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Accurate	 DNA	 replication	 and	 RNA	 transcription	 are	 critically	 important	 for	 proper	 cell	

functioning:	the	fidelity	of	these	processes	is	crucial;	infidelity	can	lead	to	cellular	dysfunction	and	

disease.	The	key	problem	in	studying	the	fidelity	of	these	processes	is	the	accurate	detection	of	rare	

DNA	and	RNA	mutations,	which	result	as	a	consequence	of	infidelity.		Until	recently,	this	has	not	been	

possible,	as	the	high	error	rates	of	available	methods	has	limited	their	ability	accurately	detect	rare	

mutations	among	a	preponderance	of	wildtype	molecules.	The	solution	to	this	problem,	as	the	Loeb	

lab	and	others	have	found,	is	to	perform	single	molecule	sequencing	of	individually	barcoded	DNA	

and	RNA	molecules.	In	the	present	work,	I	present	three	projects	which	apply	the	use	of	barcoding	

individual	DNA	and	RNA	molecules	in	order	to	enable	highly	accurate	and	sensitive	analyses	of	DNA	

replication	and	RNA	transcription	fidelity.		

(i) The	 question	 of	 why	 CS	 patients	 don’t	 get	 cancer	 despite	 being	 repair-deficient	 has	

puzzled	 scientists	 for	 decades.	While	many	 have	 speculated	 as	 to	 the	 cause,	we	 have	
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applied	 Duplex	 Sequencing	 to	 definitively	 answer	 this	 question:	 CS	 patients	 fail	 to	

develop	 cancer	 because	 they	 do	 not	 accumulate	mutations	more	 quickly	 than	 repair-

proficient	 individuals.	 In	 addition	 to	 finally	 solving	 this	 long-standing	 mystery,	 we	

provide	novel	insights	into	the	mutagenic	consequences	of	UV	treatment	in	CS	cells,	at	an	

unparalleled	sensitivity.	

(ii) The	 question	 of	 why	 GBM	 patients	 do	 so	 poorly	 and	 always	 recur	 has	 long	 plagued	

doctors	 and	 scientists.	Here,	we	 expand	 on	 the	 excellent	 clonal	mutation	work	 of	 our	

predecessors,	revealing	that	the	substantial	inter-	and	intra-tumoral	clonal	heterogeneity	

is	further	compounded	by	considerable	subclonal	heterogeneity.	We	show	that	subclonal	

mutations	are	highly	heterogenous	within	individual	GBM	tumors,	between	GBM	tumors	

from	different	patients,	as	well	as	between	primary	and	recurrent	tumors	from	the	same	

patient.	Our	findings	of	high	subclonal	heterogeneity	in	GBM	tumors	suggest	that	GBM	

patients	do	so	poorly	because	their	tumors	already	contain	a	reservoir	of	mutations	that	

potentially	enable	them	to	adapt	to	any	treatment	currently	available.	This	underlies	the	

importance	of	expanding	subclonal	mutation	studies	of	GBMs	to	better	understand	their	

mutational	makeup.	

(iii) The	question	of	what,	if	any,	contribution	RNA	mutations	have	to	health	and	disease	has	

been	one	that	has	remained	unanswered	for	more	than	50	years.	RNA	mutations	have	

long	been	hypothesized	to	play	roles	in	human	health	and	disease,	as	well	as	in	several	

other	 processes,	 including	RNA	virus	 evolution	 and	bacterial	 resistance	 to	 antibiotics.	

Unfortunately,	 until	 now,	 it	 has	 been	 very	 difficult	 to	 study	 the	 hypothesis	 that	

transcriptional	mutagenesis,	resulting	in	RNA	mutations,	contributes	to	or	drives	these	

processes	 because	 there	 have	 not	 been	 the	 tools	 available	 to	 do	 so.	 I	 have,	 therefore,	

developed	a	method	to	accurately	sequence	RNAs.	Here,	I	demonstrate	that	Accurate	RNA	

Consensus	 Sequencing	 (ARC-seq)	 has	 inherent	 adaptability	 to	 enable	 increased	
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stringency,	which	eliminates	a	high	 level	of	damage-induced	artifacts.	 I	also	show	that	

RNA	 polymerase	 mutants	 induce	 increased	 transcriptional	 mutagenesis	 in	 vivo,	 with	

different	mutants	producing	varying	RNA	mutation	spectrums.	Finally,	I	demonstrate	the	

utility	of	ARC-seq	 to	address	questions	on	 the	biological	 importance	of	 transcriptional	

mutagenesis	in	vivo	by	using	ARC-seq	to	show	that	oxidative	stress	induces	high	levels	of	

transcriptional	mutagenesis	in	both	mRNA	and	rRNA.	Thus,	ARC-seq	will	enable	studies	

on	how	perturbing	a	cell’s	environment	or	machinery	affects	the	fidelity	of	transcription	

and	to	what	extent	RNA	mutations	contribute	to	aging,	cancer,	and	neurodegeneration,	

as	well	as	the	evolution	and	acquired	resistance	of	viruses	and	bacteria.	

Together	the	three	projects	encompassed	in	this	thesis	demonstrate	the	power	of	combining	the	use	

of	barcoding	 individual	DNA	and	RNA	molecules	 in	order	 to	enable	highly	accurate	and	sensitive	

analyses	of	DNA	replication	and	RNA	transcription	fidelity.	
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INTRODUCTION	

The	 Central	 Dogma	 of	 Molecular	 Biology	 outlines	 the	 basic	 mechanisms	 underlying	 the	

molecular	basis	of	life.	DNA,	the	archive	of	our	cells,	is	replicated	to	make	more	DNA,	which	is	then	

passed	on	to	daughter	cells.	DNA	is	also	transcribed	into	RNA,	the	instruction	book	for	the	building	

blocks	of	our	cells;	RNA,	in	turn,	is	translated	into	proteins,	the	workhorses	in	our	cells.	Proper	cell	

functioning	is	critically	important	upon	these	processes	being	accurate:	the	fidelity	of	these	processes	

is	 crucial;	 infidelity	 can	 lead	 to	 cellular	 dysfunction	 and	disease.	 The	 evidence	 of	 infidelity	 is	 the	

presence	of	DNA	and	RNA	mutations,	which	arise	due	to	mistakes	in	replication	and	transcription,	

respectively.	In	order	to	study	the	fidelity	of	DNA	replication	and	RNA	transcription	on	a	large	scale	

and	 address	 questions	 of	 their	 roles	 in	 health	 and	 disease,	 as	 well	 as	 to	 study	 their	 governing	

mechanisms,	 it	 is	 necessary	 to	 sequence	 individual	molecules	 to	 detect	 rare	mutations	 in	 a	 high	

throughput	manner.	 The	 key	 problem	 in	 studying	 the	 fidelity	 of	 these	 processes	 is	 the	 accurate	

detection	of	rare	mutations	among	a	preponderance	of	wildtype	molecules.		

	

DNA	FIDELITY	

Historically,	the	only	mutations	we’ve	been	able	to	observe	by	DNA	sequencing	are	those	that	

are	 present	 in	 a	 substantial	 fraction	 of	 a	 tissue,	 referred	 to	 as	 clonal	 mutations.	 This	 is	 due	 to	

conventional	DNA	sequencing	methods,	 including	next-generation	sequencing	(NGS),	being	highly	

error	prone	[1].	Consequently,	conventional	NGS	determines	DNA	sequences	by	forming	a	consensus	

of	the	DNA	molecules	sequenced,	which	prevents	it	from	reliably	detecting	mutations	below	the	level	

of	about	1	in	20	wildtype	sequences,	limiting	its	detection	ability	to	5%	clonality	or	greater.	 	Rare	

mutations	 are	 lost	 during	 this	 consensus	 making.	 As	 such,	 conventional	 NGS	 prevents	 us	 from	

detecting	 a	 large	 number	 of	 rare	 mutations,	 which	 are	 the	 evidence	 of	 the	 infidelity	 of	 DNA	

replication.	
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While	 clonal	 and	 high	 frequency	 subclonal	mutations	 are	 crucial	 to	 understanding	many	

diseases,	 particularly	 heritable	 disease	 and	 cancer,	 the	 Loeb	 lab’s	 interest	 lies	 in	 studying	 low	

frequency	 subclonal	 and	 rare	mutations,	 as	 such	mutations	may	 serve	 as	 a	 reservoir	 for	 cellular	

adaptability	and	resistance	[2].	Thus,	investigating	the	role	of	subclonal	and	rare	mutations	in	various	

disease	 contexts	 may	 give	 us	 insight	 into	 the	 mechanisms	 of	 disease	 initiation,	 resistance,	 and	

recurrence,	 particularly	 in	 cancer,	 and	 may	 potentially	 lead	 to	 new	 targets	 for	 treatment.	

Additionally,	 studying	 rare	 mutations	 will	 enable	 us	 to	 continue	 exploring	 the	 mechanisms	 that	

govern	faithful	DNA	replication	and	repair.	

The	solution	to	the	problem	of	accurate	detection	of	rare	mutations	among	a	preponderance	

of	wildtype	molecules,	that	the	Loeb	lab	and	others	have	found,	is	to	barcode	individual	molecules	

and	 then	perform	single	molecule	sequencing.	Since	DNA	 is	 inherently	duplex	 in	nature,	with	 the	

strands	of	the	helix	being	reverse-complement	copies	of	each	other,	the	Loeb	lab	reasoned	that	by	

maintaining	 the	 two	 strands’	 relationship	 to	 each	 other	 thru	 the	 sequencing	 process,	 one	 could	

leverage	the	power	of	the	duplex	to	eliminate	the	artifacts	that	make	conventional	NGS	so	error	prone		

[3,	4].	Duplex	Sequencing	accomplishes	this	by	first	tagging	the	duplex	DNA	with	a	double-stranded	

unique	barcode	(Fig.	1);	this	barcode	contains	24	nucleotides	of	randomized	sequence	that	uniquely	

identifies	each	double-stranded	DNA	molecule.	The	two	strands	of	the	DNA	duplex	are	then	amplified	

and	 sequenced.	 After	 sequencing,	 the	 copies	 of	 each	 strand	 are	 used	 to	 form	 single-stranded	

consensus	sequences,	which	eliminate	many	but	not	all	PCR	and	sequencing	errors.	The	two	strands	

of	the	original	duplex	are	then	compared	and	only	mutations	present	in	both	strands	are	kept;	this	

eliminates	the	remaining	damage-induced	and	PCR	artifacts.	By	eliminating	damage-induced,	PCR,	

and	sequencing	artifacts,	Duplex	Sequencing	enables	 the	detection	of	mutations	as	 low	as	1	 in	10	

million	wild	type	sequences.	This	level	of	sensitivity	enables	Duplex	Sequencing	to	detect	subclonal	

and	rare	mutations	with	very	high	accuracy.	
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A	trade-off	of	Duplex	Sequencing’s	high	sensitivity	and	accuracy,	however,	is	that,	due	to	the	

cost	and	capacity	of	current	sequencing	platforms,	it	is	presently	only	feasible	to	sequence	several	

kilobases	of	DNA	at	 once.	Thus,	 in	 order	 to	 apply	Duplex	 Sequencing	 to	detect	 rare	mutations	 in	

human	cells,	it	is	necessary	to	capture	a	small	subset	of	genes	to	study	them	at	a	depth	sufficient	to	

detect	 rare	 mutations.	 The	 consequence	 of	 this	 is	 that	 there	 may	 be	 mutations	 present	 in	 non-

captured	genes	that	are	not	detected	in	our	studies.	

	

RNA	FIDELTY	

The	answer	to	the	question	of	how	to	study	RNA	fidelity	is	more	complicated.	Unlike	DNA,	

RNA	is	single	stranded	and,	thus,	contains	only	a	single	copy	of	its	sequence.	Additionally,	in	order	to	

sequence	 RNA,	 it	must	 first	 be	 reverse	 transcribed	 into	 complementary	 DNA	 (cDNA),	which	 is	 a	

highly	error-prone	process	 that	potentially	 contributes	10-fold	more	artifacts	 than	 there	are	 true	

RNA	mutations	[5].	These	reverse	transcription	errors,	coupled	with	the	damage-induced,	PCR,	and	

sequencing	artifacts	inherent	to	conventional	NGS,	results	in	conventional	RNA	sequencing	(RNAseq)	

highly	error	prone.	Consequently,	RNAseq	is	only	useful	for	studying	gene	expression	changes	(i.e.	

the	 abundance	 of	 various	 gene	 transcripts	 in	 cells)	 and	 as	 an	 indirect	 determination	 of	 DNA	

mutations	 in	 single-cell	 sequencing	 [6];	 conventional	RNAseq	 cannot	 reliably	detect	mutations	 in	

single	RNA	molecules,	which	are	the	evidence	of	the	infidelity	of	transcription.	

Given	that	multiple	copies	of	RNA	are	transcribed	from	each	gene,	it	may	not	be	immediately	

obvious	how	transcriptional	infidelity	resulting	in	a	mutation	in	one	RNA	molecule	can	affect	a	cell.	

But,	there	are	situations	in	which	it	could.	Some	RNA	mutations	could	act	as	initiators	for	pathological	

processes,	 such	 as	 carcinogenesis	 or	 antibiotic	 resistance,	whereas	others	 could	promote	protein	

misfolding	 and	 inhibit	 protein	 degradation,	 thus	 allowing	 protein	 accumulation	 and	 aggregation,	

such	as	in	neurodegenerative	disease.		In	the	case	of	human	disease,	the	neurodegeneration	example	

is	perhaps	the	most	compelling.	Take,	for	example,	Alzheimer’s	disease.	While	familial	forms	of	AD	
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have	 been	 linked	 to	mutations	 in	DNA,	 the	 vast	majority	 of	 AD	 occurs	 sporadically,	 and	 no	DNA	

mutation	can	be	found.	While	we	do	not	yet	know	why	some	people	develop	sporadic	AD	while	others	

do	not,	one	hypothesis	is	that	RNA	mutations	could	be	the	cause	of	the	mutant	proteins	that	misfold,	

promote	misfolding	of	wildtype	proteins,	and,	consequently,	seed	the	aggregation	of	proteins	into	the	

plaques	and	tangles	pathognomonic	of	Alzheimer’s	disease.	

In	addition	to	their	potential	role	in	human	disease,	RNA	mutations	have	been	hypothesized	

to	play	a	role	in	several	other	situations,	including	RNA	virus	evolution	and	bacterial	resistance	to	

antibiotics	[7-9].	Unfortunately,	until	now,	it	has	been	very	difficult	to	study	the	hypothesis	that	RNA	

mutations	contribute	to	or	drive	these	processes	because	there	have	not	been	the	tools	available	to	

do	 so.	 Thus,	 I	 developed	 a	method	 to	 accurately	 sequence	 RNAs,	which	will	 enable	 the	 study	 of	

infidelity	in	transcription	in	any	context.	Accurate	RNA	Consensus	Sequencing	(ARC-seq)	combines	

the	use	of	unique	barcodes	for	each	RNA	molecue	and	the	generation	of	multiple	cDNA	copies	per	

RNA	molecule.	This	combination	enables	ARC-seq	to	eliminate	artifacts	due	to	cDNA	synthesis,	PCR	

errors,	and	sequencing	errors,	yielding	the	true	RNA	mutations.	ARC-seq	has	inherent	adaptability	to	

enable	increased	stringency	that	eliminating	a	high	level	of	damage-induced	artifacts	may	require;	

and	 it	 is	 unbiased	 with	 respect	 to	 template.	 Also,	 any	 RNA	 from	 any	 source	 can	 be	 accurately	

sequenced.	Thus,	ARC-seq	will	enable	studies	on	the	role	of	transcriptional	infidelity	and	its	resultant	

RNA	mutations	in	evolution,	aging,	carcinogenesis,	and	resistance.	

In	 the	 following	 chapters,	 I	 present	 three	projects	 that	 employ	 the	use	of	 single	molecule	

sequencing	of	individually	barcoded	DNAs	and	RNAs	to	detect	rare	mutations.	The	first	two	projects	

employ	 Duplex	 Sequencing	 to	 address	 questions	 of	 (i)	 UV-induced	 mutagenesis	 in	 Cockayne	

Syndrome	and	(ii)	subclonal	mutational	heterogeneity	 in	Glioblastoma.	The	third	project	presents	

my	newly	developed	ARC-seq	method	that	enables	highly	accurate	RNA	sequencing	for	the	study	of	

RNA	fidelity	mechanisms.	
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Figure	1:	Overview	of	Duplex	Sequencing.	(a)	Schematic	of	a	Duplex	Sequencing	adapter,	
showing	the	random	double-stranded	barcode.	(b)	Ligation	of	the	adapters	to	the	sample	DNA	
results	in	a	unique	12-nt	tag	sequence	on	both	ends	of	the	molecule.	PCR	amplification	of	each	
strand	of	a	DNA	duplex	results	in	two	distinct,	but	related,	PCR	products.	(c)	Reads	sharing	unique	
α	and	β	tag	sequences	are	grouped	together	into	tag	families	of	form	αβ	or	βα,	and	an	SSCS	is	
created	for	each	tag	family.	Mutations	are	of	three	different	types:	sequencing	mistakes	(blue	or	
purple	dots);	first-round	PCR	errors	(brown	dots);	true	mutations	(green	dots).	Formation	of	the	
SSCS	removes	the	first	type	of	error,	but	not	first-round	PCR	errors.	Comparing	SSCSs	from	the	
paired	families	with	tags	αβ	and	βα	generates	a	DCS,	which	eliminates	these	first-round	PCR	errors.	
True	mutations	are	scored	if	and	only	if	they	are	present	at	the	same	position	in	both	strands	of	the	
DNA.	Figure	is	adapted	from	[10],	©	2013	Kennedy	et	al.	 	

Randomized	duplex	barcode	

PCR	duplicates	both	
strands	of	duplex	

Single-strand	
consensus	sequences	

(SSCS)	

Duplex	consensus	
sequences	(DCSs)	
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CHAPTER	1:	WHY	COCKAYNE	SYNDROME	PATIENTS	DON’T	

DEVELOP	CANCER	DESPITE	THEIR	REPAIR	DEFICIENCY	

	

ABSTRACT	

Cockayne	syndrome	(CS)	and	Xeroderma	pigmentosum	(XP)	are	human	photosensitive	diseases	

with	mutations	in	the	nucleotide	excision	repair	(NER)	pathway,	which	repairs	DNA	damage	from	

UV	exposure.	CS	is	mutated	in	the	transcription-coupled	repair	(TCR)	branch	of	NER,	and	exhibits	

developmental	and	neurological	pathologies.	The	XP-C	group	of	XP	patients	are	mutated	in	the	

global	genome	repair	(GGR)	branch	of	NER	and	have	a	very	high	incidence	of	UV-induced	skin	

cancer.	Cultured	cells	from	both	diseases	have	similar	sensitivity	to	UV-induced	cytotoxicity,	yet	CS	

patients	have	never	been	reported	to	develop	cancer,	although	they	often	exhibit	photosensitivity.	

Since	cancers	are	associated	with	increased	mutations,	especially	when	initiated	by	DNA	damage,	

we	examined	UV-induced	mutagenesis	in	both	XP-C	and	CS	cells,	using	Duplex	Sequencing	for	high-

sensitivity	mutation	detection.	Duplex	Sequencing	detects	rare	mutagenic	events,	independent	of	

selection	and	in	multiple	loci,	enabling	examination	of	all	mutations	rather	than	just	those	that	

confer	major	changes	to	a	specific	protein.	We	found	telomerase-positive	normal	and	CS-B	cells	had	

increased	background	mutation	frequencies	that	decreased	upon	irradiation,	purging	the	

population	of	subclonal	variants.	Primary	XP-C	cells	had	increased	UV-induced	mutation	

frequencies	compared	to	normal	cells,	consistent	with	their	GGR	deficiency.	CS	cells,	in	contrast,	

had	normal	levels	of	mutagenesis,	despite	their	TCR	deficiency.	The	lack	of	elevated	UV-induced	

mutagenesis	in	CS	cells	reveals	that	their	deficiency	in	TCR,	though	increasing	cytotoxicity,	is	not	

mutagenic.	The	absence	of	cancer	in	CS	patients,	therefore,	is	due	to	the	absence	of	UV-induced	

mutagenesis	rather	than	enhanced	lethality.	
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INTRODUCTION	

The	 nucleotide	 excision	 repair	 (NER)	 syndromes,	 Xeroderma	 pigmentosum	 (XP)	 and	

Cockayne	 Syndrome	 (CS),	 lie	 at	 the	 extremes	 of	 increased	 cancer	 and	 neurodegeneration,	

respectively	 [11].	 The	 XP-C	 class	 of	 XP	 patients	 have	mutations	 in	 the	 DNA	 damage	 recognition	

proteins,	DDB2	and	XP-C,	of	global	nucleotide	excision	repair	(GGR)	They	are	characterized	by	UV	

hypersensitivity,	 sun-induced	 cutaneous	 features,	 such	 as	 hypopigmentation	 and	

hyperpigmentation,	and	a	greatly	increased	incidence	of	cancer;	XP-C	patients’	susceptibility	to	skin	

cancer	 is	 increased	 by	 >1,000-fold	 [11-13].	 In	 contrast,	 CS	 patients,	 with	 mutations	 in	 the	 RNA	

polymerase	II	cofactors	CSA	and	CS-B,	which	recognize	damage	in	transcribed	regions	(transcription-

coupled	repair,	TCR),	are	characterized	by	neurological	and	developmental	symptoms,	such	as	early	

cessation	of	growth,	microcephaly,	mental	retardation	with	dysmyelination,	cachexia,	and	a	greatly	

reduced	life	expectancy	[11].	The	reported	average	life	expectancy	of	patients	with	CS	is	just	12	years	

[14].	 Additionally,	 CS	 patients	 are	 also	 highly	 photosensitive,	 burning	 and	 blistering	 after	 only	

minutes	 of	 sun	 exposure	 (5).	 However,	 in	 stark	 contrast	 to	 the	 dramatic	 increase	 in	 skin	 cancer	

incidence	in	XP-C	patients,	no	CS	patient	has	ever	been	reported	to	develop	cancer,	skin	or	otherwise	

[11,	14-18].	Since	cancer,	especially	in	skin,	is	associated	with	mutagenesis	[19,	20],	we	hypothesized	

that,	unlike	defects	in	GGR,	which	are	associated	with	enhanced	UV-induced	mutagenesis	in	XP-C	cells	

[21],	the	TCR	defects	in	CS	cells	may	not	lead	to	increased	mutagenicity.	

Most	sensitive	mutagenesis	studies	in	XP	and	CS	cells	have	been	confined	to	a	few	selectable	

genes,	mutation	of	which	confers	drug	resistance.	Maher	showed	that	UV-induced	mutations	in	the	

HPRT	gene	that	conferred	resistance	to	6-thioguanine	(6-TG)	were	greatly	enhanced	in	XP	cells	from	

both	 excision-defective	 and	 polymerase-defective	 groups	 [21,	 22].	 Similar	 studies	 in	 CS	 cells,	

however,	 failed	 to	 show	 an	 increase	 in	 UV-induced	 mutations	 in	 the	 HPRT,	 T	 cell	 receptor	 or	

glycophorin	A	gene	loci	[23].	In	contrast,	an	episomal	plasmid	(pZ189),	irradiated	with	UV	and	passed	

through	 CS	 cells	 showed	 increased	 levels	 of	 mutations	 [24,	 25].	 The	 limitations	 of	 these	
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methodologies	 include	the	small	number	of	potential	gene	 loci	suitable	 for	drug	selection	and	the	

possibility	 that	 episomal	 vectors	may	 not	 fully	 induce	 the	 DNA	 damage	 response	 of	whole	 cells,	

thereby	 resulting	 in	 a	 high	 mutation	 frequency	 that	 is	 not	 representative	 of	 mutagenesis	 in	

chromosomal	 loci.	 These	 limitations	 complicate	 the	 disparate	 results	 of	 these	 previous	 studies,	

leaving	 unresolved	 the	 question	 of	 whether	 or	 not	 CS	 cells	 demonstrate	 elevated	 UV-induced	

mutagenesis.	

With	the	development	of	next-generation	sequencing	came	the	potential	to	survey	multiple	

genes	 simultaneously	 and	 independently	 of	 selection.	 However,	 standard	 next-generation	

sequencing	methodologies	 are	 highly	 error-prone	 and	 limited	 to	 surveying	mutations	 present	 at	

greater	 than	 1	 in	 20	 wildtype	 sequences	 [26].	 To	 counteract	 the	 limitations	 of	 standard	 next-

generation	sequencing	platforms,	we	(L.A.L,	K.S.R-B)	utilized	Duplex	Sequencing,	a	highly	accurate	

sequencing	method	that	is	100,000-fold	more	accurate	than	traditional	next-generation	sequencing	

methodologies.	Due	to	its	ability	to	remove	sequencing	artifacts	resulting	from	DNA	damage,	as	well	

as	amplification	and	sequencing	errors,	Duplex	Sequencing	enables	the	detection	of	mutations	as	low	

as	1	in	108	nucleotides	sequenced	[27,	28].			

To	test	our	hypothesis	that	defects	in	TCR	may	not	lead	to	increased	UV-induced	mutagenesis,	

unlike	defects	 in	GGR,	we	employed	Duplex	Sequencing	 for	high-sensitivity	mutation	detection	 in	

primary	cells	derived	from	normal	patients	and	patients	with	XP-C	and	CS.	We	find	that,	although	

primary	XP-C	 and	CS	 cells	 have	 similar	 sensitivities	 to	UV-induced	 cell	 killing,	 surviving	 cells	 are	

radically	different.	XP-C	survivors	exhibit	high	levels	of	UV-induced	mutations;	CS	cells	do	not.		

	

RESULTS	

UVC-	and	UVB-induced	cytotoxicity	in	primary	cells.	Primary	fibroblasts	(Table	S1),	derived	from	

normal	adult	skin	(GM05659)	and	normal	neonatal	primary	foreskin	(NHF-D),	and	primary	neonatal	

keratinocytes	were	exposed	to	UVB	or	UVC,	cultured	for	5-7	days,	and	harvested.	Using	the	MTT	(3-
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(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium	bromide,	Sigma-Aldrich,	St	Louis,	MO)	assay,	the	

surviving	fraction	at	the	time	of	cell	harvesting	was	calculated	relative	to	untreated	cells	of	the	same	

genotype.	 Primary	 fibroblasts	 and	 keratinocytes	were	 sensitive	 to	 killing	 by	 UVB	 and	 UVC,	 with	

keratinocytes	showing	increased	sensitivity	to	both,	relative	to	fibroblasts	(Fig.	1A,	1B).		

	

Increased	UVC-induced	cytotoxity	in	repair-deficient	primary	fibroblasts.	Normal	(GM05659	

and	NHF-D),	XP-C	(GM02997	and	XP226BA),	CS-A	(GM17536	and	GM01856),	and	CS-B	(GM01428	

and	GM01629)	primary	fibroblasts	were	exposed	to	UVC,	cultured	for	5-7	days,	and	harvested.	Using	

the	 MTT	 assay,	 the	 surviving	 fraction	 at	 the	 time	 of	 cell	 harvesting	 was	 calculated	 relative	 to	

untreated	cells	of	the	same	genotype.	XP-C,	CS-A,	and	CS-B	primary	fibroblasts	were	markedly	more	

sensitive	to	killing	by	UVC	than	normal	primary	fibroblasts	(Fig.	1C),	consistent	with	many	previous	

studies	 reporting	 the	 enhanced	 UV	 sensitivity	 of	 XP	 and	 CS	 cells.	 One	 primary	 CS-A	 cell	 line,	

GM17536,	appeared	anomalous	for	CS-A	and	had	higher	survival	than	all	other	repair-deficient	cells	

(Fig.	 1C,	 S1A).	 We,	 therefore,	 excluded	 the	 GM17536	 cell	 line	 from	 our	 subsequent	 mutational	

analyses.	

	

UVC	and	UVB	induce	subclonal	mutations	in	normal	primary	cells.	To	validate	the	use	of	Duplex	

Sequencing	 to	 detect	 mutagen-induced	 mutations,	 normal	 fibroblasts	 (GM05659,	 NHF-D)	 and	

keratinocytes,	were	exposed	to	UVB	or	UVC,	cultured	for	5-7	days,	and	harvested.	Genomic	DNA	was	

then	isolated	and	subjected	to	a	single	round	of	Duplex	Sequencing	[28].	Target	genes	were	exonic	

regions	of	NRAS,	UMPS,	PIK3CA,	EGFR,	BRAF,	KRAS,	F10,	TP53,	and	TYMS	(Table	1),	several	of	which	

were	chosen	for	their	importance	in	skin	carcinogenesis.		

The	 spectrum	 of	 subclonal	 (<20%	 clonal)	 mutations	 observed	 in	 normal	 fibroblasts	 and	

keratinocytes	showed	a	dose-dependent	increase	in	C:GàT:A	transitions,	as	a	function	of	UVB	dose	

in	primary	keratinocytes	and	as	a	function	of	UVC	dose	in	primary	fibroblasts,	especially	in	NHF-D	



	 12	

cells	 (Fig.	 2A).	 In	 contrast,	 transversions	 were	 dose-independent.	 Of	 particular	 interest	 for	 UV-

induced	 mutagenesis	 studies	 are	 C:GàT:A	 mutations	 at	 dipyrimidine	 sites	 (CpT,	 TpC,	 and	 CpC;	

hereafter	referred	to	as	Py-Py	sites),	as	these	are	a	known	signature	of	UV-induced	mutagenesis	(22,	

23).	 Importantly,	when	we	examined	 the	 context	of	 the	C:GàT:A	 transitions,	 the	majority	of	UV-

induced	mutations	occurred	at	Py-Py	sites	and	showed	a	dose	response	to	UVB	and	UVC	in	all	normal	

genotypes	(Fig.	2B).	These	results	are	consistent	with	previous	reports	of	UV-induced	mutagenesis	

in	 reporter	genes	 [21,	23-25]	and	validate	our	use	of	Duplex	Sequencing	 for	 the	detection	of	UV-

induced	mutagenesis.	We	chose	to	carry	out	subsequent	experiments	using	UVC,	as	both	UVB	and	

UVC	produce	 similar	mutagenic	photoproducts.	 In	our	hands	 the	difference	 in	 cyclobutane	dimer	

yield	per	J.m-2	was	approximately	a	factor	of	7,	measured	by	the	cleavage	of	a	plasmid	using	M.luteus	

UV	endonuclease.	

	

UVC	 induces	an	elevated	subclonal	mutation	 frequency	 in	XP-C	cells.	Normal	 (GM05659	and	

NHF-D)	and	XP-C	(GM2997	and	XP226BA)	primary	fibroblasts	were	exposed	to	UVC,	cultured	for	5-

7	days,	 harvested,	 and	 subjected	 to	 a	 single	 round	of	Duplex	 Sequencing	 [28].	 XP-C	 cells	 showed	

elevated	subclonal	mutation	frequencies,	relative	to	normal	fibroblasts	(Fig.	3A).	When	we	focused	

on	C:GàT:A	mutations	at	Py-Py	sites,	we	found	that	XP-C	cells		accumulated	more	of	these	UV-specific	

mutations	with	increasing	UVC	dose,	relative	to	normal	cells	(Fig	3B).	These	results	are	consistent	

with	previous	reports,	using	reporter	genes,	of	elevated	UV-induced	mutagenesis	 in	XP	cells	 [21].	

Additionally,	normal	cells	showed	a	smaller	shallow	increase	in	UV-specific	mutations	with	UVC	dose,	

which	 is	 consistent	 with	 efficient	 repair	 that	 minimizes	 UV-induced	 mutations	 and	 skin	 cancer	

initiation	in	repair-proficient	cells	[20].	

	

CS	cells	fail	to	demonstrate	elevated	subclonal	frequencies	of	UV-specific	mutations	upon	UVC	

exposure.	CS-A	(GM01856)	and	CS-B	(GM01428	and	GM01629)	primary	fibroblasts	were	exposed	
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to	UVC,	cultured	for	5-7	days,	harvested,	and	subjected	to	a	single	round	of	Duplex	Sequencing	[28].	

When	we	examined	total	subclonal	mutations,	primary	CS	cells	appeared	to	show	an	initial	increase	

in	mutation	frequency,	with	a	reduction	at	higher	UVC	doses	(Fig.	3C).	However,	in	contrast	to	XP-C	

cells,	CS-A	and	CS-B	fibroblasts	showed	no	elevation	in	C:GàT:A	mutations	at	Py-Py	sites,	relative	to	

normal	fibroblasts	(Fig.	3D).	Indeed,	when	directly	comparing	XP-C	and	CS-A	and	-B	cells	(Fig.	3E),	

there	 is	 a	 marked	 increase	 in	 UV-specific	 mutations	 in	 XP-C	 fibroblasts	 but	 none	 in	 CS-A/B	

fibroblasts,	 despite	 their	 similar	 sensitivity	 to	 the	 cytotoxic	 effects	 of	 UVC	 (Fig.	 1C).	 When	 we	

examined	subclonal	UV-specific	mutation	frequencies	versus	cell	survival,	the	results	suggested	that	

CS	cells	might	have	an	even	lower	mutation	frequency	than	normal	cells	at	equivalent	survival	(Fig	

S2).		

Since	 UV-specific	 mutations	 did	 not	 account	 for	 the	 initial	 increase	 in	 total	 subclonal	

mutations	seen	in	the	CS	cells	(Fig.	3C),	particularly	the	CS-B	cells,	we	sought	to	determine	if	the	UV-

induced	mutations	 in	CS	 cells	had	an	oxidative	damage	signature,	 as	CS-B	has	been	 implicated	 in	

oxidative	DNA	damage	repair	[29-31].	Indeed,	we	found	that	the	majority	of	UV-induced	mutations	

in	CS-B	cells	were	G:CàT:A	mutations,	a	signature	of	8-oxo-dG-induced	mutagenesis	(Fig.	3F).	This	

result	is	consistent	with	increased	mutagenesis	due	to	deficient	oxidative	DNA	damage	repair	in	CS	

cells.		

	

Duplex	Sequencing	enables	 in-depth	analyses	of	 the	mutagenic	consequences	of	UVC.	 Since	

Duplex	Sequencing	allows	us	to	study	rare	mutational	events,	we	examined	the	distribution	of	UVC-

induced	mutations,	combining	all	UV	doses	into	a	pool,	designated	UVC,	and	comparing	these	to	the	

untreated	cells,	designated	control	 (Table	2,	Fig.	S3	A-F).	We	determined	the	distribution	of	UVC-

induced	mutations	between	active	and	inactive	genes,	based	on	the	gene	expression	status	of	each	

gene	in	skin	(GeneCards,	http://www.genecards.org/)	and	the	distribution	of	mutations	between	the	

template	(transcribed)	and	coding	(nontranscribed)	strands	of	active	genes	(Table	1,	Table	2,	Fig.	S3	
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A-F).	In	XP-C	cells,	there	was	an	increased	ratio	of	C:GàT:A	mutations	in	inactive	genes,	relative	to	

active	genes;	there	was	also	an	elevated	ratio	of	CàT	mutations	in	the	coding	strand	of	active	genes,	

relative	to	the	template	strand.	These	biases	are	consistent	with	the	GGR	deficiency	of	XP-C	cells.	In	

CS-B	cells,	there	was	little	difference	in	the	ratios	of	C:GàT:A	mutations	as	a	function	of	gene	activity;	

there	was,	however,	an	elevated	ratio	of	CàT	mutations	in	the	template	strand,	relative	to	the	coding	

strand,	consistent	with	the	TCR	deficiency	of	CS-B	cells.	Thus,	although	TCR	deficiency	influences	the	

strand	distribution	of	mutations,	it	does	not	increase	the	overall	yield.	

During	our	analysis,	we	observed	39	instances	of	multiple	mutations	within	the	same	read	

(multiplets).	 Since	 the	 “classic”	UV-induced	mutation	 signature	 is	 the	CCàTT	mutation,	we	were	

intrigued	by	the	presence	of	multiple	other	 types	of	multiplet	mutations	(Table	3).	While	CCàTT	

mutations	are	the	most	frequent	type	of	multiplet	mutation	observed,	we	encountered	many	other	

types,	all	of	which	occurred	in	UV-treated	cells.	Of	39	multiplet	mutations,	all	but	one	occurred	at	or	

directly	 adjacent	 to	 a	 Py-Py	 (CpC,	 CpT,	 TpC,	 TpT)	 dinucleotide,	 consistent	 with	 the	 mutations	

resulting	as	a	consequence	of	error-prone	bypass	of	UV-induced	damage.	In	addition	to	mutations	

that	occurred	within	a	doublet	(i.e.	CC	à	TT)	or	triplet	(i.e.	CTC	à	TTT),	6	of	the	multiplet	mutations	

were	two	single	mutations	occurring	3-7	nucleotides	apart.	

	

DISCUSSION	

XP	and	CS	patients	both	have	defects	in	NER.	The	XP-C	class	of	XP	patients	display	extreme	

UV	sensitivity	and	are	highly	prone	to	develop	skin,	corneal,	eyelid	cancers	due	to	their	defects	in	

GGR.	CS	patients,	defective	in	the	TCR	branch	of	NER	[11,	32],	present	a	very		different	clinical	picture,	

one	 of	 developmental	 defects	 and	 neurodegeneration;	 many	 but	 not	 all	 patients	 are	 also	

photosensitive,	some	developing	blistering	sunburns	[15,	33].	In	contrast	to	XP-C	patients,	no	known	

CS	patient	has	ever	developed	cancer	[14,	15,	18].	Early	studies	of	CS	presented	a	discordant	picture	

as	to	whether	or	not	CS	cells	show	an	elevated	UV-induced	mutation	frequency,	relative	to	normal	
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cells,	and	differed	depending	on	the	method	employed.	Therefore,	to	definitively	determine	whether	

or	not	CS	cells	show	an	elevated	UV-induced	mutation	frequency,	we	employed	Duplex	Sequencing,	

a	highly	accurate	next-generation	sequencing	methodology	that	enables	detection	of	rare	mutagenic	

effects	[28],	to	study	UV-induced	mutagenesis	in	primary	cells	derived	from	normal,	XP-C,	and	CS-A	

and	-B	patients.	In	contrast	to	previous	methods,	our	use	of	Duplex	Sequencing	[28]	enabled	us	to	

study	 the	 mutagenic	 consequences	 of	 UV	 damage	 independent	 of	 selective	 pressures	 and	 at	 far	

greater	detail	than	previously	possible.	

Our	 study	 of	 normal	 fibroblasts	 and	 keratinocytes	 validated	 our	 use	 of	 UVC	 to	 induce	

subclonal	 UV-specific	 mutations	 (C:GàT:A	 at	 Py-Py	 sites);	 we	 also	 validated	 our	 application	 of	

Duplex	Sequencing	to	analyze	the	mutagenic	consequences	of	UV	in	primary	cultured	cells	absent	

selective	pressures.	Our	analysis	of	the	mutation	spectrum	in	UVC-treated	primary	fibroblasts	and	

UVB-treated	primary	keratinocytes	revealed	an	elevated	frequency	of	nearly	all	mutation	subtypes	

in	the	keratinocytes,	relative	to	the	primary	fibroblasts	(Fig.	2).	Interestingly,	while	the	UV-induced	

C:GàT:A	mutation	showed	the	expected	dose-response	to	UVB	treatment,	other	mutations	present	

in	 the	untreated	keratinocytes	 remained	 largely	unchanged,	 indicating	 that	 these	mutations	were	

already	 present	 in	 the	 population.	 This	 increase	 in	 global	 subclonal	 mutations	 is	 not	 due	 to	

differences	in	culture	duration	between	fibroblasts	and	keratinocytes,	as	the	keratinocytes	were	used	

at	a	lower	passage	number	than	the	fibroblasts.	The	most	prevalent	mutation	type	was	the	G:CàT:A	

transversion	(Fig.	2A),	which	may	be	due	to	the	mutagenicity	of	guanine	oxidative	products	produced	

in	culture	under	ambient	oxygen	concentrations	[34-36].		

When	 we	 analyzed	 the	 mutation	 frequency	 in	 unirradiated	 hTERT-immortalized	 normal	

(GM05659T)	and	CS-B	(GM01428)	cells,	which	had	been	maintained	in	culture	for	approximately	2	

years,	we	 found	 that	 their	mutation	 frequency	was	over	an	order	of	magnitude	above	 that	 in	 the	

corresponding	 primary	 fibroblasts	 (Fig.	 S4A).	 These	 cells	 had	 also	 developed	 aneuploidy	 and	

increased	 copy	 numbers	 (Fig.	 S5	 A-C).	 Following	 UV	 irradiation,	 there	was	 a	 greater	 than	 8-fold	
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reduction	in	subclonal	mutation	frequency	(Fig.	S4A,	B),	in	sharp	contrast	to	our	results	with	primary	

cells.	We	attribute	this	reduction	to	UV	damage-induced	“bottle-necking”	of	the	population,	resulting	

in	 a	 reduction	 in	 the	 population’s	 subclonal	mutation	 frequency.	 Such	 high	mutation	 frequencies	

represent	a	 caution	 in	 the	use	of	 immortalized	cells	 for	mutagenesis	 studies.	While	 some	reports	

claim	that	hTERT-immortalization	is	non-mutagenic	and	maintains	diploidy	during	extended	culture	

[37,	 38],	 our	 observations,	 and	 those	 of	 others	 [39-41],	 suggest	 instead	 that	 continued	 in	 vitro	

proliferation	under	ambient	oxygen	can	itself	be	mutagenic.		

Confirming	 previous	 reports	 [21],	 our	 Duplex	 Sequencing	 analysis	 of	 XP-C	 primary	 cells	

revealed	increased	UV-specific	mutations	after	UVC	irradiation,	relative	to	normal	primary	cells.	This	

elevated	UV-induced	mutagenesis	occurred	primarily	in	inactive	genes,	as	evident	from	the	greater	

than	2-fold	 increase	 in	C:GàT:A	mutations	 in	 inactive	genes	versus	active	genes,	 consistent	with	

defective	GGR	(Table	2,	Fig.	S3	C).	The	bias	between	the	 template	(transcribed)	and	coding	(non-

transcribed)	strands	in	XP-C	cells	was	similar	to	that	of	the	normal	cells	(Table	2,	Fig.	S3F)	indicating	

that,	despite	the	deficiency	in	GGR,	TCR	of	the	template	strand	is	unaffected.	

In	 contrast	 to	 XP-C	 primary	 cells,	 CS-B	 primary	 cells	 showed	 no	 increase	 in	 UV-specific	

mutations	 following	 UVC	 irradiation,	 relative	 to	 normal	 primary	 cells	 (Fig.	 3D),	 despite	 having	 a	

survival	profile	akin	to	XP-C	cells	(Fig.	1C).	Similar	to	normal	cells,	CS-B	fibroblasts	showed	no	bias	

in	 C:GàT:A	mutation	 accumulation	 between	 active	 and	 inactive	 genes	 (Table	 2,	 Fig.	 S3A	 and	B),	

consistent	with	proficient	GGR.	However,	in	contrast	to	both	normal	and	XP-C	primary	fibroblasts,	

both	of	which	had	reduced	CàT	mutations	 in	 the	 template	strand	of	active	genes,	 relative	 to	 the	

coding	strand,	CS-B	cells	had	increased	CàT	mutations	in	the	template	strand	(Table	2,	Fig.	S3D-F).	

This	bias	is	consistent	with	defective	TCR	in	CS-B	primary	cells.		

An	interesting	observation	in	our	in-depth	spectrum	studies	is	that,	in	contrast	to	normal	and	

XP-C	cells,	CS-B	primary	fibroblasts	accumulated	more	G:CàT:A	mutations	than	C:GàT:A	mutations	

upon	UVC	irradiation	(Fig.	3F,	Fig.	S3B).	Since	G:CàT:A	mutations	are	a	signature	of	mutagenesis	
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induced	by	8-oxo-dG,	the	most	common	oxidative	lesion	in	cells	[42],	this	observation	alludes	to	CS-

B’s	additional	role	in	oxidative	DNA	damage	repair	[29-31],	loss	of	which	could	result	in	increased	

oxidative	damage-induced	mutagenesis.	Given	the	neurological	involvement	in	CS,	further	studies	on	

the	mutagenic	consequences	of	oxidative	DNA	damages	may	be	worthwhile	 in	understanding	 the	

pathologies	seen	in	CS.		

In	addition	to	the	gene-	and	strand-specific	analyses	afforded	us	by	our	Duplex	Sequencing	

approach,	 we	 gained	 greater	 insight	 into	 the	 mutational	 consequences	 of	 UVC-induced	 damage,	

beyond	 that	 of	 C:GàT:A	 mutations	 at	 Py-Py	 sites.	 Specifically,	 we	 observed	 numerous	 types	 of	

multiplet	mutations	 (Table	3).	These	 included	 the	 “classic”	 signature	of	UV-induced	mutagenesis,	

CCàTT,	 and	 also	 extended	 to	 triplets,	 such	 as	 CTCàTTT,	 and	 doublet	 mutations	 spaced	 3	 to	 7	

nucleotides	 apart.	 These	 multiplet	 mutations	 are	 likely	 the	 consequence	 of	 error-prone	 bypass	

polymerization	 during	 translesion	 synthesis	 and	 are	 consistent	 with	 the	 processivity	 of	 bypass	

polymerases	persisting	for	several	nucleotides	after	the	bypass-requiring	blocking	lesion	[43-45].	

Our	results	reveal	that	UV-induced	mutagenesis	in	CS	cells	is	no	higher	than	in	normal	cells	

(Figs	3D,	S2).	In	normal	individuals,	the	average	age	of	skin	cancer	incidence	is	55	years	[12],	33	years	

beyond	the	average	lifespan	of	a	CS	patient	and,	indeed,	even	24	years	longer	than	the	longest	lived	

CS	patient	on	record	(31	years,	[46]).	Although,	increased	exposure	to	sunlight	or	use	of	tanning	beds	

in	normal	individuals	can	result	in	much	earlier	diagnosis	of	skin	cancers	(early	in	the	3rd	decade	of	

life)	[47,	48],	this	is	still	a	decade	longer	than	the	average	lifespan	of	a	CS	patient.	Thus,	if	CS	cells	

accumulate	mutations	in	response	to	UVC	at	the	same	rate	as	normal	cells,	CS	patients	simply	do	not	

live	 long	 enough	 to	 develop	 cancer.	 Furthermore,	when	 analyzing	 UV-specific	mutations,	 plotted	

relative	to	survival,	it	appears	that	UV-induced	mutagenesis	might	even	be	lower	in	CS	cells	than	in	

normal	cells	(Fig	S2).	This	suggests	that,	even	if	CS	patients	could	attain	normal	lifespans,	they	might	

never	get	cancer;	TCR	deficiency	may	even	be	protective	against	UVC-induced	mutagenesis.	Further	
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experiments	examining	normal	versus	CS	cells	would	need	to	be	conducted	in	order	to	determine	if	

CS	mutation	frequencies	are	indeed	lower	than	normal.	

Our	results	are	consistent	with	the	presence	of	increased	photosensitivity	and	the	absence	of	

skin	cancer	in	CS.	The	question	arises	of	why	reduced	repair	of	the	template	strand	increases	cell	

killing	by	UV	damage	but	 fails	 to	 increase	mutagenesis.	 Since	mutations	need	 to	be	 fixed	by	DNA	

replication	 across	 a	 photoproduct	 site,	 one	 possibility	 is	 that	 collisions	 between	 advancing	

replication	forks	and	an	arrested	transcription	complex	trigger	apoptosis	in	replicating	CS	cells	[49].	

A	role	for	DNA	replication	arrest	in	CS	cells	has	long	been	known	[50,	51]	and	has	been	advanced	as	

an	apoptosis	factor	in	CS	[52,	53].	Noncanonical	activation	of	ATM	[54]	may	be	the	cause	of	such	delay	

in	 DNA	 replication	 [50,	 51],	 limiting	 mutagenic	 bypass	 of	 lesions.	 Furthermore,	 prolonged	

transcription	blockage	has	itself	been	shown	to	trigger	p53-independent	apoptosis,	mediated	by	the	

JNK	 pathway,	 in	 TCR-deficient	 cells	 [55].	 Additionally,	 since	 TCR	 plays	 an	 important	 role	 in	

processing	 R-loops	 [56],	 the	 TCR	 deficiency	 in	 CS	 may	 result	 in	 elevated	 R-loop	 levels,	 posing	

persistent	 blocks	 to	 RNA	 polymerase	 progression	 and	 inducing	 apoptosis,	 further	 exacerbating	

cytotoxicity.	

Interpreting	 our	 mutagenesis	 results	 in	 this	 light,	 we	 propose	 the	 following	 potential	

explanation	for	the	divergent	phenotypes	of	XP-C	and	CS	despite	their	similar	molecular	defects.	In	

XP-C,	cells	not	killed	by	UV	have	 increased	mutations	and	undergo	gene	expression	changes	[57].	

Consequently,	genes	become	expressed	which	have	not	previously	been	subject	to	TCR,	and	likely	

harbor	mutations	due	 to	error-prone	bypass	of	UV-induced	 lesions	during	 replication.	The	clonal	

expansion	of	these	mutated	cells	(42)	leads	to	the	development	of	skin	cancer.	In	contrast,	in	CS,	cells	

not	killed	by	UV	have	little	if	any	increase	in	mutation	load.	The	expansion	of	these	non-mutated	cells,	

to	replace	the	cells	lost	to	the	cytotoxic	effects	of	UV,	does	not	lead	to	skin	cancer,	but,	in	contrast,	

may	even	decrease	the	spectrum	of	observed	mutational	heterogeneity.		
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Given	that	the	phenotype	of	CS	patients	is	weighted	towards	terminally	differentiated	cells	

and	 tissues	 with	 limited	 replicative	 potential,	 we	 can	 extend	 our	 explanation	 further.	 Because	

terminally	differentiated	cells	attenuate	GGR	[58],	there	is	no	“backup”	pathway	for	the	defective	TCR	

of	 CS	 cells.	 As	 such,	 bulky	 lesions	 and	 unresolved	 R	 loops	 induce	 apoptosis	 via	 irreversible	

transcription	block.	The	few	replicative	cells	in	these	tissues	undergo	replicative	exhaustion	[59],	due	

to	 having	 to	 replace	 apoptotic	 cells	 more	 rapidly	 than	 in	 normal	 individuals,	 resulting	 in	 tissue	

senescence	and	contributing	the	neurodegeneration	and	progeria	features	seen	in	CS.		

In	conclusion,	we	have	determined	that,	 in	human	cells,	defects	in	TCR	fail	to	increase	UV-

induced	mutagenesis	as	defects	in	GGR	do.	Thus,	CS	patients,	defective	in	TCR,	fail	to	develop	cancer	

because	they	do	not	accumulate	mutations	more	quickly	than	repair-proficient	individuals.		

	

METHODS	

Normal,	XP-C,	and	CS-A	and	–B	human	fibroblasts	were	obtained	from	the	Coriell	Institute	in	

Camden,	NJ	(Table	S1).	One	XP-C	culture	(XP226BA)	was	derived	from	discarded	tissue	after	cancer	

surgery	of	patients	 in	Guatemala	[60].	The	fibroblast	culture	NHF-D	was	a	gift	 from	D.Oh	UCSF.	A	

culture	of	pooled	neonatal	keratinocytes	was	developed	in	house.	One	normal	(GM05659T)	and	one	

CS-B	 (GM01428T)	 culture	 were	 transfected	 with	 lentivirus	 expressing	 hTERT	 and	 grown	

continuously	for	at	least	2	years.		

To	measure	survival,	cells	were	grown	for	48hr	in	96-well	plates,	drained	of	media,	and	then	

exposed	to	a	range	of	doses	of	UVC	(254nm)	or	UVB	(280-320nm)	using	a	battery	of	5	fluorescent	

tubes	for	each	wavelength.	The	UVB	lamps	were	filtered	to	remove	UVC.	The	plates	were	opaque	to	

UVC,	but	additional	shielding	was	used	for	UVB.	Cells	were	then	allowed	to	grow	for	5-7	days	and	

then	harvested.	Survival	was	measured	colorimetrically	with	MTT	(3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium	 bromide,	 Sigma-Aldrich,	 St	 Louis,	 MO)	 at	 570nm.	 Relative	 survival	 was	

calculated	from	the	ratios	of	exposed	to	unexposed	wells,	based	on	the	average	570nm	absorbance	
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in	 4	 to	 6	 wells	 per	 exposure	 condition.	 We	 chose	 to	 measure	 the	 survival	 at	 5-7	 days,	 which	

corresponded	 to	 the	 time	 of	 harvest	 for	 our	 mutagenesis	 analysis.	 The	 surviving	 cell	 numbers	

represent	a	combination	of	cell	lysis,	growth	delays,	and	rates	of	regrowth.	

To	measure	UV-induced	mutagenesis,	 cultures	of	 approximately	107	 cells	were	washed	 in	

PBS,	 irradiated	and	grown	for	5-7	days.	Cells	were	then	harvested	by	trypsin,	washed	 in	PBS	and	

rapidly	 frozen	 in	 dry	 ice/methanol.	 DNA	was	 isolated	 and	mutations	measured	 via	 one	 round	 of	

Duplex	 Sequencing	 [28],	more	 fully	 described	 in	 the	 Supplementary	Methods.	 Target	 genes	were	

exonic	regions	of	NRAS,	UMPS,	PIK3CA,	EGFR,	BRAF,	KRAS,	F10,	TP53,	 and	TYMS,	 several	of	which	

were	chosen	for	their	importance	in	skin	carcinogenesis	(Table	1).	We	required	a	minimum	depth	of	

100	Duplex	molecules	to	call	a	position,	either	mutant	or	not;	all	samples	had	a	mid-exon	peak	depth	

of	1000-4000	Duplex	molecules	across	all	captured	exons.	
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Table	1.	Genes	captured	for	analyses	by	Duplex	Sequencing	
	
	

Gene	

name	
Orientation	

Transcription	

status1	

NRAS	 Reverse	 Active	
KRAS	 Reverse	 Active	
BRAF	 Reverse	 Inactive	
TP53	 Reverse	 Active	
EGFR	 Forward	 Active	
UMPS	 Forward	 Active	
F10	 Forward	 Active	

PIK3CA	 Forward	 Inactive	
TYMS	 Forward	 Inactive	

	
	

	

	

	

Table	2.	Ratio	of	pooled	C:GàT:A	and	CàT	mutations	after	UV	irradiation,	relative	to	controls1	
	
	 Genotypes	

Gene	expression	status	2	 Normal	 CS-B	 XPC	

Expressed	 2.9	 6.0	 3.4	
Not	expressed	 2.1	 5.5	 7.4	
	 	 	 	
Strand	of	active	genes,	

relative	to	transcription	3	
	 	 	

Nontranscribed	(coding)	 5.8	 4.2	 5.3	
Transcribed	(template)	 2.5	 7.7	 2.9	
1.	Since	these	ratios	are	calculated	relative	to	controls	of	the	same	genotype	the	
absolute	numbers	are	cell-type	dependent.	The	ratios	should	be	compared	according	
to	gene	activity	or	strand	specificity	for	each	cell	type	independently		
2.		C:GàT:A	mutations	at	C:G	basepairs	
3.		CàT	mutations	in	active	genes	at	cytosines	
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Table	3.	UVC-induced	multiplet	mutations	in	normal,	XP-C,	CS-A,	and	CS-B	fibroblasts.	

	 Active	genes	 Inactive	genes	
Exonic	 Intronic	 Exonic	 Intronic	

Normal,	

adult	 CCàTT	
CCàTT	

GAAàAAC	
ACàGT	

ACàTT	 	

Normal,	

neonatal	
CCàTT	
CCàTT	 	 CàT	and	AàC	in	

same	read	
TàC	and	CàT	in	

same	read	

XPC(1)	 	

GàT	7nt	apart	
ACàTT	
TTTàATC	
CCCàGCT	
CCàTT	
CCàTT	
ACàTT	
GTCàTTT	
CTCàTTT	
TCàAA	
CAàAG	

GAàAT	
TGàCT	 CTTàTTC	

XPC(2)	
CTCàTTT	
CTCàTTT	
CTCàTTA	

ACàTG	
CCàAT	

AàT	and	AàG	in	
same	read	
ACàCT	

ATCàTTT	
CACàTTA	
ATàTA	

	

CSA(2)	 CàG	and	CàG	in	
same	read	 CAàAG	 CCàTT	 	

CS-B(1)	 	 CCàTT	 	 	

CS-B(2)	 AAàGG	
CàT	6nt	apart	 	 	 	
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Figures	

	

	
Figure	1.	UV-induced	cytotoxicity	of	primary	fibroblasts	and	keratinocytes.	A	and	B:	Survival	
of	normal	fibroblasts	(GM05659)	and	keratinocytes	treated	with	UVB	(A)	and	UVC	(B).	C:	Survival	
of	normal	adult	(WT),	normal	neonatal	(NHF-D),	XP-C	(XPC(1)	and	(2)),	CS-A	(CSA(2)),	CS-B	(CS-
B(1)	and	(2)),	and	undetermined	(originally	designated	CS-A	(CSA(1))	fibroblasts.	Error	bars	
represent	standard	deviation	of	two	survival	determinations.	
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Figure	2.	UV	induces	unselected	subclonal	(<20%	clonal)	mutations	in	normal	primary	

fibroblasts	and	keratinocytes.	A:	Spectrum	of	subclonal	mutations	in	adult	(WT)	and	neonatal	
(NHF-D)	fibroblasts	treated	with	UVC	and	in	keratinocytes	(kerat)	treated	with	UVB.	B:	Subclonal	
frequencies	of	UV-specific	mutations	in	adult	and	neonatal	fibroblasts	treated	with	UVC	and	in	
keratinocytes	treated	with	UVB;	solid	bars	represent	UV-specific	mutations	(C:GàT:A	mutation	at	
Py-Py	sites);	hashed	bars	represent		C:GàT:A	mutations	at	non-Py-Py	sites.	Frequencies	were	
calculated	by	dividing	the	number	of	mutations	of	each	type	by	the	number	of	times	the	wildtype	
base	of	each	mutation	type	was	sequenced.	
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Figure	3.	UVC	induces	increased	UV-specific	mutations	in	primary	XP-C	cells,	relative	to	primary	

normal	cells,	but	not	in	primary	CS	cells.	A	and	B:	Frequency	of	all	subclonal	(<20%	clonal)	mutations	(A)	
and	UV-specific	mutations	(B)	in	normal	adult	(WT)	and	neonatal	(NHF-D)	primary	fibroblasts	and	in	XP-C	
(XPC(1)	and	(2))	primary	fibroblasts.	C	and	D:	Frequency	of	all	subclonal	mutations	(C)	and	UV-specific	
mutations	(D)	in	normal	adult	(WT)	and	neonatal	(NHF-D)	primary	fibroblasts	and	in	CS-A	(CSA(2))	and	CS-B	
(CS-B(1)	and	(2))	primary	fibroblasts.	E:	UV-specific	mutations	in	XP-C	(XPC(1)	and	(2))	and	CS-A	(CSA(2))	
and	CS-B	(CS-B(1)	and	(2))	primary	fibroblasts.	F:	Subclonal	frequencies	of	UV-specific	mutations,	oxidative-
signature	mutations,	and	all	other	mutations	in	primary	neonatal	(NHF-D),	CS-A	(CSA(2)),	and	CS-B	(CS-B(1)	
and	(2))	fibroblasts;	open	bars	represent	UV-specific	mutations	(C:GàT:A	mutation	at	Py-Py	sites);	solid	bars	
represent	oxidative-signature	mutations	(G:CàT:A);	hashed	bars	represent	all	other	mutations.	Frequencies	
were	calculated	by	dividing	the	number	of	mutations	of	each	type	by	the	number	of	times	the	wildtype	base	
of	each	mutation	type	was	sequenced.	Error	bars	represent	95%	confidence	intervals	calculated	from	Wilson	
scores	of	the	mutation	frequency	for	each	sample.	 	
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SUPPLEMENTARY	INFORMATION	
	

Cell	cultures	and	identification	of	GM17536	

	 The	UV	sensitivity	and	other	characteristics	of	the	cells	were	determined	from	survival	data	

(Fig	1)	and	published	data	(https://catalog.coriell.org)	(Table	S1)	[60,	61].		

The	source	patient	for	the	GM17536	cell	line	was	originally	described	as	“atypical	Cockayne”	

and	 showed	many	 of	 characteristics	 associated	with	 the	 CS	 phenotype,	 including	 developmental	

delay,	short	lifespan,	and	ganglial	calcifications,	but	little	photosensitivity.	The	cell	line	was	reported	

to	 show	 reduced	 reactivation	 of	 UV-damaged	 luciferase	 plasmids	 (https://catalog.coriell.org).	

Although	it	was	originally	classified	as	CS-A	by	the	donor,	this	was	by	default,	based	on	the	exclusion	

of	 CS-B	 mutations	 and	 all	 groups	 of	 XP;	 it	 has	 since	 been	 reclassified	 as	 uncertain	 due	 to	 our	

observations.		

To	determine	whether	GM17536	cells	have	a	significant	sensitivity	to	UV,	we	determined	its	

survival	 over	 a	 higher	 UVC	 dose	 range	 than	 that	 used	 for	 our	 mutagenesis	 analyses.	 GM17536	

showed	 no	 increased	 UVC-induced	 cytotoxicity,	 relative	 to	 normal	 cells	 (Fig	 S1A).	 We	 also	

determined	the	sensitivity	of	GM17536	to	 illudin	S,	which	is	uniquely	toxic	for	cells	that	 lack	TCR	

[62],	 and	 found	 it	 to	 show	no	more	 sensitivity	 than	TCR-proficient	 normal	 (GM03440)	 and	 XP-C	

(XP226BA)	 cells	 (Fig	 S1B).	 In	 contrast,	 CS-A	 (GM01856)	 and	 CS-B	 (GM01428)	 cells	 were	 very	

sensitive	to	illudin,	consistent	with	their	TCR	deficiencies.	Additionally,	 the	induction	of	subclonal	

UV-specific	mutations	(C:GàT:A	at	Py-Py	sites)	in	GM17536	was	within	the	normal	cell	range	(Fig	

S1C).	

The	 GM17536	 cell	 line	 may,	 therefore,	 possess	 a	 mutation	 in	 another	 gene	 peripherally	

involved	in	CS	that	remains	to	be	 identified.	Exome	sequencing	 is	planned	to	resolve	this	 issue.	 It	

should	be	noted	that	photosensitivity	is	not	always	a	hallmark	of	CS	[15,	33],	which	is	predominantly	

a	developmental	and	neurological	disease.	
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Duplex	sequencing	procedures	and	data	analysis	

To	measure	UV-induced	mutations,	we	carried	out	Duplex	Sequencing	library	preparations,	

as	previously	described	[28]	with	the	following	minor	modifications:	(i)	3ug	of	total	DNA	was	sheared	

using	 the	Covaris	AFA	system	with	a	duty	 cycle	of	10%,	 intensity	of	5,	 cycles/burst	100,	 time	20	

seconds	×	5,	temperature	of	4°C;	(ii)	prior	to	adapter	ligation,	the	DNA	was	quantified	and	a	20	to	1	

molar	excess	of	adapters	was	used	for	the	ligation	step;	(iii)	after	adapter	ligation	and	clean	up,	the	

library	was	 re-quantified	 and	 1200	 fmol	 of	 product	was	 amplified	 by	 PCR	 for	 16-18	 cycles.	 The	

resulting	 libraries	 were	 then	 subjected	 to	 two	 sequential	 rounds	 of	 gene	 capture	 with	 120	

oligonucleotide	probes	against	the	exomes	of	NRAS,	UMPS,	PIK3CA,	EGFR,	BRAF,	KRAS,	F10,	TP53,	and	

TYMS,	several	of	which	were	chosen	due	to	their	importance	in	skin	carcinogenesis.	The	final	libraries	

were	then	sequenced	on	an	Illumina	HiSeq	2000/2500	platform	using	101bp	paired-end	reads.	

The	 overall	 sequencing	 pipeline	 has	 been	 previously	 described	 [28].	 Briefly,	 all	 raw	

sequencing	reads	are	filtered	based	on	the	location	of	an	expected	fixed	sequence	within	each	read,	

as	well	as	the	requirement	that	each	position	of	the	12	nucleotide	random	duplex	tag	sequence	only	

contain	one	of	the	four	canonical	bases.	Any	reads	not	conforming	to	these	criteria	are	discarded.	The	

random	tag	sequences	from	each	read	pair	are	computationally	concatenated	into	a	24	nucleotide	

random	 sequence	 and	 appended	 to	 the	 header	 of	 each	 read-pair.	 In	 order	 to	 remove	 potential	

artifactual	mutations	arising	from	the	end-repair	and	ligation	reactions,	each	read	is	trimmed	by	four	

additional	 bases.	 The	 reads	 are	 then	 aligned	 against	 build	 19	 of	 the	 human	 genome	 using	 the	

Burrows-Wheeler	Aligner	(BWA)	[63].	Reads	not	aligning	to	the	human	genome	are	filtered	out.	A	

consensus	 sequence	 (SSCS)	 for	 each	 tag	 family	 (e.g.	 reads	 sharing	 identical	 tag	 sequences)	 is	

computationally	determined	using	software	written	 in-house.	The	consensus	for	any	position	in	a	

read	is	considered	undefined	if	the	position	is	represented	by	fewer	than	three	instances	in	the	family	

or	if	less	than	70%	of	the	sequences	at	that	position	in	the	read	are	in	agreement.	The	SSCS	reads	are	

then	 realigned	 to	build	19	of	 the	human	genome	using	BWA.	After	 filtering	 for	unmapped	 reads,	



	 28	

duplex	consensus	(DCS)	reads	are	constructed	by	pairing	SSCS	with	their	respective	strand-mates	by	

grouping	the	24	nucleotide	tag	in	read	1	with	the	appropriate	24	nucleotide	tag	in	read	2	and	the	

sequence	 identity	 at	 each	 position	 of	 the	 two	 reads	 are	 compared	 to	 one	 another.	 The	 sequence	

information	 is	kept	only	 if	 the	base	 identity	of	both	 reads	 is	 identical.	Next,	 to	 remove	alignment	

artifacts	common	at	the	ends	of	reads,	10	nucleotides	from	each	end	of	the	duplex	reads	are	soft-

clipped	using	the	Genome	Analysis	Toolkit.	Finally,	any	nucleotides	overlapping	between	the	forward	

and	reverse	reads	of	 the	DCS	 families	are	clipped	to	prevent	double-counting.	Scripts	 to	calculate	

mutation	 frequencies	and	 locations,	written	 in-house,	are	available	upon	request.	Due	 to	 the	high	

redundancy	of	the	sequencing	data	in	Duplex	Sequencing,	relatively	few	“genome	equivalents”	are	

sequenced	(~1000-2000	genomes/sample);	thus,	our	ability	to	detect	deletions	and	rearrangements	

is	limited	and	were,	therefore,	not	evaluated	in	this	study.	

Subclonal	mutation	frequencies	were	initially	plotted	against	UV	dose	to	indicate	the	overall	

yield	for	each	cell	type	(Fig	3).	When	we	plotted	subclonal	mutation	frequencies	versus	cell	survival,	

the	results	suggested	that	CS	cells	might	have	an	even	lower	mutation	frequency	than	normal	cells	at	

equivalent	survival	(Fig	S2).	This	possibility	warrants	further	study.	

We	determined	the	distribution	of	mutations	between	active	and	inactive	genes,	based	on	the	

gene	expression	status	of	each	gene	in	skin	(Table	1,	GeneCards,	http://www.genecards.org/)	and	

the	distribution	between	transcribed	and	nontranscribed	strands.	This	was	done	by	pooling	controls	

and	 all	UV	doses	 for	 each	 cell	 type	 (Table	2,	 Fig	 S3).	 In	normal	 foreskin	 fibroblasts	 (NHF-D),	 the	

increase	in	C:GàT:A	mutations	in	active	genes	was	similar	between	active	and	inactive	genes	(Table	

2,	2.9-fold	increase	over	control	versus	2.1-fold	increase,	respectively).	This	implies	that,	in	normal	

cells,	 there	 is	no	bias	 in	mutagenic	processes	between	active	and	inactive	genes	(Fig.	S3).	CS	cells	

showed	 a	 similar	 relationship	 between	 active	 and	 inactive	 genes	 (6.0-fold	 increase	 in	 C:GàT:A	

mutations	in	active	versus	5.5-fold	increase	in	inactive	genes)	(Fig.	S3).	In	contrast,	XP-C	cells	showed	

a	 3.4-fold	 increase	 in	 C:GàT:A	 mutations	 in	 active	 genes	 and	 a	 7.4-fold	 increase	 in	 C:GàT:A	
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mutations	 in	 inactive	 genes	 (Fig.	 S3).	 This	 increased	mutagenesis	 in	 inactive	 genes	 of	 XP-C	 cells,	

relative	to	their	active	genes,	is	consistent	with	their	defective	GGR	but	still	proficient	TCR.	

Next,	 we	 determined	 the	 distribution	 of	 mutations	 between	 the	 template	 (transcribed)	

strand	 and	 coding	 (non-transcribed)	 strand	 (Table	 2,	 Fig	 S3	 D-F).	 The	 strand	 distribution	 of	

mutations	in	normal	cells	showed	that	C:GàT:A	mutations	increased	5.8-fold	on	the	coding	strand	

versus	only	2.5-fold	on	the	template	strand,	consistent	with	proficient	TCR	of	the	template	strand	

(Fig.	S3	D-F).	CS	cells	showed	a	similar	increase	in	the	coding	strand	(4.2-fold);	however,	the	template	

strand	of	CS	cells	showed	a	7.7-fold	increase	in	C:GàT:A	mutations.	This	is	consistent	with	defective	

TCR	of	the	template	strand	of	active	genes	in	CS	cells.	In	contrast,	XP-C	cells	were	similar	to	normal	

cells,	 showing	 a	 5.3-fold	 increase	 in	 C:GàT:A	 mutations	 in	 the	 coding	 strand	 versus	 a	 2.9-fold	

increase	in	the	template	strand,	consistent	with	functional	TCR	of	the	template	strand	(Fig.	S3	D-F).		

	

Mutation	in	hTERT	cells	–	hormesis	or	repair?	

	 Normal	 (GM05659)	and	CS-B	 (GM01428)	cells	were	 transfected	with	hTERT	by	 lentivirus	

(pBabePuro-hTERT)	and	maintained	in	continuous	culture	for	over	2	years.	They	maintained	their	

relative	UV	sensitivities,	the	GM01428T	line	being	much	more	UV	sensitive	compared	to	GM05659T	

(50%	survival	doses	of	4.0	J.m-2	and	25.5	J.m-2	respectively).	These	cells	were	assayed	for	mutations	

following	UV	irradiation	using	Duplex	Sequencing	with	a	capture	set	against	the	exomic	regions	of	

DNMT3a,	 IDH1,	 IDH2,	TET2,	NPM1,	C/EBPa,	PTPN11,	c-KIT,	BRAF,	RUNX1,	Hbb,	NRAS,	KRAS,	TP53,	

WT1,	U2AF1,	and	POLD1.	The	immortalized	normal	and	CS-B	unirradiated	cells	both	had	a	very	high	

yield	of	mutations	(Fig	S4	A-C),	several	fold	above	the	corresponding	primary	fibroblasts.		

In	 contrast	 to	 our	 observation	 in	 primary	 fibroblasts,	 upon	 UV	 exposure,	 hTERT-

immortalized	 normal	 and	 CS-B	 cells	 underwent	 an	 approximately	 10-fold	 reduction	 in	mutation	

frequency	(Fig	S4A),	with	no	new	mutations	observed	in	the	UV-treated	cells.	Rather,	both	normal	

and	CS-B	cells	showed	loss	of	subclones	and	normalization	of	clonal	mutations	to	heterozygotes	or	
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homozygotes	(50%	clonality	and	100%	clonality,	respectively),	consistent	with	UV-induced	selection	

of	the	culture	(Fig.	S4B).		

Immunohistochemistry	 analyses	 with	 a	 series	 of	 probes	 revealed	 that	 these	 cells	 were	

aneuploid	and	had	increased	copy	numbers	at	several	 loci	(Fig	S5).	Other	groups	have	previously	

observed	similar	genomic	instability	in	hTERT	positive	cells	grown	for	extensive	periods	of	time	[39-

41].	

Similar	 decreases	 in	 mutations	 in	 response	 to	 low	 level	 radiation	 have	 previously	 been	

reported	and	termed	“hormesis”	[64].	Often	the	term	has	been	used	to	imply	that	radiation	elicits	a	

repair	 process	 that	 mitigates	 the	 initial	 impact	 of	 radiation	 [64].	 The	 concept	 has	 even	 been	

extrapolated	to	imply	that	radiation	standards	should	be	set	at	levels	to	take	advantage	of	a	supposed	

health	 benefit	 of	 low	 radiation	 levels	 [64].	 Our	 studies	 provide	 the	 advantage	 of	 distinguishing	

between	 mutations	 and	 genomic	 instability	 initially	 present	 in	 the	 population	 of	 cells	 from	 the	

mutations	induced	by	UV.	Our	observations	clearly	show	that	the	observed	reduction	in	mutations	is	

a	result	of	selection	against	cells	with	pre-existing	mutations	(Fig	S4B)	and	not	the	consequence	of	

de	novo	repair	and	mutagenesis.	If	these	results	can	be	extended	to	studies	with	ionizing	radiation	

then	the	idea	of	a	health	benefit	needs	to	be	reconsidered,	as	our	results	suggest	that	cells	already	

carrying	 a	 significant	 load	 of	 pre-existing	 mutations	 may	 be	 selectively	 vulnerable	 to	 further	

radiation-induced	toxicity.			
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Table	S1.	Cells	used	for	determination	of	UV	survival	and	mutagenesis1	

Genotype	
Study	

Designation	

Coriell	

Institute	
Alternate	

37%	

dose2	
Mutations	

Normal	
fibrobasts	

WT(1)	 GM05659	 	 >44	 +/+	
Wt	 GM03440	 	 >44	 +/+	
NHF-D	 	 	 >44	 +/+	

Normal	
keratinocytes	 Kerat	 	 	 32	 +/+	

XP-C	 XPC(1)	 GM02997	 XP7CA	 15.4	 unavailable	
XPC(2)	 XP226BA	 XP226BA	 13.4,	12.8	 490delC	homozygote	

CS-A	 CSA(2)	 GM01856	 CS3BE	 12.3,	16.8	 37G>T;	479C>T	

CS-B	
CSB(1)	 GM01428	 CS7SE	 11.9	 unavailable	

CSB(2)	 GM01629	 CS1BE	 11,	13	 Exon10	(2087C>T);	exon	
18	(3615delA)	

Uncertain	 CSA(1)	 GM17536	 CS210BE	 Not	UV	
sensitive	

Assignment	uncertain,	
not	XP	or	CSB	

1. Cell	lines	designated	GMxxxxx	were	obtained	from	the	NIGMS	Human	Genetic	Cell	Repository	
at	the	Coriell	Institute	for	Medical	Research.	Normal	neonatal	fibroblasts	NHF-D	were	from	a	
single	donor	and	donated	by	D.Oh	UCSF;	the	normal	neonatal	keratinocytes	were	a	pooled	
culture	 obtained	 in-house	 under	 CHR	 permit.	 XP226BA	 were	 developed	 in-house	 from	
discarded	tissue	from	a	cancer	surgery	[60].	

2. Dose	in	J.m-2	UVC	
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Supplementary	figures	

	
Figure	S1.	GM17536	shows	no	difference	 from	normal	when	exposed	 to	UV	or	 illudin	S.	 A:	
Survival	 of	 GM17536	 (blue	 squares)	 and	 normal	 (red	 squares)	 primary	 fibroblasts	 exposed	 to	
increasing	UV	doses.	B:	 	Survival	of	GM17536,	XP-C	(XP226BA),	CS-A	(GM1856),	CS-B	(GM01428),	
and	 normal	 (GM03440)	 primary	 fibroblasts	 exposed	 to	 increasing	 concentrations	 of	 illudin	 S.	 C:	
Subclonal	 UV-specific	 mutations	 (C:GàT:A	 at	 Py-Py	 sites)	 in	 GM17536	 and	 normal	 (GM05659)	
primary	fibroblasts.		
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Figure	S2.	UVC-induced	mutation	 frequencies	versus	survival	 in	normal	and	CS-A	and	CS-B	

primary	fibroblasts.	A	and	B:	C:GàT:A	(A)	and	C:GàT:A	mutations	at	CC:GG	dinucleotides	(B)	in	
normal	adult	(WT(1))	and	neonatal	(NHF-D)	fibroblasts	and	in	CS-A	(CSA(2))	and	CS-B	(CSB(1)	and	
(2))	 fibroblasts.	 Percent	 survivals	 were	 derived	 from	 cell	 survivals	 in	 Fig.	 1C.	 Frequencies	 were	
calculated	by	dividing	the	number	of	mutations	of	each	type	by	the	number	of	times	the	wildtype	
base	of	each	mutation	type	was	sequenced.	
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Figure	S3.	UVC-induced	mutations	accumulate	preferentially	in	the	inactive	genes	of	XP	cells	and	

in	the	coding	strand	of	the	active	genes	of	CS	cells.	A,	B,	and	C:	Mutation	spectrum	in	active	(black)	
versus	inactive	genes	(grey)	in	primary	normal	neonatal	(A),	CS-B	(B),	and	in	XP-C	fibroblasts.	Hashed	
bars	indicate	mutations	frequencies	in	control	groups;	solid	bars	indicate	mutation	frequencies	in	pooled	
UV-treated	groups.	D,	E,	F:	Mutation	spectrum	in	the	coding	(non-transcribed)	strand	versus	the	template	
(transcribed)	strand	primary	normal	neonatal	(D),	CS-B	(E),	and	in	XP-C	fibroblasts	(F).	Frequencies	were	
calculated	by	dividing	the	number	of	mutations	of	each	type	by	the	number	of	times	the	wildtype	base	of	
each	mutation	type	was	sequenced.	Hashed	bars	indicate	mutation	frequencies	in	active	genes	of	control	
groups;	solid	bars	indicate	mutation	frequencies	in	active	genes	of	pooled	UV-treated	groups.	
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Figure	 S4.	 UV-induced	 mutation	 frequency	 changes	 in	 hTERT-immortalized	 cells.	 A:	 High	
mutation	 frequencies	 in	 untreated	 hTERT-immortalized	 normal	 (navy)	 and	 CS-B	 (green)	 and	
reduction	by	UV	exposure.	B:	Reduction	in	subclonal	variant	frequencies	with	UV	dose	representing	
UV-induced	population	bottle-necking	in	hTERT-immortalized	normal	(navy)	and	CS-B	(green)	cells.	
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Figure	 S5.	Gene	 amplification	 in	 hTERT	 positive	 cells.	 A:	 Copy	 number	 for	 selected	 genes	 in	
hTERT	transfected	fibroblasts	that	had	been	grown	continuously	for	at	least	2	years.	Probes	used	are	
indicated	in	the	X-axis.	GM05659T	(blue	bars),	GM01428T	(red	bars).	Standard	deviations	shown.	B:	
GM05659T	cell	labeled	with	probes	for	17q24	(red),	chromosome	6	(green).	C:	GM01429T	labeled	
with	probes	for	6q14	(red)	and	chromosome	5	(green).	Scale	bar	for	20	microns	shown.	
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CHAPTER	2:	SUBCLONAL	MUTATIONS	IN	GLIOBLASTOMA	

	

INTRODUCTION	

Glioblastoma	(GBM)	accounts	for	16%	of	all	primary	brain	tumors	and	is	the	most	common	

and	aggressive	brain	malignancy	in	adults	[65].	The	incidence	of	GBM	diagnosis	increases	with	age,	

with	an	average	incidence	of	7.2	per	100,000,	peaking	at	14.64	per	100,000	between	75	and	84	

years	of	age.	Of	all	adult	GBMs,	95%	are	primary,	manifesting	rapidly	after	a	short	clinical	history	

and	without	signs	of	a	preceding	precursor	lesion.	The	remaining	5%	are	secondary	GBMs,	which	

can	develop	from	lower-grade	tumors;	these	include	diffuse	astrocytoma	(grade	II)	and	anaplastic	

astrocytoma	(grade	III).	Secondary	GBMs	are	histologically	indistinguishable	from	primary	GBMs.	

GBM	is	universally	incurable.	Surgical	resection	followed	by	concurrent	adjuvant	radiotherapy	and	

temozolamide	is	standard	of	care	for	newly	diagnosed	GBM	[65-67].	While	some	subtypes	initially	

respond	better	to	treatment	than	others,	all	GBMs	eventually	recur,	at	which	point	few	therapeutic	

options	are	available.	The	median	survival	is	less	than	two	years,	with	less	than	5%	of	patients	

surviving	longer	than	5	years	after	initial	diagnosis	[66-68].	

GBM	is	among	the	most	highly	clonally	mutated	cancers	[69].	Analysis	of	clonal	mutation	

data	from	The	Cancer	Genome	Atlas	(TCGA)	[70],	which	encompasses	thousands	of	exome	

sequences	from	32	different	cancer	types	to	date,	revealed	that	the	average	GBM	contains	as	many	

as	1.5	to	32	single	base	clonal	mutations	per	million	basepairs.	This	exceptionally	high	clonal	

mutation	frequency	supports	the	long-standing	hypothesis	that	cancers	can	exhibit	a	mutator	

phenotype	[71,	72].	Clonal	mutations	in	GBMs	have	been	mapped	to	at	least	three	core	pathways:	

(i)	the	RTK	signaling	pathway	involving	the	receptor	tyrosine	kinase/Ras/phosphatidylinositol-3-

kinase	(RTK/Ras/PI3K),	(ii)	the	p53	pathway,	and	(iii)	the	retinoblastoma	tumor	suppressor	

pathways	[70].	The	recent	TCGA	analysis	also	revealed	several	signatures	that	may	infer	mutation	

origin	[73].	Among	the	most	frequent	clonal	mutations	reported	in	GBM	are	C:G	→	T:A	
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substitutions,	which	can	be	mediated	by	(i)	spontaneous	or	APOBEC/AID-induced	deamination	of	

cytidine	to	uracil	[74-76],	(ii)	misincorporation	by	DNA	polymerases	[77],	or	(iii)	depyrimidation	of	

cytidine	resulting	in	an	abasic	site	that	pairs	with	deoxyadenosine	[78,	79].	Adding	to	this	

complexity,	recent	studies	have	revealed	that	GBMs	exhibit	geographical	heterogeneity,	in	which	

different	mutations	are	present	in	distinct	regions	of	a	tumor	[80-82].	Importantly,	because	the	

TCGA	analysis	and	studies	of	intratumoral	heterogeneity	were	carried	out	on	exome	sequencing	

data,	the	mutations	reported	are	clonal	and,	thus,	are	strongly	biased	by	selection.		

Subclonal	mutations,	which	we	define	as	those	mutations	present	at	less	than	20%	clonality,	

are	thought	to	be	passenger	mutations,	arising	randomly	and	expanding	independent	of	selective	

pressures.	We	hypothesize	that	subclonal	mutations	may	empower	malignant	cells	with	the	ability	

to	evade	host	mechanisms	and	may	serve	as	a	reservoir	for	cancer	progression,	treatment	

resistance,	and	recurrence.	The	present	study	presents	preliminary	data	addressing	three	questions	

concerning	subclonal	mutations	in	GBM:	(i)	Do	subclonal	mutations	exhibit	geographical	

heterogeneity	in	GBM?	(ii)	Does	subclonal	mutation	load	and/or	spectrum	correlate	with	GBM	

recurrence?	(iii)	Do	pre-existing	subclonal	mutations	undergo	selection	and	clonal	expansion	upon	

recurrence	of	GBM?		

	

RESULTS	

GBM	exhibits	intratumoral	subclonal	heterogeneity.	To	determine	if	subclonal	mutations	differ	

between	geographic	regions	of	individual	GBM	tumors,	as	has	been	previously	described	for	clonal	

mutations	[80-82],	we	obtained	two	sections	from	distinct	regions	of	three	GBM	tumors,	extracted	

their	genomic	DNA,	and	prepared	sequencing	libraries	via	the	Duplex	Sequencing	protocol	[83].	

Because	of	the	high	cost	of	sequencing	and	depth	of	sequencing	necessary	to	analyze	subclonal	

mutations	by	Duplex	Sequencing,	13	genes	(Table	1),	chosen	for	their	implication	of	GBM	
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pathogenesis	and	therapy	resistance,	were	captured	via	two	rounds	of	sequential	capture,	using	

biotinylated	probes	against	the	exonic	regions	of	the	genes,	prior	to	sequencing.		

The	six	samples	(2	sections	from	each	of	3	tumors)	were	analyzed	for	the	presence	of	

subclonal	and	clonal	mutations.	While	conventional	NGS	has	a	limit	of	detection	of	5%	clonality	due	

to	artifacts	resulting	from	errors	during	PCR	and	sequencing,	Duplex	Sequencing	is	able	to	detect	

subclonal	events	as	low	as	10-8;	thus,	we	detected	numerous	subclonal	mutations	in	each	of	our	

samples	(Fig.	1).	In	addition	to	the	clonal	mutations	detected,	determined	by	coding	changes	not	

found	in	dbSNP,	we	observed	substantial	variation	between	gene	and	depth	of	sequencing;	upon	

further	analysis,	we	discovered	that	EGFR	had	undergone	substantial	copy	number	increases	in	all	

of	our	samples;	W22F	and	W33F	had	the	greatest	copy	number	increase,	with	30X	greater	depth	

observed	at	the	EGFR	gene	locus	than	all	other	genes	analyzed,	which	had	an	average	depth	of	

~1000-2000	nucleotides	sequenced	per	position.	

Upon	analysis	of	subclonal	(<20%	clonal)	variants,	we	observed	substantial	differences	in	

mutation	frequency	between	sections	of	two	of	the	tumors,	W22	and	W53	(Fig.	2);	in	contrast,	the	

two	sections	of	tumor	W33	had	similar	subclonal	mutation	frequencies.	Additionally,	the	subclonal	

mutation	spectrums	(relative	frequencies	of	each	mutation	type	observed)	differed	between	the	

two	tumor	sections	of	two	of	the	tumors,	W53	and	W33,	suggesting	that	the	underlying	

mechanism(s)	driving	the	expansion	of	these	tumor	may	have	differed	between	the	two	regionally	

distinct	tumor	sections.	In	contrast,	tumor	W22	exhibited	similar	subclonal	mutation	spectrums	

between	its	two	regionally	distinct	sections.		

	

Subclonal	mutations	in	GBM	show	no	consistent	load	or	spectrum	changes	upon	recurrence.	

Given	that	most	GBM	tumors	are	essentially	treated	the	same,	with	surgery	followed	by	concurrent	

radiation	and	temozolamide,	we	sought	to	determine	if	subclonal	mutation	load	or	spectrum	

correlates	with	GBM	recurrence.	To	do	so,	we	extracted	and	analyzed	via	Duplex	Sequencing	DNA	
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from	6	pairs	of	primary	and	matched	recurrent	GBM,	capturing	13	genes	implicated	in	GBM	(Table	

1).	Upon	analysis	of	subclonal	mutations,	differences	between	primary	and	recurrent	sections	were	

observed,	however	there	did	not	appear	to	be	a	consistent	pattern	(Fig.	3.).	Three	of	the	six	tumor	

pairs	(pairs	1,	3,	and	11)	had	reduced	subclonal	mutation	frequency	upon	recurrence,	whereas	the	

other	three	pairs	had	increased	subclonal	mutation	frequency	upon	recurrence.	Additionally,	

examining	the	spectrums	of	the	paired	tumors,	all	six	recurrent	tumors	exhibited	a	subclonal	

mutation	spectrum	distinct	from	its	paired	primary	tumor.	However,	there	was	no	consistent	

subclonal	mutation	spectrum	change	unique	to	the	recurrent	tumors.		

When	we	more	closely	examined	the	tumor	pairs,	we	again	found	no	consistent	changes	in	

recurrent	tumors	relative	to	their	paired	primary	tumors	(Table	2).	While	all	pairs	shared	at	least	

some	portion	of	the	single	nucleotide	variants	(SNVs)	between	the	primary	and	recurrent	tumor,	

the	degree	to	which	SNVs	were	lost	or	gained	upon	recurrence	varied	considerably.	Some	pairs	had	

a	large	number	of	SNVs	unique	to	the	primary	tumor	(pairs	3	and	11),	whereas	others	had	

relatively	equivalent	numbers	of	SNVs	shared,	unique	to	primary,	and	unique	to	recurrent	(pairs	1,	

7,	and	12);	pair	9	had	a	far	greater	number	of	shared	SNVs	and	unique	SNVs	in	the	recurrent	

compared	to	the	number	of	SNVs	unique	to	the	primary.	Examining	individual	mutation	changes,	

specifically	those	that	are	predicted	to	be	pathogenic	or	may	have	the	potential	to	be	given	the	

degree	to	which	their	clonality	changed	upon	recurrence,	revealed	yet	more	inconsistencies.	Six	of	

the	seven	tumor	pairs	had	at	least	one	major	coding	mutation	difference	between	the	primary	and	

recurrent	tumor;	pair	7	had	none.	Most	of	the	changes	appeared	to	result	in	loss	of	pathogenic	

clonal	mutations,	such	as	TP53	R174X	in	pair	1,	which	may	have	been	a	driving	mutation	in	the	

primary	tumor	but	was	not	observed	in	the	recurrent.	The	only	consistent	change	we	observed	was	

that	no	new	clonal	mutations	arose	in	the	recurrent	GBMs,	at	least	not	in	the	13	genes	captured	in	

this	study.	
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DISCUSSION	

	 Glioblastoma	is	the	most	common	and	aggressive	malignant	brain	tumor	in	adults,	with	less	

than	5%	of	adults	surviving	5	years	after	initial	diagnosis	[65-68].	Given	the	intratumoral	clonal	

heterogeneity	of	GBMs	[80-82],	we	hypothesized	that	subclonal	heterogeneity	may	further	

complicate	the	mutational	landscape	of	these	tumors.	We	hoped	that,	by	identifying	the	

signature(s)	of	the	subclonal	mutations,	we	might	gain	insight	into	the	underlying	driver	

mechanisms	of	GBM.	We,	therefore,	used	Duplex	Sequencing	to	sequence	two	sections	of	primary	

GBM	tumors	in	an	effort	to	identify	subclonal	intratumoral	heterogeneity	and	to	determine	if	

distinct	subclonal	mutational	signatures	characterized	different	parts	of	the	tumor.	Between	

distinct	geographic	regions	of	the	primary	GBMs,	we	observed	varying	degrees	of	subclonal	

mutation	burden,	as	well	as	differing	spectrums	between	the	two	regions.	These	results	suggest	

that	the	underlying	mechanisms	driving	distinct	regions	of	an	individual	GBM	tumor	may	differ.	

While	additional	tumors	need	to	be	analyzed	to	confirm	this	to	be	the	rule	rather	than	the	exception	

for	GBMs,	this	preliminary	finding	suggests	that	future	targeted	therapy	approaches	will	need	to	

examine	multiple	tumor	sections	to	determine	how	to	best	target	the	driving	mechanisms	of	GBM	

pathogenesis	to	prevent	recurrence.	

Additionally,	all	GBMs	eventually	recur.	Since	relapse	frequently	occurs	via	tumor	evolution,	

with	the	expansion	of	mutant	clones	that	express	proteins	that	empower	cells	with	increased	

proliferative	potential	in	the	presence	of	specific	chemotherapeutic	agents,	we	hypothesized	that	

these	mutant	clones	may	already	be	present	in	primary	tumors	at	subclonal	levels.	To	determine	if	

resistance-promoting	mutations	are	present	in	primary	GBMs	prior	to	treatment,	we	selected	13	

genes	implicated	in	the	pathogenesis	of	GBM	and	analyzed	them	in	paired	primary	and	recurrent	

tumor	pairs	(Table	4).	We	determined	if	subclonal	mutations	underwent	selection	and	clonal	

expansion	from	primary	to	recurrent	tumor,	since	the	presence	of	subclonal	mutations	in	primary	

tumors	that	are	implicated	in	treatment	resistance	could	potentially	help	guide	therapy	decisions.	
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Despite	a	lack	of	consistency	between	types	of	changes	observed	in	recurrent	tumors	versus	their	

primary	tumors,	each	tumor	pair	demonstrated	differences.	This	suggests	that	the	mechanisms	

driving	selection	of	mutants	underlying	primary	GBM	pathogenesis	and	recurrence	differ,	which	

makes	sense	given	that	recurrent	tumors	are	developing	under	the	added	stress	of	chemotherapy	

and	radiation	treatments.	The	large	pool	of	subclonal	mutations	observed	in	the	primary	tumors	

appears	to	represent	a	reservoir	of	mutations	that	could	promote	recurrence	and	resistance	to	

therapy,	as	evident	from	the	increased	clonality	of	some	of	the	subclones.	Further	samples	need	to	

be	analyzed	so	that	tumors	grouped	by	subtype	and	underlying	pathology	in	the	primary	can	be	

analyzed	upon	recurrence	to	determine	if	consistent	mechanisms	drive	recurrence	for	a	given	

primary	tumor	subtype.	

Several	low	level	subclonal	mutations	in	the	primary	tumor	appeared	to	undergo	selection	

and	expansion	in	the	recurrent	tumor	(Table	2),	as	evident	from	the	increased	frequency	of	the	

PTENP	ncRNA	mutant	in	Pair	1,	the	TP53	V118E	mutant	in	Pair	3,	and	the	EGFR	S703F	mutant	in	

Pair	9.	However,	there	were	also	several	mutations	that	decreased	substantially	in	the	recurrent	

tumor	(such	as	the	PTEN	F154D	and	TP53X	mutations	in	Pair	1,	the	EGFR	T263P	mutation	in	Pair	

11,	and	the	IDH1	R132G	and	TP53	R234C	mutation	in	Pair	12),	indicating	selection	against	those	

clones.		Whether	or	not	this	was	due	to	loss	of	a	significant	fraction	of	the	tumor	due	to	surgery,	

since	heterogeneity	may	be	contributing	to	the	differences	observed,	or	whether	this	is	due	to	

treatment-induced	selection,	is	unclear.	Significant	loss	of	SNVs	is	seen	upon	recurrence,	consistent	

with	removal	of	the	tumor.	However,	the	retention	of	a	large	number	of	SNVs	in	all	six	tumor	pairs	

suggests	that	surgical	resection	incompletely	removes	the	tumor.	Given	the	diffuse	nature	of	GBM	

tumors,	this	would	not	be	surprising.		

The	lack	of	new	clonal	mutations	in	any	of	the	recurrent	GBMs	could	have	three	possible	

explanations.	(i)	Actionable	molecular	targets	pre-exist	treatment	in	both	primary	and	recurrent	

GBM	tumors.	An	implication	of	this	possibility	is	that	sequencing	primary	tumors	and	devising	a	
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treatment	based	on	the	mutations	present	may	be	a	viable	option.	(ii)	Actionable	targets	specific	to	

recurrence	differ	from	the	genes	most	commonly	mutated	in	primary	GBM	(and	captured	in	these	

experiments).	This	possibility	implies	that	the	pathology	of	recurrent	GBM	may	be	different	than	

the	primary.	Therefore,	if	we	want	to	prevent	GBM	recurrence,	we	need	to	understand	what	drives	

it	and	not	assume	the	driving	mechanisms	are	the	same	as	those	that	drive	initial	GBM	pathology.	

(iii)	The	current	therapeutic	approach,	concurrent	radiation	and	temozolamide,	do	not	reduce	the	

clonal	pathogenic	mutations	in	the	primary.	If	this	is	the	case,	we	would	need	to	design	new	

therapies	to	specifically	target	the	mutated	gene	products	present	in	GBM.	These	explanations	are	

not	mutually	exclusive	of	each	other.	Given	the	complexity	of	GBMs,	it	would	not	be	surprising	if	all	

three	are	the	case.	

	 	In	conclusion,	this	preliminary	report	on	subclonal	mutations	in	glioblastoma	presents	a	

bleak	picture.	In	addition	to	the	high	clonal	mutation	burden	of	GBMs	and	intratumoral	clonal	

heterogeneity	already	discovered,	our	results	indicate	that	subclonal	mutations	in	GBM	appear	to	

be	geographically	heterogenous,	with	differing	spectrums	between	regions	of	a	tumor,	suggesting	

that	multiple	mechanisms	may	drive	distinct	part	of	the	tumor.	Additionally,	upon	recurrence,	there	

appears	to	be	little	consistency	between	the	primary	and	recurrent	tumor	or	between	different	

recurrent	tumors,	despite	all	GBMs	receiving	the	same	treatment.	GBMs	appear	to	exhibit	

substantial	levels	of	heterogeneity	between	individual	patients	as	well	as	in	time	and	space	within	a	

single	patient.		

	

METHODS	

Primary	and	recurrent	GBM	tumors	were	obtained	from	The	Ivy	Center	for	Advanced	Brain	

Tumor	Treatment	at	Swedish	Cherry	Hill	Hospital	in	Seattle,	WA.	To	measure	mutation	frequencies,	

DNA	was	isolated	and	sequenced	via	one	round	of	Duplex	Sequencing	as	previously	described	[28].	

Target	genes	were	exonic	regions	of	CDKN2A,	CHEK2,	EGFR,	H3F3A,	IDH1,	PIK3CA,	PIK3R1,	PTEN,	RB1,	
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TERT,	AND	TP53,	which	were	chosen	based	on	the	high	incidence	of	clonal	mutations	in	these	genes	

in	GBMs	 (Table	1);	 additionally,	we	 included	MSH6	 and	MGMT	 in	our	gene	 capture	 set,	 given	 the	

potential	for	mutations	in	these	genes	to	confer	resistance	to	the	first-line	GBM	chemotherapeutic	

agent,	 temozolamide	 [66,	 67].	We	 required	 a	minimum	 depth	 of	 100	 Duplex	molecules	 to	 call	 a	

position,	 either	 mutant	 or	 not;	 all	 samples	 had	 a	 mid-exon	 peak	 depth	 of	 at	 least	 1000	 Duplex	

molecules	across	all	captured	exons.	
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TABLES	

	

Table	1:	Captured	genes	for	subclonal	mutation	studies	of	GBM,	with	references	for	gene	choice	

Gene	 Reference	
CDKN2A	 [70,	84,	85]	
CHEK2	 [70,	84,	85]	
EGFR	 [70,	84,	85]	
H3F3A	 [84,	85]	

[70]	
IDH1	 [84-86]	

[70]	
MGMT	 [66,	84,	85]	
MSH6	 [66,	84,	85]	
PIK3CA	 [84,	85]	

[70]	
PIK3R1	 [84,	85]	

[70]	
PTEN	 [84,	85]	

[70]	
RB1	 [84,	85]	

[70]	
TERT	 [84,	85,	87]	
TP53	 [84,	85]	

[70]	
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Table	2:	Key	clonal	and	subclonal	mutation	differences	in	clonal	and	subclonal	mutations	in		

recurrent	GBM,	relative	to	primary	

	

Major	mutation	differences	between	primary	and	

recurrent	GBM1	 Summary	of	SNV	

distributions2	
Mutation	 Primary	

freq.	
Recurrent	

freq.	
Freq.	

difference	

Pair	1	

PTEN	F154D	
TP53	R174X3	
PTENP	ncRNA4	

51%	
53%	
14%	

15%	
0%	
29%	

↓	36%	
↓	53%	
↑	25%	

48	shared	
53	unique	primary	
40	unique	recurrent	

Pair	3	

EGFR	R832H	
CHEK2P2,	ncRNA	
TP53	V118F3	

37%	
10%	
1%	

59%	
0%	
11%	

↑	22%	
↓	10%	
↑	10%	

70	shared	
146	unique	primary	
34	unique	recurrent	

Pair	7	 No	major	differences	
29	shared	
23	unique	primary	
39	unique	recurrent	

Pair	9	

TP53	D242N	
	

<1%	
	

9%	
	

9%	 67	shared	
34	unique	primary	
104	unique	recurrent	

Pair	11	

EGFR	S703F4	
EGFR	T263P	
	

1%	
88%	

32%	
34%	

↑	31%	
↓	54%	

	

58	shared	
127	unique	primary	
58	unique	recurrent	

Pair	12	

TERT	H412Y	
IDH1	R132G3	
TP53	R234C3	

50%	
35%	
75%	

44%	
20%	
54%	

↓	6%	
↓	15%	
↓	21%	

53	shared	
61	unique	primary	
65	unique	recurrent	

1.	Pathogenic,	undetermined,	and	non-dbSNP	mutations	with	a	≥5%	clonality	change	in	recurrent	
tumor,	relative	to	primary	
2.	All	single	nucleotide	variants	(SNV)	detected	by	Duplex	Sequencing		
3.	Known	pathogenic	SNV	in	COSMIC	[84,	85]	
4.	Undetermined	clinical	significance	in	dbSNP		[88]	
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FIGURES	

	

	

	

Figure	1:	Numerous	subclonal	mutations	are	detected	in	primary	GBM	via	Duplex	Sequencing.	

Two	 sections	 from	 each	 of	 three	 GBM	 tumors	 (W22,	W53,	 and	W33)	 were	 analyzed	 via	 Duplex	
Sequencing.	All	subclonal	(<20%	clonal)	mutations	and	non-dbSNP	mutations	are	plotted,	relative	to	
the	Duplex	Sequencing	depth	obtained	 for	each	mutation.	All	data	points	above	10,000	are	EGFR	
mutations.	
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Figure	 2:	 Intratumoral	 subclonal	 heterogeneity	 in	 primary	 GBM.	 Two	 sections	 from	 each	 of	
three	GBM	tumors	(W22,	W53,	and	W33)	were	analyzed	via	Duplex	Sequencing.	Mutations	present	
at	less	than	20%	clonality	(subclonal)	were	analyzed	by	mutation	type.	
	 	



	 49	

	

	

Figure	3:	Subclonal	heterogeneity	between	primary	and	recurrent	GBM.	DNA	from	each	of	6	
primary	and	recurrent	GBM	tumor	pairs	was	analyzed	via	Duplex	Sequencing.	Mutations	present	at	
less	than	20%	clonality	(subclonal)	were	analyzed	by	mutation	type.	
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CHAPTER	 3:	 DEVELOPMENT	 OF	 ACCURATE	 RNA	 CONSENSUS	

SEQUENCING	 (ARC-SEQ)	 FOR	 HIGH-FIDELITY	 RNA	 MUTATION	

DETECTION	

	

ABSTRACT	

Mistakes	 make	 during	 gene	 transcription,	 termed	 transcriptional	 mutagenesis	 (TM),	 can	

result	in	mutant	proteins	with	altered	properties.	TM	has	long	been	hypothesized	to	play	a	role	in	

aging	and	age-related	diseases,	including	cancer	and	neurodegeneration,	as	well	as	in	the	evolution	

of	viruses	and	bacteria.	Despite	this	long-standing	hypothesis,	scientists	have	made	little	progress	

over	the	last	50	years	in	elucidating	the	importance	of	TM	in	human	health	and	disease,	as	methods	

for	detecting	TM	have,	until	recently,	been	lacking.		In	order	to	study	TM,	I	have	developed	a	highly	

sensitive,	 high-throughput	 method,	 termed	 Accurate	 RNA	 Consensus	 sequencing	 (ARC-seq),	 to	

measure	RNA	mutations.	ARC-seq	utilizes	an	adaptor	to	uniquely	 identify	each	RNA	molecule	and	

generates	 multiple	 cDNA	 copies	 per	 RNA	 molecule,	 allowing	 artifacts	 introduced	 during	 cDNA	

synthesis,	PCR,	and	sequencing	to	eliminated,	yielding	the	true	RNA	mutations.	Herein,	I	describe	the	

development	of	ARC-seq	and	demonstrate	its	ability	to	fully	correct	artifacts	resulting	from	reverse	

transcription,	 amplification,	 and	 sequencing	 errors.	 Additionally,	 I	 demonstrate	 its	 utility	 for	

studying	 in	 vivo	TM	due	 to	RNA	polymerase	mutations	and	oxidative	 stress.	ARC-seq	enables	 the	

highly	accurate	study	of	RNA	mutations	at	the	single-molecule	level	from	any	RNA	source,	regardless	

of	 organism	or	 type	of	RNA,	 and	has	 the	 flexibility	 to	 increase	 stringency,	 as	may	be	 required	 to	

sequence	highly	damage	RNAs.	Thus,	ARC-seq	will	enable	sensitive	studies	of	how	perturbing	a	cell’s	

environment	or	machinery	affects	the	fidelity	of	transcription.	Additionally,	ARC-seq	can	be	used	to	

elucidate	the	contribution	of	RNA	mutations	to	aging,	cancer,	and	neurodegeneration,	as	well	as	the	

evolution	and	acquired	resistance	of	viruses	and	bacteria.		
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INTRODUCTION	

DNA	mutations	play	an	important	role	in	mammalian	aging	and	disease.	In	particular,	coding	

mutations	 can	 disrupt	 the	 function	 of	 proteins	 and	 alter	 the	 physiology	 of	 cells.	 Consequently,	

mutations	can	have	profound	effects	on	mammalian	health.	Germline	mutations,	 for	example,	can	

cause	congenital	disorders,	whereas	somatic	mutations	can	drive	carcinogenesis	and	aging	[89,	90].	

A	wealth	of	evidence	 implicates	 inherited	and	somatic	mutations	 in	human	disease,	yet	 there	are	

numerous	sporadic	diseases	for	which	no	genetic	cause	has	yet	been	found.	

In	addition	to	genetic	mutations,	mistakes	during	transcription	and	translation	can	introduce	

errors	 in	 a	 protein’s	 sequence	 [91,	 92].	We	 do	 not	 know	 the	 extent	 to	 which	 infidelity	 of	 these	

processes	contributes	to	disease,	yet	recent	evidence	suggests	that	they	could	play	a	crucial	role	in	

multiple	disease	processes.	Infidelity	of	transcription,	termed	transcriptional	mutagenesis	(TM),	in	

which	RNA	polymerase	errs	during	transcription,	is	of	particular	interest,	as	multiple	proteins	are	

translated	from	each	mRNA	copy	[93].	 	Indeed,	using	a	phenotypic	switching	model	in	Escherichia	

coli,	 Gordon,	 et	 al.	 recently	 demonstrated	 that	 the	 effect	 of	 a	 transcription	 error	 is	 amplified	

nonlinearly	 over	 the	 original	 stochastic	 event,	 whereas	 a	 translation	 error	 effects	 only	 a	 single	

protein	[94].		Thus,	a	single	mutant	transcript	has	the	potential	to	have	a	profound	effect	on	cellular	

function,	depending	on	the	consequence	of	the	nucleotide	change	in	the	protein’s	sequence	and	the	

function	of	the	protein.	

Many	 studies	have	 investigated	 the	behavior	of	RNA	polymerase	 II	 (RNAPII),	 the	primary	

polymerase	responsible	for	transcribing	protein-coding	genes,	in	various	sequence	contexts;	in	vitro	

studies	estimate	the	fidelity	of	RNAPII	transcription	to	be	~1x10-5	[95-99].	However,	this	rate	can	

increase	dramatically	during	transcription	of	damaged	templates	or	repetitive	sequence.	While	bulky	

lesions	 largely	 block	 transcription	 elongation,	 essentially	 forcing	 the	 cells	 to	 repair	 the	 damage	

before	transcription	can	resume	(see	[100]	for	a	review),	RNAPII	efficiently	bypasses	many	smaller	

lesions,	 with	 the	 consequences	 of	 bypass	 varying	 widely	 with	 lesion	 type	 and,	 in	 some	 cases,	
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sequence	context	(see	[101]	for	an	overview).	For	example,	RNAPII	correctly	incorporates	adenine	

across	 from	thymine	glycol	 [102].	5-hydroxyuracil	and	dihydrouracil,	on	 the	other	hand,	miscode	

frequently,	inducing	the	misincorporation	of	adenine	(GàA	transition)[103,	104],	which	can	lead	to	

the	production	of	mutant	proteins	 in	non-dividing	cells	[105].	7,8-dihydro-8-oxoguanine	(8-oxoG)	

also	causes	misincorporation	of	an	adenine	into	the	mRNA	transcript	(CàA	transversion).	In	E.	coli,	

this	occurs	approximately	60%	of	the	time	[106],	whereas	in	mammalian	cells,	transcriptional	bypass	

of	8-oxoG	is	highly	dependent	on	sequence	context	and	the	lesion’s	position	relative	to	the	promoter	

[107].	Additionally,	in	human	cells,	error-prone	transcriptional	bypass	of	an	8-oxoG	lesion	at	a	key	

residue	 in	 HRAS	 can	 lead	 to	 production	 of	 mutant	 Ras	 protein	 and	 constitutively	 activate	 the	

downstream	 MAP	 kinase	 cascade	 [108].	 Furthermore,	 O6-methylguanine	 (O6-MeG)	 causes	

misincorporation	of	uracil	(CàU	transitions)	in	vitro,	with	a	frequency	as	high	as	67%,	and	can	result	

in	altered	protein	function	in	human	cells	[109].		

In	addition	to	DNA	damage,	repetitive	sequences	can	also	induce	transcriptional	errors	in	the	

form	 of	 slippage,	 leading	 to	 frameshift	 mutations	 [110,	 111].	 Several	 studies	 have	 shown	 that	

transcriptional	 slippage	 within	 polyA	 tracts	 of	 genes	 can	 correct	 genetic	 mutation-induced	

phenotypes,	 lessening	 the	 severity	 of	 diseases	 such	 as	 canine	 cyclic	 neutropenia,	

hypobetalipoproteinemia,	and	hemophilia	A	[112-115].	Transcriptional	slippage	can	occur	in	other	

repeat	 sequence	motifs	 as	well.	 Homozygous	 Brattleboro	 rats	 have	 a	 single	 base	 deletion	 in	 the	

vasopressin	gene,	resulting	in	a	lack	of	functional	vasopressin	mRNA	and	protein;	Evans,	et	al.	found	

functional	mRNA	and	protein	produced	in	a	small	but	increasing	proportion	of	hypothalamic	cells	as	

the	rats	aged	and	determined	the	mechanism	to	be	transcriptional	slippage	at	a	GAGAG	motif	within	

the	 vasopressin	 gene,	 resulting	 in	 a	 ΔGA	 [116].	 Similarly,	 another	 study	 determined	 that	mutant	

amyloid-beta	and	ubiquitin	aggregates	 from	Alzheimer’s	disease	(AD)	brains	arose	due	to	mutant	

mRNAs	with	a	ΔGA	in	one	or	more	of	the	proteins’	GAGAG	motifs	[117].	Following	the	discovery	of	

prion-like	seeding	of	protein	aggregation	in	several	neurodegenerative	diseases,	including	AD,	PD,	
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and	ALS,	 several	groups	put	 forth	 the	prion	hypothesis	of	neurodegenerative	diseases	 [118-120].	

Coupled	with	the	observation	that	TM	can	produce	mutant	proteins,	it	is	conceivable	that	TM	past	

DNA	 damage	 can	 produce	 misfolded	 proteins	 that	 can	 then	 seed	 the	 transformation	 of	 normal	

proteins,	leading	to	pathogenic	aggregation,	and	triggering	the	pathologies	characteristic	of	AD	and	

PD.	

Despite	the	wealth	of	evidence	for	TM	from	 in	vitro	 fidelity	assays	and	assays	using	highly	

expressed	reporter	genes,	it	is	difficult	to	draw	conclusions	about	role	the	of	TM	in	vivo.	The	results	

of	these	studies	cannot	be	easily	extrapolated	to	what	may	be	occurring	in	cells,	where	transcription	

factors,	 repair	 enzymes,	 chromatin,	 and	 gene	 expression	 levels	modulate	 transcriptional	 fidelity.		

Consequently,	in	order	to	elucidate	the	roles	of	TM	in	aging,	disease,	drug-resistance,	and	evolution,	

it	is	likely	necessary	to	study	RNA	molecules	transcribed	in	vivo.		

RNA	sequencing	(RNAseq)	is	an	immensely	useful	method	for	studying	gene	expression	and	

genetic	mutations.	However,	it	is	inadequate	for	determining	RNA	mutations	due,	in	large	part,	to	the	

method’s	requirement	to	convert	the	RNA	to	cDNA	prior	to	sequencing.	Reverse	transcriptase	(RT),	

an	 inherently	 error-prone	 polymerase,	 performs	 this	 conversion.	 While	 the	 error	 rate	 of	 RNA	

polymerase	is	~	1x10-5	[95-99],	the	error	rate	of	RT	is	~10-4	[5].	Thus,	RT	introduces	10-fold	more	

artificial	 errors	 during	 cDNA	 synthesis	 than	 the	 RNA	 polymerase	 does	 during	 transcription,	

effectively	swamping	out	the	mRNA	mutations.	Consequently,	because	of	the	high	rate	of	RT	errors,	

it	is	difficult	to	determine	if	sequenced	mutations	are	due	to	TM	or	due	to	the	RT	or	other	sequencing	

errors.		Thus,	in	order	to	study	TM	in	vivo,	I	have	developed	a	highly	accurate	sequencing	method,	

termed	 Accurate	 RNA	 Consensus	 sequencing	 (ARC-seq)	 to	 measure	 RNA	mutations	 with	 single-

molecule	sensitivity.	ARC-seq	uniquely	combines	the	use	of	an	adaptor	to	barcode	each	RNA	and	the	

generation	of	multiple	 cDNA	copies	of	 each	RNA	molecule	prior	 to	 sequencing.	This	 combination	

enables	 the	 elimination	of	 sequence	 artifacts	 due	 to	 cDNA	 synthesis,	 PCR	 errors,	 and	 sequencing	

errors,	yielding	the	true	RNA	mutations	resulting	from	TM	in	vivo.	
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RESULTS	

Development	of	 a	 sensitive,	 highly	 accurate	method	 to	detect	RNA	mutations.	 In	 seeking	 to	

accurately	measure	RNA	mutations	with	high	sensitivity,	I	had	to	address	three	obstacles	to	accurate	

RNA	sequencing:	(i)	RNA	must	be	reverse	transcribed	to	DNA	before	it	can	be	sequenced;	(ii)	PCR	

amplification	of	DNA	can	introduce	artifacts;	(iii)	high-throughput	sequencing	is	highly	error-prone.	

In	order	to	overcome	these	obstacles,	ARC-seq	combines	the	use	of	unique	barcodes	for	each	RNA	

molecule	and	the	generation	of	multiple	cDNA	copies	per	individual	RNA	molecule.	This	combination	

enables	 the	 elimination	 of	 artifacts	 due	 to	 cDNA	 synthesis,	 PCR	 errors,	 and	 sequencing	 errors,	

yielding	the	true	RNA	mutations.	To	do	so,	ARC-seq	first	ligates	a	single	stranded	barcoded	adaptor	

onto	each	fragmented	RNA	molecule;	this	adaptor	contains	16	nucleotides	of	randomized	sequence	

that	uniquely	identify	individual	RNA	molecules	(Fig.	1A).	Next,	ARC-seq	generates	multiple	cDNA	

copies	of	each	barcoded	RNA	by	circularizing	each	barcoded	RNA	molecule	and	performing	rolling-

circle	reverse	transcription	(RC-RT);	after	restricting	the	resultant	multimeric	cDNA	molecule	into	

monomers,	each	cDNA	copy	of	the	original	RNA	molecule	is	uniquely	tagged	and	then	amplified	via	

PCR.	 After	 sequencing,	 using	 bioinformatics,	 the	 cDNA	 tags	 are	 then	 used	 to	 generate	 a	 PCR	

consensus	sequence,	eliminainge	artifacts	due	to	sequencing	and	PCR	errors	(Fig.	1B).	Finally,	the	

RNA	barcode	is	used	to	generate	a	cDNA	consensus	sequence,	eliminating	reverse	transcription	and	

damage-induced	 artifacts,	 regenerating	 the	 original	 RNA	 sequence	 and	 revealing	 any	 true	 RNA	

mutations.	ARC-seq	has	a	 theoretical	background	of	0.01n,	where	n	 is	 the	number	of	cDNA	copies	

produced	from	each	RNA	molecule,	which	can	be	increased	as	needed	to	account	for	the	quality	of	

the	RNA.	

	

ARC-seq	effectively	corrects	RT,	PCR,	and	sequencing	artifacts.	 In	order	to	validate	ARC-seq’s	

effectiveness	at	eliminating	artifacts	due	to	reverse	transcription,	PCR	errors,	and	sequencing	errors,	

three	types	of	RNAs	were	generated	by	in	vitro	transcription,	using	T7	RNA	polymerase	(Fig.	2A):	(i)	
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high-fidelity	 RNA,	 which	 was	 generated	 using	 pristine	 DNA	 template	 and	 has	 an	 expected	 true	

mutation	 frequency	of	3x10-5	 [98];	 (ii)	 damaged	RNA,	which	was	 generated	by	 treating	 the	high-

fidelity	RNA	with	an	oxidizing	agent	and	should	have	the	same	true	RNA	mutation	frequency	as	the	

high-fidelity	RNA	(3x10-5);	(iii)	mutated	RNA,	which	was	generated	from	a	DNA	template	oxidatively	

damaged	 in	order	 to	 induce	mistakes	during	 transcription,	which	 is	expected	 to	have	an	elevated	

mutation	frequency.	These	RNAs	were	then	sequenced	via	ARC-seq.	At	a	cDNA	family	size	of	1,	which	

corresponds	to	conventional	RNAseq,	the	error	frequency	of	the	high-fidelity	RNA	was	approximately	

2x10-4,	 approximately	 10-fold	 greater	 than	 the	 expected	 true	 RNA	mutation	 frequency	 (Fig.	 2B).	

Additionally,	the	error	frequency	of	the	damaged	RNA	template	was	increased	about	3-fold	over	the	

high-fidelity	RNA,	consistent	with	the	high	error	rate	of	conventional	RNAseq,	especially	on	damaged	

RNA	templates.		

In	contrast,	by	requiring	5	cDNA	copies	per	RNA	molecule,	ARC-seq	was	able	to	reveal	the	

true	RNA	mutation	frequency	of	 the	high-fidelity	RNA	to	be	~2x10-5.	Furthermore,	by	requiring	6	

cDNA	 copies	 per	 RNA	 molecule	 to	 form	 a	 consensus	 sequence	 and,	 therefore,	 increasing	 the	

stringency	of	its	error-correction,	ARC-seq	was	able	to	fully	correct	for	damage-induced	artifacts	and	

reveal	 the	 true	 RNA	 mutation	 frequency	 of	 the	 damaged	 high-fidelity	 RNA	 to	 also	 be	 ~2x10-5.	

Consistent	with	ARC-seq	eliminating	errors	without	mistakenly	removing	true	RNA	mutations,	even	

with	the	high	stringency	of	6	cDNA	copies	per	RNA	molecule	to	form	a	consensus	sequence,	the	true	

RNA	mutation	 frequency	 of	 the	mutated	 RNA	 remains	more	 than	 10-fold	 greater	 than	 the	 high-

fidelity	RNA.	Thus,	by	repeatedly	sequencing	the	same	RNA	molecule,	ARC-seq	is	able	to	eliminate	

damage-induced	and	sequencing	artifacts,	revealing	true	RNA	mutations.	

	

ARC-seq	 reveals	 the	 frequency	and	 spectrum	of	RNA	mutations	 in	 vivo:	 Recent	 studies	 have	

described	 several	 mutants	 of	 Saccharomyces	 cerevisiae	 (yeast)	 that	 have	 reduced	 in	 vitro	 RNA	

synthesis	fidelity	[22,	23].	Rpb1	E1103G	is	a	point	mutant	of	the	catalytic	domain	of	RNA	polymerase	
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II	and	confers	dependence	on	TFIIS	[23].	ΔRpb9	is	a	deletion	mutant	of	a	transcription	factor	that	is	

known	 to	 enhance	 the	 fidelity	 of	 transcription	 in	 yeast	 [41].	 To	 establish	 ARC-seq’s	 utility	 for	

measuring	 in	 vivo	RNA	mutations,	 I	used	 it	 to	 study	TM	 in	 these	yeast	mutants.	 Stationary	phase	

wildtype	yeast	was	found	to	have	a	RNA	mutation	frequency	of	~4.6x10-5	(Fig.	3A).	In	contrast,	both	

RNA	 polymerase	 mutants	 had	 elevated	 RNA	 mutation	 frequencies,	 ~6.6x10-5	 and	 9.5x10-5	 for	

E1103G	 and	 ΔRpb9,	 respectively.	 Interestingly,	 these	 mutation	 frequencies	 were	 revealed	 by	

requiring	only	3	cDNA	copies	per	RNA	molecule	and	were	unchanged	with	 increasing	stringency,	

even	 when	 I	 required	 as	 many	 as	 7	 cDNAs	 per	 RNA.	 	 Furthermore,	 examining	 the	 spectrum	 of	

mutations	 revealed	 subtle	 differences	 between	 the	 three	 yeast	 strains	 (Fig.	 3B).	 While	 C→U	

mutations	 are	 the	 most	 frequently	 observed	 RNA	 mutation	 in	 all	 three	 yeasts,	 E1103G	 had	 an	

increase	in	A→G	mutations,	and	ΔRpb9	has	an	increase	in	both	A→G	mutations	and	A→U	mutations,	

consistent	with	deficiencies	in	different	aspects	of	RNA	transcription	in	the	two	mutants.	

	

ARC-seq	reveals	that	oxidative	stress	induces	TM	in	vivo.	DNA	damage	due	to	oxidative	stress	is	

well	known	to	induce	DNA	mutations,	and	in	vitro	studies	of	RNA	polymerase	behavior	at	DNA	lesions	

indicate	that	it	behaves	similarly	to	DNA	polymerases.	Thus,	in	order	to	determine	if	oxidative	stress	

induces	 elevated	 TM,	 log-phase	wildtype	 and	 ΔRpb9	 yeast	 were	 treated	with	 50µM	H2O2	 for	 30	

minutes	and	 then	 their	RNAs	were	extracted	and	 sequenced	via	ARC-seq.	 In	mRNA,	 the	wildtype	

mutation	frequency	increased	from	5.6x10-5	to	1.3x10-4	and	from	8.2x10-5	to	1.5x10-4	in	ΔRpb9	yeast,	

following	oxidative	stress.	C→U	mutations	 increased	from	4.6	x10-5	 to	9.17x10-5	 in	wildtype	yeast	

and	from	6.98x10-5	to	1.04x10-4	 in	ΔRpb9	yeast,	consistent	with	oxidative	stress-induced	cytosine	

deamination.	Additionally,	C→A	mutations	increased	from	5.39x10-6	to	2.12x10-5	in	wildtype	yeast	

and	from	5.28x10-6	to	1.54x10-5	in	ΔRpb9	yeast,	consistent	with	error-prone	transcriptional	bypass	

of	an	8-oxoG	lesion,	a	common	DNA	lesion	resulting	from	H2O2	treatment	(Fig.	4A).		
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	 Since	 the	ΔRpb9	mutant	 is	 a	RNA	polymerase	 II	mutant,	which	 should	 largely	 only	 effect	

mRNA	transcription	fidelity,	I	examined	the	rRNA	of	the	wildtype	and	ΔRpb9	yeast	to	ensure	that	the	

differences	between	the	wildtype	and	mutant	yeast	were	specific	to	RNA	polymerase	II	transcription	

and	to	determine	how	oxidative	stress	effects	the	transcriptional	fidelity	RNA	polymerases	I	and	III	

in	yeast.	The	control	ncRNA	mutation	frequencies	of	wildtype	and	ΔRpb9	yeast	were	similar,	2.1x10-

5	and	2.8x10-5,	respectively	(Fig.	4B),	consistent	with	the	key	difference	between	the	wildtype	and	

mutant	being	in	mRNA	transcription	fidelity.	Following	oxidative	stress,	ncRNA	mutation	frequencies	

increased	to	1.2x10-4	and	1.1x10-4	 in	wildtype	and	ΔRpb9	yeast,	respectively,	consistent	oxidative	

stress-induced	TM	of	rRNA	genes.	Similar	to	mRNA,	C→U	mutations	increased	from	1.1	x10-5	to	5.8	

x10-5	in	wildtype	yeast	and	from	1.8	x10-5	to	5.2	x10-5	in	ΔRpb9	yeast;	C→A	mutations	increased	from	

4.8	x10-6	to	3.3	x10-5	in	wildtype	yeast	and	from	6.1	x10-5	to	1.5	x10-5	in	ΔRpb9	yeast,	consistent	with	

oxidative	stress-induced	cytosine	deamination	and	TM	across	from	oxidative	DNA	lesions.	

	

DISCUSSION	

Errors	 during	 gene	 transcription	 can	 result	 in	 mutant	 proteins	 with	 altered	 properties.	

Consequently,	 TM	 has	 long	 been	 hypothesized	 to	 play	 a	 role	 in	 aging	 and	 age-related	 diseases,	

including	cancer	and	neurodegeneration,	as	well	as	in	the	evolution	of	viruses	and	bacteria	[101,	121-

123]	 .	Despite	 this	 long-standing	hypothesis,	 scientists	have	made	 little	progress	over	 the	 last	50	

years	in	elucidating	the	importance	of	TM	in	human	health	and	disease,	as	methods	for	detecting	TM	

have,	until	recently,	been	lacking.	The	sources	of	artifacts	in	conventional	RNA	sequencing	are	cDNA	

synthesis	 errors	 due	 to	 reverse	 transcription,	 PCR	 errors,	 and	 sequencing	 errors.	 Recently,	

recognizing	the	importance	of	RNA	mutation	detection,	several	groups	have	sought	to	address	one	

or	 multiple	 of	 these	 issues	 in	 an	 effort	 to	 accurately	 sequence	 RNA	 [124-127].	 However,	 these	

methods	have	either	failed	to	address	all	three	sources	of	artifacts	[124-126],	are	too	inefficient	for	
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in	vivo	 studies,	or	 they’ve	been	highly	 laborious	[127,	128]	and,	consequently,	 limited	to	studying	

highly	mutated	RNAs,	such	as	those	from	RNA	viruses.		

In	developing	ARC-seq,	I	reasoned	that,	by	generating	multiple	cDNA	copies	per	RNA	

molecule,	I	could	eliminate	sequencing	and	RT	errors.	This	required	uniquely	tagging	each	RNA	

molecule	prior	to	cDNA	synthesis	and	then	sequencing	multiple	cDNA	copies	per	original	RNA	

molecule.	Furthermore,	by	uniquely	tagging	each	cDNA	copy	(in	addition	to	the	RNA	barcoding),	I	

reasoned	that	I	would	be	able	to	distinguish	between	cDNA	duplicates	of	a	single	RNA	molecule	and	

PCR	duplicates	of	a	single	cDNA	copy.	This	is	important	to	eliminate	PCR	errors.		

Applying	ARC-seq	to	the	determination	of	TM	induced	during	in	vitro	transcription,	I	found	

that	ARC-seq	was	able	to	fully	eliminate	artifacts	due	to	RT,	PCR,	and	sequencing	errors,	revealing	

the	true	RNA	frequency	of	the	IVT	RNA	to	be	~	2x10-5	(Fig.	2B),	consistent	with	published	findings	

of	T7	RNA	polymerase’s	fidelity	[98].	Importantly,	by	increasing	the	stringency	of	ARC-seq	by	

requiring	an	additional	cDNA	copy	to	form	a	cDNA	consensus	sequence,	ARC-seq	was	even	able	to	

fully	eliminate	damage-induced	artifacts	in	the	high-fidelity	RNA	sequencing	data.	ARC-seq’s	

adaptability	to	increase	stringency	is	important	for	determining	TM	in	highly	damaged	RNAs,	such	

as	those	extracted	from	tissues,	as	in	vivo	RNAs	are	subject	to	a	cellular	environment	that	may	

induce	oxidative	RNA	damage	as	well	as	other	RNA	lesions.			

Upon	sequencing	RNAs	from	wildtype	and	RNA	polymerase	II-mutant	yeast,	I	found	that	

ARC-seq	revealed	a	stable	RNA	mutation	frequency	with	as	few	as	3	cDNA	copies	per	RNA	molecule	

(Fig.	3A);	this	was	surprising,	given	the	higher	stringency	required	when	sequencing	in	vitro	

transcribed	RNAs.	At	this	relatively	low	stringency,	ARC-seq	revealed	mutation	frequency	and	

spectrum	differences	between	the	wildtype	and	two	mutant	yeast	strains	(Fig.	3B).	The	most	

frequent	mutation	in	all	three	yeast	strains	was	the	C→U	mutation,	with	the	majority	of	the	

mutation	frequency	differences	between	the	mutants	and	wildtype	being	due	to	increases	in	this	

mutation.	Additionally,	subtle	differences	between	the	spectrums	of	mutations	in	the	three	yeast	



	 59	

strains	were	apparent,	consistent	with	the	fidelity	of	RNA	polymerase	II	differing	between	the	

strains.		

Applying	ARC-seq	to	the	biological	question	of	the	consequences	of	oxidative	stress	on	TM,	

ARC-seq	revealed	that	both	wildtype	and	ΔRpb9	yeast	showed	elevated	TM	following	treatment	

with	H2O2,	relative	to	controls.	Specifically,	C→A	mutations	increased	~4-fold	in	wildtype	and	~	3-

fold	in	ΔRpb9,	consistent	with	error-prone	transcriptional	bypass	of	an	8-oxoG	lesion,	the	most	

common	DNA	damage	resulting	from	oxidative	stress	[129,	130]	(Fig.	4A).	In	addition	to	the	

increased	C→A	mutations,	G→A	mutations	increased	~2-fold	in	wildtype	yeast	and	by	~50%	in	

ΔRpb9	yeast.	Deamination	of	cytosine	in	DNA	readily	results	upon	oxidation	of	cytosine;	thus,	these	

mutations	could	be	a	consequence	of	TM	across	a	deaminated	cytosine.	Alternatively,	oxidative	

stress	within	the	cell	could	result	in	deamination	of	cytosine	in	RNA,	yielding	the	same	mutation	

upon	sequencing.	I	am	unable	to	distinguish	between	these	two	possibilities	with	my	current	

bioinformatic	pipeline.	However,	in	terms	of	the	resulting	consequence	for	translation	of	the	

mutated	or	deaminated	RNA,	the	protein	change	will	be	the	same,	regardless	of	if	the	source	of	the	

G->A	mutation	is	TM	across	from	a	deaminated	cytosine	in	DNA	or	deamination	of	cytosine	in	the	

RNA.	Further	bioinformatic	development	will	allow	enable	me	to	distinguish	between	these	two	

events.	

Verifying	that	the	ΔRpb9	mutant	is	specifically	defective	in	RNA	polymerase	II	

transcriptional	fidelity,	the	rRNA	frequency	of	wildtype	and	ΔRpb9	yeast	were	approximately	equal	

(Fig.	4B).	Similar	to	the	mRNA,	following	oxidative	stress,	a	dramatic	increase	in	mutation	

frequency	occurred	in	rRNA	of	both	wildtype	and	ΔRpb9	yeast,	largely	due	to	increased	G→U	and	

C→U	mutations,	consistent	with	oxidative	stress-induced	TM	in	the	rRNA	of	these	yeast.	

Surprisingly,	the	untreated	rRNA	mutation	frequency	of	wildtype	yeast	was	~2-fold	lower	than	its	

mRNA	mutation	frequency,	largely	due	to	decreased	C→U	mutations.	This	potentially	suggests	that	

either	rDNA	is	more	readily	repaired	than	protein-coding	gene	regions	in	the	genome	or	that	the	
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fidelity	of	rRNA	synthesis	in	higher	than	that	of	mRNA	synthesis.	Given	that	rRNA	is	longer	lived	

and	involved	in	protein	translation,	both	of	these	potential	implications	make	sense.	While	a	

mutated	mRNA	may	be	translated	multiple	times,	yielding	a	pool	of	mutant	proteins,	codon	

redundancy	limits	the	impact	of	an	individual	mutation	and,	even	if	a	codon	change	results,	there	is	

still	only	that	one	protein	species	affected	by	the	TM	event.	In	contrast,	a	mutated	rRNA	could	

disrupt	the	function	or	fidelity	of	the	ribosome,	potentially	creating	many	more	mutant	proteins,	

which	would	be	a	worse	consequence	for	the	cell;	therefore,	rDNA	genome	regions	may	be	more	

closely	guarded	against	the	persistence	of	DNA	damage	or	RNA	polymerases	I	and	III	may	have	

higher	fidelity	than	RNA	polymerase	II.	Further	studies	combining	examination	of	DNA	damage	

distribution	coupled	with	TM	studies	of	rRNA	and	mRNA	may	help	distinguish	between	these	

possibilities.	

Importantly,	the	H2O2	dose	applied	in	my	oxidative	stress	experiment	resulted	in	greater	

than	95%	survival.	The	high	levels	of	TM	observed	suggests	that	DNA	damage,	whether	due	to	

exogenous	agents	or	endogenous	perturbations,	could	have	profound	yet	unappreciated	

consequences	for	cells.	Indeed,	the	oxidative	damage	theory	of	aging	proposes	that	the	

accumulation	of	oxidative	DNA	damage	over	the	course	of	an	organism’s	life	contributes	to	decline	

of	cellular	functions	and	eventual	death[131].	In	the	brain,	increased	oxidative	DNA	damage	and	

decreased	repair	capacities	correlate	with	cognitive	decline,	age-related	neuronal	dysfunction,	and	

neuronal	death	[132,	133].	Since	neurons	are	terminally	differentiated,	transcriptional	mutagenesis	

may	be	the	consequence	of	increased	damage	and	decreased	repair,	leading	to	cellular	dysfunction	

and	death.	Additionally,	multiple	studies	implicate	increased	oxidative	DNA	damage	as	a	driving	

pathological	mechanism	in	several	neurodegenerative	disorders,	including	AD	[134-136].	TM	may	

be	the	mechanism	responsible	for	the	cellular	dysfunction	and	protein	aggregation	in	AD.	Error-

prone	transcription	of	damaged	DNA	by	RNAPII	could	produce	dysfunctional	proteins,	seeding	

protein	aggregation	and,	ultimately,	result	in	cell	death.		
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In	conclusion,	Accurate	RNA	Consensus	sequencing	(ARC-seq),	enables	the	highly	accurate	

study	of	RNA	mutations	at	the	single-molecule	level	from	any	RNA	source,	regardless	of	organism	

or	type	of	RNA,	and	has	the	flexibility	to	increase	stringency,	as	may	be	required	to	sequence	highly	

damage	RNAs.	ARC-seq	will	enable	sensitive	studies	of	how	perturbing	a	cell’s	environment	or	

machinery	affects	the	fidelity	of	transcription.	Additionally,	ARC-seq	can	be	used	to	elucidate	the	

contribution	of	RNA	mutations	to	aging,	cancer,	and	neurodegeneration,	as	well	as	the	evolution	

and	acquired	resistance	of	viruses	and	bacteria.		

	

METHODS	

	 In	vitro	transcribed	(IVT)	RNAs	were	generated	from	a	single-stranded	m13mp18	DNA	

template	via	an	established	protocol	[137],	using	T7	RNA	polymerase.	To	generate	damaged	IVT	

RNA,	following	transcription,	the	high-fidelity	RNA	was	treated	with	100μM	H2O2	and	FeCl3	to	

induce	oxidative	DNA	damage,	according	to	an	established	protocol	[138].	To	generate	mutated	IVT	

RNA,	the	m13mp18	DNA	template	was	treated	with	1mM	H2O2	prior	to	transcription.	

	 Wild	type	and	E1103G	yeast	were	a	gift	from	Mikhail	Kashlev	at	the	NIH/NCI,	and	ΔRpb9	

yeast	were	a	gift	from	Jeffrey	Strathern	at	the	NIH/NCI.	To	measure	TM	in	yeast,	log-phase	or	

stationary-phase	yeast	were	pelleted,	washed	with	cold	1X	PBS,	and	re-pelleted.	The	cell	walls	were	

then	digested	by	incubating	cells	in	a	buffer	containing	sorbitol	and	100U	of	Zymolyase,	according	

to	an	established	protocol	[139].	RNAs	were	then	extracted,	enriching	for	mRNA,	using	the	

Dynabead	mRNA	Direct	Kit	from	Ambion.	Extracted	RNAs	were	stored	in	TElow	buffer,	made	with	

DEPC-treated	nuclease-free	water,	with	100U	of	murine	RNAse	inhibitor	from	NEB	added,	at	-80°C.	

To	measure	RNA	mutations,	RNA	libraries	were	prepped	via	the	ARC-seq	protocol,	detailed	

in	full	in	the	Supplementary	Information.	Briefly,	fragmented	RNAs	were	end-repaired,	pre-

adenylated,	and	ligated	to	a	custom	RNA	adaptor	containing	16	nucleotides	of	randomized	

sequence	as	well	as	primer	sequences	necessary	for	sequencing	on	the	Illumina	platform.	Adapted	
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RNAs	were	then	circularized	and	subjected	to	rolling-circle	reverse	transcription	to	generated	

multimeric	cDNAs.	cDNA	multimers	were	then	restricted	into	cDNA	monomoers,	each	of	which	was	

subsequently	indexed	via	5’-overhang	extension,	using	a	primer	containing	an	additional	8	

nucleotides	of	randomized	sequence,	as	well	as	the	remaining	primer	sequence	necessary	for	

Illumina	platform	sequencing.	Finally,	the	indexed	cDNA	monomers	were	amplified	and	sequenced	

on	an	Illumina	HiSeq	2200,	using	the	dual	indexing	protocol.		

Bioinformatic	processing	of	the	resulting	raw	sequence	data	combines	the	use	of	commonly	

available	tools	as	well	as	software	written	in-house.	Briefly,	all	raw	sequencing	reads	are	filtered	

based	on	the	requirement	that	each	position	of	the	16	nucleotide	RNA	barcode	in	read	4	and	the	8	

nucleotide	cDNA	tag	in	read	3	be	only	one	of	the	four	canonical	bases;	any	reads	not	conforming	to	

this	criterion	are	discarded.	The	16	nucleotide	RNA	barcode	and	8	nucleotide	cDNA	tag	are	

computationally	appended	to	the	header	of	each	read-pair.	The	reads	are	then	aligned	against	

S228C	yeast	reference	genome,	using	the	Burrows-Wheeler	Aligner	(BWA)	[63].	Reads	not	aligning	

to	the	yeast	genome	are	filtered	out.	A	PCR	consensus	sequence	for	cDNA	tag	family	(e.g.	reads	

sharing	identical	tag	sequences)	is	computationally	determined	using	software	written	in-house.	

The	PCR	consensus	for	any	position	is	considered	undefined	if	the	position	if	less	than	99%	of	the	

sequences	at	that	position	are	in	agreement.	The	PCR	consensus	sequences	are	then	realigned	to	

the	yeast	genome	using	BWA.	After	filtering	for	unmapped	reads,	cDNA	consensus	reads	are	then	

computationally	determined	using	software	written	in-house.	The	cDNA	consensus	for	any	position	

is	considered	undefined	if	the	position	is	represented	by	fewer	than	n	instances	in	the	family	or	if	

less	than	70%	of	the	sequences	at	that	position	in	the	read	are	in	agreement;	n	represents	the	

number	of	cDNA	copies	generated	from	each	RNA	molecule	and	can	be	adjusted	to	increase	assay	

stringency	if	the	RNA	template	is	damaged.	Next,	to	remove	alignment	artifacts	common	at	the	ends	

of	reads,	8	nucleotides	from	the	end	of	each	end	of	the	cDNA	consensus	reads	are	soft-clipped	using	
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the	Genome	Analysis	Toolkit.	Finally,	mutation	frequencies	and	locations	are	determined,	using	

scripts	written	in-house.	All	scripts	are	available	upon	request.		 	
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FIGURES	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	1:	Overview	of	ARC-seq	method	and	advantages.	A:	Each	RNA	is	ligated	to	an	adaptor	
containing	a	unique	barcode.	Ligated	RNAs	are	then	circularized	and	subjected	to	rolling-circle	
reverse	transcription,	generating	a	multimeric	cDNA	from	each	RNA	molecule.	cDNA	multimers	are	
then	restricted	into	monomers,	which	represent	cDNA	copies	of	the	original	RNA	molecule.	Each	
cDNA	is	then	tagged	with	a	unique	tag,	amplified,	and	sequenced.	B:	Illustration	of	error-correction	
by	ARC-seq.	(i)	A	single	RNA	molecule	containing	a	true	RNA	mutation	(red);	this	molecule	is	
barcoded.	(ii)	Rolling-circle	reverse	transcription	generates	multiple	cDNA	copies	from	each	ligated	
RNA	molecule,	introducing	random	errors	(orange);	(iii)	Amplification	and	sequencing	amplifies	
the	existing	errors	and	introduces	new	errors	(purple),	further	obscuring	the	true	RNA	mutation.	
The	level	of	artifacts	present	in	standard	RNAseq	data	is	illustrated	at	this	level.	(iv)	After	
sequencing,	cDNA	tags	are	bioinformatically	matched	and	a	consensus	sequence	is	generated	for	
each	cDNA	copy,	eliminating	many	amplification	and	sequencing	artifacts.	(v)	Finally,	the	RNA	
barcodes	are	matched	and	a	consensus	sequence	is	generated	from	the	cDNA	copies,	which	
regenerates	the	original	RNA	molecule’s	sequence,	revealing	the	true	RNA	mutation.	
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Figure	2:	ARC-seq	eliminates	damage-induced,	reverse	transcription,	PCR,	and	sequencing	

artifacts,	revealing	true	RNA	mutations.	High-fidelity	(blue),	damaged	(green),	and	mutated	
(purple)	RNAs,	were	generated	by	in	vitro	transcription	by	T7	RNA	polymerase	(A)	and	sequenced	
via	ARC-seq	(B).	While	conventional	RNAseq	has	a	high	level	of	artifacts,	with	increased	artifacts	
observed	in	the	damaged	RNA	template,	ARC-seq	is	able	to	fully	correct	damage-induced	artifacts,	
revealing	the	true	RNA	mutation	frequency	to	be	~2x10-5,	without	artificially	removing	true	RNA	
mutations.	Error	bars	represent	Wilson	scores	of	95%	confidence.	
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Figure	3:	ARC-seq	reveals	differences	in	RNA	mutation	frequencies	and	spectrum	between	

yeast	RNA	polymerase	mutants.	RNAs	from	wildtype	(WT),	E1103G,	and	ΔRpb9	yeast	were	
sequenced	via	ARC-seq,	with	the	number	of	cDNA	copies	per	RNA	molecule	required	to	generate	a	
consensus	sequence	varied	from	1	thru	5.	A:	RNA	mutation	frequency	stabilizes	at	3	cDNAs	per	RNA	
molecule,	revealing	RNA	mutation	frequency	differences	between	wildtype	and	the	two	mutants.	B:	
ARCseq	reveals	subtle	differences	between	the	mRNA	mutation	spectrum	of	wildtype	and	mutant	
yeasts.	Error	bars	represent	Wilson	scores	of	95%	confidence.	
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Figure	4:	ARC-seq	reveals	differences	in	TM	after	oxidative	stress	between	yeast	RNA	fidelity	

mutants	and	between	RNA	type.	Wildtype	(WT)	and	ΔRpb9	yeast	were	exposed	to	H2O2	and	then	
their	RNAs	were	sequenced	via	ARC-seq.	A:	mRNA	frequency	and	spectrum	in	untreated	(ctrl)	and	
50uM-treated	(H2O2)	wildtype	and	ΔRpb9	yeast.	B:	rRNA	frequency	and	spectrum	in	untreated	
(ctrl)	and	50uM-treated	(H2O2)	wildtype	and	ΔRpb9	yeast.	Error	bars	represent	Wilson	scores	95%	
confidence.	
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SUPPLEMENTARY	INFORMATION	

	
Accurate	RNA	Consensus	Sequencing	(ARCseq)	Protocol	
	
Sequences	of	primers	and	adaptor	for	protocol	

• RCRT-01		
o ARCseq	adaptor	
o 5’-	NNNNNNNNNNNNNNNN	AGAUCGGAAGAGCACACGUCUGAACUCCAGUCAC	GGCGCGCC	

CCUACACGACGCUCUUCCGAUCU	GA	-3’	
• RCRT-02		

o Primer	for	rolling-circle	reverse	transcription	
o 5’	–	TGCATTGATGGTGCCTACAG	AGATCGGAAGAGCGTCGTGTAGG	-	3’	

• AscIX	oligo		
o Single-stranded	oligo	annealed	in	for	multimer	digestion	
o 5'	-	TGAACTCCAGTCACGGCGCGCCCCTACACGACGCT	-	3'	

• RCRT-05	index2	
o Primer	to	index	cDNA	duplicates	to	distinguish	btw	cDNA	and	PCR	duplicates	
o 5’	–	AATGATACGGCGACCACCGAGA	TCT	TTCA	NNNNNNNNNNN	ACACTCTTTCCCTACACGACGCTCTTCCGATCT	

GA	–	3’	
• P5	

o Illumina	5’-primer	
o 5’	-	AATGATACGGCGACCACCGAGA	–	3’	

• MWS-20		
o Illumina	3’-primer	
o 5’	–	GTGACTGGAGTTCAGACGTGTGC	–	3’	

• MWS-21		
o Illumina	indexing	primer	
o 5’	–	CAAGCAGAAGACGGCATACGAGAT-XXXXXX-GTGACTGGAGTTCAGACGTGTGC		–	3’	

	
Required	reagents	

• RNAClean	XP	beads	
o Agencourt,	A66514	

• AMPure	XP	beads	
o Agencourt,	A63882	

• RNA	Fragmentation	Reagent	
o ThermoFisher	Scientific,	AM8740	

• RNAse	inhibitor,	murine	
o NEB,	M0314L	

• Shrimp	Alkaline	Phosphatase	(rSAP)	
o NEB,		M0371L	

• OptiKinase	
o Affymerix,	78334Z	

• DNAse,	RNAse	free	
• 5’-DNA	adenylation	kit	

o NEB,	E2610L	
• T4	RNA	Ligase	2,	KQ,	truncated	

o NEB,	M0373L	
• T4	RNA	Ligase	1,	high	concentration	

o M0437M	
• Protoscript	II	RT	

o NEB,	M0368X		
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• AscI	
o NEB,	R0558L	

• BssHII	
o NEB,	R0199L	

• KAPA	HiFi	HotStart	DNA	Polymerase	
o Kapa	Biosystems,	KK2102	

• Agilent	TapeStation	Reagents	
o High-sensitivity	RNA	and	DNA	screen	tapes	and	reagents:	5067-	-5584,	-5585,	-5579,	

and	-5580	
	
	
mRNA	extraction	
	
For	mRNA	extraction,	use	a	method	that	minimized	RNA	damage	and	maximizes	mRNA	yield	and	
purity.	
	
Recommended	kit	(minimal	mRNA	damage	and	easy	to	use):	Ambion’s	Dynabeads	mRNA	DIRECT	
Purification	Kit	(ThermoScientific,	cat.	no.	61011)	
	
Store	extracted	mRNA	in	>50uL	DEPC-treated	TlowE	+	200U	RNAse	inhibitor	
	
Fragmentation	using	Ambion	RNA	Fragmentation	Reagents	

1. Preheat	thermocycler	to	70°	C	and	hold	
2. Aliquot	18uL	each	mRNA	sample	into	a	PCR	tube	
3. Add	2uL	Fragmentase	Solution,	mix	&	spin	briefly	
4. Incubate	at	70°	C	for	1-5	minutes,	determined	empirically	for	RNA	source	
5. Place	on	ice,	add	2uL	Stop	Solution,	and	mix	

	
End-repair	
	
1. Dephosphorylation	of	5’-	and	3’-	ends	of	fragmented	mRNA	

a. Mix	the	following	components	in	a	sterile	nuclease-free	PCR	tube:	
	

	 1X	 ____X	MM	

Fragmented	mRNA	 22	 ---	
10X	Phosphatase	buffer	 3	 	

NFW	 2	 	
RNAse	inhibitor	 1	 	

rSAP	(shrimp	alk.	phosp)	 2	 	
Total	 30	 (8uL/smpl)	

	
b. Mix	&	briefly	spin	to	collect	all	liquid	from	the	sides	of	the	tube	
c. Place	in	a	thermocycler,	with	the	heated	lid	on,	and	run	the	following	program:	

	 30	min	@	37°	C	
	 ∆-inactivate	@	65°	C	x	5	min	
	 Hold	@	4°	C	
	
2. 5’-phosphorylation	w/OptiKinase	(PNK	mutant)	+	DNAse	treatment	
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DNA	contamination	is	not	uncommon	even	with	good	mRNA/rRNA	ratios,	post	extraction;	to	remove	
any	DNA	that	may	still	be	present,	add	DNAse	during	repair	of	the	5’-ends	

a. Add	the	following	components	to	the	PCR	tubes	from	1c	above:		
	

	 1X	 ____X	MM	

P-tx’d	mRNA	from	1c	 30	 ---	
10X	PNK	buffer	 10	 	

NFW	 52	 	
100mM	ATP	 1	 	

RNAse	inhibitor	 1	 	
T4	PNK	 4	 	
DNAse	 2	 	
Total	 183	 (70uL/smpl)	

	
b. Mix	&	briefly	spin	to	collect	all	liquid	from	the	sides	of	the	tube;	split	smpls	btw	2	tubes	

each	
c. Place	in	a	thermocycler,	with	the	heated	lid	on,	and	run	the	following	program:	

	 60	min	@	37°	C	
	 Add	5uL	50mM	EDTA	and	mix,	to	inactivate	DNAse	
	 	
3. Sample	clean-up	&	size-selection	

a. Add	150uL	(1.5X	vol)	Ampure’s	RNA	CleanXP	beads	(pre-warmed	30’	at	room	
temperature)	&	mix	well	

b. Incubate	at	room	temperature	for	2min	then	briefly	spin	down	to	collect	smpl	
c. Place	on	magnet	>3min	(until	all	beads	gather)	
d. Discard	supernatant	
e. Wash	beads	with	200uL	80%	EtOH,	freshly	made	(ON	magnet)	
f. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
g. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
h. Remove	from	magnet	&	add	20uL	DEPC-tx’d	TlowE	&	mix	to	elute	RNA	from	beads	
i. Incubate	2min	at	room	temperature	then	place	on	magnet	
j. Transfer	supernatant	to	new	tube	

	
4. Quantification	(ESSENTIAL)	

a. Mix	1uL	high-sensitivity	RNA	sample	dye	with	1uL	of	RNA	and	1uL	NFW	in	PCR	tubes	
b. Incubate	at	72°	C	x	3	min	then	place	on	ice	for	2min	
c. Run	mix	on	TapeStation,	using	high-sensitivity	RNA	tapes	
d. Quantify	the	region	150-800fmol	

	
Adaptor	Ligation	
	
1. 5’-adenylation	of	RNAs	

a. Make-up	RNA	+	NFW	mixes	shown	in	table	above	in	nuclease-free	PCR	tubes	
b. Add	10uL	of	the	following	master	mix	(MM)	to	each	tube:	

	
	

	 1X	 _____X	MM	

End-repaired	RNA	+	NFW	 20	 ---	
10X	5’-adenylation	buffer	 4	 	
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DEPC-tx’d	NFW	 9	 	
1mM	ATP	 4	 	

RNAse	inhibitor	 2	 	
Mth	ligase	(50pmol/uL)	 1	 	

Total	 40	 (20uL/smpl)	
	 	 	
**	NOTE:	Mth	ligase	must	be	equimolar	or	better	to	RNA;	the	above	recipe	has	Mth	in	10-fold	excess	
	

c. Mix	&	briefly	spin	to	collect	all	liquid	from	the	sides	of	the	tube	
d. Place	in	a	thermocycler,	with	the	heated	lid	on,	and	run	the	following	program:	

	 60	min	@	37°	C	
	 ∆-inactivate	@	80°	C	x	5	min	
	 Hold	@	25°	C	
	

2. Sample	clean-up	
a. Add	60uL	(1.5X	vol)	Ampure’s	RNA	CleanXP	beads	(pre-warmed	30min	at	room	

temperature)	&	mix	well	
b. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
c. Place	on	magnet	>2min	(until	all	beads	gather)	
d. Discard	supernatant	
e. 2	X	200uL	80%	EtOH	washes,	freshly	made	(ON	magnet)	
f. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
g. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
h. Remove	from	magnet	&	add	20uL	DEPC-tx’d	NFW	&	mix	to	elute	RNA	from	beads	
i. Incubate	2min	at	room	temperature	then	place	on	magnet	
j. Transfer	supernatant	to	new	tube	

	
3. 5’-ligation	of	RCRT-01	adaptor,	1	rxn/smpl	(PEG	enables	crowding,	so	no	need	to	split	

smpls)	
**	NOTE:	new	“100nM	RCRT-01”	=	33fmol/uL,	according	to	the	TapeStation	
	 ∴	1uM	RCRT-01	=	330	fmol/uL	
	

a. Add	4.85uL	“1uM	RCRT-01”	adaptor	to	each	RNA	from	2k	above	
b. Incubate	RNA	+	adaptor	at	72°	C	x	3	min	then	on	ice	x	2	min	

	
	 1X	 15X	MM	

pApp	RNA	 20	 ---	
“1uM	RCRT-01”	adaptor	

**	
4.85	 ---	

DEPC-tx’d	NFW	 5.65	 	
10X	RNA	Ligase	buffer	 6	 	

50%	PEG-8000	 18	 	
RNAse	inhibitor	 1.5	 	

Rnl2	KQ	 4	 	
Total	 60	 (35.2uL/smpl)	

	
***	Note:	Want	>4x	molar	ratio	of	RCRT-01	adaptor	to	end-repaired	RNA	

c. Add	35.2	uL	MM	shown	above	and	aliquot	15uL	each	RNA	rxn	mix	into	4	tubes		
d. Incubate	@	16°	C	overnight	(19h)	
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• >	16h	is	preferable	
	
4. Sample	clean-up	&	size-selection,	using	Zymo	Research’s	RNA	Clean	&	Concentrator	kit	

a. Combine	60uL	(1X	vol.)	RNA	Bind	Buffer	w/60uL	(1X	vol.)	100%	EtOH	&	add	mix	to	
RNA	ligation	reaction	from	3d	

b. Follow	kit	instructions	for	bind,	prep,	and	wash	steps	
- This	should	clean	all	nucleic	acids	<200nt	away	from	larger,	desired	(i.e.	ligated)	

products	
c. Elute	RNA/DNA	in	35uL	NFW	

	
Circularization	of	adapted	RNAs	
	
1. 5’-phosphorylation	of	adapted	RNAs	by	PNK	

*	Note:	RCRT-01	adaptor	does	not	come	phosphorylated	on	the	5’-end	in	order	to	minimize	self-
ligation	during	RNA:adaptor	ligation;	thus,	it	needs	to	be	phosphorylated	prior	to	circularization	
	

a. Add	15uL	of	the	following	MM	to	each	adapted	RNA	from	4k	above:	
	

	 1X	 _____X	MM	

RCRT-01-	adapted	RNA	 35	 ---	
DEPC-tx’d	NFW	 7.5	 	
10X	PNK	buffer	 5	 	
100mM	ATP	 0.5	 	

RNAse	inhibitor	 1	 	
T4	PNK	 2	 	
Total	 50	 (15uL/smpl)	

	
b. Incubate	at	37°	C	X	60	min		
c. 25°	C	hold	

	
2. Sample	clean-up		

a. IMPORTANT:	transfer	reactions	to	a	NEW	PCR	tube	
b. Add	50uL	(1X	vol)	Ampure	XP	beads	(pre-warmed	30min	at	room	temperature)	&	mix	

well		
c. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
d. Place	on	magnet	>2min	(until	all	beads	gather)	
e. Discard	supernatant	
f. Wash	beads	2X	w/200uL	75%	EtOH,	freshly	made,	w/vortexing/magnet	shift	
g. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
h. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
i. Remove	from	magnet	&	add	20uL	DEPC-tx’d	NFW	&	mix	to	elute	RNA	from	beads	
j. Incubate	2min	at	room	temperature	then	place	on	magnet	
k. Transfer	supernatant	to	new	tube	

	
3. Circularization	of	5’-phosphorylated,	RCRT-01-adapted	RNAs,	2	rxns/smpl	

a. Incubate	RNA	from	2k	@	72°	C	x	3	min	then	on	ice	x	2	min	
b. Add	20	uL	MM	shown	below	to	each	RNA		
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	 1X	 ______X	MM	

RCRT-01-	adapted	RNA	 20	 ---	
DEPC-tx’d	NFW	 3.5	 	

10X	RNA	Ligase	buffer	 4	 	
1mM	ATP	 2	 	

50%	PEG-8000	 8	 	
RNAse	inhibitor	 1	 	

Rnl1,	high	concentration	 1.5	 	
Total	 40	 (20uL/smpl)	

	
c. Incubate	@	37°	C	X	2h	
d. Cool	to	16°	C	
e. Add	1uL	add’l	Rnl1	HC	enzyme	
e. Incubate	@	16°	C	overnight	(21.5h)	

• >	16h	is	preferable	
	
4. Sample	clean-up		

a. Add	60uL	NFW	to	increase	volume	to	100uL	
b. Add	100uL	(1X	vol)	Ampure’s	RNA	CleanXP	beads	(pre-warmed	30min	at	room	

temperature)	&	mix	well	
c. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
d. Place	on	magnet	>2min	(until	all	beads	gather)	
e. Discard	supernatant	
f. Wash	beads	with	200uL	80%	EtOH,	freshly	made	(ON	magnet)	
g. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
h. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
i. Remove	from	magnet	&	add	20uL	NFW	&	mix	to	elute	RNA	from	beads	
j. Incubate	2min	at	room	temperature	then	place	on	magnet	
k. Transfer	supernatant	to	new	tube	

	
Rolling-circle	reverse	transcription	
	
1. Setup	overnight	RC-RT	reactions,	4	rxns/smpl	

a. Add	4uL	10uM	RCRT-02	RT-primer	to	each	circularized	RNA	from	4l	above	
b. Incubate	RNA	+	primer	@	72°	C	x	3	min	then	on	ice	x	2	min	
c. Add	56uL	of	the	following	MM	to	each	RNA+primer	mix	and	aliquot	20uL	each	RNA	rxn	

mix	into	4	tubes	
	 1X	 ____X	MM	

Circularized	RNA	 20	 ---	
10uM	RCRT-02	primer	 4	 ---	

DEPC-tx’d	NFW	 28	 	
10X	ProtoScript	buffer	 8	 	

10mM	dNTPs	 6	 	
10X	DTT	 8	 	

RNAse	inhibitor	 2	 	
ProtoScript	RT	 4	 	

Total	 80	 (56uL/smpl)	
	

d. Incubate	@	42°	C	overnight	(21.5h)	
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• >	20h	is	preferable	
	
2. Size-select	RC-RT	rxn	products		

a. Transfer	smpls	to	1.5mL	epi	tube	
b. Add	120uL	NFW	to	increase	volume	to	200uL	
c. Add	120uL	(0.6X	vol)	Ampure	XP	beads	(pre-warmed	30min	at	room	temperature)	&	

mix	well		
d. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
e. Place	on	magnet	>2min	(until	all	beads	gather)	
f. Discard	supernatant	
g. Wash	beads	with	500uL	80%	EtOH,	freshly	made,	vortexing	to	resuspend	beads	
h. Discard	supernatant;	repeat	wash	w/200uL	80%	EtOH,	vortexing	again	
i. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
j. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
k. Remove	from	magnet	&	add	35uL	NFW	&	mix	to	elute	cDNA	from	beads	
l. Incubate	2min	at	room	temperature	then	place	on	magnet	
m. Transfer	supernatant	to	PCR	tube	

	
Digest	multimeric	cDNAs	into	monomers	w/AscI	and	BssHII	
	
	 *	Anneal	RC	ssDNA	à	cut	à	repeat	2x	
	
1. Setup	AscI	digestions	of	multimeric	cDNAs	from	2m	above,	2	rxns/smpl	

a. Add	the	23uL	of	following	MM	to	cDNAs	from	2m	above:	
	

	 1X	 _____X	MM	

Multimeric	cDNA	 35	 ---	
NFW	 6.5	 	

10X	CutSmart	buffer	 5	 	
100X	BSA	 0.5	 	

10uM	AscI	X	oligo	 1	 	
AscI	 2	 ---	

Total	 50	 (23uL/smpl)	
	

b. Heat	cDNA	+	MM	to	90°	C	X	3min,	anneal	@	65°	C	X	30sec,	cool	to	37°	C	
c. Add	2uL	AscI	to	each	tube	
d. Incubate	rxns	@	37°	C	X	1h	
e. REPEAT	step	b.)	
f. Add	1uL	add’l	AscI	to	each	tube	
g. Incubate	rxns	@	37°	C	X	30min	
h. Add	1uL	add’l	10uM	AscI	X	oligo	to	each	tube	
i. Heat	cDNA	+	MM	to	90°	C	X	3min,	anneal	@	65°	C	X	30sec,	cool	to	50°	C	
j. Add	1uL	BssHII	to	each	tube	
k. Incubate	rxns	@	50°	C	X	30min	

	
5. Sample	clean-up		

a. Add	50uL	(1X	vol)	Ampure	XP	beads	(pre-warmed	30min	at	room	temperature)	&	mix	
well		

b. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
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c. Place	on	magnet	>2min	(until	all	beads	gather)	
d. Discard	supernatant	
e. Wash	beads	2X	w/200uL	80%	EtOH,	freshly	made,	w/pipette-resuspension	of	beads	
f. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
g. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
h. Remove	from	magnet	&	add	40uL	TlowE	&	mix	to	elute	cDNA	from	beads	
i. Incubate	2min	at	room	temperature	then	place	on	magnet	
j. Transfer	supernatant	to	new	tube	

	
Index2	Extensions	(tail-in	PCR-ID)	
	
1. Setup	extension	reactions,	with	the	RCRT	Index2	primer,	to	tail-in	the	PCR-ID	(2rxns/smpl)	

a. Add	60uL	of	the	following	MM	to	each	monomerized	cDNA	smpl		
	

	 1X	 ____X	MM	

NFW	 34	 	
5X	Kapa	Buffer	 20	 	
10mM	dNTPs	 2	 	

10uM	RCRT-05	index2	 2	 	
Kapa	HiFi	poly.	 2	 	

monomeric		cDNA	 40	 ---	
Total	 100	 (60uL/smpl)	

	
b. Mix	&	briefly	spin	to	collect	all	liquid	from	the	sides	of	the	tube;	aliquot	50uL	into	each	of	

2	tubes	
c. Place	in	a	thermocycler,	with	the	heated	lid	on,	and	run	the	following	program:	

	 95°	C	X	4min	
Then	3	cycles:	

- 98°	C	X	20sec	
- 57°	C	X	40sec	
- 72°	C	X	4min	

	 Hold	@	25°	C	
	
2. Sample	clean-up		

a. IMPORTANT:	pool	2rxns/smpl	aliquots	into	a	single	PCR	tube	
b. Add	80uL	(0.8X	vol)	Ampure	XP	beads	(pre-warmed	30min	at	room	temperature)	&	

mix	well		
c. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
d. Place	on	magnet	>2min	(until	all	beads	gather)	
e. Discard	supernatant	
f. Wash	beads	2X	w/200uL	80%	EtOH	(ON	MAGNET)	
g. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
h. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
i. Remove	from	magnet	&	add	40uL	TlowE	&	mix	to	elute	cDNA	from	beads	
j. Incubate	2min	at	room	temperature	then	place	on	magnet	
k. Transfer	supernatant	to	new	tube	
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PCR1	
	
1. Setup	PCR	1	to	amplify	the	extended	products	from	2k	

a. Add	60uL	of	the	following	MM	to	each	extended	DNA	smpl	and	aliquot	50uL	into	
each	of	2	tubes	

	
	 1X	 ____X	MM	

NFW	 24	 	
5X	Kapa	Buffer	 20	 	
10mM	dNTPs	 4	 	

10uM	P5	primer	 4	 	
20uM	MWS-20	primer	 2	 	

12.5X	Sybr	 4	 	
Kapa	HiFi	poly.	 2	 	
extended	DNAs	 40	 ---	

	
b. Mix	&	briefly	spin	to	collect	all	liquid	from	the	sides	of	the	tube	
c. 	PCR	conditions	

	95°	C	X	4min	
			X				cycles:	
98°	C	X	20sec	
60°	C	X	20sec	
72°	C	X	15sec	
	
	 	 Pull	reaction(s)	as	they	approach	saturation			
	 	 Note	cycle	no.	for	each	sample	
	
	
	
	
	
2. Sample	clean-up		

a. IMPORTANT:	pool	2rxns/smpl	aliquots	into	a	single	NEW	PCR	tube	
b. Add	80uL	(0.8X	vol)	Ampure	XP	beads	(pre-warmed	30min	at	room	temperature)	&	

mix	well		
c. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
d. Place	on	magnet	>2min	(until	all	beads	gather)	
e. Discard	supernatant	
f. Wash	beads	2X	w/200uL	80%	EtOH	(ON	MAGNET)	
g. Discard	supernatant;	use	P10	pipette	to	remove	residual	EtOH	
h. Incubate	@	RT	for	3min	to	allow	residual	EtOH	to	evaporate	(do	NOT	over-dry	beads!)	
i. Remove	from	magnet	&	add	50uL	TlowE	&	mix	to	elute	cDNA	from	beads	
j. Incubate	2min	at	room	temperature	then	place	on	magnet	
k. Transfer	supernatant	to	new	tube	

	
	
	
	
	

Smpl.	no.	 No.	of	cycles	

1	 	
2	 	
3	 	
4	 	
5	 	
6	 	
7	 	
8	 	
9	 	
10	 	
11	 	
12	 	
13	 	
14	 	

**	For	100fmol	input	into	adaptor	ligation,	samples	
should	come	up	around	11-13	cycles;	significantly	later	
could	indicate	issues	with	previous	steps	



	 77	

Index	PCR	
	
IMPORTANT:	In	this	PCR,	the	second	primer,	MWS-20,	is	replaced	with	a	sample-specific	index	
primer,	MWS-21-index.	Each	sample	gets	a	different	primer,	which	has	a	different	index.	This	
allows	multiplexing	samples	on	sequencing	lanes	and	demuxing	them	later.	
	
1. Amplify	captured	DNA,	running	ONE	tube	per	reaction	

a. Mix	the	following	components:	
	 1X	 ____X	MM	

NFW	 13	 	
5X	Kapa	Buffer	 10	 	
10mM	dNTPs	 2	 	

10uM	P5	 2	 	
10uM	MWS-21-index	 2	 ---	

Kapa	HiFi	poly.	 1	 	
DNA	 20	 ---	

	
	Add	2uL	sample-specific	MWS-21-index	to	each	DNA		 	
Add	28uL	MM	to	each	DNA+index	smpl	&	mix	well;	spin		
briefly	to	collect	
	

a. 	PCR	conditions	
95°	C	X	4min	
		6			cycles:	
98°	C	X	20sec	
60°	C	X	20sec	
72°	C	X	15sec	
	
	 	 Pull	reaction(s)	as	they	approach	saturation			
	
	
2. Sample	clean-up	&	size-selection	

											*NOTE:	the	bead	wash	steps	for	post-index	PCR	clean-up	are	more	robust	because	the	index	
primer			 tends	to	dimerize,	which	will	waste	sequencing	space	if	residual	primer	dimers	are	
present	in	the		 sequencing	mix.	
	

a. Add	40uL	(0.8X	vol)	Ampure	XP	beads	(pre-warmed	30min	at	room	temperature)	&	
mix	well	

b. Incubate	at	room	temperature	for	3min	then	briefly	spin	down	to	collect	smpl	
c. Place	on	magnet	>2min	(until	all	beads	gather)	
d. Discard	supernatant	
e. Wash	beads	2	X	with	200uL	80%	EtOH	&	pipete	up-and-down	to	resuspend	
f. Place	on	magnet	>2min	&	discard	super	
g. Use	P10	pipette	to	remove	residual	EtOH	
h. Remove	from	magnet	&	add	30uL	NFW	&	mix	to	elute	DNA	from	beads	
i. Incubate	2min	at	room	temperature	then	place	on	magnet	
j. Transfer	supernatant	to	new	tube	
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Sequencing	mix	prep	
	
1. Post-ligation	quantitation	

2. Dilute	1:100	
3. Mix	2uL	high-sensitivity	sample	dye	with	2uL	of	DNA	(1:100	dilution)	in	PCR	tubes	
4. Run	mix	on	TapeStation,	using	high-sensitivity	tapes	
5. Quantify	the	region	200-950fmol	

	 	 	
	 	 	 	 	 	 	 	 	

Smpl.	ID	 Index	
1/100X	
fmol/uL	

fmol/uL	
frac.	

wanted	(of	
2	lanes)	

uL	1/100X	
needed	

5X	vol	
for	mix	

5x		fmol	 	

	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	
	 uL	smpl	==	 	 	 ==	total	fmol	in	mix	
	 uL	NFW	==	 	 	 ==	fmol/uL	in	mix	
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CONCLUSIONS	AND	PERSPECTIVES	

Proper	 cell	 functioning	 is	 critically	 important	 the	 processes	 of	 DNA	 replication	 and	 RNA	

transcription	being	accurate:	the	fidelity	of	these	processes	is	crucial;	infidelity	can	lead	to	cellular	

dysfunction	and	disease.	The	evidence	for	replication	and	transcription	infidelity	are	present	in	DNA	

and	 RNA	 mutations,	 respectively.	 In	 order	 to	 study	 the	 fidelity	 of	 DNA	 replication	 and	 RNA	

transcription	in	vivo,	 it	is	necessary	to	sequence	individual	DNA	and	RNA	molecules	to	detect	rare	

mutations	 in	 a	 high	 throughput	 manner.	 Until	 recently,	 this	 has	 not	 been	 possible,	 as	 accurate	

detection	of	rare	mutations	among	a	preponderance	of	wildtype	molecules	has	been	limited	by	the	

high	 error	 rate	 of	 available	methods.	 Conventional	 sequencing	methods	 are	 only	 able	 to	 reliably	

detect	mutations	present	in	5%	or	more	of	molecules	sequenced.	Rare	mutations	are	lost	during	this	

consensus	making;	consequently,	we	have	been	unable	to	accurately	measure	the	frequency	of	rare	

events,	which	are	the	evidence	of	 the	fidelity	of	replication	and	transcription.	The	solution	to	this	

problem	is	to	perform	single	molecule	sequencing	of	individually	barcoded	DNA	and	RNA	molecules.	

Here	I	have	presented	three	projects	which	apply	the	use	of	barcoding	individual	DNA	and	

RNA	molecules	in	order	to	enable	highly	accurate	and	sensitive	analyses	of	DNA	replication	and	RNA	

transcription	fidelity.	Duplex	Sequencing	is	an	immensely	powerful	method,	the	potential	of	which	is	

only	recently	starting	to	be	realized.	The	two	studies	employing	its	use	herein	reveal	the	power	of	

Duplex	Sequencing	to	address	questions	that	have	until	now	remained	a	mystery	due	to	the	lack	of	

tools	available.	The	question	of	why	CS	patients	don’t	get	cancer	has	puzzled	doctors	and	scientists	

for	decades.	While	many	have	speculated	as	to	the	cause,	we	have	finally	definitively	answered	the	

question:	CS	patients	fail	to	develop	cancer	because	they	do	not	accumulate	mutations	more	quickly	

than	repair-proficient	individuals.	The	broader	implication	of	this	finding	is	that	it	provides	evidence	

supporting	the	existence	of	a	mutator	phenotype	in	cancer	(XP-C	patients	accumulate	excessive	UV-

induced	mutations	and,	consequently,	develop	cancer	at	incredibly	high	rates),	as	well	as	potentially	

indicating	that	allowing	some	mutations	to	occur	is	crucial	for	normal	organism	survival	(CS	patients	
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fail	to	repair	or	bypass	UV-induced	damage	and,	consequently,	undergo	excessive	cell	death,	leading	

to	 tissue	 senescence	 and	 accelerated	 aging).	 This	 small	 study	was	 a	 nice	 example	 of	 the	 balance	

between	mechanisms	governing	aging	and	cancer	and	how	imbalance	in	either	direction	can	have	

profound	consequences.	

	The	question	of	why	GBM	patients	do	so	poorly	and	always	recur	has	long	plagued	doctors	

and	scientists.	Here,	we	expand	on	the	excellent	clonal	mutation	work	of	our	predecessors,	revealing	

that	 the	 substantial	 inter-	 and	 intra-tumoral	 clonal	 heterogeneity	 is	 further	 compounded	 by	

considerable	 subclonal	 heterogeneity.	 It	 is	 disconcerting	 that	 GBMs	 have	 so	 many	 levels	 of	

heterogeneity:	between	patients,	between	regions	of	a	tumor,	and	between	primary	and	recurrent	

tumors	 within	 each	 patient.	 Our	 results	 emphasize	 the	 need	 for	 in-depth	 analyses	 of	 individual	

patient’s	tumors	to	determine	which	mutations	are	already	present	and	devise	treatment	strategies	

unique	to	each	patient’s	tumor.	While	costs	and	treatment	options	may	preclude	this	from	being	a	

viable	option	at	this	time,	our	hope	is	that	with	further	analyses	and	correlating	clinical	data,	patient	

history,	and	mutation	(clonal	and	subclonal)	data,	we	can	devise	treatment	options	that	may	one	day	

prove	effective	in	GBM	treatment;	the	pipe	dream	being	that	we’ll	discover	how	GBM	occur	in	the	

first	place	and	be	able	to	put	in	place	monitoring	systems	to	detect	early	stage	GBM	and	prevent	it	

becomes	problematic.	

In	my	quest	to	address	the	question	of	the	role	of	RNA	fidelity	in	vivo,	the	challenge	was	first	

to	 figure	out	how	 to	do	 so,	 as	no	method	yet	 existed.	When	 I	began	developing	an	accurate	RNA	

sequencing	method,	my	goal	was	simply	to	be	able	to	generate	and	link	at	least	two	copies	of	cDNA	

derived	from	each	RNA	molecule.	This	proved	more	difficult	than	I	anticipated.	Initially,	I	attempted	

to	 take	advantage	of	 flu’s	RNA-directed	RNA	polymerase	 to	 first	generate	a	double-stranded	RNA	

from	which	I	could	make	two	cDNAs.	However,	flu	RNA	polymerase	proved	more	error-prone	than	I	

expected	based	on	the	in	vitro	studies	of	its	fidelity.	Next,	I	sought	to	take	advantage	of	a	biotinylated	

adaptor	to	recover	RNA	between	cDNA	synthesis	steps,	thereby	enabling	the	same	RNA	to	be	reverse	
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transcribed	multiple	times.	Despite	my	best	efforts	to	maximize	the	yield	of	each	round	of	reverse	

transcription,	 however,	 this	 proved	 highly	 inefficient;	 I	 was	 only	 somewhat	 consoled	 by	 the	

publication	of	a	similar	approach,	examination	of	which	revealed	a	similar	inefficiency	problem.		

Finally,	I	discovered	that	reverse	transcriptase	strand-displaces	and	could,	therefore,	be	used	

to	generate	a	multimeric	cDNA	from	a	circularized	RNA.	Eureka!	I	had	already	optimized	the	ligation	

conditions	for	multiple	RNA	ligases;	two	of	which	proved	to	be	immensely	useful	in	my	method.	After	

a	few	more	hurdles,	remembering	that	biotin	can	sterically	hinder	enzymes	and,	thus,	interfere	with	

efficient	 reverse	 transcription	 and	 realizing	 that	 I	would	need	 a	way	 to	distinguish	between	PCR	

duplicates	of	a	single	cDNA	and	cDNA	duplicates	of	a	single	RNA,	I	finally	succeeded	in	developing	an	

efficient	method	of	generating	multiple	cDNA	copies	from	single	RNA	molecules.	To	ensure	that	my	

method	was	 able	 to	 fully	 eliminate	 artifacts	 and,	 thus,	was	 indeed	 a	 superior	 approach	 than	 the	

methods	 that	 had	 been	 published	 during	 my	 time	 developing	 my	 own,	 I	 painstakingly	 quality	

controlled	every	step	of	the	protocol	to	ensure	its	efficiency	and	accuracy	was	optimized.	And,	thus,	

after	two	years	of	failure	and	frustration,	I	finally	succeeded	in	developing	ARC-seq.	

The	question	of	what,	if	any,	contribution	RNA	mutations	have	in	health	and	disease	has	

been	one	that	has	remained	unanswered	for	more	than	50	years.	ARC-seq	will	enable	studies	on	

how	perturbing	a	cell’s	environment	or	machinery	affects	the	fidelity	of	transcription	and	to	what	

extent	RNA	mutations	contribute	to	aging,	cancer,	and	neurodegeneration,	as	well	as	the	evolution	

and	acquired	resistance	of	viruses	and	bacteria.	While	I	was	not	able	to	apply	ARC-seq	to	all	the	

studies	I	had	in	mind	when	I	first	began	developing	an	accurate	RNA	sequencing	method,	my	hope	

is	that	others	will	see	potential	power	and	utility	and	pursue	studies	of	the	roles	of	transcriptional	

infidelity	in	health	and	diseases.	
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