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ABSTRACT	

Our	understanding	of	genetic	disease	is	increasingly	dependent	on	

understanding	the	effects	of	transcriptional	regulation.	While	we	have	a	strong	

command	on	predicting	the	effects	of	variation	in	coding	sequence,	our	ability	to	

predict	the	impact	of	variation	in	non-coding	genomic	space,	specifically	enhancers,	is	

limited.	Therefore,	our	aim	for	this	study	was	to	study	enhancers	using	pigment-

producing	melanocyte	cells	as	a	model	with	the	ultimate	goal	of	a	better	

understanding	of	the	mechanics	of	enhancer	function	in	a	native	chromatin	context.	

In	vitro	and	in	vivo	reporter	assays	are	cost-	and	time-efficient	tools	with	

which	to	test	the	activity	of	putative	regulatory	sequences,	but	remove	them	from	

their	endogenous	context,	rendering	them	a	sub-optimal	approach	to	enhancer	

discovery	and	functional	validation.	Recently	there	has	been	a	surge	of	research	

demonstrating	the	importance	of	chromatin	conformation	in	regulating	appropriate	

transcriptional	control.		

4C-seq	is	an	emerging	technology	which	allows	identification	of	all	sequences	

in	close	physical	proximity	to	a	given	locus,	in	this	case,	the	promoter	of	Sox10,	a	

melanocyte-critical	gene.	Because	enhancers	act	by	physically	looping	into	proximity	

of	their	cognate	promoter,	we	expected	to	identify	previously	validated	enhancers	at	

that	locus	as	well	as	new	sequences	that	interact	with	the	promoter.	We	identified		

three	distinct	regions	of	interaction	containing	all	previously	identified	melanocyte	

enhancers.	We	propose	a	stem-loop	like	structure	with	multiple	interacting	domains	

contacting	the	Sox10	promoter	within	a	chromatin	substructure.	Our	results	are	

supported	by	previous	functional	work	and	a	deletion	mutant	mouse	line	missing	

non-coding	sequence	in	one	of	the	interaction	domains	we	identified.	The	mice	

display	reduced	Sox10	expression	and	present	with	multiple	pigment-related	

phenotypes.	

The	ultimate	goal	of	future	work	is	to	employ	CRISPR/Cas9	technology	to	

examine	the	effects	of	various	disruptions,	deletions,	and	combinations	of	deletions	

on	gene	transcription.		It	is	expected	that	disrupted	TF	binding	will	also	impact	the	

physical	relationship	between	an	enhancer	and	its	cognate	promoter.	What	is	less	

predictable	is	what	impact	such	a	change	in	interaction	stability/frequency	will	have	



	

	iii	

on	other	interactions	that	may	exist	in	the	collective	chromatin	structure	promoting	

transcription.	It	may	be	that	removal	or	disruption	of	an	enhancer	sequence	impacts	

only	its	own	relationship	with	the	promoter,	but	it	is	also	possible	that	stability	of	

chromatin	looping	may	be	more	broadly	affected.	Having	described	the	catalog	of	

interactions	at	Sox10,	we	will	be	able	to	selectively	evaluate	the	impact	of	enhancer	

mutation	on	chromatin	structure	and	gene	regulation,	both	globally	and	at	individual	

loci.		
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CHAPTER	1.		INTRODUCTION	

	

Establishing	regulatory	control	at	the	DNA	sequence	level	

Transcriptional	control	is	established	by	a	dynamic,	often	cell	type	dependent	

interaction	of	multiple	types	of	regulatory	elements,	two	of	which	will	be	discussed	

here.	Promoters	are	gene-proximal	cis-regulatory	modules	restricted	to	just	

upstream/downstream	of	transcription	start	sites	(TSS).	Promoters	contain	sequence	

motifs	comprised	of	transcription	factor	binding	sites	(TFBSs)	that	can	bind	one	or	

more	TFs.	When	bound,	those	TFs	can	in	turn	recruit	cofactors	(including	chromatin	

remodeling	complexes)	and	the	Mediator	complex.	The	promoter	is	now	poised	for	

loading	of	RNA	Polymerase	II	(RNA	PolII).	This	complex	is	required	but	not	

necessarily	sufficient	to	initiate	transcription.	

Enhancers,	in	contrast,	are	not	restricted	by	linear	proximity	to	gene	bodies.	

They	can	be	located	upstream	or	downstream	of	the	genes	they	regulate,	sometimes	

acting	over	distances	of	over	a	megabase	(Mb)	(4).		Like	promoters,	enhancers	

contain	TFBSs.	At	a	given	locus,	trans-acting	TFs	may	only	be	available	to	bind	

particular	enhancer	elements	in	a	cell/time/development/stimulus-dependent	

manner.	Other	enhancers	may	have	constitutively	bound	TFs.	Binding	of	available	

trans-acting	TFs	to	these	sequence	elements	allows	chromatin	looping	which	results	

in	promoter	and	enhancer	elements	coming	into	close	spatial	proximity	in	the	

nucleus.	This	in	turn	recruits	the	Mediator	complex	leading	to	an	increase	in	

transcription	(1).	This	mechanism	is	not	well	understood.	

Both	promoters	and	enhancers	contain	TF	binding	motifs	whose	functions	can	

be	perturbed	by	nucleotide	substitutions,	insertions,	deletions	or	rearrangements.	

The	consequences	of	putatively	functional	sequence	variants	that	fall	within	

promoters	are	relatively	easy	to	predict	compared	to	enhancer	variants.	Promoters	

are	more	easily	identified	and	defined	than	enhancers	given	current	technologies.	We	

are	working	to	gain	a	better	understanding	of	how	to	predict,	identify,	and	

functionally	verify	actively	functional	enhancer	sequence	in	order	to	better	

understand	and	predict	the	consequences	of	their	perturbation.		
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Establishing	regulatory	control	at	the	chromatin	level	

Promoter	and	enhancer	elements	are	further	organized	into	chromatin	structures	

providing	additional	transcriptional	regulation.	Linear	DNA	is	organized	by	wrapping	

around	histones	into	nucleosomes.	Nucleosomes	further	condense	into	chromatin	

fiber.	Chemical	modifications	to	the	histone	tails	determine	chromatin	structure-	

these	determine	whether	chromatin	is	“open,”	or	“closed.”	Sequence	elements	which	

lie	in	regions	of	“open”	chromatin	are	physically	available	to	TFs,	while	motifs	that	lie	

in	“closed”	chromatin	are	much	less	available.	Nucleosomes	surrounding	active	

enhancers	bear	characteristic	histone	modifications	including	H3K4me1	(16)	and	

H3K27Ac	(17).	

Chromatin	is	further	organized	into	topologically	associated	domains	(TADs)	and	

lamina-associated	domains	(LADs).	TADs	describe	regions	of	chromatin	that	are	in	

close	spatial	proximity	in	the	nucleus,	and	can	be	further	classified	by	level	of	

transcriptional	activity,	histone	marks,	and	proteins	present.	LADs	are	found	near	the	

exterior	of	the	nucleus	and	are	associated	with	very	low	transcriptional	activity	(Fig.	

2)	(6).	TADs	and	LADs	are	often	flanked	at	their	boundaries	by	CTCF,	which	can	both	

facilitate	gene	activation	and	act	as	an	insulator.	CTCF	is	critical	to	maintaining	sub-

chromosomal	structure	and	gene	regulation.	(19,	22)		

	

The	role	of	enhancers	in	transcriptional	control	

Regulation	of	transcription	is	an	essential	process	in	biology,	impacting	cell	

identity,	cell	function	and	cell	response,	as	well	as	the	capacity	for	organismal	

complexity.	Each	cell	contains	the	same	repertoire	of	genes,	but	the	presence	or	

absence	of	trans-factors	in	a	particular	cell	determine	which	genes	are	ultimately	

transcribed	and	at	what	level.		One	of	the	most	well-understood	mechanisms	by	

which	this	is	mediated	is	through	enhancers	(1).	In	eukaryotes,	enhancers	influence	

transcriptional	control	by	looping	into	spatial	proximity	with	their	cognate	promoters	

in	specific	cellular	contexts.	Looping	is	facilitated	by	the	recruitment	of	appropriate	

transcription	factors	(TFs),	the	formation	of	an	enhanceosome	complex	and	the	

resulting	kinetically	favorable	interaction	with	the	basal	cellular	transcriptional	

machinery,	resulting	in	upregulation	of	transcriptional	output.		
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The	role	of	non-coding	variation	in	disease		

Understanding	the	relationship	between	genotype	and	phenotype	is	central	to	

genetics.	Interpreting	genetic	variation	in	the	1.5%	of	the	genome	that	codes	for	

proteins	is	relatively	straightforward.	In	contrast,	the	capacity	to	predict	the	impact	

of	genetic	variation	in	the	remaining	non-coding	(98.5%)	genomic	space	has	

remained	elusive.	Genome	wide	association	studies	(GWAS)	have	highlighted	the	

importance	of	non-coding	variation	in	disease.	One	recent	study	of	GWAS	data	for	a	

range	of	autoimmune	disorders	reported	that	90%	of	the	causal	variants	are	non-

coding,	and	60%	map	to	biochemically	identified	putative	enhancers	(2).	

Conservative	estimates	suggest	that	at	least	40%	of	SNPs	implicated	in	disease,	by	

GWAS,	fall	within	haplotype	blocks	devoid	of	coding	sequence	(3).		

The	preponderance	of	regulatory	variation	implicated	in	human	disease	

remains	a	challenge	to	explain,	in	contrast	with	the	well-annotated	protein	encoding	

sequences	whose	triplet	“genetic	code”	was	elucidated	more	than	50	years	ago.	We	

have	much	to	learn	of	how	biological	information	is	encrypted	in	regulatory	

sequences,	creating	a	blueprint	for	spatial,	temporal,	quantitative	and	

environmentally	dynamic	control.		

	 Prior	to	what	is	loosely	termed	the	genomic	era,	we	had	little	capacity	to	infer	

a	role	for	regulatory	variation	in	disease.		As	a	community	we	were	led	to	specific,	

often	rare	observations	by	looking	under	the	proverbial	lamplight	i.e.	within	

promoter	sequences	or	by	inference	based	upon	structural	variation	that	lay	outside	

of	coding	sequences.	Disruption	of	promoter	and	proximal	non-coding	enhancer	

sequences	near	the	b-globin	locus,	were	shown	to	result	in	b-thalassemia	(12).	By	

contrast,	although	PAX6	coding	mutations	were	known	in	patients	with	Aniridia,	the	

observation	of	structural	variation	adjacent	to	the	PAX6	locus,	in	patients	lacking	

coding	mutations,	led	to	the	identification	of	eye-specific	enhancer	deletions	in	that	

disorder	(25).	

Furthermore,	the	observation	of	lesions	in	a	SSH	enhancer	element	~1Mb	

away	from	the	gene	in	patients	with	polydactyly	revealed	both	the	immense	distance	

over	which	these	sequences	could	function	and	the	fact	that	even	point	mutations	in	
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enhancers	could	have	significant	effect.	In	this	instance,	they	expanded	the	domain	of	

normal	SHH	expression	in	the	limb	bud,	resulting	in	PPD	(4,9).		Interestingly,	this	

subset	of	enhancer	mutations	may	not	have	been	found	as	readily	had	it	not	been	for	

the	observation	of	paw	deformities	in	a	spontaneous	transgene	insertion,	mouse	

mutant	line.	Analysis	of	this	(Sasquatch)	mouse	revealed	the	insertion	to	lie	in	an	

intron	of	the	Lmbr1	gene,	adjacent	to	Shh	and	was	found	to	alter	expression	of	Shh.	

Another	type	of	enhancer	disruption	in	disease	is	not	through	disruption	of	

enhancer	sequence,	but	rather	through	balanced	translocation	wherein	the	

regulatory	element	is	not	lost,	but	its	linear/spatial	proximity	to	its	cognate	gene	is	

altered,	presumably	altering	chromatin	architecture.	These	are	termed	position	

effects.	The	most	well	characterized	example	of	this	is	in	translocations	of	regulatory	

elements	again	controlling	the	b-globin	locus	(11,12).		The	locus	control	region	(LCR)	

is	a	major	cis-regulatory	transcriptional	regulator	located	upstream	of	the	b-globin	

gene	that	has	the	ability	to	drive	high-level	expression	in	erythroid	cells	(13).	

Translocation	of	this	element	is	found	in	some	cases	of	b-globin	disregulation	

implicated	in	db-	thalassemia.	Translocations	of	regulatory	elements	can	also	act	to	

increase	expression	of	genes	that	would	normally	be	inactive.		

The	effect	of	perturbations	in	regulatory	sequence	is	not	limited	to	protein	

coding	genes.	Non-coding	genes	such	as	long	non-coding	(lncRNAs),	and	microRNAs	

(miRNAs)	can	be	affected.	Recently,	a	rare	schizophrenia-associated	risk	SNP	in	an	

enhancer	was	shown	to	decrease	expression	of	2	miRNAs	while	expression	of	the	

neighboring	protein-coding	genes	remained	unaffected	(14).	Enhancer	disruption	has	

been	implicated	in	a	long	list	of	human	disease	that	is	sure	to	grow	quickly	in	the	near	

future	as	new	tools	are	developed.		

	

Functional	assays	available	for	testing	enhancer	activity		

In	the	pre-genome	era,	the	identification	of	putative	enhancers	was	dependent	

heavily	on	multi-species	conservation.	The	underlying	assumption	being	that	if	non-

coding	DNA	has	been	conserved	over	evolutionary	time	it	was	likely	subject	to	

negative	selection	and	thus	serves/served	a	function.	This	approach	is	limiting	for	
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several	reasons.	Sequence	constraint	cannot	distinguish	between	different	classes	of	

regulatory	elements	and	contains	no	information	about	the	spatial	or	temporal	

activity	of	an	element.	Additionally,	it	overlooks	potential	regulatory	elements	that	

aren’t	conserved	across	species	(1).		

Determination	of	putative	enhancer	function	has	relied	heavily	on	synthetic	in	

vitro	and	in	vivo	reporter	assays.	Generally,	putative	regulatory	sequences	are	cloned	

into	a	plasmid	containing	a	minimal	promoter	upstream	of	a	reporter	gene.	Ideally,	

the	plasmid	is	introduced	into	a	relevant	surrogate	cell	type	in	culture	or	into	a	model	

organism	such	as	mouse	or	zebrafish	(23,26).		The	levels	of	the	reporter	expression	

within	cell	lysate	(in	vitro)	or	spatially	distributed	in	the	resulting	animal	(in	vivo),		is	

used	as	proxy	for	the	strength	of	the	putative	regulatory	sequence	being	assayed.	

While	these	functional	assays	are	relatively	time	and	cost	effective,	they	are	

inherently	synthetic,	taking	the	putative	element	out	of	its	endogenous	context.	The	

advent	of	CRISPR/Cas9-based	technologies	now	open	the	possibility	of	conducting	

functional	validation	of	putative	enhancer	elements	in	their	native	chromatin	context,	

at	reasonable	cost.	

	 	

Enhancer	discovery	using	melanocytes	as	a	model	

Melanocytes	are	a	well-studied	model	system	that	our	lab	frequently	leverages	in	

the	study	of	regulatory	control.	Skin	and	hair	pigmentation	resulting	from	the	

melanin	produced	by	melanocytes	represent	highly	variable	and	complex	human	

traits	that	are	largely	genetically	determined.	Variation	in	melanin	production	results	

in	a	highly	variable	spectrum	of	human	hair	and	epidermal	pigmentation	phenotypes,	

and	is	largely	genetically	determined.	Melanocyte	biology	is	highly	relevant	to	many	

human	disorders,	including	melanoma,	albinism,	and	Waardenburg	syndrome.	The	

melanocyte	lineage	is	also	a	robust	model	system	in	which	to	study	regulatory	

activity	and	variation	because	they	can	be	readily	propagated	in	culture	and	much	is	

known	about	the	genetics	of	pigmentation.	In	addition,	melanin	production	is	a	

simple	cellular	phenotype	to	study	both	in	vitro	and	in	vivo.	To	support	our	genetic	

analyses	in	these	cells,	our	lab	has	characterized	the	regulatory	landscape	of	a	

melanocyte	cell	line,	MelanA	(melan-Ink4a-Arf),	resulting	in	the	generation	of	data	
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that	catalogs	DNaseI-hypersensitivity,	and	ChIP-seq	signatures	for	EP300	and	

H3K4me1.	We	previously	demonstrated	that	intersecting	signals	for	EP300	and	

H3K4me1	reliably	enrich	for	putative	enhancers	(27).	This	catalog	of	data	enables	us	

to	cross	validate	further	characterization	of	regulatory	activity	in	MelanAs	for	

biological	plausibility.	

	

Foundational	in	vitro	enhancer	discovery	and	validation	in	melanocytes	

We	developed	a	computational	classifier	to	estimate	the	impact	of	variation	on	

regulatory	sequences.	The	classifier	was	trained	on	a	set	of	putative	melanocyte	

enhancers	defined	by	the	intersection	of	EP300	and	H3K4me1	ChIP-seq	signals	in	

MelanAs.	To	maximize	the	specificity	of	the	classifier,	training	includes	a	set	of	

“negative”	genomic	sequences,	whose	sequence	characteristics	are	consistent	with	

the	experimental	data	but	lack	ChIP-seq	enrichment	in	the	cells	under	investigation	

(27).	We	selected	two	well-characterized	melanocyte	enhancers	for	our	analyses,	

using	the	classifier	to	predict	the	functional	consequences	of	every	possible	

nucleotide	substitution	at	every	site	along	their	length.		We	then	selected	a	subset	of	

variants	to	test	functionally	in	vitro.	We	chose	variants	predicted	to	positively	or	

negatively	alter	transcriptional	output	as	well	as	variants	predicted	to	have	no	effect.	

Constructs	containing	the	variants	were	synthesized,	transfected	into	MelanAs,	and	

the	output	of	a	luciferase	reporter	was	measured.	We	observed	a	high	correlation	of	

the	reporter	expression	with	our	prediction	(28).		

As	mentioned	above,	while	informative,	these	assays	are	inherently	synthetic,	

removing	candidate	sequences	from	their	endogenous	context	and	evaluating	them	in	

mini-gene	constructs	that	we	introduce	into	cells.		I	implemented	an	emerging	

strategy	to	allow	us	to	evaluate	the	impact	of	regulatory	variation	on	chromatin	

looping	during	transcriptional	control,	within	an	endogenous	context.	My	efforts	in	

this	regard	have	focused	on	the	acquisition	and	implementation	of	strategies	to	study	

endogenous	chromatin	interactions.	
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Sox10	as	a	model	locus		

For	this	purpose,	I	chose	sry-related	HMG	box	gene	(Sox10)	as	a	model	locus.	

Sox10	is	a	TF	critical	in	the	proper	differentiation	of	neural	crest	derived	melanocytes	

and	glia.	It’s	a	particularly	suitable	locus	for	this	as	it’s	biology	is	well	characterized.	

Data	is	available	including	conservation,	multiple	histone	marks,	and	EP300	ChIP-seq	

data.	Multiple	putative	regulatory	sequences	have	been	identified	and	characterized	

using	reporter	assays.	Additionally,	a	mouse	model	of	WS4,	named	Hry,	harbors	a	16	

kb	deletion	47	kb	upstream	of	Sox10	that	was	generated	by	random	insertion	of	a	

transgene.	The	mice	display	decreased	Sox10	expression,	hypopigmentation	and	

colonic	agangliogenesis	(23).	

Two	independent	groups	have	identified	conserved	regulatory	regions	that	

regulate	Sox10	expression.	Beginning	with	regions	conserved	among	amniotes,	

Werner	et	al.	generated	LacZ	reporter	constructs	to	test	7	~200	bp	regions	flanking	

Sox10.	Constructs	were	injected	into	the	male	pronucleus	of	fertilized	mouse	oocytes	

and	transgenic	mice	were	generated.	All	but	one	of	the	constructs	drove	transgene	

expression	in	one	or	more	neural	crest	derived	cell	type	(26).	In	a	second	study	by	

Antonellis	et	al.,	several	regions	surrounding	Sox10	were	selected	based	on	

evolutionary	conservation	that	survived	avian	to	mammalian	divergence.	These	were	

termed	multiple-species	conserved	sequences	(MCS).	For	each	sequence	they	

generated	a	GFP	reporter	construct.	They	evaluated	the	ability	of	the	construct	to	

drive	reporter	gene	expression	in	developing	transgenic	zebrafish	and	observed	the	

overlap	of	reporter	expression	with	endogenous	sox10	expression.	They	observed	

reporter	expression	driven	by	MCS2,	MCS7	and	MCS9	in	developing	melanocytes.	

Additionally,	MCS7,	which	is	deleted	in	the	Hry	mouse	mutant	line,	directed	

expression	in	zebrafish	consistent	with	Sox10	expression	in	mouse.	In	addition	to	in	

vivo	testing,	the	constructs	were	introduced	to	MelanA	cells	in	vitro.	MCS4,	MCS5,	and	

MCS9	directed	modest	but	significant	reporter	activity,	while	MCS7	drove	expression	

~150X	above	background	(29).		

Mutations	in	Sox10	are	known	to	cause	2	human	neurocristopathies:	

Waardenburg	syndrome	types	2E	and	4C	(WS;	OMIM	611584,	613266)	and	the	multi-

syndrome	disorder	(PCWH;	OMIM	602229).	PCWH	presents	as	4	distinct	disorders:	
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peripheral	demyelinating	neuropathy,	central	dysmyelination,	Waardenburg	

syndrome,	and	Hirschsprung	disease.	This	information	taken	together	makes	Sox10	a	

great	locus	for	further	characterization.		

The	aim	of	this	work	is	to	generate	a	better	understanding	of	the	impact	of	

regulatory	variation	by	observing	chromatin	interaction	within	an	endogenous	

context,	altering	the	sequence	of	interacting	regions,	and	observing	the	effect.	It	is	

expected	(perhaps)	that	disrupted	TF	binding	will	also	impact	the	physical	

relationship	between	an	enhancer	and	its	cognate	promoter.	What	is	less	predictable	

is	what	impact	such	a	change	in	interaction	stability/frequency	will	have	on	other	

interactions	that	may	exist	in	the	collective	chromatin	structure	promoting	

transcription.	It	may	be	that	removal	or	disruption	of	an	enhancer	sequence	impacts	

only	its	own	relationship	with	the	promoter,	but	it	is	also	possible	that	stability	of	

chromatin	looping	may	be	more	broadly	affected.	

In	order	to	begin	to	address	these	questions,	I’ve	adapted	a	chromatin	

conformation	capture	protocol	to	look	at	interactions	at	the	Sox10	locus	within	a	

native	chromatin	context.	Targeted	deletion	of	interacting	elements	later	should	

begin	to	elucidate	answers	to	some	of	our	questions.	
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Figure	2.		Spatial	organization	of	nuclear	sub-structures	impacts	gene	

expression	

	
	
Adapted	with	permission	from	Gonzalez-Sandoval,	A.	et	al.	(7)	

	

	

Chromatin	is	subdivided	in	the	nucleus	into	topologically	associated	domains	(TADs).	

Within	TADs,	dynamic	long-range	promoter/enhancer	interactions	can	be	detected,	

leading	to	activation	or	repression	of	transcription	at	a	given	locus.		
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CHAPTER	2:	MATERIALS	AND	METHODS		

	

4C-seq	method	overview	

There	are	several	chromatin	conformation	capture	(3C)-derived	techniques	

currently	in	use	that	allow	one	to	describe	which	genomic	sequences	are	in	close	

spatial	proximity	within	the	nucleus.	Enhancer	sequences	are	predicted	to	mediate	

their	effects	by	looping	into	close	physical	proximity	with	their	cognate	promoters	

and	other	contributing	regulatory	sequences.	This	physical	proximity	means	that	3C	

techniques	hold	the	opportunity	to	identify	relevant	regulatory	interactions	in	an	

endogenous	context.		

In	general,	nuclei	are	fixed	with	formaldehyde	to	preserve	the	relative	physical	

location	of	DNA,	digested	with	a	restriction	enzyme	(RE)	and	subsequently	ligated	to	

form	artificial	junctions	containing	non-linear	sequences	in	close	physical	proximity	

in	the	nucleus.	To	state	it	simply,	3C	protocols	can	assay	interactions	on	a	one-to-one,	

one-to-all,	or	all-to-all	basis.	I	was	interested	in	describing	the	regulatory	interactions	

at	particular	loci	relevant	to	melanocyte	biology.	To	this	end,	I	have	adopted	a	

circularized	conformation	chromatin	capture	followed	by	sequencing	(4C-seq)	

protocol.		

The	4C-seq	experimental	design	allows	for	identification	of	all	contacts	in	the	

genome	with	a	sequence	of	interest,	such	as	a	promoter.	Briefly,	nuclei	are	subjected	

to	the	procedure	stated	above,	followed	by	a	second	round	of	RE	digestion,	then	

ligation	under	dilute	conditions.	Primary	ligation	junctions	are	detected	by	inverse	

PCR-amplifying	small	circular	fragments	of	DNA	that	comprise	the	4C	template	using	

primers	specific	to	the	sequence	of	interest,	or	“bait”	locus	being	queried	(Fig.	3).		

	

Restriction	enzyme	selection	

Importantly,	the	design	of	a	4C-seq	experiment	has	many	constraints	and	

considerations.	First,	the	choice	of	RE	is	very	important,	and	considerations	must	be	

made	for	recognition	site	nucleotide	balance	(genomic	bias),	length	(resolution),	and	

to	RE	sensitivity	to	chemical	modifications,	as	well	as	the	length	of	overhang	

produced.	Because	non-linear	ligation	junctions	are	detected	by	sequencing,	primers	
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used	to	generate	the	sequencing	library	must	be	positioned	close	enough	to	the	

primary	RE	site	to	sequence	enough	“capture”	sequence	to	enable	reliable	genomic	

mapping.	Current	sequencing	technologies	require	a	high	level	of	nucleotide	diversity	

for	accurate	cluster	calling,	which	also	presents	a	challenge	to	4C-seq	data	generation	

because	each	fragment	in	a	4C-seq	library	necessarily	begins	with	the	same	bait	

sequence.		

Selection	of	REs	is	further	restricted	by	the	bait	sequence	one	sets	out	to	

interrogate,	e.g.	a	promoter.	Starting	with	smallest	region	of	interest	(>	500	nt)	to	

maximize	specificity,	expand	targeted	bait	sequence	as	necessary	to	include	RE	cut	

sites	that	are	conducive	to	the	experiment.	Of	great	utility	in	this	is	the	NEBcutter	tool	

from	the	New	England	Biolabs	website	(6).	The	>500	bp	bait	fragment	created	by	the	

chosen	REs	must	be	flanked	on	one	side	by	the	first	restriction	enzyme	recognition	

site	(RERS)	and	on	the	other	by	the	second,	with	no	cut	sites	between	(Fig.	4).	The	

size	of	the	overhang	created	by	each	RE	digest	is	also	of	importance.	The	longer	the	

overhang	or	“sticky	end,”	the	more	probable	a	ligation	event	will	occur	in	the	

following	ligation	reaction.	

The	bait	fragment	needs	to	be	greater	than	500	bp	to	prevent	steric	hindrance	

of	circular	ligation	of	the	bait	with	spatially	proximal	interacting	fragments,	or	

“capture”	fragments	following	each	ligation	event.	One	should	also	endeavor	to	limit	

the	fragment	to	no	larger	than	500	bp	because	the	longer	the	fragment,	the	greater	

the	instance	of	self-ligation,	which	prevents	ligation	with	capture	sequences.		

A	further	challenge	in	experimental	design	is	the	design	of	primers	to	generate	

the	sequencing	library	from	the	4C	template.	In	particular,	placement	relative	to	the	

ends	of	the	bait	fragment	is	crucial	to	successful	sequencing.	Primers	are	synthesized	

with	Illumina	single-end	sequencing	adapters	(P5	and	P7)	at	their	5’	which	precludes	

an	additional	step	in	library	preparation.	The	reading	primer	(P5)	is	designed	on	top	

(<20	nt)	of	the	primary	restriction	site	to	maximize	the	amount	of	capture	sequence	

captured.	This	produces	sequences	that	all	begin	with	the	reading	primer	sequence	

followed	by	the	capture	sequence.	Sequencing	from	the	secondary	restriction	site	can	

yield	random	sequences	from	random	ligations	created	during	the	second	ligation	

reaction.	The	non-reading	primer	is	designed	as	close	as	possible	(<100	nt)	to	the	
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secondary	RERS	to	minimize	the	amount	of	PCR	bias	that	can	occur	as	a	result	of	large	

PCR	products	during	library	generation.		

	

Sox10	experimental	design	

DpnII	and	NlaIII	were	selected	to	survey	the	Sox10	promoter	for	all	regulatory	

contacts,	represented	by	capture	sequences.	The	primary	RE	was	DpnII,	which	has	

the	RERS	^GATC^	making	it	ideal	for	this	experiment.	The	balance	in	nucleotide	

composition	prevents	genomic	bias,	meaning	regions	of	the	genome	rich	in	A-T	or	C-G	

will	not	be	overrepresented	in	the	4C-seq	template	and	subsequent	sequencing	

library.	NlaIII	was	chosen	as	the	secondary	RE,	with	RERS	^CATG^.			

The	resolution	of	the	map	of	contacts	with	the	bait	sequence	generated	by	the	

4C-seq	library	is	restricted	by	the	frequency	of	cut	sites	in	the	genome-	the	shorter	

the	RERS,	the	more	frequently	it	cuts	in	the	genome.	For	example,	4-cutters	cut	on	

average	every	256	bp	instead	of	every	4	kb	for	6-cutters,	creating	more	PCR-

amplifiable	fragments.	This	also	increases	the	number	of	fragments,	increasing	the	

power	of	statistical	analysis	by	~16x	(8).	Additionally,	4-cutters	produce	more	

uniform	fragments	that	are	roughly	the	size	of	the	putative	regulatory	elements	we	

are	trying	to	identify.		

When	selecting	DNA	of	interest	(bait),	i.e.	the	Sox10	promoter,	start	with	

smallest	region	of	interest	to	maximize	specificity,	and	expand	as	necessary	to	include	

RE	cut	sites	that	are	conducive	to	the	experiment.	Ideally,	a	500	bp	bait	sequence	

centered	on	the	Sox10	promoter	is	flanked	by	2	balanced	and	methylation-insensitive	

4-	or	6	-cutter	RE	sites,	on	respective	sides	of	the	bait	sequence	using	the	NEB	custom	

digest	tool.		500	bp	is	thought	to	be	ideal	because	it’s	the	large	enough	to	crosslink	

frequently,	but	small	enough	to	keep	the	contacts	specific	to	the	region	of	interest.	A	

bait	sequence	smaller	than	250	bp	is	not	recommended.	Additionally,	there	must	be	

the	ability	to	design	primers	just	inside	of	the	bait	sequence	that	are	unique	in	the	

genome	and	meet	criteria	of	good	quality	primers	(Fig.5).			

Capture	fragments	are	amplified/detected	by	inverse	PCR.	In	order	to	bypass	

an	additional	library	preparation	step,	the	primers	include	Illumina	adapters	P5	and	

P7.	As	a	result,	the	beginning	of	each	sequencing	read	produced	begins	with	the	
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primer	sequence,	followed	by	capture	sequence	(with	intervening	bait	sequence	

depending	on	primer	sequence.		If	read	length	is	limited,	primer	positioning	is	critical.	

The	“reading”	primer	with	a	5’	P5	Illumina	adapter	overhang	is	designed	as	close	to	

the	primary	RE	recognition	sequence	to	maximize	the	number	of	capture	nts	

sequenced.	In	theory,	capture	sequences	only	need	to	be	17	nt	long	to	map	uniquely	

to	the	genome	with	minimal	loss	of	information.		The	“non-reading”	primer	with	5’	P7	

adapter	is	placed	as	close	to,	and	no	further	than	100	bp	from	the	secondary	RERS	in	

order	to	minimize	PCR	bias	that	can	occur	when	amplifying	larger	fragments.		Again,	

primers	should	be	unique	in	the	genome.		

Finally,	these	experiments	require	a	large	number	of	cells	from	a	homogenous	

population.	Because	diploid	cells	generally	contain	2	copies	each	of	the	bait	fragment,	

each	cell	used	can	produce	a	maximum	of	2	data	points.	The	de	Latt	lab	has	observed	

roughly	1M	ligation	junctions,	representing	~0.5M	cells	are	routinely	observed	when	

beginning	with	10M	cells,	in	part	because	of	the	laborious	nature	of	the	protocol.	

	 	

Protocol		
This	protocol	was	adapted	from	de	Laat	et	al.	(8).	All	the	steps	in	this	protocol	are	

optimized	for	using	1	x	107	cells.		

10	mL	cold	lysis	buffer:	

500	µL	1M	Tris–HCl	pH	7.5	(50mM	Tris)	

300	µL	5M	NaCl	(150mM	NaCl)	

100	µL	0.5M	EDTA	(5mM	EDTA)		

250	µL	20%	NP-40		

100	µL	TX-100		

200	µL	50X	protease	inhibitors		

8.55	mL	ultrapure	H2O	

200	µL	50X	protease	inhibitors		

8.55	mL	ultrapure	H2O	
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Fixation	and	cell	lysis.		

1.	Count	cells	and	centrifuge	5	min,	280g	(1000RPM)	at	RT.		

2.	Discard	the	supernatant	and	resuspend	the	pellet	in	5	ml	PBS/10%	FCS.		

3.	Add	5	ml	4%	formaldehyde	in	PBS/10%	FCS	(2%	final	concentration	

formaldehyde)	and	incubate	for	10	min	at	RT	while	tumbling.		

4.	Add	1.425	ml	1	M	glycine	(final	concentration	0.125	M),	mix	and	put	tubes	

immediately	on	ice	to	quench	the	cross-linking	reaction.	Note	that	glycine	is	

not	in	excess	and	quenching	will	not	be	complete,	therefore	directly	proceed	to	

step	5.		

5.	Centrifuge	8	min,	400g	(1300RPM)	at	4	°C	and	remove	all	the	supernatant.		

6.	Resuspend	pellet	in	1	ml	cold	lysis	buffer	and	incubate	10	min	on	ice.		

7.	Determine	the	efficiency	of	cell	lysis:	

Mix	3µL	of	cells	with	3	µL	of	Trypan	Blue	on	a	microscope	slide	and	overlay	with	a	

coverslip.	Assess	the	lysis	efficiency	using	a	microscope.		

Note:	cell	lysis	is	an	important	step	in	the	protocol	as	failure	of	lysis	often	hampers	

digestion	efficiency,	possibly	by	limiting	access	of	the	RE	to	the	DNA.	Titration	

of	the	SDS	and	TX-	100	treatment,	steps	12–15	of	this	protocol,	might	

compensate	poor	cell	lysis,	but	has	to	be	determined	empirically.		

8.	Centrifuge	5	min,	750g	(1800RPM)	at	4	°C	and	carefully	remove	all	supernatant.	At	

this	point	nuclei	can	be	stored	for	later	use	(proceed	to	step	9)	or	the	protocol	

is	continued	directly	(proceed	to	step	10).			

9.	Storing	the	nuclei	at	︎-80°C:		

9.1.		Resuspend	nuclei	pellets	in	lysis	buffer	and	transfer	to	a	1.5	ml	safe	lock	

tube.		

9.2.		Centrifuge	2	min,	540g	at	4	°C.		

9.3.		Remove	the	supernatant,	freeze	the	pellet	in	liquid	nitrogen	and	store	at	︎-

80	°C.	

10.	Resuspend	the	pellet	in	440	µL	Milli-Q	water	and	continue	with	step	11.	
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Digestion	of	cross-linked	chromatin	

11.	Add	60	µL	of	10X	restriction	buffer	3.1	(supplied	with	DpnII).		

12.	Place	the	tube	at	37	°C	and	add	15	µL	10%	SDS.	

13.	Incubate	1	h	at	37	°C	while	shaking	at	900	RPM	using	an	Eppendorf	Thermomixer.	

14.	Add	75	µL	20%	TX-100.	

15.	Incubate	1	h	at	37	°C	while	shaking	at	900	RPM.	

16.	Take	a	5	µL	aliquot	of	the	sample	as	the	‘‘Undigested	control’’	and	store	at	4	°C	

until	used	in	step	21.	

17.	Add	200	U	DpnII	(Roche	#11274040001);	incubate	4	h	at	37	°C	while	shaking	at	

900	RPM.	

18.	Add	200	U	DpnII;	incubate	O/N	at	37	°C	while	shaking	at	900	RPM.	

19.	Add	200	U	DpnII;	incubate	4	h	at	37	°C	while	shaking	at	900	RPM.	

20.	Take	a	5	µL	aliquot	of	the	sample	as	the	‘‘Digested	control’’.		

21.	Determination	of	the	digestion	efficiency:		

21.1.		Add	90	µL	10	mM	Tris–HCl	pH	7.5	to	the	5	µL	samples	from	steps	16	to	

20.		

21.2.		Add	5	µL	Prot	K	(10	mg/ml	Roche	#03115836001)	and	incubate	for	4	h	

at	65	°C	

21.3.		Add	100	µL	Phenol–Chloroform	(Sigma)	to	the	samples	and	mix	

vigorously		

21.4.		Spin	for	10	min,	16,400g	at	RT		

21.5.		Transfer	water	phase	to	a	clean	tube	and	load	︎20	µL	on	a	0.6%	agarose	

gel.	Alternatively,	Q-PCR	analysis	can	be	used	to	more	precisely	

determine	digestion	efficiency,	using	multiple	primer	sets	each	

spanning	a	different	restriction	site.	This	step	is	highly	recommended	

when	4C	is	applied	for	the	first	time;		

21.6.		If	digestion	is	COMPLETE	proceed	with	step	22,	otherwise	repeat	steps	

18,	20	and	21.		
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Ligation	of	cross-linked	DNA	fragments	

22.	Heat-inactivate	the	RE	by	incubating	20	min	at	65	°C	and	continue	with	step	23.	

Alternatively,	when	the	RE	is	not	sensitive	to	heat	inactivation	(as	is	the	case	

for,	e.g.	BglII),	continue	with	step	22.1.		

22.1.	Add	80	µL	10%	SDS	and	incubate	30	min	at	65	°C;		

22.2.		Transfer	the	sample	to	a	50	ml	Falcon	tube	and	add	5.4	ml	Milli-Q;		

22.3.		Add	700	µL	10X︎	Ligase	buffer	(10X:	660	mM	Tris–HCl	pH	7.5,	50	mM	

MgCl2,	10	mM	DTT,	10	mM	ATP);		

22.4.		Add	375	µL	20%	TX-100	and	incubate	1	h	37	°C;		

22.5.		Continue	with	step	26.		

23.	Transfer	the	sample	to	a	50	ml	Falcon	tube.		

24.	Add	5.7	ml	Milli-Q.		

25.	Add	700	µL	10X︎	Ligase	buffer	(see	step	22.3).		

26.	Add	50U	T4	DNA	Ligase,	mix	by	swirling	and	incubate	O/N	at	16	°C.	

27.	Take	a	100	µL	aliquot	of	the	sample	as	the	‘‘Ligation	control’’.		

28.	Determine	ligation	efficiency:		

28.1.		Add	5	µL	Prot	K	(10	mg/ml)	and	incubate	for	4	h	at	65	°C;		

28.2.		Add	100	µL	Phenol–Chloroform	to	the	sample	and	mix	vigorously;		

28.3.		Spin	10	min,	16,400g	at	RT;		

28.4.		Transfer	water	phase	to	a	clean	tube	and	load	︎20	µL	on	a	0.6%	agarose	

gel	next	to	the	“digestion	control”	from	step	20;		

28.5.		If	ligation	is	COMPLETE,	proceed	with	step	29.	If	not,	add	fresh		

ATP	(final	concentration	of	1	mM)	and	add	new	ligase:	repeat	steps	26–28.		

	
Reversal	of	cross-links	
29.	Add	30	µL	Prot	K	(10	mg/ml)	and	reverse	cross-links	O/N	at	65	°C.		

30.	Add	30	µL	RNase	A	(10	mg/ml,	Roche	#10109169001)	and	incubate	45	min	at	

37°C.		

31.	Add	7	ml	Phenol–Chloroform,	mix	vigorously.		

32.	Centrifuge	15	min,	3270g	at	RT.		

33.	Transfer	the	aqueous	phase	to	a	new	50	ml	Falcon	tube	and		
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add:		

7	ml	Milli-Q.		

1.5ml	2M	NaAC	pH	5.6.		

7	µL	Glycogen.		

35	ml	100%	EtOH.		

Note:	Increasing	the	volume	twice	before	precipitation	can	prevent	the	co-

precipitation	of	DTT	from	the	ligase	buffer	and	therefore	results	in	a	sample	

with	higher	purity.		

34.	Mix	and	incubate	at	︎-80	°C	until	the	sample	is	frozen	solid.		

35.	Spin	20	min,	3270g	at	4	°C.		

36.	Remove	the	supernatant	and	add	10	ml	cold	70%	ethanol.		

37.	Centrifuge	15	min,	3270g	at	4	°C.		

38.	Remove	the	supernatant	and	briefly	dry	the	pellet	at	room	temperature.		

39.	Dissolve	the	pellet	in	150	µL	10	mM	Tris–HCl	pH	7.5	at	37	°C.		

40.	Continue	with	step	41	or	store	sample	at	︎20	°C.		

	

Trimming	DNA	circles:	secondary	RE	digestion	and	ligation	

41.	To	150	µL	3C	sample	(︎1X107	cells)	add:	

50	µL	10X	NlaIII	restriction	buffer;	

Milli-Q	to	500	uL;	

50	U	NlaIII		

42.	Incubate	O/N	at	37	°C.	

43.	Take	a	5	µL	aliquot	of	the	sample	as	the	‘‘Digestion	control’’.		

44.	Determine	digestion	efficiency:		

44.1.		Add	95	µL	10	mM	Tris–HCl	pH	7.5	to	the	5	µL	sample	from	step	43.		

44.2.		Load	︎20	µL	on	a	0.6%	agarose	gel	next	to	the	‘ligation	control’	from	step	

28.	

44.3.		If	digestion	is	COMPLETE,	proceed	with	step	45.	If	not,	add	fresh	RE	and	

repeat	steps	42–44.	Alternatively	the	sample	can	be	re-purified	to	

facilitate	efficient	digestion.	
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45.	Inactivate	enzyme	by	incubating	at	65	°C	for	25	min.	

46.	Transfer	sample	to	a	50	ml	tube	and	add:		

12.1	ml	Milli-Q;	

1.4	ml	10X	Ligation	buffer	(see	step	22.3);		

100	U	T4	DNA	Ligase.		

47.	Ligate	O/N	at	16	°C.	

48.	Add:	0.7	ml	2	M	NaAC	pH	5.6,	7	µL	Glycogen	(20	mg/ml)	and	35	ml	100%	EtOH.	

Mix	well.	

49.	Store	at	-︎80	°C	until	completely	frozen.	

50.	Spin	45	min,	3270g	at	4	°C	

51.	Remove	the	supernatant	and	add	10	ml	cold	70%	ethanol.		

52.	Spin	15	min,	3270g	at	4	°C.	

53.	Remove	the	supernatant	and	briefly	dry	the	pellet	at	RT.		

54.	Dissolve	the	pellet	in	150	uL10	mM	Tris–HCl	pH	7.5	at	37	°C.		

55.	Purify	samples	with	the	QIAquick	PCR	purification	kit	(Qiagen	#28104)	

Use	3	columns	per	sample;	binding	capacity	is	10	µgDNA	per	column;	

Elute	columns	with	50	µL	10mM	Tris–HCl	pH	7.5	and	pool	samples.		

56.	Measure	concentration	and	purity	using	the	Nanodrop	spectrophotometer.	The	

4C	template	is	now	ready	for	PCR	and	can	be	stored	at	︎-20	°C	or	continued	

with	directly	in	step	57.		

	

PCR	of	4C	template	

57.	Determine	linear	range	of	amplification	by	performing	a	PCR	using	template	

dilutions	of	12.5,	25,	50	and	100	ng	4C	template.	

–		2.5	µL	10︎	PCR	buffer	1		

–		0.5	µL	dNTP	(10	mM)		

–		35	pmol	forward	primer	

–		35	pmol	reverse	primer	

–		0.35	µL	Expand	Long	Template	Polymerase	(Roche	#11759060001)	

–		20.65	µL	Milli-Q	to	a	total	volume	of	25	uL.		
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PCR	program:	2’	@	94	°C,	10’’	@	94	°C,	1’	@	55	°C,	3’	@	68	°C.	Repeat	29X,	5’	@	68	°C,	

∞	@	12°C.	

58.	Separate	15	µL	PCR	product	on	a	1.5%	agarose	gel	and	quantify	to	assess	linear	

amplification	and	template	quality.	

59.	Determine	the	functionality	of	the	primers	including	the	Illumina	adaptors	by	

comparing	them	with	the	primers	from	step	58	that	lack	the	adaptor	

sequences.	The	primers	containing	the	adaptor	should	cause	a	shift	in	PCR	

product	length,	which	should	be	visible	when	separated	and	compared	on	a	

1.5%	agarose	gel.		

60.	When	satisfied	with	the	quality	and	quantity	of	the	PCR	product	generated	using	

the	adaptor	primers,	4C	template	for	sequencing	is	prepared	as	follows:		

80	µL	10︎	PCR	buffer	1		

16	µL	dNTP	(10mM)		

1.12	nmol	78	nt	reading	primer	

1.12	nmol	41	nt	reverse	primer		

3.2	µg4C	template		

11.2	µL	Expand	Long	Template	polymerase		

463	µL	Milli-Q	water	to	800	µL	total.		

Mix	and	separate	into	16	reactions	of	50	µL	before	running	the	PCR.		

61.	Collect	and	pool	the	16	reactions.	Purify	the	sample	using	the	High	Pure	PCR	

Product	Purification	Kit	(Roche	#11732676001),	which	effectively	separates	

between	the	non-used	adaptor	primers	(︎78	&	41	nt)	and	the	PCR	product	

(>120	nt).	Use	four	columns	per	16	reactions.	

62.	Determine	sample	quantity	and	purity	using	the	Nanodrop	spectrophotometer.	

Typically	the	yield	resides	between	10	and	20	µgwith	A260/A280	︎1.85	and	

A260/A230	>1.5.	Sample	purity	is	important	to	control	to	prevent	

complications	during	the	sequencing	procedure.	If	absorption	ratios	deviated,	

re-purification	was	performed	using	the	QIAprep	Spin	Miniprep	Kit	(Qiagen	

#27104)	
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63.	Quality	is	determined	by	separation	of	300	ng	purified	PCR	product	on	a	1.5%	

agarose	gel.	

64.	4C-seq	products	are	ready	for	Illumina	sequencing.	

	

Illumina	sequencing	

Because	each	sequencing	read	generated	from	a	given	4C-seq	library	

necessarily	begins	with	the	reading	primer,	the	library	was	sequenced	in	multiplex	

with	other	unrelated	libraries	to	allow	cluster	calling	on	an	Illumina	HiSeq.	Two	

independent	libraries	were	generated	by	PCR	amplifying	two	separately	processed	

4C	samples	beginning	with	107	cells	each.	Single	end	150	cycle	reads	were	generated	

for	each	of	the	duplicate	samples.	

	

Post-sequencing	processing	and	analysis		
Post-sequencing	processing	and	analysis	were	performed	as	described		in	Eckart	et	

al.	(21).	Beginning	with	“.fastq”	files,	the	Sox10	4C-seq	library	reads	were	processed	

through	our	4C-seq	analysis	pipeline	which	utilizes	Perl	scripts,	Unix	shell	scripts,	and	

R	scripts	.	First,	hybrid	reads	were	cleaved	at	the	secondary	restriction	enzyme	site,	

as	any	intervals	distal	to	this	are	from	secondary	ligations.	Next,	primer	sequence	and	

any	sequence	that	intervenes	between	primer	and	primary	RE	site	was	cleaved,	

leaving	only	capture	sequence.	The	resulting	reads	were	mapped	back	to	

chromosome	15	in	NCBI37/mm9	using	Bowtie2.	Any	reads	that	didn’t	map	back	to	

chromosome	15	were	discarded,	as	we	saw	negligible	trans-interactions.	The	start	

position	of	the	remaining	reads	was	noted,	and	all	fragments	that	fell	within	a	given	

interval	defined	by	primary	RE	sites	is	binned	within	that	interval.	The	number	of	

reads	within	each	interval	were	counted	and	serve	as	an	uncorrected	proxy	for	the	

frequency	of	interaction	of	any	given	region	with	the	Sox10	promoter.	
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Figure	3.	4C-seq	experimental	overview	

	

	

	
	
Adapted	with	permission	from	de	Laat,	W.	et	al.	(8)	
 
	
	
	
After	cross-linking	and	digestion	with	the	primary	restriction	enzyme,	“hairballs”	of	

DNA	are	created	(1).		After	dilution,	the	resulting	chromatin	is	ligated	such	that	only	

fragments	from	the	same	“hairball”	are	ligated	together,	indicating	spatial	proximity	

(2).	Once	cross-links	are	removed	DNA	forms	large	circles	containing	multiple	

ligation	events	(3).	DNA	circles	undergo	a	second	round	of	digestion	and	ligation	(4,5)	

to	yield	small	DNA	circles.	Inverse	PCR	primers	specific	to	the	bait	sequence	with	

Illumina	adapters	attached	are	used	to	generate	a	4C-seq	library	(6)	ready	for	

sequencing	(7).	

	 	



	

	23	

Fig.	4		4C	PCR	strategy	

	

	
	
Adapted	with	permission	from	de	Laat,	W.	et	al.	(8)	
 
	
	
(A)	The	reading	primer	 is	designed	as	close	 to	 the	primary	RE	site	as	possible.	The	

second	primer	is	designed	with	100bp	of	the	adjacent	secondary	RE	site	on	the	“bait”	

fragment.	Black	bars	indicate	amplifiable	fragments,	while	horizontal	arrows	indicate	

the	direction	of	sequencing.	(B)	Details	of	the	reading	primer,	here	designed	on	top	of	

a	HindIII	restriction	site.	While	not	utilized	in	this	experiment,	a	3	nt	barcode	can	be	

added	between	the	bait-specific	primer	and	Illumina	adapter	to	allow	for	multiplexing	

experiments	targeting	the	same	bait.		
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CHAPTER	3:	RESULTS	

There	are	several	challenges	to	accurately	quantifying	the	frequency	of	DNA	

fragment	interaction	with	a	bait	locus.	Two	types	of	fragments	from	the	4C	template	

are	captured	when	generating	the	4C-seq	library.	The	first	are	fragments	flanked	on	

one	side	by	a	primary	RE	site	and	the	other	by	a	secondary	RE	site.	The	second	are	

fragments	flanked	on	either	side	by	primary	RE	sites,	which	we’ve	termed	“blind.”	

These	fragments	have	an	amplification	disadvantage	during	the	library	generation	

step.	Specifically,	sequencing	of	blind	fragments	is	dependent	on	a	secondary	RE	site	

in	the	circular	concatemer	created	after	the	first	ligation	step	as	both	primary	and	

secondary	RE	sites	are	required	for	circularization	and	amplification	(20,	21).	Bias	in	

the	amplification	process	also	depends	on	primer	fidelity,	fragment	length,	and	GC	

content.		

The	following	criteria	are	used	by	the	field	to	determine	whether	an	

experiment	is	successful.	1M	mapped	reads	for	a	single	4C-seq	experiment	generally	

generates	good	data.	Secondly	the	ratio	of	cis/overall	reads	is	assessed.	A	cis/overall	

ratio	>40%	is	generally	accepted.	Third,	the	percentage	of	covered	primary	fragments	

surrounding	the	bait	locus	is	considered.	This	should	be	high,	reflecting	the	high	

complexity	of	the	sample	(8).	Both	of	our	experiments	exceeded	all	parameters	(fig.7)	

	 While	we	observed	the	expected	strong	decay	in	signal	with	increasing	

linear	distance	outward	from	the	bait	sequence,	it’s	important	to	correct	for	

background	interactions.	We	were	dissatisfied	with	the	lack	of	statistical	rigor	built	

into	publicly	available	analysis	pipelines,	so	we	created	our	own.	To	do	this,	we	

generated	a	file	containing	the	following	information	for	each	possible	fragment	1Mb	

up	and	downstream	from	the	bait:	number	of	read	counts,	distance	from	bait	

sequence,	squared	fragment	length,	and	squared	distance	from	bait	sequence.	This	

file	was	put	into	R	to	calculate	a	residual	for	the	counts	at	each	site	using	a	

generalized	linear	model.	For	a	given	primary	fragment,	the	residual	counts	from	

each	side	were	compared	and	the	greater	value	was	used	to	represent	read	counts	for	

that	fragment.	The	resulting	file	containing	read	count	residuals	for	each	interacting	

fragment	was	again	passed	through	R	in	order	to	calculate	Z	scores	and	p-values.	

Particularly	strong	signals	can	create	a	skewed	distribution,	diminishing	the	overall	
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signal.	To	correct	for	this,	fragments	with	the	strongest	signal	were	iteratively	

removed	from	the	dataset	and	p-values	were	recalculated.	These	p-values	were	–log10	

transformed	and	truncated	at	20	for	ease	of	visualization.	This	data	was	reported	in	a	

.bed	file	that	can	be	visualized	as	a	histogram	in	the	UCSC	genome	browser	(Fig.	6)	

We	attempted	to	maximize	resolution	of	our	data	by	opting	to	use	a	4-cutter	(4	

bp	recognition	sequence)	primary	RE.	On	average	this	enzymes	creates	a	primary	

fragment	size	of	433bp	(24),	which	closely	matches	the	size	of	regulatory	DNA	

elements	(~200	bp)(8).	Therefore	our	resolution	is	limited	by	the	size	of	primary	

fragments	present	in	the	genome.	Based	on	previous	characterization	of	Sox10	

enhancer	sequences	we	were	expecting	to	see	association	of	regions	containing	

known	enhancers	with	the	Sox10	promoter.	What	we	observed	resembled	several	

domains	of	interaction	with	with	the	promoter	flanked	by	a	sharp	drop	in	signal	50	

kb	upstream	and	15	kb	downstream	of	the	promoter.	Interestingly,	the	4C-seq	signal	

boundaries	correspond	to	CTCF-bound	sites	in	mouse	ES	cells,	a	hallmark	of	TAD	

boundaries	(Fig.	6).		
It’s	not	surprising	we	would	see	clustering	of	multiple	domains	containing	

enhancer	sequences.	Enhancer-promoter	interactions	are	not	static	or	exclusive,	nor	

are	they	expected	to	be	in	identical	conformation	in	all	cells	at	any	given	time,	which	

is	why	we	began	with	so	many	cells.	We	observed	3	distinct	domains	of	interaction,	

each	containing	2,	3,	and	2	known	regulatory	sequences,	respectively,	moving	

upstream	from	the	Sox10	promoter.	The	cluster	most	proximal	to	the	Sox10	promoter	

contains	previously	validated	multi-conserved	sequences	(MCS)	1-3.	The	second	

cluster	contains	MCS4	and	MCS5,	and	the	most	distal	cluster	(deleted	in	the	Hry	

mouse)	contains	MCS6-9	(26).	

We	therefore	hypothesize	that	our	data	are	representative	of	transient	

interactions	of	multiple	regulatory	elements	within	the	~65	kb	TAD	where	Sox10	

resides.	We	propose	a	triple	hairpin	TAD	structure	anchored	by	CTCF	binding	sites	

(Fig.	7).	Overall,	our	data	correlate	quite	well	with	known	enhancer	sequences	of	

Sox10	in	melanocytes	(26,29).	Our	findings	are	further	validated	by	analysis	of	the	

mutant	mouse	line,	Hry,	a	model	of	Waardenburg	syndrome	(WS4).	Homozygous	null	

mice	exhibit	neurocristopathy-like	phenotypes	including	partial	enteric	
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aganglionosis,	loss	of	melanocytes,	and	decreased	Sox10	expression.	The	non-coding	

deletion	~16	kb	upstream	of	Sox10	in	these	mice	corresponds	to	regulatory	

sequences	that	have	been	validated	in	vitro	and	in	vivo	in	synthetic	contexts.		
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Figure	7.	Sox10	4C-seq	results	overview	and	quality	control	
A	

	
B

	
A.	Total	number	and	distribution	of	sequencing	reads	for	each	biological	replicate.	

Separated	into	reads	that	failed	to	align,	were	deemed	background,	or	enriched	reads.	

B.	Summary	of	sequencing	results	from	each	biological	replicate	compared	to	field	

standards.		
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DISCUSSION	
Our	understanding	of	disease	is	increasingly	reliant	on	elucidating	the	function	

of	non-coding	variation.	With	such	a	large	proportion	of	GWAS	signals	falling	into	

non-coding	space,	the	aim	of	this	study	was	to	gain	a	better	understanding	of	the	role	

of	common	variation	in	enhancers.	We	first	developed	a	classifier	which	allows	us	to	

estimate	the	impact	of	non-coding	variation	on	enhancer	sequences.	We	validated	our	

predictions	with	great	success	using	luciferase	reporter	assays.		However,	reporter	

assays,	both	in	vitro	and	in	vivo,	while	convenient	and	cost-effective,	take	regulatory	

sequences	out	of	their	native	context,	and	are	therefore	are	a	less-than	optimal	

measure	of	enhancer	activity.	

Chromatin	context	is	being	increasingly	recognized	as	a	critical	component	of	

gene	regulation.	Chromatin	conformation	capture	is	an	emerging	technique	that	

allows	us	to	visualize	physical	interactions	of	DNA	within	the	nucleus.	This	is	relevant	

because	enhancers	are	widely	believed	to	act	by	Iooping	into	physical	proximity	with	

their	cognate	promoters.	I	implemented	4C-seq,	which	captures	all	interactions	with	a	

single	locus	of	interest.	I	focused	on	developing	a	model	of	Sox10	regulation	using	a	

melanocyte	model.	Sox10	is	an	ideal	target	because	its	regulatory	landscape	has	

previously	been	characterized	by	our	group	and	others.			

We	observed	three	distinct	modules	of	interaction	with	the	Sox10	promoter,	

each	containing	multiple	previously	identified	enhancers.	Outside	of	the	three	

modules	the	contact	signal	falls	rapidly,	suggesting	some	kind	of	insulation	of	that	

region.	Flanking	these	three	modules	are	two	bound	CTCF	sites	in	mouse	ES	cells.	

CTCF	is	critical	in	maintaining	chromatin	structure	and	regulation,	and	TADs	are	

typically	flanked	by	CTCF	which	in	this	case	is	acting	as	an	insulator.	We	therefore	

propose	the	4C-seq	signal	observed	at	Sox10	is	representative	of	TAD	consisting	of	a	

3-loop	structure	of	transiently	interacting	domains	containing	multiple	enhancer	

sequences,	all	of	which	contact	the	Sox10	promoter	to	regulate	expression.	

The	ultimate	goal	of	this	work	in	the	future	is	to	understand	the	effect	of	

perturbations	in	single	or	subsets	of	enhancers	on	chromatin	structure	and	gene	

expression.	To	that	end,	we	are	currently	selectively	targeting	sequences	within	the	

4C-seq	signal	using	CRISPR/Cas9.	The	objective	is	to	observe	whether	there	are	
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changes	in	overall	chromatin	structure	and	Sox10	expression.	This	will	also	serve	as	

an	excellent	independent	validation	of	the	functionality	of	our	proposed	model	of	

regulation	at	the	Sox10	promoter.	An	important	validation	for	this	method	is	to	

confirm	colocalization	in	the	nucleus	using	FISH.	

We	hope	this	work	will	contribute	to	our	understanding	of	enhancer	function,	

lending	itself	to	a	better	understanding	of	how	to	interpret	common	variation	in	

enhancers	and	its	role	in	human	disease.	
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