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Introduction	29	

	30	

The	 most	 commonly	 performed	 surgery	 to	 treat	 chronic	 lumbar	 back	 pain	 is	 vertebral	31	

fusion	(arthrodesis)	(Deyo,	Nachemson,	&	Mirza,	2004).	The	procedure	involves	inter	body	32	

fusion	of	spinal	vertebrae;	removing	the	degenerated	disc	and	replacing	it,	most	frequently	33	

with	an	autologous	bone	graft.	 Iliac	crest	harvest	has	been	considered	the	 8gold	standard9	34	

for	successful	arthrodesis	of	the	lumbar	spine,	however,	remains	associated	with	multiple	35	

co-morbidities	(Vaz	et	al.,	2010).	This	has	given	rise	to	a	number	of	alternatives:	autologous	36	

bone	 from	other	 donor	 sites,	 allogeneic	 bone,	 ceramics,	 and,	 in	 2002,	 the	 FDA	 approved	37	

recombinant	human	bone	morphogenic	protein	2	(rhBMP2)	as	a	bone	graft	substitute	for	38	

single	level	anterior	lumbar	interbody	fusion	(Fu	et	al.,	2013).		39	

	40	

BMP2,	a	member	of	the	Transforming	Growth	Factor	beta	(TGF-³)	superfamily	of	proteins,	41	

was	 first	described	 for	 its	 essential	 role	 in	 the	development	of	bone	and	cartilage	 (Chen,	42	

Zhao,	&	Mundy,	2004).		Recent	studies	have	highlighted	its	role	as	a	multipurpose	cytokine,	43	

involved	 in	 embryonic	 development	 (Munoz-Sanjuan	 &	 Brivanlou,	 2002),	 migration	 (J.	44	

Song	et	al.,	2014),	angiogenesis	(X.	Song	et	al.,	2011)	and	hedgehog	signalling	(Laforest	et	45	

al.,	 1998).	 BMP2	 signalling	 is	 essential	 for	 initiation	 of	 the	 endogenous	 bone	 repair	46	

response.	Despite	intact	signalling	cascades	capable	of	directing	osteogenesis,	mice	lacking	47	

BMP2	develop	spontaneous	fractures,	which	do	not	resolve	without	intervention	(Tsuji	et	48	

al.,	 2006).	 By	 combining	 osteoconductive	 hydrogel	 biomaterials	 with	 osteoinductive	49	

growth	factors	such	as	BMP2,	bone	repair	can	be	dramatically	improved	(Ben-David	et	al.,	50	

2013).		However,	in	recent	years	exogenous	supply	of	high-dose	recombinant	human	BMP2	51	

(rhBMP2)	has	been	linked	to	an	increased	incidence	of	new	cancer	events	(Simmonds	et	al.,	52	

2013;	Thawani	 et	 al.,	 2010),	 in	 addition	 to	 issues	with	 ectopic	bone	 formation.	Thus,	 the	53	

North	American	 Spine	 Society	now	 stipulates	 that	 rhBMP2	be	used	 solely	 in	patients	 for	54	

whom	 other	 adjuncts	 are	 not	 appropriate	 or	 are	 not	 likely	 to	 lead	 to	 successful	 fusion	55	

(TCGA,	2013).		56	

	57	
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In	order	to	 initiate	downstream	SMAD	signalling	and	the	 formation	of	 the	transcriptional	58	

complex,	BMP2	binds	 type	 I	 and	 type	 II	 serine/threonine	kinases	at	 the	 cell	 surface.	The	59	

current	model	suggests	that	type	II	receptors	(BMPR2)	can	bind	ligands	in	the	absence	of	60	

type	 I	 receptors	 but	 that	 type	 I	 receptors	 (BMPR1A	 and	 BMPR1B)	 are	 required	 for	61	

downstream	 signalling;	 likewise	 type	 I	 receptors	 require	 type	 II	 receptors	 for	 ligand	62	

binding	 (Bonor	 et	 al.,	 2012).	 Type	 I	 BMP	 receptors	 (BMPR1A	and	1B)	 have	well	 defined	63	

overlapping	 functions	 (Yoon	 et	 al.,	 2005)	 but	 may	 not	 be	 functionally	 redundant	 in	 all	64	

aspects	of	their	biology.	In	the	presence	of	ligand,	a	heterodimer	forms	between	type	I	and	65	

type	 II	 receptors	resulting	 in	phosphorylation	of	BMPR1A/1B	by	BMPR2	and	subsequent	66	

signal	transduction	through	SMAD1/5/8	and	SMAD4	(11).		67	

	68	

Despite	 the	 clinical	 findings	 that	 rhBMP2	 leads	 to	 an	 increase	 in	 new	 cancer	 incidents,	69	

there	remains	much	debate	over	the	role	of	BMP2	in	tumour	progression	(Gitelis,	Wilkins,	70	

&	 Yasko,	 2008).	 Moreover	 despite	 the	 wide	 varieties	 of	 cancer	 types	 associated	 with	71	

rhBMP2	use,	no	systemic	activity	 is	expected	due	 to	 its	short	 in	vivo	half-life	 (FDA,	2002;	72	

Kisiel	et	al.,	2013).	Thus,	we	sought	to	profile	the	role	of	BMP2	tumour	progression	of	the	73	

tissues	surrounding	the	surgical	site	and	therefor	most	likely	to	be	affected	by	exogenous	74	

BMP2.	 Specifically	 we	 investigated	 the	 role	 of	 BMPR1A-biased	 BMP2	 signalling	 in	 soft	75	

tissue	 sarcomas	 and	 found	 a	 significant	 association	 with	 reduced	 disease	 free	 survival.	76	

Through	 differential	 expression	 analysis	 and	 gene	 set	 enrichment,	 we	 show	 that	 this	77	

increase	 in	 disease	 recurrence	 is	 linked	 to	 increased	 extracellular	 remodelling	 in	78	

dedifferentiated	 liposarcomas.	 This	 study	 emphasises	 that	 increased	 research	 into	 the	79	

effects	 of	 locally	 administered	 rhBMP2	 is	 needed,	 along	 with	 continued	 follow-up	 and	80	

screening	of	patients	administered	rhBMP2	during	spinal	surgeries.		81	

	82	

	83	

	84	

	85	

	86	

	87	

	88	
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Results		89	

	90	

Differential	 Type	 1	 BMP	 Receptor	 expression	 in	 Normal	 Tissues	 and	91	

Sarcomas		92	

	93	

Type	I	BMP	receptors	(BMPR1A	and	1B)	have	well	defined	overlapping	functions	(Yoon	et	94	

al.,	2005)	but	may	not	be	functionally	redundant	in	all	aspects	of	their	biology.	To	begin	to	95	

test	 this	hypothesis,	we	 first	 profiled	 expression	of	 the	 type	 I	 and	 type	 II	BMP	 receptors	96	

across	 normal	 tissues	 (Supplementary	 Figure	 1).	 Whilst	 BMPR1A	 and	 BMPR1B	 showed	97	

similar	 expression	 across	 some	 tissues	 (for	 example	 heart,	 lung,	 skin,	 colon	 etc.)	 we	98	

observed	 differential	 expression	 in	 numerous	 tissues.	 For	 example	 BMPR1B	 is	 highly	99	

expressed	in	all	regions	of	the	brain	(cerebellum,	hippocampus,	cerebral	cortex	and	lateral	100	

ventricle)	 whereas	 BMPR1A	 has	 only	 moderate	 expression	 in	 the	 cerebral	 cortex,	101	

suggesting	that	BMPR1B	signalling	predominates	in	the	central	nervous	system.		102	

	103	

We	next	profiled	expression	patterns	across	cancer	cell	lines	(Supplementary	Figure	2	and	104	

Figure	 1A).	 In	 the	 three	 cell	 lines	 profiled	 by	 immunohistochemistry	 (IHC),	 BMPR1A	105	

exhibited	 both	 nuclear	 and	 cytoplasmic	 localisation,	 which	 matched	 BMPR2	 expression	106	

patterns	(Supplementary	Figure	2).	In	contrast	BMPR1B	appeared	predominantly	localised	107	

to	 the	 nucleus,	 but	 not	 nucleolus.	 The	 osteosarcoma	 cell	 line	 U-2	 OS	 showed	 highest	108	

expression	of	BMPR1A	by	IHC	(Figure	1A),	which	was	echoed	in	RNAseq	data	from	three	109	

sarcoma	cell	 lines	 (Figure	1B),	where	BMPR1A	expression	 far	 exceeded	 that	of	BMPR1B.	110	

These	 data	 suggest	 that	 BMPR1A	 and	BMPR1B	may	 not	 be	 functionally	 redundant	 in	 all	111	

aspects	of	their	biology.		112	

	113	

Since	rhBMP2	has	a	short	in	vivo	half-life	and	is	expected	to	influence	relatively	few	tissues	114	

after	 administration	 (FDA,	 2002),	 we	 reasoned	 that	 the	 soft	 tissues	 surrounding	 the	115	

surgical	site	may	be	the	most	exposed	to	its	actions.	Hence,	we	elected	to	focus	our	analysis	116	

on	 BMP2	 pathway	 activation	 in	 the	 soft	 tissue	 sarcoma	 TCGA	 dataset.	 The	 observations	117	

from	Figure	1A	and	1B	 (together	with	Supplementary	Figure	1	and	2)	 that	BMPR1A	and	118	
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BMPR1B	have	differential	expression	patterns	lead	us	to	focus	our	analysis	further	on	the	119	

effects	of	BMPR1A	versus	BMPR1B	biased	BMP2	signalling	within	this	group	of	patients.		120	

	121	

By	stratifying	the	263	samples	represented	in	the	TCGA	sarcoma	dataset	based	on	the	ratio	122	

of	 BMPR1A	 to	 BMPR1B	 mRNA,	 we	 were	 able	 to	 define	 two	 clear	 groups	 (Figure	 1C).	123	

Although	most	patients	expressed	relatively	similar	levels	of	the	two	type	I	receptors	there	124	

were	clear	groups	who	favoured	either	BMPR1A	(red)	or	BMPR1B	(blue)	but	who	did	not	125	

show	 differential	 expression	 of	 BMP2	 (Figure	 1D).	 Based	 on	 the	 observed	 patterns	 of	126	

differential	 expression	 in	 normal	 tissues	 (Supplementary	 Figure	 1)	 and	 cell	 lines	127	

(Supplementary	 Figure	 2),	 and	 the	 conclusion	 that	 BMPR1A	 and	 BMPR1B	 may	 not	 be	128	

entirely	functionally	redundant,	we	reason	that	these	groups	may	show	distinct	outcomes	129	

to	BMP2	signalling.		130	

	131	

	132	

	133	

	134	

	135	

	136	

	137	

	138	

	139	

	140	

	141	

	142	

	143	

	144	

	145	

	146	

	147	

	148	

	149	
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BMP2-BMPR1A	 signalling	 is	 associated	 with	 extracellular	 matrix	150	

remodelling		151	

	152	

To	test	 the	hypothesis	 that	patients	 favouring	BMPR1A	would	have	differential	biological	153	

responses	to	high	levels	of	endogenous	or	exogenous	BMP2	to	patients	favouring	BMPR1B	154	

we	refined	our	patient	groups	from	Figure	1C.	Referred	to	as	BMPR1A-biased	or	BMPR1B-155	

biased	 signalling,	 we	 defined	 groups	 of	 patients	 in	 the	 upper	 quartile	 of	 the	156	

BMPR1A/BMPR1B	ratio	and	in	the	upper	quartile	of	BMP2	expression	together	with	their	157	

reciprocals	(high	1B/1A	with	high	BMP2).		158	

	159	

We	 first	 asked	whether	BMPR1A-biased	signalling	 lead	 to	differential	 gene	expression	 to	160	

BMPR1B-biased	 signalling.	 In	 total	we	 found	 922	 differentially	 expressed	 genes	 out	 of	 a	161	

possible	20,533	annotated	transcripts,	using	a	false	discovery	rate	(FDR)	of	0.05	(corrected	162	

p>0.05).	 Of	 these,	 252	 were	 up-regulated	 and	 669	 down-regulated.	 Figure	 2A	 shows	 a	163	

volcano	plot	relating	fold	change	(in	patients	with	BMPR1A-biased	versus	BMPR1B-biased	164	

BMP2	 signalling)	 to	 p	value	 (multiple	 two-tailed	 t-tests	 with	 Bonferroni	 post	 hoc).	 The	165	

insert	panel	in	Figure	2A	highlights	a	selection	of	the	most	differentially	expressed	genes;	166	

the	full	list	is	available	as	Supplementary	Table	2.	Amongst	the	genes	negatively	associated	167	

with	BMPR1A-biased	signalling	are	WNT7B	which	has	a	 role	 in	osteoblast	differentiation	168	

and	mineralised	nodule	formation	(Shao	et	al.,	2016),	whilst	positively	associated	is	SPON1	169	

which	inhibits	excess	bone	formation	(Palmer	et	al.,	2014).	170	

	171	

Although	 these	 data	 suggest	 that	 BMPR1A-biased	 signalling	 is	 associated	 with	 reduced	172	

bone	 formation,	 we	 sought	 to	 carry	 out	 a	 more	 unbiased	 analysis	 of	 our	 differential	173	

expression	results	in	the	form	of	a	gene	set	enrichment	analysis	(GSEA).	Figures	2B	and	C	174	

show	 two	 of	 the	most	 highly	 enriched	 gene	 sets,	 each	 associated	with	 the	matrisome,	 a	175	

computationally	predicted	collection	of	extracellular	matrix	 (ECM)	constituents	and	 their	176	

regulatory	networks	(Naba	et	al.,	2012).		177	

	178	
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Together,	 these	 data	 suggest	 that	 BMPR1A-biased	 BMP2	 expression	 is	 associated	 with	179	

reduced	bone	formation	and	an	increased	turnover	of	ECM	components.	The	interaction	of	180	

tumour	cells	with	ECM	proteins	can	have	profound	effects	on	their	biology,	regulating	gene	181	

expression,	 signal	 transduction	 and	 migration/invasion	 (Cassidy,	 2014;	 Lu,	 Weaver,	 &	182	

Werb,	 2012).	 Moreover,	 BMP2	 signalling	 has	 previously	 been	 linked	 to	 increased	 ECM	183	

production	 and	 degradation	 (Davidson	 et	 al.,	 2007).	 Thus,	 we	 next	 sought	 to	 determine	184	

whether	BMPR1A-biased	signalling	had	any	clinical	phenotype.		185	

	186	

	187	

	188	

	189	

	190	

	191	

	192	

	193	

	194	

	195	

	196	

	197	

	198	

	199	

	200	
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	202	
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	208	
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BMPR1A-biased	BMP2	Signalling	is	Prognostic	of	Poor	Clinical	Outcome		210	

	211	

Patients	 in	 the	TCGA	 sarcoma	dataset	 have	 a	median	disease	 free	 survival	 of	 37	months	212	

(Figure	3A).	Those	patients	with	BMPR1B	biased	 signalling	 (n=44)	have	no	difference	 in	213	

their	prognosis	when	compared	to	the	dataset	as	a	whole.	However,	those	with	BMPR1A-214	

biased	 BMP2	 signalling	 (n=32)	 have	 a	 significantly	 worse	 outcome	 when	 disease	 free	215	

survival	is	used	as	the	primary	endpoint	(p=0.0087).	To	discount	prognostic	influences	of	216	

BMPR1A,	BMPR1B	or	BMP2	expression	 individually,	we	constructed	Kaplan-Myer	 curves	217	

for	 the	 entire	 sarcoma	 dataset	 and	 compared	 patients	with	 the	 highest	 and	 lowest	 10%	218	

expression	 of	 BMPR1A,	 BMPR1B,	 BMPR2,	 BMP2	 and	 BMP7.	 Despite	 several	 interesting	219	

trends,	no	significant	associations	were	seen	(Supplementary	Figure	3).	Thus,	in	addition	to	220	

ECM	remodelling	and	reduced	bone	formation,	soft	tissue	sarcoma	patients	with	BMPR1A-221	

biased	signalling	are	more	likely	to	show	tumour	progression	in	the	presence	of	high	levels	222	

of	endogenous	BMP2.		223	

	224	

Soft	 tissue	 sarcomas	 are	 classified	 based	 on	 their	 origin	 in	 the	 soft	 but	 not	 connective	225	

tissues	of	 the	body.	They	can	be	separated	based	on	their	cell	of	origin	and	are	generally	226	

considered	 a	 heterogeneous	 mixture	 of	 diseases	 (Cormier	 &	 Pollock,	 2004).	 Figure	 3B	227	

shows	the	TCGA	dataset	broken	down	into	subtypes	of	soft	tissue	sarcomas.	The	two	best-228	

represented	 subtypes	 are	 Leiomyosarcoma	 (LMS;	 smooth	 muscle	 sarcomas)	 and	229	

Dedifferentiated	liposarcoma	(DLS;	adipocyte	sarcomas),	though	the	majority	(60%)	of	the	230	

dataset	 is	 unclassified.	Disease	 free	 survival	 is	 shown	 in	 Figure	3C;	 LMS	 tends	 to	 have	 a	231	

better	 prognosis	 than	 DLS	 though	 data	 for	 the	 three	 other	 subtypes	 is	 limited.	 To	232	

determine	 whether	 BMPR1A	 biased	 signalling	 was	 localised	 to	 a	 specific	 subtype,	 we	233	

profiled	 expression	 of	 BMPR1A,	 BMPR1B,	 BMPR2	 and	 BMP2	 across	 the	 three	 best-234	

represented	subtypes	(UPS,	LMS	and	DLS).	No	significant	differences	in	terms	of	expression	235	

were	 noted,	 though	 UPS	 did	 trend	 toward	 lower	 overall	 expression	 of	 both	 ligand	 and	236	

receptors	 (Supplementary	 Figure	 4).	 The	 two	 largest	 groups,	 LMS	 and	 DLS	 had	237	

indistinguishable	expression	values	of	BMP	signalling	nodules.		238	

	239	
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Interestingly,	 BMPR1A-biased	 BMP2	 signalling	 conferred	 a	 worse	 prognosis	 on	 patients	240	

than	ether	LMS	or	DLS.	Thus,	we	next	sought	to	determine	whether	the	prognostic	benefits	241	

of	BMPR1A-biased	signalling	were	split	evenly	across	these	two	major	subtypes.		242	

	243	

	244	

	245	

	246	

	247	

	248	

	249	

	250	

	251	

	252	

	253	

	254	

	255	

	256	

	257	

	258	

	259	

	260	
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	262	

	263	
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	266	
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BMPR1A	 prognostic	 signalling	 is	 localised	 to	 dedifferentiated	271	

liposarcomas		272	

	273	

We	 next	 profiled	 disease	 free	 survival	 in	 patients	with	 LMS	 or	DLS	 and	 investigated	 the	274	

effects	 of	 either	 BMPR1A-biased	 BMP2	 signalling	 or	 high	 BMPR1A	 expression	 alone.	275	

BMPR1A	and	BMPR1A-biased	signalling	appeared	 to	have	 little	effect	 in	 terms	of	disease	276	

free	 survival	 in	 patients	 with	 LMS	 (Figure	 4A),	 though	 high	 expression	 and	 biased	277	

signalling	was	highly	detrimental	in	patients	with	DLS	(Figure	4B).		278	

	279	

To	 investigate	the	mechanism	for	this	effect,	we	compared	global	gene	expression	 in	DLS	280	

patients	 with	 BMPR1A-biased	 signalling	 versus	 those	 with	 BMPR1B-biased	 signalling.	281	

Despite	 working	 with	 a	 much	 reduced	 dataset	 of	 10	 vs	 10	 patients,	 we	 found	 1375	282	

differentially	expressed	genes	with	a	FDR	of	0.05,	the	vast	majority	(1061)	of	which	were	283	

down-regulated	 (Figure	 4C).	 Such	 a	 high	 number	 of	 differentially	 expressed	 transcripts	284	

compared	to	our	early	analysis	in	the	whole	sarcoma	dataset	(Figure	2A)	suggests	patient	285	

groups	which	are	more	biologically	robust.	Amongst	 these	differentially	expressed	genes,	286	

we	noted	a	positive	association	between	BMPR1A-biased	signalling	and	GPR176,	an	orphan	287	

G-protein	coupled	receptor	thought	to	be	 involved	 in	atherosclerosis	(Karagiannis,	Weile,	288	

Bader,	 &	Minta,	 2013).	We	 performed	 GSEA	 on	 these	 differentially	 expressed	 genes	 and	289	

found	a	positive	enrichment	for	a	number	of	extracellular	matrix	and	matrisome	gene	sets	290	

(Figure	4D).		291	

	292	

Finally,	 we	 sought	 to	 determine	 whether	 the	 detrimental	 effect	 of	 BMP2-BMPR1A	293	

signalling	 were	 a	 pan-cancer	 phenomenon.	 rhBMP2	 use	 is	 associated	 with	 an	 increased	294	

incidence	 in	 a	 wide	 variety	 of	 solid	 tumour	 types	 (Supplementary	 Table	 1).	 Moreover,	295	

several	 large	studies	performed	by	The	Cancer	Genome	Atlas	 (TCGA)	show	copy	number	296	

changes	 and	mutational	 events	 in	BMP2	 interacting	partners	 as	 defining	 features	 of	 that	297	

malignancy	(Supplementary	Figure	5).	For	example,	two	separate	studies	in	Ovarian	cancer	298	

show	 copy	 number	 gains	 as	 frequent	 events,	 which	 we	 later	 determined	 to	 be	 due	 to	299	

amplifications	in	the	BMP2	and	BMP7	loci	(Supplementary	Figure	6).	Interestingly,	mRNA	300	
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up	 regulation	 of	 both	 ligands	 and	 receptors	were	 frequent	 events	 in	 each	 of	 the	 cancers	301	

profiled.	 Deep	 deletion	 of	 BMPR1A	 was	 a	 frequent	 event	 in	 prostate	 cancers,	 this	 has	302	

previously	been	shown	to	be	related	to	the	loss	of	the	PTEN	locus,	which	is	associated	with	303	

invasive	 forms	 of	 prostate	 cancer	 (Yoshimoto	 et	 al.,	 2012).	 In	 order	 to	 test	whether	 our	304	

identified	 BMPR1A-biased	 signalling	 biomarker	 was	 useful	 across	 tumour	 types,	 we	305	

investigated	 disease	 free	 survival	 in	 Ovarian,	 Lung,	 Pancreatic	 and	 Prostate	 cancers	 in	306	

response	 to	 BMP2	 biased	 signalling	 but	 found	 no	 significant	 alterations	 (Supplementary	307	

Figure	 5).	 Thus,	 it	 appears	 that	 the	 detrimental	 effects	 of	 BMPR1A	 biased	 signalling	 are	308	

confined	 to	 the	 context	 of	 soft	 tissue	 sarcomas	 and	 in	 particular	 dedifferentiated	309	

liposarcomas.	 Clearly	 as	 rhBMP2	 is	 associated	 with	 multiple	 new	 cancer	 events,	 it	 is	310	

probable	 that	 some	 other	 prognostic	 signalling	 network	 could	 be	 uncovered	 in	 these	311	

tumour	types	in	the	future.		312	

	313	

	314	

	315	
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Discussion		329	

	330	

rhBMP2	has	substantial	utility	in	vertebral	fusion	surgery,	however,	recent	concerns	over	331	

its	safety	has	lead	to	an	FDA	black	box	warning.	Specifically,	rhBMP2	is	used	as	an	adjuvant,	332	

along	with	a	collagen	type	I	carrier	within	the	surgical	site	in	order	to	promote	osteoblast	333	

differentiation	 and	 osteogenesis	 around	 an	 interbody	 titanium	 cage	 (Fu	 et	 al.,	 2013).	334	

Following	 several	 concerns	 over	 its	 safety,	 a	 large	meta-analysis	 confirmed	 a	 significant	335	

increase	in	the	number	of	new	cancer	events	in	patients	given	high	dose	(40	mg)	rhBMP2	336	

(Carragee	et	al.,	2013)	(Supplementary	Table	1).	However,	the	in	vivo	half-life	of	rhBMP2	is	337	

short	and	consequently	it	is	not	expected	to	have	systemic	activity	(FDA,	2002;	Simmonds	338	

et	al.,	2013).	Herein,	we	characterise	the	role	of	BMP2	signalling	in	the	soft	tissue	sarcomas.	339	

Although	this	rare	group	of	diseases	were	unlikely	to	be	observed	within	the	timeframe	of	340	

rhBMP2	 safety	 trials	 (Cormier	 &	 Pollock,	 2004),	 we	 reason	 that	 their	 proximity	 to	 the	341	

surgical	site	increases	their	relevance	and	warrants	further	research.		342	

	343	

Several	studies	have	shown	BMPR1A	and	BMPR1B	have	largely	overlapping	roles	in	BMP2	344	

signal	 transduction,	 for	 example	 during	 chondrogenesis	 (Yoon	 et	 al.,	 2005).	 However	345	

recent	 work	 has	 highlighted	 opposing	 roles	 in	 certain	 situations.	 Sahni	 and	 colleagues	346	

found	 that	 BMPR1A,	 but	 not	 BMPR1B,	 knockout	 mice	 exhibited	 defective	 astrocytic	347	

hypertrophy	 and	 increased	 inflammatory	 infiltrate	 after	 spinal	 chord	 injury	 (Sahni	 et	 al.,	348	

2010).	 The	 authors	 go	 on	 to	 show	 opposing	 roles	 for	 BMPR1A	 and	 BMPR1B	 in	349	

posttranscriptional	regulation	of	astrocytic	microRNA-21	(Sahni	et	al.,	2010).	We	find	that	350	

BMPR1A	 and	 BMPR1B	 expression	 is	 highly	 heterogeneous	 throughout	 the	 body	without	351	

any	obvious	correlation	between	expression	patterns.	Moreover	we	observe	differences	in	352	

subcellular	 localisation	 in	 three	 separate	 cell	 lines.	 Together,	 these	 observations	 suggest	353	

that	 type	 I	 BMP	 receptors	 may	 not	 be	 functionally	 redundant,	 indeed	 differential	354	

expression	 of	 BMPR1A	 and	 BMPR1B	 may	 lead	 to	 differential	 outcomes	 of	 BMP	 ligand	355	

signalling	 in	 different	 tissue	 types.	We	 reasoned	 that	 as	 BMPR1A	 expression	 is	 enriched	356	

relative	 to	BMPR1B	 in	 sarcoma	cell	 lines,	BMP2-BMPR1A	signalling	may	be	 important	 in	357	

progression	of	this	tumour	type.		358	
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	359	

Loss	of	BMPR1A	has	previously	been	associated	with	the	formation	of	juvenile	polyposis,	a	360	

predisposing	 factor	 for	 gastrointestinal	 and	 colorectal	 cancers	 (Calva-Cerqueira	 et	 al.,	361	

2010).	Reduced	expression	 is	 also	associated	with	a	poor	prognosis	 in	pancreatic	 cancer	362	

(Voorneveld	et	al.,	2013).	Exemplifying	the	dichotomy	of	this	signalling	pathway	in	cancer,	363	

BMPR1A	 antagonists	 reduce	 growth	 and	 induce	 cell	 death	 in	 lung	 cancer	 cell	 lines	364	

(Langenfeld,	 Hong,	 Lanke,	 &	 Langenfeld,	 2013).	 Similarly,	 we	 find	 that	 sarcoma	 patients	365	

with	 BMPR1A	 biased	 signalling,	 despite	 having	 unchanged	 levels	 of	 BMP2,	 have	366	

significantly	reduced	disease	free	survival.	Interestingly,	we	find	that	the	prognostic	value	367	

of	BMPR1A	biased	signalling	in	sarcomas	is	localised	to	dedifferentiated	liposarcomas	and	368	

not	leiomyosarcomas.	Together	these	subtypes	represent	over	35%	of	the	sarcoma	dataset,	369	

with	60%	undefined.	As	the	trend	holds	true	for	the	dataset	as	a	whole,	it	is	possible	that	370	

other	underrepresented	subtypes	(myxofibrosarcoma,	giant	cell	sarcomas,	undifferentiated	371	

pleomorphic	 sarcomas	 etc.)	 would	 show	 the	 same	 pattern	 if	 dataset	 annotation	 was	372	

complete	or	if	the	dataset	were	larger.		373	

	374	

Further	 to	 linking	 BMPR1A-biased	 BMP2	 signalling	 to	 reduced	 disease	 free	 survival,	 we	375	

report	 a	detailed	differential	 expression	analysis	 in	both	 the	 sarcoma	dataset	 as	 a	whole	376	

and	dedifferentiated	liposarcomas.	Amongst	the	genes	negatively	associated	with	BMPR1A-377	

biased	signalling	are	WNT7B	which	has	a	role	in	osteoblast	differentiation	and	mineralised	378	

nodule	 formation	(Shao	et	al.,	2016),	whilst	positively	associated	 is	SPON1	which	 inhibits	379	

excess	 bone	 formation	 (Palmer	 et	 al.,	 2014).	 The	 ECM	 is	 far	 from	 an	 inert	 passenger	 to	380	

tumour	 progression.	 Rather,	 cells	 exist	 in	 a	 dynamic	 milieu	 of	 proteins,	 cytokines	 and	381	

growth	 factors	 which	 can	 have	 profound	 influence	 on	 the	 propensity	 to	 malignancy	382	

(Cassidy,	2014;	Cassidy	et	al.,	2014)	and	tumour	heterogeneity	(Cassidy,	Caldas,	&	Bruna,	383	

2015).	Indeed	we	find	that	patients	with	BMPR1A-biased	signalling	also	exhibit	increased	384	

expression	of	genes	typically	linked	with	the	matrisome	and	ECM	remodelling	(Naba	et	al.,	385	

2012).	Metalloproteinase	expression	has	previously	been	linked	to	prognosis	in	soft	tissue	386	

sarcomas	 (Benassi	 et	 al.,	 2001),	 and	 BMPR1A	 is	 necessary	 for	 extracellular	 matrix	387	

deposition	by	osteoblasts	(Mishina	et	al.,	2004).	It	 is	tempting	to	speculate	that	increased	388	

turnover	of	extracellular	matrix	 in	sarcomas	 is	at	 least	 in	part	mediated	by	BMPR1A	and	389	
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this	contributes	to	the	observed	poor	prognosis	of	patients	with	BMPR1A-biased	signalling.	390	

Together	 these	 data	 suggest	 a	 shift	 from	 an	 osteogenic	 phenotype	 to	 one	 of	 increased	391	

extracellular	matrix	remodelling.	392	

In	summary,	we	present	here	evidence	that	BMP2-BMPR1A	signalling	leads	to	extracellular	393	

matrix	 remodelling	 and	 tumour	 progression	 in	 dedifferentiated	 liposarcomas.	 Although	394	

this	 trend	 is	 present	 in	 the	 sarcoma	 dataset	 as	 a	 whole,	 we	 did	 not	 observe	 prognostic	395	

ability	of	BMPR1A	signalling	in	four	other	solid	tumours.	rhBMP2	is	used	extensively	as	an	396	

adjuvant	therapy	for	spinal	fusion	surgery	and	it	is	possible	that	such	treatment	could	fuel	397	

progression	of	pre-existing	sarcomas	 in	 these	patients.	Sarcomas	are	rare	cancers	and	as	398	

such	 are	 underdiagnosed	 in	 the	 early	 stages,	 but	 this	 research	 underscores	 the	 need	 for	399	

continued	 study	 of	 the	 BMP2-BMPR1A	 signalling	 axis	 in	 cancer.	 Moreover,	 patients	400	

administered	rhBMP2	should	have	substantial	clinical	follow-up	to	minimise	the	risk	posed	401	

by	any	new	cancer	events.			402	

	403	
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Methods		420	

	421	

Data	Acquisition		422	

Protein	expression	data	was	downloaded	from	the	Human	Protein	Atlas	(Uhlen	et	al.,	2010;	423	

Uhlén	 et	 al.,	 2015)	 (Cancer	 Atlas	 and	 the	 Cell	 Line	 Atlas;	 proteinatlas.org).	 Pan-cancer	424	

analysis	was	carried	out	using	cBioPortal	 (cbioportal.org)	 (Cerami	et	al.,	2012;	Gao	et	al.,	425	

2013).	 With	 pathway	 data	 obtained	 from	 Cytoscape	 3.2.1	 (cytoscape.org)	 (Lopes	 et	 al.,	426	

2010).	 RNASeqV2	normalised	 gene	 results	 and	 clinical	metadata	were	 downloaded	 form	427	

the	 TCGA	 Data	 Portal	 (tcga-data.nci.nih.gov),	 for	 the	 following	 cancer	 types:	 Sarcoma	428	

(provisional),	 Prostate	 (provisional),	 Breast	 (TCGA,	 2012),	 Ovarian	 (TCGA,	 2011),	 Lung	429	

(TCGA,	2014)	and	Head	and	Neck	(TCGA,	2015).		430	

	431	

Data	Analysis		432	

Normalised	 RNASeqV2	 expression	 values	 and	 corresponding	 clinical	 metadata	 were	433	

manipulated	 in	 R	 Studio	 Desktop	 (Mac)	 0.99.484	 (rstudio.com).	 Combined	 data	 were	434	

analysed	 in	Microsoft	 Excel	 (Mac	 14.4.3)	 and	 R	 Studio	with	 results	 plotted	 in	 GrpahPad	435	

Prism	 6	 (Mac).	 Comparisons	 between	 two	 groups	were	made	 using	 two-tailed	 t-tests	 or	436	

Mann-Whitney	U-tests	 and	more	 than	 two	groups	by	one-way	ANOVA	or	Kruskal-Wallis,	437	

multiple	 comparisons	 were	 corrected	 for	 by	 Bonferroni	 post	 hoc	 tests.	 Kaplan-Meier	438	

disease	free	survival	graphs	were	constructed	in	GraphPad	Prism	6	and	presented	as	whole	439	

population	 versus	 experimental	 population.	 Comparisons	 between	 curves	were	made	 by	440	

Log-rank	(Mantel-Cox)	tests	with	the	Mantel-Cox	p	value	reported.		441	

	442	

Differential	Expression	Analysis		443	

For	 patient	 groups	with	 observed	 differences	 in	 phenotype	 (pathway	 activation/disease	444	

free	 survival)	 differential	 expression	 analysis	 was	 performed	 on	 normalised	 RNASeqV2	445	

gene	counts.	Date	were	combined	 in	R	studio	and	means	across	 rows	 (genes)	 calculated.	446	

Multiple	two	tailed	t-tests	with	Bonferroni	correction	were	used	to	compare	means.	Using	a	447	

false	discovery	rate	of	0.05	differentially	expressed	genes	were	ranked	based	on	log10	fold-448	

change.	Ranked	genes	were	analysed	through	the	Gene	Set	Enrichment	pre-ranked	plugin	449	
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(GSEAPreranked	 at	 genepattern.broadinstitute.org)	 with	 default	 parameters	 and	 1000	450	

permutations	 (GenePattern	 version	 3.9.4	 (Hubble	 et	 al.,	 2009)).	 Gene	 sets	451	

c2.all.v5.0.symbols.gmt	 [Curated]	and	c6.all.v5.0symbols.gmt	 [Oncogenic	signatures]	were	452	

used	for	comparison.	Gene	sets	in	the	top	10	from	the	dataset	based	on	enrichments	score	453	

were	considered.	454	

	455	
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Figures	508	

Figure	1		509	
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Figure	1	legend		510	

	511	

A:	Immunocytochemistry	of	BMPR1A	and	BMPR1B	in	U-2	OS	osteosarcoma	cell	line.	Green	512	

is	 receptor	 (Antibody	 CAB019398	 for	 BMPR1A	 and	 HPA046821	 for	 BMPR1B)	 red	 is	513	

microtubules.	Scale	bar	is	100	¿m.		514	

B:	RNAseq	data	from	three	sarcoma	cell	lines,	RH-30	is	a	Rhabdomyosarcoma	and	U-2197	515	

is	a	Malignant	fibrous	histiocytoma.			516	

C:	Ratio	of	BMPR1A	to	BMPR1B	expression	 for	each	patient	 in	 the	TCGA	sarcoma	dataset	517	

(n=263).	Patients	with	high	BMPR1A:BMPR1B	expression	(top	10%)	are	colour	coded	red	518	

and	patients	with	high	BMPR1B:BMPR1A	expression	(top	10%)	are	colour	coded	blue.	519	

D:	BMP2	 expression	 in	 patient	 sets	 defined	 in	 panel	 A.	 Boxplot	 represents	median	 with	520	

upper	and	lower	quartiles	with	whiskers	showing	95%	confidence	intervals,	scale	is	log2.	521	
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Figure	2		541	

	542	
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Figure	2	legend		571	

	572	

Figure	2	shows	the	results	of	differential	expression	analysis	comparing	patients	with	high	573	

BMPR1A-biased	 and	 high	 BMPR1B-biased	 BMP2	 signalling	 i.e.	 upper	 quartile	 BMP2	574	

expression	and	upper	quartile	R1A:B	or	R1B:A	ratio.		575	

A:	 volcano	 plot	 showing	 all	 differentially	 expressed	 transcripts	 colour-coded	 based	 on	576	

adjusted	p-value	 (multiple	 two-tailed	 t-tests	with	 Bonferroni	 correction	 post	hoc).	 Insert	577	

shows	top	up-	and	down-regulated	genes	from	this	analysis.			578	

B:	GSEA	enrichment	plot	for	NABA	Matrisome	gene	set;	defined	in	silico	based	on	lung	and	579	

colon	tumour	extracellular	matrix	components	(Naba	et	al.,	2012).	False	discovery	rate	 is	580	

p=0.05.		581	

C:	GSEA	enrichment	plot	 for	NABA	Matrisome	associated	gene	set.	False	discovery	rate	 is	582	

p=0.05.	583	
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Figure	3		602	
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Figure	3	legend		632	

	633	

A:	 Kaplan-Myer	 survival	 curves	 (disease	 free	 survival)	 for	 patients	 with	 BMPR1A	 or	634	

BMPR1B	biased	signalling.	Biased	signalling	is	defined	as	high	BMP2	expression	with	either	635	

high	BMPR1A	(R1A-biased)	or	high	BMPR1B	(R1B-biased).	Median	survival	is	shown.		636	

B:	Annotation	of	the	TCGA	sarcoma	dataset	with	each	dot	colour-coded	based	on	subtype	637	

and	corresponding	to	2.6	patients.	The	majority	of	the	dataset	was	unclassified	but	can	be	638	

expected	to	have	similar	proportions.		639	

C:	 shows	 a	 Kaplan-Myer	 disease	 free	 survival	 curve	 for	 the	 different	 sarcoma	 subtypes,	640	

colours	correspond	to	B.	641	
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Figure	4		662	
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Figure	4	legend		663	

	664	

Survival	and	differential	expression	analysis	between	patients	with	BMPR1A	and	BMPR1B	665	

biased	signalling	in	dedifferentiated	liposarcomas.		666	

A:	disease	free	Kaplan-Myer	survival	analysis	 in	Leiomyosarcomas	for	both	high	BMPR1A	667	

expression	 (top	 10%)	 and	 BMPR1A-biased	 BMP2	 signalling	 (defined	 as	 before).	 UPS	 is	668	

Undifferentiated	Pleomorphic	Sarcoma.	669	

B:	 disease	 free	 Kaplan-Myer	 survival	 in	 Dedifferentiated	 Liposarcomas	 for	 both	 high	670	

BMPR1A	expression	(top	10%)	and	BMPR1A-biased	BMP2	signalling	(defined	as	before).		671	

C:	Volcano	plot	comparing	gene	expression	in	Dedifferentiated	Liposarcoma	patients	with	672	

BMPR1A-biased	 versus	 BMPR1B-biased	 BMP2	 signalling.	 Top	 up-	 and	 down-regulated	673	

genes	are	shown	in	the	insert.		674	

D:	Gene	set	enrichment	from	differentially	expressed	genes	based	on	a	false	discovery	rate	675	

of	0.05.	NABA	Matrisome	was	 the	most	 significantly	 associated	gene	 set.	Defined	 in	silico	676	

based	on	 lung	and	colon	 tumour	extracellular	matrix	 components	by	Naba	and	collegues	677	

(Naba	et	al.,	2012).	678	

	679	

	680	

	681	

	682	

	683	

	684	

	685	

	686	

	687	

	688	

	689	

	690	

	691	

	692	

	693	

PeerJ PrePrints | https://doi.org/10.7287/peerj.preprints.1719v1 | CC-BY 4.0 Open Access | rec: 6 Feb 2016, publ: 6 Feb 2016



	 26	

Supplementary	Figure	Legends		694	

	695	

Supplementary	Figure	1		696	

Tissue	specific	protein	expression	of	BMPR1A	and	BMPR1B	based	on	 IHC.	Data	 from	 the	697	

Protein	Atlas	(Uhlen	et	al.,	2010).		698	

	699	

Supplementary	Figure	2		700	

Immunostaining	 of	 BMP	 receptors	 in	 three	 cancer	 cell	 lines	 showing	 intracellular	701	

localisation.	U-2	OS	is	an	osteosarcoma,	A-431	is	an	epidermoid	carcinoma	and	U-251/MG	702	

is	a	glioblastoma	astrocytoma	 line.	Green	 is	receptor	(Antibody	CAB019398	for	BMPR1A,	703	

HPA046821	for	BMPR1B	and	HPA049014	for	BMPR2)	red	is	microtubules.	Scale	bar	is	100	704	

¿m.	705	

	706	

Supplementary	Figure	3		707	

Kaplan-Myer	disease	 free	survival	curves	 in	 the	TCGA	sarcoma	dataset	(n=263)	based	on	708	

mRNA	 expression	 (top	 10%	 and	 bottom	 10%	 expressors).	 From	 top	 left;	 BMP2,	 BMP7,	709	

BMPR1A,	BMPR1B	and	BMPR2.		710	

	711	

Supplementary	Figure	4	712	

Median	 (±	 interquartile	 range)	 expression	 of	 BMPR1A,	 BMPR1B,	 BMPR2	 and	 BMP2	 in	713	

different	 sarcoma	 subsets.	 UPS	 is	 Undifferentiated	 Pleomorphic	 Sarcoma	 and	 LMS	 is	714	

Leiomyosarcoma.		715	

	716	

Supplementary	Figure	5	717	

A:	 Pan-cancer	 analysis	 of	 BMP2	 in	 several	 large	 scale	 genomics	 projects.	 Data	 from	718	

cBioPortal	(cbioportal.org)	(Cerami	et	al.,	2012;	Gao	et	al.,	2013).		719	

B:	 BMP2	 interacting	 partners,	 defined	 in	 Cytoscape	 3.2.1	 (cytoscape.org)	 (Lopes	 et	 al.,	720	

2010).	721	

	722	
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Supplementary	Figure	6	723	

Detailed	waterfall	plots	 for	BMP	pathway	members	deregulated	(mutation,	copy-number,	724	

up/down-regulation)	 in	 various	 cancer	 types.	 Vertical	 bars	 represent	 individual	 patients	725	

from	the	following	cancer	types:	Sarcoma	(provisional),	Prostate	(provisional),	Breast	(T.	C.	726	

G	A.	R.	Network,	2012),	Ovarian	(T.	C.	G.	A.	R.	Network,	2011),	Lung	(T.	C.	G.	A.	R.	Network,	727	

2014)	 and	 Head	 and	 Neck	 (T.	 C.	 G.	 A.	 Network,	 2015).	 Visualisation	 was	 cBioPortal	728	

(cbioportal.org)	(Cerami	et	al.,	2012;	Gao	et	al.,	2013).	729	

	730	

Supplementary	Figure	7	731	

Kaplan-Myer	disease	free	survival	curves	for	BMPR1A-biased,	BMPR1B-biased	and	BMPR2	732	

signalling	 by	 high	 levels	 of	 endogenous	 BMP2.	 From	 top	 left,	 Prostate	 (provisional),	733	

Pancreatic	 (provisional),	 Lung	 (T.	 C.	 G.	 A.	 R.	 Network,	 2014)	 and	 Ovarian	 (T.	 C.	 G.	 A.	 R.	734	

Network,	2011)	cancers.		735	
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Supplementary	Table	Legends		753	

	754	

Supplementary	Table	1		755	

Incidents	 of	 new	 cancers	 from	 a	 pivotal,	 multicentre,	 randomised	 controlled	 trial	 of	756	

patients	 with	 degenerative	 lumbar	 spine	 conditions	 who	 underwent	 a	 single-level	757	

instrumented	posterolateral	arthrodesis	with	either	high-dose	rhBMP-2	in	a	compression-758	

resistant	matrix	(CRM)	(rhBMP-2/CRM;	n	=	239)	or	autogenous	bone	graft	(control	group;	759	

n	=	224).		760	

	761	

Supplementary	Table	2		762	

Differential	expression	analysis	from	BMPR1A-biased	and	BMPR1B-biased	BMP2	signalling	763	

in	the	TCGA	sarcoma	dataset.		764	

	765	

Supplementary	Table	3		766	

Differential	expression	analysis	from	BMPR1A-biased	and	BMPR1B-biased	BMP2	signalling	767	

in	dedifferentiated	liposarcomas.		768	
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