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Abstract
Background: Factor	Xa-targeting	DOACs	were	 recently	 found	to	 reduce	recurrent	
VTE	efficiently	 in	cancer	patients	when	compared	to	the	standard	treatment	with	
low-molecular-weight	heparins	 (LMWHs).	While	 the	anticancer	effects	of	LMWHs	
have	been	extensively	studied	in	preclinical	cancer	models,	the	effects	of	FXa-target-
ing	DOACs	on	cancer	progression	remain	to	be	studied.
Objective: We	investigated	whether	the	FXa-targeting	DOAC	rivaroxaban	and	the	
thrombin-targeting	DOAC	dabigatran	etexilate	 (DE)	affected	human	breast	 cancer	
growth	and	metastasis	in	orthotopic	xenograft	models.
Methods/results: Mice	 that	were	put	on	a	custom-made	chow	diet	 supplemented	
with	 rivaroxaban	 (0.4	or	1.0	mg/g	diet)	or	dabigatran	etexilate	 (DE)	 (10	mg/g	diet)	
showed	 prolonged	 ex	 vivo	 coagulation	 times	 (prothrombin	 time	 [PT]	 and	 acti-
vated	 partial	 thromboplastin	 time	 [aPTT]	 assay,	 respectively).	 However,	 rivaroxa-
ban	and	DE	did	not	 inhibit	MDA-MB-231	 tumor	growth	and	metastasis	 formation	
in	lungs	or	livers	of	7-week-old	fully	immunodeficient	NOD/SCID/ƴC

−/−	(NSG)	mice.	
Comparable	data	were	obtained	for	rivaroxaban-treated	mice	when	using	NOD-SCID	
mice.	Rivaroxaban	and	DE	treatment	also	did	not	significantly	inhibit	tumor	growth	
and	metastasis	formation	when	using	another	human	triple	negative	breast	cancer	
(TNBC)	cell	line	(HCC1806)	in	NOD-SCID	mice.	The	FXa	and	thrombin-induced	gene	
expression	of	the	downstream	target	CXCL8	in	both	cell	lines,	but	FXa	and	thrombin,	
did	not	significantly	stimulate	migration,	proliferation,	or	stemness	in	vitro.
Conclusion: Although	effectively	inhibiting	coagulation,	the	DOACs	rivaroxaban	and	
DE	did	not	inhibit	orthotopic	growth	and	metastasis	of	human	TNBC.	It	remains	to	be	
investigated	whether	DOACs	exert	antitumorigenic	effects	in	other	types	of	cancer.
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1  | INTRODUC TION

Cancer	patients	have	a	seven-fold	increased	risk	for	venous	throm-
boembolism	 (VTE),1	 and	 this	 risk	 is	 dependent	 on	 treatment,	 pa-
tient-related	 factors,	 tumor	 type,	 and	 disease	 stage.2,3	 In	 patients	
receiving	 chemotherapy,	 it	was	demonstrated	 that	 thromboembo-
lism	 (venous	 and	 arterial	 thromboembolism)	 is	 the	 second	 leading	
cause	of	death.4	Furthermore,	patients	diagnosed	with	both	cancer	
and	VTE	have	a	very	poor	prognosis	when	compared	to	patients	who	
are	diagnosed	with	cancer	alone.3,5

Over	 the	 years,	 low-molecular-weight	 heparins	 (LMWH)	 and	
vitamin	 K	 antagonists	 (VKAs)	 have	 shown	 to	 be	 effective	 antico-
agulants	 for	 the	 prevention	 of	 recurrent	 VTE.	 In	 cancer	 patients,	
LMWHs	have	been	demonstrated	to	be	more	effective	in	inhibiting	
recurrent	VTE	than	VKAs.6	Multiple	randomized	clinical	trials	(RCTs)	
have	been	designed	to	study	 the	effects	of	LMWHs	 in	cancer	pa-
tients	with	survival	as	primary	endpoint.	While	some	RCTs	 (MALT	
and	 FAMOUS7,8)	 demonstrated	 that	 LMWH	 treatment	 resulted	
in	a	survival	benefit,	particularly	 in	patients	with	a	good	prognosis	
at	entry	of	 the	 study,	other	RCTs	did	not	 show	survival	benefits.9 
Altogether,	a	meta-analysis	including	mainly	studies	with	advanced	
cancer	patients	showed	a	lack	of	survival	benefit.10

The	coagulation	cascade	consists	of	the	intrinsic	(contact	activa-
tion)	and	extrinsic	 (tissue	 factor-dependent)	pathways,	which	con-
verge	at	the	level	of	factor	X	(FX)	activation	into	FXa,	which	in	turn,	
in	 complex	with	active	 factor	V	 (FVa),	mediates	 the	 conversion	of	
prothrombin	into	thrombin.	In	addition	to	activating	the	coagulation	
cascade	that	ultimately	results	in	formation	of	a	fibrin	clot,	FXa	and	
thrombin	can	also	activate	protease-activated	receptors	on	the	cell	
membrane	 of	 platelets,	 endothelial	 and	 perivascular	 cells,	 directly	
regulating	 adhesion,	migration	 and	 survival.11	 Increasing	 evidence	
suggests	 that	 factors	 of	 the	 coagulation	 cascade	 can	 also	directly	
elicit	protumorigenic	effects	by	directly	stimulating	PARs	on	the	cell	
membrane	of	 tumor	cells.12‒15	On	the	other	hand,	coagulation	can	
also	 indirectly	affect	metastasis	 formation	by	forming	fibrin/plate-
let-rich	clots	around	circulating	tumor	cells,	thereby	shielding	tumor	
cells	from	shear	stress	or	natural	killer	(NK)-cell-mediated	attack.16,17

LMWHs	have	been	shown	to	inhibit	formation	of	lung	and	bone	
metastases	in	experimental	metastasis	models,	in	which	melanoma,	
colorectal,	or	breast	cancer	cells	are	directly	inoculated	into	the	cir-
culation,	either	intravenously	or	into	the	left	heart	ventricle.18‒23 On 
the	other	hand,	LMWHs	did	not	inhibit	the	outgrowth	of	lung	cancer	
cells when subcutaneously injected;24 nor did they inhibit metasta-
sis	formation	in	an	experimentally	induced	liver	metastasis	model.25 
Apart	 from	 their	 anticoagulant	 activity,	 LMWHs	possess	 a	 variety	
of	 biological	 activities	 that	 may	 explain	 the	 observed	 anticancer	
effects,	 including	 inhibition	of	heparanase,	blockade	of	P-selectin-
dependent	 and	 L-selectin-dependent	 cell	 adhesion,	 impairment	 of	
growth	factor	signaling	 (e.g.,	 the	SDF1-CXCR4	axis),	and	 inhibition	
of	angiogenesis.26‒29

The	VKAs	have	also	been	shown	to	inhibit	cancer	growth	at	primary	
and	metastatic	sites	in	a	preclinical	pancreatic	cancer	model.30 The mo-
lecular	mechanism	underlying	the	antitumor	activity	was,	at	least	in	part,	

unrelated	to	its	effect	on	coagulation,	but	due	to	inhibition	of	Gas6-me-
diated	activation	of	the	Axl	receptor	tyrosine	kinase	on	tumor	cells.30

As	treatment	with	LMWH	encompasses	a	burdensome	daily	i.p.	
injection,	orally	available	anticoagulants	have	been	developed;	they	
can	be	classified	in	FXa-targeting	DOACs	(apixaban,	edoxaban,	rivar-
oxaban)	and	thrombin-targeting	DOACs	(dabigatran).31,32	Both	types	
of	DOAC	have	shown	a	superior	safety	profile	when	compared	 to	
VKA	and	LMWH,	and	are	at	least	as	efficient	in	inhibiting	VTE	recur-
rence	in	patients	without	cancer.33‒35

In	cancer	patients,	it	was	recently	shown	in	two	RCTs	that	treatment	
with	the	FXa-targeting	DOACs	edoxaban	(Hokusai	VTE	Cancer)36)	and	
rivaroxaban	(SELECT-D)37)	resulted	in	a	lower	rate	of	VTE,	but	a	higher	
rate	of	major	bleedings	when	compared	to	the	LMWH	dalteparin,36,37 
and	consequently	was	shown	not	to	be	non-inferior	with	respect	to	the	
composite	outcome	of	recurrent	VTE	or	major	bleeding.36	Ongoing	clin-
ical	trials	(e.g.,	CANVAS,	CARAVAGGIO)	are	further	addressing	the	role	
of	FXa-targeting	and	thrombin-targeting	DOACs	in	inhibiting	recurrent	
VTE	in	cancer	patients,38	and	these	are	expected	to	change	the	guide-
lines	for	treatment	of	cancer	patients.	The	potential	anticancer	effects	
of	 these	 DOACs,	 however,	 are	 currently	 understudied,	 and	 potential	
antimetastatic	effects	of	FXa-targeting	DOACs	have	not	been	studied	
in	preclinical	cancer	models.	Here,	we	investigated	whether	the	FXa-tar-
geting	DOAC	rivaroxaban	or	the	thrombin-targeting	DOAC	dabigatran	
affects	human	breast	cancer	growth	and	metastasis	in	xenograft	models.

2  | METHODS

2.1 | Mice

All	animal	experiments	were	approved	by	the	animal	welfare	com-
mittee	of	the	Leiden	University	Medical	Center	(LUMC).	The	NOD.
CB17-Prkdcscid/J,	 commonly	 known	as	NOD-SCID	mice,	 and	NOD.
Cg-PrkdcscidIL2rgtm1Wjl/SzJ,	commonly	known	as	NOD-SCID	gamma	
(NSG)	mice,	were	purchased	from	Charles	River.	Mice	were	housed	
at	the	central	animal	facility	of	the	LUMC	at	biosafety	level	D1,	which	
is	 a	 multibarrier	 and	 specific-pathogen-free	 facility.	 The	 FELASA	
recommendations	for	the	health	monitoring	in	experimental	units39 
were	 used.	Mice	 were	 housed	 in	 Sealsafe®	 PLUS,	 green	 line	 sys-
tem	 (Tecniplast	 S.p.A.)	 autoclaved	GM500	 cages,	with	 autoclaved	
LIGNOCEL®	BK	8-15	 (BK-8-15-00433,	 JRS)	bedding	material.	The	
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air	ventilation	unit	inspiratory	vital	capacity	system	was	+	pressured	
with	75	air	changes/h.	Daytime	was	set	at	7:00	to	18:00	with	sunrise	
and	sunset	set	at	6:30	to	7:00	and	18:00	to	18:30,	respectively.	Light	
intensity	was	40	 to	80	LUX	at	 top	of	 the	 racks	and	10	 to	30	LUX	
inside	 the	bottom	and	 top	cages.	Temperature	was	set	at	20°C	to	
22°C,	and	water	was	provided	ad	libitum	in	autoclaved	plastic	drink-
ing	bottles	(Tecniplast	S.p.A.)	and	refreshed	weekly.	Based	on	body	
weight,	 comparable	 groups	were	made	 and	 randomly	 allocated	 to	
the	 experimental	 treatments	 using	 a	 computer-generated	 random	
number.	After	measurements	 (see	2.2),	 cages	were	placed	back	 in	
random	order	in	the	rack	in	the	animal	room.	Mice	were	fed	regular	
chow-diet	 (RM3	diet,	pelleted,	 irradiated	9	kGy,	SDS	diets)	or	cus-
tom-made	 chow	diet	 (see	 the	 following)	 ad	 libitum.	Custom-made	
chow	diet	was	prepared	by	boiling	600	mL	tap	water	with	24	g	agar	
(Sigma-Aldrich),	adding	600	mL	sterile	aqua	dest,	and	subsequently	
mixing	 well	 with	 1200	 g	 diet	 powder	 (RMH-B,	 9	 kGy	 irradiated,	
ABDiets,	Woerden,	The	Netherlands).	Chow	diet	was	 freeze-dried	
for	at	least	3	days,	and	stored	at	−20°C	until	further	use.	For	the	spe-
cific	experimental	groups,	 rivaroxaban	 (Bayer)	and	DE	 (Boehringer	
Ingelheim)	were	purchased	at	the	pharmacy	at	the	LUMC,	and	the	
pills	were	ground,	weighed,	and	carefully	mixed	in	the	chow	diet	at	
concentrations	of	0.4,	1,	or	10	mg/g	chow	diet,	before	freeze	drying.	
As	mice	are	nocturnal	animals,	blood	was	collected	in	the	morning	
when	peak	plasma	levels	of	diet-fed	anticoagulants	are	expected.

2.2 | Orthotopic breast cancer models

The	 MDA-MB-231	 and	 MDA-MB-231-LC	 cells	 (see	 2.4)	 (1	 ×	 106 
in 50 μL	 PBS)	were	 injected	 into	 the	 fourth	mammary	 fat	 pad	 of	
female	 NOD-SCID	 or	 NSG	 mice	 (as	 described	 in	 detail	 in	 refer-
ence 40).	 HCC1806	 cells	 (2	 ×	 106	 in	 matrigel:PBS,	 1:1)	 were	 in-
jected	 into	 the	 fourth	 mammary	 fat	 pad	 of	 7-week-old	 female	
NOD-SCID	 mice.	 Tumor	 volume	 was	 monitored	 by	 weekly	 or	 bi-
weekly	caliper	measurements	using	the	formula	for	tumor	volume:	
(length	×	width	×	width)/2.	In	all	experiments,	six	animals	per	group	
were	used.	At	the	end	of	the	experiments,	mice	were	sacrificed	and	
orthotopic	 tumors	were	excised	and	weighed.	Tumors,	 lungs	 (left),	
and	livers	were	snap	frozen	in	liquid	nitrogen,	and	stored	at	−80°C	
until	further	processing	for	RNA.

2.3 | Cell culture

The	human	TNBC	cell	 lines	MDA-MB-231	and	HCC1806	were	de-
rived	 from	 American	 Type	 Culture	 Collection	 (ATCC,	 Manassas,	
VA).	 MDA-MB-231	 cells	 were	 cultured	 in	 DMEM	 1×	 (Dulbecco's	
Modified	 Eagle	Medium,	 4.5	 g/L	D-glucose,	 L-glutamin,	 pyruvate;	
ThermoFisher	 Scientific,	 Breda,	 The	 Netherlands)	 supplemented	
with	10%	fetal	bovine	serum	(FBS)	and	1%	penicillin	and	streptomy-
cin	 (pen-strep).	HCC1806	cells	were	cultured	in	RPMI1640	(L-argi-
nine,	 L-glutamine,	 L-lysine;	 ThermoFisher	 Scientific)	 supplemented	
with	10%	FBS	and	1%	pen-strep.	Cells	were	trypsinized	with	triplE	
Express	(ThermoFisher	Scientific).	Cells	were	grown	in	an	incubator	
at	37°C	with	5%	CO2.

2.4 | Generation of the MDA‐MB‐231 lung‐
metastatic clone

To	 generate	 GFP-positive	 cells,	 MDA-MB-231	 cells	 were	 stably	
transduced	 with	 the	 MISSION®	 pLKO.1-puro-CMV-TurboGFP™ 
plasmid	 (Sigma-Aldrich)	using	 the	2nd	generation	 lentiviral	pack-
aging	system,	using	psPAX2	and	pVSVG	vectors.	Forty-eight	hours	
after	 transduction,	 cells	were	put	on	puromycin	 selection	 (1	μg/
mL).	The	MDA-MB-231-GFP	cells	were	orthotopically	injected	as	
described	in	NOD-SCID	gamma	mice,	and	12	weeks	later	lung	me-
tastases	were	detected,	excised,	grown	in	vitro	under	puromycin	
selection,	 and	 microscopically	 validated	 for	 a	 positive	 GFP	 sig-
nal.	This	newly	generated	subclone	of	MDA-MB-231	was	named	
“MDA-MB-231-lung	clone”	 (MDA-MB-231-LC)	and	demonstrated	
in	a	subsequent	round	of	orthotopic	injection	increased	lung	met-
astatic	capability	when	compared	to	its	parental	counterpart	(see	
Figure	S1).

2.5 | Coagulation assays

The	 PT	 was	 determined	 by	 adding 33.7	 μL	 diluent	 (0.1%	 BSA	 in	
20	mmol/L	HEPES,	150	mmol/L	NaCl,	 0.1%	PEG-8000,	5	mmol/L	
CaCl2,	pH	7.5)	 to	a	16.3	μL	plasma	sample,	 followed	by	a	60-s	 in-
cubation	 period	 at	 37°C.	 Coagulation	 was	 initiated	 after	 addition	
of	50	μL	Neoplastine	(Neoplastine	CI	Plus	10	reagent,	Diagnostica	
Stago,	Paris,	France)	of	25	mmol/L	CaCl2,	and	the	coagulation	time	
was	monitored	using	a	Start4	coagulation	 instrument	 (Diagnostica	
Stago).

The	aPTT	was	determined	by	adding	12.5	μL	Owren–Koller	dilu-
ent to a 12.5 μL	plasma	sample	and	mixed	with	25	μL	aPTT	reagent	
(TriniCLOT	 automated	 aPTT,	 Kordia),	 followed	 by	 a	 180-sincuba-
tion	period	at	37°C.	Coagulation	was	initiated	after	the	addition	of	
25 μL	of	25	mmol/L	CaCl2,	and	measured	with	the	Start4	coagulation	
instrument.

In	a	chromogenic	FXa	assay,	plasma	samples	and	seven	differ-
ent	spiked	rivaroxaban	concentrations	in	NPP	(500,	250,	125,	62.5,	
31.3,	15.6,	and	8.3	ng/ml)	were	11×	serially	diluted	(in	20	mmol/L	
Hepes,	150	mmol/L	NaCl,	0.1%	PEG8000,	pH	7.5).	Recombinant	
human	 FXa	 and	 Spectrozyme	 Fxa	 American	 Diagnostica	 Inc	
(Stamford,	 CT;	 now	 Sekisui	 Diagnostics)	 were	 added	 to	 reach	
a	 final	 concentration	 of	 5	 nmol/L	 and	 250	μmol/L,	 respectively.	
Factor	Xa	activity	was	subsequently	measured	by	using	a	kinetic	
recording	spectrophotometer.

2.6 | Ribonucleic acid, complementary 
deoxyribonucleic acid, and quantitative polymerase 
chain reaction

To	determine	gene	expression	(CXCL8,	VEGFA),	300	000	cells	were	
seeded	 per	 6-well	 in	 regular	 culture	 medium.	 The	 following	 day,	
the	 medium	 was	 aspirated	 and	 replaced	 by	 serum-free	 medium.	
After	 24	 h	 of	 serum	 starvation,	 cells	 were	 stimulated	 with	 FXa	
(Haematologic	 Technologies	 Inc.,	 Essex	 Junction,	VT)	 or	 thrombin	
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(Enzyme	Research	Laboratories,	South	Bend,	IN)	in	the	presence	or	
absence	 of	 rivaroxaban	 (Alsachim,	 Ilkirch	 Graffenstaden,	 France)	
or	dabigatran	 (Alsachim).	Cell	 lysate	was	collected	 in	1	mL	Trisure	
(TRIsure,	Bioline,	Taunton,	MA).

Total	RNA	of	all	in	vitro	and	in	vivo	samples	was	isolated	from	Trisure	
and	converted	to	cDNA	using	Super	Script	II	using	manufacturer's	in-
structions	(ThermoFisher	Scientific).	The	qPCRs	were	performed	in	a	
10-μL	reaction,	with	SYBRselect	master	mix	(Thermofisher	Scientific),	
20	ng	cDNA	template,	and	200	nmol/L	primers	(see	Table	S1	for	primer	
sequences),	in	a	384-well-qPCR	plate	on	a	CFX384	Touch	Real-Time	
PCR	detection	system	(BioRad,	Veenendaal,	The	Netherlands).	After	
10	minutes	preheating	at	95°C,	40	cycles	were	run	of	15	seconds	95°C	
and	60	seconds	60°C.	The	C(t)-values	were	obtained	using	a	threshold	
of	150	relative	units	using	BioRad	CFX-software.	Technical	triplicates	
were	run	for	every	sample.

2.7 | Proliferation, clonogenic, and sphere assays

The	 MTS	 proliferation	 assay	 was	 performed	 as	 described	 by	 the	
manufacturer's	 protocol	 (Promega,	 Leiden,	 The	 Netherlands).	 In	
short,	 cells	 were	 seeded	 in	 a	 96-well	 plate	 and	 culture	 medium	
was	replaced	the	next	day	by	medium	containing	0%	or	10%	FBS.	
Coagulation	factors	or	vehicle	solution	was	added	3	h	later	and	cell	
viabilty	was	checked	after	3	and	7	days.

In	the	clonogenic	assay,	100	cells/well	were	seeded	in	a	6-well	
plate	 in	 culture	 medium,	 and	 coagulation	 factors	 or	 vehicle	 was	
added	 the	 subsequent	 day.	 The	 number	 of	 colonies	 was	 counted	
manually	 7	 (MDA-MB-231)	 and	14	 (HCC1806)	 days	 later	 using	 an	
inverted	 laboratory	 microscope	 (Leica	 DM	 IL	 LED).	 In	 the	 mam-
mosphere	 assay,	 cells	were	 resuspended	 three	 times	 using	 a	 25G	
needle	 and	 100	 cells/96-well	 were	 seeded	 in	 a	 low-attachment	
plate	 in	 DMEM/F12	 phenol-red	 free	 medium	 supplemented	 with	
1×	B-27	 (minus	 vitamin	A,	ThermoFisher	 Scientific)	 and	20	ng/mL	
hEGF	 (ThermoFisher	Scientific).	Pictures	were	 taken	with	a	digital	
microscope	 camera	 (Leica	 DFC295)	 8	 days	 later.	 Mammospheres	
with	a	diameter	 larger	 than	50	μmol/L	 (using	 Image	 J	 for	analysis)	
were	counted,	and	mammosphere	forming	efficiency	is	shown	as	the	
number	of	mammospheres/cells	seeded.

2.8 | Live cell imaging‐based random 
cell migration assay

A	 live	 cell	 imaging-based	 random	 cell	 migration	 assay	 was	 per-
formed	 as	 previously	 described.41	 In	 short,	 10	 000	MDA-MB-231	
and	HCC1806	cells	were	seeded	in	medium	containing	10%	FBS	in	a	
96-well	in	200	μL.	The	next	day,	cells	were	incubated	with	Hoechst	
33342	 (Sigma-Aldrich;	0.1	μg/mL)	 for	1	h	 to	 allow	 for	nuclear	 cell	
tracking.	Then,	the	medium	was	replaced	by	medium	containing	ei-
ther	0%	FBS	or	10%	FBS,	for	the	respective	0%	FBS	and	10%	FBS	
conditions.	Cells	were	stimulated	3	h	later.

To	 allow	 for	 automated	 nuclear	 cell	 tracking	 the	 96-well	 plate	
was	placed	on	a	Nikon	Eclipse	TE2000-E	microscope	fitted	with	a	
37°C	 incubation	chamber,	20×	objective	 (0.75	NA,	1.00	WD),	and	

perfect	 focus	 system.	 Automatically,	 two	 positions	 per	 well	 were	
defined,	and	the	signal	was	acquired	at	two	positions	every	600	sec-
onds,	for	a	total	imaging	period	of	24	hours.	All	data	were	converted	
and	analyzed	using	custom-made	ImagePro	Plus	(MediaCybernetics,	
Rockville,	MD,	USA)	macros.42	Averages	are	shown	from	two	inde-
pendent	experiments.

2.9 | Statistical analysis

Statistical	testing	was	performed	as	described	in	detail	in	the	respec-
tive	figure	legends.	A	P	value	of	P <	0.05	was	considered	significant.	
Averages	±	SEM	are	shown.	GraphPad	prism	version	7	was	used	for	
statistical analysis.

3  | RESULTS

To	 study	 the	effects	of	DOACs	on	breast	 cancer	 growth	and	me-
tastasis,	we	 tested	 the	 effects	 of	 two	 types	 of	 clinically	 available	
DOACs,	 the	 FXa-targeting	 rivaroxaban	 and	 the	 thrombin-target-
ing	DE,	in	orthotopic	breast	cancer	models.	As	a	proof	of	principle,	
relatively	 high	 doses	 of	 rivaroxaban	 (0.4	mg/g	 chow	 diet)	 and	DE	
(10	mg/g	chow	diet)	were	mixed	in	custom-made	chow	diet,	which	
were	 previously	 shown	 to	 prolong	 ex	 vivo	 coagulation	 time	 in	 a	
model	of	sickle	cell	disease.43	In	the	current	study,	we	first	demon-
strated	that	NSG	mice	that	were	fed	chow	diet	containing	rivaroxa-
ban	or	DE	had	significantly	increased	coagulation	times	as	measured	
by	PT	and	aPTT	assay,	respectively	(Figure	1A,B).	In	addition,	plasma	
from	rivaroxaban-treated	mice	showed	decreased	FXa	activity	in	an	
ex	vivo	chromogenic	assay	(Figure	1C).	Neither	rivaroxaban	nor	DE	
affected	orthotopic	tumor	growth	of	MDA-MB-231	cells	as	shown	
by	weekly	caliper	measurements	and	tumor	weight	at	the	end	of	the	
experiment	 (Figure	1D,E).	To	detect	metastatic	human	breast	can-
cer	 cells	 in	 lungs	 and	 livers,	 human-specific	GAPDH	primers	were	
used	 in	 a	qPCR	and	normalized	 to	mouse	β-actin.	To	examine	 the	
detection	 limit	of	this	human-specific	qPCR	assay,	100	000,	1000,	
10,	and	0	MDA-MB-231	human	breast	cancer	cells	were	spiked	 in	
whole	mouse	lungs.	While	the	human-specific	GAPDH	product	was	
detected	 in	all	 lungs	that	were	spiked	with	cancer	cells,	no	human	
GAPDH	 product	 was	 detected	 in	 lungs	 that	 were	 not	 inoculated	
with	cancer	cells	(Figure	S2).	The	lower	detection	limit	of	detecting	
human	cancer	cells	 in	mouse	 lungs	using	this	qPCR	assay	 is	there-
fore	at	 least	10	cancer	cells.	 In	NSG	mice,	 relatively	high	 levels	of	
human	cancer	cells	were	detected	 in	 lung	and	 liver	as	assessed	by	
the	human-specific	qPCR	(Figure	1F,G).	However,	rivaroxaban	or	DE	
treatment	did	not	significantly	inhibit	the	metastatic	burden	in	both	
organs	(Figure	1F,G).	The	mRNA	expression	 levels	of	human	SOX9	
in	 the	 tumor	were	 reduced	 in	 the	 rivaroxaban-treated	mice	when	
compared	to	vehicle	and	DE-treated	mice	(Figure	1H).

The	NSG	mice	do	not	have	functional	NK	cells	and	it	cannot	be	
excluded	that	the	lack	of	an	inhibitory	effect	of	DOACs	on	metas-
tasis	 formation	was	due	to	the	absence	of	active	NK	cells.	 In	con-
trast	to	NSG	mice,	NK	cells	can	be	activated	in	NOD-SCID	mice.44 
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F I G U R E  1  Effects	of	the	FXa-targeting	DOAC	rivaroxaban	and	the	thrombin-targeting	DOAC	dabigatran	etexilate	(DE)	on	orthotopically	
growing	MDA-MB-231	breast	cancer	cells	in	NOD-SCID	gamma	(NSG)	mice.	Mice	that	were	fed	chow	diet	containing	rivaroxaban	(0.4	mg/g	
chow	diet)	and	DE	(10	mg/g	chow	diet)	had	significantly	increased	coagulation	times	as	measured	by	PT	(A)	and	aPTT	(C)	assay	respectively.	
B,	Plasma	from	rivaroxaban	mice	inhibited	FXa	activity	in	an	ex	vivo	chromogenic	assay.	Based	on	spiked	concentrations	of	rivaroxaban	in	
normal	pooled	plasma,	the	average	plasma	concentration	of	rivaroxaban	was	estimated	at	177	ng/mL.	Neither	rivaroxaban	nor	DE	affected	
orthotopic	tumor	growth	as	shown	by	weekly	caliper	measurements	(D)	and	tumor	weight	(E)	at	the	end	of	the	experiment.	Sensitive	human-
specific	qPCR	showed	that	rivaroxaban	and	DE	did	not	significantly	inhibit	metastasis	to	lung	(F)	and	liver	(G).	Two	livers	and	lungs	from	mice	
that	were	not	inoculated	with	cancer	cells	served	as	a	negative	control	that	remained	negative	for	a	human-specific	GAPDH	product.	H,	
Gene	expression	in	the	orthotopic	tumor	as	measured	by	qPCR	using	human	specific	primer	sets.	Gene	expression	was	normalized	to	two	
housekeeping	genes	(GAPDH	and	ACTB)	and	shown	as	fold	induction	to	vehicle-treated	mice.	N	=	6	mice	per	experimental	group.	Unpaired	
student t	test	(A,B,C),	1-way	ANOVA	with	Tukey's	multiple	comparison	test	(E,F,G)	2-way	ANOVA	with	Tukey's	multiple	comparison	test	(D)	
and	1-way	ANOVA	with	Dunnett's	test	with	additional	original	false	discovery	rate	method	of	Benjamini	and	Hochberg	method	to	correct	
for	multiple	testing	of	the	8	genes	(H)	were	used	for	statistical	evaluation.	*P <	0.05,	**P <	0.01,	***P <	0.001	vs	Vehicle,	#P <	0.05	vs	DE.	PT,	
prothrombin	time;	aPTT,	activated	partial	thromboplastin	time;	DE,	dabigatran	etexilate;	DOAC,	direct	oral	anticoagulant;	FXa,	factor	Xa;	
qPCR,	quantitative	polymerase	chain	reaction
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In	addition,	Dewan	and	coworkers	demonstrated	that	s.c.	 injected	
MDA-MB-231	breast	 cancer	 cells	metastasize	 to	distant	organs	 in	
NSG	mice,	but	not	 in	NOD-SCID	mice.45,46	When	NOD-SCID	mice	
were	treated	with	the	TMβ1	antibody,	which	transiently	abrogates	
NK-cell	activity,	the	s.c.	injected	MDA-MB-231	cells	metastasized	to	
distant	organs,	demonstrating	that	NK	cells	in	NOD-SCID	mice	are	
functionally	active	in	targeting	breast	cancer	cells.

In	a	comparable	experimental	setup	as	described	for	Figure	1,	we	
tested	 the	effects	of	 rivaroxaban	 treatment	on	 tumor	growth	and	
metastasis	 in	 NOD-SCID	mice	 (Figure	 2).	 Coagulation	 parameters	
were	also	significantly	affected	by	rivaroxaban	 in	NOD-SCID	mice	
(Figure	2A,B).	When	comparing	control	NOD-SCID	mice	to	control	
NSG	mice,	we	observed	that	while	growth	at	the	orthotopic	site	was	
only	slightly	reduced	(Figures	1D,E	and	2C,D),	the	metastatic	load	in	

F I G U R E  2  Effects	of	the	FXa-targeting	DOAC	rivaroxaban	on	orthotopically	growing	MDA-MB-231	breast	cancer	cells	in	NOD-SCID	
mice.	D,	Mice	that	were	fed	chow	diet	containing	rivaroxaban	(0.4	mg/g	chow	diet)	had	significantly	increased	coagulation	times	as	measured	
by	PT	assay.	B,	Plasma	from	rivaroxaban	mice	inhibited	FXa	activity	in	an	ex	vivo	chromogenic	assay.	Based	on	spiked	concentrations	of	
rivaroxaban	in	normal	pooled	plasma,	the	average	plasma	concentration	of	rivaroxaban	was	estimated	at	239	ng/mL.	Rivaroxaban	did	
not	affect	orthotopic	tumor	growth	as	shown	by	weekly	caliper	measurements	(C)	and	tumor	weight	(D)	at	the	end	of	the	experiment.	
Sensitive	human-specific	qPCR	showed	that	DE	and	rivaroxaban	did	not	significantly	inhibit	metastasis	in	lung	(E)	and	liver	(F).	Two	livers	
and	lungs	from	mice	that	were	not	inoculated	with	cancer	cells	served	as	a	negative	control	that	remained	negative	for	a	human-specific	
GAPDH	product.	(G)	Gene	expression	in	the	orthotopic	tumor	as	measured	by	qPCR	using	human	specific	primer	sets.	Gene	expression	
was	normalized	to	two	housekeeping	genes	(human	GAPDH	and	human	ACTB)	and	shown	as	fold	induction	to	vehicle	mice.	N	=	6	per	
experimental	group;	1	mouse	in	vehicle	group	died	during	the	experiment;	1	mouse	in	rivaroxaban	group	did	not	develop	an	orthotopic	
tumor;	both	mice	were	excluded	from	all	further	analyses.	A	2-tailed	unpaired	student's	t	test	(A,B,D,E,F)	with,	additional	original	false	
discovery	rate	method	of	Benjamini	and	Hochberg	to	correct	for	multiple	testing	of	the	8	genes	(G),	and	a	2-way	ANOVA	using	Sidak's	
multiple	comparison	test	(C)	were	used	for	statistical	evaluation.	***P <	0.001	vs	vehicle.	DE,	dabigatran	etexilate;	DOAC,	direct	oral	
anticoagulant;	FXa,	factor	Xa;	PT,	prothrombin	time;	qPCR,	quantitative	polymerase	chain	reaction
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F I G U R E  3  Effects	of	rivaroxaban	and	the	low-molecular-weight	heparin	dalteparin	on	orthotopically	growing	MDA-MB-231-LC	breast	
cancer	cells	in	NOD-SCID	mice.	Mice	that	were	fed	custom-made	chow	diet	containing	rivaroxaban	(0.4	mg/g	chow	diet)	or	mice	that	
received	treatment	with	dalteparin	(200	IU/kg/d,	1×	s.c.	injection/day)	had	significantly	increased	coagulation	times	as	measured	by	PT	
(A)	and	aPTT	(B)	assay,	respectively.	Neither	rivaroxaban	nor	dalteparin	affected	orthotopic	tumor	growth	as	shown	by	weekly	caliper	
measurements	(C)	and	tumor	weight	(D)	at	the	end	of	the	experiment.	Sensitive	human-specific	qPCR	showed	that	rivaroxaban	and	
dalteparin	did	not	significantly	inhibit	metastasis	in	lung	(E)	and	liver	(F).	Two	livers	and	lungs	from	mice	that	were	not	inoculated	with	cancer	
cells	served	as	a	negative	control	that	remained	negative	for	a	human-specific	GAPDH	product.	G,	Gene	expression	in	the	orthotopic	tumor	
as	measured	by	qPCR	using	human	specific	primer	sets.	Gene	expression	was	normalized	to	two	housekeeping	genes	(GAPDH	and	ACTB)	
and	shown	as	fold	induction	to	the	“Vehicle	(custom-made	chow	diet)”	mice.	In	all	analyses,	rivaroxaban-treated	and	dalteparin-treated	
mice	were	compared	to	their	own	control	groups:	“vehicle	(custom-made	chow	diet)”	and	“vehicle	(1×	s.c	injection/day),”	respectively,	and	
statistically	tested	by	a	D-F,	2-tailed	unpaired	student's	t	test	(A-B,	D-F)	with	additional	original	false	discovery	rate	method	of	Benjamini	
and	Hochberg	to	correct	for	multiple	testing	of	the	8	genes	(G)	or	a	2-way	ANOVA	using	Sidak's	multiple	comparison	test	(C).	N	=	6	per	
experimental	group;	1	mouse	in	rivaroxaban	group	did	not	develop	an	orthotopic	tumor	and	was	excluded	from	all	further	analyses.	
*P <	0.05,	**P <	0.01,	***P <0.001	vs	respective	Vehicle;	NS,	not	significant.	aPTT,	activated	partial	thromboplastin	time;	PT,	prothrombin	
time;	qPCR,	quantitative	polymerase	chain	reaction
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F I G U R E  4  Effects	of	the	direct	oral	anticoagulants	rivaroxaban	and	dabigatran	etexilate	on	orthotopically	grown	HCC1806	breast	
cancer	cells	in	NOD-SCID	mice.	Mice	that	were	fed	custom-made	chow	diet	containing	rivaroxaban	(1.0	mg/g	chow	diet)	or	dabigatran	
etexilate	(DE)	(10	mg/g	chow	diet)	had	significantly	increased	coagulation	times	as	measured	by	PT	(A)	and	aPTT	(B)	assay,	respectively.	
Neither	rivaroxaban	nor	DE	affected	orthotopic	tumor	growth	as	shown	by	weekly	caliper	measurements	(C)	and	tumor	weight	(D)	at	the	
end	of	the	experiment.	Sensitive	human-specific	qPCR	showed	that	rivaroxaban	and	DE	did	not	significantly	inhibit	metastasis	in	lung	(E)	
and	liver	(F);	human	cancer	cells	undetected	in	lungs	of	33%	(2/6)	of	DE-treated	mice;	human	cancer	cells	detected	in	60%	(3/5),	0%	(0/5),	
and	33%	(2/6)	of	vehicle-treated,	rivaroxaban-treated,	and	DE-treated	mice,	respectively.	Two	livers	and	lungs	from	mice	that	were	not	
inoculated	with	cancer	cells	served	as	a	negative	control	that	remained	negative	for	a	human-specific	GAPDH	product.	G,	Gene	expression	
was	normalized	to	two	housekeeping	genes	(GAPDH	and	ACTB)	and	shown	as	fold	induction	to	Vehicle	mice.	N	=	6	per	experimental	group;	
1	mouse	in	vehicle	and	rivaroxaban	group	developed	a	tumor	in	peritoneum	instead	of	in	the	fourth	MFP,	and	were	considered	misinjected	
and	excluded	from	further	analyses.	Two-tailed	unpaired	student	t-test	(A,B),	1-way	ANOVA	with	Tukey's	multiple	comparison	test	(D,E,F),	
and	2-way	ANOVA	with	Tukey's	multiple	comparison	test	(C)	and	1-way	ANOVA	with	Dunnett's	test	with	additional	original	false	discovery	
rate	method	of	Benjamini	and	Hochberg	method	to	correct	for	multiple	testing	of	the	8	genes	(G)	were	used	for	statistical	evaluation.	
aPTT,	activated	partial	thromboplastin	time;	PT,	prothrombin	time;	qPCR,	quantitative	polymerase	chain	reaction.*P <	0.05,	**P <	0.01,	
***P <	0.001	vs	Vehicle
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lung	and	 liver	was	found	to	be	 largely	reduced	 in	NOD-SCID	mice	
when	compared	to	NSG	mice.	Nonetheless,	as	observed	before	 in	
NSG	mice,	rivaroxaban	did	not	significantly	affect	orthotopic	growth	

(Figure	2C,D)	or	metastasis	formation	in	lungs	or	livers	(Figure	2E,F)	
in	NOD-SCID	mice.	Rivaroxaban	treatment	did	not	significantly	af-
fect	gene	expression	in	the	primary	tumor	(Figure	2G).

F I G U R E  5  The	coagulation	factors	FXa	and	thrombin	induce	target	gene	expression	in	MDA-MB-231	and	HCC1806	cells	as	detected	by	
qPCR.	A,	B,	Stimulation	of	MDA-MB-231	cells	with	FXa	(20	nmol/L)	or	FIIa	(10	nmol/L)	for	1	h	increased	CXCL8	(A)	and	VEGFA	(B),	mRNA	
expression	levels.	CXCL8	(C)	and	VEGFA	(D)	mRNA	expression	levels	in	HCC1806	cells	stimulated	with	FXa	(20	nmol/L)	or	FIIa	(10	nmol/L)	
for	6	h.	MDA-MB-231	cells	were	stimulated	with	FXa	(2	nmol/L)	and/or	its	inhibitor	rivaroxaban	(Riva.,	1	μmol/L)	(E)	or	stimulated	for	1	h	
with	FIIa	(10	nmol/L)	and/or	its	inhibitor	dabigatran	(Dabi.,	1	μmol/L)	(F).	G,	H,	HCC1806	cells	were	stimulated	with	FXa	(2	nmol/L)	and/or	its	
inhibitor	rivaroxaban	(1	μmol/L)	(G)	or	stimulated	for	6	h	with	FIIa	(10	nmol/L)	and/or	its	inhibitor	dabigatran	(1	μmol/L)	(H).	Gene	expression	
was	normalized	to	two	housekeeping	genes	(GAPDH	and	ACTB)	and	calculated	with	the	ΔCt	method:	2((Ct[GAPDH]	+	Ct[ACTB])/2))	–	Ct[GOI]. Three 
independent	experiments	were	performed,	and	a	representative	experiment	is	shown.	For	statistical	evaluation,	a	1-way	ANOVA	with	
Tukey's	multiple	comparison	test	was	performed	(A-H).	*P <	0.05,	**P <	0.01,	***P <	0.001	vs	Control,	#P <	0.05	vs	FXa,	##P <	0.01	vs	FXa,	
###P < 0.001 vs FXa; aP < 0.05 vs FXa; bP <	0.05	vs	FIIa,	bbbP <	0.001	vs	FIIa,	thrombin;	FXa,	factor	Xa;	qPCR,	quantitative	polymerase	chain	
reaction
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Next,	 the	 effect	 of	 clinically	 relevant	 dosing	 of	 a	 LMWH	was	
studied	in	the	orthotopic	model.	To	reduce	the	burden	of	daily	s.c.	
injection	with	LMWH,	we	aimed	at	reducing	the	time	frame	of	the	
in	vivo	experiment	by	using	MDA-MB-231-LC	cells,	a	more	aggres-
sive	 lung	metastatic	 clone	 of	 the	MDA-MB-231	 cells.	We	 studied	
the	effects	of	rivaroxaban	on	tumor	growth	and	metastasis	 in	par-
allel.	Coagulation	parameters	were	significantly	affected	by	LMWH	
and	rivaroxaban	treatment,	but	tumor	growth	and	metastasis	were	
unaffected	 (Figure	 3,	 Figure	 S3A,B).	 The	 LMWH	 and	 rivaroxaban	
treatment	did	not	significantly	affect	gene	expression	in	the	primary	
tumor	(Figure	3G).

To	extend	our	observations	to	another	TNBC	cell	line,	we	used	
an	orthotopic	model	with	HCC1806	TNBC	cells	in	a	comparable	ex-
perimental	setup	with	NOD-SCID	mice	that	were	fed	custom-made	
chow	diet	supplemented	with	rivaroxaban	 (1.0	mg/g	chow	diet)	or	
DE	(10	mg/g	chow	diet).	Comparable	to	the	earlier	experiments,	co-
agulation	parameters	were	significantly	affected	by	rivaroxaban	and	
DE	(Figure	4A,B)	treatment.	Whereas	a	small	increase	in	tumor	size	
was	observed	in	rivaroxaban-treated	mice	at	day	18	and	day	21,	no	
differences	 in	 tumor	size	and	weight	were	observed	at	 the	end	of	
the	experiment	(day	28)	(Figure	4C,D).	In	the	HCC1806	model,	very	
low	levels	of	cancer	cells	were	detected	in	lung	and	liver	as	exem-
plified	by	the	very	low	dCt	values	(Figure	4E,F).	Nonetheless,	met-
astatic	cells	in	lungs	were	detected	by	qPCR	in	100%	of	vehicle	and	
rivaroxaban-treated	mice	and	in	67%	of	DE-treated	mice,	and	liver	
metastatic	cells	were	detected	in	60%,	0%,	and	33%	of	vehicle,	ri-
varoxaban-treated,	and	DE-treated	mice,	respectively	(Figure	4E,F).	
Taken	together,	both	rivaroxaban	and	DE	did	not	significantly	affect	
metastases	in	lung,	liver,	bone,	or	brain	(Figure	4E,F,	Figure	S2C,D).	
Rivaroxaban	and	DE	also	did	not	significantly	affect	gene	expression	
in	the	primary	tumor	of	HCC1806	cells	(Figure	4G).	In	none	of	the	in	
vivo	experiments	was	it	observed	that	rivaroxaban	or	DE	treatment	
affected	body	weight	(Figure	S4).

Subsequently,	we	aimed	to	exclude	that	the	lack	of	effect	of	rivar-
oxaban	and	DE	was	due	to	diminished	coagulation	factor	signaling	in	
these	cells.	As	expected,	FXa	and	thrombin	readily	activated	intracel-
lular	signaling	in	MDA-MB-231	and	HCC1806	cells,	as	shown	by	induc-
tion	of	mRNA	expression	levels	of	the	target	genes	CXCL8 and VEGFA 
(Figure	5A-D).	Moreover,	FXa-induced	and	 thrombin-induced	CXCL8 
and VEGFA	mRNA	expression	levels	could	be	reduced	by	cotreatment	
with 1 μM	rivaroxaban	or	dabigatran,	respectively	(Figure	5E-H).

Despite	 the	 induction	 of	 these	 downstream	 targets,	 FXa	 and	
thrombin	were	unable	to	 induce	migration	of	either	MDA-MB-231	
or	HCC1806	cells	in	a	live	cell	imaging-based	assay	in	the	presence	
of	 0%	 or	 10%	 FBS	 (Figure	 S5A,B).	 While	 MDA-MB-231	 cells	 did	
not	show	any	significant	response	to	FBS	exposure,	the	motility	of	
HCC1806	cells	was	significantly	enhanced	 in	the	presence	of	10%	
FBS	when	 compared	 to	 the	 0%	FBS	 condition.	However,	 addition	
of	either	FXa	or	thrombin	did	not	affect	the	migratory	behavior	of	
either	TNBC	cell	line,	even	in	serum-free	conditions.

Using	 an	MTS	 assay	 we	 observed	 that	 FXa	 and	 thrombin	 did	
not	 affect	 the	 number	 of	 viable	MDA-MB-231	 or	 HCC1806	 cells	
in	 the	 presence	 of	 either	 0%	 or	 10%	 FBS	 (Figure	 S6).	 To	 study	

potential	 effects	 of	 FXa	 and	 thromin	 on	 breast	 cancer	 stem	 cells,	
clonogenic	and	mammosphere	assays	were	performed.	Factor	Xa	did	
not	affect	clonogenicity	of	either	MDA-MB-231	or	HCC1806	cells	
(Figure	S7A,B).	On	 the	other	hand,	 a	 relatively	high	 concentration	
of	thrombin	(50	nmol/L)	significantly	inhibited	the	clonogenicity	of	
MDA-MB-231	cells	(Figure	S7A).	A	comparable	trend	for	inhibitory	
effects	on	clonogenicity	by	thrombin	 (50	nmol/L)	was	observed	 in	
HCC1806	 cells	 (Figure	 S7B).	 Using	 the	 mammosphere	 assay,	 the	
size	of	HCC1806	mammospheres	was	also	 inhibited	by	50	nmol/L	
thrombin	(Figure	S7D).	Although	the	size	of	mammospheres	was	un-
affected	for	FXa,	the	highest	concentration	used	of	FXa	(20	nmol/L)	
inhibited	mammosphere-forming	efficiency	(Figure	S7C).

4  | DISCUSSION

Cancer	patients	with	VTE,	or	at	high	 risk	 for	VTE,	 receive	 routine	
thromboprophylaxis.	 In	 preclinical	 cancer	 models,	 the	 clinically	
available	 anticoagulants	 LMWH	and	VKA	have	been	 shown	 to	 in-
hibit	tumor	growth	and	metastasis.	This	was	at	least	in	part	mediated	
independently	of	 its	effects	on	coagulation.21,27,47	A	novel	class	of	
anticoagulants,	the	so-called	DOACs,	were	demonstrated	to	reduce	
VTE	 recurrence	 effectively	 in	 patients	 without	 cancer.	 Recently,	
FXa-targeting	DOACs	(edoxaban	and	rivaroxaban)	also	reduced	VTE	
recurrence	in	cancer	patients.36,37	To	date,	the	potential	anticancer	
effects	 of	 FXa-targeting	DOACs	 have	 not	 been	 addressed	 in	 pre-
clinical cancer models.

In	 this	 study,	we	 have	 shown	 that	 both	 a	 FXa-targeting	 and	 a	
thrombin-targeting	DOAC	 affected	 coagulation	 parameters	 as	 ex-
pected,	but	did	not	affect	human	breast	cancer	progression	in	NSG	
and	NOD-SCID	mice.	Nevertheless,	we	cannot	rule	out	that	these	
two	DOACs	or	the	LMWH	dalteparin	used	in	our	orthotopic	models	
would	have	 inhibited	metastasis	 formation	 in	an	experimental	me-
tastasis model in which cancer cells are directly inoculated into the 
circulation.

While	in	patients	with	solid	cancers,	tumor	cells	may	intravasate	
into	the	vasculature	and	metastasize	at	any	time,	peak	LMWH	plasma	
levels	are	only	reached	in	the	hours	after	LMWH	injection.48 The in-
hibitory	effects	of	LMWHs	on	metastasis	in	the	experimental	metas-
tasis	models	were	found	in	an	experimental	setting	in	which	LMWHs	
were	injected	directly	before	(0-4	h)	or	at	the	time	of	cancer	cell	in-
oculation.18,20,22,23	Although	mechanistically	 interesting,	we	believe	
that	 the	 orthotopic	model	 used	 is	 clinically	more	 relevant	 and	we	
therefore	refrained	from	using	the	experimental	metastasis	model.

In	 contrast	 to	 FXa-targeting	DOACs,	 a	 few	 studies	 have	 ad-
dressed	the	role	of	thrombin-targeting	DOACs	in	preclinical	can-
cer	models.	 In	 an	 orthotopic	model	 using	 breast	 cancer	 cells	 of	
murine	 origin,	 DeFeo	 et	 al	 showed	 that	 DE	 treatment	 -	 started	
1	 day	 before	 orthotopic	 inoculation	 of	 cancer	 cells	 -	 inhibited	
cancer	 growth	 at	 primary	 and	metastatic	 sites.49	 Tumor	 growth	
was	 not	 affected	when	DE	 treatment	was	 started	16	days	 after	
orthotopic	 inoculation	 of	 breast	 cancer	 cells,	 but	 DE	 treatment	
potentiated	 the	antitumor	effects	of	 the	chemotherapeutic	drug	
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cyclophosphamide	in	this	setting,	via	reducing	the	number	of	TF-
positive	 microparticles	 and	 decreasing	 the	 number	 of	 activated	
platelets.50	A	different	picture	emerged	in	a	xenograft	model	using	
pancreatic	cells	of	human	origin,	where	DE	did	not	affect	cancer	
growth	 or	 metastasis,	 but	 increased	 CD31+	 vessel	 density	 and	
proliferation,	 potentiating	 the	 effects	 of	 the	 chemotherapeutic	
drug	gemcitabine.51

In	 line	with	 the	 current	 notion	 in	 literature	 that	 NK	 cells	 play	
a	 prominent	 role	 in	 the	 control	 of	metastasis,52	we	 found	 that	 al-
though	tumor	growth	at	the	orthotopic	site	was	slightly	affected,	the	
metastatic	load	in	lungs	and	liver	was	largely	reduced	in	NOD-SCID	
mice	when	compared	to	NSG	mice.	Nonetheless,	we	could	not	find	
antitumor	effects	of	DOACs	in	either	mouse	strain.	A	limitation	of	
our	study	is	that	-	although	NK	cell	proficient	-	NOD-SCID	mice	do	
not	have	a	 full	 immune	competent	system.	On	the	other	side,	 this	
allowed	us	to	study	effects	of	anticoagulants	on	clinically	more	rele-
vant human cancer cells.

In	 the	absence	of	 randomized	clinical	 trials	 that	 compare	FXa-
targeting	DOACs	head	to	head	with	thrombin-targeting	DOACs,	 it	
remains	speculative	which	coagulation	factor	would	be	a	better	tar-
get	 in	cancer	patients	with	VTE.53,54	As	the	final	effector	of	blood	
coagulation,	converting	fibrinogen	to	fibrin	and	exerting	thrombin-
mediated	positive	feedback	loops,	thrombin	seems	a	logical	primary	
target	 for	 an	 anticoagulation	 treatment.	 Moreover,	 thrombin	 also	
serves	 as	 a	 potent	 platelet	 agonist	 resulting	 in	 activated	 platelets	
that	augment	 thrombin	generation,	whereas	FXa	has	no	effect	on	
platelet	activation.55

In	 the	coagulation	cascade,	 the	 intrinsic	 and	extrinsic	pathway	
converge	 at	 FX	 activation,	 where	 one	molecule	 of	 FXa	 results	 in	
the	generation	of	1000	molecules	of	thrombin.56	Therefore,	it	may	
well	be	proposed	that	FXa	is	a	better	target	than	thrombin.57 This is 
further	substantiated	by	clinical	data	that	heparins	with	the	highest	
anti-Xa:thrombin	activity	have	been	found	to	be	more	effective	 in	
patients	with	VTE.58,59	Furthermore,	the	FXa	inhibitor	fondaparinux	
has	 superior	 antithrombotic	 potential	 and	 safety	 compared	 to	 the	
LMWH	 enoxaparin,	 which	 exerts	 both	 anti-Xa	 and	 antithrombin	
activity.59

Besides	effects	on	coagulation,	thrombin	can	also	activate	PAR1-
signaling	 in	 cancer	 cells	 and	platelets,	 exerting	 a	variety	 of	 protum-
origenic	effects	including	induction	of	migration,	invasion,	cancer	cell	
adhesion,	 and	 induction	 of	 metastatic	 potential	 in	 an	 experimental	
metastasis model.60,61	 Factor	 Xa	 can	 activate	 both	 PAR1	 and	 PAR2	
signaling,	but	its	role	in	cancer	is	less	clearly	defined.	While	it	has	been	
shown	that	the	TF-FVIIa-Xa	complex	induced	migration	by	promoting	
phosphorylation	of	the	p44/42	mitogen-activated	protein	kinase,	Akt/
protein	kinase	B,	and	mTOR	pathway,14,62 others demonstrated that 
FXa	inhibited	migration	via	PAR1-mediated	Rho/ROCK	and	Src/FAK/
paxillin-signalling	in	breast	cancer	cells.63

In	 the	absence	of	 randomized	clinical	 trials,	 a	network	meta-
analysis	 was	 conducted	 to	 compare	 the	 efficacy	 and	 safety	 of	
the	 DOACs	 rivaroxaban,	 apixaban,	 edoxaban,	 and	 dabigatran	 in	
the	 treatment	 of	 VTE.31	 All	 DOACs	 showed	 statistically	 similar	
reductions	 in	the	risk	of	VTE	or	VTE-related	death.	A	significant	

reduction	 in	number	of	bleedings	was	established	with	apixaban	
compared	with	 all	 other	DOACs,	 and	with	 dabigatran	 compared	
with	 rivaroxaban	 and	 edoxaban,	 suggesting	 that	 the	 differences	
between	these	DOACs	are	not	solely	explained	by	the	target	(FXa	
or	thrombin).	How	these	data	hold	 in	cancer	patients	remains	to	
be studied.

Taken	together,	we	have	shown	that	although	effectively	inhib-
iting	coagulation,	the	DOACs	rivaroxaban	and	DE	did	not	affect	or-
thotopic	growth	and	metastasis	of	human	TNBC.	 It	 remains	 to	be	
investigated	whether	FXa-targeting	and	thrombin-targeting	DOACs	
exert	antitumorigenic	effects	in	other	types	of	cancer.
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