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Driver Gene Keratinocyte Initiation (HaCaT  cells) cuSCC Progression (cuSCC cell lines A431/COLO16/SCC13) 

KMT2C ✓ ✓ 

CREBBP ✓ ✗ 

NCOA2 ✗ ✓ 

ZMIZ1 Not tested, no expression ✓ 

ZMIZ2 Not tested, no expression ✓ 
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	702	

Supplementary	Figure	19:	Gross	photographs	of	cuSCC	xenograft	masses	collected	at	necropsy	showing	robust	703	
TurboGFP	expression.	Xenografts	of	cuSCC	human	cell	lines	A431,	COLO16	and	SCC13	with	stable	lentiviral	constructs	704	
expressing	shRNAs	directed	knockdown	of	target	drivers	KMT2C	(shKMT2C)	or	NCOA2	(shNCOA2)	relative	to	a	non-targeting	705	
control	(shNTC)	grown	in	NSG	immuno-deficient	mice.	706	
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	707	

Supplementary	Figure	20:	CREBBP	knockdown	does	not	alter	proliferation	rate	in	cuSCC	cell	lines.	(a)	96-hour	708	
proliferation	assay	(n=3,	error	bars	SEM).	(b)	In	vivo	xenograft	assay	of	COLO16	shNTC	or	shCREBBP	into	NSG	immunodeficient	709	
mice	(n=9	per	condition).	710	

DISCUSSION	711	

In	this	study,	we	sought	to	define	the	cooperating	genetic	events	required	for	keratinocyte	transformation	and	712	

progression	to	frank	cuSCC	using	the	SB	transposon	mutagenesis	system	in	vivo.	Using	an	Actb-Cre	transgene	to	713	

activate	systemic	expression	of	the	transposon,	we	observed	tumor	lesions	in	multiple	organs.	The	kinetics	of	714	

tumorigenesis	were	further	accelerated	in	mice	harboring	either	null	(Trp53KO/+)	(Jonkers	et	al.,	2001)	or	recurrent	715	

point	mutant	(Trp53R172H/+)	(Olive	et	al.,	2004)		alleles.	This	observation	is	consistent	with	previous	studies	showing	716	
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that	missense	mutations	in	Trp53	promote	malignant	transformation	by	abrogating	both	the	tumor	suppressive	and	717	

oncogenic	(gain-of-function	and/or	dominant	negative)	functions	of	Trp53	in	vivo	(Doyle	et	al.,	2010;	Hanel	et	al.,	718	

2013;	Lang	et	al.,	2004;	Morton	et	al.,	2010;	Olive	et	al.,	2004).	While	the	SB|Onc3	mice	developed	a	spectrum	of	719	

tumor	types,	including	of	the	hematopoietic	lineage,	we	observed	an	enrichment	for	late-stage,	well-differentiated	720	

cuSCC.		721	

We	subsequently	focused	on	understanding	the	genetic	events	required	for	keratinocyte	transformation.	Our	722	

SBCapSeq	and	SB	Driver	analysis	identified	349	CCDs,	regardless	of	Trp53	status,	of	which	107	have	been	implicated	723	

in	human	cancers.	Intriguingly,	we	observed	that	the	SB-driven	cuSCC	lesions	were	driven	almost	exclusively	by	SB	724	

inactivating	insertions	in	tumor	suppressor	genes,	suggesting	that	cumulative	loss	of	these	genes	is	a	central	feature	725	

of	cuSCC.	Furthermore,	in	cuSCC	lesions	that	arose	from	K5-Cre;	PtenCKO/+	model	previously	reported,	our	SB	Driver	726	

Analysis	workflow	revealed	inactivating	insertion	patterns	in	all	300	CCDs,	which	corroborates	the	Actin-Cre	driven	727	

model	utilized	in	our	study.	Notably,	in	the	single	allele	Pten	loss	model,	we	identified	inactivation	in	Chuk	(also	728	

known	as	Ikka)	as	a	significant	driver	of	cuSCC,	and	this	gene	has	previously	been	reported	to	have	a	tumor	729	

suppressive	role	in	cuSCC	via	regulating	the	EGFR	signaling	axis	(Liu	et	al.,	2008).	However,	since	Chuk	inactivation	730	

only	occurs	in	a	haploinsufficient	Pten	background,	these	data	suggest	that	inactivation	of	these	genes	alters	731	

different	pathways	that	cooperate	to	drive	cuSCC.	Tantalizingly,	PanCancer	analysis	of	over	40,000	tumors	from	732	

multiple	tissue	types	using	cBioPortal	revealed	a	significant	co-occurrence	of	both	genes,	suggesting	that	the	733	

association	between	Pten	and	Chuk	may	be	extended	to	cancer	derived	from	different	cellular	lineages.	Our	data	734	

provide	a	rich	resource	to	rationally	identify,	prioritize,	and	credential	likely	cooperating	mutational	events	in	cuSCC	735	

(Fig.	3).		736	

Our	report	is	the	first	to	identify	Zmiz2	as	a	significant	candidate	cancer	gene	in	any	SB	study	and	the	first	to	737	

discover	mutual	exclusivity	among	activated	Zmiz1,	Zmiz2,	and	Mamld1	in	early	keratinocyte	transformation	and	738	

cuSCC	progression.	Insertions	into	Zmiz1	(Dupuy	et	al.,	2009;	Friedel	et	al.,	2013;	Rogers	et	al.,	2013)	and	Mamld1	739	

(Friedel	et	al.,	2013)	have	been	previously	observed	in	skin	tumors	induced	by	transposon	insertional	mutagenesis.	740	

The	possible	redundancy	of	ZMIZ	oncoproteins	in	the	keratinocyte	transformation	program,	by	mutual	exclusivity	of	741	

truncal	insertions	within	cuSCC	genomes,	strongly	suggests	that	the	ZMIZ1ΔN185	and	ZMIZ2ΔN184	oncoproteins	may	742	

have	common	neomorphic	properties	that	contribute	to	the	hallmarks	of	skin	cancer.	The	work	of	Rogers	et	al.	743	

(Rogers	et	al.,	2013),	and	more	recently	Mathios	et	al.	(Mathios	et	al.,	2019),	on	the	dynamic	regulation	of	ZMIZ1	744	

expression	in	human	cancer,	together	with	our	finding	that	ZMIZ1	and	ZMIZ2	are	mutated	with	at	least	on	non-silent	745	

alteration	in	at	least	one	third	of	published	human	cuSCC	genomes	(Pickering	et	al.,	2014;	South	et	al.,	2014)	and,	746	

suggest	that	this	gene	may	be	an	important	initiating	truncal	mutation	in	human	keratinocyte	initiation	and	cuSCC	747	

progression.	Transcriptome	analysis	on	SB-driven	cuSCCs	with	high	read	depth	insertions	in	Zmiz1	or	Zmiz2	to	748	

detected	SB	transposon	fusions	to	both	drivers.	Of	note,	the	N-terminal	truncated	versions	of	both	Zmiz	genes	were	749	

selected	in	a	mutually	exclusive	manner.	The	Zmiz1ΔN185	and	Zmiz2ΔN184	onco-proteins	share	62%	sequence	identity,	750	

and	share	the	zinc	finger	PIAS,	proline-rich	transactivation,	and	AR	binding	domains.	Importantly,	both	oncoproteins	751	

lack	the	N-terminus	in	the	full-length	protein,	which	is	thought	to	inhibit	the	intrinsic	transcriptional	activity	C-752	

terminal	proline-rich	transactivation	domain	(Sharma	et	al.,	2003).		ZMIZ1	and	ZMIZ2	are	mutated	in	one	third	of	753	
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human	cuSCC	genomes	sequenced	to	date	(Pickering	et	al.,	2014;	South	et	al.,	2014),	however,	its	functional	754	

significance	remains	unclear.	Zmiz1	has	been	shown	to	be	involved	in	T	cell	development	and	leukemogenesis	via	755	

interacting	with	NOTCH1	(Pinnell	et	al.,	2015),	but	how	it	is	involved	in	the	tumorigenesis	of	other	cell	lineages	is	756	

unclear.	We	have	provided	two	preliminary	lines	of	evidence	with	regards	to	how	ZMIZ	may	be	involved	in	757	

squamous	cancers.	First,	shRNA-mediated	knockdown	of	ZMIZ1	and	ZMIZ2	in	A431	and	COLO16	human	cuSCC	cell	758	

lines	significantly	decreased	their	growth	rates,	compared	to	non-targeting	controls.	While	ZMIZ1	overexpression	759	

has	been	shown	to	sufficient	for	disease	initiation,	our	cell	proliferation	data	suggests	that	pathways	regulated	by	760	

ZMIZ1/2	continue	to	be	active	in	advanced	disease.		Further,	the	association	of	high	expression	of	a	ZMIZ-centric	761	

metagene	derived	from	TCGA	hnSCC	cohort,	with	poor	patient	survival	supports	an	oncogenic	role	for	ZMIZ	in	762	

tumors	of	squamous	lineage.		763	

We	identified	potential	signaling	pathways,	such	as	EGFR,	NOTCH	and	WNT,	that	may	cooperate	with	ZMIZ	to	drive	764	

cuSCC	in	vivo.	Intriguingly,	all	SB	cuSCC	tumors	with	Zmiz1/2	insertions	had	inactivating	insertions	in	at	least	one	765	

gene	involved	in	chromatin	remodeling,	which	suggests	that	changes	in	gene	expression	via	epigenetic	regulation	766	

are	necessary	to	progress	a	benign	lesion	to	frank	cuSCC.	Some	examples	of	the	chromatin	remodeler	genes	that	767	

were	recurrently	altered	in	our	screen	include	members	of	the	complex	of	proteins	associated	with	Set1	(COMPASS)	768	

such	as	Kmt2c	and	Kdm6a,	and	the	switch/sucrose	non-fermenting	(SWI/SNF)	such	as	Arid1b,	Arid1a	and	Pbrm1.	769	

Although	the	COMPASS	and	SWI/SNF	pathway	members	have	been	reported	to	be	mutated	in	various	cancers	770	

(Gozdecka	et	al.,	2018;	Kadoch	et	al.,	2013;	Wang	et	al.,	2018),	whether	alterations	in	one	or	cooperation	of	both	771	

pathways	is	required	for	the	etiology	of	the	disease	remains	unclear.	Our	functional	data	showing	that	knockdown	of	772	

KMT2C,	a	key	molecule	in	the	COMPASS	complex,	in	human	cuSCC	cell	lines	accelerated	in	vitro	proliferation	and	in	773	

vivo	xenograft	growth,	supporting	a	role	for	this	gene	as	a	tumor	suppressor	in	advanced	disease.		Of	clinical	774	

significance,	several	recent	studies	have	highlighted	potential	dependencies	amenable	to	pharmacologic	inhibition	775	

in	cancer	cells	with	aberrations	in	COMPASS	members	(Wang	et	al.,	2018).		776	

While	mutations	in	chromatin	remodelers	have	been	reported	in	the	literature,	only	recently	have	studies	provided	777	

functional	evidence	that	this	family	of	genes	can	function	as	tumor	suppressor	in	the	initiation	and	progression	of	778	

different	cancers.	Our	in	vivo	screen	identified	inactivation	of	at	least	one	gene	involved	in	chromatin	remodeling	in	779	

every	tumor,	suggesting	that	this	family	of	genes	may	have	an	important	role	at	some	stage	during	cuSCC	genesis.	780	

Our	functional	data	suggests	that	CREBBP	is	involved	in	the	earlier	stages	of	keratinocyte	transformation,	while	781	

decreased	NCOA2	expression	can	drive	disease	progression.	Interestingly,	KMT2C	knockdown	drives	keratinocyte	782	

transformation	or	cuSCC	progression	in	different	cell	systems	utilized.	Finally,	while	ongoing	work	is	focused	on	783	

elucidating	the	mechanistic	basis	of	how	alterations	in	chromatin	remodeler	gene	expression	affect	cuSCC	biology,	784	

we	demonstrate	that	one	route	of	cuSCC	progression	via	decreased	NCOA2	or	KMT2C	expression	is	activation	of	the	785	

MAPK	pathway.	Notably,	this	was	observed	in	one	of	three	cell	lines	assessed,	suggesting	that	depending	on	the	786	

genetic	background,	chromatin	remodelers	influence	disease	progression	via	different	mechanisms.		787	

	788	
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In	a	similar	genetic	screen	for	myeloid	leukemia	drivers	(Mann	et	al.,	2016;	Newberg	et	al.,	2018a),	we	identified	789	

Ncoa2	as	an	oncogene	and	Zmiz1	as	a	tumor	suppressor,	in	contrast	to	the	tumor	suppressor	of	Ncoa2	and	oncogenic	790	

Zmiz1	in	the	cuSCC	model	described	in	this	study.	These	two	examples,	and	several	other	from	our	various	studies	791	

cataloged	in	the	SBCDDB	(Newberg	et	al.,	2018c),	support	the	dual	roles	many	candidate	cancer	driver	genes	have	in	792	

both	promoting	and	inhibiting	various	cancer	hallmark	features	depending	upon	the	complexities	of	network	of	793	

interactions	operating	to	control	genotype-phenotype	outcomes	in	disease.	In	a	related	example,	it	was	surprising	794	

that	the	frequency	of	Zmiz1/2	insertions	were	low	within	the	K5-cre|Pten	cuKA	masses	given	that	our	study	in	795	

SB|Onc3	mice,	and	several	previous	transposon	studies,	have	found	activating	Zmiz1	insertions	with	high	frequency	796	

in	skin	tumors.	This	may	result	from	the	use	of	the	Krt5-cre,	as	the	Keratin5	promoter	is	principally	active	within	797	

basal	skin	cells	but	not	keratinocytes.	This	raises	the	possibility	that	the	tumor	cell	of	origin	is	another	important	798	

factor	for	skin	cancer	progression	(as	it	is	in	breast	cancer),	and	suggests	that	masses	arising	from	basal	cells	can	799	

readily	form	frank	cuKAs	but	not	cuSCCs	for	unknown	reasons.	Additional	experiments	are	needed	and	warranted	to	800	

explore	this	possibility.	801	

Our	experimental	approach	for	driving	high	mutational	burdens	by	SB	mutagenesis,	recapitulates	the	sporadic,	802	

stepwise	evolutionary	selection	of	cooperating	drivers	in	non-melanoma	skin	cancers	in	humans	exposed	to	solar	803	

UV.	Despite	these	divergent	mutagens,	we	observed	remarkable	overlap	of	driver	genes,	pathways,	and	networks	804	

between	the	mouse	and	human	cuSCCs,	suggesting	a	deep	mutual	biology	between	these	shared	drivers	and	805	

cutaneous	oncogenesis.	We	hope	that	by	defining	the	cooperative	oncogenic	and	tumor	suppressor	networks	that	806	

operate	during	keratinocyte	transformation	and	subsequent	cuSCC	progression,	the	results	of	our	screen	will	807	

provide	a	foundation	for	exploring	new	therapeutic	strategies.	808	
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Methods	846	

Mice	used	for	SB	screens.	The	following	alleles	were	used	to	construct	the	SB-driven	mouse	model	of	multiple	solid	847	

tumor	histologies:	Actb-Cre	(FVB/N-Tg(ACTB-cre)2Mrt/J,	ref.	8(Lewandoski	et	al.,	1997));Trp53flox/+	(FVB.129P2-848	

Trp53tm1Brn/Nci,	ref.	9(Jonkers	et	al.,	2001));	Trp53LSL-R172H/+	(129S4-Trp53tm2Tyj/Nci;	ref.	10(Olive	et	al.,	2004));	849	

T2/Onc2(TG.12740)	(TgTn(sb-T2/Onc3)12740Njen;	ref.	54	(Dupuy	et	al.,	2009));	and	Rosa26-LSL	SBase	or	850	

SBaseLSL;	(Gt(ROSA)26Sortm2(sb11)Njen;	ref.	55(Starr	et	al.,	2009)).	The	resulting	cohorts	of	mice	were	on	mixed	genetic	851	

backgrounds	consisting	of	C57BL/6J,	129,	C3H	and	FVB.	Genotyping	by	PCR	assays	with	primers	specific	to	the	852	

alleles	was	performed.	No	sample	size	estimate	was	used	to	determine	the	number	of	mice	for	aging.	Mice	were	bred	853	

and	maintained	in	accordance	with	approved	procedures	directed	by	the	respective	Institutional	Animal	Care	and	854	

Use	Committees	in	the	National	Cancer	Institute	Frederick	National	Lab,	A*STAR	Biological	Resource	Centre,	855	

Houston	Methodist	Research	Institute,	and	Moffitt	Cancer	Center.	Animals	were	co-housed	for	the	duration	the	856	

experiment,	except	in	rare	cases	where	single	mice	were	separated	based	on	vet	recommendation	due	to	fighting	or	857	

near	tumor	burden	end-point.	Gross	necropsies	were	performed	and	all	masses	were	documented	and	prepared	for	858	
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subsequent	analysis.	See	Supplementary	Figure	1	for	details	of	mouse	crosses.	Both	sexes	were	used	for	859	

experiments.	No	randomization	was	performed;	mice	were	assigned	to	groups	based	on	genotype.	No	blinding	was	860	

performed.	861	

Histological	analysis.	Histological	analysis	of	spleen	was	performed	on	5-μm	sections	of	formalin-fixed,	paraffin-862	

embedded	(FFPE)	specimens	stained	with	hematoxylin	and	eosin.	As	expected,	robust	nuclear	staining	of	SB	863	

transposase	(SBase)	was	confirmed	by	immunohistochemistry	on	FFPE	tissues	after	antigen	retrieval	(pH	9)	and	864	

endogenous	peroxidase	inhibition	followed	by	overnight	incubation	with	mouse	antibody	to	SBase	(anti-SBase;	R&D	865	

Systems;	pH	9;	1:200	dilution).	After	incubation	with	primary	antibody,	chromogen	detection	(with	HRP	polymer,	866	

anti-rabbit	or	anti-mouse,	with	Envision	System	from	Dako)	and	hematoxylin	counterstaining	were	performed	per	867	

manufacturer’s	instructions.	Genomic	DNA	(gDNA)	was	isolated	from	flash	frozen	necropsy	specimens	using	Qiagen	868	

Gentra®	Puregene®	DNA	isolation	kit	protocol	for	tissue.	869	

Mapping	transposon	insertion	sites	using	the	splink_454	method.	SB	insertion	reads	were	generated	by	454	GS	870	

Titanium	sequencing	(Roche)	of	pooled	splinkerette	PCR	reactions	with	nested,	barcoded	primers	was	871	

performed(Mann	et	al.,	2012;	Mann	et	al.,	2015;	March	et	al.,	2011).	Pre-	and	post-processing	of	454	reads	to	assign	872	

sample	DNA	barcodes,	filter	out	local	hopping	events	from	donor	chromosomes,	and	map	and	orient	the	SB	insertion	873	

sites	across	the	entire	nuclear	genome	of	the	mouse	was	performed.	All	SB	insertions	from	donor	chromosomes	874	

were	filtered	out	prior	to	identification	of	common	insertion	sites	using	the	Gaussian	kernel	convolution	(GKC)	(de	875	

Ridder	et	al.,	2006;	March	et	al.,	2011)	and	SB	driver	analysis	(Newberg	et	al.,	2018b)	methods.	876	

Mapping	transposon	insertion	sites	using	the	SBCapSeq	method.	Full	details	for	the	SBCapSeq	protocol	(Mann	877	

et	al.,	2016)	optimized	for	sequencing	from	solid	tumors,	will	be	published	elsewhere	(Mann	et	al.,	in	preparation;	878	

for	general	protocol	and	concept,	see	also	ref.	(Mann	et	al.,	2016)).	Briefly,	for	selective	SB	insertion	site	sequencing	879	

by	liquid	hybridization	capture,	gDNA	(0.5	µg	per	sample)	of	either	bulk	tumor	specimens	or	single	cell	WGA	880	

genomes	was	used	for	library	construction	using	the	AB	Library	Builder™	System,	including	random	fragmentation	881	

and	ligation	of	barcoded	Ion	Xpress™	sequencing	adapters.	Adapter-ligated	templates	were	purified	by	Agencourt®	882	

AMPure	beads®	and	fragments	with	insert	size	of	200±30bp	were	excised,	purified	by	Agencourt®	AMPure®	beads,	883	

amplified	by	8	cycles	of	adapter-ligation-mediated	polymerase	chain	reaction	(aLM-PCR),	and	purified	by	884	

Agencourt®	AMPure®	beads	with	elution	in	50	µl	of	TE	(1X	Tris-EDTA	[Ethylenediaminetetraacetic	acid],	pH8).	885	

Capture	hybridization	of	single	or	multiplexed	up	to	12	barcoded	libraries	(60	ng	per	sample)	was	performed	using	886	

custom	xGen®	Lockdown®	Probes	(IDT).	All	120-mer	capture	and	blocking	oligonucleotide	probes	were	purchased	887	

from	IDT	as	Ultramer	DNA	Oligos	with	Standard	Desalting.	Bar-coded	single	and	multiplex	captured	library	888	

fragments	were	further	amplified	by	12	cycles	of	LM-PCR	and	run	using	an	Agilent	2100	Bioanalyzer	or	TapeStation	889	

to	estimate	enrichment.	Bar-coded	single	and	multiplex	captured	libraries	were	quantified	by	Qubit®	Fluorometer	890	

and	quantitative	Real	Time-PCR	(qRT-PCR)	were	used	to	dilute	libraries	for	template	preparation	and	Ion	Sphere™	891	

Particle	(ISP)	loading	using	Ion	Chef™	System	and	sequencing	on	the	Ion	Proton™	platform	with	PIv3	semiconductor	892	

wafer	chips	per	manufacturers	recommended	instructions.	High-throughput	sequencing	of	up	to	39	multiplex	893	

captured	libraries	was	carried	out	per	PIv3	chip	to	achieve	at	least	1.5	million	reads	per	barcode.	Reads	containing	894	
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the	transposon	IRDR	element	were	processed	using	the	SBCapSeq	bioinformatic	workflow	as	described(Mann	et	al.,	895	

2016).	896	

SB	Driver	Analysis.	BED	formatted	files	containing	SB	insertions	from	each	of	the	histologically	verified	SB-cuSCC,	897	

SB-cuKA,	and	SB-cuSK	cohort	specimens	(Supplementary	Tables	2,4,7,11,14,17,21)	were	used	to	perform	SB	898	

Driver	Analysis	to	identify	statistically	significant	discovery,	progression,	and	truncal	driver	genes	that	contain	more	899	

SB	insertions	than	expected	by	chance	and	were	recurrently	altered	in	three	or	more	tumors	(Newberg	et	al.,	900	

2018b).	Discovery	and	progression	SB	Driver	Analysis	considered	all	SB	insertion	events;	truncal	SB	Driver	Analysis	901	

considered	only	insertions	represented	by	5	or	more	reads.	Statistically	significant	discovery	drivers	were	defined	902	

as	adjusted	p-values	using	false	discovery	rate	(FDR)	multiple	testing	correction	(q-value<0.5).	Statistically	903	

significant	progression	and	truncal	drivers	were	defined	as	adjusted	p-values	using	family-wise	error	rate	(FWER)	904	

multiple	testing	correction	(FWER	adjusted-P<0.05).	Statistically	significant	drivers	on	donor	and	non-donor	905	

chromosomes	analyses	were	performed	separately	and	combined	into	a	single	driver	lists	(Supplementary	Tables	906	

2,5-6,12-13,15-16).	Due	to	a	local-hopping	phenomenon	known	to	occur	with	SB,	where	transposition	events	are	907	

biased	to	occur	in	cis	along	the	donor	chromosome	more	frequently	than	in	trans	to	non-donor	chromosomes	in	the	908	

genome,	insertions	from	the	donor	chromosome	are	typically	filtered	away	computationally	before	candidate	cancer	909	

genes	are	identified.	However,	doing	so	in	cohorts	derived	from	mice	with	only	a	single	SB	donor	allele	(like	our	910	

cuSCC	cohorts)	means	that	genome-wide	driver	analysis	is	not	possible,	because	all	genes	on	the	donor	chromosome	911	

are	censored	and	are	not	reported	even	though	they	may	contribute	to	the	overall	tumor	burden.	Since	we	obtained	912	

quantitative	SBCapSeq	datasets	in	this	study,	we	evaluated	whether	all	genes	on	the	donor	chromosome	should	be	913	

censored	or	if	perhaps,	as	observed	in	PiggyBac	transposon	genomes,	only	a	relatively	small	portion	of	the	donor	914	

chromosome	locus,	occurring	in	close	proximity	to	the	donor	concatemer	insertion	site,	demonstrate	significant	bias	915	

compared	with	the	frequency	of	SB	insertions	into	non-donor	chromosomes.	In	the	cuSCC	cohorts	sequenced	with	916	

SBCapSeq,	we	found	that	donor	chromosome	SB	insertion	site	frequencies	are	significantly	higher	between	917	

chr9:79,000,000	and	chr9:95,000,000	and	drop	to	the	genome	wide	average	for	non-donor	chromosomes	over	the	918	

rest	of	chromosome	9	(Supplementary	Figure	2b),	suggesting	that	filtering	all	SB	donor	chromosome	insertion	919	

events	may	not	be	warranted.	To	confirm	and	extend	this	observation,	we	used	all	tumors	within	the	SBCDDB	with	920	

chromosome	9	donor	alleles	and	identified	that	the	same	region	between	chr9:79,000,000	and	chr9:95,000,000	had	921	

a	higher	frequency	of	SB	insertions	than	the	rest	of	chromosome	9	loci,	which	again	matched	non-donor	922	

chromosome	insertion	frequencies	(Supplementary	Figure	2a).	Thus,	we	ran	SB	Driver	Analysis	on	tumors	derived	923	

from	mouse	cohorts	harboring	an	SB	T2/Onc3	TG.12740	donor	allele	chromosome	9	(cuSCC83_454,	cuSCC60_SBC,	924	

and	cuKA11_SBC),	by	excluding	the	81	genes	that	map	between	Filip1	at	chr9:79663368-79825689	and	Tfdp2	at	925	

96096693-96224065	from	the	driver	gene	output	files.		926	

Microarray	gene	expression	analysis.	Gene	expression	profiling	of	histologically	confirmed	SB-cuSCC	masses	927	

selected	by	presence	or	absence	of	Zmiz1	insertion	by	454Splink	sequencing	was	performed	using	Affymetrix	928	

microarrays,	as	described	previously	(Mann	et	al.,	2016).	Briefly,	100ng	of	total	RNA	for	each	sample	was	extracted	929	

using	a	NORGEN	Biotek	Animal	Tissue	RNA	Purification	kit	(Cat	#25700)	followed	by	labeled	with	an	Affymetrix	3'	930	

IVT	Express	kit	(Cat	#	901229)	using	the	manufacturer’s	instructions.	Labeled	samples	were	hybridized	to	931	



Aiderus,	Newberg,	Guzman-Rojas	et	al.,	2019	 59	

Affymetrix	GeneChip	Mouse	Genome	430	2.0	Arrays,	and	scanned	at	the	University	of	Otago	Genomics	&	932	

Bioinformatics	Facility.	Raw	data	processing	used	R	(version	2.15)	(Team,	2013)	with	the	“rma”	function	of	the	933	

“affy”	package	(Gautier	et	al.,	2004),	including	quantile	normalization	but	no	background	correction.	Quality	934	

assessment	of	the	microarray	data	was	performed	using	R	(R_Core_Team,	2008;	2013)	or	the	“affyQCReport”	935	

package	(Parman	et	al.,	2005).	Data	analysis	and	differential	gene	expression	analysis	were	performed	using	Python,	936	

R	(R_Core_Team,	2008;	2013)		and	visualized	using	the	R	Shiny	package	in	RStudio.	937	

Transcriptome	Sequencing.	Total	RNA	was	isolated	from	flash	frozen	necropsy	specimens	using	mirVana™	miRNA	938	

Isolation	Kit	(Ambion®	by	Life	Technologies,	AM1560)	from	a	shaved	portion	of	each	pathology	verified	cuSCC	mass	939	

from	7	tumors	for	which	sufficient	tissues	were	available	and	the	prescence	of	a	high	read	depth	Zmiz1	or	Zmiz2	940	

trunk	driver	insertion	was	identified	by	SBCapSeq.	Whole	transcriptome	RNA-Seq	(wtRNA-Seq)	libraries	were	941	

prepared	from	total	RNA	(5	μg	per	sample)	plus	ERCC	RNA	Spike-In	(Ambion®	by	Life	Technologies,	4456739)	942	

followed	by	selective	ribosomal	RNA	(rRNA)	depletion	using	the	RiboMinus™	Eukaryote	System	v2	(Ambion®	by	943	

Life	Technologies,	A15026).	rRNA-depleted	total	RNA	(500	ng	per	sample)	was	used	for	whole	transcriptome	library	944	

construction	according	to	the	Ion	Total	RNA-Seq	Kit	for	the	AB	Library	Builder™	System	(Life	Technologies,	945	

4482416)	protocol	for	barcoded	libraries,	Ion	Sphere™	Particle	(ISP)	loading	using	Ion	Chef™	System	and	946	

sequencing	on	the	Ion	Proton™	platform	with	PIv3	semiconductor	wafer	chips	per	manufacturers	recommended	947	

instructions.	Up	to	4	RNA-Seq	libraries	were	multiplex	sequenced	on	a	PIv3	chip	twice	to	achieve	>3	GB	(~40	million	948	

reads)	per	specimen.	The	Life	Technologies	Torrent	Suite	software	was	used	to	perform	checking	of	the	raw	949	

sequence	data	before	the	generation	of	sequencing	read	files	in	FASTQ	format	and	minimally	processed	mRNA-Seq	950	

and	wtRNA-Seq	reads	were	processed	using	the	Bowtie2	(Langmead	and	Salzberg,	2012)	and	Tophat	(Trapnell	et	951	

al.,	2009)	algorithms	to	align	reads	to	a	custom	version	of	the	mouse	mm9+pT2/Onc	genome,	as	described	(Mann	et	952	

al.,	2016).	The	detection	of	SB	fusion	events,	defining	novel	SB	fusion	transcripts,	and	measuring	transcript	953	

abundance	in	SB	cuSCC	tumor	specimens	from	RNA-Seq	data	were	performed	as	described	(Mann	et	al.,	2016).	954	

Biological	Pathway	and	Process	Enrichment	Analysis.	Enrichr	(Chen	et	al.,	2013;	Kuleshov	et	al.,	2016),	an	online	955	

analysis	tool	for	human	and	mouse	gene-set	enrichment,	was	used	to	identify	specific	signaling	pathways	and	956	

processes	enrichment	using	the	various	cohort	candidate	cancer	driver	genes	and/or	their	human	orthologs	957	

(Supplementary	Tables	28,32-33).	The	online	STRING	network	enrichment	analysis	tool	(Szklarczyk	et	al.,	2019)	958	

was	also	used	to	determine	functional	connections	between	truncal	drivers	from	the	cuSCC	and	cuKA	cohorts.	959	

Human	cancer	cell	lines.	The	cutaneous	squamous	cell	carcinoma	A431(CRL–1555™)	and	grade	IV	lung	squamous	960	

cell	carcinoma	SW900	(HTB–59™)	cell	lines,	were	purchased	from	American	Type	Culture	Collection	(ATCC®)	and	961	

grown	according	to	the	manufacturer’s	suggested	conditions	in	complete	medium	(1×	DMEM	(ATCC,	30–2002)	for	962	

A431cells	or	1×	ATCC-formulated	Leibovitz’s	L–15	Medium,	Catalog	No.	30–2008	medium	(ATCC,	30–2001)	for	963	

SW900	cells)	supplemented	with	10%	FBS	and	1×	penicillin-streptomycin	grown	at	37	°C	in	5%	CO2.	The	cutaneous	964	

squamous	cell	carcinoma	SCC13	cell	line	(Rheinwald	and	Beckett,	1981;	Rheinwald	and	Green,	1977),	were	obtained	965	

from	Harvard	Skin	Disease	Research	Center	(HSDRC)	and	grown	using	the	human	keratinocyte	culture	methods	966	

provided	by	the	HSDRC.	The	cutaneous	squamous	cell	carcinoma	COLO16	cell	line	(Vin	et	al.,	2013)	were	a	gift	from	967	
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Dr.	K.	Y.	Tsai	and	grown	in	DMEM/Ham’s	F12	50/50	media	supplemented	with	cholera	toxin	(Sigma,	C0852),	insulin	968	

(Sigma,	I5500-50MG),	epidermal	growth	factor	(Serotec/Bio-Rad,	EGF-1),	hydrocortisone	(Sigma,	H4881-1G),	969	

liothyronine	(Sigma,	T6397-100MG)	and	apo-transferrin	(Sigma,	T2252-100MG).	All	cell	lines	were	verified	human	970	

origin	and	free	from	pathogens	and	mycoplasma.	Mycoplasma	infection	monitoring	was	performed	using	MycoAlert	971	

Detection	Kit	(Lonza)	and	only	mycoplasma-free	cultures	were	used.	972	

siRNA	screening.	Pre-designed	siRNA	oligonucleotides	were	purchased	from	Thermo	Fisher	Scientific	and	are	973	

listed	in	Supplementary	Table	41.	For	each	gene,	three	non-overlapping	siRNA	oligos	were	transfected	using	974	

Lipofectamine	RNAiMAX	transfection	reagent	(Thermo	Fisher	Scientific)	according	to	the	manufacturer’s	975	

instructions.	Briefly,	4	×	103	cells	were	seeded	into	96-well	plates	and	cultured	for	24	hours	at	37	ºC	in	complete	976	

culture	medium.	At	24	hours,	single	siRNAs	were	transfected	and	incubated	at	37	ºC.	Cellular	proliferation	was	977	

measured	with	a	WST–1	cell	proliferation	assay	system	(Takara).	WST–1	reagent	was	added	to	each	well	and	978	

incubated	for	2	hours	at	37	ºC.	The	colorimetric	absorbance	at	450	nm	and	650	nm	(reference)	was	measured	with	979	

an	Infinite	200	pro	multimode	reader	(TECAN).	980	

Generation	of	stable	shRNA-expressing	cell	lines.	High	titer	lentiviral	particles	for	pGIPZ-shRNA	constructs	981	

targeting	each	of	the	12	cutaneous	candidate	driver	genes,	and	one	non-targeting	control,	were	purchased	from	982	

Thermo	Scientific	Open	Biosystems	(Supplementary	Table	43).	Cells	were	plated	at	a	density	of	5	×	104	cells	per	983	

well	in	a	24-well	plate	in	complete	media	24	hours	prior	to	infection.	The	following	day,	cells	were	plated	with	984	

serum-free	culture	medium	containing	8	µg/mL	polybrene	(Millipore),	and	transduced	as	pools	of	three	985	

independent	shRNAs	to	different	exons	of	each	target	gene,	or	individually	for	the	control,	at	multiplicity	of	infection	986	

of	6.	Puromycin	selection	was	added	the	following	day	at	concentrations	of	1.0	to	3.0	µg/mL	puromycin	(Thermo	987	

Fisher	Scientific)	in	complete	media,	and	replaced	every	three	until	stable	lines	were	achieved.	988	

Proliferation	assay.	To	assess	cuSCC	progression,	cuSCC	cell	lines	were	seeded	in	6	well	plates	at	a	density	of	5	×	989	

104	cells	per	well	in	complete	media.	Cell	numbers	for	each	condition	were	counted	after	48-	and	96-hour	post-990	

seeding.	To	assess	transformation	by	proliferation,	HaCaT	cells	were	seeded	at	a	density	of	5	×	103	cells	per	well	and	991	

cell	counts	performed	after	seven	days.		992	

Soft	agar	assay.	To	assess	anchorage-independent	growth,	HaCaT	cells	were	seeded	at	a	density	of	1	×	104	cells	per	993	

well	in	a	six	well	plate	in	0.3%	agar,	over	a	layer	0.6%	agar.	Complete	media	was	added	to	each	well	the	following	994	

day,	and	replaced	every	two	days	for	four	weeks.	At	end	point,	cells	were	fixed	in	20%	methanol	and	0.0025%	995	

crystal	violet.	Washes	were	done	with	milliQ	water	until	low	background	was	achieved,	and	plates	were	scanned,	996	

and	colonies	counted	for	each	condition.		997	

qRT-PCR.	Total	RNA	was	purified	and	DNase	treated	using	the	RNeasy	Mini	Kit	(Qiagen).	Synthesis	of	cDNA	was	998	

performed	using	SuperScript	VILO	Master	Mix	(Life	Technologies).	Quantitative	PCR	analysis	was	performed	on	the	999	

QuantStudio	12K	Flex	System	(Life	Technologies)	or	7900HT	Sequence	Detection	System	(Applied	Biosystem).	All	1000	

signals	were	normalized	to	the	levels	of	GAPDH	TaqMan	probes.	TaqMan	probes	were	obtained	from	Life	1001	

Technologies	(Supplementary	Table	41).	1002	
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Xenografts.	One	million	cells	were	prepared	for	injection	into	the	left	flank	of	randomized	selected	male	and	female	1003	

immunodeficient	NSG	(NOD.Cg-Prkdcscid;Il2rgtm1Wjl/SzJ;	JAX,	005557;	6–15	weeks	old)	mice.	Allocation	to	study	1004	

groups	was	random.	Xenograft	measurements	were	taken	twice	weekly	using	digital	calipers	while	mice	were	1005	

conscious	but	restrained	by	an	experimenter	familiar	with	collecting	caliper	measurements	of	xenografts	and	1006	

blinded	to	the	experimental	group	designations.	GFP	fluorescence	was	visualized	at	the	time	of	caliper	1007	

measurement.	Ellipsoid	tumor	volumes	were	calculated	as	volume	(mm3)	=	0.52(length	(mm)	×	width2	(mm2)),	1008	

where	the	two	longest	axes,	length	and	width,	were	the	major	and	minor	diameter	measurements,	respectively;	1009	

width2	represents	an	assumption	that	the	xenograft	depth	was	equivalent	to	the	diameter	of	the	minor	axis.	1010	

Statistical	significance	of	tumor	volumes	at	defined	time	points	was	determined	by	either	one-way	t	test	for	all	1011	

cohorts	relative	to	shNTC	or	by	two-way,	repeated-measures	ANOVA	with	Bonferroni	correction	for	multiple	1012	

comparisons,	as	indicated.	1013	

Western	blot.	Whole	cell	or	tissue	lysates	were	prepared	in	RIPA	buffer	supplemented	with	protease	and	1014	

phosphatase	inhibitors,	and	samples	sonicated	to	achieve	optimum	lysis.	Protein	concentrations	were	quantitated	1015	

using	the	BCA	assay,	and	20	µg	of	lysates	were	loaded	into	8%	SDS-polyacrylamide	gels.	Gels	were	resolved	at	80V	1016	

for	120	mins,	transferred	onto	nitrocellulose	membrane	for	70	mins	at	0.35A	with	transfer	buffer	containing	20%	1017	

methanol,	and	blocked	for	one	hour	at	room	temperature	with	5%	w/v	BSA	in	0.1%	TBST.	Membranes	were	1018	

incubated	with	primary	antibodies	in	5%	w/v	BSA	in	0.1%	TBST.		Antibodies	used	in	this	study	are:	Total	ERK	1019	

(1:1000,	Cell	Signaling	#9102),	phospho	ERK	(1:1000,	Cell	Signaling	#4695),	GAPDH	(1:5000,	Santa	Cruz	sc-69778),	1020	

anti-mouse	and	anti-goat	secondary	antibodies	(1:10000,	LiCOR	IRDye	680/800	Cat.	925-68070/926-32211).	Blots	1021	

were	imaged	using	the	LiCOR	Odyssey	Fc	system.		1022	

Software.	Unless	otherwise	noted,	bioinformatic	analysis	pipelines,	report	generation,	and	figure	visualization	1023	

performed	using	bash,	R	(version	3.5.2),	RStudio	(Version	1.1.463),	Python	scripts,	and	GraphPad	Prism	8	software	1024	

(Version	8.1.1).	Hierarchical	clustering	was	performed	in	Python	2.7.10	with	the	scipy	0.13.0b1	toolbox	using	the	1025	

Hamming	distance	metric	with	Ward's	linkage	method.	The	R	packages	ggplot2	(Wickham,	2009)	and	Gviz	(Henare	1026	

et	al.,	2012)	were	used	to	generate	the	graphics	in	various	figure	panels.	1027	

URLs.	TgTn(sb-T2/Onc3)12740Njen;	Gt(ROSA)26Sortm2(sb11)Njen	double	mutant	mice,	1028	

https://ncifrederick.cancer.gov/Lasp/MouseRepository/MouseModels/StrainDetails.aspx?StrainNum=01XGB&g=R1029	

OSA26;	FVB/N-Tg(ACTB-cre)2Mrt/J	mice,	http://jaxmice.jax.org/strain/003376.html;	FVB.129P2-1030	

Trp53tm1Brn/Nci	mice,	1031	

https://ncifrederick.cancer.gov/Lasp/MouseRepository/MouseModels/StrainDetails.aspx?StrainNum=01XC2&g=Tr1032	

p53;	129S4-Trp53tm2Tyj/Nci	mice,	1033	

https://ncifrederick.cancer.gov/Lasp/MouseRepository/MouseModels/StrainDetails.aspx?StrainNum=01XM2&g=T1034	

rp53;	Cancer	Gene	Census,	http://cancer.sanger.ac.uk/census/;	Mouse	Genome	Informatics	(MGI)	1035	

database,	ftp://ftp.informatics.jax.org/pub/reports/index.html;	The	Cancer	Genome	Atlas	(TCGA),	1036	

http://cancergenome.nih.gov/;	Enrichr,	http://amp.pharm.mssm.edu/Enrichr/,	STRING,	https://string-db.org/.	1037	
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Supplementary	Tables.	Supplementary	Table	datasets	may	be	downloaded	from	NIH.figshare.com	at	1038	

(http://dx.doi.org/10.35092/yhjc.11441130).	Brief	descriptions	of	each	table	are	provided	for	reference.	1039	
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