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ChIP-seq	has	revealed	tens	of	thousands	of	TF	
binding	sites	in	the	human	genome,	far	in	

excess	of	the	regulated	genes.	
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Major	ques7on	post	ChIP-seq:	
What	are	all	of	these	TF	binding	sites	doing?	
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Our	model	system:	Cor7sol		
(glucocor7coid	steroid	hormone)	

Suppresses	immune	system	and	reduces	inflamma7on	

Increases	blood	pressure	and	blood	sugar	

Synthe7c	GC’s	used	clinically	to	treat	Psoriasis,	Crohn’s	Disease,	Rheumatoid	Arthri7s	

Major	component	of	response	to	stress	response	and	metabolism	
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The Glucocorticoid Receptor (GR)  



GR	binds	>10,000	sites	in	the	human	genome	
and	regulates	hundreds	of	genes.	
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Reporter	assays	to	quan7fy	the	ac7vity	of	GC	
response	elements	

Luciferase	 }		

Luciferase	
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		GRE	

+	DEX	

+	EtOH	

DEX	=	Dexamethasone,	a	synthe7c	glucocor7coid	



GFP			 ACTGATCGAC	

Using	high-throughput	sequencing	to	make	
reporter	assays	high	throughput	

Patwardhan	et	al,	2012,	Sharon	et	al,	2012,	Kheradapour,	2013,	
Kwasnieski	et	al,	2012	and	2014,	Melnikov	et	al,	2012	and	2013,	
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GFP	 		

Regulatory	elements	located	in	the	3’	UTR	of	the	
reporter	gene.	

STARR-seq:	Arnold	et	al,	Science,	2013		

STARR-seq	reporter	assays	



GFP	 		

From	that	posi7on,	the	elements	regulate	their	own	
expression.	

STARR-seq:	Arnold	et	al,	Science,	2013		

STARR-seq	reporter	assays	



GFP	 		

High-throughput	sequencing	of	the	cloning	site	in	
the	expressed	reporter	gene	can	then	be	used	to	
quan7fy	regulatory	element	ac7vity	

STARR-seq:	Arnold	et	al,	Science,	2013		

STARR-seq	reporter	assays	



GFP	 		

STARR-seq:	Arnold	et	al,	Science,	2013		

STARR-seq	reporter	assays	

•  Can	assay	millions	of	fragments	at	once	
•  Elements	can	be	hundreds	to	thousands	of	bp	
•  Allows	direct	liga7on	of	captured	DNA	into	high-

throughput	reporter	assays	



Chroma7n	Immunoprecipita7on	+	
STARR-seq	to	quan7fy	the	ac7vity	of	

all	TF	binding	sites	
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Treat	with	drug	
or	control	



GR	ChIP-reporter	results	

v	

•  Assayed	>12,000	GR	binding	sites	
•  10%	were	DEX-responsive	
•  95%	of	regulatory	elements	increased	reporter	expression	
•  Validated	with	standard	dual-luciferase	(r	=	0.77)	



Possible	interpreta7ons:	

One	possibility:	Only	10%	of	the	GR	binding	sites	have	
ac7vity.	
	
Alterna<ve:	Other	GR	binding	sites	require	addi7onal	
genomic	context.	



Some	ways	that	GR	binds	the	genome	
Direct	binding	to	a	Glucocor7coid	Response	Element	(GRE)		

Tethered	binding	via	other	TFs	such	as	AP-1	

Coopera7ve	binding	to	a	composite	regulatory	element	



Presence	of	a	GRE	explains	the	response	
Co-binding	TF	mo7fs	do	not	



DEX-responsive	sites	also	have	epigene7c	state	
changes	that	reflect	ac7vity	in	the	genome	

DEX-responsive	
non-responsive	

GRE	 GRE	 GRE	 GRE	

DEX	

EtOH	

DEX	

EtOH	



Direct	binding	explains	DEX-
responsive	reporter	ac7vity	

Direct	binding	to	a	Glucocor7coid	Response	Element	(GRE)		

Tethered	binding	via	other	TFs	such	as	AP-1	

Coopera7ve	binding	to	a	composite	regulatory	element	



The	problem	

•  The	set	of	GC-responsive	genes	varies	
drama7cally	between	cell	types	

•  Those	differences	can	largely	be	ahributed	to	
changes	in	co-factors,	par7cularly	AP-1	

•  If	GR	binding	at	AP-1	sites	does	not	have	
ac8vity,	then	we	struggle	to	explain	cell-type-
specific	differences	in	GC-responses	

(e.g.	Biddie	et	al,	2011;	John	et	al,	2011;	Gertz	et	al,	2013)			



Our	model	

•  AP-1	sites	modulate	the	ac7vity	of	direct	GR	
binding	sites	in	the	genome	

•  However,	the	AP-1	sites	are	not	sufficient	for	
DEX-responsive	regulatory	ac7vity	

•  In	this	model,	we	expect	GR	and	AP-1	to	co-
cluster	in	the	genome	



GR	binds	the	genome	in	clusters	



More	numerous	clusters	have	a	smaller	frac7on	of	DEX-
responsive	sites	

(i.e.	few	direct	sites	can	nucleate	large	clusters)	



AP-1	sites,	represented	by	JunD,	that	gain	
GR	are	closer	to	direct	GR	binding	sites		



Clusters	of	GR	binding	are	depleted	for	
intervening	CTCF	



Conclusion	

•  GR	biding	at	non-responsive	site	likely	reflects	
looping	interac7ons	with	distal	direct	GR	
binding	sites	

•  Does	this	alter	DEX-responsive	regulatory	
ac7vity,	poten7ally	explaining	cell-type	
specificity?	



Adding	AP-1	sites	amplifies	GC-
response	by	>10-fold	



That	amplifica7on	is	distant	dependent	



Summary	of	our	model:	
GR	binding	clusters	reflect	extensive	

GR:AP-1	tethering	interac7ons.	



Summary	
•  We	developed	a	high-throughput	approach	to	
measure	the	ac7vity	of	every	GR	binding	site	
in	a	reporter	assay	

•  The	results	reveal	a	func7onal	diversity	of	GR	
binding	sites,	and	suggest	that	interac7ons	
between	direct	and	tethered	GR	binding	sites	
are	the	basis	for	cell-type	specific	GC	
responses	



Ongoing	work:	
Genomics	of	Gene	Regula7on	

Expanding	upon	these	findings	with	extensive	and	coordinated	ChIP-
seq,	DNase-seq,	RNA-seq,	STARR-seq,	Hi-C	
	
Matched	with	Bayesian	models	of	regulatory	networks,	and	
epigenome	and	genome	edi7ng	to	test	predic7ons	

A549

Barcoded tubes

RNA-seq

12 x 3 reps=
36 TOTAL

12 x 3 reps=
36 TOTAL

44 x 12 x 3=
1584 TOTAL

12 x 3 reps=
36 TOTAL

5 x12 x3 reps=
180 TOTAL

Experiment-specific processing pipeline
QC metrics to ensure high quality data

Submit data to GEO
Use data for network modeling

ChIP-seq
42 TFs, 2 hist mods
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GR DNase-seq STARR-seq
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RNA-seq	and	DNase-seq	released	via	
ENCODE	DCC	

•  12	7me	points,	coordinated	to	the	second	
•  At	least	four	replicates	of	each	7me	point	
•  ChIP-seq	/	Hi-C	/	STARR-seq	data	forthcoming		



Looking	for	postdocs	to	join	the	lab	

•  Looking	for	both	experimental	and	
computa7onal	scien7sts	

•  Genomics	and	Gene7cs	projects	featuring	
high-throughput	reporter	assays,	genome	and	
epigenome	edi7ng,	network	modeling,	
experimental	design,	and	specific	disease	
studies.	
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