

ALS2	 2q33	 AR	

ALS4	 Senataxin	 SETX	 9q34	 AD	
ALS5	 Spastic	paraplegia-11	 SPG11	 15q15-21	 AR	
ALS6	 RNA	binding	protein	

Fused	in	Sarcoma	
FUS	 16q12	 AD/AR	

ALS8	 Vesicle-associated	
membrane	protein-
associated	protein	B	

VAPB	 20q13.33	 AD	

ALS9	 Angiogenin/	
ribonuclease	5	

ANG	 14q11.2	 AD	

ALS10	 TAR	DNA	Binding	
Protein	

TARDBP	 1p36.22
	 	

AD	

ALS11	 FIG4	Phosphoinositide	5-
Phosphatase	

FIG4	 6q21	 AD	

ALS12	 Optineurin	 OPTN	 10p15-p14	 AD/AR	
ALS13	 Ataxin	2	 ATXN2	 12Q24.12	 AD	
ALS14	 Valosin	Containing	

Protein	
VCP	 9p13-p12	 AD	

ALS15	 Ubiquilin	2	 UBQLN2	 Xp11-q12	 XD	
ALS16	 Sigma	Non-Opioid	

Intracellular	Receptor	1	
SIGMAR1	 9p13.3	 AD/AR	

ALS17	 Charged	Multivesicular	
Body	Protein	2B	

CHMP2B	 3p12.1	 AD	

ALS18	 Profilin	1	 PFN1	 17p13.3
	 	

AD	

ALS19	 Receptor	tyrosine-
protein	kinase	erbB-4	

ERBB4	 2q33.3-q34	 AD	

ALS20	 Heterogeneous	Nuclear	
Ribonucleoprotein	A1	

hnRNPA1	 12q13.1	 AD	

ALS21	 Matrin	3	 MATR3	 5q31.2	 AD	
ALS22	 Tubulin	Alpha	4A	 TUBA4A	 2q35	 AD	
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ALS23	 Annexin	A11	 ANXA11	 10q22.2	 AD	
ALS24	 NIMA	Related	Kinase	1	 NEK1	 4q33	 AD	
ALS25	 Kinesin	Family	Member	

5A	
KIF5A		 12q13.3				 AD	

ALS26	 Tia1	Cytotoxic	Granule-
Associated	Rna-Binding	
Protein	

TIA1		 2p13.3		 AD	

Known	ALS	loci	with	unknown	causative	gene	
ALS3	 Unknown		 -	 18q21	 AD	
ALS7	 Unknown		 -	 20ptel-p13	 AD	
Known	ALS	&	FTD	loci	and	genes	
ALS-FTD1	 Chromosome	9	open	

reading	frame	72	
C9ORF72	 9q21.2	 AD	

ALS-FTD2	 Coiled-Coil-Helix-Coiled-
Coil-Helix	Domain	
Containing	10	

CHCHD10	 22q11	 AD	

ALS-FTD3	 Sequestosome	1	 SQSTM1	 5q35	 AD	
ALS-FTD4	 TANK	Binding	Kinase	1	 TBK1	 12q14.2	 AD	
ALS-FTD5	 Cyclin	F	 CCNF	 16p13.3		 AD	
ALS-FTD6	 Valosin-Containing	

Protein	
VCP	 9p13.3	 AD	

ALS-FTD7	 Charged	Multivesicular	
Body	Protein	2B	

CHMP2B		 3p11.2				 AD	

ALS-FTD8	 Cyld	Lysine-63	
Deubiquitinase	

CYLD		 16q12.1		 AD	

Potentially	other	ALS	loci	with	known	genes	include	
ALS	 Neurofilament	Heavy	 NEFH	 22q12.1	 AD/AR	
ALS	 Dynactin	 DCTN1	 2p13	 AD/AR	
ALS	 D-Amino	Acid	Oxidase	 DAO	 12q24	 AD	
ALS	 TATA-Box	Binding	

Protein	Associated	
Factor	15	

TAF15	 17q11.1-
q11.2	

AD	

ALS	 EWS	RNA	Binding	
Protein	1	

EWSR1	 22q12.2	 AD	

ALS	 Rho	Guanine	Nucleotide	
Exchange	Factor	28	

ARHGEF28	 5q13.2	 AD	

ALS	 Mitofusin-2	 MFN2	 1p36.22	 AD	
ALS-
Paskinsonism	

Transient	Receptor	
Potential	Cation	Channel,	
Subfamily	M,	Member	7	

TRPM7		 15q21.2		 AD	
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Although	the	cause	of	sporadic	amyotrophic	lateral	sclerosis	(SALS)	in	most	cases	is	

not	 known,	 mutations	 in	 many	 of	 the	 genes	 causing	 familial	 amyotrophic	 lateral	

sclerosis	 (FALS)	 have	 been	 identified	 in	 apparently	 sporadic	 cases.	 ALS	 gene	

frequencies	 in	Figure	1.3	 shows	 that	 the	C9ORF72	 gene	 is	 the	most	 frequent	 gene	

causing	amyotrophic	lateral	sclerosis	(ALS)	(Balendra	and	Isaacs,	2018).		

	

Figure	1.3.	Gene	frequencies	in	ALS	were	adapted	and	updated	from	Alsultan	et	

al.	(Alsultan	et	al.,	2016).		

Notes:	The	genes	are	plotted	against	the	year	they	were	found;	the	dimension	of	the	

circles	indicates	the	frequency	of	mutations	in	FALS	or	ALS	as	cited	in	the	literature.	

For	illustrative	purposes,	a	circle	size	equivalent	to	1%	is	used	where	gene	frequencies	

were	not	available	(For	abbreviation	see	Table	1.2).	
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1.3.3. Environmental	factors	involved	in	ALS	

The	environmental	risk	factors	involved	in	ALS	are	less	understood	than	the	genetic	

factors	 (Armon,	 2001,	 Belbasis	 et	 al.,	 2016).	 Smoking	 (Gallo	 et	 al.,	 2009),	 lifetime	

intensive	sport	or	physical	exertion	(Harwood	et	al.,	2009,	Julian	et	al.,	2021)	and	active	

service	in	the	armed	forces	(Kasarskis	et	al.,	2009)	have	been	suggested	as	some	of	the	

environmental	risk	factors	for	ALS.		

A	 hypothesis	 of	 gene-environment-time	 interaction	 in	 neurodegenerative	

disease	suggested	that	genetic	predisposition	interacts	with	environmental	exposures	

over	time	leading	to	ALS	(Al-Chalabi	and	Hardiman,	2013,	Bradley	et	al.,	2018).	There	

are	likely	to	be	hundreds	of	individual	gene-environment	interactions,	each	of	which	

has	 its	particular	 time	course	and	mechanism	of	 toxicity	 (Bradley	et	 al.,	 2018).	The	

gene-time-environment	hypothesis	of	ALS	has	a	“multistep”	model	to	account	for	the	

environmental	 effect	 on	 disease	 onset	 and	 progression	 (Al-Chalabi	 and	 Hardiman,	

2013).	The	gene-environment	interaction	promotes	disease	in	up	to	6	discrete	steps	in	

European	and	East	Asian	populations,	whereas	 it	has	 fewer	steps	 in	patients	having	

known	monogenic,	penetrant	mutations,	e.g.,	C9ORF72,	SOD1,	TARDBP,	FUS	(Chio	et	al.,	

2018,	Vucic	et	al.,	2020,	Goutman	et	al.,	2022)	suggesting	that	 fewer	environmental	

insults	may	be	required	in	the	context	of	a	‘highly	penetrant’	mutation.	

1.4. Somatic	genetic	variation	

Although	multiple	genes	have	been	associated	with	ALS	the	genetic	basis	of	sporadic	

ALS	is	not	yet	fully	understood.	Mutation	in	known	ALS	genes	has	been	identified	in	
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almost	70%	of	familial	and	approximately	11%	of	sporadic	ALS	cases	(Renton	et	al.,	

2014,	 Camu	 et	 al.,	 2022).	 The	 identification	 of	 de	 novo	 mutations	 as	 the	 cause	 of	

neurologic	diseases,	including	ALS,	has	received	some	attention	(Renton	et	al.,	2014,	

Kim	et	al.,	2015).	A	de	novo	mutation	is	a	type	of	mutation	that	occurs	spontaneously	

during	 the	 process	 of	 DNA	 replication	 during	 cell	 division	 in	 a	 fetus	 whose	 close,	

biological	relatives	don't	have	the	mutation	(Acuna-Hidalgo	et	al.,	2016).	As	a	result,	

only	 a	 subset	 of	 cells	 within	 the	 individual	 carry	 the	 mutation;	 in	 comparison,	 a	

germline	mutation	is	replicated	in	all	cells	within	an	individual.		

Somatic	 mutations	 are	 mutations	 that	 occur	 after	 fertilization	 and	 can	 result	 in	

mosaicism,	where	an	organism	has	cells	with	genetic	differences	(Leija-Salazar	et	al.,	

2018).	Mosaicism	is	common	in	the	human	body,	including	the	brain,	and	its	potential	

involvement	in	neurodegenerative	diseases	has	been	suggested	for	some	time.	Recent	

technological	 advancements	 have	 enabled	 a	 more	 detailed	 exploration	 of	 this	

phenomenon	(Proukakis,	2020).	Different	types	of	somatic	mutations,	such	as	single	

nucleotide	 variants	 (SNVs),	 copy	 number	 variants	 (CNVs),	 and	 retrotransposon	

insertions,	may	occur	during	development	or	as	a	 result	of	 the	disease	process	and	

could	 serve	 as	 initiators	 or	 risk	 factors	 for	 disease	 progression	 (Proukakis,	 2020).	

Relevant	 mutations	 have	 been	 identified	 in	 sporadic	 neurodegenerative	 disorders,	

such	 as	 synucleinopathies	 involving	 somatic	 gains	 of	 alpha-synuclein	 (SNCA)	 in	

Parkinson's	disease	and	multiple	system	atrophy,	and	in	Alzheimer's	disease,	where	a	

novel	recombination	mechanism	has	been	identified,	resulting	in	somatic	variants	of	

amyloid	 precursor	 protein	 (APP)	 and	 an	 excess	 of	 somatic	 SNVs	 affecting	 tau	
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phosphorylation	(Proukakis,	2020).	Mosaicism	due	to	somatic	 instability	has	gained	

prominence	 in	Mendelian	 repeat	 expansion	 disorders,	 first	 observed	 25	 years	 ago.	

Brain	somatic	SNVs	have	been	observed	 in	DNA	repair	disorders,	and	several	genes	

associated	with	ALS	have	been	 implicated	 in	DNA	repair	(Proukakis,	2020).	Despite	

challenges	and	the	need	for	further	validation,	this	emerging	area	of	research	has	the	

potential	to	revolutionize	our	understanding	of	neurodegeneration	(Leija-Salazar	et	al.,	

2018).	However,	most	genetic	studies	of	neurodegenerative	diseases,	 including	ALS,	

have	focused	on	DNA	extracted	from	whole	blood	rather	than	disease-relevant	central	

nervous	system	tissue,	potentially	missing	a	substantial	role	for	somatic	mutations.		

Recent	studies	have	explored	the	presence	of	somatic	mutations	in	apparently	healthy	

nervous	system	tissues	and	their	potential	role	in	non-neoplastic	neurological	diseases	

(Proukakis,	 2020).	 However,	 the	 role	 of	 somatic	mutations	 in	 neurodevelopmental	

disorders	 is	well-established	 (D'Gama	 and	Walsh,	 2018).	 The	 possibility	 of	 somatic	

mutations	contributing	to	neurodegenerative	diseases	has	been	suggested	in	multiple	

studies	(Frank,	2010,	Pamphlett,	2004,	Van	Broeckhoven,	2010,	Proukakis	et	al.,	2013),	

and	early	research	in	this	area	has	been	reviewed	(Leija-Salazar	et	al.,	2018,	Lodato	

and	Walsh,	2019,	Nicolas	and	Veltman,	2019,	Verheijen	et	al.,	2018).	Advanced	DNA	

sequencing	techniques	have	shown	that	mosaicism	is	more	prevalent	in	humans	than	

previously	 thought	 (Biesecker	 and	 Spinner,	 2013,	 Macosko	 and	 McCarroll,	 2012,	

Campbell	et	al.,	2015,	Forsberg	et	al.,	2017),	whether	arising	in	development	or	ageing,	

with	 the	 term	 "somatic	 evolutionary	 genomics"	 used	 to	 describe	 the	 study	 of	 the	
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accumulation	of	somatic	mutations	in	the	body	(Frank,	2010).	Southern	blotting	has	

revealed	somatic	heterogeneity	in	C9ORF72-related	ALS	(Cooper-Knock	et	al.,	2014).	

1.4.1. How	do	neurons	acquire	somatic	mutations?	

Mutations	can	occur	either	during	mitosis	or	post-mitotically.	Mitotic	mutations	are	

present	in	a	significant	proportion	of	cells	in	one	or	multiple	tissues,	while	post-mitotic	

mutations	 are	 limited	 to	 the	 single	 cell	 in	 which	 they	 occur.	 In	 mammalian	

neurogenesis,	 various	 types	 of	 mutations,	 such	 as	 SNVs,	 CNVs,	 long	 interspersed	

nuclear	elements	(LINE-1)	insertions,	and	aneuploidy,	are	possible	(Bae	et	al.,	2018,	

Faulkner	and	Billon,	2018,	Rohrback	et	al.,	2018a).	As	neurons	cannot	be	renewed,	they	

tend	 to	 accumulate	 more	 DNA	 damage	 over	 an	 individual's	 lifetime	 compared	 to	

replicating	 cells.	 A	 neuron	 with	 private	 somatic	 mutations	 may	 survive	 for	 a	

considerable	period	if	the	damage	is	not	severe	enough	to	cause	cell	death	(Rutten	et	

al.,	2007).	Besides	DNA	damage,	differential	somatic	mutation	rates	are	also	affected	

by	variations	in	DNA	repair	(Supek	and	Lehner,	2019).	

In	most	cases,	DNA	repair	defects	for	example	“DNA	damage	response”	(DDR)	triggered	

by	DNA	damage	might	be	associated	with	neurological	disorders	(Coon	and	Benarroch,	

2018,	Iyama	and	Wilson,	2013,	McKinnon,	2017).	The	types	of	DNA	damage	and	repair	

that	occur	and	are	associated	with	neurodegeneration	are	shown	in	Table	1.3.		
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Table	1.3.	DNA	damage	 and	 repair	 in	neurodegeneration	 arise	 from	germline	

mutations	 (Proukakis,	 2020).	Abbreviations	 are	 Ataxia	with	 Oculomotor	 Apraxia	

(AOA1,	4,	and	5),	Ataxia-telangiectasia	(A-T),	Cockayne	Syndrome	(CS)	and	Xeroderma	

Pigmentosum	(XP).		

Primary	
DNA	
break?	

DNA	
lesion	

Type	of	
repair	

Possible	
resulting	
mutation	

Related	
Neurodegenerative	

disease	
Yes		 Single	

strand	
breaks	
(SSB)	

Single	 strand	
breaks	 repair	
(SSBR)	

Single	nucleotide	
variant	(SNV)	

AOA1,	 SCAN1,	 AOA4,	
AOA5	

	 Double-
strand	
breaks	
(DSBs)	

Non-
homologous	
end-joining	
(NHEJ)	

Copy	 number	
variants	
(CNVs/SV,	 LINE-
1	or	gencDNA	
insertion	

A-T,	ATLD	(familial	ALS:	
FUS,	 TDP-43,	 C9ORF72,	
NEK1)	 (AOA2)	 (PD:	
possible	GWAS	
associations)	

	 	 Homologous	
recombination	
(HR)	

Copy	 number	
variants	
(CNV)/V	

	

No		 Mismatch	 Mismatch	
repair	(MMR)	

Further	 repeat	
expansion	

(Repeat	 expansion	
disorders)	

	 Bulky	
adduct	

Nucleotide	
excision	
repair	(NER)	

Single	nucleotide	
variant	(SNV)	

CS,	XP	

	 Base	
damage		

Base-excision	
repair	(BER)	

Single	nucleotide	
variant	(SNV)	

	

	

There	are	two	types	of	DNA	damage:	those	that	result	from	a	primary	"break"	to	the	

DNA	phosphodiester	backbone	and	those	that	do	not,	affecting	one	or	both	strands	of	

DNA	(Tiwari	and	Wilson,	2019)	(Table	1.3).	Double-strand	breaks	(DSBs)	are	the	most	

harmful	 type	 of	 DNA	 damage	 in	 neurons	 (Alt	 and	 Schwer,	 2018).	 Homologous	

recombination	(HR)	and	non-homologous	end-joining	(NHEJ)	are	two	ways	to	repair	



Chapter	1:	Introduction	

	 26	

DSBs.	HR	requires	DNA	synthesis	and	may	not	be	possible	in	post-mitotic	cells	without	

aberrant	cell	cycle	re-entry.	NHEJ	rejoins	broken	DNA	ends	directly,	without	requiring	

a	nucleic	acid	template,	and	is	more	error-prone,	often	leading	to	deletions.	DSBs	may	

also	have	a	physiological	function	in	the	normal	biology	of	the	brain,	aligning	with	the	

concept	of	genomic	mosaicism	(Rohrback	et	al.,	2018b,	Weissman	and	Gage,	2016).	In	

neurogenesis,	DSBs	were	suspected	of	having	a	role	after	the	requirement	of	DNA	end-

joining	proteins	was	demonstrated	(Gao	et	al.,	1998),	leading	to	the	proposition	that	

DSBs	 allow	 selection	 during	 apoptotic	 programmed	 cell	 death,	 making	 developing	

neurons	 susceptible	 to	 genomic	 rearrangements	 at	 a	 particular	 period	 (Chun	 and	

Schatz,	1999).	Schwer	et	al.	(2016)	provided	evidence	that	DSBs	can	impact	neuronal	

genes	during	mouse	neurodevelopment	(Schwer	et	al.,	2016),	which	aligns	with	the	

emergence	 of	 copy	 number	 variations	 (CNVs)	 in	 mouse	 neurons	 (Rohrback	 et	 al.,	

2018a).	

Post-mitotically,	 DSBs	 may	 also	 occur,	 potentially	 playing	 a	 role	 in	 learning	 and	

memory	 (Madabhushi	 et	 al.,	 2015).	DSBs	 can	 result	 in	 the	generation	of	 large	 copy	

number	variants	(CNVs)	due	to	Topoisomerase	1	deletion,	thereby	preserving	genomic	

stability	 during	 transcription	 doubling	 in	 the	 neurons	 (Fragola	 et	 al.,	 2020).	

Additionally,	various	other	types	of	DNA	damage	can	give	rise	to	small-scale	mutations,	

such	as	single	nucleotide	variants	(SNVs)	(discussed	in	the	next	section)	(Table	1.2).	

Nucleotide	 excision	 repair	 (NER)	 repairs	 bulky	 lesions	 that	 distort	 the	 helix,	 while	

base-excision	 repair	 (BER)	 fixes	 base	 modifications	 caused	 by	 different	 processes,	

including	 oxidative	 stress.	 The	 correction	 of	 mismatched	 complementary	 bases	 is	
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carried	out	by	the	mismatch	repair	(MMR)	mechanism,	while	primary	single-strand	

breaks	 (SSBs)	are	 repaired	via	 a	pathway	similar	 to	 the	base	 excision	 repair	 (BER)	

mechanism	(Tiwari	and	Wilson,	2019).		

1.4.2. Where	 and	 how	 should	 we	 look	 for	 relevant	
somatic	mutations?	

In	both	 sporadic	and	 inherited	neurodegenerative	disorders,	 somatic	mutations	are	

highly	diverse	in	clinical	and	pathological	features.	In	addition,	mosaicism	levels	vary	

across	brain	regions	and	cell	types,	causing	adverse	effects	in	the	cells	carrying	them	

(Proukakis,	2020).	

Detecting	somatic	mutations	requires	methods	that	can	detect	them	at	low	levels	in	a	

given	 tissue,	 and	 various	 mutation	 types	 may	 require	 different	 laboratory	 or	

bioinformatic	analyses.	The	primary	choice	is	"bulk"	DNA	sequence	analysis	extracted	

from	 "bulk"	 tissue,	 including	 data	 from	 glia	 and	 blood	 (D'Gama	 and	Walsh,	 2018).	

Although	single-cell	genomic	analysis	has	revolutionized	the	ability	to	infer	molecular	

changes	 within	 individual	 cells,	 there	 are	 still	 technical	 and	 analytical	 challenges,	

especially	in	the	analysis	of	single-cell	DNA	sequencing	data	(Lahnemann	et	al.,	2020,	

Rohrback	 et	 al.,	 2018b).	 The	 number	 of	 cells	 required	 to	 achieve	 the	 necessary	

sequencing	depth	can	be	determined	through	straightforward	calculations,	depending	

on	the	expected	mosaicism	(Davis	et	al.,	2019).	However,	most	studies	have	examined	

only	a	few	brains	with	a	relatively	small	number	of	cells.	"Whole	genome"	amplification	

(WGA)	results	heavily	depend	on	the	technology	used,	and	WGA	cannot	recover	the	

entire	genome,	resulting	in	locus	and	allele	dropouts.	Single	base	changes	and	chimeric	
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structural	variants	can	also	cause	positive	FALS	results.	As	a	result,	it	is	impossible	to	

validate	 a	 variant	 present	 in	 a	 single	 cell	 orthogonally.	 Furthermore,	 the	 lack	 of	

standardized	bioinformatic	pipelines	may	result	in	variations	in	results	from	the	same	

dataset,	as	shown	in	early	control	neuronal	datasets	(Garvin	et	al.,	2015).	

1.4.3. Evidence	for	somatic	and	de	novo	mutations	in	
Neurodegenerative	Diseases	

New	 technologies	hold	 the	 potential	 to	 assess	 somatic	mutations	 in	motor	 neurons	

(Blum	and	Gitler,	2022).	An	early	study	of	cerebral	cortex	DNA	did	not	find	any	somatic	

SOD1	mutations	which	was	the	first	paper	specifically	looking	for	somatic	mutations	in	

ALS	(Shaw	et	al.,	1997).	De	novo	mutations	occur	in	the	germline	and	therefore	do	not	

result	 in	 somatic	 mosaicism	 although	 the	 basic	 mechanism	 is	 the	 same	 i.e.	 a	 new	

mutation	which	is	replicated	in	all	daughter	cells.	As	a	result,	the	observation	of	de	novo	

mutations	has	been	taken	as	evidence	that	somatic	mutations	may	also	occur.	De	novo	

mutations	have	been	linked	to	various	disorders	such	as	autism	and	schizophrenia	(Epi	

et	al.,	2013,	Gratten	et	al.,	2013,	Neale	et	al.,	2012,	Sanders	et	al.,	2012,	Vissers	et	al.,	

2010,	Xu	et	al.,	2011),	and	have	also	been	found	in	known	ALS	genes	(Alexander	et	al.,	

2002,	DeJesus-Hernandez	et	al.,	2010,	Chio	et	al.,	2011,	Conte	et	al.,	2012,	Zou	et	al.,	

2013,	 Calvo	 et	 al.,	 2014).	 By	 using	 exome	 sequencing	 on	 parent-child	 trios,	

investigators	 can	 search	 for	 de	 novo	 mutations	 across	 the	 entire	 genome,	 not	 just	

restricted	 to	 ALS	 genes.	 Recently,	 a	 study	 using	 this	method	 identified	CREST	 as	 a	

potentially	new	ALS	gene.	However,	it's	worth	noting	that	individuals	in	the	general	

population	 may	 carry	 up	 to	 four	 de	 novo	 coding	 mutations,	 which	 means	 that	
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identifying	 a	 de	 novo	 variant	 in	 a	 gene	 is	 not	 sufficient	 to	 prove	 its	 pathogenicity	

(Marangi	and	Traynor,	2015).	Further	genetic	evidence	 is	necessary	to	confirm	that	

mutations	 in	 the	 designated	 gene	 are	 truly	 causative,	 which	 is	 currently	 lacking	 in	

published	studies.		

While	 there	 is	 no	 known	 causal	 link	 between	 somatic	 mutations	 and	 ALS,	 a	 study	

analyzing	 the	 whole-genome	 sequencing	 of	 peripheral	 blood	 leukocytes	 in	

monozygotic	twins	discordant	with	ALS	found	no	significant	somatic	mutations		(Meltz	

Steinberg	 et	 al.,	 2015).	 However,	 epigenetic	 modifications	 were	 recently	 reported	

(Young	 et	 al.,	 2017).	 In	 one	 sporadic	 case	 of	 Creutzfeldt–Jakob	 disease,	 a	 known	

disease-causing	mutation	was	 absent	 in	 the	 parents	 and	 appeared	 to	 be	 a	 somatic	

event,	estimated	to	be	present	at	a	level	of	97%	in	both	peripheral	blood	leukocytes	

and	brain	tissue,	suggesting	that	it	occurred	in	the	earliest	postzygotic	cell	divisions	

and	underwent	positive	selection	(Alzualde	et	al.,	2010).	However,	it	is	still	possible	

that	the	mutation	arose	in	the	parental	germline	(Leija-Salazar	et	al.,	2018).	

Studies	have	shown	that	germline	repeats	can	expand	somatically	in	adult	brain	cells,	

providing	support	for	the	hypothesis	that	somatic	repeat	expansions	may	contribute	

to	 the	 prevalence	 of	 neurodegenerative	 diseases	 (Chong	 et	 al.,	 1995,	 Hubers	 et	 al.,	

2014,	Malik	et	al.,	2021,	Kacher	et	al.,	2021,	Nordin	et	al.,	2015).	This	is	demonstrated	

by	research	conducted	on	various	neurodegenerative	diseases,	including	ALS	(Beck	et	

al.,	2013,	Lokanga	et	al.,	2013),	and	Huntington's	disease	(Swami	et	al.,	2009).		
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1.4.4. New	 insight	 regarding	 Next	 Generation	
Sequence	analysis	

The	 majority	 of	 the	 pathological	 abnormalities	 and	 clinical	 features	 in	 ALS	 are	

associated	with	damage	 to	 the	 corticospinal	 tract	 including	upper	and	 lower	motor	

neurons	 with	 their	 cell	 bodies	 located	 within	 the	 motor	 cortex	 and	 anterior	 horn	

respectively	(Eisen	and	Weber,	2001).	However,	the	majority	of	genetic	insights	have	

come	from	sequencing	DNA	extracted	from	blood	or	cerebellum	due	to	the	accessibility	

and	availability	of	sufficient	DNA.	We	know	that	somatic	heterogeneity	is	a	feature	of	

human	 genetics	 (Sturmberg,	 2019)	 and	 specifically	 in	 the	 context	 of	 ALS	 genes	

(Buchman	 et	 al.,	 2013).	 	 Potentially,	 a	 new	 genetic	 mutation	 occurring	 within	

developing	 neurons	 of	 the	motor	 cortex,	 termed	 somatic	mutation,	 could	 adversely	

affect	 motor	 neuron	 function	 but	 would	 be	 undetectable	 in	 peripheral	 blood.	 To	

explore	this	possibility,	whole	genome	sequencing	was	done	for	DNA	extracted	from	

the	 primary	motor	 cortex	 of	 ALS	 patients	where	we	 already	 have	 sequencing	 data	

available	from	DNA	extracted	from	blood	and/or	cerebellum.	The	Discovery	of	somatic	

heterogeneity	would	have	important	implications	for	the	treatment	and	diagnosis	of	

genetic	forms	of	ALS.	

1.5. Global	 variation	of	 prevalence	 and	 incidence	 of	
ALS	

Amyotrophic	 lateral	 sclerosis	 (ALS)	 is	 the	 third	 most	 frequent	 neurodegenerative	

disease	after	Alzheimer’s	and	Parkinson’s	disease	(Renton	et	al.,	2014).	ALS	genetic	
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studies	are	more	frequently	available	for	developed	countries	in	Europe	and	the	USA	

compared	to	developing	ones	like	India	and	Bangladesh.		

Based	 on	 the	 ancestral	 origin,	 the	 incidence	 of	 ALS	 varies.	 The	 rate	 of	 incidence	 is	

higher	 in	 the	European	population	 (>3	cases	per	100,000	 individuals)	 compared	 to	

East	and	South	Asia	(Hardiman	et	al.,	2017).	The	study	by	Chio	et	al.	summarizes	the	

incidence	and	prevalence	of	ALS	cases	in	the	total	population	by	region	that	has	been	

presented	 in	 Table	 1.4	 where	 the	 rates	 are	 prospective	 in	 Europe	 (Ireland,	 Italy,	

Netherlands,	Faroe	Islands)	but	retrospective	in	Asia	(Chiò	et	al.,	2013).	
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Table	1.4.	Country-specific	crude	prevalence	(per	100,000)	of	ALS.		

Region	 Country	 Date	 Prevalence	 References	
EUROPE	 Switzerland	 30-Dec-90	 3.9	 (Huber	and	Henn,	1995)	

Yugoslavia	 31-Dec-91	 1.1	 (Alčaz	et	al.,	1996)	
Reggio	Emilia,	Italy	 31-Dec-92	 5.4	 (Guidetti	et	al.,	1996)	
Modena,	Italy	 31-Dec-99	 4.0	 (Mandrioli	et	al.,	2003)	
Ireland	 31-Dec-03	 6.2	 (O’Toole	et	al.,	2008)	
Piemonte/Valle	 D-
Aosta,	Italy	

31-Dec-04	 7.9	 (Chiò	et	al.,	2009)	

Northern	Ireland	 30-Jun-05	 4.9	 (Donaghy	et	al.,	2010)	
Northern	 Ireland	 &	
Rol	

30-Jun-05	 6.3	 (Donaghy	et	al.,	2009)	

England/Wales	 30-Jun-06	 4.9	 (Abhinav	et	al.,	2007)	
Norway	 31-Dec-07	 4.1	 (Gundersen	et	al.,	2011)	
The	Netherlands	 31-Dec-08	 8.0	 (Huisman	et	al.,	2011)	
Faroe	Islands	 31-Dec-09	 8.2	 (Joensen,	2012)	
Modena,	Italy	 31-Dec-09	 8.0	 (Georgoulopoulou	et	al.,	

2011)	
NORTH	
AMERICA	

United	States	 31-Dec-02	 4.2	 (Turabelidze	 et	 al.,	
2008)	

United	States	 31-Dec-05	 2.9	 (Stickler	et	al.,	2011)	
ASIA/	
PACIFIC	

China	 31-Dec-92	 1.0	 (Fong	et	al.,	1996)	
China	 31-Jan-02	 3.1	 (Fong	et	al.,	2005)	
Japan	 31-Dec-02	 11.3	 (Kihira	et	al.,	2005)	
Isfahan,	Iran	 31-Mar-06	 1.6	 (Sajjadi	et	al.,	2010)	

SOUTH	
AMERICA	

Uruguay	 31-Dec-03	 1.9	 (Vazquez	et	al.,	2008)	

	

	 Retrospective		

	 Prospective		
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All	these	studies	show	that	there	are	differences	in	prevalence	which	are	caused	mostly	

by	demographic	composition	differences	(Chiò	et	al.,	2013).			

Previous	 epidemiological	 investigations	 of	 ALS	 have	 reported	 discrepancies	 in	 the	

prevalence	and	incidence	of	ALS	among	various	populations,	particularly	in	relation	to	

age	 and	 gender	 (Xu	 et	 al.,	 2020).	 Other	 studies	 revealed	 regional	 and	 temporal	

variations	for	example	in	Norway	the	ALS	prevalence	increased	from	3.67	per	1,00,000	

population	 in	 1988	 (Tysnes	 et	 al.,	 1991)	 to	 4.10	 per	 1,00,000	 population	 in	 2015	

(Benjaminsen	et	al.,	2018).	Between	1978	and	1988,	 the	 incidence	of	ALS	 increased	

from	1.60	per	100,000	person-years	(Tysnes	et	al.,	1991)	to	2.10	per	100,000	person-

years	between	2000	and	2015	(Benjaminsen	et	al.,	2018).	On	the	other	hand,	in	Taiwan,	

the	ALS	prevalence	and	incidence	in	2008	were	2.07	per	100,000	population	and	0.53	

per	100,000	person-years,	respectively	(Tsai	et	al.,	2015).		

ALS	cases	in	India	are	estimated	to	be	5	in	100,000	by	the	Foundation	for	Research	on	

Rare	 Diseases	 and	 Disorders	 [FRRDD]	 (Sahai	 and	 Ghosh,	 2021).	The	 survival	 rates	

observed	among	Indian	ALS	patients	show	similarities	 to	 those	 found	 in	developing	

countries,	especially	in	Africa	(Nalini	et	al.,	2008).	In	accordance	with	previous	reports	

from	 India,	 compared	 to	Europe	 and	North	America	 they	 have	 younger-onset	 ages,	

longer	 durations	 of	 symptoms,	 and	 slower	 disease	 progression	 (Sahai	 and	 Ghosh,	

2021).	 In	 2018,	 the	 first	 comprehensive	 genetic	 analysis	 in	 the	 ethnically	 diverse	

population	of	India	was	done	that	identified	known	pathogenic	mutations	along	with	7	

potentially	pathogenic	missense	variants	 that	have	not	been	previously	 reported	 in	

ALS	patients;	 this	 includes	3	novel	variants	 (OPTN:	 p.Lys489Glu,	DAO:	 p.Glu121Lys,	
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and	SETX:	p.Leu2163Val)	 that	are	not	reported	 in	 large	population	databases	and	4	

rare	 variants	 (CHMP2B:	 p.Glu45Lys,	 SQSTM1:	 p.Gly262Arg	 and	 p.ro438Leu,	ERBB4:	

p.Arg103His)	with	 a	minor	 allele	 frequency	 of	 <0.01	 in	 large	 population	 databases	

(Narain	et	al.,	2018).	All	known	pathogenic,	novel,	and	rare	variants	were	detected	in	

only	1	ALS	patient	each	except	for	the	OPTN	(p.Lys489Glu)	variant	that	was	detected	

in	2	patients	in	that	cohort	(Narain	et	al.,	2018).	In	2016,	Mukherjee	et	al.	reported	that	

C9ORF72	hexanucleotide	repeat	expansions	are	rare	in	FTLDs	in	India	(Mukherjee	et	

al.,	2016).	C9ORF72	pathogenic	repeat	expansions	were	not	observed	in	ALS	patients	

and	healthy	individuals	from	North	India	(Vats	et	al.,	2017).	However,	a	recent	study	

found	that	3.2%	(19/593)	of	patients	with	ALS	in	India	had	a	C9	expansion,	of	which	

47.4%	(9/19)	were	in	the	eastern	region	(Shamim	et	al.,	2020).	The	common	haplotype	

was	 found	 in	 11	 of	 the	 19	 cases	 (Shamim	 et	 al.,	 2020).	 Although	 pathogenic	 C9	

expansions	appear	to	be	most	prevalent	in	European	ancestry,	recent	work	supports	

the	need	for	increased	testing	in	more	diverse	populations	(Nel	et	al.,	2019,	Shamim	et	

al.,	2020,	Roggenbuck	et	al.,	2020).	Interestingly	only	a	few	studies	are	conducted	on	

Bangladeshi	 MND	 patients,	 and	 almost	 all	 are	 demographic	 analyses	 rather	 than	

genetic	studies	(Raknuzzaman	and	Habib,	2020).	

To	interrogate	the	human	genome	for	ALS	genetic	variation	an	independent	large-scale	

whole	genome	research	project	named	Project	MinE	has	begun.	At	present,	 it	 is	 the	

largest	genetic	study	for	ALS,	an	international	association	that	seeks	to	explore	whole-

genome	sequence	data	of	at	least	15000	ALS	patients	and	7500	controls	(Project	MinE,	

2018b).	 Many	 rare	 genetic	 variations	 absent	 in	 public	 databases	 have	 been	 found	
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through	this	project.	The	observation	of	Project	MinE	reflects	the	growing	number	of	

rare	variants	and	population-specific	variants	as	a	result	of	sequencing	larger	samples	

around	the	globe	such	as	identifying	more	novel	genes	like	NIPA1	(NIPA	Magnesium	

Transporter	 1)	 (Blauw	 et	 al.,	 2012,	 Tazelaar	 et	 al.,	 2019),	 KIF5A	 (Kinesin	 Family	

Member	5A)	(Nicolas	et	al.,	2018),	KANK1	(KN	motif	and	ankyrin	repeat	domains	1)	

(Zhang	et	al.,	2022)	and	other	new	risk	loci	(van	Rheenen	et	al.,	2021)	associated	with	

ALS.	

Research	has	shown	that	the	incidence	of	ALS	is	higher	in	European	regions	and	lower	

in	Asian	 regions	 (Xu	 et	 al.,	 2020).	However,	 the	 prevalence	 in	West	Asia,	 including	

Cyprus	and	Israel,	was	much	higher	and	second	only	to	West	Europe	(Xu	et	al.,	2020,	

Demetriou	et	al.,	2017,	Kahana	et	al.,	1976).	This	may	be	due	to	the	fact	that	West	Asia	

is	adjacent	to	Europe,	suggesting	a	shared	ancestry	and	more	population	movement	

(Taskent	and	Gokcumen,	2017).	The	modern	humans	who	replaced	Neanderthals	 in	

Europe	likely	originated	from	West	Asia,	and	the	genetic	distances	between	West	Asia	

and	 Europe	 are	 shorter	 than	 in	 other	 Asian	 regions	 (Bowcock	 et	 al.,	 1991,	 Cavalli-

Sforza,	 1997).	 The	 hexanucleotide	 GGGGCC	 repeat	 expansion	 in	 the	C9ORF72	 gene,	

located	 in	the	9p21.2	region,	 is	 the	most	 frequent	genetic	cause	of	ALS	 in	the	white	

population	(section	1.3.2.1)	 	 (Van	Es	et	al.,	2009,	Diekstra	et	al.,	2012a,	Uyan	et	al.,	

2013,	 Fogh	 et	 al.,	 2014,	Du	 et	 al.,	 2018,	 Shatunov	 et	 al.,	 2010,	Balendra	 and	 Isaacs,	

2018).	However,	this	repeat	expansion	is	relatively	rare	in	Asia,	and	early	population	

migration	might	explain	this	phenomenon	(Balendra	and	Isaacs,	2018).	
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Interestingly,	 a	 few	 studies	 of	 other	 populations	 show	 significant	 differences.	 For	

example,	 in	 the	 case	 of	 C9ORF72,	 the	 expansions	 reported	 for	 FALS	 and	 SALS	 are	

correspondingly	39%	and	7%	in	the	European	population	while	in	China	it	is	3.5%	for	

FALS	and	less	than	1%	for	SALS	patients.	Moreover,	a	study	from	Japan	identified	the	

expansion	of	C9ORF72	in	0.4%	of	SALS	and	0%	of	FALS	patients	(Figure	1.4)	(Saudagar	

et	al.,	2019,	Wei	et	al.,	2019).	The	repeat	expansion	has	been	detected	in	18.2%	of	FALS	

and	 2%	 of	 SALS	 patients	 in	 Taiwan	 (Tsai	 et	 al.,	 2012).	 Thus,	 it	 is	 important	 to	

understand	the	genetics	of	ALS	in	other	populations,	especially	with	the	emergence	of	

therapeutic	strategies	based	on	genetic	mutation.	

	

Figure	1.4.	Comparison	between	the	genetic	architecture.		

A.	Percentage	of	the	genes	responsible	for	FALS	in	the	European	population	(Alsultan	

et	al.,	2016).	B.	Percentage	of	the	genes	responsible	for	FALS	in	a	Chinese	population.	

C.	Percentage	of	the	genes	responsible	for	SALS	in	the	Chinese	population	(Wei	et	al.,	

2019).	
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1.5.1. Sex	 and	 age	 distribution	 of	 prevalence	 and	
incidence	

In	the	case	of	heritability,	another	important	matter	in	ALS	is	disease	penetrance.	It	is	

defined	as	the	frequency	of	individuals	who	develop	a	certain	disease	at	a	definite	age	

as	the	individual	carries	a	specified	genotype.	This	issue	is	not	well	addressed.	Being	

practically	unsuitable	for	genetic	studies,	families	with	moderate	and	reduced	disease	

penetrance	 remain	 unreported	 along	with	 the	 gender	 ratio.	 It	 is	 unknown	 if	 some	

observed	 apparently	 sporadic	 ALS	 cases	 are	 actually	 familial	 but	 with	 reduced	

penetrance.	 The	 key	 difficulty	 is	 in	 the	 recruitment	 and	 longitudinal	 study	 of	 non-

diseased	individuals;	this	raises	significant	cost	and	ethical	issues	(Benatar	and	Wuu,	

2012).	

1.5.2. The	 spectrum	 of	 Neurological	 Disorders	 in	
Bangladesh		

Over	 the	 last	 50	 years,	 Bangladesh	 has	 made	 great	 progress	 in	 healthcare.	 Life	

expectancy	has	risen	from	47	to	72	years	since	Independence	in	1971.	Yet	Bangladesh	

has	remained	on	the	Least	Developed	Countries	list	since	1975,	and	only	reached	the	

Lower	 Middle-Income	 Country	 threshold	 in	 2015.	 With	 increased	 life	 expectancy,	

largely	resulting	from	improved	management	of	communicable	disease	and	perinatal	

and	 maternal	 health,	 neurodegenerative	 disorders	 are	 now	 emerging	 as	 a	 major	

healthcare	burden,	 reflecting	demographic	and	epidemiologic	 transition.	 Stroke	and	

other	 neurological	 disorders	 are	 now	 two	 of	 the	 top	 six	 causes	 of	 mortality	 and	
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morbidity	(World	Bank,	2013).	The	 full	 impact	of	disabling,	 fatal	conditions	such	as	

motor	neurone	disease	(MND),	especially	 in	rural	areas,	remains	unknown.	Chronic,	

incurable	neurodegenerative	motor	system	disorders	are	increasing	worldwide,	and	

the	prevalence	of	Parkinson’s	Disease	(PD)	is	expected	to	double	between	2005-2030	

(Dorsey	et	al.,	2007).		

In	 Bangladesh,	 it	 is	 very	 common	 to	 note	 that	 neurological	 disorders	 are	 more	

prevalent	 than	other	diseases,	such	as	headaches	and	migraine,	stroke	and	seizures	

among	different	age	groups	and	genders	(Uddin	et	al.,	2018).	Still,	the	opportunities	for	

genetic	studies	are	very	limited.	A	recent	study	showed	that	out	of	1,684	patients	with	

neurological	disease	genetic	causes	for	the	disorders	were	seen	only	among	12.35%	of	

patients	(Awan	et	al.,	2019).		

1.6. What	is	happening	right	now?	

The	usual	medical	expense	for	someone	with	ALS	is	anticipated	at	US$3436	per	month	

in	 the	 USA	 (Oh	 et	 al.,	 2015).	 According	 to	 Gowland	 et	 al.,	 it	 can	 be	 predicted	 that	

between	the	years	2015	and	2040,	the	number	of	persons	living	with	ALS	will	increase	

by	20%	in	Europe	(Gowland	et	al.,	2019).	This	may	lead	to	an	increase	of	at	least	an	

additional	US$95m	in	current	UK	healthcare	costs	(Gowland	et	al.,	2019).		

There	is	no	specific	diagnostic	test	available	for	ALS.	Clinicians	make	the	diagnosis	of	

ALS	when	 the	patient	has	physical	 symptoms	of	 the	disease	and	 the	progression	of	

these	 over	 time.	 A	 family	 history	 of	 ALS	 and/or	 FTD	may	 also	 provide	 supporting	

evidence	for	diagnosis.	Electrodiagnostic	studies,	neuroimaging	and	laboratory	studies	
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are	also	included	in	the	diagnosis	of	ALS.		A	novel	amyotrophic	lateral	sclerosis	(ALS)	

diagnostic	 index	 (ALSDI)	 has	 been	 developed	 to	 reliably	 differentiate	 ALS	 from	

mimicking	disorders	at	an	early	stage	in	the	disease	course	(Geevasinga	et	al.,	2019).	

The	UK	Genetic	Testing	Network	(UKGTN,	http://www.ukgtn.nhs.uk/gtn/Home)	was	

established	in	2001	and	closed	in	2018.	At	present,	most	of	its	functions	moved	to	the	

Genomics	Unit	at	National	Health	Service	(NHS)	in	the	UK.	The	clinical	sensitivity	of	

‘Familial	 Amyotrophic	 Lateral	 Sclerosis	 (FALS)	 with	 or	 without	 Frontotemporal	

Dementia	42	gene	panel’	test	is	estimated	to	be	approximately	10%	for	sporadic	cases	

and	 >40%	 in	 case	 of	 clear	 dominant	 family	 history	while	 the	 specificity	 is	 close	 to	

100%.	The	positive	test	result	benefits	developing	prognostication	supporting	long-

term	care	plans	to	be	introduced.		

A	positive	test	result	may	play	a	role	in	initiating	long-term	care	plans	for	ALS	patients,	

particularly	with	 the	 development	 of	 therapies	 targeted	 against	 specific	 mutations	

(Miller	et	al.,	2022).	Detection	of	pathogenic	variants	also	facilitates	genetic	counselling	

and	informing	the	family	members	about	the	risk	for	others	and	their	offspring.	The	

probability	of	developing	symptoms	of	FTD	may	also	be	interpreted	through	genetic	

testing.		

Despite	 extensive	 research,	 the	 complex	molecular	mechanism	 associated	with	ALS	

(section	1.3.1)	 is	still	not	 fully	understood	(Al-Chalabi	and	Hardiman,	2013,	Morgan	

and	Orrell,	2016,	Brenner	and	Freischmidt,	2022).	This	has	significantly	challenged	the	

search	for	a	new	biomarker	for	ALS	which	could	inform	diagnosis	and	prognosis	in	the	

clinic	and	could	facilitate	early	intervention.		There	are	different	types	of	biomarkers	
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for	measuring	disease	progression	 including	 lower	motor	neuron	 loss,	upper	motor	

neuron	 loss,	 imaging	biomarkers,	 and	wet	biomarkers.	All	 these	 techniques	 rely	on	

equipment,	expertise,	time,	and	substantial	resources.	More	fundamentally	proposed	

biomarkers	are	downstream	of	motor	neuron	death	which	may	limit	their	utility	and	

specificity	 for	 the	 disease.	 So,	 a	 reliable	 and	 simple	 ideal	 biomarker	 is	 yet	 to	 be	

discovered.	Several	studies	showed	that	phosphorylated	neurofilament	heavy	subunit	

(pNfH)	 and	 neurofilament	 light	 chain	 (NfL)	 are	 promising	 biomarkers	 for	 ALS	

(Ganesalingam	et	al.,	2013,	Sturmey	and	Malaspina,	2022).		

1.7. Current	and	future	therapeutic	interventions		

1.7.1. Riluzole,	Edaravone	and	Relyvrio	

Riluzole,	 edaravone	 and	 Relyvrio	 are	 the	 only	 three	 drugs	 approved	 by	 the	 United	

States	Food	and	Drug	Administration	for	ALS	patients	as	they	showed	a	positive	effect	

in	ALS	(Valko	and	Ciesla,	2019,	Aschenbrenner,	2023).	However,	edaravone	has	not	

been	licensed	in	the	UK	or	Europe	yet.	Talampanel	and	tamoxifen	are	the	other	two	

drugs	 that	 are	 being	 investigated	 for	 having	 antiepileptic	 and	 neuroprotective	

properties	respectively	(Valko	and	Ciesla,	2019,	Zhang	et	al.,	2019,	Wong	et	al.,	2021).		

Riluzole	can	increase	12-month	survival	by	about	35%	(Bensimon	et	al.,	1994,	Fang	et	

al.,	2018).	Riluzole	acts	as	an	anti-glutamatergic	agent	using	several	mechanisms,	for	

example,	 reducing	 glutamate	 release,	 preventing	 glutamate	 receptor	 hypofunction,	

activating	 glutamate	 transporters	 that	 increase	 glutamate	 uptake	 and	 reducing	 the	

release	of	excitotoxic	glutamate	(Kretschmer	et	al.,	1998,	Fumagalli	et	al.,	2008,	Wang	
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et	al.,	2004).	The	predominant	mechanism	of	inhibiting	the	release	of	glutamate	from	

nerve	 terminals,	 preventing	 “downstream”,	 resultant	 excitotoxic	 neuronal	 injury	

makes	 riluzole	 the	 most	 widespread	 neuroprotective	 treatment	 option	 for	 ALS	

(Calabrese	 et	 al.,	 2021).	 Additionally,	 riluzole	 acts	 as	 a	 sodium	 channel	 blocker.	 It	

reduces	 intracellular	 increases	 in	 sodium	 ion	concentration	 as	well	 as	 reverses	 the	

operation	of	axonal	sodium	calcium	exchangers	(Schwartz	and	Fehlings,	2002).	It	may	

prevent	the	disruption	of	the	axonal	sodium	hydrogen	antiporter	system	to	preserve	

spinal	cord	white	matter.	

On	the	other	hand,	edaravone	works	as	an	antioxidant	that	slows	the	functional	decline	

in	ALS	 for	an	 Iranian	 subgroup	of	20	patients	(10	cases,	10	 controls)	 	 (Writing	and	

Edaravone,	 2017).	 As	 the	 first	 known	 free	 radical	 scavenger	 edaravone	 offers	

neuroprotection	under	oxidative	stress	(Cha	and	Kim,	2022,	Mead	et	al.,	2022).		

On	September	29,	2022,	the	U.S.	Food	and	Drug	Administration	(FDA)	approved	the	

combination	 drug	 sodium	 phenylbutyrate–taurursodiol	 (Relyvrio)	 to	 treat	 ALS	

(Brown,	2022).	The	exact	mechanism	of	 action	Relyvrio	 is	not	 fully	known.	Sodium	

phenylbutyrate	increases	nitrogen	excretion	in	the	kidneys	and	affects	protein	folding	

to	prevent	misfolded	proteins	and	reduce	protein	aggregation	(Lowe,	2022).	On	the	

other	hand,	taurursodiol	is	a	bile	acid	used	for	biliary	cirrhosis.	It	also	seems	to	affect	

the	apoptosis	pathways	(Lowe,	2022).	With	this	FDA	approval,	Relyvrio	joins	riluzole	

(Rilutek)	 and	 edaravone	 (Radicava)	 as	 therapeutic	 options	 for	 ALS	 patients	

(Aschenbrenner,	2023).	
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1.7.2. Stem	cell	therapy	

The	incomplete	knowledge	of	the	pathogenesis	leads	to	the	lack	of	therapeutic	tools	for	

ALS.	Whilst	it	is	not	yet	possible	to	regrow	a	new	motor	neuron	in	an	adult,	stem	cell	

therapy	 is	being	used	 to	 tackle	ALS	pathogenesis	 through	multiple	mechanisms,	 for	

example	introducing	factors	such	as	glial-derived	neurotrophic	factor	(GDNF),	brain-

derived	neurotrophic	factor	(BDNF),	insulin-like	growth	factor-I	(IGF-I),	and	vascular	

endothelial	 growth	 factor	 (VEGF)	 (Suzuki	 et	 al.,	 2008,	 Lunn	 et	 al.,	 2011)	 for	

neuroprotective	 effects,	moderating	 the	 pathways	 resulting	 in	 a	 toxic	 environment	

(Faravelli	 et	 al.,	 2014).	 Because	 of	 the	 blood-brain	 barrier	 (BBB),	 there	 have	 been	

several	difficulties	to	establish	an	efficient	administration	route	for	stem	cell	therapy	

(Meamar	et	al.,	2013).		Stem	cells	hold	huge	potential	for	the	treatment	of	ALS	but	no	

stem	cell-based	therapy	has	been	approved	yet	as	more	safety	and	efficacy	trials	are	

needed	to	be	conducted	in	this	field	(Mazzini	et	al.,	2018,	Baloh	et	al.,	2018).	The	path	

to	stem	cell-based	therapy	is	still	long	and	complex.	

1.7.3. Antisense	oligonucleotides	(ASOs)	

At	present	 targeted	gene	therapies	 for	ALS	are	also	 in	development	(Al-Chalabi	and	

Brown,	2018).		In	the	case	of	ALS	caused	by	a	genetic	mutation,	gene	or	allele-specific	

antisense	oligonucleotides	(ASOs)	targeting	is	one	of	the	effective	methods	(Klim	et	al.,	

2019).	 ASOs	 are	 single-stranded,	 short,	 synthetic	 molecules.	 They	 are	 designed	 to	

complement	 a	 target	 RNA	 and	 either	 sterically	 inhibit	 the	 binding	 of	 proteins	

associated	 with	 RNA	 maturation	 or	 translation	 or	 modify	 gene	 expression	 as	 the	
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transcript	goes	through	the	enzymatic	cleavage.	The	endonuclease	RNase	H	cleaves	the	

target	mRNA	 silencing	 the	 gene	when	 oligo	 RNA	 duplexes	 are	 formed	 (Lima	 et	 al.,	

2007).	This	is	an	effective	approach	for	ALS	that	is	caused	by	toxin	gain-of-function	of	

either	the	RNA	or	protein	because	it	selectively	removes	the	mutant	gene	product	but	

not	the	wild-type	one	where	a	genetic	mutation	is	a	reason	(Klim	et	al.,	2019).	On	the	

other	hand,	non-allele-specific	ASOs	are	also	playing	an	important	role	in	ALS	therapy	

in	the	broader	patient	base.	Currently,	three	ASO-based	therapies	are	in	clinical	trials	

with	several	new	ones	in	progress	for	ALS	(Table	1.5).	Most	of	the	ASOs	activate	RNase	

H	cleavage,	of	either	both	wildtype	and	mutant	transcripts	or	of	the	mutant	transcript	

only.	 Their	 function	 is	 to	 moderate	 gain-of-toxic-function;	 C9ORF72	 RNA	 foci	

formation,	SOD1	or	C9ORF72	dipeptide	repeat	(DPR)	polymers,	or	unusual	recruitment	

of	TDP-43	to	stress	granules	by	ATXN2.	Auto-regulatory	FUS	protein	binding	is	blocked	

by	ASO	through	FUS	 splice-switching	(Klim	et	al.,	2019).	A	premature	stop	codon	 is	

produced	 in	exon	8	by	 frameshifting	which	causes	nonsense-mediated	decay	of	FUS	

transcript	and	reduced	FUS	protein.	

However,	 most	 of	 the	 ALS	 cases	 are	 sporadic	 with	 no	 identified	 ‘mutant’	 target.	

Therefore,	another	route	to	using	oligonucleotide-based	therapies	will	be	to	regulate	

pathways	associated	with	the	disease	pathogenesis	of	ALS.	These	pathways	are	also	

very	common	in	other	neurodegenerative	diseases	which	offer	an	additional	budget	of	

the	 scale	 of	 synthesis	 along	 with	 the	 power	 to	 determine	 the	 efficacy.	 Currently,	

investigation	 of	 combining	 ASOs	 with	 presently	 available	 drugs	 may	 become	 safer	

long-term	therapy.	
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Table	1.5.	The	selected	ASO	therapies	are	in	trial	or	progress	for	ALS.	(Klim	et	al.,	

2019,	Fang	et	al.,	2022)	

Agent	 ASOs	Type	 Target	
Gene	

Trail	
Design	

Site	of	
Study	

Status	 Primary	
Outcome	

BIIB067	or	
Tofersen	
(VALOR	
Trial)		

Non-allele-
specific		

SOD1	 Phase	3	 USA,	
Canada,	
Europe	

Complete	
(Extension	of	
Phase	III	is	
still	active)	

N/A	

ISIS	
333611		

Non-allele-
specific	

SOD1	 Phase	1	 USA	 Complete	 No	AE,	Well	
tolerated,	dose-
dependent	CSF	
and	plasma	
concentrations	

BIIB078		 Expanded	
repeat-
specific		

C9ORF72	 Phase	1	 USA,	
Canada,	
Europe	

Complete	 N/A	

ION363		 Non-allele-
specific	
splice-
switch	ASO	

FUS	 Phase	
1-3	

USA,	
Canada,	
Belgium,	
UK		

Active	 N/A	

	

1.8. Genetic	profiling	for	prognosis	and	diagnosis	

Being	multifaceted	and	with	numerous	variants	within	each	gene	responsible	for	ALS,	

it	has	historically	been	both	time-consuming	and	expensive	to	genetically	screen	all	

patients	 diagnosed	with	 the	 disease.	 Shepheard	 and	 colleagues	 conducted	 targeted	

sequencing	 of	 genes	 relevant	 to	ALS	 in	 100	 patients	with	ALS	who	were	 identified	

prospectively	and	attended	a	major	ALS	centre	in	Northern	England	(Shepheard	et	al.,	

2021).	The	 study	 found	genetic	 changes	 that	 could	be	 clinically	 reported	 in	21%	of	

patients,	and	15	of	 these	patients	had	C9ORF72	or	SOD1	mutations	that	could	make	

them	 eligible	 for	 participation	 in	 an	 ongoing	 genetic-therapy	 trial.	 As	 new	 genetic-

therapy	 approaches	 for	ALS	 are	 expected	 to	 be	 developed,	 the	 number	 of	 clinically	
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actionable	results	is	likely	to	increase.	Previous	genetic	studies	of	ALS	have	mostly	been	

retrospective,	making	it	impossible	to	determine	the	usefulness	of	genetic	screening	in	

clinical	 settings.	However,	 this	present	 study	by	Shepheard	and	colleagues	 strongly	

suggests	that	genetic	testing	should	be	routinely	offered	to	patients	with	both	familial	

and	sporadic	ALS.	

Next-generation	 sequencing	 (NGS)	shows	promise	 for	 the	diagnosis	of	both	 familial	

and	sporadic	ALS.	Variants	in	SOD1,	TARDBP,	C9ORF72,	and	FUS	genes	are	more	likely	

to	have	a	large	effect	in	increasing	the	probability	of	ALS.	Although	gene	variants	with	

low	penetrance	may	only	slightly	increase	an	individual's	risk,	they	are	still	important	

to	 consider	 as	 they	 contribute	 to	 the	 overall	 genetic	 risk	 variance.	 Furthermore,	

studying	these	variants	can	enhance	our	understanding	of	the	ALS	pathway.	NGS	is	not	

suitable	to	detect	the	most	common	genetic	cause	of	ALS,	C9ORF72	repeat	expansions	

(Morgan	et	al.,	2015)	or	repeats	in	ATXN2.	Therefore,	the	GGGGCC	HRE	mutations	in	

C9ORF72	 and	 CAG	 repeat	 in	ATXN2	 have	 been	 screened	 by	 repeat-primed	PCR	 and	

standard	fragment	length	analysis,	respectively	(Pulst	et	al.,	1996,	DeJesus-Hernandez	

et	 al.,	 2011).	 Pathogenic	mutations	 in	 SOD1,	 TARDBP,	 and	 FUS	 mostly	 are	 found	 in	

patients	with	a	family	history	(Morgan	et	al.,	2017).	A	rare	homozygous	variant	(MFN2)	

found	in	ALS	patients	in	some	cases	described	the	rapid	clinical	deterioration	as	well	

as	the	early	age	at	onset	(Goldstein	et	al.,	2019).	Table	1.6	shows	the	genetic	factors	

affecting	the	prognosis	of	ALS.	

	

	



Chapter	1:	Introduction	

	 46	

Table	1.6.	Genes	as	prognostic	factors	in	ALS.	(van	Es	et	al.,	2017)	

Associated	with	long	survival	 Associated	with	short	survival	

• Mutations	in	SOD1	

• Reduced	EPHA4	expression	

• Repeat	expansions	in	C9ORF72	or	

ATXN2	

• Mutations	in	SOD1	

• Homozygosity	 for	 the	 C	 allele	 of	

rs12608932	in	UNC13a	

• Mutations	in	FUS	(also	associated	

with	early	onset)	

	

Hence,	genetic	screening	is	important	not	only	for	developing	the	diagnosis	of	ALS	but	

also	 predict	 the	 prognosis	 of	 the	 disease	 and	 better	management	 required	 for	 ALS	

patients.	A	lack	of	understanding	of	somatic	heterogeneity	means	that	patients	likely	

exist	who	carry	an	ALS-associated	mutation	within	the	CNS	but	they	go	unrecognised	

because	the	mutation	is	absent	in	peripheral	blood.	These	patients	may	therefore	miss	

out	on	potential	benefits	and	treatments	which	are	specific	to	recognised	genetic	cases	

of	ALS.	

1.9. Monomelic	Amyotrophy	

Monomelic	Amyotrophy	(MMA)	is	a	rare,	inherited	motor	neuron	disorder	that	results	

in	weakness	and	wasting	of	specific	muscles,	usually	in	the	arm	or	leg.	The	genetics	of	

MMA	is	complex	and	not	well	understood,	but	multiple	factors	have	been	implicated	in	

the	development	of	the	disease.	Some	forms	of	MMA	have	been	linked	to	mutations	in	

specific	genes,	including	the	HSPB1	gene,	which	codes	for	a	heat	shock	protein,	and	the	
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ALS2	gene,	which	 is	 involved	 in	the	regulation	of	nerve	cell	 function.	Other	 forms	of	

MMA	have	been	associated	with	genetic	changes	in	chromosomes,	including	deletions	

and	duplications.	In	addition	to	these	specific	genetic	causes,	MMA	can	also	be	caused	

by	 more	 complex	 genetic	 interactions,	 such	 as	 those	 involving	 multiple	 genes	 and	

environmental	factors.	Further	research	is	needed	to	fully	understand	the	genetics	of	

MMA	 and	 to	 identify	 new	 therapeutic	 targets	 for	 the	 treatment	 of	 this	 debilitating	

disorder.	

Given	 that	MMA	has	a	 less	 severe	prognosis	 than	ALS,	 the	 clinical	overlap	between	

these	two	diseases	has	led	to	the	idea	that	they	may	represent	the	same	pathogenic	

process	 and	 that	 ALS	 could	 be	 therapeutically	 converted	 into	 MMA.	 This	 makes	 it	

important	to	understand	the	extent	to	which	the	molecular	mechanisms	of	these	two	

diseases	overlap.		

1.10. Aims	and	objectives	

The	 overall	 aim	 of	 this	 thesis	 is	 to	 explore	 sources	 of	 genotype-phenotype	

heterogeneity	in	MND.	Investigating	somatic	mutations	in	MND	can	help	uncover	the	

molecular	mechanisms	driving	disease	progression	and	identify	potential	therapeutic	

targets.	 Somatic	 mutations	 also	 contribute	 to	 a	 better	 understanding	 of	 MND	

heterogeneity,	accounting	for	variations	in	disease	onset,	severity,	and	progression.	By	

studying	 these	 mutations,	 researchers	 can	 unravel	 the	 genetic	 landscape	 of	 MND.	

Although	 the	 global	 population	 is	 comprised	 of	 over	 50%	 Asians,	 there	 are	 few	

epidemiological	 studies	 on	 motor	 neuron	 diseases	 conducted	 beyond	 Europe	 and	
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North	America	(Shahrizaila	et	al.,	2016).	There	is	evidence	suggesting	that	MND	genetic	

architecture	 may	 differ	 among	 different	 ethnic	 groups.	 Understanding	 the	 genetic	

factors	 specific	 to	 the	 Asian	 population	 can	 provide	 insights	 into	 the	 unique	

susceptibility	 risk	 variants	 and	 pathways	 contributing	 to	 MND	 in	 this	 population.	

Moreover,	genetic	research	into	MND	can	contribute	to	global	efforts	to	understand	the	

disease	as	a	whole.	A	large	number	of	the	Bangladeshi	samples	collected	came	from	

patients	with	MMA.	The	MMA	samples	have	variants	in	the	traditional	genes	for	various	

motor	neuron	disorders	which	 leads	us	to	 the	 last	part	of	 this	study	which	 involves	

finding	out	the	genetic	architectural	similarities	between	MMA	and	MND/ALS.	

The	aims	of	this	study	can	be	summarised	as:	

a. Project	MinE	motor	cortex	analysis	of	ALS	gene	

• To	establish	 if	somatic	mutations	occur	 in	 the	motor	cortex	compared	to	the	

blood	of	the	ALS	patients	of	Project	MinE.	

• To	establish	if	there	are	differences	between	pathogenic	mutations	found	in	the	

motor	cortex	and	blood	or	cerebellum	samples.	

b. Screening	MND	cases	from	Bangladesh	

• To	establish	the	genetic	component	contributing	to	disease	in	individuals	with		

i. Amyotrophic	lateral	sclerosis	(ALS),		

ii. Monomelic	amyotrophy	(MMA),	

iii. Other	motor	system	disorder	variants	
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• To	compare	MMA	patients	from	Bangladesh	and	the	UK	for	mutations	in	153	

genes	 associated	 with	 motor	 system	 disorders	 to	 determine	 whether	 MMA	

shares	a	genetic	architecture	with	other	disorders	including	MND.				

• To	screen	for	TDP-43	proteinopathy	by	western	blot	and	direct	conversion	of	

MMA	patients	fibroblast	to	induced	neural	stem/progenitor	cells	(NPCs).	
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Chapter	2. Methods	and	materials	

2.1. Genetic	 analysis	 of	 WGS	 of	 ALS	 patients	 from	
Project	MinE	

2.1.1. Subjects	

From	Project	MinE	(https://www.projectmine.com/)	whole	genome	sequencing	has	

been	completed	on	a	set	of	69	DNA	samples	extracted	 from	the	post-mortem	motor	

cortex	of	ALS	patients.	I	used	these	data	for	targeted	analysis	of	ALS-associated	genetic	

variation.	 Post-mortem	motor	 cortex	 tissue	 was	 obtained	 from	 the	 Sheffield	 Brain	

Tissue	Bank	(Request	18/001),	which	is	governed	by	REC	08/MRE00/103+5.	

2.1.2. Motor	cortex	tissue	sample	collection	for	whole	
genome	sequencing	(WGS)	

2.1.2.1. UK	DNA	Bank	for	Motor	Neuron	Disease	(MND)	

The	Motor	Neurone	Disease	Association	(MNDA)	and	the	Wellcome	Trust	created	the	

collaborative	project,	UK	MND	DNA	Bank	 that	was	adopted	 from	a	 ‘hub	and	spoke’	

model	(Smith	et	al.,	2015).	Three	regional	Hub	Centres	were	established	that	linked	16	

‘spoke	centres’	spread	across	England,	Scotland,	Wales	and	Northern	Ireland	(Smith	et	

al.,	2015).	The	hub	centres	were	King’s	College	Hospital	 in	London,	Queen	Elizabeth	

Hospital	 in	 Birmingham	 and	 Royal	 Hallamshire	 Hospital	 in	 Sheffield	 (Smith	 et	 al.,	

2015).	 The	DNA	Bank	 has	 over	 3000	 high-quality	DNA	 samples	 donated	 by	 people	
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living	with	MND/ALS	(including	their	clinical	phenotype	data),	 family	members	and	

non-related	controls	(Smith	et	al.,	2015).	In	2014,	these	samples	were	submitted	for	

sequencing	to	Project	MinE,	an	 international	collaboration	to	sequence	ALS	patients	

from	across	the	world	(MinE).		

2.1.2.2. The	Sheffield	Brain	Tissue	Bank	(SBTB)	

The	Sheffield	Brain	Tissue	Bank	(SBTB)	has	a	major	local	user	community	within	the	

Sheffield	 Institute	 for	 Translational	 Neuroscience	 (SITraN)	 (HRA).	 It	 also	 supports	

national	 UK	 neuroscience	 research	 as	 part	 of	 the	 Medical	 Research	 Council	 (MRC)	

Brain	 Bank	 Network	 (HRA).	 It	 holds	more	 than	 800	 brains	 donated	 from	 diseased	

patients	mainly	of	degenerative	disease	(MND,	Alzheimer’s)	(SITraN,	SBTB).	According	

to	the	data	collection	arrangements	the	tissue	samples	are	stored	in	the	secure	joint	

Sheffield	Teaching	Hospitals/University	of	Sheffield	Biorepository	facilities	within	the	

Royal	Hallamshire	Hospital	(RHH)	accommodation	(HRA).	Donors	are	transported	to	

the	 RHH	 mortuary	 and	 the	 tissues	 are	 removed	 by	 practised	 Neuropathologists	

supported	 by	 Anatomical	 Pathology	 Technicians	 (HRA).	 University	 computers	 and	

secure	servers	hold	the	Brain	bank	data	(HRA).	The	clinical	team	is	based	in	the	SITraN	

and	the	Neurology	Department	of	the	RHH	(HRA).	The	family	consent	forms	are	taken	

either	in	RHH	accommodation,	at	home	or	via	telephonic	communication	(HRA).		
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2.1.2.3. Sample	collection	and	storage		

The	post-mortem	samples	of	the	motor	cortex	used	in	this	study	were	from	patients	

with	either	sporadic	ALS	or	familial	ALS.	The	tissues	were	snap-frozen	and	stored	as	

unfixed	frozen	brain	slabs	at	-80 °C.	DNA	was	extracted	by	Matt	Wyles	from	SITraN	and	

the	samples	were	sent	to	Project	MinE.	A	total	of	69	samples	passed	the	quality	control	

(QC)	and	were	considered	suitable	for	next-generation	sequencing.		

2.1.2.4. DNA	Extraction	and	Sequencing	

Matt	Wyles	extracted	the	genomic	DNA	using	AllPrep	DNA/RNA	Kit	from	samples	of	

the	 snap-frozen	 motor	 cortex	 that	 had	 been	 stored	 at	 −80°C.	 This	 kit	 uses	 a	

guanidinium	 thiocyanate-based	 lysis	 with	 column	 purification	 and	 retrieves	 RNA	

fragments	 >200	 nucleotides.	 The	 following	 flowchart	 shows	 a	 summary	 of	 the	

procedure	of	DNA	extraction.	

	

Figure	2.1.	Flowchart	of	DNA	extraction	from	motor	cortex	samples.	
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The	frozen	tissue	was	lysed	with	guanidine-isothiocyanate–containing	Buffer	RLT	Plus	

in	a	2.0mL	microcentrifuge	tube	and	homogenized	by	using	TissueLyser	 II	 (Qiagen)	

with	5mm	stainless	steel	beads.	Tissue	lysate	was	continued	with	the	AllPrep	protocol	

for	 the	 simultaneous	 extraction	 of	 genomic	 DNA	 using	 RNeasy	 Mini	 spin	 column	

technology.	DNA	concentration	and	purity	(A260/A280	ratio)	were	measured	using	

the	QIAxpert	System	(Qiagen).		

In	 conventional	 bulk	 sequencing,	 genetic	material	 is	mixed	 across	 cells	 and	 report	

average	readouts	such	that	genetically	distinct	subpopulations	(e.g.	subclones)	cannot	

be	identified.	Genotypic	measurements	(e.g.	variant	allele	frequencies,	VAF)	therefore	

represent	a	population	average.	Single-cell	data	 is	very	sparse	per	cell	and	relies	on	

inference	between	cells	with	similar	properties.	

2.1.2.5. Whole-genome	sequencing		

For	sequencing	150	microliters	of	DNA	at	a	concentration	>30ng/microliter	of	each	

sample	 were	 sent	 for	 sequencing	 using	 Illumina	 (San	 Diego,	 USA).	 Using	 PCR-free	

library	preparation	and	paired-end	(100bp)	sequencing	on	the	HiSeq	2500	platform	

(Illumina®,	San	Diego,	Illumina)	to	yield	~40X	coverage	(Van	Rheenen	et	al.,	2018).	

The	 Isaac	 pipeline	 (Raczy	 et	 al.,	 2013)	 was	 used	 to	 align	 the	 reads	with	 the	 hg19	

reference	genome	in	addition	to	calling	single	nucleotide	variants	(SNVs),	insertions	

and	deletions	(indels),	and	larger	structural	variants	(SVs).	The	output	of	the	aligned	

and	unaligned	reads	was	in	binary	sequence	alignment/map	format	(BAM)	along	with	

variant	call	format	(gVCF)	files	containing	the	SNVs,	indels	and	SVs	(Raczy	et	al.,	2013).	
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gVCF	 files	were	 generated	 per	 individual	 (Van	 Rheenen	 et	 al.,	 2018).	 Variants	 that	

failed	 the	 Isaac-based	quality	 filter	were	 set	 to	missing	on	an	 individual	basis	 (Van	

Rheenen	et	al.,	2018).	

2.1.2.6. Quality	control	of	Sequencing	Data	(QC)	

The	data	underwent	quality	control	(QC)	at	individual	and	variant	levels	(Van	Rheenen	

et	al.,	2018).	The	total	set	of	genomic	variant	call	 format	(gVCF)	 files	obtained	from	

sequencing	 the	 samples	was	merged	 by	 converting	 them	 to	 Plink	 format	 and	 then	

merging	them,	resulting	in	a	single	dataset	containing	all	variants	across	all	individuals.	

Non-autosomal	chromosomes	and	multi-allelic	variants	were	excluded	based	on	pilot	

analyses.	Sample	and	single	nucleotide	polymorphism	(SNP)	QC	were	performed	using	

PLINK	(Purcell	et	al.,	2007,	Chang	et	al.,	2015)	and	VCFtools	(Danecek	et	al.,	2011).	

No	dataset	is	flawless,	and	as	the	number	of	samples	and	variants	increases,	missing	

data	becomes	more	likely.	To	begin	the	process	of	sample	QC,	the	missingness	of	each	

sample	was	assessed	on	a	per-chromosome	basis,	and	all	samples	had	missingness	<	

10%	across	all	22	chromosomes.	No	samples	were	excluded	at	this	stage	(Van	Rheenen	

et	 al.,	 2018).	Further	 sample	QC	was	 conducted	on	a	 subset	of	high-quality	biallelic	

SNPs	with	specific	criteria:	minor	allele	frequency	(MAF)	>	10%,	missingness	<	0.1%,	

LD-pruned	at	an	r2	threshold	of	0.2,	not	A/T	or	C/G	SNPs,	not	 located	 in	the	major	

histocompatibility	 complex	 (MHC)	 or	 LCT	 (Lactase)	 locus,	 and	 not	 present	 in	 the	

inversions	on	chromosome	8	or	chromosome	17	(Van	Rheenen	et	al.,	2018,	Cooper-

Knock	et	al.,	2021b).	 It	 is	 important	 to	note	that	 linkage	disequilibrium	(LD),	which	
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measures	the	squared	correlation	between	phased	alleles	(r2),	can	only	reach	a	value	

of	1	when	both	 loci	have	the	same	count	of	 the	minor	allele	(Calus	and	Vandenplas,	

2018).	

Principal	components	were	calculated	using	~30000	SNPs	from	the	overlap	between	

the	 set	 of	 high-quality	 biallelic	 SNPs	 and	 HapMap	 3	 (HM3),	 the	 third	 phase	 of	 the	

International	HapMap	project	(Gibbs	et	al.,	2003,	Thorisson	et	al.,	2005).	ALS	cases	and	

controls	were	projected	onto	the	HM3	samples	to	ensure	an	ancestrally	homogeneous	

group	 of	 samples	 for	 association	 testing.	 Non-European	 samples,	 defined	 as	 those	

further	than	10	standard	deviations	from	the	European-ancestry	populations	in	HM3	

(CEU,	people	of	Northern	and	Western	European	ancestry	living	in	Utah;	TSI,	Tuscans	

in	Italy),	were	excluded	from	the	analysis.		

Samples	that	had	an	inbreeding	coefficient	greater	than	3	standard	deviations	from	the	

mean	of	the	distribution	were	excluded	from	the	analysis.	This	step	was	taken	because	

relatedness	between	samples	could	potentially	cause	an	artificial	overrepresentation	

of	certain	rare	genetic	variants.	Additionally,	samples	with	discordant	sex	information,	

as	 determined	 by	 comparing	 chromosome	 X	 genotypes	 with	 the	 phenotype	

information,	were	also	excluded.	

To	ensure	the	high	quality	of	variants,	several	QC	steps	were	applied.	Variants	with	

missingness	>	5%	were	 removed,	 as	well	 as	variants	 that	violated	Hardy-Weinberg	

equilibrium	 in	 controls	 (p	 <	 1	 ×	 10-6)	 or	 were	 monomorphic	 (due	 to	 sample	

exclusions).	 Variants	 with	 significant	 differential	 missingness	 between	 cases	 and	

controls	(p	<	1	×	10-6)	and	those	with	extreme	depth	of	coverage	(>	6	s.d.	from	the	
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mean	of	the	total	depth	distribution)	were	also	eliminated	(Van	Rheenen	et	al.,	2018)..	

The	analysis	excluded	mitochondrial,	X,	and	Y	chromosomes.	However,	some	samples	

were	lost	during	variant	QC,	and	the	final	data	set	consisted	of	69	patients.	

2.1.3. Data	analysis	

2.1.3.1. BAM	Files	of	Whole	Genome	Sequencing	

The	Single	Nucleotide	Polymorphisms	(SNPs)	data	from	whole-genome	sequencing	has	

been	received	in	Binary	Alignment/Map	(BAM)		format	which	is	a	binary	format	for	

storing	sequence	data.	BAM	files	keep	the	same	information	as	human-readable	text	

format	 Sequence	Alignment/Map	 (SAM)	 and	 show	 alignments	 but	 in	 a	 compressed	

format	that	is	only	machine	readable.	

2.1.3.2. BAM	file	to	vcf	file	

BAM	 files	 were	 converted	 to	 vcf	 format	 and	 divided	 per	 chromosome	 using	 plink	

(Slifer,	2018).		

2.1.3.3. Galaxy	(SnpEff	eff:	annotate	variants)	

The	 public	 Galaxy	 online	 data	 platform	 (homepage:	 https://galaxyproject.org,	main	

public	server:	https://usegalaxy.org)	was	used	for	the	bioinformatics	analysis	(Afgan	

et	al.,	2018).	The	vcf	files	were	uploaded	in	Galaxy	for	variant	annotation.	
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SnpEff	 is	 one	 of	 the	 genetic	 variant	 annotation	 and	 functional	 prediction	 toolboxes	

available	 in	 Galaxy	 Version	 4.3+T.galaxy1	 (https://usegalaxy.eu/)	 which	 is	 a	 web-

based	platform	for	reproducible	computational	analysis.	Using	SnpEff	we	can	annotate	

and	predict	the	effects	of	genetic	variants	(such	as	amino	acid	changes)	(Cingolani	et	

al.,	2012).	Genetic	variant	means	the	difference	between	a	genome	and	a	"reference"	

genome.	 For	our	 data	 analysis,	 the	 reference	genome	 is	 “Home	 sapiens:	 hg19”.	The	

annotated	mutation	vcf	 file	contains	the	number	of	high,	moderate,	or	 low	modifier	

effects	 by	 impact	 and	 by	 functional	 class,	 such	 as	 whether	 a	 variant	 is	 missense,	

nonsense	or	silent	(Table	2.1).	Typically,	variants	are	categorized	as	follows:	

SNP	(Single-Nucleotide	Polymorphism)	Reference	=	'A',	Sample	=	'G'	

Ins	(Insertion)	Reference	=	'A',	Sample	=	'ATG'	

Del	(Deletion)	Reference	=	'AC',	Sample	=	'A'	

MNP	(Multiple-nucleotide	polymorphism)	Reference	=	'ATA',	Sample	=	'CTG'	

MIXED	(Multiple-nucleotide	and	an	InDel)	Reference	=	'ATA',	Sample	=	'CTGAGT'	

And	the	impact	levels	are	pre-defined	categories	based	on	the	‘Effect’	of	the	variant,	to	

help	users	find	more	significant	variants	making	it	easier	to	categorize	and	prioritize.	

Table	2.1	shows	the	meaning	of	different	impacts	that	are	predicted	in	an	annotated	

file.	
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Table	 2.1.	 SnpEff	 Impact	 Prediction	 (Copied	 from	

https://pcingola.github.io/SnpEff/)		

Impact	 Meaning	 Example	

HIGH		 The	 variant	 is	 assumed	 to	 have	 a	 high	
(disruptive)	 impact	 on	 the	 protein,	
probably	 causing	 protein	 truncation,	
loss	of	function	or	triggering	nonsense-
mediated	decay.	

stop_gained,	
frameshift_variant	

MODERATE	 A	 non-disruptive	 variant	 that	 might	
change	protein	effectiveness.	

missense_variant,	
inframe_deletion	

LOW	 Assumed	 to	 be	 mostly	 harmless	 or	
unlikely	to	change	protein	behaviour.	

synonymous_variant	

MODIFIER		 Usually,	non-coding	variants	or	variants	
affect	 non-coding	 genes,	 where	
predictions	 are	 difficult	 or	 there	 is	 no	
evidence	of	impact.	

exon_variant,	
downstream_gene_variant	

	

2.1.3.4. Variant	Analysis	Pipeline	

2.1.3.4.1. Tools	used	

2.1.3.4.1.1. iTabixit	

The	vcf	 files	of	the	variant	calling	generated	 from	SnpEff	analysis	were	downloaded	

and	compressed	using	software	called	Tabix.		
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2.1.3.4.1.2. RStudio:	Code	verification	for	single	gene	

a. Part	1:	Sorting	out	specific	types	of	variants	

Initially,	 RStudio	 Version	 1.2.1335	 (RStudio,	 Inc.	

https://www.rstudio.com/products/RStudio/)	was	used	to	verify	the	code	of	a	single	

gene.	The	SOD1	gene	was	selected	to	write	the	pipeline	of	the	code.	The	full	coding	for	

the	 processing	 of	SOD1	 is	 provided	 in	 the	Appendix	B	 and	 the	 key	 commands	 are	

explained	in	section	Appendix	B	iv	to	make	clear	the	command	line.	

The	genomic	locations	in	Table	2.2	were	used	to	determine	the	location	of	the	gene	

and	 to	 only	 analyse	 that	 particular	 region	 of	 the	 chromosome	 to	 avoid	 identifying	

variants	in	any	unrelated	MND	gene	sequences.		

Table	2.2.	The	ALS-related	Gene	location	in	chromosome	and	size	(bases).	

Chr	 Gene	 Loci	 Chr	
Location	

Genomic	Locations	
(GRCh37/hg19)	

Size	
(bases)	

1	 TARDBP	 ALS10	 1p36.22	 chr1:11,072,414-11,085,796	 13,383		
2	 ALS2	 ALS2	 2q33.1	 chr2:202,564,986-202,645,912	 80,636	

2	 TUBA4A	 ALS22	 2q35	 chr2:220,114,433-220,142,892	 28,460	
2	 DCTN1	 		 2p13.1	 chr2:74,588,281-74,619,214	 30,934	
2	 CYP27A1	 		 2q35	 chr2:219,646,472-219,680,016	 33,545	
2	 ERBB4	 ALS19	 2q34	 chr2:212,240,442-213,403,565	 1,163,120	
2	 SPAST	 		 2p22.3	 chr2:32,288,680-32,382,706	 94,027	
2	 VPS54	 		 2p14	 chr2:64,119,280-64,246,214	 126,927	
3	 CHMP2B	 ALS17	 3p11.2	 chr3:87,276,413-87,304,698	 28,278	
4	 NEK1	 ALS24	 4q33	 chr4:170,314,421-170,533,780	 219,355	
5	 MATR3	 ALS21	 5q31.2	 chr5:138,609,441-138,667,366	 57,920	
5	 ARHGEF28	 		 5q13.2		 chr5:	72,921,983-73,237,818		 315,836	
5	 SQSTM1	 FTDALS3	 5q35.3	 chr5:179,233,388-179,265,078	 31,691	
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6	 FIG4	 ALS11	 6q21	 chr6:110,012,424-110,146,634	 134,133	
7	 HNRNPA2B1	 		 7p15.2		 chr7:26,229,547-26,241,149	 11,603	
9	 C9ORF72	 FTDALS1	 9p21.2	 chr9:27,546,544-27,573,864	 27,321	
9	 VCP	 ALS14	 9p13.3	 chr9:35,056,061-35,073,246	 17,186	
9	 SETX	 ALS4	 9q34.13	 chr9:135,136,743-135,230,372	 93,630	
9	 GBA2	 		 9p13.3	 chr9:35,736,863-35,749,983	 13,121	
9	 SIGMAR1	 ALS16	 9p13.3	 chr9:34,634,719-34,637,806	 3,088		
10	 OPTN	 ALS12	 10p13	 chr10:13,141,449-13,180,291	 38,843	
10	 ANXA11	 ALS23	 10q22.3	 chr10:	81,910,645-81,965,328		 54,684		
12	 TBK1	 FTDALS4	 12q14.2	 chr12:64,845,660-64,895,899	 50,229	
12	 KIF5A	 ALS25	 12q13.3		 chr12:57,943,781-57,980,415	 36,635	

12	 HNRNPA1	 ALS20	 12q13.13	 chr12:54,673,977-54,680,872	 6,896	
12	 ATXN2	 		 12q24.12	 chr12:	111,890,018-112,037,480		 147,463	
12	 DAO	 		 12q24.11	 chr12:109,252,708-109,294,819	 42,112	
12	 PRPH	 		 12q13.12	 chr12:49,687,035-49,692,481	 5,431	
13	 SPG20/SPART	 		 13q13.3		 chr13:	36,875,775-36,944,317		 68,543	
14	 ANG	 ALS9	 14q11.2	 chr14:	21,152,336-21,167,130	 14,795	
14	 VRK1	 		 14q32.2	 chr14:97,263,641-97,398,059	 134,419	
15	 SPG11	 ALS5	 15q21.1	 chr15:44,854,894-44,955,876	 100,983	
16	 FUS	 ALS6	 16p11.2	 chr16:31,191,431-31,206,192	 11,697	
17	 PFN1	 ALS18	 17p13.2	 chr17:4,848,947-4,852,356	 3,410	
17	 GRN	 		 17q21.31	 chr17:42,422,491-42,430,470	 7,857	
17	 MAPT	 		 17q21.31	 chr17:43,971,748-44,105,700	 133,953	

17	 TAF15	 		 17q12	 chr17:34,136,459-34,191,619	 37,759	
20	 VAPB	 ALS8	 20q13.	32	 chr20:56,964,175-57,026,157	 61,980	
20	 SS18L1	 		 20q13.33	 chr20:60,718,822-60,757,566	 38,719	
21	 SOD1	 ALS1	 21q22.11	 chr21:33,031,935-33,041,244	 9,310	
22	 NEFH	 		 22q12.2		 chr22:29,876,181-29,887,379	 11,161	
22	 CHCHD10	 FTDALS2	 22q11.23	 chr22:24,108,021-24,110,630	 2,610	
22	 EWSR1	 		 22q12.2	 chr22:29,663,998-29,696,515	 32,518	
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b. Part	2:	Extract_clinvar	

The	 variants	 of	 specific	 known	 42	 genes	 (Table	 2.2)	 were	 extracted	 from	 ClinVar	

(https://www.ncbi.nlm.nih.gov/clinvar/).		

The	variants	reported	in	ClinVar	are	compared	with	the	variant-specific	csv	file	of	69	

patients	(Section	2.1.3.4.1.2.a)	and	saved	as	a	csv	file.	

The	interpretation	of	sequence	variants	is	guided	by	the	American	College	of	Medical	

Genetics	and	Genomics	(ACMG)	(Richards	et	al.,	2008,	Fleischer	and	Lockwood,	2014),	

which	 recommends	 the	 use	 of	 specific	 terminology,	 including	 pathogenic,	 likely	

pathogenic,	uncertain	 significance,	 likely	benign,	 and	benign	 (Richards	et	 al.,	 2015).	

The	 criteria	 consist	 of	 two	 sets,	 one	 for	 the	 classification	 of	 Pathogenic	 or	 Likely	

Pathogenic	variants	(Table	2.3)	and	another	for	the	classification	of	Benign	or	Likely	

Benign	variants	(Table	2.4)	(Richards	et	al.,	2015).	Pathogenic	criteria	are	assigned	a	

weight	of	very	strong	(PVS1),	strong	(PS1-4),	moderate	(PM1-6),	or	supporting	(PP1-

5),	while	benign	criteria	are	assigned	a	weight	of	stand-alone	(BA1),	strong	(BS1-4),	or	

supporting	 (BP1-6)	 (Richards	 et	 al.,	 2015).	 The	 numbering	 system	 within	 each	

category	is	only	used	for	reference	purposes	and	does	not	reflect	differences	in	weight	

(Richards	et	al.,	2015).	
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Table	2.3.	Pathogenic	Variants	Classification	Criteria	(copied	from	(Richards	et	

al.,	2015))	(Arbustini	et	al.,	2022).		

Very	strong	evidence	of	pathogenicity	

PVS1	 Null	variant	(nonsense,	frameshift,	canonical	+/−1	or	2	splice	sites,	initiation	
codon,	single	or	multi-exon	deletion)	in	a	gene	where	loss	of	function	(LOF)	is	
a	known	mechanism	of	disease		

Strong	evidence	of	pathogenicity	

PS1	 Same	 amino	 acid	 change	 as	 a	 previously	 established	 pathogenic	 variant	
regardless	of	nucleotide	change	

	
Example:	 Val->Leu	caused	by	either	G>C	or	G>T	in	the	same	codon		

PS2	 De	 novo	 (both	 maternity	 and	 paternity	 confirmed)	 in	 a	 patient	 with	 the	
disease	and	no	family	history	

PS3	 Well-established	in	vitro	or	in	vivo	functional	studies	supportive	of	a	damaging	
effect	on	the	gene	or	gene	product	

PS4	 The	prevalence	of	the	variant	in	affected	individuals	is	significantly	increased	
compared	to	the	prevalence	in	controls	

Moderate	evidence	of	pathogenicity	

PM1	 Located	 in	 a	 mutational	 hot	 spot	 and/or	 critical	 and	 well-established	
functional	domain	(e.g.	active	site	of	an	enzyme)	without	benign	variation	

PM2	 Absent	from	controls	(or	at	extremely	low	frequency	if	recessive)	in	Exome	
Sequencing	Project,	1000	Genomes	or	ExAC	

PM3	 For	recessive	disorders,	detected	in	trans	with	a	pathogenic	variant		

PM4	 Protein	length	changes	due	to	in-frame	deletions/insertions	in	a	non-repeat	
region	or	stop-loss	variants	

PM5	 Novel	 missense	 change	 at	 an	 amino	 acid	 residue	 where	 a	 different	
missense	change	determined	to	be	pathogenic	has	been	reported	before	

	
Example:	p.Arg156His	is	pathogenic;	now	you	observe	p.Arg156Cys	

PM6	 Assumed	de	novo,	but	without	confirmation	of	paternity	and	maternity	
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Supporting	evidence	of	pathogenicity	

PP1	 Co-segregation	with	disease	 in	multiple	affected	 family	members	 in	a	gene	
definitively	known	to	cause	the	disease	

PP2	 Missense	variant	in	a	gene	that	has	a	low	rate	of	benign	missense	variation	
in	which	missense	variants	are	a	common	mechanism	of	disease	

PP3	 Multiple	 lines	 of	 computational	 evidence	 support	 a	 deleterious	 effect	 on	
the	gene	or	gene	product	(conservation,	evolutionary,	splicing	impact,	etc)	

PP4	 Patient’s	phenotype	or	 family	history	 is	highly	specific	 for	a	disease	with	a	
single	genetic	aetiology	

PP5	 Reputable	source	recently	reports	variant	as	pathogenic	but	the	evidence	is	
not	available	to	the	laboratory	to	perform	an	independent	evaluation	
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Table	2.4.	Benign	Variants	Classification	Criteria	(copied	from	(Richards	et	al.,	

2015))	(Arbustini	et	al.,	2022).	

Stand-Alone	evidence	of	benign	impact	

BA1	 Allele	 frequency	 above	 5%	 in	 Exome	 Sequencing	 Project,	 1000	 Genomes,	
or	ExAC	

Strong	evidence	of	benign	impact	

BS1	 Allele	frequency	greater	than	expected	for	the	disorder		

BS2	 Observed	in	healthy	adult	individual	for	a	recessive	(homozygous),	dominant	
(heterozygous),	 or	 X-linked	 (hemizygous)	 disorder	 with	 full	 penetrance	
expected	at	an	early	age	

BS3	 Well-established	 functional	 studies	 (in	 vitro	or	in	 vivo)	 shows	 no	 damaging	
effect	on	protein	function	or	splicing	

BS4	 Shortage	of	segregation	in	affected	members	of	a	family	

Supporting	evidence	of	benign	impact	

BP1	 Missense	variant	 in	a	gene	resulting	truncating	variants	are	known	to	cause	
disease	

BP2	 Observed	 in	cis	with	 a	 pathogenic	 variant	 in	 any	 inheritance	 pattern	 or	
observed	 in	trans	with	 a	 pathogenic	 variant	 for	 a	 fully	 penetrant	 dominant	
gene/disorder	

BP3	 In-frame	deletions/insertions	in	a	repetitive	region	without	a	known	function	

BP4	 Multiple	 lines	of	computational	evidence	suggest	no	 impact	on	gene	or	gene	
product	(conservation,	evolutionary,	splicing	impact,	etc)	

BP5	 Variant	found	in	a	case	with	an	alternate	molecular	basis	for	disease	

BP6	 Reputable	 source	 recently	 reports	variant	as	benign	but	 the	evidence	 is	not	
available	to	the	laboratory	to	perform	an	independent	evaluation	

BP7	 A	synonymous	variant	(silent)	for	which	splicing	prediction	algorithms	predict	
no	impact	to	the	splice	consensus	sequence	nor	the	creation	of	a	new	splice	site	
AND	the	nucleotide	is	not	highly	conserved	
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c. Part	3:	Identifying	the	patient's	ID	

From	the	whole	chromosome	.vcf.gz	file	where	the	gene	is	present,	the	patient’s	ID	are	

sorted	 out	 when	 a	 variant	 is	 found	 to	 have	 significant	 importance	 (e.g.	 found	 by	

comparing	with	ClinVar	data	in	section	2.1.3.4.2.b)	

2.1.3.5. Rank	on	CADD	score	

CADD	(Combined	Annotation	Dependent	Depletion)	is	a	tool	used	in	genomics	research	

to	predict	the	deleteriousness	of	genetic	variants.	The	CADD	score	is	a	metric	that	takes	

into	 account	 a	 variety	 of	 factors,	 such	 as	 functional	 annotations,	 conservation,	 and	

evolutionary	constraints,	to	provide	a	score	that	reflects	the	likelihood	that	a	particular	

genetic	variant	is	deleterious.	It	is	widely	used	for	scoring	the	deleteriousness	of	single	

nucleotide	 variants	 as	 well	 as	 insertion/deletions	 (InDels)	 variants	 in	 the	 human	

genome	that	can	effectively	prioritize	causal	variants	in	genetic	analyses,	particularly	

highly	penetrant	contributors	to	severe	Mendelian	disorders	(Rentzsch	et	al.,	2019).	A	

CADD	 score	 can	 quantitatively	 prioritize	 functional,	 deleterious,	 and	 disease-causal	

variants	 across	 a	 wide	 range	 of	 functional	 categories,	 effect	 sizes	 and	 genetic	

architectures	and	can	be	used	to	prioritize	causal	variation	in	both	research	and	clinical	

settings.	 Because	 it	 correlates	 variants	 with	 annotations	 of	 functionality,	 allelic	

diversity,	pathogenicity,	disease	severity,	experimentally	measured	regulatory	effects	

and	complex	trait	associations,	and	they	highly	rank	known	pathogenic	variants	within	

individual	genomes	(Kircher	et	al.,	2014a).	CADD	scores,	software	and	documentation	

are	available	at:	https://cadd.gs.washington.edu.	The	CADD	score	was	determined	for	
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each	variant	that	was	classified	in	ClinVar	as	conflicting	interpretation	of	pathogenicity	

or	uncertain	significance	to	prioritize	these	according	to	the	CADD	score	(Rentzsch	et	

al.,	2019).	Those	with	a	CADD	score	>15	were	considered	to	be	reported	for	further	

analysis.	

A	CADD	score	of	15	is	commonly	used	as	a	threshold	for	filtering	genetic	variants	in	

research	studies.	This	threshold	is	based	on	the	fact	that	variants	with	CADD	scores	

greater	than	15	are	considered	to	be	among	the	top	10%	of	most	deleterious	variants	

in	the	human	genome.	Variants	with	CADD	scores	greater	than	15	are	therefore	more	

likely	 to	be	associated	with	a	disease	or	other	phenotypic	effects	and	are	thus	more	

likely	to	be	of	interest	in	research	studies.	

It's	important	to	note	that	the	choice	of	CADD	score	threshold	may	vary	depending	on	

the	specific	research	question	and	the	population	being	studied.	Some	studies	may	use	

a	 higher	 or	 lower	 threshold	 depending	 on	 their	 specific	 needs.	 Additionally,	 it's	

important	to	use	multiple	lines	of	evidence,	such	as	functional	studies	and	population	

genetics,	to	validate	the	significance	of	any	variant	identified	through	genetic	analysis.	

2.1.3.6. Allele	frequency	

The	allele	frequencies	of	the	reported	variants	from	the	69	motor	cortex	samples	were	

extracted	 from	 Project	 MinE	 (https://www.projectmine.com/)	 and	 the	 Genome	

Aggregation	Database	(https://gnomad.broadinstitute.org/)	containing	whole	genome	

sequencing	(ge)	and	whole	exome	sequencing	(ex)	and	evaluated	in	comparison	with	

the	 ClinVar	 information.	 Developed	 by	 an	 international	 coalition	 of	 investigators,	
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gnomAD	 has	 a	 goal	 of	 aggregating	 and	 harmonizing	 both	 exome	 and	 genome	

sequencing	data	from	a	wide	variety	of	large-scale	sequencing	projects.	This	database	

is	 also	 making	 summary	 data	 available	 to	 the	 wider	 scientific	 community.	 Both	

versions	v2.1.1	(125,748	WES	and	15,708	WGS	samples	from	unrelated	individuals)	

and	v3.1.2	(76,156	samples	of	diverse	ancestries)	were	checked	to	get	the	frequencies	

of	the	variants.	

2.1.3.7. C9ORF72	

C9ORF72	 is	 the	most	 commonly	 known	gene	 associated	with	ALS,	 explaining	 about	

40%	 of	 familial	 cases	 and	 8%	 of	 sporadic	 (Konno	 et	 al.,	 2013)	 in	 European	 and	

American	 populations.	 This	 most	 frequent	 genetic	 cause	 falls	 into	 the	 category	 of	

hexanucleotide	repeat	expansion	mutation	(HREM)	which	involves	a	hexanucleotide	

GGGGCC	repeat	expansion	 in	 the	 C9ORF72	 gene.	As	a	 result,	 the	SNP	data	of	 the	69	

motor	 cortex	 samples	 were	 not	 ideal	 for	 analysing	 the	 C9ORF72	 gene	 mutation.	

Screening	of	the	HRE	in	DNA	extracted	from	cerebellar	samples	from	this	sample	set	

has	been	described	previously		(Cooper-Knock	et	al.,	2012).
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2.2. Genetic	 Screening	 of	 MND	 patients	 from	

Bangladesh	

2.2.1. Subjects	

Thirty-three	 clinically	 definite	 MND	 patients	 from	 the	 National	 Institute	 of	

Neurosciences	&	Hospital,	Bangladesh	(Org	Code:	10017210)	enrolled	 in	 this	study.	

From	each	MND	patient,	peripheral	blood	samples	were	collected.	

2.2.2. Ethics,	consent,	and	permission	

This	 study	 was	 approved	 by	 the	 University	 of	 Sheffield	 (TUoS)	 and	 the	 National	

Institute	of	Neurosciences	&	Hospital	(NINS&H),	Bangladesh.	Documents	such	as	the	

protocol,	participant	information	sheets	and	consent	forms	used	by	the	clinical	team	in	

Sheffield	(under	NHS	ethics	approval)	were	translated	into	Bengali	and	approved	by	

the	 NINS&H	 Ethics	 Committee.	 Each	 participant	 in	 the	 study	 signed	 an	 informed	

consent	 form	 before	 enrolment.	 The	 collection	 of	 this	 data	 has	 been	 viewed	 to	 be	

ethically	 robust	 and	 the	 application	 (no.	 025945)	 for	UoS	 ethics	 approval	has	 been	

approved	too.	The	gender	and	diagnosis	of	the	patient	samples	are	listed	in	table	2.5.	

The	 sample	 collection	of	MND	patients	 from	Bangladesh	did	 not	 involve	 a	 targeted	

population.	All	available	MND	patients	were	included	in	the	study	during	the	sample	

collection	process.		
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Table	 2.5.	 The	 list	 of	 Bangladeshi	 MND	 patient	 samples	 selected	 for	 DNA	
sequencing.	(BD-MND	=	Bangladesh	MND	sample;	ALS	=	amyotrophic	lateral	sclerosis;	
MMA	=	Monomelic;	PMA	=	primary	muscular	atrophy).	The	empty	boxes	 represent	
information	that	is	not	known	and	the	bold-marked	ones	are	MMA	samples.	

Sample	ID	 Gender		 Diagnosis	 Age	

BD-MND-001	 Male		 ALS	 32	
BD-MND-002	 Male		 MMA-	leg	 38	
BD-MND-003	 Female		 PMA	 36	
BD-MND-004	 Female		 ALS	 45	
BD-MND-005	 Male		 ALS	 44	
BD-MND-006	 Male		 MMA-arm/Hirayama	 27	
BD-MND-007	 Male		 ALS	 40	
BD-MND-008	 Male		 ALS	 40	
BD-MND-009	 Male		 MMA-arm/Hirayama	 35	
BD-MND-010	 Male		 MMA-arm/Hirayama	 25	
BD-MND-011	 Male		 MMA-arm/Hirayama	 31	
BD-MND-012	 Male		 MMA	-	leg	 43	
BD-MND-013	 Female	 	 	
BD-MND-014	 	 	 	
BD-MND-015	 Female		 ALS	 52	
BD-MND-016	 Male		 ALS	 30	
BD-MND-017	 Male		 ALS	 50	
BD-MND-018	 	 	 	
BD-MND-019	 Male		 MMA-arm/Hirayama	 30	
BD-MND-020	 Male		 MMA-arm/Hirayama	 33	
BD-MND-021	 Male		 ALS	 37	
BD-MND-022	 Male		 ALS	 43	
BD-MND-023	 Male		 PMA	 47	
BD-MND-024	 Male		 MMA-arm/Hirayama	 33	
BD-MND-025	 Female		 ALS	 39	
BD-MND-026	 Male		 ALS	 61	
BD-MND-027	 Male		 PMA	 40	
BD-MND-028	 	 	 	
BD-MND-029	 Male		 MMA-arm/Hirayama	 21	
BD-MND-030	 Male		 MMA-arm/Hirayama	 35	
BD-MND-031	 	 	 	
BD-MND-032	 Male		 MMA-arm/Hirayama	 20	
BD-MND-033	 Male		 MMA-arm/Hirayama	 20	
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The	observed	higher	prevalence	of	disease	onset	at	a	younger	age	is	consistent	with	

previous	findings	in	the	Asian	population	(Sahai	and	Ghosh,	2021).	However,	due	to	

the	absence	of	a	prospective	cohort,	it	was	not	possible	to	perform	a	comprehensive	

analysis	of	the	age	of	onset	in	the	Bangladesh	population.	Consequently,	there	may	be	

some	selection	bias	present.		

All	patients	diagnosed	locally	with	MMA	were	recruited	for	this	study.	As	for	MND,	this	

was	 not	 a	 comprehensive	 prospective	 recruitment	 and	 it	 is	 impossible	 to	 know	

whether	some	selection	bias	may	have	been	present.	

2.2.3. The	cohort	of	MMA	with	Arm	onset	samples	

Out	of	all	the	patients	observed,	only	three	had	a	potential	family	history	of	a	motor	

neuron	disorder,	and	notably,	they	all	exhibited	monomelic	phenotypes.	Specifically,	

the	BD-MND-009	patient's	father	had	experienced	progressive	wasting	in	the	arm	for	

15	years,	while	the	BD-MND-010	patient's	brother	had	arm	wasting	and	displayed	a	

monomelic	arm	phenotype	with	Hirayama-type	radiological	changes.	Additionally,	the	

BD-MND-030	 patient's	 father	 had	 slowly	 progressive	 arm	 wasting,	 and	 they	 also	

displayed	a	monomelic	arm	phenotype.	Consanguinity	was	not	detected	in	any	of	these	

cases,	which	sparked	our	curiosity	to	investigate	the	BD	MMA	cohort.		

Eleven	Bangladesh	(BD)	patients	among	28	MND	patients	were	diagnosed	with	MMA	

with	arm	onset	disorder.	Genetic	screening	results	from	eight	UK	MMA	with	arm	onset	

patients	(Bold	in	Table	2.6)	available	(previously	analysed	by	Sophie	Cadden)	were	

included	in	this	study	to	make	a	larger	cohort	of	MMA	samples	and	to	also	compare	the	
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genetics	of	UK	and	Bangladesh	MMA	patients.	In	order	to	ensure	consistency,	the	UK	

MMA	results	were	re-analysed	using	the	same	pathway	as	that	used	for	the	Bangladesh	

MMA	patients.	

Table	 2.6.	 Summary	 of	 the	 8	 UK	 participants	 with	 monomelic	 amyotrophy	

(MMA).	

Patient	 Gender	 Age	 Duration	of	MA	(months)	

SHF-067	 Male	 57	 81	

SHF-070	 Male	 33	 138	

SHF-072	 Male	 48	 100	

SHF-073	 Male	 24	 72	

SHF-089	 Male	 35	 204	

SHF-091	 Male	 80	 140	

SHF-099	 Male	 19	 24	

SHF-104	 Male	 48	 260	

	

2.2.4. Collection	and	processing	of	blood	specimens	

Two	 sets	 of	 peripheral	 blood	 samples	 (~100	 ml	 each	 set)	 were	 obtained	 by	

venepuncture	 from	 each	 patient.	 Blood	 samples	were	 collected	 into	 EDTA	 tubes	 to	

obtain	whole	blood	and	then	stored	at	-80°C.	One	set	of	samples	was	couriered	back	to	

Sheffield	on	dry	ice.		
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2.2.5. DNA	extraction	

DNA	 from	 the	Bangladeshi	MND	patient’s	samples	was	extracted	using	 the	Maxwell	

System,	available	at	the	Sheffield	Institute	for	Translational	Neuroscience	(SITraN)	at	

the	University	of	Sheffield	(Henry,	2001).	This	is	a	cassette-based	extraction	protocol	

which	minimizes	the	exposure	of	the	researcher	to	the	blood	sample.		

Four	EDTA	tubes	with	blood	samples	were	taken	out	from	the	-80	°C	freezer	and	kept	

in	the	laminar	hood	at	room	temperature	to	thaw.	Once	thawed,	the	tube	was	inverted	

several	times	to	ensure	the	sample	was	well-mixed.	The	required	number	of	cartridges	

was	put	on	the	tray	and	the	foil	lids	were	removed.	From	the	samples,	500µL	blood	was	

pipetted	into	well	number	1	of	the	cartridge,	as	shown	in	figure	2.2,	which	contains	

lysis	buffer.	

	

Figure	2.2.	Cartridge	for	the	Maxwell®	RSC	DNA	or	RNA	extraction.	

Plungers	were	put	into	well	number	8	and	200µL	of	elution	buffer	was	added	into	the	

elution	tubes	which	were	labelled	with	sample	ID.		
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The	 cartridges	 containing	 the	 sample	 and	 pre-loaded	 buffers	 in	 tubes	 2	 to	 6	were	

placed	 within	 the	 instrument.	 Each	 of	 the	 4	 samples	 was	 run	 in	 duplicate,	 so	 8	

cartridges	were	loaded.			

The	 ‘Whole	 blood	DNA’	 protocol	was	 selected	 from	 the	main	menu	 of	 the	Maxwell	

application	which	allowed	running	the	automated	protocol	to	extract	DNA	from	whole	

blood	cells.		This	protocol	takes	approximately	35	mins	to	run.		

When	the	run	was	complete,	the	eluted	samples	were	transferred	to	the	corresponding	

matrix	tubes	and	labelled	accordingly.	The	remaining	blood	samples	were	stored	at	-

80	for	longer-term	storage	in	case	additional	extractions	were	required.		

2.2.6. Evaluation	 of	 extracted	 DNA	 quality	 and	
quantity	

The	 quality	 of	 the	 extracted	DNA	 can	 be	 assessed	 using	 various	methods	 including	

absorbance	 (optical	 density),	 agarose	 gel	 electrophoresis	 or	 the	 use	 of	 fluorescent	

DNA-binding	dyes.	Although	all	three	methods	are	convenient,	they	differ	in	terms	of	

equipment	needed,	calculation	to	consider	and	ease	of	use.		

Measurement	of	absorbance	 is	 the	most	common	technique	 for	detecting	DNA	yield	

and	purity.	For	our	study,	we	used	absorbance	for	confirming	the	concentration	and	

purity	of	the	BD	MND	DNA	samples.		

The	absorbance	was	assessed	using	NanoDrop®	ND-1000	UV-Vis	Spectrophotometer,	

a	 spectrophotometer	 that	 enables	highly	accurate	analyses	of	1ul	 samples	 for	DNA,	
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RNA,	protein,	pigments,	whole	UV-visible	(220-700nm)	spectrum	and	cell	density	tests	

with	remarkable	reproducibility.	So,	the	quality	of	the	extracted	DNA	was	determined	

using	a	NanoDrop	UV/Vis	spectrophotometer,	looking	for	a	single	absorbance	peak	at	

260	 nm,	 260/280	 absorbance	 ratio	 of	 1.8-2.0,	 and	 no	 evidence	 of	 substantial	 band	

shearing	or	contamination	(either	RNA	or	polysaccharide).		

2.2.7. Targeted	 NGS	 of	 ALS	 Genes	 at	 Sheffield	
Diagnostic	Genetics	Service	

From	the	duplicates	of	each	sample,	the	better	quality	one	(260/280	absorbance	ratio)	

was	 sent	 to	 the	 Sheffield	 Diagnostic	 Genetics	 Service	 (SDGS)	 for	 the	 targeted	

sequencing	with	Neurogenetic	Motor	Disorder	NGS	Panels.	 SDGS	 is	 sited	within	 the	

Sheffield	Children’s	NHS	Foundation	Trust,	one	of	the	only	three	dedicated	children’s	

hospital	trusts	in	the	UK.	It	provides	both	cytogenetic	and	molecular	genetic	analyses	

maintained	 through	 a	 series	 of	 technical,	 administrative	 and	 IT	 teams.	 Their	 Next	

Generation	 Sequencing	 (NGS)	 facility	 currently	 has	 three	NGS	 systems:	 an	 Illumina	

MiSeq	 and	 HiSeq	 2500,	 and	 the	 ThermoFisher	 Scientific	 Ion	 GeneStudio	 S5	 Prime	

System.		

The	targeted	sequencing	of	our	samples	was	performed	with	HiSeq	2500	System	which	

is	 used	 to	 sequence	 multiplexed	 libraries	 prepared	 by	 the	 SureSelectXT	 target	

enrichment	protocol	(Chen	et	al.,	2015),	enabling	the	simultaneous	sequencing	of	96	

samples	at	a	time	covering	custom-designed	gene	panels	that	contains	a	total	of	153	

genes	mentioned	in	Table	2.7.		
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Table	2.7.	The	153	genes	are	associated	with	neurological	motor	disorders.	

AARS	 ABCD1	 AFG3L2	 ALDH18A1	 ALS2	 AMPD2	 ANG	

ANXA11	 AP1S2	 AP4B1	 AP4E1	 AP4M1	 AP4S1	 AP5Z1	

APP	 ARG1	 ARHGEF28	 ARL6IP1	 ARSI	 ASAH1	 ATL1	

ATP2B4	 ATP7A	 ATXN2	 B4GALNT1	 BICD2	 BSCL2	 C12orf65	

C19orf12	 CCT5	 CHCHD10	 CHMP2B	 CPT1C	 CSF1R	 CYP27A1	

CYP2U1	 CYP7B1	 DAO	 DCTN1	 DDHD1	 DDHD2	 DNAJB2	

DNM2	 DNMT1	 DYNC1H1	 EIF2B5	 ENTPD1	 ERBB4	 ERLIN1	

ERLIN2	 EWSR1	 EXOSC3	 EXOSC8	 FA2H	 FARS2	 FBXO38	

FIG4	 FLRT1	 FUS	 GAD1	 GAN	 GARS	 GBA2	

GCH1	 GJA1	 GJC2	 GRN	 HEXA	 HNRNPA1	 HNRNPA2B1	

HSPB1	 HSPB3	 HSPB8	 HSPD1	 HTRA1	 IBA57	 IGHMBP2	

ITM2B	 KDM5C	 KIAA0196	 KIF1A	 KIF1C	 KIF5A	 KLC4	

L1CAM	 LAS1L	 LYST	 MAG	 MAPT	 MARS	 MARS2	

MATR3	 MT-ATP6	 MTPAP	 NEFH	 NEK1	 NIPA1	 NOTCH3	

NT5C2	 OPTN	 PFN1	 PGAP1	 PLEKHG5	 PLP1	 PNPLA6	

PRNP	 PRPH	 PSEN1	 PSEN2	 RAB3GAP2	 REEP1	 REEP2	

RTN2	 SACS	 SCO2	 SETX	 SIGMAR1	 SLC16A2	 SLC2A1	

SLC33A1	 SLC5A7	 SMN1	 SOD1	 SPAST	 SPG11	 SPG20	

SPG21	 SPG7	 SQSTM1	 SS18L1	 TAF15	 TARDBP	 TBK1	

TECPR2	 TFG	 TREM2	 TRPV4	 TUBA4A	 TYROBP	 UBA1	

UBQLN2	 USP8	 VAMP1	 VAPB	 VCP	 VPS37A	 VPS54	

VRK1	 WDR45	 WDR48	 ZFR	 ZFYVE26	 ZFYVE27	 	
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The	S5	prime	and	Ion	Chef,	a	semiconductor-based	(works	on	the	principle	of	detection	

of	hydrogen	ion	release	during	incorporation	of	a	new	nucleotide	in	the	growing	DNA	

template)	next-generation	sequencing	system	were	used	for	the	rapid	preparation	and	

NGS	sequencing	of	custom	and	ready-made	Ampliseq	gene	panels,	with	minimal	hands-

on	time.	The	153	genes	listed	in	Table	2.7	are	subdivided	into	4	different	Neurogenetic	

Motor	Disorder	NGS	Panels	which	are	shown	in	Table	2.8.	
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Table	2.8.	Neurogenetic	Motor	Disorders	NGS	Panels.	(Table	improvised	from	(SDGS)).	

NGS	Panel	 Genes	

Hereditary	Spastic	
Paraplegia	(HSP)	
88	gene	panel	

ABCD1,	AFG3L2,	ALDH18A1,	ALS2,	AMPD2,	AP1S2,	AP4B1,	AP4E1,	AP4M1,	AP4S1,	AP5Z1,	ARG1,	
ARL6IP1,	ARSI,	ATL1,	ATP2B4,	B4GALNT1,	BSCL2,	C12orf65,	C19orf12,	CCT5,	CPT1C,	CYP27A1,	
CYP2U1,	CYP7B1,	DDHD1,	DDHD2,	DNM2,	EIF2B5,	ENTPD1,	ERLIN1,	ERLIN2,	FA2H,	FARS2,	FIG4,	
FLRT1,	 GAD1,	 GAN,	 GBA2,	 GCH1,	 GJA1,	 GJC2,	 HEXA,	 HSPD1,	 IBA57,	 KDM5C,	 KIAA0196,	 KIF1A,	
KIF1C,	KIF5A,	KLC4,	L1CAM,	LYST,	MAG,	MARS,	MARS2,	MT-ATP6,	MTPAP,	NIPA1,	NT5C2,	PGAP1,	
PLP1,	 PNPLA6,	 PSEN1,	 RAB3GAP2,	 REEP1,	 REEP2,	 RTN2,	 SACS,	 SIGMAR1,	 SLC16A2,	 SLC2A1,	
SLC33A1,	 SPAST,	 SPG11,	 SPG20,	 SPG21,	 SPG7,	 TECPR2,	 TFG,	 USP8,	 VAMP1,	 VPS37A,	 WDR45,	
WDR48,	ZFR,	ZFYVE26,	ZFYVE27	

Familial	Amyotrophic	
Lateral	Sclerosis	with	or	
without	Frontotemporal	
Dementia	
42	gene	panel	

ALS2,	 ANG,	 ANXA11,	 ARHGEF28,	 ATXN2,	 CHCHD10,	 CHMP2B,	 CYP27A1,	 DAO,	 DCTN1,	 ERBB4,	
EWSR1,	FIG4,	FUS,	GBA2,	GRN,	HNRNPA1,	HNRNPA2B1,	MAPT,	MATR3,	NEFH,	NEK1,	OPTN,	PFN1,	
PRPH,	 SETX,	 SIGMAR1,	 SOD1,	 SPAST,	 SPG11,	 SPG20,	 SQSTM1,	 SS18L1,	 TAF15,	 TARDBP,	 TBK1,	
TUBA4A,	UBQLN2,	VAPB,	VCP,	VPS54,	VRK1	

Dementia	
27	gene	panel	

APP,	 CHCHD10,	 CHMP2B,	 CSF1R,	 CYP27A1,	 DCTN1,	 DNMT1,	 FUS,	 GRN,	 HNRNPA2B1,	 HTRA1,	
ITM2B,	MAPT,	MATR3,	NOTCH3,	PRNP,	PSEN1,	PSEN2,	SPG21,	SQSTM1,	TARDBP,	TBK1,	TREM2,	
TUBA4A,	TYROBP,	UBQLN2,	VCP	

Spinal	Muscular	Atrophy	
29	gene	panel	

AARS,	 ASAH1,	 ATP7A,	 BICD2,	 BSCL2,	 CHCHD10,	 DCTN1,	 DNAJB2,	 DYNC1H1,	 EXOSC3,	 EXOSC8,	
FBXO38,	GARS,	HEXA,	HSPB1,	HSPB3,	HSPB8,	IGHMBP2,	LAS1L,	PLEKHG5,	REEP1,	SCO2,	SIGMAR1,	
SLC5A7,	SMN1,	TRPV4,	UBA1,	VAPB,	VRK1	
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2.2.8. Variant	Analysis	Pipeline	for	153	genes		

VCF	 and	 FASTQ	 files	were	 obtained	 from	 SDGS	 analysis.	 The	 pipeline	 described	 in	

section	2.1.3.4	was	modified	to	analyse	the	153	genes	in	Neurogenetic	Motor	Disorder	

NGS	Panels	shown	in	Table	2.7.	

2.2.8.1. Part	1:	Sorting	out	the	variants	

The	full	coding	is	provided	in	Appendix	B.	However,		the	key	commands	and	changes	

(for	one	patient	sample:	BD-MND-001)	are	explained	in	section	Appendix	B	v	to	make	

clear	the	command	line.	

2.2.8.2. Part	2:	Extract_clinvar	

The	variants	reported	in	CliVar	were	extracted	with	the	command	line	as	explained	in	

section	 2.1.3.4.1.2.b	 and	 compared	 with	 the	 csv	 file	 found	 in	 the	 previous	 section	

2.2.8.1.		

2.2.9. Rank	on	CADD	score	

The	CADD	 score	 (section	 2.1.3.5)	was	 determined	 for	 each	of	 the	 variants	with	 the	

conflicting	interpretation	of	pathogenicity	or	uncertain	significance	to	prioritize	them.		
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2.2.10. Mutation	Taster	Prediction	

Mutation	taster	software	was	used	to	evaluate	DNA	sequence	variants	for	their	disease-

causing	potential	(Schwarz	et	al.,	2014).	MutationTaster	(MT)	score	is	the	probability	

that	predicts	an	alteration	as	one	of	four	possible	types	(Table	2.9).		

Table	2.9.	Mutation	Taster	Predictions	(MT-documentation).	

Types	 Prediction	 Comments	

D	 Disease-causing		 probably	deleterious		

A	 Disease-causing	
automatic		

known	to	be	deleterious,	see	section	dbSNP	/	
TGP	/	ClinVar	/	HGMD	for	details		

N	 Polymorphism		 probably	harmless		

P	 Polymorphism	automatic		 known	to	be	harmless,	see	section	dbSNP	/	TGP	
/	ClinVar	/	HGMD	for	details	

2.2.11. Allele	frequency	

The	allele	frequencies	of	the	reported	variants	of	36	samples	were	also	included	from	

Project	 MinE	 (MinE)	 (ALS-specific	 genome	 sequence	 database)	 and	 the	 Genome	

Aggregation	Database	(gnomAD)	databases	containing	whole	genome	sequencing	(ge)	

and	whole	exome	sequencing	 (ex)	 and	assessed	along	with	ClinVar	 information	 (as	

explained	in	section	2.1.3.6).	
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2.3. TDP-43	Analysis	of	MMA	Samples	

TDP-43	pathology	analysis	was	performed	on	patient-derived	CNS-relevant	cells	from	

selected	patients	with	variants	in	a	gene	related	to	MND	to	determine	whether	MMA	

shares	a	molecular	basis	with	other	disorders	including	MND.	

2.3.1. Sample	selection	

The	genetic	testing	of	eight	UK	MMA	patients	showed	that	there	were	some	potentially	

significant	pathogenic	and/or	novel	variants	present	in	four	patients.	Three	patients	

had	MAG	variants	listed	in	table	4.5.	Sample	SHF-067	and	SHF-087	had	the	same	MAG	

variant	c.1849C>G	(p.Leu617Val)	whereas	the	third	sample	SHF-070	had	a	different	

MAG	variant	c.711G>C	(p.Lys237Asn).	Neither	variant	is	reported	in	ClinVar	and	both	

have	high	CADD	scores,	of	17.72	(p.Leu617Val)	and	14.55	(p.Lys237Asn).	One	sample,	

SHF-072	was	reported	with	a	non-coding	VUS	OPTN	c.1402-7C>T	variant	which	is	not	

reported	in	ClinVar.	One	of	the	samples	carrying	the	MAG	variant	with	the	higher	CADD	

score	was	 selected	 (SHF-067)	 along	with	 the	OPTN	 variant	 (SHF-072)	of	unknown	

significance.	To	have	a	clear	picture	of	the	analysis	two	samples	without	these	variants	

(SHF-073	 and	 SHF-091)	 were	 also	 selected	 to	 observe	 the	 difference	 in	 TDP-43	

pathology.	Two	healthy	controls	(155	and	161)	were	included	in	this	study	as	negative	

controls.	Two	positive	controls	are	also	included	that	were	found	positive	for	TDP-43	

pathology	analysis.	One	(78)	was	a	FALS	patient	with	C9ORF72	expansion	and	another	

(009)	was	diagnosed	with	SALS.	
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2.3.2. Fibroblast	Samples	

Human	skin	fibroblast	samples	collected	from	different	sources	were	reprogrammed	

into	 induced	 neural	 progenitor	 cells	 (iNPCs).	The	 fibroblast	 samples	were	 obtained	

from	 the	 AMBRoSIA	 Project,	 at	 the	 University	 of	 Sheffield	 (Integrated	 Research	

Application	 System	 (IRAS)	 Project	 ID:	 204405,	 Research	 Ethics	 Committee	 (REC)	

reference:	16/LO/2136).	An	overview	of	the	cell	lines	used	for	the	TDP-43	pathology	

analysis	is	shown	in	Table	2.10.	Due	to	time	constraints	regarding	the	reprogramming	

of	the	SHF	iNPCs,	cell	lines	were	not	passaged	matched	during	this	study.	The	SHF	lines	

were	used	from	passages	4-8	and	the	Control	lines	from	passages	16-20.		

Table	2.10.	 The	Fibroblast	Control	and	Sample	cell	lines	information.	

Cell	Line	 Ethnicity	 Gender	 Diagnosis	 Mutation	 Age	at	
collection	

(y)	

155		(-)	 European	 Male	 Healthy	Control	 -	 40	

161		(-)	 European	 Male	 Healthy	Control	 -	 31	

78				(+)	 European	 Male	 FALS	 C9ORF72	 66	

009	(+)	 European	 Female	 SALS	 -	 61	

SHF-067	 European	 Male	 MMA	 -	 57	

SHF-072	 European	 Male	 MMA	 -	 48	

SHF-073	 European	 Male	 MMA	 -	 24	

SHF-091	 European	 Male	 MMA	 -	 80	
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2.3.3. Sample	collations	

All	the	patients	and	controls	in	this	study	were	recruited	by	AMBRoSIA.	The	collected	

fibroblast	are	stored	in	Sheffield	Biorepository	-	Human	Tissue	Storage	(Storage).	Here	

all	 the	materials	 consisting	 of	 or	 including	 human	 cells	 are	 covered	 by	 the	 Human	

Tissue	Authority	(HTA)	and	include	the	initial	isolation	of	cells	for	primary	culture.	

2.3.4. Reprogramming:	Fibroblast	to	iNPC	

Adult	human	fibroblasts	were	directly	converted	into	induced	neural	progenitor	cells	

using	a	modified	version	of	 the	protocol	outlined	 in	Meyer	et	 al	2014	(Figure	2.4A)	

(Meyer	et	al.,	2014).	These	aspects	of	the	project	received	assistance	from	Allan	C	Shaw,	

Raquel	Rua	Martins,	Thomas	R	Marlow,	and	Katie	M	Bowden	from	the	research	group	

in	SITraN	under	the	supervision	of	Professor	Laura	Ferraiuolo.	Specific	input	will	be	

highlighted	where	appropriate.	

2.3.4.1. Materials		

1. PBS	

2. Tryosin	(Lonza	Biowhittaker,	Basel,	Switzerland)	

3. Fibronectin	(Merck,	Burlington,	MA,	USA)	

4. Dulbecco's	Modified	Eagles	Medium	(DMEM)	Media	or	known	as	DMEM/F-12	

with	GlutaMAX™	(Gibco	Life	Tech,	Waltham,	MA,	USA)		

5. Fetal	bovine	serum	(FBS)	(Life	Science	Production,	Bedford,	UK)		

6. B27	Supplement	(Gibco	Life	Tech,	Waltham,	MA,	USA)	
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7. N2	Supplement	(Gibco	Life	Tech,	Waltham,	MA,	USA)	

8. Epidermal	growth	factor	(EGF)	(Peprotech,	Rocky	Hill,	NJ,	USA)		

9. Fibroblast	growth	factors	(FGF)	(Peprotech,	Rocky	Hill,	NJ,	USA)	

10. Retroviral	vectors	(ALSTEM,	Richmond,	CA,	USA):		

a. OCT3/4:	transcription	factor	protein	encoded	by	Pou5f1	

b. SOX2:	SRY	(sex	determining	region	Y)-box	2	

c. KLF4:	KLF	Transcription	Factor	4	

d. C-MYC:	cellular	Myc	(MYC	Proto-Oncogene,	BHLH	Transcription	Factor)	

11. Accutase	(Invitrogen,	A11105)		

12. Normal	Horse	Serum	(NHSer)		

2.3.4.2. Media	preparation	

2.3.4.1.1. Fibroblast	Medium	

Fibroblast	media	contained	DMEM/F12,	Glutamax	with	1%	B27-supplement,	1%	N2-

supplement,	40	ng/mL	EGF	and	20	ng/mL	FGF.	

2.3.4.1.2. Conversion	medium/	pre-iNPC	Media	

The	conversion	medium	was	prepared	by	adding	50µl	Epidermal	growth	factor	(EGF)	

and	2.5µl	Fibroblast	growth	factors	(FGF)	in	500ml	iNPC	Media.		

2.3.4.1.3. iNPC	Media	

The	media	prepared	for	iNPC	contained	DMEM/F12,	Glutamax,	1%	B27-supplement,	

1%	N2-supplement,	and	40	ng/mL	FGF.	
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2.3.4.1.4. iAstrocyte	Media	

DMEM	 supplemented	 with	 10%	 FBS,	 1%	 Penicillin-Streptomycin	 and	 0.2%	 N2-

supplement	was	used	as	iAstrocyte	media.	

2.3.4.3. Preparing	the	Fibroblast	for	transduction	

The	fibroblast	sample	vials	retrieved	from	the	Biorepository	contain	the	information	

on	the	cell	line	name,	passage	number	and	date	of	storage.	The	samples	were	stored	in	

a	mixture	 of	 10%	DMSO	 and	 90%	FBS.	DMSO	prevents	 ice	 crystal	 formation	while	

freezing.	As	DMSO	is	toxic	the	first	steps	involve	removing	the	DMSO	from	the	samples.	

The	vials	were	kept	in	the	water	bath	to	thaw	and	the	cell	suspension	was	taken	out	

using	a	pipette	and	transferred	into	a	15ml	falcon	tube.	The	tube	was	centrifuged	at	

400	RCF	for	4	min	and	the	supernatant	was	discarded	without	disturbing	the	palette.	

The	palette	was	resuspended	using	2ml	of	fibroblast	media	and	transferred	to	a	T75	

flask	that	already	had	sufficient	fibroblast	media	for	growth.	

It	was	made	sure	that	the	fibroblast	lines	of	the	samples	were	growing	well	which	is	

important	for	successful	conversion.	Direct	conversion	is	usually	more	efficient	with	

younger	passage	fibroblast	(P5-7).	The	passage	number	of	a	cell	culture	is	a	record	of	

the	number	of	times	the	culture	has	been	sub-cultured.	The	fibroblast	samples	were	

grown	in	a	T75	flask.		

When	the	cells	were	~	80%	confluent	(every	4-6	days),	subculture	cells	(as	described	

above	under	subculturing)	into	new	vessels.	For	each	sample,	a	6-well	plate	was	coated	

with	1:400	fibronectin.	After	coating	the	fibronectin	was	replaced	with	2ml	iAstrocyte	
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media.	 Cells	were	 counted	 and	 plated	 in	 3	 different	 densities	 75,000,	 125,000	 and	

175,000	in	2	wells	each.		

2.3.4.4. Transduction	

The	day	after	plating,	a	single	well	was	chosen	for	transduction	(~70%	confluence	with	

cells	 spread	 evenly	 throughout	 the	 well).	 The	 fibroblasts	 were	 transduced	 with	

Retroviral	vectors.	For	making	the	master	mix	of	the	retroviral	vectors	5	µl	of	each	4	

vectors:	OCT3/4,	SOX2,	KLF4	and	C-MYC	were	mixed	and	3	µl/well	Transduction	Agent	

(PEG)		was	added.	The	next	day,	18	hours	after	transduction,	the	well	was	washed	with	

PBS	and	2	ml	of	fresh	fibroblast	media	was	added.	

2.3.4.5. Conversion		

The	 following	 day	 the	 medium	was	 changed	 to	 conversion	 medium	 (iNPC	media+	

EGF+FGF)	 after	washing	 the	wells	with	 1x	 PBS	 to	 get	 rid	 of	 the	 residual	 fibroblast	

medium.	For	the	first	2-3	days	0.5-1.0ml	media	was	added	daily.	Then	the	media	was	

replenished	to	maintain	the	volume	and	availability	of	fresh	media.	The	cells	needed	

observation	 every	 day	 as	 they	 started	 changing	morphology	 very	 soon	 (within	 2-3	

days)	(Figure	2.4	B,	C	and	D).		

2.3.4.6. Pre-iNPC	

When	the	cells	became	very	dense	(after	about	5-6	days)	they	were	split	into	1:2	using	

accutase	(600	uL	per	well).	For	each	sample,	2	wells	of	a	new	6-well	plate	(6wp)	were	
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coated	 using	 1:100	 fibronectin	 and	 left	 for	 a	 minimum	 of	 5	 minutes.	 During	 this	

time	600µl	accutase	was	added	into	each	cell	containing	well	removing	the	media	and	

incubating	for	5	minutes.	After	incubation,	the	cells	were	collected	by	adding	1	ml	fresh	

medium	using	P1000	to	transfer	them	to	a	falcon.	The	falcon	was	centrifuged	at	200g	

for	4	minutes.	The	pellet	was	resuspended	in	6	ml	conversion	media.	Fibronectin	was	

removed	from	the	new	plate	and	3	ml	of	the	pellet	resuspended	conversion	media	was	

added	 to	 each	well.	 The	 cultures	were	maintained	 in	 conversion	media,	 with	 daily	

replenishment,	keeping	an	amount	of	conditioned	media	in	the	well.		After	nearly	10	

days	the	transduction	feeding	can	switch	to	every	two	days	a	week.		

2.3.4.7. iNPC	

A	 good	workflow	of	 transduction	 normally	 followed	1x6wp	well	 ->	2x6wp	wells	 ->	

3x6wp	wells	->	1x10	cm	petri	dish	->	1x10cm	and	1-2	vials	frozen	(usually	in	full	iNPC	

media	by	this	stage).	When	all	the	cells	from	the	first	10	cm	petri	dish	were	split	the	

media	was	changed	to	full	iNPC	media.	If	the	pre-iNPC	culture	was	in	full	iNPC	media	

for	at	least	one	split	without	any	gross	changes	to	proliferation	rate	or	morphology,	it	

can	be	reclassified	as	iNPC	before	confirmation.		

2.3.4.8. Immunocytochemistry	(ICC):	PAX6	&	Nestin		

Immunocytochemistry	(ICC)	was	used	to	visualize	the	localization	of	a	specific	protein	

or	antigen	in	the	cells.	A	specific	primary	antibody	bonds	the	protein	or	antigen,	while	
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a	secondary	antibody	with	a	conjugated	fluorophore	binds	with	the	primary	antibody	

and	allows	visualization	(Figure	2.3	E,	F	and	G).		

For	confirmation	of	iNPC	conversion,	10,000	cells	were	plated	per	well	in	a	minimum	

of	5	wells	per	sample	in	a	96-well	plate	(96wp)	coated	with	1:200	fibronectin.	The	cells	

were	 stained	 for	 a	 nuclear	 marker	 Hoechst	 (2'-[4-ethoxyphenyl]-5-[4-methyl-1-

piperazinyl]-2,5'-bi-1H-benzimidazole	 trihydrochloride	 trihydrate),	 a	 transcription	

factor	 marker	 PAX6	 (paired	 box	 protein	 Pax-6)	 and	 a	 cytoskeletal	 intermediate	

filament	marker	nestin	also	known	as	neuroepithelial	stem	cell	protein	(nestin).	

First,	the	cells	in	96wp	were	fixed	using	4%	Paraformaldehyde	Solution	(50µl/well)	for	

10		minutes	at	room	temperature	followed	by	PBS	washes	(2	times	for	5	minutes).	Then	

they	can	be	stored	at	40C	until	immunocytochemistry	staining.		

To	begin	with,	 the	 ICC	procedure	blocking	 solution	was	prepared	using	5%	Normal	

Horse	Serum	(NHSer)	 in	PBS.	A	 blocking	 solution	was	used	 to	block	any	unspecific	

binding	 sites.	The	 cells	were	permeabilised	and	blocked	at	 room	 temperature	 for	1	

hour	adding	50µl	of	blocking	solution	containing	0.5%	triton	per	well.		

The	Hoechst	working	solution	used	for	this	study	was	prepared	by	1:6,000	dilution	of	

the	Stock	Solution	(10	mg/mL)	in	Assay	Buffer	(0.1	M	NaCl,	10	mM	EDTA,	10	mM	Tris,	

pH	7.0).	Table	2.11	showed	details	of	the	primary	antibodies	used	for	this	analysis.	The	

antibody	 mixture	 (50µl/well)	 was	 added	 removing	 the	 blocking	 solution	 after	 the	

incubation	and	kept	at	40C	for	overnight	(O/N)	incubation.		
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Table	2.11.	 Primary	 and	 Secondary	 Antibody	 used	 for	 confirming	 the	

transformation	of	iNPC.	

Marker	 Primary	
Antibody	

Concentration	 Secondary	Antibody	 Concentration	

PAX6	
Rabbit	
polyclonal,	
Abcam,	ab5790	

1:400	

AlexaFluor	568	goat	
polyclonal	anti-rabbit	
IgG	(H+L),	Invitrogen,	
A-11011	

1:1000	

Nestin	

2C1.3A11,	
Mouse	
monoclonal,	
Abcam,	ab18102	

1:400	

AlexaFluor	488	
donkey	polyclonal,	
anti-mouse	IgG	(H+L),	
Invitrogen,	A-21202	

1:1000	

	

The	next	day	the	primary	antibodies	were	aspirated	and	the	wells	were	washed	once	

with	PBS	containing	0.2%	Tween	(approximately	100	µl/well)	and	twice	with	PBS	(5	

minutes	for	each	wash).		

The	secondary	antibody	mixture	(50µl/well)	was	added	to	the	cell	wells	and	incubated	

for	1	hour	at	room	temperature.	The	plate	was	covered	with	 foil	paper	to	protect	 it	

from	light.	A	cell-permeant	nuclear	counterstain	Hoechst	33342	was	used	that	emits	

blue	fluorescence	when	bound	to	dsDNA.	It	was	diluted	in	PBS	(1:6000),	added	into	the	

cell	wells	and	incubated	for	5	minutes	at	room	temperature	protected	from	light.		

After	incubation,	the	solutions	were	discarded	and	the	wells	were	washed	three	times:	

once	with	0.2%	Tween	in	PBS	and	twice	with	PBS	only.	The	plate	was	placed	on	the	

shaker	for	5	minutes	during	each	wash.	Fresh	PBS	(100-150µl/well)	was	added	before	

imaging.		
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Figure	2.3.	Direct	conversion	of	sample	fibroblasts	to	iNPCs.	(A)	Schematic	of	the	

conversion	 process	 from	 fibroblasts	 to	 induced	 neuronal	 progenitor	 cells	 (iNPCs).	

Fibroblasts	were	transduced	with	retroviral	vectors	containing	 four	reprogramming	

factors	(Oct3/4,	Sox2,	KLF4,	c-Myc).	(B,	C	and	D)	Within	6–10	days,	cells	underwent	

marked	morphological	changes	from	a	fibroblastic	spindle-like	shape	(B)	to	a	sphere-

like	form	commonly	seen	with	NPCs	(C	and	D).	The	cultures	were	expanded	from	6wp	

to	 10cm	 before	 confirmation	 of	 Pax6/Nestin.	 Hoechst	 staining	 (blue)	 was	 used	 to	

visualize	nuclei	(E).	 Immunofluorescence	of	cultures	at	passages	4-5	(minimum	day	

18)	reveals	the	expression	of	the	NPC	markers	Pax6	(F)	and	Nestin	(G),	as	shown	in	

yellow	and	green	respectively.		
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The	 cells	 were	 imaged	 using	 the	 Opera®	 High	 Content	 Screening	 System	 from	

PerkinElmer	(Figure	2.4).	

	

Figure	2.4.	Opera	Phenix	High-Content	Screening	System	from	PerkinElmer.	

2.3.5. TDP-43	Pathology	Analysis	

Cytoplasmic	transactive	response	DNA-binding	protein	43	kDa	(TDP-43)	inclusion	was	

identified	as	a	pathological	marker	of	patients	with	amyotrophic	lateral	sclerosis	(ALS)	

(Arai	et	al.,	2006,	Kawakami	et	al.,	2019,	Neumann	et	al.,	2006a).		So,	the	samples	were	

subjected	to	western	blot	(WB)	and	immunocytochemistry	(ICC)	to	detect	pathological	

TDP-43.		

2.3.5.1. Western	blot	

The	western	blot	procedure	followed	for	this	study	is	described	below	in	steps.		
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2.3.5.1.1. Mini-PROTEAN®	Tetra	System	

The	Bio-Rad	Mini-PROTEAN®	Tetra	Cell	was	used	for	the	western	blot.	The	component	

of	this	Cell	is	listed	in	Table	2.12.	

Table	2.12.	 Components	of	Bio-Rad	Mini-PROTEAN®	Tetra	Cell.	

Component	 Description	

Spacer	Plate	 The	spacer	plate	is	the	taller	glass	plate	with	permanently	
bonded	gel	spacers.	Spacer	plates	are	available	in	0.75	mm,	
1.0mm,	and	1.5	mm	thicknesses,	which	are	marked	directly	
on	each	spacer	plate.	

Short	Plate	 The	short	plate	is	the	shorter,	flat	glass	plate	that	combines	
with	the	spacer	plate	to	form	the	gel	cassette	sandwich.	

Casting	Frame	 The	casting	frame,	when	placed	on	the	benchtop,	evenly	
aligns	and	secures	the	spacer	plate	and	the	short	plate	
together	to	form	the	gel	cassette	sandwich	before	casting.		

Gel	Cassette	Assembly	 One	casting	frame,	a	spacer	plate,	and	a	short	plate	form	one	
gel	cassette	assembly.		

Casting	Stand	 The	casting	stand	secures	the	gel	cassette	assembly	during	
gel	casting.	It	contains	pressure	levers	that	seal	the	gel	
cassette	assembly	against	the	casting	gaskets.		

Gel	Cassette	Sandwich	 A	spacer	plate	and	a	short	plate	with	a	polymerized	gel	form	
a	gel	sandwich.		

Buffer	Dam	 The	moulded,	one-piece	buffer	dam	is	used	when	running	
only	one	or	three	gels.	

	

Firstly	 the	spacer	plates	(Bio-Rad)	and	short	plates	(Bio-Rad)	and	clamps	(Bio-Rad)	

with	gaskets	(Bio-Rad)	were	assembled.	After	the	gel	is	set	in	it	the	plates	were	set	on	

the	Mini-PROTEAN®	Tetra	Cell	Casting	Stand.		
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2.3.5.1.2. SDS-Polyacrylamide	Gel	Preparation		

The	 12%	 resolving	 gel	 was	 used	 for	 this	 analysis	 and	 it	 was	 prepared	 by	 mixing	

reagents	listed	in	Table	2.13.	

First,	the	water,	acrylamide	and	buffer	were	mixed	then	the	catalysts	(APS	and	TEMED)	

which	 catalyse	 the	polymerisation	of	 acrylamide	and	cause	 the	 solution	 to	 set	were	

added.	The	resolving	gel	solution	was	poured	into	the	glass	plates.	

Stacking	 gel	 (5%)	 was	 prepared	 by	 mixing	 reagents	 listed	 in	 Table	 2.13	 (water,	

acrylamide	and	buffer	first,	followed	by	APS	and	TEMED).	The	stacking	gel	solution	was	

poured	 onto	 the	 set	 resolving	 gels	 in	 the	 glass	 plates	 filling	 to	 the	 brim.	 Mini-

PROTEAN®	Combs	(Bio-Rad)	was	inserted	into	the	stacking	gels	and	left	for	at	least	15	

mins	to	set.		

Table	2.13.	 Materials	for	preparing	resolving	gel.	

Reagents	 5	%	
stacking	gel	

12	%	
resolving	gel	

dH2O	 5.8	mL	 3.5	mL	
30	%	(w/v)	Acrylamide	 1.7	mL	 4.0	mL	
Resolving	buffer	(1.5	M	Trizma®,	13.9	
mM	SDS,	pH	8.8,	filtered)	

-	 2.5	mL	

Stacking	buffer	(0.5	M	Trizma®,	13.9	mM	
SDS,	pH	6.8,	filtered)	

2.5	mL	 -	

10	%	(w/v)	Ammonium	Persulfate	(APS)		 50	μL	 50	μL	
Tetramethylethylenediamine	(TEMED)		 20	μL	 20	μL	

	



Chapter	2:	Method	and	Materials	

	 93	

2.3.5.1.3. Cell	Lysis	

The	media	was	removed	from	the	petri	dish	with	the	iAstrocyte	cells	of	corresponding	

samples	 and	washed	with	 ice-cold	 PBS.	 The	 cells	were	 scraped	 and	 collected	 in	 an	

Eppendorf	 tube	 using	 PBS.	The	 Eppendorf	was	 centrifuged	 at	 17,000	 x	g	 for	 1	min	

followed	 by	 removing	 all	 PBS.	The	 cell	 pellet	 can	 be	 stored	 in	 a	 -80°C	 freezer	 until	

further	use.		

For	cell	 lysis	 ice-cold	 IP	 lysis	buffer	(150mM	NaCl,	50mM	HEPES,	1mM	EDTA,	1mM	

DTT,	0.5%	(v/v)	Triton™	X-100,	PIC,	pH	8.0)	+	PIC	(protease	 inhibitor	cocktail)	was	

added.	The	volume	of	lysis	buffer	needed	was	dependent	on	the	size	of	the	cell	pellet,	

but	20-50	µL	was	usually	sufficient.	The	tube	was	incubated	for	15mins	on	ice.		

The	lysate	was	centrifuged	at	17,000	x	g	for	5	mins	at	4°C.	The	lysate	supernatant	which	

contains	soluble	proteins	was	reserved.	The	pellet	of	debris	was	discarded.	

2.3.5.1.4. Bicinchoninic	acid	(BCA)	Assay	

The	total	protein	concentration	in	cell	lysates	was	determined	using	a	BCA	assay	that	

utilizes	 a	 detergent-compatible	 formulation	 containing	 bicinchoninic	 acid	 (BCA)	 for	

colourimetric	detection	and	quantification	(Kumar,	2016).		

This	assay	relies	on	reducing	Cu+2	to	Cu+1	by	protein	in	an	alkaline	medium,	known	as	

the	biuret	 reaction.	 It	uses	a	unique	 reagent	 containing	bicinchoninic	acid	 (BCA)	 to	

selectively	detect	the	resulting	cuprous	cation	(Cu+1)	(Smith	et	al.,	1985).	The	chelation	

of	two	molecules	of	BCA	with	one	cuprous	ion	produces	the	purple-coloured	product,	

a	water-soluble	 complex	 that	 exhibits	 a	strong	absorbance	at	562	nm	 that	 is	nearly	
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linear	with	increasing	protein	concentrations	over	a	broad	working	range	(20–2000	

µg/mL).	The	macromolecular	structure	of	the	protein,	the	number	of	peptide	bonds,	

and	the	presence	of	specific	amino	acids	(cysteine,	cystine,	tryptophan,	and	tyrosine)	

are	believed	to	contribute	to	the	colour	formation	observed	with	BCA	(Wiechelman	et	

al.,	 1988).	 The	 protein	 concentration	 is	 typically	 determined	 and	 reported	 using	 a	

common	 protein	 standard	 such	 as	 bovine	 serum	 albumin	 (BSA),	 with	 a	 series	 of	

dilutions	of	known	concentration	(0.1-2.0	µg/µl)	prepared	and	assayed	(Table	5.1	and	

5.2)	 alongside	 unknown	 samples	 to	 generate	 a	 standard	 curve	 (Figure	 5.2)	 for	

determination	of	unknown	concentrations.	

2.3.5.1.5. SDS-Polyacrylamide	Gel	Electrophoresis	

The	cell	lysates	in	lysis	buffer	were	diluted	such	that	equal	amounts	(20µg)	of	protein	

were	loaded	per	well	and	mixed	with	4μl	of	4x	Laemmli	buffer	to	make	a	total	volume	

of	20μL.	The	samples	were	boiled	for	5	mins	at	95°C	to	denature	proteins	and	coat	them	

in	a	negative	charge.	The	proteins'	migration	rate	was	inversely	proportional	to	their	

molecular	weight	through	the	gels	via	electrophoresis.		

The	Mini-PROTEAN®	Tetra	Vertical	 Electrophoresis	 Cell	 from	Bio-Rad	was	used	 to	

load	the	SDS-Polyacrylamide	gels,	filled	with	running	buffer	of	25mM	Tris,	3.5mM	SDS,	

and	 20mM	 glycine.	 In	 the	 case	 of	 general	 immunoblotting	 techniques,	 20-30	 µg	 of	

denatured	protein	samples	were	loaded	into	each	well	of	the	SDS-polyacrylamide	gels.	

Additionally,	 a	 2	 μL	 PageRuler	 Prestained	 Protein	 Ladder,	 from	ThermoFisher	was	

loaded	in	one	well	per	gel	as	a	molecular	weight	marker.		
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The	gels	needed	to	run	at	50V	for	30-40	mins,	then	150V-180V	for	approximately	1.5h	

(or	until	the	dye	front	reaches	the	bottom	of	the	gel).		

2.3.5.1.6. Transfer	onto	nitrocellulose	membrane		

The	transfer	conditions	are	dependent	on	the	gel	type,	the	immobilization	membrane,	

the	transfer	apparatus	used	as	well	as	the	protein	itself	(Kurien	and	Scofield,	2015).	

SDS	 gels,	 urea	 gels	 (Alwine	 et	 al.,	 1977),	 lithium	 dodecyl	 sulfate-containing	 gels,	

nondenaturing	gels,	two-dimensional	gels	and	agarose	gels	have	been	used	for	protein	

blotting	 (electrophoretic)	 (Gershoni	 and	 Palade,	 1983).	 The	 electric	 charge	 of	 the	

protein	should	be	determined	and	the	membrane	should	be	placed	on	the	appropriate	

side	of	the	gel.	When	using	urea	gels	the	membrane	should	be	placed	on	the	cathode	

side	of	the	gel	(Alwine	et	al.,	1977).	Proteins	from	SDS	PAGE	gels	are	eluted	as	anions	

and	 therefore	 the	 filter	 should	 be	 placed	 on	 the	 anode	 side	 of	 the	 gel	 (Kurien	 and	

Scofield,	2015).		

In	the	wet	transfer	procedure,	the	sandwich	is	placed	in	a	buffer	tank	with	platinum	

wire	 electrodes	 (Kurien	 and	 Scofield,	 2015)	 based	 on	 the	 design	 of	 Towbin	 et	 al.	

(Towbin	et	al.,	1979):	 i.e.,	 they	have	vertical	stainless	steel/platinum	electrodes	 in	a	

large	tank.		

In	 “Semi-dry”	 transfer,	 the	gel-membrane	 sandwich	 is	placed	between	carbon	plate	

electrodes	(Kurien	and	Scofield,	2015).	 “Semi-dry”	or	“horizontal”	blotting	uses	two	

plate	electrodes	(stainless	steel	or	graphite/carbon)	for	a	uniform	electrical	field	over	

a	short	distance,	and	sandwiches	between	these	up	to	six	gel/membrane/filter	paper	
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assemblies,	all	well-soaked	in	transfer	buffer	as	shown	in	Figure	2.5.	The	assembly	is	

clamped	or	otherwise	secured	on	its	side,	and	electrophoretic	 transfer	 is	effected	 in	

this	position,	 using	 as	 transfer	 buffer	 only	 the	 liquid	 contained	 in	 the	gel	 and	 filter	

papers	or	other	pads	in	the	assembly	(Kurien	and	Scofield,	2015).	

The	proteins	were	transferred	from	the	gels	to	the	membranes	at	0.15A	/	gel	(i.e	0.3A	

if	transferring	two	gels)	for	1	hour.		

	

Figure	2.5.	Transferring	the	protein	onto	the	nitrocellulose	membrane.	

2.3.5.1.7. Immunoblotting	

The	nitrocellulose	membrane	was	placed	carefully	in	a	50	mL	falcon	tube	and	blocked	

in	5%	(w/v)	milk/Tris	Buffered	Saline,	with	Tween®	20	(TBST)	(20mM	Tris,	137mM	

NaCl,	0.2%	(v/v)	Tween®	20,	pH	7.6)	for	1	hour	at	room	temperature	on	a	roller.		

The	membranes	were	 incubated	with	 primary	 antibody	 (C-terminal	 TDP43,	 Rabbit	

polyclonal,	Preprotech/Proteintech	12892-1-AP	in	1:1000)	diluted	in	5%	milk	in	TBST	

overnight	at	4°C	on	a	roller.	Around	5	mL	antibody	in	the	blocking	agent	was	enough	

for	a	50	mL	falcon.	The	membranes	were	washed	3	times	in	TBST	for	15mins	(5	min	

per	 wash)	 at	 room	 temperature.	 Then	 the	 membranes	 were	 incubated	 with	 a	
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secondary	antibody	conjugated	to	horseradish	peroxidase	(HRP)	in	5%	milk/TBST	for	

1	hour	at	room	temperature	on	a	roller.	The	membranes	were	washed	3	times	in	TBST	

for	15mins	(5	min	per	wash)	at	room	temperature.	

Finally,	 the	membranes	were	 incubated	with	ECL	 for	1mins	and	 images	were	 taken	

using	Odyssey®	Fc	Imaging	System	by	LI-COR	Biosciences	(Dentlinger,	2018).	

All	the	interest	protein	(TDP-43)	was	normalised	for	Bactin	(β-actin).	Thus,	Beta-actin	

(42	kDa)	was	used	as	the	loading	control	to	normalize	the	levels	of	protein	detected	by	

confirming	that	protein	loading	is	the	same	across	the	gel	(Liao	et	al.,	2000).	

2.3.5.2. Immunocytochemistry	(ICC)	

For	 immunocytochemistry	 (ICC)	 analysis	 of	 TDP-43	 pathology,	 the	 procedure	

explained	in	section	2.3.4.8	was	followed.	The	antibodies	are	listed	in	table	2.14.		
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Table	2.14.	 Marker/Antibodies	used	to	detect	TDP-43	pathology.	

Name	 Primary	
Antibody	

Concentration	 Secondary	
Antibody	

Concentration	

TDP-43	

C-terminal	TDP-
43,	Mouse	
monoclonal,	
Newmarket	
Scientific,	AX17-
10010		

1:200	

AlexaFluor	488	
donkey	anti-mouse	
IgG	(H+L),	
Invitrogen,	A-21202		

1:1000	

CD44	
Rabbit	polyclonal,	
from	Abcam,	
ab157107	

1:300	

AlexaFluor	568	goat	
polyclonal	anti-
rabbit	IgG	(H+L),	
Invitrogen,	A-11011		

1:1000	

Vimentin	
Chicken	
polyclonal,	
Millipore,	AB5733	

1:1000	

Goat	polyclonal	
Anti-Chicken	IgY	
H&L	(Cy5	®)	
preadsorbed,	
Abcam,	ab97147 

1:1000	
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Chapter	3. Genetic	 analysis	 of	 WGS	 of	 ALS	
patients	from	Project	MINE	

3.1. Introduction	

Somatic	 heterogeneity	 is	 a	 feature	 of	 human	 genetics	 and	 new	 genetic	 mutations	

occurring	within	developing	neurons	of	the	motor	cortex	could	adversely	affect	motor	

neuron	 function	but	would	be	undetectable	 in	peripheral	blood,	 the	 source	of	most	

DNA	for	genetic	screening.	Therefore,	could	somatic	mutations	contribute	to	the	cause	

of	 sporadic	 disease	 in	 ALS?	 With	 the	 advent	 of	 next-generation	 sequencing,	 many	

genetic	causes	and	risk	factors	for	ALS	have	been	identified	which	has	been	a	significant	

driver	of	translational	research.	The	use	of	this	technology	in	a	large	cohort	of	motor	

cortex	 samples	 from	 ALS	 patients	 could	 therefore	 determine	 whether	 somatic	

mutations	cause	sporadic	ALS.		

3.2. Aims	

This	 study	 aims	 to	 screen	 a	 large	 cohort	 of	 motor	 cortex	 DNA	 samples	 from	 ALS	

patients	 to	 establish	 if	mutations	 in	ALS	 genes	 arise	 somatically	 in	 the	 CNS.	Where	

mutations	are	found,	the	results	will	be	compared	with	sequencing	data	corresponding	

to	blood	samples	(where	available)	to	establish	their	somatic	or	germline	status.		
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3.3. Results	

The	Single	Nucleotide	Polymorphisms	(SNPs)	from	the	whole	genome	sequencing	of	

69	samples	of	the	69	motor	cortex	DNA	sample	set	have	been	annotated	using	SnpEff	

(Galaxy	Version	4.3+T.galaxy1).	The	annotated	mutation	vcf	file	contains	the	number	

of	variants	categorised	as	high,	moderate,	low,	or	modifier	effects	by	impact	and	the	

number	 of	 missense,	 nonsense,	 or	 silent	 variants	 according	 to	 the	 functional	 class	

(Table	 2.1).	 The	 following	 flowchart	 shows	 the	 steps	 of	 the	 analysis	 described	 in	

section	2.1.3.3.	

	

Figure	 3.1.	 Flowchart	 of	 variant	 annotation	 of	 WGS	 data	 of	 69	 motor	 cortex	

samples.	
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3.3.1. Annotate	variants	

Initially,	 the	 specific	 chromosomes	 that	 contained	 the	 known	 42	 ALS	 genes	 were	

selected	for	running	the	variant	calling	as	all	69	samples	are	from	ALS	patients.		

The	number	of	effects	 from	the	resulting	annotated	vcf	 file	of	69	ALS	patients	SNPs	

from	Project	MinE	is	shown	in	Table	3.1.		As	mentioned	in	section	2.1.3.3	the	annotated	

mutation	contained	four	different	“SNP	effects”	(SnpEff)	by	impact.	The	variants	having	

a	 high	 impact	 on	 protein	 are	 classified	 as	 HIGH.	 MODERATE	 impact	 indicates	 the	

change	 in	 protein	 effectiveness.	 LOW	 impact	 is	 predicted	 as	 no	 change	 of	 protein	

behaviour	whereas	the	MODIFIER	indicates	the	variants	affecting	the	non-coding	gene.		

As	mentioned	in	Table	2.1	the	high	and	moderate	ones	were	our	variants	of	interest	

as	they	were	assumed	to	have	a	high	impact	on	protein	and	might	affect	the	protein	

effectiveness.		

Only	the	chromosomes	associated	with	the	known	ALS	genes	(Table	2.2)	are	listed	in	

the	table	for	minimizing	the	data	analysis.
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Table	3.1.	The	number	of	variants	in	each	chromosome	that	contains	an	ALS	gene	within	the	69	patients.	

Chromosome	 Number	of	effects	on	the	chromosome	by	
impact	

Number	of	effects	on	the	
chromosome	by	functional	class	

Related	ALS	genes	

HIGH	 LOW	 MODERATE	 MODIFIER	 MISSENSE	 NONSENSE	 SILENT	 	

Chr1	 38,359	 242,783	 203,389	 19,072264	 181,290	 4,396	 98,932	 TARDBP	

Chr2	 32,674	 266,683	 161,938	 20,445,911	 147,516	 3,304	 78,254	 ALS2,	TUBA4A,	DCTN1,	
CYP27A1,	ERBB4,	SPAST,	

VPS54	

Chr3	 19,304	 139,553	 125,590	 16,310,945	 108,532	 2,632	 59,459	 CHMP2B	

Chr4	 18,236	 113,340	 79,286	 13,317,037	 68,738	 1,767	 36,724	 NEK1	

Chr5	 12,797	 110,221	 105,555	 13,282,441	 79,668	 1,895	 45,292	 MATR3,	ARHGEF28,	
SQSTM1	

Chr6	 23,890	 117,530	 98,195	 13,037,441	 90,827	 2,244	 49,180	 FIG4	

Chr7	 23,379	 112,908	 90,264	 13,052,536	 82,417	 2,038	 47,654	 HNRNPA2B1	

Chr9	 19,300	 160,439	 82,844	 9,189,163	 74,798	 1,561	 44,218	 C9ORF72,	GBA2,	SETX,	
SIGMAR1,	VCP	
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Chr10	 24,597	 111,491	 95,507	 13,903,497	 87,388	 1,929	 50,195	 ANXA11	,	OPTN	

Chr12	 24,443	 136,399	 104,364	 10,843,438	 88,636	 2,217	 50,886	 ATXN2,	DAO,	PRPH,	
TBK1,	KIF5A,	HNRNPA1	

Chr13	 2,715	 38,051	 32,221	 6,729,199	 30,226	 696	 16,809	 SPG20/SPART	

Chr14	 16,034	 67,130	 58,776	 7,599,683	 55,663	 1,200	 30,475	 ANG,	VRK1	

Chr15	 9,977	 80,300	 69,494	 7,418,765	 63,293	 1,431	 35,554	 SPG11	

Chr16	 18,147	 96,117	 98,427	 7,965,443	 91,332	 1,968	 53,747	 FUS	

Chr17	 26,808	 141,261	 114,911	 7,384,387	 103,408	 2,335	 61,934	 GRN,	MAPT,	PFN1,	TAF15	

Chr20	 11,325	 40,274	 48,909	 5,230,034	 49,143	 1,040	 29,736	 SS18L1,	VAPB	

Chr21	 6,729	 33,173	 24,412	 3,401,489	 23,602	 552	 14,375	 SOD1	

Chr22	 12,867	 61,936	 43,890	 3,485,218	 42,840	 973	 25,695	 CHCHD10,	EWSR1,	KEFH	
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The	 following	 figures	 represent	 the	 SNP	 found	 with	 different	 types	 of	 effects	 for	 69	

patients	(Figure	3.2)	in	our	study.		

SNP	distribution	for	69	patients	in	Chomosme	that	contains	ALS	genes	
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Figure	3.2.	SNP	distribution	by	chromosome	in	the	case	of	69	samples.			

The	 analysis	 of	 various	 chromosomes	 revealed	 a	 correlation	 between	 the	 number	 of	

variants	 and	 the	 corresponding	 chromosome	 size.	 However,	 this	 correlation	 is	 not	
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84,426	 and	 96,317	 SNPs	 for	 chromosomes	 4	 and	 6,	 respectively.	 These	 findings	

corroborate	our	data	and	the	reliability	of	the	code	used	to	identify	variants.	

Table	3.2.	 SNPs	distributed	in	each	chromosome	(Sachidanandam	et	al.,	2001).		

Chromosome	 Length	(bp)	 All	SNPs	

1	 214,066,000	 129,931	

2	 222,889,000	 103,664	
3	 186,938,000	 93,140	

4	 169,035,000	 84,426	

5	 170,954,000	 117,882	

6	 165,022,000	 96,317	
7	 149,414,000	 71,752	

8	 125,148,000	 57,834	

9	 107,440,000	 62,013	
10	 127,894,000	 61,298	

11	 129,193,000	 84,663	

12	 125,198,000	 59,245	
13	 93,711,000	 53,093	

14	 89,344,000	 44,112	

15	 73,467,000	 37,814	

16	 74,037,000	 38,735	
17	 73,367,000	 34,621	

18	 73,078,000	 45,135	

19	 56,044,000	 25,676	
20	 63,317,000	 29,478	

21	 33,824,000	 20,916	

22	 33,786,000	 28,410	
X	 131,245,000	 34,842	

Y	 21,753,000	 4,193	

RefSeq	 15,696,674	 14,534	

Totals	 2,710,164,000	 1,419,190	

	

The	 following	 figure	 represents	 the	SNP	distribution	by	 chromosome	 in	 the	 literature	

(Figure	3.2).	
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Figure	3.3.	SNP	distribution	by	Chromosome.	

3.3.2. R	 code	 extract_clinvar:	 Extract	 the	 variants	

related	to	ALS	

The	R	code	extract_clinvar	 extracts	 the	variants	and	genes	 related	 to	a	known	genetic	
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section	2.1.3.2.	The	codes	were	verified	through	RStudio	for	a	single	gene	e.g.	SOD1	for	

missense_variants	 (Section	 2.1.3.4.1.2).	 These	 variants	 were	 then	 compared	 with	 the	

ClinVar	database	to	find	out	the	pathogenic	variant	in	the	data	set.	The	same	analysis	was	

done	for	high,	low,	moderate	and	modifier	variants.		
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3.3.3. Code	 running	 in	 the	 iceberg	 (currently	 ShARC)	

and	troubleshooting	

3.3.3.1. Part	1:	Specific	variant	containing	csv	file	

The	 code	 was	 changed	 in	 the	 grep	 command	 line	 for	 sorting	 out	 different	 variants	

(Section	2.1.3.4.1.2.a).	

For	example,	

sod1vcf.Ranges11 <- sod1vcf.Ranges[,12] 

 

sod1indexmm <- grep ("missense_variant", sod1vcf.Ranges11) 

sod1vcf.mis <- sod1vcf.Ranges[c(sod1indexmm),] 

write.csv(sod1vcf.mis, file = "sod1misvcf.csv")  

After	sorting	out	the	csv	file	with	all	the	missense_variant	for	the	SOD1	gene	range,	the	

specific	 MODERATE	 impact	 missense_variants	 were	 sorted	 out	 using	 the	 following	

command:	

sod1indexmm <- grep ("MODERATE", sod1vcf.Ranges11) 

sod1vcf.mm <- sod1vcf.mis[c(sod1indexmm),] 

write.csv(sod1vcf.mm, file = "sod1mmvcf.csv") 

Or,	HIGH	impact	missense_variants	were	sorted	out	using	the	following	command:	

sod1indexmh <- grep ("HIGH", sod1vcf.Ranges11) 

sod1vcf.mh <- sod1vcf.mis[c(sod1indexmm),] 

write.csv(sod1vcf.mh, file = "sod1mhvcf.csv") 
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3.3.3.2. Part	2:	Extract_clivar	

The	localPDB	downloads	the	necessary	files	from	the	public	databases	including	ClinVar.	

The	variants	associated	with	‘Amyotrophic	lateral	sclerosis’	were	extracted	separately	to	

compare	with	the	specific	variant	containing	csv	file	and	compiled	in	a	new	csv	file.	The	

new	csv	file	contains	variants	from	69	patient	samples	that	are	reported	in	ClinVar	(Table	

3.3,	3.4	and	3.5).		

3.3.3.3. Part	3:	Identifying	Patients	ID	

For	 identifying	 the	 patient's	 ID	 the	 general	 code	 verified	 in	 RStudio	worked	 fine	 for	

chromosomes	4-22.	But	the	command	line	started	to	break	for	chromosomes	with	bigger	

sizes	chromosomes	1-3).	The	vcf	file	of	Chromosome	1-3	with	variants	of	69	patients	was	

divided	into	2	smaller	files	to	solve	the	problem.		

For	example,	

chr1Gvcf <- fread("Galaxy-chr1.vcf.gz") 

chr1Gvcf1 <- chr1Gvcf[,3] 

  

chr1Gvcf2 <- data.frame(chr1Gvcf1) 

nrow(chr1Gvcf1) 

[1] 9501799 

 

So,	the	chromosome	was	divided	into	two	files:	one	containing	row	1-4750899	(half	of	

9501799)	and	another	containing	row	4750900-951799.	

chr1Gvcf1a <- chr1Gvcf1[1:4750899,2] 
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chr1Gvcf2a <- data.frame(chr1Gvcf1a) 

chr1Gvcf1b <- chr1Gvcf1[4750900:9501799,] 

chr1Gvcf2b <- data.frame(chr1Gvcf1b) 

The	 csv	 file	 with	 variants	 found	 compared	 with	 ClinVar	 (Section	 2.1.3.4.1.2.b)	 was	

matched	 with	 both	 parts	 of	 the	 chromosome	 files	 (vcf2a	 and	 vcf2b)	 to	 find	 out	 the	

positive	patient's	ID.		

3.3.4. ALS	 gene	 mutations	 in	 WGS	 of	 motor	 cortex	

sample	

The	annotated	variants	reported	in	ClinVar	found	within	the	69	patients'	samples	were	

also	checked	with	the	variant	information	in	Project	MinE	and	the	gnomAD	browser	to	

confirm	if	there	were	any	novel	variants	(MinE).	Within	the	42	genes	(Table	2.2)	related	

to	 ALS	 that	 have	 been	 analysed,	 63	 variants	 out	 of	 the	 1,469,317	missense	 variants	

identified	 were	 reported	 in	 ClinVar	 (output	 of	 section	 3.3.3.2).	 There	 are	 48	

Benign/Likely	 benign,	 8	 Uncertain	 significance,	 4	 Conflicting	 interpretations	 of	

pathogenicity,	and	3	pathogenic	variants	(last	updated	analysis	date:	1	July	2020).		

3.3.4.1. Pathogenic	variants	

Three	pathogenic	variants	in	four	patients'	motor	cortex	samples	were	identified	through	

data	analysis:	Two	variants	in	the	SOD1	gene	and	one	from	the	FUS	gene	(Table	3.3).	The	

SOD1(c.341T>C;p.Ile114Thr)	pathogenic	variant	was	found	in	2	patients	samples	while	

the	 	SOD1	 (c.302A>G;p.Glu101Gly)	was	only	present	 in	one	patient	sample.	The	SOD1	

(c.341T>C;p.Ile114Thr)	variant	was	first	reported	as	a	pathogenic	in	1993	(Rosen	et	al.,	
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1993),	first	reported	in	ClinVar	on	July	1,	2017,	and	last	evaluated	on	December	18,	2021,	

as	 Pathogenic	 and	 Likely	 pathogenic	 on	 July	 07,	 2022	 (VCV000197145.13,	

VCV000197145.14).	The	second	SOD1	(c.302A>G;p.Glu101Gly)	variant	was	found	in	one	

sample.	This	variant	was	first	reported	in	ClinVar	on	April	30,	2016,	and	last	evaluated	

on	 October	 14,	 2021,	 as	 Pathogenic	 (VCV000014761.5).	 Finally,	 the	 FUS	 mutation	

(c.1520G>A;p.Gly507Asp)	was	 last	evaluated	as	a	pathogenic	variant	on	April	1,	2010,	

and	was	first	reported	in	ClinVar	on	August	4,	2017	(Corrado	et	al.,	2010,	Hewitt	et	al.,	

2010b,	VCV000016226.1).		
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Table	3.3.	Pathogenic	variants	were	identified	for	69	motor	cortex	samples.	The	table	shows	the	number	of	patients	with	each	of	the	

variants	as	well	as	the	allele	frequencies	(AF)	from	Project	MinE	(MinE)	and	the	gnomAD	databases	containing	whole	genome	sequencing	

(ge)	and	whole	exome	sequencing	(ex).	comparing	with	ClinVar	information.	NA	=	Frequency	hasn’t	been	reported	yet.	

Gene	 Variants	 ClinSigSimple	
Number	of	
patients	with	

variant	
AF.all	 AF.cases	 AF.controls	 gnomAD.ge.AF	

gnomAD.	
ex.AF	

FUS	 c.1520G>A;	p.Gly507Asp	 Pathogenic	 1	 0.000080	 0.000115	 0	 NA	 NA	

SOD1	 c.302A>G;	p.Glu101Gly	 Pathogenic	 1	 NA	 NA	 NA	 NA	 NA	

SOD1	 c.341T>C;	p.Ile114Thr	 Pathogenic	 2	 0.000484	 0.000687	 0	 NA	 0.0000487	

	

The	pathogenic	variants	were	 compared	with	prior	 sequencing	 from	different	 tissue	within	the	 same	patients	 to	determine	whether	

mutations	were	examples	of	somatic	mutations.
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3.3.4.2. Conflicting	interpretations	of	pathogenicity,	Uncertain	

Significance	

Along	 with	 4	 variants	 of	 ‘conflicting	 interpretations	 of	 pathogenicity’,	 8	 variants	 of	

‘uncertain	 significance’	 were	 identified	 and	 are	 listed	 in	 the	 following	 Table	 3.4.	

Interestingly	some	of	the	variants	show	a	high	CADD	score	that	indicated	the	variants	are	

more	likely	to	functionally	impactful	(Kircher	et	al.,	2014b).	Higher	scores	are	more	likely	

to	be	deleterious.	Scores	are	determined	as	10	*	-log	of	the	rank.	So,	variants	with	scores	

above	20	are	predicted	to	be	among	the	1.0%	most	deleterious	possible	substitutions	in	

the	human	genome	(Rentzsch	et	al.,	2019).	
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Table	3.4.	Summary	of	4	variants	of	conflicting	interpretation	and	8	uncertain	significance	variants	 identified	within	the	69	

motor	cortex	samples.	The	table	shows	the	number	of	patients	with	each	of	 the	variants	as	well	as	 the	allele	 frequencies	(AF)	 from	

Project	MinE	(MinE)	and	the	gnomAD	databases	containing	whole	genome	sequencing	(ge)	and	whole	exome	sequencing	(ex).	comparing	

with	ClinVar	information.	NA	=	Frequency	hasn’t	been	reported	yet.		

Gene	 Variants	 ClinSigSimple	

Number	
of	

patients	
with	
variant	

CADD	
score	 AF.all	 AF.cases	 AF.	

controls	
gnomAD
.ge.AF	

gnomAD.
ex.AF	

GRN	 c.1253G>A;	p.Arg418Gln	 Conflicting	
interpretations	of	
pathogenicity	Likely	
benign(2);	Uncertain	
significance(2)	

1	 11.31	 0.00040	 0.00057	 0	 0.00019	 0.00025	

MAPT	 c.1280C>T;	p.Ser427Phe	 Conflicting	
interpretations	of	
pathogenicity	Likely	
benign(2);	Uncertain	
significance(1)	

1	 26.3	 0.00178	 0.00172	 0.00191	 0.00165	 0.00160	

NEK1	 c.782G>A;	p.Arg261His	 Conflicting	
interpretations	of	
pathogenicity	

1	 25.8	 0.00653	 0.00779	 0.00355	 0.00217	 0.00236	
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PRPH	 c.421G>T;	p.Asp141Tyr	 Conflicting	
interpretations	of	
pathogenicity	Likely	
benign(1);	Uncertain	
significance(2)	

1	 26.3	 0.00613	 0.00596	 0.00655	 0.00355	 0.00318	

CHCHD10	 c.31C>G;	p.Arg11Gly	 Uncertain	
significance	

1	 26.6	 0.00008	 0.00011	 0	 NA	 NA	

GBA2	 c.2220C>A;	p.Ser740Arg	 Uncertain	
significance	

1	 14.13	 0.00064	 0.00068	 0.00054	 0.00035	 0.00047	

MAPT	 c.671T>G;	p.Val224Gly	 Uncertain	
significance	

1	 21.7	 0.00387	 0.00332	 0.00519	 0.00178	 0.00219	

SETX	 c.1750C>G;	p.Leu584Val	 Uncertain	
significance	

1	 22.4	 NA	 NA	 NA	 NA	 NA	

SETX	 c.6172A>C;	p.Lys2058Gln	 Uncertain	
significance	

1	 22.4	 NA	 NA	 NA	 NA	 NA	

SPG11	 c.336A>C;	p.Glu112Asp	 Uncertain	
significance	

1	 9.48	 NA	 NA	 NA	 NA	 NA	

SQSTM1	 c.332C>T;	p.Pro111Leu	 Uncertain	
significance	

1	 18.19	 NA	 NA	 NA	 NA	 NA	

SQSTM1	 c.80C>T;	p.Pro27Leu	 Uncertain	
significance		

1	 29.8	 NA	 NA	 NA	 NA	 NA	
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3.3.4.3. Benign/Likely	benign	variants	

According	to	the	guidance	developed	by	the	American	College	of	Medical	Genetics	and	Genomics	(ACMG),	benign	and	likely	benign	variants	

are	two	of	the	five	categories	in	the	variant	classifications.		This	means	the	variants	listed	here	are	weighted	as	stand-alone	(BA1),	strong	

(BS1–4)	or	supporting	(BP1–6)	(Section	2.1.3.4.1.2b).	

Table	3.5.	Summary	of	the	48	Benign/Likely	benign	variants	identified	within	the	69	motor	cortex	samples.	The	table	shows	the	

number	of	patients	with	each	of	the	variants	as	well	as	the	allele	frequencies	(AF)	from	Project	MinE	(MinE)	and	the	gnomAD	databases	

containing	whole	genome	sequencing	(ge)	and	whole	exome	sequencing	(ex).	comparing	with	ClinVar	information.	NA	=	Frequency	hasn’t	

been	reported	yet.	

Gene	 Variants	 ClinSigSimple	

Number	
of	

patients	
with	
variant	

AF.all	 AF.cases	 AF.controls	 gnomAD.ge.AF	 gnomAD.ex.AF	

CHCHD10	 c.403T>C;	p.Tyr135His	 Benign/Likely	
benign	 2	 0.0003	 0.0003	 0.0002	 0.0001	 0.0003	

CHCHD10	 c.424T>C;	p.Tyr142His	 Benign/Likely	
benign	 2	 NA	 NA	 NA	 NA	 NA	

FIG4	 c.1090A>T;	p.Met364Leu	 Benign/Likely	
benign	 1	 0.0327	 0.0323	 0.0336	 0.0500	 0.0789	
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FIG4	 c.1961T>C;	p.Val654Ala	 Benign	 11	 NA	 NA	 NA	 NA	 NA	

GBA2	 c.946G>A;	p.Gly316Arg	 Benign/	 2	 0.0123	 0.0133	 0.0098	 0.0070	 0.0076	

KIF5A	 c.2957C>T;	p.Pro986Leu	 Benign/Likely	
benign	 6	 0.0178	 0.0193	 0.0142	 0.0124	 0.0112	

MAPT	 c.1108C>T;	p.Arg370Trp	 Benign	 19	 NA	 NA	 NA	 NA	 NA	

MAPT	 c.1321T>C;	p.Tyr441His	 Benign	 19	 NA	 NA	 NA	 NA	 NA	

MAPT	 c.1339T>C;	p.Ser447Pro	 Benign	 19	 0.2250	 0.2200	 0.2360	 0.1240	 0.1460	

MAPT	 c.605C>T;	p.Pro202Leu	 Benign	 19	 0.2250	 0.2200	 0.2360	 0.1240	 0.1460	

MAPT	 c.637G>A;	p.Gly213Arg	 Benign	 1	 0.0012	 0.0010	 0.0016	 0.0097	 0.0033	

MAPT	 c.689A>G;	p.Gln230Arg	 Benign	 9	 NA	 NA	 NA	 NA	 NA	

MAPT	 c.853G>A;	p.Asp285Asn	 Benign	 19	 NA	 NA	 NA	 NA	 NA	

MAPT	 c.866T>C;	p.Val289Ala	 Benign	 19	 NA	 NA	 NA	 NA	 NA	

MAPT	 c.953C>T;	p.Ser318Leu	 Benign	 1	 NA	 NA	 NA	 NA	 NA	

NEFH	 c.1387G>A;	p.Glu463Lys	 Benign	 8	 0.0860	 0.0859	 0.0862	 0.0687	 0.0706	

NEFH	 c.2414A>C;	p.Glu805Ala	 Benign	 19	 NA	 NA	 NA	 NA	 NA	

NEFH	 c.745G>A;	p.Gly249Ser	 Benign/Likely	
benign	 1	 0.0036	 0.0034	 0.0040	 0.0102	 0.0122	

NEK1	 c.1313C>T;	p.Ala438Val	 Benign/Likely	
benign	 16	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.1388C>T;	p.Ala463Val	 Benign/Likely	
benign	 16	 0.0596	 0.0593	 0.0603	 0.0322	 0.0356	
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NEK1	 c.1585G>A;	p.Ala529Thr	 Benign/Likely	
benign	 12	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.1660G>A;	p.Ala554Thr	 Benign/Likely	
benign	 12	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.1744G>A;	p.Ala582Thr	 Benign/Likely	
benign	 12	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.1792G>A;	p.Ala598Thr	 Benign/Likely	
benign	 12	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.1876G>A;	p.Ala626Thr	 Benign/Likely	
benign	 12	 0.0791	 0.0818	 0.0726	 0.0497	 0.0513	

NEK1	 c.1964A>G;	p.Glu655Gly	 Benign	 14	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.2039A>G;	p.Glu680Gly	 Benign	 14	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.2123A>G;	p.Glu708Gly	 Benign	 14	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.2171A>G;	p.Glu724Gly	 Benign	 14	 NA	 NA	 NA	 NA	 NA	

NEK1	 c.2255A>G;	p.Glu752Gly	 Benign	 14	 NA	 NA	 NA	 NA	 NA	

OPTN	 c.293T>A;	p.Met98Lys	 Benign	 2	 0.0284	 0.0294	 0.0259	 0.0616	 0.0436	

PRPH	 c.26G>A;	p.Arg9Gln	 Benign	 1	 NA	 NA	 NA	 NA	 NA	

SETX	 c.1979C>G;	p.Ala660Gly	 Benign	 7	 0.0650	 0.0651	 0.0650	 0.1300	 0.1160	

SETX	 c.2975A>G;	p.Lys992Arg	 Benign	 1	 0.0152	 0.0150	 0.0156	 0.0167	 0.0155	

SETX	 c.3455T>G	;	
p.Phe1152Cys	 Benign	 3	 0.0369	 0.0362	 0.0388	 0.0562	 0.0646	



Chapter	3:	Genetic	analysis	of	WGS	of	ALS	patients	from	Project	MINE	

	 119	

SETX	 c.4660T>G;	p.Cys1554Gly	 Benign/Likely	
benign	 1	 0.0029	 0.0032	 0.0021	 0.0029	 0.0055	

SETX	 c.5563A>G;	p.Thr1855Ala	 Benign	 19	 NA	 NA	 NA	 NA	 NA	

SETX	 c.7640T>C;	p.Ile2547Thr	 Benign/Likely	
benign	 1	 0.0058	 0.0065	 0.0040	 0.0026	 0.0039	

SIGMAR1	 c.5A>C;	p.Gln2Pro	 Benign	 19	 0.1670	 0.1710	 0.1560	 0.1680	 0.2020	

SPG11	 c.1108G>A;	p.Glu370Lys	 Benign/Likely	
benign	 2	 0.0186	 0.0182	 0.0194	 0.0219	 0.0174	

SPG11	 c.1388T>C;	p.Phe463Ser	 Benign	 37	 NA	 NA	 NA	 NA	 NA	

SPG11	 c.2083G>A;	p.Ala695Thr	 Benign	 2	 0.0130	 0.0121	 0.0150	 0.0188	 0.0131	

SPG11	 c.3037A>G;	p.Lys1013Glu	 Benign	 1	 0.0175	 0.0173	 0.0180	 0.0061	 0.0102	

SQSTM1	 c.460A>G;	p.Lys154Glu	 Benign/Likely	
benign	 1	 NA	 NA	 NA	 NA	 NA	

SQSTM1	 c.570G>C;	p.Glu190Asp	 Benign/Likely	
benign	 2	 NA	 NA	 NA	 NA	 NA	

SQSTM1	 c.712A>G;	p.Lys238Glu	 Benign/Likely	
benign	 1	 0.0058	 0.0061	 0.0051	 0.0014	 0.0027	

SQSTM1	 c.822G>C;	p.Glu274Asp	 Benign/Likely	
benign	 2	 NA	 NA	 NA	 NA	 NA	

TBK1	 c.1391T>C;	p.Val464Ala	 Benign/Likely	
benign	 1	 NA	 NA	 NA	 NA	 NA	



Chapter	3:	Genetic	analysis	of	WGS	of	ALS	patients	from	Project	MINE	

	 120	

3.3.4.4. Patients’	ID	

The	last	part	of	the	R	code	involves	finding	the	patient’s	reference	ID	that	is	associated	

with	each	of	the	identified	pathogenic	variants.	The	patient’s	reference	IDs	are	listed	in	

Table	3.6	which	are	found	for	SOD1	(n=3)	and	FUS	(n=1).		

Table	3.6.	Clinically	verified	pathogenic	variants	found	in	69	motor	cortex	samples	

from	Project	MinE.	

Patients	ID	 Chr	 Position	 Ref	 Gene	 Format	

LP6008464-DNA_C01	 21	 33039633	 chr21:33039633:A:G	 SOD1	 p.Glu101Gly	

LP6008464-DNA_F07	 21	 33039672	 chr21:33039672:T:C	 SOD1	 p.Ile114Thr	

LP6008465-DNA_E01	 21	 33039672	 chr21:33039672:T:C	 SOD1	 p.Ile114Thr	

LP6008464-DNA_G11	 16	 31202410	 chr16:31202410:G:A	 FUS	 p.Gly507Asp	
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3.3.5. Genotype-Phenotype	Correlations	

A	summary	of	the	clinical	features	of	the	specific	ALS	patients	retrieved	with	Sheffield	Brain	Tissue	Bank	(SBTB)	number	from	the	Brain	

Bank	is	shown	in	Table	3.7.	The	clinical	information	shows	all	the	variants	found	in	motor	cortex	samples	were	reported	previously	for	

each	of	the	patients.	

Table	3.7.	Clinical	information	for	the	patients	with	pathogenic	ALS	variants.	Abbreviations	are	Female	(f),	and	Male	(m).	

Patients	ID	 Sex	
Age	at	
onset	

Length	
of	

Illness	
months	

Age	at	
death	

Site	of	
disease	
onset	

Variant	
of	

disease	

Familial	
cases	

Notes	
on	

family	
history	

The	mutation	
identified	from	

blood/	
cerebellum	

Cognitive	
Impairment	

LP6008464-DNA_C01	 f	 37	 41	 40	 Limb	 ALS	 Familial	 None	 SOD1	mutation	
(p.Glu101Gly)	 None	

LP6008464-DNA_F07	 f	 65	 14	 66	 Limb	 ALS	 Sporadic	 None	 SOD1	mutation	
(p.Ile114Thr)	 None	

LP6008465-DNA_E01	 f	 59	 12	 60	 Limb	 ALS	 Familial	
Mother	
had	
PMA	

SOD1	mutation	
(p.Ile114Thr)	 None	

LP6008464-DNA_G11	 m	 69	 38	 72	 Limb	 ALS,	
LMN	 Sporadic	 None	

FUS/TLS	
mutation	

(p.Gly507Asp)	
None	
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3.3.5.1. Case	1	

This	case	had	the	SOD1	p.Glu101Gly	(previously	 identified	as	E100G)	mutation.	The	

patient	was	a	female	and	had	disease	onset	at	37	years.	The	site	of	disease	onset	was	

the	limb	and	she	died	after	a	disease	duration	of	41	months	at	the	age	of	40.	The	clinical	

information	showed	her	having	familial	ALS.	From	the	blood/cerebellum	sample	of	the	

patient	SOD1	mutation	was	identified.		The	motor	cortex	sample	also	showed	the	same	

pathogenic	mutation	as	previously	found	and	reported	for	the	blood	sample	for	this	

patient	and	therefore	this	pathogenic	variant	was	not	a	somatic	mutation	(Shaw	et	al.,	

1997).	

3.3.5.2. Cases	2	and	3	

These	 2	 cases	 had	 the	SOD1	 p.Ile114Thr	 (previously	 identified	 as	 I113T)	mutation.	

Interestingly	both	patients	were	female	and	the	site	of	onset	was	a	limb.	One	patient	

had	no	family	history	and	was	diagnosed	with	SALS	at	an	age	of	onset	of	65	and	died	at	

the	age	of	66	(after	a	disease	duration	of	14	months)	whereas	the	other	patient	had	a	

mother	who	was	diagnosed	with	PMA	and	was	therefore	designated	as	having	FALS.	

The	latter	patient	had	an	onset	of	the	disease	at	the	age	of	59	and	died	at	60	(after	a	

disease	duration	of	12	months).	Therefore,	both	patients	had	a	relatively	short	disease	

duration	(Shaw	et	al.,	1997).	The	pathogenic	mutation	detected	in	the	blood	samples	of	

these	patients	was	also	observed	in	their	motor	cortex	samples,	indicating	that	it	was	

not	a	somatic	mutation.	
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3.3.5.3. Case	4	

This	case	had	FUS	p.Gly507Asp	substitution.	This	patient	was	a	male	diagnosed	with	

SALS	following	the	development	of	lower	motor	neuron	(LMN)	syndrome	(Hewitt	et	

al.,	2010a).	His	disease	duration	was	38	months,	having	developed	the	disease	at	69	

and	died	at	72.	The	pathogenic	mutation	identified	in	the	patient's	blood	sample	was	

present	in	the	motor	cortex	sample,	suggesting	that	it	was	not	a	somatic	mutation.	

In	 summary,	 the	 screening	 of	 these	 genes	 has	 so	 far	 identified	 4	 individuals	 with	

mutations,	for	whom	we	knew	the	mutations	from	sequencing	of	DNA	extracted	from	

blood	 and/or	 cerebellum.	 This	 confirms	 our	 approach	 and	 validates	 the	 analysis	

pipeline	 being	 used.	 However,	 we	 have	 not	 identified	 any	 significant	 evidence	 for	

somatic	heterogeneity	in	these	69	patients.		

3.3.6. C9ORF72	

In	a	previous	study,	C9ORF72	HRE	screening	was	done	for	these	69	samples	(Cooper-

Knock	et	al.,	2012).	To	present	the	complete	genetic	picture	of	these	cases,	the	results	

of	 the	 C9orf72	HRE	 screening	 that	 had	 been	 done	 previously	 (Cooper-Knock	 et	 al.,	

2012)	 were	 also	 included.	 Table	 3.8	 shows	 the	 C9ORF72	 intronic	 expansion	 was	

present	in	8	cases	among	the	69	samples	considered	for	this	study.			
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Table	3.8.	Patients	with	the	hexanucleotide	repeat	expansion	of	C9ORF72.	

Patients	ID	 Sex	
Site_	

of_Onset	

C9ORF72_	
Status_	

consensus	

Age_	
at_onset_	
years	

Age_	
at_death_	
years	

LP6008464-DNA_A01	 m	 spinal	 expanded	 45	 46	

LP6008464-DNA_A02	 m	 spinal	 expanded	 67	 79	

LP6008464-DNA_C02	 m	 bulbar	 expanded	 62	 64	

LP6008465-DNA_B03	 f	 spinal	 expanded	 72	 76	

LP6008465-DNA_D01	 m	 spinal	 expanded	 70	 72	

LP6008465-DNA_E04	 m	 bulbar	 expanded	 67	 68	

LP6008465-DNA_F02	 m	 spinal	 expanded	 63	 64	

LP6008465-DNA_G03	 m	 generalized	 expanded	 47	 48	

	

3.4. Discussion			

Mutations	in	more	than	120	genes	have	been	shown	to	cause	or	increase	the	risk	of	ALS	

(Ryan	and	Deng,	2021).	Germline	mutations	in	several	genes	have	also	been	identified.	

Patients	who	do	not	have	germline	mutations	in	ALS	genes	have	been	hypothesized	to	

have	somatic	mutations	as	a	possible	cause	of	ALS	(Leija-Salazar	et	al.,	2018).			

In	2021,	Hisahara	et	al.	provide	genetic	evidence	of	somatic	mosaicism	of	a	novel	FUS	

frameshift	mutation	in	an	ALS	patient.	The	patient	(FUS	case	1)	transmitted	the	mutant	

FUS	to	her	son	(FUS	case	2).	The	age	at	onset	in	case	1	was	reported	as	44	years	of	age.	

Case	1	had	 invasive	ventilation	marking	the	disease's	endpoint	6	years	later.	On	the	
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other	hand,	case	2	showed	a	much	earlier	disease	onset	around	11	years	of	age.		Case	

2	required	invasive	ventilation	less	than	2	years	after	disease	onset	due	to	rapid	disease	

progression.	 The	WES	 analysis	 of	 the	 DNA	 isolated	 from	 the	 case	 2	 blood	 sample	

revealed	 a	 novel	 heterozygous	 4	 nucleotide	 deletion	 in	 FUS	 (c.1542_1545delGGGT,	

p.Gly515Serfs13*).	This	explains	the	consistency	of	clinical	features	for	case	2.	Because	

patients	 with	 a	 truncated	 FUS	 protein	 generally	 show	 an	 early	 onset	 and	 rapid	

progression	of	the	disease.	

The	study	by	Müller	et	al.	has	addressed	the	issue	of	somatic	mosaicism	which	is	linked	

to	de	novo	mutations	(Muller	et	al.,	2022)	(section	1.4).	The	patients	described	in	this	

report	were	the	product	of	germline	mutations,	although	there	is	a	possibility	of	similar	

de	novo	mutations	at	any	stage	of	nervous	system	development	(Cooper-Knock,	2022).	

There	is	evidence	that	de	novo	mutations	in	SOD1	may	be	the	cause	of	different	cases	

of	SALS	(Muller	et	al.,	2022).	Genomic	de	novo	mutations	have	also	been	reported	in	

single	SALS	cases	in	ATXN2,	SS18L1,	CHRM1,	ERBB4,	VCP	and	RAPGEF2	genes	raising	

the	 question:	 how	 frequent	 are	 de	 novo	 mutations	 as	 a	 cause	 of	 ALS	 (Nicolas	 and	

Veltman,	2019)?		

An	 old	 study	 of	 the	 epidemiology	 of	 sporadic	 ALS	 supported	 the	 conclusion	 that	

accrued	 somatic	 mutations	 might	 trigger	 the	 onset	 of	 ALS	 (Armon,	 2016).	 Both	

developmental	mutations	and	somatic	mosaicism	would	play	a	role	in	ALS	risk	only	if	

the	originating	events	in	the	focal	cells	derived	from	genetic	(or	epigenetic)	changes	in	

those	cells	(Frank,	2010).	There	is	no	direct	evidence	that	exists	for	the	role	of	somatic	

mutation	 in	 initiating	ALS.	 Inherited	germ-line	mutations	do	strongly	predispose	 to	
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ALS,	so	genetics	may	play	a	key	role	in	the	disease	(Armon,	2003,	Kabashi	et	al.,	2008,	

Sreedharan	et	al.,	2008,	Strong	et	al.,	1991,	Valdmanis	and	Rouleau,	2008,	Van	Deerlin	

et	al.,	2008).	However,	the	direct	role	of	somatic	mutation,	and	what	follows,	remains	

a	strong	hypothesis	at	present.		

Repeat	 sequences	 are	 interesting	 for	 somatic	 mutation	 analysis	 because	 their	

secondary	structures	can	lead	to	the	expansion	or	contraction	of	repeat	lengths	(Thys	

and	Wang,	2015).	

Currently,	 C9ORF72	 hexanucleotide	 repeat	 expansion	 (HRE)	 is	 one	 of	 the	 most	

prevalent	and	penetrant	causes	of	ALS	(Taylor	et	al.,	2016).	In	the	general	population,	

C9ORF72	contains	less	than	30	GGGGCC	repeats	in	the	first	intron.	On	the	other	hand,	

in	ALS	cases	the	number	of	repeats	ranges	between	hundreds	to	thousands	(Taylor	et	

al.,	2016).	Many	aspects	of	C9ORF72-related	ALS	have	not	been	thoroughly	investigated	

as	it	is	difficult	to	quickly	and	precisely	size	the	repeat	length	above	30	(Pamphlett	et	

al.,	2013).	Nevertheless,	a	Southern	hybridisation-based	protocol	has	been	optimized	

to	 allow	 for	 confident	 detection	 of	 C9ORF72	 repeat	 expansions,	 as	 well	 as	 the	

independent	 assessment	 of	 their	 heterogeneity	 and	 the	 number	 of	 repeat	 units	

(Buchman	et	al.,	2013).	In	their	study,	Buchman	et	al.	(2013)	found	that	somatic	cell	

genomes	of	ALS	patients	contain	a	variable	number	of	GGGGCC	repeats	in	the	C9ORF72	

locus.	Additionally,	 Southern	hybridisation	analysis	of	 genomic	DNA	extracted	 from	

peripheral	blood,	cerebellum,	cortex,	and	a	 lymphoblastoid	cell	line	of	patients	with	

GGGGCC	 repeat	 expansion	 revealed	 a	 different	 pattern	 of	 high	 molecular	 mass	

fragments	 for	 each	 DNA	 sample	 from	 the	 same	 patient	 (Buchman	 et	 al.,	 2013).	
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However,	 the	 study	 conducted	 by	 Cooper-Knock	 et	 al.	 did	 not	 demonstrate	 the	

presence	of	somatic	mutations	in	these	69	patients	(Cooper-Knock	et	al.,	2012).	

Some	 interesting	 candidate	 mutations	 within	 ALS	 genes	 have	 been	 identified	 for	

example	CHCHD10,	NEK1	and	SETX	which	have	conflicting	evidence	 in	ClinVar,	with	

higher	CADD	scores.	Mutations	 in	 the	CHCHD10	 gene	have	been	considered	 to	be	 a	

frequent	 cause	 of	 ALS.	 In	 2018,	 three	 rare	 missense	 mutations	 in	 CHCHD10	 were	

identified	 specific	 to	ALS	cases.	 	The	previously	unreported	p.Arg11Gly	variant	also	

found	in	my	study	was	identified	earlier	in	a	single	female	ALS	case	from	the	United	

States	without	cognitive	involvement	and	a	negative	family	history	of	ALS	or	dementia	

(Project	MinE,	2018a).	The	novel	ALS-specific	variant,	a	heterozygous	c.31C>G	variant	

resulting	 in	 a	 p.Arg11Gly	 amino	 acid	 change,	 was	 found	 only	 in	 a	 single	 ALS	 case	

beforehand	and	is	therefore	of	unknown	significance.		

NEK1	has	previously	been	identified	as	a	potential	gene	associated	with	ALS	(Cirulli	et	

al.,	2015,	Brenner	et	al.,	2016).	The	NEK1	p.Arg261His	variant	detected	in	this	study	is	

located	near	 the	protein	kinase	domain	and	has	been	classified	as	harmful	by	most	

bioinformatics	 prediction	 algorithms	 (CADD,	 GERP,	 LRT,	 Mutation	 Assessor,	

MutationTaster,	PolyPhen,	PROVEAN,	SIFT,	and	SiPhy).	In	2016,	autozygosity	mapping	

revealed	a	NEK1	 p.Arg261His	variant	as	a	potential	 risk	 factor	 in	an	 isolated	Dutch	

community	(Kenna	et	al.,	2016).	Subsequent	studies	have	also	supported	p.Arg261His	

as	 the	only	NEK1	missense	variant	associated	with	 increased	ALS	risk	(Kenna	et	al.,	

2016,	 Nguyen	 et	 al.,	 2018b,	 Lattante	 et	 al.,	 2021).	 Previous	 research	 has	 reported	

p.Arg261His	frequencies	ranging	from	0.6	to	1.7%	in	patients	with	ALS	(Kenna	et	al.,	
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2016,	Nguyen	et	al.,	2018b,	Lattante	et	al.,	2021),	while	recent	data	has	suggested	a	

higher	frequency	of	3.7%	(Riva	et	al.,	2022).	Further	research	is	needed	to	evaluate	the	

role	of	other	NEK1	missense	variants	in	the	pathogenesis	of	ALS.	

Two	rare	deleterious	variants	have	been	found	in	Senataxin	(SETX)	gene	that	causes	an	

autosomal	dominant	neuromuscular	disorder,	amyotrophic	lateral	sclerosis	4	(ALS4)	

(de	 Carvalho,	 2023).	 The	 variants	 c.1750C>G;	 p.Leu584Val	 and	 c.6172A>C;	

p.Lys2058Gln	were	reported	in	2017	for	the	first	time	(Cooper-Knock	et	al.,	2017).	The	

latter	one	of	the	SETX	mutations	lies	within	a	helicase	domain	which	contains	several	

previously	reported	mutations	(Hirano	et	al.,	2011).	

A	total	of	42	ALS	genes	have	been	screened	for	mutations	in	the	motor	cortex	samples	

and	 three	 SOD1	 (p.Glu101Gly,	 p.Ile114Thr)	 and	 FUS	 (p.Gly507Asp)	 pathogenic	

mutations	were	 identified.	 The	 clinical	 information	 shows	 all	 the	 variants	 found	 in	

motor	 cortex	 samples	 are	 reported	 earlier	 for	 the	 patients.	 Therefore,	we	 have	 not	

identified	evidence	for	somatic	heterogeneity	for	these	42	genes.	
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Chapter	4. Genetic	 profiling	 for	 Bangladeshi	
MND	patients	and	different	MMA	cohorts	

4.1. Introduction	

To	 establish	 the	 genetic	 basis	 of	 Bangladeshi	 patients	 presenting	with	MND	 at	 the	

National	Institute	of	Neurosciences	&	Hospital	(NINS),	Bangladesh,	DNA	was	extracted	

from	blood	 samples	 sent	 to	 SITraN.	 The	DNA	was	 sent	 to	 the	 Sheffield	Diagnostics	

Genetics	Service	(SDGS)	to	be	sequenced	according	to	the	protocol	used	by	the	NHS	

diagnostic	 laboratory	 (https://www.sheffieldchildrens.nhs.uk/sdgs/laboratory-

services/).	Sequencing	of	28	patients'	samples	was	done	using	the	Neurogenetic	Motor	

Disorder	 NGS	 Panels	 (total	 153	 genes)	 that	 also	 include	 the	 Familial	 Amyotrophic	

Lateral	Sclerosis	with	or	without	Frontotemporal	Dementia	42	gene	panel	(24	male,	4	

female).	Five	samples	from	a	total	of	33	samples	shown	in	Table	2.5	were	excluded	

because	of	the	low	quality	and	quantity	of	the	DNA	and	lack	of	information	regarding	

the	sample.	The	data	were	trimmed	and	mapped	to	the	hg19	reference	genome.	Among	

the	 28	 samples,	 11	 monomelic	 atrophy	 (BD	 MMA)	 with	 arm	 onset	 patients	 were	

considered	as	a	subset	for	MMA	analysis	and	these	were	compared	with	eight	UK	MMA	

with	arm	onset	patients’	data,	which	had	previously	been	sequenced	using	the	same	

gene	panel	at	the	SDGS.		

4.2. Aim	

This	 study	 aims	 to	 use	 Next	 Generation	 Sequencing	 (NGS)	 to	 understand	 the	

proportion	of	Bangladesh	MND	patients	carrying	known	pathogenic	variants	 in	153	
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MND-related	genes	including	C9ORF72,	TARDBP,	SOD1	and	FUS.	Moreover,	previously	

unpublished	pathogenic	variants	within	the	known	ALS	gene	along	with	novel	genetic	

causes	of	ALS	may	be	identified.	Additionally,	it	also	aims	to	screen	MMA	patients	from	

Bangladesh	and	the	UK	for	mutations	in	genes	associated	with	motor	system	disorders,	

to	 determine	 whether	 MMA	 shares	 a	 genetic	 architecture	 with	 other	 disorders	

including	ALS.	

4.3. Results	

4.3.1. Bangladeshi	MND	Samples	

Samples	 from	 Bangladeshi	 MND	 (BD-MND)	 patients	 were	 processed	 for	 DNA	

extraction	followed	by	sequence	and	variant	analysis.	The	gender	and	diagnosis	of	the	

patient	samples	were	listed	in	table	2.5.	

4.3.2. Quality	and	quantity	of	extracted	DNA	

As	the	quality	of	sequencing	results	depend	greatly	on	the	purity	and	concentration	of	

the	 template	 DNA,	 it	 is	 very	 important	 to	 evaluate	 the	 quality	 and	 quantity	 of	 the	

extracted	DNA	to	be	sequenced.	Low	DNA	concentration	leads	to	low	raw	data	signals.	

DNA	 alterations	 for	 example	 breaks,	 thymine	 dimers,	 or	 abasic	 sites	 prevent	 DNA	

synthesis	during	polymerase-dependent	reactions	needed	for	sequencing.	Therefore,	

DNA	 damage	 reduces	 the	 robustness	 of	 results,	 increases	 standard	 deviation,	 and	

induces	complications	in	interpreting	data	of	genome	analyses	(Betge	et	al.,	2015).	
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The	 ideal	 final	 yield	 was	 considered	 to	 be.	 350-400µl	 with	 a	 concentration	 of	 30-

50ng/µl.	The	260/280	ratio	should	be	1.7	or	higher	according	to	the	manufacturer’s	

guidelines.	Anything	less	than	these	values	were	considered	to	have	a	problem	with	the	

DNA	purification	and	the	extraction	procedure	was	repeated	for	those	samples.		

The	Neurogenetic	Motor	Disorder	NGS	Panels	sequencing	required	3606ng	(minimum	

amount	1300ng)	DNA	that	was	quantified	using	the	Nanodrop	spectrophotometer	and	

the	best	of	the	duplicate	samples	was	chosen	to	send	for	sequencing.	Table	4.1	showed	

the	absorbance	ratio	and	the	amount	of	DNA	sent	 for	sequencing	with	the	required	

concentration	 of	 3606ng.	 Those	 highlighted	 in	 yellow	 in	 Table	 4.1	 were	 sent	 for	

sequencing.		

	

	

	

	 	



Chapter	4:	Genetic	profiling	for	Bangladeshi	MND	patients	and	different	MMA	cohorts	

	 132	

Table	 4.1.	 The	 quantity	 and	 quality	 of	 the	 Bangladeshi	 MND	 DNA	 samples.	

Samples	highlighted	in	yellow	were	sent	for	sequencing.	

Sample	ID	 ng/µl	
260/280	

(Absorbance	
ratio)	

The	amount	required	for	
sequencing	(concentration	required	

3606ng;	minimum	1300ng)	

BD-MND-001	
i	 44.42	 1.91	 81.18	
ii	 60.05	 1.82	 60.05	

BD-MND-002	
i	 54.47	 1.80	 66.20	
ii	 60.41	 1.78	 59.69	

BD-MND-003	
i	 68.83	 1.80	 52.39	
ii	 76.69	 1.75	 47.02	

BD-MND-004	
i	 45.4	 1.78	 79.43	
ii	 52.79	 1.43	 68.31	

BD-MND-005	
i	 31.62	 1.94	 114.04	
ii	 34.24	 1.80	 105.32	

BD-MND-006	
i	 58.12	 1.86	 62.04	
ii	 82.28	 1.94	 43.83	

BD-MND-007	
i	 61.86	 1.87	 58.29	
ii	 33.27	 1.69	 108.39	

BD-MND-008	
i	 88.12	 1.91	 40.92	
ii	 42.77	 1.82	 84.31	

BD-MND-009	
i	 33.95	 1.68	 106.22	
ii	 37.35	 1.79	 96.55	

BD-MND-010	
i	 56.14	 1.90	 64.23	
ii	 68.69	 1.84	 52.50	

BD-MND-011	
i	 63.08	 1.82	 57.17	
ii	 48.9	 1.83	 73.74	

BD-MND-012	
i	 60.98	 1.88	 59.13	
ii	 69.46	 1.83	 51.91	

BD-MND-013	
i	 30.95	 1.85	 116.51	
ii	 26.98	 2.07	 133.65	

BD-MND-014	
i	 48.14	 1.67	 74.91	
ii	 22.28	 1.75	 161.85	

BD-MND-015	
i	 74.04	 1.84	 48.70	
ii	 53.7	 1.84	 67.15	
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BD-MND-016	
i	 45.1	 1.96	 79.96	
ii	 64.65	 1.85	 55.78	

BD-MND-017	
i	 16.22	 1.68	 222.32	
ii	 23.3	 1.68	 154.76	

BD-MND-018	
i	 54.81	 1.87	 65.79	
ii	 62.41	 1.89	 57.78	

BD-MND-019	
i	 64.94	 1.95	 55.53	
ii	 32.27	 1.86	 111.74	

BD-MND-020	
i	 46.23	 1.77	 78.00	
ii	 41.61	 1.88	 86.66	

BD-MND-021	
i	 71.17	 1.85	 50.67	
ii	 72.38	 1.87	 49.82	

BD-MND-022	
i	 88.31	 1.93	 40.83	
ii	 41.93	 1.68	 86.00	

BD-MND-023	
i	 100.97	 1.87	 35.71	
ii	 48.31	 1.86	 74.64	

BD-MND-024	
i	 29.48	 1.90	 122.32	
ii	 30.09	 1.92	 119.84	

BD-MND-025	
i	 45.68	 1.91	 78.94	
ii	 34.95	 1.88	 103.18	

BD-MND-026	
i	 32.35	 1.84	 111.47	
ii	 49.97	 1.95	 72.16	

BD-MND-027	
i	 114.1	 1.87	 31.60	
ii	 103.78	 1.83	 34.75	

BD-MND-028	
i	 20.89	 1.93	 172.62	
ii	 49.55	 1.76	 72.77	

BD-MND-029	
i	 73.37	 1.86	 49.15	
ii	 33.05	 2.01	 109.11	

BD-MND-030	
i	 57.04	 1.92	 63.22	
ii	 47.2	 1.90	 76.40	

BD-MND-031	
i	 21.96	 1.97	 164.21	
ii	 22.68	 1.88	 158.99	

BD-MND-032	
i	 28.03	 2.00	 128.65	
ii	 16.74	 1.69	 215.41	

BD-MND-033	
i	 53.16	 1.96	 67.83	
ii	 49.87	 1.92	 72.31	
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4.3.3. Variants	reported	by	Neurogenetic	Motor	Disorder	NGS	Panels	

The	samples	were	sent	to	SDGS	in	Sheffield	Children’s	NHS	Foundation	Trust	for	sequencing	in	July	2020.	The	excel	sequence	result	files	

were	shared	in	a	drive	through	Unidrive	(uosfstore.shef.ac.uk)	in	November	2020.	The	SDGS	results	only	contain	the	variants	in	genes	on	

the	Familial	Amyotrophic	Lateral	Sclerosis	with	or	without	Frontotemporal	Dementia	42	gene	panel,	C9ORF72	and	ATXN2.	

Table	4.2	showed	the	99	variants	reported	by	SDGS	for	28	BD	MND	samples	from	the	sequencing	of	Neurogenetic	Motor	Disorder	NGS	

Panels.	The	Neurogenetic	Motor	Disorder	NGS	Panels	results	reported	a	total	of	99	variants	in	32	genes	with	3	deletions,	1	duplication,	14	

indels,	80	SNV	and	1	unknown	(C9ORF72)	that	are	listed	in	Supplementary	Table	1.		

Table	4.2.	Reported	variants	for	28	BD-MND	samples	from	the	Neurogenetic	Motor	Disorder	NGS	Panels.	The	variants	in	red	need	

to	be	Sanger	confirmed	for	reporting	and	checked	for	known	pseudogenes.	

Sample	

ID	
cons_preferred_transcripts	 id	

Chrom

osome	
Position	 ref	 alt	 Zygosity	

BD-
MND-
001	

DCTN1:NM_004082:24:c.2761-
18C>T:NA	 rs549475401	 chr2	 74593163	 G	 A	 HET	

ERBB4:NM_005235:6:c.645A>G:p
.E215E	 .	 chr2	 212589897	 T	 C	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCG	 HET	

GBA2:NM_020944:UTR3:NA:NA	 rs186702075	 chr9	 35737165	 C	 T	 HET	
ANXA11:NM_145869:10:c.905G>
A:p.R302H	 rs140133265	 chr10	 81923853	 C	 T	 HET	
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ATXN2:NM_002973:3:c.769-
10A>T:NA	 rs183468414	 chr12	 111992031	 T	 A	 HET	

SOD1:NM_000454:4:c.341T>C:p.I
114T	 rs121912441	 chr21	 33039672	 T	 C	 HET	

NEFH:NM_021076:4:c.1646_1687
del:p.549_563del	 rs773780196	 chr22	 29885274	

AAGGCCAAGTCTCCA
GCAAAGGAAGAGGC
AAAGTCACCGCCTG	

A	 HET	

BD-
MND-
002	

FIG4:NM_014845:4:c.446+22T>-
:NA	 rs563921466	 chr6	 110048489	 CT	 C	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	

CGCCCCGGCCCCGGCC
CCGGCCCCGGCCCCGG
CCCCGGCCCCGGCCCC
GGCCCCGGCCCCG	

HET	

HNRNPA1:NM_031157:5:c.491-
7T>A:NA	 rs562426518	 chr12	 54676171	 T	 A	 HET	

ATXN2:NM_002973:21:c.3317-
15A>G:NA	 rs201513990	 chr12	 111902534	 T	 C	 HET	

BD-
MND-
003	

CYP27A1:NM_000784:9:c.1514C
>T:p.T505M	 rs76822427	 chr2	 219679671	 C	 T	 HET	

CHMP2B:NM_014043:6:c.532-
4A>G:NA	 rs755848821	 chr3	 87302858	 A	 G	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCGGCCCCG	 HET	

SOD1:NM_000454:4:c.268G>A:p.
A90T	 COSM1030067	 chr21	 33039599	 G	 A	 HET	

EWSR1:NM_013986:7:c.599+15T
>C:NA	 rs201941907	 chr22	 29678561	 T	 C	 HET	

BD-
MND-
004	

GBA2:NM_020944:in_25_bp_from
_exon:NA:NA	 rs755266508	 chr9	 35740644	 CTG	 C	 HET	

ATXN2:NM_002973:1:c.137C>A:p
.A46D	 rs770648742	 chr12	 112037182	 G	 T	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	

rs71492753;	
rs74180757	 chr9	 27573521	 C	 CGCCCCG	 HET	
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BD-
MND-
005	

VCP:NM_007126:16:c.2214A>G:p
.E738E	 rs374391034	 chr9	 35057474	 T	 C	 HET	

GBA2:NM_020944:5:c.787-
18C>G:NA	 .	 chr9	 35741079	 G	 C	 HET	

NEFH:NM_021076:1:c.745G>A:p.
G249S	 rs60825978	 chr22	 29876996	 G	 A	 HET	

BD-
MND-
006	

DCTN1:NM_004082:11:c.1049-
21A>C:NA	 rs538246858	 chr2	 74597692	 T	 G	 HET	

NEK1:NM_001199397:10:c.695G
>A:p.R232H	 rs772747361	 chr4	 170506612	 C	 T	 HET	

ARHGEF28:NM_001080479:25:c.
3137A>G:p.N1046S	 rs200651003	 chr5	 73181756	 A	 G	 HET	

SQSTM1:NM_003900:2:c.222G>A
:p.L74L	 rs371268375	 chr5	 179249974	 G	 A	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	

CGCCCCGGCCCCGGCC
CCGGCCCCGGCCCCGG
CCCCGGCCCCGGCCCC
G	

HET	

TAF15:NM_139215:15:c.1675_16
98del:p.559_566del	 rs537726014	 chr17	 34171977	 TGGAGGAGACCGAG

GTGGGGGCTAC	 T	 HET	

BD-
MND-
007	

DCTN1:NM_004082:22:c.2596C>
G:p.L866V	 rs527389133	 chr2	 74593618	 G	 C	 HET	

ERBB4:NM_005235:28:c.3783G>
C:p.E1261D	 .	 chr2	 212248484	 C	 G	 HET	

SQSTM1:NM_003900:1:c.85C>T:p
.P29S	 rs752506754	 chr5	 179248021	 C	 T	 HET	

VCP:NM_007126:16:c.2214A>G:p
.E738E	 rs374391034	 chr9	 35057474	 T	 C	 HET	

SS18L1:NM_198935:8:c.824-
20G>A:NA	 rs368502247	 chr20	 60740458	 G	 A	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCG	 HET	
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BD-
MND-
008	

NEFH:NM_021076:1:c.745G>A:p.
G249S	 rs60825978	 chr22	 29876996	 G	 A	 HET	

BD-
MND-
009	

SPAST:NM_014946:13:c.1494-
13T>-:NA	 rs760322678	 chr2	 32366959	 AT	 A	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	

rs71492753;	
rs74180757	 chr9	 27573521	 C	 CGCCCCG	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCG	 HET	

DAO:NM_001917:9:c.704C>T:p.T
235I	 rs531892910	 chr12	 109292463	 C	 T	 HET	

ATXN2:NM_002973:24:c.3913+2
4C>T:NA	 rs370303034	 chr12	 111891457	 G	 A	 HET	

VRK1:NM_003384:8:c.646G>C:p.
D216H	 rs531480402	 chr14	 97321630	 G	 C	 HET	

BD-
MND-
010	

SPAST:NM_014946:1:c.131C>T:p.
S44L	 rs121908515	 chr2	 32289031	 C	 T	 HET	

ARHGEF28:NM_001080479:37:c.
5038T>C:p.S1680P	 rs282414	 chr5	 73236680	 T	 C	 HET	

SETX:NM_015046:24:c.7114G>A:
p.D2372N	

rs150673589;	
COSM1236144	 chr9	 135147182	 C	 T	 HET	

SETX:NM_015046:10:c.1504C>T:
p.R502W	 rs534723946	 chr9	 135205481	 G	 A	 HET	

BD-
MND-
011	

DCTN1:NM_004082:14:c.1482G>
A:p.A494A	 rs372546194	 chr2	 74596529	 C	 T	 HET	

ARHGEF28:NM_001080479:3:c.5
4G>A:p.A18A	 rs367962149	 chr5	 73045682	 G	 A	 HET	

ARHGEF28:NM_001080479:30:c.
3842-22T>-:NA	 rs537565843	 chr5	 73193764	 AT	 A	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCGGCCCCG	 HET	

EWSR1:NM_013986:7:c.599+15T
>C:NA	 rs201941907	 chr22	 29678561	 T	 C	 HET	
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BD-
MND-
012	

ERBB4:NM_005235:in_25_bp_fro
m_exon:NA:NA	 rs748883732	 chr2	 212578379	 TAA	 T	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCG	 HET	

ATXN2:NM_002973:1:c.659C>T:p
.S220F	 rs562996744	 chr12	 112036660	 G	 A	 HET	

SOD1:NM_000454:4:c.341T>C:p.I
114T	 rs121912441	 chr21	 33039672	 T	 C	 HET	

BD-
MND-
015	

DCTN1:NM_004082:30:c.3597C>
T:p.V1199V	 rs767954436	 chr2	 74589789	 G	 A	 HET	

DCTN1:NM_004082:24:c.2761-
18C>T:NA	 rs549475401	 chr2	 74593163	 G	 A	 HET	

ALS2:NM_020919:25:c.3904C>T:
p.R1302C	 rs759509511	 chr2	 202580495	 G	 A	 HET	

CYP27A1:NM_000784:8:c.1297C
>T:p.R433W	 rs143002163	 chr2	 219679301	 C	 T	 HET	

ARHGEF28:NM_001080479:29:c.
3673C>G:p.Q1225E	 .	 chr5	 73190232	 C	 G	 HET	

ARHGEF28:NM_001080479:37:c.
5038T>C:p.S1680P	 rs282414	 chr5	 73236680	 T	 C	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	

rs71492753;	
rs74180757	 chr9	 27573521	 C	 CGCCCCG	 HET	

ATXN2:NM_002973:1:c.137C>A:p
.A46D	 rs770648742	 chr12	 112037182	 G	 T	 HET	

FUS:NM_004960:6:c.679_690del:
p.227_230del	 rs752712347	 chr16	 31196414	 CGGCGGCGGTGGT	 C	 HET	

NEFH:NM_021076:4:c.2775G>A:p
.K925K	 .	 chr22	 29886404	 G	 A	 HET	

BD-
MND-
016	

ANXA11:NM_145869:9:c.745-
21T>A:NA	 rs771194919	 chr10	 81925974	 A	 T	 HET	

TBK1:NM_013254:18:c.1865A>G:
p.K622R	 rs199605037	 chr12	 64890945	 A	 G	 HET	
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SOD1:NM_000454:4:c.341T>C:p.I
114T	 rs121912441	 chr21	 33039672	 T	 C	 HET	

BD-
MND-
017	

DCTN1:NM_004082:11:c.1049-
21A>C:NA	 rs538246858	 chr2	 74597692	 T	 G	 HET	

SQSTM1:NM_003900:4:c.556C>T:
p.R186W	 rs756791819	 chr5	 179251206	 C	 T	 HET	

SQSTM1:NM_003900:6:c.819_820
del:p.P273fs	 .	 chr5	 179260095	 CAG	 C	 HET	

ATXN2:NM_002973:23:c.3708G>
A:p.A1236A	

rs143166155;	
COSM935058	 chr12	 111893869	 C	 T	 HET	

NEFH:NM_021076:1:c.745G>A:p.
G249S	 rs60825978	 chr22	 29876996	 G	 A	 HET	

BD-
MND-
019	

SQSTM1:NM_003900:2:c.240C>T:
p.D80D	 rs148366738	 chr5	 179249992	 C	 T	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCGGCCCCG	 HET	

SIGMAR1:NM_005866:UTR3:NA:
NA	 rs4879809	 chr9	 34635598	 T	 A	 HET	

SIGMAR1:NM_005866:4:c.622C>
T:p.R208W	 rs11559048	 chr9	 34635679	 G	 A	 HET	

VCP:NM_007126:UTR3:NA:NA	 rs766048346	 chr9	 35057100	 C	 T	 HET	

BD-
MND-
020	

ARHGEF28:NM_001080479:9:c.9
64C>T:p.R322C	

rs201283070;	
COSM1069963;
COSM1069964	

chr5	 73091156	 C	 T	 HET	

MATR3:NM_199189:16:c.2271T>
C:p.D757D	 rs753870064	 chr5	 138661251	 T	 C	 HET	

SQSTM1:NM_003900:8:c.1277C>
T:p.A426V	

rs201239306;	
COSM1567750	 chr5	 179263547	 C	 T	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCG	 HET	

ANXA11:NM_145869:6:c.322C>T:
p.P108S	 rs553424505	 chr10	 81928964	 G	 A	 HET	
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PRPH:NM_006262:1:c.26G>A:p.R
9Q	 rs57451017	 chr12	 49689009	 G	 A	 HET	

ATXN2:NM_002973:intronic:NA:
NA	 rs570193403	 chr12	 111892868	 T	 C	 HET	

TAF15:NM_139215:15:c.1427_14
47del:p.476_483del	 rs768963549	 chr17	 34171729	 GGAGGTGGCTATGG

AGGAGATC	 G	 HET	

NEFH:NM_021076:1:c.745G>A:p.
G249S	 rs60825978	 chr22	 29876996	 G	 A	 HET	

BD-
MND-
021	

ALS2:NM_020919:28:c.4375G>C:
p.D1459H	 rs764523082	 chr2	 202572620	 C	 G	 HET	

CYP27A1:NM_000784:2:c.393G>
A:p.E131E	 rs911534514	 chr2	 219674437	 G	 A	 HET	

VCP:NM_007126:16:c.2277C>G:p.
A759A	 rs747361319	 chr9	 35057411	 G	 C	 HET	

VCP:NM_007126:16:c.2214A>G:p
.E738E	 rs374391034	 chr9	 35057474	 T	 C	 HET	

ATXN2:NM_002973:1:c.540delG:
p.Q180fs	 rs757862555	 chr12	 112036778	 GC	 G	 HET	

ATXN2:NM_002973:1:c.522_538d
el:p.Q174fs	 rs759304594	 chr12	 112036780	 TGTTGCTGCTGCTGC

TGC	 T	 HET	

BD-
MND-
022	

DCTN1:NM_004082:23:c.2695A>
G:p.T899A	 rs747285271	 chr2	 74593436	 T	 C	 HET	

NEK1:NM_001199397:25:c.2140-
14A>G:NA	 rs775248564	 chr4	 170398662	 T	 C	 HET	

NEK1:NM_001199397:15:c.1141-
14T>C:NA	 rs551259813	 chr4	 170482902	 A	 G	 HET	

ATXN2:NM_002973:21:c.3317-
15A>G:NA	 rs201513990	 chr12	 111902534	 T	 C	 HET	

SS18L1:NM_198935:10:c.1128G>
A:p.P376P	 rs115792477	 chr20	 60749664	 G	 A	 HET	

ERBB4:NM_005235:22:c.2706C>
T:p.D902D	 rs146441207	 chr2	 212293146	 G	 A	 HET	
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BD-
MND-
023	

NEK1:NM_001199397:10:c.807+
18T>C:NA	 rs571426626	 chr4	 170506482	 A	 G	 HET	

ANXA11:NM_145869:6:c.520C>T:
p.P174S	 rs144975299	 chr10	 81928766	 G	 A	 HET	

FUS:NM_004960:12:c.1292+15-
>T:NA	

rs572228309;	
rs886051937	 chr16	 31201734	 A	 AT	 HET	

BD-
MND-
024	

ATXN2:NM_002973:1:c.548_549i
nsACAGCAGCA:p.Q183delinsQQQ
Q	

.	 chr12	 112036770	 C	 CTGCTGCTGT	 HET	

SPG11:NM_025137:1:c.176C>T:p.
A59V	 rs552320263	 chr15	 44955670	 G	 A	 HET	

GRN:NM_002087:10:c.1019A>T:p
.H340L	 rs775196555	 chr17	 42429003	 A	 T	 HET	

BD-
MND-
025	

MATR3:NM_199189:16:c.2191T>
C:p.L731L	 rs149714542	 chr5	 138661171	 T	 C	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCGGCCCCG	 HET	

VCP:NM_007126:16:c.2214A>G:p
.E738E	 rs374391034	 chr9	 35057474	 T	 C	 HET	

GRN:NM_002087:7:c.626C>T:p.P
209L	 rs368995988	 chr17	 42428086	 C	 T	 HET	

BD-
MND-
026	

SQSTM1:NM_003900:8:c.1207T>
A:p.S403T	 rs771657338	 chr5	 179263477	 T	 A	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	

CGCCCCGGCCCCGGCC
CCGGCCCCGGCCCCGG
CCCCGGCCCCGGCCCC
GGCCCCG	

HET	

SIGMAR1:NM_005866:UTR3:NA:
NA	 rs4879809	 chr9	 34635598	 T	 A	 HET	

DAO:NM_001917:2:c.149_154del:
p.50_52del	 rs546485721	 chr12	 109278930	 GGCCTCT	 G	 HET	

ATXN2:NM_002973:21:c.3317-
15A>G:NA	 rs201513990	 chr12	 111902534	 T	 C	 HET	
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SPG11:NM_025137:26:c.4512A>
T:p.G1504G	 rs539384073	 chr15	 44887580	 T	 A	 HET	

FUS:NM_004960:5:c.499_504del:
p.167_168del	 rs762260286	 chr16	 31195692	 TGGTGGA	 T	 HET	

NEFH:NM_021076:1:c.745G>A:p.
G249S	 rs60825978	 chr22	 29876996	 G	 A	 HET	

BD-
MND-
027	

DCTN1:NM_004082:32:c.3824G>
A:p.R1275H	 rs560344779	 chr2	 74588639	 C	 T	 HET	

ANXA11:NM_145869:6:c.191C>T:
p.T64I	 rs560648660	 chr10	 81929095	 G	 A	 HET	

ATXN2:NM_002973:1:c.137C>A:p
.A46D	 rs770648742	 chr12	 112037182	 G	 T	 HET	

NEFH:NM_021076:4:c.1569G>C:p
.E523D	 rs138278265	 chr22	 29885198	 G	 C	 HET	

BD-
MND-
029	

MATR3:NM_199189:in_25_bp_fro
m_exon:NA:NA	 rs779005896	 chr5	 138658266	 GGT	 G	 HET	

SPG11:NM_025137:13:c.2377G>
A:p.V793M	 rs546601155	 chr15	 44914485	 C	 T	 HET	

GRN:NM_002087:7:c.614C>T:p.S
205L	 rs777211749	 chr17	 42428074	 C	 T	 HET	

BD-
MND-
030	

ALS2:NM_020919:14:c.2581-23-
>T:NA	 rs567439355	 chr2	 202593929	 G	 GA	 HET	

NEK1:NM_001199397:10:c.807+
18T>C:NA	 rs571426626	 chr4	 170506482	 A	 G	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCG	 HET	

C9ORF72:NM_001256054:introni
c:NA:NA	 .	 chr9	 27573521	 C	 CGCCCCGGCCCCGGCC

CCGGCCCCGGCCCCG	 HET	

SETX:NM_015046:12:c.5502C>T:
p.H1834H	 rs117410554	 chr9	 135176063	 G	 A	 HET	

OPTN:NM_001008211:14:c.1466
A>G:p.K489R	 .	 chr10	 13174131	 A	 G	 HET	
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FUS:NM_004960:12:c.1292+15-
>T:NA	

rs572228309;	
rs886051937	 chr16	 31201734	 A	 AT	 HET	

BD-
MND-
032	

ALS2:NM_020919:29:c.4580+22G
>A:NA	 rs550794958	 chr2	 202571547	 C	 T	 HET	

SETX:NM_015046:24:c.7114G>A:
p.D2372N	

rs150673589;	
COSM1236144	 chr9	 135147182	 C	 T	 HET	

SPG11:NM_025137:24:c.4052G>
A:p.R1351K	 rs564171625	 chr15	 44889091	 C	 T	 HET	

BD-
MND-
033	

ANXA11:NM_145869:15:c.1311G
>A:p.A437A	 rs140115990	 chr10	 81917747	 C	 T	 HET	

SPG11:NM_025137:19:c.3362C>G
:p.T1121S	 rs552471760	 chr15	 44900733	 G	 C	 HET	
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4.3.4. Variants	analysed	through	RStudio	Pipeline	

The	variants	reported	by	SDGS	only	contain	the	variants	of	Familial	Amyotrophic	Lateral	

Sclerosis	with	or	without	Frontotemporal	Dementia	42	gene	panel,	C9ORF72	and	ATXN2.	

Our	 study	 group	 was	 from	 Bangladesh	 where	 no	 previous	 genetic	 study	 report	 is	

unavailable.	 Therefore,	 to	 explore	 the	 possibility	 of	 the	 other	motor	 neuron	 disorder	

variants	 the	 sequenced	 data	 were	 analysed	 using	 the	 verified	 pipeline	 mentioned	 in	

section	2.2.8.		

The	vcf	files	were	analysed	using	a	purpose-built	pipeline	for	variant	calling.	First	using	

the		“VariantAnnotation”	in	the	R	pipeline,	all	the	variants	for	153	genes	(Table	2.3)	were	

made	as	csv	files	for	28	samples.	Secondly,	a	localPDB	library	was	created	to	extract	all	

the	 pathogenic,	 likely	 pathogenic,	 Conflicting	 interpretations	 of	 pathogenicity,	 and	

variants	of	the	uncertain	significance	of	MND-related	genes	(153)	from	ClinVar.	Lastly,	

the	previous	sample	variant	files	were	compared	with	the	ClinVar	reported	variants	to	

find	out	our	variants	of	interest	for	further	analysis.		

The	genes	highlighted	in	Table	4.3	have	variants	with	uncertain	significance	or	conflicting	

interpretations	 of	 pathogenicity.	 No	 pathogenic	 variants	 or	 variants	 of	 uncertain	

significance	(VUS)	were	found	in	the	genes	depicted	in	the	white	boxes.		
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Table	4.3.	Overview	of	the	gene	with	VUS	reported	in	this	study	within	153	genes	

associated	with	neurological	motor	disorders.	Variants	with	uncertain	significance	or	

conflicting	 interpretations	 of	 pathogenicity	 have	 been	 identified	 for	 the	 highlighted	

genes.	

  
AARS	 ABCD1	 AFG3L2	 ALDH18A1	 ALS2	 AMPD2	 ANG	

ANXA11	 AP1S2	 AP4B1	 AP4E1	 AP4M1	 AP4S1	 AP5Z1	

APP	 ARG1	 ARHGEF28	 ARL6IP1	 ARSI	 ASAH1	 ATL1	

ATP2B4	 ATP7A	 ATXN2	 B4GALNT1	 BICD2	 BSCL2	 C12orf65	

C19orf12	 CCT5	 CHCHD10	 CHMP2B	 CPT1C	 CSF1R	 CYP27A1	

CYP2U1	 CYP7B1	 DAO	 DCTN1	 DDHD1	 DDHD2	 DNAJB2	

DNM2	 DNMT1	 DYNC1H1	 EIF2B5	 ENTPD1	 ERBB4	 ERLIN1	

ERLIN2	 EWSR1	 EXOSC3	 EXOSC8	 FA2H	 FARS2	 FBXO38	

FIG4	 FLRT1	 FUS	 GAD1	 GAN	 GARS	 GBA2	

GCH1	 GJA1	 GJC2	 GRN	 HEXA	 HNRNPA1	 HNRNPA2B1	

HSPB1	 HSPB3	 HSPB8	 HSPD1	 HTRA1	 IBA57	 IGHMBP2	

ITM2B	 KDM5C	 KIAA0196	 KIF1A	 KIF1C	 KIF5A	 KLC4	

L1CAM	 LAS1L	 LYST	 MAG	 MAPT	 MARS	 MARS2	

MATR3	 MT-ATP6	 MTPAP	 NEFH	 NEK1	 NIPA1	 NOTCH3	

NT5C2	 OPTN	 PFN1	 PGAP1	 PLEKHG5	 PLP1	 PNPLA6	

PRNP	 PRPH	 PSEN1	 PSEN2	 RAB3GAP2	 REEP1	 REEP2	

RTN2	 SACS	 SCO2	 SETX	 SIGMAR1	 SLC16A2	 SLC2A1	

SLC33A1	 SLC5A7	 SMN1	 SOD1	 SPAST	 SPG11	 SPG20	

SPG21	 SPG7	 SQSTM1	 SS18L1	 TAF15	 TARDBP	 TBK1	

TECPR2	 TFG	 TREM2	 TRPV4	 TUBA4A	 TYROBP	 UBA1	

UBQLN2	 USP8	 VAMP1	 VAPB	 VCP	 VPS37A	 VPS54	

VRK1	 WDR45	 WDR48	 ZFR	 ZFYVE26	 ZFYVE27	 	

	



Chapter	4:	Genetic	profiling	for	Bangladeshi	MND	patients	and	different	MMA	cohorts	

	 146	

Variants	 not	 found	 in	 ClinVar	 were	 also	 considered	 and	 designated	 as	 variants	 of	

uncertain	significance	(VUS)	and	subject	to	further	analysis	as	they	may	be	novel	variants.	

First,	the	relevant	CADD	score	(https://cadd.gs.washington.edu/info)	was	calculated	and	

variants	 with	 a	 CADD	 score	 <15	 (Mather	 et	 al.,	 2016)	 were	 designated	 benign	 and	

excluded.	 Population	 frequency	 for	 the	 remaining	 VUS	 was	 obtained	 from	 gnomAD	

(gnomAD)	 and	 from	 Project	 MinE	 (MinE)	 where	 ALS-patient	 frequency	 was	 also	

obtained.	Additionally,	Mutation	Taster	predictions	were	also	included	to	have	a	better	

understanding	of	the	VUS.	Eight	UK	samples	with	MMA-arm	were	included	in	the	analysis	

to	compare	with	the	genetic	structure	of	Bangladeshi	MMA	patients.	This	analysis	was	

undertaken	separately	 from	that	of	 the	other	BD-MND	cases.	Overall	43	heterozygous	

candidate	pathogenic	variants	were	identified	in	BD	and	UK	MMA	samples	(section	4.3.5)	

whereas	 17	 heterozygous	 candidate	 pathogenic	 variants	were	 identified	 for	other	BD	

MND	samples	(section	4.3.6).	All	the	Indel	variants	found	for	28	BD	MND	samples	were	

reported	as	benign	and	were	excluded	from	further	analysis.	A	total	of	20	Indel,	deletions	

and	 duplications	were	 found	 and	 are	 listed	 in	 Table	 4.7.	Most	 of	 them	had	 not	 been	

reported	in	ClinVar.	

The	following	flowchart	shows	the	process	of	the	data	analysis	from	the	vcf	file	and	an	

overview	of	the	subclass	made	from	BD	MND	and	UK	MMA	samples.	
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Figure	4.1.	Flowchart	of	vcf	data	analysis	process	of	the	153	Motor	Neuron	Disorder	

genes.		

4.3.5. Variant	 identification	 in	 monomelic	 atrophy	
(MMA)	samples	

Eleven	 Bangladesh	 (BD)	MMA	patients	 and	 eight	 UK	MMA	 patients	 from	whom	DNA	

samples	 were	 available	 underwent	 genetic	 testing.	 Following	 variant	 filtering,	 43	

heterozygous	variants	of	uncertain	significance	were	identified	within	genes	associated	

with	the	153	motor	system	disorders	(Table	4.4	and	4.5).	No	MMA	patient	carried	a	

clinically	 validated	 variant	 within	 any	 gene.	 	 However,	 2	 VUS	 were	 present	 in	 MMA	

patient	 samples	 but	 rare	 in	 population-matched	 control	 databases.	 First,	 SETX	

c.1504C>T;(p.Arg502Trp)	was	present	in	two	Bangladeshi	MMA	patients	(BD-MND-010	

and	 BD-MND-011)	 but	 not	 found	 in	 any	 UK-MMA	 samples.	 Second,	 a	 MAG	

c.1849C>G;(p.Leu617Val)	was	present	in	two	UK	patients	(SHF-067	and	SHF-089)	and	a	

MAG	 c.711G>C;	p.Lys237Asn	variant	was	 found	 in	a	 third	UK	MMA	patient	 (SHF-070)	

while	no	MAG	variant	was	reported	 for	any	BD	samples.	Two	variants	were	 identified	
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within	OPTN,	 a	 known	ALS	 gene	 (Ayaki	 et	 al.,	 2018):	 a	 novel	missense	 variant	OPTN	

c.1466A>G	and	p.Lys489Arg	and	a	non-coding	VUS	OPTN	c.1402-7C>T;	these	mutations	

occurred	 in	 one	 Bangladesh	 and	 one	 UK	 MMA	 patient,	 respectively.	 One	 of	 the	

Bangladeshi	MMA	patients	(BD-MND-010)	only	had	reported	benign	variants.	Therefore,	

the	data	suggests	that	no	clear	pathogenic	variants	are	causing	MMA	in	the	motor	system	

genes	screened.	However,	MAG	variants	may	be	associated	with	MMA	in	the	UK,	whilst	

OPTN	variants	may	be	a	rare	cause	of	MMA	in	both	the	UK	and	Bangladesh.		
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Table	4.4.	List	of	variants	 found	within	 ten	Bangladesh	 (BD)	patient	 subjects	with	CADD	score	>15	at	<5%	frequency	in	 the	

control	population	excluding	the	benign	ones.	The	empty	boxes	represent	information	that	is	not	known.	

Sample	ID	 Gene	 Variants	(HGVS	
nomenclature)	

Frequency	(%)	
ClinVar	Clinical	Significance	

Mutation	
Taster	

Prediction	
gnomAD	
v2.1.1	

gnomAD	
v3.1.2	

BD-MND-006	 NEK1	 c.695G>A	(p.Arg232His)	 0.0000250	 0.0000197	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

BD-MND-009	
ATXN2	 c.3913+24C>T:NA	 		 		 		 	

VRK1	 c.646G>C	(p.Asp216His)	 0.0001114	 0.0000131	 	 Disease-causing	

BD-MND-010	 SETX	 c.1504C>T	(p.Arg502Trp)	 0.0004881	 0.0002890	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

BD-MND-011	 SETX	 c.1504C>T	(p.Arg502Trp)	 0.0004881	 0.0002890	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

BD-MND-020	

ANXA11	 c.322C>T	(p.Pro108Ser)	 0.0007470	 0.0001446	 	 Disease-causing	

LYST	 c.7576C>T	(p.Leu2526Phe)	 0.0001596	 0.0000395	 Uncertain	significance	 Disease-causing	

SQSTM1	 c.1277C>T	(p.Ala426Val)	 0.0001803	 0.0001315	 Uncertain	significance	 Disease-causing	

BD-MND-024	

MARS1	 c.2180G>A	(p.Arg727Gln)	 0.0048963	 0.0045541	 Conflicting	interpretations	of	pathogenicity	 Polymorphism	

SPG11	 c.176C>T	(p.Ala59Val)	 0.0017542	 0.0002890	 Conflicting	interpretations	of	pathogenicity	 Polymorphism	

ZFYVE26	 c.4197C>T	(p.Thr1399=)	 0.0022456	 0.0021223	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

BD-MND-029	

PLEKHG5	 c.34C>A	(p.Pro12Thr)	 	 0.0003810	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

RAB3GAP2	 c.2008C>G	(p.Leu670Val)	 0.0013761	 0.0004930	 Conflicting	interpretations	of	pathogenicity	 Polymorphism	

SPG7	 c.*97G>A	 	 	 	 	

WASHC5	 c.2644T>G	(p.Phe882Val)	 0.0000849	 0.0000263	 Uncertain	significance	 Disease-causing	

BD-MND-030	 OPTN	 c.1466A>G	(p.Lys489Arg)	 		 		 		 Disease-causing	

BD-MND-032	
C19orf12	 c.391A>G	(p.Lys131Glu)	 	 0.0012225	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

SPG11	 c.4052G>A	(p.Arg1351Lys)	 0.0005491	 0.0002040	 Conflicting	interpretations	of	pathogenicity	 Polymorphism	

BD-MND-033	 SPG11	 c.3362C>G	(p.Thr1121Ser)	 0.0000597	 0.0000263	 		 Polymorphism	
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Table	4.5.	List	of	variants	found	within	eight	UK	patient	subjects	with	CADD	score	>15	at	<5%	frequency	in	the	control	population	

excluding	the	benign	ones.	The	empty	boxes	represent	information	that	is	not	known.	

Sample	
ID	 Gene	

Variants	(HGVS	
nomenclature)	

Frequency	(%)	
ClinVar	Clinical	Significance	

Mutation	
Taster	

Prediction	
gnomAD	
v2.1.1	

gnomAD	
v3.1.2	

SHF-067	

LYST	 c.10941-7C>A	 0.0069953	 0.0062600	 Conflicting	interpretations	of	pathogenicity	 	

MAG	 c.1849C>G	(p.Leu617Val)	 0.0000040	 		 		 Polymorphism	

MARS	 c.617C>T	(p.Pro206Leu)	 	 	 	 Disease-causing	

MARS1	 c.617C>T	(p.Pro206Leu)	 0.0006686	 0.0006111	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

SPG7	 c.1529C>T	(p.Ala510Val)	 0.0028990	 0.0035878	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

SHF-070	

CCT5	 c.377G>A	(p.Arg126Gln)	 0.0000080	 0.0000066	 Uncertain	significance	 Disease-causing	

IGHMBP2	 c.2922T>G	(p.Asp974Glu)	 0.0010912	 0.0014010	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

MAG	 c.711G>C	(p.Lys237Asn)	 0.0000107	 0.0000205	 	 Disease-causing	

WDR48	 c.280T>G	(p.Ser94Ala)	 0.0030676	 0.0026866	 Uncertain	significance	 Disease-causing	

SHF-072	
LYST	 c.10941-7C>A	 0.0069953	 0.0062600	 Conflicting	interpretations	of	pathogenicity	 	

OPTN	 c.1402-7C>T	 0.0000796	 0.0000197	 		 	

SHF-073	
EIF2B5	 c.-103C>G	 0.0182300	 0.0151300	 Uncertain	significance	 	

ZFYVE26	 c.4197C>T	(p.Thr1399=)	 0.0022456	 0.0021223	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

SHF-089	

ASAH1	 c.126+517G>A	 	 	 	 	

ATXN2	
c.551_552ins	

(p.Gln185_Gln188dup)	
0.0074625	 		 Risk	factor	 	

EXOSC8	 c.815G>C	(p.Ser272Thr)	 0.0039613	 0.0039366	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

MAG	 c.1849C>G	(p.Leu617Val)	 0.0000040	 		 		 Polymorphism	

PLEKHG5	 c.882C>T	(p.Phe294=)	 	 0.0000789	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

PNPLA6	 c.2889C>T	(p.Gly963=)	 	 	 	 	

SHF-091	 AP5Z1	 c.817A>G	(p.Thr273Ala)	 	 	 	 Polymorphism	
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SPG11	 c.-4C>A	 0.0000241	 0.0000394	 Uncertain	significance	 	

SHF-099	

AP4B1	 c.1244G>A	(p.Cys415Tyr)	 0.0001485	 0.0002695	 Uncertain	significance	 Polymorphism	

LYST	 c.5518T>G	(p.Ser1840Ala)	 0.0043939	 0.0047709	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

PLEKHG5	 c.1975G>A	(p.Glu659Lys)	 0.0000744	 0.0000066	 Uncertain	significance	 Disease-causing	

PLEKHG5	 c.1738G>A	(p.Glu580Lys)	 	 0.0000920	 Uncertain	significance	 Disease-causing	

SHF-104	

C19orf12	 c.391A>G	(p.Lys131Glu)	 	 0.0012225	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

DYNC1H1	 c.4515G>A	(p.Ser1505=)	 0.0006469	 0.0003746	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	

GAN	 c.640A>G	(p.Met214Val)	 0.0000438	 	 Uncertain	significance	 	

RAB3GAP2	 c.1153C>T	(p.Arg385Cys)	 0.0000080	 	 Uncertain	significance	 Disease-causing	

TBK1	 c.964C>T	(p.His322Tyr)	 0.0004286	 0.0003485	 Conflicting	interpretations	of	pathogenicity	 Disease-causing	
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4.3.6. Variant	identification	in	MND	samples	excluding	
MMA-arm	

Twelve		ALS	samples,	3	PMA	samples,	and	2	monomelic-leg	samples	from	the	BD	MND	

samples	 was	 subsequently	 analysed	 and	 17	 heterozygous	 variants	 of	 uncertain	

significance	were	identified	within	genes	associated	with	motor	system	disorders	(Table	

4.6)	 for	 these	 17	 MND	 samples.	 Mutations	 in	 a	 well-known	 ALS	 gene,	 superoxide	

dismutase	 1	 (SOD1)	 (Orrell,	 2000)	 (section	 1.3.2.2)	were	 detected	 in	 4	 patients.	 One	

pathogenic	variant	SOD1	c.341T>C;(p.Ile114Thr)	was	present	in	3	patients	with	sample	

numbers	BD-MND-001,	BD-MND-012	and	BD-MND-016.	All	three	patients	are	male.	Two	

of	them	(BD-MND-001	and	BD-MND-016)	were	diagnosed	with	ALS	and	had	the	age	of	

onset	 of	 32	 (BD-MND-001)	 and	 30	 years	 (BD-MND-016).	 Another	 patient	 with	 this	

variant	was	diagnosed	with	monomelic-leg	amyotrophy	and	had	an	age	onset	of	43	years,	

providing	evidence	of	the	genetic	link	between	MND	and	MMA.		

In	one	patient,	BD-MND-003,		a	SOD1	c.268G>A;	(p.Ala90Thr)	was	reported	as	a	VUS	and	

was	absent	from	the	population	database	gnomAD	and	Project	MinE	(VCV000468253.3).	

This	patient	is	a	female	diagnosed	with	PMA	and	age	of	onset	at	36.	The	Mutation	Taster	

predicted	 this	 variant	 as	 a	 Disease-causing	 variant.	Moreover,	 the	 CADD	 score	 of	 the	

variant	 is	 23.2	which	 represents	 that	 the	 variant	 is	 among	 the	 top	 1%	of	 deleterious	

variants	in	the	human	genome	(Kircher	et	al.,	2014a).	Again,	this	illustrates	the	variability	

in	clinical	phenotype	associated	with	the	mutation	of	SOD1.	
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Table	 4.6.	 List	 of	 variants	 found	 within	 Bangladesh	 (BD)	 patient	 subjects	 with	

CADD	score	>15	at	<5%	frequency	in	the	control	population	excluding	the	benign	

ones	and	MMA	sample.	The	empty	boxes	represent	information	that	is	not	known.	

Sample	ID	 Gene	 Variants	
Frequency	(%)	 ClinVar	

Clinical	
Significance	

gnomAD	
v2.1.1	

gnomAD	
v3.1.2	

BD-MND-001	
ANXA11	 c.905G>A:p.Arg302His	 0.00057987	 0.00027604	 	

SOD1	 c.341T>C:p.Ile114Thr	 0.00004772	 0.00000657	 Pathogenic	
BD-MND-002	 ATXN2	 c.3317-15A>G:NA	 0.00195537	 	 	

BD-MND-003	 SOD1	 c.268G>A:p.Ala90Thr	 	 	 Uncertain	
significance	

BD-MND-007	

DCTN1	 c.2596C>G:p.Leu866Val	 0.00003982	 	 	

ERBB4	 c.3783G>C:p.Glu1261Asp	 	 	 	

SQSTM1	 c.85C>T:p.Pro29Ser	 0.00009291	 0.00008541	 Uncertain	
significance	

BD-MND-012	 SOD1	 c.341T>C:p.Ile114Thr	 0.00004772	 0.00000657	 Pathogenic	

BD-MND-015	

ALS2	 c.3904C>T:p.Arg1302Cys	 0.00001604	 0.00000657	 	

ARHGEF28	 c.3673C>G:p.Gln1225Glu	 	 0.00000657	 	

CYP27A1	 c.1297C>T:p.Arg433Trp	 0.00019123	 0.00009199	 Uncertain	
significance	

BD-MND-016	 SOD1	 c.341T>C:p.Ile114Thr	 0.00004772	 0.00000657	 Pathogenic	
BD-MND-017	 SQSTM1	 c.556C>T:p.Arg186Trp	 0.00003542	 0.00003285	 	

BD-MND-021	 ALS2	 c.4375G>C:p.Asp1459His	 0.00003615	 	 	

BD-MND-022	
ATXN2	 c.3317-15A>G:NA	 0.00195537	 	 	

DCTN1	 c.2695A>G:p.Thr899Ala	 0.00001591	 	 	

NEK1	 c.1141-14T>C:NA	 0.00032564	 0.00016427	 	

BD-MND-026	
ATXN2	 c.3317-15A>G:NA	 0.00195537	 	 	

SQSTM1	 c.1207T>A:p.Ser403Thr	 	 	 	

BD-MND-027	
ANXA11	 c.191C>T:p.Thr64Ile	 0.00072941	 0.00020377	 	

DCTN1	 c.3824G>A:p.Arg1275His	 0.00001592	 	 Uncertain	
significance	

Some	of	the	variants	reported	through	the	NGS	panel	are	not	reported	in	ClinVar	and	as	

they	are	mostly	Indel,	deletion	and	duplication	the	CADD	score	couldn’t	be	calculated	for	

them.	 The	 CADD	 method	 can	 only	 generate	 predictive	 scores	 for	 single-nucleotide	

variants	(SNVs)	in	all	areas	of	the	genome,	including	noncoding	regions.	These	variants	

are	listed	in	Table	4.7.
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Table	4.7.	List	of	Indel/Deletion/Duplication	variants	in	Bangladeshi	MND	samples	from	NGS	Panel	results.	The	variants	in	red	

need	to	be	Sanger	confirmed	for	reporting	and	checked	for	known	pseudogenes.	The	empty	boxes	represent	information	that	is	not	known.	

Sample	ID	 Gene	 Variants	 Chr	 Position	 ref	 alt	 id	 Variant	
type	

Molecular	
consequence	 ClinVar	

BD-MND-001	 NEFH	
NEFH:NM_021076:
4:c.1646_1687del:p
.549_563del	

22	 29885274	

AAGGCCAAGTC
TCCAGCAAAGG
AAGAGGCAAAG
TCACCGCCTG	

A	 rs773780196	 Indel	 Inframe	
Deletion	

Not	
Reported	in	
ClinVar	

BD-MND-002	 FIG4	 FIG4:NM_014845:4
:c.446+22T>-:NA	 6	 110048489	 CT	 C	 rs563921466	 Indel	 Intron	Variant	

Not	
Reported	in	
ClinVar	

BD-MND-004	 GBA2	
GBA2:NM_020944:i
n_25_bp_from_exon
:NA:NA	

9	 35740644	 CTG	 C	 rs755266508	 Indel	 Intron	Variant	
Not	
Reported	in	
ClinVar	

BD-MND-006	 TAF15	
TAF15:NM_139215
:15:c.1675_1698del
:p.559_566del	

17	 34171977	
TGGAGGAGACC
GAGGTGGGGGC
TAC	

T	 rs537726014	 Indel	 Inframe	
Deletion	

Not	
Reported	in	
ClinVar	

BD-MND-009	 SPAST	
SPAST:NM_014946
:13:c.1494-13T>-
:NA	

2	 32366959	 AT	 A	 rs760322678	 Duplication	 	 Benign	

BD-MND-011	 ARHGEF28	
ARHGEF28:NM_00
1080479:30:c.3842
-22T>-:NA	

5	 73193764	 AT	 A	 rs537565843	 Indel	 Intron	Variant	
Not	
Reported	in	
ClinVar	

BD-MND-012	 ERBB4	
ERBB4:NM_00523
5:in_25_bp_from_ex
on:NA:NA	

2	 212578379	 TAA	 T	 rs748883732	 	 	 		

BD-MND-015	 FUS	
FUS:NM_004960:6:
c.679_690del:p.227
_230del	

16	 31196414	 CGGCGGCGGTG
GT	 C	 rs752712347	 Indel	 Inframe	

Deletion	

Not	
Reported	in	
ClinVar	

BD-MND-017	 SQSTM1	
SQSTM1:NM_0039
00:6:c.819_820del:
p.P273fs	

5	 179260095	 CAG	 C	 	 	 	 		
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BD-MND-020	 TAF15	
TAF15:NM_139215
:15:c.1675_1698del
:p.559_566del	

17	 34171977	
TGGAGGAGACC
GAGGTGGGGGC
TAC	

T	 rs537726014	 Indel	 Inframe	
Deletion	

Not	
Reported	in	
ClinVar	

BD-MND-020	 TAF15	
TAF15:NM_139215
:15:c.1427_1447del
:p.476_483del	

17	 34171729	 GGAGGTGGCTA
TGGAGGAGATC	 G	 rs768963549	 Indel	 Inframe	

Deletion	

Not	
Reported	in	
ClinVar	

BD-MND-021	 ATXN2	
ATXN2:NM_00297
3:1:c.540delG:p.Q1
80fs	

12	 112036778	 GC	 G	 rs757862555	 Deletion	 Frameshift	
Variant	

Not	
Reported	in	
ClinVar	

BD-MND-021	 ATXN2	
ATXN2:NM_00297
3:1:c.522_538del:p.
Q174fs	

12	 112036780	 TGTTGCTGCTG
CTGCTGC	 T	 rs759304594	 Deletion	 Frameshift	

Variant	

Not	
Reported	in	
ClinVar	

BD-MND-023	 FUS	 FUS:NM_004960:1
2:c.1292+15->T:NA	 16	 31201734	 A	 AT	 rs572228309;	

rs886051937	 Duplication	
	 Likely	

benign	

BD-MND-024	 ATXN2	

ATXN2:NM_00297
3:1:c.548_549insA
CAGCAGCA:p.Q183
delinsQQQQ	

12	 112036770	 C	 CTGCT
GCTGT	

	 	 	 		

BD-MND-026	 DAO	
DAO:NM_001917:2
:c.149_154del:p.50
_52del	

12	 109278930	 GGCCTCT	 G	 rs546485721	 Indel	 Inframe	
Deletion	

Not	
Reported	in	
ClinVar	

BD-MND-026	 FUS	
FUS:NM_004960:5:
c.499_504del:p.167
_168del	

16	 31195692	 TGGTGGA	 T	 rs762260286	 	 	 		

BD-MND-029	 MATR3	
MATR3:NM_19918
9:in_25_bp_from_ex
on:NA:NA	

5	 138658266	 GGT	 G	 rs779005896	 Indel	 Intron	Variant	
Not	
Reported	in	
ClinVar	

BD-MND-030	 ALS2	
ALS2:NM_020919:
14:c.2581-23-
>T:NA	

2	 202593929	 G	 GA	 rs567439355	 	 	 		

BD-MND-030	 FUS	 FUS:NM_004960:1
2:c.1292+15->T:NA	 16	 31201734	 A	 AT	 rs572228309;	

rs886051937	 Duplication	
	 Likely	

benign	
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4.3.7. C9ORF72	and	ATXN2	

The	SDGS	also	provided	the	C9ORF72	and	ataxin	2	(ATXN2)	testing	results	for	all	BD	

and	UK	cases	that	were	screened	for	expansions	using	amplicon-length	analysis.	Tables	

4.8	and	4.9	revealed	that	none	of	the	samples	tested	positive	for	any	expansion	in	either	

C9ORF72	 or	 ATXN2/Spinocerebellar	 ataxia	 2	 (SCA2),	 except	 for	 SHF-089	 which	

exhibited	an	intermediate	expansion	for	ATXN2.		
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Table	4.8.	C9ORF72	and	ATXN2/SCA2	testing	results	for	BD	samples.	Abbreviations	

are	Initial	Repeat	PCR	Screen	(STD)	and	Repeat-primed	(RP)	PCR.	

Sample	ID	 C9ORF72-STD	 C9ORF72-RP	 ATXN2	
BD-MND-001	 2;7	 No	Exp	 22	
BD-MND-002	 6;13	 No	Exp	 22	
BD-MND-003	 2;8	 No	Exp	 22	
BD-MND-004	 2;6	 No	Exp	 22	
BD-MND-005	 2;4	 No	Exp	 22	
BD-MND-006	 2;11	 No	Exp	 22	
BD-MND-007	 2	 No	Exp	 22	
BD-MND-008	 2;7	 No	Exp	 22	
BD-MND-009	 4;7	 No	Exp	 22	
BD-MND-010	 2;6	 No	Exp	 22	
BD-MND-011	 2;8	 No	Exp	 22	
BD-MND-012	 2;7	 No	Exp	 22	
BD-MND-015	 4;6	 No	Exp	 22	
BD-MND-016	 2	 No	Exp	 22	
BD-MND-017	 2	 No	Exp	 22	
BD-MND-019	 2;8	 No	Exp	 22	
BD-MND-020	 7;9	 No	Exp	 22	
BD-MND-021	 2	 No	Exp	 17:22	
BD-MND-022	 2	 No	Exp	 22	
BD-MND-023	 2	 No	Exp	 22	
BD-MND-024	 2	 No	Exp	 22:26	
BD-MND-025	 6;8	 No	Exp	 22	
BD-MND-026	 2;12	 No	Exp	 22	
BD-MND-027	 2	 No	Exp	 22	
BD-MND-029	 2	 No	Exp	 22	
BD-MND-030	 7;8	 No	Exp	 22	
BD-MND-032	 2;10	 No	Exp	 22	
BD-MND-033	 2	 No	Exp	 22	
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Table	4.9.	C9ORF72	and	ATXN2/SCA2	testing	results	for	UK	samples.	

Sample	
ID	

Research	
C9orf72	 C9orf72	Call	 Research	

ATXN2	 ATXN2	Call	

SHF-067	 2/2	 No	Exp	 22/22	 No	Exp	
SHF-070	 2/4	 No	Exp	 22/22	 No	Exp	
SHF-072	 2/2	 No	Exp	 22/22	 No	Exp	
SHF-073	 2/2	 No	Exp	 22/22	 No	Exp	
SHF-089	 4/5	 No	Exp	 22/27	 Intermediate	Expansion	
SHF-091	 8/14	 No	Exp	 22/22	 No	Exp	
SHF-099	 2/2	 No	Exp	 22/22	 No	Exp	
SHF-104	 8/8	 No	Exp	 22/22	 No	Exp	

	

4.4. Discussion	

Targeted	 next-generation	 sequencing	 of	 28	 BD	 samples	 identified	 no	 definite	

pathogenic	 variants	 in	MMA	with	 arm	 onset	 patients,	 although	 the	 SOD1	 c.341T>C	

(p.Ile114Thr)	mutation	was	found	in	two	ALS	patients	and	one	MMA	patient	with	leg	

onset.	One	PMA	patient	has	SOD1	c.268G>A	(p.Ala90Thr)	variant.		

Two	Bangladeshi	MMA	patients	BD-MND-010	(age	of	onset	17)	and	BD-MND-011	(age	

of	onset	25)	have	the	same	variant	of	SETX	c.1504C>T	(p.Arg502Trp).	SETX	encodes	a	

protein	that	contains	a	DNA/ribonucleic	acid	(RNA)	helicase	domain	at	its	C-terminal	

end	suggesting	 it	may	be	 involved	 in	both	DNA	and	RNA	processing.	Mutations	may	

cause	 ataxia-ocular	 apraxia-2	 or	 autosomal	 dominant	 juvenile	 ALS	 (ALS4)	 and	 this	

variant	 has	 also	 been	 reported	 to	 be	 pathogenic	 in	 a	 case	 showing	 compound	

heterozygosity	(Tariq	et	al.,	2021),	and	in	heterozygous	form	in	a	patient	suffering	from	

hereditary	motor	neuropathy	with	pyramidal	signs	(Drew	et	al.,	2015).	This	variant	
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was	identified	in	two	Bangladesh	samples	but	no	pathogenic,	likely	pathogenic	or	VUS	

variants	 of	 SETX	 were	 found	 in	 UK	 samples.	 The	 frequency	 of	 this	 variant	 in	 our	

patients	 is	 significantly	 higher	 than	 the	 background	 frequency	 (0.005	 in	 ethnically	

matched	control	populations)	(Tariq	et	al.,	2021),	meaning	that	 this	 finding	 is	 likely	

clinically	 significant,	 and	 reflected	 in	 the	 high	 Combined	 Annotation	 Dependent	

Depletion	 (CADD)	 (Rentzsch	 et	 al.,	 2019)	 score	 of	 27.2	which	means	 the	 variant	 is	

amongst	the	top	1%	deleterious	variants	in	the	human	genome	(Kircher	et	al.,	2014a).	

The	MutationTaster	(MT)	also	predicts	this	variant	as	a	Disease-causing	variant.		

Another	 variant	 of	 unknown	 significance,	 MAG	 c.1849C>G	 (p.Leu617Val)	 encodes	

myelin-associated	glycoprotein,	a	transmembrane	signalling	molecule,	which	controls	

myelin	 formation	 and	 myelin-axon	 spacing	 (Pronker	 et	 al.,	 2016).	 Homozygous	

variants	 are	 associated	 with	 neurodegenerative	 conditions,	 including	 hereditary	

spastic	paraplegia	and	Pelizaeus-Merzbacher	disease	(Lossos	et	al.,	2015).	Although	

MT	predicts	 the	p.Leu617Val	variant	as	polymorphism	it	 is	present	 in	an	MND/ALS	

case	 included	 in	 Project	 MinE	 with	 a	 population	 frequency	 (%)	 of	 0.000004	

(http://databrowser.projectmine.com/).	Interestingly,	another	patient	included	in	this	

project	harboured	a	separate	heterozygous	MAG	variant:	c.711G>C	(p.Lys237Asn),	also	

of	unknown	significance	and	population	frequency	of	0.0000107	(gnomAD	v2.1.1).	The	

MT	predicts	p.Lys237Asn	as	a	disease-causing	variant.	

OPTN	mutations	causing	ALS	were	 first	reported	 in	2010	(Maruyama	et	al.,	2010b).	

Approximately,	26	different	mutations	in	OPTN	have	been	identified	in	sporadic	and	

familial	ALS	patients	of	European	and	Asian	descent	(Li	et	al.,	2015).	The	prevalence	of	
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OPTN	mutations	in	sporadic	ALS	patients	is	higher	in	Asian	populations	than	in	western	

countries	(Li	et	al.,	2015).	In	our	study,	two	variants	of	OPTN	c.1466A>G	(p.Lys489Arg)	

and	OPTN	c.1402-7C>T	were	identified,	corresponding	to	one	Bangladeshi	and	one	UK	

MMA	patient.	The	intronic	variant	c.1402-7C>T	has	been	reported	in	gnomAD	and	is	a	

VUS.	The	p.Lys489Arg	has	not	been	reported	previously.	However,	recently,	a	mutation	

affecting	the	same	p.Lys489	(p.Lys489Glu)	was	reported	as	a	novel,	rare	variant	in	two	

Indian	 patients	with	ALS	 (Narain	 et	 al.,	 2018).	 Therefore,	 given	 this	 report	 and	 the	

CADD	 score	 of	 25	 for	 the	 missense	 substitution,	 we	 propose	 that	 this	 novel	

p.Lys489Arg	 variant	 is	 also	 pathogenic.	 However,	 it	 is	 important	 to	 note	 that	 the	

precise	 variants	 discovered	 in	MMA	have	 not	 been	 reported	 in	MND/ALS;	 in	 other	

genes,	mutations	within	different	protein	domains	may	produce	different	phenotypes,	

for	example,	KIF5A	(Nakamura	et	al.,	2021).		

The	 BD	MND	 samples	 have	 very	 different	 frequencies	 of	 variants	 reported	 for	 the	

samples	 compared	 to	 those	 found	 in	 countries	 of	 white	 ancestry.	 While	 C9ORF72	

hexanucleotide	repeat	expansion	is	the	most	common	genetic	mutation	identified	in	

the	 European	 population	 no	 C9ORF72	 repeat	 expansion	 was	 reported	 for	 any	 BD	

samples.	Among	17	samples,	4	of	the	patients	had	SOD1	variants	which	were	14.29%	

of	 the	 sample	 population	 (total	 BD	MND	 sample	 number	 28).	With	 the	 pathogenic	

variant	SOD1	c.341T>C	(p.Ile114Thr)	the	patients	with	MMA	with	leg	onset	developed	

the	 disease	 comparatively	 later	 than	 the	 patients	 diagnosed	with	ALS.	 All	 the	male	

patients	having	the	pathogenic	variant	represent	the	previous	data	that	states	that	ALS	

affects	more	males	than	females	(McCombe	and	Henderson,	2010).	About	60%	of	ALS-
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affected	 individuals	 are	 males	 (WebMD).	 One	 female	 patient	 has	 SOD1	 c.268G>A	

(p.Ala90Thr)	variant	that	was	reported	as	having	Uncertain	significance	in	ClinVar.	The	

population	frequency	is	also	unknown	for	these	variants.	With	a	CADD	score	of	23.2	

and	MT	prediction	of	the	Disease-causing	variant,	this	SOD1	variant	took	an	interest	for	

further	studies	in	future.			

Most	of	the	variants	reported	for	the	BD	MND	samples	excluding	the	MMA	ones	are	not	

reported	in	ClinVar	although	they	have	a	higher	CADD	score	(>15)	and	low	frequency	

(<5%)	in	the	control	population.	The	other	variants	reported	with	this	criteria	were	for	

ALS2,	ANXA11,	ARHGEF28,	ATXN2,	CYP27A1,	DCTN1,	ERBB4,	NEK1	and	SQSTM1	genes.		

My	work	suggests	a	number	of	conclusions:	

• There	is	evidence	for	genetic	overlap	between	MMA	and	MND	including	genetic	

variants	in	ANXA11,	ATXN2,	NEK1,	OPTN,	SETX,	SPG11,	TBK1,	and	SQSTM1.	

• Profiling	of	the	genetic	basis	of	MND	in	Bangladesh;	SOD1	variants	are	present	

at	a	comparable	frequency	to	the	UK	which	contrasts	with	other	global	reports	

of	SOD1	mutation	frequency.	However,	this	may	be	due	to	sampling	error	as	this	

screening	was	not	conducted	in	a	random	cohort,	but	in	cases	presented	to	Dr	

Tom	Jenkins	when	visiting	Bangladesh.	Moreover,	several	VUS	were	identified	

in	BD	MND	patients	which	are	not	reported	in	other	populations.	If	the	genetic	

basis	of	BD	MND	is	distinct	 then	this	will	have	 implications	 for	 the	design	of	

therapies	 going	 forwards,	 particularly	 as	 we	 enter	 an	 age	 of	 personalised	

medicine	and	gene	therapy	for	MND.	
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Chapter	5. TDP-43	Analysis	of	MMA	Samples	

5.1. Introduction	

The	samples	from	Bangladesh	National	Institute	of	Neuroscience	&	Hospital	showed	a	

large	number	(11)	of	MMA	patients	considering	the	small	MND	sample	size	of	thirty-

three.	We	 decided	 to	 perform	 a	 specific	 analysis	 of	MMA	 as	 detailed	 in	 Chapter	 4,	

including	both	UK	and	Bangladesh	MMA	samples.		

Brachial	monomelic	amyotrophy	(MMA)	is	characterized	by	juvenile	muscular	atrophy	

of	 the	 distal	 upper	 extremities.	 Approximately	 1,500	 MMA	 patients	 are	 reported	

globally	 (Antonioni	 et	 al.,	 2020)	 with	 the	 majority	 in	 Asian	 populations.	 To	 date,	

mutations	 in	 only	 two	 genes	 (KIAA1377	and	C5ORF42)	 have	 been	 linked	 to	 an	

increased	risk	for	MMA	(Lim	et	al.,	2012).	Clinical	phenotypic	and	genetic	similarities	

between	amyotrophic	lateral	sclerosis	(ALS)	and	MMA	suggest	the	two	diseases	may	

be	part	of	a	continuous	spectrum	with	a	shared	molecular	basis	(genetic	analysis	 in	

Chapter	4).	

One	of	the	key	features	in	almost	all	cases	of	MND,	including	the	most	common	genetic	

form	related	to	changes	to	the	C9ORF72	gene,	is	the	aggregation	of	a	protein	called	TDP-

43	in	the	motor	neuron	of	the	brain	and	the	spinal	cord.		

Following	the	discovery	of	TDP-43	toxicity	in	ALS	in	2006	(Neumann	et	al.,	2006b,	Arai	

et	al.,	2006),	researchers	have	primarily	concentrated	on	the	cytoplasmic	aggregation	

of	TDP-43	and	the	disruption	of	its	RNA-binding	functions	(Lalmansingh	et	al.,	2011,	
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Polymenidou	et	al.,	2011,	De	Conti	et	al.,	2015,	Costessi	et	al.,	2014,	Ishiguro	et	al.,	2016,	

Kawahara	 and	 Mieda-Sato,	 2012).	 In	 addition,	 TDP-43,	 which	 is	 a	 hallmark	 of	

degenerating	motor	neurons	in	ALS	due	to	its	nuclear	clearance,	has	also	demonstrated	

the	ability	to	bind	to	DNA	(Kuo	et	al.,	2014,	Lalmansingh	et	al.,	2011).	This	categorizes	

TDP-43	 as	 a	 member	 of	 a	 distinct	 subgroup	 of	 RNA-binding	 proteins	 known	 as	

RNA/DNA-binding	proteins	(RDBPs),	which	possess	 functional	DNA-binding	activity	

(Mitra	et	al.,	2019).		

TDP-43	 has	 emerged	 as	 a	 key	 protein	 in	 understanding	 the	 pathogenesis	 of	 both	

sporadic	 and	 familial	 ALS.	 It	 was	 identified	 as	 a	 major	 component	 of	 cytosolic	

aggregates	that	are	ubiquitinated	and	hyper-phosphorylated	in	post-mortem	tissue	of	

ALS	patients	(Neumann	et	al.,	2006b,	Arai	et	al.,	2006),	which	is	considered	a	hallmark	

of	the	disease	and	is	observed	in	about	97%	of	cases,	regardless	of	the	mechanism	of	

disease	 onset.	 However,	 exceptions	 to	 this	 pattern	 include	 familial	 ALS	 caused	 by	

mutations	 in	 Zn/Cu	 Superoxide	 Dismutase	 1	 (SOD1)	 and	 Fused	 in	 Sarcoma	 (FUS)	

(Hardiman	et	al.,	2017,	Kiernan	et	al.,	2011,	Rosen	et	al.,	1993,	Kwiatkowski	Jr	et	al.,	

2009,	Vance	et	al.,	2009,	Hergesheimer	et	al.,	2019,	Mackenzie	et	al.,	2007).	

Truncated	 forms	 of	 TDP-43,	 particularly	 the	 N-terminally	 truncated	 C-terminal	

fragments	C-terminal	fragments		35	kDa	(CTF35)	and	25	kDa	(CTF25),	are	found	in	ALS	

aggregates,	primarily	in	the	cortex	and	to	a	lesser	extent	in	the	spinal	cord	(Berning	

and	Walker,	2019,	Tsuji	et	al.,	2012,	Smethurst	et	al.,	2015,	Hasegawa	et	al.,	2008,	Xiao	

et	al.,	2015).	These	fragments	have	been	identified	as	the	most	prominent	"species"	of	
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TDP-43	in	ALS,	along	with	other	C-terminal	fragments	(Neumann	et	al.,	2006b,	Arai	et	

al.,	2010,	Neumann	et	al.,	2009,	Jeon	et	al.,	2019).		

As	proposed	in	Chapter	4,	if	MMA	is	actually	on	a	spectrum	with	MND,	the	hypothesis	

is	that	MMA-associated	mutations	will	also	manifest	TDP-43	pathology.	Since	it	is	not	

possible	to	look	inside	people's	brains	during	life	to	see	if	they	have	TDP-43	pathology,	

an	 alternative	 is	 to	 model	 the	 mutations	 in	 vitro.	 Therefore,	 a	 patient-derived	

iAstrocyte	model	was	 used,	 which	 has	 previously	 been	 shown	 to	manifest	 TDP-43	

pathology,	 when	 the	 iAstrocytes	 are	 derived	 from	 patients	 with	 MND-related	

mutations	(Serio	et	al.,	2013).	

5.2. Aim	

This	 study	 aims	 to	 screen	 for	 the	 presence	 of	 TDP-43	 pathology	 in	 selected	 	MMA	

patients	 with	 variants	 in	 MND-related	 genes.	 Therefore	 we	 aimed	 to	 convert	 the	

fibroblasts	from	SHF-067and	SHF-072	with	MAG	(c.1849C>G;	p.Leu617Val)	and	OPTN	

(c.1402-7C>T)	variants	respectively	and	SHF-073	and	SHF-091,	neither	of	which	had	

any	 MAG,	 OPTN	 variants	 into	 iNPCs	 and	 then	 into	 iAstrocytes	 (iA)	 to	 see	 if	 the	

phenotype	was	consistent	with	those	in	ALS.	The	fibroblasts	had	been	collected	from	

UK	MMA	patients	via	the	AMBRoSIA	Biosampling	Project.	No	fibroblast	samples	were	

available	from	the	BD	MMA	cases.	
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5.3. Results	

Direct	 conversion	 of	 fibroblast	 to	 iNPC	 was	 performed	 for	 positive	 and	 negative	

controls	(155v2,	161,	78,	009)	and	MMA	samples	(SHF-067,	SHF-072,	SHF-073,	SHF-

091)	mentioned	in	Table	2.10.	During	conversion	due	to	bacterial	contamination	and	a	

slower	growth	rate,	UK	MMA	samples	SHF-067	and	SHF-072	failed	to	convert	to	iNPC.	

So,	our	further	work	on	the	characterization	of	the	MMA	patient	samples	was	restricted	

to	MMA	 samples	 SHF-073	 and	 SHF-091	 alongside	 FALS	 line	 78,	 and	 SALS	 line	 009	

which	served	as	a	positive	control	and	161	as	negative	controls.	Lines	which	converted	

successfully	to	iNPC	were	then	converted	to	iAstrocytes.	

5.3.1. Efficient	 differentiation	 of	 iA	 from	 donor	
fibroblast	

To	 determine	 whether	 the	 donor	 fibroblast	 of	 the	 selected	 patients'	 samples	

transformed	successfully	into	iNPC	cells	immunocytochemistry	(section	2.3.4.8)	was	

used	to	confirm	markers	of	the	iNPC.	For	example,	Figure	5.1	showed	the	presence	of	

Pax6	 and	 Nestin	 in	 the	 transformed	 fibroblast	 of	 samples	 SHF-073	 and	 SHF-091	

selected	for	the	transduction	at	the	first	stage.		
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SHF-
073	

	 	 	 	

SHF-
091	

	 	 	 	

	 Hoechst	 Pax6	 Nestin	 DAPI_Pax6_Nestin	

Figure	5.1.	iNPCs	express	prototypic	markers.	Immunocytochemistry	(ICC)	assay	to	

confirm	the	transduction	of	the	fibroblast	to	iNPC	for	UK-073	and	UK-091	samples.	

The	conversion	efficiency	ranges	were	observed	between	60%	and	95%,	in	correlation	

with	the	proliferative	potential	of	the	initial	fibroblast	cultures,	as	well	as	the	quality	of	

the	 viral	 vectors.	 Comparatively	 SHF-073	 sample	 was	 converted	 more	 where	 the	

percentage	 is	 72.22%	 on	 average	 and	 for	 SHF-091	 the	 percentage	 is	 64.13%	

(Supplementary	 Table	 2).	 The	 other	 cell	 lines	 were	 grown	 by	 Allan	 C	 Shaw	 and	

Thomas	 R	 Marlow	 from	 the	 research	 group	 in	 SITraN	 under	 the	 supervision	 of	

Professor	Laura	Ferraiuolo.		
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5.3.2. TDP-43	proteinopathy		

5.3.2.1. Western	blot	

Accumulation	of	TDP-43	 fragments	 in	motor	neurons	 is	 a	post-mortem	hallmark	of	

different	 neurodegenerative	 diseases	 (Chen-Plotkin	 et	 al.,	 2010).	 TDP-43	 pathology	

has	also	been	observed	in	postmortem	astrocytes	(Riku	et	al.,	2021)	and	in	iA	derived	

from	patient-derived	fibroblasts	(Franklin	et	al.,	2021).	TDP-43	contains	two	caspase	

3	consensus	cleavage	sites	leading	to	the	formation	of	C-terminal	fragments	(CTFs)	of	

35	kDa	and	25	kDa	that	are	excluded	from	the	nucleus	as	the	nuclear	localisation	signal	

is	 not	 present	 (Chen-Plotkin	 et	 al.,	 2010).	 Chronic	 oxidative	 stress	 induced	 several	

features	 consistent	 with	 TDP-43	 proteinopathies	 including	 loss	 of	 nuclear	 TDP-43,	

accumulation	 of	 diffuse	 TDP-43	 in	 the	 cytosol,	 formation	 of	 a	 35	 kDa	 C-terminal	

fragment	and	accumulation	of	TDP-43	in	stress	granules	(SGs),	some	of	which	revealed	

ubiquitylated	 (Meyerowitz	 et	 al.,	 2011).	 Therefore,	 we	 examined	 if	 the	 iAstrocytes	

derived	from	our	MMA	samples	also	were	found	to	have	C-terminal	TDP-43	fragments	

(CTF-TDP-43),	of	35	or	25	kDa	in	mass.		

5.3.2.1.1. Loading	calculations	

A	 standard	 curve	 was	 made	 using	 Albumin	 Standard	 from	 BCA	 Protein	 Assay	 Kit	

(Thermo	 Scientific).	 Figure	 5.2	 showed	 the	 standard	 curve	 plotted	 for	 this	 analysis	

from	which	the	concentration	of	the	i-Astrocyte	pellet	from	each	of	the	MMA	samples	

had	been	determined.	The	cell	lysates	were	diluted	such	that	equal	amounts	of	protein	
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were	loaded	per	well	and	mixed	with	5μl	of	4x	Laemmli	buffer	to	make	a	total	volume	

of	20μL.	The	calculation	was	shown	in	Table	5.2.	

Table	 5.1.	 Absorbance	 of	 the	 Albumin	 Standard	 (BSA)	 in	 different	

concentrations.	

Albumin	Standard	
concentration	

(µg/µl)	
Absorbance	

0.1	 0.0415	

0.2	 0.0880	

0.4	 0.1825	

0.8	 0.3320	

1.2	 0.4525	

1.6	 0.5890	

2.0	 0.6945	

	

	

Figure	5.2.	Standard	Curve	for	protein	concentration	where	y	=	concentration	of	

protein,	m	=	slope	of	 the	curve	(x	 in	 the	equation),	m	=	absorbance,	x	=	absorbance	

recorded	in	protein	sample,	c	=	value	detected	in	the	equation.	
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Table	5.2.	The	calculation	for	sample	loading	in	SDS-Polyacrylamide	gel.	

Loading	calculations	for	a	total	volume	of	20µl	

Samples	 Absorbance	 µg/µl	 x4**	
µl	to	
20µg	

IP	lysis	
buffer	
(µl)	

4x	LB	(µl)	

155v2	 0.362	 0.964203	 3.86	 5.16	 9.83	 5	

161	 0.790	 2.209837	 8.84	 2.26	 12.73	 5	

009	P21	iA	 0.321	 0.846333	 3.4	 5.9	 9.1	 5	

SHF-073	P9	iA	 0.205	 0.507276	 2.0	 9.9	 5.1	 5	

SHF-091	P7	iA	 0.164	 0.387951	 1.6	 12.9	 2.1	 5	

	

5.3.2.1.2. Blot	Image	

Quantification	of	three	technical	replicates	(randomly	3	were	chosen	in	case	of	>3)	was	

done	using	image	studio	for	western	blot	analysis	of	sample	iA	cells.	All	values	are	given	

as	mean	±	SD.	Ordinary	one-way	ANOVA	was	used	to	calculate	the	significance	of	the	

difference	between	the	mean	values	of	band	samples.	The	analyses	were	conducted	

using	PRISM	Graph	Pad	(Version	9.5.0)	software.	The	expression	of	 the	35kDa	CTF-

TDP-43,	termed	TDP-35,	in	the	case	of	SHF-073	and	SHF-091	(Figure	5.3a),	suggests	

that	these	MMA	cases	possibly	showed	a	TDP-proteinopathy.	
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Figure	5.3.	TDP-43	and	35	kDa	band	found	in	western	blot	analysis	for	negative	

controls	155	and	161,	positive	control	009	and	MMA	samples	SHF-091	and	SHF-

073.	(a)	Representative	images	of	western	blot	analysis	of	TDP-43,	TDP-35	and	Bactin.	

(b)	Densitometric	 quantification	 of	 TDP-43	 normalised	 to	Bactin.	 (c)	Densitometric	

quantification	of	TDP-35	normalised	to	Bactin.	(d)	The	ratio	of	normalized	TDP35	band	

compared	to	normalized	TDP	43	in	control	and	MMA	samples.	

5.3.2.2. Immunocytochemistry	(ICC)	

Neuropathologically,	 the	 TDP-43	 proteinopathies	 are	 characterized	 by	 ubiquitin-

immunoreactive	 (ub-ir)	 and	 TDP-43-ir	 neuronal	 cytoplasmic	 inclusions	 (NCIs),	

neuronal	 intranuclear	 inclusions	 (NIIs),	 dystrophic	 neurites	 (DNs)	 and,	 in	 cases	 of	

MND,	 glial	 cytoplasmic	 inclusions	 (GCIs)	 (Arai	 et	 al.,	 2006,	 Neumann	 et	 al.,	 2006b,	

Woulfe	et	 al.,	 2001,	Neumann	et	 al.,	 2007b,	Neumann	et	 al.,	 2007a,	 Sampathu	et	 al.,	

2006).	These	inclusions	have	also	been	observed	in	astrocytes	(Velebit	et	al.,	2020).		
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At	the	first	attempt	of	the	immunocytochemistry	assay	for	TDP-43	pathology,	the	image	

showed	 the	 presence	 of	 a	 lot	 of	 cell	 debris	 that	 made	 it	 difficult	 to	 count	 TDP-43	

pathology	(Supplementary	Figure	1).		On	the	second	attempt,	the	control	155v2	was	

unavailable	 for	 conversion	 which	 prohibited	 further	 analysis	 of	 sample	 155v2.						

(Figure	5.4).	Further	replication	is	required	to	determine	whether	the	expression	of	

TDP-35	in	the	negative	control	is	a	reproducible	finding.	
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161	(-)	 009	(+)	 78	(+)	 SHF-073	 SHF-091	

Figure	5.4.	Spectrum	of	TDP-43	staining	in	MMA	samples	along	with	positive	and	negative	controls.	The	white	arrows	mark	the	

mislocalization	of	TDP-43.	Detailed	images	of	ICC	have	been	shown	in	Supplementary	Table	3.
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The	ICC	sample	images	were	obtained	using	Opera	Phenix	high-content	imaging	system	and	

were	 anonymised	 by	Allan	 Shaw.	Manual	 quantification	 of	 TDP-43	 spots	was	 performed	

blindly	 for	 two	 technical	 replicated	 wells,	 each	 consisting	 of	 five	 fields.	 All	 values	 are	

presented	as	mean	±	standard	deviation	(SD).	To	assess	the	significance	of	the	differences	in	

mean	 TDP-43	 spot	 counts	 per	 cell	 between	 control	 subjects	 and	 patients	 with	 ALS,	 an	

ordinary	one-way	analysis	of	variance	(ANOVA)	was	conducted.	The	statistical	analysis	was	

carried	out	using	PRISM	GraphPad	software	(Version	9.5.0).	When	comparing	the	average	

count	 of	 TDP-43	 spots	 relative	 to	 the	 total	 number	 of	 cells,	 the	 MMA	 sample	 SHF-073	

exhibited	a	higher	range	of	TDP-43	aggregation	in	the	cytoplasm	compared	to	the	control	

(CTR),	as	well	as	the	two	positive	controls	(009	and	78),	and	the	other	sample,	SHF-091.	

	

Figure	5.5.	Manually	counted	TDP-43	spot	number	per	cell.		
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5.4. Discussion	

Since	its	discovery	as	a	component	of	the	ubiquitinated	inclusions	in	the	brains	of	patients	

with	amyotrophic	lateral	sclerosis	(ALS)	and	frontotemporal	lobar	degeneration	(FTLD	or	

FTLD-TDP)	diseases,	TDP-43	has	been	recognized	as	a	key	player	in	disease	pathogenesis	

(Arai	et	al.,	2006,	Neumann	et	al.,	2006b).	Abnormalities	in	the	RNA/DNA	binding	protein	

TDP-43	have	been	found	in	approximately	95%	of	ALS	patients,	characterized	by	its	nucleus-

cytoplasmic	mislocalization	in	spinal	motor	neurons,	as	well	as	in	primary	lateral	sclerosis	

and	progressive	muscular	atrophy,	collectively	known	as	TDP-proteinopathies	(Dugger	and	

Dickson,	2017).	TDP-35	forms	abnormal	cytoplasmic	inclusions	in	the	affected	neurons	of	

patients	with	ALS,	which	contributes	to	the	degeneration	of	these	cells.	TDP-35	is	proven	to	

be	significantly	more	toxic	than	TDP-43	when	expressed	in	the	Drosophila	eye,	resulting	in	

pupal	 lethality	 (Crippa	 et	 al.,	 2016).	 TDP-35	 can	 sequester	 TDP-43	 from	 a	 nuclear	

localization	 into	 cytoplasmic	 inclusions,	 and	 RNA	 binding	 plays	 an	 essential	 role	 in	 this	

process	(Che	et	al.,	2015).	

The	presence	of	TDP-35	is	associated	with	pathological	changes	in	ALS	astrocytes	(Serio	et	

al.,	 2013).	 The	 identification	 of	 TDP-35	 in	 the	 MMA	 patient	 samples	 suggests	 that	 the	

mutations	under	consideration	might	be	causing	a	pathogenic	process	as	 is	 found	 in	ALS.	

Further	studies	are	needed	to	verify	the	result	to	support	the	idea	that	there	is	overlap	in	the	

pathogenesis	of	MMA	and	ALS,	or	even	that	MMA	should	be	considered	to	be	a	mild	form	of	

ALS.	This	has	significant	 implications	 for	 the	design	of	 therapeutics	which	may	be	able	 to	

convert	ALS	to	a	more	mild	phenotype	similar	to	MMA.	
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Of	the	two	UK	MMA	samples	successfully	converted	to	iNPC,	SHF-073	had	variants	in	EIF2B5	

and	 ZFYVE26	 and	 SHF-091	 had	 variants	 in	 AP5Z1	 and	 SPG11.	 In	 ClinVar	 the	 EIF2B5	 c.-

103C>G	 variant	 has	 been	 reported	 as	 uncertain	 significance	 (VCV000344328.5)	 and	 the	

ZFYVE26	c.4197C>T	(p.Thr1399=)	variant	has	been	reported	as	conflicting	interpretations	

of	 pathogenicity	 (VCV000212640.25)	 through	 mutation	 taster	 predicted	 ZFYVE26	

c.4197C>T	(p.Thr1399=)	variant	as	disease-causing.	This	variant	had	not	been	previously	

evaluated	by	Illumina	Laboratory	Services,	Illumina	(ICSL)	or	reported	in	the	Human	Gene	

Mutation	Database	(HGMD)	before	 June	1st,	2018	(ICSL,	2019).	As	a	result,	an	automated	

scoring	system	was	used	to	determine	whether	the	variant's	frequency,	disease	prevalence,	

penetrance	estimates,	and	inheritance	mode	suggested	it	was	too	common	to	be	responsible	

for	the	disease.	According	to	the	score,	the	possibility	of	this	variant	causing	the	disease	could	

not	be	ruled	out,	and	further	investigation	was	necessary.	A	literature	search	was	conducted	

on	the	gene,	cDNA	change,	and	amino	acid	change,	but	no	relevant	publications	were	found.	

As	a	result,	this	variant	was	classified	as	a	variant	of	unknown	significance	for	this	disease.	

While	SHF-091	had	a	variant	of	uncertain	significance	in	SPG11	(c.-4C>A),	the	other	variant	

in	AP5Z1	(c.817A>G;	p.Thr273Ala)	was	not	reported	either	in	gnomAD	or	ClinVar,	as	a	result,	

the	frequency	is	unknown.	Two	adjacent	variants	AP5Z1	(c.815C>G;	p.Ser272Cys)	and	AP5Z1	

(c.821T>G;	 p.Leu274Arg)	 were	 classified	 as	 a	 Variant	 of	 Uncertain	 Significance.	 	 These	

variants	have	not	been	reported	in	the	literature	in	individuals	affected	with	AP5Z1-related	

conditions.	 The	 serine	 residue	 (p.Ser272Cys)	 is	 highly	 conserved	 and	 leucine	 residue	

(p.Leu274Arg)	is	moderately	conserved	and	there	is	a	moderate	physicochemical	difference	

between	the	usual	(serine	and	leucine)	and	alternative	amino	acid	(cysteine	and	arginine).	

Algorithms	 developed	 to	 predict	 the	 effect	 of	 AP5Z1	 (c.815C>G;	 p.Ser272Cys)	 missense	
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changes	 on	protein	 structure	 and	 function	 are	 either	 unavailable	 or	 do	 not	 agree	 on	 the	

potential	 impact	 of	 this	 missense	 change	 (SIFT:	 "Deleterious";	 PolyPhen-2:	 "Probably	

Damaging";	 Align-GVGD:	 "Class	 C0").	 In	 summary,	 the	 available	 evidence	 is	 currently	

insufficient	to	determine	the	role	of	this	variant	in	disease.	On	the	other	hand,	algorithms	

developed	 to	 predict	 the	 effect	 of	AP5Z1	 (c.821T>G;	 p.Leu274Arg)	missense	 changes	 on	

protein	structure	and	function	(SIFT,	PolyPhen-2,	Align-GVGD)	all	suggest	that	this	variant	

is	 likely	 to	 be	 disruptive.	 Therefore,	 these	 variants	 have	 been	 classified	 as	 a	 Variant	 of	

Uncertain	 Significance.	 A	 synonymous	 variant	 AP5Z1	 (c.819T>G;	 p.Thr273=)	 has	 been	

reported	as	likely	benign.	

Among	the	 rest	of	 the	MMA	samples,	some	have	very	 crucial	 variants	 that	might	be	very	

potential	candidate	genes	related	to	ALS.	For	example,	SHF-067	and	SHF-089	have	the	same	

very	 rare	 MAG	 (c.1849C>G;	 p.Leu617Val)	 variant,	 SHF-070	 has	 the	 MAG	 (c.711G>C;	

p.Lys237Asn),	and	SHF-072	has	the	OPTN	(c.1402-7C>T)	variant.	Successful	analysis	might	

lead	to	more	support	for	our	hypothesis	of	MMA	samples	showing	similar	TDP-43	pathology	

like	MND	thus	sharing	genetic	similarities	as	well.	

The	current	study	observed	the	presence	of	TDP-43	aggregations	in	both	control	samples,	

which	is	not	a	typical	finding.	The	negative	control,	155v2,	exhibited	a	TDP-35	fragment	band	

in	Western	blot,	indicating	cellular	stress	and	its	unavailability	from	immunocytochemistry	

(ICC)	does	not	provide	us	any	clear	picture	of	the	analysis.	Conversely,	ICC	analysis	showed	

TDP-43	 spots	 in	 negative	 control	 161,	 while	 the	 TDP-35	 band	 in	 the	Western	 blot	 was	

negligible.	 The	 positive	 control,	 009,	 was	 positive	 in	 both	 WB	 and	 ICC	 analysis.	 The	

identification	of	TDP-43	aggregation	in	a	control	sample	could	complicate	the	differentiation	
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of	 individuals	with	and	without	underlying	pathology,	potentially	limiting	the	accuracy	of	

neurodegenerative	disease	diagnosis	and	classification.	However,	the	implications	of	TDP-

43	 aggregation	 in	 a	 control	 sample	may	 vary	depending	 on	 factors	 such	 as	 the	 type	 and	

location	of	the	aggregation,	as	well	as	age	and	gender.	Therefore,	further	examination	and	

assessment	are	necessary	to	fully	comprehend	the	significance	of	TDP-43	aggregation	in	a	

control	sample.	

Reasons	that	may	see	TDP35	in	control:	

• Technical	i.e.	lack	of	specificity	of	the	ICC	and	the	antibody	

• The	control	may	truly	have	TDP-43	proteinopathy.	This	individual	was	relatively	aged	

and	 a	 number	 of	 pathological	 processes	 have	 been	 associated	 with	 TDP-43	

proteinopathy	 including	 Limbic-predominant	 age-related	 TDP-43	 encephalopathy	

(LATE)	(Nelson	et	al.,	2019).		

The	SHF	iNPCs	were	not	passage	matched	in	this	study	due	to	time	limitations.	For	the	

study,	SHF	lines	from	passages	4-8	were	utilized,	while	control	lines	from	passages	16-

20	were	employed.	If	the	SHF	lines	had	been	grown	to	the	same	passage	as	the	control	

lines,	the	observed	phenotypes	might	have	been	different.	Thus,	conducting	this	study	

again	 using	 cell	 lines	 of	 the	 same	 passage	 would	 be	 advantageous.	 Additionally,	 the	

examination	of	TDP-43	proteinopathy	was	carried	out	only	once	due	to	time	constraints.	

It	 is	 recommended	 that	 future	work	 incorporates	 biological	 duplicates	 and	 triplicate	

experiments.
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Chapter	6. Discussion		

MND	is	an	incurable	and	relatively	common	neurodegenerative	disease.	In	2019,	there	

were	 an	 estimated	~268,673	 prevalent	 cases	 and	 63,700	 incident	 cases	worldwide	

affected	by	this	disease,	with	a	95%	confidence	interval	of		213,893	to	310,663	(Park	

et	al.,	2022).	These	diseases	caused	1,034,606	years	of	lost	healthy	life	or	disability-

adjusted	life-years	(DALYs)	and	the	global	death	count	was	39081.23	in	2019	(Park	et	

al.,	2022).	The	global	prevalence	and	deaths	from	MND	have	become	higher	(Park	et	

al.,	2022).	The	incidence	of	MND,	however,	has	remained	unchanged.	More	than	half	of	

the	cases	of	MND	and	related	deaths	were	reported	in	North	America,	Western	Europe,	

and	 Australasia,	 which	 are	 high-income	 regions.	 In	 most	 areas	 with	 a	 high	

sociodemographic	index,	the	prevalence,	incidence,	and	burden	of	MND	(measured	in	

terms	of	DALYs)	were	significant.	However,	in	high-income	East	Asia,	these	measures	

were	relatively	low	compared	to	other	areas	with	similar	sociodemographic	indices.	

Overall,	 the	burden	of	MND	has	 increased	significantly.	Knowing	the	changes	 in	 the	

frequency	of	occurrence,	new	cases,	and	deaths	related	to	motor	neuron	diseases	over	

time	and	by	location	is	vital	for	uncovering	the	root	causes	of	these	conditions	and	for	

creating	effective	healthcare	plans.	

Distinct	 genetic	 architecture	 of	 ALS,	 the	 most	 prevalent	 form	 of	 MND,	 has	 been	

observed	 between	 Asian	 and	 European	 populations	 (Figure	 1.4).	 With	 a	 growing	

Bangladeshi	immigrant	population	in	the	UK	(Garbin,	2005),	this	study	investigating	

the	 genetic	 basis	 of	 ALS	 in	Bangladesh	 could	 contribute	 to	 the	 development	 of	 the	

diagnostic	process	and	therapeutic	testing,	benefiting	both	Bangladesh	and	the	UK.	
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The	 genetic	 effects	 of	 pleiotropy	 (the	 genetic	 effect	 of	 a	 single	 gene	 on	 multiple	

phenotypic	 traits)	 and	 non-penetrance	 (the	 state	 in	 which	 a	 genetic	 trait	 fails	 to	

manifest	itself	in	the	phenotype)	in	ALS	have	yet	to	be	fully	understood.	From	a	clinical	

perspective,	the	molecular	cause	of	the	majority	of	ALS	is	still	largely	unknown.	

6.1. Somatic	mutations	as	a	cause	of	ALS	

Somatic	 mutations	 (changes	 in	 the	 DNA	 sequence	 that	 occur	 after	 a	 person's	

conception	and	are	present	only	in	certain	cells)	in	specific	genes	have	been	associated	

with	an	 increased	 risk	of	developing	MND,	 including	ALS	 (Armon,	2016,	Proukakis,	

2020).	Studying	 these	mutations	 can	help	 to	shed	 light	on	 the	underlying	biological	

mechanisms	that	contribute	to	the	development	of	these	diseases,	which	is	important	

for	 developing	 new	 diagnostic	 and	 therapeutic	 approaches.	 Furthermore,	

understanding	 the	 genetic	 basis	 of	 MND	 can	 also	 inform	 genetic	 counselling	 and	

support	for	individuals	and	families	affected	by	these	diseases.	Therefore,	the	aim	was	

to	 discover	 evidence	 for	 somatic	 mutations	 within	 known	 ALS	 risk	 genes	 in	 DNA	

extracted	from	the	motor	cortex	of	ALS	patients.	

Determining	somatic	mutations	is	a	complex	task	that	presents	various	challenges.	One	

major	issue	is	the	need	for	high-quality	DNA	samples	from	both	the	affected	tissue	and	

non-affected	tissue,	such	as	peripheral	blood,	which	can	be	difficult	to	obtain,	especially	

when	the	affected	tissue	is	small	or	hard	to	access.	Another	challenge	is	that	somatic	

mutations	may	be	rare,	occurring	in	only	a	subset	of	cells	in	the	affected	tissue,	and	can	

be	 difficult	 to	 detect	 against	 the	 background	 of	 the	much	more	 abundant	 germline	
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mutations.	Additionally,	the	somatic	mutations	in	different	cells	in	the	same	tissue	can	

be	different,	making	it	difficult	to	detect	and	confirm	the	presence	of	a	mutation.	The	

sequencing	process	can	also	generate	artefacts	that	can	be	misinterpreted	as	somatic	

mutations,	which	highlights	 the	 importance	of	using	multiple	methods	and	filters	 to	

eliminate	technical	artefacts	and	confirm	the	authenticity	of	the	mutations.		

In	 the	 current	 study,	 the	motor	 cortex	 samples	 of	 42	ALS	 genes	were	 screened	 for	

mutations.	Out	of	these,	three	pathogenic	mutations	were	identified	in	the	SOD1	and	

FUS	genes	(p.Glu101Gly	in	SOD1,	p.Ile114Thr	in	SOD1	and	p.Gly507Asp	in	FUS).	The	

clinical	 information	 available	 indicates	 that	 these	 variants	 had	 previously	 been	

reported	 in	 the	 patients	 from	 their	 blood	 sample	 analysis.	 As	 a	 result,	 there	 is	 no	

evidence	to	suggest	somatic	heterogeneity,	i.e.	the	presence	of	different	mutations	in	

different	cells	of	the	same	individual,	for	these	42	genes.	

However,	 further	 studies	 are	 necessary	 to	 examine	 larger	 patient	 populations	 to	

confirm	the	presence	or	absence	of	somatic	heterogeneity	within	ALS	risk	genes.	

6.2. The	genetic	basis	of	MND	in	Bangladesh	

MND	is	relatively	uncommon	in	Bangladesh,	however,	they	are	significant	public	health	

issues	 in	 the	 country	 due	 to	 their	 debilitating	 nature	 and	 poor	 prognosis.	 The	

prevalence	of	MND	in	Bangladesh	is	not	well	documented,	but	studies	suggest	that	the	

incidence	 is	 low	 compared	 to	 other	 countries.	 However,	 this	 could	 be	 due	 to	

underdiagnosis	and	limited	access	to	medical	resources.	The	lack	of	awareness	about	

MND	and	the	lack	of	specialised	healthcare	facilities	in	Bangladesh	can	also	contribute	
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to	the	low	detection	and	diagnosis	rate	of	MND.	To	the	best	of	my	knowledge,	no	large-

scale	population-based	studies	have	been	conducted	to	determine	the	exact	prevalence	

of	MND	in	Bangladesh.	

This	 study	 of	 BD	MND	 samples	 has	 shown	 differences	 in	 the	 frequency	 of	 genetic	

variants	 compared	 to	 populations	 of	 white	 ancestry.	 The	 most	 common	 genetic	

mutation	in	the	European	population,	C9ORF72	hexanucleotide	repeat	expansion,	was	

not	found	in	any	of	the	samples	from	Bangladesh.	Out	of	17	samples,	4	patients	had	

SOD1	 variants,	 representing	 14.29%	of	 the	 total	 sample	 population.	 These	 patients	

with	a	pathogenic	variant	SOD1	 c.341T>C	 (p.Ile114Thr)	developed	 the	disease	 later	

than	those	diagnosed	with	non-SOD1	ALS.	All	patients	with	the	pathogenic	variant	were	

male,	supporting	the	previous	observation	that	ALS	affects	more	males	than	females.	

One	 female	 patient	 had	 SOD1	 c.268G>A	 (p.Ala90Thr)	 variant	 that	 was	 reported	 as	

having	 "Uncertain	 significance"	 in	 ClinVar.	 Most	 of	 the	 variants	 reported	 for	 the	

Bangladesh	MND	samples	were	not	reported	in	ClinVar	and	had	a	higher	CADD	score	

(>15)	and	 low	 frequency	 (<5%)	 in	 the	 control	population.	This	may	 reflect	 the	 low	

number	of	sequenced	exomes	and	genomes	from	the	South	Asia	region	and	the	analysis	

of	how	 the	variants	are	associated	with	 the	disease.	Variants	were	also	 reported	 in	

ALS2,	ANXA11,	ARHGEF28,	ATXN2,	CYP27A1,	DCTN1,	ERBB4,	NEK1	and	SQSTM1	among	

153	genes	related	to	MND.	These	findings	suggest	that	further	studies	are	needed	to	

better	understand	the	genetic	basis	of	MND	in	Bangladesh	but	it	is	distinct	from	the	

MND	population	in	the	UK.	
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6.3. Overlap	 in	 the	 genetic	 and	 molecular	 basis	 of	
MMA	and	MND	

The	 targeted	 sequencing	 of	 28	 BD	 samples	 with	 MMA	 did	 not	 find	 any	 definite	

pathogenic	variants.	The	genetics	of	MMA	is	complex	and	not	fully	understood.	To	date,	

only	KIAA1377	 and	C5ORF42	 have	 been	 reported	as	 susceptibility	genes	 (Lim	et	 al.,	

2012).	However,	multiple	genetic	factors	have	been	implicated	in	the	development	of	

this	disorder.	This	study	showed	evidence	of	 genetic	variants	present	 in	 traditional	

MND	genes	including	variants	of	unknown	significance	in	ANXA11,	ATXN2,	NEK1,	OPTN,	

SETX,	SPG11,	TBK1,	and	SQSTM1.		

This	suggests	a	possible	genetic	connection	between	MMA	and	MND,	which	led	to	the	

examination	of	TDP-43	pathology	in	patient-derived	cells	from	selected	MMA	patients,	

as	 described	 in	 Chapter	 5,	 to	 determine	 if	 these	 mutations	 are	 linked	 to	 TDP-43	

pathology,	similar	to	that	seen	in	ALS.	

Neurodegenerative	diseases	such	as	ALS,	FTLD,	and	AD	share	a	common	pathological	

feature	 known	 as	 TDP-43	 proteinopathy	 (Gao	 et	 al.,	 2018,	 Liao	 et	 al.,	 2022).	 This	

condition	 refers	 to	 the	 abnormal	 accumulation	 of	 TDP-43	 in	 the	 cytoplasm,	 often	

through	 hyperphosphorylation,	 ubiquitination,	 and	 cleavage.	 TDP-43	 is	 a	 protein	

involved	 in	 various	 cellular	 processes,	 including	 RNA	 metabolism,	 splicing,	 and	

transcription.	 In	 ALS,	 the	 TDP-43	 protein	 is	 abnormally	 phosphorylated,	 and	 it	

mislocalizes	 from	 the	 nucleus	 to	 the	 cytoplasm,	where	 it	 forms	 protein	 aggregates.	
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These	aggregates	 can	disrupt	 the	normal	 function	of	neurons	and	contribute	 to	 the	

degeneration	of	motor	neurons	in	ALS.	

TDP-43	proteinopathy	is	a	common	pathological	feature	in	the	majority	of	ALS	cases	

(Gao	et	al.,	2018).	TDP-35,	a	fragment	of	TDP-43,	triggers	cytoplasmic	inclusions	and	

alters	 RNA	 processing,	 leading	 to	 TDP-43	 proteinopathy	 and	 potentially	

neurodegeneration.	 Sequestration	 of	 normal	 TDP-43	 into	 inclusions	 by	 TDP-35,	

mediated	by	RNA,	is	associated	with	this	proteinopathy	(Che	et	al.,	2015).	RNA	binding	

inhibits	TDP-43	aggregation	in	vitro.	TDP-35	inclusions	mediated	by	RNA	binding	are	

relatively	dynamic	compared	to	insoluble	protein	aggregates,	and	they	may	be	relevant	

to	a	gain-of-function	pathology.	

Previous	research	indicates	that	TDP-35	forms	aggregates	or	inclusions	that	sequester	

full-length	 TDP-43	 into	 cytoplasmic	 inclusions	 (Che	 et	 al.,	 2015).	 RNA	 binding	

facilitates	this	sequestration,	which	is	enriched	in	the	cytoplasmic	inclusions.	The	RNA	

recognition	motif	1	 (RRM1)	of	TDP-43/TDP-35	 is	primarily	responsible	 for	nucleic-

acid	binding.	Mutations	in	this	domain	prevent	the	formation	of	TDP-35	inclusions	and	

their	RNA-assisted	association	with	TDP-43.	Therefore,	TDP-35	can	move	TDP-43	from	

the	 nucleus	 to	 cytoplasmic	 inclusions,	 and	 RNA	 binding	 is	 a	 crucial	 factor	 in	 this	

process.	

Recent	studies	have	shown	that	TDP-43	pathology	is	not	limited	to	neurons,	but	can	

also	occur	in	astrocytes	(Serio	et	al.,	2013).	Astrocytes	are	a	type	of	glial	cell	that	plays	

a	supportive	role	in	the	brain,	providing	nutrients	and	support	to	neurons,	as	well	as	

contributing	to	the	regulation	of	neuronal	activity.	Abnormal	accumulation	of	TDP-43	
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in	astrocytes	has	been	implicated	in	the	pathogenesis	of	neurodegenerative	diseases,	

including	ALS	and	FTLD.	

The	choice	of	a	non-neuronal	model	to	study	TDP-43	pathology	in	astrocytes	is	justified	

for	several	reasons.	Firstly,	astrocytes	are	difficult	to	study	in	vivo	due	to	their	complex	

interactions	 with	 neurons	 and	 other	 glial	 cells.	 In	 vitro	 models	 of	 astrocytes	 are	

therefore	valuable	tools	for	studying	the	biology	of	these	cells	in	isolation.	Secondly,	

many	studies	of	TDP-43	pathology	have	focused	exclusively	on	neurons,	even	though	

TDP-43	 pathology	 has	 been	 observed	 in	 astrocytes	 as	 well.	 By	 studying	 TDP-43	

pathology	in	non-neuronal	cells,	we	can	gain	a	more	comprehensive	understanding	of	

the	 mechanisms	 underlying	 these	 diseases.	 Moreover,	 this	 model	 is	 established	 in	

SITraN’s	lab	and	reproducibly	produces	TDP-43	pathology.	

Using	non-neuronal	models	such	as	cell	lines	or	primary	cultures	of	astrocytes	provides	

the	opportunity	to	manipulate	and	control	experimental	conditions	more	easily	than	

in	vivo	studies.	This	can	help	to	identify	specific	pathways	and	molecular	mechanisms	

underlying	TDP-43	pathology	in	astrocytes,	which	may	be	difficult	to	isolate	in	vivo.	

One	of	the	iA	from	MMA	samples	(SHF-073)	in	this	study	showed	an	increased	level	of	

TDP-43	aggregated	count	in	the	cytoplasm	through	ICC	compared	to	the	control.	This	

gave	an	overview	that	further	studies	with	a	larger	sample	size	are	needed	to	confirm	

the	 potential	 genetic	 link	 between	 MMA	 and	 MND,	 especially	 with	 a	 focus	 on	 the	

variants	found	in	genes	related	to	MND.	This	would	help	determine	the	significance	of	

these	 findings	 and	 provide	 a	 clearer	 understanding	 of	 the	 potential	 relationship	

between	the	two	conditions.		
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6.4. Limitations	

This	study	has	several	limitations	that	must	be	considered.	The	primary	limitations	are	

as	follows:	

1. Somatic	Mutation	Study:		

i. X	Chromosome:	The	analysis	of	the	Ubiquilin-2	(UBQLN2)	gene	in	motor	cortex	

samples	 was	 not	 possible	 in	 this	 study	 due	 to	 the	 unavailability	 of	 the	 X	

chromosome	sequence	in	Project	MinE.		

ii. Sample	size:	The	original	sample	size	was	169	but	only	69	samples	passed	the	

QC,	which	became	the	main	focus	of	this	study.	Additional	extractions	and	QC	

would	be	able	 to	expand	 the	 size	of	 the	 cohort	 should	additional	 funding	be	

available.	

iii. WGS:	Bulk	WGS	of	DNA	from	the	motor	cortex	will	not	be	able	 to	detect	any	

genetic	 variants	which	 are	 not	 universally	 present	 in	 the	 cells	 sampled.	 The	

variant	 calling	pathway	 for	heterozygous	 changes	 relies	on	determining	 that	

50%	of	reads	map	to	one	or	other	bases.	Bulk	sequencing	was	chosen	because	

of	the	ability	to	accurately	genotype.	The	compromise	is	that	there	is	almost	no	

capability	 to	 recognise	 somatic	 heterogeneity	 within	 the	 sample.	 However,	

given	that	there	were	available	matched	blood	samples	and	that	motor	cortex	

and	peripheral	blood	have	a	different	embryological	origin	then	the	comparison	

was	thought	to	be	worthwhile.			

iv. VUS:	The	variants	identified	as	"variants	of	uncertain	significance"	couldn’t	be	

compared	 for	 somatic	 mutation	 as	 the	 WGS	 of	 the	 blood	 samples	 was	 not	
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available.	WGS	of	blood	samples	could	be	included	in	future	studies	to	have	a	

better	 understanding	 of	whether	 there	 is	 an	 impact	 of	 somatic	mutations	 in	

motor	cortex	samples.		

2. Genetic	Profiling	of	BD	MND	Samples	

i. Sample	size:	Due	to	COVID-19	restrictions,	only	the	first	batch	of	33	BD	MND	

samples	 was	 transferred	 to	 SITraN	 for	 analysis,	 resulting	 in	 a	 small	 study	

sample.	 The	 sample	 size	 of	 Bangladeshi	MND	and	UK	MMA	patients	may	 be	

relatively	small,	which	limits	the	generalizability	of	the	findings.	

ii. Controls:	 Not	 having	 a	 control	 sample	 in	 disease	 genetics	 research	 poses	

significant	limitations.	Firstly,	without	a	control	group,	it	becomes	challenging	

to	 distinguish	 disease-associated	 genetic	 variants	 from	 those	 present	 in	 the	

general	population.	A	control	sample	serves	as	a	reference	point	to	assess	the	

significance	and	 frequency	of	 genetic	variants	within	 the	 studied	population.	

Secondly,	 the	 presence	 of	 genetic	 differences	 among	 different	 populations,	

known	as	population	stratification,	can	lead	to	misleading	associations	between	

genetic	 variants	 and	 diseases.	 Without	 a	 control	 group	 from	 a	 similar	

population,	it	becomes	difficult	to	account	for	this	stratification	and	accurately	

identify	disease-related	variants.	Additionally,	the	absence	of	a	control	group	

can	 introduce	 biases	 and	 confounding	 factors,	 potentially	 distorting	 the	

observed	genetic	associations.							

iii. Genetic	reference:	As	stated	 in	previous	point	 ii,	without	a	matched	control	

population	then	significant	variants	present	 in	Bangladeshi	ALS	patients	may	

have	been	missed	if	these	variants	are	not	toxic	in	other	genetic	backgrounds	
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and	 therefore	may	 form	part	of	 the	 reference	 genome.	 Ideally,	 a	population-

specific	 reference	 could	 be	 constructed	 but	 this	 is	 a	 significant	 practical	

undertaking.	 A	 more	 practical	 avenue	 might	 be	 to	 study	 trios	 whereby	

unaffected	parents	form	the	control	reference	genome	used	to	identify	de	novo	

genetic	changes	in	the	affected	child.	

iv. VUS:	 Designating	 certain	 variants	 as	 "variants	 of	 uncertain	 significance"	

highlights	the	need	for	further	validation	and	functional	studies	to	understand	

their	true	impact	on	disease	development.	

v. C9orf72:	None	of	 the	samples	had	C9orf72	expansion;	however,	C9orf72	was	

frequently	found	in	several	cases	in	India,	with	researchers	reporting	a	unique	

haplotype	(Shamim	et	al.,	2020).	The	absence/presence	of	C9orf72	expansion	is	

usually	evaluated	by	PCR-based	methods.	Most	laboratories	use	a	combination	

of	 amplicon	 length	 analysis	 and	 repeat-primed	 (RP)-PCR	 or	 simply	 RP-PCR	

(Akimoto	 et	 al.,	 2014).	 But	 it	 should	 be	 emphasised	 that	 a	 high	 risk	 of	

misclassification	as	either	false	positive	or	false	negative	still	exists	(Akimoto	et	

al.,	2014)	which	might	explain	the	negative	findings	in	this	study.	Southern	blot	

analysis	can	be	included	for	further	confirmation	of	the	results.	However,	this	

approach	 is	 time-consuming	and	unsuitable	 for	exactly	sizing	expansions.	On	

the	other	hand,	PCR-based	methods	may	lead	to	the	difficult	interpretation	of	

some	particular	patterns,	particularly	in	the	case	of	intermediate-length	alleles,	

that	 could	 resemble	 more	 expanded	 alleles	 (Akimoto	 et	 al.,	 2014).	 In	 2017	

Biasiotto	et	al.	developed	a	new	PCR-based	approach	for	C9orf72	genotyping,	

able	to	identify	large	GGGGCC	expansions,	undoubtedly	known	to	be	pathogenic	
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for	ALS,	sensitive	enough	to	detect	very	 low	levels	of	mosaicism	if	 they	were	

present	(Biasiotto	et	al.,	2017).	

The	absence	of	C9orf72	mutations	in	Bangladeshi	MND	cases	suggests	potential	

differences	 in	 the	 genetic	 landscape	 of	MND	between	populations.	However,	

further	investigation	is	necessary	to	confirm	this	finding.	

3. Reprogramming:		

i. Replication:	In	light	of	time	limitations,	the	TDP-43	proteinopathy	experiment	

was	performed	only	once,	which	resulted	in	a	lack	of	necessary	repetitions	to	

establish	 the	 experiment's	 robustness	 and	 reliability.	 Furthermore,	 the	

presence	 of	 observed	 aggregations	 in	 the	 control	 lines	 poses	 a	 significant	

drawback	to	the	study's	validity.	Therefore,	to	validate	the	obtained	findings,	it	

is	 imperative	 to	 repeat	 this	 experiment	 with	 appropriate	 repetitions	 and	

controls.		

ii. Cell	line	passages:	Due	to	time	constraints,	the	SHF	iNPCs	were	not	passage	

matched	 during	 this	 study.	 The	SHF	 lines	were	 used	 from	passages	 4-8,	 and	

control	lines	were	used	from	passages	16-20.	If	the	SHF	lines	were	grown	to	the	

same	passage	as	the	control	lines,	the	observed	phenotypes	may	have	changed.	

Therefore,	 repeating	 this	 work	 with	 the	 same	 passage	 cell	 lines	 would	 be	

beneficial.	 Furthermore,	 the	 analysis	 of	 TDP-43	 proteinopathy	 was	 only	

performed	once	due	to	time	restrictions.	Future	work	should	include	biological	

duplicates	and	triplicate	regenerations	of	the	results.	



Chapter	6:	Discussion	

	 	 189	

iii. Control:	 TDP-43	 aggregations	 were	 observed	 in	 both	 control	 samples,	 an	

uncommon	finding	as	they	hadn't	been	found	in	these	controls	before.	Negative	

control	155v2	was	unavailable	for	ICC	analysis.	Negative	control	161	displayed	

TDP-43	spots	in	ICC	analysis,	while	the	TDP-35	band	on	the	Western	blot	was	

negligible.	The	presence	of	TDP-43	aggregation	in	a	control	sample	could	hinder	

distinguishing	 individuals	 with	 and	 without	 underlying	 pathology,	 although	

there	was	significantly	more	staining	in	the	MMA	cases.	Further	investigation	is	

required	 to	 confirm	the	presence	of	TDP-43	aggregation	 in	 the	non-diseased	

control	sample.	

6.5. Future	work	

There	are	several	potential	future	works	related	to	MND,	including	ALS	and	MMA:	

1. Investigating	the	distinct	genetic	characteristics	of	MND	between	populations,	

such	as	between	Asian	and	European	populations,	 to	 improve	diagnostic	and	

therapeutic	 testing.	 Whole	 genome	 sequencing	 of	 the	 MND	 cases,	 including	

MMA	cases	 from	both	BD	and	UK	would	provide	more	 clarity	on	 the	genetic	

basis	of	both	diseases.		

2. Studying	somatic	mutations	in	specific	genes	associated	with	an	increased	risk	

for	 developing	MND	 to	 shed	 light	 on	 underlying	 biological	mechanisms	 and	

inform	genetic	counselling	and	support	for	individuals	and	families	affected	by	

these	diseases.	
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3. Investigating	 the	 reliability	 and	 consistency	 of	 results	 obtained	 from	motor	

cortex	samples	in	understanding	the	underlying	genetic	factors	involved	in	ALS.	

4. Determining	 the	 significance	of	 genetic	variants	 found	 in	 the	 case	of	MMA,	a	

combination	 of	 experiments	 can	 be	 employed.	 Genome-Wide	 Association	

Studies	 (GWAS)	 can	 be	 conducted	 to	 assess	 the	 variant's	 association	with	 a	

specific	 trait	 or	 disease.	 Functional	 assays,	 such	 as	 protein	 expression	 and	

enzymatic	 activity	 tests,	 can	 evaluate	 the	 impact	 of	 the	 variant	 on	 protein	

function.	 In	 silico	predictions	using	 computational	 tools	 can	help	predict	 the	

variant's	functional	consequences.	Transcriptomics	and	proteomics	techniques	

can	 compare	 gene	 and	 protein	 expression	 profiles,	 respectively,	 between	

individuals	with	and	without	the	variant.	Animal	models	and	population	studies	

can	 further	 investigate	 the	variant's	 effects	on	development,	physiology,	 and	

disease	susceptibility.	Epidemiological	studies	can	be	performed	to	assess	the	

variant's	 impact	 on	 disease	 progression	 in	 large	 populations.	 By	 employing	

these	approaches,	the	significance	of	these	genetic	variants	can	be	determined	

comprehensively.	

5. Studying	 the	 potential	 similarities	 between	MMA	 and	ALS/MND	 is	 crucial	 to	

complete	 the	 experiment	 on	 TDP-43	 proteinopathy.	 It	 is	 recommended	 to	

expand	the	number	of	biological	samples	and	incorporate	technical	replicates.	

Additionally,	rigorous	statistical	analysis	should	be	applied	to	the	data.	These	

supplementary	 experimental	 and	 analytical	 measures	 are	 essential	 for	

acquiring	 a	more	 comprehensive	 understanding	 of	 the	 relationship	 between	

MMA	and	ALS/MND,	specifically	in	the	context	of	TDP-43	proteinopathy,	and	
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will	 facilitate	 the	 formulation	 of	 meaningful	 conclusions	 regarding	 their	

potential	shared	characteristics.	

6. Testing	whether	MMA	patient	astrocytes	display	other	motor	neuron	toxicity	in	

the	manner	previously	observed	for	ALS	patient	astrocytes	(Meyer	et	al.,	2014).	

Furthermore,	 there	 are	 additional	 factors	 that	 can	 be	 taken	 into	 consideration	 to	

address	the	identified	flaw	and	reduce	time	constraints.	Initially,	the	transfer	of	whole	

blood	samples	 from	Bangladesh	 to	 the	UK	 encountered	 delays	 in	 finding	 a	 suitable	

courier	 service	 capable	 of	 handling	 the	 samples.	 Subsequently,	 after	 securing	 the	

services	of	MARKEN	for	sample	transportation,	obtaining	necessary	permissions	from	

the	Ministry	of	Commerce	and	Ministry	of	Health	and	Family	Welfare	in	Bangladesh	for	

customs	clearance	documents	was	required.	This	entire	process	took	approximately	7	

months.	Although	sending	DNA	samples	would	have	been	a	simpler	solution,	 it	was	

crucial	to	ensure	that	all	samples	underwent	the	same	technical	processing	procedures.	

Hence,	 the	 decision	 was	 made	 to	 transfer	 the	 whole	 blood	 samples.	 However,	

establishing	a	collaboration	with	a	laboratory	in	Bangladesh	that	possesses	a	similar	

setup	could	potentially	minimize	time	wastage	and	expand	the	research	scope	beyond	

geographical	boundaries.	
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Chapter	7. Conclusion	

To	summarise,	Motor	neuron	diseases	are	severe	conditions	with	high	mortality	rates	

and	 a	 growing	 global	 burden.	 The	 study	 of	 69	motor	 cortex	 samples	 of	 ALS	 genes	

showed	no	evidence	of	somatic	heterogeneity.	Studies	of	Bangladeshi	MND	samples	

showed	differences	in	genetic	variants	compared	to	populations	of	European	ancestry	

but	targeted	sequencing	of	28	Bangladeshi	samples	with	MMA	did	not	find	any	definite	

pathogenic	variants.	Figure	7.1	shows	an	overview	of	this	study.	Further	studies	with	

larger	sample	sizes	are	needed	to	confirm	the	potential	genetic	link	between	MMA	and	

MND.	
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Figure	7.1.	Overview	of	the	study.
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B. Genetic	 analysis	 of	 WGS	 of	 ALS	 patients	 from	

Project	MinE	

I. MODERATE	missense_vatiant		

From	specific	chromosome	annotate	variants	vcf	file	of	69	patients	from	project	MinE	
the	MODERATE	missense_vatiants	are	sorted	out	for	each	gene	related	to	ALS.	

	

setwd	("/Users/uos/df2")	

library("VariantAnnotation")	

#SOD1	

sod1g.gr	<-	GRanges("21",	IRanges(33031935,	33041244))	

sod1params	<-	ScanVcfParam(which=sod1g.gr)	

sod1vcf	 <-	 readVcf(TabixFile("/Users/uos/df2/Galaxy34-chr21.df2.snp_only.vcf.gz"),	

"hg19",	sod1params)	

sod1vcf.Ranges	<-	data.frame(rowRanges(sod1vcf),	info(sod1vcf))	

sod1vcf1	 <-	 readVcf(TabixFile("/Users/uos/df2/Galaxy34-chr21.df2.snp_only.vcf.gz"),	

"GRCh37",	sod1params)	

sod1vcf1.Ranges	<-	data.frame(rowRanges(sod1vcf1),	info(sod1vcf1))	

sod1vcf.Ranges11	<-	sod1vcf.Ranges[,12]	

sod1indexmm	<-	grep	("missense_variant",	sod1vcf.Ranges11)	

sod1vcf.mis	<-	sod1vcf.Ranges[c(sod1indexmm),]	

sod1vcf.Ranges11	<-	sod1vcf.mis[,12]	

sod1indexmm	<-	grep	("MODERATE",	sod1vcf.Ranges11)	

sod1vcf.mm	<-	sod1vcf.mis[c(sod1indexmm),]	

sod1vcf.mm	

write.csv(sod1vcf.mm,	file	=	"sod1vcf.csv")	

	

The	IRange	was	determined	by	the	genomic	location	from	GeneCards	listed	in	Table	1	
for	ALS	genes.	
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II. Variants	reported	in	ClinVar	

library(VarfromPDB)	

test	 <-	 extract_clinvar('Amyotrophic	 lateral	 sclerosis',	 localPDB.path	 =	

'/User/uos/localPDB/',	type	=	'both')	

test[1:10,]	

test1	<-	test$variants	

test1[1:10,]	

test1[,5]	

gene	<-	test1[,5]	

table(gene)	

#SOD1	

sod1	<-	which	(gene	==	"SOD1")	

sod1.table	<-	test1[c(sod1),]	

sod1assembly	<-	sod1.table[,17]	

sod1hg19	<-	which(sod1assembly	==	"GRCh37")	

sod1.table	<-	sod1.table[c(sod1hg19),]	

sod1vars	<-	sod1.table[,c(19,20,22,23)]	

sod1vars0	<-	paste("chr",	sod1vars[,1],	sep="")	

sod1vars1	<-	paste(sod1vars0,	sod1vars[,2],	sod1vars[,3],	sod1vars[,4],	sep=":")	

sod1.bb	<-	read.csv("/Users/uos/df2/xlsl.vcf	df2	snp_only	BrainBank	copy/sod1vcf.csv",	

header=T)	

sod1.bb.vars	<-	sod1.bb[,1]	

sod1.bb.vars[1]	

match	<-	which	(sod1.bb.vars	%in%	sod1vars1)	

sod1m1	<-	sod1.bb.vars[c(match)]	

sod1m2	<-	unlist(strsplit(as.character(sod1m1),split	=	":"))	

sod1p1	<-	sort(as.numeric(sod1m2))	

sod1p2	<-	which(sod1.table[,20]	%in%	sod1p1)	

sod1p3	<-	sod1.table[c(sod1p2),]	

write.table(sod1.table[c(sod1p2),],	file	=	"LP6008464-SOD1.csv")	
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III. Patients	ID	with	positive	pathogenic	mutation	

library(data.table)	

install.packages('R.utils')	

#SOD1	

sod1chr21Gvcf	<-	fread("/Users/uos/df2/Galaxy34-chr21.df2.snp_only.vcf.gz")	

sod1chr21Gvcf1	<-	sod1chr21Gvcf[,3]	

sod1chr21Gvcf2	<-	data.frame(sod1chr21Gvcf1)	

sod1chr21Gvcf3	<-	unlist(strsplit(as.character(sod1chr21Gvcf2),	split="	"))	

sod1chr21Gvcf4	<-	unlist(strsplit(as.character(sod1chr21Gvcf3),	split=":"))	

sod1chr21Gvcf5	<-	sort(as.numeric(sod1chr21Gvcf4))	

sod1pID1	<-	which(sod1chr21Gvcf5	%in%	sod1p1)	

sod1chr21GpID	<-	sod1chr21Gvcf[c(sod1pID1),]	

write.table(sod1chr21GpID,	file="sod1chr21GpID.csv")	

sod1pID2	<-	as.matrix(sod1chr21GpID[,10:78])	

sod1pID3	<-	which(sod1pID2	==	"0/1")	

sod1pID4	<-	rep(0,length	(sod1pID2[1,]))	

sod1pID4	<-	rbind(sod1pID4,	sod1pID4)	

for	(i	in	1:length	(sod1pID2[1,]))	

{	

		sod1Col	<-	sod1pID2[,i]	

		sod1Col1	<-	which	(sod1Col	==	"0/1")	

		if	(length	(sod1Col1)>0)	

		{	

				sod1pID4[1,i]	<-	1	

				sod1pID4[2,i]	<-	as.character(sod1chr21GpID[c(sod1Col1),8])	

		}	

}	

colnames	(sod1pID4)	<-	colnames	(sod1chr21GpID)[10:78]	

iID5	<-	which	(sod1pID4	==	1)	

write.table(	sod1pID4,	file="	sod1pID4.csv")	
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IV. Key	commands	for	Motor	Cortex	Samples		

setwd ("/Users/uos/df2") 

Setwd	 command-line	 was	 used	 to	 guide	 the	 right	 directory	 with	 the	 .vcf.gz	 and	

.vcf.gz.tbi	files	of	data	samples.		

install.packages('BiocManager') 
BiocManager::install("VariantAnnotation") 
library("VariantAnnotation") 
	
The	VariantAnnotation	package	 allows	 for	 annotating	 and	 filtering	genetic	 variants.	

Sample	 data	 are	 in	 VCF	 Format	 which	 is	 a	 subset	 of	 chromosome	 22	 from	 1000	

Genomes.	 VCF	 text	 files	 contain	meta-information	 lines,	 a	 header	 line	with	 column	

names,	 data	 lines	 with	 information	 about	 a	 position	 in	 the	 genome,	 and	 optional	

genotype	information	on	samples	for	each	position.		

sod1g.gr <- GRanges("21", IRanges(33031935, 33041244)) 

GRanges	confirmed	sorting	out	the	chromosome	site	only	to	sort	out	the	region	coding	

the	 gene	 (SOD1).	 The	 genomic	 locations	 in	Table	 2.2	 were	 used	 to	 determine	 the	

location	of	the	gene	and	to	only	analyse	that	particular	region	of	the	chromosome	to	

avoid	 identifying	 variants	 in	 any	 unrelated	 MND	 gene	 sequences.	 In	 coding	 the	

chromosome	number	(21),	start	(33031935)	and	end	(33041244)	positions	were	used	

in	the	GRanges	command.		
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sod1params <- ScanVcfParam(which=sod1g.gr):	The	specific	MND-related	gene	

containing	 sequence	 was	 then	 retrieved	 as	 a	 data	 subset	 using	 the	 ScanVcfParam	

command.		

sod1vcf <- readVcf(TabixFile("/Users/uos/df2/Galaxy34-

chr21.df2.snp_only.vcf.gz"), "hg19", sod1params):  

Command	line	readVcf	imports	records	from	bzip	compressed	or	uncompressed	VCF	

files.		

sod1vcf.Ranges <- data.frame(rowRanges(sod1vcf), info(sod1vcf)) 

The	function	data.frame()	creates	data	frames,	tightly	coupled	collections	of	variables.	

The	rowRanges()	accessor	is	used	to	view	the	range	information	for	data.	In	contrast	to	

the	genotype	data,	the	info	data	are	unique	to	the	variant	and	the	same	across	samples.	

Here	all	info	variables	are	represented	in	a	single	DataFrame.	

sod1vcf.Ranges11 <- sod1vcf.Ranges[,12] 
 
sod1indexmm <- grep ("missense_variant", sod1vcf.Ranges11) 
sod1vcf.mis <- sod1vcf.Ranges[c(sod1indexmm),] 
write.csv(sod1vcf.mis, file = "sod1misvcf.csv")  
sod1indexmm <- grep ("MODERATE", sod1vcf.Ranges11) 
sod1vcf.mm <- sod1vcf.mis[c(sod1indexmm),] 
write.csv(sod1vcf.mm, file = "sod1vcf.csv") 
	
From	a	specific	column,	the	interested	variant	 type	(e.g.	missense	variant,	moderate	

etc)	is	separated	using	the	grep	command	line	and	compiled	in	a	csv	file.		
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install.packages('VarfromPDB') 

library(VarfromPDB) 

localPDB() 

test <- extract_clinvar('Amyotrophic lateral sclerosis', 
localPDB.path = '/User/uos/localPDB/', type = 'both' 

 

The	VarfromPDB	is	a	package	capturing	the	genes	and	variants	from	public	databases	

and	 PubMed	 abstracts	 automatically.	 It	 makes	 a	 local	 database,	 localPDB()	 that	

performs	the	localization	of	the	necessary	files	in	several	databases,	including	ClinVar,	

HPO,	OMIM,	Orphanet,	Uniprot	and	UCSC.	Except	for	OMIM	All	the	files	can	be	freely	

accessed.	Each	database	can	be	specified	flexibly,	which	can	be	selected	depending	on	

the	database	update	frequency.		
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V. Key	commands	for	Bangladeshi	MND	samples	

if (!requireNamespace("BiocManager", quietly = TRUE)) 

  install.packages("BiocManager") 

BiocManager::install("biomaRt") 

library (biomaRt) 

symbol <- c('AARS', 'ABCD1', 'AFG3L2', 'ALDH18A1', 'ALS2', 'AMPD2', 
'ANG', 'ANXA11', 'AP1S2', 'AP4B1', 'AP4E1', 'AP4M1', 'AP4S1', 'AP5Z1', 
'APP', 'ARG1', 'ARHGEF28', 'ARL6IP1', 'ARSI', 'ASAH1', 'ATL1', 'ATP2B4', 
'ATP7A', 'ATXN2', 'B4GALNT1', 'BICD2', 'BSCL2', 'C12orf65', 'C19orf12', 
'CCT5', 'CHCHD10', 'CHMP2B', 'CPT1C', 'CSF1R', 'CYP27A1', 'CYP2U1', 
'CYP7B1', 'DAO', 'DCTN1', 'DDHD1', 'DDHD2', 'DNAJB2', 'DNM2', 
'DNMT1', 'DYNC1H1', 'EIF2B5', 'ENTPD1', 'ERBB4', 'ERLIN1', 'ERLIN2', 
'EWSR1', 'EXOSC3', 'EXOSC8', 'FA2H', 'FARS2', 'FBXO38', 'FIG4', 
'FLRT1', 'FUS', 'GAD1', 'GAN', 'GARS', 'GBA2', 'GCH1', 'GJA1', 'GJC2', 
'GRN', 'HEXA', 'HNRNPA1', 'HNRNPA2B1', 'HSPB1', 'HSPB3', 'HSPB8', 
'HSPD1', 'HTRA1', 'IBA57', 'IGHMBP2', 'ITM2B', 'KDM5C', 'KIAA0196', 
'KIF1A', 'KIF1C', 'KIF5A', 'KLC4', 'L1CAM', 'LAS1L', 'LYST', 'MAG', 
'MAPT', 'MARS', 'MARS2', 'MATR3', 'MT-ATP6', 'MTPAP', 'NEFH', 'NEK1', 
'NIPA1', 'NOTCH3', 'NT5C2', 'OPTN', 'PFN1', 'PGAP1', 'PLEKHG5', 'PLP1', 
'PNPLA6', 'PRNP', 'PRPH', 'PSEN1', 'PSEN2', 'RAB3GAP2', 'REEP1', 'REEP2', 
'RTN2', 'SACS', 'SCO2', 'SETX', 'SIGMAR1', 'SLC16A2', 'SLC2A1', 
'SLC33A1', 'SLC5A7', 'SMN1', 'SOD1', 'SPAST', 'SPG11', 'SPG20', 'SPG21', 
'SPG7', 'SQSTM1', 'SS18L1', 'TAF15', 'TARDBP', 'TBK1', 'TECPR2', 'TFG', 
'TREM2', 'TRPV4', 'TUBA4A', 'TYROBP', 'UBA1', 'UBQLN2', 'USP8', 
'VAMP1', 'VAPB', 'VCP', 'VPS37A', 'VPS54', 'VRK1', 'WDR45', 'WDR48', 
'ZFR', 'ZFYVE26', 'ZFYVE27') 

grch37 = 
useEnsembl(biomart="ensembl",GRCh=37,dataset="hsapiens_gene_ensembl") 

genes <- 
getBM(attributes=c('hgnc_symbol','chromosome_name','start_position','end
_position'), filters ='hgnc_symbol', values =symbol, mart = grch37) 
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rem1 <- grep("PATCH", genes[,2]) 

rem2 <- grep("MT", genes[,2]) 

rem <- c(rem1,rem2) 

genes <- genes[-c(rem),] 

The	BiomaRt	 (BioMart	R	 package),	 	 a	 Bioconductor	R	 package	 is	 a	 quick,	 easy	 and	

powerful	way	to	access	BioMart	(databases)	right	from	your	R	software	terminal	that	

enables	the	retrieval	of	large	amounts	of	data	uniformly	without	the	need	to	know	the	

underlying	 database	 schemas	 or	write	 complex	 SQL	 queries.	 The	most	well-known	

examples	of	BioMart	databases	are	maintained	by	Ensembl	 (which	 contains	63,677	

annotated	gene	entries),	which	provides	biomaRt	users	direct	access	to	a	diverse	set	of	

data	 and	 enables	 a	wide	 range	 of	 powerful	online	 queries	 from	 gene	 annotation	 to	

database	mining.	 The	 chromosome	 number,	 start	 position	 and	 end	 position	 of	 153	

genes	were	sorted	out	through	the	biomaRt	command	line	for	our	study.		

result <- rep(0,100000) 

for (i in 1:length(genes[,1])) 

{  

  chr = paste("chr", genes[i,2], sep="") 

  start_position = genes[i,3] 

  end_position = genes[i,4] 

  g.gr <- GRanges(chr, IRanges(start=start_position, end=end_position)) 

  params <- ScanVcfParam(which=g.gr) 
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  vcf <- readVcf(TabixFile("/Users/uos/MND_Samples/vcf/ALS/MND01-
S2011467.vcf.gz"), "hg19", params) 

  vcf.Ranges <- data.frame(rowRanges(vcf), info(vcf)) 

  if (length(vcf.Ranges[,1])==0) next 

  vcf.mis <- row.names (vcf.Ranges) 

  print (vcf.mis) 

  if (length(vcf.mis) ==0) next 

  r <- which (result == 0) 

  r <- min(r) 

  result[r:(r+length(vcf.mis)-1)] <- vcf.mis 

} 

write.csv(result, file = "/Users/uos/csv/MND01v.csv") 

The	csv	file	contains	all	the	variants	found	in	one	patient	sample	for	153	genes.			
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C. Genetic	profiling	for	Bangladeshi	MND	patients	and	different	MMA	cohorts	

Supplementary	 Table	 	 1.	 Variants	 reported	 for	 28	BD-MND	 samples	 from	 the	 Neurogenetic	Motor	 Disorder	 NGS	 Panels.	

Variants	in	red	must	be	Sanger	confirmed	if	for	reporting.	The	empty	boxes	represent	information	that	is	not	known.	

Gene	 Variants	 id	 Chr	 Position	 ref	 alt	 Variant	
type	

Molecular	
consequence	 ClinVar	

CADD	
GRCh37-
v1.6	

Sample	ID	

ALS2	 ALS2:NM_020919:25:c.3
904C>T:p.R1302C	 rs759509511	 2	 202580495	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 23.600	 BD-MND-015	

ALS2	 ALS2:NM_020919:28:c.4
375G>C:p.D1459H	 rs764523082	 2	 202572620	 C	 G	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 23.300	 BD-MND-021	

ALS2	 ALS2:NM_020919:14:c.2
581-23->T:NA	 rs567439355	 2	 202593929	 G	 GA	 	    BD-MND-030	

ALS2	 ALS2:NM_020919:29:c.4
580+22G>A:NA	 rs550794958	 2	 202571547	 C	 T	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 0.562	 BD-MND-032	

ANXA11	 ANXA11:NM_145869:10
:c.905G>A:p.R302H	 rs140133265	 10	 81923853	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 32.000	 BD-MND-001	

ANXA11	 ANXA11:NM_145869:9:c
.745-21T>A:NA	 rs771194919	 10	 81925974	 A	 T	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 14.160	 BD-MND-016	

ANXA11	 ANXA11:NM_145869:6:c
.322C>T:p.P108S	 rs553424505	 10	 81928964	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 19.150	 BD-MND-020	

ANXA11	 ANXA11:NM_145869:6:c
.520C>T:p.P174S	 rs144975299	 10	 81928766	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 0.017	 BD-MND-023	

ANXA11	 ANXA11:NM_145869:6:c
.191C>T:p.T64I	 rs560648660	 10	 81929095	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 17.910	 BD-MND-027	
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ANXA11	 ANXA11:NM_145869:15
:c.1311G>A:p.A437A	 rs140115990	 10	 81917747	 C	 T	 SNV	 Synonymous	

Variant	
Not	Reported	
in	ClinVar	 10.420	 BD-MND-033	

ARHGEF28	
ARHGEF28:NM_001080
479:25:c.3137A>G:p.N1
046S	

rs200651003	 5	 73181756	 A	 G	 SNV	 Missense	
Variant	

Not	Reported	
in	ClinVar	 8.522	 BD-MND-006	

ARHGEF28	 ARHGEF28:NM_001080
479:3:c.54G>A:p.A18A	 rs367962149	 5	 73045682	 G	 A	 SNV	 Synonymous	

Variant	
Not	Reported	
in	ClinVar	 8.938	 BD-MND-011	

ARHGEF28	
ARHGEF28:NM_001080
479:30:c.3842-22T>-
:NA	

rs537565843	 5	 73193764	 AT	 A	 Indel	 Intron	
Variant	

Not	Reported	
in	ClinVar	

	 BD-MND-011	

ARHGEF28	
ARHGEF28:NM_001080
479:29:c.3673C>G:p.Q1
225E	

	 5	 73190232	 C	 G	 	   23.300	 BD-MND-015	

ARHGEF28	
ARHGEF28:NM_001080
479:37:c.5038T>C:p.S16
80P	

rs282414	 5	 73236680	 T	 C	 SNV	 Missense	
Variant	 Benign	 19.640	 BD-MND-010;	

BD-MND-015	

ARHGEF28	
ARHGEF28:NM_001080
479:9:c.964C>T:p.R322
C	

rs201283070;	
COSM1069963;
COSM1069964	

5	 73091156	 C	 T	 SNV	 Missense	
Variant	 Benign	 5.221	 BD-MND-020	

ATXN2	 ATXN2:NM_002973:3:c.
769-10A>T:NA	 rs183468414	 12	 111992031	 T	 A	 	   14.740	 BD-MND-001	

ATXN2	 ATXN2:NM_002973:21:c
.3317-15A>G:NA	 rs201513990	 12	 111902534	 T	 C	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 18.580	

BD-MND-002;	
BD-MND-022;	
BD-MND-026	

ATXN2	 ATXN2:NM_002973:1:c.
137C>A:p.A46D	 rs770648742	 12	 112037182	 G	 T	 SNV	

Non	Coding	
Transcript	
Variant	

Not	Reported	
in	ClinVar	 1.032	

BD-MND-004;	
BD-MND-015;	
BD-MND-027	

ATXN2	 ATXN2:NM_002973:24:c
.3913+24C>T:NA	 rs370303034	 12	 111891457	 G	 A	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 21.000	 BD-MND-009	

ATXN2	 ATXN2:NM_002973:1:c.
659C>T:p.S220F	 rs562996744	 12	 112036660	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 19.830	 BD-MND-012	

ATXN2	 ATXN2:NM_002973:23:c
.3708G>A:p.A1236A	

rs143166155;	
COSM935058	 12	 111893869	 C	 T	 SNV	 Synonymous	

Variant	
Not	Reported	
in	ClinVar	 7.480	 BD-MND-017	
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ATXN2	 ATXN2:NM_002973:intr
onic:NA:NA	 rs570193403	 12	 111892868	 T	 C	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 5.681	 BD-MND-020	

ATXN2	 ATXN2:NM_002973:1:c.
540delG:p.Q180fs	 rs757862555	 12	 112036778	 GC	 G	 Deletion	 Frameshift	

Variant	
Not	Reported	
in	ClinVar	

	 BD-MND-021	

ATXN2	 ATXN2:NM_002973:1:c.
522_538del:p.Q174fs	 rs759304594	 12	 112036780	

TGTTGCT
GCTGCTG
CTGC	

T	 Deletion	 Frameshift	
Variant	

Not	Reported	
in	ClinVar	

	 BD-MND-021	

ATXN2	
ATXN2:NM_002973:1:c.
548_549insACAGCAGCA
:p.Q183delinsQQQQ	

	 12	 112036770	 C	 CTGCTGCTGT	 	    BD-MND-024	

C9ORF72	 C9ORF72:NM_00125605
4:intronic:NA:NA	

	 9	 27573521	 	      

BD-MND-001;	
BD-MND-002;	
BD-MND-003;	
BD-MND-005;	
BD-MND-006;	
BD-MND-008;	
BD-MND-009;	
BD-MND-011;	
BD-MND-012;	
BD-MND-015;	
BD-MND-019;	
BD-MND-020;	
BD-MND-025;	
BD-MND-026;	
BD-MND-030	

CHMP2B	 CHMP2B:NM_014043:6:
c.532-4A>G:NA	 rs755848821	 3	 87302858	 A	 G	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 0.534	 BD-MND-003	

CYP27A1	 CYP27A1:NM_000784:9:
c.1514C>T:p.T505M	 rs76822427	 2	 219679671	 C	 T	 SNV	 Missense	

Variant	
Uncertain	
significance	 10.270	 BD-MND-003	
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CYP27A1	 CYP27A1:NM_000784:8:
c.1297C>T:p.R433W	 rs143002163	 2	 219679301	 C	 T	 SNV	 Missense	

Variant	
Uncertain	
significance	 27.900	 BD-MND-015	

CYP27A1	 CYP27A1:NM_000784:2:
c.393G>A:p.E131E	 rs911534514	 2	 219674437	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 3.110	 BD-MND-021	

DAO	 DAO:NM_001917:9:c.70
4C>T:p.T235I	 rs531892910	 12	 109292463	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 12.530	 BD-MND-009	

DAO	 DAO:NM_001917:2:c.14
9_154del:p.50_52del	 rs546485721	 12	 109278930	 GGCCTCT	 G	 Indel	 Inframe	

Deletion	
Not	Reported	
in	ClinVar	

	 BD-MND-026	

DCTN1	 DCTN1:NM_004082:24:c
.2761-18C>T:NA	 rs549475401	 2	 74593163	 G	 A	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 8.107	 BD-MND-001;	

BD-MND-015	

DCTN1	 DCTN1:NM_004082:11:c
.1049-21A>C:NA	 rs538246858	 2	 74597692	 T	 G	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 9.694	 BD-MND-006;	

BD-MND-017	

DCTN1	 DCTN1:NM_004082:22:c
.2596C>G:p.L866V	 rs527389133	 2	 74593618	 G	 C	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 20.200	 BD-MND-007	

DCTN1	 DCTN1:NM_004082:14:c
.1482G>A:p.A494A	 rs372546194	 2	 74596529	 C	 T	 SNV	 Synonymous	

Variant	 Likely	benign	 7.063	 BD-MND-011	

DCTN1	 DCTN1:NM_004082:30:c
.3597C>T:p.V1199V	 rs767954436	 2	 74589789	 G	 A	 SNV	 Synonymous	

Variant	 Likely	benign	 9.922	 BD-MND-015	

DCTN1	 DCTN1:NM_004082:23:c
.2695A>G:p.T899A	 rs747285271	 2	 74593436	 T	 C	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 24.100	 BD-MND-022	

DCTN1	 DCTN1:NM_004082:32:c
.3824G>A:p.R1275H	 rs560344779	 2	 74588639	 C	 T	 SNV	 Missense	

Variant	
Uncertain	
significance	 23.800	 BD-MND-027	

ERBB4	 ERBB4:NM_005235:6:c.
645A>G:p.E215E	

	 2	 212589897	 T	 C	 SNV	 	 Not	provided	 11.150	 BD-MND-001	

ERBB4	 ERBB4:NM_005235:28:c
.3783G>C:p.E1261D	

	 2	 212248484	 C	 G	 	   16.060	 BD-MND-007	

ERBB4	 ERBB4:NM_005235:in_2
5_bp_from_exon:NA:NA	 rs748883732	 2	 212578379	 TAA	 T	 	    BD-MND-012	
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ERBB4	 ERBB4:NM_005235:22:c
.2706C>T:p.D902D	 rs146441207	 2	 212293146	 G	 A	 SNV	 Synonymous	

Variant	
Uncertain	
significance	 8.297	 BD-MND-023	

EWSR1	 EWSR1:NM_013986:7:c.
599+15T>C:NA	 rs201941907	 22	 29678561	 T	 C	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 2.506	 BD-MND-003;	

BD-MND-011	

FIG4	 FIG4:NM_014845:4:c.44
6+22T>-:NA	 rs563921466	 6	 110048489	 CT	 C	 Indel	 Intron	

Variant	
Not	Reported	
in	ClinVar	

	 BD-MND-002	

FUS	 FUS:NM_004960:6:c.679
_690del:p.227_230del	 rs752712347	 16	 31196414	 CGGCGGC

GGTGGT	 C	 Indel	 Inframe	
Deletion	

Not	Reported	
in	ClinVar	

	 BD-MND-015	

FUS	 FUS:NM_004960:12:c.12
92+15->T:NA	

rs572228309;	
rs886051937	 16	 31201734	 A	 AT	 Duplicati

on	
	 Likely	benign	 	 BD-MND-023;	

BD-MND-030	

FUS	 FUS:NM_004960:5:c.499
_504del:p.167_168del	 rs762260286	 16	 31195692	 TGGTGGA	 T	 		 	   BD-MND-026	

GBA2	 GBA2:NM_020944:UTR3
:NA:NA	 rs186702075	 9	 35737165	 C	 T	 SNV	 3	prime	UTR	 Not	Reported	

in	ClinVar	 2.210	 BD-MND-001	

GBA2	 GBA2:NM_020944:in_25
_bp_from_exon:NA:NA	 rs755266508	 9	 35740644	 CTG	 C	 Indel	 Intron	

Variant	
Not	Reported	
in	ClinVar	

	 BD-MND-004	

GBA2	 GBA2:NM_020944:5:c.7
87-18C>G:NA	

	 9	 35741079	 G	 C	 	   9.361	 BD-MND-005	

GRN	 GRN:NM_002087:10:c.1
019A>T:p.H340L	 rs775196555	 17	 42429003	 A	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 0.233	 BD-MND-024	

GRN	 GRN:NM_002087:7:c.62
6C>T:p.P209L	 rs368995988	 17	 42428086	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 23.400	 BD-MND-025	

GRN	 GRN:NM_002087:7:c.61
4C>T:p.S205L	 rs777211749	 17	 42428074	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 14.500	 BD-MND-029	

HNRNPA1	 HNRNPA1:NM_031157:
5:c.491-7T>A:NA	 rs562426518	 12	 54676171	 T	 A	 	   10.730	 BD-MND-002	

MATR3	 MATR3:NM_199189:16:
c.2271T>C:p.D757D	 rs753870064	 5	 138661251	 T	 C	 SNV	 Synonymous	

Variant	
Benign/Likel
y	benign	 9.341	 BD-MND-020	
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MATR3	 MATR3:NM_199189:16:
c.2191T>C:p.L731L	 rs149714542	 5	 138661171	 T	 C	 SNV	 Synonymous	

Variant	 Benign	 10.940	 BD-MND-025	

MATR3	 MATR3:NM_199189:in_
25_bp_from_exon:NA:NA	 rs779005896	 5	 138658266	 GGT	 G	 Indel	 Intron	

Variant	
Not	Reported	
in	ClinVar	

	 BD-MND-029	

NEFH	
NEFH:NM_021076:4:c.1
646_1687del:p.549_563
del	

rs773780196	 22	 29885274	

AAGGCCA
AGTCTCC
AGCAAAG
GAAGAGG
CAAAGTC
ACCGCCT

G	

A	 Indel	 Inframe	
Deletion	

Not	Reported	
in	ClinVar	

	 BD-MND-001	

NEFH	 NEFH:NM_021076:1:c.7
45G>A:p.G249S	 rs60825978	 22	 29876996	 G	 A	 SNV	 Missense	

Variant	 Not	provided	 6.946	

BD-MND-005;	
BD-MND-008;	
BD-MND-017;	
BD-MND-020;	
BD-MND-026	

NEFH	 NEFH:NM_021076:4:c.2
775G>A:p.K925K	

	 22	 29886404	 G	 A	 	   9.547	 BD-MND-015	

NEFH	 NEFH:NM_021076:4:c.1
569G>C:p.E523D	 rs138278265	 22	 29885198	 G	 C	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 10.420	 BD-MND-027	

NEK1	 NEK1:NM_001199397:1
0:c.695G>A:p.R232H	 rs772747361	 4	 170506612	 C	 T	 SNV	 Missense	

Variant	

Conflicting	
interpretatio

ns	of	
pathogenicity	

Likely	
pathogenic(1
);Uncertain	
significance(

1)	

31.000	 BD-MND-006	

NEK1	 NEK1:NM_001199397:2
5:c.2140-14A>G:NA	 rs775248564	 4	 170398662	 T	 C	 SNV	

Non	Coding	
Transcript	
Variant	

Not	Reported	
in	ClinVar	 13.670	 BD-MND-022	

NEK1	 NEK1:NM_001199397:1
5:c.1141-14T>C:NA	 rs551259813	 4	 170482902	 A	 G	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 18.130	 BD-MND-022	
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NEK1	 NEK1:NM_001199397:1
0:c.807+18T>C:NA	 rs571426626	 4	 170506482	 A	 G	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 10.820	 BD-MND-023;	

BD-MND-030	

OPTN	 OPTN:NM_001008211:1
4:c.1466A>G:p.K489R	

	 10	 13174131	 A	 G	 	   25.000	 BD-MND-030	

PRPH	 PRPH:NM_006262:1:c.2
6G>A:p.R9Q	 rs57451017	 12	 49689009	 G	 A	 SNV	 Missense	

Variant	 Not	provided	 23.200	 BD-MND-020	

SETX	 SETX:NM_015046:12:c.5
502C>T:p.H1834H	 rs117410554	 9	 135176063	 G	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 0.023	 BD-MND-030	

SETX	 SETX:NM_015046:24:c.7
114G>A:p.D2372N	

rs150673589;	
COSM1236144	 9	 135147182	 C	 T	 SNV	 Missense	

Variant	 Benign	 27.600	 BD-MND-010;	
BD-MND-032	

SETX	 SETX:NM_015046:10:c.1
504C>T:p.R502W	 rs534723946	 9	 135205481	 G	 A	 SNV	 Missense	

Variant	
Uncertain	
significance	 27.200	 BD-MND-010	

SIGMAR1	 SIGMAR1:NM_005866:U
TR3:NA:NA	 rs4879809	 9	 34635598	 T	 A	 SNV	 3	prime	UTR	 Uncertain	

significance	 14.570	 BD-MND-019;	
BD-MND-026	

SIGMAR1	 SIGMAR1:NM_005866:4:
c.622C>T:p.R208W	 rs11559048	 9	 34635679	 G	 A	 SNV	 Missense	

Variant	 Benign	 28.500	 BD-MND-019	

SOD1	 SOD1:NM_000454:4:c.3
41T>C:p.I114T	 rs121912441	 21	 33039672	 T	 C	 SNV	 Missense	

Variant	 Pathogenic	 26.700	
BD-MND-001;	
BD-MND-012;	
BD-MND-016	

SOD1	 SOD1:NM_000454:4:c.2
68G>A:p.A90T	

rs1568810660,	
COSM1030067	 21	 33039599	 G	 A	 SNV	 Missense	

Variant	
Uncertain	
significance	 23.200	 BD-MND-003	

SPAST	 SPAST:NM_014946:13:c.
1494-13T>-:NA	 rs760322678	 2	 32366959	 AT	 A	 Duplicati

on	
	 Benign	 	 BD-MND-009	

SPAST	 SPAST:NM_014946:1:c.1
31C>T:p.S44L	 rs121908515	 2	 32289031	 C	 T	 SNV	 Missense	

Variant	
Benign/Likel
y	benign	 21.200	 BD-MND-010	
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SPG11	 SPG11:NM_025137:1:c.1
76C>T:p.A59V	 rs552320263	 15	 44955670	 G	 A	 SNV	 Missense	

Variant	

Conflicting	
interpretatio

ns	of	
pathogenicity	
Benign(1);Li

kely	
benign(1);Un
certain	

significance(
1)	

21.100	 BD-MND-024	

SPG11	 SPG11:NM_025137:26:c.
4512A>T:p.G1504G	 rs539384073	 15	 44887580	 T	 A	 SNV	 Synonymous	

Variant	 Benign	 3.554	 BD-MND-026	

SPG11	 SPG11:NM_025137:13:c.
2377G>A:p.V793M	 rs546601155	 15	 44914485	 C	 T	 SNV	 Missense	

Variant	 Likely	benign	 22.900	 BD-MND-029	

SPG11	 SPG11:NM_025137:24:c.
4052G>A:p.R1351K	 rs564171625	 15	 44889091	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 17.860	 BD-MND-032	

SPG11	 SPG11:NM_025137:19:c.
3362C>G:p.T1121S	 rs552471760	 15	 44900733	 G	 C	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 21.700	 BD-MND-033	

SQSTM1	 SQSTM1:NM_003900:2:c
.222G>A:p.L74L	 rs371268375	 5	 179249974	 G	 A	 SNV	 Synonymous	

Variant	
Not	Reported	
in	ClinVar	 14.140	 BD-MND-006	

SQSTM1	 SQSTM1:NM_003900:1:c
.85C>T:p.P29S	 rs752506754	 5	 179248021	 C	 T	 SNV	 Missense	

Variant	
Uncertain	
significance	 16.470	 BD-MND-007	

SQSTM1	 SQSTM1:NM_003900:4:c
.556C>T:p.R186W	 rs756791819	 5	 179251206	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 24.100	 BD-MND-017	

SQSTM1	 SQSTM1:NM_003900:6:c
.819_820del:p.P273fs	

	 5	 179260095	 CAG	 C	 	    BD-MND-017	

SQSTM1	 SQSTM1:NM_003900:2:c
.240C>T:p.D80D	 rs148366738	 5	 179249992	 C	 T	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 9.476	 BD-MND-019	

SQSTM1	 SQSTM1:NM_003900:8:c
.1277C>T:p.A426V	

rs201239306;	
COSM1567750	 5	 179263547	 C	 T	 SNV	 Missense	

Variant	
Uncertain	
significance	 24.600	 BD-MND-020	
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SQSTM1	 SQSTM1:NM_003900:8:c
.1207T>A:p.S403T	 rs771657338	 5	 179263477	 T	 A	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 26.600	 BD-MND-026	

SS18L1	 SS18L1:NM_198935:8:c.
824-20G>A:NA	 rs368502247	 20	 60740458	 G	 A	 SNV	 Intron	

Variant	
Not	Reported	
in	ClinVar	 0.887	 BD-MND-007	

SS18L1	 SS18L1:NM_198935:10:
c.1128G>A:p.P376P	 rs115792477	 20	 60749664	 G	 A	 SNV	 Synonymous	

Variant	
Not	Reported	
in	ClinVar	 7.760	 BD-MND-022	

TAF15	
TAF15:NM_139215:15:c.
1675_1698del:p.559_56
6del	

rs537726014	 17	 34171977	

TGGAGGA
GACCGAG
GTGGGGG
CTAC	

T	 Indel	 Inframe	
Deletion	

Not	Reported	
in	ClinVar	

	 BD-MND-006	

TAF15	
TAF15:NM_139215:15:c.
1427_1447del:p.476_48
3del	

rs768963549	 17	 34171729	

GGAGGTG
GCTATGG
AGGAGAT

C	

G	 Indel	 Inframe	
Deletion	

Not	Reported	
in	ClinVar	

	 BD-MND-020	

TBK1	 TBK1:NM_013254:18:c.
1865A>G:p.K622R	 rs199605037	 12	 64890945	 A	 G	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 26.400	 BD-MND-016	

VCP	 VCP:NM_007126:16:c.22
14A>G:p.E738E	 rs374391034	 9	 35057474	 T	 C	 SNV	 Synonymous	

Variant	 Benign	 12.070	

BD-MND-005;	
BD-MND-007;	
BD-MND-021;	
BD-MND-025	

VCP	 VCP:NM_007126:UTR3:
NA:NA	 rs766048346	 9	 35057100	 C	 T	 SNV	 3	prime	UTR	 Not	Reported	

in	ClinVar	 14.290	 BD-MND-019	

VCP	 VCP:NM_007126:16:c.22
77C>G:p.A759A	 rs747361319	 9	 35057411	 G	 C	 SNV	 Synonymous	

Variant	
Not	Reported	
in	ClinVar	 10.860	 BD-MND-021	

VRK1	 VRK1:NM_003384:8:c.6
46G>C:p.D216H	 rs531480402	 14	 97321630	 G	 C	 SNV	 Missense	

Variant	
Not	Reported	
in	ClinVar	 30.000	 BD-MND-009	
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D. TDP-43	Analysis	of	MMA	Samples	

Supplementary	Table	 	2.	Percentage	of	 cells	 converted	 to	 iNPC	cells	examined	

during	passage	2	(P2).	

Sample	 Nuclei	-	
Number	of	
Objects	

PAX6+/Nestin+	
Cells	-	Number	
of	Objects	

%	Pax6+/Nestin+	
cells	

Average	%	

SHF-073	P2	 515	 363	 70.48543689	 72.2156448	
619	 452	 73.02100162	
484	 354	 73.14049587	

SHF-091	P2	 469	 294	 62.68656716	 64.1339924	
421	 247	 58.66983373	
373	 265	 71.04557641	

	

	

	 	 	
155v2	(-)	 SHF-073	 SHF-091	

Supplementary	Figure	1.	The	spectrum	of	DAPI_TDP-43	staining	 in	MMA	samples	

SHF-073	and	SHF-091	along	with	negative	control	155v2.	
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Supplementary	Table		3.	The	spectrum	of	TDP-43	pathology	in	MMA	samples	along	with	positive	and	negative	controls.		

The	white	arrows	mark	the	mislocalization	of	TDP-43.		

Sample
/	

Staining	
DAPI	 DAPI_TDP43	 TDP43	 DAPI_CD44	 CD44	 DAPI_Vimentin	 Vimentin	

161	(-)	

	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

009	(+)	

	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

78	(+)	
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SHF-
073	

	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

SHF-
091	
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