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ABSTRACT	
	

Transforming	growth	factor	beta	(TGFβ)	signaling	can	be	pro-tumorigenic	or	

tumor	 suppressive.	 The	 TGFβ	 pathway	 is	 recurrently	 inactivated	 in	 pancreatic	

ductal	adenocarcinomas	(PDAs),	 suggesting	 that	 it	 is	 tumor	suppressive;	however,	

alterations	 in	 its	 core	 components	 affect	 only	 half	 of	 cases,	 most	 frequently	 via	

inactivation	 of	 the	 transcription	 factor	 SMAD4.	 The	 goal	 of	 this	 study	 was	 to	

understand	 the	 role	 of	 TGFβ	 in	 preventing	 the	 growth	 of	 PDAs	 and	 the	

commonalities	of	the	tumors	that	emerge.	

The	first	part	of	this	work	describes	a	TGFβ-induced	epithelial-mesenchymal	

transition	(EMT),	generally	considered	a	pro-tumorigenic	event,	that	becomes	lethal	

by	 converting	 TGFβ-induced	 SOX4	 from	 an	 enforcer	 of	 tumorigenesis	 into	 a	

promoter	of	apoptosis.	This	is	the	result	of	an	EMT-linked	remodeling	of	the	cellular	

transcription	 factor	 landscape,	 including	 the	 repression	 of	 the	 gastrointestinal	

lineage-master	 regulator	 KLF5.	 KLF5	 cooperates	 with	 SOX4	 in	 oncogenesis	 and	

prevents	SOX4-induced	apoptosis.	SMAD4	 is	required	 for	EMT	but	dispensable	 for	

SOX4	 induction	by	TGFβ.	TGFβ-induced	SOX4	 is	 thus	geared	 to	bolster	progenitor	

identity,	whereas	simultaneous	SMAD4-dependent	EMT	strips	SOX4	of	an	essential	

partner	 in	 oncogenesis.	 This	 work	 demonstrates	 that	 TGFβ	 tumor	 suppression	

functions	through	an	EMT-mediated	disruption	of	a	lineage-specific	transcriptional	

network.	

Given	 that	 the	 components	 identified	 in	 the	 first	 phase	of	 the	project	were	

unable	to	explain	the	large	numbers	of	TGFβ	pathway	competent	PDAs,	the	question	

remained	 of	 how	 tumors	 that	 retain	 TGFβ	 components	 escape	 TGFβ	 tumor	
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suppression.	 Gene	 expression	 and	 chromatin	 profiling	 coupled	 with	 genetic	 and	

chemical	 manipulation	 of	 PDA	 cell	 lines,	 organoids,	 and	 mouse	 models	

demonstrated	 that	PDAs	 that	 develop	with	 this	 pathway	 intact	 avert	 its	 apoptotic	

effect	 via	 Inhibitor	 of	 Differentiation	 1	 (ID1).	 ID1	 is	 primed	 for	 expression	 in	 the	

normal	pancreas	and	 is	amongst	a	set	of	core	transcriptional	regulators	shared	by	

PDAs.	 ID1	uncouples	EMT	 from	apoptosis	 in	KRAS-mutant	pancreatic	progenitors.	

PDA	 development	 selects	 against	 TGFβ-mediated	 ID1	 repression,	 and	 different	

mechanisms	linked	to	low-frequency	genetic	events	converge	on	ID1	as	a	common	

node	during	tumor	progression.	These	results	identify	ID1	as	a	potential	therapeutic	

target	in	multiple	PDA	subtypes.		

	 Altogether,	 the	 work	 presented	 here	 demonstrates	 the	 roles	 of	 several	

transcriptional	modules	that	are	perturbed	by	TGFβ	tumor	suppression	during	the	

course	 of	 PDA	 development.	 It	 highlights	 the	 importance	 of	 the	 common	 core	

transcriptional	regulators	within	PDAs,	and	shows	that	different	genetic	paths	can	

lead	 to	 different	 phenotypic	 outputs	 while	 promoting	 a	 common	 core	 of	 highly	

expressed	transcriptional	regulators	important	to	cancer	progression.	
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INTRODUCTION	

	 Pancreatic	 ductal	 adenocarcinoma	 (PDA)	 is	 a	 cancer	 of	 the	 exocrine	

compartment	of	the	pancreas	and	currently	the	third	leading	cause	of	cancer	deaths	

in	 the	 United	 States	 due	 to	 late	 detection	 and	 lack	 of	 effective	 treatment	 (SEER,	

2000).	A	better	understanding	of	the	development	of	PDA	has	the	potential	to	yield	

new,	 more	 effective	 therapeutic	 strategies.	 Of	 note,	 the	 endogenous	 mechanisms	

present	 in	 the	 pancreas	 to	 prevent	 PDA	 formation	 are	 remarkable.	 At	 a	 first	

approximation,	of	the	170	billion	acinar	cells	in	human	pancreas,	from	which	PDAs	

are	primarily	predicted	to	arise	(Kopp	et	al.,	2012),	about	4.2	billion	divide	yearly	

(Tomasetti	and	Vogelstein,	2015).	Given	that	each	cell	division	is	associated	with	the	

accumulation	of	three	genetic	mutations	and	the	human	genome	size	is	three	billion	

base	pairs,	the	acinar	compartment	of	the	pancreas	of	an	average	person	potentially	

mutates	 the	entire	genome	approximately	330	times	during	an	average	 lifetime	of	

79	 years	 even	 in	 the	 absence	 of	 exogenous	 mutagens.	 Yet,	 the	 lifetime	 risk	 of	

developing	 pancreatic	 ductal	 adenocarcinoma	 cancer	 is	 only	 1.6%	 (SEER,	 2000).	

Many	 mechanisms	 exist	 to	 prevent	 the	 accumulation	 of	 cancer	 cells	 bearing	

oncogenic	 mutations,	 including	 signals	 from	 the	 microenvironment,	 nutrient	

availability,	 and	 immune	 surveillance	 (Hanahan	and	Weinberg,	 2011).	The	 goal	 of	

the	 following	 project	 is	 to	 understand	 the	 role	 of	 one	 tumor	 suppressive	 signal,	

transforming	growth	factor	beta	(TGFβ),	in	preventing	the	growth	of	PDAs	and	the	

commonalities	of	the	tumors	that	emerge.	
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Cancer	genetics	

Multiple	genetic	alterations	are	required	for	cancer	

	 Cancer	 arises	 from	 the	 accumulation	 of	 multiple	mutations,	 each	 of	 which	

provides	a	 selective	advantage	 to	 the	 cell	harboring	 it,	 compared	 to	 its	neighbors.	

Statistician	 Carl	 Nordling	 first	 proposed	 the	multiple-hit	 hypothesis	 in	 the	 British	

Journal	of	Cancer	in	1953	based	on	the	observation	that	cancer	incidence	increases	

according	 to	 the	 sixth	 exponential	with	 age	 (Nordling,	 1953).	He	 posited	 that	 cell	

proliferation	over	time	correlates	with	the	emergence	of	mutations	and	that	tumor	

incidence	 over	 time	 could	 be	 modeled	 by	 an	 n-1	 order	 equation,	 where	 n	 is	 the	

number	 of	 mutations	 needed	 to	 form	 a	 tumor.	 While	 certain	 pediatric	 tumors	

appear	to	be	an	exception,	as	these	can	be	driven	by	single	events	(Greaves,	2015),	

the	requirement	of	multiple	genetic	alterations	in	adult	human	cancers	is	now	well-

supported	by	several	lines	of	evidence,	including	human	tumor	genome	sequencing	

data	 as	 well	 as	 mouse	 models	 where	 combinations	 of	 oncogenic	 mutations	

accelerate	 tumor	 growth.	 Interestingly,	 the	 earliest	 transgenic	 mouse	 models	 of	

cancer	were	created	by	introducing	single	virus-derived	transcriptional	modulators	

like	 transgenes	 for	 the	 SV40	 T-antigen	 and	 Myc	 into	 a	 range	 of	 developmentally	

mature	 and	 immature	 cells	 (Adams	 et	 al.,	 1985;	 Brinster	 et	 al.,	 1984);	 however,	

subsequent	 tissue-specific	 models	 have	 demonstrated	 that	 multiple	 genetic	

alterations	 cooperate	 to	 accelerate	 tumor	 development.	 For	 example,	 in	 the	

pancreas,	Kras	 activation	alone	can	cooperate	with	occasional	 spontaneous	 loss	of	

Cdkn2a	and	result	in	progression	to	PDA,	but	this	process	is	greatly	accelerated	with	
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combination	 of	 Kras	 activation	 with	 Cdkn2a,	 Trp53,	 or	 Smad4	 loss	 of	 function	

(Aguirre	et	al.,	2003;	Bardeesy	et	al.,	2006b;	Hingorani	et	al.,	2005).	

	 The	number	 of	 genetic	 alterations	 required	 for	 transformation	 of	 a	 normal	

cell	 to	an	invasive	cancer	cell,	and	the	specific	nature	of	the	alterations	has	been	a	

subject	of	debate.	Metastatic	carcinoma	can	be	produced	 in	genetically	engineered	

mouse	models	with	 only	 one	 or	 two	 oncogenic	mutations	 (Hingorani	 et	 al.,	 2005;	

Muller	et	al.,	1988),	and	even	combinations	of	mutations	not	commonly	observed	in	

human	 tumors	 appear	 to	 have	 this	 potential	 (Hill	 et	 al.,	 2010).	 Furthermore,	

contrary	 to	 the	 early	 hypothesis	 of	 Carl	 Nordling	 that	 six	 to	 seven	mutations	 are	

required	 for	 the	 formation	of	 invasive	carcinoma,	Bert	Vogelstein’s	group	recently	

proposed	that,	based	on	mutation	rates	 in	whole	genome	sequencing	data	and	the	

incidence	of	 lung	and	colorectal	cancers,	only	three	mutations	are	required	for	the	

development	 of	 cancer	 (Tomasetti	 et	 al.,	 2015).	 While	 the	 exact	 number	 of	

mutations	 necessary	 for	 tumor	 formation	 is	 therefore	 debatable,	 the	 fact	 that	

tumors	 engineered	 with	 multiple	 genetic	 alterations	 can	 often	 be	 reversed	 by	

simply	 removing	 one	 of	 the	 alterations	 (Dow	 et	 al.,	 2015;	 Ying	 et	 al.,	 2012)	 and	

human	 tumors	 with	 multiple	 mutations	 can	 be	 treated	 with	 some	 efficacy	 with	

single	 targeted	 therapies	 (Chapman	 et	 al.,	 2011;	 Druker	 et	 al.,	 2001;	 Hodis	 et	 al.,	

2012)	 suggests	 that	 a	 full	 repertoire	 of	 functionally	 significant	mutations	may	 be	

required	for	tumor	progression.	

Cancer	genome	landscapes	

Over	the	past	ten	years,	thousands	of	cancer	genomes	have	been	sequenced	

(Ding	 et	 al.,	 2018).	 These	 sequencing	 studies	 provide	 a	 wealth	 of	 information--
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amongst	 others,	 they	 have	 further	 characterized	 the	 mutation	 spectrum	 of	

previously	 characterized	 oncogenes	 and	 tumor	 suppressors	 and	 identified	

interactions	with	the	properties	of	 the	tissue	of	origin	(Hoadley	et	al.,	2018).	They	

have	also	highlighted	genetic	complexity	of	cancers	(Ding	et	al.,	2018),	revealed	that	

some	genetic	alterations	like	KRAS	activation	and	TP53	inactivation	happen	across	

cancer	types	while	others	like	SMAD4	and	SHH	mutations	are	private	to	particular	

tumor	 types	 (Sanchez-Vega	 et	 al.,	 2018),	 and	 furthered	 the	 dilemma	 of	

distinguishing	 driver	 genetic	 alterations	 and	 passengers	 (Bailey	 et	 al.,	 2018).	 The	

study	of	pancreatic	cancer	has	followed	a	similar	route.		

Even	before	the	earliest	whole	genome	and	whole	exome	sequencing	studies	

of	PDA,	frequent	activation	of	the	oncogene	KRASG12D	along	with	inactivation	of	the	

tumor	 suppressor	 genes	 CDKN2A,	 TP53,	 and	 SMAD4	 were	 reported	 in	 pancreatic	

cancer	(Almoguera	et	al.,	1988;	DiGiuseppe	et	al.,	1994;	Hahn	et	al.,	1996;	Wilentz	et	

al.,	 1998).	 Tumors	 from	 individuals	 with	 germline	 genetic	 alterations	 that	

predispose	 them	 to	 PDA	 such	 as	 BRCA2,	 ATM,	 PRSS1,	 or	 PALB2,	 also	 often	 bear	

mutations	in	these	genes	(TCGA,	2017;	Waddell	et	al.,	2015),	supporting	that	these	

genetic	changes	are	key	to	the	transformation	of	a	normal	pancreatic	epithelial	cell	

into	an	invasive	carcinoma	cell.	Subsequent	genome-scale	sequencing	studies	have	

confirmed	 that	KRAS,	 CDKN2A,	 TP53,	 and	 SMAD4	 are	 the	most	 frequently	 altered	

genes	in	PDA,	followed	by	a	long	tail	of	additional,	less	frequent	alterations	(Figure	

1-1).	 Amongst	 this	 tail	 are	 genes	 related	 to	 the	 four	 major	 alterations	 including	

MAPK	 activation	 (related	 to	 KRAS)	 and	 TGFΒR2	 inactivation	 (related	 to	 SMAD4),	

previously-described	 oncogenes	 and	 tumor	 suppressors	 in	 PDA	 like	 ARID1A	 and	
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RNF43,	oncogenes	and	tumor	suppressors	with	no	previously	described	role	in	PDA	

like	 PREX2	 and	 KDM6A,	 and	 a	 variety	 of	 not	 yet	 functionally	 characterized	

alterations	(TCGA,	2017;	Waddell	et	al.,	2015).		

Efforts	 to	 subcategorize	 PDAs	 into	 different	 clinical	 subclasses	 based	 on	

genetic	alterations	have	yielded	varying	results.	One	study,	 for	example,	describes	

SMAD4-inactivated	PDAs	as	more	widely	metastatic	 than	SMAD4-expressing	PDAs	

(Iacobuzio-Donahue	et	al.,	2009);	yet	another	reports	that	SMAD4	loss	is	associated	

with	 more	 resectable	 tumors	 and	 better	 survival	 after	 resection	 (Biankin	 et	 al.,	

2002).	 More	 recent	 studies	 have	 subtyped	 PDAs	 based	 on	 the	 gene	 expression	

profiles	 of	 tumors	 (Bailey	 et	 al.,	 2016;	 Collisson	 et	 al.,	 2011;	Moffitt	 et	 al.,	 2015).	

Across	these	studies,	two	subtypes	recurrently	emerge:	a	basal/squamous	subtype	

and	a	classical/pancreatic	progenitor	subtype.	Subsequent	analysis	of	the	additional	

subtypes	 that	have	been	 identified—such	as	 the	 exocrine-like,	 quasimesenchymal,	

and	 immunogenic	 subtypes—have	 suggested	 that	 these	 appear	 to	 reflect	 the	

presence	of	stromal	cells	such	as	stellate,	 immune,	and	normal	acinar	cells	 (TCGA,	

2017).	 	 PDAs	 are	 notoriously	 desmoplastic	with	 low	 cancer	 cell	 content	 and	 high	

stromal	infiltration,	and	it	is	possible	that	the	differences	in	infiltration	are	clinically	

significant	 (Heid	 et	 al.,	 2017);	 however,	 in	 general,	 these	 subtypes	 have	 yet	 to	

become	clinically	useful.	In	part,	this	is	because	PDA	has	a	universally	poor	outcome	

if	detected	past	the	point	at	which	surgical	removal	is	possible,	with	an	average	five-

year	 survival	 of	 1-14%	 depending	 on	 stage	 at	 diagnosis	 as	 well	 as	 the	 lack	 of	

therapeutic	options	corresponding	to	these	subtypes.	
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Inter-tumor	genetic	heterogeneity	

At	 the	 core	 of	 the	 debate	 around	 the	 number	 of	 alterations	 necessary	 for	

tumorigenesis	is	the	fact	that	tumors	often	contain	hundreds	of	mutations	coupled	

with	extensive	copy	number	variations,	many	of	which	may	or	may	not	contribute	to	

the	 tumorigenic	 potential.	 Genetic	 alterations	 occur	 as	 a	 result	 of	 exposure	 to	

exogenous	 mutagens	 like	 ultraviolet	 irradiation	 or	 cigarette	 smoke,	 as	 well	 as	

normal	 cellular	 processes	 like	 DNA	 replication	 and	 transcription.	 Cancer	 cells	

therefore	carry	both	driver	mutations,	which	provide	a	selective	advantage	to	a	cell,	

and	 passenger	mutations,	 which	may	 provide	 either	 negative	 or	 neutral	 selective	

advantage	(Bozic	et	al.,	2010).		

Collectively,	the	mutational	repertoire	of	a	tissue	and	the	selective	pressures	

of	its	microenvironment	determine	the	genetic	alterations	in	a	tumor	resected	from	

a	cancer	patient.	Because	tumors	arising	from	the	same	tissue	are	often	exposed	to	

the	 same	mutagenic	processes	and	selective	pressures,	driver	mutations	are	often	

recurrent	 across	 tumors	 and	 have	 therefore	 been	 traditionally	 identifiable	 as	

genetic	 alterations	 that	 are	 recurrently	 found	 in	 many	 tumors	 and	 highly	

represented	 within	 a	 tumor.	 With	 the	 advent	 of	 high	 throughput	 sequencing	 of	

tumor	genomes,	many	computational	algorithms	have	been	developed	to	attempt	to	

identify	driver	mutations.	The	most	commonly	employed	algorithms	leverage	large	

datasets	 to	 determine	 whether	 certain	 alterations	 occur	 more	 frequently	 than	

predicted	by	chance	or	whether	there	is	predicted	functional	impact	on	the	gene	of	

interest	(Tokheim	et	al.,	2016).	By	relying	heavily	on	statistical	analysis	with	limited	

biological	 insight,	 however,	 these	methods	 are	 restricted	 in	 their	 ability	 to	 detect	
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low	frequency	genetic	alterations	that	may	nonetheless	be	biologically	and	clinically	

significant.	

Cancer	rewires	developmental	signaling	pathways	

Signaling	pathways	in	cancer	

	 Functionally,	 genetic	 alterations	 allow	 cells	 to	 escape	 the	 constraints	 of	

normal	tissue	homeostasis	by	altering	the	way	in	which	cells	interpret	signals	from	

the	microenvironment.	Within	normal	adult	epithelial	 tissues,	 the	majority	of	cells	

are	in	a	quiescent,	non-dividing	state.	Adult	stem	cells,	which	have	the	capability	to	

both	 self-renew	 and	 produce	 differentiated	 progeny,	 respond	 to	 cues	 from	 the	

microenvironment	 to	 re-enter	 the	 cell	 cycle	 and	 proliferate	 (Holley,	 1975).	 Given	

their	seemingly	unlimited	self-renewal	capacity,	one	model	of	cancer	suggests	cells	

within	 a	 tumor	 have	 either	 originated	 from	 an	 aberrant	 tissue	 stem	 cell	 or	

reacquired	the	characteristics	of	stem	cells	such	that	a	small	population	of	such	cells	

can	indefinitely	repopulate	a	tumor	(Passegue	et	al.,	2003).	

In	support	of	this	hypothesis,	genetic	alterations	found	in	cancer	disrupt	the	

signaling	 pathways	 that	 regulate	 cell	 division,	 differentiation,	 and	 survival	

(Vogelstein	et	al.,	2013).	Interestingly,	genetic	alterations	in	pathways	that	emerge	

later	in	metazoan	evolution,	such	as	TGFβ	and	WNT,	tend	to	occur	in	tissue-specific	

patterns.	 In	 comparison,	 the	 pathways	 conserved	 even	 amongst	 unicellular	

organisms,	 such	 as	 MAPK	 and	 PI3K	 signaling,	 tend	 to	 occur	 across	 cancer	 types	

(Kandoth	et	al.,	2013;	Sanchez-Vega	et	al.,	2018)	(Figure	1-2).	

The	complexity	of	cellular	and	tissue	homeostasis,	however,	often	prevents	a	

single	 perturbation	 from	 leading	 to	 cancer.	 While	 cancer	 genes	 are	 typically	



	 8	

classified	as	oncogenes	or	 tumor-suppressor	genes,	a	growing	number	play	a	dual	

role	 and	 defy	 this	 classification	 (Stepanenko	 et	 al.,	 2013).	 Feedback	 mechanisms	

often	 lead	 to	 negative	 selection	 against	 oncogenic	mutations--KRAS	 activation,	 for	

example,	can	lead	to	cellular	senescence	and	clearance	by	immunity	(Collado	et	al.,	

2005).	 Additional	 genetic	 alterations	 can	 overcome	 the	 new	 selection	 barriers	

presented	by	the	transforming	cell	and	its	evolving	microenvironment,	resulting	in	

multiplicative	 rather	 than	 simply	 additive	 effects	 of	 driver	 mutations.	 The	

developing	 tumor	 is	 therefore	 a	 dynamic	 landscape	 in	 which	 natural	 selection	

occurs	in	the	setting	of	a	changing	microenvironment.	

Transcriptional	dysregulation	of	cancer	cells	

Signaling	 pathways	 coalesce	 in	 the	 nucleus	 to	 regulate	 the	 transcriptional	

output	of	a	cell,	and	transcriptional	dysregulation	is	a	common	feature	of	emerging	

tumors.	 Profiling	 of	 chromatin	 status	 has	 demonstrated	 that	 cancer	 cells	 often	

harbor	 aberrantly	 activated	 enhancers	 that	 support	 the	 tumorigenic	 properties	 of	

the	 cell	 (Sengupta	and	George,	2017;	Sur	and	Taipale,	2016).	Whereas	promoters,	

associated	with	H3K4me3,	 are	 located	near	 the	 transcription	 start	 site,	 enhancers	

associated	 with	 H3K27ac	 are	 flexible	 as	 to	 orientation	 and	 location	 (Bulger	 and	

Groudine,	 2011).	 These	 enhancers	 often	 contain	 clusters	 of	 transcription	 factor	

binding	 sites,	 allowing	 the	 integration	of	multiple	 signaling	pathways,	 and	 studies	

have	 shown	 that	 these	 enhancers	 can	 be	 activated	 by	 genetic	 alterations	 or	 by	

signals	 from	 the	 microenvironment	 and	 in	 turn	 regulate	 gene	 expression	 that	

promotes	 tumorigenesis	 (Hnisz	et	 al.,	 2013).	The	altered	 transcriptional	 state	of	 a	

cancer	cell	therefore	reflects	adaptation	to	genetic	alterations	in	cancer	cells	and	to	
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inputs	from	the	tumor	microenvironment	(Christophorou	et	al.,	2006;	Garraway	and	

Sellers,	2006;	Lee	and	Young,	2013;	Ventura	et	al.,	2007).	

Similar	 to	 the	concept	of	oncogene-addiction,	 in	which	cancer	 cells	become	

dependent	on	an	oncogenic	alteration	for	survival,	lineage-dependency	has	emerged	

as	one	in	which	tumor	cells	are	dependent	for	survival	on	transcriptional	regulatory	

networks	 that	 may	 pre-exist	 during	 the	 development	 of	 the	 lineage	 or	 emerge	

during	tumor	formation	(Garraway	and	Sellers,	2006).	In	melanoma,	MITF,	which	is	

necessary	 for	 melanocyte	 differentiation	 and	 survival,	 is	 an	 example	 of	 one	 such	

gene,	and	in	prostate	cancer,	the	androgen	receptor	is	another	example.	These	genes	

are	 critical	 in	 the	 normal	 development	 of	 the	 cell	 types	 from	which	 these	 tumors	

arise,	 are	 expressed	 highly	 in	 tumors	 of	 that	 lineage,	 and	 are	 required	 for	 the	

progression	 of	 those	 tumors	 (Garraway	 and	 Sellers,	 2006).	 Their	 high	 expression	

may	 therefore	 provide	 both	 clues	 regarding	 the	 signaling	 pathways	 active	 in	 the	

tumor	as	well	as	vulnerabilities	for	directed	therapeutic	targeting.		

The	TGFβ	pathway	

Amongst	the	developmental	signaling	pathways	co-opted	in	cancer	is	that	of	

transforming	growth	 factor	beta	 (TGFβ).	TGFβ	emerged	as	 a	 signaling	pathway	 in	

metazoans,	where	 it	 regulates	 various	 aspects	 of	 cell	 fate	 and	 state	 in	 a	 cell-type	

specific	manner.	 The	 earliest	metazoan	 known	 to	 harbor	TGFβ	 ligands,	 receptors,	

and	 SMAD	 transcription	 factors	 is	 the	 sponge	 genus	 Amphimedon;	 however,	 the	

Trichoplax	 TGFβ	 pathway	 more	 closely	 resembles	 that	 found	 in	 most	 metazoans	

outside	of	Porifera	(Richards	and	Degnan,	2009).	In	Eumetazoa,	including	mammals,	

the	 TGFβ	 superfamily	 has	 expanded	 to	 include	 TGFβs,	 Activins,	 Nodal,	 GDFs	 and	
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BMPs.	 These	 ligands	 are	 expressed	 in	 every	 tissue	 type	 and	 function	 through	

paracrine	 and	 autocrine	 signaling	 to	 play	 critical	 roles	 in	 development,	

immunomodulation,	and	epithelial	tissue	homeostasis.		

Transcriptional	regulation	via	the	SMAD	transcription	factors	

Generally,	 TGFβ	 ligands	 are	 secreted	 as	 pre-pro-peptides	 that	 are	 then	

cleaved	to	yield	the	mature	factor	trapped	by	the	pro-domain	and	other	proteins	as	

a	 latent	 complex.	 This	 inactive	 form	 resides	 in	 the	 extracellular	matrix	 until	 it	 is	

activated	 by	 interactions	 with	 integrins	 or	 proteases,	 providing	 precise	 spatio-

temporal	 control	 of	 the	 ligand	 (Dong	 et	 al.,	 2017;	Qin	 et	 al.,	 2018).	 Dimers	 of	 the	

peptide	 then	 bind	 to	 constitutively	 phosphorylated	 type	 II	 serine-threonine	

receptors,	which	recruit	and	phosphorylate	type	I	receptors	(Wrana	et	al.,	1994).	A	

heterotetrameric	 complex	 of	 two	 type	 I	 and	 two	 type	 II	 receptors	 then	

phosphorylates	 receptor	 SMADs,	 which	 classically	 associate	 with	 SMAD4	 and	

translocate	 to	 the	nucleus	 (Lagna	et	 al.,	 1996;	Massague,	1998).	 SMAD	complexes,	

commonly	trimers	cooperate	with	co-activators	and	co-repressors	to	modulate	the	

expression	 of	 cell-type	 specific	 target	 genes	 (Figure	 1-3).	 Each	 step	 of	 the	 signal	

transduction	 process--ligand	 activation,	 receptor	 availability,	 SMAD	 recycling--is	

intricately	regulated	(David	and	Massague,	2018a).	

The	domain	structures	of	the	SMADs	are	highly	conserved:	all	SMADs	share	

an	MH1	domain	with	a	β	hairpin	 loop	 that	 is	primarily	 responsible	 for	binding	 to	

DNA	 and	 an	 MH2	 domain	 that	 is	 critical	 for	 many	 protein-protein	 interactions,	

including	 interfacing	 with	 the	 receptors	 and	 oligomerization	 between	 SMADs	

(Macias	et	al.,	2015).	The	major	signaling	output	of	TGFβs	is	via	the	type	I	receptors	
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TGFΒR1/ACVR1B/ACVR1C	 to	 SMAD2/3,	 whereas	 BMPs	 operate	 mainly	 via	

ALK1/ACVR1A/BMPR1A/BMPR1B	and	SMAD1/5/8	 (David	and	Massague,	2018a).	

While	 it	was	originally	thought	that	BMP	SMADs	favor	GC-rich	regions	while	TGFβ	

SMADs	favor	CAGAC	motifs,	it	was	recently	demonstrated	that	both	favor	clusters	of	

CAGAC	 and	 5GC-rich	 regions	 of	 DNA	 (Martin-Malpartida	 et	 al.,	 2017;	 Shi	 et	 al.,	

1998).	Therefore,	 signaling	 specificity	 is	 likely	due	 to	 the	 cofactors	 that	 cooperate	

with	the	various	receptor	SMADs.	

Like	 the	 receptor	 SMADs,	 SMAD4	 contains	 MH1	 and	 MH2	 domains,	 but	 it	

differs	from	the	receptor	SMADs	in	several	of	its	structural	loops,	in	its	linker	region,	

and	 in	 the	 lack	 of	 the	 C-terminal	 Ser-X-Ser	 motif	 that	 is	 necessary	 for	 receptor	

phosphorylation	 (Macias	 et	 al.,	 2015).	 	 	 Despite	 the	 seemingly	 minor	 differences	

between	 SMAD4	 and	 the	 receptor	 SMADs,	 it	 has	 a	 unique	 role	 in	 TGFβ	 signal	

transduction.	Not	only	does	it	promote	SMAD	complex	binding	to	DNA	and	activate	

transcription	(Liu	et	al.,	1997),	it	is	also	necessary	in	both	TGFβ	and	BMP	signaling	

and	uniquely	the	most	commonly	disabled	member	of	the	TGFβ	pathway	in	cancer	

(Waddell	et	al.,	2015).	While	one	possibility	is	that	this	latter	may	be	due	to	its	roles	

in	 both	 the	 TGFβ	 and	 BMP	 pathways,	 the	 dispensability	 of	 SMAD4	 in	 pancreatic	

development	where	SMAD2/3	are	required	points	to	a	more	specific	role	of	SMAD4	

in	comparison	to	SMAD2/3	(Bardeesy	et	al.,	2006b;	Goto	et	al.,	2007).	

Context-specificity	of	TGFβ	signaling	

Even	 the	earliest	 reports	about	TGFβ	hinted	at	 the	context-specificity	of	 its	

effects.	Initial	efforts	to	purify	TGFβ	resulted	in	the	purification	of	TGFα,	a	member	

of	the	EGF	family,	along	with	TGFβ,	and	it	was	found	that	TGFβ	could	only	promote	
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cell	growth	in	colony	formation	assays	in	the	presence	of	TGFα	(Anzano	et	al.,	1982).	

Later,	it	was	observed	that	TGFβ	could	also	inhibit	cell	growth	(Tucker	et	al.,	1984),	

and	that	the	combination	of	growth	factors	present	with	TGFβ	could	alter	the	effect	

of	 TGFβ	 (Roberts	 et	 al.,	 1985).	 Together	 with	 the	 placement	 of	 SMAD4,	

independently	identified	in	humans	as	deleted	in	pancreatic	cancer	4	(DPC4)	(Hahn	

et	al.,	1996),	in	the	TGFβ	pathway	(Sekelsky	et	al.,	1995),	the	opposing	observations	

regarding	 the	 effect	 of	 TGFβ	 on	 cell	 growth	 solidified	 the	 context-dependency	 of	

TGFβ	signaling.		

	 Beyond	a	few	key	target	genes,	most	notably	the	negative	feedback	regulator,	

SMAD7,	 the	 genes	 regulated	 by	 TGFβ	 vary	 greatly	 amongst	 cell	 types	 (David	 and	

Massague,	2018a).	A	major	 factor	 in	determining	the	genes	 that	are	regulated	 in	a	

particular	 cell	 is	 the	 chromatin	 landscape.	 SMAD	 transcription	 factors	 bind	

primarily	to	5GC	SBE	motifs	in	regions	of	open	chromatin	(Martin-Malpartida	et	al.,	

2017)	 and	 cooperate	 with	 lineage-	 and	 signal-dependent	 transcription	 factors,	

which	 vary	 between	 cell	 types	 (David	 and	Massague,	 2018a).	 In	 embryonic	 stem	

cells,	myotubes,	and	pro-B	cells,	for	example,	SMAD	complexes	co-localize	with	the	

cell	type-specific	master	transcription	factors	Oct4,	Myod1,	and	PU.1	genome-wide,	

respectively	 (Mullen	 et	 al.,	 2011);	 similarly,	 SMADs	 co-localize	 with	 other	 signal-

regulated	 transcription	 factors	 like	 the	 PI3K/AKT-modulated	 forkhead	 family	 of	

transcription	factors	(Seoane	et	al.,	2004).	In	this	way,	the	gene	expression	response	

to	TGFβ	 integrates	 both	 the	 cell’s	 developmental	 history	 and	 its	 current	 signaling	

status.	



	 13	

TGFβ	regulation	of	ID1	

	 Amongst	the	best	characterized	of	the	context-dependent	genes	regulated	by	

TGFβ	 are	 the	 Inhibitor	 of	 DNA-binding/Inhibitor	 of	 Differentiation	 (ID)	 genes.	

Mammals	have	four	genes	that	encode	ID	proteins,	ID1-4,	which	are	members	of	the	

basic	 helix-loop-helix	 (bHLH)	 family	 of	 transcription	 factors	 that	 lack	 the	 basic	

region	 necessary	 for	 DNA	 binding	 (Jen	 et	 al.,	 1996).	 bHLH	 proteins	 primarily	

operate	via	dimerization	of	a	ubiquitous	E-protein	member	of	the	bHLH	family	with	

a	tissue-specific	bHLH	protein,	and	ID	proteins	act	as	dominant-negative	regulators	

by	 binding	 to	 E-proteins	 and	 blocking	 the	 DNA-binding	 capability	 of	 the	 bHLH	

complexes	 (Benezra	 et	 al.,	 1990).	 In	 doing	 so,	 the	 ID	 proteins	 promote	 cellular	

differentiation	 and	 cell	 cycle	 arrest	 (Benezra	 et	 al.,	 1990;	 Ruzinova	 and	 Benezra,	

2003).	

The	effects	of	 ID	proteins	on	 cellular	differentiation	have	been	observed	 in	

both	 normal	 tissues	 like	 embryonic	 stem	 cells,	 hematopoietic	 lineages,	 epithelial	

tissues,	 and	neurons	as	well	 as	 cancer,	particularly	 in	 gliomas	 (Anido	et	 al.,	 2010;	

Barrett	 et	 al.,	 2012;	 Lasorella	 et	 al.,	 2014;	Ruzinova	 and	Benezra,	 2003).	Whereas	

ID1-3	are	widely	expressed	across	different	normal	tissue	types,	 ID4	expression	 is	

generally	more	 restricted	 to	 the	 nervous	 system	 	 (Jen	 et	 al.,	 1996).	 Concordantly,	

knockout	 of	 Id4	 results	 in	 perinatal	 lethality	 in	 mice	 with	 defects	 in	 neural	

differentiation.	 Knockout	 of	 Id1	 on	 the	 other	 hand,	 results	 in	 no	 major	

abnormalities,	 suggesting	 functional	 redundancy	 from	 the	 other	 ID	 proteins.	

Combined	knockout	of	Id1	with	Id2	or	Id3,	however,	results	 in	embryonic	 lethality	

with	defects	in	the	hematopoietic	and	neuronal	lineages	(Lasorella	et	al.,	2014).		
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Multiple	 inputs	 regulate	 the	 expression	 of	 the	 ID	 genes.	 Receptor	 tyrosine	

kinases	 via	 MEK-ERK-EGR,	 Notch	 signaling,	 MYC,	 WNT	 activation,	 ETS	 proteins,	

BMPs,	 and	TGFβ	are	amongst	 the	 signals	 that	 can	 induce	 ID	expression.	Forkhead	

box	proteins,	p53,	various	microRNAs,	and	TGFβ,	on	the	other	hand,	can	repress	its	

expression.	In	general,	tumor-promoting	signals	appear	to	correlate	with	higher	ID	

expression	whereas	 tumor-suppressive	 signals	 correlate	with	 lower	 ID	expression	

(Lasorella	et	al.,	2014;	Perk	et	al.,	2005),	and	elevated	levels	of	ID	expression	have	

been	 reported	 in	 various	 cancers	 of	 endodermal,	 ectodermal,	 and	 mesodermal	

origin	(Perk	et	al.,	2005).	

	 Of	 note,	 both	 BMPs	 and	 TGFβ	 regulate	 the	 expression	 of	 ID1-3	 genes.	 The	

mouse	and	human	ID1	promoters	are	highly	conserved	and	are	the	best	described,	

but	similar	regulatory	elements	exist	in	the	promoters	of	ID2/3.	ID1-3	are	therefore	

co-regulated	 in	 many	 contexts	 (Korchynskyi	 and	 ten	 Dijke,	 2002;	 Ruzinova	 and	

Benezra,	 2003).	 Whereas	 BMPs	 induce	 the	 expression	 of	 ID1-3,	 TGFβ	 can	 either	

induce	or	 repress	 ID1-3	expression	 (Kang	et	 al.,	 2003;	Korchynskyi	 and	 ten	Dijke,	

2002;	Padua	et	al.,	2008).	Both	BMPs	and	TGFβ	regulate	ID1	via	a	series	of	GC-rich	

and	 CAGAC	 elements	 in	 the	 2	 kilobases	 upstream	 of	 ID1	 (Kang	 et	 al.,	 2003;	

Korchynskyi	 and	 ten	 Dijke,	 2002).	 The	 repression	 of	 ID1	 by	 TGFβ	 additionally	

requires	an	ATF3	binding	element	 in	 the	 ID1	 promoter,	 and	 induction	of	ATF3	by	

TGFβ	but	not	BMP	results	 in	 repression	of	 ID1	by	TGFβ	(Kang	et	al.,	2003).	While	

cells	derived	 from	normal	epithelial	 tissues	 respond	 to	TGFβ	by	 repression	of	 ID1	

whereas	cells	derived	from	malignant	tissue	induce	ID1	in	response	to	TGFβ	(Padua	

et	al.,	2008),	it	is	unknown	what	regulates	the	difference	in	response	to	TGFβ.	
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Developmental	roles	of	TGFβ	in	pancreas	specification	

Signaling	 by	 the	 TGFβ	 superfamily	 plays	 important	 roles	 throughout	 the	

specification	 and	 development	 of	 the	 gastrointestinal	 tract	 and	 pancreas.	 Nodal	

signaling	 is	 a	 key	 part	 of	 gastrulation,	 and	 Smad2	 knockout	 mice	 are	 embryonic	

lethal	at	this	stage	(Brennan	et	al.,	2001;	Nomura	and	Li,	1998).	Interestingly,	Smad3	

knockout	mice	are	viable	but	harbor	skeletal	abnormalities	and	develop	metastatic	

colorectal	 cancer	 (Zhu	 et	 al.,	 1998).	 Patterning	 of	 the	 mesendoderm	 is	 also	

influenced	 by	 Nodal:	 high	 levels	 of	 Nodal	 signaling	 specify	 endoderm,	 whereas	

lower	 levels	 result	 in	mesoderm	 (Zorn	 and	Wells,	 2007).	 Furthermore,	Nodal	 and	

BMPs	play	key	roles	 in	 left-right	patterning	of	 the	embryo	and	organ	specification	

(Wu	and	Hill,	 2009).	 In	particular,	Activin	 signaling	 via	 SMAD2/3	 is	necessary	 for	

pancreatic	bud	 formation	 in	 the	 foregut,	 and	deletion	of	Acvr2b,	Smad2,	 or	Smad3	

result	 in	 hypoplastic	 pancreata	 in	 mice	 (Kim	 et	 al.,	 2000).	 Remarkably,	 however,	

mice	 with	 Smad4	 knockout	 develop	 normal	 pancreata	 (Bardeesy	 et	 al.,	 2006b),	

highlighting	a	distinct	role	for	SMAD4	in	TGFβ	signaling	in	the	pancreas.	

TGFβ	in	tumor	suppression	and	progression	

TGFβ	 and	 its	 signaling	 pathway	 are	 a	 paradigm	 of	 duality	 in	 cancer	

(Massague,	2008)(Figure	1-4).	Its	 initial	 isolation	as	part	of	sarcoma	growth	factor	

(SGF)	 and	 ability	 to	 promote	 colony	 formation	 in	 soft	 agar	 suggested	 a	 tumor-

promoting	 role	 for	 this	 cytokine	 (Anzano	 et	 al.,	 1982).	 Soon,	 however,	 it	 was	

demonstrated	that	TGFβ	was	present	in	normal	tissues	as	well	and	could	also	act	as	

a	growth	inhibitor	(Tucker	et	al.,	1984).	Further	studies	in	mice	demonstrated	that	

keratinocytes	 expressing	 elevated	 amounts	 of	 TGFβ1	 were	 less	 susceptible	 to	
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benign	skin	tumors	but	the	tumors	that	developed	were	spindle-like	and	associated	

with	 a	 more	 aggressive	 phenotype	 (Cui	 et	 al.,	 1996).	 Similarly,	 mouse	 mammary	

epithelial	cells	with	activated	receptor	signaling	were	less	likely	to	form	tumors	but	

displayed	 enhanced	 metastatic	 potential	 (Siegel	 et	 al.,	 2003).	 And	 in	 humans,	

administration	of	TGFβ	inhibitors	and	blocking	antibodies	has	been	associated	with	

decreased	 growth	 of	 aggressive	 tumors	 but	 also	 the	 appearance	 of	 benign,	

reversible	keratoacanthomas	and	squamous	cell	carcinomas	(Connolly	et	al.,	2012;	

Morris	et	al.,	2014).	

At	a	cellular	level,	depending	on	the	context	of	tumor	progression,	TGFβ	can	

result	 in	 cell	 cycle	 arrest,	 apoptosis,	 epithelial-to-mesenchymal	 transition	 (EMT),	

and	microenvironment	 reprogramming.	 TGFβ-mediated	 cell	 cycle	 arrest	 occurs	 in	

G1	 via	 repression	 of	 c-Myc	 and	 induction	 of	 cyclin-dependent	 kinase	 (CDK)	

inhibitors	 including	 p15Ink4b	 (Cdkn2b)	 and	 p21Cip1	 (Cdkn1a)	 (Massague,	 2008).	

While	TGFβ	from	the	inflammatory	tumor	microenvironment	has	been	observed	to	

cause	apoptosis	in	several	settings,	the	mechanism	by	which	this	occurs	is	less	well	

characterized,	 though	 it	 is	 likely	 to	 involve	 pro-apoptotic	 BCL2	 family	 proteins	

(Guasch	 et	 al.,	 2007;	 Siegel	 et	 al.,	 2003).	 	 Non-cell-autonomous	 modes	 of	 tumor	

suppression	 also	 exist—TGFβ	 can,	 for	 example,	 also	 promote	 the	 secretion	 of	

growth	 factors	 by	 cells	 within	 the	 tumor	 microenvironment	 (Bhowmick	 et	 al.,	

2004).	 On	 the	 other	 end	 of	 the	 spectrum,	 TGFβ	 can	 also	 induce	 an	 epithelial-

mesenchymal	transition	(EMT)	along	with	invasive	features	associated	with	cancer	

cell	metastasis	(Heldin	et	al.,	2012;	Kang	et	al.,	2005;	Padua	et	al.,	2008),	promote	

cancer	stem	cell	heterogeneity	and	drug	resistance	(Oshimori	et	al.,	2015),	and	favor	
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an	 immunosuppressive,	 tumor-promoting	 microenvironment	 (Calon	 et	 al.,	 2012;	

Mariathasan	 et	 al.,	 2018;	 Tauriello	 et	 al.,	 2018).	 The	 mechanistic	 basis	 for	 this	

duality	is	an	unsolved	question.		

In	 support	 of	 the	 tumor	 suppressive	 effect	 of	 TGFβ,	 somatic	 and	 germline	

SMAD4	mutations	are	found	in	human	cancers	(Hahn	et	al.,	1996;	TCGA,	2017).	The	

genetic	evidence	for	this	is	particularly	strong	in	endoderm-derived	tissues	like	the	

gastrointestinal	 system	 (Goggins	 et	 al.,	 1998;	 Hahn	 et	 al.,	 1996),	 and	 germline	

mutations	 result	 in	 familial	 juvenile	 polyposis	 syndrome,	 which	 predisposes	

individuals	 to	 adenocarcinomas	 of	 the	 colon,	 stomach,	 and	 pancreas	 (Howe	 et	 al.,	

1998).	 Both	 somatic	 and	 germline	mutations	 frequently	 perturb	 SMAD	 activation	

and	 oligomerization	 (Hata	 et	 al.,	 1997;	 Shi	 et	 al.,	 1997).	 It	 is	 unknown	 whether	

somatic	alterations	in	SMAD2,	SMAD3,	TGFΒR1,	and	TGFΒR2	are	much	less	common	

due	 to	 functional	 differences	 in	 silencing	 these	 genes	 or	 the	 mutability	 of	 these	

genes,	although	mutations	in	these	genes	do	occur	and	tend	to	be	mutually	exclusive	

to	SMAD4	alterations,	suggesting	that	they	achieve	a	similar	selective	advantage.		

The	 genetics	 of	 human	 cancers	 indicate	 that	 TGFβ	 is	 tumor	 suppressive,	

particularly	 in	 the	 gastrointestinal	 tract;	 at	 the	 same	 time,	 given	 that	 TGFβ	 can	

promote	 cancer	 progression	 through	 both	 cell	 autonomous	 and	 non-cell	

autonomous	means,	 it	 is	 clear	 that	malignant	 cells	 can	be	 rewired	 to	 co-opt	TGFβ	

signaling	 in	 a	 manner	 that	 is	 no	 longer	 tumor	 suppressive	 (Massague,	 2008).	

However,	 it	 is	 unclear	 how	 TGFβ	 is	 tumor	 suppressive,	 particularly	 at	 the	

premalignant	stage,	and	what	determines	whether	it	is	tumor	suppressive	(Figure	1-

4).	Using	PDA	as	a	model,	the	following	work	describes	how	TGFβ	regulates	central	



	 18	

transcriptional	networks	within	the	premalignant	epithelial	cell	of	the	pancreas	and	

how	these	networks	are	rewired	in	pancreatic	cancer.	
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MATERIALS	AND	METHODS	

Experimental	model	and	subject	details	

Overview	of	experimental	models	

The	 presence	 of	 inactivating	 genetic	 alterations	 in	 the	 TGFβ	 pathway	

suggests	 that	 premalignant	 pancreatic	 epithelial	 cells	 are	 sensitive	 to	 the	 tumor	

suppressive	effects	of	TGFβ	and	that	PDA	cells	have	lost	this	sensitivity.	To	simulate	

the	 TGFβ-sensitive	 state,	 mouse	 PDA	 cells	 were	 derived	 from	KrasG12D;	 Cdkn2a-/-;	

Smad4-/-	 tumors	 and	 transduced	 with	 SMAD4,	 or	 organoids	 were	 derived	 from	

KrasG12D;	 Cdkn2a-/-	 mouse	 pancreata	 prior	 to	 tumor	 development	 (David	 et	 al.,	

2016).	 To	 model	 the	 TGFβ	 tumor	 suppression-resistant	 state	 of	 PDA	 cells,	 the	

SMAD4-restored	 cells	 were	 cultured	 in	 TGFβ	 for	 three	 weeks	 to	 generate	 cells	

resistant	to	the	pro-apoptotic	effects	of	TGFβ,	or	cells	were	isolated	from	human	or	

mouse	PDAs	(Figure	2-1).	Together,	 these	models	provide	a	platform	to	query	 the	

genetic,	 epigenetic,	 transcriptional,	 and	 phenotypic	 status	 of	 the	 sensitive	 and	

resistant	pancreatic	cells	and	the	response	to	TGFβ.	

Human	subjects	research	

The	 study	 was	 conducted	 under	 Memorial	 Sloan-Kettering	 Cancer	 Center	

Institutional	Review	Board	approval	(MSKCC	IRB	15-149	or	06-107)	and	all	patients	

provided	 informed	 consent	 prior	 to	 tissue	 acquisition.	 Normal	 pancreas	 and	 PDA	

samples	were	collected	from	patients	undergoing	routine	surgical	resection	and	as	

part	 of	 MSKCC’s	 rapid	 autopsy	 program	 for	 paraffin	 embedding	 or	 organoid	

generation.	Normal	pancreatic	 samples	were	 from	patients	with	 tumors	at	distant	

sites	(lung	and	brain)	with	no	observed	pathology	in	the	pancreas.	
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Animal	models	

Animal	experiments	were	performed	as	approved	by	the	MSKCC	Institutional	

Animal	 Care	 and	 Use	 Committee.	 Acute	 pancreatitis	 was	 induced	 by	 caerulein	

treatment,	 performed	 as	 previously	 described:	 mice	 received	 IP	 injections	 of	 50	

mg/kg	 caerulein	 eight	 times	 per	 day	 for	 two	 days	 (Morris	 et	 al.,	 2010).	 For	

orthotopic	tumor	models,	500	dissociated	cells	were	implanted	in	25	µL	of	Matrigel	

(Corning	Matrigel	 GFR	Membrane	Matrix,	 #356231),	 injected	 through	31G	 insulin	

syringes	into	the	pancreata	of	4-week	old	female	athymic	nude	mice	(ENVIGO,	Hsd:	

Athymic	 Nude-Foxn1nu).	 Mice	 were	 started	 on	 2500	 mg/kg	 doxycycline	 diet	

(ENVIGO,	 TD.07383	 2014-2500-B,	 irradiated)	 after	 surgery	 for	 Tet-On	 shRNA	

experiments.	 Tumor	 growth	 was	 tracked	 weekly	 using	 bioluminescence	 (Goldbio	

Firefly	 D-Luciferin,	 potassium	 salt).	 Tumors	 were	 collected	 from	 genetic	 mouse	

models	of	PDA	(LSL-KrasG12D;	Cdkn2a-/-;	 Smad4-/-	&	LSL-KrasG12D;	Cdkn2a-/-)	 for	cell	

lines,	organoid	lines,	and	immunohistochemistry.	

Cell	based	models	

All	cell	lines	and	organoids	were	maintained	at	37ºC	and	5%	CO2.	Pancreatic	

cell	lines	were	maintained	in	high	glucose	DMEM	supplemented	10%	FBS	and	2	mM	

L-Glutamine.	 The	 806	 LSL-KrasG12D;	 Cdkn2a-/-;	 Smad4-/-mouse	 PDA	 cell	 line	 was	

provided	by	Nabeel	Bardeesy	 (Bardeesy	 et	 al.,	 2006b).	 Pancreatic	 organoids	were	

generated	 as	 previously	 described	 (Boj	 et	 al.,	 2015).	 Briefly,	 tumor	 samples	were	

dissociated	mechanically	 and	with	 collagenase	 (Sigma	C9263)	and	TrypLE	 (Fisher	

12563029)	 and	 embedded	 in	 Matrigel	 (Corning	 Matrigel	 GFR	 Membrane	 Matrix,	

#356231).	
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Pancreatic	 organoids	 were	 maintained	 embedded	 in	 Matrigel	 (Corning	

Matrigel	 GFR	 Membrane	 Matrix,	 #356231)	 with	 Advanced	 DMEM/F12	 (Gibco,	

12634-028)	 supplemented	 with	 B-27	 (Life	 Technologies,	 12587-010),	 HEPES	 (10	

mM),	 50%	 Wnt/R-spondin/Noggin-conditioned	 medium	 (ATCC,	 CRL-3276),	

Glutamax	 (Invitrogen,	 2	 mM),	 N-acetyl-cysteine	 (Sigma,	 1	 mM),	 Nicotinamide	

(Sigma,	 10	 mM),	 EGF	 (Peprotech,	 50	 ng/mL),	 Gastrin	 (Sigma,	 10	 nM),	 FGF-10	

(Peprotech,	100	ng/mL),	A83-01	(Tocris,	0.5	µM)	as	previously	described	(Boj	et	al,	

Cell,	 2015).	 Pancreatic	 oncospheres	were	 grown	 in	Ultra	 Low	Attachment	Culture	

plates	 (Corning)	 in	 DMEM	 supplemented	 with	 Glutamax	 (2	 mM)	 and	 heparin	 (5	

µg/mL).		

Method	Details	

CRISPR/Cas9-mediated	Genetic	Knockins	&	Knockouts	

CRISPR-mediated	 knockouts	 were	 obtained	 by	 cloning	 sgRNAs	 into	 the	

lentiGuide-Puro	 (Addgene	 plasmid	 #	 52963)	 or	 pSpCas9(BB)-2A-Puro	 (PX459)	

(Addgene	plasmid	#	48139)	vectors	as	previously	described	(Ran	et	al.,	2013).		

For	CRISPR-mediated	knock-in	of	the	GFP	tag	to	the	3’	end	of	the	endogenous	

Id1	 locus,	 Id1-cterm	sgRNA	was	cloned	 into	 the	pSpCas9(BB)-2A-Puro	vector,	 and	

HA-L,	GFP,	HA-R	were	cloned	into	the	pUC19	vector	(Norrander	et	al.,	1983)	using	

the	KpnI,	BamHI,	EcoRI,	and	XbaI	restriction	sites.	The	donor	plasmid	was	cleaved	at	

KpnI	and	XbaI,	and	the	fragment	containing	the	tag	and	flanking	homology	arms	was	

isolated	by	gel	purification.	
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Short	Hairpin-mediated	Genetic	Knockdowns	

shRNA-mediated	 knockdowns	 were	 performed	 with	 mir-E-based	 shRNAs	

cloned	 into	 the	 doxycycline-inducible	 lentiviral	 LT3GEP	 vector	 (Fellmann	 et	 al.,	

2013).	 Except	 for	 tumor	 and	 oncosphere	 formation	 assays	 with	 ID	 protein	

depletion,	all	shRNAs	were	induced	for	3	days	in	doxycycline	before	the	beginning	of	

the	assay.	To	maintain	cell	viability,	shRNAs	to	ID	mRNAs	were	induced	at	the	start	

of	the	experiment.		

Complementary	DNA	(cDNA)	Expression	

The	 pLVX-Tight-Puro	 vector	 (Clontech)	was	 used	 for	 doxycycline-inducible	

cDNA	 expression,	 and	 the	 pLVX-IRES-Hyg	 vector	 (Clontech)	 was	 used	 for	

constitutive	 expression.	 Id1	 was	 cloned	 into	 the	 pLVX-Tight-Puro	 site	 using	 the	

BamHI/EcoRI	 sites.	 Doxycycline	 (1	 µg/mL,	 Fisher)	 was	 added	 12	 hours	 prior	 to	

experiments	to	induce	gene	expression.	

Transient	Transfections	

For	mammalian	expression	vectors,	 transient	transfections	were	performed	

using	 2.5	 µg	 of	 DNA	 and	 7.5	 µL	 of	 Lipofectamine	 3000	 in	 6-well	 plates	 seeded	

overnight	with	100,000	cells.	

For	 the	 CRISPR-mediated	 knock-in	 of	 the	 GFP	 tag	 to	 the	 3’	 end	 of	 the	

endogenous	Id1	 locus,	1.25	µg	of	the	Cas9	vector	and	1.25	µg	of	the	cleaved	donor	

fragment	 were	 transiently	 transfected	 using	 Lipofectamine	 3000	 in	 6-well	 plates	

seeded	 overnight	with	 100,000	 cells.	 Cells	were	 selected	 in	 10	 µg/mL	 puromycin	

(Sigma)	 for	 48h,	 recovered	 for	 48h,	 and	 GFP-positive	 clones	 were	 identified	 by	

FACS.	
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Viral	Transductions	

Lentivirus	 was	 produced	 by	 transfection	 of	 lentiviral	 vector	 with	 second	

generation	 packaging	 constructs	 psPAX2	 and	 pMD2.G	 (Didier	 Trono,	 Addgene	

plasmids	12260	&12259)	into	70%	confluent	293T	cells	using	Lipofectamine	2000.	

Viral	particles	were	collected,	filtered	through	0.45	µm	sterile	filters,	and	incubated	

with	the	cells	of	interest	for	5	hours	with	8	µg/mL	polybrene.	Cells	were	recovered	

in	 growth	 medium	 overnight	 before	 addition	 of	 selection	 media--500	 µg/mL	

hygromycin	 (Life	 Technologies,	 10687-010),	 10	 µg/mL	 puromycin	 (Sigma),	 500	

µg/mL	G418	(GIBCO,	10-131-035),	10	µg/mL	blasticidin	(Thermo	Fisher	Scientific,	

R21001).	

Immunodetection	

Western	 immunoblot	 analysis.	 100k	 cells	 were	 lysed	 in	 100	 µL	 of	 1.5x	

NuPAGE	 LDS	 Sample	 Buffer	 supplemented	 with	 1.5x	 NuPAGE	 Sample	 Reducing	

Agent,	heated	at	95ºC	for	10	min	and	sonicated	in	a	water	bath	for	120	seconds.	10	

µL	 protein	 per	 sample	 were	 separated	 on	 NuPAGE	 Novex	 4-12%	 gels	 in	 MOPS	

running	buffer	at	200V	for	50	min	and	transferred	to	nitrocellulose	membranes	at	

400	mA	for	30-60	min.	Membranes	were	blocked	with	1:1	Odyssey	Blocking	Buffer	

and	PBS	+	0.1%	Tween	(PBST)	for	1h,	incubated	overnight	in	designated	antibody,	

washed	 3x	 in	 PBST,	 and	 incubated	 1h	 in	 secondary	 antibody	 in	 PBST	 +	 5%	milk.	

Detection	 using	 the	 680	 and	 800	 channels	 of	 the	 Odyssey	 CLx	 imager.	 Primary	

antibodies	were	used	at	1:1000	dilution	except	for	anti-Id1	antibodies,	which	were	

used	at	1:2500.	
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Immunohistochemistry	 (IHC)	 &	 Immunofluorescence	 (IF).	 Tissue	 blocks	

were	 prepared	 from	 tissues	 fixed	 in	 4%	 paraformaldehyde	 overnight	 and	

dehydrated	 in	 70%	 alcohol.	 Paraffin-embedded	 sections	 were	 rehydrated	 using	

Histo-Clear	 (National	 Diagnostics)	 followed	 by	 100-70%	 EtOH	 and	 dH2O.	

Endogenous	 peroxidase	 activity	 was	 quenched	 with	 H2O2,	 antigen	 retrieval	 was	

performed	in	a	steamer	for	30	min	in	citrate	antigen	retrieval	solution.	Cell	cultures	

plated	 on	 glass	 coverslips	 were	 fixed	 for	 10	 min	 a	 room	 temperature	 in	 3%	

paraformaldehyde.	For	IHC,	Avidin	and	Biotin	blocking	solutions	(Vector	Labs)	were	

followed	 by	 normal	 horse	 serum	 (Vector	 Labs)	 and	 overnight	 incubation	 in	 the	

designated	 primary	 antibody.	 ImmPRESS	 HRP	 Anti-Rabbit	 Ig	 and	 ImmPACT	 DAB	

Peroxidase	 (Vector	 Labs)	 were	 used	 for	 detection.	 Detection	 was	 followed	 by	

dehydration	of	tissue	in	70-100%	EtOH	and	HistoClear,	followed	by	mounting	with	

Vectashield	 mounting	 medium.	 For	 IF,	 permeabilization	 in	 PBS	 +	 0.1%	 Triton	 X	

(PBSTr)	was	 performed,	 followed	 by	 a	 1h	 block	 in	 PBSTr	 supplemented	with	 1%	

normal	goat	serum	and	1%	bovine	serum	albumin.	Primary	antibody	and	secondary	

antibody	incubation	of	45	min	is	separated	by	3	washes	with	PBSTr	and	finished	in	

3	washes	of	PBSTr,	5	min	incubation	in	1x	Hoechst,	and	mounting	with	Invitrogen	

ProLong	Gold.	Primary	antibodies	were	used	at	1:100	except	for	anti-ID	antibodies,	

which	were	used	at	1:500.	

Drug	Treatments	

Cells	 were	 plated	 in	 D10F	 +	 2.5	 µM	 MK2206	 (Chemietek)	 12h	 prior	 to	

SB505124	 (Sigma,	 2.5	 µM)	 or	 TGFβ	 (R&D,	 100	 pM)	 treatment	 for	 the	 indicated	

times.		
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Cell	Viability	Measurement		

CellTiter-Glo	 and	 Caspase-Glo	 3/7	 (Promega)	 was	 used	 according	 to	

manufacturer’s	 protocol	 with	 incubation	 for	 1	 hour.	 Caspase	 3/7	 signal	 was	

normalized	 to	CellTiter-Glo	signal	 to	account	 for	 increased	apoptosis	 in	 larger	cell	

populations.	

Ribonucleic	acid	(RNA)	Isolation	

Total	 RNA	 was	 purified	 using	 Qiagen	 RNeasy	 Mini	 Kit.	 For	 RNA-seq,	 RNA	

quality	 and	 quantity	 was	 checked	 by	 Agilent	 BioAnalyzer	 2000.	 500	 ng	 RNA	 per	

sample	with	RIN	>	9.5	was	used	for	 library	construction	with	TruSeq	RNA	Sample	

Prep	 Kit	 v2	 (Illumina)	 according	 to	 manufacturer’s	 instructions.	 Libraries	 were	

multiplex	 sequenced	 libraries	on	a	Hiseq2500	platform,	and	more	 than	20	million	

raw	paired-end	reads	were	generated	for	each	sample.	

Quantitative	Real	Time	Polymerase	Chain	Reaction	(qRT-PCR)	

cDNA	was	synthesized	from	100-1000	ng	RNA	using	random	hexamer	oligos	

and	the	Transcriptor	First	Strand	cDNA	Synthesis	Kit	(Roche).	qPCR	was	performed	

on	a	ViiA	7	Real-time	PCR	System	(Applied	Biosystems).	

Electromobility	Shift	Assay	(EMSA)	

	 SMAD4-restored	cells	were	treated	with	2.5	µM	SB505124	or	100	pM	TGFβ	

for	6h.	Samples	were	prepared	for	EMSA	using	a	canonical	E-box	motif	as	previously	

described	(Kreider	et	al.,	1992)	and	DNA	was	detected	using	a	2nd	generation	DIG	

Gel	Shift	Kit	(Roche).	
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Chromatin	Immunoprecipitation	(ChIP)	

10	million	cells	were	collected	for	each	ChIP	sample.	Cells	were	crosslinked	

at	37ºC	for	10	min	with	1%	formaldehyde,	quenched	with	125	mM	glycine,	washed	

with	PBS,	 and	 sonicated	 in	 lysis	buffer:	50	mM	HEPES/KOH	pH7.5,	140	mM	NaCl,	

0.1%	Na-deoxycholate,	1%	Triton	X-100,	1	mM	EDTA,	complete	protease	 inhibitor	

cocktail	 (Roche).	 Samples	 were	 incubated	 with	 5	 µg	 of	 anti-RNAPII	 antibody	

(Abcam)	overnight	 and	washed	7	 times	with	20	mM	Tris,	 pH7.9,	 500	mM	NaCl,	 2	

mM	EDTA,	1%	Triton	X-100,	0.1%	SDS.	After	one	wash	with	Tris-EDTA	(TE),	DNA	

was	eluted	in	TE+1%	SDS	for	1	hour	at	65ºC,	and	reverse-crosslinked	with	RNAse	A	

for	 4	 hours	 and	 Proteinase	 K	 for	 1	 hour	 at	 65ºC.	 DNA	was	 purified	 using	 a	 PCR	

Purification	Kit	(Qiagen).	

Libraries	 were	 prepared	 using	 the	 NEBNext	 ChIP-seq	 Library	 Prep	Master	

Mix	Set	for	Illumina	(NEB,	E6240L)	and	quality	checked	using	Agilent	Technologies	

2200	 TapeStation	 to	 determine	 fragment	 size	 and	 PicoGreen	 (Life	

Technologies/Invitrogen,	 P7589)	 to	 quantify	 concentration.	 Samples	 were	 pooled	

and	submitted	to	New	York	Genome	Center	for	single-end	50	bp	sequencing	using	a	

HiSeq	2500.	

Assay	for	Transposase-Accessible	Chromatin	using	sequencing	(ATAC-seq)	

50,000	cells	were	collected	and	washed	with	1mL	of	cold	PBS,	 then	1mL	of	

ice-cold	 ATAC	 Buffer	 (10mM	 Tris	 pH	 7.4,	 10mM	 NaCl,	 3mM	 MgCl2).	 Cells	 were	

suspended	 in	 50μL	 of	 ATAC	 Lysis	 Buffer	 (10mM	 Tris	 pH	 7.4,	 10mM	 NaCl,	 3mM	

MgCl2,	0.1%	NP-40	or	IGEPAL-Ca630),	incubated	on	ice	for	2	min.	1mL	of	cold	ATAC	

Buffer	was	added	and	nuclei	were	pelleted	at	1500rpm	for	10	min	at	4ºC	in	a	bucket	
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centrifuge.	Nuclei	were	resuspended	in	22.5μL	of	the	supernatant	and	transferred	to	

2.5μL	 Tagmentation	 Enzyme	 (transposase)	 and	 25μL	 of	 Tagmentation	 Buffer	

(Illumina	Nextera	DNA	Sample	Preparation	Kit).	Reaction	was	incubated	at	37ºC	for	

30	 min.	 After	 tagmentation,	 SDS	 (final	 concentration	 of	 0.2%)	 was	 added	 and	

sample	 was	 incubated	 at	 room	 temperature	 for	 5	 min	 before	 purifying	 with	 2X	

Agencourt	 AMPure	 XP	 beads	 (Beckman	 Coulter	 A63881).	 Purified	 samples	 were	

eluted	in	50μL	of	0.1X	Tris-EDTA	(Buenrostro	et	al.,	2013).		

Libraries	were	prepared	with	50	µL	sample	+	55μL	of	NEBNext	Q5	Hot	Start	

HiFi	PCR	Master	Mix	(NEB,	catalogue	M0543L)	and	5μL	of	primer	mix	using	25	µM	

of	 the	 Nextera	 primers	 from	 Buenrostro	 et	 al	 2013.	 PCR	 amplification	 was	

performed	as	previously	described	 for	12	cycles.	Samples	were	purified	with	1.5X	

AMPure	 XP	 beads.	 Concentration	 was	 measured	 using	 PicoGreen	 and	 median	

fragment	 size	 measured	 using	 the	 Agilent	 D1000	 screentape	 on	 an	 Agilent	

Technologies	2200	TapeStation.	Samples	were	sequenced	(paired-end	50	bp)	on	a	

HiSeq	2500.	

Screens	

CRISPR	screens	were	performed	as	described	in	Sanjana	et	al,	Nat	Methods,	

2014.	 For	 the	whole	 genome	 screen,	 the	 GeCKO	 v2	mouse	whole	 genome	 library	

(Addgene	 Pooled	 Library	 1000000049)	 (Joung	 et	 al.,	 2017;	 Sanjana	 et	 al.)	 was	

introduced	 into	 an	 806-SMAD4pLVX-ID1GFP-Cas9Blast	 clone	 at	 10%	 infection	

efficiency	 and	 200x	 representation.	 Cells	 were	 plated	 at	 2e6	 per	 plate	 in	 2.5	 µM	

MK2206	for	12h	and	then	treated	with	2.5	µM	SB505124	or	100	pM	TGFβ	for	36h	
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prior	to	collection	for	FACS.	Between	rounds	of	selection,	cells	were	expanded	in	15	

cm	plates	and	representation	was	kept	at	>200x.	

For	 the	 targeted	 CRISPR/Cas9	 screens,	 sgRNA	 oligos	 (IDT)	 were	 annealed	

and	 phosphorylated	 separately,	 then	 pooled	 and	 cloned	 as	 previously	 described	

(Ran	et	al.,	2013)	into	the	LentiGuide-puro	vector.	Screening	proceeded	as	with	the	

whole	genomes	screen	except	that	only	2	rounds	of	selection	were	performed	and	

representation	was	maintained	at	>1000x.	
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Analysis	

General.	 GNU	 parallel	 (Tange,	 2011)	 was	 used	 where	 possible	 to	 increase	

efficiency	of	analysis.		

RNA-seq.	Reads	were	quality	checked	using	FastQC	v0.11.5	(Andrews,	2010)	

and	mapped	 to	 the	human/mouse	genome	(hg19/mm10)	with	STAR2.5.2b	(Dobin	

et	al.,	2013)	using	standard	settings	for	paired	reads.	On	average,	85%	of	reads	were	

uniquely	mapped.	Uniquely	mapped	reads	were	assigned	 to	annotated	genes	with	

HTSeq	v0.6.1p1	(Anders	and	Huber,	2010)	with	default	settings.	Read	counts	were	

normalized	 by	 library	 size,	 and	 differential	 gene	 expression	 analysis	 based	 on	 a	

negative	binomial	distribution	was	performed	using	DESeq2	v3.4	(Love	et	al.,	2014).	

Unless	 otherwise	 indicated,	 thresholds	 for	 differential	 expression	 were	 set	 as	

follows:	adjusted	p-value<0.05,	 fold	change	>	2.0	or	<	0.5,	and	average	normalized	

read	 count	 >	 10.	 	 Gene	 set	 enrichment	 analysis	 was	 performed	 using	 GSVA	 v3.4	

(Hanzelmann	et	al.,	2013)	or	GSEA	and	previously	curated	gene	sets	(Subramanian	

et	al.,	2005).	

ChIP-seq	&	ATAC-seq.	Reads	were	quality	checked	using	FastQC	v0.11.5	and	

mapped	to	the	human/mouse	genome	(hg19/mm10)	with	Bowtie2	(Langmead	and	

Salzberg,	 2012).	 Sam	Tools	was	 used	 to	manipulate	 .sam	 and	 .bam	 files	 (Li	 et	 al.,	

2009).	 Tag	 directories,	 visualization	 in	 UCSC	 genome	 browser,	 and	 downstream	

analyses	were	performed	using	the	HOMER	suite	(Heinz	et	al.,	2010).		
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Screens.	Analysis	of	CRISPR	screens	was	performed	as	previously	described	

(Sanjana	et	al.,	2014).	For	the	whole	genome	screen,	after	count	table	creation	and	

filtering	for	expressed	genes,	guides	were	collapsed	and	genes	tested	for	enrichment	

using	CAMERA	(Wu	and	Smyth,	2012).	For	the	targeted	screens	RIGER	was	used	as	a	

rank-based	test	for	enrichment	(Luo	et	al.,	2008)	

Analysis	 of	 public	 datasets.	 Count	 data	 were	 downloaded	 from	 the	 ICGC,	

GTEx,	 and	 Broad	 GDAC	 Firehose	 portals,	 respectively.	 For	 the	 cross-study	

comparisons,	transcription	factors	were	curated	and	ranked	as	previously	described	

(David	et	al.,	2016)	and	expression	values	were	simulated	based	on	rank-expression	

correlation.	 The	 top	 5	 factors	 in	 each	 case	 were	 selected	 where	 indicated,	

representing	~30%	of	the	reads	in	each	case.	Principal	components	were	calculated	

and	plotted.	Briefly,	simulated	expression	levels	were	log-transformed	and	centered	

on	the	mean,	and	eigenvectors	were	calculated	based	on	the	correlation	matrix.	All	

data	manipulation	and	analyses	were	performed	in	R	using	base	R	packages	unless	

otherwise	specified.	Code	for	the	described	analyses	are	available	upon	request.		

ChIP-seq,	 RNAseq,	 and	 microarray	 were	 downloaded	 from	 UCSC	 Genome	

Browser,	the	Epigenome	Roadmap	Browser,	or	GEO	when	available	(Bernstein	et	al.,	

2010;	Diaferia	et	al.,	2016;	Kent	et	al.,	2002;	Moffitt	et	al.,	2015;	Rosenbloom	et	al.,	

2013).	In	all	other	cases,	fastq	files	were	generated	from	the	Sequence	Read	Archive	

using	fastq-dump	and	re-analyzed	using	our	in-house	ChIPseq	pipeline.	

MSK-IMPACT	 (Cheng	et	 al.,	 2015;	Zehir	et	 al.,	 2017),	TCGA	 ((TCGA,	2017)),	

and	 ICGC	 ((Biankin	 et	 al.,	 2012))	 oncogenomic	 data	were	 accessed	 via	 cBioPortal	

(Cerami	et	al.,	2012;	Gao	et	al.,	2013).	To	enrich	for	possible	driver	mutations	and	
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reduce	 confounders	 introduced	 by	 high	 levels	 of	 passenger	 mutations,	 only	

pancreatic	adenocarcinoma	cases	where	<10%	of	the	assayed	genes	were	mutated	

and	<50%	contained	copy	number	mutations	(representing	95%	of	the	cases)	were	

included	 in	 the	mutual	exclusivity	analysis.	Mutation	 impact	prediction	was	based	

on	 OncoKB	 (Chakravarty	 et	 al.,	 2017),	 hotspot	 annotation,	 and	 recurrence	 of	

mutation	in	COSMIC	and	cBioportal	databases.	

Statistical	 tests.	 Statistical	 tests	 were	 performed	 in	 Prism	 7	 or	 R	 as	

appropriate.	 P	 values	 are	 reported	 based	 on	 two-sided,	 unpaired	 t	 tests,	 α=0.05,	

unless	otherwise	specified.	Bar	graphs	represent	mean	±	standard	deviation	unless	

otherwise	specified.	
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TGFβ	TUMOR	SUPPRESSION	THROUGH	A	LETHAL	EMT	

Introduction	

TGFβ	 is	 a	major	 tumor-suppressive	 signal	 in	 the	 gastrointestinal	 tract	 and	

the	pancreas	(Goggins	et	al.,	1998;	Hahn	et	al.,	1996),	but	how	does	it	achieve	tumor	

suppression?	More	than	95%	of	PDAs	exhibit	KRAS	activation,	most	commonly	via	

KRASG12D	 (Almoguera	 et	 al,	 Cell,	 1998).	Given	 its	 high	 frequency	 across	PDA	 cases	

and	the	high	clonal	representation	within	tumors,	KRAS	activation	is	thought	to	be	

an	initiating	event	in	pancreatic	cancer.	Interestingly,	RAS	mutant	premalignant	cells	

are	particularly	susceptible	to	TGFβ-induced	apoptosis	(Guasch	et	al.,	2007),	and	in	

mouse	models	carrying	a	KrasG12D	allele	in	the	pancreatic	epithelium,	loss	of	Smad4	

accelerates	 progression	 to	 PDA	 (Bardeesy	 et	 al.,	 2006b).	 Restoration	 of	 Smad4	

expression	in	Smad4-defective	cancer	cells	inhibits	tumorigenic	activity	(Duda	et	al.,	

2003)	and	results	in	apoptosis	(Bardeesy	et	al.,	2006b).		

Cancer	cells	avoid	the	tumor-suppressive	action	of	TGFβ	through	inactivation	

of	 TGFβ	 receptors	 or	 SMAD	 genes	 or	 through	 selective	 silencing	 of	 TGFβ	 effects	

(Massague,	 2008).	 Carcinoma	 cells	 that	 are	 resistant	 to	 the	 tumor	 suppressive	

effects	 of	 TGFβ	 can	 undergo	 a	 TGFβ-induced	 EMT	 (Heldin	 et	 al.,	 2012).	 EMT	 is	 a	

developmental	 plasticity	 process	 involving	 a	 loss	 of	 epithelial	 features,	 such	 as	

expression	 of	 the	 cell-junction	 molecule	 E-cadherin,	 and	 a	 gain	 in	 mesenchymal	

features	(Thiery	et	al.,	2009).	In	cancer	cells,	EMT	promotes	invasiveness	and	stem	

cell-like	features	(Valastyan	and	Weinberg,	2011).	

Apoptosis	 and	 EMT	 are	 generally	 viewed	 as	 separate	 fates	 for	 TGFβ-

stimulated	 cancer	 cells	 and	 opposite	 poles	 of	 the	 duality	 of	 TGFβ	 in	 cancer.	 TGFβ	
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triggers	EMT	through	induction	of	Snail	and	Zeb1/2	(Thiery	et	al.,	2009),	but	little	is	

known	 about	 how	 the	 TGFβ	 pathway	 triggers	 apoptosis	 (Massague,	 2012).	 To	

address	 this	question,	 the	 tumor-suppressive	 action	of	TGFβ	was	dissected	 in	Ras	

mutant	 pancreatic	 cancer	 cells,	 demonstrating	 that	 TGFβ	 induces	 PDA	 cells	 to	

undergo	 a	 SMAD4-dependent	 EMT,	 and	 EMT	 then	 triggers	 apoptosis.	 The	

mechanism	 involves	 a	 conversion	 of	 the	 transcription	 factor	 (TF)	 SOX4	 from	pro-

tumorigenic	to	pro-apoptotic.	This	occurs	as	the	result	of	Snail-mediated	repression	

of	 KLF5,	 an	 essential	 master	 regulator	 of	 endodermal	 progenitors.	 These	 results	

illustrate	a	paradigm	 in	which	TGFβ	tumor-suppressive	action	revolves	around	an	

EMT-associated	disruption	of	a	pro-tumorigenic	transcriptional	network.1	

Results	

SMAD4-Dependent	EMT	and	Apoptosis	in	PDA	Cells	

Activation	of	the	KrasG12D	oncogene	in	the	pancreatic	epithelium	using	Pdx1-

Cre;	 lox-stop-lox	 (LSL)-KrasG12D	 alleles	 (KC)	 results	 in	 the	 formation	 of	 pancreatic	

intraepithelial	 neoplasia	 (PanIN)	 lesions	 that	 can	 spontaneously	 progress	 to	

pancreatic	ductal	adenocarcinoma	(PDA)	(Hingorani	et	al.,	2003).	Pancreatic	injury	

or	 the	 presence	 of	 additional	 spontaneous	 or	 engineered	 epigenetic	 or	 genetic	

alterations	 facilitates	 the	 conversion	 from	 premalignant	 lesions	 to	 invasive	

carcinoma	 (Bardeesy	 et	 al.,	 2006a;	 Guerra	 et	 al.,	 2007;	 Hingorani	 et	 al.,	 2003;	

Hingorani	 et	 al.,	 2005;	 Ijichi	 et	 al.,	 2006).	 When	 combined	 with	 Cdkn2afl/fl	 and	

Smad4fl/fl	 alleles,	 KC	mice	 rapidly	 develop	 well-differentiated	 PDA	 with	 a	 median	

survival	of	under	8	weeks	(Bardeesy	et	al.,	2006b)	(Figure	3-1).	Treatment	of	mice	
																																																								
1	This	project	was	a	collaboration,	primarily	with	Dr.	Charles	David	(CD).	For	
additional	information	on	this	work,	see	David	et	al,	Cell,	2016.	
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with	 caerulein,	 a	 decapeptide	 that	 mimics	 cholecystokinin	 and	 causes	 pancreatic	

acinar	 cells	 to	 degranulate,	 induces	 acute	 pancreatitis	 and	 widespread	 PanIN	

formation	 (Morris	 et	 al.,	 2010)	 and	 is	 accompanied	 by	 an	 inflammatory	 response	

that	includes	recruitment	of	TGFβ-secreting	cells	(Konturek	et	al.,	1998).	To	observe	

the	effect	of	SMAD4	loss	in	an	inflammatory	microenvironment	that	predisposes	to	

PDA,	 KC	 and	 KC	 mice	 bearing	 Smad4fl/fl	 alleles	 (KSC	 mice)	 were	 treated	 with	

caerulein.	Three	days	 later,	 SMAD4-wild-type	pancreata	exhibited	a	higher	 rate	of	

apoptosis	 than	 the	SMAD4	mutant	pancreata	 (Figure	3-2),	 suggesting	 that	 SMAD4	

loss	protects	cells	from	apoptosis	in	this	setting	and	consistent	with	evidence	from	

squamous	 cell	 carcinomas	 that	 the	 main	 outcome	 of	 tumor-suppressive	 TGFβ	

signaling	is	apoptosis	(Guasch	et	al.,	2007).	

To	 recapitulate	 the	 TGFβ-sensitive	 cells	 of	 the	 premalignant	 pancreas	 and	

examine	the	mechanism	of	apoptosis,	SMAD4	was	reintroduced	 into	early-passage	

primary	PDA	cells	isolated	from	KSC;	Cdkn2afl/fl	(KSIC)	mice	(Figure	3-1).	The	cells,	

having	 been	 selected	 during	 tumorigenesis	 in	 the	 absence	 of	 SMAD4	 signaling,	

should	be	sensitive	to	the	tumor-suppressive	effect	of	restored	SMAD4	expression.	

When	 cultured	 under	 low-mitogen	 cell	 suspension	 conditions,	 cancer	 cells	 form	

“oncospheres”	 that	 are	 enriched	 for	 tumor-initiating	 cells	 (Lonardo	 et	 al.,	 2011).	

Treatment	 of	 PDA	 oncospheres	 with	 TGFβ	 resulted	 in	 a	 Smad4-dependent	 an	

increase	 in	 apoptosis	 (Figure	 3-3).	When	 pancreatitis	was	 induced	with	 caerulein	

and	 the	 cells	 were	 orthotopically	 implanted,	 mutant	 PDA	 cells	 efficiently	 formed	

tumors	 (4/6	mice),	whereas	 no	 tumors	 (0/7	mice)	were	 detected	 after	 2	months	
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with	 Smad4+	 cells,	 supporting	 that	 the	 restoration	 of	 SMAD4	 in	 this	 setting	

effectively	re-sensitizes	PDA	cells	to	the	tumor	suppressive	effects	of	TGFβ.	

TGFβ	or	the	TGFβ	receptor	kinase	inhibitor	SB505124	(DaCosta	Byfield	et	al.,	

2004)	 had	 no	 effect	 on	 the	 viability	 of	 SMAD4+	 cells	 in	 monolayer	 culture	 with	

serum	growth	factors	(Figure	3-4).	Serum	starvation	sensitizes	PDA	cells	 to	TGFβ-

induced	 apoptosis	 (Bardeesy	 et	 al.,	 2006b),	 and	 growth	 factor-activated	 AKT	

mediates	 anti-apoptotic	 effects	 through	 Bcl-xL	 (Clem	 et	 al.,	 1998).	 Treatment	 of	

SMAD4-expressing	 PDA	 cells	 with	 the	 AKT	 inhibitor	 MK2206	 (Figure	 3-4)	

synergized	 with	 TGFβ	 to	 promote	 apoptosis,	 and	 this	 effect	 was	 inhibited	 by	

overexpression	of	Bcl-xL	(Figure	3-5).	Similarly,	orthotopic	implantation	of	SMAD4-

restored	 PDA	 cells	 with	 expression	 of	 Bcl-xL	 decreased	 the	 number	 of	 cells	 with	

cleaved	 caspase	 3	 detected	 shortly	 after	 implantation	 (Figure	 3-6).	 These	 results	

show	 that	 TGFβ/SMAD4	 signaling	 triggers	 AKT-	 and	 Bcl-xL-sensitive	 apoptosis	 in	

SMAD4+	PDA	cells.	

SMAD4-Dependent	EMT	Precedes	Apoptosis	in	PDA	Cells	

Time-lapse	 imaging	 of	 PDA	 cells	 for	 3	 days	 after	 the	 addition	 of	 TGFβ	

revealed	that	Smad4	mutant	cells	exhibited	 little	cell	death	throughout	this	period	

and	 retained	 epithelial	 morphology	 (Figure	 3-7);	 however,	 SMAD4+	 cells	 started	

with	 epithelial	 morphology	 but	 within	 24	 hr	 lost	 cellular	 polarity	 and	 cell-cell	

contacts	and	assumed	a	spindle-like	appearance.	From	24–72	hr,	most	spindle-like	

cells	 began	 to	 shrink,	 formed	 membrane	 blebs,	 and	 dissociated	 into	 apoptotic	

bodies.	 Consistent	with	 this	 sequence	 of	 events,	 TGFβ	 treatment	 in	 SMAD4+	 cells	

decreased	E-cadherin	levels	at	18	hr,	followed	by	CC3	accumulation	(Figure	3-7).	
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Organoids	 derived	 from	 the	 premalignant	 pancreata	 of	 genetic	 mouse	

models	of	PDA	exhibited	similar	behaviors	(Boj	et	al.,	2015).	Organoids	 from	KSIC	

tumors	were	little	affected	by	TGFβ	addition.	In	contrast,	KIC	organoids	underwent	

extensive	 apoptosis	 after	 TGFβ	 addition,	 accompanied	 by	 a	 loss	 of	 structural	

integrity,	 loss	 of	 E-cadherin,	 and	 increased	 CC3	 staining	 (Figure	 3-8).	 These	

observations	 provided	 additional	 evidence	 that	 TGFβ	 lethal	 EMT	 occurs	 in	

premalignant	cells	of	the	pancreas.	

EMT	TFs	Prime	Cells	for	TGFβ-Induced	Apoptosis	

RNA-seq	 of	 the	 SMAD4-restored	 PDA	 cells	 after	 90	min	 of	 TGFβ	 treatment	

revealed	that	Snail	was	prominently	induced	by	TGFβ	in	the	observed	EMT	(Figure	

3-9).	SMAD2/3	ChIP-seq	analysis	at	90	min	post-TGFβ	treatment	showed	binding	of	

SMAD2/3	to	the	Snai1	locus	in	SMAD4+	cells	but	not	SMAD4	mutant	cells	(Figure	3-

9).	 Importantly,	 shRNAs	 targeting	 Snai1	 blocked	 TGFβ/SMAD4-induced	 EMT-

associated	 E-cadherin	 down-regulation	 and	 apoptosis	 by	 TGFβ	 (Figure	 3-10).	

Further	in	support	of	a	role	for	SNAIL	in	tumor	suppression,	deletion	of	Snai1	 in	a	

mouse	model	 accelerated	 PDA	 formation.	 At	 4-5	months,	 in	 contrast	 to	Pdx1-Cre;	

LSL-KrasG12D	 mice,	 which	 display	 various	 grades	 of	 acinar-to-ductal	 metaplasia	

(ADM)	and	PanIN	but	no	invasive	PDA	(Aguirre	et	al.,	2003;	Hingorani	et	al.,	2003;	

Hingorani	 et	 al.,	 2005),	 7/9	 Pdx1-Cre;	 LSL-KrasG12D;	 Snai1flox/flox	 mice	 developed	

multifocal	 regions	of	 atypical	ADM,	with	 confluent	and	highly	disorganized	CK19+	

cells	 displaying	 nuclear	 atypia,	 consistent	 with	 carcinoma	 in	 situ	 (Figure	 3-11).	

These	results	suggested	that	Snai1	deletion	promotes	formation	of	carcinoma	in	situ	

directly	from	ADM	without	progression	through	a	PanIN	intermediary.	
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Although	 SNAIL	 was	 necessary	 in	 promoting	 TGFβ-mediated	 apoptosis,	 it	

was	not	sufficient.	Snai1	overexpression	using	a	TetOn-Snai1	construct	 in	SMAD4+	

cells	did	not	induce	apoptosis	in	the	absence	of	TGFβ	but	synergized	with	TGFβ	in	

the	 induction	 of	 apoptosis	 (Figure	 3-12).	 These	 results	 indicated	 that	 SNAIL	

induction	by	TGFβ	 is	 necessary	but	 not	 sufficient	 to	 cause	 apoptosis	 in	PDA	 cells,	

and	induction	of	apoptosis	must	involve	an	additional	TGFβ-dependent	input.	

SOX4	Is	Required	for	EMT-Associated	Apoptosis	

In	 search	 of	 additional	 TGFβ-induced	 factors	 that	 cooperate	with	 SNAIL	 to	

induce	 cell	 death,	 miR30-based	 shRNA	 libraries	 (Zuber	 et	 al.,	 2011)	 were	

constructed	 to	 target	 the	mRNAs	 induced	 by	 TGFβ	 over	 90	min	 in	 SMAD4+	 PDA	

cells.	These	pools	were	transduced	into	SMAD4+	PDA	cells,	which	were	then	treated	

with	SB505124	or	TGFβ	for	5	days.	shRNA	representation	was	then	determined	by	

deep	sequencing.	shRNAs	targeting	the	TGFβ	receptor	subunits	Tgfbr1	and	Tgfbr2,	

included	 as	 positive	 controls,	 were	 enriched	 following	 cell	 treatment	 with	 TGFβ	

(Figure	3-13).	Snai1.1197,	which	caused	a	potent	knockdown	of	Snai1	and	rescue	of	

cell	viability,	was	among	the	top	10%	of	enriched	shRNAs	in	each	of	two	replicates	

in	 the	 screen.	 Sox4	 scored	 as	 a	 candidate	 factor	 required	 for	 TGFβ-induced	

apoptosis.	 SOX4	 (SRY-related	 HMG	 box	 4)	 is	 widely	 expressed	 during	 mouse	

embryogenesis	 and	 functions	 in	 the	development	of	many	 tissues	 (Vervoort	 et	 al.,	

2013a).	After	birth,	 Sox4	expression	 is	 restricted	 to	progenitor	 cells	 in	pancreatic,	

intestinal,	 uterine,	 and	 mammary	 epithelia	 and	 maintains	 epithelial	 progenitor	

identity	in	a	range	of	tissues	(Doulatov	et	al.,	2013	2009,	Zhang	,	2013b),	including	
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pancreatic	epithelium	(Wilson	et	al.,	2005).	SOX4	is	up-regulated	in	various	types	of	

carcinoma	and	leukemia	(Vervoort	et	al.,	2013b).	

RNAi-mediated	 knockdown	 of	 Sox4	 in	 SMAD4+	 PDA	 cells	 abrogated	 TGFβ-

mediated	 apoptosis	 (Figure	 3-14)	 but	 had	 little	 effect	 on	 EMT	morphology	 or	 E-

cadherin	expression	(Figure	3-15).	Conversely,	 shRNA-mediated	depletion	of	Snail	

had	 no	 effect	 on	 SOX4	 expression	 (Figure	 3-16).	 Like	 SNAIL,	 TetOn-driven	 Sox4	

expression	 in	 SMAD4+	 PDA	 cells	 synergized	 with	 TGFβ	 to	 trigger	 extensive	

apoptosis	 (Figure	3-17).	These	results	show	that	neither	SNAIL	nor	SOX4	are	pro-

apoptotic	separately,	but	 the	simultaneous	 induction	of	EMT	and	SOX4	by	TGFβ	 is	

lethal	to	PDA	cells.	

The	SMAD4-Independent	TGFβ	Program	and	SOX4	

The	involvement	of	SOX4	in	EMT-associated	apoptosis	was	surprising	given	

its	 role	as	a	progenitor	 identity	 factor	 in	epithelial	 tissues,	 including	 the	pancreas.	

An	 additional	 parallel	 between	 SOX4	 and	 pancreatic	 development	 emerged	when	

from	examining	the	requirement	of	SMAD4	for	Sox4	expression.	Although	SMADs	2	

and	3	play	a	key	role	in	the	development	and	patterning	of	the	foregut	and	pancreas	

(Wiater	 and	Vale,	 2012),	 SMAD4	 is	dispensable	 for	normal	pancreas	development	

(Bardeesy	et	al.,	2006b).	Notably,	Sox4	induction	by	TGFβ	was	SMAD4	independent	

in	SMAD4	mutant	mouse	and	human	PDA	lines	(Figure	3-18).	

RNA-seq	transcriptomic	analysis	revealed	165	genes	that	were	differentially	

expressed	>2-fold	after	addition	of	TGFβ	for	90	min	to	SMAD4+	PDA	cells.	Of	these	

responses,	 145	 were	 SMAD4	 dependent	 (SMAD4	 WT:mutant	 fold-change	 ratio	 >	

1.5),	including	well-known	SMAD4-dependent	genes	such	as	Smad7,	Interleukin-11,	
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and	Snai1	(Figure	3-19).	An	additional	set,	including	Sox4,	Junb,	Sgk1,	and	Fn1,	were	

equally	induced	by	TGFβ	regardless	of	SMAD4	status,	with	induction	occurring	over	

a	 longer	 timescale	 (Figure	 3-19,	 Figure	 3-20).	 Interestingly,	 assessment	 of	 gene	

responses	 to	 TGFβ	 at	 longer	 timescales	 revealed	 that	 many	 SMAD2/3/4	 target	

genes	 could	 be	 induced	 independently	 of	 SMAD4	 at	 longer	 timescales,	 albeit	with	

lower	 efficiency	 (Figure	 3-20).	 SMAD2/3	 bound	 similarly	 to	 the	 Sox4	 locus	 in	 the	

presence	and	 the	 absence	of	 SMAD4	by	ChIP-seq	 (Figure	3-21).	Thus,	Sox4	 is	 in	 a	

small	group	of	genes	whose	response	to	TGFβ	involves	SMAD2/3	but	is	independent	

of	SMAD4.	

Role	of	SOX4	in	PDA	Tumor-Initiating	Activity	

The	observations	that	SOX4	is	pro-apoptotic	in	pancreatic	epithelial	cells	that	

undergo	a	TGFβ-induced	EMT	but	regulated	independently	of	SMAD4	and	amplified	

rather	than	deleted	in	PDAs	suggested	that	SOX4	may	play	a	second	role	important	

for	 the	 tumor-initiating	 capacity	 of	 these	 cells	 (Figure	 3-22).	 In	 line	 with	 this	

hypothesis,	 cells	 grown	 as	 oncospheres	 exhibited	 higher	 SOX4	 levels	 than	 cells	

grown	in	adherent	conditions	and	retreatment	of	SMAD4	mutant	oncospheres	with	

TGFβ	resulted	in	increased	capacity	for	secondary	oncosphere	formation	(Figure	3-

23).	Functionally,	PDA	cells	required	SOX4	for	growth	as	oncospheres	(Figure	3-24),	

and	 Sox4	 depletion	 in	 PDA	 cells	 inhibited	 tumor	 formation	 in	 both	 subcutaneous	

(Figure	3-25)	and	orthotopic	implantations	of	PDA	cells	(Figure	3-26).		

Collectively,	 these	 results	 show	 that	TGFβ	 induces	SOX4	expression	 in	PDA	

cells	 independently	 of	 SMAD4,	 and	 SOX4	 supports	 tumor-initiating	 properties	 of	

PDA	 cells,	 consistent	with	 the	 role	 of	 SOX4	 in	 the	 epithelial	 progenitor	 state.	 Yet,	
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SOX4	 triggers	 apoptosis	 in	 cells	 that	 undergo	 a	 TGFβ/SMAD4-induced	 EMT,	

implying	that	EMT	switches	SOX4	function	from	pro-tumorigenic	 in	epithelial	PDA	

cells	to	pro-apoptotic.	

KLF5	as	a	Lineage-Survival	Gene	that	Cooperates	with	SOX4	in	PDA	

To	 profile	 the	 SOX4	 transcriptional	 program	 in	 epithelial	 PDA	 cells,	 SOX4	

ChIP-seq	was	performed	in	these	cells	and	approximately	3,000	SOX4-bound	peaks	

were	identified.	Analysis	of	sequences	within	the	SOX4	peaks	revealed	enrichment	

of	 consensus	binding	motifs	 for	other	TFs	 (Figure	3-27),	 including	 the	 related	but	

often	 functionally	opposed	TFs	KLF4	and	KLF5	 (Ghaleb	et	 al.,	 2005).	KLF5	was	of	

particular	 interest	 because	 it	 enforces	 epithelial	 identity	 (Zhang	 et	 al.,	 2013),	 is	

required	 for	 the	 integrity	 and	 oncogenicity	 of	 intestinal	 stem	 cells	 (Nakaya	 et	 al.,	

2014),	 and	 is	 a	 lineage-survival	 oncogene	 in	 gastric	 cancer	 (Chia	 et	 al.,	 2015).	

Genome-wide	 SOX4	 ChIP-seq	 confirmed	 that	 approximately	 80%	 of	 SOX4	 peaks	

were	associated	with	an	overlapping	KLF5	peak	(Figure	3-28),	and	like	SOX4,	KLF5	

is	 required	 for	 the	 formation	of	oncospheres	 (Figure	3-29)	and	orthotopic	 tumors	

by	PDA	cells	(Figure	3-30).		

High,	lineage-specific	expression	is	a	hallmark	of	lineage-survival	oncogenes	

such	as	MITF	in	melanoma.	Similarly,	KLF5	expression	in	human	tumors	is	 lineage	

restricted,	 with	 KLF5	 ranking	 among	 the	 most	 highly	 expressed	 TFs	 in	 GI	 and	

squamous	carcinomas	(Figure	3-31),	tumors	that	exhibit	high	rates	of	loss	of	TGFβ	

signaling.	 Taken	 together,	 these	 data	 suggest	 that	 KLF5	 functions	 as	 a	 lineage-

survival	gene	in	pancreatic	and	other	GI	cancers.	Given	the	EMT	phenotype	induced	

by	TGFβ,	and	the	repression	of	TFs	that	determine	the	epithelial	state	by	EMT	TFs	
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(Cicchini	 et	 al.,	 2006),	 RNA-seq	 data	 of	 the	 SMAD4-restored	 PDA	 cells	 after	 TGFβ	

treatment	 for	 24	 hours	were	 queried	 for	Klf5	 repression.	 The	 analysis	 revealed	 a	

loss	in	the	expression	of	20	abundant	PDA	TFs,	 including	Klf5,	during	EMT	(Figure	

3-32).	Knockdown	of	Snail	blunted	the	down-regulation	of	Klf5	by	TGFβ	(Figure	3-

33),	further	supporting	a	loss	of	KLF5	as	part	of	the	lethal	EMT	program.	

Repression	of	KLF5	Turns	SOX4	into	a	Pro-apoptotic	TF	

These	 data	 indicated	 that	KLF5	may	 be	 an	 important	 determinant	 of	 SOX4	

function	in	PDA.	Consistent	with	this,	Klf5	knockdown	in	SMAD4	mutant	PDA	cells	

was	accompanied	by	 increased	apoptosis,	which	was	 further	accentuated	by	TGFβ	

addition.	Knockdown	of	Foxa2,	another	highly	expressed	TF,	did	not	promote	TGFβ-

induced	apoptosis	(Figure	3-34).	In	a	reciprocal	experiment,	enforced	expression	of	

KLF5	 in	 SMAD4+	 cells	 prevented	 TGFβ-induced	 apoptosis	 (Figure	 3-35).	 These	

results	suggested	that	a	low	KLF5:SOX4	ratio	might	trigger	PDA	cell	death.	Tandem	

knockdown	of	SOX4	and	KLF5	by	shRNA	confirmed	 this	hypothesis	 (Figure	3-36),	

thus	linking	apoptosis	in	PDA	to	an	imbalance	between	SOX4	and	KLF5.	

To	identify	SOX4-dependent	mediators	of	apoptosis	in	the	post-EMT	context,	

RNA-seq	was	performed	on	SMAD4+	cells	with	and	without	Sox4	knockdown.	After	

24	hr	of	TGFβ	treatment,	1,169	genes	were	induced	by	TGFβ.	Of	these,	290	showed	a	

>2-fold	 difference	 in	 their	 TGFβ	 responses	 in	 SOX4-depleted	 cells	 compared	 to	

controls.	The	set	of	TGFβ	gene	responses	that	were	lost	in	SOX4-depleted	PDA	cells	

included	BIM	(encoded	by	Bcl2l11)	and	BMF	(Figure	3-37).	BIM	and	BMF	are	BH3-

only	pro-apoptotic	proteins,	which	are	sequestered	by	BCL-XL	(Pinon	et	al.,	2008).	

These	 observations	 were	 consistent	 with	 the	 ability	 of	 BCL-XL	 to	 blunt	 TGFβ-
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induced	 apoptosis	 in	 this	 context	 (refer	 to	 Figures	 3-5	 and	 3-6).	 Increased	

expression	 of	 Bim	 and	 Bmf	 in	 response	 to	 TGFβ	 in	 PDA	 cells	 was	 confirmed	 to	

require	 SOX4	 (Figure	 3-37).	 Thus,	 repression	 of	 KLF5	 by	 TGFβ-induced	 EMT-TFs	

switches	 SOX4	 from	 a	 pro-tumorigenic	 enforcer	 in	 malignant	 endodermal	

progenitors	to	an	inducer	of	tumor-suppressive,	pro-apoptotic	genes	(Figure	3-38).	

Discussion	

TGFβ	Control	of	Cellular	Identity	Drives	Lineage-Specific	Tumor	Suppression	

TGFβ	 superfamily	 members	 are	 powerful	 orchestrators	 of	 cell-identity	

changes	 throughout	 development,	 and	 the	 regulation	 of	 KLF5	 and	 SOX4	 by	 TGFβ	

implicate	this	property	in	tumor	suppression.	Pre-neoplastic	lesions	are	dependent	

on	 TFs	 that	 maintain	 progenitor	 populations	 endemic	 to	 the	 tissue	 of	 origin	

(Garraway	and	Sellers,	2006).	In	tumor	types	most	sensitive	to	TGFβ,	KLF5	appears	

central	to	the	identity	of	these	progenitors.	KLF5	marks	proliferative	progenitors	in	

the	developing	GI	tract	(Ohnishi	et	al.,	2000).	KLF5	deletion	in	mouse	intestinal	stem	

cells	 results	 in	 apoptosis	 and	depletion	of	 LGR5+	 cells	 (Nakaya	 et	 al.,	 2014	2015)	

and	abrogates	tumor	formation	(Nakaya	et	al.,	2014).	KLF5	displays	amplifications,	

stabilizing	mutations	(Bialkowska	et	al.,	2014	2015),	and	high-level	expression;	all	

of	 these	 are	 restricted	 to	 a	 set	 of	 GI	 and	 squamous	 tumor	 types	 most	 prone	 to	

genetic	inactivation	of	the	TGFβ	pathway.	

SOX4	 is	 associated	 with	 stem/progenitor	 cell	 properties	 in	 many	 contexts	

(Ikushima	et	al.,	2009	2009,	Zhang	 ,	2013b).	By	repressing	endodermal	TFs,	TGFβ	

drives	 the	 lethal	 collapse	 of	 the	 progenitor-like	 state	 of	 the	 SOX4-KLF5	 network,	

imposing	 a	 cell-identity-specific	 bottleneck.	 Cells	 could	 emerge	 from	 this	 TGFβ-
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imposed	bottleneck	either	by	(a)	losing	TGFβ	signaling	components,	(b)	attaining	a	

self-renewing	 epigenetic	 state	 compatible	 with	 TGFβ	 signaling,	 or	 (c)	 activating	

signaling	pathways	that	blunt	the	effects	of	TGFβ.	SMAD4-wild-type	mouse	models	

often	 give	 rise	 to	 tumors	with	 loss	 of	 E-cadherin	 and	 sarcomatoid	 differentiation	

(Rhim	et	al.,	2012	2012);	cells	derived	from	these	tumors	resist	death	when	treated	

with	TGFβ	(Bardeesy	et	al.,	2006b),	a	likely	example	of	(b).	Such	tumors	are	rare	in	

human	pancreas	cancer	(Kane	et	al.,	2014),	indicating	that	different	mechanisms	of	

escape	from	TGFβ	suppression	predominate	in	human	tumors.	

A	Tumor-Suppressive	EMT	

An	 unexpected	 finding	 is	 that	 tumor	 suppression	 is	 coupled	 to	 an	 EMT,	 a	

developmental	 program	 thought	 to	 promote	 the	 acquisition	 of	malignant	 traits	 in	

advanced	 carcinomas	 (Valastyan	 and	 Weinberg,	 2011).	 This	 coupling	 occurs	

through	 the	 function	 of	 the	 EMT-TFs	 SNAIL	 and	 ZEB1,	which	 are	 induced	 by	 and	

cooperate	 with	 SMAD4	 to	 bring	 about	 the	 repression	 of	 KLF5.	 KRAS	 mutations	

sensitize	 PDA	 cells	 to	 TGFβ-induced	 EMT	 (Horiguchi	 et	 al.,	 2009)	 and	 sensitize	

keratinocytes	 to	 TGFβ-induced	 apoptosis	 (Guasch	 et	 al.,	 2007).	 Taken	 together,	

these	observations	suggest	that	KRAS	mutations	sensitize	incipient	carcinoma	cells	

to	lethal	EMT.	

One	implication	of	this	work	is	that	EMT	plays	a	role	in	tumor	suppression.	

An	association	of	EMT	with	apoptosis	 is	not	unprecedented.	Serum-starved	canine	

kidney	 epithelial	 cells	 undergo	 EMT	 followed	 by	 cell	 death	 in	 response	 to	 TGFβ	

(Peinado	 et	 al.,	 2003).	 EMT	 can	 also	 precede	 apoptosis	 in	 response	 to	 TGFβ	 in	

murine	 mammary	 epithelial	 cells	 (Gal	 et	 al.,	 2008	 2013a).	 In	 the	 presence	 of	
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sustained	 TGFβ	 treatment,	 the	 emergence	 of	 proliferative	 cells	 that	 survive	 EMT	

requires	 2–3	 weeks	 (Gal	 et	 al.,	 2008),	 which	 is	 consistent	 with	 our	 findings	 that	

lethal	EMT	imposes	a	narrow	bottleneck	on	naive	epithelial	cells.	Although	the	bulk	

of	 naive	 PDA	 cells	 are	 susceptible	 to	 EMT-linked	 death,	 EMT-permissive	 cells	 can	

emerge	 from	 the	 TGFβ-imposed	 bottleneck	 (Bardeesy	 et	 al.,	 2006b;	 Rhim	 et	 al.,	

2012).	Moreover,	 lethal	EMT	suggests	 that	 tumorigenicity	 linked	 to	an	EMT	 is	not	

broadly	endowed	on	incipient	carcinoma	cells	but	is	rather	a	selectable	trait	during	

carcinoma	progression.	

The	Dual	Nature	of	TGFβ	and	Core	TF	Regulation	

TGFβ	 has	 a	 long	 history	 of	 duality	 in	 cancer.	 Despite	 its	 clear	 tumor-

suppressive	properties,	a	high	 level	of	TGFβ	signaling	 in	PDA	tumors	 is	associated	

with	poor	prognosis	(Friess	et	al.,	1993	1999).	The	observation	that	Sox4	is	induced	

in	a	SMAD4-independent	manner	provides	one	potential	mechanism	by	which	TGFβ	

may	 promote	 aggressiveness	 in	 SMAD4	 null	 PDA	 and	 could	 account	 for	 the	

predominance	 of	 SMAD4	 loss	 over	 TGFβ	 receptor	 inactivation	 in	 human	 PDA.	

Approximately	 half	 of	 PDA	 harbor	 SMAD4	 mutations,	 but	 few	 harbor	 TGFBR	

mutations	 (Goggins	et	al.,	1998),	underscoring	 the	requirement	 to	bypass	SMAD4-

dependent	lethal	EMT	but	not	TGFβ-mediated	tumor-promoting	effects.	PDA	tumors	

with	wild-type	SMAD4	status	tend	to	have	fewer	metastases	(Iacobuzio-Donahue	et	

al.,	2009)	perhaps	reflecting	an	increased	susceptibility	of	these	disseminated	cells	

to	suppression	by	stromal	TGFβ.	The	mouse	PDAs	with	Snai1	knockout	that	retain	

metastatic	competency	are	consistent	with	a	recent	report	 that	EMT	 is	not	always	

connected	 with	 effective	 metastatic	 dissemination	 in	 PDA	 (Zheng	 et	 al.,	 2015).	
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SMAD4-independent	 induction	 of	 SOX4,	 a	 known	 component	 of	 pancreatic	

progenitors	 (Wilson	 et	 al.,	 2005),	 also	 provides	 a	 potential	 resolution	 to	 the	

apparently	 paradoxical	 observation	 that	 Activin	 receptor	 mutant	 mice	 develop	 a	

severely	hypoplastic	pancreas,	whereas	SMAD4	is	dispensable	for	normal	pancreas	

development	(Bardeesy	et	al.,	2006b	2000).	

SOX4	both	mirrors	and	contributes	to	the	context-dependent	dual	nature	of	

TGFβ.	 SOX4	 is	 an	 established	 stem/progenitor	 factor	 that	 functions	 as	 a	 driver	 of	

apoptosis	 in	some	contexts	(Vervoort	et	al.,	2013b).	The	major	determinant	of	 the	

context	 for	 SOX4	 activity	 is	 the	 cellular	 repertoire	 of	 transcriptional	 master	

regulators.	 Why	 would	 a	 stemness	 factor	 be	 endowed	 with	 the	 ability	 to	 induce	

apoptosis	in	the	absence	of	appropriate	transcriptional	partners?	This	property	may	

have	 evolved	 as	 a	 mechanism	 to	 eliminate	 stem	 cells	 with	 developmentally	

untenable	TF	configurations.	
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ID1	MEDIATES	ESCAPE	FROM	TGFβ	TUMOR	SUPPRESSION	

Introduction	

Despite	the	possibility	of	escaping	the	tumor	suppressive	effects	of	TGFβ	by	

mutational	 inactivation	 of	 the	 core	 pathway	 components,	 the	 majority	 of	 tumors	

retain	 an	 active	 TGFβ	 pathway	 (Yachida	 et	 al.,	 2012).	 Even	 in	 pancreatic	 ductal	

adenocarcinoma	 (PDA),	 which	 presents	 the	 highest	 frequency	 of	 TGFβ	 pathway	

mutations	 in	 cancer,	 these	mutations	 occur	 only	 in	 one	 half	 of	 cases,	 leaving	 the	

other	half	of	PDAs	with	a	functional	TGFβ	pathway.		

Selective	pressure	for	the	inactivation	of	TGFβ	signaling	in	PDA	results	from	

a	 lethal	 EMT	 triggered	 by	 TGFβ	 via	 SMAD2/3/4	 (David	 et	 al.,	 2016).	 In	 normal	

pancreatic	 progenitors,	 the	 lineage	 determining	 transcription	 factors	 SOX4	 and	

KLF5	cooperatively	impose	a	pancreatic	epithelial	progenitor	phenotype.	Mutational	

activation	of	KRAS,	a	nearly	universal	tumor-initiating	event	in	PDA,	causes	TGFβ	to	

induce	 expression	 of	 the	master	EMT	 transcription	 factor	 SNAIL,	which	 represses	

KLF5	 expression.	 As	 cells	 undergo	 an	 EMT	 in	 this	 dysregulated,	 KLF5-depleted	

context,	 SOX4	 is	 directed	 to	 activate	 pro-apoptotic	 genes,	 resulting	 in	 cell	 death	

(David	 et	 al.,	 2016).	 However,	 TGFβ	 can	 also	 promote	 progression	 by	 enhancing	

invasive	and	pro-metastatic	effects	in	established	tumors	(Cui	et	al.,	1996;	Padua	et	

al.,	2008;	Tauriello	et	al.,	2018),	and	cancer	cells	that	retain	an	active	TGFβ	pathway	

while	evading	 its	 tumor	suppressive	action	can	benefit	 from	TGFβ-driven	 invasive	

and	metastatic	functions	(David	and	Massague,	2018b).	

How	 PDAs	 with	 an	 intact	 TGFβ	 pathway	 avert	 the	 apoptotic	 effect	 has	

remained	 an	 open	 question.	 Genomic	 analysis	 of	 PDAs	 has	 revealed	 three	 other	



	 47	

frequently	mutated	genes	–KRAS,	CDKN2A	and	TP53–	in	addition	to	SMAD4	(TCGA,	

2017).	 Mutations	 in	 these	 three	 genes	 are	 not	 mutually	 exclusive	 with	 SMAD4	

mutations.	 Beyond	 these	 genetic	 alterations,	 PDAs	 present	 a	 long	 series	 of	 low	

frequency	 mutated	 genes,	 none	 of	 which	 is	 an	 obvious	 inhibitor	 of	 cellular	

responses	 to	 TGFβ	 signaling	 (Bailey	 et	 al.,	 2016;	 Jones	 et	 al.,	 2008;	 TCGA,	 2017;	

Witkiewicz	et	al.,	2015).	Given	that	no	single,	high-frequency	genetic	alteration	has	

emerged	 as	mutually	 exclusive	 to	TGFβ	pathway	 inactivation,	multiple	 alterations	

may	 converge	on	a	 common	regulatory	node	 that	 is	 critical	 to	 escape	 from	 tumor	

suppression	in	PDAs	with	an	intact	TGFβ	pathway.	Identifying	this	regulatory	node	

would	provide	a	potential	therapeutic	target	in	PDA.	

Transcriptional	 dysregulation	 is	 a	 common	 feature	 of	 emerging	 tumors,	

reflecting	 adaptation	 to	 genetic	 alterations	 in	 cancer	 cells	 and	 to	 inputs	 from	 the	

tumor	microenvironment	(Christophorou	et	al.,	2006;	Garraway	and	Sellers,	2006;	

Lee	 and	 Young,	 2013;	 Ventura	 et	 al.,	 2007).	 A	 focus	 on	 the	 analysis	 of	 dominant	

transcriptional	 networks	 in	 PDA	 revealed	 that	 PDA	 cells	 with	 an	 active	 TGFβ	

pathway	 avert	 apoptosis	 by	 transcriptional	 dysregulation	 of	 ID1,	 and	 this	

dysregulation	 results	 from	 a	 diverse	 set	 of	 infrequently	 mutated	 pathways,	

including	 PI3K-AKT	 and	 DNA	 damage	 response	 pathways.	 ID1	 thus	 emerges	 as	 a	

target	of	interest	in	pancreatic	cancer.	

Results	

TGFβ	signaling	is	active	in	half	of	pancreatic	cancers	

SMAD4	 is	 inactivated	 in	 38-43%	 of	 human	 PDAs,	 and	 the	 full	 set	 of	 TGFβ	

pathway	 core	 components	 (TGFΒR1,	 TGFΒR2,	 SMAD2,	 SMAD3	 and	 SMAD4)	
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collectively	 are	 inactivated	 in	 approximately	 53%	 of	 PDAs	 (Figure	 4-1).	 To	

determine	 whether	 PDAs	 lacking	 mutations	 in	 these	 core	 components	 retain	 a	

functional	TGFβ	pathway,	human	PDA	organoids	were	assayed	 for	 responsiveness	

to	 TGFβ.	 Since	 the	 functional	 transcriptional	 unit	 of	 TGFβ	 signaling	 is	 a	 trimer	 of	

phospho-SMAD2/3	 with	 SMAD4	 (Figure	 4-2),	 SMAD4	 expression	 and	 receptor-

phosphorylated	SMAD2	(pSMAD2)	 in	response	 to	TGFβ	were	measured.	Six	of	 the	

13	organoids	showed	low	levels	of	pSMAD2	or	SMAD4	by	Western	blot,	indicative	of	

functional	 loss	 of	 TGFβ	 receptors	 or	 SMADs	 (Figure	 4-2).	 With	 induction	 of	 the	

common	TGFβ	target	gene	SMAD7	as	readout,	the	six	PDA	organoids	with	defective	

SMAD	levels	were	found	to	have	low	(<2-fold)	or	no	increase	in	SMAD7	mRNA	levels	

in	response	to	TGFβ	whereas	the	other	seven	showed	a	4-	to	9-fold	increase	(Figure	

4-2).		

SMAD2	 is	 phosphorylated	 by	 TGFΒR1/2	 regardless	 of	 SMAD4	 status,	 and	

staining	of	a	tissue	microarray	of	130	human	PDAs	for	pSMAD2	(Winter	et	al.,	2012)	

revealed	that	5%	of	samples	were	negative	for	pSMAD2	in	the	tumor	cells	(Figure	4-

3),	 congruent	 with	 the	 frequency	 of	 reported	 genetic	 TGFβ	 receptor	 inactivation.	

These	samples	retained	pSMAD2	staining	in	the	tumor	stroma.	The	remainder	of	the	

samples	was	positive	for	pSMAD2,	suggesting	the	presence	of	active	TGFβ	receptors	

in	the	cancer	cell	compartment	of	these	tumors	(Figure	4-3).		69%	of	the	tumors	in	

this	TMA	stain	positive	for	SMAD4	(Winter	et	al.,	2012).	These	results	suggest	that	a	

large	 subset	of	PDA	retains	a	 functional	TGFΒR-pSMAD2-SMAD4	pathway	and	are	

exposed	to	TGFβ	in	the	tumor	microenvironment.		
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PDAs	share	a	dominant	transcriptional	network	

Cell	lineages	are	characterized	by	the	dominant	transcription	factors	that	the	

cells	 specifically	 express	 (Davis	 et	 al.,	 1987;	 Takahashi	 and	 Yamanaka,	 2006;	

Yamamizu	et	al.,	2013).	To	explore	 the	hypothesis	 that	PDAs	with	either	active	or	

inactive	 TGFβ/SMAD	 pathway	 develop	 under	 similar	 selective	 pressures	 and	

achieve	certain	common	end-point	characteristics,	the	transcriptional	networks	that	

are	 selected	 for	 in	 pancreatic	 cancer	 were	 compared	 to	 those	 in	 the	 normal	

pancreas.	Principal	component	analysis	(PCA)	of	225	cases	of	PDA,	normal	pancreas,	

and	pancreatic	neuroendocrine	tumor	(PNET)	with	gene	expression	datasets	(Bailey	

et	 al.,	 2016;	GTEx,	 2013),	 based	on	 the	 top	5	most	 highly	 expressed	 transcription	

factors	 within	 each	 sample	 (Figure	 4-4),	 yielded	 separation	 of	 normal,	 PDA,	 and	

PNET	 samples.	 This	 separation	 was	 similar	 to	 that	 of	 PCA	 using	 a	 full	 list	 of	

expressed	transcription	factors	(Figure	4-5).	Similar	results	were	obtained	when	the	

same	analysis	was	applied	 to	 a	 second,	 independent	PDA	gene	expression	dataset	

(Figure	 4-5)(TCGA,	 2017).	 PDA	 cases	 with	 wild	 type	 or	 mutant	 TGFβ	 pathway	

components	clustered	together	(Figure	4-4),	suggesting	that	PDA	evolution	selects	

for	 similar	 transcription	 factor	 networks	 regardless	 of	 the	 genetic	 integrity	 of	 the	

TGFβ	pathway.	

Examination	 of	 the	 principal	 components	 of	 this	 analysis	 revealed	

transcription	 factors	 highly	 expressed	 specifically	 in	 normal	 pancreas,	 PNET	 and	

PDA,	 respectively.	 Of	 the	 transcription	 factors	 highly	 expressed	 in	 normal	 tissue,	

RBPJL,	 BHLHA15/MIST1	 and	 NR5A2	 are	 crucial	 in	 pancreatic	 specification	 and	

development	and	important	to	the	acinar	lineage,	which	is	the	putative	cell	of	origin	
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of	 PDA	 (Masui	 et	 al.,	 2010;	 Pin	 et	 al.,	 2001;	 von	Figura	 et	 al.,	 2014).	 In	PNET,	 the	

highly	 expressed	 transcription	 factors	 correspond	 to	 the	 endocrine	 lineage:	 ISL1,	

MAFB,	NKX2.2,	PAX6	and	ST18	(Artner	et	al.,	2007;	Henry	et	al.,	2014;	Karlsson	et	

al.,	1990;	Sander	et	al.,	1997;	Sussel	et	al.,	1998).	Those	that	are	highly	expressed	in	

PDA	 include	 AHR,	 HMGB2,	 ID1,	 KLF5	 and	 PPARG,	 which	 play	 roles	 in	 epithelial	

progenitor	 specification	 and	 transformation	 (Fusco	 and	Fedele,	 2007;	 Lasorella	 et	

al.,	2014;	Murray	et	al.,	2014;	Tetreault	et	al.,	2013).	Analysis	of	other	cancer	types	

demonstrated	 a	 similar	 enrichment	 for	 transcription	 factors	 with	 tissue-specific	

traits	 (Figure	4-6),	highlighting	 the	generality	of	 this	principle.	The	 ten	genes	 that	

contribute	 the	 most	 to	 principal	 component	 1	 in	 this	 analysis	 were	 sufficient	 to	

separate	 PDA	 and	 normal	 tissue	 samples	 by	 unsupervised	 hierarchical	 clustering	

(Figure	 4-7).	 In	 an	 independent	 dataset	 (Moffitt	 et	 al.,	 2015),	 these	 factors	 are	

enriched	in	PDA	regardless	of	whether	they	fall	into	the	recently	defined	classical	or	

basal	 subtypes	 (Figure	 4-8),	 as	 well	 as	 in	 both	 primary	 and	 metastatic	 tumors	

(Figure	4-9).		

To	 investigate	 the	 effect	 of	 TGFβ/SMAD	 signaling	 on	 the	 expression	 of	 the	

PDA-associated	 transcription	 factors,	 a	 SMAD4	 lentiviral	 expression	 vector	 was	

transduced	into	cancer	cells	derived	from	in	mouse	KrasG12D;	Cdkn2a-/-;	Smad4-/-	PDA	

tumors.	This	rescued	the	sensitivity	of	the	cells	to	the	tumor	suppressive	effects	of	

TGFβ,	recapitulating	the	exposure	of	premalignant	pancreatic	cells	 to	TGFβ	(David	

et	al.,	2016).	Notably,	 treatment	of	 these	SMAD4-restored	PDA	cells	with	TGFβ	for	

12	h,	compared	to	treatment	with	SB505124	(a	TGFΒR1	kinase	inhibitor),	decreased	

the	expression	of	 the	 five	 transcription	 factors	enriched	 in	PDA,	as	determined	by	
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RNA-seq	(Figure	4-10).	ID1	and	PPARG	 in	particular	were	strongly	down-regulated	

by	 TGFβ	 in	 PDA	 cells.	 This	 effect	 was	 accompanied	 by	 the	 induction	 of	 Snai1,	

encoding	 the	 master	 EMT	 transcription	 factor	 SNAIL	 (Figure	 4-10),	 and	 by	 an	

enrichment	for	EMT	and	apoptosis	gene	signatures	(Figure	4-11),	which	are	typical	

responses	of	 SMAD4-restored	PDA	cells	 to	TGFβ	under	 these	 conditions	 (David	et	

al.,	2016).		

ID1	expression	in	pancreatic	progenitors	

Of	 the	 factors	 enriched	 in	 PDA	 and	 down-regulated	 by	 TGFβ,	 ID1	 was	 of	

particular	interest	because	the	high	expression	of	this	factor	is	also	correlated	with	

the	tumor	types	that	most	frequently	lose	TGFβ	pathway	components	(David	et	al.,	

2016),	 and	 because	 of	 the	 known	 role	 of	 the	 ID	 family	 members	 (ID1~4)	 in	 the	

negative	 regulation	of	differentiation	 in	embryonic	and	adult	 stem	and	progenitor	

cells	 (Anido	 et	 al.,	 2010;	 Ying	 et	 al.,	 2003;	 Zhang	 et	 al.,	 2014).	 ID1~4	 function	 as	

negative	 regulators	 of	 bHLH	 transcription	 factors	 and	 promote	 self-renewal	 and	

proliferation	 in	 stem	 and	 progenitor	 cells,	 and	 their	 expression	 is	 low	 or	 null	 in	

more	 differentiated	 cells.	 ID	 proteins	 lack	 a	 DNA	 binding	 domain	 and	 primarily	

interact	 with	 bHLH	 E-proteins	 to	 prevent	 their	 dimerization	 with	 tissue-specific	

bHLH	lineage	differentiation	transcription	factors,	sequestering	these	proteins	away	

from	 their	 target	 chromatin	 domains	 (Benezra	 et	 al.,	 1990;	 Lasorella	 et	 al.,	 2014;	

O'Toole	et	al.,	2003).	The	5’	promoter	region	of	ID1	contains	four	canonical	CAGAC	

SMAD-binding	elements,	 three	clustered	at	 -1	kb	and	one	at	 -38	bp	relative	 to	 the	

transcription	start	site.	The	CAGAC	cluster	at	 -1	kb	and	a	GC-rich	region	at	-1.1	kb	

have	both	been	 implicated	 in	 SMAD-mediated	 induction	of	 ID1	 by	BMPs,	whereas	
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only	the	CAGAC	cluster	at	-1	kb	was	found	to	be	necessary	for	the	repression	of	ID1	

by	 TGFβ	 (Kang	 et	 al.;	 Lopez-Rovira	 et	 al.,	 2002).	 In	 keratinocyte,	 mammary,	 and	

bronchial	 epithelial	 progenitor	 cells,	 TGFβ	 represses	 ID1~3	 (Kang	 et	 al.,	 2003),	

whereas	in	breast	cancer	cells	and	glioblastoma	cells,	TGFβ	induces	ID1	expression	

(Anido	et	al.,	2010;	Barrett	et	al.,	2012;	Padua	et	al.,	2008).		

To	better	understand	the	role	of	ID1	in	PDA,	ID1	expression	was	analyzed	in	

a	panel	of	human	and	mouse	pancreatic	tissues.	In	both	human	and	mouse	tissues,	a	

proportion	 of	 epithelial	 cells	 within	 the	 PDA	 samples,	 inclusive	 of	 areas	 of	 both	

adenomatous	and	squamous	 trans-differentiation,	 stained	positive	 for	 ID1	relative	

to	 normal	 pancreatic	 tissue,	 where	 staining	 was	 restricted	 to	 endothelial	 cells	

(Figure	4-12).		Of	30	cases	of	human	PDA,	all	of	which	are	KRAS-mutant	and	67%	of	

which	 harbor	 p53	 mutations,	 26	 (87%)	 exhibited	 cancer	 cells	 with	 nuclear	 ID1	

staining;	on	average,	5-10%	of	 cancer	cells	 in	 these	 tumors	exhibited	positive	 ID1	

staining,	regardless	of	the	SMAD4	status	of	the	tumor	(Figure	4-13).	In	comparison,	

ID1-positive	 epithelial	 cells	 were	 not	 observed	 within	 normal	 human	 pancreatic	

tissues	collected	via	rapid	autopsy	from	two	patients	with	lung	adenocarcinoma	or	

anaplastic	glioma	who	had	no	signs	of	pancreatic	disease	or	inflammation	(Figure	4-

12,	4-13).		

Given	 the	 role	 of	 the	 ID	 proteins	 as	 regulators	 of	 differentiation,	 one	

hypothesis	 is	 that	 the	 minority	 of	 ID1	 positive	 cells	 in	 heterogeneous	 PDA	 cell	

populations	 may	 act	 as	 progenitors	 that	 give	 rise	 to	 the	 ID1	 negative	 cells.	 In	

support	of	 this	hypothesis,	 ID1+	cells	constitute	a	subset	of	PDX1+	cells	(Figure	4-

14).	 PDX1	 (pancreatic	 and	duodenal	 homeobox	 1)	 is	 a	 transcription	 factor	 that	 is	
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necessary	for	pancreatic	development	and	associated	with	a	pancreatic	progenitor	

population	 in	 PDA	 (Ischenko	 et	 al.,	 2014;	 Jonsson	 et	 al.,	 1994).	 In	 contrast,	

immunofluorescence	 detection	 of	 amylase,	 a	 marker	 of	 mature	 pancreatic	 acinar	

cells,	is	mutually	exclusive	with	ID1	(Figure	4-14).		

To	 recapitulate	 the	heterogeneity	 in	 ID1	expression	observed	 in	pancreatic	

tumors,	 a	 green	 fluorescent	 protein	 (GFP)	 reporter	 was	 knocked-in	 at	 the	

endogenous	Id1	locus	in	mouse	KrasG12D;	Cdkn2a-/-;	Smad4-/-		PDA	cells	(Figure	4-15)	

(Lopes	et	al.,	2016;	Perez	et	al.,	2017).	ID1-GFPhigh	cells	isolated	by	FACS	from	these	

populations	 grew	 better	 as	 oncospheres,	 a	 surrogate	 growth	 assay	 for	 stem-like	

cancer	 cells	 in	 which	 the	 cells	 are	 plated	 in	 low-attachment	 plates	 with	 limited	

growth	 factors	 (Hermann	et	al.,	2007)(Figure	4-16).	 ID1-GFPhigh	 cells	were	able	 to	

generate	 both	 ID1-GFPhigh	 and	 ID1-GFPlow	 progeny,	whereas	 ID1-GFPlow	 cells	 only	

generated	 ID1-GFPlow	 progeny	 (Figure	 4-16),	 a	 pattern	 that	 has	 been	 observed	

previously	 in	 glioma	 (Barrett	 et	 al.,	 2012).	 The	 transcriptional	 repertoire	 of	

pancreatic	 stem	cells	 is	not	well	defined,	however,	 the	 ID1-GFPhigh	 cells	 expressed	

transcriptomic	 signatures	 associated	 with	 BMI1+	 breast	 cancer	 progenitors	 and	

HOPX+	 intestinal	 stem	 cells	 (Figure	 4-17).	 Interestingly,	 both	 BMI1	 and	 HOPX	

markers	are	associated	with	the	+4	position	of	the	intestinal	crypt,	a	subpopulation	

of	 intestinal	 stem	 cells	 that	 express	 ID1	 (Takeda	 et	 al.,	 2011;	 Zhang	 et	 al.,	 2008;	

Zhang	et	al.,	2014).	In	contrast,	ID1-GFPlow	cells	expressed	transcriptomic	signatures	

of	pancreatic	 epithelial	differentiation,	 as	determined	by	mRNA	sequencing	 (RNA-

seq)	and	gene	set	enrichment	analysis	(Figure	4-17).		
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Along	 with	 ID1,	 ID2	 and	 ID3	 are	 expressed	 in	 PDAs,	 and	 could	 play	

redundant	roles	to	ID1	(Lyden	et	al.,	1999;	Yan	et	al.,	1997)(Figure	4-18);	therefore,	

combinations	 of	 knockdowns	 of	 these	 factors	 were	 tested.	 shRNA-mediated	

depletion	 of	 ID1	 in	mouse	 PDA	 cells	 decreased	 the	 oncosphere-forming	 ability	 of	

these	 cells,	 and	additional	depletion	of	 ID2	and	 ID3,	which	have	been	 reported	 to	

have	 redundant	 activities	 to	 ID1,	 further	decreased	oncosphere	growth	 (Figure	4-

19).	 Together,	 these	 results	 suggest	 that,	 as	 in	 other	 contexts	 (Niola	 et	 al.,	 2012;	

Romero-Lanman	et	al.,	2012;	Zhang	et	al.,	2014),	ID1	and,	to	a	lesser	extent,	ID2	and	

ID3	 are	 selectively	 expressed	 in	 PDA	 progenitor	 cells	 and	 support	 the	 progenitor	

phenotype.	

In	order	to	determine	the	role	of	ID	proteins	in	the	tumorigenic	potential	of	

PDA	cells,	500	KrasG12D;	Cdkn2a-/-;	Smad4-/-	PDA	cells	were	orthotopically	implanted	

in	mice	and	doxycycline	was	administered	to	the	mice	to	induce	expression	of	Id1~3	

shRNAs	 immediately	 after	 implantation	 (Figure	 4-20,	 4-21).	 Tumor	 growth	 was	

tracked	by	bioluminescence	of	a	transduced	firefly	luciferase	gene	in	the	cells.	Like	

with	the	oncosphere	assays,	ID1	depletion	alone	led	to	a	decrease	in	tumor	burden	

(Figure	 4-20);	 however,	 the	 effect	 of	 depleting	 ID1~3	 was	 100x	 greater—it	

decreased	tumor	burden	and	prolonged	the	survival	of	the	mice	by	25%	(Figure	4-

21).	 	Positive	ID1	 immunostaining	was	present	 in	the	 late-emerging	ID1~3	shRNA	

tumors,	 indicating	 that	 these	 tumors	 formed	 from	 cells	 that	 escaped	 shRNA-

mediated	depletion	of	ID1	(Figure	4-21).	To	determine	if	established	tumors	retain	

sensitivity	to	Id	depletion,	the	same	cells	were	implanted	and	allowed	to	grow	for	3	

weeks.	 The	 mice	 were	 then	 randomized	 into	 luminescence-matched	 groups,	 and	
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administered	doxycycline	or	not.	In	this	setting,	tumor	growth	was	again	blunted	by	

ID	depletion	and	mouse	survival	was	similarly	prolonged	by	25%	(Figure	4-22).		

Together,	these	data	suggest	a	model	in	which	PDA	cells	express	high	levels	

of	 ID1	 relative	 to	 normal	 cells,	 and	 that	 this	 is	 associated	 with	 a	 progenitor	 cell	

phenotype.	TGFβ-mediated	repression	of	ID1	in	this	context	results	 in	lethality.	To	

progress	to	invasive	PDA,	tumor	cells	must	therefore	escape	this	repression,	either	

through	TGFβ	pathway	inactivation	or	other	means	(Figure	4-23).	

ID1high	vs	ID1low	states	are	associated	with	enhancer	status	

Given	 that	 the	 ID1high	 and	 ID1low	 populations	 in	 both	 the	 genetic	 mouse	

models	 and	 the	 ID1-GFP	 reporter	 cells	 possess	 the	 same	 oncogenic	 alterations,	

epigenetic	changes	were	likely	to	explain	the	difference	in	ID1	expression.	A	query	

of	the	status	of	the	ID1	locus	using	the	Epigenome	Browser,	a	database	of	epigenetic	

characterization	 of	 a	 variety	 of	 tissues,	 revealed	 that	 the	 ID1	 promoter	 in	 normal	

human	pancreas	contains	H3K4me3,	a	histone	modification	that	denotes	promoter	

activation	 and	 priming	 for	 expression	 (Figure	 4-24)	 (Bernstein	 et	 al.,	 2010).	 In	

comparison,	 in	 differentiated	 neurons,	 in	which	 ID1	 is	 not	 expressed	 (Ying	 et	 al.,	

2003),	this	 locus	is	silenced,	as	 indicated	by	the	presence	of	H3K27me3	(Figure	4-

24).	 In	 the	 small	 intestine,	 where	 ID1-expressing	 cells	 contribute	 to	 normal	

regeneration,	H3K27ac,	a	mark	of	activated	enhancers,	is	enriched	in	a	region	near	

ID1	(Figure	4-24)	(Bernstein	et	al.,	2010;	Creyghton	et	al.,	2010;	Zhang	et	al.,	2014).	

Like	 the	 small	 intestine,	 human	pancreatic	 cancer	 cells	have	H3K27ac	enrichment	

near	ID1,	indicating	an	activated	ID1	enhancer	(Figure	4-25).	As	a	control,	the	RBPJL	

locus,	which	is	necessary	for	normal	pancreas	development,	was	analyzed	(Masui	et	
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al.,	2010).	RBPJL	is	activated	in	normal	pancreas	but	silenced	in	neurons,	the	small	

intestine,	 and	 pancreatic	 cancer	 cells	 (Figure	 4-24,	 4-25).	 These	 observations	

suggest	 that	 accumulation	 of	 H3K27ac	 at	 the	 ID1	 locus	 is	 associated	 with	 high	

expression	of	this	gene.			

To	characterize	the	 functional	consequence	of	 this	enhancer,	ATAC-seq	was	

used	 to	 detect	 regions	 of	 increased	 accessibility,	 which	 are	 associated	 with	 gene	

regulatory	regions	(Buenrostro	et	al.,	2013).	Several	peaks	of	increased	accessibility	

were	detected	within	the	ID1	H3K27ac	enhancer	in	these	cells;	of	these,	a	subset	is	

conserved	between	human	 and	mouse	 and	 therefore	more	 likely	 to	 be	 regulatory	

loci	(Figure	4-26).	To	test	this	functionally,	an	sgRNA	library	was	designed	to	tile	the	

seven	 conserved	 regions	 at	 the	 Id1	 locus	 in	 mouse	 PDA	 cells.	 By	 restricting	 the	

screen	 to	 regions	 with	 conserved	 increased	 accessibility,	 potential	 regulatory	

regions	 were	 enriched	 while	 maintaining	 the	 technical	 advantages	 of	 a	 relatively	

small	 library	 size.	 This	 library	 was	 transduced	 into	 the	 cells	 with	 the	 ID1-GFP	

reporter	 and	 sorted	 for	 GFPhigh	 and	 GFPlow	 cells	 (Figure	 4-27).	 Analyzing	 sgRNAs	

enriched	 in	 the	 GFPlow	 population	 compared	 to	 the	 GFPhigh	 population,	 regions	

within	 the	 3’	H3K27ac	 locus	were	 found	 to	 score	most	 highly	 as	 required	 for	 Id1	

expression,	particularly	Region	5	(Figure	4-27).	

To	 functionally	 validate	 the	 findings	 of	 the	 screen,	 two	 reciprocal	

experiments	were	 performed.	 First,	 three	 pairs	 of	 sgRNAs	were	 designed	 to	 flank	

and	 remove	 region	5.	CRISPR/Cas9	 removal	of	 this	 region	 resulted	 in	 loss	of	 ID1-

GFP	 expression	 (Figure	 4-28).	 Second,	 the	 highest	 scoring	 sgRNA	 in	 the	 screen	

(Figure	4-27)	was	introduced	into	the	ID1-GFP	reporter	cells,	the	cells	were	sorted	
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for	high	versus	low	ID1-GFP	reporter	expression,	and	a	198	bp	region	surrounding	

the	predicted	cut	site	was	PCR	amplified	and	sequenced.	The	ID1-GFPlow	population	

was	 highly	 enriched	 for	 editing	 at	 this	 site	 (Figure	 4-28).	 Together,	 these	 results	

support	 a	 functional	 role	 for	 the	 3’	 enhancer	 in	 modulating	 high	 versus	 low	 ID1	

expression	in	pancreatic	epithelial	cells.	

The	Transcription	Factor	ChIP-seq	track	from	ENCODE	in	the	UCSC	genome	

browser	 suggested	 that	 multiple	 factors	 bind	 to	 Region	 5	 (Kent	 et	 al.,	 2002;	

Rosenbloom	 et	 al.,	 2013),	 so	 a	 small-scale	 screen	 of	 candidate	 factors	 was	

performed	using	the	same	scheme	used	to	scan	the	Id1	locus.	sgRNAs	that	targeted	

to	three	transcriptional	regulators	–Rxra,	Tbl1xr1,	and	Tcf7l2–	were	enriched	in	the	

cells	that	lost	ID1-GFP	expression	(Figure	4-29).	Retinoid	X	receptor	alpha	(RXRα),	

which	can	function	as	a	homodimer	or	as	a	heterodimeric	partner	of	other	nuclear	

hormone	receptors	(Evans	and	Mangelsdorf,	2014),	was	of	particular	 interest.	Not	

only	is	there	a	nuclear	receptor	motif	in	Region	5	of	the	Id1	locus,	there	is	also	RXRA	

ChIP	 signal	 at	 the	 corresponding	 locus	 in	 human	 liver	 cells	 (Kent	 et	 al.,	 2002;	

Rosenbloom	 et	 al.,	 2013),	 suggesting	 conservation	 across	 species,	 as	 would	 be	

expected	for	a	regulatory	element	(Figure	4-30).	ChIP-PCR	confirmed	RXRA	binding	

to	Region	5	of	murine	PDA	cells,	and	inducible	shRNA	depletion	of	RXRα	decreased	

the	transcript	level	of	Id1	in	mouse	PDA	cells	(Figure	4-30),	suggesting	that	RXRα	is	

one	 of	 potentially	 many	 factors	 (Lasorella	 et	 al.,	 2014)	 that	 can	 increase	 ID1	

expression.	 These	 results	 suggest	 that	 the	 ID1	 locus	 is	 primed	 for	 expression	 in	

pancreatic	 progenitors	 and	 receives	 additional	 inputs	 during	 oncogenesis	 for	

enhancer	activation	and	increased	expression.		
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ID1	down-regulation	in	association	with	the	TGFβ	lethal	EMT	

The	emergence	of	 ID1	as	a	 top	PDA	transcriptional	network	component,	 its	

role	in	supporting	the	growth	and	tumorigenic	activity	of	PDA	progenitor	cells,	and	

its	 down-regulation	 by	 TGFβ	 in	 the	 context	 of	 a	 lethal	 EMT	 prompted	 an	

investigation	of	the	 interrelationship	between	these	various	phenomena.	 In	mouse	

KrasG12D;	Cdkn2a-/-;	Smad4-/-	PDA	cells	with	restored	SMAD4	expression,	 treatment	

with	 TGFβ	 decreased	 the	 expression	 of	 Id1,	 Id2	 and	 Id3	 in	 conjunction	 with	 the	

previously	 described	 EMT	 and	 apoptosis	 (Figure	 4-31,	 4-10,	 4-11,	 Chapter	 3).	 ID	

proteins	 function	 primarily	 by	 sequestering	 E-proteins	 from	 binding	 to	 and	

activating	gene	transcription,	and	in	support	of	this,	a	gel-shift	assay	demonstrated	

that	 TGFβ	 treatment	 of	 the	 SMAD4-restored	 PDA	 cells,	 which	 depletes	 the	 ID	

proteins,	promotes	protein	binding	to	DNA	containing	an	E-box	motif	(Figure	4-32).	

Moreover,	 in	SMAD4-restored	PDA	cells	containing	an	endogenous	ID1-GFP	

reporter,	the	sorted	ID1-GFPhigh	progenitor	cells	underwent	Id1	down-regulation	by	

TGFβ	and	apoptosis	 (Figure	4-33).	 In	 contrast,	 the	more	differentiated	 ID1-GFPlow	

counterparts	 did	 not	 undergo	 apoptosis	 in	 response	 to	 TGFβ	 (Figure	 4-33).	

Collectively,	 these	 results	 suggested	 that	 TGFβ-induced	 ID1	 down-regulation	 in	

association	 with	 a	 lethal	 EMT	 are	 specific	 responses	 of	 ID1high	 pancreatic	 cancer	

progenitors	but	not	the	differentiated,	ID1low	progeny	of	these	cells.	

Dysregulated	ID1	expression	in	PDAs	with	a	functional	SMAD	pathway	

Many	PDA	 tumors	develop	with	 a	 functional	TGFβ/SMAD	pathway	and	are	

exposed	 to	TGFβ	 in	 the	 tumor	microenvironment,	 as	 indicated	by	 the	presence	of	

pSMAD2	 in	 these	 tumors	 (refer	 to	Figure	4-3).	These	 tumors	 therefore	must	have	
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acquired	 an	 ability	 to	 avert	 the	 tumor	 suppressive	 effect	 of	 TGFβ.	 Indeed,	 cells	

derived	from	human	and	mouse	PDAs	that	developed	with	a	functional	TGFβ/SMAD	

pathway	were	resistant	 to	TGFβ-induced	apoptosis,	whereas	 those	 that	developed	

with	SMAD4	inactivation	suffered	TGFβ-induced	apoptosis	when	SMAD4	expression	

was	restored	 (Figure	4-34).	Notably,	 ID1	was	not	 repressed	by	TGFβ	 in	human	or	

mouse	 organoids	 derived	 from	PDAs	 (Figures	 4-35).	 In	 fact,	 treatment	with	TGFβ	

increased	 ID1	 expression	 in	 a	 cohort	 of	 human	 PDA	 organoids,	 the	 extent	 of	 ID1	

induction	being	proportional	to	that	of	SMAD7	induction	across	the	cohort	(Figures	

4-35,	4-2).	

To	 recapitulate	 this	 observation	 in	 cells	 derived	 from	 the	 same	 genetic	

background,	SMAD4-restored	mouse	PDA	cells	(S4	cells)	were	cultured	with	TGFβ	

for	3	weeks	to	select	for	cells	resistant	to	the	pro-apoptotic	effect	of	TGFβ	(Figure	4-

36).	 Pharmacologic	 inhibition	 of	 AKT	 with	 MK2206,	 an	 allosteric	 AKT	 inhibitor,	

strongly	synergizes	with	TGFβ	in	the	induction	of	a	lethal	EMT	(David	et	al.,	2016).	

Therefore,	all	lethal	EMT	experiments	are	performed	in	the	presence	of	MK2206	in	

the	 media	 unless	 otherwise	 indicated.	 The	 cells	 that	 were	 derived	 (S4.1-3	 cells)	

were	resistant	to	the	pro-apoptotic	effects	of	TGFβ	(Figures	4-36,	4-37),	undergo	a	

reversible	EMT	in	response	to	TGFβ	(Figure	4-37),	and	induce	Smad7	in	response	to	

TGFβ	 like	 the	 population	 from	which	 they	were	 selected	 (Figure	 4-38).	 However,	

these	cells	increased	Id1	expression	in	response	to	TGFβ,	instead	of	repressing	it	as	

in	the	TGFβ-sensitive	population	(Figures	4-38).	Besides	Id1,	only	four	other	genes	

were	differentially	regulated	by	TGFβ	by	more	than	4-fold:	Id3,	Fam167a,	Trib3,	and	

Chac1.	These	results	indicate	that	human	and	mouse	PDA	cells	that	retain	an	active	
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TGFβ	pathway	have	a	selective	dysregulation	of	ID1	expression;	TGFβ	up-regulates	

ID1	 in	 these	 cells	 in	 contrast	 to	 the	 down-regulation	 observed	 in	 premalignant	

pancreatic	progenitors	and	related	models	of	TGFβ-induced	lethal	EMT.	

To	understand	the	basis	for	the	resistance	to	TGFβ-induced	apoptosis	in	the	

S4.1	cells,	the	genes	differentially	expressed	between	the	S4	and	S4.1	cells	(average	

expression	 >10	 readcounts,	 fold	 change	 >2,	 p<0.05)	 were	 functionally	 annotated.	

The	 top	 three	 enriched	 pathways	 were	 all	 related	 to	 small	 molecule	 metabolism	

(Figure	 4-39).	 The	 common	 genes	 between	 these	 pathways	 were	 all	 UDP	

glucuronosyltransferases	 (UGTs),	which	 are	 key	 enzymes	 for	 the	 inactivation	 and	

excretion	 of	 polycyclic	 compounds,	 including	 MK2206	 (Ahn	 et	 al.,	 2015).	 Several	

UGTs	 were	 up-regulated	 in	 the	 S4.1	 cells	 relative	 to	 the	 S4	 cells	 (Figure	 4-39).	

Furthermore,	 gene	 set	 enrichment	 analysis	 based	on	 an	MK2206	 gene	 signature--

generated	 from	 the	 differentially	 expressed	 genes	 (average	 expression	 >	 10	

readcounts,	 fold	 change	 >	 4,	 p<0.05)	 of	 S4	 cells	 treated	 with	 or	 without	 2.5	 µM	

MK2206	 for	 16	 h--showed	 that	 the	MK2206	 signature	was	 decreased	 in	 the	 S4.1	

cells	relative	to	the	S4	cells,	suggesting	 less	complete	 inhibition	of	AKT	in	the	S4.1	

cells	(Figure	4-40).		

A	recent	study	reports	that	TGFβ	phosphorylation	of	SMAD1/5	induces	ID1	

(Ramachandran	 et	 al.,	 2018).	 To	 test	 whether	 a	 switch	 from	 SMAD2/3	

phosphorylation	to	SMAD1/5	phosphorylation	could	explain	the	transition	from	ID1	

repression	by	TGFβ	to	ID1	induction,	SMAD4-restored	PDA	cells	were	treated	with	

TGFβ	and	BMP4.		TGFβ	treatment	results	in	phosphorylation	of	both	SMAD2/3	and	

SMAD1/5	 in	 both	 cell	 lines	 that	 induce	 and	 repress	 ID1	 (Figure	 4-41),	 suggesting	
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that	 the	 difference	 in	 regulation	 occurs	 downstream	 of	 TGFβ	 mediated	 SMAD	

phosphorylation.	

ID1	uncouples	TGFβ-induced	EMT	from	cell	death		

The	association	between	resistance	to	TGFβ-induced	apoptosis	and	retention	

of	 high	 levels	 of	 ID1	 expression	 in	 the	 presence	 of	 TGFβ	 suggested	 that	 a	 loss	 of	

TGFβ-mediated	 ID1	 repression	 could	 protect	 PDA	 progenitors	 from	 the	 pro-

apoptotic	effects	of	TGFβ.	ID1	was	expressed	from	a	doxycycline-inducible	promoter	

in	 SMAD4-restored	mouse	 PDA	 cells	 that	 are	 normally	 sensitive	 to	 the	 apoptotic	

effects	 of	 TGFβ.	 The	 expression	 of	 exogenous	 ID1	 in	 these	 cells	 in	 the	 absence	 of	

TGFβ,	 when	 endogenous	 ID1	 is	 already	 highly	 expressed,	 resulted	 in	 very	 few	

significant	 changes	 in	 gene	 expression	 (average	 readcounts	 >10,	 fold	 change	 >2,	

p<0.05)	(Figure	4-42).	Strikingly,	the	enforced	expression	of	ID1	in	the	presence	of	

TGFβ	protected	 the	 cells	 from	apoptosis	 (Figure	4-43).	 Implantation	of	 these	 cells	

into	the	TGFβ-rich	pancreata	of	mice	with	caerulein-induced	pancreatitis	(David	et	

al.,	 2016)	 resulted	 in	 increased	 tumor	 formation,	 supportive	 of	 ID1-mediated	

protection	 from	 TGFβ	 tumor	 suppression	 (Figure	 4-44).	 Associated	 with	 the	

protection	 from	 apoptosis,	 the	 enforcement	 of	 ID1	 expression	 altered	 a	 subset	 of	

TGFβ	 gene	 responses	 (Figure	 4-45),	 five	 of	 which	 have	 known	 pro-apoptotic	

functions:	Fbxo32,	Bmf,	Rnf152,	Ndrg1,	and	Errfi1	(Hopkins	et	al.,	2012;	Puthalakath	

et	 al.,	 2001;	 Stein	 et	 al.,	 2004;	 Tan	 et	 al.,	 2007;	 Zhang	 et	 al.,	 2010).	 Within	 the	

accessible	 chromatin	 regions	detected	by	ATAC-seq	near	 these	genes,	 there	was	a	

strong	enrichment	of	bHLH	and	SMAD	motifs	(Figure	4-46),	and	SMAD2/3	bind	to	

these	 accessible	 chromatin	 regions	 in	 the	 presence	 of	 TGFβ	 (Figure	 4-46).	 These	
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results	 suggest	 that	 ID1	 enables	 TGFβ-driven	 SMADs	 to	 activate	 a	 set	 of	

transcriptional	targets	necessary	for	the	pro-apoptotic	effect	of	TGFβ.	

Of	note,	enforced	expression	of	ID1	in	SMAD4-restored	mouse	PDA	cells	left	

the	majority	of	TGFβ	gene	responses	intact	(Figure	4-45)	and	did	not	prevent	cells	

from	undergoing	an	EMT.	Gene	set	variation	analysis	of	the	RNA-seq	profiles	of	the	

cells	 24	 h	 after	 treatment	 with	 TGFβ	 revealed	 similar	 enrichment	 for	 EMT	 gene	

signatures	 in	 the	 TGFβ-treated	 cells	 regardless	 of	 ID1	 enforcement	 (Figure	 4-47).	

Among	specific	EMT	transcriptional	effectors	and	regulated	genes,	there	was	similar	

up-regulation	 of	 Snai1,	 Zeb1,	 Zeb2	 and	 Cdh2	 (N-cadherin)	 and	 similar	 down-

regulation	 of	 Cdh1	 (E-cadherin),	 Klf5,	 and	 Krt19	 (cytokeratin	 19)	 in	 response	 to	

TGFβ	in	the	two	conditions	(Figure	4-47).	Under	prolonged	(72	h)	TGFβ	treatment,	

SMAD4-null	PDA	cells	retained	an	epithelial	morphology,	whereas	SMAD4-restored	

cells	 with	 enforced	 ID1	 expression	 survived	 in	 the	 presence	 of	 TGFβ	 with	 a	

mesenchymal	morphology	 (Figure	 4-48).	 Further	 supporting	 the	 independence	 of	

high	ID1	expression	and	the	epithelial	state,	there	is	no	correlation	between	ID1	and	

KLF5	 transcript	 levels	 in	TCGA	PDA	RNAseq	datasets	 (Figure	4-49).	These	 results	

suggest	 that	TGFβ	repression	of	 ID1	 is	necessary	 for	 the	apoptotic	effects	of	TGFβ	

and	that	a	sustained	expression	of	ID1	decouples	TGFβ-induced	EMT	from	apoptosis	

(Figure	4-50).		

Dysregulation	of	ID1	repression	as	a	nodal	point		

The	 switch	 of	 the	 ID1	 response	 to	 TGFβ	 from	 repression	 to	 activation	

provides	a	common	node	for	tumor	progression	by	PDAs	 in	the	presence	of	TGFβ.	

Given	that	the	majority	of	PDAs	contain	progenitor	cells	that	express	high	levels	of	
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ID1,	 and	 yet	 the	 highly	 recurrent	 genetic	 alterations	 in	 PDA	 (i.e.	 KRAS,	 TP53,	

CDKN2A)	are	not	mutually	exclusive	 to	TGFβ	pathway	alterations	 (refer	 to	Figure	

S1A),	 low-frequency	alterations	 in	multiple	 factors	may	achieve	the	same	common	

end	of	preventing	the	repression	of	ID1	by	TGFβ.	What	are	some	examples	of	such	

mechanisms?	

RNA	 polymerase	 II	 (RNAPII)	 ChIP-seq	 analysis	 in	 S4	 (Id1	 repressing)	 and	

S4.1	(Id1	 inducing)	cells	showed	that	RNAPII	is	already	present	at	the	promoter	of	

Id1	 under	 basal	 conditions	 (Figure	 4-51).	 TGFβ-mediated	 repression	 of	 Id1	 may	

therefore	be	due	to	the	recruitment	of	a	SMAD	co-repressor	that	facilitates	RNAPII	

pausing	 and	 turnover	 (Adelman	 and	 Lis,	 2012),	 and	 that	 loss	 of	 a	 SMAD	 co-

repressor	could	result	 in	 release	of	paused	RNAPII	and	 transcriptional	elongation.	

Indeed,	 TGFβ	 decreased	 RNAPII	 occupancy	 within	 the	 Id1	 coding	 region	 in	

apoptosis-sensitive	cells	but	increased	RNAPII	occupancy	in	the	Id1	coding	region	in	

apoptosis-resistant	cells	(Figure	4-51).		

To	 identify	 some	 potential	 SMAD	 co-repressors,	 a	 genome-wide	

CRISPR/Cas9	 screen	was	performed	 to	 identify	 factors	 in	which	a	 loss	of	 function	

would	cause	persistent	expression	of	ID1	in	the	presence	of	TGFβ.	SMAD4-restored	

cells	 containing	 the	 endogenous	 ID1-GFP	 reporter	 were	 transduced	 with	 the	

Gecko_v2	 genome-wide	 library	 containing	 123,411	 sgRNAs	 (Joung	 et	 al.,	 2017;	

Sanjana	et	 al.,	 2014)	and	 treated	with	TGFβ	or	 SB505124	 for	36	h.	To	 select	 cells	

that	bypassed	ID1	repression	by	TGFβ,	ID1-GFPhigh	cells	were	selected	by	FACS,	and	

this	 procedure	was	 repeated	 three	 times	 to	 improve	 the	 stringency	of	 the	 screen.	
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sgRNAs	targeting	TGFβ	pathway	components	were	enriched	in	the	samples	treated	

with	TGFβ	(Figure	4-52),	providing	a	positive	control	for	the	screen.		

In	 addition	 to	 enrichment	of	TGFβ	pathway	 components,	Biocarta	pathway	

analysis	 identified	 the	 ATM/ATR/BRCA	 DNA	 damage	 response-related	 pathways	

(ATRBRCA	&	ATM)	as	being	enriched	in	the	TGFβ-treated	samples	and	PI3K/AKT-

related	 pathways	 (AKT,	 EGF,	 IGF1MTOR,	 IGF1R,	 INSULIN,	 PTEN,	HER2,	 GLEEVEC,	

MTOR,	 NGF)	 as	 depleted	 in	 those	 samples	 (Figure	 4-53).	 These	 results	 suggested	

that	 loss	 of	 DNA	 damage	 pathway	 components	 or	 activation	 of	 the	 PI3K/AKT	

pathway	 may	 protect	 cells	 from	 TGFβ-mediated	 repression	 of	 ID1.	 Further	

supporting	 this	 hypothesis,	 analysis	 of	 genetic	 events	 in	 the	MSK-IMPACT	dataset	

(the	 largest	PDA	cohort	 to	date)	 (Zehir	et	al.,	2017)	 for	alterations	occurring	with	

mutual	exclusivity	tendencies	to	TGFβ	pathway	inactivation	concordantly	enriched	

and	depleted	for	these	same	pathways	(Figure	4-53).		

PI3K/AKT	regulation	of	ID1	

In	 line	 with	 these	 results	 and	 the	 observation	 that	 AKT	 inhibition	 with	

MK2206	synergizes	with	TGFβ	in	the	induction	of	a	lethal	EMT	(Figure	4-40)	(David	

et	al.,	2016),	several	PI3K/AKT	activating	events	 including	 insulin	receptor	(INSR)	

and	AKT2	amplification	and	PIK3CA	and	PTEN	mutation	occur	 in	a	 subset	of	PDA	

with	 intact	TGFβ	pathway	(Figure	4-54).	Furthermore,	expression	of	AKT1(W80A)	

and	 AKT2(W80A),	 which	 are	 forms	 of	 AKT	 that	 are	 growth-factor	 regulated	 but	

resistant	to	MK2206	(Kajno	et	al.,	2015),	rendered	SMAD4-restored	cells	resistant	to	

both	TGFβ-mediated	repression	of	ID1	and	TGFβ-mediated	apoptosis	(Figure	4-55,	

4-56).		



	 65	

PI3K/AKT	 signaling	 has	 previously	 been	 demonstrated	 to	 up-regulate	 ID1	

expression	 via	 nuclear	 exclusion	 of	 the	 transcription	 factor	 FOXO3a	 in	K562	 cells	

with	 a	 BCR-ABL	 fusion	 (Birkenkamp	 et	 al.,	 2007).	 By	 RNA-seq,	 mouse	 PDA	 cells	

express	FOXO1	10x	higher	than	FOXO3,	and	by	ChIP-PCR,	both	FOXO1	and	FOXO3a	

bind	 to	 the	 two	5’	 regions	 (Region	1	and	Region	2)	of	accessible	 chromatin	at	 the	

mouse	Id1	locus	(Figure	4-57).	Supportive	of	the	hypothesis	that	these	two	regions	

are	 necessary	 for	 the	 negative	 regulation	 of	 ID1	 by	 TGFβ,	 Regions	 1	 and	 2	 were	

enriched	 in	a	screen	using	the	sgRNA	library	tiling	the	seven	conserved	regions	at	

the	Id1	locus	in	mouse	PDA	cells	and	comparing	the	Id1GFPhigh	populations	of	TGFβ	

and	 SB505124-treated	 SMAD4-restored	 cells,	 (Figure	 4-58).	 Furthermore,	 the	

highest	 scoring	 guide	 in	 this	 screen,	 which	 was	 validated	 by	 transfection	 of	 the	

individual	sgRNA	and	measuring	ID1GFP	expression	in	response	to	TGFβ	(Figure	4-

58),	 overlaps	 with	 a	 FOXO	 binding	 motif.	 These	 results	 are	 consistent	 with	 the	

observation	 that	 the	 SMAD4-restored	 cells	 that	 repress	 ID1	 lose	RNAPII	 from	 the	

ID1	 promoter	 whereas	 the	 ID1-inducing	 S4.1	 derivatives	 exhibit	 dysregulation	 of	

RNAPII	at	the	promoter	(Figure	4-51).	

Furthermore,	 using	 FOXO1	 exclusion	 from	 the	 nucleus	 as	 a	marker	 of	AKT	

signaling,	analysis	of	mouse	PDA	tissues	demonstrated	that	AKT	signaling	is	higher	

in	SMAD4-wildtype	than	SMAD4-null	PDA	tissues	(Figure	4-59).	In	fact,	when	cells	

are	 isolated	 from	 KrasG12D;	 Cdkn2a-/-	 PDAs,	 some	 are	 sensitive	 to	 TGFβ-induced	

apoptosis	 in	 the	 presence	 of	 low	 serum	 (Bardeesy	 et	 al,	 2006)	 or	 AKT	 inhibition	

(Figure	 4-60).	 This	 suggested	 that	 PI3K/AKT	 activation	 in	 PDA	 provides	 one	

mechanism	to	prevent	TGFβ-induced	ID1	repression	and	apoptosis.	
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Additional	regulators	of	ID1	

The	 unexpected	 enrichment	 of	 DNA	 damage	 response	 factors	 in	 both	 the	

screen	 for	 regulators	 of	 TGFβ-mediated	 repression	 of	 ID1	 and	 the	 MSK-IMPACT	

mutual	exclusivity	analysis	led	to	a	query	of	whether	these	factors	provide	another	

mechanism	for	transcriptional	regulation	of	ID1	which	is	altered	in	PDAs.	The	DNA	

damage	 repair	 genes	 enriched	 in	 at	 least	 one	 of	 the	 two	 analyses	 included	 ATM,	

BRCA1,	 ERCC4,	 CHEK2,	 RAD51C,	 CHEK1,	 and	 RECQL.	 All	 are	 known	 or	 proposed	

genetic	 cancer	 risk	 factors,	 with	 the	 first	 five	 reported	 specifically	 in	 pancreatic	

cancer	(Bartsch	et	al.,	2006;	Cybulski	et	al.,	2015;	Li	et	al.,	2006;	McWilliams	et	al.,	

2008;	Roberts	 et	 al.,	 2012).	Of	 note,	 in	 addition	 to	 their	 roles	 in	 the	DNA	damage	

response,	 these	proteins	are	 implicated	 in	 transcriptional	 regulation	(Hatchi	et	al.,	

2015;	Shivji	et	al.,	2018;	Tresini	et	al.,	2015;	Zhu	et	al.,	2011).		

Given	the	presence	of	BRCA1	mutations	in	PDA	(Figure	4-54)	and	its	known	

roles	 in	 transcriptional	 regulation,	 the	 hypothesis	 emerged	 that	 BRCA1	 may	

cooperate	with	SMADs	in	Id1	regulation.	At	the	Id1	locus,	three	regions	of	SMAD2/3	

binding	 are	 detected	 (Figure	 4-61),	 including	 a	 region	 1	 kb	 upstream	 of	 the	

promoter	previously	shown	to	be	important	for	both	the	down-regulation	of	Id1	by	

TGFβ	and	up-regulation	by	the	TGFβ	family	members	bone	morphogenetic	protein	2	

(BMP2)	 and	 BMP4	 (Kang	 et	 al.,	 2003;	 Korchynskyi	 and	 ten	 Dijke,	 2002;	 Lopez-

Rovira	et	al.).	BRCA1,	which	is	found	at	the	promoters	of	certain	genes	in	ENCODE	

ChIP-seq	 datasets,	 binds	 this	 1	 kb	 upstream	 region	 of	 ID1	 in	 various	 cell	 types,	

including	the	SMAD4-restored	mouse	PDA	cells	(Figure	4-62).	Furthermore,	BRCA1	

depletion	 by	 shRNA	 prevented	 Id1	 repression	 by	 TGFβ	 with	 no	 effect	 on	 Smad7	
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regulation	(Figure	4-63),	and	implantation	of	the	BRCA1-depleted	cells	in	mice	with	

caerulein-induced	 acute	 pancreatitis	 demonstrated	 that	 these	 cells	 were	 more	

resistant	 to	 the	 pro-apoptotic	 effects	 of	 a	 TGFβ-rich	microenvironment	 (Figure	 4-

64).	 Together,	 these	 results	 suggest	 that	 BRCA1	 cooperates	 with	 TGFβ-activated	

SMADs	 in	 mediating	 ID1	 repression,	 and	 that	 loss	 of	 BRCA1	 is	 one	 alternative	

mechanism	 to	 SMAD4	 loss	 or	 PI3K/AKT	 activation	 for	 the	 dysregulation	 of	 ID1	

repression	to	evade	tumor	suppression.	

Discussion	

A	 key	 finding	 of	 this	work	 is	 that	 transcriptional	 dysregulation	 of	 ID1	 is	 a	

selected,	common	feature	of	PDAs,	which	 imparts	both	stemness	characteristics	to	

PDA	 cells	 and	 protects	 them	 from	 TGFβ-induced	 apoptosis	 (Figure	 4-65).	

Suppression	 of	 ID1	 expression	 is	 a	 necessary	 component	 of	 TGFβ-induced	 lethal	

EMT	 in	 PDA	 (David	 et	 al.,	 2016).	 These	 findings	 implicate	 E-protein-bHLH	

complexes	 in	 a	 pro-apoptotic	 subset	 of	 TGFβ	 gene	 responses	 in	 premalignant	

pancreatic	cells.	ID1	is	expressed	in	pancreatic	development	(Loh	et	al.,	2014;	Zhou	

et	al.,	2007)	and	remains	primed	for	expression	in	the	adult	pancreas.	Several	other	

bHLH	factors	necessary	for	the	specification	and	maintenance	of	mature	pancreatic	

cell	 types,	 including	 MIST1	 and	 PTF1A,	 have	 tumor	 suppressive	 roles	 in	 the	

pancreas	 (Krah	 et	 al.,	 2015;	 Shi	 et	 al.,	 2009),	 suggesting	 that	 there	 is	 a	 critical	

balance	 between	 the	 inhibitory	 and	 activating	 bHLH	 factors	 in	 pancreatic	

homeostasis.	
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Uncoupling	lethal	EMT	

That	 enforced	 ID1	 expression	 can	 uncouple	 EMT	 from	 the	 apoptotic	

responses	 to	 TGFβ,	 and	 that	 EMT	 can	 be	 a	 selected	 feature	 of	 cells	 that	 survive	

TGFβ-mediated	 apoptosis	with	 high	 ID1,	 suggest	 that	 the	 association	 of	 stemness	

with	 EMT	 features	 may	 be	 linked	 to	 the	 selection	 for	 ID1	 dysregulation.	 The	

observation	here	that	ID1	prevents	the	induction	of	a	subset	of	TGFβ	genes	without	

affecting	the	EMT	initiated	by	TGFβ	differs	 from	a	previous	study	 in	breast	cancer	

metastasis	where	 it	was	 found	 that	 ID1	opposes	 the	bHLH	EMT	 factor	TWIST1	 to	

promote	an	epithelial	state	(Stankic	et	al.,	2013).	Interestingly,	the	previous	report	

describes	that	TGFβ	can	only	induce	ID1	in	cells	that	have	previously	undergone	an	

EMT,	 which	 is	 consistent	 with	 the	 current	 observation	 that	 ID1	 induction	 is	 a	

selected	feature	of	the	TGFβ	response.	In	addition	to	its	role	in	tumor	suppression,	

TGFβ	can	play	a	variety	of	 tumor-promoting	 roles,	 including	evasion	of	 immunity,	

local	invasion,	and	metastasis	(David	and	Massague,	2018b).	The	ability	to	uncouple	

these	effects	provides	a	framework	for	targeting	specific	features	of	this	pathway	to	

mitigate	 the	 complications	 of	 direct	 therapeutic	 inhibition	 of	 the	 TGFβ	 pathway	

(Smith	et	al.,	2012).	

Rare	genetic	alterations	in	PDAs	and	TGFβ	tumor	suppression	

Although	common	PI3K/AKT	activating	mutations	are	relatively	rare	in	PDA,	

the	 observation	 that	 INSR	 and	AKT2	 are	 amplified	 in	 PDA	 and	 that	 AKT	 signaling	

opposes	 lethal	 EMT	 has	 both	 biological	 and	 clinical	 implications.	 AKT2	 knockout	

mice	have	particular	defects	 in	 insulin-mediated	glucose	metabolism	compared	 to	

AKT1	 knockout	 mice,	 which	 are	 stunted	 in	 growth	 but	 have	 normal	 glucose	
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metabolism	(Cho	et	al.,	2001a;	Cho	et	al.,	2001b;	Pin	et	al.,	2001).	Insulin	signaling	is	

particularly	 relevant	 in	 the	 pancreas,	 where	 blood	 flows	 through	 the	 islets	 of	

Langerhans,	where	insulin	is	synthesized,	to	the	capillaries	supplying	the	pancreatic	

acini	 and	 ducts,	 where	 it	 regulates	 key	 functions	 in	 these	 cells,	 including	 the	

excretion	 of	 pancreatic	 enzymes	 (Williams	 and	 Goldfine,	 1985).	 Furthermore,	

several	 studies	 have	 reported	 a	 correlation	 between	 insulin	 resistance,	 which	

results	in	high	levels	of	circulating	insulin,	with	increased	incidence	of	PDA	(Wang	et	

al.,	2003).	Therefore,	while	AKT2	amplification	may	not	be	sufficient	to	activate	the	

pathway,	its	presence	in	a	microenvironment	rich	in	insulin	suggests	that	this	may	

be	 one	 way	 in	 which	 PI3K/AKT	 signaling	 is	 amplified	 in	 the	 pancreas	 and	 may	

contribute	 to	 the	observation	 that	receptor	 tyrosine	kinase	activation	 is	necessary	

for	 PDA	 formation	 even	 in	 the	 presence	 of	mutant	 KRAS	 in	 the	majority	 of	 PDAs	

(Ardito	et	al.,	2012;	Navas	et	al.,	2012).	

The	 identification	 of	 several	 genetic	 alterations	 that	 contribute	 to	

dysregulation	 of	 TGFβ-mediated	 repression	 of	 ID1	 suggests	 that	 multiple	 factors	

participate	 in	 this	 repression.	Of	 interest,	DNA	damage	proteins,	 including	BRCA1,	

ATM,	and	ERCC4	have	recently	been	implicated	in	transcriptional	regulation	via	the	

formation	and	resolution	of	R-loops	and	regulation	of	heterochromatin	(Grunseich	

et	al.,	2018;	Hatchi	et	al.,	2015;	Zhang	et	al.,	2017;	Zhu	et	al.,	2011).	One	possibility	is	

that	 these	 proteins	 play	 a	 role	 in	 assembly	 of	 a	 repressive	 complex	 at	 the	 -1kb	

region	 upstream	 of	 the	 ID1	 promoter,	 which	 is	 brought	 into	 contact	 with	 the	

promoter	 by	TGFβ-driven	 SMADs	 to	 repress	 ID1	 in	 premalignant	 pancreatic	 cells.	

Loss	 of	 components	 of	 this	 repressive	 complex	 would	 therefore	 contribute	 to	
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altered	 TGFβ-mediated	 regulation	 of	 ID1.	 The	 tail	 of	 low-frequency	 genetic	

alterations	 that	are	exclusive	of	SMAD4	mutations	 in	genome-wide	studies	of	PDA	

may	contain	additional	mediators	of	ID1	dysregulation	besides	AKT2	and	BRCA1.	Of	

interest,	 the	 observations	 here	 may	 be	 relevant	 to	 a	 subset	 of	 epithelial	 tumors	

beyond	 PDA—the	 triple	 negative	 subtype	 of	 breast	 cancer,	 for	 example,	 is	

associated	 with	 both	 ID1	 expression	 and	 BRCA1	 mutation	 (Atchley	 et	 al.,	 2008;	

Gupta	et	al.,	2007).	

Commonalities	of	PDAs	

Whereas	recent	studies	of	the	PDA	transcriptome	have	focused	on	subtyping	

pancreatic	adenocarcinomas	(Bailey	et	al.,	2016;	Collisson	et	al.,	2011;	Moffitt	et	al.,	

2015;	 TCGA,	 2017),	 the	 analysis	 focused	 on	 highly	 expressed	 transcriptional	

regulators	 yields	 commonalities	 in	 PDA.	 Using	 a	 rank-based,	 transcription	 factor-

centered	 algorithm	 internally	 normalizes	 datasets	 and	 makes	 cross-study	

comparisons	 possible.	 The	 focus	 on	 factors	 that	 are	 highly	 and	 differentially	

expressed	 enriches	 for	 factors	 key	 to	 integrating	microenvironmental	 signals	 and	

genetic	 alterations	 to	 orchestrate	 cell	 fates	 and	 states	 that	may	 represent	 lineage	

dependencies	and	constitute	promising	therapeutic	targets.		

Altogether,	the	results	surrounding	ID1	in	PDA	point	at	a	critical	role	for	ID1	

transcriptional	activation	and	maintenance	in	PDA	development	and	identify	ID1	as	

a	 therapeutic	 target	 in	 PDA.	 Despite	 the	 historical	 difficulty	 of	 targeting	

transcription	factors,	small	molecule	inhibitors	of	ID	proteins	have	been	developed	

(Chaudhary	et	al.,	2009).	Based	on	the	dependence	of	PDA	cells	on	ID1,	PDAs	would	

be	 predicted	 to	 be	 particularly	 sensitive	 to	 these	 inhibitors.	 PDAs	 of	 different	
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subtypes	 possess	 common	 transcriptional	 dependencies,	 such	 as	 on	 ID1,	 and	

therefore	an	effective	treatment	strategy	may	be	to	simultaneously	target	subtype-

specific	characteristics	(such	as	BRCA-mutant	tumors	with	PARP	inhibitors	or	AKT-

activated	tumors	with	AKT	inhibitors)	along	with	these	core,	shared	dependencies.	
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DISCUSSION	

Switching	the	role	of	TGFβ	in	tumors		

	 The	mechanism	 for	 TGFβ-mediated	 tumor	 suppression	 delineated	 in	 these	

studies	 of	 pancreatic	 adenocarcinoma	 is	 as	 follows:	 SMAD4-dependent	 down-

regulation	 of	 transcription	 factors	 key	 in	 pancreatic	 adenocarcinoma,	 including	

KLF5	and	ID1,	perturbs	a	pro-tumorigenic	transcriptional	network;	in	combination	

with	 SMAD4-independent	 up-regulation	 of	 SOX4,	 this	 results	 in	 apoptosis.	 The	

presence	 of	 multiple	 TGFβ-regulated	 factors	 that	 are	 necessary	 for	 this	 tumor	

suppression	 mechanism	 suggests	 that	 these	 factors	 operate	 in	 balance	 with	 one	

another	and	that	perturbation	of	each	shifts	the	balance	towards	either	cell	death	or	

survival.	 Enforcement	 of	 SOX4,	 which	 appears	 to	 reinforce	 an	 endodermal	

progenitor	 identity	 of	 PDA	 cells,	 presents	 an	 opportunity	 for	 pancreatic	 cells	 to	

move	towards	a	more	tumorigenic	state	while	presenting	a	liability	towards	tumor	

suppression.	 SNAIL-mediated	 EMT	 represses	 a	 set	 of	 endodermal	 TFs	 that	would	

normally	 partner	 with	 SOX4	 to	 establish	 this	 progenitor	 state,	 and	 repression	 of	

these	 endodermal	 factors,	most	 notably	 KLF5,	 switches	 the	 activity	 of	 SOX4	 from	

pro-tumorigenic	in	the	presence	of	cooperating	endodermal	TFs	to	pro-apoptotic	in	

their	 absence.	 In	 parallel,	 SMAD-mediated	 repression	 of	 the	 ID	 proteins	 frees	 E-

proteins	towards	promotion	of	the	pro-apoptotic	state	(Figure	4-65).	

	 The	 simultaneous	 high	 expression	 of	 both	 KLF5	 and	 ID1	 in	 human	 PDAs,	

each	 of	 which	 individually	 can	 protect	 from	 TGFβ-mediated	 apoptosis	 suggests	

either	 safety	 in	 a	 double	 protection	 from	 TGFβ	 tumor	 suppression	 or	 gene	 co-

regulation	(or	both).		Given	that	KLF5	is	tied	to	the	epithelial	state	of	PDA	cells,	it	is	
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possible	 that	 such	 a	 configuration	 of	 redundant	 protection	 allows	 cells	 to	 switch	

between	 epithelial	 and	 mesenchymal	 states	 without	 the	 liability	 of	 undergoing	

lethal	EMT.	

TGFβ	 induces	many	 gene	 responses	 in	 any	 given	 cell	 type,	 either	 as	 direct	

SMAD-mediated	 transcriptional	 effects	 or	 indirectly	 through	 SMAD	 effects	 on	 the	

expression	of	other	TFs.	The	observation	that	simultaneous	regulation	of	multiple	of	

these	genes	is	necessary	in	the	process	of	tumor	suppression	is	both	intriguing	from	

an	evolutionary	perspective	of	how	the	co-regulation	of	these	genetic	loci	developed	

as	 well	 as	 important	 in	 understanding	 the	 consequences	 of	 a	 single	 signal	 that	

potently	rewires	the	gene	expression	of	epithelial	cells	in	their	progression	towards	

cancer.	 The	 ability	 to	 alter	 single	 branches	 of	 the	 pathway	 and	 observe	 different	

phenotypes--for	 example,	 perturbation	of	KLF5	 suppression	 resulting	 in	 epithelial	

cells	with	tumorigenic	potential	versus	perturbation	of	ID1	suppression	resulting	in	

cells	 with	 mesenchymal	 and	 tumorigenic	 potential--suggests	 that	 these	 branches	

operate	as	modules	that	are	interconnected	but	often	separable.	

Transcriptional	configurations	in	pancreatic	cancer	

The	 observation	 that	 SOX4-,	 KLF5-,	 and	 ID1-high	 cells	 represent	 a	 unique	

population	of	 cells	 that	are	enriched	 in	 the	premalignant	and	malignant	 tissues	of	

the	 pancreas	 suggests	 a	 unique	 state	 of	 cells	 that	 are	 both	 more	 likely	 to	 form	

tumors	 and	 susceptible	 to	 tumor	 suppressive	 signals.	 It	 may	 be	 that	 pediatric	

tumors,	for	example,	which	are	more	prone	to	result	from	a	single	genetic	alteration,	

arise	from	cells	that	are	already	in	such	a	progenitor-like,	undecided	state,	whereas	



	 74	

adult	epithelial	tumors	require	the	presence	of	a	gateway	mutation	and	signals	from	

an	inflammatory	microenvironment	to	achieve	such	a	state.		

	 The	dominant	 transcriptional	network	 including	both	KLF5	and	 ID1	shared	

by	many	PDAs	 reflects	a	 confluence	of	 the	 spatiotemporally	 local	 signals	 from	 the	

PDA	microenvironment	and	the	developmental	history	of	the	PDA--its	cell	of	origin,	

its	exposure	to	tumor	suppressive	signals	like	TGFβ,	and	the	genetic	alterations	that	

accumulate	 as	 a	 result.	 It	 is	 interesting	 to	 note	 that	 several	 studies	 report	 that	

transcriptional	networks	depend	highly	on	 the	developmental	 origin	of	 the	 tumor	

(Hoadley	 et	 al.,	 2018),	 yet	 the	most	 highly	 expressed	 transcription	 factors	 in	PDA	

are	 different	 from	 those	 expressed	 in	 the	 abundant	 acinar	 cells	 of	 the	 pancreas.	

Several	studies	have	shown	acinar	cells	to	be	the	most	susceptible	to	transformation	

to	PDA	using	cell-type	specific	Cre	recombinase	in	genetic	mouse	models	(Habbe	et	

al.,	2008;	Kopp	et	al.,	2012;	Yamaguchi	et	al.,	2018).	 Intriguingly,	SOX9,	one	of	 the	

few	 endodermal	 transcription	 factors	 induced	 by	 TGFβ,	 is	 expressed	 by	 normal	

ductal	cells,	and	has	been	shown	to	synergize	with	KRAS	activation	in	acinar	cells	to	

promote	acinar-to-ductal	metaplasia	and	subsequent	transformation	to	PDA	(Kopp	

et	 al.,	 2012).	 Whether	 this	 suggests	 that	 PDAs	 originate	 from	 a	 reprogramming	

event	 early	 in	 pancreatic	 tumorigenesis	 or	 the	 expansion	 of	 a	 rare	 population	 of	

cells	primed	with	this	particular	transcriptional	network	is	unknown.	

Meanwhile,	one	possible	clinical	utility	of	profiling	the	dominant	network	of	

a	particular	tumor,	beyond	identifying	drug	targets,	may	be	to	predict	outcome.	The	

PCA	analysis	of	PDAs	and	PNETs	 suggests	 that	pancreatic	neuroendocrine	 tumors	

differ	 in	 the	 major	 transcription	 factors	 expressed,	 and	 these	 diseases	 have	
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drastically	different	outcomes.	The	five-year	survival	of	PDA	is	1-14%	depending	on	

stage,	 whereas	 the	 five-year	 survival	 of	 PNET	 is	 16-61%	 (SEER,	 2000).	 However,	

undifferentiated	 PNETs,	 which	 are	 associated	 with	 poor	 prognosis,	 have	 been	

described	 to	 express	 high	 levels	 of	 ID1	 (Hunter	 et	 al.,	 2013).	 These	 tumors	 may	

result	from	a	different	cell	of	origin	than	the	differentiated	variety	or	arrive	at	this	

more	 aggressive	 transcriptional	 configuration	 via	 a	 unique	 developmental	

trajectory.	 In	 either	 case,	 the	 suggestion	 is	 that	 an	 ID1high	 configuration	may	 be	 a	

poor	prognostic	factor.	

Unresolved	questions	

	The	 investigation	of	TGFβ	as	a	tumor	suppressor	and	the	commonalities	of	

the	 tumors	 that	 develop	 in	 its	 presence	 has	 highlighted	 many	 interesting	 and	

important	 aspects	 of	 TGFβ	 signaling	 and	 raised	 additional	 questions.	 The	

unexpected	finding	that	SMAD4	is	not	required	for	all	gene	responses	to	TGFβ,	 for	

example,	highlights	 the	 limited	knowledge	about	 the	unique	 function	of	SMAD4	 in	

comparison	to	the	receptor	SMADs	and	raises	the	question	of	how	the	requirement	

for	 various	 SMADs	 is	 determined.	 This	 encompasses	 both	 the	 differentiation	 of	

SMAD2/3	gene	responses	vs	SMAD2/3/4	responses,	as	well	as	the	those	of	the	BMP	

SMADs	(1/5/8)	vs	the	TGFβ	SMADs	(2/3),	all	of	which	were	recently	demonstrated	

to	bind	GC-rich	 regions,	 and	which	 sometimes	have	 the	 capacity	 to	bind	 the	exact	

same	 GC-rich	motifs,	 as	 in	 the	 case	 of	 ID1.	 Some	 possibilities	 include	 the	 relative	

availability	 of	 each	 factor	 at	 a	 given	 spatio-temporal	 region,	 unique	 cofactors	 at	

specific	regulatory	loci,	and	the	genomic	structure	of	a	particular	chromatin	region.	

While	the	signal	transduction	from	membrane	to	nucleus	of	TGFβ	signaling	has	been	
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relatively	well-studied,	the	mechanisms	of	transcriptional	activation	and	repression	

and	 the	 interaction	of	 the	SMADs	with	 the	core	 transcriptional	machinery	are	 less	

well-described.		

From	the	perspective	of	understanding	the	genetics	of	pancreatic	cancer,	the	

concept	that	proteins	like	SOX4	can	play	dual	roles	in	tumor	progression	highlights	

the	 potential	 of	 genome-focused	 analyses	 in	 missing	 important	 players	 in	 cancer	

progression.	Investigating	the	mechanism	by	which	TGFβ	signaling	is	perturbed	by	

alterations	 in	 PI3K/AKT,	 DNA	 damage	 proteins,	 and	 additional	 candidate	 genes	

identified	in	the	PDA	genetic	analysis	and	ID1-repressive	screen	may	therefore	yield	

additional	 important	 insights	 about	 tumor	progression.	 Similarly,	 further	 study	 of	

the	mechanisms	by	which	the	E-proteins	and	SOX4	promote	apoptosis	in	response	

to	TGFβ	could	provide	insight	into	the	vulnerabilities	of	PDA	cells.	Finally,	the	role	of	

SOX4/KLF5/ID1	 in	a	 subpopulation	of	 functionally	 important	 cells	 in	PDA	beyond	

their	role	in	TGFβ	tumor	suppression	and	escape	from	TGFβ	is	intriguing.	Does	this	

population	pre-exist	 in	 the	pancreas?	What	properties	do	 cells	 gain	 from	 the	high	

expression	of	these	factors?	How	are	these	properties	conserved	and	what	are	the	

equivalents	in	other	tumor	types?	And	how	do	tumor	suppressive	signals,	TGFβ	and	

otherwise,	interact	with	these	important	factors?	
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Table	2-	1.	Resources	&	Reagents	

REAGENT	or	RESOURCE	 SOURCE	 IDENTIFIER	

Antibodies	

Rabbit	mAb	Anti-Phospho-Smad2	(Ser465/467)	
(138D4)	

CST	 Cat	#3108	

Rabbit	mAb	Anti-Smad2/3	(D7G7)	 CST	 Cat	#8585	
Rabbit	mAb	Anti-Mouse/Human	Id1	 Biocheck	 Cat	#BCH-1/195-14	
Rabbit	mAb	Anti-Mouse	Id1	(BCH-1/37-2)	 Biocheck	 Cat	#BCH-1/37-2	
Rabbit	mAb	Anti-E-Cadherin	(24E10)	 CST	 Cat	#3195	
Rabbit	pAb	Anti-Klf5	(ab137676)	 Abcam	 Cat	#ab137676	
Rabbit	mAb	Anti-Smad4	(ab40759)	 Abcam	 Cat	#ab40759	
Rabbit	mAb	Anti-	Phospho-Akt	(Thr308)	(D25E6)	 CST	 Cat	#13038	
Rabbit	mAb	Anti-	Phospho-Akt	(Ser473)	(D9E)	 CST	 Cat	#4060	
Mouse	mAb	Anti-Akt	(pan)	(40D4)	Mouse	 CST	 Cat	#2920	
Rabbit	mAb	Anti-	Phospho-Smad1/5	
(Ser463/465)	(41D10)	

CST	 Cat	#9516	

Mouse	mAb	Anti-N-Cadherin	(13A9)	 CST	 Cat	#14215	
Rabbit	mAb	Anti-Vimentin	(D21H3)	 CST	 Cat	#5741	
Mouse	mAb	Anti-α-Tubulin	(DM1A)	 Sigma	 Cat	#T6199	
Mouse	mAb	Anti-Anti-RNA	polymerase	II	CTD	
repeat	YSPTSPS	(8WG16)	

Abcam	 Cat	#ab817	

Rabbit	pAb	Anti-Sox4	(EVI16)	 	Diagenode	 Cat	#	C15310129	
Rat	Anti-Ck19	 DSHB	 Cat	#TROMAIII	
Mouse	Anti-Flag	M2	 Millipore	 Cat	#F1804	
Rabbit	Anti-Foxo1	 CST	 Cat	#2880	
Rabbit	Anti-Foxo3a	 Abcam	 Cat	#ab12162	
Biological	Samples	

Human	PDA	paraffin	blocks	 MSKCC	CPCR	 https://www.mskcc
.org	

Chemicals,	Peptides,	and	Recombinant	Proteins	

MK2206	 ChemieTek	 Cat	#CT-MK2206	
SB505124	 Sigma	 Cat	#S4696	
TGFβ	 R&D	 Cat	#101-B1	
Doxycycline	Hydrochloride	 Fisher	 BP2653-5	
Critical	Commercial	Assays	

Caspase-Glo	3/7		 Promega	 Cat	#G8093	
CellTiter-Glo	 Promega	 Cat	#G7572	
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Experimental	Models:	Cell	Lines	

H.	sapiens:	hPDA	organoids	 MSKCC	CPCR	 https://www.mskcc
.org/	

H.	sapiens:	MiaPaca2	 ATCC	 CRL-1420	
H.	sapiens:	Panc1	 ATCC	 CRL-1469	
H.	sapiens:	BxPC3	 ATCC	 CRL-1687	
M.	musculus:	Cell	line	806:	KrasG12D;Cdkn2a-/-;Smad4-
/-	

Bardeesy	et	al	
2006	

806	

M.	musculus:	Cell	line	NB44:	KrasG12D;Cdkn2a-/-	 Bardeesy	et	al	
2006	

NB44	

M.	musculus:	Cell	line	4279:	KrasG12D;Cdkn2a-/-	 David	et	al,	2016	 4279	
M.	musculus:	Organoid	281:	KrasG12D;Cdkn2a-/-	 David	et	al,	2016	 281	
M.	musculus:	Organoid	1896:	KrasG12D;Cdkn2a+/-
;Smad4+/-	

	 1896	

M.	musculus:	Organoid	line	T7:	KrasG12D;	
Trp53R172H	

Boj	et	al	2015	 N/A	

Experimental	Models:	Organisms/Strains	

M.	musculus:	Hsd:Athymic	Nude-Foxn1nu	 ENVIGO	 Cat	#069	
M.	musculus:	LSL-KrasG12D;	Cdkn2afl/fl;	Smad4fl/fl	 Bardeesy	et	al	

2006	
N/A	

M.	musculus:	LSL-KrasG12D;	Cdkn2afl/fl	 Bardeesy	et	al	
2006	

N/A	

M.	musculus:	FVB/NJ	 Jax	 Cat	#001800	
Recombinant	DNA	

pLVX-IRES-Hyg	 Clontech	 Cat	#632185	
pLVX-Tight-Puro	 Clontech	 Cat	#632163	
pLVX-IRES	Hyg	SMAD4	 David	et	al,	2016	 Addgene	#107128	
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Snai1.1197	 TGCTGTTGACAGTGAGCGCGAGGTACAACAGACTATGCAATAGTGAAGC

CACAGATGTATTGCATAGTCTGTTGTACCTCATGCCTACTGCCTCGGA	

Sox4.965	 TGCTGTTGACAGTGAGCGCCAGCGACAAGATTCCGTTCATTAGTGAAGC

CACAGATGTAATGAACGGAATCTTGTCGCTGTTGCCTACTGCCTCGGA	

Sox4.2137	 TGCTGTTGACAGTGAGCGCTAGATGGAGAGTAGAAGGAGATAGTGAAG

CCACAGATGTATCTCCTTCTACTCTCCATCTATTGCCTACTGCCTCGGA	

Sox4.2091	 TGCTGTTGACAGTGAGCGCAAAGAAGAAGAAAGAAAGAAATAGTGAAG

CCACAGATGTATTTCTTTCTTTCTTCTTCTTTTTGCCTACTGCCTCGGA	

Renilla.713	 TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGC
CACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCGGA	

Klf5.1343	 TGCTGTTGACAGTGAGCGCCAGATACAACAGAAGGAGTAATAGTGAAGC
CACAGATGTATTACTCCTTCTGTTGTATCTGATGCCTACTGCCTCGGA	

Klf5.636	 TGCTGTTGACAGTGAGCGACAGTTCTTCACTGACACTGAATAGTGAAGC
CACAGATGTATTCAGTGTCAGTGAAGAACTGGTGCCTACTGCCTCGGA	

Klf5.1704	 TGCTGTTGACAGTGAGCGCACCGCAGACCTAACTTCATAATAGTGAAGC
CACAGATGTATTATGAAGTTAGGTCTGCGGTTTGCCTACTGCCTCGGA	

Foxa2.a649	 TGCTGTTGACAGTGAGCGACACAGTGATCTGTCATTCTAATAGTGAAGC
CACAGATGTATTAGAATGACAGATCACTGTGGTGCCTACTGCCTCGGA	

Brca1.3153	 TGCTGTTGACAGTGAGCGAAGGGACGATTTGAGAGACATATAGTGAAG

CCACAGATGTATATGTCTCTCAAATCGTCCCTCTGCCTACTGCCTCGGA	

Brca1.1324	 TGCTGTTGACAGTGAGCGCTAGCAGCGTTCAGAAAGTTAATAGTGAAGC

CACAGATGTATTAACTTTCTGAACGCTGCTATTGCCTACTGCCTCGGA	

Rxra.5178	 TGCTGTTGACAGTGAGCGCCAGATACGTGATGTCATCTAATAGTGAAGC

CACAGATGTATTAGATGACATCACGTATCTGATGCCTACTGCCTCGGA	

Rxra.2108	 TGCTGTTGACAGTGAGCGATGGGTCATAGCTAACCTATAATAGTGAAGC

CACAGATGTATTATAGGTTAGCTATGACCCAGTGCCTACTGCCTCGGA	

Id1.840	 TGCTGTTGACAGTGAGCGATGAAAATATTGTTTTACAATATAGTGAAGC
CACAGATGTATATTGTAAAACAATATTTTCAGTGCCTACTGCCTCGGA	

Id3.812	 TGCTGTTGACAGTGAGCGACCCTGATTATGAACTCTATAATAGTGAAGC
CACAGATGTATTATAGAGTTCATAATCAGGGCTGCCTACTGCCTCGGA	

Id2.91	 TGCTGTTGACAGTGAGCGCCCCGATGAGTCTGCTCTACAATAGTGAAGC
CACAGATGTATTGTAGAGCAGACTCATCGGGTTGCCTACTGCCTCGGA	

Sox4.965	 TGCTGTTGACAGTGAGCGCCAGCGACAAGATTCCGTTCATTAGTGAAGC
CACAGATGTAATGAACGGAATCTTGTCGCTGTTGCCTACTGCCTCGGA	

Sox4.2509	 TGCTGTTGACAGTGAGCGACCTTGGTGATTTCTTGTTTGATAGTGAAGC

CACAGATGTATCAAACAAGAAATCACCAAGGCTGCCTACTGCCTCGGA	

Table	2-	2.	mirE-based	shRNA	sequences	
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	 Top_oligo	 Bottom_oligo	

Id1_region5_sg1	 caccgaggaccaggcgctactttcc	 caccgctggctgccgtagtgaaagg	

Id1_region5_sg2	 caccgttccgatcagaagtggcact	 caccggagggttgcccaatgccca	

Id1_region5_sg3	 caccgcacatagctgggttaccgag	 caccgaccacaactgccaaccaggg	

Id1_c-term	 caccggatcgcatcttgtgtcgctg	 aaaccagcgacacaagatgcgatcc	

Table	2-	3.	sgRNAs	
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	 Forward	Primer	 Reverse	Primer	 Purpose	

hSMAD7	 ttcctccgctgaaacaggg	 cctcccagtatgccaccac	 qPCR	

hGAPDH	 ctgggctacactgagcacc	 aagtggtcgttgagggcaatg	 qPCR	

hID1	 ctgctctacgacatgaacgg	 gaaggtccctgatgtagtcgat	 qPCR	

mId1_1	 cctagctgttcgctgaaggc	 ctccgacagaccaagtaccac	 qPCR	

mId1_4	 gcgaggtggtacttggtctg	 aggatctccaccttgctcac	 qPCR	

mSmad7	 ggccggatctcaggcattc	 ttgggtatctggagtaaggagg	 qPCR	

mRxra	 cacacccacattgggcttc	 gaggccatatttcctgaggga	 qPCR	

mBrca1	 cgaatctgagtcccctaaagagc	 aagcaacttgaccttggggta	 qPCR	

mGapdh	 aggtcggtgtgaacggatttg	 tgtagaccatgtagttgaggtca	 qPCR	

Id1_HAL	 atatatgaattcaataagtagagatcacagcc	 atatatggtaccgcgacacaagatgcgatcgtc	 cloning	

Id1_HAR	 atatatggatccggcggcgcactgagggaccag	 atatattctagactttagaacccatctgtgcc	 cloning	

eGFP	 atatatggtaccgtgagcaagggcgaggagctgttc
a	

atatatggatccctacttgtacagctcgtccatgccga
ga	

cloning	

Id1	 gatagggatccatgaggtcgccagtggcagtg	 aagctgaattctcagcgacacaagatgcgatcgtc	 cloning	

Table	2-	4.	Primers	
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												Table	2-	5.	Locus	screen	sgRNAs	
Name	 Top_oligo	 Bottom_oligo	

1__17	 caccgggggagactcggcaggtgt	 aaacacacctgccgagtctccccc	

1__11	 caccgcggggaggtaagttgaccct	 aaacagggtcaacttacctccccgc	

1__22	 caccgtgggtgcggttgctgaccaa	 aaacttggtcagcaaccgcacccac	

1__4	 caccggtcagcaaccgcacccacg	 aaaccgtgggtgcggttgctgacc	

1__39	 caccgaatgctttcctcgtgggtg	 aaaccacccacgaggaaagcattc	

1__32	 caccgcccacgaggaaagcattccc	 aaacgggaatgctttcctcgtgggc	

1__12	 caccgagacttagggcgcgaagcct	 aaacaggcttcgcgccctaagtctc	

1__19	 caccgcttcgcgccctaagtctgc	 aaacgcagacttagggcgcgaagc	

1__27	 caccgcgccctaagtctgcaggtga	 aaactcacctgcagacttagggcgc	

1__37	 caccgtctgcaggtgacgggctca	 aaactgagcccgtcacctgcagac	

1__56	 caccggtgacgggctcaggggcgg	 aaacccgcccctgagcccgtcacc	

1__47	 caccgatggagacggcaaactgggc	 aaacgcccagtttgccgtctccatc	

1__23	 caccgcgggcggtcgccatggaga	 aaactctccatggcgaccgcccgc	

1__8	 caccgctccatggcgaccgcccgcg	 aaaccgcgggcggtcgccatggagc	

1__28	 caccgtcaggctggcgccgcgcggg	 aaaccccgcgcggcgccagcctgac	

1__35	 caccgcgccagcctgacagcccgtc	 aaacgacgggctgtcaggctggcgc	

1__6	 caccgtaaaacccggacgggctgtc	 aaacgacagcccgtccgggttttac	

1__3	 caccgcccgtccgggttttatgaa	 aaacttcataaaacccggacgggc	

1__25	 caccgcgtcacccattcataaaacc	 aaacggttttatgaatgggtgacgc	

1__43	 caccgtttatgaatgggtgacgtca	 aaactgacgtcacccattcataaac	

1__26	 caccgaatgggtgacgtcacgggcc	 aaacggcccgtgacgtcacccattc	

1__10	 caccgtcacgggcctggcgtctaa	 aaacttagacgccaggcccgtgac	

1__15	 caccggctcagaccgttagacgcc	 aaacggcgtctaacggtctgagcc	

1__30	 caccgtgtgtcagcgtctgaacaag	 aaaccttgttcagacgctgacacac	

1__44	 caccgacgctgacacagaccagcc	 aaacggctggtctgtgtcagcgtc	

1__45	 caccgacacagaccagcccgggaa	 aaacttcccgggctggtctgtgtc	

1__31	 caccgtctccgcagctgctgcgccg	 aaaccggcgcagcagctgcggagac	

1__46	 caccgttgctcggaggccttcaaga	 aaactcttgaaggcctccgagcaac	

2__8	 caccgcataggtagagcagctagt	 aaacactagctgctctacctatgc	

2__40	 caccgggctcaagaactgaaaggg	 aaacccctttcagttcttgagccc	

2__29	 caccgtcacctctccatcagcctaa	 aaacttaggctgatggagaggtgac	

2__16	 caccgctagtacacccttaggctga	 aaactcagcctaagggtgtactagc	

2__2	 caccggatctactagtacaccctt	 aaacaagggtgtactagtagatcc	

2__5	 caccgggtgtactagtagatccag	 aaacctggatctactagtacaccc	

2__18	 caccgcgtggctttgagcgcctct	 aaacagaggcgctcaaagccacgc	

2__19	 caccgccaataggctgctagaggcg	 aaaccgcctctagcagcctattggc	

2__24	 caccgaacgttcaaaagcaaccaat	 aaacattggttgcttttgaacgttc	

2__3	 caccgaacgttctgaacccgccct	 aaacagggcgggttcagaacgttc	

2__20	 caccgtataagggcagaccaagggc	 aaacgcccttggtctgcccttatac	
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2__25	 caccggtctgcccttataaaagac	 aaacgtcttttataagggcagacc	

2__32	 caccgctggagccagtcttttata	 aaactataaaagactggctccagc	

2__42	 caccgagaaaggttgtacaatgaga	 aaactctcattgtacaacctttctc	

2__35	 caccgctcccctccgcctgttctc	 aaacgagaacaggcggaggggagc	

2__26	 caccgatgatcctgagaacaggcgg	 aaacccgcctgttctcaggatcatc	

2__27	 caccgaggatcatgaaggtcgccag	 aaacctggcgaccttcatgatcctc	

2__21	 caccgcgaacagctagggcctgcag	 aaacctgcaggccctagctgttcgc	

2__4	 caccgaggccctagctgttcgctga	 aaactcagcgaacagctagggcctc	

2__6	 caccgctgttcgctgaaggcgggc	 aaacgcccgccttcagcgaacagc	

2__12	 caccgacagcgggcgaggtggtact	 aaacagtaccacctcgcccgctgtc	

2__13	 caccgcgaggtggtacttggtctgt	 aaacacagaccaagtaccacctcgc	

2__14	 caccgtggtctgtcggagcaaagcg	 aaaccgctttgctccgacagaccac	

2__7	 caccgtggccatctcgcgctgcgc	 aaacgcgcagcgcgagatggccac	

3__11	 caccgcccaggtgtacggaggcgcc	 aaacggcgcctccgtacacctgggc	

3__8	 caccgtacggaggcgcctggctgtc	 aaacgacagccaggcgcctccgtac	

3__12	 caccgtcggcgggcccagacagcc	 aaacggctgtctgggcccgccgac	

3__10	 caccgctgtctgggcccgccgactt	 aaacaagtcggcgggcccagacagc	

3__9	 caccgtgggcccgccgactttggca	 aaactgccaaagtcggcgggcccac	

3__5	 caccgcggccgtgccaaagtcggc	 aaacgccgactttggcacggccgc	

3__3	 caccgcggccgctgtttgtctagcg	 aaaccgctagacaaacagcggccgc	

3__26	 caccgcagctgcgggcggaggggca	 aaactgcccctccgcccgcagctgc	

3__23	 caccgccgcagctgcagcccggcct	 aaacaggccgggctgcagctgcggc	

3__14	 caccgcgcccgccccgttcccaggc	 aaacgcctgggaacggggcgggcgc	

3__17	 caccgccgacgcccgccccgttccc	 aaacgggaacggggcgggcgtcggc	

3__4	 caccgcgtcggcagcttgcataag	 aaaccttatgcaagctgccgacgc	

3__15	 caccgagcttgcataagaggcacca	 aaactggtgcctcttatgcaagctc	

4__10	 caccgaaccctaaaccaagggacag	 aaacctgtcccttggtttagggttc	

4__4	 caccgtaggcatacacacacgttgg	 aaacccaacgtgtgtgtatgcctac	

4__16	 caccgatttccaaaagaggagggtt	 aaacaaccctcctcttttggaaatc	

4__2	 caccgtagcagcaccaagtctgtct	 aaacagacagacttggtgctgctac	

4__1	 caccgcgcccaaggaacttgtcctg	 aaaccaggacaagttccttgggcgc	

4__3	 caccgaggacaagttccttgggcgc	 aaacgcgcccaaggaacttgtcctc	

5__8	 caccgaccacaactgccaaccaggg	 aaacccctggttggcagttgtggtc	

5__7	 caccgggcattgggcaaccctccc	 aaacgggagggttgcccaatgccc	

5__4	 caccggagggttgcccaatgccca	 aaactgggcattgggcaaccctcc	

5__2	 caccgcacatagctgggttaccgag	 aaacctcggtaacccagctatgtgc	

5__5	 caccgtagctgggttaccgagtggt	 aaacaccactcggtaacccagctac	

5__3	 caccgctggctgccgtagtgaaagg	 aaaccctttcactacggcagccagc	

5__24	 caccgcacagggccaggcaggagtt	 aaacaactcctgcctggccctgtgc	

5__1	 caccgaggaccaggcgctactttcc	 aaacggaaagtagcgcctggtcctc	

5__6	 caccgttttccaggaaagtagcgcc	 aaacggcgctactttcctggaaaac	
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6__7	 caccgtgggggcagctctacgaaga	 aaactcttcgtagagctgcccccac	

6__8	 caccgcgtagagctgcccccaagag	 aaacctcttgggggcagctctacgc	

6__10	 caccgcccccaagagaggtgcccc	 aaacggggcacctctcttgggggc	

6__11	 caccgaggtgccccaggcccttaca	 aaactgtaagggcctggggcacctc	

6__12	 caccgtgcaaccctgtaagggcctg	 aaaccaggcccttacagggttgcac	

6__4	 caccgcattgtgcaaggagcggtt	 aaacaaccgctccttgcacaatgc	

6__30	 caccgctgtgggccaagagggaagc	 aaacgcttccctcttggcccacagc	

6__6	 caccgtccgatcagaagtggcactg	 aaaccagtgccacttctgatcggac	

7__4	 caccgtgtccactcgcgccccctct	 aaacagagggggcgcgagtggacac	

7__8	 caccgcgccccctcttggaagaac	 aaacgttcttccaagagggggcgc	

7__9	 caccgaactggaactgcgcccgca	 aaactgcgggcgcagttccagttc	

7__2	 caccgcagggtttcgcgcccatgc	 aaacgcatgggcgcgaaaccctgc	

7__3	 caccgatgggcgcgaaaccctgcct	 aaacaggcagggtttcgcgcccatc	

7__16	 caccgttcaggctgtctctaactgc	 aaacgcagttagagacagcctgaac	

7__10	 caccgaaccctggtggcttctaat	 aaacattagaagccaccagggttc	

7__7	 caccgacatcccattagaagccacc	 aaacggtggcttctaatgggatgtc	
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					Table	2-	6.	Factor	screen	sgRNAs.	
Name	 Top_guide	 Bottom_guide	

NonTargeting_66406	 caccgcgaggtattcggctccgcg	 aaaccgcggagccgaatacctcgc	

NonTargeting_66407	 caccgctttcacggaggttcgacg	 aaaccgtcgaacctccgtgaaagc	

NonTargeting_66408	 caccgatgttgcagttcggctcgat	 aaacatcgagccgaactgcaacatc	

Atf3_05592	 caccgattctgagcccggacgatgc	 aaacgcatcgtccgggctcagaatc	

Atf3_05593	 caccgtaccgtcaacaacagacccc	 aaacggggtctgttgttgacggtac	

Atf3_05594	 caccgtgcatcgtccgggctcagaa	 aaacttctgagcccggacgatgcac	

Bhlhe40_06867	 caccgggcaatgcactcgttaatc	 aaacgattaacgagtgcattgccc	

Bhlhe40_06868	 caccgagtgttctcatgcttcgcc	 aaacggcgaagcatgagaacactc	

Bhlhe40_06869	 caccgcagcttgtaaaccgctctgc	 aaacgcagagcggtttacaagctgc	

Cbx3_08244	 caccgaacacagtgctgataatact	 aaacagtattatcagcactgtgttc	

Cbx3_08245	 caccgtatacaggctgacaaacca	 aaactggtttgtcagcctgtatac	

Cbx3_08246	 caccgcaacaggaaggactcggacg	 aaaccgtccgagtccttcctgttgc	

Ctcf_12271	 caccgcatagcccgaaaaagtgatt	 aaacaatcactttttcgggctatgc	

Ctcf_12272	 caccgcaagtgcccagactgcgata	 aaactatcgcagtctgggcacttgc	

Ctcf_12273	 caccgatgccgcaccaattctccac	 aaacgtggagaattggtgcggcatc	

Elf1_15931	 caccgatgacgacatcacccttac	 aaacgtaagggtgatgtcgtcatc	

Elf1_15932	 caccgtcgtcggggaatctggccg	 aaaccggccagattccccgacgac	

Elf1_15933	 caccgttctttctcttgcgctgctc	 aaacgagcagcgcaagagaaagaac	

Ets1_16711	 caccgcagaaacccacgtccgggac	 aaacgtcccggacgtgggtttctgc	

Ets1_16712	 caccgcttactgatgaagtaatccg	 aaaccggattacttcatcagtaagc	

Ets1_16713	 caccgagagtcggcttgagatcga	 aaactcgatctcaagccgactctc	

Hdac1_23860	 caccgcttaccgacagagcctcccg	 aaaccgggaggctctgtcggtaagc	

Hdac1_23861	 caccgttacgtcaatgacatcgtcc	 aaacggacgatgtcattgacgtaac	

Hdac1_23862	 caccgctttcaagtcaatgttggtg	 aaaccaccaacattgacttgaaagc	

Hdac2_23863	 caccgctcaccaactgaaccacccg	 aaaccgggtggttcagttggtgagc	

Hdac2_23864	 caccgtaacgtcggagaagattgtc	 aaacgacaatcttctccgacgttac	

Hdac2_23865	 caccgctggggctgtgaaattaaac	 aaacgtttaatttcacagccccagc	

Maff_30007	 caccgcccggcgccgacttgacga	 aaactcgtcaagtcggcgccgggc	

Maff_30008	 caccgcgagaacgccgccatgcgcc	 aaacggcgcatggcggcgttctcgc	

Maff_30009	 caccgcttcagggctttgctagata	 aaactatctagcaaagccctgaagc	

Max_30508	 caccgagcgataacgatgacatcg	 aaaccgatgtcatcgttatcgctc	

Max_30509	 caccgatggtgccgcccttggcgt	 aaacacgccaagggcggcaccatc	

Max_30510	 caccgcagcctctacaccaacgcca	 aaactggcgttggtgtagaggctgc	

Mbd4_30535	 caccggtgggtgctgatcgcgagc	 aaacgctcgcgatcagcacccacc	

Mbd4_30536	 caccgtcgcgactatatttctcaat	 aaacattgagaaatatagtcgcgac	

Mbd4_30537	 caccgtgcgctcactgcttatcacc	 aaacggtgataagcagtgagcgcac	

Mxi1_32743	 caccgctcgttccaagttctctagc	 aaacgctagagaacttggaacgagc	

Mxi1_32744	 caccgtcccctccatgccgagcccc	 aaacggggctcggcatggaggggac	

Mxi1_32745	 caccgcggatacgaatggacagcat	 aaacatgctgtccattcgtatccgc	
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Mybl2_32764	 caccggctatcagcgtccactgtt	 aaacaacagtggacgctgatagcc	

Mybl2_32765	 caccgagatcgccaagatgctacc	 aaacggtagcatcttggcgatctc	

Mybl2_32766	 caccgtctggatgagttacactacc	 aaacggtagtgtaactcatccagac	

Myc_32806	 caccggacgtagcgaccgcaacat	 aaacatgttgcggtcgctacgtcc	

Myc_32807	 caccgctgtacggagtcgtagtcg	 aaaccgactacgactccgtacagc	

Myc_32808	 caccgtcgggctcatctccatcccg	 aaaccgggatggagatgagcccgac	

Nfic_33883	 caccgaccgcgctcccgcacaaagt	 aaacactttgtgcgggagcgcggtc	

Nfic_33884	 caccgtgtgtgcagccgcaccatat	 aaacatatggtgcggctgcacacac	

Nfic_33885	 caccgagctgactcacccagcgtta	 aaactaacgctgggtgagtcagctc	

Rcor1_44958	 caccgttgactgcgccttgccagtt	 aaacaactggcaaggcgcagtcaac	

Rcor1_44959	 caccgcccgcttctgtttccgagca	 aaactgctcggaaacagaagcgggc	

Rcor1_44960	 caccgagtcaagaacgagacaatct	 aaacagattgtctcgttcttgactc	

Rest_45135	 caccgcatcatctgcacgtacacga	 aaactcgtgtacgtgcagatgatgc	

Rest_45136	 caccgatcgcctgcgaaacctcccc	 aaacggggaggtttcgcaggcgatc	

Rest_45137	 caccgaccaacgtgccaaagggcgg	 aaacccgccctttggcacgttggtc	

Rxra_46790	 caccgccatggagcctcgacccgt	 aaacacgggtcgaggctccatggc	

Rxra_46791	 caccgcttcgggactggtagccccc	 aaacgggggctaccagtcccgaagc	

Rxra_46792	 caccgtccaccagcagtgccaacg	 aaaccgttggcactgctggtggac	

Sin3a_48515	 caccgtgcagaatgaagcgacgtt	 aaacaacgtcgcttcattctgcac	

Sin3a_48516	 caccgcgccctgtcctatcttgacc	 aaacggtcaagataggacagggcgc	

Sin3a_48517	 caccgccggggcaaggacccggtgc	 aaacgcaccgggtccttgccccggc	

Smad4_49955	 caccgccaagtaatcgcgcatcaa	 aaacttgatgcgcgattacttggc	

Smad4_49956	 caccgtccgttgatgcgcgattact	 aaacagtaatcgcgcatcaacggac	

Smad4_49957	 caccgacaacccgctcatagtgata	 aaactatcactatgagcgggttgtc	

Sp1_50666	 caccgatctccgagcacacttgcgc	 aaacgcgcaagtgtgctcggagatc	

Sp1_50667	 caccgcatatactttgccgcatcct	 aaacaggatgcggcaaagtatatgc	

Sp1_50668	 caccggttggtgtccgaatgatga	 aaactcatcattcggacaccaacc	

Tbl1xr1_52979	 caccgagacgtgacatccttgttac	 aaacgtaacaaggatgtcacgtctc	

Tbl1xr1_52980	 caccgccgaagcacaaccgctttat	 aaacataaagcggttgtgcttcggc	

Tbl1xr1_52981	 caccgtgtctaagcacgagctgcgt	 aaacacgcagctcgtgcttagacac	

Tcf7l2_53147	 caccgaaacagctcctccgattccg	 aaaccggaatcggaggagctgtttc	

Tcf7l2_53148	 caccgcgagagcgatccgttgggg	 aaacccccaacggatcgctctcgc	

Tcf7l2_53149	 caccgacggcgaacgagcatccttg	 aaaccaaggatgctcgttcgccgtc	

Tgfbr2_53621	 caccgaccgcaccgccattgtcgc	 aaacgcgacaatggcggtgcggtc	

Tgfbr2_53622	 caccgccttgtagacctcggcgaag	 aaaccttcgccgaggtctacaaggc	

Tgfbr2_53623	 caccgccacgcgaagggcaacctgc	 aaacgcaggttgcccttcgcgtggc	

Trim28_55757	 caccggacctgctaagactcgaga	 aaactctcgagtcttagcaggtcc	

Trim28_55758	 caccgataattctccacgatgtctt	 aaacaagacatcgtggagaattatc	

Trim28_55759	 caccgttacgagcttcgaacctcct	 aaacaggaggttcgaagctcgtaac	

Yy1_59977	 caccgcttcttattacaaccgtcga	 aaactcgacggttgtaataagaagc	

Yy1_59978	 caccgccctatgtgtgccccttcga	 aaactcgaaggggcacacatagggc	
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Yy1_59979	 caccgtcaatgccaggtatccctcc	 aaacggagggatacctggcattgac	

Zbtb33_60064	 caccgaccgaaaattccgggcccat	 aaacatgggcccggaattttcggtc	

Zbtb33_60065	 caccgttggtgcggtattctgcaag	 aaaccttgcagaataccgcaccaac	

Zbtb33_60066	 caccggcgagttattgctagcgca	 aaactgcgctagcaataactcgcc	

Zbtb7a_60118	 caccgatcggcccccagccggcga	 aaactcgccggctgggggccgatc	

Zbtb7a_60119	 caccgcaggtcgtagttgtgcgcga	 aaactcgcgcacaactacgacctgc	

Zbtb7a_60120	 caccgcgccctctgcagcgcctgac	 aaacgtcaggcgctgcagagggcgc	

Smad2_49949	 caccgttagaatctccgtgtgccg	 aaaccggcacacggagattctaac	

Smad2_49950	 caccgtctaacagaactgccgcccc	 aaacggggcggcagttctgttagac	

Smad2_49951	 caccgcttcaggtttcacaccggaa	 aaacttccggtgtgaaacctgaagc	

Smad3_49952	 caccgctccatggcccgtaattca	 aaactgaattacgggccatggagc	

Smad3_49953	 caccgacctacctggaatattgctc	 aaacgagcaatattccaggtaggtc	

Smad3_49954	 caccgcaggtcgggccatcgccac	 aaacgtggcgatggcccgacctgc	
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Figure	3-	3.	TGFβ	in	SMAD4-restored	PDA	oncospheres.	
Caspase	3/7	activity	in	the	treated	SMAD4-null	and	SMAD4-restored	oncospheres	
(p	values	≤	0.01).	
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Figure	3-	6.	In	vivo	rescue	of	apoptosis	by	BCL-XL.	
Orthotopic	 implantation	 of	 SMAD4-restored	 KSIC	 cells	 with	 a	 Tet-On	 Bcl-xL	
construct.	Acute	pancreatitis	was	 induced	with	16	hourly	 injections	of	50	mg/kg	
caerulein	 over	 two	days.	 Pancreata	were	 collected	 after	 2	 days	 followed	by	CC3	
IHC	staining.	Error	bars	represent	±	SD,	two-tailed	t	test.		
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Figure	3-	20.	Long-term	SMAD4-dependence	of	TGFβ	gene	responses.	
SMAD4	dependence	of	TGFβ-induced	genes	after	12h	treatment	of	KSIC	cells.	Fold	
induction	 in	 SMAD4	 mutant	 and	 SMAD4+	 cells	 is	 plotted	 on	 the	 x	 and	 y	 axes,	
respectively.	Plotted	genes	were	detected	at	>100	readcounts,	padj<10-10,	and	had	a	
SMAD2/3	peak	present	at	90	min.	
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Figure	3-	27.	TF	motifs	within	SOX4	ChIP-seq	peaks	
Enriched	 TF	 motifs	 within	 the	 SOX4	 ChIP-seq	 peaks,	 determined	 using	 PSCAN	
ChIP	with	the	Jaspar	motif	database.	Data	courtesy	of	CD,	MC	&	YZ.	
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Figure	3-	29.	KLF5	in	oncosphere	formation.	
KSIC	mPDA	cells	transduced	with	Tet-On	Klf5	shRNAs	were	grown	as	oncospheres	
for	2	weeks	as	indicated	then	quantified.	Data	courtesy	of	CD.	
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Figure	3-	30.	KLF5	in	orthotopic	PDA	tumors.	
KSIC	 cells	 were	 transduced	 with	 the	 indicated	 shRNAs	 and	 implanted	
orthotopically	in	mice	maintained	on	doxycycline	feed.	Mice	were	imaged	after	4	
weeks.	 Control	 group	 same	 as	 in	 Figure	 3-26.	 Error	 bars	 represent	mean	 ±	 SD.	
Data	courtesy	of	CD.	
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Figure	3-	32.	TGFβ	regulation	of	TFs.	
Scatterplot	 showing	 all	 TFs	 differentially	 regulated	 during	 TGFβ-driven	 EMT.	
Overall	 expression	 levels	 (x	 axis)	 are	 plotted	 versus	 log2(fold	 change)	 in	 TGFβ	
versus	 SB	 treated	 SMAD4+	 cells	 (y	 axis).	Only	TFs	with	>	2x	 fold	 change	 shown	
(gray)	 with	 endoderm-associated	 TFs	 highlighted	 (blue).	 Box	 indicates	 highly	
expressed	TFs	repressed	by	TGFβ.	
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Figure	3-	34.	Synergy	of	KLF5	and	lethal	EMT.	
SMAD4	 mutant	 PDA	 cells	 transduced	 with	 the	 indicated	 Tet-On	 shRNAs	 were	
treated	 with	 doxycycline	 for	 48h	 to	 deplete	 the	 target	 protein,	 followed	 by	
treatment	 with	 SB/TGFβ.	 Cells	 were	 assayed	 for	 caspase	 3/7	 activity	 after	 36h	
SB/TGFβ	treatment.	Data	courtesy	of	CD.	
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Figure	3-	37.	SOX4-dependent	TGFβ	responses.	
Left	panel:	SOX4-dependent	gene	expression	in	TGFβ-treated	SMAD4+	cells.	Cells	
bearing	 Tet-On	 Sox4	 shRNAs	 were	 cultured	 ±	 doxycycline	 for	 24h	 prior	 to	
treatment	 with	 TGFβ.	 After	 another	 24h,	 RNA	 was	 extracted	 and	 RNA-seq	 was	
performed.	 SOX4-dependent	 differentially	 expressed	 genes	 were	 then	 plotted.	
Right	 panel:	 qRT-PCR	 validation	 of	 Bim	 and	 Bmf	 as	 SOX4-dependent	 gene	
responses	 in	 TGFβ-treated	 SMAD4+	cells.	 Values	 are	 the	 result	 of	 four	 technical	
replicates.	
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Figure	4-	1.	cBioportal	oncoprints	of	common	genetic	alterations	in	PDA.	
Each	column	represents	one	case	of	PDA.	
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ID3

ISL1

JUN

JUNB

STAT1

STAT2

STAT3

STAT6

TFDP1

TSC22D1

TSC22D3

TSHZ3

XBP1

ZBTB16

ZBTB38

Amplification
Deep Deletion

TGFBR1 (5%)
TGFBR2 (7%)
SMAD2 (20%)
SMAD3 (6%)
SMAD4 (43%)

TGF-β�FRUH�SDWKZD\�DOWHUDWLRQV�LQ�3'$��876:��

Genetic Alteration:

KRAS (93%)
CDKN2A (41%)
TP53 (54%)
SMAD4 (43%)

0RVW�FRPPRQ�JHQHWLF�DOWHUDWLRQV�LQ�3'$��876:��

Truncating Mutation
Missense Mutation (likely driver)

p<0.001   ns p<0.001   ns p<0.001   ns

Missense Mutation (likely passenger)

Organoid: NL5.1 NL5.2 HT22 HT24 HT42 

SMAD4 
 

pSMAD2/3 
 

Loading

HT28 HT11.2 HT47 CTLR3 

Non-specific GAPDH 

     HT25 HT30 LMCB3 HT33 HT11.1 

SMAD2/3 

TGFβ��������������������������������������� -  +   -  +   -  +   -  +   -  + -  +   -  +   -  +   -  +
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Figure	4-	13.	ID1	staining	in	human	pancreas.	
Quantification	of	ID1	staining	in	human	pancreatic	samples.	Two	fields	of	view	(average	of	
129	epithelial	cells/field)	per	sample	were	quantified	with	blinding	towards	SMAD4	status.	
n=6	 normal,	 n=16	 SMAD4-WT	 PDAs,	 n=14	 SMAD4-MUT	 PDAs.	 Two-sided	 unpaired	 t-test	
with	Welch’s	correction	for	unequal	variances.	
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Figure	4-	14.	Correlation	of	ID1	with	markers	of	pancreatic	differentiation.	
Autochthonous	mouse	PDA	tumors	were	co-stained	for	ID1	and	PDX1,	a	marker	of	
pancreatic	progenitors,	or	amylase	(AMY),	a	marker	of	differentiated	acinar	cells.	
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Figure	4-	23.	Patterns	of	ID1	in	normal	pancreas	and	PDA.	
ID1	is	lowly	expressed	in	the	normal	pancreas,	up-regulated	in	the	premalignant	state,	and	
repressed	by	TGFβ.	PDAs	escape	TGFβ	tumor	suppression	with	high	ID1,	either	through	loss	
of	TGFBR1/2	or	SMAD2/3/4,	or	through	other	mechanisms	downstream	of	the	SMADs.	
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Figure	4-	28.	Validation	of	locus	necessary	for	high	ID1	expression.	
Left	 panel:	 Six	 sgRNAs	 were	 designed	 to	 flank	 Region	 5	 and	 transfected	 into	 ID1-GFP	
reporter	cells	for	CRISPR/Cas9-mediated	knockout	of	Region	5.	One	week	after	transfection	
and	 puromycin	 selection,	 cells	 were	 treated	 with	 SB505124	 or	 TGFβ	 for	 36h	 and	 then	
10,000	 cells	 per	 sample	were	 analyzed	 by	 flow	 cytometry.	Right	panel:	ID1-GFP	 reporter	
cells	were	 transfected	with	 the	sgRNA	 indicated	 in	Figure	4-27,	 sorted	 into	 ID1-GFPhigh	or	
ID1-GFPlow	populations	and	amplicon-sequenced	at	the	sgRNA	cut	site.		
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Figure	4-	31.	Id1-3	repression	accompanies	lethal	EMT.	
RNAseq	of	SMAD4-restored	PDA	cells	treated	with	TGFβ	for	the	indicated	times.		
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Figure	4-	32.	E-protein	binding	in	response	to	TGFβ	
Electrophoretic	mobility	shift	assay	performed	on	SMAD4-restored	PDA	cells	 treated	with	
2.5	µM	SB505124	or	100	pM	TGFβ.	
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Figure	4-	35.	ID1	regulation	in	PDA	cell	lines	and	organoids.	
Top	 panel:	 806+S4,	 NB44,	 4279,	 MiaPaca2,	 and	 Panc1	 cells	 were	 treated	 with	 2.5	 µM	
SB505124	or	100	pM	TGFβ	for	24h	and	collected	for	Western	blot.	Bottom	panel:	qRT-PCR	
for	ID1	in	human	PDA	organoids	2	hours	post	TGFβ	treatment.	Mean±range	of	3	replicates.	
Samples	collected	by	NL	&	CD.	
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Figure	4-	36.	Selection	for	syngeneic	cells	with	differential	TGFβ	response.	
Left	panel:	SMAD4-restored	KrasG12D;	Cdkn2a-/-;	Smad4-/-	mouse	PDA	 cells	were	 cultured	 in	
100	pM	TGFβ	for	3	weeks	and	surviving	clones	were	selected.	Right	panel:	SMAD4-restored	
KrasG12D;	Cdkn2a-/-;	Smad4-/-	mouse	PDA	cells	 (S4)	and	a	 resistant	population	were	 treated	
with	2.5	µM	SB505124	or	100	pM	TGFβ	for	36h.	Apoptosis	was	measured	using	CaspaseGlo	
3/7	normalized	to	CellTiter-Glo.	n=6	per	group,	mean±SD.	
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Figure	4-	37.	ID1-inducing	cells	survive	TGFβ	with	reversible	EMT.	
Left	panel:	S4	and	S4.1	cells	were	seeded	at	500	cells	per	well	in	low	attachment	plates	with	
minimal	growth	factors	and	treated	with	2.5	µM	SB505124	or	100	pM	TGFβ	for	1	week.	
Right	panel:	S4.1	cells	were	seeded	with	or	without	doxycycline	and	then	treated	with	2.5	
µM	SB505124	for	48h,	100	pM	TGFβ	for	48h,	or	100	pM	TGFβ	for	24h	followed	by	2.5	µM	
SB505124	for	24h.	
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Figure	4-	42.	Gene	expression	profile	of	ID1-enforced	cells	
SMAD4-restored	KrasG12D;	Cdkn2a-/-;	Smad4-/-	mouse	PDA	cells	transduced	with	a	Tet-On	Id1	
construct	were	plated	±	doxycycline	for	12	hours	and	then	treated	with	2.5	µM	SB505124	
for	24h	and	collected	for	RNAseq.	
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Figure	4-	44.	ID1	promotes	tumor	formation.	
SMAD4-restored	KrasG12D;	Cdkn2a-/-;	Smad4-/-	mouse	PDA	cells	transduced	with	a	Tet-On	Id1	
construct	were	 plated	 ±	 doxycycline	 for	 12	 hours	 and	 then	 orthotopically	 implanted	 into	
mice	with	caerulein-induced	acute	pancreatitis.	Pancreata	were	collected	at	Day	3	for	IF	and	
bioluminescence	was	measured	1	week	after	implantation.	
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Figure	4-	48.	Morphology	of	SMAD4(+)	vs	SMAD4(-)	survivors	of	lethal	EMT.	
KrasG12D;	Cdkn2a-/-;	Smad4-/-	mouse	PDA	 cells	 and	 SMAD4-restored	Tet-On	 Id1	mouse	PDA	
cells	were	treated	with	TGFβ	for	72	hours	and	collected	for	immunofluorescence.	
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Figure	4-	49.	Correlation	of	KLF5	and	ID1	in	human	PDAs.	
TCGA	PDA	RNAseq	data	were	queried	for	KLF5	and	ID1	expression	levels	and	Pearson	
correlation	coefficients	were	calculated.	
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Figure	4-	50.	ID1	in	the	context	of	lethal	EMT.	
ID1	favors	cell	survival	and	uncouples	TGFβ-mediated	lethality	and	EMT.	
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Figure	4-	51.	RNAPII	occupancy	of	the	Id1	locus.	
S4	and	S4.1	cells	were	treated	with	2.5	µM	SB505124	or	100	pM	TGFβ	for	1.5h	and	collected	
for	RNAPII	ChIPseq.	
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Figure	4-	57.	FOXO1/3	at	the	Id1	promoter	and	5’	enhancer	
SMAD4-restored	 PDA	 cells	 were	 collected	 for	 ChIP.	 qPCR	 of	 the	 5’	 accessible	 chromatin	
regions	of	the	Id1	locus	was	performed.	
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Figure	4-	59.	FOXO1	localization	in	the	mouse	pancreas.	
Paraffin-embedded	 sections	 of	 mouse	 PDAs	 were	 stained	 by	 IHC	 for	 FOXO1	 localization.	
Nuclear	localization	=	AKT	inactive,	cytoplasmic	=	AKT	active.	
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Figure	4-	63.	BRCA1	and	TGFβ	regulation	of	Id1.	
SMAD4-restored	mouse	PDA	cells	with	Tet-On	shRNAs	were	treated	with	2.5	µM	SB505124	
or	 100	 pM	 TGFβ	 for	 1.5h	 and	 collected	 for	 qRT-PCR.	 Mean±range	 of	 3	 replicates,	
representative	of	2	independent	experiments.	
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Figure	4-	64.	BRCA1	and	survival	in	a	TGFβ-rich	microenvironment.	
SMAD4-restored	 mouse	 PDA	 cells	 with	 Tet-On	 shRNAs	 were	 implanted	 in	 mice	 with	
caerulein-induced	acute	pancreatitis.	Pancreata	were	collected	after	72h	for	IF.	
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Figure	4-	65.	Rewiring	of	ID1	regulation	during	PDA	progression.	
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