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Abstract	

Down	syndrome	(DS)	is	a	genetic	condition	caused	by	trisomy	of	human	chromosome	21	

(Hsa21).	Among	other	characteristics,	DS	causes	an	increased	risk	of	developing	an	early	

form	of	Alzheimer’s	disease	(AD).	 In	Alzheimer’s	disease	 in	Down	syndrome	(AD-DS),	

trisomy	of	the	Hsa21	amyloid	precursor	protein	gene	(APP)	is	sufficient	and	necessary	

to	 cause	 AD.	My	 study	 aims	 to	 clarify	 the	 link	 between	Hsa21	 trisomy	 and	 early	 AD	

pathology	with	a	focus	on	APP	cellular	biology.		

I	used	the	Dp1Tyb	mouse	model	of	DS	with	a	segmental	duplication	of	148	mouse	

genes	homologous	 to	Hsa21.	 In	addition,	 I	made	a	mouse	model	with	 trisomy	of	147	

genes	homologous	to	Hsa21	but	only	two	copies	of	App	(Dp1Tyb/App+/-)	to	study	the	role	

of	App	copy	number.	

First,	I	quantified	volume	and	number	of	early	endosomes,	one	of	the	main	sites	

of	 APP	 cleavage	 and	 known	 to	 be	 altered	 in	 AD	 and	 AD-DS,	 in	 mouse	 embryonic	

fibroblasts	(MEFs).	Secondly,	I	assessed	APP	processing,	APP	degradation	rate	and	APP	

dosage	 sensitivity	 in	MEFs.	None	 of	 these	 phenotypes	were	 altered	 in	Dp1Tyb	MEFs	

compared	to	Dp1Tyb/App+/-	and	WT	littermates.		

I	then	investigated	dosage	sensitivity	of	APP	and	some	of	its	cleavage	products,	

amyloid	 β	 (Aβ)	 accumulation,	 and	 proteostasis	 regulation	 in	 the	 mouse	 cortex	 and	

hippocampus	at	3	and	6	months	of	age.	APP	and	APP-derived	C-terminals	(CTFs)	were	

consistently	 dosage	 sensitive	 across	 both	 areas	 and	 ages,	 while	 Aβ	 production	 and	

proteostasis	regulation	changed	depending	on	the	time	point	or	tissue	analysed.	

	Overall	 my	 study	 highlighted	 the	 importance	 of	 APP	 overexpression	 for	 the	

development	of	AD-DS-related	early	cellular	phenotypes,	but	also	suggested	that	other	

genetic	 factors	 regulate	 these	 changes.	 Future	 studies	 could	 follow	 on	 from	 these	

findings	to	map	the	observed	phenotypes	to	precise	time	points	and	to	a	smaller	section	

of	Hsa21	homologous	genes.	
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Impact	statement	

DS	 is	 the	most	 common	 genetic	 form	 of	 intellectual	 disability,	 caused	 by	 trisomy	 of	

Hsa21.	Adults	with	DS	develop	with	extremely	high	penetrance	an	early	form	of	AD.	APP,	

one	of	the	genes	triplicated	on	Hsa21,	is	sufficient	and	necessary	for	the	development	of	

AD-related	pathology.	However,	it	is	not	fully	understood	how	three	copies	of	APP	result	

in	AD-DS	development	in	a	specific	stage	in	life.	My	aim	was	to	use	a	mouse	model	of	DS	

to	characterise	the	earliest	AD-related	cellular	changes.	Knowing	the	importance	of	APP	

in	AD-DS,	I	focused	on	changes	related	to	its	cellular	biology.	I	started	by	using	mouse	

embryonic	fibroblasts	as	an	early	cellular	platform	but	I	did	not	find	any	phenotype	in	

terms	of	APP	expression	(APP	dosage	sensitivity),	processing	(endosomal	morphology,	

Aβ	 production)	 or	 degradation	 (APP	 half-life).	 I	 therefore	 looked	 in	 the	 brain	 and	

observed	 dosage	 sensitivity	 of	 APP	 and	 APP-CTFs,	 and	 age-	 and	 tissue-dependent	

changes	in	Aβ	production	and	proteostasis	regulation.	My	research:	

	

1. Resulted	 in	 the	 development	 of	 a	 method	 to	 precisely	 measure	 volume	 and	

number	of	endosomal	organelles.	This	method	could	be	used	for	future	research	

where	precise	quantification	of	small	cellular	bodies	is	required.	

2. Helped	to	characterise	 the	Dp1Tyb	mouse	model	of	DS	 that	could	be	used	 for	

future	research	in	the	field.	Specifically,	it	showed	that	the	Dp1Tyb	mouse	can	

model	a	neurodegenerative	disease	such	as	AD-DS,	at	least	in	its	early	stages.	

3. Highlighted	the	high	tissue	specificity	and	time	dependence	of	gene	expression	

in	DS	and	suggested	 it	could	be	 linked	to	the	development	of	AD-DS.	This	will	

inform	future	research	in	the	field.	In	addition,	linking	the	earliest	changes	in	APP	

expression	to	the	beginning	of	AD-DS-related	changes	would	help	to	define	an	

early	 time	 window	 for	 the	 delivery	 of	 early	 AD-DS	 treatment,	 such	 as	 APP	

expression	normalisation	by	antisense	oligonucleotide	therapy.	
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Aβ	 Amyloid	beta	
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Chapter	1:	

Introduction	

1. Alzheimer’s	disease		

1.1 Epidemiology	and	pathological	hallmarks	

Alzheimer’s	 disease	 (AD)	 is	 a	 progressive	 neurodegenerative	 disorder	 and	 the	 most	

common	cause	of	dementia,	accounting	for	60–80	%	of	total	cases	(Raskin	et	al.,	2015).	

At	 the	 physiological	 level,	 the	main	 hallmarks	 of	 AD	 in	 the	 brain	 are	 amyloid-β	 (Aβ)	

plaques	and	neurofibrillary	tangles	(NFTs)	(Kidd,	1963;	Terry,	1963;	Nikaido	et	al.,	1971;	

Serrano-Pozo	 et	 al.,	 2011).	 Amyloid	 plaques	 and	 NFTs	 are	 often	 accompanied	 by	

dystrophic	 neurites,	 astrogliosis,	 microglia	 activation	 and	 in	 some	 cases	 cerebral	

amyloid	 angiopathy	 (CAA).	 Downstream,	 these	 pathologies	 lead	 to	 synaptic	 and	

neuronal	loss	and	brain	atrophy,	which	are	associated	with	disease	progression	(Jack	et	

al.,	1997;	Selkoe,	1998;	Buckner	et	al.,	2005;	Tabatabaei-Jafari	et	al.,	2019)	(Figure	1.1).		

1.1.1 Clinicopathological	presentation	

AD	 clinical	 progression	 can	 be	 described	 in	 three	 phases.	 The	 first	 phase	 is	

asymptomatic,	and	is	characterised	by	accumulation	of	Aβ	plaques	(Mann	et	al.,	2018)	

and	 by	 early	 signs	 of	 endosomal	 dysfunction	 (Cataldo	 et	 al.,	 2000;	 Nixon,	 2017).	 Aβ	

plaques	 are	 extracellular	 aggregates	 mainly	 composed	 of	 the	 longer	 form	 of	 the	 Aβ	

peptide	 (Aβ42).	 Amyloid	 plaques	 start	 accumulating	 in	 the	 cortex	 and	 progress	 to	

subcortical	areas,	such	as	the	hippocampus,	at	later	stages	of	the	disease;	however,	this	

pattern	is	subject	to	individual	variations	(Braak	and	Braak,	1991).	

The	second	phase	of	AD	progression	is	characterised	by	the	appearance	of	NFTs,	

aggregates	of	hyperphosphorylated	and	misfolded	tau	protein	(Šimić	et	al.,	2016).	Tau	

pathology	correlates	with	neuronal	loss	and	brain	atrophy	and	has	been	linked	to	the	

first	symptoms	of	mild	cognitive	impairment	(MCI),	such	as	mild	episodic	memory	loss	
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and	 cognitive	 dysfunction	 (Raskin	 et	 al.,	 2015).	 Neuropsychiatric	 symptoms,	 such	 as	

apathy,	anxiety,	sleep	disturbances	and	depression,	often	accompany	the	early	phases	of	

AD	(Lanctôt	et	al.,	2017).	NFTs	have	a	more	consistent	pattern	of	diffusion	than	amyloid	

plaques:	they	originate	in	the	transentorhinal	areas	of	the	medio-temporal	lobe,	spread	

to	the	entorhinal	cortex,	hippocampus,	amygdala	and	thalamus,	and	invade	the	cortex	in	

the	final	stage	of	the	disease	(Braak	and	Braak,	1991;	Serrano-Pozo	et	al.,	2011).	In	the	

cerebrospinal	fluid	(CSF),	a	drop	in	Aβ42	and	an	increase	in	tau	and	phosphorylated	tau	

can	be	used	as	biomarkers	of	the	early	phases	of	AD	(Bateman	et	al.,	2011).	

	

A

B

C

Figure	1.1.	Brain	pathology	of	AD.	A),	B)	coronal	sections	from	MP-RAGE	MRI	scans	of	A)	a	60-year-
old	cognitively	normal	subject,	and	B)	a	70-year-old	AD	patient.	AD	is	characterised	by	general	
brain	 atrophy	 that	 is	most	 evident	 in	 the	 hippocampus	 (red	 squares).	 Shrinkage	 of	 the	 cortex	
(white	 squares)	 and	 enlargement	 of	 the	 ventricles	 (yellow	 squares)	 are	 also	 noticeable.	 C)	
Bielschowsky	silver	stain	of	the	amygdala	from	a	patient	of	AD	shows	extracellular	amyloid	plaques	
(red	 circle),	 and	 intracellular	 neurofibrillary	 tangles	 (red	 rectangle).	MP-RAGE:	 magnetization-
prepared	rapid	acquisition	with	gradient	echo;	MRI:	Magnetic	Resonance	Imaging.		A),	B)	adapted	
with	permission	from	Lopez	et	al.,	2019;	C)	adapted	with	permission	from	Selkoe,	1998.	
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The	 third	 phase	 begins	 when	 the	 dementia	 starts	 to	 impair	 daily	 activities,	

causing	 disorientation,	 changes	 in	 behaviour,	 impairment	 of	 judgment,	 memory,	

movement,	and	speech.	It	is	associated	with	extensive	Aβ	and	tau	pathology,	widespread	

synaptic	and	neuronal	loss.	Death	usually	occurs	7-14	years	after	diagnosis	(Raskin	et	al.,	

2015;	Soria	Lopez,	González	and	Léger,	2019).		

1.2 	Different	types	of	AD	

There	are	two	main	forms	of	AD:	late	onset	Alzheimer’s	disease	(LOAD)	and	early	onset	

Alzheimer’s	disease	(EOAD).	LOAD	and	EOAD	have	highly	similar	clinical	presentation,	

neuropathology	and	biomarkers,	and	mainly	differ	in	the	genetic	origin	and	time	of	onset.	

LOAD	is	the	most	common	form	of	AD,	accounting	for	about	90	%	of	cases	and	

with	onset	after	65	years	of	age	(Bekris	et	al.,	2010).	The	major	risk	factor	for	LOAD	is	

the	e4	allele	of	apolipoprotein	E	(APOE),	an	apolipoprotein	involved	in	lipid	transport	

(Mahley	et	al.,	2006).	However,	no	single	gene	has	been	found	to	cause	LOAD;	instead,	

many	genes	were	identified	as	minor	risk	factors	(Guerreiro	and	Hardy,	2014;	Escott-

Price	et	al.,	2015;	Misra,	Chakrabarti	and	Gambhir,	2018).	Pathway	analysis	on	the	data	

from	 genome-wide	 association	 studies	 (GWASs)	 revealed	 changes	 in	 cholesterol	

transport,	 inflammation,	synaptic	maintenance,	endosomal	biology,	ubiquitination,	Aβ	

clearance	and	tau	biology	(Kunkle	et	al.,	2019;	Sims,	Hill	and	Williams,	2020).		

EOAD	 represents	 less	 than	10%	of	 total	AD	 cases,	 and	 is	 characterised	by	 an	

earlier	 onset	 (<	 65	 years	 old)	 than	 the	more	 common	 LOAD	 (Bateman	 et	 al.,	 2011).														

In	5-10	%	of	cases,	EOAD	is	caused	by	mutations	to	presenilin	1	(PSEN1),	presenilin	2	

(PSEN2),	or	amyloid	precursor	protein	 (APP)	genes	 (Hardy,	1997;	Tilley,	Morgan	and	

Kalsheker,	1998).	PSEN1	and	PSEN2	are	components	of	γ-secretase,	an	enzyme	complex	

involved	in	APP	processing.	In	particular,	the	Aβ40/Aβ42	ratio	of	the	two	main	forms	of	

Aβ,	Aβ40	and	Aβ42,	is	decreased	in	EOAD	(Borchelt	et	al.,	1996;	Mann	et	al.,	1996).		

Alzheimer’s	disease	in	Down	syndrome	is	a	form	of	EOAD	that	selectively	occurs	

in	the	Down	syndrome	population,	highly	similar	in	pathology	and	clinical	presentation	
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to	AD	 in	 the	general	population.	 Since	all	Down	syndrome	phenotypes	are	 caused	by	

triplication	of	human	chromosome	21,	Alzheimer’s	disease	in	Down	syndrome	is	an	ideal	

platform	to	investigate	the	link	between	genetics	and	the	altered	cellular	mechanisms	

that	lead	to	AD	pathology.	

2. Alzheimer’s	disease	in	Down	syndrome	(AD-DS)		

2.1 Down	syndrome	

Down	Syndrome	(DS)	is	caused	by	triplication	of	human	chromosome	21	(Hsa21),	and	

occurs	in	1	in	1000	live	births	(Parker	et	al.,	2010;	Wu	and	Morris,	2013).	It	is	the	most	

common	 genetic	 form	 of	 intellectual	 disability	 and	 presents	 a	 range	 of	 features	with	

different	penetrance	and	severity	across	 the	 individuals	with	DS,	 such	as	 craniofacial	

dysmorphology,	memory	 and	 learning	 problems,	 increased	 risk	 of	 some	 cancers	 and	

heart	defects	(Lana-Elola	et	al.,	2016).	In	the	brain,	DS	is	characterised	by	decreased	total	

brain	volume	that	is	more	evident	in	cerebellum	and	frontal	cortex,	reduced	neuronal	

density	and	altered	dendritic	spine	morphology;	part	of	these	structural	differences	are	

a	consequence	of	disruptions	in	synaptogenesis	that	start	as	early	as	22	weeks	during	

gestation	(Schmidt-Sidor	et	al.,	1990;	Pinter	et	al.,	2001;	Benavides-Piccione	et	al.,	2004;	

Beacher	et	al.,	2010;	Lott	and	Dierssen,	2010).	

The	 aging	 process	 is	 accelerated	 in	 DS	 and	 it	 results	 in	 a	 multimorbidity	 with	

different	prevalence	including	hypothyroidism,	anaemia,	epilepsy	and	weight	loss;	at	the	

brain	level	it	results	in	a	decreased	volume	of	cortical	areas.	However,	DS	is	protective	

against	atherosclerosis	and	hypertension	(Pinter	et	al.,	2001;	Head	et	al.,	2017;	Bayen	et	

al.,	2018).	Precocious	ageing	 is	especially	relevant	today,	as	advancements	 in	medical	

care	have	 improved	 the	 life	 expectancy	 for	people	with	DS	 to	an	average	 life	 span	of								

55-60	years	in	developed	countries	(Glasson	et	al.,	2002;	Wu	and	Morris,	2013;	Asim	et	

al.,	 2015;	 Cooper	 et	 al.,	 2020).	 AD-related	 dementia	 is	 the	 most	 common	 pathology	

associated	with	aging	in	DS.		
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2.2 	AD-DS		

The	 first	 link	between	AD	and	DS	was	established	when	the	cerebrovascular	amyloid	

protein	in	an	adult	case	of	DS	was	found	to	be	homologous	with	the	Aβ	protein	in	AD	

(Glenner	 and	Wong,	 1984).	 AD-DS	 shares	 its	 pathological	 and	 clinical	 characteristics	

with	LOAD	and	EOAD	in	the	general	population,	suggesting	that	these	disorders	have	a	

common	 underlying	 mechanism	 (Wiseman	 et	 al.,	 2015).	 Amyloid	 plaques	 and	 NFTs	

follow	the	same	pattern	of	development	observed	in	AD,	with	plaques	appearing	earlier	

than	NFTs;	however,	both	are	present	 in	higher	concentration	 in	AD-DS	compared	 to	

LOAD	(Hof	et	al.,	1995).	A	decrease	in	brain	volume	and	glucose	metabolism,	as	observed	

respectively	 with	 magnetic	 resonance	 imaging	 (MRI)	 and	 F18-fluorodeoxyglucose	

positron	 emission	 tomography	 (FDG	 PET),	 also	 correlates	 with	 disease	 progression	

(Ballard	et	al.,	2016).	

Clinically,	 the	 diagnosis	 of	 dementia	 in	 the	 DS	 population	 is	 challenging,	 mainly	

because	of	individual	differences	in	cognitive	function		prior	to	dementia	onset	(Edgin	et	

al.,	2010).	Around	70	%	of	people	with	DS	develop	dementia	by	the	age	of	60,	but	the	

penetrance	is	likely	to	increase	with	age	to	almost	100	%	(McCarron	et	al.,	2014,	2017).	

The	earliest	cognitive	changes	in	people	who	have	AD-DS	are	in	attention	and	memory,	

as	in	people	with	AD	(Startin	et	al.,	2019);	region-specific	Aβ	increase	in	the	brain	has	

been	associated	with	the	transition	from	cognitively	stable	to	MCI	(Keator	et	al.,	2020).	

A	 range	 of	 neuropsychiatric	 symptoms	 including	 depression,	 sleep	 disturbances	 and	

agitation	occur	in	both	AD	and	AD-DS,	although	they	are	more	pronounced	in	the	latter	

(Ball	et	al.,	2008;	Dekker	et	al.,	2015;	Lanctôt	et	al.,	2017).		

Beside	these	similarities,	some	differences	highlight	the	diverse	aetiology	of	AD-DS	

and	AD	in	the	general	population	(Mann	et	al.,	2018).	The	earliest	site	of	detectable	Aβ	

by	positron	emission	tomography	(PET)	is	in	the	striatum	in	people	who	have	DS;	this	is	

similar	to	EOAD,	but	in	contrast	to	LOAD	(Annus	et	al.,	2016).	In	addition,	CAA	is	more	

common	in	AD-DS	than	in	LOAD,	and	is	correlated	with	cognitive	decline	(Head	et	al.,	
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2017;	 Mann	 et	 al.,	 2018;	 Lao	 et	 al.,	 2020).	 Finally,	 contrarily	 to	 AD,	 seizures	 are	 a	

prevalent	feature	of	AD-DS	(Strydom	et	al.,	2013).	However,	the	most	striking	difference	

in	the	neuropathology	observed	in	AD-DS	relative	to	LOAD	is	its	age	of	onset:	in	DS,	the	

first	amyloid	deposits	are	observed	in	the	 late	teens,	NFTs	start	appearing	around	35	

years	of	age	in	most	individuals	and	CAA	around	50	years	of	age	(Ballard	et	al.,	2016;	

Davidson	et	al.,	2018)	(Figure	1.2).		

Research	 so	 far	 has	 aimed	 to	 understand	 the	 stereotyped	 neuropathological	

progression	of	both	AD	and	AD-DS;	to	identify	the	cause	for	the	shift	in	time	of	the	AD-

DS	 pathology	 compared	 to	 AD;	 and	 to	 link	 the	 clinical	 and	 pathological	 similarities	

between	AD-DS	and	AD	to	common	cellular	and	genetic	mechanisms.	

Figure	 1.2.	 Hypothetical	 progression	 of	 AD-DS.	 Amyloid	 plaques	 appear	 first,	 followed	 by	
neurofibrillary	tangles	(NFTs),	aggregates	of	hyperphosphorylated	tau.	Tau	pathology	correlates	
with	a	decrease	in	brain	volume	observed	with	magnetic	resonance	imaging	(MRI)	and	of	glucose	
metabolism	measured	with	F18-fluorodeoxyglucose	positron	emission	tomography	(FDG	PET).	Mild	
cognitive	impairment	(MCI)	and	dementia	follow	shortly	after	the	neuropathological	signs	of	AD-
DS.	Reproduced	with	permission	from	Ballard	et	al.	(2016)	
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3. APP	in	AD	and	AD-DS		

3.1 	The	amyloid	cascade	hypothesis	of	AD	

The	 ‘amyloid	 cascade	 hypothesis’	 is	 the	 prevalent	 theory	 to	 explain	 AD	 pathology	

progression.	 According	 to	 this	 model,	 an	 imbalance	 between	 Aβ	 production	 and	

clearance	leads	to	Aβ	accumulation	in	the	brain,	which	is	the	initiator	of	all	subsequent	

AD-related	pathology	such	as	NFT	formation,	 inflammation,	and	neuronal	 loss	(Hardy	

and	 Higgins,	 1992;	 Selkoe	 and	 Hardy,	 2016).	 Evidence	 for	 the	 amyloid	 cascade	

hypothesis	 originally	 came	 from	 the	 observation	 that	 amyloid	 plaques	 were	 mainly	

composed	 of	 Aβ	 peptides;	 from	 EOAD,	 whose	 causative	 mutations	 all	 affect	 APP	

processing	and	result	in	an	altered	production	of	Aβ	(Dai	et	al.,	2018);	and	from	DS,	when	

the	APP	gene,	precursor	to	Aβ,	was	mapped	to	Hsa21.	

3.2 	The	amyloid	precursor	protein	(APP)	

3.2.1 APP	in	AD-DS	

The	APP	gene	is	located	in	the	21q21	band	of	Hsa21	(Rumble	et	al.,	1989).	Its	role	in	AD	

was	confirmed	upon	the	discovery	of	APP	mutations	in	EOAD	families	(Goate	et	al.,	1991).	

In	 the	 following	 years,	 it	 was	 established	 that	APP	 triplication	 is	 both	 sufficient	 and	

necessary	 for	 development	 of	 AD	 in	 DS.	 In	 fact,	 case	 studies	 showed	 how	 partial	

triplication	of	Hsa21	that	did	not	include	APP	resulted	in	DS	without	AD	pathology	or	

associated	dementia	(Prasher	et	al.,	1998;	Doran	et	al.,	2017);	in	addition,	triplication	of	

the	APP	locus	alone	(dupAPP)	is	enough	to	cause	EOAD	with	CAA	(Rovelet-Lecrux	et	al.,	

2006,	 2007;	 Sleegers	 et	 al.,	 2006).	 These	 data	 and	 the	 role	 of	 APP	 products	 in	 AD	

pathology	have	made	APP	processing	one	of	the	focal	points	of	AD-DS	research	(Gouras	

et	al.,	2000;	Hirayama	et	al.,	2003;	Thinakaran	and	Koo,	2008).	

3.2.2 	APP	structure	and	function	

APP	is	an	integral	single-pass	transmembrane	protein	expressed	in	brain	and	peripheral	

tissues,	such	as	epithelial	cells,	kidney	and	muscles	(Bahmanyar	et	al.,	1987;	Dyrks	et	al.,	
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1988;	Zimmermann	et	al.,	1988;	Weidemann	et	al.,	1989).	APP	exists	in	three	differently	

spliced	 isoforms:	 APP695,	 APP751	 and	 APP770.	 (Weidemann	 et	 al.,	 1989).	 In	 the	 brain,	

APP695	 is	 the	 predominant	 form,	 highly	 expressed	 in	 neurons	 (∼	 160	 fragments	 per	

kilobase	million,	 FPKM),	 oligodendrocytes	 (∼	110	FPKM)	and	endothelial	 cells	 (∼	40	

FPKM)	(Zhang	et	al.,	2016).	

Despite	 its	 abundant	expression	 in	 the	brain	and	 its	prevalent	 role	 in	AD,	 the	

physiological	function	of	APP	is	not	fully	understood.	APP-deficient	mice	are	viable	and	

fertile,	 although	 adults	 show	 a	 series	 of	 impairments	 including	 reactive	 gliosis	 and	

defective	 locomotor	 activity,	 reduction	 in	 brain	 and	 body	 weight,	 deficits	 in	 spatial	

memory	 and	 long-term	 potentiation	 (LTP)	 (Zheng	 et	 al.,	 1995;	 Ring	 et	 al.,	 2007).	 In	

neurons,	APP	is	thought	to	have	a	role	in	survival,	proliferation	and	maturation	(Hu	et	

al.,	 2013;	 Wang	 et	 al.,	 2016),	 as	 well	 as	 in	 presynaptic	 homeostasis,	 synaptic	 and	

GABAergic	neurotransmission	(Weingarten	et	al.,	2017;	Rice	et	al.,	2019;	Tang,	2019).		

Importantly	 for	 its	physiological	 function	and	for	 its	role	 in	AD,	APP	follows	a	

stereotyped	pathway	of	secretion	and	processing,	strictly	regulated	to	tune	its	functions.		

3.2.3 APP	secretion	pathway	

APP	follows	the	central	secretory	pathway	(Figure	1.3).	Full-length	APP	is	synthesised	in	

the	 endoplasmic	 reticulum,	 then	 transported	 to	 the	 Golgi	 apparatus	 and	 trans-Golgi	

network	 (TGN)	 where	 it	 is	 post-translationally	 modified	 by	 N-	 and	 O-glycosylation,	

phosphorylation,	and	tyrosine	sulphation	(Jiang	et	al.,	2014).	In	neurons,	APP	is	mainly	

localized	in	the	TGN;	from	there,	10	%	of	APP	is	transported	through	fast	anterograde	

transport	to	the	plasma	membrane	in	TGN-derived	secretory	vesicles	(Thinakaran	and	

Koo,	 2008;	 Jiang	 et	 al.,	 2014).	 After	 being	 transported	 to	 the	 synaptic	 terminal,	 APP	

undergoes	rapid	presynaptic	turnover	driven	by	the	proteolytic	activity	of	α-secretase	

(Sisodia	et	al.,	1990;	Lyckman	et	al.,	1998).	From	the	cellular	membrane,	APP	is	quickly	

internalized	through	endocytosis	and	either	recycled	to	the	plasma	membrane	or	TGN,	
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or	directed	to	lysosomes	for	degradation	(Perez	et	al.,	1999;	Haass	et	al.,	2012;	Plácido	

et	al.,	2014).		

3.2.4 APP	processing	

APP	undergoes	two	main	forms	of	processing,	through	the	action	of	different	secretases	

(Figure	 1.4).	 After	 being	 produced,	 APP-derived	 fragments	 are	 either	 expelled	 in	 the	

extracellular	space	or	internalised	(Oltersdorf	et	al.,	1990;	Yang	et	al.,	1995;	Haass	et	al.,	

2012).																																	 				

The	most	common	processing	pathway	of	APP	is	called	‘non-amyloidogenic’.	It	

mainly	occurs	at	the	cellular	membrane	and	consists	of	sequential	cleavage	by	α-	and	γ-

secretases.	Non-amyloidogenic	processing	generates	an	extracellular	fragment	(sAPPα),	

and	a	transmembrane	fragment	(C83	or	CTFα);	C83	is	further	processed	by	γ-secretase	

Figure	 1.3.	 Schematic	 of	 the	 APP	 cellular	 secretion	 pathway.	 After	 being	 synthesised,	 APP	
(represented	as	a	green	stick)	is	post-translationally	modified	in	the	endoplasmic	reticulum	and	
transported	to	the	Golgi	apparatus	and	trans-Golgi	Network	(TGN).	From	there,	it	is	transported	
to	the	cellular	membrane,	where	it	can	undergo	a	type	of	cleavage	called	‘non-amyloidogenic’;	or	
to	 the	 early	 endosomes,	 where	 it	 can	 undergo	 ‘amyloidogenic’	 processing.	 Early	 endosomes	
function	 as	 a	 sorting	 platform	 in	 cells,	 and	 from	 there	 APP	 can	 be	 recycled	 to	 the	 cellular	
membrane,	transported	back	to	the	TGN	or	sent	to	lysosomes	for	degradation.	
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into	a	membrane-bound	C-terminal	fragment	(P3)	and	an	intracellular	fragment	(AICD).		

sAPPα	 modulates	 cellular	 growth,	 motility,	 survival,	 LTP	 and	 can	 also	 modify	 Aβ	

production	 by	 regulating	 APP	 cleavage	 itself	 (Mattson,	 1997;	 Taylor	 et	 al.,	 2008;	

Thinakaran	and	Koo,	2008;	O’Brien	and	Wong,	2011;	Habib,	Sawmiller	and	Tan,	2017).	

Interestingly,	sAPPα	expression	alone	can	alone	rescue	many	of	the	phenotypes	caused	

by	an	APP	deficit	(Ring	et	al.,	2007).	The	intracellular	region	could	act	as	a	transcription	

factor	when	cleaved	from	APP	and	also	regulate	the	intracellular	sorting	of	APP	itself	via	

the	YENPTY	motif	of	its	C-terminal	domain	(Chen,	Goldstein	and	Brown,	1990;	Cupers	et	

al.,	2001;	Chow	et	al.,	2010;	O’Brien	and	Wong,	2011).		

	

Figure	 1.4.	 Schematic	 of	 non-amyloidogenic	 and	 amyloidogenic	 processing	 of	 APP.	 The	 non-
amyloidogenic	pathway	(left	part	of	the	figure),	mainly	occurs	at	the	cellular	membrane,	where	
APP	is	sequentially	cleaved	by	α-	and	γ-secretase.	The	fragments	produced	(sAPPα;	C83	or	CTFα;	
P3;	AICD)	have	no	known	toxic	role	in	AD.	The	amyloidogenic	pathway	(right	part	of	the	figure),	
mainly	 occurs	 in	 endosomes,	 where	 APP	 is	 sequentially	 cleaved	 by	 β-	 and	 γ-secretase.	 The	
amyloidogenic	pathway	results	in	the	production	of	sAPPβ,	C99	(or	β-CTF),	Aβ	and	AICD.	Of	these	
fragments,	 C99	 and	 Aβ	 have	 a	 known	 role	 in	 AD	 pathology.	 The	 light	 blue	 horizontal	 bar	
represents	a	general	membrane.	
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The	second	pathway	of	APP	processing	is	called	‘amyloidogenic’	as	it	leads	to	the	

production	of	Aβ	peptides,	the	main	components	of	amyloid	plaques.	Amyloidogenic	APP	

processing	mainly	occurs	in	endosomes	and	is	mediated	by	sequential	cleavage	of	APP	

by	β-	and	γ-secretases	(Kaether	et	al.,	2006;	Das	et	al.,	2015).	Cleavage	by	β-secretase	

occurs	first,	and	results	in	the	production	of	a	long	extracellular	fragment	that	is	released	

to	the	medium	(sAPPβ)	and	a	transmembrane	fragment	(C99	or	β-CTF).	sAPPβ	is	thought	

to	mediate	neuronal	apoptosis	and	synaptic	pruning	(Nikolaev	et	al.,	2009),	while	C99	

contributes	to	endosomal	and	mitochondrial	dysfunction	(Grbovic	et	al.,	2003;	Jiang	et	

al.,	 2016;	 Nixon,	 2017;	 Vaillant-Beuchot	 et	 al.,	 2020).	 Further	 processing	 of	 the	 C99	

fragment	 by	 γ-secretase	 leads	 to	 the	 production	 of	 Aβ	 and	 of	 the	 same	 AICD	 small	

cytoplasmic	fragment	generated	in	non-amyloidogenic	processing	(Grziwa	et	al.,	2003).	

Synaptic	 activity	 also	 regulates	 APP	 sorting	 by	 directing	 APP	 from	 the	membrane	 to	

endocytic	 vesicles	 containing	 β-secretases,	 thus	 increasing	 amyloidogenic	 processing	

(Das	et	al.,	2013).	

Expression,	processing	and	degradation	of	APP	are	highly	 compartmentalized	

and	regulated	by	a	range	of	factors	such	as	cellular	metabolism	and	stress,	interaction	

with	 cytosolic	 adaptor	 proteins	 or	 membrane	 lipids	 (Merezhko	 et	 al.,	 2014).	 In	

particular,	 the	shift	between	the	two	processing	pathways	is	 likely	to	be	regulated	by	

different	elements	including	cholesterol,	inflammation	and	synaptic	activity,	which	are	

in	turn	modulated	by	the	different	products	of	APP	proteolysis	(Habib,	Sawmiller	and	

Tan,	 2017;	Hunter	 and	Brayne,	 2018).	 APP	 should	 therefore	 not	 be	 isolated	 from	 its	

wider	 cellular	 environment	 that	 changes	 its	 function	 in	 physiology	 and	pathology.	 In	

particular,	 in	 the	 AD-DS	 context	 it	 is	 important	 to	 consider	 the	 role	 of	 other	 Hsa21	

trisomic	genes	in	modulating	both	APP	biology	and	AD-DS	pathology	in	general.	

3.3 	Evidence	for	a	role	of	genes	other	than	APP	in	AD-DS	

In	AD-DS,	research	suggests	that	Hsa21	genes	other	than	APP	are	likely	to	modulate	the	

disease.	 Evidence	 comes	 from	 the	 comparison	 between	 AD-DS	 and	 dupAPP	 cases	 in	
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human	 samples,	 and	 from	 cellular	 and	 mouse	 models	 in	 which	 APP	 dosage	 can	 be	

modulated.		

In	the	human	brain,	Mann	et	al.	(2018)	observed	that	plaque	formation	in	AD-DS	

is	 greater	 than	 in	 EOAD	 and	 LOAD	 cases;	 but	 also	 greater	 than	 in	 dupAPP	 cases.	

Conversely,	CAA	is	more	severe	in	AD-DS	compared	to	EOAD	and	LOAD;	but	worse	in	

dupAPP	than	 in	AD-DS.	Studies	 in	DS-derived	 iPSCs	revealed	that	 trisomy	of	APP	was	

necessary	 to	 induce	 some	 AD-related	 changes	 such	 as	 increased	 Aβ	 production	 and	

altered	Aβ40/Aβ42	 ratio,	 but	 not	 others	 such	 as	 apoptosis	 or	 changes	 in	 tau	biology	

(Ovchinnikov	et	al.,	2018).	Additionally,	fibroblasts	from	individuals	with	dupAPP	did	not	

present	the	phenotype	of	endosomal	enlargement	observed	in	AD-DS	and	AD	(Cossec	et	

al.,	2012).	In	the	Ts65Dn	mouse	model	of	DS,	decreasing	APP	dosage	partially	rescued	

transport	 impairment	 of	 the	 nerve	 growth	 factor	 (NGF)	 neurotrophic	 factor	 and	

degeneration	of	basal	 forebrain	 cholinergic	neurons	 (BFCN);	however,	 increased	APP	

dosage	triggered	NGF	transport	disruption	but	not	BFCN	loss	(Salehi	et	al.,	2006).		

	 Work	from	Wiseman	et	al.	(2018)	focussed	on	the	role	of	Hsa21	genes	other	than	

APP	on	AD-DS	pathology	using	a	mouse	model	of	DS.	In	the	study,	the	J20	APP	transgenic	

mouse	model	of	amyloid	accumulation	(tgAPP)	was	crossed	with	the	Tc1	mouse	model	

of	DS	(trisomic)	that	had	an	extra	copy	of	75	%	of	Hsa21	genes	not	including	APP.	The	

tgAPP	mouse	model	has	a	human	APP	 transgene	with	Swedish	and	Indiana	AD	causal	

mutations,	 and	 accumulates	 amyloid	 plaques	 from	 4-5	 months	 of	 age	 (Mucke	 et	 al.,	

2000).	 	Trisomic:tgAPP	mice	 showed	an	 increase	 in	 intracellular	Aβ	accumulation,	 in	

soluble	 Aβ,	 in	 plaque	 number	 and	 density,	 and	 in	 cognitive	 deficits	 compared	 to	 the	

tgAPP	mouse	model.	 In	 addition,	 abundance	 of	 the	 C99/β-CTF	 fragment	 of	 APP	was	

increased	in	the	brain	of	trisomic:tgAPP	male	mice	only,	suggesting	a	novel	role	for	sex	

in	AD-DS	pathology	(Figure	1.5).	Finally,	the	soluble	Aβ40/Aβ42	ratio	in	trisomic:tgAPP	

mice	was	lowered,	and	this	correlated	with	increased	Aβ	aggregation	suggesting	that	this	

change	 could	 cause	 the	 increased	 pathology	 in	 the	 trisomic:tgAPP	 animals.	 These	
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alterations	were	not	dependent	on	changes	of	full-length	APP	abundance,	extracellular	

Aβ	clearance,	or	on	the	intrinsic	activity	of	β	or	γ-secretases.	Since	trisomic:tgAPP	mice	

only	 had	 two	 copies	 of	 App,	 a	 role	 for	 other	 Hsa21	 genes	 on	 AD-DS	 pathology	 was	

suggested.		

3.4 Candidate	genes	for	AD-DS	development	other	than	APP	

A	number	of	candidate	genes	on	Hsa21	have	been	shown	to	modulate	different	aspects	

of	the	AD-DS	pathology	(Lana-Elola	et	al.,	2011;	Wiseman	et	al.,	2015).	Dual-specificity	

tyrosine-(Y)-phosphorylation	regulated	kinase	1A	(DYRK1A),	a	protein	kinase,	has	a	role	

in	APP	and	tau	phosphorylation	in	AD.	Reducing	DYRK1A	copy	number	in	Ts65Dn	mice	

reduced	 APP	 overexpression,	 Aβ	 and	 tau	 load,	 and	 cholinergic	 neuron	 degeneration,	

although	the	effect	was	not	homogeneous	across	the	brain	(García-Cerro	et	al.,	2017).	

Other	Hsa21	genes	could	modulate	AD-DS	through	their	direct	or	indirect	action	on	APP	

expression	 (ETS2),	 post-translational	 modification	 (SUMO3)	 or	 processing	 (miR-155,	

BACE2)	(Wiseman	et	al.,	2015).		

Additional	non-Hsa21	genes	also	affect	different	aspects	of	the	AD-DS	pathology	such	

as	 age	 of	 onset	 (APOE,	PICALM1,	 SORL1)	 or	 Aβ42	 production	 (CAHLM1)	 (Patel	 et	 al.,	

2011;	Jones	et	al.,	2013;	Lee	et	al.,	2017).	
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Figure	1.5.	APP-independent	worsening	of	AD	pathology.	A	mouse	model	of	amyloid	deposition	
with	partial	Hsa21	trisomy	(trisomic:tgAPP)	(A)	shows	an	increased	number	of	amyloid	plaques	
(B,	C)	compared	to	a	littermate	mouse	model	of	amyloid	deposition	only	(tgAPP);	in	addition,	it	
presents	an	increase	in	the	β-CTF	fragment	of	APP	in	the	cortex	and	hippocampus	of	male	mice	
only	(D,	E).	WT:	wild	type.	Trisomic:	Tc1	mouse	model	of	DS.	TgAPP:	J20	mouse	model	of	amyloid	
accumulation.	FL-APP:	full-length	APP.	Reproduced	with	permission	from	Wiseman	et	al,	(2018).	

N
or

m
al

is
ed

 C
99

/A
PP

C99

A B

C D

FL-APP

β-actin

β-CTF
α-CTF No

rm
al
ise

d
β-
CT

F/
AP

P
B C

D E

A



	 32	

3.5 	Single	gene	vs	gene	mass-action	approach	in	DS		

There	are	two	current	hypotheses	to	explain	DS	phenotypes.	The	one	discussed	so	far	

attributes	 the	 phenotypic	 changes	 observed	 in	 DS	 to	 an	 altered	 dosage	 of	 specific,	

overexpressed	Hsa21	genes.	This	hypothesis	results	in	the	aim	of	mapping	the	different	

DS	phenotypes	to	specific	genes.	The	second	school	of	thought	attributes	DS	phenotypes	

to	a	general	dysregulation	caused	by	the	radical	change	of	gene	dosage,	irrespective	of	

the	function	of	the	specific	triplicated	genes	(Oromendia	and	Amon,	2014).	Some	groups	

have	attributed	this	general	disruption	to	a	change	in	chromatin	regulation	that	leads	to	

differential	gene	expression	(Letourneau	et	al.,	2014),	although	other	groups	have	not	

been	able	to	replicate	these	findings	(Singhal,	Do	and	Mobley,	2015;	Ahlfors	et	al.,	2019).	

Others	 have	 focussed	 on	 a	 general	 dysregulation	 in	 genomic	 expression	 and/or	

proteostasis,	 the	balance	between	protein	synthesis	and	clearance	 (Chou	et	al.,	2008;	

Vilardell	et	al.,	2011;	Aivazidis	et	al.,	2017;	Zhu	et	al.,	2019).	It	is	still	not	clear	how	these	

different	factors	contribute	to	DS	phenotypes	and	AD-DS	development.	

4. Mouse	models	of	DS		

Different	models	have	been	used	to	understand	DS	and	AD-DS.	Primary	human	tissues	

are	naturally	the	most	relevant	to	the	human	condition;	however,	they	are	not	suitable	

for	genetic	modifications,	and	are	therefore	more	appropriate	for	observational	studies.	

Mouse	models	can	be	genetically	engineered;	they	have	the	biological	complexity	needed	

to	study	the	effect	of	specific	genes	and/or	multigenic	dysregulations	on	the	different	DS	

phenotypes;	and	they	allow	investigation	of	both	cellular	mechanisms	and	higher-level	

behavioural	changes,	thus	offering	the	opportunity	to	bridge	the	two	(Vacano,	Duval	and	

Patterson,	2012;	Herault	et	al.,	2017;	Gough	et	al.,	2020).	

4.1 	Human	chromosome	21	in	mice	

Hsa21	 contains	 235	 protein-coding	 genes	 and	 424	 non-protein	 coding	 genes	

(GRCh38.p13).	 In	 mice,	 three	 different	 chromosomes	 contain	 regions	 that	 are	
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homologous	 to	 Hsa21,	 whose	 genes	 have	 conserved	 order	 and	 orientation	 to	 the	

homologous	Hsa21	genes	(Gupta,	Dhanasekaran	and	Gardiner,	2016).	The	telomeric	end	

of	mouse	chromosome	16	(Mmu16)	contains	the	largest	region	of	genes	homologous	to	

Hsa21	(∼	23	Mb,	148	protein-coding	genes);	mouse	chromosomes	10	and	17	contain	

smaller	regions	of	genes	homologous	to	Hsa21	(respectively	∼	3	and	1.5	Mb,	37	and	19	

protein-coding	genes)	(Choong	et	al.,	2015;	Gupta,	Dhanasekaran	and	Gardiner,	2016;	

Lana-Elola	et	al.,	2016).	

	 Over	the	years,	a	number	of	mouse	strains	have	been	created	to	model	DS,	with	

the	aim	of	understanding	the	link	between	Hsa21	trisomy	and	the	different	phenotypes	

observed	in	DS	(Herault	et	al.,	2017)	(Figure	1.6).	

4.2 	Mouse	models	of	DS	

4.2.1 Aneuploid	mouse	models	of	DS	

The	Ts(17(16))65Dn	(Ts65Dn)	was	the	first	viable	mouse	model	of	DS,	and	it	has	been	

used	for	a	large	body	of	studies	on	DS	(Davisson,	Schmidt	and	Akeson,	1990;	Davisson	et	

al.,	 1993;	 Reeves	 et	 al.,	 1995).	 As	 the	 result	 of	 a	 translocation,	 Ts65Dn	 has	 an	 extra	

Figure	1.6.	Mouse	chromosomes	orthologues	to	Hsa21	and	examples	of	mouse	models	of	 trisomy.	
Mouse	genes	orthologous	to	those	on	human	chromosome	21	(Hsa21,	black	and	white,	top	of	the	
figure)	are	found	on	mouse	chromosomes	(Mmu)	16,	10	and	17.	The	Tc1	mouse	is	transgenic	for	
an	almost	full	copy	of	Hsa21,	functional	for	75	%	of	Hsa21	genes.	The	Ts65Dn	mouse	has	an	extra	
chromosome	formed	by	part	of	Mmu16	linked	to	a	Mmu17	centromere.	The	Dp	panel	comprises	
several	mice	with	a	segmental	duplication	of	different,	nested	regions	of	Mmu16.	Adapted	with	
permission	from	Herault	et	al.	2017.			
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chromosome	composed	by	a	region	of	Mmu16	(90	protein-coding	genes	homologous	to	

Hsa21)	 linked	 to	 the	 centromere	 of	 Mmu17	 (35	 protein-coding	 genes	 that	 are	 not	

homologous	to	Hsa21)	(Reinholdt	et	al.,	2011).	Although	Ts65Dn	models	aneuploidy	and	

triplication	 of	 a	 large	 portion	 of	 Hsa21	 genes,	 it	 has	 the	 confounding	 issue	 of	 the	

triplicated	non-Hsa21	genes;	in	addition,	it	is	not	trisomic	for	all	the	genes	triplicated	in	

DS	(Duchon	et	al.,	2011).		

The	 Tc(Hsa21)1TybEmc	 (Tc1)	 mouse	 model	 of	 DS	 was	 the	 first	

transchromosomic	mouse	 that	 contains	 a	 freely	 segregating	 extra	 copy	 of	 the	Hsa21	

(O’Doherty	et	al.,	2005).	Tc1	enables	modelling	of	aneuploidy	and	at	the	same	time	of	the	

triplication	of	human	(rather	than	mouse	homologous)	Hsa21	genes;	however,	Tc1	mice	

are	mosaic	for	Hsa21	trisomy	and	also	non-functional	for	some	Hsa21	genes,	including	

APP	(Ahmed	et	al.,	2013;	Gribble	et	al.,	2013).		

4.2.2 The	Dp	panel	of	mouse	models	of	DS	

Recently,	advances	in	chromosome	engineering	have	made	it	possible	to	create	mouse	

models	containing	triplications	of	selected	genes	or	gene	regions	(Herault	et	al.,	2017).	

The	Dp	panel	of	mice	were	created	through	Cre/loxP	mediated	recombination	and	now	

constitute	 a	 panel	 of	 mouse	 models	 of	 DS	 with	 the	 same	 genetic	 background	 but	

segmental	 duplication	 of	 different,	 nested	 Hsa21	 orthologous	 regions	 (Choong	 et	 al.,	

2015;	Lana-Elola	et	al.,	2016).		Using	this	panel,	Lana-Elola	et	al.	(2016)	have	identified	

a	minimal	critical	region	on	Hsa21	that	causes	congenital	heart	defects,	a	common	DS	

phenotype,	when	triplicated;	and	Chang	et	al.	(2020)	have	mapped	different	cognitive	

and	electrophysiological	impairments	to	discrete	regions	of	Hsa21.		

4.2.3 Mouse	models	for	AD-DS		

One	 of	 the	 main	 limitations	 in	 the	 use	 of	 mouse	 models	 to	 study	 AD-DS	 is	 that	

triplication/overexpression	of	wild	type	App	in	mice,	contrarily	to	triplication	of	APP	in	

humans,	is	not	sufficient	to	elicit	amyloid	pathology	(Reeves	et	al.,	1995;	Vacano,	Duval	

and	Patterson,	2012).	This	is	partially	due	to	the	difference	in	sequence	between	human	
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and	mouse	 APP,	 consisting	 of	 three	 amino	 acids	 in	 the	 Aβ	 sequence,	 which	 reduces	

affinity	of	the	C99	fragment	of	APP	to	BACE1,	decreases	fibrillogenesis	of	Aβ	peptides	in	

mice	and	alters	processing	of	APP	to	C-terminal	fragments	(Atwood	et	al.,	1998;	Xu	et	al.,	

2015;	Serneels	et	al.,	2020)	(Figure	1.7).	Nevertheless,	mouse	models	of	DS,	of	amyloid	

deposition	or	crosses	of	the	two	have	been	able	to	model	many	aspects	of	AD	pathology,	

and	give	insights	into	cellular	mechanisms	such	as	APP	processing,	cellular	transport	and	

neurodegeneration	(Cannavo	et	al.,	2020).		

	

	 	
Figure	1.7.	Differences	between	human	and	mouse	Aβ	sequence.	Human	and	mouse	APP	differ	for	
three	 amino	 acids	 in	 the	Aβ	 sequence	 (in	 green,	 bold	 and	underlined	 in	 the	 figure).	 Combined	
cleavage	by	β-	and	γ-secretases	in	the	amyloidogenic	pathway	leads	to	Aβ	production.	Combined	
cleavage	 by	 α-	 and	 γ-secretases	 in	 the	 non-amyloidogenic	 pathway	 does	 not	 result	 in	 Aβ	
production.		

Human	Aβ	 DAEFRHDSGYEVHHQKL VFFAEDVGSNKGAIIGLMVGGVVIA

Mouse	Aβ DAEFGHDSGFEVRHQKL VFFAEDVGSNKGAIIGLMVGGVVIA

α-secretaseβ-secretase γ-secretase
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5. Research	Aims	

APP	 triplication	 is	 sufficient	 and	 necessary	 to	 cause	 Alzheimer’s	 disease	 in	 Down	

syndrome.	However,	the	link	between	APP	trisomy	and	AD	pathology	is	not	completely	

understood,	nor	the	contribution	of	other	Hsa21	genes	in	modulating	the	disease.		

	

The	 aim	of	my	 research	was	 to	 investigate	 early	 cellular	 changes	 in	 the	

expression,	processing,	and	degradation	of	APP	using	the	Dp1Tyb	mouse	model	of	

DS	and	AD-DS.	In	addition,	I	wanted	to	assess	how	Hsa21-homologous	mouse	genes	

(other	than	App)	modulate	APP	cellular	pathways	and	AD	pathology	with	the	aim	

of	identifying	potential	novel	candidate	genes	(Figure	1.8).		

	

	

Is	Aβ40/42	production	altered?

Is	endosomal	morphology	altered?

Is	APP	degradation	rate	altered?

• Is	APP	expression	altered?
• Is	proteostasis regulation	altered?

✫

5✫

2

✫

4 ✫
3

Figure	1.8.	Research	aims.	1)	Create	a	mouse	model	to	assess	the	relative	role	of	App	gene	dosage	
and	 Hsa21	 mouse-homologous	 genes	 in	 AD-DS	 pathology	 (not	 shown)	 2)	 Measure	 APP	
expression,	and	verify	whether	it	is	dependent	on	proteostasis	regulation	3)	Assess	endosomal	
volume	and	number		4)	Quantify	APP-CTFs	and	Aβ	production	5)	Measure	APP	degradation	rate.	
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Aim	1	–	App	gene	dosage	in	Dp1Tyb	

Establish	a	novel	mouse	model	 system	 to	assess	 the	 relative	 role	of	App	 gene	

dosage	and	Hsa21	homologous	genes	on	early	AD-DS-related	changes.	

	

Aim	2	–	APP	expression	

• Quantify	APP	expression	in	Dp1Tyb	MEFs	and	brain	

• Determine	if	proteostasis	is	altered	in	the	Dp1Tyb	brain	

• Determine	whether	any	change	was	dependent	on	App	gene	dosage.	

	

Aim	3	–	Endosomal	morphology	

• Set	up	a	method	to	precisely	quantify	volume	and	number	of	endosomes	in	a	

cellular	system	of	DS	

• Identify	 the	Hsa21	 homologous	 genes	 that	 are	 responsible	 for	 endosomal	

changes	in	MEFs	derived	from	the	Dp2Tyb	and	Dp1Tyb	mouse	models	of	DS.	

	

Aim	4	–	APP	processing	

• Quantify	the	production	of	the	CTFs	fragments	of	APP	

• Quantify	the	production	of	soluble	Aβ	peptides	of	different	length		

• Quantify	the	relative	ratio	of	Aβ38,	Aβ40	and	Aβ42	peptides	

• Determine	whether	any	change	was	dependent	on	App	gene	dosage	

In	MEFs	and	brain	derived	from	the	Dp1Tyb	mouse	model	of	DS.	

	

Aim	5	-	APP	degradation	

Determine	 whether	 APP	 degradation	 rate	 was	 altered	 in	 Dp1Tyb	 MEFs,	 and	

whether	any	change	was	dependent	on	App	gene	dosage.	
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Chapter	2:			

Materials	and	Methods	

1. Materials	

1.1 Equipment	

Equipment	 Manufacturer		
1.5	mL	eppendorf	tubes	 VWR	International	
10	μl		-	20	μl		-	200	μl	-	1000	μl		pipette	tips	 Starlab	
100	mm	Petri	dish	 Corning	
12-well	tissue	culture	plate	 Corning	
12-strip	PCR	tubes		 Starlab	
2	mL	screw	cap	cryotubes	 VWR	International	
20X	Bolt	MES	SDS	Running	Buffer	 Invitrogen	
5	mL	Falcon	tubes	 Falcon	
96-well	PCR	plate	 Starlab	
ABI	3730XI	DNA	analyser	 Thermo	Fisher	Scientific	
Adhesion	slides,	SuperFrost	Plus	 VWR	International	
Amaxa	Nucleofector	2b	Device	 Lonza	
Aspiration	Pipette	 Startstedt	
Bench	centrifuge	 Eppendorf	
Bolt	4-12	%	Bis-Tris	Plus	Gels	 Invitrogen	
Bunsen	burner	 Thermo	Fisher	Scientific	
Cell	scraper	 Costar	
Chemi/UV/Stain-Free	Sample	Tray	for	ChemiDoc	
Touch	Imaging	System	

Bio-Rad	

ChemiDoc	Touch	Imaging	System	 Bio-Rad	
Confocal	Microscope	LSM800	 Zeiss	
Confocal	Microscope	LSM880	with	Airyscan	 Zeiss	
Cordless	pellet	pestle	 Kimble	
Coverslips	Diameter	13	mm,		0.16-0.19	mm	thick		 Academy	Glass	
Dry	oven	 VWR	International	
Electrophoresis	tank	 Life	Technologies	Inc	
Electroporation	cuvettes	 Invitrogen	
Gilson	Pipetman	Neo	8	channel	200	ml	 Gilson	UK	
Heat	block	 Grant	Instruments	
Hemocytometer	 Reichert	
Hot	plate	 VWR	International	
HybEZ	RNAscope	oven	 ACD	
ImmEdge	hydrophobic	barrier	pen	 ACD	
Incubator	Raven	 LTE	Scientific	
Incubator	shaker	 Orbital	
DM4	Light	microscope	 Leica	
Meso	Sector	S	600	plate	reader.	 MSD	
Microwave	 Sharp	
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1.2 Chemicals	and	reagents	

Mini-Cell	Electrophoresis	System	 X-Cell	Surelock	
Mini-spin	centrifuge	 VWR	International	
Mr.	Frosty	Freezing	Container	 Thermo	Fisher	Scientific	
Mupid-ONE	System,	gel	electrophoresis	 Clontech	
NanoDrop	ND-1000	spectrophotometer	 NanoDrop	Technologies	
NuPAGE	4-12	%	Bis-Tris	Midi	Protein	Gels	 Invitrogen	
One	Shot	TOP10	Chemically	Competent	Cells	 Thermo	Fisher	Scientific	
PCRmax	Alpha	Cycler	4	 Thermo	Fisher	Scientific	
Pipet	controller	 VWR	International	
Pipette	8	channel	1-10	μl		 VWR	International	
Sorvall	LYNX	Superspeed	centrifuge	 Thermo	Fisher	Scientific	
Tetrad	2	thermal	cycler	 Bio-Rad	
TissueRuptor	Disposable	Probes	 QIAGEN	
TissueRuptor	II	 QIAGEN	
Transblot	Turbo	0.2um		 Bio-Rad	
Transblot	Turbo	Transfer	Pack	 Bio-Rad	
Tube	rack	microtube	4-way	flipper	rack	 Thermo	Fisher	Scientific	
UV	illuminator	 VWR	International	
Ventana	XT	DABMap		 Ventana	Medical	
VIP6	Automated	Vacuum	Tissue	Processor	 Sakura	
Vortex	mixer	 VWR	International	
XCell4	SureLock	Midi-Cell	 Invitrogen	

Chemical	 Manufacturer		
0.1	%	Gelatin	w/v	 Millipore	
0.25	%	Trypsin-EDTA	w/v	 Thermo	Fisher	Scientific	(gibco)	
100	bp	DNA	ladder	 Bioline	
2-mercaptoethanol	 VWR	International	
4-plex	Negative	Control	Probe	 ACD	
4-plex	Positive	Control	Probe	Mm	 ACD	
4x	NuPAGE	LDS	Sample	Buffer	 Thermo	Fisher	Scientific	
50X	Wash	Buffer	Reagents	 ACD	
5X	loading	buffer	 Bioline	
5X	SSC	buffer		 Sigma	Aldrich	Ltd	
AccuPrime	Pfx	SuperMix	 Thermo	Fisher	Scientific	
Adenosine	5′-triphosphate	disodium	salt	hydrate	 Sigma	Aldrich	Ltd	
Agencourt	AMPure	XP	 Beckam	Coulter	
Ampicillin	 Sigma	Aldrich	Ltd	
Benzonase	 Millipore	
Betaine,	5M	 Sigma	Aldrich	Ltd	
Better	Buffer	 Microzone/Clent	LifeScience	
BigDye	Terminator	v1.1	Cycle	sequencing	kit	 Life	Technologies	Limited	
Bolt	MES	SDS	Running	Buffer	20X		 Novex	
Bovine	serum	albumin	 Sigma	Aldrich	Ltd	
Chloramphenicol	gamma-irradiated	 Sigma	Aldrich	Ltd	
Cycloheximide	20	ug/ul	 Sigma	Aldrich	Ltd	
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DMEM	(1x)	+	Glutamax	 Thermo	Fisher	Scientific	(gibco)	
DMSO	(Dimethyl	Sulphoxide)	 Sigma	Aldrich	Ltd	
Dulbecco's	Phosphate	Buffered	Saline	 Thermo	Fisher	Scientific	(gibco)	
ElectroMAX	DH10B	T1	Phage-Resistant	Competent	
E.coli	

Thermo	Fisher	Scientific	

Ethanol	 VWR	International	
Ethidium	bromide	 Sigma	Aldrich	Ltd	
Ethylenediaminetetraacetc	acid	solution	(EDTA)	
0,5	M	in	H2O	

Sigma	Aldrich	Ltd	

Foetal	Bovine	Serum	(FBS)	 Thermo	Fisher	Scientific	(gibco)	
Formaldehyde	10	%	 Polysciences	
Gel	Loading	Dye	blue	(6X)	 New	England	Biolabs	
Glycogen,	DNA	co-precipitant	 Thermo	Fisher	Scientific	
Hyperladder	1	kb,	500	lanes	 Bioline	
HyperLadder	1	kb	 Bioline	
Kanamycin	Sulfate	 Sigma	Aldrich	Ltd	
L-(+)-Arabinose	 Sigma	Aldrich	Ltd	
LB	Broth	with	agar	(Luria	low	salt)	 Sigma	Aldrich	Ltd	
LB	Broth,	Miller	 Sigma	Aldrich	Ltd	
LDS	Sample	Buffer	(4X)	 Novex	
LongAmp	Taq	2x	Master	Mix	 Thermo	Fisher	Scientific	
MegaMix	Blue		 Medical	Expo	
Mm-Pecam1-C3	RNAScope	probe	 ACD	
Mm-Rbfox3-C2	RNAScope	probe	 ACD	
Mm-Sox10-C4	RNAScope	probe	 ACD	
Mouse	Embryonic	Fibroblast	Nucleofector	Kit	1	 Lonza	
Multiplex	Fluorescent	Reagent	Kit	v2	manual	assay	 ACD	
NP-40	 Fluka	
NuPAGE	MES	SDS	Running	Buffer	20X		 Novex	
One	Shot	PIR1	chemically	competent	E.	Coli	 Thermo	Fisher	Scientific	
Opal	520	 Akoya		
Opal	570	 Akoya		
Opal	620		 Akoya		
Opal	690	 Akoya		
Penicillin-streptomycin	 Thermo	Fisher	Scientific	(gibco)	
PHOSSTOP	 Sigma	Aldrich	Ltd	
Phusion	High-Fidelity	PCR	master	mix	 New	England	Biolabs	
Pierce	660nm	Protein	Assay	Reagent	 Thermo	Fisher	Scientific	
Probe	diluent	 ACD	
Probe	C1-Mm-App	RNAScope		 ACD	
ProLong	Gold	Antifade	Mountant	 Thermo	Fisher	Scientific		
ProLong	Gold	Antifade	Mountant	with	DAPI	 Thermo	Fisher	Scientific		
Protease	Inhibitor	Cocktail	Set	I	 Millipore	
RedGel	 New	England	Biolabs	
Restriction	enzymes	 New	England	Biolabs	
RNAscope	Hydrogen	Peroxide	(H2O2)	and	Protease	
Reagents	

ACD	

S.O.C.	medium	 Invitrogen	
Saponin	 Alfa	Aesar	
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1.3 Antibodies	

1.3.1 Primary	antibodies	

1.3.2 Secondary	antibodies	

SeeBluePlus2	Prestained		 Invitrogen	
Skim	Milk	Powder	 Sigma	Aldrich	Ltd	
SmartCut	buffer	 New	England	Biolabs	
Sodium	acetate	solution	-	3M	in	H2O	 Sigma	Aldrich	Ltd	
Sodium	chloride	(NaCl)	 Sigma	Aldrich	Ltd	
Sodium	deoxycholate	 Sigma	Aldrich	Ltd	
Sodium	dodecyl	sulphate	(SDS)	 Sigma	Aldrich	Ltd	
Superblock	 Medite	
SuperSignal	West	Pico	Substrate	 Thermo	Fisher	Scientific	
Target	Retrieval	Reagents	 ACD	
Tris/Borate/EDTA	(TBE)	 VWR	International	
T-EDTA	(TE)	pH	7.4	buffer	10X	 VWR	International	
Tetracycline	hydrochloride	 Sigma	Aldrich	Ltd	
Trizma	hydrocloride	solution	1M	pH	7.4	 Sigma	Aldrich	Ltd	
TRIS-buffered	saline	pH	8.0	10X	 Thermo	Fisher	Scientific		
TSA	Buffer	 ACD	
Tween-20	 Acros	Organics	
UltraPure	DNase/RNase-free	distilled	water	 Thermo	Fisher	Scientific	
UltraPure	glycerol	 Thermo	Fisher	Scientific	
UltraPure	powdered	agarose	 Thermo	Fisher	Scientific		
Xylene	 VWR	International	

Antibody	 Catalogue#	 Antigen	 Host	 Supplier	 Assay	 Dilution	

4G8	 SIG-39240		 Beta-amyloid		 Mouse	 Sigma	
Aldrich	

IHC	 2	μg/ml		

A8717	 a8717	 APP	 Rabbit	 Sigma	
Aldrich	 WB	 1:5000	

eIF2α	 9722	 eIF2α	 Rabbit	 Cell	
Signaling	 WB	 1:1000	

Integrinβ1	 MAB1997	 Integrinβ1	 Rat	 Millipore	 ICC	 1:1000	

p-eIF2α	 3398	 p-eIF2α	 Rabbit	 Cell	
Signaling	 WB	 1:200	

Rab5	 21435	 RAB5	 Rabbit	 Cell	
Signaling	 ICC	 1:200	

Y188	 ab32136	 APP	 Rabbit	 Abcam	 WB	 1:10000	

Antibody	 Catalogue#	 Host	 Reactivity	 Supplier	 Assay	 Dilution	

AlexaFluor	546	 A11035	 Goat	 Rabbit	 Thermo	Fisher		 ICC	 1:2000	

AlexaFluor	633	 A21052	 Goat	 Mouse	 Thermo	Fisher		 ICC	 1:2000	

Anti-rb	HRP	 P0448	 Goat	 Rabbit	 DAKO	 WB	 1:5000	
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1.4 Plasmids	

1.5 Solutions	

1.6 Commercial	kits		

1.7 Websites	

Anti-ms	HRP	 P0260	 Rabbit	 Mouse	 DAKO	 WB	 1:5000	

Plasmid	name	 Lab	of	origin	

C99-3Xflag	 Fisher-Wiseman	

C99-EGFP	 Ralph	Nixon	

GFP-Rab5CA	(Q79L)	 Sergio	Grinstein		

Solution	 Composition	

LB	broth	 10	g	LB	broth	in	400	ml	H2O	

LB	Agar	base	 12.2	g	of	LB	Agar	Base	in	400	ml	of	H2O	

RIPA	buffer	
150	mM	sodium	chloride,	50	mM	Tris,	1	%	NP-40,	0.5	
%	sodium	deoxycholate,	0.1	%	SDS	

MEF	culture	medium		
DMEM	+	GlutaMax,	10	%	FBS	v/v,	1	%	Penicillin-
streptomycin	v/v	

PBS-T	 1X	PBS	with	0.05	%	Tween-20	v/v	
TBS-T	 1X	TBS	with	0.1	%	Tween-20	v/v	

Commercial	Kit	 Supplier	

DNeasy	Blood	&	Tissue	Kit		 Qiagen	

Plasmid	Maxi	kit	 Qiagen	

QIAprep	Spin	Miniprep	Kit	 Qiagen	

QIAquick	Gel	Extraction	kit	 Qiagen	

QIAquick	PCR	purification	kit	 Qiagen	

TaKaRa	DNA	Ligation	Kit	Ver.2.1	 TaKaRa	
Wizard	SV	Gel	and	PCR	Clean-Up	System	 Promega	Corporation	

Web	Page	 Function	 Link	

NCBI	website	 Gene	database	 https://www.ncbi.nlm.nih.gov/gene	

NEB	website		 Cloning	design	
https://international.neb.com/tools-and-
resources	

Sigma-Aldrich	
website	

Primers	design	 https://www.sigmaaldrich.com/united-
kingdom.html	

SnapGene	 Plasmid	database	 https://www.snapgene.com/	

Source	
BioScience	

Sequencing	 https://www.sourcebioscience.com/	
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1.8 	Software	

2. Methods		

2.1 Animal	welfare		

Animal	husbandry	was	carried	out	by	Biological	Services	Facility	(BSF)	of	the	MRC	Prion	

Unit.	 Animal	 welfare	 and	 husbandry	 were	 consistent	 with	 that	 stated	 in	 the	

‘Responsibility	 in	 the	 use	 of	 animals	 for	 medical	 research’	 (1993,	 Medical	 Research	

Council).	All	experiments	were	under	license	from	the	UK	Home	Office	and	with	approval	

of	the	local	Ethical	Review	panel.	Mice	were	housed	in	a	specific-pathogen-free	facility	in	

individually	 ventilated	 cages,	 with	 access	 to	 nesting	material	 and	 a	 ‘red	 house’.	 The	

animal	facility	was	maintained	at	a	constant	temperature	of	19-23	°C	with	55	±	10	%	

humidity	 in	 a	 12	 h	 light/dark	 cycle.	 Pups	 were	 weaned	 at	 21	 days	 and	 moved	 to	

standardised	same-sex	group	housing	with	a	maximum	of	5	mice	per	cage.	Mice	were	fed	

Uniprot	 Protein	database	 https://www.uniprot.org/	

TransnetYX	 Genotyping	 https://www.transnetyx.com/	
BLAST	(Basic	
Local	
Alignment	
Search	Tool)		

Sequences/Proteins	
alignment	 https://blast.ncbi.nlm.nih.gov/Blast.cgi	

Ensembl		 Database	of	genomes	 http://www.ensembl.org/index.html	

NCBI	(National	
Centre	for	
Biotechnology	
Information)		

Database	of	
molecular	biology	
resources	

https://www.ncbi.nlm.nih.gov/	

NEB	Ligation	
calculator	

Cloning	design	 https://nebiocalculator.neb.com/#!/ligation	

Website	 Function	

Geneious	9.1.5,	Biomatters		 Sequencing	analysis	software		

GraphPad	Prism	8.4.2	 Statistical	analysis	

Huygens	software	 Image	processing	(Deconvolution)	

IBM	SPSS	Statistics	2.5	 Statistical	analysis	

Image	Lab	6.1.0	 Image	processing	

ImageJ	2.0.0	 Image	processing	

Imaris	8,	Bitplane	 Image	processing	(3D	rendering)	

Zen	 Image	processing	
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irradiated	Lab	diet	(LabDiet)	ad	libitum; water	bottles	were	changed	once	a	week	but	

checked	 every	 day	 and	 changed	where	 necessary.	 The	water	 provided	was	 reversed	

osmosis	(RO	water).		

2.2 Mouse	models	

Dp(16Lipi-Dbtb21)1TybEmcf	 [Dp1Tyb]	 (MGI:5703853)	 and	

Dp(16Mis18aRunx1)2TybEmcf	[Dp2Tyb]	(MGI:5703854)	mice	were	imported	from	the	

Francis	Crick	Institute	and	colonies	maintained	by	backcrossing	to	C56BL/6J.	B6.129S7-

Apptm1Dbo/J	 [App-/-]	 (MGI:2136847)	mice	were	 imported	 from	 the	 Jackson	Laboratory	

and	a	colony	was	maintained	by	crossing	heterozygous	knockouts	with	C56BL/6J.	To	

generate	the	mice	and	cells	used	in	this	project	Dp1Tyb	mice	were	crossed	with	App+/-		

or	C56BL/6J;	Dp2Tyb	mice	were	crossed	with	C57BL/6J	mice.	

2.2.1 Mouse	brain	collection	

Tissue	collection	was	carried	out	by	BSF	staff	from	the	MRC	Prion	Unit;	perfusion	with	

saline	 solution	was	 carried	 out	 before	 tissue	 collection	 as	 a	 non-recovery	 procedure.	

Briefly,	mice	were	put	into	an	anaesthetic	induction	chamber	and	5	%	isofluorane	was	

passed	into	the	chamber	with	a	flow	rate	of	about	4-5	l/minute	(min);	then	mice	were	

moved	to	the	anaesthetic	mask	at	the	same	concentration	and	flow	rate.	Pedal	reflex	was	

tested	to	confirm	sedation.	Once	reflexes	ceased,	the	mouse	was	perfused	with	20	mL	

ice-cold,	 DEPC-free	 PBS.	 The	 whole	 brain	 was	 dissected:	 the	 right	 hemisphere	 was	

separated	with	a	razor	blade	and	immediately	transferred	to	10	%	buffered	formal	saline	

(v/v),	the	left	hemisphere	was	dissected	into	cortex,	hippocampus	and	cerebellum	that	

were	collected	in	tubes	and	snap	frozen	on	dry	ice	before	transfer	to	-70	°C	storage.	

2.2.2 Mouse	embryonic	fibroblasts	(MEFs)		

2.2.2.1 Embryo	extraction	

To	produce	Mouse	Embryonic	Fibroblasts	(MEFs)	timed	matings	were	set	up,	where	the	

female	was	plug-checked	twice	a	day	after	introduction	of	the	male	in	the	cage.	When	a	

plug	was	found	(day	0),	the	male	was	removed	from	the	cage.	If	14	days	after	the	mating	



	 45	

(E14)	the	female	was	pregnant,	embryos	were	collected	to	generate	MEFs.	The	schedule	

1	cull	(SK1)	of	embryos	was	carried	out	by	BSF	staff.	Briefly,	the	pregnant	female	mouse	

in	the	mating	was	euthanized,	and	dissection	for	the	collected	embryos	was	carried	out	

under	 sterile	 condition	 in	 a	 laminar	 flow	 hood.	 The	 uterine	 horn	was	 dissected	 and	

rinsed	 in	70	%	ethanol	 (v/v)	and	placed	 into	a	100	mm	Petri	dish.	Each	embryo	was	

separated	 from	 its	placenta	and	embryonic	sac.	The	embryo	was	decapitated	and	 the	

head	and	body	were	transferred	to	a	1.5	ml	Eppendorf	tube	containing	PBS	and	delivered	

for	genotyping	(heads)	and	MEFs	generation	(bodies).	

2.2.2.2 MEFs	generation	

All	procedures	using	cells	were	carried	out	under	sterile	conditions	in	Microbiological	

Safety	Cabinets.	To	generate	MEFs,	100	mm	Petri	dishes	were	coated	with	0.1	%	gelatin	

(5	ml/dish)	 and	 incubated	 at	 37	 °C.	 After	 30	min,	 the	 gelatin	was	 removed	 from	 the	

plates,	 and	 9	ml	 of	 warm	MEF	 culture	medium	 (DMEM	 +	 GlutaMax,	 10	%	 FBS,	 1	%	

Penicillin-streptomycin)	 was	 added.	 Each	 decapitated	 embryo	 was	 transferred	 to	 a						

100	mm	dish	and	eviscerated	of	the	red	organs.	The	remaining	tissue	was	transferred	to	

individual	100	mm	petri	dishes.	One	ml	of	warm	0.25	%	trypsin-EDTA	was	added	to	each	

embryo.	Embryos	were	finely	minced	using	a	sterile	scalpel,	then	further	dissociated	by	

pipetting	 up	 and	 down.	 Each	 cell	 mix	 was	 transferred	 to	 a	 15	 ml	 Falcon	 tube	 and	

incubated	 for	5	min	 at	 37	 °C.	 4	ml	MEF	 culture	medium	was	 added	 to	 inactivate	 the	

trypsin,	1	µl	benzonase	to	reduce	clumping	of	cells.	The	mix	was	incubated	for	2	min	at	

room	temperature	(RT).	The	cells	were	centrifuged	at	low-speed	(300	x	g)	for	5	min,	the	

supernatant	was	carefully	removed	and	the	cell	pellet	was	resuspended	in	1	ml	warm	

MEF	 culture	medium.	 The	 cell	mix	 derived	 from	 each	 embryo	was	 added	 to	 labelled	

gelatin-coated	plates	and	incubated	at	37	°C,	5	%	CO2	overnight	(O/N).	The	next	day	the	

MEF	medium	was	removed,	 the	cells	were	washed	with	PBS	and	10	ml	of	warm	MEF	

medium	was	added.	The	cells	were	returned	to	37	°C,	5	%	CO2	until	ready	to	be	used	or	

stored.	
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2.2.2.3 MEFs	splitting,	counting	and	storage	

When	MEFs	were	80-90	%	confluent,	the	medium	was	removed	and	1	ml	0.25	%	trypsin	

was	added	to	each	dish.	Dishes	were	placed	in	the	incubator	for	1	min	to	lift	the	cells	

from	the	plates.	Four	ml	warm	MEF	culture	medium	was	added	to	the	plates	to	deactivate	

trypsin.	The	cells	were	transferred	to	individual	15	ml	tubes	and	centrifuged	at	300	x	g	

for	5	min.	From	this	step,	MEFs	could	be	split	over	multiple	dishes,	counted	or	stored.	

Splitting.	The	supernatant	was	discarded,	and	the	cell	pellet	was	resuspended	in	1	ml	

MEF	medium,	transferred	to	a	100	mm	plate	containing	9	ml	of	warm	MEF	medium	and	

incubated	at	37	°C,	5	%	CO2.	

Counting.	 For	 cell	 counting,	 the	 supernatant	 was	 discarded,	 and	 the	 cell	 pellet	 was	

resuspended	in	1	ml	MEF	medium.	Ten	µl	of	the	1	ml	cell	suspension	was	pipetted	into	a	

hemocytometer.	The	following	formula	was	used	to	quantify	the	cells:	

(total	cells	counted	in	each	square	of	the	hemocytometer/4)*10000	=	cells/ml.		

The	desired	number	of	cells	was	added	to	each	plate	topped	up	with	a	suitable	volume	

of	medium	to	reach	10	ml.	The	cells	dishes	were	incubated	at	37	oC	5	%	CO2.	

Storage.	For	long-term	storage,	MEFs	were	kept	in	liquid	nitrogen.	After	centrifugation	

and	supernatant	removal,	the	cell	pellet	was	resuspended	in	2	ml	warm	freezing	medium	

(MEF	culture	medium	with	10	%	DMSO).	The	cells	were	transferred	in	cryotubes	(1	ml	

per	 tube),	 placed	 in	 Mr.	 Frosty	 Freezing	 Container	 and	 stored	 at	 -	 70	 oC	 O/N.	 The	

following	day,	the	vials	were	moved	to	liquid	nitrogen	for	long-term	storage.	

2.2.2.4 MEF	thawing	

To	thaw	MEFs,	vials	were	removed	from	liquid	nitrogen	and	placed	on	dry	ice.	The	tubes	

were	incubated	for	2	min	at	37	oC,	then	transferred	to	a	15	ml	Eppendorf	tube,	4	ml	of	

warm	MEF	medium	was	added,	and	the	tubes	were	centrifuged	at	300	x	g	for	5	min.	The	

supernatant	was	discarded,	the	pellet	was	resuspended	in	1	ml	of	warm	MEF	medium,	

transferred	to	a	100	mm	plate	containing	9	ml	of	warm	MEF	medium	and	incubated	at	

37	°C,	5	%	CO2.	
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2.3 Genotyping	

2.3.1 TransnetYX	genotyping	

Genotyping	 of	 Dp1Tyb,	 Dp2Tyb,	 App+/-,	 and	 Dp1Tyb/App+/-	 was	 outsourced	 to	

Transnetyx	(Cordova	TN,	USA)	using	a	proprietary	qPCR-based	system.	

2.3.2 PCR	based	sexing	assay	

The	sex	of	MEFs	received	from	third	parties	was	checked	and	compared	to	the	existing	

records.	A	sexing	PCR	was	designed	to	test	the	DNA	extracted	from	MEF	lines.		

The	 DNeasy	 Blood	 &	 Tissue	 Qiagen	 Kit	 was	 used	 to	 extract	 DNA	 from	MEFs	

according	to	the	protocol	provided.	Briefly,	cells	were	lifted	with	trypsin	as	described	

before	and	centrifuged	for	5	min	at	350	x	g.	Cell	pellets	were	resuspended	in	200	µl	PBS	

in	1.5	ml	Eppendorf	tubes;	20	µl	proteinase	K	was	added	to	each	tube,	followed	by	200	

µl	of	Buffer	AL.	Tubes	were	shaken	vigorously	for	15	s,	and	then	centrifuged	at	2000	x	g	

for	few	seconds	to	collect	any	solution	from	the	caps.	Samples	were	incubated	at	56	°C	

for	10	min	on	a	rocking	platform,	then	200	µl	ethanol	(96–100	%)	were	added	to	each	

sample.	Tubes	were	shaken	and	centrifuged	as	before.	The	lysis	mixture	of	each	sample	

was	transferred	to	the	wells	of	a	DNeasy	96	plates	placed	on	top	of	a	support	block	(S-

Block).	DNeasy	96	plates	were	sealed	with	an	AirPore	Tape	Sheet	and	centrifuged	for	4	

min	at	4500	x	g.	500	µl	Buffer	AW1	was	added	to	each	sample.	The	DNeasy	96	plate	was	

sealed	with	a	new	AirPore	Tape	Sheet	and	centrifuged	for	2	min	at	4500	x	g.	500	µl	Buffer	

AW2	was	added	to	each	sample,	and	the	plate	without	AirPore	Tape	was	centrifuged	for	

15	min	at	4500	x	g.	The	DNeasy	96	plate	was	placed	on	a	new	rack	of	Elution	Microtubes	

RS,	and	200	µl	Buffer	AE	was	added	to	each	sample	to	elute	DNA.	The	DNeasy	96	plates	

was	sealed	with	new	AirPore	Tape	Sheets,	incubated	for	1	min	at	RT	and	then	centrifuged	

for	4	min	at	4500	x	g.	The	DNA	concentration	obtained	was	between	350-100	ng/µl.		

The	PCR	to	determine	the	sex	of	the	MEFs	used	primers	targeting	the	Sry	male-specific	

gene	which	lies	on	the	Y	chromosome.	SRY	encodes	the	Sex-Determining	Region	Y	(SRY)	
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protein,	involved	in	male	development	(Uni	Washington,	St.	Louis,	Mouse	Genetics	Core).	

The	primers	used	for	the	sexing	PCR	are	showed	below:	

A	T-cell	 receptor	delta	 (TCRD)	autosomal	gene	was	used	as	 the	 internal	control,	with	

following	primers:	

Primers	were	ordered	from	the	Sigma-Aldrich	website	and	restored	with	ultrapure	H2O	

(ddH2O)	 to	 a	 concentration	 of	 100	 μM.	 Further	 dilutions	were	made	 to	 a	 final	 5	 μM	

concentration.		

DNA,	 primers	 and	MegaMix	Blue	were	 added	 to	 PCR	 tubes	 and	 placed	 in	 a	 Tetrad	 2	

thermal	 cycler	 (Bio-Rad)	 with	 conditions	 shown	 in	 Table	 2.1.	 Following	 PCR	

amplification,	samples	were	then	visualised	using	agarose	gel	electrophoresis.	

The	PCR	products	were	loaded	with	5X	loading	buffer	in	a	2	%	agarose	gel.	To	make	a	2	

%	 agarose	 gel,	 5	 g	 of	 UltraPure	 powdered	 agarose	 was	 added	 to	 250	 ml	 of	 1X	

Tris/Borate/EDTA	(TBE)	in	a	flask	and	brought	to	a	boil	in	the	microwave.	RedGel	(2.5	

μl)	were	added	to	the	flask	and	the	mix	was	poured	into	a	gel	casting	tray	with	a	well	

comb	and	allowed	to	set	in	a	fume	cabinet.	When	the	gel	had	solidified,	1X	TBE	was	added	

to	the	tank	to	cover	the	gel	completely.	The	samples	were	diluted	in	6X	gel	loading	dye	

and	added	to	the	gel;	5	μl	of	a	Hyperladder	100	bp	was	used.	The	gel	was	electrophoresed	

Primers	Name	 Primers	Sequence	
Forward	sry1	 AAC	AAC	TGG	GCT	TTG	CAC	ATT	G	
Reverse	sry1	 GTT	TAT	CAG	GGT	TTC	TCT	CTA	GC	

Primers	Name	 Primers	Sequence	
Forward	TCRΔ	 CAA	ATG	TTG	CTT	GTC	TGG	TG			
Reverse	TCRΔ	 GTC	AGT	CGA	GTG	CAC	AGT	TT	

Table	2.1.	Conditions	for	MEFs	sexing	PCR.	

REAGENTS	 	 PCR		
Reagent	 Volume	(μl)	 Step	 Temperature	(oC)	 Time	
MegaMix	Blue	 5	 1	 95		 3	min	
DNA	 1	 2	 95	 1	min	
Forward	primer	sry1	 1		 3	 58	 45	s	
Reverse	primer	sry1	 1		 4	 72		 45	s	
Forward	primer	TCRΔ	 1	 5	 Repeat	step	2-4	35	times	
Reverse	primer	TCRΔ	 1	 6	 72	 10	min	
	 	 7	 4	 Hold	
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for	40	min	at	180	V,	400	A.	DNA	from	one	male	and	one	 female	mouse	were	used	as	

controls.	

2.4 Plasmid	cloning	and	verification	

2.4.1 C99-EGFP	plasmid	

To	overexpress	the	C99	fragment	of	APP,	I	used	a	C99-EGFP	plasmid	kindly	donated	by	

Dr	Jiang	(New	York	University,	USA).	The	plasmid	had	been	used	in	previous	studies	to	

overexpress	the	C99	fragment	of	APP	in	a	cellular	system	(Kaether	et	al.,	2006;	Jiang	et	

al.,	2010).	Since	I	did	not	have	a	vector	map,	I	first	derived	the	plasmid	expected	sequence	

(NCBI	website	and	SnapGene	website;	Table	2.2);	the	plasmid	was	then	sequenced	and	

verified.	

Table	2.2.	DNA	sequence	of	APP	signalling	sequence,	C99	fragment	of	APP	and	EGFP	tag.	
Signalling	Sequence	 5’…ATGCTGCCCGGTTTGGCACTGCTCCTGCTGGCCGCCTGGACGGCTCGGGCG…3’	

C99		 5’…GATGCAGAATTCCGACATGACTCAGGATATGAAGTTCATCATCAAAAATTGGTG

TTCTTTGCAGAAGATGTGGGTTCAAACAAAGGTGCAATCATTGGACTCATGGTGGG

CGGTGTTGTCATAGCGACAGTGATCGTCATCACCTTGGTGATGCTGAAGAAGAAACA

GTACACATCCATTCATCATGGTGTGGTGGAGGTTGACGCCGCTGTCACCCCAGAGGA

GCGCCACCTGTCCAAGATGCAGCAGAACGGCTACGAAAATCCAACCTACAAGTTCTT

TGAGCAGATGCAGAAC…3’	

EGFP	 5’…ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG

CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGAT

GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTG

CCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACC

CCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC

AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGA

AGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG

AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCT

ATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG

GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAG

CAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGC

CGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA…3’	

	

2.4.2 C99-EGFP	extraction	and	amplification	

The	C99-EGFP	plasmid	was	extracted	from	paper	and	amplified.	To	extract	the	plasmid,	

the	paper	was	transferred	to	an	Eppendorf	tube	and	incubated	in	50	μl	of	buffer	TE	(T-

EDTA	pH	7.4)	for	10	min	in	a	37	°C	water	bath.	After	1	min	centrifuging	at	1000	x	g,	the	
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supernatant	was	 transferred	 in	 a	 fresh	 tube	 and	measured	with	 Nanodrop	ND-1000	

spectrophotometer	at	an	absorbance	of	260	nm.	

TOP10	competent	cells	were	used	as	hosts	for	the	C99-EGFP	plasmid.	The	cells	

were	grown	on	LB	agar	plates.	To	make	the	plates,	12.2	g	of	LB	Agar	Base	were	added	to	

400	ml	of	H2O	and	autoclaved.	When	the	agar	cooled	down	to	40	°C,	ampicillin	antibiotic	

was	added	(0.1	mg/ml	final	concentration	from	a	50	mg/ml	stock).	Twenty	ml	of	solution	

was	poured	in	each	individual	petri	dish	under	sterile	conditions,	and	the	plates	were	

left	to	air-dry	for	a	minimum	of	2	h.	LB	broth	(10	g	LB	broth	in	400	ml	H2O)	was	also	

prepared	and	autoclaved.	When	the	solution	cooled	down	to	40	°C,	ampicillin	antibiotic	

was	added	(0.1	mg/ml	final	concentration	from	a	50	mg/ml	stock).			

To	 transform	 TOP10	 cells	 with	 the	 C99-EGFP	 plasmid,	 one	 tube	 of	 cells	 was	

thawed	on	ice	and	1	μl	of	plasmid	(1	μg/μl)	DNA	was	added.	The	tube	was	incubated	on	

ice	for	30	min;	heat	shocked	at	42	°C	for	30	s;	and	put	back	on	ice	for	2	additional	min.	

250	μl	of	S.O.C.	medium	at	RT	was	added;	the	tube	was	then	incubated	for	1	h	at	37	°C	

and	225	rpm.	After	1	h,	10,	20,	and	50	μl	of	the	solution	were	plated	on	three	individual	

agar	plates	using	sterile	conditions.	The	plates	were	inverted	(lid	down)	and	incubated	

at	37	°C	O/N.	

After	∼	12	h,	eight	individual	colonies	were	picked	with	a	sterile	pipette	tip	and	

each	colony	was	transferred	to	a	single	15	ml	Eppendorf	tube	filled	with	5	ml	of	LB	broth	

+	ampicillin.	The	tubes	were	incubated	O/N	at	37	°C	and	225	rpm.	After	∼	12	h	DNA	was	

extracted	from	the	colonies	using	the	QIAprep	Spin	Miniprep	Kit	(QIAGEN)	according	to	

manufacturer’s	 instructions,	 and	 measured	 with	 NanoDrop	 ND-1000	

spectrophotometer	(NanoDrop	Technologies).	
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2.4.3 C99-EGFP	digestion	and	sequencing	

The	second	step	aimed	 to	verify	where	on	 the	

plasmid	backbone	the	fragment	of	interest	had	

been	 inserted.	To	digest	 the	DNA,	 the	plasmid	

was	incubated	with	Cutsmart	buffer,	NheI	(5’…	

G▼CTAGC…	3’)	and	SmaI	(5’…	CCC▼GGG…	3’)	enzymes	and	BSA	for	2	h	at	37	°C	(Table	

2.3).	The	digestion	product	was	run	on	1	%	agarose	(w/v)	gel	for	1.40	h	(110	V,	400	A)	

using	HyperLadder	1kb.	

Sanger	sequencing	was	used	to	sequence	the	insert.	Sequencing	reactions	were	

prepared	on	ice.	Details	of	the	sequencing	reaction	carried	out	with	tetrad	PCR	machine	

and	of	the	reagents	used	can	be	found	in	Table	2.4.	

After	amplification,	each	reaction	 in	 the	96-well	plate	was	precipitated	by	adding	 the	

reagents	specified	in	Table	2.5	to	each	well:		

The	 plate	 was	 then	 vortexed	 to	 mix	 the	 samples,	 incubated	 for	 15	 min	 at	 RT	 and	

centrifuged	 at	 2500	 x	 g	 for	 30	 min	 to	 pellet	 the	 DNA.	 The	 plate	 was	 inverted	 and	

centrifuged	at	100	x	g	for	30	s	to	remove	the	supernatant;	subsequently,	75	μl	of	70	%	

ethanol	were	added	to	each	well	followed	by	centrifugation	of	the	plate	at	2500	x	g	for	

15	min.	The	ethanol	wash	was	repeated	a	second	time,	and	the	plate	was	left	to	air-dry	

for	10	min.	20	µl	of	formamide	were	added	to	into	each	well	for	DNA	denaturation	at	95	

Table	2.3.	Digestion	reaction.	
REAGENT	 Vol	(μl)	

Cutsmart	buffer	 2.5	
NheI	 1	
SmaI	 1	
DNA	(250	ng/ul)	 2.5	
BSA	 0.25	
H2O	 17.5	

Table	2.4.	Reagents	and	PCR	steps	for	Sanger	sequencing.	

Reagents	 	 PCR	conditions	
REAGENT	 QUANTITY		 STEP	 TEMPERATURE	(oC)	 TIME	
Big	Dye	 1	μl	 1	 95	 5	min	
Better	Buffer	 5	μl	 2	 96	 30	s	
Primer		 5	μM	stock	 3	 55	 15	s	
Betaine	 1	μl	 4	 60	 3	min	
Plasmid	 5	ng	 5	 Repeat	step	2-4	30	times	
H2O	 6	μl	 6	 4	 Hold	

Table	2.5.	Precipitation	reagents.	
STEP	ORDER	 REAGENT	 QUANTITY	(µL)	
1	 125	mM	EDTA	 1.5		
2	 100	%	ethanol	 37.5	
3	 3M	Na	acetate	 1.5		
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°C	for	5	min.	Afterward,	the	plate	was	chilled	on	ice	for	5	min,	placed	in	a	septa	box	and	

DNA	 sequencing	 was	 undertaken	 on	 an	 ABI	 3730XI	 DNA	 analyser.	 Sequencing	 was	

partially	outsourced	to	Source	BioScience.	

2.4.4 C99-EGFP	sequencing	

Five	primers	binding	to	the	CMV	or	SV40	promoters	were	designed	to	verify	the	location	

of	 the	 insert.	 Primers	 ordered	 from	 Sigma-Aldrich	were	 reconstituted	 and	 diluted	 in	

ddH2O	to	a	final	concentration	of	20	mM	(Table	2.6).	

	

A	PCR	was	designed	to	verify	the	location	of	the	insert	in	the	plasmid,	using	the	plasmids	

listed	above.	The	PCR	detailed	below	(Table	2.7)	was	loaded	in	PCR	tubes	and	amplified	

on	a	tetrad	PCR	machine.	PCR	products	were	then	electrophoresed	in	a	1	%	agarose	gel	

in	TBE	for	60	min	(150	V,	400	A).	

2.5 C99-3xflag	plasmid		

The	aim	was	to	clone	a	new	plasmid	containing	the	C99	sequence	preceded	by	the	App	

signalling	sequence	and	followed	by	a	3xflag.	The	first	part	of	the	cloning	was	performed	

Table	2.6.	Primers		designed	for	C99-EGFP	plasmid	sequencing.	
NAME	 SEQUENCE	 BINDING	SITE	 POSITION	(bp)	 TEMP	(oC)	
CMVP_1F	 CACCAAAATCAACGGGACTT		 CMV	 736	 63.60	
CMVP_1R	 AGGGAAGAAAGCGAAAGGAG		 CMV	 1404	 63.60	
CMVP_2F	 CAAGTACGCCCCCTATTGAC		 CMV	 509	 63.20	
CMVP_2R	 AGGAAAGGACAGTGGGAGTG		 CMV	 1117	 63.10	
CMVP_3F	 ACTGCTTACTGGCTTATCGAA		 CMV	 860	 60.50	
CMVP_3R	 TTAAACGGGCCCTCTAGACTC		 CMV	 1008	 63.30	
SV40P_1F	 CCCCATGGCTGACTAATTTT		 SV40	 1978	 62.60	
SV40P_1R	 CTCGTCCTGCAGTTCATTCA		 SV40	 2324	 64.10	
SV40P_2F	 TATTTATGCAGAGGCCGAGG		 SV40	 2001	 63.90	
SV40P_2R	 CAATAGCAGCCAGTCCCTTC		 SV40	 2417	 63.70	

Table	2.7.	C99-EGFP	plasmid	sequencing	PCR.	

Reagents	 	 PCR		

REAGENT	 VOL	(μl)	 STEP	 TEMPERATURE	(oC)	 TIME	

MegaMix	Blue	 7	 1	 95	 3	min	
Ligation	reaction	 1	 2	 95	 30	s	
Forward	Primer	(10	μM)	 1	 3	 63	 1	min	
Reverse	Primer	(10	μM)	 1	 4	 72	 45	s	
	 	 5	 Repeat	step	2-4	35	times	
	 	 6	 72	 10	min	
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by	Dr	Cheryl	Maduro	(UCL	Institute	of	Neurology).	Briefly,	C99	sequence	was	amplified	

from	the	C99-EGFP	plasmid,	adding	NheI	and	SalI	restriction	sites	at	the	extremities	of	

the	C99	sequence.	Then	this	product	was	ligated	into	a	pCI-Neo	vector	using	the	NheI	

and	SalI	sites.	The	3xflag	sequence	with	SalI	and	NotI	overhangs	(oligos	purchased	from	

Sigma-Aldrich	website)	and	a	Stop	codon	before	the	NotI	was	annealed	into	the	vector.	

2.5.1 C99-3xflag	APP	signalling	sequence	cloning	

To	insert	the	APP	signalling	sequence	to	the	pCI-Neo	vector	cloned	by	Dr	Maduro,	two	

primers	containing	the	APP	signalling	sequence	flanked	by	NheI	restriction	sites	were	

verified	and	ordered	on	the	Sigma-Aldrich	website:		

To	 anneal	 them	 together,	 the	 two	primers	were	 centrifuged	 for	 1	min	 at	max	 speed,	

diluted	in	ddH2O	and	gently	vortexed.	Five	μl	of	each	oligo	was	put	in	an	Eppendorf	tube	

and	placed	on	a	heat	block	at	95	oC	for	15	min.	The	heat	block	was	turned	off	and	left	to	

reach	RT	for	2	h.	The	quality	of	the	oligos	was	checked	with	Nanodrop.	

The	vector	had	to	be	digested	in	order	to	insert	the	APP	signalling	sequence.	Eight	

μl	of	the	vector,	1	μl	SmartCut	buffer,	and	1	μl	NheI	enzyme	were	added	in	an	Eppendorf	

tube,	incubated	for	2	h	at	37	oC	and	moved	to	-	20	oC.	TaKaRa	DNA	Ligation	Kit	Ver.2.1	

was	used	for	the	ligation	reaction.	The	NEB	website	was	used	to	calculate	the	mass	of	

insert	required	at	several	molar	insert:vector	ratios	in	the	range	needed	for	the	typical	

ligation	reaction.	Three	reactions	at	different	ratios	were	setup,	and	ddH2O	was	added	to	

a	final	volume	of	5	μl	(Table	2.8).	

Four	 vials	 of	 TOP10	 cells	 were	 used	 to	 transform	 the	 plasmids	 from	 the	 digestion	

reaction.	TOP10	cells	were	defrosted	on	ice.	Ten	μl	of	each	of	the	3	reactions	(1:1,	1:2,	

1:3)	was	added	to	each	of	the	cell	vials,	while	1	μl	of	vector	in	one	of	the	vials.	The	vials	

Forward	 5’…CTAGC	ATGCTGCCCGGTTTGGCACTGCTCCTGCTGGCCGCCTGGACGGCTCGGGCG	G	…3’	

Reverse	 5’…CTAGC	CGCCCGAGCCGTCCAGGCGGCCAGCAGGAGCAGTGCCAAACCGGGCAGCAT	G	…3’	

Table	2.8.	Ratios	for	ligation	reaction.	
Reaction	 Vector	(21.9	ng	/	µl)	 Insert	(µl)	 H2O	
1:1	 6	 0.4	 3.6	
2:1	 6	 1.8	 3.2	
3:1	 6	 1.1	 2.9	
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were	incubated	on	ice	for	15	min,	then	moved	into	a	42	oC	water	bath	for	30	s.	250	μl	of	

S.O.C.	medium	was	added	to	each	vial	under	sterile	conditions.	Vials	were	shaken	at	37	

oC	at	225	rpm	for	1	h.	Agar	plates	were	made	as	detailed	above	and	20	and	50	μl	of	each	

vials	were	transferred	to	two	separate	agar	plates.	The	plates	were	incubated	at	37	oC	

O/N.	The	following	day,	all	the	colonies	were	picked	up	and	resuspended	in	10	μl	water.		

Finally,	a	PCR	was	performed	to	select	for	positive	ligation	reactions.	Details	of	

the	PCRs	are	listed	below	(Table	2.9).		

10	μl	of	each	reaction	diluted	in	5X	loading	buffer	were	loaded	in	a	2	%	agarose	gel.	8	μl	

of	1	kb	ladder	was	used.	The	gel	was	run	for	1.40	h	at	150	V	and	400	A.	

A	second	PCR	with	 the	same	conditions	was	amplified	 to	confirm	the	positive	

samples.	DNA	was	extracted	from	the	gel	with	Wizard	SV	Gel	and	PCR	Clean-Up	System,	

and	then	send	to	Source	BioScience	for	sequencing,	using	the	primers	in	Table	2.10.	

2.6 Cytochemistry	

2.6.1 Nucleofection		

Nucleofection	aimed	at	overexpressing	specific	plasmids	 in	MEFs.	MEFs	were	 thawed	

and	 plated	 in	 separate	 10	 cm2	 dishes.	 Nucleofection	was	 performed	when	 the	 three	

plates	had	reached	80–100	%	confluency.	Amaxa	Nucleofector	2b	Device	and	the	Mouse	

Embryonic	Fibroblast	Nucleofector	Kit	1	(Lonza)	were	used.	4	ml	of	PBS	were	used	to	

wash	the	cells,	2	ml	of	warm	0.25	%	trypsin	were	added	and	each	plate	was	incubated	

Table	2.9.	PCR	for	selection	of	positive	ligation	reactions.	

REAGENTS	 	 PCR	CONDITIONS	
REAGENT	 VOL	(µl)	 Step	 Temperature	(oC)	 Time	
Master	Mix	 10		 1	 94		 5	min	
Ligation	reaction	 2		 2	 94	 30	s	
Forward	Primer	(10	µM)	 1		 3	 60	 15	s	
Reverse	Primer	(10	µM)	 1		 4	 65		 3	min	
DMSO	 0.2		 5	 Repeat	step	2-4	30	times	
Nuclease-free	Water	 6.8	 6	 65	 10	min	
	 	 7	 4	 Hold	

Table	2.10.	Forward	and	reverse	primers	for	 pCI-Neo	sequencing.	

Forward	 5’…	 CATCCACTTTGCCTTTCTCTC		…3’	
Reverse	 5’…		GCATTCTAGTTGTGGTTTGTCC		…3’	
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for	1	min	at	37	°C.	Cells	were	displaced	from	the	plates	and	8	ml	of	warm	MEF	medium	

was	added.	The	cell	suspension	was	centrifuged	for	5	min	at	350	x	g.	The	supernatant	

was	 removed	 and	 the	 cell	 pellet	 was	 resuspended	 in	 the	 appropriate	 amount	 of	

nucleofector	solution	at	RT.	The	number	of	nucleofections	performed	varied	according	

to	 the	 plate	 plan.	 The	 cell	 suspension	 was	 transferred	 to	 a	 1.5	 ml	 Eppendorf	 tube	

containing	plasmid	DNA	(3	µg/well),	the	pmaxGFP	vector	included	in	the	kit	(3	µg/well,	

positive	control)	or	PBS	(negative	control).	100	µl	of	the	solution	were	transferred	to	the	

kit	cuvette	and	nucleofected	using	program	N-024	of	 the	Nucleofector.	400	µl	of	MEF	

Medium*	(without	Penicillin-streptomycin)	were	immediately	added	to	the	cuvette	and	

the	 solution	was	 transferred	 to	a	 fresh	 labelled	Eppendorf	using	a	Pasteur	pipette	 to	

avoid	bubbles.	150	µl	of	this	solution	were	added	to	each	well.	The	plate	was	returned	to	

the	37	°C	incubator	for	13	h.	

2.6.2 Aβ	peptides	measure	

The	Mesoscale	Aβ	6E10	Triplex	Assay	(Meso	Scale	Discovery)	was	used	to	determine	the	

concentration	 of	Aβ	 isoforms	 (Aβ38,	Aβ40,	Aβ42)	 in	MEFs	medium.	An	MSc	 student,	

Silvia	Anderle,	ran	the	assay	 following	the	manufacturer’s	protocol.	Briefly,	 this	assay	

uses	a	plate	containing	peptide-specific	capture	antibodies	with	the	N-terminal,	anti-beta	

amyloid	antibody	(6E10	clone)	as	the	detection	antibody.	The	6E10	clone	is	provided	by	

Covance	Research	Products,	 Inc.	Dilutor	35	was	used	 to	dilute	all	 samples	1:2.	MESO	

SECTOR	S	600	plate	reader	(MDS)	was	used	to	read	the	plate.		

2.6.3 Measure	of	protein	concentration	

Pierce	 660nm	 Protein	 Assay	 Reagent	 was	 used	 to	measure	 protein	 concentration.	 A	

protein	 standard	 ladder	 was	made	 by	 diluting	 Bovine	 Serum	 Albumin	 (BSA)	 in	 PBS	

(concentration:	3000	-	0	µg/ml).	Samples	were	diluted	1:4	and	1:8.	10	µl	of	standard	and	

samples	were	loaded	on	a	96-well	plate	with	clear	bottom	in	triplicates.	One	hundred	

and	fifty	µl	Pierce	660nm	Protein	Assay	Reagent	were	added	to	each	well.	The	plate	was	
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then	shaken	at	medium	speed	for	1	min,	incubated	at	RT	for	5	min,	and	the	absorbance	

of	the	standards	and	samples	was	measured	at	660	nm.	

2.6.4 Western	blot	

Samples	were	thawed	on	ice	and	NuPAGE	LDS	4X	(1:4)	and	2-mercaptoethanol	(10	%	of	

total	volume)	were	added.	The	mix	was	boiled	at	95	°C	for	5	min	and	then	placed	on	ice.	

The	protocol	varied	slightly	depending	on	the	antibody	used.	20	µg	of	sample	and	3	µl	of	

the	 molecular	 ladder	 (SeeBluePlus2	 Prestained,	 Invitrogen)	 were	 loaded	 on	 either	

NuPAGE	4-12	%	Bis-Tris	Gel	or	Bolt	4-12	%	Bis-Tris	Plus	Gels	using,	respectively,	MES	

SDS	Running	Buffer	20X	or	Bolt	MES	SDS	Running	Buffer	20X	 in	 the	XCell4	SureLock	

Midi-Cell	system	(Invitrogen).	The	gels	were	electrophoresed	for	35	min	at	200	V	and	

400	A.	At	the	end	of	the	run,	gels	were	transferred	on	a	single	nitrocellulose	membrane	

(Transblot	Turbo	Transfer	Pack,	Bio-Rad)	using	Transblot	Turbo	0.2	µm	(Bio-Rad)	for	

15	min	at	2.5	A	and	25	V.	Once	protein	transfer	was	completed,	the	membrane	was	rinsed	

with	PBS-T	(1	X	PBS	with	0.05	%	Tween-20)	or	TBS-T	(1	X	TRIS-buffered	saline,	TBS	

with	0.1	%	Tween-20,	eIF2α	antibody)	and	blocked	in	5	%	skimmed	milk	in	PBS-T,	in	5	

%	skimmed	milk	in	PBS-T	(eIF2α	antibody)	or	in	5	%	BSA	in	TBS-T	(PeIF2α	antibody)	

for	1	h	on	a	rocker.	The	membrane	was	rinsed	with	PBS-T	or	TBS-T	(eIF2α	antibody)	and	

incubated	 in	primary	antibodies	diluted	 in	1	%	BSA	in	PBS-T	or	 in	5	%	BSA	in	TBS-T	

(eIF2α	antibody)	at	4	°C	O/N.	The	following	morning,	the	membrane	was	washed	with	

PBS-T	or	TBS-T	(eIF2α	antibody)	for	3	times	(5	min	each	time)	and	then	incubated	in	

secondary	 antibodies	 in	1	%	BSA	 in	PBS-T	or	 in	5	%	 skimmed	milk	 in	TBS-T	 (eIF2α	

antibody)	for	1	h	at	RT.	The	membrane	was	washed	with	with	PBS-T	or	TBS-T	(eIF2α	

antibody)	for	3	times	(5	min	each)	and	then	incubated	in	1	ml	of	Super	Signal	West	Pico	

Chemiluminescent	 Substrate	 for	 2	min.	Membranes	were	 developed	 using	 ChemiDoc	

Touch	 Imaging	 System	 and	 Chemi/UV/Stain-Free	 Sample	 Tray	 (Bio-Rad).	Membrane	

pictures	 taken	 on	 the	 Chemidoc	 System	 were	 opened	 with	 Image	 Lab	 software	 and	

exported	in	a	format	compatible	with	ImageJ	software.	On	ImageJ,	rectangular	sections	
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of	equal	size	were	drawn	around	each	band	of	interest,	and	a	histogram	representing	the	

intensity	 of	 each	 band	was	 generated.	 The	 area	 under	 the	 histogram	 (excluding	 any	

baseline	background)	was	measured.		

2.6.5 Half-life	measure	

2.6.5.1 Inhibition	of	protein	synthesis	

After	 13	 h	 from	 nucleofection/plating,	 the	MEF	medium	was	 changed	 in	 all	 wells	 to	

remove	debris.	30	µl	 cycloheximide	 solution	 (30	µg/ml	per	well)	or	ddH2O	(negative	

control,	30	µl/well)	were	added	to	each	well.	Cells	were	collected	at	6	time-points	from	

cycloheximide	addition:	0	h,	15	min,	30	min,	1	h,	2	h,	4	h.	To	collect	cells,	the	medium	was	

removed	from	the	well	and	the	cells	were	washed	with	PBS.	100	µl	of	ice-cold	RIPA	buffer	

(150	 mM	 sodium	 chloride,	 50	 mM	 Trizma	 hydrocloride,	 1	 %	 NP-40,	 0.5	 %	 sodium	

deoxycholate,	0.1	%	SDS)	+	1:100	protease	inhibitor	(Protease	inhibitor	cocktail	I)	were	

added	 to	 each	 well	 and	 a	 cell	 scraper	 was	 used	 to	 detach	 cells	 from	wells.	 The	 cell	

suspension	was	transferred	to	freshly	labelled	Eppendorf	tubes	that	were	centrifuged	

for	15	min	at	24	000	x	g	at	4°C.	The	supernatant	was	 transferred	 to	 fresh	Eppendorf	

tubes,	and	the	samples	were	stored	at	-	70°C.	

2.6.5.2 Half-life	calculation	

The	samples	were	electrophoresed	to	produce	a	western	blot	and	analysed	as	described	

above.	Each	of	the	values	was	normalized	to	the	value	at	time	0	h.	Half-life	was	calculated	

using	 the	 One	 Phase	 Decay	 (nonlinear	 regression)	 function	 on	 GraphPad	 Prism.	 The	

values	obtained	for	each	technical	repeat	(i.e.	gel)	were	averaged	together	to	obtain	one	

half-life	value	per	genotype	per	experimental	repeat	(i.e.	protein	extraction	after	CHX	

experiment).	These	values	were	compared	with	a	one-way	ANOVA	test	on	GraphPad.	

2.6.6 Immunocytochemistry	

Round	coverslips	(Dia.13		0.16-0.19	mm	thick,	Academy	Glass)	were	placed	in	a	12-well	

tissue	culture	plate	(Corning);	each	well	was	filled	with	1	ml	warm	MEF	medium.	80	%	

confluent	MEFs	from	a	100	mm	plate	were	transferred	on	the	12-well	plate.	When	cells	
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had	 settled	 down	 (6-12	 h),	 wells	 were	 washed	 with	 PBS	 and	 MEFs	 were	 fixed,	

permeabilised	and	stained	as	specified	in	Table	2.11.		

At	the	end	of	the	process,	coverslips	were	mounted	on	SuperFrost	adhesion	slides	(VWR	

International)	with	ProlongGold	+	DAPI	and	left	to	cure	for	at	least	24	h	at	RT	in	the	dark	

before	sealing	with	nail	polish		imaging.	

2.6.6.1 Imaging	

Images	were	 taken	 on	 a	 Confocal	microscope	 Axio	 LSM800	 or	 LSM880	 (Zeiss).	 Each	

image	was	taken	at	63x	resolution	in	two	channels.	Z-stacks	at	150	nm	interval	between	

slices	were	taken	to	include	the	whole	cell.	Pixel	size	was	equal	to	x	=	0.05	μm,	y	=	0.05	

μm,	z	=	0.15	μm.	The	pinhole	size	was	equal	to	1	Aerial	Units	of	the	546	channel.	Voxel	

size	and	pinhole	size	varied	slightly	for	each	experimental	repeat	mainly	according	to	the	

quality	of	staining,	but	they	were	maintained	across	each	experimental	repeat.		

2.6.6.2 Image	processing	

After	 image	 acquisition,	 deconvolution	 was	 performed	 with	 Huygens	 software.	

Deconvolution	eliminates	the	optical	distortion	(Point	Spread	Function)	that	occurs	in	

imagining.	The	microscope	parameters	used	for	imaging	were	inserted	in	the	software;	

all	deconvolution	settings	were	left	on	default	except	the	signal/noise	ratio	=	15.	Only	

the	red	channel	(endosomes)	was	deconvolved.	ImageJ	software	was	used	to	clear	the	

Table	2.11.	Steps	and	reagents	for	immunofluorescent	staining.	

PROCESS	 REAGENT	 DILUENT	 ml/WELL	 TIME	

Wash	 1	X	PBS	 H2O	 1	 3	x	5	min	

Fixation	 4	%	PFA	(10	%	solution)	 1	X	PBS	 0.5	 20	min	

Wash	 1	X	PBS	 H2O	 1	 3	x	5	min	

Permeabilization	 0.05	%	Saponin	 1	X	PBS	 1	 10	min	

Blocking	 5	%	BSA	 1	X	PBS	 1	 1	h	

Staining	 Primary	antibodies	 1	%	BSA	in	PBS	 0.2	 O/N,	4	°C	

Wash	 1	X	PBS	 H2O	 1	 3	x	5	min	

Staining	 Secondary	antibodies	 1	%	BSA	in	PBS	 0.2	 1	h,	dark	

Wash	 1	X	PBS	 H2O	 1	 3	x	5	min	
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space	surrounding	the	cells	and	to	measure	their	volume.	Briefly,	the	surface	of	the	cell	

was	smoothed	and	thresholded	in	3D;	everything	outside	the	cell	was	cleared.	This	was	

necessary	to	avoid	interference	of	the	noise	present	outside	the	volume	of	the	cell	with	

successive	analysis.	The	macros	used	were	written	by	Dr	Dale	Moulding	and	are	included	

in	Appendix.	

Imaris	 software	 was	 used	 to	 build	 a	 3D	 reconstruction	 of	 the	 staining	 after	

deconvolution.	 The	 software	 recognises	 the	 objects	 very	 close	 to	 each	 other	 in	

subsequent	slices	of	the	cell	stacks	and	on	the	x-y	plane	as	one	object	and	makes	a	3D	

reconstruction	of	the	staining.	This	allowed	us	to	make	an	accurate	measurement	of	a	

large	number	of	endosomes	 in	three	dimensions.	Volume	data	were	generated	by	the	

software	and	imported	in	excel.		

2.6.6.3 Analysis	

Endosomal	volume	(μm3)	was	used	to	calculate	endosomal	size.	50	and	90	percentile	of	

all	 endosomes	 imaged	 from	MEFs	 transfected	 with	 PBS	 (control)	 were	 derived,	 and	

endosomes	were	split	in	small	(0-50	percentile),	medium	(50-90	percentile)	and	large	

(90-100	percentile).	A	nested	ANOVA	was	used	to	compare	the	size	of	large	endosomes	

in	MEFs	transfected	with	PBS	vs	RAB5.		

2.7 Histochemistry	

2.7.1 Processing	of	brain	tissue	

The	right	hemisphere	of	3-	and	6-month	old	mice	was	extracted	by	BFS	as	described	

above,	 immerse-fixed	 in	 10	%	 buffered	 formal	 saline	 for	 48-72	 h,	 and	 embedded	 in	

paraffin	 wax	 by	 Dr	 Suzanna	 Noy	 using	 a	 Sakura	 VIP6	 Automated	 Vacuum	 Tissue	

Processor.	Sagittal	mouse	brain	sections,	4	microns	thick,	were	sectioned	by	Weaverly	

Colleen	Lee	(RA)	or	Dr	Rakesh	Raghupathy	(PostDoc)	on	superfrost	slides.		

2.7.2 RNAScope	Assay		

A	RNAscope	in	situ	hybridization	(ACD)	assay	was	used	to	measure	RNA	in	mouse	brain	

following	 the	 protocol	 provided	 from	 the	 company.	 Briefly,	 the	 sections	 were	 de-
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paraffinized	and	pre-treated	with	hydrogen	peroxide	before	Target	Retrieval	Reagents	

were	applied.	Subsequently,	 the	sections	were	 treated	with	proteases	and	 the	probes	

specified	in	Table	2.12	were	hybridized.	A	probe	mix	provided	from	ACD	(POlR2A,	PPIB,	

UBC,	HPR)	was	used	as	positive	controls;	a	probe	mix	of	probes	against	bacterial	RNA	

provided	from	ACD	was	used	as	negative	control.	The	signal	for	each	probe	was	amplified	

and	 developed	 using	 fluorescent	 dyes	 (Opal	 520,	 dilution	 1:1000;	 Opal	 570,	 dilution	

1:500;	Opal	620,	dilution	1:1000;	Opal	690,	dilution	1:500.	AKOYA).	Finally,	the	slides	

were	mounted	with	ProLong	Gold	Antifade	Mountant	and	 left	 to	cure	 for	24	h	before	

sealing	with	nail	polish	and	imaging.	

Slides	 were	 imaged	 using	 Inverted	 Zeiss	 LSM880	 laser	 scanning	 confocal	

microscope	with	AiryScan.	Each	image	was	taken	at	40x	resolution	in	five	channels.	For	

each	 experimental	 repeat,	 settings	were	 adjusted	 against	 negative	 control	 slides	 and	

then	 used	 for	 all	 other	 slides.	 Setting	 varied	 slightly	 across	 repeats	 according	 to	 the	

quality	of	staining,	but	were	maintained	within	each	experimental	repeat.		

2.7.3 Immunohistochemistry	

Amyloid-β	immunostaining	was	carried	out	by	Dr	Suzanna	Noy.	Briefly,	sections	were	

dewaxed,	rehydrated	through	an	alcohol	series	to	water,	pre-treated	with	80	%	formic	

acid	for	8	min	followed	by	washing	in	distilled	water	for	5	min.		The	sections	were	loaded	

as	 wet	 mounts	 into	 a	 Ventana	 Discovery	 XT	 automated	 stainer,	 where	 further	 pre-

treatment	 (30	 min	 of	 EDTA	 Boric	 Acid	 Buffer,	 pH	 9.0)	 and	 blocking	 (8	 min	 with	

Superblock),	were	performed	prior	to	primary	antibody	incubation	(12	h,	biotinylated	

Table	2.12.	Experimental	probes	for	RNAScope.	

Marker	for	 Probe	 Protein	 Channel	 Dilution	

APP	 RNAscope®	Probe-	Mm-App	 APP	 1	 1:500	

Neurons	 RNAscope®	Probe-	Mm-Rbfox3-C2	 NEUN	 2	 1:1500	

Endothelial	cells	 RNAscope®	Probe-	Mm-Pecam1-C3	 PECAM	1	 3	 1:1500	

Oligodendrocytes	 RNAscope®	Probe-	Mm-Sox10-C4	 SOX10	 4	 1:1500	
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mouse	monoclonal	antibody,	Sigma-Aldrich	SIG-39240	Beta-Amyloid	4G8)	at	2	μg/ml	

(antibody	diluent,	Roche,	Switzerland).	 	The	staining	was	completed	with	the	Ventana	

XT	 DABMap	 kit	 and	 a	 haematoxylin	 counterstain,	 followed	 by	 dehydration	 and	

permanent	mounting	with	DPX.	Images	were	acquired	by	Weaverly	Colleen	Lee	using	a	

Leica	DM4	Light	microscope.		

2.8 Tissue	homogenization	

Cortex	and	hippocampus	were	completely	thawed	on	wet	ice	and	weighted.	Immediately	

before	 homogenisation,	 PHOSSTOP	phosphatase	 inhibitors	 (1	 tablet	 per	 10	ml)	were	

added	to	RIPA	or	TBS	buffer.	For	the	cortex,	the	volume	of	buffer	added	was	equal	to	

three	times	(ml)	the	weight	of	the	heaviest	sample	in	the	batch	(g).	One	hundred	µl	of	

buffer	were	added	to	hippocampi.	The	tissue	was	homogenised	on	ice	with	Qiagen	Tissue	

Ruptor	II	(cortex)	or	with	Cordless	pellet	pestle	(hippocampus)	for	~	15-20	seconds	until	

completely	dissolved.	The	homogenate	was	incubated	on	ice	for	~	5	minutes.	Forty	μl	of	

the	sample	was	used	for	quantification	of	protein	concentration	and	WB,	the	rest	was	

centrifuged	 on	 a	 bench-top	 centrifuge	 at	maximum	 speed	 (24	 000	 x	 g)	 for	 1	 h.	 The	

supernatant	 (TBS	 fraction)	was	moved	 to	a	 fresh	Eppendorf	 tube.	Brain	homogenate,	

TBS	fraction,	and	TBS	fraction	pellet	were	snap	frozen	in	dry	ice	and	stored	at	–	70	°C.	

2.9 Measure	of	protein	concentration		

Pierce	 660nm	 Protein	 Assay	 Reagent	 (Thermo	 Fisher)	was	 used	 to	measure	 protein	

concentration	of	the	homogenised	tissue	and	the	TBS	fraction,	as	described	above	(2.6.3	

Measure	of	protein	concentration).	1:20	and	1:40	dilutions	in	PBS	were	used.	

2.10 Quantification	of	soluble	Aβ38,	Aβ40	and	Aβ42	

A	Multi-Spot	Assay	System	(V-PLEX	Plus	Aβ	Peptide	Panel	1	4G8	Kit,	MSD)	was	used	to	

measure	soluble	Aβ38,	Aβ40	and	Aβ42	in	TBS	fractions	from	cortex	and	hippocampus	

following	the	protocol	provided	from	the	company.	The	system	is	based	on	a	peptide-

specific	capture	antibody	system	with	an	anti-beta	amyloid	(17-24)	antibody	(4G8	clone)	
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as	 the	 detection	 antibody.	 Briefly,	 96-wells	 plates	were	 blocked	 for	 1	 h	 and	washed.	

Calibrators	and	samples	(2-fold	dilution)	were	added	to	the	plates	and	incubated	O/N	at	

4	℃	with	shaking.	The	 following	day	 the	plates	were	washes	and	reading	buffer	was	

added	immediately	prior	to	reading	with	MESO	SECTOR	S	600	plate	reader	(MDS).	Plate	

reading	was	carried	out	by	Paige	Mumford	(PhD	student).	

2.11 Data	analysis	

Sample	size	was	determined	with	either	a	power	calculation	using	pilot	data	or	based	on	

samples	availability.	Generally,	at	least	three	independent	samples	per	genotype	were	

used	(biological	repeats),	where	an	independent	sample	is	defined	as	a	single	animal	or	

cell	 line	 (biological	 repeats).	 For	each	biological	 repeat,	 at	 least	2-3	 technical	 repeats	

were	carried	out,	depending	on	the	variability	of	individual	experiments.	Sample	order	

was	randomized	but	always	balanced	by	genotype.		

Data	is	presented	as	mean	±	SEM.	An	α	value	of	p	<	0.05	was	accepted	to	reject	

the	null	hypothesis.	All	statistical	tests	were	performed	with	IBM	SPSS	Statistics	Version	

2.5	and	GraphPad	Prism	Version	8.4.2.	All	data	was	checked	for	normality	of	distribution	

and	homogeneity	of	samples;	sample	distribution	was	tested	with	a	Levene’s	test,	and	

data	 normality	 was	 tested	 with	 a	 Kolmogorov-Smirnov	 test.	 If	 the	 assumptions	 of	

normality	 and	 homogeneity	 of	 variance	were	 verified,	 parametric	 tests	were	 used	 to	

analyse	data;	otherwise	non-parametric	tests	were	used.	For	each	experiment,	the	effect	

of	genotype,	sex	and	age	(independent	variables,	IVs)	was	assessed	using	a	multivariate	

ANOVA	test.	If	the	effect	of	one	or	more	of	the	IVs	was	significant,	the	variable	was	tested	

separately	using	ANOVA	test,	t-test	or	their	non-parametric	equivalents.	
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Chapter	3	

Endosomal	morphology	in	Dp2Tyb	and	Dp1Tyb	MEFs	

1. Introduction		

1.1 Physiology	of	the	endocytic	pathway	

Endocytosis	is	a	process	for	the	internalization,	transport	and	processing	of	substances	

needed	 for	 cellular	 functions.	 During	 endocytosis,	 molecules	 are	 transported	 and	

modified	 through	 a	 continuum	 of	 compartments	 that	 are	 morphologically	 and	

biochemically	different	 (Cataldo	et	al.,	1997).	Clathrin-mediated	endocytosis	 (CME)	 is	

the	most	 studied	 form	of	endocytosis,	 leading	 to	 internalization	of	a	 range	of	 cellular	

receptors	and	their	ligands.		

1.1.1 Clathrin-mediated	endocytosis	

CME	 consists	 in	 a	 highly	 structured	 process	 that	 leads	 to	 internalization	 of	 different	

cargoes	inside	the	cell	by	the	ordered	action	of		∼	50	cytosolic	proteins	(Kaksonen	and	

Roux,	2018).	CME	is	initiated	by	the	formation	of	a	coat	made	by	an	assembly	of	proteins,	

including	clathrin,	on	the	cytoplasmic	face	of	the	membrane.	The	cargo	that	needs	to	be	

internalized	 converges	 in	 the	 clathrin	 coated	 area,	 while	 the	 clathrin	 coat	 promotes	

membrane	invagination	to	form	a	‘clathrin	coated	pit’.	Actin,	clathrin	and	scissor	proteins	

will	contribute	to	shaping	of	the	vesicle	that	will	assume	a	spherical	 form	and	will	be	

pinched	off	from	the	membrane	to	be	internalized	and	sorted	inside	the	cell.	

1.1.2 Regulation	of	endocytosis	by	the	RAB	GTPase	family	

Endosomal	transport	intermediates	produced	from	different	types	of	endocytosis	merge	

with	early	endosomes	(EE),	small	vesicles	∼	100–500	nm	in	diameter	characterised	by	

protruding	 tubules	 from	 which	 their	 content	 is	 directed	 to	 the	 correct	 destination	

(Klumperman	and	Raposo,	2014).	To	allow	efficient	distribution	of	their	content,	EE	can	

flexibly	 alter	 their	 structure	 towards	 fusion,	 fission	 and	 compartmentalization	

(Pyrzynska,	Pilecka	and	Miaczynska,	2009;	Klumperman	and	Raposo,	2014).	
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The	 family	 of	 RAB	 GTPases	 regulates	 the	 formation,	 location	 and	 function	 of	

endosomes	 at	 different	 stages	 of	maturation.	 From	 EE	 (RAB5),	 recycling	 endosomes	

(RAB4	 and	 RAB11)	 recycle	 their	 content	 to	 the	 cell	 membrane	 or	 to	 the	 TGN	 and	

endoplasmic	 reticulum.	 Late	 endosomes	 (RAB7)	 direct	 their	 cargo	 for	 signalling,	

exocytosis	or	toward	lysosomal	degradation	(Ng	and	Tang,	2008;	Huotari	and	Helenius,	

2011;	Bécot,	Volgers	and	van	Niel,	2020).	

The	small	GTPase	RAB5	regulates	transport	between	the	plasma	membrane	and	

early	endosomes,	and	efficient	sorting	of	the	endosomal	cargo.	RAB5	exists	in	a	cytosolic	

GDP-bound	inactive	state	or	in	a	GTP-bound	active	state.	When	active,	RAB5	binds	to	the	

EE	membrane	and	recruits	a	series	of	effectors	that	 initiate	and	mediate	EE	functions	

(Bucci	et	al.,	1992)	(Figure	3.1).			

Figure	3.1.	Schematic	of	simplified	endocytosis	pathway.	External	cargo	(not	shown)	is	internalised	
through	 clathrin-mediated	 endocytosis	 (CME),	 consisting	 of	 a	 clathrin-induced	 membrane	
invagination.	After	internalisation,	clathrin	disassembles	from	the	vesicle	that	can	fuse	with	early	
endosomes	(EE).	The	active	form	of	RAB5	bound	on	EE	recruits	a	number	of	effectors	(not	shown)	
that	contribute	to	sorting	of	the	EE	cargo	towards	fast	membrane	recycling	or	slow	retrograde	
transport	 to	 the	 Golgi	 apparatus	 or	 endoplasmic	 reticulum	 through	 recycling	 endosomes,	
characterised	by	RAB4	and	RAB11.	EE	can	also	mature	into	late	endosomes,	characterised	by	the	
presence	of	intraluminal	vesicles,	through	the	exchange	of	RAB5	for	RAB7.	Late	endosomes	act	as	
platforms	for	signalling,	exocytosis	or	lysosomal	degradation.	
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1.2 Alterations	of	the	endocytosis	pathway	in	AD	and	DS	

Endosomal	dysfunction	is	observed	in	AD	and	DS	brains	before	Aβ	pathology	(Cataldo	et	

al.,	1997,	2000)	in	early	gestation	of	individuals	with	DS	(Cossec	et	al.,	2010),	in	iPSCs-

derived	neurons	and	organoids	from	patients	with	different	forms	of	AD	(Israel	et	al.,	

2012;	Raja	et	al.,	2016),	and	in	mouse	models	of	DS	(Cataldo	et	al.,	2003).	The	focus	has	

largely	 been	 on	 CME	 and	 EE	 dysfunction,	 although	 there	 is	 evidence	 that	 the	whole	

pathway	 is	 altered	 (Colacurcio	 et	 al.,	 2018).	 Interestingly,	 endosomal	 enlargement	 is	

found	 in	 both	 central	 and	peripheral	 cells,	 although	 the	 phenotype	 is	 less	marked	 in	

peripheral	cells	in	AD	than	in	DS	(Botté	and	Potier,	2020).	

EE	dysfunction	entails	increase	of	endocytosis	rate,	increase	in	endosomal	size	

and	numbers,	and	altered	endosomal	trafficking	(Bucci	et	al.,	1992;	Cataldo	et	al.,	1997).	

However,	the	precise	measure	of	endosomal	enlargement	has	not	yet	been	determined,	

and	some	groups	attribute	the	changes	to	an	increased	fusion	of	endosomal	bodies	rather	

than	to	an	enlargement	of	single	endosomes	(Botté	et	al.,	2020).	This	discrepancy	is	due	

to	both	the	variety	of	models	and	techniques	used,	but	also	to	the	technical	limitations	

encountered	in	the	precise	quantification	of	endosomes,	whose	size	as	described	in	the	

literature	 ranges	 from	 0.06	 µm3	 to	 520	 µm3	 (Sonawane,	 Szoka	 and	 Verkman,	 2003;	

Skjeldal	et	al.,	2012;	Klumperman	and	Raposo,	2014;	Jiang	et	al.,	2016;	Xu	et	al.,	2016).	

1.2.1 Endosomal	dysfunction	as	an	AD-	and	AD-DS	related	pathology	

The	link	between	AD	and	endosomal	dysfunction	has	been	highlighted	in	GWAS	studies	

that	showed	how	polymorphisms	in	genes	regulating	the	endo-lysosomal	pathway,	such	

as	PICALM,	BIN1,	SORL1,	CD2AP,	increase	risk	of	AD	(Karch	and	Goate,	2015).	In	addition,	

APOE4	 allele,	 the	 major	 risk	 factor	 for	 sporadic	 AD,	 has	 also	 been	 associated	 with	

endosomal	dysfunction.	Consistently,	 an	 increase	 in	 cholesterol	 in	 the	cell	membrane	

causes	 EE	 enlargement,	 alteration	 of	 APP	 processing	 and	 increase	 in	 Aβ	 production		

(Botté	 and	 Potier,	 2020).	 Altered	 endosomal	 trafficking	 has	 been	 directly	 linked	 to	

axonal	dysfunction,	neurodegeneration	and	cognitive	 impairment,	but	not	 to	synaptic	
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vesicles	 recycling	 (Salehi	 et	 al.,	 2006;	 Jiang	 et	 al.,	 2016;	Marland,	 Smillie	 and	Cousin,	

2016;	Xu	et	al.,	2016;	Bourgeois	et	al.,	2018).	In	particular,	NGF	is	a	neurotrophic	factor	

involved	in	survival,	differentiation	and	maintenance	of	specific	populations	of	neurons	

including	 the	BFCN.	Disrupted	NGF	 transport	 to	BFCN	 cell	 bodies	 could	 lead	 to	 their	

degeneration,	which	in	turn	likely	contributes	to	the	cognitive	decline	observed	in	both	

DS	and	AD;	however,	BFCN	degradation	has	not	been	observed	in	all	models	of	DS	(Auld	

et	al.,	2002;	Salehi	et	al.,	2006).	

	 These	 elements	 suggest	 that	 EE	 alteration	 in	 DS	 is	 specifically	 linked	 to	 the	

development	of	AD-DS,	and	this	offers	the	possibility	to	exploit	the	known	genetics	of	DS	

to	 understand	 this	 shared	 phenotype.	 In	 particular,	 APP	 and	 its	 products	 have	 been	

strongly	linked	to	endosomal	dysfunction.	

1.2.2 APP	processing	and	endosomal	dysfunction	

As	previously	mentioned,	APP	has	a	central	role	in	AD	and	AD-DS.	Many	studies	link	APP	

and	its	products	to	endosomal	dysfunction,	thus	offering	a	mechanistic	bridge	between	

genetics	and	pathology.		

APP	 amyloidogenic	 processing	 mainly	 occurs	 in	 endosomes,	 where	 APP	

colocalises	with	β-secretase	(BACE1)	and	γ-secretase	and	where	the	acidic	pH	offers	an	

optimal	 environment	 for	BACE1	 activity	 (Galloway	 et	 al.,	 1983;	 Thinakaran	 and	Koo,	

2008).	APP	internalisation	occurs	through	interaction	of	its	YENPTY	C-terminal	domain	

and	a	 range	of	 effectors	 via	 clathrin-coated	 endocytosis	 (Perez	et	 al.,	 1999).	The	 link	

between	 APP	 and	 endocytosis	 dysfunction	 is	 highlighted	 by	 evidence	 that	mutations	

which		reduce	the	internalisation	rate	of	APP	also	reduce	Aβ	production;	suggesting	that	

most	Aβ	production	occurs	in	endosomes	(Koo	and	Squazzo,	1994;	Perez	et	al.,	1999;	Das	

et	 al.,	 2015).	 To	 further	 support	 this	 statement,	 BACE1	 mainly	 localises	 to	 the	 late	

Golgi/TGN	and	endosomes,	and	a	longer	permanence	of	BACE1	in	the	early	endosomes	

increases	Aβ	production	(Toh	et	al.,	2018).	On	the	other	hand,	γ-secretase	is	more	widely	

expressed	in	the	endoplasmic	reticulum,	Golgi	apparatus,	TGN,	endosomes	and	plasma	
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membrane.	Under	physiological	conditions,	APP	is	mainly	processed	following	the	non-

amyloidogenic	 pathway	 at	 the	 cellular	 membrane;	 most	 likely	 the	 distribution	 and	

trafficking	 of	 APP	 during	 AD	 is	 altered,	 causing	 an	 increase	 in	 its	 amyloidogenic	

processing	(Haass	et	al.,	2012;	Bécot,	Volgers	and	van	Niel,	2020).			

APP	 triplication	 or	 polymorphisms	 were	 shown	 to	 be	 necessary	 for	 early	

endosomal	dysfunction	 (Cataldo	et	al.,	 2000,	2003;	 Jiang	et	al.,	 2016),	 although	other	

findings	suggest	that	this	alone	was	not	enough	to	cause	the	phenotype	(Cataldo	et	al.,	

2003;	Cossec	et	al.,	2012).	Some	research	specifically	attributed	the	phenotype	to	the	Aβ	

fragment	of	APP	(Israel	et	al.,	2012;	Giacomini	et	al.,	2015;	Xu	et	al.,	2016):	for	example,	

Aβ	downregulates	levels	of	the	endocytosis	regulator	PI(4,5)P2	in	vitro	(Berman	et	al.,	

2008),	and	RAB5	has	been	shown	to	colocalise	with	Aβ	in	enlarged	endosomes	(Cataldo	

et	al.,	2004).	However,	a	large	body	of	evidence	shifted	the	focus	to	the	C99	fragment	of	

APP	as	a	cause	of	endosomal	dysfunction.	

1.2.3 Role	of	the	C99	fragment	of	APP	in	EE	alteration	

Studies	 on	 iPSC	 neurons,	 AD	 brains,	 and	 DS	 fibroblasts	 revealed	 that	 endosomal	

dysfunction	is	caused	by	the	elevated	abundance	of	the	C99	fragment	of	APP	in	AD	and	

DS	 brain	 (Jiang	 et	 al.,	 2010;	 Pera	 et	 al.,	 2013;	 Kim	 et	 al.,	 2016;	 Kwart	 et	 al.,	 2019).	

Consistently,	 inhibition	 of	 BACE1	 rescued	 endosomal	 dysfunction	 and	

neurodegeneration	in	the	Ts2	mouse	model	of	DS	and	in	DS	fibroblasts	by	reducing	C99	

levels	but	without	altering	Aβ	production	(Jiang	et	al.,	2010,	2016).	According	to	the	main	

proposed	mechanism,	C99	binds	to	one	of	RAB5	effectors,	APPL1,	that	has	high	affinity	

for	 the	 activated	 form	 of	 RAB5	 and	 thus	 stabilises	 RAB5	 in	 its	 active	 form.	 This	

interaction	 leads	 to	 EE	 swelling,	 impaired	 EE	 axonal	 transport	 and	 accelerated	

endocytosis,	and	also	to		further	increase	of	APP	amyloidogenic	processing	(Kim	et	al.,	

2016;	 Xu	 et	 al.,	 2016).	 In	 addition,	 increased	 C99	 levels	 have	 been	 shown	 to	 cause	

dysfunctions	in	lysosomes	and	autophagy	in	mouse	and	iPSCs	models	of	DS	and	AD,	in	

late	endosomes	and	lysosomes	in	DS	fibroblasts,	and	in	retrograde	transport	in	rat	and	
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mouse	BFCN,	all	independently	from	Aβ	(Choi	et	al.,	2013;	Lauritzen	et	al.,	2016;	Hung	

and	Livesey,	2018;	Jiang	et	al.,	2019;	Kwart	et	al.,	2019).	At	the	cognitive	level,	C99	has	

been	 linked	 to	 synaptic	 alteration,	 spatial	memory	 deficits	 and	 apathic	 behaviour	 in	

mouse	models	of	AD	(Bourgeois	et	al.,	2018).	

1.2.4 Influence	of	other	genes	on	EE	dysfunction	

Taken	 together,	 this	 research	 highlights	 the	 role	 of	 APP	 and	 C99	 in	 endosomal	

dysfunction	in	AD	and	DS.	However,	other	genes	and	pathways	are	likely	to	have	a	role	

in	the	phenotype.		

As	 mentioned	 previously,	 a	 number	 of	 genes	 that	 increase	 AD	 risk	 regulate	

endocytosis	 at	 some	 level	 (Karch	 and	 Goate,	 2015).	 One	 of	 them,	 PICALM	

(phosphatidylinositol	clathrin	binding	assembly	protein),	is	one	of	the	top	risk	factors	

for	 LOAD,	 and	 its	 expression	 is	 decreased	 in	 AD	 brains.	 In	 AD-DS,	PICALM	 has	 been	

shown	to	influence	the	age	of	onset	(Jones	et	al.,	2013),	although	other	studies	did	not	

replicate	this	finding	(Patel	et	al.,	2014).	PICALM	regulates	the	initial	step	of	CME,	acting	

as	an	adaptor	between	the	cellular	membrane,	clathrin	and	AP-2	effector	(Ando	et	al.,	

2013,	2016).		

Even	 assuming	 the	 central	 role	 of	 C99,	 this	 is	 likely	 to	 act	 through	 different	

mechanisms	in	different	forms	of	AD.	For	example,	both	EOAD	and	LOAD	brains	have	

higher	levels	of	C99	compared	with	controls,	but	the	increase	is	higher	in	EOAD	than	in	

LOAD.	In	addition,	BACE1	activity	is	altered	in	LOAD	but	not	in	EOAD	brains,	suggesting	

that	 the	 same	 dysfunction	 could	 be	 caused	 by	 different	 alterations	 of	 the	 C99	

production/clearance	process	in	LOAD	and	EOAD	(Pera	et	al.,	2013).	The	Ts65Dn	mouse	

model	 of	 DS	was	 shown	 to	 have	 a	 drastic	 reduction	 in	NGF	 transport	 that	was	 only	

partially	rescued	after	normalisation	of	App	copy	number;	in	addition,	the	defect	in	NGF	

transport		was	less	marked	in	mice	expressing	EOAD-linked	APP	mutations	only	(Salehi	

et	al.,	2006).		
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All	these	considerations	highlight	the	role	of	genes	other	than	APP	in	endosomal	

dysfunction,	 either	 directly	 or	 indirectly	 by	 altering	 APP	 processing.	 Because	 this	

phenotype	is	common	to	both	AD	and	AD-DS,	I	will	focus	on	those	Hsa21	genes	with	a	

role	in	endocytosis.	

1.2.5 Hsa21	genes	affecting	endocytosis	

A	number	of	Hsa21	genes	are	known	to	regulate	endocytosis,	and	more	specifically	the	

first	steps,	from	CME	to	the	sorting	of	EE	cargo.	

	 The	 synaptojanin-1	 (SYNJ1)	 gene	 encodes	 the	 5-phosphatase	 SYNJ1	 that	

dephosphorylates	PI(4,5)P2,	one	of	CME	regulators.	By	converting	PI(4,5)P2	 to	PI(4)P,	

SYNJ1	mediates	uncoating	of	clathrin-coated	vesicles,	an	essential	step	for	the	correct	

functioning	 of	 endocytosis.	 SYNJ1	 levels	 are	 increased	 in	 AD	 and	 DS	 brain,	 and	 its	

overexpression	 was	 shown	 to	 cause	 endosomal	 enlargement	 (Cossec	 et	 al.,	 2012).	

Lowering	 SYNJ1	 levels	 improves	 memory	 and	 learning	 and	 rescues	 long-term	

depression	(LTD)	in	mouse	models	of	AD	(Mani	et	al.,	2007;	Zhu	et	al.,	2013;	Drouet	and	

Lesage,	2014).		

Another	 Hsa21	 gene,	 Intersectin-1	 (ITSN1),	 encodes	 ITSN1	 that	 is	 one	 of	 the	

regulators	 of	 CME,	 involved	 in	 cytoskeleton	 polymerization,	 neurotransmission,	

endocytosis	and	signalling	through	its	interaction	with	major	effectors	of	the	pathway	

(Yu	 et	 al.,	 2008).	 ITSN1	 experimental	 up-	 or	 down-regulation	 leads	 to	 endocytosis	

disruption,	and	its	levels	are	increased	in	both	DS	and	AD	brains	(Hunter	et	al.,	2011).	

Overexpression	 of	 the	 Regulator	 of	 Calcineurin	 1	 (RCAN1)	 protein,	 from	 the	

homonymous	Hsa21	gene,	also	affects	vesicle	recycling	and	endocytosis	via	its	influence	

on	 calcineurin	 activity	 (Zanin	 et	 al.,	 2013).	 Finally,	 Hsa21	 microRNA	 gene	miR-155	

negatively	regulates	the	transcription	of	SNX27,	a	component	of	the	retromer	complex.	

SNX27	 levels	 are	 decreased	 in	 DS,	 most	 likely	 in	 response	 to	 miR-155	 increased	

expression	(Wang	et	al.,	2013).	Since	APP	is	subject	to	retrograde	transport,	impairment	
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of	this	mechanism	could	lead	to	a	longer	permanence	of	APP	inside	EE,	causing	a	change	

in	EE	structure	and	increased	amyloidogenic	processing	of	APP	(Small	et	al.,	2005).		

These	 data	 shows	 how	APP	 processing	 and	 transport	 could	 affect	 endosomal	

dysfunction,	and	vice	versa;	and	how	a	number	of	Hsa21	genes	potentially	have	a	role	in	

EE	dysfunction	when	 triplicated.	However,	 it	 is	 less	clear	how	these	 triplicated	genes	

interact	 among	 each	 other,	 and	 with	 APP,	 to	 cause	 endosomal	 dysfunctions.	

Understanding	 more	 about	 the	 interaction	 of	 these	 genes	 could	 thus	 clarify	 the	

mechanism	and	 consequences	of	 altered	 endocytosis	 in	AD-DS	and	AD,	 and	how	 this	

contributes	to	the	associate	pathology.			

1.3 Aim	and	working	hypothesis	

I	 aimed	 to	 understand	 the	 role	 of	 triplicated	 Hsa21	 genes	 in	 EE	 dysfunction.	 I	 was	

interested	in	EE	structure	because	they	are	a	main	site	of	APP	amyloidogenic	processing,	

and	changes	to	their	biology	could	underlie	and/or	cause	changes	in	APP	transport	and	

processing.	In	turn,	this	could	affect	the	production	of	C99	and	Aβ	peptides	that	have	a	

major	role	in	AD	and	AD-DS	pathology.		

To	achieve	this,	I	aimed	to	accurately	quantify	EE	size	and	number	in	a	panel	of	

mouse	models	of	DS	with	three	copies	of	Hsa21-homologous	regions	of	different	size.	

This	way,	I	was	able	to	observe	the	effect	of	the	triplication	of	my	candidate	genes	when	

expressed	in	a	more	physiological	context	(versus	single	up/down-regulation).		

Hence,	my	research	aims	were	to:	

1. Establish	a	method	enabling	accurate,	reliable	and	semi-automatic	quantification	

of	endosomes	in	mouse	embryonic	fibroblasts	(MEFs).	

2. Quantify	EE	size	and	number	using	the	Dp2Tyb	mouse	model	with	duplication	of	

a	small	region	of	Mmu16	genes	homologous	to	Hsa21,	including	candidate	genes	

for	EE	enlargement	Synj1	and	Itsn1,	involved	in	endocytosis	regulation.	

3. Depending	 on	 the	 outcome	 of	 aim	 2.	 If	 EE	 were	 enlarged	 in	 Dp2Tyb	 MEFs	

compared	to	WT	littermates	I	aimed	to	knock	down	Synj1	in	my	model	to	verify	
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whether	normalisation	of	this	gene’s	copy	number	affected	the	phenotype.	If	no	

difference	in	endosomal	morphology	was	found	in	Dp2Tyb	vs	WT	littermates,	I	

aimed	to	assess	endosomal	size	and	number	in	the	Dp1Tyb	mouse	model	of	DS	

with	 a	 segmental	duplication	of	 the	 larger	Mmu16	 region	 that	 includes	Synj1,	

App,	Itsn1,	miR-155	genes.	

2. Methods		

Immunocytochemistry	(ICC),	confocal	microscopy	and	image	post-processing	were	used	

to	accurately	quantify	EE	volume	and	number	in	E14	MEFs	derived	from	Dp2Tyb	and	

Dp1Tyb	 mouse	 models.	 A	 RAB5CA	 plasmid	 causing	 EE	 enlargement	 was	 used	 as	 a	

positive	control	and	to	test	my	method	of	endosomal	quantification.	

3. Results		

3.1 Development	of	a	method	for	endosomal	quantification	

I	aimed	to	develop	a	method	to	accurately	and	semi-automatically	quantify	the	volume	

and	number	of	EE	in	MEFs.	First,	ICC	staining	was	optimised,	followed	by	optimisation	

of	image	acquisition,	post-processing	and	analysis	of	the	images.		

3.1.1 RAB5	staining	optimization	

MEFs	were	stained	with	antibodies	against	an	early	endosomal	marker	(RAB5)	and	a	

cellular	membrane	marker	(Integrinβ1).	The	latter	was	used	to	accurately	measure	the	

volume	of	the	cell,	in	order	to	normalise	the	number	of	endosomes	per	cell	to	cell	size.		

A	protocol	kindly	provided	by	Dr	Oscar	Lazo	Jerez	and	Dr	David	Villaroel	Campos	

(Schiavo	 lab,	 UCL)	 was	 used	 for	 ICC.	 Although	 RAB5	 staining	 had	 the	 characteristic	

punctuate	pattern,	it	was	also	unexpectedly	present	in	the	nucleus	of	MEFs,	overlapping	

with	DAPI	nuclear	staining.	Excessive	permeabilization	of	the	nuclear	membrane	could	

cause	either	non-specific	binding	of	the	RAB5	antibody	in	the	nucleus,	or	translocation	

of	 endosomes	 in	 the	 nucleus;	 therefore,	 different	 protocols	 were	 tested	 varying	 the	

concentration	of	the	saponin	detergent	and	the	incubation	length,	until	the	staining	was	
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of	sufficient	quality	for	image	analysis	(Figure	3.2).	

3.1.2 Quantification	optimization	

The	 small	 size	 of	 endosomes	 (100–500	 nm	 diameter)	 represents	 an	 obstacle	 for	

endosomal	quantification	by	confocal	microscope.	Thus,	 I	used	deconvolution	and	3D	

reconstruction	 to	 accurately	 quantify	 the	 volume	of	 endosomes.	 Z-stacks	 of	 each	 cell	

were	taken	with	150	nm	interval	between	slices	and	fixed	voxel	volume	(x	=	50	nm,	y	=	

50	 nm,	 z	 =	 150	 nm)	 on	 confocal	 microscopes	 LSM800	 or	 LSM880.	 Each	 stack	 was	

deconvoluted	 using	 Huygens	 software;	 deconvolution	 removes	 the	 optical	 distortion	

(Point	Spread	Function)	acquired	by	every	pixel	with	image	acquisition.	ImageJ	software	

was	used	to	remove	the	background	with	a	macro	written	by	Dr	Dale	Moulding	(ICH)	

(Appendix).	Finally,	Imaris	software	was	used	to	reconstruct	the	deconvolved	staining	in	

3D.	 The	 software	 detected	 the	 ICC	 staining	 and	 overlapped	 a	 3D	 surface;	 the	 default	

settings	of	the	software	were	used	across	all	 images	to	avoid	bias.	Volume	of	each	3D	

body	was	calculated	by	the	software	and	used	for	statistical	analysis	(Figure	3.3).	

	 	

Rab5 Rab5A B

10 μm 10 μm

Figure	3.2.	RAB5	staining	optimization	in	WT	MEFs.	A)	A	low	percentage	of	saponin	(0.05%)	was	
added	 during	 the	whole	 staining	 process	 (permeabilization,	 blocking,	 primary	 and	 secondary	
antibody	staining),	as	per	 in	 the	original	protocol.	The	staining	had	 its	 characteristic	punctate	
pattern	but	it	was	also	present	inside	the	nucleus	(dotted	circle),	while	endosomes	should	only	be	
located	in	the	cytoplasm	B)	0.05%	saponin	was	only	added	during	the	10	min	permeabilization	
step.	No	RAB5	staining	was	present	in	the	nucleus	(dotted	circle),	as	expected.		
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Figure	3.3.	Process	of	quantification	of	endosomal	staining.	A)	WT	MEF	stained	for	Integrinb	(cell	
membrane,	green)	and	RAB5	(endosomes,	red)	B,	D)	Endosomal	staining	after	deconvolution	and	
background	clearance	C,	E)	3D	reconstruction	of	endosomal	staining.		
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3.2 Validation	of	RAB5CA	positive	control	

A	 GFP-RAB5CA	 (Q79L)	 construct	 from	 Addgene	 was	 transfected	 into	 WT	 MEFs	 as	

positive	control	 for	endosomal	enlargement.	This	construct	(from	now	on	referred	as	

RAB5CA)	introduces	a	constitutively	active	(GTP-bound)	RAB5	construct	in	the	cells	that	

causes	EE	enlargement	by	increasing	endosomal	fusion	(Wegener	et	al.,	2010).	My	aim	

was	 to	verify	whether	my	quantification	strategy	could	reliably	detect	a	difference	 in	

volume	between	larger	endosomes	and	controls.	

3.2.1 RAB5CA	is	expressed	in	MEFs	

The	transfection	efficiency	of	the	RAB5CA	construct	compared	to	a	GFP	positive	control	

was	quantified.	For	both,	the	transfection	efficiency	was	around	30	%,	with	no	significant	

difference	 between	 the	 two	 (Figure	 3.4).	 When	 observed	 under	 the	 microscope,	

endosomes	of	MEFs	transfected	with	the	RAB5CA	construct	appeared	enlarged.		

3.2.2 RAB5CA	plasmid	causes	endosomal	enlargement	

The	next	step	was	to	assess	whether	my	quantification	method	could	detect	a	difference	

in	 endosomal	volume	between	MEFs	 transfected	with	RAB5CA	and	MEFs	 transfected	

with	PBS	(negative	control).	50	and	90	percentile	values	were	derived	from	the	volume	

Figure	3.4.	Transfection	efficiency	of	the	RAB5CA	plasmid.	A)	Transfection	efficiency	of	the	RAB5CA	
plasmid	was	compared	to	a	GFP	control	plasmid.	After	transfection,	10-17	images	622.9	x	467.18	
μm	were	taken,	and	for	each	the	percentage	of	GFP-positive	cells	vs	total	DAPI	was	calculated.	No	
difference	(t-test,	p	=	0.15)	was	found	in	the	percentage	of	MEFs	transfected	with	GFP	(34	%	±	4)	
and	with	the	RAB5CA	construct	(26	%	±	4)	).	N	=	10	technical	repeats	(images	taken)	for	GFP-
positive	cells,	N	=	17	for	GFP-RAB5CA	B,	C)	Endosomes	of	WT	MEFs	transfected	with	the	RAB5CA	
construct	(C)	are	visibly	bigger	than	endosomes	of	MEFs	transfected	with	PBS	(B).	The	RAB5CA	
plasmid	is	GFP-tagged	(green);	yellow	staining	(white	arrow)	indicates	overlapping	of	the	anti-
RAB5	antibody	(endosomes,	red)	and	the	RAB5CA	plasmid.	
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of	all	endosomes	detected	in	PBS-transfected	cells.	Accordingly,	all	endosomes	from	PBS	

and	RAB5CA-transfected	MEFs	were	classified	as	small	(0–50	percentile),	medium	(50–

90)	and	large	(90	+).	More	than	50	%	of	the	total	number	of	endosomes	fall	in	the	‘small’	

group;	more	than	30	%	in	the	‘medium’	group;	only	10	%	of	the	total	in	the	‘large’	group.	

I	 thus	only	compared	endosomes	classified	as	 ‘large’.	Large	endosomes	 from	PBS	and	

RAB5CA-transfected	MEFs	were	compared	using	a	nested	t-test	to	keep	into	account	the	

variability	 between	 biological	 repeats	 (individual	MEF	 lines).	 Endosomes	 from	MEFs	

transfected	with	the	RAB5CA	construct	in	the	‘large’	group	were	significantly	bigger	than	

controls	(Figure	3.5).	 I	concluded	that	the	method	for	endosomal	quantification	could	

detect	differences	in	endosomal	volume,	and	I	applied	it	to	my	experimental	repeats.	

3.3 Early	endosomes	volume	and	number	in	Dp2Tyb	MEFs	

The	aim	of	this	part	of	my	project	was	to	understand	which	Hsa21	genes	have	a	role	in	

EE	enlargement	in	AD-DS.	I	used	a	panel	of	mice	with	segmental	duplications	of	different	

gene	regions	syntenic	to	Hsa21,	which	allowed	me	to	analyse	the	individual	contribution	

of	selected	regions	of	Hsa21	on	EE	structure.		

Figure	3.5.	Distribution	and	quantification	of	endosomes	in	MEFs	transfected	with	PBS	and	RAB5CA.	
A)	Distribution	of	endosomal	size	in	WT	MEFs	transfected	with	PBS.	Only	10	%	of	endosomes	are	
classified	as	 ‘large’,	then	I	compared	the	volume	of	endosomes	in	this	group.	B)	A	Nested	t-test	
showed	that	endosomes	classified	as	‘large’	in	cells	transfected	with	RAB5CA	were	significantly	
bigger	than	the	endosomes	in	cells	transfected	with	PBS	(p	=	0.007,	N	=	3	of	biological	repeats).	A	
nested	t-test	was	used	to	keep	into	account	variability	across	biological	repeats.	The	dots	indicate	
the	average	volume	of	the	‘large’	endosomes	in	one	cell	imaged	(technical	repeat).	
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The	 Dp(16Mis18aRunx1)2TybEmcf	 [Dp2Tyb]	 mouse	 model	 of	 DS	 contains	

segmental	duplication	of	a	small	region	of	Mmu16	(Figure	3.6)	(Lana-Elola	et	al.,	2016;	

Herault	et	al.,	2017).	DS	endosomal	enlargement	has	mainly	been	linked	to	an	additional	

copy	of	two	Hsa21	genes:	APP	and	SYNJ1	(Cossec	et	al.,	2012;	Nixon,	2017).	Since	Dp2Tyb	

has	 three	 copies	 of	 Synj1,	 but	 only	 two	 copies	 of	App,	 using	 this	model	would	 show	

whether	three	copies	of	Synj1	(and	the	other	genes	triplicated	in	Dp2Tyb)	are	sufficient	

to	elicit	increase	in	size	and	number	in	early	endosomes.	

3.3.1 Dp2Tyb	genotyping	and	sexing	

Dp2Tyb	MEFs	were	a	kind	gift	 from	Victor	Tybulewicz	(Francis	Crick	Institute).	Upon	

use,	 I	 verified	 the	 genotype	 and	 sex	 of	 the	MEF	 lines	 by	 isolation	 of	 a	 cell	 pellet	 for	

TransnetYX	genotyping.	The	 results	 confirmed	 the	 information	received	 from	Francis	

Crick	Institute.	Since	I	only	had	two	Dp2Tyb	MEF	lines,	I	ran	a	pilot	study	with	N	=	2	each	

of	Dp2Tyb	and	WT	littermate	MEFs	(biological	repeats).	For	each	line,	N	=	6	cells	were	

analysed	(technical	repeats).	

3.3.2 No	difference	in	endosomal	volume	in	Dp2Tyb	MEFs	

I	wanted	to	determine	whether	there	was	a	difference	in	endosomal	volume	between	

Dp2Tyb	mice	and	WT	littermates.	Volume	of	endosomes	was	calculated	with	the	Imaris	

software	that	computed	a	3D	reconstruction	of	the	RAB5	staining.		

Figure	3.6.	Regions	of	Mmu16	homologous	 to	Hsa21	 triplicated	 in	Dp1Tyb	and	Dp2Tyb.	 In	dark	
green,	the	Dp1Tyb	and	Dp2Tyb	mouse	models	used	in	my	study.	Adapted	with	permission	from	
Lana-Elola	et	al.,	2016.	
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First,	I	determined	the	50	and	90	percentile	values	of	endosomal	volumes	in	WT	

MEFs.	 As	 above,	 these	 parameters	 were	 used	 to	 classify	 endosomes	 from	 WT	 and	

Dp2Tyb	 MEFs	 as	 small	 (0–50	 percentile),	 medium	 (50–90)	 and	 large	 (90	 +).	 No	

difference	in	size	distribution	was	found	in	the	percentage	of	endosomes	falling	in	each	

category.	 I	 then	 compared	 the	 volume	 of	 endosomes	 classified	 as	 ‘large’.	 Large	

endosomes	from	WT	and	Dp2Tyb	MEFs	were	compared	using	a	nested	t-test	to	keep	into	

account	the	variability	between	biological	repeats.	No	difference	in	volume	was	found	

between	endosomes	in	the	large	category	in	WT	and	Dp2Tyb	MEFs	(average	volume:	WT	

=	0.96	±	0.24	μm3,	Dp2Tyb	=	0.71	±	0.63	μm3)	(Figure	3.7).	

3.3.3 No	difference	in	endosomal	number	in	Dp2Tyb	MEFs	

Number	of	RAB5-positive	endosomes	was	 calculated	 for	each	analysed	MEF	with	 the	

Imaris	software.	Volume	of	each	cell	was	calculated	on	ImageJ.	To	be	able	to	compare	

number	 of	 endosomes	 across	 cells	 with	 different	 volumes,	 endosomal	 number	 was	

normalised	to	cell	volume.	Average	of	endosomal	number	across	genotype	by	biological	

repeat	was	calculated	and	analysed	with	a	nested	t-test.	No	difference	was	found	in	the	

Figure	3.7.	Pilot	study	on	endosomal	volume	in	WT	and	Dp2Tyb	MEFs.	A)	No	difference	in	volume	
distribution	(small,	medium,	large)	was	found	in	endosomes	derived	from	WT	and	Dp2Tyb	MEFs	
(Mann-Whitney	 test).	B)	No	difference	was	 found	 in	 the	volume	of	RAB5-positive	endosomes	
classified	 as	 ‘large’	 in	WT	 and	 Dp2Tyb	MEFs	 (Nested	 t-test,	 p	 =	 0.31).	 The	 dots	 indicate	 the	
average	volume	of	the	‘large’	endosomes	in	one	cell	imaged	(technical	repeat).	N	=	2	biological	
repeats,	N	=	6	technical	repeats.	
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number	 of	 endosomes	 in	 WT	 and	

Dp2Tyb	 MEFs	 (WT	 =	 2809	 ±	 101;	

Dp2Tyb	=	3306	±	266)	(Figure	3.8).		

	 Since	no	difference	in	volume	and	

number	 of	 RAB5-positive	 endosomes	

was	 found	 between	 WT	 and	 Dp2Tyb	

MEFs,	I	concluded	that	genes	triplicated	

in	the	Dp2Tyb	region	are	not	sufficient	to	

elicit	a	phenotype	in	E14	MEFs.	

3.4 Early	endosomes	volume	and	number	in	Dp1Tyb	MEFs	

Following	from	these	results,	I	decided	to	repeat	the	above	experiments	using	a	mouse	

model	with	 segmental	 duplication	of	 a	 larger	 region	of	Mmu16	genes	orthologous	 to	

Hsa21.	The	Dp(16Lipi-Dbtb21)1TybEmcf	[Dp1Tyb]	mouse	model	of	DS	has	a	segmental	

duplication	of	the	entire	Mmu16	(23Mb),	which	comprises	148	protein	coding	genes.	114	

of	these	genes	are	orthologous	with	genes	on	Hsa21	(Lana-Elola	et	al.,	2016;	Herault	et	

al.,	2017).	The	Dp1Tyb	mouse	model	contains	three	copies	of	both	App	and	Synj1,	which	

have	 been	 involved	 in	 alterations	 of	 the	 endo-lysosomal	 system	 (Cossec	 et	 al.,	 2012;	

Nixon,	 2017);	 and	of	 Itsn1	 and	miR-155,	 two	genes	 coding	 for	homonymous	proteins	

regulators	of	 the	endocytic	pathway	 (Yu	et	al.,	 2008;	Wang	et	al.,	 2013)	 (Figure	3.6).	

Dp1Tyb	MEFs	were	a	kind	gift	 from	Victor	Tybulewicz	 (Francis	Crick	 Institute).	DNA	

extracted	from	the	MEFs	was	sent	to	TransnetYX	to	cross	check	the	genotype	and	sex,	

and	the	results	confirmed	the	records	in	our	possession.	I	thus	used	ICC	to	compare	the	

size	(volume)	and	number	of	EE	in	WT	and	Dp1Tyb	MEFs.	

3.4.1 No	difference	in	endosomal	volume	in	Dp1Tyb	MEFs	

First,	I	calculated	the	volume	and	volume	distribution	of	RAB5-positive	EE	in	E14	MEFs	

derived	from	WT	and	Dp1Tyb	littermates.	The	average	volume	for	the	total	number	of	

endosomes	was,	as	expected,	around	0.06	μm3	(WT	=	0.07	±	0.001	μm3,	Dp1Tyb	=	0.06	±	

Figure	 3.8.	 Pilot	 study	 on	 the	 number	 of	
endosomes	 in	 WT	 and	 Dp2Tyb	 MEFs.	 No	
difference	was	found	in	the	number	of	RAB5-
positive	EE	(normalised	to	cell	volume)	in	WT	
and	Dp2Tyb	MEF	(Nested	t-test,	p	=	0.08).	N	=	
2	biological	repeats,	N	=	6	technical	repeats.	
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0.0007	μm3).	As	previously,	I	determined	the	50	and	90	percentile	values	of	endosomal	

volumes	 in	 WT	 MEFs	 and	 used	 these	 parameters	 to	 classify	 endosomes	 from	 both	

genotypes	as	small	(0–50	percentile),	medium	(50–90)	and	large	(90	+).	No	difference	in	

size	distribution	was	found	in	the	percentage	of	endosomes	falling	 in	each	category.	 I	

then	compared	the	volume	of	endosomes	classified	as	‘large’.	Large	endosomes	from	WT	

and	 Dp1Tyb	 MEFs	 were	 compared	 using	 a	 nested	 t-test	 to	 keep	 into	 account	 the	

variability	 between	 biological	 repeats.	 No	 difference	 in	 volume	 was	 found	 between	

‘large’	endosomes	in	WT	and	Dp1Tyb	MEFs	(average	volume	of	large	endosomes:	WT	=	

0.29	±	0.006	μm3,	Dp1Tyb	=	0.27	±	0.003	μm3)	(Figure	3.9).	

3.4.2 No	difference	in	endosomal	number	in	Dp1Tyb	MEFs	

Number	 of	 RAB5-positive	 endosomes	 for	 each	 MEF	 was	 calculated	 with	 the	 Imaris	

software,	and	normalised	to	cell	volume.	Average	of	endosomal	number	across	genotype	

by	biological	repeat	was	calculated	and	analysed	with	a	nested	t-test.	No	difference	was	

found	in	the	number	of	endosomes	in	WT	and	Dp1Tyb	MEFs	(WT	=	2218	±	58;	Dp2Tyb	

=	2503	±	119)	(Figure	3.10).		
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Figure	3.9.	Endosomal	volume	distribution	and	volume	are	not	different	 in	WT	and	Dp1Tyb	MEFs.						
A)	EE	were	binned	in	three	size	categories:	small	(0-50	percentile	of	WT	MEFs),	medium	(50-90	
percentile	of	WT	MEFs)	and	large	(90-100	percentile	of	WT	MEFs).	No	difference	was	found	in	the	
percentage	of	endosomes	falling	in	each	size	bin	between	WT	and	Dp1Tyb	MEFs	(Mann-Whitney	
test).	B)	Volume	of	the	endosomes	classified	as	‘larger’	is	not	different	in	WT	and	Dp1Tyb	MEFs	
(Nested	t-test,	p	=	0.21).	N	=	5	of	Biological	repeats,	N	=	3-5	of	technical	repeats.	
	



	 80	

4. Conclusions	

In	 this	 part	 of	my	 research	 I	 have	 developed	 a	method	 to	 accurately	 quantify	RAB5-

positive	 endosomes	 in	MEFs	 and	 I	 used	 it	 to	measure	 EE	 size	 and	 number	 in	MEFs	

derived	from	Dp2Tyb	and	Dp1Tyb	mouse	models	of	DS.	I	did	not	observe	any	change	in	

volume	or	number	of	EE	in	Dp2Tyb	and	Dp1Tyb	mice	compared	to	WT	littermates,	from	

which	I	 inferred	that	 the	regions	of	Hsa21-homologous	genes	triplicated	 in	 these	two	

models	are	not	sufficient	to	elicit	a	change	in	endosomal	morphology	in	E14	MEFs.		
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Figure	 3.10.	 Number	 of	
endosomes	 per	 cell	 is	 not	
different	 in	 WT	 and	
Dp1Tyb	 MEFs.	 No	
difference	 was	 found	 in	
the	 number	 of	 RAB5-
positive	 endosomes	
(normalised	 to	 cell	
volume)	 in	 WT	 and	
Dp1Tyb	MEFs	 (Nested	 t-
test	 p	 =	 0.83).	 N	 =	 5	 of	
Biological	repeats,	N	=	3-
5	of	technical	repeats.	
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Chapter	4	

APP	processing	and	degradation	in	Dp1Tyb	MEFs	

1. Introduction	

1.1 APP	amyloidogenic	processing	and	degradation	

Secretion,	cellular	localization,	and	cleavage	are	essential	regulatory	mechanisms	of	APP	

function	(O’Brien	and	Wong,	2011).	Thus,	they	are	tightly	regulated	by	a	wide	network	

of	proteins	that	directly	or	indirectly	interact	with	APP	in	response	to	a	range	of	factors,	

including	changes	in	energy	homeostasis	and	lipids	and	Ca2+	levels	(Perreau	et	al.,	2010;	

Merezhko	et	al.,	2014).	In	this	part	of	my	project	I	focussed	on	the	regulation	of	the	final	

part	of	the	APP	life-cycle,	namely	processing	and	degradation.	Since	I	was	interested	in	

the	role	of	triplicated	Hsa21	genes	on	AD	pathology,	I	studied	them	in	the	Dp1Tyb	mouse	

model	of	DS.	Moreover,	I	investigated	the	role	of	App	copy	number	on	Aβ	production	and	

APP	degradation	rates.		

1.1.1 Amyloidogenic	processing	of	APP	

Aβ	peptides	are	produced	during	the	amyloidogenic	processing	of	APP.	Cleavage	of	APP	

by	β-secretase	results	in	the	C99	fragment	of	APP,	which	is	further	cleaved	by	γ-secretase	

to	 produce	 Aβ.	 Aβ	 peptides	 secreted	 by	 cells	 are	 found	 in	 plasma,	 CSF	 and	 brain	

interstitial	 fluid	 (Selkoe,	 1998;	 Ghiso	 and	 Frangione,	 2002).	 They	 are	 produced	 in	

different	 lengths,	the	most	common	of	which	are	Aβ40	and	Aβ42.	Aβ42	is	more	toxic,	

aggregation-prone,	and	degradation-resistant	than	Aβ40,	and	it	is	the	main	component	

of	 amyloid	 plaques	 (Knauer	 et	 al.,	 1992;	 Jarrett,	 Berger	 and	 Lansbury,	 1993).	 The	

function	 of	 Aβ	 is	 not	 completely	 understood.	 During	 iPSC	 differentiation	 to	 cortical	

neurons	APP	processing	and	Aβ	production	are	modulated	across	the	different	stages,	

confirming	a	role	for	APP	and	its	fragments	during	early	development	(Bergström	et	al.,	

2016).	 At	 physiological	 doses,	 Aβ	 has	 a	 neuroprotective	 role,	 decreases	 neuronal	

apoptosis,	favours	synaptic	transmission,	and	induces	LTP	(Ghiso	and	Frangione,	2002;	
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Mucke	 and	 Selkoe,	 2012).	 Aβ	 degradation	 occurs	 mainly	 through	 LRP1-mediated	

transcytosis	across	the	blood	brain	barrier,	through	the	lysosomal	system,	or	through	

proteolytic	degradation	via	enzymes	such	as	the	insulin	degrading	enzyme,	neprylisin,	

and	plasmin	(Bohm	et	al.,	2015).	Aβ	exists	 in	different	structural	 forms,	 from	soluble	

monomers	and	oligomers	(oAβs)	to	insoluble	fibrils	and	amyloid	plaques	(Raskin	et	al.,	

2015;	Cline	et	al.,	2018).		

1.1.2 Amyloid	plaques	in	AD	and	AD-DS	

In	all	forms	of	AD,	Aβ	accumulation	results	in	the	formation	of	amyloid	plaques,	one	of	

the	main	pathological	hallmarks	of	AD.	The	two	most	common	types	of	plaques	observed	

in	AD	are	diffuse	plaques	and	dense	core	plaques.	Diffuse	plaques	lack	a	defined	core,	

while	dense	core	plaques	are	characterised	by	a	defined	core	surrounded	by	a	diffuse	

staining	(Figure	4.1).		

Dense	core	plaques	are	usually	surrounded	by	activated	microglia,	synaptic	loss,	

tau-positive	or	dystrophic	neurites	and	reactive	astrocytes	(Deture	and	Dickson,	2019).		

As	mentioned	previously,	in	AD-DS	Aβ	brain	accumulation	starts	decades	earlier	than	in	

the	 normal	 population,	 with	 Aβ42	 diffuse	 plaques	 found	 as	 early	 as	 12	 years	 old	

(Iwatsubo	et	al.,	1995)	and	soluble	Aβ42	present	in	DS	brains	at	21	gestational	weeks	

(Teller	et	al.,	1996).	Aβ40	accumulates	later,	mainly	constituting	the	core	of	immature	

Figure	 4.1.	 Amyloid	 plaques	 in	 AD	 brain.	 Immunohistochemistry	 using	 antibodies	 against	 Aβ	
peptides	show	A)	diffuse	and	B)	dense	core	senile	plaques.	Scale	bar	=	40	μm.	Reproduced	with	
permission	from	Deture	&	Dickson,	2019.	Copyright	held	by	Springer	Nature.	
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and	senile	plaques	(Iwatsubo	et	al.,	1995;	Lemere	et	al.,	1996;	Hirayama	et	al.,	2003)	

(Figure	4.2).		

	

Although	amyloid	plaques	are	present	in	all	forms	of	AD,	little	or	no	correlation	

has	 been	 found	 between	 amyloid	 plaques	 and	 cognitive	 decline.	 This	 suggests	 that	

plaques	could	be	inert	reservoirs	and	that	other	forms	of	Aβ,	such	as	the	soluble	oAβs,	

are	the	main	source	of	neurotoxicity	in	the	AD	brain	(Kuperstein	et	al.,	2010).	

1.1.3 Different	Aβ	species	have	different	degrees	of	toxicity	

OAβs	are	formed	through	a	highly	dynamic	process	from	monomeric	Aβ	peptides.	They	

have	been	identified	as	the	most	toxic	species	of	Aβ:	among	other	effects,	they	trigger	

LTP	 and	 LTD	 disruption,	 tau	 pathology,	 synapse	 deterioration	 and	 oxidative	 stress.	

Depending	 on	 their	 composition,	 molecular	 weight	 and	 structure,	 oAβs	 can	 be	 very	

different	in	behaviour	and	toxicity	(Shankar	et	al.,	2008;	Cline	et	al.,	2018).		

Critically,	the	relative	ratio	of	Aβ40	and	Aβ42	peptides	affects	the	aggregation	

process	and	the	formation	of	toxic	and	non-toxic	Aβ	species	(Kuperstein	et	al.,	2010).	In	

support	of	this	finding,	Aβ40/Aβ42	ratio	is	decreased	in	EOAD	and	all	EOAD	mutations	

Figure	4.2.	Differential	Aβ40	and	Aβ42	 staining	 in	 the	brain	 of	 a	 subject	with	DS.	 (A,	B)	Diffuse	
plaques	from	a	31	year-old	man	with	DS	are	positively	stained	for	Aβ42	(A)	but	are	negative	for	
Aβ40	 (B).	 (C,	 D)	 Mature	 and	 immature	 plaques	 from	 a	 44	 year-old	man	 with	 DS	 are	mainly	
constituted	by	Aβ42	(C),	with	Aβ40	staining	the	core	of	mature	plaques	(D).	Aβ40:	BA27	antibody;	
Aβ42:	BC05	antibody.	Bar	=	100	μm.	Reproduced	with	permission	from	Iwatsubo	et	al.,	1995.	
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have	 been	 found	 to	 alter	 APP	 processing	 in	 a	 qualitative,	 rather	 than	 quantitative,	

manner;	meaning	that	the	relative	ratio	among	Aβ	species	of	different	length,	and	not	

their	 absolute	 values,	 is	 changed	 (Bitan	 et	 al.,	 2003;	 Zou	 et	 al.,	 2003;	 Findeis,	 2007;	

Kuperstein	et	al.,	2010;	Chévez-Gutiérrez	et	al.,	2012).	Conversely,	protective	mutations	

in	APP	have	been	shown	to	 increase	Aβ40/Aβ42	or	reduce	 total	Aβ	(TCW	and	Goate,	

2017).	 In	 LOAD,	 Aβ	 clearance	 rather	 than	 its	 production	 appears	 to	 be	 impaired	

(Mawuenyega	et	al.,	2010);	and	however,	both	plasma	and	CSF	Aβ40/Aβ42	ratios	are	

increased,	suggesting	enhanced	aggregation	of	Aβ42	in	the	brain	(Fukuyama	et	al.,	2000;	

Graff-Radford	et	al.,	2005;	Findeis,	2007).		

Finally,	studies	have	tried	to	determine	the	association	between	Aβ40/Aβ42	and	

AD-DS,	with	contrasting	results	depending	on	whether	they	were	measured	in	plasma	or	

CSF.	 Quite	 consistently,	 however,	 an	 increased	 level	 of	 Aβ42	 in	 plasma	 has	 been	

associated	to	dementia,	while	both	Aβ40	and	Aβ42	were	found	to	be	elevated	compared	

to	non-DS	controls	throughout	life	(Teller	et	al.,	1996;	Schupf	et	al.,	2001;	Lee,	Chien	and	

Hwu,	2017).	Recently,	Aβ40/Aβ42	ratio	has	been	 found	to	be	 increased	 in	CSF	 in	 the	

third	decade	of	 life	of	people	with	AD-DS	compared	 to	controls	 	 (Fortea	et	al.,	2020).	

Similarly	when	the	Tc1	trisomic	mouse	model,	which	contains	three	copies	of	75%	of	

Hsa21	genes	but	only	 two	copies	of	App,	was	crossed	 to	 the	 tgAPP	model	of	amyloid	

accumulation,	this	trisomic;tgAPP	model	exhibited	a	decrease	in	the	Aβ40/Aβ42	ratio	of	

soluble	Aβ	peptides	in	the	mouse	brain	without	any	change	in	the	Aβ40/Aβ42	ratio	in	

amyloid	plaques,	Aβ	clearance	rates	or	γ-secretase	activity	 (Wiseman	et	al.,	2018).	 In	

contrast,	a	study	carried	out	in	organoids	trisomic	for	Hsa21	showed	that	the	absolute	

levels	of	Aβ40	and	Aβ42	increased	compared	to	their	isogenic	controls,	but	their	ratios	

remained	unchanged	(Alić	et	al.,	2020).		

Although	 highly	 variable	 across	 individuals,	 Aβ40/Aβ42	 ratios	 have	 recently	

started	 to	 be	 used	 as	 clinical	markers	 for	 disease	 progression.	 This	 underscores	 the	

importance	of	understanding	the	mechanisms	that	regulate	the	production	of	Aβ	species.	
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Since	 Aβ40/Aβ42	 has	 been	 found	 to	 have	 a	 pivotal	 role	 in	 some	 forms	 of	 AD,	 it	 is	

important	to	determine	whether	this	ratio	is	altered	in	DS	as	well	or	if	AD-DS	is	caused	

by	a	different	mechanism.		

1.1.4 Stepwise	endoproteolysis	of	APP	generates	different	Aβ	species	

Production	of	Aβ	in	different	 lengths	 is	due	to	the	mechanism	of	γ-secretase	cleavage	

called	stepwise	endoproteolysis.	This	features	sequential	cleavage	by	γ-secretase	at	the	

C99	sites	ε,	ζ,	and	γ.	Within	the	first	ε	site,	γ-secretase	binding	can	vary	by	a	few	amino-

acids,	which	leads	to	the	production	of	two	Aβ	lines:	Aβ49	>	Aβ46	>	Aβ43	>	Aβ40	>	Aβ37	

and	 Aβ48	 >	 Aβ45	 >	 Aβ42	 >	 Aβ39.	 Each	 sequential	 cut	 from	 γ-secretase	 reduces	

hydrophobicity	 of	 Aβ,	 increasing	 the	 probability	 of	 its	 release;	 the	 small	 fragments	

produced	from	the	intermediate	cleavages	are	rapidly	degraded	(Chévez-Gutiérrez	et	al.,	

2012;	Haass	et	al.,	2012).	Aβ40	(90%)	and	Aβ42	(10	%)	are	the	main	peptides	generated,	

although	 small	 percentages	 of	 other	 fragments,	 such	 as	 Aβ37,	 Aβ38,	 Aβ43,	 are	 also	

produced,	contributing	to	the	heterogeneity	of	oAβs	and	Aβ	fibrils	(Figure	4.3)	(Knauer	

et	al.,	1992;	Yang	et	al.,	1995;	Thinakaran	and	Koo,	2008;	Zhang	et	al.,	2012).	Besides	the	

two	main	 production	 lines,	 other	 interacting	 pathways	 of	 C99	 processing	 have	 been	

detected,	highlighting	the	complexity	of	γ-secretase	cleavage	(Matsumura	et	al.,	2014).	

Figure	4.3.	The	 two	production	 lines	of	 stepwise	endoproteolysis	of	APP.	 In	grey,	part	of	 the	
amino	acid	sequence	of	APP.	Reproduced	with	permission	from	Haass	et	al.,	2012.	Copyright	
held	by	Cold	Spring	Harbor	Laboratory	Press.	
.	
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Modulation	of	γ-secretase	stepwise	endoproteolysis	 is	then	pivotal	to	regulate	

production	of	Aβ	species.	Chévez-Gutiérrez	et	al.,	(2012)	noted	how	all	EOAD	mutations	

weakened	the	interaction	between	γ-secretase	and	APP,	favouring	early	detachment	of	

the	two	and	thus	favouring	production	of	longer	Aβ	species.	However,	many	trials	aimed	

at	modulating	or	inhibiting	γ-secretase	activity	have	failed	due	to	off-target	effects	and	

to	our	insufficient	understanding	of	the	network	of	proteins	that	regulate	the	rate	and	

modality	of	γ-secretase	action	(Golde	et	al.,	2013).		

1.1.5 Modulation	of	APP	processing	by	Hsa21	genes	

The	 focus	 of	my	 study	was	 to	 test	whether	 Aβ	 production	 and	 APP	 degradation	 are	

modified	by	an	additional	copy	of	Hsa21-homologous	genes.	This	would	shed	a	light	on	

the	mechanisms	of	regulation	of	APP	processing	and	would	help	to	explain	the	formation	

of	AD	pathology	in	DS,	where	specific	causative	mutations	are	not	present.		

A	 range	 of	Hsa21	 genes	have	been	 suggested	 to	 regulate	APP	processing	 and	

degradation,	directly	or	via	the	regulation	of	other	proteins.	Overexpression	of	SUMO3	

from	the	small	ubiquitin-related	modifier	family	was	shown	to	increase	Aβ40	and	Aβ42	

production,	 as	 well	 as	 expression	 of	 APP	 and	 of	 the	 β-secretase	 BACE1.	 However,	

overexpression	of	SUMO1	and	SUMO2,	proteins	that	are	from	the	same	family	as	SUMO3	

but	 not	 located	on	Hsa21,	 do	not	 have	 the	 same	 effect	 (Dorval	et	 al.,	 2007).	Another	

Hsa21	gene,	miR-155,	may	influence	Aβ	production	through	the	downregulation	of	the	

membrane	 trafficking	 component	 Sorting	 nesting	 27	 (SNX27);	 in	 fact,	 SNX27	

downregulation	has	been	shown	to	promote	Aβ	production	and	neuronal	loss	(Wang	et	

al.,	 2014).	 Overexpression	 of	 DYRK1A	 increases	 total	 APP,	 phosphorylated	 APP	 at	

Thr668	and	Aβ.	Moreover,	both	DYRK1A	and	APP	are	overexpressed	in	adult	DS	brain,	

where	 phosphorylated	 APP	 is	 also	 elevated	 (Ryoo	 et	 al.,	 2008).	 This	 suggests	 a	 link	

between	the	triplication	of	the	DYRK1A	gene	and	Aβ	dysregulated	production	in	AD-DS.		

BACE2,	 the	 Hsa21	 gene	 homologous	 to	BACE1,	 could	 also	 have	 a	 role	 in	 APP	

processing,	 although	different	 studies	have	yielded	different	 results.	BACE2	 is	mostly	
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expressed	in	peripheral	tissues,	and	mainly	in	astrocytes	in	the	brain.	It	mostly	functions	

as	θ-secretase	but	can	also	degrade	Aβ	or	cut	APP	at	its	β-secretase	site	(Hussain	et	al.,	

2000;	Abdul-Hay	et	al.,	2012).	Its	expression	levels	and	enzymatic	activity	are	elevated	

in	AD	patients,	but	not	in	DS	brain,	and	co-overexpression	of	BACE2	and	APP	was	not	

shown	aggravate	Aβ	pathology	in	a	mouse	model	(Sun,	He	and	Song,	2006;	Azkona	et	al.,	

2010;	 Holler	 et	 al.,	 2012).	 However,	 the	 ratio	 of	 non-amyloidogenic	 putative	 BACE2	

cleavage	products/amyloidogenic	Aβ	fragments	 is	 increased	 in	organoids	trisomic	 for	

Hsa21	and	in	CSF	from	individuals	with	DS,	but	not	in	organoids	trisomic	for	APP	only	

nor	 in	 isogenic	 controls.	 Moreover,	 this	 change	 in	 Aβ	 fragments	 is	 corrected	 by	

normalisation	of	BACE2	gene	dosage	(Alić	et	al.,	2020).		

Finally,	 endocytosis	 and	 recycling	 of	 APP	 are	 also	 pivotal	 in	 determining	 its	

processing	 and	 degradation	 rate,	 since	 APP	 is	 mainly	 degraded	 through	 the	 endo-

lysosomal	system.	As	discussed	in	the	previous	chapter,	Hsa21	genes	such	as	SYNJ1	and	

ITSN1	are	known	to	play	a	role	 in	the	regulations	of	these	events	(O’Brien	and	Wong,	

2011;	Botté	and	Potier,	2020).		

1.2 Research	Aims	

Taken	together,	these	findings	indicate	that	changes	in	the	expression	levels	of	Hsa21	

genes	may	modulate	APP	biology.	Moreover,	they	suggest	that	altered	Aβ40/Aβ42	ratio	

plays	an	important	role	in	AD	pathology,	and	that	Hsa21	trisomy	may	affect	Aβ	ratios.	

However,	although	Aβ	clearance	has	been	extensively	studied,	little	research	focused	on	

the	fate	of	APP	and	C99	themselves.	Because	the	APP	life-cycle	and	cellular	localization	

are	 tightly	 regulated,	 I	was	 interested	 in	 understanding	whether	Hsa21	 trisomy	 also	

affects	the	turnover	rates	of	APP	and	C99,	both	of	which	are	precursors	of	Aβ	production.		

In	my	study,	I	aimed	to	investigate	Aβ	production	and	APP	and	C99	degradation	rates	

using	MEFs	derived	from	the	Dp1Tyb	mouse	model	of	DS.	The	use	of	this	model	enabled	

me	to	test	the	effect	of	triplication	of	a	concert	of	genes	on	APP	biology;	if	any	change	was	
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found,	I	planned	to	use	mice	with	smaller	segmental	duplications	to	identify	a	gene	or	set	

of	genes	responsible	for	the	observed	change.	The	specific	aims	for	this	chapter	were:	

1. Normalize	the	App	copy	number	in	the	Dp1Tyb	mouse	model	to	obtain	a	

Dp1Tyb/App+/-	mouse	model	of	DS	with	three	copies	of	147	mouse	genes	

homologous	to	Hsa21	genes	but	only	two	copies	of	App.	

2. Measure	the	Aβ40/Aβ42	ratio	in	MEFs	derived	from	the	Dp1Tyb	and	

Dp1Tyb/App+/-	mouse	models.	

3. Measure	APP	and	C99	degradation	in	MEFs	derived	from	the	Dp1Tyb	and	

Dp1Tyb/App+/-	mouse	models.	

2. 	Methods	

To	normalise	App	copy	number	in	the	Dp1Tyb	mouse	model,	Dp1Tyb	x	App+/-	matings	

were	set	up.	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	MEFs	derived	from	the	offspring	were	used	

as	the	cellular	model	for	the	experiments.		

To	measure	Aβ40/Aβ42	ratio,	 the	C99	 fragment	of	APP	was	overexpressed	 in	

E14	MEFs;	after	13	h	the	medium	was	collected	and	the	Aβ38,	Aβ40	and	Aβ42	ratios	

were	measured.		

To	calculate	C99	half-life,	 the	C99	 fragment	of	APP	was	overexpressed	 in	E14	

MEFs;	after	13	h,	protein	synthesis	was	blocked	and	C99	concentration	over	2	hours	was	

measured.	To	calculate	APP	half-life,	protein	synthesis	was	blocked	in	E14	MEFs;	APP	

concentration	over	2	hours	was	measured.		

3. Results	

3.1 The	Dp1Tyb/App+/-	mouse	model	

To	investigate	the	role	of	genes	homologous	to	Hsa21	on	APP	cellular	biology,	I	crossed	

Dp1Tyb	and	B6.129S7-Apptm1Dbo/J	[App-/-]	mice	to	generate	E14	MEFs	and	experimental	

mice.	The	matings	produced	mice	with	four	different	genotypes:	Dp1Tyb,	Dp1Tyb/App+/-

,	WT	and	WT/App+/-	(Figure	4.4).	The	Dp1Tyb	model	enabled	me	to	test	the	role	of	three	
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copies	 of	 148	mouse	 genes	 homologous	 to	Hsa21	 genes	 on	APP	 cellular	 biology;	 the	

Dp1Tyb/App+/-	model	enabled	me	to	test	the	role	of	triplication	of	the	same	genes	but	

App,	which	is	present	in	two	copies.	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	littermates	were	

used	in	my	research.	

	

Figure	 4.4.	 Mouse	 chromosome	 16	 distribution	 and	 App	 copy	 numbers	 in	 litters	 produced	 from	
Dp1Tyb	x	App+/-	matings.		

	

3.2 Mendelian	inheritance	of	Dp1Tyb	chromosome	

I	 wanted	 to	 check	whether	 the	 genetic	 distribution	 of	 the	 litters	 produced	 from	 the	

Dp1Tyb	 x	 App+/-	mating	 followed	 Mendelian	 ratios.	 In	 addition,	 I	 wanted	 to	 verify	

whether	 any	 of	 the	 genotypes	 caused	 higher	 mortality.	 To	 do	 so,	 I	 examined	 the	

genotypes	of	the	E14	MEFs	and	of	the	live	mice	produced	from	the	mating	separately.	A	

A	chi-square	test	did	not	show	a	difference	in	genotype	distribution	from	the	expected	

25	%	for	MEFs	(MEFs	produced:	Dp1Tyb	=	30;	Dp1Tyb/App+/-	=	18;	WT	=	15;	WT/App+/-	

=	21.	p	=	0.08,	N	=	84),	mice	(Mice	generated:	Dp1Tyb	=	31;	Dp1Tyb/App+/-	=	31;	WT	=	

59;	WT/App+/-	=	 51.	p	 =	 0.7,	 N	 =	 172)	 or	 both	 (Total	MEFs	 and	mice:	 Dp1Tyb	 =	 61;	

Dp1Tyb/App+/-	=	49;	WT	=	74;	WT/App+/-	=	72.	p	=	0.5,	N	=	256.	Figure	4.5).	This	shows	

that	litters	derived	from	Dp1Tyb	x	App+/-	follow	Mendelian	patterns	of	inheritance	and	

that	none	of	the	genotypes	increase	the	risk	of	mortality.		
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3.3 C99-EGFP	plasmid	is	sequenced	and	verified	

I	wanted	 to	 verify	whether	 trisomy	 of	 148	mouse	 genes	 homologous	 to	 a	 portion	 of	

Hsa21	genes	have	an	effect	on	APP	and	C99	half-life	and	on	Aβ40/Aβ42	ratio.	Since	C99	

and	Aβ	are	produced	at	levels	too	low	to	quantify	in	MEFs	for	half-life	study,	I	artificially	

overexpressed	the	C99	fragment	of	APP.		

A	C99-EGFP	plasmid	was	kindly	provided	by	Dr	Jiang	in	Nixon	Lab	(Y.	Jiang	et	al.,	

2010).	This	 construct	 contains	 the	APP	 signalling	peptide,	 linked	 to	 the	 sequence	 for	

human	C99,	linked	to	an	EGFP	tag.		The	APP	signalling	peptide	is	needed	for	insertion	of	

the	C99	peptide	in	the	cellular	membrane.	Since	the	map	of	the	plasmid	was	not	available,	

I	built	one	and	verified	the	construct.		

3.3.1 Literature	search	to	produce	a	plasmid	map	

The	 first	 step	 was	 to	 collect	 information	 on	 the	 plasmid.	

According	to	a	literature	search,	the	C99	fragment	linked	to	

the	APP	signalling	peptide	was	originally	inserted	in	a	pCEPK	

vector,	 then	 in	 a	 peak12	 vector	 (Dyrks	 et	 al.,	 1992).	

Subsequently,	 it	 was	 inserted	 into	 a	 pEGFP-N1	 vector,	

where	 it	 got	 linked	 to	 an	 EGFP	 tag,	 and	 cloned	 in	 a	

pcDNA3.1(+)	Hygro	vector	in	Haass’	lab	(Figure	4.6).		

Figure	 4.5.	 Litters	 produced	 from	
Dp1Tyb	 x	 App+/-	 matings	 follow	
Mendelian	ratios.	Total	of	E14	MEFs	
and	 experimental	 mice	 produced	

from	 the	 mating.	 The	 frequency	 of	

inheritance	 of	 mouse	 chromosome	

16	 is	 not	 significantly	 different	

across	genotypes	(Chi-square	test,		p	
=	 0.5,	 N	 =	 256).	 In	 yellow,	

chromosome	 16	 inherited	 from	

App+/-	mice;	in	blue,	chromosome	16	
inherited	 from	 Dp1Tyb	 mice.	 The	

orange	 rectangle	 within	

chromosomes	represents	App.		

	

Figure	 4.6.	 pcDNA3.1/Hygro	
simplified	 plasmid	 map.	
(Thermo	Fisher	Scientific)	
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The	 final	 version	of	 the	APP	 signalling	peptide-C99-EGFP	 fragment	 in	 a	pcDNA3.1(+)	

Hygro	vector	was	acquired	by	Nixon’s	lab	and	then	provided	to	us	(Kaether	et	al.,	2006;	

Jiang	 et	 al.,	 2010).	 Once	 reconstructed	 the	 expected	 plasmid	map,	 I	wanted	 to	 check	

where	 the	APP	signalling	sequence	and	C99	sequence	were	 inserted	 in	 the	C99-EGFP	

plasmid	received	from	Nixon	Lab.		

3.3.2 The	C99-EGFP	insert	is	present	in	the	plasmid	

A	restriction	enzyme	digest	was	used	to	verify	the	presence	of	the	C99-EGFP	insert	in	the	

plasmid.	The	expected	size	of	 the	 insert	was	estimated	to	be	1068	bp	(APP	signalling	

peptide	 =	 51	 bp;	 C99	=	 297	bp;	 EGFP	=	 720	bp);	 the	 size	 of	 the	 pcDNA3.1(+)	Hygro	

backbone	is	5597	bp.	The	insert	could	have	been	cloned	into	one	of	two	multiple	cloning	

sites	present	in	the	pcDNA3.1(+)	Hygro	backbone:	the	CMV	promoter	(615-818	bp)	or	

the	SV40	promoter	(1740-2069	bp).	NheI	enzyme,	cutting	after	the	CMV	promoter	(895	

bp),	 and	 SmaI	 enzyme,	 cutting	 after	 the	 SV40	 promoter	 (2077	 bp),	 were	 used	 in	 a	

digestion	reaction	to	confirm	the	presence	of	an	insert	in	the	plasmid.	If	no	insert	was	

present,	the	restriction	digestion	would	generate	two	4418	bp	and	1182	bp	fragments;	

if	the	C99-EGFP	insert	was	present,	the	digest	would	generate	two	4418	bp	and	~	2250	

bp	fragments.	The	size	of	the	fragments	produced	by	the	digest	showed	that	an	insert	

was	indeed	present	in	the	pcDNA3.1	Hygro	plasmid	(Figure	4.7).			

	

1000
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Size	(bp) 1 2 3 4 5 6 7 Figure	4.7.	Digestion	of	the	pcDNA3.1(+)	
Hygro	plasmid	reveals	the	presence	of	an	
insert.	 Lane1&2:	 double	 cut	 with	 NheI	
(895	bp)	and	SmaI	(2077	bp)	enzymes	
generates	 two	~	 4400	 and	~	 2250	 bp	
fragments,	as	expected	if	the	~	1060	bp	
C99-EGFP	 fragment	was	present	 in	 the	
plasmid.	 Lanes	 3-7	 were	 used	 as	
negative	controls.	Lane	3&4:	double	cut	
with	 XhoI	 (986	 bp)	 and	 BstBI	 (target	
sequence	not	present	on	plasmid).	Lane	
5:	single	cut	with	NheI.	Lane	6:	single	cut	
with	 XhoI.	 Lane	 7:	 uncut	 plasmid.	 1kb	
Hyperladder.	
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3.3.3 The	insert	is	located	after	the	CMV	multiple	cloning	site	

Once	the	presence	of	the	insert	in	the	vector	was	verified,	I	aimed	to	locate	its	precise	

position	in	the	plasmid.	A	series	of	PCR	were	designed	to	determine	whether	the	insert	

was	cloned	 in	 the	CMV	or	SV40	multiple	 cloning	sites.	The	designed	primers	and	 the	

expected	amplicon	sizes	are	detailed	in	Table	4.1.	

	

Primers	targeting	the	SV40	multiple	cloning	site	did	not	yield	

any	product,	while	 those	 targeting	 the	CMV	multiple	 cloning	

site	 revealed	 the	 presence	 of	 an	 insert	 of	 the	 expected	 size	

(Figure	4.8).		

	

The	 PCR	 products	

were	 sent	 to	 Source	

BioScience	for	sequencing.	This	confirmed	the	presence	of	the	APP	signalling	sequence	

linked	to	the	C99	peptide	sequence	and	EGFP.	A	final	map	of	the	C99-EGFP	plasmid	was	

built	(Figure	4.9).	

Table	4.1.	Primers	for	sequencing	of	the	C99-EGFP	insert.	 	

TARGET	 NAME	 SEQUENCE	 POSITION	 Size	without	
insert	(bp)	

Size	with	
insert	(bp)	

CMV	 CMV_1F	 CACCAAAATCAACGGGACTT		 736	 668	 1736	

CMV_1R	 AGGGAAGAAAGCGAAAGGAG		 1404	

CMV	 CMV_2F	 CAAGTACGCCCCCTATTGAC		 509	 608	 1676	

CMV_2R	 AGGAAAGGACAGTGGGAGTG		 1117	

CMV	 CMV_3F	 ACTGCTTACTGGCTTATCGAA		 860	 148	 1216	

CMV_3R	 TTAAACGGGCCCTCTAGACTC		 1008	

SV40	 SV40_1F	 CCCCATGGCTGACTAATTTT		 1978	 346	 1414	

SV40_1R	 CTCGTCCTGCAGTTCATTCA		 2324	

SV40	 SV40_2F	 TATTTATGCAGAGGCCGAGG		 2001	 416	 1484	

SV40_2R	 CAATAGCAGCCAGTCCCTTC		 2417	

Size (bp) CMV_1
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Figure	4.8.	PCR	to	locate	
the	 C99-EGFP	 insert.	
Primers	 against	 the	
CMV	 promoter	
generated	 products	
suggesting	the	presence	
of	 an	 insert	 of	 the	
expected	 size;	 primers	
against	 SV40	 did	 not	
generate	any	product.	1	
kb	ladder	used.		
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3.3.4 C99-EGFP	plasmid	is	expressed	in	MEFs	and	is	not	toxic		

Next,	 I	 wanted	 to	 verify	 the	 expression	 of	 the	 C99-EGFP	 plasmid	 in	 WT	 MEFs.	

Furthermore,	 since	 the	 C99	 fragment	 is	 toxic	 to	 cells,	 I	 also	 wanted	 to	 check	 if	 the	

transfection	of	the	C99	fragment	impacted	the	viability	of	MEFs.	The	pmaxGFP	vector	

(Amaxa)	plasmid	expressing	a	reporter	GFP	protein	was	used	as	a	positive	control	of	

transfection,	and	PBS	was	used	as	a	negative	control.	Fluorescence	was	verified	under	

the	microscope,	 and	used	 to	quantify	 transfection	efficiency;	DAPI	 count	was	used	 to	

quantify	cell	viability.	No	difference	was	found	in	cell	viability	between	MEFs	transfected	

with	GFP	plasmid,	C99-EGFP	plasmid	or	PBS	nor	in	transfection	efficiency	between	MEFs	

transfected	with	GFP	or	C99-EGFP	plasmid	(Figure	4.10).		

Figure	4.9.	Simplified	map	of	the	C99-EGFP	construct,	built	from	the	plasmid	provided	by	Dr	Jiang.	
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3.4 C99-3xflag	plasmid	cloning	

EGFP	 is	 a	 large	 protein	 (32.7	 kDa)	 that	 could	 potentially	 impair	 the	 localisation	 and	

function	of	C99	within	the	cell,	as	reported	for	other	proteins	(Agbulut	et	al.,	2007).	Thus,	

an	alternative	vector	where	the	human	C99	sequence	is	linked	to	a	3xflag	tag	(2.86	kDa)	

was	cloned.	The	first	part	of	the	process	was	carried	out	by	Dr	Cheryl	Maduro,	who	linked	

the	C99	sequence	to	a	3xflag	tag	followed	by	a	STOP	codon.	I	took	over	the	process	from	

the	addition	of	the	APP	signalling	sequence	to	the	C99-3xflag	sequence.	

3.4.1 APP	signalling	sequence	is	inserted	in	a	C99-3xflag	plasmid	

Two	oligonucleotides	containing	the	APP	signalling	sequence	flanked	by	NheI	restriction	

sites	were	 designed.	 The	 oligonucleotides	were	 annealed	 and	 ligated	 to	 link	 the	APP	

signalling	 sequence	 to	 the	C99-3xflag	 sequence.	Once	 the	 insert	was	built,	 I	 aimed	 to	

insert	it	into	a	pCI-Neo	backbone.	Since	the	insert	was	designed	to	have	overhangs	on	

both	sides	compatible	with	NheI	digests,	three	possible	outcomes	could	be	generated:	no	

insert	 in	 the	 backbone,	 insert	 in	 the	 wrong	 orientation,	 or	 insert	 in	 the	 correct	

orientation	(Figure	4.11).		
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Figure	4.10.	Transfection	efficiency	and	viability	test	of	the	C99-EGFP	plasmid.	Six	areas	(2048	X	
2048	pixels	=	0.51	mm3)	of	the	transfected	cell	plates	were	randomly	selected,	and	DAPI	and	GFP	
were	counted	to	determine	cell	viability	and	transfection	efficiency	A)	No	difference	was	found	
in	cell	viability	between	MEFs	transfected	with	PBS,	GFP	plasmid	or	C99-EGFP	plasmid	(one-way	
ANOVA;	 p	 =	 0.92,	 N	 =	 6).	B)	 The	 percentage	 of	 fluorescent	 cells	 to	 total	 DAPI	 staining	 was	
compared	 for	 cells	 transfected	 with	 C99-EGFP	 plasmid	 and	 GFP	 plasmid.	 No	 difference	 in	
transfection	efficiency	was	found	between	C99-EGFP	plasmid	and	GFP	plasmid	(t-test;	p	=	0.67,	
N	=	6).																		C)	Transfected	WT	MEFs	under	bright	light	(top	row)	and	fluorescent	light	(bottom	
row).	Individual	dots	correspond	to	different	plate	areas.	
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A	PCR	was	carried	out	to	amplify	the	area	spanning	the	possible	location	of	the	insert.	

The	known	size	of	the	insert	was	∼	50	bp	(APP	signalling	peptide	=	51	bp).	The	difference	

in	amplicon	size	revealed	whether	the	insert	was	present	in	the	plasmid	(Figure	4.12).	

Positive	 PCR	 products	 were	 sent	 to	 Source	 BioScience	 for	 sequencing	 to	 verify	 the	

orientation	of	the	insert.	

		

Figure	 4.11.	 The	 possible	 outcomes	 of	 the	 ligation	 reaction	 aimed	 to	 ligate	 the	 APP	 signalling	
sequence	 to	 the	C99-3xflag	 insert	present	 in	 the	pCI-Neo	backbone.	1)	 the	backbone	 reanneals	
without	insert;	2)	the	insert	is	in	the	wrong	orientation;	3)	the	insert	is	in	the	correct	orientation.	
The	size	of	the	boxes	does	not	reflect	the	relative	length	of	the	sequences	in	bp.		
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Figure	4.12.	PCR	after	the	ligation	reaction.	Correctly	ligated	plasmids	were	larger	than	the	non-
recombinant	plasmids,	as	they	contained	the	inserted	50	bp	fragment	(APP	signalling	sequence).	
In	red,	the	number	of	the	positive	clones	containing	the	insert.	
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Finally,	 the	 sequence	was	verified	 and	a	map	of	 the	pCI-Neo	C99-3xflag	plasmid	was	

designed	(Figure	4.13).			

3.4.2 The	C99-3xflag	plasmid	is	correctly	expressed	in	MEFs	

I	wanted	to	verify	whether	the	C99-3xflag	plasmid	was	correctly	expressed	in	WT	MEFs.	

To	do	so,	the	C99	fragment	of	APP	derived	from	WT	MEFs	nucleofected	with	either	PBS	

or	the	C99-3xflag	plasmid	was	quantified.	

Figure	4.13.	Detail	of	pCIneo	C99-3xflag	plasmid	map.	APP	signalling	sequence	is	linked	to	the	C99	
fragment	of	APP	that	is	followed	by	a	3xflag	(5868	bp).	Built	with	SnapGene	Viewer	Version	4.2.9	

14

6

ME
Fs	
– C
99

ME
Fs	
– P
BS

ME
Fs	
– C
99

ME
Fs	
– P
BS

WT
	br
ain

Ap
p-
/- b
rai
n

WT
	br
ain

Ap
p-/

- br
ain

kDa

Y188 A8717

MEF
s-P

BS

MEF
s-C

99

WT B
rai

n

Ap
p-
/-  Brai

n
0

1

2

3

4

C9
9 

no
rm

al
iz

ed
 to

 P
BS

MEF
s-P

BS

MEF
s-C

99

WT B
rai

n

Ap
p-
/-  Brai

n
0.0

0.5

1.0

1.5

2.0

C9
9 

no
rm

al
iz

ed
 to

 P
BS

C

A

B

Figure	4.14.	Nucleofection	of	WT	MEFs	with	C99-3xflag	plasmid	results	in	overexpression	of	the	C99	
fragment	of	APP.	A)	Western	blot	using	two	different	anti-APP	antibodies	(Y188	for	the	left	half	
and	A8717	for	the	right	half)	shows	C99	overexpression	in	MEFs	nucleofected	with	the	C99-3xflag	
plasmid.	 B)	 and	 C)	 C99	 expression	 is	 higher	 in	 MEFs	 nucleofected	 with	 C99-3xflag	 plasmid	
compared	to	MEFs	nucleofected	with	PBS	and	WT	mouse	brain	homogenised.	App-/-	mouse	brain	
is	used	as	a	negative	control.	
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As	 expected,	 Western	 blots	 showed	 that	 C99	 was	 overexpressed	 in	 MEFs	

nucleofected	with	C99-3xflag	plasmid	but	not	 in	MEFs	nucleofected	with	PBS	 (Figure	

4.14).	Thus,	I	concluded	that	the	C99-3xflag	plasmid	could	be	used	to	overexpress	C99	in	

order	to	verify	the	effects	of	triplication	of	mouse	genes	homologous	to	a	set	of	Hsa21	

genes	on	C99	half-life	and	Aβ	production.	

3.5 Aβ	production	and	ratio	is	unaltered	in	Dp1Tyb	MEFs	

I	wanted	 to	assess	whether	 three	 copies	of	 a	 set	of	Hsa21	mouse	homologous	genes,	

including	or	excluding	App,	affect	the	production	of	Aβ	peptides	and	their	ratio.		

A	Meso	Scale	Discovery	Assay	was	used	to	assess	human	Aβ38,	Aβ40	and	Aβ42	

peptides	level	in	the	medium	of	E14	MEFs	(pg/ml).	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	E14	

MEFs	were	transfected	with	a	C99-3xflag	plasmid	to	overexpress	the	APP-derived	C99	

fragment.	Nucleofection	of	MEFs	with	PBS	was	used	as	a	negative	control	to	confirm	that	

the	nucleofection	process	did	not	affect	C99	processing	to	Aβ.	As	expected,	Aβ42	levels	

were	below	detectable	range	in	the	medium	of	MEFs	transfected	with	PBS	(not	shown).	

In	most	cases,	Aβ38	 levels	were	below	detection	 levels,	and	were	not	 included	 in	 the	

analysis.	 First,	 individual	 Aβ40	 and	 Aβ42	 peptides	 levels	 (pg/ml)	were	 analysed.	 No	

change	in	their	concentration	in	media	was	observed	(one-way	ANOVA,	N	=	3).	I	then	

compared	the	Aβ40/Aβ42	ratio,	and	no	difference	was	detected	across	my	three	cellular	

models	(Figure	4.15).	

My	 results	 suggest	 that	 having	 three	 copies	 of	 the	 Hsa21	 homologous	 genes	

duplicated	in	the	Dp1Tyb	mouse	model	of	DS,	including	or	excluding	App,	does	not	affect	

amyloidogenic	processing	of	APP	in	MEFs,	at	least	in	terms	of	Aβ40	and	Aβ42	production	

and	their	ratio.	
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3.6 APP	half-life	in	the	Tc1	mouse	model	of	DS	

Pilot	data	previously	gathered	from	Laura	Pulford	(PhD	student)	and	Dr	Karen	Cleverley	

suggested	a	lengthening	of	APP	half-life	in	MEFs	derived	from	the	Tc1	mouse	model	of	

DS	compared	to	WT	littermates	(Figure	4.16).	Since	the	Tc1	mouse	model	is	mosaic,	I	

wanted	 to	 use	 the	Dp1Tyb	mouse	model	 of	 DS	 to	 confirm	 this	 finding,	 and	 to	 verify	

whether	 APP	 half-life	 was	 dependent	 on	 App	 copy	 number	 by	 comparing	 Dp1Tyb,	

Dp1Tyb/App+/-	 and	 WT	 MEFs.	 In	 addition,	 while	 these	 previous	 experiments	

overexpressed	APP	in	MEFs,	I	aimed	to	quantify	endogenous	APP	in	a	more	physiological	

setting.	Finally,	I	wanted	to	verify	whether	trisomy	of	a	set	of	Hsa21	mouse	homologous	

genes,	including	or	excluding	App,	altered	C99	half-life.	
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Figure	4.15.	Three	copies	of	a	set	of	Hsa21	homologous	genes,	 including	or	excluding	App,	do	not	
affect	 Aβ40/Aβ42	 ratio.	A)	 No	 difference	 in	 Aβ40	 production	 is	 observed	 in	WT,	 Dp1Tyb	 and	
Dp1Tyb/App+/-	E14	MEFs	overexpressing	the	C99	fragment	of	APP	(One-way	ANOVA,	p	= 0.97,	N	
=	3).	B)	No	difference	in	Aβ42	production	is	observed	in	WT,	Dp1Tyb	and	Dp1Tyb/App+/-	E14	MEFs	
overexpressing	the	C99	fragment	of	APP	(One-way	ANOVA,	p	= 0.95,	N	=	3).	C)	No	difference	in	
Aβ40/	Aβ42	ratio	is	observed	in	WT,	Dp1Tyb	and	Dp1Tyb/App+/-	E14	MEFs	overexpressing	the	
C99	fragment	of	APP	(One-way	ANOVA,	p	= 0.26,	N	=	3).	Each	dot	corresponds	to	a	biological	repeat	
using	different	MEF	lines. 
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3.7 A8717	antibody	is	used	for	APP	and	C99	quantification	

Two	antibodies	raised	against	the	C-terminal	of	APP	were	optimised	(Figure	4.17).	Both	

Y188	and	A8717	detected	APP	and	C99.	The	rest	of	the	study	was	continued	with	the	

A8717	antibody	as	it	showed	a	better	detection	for	the	C99	fragment	of	APP	than	Y188.	

Figure	4.17.	Comparison	of	Y188	and	A8717	antibodies	against	APP.	A)	Western	blot	showing	APP	
(top	of	the	gel),	C99	(bottom	of	the	gel)	and	β-actin	(middle	of	the	gel).	Staining	with	Y188	is	
cleaner	 but	 weaker.	 B)	 and	 C)	 shows	 a	 linear	 relation	 between	 protein	 concentration	 and	
Western	blot	signal	for	both	B)	Y188	and	C)	A8717	antibody.	
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Figure	4.16.	APP	half-life	in	MEFs	derived	from	the	Tc1	mouse	model	of	DS	and	WT	littermates.	Data	
collected	by	Laura	Pulford	and	Dr	Karen	Cleverley	were	re-analysed	and,	although	not	significant,	
suggested	an	increase	in	APP	half-life	length	(t-test;	p	=	0.19;	N	=	3).	
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3.8 	High	variability	of	C99	signal	after	C99-3xflag	nucleofection	

Part	of	the	experimental	aim	was	to	verify	whether	Hsa21	trisomy	has	an	effect	on	C99	

half-life.	Since	C99	expression	is	below	detection	in	MEFs,	Dp1Tyb,	Dp1Tyb/App+/-	and	

WT	 E14	MEFs	 were	 transfected	 with	 a	 C99-3xflag	 plasmid	 to	 overexpress	 the	 APP-

derived	 C99	 fragment.	 However,	 the	 C99	 signal	was	 too	 variable	 and	 too	 faint	 to	 be	

quantifiable	(Figure	4.18),	then	half-life	of	full-length	APP	only	was	measured.	

3.9 	Hsa21	trisomy	does	not	affect	APP	half-life	

I	wanted	to	verify	whether	three	copies	of	148	Hsa21-homologous	genes,	including	and	

excluding	 APP,	 affect	 APP	 half-life.	 Dp1Tyb,	 Dp1Tyb/App+/-	 and	WT	 E14	MEFs	 were	

treated	with	cycloheximide	and	collected	at	0	h,	15	min,	30	min,	1	h,	2	h	and	4	h.	The	

amount	of	APP	(relative	to	the	0	h	time-point)	at	each	time-point	was	measured	with	

western	blotting	and	a	non-linear	regression	test	was	used	to	derive	the	half-life	value	

for	each	repeat.	No	difference	was	found	in	APP	half-life	in	Dp1Tyb,	Dp1Tyb/App+/-	and	

WT	MEFs,	suggesting	that	triplication	of	Hsa21-homologous	genes	on	Mmu16	does	not	

affect	the	degradation	rate	of	APP	(Figure	4.19).	

Figure	4.18.	C99-3xflag	nucleofection	signal.	Representative	picture	of	a	WB	gel	showing	weak	C99	
signal,	and	table	describing	signal	quality	in	the	three	biological	repeats.	
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3.10 APP	half-life	is	longer	in	female	MEFs	

When	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	half-life	values	were	split	by	sex,	I	observed	that	

APP	half-life	was	not	altered	in	male	MEFs	from	the	three	genotypes,	but	seemed	to	be	

longer	in	female	Dp1Tyb/App+/-	compared	to	WT.	More	strikingly,	a	clear	trend	appeared	

to	show	that	APP	half-life	in	female	MEFs	was	longer	than	in	male	MEFs	independently	

of	the	genotype:	the	average	of	APP	half-life	in	male	MEFs	from	all	genotypes	is	66	±	2	

min,	while	the	average	of	APP	half-life	in	female	MEFs	from	all	genotypes	is	107	±		12	

min	(Figure	4.20).	

	

Figure	 4.19.	 Trisomy	 of	 Hsa21-homologous	 genes	 does	 not	 affect	 APP	 half-life	 in	 E14	 MEFs.																					
A)	Degradation	curve	of	APP	in	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	MEFs.	B)	Half-life	of	APP	is	not	
significantly	different	in	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	MEFs	(One-way	ANOVA,	p	=	0.48,	N	=	
5/6).	Average	APP	half-life	in	minutes:	Dp1Tyb	=	84	±	9;	Dp1Tyb/App+/-	=	97	±	17;	WT	=	77	±	6.	
Each	dot	corresponds	to	a	biological	repeat	(i.e.	different	MEF	line	used).	For	each	biological	repeat,	
three	technical	repeats	(i.e.	western	blot)	were	performed.	
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3.11 APP	is	not	dosage	sensitive	in	Dp1Tyb	E14	MEFs	

To	further	understand	these	data,	I	wanted	to	verify	whether	different	gene	dosage	of	

App	in	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	MEFs	resulted	in	differential	APP	expression.	I	

quantified	APP	in	all	the	MEF	lines	used	to	measure	Aβ40/Aβ42	ratio	and	APP	half-life.	

APP	expression	was	not	changed	across	the	three	genotypes	that	have	different	copies	

of	 the	 App	 gene	 (Dp1Tyb:	 3	 copies	 of	 App;	 Dp1Tyb/App+/-	 and	 WT:	 2	 copies).	 This	

suggests	that	APP	is	not	dosage-sensitive	at	protein	level	in	E14	MEFs	derived	from	the	

Dp1Tyb	model	of	DS	(Figure	4.21).	

Figure	4.20.	Sex	has	a	role	in	APP	half-life.	A)	No	difference	in	APP	half-life	was	observed	in	Dp1Tyb,	
Dp1Tyb/App+/-	and	WT	male	MEFs	(One-way	ANOVA,	p	=	0.93,	N	=	3/4).	B)	A	trend	towards	longer	
APP	half-life	was	observed	in	Dp1Tyb,	Dp1Tyb/App+/-	compared	to	WT	(One-way	ANOVA,		p	=	0.27,	
N	=	2/3).	C)	A	pattern	of	increase	in	APP	half-life	in	female	MEFs	is	observed	independently	from	
the	MEFs	genotype	compared	to	male	MEFs	(T-test).	Each	dot	corresponds	to	a	biological	repeat	
(i.e.	different	MEF	line	used).	For	each	biological	repeat,	three	technical	repeats	(i.e.	Western	blot)	
were	performed.	
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4. Conclusions	

In	this	study,	a	new	C99-3xflag	plasmid	was	successfully	cloned	and	sequence-verified.	

The	plasmid	was	used	to	overexpress	the	C99	C-terminal	of	APP	in	E14	MEFs	derived	

from	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	mice	to	assess	whether	triplication	of	a	set	of	genes	

homologous	to	Hsa21	including	or	excluding	App	affect	APP	amyloidogenic	processing.	

No	difference	was	observed	in	the	Aβ40/Aβ42	ratio	across	the	three	genotypes.	In	the	

second	place,	 the	degradation	 rates	of	 endogenous	APP	were	measured	 in	E14	MEFs	

derived	from	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	mice;	no	difference	in	APP	half-life	was	

found	across	genotypes.	Instead,	a	trend	towards	a	longer	APP	half-life	was	observed	in	

female	MEFs,	independent	of	genotype.	Finally,	APP	expression	levels	measured	in	E14	

MEFs	derived	from	Dp1Tyb,	Dp1Tyb/App+/-	and	WT	mice	were	not	altered	depending	on	

genotype.	This	indicated	that	APP	is	not	dosage	sensitive	in	Dp1Tyb	E14	MEFs.	
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Figure	 4.21.	 APP	 is	 not	 dosage	
sensitive	 in	 E14	 MEFs.	 One-way	
ANOVA,	p	=	0.46,	N	=	7/8.	Each	dot	
corresponds	 to	 a	 biological	 repeat	
(i.e.	 different	 MEF	 line	 used).	 For	
each	 biological	 repeat,	 three	
technical	repeats	(i.e.	Western	blot)	
were	performed.	
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Chapter	5	

APP	dosage	sensitivity	and	processing	in	the	Dp1Tyb	brain	

1. Introduction		

In	 humans,	 the	 link	 between	 APP	 triplication	 and	 the	 development	 of	 amyloid-β	

pathology	is	not	completely	understood.	In	this	chapter,	I	addressed	the	question	of	App	

dosage	 sensitivity	 and	 amyloidogenic	 processing	 in	 the	 brain	 of	 the	 Dp1Tyb	 mouse	

model	 of	 DS.	 In	 addition,	 I	 wanted	 to	 move	 beyond	 the	 single-gene	 approach	 to	

investigate	the	possibility	of	a	gene-network	wide	disruption	as	a	contributory	factor	in	

AD-DS	pathology.	

1.1 Dosage	sensitivity	of	APP	in	AD-DS	

1.1.1 Dosage	sensitivity	in	the	genome	

Gene	 duplications	 and	 deletions	 are	 common	 in	 the	 evolutionary	 process,	 and	 they	

account	for	the	most	abundant	type	of	genetic	variance	per	base-pair	at	the	population	

level	(Conrad	et	al.,	2010).	Most	of	these	copy	number	variants	(CNVs)	of	the	genome	are	

harmless,	but	in	other	cases	having	an	additional	copy	of	a	subset	of	genes	is	associated	

with	a	range	of	conditions,	such	as	neuropsychiatric	disorders,	cancer	and	heart	disease	

(Rice	 and	 McLysaght,	 2017).	 This	 variability	 suggests	 a	 different	 tolerance	 of	 gene	

dosage	changes	that	can	be	explained	by	the	concept	of	 ‘dosage	sensitivity’.	Genes	are	

defined	dosage	sensitive	if	their	expression	level	(RNA/protein)	changes	proportionally	

to	a	change	in	the	gene’s	copy	number,	and/or	if	their	phenotypic	effect	is	altered	by	the	

number	of	copies	of	the	gene	(Zhou	et	al.,	2011).	Dosage	sensitivity	of	genes	affects	their	

‘duplicability’,	which	 is	 the	 tendency	of	 a	 gene	 to	 be	duplicated;	meaning	 that,	 on	 an	

evolutionary	 level,	 some	 genes	 are	 found	 to	 be	 consistently	 and	 independently	

duplicated	across	species,	while	others	are	not.	This	suggests	that	duplicability	is	a	stable	

property	of	genes,	and	that	the	ones	that	are	found	in	many	copies	across	evolution	are	
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most	 likely	 less	 dosage	 sensitive	 than	 those	 gene	 whose	 copy	 number	 is	 strictly	

conserved	 (Li	 et	 al.,	 2015).	 Dosage	 sensitive	 genes	 are	 often	 those	 part	 of	 larger	

multimeric	complexes,	whose	expression	is	kept	in	stochiometric	balance	with	the	other	

members	(Oromendia	and	Amon,	2014).	In	cases	of	aneuploidy	most,	but	not	all,	genes	

have	 increased	 expression	 depending	 on	 their	 copy	 numbers	 (Lyle	 et	 al.,	 2004;	

Lockstone	 et	 al.,	 2007);	 the	 mechanisms	 of	 these	 dosage	 regulations	 have	 not	 been	

elucidated.	

1.1.2 APP	dosage	sensitivity	in	AD-DS	

The	 dominant	 hypothesis	 in	 DS	 is	 that	 the	 different	 phenotypes	 are	 caused	 by	 the	

additional	copy	of	one	or	more	of	the	Hsa21	genes	(Lana-Elola	et	al.,	2011).	Since	APP	

triplication	is	necessary	and	sufficient	for	AD	development	in	DS	(Prasher	et	al.,	1998;	

Rovelet-Lecrux	et	al.,	2006,	2007;	Sleegers	et	al.,	2006;	Doran	et	al.,	2017),	the	problem	

of	its	dosage	sensitivity	is	relevant	to	understand	the	mechanisms	behind	AD-DS.		

Most	of	the	studies	on	APP	dosage	sensitivity	in	mice	and	human	fibroblasts	were	

carried	out	in	relation	to	endosomal	enlargement	and	impaired	neurotrophin	transport,	

which	 have	 been	 strongly	 linked	 to	 APP	 dosage	 as	 mediated	 by	 its	 C99	 C-terminal	

fragment	(Jiang	et	al.,	2010;	Kim	et	al.,	2016;	Chen	et	al.,	2020).	However,	no	agreement	

has	yet	been	found	on	age-dependent	changes	in	APP	expression,	not	even	within	the	

same	Ts65Dn	mouse	model	of	DS	(Lyle	et	al.,	2004;	Choi	et	al.,	2009;	Zhang	et	al.,	2015).			

In	the	brain	of	people	who	have	DS,	APP	quantification	has	shown	inconsistent	

results.	Some	studies	failed	to	show	mRNA	increase	of	APP	in	the	foetal	or	adult	brain	

(Mao	et	al.,	2003;	Lockstone	et	al.,	2007);	while	others	showed	that	APP	expression	was	

increased	in	both	(Oyama	et	al.,	1994;	Engidawork	and	Lubec,	2001).	At	the	protein	level,	

APP	has	been	shown	to	have	a	level	and	pattern	of	expression	similar	to	controls	in	the	

foetal	brain,	but	to	be	increased	in	the	adult	brain	(Engidawork	and	Lubec,	2001;	Cheon	

et	al.,	2008).		
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One	possible	explanation	for	this	variance	in	the	data	is	that	a	wide	age	range	

was	 examined	 in	 single	 experiments	 in	 both	 human	 and	 animal	 studies.	 Precise	APP	

expression	 and	 dosage	 sensitivity	 in	 the	 brain	 is	 tightly	 regulated,	 and	 likely	 to	 be	

associated	with	AD	and	AD-DS	development	(Dyrks	et	al.,	1988;	Goedert,	1988;	Lin	et	al.,	

2014).	Since	age	is	the	greatest	risk	factor	for	the	development	of	AD-DS	neuropathology,	

controlling	 for	 age	 is	 important	 to	 pin	 down	 the	 specific	 moment	 in	 time	 when	 the	

balance	is	tipped,	giving	origin	to	the	cellular	disruptions	that	will	eventually	lead	to	the	

AD-DS	clinical	disease	in	later	life.		

Another	possible	confounder	 is	 that	mouse	studies	variably	quantified	APP	 in	

cortex,	hippocampus	or	whole	brain;	and	although	the	majority	of	human	studies	used	

the	brain	cortex,	they	differed	in	the	specific	area	investigated.	In	the	mouse	brain,	APP	

is	mainly	 expressed	 in	 neurons,	 oligodendrocytes	 and	 endothelial	 cells	 (Zhang	 et	 al.,	

2014);	the	same	is	true	for	the	human	brain	(Zhang	et	al.,	2016).	Little	is	known	about	

the	specific	differences	in	APP	expression	over	time	at	a	brain	region	or	cellular	level,	

although	this	could	be	of	great	importance	for	AD-DS	pathology.	For	example,	a	recent	

study	 showed	 how	 experimental	 overexpression	 of	 human	 APP	 specifically	 in	

endothelial	cells	was	sufficient	to	trigger	Aβ	accumulation	in	blood	vessels	but	not	in	the	

brain	parenchyma	(Tachida	et	al.,	2020).		

It	would	thus	be	important	to	determine	the	precise	time	and	space-dependent	

changes	 in	APP	expression	to	better	understand	the	early	cellular	changes	 in	AD	that	

eventually	result	in	AD-DS	pathology.	
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1.2 Beyond	the	single	gene	approach	

1.1.3 Single	gene	versus	gene	network	approach	

Focusing	solely	on	APP	expression	or	on	the	effect	of	a	few	other	specific	genes	might	

not,	however,	account	for	all	the	phenotypes	observed	in	AD-DS.	Some	set	of	genes	can	

only	function	properly	when	they	are	maintained	in	stochiometric	balance;	which	means	

that	 their	 relative	 ratio,	 rather	 than	 their	 absolute	 expression	 level,	 needs	 to	 be	

maintained	(Veitia	and	Potier,	2015).	Often	a	decrease	or	increase	in	gene	dosage	causes	

a	deleterious	phenotype;	however,	the	cause	of	these	phenotypes	could	be	not	a	change	

in	the	absolute	gene	copy	number,	but	the	altered	ratio	among	genes,	particularly	among	

genes	 that	 are	 interacting	 partners	 (Veitia	 and	 Birchler,	 2009;	 Rice	 and	 McLysaght,	

2017).	This	‘mass-action’	effect	caused	by	the	changed	expression	of	a	large	number	of	

genes	 could	 partially	 explain	 the	 phenotypic	 effects	 of	 aneuploidy,	 although	 this	

hypothesis	has	mostly	been	 investigated	 in	yeasts	 (Beach	et	al.,	 2017;	Brennan	et	al.,	

2019).	

In	 DS,	 evidence	 supporting	 this	 view	 comes	 from	 studies	 looking	 at	 gene	

expression	in	different	trisomic	models	and	tissues.	Beside	changes	in	gene	expression	

of	 Hsa21	 (or	 homologous)	 genes,	 the	 expression	 level	 of	 some	 genes	 coded	 on	

chromosomes	other	than	Hsa21	was	altered	(Engidawork	and	Lubec,	2001;	Lockstone	

et	 al.,	 2007).	 This	 provides	 evidence	 for	 a	 network-wide	 disruption	 in	 DS	 that	 goes	

beyond	 the	 effect	 of	 a	 single	 triplicated	 gene	 (Gardiner,	 2004).	Disruption	 of	 protein	

folding,	 degradation,	 and	 more	 generally	 proteostasis	 are	 some	 of	 the	 pleiotropic	

dysregulations	that	have	been	investigated	in	DS	(Oromendia	and	Amon,	2014).	

1.1.4 The	Integrated	stress	response	(ISR)	pathway	

Proteostasis,	or	protein	homeostasis,	is	a	tightly	regulated	cellular	process	that	controls	

the	 balance	 between	 protein	 production	 and	 protein	 clearance,	 and	 that	 can	 be	

compromised	 as	 a	 consequence	of	 age	or	disease	 (Reisz	et	 al.,	 2018).	 The	 Integrated	



	 108	

Stress	Response	(ISR)	pathway	is	one	of	the	circuits	activated	in	response	to	stress	to	

regulate	protein	production,	and	it	has	been	associated	with	LTP	inhibition	(Rosi	and	

Frias,	2020).		

In	physiological	protein	production,	the	eukaryotic	translation	initiation	factor	

eIF2	 starts	protein	 translation	by	binding	 to	GTP	and	methionyl	 initiator	 tRNA	 (Met-

tRNAi).	 This	 ternary	 complex	 binds	 to	 the	 small	 ribosomal	 subunit	 (40S)	 located	 on	

messenger	RNA	(mRNA).	When	the	AUG	start	codon	is	recognised,	the	GTP	bound	to	eIF2	

is	hydrolysed	to	GDP	and	the	eiF2-GDP	inactive	complex	leaves	the	translation	site.	The	

eIF2B	guanine	nucleotide	exchange	factor	(GEF)	recycles	GDP	to	GTP,	thus	enabling	eiF2	

to	start	a	new	translation	cycle.	In	the	ISR	pathway,	different	types	of	stress	activate	four	

distinct	 kinases	 that	 phosphorylate	 eiF2	 at	 the	 serine	 51	 site	 of	 its	 α	 subunit.	

Phosphorylated	eIF2	(PeIF2α)	inhibits	eIF2B	GEF	activity,	thus	preventing	eIF2B	from	

recycling	GDP	to	GTP	and	therefore	locking	eIF2	itself	in	an	inactive	state.	This	ultimately	

results	in	a	reduction	of	protein	synthesis	(Harding	et	al.,	2003)	(Figure	5.1).	

1.1.5 ISR	in	DS	

Oxidative	stress,	protein	accumulation,	and	more	generally	a	disruption	of	proteostasis	

have	been	observed	in	DS	(Di	Domenico	et	al.,	2013).	The	ISR	pathway	is	overactivated	

in	DS	brains,	DS-derived	iPSCs	and	in	the	hippocampus	of	the	Ts65Dn	mouse	model	of	

DS	(Zhu	et	al.,	2019).	In	particular,	in	these	tissues	ISR	activation	was	driven	specifically	

by	 activation	 of	 the	 double-stranded	 RNA–dependent	 protein	 kinase	 (PKR),	 while	

activation	 levels	 of	 the	 other	 three	 kinases	 responsible	 for	 ISR	 pathway	 initiation	

remained	 unchanged.	 Importantly,	 inhibition	 of	 the	 PKR-dependent	 ISR	 activation	

rescued	 long-term	 memory	 and	 plasticity	 deficits	 in	 Ts65Dn,	 likely	 by	 releasing	

repression	 of	 synaptic	 translation	 (Halliday	 and	 Mallucci,	 2019).	 In	 light	 of	 these	

findings,	 a	 general,	 pleiotropic	 disruption	 in	 DS	 that	 is	 independent	 of	 the	 specific	

function	of	the	individual	genes	was	suggested	(Zhu	et	al.,	2019;	Rosi	and	Frias,	2020).	
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However,	these	data	do	not	exclude	that	increased	dosage	of	few	genes	or	a	single	

gene,	 and	 not	 the	 whole	 Hsa21	 triplication,	 could	 be	 selectively	 responsible	 for	 the	

activation	of	the	ISR	pathway	in	DS.		Moreover,	they	do	not	address	the	issue	of	the	time-

dependency	of	this	phenotype,	nor	they	explain	how	ISR	activation	relates	to	the	dosage	

sensitivity	of	other	Hsa21	genes.		

 Aim	and	working	hypothesis	

DS	phenotypes	have	been	suggested	to	be	caused	by	either	the	dosage	sensitivity	of	one	

or	more	Hsa21	 genes	 or	 by	 the	 general	 disruption	 of	 proteostasis	 and	 other	 cellular	

processes	 linked	 to	 aneuploidy	 and/or	 to	 the	 mass-action	 of	 a	 large	 number	 of	

overexpressed	genes.	However,	little	is	known	about	how	these	two	distinct	mechanisms	

interact	and	how	they	trigger	AD-DS	pathology.		

Figure	 5.1.	Protein	 translation	 and	 Integrated	 Stress	 Response	 (ISR)	 pathway.	 In	 physiological	
protein	production,	the	active	form	(GTP-bound)	of	the	eukaryotic	translation	initiation	factor	
eIF2	associates	 to	methionyl	 initiator	 tRNA	(Met-tRNAi)	and	 to	 the	messenger	RNA	(mRNA)-
bound	small	ribosomal	subunit	(40S).	When	the	AUG	start	codon	 is	recognized,	 translation	 is	
started	 and	 the	 GTP	 bound	 to	 eIF2	 is	 hydrolysed	 to	 GDP.	 EIF2B	 recycles	 GDP	 to	 GTP,	 thus	
enabling	eiF2	to	start	a	new	translation	cycle.	In	the	ISR	pathway,	four	different	kinases	can	be	
activated	and	will	phosphorylate	eiF2.	Phosphorylated	eIF2	(PeIF2α)	inhibits	eIF2B	that	will	not	
be	able	to	recycle	GDP	to	GTP	on	eIF2,	thus	locking	eIF2	in	an	inactive	state.	ISR	eventually	results	
in	a	reduction	of	protein	synthesis.	
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I	used	the	Dp1Tyb	mouse	model	of	DS	to	quantify	expression	of	APP,	APP-CTFs	and	

Aβ	in	the	brain	to	determine	if	and	when	these	App	gene	products	are	elevated.	I	then	

measured	activation	of	the	ISR	pathway	to	determine	if	it	was	dysregulated	in	this	model	

of	DS,	and	if	this	correlated	with	changes	to	APP,	APP-CTFs	and	Aβ	levels.	In	addition,	

comparing	the	findings	observed	in	Dp1Tyb	to	a	Dp1Tyb/App+/-	mouse	model	of	DS	with	

only	two	copies	of	App	allowed	me	to	understand	which	changes	were	selectively	caused	

by	triplication	of	the	App	gene.	All	experiments	used	cortex	and	hippocampus	to	ensure	

relevance	to	AD-DS	pathology	that	mainly	affects	these	areas.	In	addition,	all	experiments	

were	carried	out	on	adult	mice	of	two	different	ages	(3	and	6	months)	so	that	potential	

time-dependent	changes	in	the	transition	phase	leading	to	AD-DS	could	be	detected.		

I	aimed	to	verify	whether:	
1. Full-length	 (FL)-APP	 and	 APP	 C-terminal	 fragments	 are	 dosage	 sensitive	 in	

Dp1Tyb	in	a	time-	and/or	tissue-dependent	manner	

2. Dosage	sensitivity	of	APP	alters	Aβ	production	and	deposition	

3. The	ISR	pathway	is	activated	in	the	Dp1Tyb	brain	

2. Methods	

The	left	cortex	and	left	hippocampus	extracted	from	Dp1Tyb,	Dp1Tyb/App+/-		and	WT	

mice	at	3	and	6	months	were	homogenised	in	TBS.	Part	of	the	homogenate	was	used	to	

quantify	APP,	total	eIF2α	and	phosphorylated	eIF2α	proteins	(immunoblotting),	the	rest	

was	used	to	quantify	soluble	Aβ38,	Aβ40	and	Aβ42	in	the	TBS	fraction	(MSD	plates	for	

Aβ	peptides).	 The	 right	 hemisphere	was	 fixed	 in	 formalin,	 embedded	 in	 paraffin	 and	

sagittally	cut	for	quantification	of	aggregated	Aβ	(immunohistochemistry)	and	APP	RNA	

(RNAScope).	
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3. Results		

3.1 Western	blot	optimization		

Laboratory	 protocols	 for	 brain	 homogenisation	 and	 WB	 use	 RIPA	 (plus	 protease	

inhibitors)	as	a	buffer	for	tissue	homogenisation.	I	wanted	to	use	brain	samples	for	both	

WB	and	to	measure	soluble	Aβ	in	TBS	fractions;	this	could	only	be	done	by	homogenising	

samples	in	TBS	buffer.	Homogenisation	of	cortex	and	hippocampus	in	both	RIPA	and	TBS	

with	phosphatase	inhibitors	was	thus	tested	and	optimised.	Samples	homogenised	in	the	

two	buffers	were	run	using	WB	probed	with	A8717	antibody	against	APP,	A5441	against	

β-actin,	#9722	antibody	against	eIF2α,	and	#3398	antibody	against	PeIF2α.	All	bands	

had	 the	expected	 size	and	were	highly	 comparable	across	 the	 two	protocols,	 then	all	

samples	were	homogenised	in	TBS	with	added	phosphatase	inhibitor	(Figure	5.2).	

Figure	5.2.	Comparison	of	sample	homogenization	in	RIPA	and	TBS	buffers.	The	cortex	from	a	single	
animal	was	split	in	half.	One	half	was	homogenized	in	RIPA	+	phosphatase	inhibitors,	the	other	half	
was	homogenized	in	TBS	+	phosphatase	inhibitors.	The	samples	were	run	side	by	side	in	a	WB	and	
the	bands	were	compared.	The	bands	were	highly	similar	across	buffers.	A)	Top	and	bottom	bands:	
A8717	antibody	against	APP.	Top	band:	APP	(expected	size:	95	kDa)	bottom	band:	APP-CTFα/β	
(expected	size:	10-12	kDa).	Central	band:	A5441	against	β-actin	(expected	size:	42	kDa)	B)	#9722	
antibody	against	eIF2α	(expected	size:	38	kDa)	C)	#3398	antibody	against	phosphorylated	eIF2α	
(PeIF2α)	(expected	size:	38	kDa).	FL	=	full-length.;	Exp.	=	exposure.	
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3.2 Dosage	sensitivity	of	APP	in	Dp1Tyb	brain	

The	first	aim	was	to	verify	dosage	sensitivity	of	APP	and	APP-CTFα	and	β	(CTFs).	APP	

and	CTFs	were	normalised	to	the	total	proteins	loaded	(as	detected	by	β-actin).	Different	

exposure	 times	of	 the	membrane	were	used	 for	 the	 three	proteins	(APP,	CTFs	and	β-

actin),	 and	 the	 same	exposure	 times	were	used	across	 all	membranes.	To	 reduce	 the	

impact	 of	 variability	 and	 to	 allow	 inter-membrane	 comparison,	 each	 sample	 was	

electrophoresed	in	at	least	two	technical	duplicates.	APP/β-actin	and	CTF/β-actin	ratios	

from	each	individual	gel	were	normalised	to	0-1	values	(Figure	5.3).		

3.2.1 APP	is	dosage	sensitive	in	the	Dp1Tyb	cortex	

APP	amount	was	measured	in	the	cortex	and	hippocampus	of	Dp1Tyb,	Dp1Tyb/App+/-		

and	WT	mice	at	3	and	6	months	of	age.	APP	expression	was	significantly	increased	in	

both	the	cortex	and	hippocampus	of	Dp1Tyb	mice	(x	3	copies	of	the	App	gene)	compared	

to	Dp1Tyb/App+/-	and	WT	mice	(x	2	copies	of	the	App	gene)	(Figure	5.4).	

Figure	 5.3.	 FL-APP	 and	 APP-CTFs	 quantification.	 Representative	 WB	 of	 cortical	 samples	 from	
different	 genotypes.	 The	 same	 exposure	 time	 was	 used	 across	 all	 repeats.	 Samples	 order	 was	
randomised	and	each	sample	was	run	at	least	twice	(technical	repeats).	Cortex	from	a	App-/-	brain	
was	used	as	negative	control	for	each	blot.	FL	=	full-length.	
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3.2.2 APP-CTFs	are	dosage	sensitive	in	the	Dp1Tyb	hippocampus	

APP-CTFα	and	β	concentration	was	measured	in	the	cortex	and	hippocampus	of	Dp1Tyb,	

Dp1Tyb/App+/-	 and	WT	mice	 at	 3	 and	 6	months	 of	 age.	 APP-CTFs	were	 significantly	

increased	in	both	the	cortex	and	hippocampus	of	Dp1Tyb	(x	3	copies	of	the	App	gene)	

compared	to	Dp1Tyb/App+/-	and	WT	(x	2	copies	of	the	App	gene)	(Figure	5.5).	

Figure	5.4.	APP	is	dosage	sensitive	in	cortex	and	hippocampus.	APP	ratios	to	β-actin	on	each	blot	
were	normalised	0-1	to	make	comparison	across	gels	possible.	In	the	cortex,	APP	was	elevated	in	
Dp1Tyb	compared	to	WT	and	Dp1Tyb/App+/-	at	3	months	(One-way	ANOVA	p	=	0.01;	Tukey’s	post-
hoc,	Dp1Tyb	vs	WT	p	=	0.03,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.02,	N	=	3-6),	6	months	(One-way	
ANOVA	p	=	0.002;	Tukey’s	post-hoc,	Dp1Tyb	vs	WT	p	=	0.005,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.009,	
N	=	3-6),	and	when	both	3	and	6	months	animals	were	combined	(One-way	ANOVA	p	=	0.002;	
Tukey’s	post-hoc,	Dp1Tyb	vs	WT	p	=	0.005,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.009,	N	=	6-12).	APP	
was	similarly	elevated	 in	 the	hippocampus	at	3	months	 (One-way	ANOVA	p	=	0.0004;	Tukey’s	
post-hoc,	Dp1Tyb	vs	WT	p	=	0.0007,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.003,	N	=	3-6),	6	months	(One-
way	ANOVA	p	=	0.01;	Tukey’s	post-hoc,	Dp1Tyb	vs	WT	p	=	0.008,	N	=	5-6),	and	when	both	3	and	6	
months	animals	were	combined	(One-way	ANOVA	p	<	0.0001;	Tukey’s	post-hoc,	Dp1Tyb	vs	WT	p	
<	0.0001	,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.002,	N	=	6-12).	
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3.2.3 APP	expression	is	higher	than	the	predicted	1.5-fold	

APP	and	APP-CTFs	are	dosage	sensitive	in	the	cortex	and	hippocampus	of	the	Dp1Tyb	

mouse	model	of	DS	at	3	and	6	months	of	age.	Since	Dp1Tyb	has	one	extra	copy	of	the	APP	

gene	(x	3	App)	compared	to	Dp1Tyb/App+/-		and	WT	littermates	(x	2	App),	I	expected	a	

150	%	(1.5-fold)	increase	in	APP	and	APP-CTFs	levels	compared	to	Dp1Tyb/App+/-	and	

WT.	However,	when	tested	against	an	hypothetical	increase	of	150	%	of	the	WT	levels,	

both	 APP	 and	 APP-CTFs	 in	 cortex	 and	 hippocampus	 showed	 significantly	 higher	

increased	expression,	suggesting	that	additional	factors	besides	dosage	sensitivity	might	

regulate	APP	and	APP-CTF	expression	(Figure	5.6).	
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Figure	5.5.	APP-CTFs	are	dosage	sensitive	in	cortex	and	hippocampus.	CTFs	ratios	to	β-actin	in	
each	gel	were	normalised	0-1	to	make	inter-blot	comparison	possible.	 In	the	cortex,	CTFs	
were	higher	in	Dp1Tyb	compared	to	WT	at	3	months	(Kruskal-Wallis	p	=	0.001;	Dunn’s	post-
hoc,	Dp1Tyb	vs	WT	p	=	0.001,	N	=	3-6),	6	months	(One-way	ANOVA	p	=	0.0003;	Tukey’s	post-
hoc,	Dp1Tyb	vs	WT	p	=	0.0009,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.001,	N	=	3-6),	and	when	both	
3	and	6	months	data	were	combined	(One-way	ANOVA	p	<	0.0001;	Tukey’s	post-hoc,	Dp1Tyb	
vs	WT	p	<	0.0001,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	<	0.0001,	N	=	6-12).	In	the	hippocampus,	CTFs	
were	elevated	at	6	months	(Kruskal-Wallis	p	=	0.005;	Dunn’s	post-hoc,	Dp1Tyb	vs	WT	p	=	
0.013,	N	=	3-6)	and	when	3	and	6	months	data	were	combined	(Kruskal-Wallis	p	=	0.0005;	
Dunn’s	post-hoc,	Dp1Tyb	vs	WT	p	=	0.001	,	Dp1Tyb	vs	Dp1Tyb/App+/-	p	=	0.02,	N	=	6-12).		
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3.2.4 Age-related	changes	in	APP	and	APP-CTFs	expression	

I	 wanted	 to	 test	 whether	 triplication	 of	 Hsa21-homologous	 genes	 changed	 the	

expression	levels	of	APP	and	APP-CTFs	in	the	cortex	and	hippocampus	at	3	and	6	months.	

No	difference	in	APP	and	CTFs	levels	was	observed	between	3-	and	6-	months	in	Dp1Tyb	

and	littermates;	however,	a	pattern	of	APP	decrease	at	6	months	compared	to	3	months	

could	be	observed	in	WT	mice	(Figure	5.7).	

In	summary,	these	data	show	that	APP	and	APP-CTFs	are	dosage	sensitive	in	the	

Dp1Tyb	 cortex	 and	 hippocampus	 at	 3	 and	 6	 months.	 In	 addition,	 the	 increase	 in	

expression	was	∼	2-fold	for	APP	and	∼	3-fold	for	APP-CTFs,	suggesting	that	additional	

mechanisms	other	than	dosage	sensitivity	might	influence	APP	expression	in	DS.	
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Figure	5.6.	In	Dp1Tyb,	APP	and	APP-CTFs	levels	are	higher	than	the	expected	150	%	increase	to	WT.	
A)	APP	is	increased	by	more	than	the	expected	150	%	of	the	WT	in	both	the	cortex	(Mean:	217	%		
±	13;	Wilcoxon	Signed	Rank	Test	p	=	0.001,	N	=	12)	and	hippocampus	(Mean:	268	±	%	24;	Wilcoxon	
Signed	Rank	Test	p	=	0.002,	N	=	12).	B)	CTFs	are	increased	by	more	than	the	expected	150	%	of	
the	WT	in	both	the	cortex	(Mean:	320	%		±		37;	Wilcoxon	Signed	Rank	Test	p	=	0.0005,	N	=	12)	and	
hippocampus	(Mean:	305	%		±		35;	Wilcoxon	Signed	Rank	Test	p	=	0.001,	N	=	12).	
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3.3 Effect	of	APP	dosage	on	Aβ	production	

Figure	5.8.	Soluble	Aβ	in	the	cortex.	Soluble	Aβ38,	Aβ40	and	Aβ42	peptides	were	measured	in	the	
WT,	 Dp1Tyb	 and	 Dp1Tyb/App+/-	 cortex.	 An	 increase	 in	 Aβ40	 (One-way	 ANOVA	 test	 p	 =	 0.01;	
Tukey’s	post-hoc,	Dp1Tyb	vs	WT	p	=	0.03,	Dp1Tyb	vs	Dp1Tyb/App+/-		p	=	0.02,	N	=	3-6)	and	Aβ42	
(One-way	ANOVA	test	p	=	0.01;	Tukey’s	post-hoc,	Dp1Tyb	vs	WT	p	=	0.046,	N	=	3-6)	was	observed	
in	Dp1Tyb	compared	to	Dp1Tyb/App+/-	and	WT	at	3	months	of	age.	No	difference	in	the	absolute	
level	of	Aβ	is	observed	at	6	months	of	age.	Six	values	were	excluded	because	the	signal	was	below	
the	limit	of	detection.	

	

Figure	 5.7.	Expression	 levels	 of	 APP	and	APP-CTFs	 over	 time.	 APP	 and	APP-CTFs	 levels	 are	not	
significantly	 different	 at	 3	 and	 6	 months,	 although	 a	 pattern	 of	 decreased	 APP	 and	 CTFs	
expression	can	be	observed	in	WT	mice	(B,	C,	D).	
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Expression	of	APP	and	APP-CTFs	was	increased	in	Dp1Tyb	cortex	and	hippocampus	at	3	

and	6	months	compared	to	Dp1Tyb/App+/-	and	WT	littermates.	Therefore,	I	wanted	to	

verify	whether	the	amount	of	soluble	Aβ	peptides	was	also	changed.	In	addition,	I	wanted	

to	test	whether	the	ratio	of	the	three	main	forms	of	soluble	Aβ	peptides	produced	(Aβ38,	

Aβ40	and	Aβ42)	was	altered.	Finally,	I	aimed	to	verify	whether	increased	production	of	

soluble	Aβ	led	to	accumulation	of	insoluble	Aβ	in	the	brain.	

3.3.1 Aβ40	is	increased	in	Dp1Tyb	at	3	months	but	not	at	6	months	

A	commercially	available	assay	was	used	to	quantify	soluble	Aβ38,	Aβ40	and	Aβ42	at	3	

and	 6	 months	 in	 the	 cortex	 (Figure	 5.8)	 and	 hippocampus	 (Figure	 5.9)	 of	 Dp1Tyb,	

Dp1Tyb/App+/-		and	WT	mice.	No	effect	of	genotype	was	observed	on	the	production	of	

Aβ38.	Some	increase	in	the	production	of	Aβ42	was	observed	in	Dp1Tyb	compared	to	
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Figure	5.9.	Soluble	Aβ	in	the	hippocampus.	Soluble	Aβ38,	Aβ40	and	Aβ42	peptides	were	measured	
in	the	WT,	Dp1Tyb	and	Dp1Tyb/App+/-	hippocampus.	Some	increase	in	Aβ40	(One-way	ANOVA	and	
Tukey’s	post-hoc,	p	=	0.02,	N	=	3-6)	and	Aβ42	(Kruskal-Wallis	test	and	Dunn’s	post-hoc,	p	=	0.04,	N	
=	3-6)	was	observed	in	Dp1Tyb	compared	to	Dp1Tyb/App+/-	at	3	months	of	age.	No	difference	in	
the	absolute	level	of	Aβ	is	observed	at	6	months	of	age.	
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Dp1Tyb/App+/-	in	cortex	and	hippocampus,	at	three	months	only.	In	the	cortex,	Aβ40	was	

significantly	increased	in	the	Dp1Tyb	compared	to	Dp1Tyb/App+/-		and	WT	mice	at	three	

months,	 but	 not	 at	 six	 months	 of	 age.	 In	 the	 hippocampus,	 Aβ40	 was	 significantly	

increased	in	the	Dp1Tyb	compared	to	Dp1Tyb/App+/-	mice	at	3,	but	not	at	6	months.	

3.3.2 	Soluble	Aβ	ratio	is	not	altered	in	Dp1Tyb	brain	

Previously	 in	 this	 study	 I	 overexpressed	 the	 C99	 fragment	 of	 APP	 in	MEFs	 to	 verify	

whether	 triplication	 of	 Hsa21	 homologous	 genes	 had	 an	 effect	 on	 APP	 processing.	 I	

aimed	to	test	the	same	hypothesis	in	a	more	physiological	model	that	is	dosage	sensitive	

for	APP.	However,	I	found	no	difference	in	the	Aβ38/40,	Aβ38/42	and	Aβ40/42	ratio	in	

cortex	 (Figure	 5.10)	 or	 hippocampus	 (Figure	 5.11)	 of	 Dp1Tyb	 compared	 to	

Dp1Tyb/App+/-	and	WT	littermates.	
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Figure	 5.10.	Soluble	Aβ	 ratios	 in	 the	 cortex.	 Aβ38/Aβ40,	Aβ38/Aβ42	and	Aβ40/Aβ42	peptides	
were	measured	in	the	WT,	Dp1Tyb	and	Dp1Tyb/App+/-	cortex.	The	Aβ	ratios	are	unchanged	except	
for	an	increase	in	Aβ38/Aβ40	ratio	in	WT	compared	to	Dp1Tyb	(Mann-Whitney	test	p	=	0.03,	N	=	
4-5).	Six	values	were	excluded	because	signal	was	below	the	limit	of	detection.	
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3.3.3 Aβ	does	not	deposit	in	Dp1Tyb	brain	

Decrease	of	the	Aβ40	and	Aβ42	levels	in	Dp1Tyb	mice	at	6	months	compared	to	3	months	

could	suggest	an	increased,	time-dependent	aggregation	of	these	peptides.	Dr	Suzanna	

Noy	carried	out	immunostaining	of	Dp1Tyb	brain	using	4G8	antibody	against	Aβ.	A	J20	

mouse	model	transgenic	for	a	mutated	human	APP	was	used	as	positive	control.	No	Aβ	

deposition	was	visible	in	the	Dp1Tyb	brain	at	6	months	(Figure	5.12).	

	 In	summary,	quantification	of	the	soluble	Aβ38,	Aβ40	and	Aβ42	peptides	in	the	

cortex	and	hippocampus	of	Dp1Tyb	mouse	model	revealed	a	pattern	of	change	over	time	

for	Aβ40	and	to	a	minor	extent	Aβ42,	where	expression	of	the	peptides	was	increased	at	

3	months	but	returned	to	WT	levels	at	6	months.	Levels	of	the	soluble	form	of	Aβ	could	

have	been	reduced	because	of	 the	 formation	of	 insoluble,	aggregated	Aβ	plaques.	We	

therefore	checked	for	signs	of	Aβ	deposition	in	the	mouse	brain	at	6	months	but	failed	to	
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Figure	 5.11.	 Soluble	 Aβ	 ratios	 in	 the	 hippocampus.	 Aβ38/Aβ40,	 Aβ38/Aβ42	 and	 Aβ40/Aβ42	
peptides	were	measured	in	the	WT,	Dp1Tyb	and	Dp1Tyb/App+/-		hippocampus.	The	Aβ	ratios	were	
unchanged.	
	



	 120	

find	 any	 detectable	 deposition	 by	 histological	 methods.	 Aβ38	 production	 and	

Aβ38/Aβ40,	Aβ38/Aβ42	and	Aβ40/Aβ42	ratios	were	not	altered	by	genotype.	

3.4 Cell-specific	dosage-sensitivity	of	APP	

3.4.1 Optimisation	of	the	RNAScope	assay	

My	aim	was	 to	measure	 transcription	 levels	of	APP	 in	 individual	 cells	 of	 the	Dp1Tyb	

cortex	and	hippocampus	using	an	RNAScope	assay.	What	follows	is	the	rationale	and	the	

optimization	of	the	assay;	the	experiment	itself	has	not	been	yet	carried	out	because	of	

Covid-19	related	disruption	of	my	experimental	work.		

RNAScope	(ACD)	is	a	type	of	in-situ	hybridization	that	targets	probes	against	a	

specific	mRNA	sequence	and	links	them	to	fluorophores	to	enable	mRNA	detection.	In	

the	mouse	brain,	APP	is	mainly	expressed	in	neurons,	oligodendrocytes	and	endothelial	

cells	(Zhang	et	al.,	2014).	For	this	reason,	I	selected	probes	against	App,	neurons	(NEUN),	

oligodendrocytes	(SOX10)	and	endothelial	cells	(PECAM1).		

Figure	5.12.	Aβ	does	not	accumulate	in	the	Dp1Tyb	brain.	Aβ	does	not	accumulate	in	the	outer	layers	
of	the	cortex	or	in	the	hippocampus	of	6	months	Dp1Tyb.	The	J20	transgenic	mouse	model	of	AD	
(human	 APP	 with	 Swedish	 and	 Indiana	 mutations)	 was	 used	 as	 positive	 control	 of	 Aβ	
accumulation	(brown	staining).	Staining:	Beta-Amyloid	4G8	antibody,	counterstaining	of	cell	nuclei	
with	DAPI.	Magnification	10X.	
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I	will	count	 individual	RNA	puncta	 from	the	different	probes	and	quantify	 the	

expression	levels	and	amount	of	colocalization	of	App	with	the	three	different	cell	types	

to	verify	if	dosage	sensitivity	of	APP	is	cell-dependent.	I	will	focus	on	areas	of	the	brain	

associated	with	AD-DS	pathology	such	as	CA3,	CA1,	subiculum	and	the	external	layers	of	

the	cortex.	A	LSM880	confocal	microscope	will	be	used	to	image	the	selected	areas	with	

40X	magnification.	For	the	optimization,	I	used	paraffin	embedded	hemibrain	(processed	

by	Dr	Suzanna	Noy	and	cut	by	Dr	Rakesh	Raghupathy)	(Figure	5.13).	

3.5 ISR	pathway	in	the	Dp1Tyb	mouse	model	

Finally,	I	wanted	to	assess	the	presence	of	a	general	proteostasis	dysregulation	beside	

the	change	in	individual	Hsa21-homologous	genes.	Since	activation	of	the	ISR	pathway	

results	 in	 increased	 phosphorylation	 of	 eIF2α,	 I	 measured	 PeIF2α/eIF2α	 ratio	 to	

establish	whether	the	ISR	pathway	was	activated	in	the	Dp1Tyb	mouse	model	of	DS.	The	

Dp1Tyb/App+/-	mouse	model	was	used	to	test	whether	any	change	in	the	PeIF2α/eIF2α	

ratio	was	dependent	on	App	gene	copy	number.	

3.5.1 Immunoblotting	for	total	eIF2α	and	PeIF2α	quantification	

EIF2α	 and	 PeIF2α	were	 quantified	 using	 immunoblotting.	 The	 company	 protocol	 for	

PeIF2α	initially	failed	to	produce	bands	and	was	therefore	optimised.	The	same	samples	

were	loaded	in	different	gels,	and	the	respective	membranes	were	separately	blotted	for	

eIF2α	and	PeIF2α.	After	quantification,	membranes	were	stripped	and	reblotted	for	β-

actin;	 eIF2α	 and	 PeIF2α	 were	 normalised	 to	 β-actin	 and	 PeIF2α/eIF2α	 ratio	 of	 the	

normalised	values	was	calculated.	To	reduce	variability	across	repeats	every	sample	was	

run	at	least	twice	(technical	repeats).	To	counteract	the	variability	of	antibody	staining	

intensity	across	membranes,	bands	 from	all	antibodies	were	quantified	using	 the	 last	

Figure	5.13.	RNAScope	assay	on	paraffin	embedded	tissue	(previous	page).	A)	Experimental	probes	
against	neurons	(NEUN	RNA),	oligodendrocytes	(SOX10	RNA),	APP	(APP	RNA)	and	endothelial	
cells	 (PECAM1	RNA)	were	 paired	 to	 different	 fluorophores	 so	 that	 one	 single	 fluorescent	 dot	
corresponded	to	a	single	mRNA	molecule.	B)	Positive	control	probes	against	genes	with	known	
expression	were	provided	by	the	company.	C)	Negative	control	probes	against	bacterial	RNA	were	
provided	by	the	company.	LSM880	Confocal.	Magnification:	40X.	
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exposure	 time	 before	 any	 band	 overexposure	 occurred.	 Sonicated	 HeLa	

whole	cell	extract	(SKU	21102)	was	used	as	positive	control	(Figure	5.14).		

	

	

3.5.2 ISR	pathway	is	activated	in	the	Dp1Tyb	hippocampus	

PeIF2α/eIF2α	ratio	was	quantified	as	a	measure	of	ISR	pathway	activation	in	the	cortex	

and	hippocampus	of	Dp1Tyb,	Dp1Tyb/App+/-		and	WT	mice	at	3	and	6	months	of	age.	No	

change	in	the	PeIF2α/eIF2α	ratio	was	observed	in	the	cortex	across	genotypes.	When	

values	 from	 the	hippocampus	 in	3	and	6	months	mice	were	combined	an	 increase	 in	

PeIF2α/eIF2α	 ratio	was	 observed	 in	 Dp1Tyb	mice	 only,	which	 suggests	 that	 the	 ISR	

pathway	is	activated	in	the	hippocampus	of	Dp1Tyb	mouse	model	of	DS	(Figure	5.15).	

Figure	 5.14.	 Total	 eIF2α	 and	
PeIF2α	 quantification.	
Representative	WB	of	cortical	
samples	 from	 different	
genotypes	 using	 A)	 #9722	
antibody	 against	 total	 eIF2α	
(expected	size:	38	kDa)	B)	and	
C)	 #3398	 antibody	 against	
phosphorylated	 eIF2α	
(PeIF2α)	 (expected	 size:	 38	
kDa)	 at	 different	 exposure.	
Before	the	dotted	line,	staining	
using	the	protocol	provided	by	
the	company;	after	the	dotted	
line,	optimized	protocol.		
+ve	 control:	 Sonicated	 HeLa	
whole	cell	extract	(SKU	21102)		
Exp.	=	exposure.	
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4. Conclusions	

My	aim	was	to	investigate	the	early	cellular	changes	that	lead	to	AD-DS	using	a	mouse	

model	 of	 DS.	 I	 focussed	 on	 dosage	 sensitivity	 of	 the	App	 gene	 and	 on	 general	 brain	

proteostasis.	 I	 found	 that	having	 three	copies	of	 the	App	 gene	results	 in	an	 increased	

expression	 of	 APP	 and	 APP-CTFs	 in	 the	 brain	 of	 the	 Dp1Tyb	 mouse	 model	 of	 DS	

compared	 to	 Dp1Tyb/App+/-	 and	 WT	 littermates	 that	 have	 two	 copies	 of	 App.	 The	

increase	 in	 expression	 occurred	 as	 early	 as	 3	 months	 and	 both	 in	 the	 cortex	 and	

hippocampus	of	Dp1Tyb	mice;	in	addition,	the	increase	in	expression	was	higher	than	

the	expected	∼	1.5-fold	of	WT	levels	(∼	2-fold	for	APP,	∼	3-fold	for	CTFs).	Future	research	
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Figure	5.15.	PeIF2α/eIF2α	ratio	in	cortex	and	hippocampus.	PeIF2a/eIF2a	ratio	was	measured	in	
the	WT,	 Dp1Tyb	 and	 Dp1Tyb/App+/-	 cortex	 and	 hippocampus	 as	 a	measure	 of	 ISR	 pathway	
activation.	An	 increase	 in	 the	PeIF2α/eIF2α	 ratio	was	 observed	 in	Dp1Tyb	 compared	 to	WT	
when	combining	the	3	and	6	months	animals	(One-way	ANOVA	p	=	0.04,	Tukey’s	post-hoc,	p	=	
0.03,	N	=	6-12).	
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should	 investigate	 APP	 dosage	 sensitivity	 in	 specific	 cells	 in	 the	 brain	 (neurons,	

oligodendrocytes	and	endothelial	cells).	Increased	levels	of	APP	and	CTFs	did	not	result	

in	raised	Aβ38	levels,	nor	in	Aβ38/Aβ40,	Aβ38/Aβ42	and	Aβ40/Aβ42	ratios.	An	increase	

in	Aβ40	and,	to	a	lesser	extent,	Aβ42	abundance	was	observed	at	3	months	of	age	but	

surprisingly	not	at	6	months	of	age.	This	aging	dependent	effect	may	be	 the	result	of	

aggregation	 of	 insoluble	 Aβ	 in	 the	 brain	 at	 the	 later	 time-point.	 However,	 no	 Aβ	

deposition	 was	 observed	 in	 the	 Dp1Tyb	 cortex	 and	 hippocampus	 at	 6	 months;	

biochemical	quantification	of	insoluble	amyloid-β	would	be	required	to	investigate	this	

possibility	 further.	 Finally,	 I	 observed	 an	 increase	 in	 the	 PeIF2α/eIF2α	 ratio	 in	 the	

Dp1Tyb	 hippocampus	 that	 suggests	 activation	 of	 the	 Integrated	 Stress	 Response	

pathway	specifically	in	that	tissue.	However,	this	was	not	sufficient	to	modulate	the	level	

of	 APP	 protein	 detected	 in	 the	 hippocampus,	 as	 might	 be	 predicted	 to	 occur	 if	 a	

substantial	reduction	in	translation	resulted	from	the	activation	of	this	pathway.	Further	

research	will	be	needed	to	clarify	the	link	between	alteration	of	single	genes	dosage	and	

higher-level	cellular	disruptions	in	DS	and	AD-DS.	
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Chapter	6	

Discussion	

1. Discussion		

Hsa21	trisomy	results	in	extremely	high	penetrance	of	AD	dementia,	and	triplication	of	

the	 Hsa21	 gene	 APP	 is	 sufficient	 and	 necessary	 for	 the	 development	 of	 early	 onset	

dementia	in	people	with	and	without	DS	(Prasher	et	al.,	1998;	Rovelet-Lecrux	et	al.,	2006,	

2007;	Sleegers	et	al.,	2006;	Doran	et	al.,	2017).	Therefore,	DS	is	an	ideal	genetic	disorder	

in	which	to	study	the	full	course	of	AD.	However,	how	three	copies	of	APP	 lead	to	AD	

pathology	and	AD-related	dementia	is	not	fully	understood.		

The	aim	of	my	research	was	to	investigate	the	early	changes	in	APP	biology	in	the	

AD-DS	context,	at	first	in	a	very	early	model	of	cellular	biology	(MEFs),	and	then	in	3-	and	

6-	month	brain	tissue	when	I	did	not	observe	a	phenotype	in	MEFs.		

1.1 Dp1Tyb	mouse	model	of	DS	to	investigate	AD-DS	

I	mainly	used	tissue	and	cells	derived	from	the	Dp1Tyb	mouse	model	of	DS.	Dp1Tyb	mice	

have	a	segmental	duplication	of	an	Mmu16	region	containing	148	Hsa21-homologous	

genes	(Lana-Elola	et	al.,	2016).	In	particular,	the	Dp1Tyb	mouse	has	three	copies	of	App,	

Synj1,	Itsn1,	miR-155,	Bace2	and	other	genes	involved	in	endocytosis	regulation	and/or	

APP	processing	(Dunlevy	et	al.,	2010).	I	crossed	the	Dp1Tyb	strain	with	an	App+/-	strain	

to	obtain	a	Dp1Tyb/App+/-	cross	with	three	copies	of	 	 the	147	genes	triplicated	in	the	

Dp1Tyb	but	only	two	copies	of	App.	This	allowed	me	to	study	the	role	of	App	gene	dose	

in	the	cellular	processes	investigated	in	the	Dp1Tyb;	and	at	the	same	time	to	assess	the	

role	 of	 Hsa21-homologous	 genes	 other	 than	App	 in	modulating	 AD-DS	 early	 cellular	

changes.	
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1.1.1 Limitations	of	the	Dp1Tyb	mouse	model	of	DS	

One	limitation	in	the	use	of	the	Dp1Tyb	mouse	model	is	that	it	has	three	copies	of	most,	

but	not	all,	mouse	genes	orthologous	to	Hsa21	genes.	Other	mouse	regions	homologous	

to	Hsa21	are	located	on	Mmu10	and	Mmu17	and	these	are	not	triplicated	in	the	Dp1Tyb	

mouse.	This	could	have	three	consequences:	one,	we	could	lose	the	phenotype	elicited	

by	a	specific	gene.	For	example	the	Hsa21	gene	SUMO3,	whose	overexpression	has	been	

shown	 to	 increase	Aβ40	and	Aβ42	production,	 is	 located	on	Mmu10,	 and	 is	 thus	not	

triplicated	 in	 Dp1Tyb	mice	 (Dorval	 et	 al.,	 2007;	 Gupta,	 Dhanasekaran	 and	 Gardiner,	

2016).	 In	 the	second	 instance,	splitting	 into	different	mouse	models	of	genes	 that	are	

located	on	the	same	chromosome	in	humans	could	disrupt	gene-network	effects	that	go	

beyond	 the	 function	 of	 a	 single	 gene,	 and	 could	 mask	 changes	 in	 gene	 regulation	

observed	 in	 humans	 (Lockstone	 et	 al.,	 2007;	 Zhao	 et	 al.,	 2016).	 Finally,	 the	 Mmu16	

segmental	duplication	of	the	Dp	panel	is	located	at	the	end	of	endogenous	Mmu16,	which	

means	that	Dp	mice	do	not	have	an	extra	unpaired	chromosome	and	thus	cannot	model	

aneuploidy.		

Despite	 these	 limitations,	 mouse	 models	 have	 been	 extremely	 useful	 to	

characterise	many	aspects	of	AD	and	AD-DS	(Cannavo	et	al.,	2020).	 In	my	research,	a	

change	in	APP	expression,	and	potentially	Aβ	production,	was	observed	in	the	3-month-

old	brain,	and	a	change	in	proteostasis	was	observed	in	the	Dp1Tyb	hippocampus.	These	

findings	 highlight	 the	 value	 of	 DS	 mouse	 models	 as	 an	 exploratory	 platform	 for	

successive	validation	in	higher-order	models,	such	as	rats	and	humans.		

1.2 APP	expression	changes	in	Dp1Tyb	

Dosage	sensitivity,	the	correspondence	between	gene	copy	number	and	level	of	protein	

expression	(Zhou	et	al.,	2011),	is	tightly	regulated	and	dependent	on	the	gene,	tissue,	and	

age	(Emerson,	2002).	One	of	the	main	theories	to	explain	DS	is	that	trisomy,	and	hence	

dosage	 sensitivity,	 of	 individual	 Hsa21	 genes	 is	 responsible	 for	 the	 different	 DS	

phenotypes	(Lana-Elola	et	al.,	2016).	However,	dosage	sensitivity	of	Hsa21	genes	in	DS	
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has	proven	difficult	to	measure	and	extremely	variable	depending	on	the	method	used,	

on	the	tissue	or	time	point	analysed	and,	more	generally,	on	individual	differences	and	

environmental	factors	(Gardiner,	2004;	Sundberg	and	Schofield,	2018).		

1.2.1 Age-dependent	changes	in	APP	and	APP-CTFs	expression			

I	hypothesised	 that	a	change	 in	dosage	sensitivity	 in	APP	could	be	one	of	 the	earliest	

markers	 of	 the	 beginning	 of	 AD-DS	 related	 dysfunctions.	 I	 therefore	 measured	 APP	

expression	 at	 different	 time	points	 and	 in	 different	 tissues	 derived	 from	 the	Dp1Tyb	

mouse	model	of	DS.	I	did	not	observe	APP	increased	expression	in	E14	MEFs,	while	both	

APP	 and	 APP-CTFs	 were	 overexpressed	 in	 the	 cortex	 and	 hippocampus	 of	 3-	 and																			

6-	month	Dp1Tyb	mice	compared	to	WT	and	Dp1Tyb/App+/-		littermates.		

	 APP	 expression	 has	 been	measured	 in	 different	 DS	models	 and	 tissues,	 with	

variable	results.	In	some	studies	using	the	Ts65Dn	mouse	model	of	DS,	APP	was	found	to	

be	overexpressed	at	the	RNA	and/or	protein	level	(Lyle	et	al.,	2004;	Zhang	et	al.,	2015;	

Chen	et	al.,	2020);	others	have	found	APP	expression	to	be	age-dependent,	only	present	

at	 11	 but	 not	 at	 4	 months	 (Choi	 et	 al.,	 2009).	 Similarly,	 in	 adults	 with	 DS	 APP	

overexpression	was	observed	in	some	studies	(Oyama	et	al.,	1994;	Cheon	et	al.,	2008)	

but	not	in	others	(Mao	et	al.,	2003;	Argellati	et	al.,	2006;	Lockstone	et	al.,	2007).	A	similar	

variability	 is	observed	 in	 regard	of	APP-CTFs	 levels,	where	 some	studies	measured	a	

gene	dosage-dependent	 increase	 (Chen	et	al.,	2020),	while	others	did	not	 (Choi	et	al.,	

2009).	

	 Large	 part	 of	 this	 discrepancy	 is	 likely	 due	 to	 the	wide	 range	 of	 tissue	 areas,	

techniques,	 and	 ages	used	 in	 these	 experiments.	 To	 reduce	 some	of	 this	 variability,	 I	

decided	to	focus	on	the	cortex	and	hippocampus	that	are	more	susceptible	to	AD-related	

pathology,	to	compare	them	at	different	time-points,	and	then	investigate	downstream	

events	that	could	be	specifically	linked	to	changes	in	APP	expression.		
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1.2.2 Future	directions:	detecting	earlier	changes	in	APP	expression	

Previous	studies	comparing	APP	expression	 in	 fetal	and	adult	brain	showed	that	APP	

levels	 were	 only	 increased	 in	 the	 latter	 (Cheon	 et	 al.,	 2008).	 Consistently,	 my	 data	

showed	an	age-dependent	change	in	APP	expression	that	could	be	due	to	a	failure	of	the	

system	to	 inhibit	gene	overexpression	with	age.	Since	a	change	 in	APP	and	APP-CTFs	

levels	 were	 observed	 as	 early	 as	 3-months,	 this	 suggests	 that	 some	 AD-DS-related	

changes	are	already	manifest	in	what	would	be	early	adulthood	in	humans	(Dutta	and	

Sengupta,	 2016).	 This	 is	 consistent	with	 the	 very	 early	 appearance	 of	 AD-DS-related	

amyloid	 pathology	 in	 DS	 (Davidson	 et	 al.,	 2018);	 and	with	 the	 early	 endo-lysosomal	

dysfunctions	observed	 in	AD-DS,	which	are	attributed	to	 the	accumulation	of	 the	C99	

fragment	of	APP	(Colacurcio	et	al.,	2018).	 	

The	findings	of	an	early	increase	in	APP	and	APP-CTFs	expression	could	lead	to	

two	 main	 research	 directions.	 First,	 future	 studies	 could	 investigate	 APP	 and	 CTFs	

expression	 in	 the	 brain	 at	 an	 earlier	 time-point,	 such	 as	 6-weeks.	 Pinning	 down	 the	

transition	in	APP	expression	regulation	could	help	define	the	best	time	window	to	deliver	

early	 AD-DS	 treatment,	 such	 as	 APP	 expression	 normalisation	 by	 antisense	

oligonucleotide	 therapy.	 Secondly,	 I	 used	 an	 antibody	 that	 targeted	 the	C-terminal	 of	

APP,	and	therefore	detected	APP	as	well	as	both	the	C83	and	C99	CTF	fragments	of	APP.	

C83	 and	 C99	 are	 the	 products	 of	 different	 pathways	 of	 APP	 processing,	 the	 non-

amyloidogenic	and	amyloidogenic	pathway,	respectively;	it	would	thus	be	important	to	

quantify	them	individually	to	determine	if	any	of	the	two	processing	pathways	of	APP	is	

more	activated	as	a	consequence	of	APP	overexpression.		

1.2.3 Future	directions:	tissue-dependent	changes	in	APP	expression	

Gene	 expression	 regulation	 is	 also	 heavily	 tissue-dependent.	 It	 is	 important	 to	 verify	

whether	the	difference	in	APP	expression	between	MEFs	and	brain	is	in	fact	dependent	

on	age	and	not	solely	on	tissue	type.	Cortex	and	hippocampus	were	chosen	because	of	

their	relevance	to	AD-DS,	since	they	are	early	sites	of	accumulation	of	amyloid	plaques	
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and	NFTs	(Davidson	et	al.,	2018).	To	test	the	connection	between	APP	expression	and	

AD-DS,	APP	expression	and	processing	could	be	quantified	in	a	tissue	less	affected	by	AD-

DS	pathology,	such	as	the	cerebellum.	If	APP	was	not	overexpressed	in	the	cerebellum	at	

3	and	6	months,	this	would	suggest	a	strong	connection	between	APP	overexpression	

and	AD-DS	pathology.		

1.2.4 Future	directions:	cell-dependent	changes	in	APP	expression	

My	next	aim	was	to	quantify	dosage	sensitivity	of	APP	in	specific	cells;	this	aim	was	not	

completed	 because	 of	 Covid19-related	 disruptions.	 I	 planned	 to	 use	 RNAScope	 to	

identify	single	RNA	molecules	of	APP	in	neurons,	oligodendrocytes,	and	endothelial	cells,	

the	three	types	of	brain	cells	where	APP	is	mostly	expressed	(Zhang	et	al.,	2014,	2016).	

High	sensitivity	of	the	technique	and	the	high	resolution	of	confocal	imaging	would	allow	

me	to	determine	if	APP	dosage	sensitivity	is	dependent	on	cell	type	in	hippocampus	and	

cortex.	In	particular,	I	would	want	to	focus	on	the	areas	that	are	more	susceptible	to	early	

appearance	of	amyloid	pathology,	such	as	CA3,	CA1	and	subiculum	in	the	hippocampus	

and	the	external	layers	of	the	cortex.		

	 The	main	issue	with	this	setup	is	that	RNA	levels	do	not	always	correspond	to	

protein	 levels,	 and	 that	 techniques	 used	 to	 quantify	 proteins	 either	 lack	 spatial	

resolution	(western	blots)	or	are	poorly	quantifiable	(immunohistochemistry).	Dosage	

sensitivity	of	APP	could	thus	be	validated	in	vitro	using	single-cell	cultures.	Determining	

the	 precise	 level	 of	 APP	 expression	 in	 different	 cells	 would	 allow	 us	 to	 expand	 our	

understanding	of	the	mechanisms	of	AD	early	pathology.	If	a	difference	in	cell-specific	

dosage	sensitivity	of	APP	was	 found,	 results	could	be	validated	 in	 the	rat	and	human	

brain.	

1.3 Is	APP	dosage	sensitivity	alone	masking	cellular	phenotypes?	

I	 aimed	 to	 determine	 whether	 the	 increased	 copy	 number	 of	 App	 and	 other	 Hsa21	

orthologous	genes	had	an	effect	on	endosomal	morphology	and	APP	degradation	rate	in	

a	model	 of	DS.	 I	 tested	 these	 phenotypes	 in	 vitro	 using	Dp1Tyb	MEFs,	 and	 found	no	
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changes	 compared	 to	WT	 littermates.	This	 could	be	 linked	 to	 the	 lack	of	APP	dosage	

sensitivity	in	Dp1Tyb	MEFs,	but	alternative	explanations	are	possible.		

1.3.1 Assessment	of	endosomal	morphology	

I	 did	 not	 observe	 any	 change	 in	 size	 or	 number	 of	 early	 endosomes	 in	 Dp2Tyb	 and	

Dp1Tyb	MEFs	compared	to	those	derived	from	WT	littermates.	My	results	could	suggest	

that	 the	 regions	 of	 Hsa21	 homologous	 genes	 triplicated	 in	 the	 Dp2Tyb	 and	 Dp1Tyb	

models	are	not	sufficient	to	elicit	a	change	in	endosomal	structure	in	fibroblasts.	These	

results	 are	 in	 contrast	 with	 a	 large	 body	 of	 studies	 that	 show	 how	 endosomal	

enlargement	is	one	of	the	first	changes	observed	in	both	AD	and	DS	in	multiple	cell-types.	

In	 particular,	 some	of	 this	 research	 shows	how	 triplication	 of	APP	 or	SYNJ1	 only	 are	

sufficient	to	cause	endosomal	enlargement	(Cataldo	et	al.,	1997,	2000,	2003;	Israel	et	al.,	

2012).	The	Dp2Tyb	mouse	model	has	three	copies	of	Synj1,	two	copies	of	App,	and	three	

copies	of	the	Itsn1	gene,	which	has	a	known	role	in	endocytosis;	while	the	Dp1Tyb	mouse	

has	three	copies	of	all	these	three	genes.		

1.3.1.1 An	accurate	measure	of	endosomal	morphology	

I	 have	 developed	 a	method	 to	 accurately	 quantify	RAB5-positive	 early	 endosomes	 in	

MEFs	and	used	this	method	to	measure	the	size	and	number	of	early	endosomes	in	MEFs.	

Electron	microscopy	is	the	most	accurate	way	of	measuring	endosomal	structures,	but	is	

very	time-consuming	and	for	this	reason	not	widely	used.	On	the	other	hand,	the	small	

size	 (100–500	 nm	 diameter)	 of	 endosomes	 has	 made	 quantification	 with	 confocal	

microscopy	 challenging	 and	 variable,	 with	 some	 studies	 only	 reporting	 qualitative	

measures	 and	 others	 reporting	 two-dimensional	 measures	 of	 the	 organelles.	 Early	

endosomes	are	3D	bodies	of	irregular	shape,	and	thus	a	volumetric	measure	is	the	most	

suited	to	accurately	quantify	them.	In	my	study	I	acquired	z-stack	images	at	very	high	

resolution,	 reduced	 the	 distortion	 that	 is	 naturally	 acquired	 with	 imaging	 and	

reconstructed	the	RAB5	staining	in	3D	to	obtain	a	measurement	of	each	endosomal	body.	

The	main	bias	of	the	method	is	that	it	is	highly	dependent	on	the	quality	of	the	endosomal	
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staining.	High	background	or	faint	staining	would	lead	to	unreliable	3D	reconstruction	

and	 thus	 quantification.	 However,	 this	method	was	 successfully	 tested	 on	 a	 positive	

control	of	endosomal	enlargement,	and	thus	could	be	used	for	future	studies	requiring	

accurate	confocal	3D	measuring,	less	time-consuming	and	expensive	than	using	electron	

microscopy	or	other	types	of	high	resolution	microscopy.			

1.3.1.2 Future	directions:	triggering	endocytosis	in	MEFs	

Another	potential	issue	related	to	the	use	of	RAB5	as	an	early	endosomal	marker	is	found	

in	 this	 study	 and	 in	 the	 previous	 literature.	 In	 its	 inactive	 form,	 RAB5	 is	 a	 cytosolic	

protein	that	once	activated	binds	to	endocytic	vesicles	and	recruits	a	number	of	effectors	

that	trigger	sorting	of	the	early	endosomes	cargo.	The	MEFs	used	were	not	in	an	active	

process	of	endocytosis;	this	means	that	part	of	the	staining	observed	likely	came	from	

cytosolic,	inactive	RAB5.	To	address	this	issue,	I	reduced	the	background	and	set	up	the	

threshold	 for	 3D	 reconstruction	 to	 pick	 the	 brightest	 spots	 of	 RAB5	 staining,	 likely	

associated	to	early	endosomes.		

Another	possibility	would	be	to	 induce	endocytosis	 in	MEFs	to	verify	whether	

active	endosomes,	instead	those	in	resting	MEFs,	are	altered	in	Dp1Tyb	compared	to	WT	

littermates.	To	do	so,	we	could	stimulate	MEFs	with	Epidermal	Growth	Factor	(eGF).	The		

eGF	binds	 to	 the	eGF	receptor,	 leading	 to	a	cascade	of	events	 including	 increased	cell	

motility,	mitogenesis	and	apoptosis	 (Wells,	1999).	The	 first	step	 in	 the	eGF	signalling	

cascade	is	the	activation	of	endocytosis	via	receptor	internalization	(Wilde	et	al.,	1999).		

This	experiment	had	been	planned	and	optimised	to	be	carried	out	by	Maria	Yudina	(MSc	

student	I	supervised)	and	was	suspended	due	to	Covid-19.	

1.3.2 APP	degradation	rate	

Half-life	of	some	proteins	have	been	shown	to	be	altered	in	DS	(Jiang	et	al.,	2019),	and	in	

particular	 APP	 degradation,	 mainly	 occurring	 in	 lysosomes,	 is	 thought	 to	 be	 a	 rate-

limiting	mechanism	of	 amyloidogenic	 processing	 (Das	 et	 al.,	 2015).	 Both	 endosomes,	

where	amyloidogenic	processing	of	APP	occurs,	 and	 lysosomes	are	affected	 in	AD-DS	
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(Colacurcio	et	al.,	2018;	Jiang	et	al.,	2019).	Therefore,	I	hypothesised	that	endo-lysosomal	

changes	in	AD-DS	changes	could	in	turn	alter	APP	degradation	rate,	and	vice	versa.	I	used	

Dp1Tyb	and	Dp1Tyb/App+/-	 to	 isolate	 the	role	of	 three	copies	of	App	 from	that	of	 the	

other	Hsa21-homologous	genes	triplicated	in	the	Dp1Tyb;	and	to	be	able	to	use	the	Dp	

panel	of	mice	to	map	any	change	to	a	smaller	set	of	Hsa21-homologous	genes.			

In	the	literature	there	is	little	agreement	on	APP	half-life,	which	varies	from	20	

to	90	minutes	depending	on	the	technique,	cell	model	used,	and	also	on	the	APP	pool	

examined,	where	membrane-bound	APP	is	more	stable	than	intracellular	APP	(Storey,	

1999).	A	trend	towards	APP	half-life	increase	was	previously	observed	in	our	lab	in	Tc1	

MEFs	 (∼	 90	 minutes)	 overexpressing	 APP	 compared	 to	 WT	 MEFs	 (∼	 50	 minutes)	

overexpressing	APP;	my	aim	was	to	verify	this	difference	in	Dp1Tyb	MEFs	quantifying	

endogenous	 APP	 instead.	 I	 did	 not	 observe	 any	 change	 in	 APP	 degradation	 rate	 in	

Dp1Tyb	MEFs	compared	to	Dp1Tyb/App+/-	and	WT	MEFs,	with	an	APP	half-life	of	∼	90	

minutes	across	all	genotypes.	This	difference	compared	to	the	preliminary	results	in	the	

previous	system	may	be	due	to	the	differences	in	gene	content	in	the	Tc1	and	Dp1tyb	

models,	or	to	the	differential	effect	of	trisomy	on	endogenous	versus	overexpressed	APP.	

The	 main	 issue	 encountered	 measuring	 APP	 half-life	 was	 the	 high	 degree	 of	

variability	 across	 technical	 repeats.	 To	 partially	 counteract	 this,	 I	 performed	 at	 least	

three	technical	repeats	(i.e.	separate	western	blots)	for	each	biological	repeats	(i.e.	MEF	

line	used).	In	addition,	the	high	variability	in	my	experiments	and	in	the	field	could	also	

suggest	 a	 dynamic	 regulation	 of	 APP	 processing	 and	 degradation	 that	 is	 extremely	

sensitive	to	environmental	changes,	which	could	be	worth	investigating	further.	

1.3.3 Limitations	in	the	use	of	MEFs	as	a	model	for	AD-DS	

A	possible	 limitation	of	my	 study	was	 the	use	of	MEFs	as	 a	 cellular	model.	MEFs	are	

embryonic	 peripheral	 cells,	 then	 possibly	 too	 early	 of	 a	 model	 to	 detect	 changes	

associated	with	a	neurodegenerative	disease.	However,	 it	 is	known	that	in	DS	cellular	

dysfunctions	start	very	early,	with	iPSCs	derived	from	DS	patients	revealing	defects	in	
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proteostasis	(Zhu	et	al.,	2019)	and	fibroblasts,	organoids	and	fetal	brain	from	individuals	

with	DS	showing	endo-lysosomal	dysfunctions	(Cataldo	et	al.,	2008;	Cossec	et	al.,	2010,	

2012;	 Raja	 et	 al.,	 2016).	 Future	 research	 could	 quantify	 APP	 expression	 in	 Dp1Tyb	

primary	neurons;	 this	would	be	useful	 to	determine	whether	 the	 lack	of	APP	dosage	

sensitivity	in	MEFs	is	more	dependent	on	the	early	time	point	or	on	the	specific	tissue.	

In	 addition,	 testing	 endosomal	morphology,	 APP	 processing	 and	 APP	 degradation	 in	

neurons	would	show	whether	these	phenotypes	are	dependent	on	the	cell	type,	on	APP	

expression	levels,	or	on	alternative	factors.	If	a	phenotype	was	found	in	neurons,	other	

members	of	 the	Dp	mouse	panel	 could	be	used	 to	map	 the	genes	 responsible	 for	 the	

changes.	

1.4 APP	processing	in	AD-DS	

My	 next	 aim	 was	 to	 investigate	 APP	 amyloidogenic	 processing	 by	 quantifying	 Aβ	

peptides	 of	 different	 length	 and	 their	 ratio.	 I	 hypothesised	 that	 Aβ	 production	 was	

altered	as	a	 consequence	of	 the	 increase	 in	gene	copy	number	of	App	 or	of	 the	other	

Hsa21-orthologous	 genes	 trisomic	 in	 Dp1Tyb.	 I	 tested	 my	 hypothesis	 in	 vitro	 using	

Dp1Tyb	MEFs	and	in	the	Dp1Tyb	brain	at	3	and	6	months	of	age.	

1.4.1 Aβ40/Aβ42	ratio	in	Dp1Tyb	MEFs	

To	investigate	APP	processing	in	vitro,	I	measured	the	ratio	of	Aβ40	and	Aβ42	peptides	

in	MEFs	medium.	Aβ40/Aβ42	ratio	was	not	altered	in	Dp1Tyb	or	Dp1Tyb/App+/-	MEFs	

compared	to	WT.	This	suggests	that	altered	gene	copy	number	in	Hsa21	trisomy	does	

not	 alter	 APP	 processing,	 at	 least	 in	 terms	 of	 Aβ40/Aβ42	 ratio.	 However,	 dosage	

sensitivity	of	 the	other	 trisomic	Mmu16	genes	 in	Dp1Tyb	MEFs	should	be	checked	to	

validate	this	conclusion.		

Aβ40	and	Aβ42	endogenous	levels	are	too	low	to	be	detected	in	MEFs	culture	

media.	For	this	reason,	the	C99	fragment	of	human	APP	was	overexpressed	in	MEFs	13	

hours	before	medium	collection.	Since	I	was	artificially	overexpressing	C99,	I	was	not	

interested	in	the	level	of	Aβ40	and	Aβ42	fragments	per	se,	but	in	their	relative	ratio.	If	
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the	Aβ40/Aβ42	ratio	was	changed	in	Dp1Tyb	or	Dp1Tyb/App+/-	MEFs	compared	to	WT	

this	would	have	suggested	that	some	Hsa21-homologous	genes	were	modulating	APP	

amyloidogenic	processing	in	an	App-dependent	or	independent	matter.		

C99	overexpression	reduced	the	issue	linked	to	the	lack	of	dosage	sensitivity	of	

APP	 in	 MEFs.	 In	 addition,	 as	 mouse	 and	 human	 C99	 differ	 by	 three	 amino	 acids,	

transfection	 of	 MEFs	 with	 human	 C99	 resulted	 in	 a	 more	 accurate	 modelling	 of	 the	

amyloidogenic	processing	of	APP.	However,	this	approach	could	have	two	implications.	

First,	 transfection	 efficiency	 of	 the	 C99-3xflag	 plasmid	 in	 MEFs	 was	 around	 30	 %,	

meaning	 that	 only	 a	 small	 proportion	 of	 the	 cells	 was	 overexpressing	 C99.	 This	

represented	a	minor	issue,	as	I	was	more	interested	in	the	Aβ40/Aβ42	ratio	than	in	the	

total	amount	of	Aβ40	and	Aβ42	produced;	however,	 low	C99	 transfection	 rates	were	

likely	part	of	the	reason	why	levels	of	the	shorter	Aβ38	fragment	were	below	detection	

and	could	not	be	quantified.	

	The	second	possible	issue	is	that	since	C99	overexpression	is	not	physiological	

it	could	have	unforeseen	effects	on	the	system.	For	example,	many	cell-based	pieces	of	

research	have	highlighted	the	role	of	an	alternative,	proteasome-dependent	pathway	for	

degradation	of	the	C99	fragment	of	APP,	but	they	have	not	been	able	to	prove	whether	

that	system	was	always	active	or	only	a	result	of	artificial	C99	overexpression	(Christie	

et	al.,	1999;	Nunan	et	al.,	2001;	Evrard	et	al.,	2018).	

1.4.2 Aβ40	and	Aβ42	quantification	and	ratio	in	the	Dp1Tyb	brain	

To	address	the	issues	linked	to	the	use	of	MEFs	and	to	C99	overexpression,	I	measured	

the	Aβ38,	Aβ40	and	Aβ42	levels	and	their	ratio	in	Dp1Tyb,	Dp1Tyb/App+/-		and	WT	cortex	

and	 hippocampus	 at	 two	 different	 time	 points.	 The	 Aβ38/Aβ40,	 Aβ38/Aβ42	 and	

Aβ40/Aβ42	ratios	were	not	affected	by	trisomy	of	Mmu16	genes	orthologous	to	Hsa21	

genes;	 nor	 were	 the	 levels	 of	 the	 shorter	 Aβ38	 peptide.	 Instead,	 I	 observed	 a	 trend	

towards	increase	in	the	absolute	levels	of	soluble	Aβ40	and	Aβ42	in	Dp1Tyb	compared	
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to	Dp1Tyb/App+/-	and	WT	brains	at	3	months;	this	effect	was	observed	in	both	cortex	and	

hippocampus	and	disappeared	at	6	months.	

Dosage	sensitivity	of	Aβ40	and	Aβ42	peptides	in	Dp1Tyb	is	consistent	with	the	

dosage	 sensitivity	 of	 APP	 and	 APP-CTFs	 observed	 in	 Dp1Tyb	 brain	 at	 both	 3	 and	 6	

months	of	age.	However,	increased	expression	of	Aβ40	and	Aβ42	was	not	consistently	

significant	for	both	peptides	and	in	both	brain	regions,	and	not	as	strong	as	the	dosage	

sensitivity	observed	for	APP	and	APP-CTFs.	An	explanation	of	this	discrepancy	could	be	

that,	as	remarked	before,	my	quantification	of	APP-CTFs	included	both	C83	and	C99	CTF	

fragments	of	APP.	 It	 could	be	 that	APP	overexpressed	 in	 the	Dp1Tyb	brain	 is	mainly	

processed	 through	 the	 non-amyloidogenic	 pathway,	 which	 gives	 origin	 to	 the	 C83	

fragment;	and	to	a	lesser	extent	through	the	amyloidogenic	pathway,	that	gives	origin	to	

the	 C99	 fragment	 precursor	 and	 to	 Aβ40	 and	 Aβ42	 peptides.	 As	 commented	 before,	

future	 research	 should	 separately	 quantify	 C83	 and	 C99	 fragments	 to	 verify	 this	

hypothesis.		

	 Increase	 in	 soluble	 Aβ40	 and	 Aβ42	 peptides	was	 observed	 at	 3	 but	 not	 at	 6	

months	of	age.	This	could	be	a	sign	that	these	peptides	are	aggregating	over	time	and	

therefore	 no	 longer	 detectable	 in	 their	 soluble	 form	 in	 TBS	 fractions.	 Therefore,	 we	

histochemically	checked	for	Aβ	deposition	in	the	Dp1Tyb	cortex	and	hippocampus	at	6	

months	but	found	none.	One	explanation	could	be	that	Aβ	does	not	deposit	until	later	in	

time.	To	test	this	hypothesis	further,	we	could	assess	Aβ	aggregation	biochemically	by	

quantifying	 Aβ	 oligomers	 in	 the	 brain	 homogenates.	 In	 addition,	 both	 soluble	 and	

oligomeric	Aβ	could	be	quantified	at	an	earlier	(6	weeks)	and	 later	(12	months)	time	

point	to	determine	whether	Aβ	overproduction	and	Aβ	aggregation	are	age-dependent,	

and	in	turn	influenced	by	dosage	sensitivity	of	APP	and	APP-CTFs.		

Another	observation	to	our	findings	is	that,	as	discussed	previously,	mouse	and	

human	Aβ	differ	by	three	amino	acids;	this	difference	increases	the	affinity	of	human	Aβ	

to	 BACE1	 β-secretase	 therefore	 shifting	 APP	 processing	 towards	 the	 amyloidogenic	



	 137	

pathway,	which	 could	 have	 an	 effect	 on	 the	Aβ40/Aβ42	 ratio	 (Serneels	 et	 al.,	 2020).	

However,	mice	with	humanised	Aβ	still	produce	half	the	Aβ	produced	in	humans,	and	

rats	 with	 humanised	 Aβ	 and	 AD-related	 PSEN1	 mutations	 do	 not	 develop	 amyloid	

plaques	at	two	years	of	age	(Serneels	et	al.,	2020).	In	addition,	findings	from	Alić	et	al.	

(2020)	in	organoids	trisomic	for	Hsa21	also	failed	to	find	an	alteration	in	Aβ40/Aβ42	

ratio,	but	the	authors	observed	an	increase	in	the	absolute	concentration	of	Aβ40	and	

Aβ42	produced,	similar	to	our	observations	 in	Dp1Tyb	brains.	These	findings	suggest	

that	 other	 factors	 other	 than	 the	 Aβ	 structure	 regulate	 APP	 processing	 and	 plaques	

deposition	 and	 that	 the	 species-difference	 does	 not	 prevent	 modelling	 cellular	

mechanisms	relevant	to	human	disease	in	mice.	

1.5 Beyond	APP	in	AD-DS	

1.5.1 Hsa21	genes	other	than	APP	in	AD-DS	

In	my	research,	I	compared	the	Dp1Tyb	mouse	model	of	DS	to	its	Dp1Tyb/App+/-	and	WT	

littermates.	This	allowed	me	to	investigate	the	early	changes	in	APP	cellular	biology	and	

also	to	determine	which	changes	were	independent	from	the	gene	copy	number	of	App.	

According	 to	my	 results,	APP	and	APP-CTFs	dosage-sensitivity	were	at	 least	partially	

driven	by	App	copy	number,	and	the	other	Mmu16	triplicated	genes	did	not	influence	

APP	and	APP-CTFs	expression.	When	soluble	Aβ40	and	Aβ42	were	measured	in	the	3-

months	 cortex	 and	 hippocampus,	 a	 pattern	 of	 increased	 expression	was	 observed	 in	

Dp1Tyb	vs	WT,	but	it	was	not	consistently	significant;	instead,	a	bigger	difference	was	

present	in	soluble	Aβ40	and	Aβ42	levels	in	Dp1Tyb	vs	Dp1Tyb/App+/-.	The	low	N	number	

prevents	us	from	drawing	any	firm	conclusion,	but	these	results	could	suggest	that	some	

of	the	genes	triplicated	in	Dp1Tyb/App+/-	have	a	role	in	lowering	Aβ40	and	Aβ42	levels,	

possibly	 by	 favouring	 non-amyloidogenic	 processing	 of	 APP	 or	 by	 increasing	 Aβ	

clearance.	
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1.5.2 Gene-expression	regulation	in	DS	

APP	 expression	 patterns	 provided	 further	 evidence	 of	 a	 general	 change	 in	 gene	

expression	 in	 DS.	 APP	 is	 overexpressed	 in	 the	 cortex	 and	 hippocampus	 of	 3-	 and	 6-	

months	 old	 Dp1Tyb	 mice	 compared	 to	WT	 littermates.	 A	 gene	 is	 said	 to	 be	 dosage	

sensitive	 if	 there	 is	a	 correspondence	between	 the	gene	copy	number	and	equivalent	

RNA/protein	 expression	 (Zhou	 et	 al.,	 2011).	 Since	 App	 is	 present	 in	 3	 copies	 in	 the	

Dp1Tyb	mouse	model,	I	expected	a	1.5-fold	increase	in	APP	expression	compared	to	the	

WT	littermates	that	have	two	copies	of	the	App	gene.	Instead,	APP	levels	in	the	Dp1Tyb	

cortex	 and	 hippocampus	were	 on	 average	 2-3-fold	 higher	 than	 the	WT	 levels;	which	

could	suggest	that	additional	mechanisms	other	than	App	gene	copy	number	affect	APP	

abundance	in	DS.		

The	 range	 of	models,	 tissues,	 and	 techniques	 used	 in	 the	 literature	make	 the	

different	studies	hard	to	compare.	One	study	on	Ts65Dn	hippocampus	showed	that	APP	

RNA	levels	were	increased	by	more	than	4-fold	compared	to	WTs	(Zhang	et	al.,	2015).	

However,	 in	 this	 study	 the	 sample	 size	 was	 small	 (5	 experimental	 mice	 and	 5	 aged	

matched	 controls),	 a	 wide	 range	 of	 ages	 were	 used,	 and	 experimental	 mice	 were	

compared	to	non-littermate	controls.	In	contrast,	another	study	quantifying	APP	RNA	in	

the	 Ts65Dn	 whole	 brain	 at	 11-months	 showed	 a	 much	 smaller	 1.22-fold	 increase	

compared	to	littermates	(Lyle	et	al.,	2004).	Interestingly,	this	study	also	quantified	RNA	

levels	 of	 82	 genes	 trisomic	 in	Ts65Dn,	 revealing	 that	 only	 37	%	of	 the	 genes	 had	 an	

expression	 level	consistent	with	the	theoretical	1.5-fold	 increase,	while	others	had	an	

expression	 level	 that	was	either	higher	 (18	%	of	 trisomic	genes)	or	 lower	 (45	%).	 In	

humans,	 a	 similar	 variability	 is	 observed.	 In	 one	 study	 using	 a	 microarray	 assay	 on	

prefrontal	cortex	27	%	of	the	Hsa21	genes	were	upregulated,	with	a	general	mean	of	1.5-

fold	increase	but	with	four	genes	presenting	a	2.5-fold	increase.	Moreover,	APP	RNA	was	

not	found	to	be	upregulated	and	instead	a	range	of	genes	from	other	chromosomes	were	

differently	expressed	compared	to	controls	(Lockstone	et	al.,	2007).	
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	 Together,	 these	 results	 suggest	 the	 importance	of	 considering	 the	wider	 gene	

network	changes	in	both	the	Hsa21	panorama	as	well	as	in	other	chromosomes.	These	

changes	could	be	due	to	the	action	of	some	specific	Hsa21	genes	that	directly	regulate	

gene	 expression	 on	 Hsa21	 and	 on	 other	 chromosomes	 or,	 could	 be	 the	 effect	 of	

widespread	transcriptional	disruption.			

1.5.3 Proteostasis	regulation	in	AD-DS	

To	verify	the	presence	of	a	general	mass-action-dependent	change	in	gene	expression,	I	

measured	the	activation	of	the	Integrated	Stress	Response	(ISR)	pathway,	which	reduces	

protein	production	in	response	to	stress.	This	pathway	is	activated	in	the	Ts65Dn	brain,	

in	the	human	brain,	and	in	iPSCs	derived	from	individuals	with	DS	(Zhu	et	al.,	2019).	In	

my	study,	an	increase	in	the	peIF2α/eIF2α	ratio	indicative	of	activated	ISR	pathway	only	

occurred	in	the	hippocampus	and	not	in	the	cortex.		

This	 finding	reiterates	 the	 importance	of	 studying	different	areas	of	 the	brain	

individually	and	are	consistent	with	the	different	patterns	observed	in	the	spreading	of	

AD-related	pathology.	We	know	that	amyloid	plaque	accumulation	starts	in	the	cortex	

and	only	spreads	to	the	hippocampus	in	the	final	stages	of	the	disease	(Braak	and	Braak,	

1991;	Davidson	et	al.,	2018).	We	could	therefore	interpret	activation	of	the	ISR	pathway	

in	 the	 hippocampus	 but	 not	 in	 the	 cortex	 as	 having	 a	 protective	 effect	 against	 AD-

pathology.	However,	activation	of	the	ISR	pathway	in	the	hippocampus	does	not	prevent	

APP	overexpression	that	I	observed	in	this	area.	This	could	suggest	an	APP-independent	

effect,	where	in	the	hippocampus	the	ISR	is	more	effective	in	suppressing	expression	of	

Hsa21	genes	that	in	turn	modulate	APP	biology.		

Future	 studies	 could	 follow	 two	 tracks.	 Firstly,	 they	 could	 investigate	 the	

expression	levels	of	other	Hsa21	orthologous	genes	triplicated	in	the	Dp1Tyb	cortex	and	

hippocampus,	 to	 study	 the	 downstream	 effect	 of	 ISR	 activation.	 Secondly,	 they	 could	

investigate	 the	 pathways	 upstream	 to	 eIF2α	phosphorylation	 in	 order	 to	 understand	
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what	 causes	 different	 activation	 across	 regions	 and	 how	 either	 a	 mass	 action	 effect	

caused	by	Hsa21	triplication,	or	specific	Hsa21-orthologous	genes,	activate	the	ISR	in	DS.	

1.5.4 The	role	of	sex	in	AD-DS	

A	 genotype-independent	 trend	 towards	 longer	 APP	 half-life	 was	 observed	 in	 female	

MEFs,	partially	accounting	for	the	high	variability	in	this	set	of	experiments.	It	is	known	

that	 gender	 has	 a	 strong	 effect	 on	 AD,	 which	 has	 higher	 incidence	 in	 the	 female	

population	 (Oveisgharan	 et	 al.,	 2018);	 while	men	with	 AD	 tend	 to	 die	 younger	 than	

women	 and	 have	 more	 cognitive	 deficits	 (Jack	 et	 al.,	 2015;	 Davis	 et	 al.,	 2020).	 Less	

evidence	comes	from	the	DS	syndrome	population	because	of	the	lack	of	studies	in	this	

area.	 Intriguingly,	 a	 study	 comparing	 AD-DS	 pathology	 by	 gender	 showed	 how	 the	

incidence	of	NFTs	and	dementia	was	higher	in	females,	but	no	difference	across	genders	

was	seen	in	the	density	of	amyloid	plaques	(Raghavan	et	al.,	1994).	In	addition,	earlier	

age	 of	menopause	has	 been	 associated	 to	 earlier	 age	 of	 dementia	 in	women	with	DS	

(Schupf	et	al.,	2003).	Additionally,	research	on	the	Ts65Dn	mouse	of	DS	revealed	that	

female	mice	had	a	34	%	further	decrease	in	basal	forebrain	cholinergic	neuron	numbers	

compared	 to	 males	 (Kelley	 et	 al.,	 2014).	 Other	 studies,	 however,	 did	 not	 find	 sex-

dependent	cognitive	differences	in	individuals	with	AD-DS		(Kittler,	Krinsky-McHale	and	

Devenny,	2004;	Dick	et	al.,	2016).		

It	would	be	interesting	to	focus	on	early	cellular	sex-dependent	alterations	that	could	

later	result	in	differences	in	cognition	or	pathology.	These	differences	have	partially	been	

attributed	 to	 diversity	 in	 hormonal	 production,	 with	 testosterone	 being	 protective	

against	tau	accumulation	(Scheyer	et	al.,	2018;	Sundermann	et	al.,	2020).	It	would	then	

be	worth	increasing	the	N	of	the	MEF	population	analysed	(currently	equal	to	2-4	per	

sex),	 then	 measuring	 the	 level	 of	 hormones	 released	 by	 these	 MEFs	 in	 culture,	 and	

eventually	verify	whether	addition	of	oestrogen	and	testosterone	to	MEF	cultures	alters	

APP	half-life.	
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2. Conclusions		

In	 this	 research	 I	 used	 a	mouse	model	 of	DS	 to	 investigate	 early	 changes	 in	 the	APP	

cellular	biology	that	could	ultimately	lead	to	AD	dementia.	I	focussed	on	APP	expression,	

processing,	and	degradation	in	MEFs	and	mouse	brain.	I	used	the	Dp1Tyb	model	of	DS	

that	has	a	segmental	duplication	of	148	Mmu16	genes	orthologous	to	Hsa21	genes.		

I	did	not	find	any	change	in	endosomal	morphology,	APP	degradation	rates,	or	

Aβ40/Aβ42	in	Dp1Tyb	MEFs	compared	to	WT,	which	could	be	partially	due	to	a	lack	of	

dosage	sensitivity	of	APP	 in	 this	model.	 In	 the	mouse	brain,	APP	and	APP-CTFs	were	

overexpressed	as	early	as	3-months	of	age.	We	will	want	to	investigate	this	further	in	

order	 to	 detect	 the	 earliest	 change	 in	 APP	 expression	 in	 the	 Dp1Tyb	 brain	 and	 to	

determine	whether	dosage	sensitivity	of	APP	is	cell-specific.	Aβ40	and	Aβ42	levels	were	

slightly	increased	at	3	months	of	age	in	the	Dp1Tyb	brain	but	decreased	to	WT	levels	in	

the	6	months	brain.	One	explanation	for	this	could	be	an	increase	in	aggregation	of	the	

Aβ40	and	Aβ42	fragments	with	time,	which	could	be	investigated	further.	I	also	observed	

an	activation	of	the	ISR	pathway	in	the	hippocampus,	which	could	be	a	response	to	the	

increased	expression	of	APP	and/or	other	Hsa21	genes	in	specific	brain	areas.	Future	

studies	 could	 investigate	 tissue	 specificity	 of	 proteostasis	 regulation	 and	 how	 it	

correlates	with	the	development	of	AD-DS	pathology.		

These	 findings	 highlight	 the	 importance	 of	 considering	 the	 interaction	 of	

different	 factors	 such	 as	 sex,	 dosage	 sensitivity	 of	 genes,	 brain	 region,	 and	 age	 that	

together	with	the	genotype	determine	a	specific	phenotype.	In	addition,	they	suggest	the	

existence	of	a	complex	interplay	between	the	altered	expression	of	an	individual	gene	or	

genes	and	a	more	broad	cellular	response	that	might	get	activated	in	response.	Since	AD-

DS	has	very	high	penetrance	in	DS	but	only	develops	with	age,	future	research	should	

focus	on	finding	the	earliest	cellular	changes	in	the	disease	and	the	related	time	window	

that	could	be	more	appropriate	for	the	delivery	of	treatment.	
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Appendix	

Macro	for	clearing	up	the	exterior	of	cells	in	3D	
Written	by	Dr	Dale	Moulding	

rename("Orig");	

run("Split	Channels");	

selectWindow("C2-Orig");	

run("Gaussian	Blur	3D...",	"x=2	y=2	z=2");	

setAutoThreshold("Huang	dark	stack");	

//run("Threshold...");	

run("Convert	to	Mask",	"method=Huang	background=Dark");	

run("Analyze	Particles...",	"size=3-Infinity	show=Masks	stack");	

selectWindow("Mask	of	C2-Orig");	

run("16-bit");	

run("Divide...",	"value=255	stack");	

imageCalculator("Multiply	create	stack",	"C1-Orig","Mask	of	C2-Orig");	

Macro	for	measuring	cell	volume	

Written	by	Dr	Dale	Moulding	

	

run("Gaussian	Blur	3D...",	"x=2	y=2	z=2");	

setAutoThreshold("Huang	dark	stack");	

//run("Threshold...");	

run("Convert	to	Mask",	"method=Huang	background=Dark");	

run("Analyze	Particles...",	"size=3-Infinity	show=Masks	stack");	

run("3D	Manager");	

Ext.Manager3D_Segment(128,	255);	

Ext.Manager3D_AddImage();	

Ext.Manager3D_Measure();	
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