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Abstract. Focal adhesions are specific types of cellu-
lar adhesion structures through which both mechan-
ical force and regulatory signals are transmitted. 
Recently, the existence of focal adhesions in 3D envi-
ronment has been questioned. Using a unique life-like 
model of dermis-based matrix we analysed the pres-
ence of focal adhesions in a complex 3D environment. 
Although the dermis-based matrix constitutes a 3D 
environment, the interface of cell-to-matrix contacts 
on thick bundled fibres within this matrix resembles 
2D conditions. We call this a quasi-2D situation. We 
suggest that the quasi-2D interface of cell-to-matrix 
contacts constituted in the dermis-based matrix is 
much closer to in tissue conditions than the meshed 
structure of mostly uniform thin fibres in the 
gel-based matrices. In agreement with our assump-
tion, we found that the cell adhesion structures are 
formed by cells that invade the dermis-based matrix 
and that these structures are of similar size as focal 
adhesions formed on fibronectin‑coated coverslips 
(2D). In both 2D situation and the dermis-based ma-
trix, we observed comparable vinculin dynamics in 
focal adhesions and comparable enlargement of the 
focal adhesions in response to a MEK inhibitor. We 
conclude that focal adhesions that are formed in the 
3D environment are similar in size and dynamics as 
those seen in the 2D setting.
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Introduction

Focal	adhesions	(FAs)	were	first	described	in	1971	as	
regions	 in	 the	fibroblast	 that	 had	 closer	 contact	 to	 the	
substratum than the other regions of cell surface 
(Abercrombie	et	 al.,	1971).	Today,	FAs	are	defined	as	
specific	 types	 of	 cellular	 adhesion	 structures	 through	
which both mechanical force and regulatory signals are 
transmitted	(Chen	et	al.,	2003).	The	molecular	composi‑
tion, dynamics and signalling downstream of FAs have 
been	reviewed	recently	(Geiger	et	al.,	2001;	Block	et	al.,	
2008;	Geiger	et	al.,	2009;	Legate	et	al.,	2009;	Parsons	et	
al.,	2010).	

FAs are typically observed and studied in cells grown 
in	2D	systems,	e.g.	tissue	culture	dishes	or	coverslips.	It	
is only in the last decade that FAs have been studied in a 
3D	environment	(for	review	see	Harunaga	and	Yamada,	
2011).	Cukierman	et	al.	(2001)	have	shown	that	fibro‑
blasts	 in	 cell-derived	 matrix	 have	 distinct	 cell-matrix	
adhesions that contain both integrins and vinculin. 
Tamariz	 and	Grinnell	 (2002)	 directly	 compared	 fibro‑
blasts embedded in collagen gels of two different densi‑
ties and observed that cells in higher‑density collagen 
gels	have	more	protrusions	with	discrete	cell	matrix	ad‑
hesions containing vinculin. Adhesion structures in cells 
embedded	in	3D	collagen	were	also	documented	in	vas‑
cular	 smooth	muscle	 cells	 (Li	 et	 al.,	 2003)	 and	breast	
carcinoma	cells	 (Wozniak	et	al.,	2003).	Studies	of	en‑
dothelial	 cells	 and	 fibroblasts	 in	 different	 types	 of	
3D	matrix	 –	 collagen,	 laminin,	 fibrin	 and	 cell-derived	
matrix	–	have	described	cell	adhesions	within	3D	matri‑
ces	 in	 terms	 of	 quantity	 and	 size	 (Zhou	 et	 al.,	 2008;	
Hakkinen	et	al.,	2011).	

Live cell imaging is essential to prove that cell adhe‑
sion	structures	observed	are	not	artifacts.	The	first	dem‑
onstration	that	zyxin-containing	cell	adhesions	exist	in	
living	fibroblasts	within	a	3D	collagen	gel	was	provided	
by	Petroll	et	al.	(2003).	More	recently,	however,	the	ex‑
istence	of	FAs	in	3D	environment	has	been	questioned	
(Fraley	et	al.,	2010).	The	authors	showed	that	the	forma‑
tion and size of FAs in living sarcoma cells is distributed 
according to the topology of the cell inside the gel but 
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found	to	be	missing	in	3D	conditions.	However,	Kubow	
and	Horwitz	(2011)	revealed	FAs	in	living	sarcoma	cells	
by	reducing	 the	background	fluorescence.	Further	evi‑
dence	 for	 the	 presence	 of	 3D	 cell	 adhesions	 in	 living	
cells	was	provided	by	Deakin	and	Turner	(2011),	who	
showed that GFP‑talin could identify discrete adhesions 
in	 breast	 carcinoma	 cells	 in	 a	 3D	 cell-derived	matrix.	
The	existence	and	interaction	between	FAs	and	the	ex‑
tracellular	matrix	is	crucial	to	the	understanding	of	ma‑
lignant cell behaviour.
Therefore,	in	order	to	address	the	question	of	FA	ex‑

istence	in	3D,	we	studied	FAs	within	a	life-like	substrate	
of acellular porcine dermis. This substrate was success‑
fully used by us previously to elucidate the structure of 
invadopodia	in	a	complex	3D	environment	(Tolde	et	al.,	
2010).	The	dermis-based	matrix	exhibits	minimal	 ten‑
sile	strength	of	4	MPa	in	the	wet	condition	(data	from	
manufacturer),	 which	 indicates	 collagen	 fibres	 much	
stiffer than would be required for formation of cell ad‑
hesions	in	2D	(Balaban	et	al.,	2001).	Using	this	life-like	
3D	matrix	with	remnants	of	basal	membrane	and	appar‑
ently still containing growth factors (Hoganson et al., 
2010),	we	avoided	a	deficit	in	natural	toughness	of	re‑
constituted	collagen	fibres,	lack	of	glycosaminoglycans	
as	well	as	of	growth	factors	embedded	in	the	extracel‑
lular	 matrix	 (ECM).	 The	 dermis-based	matrix,	 unlike	
fragile	artificial	gels,	is	a	dense	material	which	can	sus‑
tain harsh washing conditions. Accordingly, problems 
with	background	fluorescence	are	minimized.

Material and Methods

Cell culture

RsK4	 sarcoma	 cells	were	 cultivated	 in	 full	DMEM	
medium:	 DMEM	 (GIBCO,	 Grand	 Island,	 NY)	 with	
4500	mg/l	L-glucose,	L-glutamine,	and	pyruvate,	supple-
mented with 10% foetal bovine serum (Sigma‑Aldrich, 
St.	 Louis,	 MO),	 2%	 antibiotic-antimycotic	 (GIBCO)	
and	1%	MEM	non-essential	amino	acids	(GIBCO).	Der-
mis-based	matrix:	pig	dermal	cell-free	matrix	(XeDerma®;	
registered trade mark of BIO‑SKIN a. s., Prague, Czech 
Republic)	 is	 a	 sterile	 wound	 covering	 biocompatible	
material made of porcine skin grafts prepared by remov‑
ing	the	epidermis	and	all	other	cells.	The	matrix	is	stored	
in	form	of	dry	sheets.	For	immunofluorescence	staining:	
two days before use the dermis was cut into small pieces 
(approximately	1	cm×1	cm),	placed	into	12-well	plates	
with HBSS buffer and just prior to use washed twice 
with DMEM medium, and cells were seeded on the der‑
mis and allowed to invade for two days. After incuba‑
tion	the	dermis	was	washed	with	PBS	and	fixed.	For	la‑
belling the dermis was pre‑incubated for two days in 
HBSS	buffer.	The	conjugation	of	FITC	(1	µg/ml;	Mo-
lecular	Probes,	Grand	Island,	NY)	or	Alexa	Fluor	633	
(0.5	µg/ml;	Molecular	Probes)	was	performed	in	0.1M	
sodium	bicarbonate	buffer,	pH	9.0	for	30	min	and	then	
the unconjugated dye was washed three times with PBS 
and	two	times	with	DMEM.		RsK4	sarcoma	cells	were	

developed by the authors of this study and thus guaran‑
teed to be of correct lineage.

Scanning electron microscopy (SEM)
RsK4	cells	were	seeded	on	dermis-based	matrix	and	

allowed to invade for two days. The dermis‑based ma‑
trix	with	invading	cells	was	washed	two	times	in	PBS,	
fixed	 in	2.5%	glutaraldehyde,	 and	washed	 again	 three	
times. Dehydration in increasing concentrations of etha‑
nol	(10	min	each	for	30%,	50%,	70%,	80%,	90%,	95%	
and	100%)	was	followed	by	critical	point	drying	using	
CPD	030	(BAL	TEC)	coated	with	3	nm	gold	in	Bal-Tec	
Sputter Coater SCD 050 (Capovani Brothers Inc., 
Scotia,	NY)	 and	 visualization	 in	 JEOL	 JSM-6380	LV	
(JEOL,	 Tokyo,	 Japan).	 Images	 were	 coloured	 using	
Adobe Photoshop. 

Immunofluorescence microscopy
Invading	RsK4	cells	in	the	dermis-based	matrix	were	

fixed	 in	4%	paraformaldehyde,	permeabilized	 in	0.5%	
Triton	X-100,	washed	thrice	with	PBS,	and	then	blocked	
in	 3%	bovine	 serum	albumin,	 incubated	with	 primary	
antibody	for	2	h,	washed,	incubated	with	secondary	an‑
tibody	for	60	min,	then	washed	again,	stained	for	15	min	
with	DY-405-phalloidin	 (Dyomics,	 Jena,	Germany)	or	
Alexa	 Fluor	 488-phalloidin	 (Molecular	 Probes)	 and	
mounted.	The	primary	 antibodies	were:	 anti	 phospho-	
-paxillin	(Tyr118;	Cell	Signaling	Technology,	Danvers,	
MA),	 anti	 phospho-FAK	 (Y397;	 Invitrogen,	Carlsbad,	
CA),	and	anti-CAS	clone	24	(BD	Biosciences,	San	Jose,	
CA).	The	secondary	antibodies	were:	anti-rabbit	(Alexa	
Fluor	 546,	 Molecular	 Probes)	 and	 anti-mouse	 (Alexa	
Fluor	 633,	 Molecular	 Probes).	 Interference	 reflection	
images	were	visualized	using	the	488-nm	line	of	an	ar‑
gon	laser	with	AOBS	setting	of	maximum	detection	of	
reflected	 light	 at	 50	%.	 Images	 were	 acquired	 by	 the	
Leica	TCS	SP2	microscope	system	(Leica	Mikrosysteme	
Vertrieb	 GmbH,	 Wetzlar,	 Germany)	 using	 Leica	
63×/1.45	and	20×/0.7	oil	objectives.	Reflection	images	
were processed for enhanced contrast to clearly visual‑
ize	fibres	using	Adobe	Photoshop.	Merged	images	were	
prepared using ImageJ.

Fluorescence recovery after photobleaching 
(FRAP)

FRAP	studies	were	conducted	on	live	cells	express‑
ing YFP‑tagged vinculin. The cells were plated on glass 
bottom	dishes	(MatTek)	coated	with	10	µg/ml	fibronec‑
tin	and	cultured	for	24	h	before	the	experiment.	For	ex‑
periments	 in	 3D,	 Alexa	 Fluor	 633-stained	 pieces	 of	
dermis-based	 matrix	 were	 placed	 in	 MatTek	 dishes.	
Transfected cells were plated on the dermis two days 
prior to analysis. Only such FAs that were obviously 
formed	 on	 fibres	were	measured.	Measurements	were	
performed	in	DMEM,	at	37	°C	and	5	%	CO2. Focal ad‑
hesions,	each	structure	from	a	different	cell,	expressing	
YFP‑vinculin were analysed. After a brief measurement 
at	monitoring	 intensity	 (488	nm),	a	high	energy	beam	
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was	used	to	bleach	20–50	%	of	the	fluorescence	intensity	
in the area corresponding to the whole FA. The intensity 
of	recovery	of	the	bleached	region	was	extracted	from	
the	image	series	and	curves	were	fitted	to	single	expo‑
nential	functions.	The	characteristic	fluorescence	recov‑
ery	time	was	extracted	from	the	FRAP	curves	by	nonlin‑
ear	regression	analysis,	fitting	to	an	exchange	process.

Statistical analysis
Statistical	significances	were	determined	using	ANOVA	

analysis	 in	 Statistica	 program	 (StatSoft,	 Tulsa,	 OK).	
Two‑way ANOVA was performed to analyse the effect 
of	 MEK	 inhibitor	 and	 2D	 vs.	 3D	 conditions	 on	 FA	
length, one‑way ANOVA was used to analyse statistical 
significance	 of	 the	 half-life	 recovery	 of	 vinculin	 be‑
tween	 2D	 and	 3D.	 Nonlinear	 regression	 analysis	 of	
FRAP data was performed in DataFit (Oakdale En‑
gineering,	Oakdale,	PA).	The	FRAP	data	were	fit	assum‑
ing	 one-phase	 exponential	 association	 from	bottom	 to	
span	plus	bottom	equation:	Y	(fluorescence	recovery)	=	
Span*(1-exp(-K*X))+bottom.	The	half-life	time	for	re‑
covery	was	calculated	as	0.69/K.

Results
To analyse formation of FAs in the dermis‑based ma‑

trix	 we	 have	 used	 the	 highly	 invasive	 RsK4	 sarcoma	
cells.	These	 cells	 invade	 the	dermis-based	matrix	 em‑
ploying a mesenchymal mode that is dependent on pro‑

teolytic	degradation	of	 the	matrix	(Tolde	et	al.,	2010).	
We	 have	 imaged	 invading	RsK4	 sarcoma	 cells	 in	 the	
dermis-based	matrix.	The	collagen	fibres	were	either	la‑
belled	using	FITC	(Fig.	1A),	or	 imaged	 in	 reflectance	
mode	(Fig.	1B).		The	cells	were	mostly	multi-polar	with	
two or more protrusions of variable size and shape that 
extended	out	from	the	cell	body,	spanned	multiple	focal	
planes,	 and	 exhibited	 numerous	 adhesions.	 High-spa-
tial‑resolution imaging of the protrusions revealed that 
distinct adhesion structures of the cells are in contact to 
the	adjacent	fibres	of	the	dermis-based	matrix	(Fig.	1A,	B).
To	confirm	 that	 the	 adhesion	 structures	observed	 in	

invading cells represent FAs, we analysed the effect of 
MEK	inhibitor	U0126	on	their	length.	The	inhibition	of	
MEK	 using	 U0126	 increases	 the	 length	 of	 FAs	
(Vomastek	et	al.,	2007),	probably	by	reducing	the	rate	of	
FA	disassembly	 (Webb	et	 al.,	 2004).	When	 seeded	on	
fibronectin-coated	 coverslips,	 the	 RsK4	 cells	 formed	
typical FAs on the cell periphery marked by phos‑
pho-FAK	and	phospho-paxilin	(Fig.	2A).	In	the	central	
region	the	RsK4	cells	developed	podosomal	structures	
(Fig.	2A),	a	characteristic	of	cells	with	high	matrix	deg‑
radation capacity. 
First,	we	analysed	the	length	of	FAs	formed	in	RsK4	

cells	plated	on	the	2D	surface	of	fibronectin-coated	co	ver	
glass.	The	average	length	of	FAs	was	850	nm	(N	=	55)	
and	treatment	with	MEK	inhibitor	U0126	led	to	a	sig‑
nificant	 increase	of	 the	average	FA	length	 to	1523	nm	
(N	=	150)	(Fig.	2).	The	adhesion	structures	of	invading	

Focal	Adhesions	in	3D

Fig. 1.	Confocal	microscopy	imaging	of	adhesion	structures	 in	RsK4	cells	 invaded	in	dermis-based	matrix.	Adhesion	
structures	are	visualized	as	elongated	structures	at	 the	distal	edge	of	cellular	protrusion	 in	contact	with	fibres	of	der‑
mis-based	matrix.	Adhesions	are	marked	by	co-localization	of	either	(A)	F-actin	(blue)	with	phospho-FAK	(yellow)	and	
CAS	(red)	or	(B)	F-actin	(green)	with	phospho-paxillin	(red).	The	dermis-based	matrix	fibres	are	shown	(A)	FITC-la‑
belled	in	green	or	(B)	using	confocal	reflection	in	grey.	The	side	panels	show	individual	image	channels	and	their	merge	
of	representative	adhesive	structures.	Scale	bars:	10	μm.
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Fig. 2.	The	effect	of	MEK	inhibitor	U0126	on	the	size	of	adhesion	structures	in	2D	and	3D	environments.	(A-2D)	RsK4	
cells	were	seeded	on	fibronectin-coated	coverslips	and	stained	for	nuclei	(blue),	F-actin	(green)	and	phospho-FAK	(red,	
left)	or	phospho-paxillin	(red,	right)	with	or	without	(ctrl.)	20	µM	U0126.	Prominent	adhesion	structures	marked	by	rec‑
tangles	are	shown	in	insets	of	red	channel	(grey).	Note	also	the	podosomes	–	rounded	actin-rich	structures	in	central	re‑
gion	of	the	cells.	(B-3D)	RsK4	cells	invaded	in	dermis-based	matrix	(red)	were	stained	for	nuclei	(blue),	F-actin	(green)	
and	phospho-FAK	(orange,	left)	or	phospho-paxillin	(orange,	right)	with	or	without	(ctrl.)	20	µM	U0126.	Prominent	adhe‑
sion	 structures	marked	 by	 rectangles	 are	 shown	 in	 insets	 of	 orange	 channel	 (grey).	 Scale	 bars:	 10	μm.	 (C)	Box	 and	
whisker	plots	for	adhesion	structure	length	of	RsK4	cells	grown	in	2D	or	invaded	in	dermis-based	matrix	(3D)	with	or	
without	20	µM	U0126	(U).	The	middle	line	of	the	box	indicates	median	length,	the	top	of	the	box	indicates	75th percentile, 
the	bottom	of	the	box	indicates	25th	percentile,	and	the	whiskers	indicate	the	extent	of	10th	and	90th percentiles. Outside 
and	far	out	values	are	displayed	as	separate	points.	Statistical	analysis	of	the	effect	of	2D	vs.	3D	conditions	and	presence	
or	absence	of	20	µM	U0126	on	FA	length	was	performed	using	a	two-way	ANOVA.	The	analysis	revealed	a	statistically	
significant	effect	of	20	µM	U0126	on	FA	length;	addition	of	20	µM	U0126	led	to	development	of	longer	FAs	(ANOVA:	
F	(1,500)	=	589.61,	P	<	0.001)).	However,	we	found	no	effect	of	2D	vs.	3D	conditions	on	FA	length	(ANOVA:	F	(1,500)	
=	0.40,	P	=	0.526)).	The	interaction	between	factors	was	not	significant	(ANOVA:	F	(1,500)	=	0.54,	P	=	0.464)).

O. Tolde et al.
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RsK4	cells	were	slightly	longer	(1075	nm,	N	=	156)	but	
not	significantly	different	from	those	in	2D	(Fig.	3).	The	
adhesion	structures	 formed	 in	 invading	RsK4	cells	 re‑
sponded	similarly	to	MEK	inhibitor	U0126.	The	length	
of	 the	 adhesion	 structures	 increased	 to	1690	nm	 (N	=	
150)	 (Fig.	 2).	 Taken	 together,	 the	 adhesion	 structures	
observed	in	the	invading	RsK4	cells	were	similar	in	size	

to	those	seen	in	the	2D	environment	and	responded	sim‑
ilarly	 to	MEK	inhibitor	U0126	(Fig.	2).	This	 suggests	
that	 adhesion	 structures	 observed	 in	 invading	 RsK4	
cells are in fact FAs.
A	closer	examination	of	cells	inside	the	dermis-based	

matrix	revealed	that	FAs	are	formed	preferably	on	thick	
bundles	 of	 fibres	 with	 cells	 oriented	 alongside	 these	

Fig. 3.	Focal	adhesions	in	dermis-based	matrix	are	formed	preferably	on	thick	bundles	of	fibres.	RsK4	cells	invaded	in	
dermis-based	matrix	(red)	were	stained	for	nuclei	(blue),	F-actin	(green)	and	phospho-FAK	(orange,	left)	or	phospho-pax‑
illin	(orange,	right)	with	or	without	(ctrl.)	20	µM	U0126.	Prominent	adhesion	structures	marked	by	rectangles	are	shown	
in	insets	of	orange	channel	(grey).	Scale	bars:	50	μm

Fig. 4.	 FRAP	analysis	of	FA	dynamics	 in	2D	and	3D	environments.	RsK4	cells	 transfected	with	YFP-vinculin	were	
seeded	on	fibronectin-coated	coverslips	(left)	or	allowed	to	invade	the	dermis-based	matrix	(right)	and	subjected	to	FRAP	
analysis. The data are shown as mean recovery with error bars representing standard errors. FRAP curves were modelled 
assuming	one-phase	exponential	association	from	bottom	to	span	plus	bottom	equation.	The	coefficient	of	determination	
(R2)	for	the	fitted	curves	is	0.98	for	the	dynamics	in	2D	and	0.95	for	the	dynamics	in	3D.

Focal	Adhesions	in	3D
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thick	 bundles	 (Fig.	 3).	Taken	 together,	 these	 observa‑
tions	indicate	that	cells	preferably	invade/move	along‑
side	thick	bundles	inside	the	matrix.	

To further analyse the FAs formed in the dermis‑based 
matrix	we	examined	the	dynamic	exchange	of	vinculin	
in	FAs	formed	in	2D	and	3D	environments.	The	RsK4	
cells	were	transiently	transfected	to	express	YFP-vinculin	
and	 the	 exchange	 rates	 of	YFP-vinculin	 in	FAs	 at	 the	
periphery	 of	 the	 cells	 were	 determined	 (Fig.	 4).	 The	
FRAP	experiments	 revealed	 that	 recovery	half-life	 for	
vinculin	is	comparable	in	both	2D	(12.0	±	2.7	s)	and	3D	
environments	(13.4	±	3.8	s;	P	=	0.57).
To	visualize	the	contacts	between	cells	and	extracel‑

lular	 matrix	 in	 detail,	 the	 RsK4	 cells	 seeded	 on	 der‑
mis-based	matrix	were	visualized	by	scanning	electron	
microscopy	 (SEM).	 After	 invading	 the	 dermis-based	
matrix	the	RsK4	cells	are	mostly	found	on	the	bottom	of	
cavities apparently made by their protease activity 
(Tolde	et	al.,	2010).	We	observed	lateral	cellular	protru‑
sions	with	close	contact	to	fibres	of	the	matrix,	suggest‑
ing formation of adhesion structures at the protru‑
sion-to-fibre	contact.	Not	surprisingly,	we	found	that	the	
size of contact structures was limited by the size of col‑
lagen	fibres.	Thin	fibres	(with	average	diameter	0.3	μm)	
were in contact with thin protrusions, suggesting small 
adhesion	contacts	(Fig.	5).	On	thick	aggregates	of	fibres	
(diameter	 3–8	 μm),	 the	 protrusions	were	much	 larger	
and the size of contact structures suggestes that larger 
adhesions were probably composed of multiple individ‑
ual	adhesions	(Fig.	5).

Discussion
Disagreements	on	the	existence	of	FAs	in	3D	colla‑

gen	 gels	 (Fraley	 et	 al.,	 2010;	 Harunaga	 and	Yamada,	
2011;	Kubow	and	Horwitz,	2011)	prompted	us	to	ana‑
lyse the structure and dynamics of cell adhesion struc‑
tures	in	a	3D	environment	using	a	life-like	dermis-based	
matrix.	
According	 to	 Fraley	 et	 al.	 (2011),	 FAs	 cannot	 be	

formed	in	a	3D	environment.	Their	experiments	analys‑
ing	formation	of	FAs	in	3D	were	performed	on	reconsti‑

tuted	collagen	gels.	Even	though	the	fibrillar	structure	of	
these gels resembles the in vivo situation, it is still dif‑
ferent from an in tissue environment. Although these 
gels	simulate	a	3D	environment,	it	is	an	artificial	system	
–	homogenous	environment,	where	fibres	are	 thin	and	
unbundled	with	cross-linking	of	the	fibres	dependent	on	
the	method	of	extraction	(Sabeh	et	al.,	2009).	The	col‑
lagen	fibres	in	the	ECM	appear	quasi-one-dimensional,	
which limits the size of FAs and the associated clusters 
of	 integrins	 (Wirtz	 et	 al.,	 2011).	 The	 diameter	 of	 the	
ECM	fibres	is	typically	in	the	order	of	100	nm	(Raub	et	
al.,	 2007).	 FAs	 formed	 in	 2D	 substrates	 are	 typically	
about	1	µm	in	size,	which	 is	approximately	one	order	
larger	than	the	diameter	of	ECM	fibres.	Thus	the	larger	
adhesions may not be formed deep inside the gels com‑
posed	of	thin	fibres	only.	In	addition,	the	thin	collagen	
fibres	may	not	be	stiff	enough	to	withstand	the	tension	
necessary	for	FA	formation	(Ulrich	et	al.,	2009;	Brabek	
et	al.,	2010).

Intravital imaging shows that cancer cells and leuko‑
cytes	 migrate	 on	 thick	 collagen	 fibres	 (Wang	 et	 al.,	
2002;	Condeelis	and	Segall,	2003;	Wyckoff	et	al.,	2007).	
These thick bundles may be of 10 µm or more in diam‑
eter.	Cancer	cells	can	use	these	thick	fibres	as	migration	
highways	 (Egeblad	 et	 al.,	 2010).	 In	 the	 dermis-based	
matrix,	the	RsK4	cells	were	often	observed	to	be	associ‑
ated	with	thick	collagen	bundles	(i.	e.	seen	in	Fig	3,	bot‑
tom	right	panel),	suggesting	that	they	employ	a	similar	
migratory and invasive strategy. Adhesion structures 
formed within these bundles have a morphology and dy‑
namics	that	is	similar	to	FAs	formed	in	2D.	Although	the	
dermis-based	matrix	constitutes	a	3D	environment,	the	
interface	of	cell-to-matrix	contacts	on	these	bundled	fi‑
bres	 resembles	 2D	conditions,	 rather	 than	 the	meshed	
structure	of	mostly	uniform	thin	fibres	in	artificial	gels.	
We	call	 this	a	quasi-2D	situation.	We	suggest	 that	 the	
quasi-2D	interface	of	cell-to-matrix	contact	constituted	
in	 the	dermis-based	matrix	 is	much	closer	 to	 in tissue 
conditions than the uniform structure of gel‑based ma‑
trices. 

It is important to note that the role of focal adhesion 
proteins	in	2D	cell	motility	might	not	be	predictive	of	

Fig. 5.	Scanning	electron	microscopy	of	adhesion	structures	in	RsK4	cells	invaded	in	dermis-based	matrix.	RsK4	cells	
were	seeded	on	dermis-based	matrix	and	allowed	to	invade	for	two	days.	SEM	images	show	RsK4	cells	in	shallow	cavi‑
ties	within	the	dermis-based	matrix.	The	invaded	RsK4	cell	is	in	contact	with	thin	(ca	0.3	μm)	(A)	or	thick	(ca	6	μm)	(B)	
aggregates	of	collagen	fibres.	Right	panels:	Details	of	a	representative	contact	structure	attached	to	collagen	fibres	(re‑
gions	marked	by	rectangles	on	left	panels).	Scale	bars:	0.5	μm	(A),	2	μm	(B).
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their	role	in	3D	matrices,	and	that	the	structure	and	dy‑
namics of adhesions in gels might not be predictive of 
their role in tissues. Our study shows that the structure 
and	dynamics	of	FAs	is	similar	in	2D	and	on	quasi-2D	
interfaces.	 The	 dermis-based	matrix	 thus	 represents	 a	
promising tool for the analysis of adhesive structures 
and cell migration in the close to in tissue environment. 
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