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SUMMARY 
 
 
SWI/SNF	 (SWItch/Sucrose	 Non-Fermentable)	 complexes	 are	 ATP-dependent	

chromatin	remodelers	composed	of	varying	combinations	of	subunits	that,	together,	

fine-tune	 relevant	 biological	 processes,	 such	 as	 transcriptional	 regulation	 and	

genome	integrity.	Moreover,	 the	subunits	of	 this	chromatin	remodeler	have	been	

identified	as	major	targets	of	mutations	in	several	tumor	types	underlying	a	relevant	

role	 in	 tumorigenesis.	 However,	 there	 is	 a	 lack	 of	 comprehensive	 studies	 of	 the	

whole	 SWI/SNF	 complex	 in	 lung	 adenocarcinoma	 (LUAD),	 and	 its	 clinical	

implications	are	not	yet	fully	understood.	In	this	Ph.D.	thesis,	we	combine	genomic,	

transcriptomic,	and	proteomic	techniques	to	identify	which	SWI/SNF	subunits	are	

present	in	lung	epithelial	cells,	as	well	as	to	determine	their	mutational	status	and	

expression	 levels	 in	LUAD	 in	a	more	 integrative	manner.	For	 these	purposes,	we	

analyzed	data	 from	LUAD	primary	 tumors,	normal	 lung	and	LUAD	cell	 lines,	 and	

external	 LUAD	 data	 from	 The	 Cancer	 Genome	 Atlas.	 We	 found	 that	 SWI/SNF	

complex	mutations	not	only	present	a	high	incidence	of	41.4%	in	LUAD	patients	and	

76%	in	LUAD	cell	lines,	but	also	the	mutational	status	of	the	SWI/SNF	complex	was	

associated	with	poorer	overall	survival	of	LUAD	patients	and	higher	tumor	mutation	

burdens.	Furthermore,	we	observed	that	the	expression	of	the	SWI/SNF	complex	in	

LUAD	suffers	overall	repression,	which	cannot	be	exclusively	explained	by	genetic	

alterations.	Based	on	our	findings,	we	propose	that	SWI/SNF-mutant	LUAD	tumors	

could	 be	 considered	 as	 a	 clinical	 subgroup	with	 applications	 in	 the	 prognosis	 of	

LUAD	patients.	In	addition,	we	chose	different	LUAD	cell	models	to	perform	various	

functional	experiments	to	answer	two	of	the	open-ended	questions	related	to	the	

role	of	the	SWI/SNF	complex	in	cancer.	On	the	one	hand,	we	studied	the	function	of	

the	 SWI/SNF	 complex	 in	 the	 regulation	 of	 the	 non-protein-coding	 part	 of	 the	

genome,	such	as	microRNAs,	which	are	small	RNAs	with	key	regulatory	functions	

and	 whose	 expression	 is	 frequently	 altered	 in	 cancer.	 Specifically,	 we	 used	 a	

SMARCA4-deficient	model	 of	 LUAD	 cells	 to	 track	 changes	 in	 the	miRNome	upon	

SMARCA4	restoration.	We	found	that	the	SWI/SNF	complex,	when	SMARCA4	was	

the	catalytic	subunit,	induced	the	expression	of	miR-222	through	its	direct	binding	

to	the	enhancer	region	of	this	microRNA.	Furthermore,	we	demonstrated	that	the	

overexpression	of	miR-222	phenocopied	the	tumor	suppressor	effect	of	SMARCA4	
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in	LUAD.	Thus,	these	results	highlight	the	importance	of	considering	microRNAs	as	

another	 layer	of	 regulation	 that	 can	be	 controlled	by	 the	SWI/SNF	complex	with	

relevant	 implications	 in	 tumor	development.	On	the	other	hand,	we	analyzed	the	

functional	 consequences	of	 silencing	ARID1A,	one	of	 the	most	mutated	SWI/SNF	

subunits	in	cancer,	in	different	LUAD	cell	lines.	We	discovered	that	several	LUAD	cell	

lines,	regardless	of	their	genetic	background,	developed	a	dependency	on	ARID1A	

that	was	not	observed	in	normal	lung	epithelial	cells.	Interestingly,	we	found	that	

ARID1A	loss	in	LUAD	cells	impaired	proteostasis,	increasing	cellular	stress	and	DNA	

damage	 that	 led	 to	 cell	 death.	 Moreover,	 we	 observed	 that	 depleting	 ARID1A	

behaved	 as	 a	 genotoxic	 treatment	 improving	 the	 effectiveness	 of	 other	

chemotherapy	drugs	used	for	treating	lung	cancer.	In	conclusion,	our	study	provides	

an	 overview	 of	 the	 variety	 of	 implications	 of	 the	 SWI/SNF	 complex	 in	 LUAD,	

underlining	the	unexplored	potential	that	this	chromatin	remodeler	has	in	clinical	

practice. 
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RESUMEN 
 
 
Los	 complejos	 SWI/SNF	 (del	 inglés	 SWItch/Sucrose	 Non-Fermentable)	 son	

remodeladores	de	cromatina	dependientes	de	ATP	compuestos	por	combinaciones	

variables	de	subunidades	que,	juntas,	ajustan	importantes	procesos	biológicos	tales	

como	 la	 regulación	 de	 la	 transcripción	 y	 la	 integridad	 del	 genoma.	 Además,	 las	

subunidades	 de	 este	 remodelador	 de	 la	 cromatina	 se	 han	 identificado	 como	

principales	 dianas	 de	mutaciones	 en	muchos	 tipos	 tumorales,	 lo	 que	 enfatiza	 su	

relevante	papel	en	la	tumorogénesis.	Sin	embargo,	faltan	estudios	exhaustivos	sobre	

el	complejo	SWI/SNF	en	el	adenocarcinoma	de	pulmón	(LUAD)	y	sus	implicaciones	

clínicas	 aún	 no	 se	 conocen	 del	 todo.	En	 esta	 tesis	 doctoral	 combinamos	 técnicas	

genómicas,	 transcriptómicas	 y	 proteómicas	 para	 identificar	 qué	 subunidades	 del	

SWI/SNF	 están	 presentes	 en	 las	 células	 epiteliales	 de	 pulmón,	 así	 como	 para	

determinar	su	estado	mutacional	y	sus	niveles	de	expresión	en	LUAD	de	una	forma	

más	integrativa.	Para	ello,	analizamos	los	datos	de	tumores	primarios	de	LUAD,	de	

líneas	celulares	de	pulmón	normal	y	de	LUAD,	así	como	los	datos	externos	de	LUAD	

del	TCGA	(del	inglés	The	Cancer	Genome	Atlas).	Encontramos	que	las	mutaciones	del	

complejo	SWI/SNF	no	sólo	presentan	una	alta	incidencia	del	41,4%	en	los	pacientes	

con	LUAD	y	del	76%	en	 las	 líneas	celulares	de	LUAD,	sino	que	también	el	estado	

mutacional	del	complejo	SWI/SNF	se	asociaba	con	una	peor	supervivencia	de	 los	

pacientes	 con	 LUAD	 y	 con	 una	 mayor	 carga	 de	 mutaciones	 tumorales.	 Además,	

observamos	que	la	expresión	del	complejo	SWI/SNF	en	LUAD	sufre	una	represión	

global	 que	 no	 puede	 explicarse	 exclusivamente	 por	 alteraciones	 genéticas.	

Basándonos	en	nuestros	resultados,	proponemos	que	los	tumores	de	LUAD	con	un	

SWI/SNF	mutante	podrían	considerarse	como	un	subgrupo	clínico	con	aplicaciones	

en	 la	prognosis	de	los	pacientes	con	LUAD.	Además,	elegimos	diferentes	modelos	

celulares	 de	 LUAD	 para	 realizar	 varios	 experimentos	 funcionales	 con	 el	 fin	 de	

responder	 a	 dos	 de	 las	 preguntas	 abiertas	 que	 existen	 en	 relación	 al	 papel	 del	

complejo	 SWI/SNF	 en	 cáncer.	 Por	 un	 lado,	 estudiamos	 la	 función	 del	 complejo	

SWI/SNF	 en	 la	 regulación	 de	 la	parte	 del	 genoma	que	 no	 codifica	 para	 proteína,	

como	 los	microARNs,	que	 son	pequeños	ARNs	con	 funciones	reguladoras	 clave	y	

cuya	 expresión	 se	 encuentra	 frecuentemente	 alterada	 en	 cáncer.	 Concretamente	

usamos	 un	 modelo	 celular	 de	 LUAD	 deficiente	 en	 SMARCA4	 para	 realizar	 un	
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seguimiento	 de	 los	 cambios	 en	 el	 miRNoma	 derivados	 de	 la	 restauración	 de	

SMARCA4.	 Descubrimos	 que	 el	 complejo	 SWI/SNF,	 cuando	 SMARCA4	 era	 su	

subunidad	catalítica,	inducía	la	expresión	del	miR-222	a	través	de	su	unión	directa	

a	 la	 región	 potenciadora	 de	 este	 microARN.	 Además,	 demostramos	 que	 la	

sobreexpresión	de	miR-222	copiaba	el	fenotipo	supresor	tumoral	de	SMARCA4	in	

LUAD.	 Por	 lo	 tanto,	 estos	 resultados	 ponen	 de	 manifiesto	 la	 importancia	 de	

considerar	los	microARNs	como	otra	capa	de	regulación	controlada	por	el	complejo	

SWI/SNF	 con	 importantes	 implicaciones	 en	 el	 desarrollo	 tumoral.	 Por	otro	 lado,	

analizamos	 las	 consecuencias	 funcionales	 de	 silenciar	 ARID1A,	 una	 de	 las	

subunidades	del	SWI/SNF	más	mutadas	en	cáncer,	en	diferentes	líneas	celulares	de	

LUAD.	Descubrimos	que	varias	líneas	celulares	de	LUAD,	independientemente	de	su	

fondo	genético,	desarrollaban	una	dependencia	hacia	ARID1A	que	no	se	observaba	

en	 células	epiteliales	de	pulmón	normal.	Curiosamente,	 la	pérdida	de	ARID1A	en	

células	de	LUAD	alteraba	la	proteostasis,	aumentando	el	estrés	celular	y	el	daño	en	

el	ADN	que	conducía	a	la	muerte	celular.	Además,	observamos	que	eliminar	ARID1A	

presentaba	un	comportamiento	similar	a	los	tratamientos	genotóxicos,	mejorando	

incluso	 la	 eficacia	de	otros	 fármacos	genotóxicos	usados	para	 tratar	el	 cáncer	de	

pulmón.	En	conclusión,	nuestro	estudio	proporciona	una	visión	general	de	la	gran	

variedad	de	implicaciones	que	tiene	el	complejo	SWI/SNF	en	LUAD,	resaltando	el	

potencial	 inexplorado	que	 tiene	este	 remodelador	de	 la	 cromatina	en	 la	práctica	

clínica.	
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1) INTRODUCTION	
 
1.1.	Importance	of	chromatin	dynamics	in	gene	expression	
	

Under	normal	conditions,	every	cell	of	the	hundreds	of	cell	types	that	comprise	the	

human	body	contains	an	identical	genetic	material.	The	same	DNA	provides	all	cells	

with	 an	 adaptive	 tool	 to	 respond	 to	 different	 environmental	 and	 developmental	

conditions	thanks	to	its	variety	of	gene	expression	patterns.	Thus,	the	regulation	of	

those	expression	patterns	is	vital	for	the	cell.	Consequently,	eukaryotic	cells	have	a	

highly	dynamic	storage	system	for	DNA	called	chromatin.		

	

Chromatin	is	composed	of	DNA	wrapped	around	an	octamer	of	two	copies	of	each	

of	the	histones	H2A,	H2B,	H3,	and	H4,	forming	a	fundamental	repeating	unit	called	

nucleosome	(Luger	et	al.	1997). That	particular	organization	generates	a	primary	

chromatin	 structure	 that	 other	 architectural	 proteins	 can	 additionally	 condense	

(Tremethick	2007).	 Initially,	 this	 characteristic	organization	was	 thought	 to	be	a	

system	 to	 compact	 genomic	 DNA	 (∼2	m	 for	 the	 human	 genome)	 to	 fit	 into	 the	

cellular	nucleus	 (with	a	diameter	of	only	∼10	µm).	However,	 this	packaging	 still	

leaves	ample	unoccupied	space	within	the	nucleus.	Therefore,	instead	of	solving	a	

physical	packaging	problem,	this	organization	is	crucial	for	controlling	accessibility	

to	 genetic	 information,	 and	 it	 affects	 many	 cellular	 processes	 that	 require	 an	

unwinding	of	the	DNA,	such	as	replication,	DNA	repair,	and	transcription	(Luger	et	

al.	2012;	Soria	et	al.	2012;	Petesch	and	Lis	2012).		

	

In	the	80s	and	90s,	many	researchers	noted	that	studying	chromatin	structure	was	

essential	 for	 understanding	 the	 regulation	 of	 our	 genetic	 material.	 These	

researchers	performed	pioneering	studies	that	demonstrated	how	the	position	of	

nucleosomes	 could	 alter	 transcription	 (reviewed	 in	 (Grunstein	 1990;	 Felsenfeld	

1992)).	Later,	advances	in	genomics	and	high-throughput	techniques	corroborated	

that	 nucleosome-free	 regions	 are	 characteristic	 of	 transcriptionally	 active	 genes,	

specifically,	 of	 their	 proximal	 (promoters)	 and	 distal	 (enhancers)	 regulatory	

elements	(Jiang	and	Pugh	2009;	Lai	and	Pugh	2017).	This	nucleosome	depletion	
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ensures	 DNA	 accessibility	 to	 transcription,	 replication,	 and	 DNA	 repair	

machinery.	

	
1.1.1.	Mechanisms	of	regulating	chromatin	structure	

	

In	general,	there	are	three	classes	of	enzymes	that	regulate	chromatin	structure	

and	 nucleosome	 dynamics:	DNA	methylation-demethylation	 enzymes,	 histone-

modifying	 enzymes,	 and	 ATP-dependent	 chromatin	 remodelers	 (Figure	 1)	

(Valencia	 and	 Kadoch	 2019).	 All	 of	 them	 comprise	 a	 group	 called:	 epigenetic	

factors.	The	word	“epigenetic”	means	“in	addition	to	changes	in	genetic	sequence”.	

This	 term	 includes	 those	processes	 that	 alter	gene	activity	without	 changing	 the	

DNA	sequence	and	lead	to	modifications	that	can	be	transmitted	to	daughter	cells.	
	

 
Figure	1:	Three	 levels	of	regulation	of	chromatin	structure:	 (1)	DNA	methyltransferases	and	

DNA	demethylases	add	or	erase	methyl	groups	in	cytosines	(5mC).	Those	marks	are	associated	with	

transcriptional	 repression.	 (2)	Histone	modifications,	 such	as	acetylation	 (Ac),	methylation	 (Me),	

ubiquitination	(Ub),	and	phosphorylation	(P),	serve	as	instructive	marks	for	both	gene	activation	and	

gene	repression.	(3)	Four	families	of	ATP-dependent	chromatin	remodeling	complexes	(CRCs)	alter	

chromatin	 architecture	 by	 mobilizing,	 depositing,	 or	 evicting	 nucleosomes.	 (Image	 made	 with	

BioRender.com).	
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1) The	first	class	of	enzymes	involved	in	chromatin	regulation	is	composed	of	
DNA	 methyltransferases	 (DNMTs)	 and	 Ten	 Eleven-Translocation	 (TET)	

family	of	proteins	among	other	proteins	(Schübeler	2015).	These	enzymes	

establish	 or	 erase	 a	 methyl	 group	 in	 cytosines	 in	 the	 context	 of	 a	 CpG	

dinucleotide.	 These	 reactions	 create	 DNA	 methylation	 patterns	 that	 are	

associated	with	transcriptional	repression.	Several	studies	have	shown	that	

highly	 methylated	 DNA	 regions,	 specifically	 methylated	 CpG	 islands,	

correlate	 with	 high	 nucleosome	 occupancy	 (Collings	 et	 al.	 2013;	

Chodavarapu	et	al.	2010;	Collings	and	Anderson	2017).	

2) The	 second	 group	 comprises	 proteins	 involved	 in	 adding	 or	 removing	
covalent	 post-translational	modifications	 (PTMs)	 to	 histone	 tails,	 such	 as	

serine	phosphorylation,	lysine	acetylation	and	ubiquitylation,	and	lysine	and	

arginine	methylation	 (Tessarz	 and	 Kouzarides	 2014;	Marmorstein	 2001).	

There	are	106	different	sites	of	PTMs	in	the	55	human	histone	proteins	and	

over	150	histone-modifying	proteins	 identified	 (Khare	et	 al.	 2012).	Those	

histone	 marks	 have	 different	 outcomes	 in	 chromatin	 dynamics	 and	 gene	

expression.	

3) The	 third	 class	 corresponds	 to	 large	 multi-protein	 complexes	 called	
chromatin	remodeling	complexes	(CRCs)	or	chromatin	remodelers.	These	

CRCs	are	typically	composed	of	multiple	subunits,	and	they	can	promote	or	

distort	nucleosome	structure	and	mobilize	nucleosomes	by	the	use	of	energy	

derived	 from	 ATP	 hydrolysis	 (Clapier	 et	 al.	 2017;	 Becker	 and	 Workman	

2013).	 Overall,	 the	 role	 of	 these	 chromatin-remodeling	 complexes	 is	 to	

facilitate	accessibility	of	the	transcription	machinery	to	DNA,	although	other	

chromatin	 remodelers	 are	 involved	 in	 transcriptional	 repression	

(Whitehouse	and	Tsukiyama	2006;	Wade	et	al.	1999).	

	

To	 date,	 there	 are	 four	 families	 of	 ATP-dependent	 chromatin	 remodelers:	

SWI/SNF,	 ISWI,	 NURD/CHD,	 and	 INO80/SWR1	 (reviewed	 in	 (Hargreaves	 and	

Crabtree	2011)).	These	chromatin	remodelers	contain	a	single	motor	subunit	that	

belongs	 to	 the	 superfamily	 of	 ATP-dependent	 translocases	 and	 helicases.	 These	

catalytic	 subunits	 contain	 class-specific	 domains	 that	 modulate	 their	 activity	 or	

mediate	 binding	 to	 DNA	 or	 histones	 (Bracken	 et	 al.	 2019).	 The	 rest	 of	 the	 non-
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catalytic	 subunits	 of	 these	 remodeler	 complexes	 provide	 a	 variety	 of	 additional	

functionalities,	 including	 regulation	 of	 the	 ATPase	 and	 facilitating	 contacts	 with	

DNA	 or	 other	 proteins,	 such	 as	 histones,	 histone	 chaperones,	 or	 transcription	

factors.	

	

Mostly,	a	chromatin	remodeling	reaction	has	different	outcomes	(Clapier	et	al.	2017;	

Becker	and	Workman	2013):	 it	 can	move	nucleosomes	along	 the	DNA	 through	a	

sliding	mechanism;	it	can	change	DNA	accessibility	without	any	translocation	of	the	

histone	 octamer;	 it	 can	 disrupt	 the	 nucleosome	 structure;	 it	 can	 mediate	 the	

exchange	between	histone	variants;	or	it	can	eject	the	histone	octamer	(Figure	2).	
	

 
	

Figure	 2:	 Overview	 of	 the	 different	 effects	 of	 ATP-dependent	 chromatin	 remodelers	 on	

nucleosomes.	These	chromatin	remodelers	can	move	nucleosomes	to	other	positions	on	the	DNA	

and	lead	to	the	exposure	of	a	previously	hidden	DNA	sequence	(1.	Sliding).	They	can	rearrange	DNA	

around	the	histone	octamer	and	change	DNA	accessibility	(2.	Restructuring).	Chromatin	remodelers	

can	 also	 evict	 part	 of	 the	 histone	 octamer,	 specifically	 histone	 H2A/H2B	 dimers	 (3.	 Partial	

disassembly).	 Other	 remodelers	 can	 exchange	 histone	 variants	 within	 the	 nucleosomes	 (4.	

Exchange).	They	can	also	eject	the	nucleosome	from	a	DNA	sequence	(5.	Eviction).	Image	made	in	

BioRender.com	and	adapted	from	(Bracken	et	al.	2019).		
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1.2.	Implications	of	epigenetic	plasticity:	cellular	identity	and	pathology	
	

Overall,	 these	mechanisms	 of	 chromatin	 regulation	 establish	 and	maintain	 gene	

expression	 states	 that	 are	 responsible	 for	 guiding	 cell	 identity	 transitions.	 This	

process	 is	 called	 ‘epigenetic	plasticity’	 (Flavahan	et	 al.	 2017).	Aberrations	 in	 this	

dynamic	regulation	have	been	associated	with	a	wide	range	of	common	diseases,	

including	 aging-related	 diseases,	 neuropsychiatric	 disorders,	 autoimmunity,	 and	

cancer	(Flavahan	et	al.	2017).	

	

1.2.1.	Epigenetic	alteration,	the	new	hallmark	of	cancer	
	

Cancer	 is	 a	 heterogeneous	 group	 of	 diseases	 characterized	 by	 abnormal	 and	

uncontrolled	cell	growth.		It	originates	from	almost	any	organ	or	tissue,	and	in	some	

cases,	 tumor	 cells	 can	 invade	 surrounding	parts	of	 the	body	or	even	 reach	other	

organs	in	a	process	known	as	metastasis.	This	latter	process	is	responsible	for	the	

high	lethality	of	this	disease	(Massagué	and	Obenauf	2016).	

	

Nowadays,	 cancer	 is	 one	 of	 the	 leading	 causes	 of	mortality	worldwide,	 reaching	

almost	10	million	deaths	only	in	2020	(GLOBOCAN,	2020).	Among	all	tumor	types,	

lung	cancer	is	currently	the	deadliest,	 causing	more	than	1.7	million	deaths	 in	

both	men	 and	women	 around	 the	world	 (GLOBOCAN,	 2020).	 In	 particular,	 lung	

adenocarcinoma	(LUAD)	is	the	histological	subtype	more	represented	among	lung	

cancer	patients	(Bray	et	al.	2018).	However,	despite	the	urgent	health	problem	that	

it	is	causing,	researchers	and	clinicians	are	still	facing	difficulties	to	improve	its	early	

diagnosis	 and	 treatment.	 For	 this	 reason,	 understanding	 the	 biology	 of	 this	

heterogeneous	disease	is	crucial.	

	

Traditionally,	cancer	was	seen	as	a	genetic	disease,	and	therefore,	the	main	goal	of	

cancer	 research	 was	 to	 study	 the	 molecular	 players	 involved	 in	 ten	 essential	

pathways	that	dictate	tumor	growth.	Those	essential	pathways,	considered	as	the	

“Hallmarks	 of	 cancer”,	 are:	 self-sufficiency	 in	 growth	 signals,	 insensitivity	 to	

growth-inhibitory	 signals,	 evasion	 of	 cell	 death,	 limitless	 replicative	 potential,	

sustained	 angiogenesis,	 activation	 of	 tissue	 invasion	 and	 metastasis,	 evasion	 of	
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immune	 control,	 metabolic	 deregulation,	 pro-inflammatory	 state,	 and	 genetic	

instability	and	mutation	(Hanahan	and	Weinberg	2011).	

	

However,	during	the	last	years,	several	studies	have	demonstrated	the	relevance	of	

an	additional	 cancer	 hallmark:	 Epigenetic	 deregulation.	 Cancer	 cells	 present	

gene	expression	abnormalities	and	aberrations	of	their	cellular	identity	and	their	

responsiveness	 to	 internal	 and	 external	 stimuli	 (Baylin	 and	 Jones	 2011;	 Esteller	

2008;	Feinberg	et	al.	2016).	Large-scale	genome	sequencing	projects	have	shown	

that	approximately	50%	of	human	cancers	harbor	mutations	in	chromatin	proteins	

(You	and	Jones	2012;	Shen	and	Laird	2013).	In	fact,	after	performing	whole-genome	

sequencing	of	LUAD	patients,	Imielinski	and	colleagues	proposed	the	11th	Hallmark	

of	cancer	(‘Epigenetic	or	RNA	deregulation’)	to	highlight	the	relevance	of	epigenetic	

and	splicing	regulators	in	oncogenesis	(Figure	3)	(Imielinski	et	al.	2012).			
	

 
	

Figure	3:	Next-generation	 cancer	hallmarks	with	data	 from	LUAD	patients	 (Imielinski	 et	al.	

2012).	 Left,	 Hanahan	 and	Weinberg	 model	 of	 cancer	 hallmarks	 (Hanahan	 and	Weinberg	 2011)	

showing	the	prevalence	of	mutation	of	the	genes	involved	in	each	pathway.	Top	right,	top	mutated	
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genes	of	LUAD	involved	in	the	‘Sustaining	proliferative	signaling’	hallmark.	Bottom	right,	top	mutated	

genes	of	LUAD	with	a	role	in	‘Epigenetic	or	RNA	deregulation’.	

Nowadays,	 it	 is	 widely	 accepted	

that	 genetic	 and	 epigenetic	

mechanisms	 are	 not	 separate	

events	 in	 cancer,	 and	 they	

depend	 on	 each	 other	 during	

tumor	 formation	 and	

development.	On	 the	one	hand,	 a	

malfunction	 of	 epigenetic	

regulators,	 apart	 from	

deregulating	gene	expression,	can	

also	cause	genetic	 instability	 that	

generates	mutations.	On	the	other	

hand,	 genetic	 alterations	 of	

epigenetic	regulators	can	result	in	

aberrant	activation	or	silencing	of	

several	 cellular	 signaling	

pathways	that	lead	to	cancer	(You	

and	Jones	2012)	(Figure	4).	

	

Regardless	 of	 their	 classification	

as	 genetic	 or	 epigenetic	

alterations,	 the	 scientific	

community	considers	as	‘drivers’	

those	events	that	are	essential	for	

tumor	 formation	 because	 they	

confer	on	cancer	cells	selective	advantages	over	neighboring	cells	(Stratton	et	al.	

2009).	The	genes	that	are	the	target	of	those	driver	events	are	considered	cancer	

genes.		

	

Traditionally,	cancer	genes	are	divided	into	two	categories:	oncogenes	and	tumor	

suppressor	genes.		

Figure	 4:	 Genetic-Epigenetic	 interplay	 in	 cancer.	

Alterations	 in	 epigenetic	 regulators,	 such	 as	 the	 three	

types	described	in	the	section	1.1.1,	cause	changes	in	gene	

expression	(1)	and	can	also	lead	to	genetic	instability	and	

genetic	 mutations	 (2).	 Genetic	 alterations	 lead	 to	 the	

production	of	aberrant	molecules	that	can	be	epigenetic	

regulators	(3)	or	other	molecules	with	important	roles	in	

specific	 pathways	 (4).	 Different	 expression	 levels	 of	

relevant	molecules	for	the	cell	can	also	impair	the	normal	

functioning	 of	 the	 cells	 (5).	 Overall,	 the	 changes	 that	

confer	 a	 selective	 advantage	 for	 cell	 proliferation	 and	

survival	 will	 drive	 tumor	 formation.	 Image	 made	 with	

BioRender.com.	
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A) Oncogenes:	 In	 their	 wild-type	 state,	 these	 genes	 are	 responsible	 for	
controlling	 cell	 growth	 pathways.	 They	 may	 function	 as	 growth	 factors,	

transducers	of	 cellular	signals,	 and	nuclear	 transcription	 factors,	 and	 they	

receive	 the	 name	 of	 ‘proto-oncogenes’.	 In	 general	 terms,	 gain-of-function	

mutations	convert	those	proto-oncogenes	into	oncogenes	that	stimulate	cell	

growth,	division,	and	survival.	Amplifications,	chromosomal	translocations,	

and	 epigenetic	 alterations	 can	 also	 be	 causes	 of	 this	 aberrant	 behavior	

(Kontomanolis	et	al.	2020).	

	

B) Tumor	 suppressor	genes:	They	 correspond	 to	genes	 that	normally	prevent	
unrestrained	 cellular	 growth	 and	 promote	 DNA	 repair	 and	 cell	 cycle	

checkpoint	activation	(Kontomanolis	et	al.	2020).	In	cancer	cells,	these	genes	

are	 inactivated	 through	 different	mechanisms:	 loss-of-function	mutations,	

deletions,	and	epigenetic	dysregulation,	such	as	promoter	hypermethylation.	

To	 fully	 inactivate	 these	 tumor	 suppressor	 genes,	 both	 alleles	 have	 to	 be	

altered	by	a	process	called	the	‘two-hit	hypothesis’	(Knudson	1971).	Usually,	

cancer	cells	present	loss	of	heterozygosity	(LOH)	events	in	tumor	suppressor	

genes	through	deletions	of	chromosomes	during	abnormal	mitotic	divisions	

(Liu	et	al.	2011).		

	

1.2.2.	Epigenetic	alterations	that	promote	tumorigenesis	
	

Although	genetic	alterations	play	a	crucial	role	in	oncogenesis,	different	epigenetic	

mechanisms	can	also	lead	to	tumor	formation.		

	

A) Promoter	 hypermethylation:	 Several	 studies	 have	 observed	 that	 promoter	
hypermethylation	 of	 tumor	 suppressor	 genes	 is	 a	 common	 feature	 in	 cancer	

(Baylin	and	Jones	2011).	There	are	genes	that	are	rarely	mutated	but	they	lose	

their	 functions	 after	 they	 are	 silenced	 by	 promoter	 hypermethylation.	 For	

example,	 the	 DNA	 repair	 gene	 O6-methylguanine-DNA	 methyltransferase	

(MGMT),	 the	cell	cycle	regulator	p15	or	Cyclin-dependent	kinase	 inhibitor	2B	

(CDKN2B),	 and	 the	 regulator	 of	 the	 RAS	 oncogene	 RASSF1A	 have	 relevant	

protective	roles	for	the	cells	and	they	suffer	this	type	of	inactivation	in	different	
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types	of	cancer	(Baylin	and	Jones	2011).	A	high-throughput	study	performed	in	

ovarian	carcinoma	patients	showed	that,	although	the	mutations	mostly	lied	on	

a	single	gene	(TP53),	the	methylation	analysis	found	that	168	genes	presented	

promoter	 hypermethylation	 and	 that	 correlated	 to	 lower	 expression	 levels	

(Network	2011).		

	

B) microRNA	 regulation:	 	 MicroRNAs	 (miRNAs)	 are	 small	 non-protein-coding	
RNAs	of	18–25	nucleotides	that	bind	to	target	messenger	RNAs	(mRNAs)	and	

promote	either	their	degradation	or	their	translational	repression	(Bartel	2004).	

They	constitute	an	additional	epigenetic	layer	of	expression	control.	MiRNAs	are	

expressed	in	all	major	animal	model	systems,	and	their	variety	correlates	with	

organismal	 complexity.	 Approximately	 there	 are	 3000	 human	 miRNAs	

annotated	 (Friedländer	 et	 al.	 2014;	 Kozomara	 and	 Griffiths-Jones	 2011).	

Importantly,	several	studies	have	described	a	dysregulation	of	miRNAs	in	many	

diseases,	including	cancer	(Lin	and	Gregory	2015;	Medina	and	Slack	2008;	Croce	

2009).	 In	 fact,	many	of	 the	targets	of	miRNAs	are	 frequently	related	to	tumor	

development	(Ryan	et	al.	2010).	For	these	reasons,	miRNAs	have	been	classified	

as	 oncogenic	 (oncomiRs),	 tumor	 suppressors,	 or	 context-dependent	

miRNAs	 (Kasinski	 and	Slack	2011).	For	example,	oncogenic	miRNAs,	 such	as	

miR-155	 or	 miR-21,	 are	 frequently	 overexpressed,	 and	 tumor-suppressive	

miRNAs,	 such	 as	 miR-146a	 or	 the	 cluster	 miR-15/16,	 are	 deleted	 in	 cancer	

(Kasinski	and	Slack	2011).	Moreover,	miRNAs	can	target	epigenetic	modifiers	

such	 as	 EZH2	 (Friedman	 et	 al.	 2009)	 and	 SMARCA4	 (Coira	 et	 al.	 2015),	 and	

therefore,	 this	 results	 in	 further	widespread	 epigenetic	 alterations.	 Thus,	 the	

tight	 control	 of	 miRNA	 biogenesis	 is	 a	 crucial	 process	 to	 guarantee	 their	

physiological	 levels.	 This	 pathway	 involves	 several	 enzymes	 and	 protein	

complexes	 that	 regulate	 the	 production	 of	 mature	 and	 functional	 miRNAs	

(O'Brien	et	al.	2018)	(Figure	5).	The	canonical	miRNA	biogenesis	starts	in	the	

nucleus	with	RNA	polymerase	II	or	III	transcribing	miRNAs	genes	to	generate	

primary	 miRNAs	 (pri-miRNAs).	 Those	 pri-miRNAs	 are	 capped,	 spliced,	 and	

polyadenylated.	Pri-miRNAs	present	a	secondary	structure	of	a	hairpin	that	is	

recognized	and	cleaved	by	the	Microprocessor	Complex,	consisting	of	an	RNA	

binding	 protein	 DiGeorge	 Syndrome	 Critical	 Region	 8	 (DGCR8)	 and	 a	
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ribonuclease	 III	 enzyme	 (DROSHA).	 This	 results	 in	 the	 formation	 of	 hairpin-

shaped	precursors	miRNAs	(pre-miRNAs)	that	are	exported	to	the	cytoplasm	by	

the	exportin	5	 (XPO5)/RanGTP	complex.	Later,	pre-miRNAs	are	processed	by	

DICER1,	 another	 ribonuclease	 III,	 with	 the	 help	 of	 its	 cofactor	 TRBP	

(transactivation-responsive	 RNA-binding	 protein).	 This	 complex	 removes	 the	

terminal	loop	of	the	pre-miRNAs	and	generates	a	mature	~22-nucleotide	miRNA	

duplex.	Finally,	one	strand	of	the	mature	miRNA	duplex,	either	the	5p	or	3p,	is	

loaded	 into	the	Argonaute	(AGO)	 family	of	proteins	to	 form	a	miRNA-induced	

silencing	complex	(miRISC).	In	most	cases,	complementary	base-pairing	of	the	

miRNA	guides	miRISC	to	a	specific	sequence	at	the	3’	UTR	(untranslated	region)	

of	a	target	mRNA	and	induces	either	its	translation	repression	or	its	decapping	

and	deadenylation	 (Huntzinger	and	 Izaurralde	2011).	However,	other	 studies	

have	revealed	that	there	are	miRNA	binding	sites	at	5’	UTRs,	coding	sequences,	

and	even	at	promoter	regions	(Xu	et	al.	2014).	Moreover,	although	the	canonical	

effect	of	the	miRNA-mRNA	interaction	is	related	to	gene	silencing,	the	binding	of	

miRNA	to	a	promoter	region	induces	transcription	(Dharap	et	al.	2013).		 

	

Figure	5:		Schematic	model	of	canonical	microRNA	biogenesis.	The	miRNA	genes	are	transcribed	

by	 RNA	 polymerase	 II	 or	 III	 generating	 the	 primary	 miRNAs	 transcripts	 (pri-miRNA).	 They	 are	

cleaved	by	a	Microprocessor	complex	that	is	composed	of	an	RNAse	III,	DROSHA,	and	DGCR8.	This	

reaction	produces	the	precursor	miRNAs	(pre-miRNAs)	that	are	transported	to	the	cytoplasm	by	a	

complex	XPO5-RAN-GTP.	In	the	cytoplasm,	another	RNAse	III,	DICER1,	and	its	cofactor	TRBP	process	
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pre-miRNAs	to	generate	mature	miRNAs.	Later,	the	functional	strand	of	the	miRNA	duplex	is	loaded	

into	AGO	proteins	to	produce	the	miRNA-induced	silencing	complex	(miRISC).	The	unused	strand	

called	 ‘the	 passenger	 strand’	 is	 degraded.	 The	miRISC	 complex	 is	 guided	 to	 the	 target	mRNA	by	

complementary-base	 pair	 and	 it	 induces	mRNA	 degradation	 and	 translational	 repression.	 Image	

made	in	BioRender.com	and	adapted	from	(Winter	et	al.	2009).	

Overall,	the	effect	of	miRNAs	on	gene	expression	is	highly	diverse	and	relevant	

for	an	adequate	biological	balance.	In	fact,	several	studies	have	shown	that	many	

proteins	of	the	miRNA	biogenesis	machinery,	such	as	DROSHA	and	DICER1,	are	

downregulated	(Dedes	et	al.	2011;	Sand	et	al.	2010;	Merritt	et	al.	2008;	Karube	

et	 al.	 2005)	 or	 present	 inactivating	mutations	 in	 some	 tumor	 types	 (Heravi-

Moussavi	et	al.	2011;	Anglesio	et	al.	2013;	Rakheja	et	al.	2014).	In	addition,	apart	

from	the	proteins	involved	in	miRNA	processing,	other	epigenetic	mechanisms,	

such	 as	 promoter	 hypermethylation	 and	 histone	modifications,	 play	 a	 crucial	

role	in	the	expression	of	miRNAs	involved	in	cancer	(Liu	et	al.	2013;	Sato	et	al.	

2011;	Moutinho	and	Esteller	2017).	For	example,	miR-127,	which	 targets	 the	

proto-oncogene	BCL6,	is	abnormally	methylated	and	silenced	in	cancer	(Saito	et	

al.	2006).	

 

1.2.3.	Relevance	of	‘epimutations’	in	cancer	
	

During	 the	 last	 decades,	 thanks	 to	 the	 performance	 of	 several	 high-throughput	

sequencing	 studies,	 researchers	 have	 shown	 the	 impact	 of	 genetic	 alterations	 in	

many	 epigenetic	 regulators.	 In	 fact,	 more	 than	 50%	 of	 human	 cancers	 harbor	

mutations	in	genes	involved	in	chromatin	organization	and	regulation	(Valencia	and	

Kadoch	2019;	Beck	et	al.	2012;	Weinstein	et	al.	2013).	The	discovery	of	 the	high	

mutational	 rate	 of	 some	 of	 the	 proteins	 implicated	 in	 epigenetic	 control	 has	

highlighted	 the	 relevance	 of	 the	 interplay	 between	 genetics	 and	 epigenetics	 in	

cancer	 initiation	 and	 progression	 (You	 and	 Jones	 2012).	 Several	 studies	 have	

identified	genetic	 alterations	 that	 affect	 the	 three	 types	of	 epigenetic	modulators	

described	in	section	1.1.1.	These	‘epimutations’	could	be	considered	as	the	second	

hit	 of	 Knudson’s	 two-hit	model	 postulated	 for	 tumor	 initiation	 (Jones	 and	 Laird	

1999).	These	epimutations	could	contribute	to	silencing	the	remaining	active	allele	
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of	 previously	 mutated	 tumor	 suppressors.	 Next,	 we	 mention	 some	 of	 the	 most	

relevant	genetic	alterations	found	in	the	different	classes	of	epigenetic	modulators:	

	

A) DNA	methylation	regulators:	Different	studies	have	observed	that	cancer	cells	
present	 genome-wide	 hypomethylation	 that	 contributes	 to	 genomic	

instability	 and	 increases	 aneuploidy.	 In	 addition,	 site-specific	 CpG	 island	

promoter	hypermethylation	that	leads	to	the	silencing	of	tumor	suppressor	

genes	 is	a	 frequent	event	 in	 tumorigenesis	(Esteller	2008).	The	source	of	

these	 DNA	 methylation	 alterations	 is	 related	 to	 an	 absence	 or	 a	

malfunctioning	of	the	enzymes	involved	in	this	process.	Some	authors	

have	 described	 in	 different	 types	 of	 tumors	 the	 presence	 of	 somatic	

mutations	in	many	of	the	DNMTs	that	maintain	and	create	DNA	methylation	

patterns	(Kanai	et	al.	2003;	Yan	et	al.	2011).	For	example,	Ley	and	colleagues	

found	 that	 22%	 of	 patients	 with	 acute	 myeloid	 leukemia	 (AML)	 had	

mutations	 in	 DNMT3A,	 a	 de	 novo	methyltransferase	 (Ley	 et	 al.	 2010).	 In	

addition,	 they	 observed	 that	 DNMT3A	 mutated	 patients	 showed	 worse	

survival.		

	

B) Histone	 modifiers:	 A	 comprehensive	 analysis	 of	 the	 post-translational	
modifications	 of	 the	 histone	 H4	 revealed	 that	 there	 was	 a	 characteristic	

global	 reduction	 of	 the	 trimethylation	 of	 H4K20	 (H4K20me3)	 and	

acetylation	of	H4K16	(H4K16Ac)	in	different	cancer	types	(Fraga	et	al.	2005).	

This	aberrant	 signature	of	histone	marks	highlights	 the	 importance	of	 the	

alterations	found	in	histone	modifiers,	which	are	frequently	mutated	in	

many	types	of	tumors	(reviewed	in	(Baylin	and	Jones	2016)).		For	instance,	

EZH2,	 which	 catalyzes	 the	 trimethylation	 of	 histone	 H3	 lysine	 27	

(H3K27me3),	presents	both	gain-of-function	and	loss-of-function	mutations	

in	distinct	tumor	types	(Kim	and	Roberts	2016).	Specifically,	EZH2	mutant	

lymphomas	 show	 an	 increase	 in	 H3K27me3	 and	 a	 depletion	 of	 active	
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chromatin	 marks.	 This	 results	 in	 the	 arrest	 of	 B-cell	 development	 in	 a	

proliferative	state	(Béguelin	et	al.	2013).	

	

C) Chromatin	 remodelers:	 Among	 the	 four	 families	 of	 chromatin	 remodeling	
complexes	that	exist	in	the	cells,	the	SWI/SNF	complex	is	the	most	mutated	

chromatin	 remodeler	 (Kadoch	 et	 al.	 2013).	 Next-generation	 sequencing	

studies	 have	 revealed	 that	almost	 25%	of	 all	 human	 cancers	 present	 a	

genetic	alteration	in	any	of	the	subunits	that	form	this	complex	(Shain	and	

Pollack	2013;	Kadoch	et	al.	2013;	Mittal	and	Roberts	2020).	Moreover,	many	

of	 its	subunits	 are	 considered	as	key	drivers	of	oncogenesis	 (Bailey	et	 al.	

2018).			

	

In	this	Ph.D.	thesis,	the	focus	of	attention	is	on	the	study	of	the	implications	of	the	

SWI/SNF	complex	in	cancer,	specifically	in	lung	adenocarcinoma.		

	

1.3.	The	SWI/SNF	complex	as	a	large	multi-subunit	chromatin	remodeler	
 

The	SWI/SNF	complex	was	the	first	remodeler	described,	and	it	is	also	one	of	the	

best-studied	since	it	is	present	in	all	eukaryotic	species.	The	SWI/SNF	complex	was	

initially	identified	in	yeast,	where	it	acted	as	a	transcriptional	regulator.	Specifically,	

some	studies	found	a	set	of	genes	involved	in	the	activation	of	crucial	pathways	in	

Saccharomyces	 cerevisiae,	 such	 as	mating-type	 switching	 and	 growth	 on	 sucrose	

media	(Neigeborn	and	Carlson	1984;	Stern	et	al.	1984;	Breeden	and	Nasmyth	1987;	

Abrams	et	 al.	 1986).	For	 this	 reason,	 those	genes	 received	 the	name	of	 SWI-SNF	

(SWItch/Sucrose	Non-Fermentable).	However,	 those	 initial	studies	only	analyzed	

the	effect	of	 individual	proteins,	 and	 it	wasn’t	until	some	years	 later	when	other	

researchers	proposed	 that	 the	yeast	SWI-SNF	proteins	 could	behave	 like	a	 large	

multi-subunit	complex	(Peterson	and	Herskowitz	1992).	In	addition,	Hirschhorn	

and	colleagues	noted	that,	since	some	of	those	SWI/SNF	proteins	had	homologs	in	

other	 species,	 their	 function	 in	 transcription	 activation	 could	 be	 functionally	

conserved	throughout	eukaryotes	(Hirschhorn	et	al.	1992).	Finally,	in	1994,	two	

independent	 studies	 corroborated	 the	 existence	 of	 a	 human	 SWI/SNF	 complex	

(Kwon	et	 al.	 1994;	 Imbalzano	et	 al.	 1994).	However,	 a	 few	years	 later,	Gerald	R.	
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Crabtree	 and	 colleagues	 showed	 that	 there	 was	 not	 a	 unique	 human	 SWI/SNF	

complex.	 Instead,	 they	 identified	different	human	SWI/SNF	complexes	depending	

on	the	cell	line	used.	With	this	observation,	they	introduced	a	relevant	trait	of	the	

SWI/SNF	complex:	 its	heterogeneity	and	how	it	adapts	 to	the	needs	of	each	cell	

type	 (Wang	et	 al.	 1996).	 It	was	 the	 first	 time	 that	 it	was	proposed	 that	different	

SWI/SNF	 complexes	 could	 be	 involved	 in	 the	 chromatin	 remodeling	 of	 tissue-

specific	genes.		

	

1.3.1.	The	combinatorial	subunit	composition	of	the	SWI/SNF	complex	
	

Nowadays,	advances	in	proteomics,	biochemistry,	molecular	biology,	and	structural	

biology	 have	 identified	 29	 human	 genes	 that	 encode	 SWI/SNF	 subunits.	

However,	some	of	these	genes	are	paralogs	and	only	one	of	the	homologous	subunits	

can	be	found	in	a	complex.	In	fact,	only	10	to	15	of	these	subunits	constitute	a	

single	SWI/SNF	complex	(Pulice	and	Kadoch	2017;	Centore	et	al.	2020).	This	is	the	

reason	 why	 there	 is	 a	 high	 combinatorial	 potential	 that	 originates	 SWI/SNF	

complexes	that	are	tissue-specific	and	context-dependent	(Lessard	et	al.	2007;	

Ryme	et	 al.	 2009).	For	 instance,	 this	 combinatorial	 effect	 can	be	observed	 in	 the	

differentiation	process	of	embryonic	stem	cells	where	the	expression	levels	of	the	

different	SWI/SNF	subunits	vary	depending	on	the	developmental	stage	(Kaeser	et	

al.	2008;	Yan	et	al.	2008).	This	combinatory	potential	of	the	SWI/SNF	complex	could	

explain	its	functional	diversity	that	we	will	describe	in	more	detail	in	the	following	

section.	

	

In	general,	depending	on	the	subunit	composition	of	the	SWI/SNF	complex,	there	

are	 three	 main	 SWI/SNF	 complexes	 currently	 identified:	 canonical	 BAF	

(BRM/BRG1	 Associated	 Factors),	 PBAF	 (polybromo-associated	 BAF	 complexes),	

and	the	recently	discovered	non-canonical	BAF	(ncBAF)	(Kaeser	et	al.	2008;	Alpsoy	

and	Dykhuizen	2018;	Mashtalir	et	al.	2018)	(Figure	6).		

	

All	 of	 them	 are	 characterized	 for	having	 an	ATPase-helicase	 subunit	 that	 can	 be	

either	be	SMARCA4	(previously	known	as	BRG1)	or	SMARCA2	(previously	known	
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as	 BRM)	 together	 with	 a	 group	 of	 structural	 or	 core	 subunits	 and	 a	 group	 of	

modulating	subunits.	

	

In	1999,	 a	study	showed	 that	only	 four	SWI/SNF	subunits	were	 required	 for	 the	

chromatin	remodeling	activity	in	vitro:	the	catalytic	ATPase-helicase	subunit	and	the	

structural	 subunits	 SMARCB1	 (BAF47),	 SMARCC1	 (BAF150),	 and	 SMARCC2	

(BAF170)	 (Phelan	 et	 al.	 1999).	 However,	 years	 later,	 other	 studies	 have	

demonstrated	 that	 those	 structural	 subunits,	 such	 as	 SMARCB1,	 are	 not	 always	

present	in	the	SWI/SNF	complexes	and	can	also	be	replaced	by	alternative	subunits	

(Mashtalir	et	al.	2018;	Doan	et	al.	2004).		

 

Figure	6:	Graphical	representation	of	the	three	main	SWI/SNF	complexes	in	mammalian	cells.	

Different	 sets	 of	 subunits	 compose	 the	 canonical	 BAF	 complex	 (BRM/BRG1	 Associated	 Factors),	

PBAF	(polybromo-associated	BAF	complexes),	and	ncBAF	complex.	Asterisk	marks	those	subunits	

that	are	only	 found	 in	neural-specific	SWI/SNF	complexes.	 Image	made	with	BioRender.com	and	

adapted	from	(Mashtalir	et	al.	2018).		

Annex	1	contains	the	subunits	that	can	compose	the	three	different	configurations	

of	 the	 SWI/SNF	 complex.	 The	 table	 of	Annex	 1	 includes	 both	 the	 official	 HUGO	

(Human	 Genome	 Organization)	 nomenclature	 that	 uses	 the	 acronym	 SMARC	

(SWI/SNF-related,	Matrix-associated,	Actin-dependent	Regulator	 of	Chromatin)	

and	 the	 previous	 nomenclature	 with	 the	 acronym	 BAF	 (BRG1/BRM-
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Associated	Factor)	 followed	by	the	molecular	weight	of	each	protein.	 In	addition,	

the	table	shows	a	classification	of	the	subunits	depending	on	their	functional	role	in	

the	 different	 SWI/SNF	 complexes	 (Mashtalir	 et	 al.	 2018).	 Overall,	 the	 SWI/SNF	

remodelers	 comprise	 a	 wide	 range	 of	 complexes	 that	 allow	 the	 performance	 of	

specialized	rather	than	generic	functions.	

	
1.3.2.	Biochemical	roles	of	the	SWI/SNF	complex	

 

Although	 the	 initial	 studies	 of	 the	 SWI/SNF	 complex	 showed	 a	 role	 in	 the	

transcriptional	 control	 in	 yeast,	 its	 exact	 mechanism	 was	 unclear.	 In	 1992,	 two	

studies	 elucidated	 for	 the	 first	 time	 the	 mechanism	 of	 action	 of	 the	 SWI/SNF	

complex.	 Those	 studies	 found	 that	 some	 SWI/SNF	 proteins	 could	 promote	 the	

expression	of	 specific	 genes	 in	Saccharomyces	 cerevisiae	 by	modifying	 chromatin	

structure	(Hirschhorn	et	al.	1992;	Peterson	and	Herskowitz	1992).	A	few	years	later,	

in	1994,	Kwon	and	colleagues	performed	the	first	study	that	showed	that	the	human	

SWI/SNF	 complex	 mediated	 nucleosome	 mobilization	 through	 ATP-hydrolysis	

(Kwon	et	al.	1994).	Other	studies	have	also	added	that	this	chromatin	remodeling	

activity	 could	 require	 the	 interaction	between	specific	SWI/SNF	subunits	and	

different	 transcription	 factors	 (Valletta	 et	 al.	 2020;	 Chang	 et	 al.	 2018),	 co-

repressors	(Zhang	et	al.	2007;	Nagl	et	al.	2007;	Ooi	et	al.	2006),	or	nuclear	receptors	

(Belandia	et	al.	2002;	Inoue	et	al.	2002).	Moreover,	several	studies	have	shown	that	

the	SWI/SNF	complex	can	also	modulate	gene	expression	through	the	interaction	

with	 other	 chromatin-modifying	 enzymes,	 such	 as	 the	 Polycomb	 Repressor	

Complex	(PRC)	(Bracken	et	al.	2019;	Kadoch	et	al.	2017;	Weber	et	al.	2021).	Thus,	

one	of	the	principal	roles	of	the	SWI/SNF	complex	is	the	regulation	of	chromatin	

accessibility	leading	to	activation	or	repression	of	gene	expression	(Zhang	et	

al.	 2007;	 Nagl	 et	 al.	 2007).	 An	 extensive	 study	 that	 performed	 chromatin	

immunoprecipitation	sequencing	(ChIP-Seq)	of	different	SWI/SNF	subunits	showed	

that	the	SWI/SNF	complex	binds	to	promoters	and	enhancers,	which	are	both	

critical	regions	that	require	tight	control	of	the	dynamics	of	nucleosome	occupancy	

(Euskirchen	et	al.	2011).	This	study	also	described	that	the	SWI/SNF	complex	was	

located	proximal	to	targets	involved	in	fundamental	biological	processes.	Moreover,	

many	of	 the	 functional	 categories	 that	were	 significantly	overrepresented	 in	 this	

analysis	had	disease	implications,	such	as	cancer.	This	observation	also	explains	the	
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relevant	role	that	the	SWI/SNF	complex	has	in	several	differentiation	processes,	

which	require	a	tightly	regulated	transcriptional	regulation	(Ho	et	al.	2009;	Xu	et	al.	

2012;	Lickert	et	al.	2004;	Lessard	et	al.	2007).		

	

Apart	from	its	direct	role	in	gene	expression	regulation	at	a	transcriptional	level,	the	

SWI/SNF	 complex	 is	 involved	 in	 post-transcriptional	 pathways,	 such	 as	

alternative	splicing.	To	date,	many	studies	have	described	 interactions	between	

some	subunits	 of	 the	 SWI/SNF	 and	members	of	 the	 spliceosome,	 and	how	 these	

interactions	can	affect	the	alternative	splicing	of	crucial	genes	for	the	cell,	such	as	

CCND1	(Cyclin	D1)	(Feng	et	al.	2021;	Underhill	et	al.	2000;	Batsché	et	al.	2006;	Tyagi	

et	al.	2009).	

	

However,	 besides	 its	 function	 in	 either	 transcriptional	 or	 post-transcriptional	

regulation,	 the	 SWI/SNF	 complex	 also	 has	 unique	 roles	 in	 many	 other	 cellular	

processes.	 One	 of	 these	 non-transcriptional	 roles	 of	 the	 SWI/SNF	 complex	 is	

related	to	DNA	replication.	Cohen	and	colleagues	showed	that	SMARCA4,	one	of	the	

catalytic	subunits	of	this	remodeling	complex,	co-localizes	with	replication	factors	

at	 sites	 of	 DNA	 replication	 (Cohen	 et	 al.	 2010).	 Moreover,	 they	 observed	 that	

SMARCA4	 physically	 associates	 with	 TOPBP1,	 which	 is	 a	 component	 of	 the	

replication	 fork.	 They	 demonstrated	 that	 SMARCA4	 is	 involved	 in	 replication	

elongation	 and	 how	 the	 depletion	 of	 this	 protein	 significantly	 decreases	 the	

replication	 elongation	 rate.	 Other	 researchers	 also	 found	 that	 ARID1A,	 another	

SWI/SNF	subunit,	mediates	the	physical	interaction	between	the	SWI/SNF	complex	

and	TOP2	(topoisomerase	II)	(Dykhuizen	et	al.	2013).	This	enzyme	is	crucial	for	DNA	

replication	and	chromosomal	segregation.	They	showed	how	depletion	of	ARID1A	

caused	aberrancies	in	both	DNA	replication	and	chromosomal	segregation.		

	

A	recent	study	has	also	revealed	that	the	SWI/SNF	complex	plays	a	relevant	role	in	

preventing	replication	stress	through	its	direct	interaction	with	RPA	(replication	

protein	A)	(Gupta	et	al.	2020).	The	authors	demonstrated	how	the	loss	of	SMARCA4-

containing	 SWI/SNF	 complexes	 slowed	down	replication,	 increased	 origin	 firing,	

and	 induced	 replication	 stress	 that	 promoted	 genomic	 instability.	 In	 addition,	

Bayona-Feliu	and	colleagues	discovered	that	 the	SWI/SNF	complex	 is	 involved	 in	
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the	resolution	of	 the	so-called	transcription-replication	conflicts	(TRCs)	(Bayona-

Feliu	et	al.	2021)	through	the	interaction	with	factors	of	the	Fanconi’s	Anemia	(FA)	

pathway.	They	 found	 that	depletion	of	 either	SMARCA4	or	ARID1A	 in	HeLa	cells	

increased	TRCs,	and	consequently,	DNA	damage.	A	similar	trend	was	observed	in	a	

different	cell	model	of	ovarian	clear	cell	carcinoma,	where	the	authors	showed	that	

upon	 ARID1A	 loss,	 there	 was	 an	 increase	 in	 TRCs	 because	 of	 the	 aberrant	

recruitment	 of	 TOP2A	 (topoisomerase	 IIA)	 to	 R-loops,	 which	 led	 to	 replication	

stress	(Tsai	et	al.	2021).		

	

On	the	other	hand,	the	involvement	of	the	SWI/SNF	complex	in	genomic	instability	

can	also	be	the	result	of	its	role	in	DNA	damage	response	(DDR).	Several	studies	

have	shown	that	the	SWI/SNF	complex	is	implicated	in	multiple	DDR	mechanisms,	

including	nucleotide	excision	repair	(NER)	and	double-strand	break	(DSB)	repair	

(extensively	reviewed	in	(Ribeiro-Silva	et	al.	2019;	Harrod	et	al.	2020)).	Regarding	

NER,	Hara	 and	 Sancar	 demonstrated	 in	 vitro	 for	 the	 first	 time	 that	DNA	damage	

recognition	factors,	such	as	RPA,	XPA,	and	XPC	facilitate	the	remodeling	activity	of	

the	SWI/SNF	complex,	which	 in	turn	enhances	the	overall	excision	activity	of	 the	

NER	machinery	 (Ryujiro	 and	Aziz	 2002).	 Later,	 other	 researchers	 confirmed	 the	

direct	interaction	between	the	SWI/SNF	subunits	and	members	of	the	NER	pathway	

(Gong	et	al.	2006).		

	

Besides	the	role	of	the	SWI/SNF	in	NER,	other	studies	have	shown	the	repercussions	

of	the	depletion	or	inactivation	of	SWI/SNF	subunits	in	modulating	the	sensitivity	

of	the	cells	to	DNA	damage-inducing	agents	by	reducing	Homologous	Repair	(HR)	

and	 Non-Homologous	 End-Joining	 (NHEJ),	 the	 two	 mechanisms	 to	 repair	 DSBs	

(Watanabe	et	al.	2014;	Agnes	et	al.	2006;	Park	et	al.	2006;	Ogiwara	et	al.	2011;	Shen	

et	al.	2015;	de	Castro	et	al.	2017).	

	

Furthemore,	 other	 researchers	 have	 associated	 the	 involvement	 of	 the	 SWI/SNF	

complex	 in	 DDR	 with	 transcriptional	 repression	 of	 genes	 flanking	 DSBs.	 This	

mechanism	called	DNA-damage	induced	transcriptional	silencing	 is	part	of	an	

evolutionary	process	that	 impedes	 transcription	near	DSBs	 to	prevent	additional	

DNA	damage,	such	as	translocations	(Kakarougkas	et	al.	2014).		



INTRODUCTION	 38	

The	other	non-transcriptional	role	of	the	SWI/SNF	complex	is	related	to	chromatin	

architecture.	 Euskirchen	 and	 colleagues	 showed	 that	 SWI/SNF	subunits	 bind	 to	

regions	critical	for	chromosome	organization	such	as	CTCF	(CCCTC-binding	factor),	

cohesins,	lamins,	and	DNA	replication	origins	(Euskirchen	et	al.	2011).	In	addition,	

other	 studies	 have	 described	 the	 interplay	 between	 the	 SWI/SNF	 complex	 and	

centromeric	 cohesion	 (Xue	 et	 al.	 2000;	 Brownlee	 et	 al.	 2014).	 Since	 centromeric	

cohesion	is	crucial	for	chromosome	orientation	and	proper	segregation,	the	loss	of	

SWI/SNF	subunits	can	cause	abnormal	anaphase	events	and	aneuploidy.	

	

Figure	7	depicts	a	summary	of	the	main	functional	roles	of	the	SWI/SNF	complex,	

excluding	its	canonical	function	in	nucleosome	mobilization.		

	

 
Figure	7:	Functional	roles	of	the	SWI/SNF	complex.	Left	panel:	Transcriptional	functions	derived	

from	the	interactions	with	other	chromatin-modifying	enzymes,	such	as	PRC2,	transcription	factors,	

or	the	splicing	machinery.	Right	panel:	Non-transcriptional	roles	of	the	SWI/SNF	complex,	such	as	its	

involvement	in	replication,	DNA	damage	responses,	and	chromatin	topology,	and	3D	organization.	

Image	made	with	BioRender.com	and	adapted	from	(Hodges	et	al.	2016).	
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1.3.3.	The	SWI/SNF	complex	and	disease	

	
Due	to	the	functional	diversity	of	the	SWI/SNF	complexes,	alterations	in	some	of	its	

components	 are	 related	 to	 the	 development	 of	 many	 diseases,	 specifically	

neurological	disorders	and	cancer.		

	

Several	 studies	 have	 discovered	 that	 SWI/SNF	 mutations	 are	 causative	 in	

different	 neurodevelopmental	 and	 intellectual	 disability	 syndromes	

(Bögershausen	 and	 Wollnik	 2018).	 The	 relevance	 of	 the	 SWI/SNF	 complex	 in	

neurological	 disorders	 can	 be	 explained	 by	 the	 existence	 of	 a	 tissue-specific	

complex:	 neural	 BAF	 complexes	 (nBAFs)	 (Son	 and	 Crabtree	 2014).	 A	 typical	

example	of	a	neurodevelopmental	disease	is	Coffin-Siris	syndrome	(CSS),	which	is	

characterized	 by	 intellectual	 disability,	 frequent	 infections,	 and	 hypoplasia	 or	

aplasia	of	the	fifth	fingernail	and	its	distal	phalange.	In	CSS	patients,	75%	of	all	the	

mutations	affect	the	ARID1B	gene	(Wieczorek	et	al.	2013).	Other	SWI/SNF	subunits	

such	as	ARID1A,	SMARCA4,	SMARCA2,	SMARCB1,	and	SMARCE1	were	also	mutated.	

Overall,	87%	of	CSS	patients	present	a	mutated	SWI/SNF	subunit	(Tsurusaki	et	

al.	2012).	

	

On	the	other	hand,	the	first	evidence	of	a	causative	role	of	SWI/SNF	alterations	in	

cancer	was	found	in	1998	in	a	rare	and	aggressive	pediatric	tumor	type:	malignant	

rhabdoid	tumors	(MRT).	Versteege	and	colleagues	demonstrated	that	MRT	patients	

lost	 one	 allele	 of	 the	 SMARCB1	 gene,	 and	 the	 other	 allele	 was	 inactivated	 by	

truncating	mutations	(Versteege	et	al.	1998).	Later,	an	extensive	analysis	revealed	

that	almost	100%	of	MRTs	showed	biallelic	inactivation	of	the	SWI/SNF	gene	

SMARCB1	 (Chun	 et	 al.	 2016).	 In	 animal	 studies,	 Roberts	 and	 colleagues	 also	

observed	that	when	they	induced	somatic	homozygous	Smarcb1	inactivation,	100%	

of	mice	developed	lymphomas	and	sarcomas	at	a	median	of	only	11	weeks,	which	is	

less	 than	half	 the	time	that	 is	required	 for	cancer	to	 form	after	Tp53	 inactivation	

(Roberts	et	al.	2002).	

	

During	 the	 last	 decade,	 high-throughput	 studies	 have	 revealed	 that	 genetic	

alterations	in	SWI/SNF	subunits	occur	in	a	broad	spectrum	of	solid	and	hematologic	
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tumors.	 In	 general,	 SWI/SNF	 mutations	 can	 be	 found	 in	 nearly	 25%	 of	 human	

cancers	 (Shain	 and	 Pollack	 2013;	 Kadoch	 et	 al.	 2013;	Mittal	 and	 Roberts	 2020)	

(Figure	8).	This	breadth	of	the	SWI/SNF	involvement	in	cancer	resembles	that	of	

relevant	tumor	suppressors	such	as	TP53,	albeit	with	lower	mutation	frequencies	

(Kadoch	et	al.	2013).	

	

In	general,	the	SWI/SNF	subunits	are	considered	as	the	most	frequently	mutated	

chromatin-related	 cancer	 genes	 (Kadoch	 et	 al.	 2013),	 and	 both	 their	 genetic	

alterations	and	expression	changes	are	prognostic	markers	for	survival	across	

several	tumor	types	(Savas	and	Skardasi	2018;	Cho	et	al.	2013;	Bai	et	 al.	2013;	

Endo	et	al.	2013).	
	

 
	

Figure	8:	Heatmap	of	the	mutation	frequencies	of	the	SWI/SNF	subunits	in	different	cancer	

types.	This	mutational	study	analyzed	29	SWI/SNF	subunits	 in	32	cancer	types	using	The	Cancer	

Genome	Atlas	(TCGA)	Pan-Cancer	data	set	(N	=	10	967)	(Centore	et	al.	2020).		
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Although	 some	 SWI/SNF	 subunits	 alterations	 are	 characteristic	 of	 specific	

malignancies,	 such	 as	 the	 loss	 of	 SMARCB1	 in	MRTs	 and	 the	 SS18-SSX	 fusion	 in	

synovial	sarcoma	(Clark	et	al.	1994),	other	SWI/SNF	subunits	are	altered	in	several	

cancers.	For	instance,	ARID1A,	ARID2,	SMARCA4,	and	PBRM1	are	driver	genes	in	

three	or	more	tumor	types	(Bailey	et	al.	2018).		

	

To	 date,	many	 studies	 have	 demonstrated	 that	 SWI/SNF	 subunit	 alterations	 are	

tumor-promoting.	For	example,	genetically	engineered	mouse	models	have	shown	

that	 inactivation	 of	 Smarcb1,	 Arid1a,	 Smarca4,	 or	 Pbrm1	 boosts	 tumorigenesis	

(Mathur	et	 al.	 2017;	Gu	et	 al.	 2017;	Bultman	et	 al.	 2008;	Roberts	et	 al.	 2002).	 In	

addition,	other	researchers	have	observed	that	in	vitro	models	of	re-expression	of	

SMARCB1,	 ARID1A,	 SMARCA4,	 or	 SMARCA2	 in	 distinct	 tumor	 types	 can	 lead	 to	

growth	arrest	(Betz	et	al.	2002;	Guan	et	al.	2011;	Karnezis	et	al.	2016).		Thus,	all	of	

these	articles	supported	the	tumor-suppressive	role	of	these	SWI/SNF	subunits.	

Nevertheless,	the	cancer-driving	mechanism	behind	an	SWI/SNF-mutant	complex	

is	 more	 complicated	 than	 just	 the	 absence	 of	 an	 SWI/SNF	 subunit.	 Several	

researchers	 have	 discovered	 that	 SWI/SNF-mutant	 tumors	 present	 residual	

SWI/SNF	complexes	that	are	essential	for	cell	survival.	This	is	why	the	SWI/SNF	

complex	 has	 gained	 more	 interest	 in	 the	 clinic.	 Many	 articles	 have	 described	 a	

process	called	synthetic	lethality	that	arises	among	different	SWI/SNF	subunits	in	

SWI/SNF-mutant	contexts	(reviewed	 in	(Centore	et	 al.	2020).	For	example,	some	

SMARCB1-mutant	 tumors	depend	on	SMARCA4	 for	maintaining	 cell	 growth.	This	

shows	that	the	oncogenic	effect	of	the	SMARCB1	loss	does	not	result	from	SWI/SNF	

inactivation	 but	 a	 residual	 SWI/SNF	 complex	 driven	 by	 SMARCA4	 (Wang	 et	 al.	

2009).	Moreover,	other	synthetic	lethal	relationships	are	found	with	other	proteins	

of	 different	 pathways,	 such	 as	 EZH2,	 the	 catalytic	 subunit	 of	 PRC2.	 Specifically,	

SMARCB1-deficient	tumors	depend	on	EZH2	for	their	survival,	and	therefore,	EZH2	

inhibitors	are	showing	promising	effects	in	clinical	trials	with	MRTs	patients	(Kim	

and	Roberts	2016).		

	

Furthermore,	during	the	last	years,	several	articles	have	introduced	a	dualistic	role	

of	the	SWI/SNF	complex	in	cancer	that	is	related	to	its	high	context-dependency.	

In	 fact,	when	analyzing	The	Cancer	Genome	Atlas	 (TCGA)	data,	 researchers	have	
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found	 amplification,	 overexpression,	 and	 somatic	 and	 potentially	 activating	

missense	mutations	 in	many	SWI/SNF	subunits,	 including	the	well-known	tumor	

suppressors	 SMARCA4	 and	 SMARCB1	 (reviewed	 in	 (Orlando	 et	 al.	 2019)).	

Moreover,	 many	 in	 vitro	 studies	 have	 confirmed	 this	 duality	 of	 the	 SWI/SNF	 in	

cancer.	For	example,	although	SMARCB1	loss	is	associated	with	tumor	progression	

in	MRTs,	it	is	an	essential	gene	in	other	tumor	types	or	tissues	(Meyers	et	al.	2017;	

Agnes	et	al.	2006).		This	shows	that	SMARCB1	loss	is	only	tolerated	in	unique	cell	

states	because	of	the	residual	SWI/SNF	complexes	or	their	genetic	background.		

	

In	general,	 these	 studies	have	 raised	 important	questions	about	how	 the	 cellular	

context	 determines	 the	 role	 of	 an	 aberrant	 SWI/SNF	 complex	 in	 human	 tumor	

development.	

	

1.4.	Two	SWI/SNF	subunits:	two	LUAD	drivers		
	

The	rapid	expansion	and	development	of	high-throughput	techniques	have	allowed	

for	 more	 accurate	 molecular	 profiling	 of	 the	 different	 cancer	 types.	 In	 lung	

adenocarcinoma,	four	whole-exome	or	genome	sequencing	studies	have	shown	the	

relevance	of	the	SWI/SNF	complex	in	this	tumor	type	(Bailey	et	al.	2018;	Campbell	

et	 al.	 2016;	 Imielinski	 et	 al.	 2012;	 Network	 2014).	 Specifically,	 two	 SWI/SNF	

subunits,	SMARCA4	and	ARID1A,	are	found	in	the	top	15	of	LUAD	drivers	(Bailey	et	

al.	 2018).	However,	 the	 role	of	both	proteins	 in	LUAD	 initiation	and	progression	

remains	under	study.		

	

1.4.1.	SMARCA4	
	

SMARCA4	 (BRG1)	 is	 one	 of	 two	 mutually	 exclusive	 ATPases	 of	 the	 SWI/SNF	

complex,	and	it	is	the	most	frequently	mutated	ATPase	subunit	of	all	the	chromatin	

remodeling	families	(Hodges	et	al.	2016;	Kadoch	et	al.	2013).	

	

SMARCA4	mutations	are	enriched	in	diverse	cancer	 types	 such	as	Non-Small	

Cell	Lung	Cancer	(NSCLC)	(Dagogo-Jack	et	al.	2020;	Campbell	et	al.	2016;	Rodriguez-

Nieto	et	al.	2010;	Medina	et	al.	2008a;	2004;	Wong	et	al.	2000),	Small	Cell	Carcinoma	



INTRODUCTION	43	

of	 the	Ovary	Hypercalcemic	Type	 (SCCOHT)	 (Witkowski	 et	 al.	 2014;	 Jelinic	 et	 al.	

2014),	melanoma	(Hodis	et	al.	2012),	thoracic	sarcomas	(Le	Loarer	et	al.	2015),	and	

lymphomas	(Love	et	al.	2012;	Lunning	and	Green	2015).	On	the	contrary,	its	paralog	

SMARCA2	(BRM)	is	rarely	mutated	(<2%),	but	rather,	it	is	epigenetically	silenced	

(Karnezis	et	al.	2016;	Kahali	et	al.	2014;	Marquez	et	al.	2015).		

	

The	first	time	that	researchers	observed	that	SMARCA4	was	a	target	of	mutations	in	

cancer	was	in	2000	in	a	study	performed	by	Wong	and	colleagues.	They	also	found	

that	 re-expression	of	 SMARCA4	 functioned	as	a	 tumor	suppressor	 in	multiple	

types	of	tumor	cell	lines	(Wong	et	al.	2000).	In	the	same	year,	another	study	showed	

that	mice	with	monoallelic	inactivation	of	Smarca4	had	a	marked	predisposition	to	

develop	 tumors	 (Bultman	et	 al.	 2000).	This	 tumor-suppressive	 role	of	 SMARCA4	

was	confirmed	by	other	articles	that	discovered	the	importance	of	this	protein	in	

cell	cycle	control	by	regulating	relevant	cell	cycle	modulators	such	as	p21	and	the	

retinoblastoma	protein	RB	(Dunaief	et	al.	1994;	Kang	et	al.	2004).	Indeed,	multiple	

studies	 have	 demonstrated	 that	 the	 deregulation	 of	 SMARCA4	 alters	 the	 cellular	

transcriptome	 to	 increase	 the	 expression	 of	 genes	 that	 promote	 malignant	

proliferation	(Stanton	et	al.	2017;	Hodges	et	al.	2018).	

	

Although	SMARCA4	mutations	are	found	in	a	variety	of	human	tumors,	SMARCA4	

inactivation	 either	 by	 genetic	 alterations	 or	 other	 epigenetic	 mechanisms	 is	

especially	 prevalent	 in	 NSCLC	 (Dagogo-Jack	 et	 al.	 2020;	 Campbell	 et	 al.	 2016;	

Marquez	 et	 al.	 2015;	 Rodriguez-Nieto	 et	 al.	 2010;	 Medina	 et	 al.	 2008a;	 2004;	

Reisman	et	al.	2003;	Wong	et	al.	2000).	In	this	tumor	type,	the	loss	of	both	SMARCA4	

and	SMARCA2	is	associated	with	a	worse	prognosis	(Reisman	et	al.	2003;	Fukuoka	

et	al.	2004).	In	addition,	a	recent	study	has	revealed	that	one-third	of	the	SMARCA4	

mutations	 in	 NSCLC	 correspond	 to	 truncating	 alterations,	 which	 84%	 of	 them	

induce	protein	 loss	(Dagogo-Jack	et	al.	2020).	Therefore,	 this	 indicates	 that	 these	

genetic	alterations	often	occur	in	the	context	of	LOH.	Other	researchers	have	also	

shown	that	SMARCA4	missense	mutations	can	be	deleterious	(Hodges	et	al.	2018).	

	

In	vivo	studies	have	found	that	the	deletion	of	Smarca4	in	a	carcinogen-induced	lung	

cancer	model	enhances	lung	cancer	progression	and	promotes	metastasis	(Glaros	et	
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al.	2008).	Moreover,	in	vitro	analyses	have	demonstrated	that	SMARCA4	inactivation	

promotes	NSCLC	aggressiveness	by	changing	chromatin	organization	at	regions	that	

include	genes	 implicated	 in	 the	 etiology	 of	NSCLC	 (Orvis	 et	 al.	 2014).	 Additional	

studies	have	also	confirmed	this	effect	of	SMARCA4	on	gene	expression	by	its	direct	

interaction	with	gene	regulatory	regions	(Medina	et	 al.	2005;	Banine	et	al.	2005;	

Romero	et	al.	2012;	Xue	et	al.	2019).	Importantly,	Song	and	colleagues	discovered	

that	re-expression	of	SMARCA4	activated	more	genes	than	other	treatments	such	as	

the	DNMT	 inhibitor	5dAzaC	 or	 an	HDAC	 inhibitor	 (Song	 et	 al.	 2014).	This	 result	

indicated	that,	although	many	studies	in	cancer	are	focused	on	the	mechanisms	of	

DNA	methylation	and	histone	modifications	as	inducers	of	gene	silencing,	SMARCA4	

loss	has	a	remarkable	impact	on	epigenetic	silencing	during	NSCLC	development.		

	

Specifically,	in	LUAD,	the	main	subtype	of	NSCLC,	SMARCA4	is	the	SWI/SNF	gene	

most	frequently	mutated	(Bailey	et	al.	2018;	Imielinski	et	al.	2012;	Network	2014)	

with	a	mutation	rate	of	7%	in	primary	tumors,	and	it	is	considered	as	a	LUAD	driver	

gene	(Bailey	et	al.	2018).	A	recent	study	performed	in	a	SMARCA4-deficient	LUAD	

cell	line	showed	that	re-expression	of	SMARCA4	increased	chromatin	accessibility	

and	 reactivated	genes	 involved	 in	epithelial	 cell	differentiation,	 regulation	of	 cell	

morphogenesis,	and	development	(Lazar	et	al.	2020).	However,	despite	the	evidence	

that	supports	the	genome-wide	regulatory	activity	of	SMARCA4,	most	studies	so	far	

have	focused	on	the	regulation	of	protein-coding	genes.	Thus,	this	neglects	another	

layer	of	regulation	that	is	equally	important	in	tumorigenesis	and	that	is	attracting	

interest	in	the	clinic:	the	non-protein-coding	part	of	the	genome.		
 

1.4.2.	ARID1A	
	

ARID1A	 (the	 AT-rich	 interactive	 domain	 1A	 gene)	 is	 an	 SWI/SNF	 subunit	

characterized	 for	 having	 a	 100-amino	 acid	 AT-rich	 interaction	 domain	 (ARID),	

which	 interacts	with	DNA	 in	 a	 sequence-nonspecific	manner	 (Dallas	 et	 al.	 2000;	

Wilsker	et	al.	2004).	Thus,	it	is	responsible	for	the	binding	of	the	SWI/SNF	complex	

to	 DNA.	 The	 ARID1A	 subunit	 is	 present	 in	 SWI/SNF	 complexes	 in	 a	 mutually	

exclusive	 fashion	with	two	homologous	subunits,	ARID1B	and	ARID2,	which	also	

have	the	DNA-binding	ARID	domain.	Apart	 from	the	DNA-binding	domain,	 the	C-

terminal	 region	 of	 ARID1A	 also	 contains	 a	 domain	 that	 interacts	 with	 other	
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SWI/SNF	complex	subunits,	serving	as	a	hub	for	 the	SWI/SNF	complex	assembly	

(Mashtalir	et	al.	2018).	Moreover,	in	that	C-terminal	region,	there	are	LXXLL	motifs	

that	facilitate	the	interaction	with	nuclear	hormone	receptors	(Heery	et	al.	1997;	Nie	

et	 al.	 2000).	 Overall,	 ARID1A	 confers	 specificity	 to	 the	 SWI/SNF	 complex	 by	

recruiting	the	complex	to	its	targets	through	either	protein-DNA	or	protein-protein	

interactions.	

	

ARID1A	is	the	most	mutated	SWI/SNF	subunit	gene	in	cancer	(Wu	and	Roberts	

2013).	 Indeed,	 fourteen	 tumor	 types	have	ARID1A	 as	 a	 driver	 gene	 (Bailey	 et	 al.	

2018).	 For	 instance,	 50%	 of	 ovarian	 clear	 cell	 carcinomas	 (OCCCs)	 (Jones	 et	 al.	

2010),	36%	of	pancreatic	adenocarcinomas	(Birnbaum	et	al.	2011),	35%	of	breast	

cancers	(Cornen	et	al.	2012),	30%	of	endometroid	carcinomas	(Wiegand	et	al.	2010),	

and	29%	of	gastric	cancers	(Wang	et	al.	2011)	harbor	mutations	or	chromosomal	

deletions	in	ARID1A.	These	ARID1A	mutations	occur	across	the	length	of	the	gene,	

and	most	of	them	are	inactivating	alterations	(nonsense	or	frameshift)	that	result	in	

the	loss	of	ARID1A	protein	(Hodges	et	al.	2016).	Thus,	this	shows	a	loss	of	function	

mechanism	of	ARID1A	in	a	broad	spectrum	of	human	cancers.		

	

In	 general,	 tumor	 suppressor	 genes	 can	 be	 categorized	 as	 “caretakers”	 or	

“gatekeepers”	 (Kinzler	 and	 Vogelstein	 1997).	 Gatekeepers	 control	 cellular	

proliferation	 by	 regulating	 the	 cell	 cycle	 or	 promoting	 apoptosis.	 Caretakers	 are	

responsible	 for	maintaining	 the	 integrity	 of	 the	 genome.	 In	 the	 case	 of	 ARID1A,	

different	 functional	 studies	 have	 shown	 a	 dual	 tumor-suppressive	 role	 as	

gatekeeper	 and	 caretaker	 in	 various	 types	 of	 cancer	 (reviewed	 in	 (Wu	 et	 al.	

2014)).	 However,	 other	 researchers	 have	 also	 revealed	 an	 additional	 layer	 of	

complexity	of	ARID1A	in	tumorigenesis:	its	role	as	an	oncogene.	In	2017,	Sun	and	

colleagues	 demonstrated	 the	 oncogenic	 and	 tumor-suppressive	 networks	 of	

ARID1A	in	liver	cancer	(Sun	et	al.	2017).	They	observed	that	ARID1A	behaved	as	an	

oncogene	 during	 tumor	 initiation,	 whereas	 it	 had	 a	 tumor	 suppressor	 capacity	

during	tumor	progression	and	metastasis.	In	addition,	a	previous	study	also	showed	

that	 83%	 of	 hepatocellular	 carcinoma	 (HCC)	 tumors	 presented	 ARID1A	

overexpression	in	comparison	with	adjacent	tissues	(Zhao	et	al.	2016).	In	fact,	Sun	

and	colleagues	 found	that	 the	survival	of	HCC	patients	negatively	correlated	with	
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ARID1A	expression	levels	(Sun	et	al.	2017).	This	dualistic	role	of	ARID1A	was	also	

observed	 in	colorectal	cancer	(Mathur	et	al.	2017).	On	the	one	hand,	Mathur	and	

colleagues	found	that	ARID1A	inactivation	impaired	cellular	growth	in	a	particular	

genetic	context:	Apc-mutant	colorectal	cancer.	On	the	other	hand,	they	discovered	

that,	in	a	model	of	colon	cancer	of	the	hypermutated/microsatellite-instable	(MSI)	

type,	 ARID1A	 loss	 drove	 the	 formation	of	 invasive	 colon	 tumors.	 In	 endometrial	

cancer,	Gibson	and	colleagues	observed	that	primary	tumors	expressed	wild-type	

ARID1A,	 but	 metastatic	 samples	 from	 the	 same	 patient	 harbored	 deleterious	

mutations	in	this	gene	(Gibson	et	al.	2016).		Thus,	this	result	suggested	that	ARID1A	

could	 be	 required	 in	 the	 early	 stages	 of	 endometrial	 cancer.	 Overall,	 the	 role	 of	

ARID1A	in	cancer	is	rather	conflictive	and	requires	a	better	understanding	of	its	

context-specific	functions.	

	

In	 lung	 adenocarcinoma,	 although	 only	 6-8%	 of	 patients	 harbor	 mutations	 in	

ARID1A	(Imielinski	et	al.	2012;	Network	2014),	which	is	a	low	mutation	frequency	

in	comparison	with	other	malignancies,	Bailey	and	colleagues	showed	that	ARID1A	

is	 also	 a	 driver	 gene	 in	 this	 tumor	 type	 (Bailey	 et	 al.	 2018).	 Another	 study	 also	

revealed	 the	 presence	 of	ARID1A	mutations	 in	 the	 plasma	DNA	of	12%	of	 LUAD	

patients	 (Karachaliou	 et	 al.	 2018).	Moreover,	 a	 recent	 analysis	 of	 the	mutational	

status	of	ARID1A	of	an	NSCLC	cohort,	comprised	of	80%	of	lung	adenocarcinomas,	

confirmed	a	tumor	suppressor	profile	of	ARID1A	with	mutations	spread	throughout	

the	gene	and	a	great	proportion	of	 loss-of-function	(LOF)	alterations	(Hung	et	al.	

2020a).	In	addition,	they	observed	that	a	complete	loss	or	a	reduced	ARID1A	protein	

expression	 in	 tumor	 samples	 was	 significantly	 associated	 with	 ARID1A	 LOF	

mutations.	They	also	found	that	ARID1A-mutant	tumors	showed	a	higher	mutational	

burden	than	ARID1A-wild-type	tumors	confirming	the	previously	mentioned	role	of	

ARID1A	as	a	caretaker	to	maintain	genome	stability	(Wu	et	al.	2014).	However,	the	

mutational	status	of	ARID1A	did	not	correlate	with	differences	in	survival	(Hung	et	

al.	2020a).	Instead,	among	ARID1A-mutant	NSCLC	patients,	an	aberrant	expression	

of	 ARID1A	was	 significantly	 associated	with	 decreased	 overall	 survival.	 Another	

article	also	found	that	the	loss	of	ARID1A	expression	was	an	independent	prognostic	

factor	of	shorter	survival	in	NSCLC	(Jang	et	al.	2020).		
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Nevertheless,	only	1-2%	of	NSCLC	show	loss	of	ARID1A	expression	(Hung	et	al.	

2020a;	 Naito	 et	 al.	 2019),	 indicating	 that	 the	majority	 of	 NSCLC	 tumors	 express	

ARID1A.		

	

Given	the	context-dependent	functions	of	ARID1A	in	other	cancer	types,	considering	

ARID1A	 as	 a	 tumor	 suppressor	 gene	 because	 of	 its	 mutational	 profile	 is	 a	

simplification.	Therefore,	there	is	a	need	for	functional	studies	to	elucidate	the	role	

of	ARID1A	in	lung	adenocarcinoma.	
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2) OBJECTIVES	
		

In	 this	 Ph.D.	 thesis,	 our	 aim	was	 to	 provide	 a	 comprehensive	 perspective	 of	 the	

SWI/SNF	complex	 in	LUAD	patients	and	cell	models	and	to	 focus	on	some	of	 the	

open-ended	questions	that	are	currently	in	the	field.	

	

For	that	purpose,	we	set	the	following	objectives:	

	

1. To	study	the	composition	of	the	SWI/SNF	complex	in	lung	epithelial	cells.	

2. To	evaluate	the	mutational	status	of	the	SWI/SNF	complex	in	LUAD.	

a. In	a	cohort	of	70	LUAD	patients.	

b. In	a	panel	of	38	LUAD	cell	lines.	

3. To	study	the	clinical	impact	of	the	mutational	status	of	the	SWI/SNF	complex.	

4. To	characterize	the	expression	profile	of	the	SWI/SNF	subunits.	

a. In	a	cohort	of	70	LUAD	patients.	

b. In	a	panel	of	38	LUAD	cell	lines.	

5. To	 assess	 the	 impact	 of	 the	 SWI/SNF	 catalytic	 subunit	 SMARCA4	 on	 the	

regulation	of	the	non-protein-coding	genome.	

6. To	evaluate	the	role	of	ARID1A,	the	most	mutated	SWI/SNF	subunit,	in	LUAD	

cell	lines.		
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3) MATERIALS	AND	METHODS	
	

3.1.	Cell	culture	
	
3.1.1.	Cell	lines	

	

38	 lung	 adenocarcinoma	 cell	 lines	 (detailed	 in	Annex	 2)	were	 grown	under	 the	

following	 standard	 conditions:	 humidified	 5%	 CO2	 atmosphere	 at	 37	 °C	 in	

Dulbecco’s	modified	Eagle’s	medium	(DMEM)	or	Roswell	Park	Memorial	Institute	

(RPMI)	 1640	 medium	 supplemented	 with	 glutamine,	 10%	 Fetal	 Bovine	 Serum	

(FBS),	and	1%	penicillin/streptomycin/amphotericin.	Normal	bronchial	epithelial	

cells,	NL20,	and	its	tumorigenic	version	NL20-TA	were	grown	in	Ham’s	F12	medium	

with	4%	FBS,	2.0	mM	L-glutamine,	1.5	g/L	sodium	bicarbonate,	2.7	g/L	glucose,	0.1	

mM	 nonessential	 amino	 acids,	 1	 μg/mL	 transferrin,	 5	 μg/mL	 insulin,	 10	 ng/ml	

Epidermal	 Growth	 Factor	 (EGF),	 and	 500	 ng/mL	 hydrocortisone.	 All	 cells	 were	

obtained	 from	 the	 ATCC	 (American	 Type	 Culture	 Collection)	 where	 they	 were	

authenticated	 by	 multiplex	 PCR	 (Polymerase	 Chain	 Reaction)	 of	 minisatellite	

markers.	All	cell	lines	tested	negative	for	mycoplasma	contamination.	

	

3.1.2.	Transfections	
	

A)	For	SMARCA4	restoration	
	

The	A549	LUAD	cell	line	was	transiently	transfected	with	a	plasmid	encoding	the	

isoform	E	of	SMARCA4,	which	is	the	most	abundant	isoform	of	this	protein	in	lung	

(Romero	et	al.	2012).	This	plasmid	was	provided	by	the	authors	of	the	previously	

cited	article.	The	transfections	were	performed	with	Lipofectamine	2000	(Thermo	

Scientific)	 following	the	manufacturer’s	 instructions	and	using	Opti-MEM	(Fisher	

Scientific),	as	a	reduced	serum	medium.	Specifically,	one	million	A549	cells	were	

plated	in	a	100	mm	petri	dish.	After	24	h	of	the	seeding,	they	were	transfected	with	

the	 empty	 vector	 (PCDNA4)	 or	 the	 SMARCA4-plasmid	 (SMARCA4-PCDNA4)	

following	the	protocol	of	Lipofectamine	2000’s	manufacturer.	24	h	later,	complete	

growth	media	was	added	to	the	cells.	At	this	time	point	or	after	48	h,	depending	on	
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the	 study’s	 aims,	 cell	 pellets	 were	 collected	 or	 used	 for	 the	 functional	 assays	

described	below.	

	

B)	For	microRNA	overexpression	
 
Negative	 control	 miRNA	 mimic	 (mirVana®	 miRNA	 mimic	 Negative	 Control	 #	

4464058)	 and	 miR-222	 mimic	 (mirVana®	 miRNA	 mimic	 #4464066)	 were	

purchased	from	Thermo	Scientific.	We	plated	250	000	cells	of	the	A549	cell	line	per	

well	in	a	6	well	plate	and	24	h	later,	the	mimics	(at	a	final	concentration	of	40	nM)	

were	added	to	the	wells	with	Lipofectamine	RNAimax	(Thermo	Scientific)	and	Opti-

MEM	following	the	manufacturer’s	instructions.	After	24	h	of	transfection,	complete	

growth	media	was	added	to	the	cells	and	24	h	 later	(48	h	post-transfection),	cell	

pellets	were	collected	or	used	for	the	functional	assays	described	below.	

	

C)	For	ARID1A	silencing	
	
Two	different	silencing	RNAs	(siRNAs)	were	purchased	from	Thermo	Scientific	to	

inhibit	the	expression	of	ARID1A:	Silencer®	Select	Pre-designed	siRNA	#4392420	

s15784	 (siARID1A#1)	 and	 s15785	 (siARID1A#2).	 A	 nonsense	 scrambled	 RNA	

(#4390843;	Thermo	Scientific)	was	used	as	a	negative	control	(mentioned	as	“SCR”	

in	the	text).	Six	different	cell	lines	(A549,	H2009,	H358,	H1395,	NL20,	and	NL20-TA)	

were	 transfected	 with	 a	 final	 concentration	 of	 40	 nM	 siRNAs	 following	 the	

Lipofectamine	RNAimax’s	protocol.	Specifically,	250	000	A549	cells,	400	000	H2009	

cells,	350	000	H358	cells,	400	000	H1395	cells,	700	000	NL20	cells,	 or	500	000	

NL20-TA	cells	were	plated	per	well	of	6	well	plates.	After	24	h	of	the	seeding,	the	

cells	were	transfected	with	Lipofectamine	RNAimax	and	the	siRNAs.	24	h	later,	the	

growth	media	was	replaced	by	complete	growth	media.	At	this	time	point	or	48	h	

post-transfection,	 cell	 pellets	 were	 collected	 or	 used	 for	 the	 functional	 assays	

described	below.			

	

3.1.3.	Treatments	
	

After	 48	 h	 of	 the	 transfection	 of	 the	 A549	 cell	 line	with	 the	 siRNAs	 specific	 for	

ARID1A	silencing	or	the	negative	control	siRNA,	the	transfected	cells	were	treated	
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with	 doxorubicin	 (provided	 by	 Dr.	 Rosario	 M.	 Sanchez’s	 group)	 or	 etoposide	

(provided	by	Dr.	David	Landeira’s	group)	at	a	final	concentration	of	0.5	μM	and	10	

μM,	respectively.	After	different	incubation	times	with	these	drugs,	cell	pellets	were	

collected	or	cell	viability	was	measured	as	described	in	the	next	section.	

	

3.1.4.	Functional	assays	
	

A)	Cell	viability	assays	
	
Cell	viability	was	measured	by	resazurin	assays	at	different	time	points.	24	h	or	48	

h	 post-transfection,	 1000	 A549	 cells,	 2000	 H2009	 cells,	 2000	 H358	 cells,	 4000	

H1395	cells,	or	5000	cells	of	either	NL20	or	NL20-TA,	were	plated	per	well	in	96	

well	plates.	For	all	the	experiments,	a	time	zero	plate	was	included	to	normalize	the	

seeding	procedure.	For	each	of	the	time	points	evaluated,	the	cells	were	treated	with	

a	 final	 concentration	 of	 0.12	 mM	 resazurin	 sodium	 salt	 (Sigma	 Aldrich)	 and	

incubated	 for	 4	 h	 prior	 to	 the	 addition	 of	 3%	 sodium	 dodecyl	 sulfate	 (SDS).	

Fluorescence	was	measured	in	a	Glomax®	Discover	Multimode	Microplate	Reader	

(Promega)	 (excitation	 fluorescence	 520	 nm	 and	 emission	 fluorescence	 580-640	

nm).	

	

B)	Colony	assays	
	

After	48	h	of	transfection,	clonogenicity	was	evaluated	by	seeding	1000	A549	cells,	

2000	H2009	cells,	2000	H358	cells,	or	4000	cells	of	either	H1395,	NL20,	or	NL20-

TA	 per	 well	 in	 6-well	 plates.	 Fourteen	 days	 later,	 colonies	 were	 stained	 for	 15	

minutes	with	a	solution	of	0.1%	Crystal	Violet,	1%	Formaldehyde,	1%	Methanol,	

PBS,	and	H2O.	Then,	the	plates	were	rinsed	with	tap	water	and	dried.		

	
C)	Apoptosis	assays	

	

Six	 days	 after	 the	 transfection	 of	 the	 A549	 cell	 line	with	 the	 siRNAs	 specific	 for	

ARID1A	silencing	or	the	negative	control	siRNA,	200	000	cells	were	collected.	The	

cell	 pellets	 were	 washed	 twice	 with	 cold	 PBS	 (Phosphate-Buffered	 Saline)	 and	

processed	 following	 the	 protocol	 of	 the	 PE	 Annexin-V	 Apoptosis	 Detection	 Kit	 I	

(#559763,	BD	Biosciences).	The	samples	were	examined	by	flow	cytometry	using	
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BD	FACSCanto	II	 (BD	Biosciences).	The	experiments	were	performed	in	triplicate	

acquiring	a	minimum	of	10	000	events	per	sample.	

	

3.2.	Patients	
	

Lung	adenocarcinoma	patients	were	diagnosed	from	August	2008	to	January	2016.	

The	 inclusion	 criteria	 for	 our	 patients	 required	 the	 following	 information:	 1)	

histological	diagnosis	of	lung	adenocarcinoma,	2)	availability	of	demographic	and	

clinical	data,	3)	availability	of	DNA	and	RNA	samples	for	genomic	and	transcriptomic	

analyses,	and	4)	provision	of	signed	informed	consent.	An	independent	experienced	

pathologist	confirmed	all	diagnoses	with	pathological	examinations.	

	

Our	 patient	 cohort	was	 homogeneous	 and	 no	 statistically	 significant	 differences	

were	 found	 in	 terms	 of	 age,	 sex,	 stage,	 relapse,	 or	 survival	when	 comparing	 the	

different	subgroups.	Patients	included	50	men	and	20	women,	whose	ages	ranged	

from	47.6	to	83.2	years.	This	cohort	had	a	median	age	of	66.1	years	at	the	diagnosis	

of	LUAD,	a	median	time	to	relapse	of	17.4	months,	and	an	overall	survival	of	20.1	

months.	The	main	characteristics	of	these	70	patients	are	shown	in	Table	1.		

	
Table	1:	Clinicopathological	features	of	our	Spanish	LUAD	cohort	and	the	LUAD	cohort	of	The	Cancer	

Genome	Atlas	(TCGA-LUAD	project,	last	updated	October	1,	2019).	

	 Spanish	cohort	(n=70)	 TCGA	(n=522)	
Sex	 	 	

						Male	 20	(28.6%)	 242	(46,4%)	

						Female	 50	(71.4%)	 280	(53,6%)	

Age	 	 	

						<60	years	 30	(42.9%)	 137	(26,2%)	

						>60	years	 40	(57.1%)	 354	(67,8%)	

Stage	 	 	

						Stage	I	 18	(25.7%)	 279	(53,4%)	

						Stage	II	 7	(10%)	 124	(23,6%)	

						Stage	III	 8	(11.4%)	 85	(16.3%)	

						Stage	IV	 1	(1.4%)	 26	(5%)	
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3.3.	DNA	and	RNA	extraction	
	

3.3.1.	From	LUAD	cell	lines	
 
DNA	and	RNA	were	extracted	using	E.Z.N.A.®	Tissue	DNA	kit	 and	TRI	Reagent®	

(Sigma	Aldrich),	respectively.	Cell	pellets	were	collected	at	80%	confluence.	

	
3.3.2.	From	LUAD	patients	

	

DNA	and	RNA	from	70	LUAD	tumors	and	their	paired	normal	adjacent	tissues	were	

obtained	from	the	Basque	Biobank	(www.biobancovasco.org)	and	were	processed	

following	 standard	operating	 procedures.	 The	 study	was	 approved	 by	 the	 Ethics	

Committee	 (CEI	 Granada),	 Department	 of	 Health,	 Government	 of	 Andalucía	 and	

from	the	Basque	Foundation	for	Health	Innovation	and	Research,	Spain.	The	signed	

informed	 consent,	 following	 the	 procedures	 of	 the	 Declaration	 of	 Helsinki	 and	

institutional	and	national	guidelines,	was	obtained	from	all	participants.	

	
3.4.	High-throughput	techniques	
	

3.4.1.	Liquid	chromatography	with	tandem	mass	spectrometry	(LC-MS/MS)	
	

A)	Immunoprecipitation	and	sample	preparation	
	

Lysates	from	NL20	cells	were	prepared	in	RIPA	buffer	(150	mM	NaCl,	1%	NP-40,	

0.5%	 sodium	 deoxycholate,	 0.1%	 SDS	 and	 50	 mM	 Tris-HCl	 pH	 7.5)	 containing	

protease	and	phosphatase	 inhibitors	(0.2	mM	PMSF,	7	mM	OV4,	and	1x	complete	

Mini	 EDTA-free	 Protease	 Inhibitor	 Cocktail	 Tablets).	 5	 mg	 of	 protein	 from	 each	

condition	were	 immunoprecipitated	overnight	at	4	 °C	using	1	μg	antibody	 (Anti-

SMARCA4	(G-7),	sc-17796,	Santa	Cruz	Biotechnology)	per	μg	of	total	protein.	In	each	

experiment,	one	sample	with	an	 irrelevant	antibody	(anti-IgG)	was	 included	as	a	

negative	 control	 of	 nonspecific	 binding.	 Immune	 complexes	 were	 recovered	 by	

adding	200	μL	of	Dynabeads	Protein	G	(#10004D,	Thermo	Scientific)	and	incubating	

the	 samples	 for	 3	 hours	 at	 4	 °C.	 Beads	 were	 washed	 three	 times	 with	 1x	 PBS	

containing	protease	inhibitors.	The	final	elution	was	performed	with	8	M	urea	in	0.1	

M	Tris-HCl	pH	8.		
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Eluates	 were	 processed	 by	 the	 Proteomics	 Unit	 of	 the	 Spanish	 National	 Cancer	

Research	 Center	 (CNIO)	 following	 the	 standard	 Filter	 Aided	 Sample	 Preparation	

(FASP)	protocol.	Proteins	were	reduced	(30	min	incubation	at	Room	Temperature	

RT	 with	 15	 mM	 TCEP	 (Tris-(2-carboxyethyl)-phosphine)),	 alkylated	 (20	 min	

incubation	at	RT	in	the	dark	with	50	mM	CAA	(chloroacetamide)),	and	sequentially	

digested	 with	 the	 lysyl	 endopeptidase	 Lys-C	 (FUJIFILM	 Wako	 Chemical	

Corporation)	 (protein:enzyme	 ratio	 1:50,	 o/n	 at	 RT)	 and	 trypsin	 (Promega)	

(protein:enzyme	ratio	1:100,	6	h	at	37	 °C).	The	 resulting	peptides	were	desalted	

using	C18	stage-tips.	

	

B)	Mass	spectrometry	
	

Liquid	 chromatography	 with	 tandem	 mass	 spectrometry	 (LC-MS/MS)	 was	

performed	by	 the	 Proteomics	Unit	 of	 the	 CNIO.	 They	 coupled	 the	UltiMate	 3000	

HPLC	system	with	a	Q	Exactive	Plus	mass	spectrometer	(Thermo	Scientific).	

	

Peptides	were	loaded	into	a	trap	column	Acclaim™	PepMap™	100	C18	LC	Columns	5	

µm,	20	mm	length)	for	3	min	at	a	flow	rate	of	10	µl/min	in	0.1%	Formic	Acid	(FA).	

Then	peptides	were	transferred	to	an	analytical	column	(PepMap	RSLC	C18	2	µm,	

75	 µm	 x	 50	 cm)	 and	 separated	 using	 a	 90	 min	 linear	 gradient	 (buffer	 A:	 4%	

acetonitrile	(ACN),	0.1%	FA;	buffer	B:	100%	ACN,	0.1%	FA)	at	a	 flow	rate	of	250	

nL/min.	The	gradient	used	was:	0-3	min	4%	B,	5-7.5	min	6%	B,	7.5-60	min	17.5%	B,	

60-72.5	min	21.5%	B,	72.5-80	min	25%	B,	80-94	min	42.5%	B,	94-100	min	98%	B,	

100-104.5	min	4%	B,	105-110	min	0%	B.	The	mass	spectrometer	was	operated	in	a	

data-dependent	mode,	with	an	automatic	switch	between	MS	(350-1400	m/z)	and	

MS/MS	scans	using	a	top	15	method	(intensity	threshold	signal	≥	3.9e4,	z	≥2).	MS	

spectra	were	acquired	in	the	Orbitrap	with	a	resolution	of	70,000	FWHM	(200	m/z)	

and	 MS/MS	 spectra	 with	 a	 resolution	 of	 17,500	 FWHM	 (200	 m/z).	 An	 active	

exclusion	of	40	sec	was	used.	Peptides	were	isolated	using	a	2	Thompson	unit	(Th)	

window	 and	 fragmented	 using	higher-energy	 collisional	 dissociation	 (HCD)	with	

normalized	collision	energy	of	27.	The	ion	target	values	were	3E6	for	MS	(25	ms	max	

injection	time)	and	1E5	for	MS/MS	(90	ms	max	injection	time).	
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C)	Mass	spectrometry	data	analysis	
	

Raw	 files	were	processed	with	MaxQuant	 (v1.6.2.6a)	using	 the	 standard	 settings	

against	 a	 human	 protein	 database	 (UniProtKB/Swiss-Prot,	 20,373	 sequences)	

supplemented	with	contaminants.	Label-free	quantification	was	done	with	match	

between	 runs	 (match	 window	 of	 0.7	 min	 and	 alignment	 window	 of	 20	 min).	

Carbamidomethylation	 of	 cysteines	 was	 set	 as	 a	 fixed	 modification	 whereas	

oxidation	of	methionines	and	protein	N-term	acetylation	as	variable	modifications.	

Minimal	peptide	length	was	set	to	seven	amino	acids	and	a	maximum	of	two	tryptic	

missed-cleavages	were	allowed.	Results	were	filtered	at	0.01	False	Discovery	Rate	

(FDR)	(peptide	and	protein	level).	Then,	the	“proteinGroup.txt”	file	was	loaded	in	

Perseus	(v1.6.0.7)	for	further	statistical	analysis.	Missing	values	were	imputed	from	

the	observed	normal	distribution	of	 intensities.	To	define	potential	 interactors,	 a	

one-sided	 T-test	 was	 performed	 requiring	 at	 least	 two	 LFQ	 (relative	 Label-Free	

Quantification)	valid	values	in	the	“bait”	group,	FDR	<	0.15	and	a	log2	ratio	>	2.	

	
3.4.2.	Deep	sequencing	

	

A)	Gene	capture	and	targeted	sequencing	
	

The	 baits	 for	 the	 gene	 capture	 were	 designed	 using	 the	 NimbleDesign	 software	

(Roche,	v4.0).	The	baits	were	targeted	against	20	SWI/SNF	genes	and	the	top	10	

LUAD	drivers	identified	by	Bailey	and	colleagues	(Bailey	et	al.	2018)	(see	Annex	3).	

We	included	the	known	LUAD	drivers	as	positive	controls.	The	design	spanned	the	

exons	(including	UTRs)	of	all	target	genes.	Each	target	was	padded	by	10	nucleotides	

at	5’	and	3’	in	order	to	ensure	the	inclusion	of	splice	regions.		

	

The	library	preparation	and	gene	capture	protocol	were	performed	by	the	Genomic	

Unit	of	GENYO	(Centre	for	Genomics	and	Oncological	Research:	Pfizer/University	of	

Granada/Andalusian	 Regional	 Government)	 using	 the	 SeqCap	 EZ	 Choice	

Enrichment	kit	(Roche).		

	

300	ng	of	genomic	DNA	were	fragmented	using	a	Covaris	S2	sonicator	yielding	180-

220	base	pair	(bp)	 fragments.	After	end	repair	and	adapter	 ligation,	 the	adapter-
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ligated	 fragments	 were	 amplified	 by	 PCR	 (9	 cycles).	 The	 PCR	 amplicons	 were	

purified	and	the	fragments	with	the	correct	size	were	selected.	DNA	was	denatured	

and	 hybridized	 against	 biotinylated	 probes,	 which	 were	 then	 captured	 using	

streptavidin-bound	magnetic	beads.	The	DNA	bound	to	the	beads	was	isolated	and	

amplified	by	PCR	 (14	cycles).	The	quality	 and	 the	 concentration	of	 the	DNA	was	

evaluated	using	NanoDrop	2000	(Thermo	Scientific)	and	BioAnalyzer	2100	(Agilent	

Technologies).	 The	 paired-end	 sequencing	 was	 performed	 on	 a	 NextSeq	 500	

instrument	(Illumina)	using	a	NextSeq	500/550	Mid	Output	Kit	(Illumina),	2x150	

cycles.	

B)	Deep	sequencing	data	analysis	
	

The	quality	of	the	raw	FASTQ	sequencing	files	was	evaluated	using	FastQC	(v0.11.5,	

http://www.bioinformatics.babraham.ac.uk/projects/fastqc).	 Then,	 the	 adapter	

sequences	were	removed	using	Cutadapt	(Martin	2011)	with	the	following	options:	

-b	 AGATCGGAAGAGC	 -B	 AGATCGGAAGAGC	 –q	 20	 –m	 50.	 After	 trimming	 the	

adapters,	 the	 reads	 were	 aligned	 to	 the	 hg38	 human	 genome	

(http://hgdownload.cse.ucsc.edu/goldenPath/hg38/bigZips)	 using	 BWA-MEM	

(v0.7.13-r1126)	with	the	-M	option.	Afterward,	we	used	Picard	(v2.1.1)	to	convert	

the	SAM	 files	 to	BAM	 format,	 to	 sort	 the	BAM	 files,	 and	 to	mark	 PCR	duplicates.	

Quality	metrics	were	collected	using	Qualimap	(v2.2.1)	(García-Alcalde	et	al.	2012)	

and	MultiQC	(v1.7)	(Ewels	et	al.	2016).	

	

For	the	paired	variant	calling	on	the	27	tumor-normal	matched	samples,	we	used	

Mutect2	(GATK	version	4.1.4.0).	We	generated	a	panel	of	normals	(PoN)	using	the	

sequencing	data	 from	our	27	sequenced	normal	samples,	 including	any	mutation	

found	 in	 at	 least	 one	 normal	 sample	 (`--min-sample-count	 1`	 option	 in	

`CreateSomaticPanelOfNormals`).	 Although	 using	 related	 normal	 samples	 for	 the	

creation	of	the	PoN	is	known	to	introduce	slight	biases	in	the	results,	we	concluded	

that	it	was	a	better	approach	than	using	an	external	PoN	because	our	PoN	was	able	

to	better	 capture	 the	 sequencing	artifacts	 that	were	 specific	 to	our	experimental	

approach.	We	ran	Mutect2	in	paired	mode	using	default	parameters	and	providing	

our	 PoN	 and	 an	 external	 germline	 resource	 from	 gnomAD	 v3	

(https://storage.googleapis.com/gnomad-
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public/release/3.0/vcf/genomes/gnomad.genomes.r3.0.sites.vcf.bgz).	 Then,	 we	

used	`FilterMutectCalls`	with	default	parameters	to	filter	out	false	positive	variants.	

We	merged,	normalized	and	left-aligned	the	mutations	that	passed	the	filters	using	

BCFtools	(HTSlib	version	1.7)	and	we	annotated	the	multi-sample	VCFs	(Variant	Call	

Format)	 using	 ANNOVAR	 (version	 2017-07-17)	 with	 the	 following	 databases:	

ensGene	 (v20170912),	 1000g2015aug_all,	 exac03,	 avsnp150	 and	 dbnsfp33a.	

Variants	 with	 a	 minor	 allele	 frequency	 ≥	 0.01	 in	 1000	 Genomes	 or	 ExAc	 were	

excluded.	We	also	excluded	synonymous	mutations	and	non-coding	mutations.	

	

For	the	non-paired	mutational	analysis,	we	combined	two	approaches:		

	

I. In	 our	 first	 approach,	 we	 used	 BCFtools	 applying	 the	 following	 filters:	

individual	variant	QUAL	≥	20	and	either	 total	coverage	≥	8	or	≥	5	mutant	

reads.	We	also	flagged	as	‘LowFreq’	the	mutations	that	had	a	mutant	allele	

frequency	below	20%:	

```	

bcftools	mpileup	-f	hg38.fa	-R	primary_targets.bed	-q	1	-Q	13	-a	

‘FORMAT/AD’	-Ou	${bam}	|	bcftools	call	-vmO	z	|	bcftools	filter	-e	

“%QUAL<20	|	((FMT/AD[0:0]+FMT/AD[0:1])<8	&	FMT/AD[0:1]<5)”	-s	

“LowQual”	-O	u	|	bcftools	filter	-e	

“FMT/AD[0:1]/(FMT/AD[0:0]+FMT/AD[0:1])<0.2”	-s	“LowFreq”	-m	+	-O	u	|	

bcftools	sort	-O	z	>	${out}.vcf.gz	

```	

We	merged	and	annotated	the	resulting	VCFs	files	as	described	in	the	paired-

analysis.	Then,	we	filtered	out	the	following	mutations:	those	present	in	any	

of	our	27	normal	samples,	those	with	frequencies	above	0.01	in	ExAc	or	1000	

Genomes	 Project,	 those	 that	 overlapped	 with	 simple	 repeats	 or	 low	

complexity	 regions	 according	 to	 RepeatMasker	 (downloaded	 from	

http://hgdownload.cse.ucsc.edu/goldenpath/hg38/database/rmsk.txt.gz),	

and	those	that	were	synonymous	or	non-coding	mutations.	
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II. In	our	second	approach,	we	applied	Mutect2	(GATK	version	4.1.4.0)	in	non-

paired	mode	using	default	parameters,	our	in-house	PoN,	and	gnomAD	v3	as	

a	germline	resource.		

	

We	compared	our	two	approaches	for	the	non-paired	analyses	and	we	individually	

evaluated	the	discrepancies	between	the	two	pipelines	using	Integrative	Genomics	

Viewer	(v2.3.94)	and	public	databases	(see	Annex	4).	We	decided	to	combine	the	

results	 from	 the	 BCFtools	 analysis	 with	 manually	 ‘rescued’	 mutations	 from	 the	

Mutect2	approach	after	a	careful	inspection	of	the	Mutect2-exclusive	mutations.	We	

flagged	such	mutations	as	‘Mutect2’.	

	
3.4.3.	MicroRNA	Sequencing	(miRNA-Seq)	

	

A)	Library	preparation	and	sequencing	
	

After	48	h	of	 the	 transfection	of	 the	A549	cell	 line	with	 the	empty	vector	or	 the	

SMARCA4-plasmid	 (explained	 in	 Section	 3.1.2),	 the	 cells	 from	 three	 biological	

replicates	were	 collected.	Their	 total	RNA	was	extracted	using	 the	mirVana	RNA	

Isolation	Kit	(Thermo	Scientific).	RNA	concentration	and	quality	were	analyzed	by	

NanoDrop	2000	(Thermo	Scientific)	and	Bioanalyzer	2100	(Agilent	Technologies),	

respectively.	The	Genomic	Unit	of	GENYO	used	Illumina	TruSeq®	Small	RNA	Library	

Prep	Kit	(Illumina)	to	generate	sequencing	libraries	 following	the	manufacturer's	

instructions.	Specifically,	1	µg	of	RNA	was	the	input	for	the	library	preparation.	RNA	

samples	were	barcoded	 to	allow	pooling	of	 samples	and	 they	were	 size-selected	

using	acrylamide	gel	electrophoresis.	Sequencing	was	carried	out	on	a	NextSeq	500	

System	using	 a	NextSeq	 500/550	High-Output	Kit	 v2.5	 (75	 cycles),	 obtaining	 an	

average	of	3	million	reads	per	sample.	

	
B)	miRNA-Seq	analysis	

	
miRNA-Seq	data	analysis	was	performed	using	the	QuickMIRSeq	suite	(Zhao	et	al.	

2017).	Briefly,	raw	sequences	were	trimmed	to	remove	adapter	sequences	at	the	3'	

ends.	Reads	shorter	than	15	nucleotides	(nt)	and	larger	than	28	nt	after	trimming	

were	discarded	to	select	those	sequences	more	likely	to	map	against	miRNAs.	Reads	

were	aligned	to	the	human	reference	genome	GRCh38.	We	normalized	the	miRNA	
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raw	 counts	 with	 the	 trimmed	mean	 of	 M	 values	 (TMM)	method	 (Robinson	 and	

Oshlack	 2010)	 implemented	 in	 the	 edgeR	 R	 package	 (Robinson	 et	 al.	 2010).	

Differential	expression	analysis	was	performed	with	the	DESeq2	R	package	(Love	et	

al.	2014).	We	considered	as	significantly	differentially	expressed	miRNAs	those	with	

an	FDR	corrected	p-value	<	0.05	and	an	absolute	 log2	Fold-Change	>	1.	We	used	

pheatmap	 and	 EnhancedVolcano	 R	 packages	 for	 generating	 the	 heatmap	 and	

volcano	plot	respectively.	

	

C)	Pathway	analysis	
	

The	functional	relevance	of	the	differentially	expressed	microRNAs	upon	SMARCA4	

restoration	 was	 assessed	 with	 DIANA-miRPath	 v3.0	 (Vlachos	 et	 al.	 2015).	 This	

online	 software	 combines	 the	 experimentally	 validated	 miRNA	 targets	 of	 the	

DIANA-TarBase	platform	(Karagkouni	et	al.	2018)	with	enrichment	analyses	in	Gene	

Ontology	(GO)	and	Kyoto	Encyclopedia	of	Genes	and	Genomes	(KEGG).	

	

3.4.4.	Messenger	RNA	Sequencing	(mRNA-Seq)	
	

A)	Library	preparation	and	sequencing	
	

Total	RNA	from	three	biological	replicates	of	transfected	A549	cells	(after	6	days	of	

silencing	 ARDI1A)	 was	 extracted	 using	 Direct-zol	 RNA	 Kit	 (Zymo)	 following	

manufacturer’s	 instructions.	 Concentration	 and	 quality	 of	 extracted	 RNA	 were	

measured	 using	 the	 Qubit	 4	 Fluorometer	 (Thermo	 Scientific)	 and	 the	 2100	

Bioanalyzer	 Instrument	 (Agilent	 Technologies).	 The	 Genomic	 Unit	 of	 GENYO	

prepared	the	 libraries	with	1	μg	of	RNA	and	the	TruSeq	Stranded	mRNA	Library	

Prep	Kit	 (Illumina)	 following	 the	manufacturer’s	protocol.	Adapters	and	 samples	

codes	 (index-barcodes)	 were	 also	 added	 to	 the	 libraries	 to	 allow	 simultaneous	

sequencing.	mRNA	libraries	were	sequenced	on	the	NextSeq	500	system	(Illumina)	

using	the	highest	output	mode	and	paired-end	75	bp	read	lengths	with	a	depth	of	15	

million	reads	for	each	sample.	

	

B)	mRNA-Seq	analysis	
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Quality	of	the	raw	FASTQ	files	was	assessed	using	FastQC	(v0.11.8).	If	present,	the	

76th	 nucleotide	 of	 the	 reads	 was	 trimmed	 using	 bbduk	 (BBMap	 version	 35.85,	

“ftr=74”	 option).	 The	 sequencing	 reads	 were	 aligned	 to	 the	 reference	 human	

genome	(GRCh38.d1.vd1,	downloaded	from	

	https://api.gdc.cancer.gov/data/254f697d-310d-4d7d-a27b-27fbf767a834)	using	

STAR	(v2.6.1b)	 in	“--twopassMode	Basic”	mode.	The	“--sjdbOverhang”	parameter	

was	set	to	75	and	all	other	parameters	were	set	according	to	the	GDC	mRNA	Analysis	

Pipeline	

(https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/Expression_mRNA_Pi

peline).	 The	 GENCODE	 v29	 GTF	 file	 was	 used	 as	 an	 annotation	 reference	

(downloaded	from	

ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_29/gencode.

v29.annotation.gtf.gz).	 Coordinate-sorted	 BAM	 files	 were	 obtained.	 QualiMap	

(v2.2.1)	was	used	to	estimate	the	quality	of	the	aligned	files.	Read	counts	per	gene	

were	 obtained	 using	 htseq-count	 (v0.11.2)	 with	 the	 following	 options:	 “–m	

intersection-nonempty	–f	bam	–t	exon	–i	gene_id	–r	pos	–s	reverse”.	

	

The	 differential	 expression	 analysis	was	 performed	 using	 the	 R	 package	 ‘edgeR’	

(Bioconductor	version	3.8;	R	version	3.5.3).	Genes	that	did	not	have	more	than	5	

reads	in	at	least	2	samples,	assuming	a	library	size	of	~30x2	million	mapped	reads,	

were	filtered	out.		Then,	data	were	normalized	using	the	TMM	method.	Differential	

expression	 analyses	 between	 siARID1A-treated	 and	 SCR-control	 conditions	were	

performed	 using	 edgeR’s	 estimateDisp(robust	 =	 TRUE),	 followed	 by	

glmQLFit(robust	 =	 TRUE)	 and	 glmQLFTest().	 The	 thresholds	 for	 statistical	 and	

biological	significance	were	set	at	FDR	<	0.05	and	absolute	(fold	change)	>	1.5.	
 

C)	Pathway	analysis	
	

Gene	set	enrichment	analyses	(GSEA)	were	performed	using	the	GSEA	Java	desktop	

application	 (https://www.gsea-msigdb.org/gsea/index.jsp)	 with	 default	 settings.	

Genes	were	pre-ranked	using	a	“π-score”,	which	combines	the	information	from	the	

effect	size	and	the	FDR	(Xiao	et	al.	2014).	All	MSigDB	gene	set	collections	(H,	C1-C7)	

were	tested.	
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3.5.	Bioinformatic	analyses	
	

3.5.1.	In	silico	study	of	the	SWI/SNF	complex	
	
A)	In	LUAD	cell	lines	

	

We	downloaded	the	merged	mutation	calls	from	the	Cancer	Cell	Line	Encyclopedia	

(CCLE,	https://portals.broadinstitute.org/ccle/data,	last	updated	July	18,	2018).	We	

converted	 the	 genomic	 coordinates	 of	 the	 mutations	 from	 hg19	 to	 hg38	 using	

liftOver	in	R	(version	3.5.2,	Bioconductor	version	3.8).	We	analyzed	the	presence	of	

those	 mutations	 in	 the	 sequencing	 files	 of	 our	 cell	 lines	 using	 the	 Integrative	

Genomics	Viewer	(IGV)	(Robinson	et	al.	2011).		

	

B)	In	LUAD	patients	
	

Mutation,	gene	expression,	and	clinical	data	of	LUAD	patients	were	obtained	from	

The	Cancer	Genome	Atlas	(TCGA-LUAD	project,	last	updated	October	1,	2019).	We	

used	the	R	packages	‘TCGAbiolinks’	(v2.12.3,	R	version	3.6.1)	and	‘cgdsr’	(v1.3.0,	R	

version	3.6.1).	For	the	mutation	data,	we	chose	the	variant	calls	from	the	Mutect2	

pipeline	(N	=	567	patients)	and	we	restricted	the	analysis	to	the	following	mutation	

types:	 missense_variant,	 stop_gained,	 frameshift_variant,	 splice_acceptor_variant,	

splice_donor_variant,	inframe_insertion,	inframe_deletion,	start_lost,	and	stop_lost.		

	

Tumor	mutation	burden	(TMB)	estimates	for	the	TCGA-LUAD	cohort	were	predicted	

by	 Hoadley	 et	 al	 (Hoadley	 et	 al.	 2018)	 and	 they	 were	 downloaded	 from	

https://gdc.cancer.gov/about-data/publications/PanCan-CellOfOrigin,	 file	

"mutation-load-updated.txt".	The	rate	of	non-silent	mutations	per	Mb	was	used	as	

the	TMB	value.	Values	of	TMB	=	0	were	assumed	to	be	errors,	and	therefore,	they	

were	excluded	from	the	analysis.	

	
C)	Evaluation	of	the	functional	impact	of	missense	mutations	

	

To	predict	the	functional	impact	of	missense	mutations,	the	SIFT	algorithm	(Sim	et	

al.	2012)	was	used	(integrated	in	Ensembl	VEP	95)	for	both	our	mutational	data	(of	

LUAD	 cell	 lines	 and	 primary	 tumors)	 and	 TCGA-LUAD	 mutations.	 Only	 one	
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consequence	 per	 variant	 allele	 was	 kept.	 We	 considered	 ‘possibly	 damaging’	

mutations	 as	 ‘damaging’,	 and	 ‘possibly	 tolerated’	 mutations	 as	 ‘tolerated’.	 If	 a	

variant	originally	annotated	as	‘missense’	affected	an	isoform	that	was	missing	in	

the	newer	Ensembl	95,	we	assumed	that	it	was	‘tolerated’.	

	

3.5.2.	Three-dimensional	organization	and	interaction	study	
	

The	data	of	high-throughput	chromosome	conformation	capture	(Hi-C),	chromatin	

interaction	 analysis	 by	 paired-end	 tag	 sequencing	 (ChIA-PET),	 and	 topologically	

associating	domains	(TAD)	were	obtained	from	the	Encyclopedia	of	DNA	Elements:	

ENCODE	 (https://www.encodeproject.org,	 v111).	The	 IDs	of	 the	TADs	 files	were	

ENCFF336WPU	 (for	 the	A549	 cell	 line)	 and	ENCFF307RGV	 (for	 the	 normal	 lung	

fibroblast	 cell	 line	 IMR-90).	The	 IDs	of	CTCF	ChIA-PET	 files	were	ENCFF269OED	

(A549,	 rep1),	 ENCFF561KUX	 (A549,	 rep2),	 ENCFF371UFY	 (IMR-90,	 rep1),	 and	

ENCFF746ZQV	(IMR-90,	rep2).	All	genomic	coordinates	were	represented	in	hg38.	

TAD	coordinates	were	converted	from	hg19	to	hg38	using	UCSC	liftOver.	

	

3.5.3.	In	silico	study	of	ARID1A	in	LUAD	patients	
	

ARID1A	 mRNA	 expression	 data	 from	 LUAD	 patients	 was	 obtained	 from	 GEPIA2	

(Gene	Expression	Profiling	Interactive	Analysis)	(Tang	et	al.	2019).	Tumor	values	

corresponded	to	the	TCGA-LUAD	cohort	and	normal	values	were	a	combination	of	

the	normal	samples	of	TCGA	and	GTEx	(Genotype-Tissue	Expression)	databases.		

	

Protein	 expression	 data	 of	 ARID1A	 were	 retrieved	 from	 the	 analysis	 of	 LUAD	

patients	performed	by	Gillette	and	colleagues	(Gillette	et	al.	2020)	(see	Table	S3D	of	

the	cited	publication).	Paired	t-tests	were	performed	with	these	data.	

	

3.6.	Real-time	quantitative	polymerase	chain	reaction	(RT-qPCR)	
	

3.6.1.	For	detection	of	protein-coding-RNAs	
	

1-2	μg	of	 total	RNA	were	used	 to	prepare	 cDNA	 (complementary	DNA)	with	 the	

RevertAid	 RT	 Kit	 (Thermo	 Scientific).	 Real-time	 quantitative	 PCR	 (RT-qPCR)	
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reactions	followed	KAPA	SYBR®	FAST	qPCR	Master	Mix	recommendations.	The	RT-

qPCRs	 performed	 to	 profile	 the	 expression	 of	 the	 SWI/SNF	 complex	 in	 LUAD	

primary	 tumors	 and	 cell	 lines	were	 optimized	 using	 the	 7900HT	Real-Time	PCR	

System	with	its	adaptor	for	384	well-plates	(Applied	Biosystems).	For	the	functional	

assays	of	SMARCA4	and	ARID1A,	the	RT-qPCRs	were	performed	with	QuantStudio™	

3	(Thermo	Scientific).	Relative	expression	was	calculated	using	GAPDH	as	reference	

gene	 and	 applying	 the	 ΔΔCt	 method.	 Primers	 for	 each	 gene	 are	 shown	 in	

Supplementary	Table	5	and	Supplementary	Table	7	of	Annex	5.	All	experiments	

were	carried	out	in	triplicate.	

	

3.6.2.	For	detection	of	miRNAs	
	

2	 µg	 of	 RNA	 were	 polyadenylated	 with	 Poly(A)	 Polymerase	 Tailing	 Kit	

(Lucigen/Epicentre)	following	the	manufacturer's	protocol.	The	cDNA	was	obtained	

with	 the	 RevertAid	 RT	 Kit	 (Thermo	 Scientific)	 and	 a	 polyT-adapter	 (see	

Supplementary	Table	 6	 of	Annex	5).	 RT-qPCR	 reactions	 followed	KAPA	 SYBR®	

FAST	 qPCR	Master	Mix	 (Merck)	 recommendations	 including	 a	 universal-reverse	

primer	in	the	mix	(Supplementary	Table	6	of	Annex	5).	RT-qPCR	was	optimized	

using	QuantStudio™	3	(Thermo	Scientific).	Relative	expression	was	calculated	using	

U6	as	a	reference	gene	and	applying	the	ΔΔCt	method.	The	experiments	were	carried	

out	in	triplicate.	

	

3.7.	Protein	techniques	
	

3.7.1.	Western	Blot	
	

Total	protein	was	extracted	from	cell	pellets	lysed	with	RIPA	buffer	(150	mM	NaCl,	

1%	 NP-40,	 0.5%	 sodium	 deoxycholate,	 0.1%	 SDS,	 and	 50	 mM	 Tris-HCl	 pH	 7.5)	

supplemented	 with	 the	 following	 protease	 and	 phosphatase	 inhibitors:	 0.2	 mM	

PMSF,	 7	 mM	 OV4	 and	 1x	 complete	 Mini	 EDTA-free	 Protease	 Inhibitor	 Cocktail	

Tablets	 (Thermo	 Scientific).	 For	 cellular	 fractionation,	 one	 million	 of	 cells	 were	

subjected	to	the	protocol	described	by	Beringer	et	al	(Beringer	et	al.	2016).	Protein	

concentration	was	measured	using	the	Bradford	method	(PanReac	AppliChem).	20-

50	 μg	 of	 protein	 were	 separated	 by	 SDS-PAGE	 (sodium	 dodecyl	 sulfate	



MATERIALS	AND	METHODS	 66	

polyacrylamide	 gel	 electrophoresis)	 and	 transferred	 to	 PVDF	 (polyvinylidene	

difluoride)	membranes.	After	an	incubation	of	an	hour	with	blocking	solution	(PBS	

containing	5%	nonfat	dry	milk	and	0.1%	Tween),	the	membranes	were	incubated	

overnight	with	 the	primary	antibodies	detailed	 in	Table	2.	Next,	 the	membranes	

were	incubated	with	the	following	secondary	antibodies	purchased	from	Dako:	anti-

rabbit	HRP	 (#P0448,	 1:2000),	 anti-mouse	HRP	 (#P0447,	 1:1000);	 anti-goat	HRP	

(#P0449,	1:1000).	The	targeted	protein	bands	were	visualized	using	the	reagents	

Clarity™	Western	 ECL	 Substrate	 (BioRad)	 or	 SuperSignal™	West	 Femto	 (Thermo	

Scientific)	 and	 measured	 by	 ImageQuant	 LAS4000	 (GE	 Healthcare).	 Band	

quantification	was	carried	out	with	ImageJ.	

	
Table	2:	List	of	primary	antibodies	used	for	the	different	objectives	of	this	Ph.D.	Thesis.	

Protein	 Supplier	 Reference	 Dilution	

ARID1A	 Cell	Signaling	Technology	 #12354	 1:500	

ARID1B	 Abcam	 ab57461	 1:500	

ARID2	 Santa	Cruz	Biotechnology	 sc-166117	 1:500	

β-ACTIN	(ACTB)	 Sigma	Aldrich	 A5441	 1:10	000	

CASPASE	3	 Cell	Signaling	Technology	 #9662	 1:500	

Cleaved	CASPASE	3	 Cell	Signaling	Technology	 #9661	 1:500	

γ-H2AX	 Cell	Signaling	Technology	 #9718	 1:500	

LAMIN	B	 Santa	Cruz	Biotechnology	 sc-6216	 1:1000	

c-MYC	 Santa	Cruz	Biotechnology	 sc-40	 1:500	

PARP-1	 Santa	Cruz	Biotechnology	 sc-8007	 1:100	

SMARCA4	 Santa	Cruz	Biotechnology	 sc-17796	 1:500	

SMARCA2	 Cell	Signaling	Technology	 #11966	 1:1000	

SMARCC1	 Cell	Signaling	Technology	 #11956	 1:1000	

⍺-TUBULIN	 Santa	Cruz	Biotechnology	 sc-23948	 1:3000	

 
3.7.2.	Immunoprecipitation	(IP)	

	
Total	protein	from	transfected	A549	cells	with	the	empty	vector	or	the	SMARCA4-

plasmid	was	extracted	as	detailed	in	the	previous	section.	500	μg	of	total	protein	

were	immunoprecipitated	overnight	at	4	°C	using	2	μg	of	Anti-SMARCA4	(sc-17796,	

Santa	Cruz	Biotechnology)	or	a	1:50	dilution	of	either	Anti-SMARCA2	(#11966,	Cell	

Signaling)	 or	 Anti-SMARCC1	 (#11956,	 Cell	 Signaling).	 In	 each	 experiment,	 an	

irrelevant	 antibody	 (anti-IgG-rabbit,	 #12-370,	 Merck;	 anti-IgG-mouse,	 #12-371,	
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Merck)	was	included	as	a	negative	control	for	nonspecific	binding,	and	an	input	of	

5%	of	the	total	protein	was	saved.	Immune	complexes	were	recovered	by	adding	

Dynabeads	Protein	G	(#10004D,	Thermo	Scientific)	and	incubating	the	samples	for	

3	hours	at	4°C.	Beads	were	washed	three	times	with	1x	PBS	containing	protease	

inhibitors.	Final	elution	was	performed	in	50	μL	of	2x	Loading	Buffer	(0.1	M	Tris-

HCl	 pH	6.8,	 4%	 SDS,	 0.2%	bromophenol	 blue,	 200	mM	DTT,	 and	 20%	glycerol).	

Samples	were	denatured	by	heating	at	95°C	for	10	minutes	before	performing	the	

SDS-PAGE.	

	
3.8.	Chromatin	Immunoprecipitation	(ChIP)	
 

3.8.1.	ChIP-qPCR	
	
ChIP	assays	for	SMARCA4	and	SMARCA2	were	performed	following	the	protocol	of	

Asenjo	H.	et	al	(Asenjo	et	al.	2020)	with	minor	modifications.	After	the	transfection	

with	the	empty	vector	or	 the	SMARCA4-plasmid,	 two	million	of	 transfected	A549	

cells	 at	 different	 time	 points	 were	 used	 for	 this	 protocol.	 Bioruptor®	 Sonicator	

(Diagenode)	was	set	to	sonicate	the	cells	for	35	cycles	45	sec	ON,	15	sec	OFF.	1	μg	of	

the	antibody	of	SMARCA4	(ab11064,	Abcam)	or	a	1:100	dilution	of	the	antibody	of	

SMARCA2	 (#11966,	Cell	Signaling	Technology)	were	used	per	million	of	 cells	 for	

immunoprecipitation.	For	each	condition,	a	control	of	nonspecific	binding	(anti-IgG-

mouse,	#12-371,	Merck;	or	anti-IgG-rabbit,	#12-370,	Merck)	was	 included	at	 the	

same	amounts	as	the	SMARCA4	or	SMARCA2	antibodies.	Eluted	DNA	was	quantified	

with	a	Qubit™	dsDNA	HS	(High	Sensitivity)	Assay	Kit	(Thermo	Scientific).	0.1	ng	of	

DNA	were	used	for	measuring	absolute	levels	of	binding	to	the	enhancer	of	miR-222	

with	 the	 following	 primers:	miR-222-enhancer-FW:	 5’-GAGGCAACTCACTTGCC-3’,	

miR-222-enhancer-RV:	 5’-CCTGCTTCACCTTGTAAATTC-3’.	 The	 reactions	 were	

performed	using	a	KAPA	SYBR®	FAST	qPCR	Master	Mix	(Merck)	in	a	QuantStudio™	

3	 system	 (Thermo	 Scientific)	 following	 manufacturer’s	 instructions.	 Fold	

enrichment	was	calculated	relative	to	IgG	controls.		

	
3.8.2.	Public	ChIP-Sequencing	(ChIP-Seq)	data	

	

The	 following	 NCBI	 Gene	 Expression	 Omnibus	 (GEO)	 accession	 numbers	

correspond	to	the	data	used	for	analyzing	the	histone	mark	profile	in	the	A549	cell	
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line:	 H3K4me3	 (GSE91218),	 H3K27ac	 (GSE91337),	 and	 H3K4me1	 (GSE91306).	

These	data	were	generated	by	the	ENCODE	project	(Davis	et	al.	2018).	

	

3.9.	Statistical	analyses	
	

3.9.1.	Of	the	study	of	the	SWI/SNF	complex	in	LUAD	patients	
	

All	statistical	analyses	of	the	study	of	the	SWI/SNF	complex	in	LUAD	patients	were	

performed	 using	 R	 (version	 3.6.1).	 Normality	 of	 the	 data	 was	 assessed	 using	

quantile-quantile	plots	and	data	transformations	and	statistical	tests	were	chosen	

accordingly.		

	

Co-occurrence	 or	 mutual	 exclusion	 of	 mutations	 in	 gene	 pairs	 was	 analyzed	 by	

Fisher’s	 exact	 tests	 and	 p	 values	 were	 adjusted	 for	 multiple	 testing	 using	 the	

Benjamini-Hochberg	method.		

	

Univariate	and	stepwise	multivariate	Cox	Proportional-Hazards	regressions	were	

performed	with	 the	R	 packages	 ‘survival’	 (v2.44-1-1)	 and	 ‘My.stepwise’	 (v0.1.0).	

These	R	packages	used	the	TCGA-LUAD	mutation	data	of	20	SWI/SNF	genes	and	the	

top	10	LUAD	driver	genes,	as	well	as	clinical	covariates	(age	at	diagnosis,	gender,	

and	 tumor	 stage).	 We	 considered	 mutations	 on	 SWI/SNF	 genes	 as	 one	 binary	

variable	that	classifies	patients	in	those	with	at	least	one	mutated	SWI/SNF	subunit	

and	those	with	wild	type	SWI/SNF.	Only	variables	significant	at	p	<	0.2	were	selected	

for	the	stepwise	multivariate	analysis.	Kaplan-Meier	curves	were	drawn	with	the	R	

package	‘survminer’	(v0.4.6)	and	compared	with	the	log-rank	test.	

	
3.9.2.	Of	in	vitro	studies	

	
Normality	of	the	data	was	addressed	by	the	Shapiro-Wilk	test.	Two-tailed	Student’s	

t-tests	 were	 applied	 for	 normally	 distributed	 data.	 Differences	 were	 considered	

significant	at	p-value < 0.05.	Results	were	expressed	as	mean ± SD	of	at	least	three	

different	biological	replicates.	

	

To	test	differences	in	cell	growth	rate	of	the	combined	treatment	of	silencing	ARID1A	

and	genotoxic	drugs,	we	first	fit	the	following	linear	model	to	the	data:	



MATERIALS	AND	METHODS	69	

"#$%(') = 	+, + +. · 0 +	+% · 012 + +3 · 0 · 012 + +4 · 156 + 78 
	

Where	'	is	the	signal	from	the	cell	viability	assay,	0	is	time	(in	hours;	t	=	0	is	the	start	

of	the	experiment),	012	is	the	treatment,	and	156	is	the	replicate.	To	account	for	the	

heteroscedasticity	of	the	data,	variance	was	modeled	as:	

9:1(78) = ;% · (<. + 0=>)%	

	

The	model	was	fit	using	the gls(method = “REML”) function	from	the nlme	R	

package.	Pairwise	differences	in	the	cell	growth	rates	over	time (+3 in	the	model)	

between	the	conditions	of	interest	were	tested	using	the emmeans() function	from	

the emmeans R	package,	followed	by pairs() and	correction	of	the	p	values	by	

the	Holm	method.		

	

3.10.	Data	availability	
	

3.10.1.	Mass	spectrometry	data	
	
The	 mass	 spectrometry	 proteomics	 data	 have	 been	 deposited	 to	 the	

ProteomeXchange	Consortium	via	 the	PRIDE	partner	 repository	with	 the	dataset	

identifier	PXD017397.	
 

3.10.2.	DNA	sequencing	data	of	LUAD	cell	lines	
	

Cell	 line	 DNA	 sequencing	 data	 has	 been	 uploaded	 to	 the	 European	 Nucleotide	

Archive	(ENA)	under	the	accession	PRJEB40655.	

	

3.10.3.	DNA	sequencing	data	of	LUAD	patients	
	

Human	DNA	sequencing	data	has	been	uploaded	to	the	European	Genome-phenome	

Archive	(EGA)	under	the	accession	EGAD00001005930.		

	
3.10.4.	miRNA-Seq	data	of	the	cellular	model	of	SMARCA4	restoration	

	

Raw	 and	 processed	 miRNA-Seq	 data	 is	 publicly	 available	 at	 the	 GEO	 repository	

(GSE167140).
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4) RESULTS	
	

4.1.	Chapter	I:	Characterization	of	the	SWI/SNF	complex	in	LUAD	
	

4.1.1.	Composition	of	the	SWI/SNF	complex	in	lung	epithelial	cells	
	
The	first	objective	of	this	Ph.D.	thesis	was	to	identify	which	subunits	constitute	the	

SWI/SNF	 complex	 in	 lung	 epithelial	 cells.	 For	 this	 purpose,	 we	 performed	 an	

endogenous	immunoprecipitation	(IP)	of	SMARCA4,	one	of	the	catalytic	subunits	of	

the	SWI/SNF	complex	that	is	present	in	all	the	SWI/SNF	complex	subtypes.	We	used	

the	NL20,	a	non-tumorigenic	bronchial	epithelial	cell	line,	as	our	model	of	study.	The	

IP	 was	 followed	 by	 an	 analysis	 of	 liquid	 chromatography-tandem	 mass	

spectrometry/mass	 spectrometry	 (LC-MS/MS).	 In	 this	 proteomic	 analysis,	 we	

identified	proteins	that	belong	to	one	of	the	three	human	SWI/SNF	complexes:	BAF,	

PBAF,	and	ncBAF.	In	total,	we	detected	twenty	SWI/SNF	subunits	that	were	pulled	

down	along	with	SMARCA4	(Fig.	9A,	see	Annex	6).	From	now	on,	we	will	refer	to	the	

SWI/SNF	 subunits	 found	 in	 this	 immunoprecipitation,	 plus	 SMARCA4	 and	

SMARCA2,	which	are	the	two	catalytic	subunits	of	this	complex,	as	“lung	SWI/SNF	

subunits”.	We	restricted	the	rest	of	the	analyses	to	these	subunits.	With	this	study,	

we	 noted	 that	 the	 following	 nine	 known	 SWI/SNF	 subunits	 did	 not	

immunoprecipitate	 in	 our	 lung	 cellular	 model:	 ACTB,	 ACTL6B,	 BCL7B,	 BCL11A,	

BCL11B,	 BICRAL	 (GLTSCR1L),	 DPF1,	 SS18,	 and	 SS18L1.	 We	 were	 particularly	

intrigued	 by	 the	 absence	 of	 ACTB,	 which	 has	 always	 been	 depicted	 as	 a	 stable	

member	 of	 all	 SWI/SNF	 complexes	 described	 so	 far	 (reviewed	 in	 (Kadoch	 and	

Crabtree	 2015)).	We	 validated	 the	 absence	 of	 ACTB	 by	 an	 immunoprecipitation	

followed	by	a	Western	blot	analysis	(Fig.	9B).	Moreover,	we	observed	that	other	

actins	(ACTA1,	ACTA2,	ACTC1,	and	ACTC2)	interacted	with	SMARCA4	in	our	normal	

lung	epithelial	cell	model,	according	to	our	LC-MS/MS	data	(Annex	6).	These	results	

support	a	 change	of	 the	SWI/SNF	 interactome	 in	 lung	 tissue	 in	 comparison	with	

other	cellular	models	previously	analyzed.	

	
4.1.2.	More	than	40%	of	LUAD	patients	harbor	mutations	in	lung	SWI/SNF	

subunits	
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To	 examine	 the	mutational	 status	 of	 the	 lung	 SWI/SNF	 subunits,	 we	 performed	

targeted	DNA	sequencing	in	70	LUAD	primary	tumor	samples	and	27	paired	normal	

adjacent	 tissue	samples.	We	restricted	this	analysis	 to	20	 lung	SWI/SNF	subunits	

with	good	quality	sequencing	results	(see	Annex	3).	Using	a	gene-targeting	protocol,	

we	achieved	a	median	coverage	of	142X	(Interquartile	Range	(IQR)	=	121X-160X)	

with	a	median	of	~400,000	reads	per	sample	spanning	~269	kb.	A	median	sample	

had	≥50X	coverage	in	~81%	of	the	target	nucleotides.	For	the	analysis	of	somatic	

point	 mutations	 and	 short	 indels,	 we	 combined	 several	 paired	 and	 non-paired	

pipelines	 to	minimize	 false	positives	while	 retaining	 true	 somatic	mutations	 (see	

Materials	and	Methods	and	Annex	4).	
	

	
 
Figure	9:	SWI/SNF	interactome	in	lung	epithelial	cells.	(A)	Protein-protein	interactions	in	NL20	

after	SMARCA4	IP.	SWI/SNF	subunits	are	depicted	in	red.	Non-SWI/SNF	subunits	are	shown	in	gray.	

Color	 intensity	 is	 correlated	 with	 the	 number	 of	 peptides	 found.	 (B)	 Western	 blot	 of	 the	 IP	 of	

SMARCA4	in	NL20	that	confirms	that	there	was	no	interaction	with	ACTB.	
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We	found	38	point	mutations	and	small	indels	in	our	LUAD	patient	cohort	(N=	70).	

Twenty-nine	 (41.4%)	of	 the	primary	 tumors	harbored	at	 least	one	mutation	 in	a	

lung	SWI/SNF	subunit,	underlining	the	importance	of	SWI/SNF	mutations	in	lung	

cancer	(Fig.	10A).	The	most	frequent	alterations	were	missense	mutations	(65.8%)	

followed	 by	 stop	 gain	 (13.2%),	 frameshift	 indels	 (10.5%),	 splice	 site	 alterations	

(5.3%),	 and	 inframe	 indels	 (5.3%).	 In	 addition,	 we	 did	 not	 find	 any	 recurrent	

mutations,	 an	 observation	 that	 agrees	 with	 the	 mutation	 pattern	 frequently	

associated	 with	 tumor	 suppressor	 genes.	 SMARCA4	 was	 the	 most	 commonly	

mutated	 SWI/SNF	 gene	 (11.4%	 of	 samples),	 followed	 by	 ARID1A	 (8.6%),	 ARID2	

(7.1%),	ARID1B	(4.3%),	and	PBRM1	(4.3%).	

	

Next,	 to	 investigate	 potential	 differences	 in	 mutation	 frequencies	 between	 our	

cohort	of	 Spanish	LUAD	patients	and	other	LUAD	cohorts,	we	examined	publicly	

available	data	from	the	TCGA-LUAD	project	(last	updated	on	October	1,	2019,	N	=	

567).	The	distributions	of	the	clinical	parameters	such	as	age,	sex,	stage,	relapse,	and	

survival	statuses	were	comparable	between	the	two	cohorts	(Table	1).	Our	patients	

and	 the	 TCGA	 cohort	 showed	 similar	 mutation	 frequencies	 across	 the	 20	 lung	

SWI/SNF	genes.	However,	our	cohort	presented	slightly	higher	mutation	rates	(Fig.	

10B).	Specifically,	the	total	mutation	frequency	of	the	lung	SWI/SNF	complex	was	

41.4%	in	our	cohort	and	30.0%	in	TCGA-LUAD.	This	difference	could	be	explained	

due	to	a	greater	coverage	in	our	protocol	or	differences	in	data	analysis	protocols.	

Moreover,	we	observed	 that	SMARCA2,	SMARCD1,	ACTL6A,	SMARCE1,	BCL7A,	 and	

SMARCD3	were	mutated	in	TCGA-LUAD	but	not	in	our	cohort,	possibly	because	of	

our	limited	sample	size,	whereas	PHF10	was	mutated	in	our	cohort	but	not	in	TCGA-

LUAD.	Nevertheless,	regardless	of	the	study	group,	SMARCA4,	ARID1A,	and	ARID2	

were	 the	 SWI/SNF	 subunits	 that	 accumulated	 the	 highest	 number	 of	 truncating	

mutations.	

	

Since	a	considerable	proportion	of	the	genetic	alterations	of	the	lung	SWI/SNF	genes	

corresponded	to	missense	mutations,	we	decided	to	predict	their	functional	impact	

using	the	SIFT	algorithm	(see	Materials	and	Methods).	Based	on	SIFT	predictions,	

more	 than	 half	 of	 the	 missense	 mutations	 in	 our	 cohort	 (64%,	 16/25)	 and	 the	

external	data	(65%,	103/159)	were	“deleterious”	(Fig.	10C).	Overall,	considering	
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the	truncating	mutations	and	the	predicted	deleterious	missense	mutations,	more	

than	70%	of	the	SWI/SNF	mutations	may	have	a	functional	impact.	
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Figure	10:	Mutational	study	of	SWI/SNF	in	LUAD	primary	tumors.	(A)	Mutation	profile	of	the	20	

lung	SWI/SNF	complex	subunits	in	our	LUAD	cohort	(B)	or	the	TCGA-LUAD	cohort.	Y-axis	represents	

all	the	subunits	that	had	at	least	one	genetic	alteration	in	at	least	one	LUAD	patient.	X-axis	gathers	all	

LUAD	patients	with	 a	mutant	 SWI/SNF	 complex.	On	 the	 left,	mutation	 frequencies	 of	 these	 lung	

SWI/SNF	 subunits	 in	 our	 LUAD	 patients.	 (C)	 Functional	 prediction	 of	 the	 mutations	 found	 in	

SWI/SNF	subunits	in	our	70	LUAD	patients,	or	in	TCGA-LUAD	data	using	SIFT.	

 

4.1.3.	More	than	75%	of	LUAD	cell	lines	harbor	mutations	in	lung	SWI/SNF	

subunits	

	
We	 selected	 a	 panel	 of	 representative	 LUAD	 cell	 lines	 that	 are	 commonly	 used	

(quantified	 by	 the	 number	 of	 Pubmed	 citations,	 see	 Supplementary	 Fig.	 1A	 of	

Annex	 7)	 and	 that	 combine	 different	 genetic	 and	 clinical	 backgrounds	 (see	

Supplementary	Fig.	1B	and	Supplementary	Table	9	of	Annex	7).	We	analyzed	the	

mutational	status	of	20	SWI/SNF	subunits	and	the	top	five	LUAD	driver	genes	(see	

Annex	3).	We	also	 included	homozygous	deletions	 in	 this	 study	by	 searching	 for	

genes	or	exons	that	had	no	reads	in	a	sample	but	that	were	properly	sequenced	in	

the	rest	of	the	samples.	

	

Twenty-nine	out	of	 the	38	LUAD	cell	 lines	(76.3%)	harbored	at	 least	one	genetic	

alteration	 in	 SWI/SNF	 genes	 (Fig.	 11A).	 The	 top	 five	most	 cited	 LUAD	 cell	 lines	

presented	a	mutation	affecting	a	lung	SWI/SNF	subunit.	Specifically,	12	out	of	the	

20	(60.0%)	analyzed	SWI/SNF	subunits	were	mutated	or	had	homozygous	deletions	

in	 our	 panel	 of	 LUAD	 cell	 lines,	 accumulating	 a	 total	 of	 49	 genetic	 alterations.	

SMARCA4	was	the	top	mutated	SWI/SNF	gene	(mutation	rate	=	42.1%)	followed	by	

ARID2	 (15.8%),	 ARID1A	 (10.5%),	 ARID1B	 (7.9%),	 and	 SMARCA2	 (7.9%).	 To	

corroborate	 our	 observations	with	 external	 data,	 we	 compared	 our	 results	with	

those	 reported	 by	 the	 Cancer	 Cell	 Line	 Encyclopedia	 (CCLE).	 In	 general,	 our	

mutational	data	highly	agreed	with	the	CCLE	although	we	found	some	discrepancies	

that	are	explained	in	further	detail	in	Annex	8	and	Supplementary	Fig.	2–5.	

	

Similar	to	what	we	observed	 in	LUAD	patients,	among	all	genetic	alterations	that	

affected	SWI/SNF	subunits,	almost	60%	were	missense	mutations	(Fig.	11B).	For	

this	reason,	we	decided	to	predict	their	functional	impact	using	the	SIFT	algorithm.	
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Based	on	SIFT	predictions,	we	estimated	that	41%	of	missense	mutations	could	be	

“deleterious”	and	impact	the	functionality	of	the	protein	(Fig.	11C).	
	

Figure	11:	Mutational	study	of	the	SWI/SNF	complex	in	LUAD	cell	lines.	(A)	Mutation	profile	of	

20	SWI/SNF	complex	subunits	in	38	LUAD	cell	lines.	The	Y-axis	represents	all	the	subunits	that	had	

at	least	one	genetic	alteration	in	one	LUAD	cell	line.	Homozygous	mutations	are	depicted	with	a	black	

square.	The	X-axis	gathers	all	LUAD	cell	lines	included	in	this	study.	On	the	left,	mutation	frequencies	

of	these	SWI/SNF	subunits	in	LUAD	cell	lines.	(B)	Distribution	of	the	different	variant	types	found	in	

SWI/SNF	subunits	in	our	38	LUAD	cell	lines.	Light	blue	shows	those	genetic	alterations	that	were	
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heterozygous.	Dark	blue	depicts	homozygous	mutations.	(C)	Functional	prediction	of	the	mutations	

found	in	SWI/SNF	subunits	in	our	panel	of	38	LUAD	cell	lines	using	SIFT.	

As	we	have	previously	mentioned,	we	also	analyzed	the	mutational	status	of	the	top	

five	LUAD	driver	genes	in	the	same	panel	of	cell	lines	(Fig.	11A).	On	the	one	hand,	

we	observed	that,	among	these	driver	genes,	BRAF	was	the	only	one	that	did	not	

harbor	any	mutations	when	there	was	a	mutated	SWI/SNF	subunit.	On	the	other	

hand,	due	to	the	high	mutation	rate	of	TP53	 in	our	LUAD	cell	lines	(84.2%),	most	

SWI/SNF	 mutant	 cell	 lines	 were	 also	 TP53-mutant.	 Only	 25%	 of	 SMARCA4	 and	

ARID1A	mutant	samples	and	16%	of	ARID2	mutant	samples	had	a	wild-type	TP53.	

To	evaluate	whether	there	was	any	statistically	significant	co-occurrence	or	mutual	

exclusion	of	mutations	of	the	SWI/SNF	complex	and	the	top	5	LUAD	driver	genes,	

we	analyzed	a	larger	cohort	from	TCGA-LUAD	(N	=	574).	We	considered	all	possible	

pairs	 between	 SWI/SNF	 subunits	 and	 the	 five	 tested	 LUAD	 drivers	 (see	

Supplementary	 Fig.	 6	 of	Annex	9).	 SWI/SNF	mutations	 significantly	 overlapped	

with	TP53	mutations	in	TCGA	data	(p	=	0.0018).	However,	this	overlap	could	not	be	

corroborated	 in	 our	 cell	 line	 data	 (p	 =	 0.61).	 Nevertheless,	 the	 analysis	 of	 co-

occurrence	and	mutual	exclusion	of	mutations	should	be	interpreted	with	caution	

because	 they	 are	 affected	 by	 multiple	 external	 variables,	 and	 some	 significant	

results	might	be	statistical	artifacts	(van	de	Haar	et	al.	2019).	

	
4.1.4.	LUAD	patients	with	mutations	in	the	SWI/SNF	complex	have	higher	

tumor	mutation	burden	and	worse	prognosis	

	
Another	remarkable	result	that	we	observed	in	our	mutational	analysis	of	the	TCGA-

LUAD	 cohort	 was	 that	 SWI/SNF-mutant	 tumors	 showed	 a	 significantly	 higher	

Tumor	Mutation	Burden	 (TMB)	 than	SWI/SNF-wild	 type	 tumors	 (p	 <	0.05)	 (Fig.	

12A).	This	means	that	a	mutated	SWI/SNF	complex	could	be	related	to	an	increase	

in	genome	instability	 that	could	potentiate	 tumor	heterogeneity	and	hinder	their	

treatment.	For	this	reason,	we	decided	to	evaluate	whether	the	mutational	status	of	

the	lung	SWI/SNF	subunits	was	associated	with	LUAD	overall	survival	(OS)	in	the	

TCGA-LUAD	 cohort.	 To	 select	 variables	 for	 a	 multivariate	 Cox	 analysis,	 we	 first	

performed	univariate	 Cox	 analyses	 on	 each	 of	 the	 variables	 under	 study	 and	we	

selected	 those	 with	 p	 <	 0.2.	 In	 the	 univariate	 analysis,	 none	 of	 the	 individual	
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SWI/SNF	subunits	were	significantly	associated	with	OS,	but	SWI/SNF	mutations	

altogether	were	significantly	associated	with	poorer	OS	(HR	=	1.42;	95%	CI:	1.04	-	

1.93;	 p	 =	 2.5·10-2)	 (Fig.	 12B	 and	 C).	 These	 observations	 led	 us	 to	 consider	 the	

SWI/SNF	complex	as	a	single	functional	unit.	On	the	contrary,	mutations	in	none	of	

the	top	10	LUAD	driver	genes	from	Bailey	et	al	(Bailey	et	al.	2018)	were	significantly	

associated	with	OS	(see	Supplementary	Fig.	7A-J	of	Annex	10).	Next,	all	variables	

with	p	<	0.2	in	the	univariate	analysis	were	used	for	a	stepwise	multivariate	analysis.	

According	 to	 this	 analysis,	 the	 SWI/SNF	 mutational	 status	 is	 an	 independent	

prognostic	factor	associated	to	shorter	OS	in	LUAD	patients	(HR	=	1.37;	95%	CI:	1.01	

-	 1.88;	p	 =	4.39·10-2)	 (Fig.	 12D).	 Therefore,	 the	 lung	 SWI/SNF	mutational	 status	

distinguishes	between	two	clinically	different	subgroups.	
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Figure	 12:	 Clinical	 analyses	 with	 the	mutational	 status	 of	 the	 lung	 SWI/SNF	 complex.	 (A)	

Tumor	mutation	burden	(TMB),	defined	as	the	number	of	non-silent	mutations	per	Mb	as	estimated	

by	Hoadley	et	 al	 (Hoadley	et	 al.	 2018),	 in	 SWI/SNF-wild	 type	 vs	 SWI/SNF-mutant	 patients	 from	

TCGA-LUAD.	The	red	dot	and	the	lines	represent	the	mean	and	standard	deviation	of	the	log10(TMB)	

values,	 respectively.	 A	 two-tailed	 Student's	 t	 test	 was	 performed	 on	 the	 log10(TMB)	 values.	 (B)	

Univariate	Cox	Proportional-Hazards	regression	on	mutation	and	clinical	TCGA-LUAD	covariates.	All	

variables	 included	 in	 the	model	 are	 sorted	 by	 statistical	 significance	 (p-value).	 (C)	Kaplan-Meier	

curves	grouping	the	TCGA-LUAD	cohort	by	the	mutational	status	of	SWI/SNF	complex	(Logrank	test).	

(D)	Stepwise	Multivariate	Cox	Proportional-Hazards	regression	on	mutation	and	clinical	TCGA-LUAD	

covariates.	All	variables	included	are	sorted	by	statistical	significance	(p-value).	

	

4.1.5.	The	SWI/SNF	complex	is	frequently	downregulated	in	LUAD	

	
The	high	mutation	rate	is	not	the	only	cause	that	can	affect	the	function	of	a	protein.	

The	SWI/SNF	complex	is	not	an	exception.	Other	mechanisms,	such	as	epigenetic	

inactivation	through	methylation	or	post-transcriptional	regulation,	can	lead	to	an	

impairment	of	SWI/SNF	expression	(Marquez	et	al.	2015;	Coira	et	al.	2015).	For	this	

reason,	we	went	beyond	the	mutational	study	of	the	lung	SWI/SNF	subunits	and	we	

also	analyzed	their	mRNA	levels	in	our	70	LUAD	primary	tumors	and	their	paired	

normal	adjacent	tissues	using	RT-qPCR	for	a	better	resolution.	With	this	study,	we	

found	 that	all	 lung	SWI/SNF	subunits	were	 significantly	downregulated	 in	LUAD	

primary	 tumors	 compared	 to	 their	 matched	 normal	 adjacent	 samples	 (FDR-

adjusted	p	<	0.05,	Fig.	13A).	Next,	we	decided	to	set	a	fold	change	threshold	of	+2/-

2	between	the	tumor	and	the	paired	normal	sample	to	consider	a	subunit	to	be	up-	

or	downregulated,	respectively.	We	found	42	tumors	(60%)	that	had	more	than	10	

downregulated	subunits	 (Fig.	13B).	On	average,	 each	 lung	SWI/SNF	subunit	was	

downregulated	 in	 ∼57%	 of	 LUAD	 patients.	 The	 top	 downregulated	 SWI/SNF	

subunit	was	SMARCA2	 (82%	of	 the	 cases).	 Similar	 results	have	been	observed	 in	

other	tumors	where	SMARCA2	was	found	to	be	epigenetically	repressed	(Glaros	et	

al.	2007;	Mizutani	et	al.	2002;	Yamamichi	et	al.	2005).	Moreover,	none	of	the	top	5	

downregulated	subunits	(SMARCA2,	DPF2,	SMARCD3,	PHF10,	and	SMARCD1)	were	

among	 the	 top	 5	 most	 frequently	 mutated	 subunits.	 More	 generally,	 only	 5/11	

(45.5%)	 truncating	 mutations	 and	 13/23	 (56.5%)	 missense	 mutations	 were	

associated	with	more	than	a	2-fold	decrease	in	expression.	Overall,	these	findings	

suggest	a	profound	silencing	in	the	expression	of	the	whole	SWI/SNF	machinery	in	
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LUAD	 and	 show	 that	 genetic	 alterations	 are	 not	 the	 only	 cause	 of	 SWI/SNF	

inactivation.	

	



RESULTS	81	

Figure	13:	Downregulation	of	lung	SWI/SNF	complex	subunits	in	our	LUAD	cohort.	(A)	The	

log2-relative	 expression	 between	 each	 tumor	 and	 its	matched	 normal	 sample	was	 estimated	 as	

ΔCt(normal)	-	ΔCt(tumor).	The	red	dots	and	lines	represent	the	mean	and	standard	deviation	of	the	

log2-relative	expression	values.	The	FDR-corrected	p	values	from	one-sample	t	tests	under	the	null	

hypothesis	that	the	log2-relative	expression	values	are	equal	to	0	are	shown.	(B)	Tile	plot	of	the	lung	

SWI/SNF	subunits	mRNA	expression	in	our	LUAD	cohort.	Blue	colors	correspond	to	those	genes	that	

showed	≤-2x	expression	in	the	tumor	sample	than	in	the	matched	normal	sample.	Orange	colors	are	

displayed	when	a	gene	was	expressed	≥2x	in	the	tumor.	White	colors	correspond	to	those	expression	

values	that	did	not	reach	the	thresholds	that	we	defined	for	upregulation	or	downregulation.	Red	

circles	 are	 present	when	 a	 certain	 gene	was	mutated	 in	 a	 specific	 patient.	On	 the	 left	 side,	 lung	

SWI/SNF	 genes	 are	 arranged	based	 on	downregulation	percentage	 in	 our	 LUAD	patients.	 At	 the	

bottom	of	the	tile	plot,	our	70	LUAD	patients	are	arranged	based	on	the	number	of	lung	SWI/SNF	

subunits	that	were	downregulated	in	their	tumors.	

Next,	we	analyzed	the	transcriptional	levels	of	the	same	20	SWI/SNF	subunits	in	our	

38	 LUAD	 cell	 lines	 by	 RT-qPCR.	We	 evaluated	 the	 intrinsic	 variability	 of	mRNA	

expression	among	cell	lines	using	the	median	ΔCt	for	each	gene	as	the	normalization	

value	to	calculate	a	−ΔΔCt	(Fig.	14).		
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Figure	14:	Transcriptional	analysis	of	 the	SWI/SNF	complex	 in	LUAD	cell	 lines.	Heatmap	of	

mRNA	expression	changes	within	the	LUAD	cell	lines	in	20	SWI/SNF	subunits	(−ΔΔCt	was	calculated	

using	the	median	ΔCt	for	each	of	the	measured	genes).	The	Y-axis	represents	all	measured	SWI/SNF	

subunits.	The	X-axis	contains	the	38	LUAD	cell	lines	of	our	study.	

With	this	analysis,	our	panel	of	LUAD	cell	lines	displayed	two	tendencies.	On	the	one	

hand,	 there	were	 cell	 lines	with	 low	relative	expression	of	most	of	 the	SWI/SNF	

complex	(e.g.,	A427	and	H1395).	On	the	other	hand,	our	panel	also	contained	cell	

lines	with	 high	 relative	mRNA	 levels	 of	most	 SWI/SNF	 subunits	 (e.g.,	 H522	 and	

H1648).	

	

Finally,	to	provide	a	complete	resource	of	SWI/SNF	alterations	in	our	panel	of	38	

LUAD	 cell	 lines,	we	 also	 combined	 data	 of	DNA	 and	mRNA	 alterations	 (Fig.	 15).	

Intriguingly,	some	cell	lines,	such	as	H1395,	had	most	SWI/SNF	subunits	with	less	

expression	than	other	LUAD	cell	lines,	despite	lacking	DNA	alterations.	
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Figure	15:	Summary	of	DNA	and	RNA	alterations	of	the	analyzed	SWI/SNF	subunits	 in	our	

collection	 of	 LUAD	 cell	 lines.	 Copy	 number	 alterations,	 point	 mutations,	 short	 indels,	 and	

alterations	of	mRNA	levels	are	represented.	To	find	alterations	in	mRNA	expression,	robust	Z	scores	

were	calculated	by	subtracting	the	median	ΔCt	for	each	gene	across	all	cell	lines	from	the	ΔCt	for	each	

gene	in	each	cell	line,	and	then	dividing	by	the	median	absolute	deviation	for	each	gene	across	all	cell	

lines.	The	cutoffs	for	down-	or	up-regulation	were	robust	Z	<	−2	or	robust	Z	>	2,	respectively.	

 
4.1.6.	Genetic	and	Epigenetic	Factors	Contribute	to	the	Protein	Loss	of	the	

ATPases	and	ARID	Subunits	

	
Since	we	developed	an	extensive	profile	of	the	SWI/SNF	complex	status	in	our	panel	

of	LUAD	cell	 lines,	we	decided	 to	 include	an	 analysis	of	 the	protein	 levels	of	 the	

determinant	SWI/SNF	subunits	that	define	the	main	SWI/SNF	subtypes.	Generally,	

the	ATPases	(SMARCA4	and	SMARCA2)	and	ARID	subunits	(ARID1A,	ARID1B,	and	

ARID2)	are	used	to	classify	SWI/SNF	complexes	as	BAF,	PBAF,	or	ncBAF	(Mashtalir	

et	 al.	 2018).	 For	 this	 reason,	 we	 performed	 western	 blots	 of	 these	 subunits	 to	

evaluate	which	SWI/SNF	complexes	could	be	found	in	the	38	LUAD	cell	lines	and	in	

NL20,	 our	 control	 non-tumor	 lung	 cell	 line	 (Fig.	 16A).	 In	 contrast	 with	 NL20	

(Supplementary	 Fig.	 8	 of	 Annex	 11),	 only	 23.7%	 of	 the	 LUAD	 cell	 lines	 had	

detectable	 protein	 levels	 of	 the	 two	 ATPases	 and	 the	 three	 ARIDs.	 However,	 no	

LUAD	cell	line	lacked	all	of	the	five	analyzed	proteins,	supporting	the	idea	that	there	

may	always	be	residual	SWI/SNF	complexes	controlling	gene	expression	(Helming	

et	al.	2014a).	

	

According	 to	 these	western	 blot	 analyses,	 ARID1A	was	 the	most	 commonly	 lost	

subunit	in	LUAD	cell	lines,	as	we	observed	it	in	19	out	of	38	cell	lines	(50.0%).	This	

was	followed	by	the	ATPase	subunits	SMARCA4	and	SMARCA2,	which	were	lost	in	

12	 (31.6%)	 and	 nine	 (23.7%)	 LUAD	 cell	 lines,	 respectively.	 Among	 these	 three	

proteins,	we	observed	different	explanations	for	the	protein	loss	(Fig.	16B).	On	the	

one	 hand,	 84%	of	 the	 ARID1A	 loss	 and	 89%	of	 the	 SMARCA2	 loss	 could	 not	 be	

explained	by	any	genetic	alterations.	On	the	other	hand,	83%	of	SMARCA4	losses	

were	 directly	 related	 to	 truncating	 mutations.	 Remarkably,	 most	 SMARCA4	

mutations	in	cell	lines	were	homozygous	(Fig.	11A),	which	could	partially	explain	

the	strong	correlation	between	 its	mutation	and	 lack	of	protein.	 In	general,	 these	



RESULTS	 84	

results	also	support	our	previous	observation	that	there	is	a	combination	of	genetic,	

epigenetic,	 and	 post-translational	 regulations	 that	 influence	 the	 expression	 and,	

therefore,	the	functionality	of	the	SWI/SNF	complex.	

	

Figure	16:	Protein	expression	profile	of	ATPases	and	ARID	subunits	of	the	SWI/SNF	complex	

in	LUAD	cell	 lines.	 (A)	Heatmap	with	normalized	protein	expression	values	of	 the	ATPases	and	

ARIDs	subunits	of	the	SWI/SNF	in	38	LUAD	cell	 lines.	Zero	values	correspond	to	the	absence	of	a	

band	in	the	Western	blot	(see	Supplementary	Fig.	8	of	Annex	11).	Below	the	heatmap,	two	lines	

show	a	classification	of	the	panel	of	LUAD	cell	lines.	The	first	line	depicts	the	classification	of	LUAD	

cell	lines	based	upon	protein	expression	of	the	ATPases	and	ARIDs	subunits.	The	second	line	shows	

the	mutational	status	of	the	SWI/SNF	complex	considering	all	20	subunits	analyzed	in	this	study	(B)	

Causative	analysis	of	the	protein	loss	of	the	ATPases	and	ARID	subunits	in	LUAD	cell	lines.	
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4.1.7.	ATPases	and	ARID	Protein	Expression	Profiles	Define	Four	LUAD	Cell	

Line	Subgroups	

	
The	protein	expression	profiles	of	the	five	analyzed	SWI/SNF	subunits	also	allowed	

us	to	distinguish	four	subgroups	of	LUAD	cell	lines	(Fig.	16A).	The	first	subgroup	

gathered	all	cell	lines	that	showed	detectable	levels	of	all	SWI/SNF	proteins	and	it	

comprised	nine	cell	lines	(23.7%).	Inside	this	subgroup,	we	could	find	five	cell	lines	

(LC319,	 HCC44,	 H358,	 H1395,	 and	 H2087)	 that	 were	 wild-type	 for	 all	 the	 20	

SWI/SNF	subunits	analyzed	in	this	study.	These	cell	lines	could	be	a	good	reference	

of	 wild-type	 lung	 SWI/SNF	 contexts.	 Second,	 there	 was	 an	 ATPase	 deficient	

subgroup	where	we	 found	 three	 cell	 lines	 (7.9%).	 This	 subgroup	 has	 previously	

been	observed	in	other	studies	(Reisman	et	al.	2003;	Fukuoka	et	al.	2004;	Marquez-

Vilendrer	et	al.	2016)	and	these	data	restrict	the	widespread	idea	of	SMARCA2/4	

synthetic	lethality	proposed	by	Oike	and	colleagues	to	only	certain	genetic	contexts	

(Oike	 et	 al.	 2013).	 Third,	 we	 defined	 a	 subgroup	 of	 ARID-deficient	 cell	 lines	

comprising	H441	and	HCC4006.	This	observation	suggests	that	ARID1A/B	synthetic	

lethality	(Helming	et	al.	2014b)	is	also	limited	to	specific	contexts.	Moreover,	this	

ARID-deficient	 subgroup	 could	 support	 the	 existence	 of	 the	 recently	 described	

ncBAF	that	 lacks	any	ARID	subunit	(Alpsoy	and	Dykhuizen	2018;	Mashtalir	et	al.	

2018).	 To	 corroborate	 this	 observation,	 we	 analyzed	 the	 protein	 expression	 of	

BRD9,	a	specific	ncBAF	subunit	(Fig.	17).	Both	ARID-deficient	cell	lines	expressed	

BRD9,	although	their	protein	levels	were	lower	than	that	observed	in	HCC44,	one	of	

the	cell	lines	of	the	Full-SWI/SNF	subgroup.	Finally,	we	defined	a	fourth	subgroup	

of	LUAD	cell	lines	bearing	partial	SWI/SNF	loss	in	various	combinations	that	reflect	

the	diversity	of	assembly	even	within	the	same	histological	type	of	tumor.	Overall,	

our	observations	emphasize	the	heterogeneity	of	the	SWI/SNF	status	in	LUAD	cell	

lines,	which	must	be	considered	when	using	these	cell	lines	as	in	vitro	models	for	

studying	the	functionality	of	the	SWI/SNF	complex.	
	

	

	

	

	

	

	

	



RESULTS	 86	

	

 
	

Figure	17:	Western	blot	of	BRD9	in	our	ARID	deficient	LUAD	cell	lines	and	a	FULL-SWI/SNF	

LUAD	cell	 line.	The	sizes	depicted	in	 the	 image	correspond	 to	 the	observed	molecular	weight	of	

BRD9.	
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4.2.	Chapter	II:	Regulation	of	microRNA	expression	by	SMARCA4,	the	catalytic	

subunit	of	the	SWI/SNF	complex	

	
4.2.1.	 SMARCA4	 restoration	 induces	 expression	 changes	 in	 cancer-related	

miRNAs	

	
To	analyze	the	specific	involvement	of	SMARCA4	in	regulating	miRNA	expression	in	

lung	adenocarcinoma,	we	chose	an	in	vitro	model	that	was	SMARCA4-deficient	so	

that	we	could	track	the	changes	derived	from	its	re-expression.	We	used	the	A549	

cell	line	because	it	has	a	homozygous	frameshift	deletion	in	SMARCA4	that	generates	

a	premature	stop	codon	(Medina	et	al.	2008a).	In	addition,	our	previous	study	of	the	

protein	 expression	 of	 some	 SWI/SNF	 subunits	 in	 our	 panel	 of	 LUAD	 cell	 lines	

showed	that	A549	had	no	residual	SMARCA4.	Therefore,	we	concluded	that,	in	this	

cell	line,	the	ATPase	activity	of	the	SWI/SNF	complex	relied	on	SMARCA2.		

	

We	 restored	 SMARCA4	 in	 this	 cellular	 model	 by	 transiently	 transfecting	 a	 DNA	

construct	 containing	 the	most	 abundant	 isoform	of	 this	 gene	 in	 lung	 tissue	 (see	

Materials	 and	 Methods).	 We	 corroborated	 that	 SMARCA4	 was	 re-expressed,	

reaching	 its	 peak	 expression	 at	 24	 h	 (Fig.	 18A)	 and	 that	 it	 was	 located	 in	 the	

chromatin	fraction	of	the	transfected	cells	(Fig.	18B).		

	

To	 determine	 whether	 the	 exogenous	 SMARCA4	 was	 incorporated	 in	 the	

endogenous	 SWI/SNF	 complexes	 of	 the	 A549	 cell	 line,	 we	 performed	 two	

complementary	IP	analyses	(Fig.	18C).	When	we	pulled	down	SMARCC1,	one	of	the	

core	 SWI/SNF	 subunits	 (Mashtalir	 et	 al.	 2018),	we	 observed	 that	 our	 exogenous	

SMARCA4	was	bound	to	it.	The	same	interaction	was	obtained	when	we	performed	

the	 opposite	 pull-down.	 This	 result	 showed	 that	 the	 exogenous	 SMARCA4	 was	

successfully	incorporated	into	endogenous	SWI/SNF	complexes,	yielding	complexes	

where	 SMARCA4	 was	 the	 catalytic	 subunit.	 However,	 we	 also	 confirmed	 that	

SMARCA2-containing	 SWI/SNF	 complexes	 coexisted	 with	 the	 new	 SMARCA4-

SWI/SNF	complexes	in	the	transfected	A549	cells	(Fig.	18D).	
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Figure	 18:	 SMARCA4	 re-expression	 and	 localization.	 (A)	 Western	 blot	 analysis	 of	 SMARCA4	

protein	levels	after	SMARCA4	restoration	in	A549	cell	line	at	different	time	points.	ACTB	was	used	as	

a	 loading	 control.	 (B)	 Subcellular	 fractionation	 analysis	 to	 determine	 the	 localization	 of	 the	

exogenous	SMARCA4	in	transfected	A549.	Lamin	B	was	used	as	nuclear	and	chromatin	control.	⍺-

Tubulin	was	used	as	a	cytoplasmic	control.	(C)	Western	blot	of	the	IP	of	SMARCA2	and	SMARCC1	in	
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A549	transfected	with	empty	vector	(EV)	and	the	IP	of	SMARCA4	and	SMARCC1	in	A549	transfected	

with	the	SMARCA4-plasmid.	IgG	was	used	as	a	negative	control	for	nonspecific	binding.	5%	of	INPUT	

was	 included	 for	 the	 analysis.	 (D)	 Western	 blot	 of	 the	 IP	 of	 SMARCA2	 and	 SMARCC1	 in	 A549	

transfected	with	the	SMARCA4-plasmid.	IgG	was	used	as	a	negative	control	for	nonspecific	binding.	

5%	of	INPUT	was	included	for	the	analysis.	

The	tumor	suppressor	role	of	SMARCA4	was	validated	by	measuring	cell	viability	

and	colony	formation	after	its	restoration.	Ectopic	expression	of	SMARCA4	impaired	

cell	viability	up	to	48%	after	four	days	of	transfection	(Fig.	19A)	and	reduced	the	

clonogenic	 capacity	 by	 49%	 (Fig.	 19B).	 Both	 results	 agreed	 with	 the	 tumor	

suppressor	 function	 of	 this	 protein	 and	 showed	 that	 transient	 restoration	 of	

SMARCA4	decreased	the	viability	of	LUAD	cells.	

	

Following	 the	 demonstration	 that	 SMARCA4	 re-expression	 showed	 tumor	

suppressor	 activity,	 we	 determined	 whether	 changes	 in	 the	 miRNome	 could	

contribute	 to	 its	 tumor	 suppressor	 role.	 For	 this	 purpose,	we	 performed	miRNA	

sequencing	after	48	h	of	SMARCA4	re-expression.	We	found	57	miRNAs	that	were	

significantly	dysregulated	 upon	 SMARCA4	restoration	 (FDR	<	 0.05,	 absolute	 log2	

Fold	 Change	 (FC)	 >	 1).	 Specifically,	 29	miRNAs	 showed	 increased	 levels	 and	 28	

miRNAs	 were	 downregulated	 in	 A549	 transfected	 with	 the	 SMARCA4-plasmid	

compared	to	A549	transfected	with	an	empty	vector	(Fig.	19C,	see	Annex	12).	

	

We	used	the	online	tool	DIANA-miRPath	(see	Materials	and	Methods)	to	analyze	the	

pathways	 that	 could	 be	 altered	 by	 the	 differentially	 expressed	 miRNAs.	 We	

observed	 that	 for	 both	 upregulated	 and	 downregulated	 miRNAs,	 the	 most	

significant	KEGG	pathway	was	‘MicroRNAs	and	cancer’	followed	by	‘Transcriptional	

misregulation	in	cancer’	in	the	case	of	the	downregulated	miRNAs	(Fig.	19D).	These	

findings	 suggested	 that	 re-expression	 of	 SMARCA4	 not	 only	 regulates	 protein-

coding	genes,	as	it	has	been	previously	described	(Medina	et	al.	2005;	Romero	et	al.	

2012;	Orvis	et	al.	2014;	Lazar	et	al.	2020),	but	also	changes	the	expression	of	key	

miRNAs	involved	in	tumorigenic	pathways.	
 

4.2.2.	SMARCA4	binds	to	an	enhancer	of	miR-222	and	controls	its	expression	
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Among	 the	 cancer-related	 miRNAs	 that	 were	 differentially	 expressed	 upon	

SMARCA4	restoration,	we	selected	the	most	significant	dysregulated	miRNA,	miR-

222,	 to	 perform	 a	 detailed	 study.	 First,	we	 confirmed	 by	RT-qPCR	 that	miR-222	

levels	increased	24	h	after	SMARCA4	restoration,	and	at	48	h	they	decreased	along	

with	SMARCA4	levels	(Fig.	19E).		Figure 1
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Figure	 19:	 SMARCA4	 restoration	 in	 A549	 cells	 reduces	 cell	 viability	 and	 changes	 the	

miRNome.	(A)	Resazurin	assay	at	different	time	points	after	transfection	of	A549	with	empty	vector	

(A549-EV)	 or	 the	 SMARCA4-plasmid	 (A549-SMARCA4).	 (B)	 Clonogenic	 assay	 after	 14	 days	 of	

SMARCA4	 restoration	 in	 A549.	 Upper	 panel:	 Colony	 number	 quantification.	 Lower	 panel:	

Representative	images	of	each	condition	after	the	staining	with	crystal	violet.	(C)	Volcano	plot	with	

the	differentially	expressed	miRNAs	upon	SMARCA4	restoration.	miRNAs	with	an	FDR	<	0.05	and	an	

absolute	log2	FC	>	1	are	displayed	in	red	color.	(NS:	Non-significant;	FDR:	False	Discovery	Rate;	FC:	

Fold	Change)	(D)	Top	3	significantly	enriched	pathways	of	the	dysregulated	miRNAs	upon	SMARCA4	

restoration.	For	each	pathway,	we	represented	the	number	of	genes	that	are	targets	of	at	least	seven	

miRNAs	of	our	dysregulated	miRNAs.	(E)	miR-222	relative	expression	levels	after	24	h	and	48	h	of	

restoration	 of	 SMARCA4	 in	 A549.	 Values	 represent	 mean ± SD	 (n ≥	 3).	 *Two-tailed	 t-test	 p-

value < 0.05;	**p	< 0.01;	***p	< 0.001.	

The	decrease	in	miR-222	expression	after	48	h	of	SMARCA4	restoration	agreed	with	

the	miRNA-Seq	data,	which	showed	that	it	was	the	top	down-regulated	miRNA	at	

that	time	point	(Fig.	19C).	

	

We	noticed	that	the	MIR222	locus	is	contained	within	an	enhancer	according	to	the	

GeneHancer	 database	 (GeneHancer	 ID:	 GH0XJ045746)	 (Fishilevich	 et	 al.	 2017).	

Interestingly,	enhancers	are	genomic	regions	frequently	targeted	by	the	SWI/SNF	

complex	(Lazar	et	al.	2020;	Shi	et	al.	2013;	Hodges	et	al.	2018;	Wang	et	al.	2017;	

Alver	et	al.	2017;	Mathur	et	al.	2017;	Bossen	et	al.	2015;	Vierbuchen	et	al.	2017;	Hu	

et	 al.	 2011).	 Therefore,	 we	 hypothesized	 that	miR-222	may	 be	 regulated	 by	 the	

enhancer	under	 the	 control	of	 the	SWI/SNF	complex.	Using	public	ChIP-Seq	data	

from	A549	(Davis	et	al.	2018),	we	confirmed	that	the	region	upstream	of	miR-222	

contains	peaks	of	H3K4me1	and	H3K27ac	marks,	which	are	characteristic	histone	

marks	of	enhancers	(Fig.	20A).	

	

To	 determine	 whether	 SMARCA4-	 or	 SMARCA2-containing	 SWI/SNF	 complexes	

bind	 to	 the	miR-222	 enhancer,	we	 performed	ChIP-qPCR	 analyses.	 After	 24	 h	 of	

restoration	of	 SMARCA4,	we	obtained	a	 significant	enrichment	only	of	 SMARCA4	

signal	 at	 the	 miR-222	 enhancer	 (Fig.	 20B).	 However,	 after	 48	 h,	 as	 SMARCA4	

transient	 expression	 declined	 (Fig.	 20C),	 it	 was	 replaced	 by	 SMARCA2.	 This	

turnaround	also	matched	the	expression	changes	that	we	found	 in	miR-222	(Fig.	

19E).	These	data	showed	that	the	expression	of	miR-222	was	directly	influenced	by	

SMARCA4,	which	 reached	 its	peak	 expression	24	 h	 after	 transfection	 (Fig.	 20C).	
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These	results	suggest	a	model	where	miR-222	expression	is	activated	preferentially	

by	SMARCA4-SWI/SNF	complexes	and	not	by	SMARCA2-SWI/SNF	complexes	(Fig.	

21).	

	

 
Figure	 20:	 SMARCA4	 binds	 to	 the	 enhancer	 of	 miR-222	 in	 a	 time-dependent	manner.	 (A)	

Overview	of	the	miR-222	genomic	context	including	ChIP-seq	profiles	of	H3K4me3,	H3K27ac,	and	

H3K4me1	in	the	A549	cell	line.	High	levels	of	H3K27ac	and	H3K4me1	and	low	levels	of	H3K4me3	

are	characteristic	of	enhancer	regions.	(B)	Analysis	by	ChIP-qPCR	of	SMARCA4	or	SMARCA2	binding	

to	the	enhancer	of	miR-222	after	24	h	and	48	h	of	SMARCA4	restoration	in	A549.	(C)	Quantification	

of	SMARCA4	protein	levels	relative	to	ACTB	expression	in	transfected	A549	cells	after	24	h	and	48	h	

of	SMARCA4	restoration.	Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-test	p-value < 0.05;	**p	

< 0.01.	

Figure 2

A

B C

24h 48h
0.0

0.5

1.0

1.5

2.0

S
M

A
R

C
A

4 
ex

pr
es

si
on

(P
ro

te
in

 re
la

tiv
e 

le
ve

ls
 v

s 
A

C
TB

)

SMARCA4 protein levels

**

24h 48h

0

2

4

6

Fo
ld

 E
nr

ic
hm

en
t 

(o
ve

r I
gG

)

SWI/SNF binding to
miR-222 enhancer

***

***

ns

ns

SMARCA4

SMARCA2

SMARCA4

SMARCA2



RESULTS	93	

 
 
Figure	21:	Schematic	overview	of	the	regulation	of	miR-222	by	the	SWI/SNF	complex.	Upper	

panel:	After	24	h	of	SMARCA4	(BRG1)	re-expression	in	A549	cells,	there	are	high	levels	of	SMARCA4	

and	it	 is	 included	in	the	SWI/SNF	complex.	Thus,	there	is	a	predominance	of	SWI/SNF	complexes	

with	SMARCA4	and	this	type	of	complexes	induces	miR-222	expression.	Lower	panel:	After	longer	

times	of	transfection,	SMARCA4	levels	in	A549	decrease	and	the	SWI/SNF	complexes	with	SMARCA2	

(BRM)	are	predominant.	This	complex	impairs	miR-222	expression.	Both	figures	were	made	using	

BioRender	(https://app.biorender.com/).	

 
4.2.3.	miR-222	impairs	cell	viability	phenocopying	SMARCA4	restoration	in	

the	A549	cell	line	

	
Since	 the	 levels	 of	 miR-222	 strongly	 increased	 upon	 SMARCA4	 restoration,	 we	

aimed	to	elucidate	the	phenotypic	effects	of	 this	miRNA	in	the	A549	cell	 line.	We	

transfected	A549	cells	with	either	a	miR-222	mimic	or	a	negative	control	mimic.		
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We	found	that	increasing	the	levels	of	miR-222	(Fig.	22A)	decreased	cell	viability	by	

more	than	half	(50.2%)	after	seven	days	of	transfection	(Fig.	22B).	Moreover,	miR-

222	overexpression	also	 impaired	cell	clonogenicity	by	44%,	pointing	to	a	 tumor	

suppressor	role	 in	 this	LUAD	cell	 line	 (Fig.	22C).	 Interestingly,	we	observed	 that	

increasing	miR-222	levels	resulted	in	the	same	phenotype	as	restoring	SMARCA4	in	

A549.	These	data	highlight	that	SMARCA4-mutant	contexts	not	only	change	crucial	

protein-coding	genes	needed	by	the	cancer	cell	but	also	modify	the	expression	of	

miRNAs	that	have	relevant	functions	in	tumor	progression.	
 

 
	

Figure	22:	miR-222	behaves	as	a	tumor	suppressor	miRNA	by	decreasing	cell	viability	and	

colony	 formation.	 (A)	 Relative	miR-222	 expression	 levels	 after	 transfection	 of	 A549	 cells	 with	

either	a	negative	control	mimic	or	a	miR-222	mimic.	(B)	Resazurin	assay	at	different	time	points	after	

transfection	of	A549	with	negative	control	mimic	or	miR-222	mimic.	(C)	Clonogenic	assay	after	14	

days	of	transfection	of	A549	with	negative	control	mimic	or	miR-222	mimic.	Left:	Colony	number	

quantification.	Right:	Representative	images	of	each	condition	after	the	staining	with	crystal	violet.	

Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-test	*p-value	<	0.05;	**p	< 0.01;	***p	<	0.001;	****p	

<	0.0001.	

Figure 4

A B

C

N
eg.M

im
ic

M
iR
-222

Neg.Mimic miR-222 Mimic
0

10

20

30

40

m
iR

-2
22

 le
ve

ls
(R

el
at

iv
e 

Fo
ld

 C
ha

ng
e 

vs
 N

eg
.M

im
ic

)

miR222 levels after
transfection 

****

3 4 5 6 7
0

2

4

6

8

10

12

14

Days

C
el

l V
ia

bi
lit

y
(A

bs
or

ba
nc

e 
re

la
tiv

e 
le

ve
ls

)

Cell Viability of A549 after 
miR-222 transfection

Negative Mimic miR-222 Mimic

**

Neg.Mimic miR-222
0

20

40

60

80

100

120

# 
of

 c
ol

on
ie

s
(%

 re
la

tiv
e 

to
 N

eg
.M

im
ic

)

Clonogenicity of A549 after
14 days of transfection

**



RESULTS	95	

4.2.4.	The	miR-222	enhancer	belongs	to	a	topologically	associating	domain	

that	does	not	contain	cancer-related	protein-coding	genes	

	
We	 observed	 that	 SMARCA4-SWI/SNF	 complex	 binds	 to	 the	 miR-222	 enhancer,	

increasing	 the	 expression	 of	 miR-222	 and	 that	 miR-222	 overexpression	

phenocopies	SMARCA4	restoration	 in	A549.	However,	we	wondered	whether	the	

miR-222	 enhancer	 modulates	 cancer-related	 protein-coding	 genes	 that	 might	

contribute	to	the	phenotype.	To	find	other	potential	protein-coding	targets	of	the	

miR-222	enhancer,	we	studied	the	three-dimensional	organization	and	interactions	

of	 the	 enhancer	 region	 in	 lung	 cells.	 We	 queried	 high-throughput	 chromosome	

conformation	capture	(Hi-C)	and	chromatin	interaction	analysis	by	paired-end	tag	

sequencing	 (ChIA-PET)	 data	 from	 ENCODE	 (https://www.encodeproject.org,	

v111).	We	found	Hi-C	and	CTCF	ChIA-PET	data	for	A549	and	for	the	normal	lung	

fibroblast	cell	line	IMR-90	(see	Materials	and	Methods).	In	both	cell	lines,	the	miR-

222	 enhancer	 belonged	 to	 a	 topologically	 associating	 domain	 (TAD)	 that	 was	

delimited	by	CTCF	(CCCTC-Binding	Factor)	binding	sites	(see	Annex	13).	The	TADs	

were	more	well-defined	in	IMR-90	than	in	A549	due	to	a	better	resolution	(5	kb	for	

IMR-90,	40	kb	for	A549).	In	the	IMR-90	cell	line,	the	smaller	TAD	that	contained	the	

miR-222	enhancer	did	not	encompass	any	protein-coding	genes.	 In	 the	A549	cell	

line,	the	TAD	was	larger	due	to	a	poorer	resolution	of	the	data,	and	it	only	contained	

the	protein-coding	gene	KRBOX4.	However,	to	our	knowledge,	KRBOX4	has	not	been	

linked	to	cancer.	The	nearest	cancer	genes	to	the	miR-222	enhancer	were	KDM6A	

and	RBM10,	but	they	belonged	to	different	TADs.	This	observation	suggests	that	the	

miR-222	 enhancer	 does	 not	 physically	 interact	 with	 these	 genes	 despite	 their	

proximity	in	the	genomic	sequence.	Overall,	we	found	no	evidence	that	the	miR-222	

enhancer	 modulates	 any	 well-known	 cancer-related	 protein-coding	 genes,	

supporting	that	its	tumor	suppressor	function	may	rely	on	miR-222.	
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4.3.	Chapter	III:	Functional	study	of	the	SWI/SNF	subunit	ARID1A	in	LUAD		

	
4.3.1.	LUAD	cell	lines	rely	on	ARID1A	for	their	survival	

	
The	last	objective	of	this	Ph.D.	thesis	was	to	study	the	biological	role	of	ARID1A	in	

lung	 adenocarcinoma.	 First,	 we	 decided	 to	 analyze	 ARID1A	 expression	 in	 larger	

cohorts	 of	 LUAD	 patients	 such	 as	 the	 TCGA	 and	 the	 study	 group	 of	 Gillette	 and	

colleagues	 (Gillette	 et	 al.	 2020)	 with	 483	 and	 110	 LUAD	 samples,	 respectively.	

Contrary	to	the	expected	for	a	tumor	suppressor	gene	with	high	frequency	of	loss	of	

function	 (LOF)	 alterations,	 which	 corresponded	 to	 60%	 of	ARID1A	 mutations	 in	

LUAD	tumors	from	TCGA,	we	observed	that	there	was	not	a	significant	decrease	in	

ARID1A	mRNA	levels	 in	LUAD	tumors	(Fig.	23A).	On	top	of	 that,	ARID1A	protein	

levels	were	significantly	higher	 in	 tumors	versus	normal	adjacent	 tissue	of	LUAD	

patients	(Fig.	23B).		

	

 
	

Figure	23:	ARID1A	expression	levels	in	LUAD	patients.	(A)	Box	plot	of	ARID1A	mRNA	levels	in	

tumor	samples	(T)	and	normal	adjacent	tissue	(N)	of	LUAD	patients.	The	tumor	values	of	this	analysis	
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correspond	to	the	TCGA-LUAD	cohort	and	the	normal	values	were	obtained	by	a	combination	of	the	

normal	samples	from	TCGA-normal	and	GTEx	(Genotype-Tissue	Expression)	databases.	The	plot	was	

obtained	from	GEPIA2	(Gene	Expression	Profiling	Interactive	Analysis)	 (Tang	et	al.	2019).	Y-axis	

represents	 the	 logarithmic	 scale	 of	 the	 number	 of	 Transcripts	 Per	Million	 (TPM)	 (B)	 Box	 plot	 of	

ARID1A	protein	levels	 in	LUAD	tumors	and	normal	adjacent	samples	of	the	study	of	Gillette	et	al	

(Gillette	et	al.	2020).	Y-axis	depicts	the	Tandem	Mass	Tag	(TMT)	ratios	provided	by	Gillette	et	al.	

Paired	t-tests	were	performed	with	these	data.		

	

To	determine	the	relevance	of	ARID1A	in	LUAD	progression,	we	studied	the	effect	

of	silencing	ARID1A	expression	in	a	panel	of	LUAD	cell	lines	with	different	genetic	

backgrounds	to	interrogate	various	cellular	contexts	(Fig.	24	and	Fig.	25).	For	that	

purpose,	we	used	two	different	small	 interference	RNAs	(siRNAs)	that	effectively	

decreased	ARID1A	mRNA	levels,	although	the	silencing	activity	of	siARID1A#1	was	

higher	than	siARID1A#2	(Fig.	24A,	D).			

	

First,	we	knocked	down	ARID1A	in	A549	and	H2009,	two	LUAD	cell	lines	that	have	

mutations	 in	other	SWI/SNF	subunits	such	as	SMARCA4	 in	 the	 case	of	A549	and	

SMARCD3	 and	 SMARCC2	 in	 H2009.	 In	 both	 cell	 lines,	 we	 found	 that	 ARID1A	

knockdown	 (KD)	 significantly	 impaired	 cell	 viability	 and	 colony	 formation	 (Fig.	

24B,	 C,	 E,	 F).	 Given	 that	 KRAS	 was	 a	 relevant	 LUAD	 driver	 gene	 that	 was	 also	

mutated	 in	 these	 two	 cell	 lines	 (see	Annex	2),	we	 decided	 to	 study	 the	 effect	 of	

ARID1A	silencing	in	H358,	another	LUAD	cell	line	mutant	for	KRAS	but	wild-type	for	

the	 SWI/SNF	 complex.	We	 observed	 a	 similar	 effect	 on	 cell	 viability	 and	 colony	

formation	after	ARID1A	 silencing	 (Fig.	25A-C).	 Interestingly,	 similar	results	were	

also	 found	when	 using	H1395,	 a	 LUAD	 cell	 line	wild	 type	 for	 both	 the	 SWI/SNF	

complex	and	KRAS	(Fig.	25D-F).	Overall,	we	observed	that,	regardless	of	the	genetic	

background,	these	LUAD	cell	lines	required	ARID1A	for	their	survival.	
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Figure	 24:	 ARID1A	 dependency	 of	 LUAD	 cell	 lines	 with	 mutant	 SWI/SNF	 complexes.	 (A)	

Western	Blot	analysis	of	ARID1A	protein	levels	in	the	A549	cell	line	after	transfection	with	either	

nonsense	 scrambled	 siRNAs	 (SCR)	 or	 siRNAs	 against	ARID1A	mRNA	 (siA1A#1	or	 siA1A#2).	 The	

graph	below	represents	the	band	quantification	analysis	performed	with	ImageJ	using	ACTB	as	the	

normalization	protein.	(B)	Resazurin	assays	to	measure	cell	viability	at	different	time	points	after	

transfection	 of	A549	with	 scrambled	 siRNAs	 (SCR),	 siARID1A#1,	 or	 siARID1A#2.	 (C)	 Clonogenic	

assay	 after	 14	 days	 of	 transfection	 of	 A549	 with	 scrambled	 siRNAs	 (SCR),	 siARID1A#1,	 or	

siARID1A#2.	 (D)	 Western	 Blot	 analysis	 of	 ARID1A	 protein	 levels	 in	 the	 H2009	 cell	 line	 after	

transfection	with	either	scrambled	siRNAs	(SCR),	siARID1A#1,	or	siARID1A#2.	ACTB	was	used	as	a	

loading	 control.	 (E)	 Resazurin	 assays	 to	 measure	 cell	 viability	 at	 different	 time	 points	 after	

transfection	of	H2009	with	scrambled	siRNAs	(SCR),	siARID1A#1,	or	siARID1A#2.	(F)	Clonogenic	

assay	 after	 14	 days	 of	 transfection	 of	 H2009	 with	 scrambled	 siRNAs	 (SCR),	 siARID1A#1,	 or	

siARID1A#2.	Values	represent	mean ± SD	(n ≥	3).	Two-tailed	Mann–Whitney	U-test	was	chosen	for	
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A549	cell	viability	analysis	and	 two-tailed	 t-test	 for	 the	 rest	of	experiments.	 *p-value	<	0.05;	 **p	

< 0.01;	***p	<	0.001;	****p	<	0.0001.	

	

	

Figure	25:	ARID1A	dependency	of	 LUAD	 cell	 lines	with	wild	 type	 SWI/SNF	 complexes.	 (A)	

Western	Blot	analysis	of	ARID1A	protein	levels	in	the	H358	cell	line	after	transfection	with	either	

nonsense	 scrambled	 siRNAs	 (SCR)	 or	 siRNAs	 against	 ARID1A	 mRNA	 (siA1A#1	 or	 siA1A#2).	 ɑ-

Tubulin	was	used	as	a	loading	control.	(B)	Resazurin	assays	to	measure	cell	viability	at	different	time	

points	after	 transfection	of	H358	with	scrambled	siRNAs	 (SCR),	 siARID1A#1,	or	 siARID1A#2.	 (C)	

Clonogenic	assay	after	14	days	of	transfection	of	H358	with	scrambled	siRNAs	(SCR),	siARID1A#1,	

or	 siARID1A#2.	 (D)	Western	Blot	 analysis	 of	 ARID1A	 protein	 levels	 in	 the	 H1395	 cell	 line	 after	

transfection	with	either	scrambled	siRNAs	(SCR),	siARID1A#1,	or	siARID1A#2.	ɑ-Tubulin	is	used	as	

a	 loading	 control.	 (E)	 Resazurin	 assays	 to	 measure	 cell	 viability	 at	 different	 time	 points	 after	

transfection	of	H1395	with	scrambled	siRNAs	(SCR),	siARID1A#1,	or	siARID1A#2.	(F)	Clonogenic	

assay	 after	 14	 days	 of	 transfection	 of	 H1395	 with	 scrambled	 siRNAs	 (SCR),	 siARID1A#1,	 or	

siARID1A#2.	Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-test	*p-value	<	0.05;	**p	< 0.01.	
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4.3.2.	ARID1A	dependency	is	only	observed	in	tumor	contexts	

	
Then,	we	studied	the	effect	of	knocking	down	ARID1A	 in	a	dual	model	of	normal	

epithelial	 lung	 cells	 and	 their	 tumor	counterpart	derived	 from	 the	previous	one:	

NL20	vs	NL20-TA.	Interestingly,	we	only	observed	a	decrease	in	cell	viability	and	

colony	formation	in	the	tumor	sample,	not	in	the	normal	epithelial	lung	cells	(Fig.	

26A-D).	Thus,	this	finding	suggested	that	the	ARID1A	dependency	that	we	found	in	

different	LUAD	cell	lines	could	be	developed	once	the	tumor	is	formed.	

	
Figure	26:	ARID1A	dependency	only	affects	tumor	contexts.	(A)	Western	Blot	analysis	of	ARID1A	

protein	 levels	 in	NL20	and	NL20-TA	cell	 lines	after	 transfection	with	either	nonsense	scrambled	

siRNAs	(SCR)	or	siRNAs	against	ARID1A	mRNA	(siA1A#1	or	siA1A#2).	ACTB	was	used	as	a	loading	

control.	 (B)	 Clonogenic	 assay	after	 14	 days	 of	 transfection	 of	NL20	 or	NL20-TA	with	 scrambled	

siRNAs	(SCR),	siARID1A#1,	or	siARID1A#2.	(C)	Resazurin	assays	to	measure	cell	viability	at	different	

time	points	after	transfection	of	NL20	or	NL20-TA.	(D)	with	scrambled	siRNAs	(SCR),	siARID1A#1,	

or	siARID1A#2.		Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-test	*p-value	<	0.05;	**p	< 0.01.	ns:	

non-significant.	
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4.3.3.	ARID1A	loss	triggers	DNA	damage-induced	apoptosis	

	
To	 uncover	 the	 networks	 behind	 the	 impairment	 of	 cell	 viability	 after	 silencing	

ARID1A	 in	LUAD	cells,	we	performed	an	RNA-seq	of	 the	ARID1A	KD	model	 in	 the	

A549	 cell	 line.	 We	 compared	 the	 transcriptome	 profiles	 of	 the	 A549	 after	 the	

transfection	with	either	a	nonsense	scrambled	siRNA	or	an	ARID1A	siRNA	and	we	

found	that	3090	genes	were	differentially	expressed	(FDR	<	0.05,	absolute	FC	>	1.5).	

Specifically,	1770	genes	were	upregulated	and	1320	downregulated	after	ARID1A	

KD	(Fig.	27A).		
Figure 4: ARID1A loss triggers DNA-damage induced apoptosis

C

A B

D
A549

50kDa—

37kDa—
ACTB
(43kDa)

c-MYC
(67kDa)

SCR siA1A#2siA1A#1

E F G

NES: 2.099
FDR: 0

NES: 2.289
FDR: 0

NES: 2.183
FDR: 0 NES: 2.133

FDR: 0

SCR siARID1A#1 siARID1A#2
0

1

2

3

Fo
ld

 c
ha

ng
e 

m
R

N
A

 le
ve

ls

c-MYC mRNA expression

✱✱

✱



RESULTS	 102	

Figure	27:	Differentially	expressed	genes	upon	ARID1A	knockdown	in	the	A549	cell	line	and	

enriched	pathways	related	to	an	increase	in	protein	synthesis.	(A)	Volcano	plot	of	the	RNA-seq	

analysis	after	6	days	of	silencing	ARID1A	in	A549	cells.	Red	points	represent	the	genes	that	are	both	

significant	and	highly	dysregulated.	FDR:	False	Discovery	Rate;	FC:	Fold	change.	(B)	Enrichment	of	

the	“Hallmark_MYC_targets_v1”	in	our	pathways	analysis.	NES:	Normalized	Enrichment	Score.	(C)	

RT-qPCR	analysis	of	c-MYC	mRNA	levels	after	ARID1A	KD	in	A549.	Values	represent	mean ± SD	(n ≥	

3).	*Two-tailed	t-test	*p-value	<	0.05;	**p	< 0.01.	(D)	Western	blot	analysis	of	c-MYC	after	ARID1A	KD	

in	A549.	ACTB	is	the	loading	control.	(E)	Other	gene	sets	significantly	enriched	in	our	transcriptome	

analysis	 after	ARID1A	 KD	 in	 A549:	 GO_Ribosome_biogenesis;	 (F)	 Reactome_Translation;	 and	 (G)	

GO_Protein_localization_to_endoplasmic_reticulum.		

Next,	we	performed	a	Gene	Set	Enrichment	Analysis	 (GSEA)	 to	 identify	enriched	

biological	pathways	among	the	differentially	expressed	genes	using	the	gene	sets	

derived	from	the	Molecular	Signatures	Database	(MSigDB).	Intriguingly,	we	found	

some	pathways	 related	 to	 an	 oncogenic	 stimulus,	 such	 as	 the	 induction	 of	MYC-

targets,	 ribosome	 biogenesis,	 translation,	 and	 protein	 localization	 to	 the	

endoplasmic	 reticulum	 (Fig.	 27B,	 E-G).	However,	 those	pathways	 coexisted	with	

others	that	pointed	to	an	elevation	of	intracellular	stress,	such	as	the	upregulation	

of	the	unfolded	protein	response	(UPR)	and	reactive	oxygen	species	(ROS)	or	the	

decrease	 of	 peroxisomal	 activity	 (Fig.	 28A).	 Interestingly,	 that	 signature	 of	

intracellular	stress	derived	from	an	exacerbated	oncogenic	dysregulation	could	be	

responsible	 for	 the	 activation	 of	 other	 gene	 sets	 involved	 in	 cell	 death,	 such	 as	

apoptosis	and	the	P53	pathway,	which	were	also	enriched	in	our	data	(Fig.	28B).		

We	 validated	 by	RT-qPCR	 and	western	 blot	 the	 increase	 in	MYC	 expression	 that	

could	explain	the	upregulation	of	its	pathway	and	the	concomitant	dysregulation	of	

other	oncogenic	networks	(Fig.	27C,	D).	However,	as	other	authors	have	described,	

the	 upregulation	 of	 MYC	 expression	 may	 constitute	 an	 intracellular	 stress	 that	

places	further	weight	on	protein	synthesis	and	folding	(Zhang	et	al.	2020).	Since	the	

UPR	 and	 the	 apoptosis	 pathways	 were	 also	 enriched	 in	 our	 RNA-seq	 data,	 we	

suspected	 that	 MYC	 overexpression	 was	 causing	 a	 proteostasis	 imbalance.	 The	

elevation	 of	 the	 protein	 load	 of	 the	 cells	 can	 exceed	 the	 folding	 capacity	 of	 the	

endoplasmic	reticulum	(ER),	leading	to	severe	ER	stress,	which	also	increases	ROS	

production	and	enhances	intracellular	stress.	Thus,	the	transcriptomic	profile	of	the	

ARID1A	KD	model	could	be	showing	a	proteostasis	imbalance	that	induced	severe	

ER	 stress	 and	 a	 pro-apoptotic	 UPR	 signaling.	 To	 validate	 this	 observation,	 we	
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analyzed	the	expression	levels	of	two	regulators	of	the	pro-apoptotic	UPR	pathway.	

We	 found	 that	 both,	DDIT3	 (also	 known	 as	 CHOP)	 and	 ATF5,	 were	 significantly	

upregulated	upon	ARID1A	KD	(Fig.	28D).	Both	proteins	are	relevant	transcription	

factors	 that	 are	 responsible	 for	 inducing	 the	 expression	 of	 pro-apoptotic	 genes	

(Tabas	and	Ron	2011;	Teske	et	al.	2013),	such	as	BAX,	BAK1,	BID,	and	HRK,	which	

were	also	upregulated	after	silencing	ARID1A	(Fig.	28D).	Importantly,	these	results	

coincided	with	a	significant	increase	of	apoptotic	cells	in	our	model	of	ARID1A	KD	

after	measuring	Annexin-V	positive	cells	by	flow	cytometry	(Fig.	28C).		
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Figure	28:	ARID1A	loss	induces	a	pro-apoptotic	unfolded	protein	response	(UPR).	Enriched	

pathways	upon	ARID1A	KD	in	the	A549	cell	line	related	to	severe	ER	stress	(A)	and	apoptosis	(B).	

NES:	 Normalized	 Enrichment	 Score;	 FDR:	 False	 Discovery	 Rate.	 (C)	 Apoptosis	 analysis	 by	 flow	

cytometry	in	A549	after	ARID1A	silencing.	(D)	RT-qPCR	analysis	of	a	panel	of	markers	of	the	pro-

apoptotic	UPR	pathway	after	ARID1A	KD	in	A549.	Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-

test	*p-value	<	0.05;	**p	< 0.01;	***p	<	0.001.	

Apart	from	the	profile	of	cellular	stress	that	we	observed	in	our	transcriptomic	data,	

we	also	found	other	enriched	gene	sets	related	to	the	UV-response	pathway	(Fig.	

29A).	This	result	pointed	to	a	signature	of	DNA	damage	and	therefore,	we	wondered	

whether	the	depletion	of	ARID1A	could	also	be	associated	with	an	increase	in	DNA	

damage.	It	is	known	that	ER	stress	is	interconnected	with	ROS	production,	since	the	

protein	folding	process	generates	ROS	as	a	byproduct	(Malhotra	and	Kaufman	2007;	

Santos	et	al.	2009).	In	fact,	the	transcriptome	of	our	ARID1A	KD	model	also	showed	

the	ROS	 pathway	 significantly	 enriched	 (Fig.	 28A).	 Thus,	we	 suspected	 that	 this	

increase	 in	 ROS	 derived	 from	 ER	 stress	 could	 be	 genotoxic	 for	 the	 cells	 and	

potentiate	DNA	damage	(Dizdaroglu	et	al.	2002).	For	that	reason,	we	analyzed	DNA	

damage	 levels	 by	 measuring	 the	 protein	 levels	 of	 γ-H2AX,	 a	 histone	 mark	

characteristic	of	DNA	damage	(Sharma	et	al.	2012).	We	found	an	 increase	of	 this	

DNA	 damage-mark	 after	 silencing	 ARID1A	 in	 LUAD	 cell	 lines	 confirming	 the	

genotoxic	effect	of	depleting	this	gene	in	LUAD	(Fig.	29B).	In	addition,	we	observed	

an	upregulation	of	the	transcript	levels	of	E2F1,	a	relevant	transcription	factor	that	

is	 induced	 in	 response	 to	 various	 DNA-damaging	 agents	 (Blattner	 et	 al.	 1999;	

O'Connor	and	Lu	2000)	(Fig.	29C).	Importantly,	E2F1	is	crucial	for	triggering	DNA	

damage-induced	apoptosis	(Biswas	and	Johnson	2012).	ATF3	and	JUN	are	also	other	

transcription	factors	upregulated	upon	DNA-damage	stress	with	important	roles	in	

regulating	DNA	damage-induced	apoptosis	(Lu	et	al.	2006;	Turchi	et	al.	2008;	Fan	et	

al.	 2002;	 Lei	 and	 Davis	 2003;	 Devary	 et	 al.	 1991).	 We	 also	 found	 that	 these	

transcription	factors	presented	increased	expression	levels	after	silencing	ARID1A	

(Fig.	29C).	Overall,	our	transcriptomic	analysis	of	the	ARID1A	KD	model	confirmed	

that	 ARID1A	 is	 a	 relevant	 regulator	 of	 cell	 viability	 in	 LUAD.	 Specifically,	 we	

observed	 that	 ARID1A	 fine-tune	 the	 expression	 of	 important	 pathways	 whose	

dysregulation	unbalance	protein	synthesis,	causing	an	increase	of	cellular	stress	and	

DNA	damage	that	cannot	be	overcome	by	the	tumor	cells	and	leads	to	cell	death.	
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Figure	 29:	 ARID1A	 loss	 increases	 DNA	 damage	 in	 LUAD	 cell	 lines.	 (A)	 Gene	 set	

“Hallmark_UV_response_UP”	 enriched	 upon	 ARID1A	 KD	 in	 the	 A549	 cell	 line.	 NES:	 Normalized	

Enrichment	Score;	FDR:	False	Discovery	Rate.	(B)	Western	blot	analysis	of	the	DNA-damage	mark	γ-

H2AX	in	A549,	H1395,	and	H358	cell	lines	after	ARID1A	silencing.	(C)	RT-qPCR	analysis	of	a	panel	of	

markers	of	DNA	damage-induced	transcriptions	factors	that	regulate	DNA	damage-apoptosis	after	

ARID1A	KD	in	A549.	Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-test	*p-value	<	0.05;	**p	< 0.01;	

***p	<	0.001;	****p	<	0.0001.	

 
4.3.4.	Depleting	ARID1A	behaves	as	a	genotoxic	treatment	in	LUAD		

	

Since	we	found	that	knocking	down	ARID1A	promoted	DNA	damage	in	LUAD	cells,	

we	hypothesized	that	the	depletion	of	ARID1A	could	behave	as	a	genotoxic	agent.	

Thus,	we	compared	the	effect	of	silencing	ARID1A	with	other	genotoxic	treatments	

currently	widespread	 in	cancer	research,	such	as	etoposide	and	doxorubicin.	For	

that	 purpose,	 after	 transfecting	 the	 A549	 cell	 line	with	 the	 nonsense	 scrambled	

siRNA	 (SCR)	 or	 the	 siRNA	 against	 ARID1A	 (siARID1A),	 we	 administered	 an	

B

H1395
SCR siA1A#2siA1A#1

H358
SCR siA1A#2siA1A#1

A549
SCR siA1A#2siA1A#1

—15kDa

—50kDa

ɑ-TUBULIN
(55kDa)

γ-H2AX
(15kDa)

A

C ɑ-TUBULIN
(55kDa)

γ-H2AX
(15kDa)

ɑ-TUBULIN
(55kDa)

γ-H2AX
(15kDa)

—15kDa

—50kDa

—15kDa

—50kDa

NES: 1.390
FDR: 0.039



RESULTS	 106	

additional	 treatment	 with	 either	 etoposide	 (10	 ?M),	 doxorubicin	 (0.5	 ?M),	 or	

vehicle/Not	Treated.		

On	the	one	hand,	we	observed	that	only	by	silencing	ARID1A,	the	reduction	of	cell	

viability	was	comparable	to	that	of	0.5	?M	doxorubicin	treatment.	Importantly,	this	

reduction	was	even	significantly	higher	than	only	administering	etoposide	(10	?M)	

(Fig.	30,	Table	3).		

On	the	other	hand,	we	found	that	knocking	down	ARID1A	showed	an	additive	effect	

on	cell	viability	when	combined	with	doxorubicin	or	etoposide	treatments.		
	

	
	

Figure	30:	ARID1A	silencing	potentiates	the	damaging	effect	of	genotoxic	drugs.	Cell	viability	

assays	over	time	in	A549	cells	after	treatment	with	a	siRNA	against	ARID1A	(siA1A)	or	a	scrambledd	

siRNA	(SCR)	plus	doxorubicin	(Doxo),	etoposide	(Etop),	or	vehicle	(NT,	Not	Treated).	The	experiment	

was	 performed	 in	 triplicate.	 The	 lines	 summarize	 the	 fit	 of	 a	 linear	 model	 (see	 Materials	 and	

Methods),	 averaged	 across	 the	 three	 replicates.	 X-axis	 depicts	 the	 log2	 of	 relative	 growth	 values	

normalized	with	t=0.	Y-axis	represents	time	(hours)	after	drug	treatment.	Time	0	corresponds	to	48	

h	after	transfection	with	SCR	or	siA1A.		

Table	3:	Pairwise	comparisons	of	cell	growth	rates	over	time	between	different	treatments	of	

interest.	A549	cells	were	treated	with	a	siRNA	against	ARID1A	(siA1A)	or	a	scrambledd	siRNA	(SCR)	

plus	 doxorubicin	 (Doxo),	 etoposide	 (Etop),	 or	 vehicle	 (NT,	Not	 Treated).	 Cell	 growth	 rates	were	

estimated	as	the	slopes	of	the	linear	fits	of	log2(relative	cell	growth)	vs	time	(in	hours;	see	Materials	
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and	Methods).	Then,	pairwise	comparisons	between	the	slopes	were	performed	for	the	contrasts	of	

interest.	 “Estimate”:	estimated	difference	in	 the	cell	growth	rate	between	 the	 two	conditions;	SE:	

standard	error;	DF:	degrees	of	freedom.	P	values	were	corrected	(p.adj)	using	the	Holm	method.	

CONTRAST	 ESTIMATE	 SE	 DF	 T.RATIO	 P.VALUE	 P.ADJ	
(SCR-NT)	-	(siA1A-NT)	 0,0204	 0,0013	 55	 15,9952	 2,43E-22	 2,19E-21	
(SCR-NT)	-	(SCR-DOXO)	 0,0189	 0,0013	 55	 14,7844	 8,26E-21	 6,61E-20	
(SCR-NT)	-	(SCR-ETOP)	 0,0115	 0,0013	 55	 8,9743	 2,32E-12	 1,39E-11	
(siA1A-NT)	-	(SCR-DOXO)	 -0,0015	 0,0013	 55	 -1,2107	 0,2312	 0,2312	
(siA1A-NT)	-	(siA1A-DOXO)	 0,0088	 0,0013	 55	 6,8738	 6,07E-09	 1,82E-08	
(siA1A-NT)	-	(SCR-ETOP)	 -0,0090	 0,0013	 55	 -7,0209	 3,49E-09	 1,39E-08	
(siA1A-NT)	-	(siA1A-ETOP)	 0,0056	 0,0013	 55	 4,3842	 5,30E-05	 1,06E-04	
(SCR-DOXO)	-	(siA1A-DOXO)	 0,0103	 0,0013	 55	 8,0846	 6,35E-11	 3,18E-10	
(SCR-ETOP)	-	(siA1A-ETOP)	 0,0146	 0,0013	 55	 11,4051	 4,08E-16	 2,86E-15	

	

To	 analyze	 the	 DNA	 damage	 levels	 produced	 after	 all	 these	 different	 treatment	

conditions,	 we	 performed	 a	 time-course	 sample	 collection	 to	 measure	 γ-H2AX	

expression	by	western	blot,	which	 is	 indicative	of	DNA	damage.	 Interestingly,	we	

observed	that	the	double	condition	of	silencing	ARID1A	and	administering	etoposide	

or	doxorubicin	increased	almost	twice	the	levels	of	DNA	damage	in	comparison	with	

only	treating	with	these	genotoxic	agents	(Fig.	31A,	B).	This	observation	agrees	with	

our	previous	results	of	cell	viability,	showing	that	the	highest	damaging	effect	of	the	

double	 treatment	 siARID1A+Doxo/Etop	 correlated	 with	 the	 highest	 levels	 of	 γ-

H2AX.	In	addition,	we	found	that	in	all	tested	conditions,	the	DNA	damage	abruptly	

decreased	over	time	regardless	of	the	levels	of	ARID1A	of	the	cells,	suggesting	that	

all	of	these	treatments	triggered	an	acute	cytotoxic	response.	

	

Next,	we	checked	the	cleaving	rate	of	PARP1	(poly-(ADP-ribose)	polymerase	1),	a	

downstream	marker	of	the	DNA	damage	response.	In	particular,	PARP1	is	the	first	

responder	to	DNA	damage	and	its	activity	mediates	DNA	repair,	but	importantly,	its	

activation	 at	 high	 levels	 also	 induces	 apoptosis	 (Chiarugi	 and	 Moskowitz	 2002;	

Pascal	 2018).	We	 found	 that	 the	 cleaving	 rate	 of	 PARP1,	measured	 by	 the	 ratio	

Cleaved	PARP1/Total	PARP1,	was	higher	when	ARID1A	was	knocked	down	with	

either	short-term	or	long-term	exposures	to	etoposide	(Fig.	31C).	Importantly,	we	

observed	that	only	silencing	ARID1A	showed	a	cleaving	rate	higher	or	similar	to	that	

of	 the	 treatment	 with	 etoposide	 alone	 after	 6	 or	 48	 h	 post-administration,	
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respectively.	Thus,	this	result	highlights	the	potential	therapeutic	role	of	ARID1A	in	

LUAD	 to	boost	 the	efficacy	of	 the	 current	genotoxic	 treatments	used	 in	 the	 clinic	

(reviewed	in	(Swift	and	Golsteyn	2014)).		

	

 
	

Figure	 31:	 Silencing	 ARID1A	 potentiates	 DNA	 damage	 in	 the	 presence	 of	 other	 genotoxic	

agents	in	the	A549	cell	line.	Quantification	of	the	western	blot	analysis	of	γ-H2AX	levels	(see	Annex	

14)	in	A549	cells.	After	48	h	of	the	transfection	with	a	nonsense	scrambled	siRNA	(SCR)	or	a	siRNA	

specific	against	ARID1A	(siARID1A),	 the	cells	were	 treated	with	either	doxorubicin	0.5?M	(A)	or	

etoposide	10?M	(B).	X-axis	represents	the	expression	levels	of	γ-H2AX	normalized	with	the	loading	

control	ACTB.	Those	resulting	values	were	normalized	with	the	condition	SCR	without	any	additional	

treatment.	Y-axis	shows	the	different	time	points	that	were	measured	after	the	treatment	with	the	

genotoxic	agents.	The	bar	below	each	of	the	graphs	depicts	the	corresponding	time	scale	after	the	

transfection	with	either	SCR	or	siARID1A.	(C)	Western	blot	analysis	of	PARP1	levels	in	the	A549	cell	

line	after	the	transfection	of	SCR	or	siARID1A	and	the	subsequent	treatment	with	etoposide	10?M	

(Etop).	NT:	Not-treated.	The	upper	band	of	PARP1	corresponds	to	the	uncleaved	protein	(115kDa).	
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The	lower	band	corresponds	to	cleaved-PARP1	(89kDa).	The	table	below	represents	the	normalized	

values	of	each	of	the	bands	and	the	ratio	Cleaved/Total	PARP1.	ACTB	was	used	as	the	loading	control.	

	

4.3.5.	Decreasing	ARID1A	expression	alters	the	protein	levels	of	other	BAF	

and	PBAF	subcomplexes	

	

Our	 previous	 results	 showed	 that	 knocking	 down	ARID1A	 generated	 a	 profound	

dysregulation	of	relevant	pathways	that	imbalanced	the	homeostasis	of	LUAD	cells.	

However,	ARID1A	is	a	subunit	of	only	one	of	the	three	different	SWI/SNF	complexes	

that	can	be	found	inside	lung	cells.	Furthermore,	although	ARID1A	is	part	of	the	BAF	

complex,	ARID1B	can	also	replace	it	as	the	ARID	subunit	of	that	type	of	SWI/SNF	

complex	(Helming	et	al.	2014b).	For	all	of	these	reasons,	we	wanted	to	evaluate	the	

effect	of	ARID1A	silencing	on	the	expression	of	other	components	of	the	remaining	

SWI/SNF	complexes.		

Interestingly,	we	found	that	SMARCC1,	one	of	the	subunits	that	make	up	the	core	

module	of	the	three	types	of	the	SWI/SNF	complex	(Mashtalir	et	al.	2018),	showed	

significantly	 lower	 expression	 levels	 after	 ARID1A	 KD	 (Fig.	 32A,	 B).	 This	 result	

suggested	that	silencing	ARID1A	 could	have	an	 impact	on	the	expression	of	other	

SWI/SNF	 complexes.	 This	 hypothesis	 was	 strengthened	 when	 we	 analyzed	 the	

protein	levels	of	ARID1B,	the	alternative	ARID	subunit	of	the	BAF	complexes.	In	this	

case,	we	observed	that	at	shorter	times	after	ARID1A	KD,	there	was	not	a	significant	

change	in	ARID1B	protein	levels.	However,	after	longer	times	of	silencing	ARID1A,	

the	expression	of	ARID1B	significantly	decreased	(Fig.	32A,	C).	The	same	trend	was	

found	 in	 the	 other	 ARID	 subunit	 of	 the	 PBAF	 complex:	 ARID2	 (Fig.	 32D,	 E).	

Importantly,	SMARCA2,	the	only	ATPase	subunit	that	is	present	in	all	the	SWI/SNF	

complexes	in	the	A549	cell	line,	also	showed	lower	expression	levels	after	ARID1A	

KD	(Fig.	32F).	Overall,	we	discovered	that	knocking	down	ARID1A	not	only	altered	

the	protein	levels	of	the	BAF	complexes	that	contain	this	subunit	but	also	impaired	

the	expression	of	other	members	of	the	rest	of	the	different	SWI/SNF	complexes,	

including	their	catalytic	subunit.		
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Figure	32:	ARID1A	loss	reduces	protein	levels	of	other	subunits	of	the	SWI/SNF	complex.	(A)	

Western	 Blot	 analysis	 of	 ARID1A,	 ARID1B,	 and	 SMARCC1	 protein	 levels	 in	 the	 A549	 cell	 line	 at	

different	 time	points	 after	 transfection	with	 either	 nonsense	 scrambled	 siRNAs	 (SCR)	 or	 siRNAs	
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against	ARID1A	mRNA	(siA1A#1	or	siA1A#2)	at	different	time	points.	ACTB	was	used	as	a	loading	

control.	 (B)	 Quantification	 of	 SMARCC1	 western	 blots	 normalized	 with	 ACTB	 values.	 (C)	

Quantification	of	ARID1B	western	blots	normalized	with	ACTB	values.	(D)	Western	blot	analysis	of	

ARID2	in	A549	at	different	time	points	after	transfection	with	SCR,	siA1A#1,	or	siA1A#2.	ACTB	was	

used	as	a	loading	control.	(E)	Quantification	of	ARID2	western	blots	normalized	with	ACTB	values.	

(F)	Western	blot	analysis	of	SMARCA2	in	A549	after	6	days	of	transfection	with	SCR,	siA1A#1,	or	

siA1A#2.	ɑ-Tubulin	was	used	as	a	loading	control.	Values	represent	mean ± SD	(n ≥	3).	*Two-tailed	t-

test	*p-value	<	0.05;	**p	< 0.01;	***p	<	0.001;	****p	<	0.0001;	ns:	non-significant.	

	



	

DISCUSSION	
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5) DISCUSSION	
 
Since	the	development	of	next-generation	sequencing	(NGS)	techniques,	large-scale	

genomic	studies	and	projects,	such	as	The	Cancer	Genome	Atlas	(TCGA),	have	shown	

an	elevated	 incidence	of	mutations	 in	epigenetic	regulators,	as	well	as	epigenetic	

alterations	in	almost	all	cancer	types	(Lawrence	et	al.	2014;	Network	2014).	Among	

the	epigenetic	regulators	currently	described,	the	chromatin	remodeling	complex	

SWI/SNF	 has	 received	 great	 interest.	 Several	 studies	 have	 underlined	 the	 high	

frequency	of	mutations	or	other	 types	of	 alterations	 that	 can	affect	 the	SWI/SNF	

subunits	in	many	types	of	tumors	(Savas	and	Skardasi	2018;	Centore	et	al.	2020).	

These	findings,	plus	the	diverse	range	of	biological	functions	in	which	this	chromatin	

remodeling	is	involved,	have	made	the	SWI/SNF	complex	a	promising	candidate	for	

both	basic	and	applied	research.		

In	this	Ph.D.	thesis,	we	have	focused	on	the	study	of	the	SWI/SNF	complex	in	lung	

adenocarcinoma	(LUAD),	one	of	the	deadliest	types	of	cancer	today.		Our	aim	was	to	

provide	an	integral	and	comprehensive	perspective	of	the	whole	complex	in	LUAD	

patients,	 as	 well	 as	 in	 LUAD	 cell	 models	 that	 are	 currently	 used	 for	 functional	

studies.	With	this	thesis,	we	intended	to	shed	light	on	the	open-ended	questions	that	

are	currently	in	this	field	of	cancer	research.		

 
5.1.	Chapter	I:	Characterization	of	the	SWI/SNF	complex	in	LUAD	
	

Although	 tissue	 specificity	 is	 a	 widely	 known	 trait	 of	 the	 SWI/SNF	 complex,	 no	

studies	have	analyzed	its	composition	in	a	lung	epithelial	cell	model	(Kadoch	and	

Crabtree	 2015;	 Alpsoy	 and	 Dykhuizen	 2018;	Mashtalir	 et	 al.	 2018;	 Schick	 et	 al.	

2019).	 For	 that	 reason,	 identifying	 the	 SWI/SNF	 subunits	 that	 are	 found	 in	 this	

particular	tissue	is	crucial	for	a	better	characterization	of	the	study	area.		

	

Specifically,	 in	our	analysis	of	 a	normal	 lung	 tissue	model,	we	did	not	detect	 the	

following	 nine	 proteins	 currently	 defined	 as	 SWI/SNF	 subunits:	 ACTB,	 ACTL6B,	

BCL7B,	BCL11A,	BCL11B,	BICRAL,	DPF1,	SS18,	and	SS18L1.	Some	of	 these	absent	

subunits,	such	as	ACTL6B,	DPF1,	and	SS18L1,	have	exclusively	been	associated	with	
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the	neuronal	SWI/SNF	complex	and,	 therefore,	we	did	not	expect	 to	 find	them	in	

lung	(Olave	et	al.	2002;	Aizawa	et	al.	2004;	Lessard	et	al.	2007;	Staahl	et	al.	2013).	

BCL11A	and	BCL11B	have	only	been	validated	in	human	T	cells	(Kadoch	et	al.	2013),	

postnatal	 brain	 (Kadoch	 et	 al.	 2013),	 and	 renal	 cancer	 cell	 lines	 (Alpsoy	 and	

Dykhuizen	2018).	The	same	occurred	with	SS18,	which	has	been	associated	with	

BAF	complexes	since	2002	when	Kato	and	colleagues	identified	its	direct	interaction	

with	the	SWI/SNF	complex	in	HeLa	cells	(Kato	et	al.	2002).	Other	studies	have	found	

it	in	other	tissues,	such	as	the	analyzed	in	the	previously	cited	publications	(Kadoch	

et	al.	2013;	Mashtalir	et	al.	2018;	Alpsoy	and	Dykhuizen	2018;	Schick	et	al.	2019),	

but	this	subunit	was	not	present	in	our	results.	In	addition,	the	only	non-canonical	

(nc)	 SWI/SNF	 subunit	 that	 we	 did	 not	 identify	 in	 our	 lung	 model	 was	 BICRAL.	

However,	although	two	independent	studies	have	shown	that	BICRAL	can	substitute	

its	homolog	BICRA	(Mashtalir	et	al.	2018;	Alpsoy	and	Dykhuizen	2018),	a	previous	

publication	did	not	find	BICRAL	in	their	mass	spectrometric	analysis	neither,	even	

though	 the	 authors	 studied	 the	 same	 cell	 model	 as	 Mashtalir	 and	 colleagues	

(Middeljans	et	al.	2012).	BCL7B	was	also	absent	 in	our	results,	but	other	authors	

have	demonstrated	that	 there	are	other	homologous	proteins	such	as	BCL7A	and	

BCL7C,	which	were	also	present	in	our	lung	model,	that	can	substitute	it	(Middeljans	

et	al.	2012;	Kadoch	et	al.	2013).	In	fact,	Middeljans	and	colleagues	also	described	

that	BCL7B	was	only	associated	with	SWI/SNF	complexes	that	contained	the	fusion	

protein	SS18-SSX,	an	oncogenic	subunit	involved	in	synovial	sarcoma	development	

(Middeljans	 et	 al.	 2012).	 The	most	 unexpected	 result	 was	 the	 absence	 of	 ACTB,	

which	 has	 always	 been	 depicted	 as	 part	 of	 all	 SWI/SNF	 complexes	 studied	 in	

different	 cell	 types	 including	 distinct	 developmental	 stages	 and	 tissue	 origin	

(reviewed	in	(Kadoch	and	Crabtree	2015),	and	recently	observed	in	(Mashtalir	et	al.	

2018;	Alpsoy	and	Dykhuizen	2018)).	However,	other	researchers	did	not	find	any	

interaction	 between	 ACTB	 and	 the	 different	 SWI/SNF	 complexes	 evaluated	

(Middeljans	et	al.	2012).	These	authors	identified	a	member	of	other	actin	families:	

actin	gamma,	which	was	also	present	in	our	lung	model.	Nevertheless,	there	is	a	lack	

of	 studies	 that	have	analyzed	 the	 functional	 repercussion	of	 this	 switch	between	

ACTB	and	other	actin	families.		
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In	short,	we	discriminated	the	lung	SWI/SNF	subunits	among	other	tissue-specific	

components	of	this	complex	(Figure	33).	We	confirmed	that	only	certain	SWI/SNF	

subunits	were	 selectively	 incorporated	 into	 lung	SWI/SNF	complexes,	 conferring	

the	biological	specificity	of	those	chromatin	remodeling	complexes	(Euskirchen	et	

al.	2011;	Hodges	et	al.	2018).	

	

 
	

Figure	33:	Graphical	model	of	SWI/SNF	complexes	in	lung	cells.	Compilation	of	lung	SWI/SNF	

subunits	 that	 can	 compose	 the	 canonical	 BAF	 complex	 (BRM/BRG1	 Associated	 Factors),	 PBAF	

(polybromo-associated	BAF	complexes),	and	ncBAF	complex.	Image	made	with	BioRender.com	and	

adapted	from	(Mashtalir	et	al.	2018)	using	our	LC-MS/MS	data	of	epithelial	lung	cells	(Annex	6).		

When	we	studied	the	lung	SWI/SNF	subunits	in	a	cohort	of	70	LUAD	patients,	we	

found	that	more	than	41%	of	patients	harbored	a	somatic	mutation	in	any	of	those	

SWI/SNF	subunits.	 Interestingly,	we	also	observed	 that	SWI/SNF-mutant	 tumors	

had	an	elevated	Tumor	Mutation	Burden	(TMB),	supporting	the	relevant	role	of	the	

SWI/SNF	 complex	 in	 the	maintenance	 of	 genome	 integrity.	 Several	 articles	 have	

associated	the	SWI/SNF	complex	with	functions	in	DNA	repair	(Harrod	et	al.	2020;	

Ribeiro-Silva	et	al.	2019)	and	replication	stress	(Gupta	et	al.	2020;	Kurashima	et	al.	

2020;	 Bayona-Feliu	 et	 al.	 2021;	 Tsai	 et	 al.	 2021),	 two	 processes	 that	 highly	

contribute	to	genome	instability.	Interestingly,	this	high	TMB	of	SWI/SNF-mutant	

tumors	 could	 explain	 the	worse	 prognosis	 that	we	 observed	 in	 that	 subgroup	 of	

patients.	In	fact,	other	studies	have	also	associated	high	TMB	with	poorer	outcomes	
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in	different	cancer	types	(Hwang	et	al.	2019;	Owada-Ozaki	et	al.	2018;	Eder	et	al.	

2019).	As	Valero	and	colleagues	discussed	in	their	work	(Valero	et	al.	2021),	high	

TMB	could	be	responsible	for	(1)	an	increased	likelihood	of	generating	oncogenic	

drivers	or	mutations	that	could	mediate	therapeutic	resistance	(Bozic	et	al.	2013),	

and	(2)	an	increased	intratumor	genetic	heterogeneity	that	facilitates	tumor	growth	

under	 selective	 pressure	 (Morris	 et	 al.	 2016;	 Andor	 et	 al.	 2016).	 However,	 an	

elevated	TMB	can	be	a	good	prognostic	biomarker	when	analyzing	the	outcomes	of	

immunotherapy	 for	 cancer	 patients.	 Importantly,	 immune	 checkpoint	 inhibitors	

(ICIs)	are	currently	one	the	most	relevant	therapeutic	treatments	for	human	tumors	

(He	and	Xu	2020).	Nevertheless,	despite	the	remarkable	success	of	ICIs	in	the	past	

decade,	the	efficacy	and	effectiveness	of	these	therapies	vary	greatly	not	only	among	

different	cancer	types	but	among	individual	patients.	The	overall	response	rate	of	

ICIs	is	less	than	30%	of	cancer	patients,	and	even	NSCLC	patients	can	show	lower	

response	rates	(≤20%)	(Nishino	et	al.	2017).	Moreover,	researchers	and	clinicians	

have	observed	that	a	significant	number	of	ICIs	therapy	recipients	(up	to	two-thirds	

of	them)	exhibit	either	primary	or	acquired	resistance	(Wang	and	Wu	2017;	Restifo	

et	al.	2016).	Therefore,	the	identification	of	biomarkers	that	predict	patients	who	

are	more	likely	to	respond	to	ICIs	is	crucial.	That	is	why	the	discovery	of	increased	

effectiveness	 of	 ICIs	 in	 tumors	 with	 a	 high	 mutation	 burden	 has	 arisen	 much	

interest.	 Different	 studies	 have	 observed	 that	 cancers	 that	 arise	 from	 chronic	

exposure	 to	 DNA-damaging	 agents,	 such	 as	 tobacco	 carcinogens	 or	 ultraviolet	

radiation,	or	those	that	develop	DNA	repair	defects	present	better	response	rates	to	

ICI	therapy	(Rizvi	et	al.	2015;	Mouw	et	al.	2017;	Le	et	al.	2017;	Valero	et	al.	2021).	

Specifically,	a	high	TMB	is	associated	with	more	variety	of	neoantigens	produced	by	

tumor	cells	that	facilitate	the	recognition	and	activation	of	T	cells,	enhancing	anti-

tumor	 immune	responses	(Jardim	et	al.	2021).	For	this	reason,	our	 finding	of	 the	

higher	TMB	of	SWI/SNF-mutant	LUAD	tumors	confers	an	additional	clinical	interest,	

not	only	 for	 its	 connection	with	worse	overall	 survival	but	 for	defining	a	 clinical	

subgroup	that	could	benefit	from	ICI	therapy.	To	date,	other	studies	have	also	found	

associations	 between	 some	 SWI/SNF	 subunits	 and	 a	 better	 response	 rate	 to	 ICI	

therapy	for	different	tumor	types	highlighting	this	relevant	connection	(Shen	et	al.	

2018;	Braun	et	 al.	 2019;	Naito	et	 al.	 2019;	Zhu	et	 al.	 2021;	Zhou	et	 al.	 2021).	 In	

addition,	Pan	and	colleagues	have	proposed	that	the	involvement	of	the	SWI/SNF	
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complex	in	the	response	rate	to	ICIs	can	be	explained	due	to	its	transcriptional	role	

by	modulating	the	expression	of	chemokines	(Cxcl9	and	Cxcl10)	that	result	in	more	

efficient	 recruitment	 of	 effector	 T	 cells	 into	 tumors	 (Pan	 et	 al.	 2018).	 However,	

currently,	 more	 studies	 are	 necessary	 to	 translate	 these	 findings	 to	 the	 clinic.	

Importantly,	 the	 relevance	 of	 the	 SWI/SNF	 in	 the	 clinical	 practice	 is	 underlined	

when	compared	with	any	of	the	top	10	LUAD	driver	genes	identified	by	Bailey	and	

colleagues	(ATM,	BRAF,	EGFR,	KEAP1,	KRAS,	NF1,	RB1,	RBM10,	STK11,	and	TP53).	

We	 found	 that	 there	was	 not	 a	 significant	 correlation	 between	 their	mutational	

status	and	the	overall	survival	of	LUAD	patients.	On	the	contrary,	the	mutant	status	

of	the	lung	SWI/SNF	complex	not	only	correlated	with	worse	overall	survival	but	

was	 an	 independent	 prognostic	 factor	 when	 evaluated	 alongside	 other	 clinical	

variables	commonly	associated	with	LUAD	survival.		

	

Although	many	authors	have	focused	on	the	study	of	the	mutational	status	of	the	

SWI/SNF	 complex	 due	 to	 the	 high	 prevalence	 of	 its	 genetic	 alterations,	 other	

researchers	have	observed	significant	expression	changes	of	 the	members	of	 this	

chromatin	remodeler	in	several	types	of	cancer	(Marquez	et	al.	2015;	Glaros	et	al.	

2007;	Zhang	et	al.	2018).	For	this	reason,	we	also	analyzed	the	expression	levels	of	

the	lung	SWI/SNF	subunits.	Interestingly,	we	found	an	extensive	downregulation	of	

the	SWI/SNF	complex	 regardless	of	 its	mutational	 status.	As	we	have	mentioned	

before,	 previous	 studies	 have	 also	 described	 expression	 alterations	 in	 some	

SWI/SNF	subunits	in	many	tumor	types	(Schallenberg	et	al.	2020;	Li	et	al.	2016b;	

Reisman	et	al.	2003;	Yamamichi	et	al.	2005;	Kuo	et	al.	2006;	Takao	et	al.	2017;	Han	

et	al.	2020;	Park	et	al.	2014;	Papp	et	al.	2013),	highlighting	the	importance	of	the	

adequate	regulation	of	SWI/SNF	expression	to	prevent	tumorigenesis.	However,	the	

novelty	 of	 our	 results	 lies	 in	 the	 general	 downregulation	 of	 the	whole	 SWI/SNF	

complex	that	we	observed	in	LUAD	patients,	suggesting	a	possible	transcriptional	

coregulation	that	affects	the	SWI/SNF	members.	This	observation	coincides	with	the	

results	obtained	by	Schick	and	colleagues	when	they	performed	specific	knockout	

(KO)	clones	of	different	SWI/SNF	subunits	(Schick	et	al.	2019).	In	fact,	they	observed	

that	 the	 SMARCA2KO	 model	 performed	 in	 the	 HAP1	 cell	 line	 showed	 lower	

expression	levels	of	the	rest	of	28	SWI/SNF	subunits	in	comparison	with	the	wild-

type	 HAP1	 cells.	 Interestingly,	 the	 most	 significantly	 downregulated	 SWI/SNF	
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subunit	in	our	cohort	of	LUAD	patients	was	SMARCA2	(adjusted	p-value:	3.28·10-

21),	and	this	downregulation	coexisted	with	less	expression	of	many	other	SWI/SNF	

subunits.	 However,	 to	 date,	 there	 are	 no	 additional	 studies	 that	 confirm	 the	

mechanism	behind	a	transcriptional	coregulation	of	the	SWI/SNF	complex.	

	

This	 also	 shows	 the	 importance	 of	 having	 solid	models	 that	 help	 to	 analyze	 the	

biochemical	roles	of	the	SWI/SNF	complex	in	well-studied	cellular	contexts.	For	this	

reason,	we	also	wanted	to	provide	a	resource	for	researchers	where	they	can	find	a	

compilation	of	the	most	frequently	used	LUAD	cell	lines	and	their	SWI/SNF	profile	

at	the	genomic,	transcriptomic,	and	protein	levels	of	the	five	most	characteristic	and	

recurrently	altered	subunits.	Specifically,	we	found	that	more	than	76%	of	our	panel	

of	LUAD	cell	 lines	harbored	a	genetic	 alteration	 in	at	 least	one	out	of	 the	 twenty	

subunits	of	the	SWI/SNF	complex	analyzed.	This	high	mutation	rate	contrasts	with	

the	data	obtained	with	our	cohort	of	LUAD	patients,	which	showed	that	only	41%	of	

LUAD	 tumors	 had	 SWI/SNF	 mutations.	 But,	 interestingly,	 this	 increase	 in	 the	

mutation	 frequency	 in	 cell	 lines	 in	 comparison	 with	 primary	 tumors	 was	 also	

observed	by	other	authors	(Blanco	et	al.	2009).	Blanco	and	colleagues	reported	that	

lung	cancer	cell	lines	harbored	about	twice	as	many	mutations	in	any	known	cancer	

gene	as	 those	detected	 in	primary	 lung	 tumors.	They	explained	 this	 effect	 as	 the	

result	of	the	contamination	of	primary	tumors	with	normal	cells,	which	masks	the	

actual	 mutation	 frequency	 of	 the	 tumors.	 In	 addition,	 other	 researchers	 have	

described	genetic	changes	between	cell	lines	and	primary	tumors	derived	from	the	

culture	procedures	used	 for	 cell	 lines	 (Wilding	and	Bodmer	2014;	Roschke	et	 al.	

2003).	 However,	Wilding	 and	 colleagues	 concluded	 that	 there	 is	 no	 evidence	 of	

major	genetic	changes	produced	after	long-term	in	vitro	cultivation.	They	observed	

that	 cell	 lines	 and	 primary	 tumors	 share	 the	 same	 patterns	 of	 mutation,	 copy	

number	 variation,	 methylation,	 and	 mRNA	 expression.	 Indeed,	 we	 found	 that	

SMARCA4,	ARID1A,	and	ARID2	were	the	top	mutated	SWI/SNF	genes	in	our	panel	of	

LUAD	cell	lines,	as	they	were	in	our	cohort	of	LUAD	patients	and	in	other	studies	

(Bailey	et	al.	2018;	Imielinski	et	al.	2012;	Network	2014).	

	

Interestingly,	we	also	observed	that	most	of	the	genetic	alterations	of	our	panel	of	

LUAD	cell	lines	could	impact	the	functionality	of	the	mutated	subunit,	even	missense	
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mutations,	according	to	SIFT	predictions.	This	agrees	with	the	recently	published	

observations	that	validate	the	deleterious	effect	of	missense	mutations	of	SMARCA4,	

supporting	 in	 silico	 predictions	 (Fernando	 et	 al.	 2020;	 Hodges	 et	 al.	 2018).	 In	

addition,	SMARCA4	was	 the	 SWI/SNF	 gene	 that	 displayed	 the	 highest	 number	 of	

deleterious	mutations	considering	splice-site,	stop-gain	variants,	frameshift	indels,	

and	large	deletions.	Specifically,	66%	percent	(12/18)	of	the	deleterious	mutations	

found	 in	 the	 20	 SWI/SNF	 subunits	 of	 our	 study	 were	 located	 in	 SMARCA4.	

Furthermore,	 this	 gene	 concentrated	 72%	 (13/18)	 of	 all	 of	 the	 homozygous	

alterations	of	our	mutational	analysis	of	LUAD	cell	lines.	To	date,	it	is	not	clear	why	

SMARCA4	is	the	most	deleteriously	mutated	SWI/SNF	subunit	in	LUAD	(Bailey	et	al.	

2018;	Imielinski	et	al.	2012;	Network	2014).	Some	studies	have	linked	the	proximity	

of	 the	 SMARCA4	 locus	 to	 the	 STK11	 locus	 (another	 well-known	 LUAD	 tumor	

suppressor	gene)	and	the	loss	of	heterozygosity	that	recurrently	affects	the	short	

arm	of	the	chromosome	19	in	LUAD	(Rodriguez-Nieto	and	Sanchez-Cespedes	2009).	

	

According	 to	our	mutational	 data,	 the	most	 suitable	 LUAD	models	of	 a	 defective	

SWI/SNF	complex	with	deleterious	and	homozygous	mutations	 in	SMARCA4	 are:	

A427,	A549,	H1568,	H1573,	H1793,	H1944,	H2030,	H23,	and	H838	cell	lines.	The	

cell	 lines	H441	 and	 SKLU-1	 are	 two	 examples	 of	 a	model	with	 homozygous	 and	

deleterious	 mutations	 in	 ARID2	 and	 ARID1A,	 respectively.	 On	 the	 contrary,	

identifying	 a	 LUAD	 cell	 line	 without	 any	 aberrant	 SWI/SNF	 complex	 was	 more	

difficult,	 especially	 after	 evaluating	 the	 expression	 levels	 of	 the	 subunits	 of	 this	

complex.	Indeed,	when	we	measured	the	mRNA	levels	of	the	lung	SWI/SNF	subunits	

in	 our	 panel	 of	 LUAD	 cell	 lines,	 and	 we	 found	 that	 they	 displayed	 either	 a	

transcriptional	 downregulation	 or	 upregulation.	 In	 this	 case,	 we	 performed	 the	

−ΔΔCt	analysis	using	the	median	ΔCt	for	each	of	the	measured	genes.	This	analysis	

provided	a	 transcriptional	comparison	among	the	LUAD	cell	 lines	of	our	panel	of	

study,	 showing	 the	 differential	 expression	 regulation	 of	 the	 SWI/SNF	 subunits	

within	 these	 cell	 lines.	 In	 addition,	 as	 we	 also	 observed	 in	 LUAD	 tumors,	 the	

relevance	of	a	regulatory	mechanism	behind	the	control	of	SWI/SNF	expression	was	

underlined	when,	regardless	of	the	presence	of	genetic	alterations,	the	expression	

of	a	particular	SWI/SNF	subunit	could	be	reduced	or	enhanced.	Intriguingly,	several	

LUAD	cell	lines,	such	as	H1395,	displayed	a	transcriptional	downregulation	of	most	
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of	the	SWI/SNF	subunits,	which	could	be	indicative	of	a	still	unknown	regulatory	

system	 of	 the	 SWI/SNF	 complex	 subunits.	 Many	 researchers	 have	 pointed	 to	

different	epigenetic	mechanisms	to	explain	these	changes	in	SWI/SNF	expression.	

Those	include	modifications	of	methylation	patterns	in	the	CpG	islands	of	promoters	

(Luo	et	al.	2020b;	Wu	et	al.	2019;	Khursheed	et	al.	2013),	alterations	of	regulatory	

histone	 marks	 in	 the	 promoter	 region	 (Januario	 et	 al.	 2017),	 post-translational	

modifications	 that	 change	 the	 stability	of	 the	 proteins	 (Macher-Goeppinger	et	 al.	

2015;	 Bock	 et	 al.	 2011;	 Jiang	 et	 al.	 2015),	 and	 post-transcriptional	 inhibition	 by	

microRNAs	(Coira	et	al.	2015;	Arts	et	al.	2017;	Taulli	et	al.	2014;	Sakurai	et	al.	2011).		

	

Importantly,	 according	 to	 several	 studies,	 mutation	 or	 loss	 of	 expression	 of	 a	

SWI/SNF	 subunit	 does	 not	 fully	 inactivate	 the	 SWI/SNF	 complex	 but	 creates	

alternative	 residual	 complexes	 that	 can	 drive	 genome	 regulation	 of	 tumor	 cells	

(Oike	 et	 al.	 2013;	 Helming	 et	 al.	 2014b;	Wang	 et	 al.	 2009;	 Hoffman	 et	 al.	 2014;	

Schiaffino-Ortega	et	al.	2014).	Schick	and	colleagues	not	only	demonstrated	that	the	

depletion	of	some	SWI/SNF	subunits	did	not	impair	the	assembly	of	the	SWI/SNF	

complex,	 but	 more	 importantly,	 that	 the	 remaining	 complexes	 were	 aberrantly	

targeted	to	their	corresponding	genomic	regions	(Schick	et	al.	2019).	Specifically,	

these	 authors	 showed	 that	 intact	 SWI/SNF	 complexes	 containing	 SMARCA4,	

ARID1A,	and	SMARCC1	were	crucial	 for	 targeting	cell-specific	enhancer	sites	and	

enabling	their	activation	in	the	HAP1	cell	line.	Moreover,	they	described	different	

recognition	specificities	of	 the	distinct	BAF	and	PBAF	complexes	that	coexist	 in	a	

wild-type	 cellular	 model.	 Thus,	 impairing	 the	 formation	 of	 one	 of	 the	 SWI/SNF	

subcomplexes	 could	 modify	 chromatin	 accessibility,	 and	 consequently,	

transcription.	 For	 this	 reason,	 studying	 the	 residual	 SWI/SNF	 complexes	 inside	

tumor	cells	with	altered	SWI/SNF	subunits	provides	new	knowledge	about	tumor	

biology	and	novel	tools	for	developing	better	cancer	therapies	(reviewed	in	(Mittal	

and	Roberts	2020;	Centore	et	al.	2020)).	Therefore,	we	decided	to	analyze	 in	our	

panel	of	LUAD	cell	lines	the	protein	levels	of	four	SWI/SNF	subunits	that	determine	

the	 assembly	 of	 the	 different	 SWI/SNF	 subcomplexes,	 according	 to	 the	 model	

proposed	by	Masthalir	and	colleagues	(Mashtalir	et	al.	2018).	These	subunits	were	

the	 ATPases	 SMARCA4	 and	 SMARCA2,	 which	 are	 essential	 for	 the	 remodeling	

activity	of	the	complex,	and	the	ARIDs	subunits:	ARID1A,	ARID1B,	and	ARID2,	which	
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are	 crucial	 for	 targeting	 the	 SWI/SNF	 complex	 to	 different	 genomic	 regions	

(Chandler	 et	 al.	 2013).	 With	 our	 western	 blot	 analysis,	 we	 found	 that	 although	

SMARCA4	was	the	most	mutated	SWI/SNF	subunit,	ARID1A	was	the	subunit	with	

the	highest	incidence	of	protein	loss	in	our	38	LUAD	cell	lines.	In	addition,	ARID1A	

was	the	subunit	with	more	cases	of	protein	loss	not	caused	by	mutations	in	its	gene.	

In	fact,	Hung	and	colleagues	have	recently	noted	that	the	mutation	status	of	ARID1A	

is	 an	 unreliable	 predictor	 of	 ARID1A	 expression	 in	 NSLCL	 patients	 (Hung	 et	 al.	

2020a).	 Importantly,	 this	 and	 other	 studies	 have	 demonstrated	 the	

clinicopathological	associations	of	ARID1A	expression	in	NSCLC.	They	observed	the	

ARID1A	loss	of	expression	correlated	with	worse	overall	survival	of	NSCLC	patients,	

although	 this	 correlation	 was	 only	 significant	 in	 the	 squamous	 cell	 carcinoma	

subtype	 (Jang	et	 al.	 2020;	Hung	et	 al.	 2020a).	 	Overall,	 these	results	 show	a	new	

subset	of	LUAD	patients	with	loss	of	ARDI1A	that	could	be	interesting	for	developing	

new	 therapies.	To	date,	one	of	 the	most	exploited	 synthetic	 lethal	 approaches	 in	

ARID1A-deficient	tumors	is	targeting	its	paralog	ARID1B	(Kelso	et	al.	2017;	Mathur	

et	al.	2017;	Helming	et	al.	2014b).	However,	we	found	a	subgroup	of	LUAD	cell	lines	

that	not	only	lacked	ARID1A	protein	but	also	ARID1B	and	ARID2,	the	two	alternative	

ARID	 subunits.	 This	 subgroup	 of	 LUAD	 cell	 lines	 that	 we	 classified	 as	 “ARID-

deficient”	 could	 be	 especially	 interesting	 for	 studying	 the	 role	 of	 the	 recently	

described	 non-canonical	 BAF	 complex	 (ncBAF).	 Indeed,	 other	 researchers	 have	

already	 described	 the	 potential	 therapeutic	 vulnerabilities	 that	 are	mediated	 by	

ncBAF	complexes	in	other	types	of	tumors	(Michel	et	al.	2018).	

	

Moreover,	 we	 found	 another	 subgroup	 of	 LUAD	 cell	 lines	 that	 we	 classified	 as	

“ATPase	deficient”,	and	that	resembled	a	subgroup	of	LUAD	patients	with	the	loss	of	

both	 SMARCA4	 and	 SMARCA2	 (Reisman	 et	 al.	 2003;	 Herpel	 et	 al.	 2017).	 This	

subgroup	 has	 gained	 additional	 interest	 since	 this	 specific	 profile	 leads	 to	more	

aggressive	outcomes	(Marquez-Vilendrer	et	al.	2016).	For	this	reason,	having	these	

ATPase-deficient	 cellular	models	 can	 facilitate	 the	 understanding	 of	 this	 specific	

condition	and	lay	the	foundation	for	the	development	of	new	therapeutic	strategies	

to	treat	these	aggressive	LUAD	tumors.
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5.2.	Chapter	II:	Regulation	of	microRNA	expression	by	SMARCA4,	the	catalytic	

subunit	of	the	SWI/SNF	complex	

	

To	date,	several	studies	have	experimentally	demonstrated	the	implications	of	the	

SWI/SNF	 complex	 in	 chromatin	 regulation	 in	 diverse	 biological	 contexts,	 either	

related	to	tumorigenesis	(Banine	et	al.	2005;	Romero	et	al.	2012;	Orvis	et	al.	2014;	

Hodges	et	al.	2018;	Wang	et	al.	2017;	Mathur	et	al.	2017;	Karnezis	et	al.	2016;	Schick	

et	al.	2019)	or	cell	development	(Kaeser	et	al.	2008;	Ho	et	al.	2009;	 Iurlaro	et	al.	

2021).	Many	of	these	studies	have	also	shown	that	aberrant	SWI/SNF	complexes,	

due	 to	genetic	 alterations	or	 loss	of	 expression	of	 some	of	 their	subunits,	have	a	

pronounced	effect	on	the	transcriptome	of	the	cells	and,	therefore,	on	tumorigenesis	

too.	However,	those	analyses	have	been	focused	on	protein-coding	genes	without	

evaluating	 the	 impact	 on	 non-protein-coding	 genes.	 Here,	 we	 show	 that	 re-

expression	of	SMARCA4	in	a	SMARCA4-deficient	LUAD	cell	line	affects	other	master	

regulators	 of	 gene	 expression:	 microRNAs	 (miRNAs).	 Previous	 articles	 have	

described	that	miRNA	biogenesis	is	controlled	by	epigenetic	mechanisms,	such	as	

methylation	and	changes	of	histone	modifications	(Liu	et	al.	2013;	Sato	et	al.	2011;	

Moutinho	 and	 Esteller	 2017).	 Since	 these	 epigenetic	 marks	 modify	 chromatin	

structure	 and	 accessibility,	 this	 supports	 a	 connection	 between	 chromatin	

remodeling	and	the	so-called	miRNome:	the	set	of	expressed	miRNAs	at	a	given	time	

in	a	cellular	context.		

	

We	observed	that	SMARCA4	re-expression	in	A549	cells	induced	significant	changes	

in	 the	 miRNome,	 and	 many	 of	 those	 miRNAs	 were	 associated	 with	 tumor	

development.	 Importantly,	 the	design	of	our	study,	by	not	using	a	 stable	 cellular	

model,	 allowed	 us	 to	 detect	 the	 expression	 changes	 immediately	 triggered	 after	

SMARCA4	 restoration.	 Specifically,	 Schick	 and	 colleagues	 have	 underlined	 the	

relevance	of	performing	studies	that	analyze	the	cellular	context	after	an	immediate	

change	in	the	SWI/SNF	composition	(Schick	et	al.	2019).	They	point	out	that	during	

the	acquisition	of	stable	cellular	models,	rewiring	mechanisms	occur	in	tumor	cells	

to	support	their	viability	and	proliferation.	Thus,	our	study	model	prevented	those	

drawbacks	 without	 losing	 efficacy	 in	 restoring	 SMARCA4	 expression	 and	 its	

incorporation	into	the	endogenous	SWI/SNF	complexes	of	the	A549	cell	line.	
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Among	the	miRNAs	that	changed	their	expression	upon	SMARCA4	restoration,	miR-

222	was	 the	most	 significant	dysregulated.	 Interestingly,	many	studies	have	also	

found	 this	miRNA	dysregulated	 in	 several	 tumor	 types	 (reviewed	 in	 (Song	 et	 al.	

2017;	 Amini	 et	 al.	 2019)).	 However,	 the	 role	 of	 miR-222	 is	 controversial.	 Some	

studies	 have	 shown	 that	 miR-222	 has	 oncogenic	 properties	 and	 that	 it	 is	

upregulated	in	tumors	(Visone	et	al.	2007;	Garofalo	et	al.	2009;	Zhang	et	al.	2010;	

Xue	et	al.	2017),	but	in	other	types	of	cancer	it	shows	a	tumor	suppressor	role	(Fu	

et	al.	2016;	Liu	et	al.	2009;	Medina	et	al.	2008b).	Moreover,	this	contradictory	role	

has	been	observed	even	within	lung	cancer	(Yamashita	et	al.	2015).	Nevertheless,	

several	researchers	have	also	described	this	dual	effect	of	some	miRNAs	depending	

on	the	tumor	type	and	the	cellular	contexts	analyzed	(Li	et	al.	2019;	2016a;	Grossi	

et	al.	2018;	Ferrari	and	Gandellini	2020).	In	fact,	the	functional	consequences	of	the	

dysregulation	of	 a	 specific	miRNA	not	only	depend	on	 its	 targets	but	also	on	 the	

consequent	alterations	of	 the	pathways	where	 those	 targets	participate.	For	 that	

reason,	we	decided	to	validate	the	miR-222	function	 in	our	LUAD	cell	model.	We	

observed	 that	miR-222	 overexpression	 impaired	 cell	 viability	 and	 clonogenicity.	

Interestingly,	 this	 phenotype	 was	 similar	 to	 that	 obtained	 after	 SMARCA4	

restoration.	Mallappa	and	colleagues	had	also	observed	that	the	loss	of	DICER,	which	

is	one	of	the	key	enzymes	involved	in	miRNA	biogenesis,	phenocopied	the	depletion	

of	SMARCA4	in	zebrafish	(Mallappa	et	al.	2010).	Their	work	demonstrated	for	the	

first	 time,	 albeit	 indirectly,	 the	 implications	 of	 the	 SWI/SNF	 complex	 on	 the	

expression	of	miRNAs.	Although	we	corroborated	that	miR-222	behaved	as	a	tumor	

suppressor	miRNA	in	our	LUAD	model,	SMARCA4	is	part	of	chromatin	remodeling	

complex	with	a	genome-wide	regulatory	activity,	and	therefore,	miR-222	is	not	the	

only	contributor	to	the	tumor	suppressor	role	of	SMARCA4	in	LUAD	(Medina	et	al.	

2005;	Banine	et	al.	2005;	Romero	et	al.	2012;	Song	et	al.	2014;	Orvis	et	al.	2014).	

Indeed,	 other	 authors	 have	 discovered	 that	 SMARCA4	 is	 responsible	 for	 the	

regulation	of	4.8-20%	of	the	human	genome	(Zhang	et	al.	2014;	Raab	et	al.	2016).	

Moreover,	Schick	and	colleagues	underlined	that,	among	all	the	SWI/SNF	subunits,	

SMARCA4,	 SMARCC1,	 and	 ARID1A	 showed	 the	 highest	 impact	 on	 chromatin	

accessibility	and	regulation	of	gene	expression	after	 their	depletion	(Schick	et	 al.	

2019).	
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Importantly,	 we	 have	 observed	 for	 the	 first	 time	 that	 the	 SWI/SNF	 complex	

modulates	 miR-222	 by	 binding	 to	 its	 enhancer	 region.	 Although	 the	 SWI/SNF	

complex	can	bind	to	promoters	(Tolstorukov	et	al.	2013;	Lu	and	Roberts	2013),	it	is	

also	well-known	that	it	can	regulate	gene	expression	through	enhancers	(Lazar	et	

al.	2020;	Xue	et	al.	2019;	Shi	et	al.	2013;	Hodges	et	al.	2018;	Wang	et	al.	2017;	Alver	

et	al.	2017;	Mathur	et	al.	2017;	Bossen	et	al.	2015;	Vierbuchen	et	al.	2017;	Hu	et	al.	

2011).	 Moreover,	 a	 recent	 publication	 has	 shown	 that	 SMARCA4	 restoration	

increases	 enhancer-associated	 histone	 marks,	 supporting	 the	 relevance	 of	 the	

SWI/SNF	 complex	 at	 these	 specific	 regulatory	 regions	 (Lazar	 et	 al.	 2020).	 Other	

authors	 explain	 this	 preferential	 binding	 of	 the	 SWI/SNF	 complex	 to	 enhancer	

regions	 because	 each	 cell	 type	 tends	 to	 vary	 more	 enhancer	 utilization	 than	

promoter	openness	(Thurman	et	al.	2012;	Song	et	al.	2011).	

	

Interestingly,	we	only	observed	the	upregulation	of	miR-222	when	SMARCA4	levels	

were	at	their	peak	of	expression,	but	when	SMARCA4	levels	decreased,	the	binding	

was	replaced	by	SMARCA2	and	miR-222	levels	dropped.	Thus,	we	discovered	that	

this	change	of	the	catalytic	subunit	of	the	SWI/SNF	complex	generated	an	opposite	

effect	on	miR-222	expression.	Our	finding	supports	two	previous	observations:	the	

elevated	 dynamism	 of	 the	 SWI/SNF	 complex	 and	 the	 non-redundant	 role	 of	 the	

mutually	exclusive	 subunits	of	 this	 chromatin	remodeler.	Regarding	 the	dynamic	

function	 of	 the	 SWI/SNF	 complex,	 Iurlaro	 and	 colleagues	 have	 recently	

demonstrated	 the	 dynamism	 of	 the	 SWI/SNF	 complex	 in	 regulating	 chromatin	

accessibility	(Iurlaro	et	al.	2021).	Specifically,	they	showed	how	the	alterations	of	

the	SWI/SNF	complex	could	affect	chromatin	structure	within	minutes.	In	addition,	

other	 authors	 had	 previously	 expressed	 their	 support	 to	 studies	 that	 included	

analysis	 performed	 immediately	 after	 removing	 SWI/SNF	 subunits	 to	 study	 the	

direct	 implications	 of	 those	 changes	 in	 tumor	 development	 (Schick	 et	 al.	 2019).	

Since	we	performed	a	transient	restoration	of	SMARCA4	in	a	LUAD	cell	line	model,	

our	 work	 shows	 the	 dynamism	 of	 a	 cellular	 context	 with	 a	 transition	 between	

SMARCA2⎯	and	SMARCA4⎯SWI/SNF	complexes	and	vice	versa.	Consequently,	the	

abrupt	 changes	 of	 miR-222	 expression	 depending	 on	 the	 catalytic	 subunit	 that	

drives	the	SWI/SNF	complex	reflect	the	highly	variable	functions	of	these	chromatin	

remodelers.	
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On	 the	 other	 hand,	 this	 result	 also	 shows	 the	 different	 effects	 that	 the	 ATPase-

helicase	 subunit	 of	 the	 SWI/SNF	 complex	 can	 have	 on	 chromatin	 regulation.	

Although	 some	 studies	 have	 suggested	 complementary	 roles	 for	 SMARCA2	 and	

SMARCA4	(Willis	et	al.	2012;	Strobeck	et	al.	2002),	other	researchers	have	observed	

that	 in	 SMARCA4-mutant	 contexts,	 SMARCA2	 acquires	 distinct	 roles	 during	 the	

oncogenic	 transformation	 and	 becomes	 an	 essential	 gene	 (Wilson	 et	 al.	 2014).	

Moreover,	 Schick	 and	 colleagues	 have	 found	 that	 the	 depletion	 of	 SMARCA4	 or	

SMARCA2	 in	 an	 isogenic	 cell	 model	 showed	 different	 patterns	 of	 chromatin	

accessibility	and	gene	expression	(Schick	et	al.	2019).		Some	authors	described	that	

the	different	 functional	roles	of	both	ATPases	could	be	 the	result	of	 their	unique	

recruitment	of	transcription	factors	to	the	chromatin	(Kadam	and	Emerson	2003).	

	

All	of	 these	studies	support	our	observation	that	 the	downregulation	of	miR-222	

after	 the	decrease	of	wild-type	SMARCA4	could	be	the	consequence	of	SMARCA2	

acting	as	a	part	of	a	residual	SWI/SNF	complex	in	a	SMARCA4-mutant	context.	As	

Mathur	 and	 Roberts	 have	 discussed,	 tumor	 cells	 that	 harbor	 mutations	 in	 the	

subunits	 of	 the	 SWI/SNF	 complex	 present	 residual	 complexes	 that	maintain	 the	

function	of	this	chromatin	remodeler	(Mathur	and	Roberts	2018).	However,	those	

residual	SWI/SNF	complexes	can	be	mistargeted	(Schick	et	al.	2019)	or	have	other	

effects	on	gene	expression	as	it	happens	with	miR-222	expression	after	SMARCA4	

restoration.	

	

In	 conclusion,	 we	 report	 that	 the	 expression	 of	miR-222	 in	 LUAD	 cells	 is	 under	

control	of	the	SWI/SNF	complex	and	shows	different	expression	patterns	depending	

on	 the	 composition	 of	 the	 catalytic	 subunit	 of	 the	 complex.	 Thus,	 this	 finding	

suggests	a	change	derived	from	the	transformation	of	SMARCA2	to	an	essential	gene	

in	SMARCA4-mutant	lung	adenocarcinomas.	
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5.3.	Chapter	III:	Functional	study	of	the	SWI/SNF	subunit	ARID1A	in	LUAD		

	

For	 many	 years,	 most	 of	 the	 studies	 of	 the	 SWI/SNF	 complex	 in	 lung	

adenocarcinoma	were	 focused	on	 its	 catalytic	subunits	SMARCA4	and	SMARCA2.	

This	can	be	explained	because,	before	the	expansion	of	NGS,	SMARCA4	was	the	first	

SWI/SNF	 gene	 found	 mutated	 (Wong	 et	 al.	 2000;	 Medina	 et	 al.	 2004;	 2008a;	

Rodriguez-Nieto	et	al.	2010)	or	with	loss	of	expression	(Reisman	et	al.	2003)	in	lung	

tumors.	 In	 addition,	 the	 discovery	 of	 synthetic	 lethalities	 in	 SMARCA4-deficient	

tumors	reinforced	the	interest	of	many	researchers	to	continue	their	study,	and	it	

opened	a	new	field	of	therapeutic	strategies	for	this	type	of	cancer	(Xue	et	al.	2019;	

Rago	et	al.	2018;	Tagal	et	al.	2017;	Lissanu	Deribe	et	al.	2018;	Hoffman	et	al.	2014;	

Oike	 et	 al.	 2013).	 However,	 the	 development	 of	 NGS	 techniques	 and	 high-

throughput	 analyses	 allowed	 a	 better	 characterization	 of	 the	 mutational	 and	

expression	 profile	 of	LUAD	 tumors.	Those	 studies	 revealed	 that	ARID1A	was	 the	

second	most	mutated	SWI/SNF	gene	in	LUAD	with	a	mutation	rate	of	6-8%	(Bailey	

et	 al.	 2018;	 Network	 2014;	 Imielinski	 et	 al.	 2012).	 Moreover,	 our	 previous	

mutational	analysis	of	the	whole	SWI/SNF	complex	in	a	different	LUAD	cohort	(see	

section	 4.1.2)	 also	 showed	 a	 similar	mutation	 frequency	 in	ARID1A,	 specifically,	

8.7%.	In	addition,	Bailey	and	colleagues	also	noted	that	ARID1A	was	among	the	top	

20	LUAD	driver	genes,	as	was	SMARCA4	(Bailey	et	al.	2018).	These	high-throughput	

studies	have	described	that	between	60-69%	of	ARID1A	alterations	correspond	to	

loss	of	function	(LOF)	mutations	that	include	nonsense,	frameshift,	and	splice	site	

(Bailey	et	al.	2018;	Hung	et	al.	2020b).	However,	the	relationship	between	ARID1A	

mutations	and	expression	levels	 is	not	 trivial.	Hung	and	colleagues	observed	that	

loss	of	function	mutations	not	always	correlated	with	loss	of	ARID1A	expression	in	

LUAD	tumors	(Hung	et	al.	2020b).	Indeed,	only	1-2%	of	non-small	cell	lung	cancer	

(NSCLC)	patients,	which	also	 include	LUAD	tumors,	show	loss	of	ARID1A	protein	

expression	 (Naito	 et	 al.	 2019;	 Hung	 et	 al.	 2020a).	 This	 result	 supports	 our	

observation	that,	in	general,	LUAD	primary	tumors	do	not	express	significantly	less	

ARID1A	 protein	 than	 their	 paired	 normal	 adjacent	 tissue.	 Given	 that	 three	

independent	 articles	 had	 described	 a	 dualistic	 role	 of	 ARID1A	 either	 as	 a	 tumor	

suppressor	or	as	an	oncogene	in	two	different	tumor	types	(Sun	et	al.	2017;	Mathur	

et	al.	2017;	Sen	et	al.	2019),	we	evaluated	the	effect	of	silencing	ARID1A	in	LUAD	cell	
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lines	that	expressed	this	SWI/SNF	subunit.	Importantly,	we	analyzed	diverse	genetic	

backgrounds	of	LUAD	because	of	the	elevated	context-dependency	of	the	SWI/SNF	

complex	and,	specifically,	of	ARID1A.		

	

On	 the	 one	 hand,	 we	 found	 that	 ARID1A	 knockdown	 impaired	 cell	 viability	 and	

clonogenicity	in	LUAD	cell	lines	that	harbored	mutations	in	other	members	of	the	

SWI/SNF	complex.	In	particular,	those	were	a	frameshift	deletion	in	SMARCA4	in	the	

A549	cell	line	and	two	missense	mutations	in	SMARCC2	and	SMARCD3	in	the	H2009	

cell	 line.	 As	we	 have	 previously	 discussed,	many	 studies	 have	 demonstrated	 the	

dependencies	that	tumor	cells	develop	towards	residual	SWI/SNF	complexes	after	

the	alteration	of	one	of	their	subunits	(recently	reviewed	in	(Wanior	et	al.	2021)).	

However,	 an	 ARID1A	 dependency	 in	 SMARCA4-mutant	 or	 SMARCC2/SMARCD3-

mutant	contexts	has	not	been	previously	described.	Intriguingly,	A549	and	H2009	

cell	lines	also	harbored	oncogenic	missense	alterations	in	KRAS.	In	fact,	KRAS	was	

the	only	LUAD	driver	gene	that	was	mutated	in	both	cell	lines.	On	top	of	that,	a	recent	

study	 had	 described	 that	 in	 colorectal	 cancer,	 the	 depletion	 of	ARID1A	 impaired	

tumor	 growth	 in	 KRAS-mutant	 contexts	 (Sen	 et	 al.	 2019).	 For	 that	 reason,	 we	

analyzed	two	additional	LUAD	cell	lines	that,	although	both	of	them	expressed	wild-

type	SWI/SNF	complexes,	one	of	them	was	KRAS-mutant	(H358),	and	the	other	was	

wild-type	 KRAS	 (H1395).	 In	 both	 cases,	 the	 knockdown	 of	 ARID1A	 significantly	

decreased	cell	viability	and	clonogenicity.	Thus,	these	results	showed	two	relevant	

observations.	First,	we	discovered	that	LUAD	cells	with	an	intact	SWI/SNF	complex	

relied	on	ARID1A	for	their	survival,	and	therefore,	it	was	not	a	result	of	a	synthetic	

lethality	 of	 other	 members	 of	 the	 SWI/SNF	 complex.	 Second,	 these	 results	

demonstrated	 that,	 regardless	 of	 the	 KRAS	 status,	 LUAD	 cells	 showed	 ARID1A	

dependency.		

	

On	 the	 other	 hand,	 we	 found	 that	 the	 impairment	 of	 cell	 viability	 and	 colony	

formation	upon	ARID1A	knockdown	was	only	characteristic	of	lung	tumor	contexts.	

We	 observed	 that	 NL20,	 a	 normal	 lung	 epithelial	 cell	 line,	 did	 not	 significantly	

decrease	its	growth	after	silencing	ARID1A,	as	it	happened	in	NL20-TA,	the	tumor	

cell	line	derived	from	NL20.	This	result	is	especially	relevant	when	considering	that	

a	significant	proportion	of	LUAD	tumors	does	not	lose	ARID1A	expression,	and	thus,	
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this	could	be	an	essential	gene	for	tumor	maintenance.	In	fact,	previous	studies	have	

shown	the	crucial	role	of	ARID1A	in	different	cellular	contexts	as	diverse	as	liver	

cancer	(Sun	et	al.	2017),	colorectal	cancer	(Sen	et	al.	2019),	hematopoietic	cells	(Han	

et	al.	2019),	or	intestinal	stem	cells	(Hiramatsu	et	al.	2019).	Moreover,	ARID1A	is	

not	the	only	SWI/SNF	subunit	that	presents	a	dual	functionality	in	cancer	depending	

on	 the	 context	 or	 the	 tumor	 type	 studied.	 For	 instance,	 although	 SMARCA4	 is	

described	as	a	 tumor	suppressor	 in	many	cancer	types,	such	as	 lung	and	ovarian	

cancer	(Chetty	and	Serra	2020),	other	researchers	have	found	that	its	expression	is	

essential	 for	 other	 tumors	 to	 grow	 (Watanabe	 et	 al.	 2011;	 Buscarlet	 et	 al.	 2014;	

Jubierre	et	al.	2016).	Roy	and	colleagues	also	discovered	that	in	pancreatic	cancer,	

SMARCA4	played	a	dual	role	as	a	tumor	suppressor	or	an	oncogene	depending	on	

the	tumor	stage	(Roy	et	al.	2015),	as	Sun	and	colleagues	observed	with	ARID1A	in	

liver	cancer	(Sun	et	al.	2017).	Overall,	there	is	increasing	evidence	of	a	characteristic	

pattern	 of	 alterations	 of	 the	 SWI/SNF	 complex	 in	 different	 tumor	 types,	 which	

underlines	 the	 relevant	 context-	 and	 subunit-specific	 effects	 of	 this	 chromatin	

remodeler	in	cancer.		

	

Interestingly,	when	we	studied	the	transcription	changes	produced	in	a	cell	model	

of	LUAD	after	silencing	ARID1A,	we	found	an	upregulation	of	c-MYC	expression	and	

enrichment	 of	 its	 pathway	 in	 our	 RNA-seq	 data.	 Initially,	 this	 result	 seemed	 to	

contradict	the	phenotype	of	less	cell	viability	upon	ARID1A	knockdown,	given	that	

c-MYC	is	a	 transcription	 factor	 involved	 in	proliferation,	growth,	as	well	as	many	

other	biosynthetic	processes	(reviewed	in	(Stine	et	al.	2015)).	In	fact,	our	RNA-seq	

data	also	showed	enrichment	of	gene	sets	related	to	biosynthetic	pathways,	such	as	

ribosome	 biogenesis	 and	 translation,	 two	 processes	 highly	 controlled	 by	 c-MYC	

(Dunn	and	Cowling	2015;	van	Riggelen	et	al.	2010;	Destefanis	et	al.	2020).	However,	

the	 involvement	 of	 c-MYC	 in	 protein	 synthesis	 is	 tightly	 connected	with	 protein	

homeostasis,	also	known	as	proteostasis.	Tumor	cells	need	to	carefully	coordinate	

high	translation	rates	to	increase	their	biomass	with	their	folding	capacity	to	avoid	

proteotoxicity	(Zhang	et	al.	2020).	Tameire	and	colleagues	have	considered	c-MYC	

activation	as	a	source	of	intracellular	stress	that	triggers	unfolded	protein	response	

(UPR)	and	consequently,	endoplasmic	reticulum	(ER)	stress	(Tameire	et	al.	2015).	

Importantly,	we	also	found	that	the	UPR	pathway	was	significantly	enriched	after	
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silencing	 ARID1A	 in	 our	 LUAD	model,	 supporting	 this	 connection	 between	 MYC	

activation	 and	 a	 proteostasis	 imbalance.	 In	 addition,	 we	 found	 a	 significant	

upregulation	of	DDIT3	(also	known	as	CHOP	or	GADD153)	expression	after	ARID1A	

knockdown.	This	gene	is	one	of	the	key	participants	of	the	so-called	pro-apoptotic	

UPR	(Rutkowski	et	al.	2006;	McCullough	et	al.	2001;	Yamaguchi	and	Wang	2004).	

Pro-apoptotic	UPR	 is	 triggered	when	ER	stress	 is chronically	prolonged,	 and	 the	

protein	load	on	the	ER	greatly	exceeds	its	fold	capacity	(Sano	and	Reed	2013).	Inside	

this	specific	cell	death	signaling	program	triggered	by	the	UPR	pathway,	DDIT3	is	a	

relevant	 ER	 stress-mediated	 apoptotic	 executor.	 This	 transcription	 factor	 is	

minimally	expressed	under	physiological	 conditions,	but	 it	 is	 strongly	 induced	 in	

chronic	ER	stress.	When	DDIT3	is	overexpressed,	it	leads	to	apoptosis	through	the	

upregulation	 of	 the	 pro-apoptotic	 transcription	 factor	 ATF5	 (Teske	 et	 al.	 2013),	

whose	expression	was	also	significantly	increased	in	our	ARID1A	knockdown	model.	

In	 addition,	 DDIT3	 induces	 the	 expression	 of	 many	 other	 pro-apoptotic	 factors	

(Nishitoh	2012).	Specifically,	we	found	the	pro-apoptotic	genes	BAK,	BAX,	BID,	and	

HRK	significantly	upregulated	after	silencing	ARID1A.	Finally,	we	also	corroborated	

that	 there	was	a	 significant	 increase	 in	apoptotic	 cells	upon	ARID1A	 knockdown.	

Overall,	these	results	suggested	that	silencing	ARID1A	in	our	LUAD	model	modified	

cell	proteostasis	generating	severe	ER	stress	that	induced	apoptosis.		

	

Interestingly,	this	MYC-UPR-ER	stress-SWI/SNF	axis	has	been	confirmed	by	other	

authors	in	malignant	rhabdoid	tumors	(MRTs)	(Carugo	et	al.	2019).	In	that	tumor	

type,	 they	 observed	 that	 their	 Smarcb1-deficient	 mice	 model	 showed	 an	

upregulation	 of	 c-MYC	 target	 genes,	 protein	 biosynthesis,	 and	 UPR	 pathways.	

Moreover,	when	they	restored	SMARCB1	expression,	ER	stress	markers	and	MYC	

expression	decreased,	suggesting	that	the	SWI/SNF	complex	tightly	controlled	ER	

stress	responses	through	the	regulation	of	c-MYC	expression.	In	fact,	several	studies	

have	 also	 described	 this	 connection	 between	 MYC	 expression	 and	 the	 SWI/SNF	

complex	in	various	contexts	(Sims	et	al.	2007;	Shi	et	al.	2013;	Weissmiller	et	al.	2019;	

Nagl	et	al.	2007).	 Interestingly,	Nagl	and	colleagues	discovered	that	 the	SWI/SNF	

complex	 binds	 to	 c-MYC	 promoter,	 but	 depending	 on	 the	 ARID	 subunit	 that	 is	

assembled	in	the	complex,	it	can	either	induce	or	repress	c-MYC	expression	(Nagl	et	

al.	2007).	Two	independent	studies,	which	suppressed	ARID1A	expression	in	two	
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distinct	 tumor	 types	 (Wang	 et	 al.	 2019;	 Luo	 et	 al.	 2020a),	 also	 corroborated	 the	

observations	of	Nagl	 and	colleagues	 that	ARID1A	had	a	 repressor	 role	on	 c-MYC	

expression.	 The	 results	 of	 our	 cell	 model	 of	 LUAD	 also	 support	 these	 findings,	

although,	in	this	particular	context,	the	overexpression	of	MYC	exceeds	the	protein	

folding	capacity	of	the	cells	and	induces	a	pro-apoptotic	UPR.		

	

Furthermore,	two	recent	publications	performed	in	Saccharomyces	cerevisiae	have	

demonstrated	 that	 the	 SWI/SNF	 complex	 can	 play	 a	 direct	 role	 in	 regulating	

proteostasis	by	controlling	expression	of	UPR	genes	either	at	a	transcriptional	(Sahu	

et	al.	2021)	or	a	post-transcriptional	level	(Sahu	et	al.	2020).	Zundell	and	colleagues	

have	confirmed	this	direct	connection	between	the	SWI/SNF	complex	and	ER	stress	

in	ovarian	tumors	(Zundell	et	al.	2021).	Interestingly,	they	found	that	ARID1A	had	a	

repressive	 function	on	 the	expression	of	 some	UPR	genes	by	 its	binding	 to	 their	

promoters.	Overall,	these	new	studies,	together	with	the	results	of	our	ARID1A	KD	

model,	underline	a	novel	function	of	the	SWI/SNF	complex	in	proteostasis	that	may	

help	 to	 design	 new	 therapeutic	 approaches	 for	 tumors	 with	 aberrant	 SWI/SNF	

complexes.	Although	more	research	 is	needed	 in	this	particular	 field,	Zundel	and	

colleagues	have	 shown	 the	significant	 improvement	of	 the	 therapy	with	B-109,	 a	

UPR-inhibitor,	in	ARID1A-deficient	ovarian	clear	cell	carcinoma.	

	

Importantly,	 in	 our	 LUAD	 model,	 we	 observed	 that	 ARID1A	 silencing	 not	 only	

activated	 the	UPR	pathway	 but	 specifically	 its	 pro-apoptotic	 branch.	 As	we	 have	

mentioned	before,	the	role	of	DDIT3	is	crucial	in	that	process.	Several	studies	have	

shown	 that	DDIT3	overexpression	acts	as	a	positive	 feedback	 loop	by	enhancing	

protein	synthesis	to	cause	oxidative	stress	that	ultimately	leads	to	cell	death	(Han	

et	al.	2013;	Marciniak	et	al.	2004).	Moreover,	the	UPR	itself	is	a	source	of	reactive	

oxygen	 species	 (ROS).	 Accumulating	 evidence	 demonstrates	 the	 oxidizing	

conditions	 generated	 by	 the	 protein	 folding	 process	 to	 favor	 the	 formation	 of	

disulfide	 bonds	 (Santos	 et	 al.	 2009;	 Malhotra	 and	 Kaufman	 2007).	 Thus,	 the	

generation	of	ROS	can	also	be	a	byproduct	of	ER	stress.	On	top	of	that,	it	is	known	

that	ER	and	oxidative	stress	can	accentuate	each	other	and	ultimately	that	positive	

feedback	 interferes	 with	 cell	 function	 and	 activates	 pro-apoptosis	 signaling	

(Malhotra	and	Kaufman	2007),	as	we	have	observed	in	our	model.	Indeed,	we	also	
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found	 that	 the	ROS	 pathway	was	 among	 the	 significant	 gene	 sets	 after	 silencing	

ARID1A	in	our	LUAD	model.	This	connection	between	ROS	generation	and	ARID1A	

has	 been	 considered	 as	 a	 synthetic	 lethality	 in	 some	 ARID1A-deficient	 tumors	

(Ogiwara	et	al.	2019).	Due	to	the	high	proliferative	and	metabolic	rate	of	tumor	cells,	

regulating	ROS	homeostasis	is	an	essential	process	for	tumor	survival.	Since	cancer	

cells	 rely	 on	 antioxidant	 pathways	 to	 eliminate	 the	 excess	 of	 ROS,	 therapeutic	

strategies	 that	 aim	 to	 target	 antioxidant	 defense	 systems	 may	 improve	 tumor	

elimination.	Specifically,	Ogiwara	and	colleagues	discovered	that	ARID1A-deficient	

tumors	presented	 higher	ROS	 levels	 than	ARID1A-proficient	 tumors.	 They	 found	

that	the	absence	of	ARID1A	generated	transcriptional	repression	of	SLC7A11,	a	gene	

involved	 in	the	synthesis	of	glutathione	(GSH),	an	essential	antioxidant	of	 the	ER	

(Ogiwara	et	al.	2019).	For	that	reason,	they	proposed	that	those	ARID1A-deficient	

tumors,	specifically	ovarian,	uterus,	and	biliary	tract	cancers,	could	benefit	from	the	

treatment	with	inhibitors	of	the	GSH	pathway.				

	

One	of	the	most	damaging	effects	of	ROS	lies	in	their	interaction	with	DNA.	Several	

studies	have	shown	that	oxidative	stress	can	induce	DNA	damage,	causing	single-	or	

double-strand	breaks,	which	activate	apoptosis	if	they	are	not	repaired	(reviewed	

in	 (Kryston	 et	 al.	 2011)).	We	 observed	 that,	 upon	ARID1A	 knockdown,	 different	

LUAD	 cell	 lines	 presented	 high	 levels	 of	 DNA	damage,	 supporting	 those	 studies.	

Moreover,	we	found	that	E2F1	was	upregulated	after	silencing	ARID1A.	This	gene	

code	for	a	relevant	transcription	factor	that	is	induced	after	DNA	damage	(Lin	et	al.	

2001;	Pediconi	 et	 al.	 2003)	and	 is	 able	 to	 trigger	apoptosis	 (Kowalik	et	 al.	 1998;	

DeGregori	et	al.	1997;	Hallstrom	and	Nevins	2003).	Similarly,	JUN	and	ATF3,	which	

are	two	transcription	factors	with	important	functions	in	sensing	DNA	damage	and	

activating	apoptosis	(Turchi	et	al.	2009;	2008;	Lu	et	al.	2006;	Devary	et	al.	1991;	

Kasibhatla	 et	 al.	 1998;	 Shaulian	 et	 al.	 2000),	 also	 showed	 significantly	 higher	

expression	 levels	 upon	 ARID1A	 knockdown.	 Overall,	 these	 results	 suggest	 that	

ARID1A	depletion	 could	 act	 as	 a	genotoxic	 agent	 for	 LUAD	 cells	 triggering	DNA-

damage	apoptosis.		

	

When	we	compared	the	effect	of	silencing	ARID1A	with	other	genotoxic	agents	used	

in	 cancer	 therapy,	 such	 as	 etoposide	 and	 doxorubicin,	 we	 found	 that	 depleting	
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ARID1A	 impaired	 cell	 viability	 at	 the	 same	 level	 as	 did	 the	 treatment	 with	

doxorubicin.	 Furthermore,	 knocking	 down	 ARID1A	 even	 showed	 greater	

cytotoxicity	than	the	treatment	with	etoposide.	Importantly,	we	also	observed	that	

combining	ARID1A	knockdown	with	any	of	these	genotoxic	therapies	significantly	

improved	the	efficacy	of	both	drugs	in	LUAD	cells.		

	

These	results	support	previous	studies	that	demonstrate	that	the	loss	of	ARID1A	or	

other	 SWI/SNF	 subunits	 increases	 chemosensitivity	 to	 DNA	 damaging	 agents	

(Watanabe	et	al.	2014;	Agnes	et	al.	2006;	Park	et	al.	2006;	Ogiwara	et	al.	2011;	Shen	

et	 al.	 2015;	 de	 Castro	 et	 al.	 2017).	 Many	 researchers	 have	 explained	 this	 effect	

because	of	 the	 relevant	 role	of	 the	SWI/SNF	complex	 in	DNA	repair.	 Specifically,	

some	authors	have	found	that	ARID1A	interacts	with	different	components	of	the	

DNA	repair	machinery	 (Dykhuizen	et	 al.	 2013;	Shen	et	 al.	 2018).	 Several	 studies	

have	described	that	ARID1A-deficient	tumors	have	a	higher	difficulty	in	repairing	

DNA	damage,	and	consequently,	present	better	responses	to	DNA	damage-inducing-

therapies	than	ARID1A-proficient	tumors	(Watanabe	et	al.	2014;	Shen	et	al.	2015;	

Williamson	 et	 al.	 2016;	 Park	 et	 al.	 2019).	 However,	 we	 found	 that	 regardless	 of	

ARID1A	expression,	after	the	treatment	with	different	genotoxic	drugs,	LUAD	cells	

managed	to	decrease	the	levels	of	γ-H2AX,	a	characteristic	marker	of	DNA	damage.	

This	suggested	that	silencing	ARID1A	did	not	interfere	in	the	repair	of	DNA	damage.	

Nevertheless,	we	observed	that	ARID1A	KD	drastically	increased	the	γ-H2AX	levels	

triggered	 by	 other	 genotoxic	 treatments.	 Importantly,	 that	 elevated	 induction	 of	

DNA	damage	correlated	with	the	highest	 impairment	of	cell	viability.	Thus,	 these	

results	 led	 us	 to	 propose	 that	 in	 LUAD	 cells,	 ARID1A	 loss	 could	 be	 a	 source	 of	

generation	 of	 DNA	 damage	 rather	 than	 an	 obstacle	 in	 the	 DNA	 repair	 pathway.	

Intriguingly,	 this	 idea	 also	 agrees	 with	 the	 recent	 study	 of	 Bayona-Feliu	 and	

colleagues	in	which	they	found	that	the	depletion	of	SMARCA4	or	ARID1A	increased	

DNA	damage	associated	with	replicative	stress	(Bayona-Feliu	et	al.	2021).		

	

In	short,	the	increase	of	DNA	damage	upon	ARID1A	loss	could	be	a	consequence	of	

a	proteostasis	imbalance	due	to	the	transcriptional	role	of	the	SWI/SNF	complex	on	

the	 expression	 of	 essential	 genes	 in	 ER	 stress.	 However,	 as	 we	 have	 previously	

underlined,	 the	 SWI/SNF	 complex	 synergistically	maintains	 cellular	 homeostasis	
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through	several	mechanisms,	including	the	regulation	of	transcription-replication	

conflicts,	which	can	lead	to	replicative	stress	and	DNA	damage	(Figure	34).	In	any	

case,	the	depletion	of	ARID1A	in	LUAD	may	improve	cancer	therapy	by	enhancing	

the	 effect	 of	 other	 genotoxic	 agents	 and	 thus,	 allowing	 the	 reduction	 of	 their	

therapeutic	dose	to	reduce	their	side	effects.	However,	more	studies	are	needed	to	

explore	this	therapeutic	approach	for	LUAD	tumors.		

	

 
Figure	34:	Schematic	overview	of	the	proposed	pathways	triggered	by	ARID1A	loss	in	LUAD	

cells.	After	ARID1A	knockdown,	we	found	an	increase	in	c-MYC	expression	levels	and	some	of	the	

biosynthetic	 pathways	 regulated	 by	 this	 transcription	 factor,	 such	 as	 ribosome	 biogenesis	 and	

translation.	We	also	observed	an	upregulation	of	the	unfolded	protein	response	(UPR),	suggesting	

that	ARID1A	loss	caused	proteostasis	imbalance	due	to	the	increase	of	protein	synthesis	mediated	

by	c-MYC.	This	imbalance	could	also	generate	ROS	that	explain	the	rise	of	DNA	damage,	which	led	to	

apoptosis.	In	grey,	we	depict	alternative	pathways	that	other	authors	have	previously	described	in	

other	 tumor	 types.	 These	 include	 the	 direct	 transcriptional	 regulation	 of	ARID1A	of	 some	 genes	

involved	in	the	UPR	and	ROS	generation,	as	well	as	the	role	of	ARID1A	in	modulating	transcription-

replication	(TR)	conflicts,	which	are	also	a	source	of	DNA	damage.	Image	made	with	BioRender.com	

Lastly,	we	found	that	silencing	ARID1A	alters	the	expression	of	other	subunits	of	the	

SWI/SNF	complex.	In	particular,	the	two	mutually	exclusive	subunits	ARID1B	and	

ARID2	 were	 significantly	 downregulated	 upon	 ARID1A	 knockdown.	 Moreover,	

SMARCA2,	the	only	catalytic	subunit	of	the	SWI/SNF	complex	in	the	A549	cell	line	
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also	 showed	 lower	 protein	 levels	 after	 depleting	 ARID1A.	 Although	 structural	

studies	 are	 required	 to	 determine	 the	 composition	 of	 the	 residual	 SWI/SNF	

complexes	in	our	LUAD	model	after	ARID1A	knockdown,	a	recent	publication	has	

demonstrated	the	relevant	role	of	ARID1A	as	an	essential	scaffold	of	the	SWI/SNF	

complex	(He	et	al.	2020).	Specifically,	He	and	colleagues	found	that	the	assembly	of	

the	 SWI/SNF	 complex	 was	 not	 properly	 maintained	 in	 the	 absence	 of	 ARID1A,	

although	some	 subunits	 remained	 associated	by	 the	 scaffold	 subunits,	 SMARCC1	

and	SMARCC2.	This	 result	 agrees	with	 the	modular	organization	of	 the	SWI/SNF	

complex	 previously	 proposed	 by	 Mashtalir	 et	 al	 (Mashtalir	 et	 al.	 2018).	 These	

authors	also	observed	that	the	depletion	of	ARID1A	impaired	the	assembly	of	fully	

formed	SWI/SNF	complexes.	Importantly,	they	underlined	that	the	loss	of	ARID1A	

was	not	compensated	by	an	increase	of	ARID1B	expression,	as	we	also	observed	in	

our	LUAD	model.	Overall,	ARID1A	loss	could	alter	the	expression	of	other	SWI/SNF	

subunits	 because	 of	 an	 impairment	 of	 their	 assembly	 to	 residual	 SWI/SNF	

complexes.	This	finding	could	demonstrate	the	importance	of	ARID1A	for	residual	

SWI/SNF	 complexes	 on	 which	 tumor	 cells	 rely,	 showing	 a	 potential	 synthetic	

lethality	 not	 explored	 yet.	 However,	 more	 structural	 analyses	 are	 required	 to	

validate	this	hypothesis.		

	

In	summary,	our	work	has	underlined	the	relevance	of	ARID1A	in	LUAD.	We	have	

discovered	for	the	first	time	that	some	LUAD	cell	lines	develop	an	essential	ARID1A	

dependency.	We	have	observed	that	ARID1A	loss	alters	tumor	homeostasis	leading	

to	 an	 increase	 in	 DNA	 damage	 that	 causes	 cell	 death.	 Therefore,	 these	 findings	

present	a	potential	therapeutic	approach	for	LUAD	tumors,	which	requires	further	

research.		



	

CONCLUSIONS	
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6) CONCLUSIONS	
	

1. The	study	of	 the	composition	of	 the	SWI/SNF	complexes	 in	 lung	epithelial	
cells	revealed	an	absence	of	nine	subunits	that	were	found	in	other	cell	types,	

confirming	the	tissue-specific	trait	of	this	chromatin	remodeler.		

	

2. In	LUAD	primary	tumors,	the	SWI/SNF	complex	is	mutated	in	41.4%	of	the	
cases,	and	according	to	in	silico	predictions,	at	least	70%	of	those	mutations	

may	affect	the	functionality	of	the	complex.	

	

3. The	 mutational	 status	 of	 the	 SWI/SNF	 complex,	 when	 considered	 as	 a	
functional	 unit,	 defines	 a	 clinical	 subgroup	 of	 LUAD	 patients	 with	 worse	

overall	survival	and	a	high	tumor	mutation	burden.	

	

4. There	 is	 a	major	downregulation	of	 the	whole	SWI/SNF	complex	 in	LUAD	
that	can	only	be	partly	attributed	to	mutations.	

	

5. The	characterization	of	a	panel	of	38	LUAD	cell	lines	showed	that	more	than	
75%	of	them	harbor	mutations	in	lung	SWI/SNF	subunits	and	present	other	

epigenetic	 alterations	 that	 change	 the	 expression	 levels	 of	 the	 different	

SWI/SNF	complexes.		

	

6. There	 are	 four	 groups	 of	 LUAD	 cell	 lines	 that	 share	 a	 specific	 signature	
regarding	 the	 SWI/SNF	 complex,	 providing	 different	 resources	 for	

researchers	to	choose	the	most	suitable	cellular	models	for	their	studies	of	

this	chromatin	remodeler.	

	

7. The	restoration	of	SMARCA4	in	a	SMARCA4-deficient	LUAD	cell	line	not	only	
modifies	 the	 miRNome	 of	 the	 cells	 but	 also	 changes	 the	 expression	 of	

microRNAs	involved	in	tumorigenic	pathways.	
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8. SMARCA4⎯SWI/SNF	complexes	allow	the	expression	of	the	microRNA	miR-
222	 through	 their	 direct	 binding	 to	 its	 enhancer	 region,	 while	

SMARCA2⎯SWI/SNF	complexes	have	the	opposite	effect.	

	

9. miR-222	 is	 a	 tumor	 suppressor	 microRNA	 in	 LUAD	 whose	 upregulation	
decreases	cell	viability	and	impairs	colony	formation.	

	

10. 	The	miR-222	 enhancer	 region,	 which	we	 have	 defined	 as	 a	 target	 of	 the	
SWI/SNF	complex	in	LUAD	cells,	resides	in	a	topologically	associated	domain	

that	does	not	contain	any	cancer-related	protein-coding	genes.	

	

11. 	ARID1A	plays	an	essential	role	in	the	survival	of	LUAD	cell	lines	regardless	
of	their	genetic	background,	but	that	dependency	is	not	observed	in	normal	

lung	epithelial	cells.	

	

12. 	ARID1A	 fine-tunes	 the	 expression	 of	 relevant	 cellular	 pathways	 whose	
dysregulation	unbalance	 cellular	homeostasis,	causing	an	 increase	of	DNA	

damage	that	cannot	be	overcome	by	LUAD	cells	and	triggers	apoptosis.	

	

13. 	Depleting	ARID1A	in	LUAD	cell	lines	resembles	the	effect	of	other	genotoxic	
agents	used	in	lung	cancer	therapy,	such	as	doxorubicin	and	etoposide,	and	

also	improves	the	efficacy	of	such	treatments.		

	

14. 	ARID1A	loss	alters	the	protein	levels	of	other	SWI/SNF	members,	including	
the	mutually	exclusive	subunits	ARID1B	and	ARID2,	as	well	as	the	ATPase-

helicase	subunit	of	the	residual	SWI/SNF	complexes.
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7) CONCLUSIONES	
	
	
1. El	estudio	de	la	composición	de	los	complejos	SWI/SNF	en	células	epiteliales	

de	 pulmón	 reveló	 la	 ausencia	 de	 nueve	 subunidades	 que	 se	 habían	

encontrado	en	otros	tipos	celulares,	confirmando	la	especificidad	de	tejido	

característica	de	este	complejo	remodelador	de	la	cromatina.	

	

2. En	tumores	primarios	de	adenocarcinoma	de	pulmón,	el	complejo	SWI/SNF	
se	 encuentra	 mutado	 en	 el	 41.4%	 de	 los	 casos	 y,	 de	 acuerdo	 con	 las	

predicciones	in	silico,	al	menos	el	70%	de	esas	mutaciones	podrían	afectar	a	

la	funcionalidad	del	complejo.	

	

3. El	estado	mutacional	del	complejo	SWI/SNF,	cuando	se	considera	como	una	
completa	unidad	funcional,	podría	definir	un	subgrupo	clínico	de	pacientes	

de	adenocarcinoma	de	pulmón	que	presenta	peor	supervivencia	global	y	una	

mayor	carga	de	mutación	del	tumor.		

	

4. Existe	una	importante	regulación	a	la	baja	de	todo	el	complejo	SWI/SNF	en	
adenocarcinoma	 de	 pulmón	 que	 sólo	 puede	 atribuirse	 en	 parte	 a	 las	

mutaciones.	

	

5. La	caracterización	de	un	panel	de	38	líneas	de	adenocarcinoma	de	pulmón	
mostró	que	más	del	75%	de	ellas	albergan	mutaciones	en	las	subunidades	

pulmonares	 del	 SWI/SNF	 y	 presentan	 otras	 alteraciones	 epigenéticas	 que	

cambian	los	niveles	de	expresión	de	los	diferentes	complejos	SWI/SNF.	

	

6. Existen	cuatro	grupos	de	líneas	celulares	de	adenocarcinoma	de	pulmón	que	
comparten	una	firma	específica	en	relación	con	el	complejo	SWI/SNF,	lo	que	

proporciona	diferentes	recursos	a	los	investigadores	para	elegir	los	modelos	

celulares	 más	 adecuados	 para	 sus	 estudios	 de	 este	 remodelador	 de	 la	

cromatina.	
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7. La	 restauración	de	SMARCA4	en	una	 línea	de	adenocarcinoma	de	pulmón	
deficiente	en	esta	proteína	no	solo	modifica	el	miRNoma	de	las	células,	sino	

que	cambia	la	expresión	de	microARNs	involucrados	en	rutas	tumorigénicas.	

	

8. Los	complejos	SWI/SNF	con	SMARCA4	permiten	la	expresión	del	microARN	
miR-222	a	través	de	su	unión	directa	a	su	región	potenciadora,	mientras	que	

los	complejos	SWI/SNF	con	SMARCA2	tienen	el	efecto	opuesto.	

	

9. miR-222	 es	 un	 microARNs	 supresor	 de	 tumores	 en	 adenocarcinoma	 de	
pulmón	cuya	regulación	al	alza	disminuye	 la	viabilidad	celular	e	 impide	 la	

formación	de	colonias.	

	

10. 	La	región	potenciadora	del	miR-222,	la	cual	hemos	definido	como	diana	del	
complejo	SWI/SNF	en	células	adenocarcinoma	de	pulmón,	se	encuentra	en	

un	dominio	de	asociación	topológico	que	no	contiene	ningún	gen	codificante	

de	proteína	relacionado	con	cáncer.		

	

11. 	ARID1A	desempeña	un	papel	esencial	en	la	supervivencia	de	líneas	celulares	
de	adenocarcinoma	de	pulmón	 independientemente	de	 su	 fondo	genético,	

pero	 esa	 dependencia	 no	 se	 observa	 en	 células	 normales	 del	 epitelio	

pulmonar.	

	

12. 	ARID1A	 ajusta	 la	 expresión	 de	 importantes	 rutas	 celulares	 cuya	
desregulación	desequilibra	la	homeostasis	celular	provocando	un	aumento	

en	 el	 daño	 en	 el	 ADN	 que	 no	 puede	 ser	 superado	 por	 las	 células	 de	

adenocarcinoma	de	pulmón	y	activa	la	apoptosis.	

	

13. 	Eliminar	 ARID1A	 en	 líneas	 celulares	 de	 adenocarcinoma	 de	 pulmón	 se	
asemeja	al	efecto	que	causan	otros	agentes	genotóxicos	usados	en	la	terapia	

del	 cáncer	 de	 pulmón,	 tales	 como	 doxorubicina	 y	 etopósido,	 y	 también	

mejora	la	eficacia	de	dichos	tratamientos.	
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14. 	La	pérdida	de	ARID1A	altera	 los	niveles	proteicos	de	otros	miembros	del	
SWI/SNF,	 incluyendo	 las	 subunidades	 mutuamente	 exclusivas	 ARID1B	 y	

ARID2,	 así	 como	 la	 subunidad	ATPasa-helicasa	de	 los	 complejos	SWI/SNF	

residuales.		
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Annex	I:	Compilation	of	the	subunits	of	the	mammalian	SWI/SNF	complexes	

	

Supplementary	 Table	 1:	 SWI/SNF	 subunits	 described	 in	 mammalian	 cells.	

Alternative	names	of	each	subunit	are	displayed	in	brackets.		

	

	 SWI/SNF	complex	configurations	

Role	 BAF	 PBAF	 ncBAF	

ATPase	module	 SMARCA4	(BRG1)	or	SMARCA2	(BRM)	

ATPase	module	 BCL7A/B/C	

ATPase	module	 ACTB	

ATPase	module	 ACTL6A	(BAF53A)	or	ACTL6B	(BAF53B)	*	

ATPase	module	 SS18	(SSXT)	*	or	SS18L1	(CREST)	*	

Core	 SMARCC1	(BAF155)	

Core	 SMARCC2	(BAF170)	

Core	 SMARCD1	(BAF60A)	or	SMARCD2	(BAF60B)	or	SMARCD3	(BAF60C)	

Core	 	 	
BICRA	(GLTSCR1)	or	

BICRAL	(GLTSCR1L)	

Core	 SMARCB1	(BAF47,	INI1,	SNF5)	 	

Core	 SMARCE1	(BAF57)	 	

Accessory	

ARID1A	(BAF250A)	

or	ARID1B	

(BAF250B)	

ARID2	(BAF200)	 	

Accessory	 	 BRD7	 BRD9	

Accessory	

DPF1	(BAF45B)	or	

DPF2	(BAF45C)	or	

DPF3	(BAF45D)	

PHF10	(BAF45A)	 	

Accessory	 	 PBRM1	(BAF180)	 	

	

*ACTL6B,	SS18	and	SS18L1	are	only	found	in	neural-specific	SWI/SNF	complexes	
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Annex	II:	Lung	adenocarcinoma	cell	lines	used	in	this	Ph.D.	thesis	

	

Supplementary	 Table	 2:	 List	 of	 LUAD	 cell	 lines.	The	 second	 column	 shows	 a	

classification	of	 the	mutational	status	of	 the	SWI/SNF	complex.	The	third	column	

compilates	 other	mutated	 genes	 that	 are	 among	 the	 top	 five	 LUAD	driver	 genes	

described	by	Bailey	et	 al	 (Bailey	et	al.	2018).	The	 fourth	 column	 indicates	 the	growth	

media	recommended	by	the	supplier.		

 
Cell	line	 SWI/SNF	status*	 Other	mutated	LUAD	driver	genes	 Growth	media	
A427	 Mutated	 KRAS	 DMEM	
A549	 Mutated	 KRAS,	STK11	 DMEM	
CALU3	 Mutated	 TP53	 DMEM	
H1373	 Wild	type	 KRAS,	TP53	 RPMI-1640	
H1395	 Wild	type	 BRAF,	STK11	 RPMI-1640	
H1435	 Mutated	 TP53	 DMEM	
H1437	 Wild	type	 TP53	 RPMI-1640	
H1568	 Mutated	 EGFR,	TP53	 RPMI-1640	
H1573	 Mutated	 KRAS,	TP53,	STK11	 RPMI-1640	
H1623	 Mutated	 TP53,	STK11	 RPMI-1640	
H1648	 Mutated	 TP53	 DMEM	
H1650	 Mutated	 EGFR,	TP53	 RPMI-1640	
H1734	 Mutated	 KRAS,	TP53,	STK11	 RPMI-1640	
H1792	 Mutated	 KRAS,	TP53	 RPMI-1640	
H1793	 Mutated	 EGFR,	TP53	 DMEM	
H1944	 Mutated	 KRAS,	STK11	 RPMI-1640	
H1975	 Mutated	 EGFR,	TP53	 RPMI-1640	
H2009	 Mutated	 KRAS,	EGFR,	TP53	 DMEM	
H2030	 Mutated	 KRAS,	TP53,	STK11	 RPMI-1640	
H2087	 Wild	type	 BRAF,	TP53	 RPMI-1640	
H2122	 Mutated	 KRAS,	STK11	 RPMI-1640	
H2126	 Mutated	 TP53	 DMEM	
H2228	 Mutated	 TP53	 RPMI-1640	
H23	 Mutated	 KRAS,	TP53,	STK11	 RPMI-1640	
H322	 Mutated	 TP53	 RPMI-1640	
H358	 Wild	type	 KRAS	 RPMI-1640	
H441	 Mutated	 KRAS,	TP53	 RPMI-1640	
H522	 Mutated	 TP53	 RPMI-1640	
H650	 Mutated	 KRAS,	TP53	 DMEM	
H838	 Mutated	 TP53,	STK11	 RPMI-1640	

HCC4006	 Mutated	 EGFR,	TP53	 RPMI-1640	
HCC44	 Wild	type	 KRAS,	TP53,	STK11	 RPMI-1640	
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Cell	line	 SWI/SNF	status*	 Other	mutated	LUAD	driver	genes	 Growth	media	
HCC827	 Wild	type	 EGFR,	TP53	 RPMI-1640	
LC319	 Wild	type	 BRAF,	TP53	 RPMI-1640	
LXF289	 Mutated	 TP53	 RPMI-1640	
PC14	 Wild	type	 EGFR,	TP53	 RPMI-1640	
PC9	 Mutated	 EGFR,	TP53	 RPMI-1640	
SKLU1	 Mutated	 KRAS,	TP53	 DMEM	

 
*We	 considered	as	 ‘Wild	 type’	 the	 cell	 line	with	 any	mutations	 in	 the	20	 lung	SWI/SNF	
subunits	that	we	sequenced	in	our	study.	
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Annex	III:	List	of	genes	analyzed	in	this	Ph.D.	thesis	

	

Supplementary	Table	3:	List	of	the	lung	SWI/SNF	subunits	and	the	top	10	LUAD	

driver	genes.	The	genes	are	sorted	in	alphabetical	order.		

	
SWI/SNF	genes	 LUAD	driver	genes	

ACTL6A	 ATM	
ARID1A	 BRAF	
ARID1B	 EGFR	
ARID2	 KEAP1	
BCL7A	 KRAS	
BCL7C	 NF1	
BRD9	 RB1	
DPF2	 RBM10	
DPF3	 STK11	
PBRM1	 TP53	
PHF10	

	

SMARCA2	
	

SMARCA4	
	

SMARCB1	
	

SMARCC1	
	

SMARCC2	
	

SMARCD1	
	

SMARCD2	
	

SMARCD3	
	

SMARCE1	
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Annex	IV:	Performance	of	different	mutational	analysis	approaches	

	

To	 evaluate	 the	 performance	 of	 our	 non-paired	 analysis	 approaches,	 first	 we	

compared	the	results	of	the	two	non-paired	pipelines.	The	agreement	between	the	

two	 approaches	 was	 high	 for	 primary	 tumors	 (Supplementary	 Table	 4).	 We	

thoroughly	examined	the	mutations	uniquely	found	by	one	of	the	two	approaches.	

Mutations	 detected	 by	 Mutect2	 but	 not	 by	 our	 BCFtools-based	 approach	 were	

usually	present	at	very	low	frequencies,	as	low	as	1-2	total	mutant	reads.	However,	

17	mutations	of	Mutect2	showed	high	depth	and	high	mutant	allele	frequency	and	

we	manually	‘rescued’	them	for	our	final	mutation	list.	The	‘rescued’	mutations	were	

mostly	 indels,	 suggesting	 that	Mutect2	 has	more	 power	 than	 BCFtools	 for	 indel	

detection.	On	the	other	hand,	mutations	found	by	our	BCFtools-based	pipeline	but	

not	 by	 Mutect2	 were	 all	 confirmed	 on	 IGV.	 Most	 of	 them	 had	 been	 flagged	 as	

‘germline’	 by	 Mutect2,	 possibly	 due	 to	 their	 presence	 in	 gnomAD,	 albeit	 at	

frequencies	 far	below	0.01.	We	concluded	that	 there	was	 insufficient	evidence	to	

exclude	 such	 mutations.	 Therefore,	 for	 our	 final	 analysis,	 we	 combined	 the	 full	

results	 from	 our	 BCFtools-based	 pipeline	 with	 the	 mutations	 we	 ‘rescued’	 from	

Mutect2.	

We	also	compared	the	results	 from	our	nonpaired	and	paired	analyses	 in	our	27	

tumor-normal	 pairs	 after	 the	 ‘rescuing’	 step.	 Out	 of	 the	 65	mutations	 from	 our	

nonpaired	analysis,	56	(86%)	were	also	found	by	the	paired	analysis.	Only	13	of	the	

69	(19%)	paired	mutations	were	uniquely	found	by	the	paired	analysis.	They	were	

all	mutations	present	at	very	low	frequencies	(as	low	as	1-2	total	mutant	reads)	and,	

therefore,	they	were	filtered	out	by	our	non-paired	analysis.	

	

Supplementary	 Table	 4:	 Agreement	 between	 the	 non-paired	 approaches	

applied	in	this	study.	
	

Primary	tumors	(N	=	70)	
	 #	Mutations	in	common	 #	Unique	mutations	

BCFtools-based	
pipeline	 105	(76%)	 34	(24%)	

Mutect2-based	
pipeline	 105	(66%)	 55	(34%)	
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Annex	V:	Primers	used	in	this	Ph.D.	thesis	

Supplementary	Table	5:	List	of	primers	used	for	the	characterization	of	the	
SWI/SNF	complex.	
	

Gene	 Forward	Sequence	(5'	to	3')	 Reverse	Sequence	(5'	to	3')	
ACTL6A	 TGGAGGCCATTTCACCTCTAA	 TCTTTGCTCTAGTATTCCACGGT	
ARID1A	 TCCCAGCAAACTGCCTATTC	 CATATCTTCTTGCCCTCCCTTAC	
ARID1B	 GGCCGTCCCGGAGTTTAATAA	 CGGAGTGCATCATCCCCAT	
ARID2	 CAGTGTGTCGGATTATCTGCG	 GCATGACGTGCTTGCTTTCATT	
BCL7A	 GGTGACCGTTGGTGACACAT	 CACTTCTCGTCCTTGCCTTTTT	
BCL7C	 CGACACTTCCCTTCGTATCTTC	 GAACCTTCCGAATGGAAACTCT	
BRD9	 GCAATGACATACAATAGGCCAGA	 GAGCTGCCTGTTTGCTCATCA	
DPF2	 TATGCCTGTGACATTTGTGGAAAA	 GAGTCTTCCTTGTCCTCGCC	
DPF3	 AAGAAGCGACGATTGCACC	 AGCAAGGCTTCCAGTGTGGTAC	
PBRM1	 AGGAGGAGACTTTCCAATCTTCC	 CTTCGCTTTGGTGCCCTAATG	
PHF10	 GCACTCTAGGCTTAACAGCATT	 AGCATGTTTGGCTGGATATTCTT	

SMARCA2	 AGGGGATTGTAGAAGACATCCA	 TTGGCTGTGTTGATCCATTGG	
SMARCA4	 AATGCCAAGCAAGATGTCGAT	 GTTTGAGGACACCATTGACCATA	
SMARCB1	 GCGAGTTCTACATGATCGGCT	 CACAGTGGCTAGTCGCCTC	
SMARCC1	 AGCTGTTTATCGACGGAAGGA	 GCATCCGCATGAACATACTTCTT	
SMARCC2	 CCGTGACCCAGTTCGACAAC	 CGGCAGTTTAGTGAGCGGT	
SMARCD1	 ATCCGGCTAAGTCAGATGCC	 CAGATGGTTGTCTGGCCCAT	
SMARCD2	 GATCCATTCCGAAAACGCCTG	 TGAGGTAGAACCTTATCTGCCA	
SMARCD3	 ACTGGATCAAACCATCATGCG	 CAATGCTGCCGTCGGAATC	
SMARCE1	 CCTGCAACACAAATGCCCAG	 TTTTGGAATCGTGATACCAGAGG	
GAPDH	 GAAGGTGAAGGTCGGAGTC	 GAAGATGGTGATGGGATTTC	

	
Supplementary	 Table	 6:	 List	 of	 primers	 used	 for	 the	 analysis	 of	 miRNAs	
expression.	
	

Primer	name	 Sequence	(5'	to	3')	
Poly-T-adapter	 GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTT	
miR-222-Fw	 CTACATCTGGCTACTGGGTAAA	
U6-Fw	 CAAGGATGACACGCAAATTCG	

Universal-Reverse	 GCGAGCACAGAATTAATACGAC	
	
Supplementary	Table	7:	List	of	primers	used	for	the	study	of	ARID1A.	
	

Gene	 Forward	Sequence	(5'	to	3')	 Reverse	Sequence	(5'	to	3')	
ATF3	 GAAGGAGAAGACGGAGTGCC	 GCTGCTTCTCGTTCTTGAGC	
ATF5	 CCTCCTCCTTCTCCACCTC	 CTTCTTTTGCTTGCGGTCC	
BAK1	 AACTGGGCTCCCACTCAG	 GACGGGATCAGCCTGCC	
BAX	 CCATCTTTGTGGCGGGAG	 AACACAGTCCAAGGCAGC	
BID	 AAAGACATGAAGCCACGGG	 GATGAGCTGAGCGTATGGC	
DDIT3	 CCGAGCTCTGATTGACCG	 GGAAAGGTGGGTAGTGTGG	
E2F1	 GCCATCCAGGAAAAGGTGTG	 GAAGCGCTTGGTGGTCAGAT	
HRK	 AGCGAGCAACAGGTTGGTG	 CCTTCTCGAAGTGCCAACCG	
JUN	 GCCAGGTCGGCAGTATAGTC	 TCTGGACACTCCCGAAACAC	
c-MYC	 CCACCAGCAGCGACTCTGAG	 CCAGCAGAAGGTGATCCAGAC	
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Annex	VI:	SMARCA4	interactors	of	the	SWI/SNF	complex	in	lung	epithelial	cells	

	
Supplementary	 Table	 8:	 SWI/SNF	 subunits	 pulled	 down	 with	 SMARCA4	 in	
NL20.	
	

Proteins	 Peptide	average	
counts	(rounded	up)* 

SMARCA4	 46	
SMARCC2	 27	
ACTL6A	 21	
ARID1A	 21	
SMARCC1	 19	
SMARCE1	 19	
SMARCD2	 10	
SMARCD1	 8	
PBRM1	 6	
SMARCB1	 6	
GLTSCR1	 4	
ARID2	 3	
DPF2	 3	
BRD7	 3	
BCL7C	 2	

ACTA1;ACTC1;ACTG2;ACTA2★	 2	
BRD9	 2	
DPF3	 2	
BCL7A	 1	
PHF10	 1	
ARID1B	 1	
SMARCD3	 1	

	
	
*Peptide	number	of	all	SWI/SNF	subunits	identified	after	pulling	down	SMARCA4	in	NL20.	
An	average	value	has	been	 calculated	using	 two	biological	 replicates	with	 two	 technical	
replicates	each.	
	
★Potential	new	subunits	of	the	SWI/SNF	complex	in	lung	cells	(as	substitutes	for	ACTB).	
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Annex	VII:	Descriptive	characterization	of	the	panel	of	LUAD	cell	lines	used	in	this	
Ph.D.	thesis	

	
Supplementary	Figure	1:	Descriptive	analysis	of	the	panel	of	LUAD	cell	lines	used	in	this	study.		

(A)	Number	of	citations	of	each	of	the	LUAD	cell	lines	used	in	this	study	according	to	PubMed	until	

September	 2019.	 (B)	 Mutation	 profile	 of	 the	 top	 5	 LUAD	 driver	 genes	 identified	 by	 Bailey	 and	

colleagues	in	our	panel	of	38	LUAD	cell	lines.	

	

Supplementary	Table	9:	Clinical	 features	of	our	panel	of	38	LUAD	cell	 lines.	
Data	provided	by	the	ATCC	(American	Type	Culture	Collection)	and	Pubmed.	(NA:	
Not	available).	

Disease	 Adenocarcinoma	 Broncoalveolar	carcinoma	 Carcinoma	 Papillary	
adenocarcinoma	

N=38	 31	 4	 2	 1	

Tissue	 Lung	 Derivated	from	
metastatic	site	 NA	 	

N=38	 16	 18	 4	 	

Smoking	status	 Smokers	 Non-smokers	 NA	 	

N=38	 15	 7	 16	 	

A

B
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Sex	 Male	 Female	 NA	 	

N=38	 22	 14	 2	 	

Age	 >45	 <45	 NA	 	

N=38	 23	 7	 8	 	

Ethnicity	 Caucasian	 Black	 NA	 	

N=38	 22	 3	 13	 	
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Annex	VIII:	CCLE	comparison	with	our	mutation	data	

	

The	 sequencing	 data	 of	 31	 of	 our	 38	 LUAD	 cell	 lines	was	 available	 in	 the	 CCLE	

database.	Within	 these	 cell	 lines,	 46	 alterations	 were	 found	 in	 the	 20	 SWI/SNF	

subunits	in	the	CCLE	database	in	contrast	with	the	44	mutations	identified	in	our	

study.	 In	 general,	 the	 results	 of	 our	 analysis	 were	 highly	 concordant	 with	 the	

mutations	 of	 CCLE.	 However,	 we	 detected	 and	 confirmed	 by	 Sanger	 sequencing	

three	mutations	that	were	not	previously	reported	in	CCLE:	a	splice	site	mutation	in	

SMARCA4	 in	 H2122,	 which	 affects	 the	 isoform	 NM_001128845,	 and	 two	 non-

synonymous	mutations	in	PHF10	and	BRD9	in	H1734	and	H1975,	respectively	(see	

Supplementary	Fig.	2).		

On	the	other	hand,	in	our	analysis	we	did	not	find	9	mutations	described	in	CCLE,	

after	accounting	 for	differences	 in	 the	annotation	reference	(Supplementary	Fig.	

S3).	Four	of	these	mutations	were	inframe	indels	or	missense	mutations	that	were	

filtered	out	in	our	analysis	because	they	affected	low	complexity	regions	of	ARID1B	

(Calu-3	and	H1648),	ARID1A	 (H441),	or	SMARCC2	 (H1623)	 (Supplementary	Fig.	

S4).	In	addition,	we	did	not	find	5	non-synonymous	mutations	in	PBRM1	(PC14	and	

H1975),	SMARCC1	(A549),	SMARCD2	(H2122),	and	DPF3	(H23).	In	the	last	case,	we	

detected	the	mutation	but	it	did	not	pass	our	filtering	criteria	due	to	low	sequencing	

depth	(Supplementary	Fig.	S5).	
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Supplementary	Figure	2:	De	novo	SWI/SNF	complex	mutations	identified	by	our	study	in	LUAD	

cell	 lines.	 (A)	UCSC	genome	browser	screenshot	of	 the	SMARCA4	 isoform	that	 is	mutated	 in	 the	

H2122	 cell	 line	 (NM_001128845)	 according	 to	 our	 sequencing	 data.	 (B)	PHF10	 mutation	 in	 the	

H1734	cell	line	(chr6:169710276	G-T).	(C)	BRD9	mutation	in	the	H1975	cell	line	(chr5:870536	C>G).	

All	genomic	coordinates	are	given	with	hg38	annotation.	

	

Supplementary	Figure	3:	SWI/SNF	complex	mutations	with	difference	in	annotation	between	

CCLE	and	our	data.	(A)	ARID2	mutation	in	the	H1623	cell	line	(chr12:45836991	G>T).	(B)	ARID1B	

mutation	in	the	H322	cell	line	(chr6:157167185	G>T).	All	genomic	coordinates	are	given	with	hg38	

annotation.	

  

Supplemental Fig S3!

A!

B!
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Supplemental Fig S4!
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Supplemental Fig S4!
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Supplemental Fig S4!
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Supplementary	 Figure	 4:	 CCLE	 mutations	 in	 the	 lung	 SWI/SNF	 complex	 excluded	 in	 our	

analysis	because	of	affecting	low	complexity	genomic	regions.	(A)	ARID1B	insertion	in	the	Calu-

3	 cell	 line	 (chr6:156779262-156779263	 ins	 CGC).	 (B)	 ARID1B	 insertion	 in	 the	 H1648	 cell	 line	

(chr6:156778268-156778269	 ins	 CAGCAG).	 (C)	 ARID1A	 deletion	 in	 the	 H441	 cell	 line	 (chr1:	

26697418-26697432	inframe	del).	(D)	SMARCC2	mutation	in	the	H1623	cell	line	(chr12:56169570	

C>A).	All	genomic	coordinates	are	given	with	hg38	annotation.	

 

Supplemental Fig S4!
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Supplemental Fig S5!
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Supplementary	Figure	5:	Lung	SWI/SNF	complex	mutations	exclusively	described	in	CCLE.	(A)	

PBRM1	mutation	in	the	PC14	cell	line	(chr3:52564225	C>T).	(B)	PBRM1	mutation	in	the	H1975	cell	

line	(chr3:52644714	G>T).	(C)	SMARCC1	mutation	in	the	A549	cell	line	(chr3:47635234	T>G).	(D)	

SMARCD2	mutation	in	the	H2122	cell	line	(chr17:63837576	A>C).	(E)	DPF3	mutation	in	the	H23	cell	

line	(chr14:72753335	C>A).	All	genomic	coordinates	are	given	with	hg38	annotation.	

	

  

."

Supplemental Fig S5!
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Annex	IX:	Co-occurrence	and	mutual	exclusion	analysis		

 

 
	

Supplementary	Figure	6:	Co-occurrence	and	mutual	exclusion	analysis	of	SWI/SNF	mutations	

and	the	top	5	LUAD	driver	genes.	Venn	Diagrams	with	the	mutational	status	of	the	top	5	LUAD	

driver	genes	and	the	SWI/SNF	complex	in	LUAD	patients	using	TCGA-LUAD	data.	

 
  

Supplemental Fig S1

A

B

C

Fisher test, p=0.0516
Fisher test, p=0.319 Fisher test, p=0.214

Fisher test, p=0.794 Fisher test, p=0.000184



ANNEX	 192	

Annex	X:	Overall	survival	analysis	with	the	top	10	LUAD	driver	genes	

 
	

Supplementary	 Figure	 7:	 Analysis	 of	 overall	 survival	 of	 LUAD	 patients	 with	 different	
mutational	status	of	the	top	10	LUAD	driver	genes.	(A-J)	Kaplan-Meier	curves	grouping	the	TCGA-
LUAD	cohort	by	the	mutational	status	of	each	of	the	top	10	LUAD	driver	genes.	

Supplemental Fig S4
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Annex	XI:	Western	blot	analysis	of	the	ATPases	and	ARID	subunits	of	the	SWI/SNF	
complex	in	our	panel	of	LUAD	cell	lines	

 
Supplementary	Figure	8:	Western	blot	of	SMARCA4,	SMARCA2,	ARID1A,	ARID1B,	and	ARID2	
in	our	38	LUAD	cell	lines	and	a	normal	lung	cell	 line	(NL20).	The	sizes	depicted	in	the	image	
correspond	to	the	observed	molecular	weights	of	each	of	these	proteins.	ACTB	was	used	as	a	loading	
control.	
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Annex	XII:	Differentially	expressed	miRNAs	upon	SMARCA4	restoration	

 

 
	

Supplementary	Figure	9:	Differentially	expressed	microRNAs	upon	SMARCA4	restoration	in	

A549	cells.	Heatmap	of	significantly	dysregulated	miRNAs	after	48h	of	transfection	of	A549	with	

empty	 vector	 (EV)	 or	 SMARCA4	 plasmid	 (SMARCA4).	Only	miRNAs	with	 an	 FDR	 <	 0.05	 and	 an	

absolute	log2Fold-Change	>	1	are	represented.	Z-score	values	are	plotted.	
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Annex	XIII:	Three-dimensional	organization	of	the	genomic	region	around	the	miR-222	enhancer	

 

 
	

Supplementary	Figure	10:	Topologically	associating	domains	(TADs)	and	CTCF	binding	sites	near	the	miR-222	enhancer.	ENCODE	data	were	analyzed	for	

the	A549	and	IMR-90	cell	lines	to	determine	the	three-dimensional	organization	of	the	genomic	region	around	the	miR-222	enhancer.	The	TADs	were	derived	from	

high-throughput	chromosome	conformation	capture	(Hi-C)	data	with	a	resolution	of	40	kb	for	A549	and	5	kb	for	IMR-90.	The	CTCF	binding	data	had	two	replicates	

per	cell	line.	An	area	around	the	miR-222	enhancer	is	highlighted	in	yellow.
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Annex	XIV:	Western	blot	analysis	of	γ-H2AX	after	the	treatment	of	A549	cell	line	
with	genotoxic	agents	

 

 
	

Supplementary	Figure	11:	Western	blot	analysis	of	the	DNA	damage	marker	γ-H2AX	in	the	

A549	cell	line.	After	48	h	of	the	transfection	with	a	nonsense	scrambled	siRNA	(SCR)	or	an	siRNA	

specific	 against	 ARID1A	 (siA1A),	 the	 cells	 were	 treated	 with	 either	 etoposide	 10!M	 (Etop),	
doxorubicin	0.5!M	(Doxo),	or	not	treated	(NT).	The	cells	were	collected	at	different	time	points	and	
the	γ-H2AX	expression	was	analyzed	using	ACTB	as	a	loading	control.		

Supp Fig. 2: Screening of DNA damage signal after ARID1A KD and Etoposide
treatment
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Annex	XV:	Ph.D.	article	and	other	related	publications	
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The SWI/SNF complex regulates the expression of

miR-222, a tumor suppressor microRNA in lung
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Abstract

SWitch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complexes are key epigenetic regulators that are
recurrently mutated in cancer. Most studies of these complexes are focused on their role in regulating protein-coding genes.
However, here, we show that SWI/SNF complexes control the expression of microRNAs. We used a SMARCA4-deficient
model of lung adenocarcinoma (LUAD) to track changes in the miRNome upon SMARCA4 restoration. We found that
SMARCA4-SWI/SNF complexes induced significant changes in the expression of cancer-related microRNAs. The most
significantly dysregulated microRNA was miR-222, whose expression was promoted by SMARCA4-SWI/SNF complexes, but
not by SMARCA2-SWI/SNF complexes via their direct binding to a miR-222 enhancer region. Importantly, miR-222
expression decreased cell viability, phenocopying the tumor suppressor role of SMARCA4-SWI/SNF complexes in LUAD.
Finally, we showed that the miR-222 enhancer region resides in a topologically associating domain that does not contain
any cancer-related protein-coding genes, suggesting that miR-222 may be involved in exerting the tumor suppressor role of
SMARCA4. Overall, this study highlights the relevant role of the SWI/SNF complex in regulating the non-coding genome,
opening new insights into the pathogenesis of LUAD.

Introduction

Gene expression regulation is essential for an adequate execu-
tion of all biological processes and alterations in these regula-
tory mechanisms can lead to tumor formation and progression.
Indeed, the loss of epigenetic control of gene expression is a
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key hallmark of cancer (1). Among all epigenetic changes, chro-
matin remodeling has spurred great interest in the field. Several
studies have shown that the SWitch/Sucrose Non-Fermentable
(SWI/SNF) complex, a member of the family of ATP-dependent
chromatin remodeling complexes, is mutated in nearly 25% of

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddab187/6317738 by U

niversidad de G
ranada - Biblioteca user on 09 N

ovem
ber 2021



ANNEX								198	

Other	articles	or	book	chapters	published	during	this	Ph.D.	
 
 
Peinado	P*,	Andrades	A*,	Cuadros	M*,	Rodriguez	MI*,	Coira	IF,	Garcia	DJ,	Benitez-
Cantos	MS,	Cano	C,	Rufino-Palomares	E,	Zarzuela	E,	Muñoz	J,	Loidi	C,	Saiz	M,	Medina	
PP.	Integrative	multi-omic	analysis	of	the	SWI/SNF	complex	defines	a	new	clinical	
subgroup	of	lung	adenocarcinoma	patients.	Under	Review.	
	
Haswell	JR*,	Mattioli	K*,	Gerhardinger	C,	Maass	PG,	Foster	DJ,	Peinado	P,	Wang	X,	
Medina	PP,	Rinn	 JL,	 Slack	FJ.	Genome-wide	CRISPR	 interference	 screen	 identifies	
long	non-coding	RNA	loci	required	for	differentiation	and	pluripotency.	PLoS	One.	
2021	Nov	3;16(11):e0252848.	
	
Cuadros	M*,	García	DJ*,	Andrades	A*,	Arenas	AM,	Coira	IF,	Baliñas-Gavira	C,	Peinado	
P,	 Rodríguez	 MI,	 Álvarez-Pérez	 JC,	 Ruiz-Cabello	 F,	 Camós	 M,	 Jiménez-Velasco	 A,	
Medina	PP.	LncRNA-mRNA	Co-Expression	Analysis	Identifies	AL133346.1/CCN2	as	
Biomarkers	 in	 Pediatric	 B-Cell	 Acute	 Lymphoblastic	 Leukemia.	 Cancers	 (Basel).	
2020	Dec	17;12(12):3803.		
	
Peinado	P*,	Andrades	A*,	Cuadros	M*,	Rodriguez	MI*,	Coira	IF,	Garcia	DJ,	Álvarez-
Perez	JC,	Baliñas-Gavira	C,	Arenas	AM,	Patiño-Mercau	JR,	Sanjuan-Hidalgo	J,	Romero	
OA,	Montuenga	LM,	Carretero	 J,	Sanchez-Cespedes	M,	Medina	PP.	Comprehensive	
Analysis	 of	 SWI/SNF	 Inactivation	 in	 Lung	 Adenocarcinoma	 Cell	 Models.	 Cancers	
(Basel).	2020	Dec	10;12(12):E3712.	
	
Arenas	AM*,	Cuadros	M*,	Andrades	A,	García	DJ,	Coira	 IF,	Rodríguez	MI,	Baliñas-
Gavira	C,	Peinado	P,	Álvarez-Pérez	 JC,	Medina	PP.	LncRNA	DLG2-AS1	as	a	Novel	
Biomarker	in	Lung	Adenocarcinoma.	Cancers	(Basel).	2020	Jul	28;12(8):2080.	
	
Martin-Padron	 J*,	Boyero	L*,	Rodriguez	MI,	Andrades	A,	Díaz-Cano	 I,	Peinado	P,	
Baliñas-Gavira	C,	Alvarez-Perez	JC,	Coira	IF,	Fárez-Vidal	ME,	Medina	PP.	Plakophilin	
1	enhances	MYC	translation,	promoting	squamous	cell	lung	cancer.	Oncogene.	2020	
Aug;39(32):5479-5493.	
	
Cuadros	 M*,	 Andrades	 A*,	 Coira	 IF,	 Baliñas	 C,	 Rodríguez	 MI,	 Álvarez-Pérez	 JC,	
Peinado	P,	Arenas	AM,	García	DJ,	Jiménez	P,	Camós	M,	Jiménez-Velasco	A,	Medina	
PP.	Expression	of	the	long	non-coding	RNA	TCL6	is	associated	with	clinical	outcome	
in	 pediatric	 B-cell	 acute	 lymphoblastic	 leukemia.	 Blood	 Cancer	 J.	 2019	 Nov	
25;9(12):93.	
	
Peinado	 P*,	 Herrera	 A*,	 Baliñas	 C,	 Martín-Padrón	 J,	 Boyero-Corral	 L;	 Cuadros	
Marta,	Coira	IF,	Rodríguez-Lara	MI,	Reyes-Zurita	F,	Rufino-Palomares	EE,	Lupiañez	
JA,	Medina	PP:	Long	Non-Coding	RNAs	as	cancer	biomarkers.	Chapter	of	the	book:	
Cancer	and	Noncoding	RNAs.	Elsevier.	2018	Vol	1:	95-114.	ISBN:	9780128110225.		
	
Cuadros	M*,	 Sánchez-Martín	V*,	Herrera	A,	Baliñas	C,	Martín-Padrón	 J,	Boyero	L,	
Peinado	 P,	 Medina	 PP.	 BRG1	 regulation	 by	 miR-155	 in	 human	 leukemia	 and	
lymphoma	cell	lines.	Clin	Transl	Oncol.	2017	Aug;19(8):1010-1017.	
 
*	Contributed	equally	to	this	work	



ANNEX	

 

199	

Annex	XVI:	Copyright	permissions	

 
Figure	3	
	

 
	
	
Figure	8	
	
	

	


