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Substrate engagement of integrins
a3, and o35 Is necessary, but
not sufficient, for high directional
e e persistence in migration on
et fibronectin
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The interplay between specific integrin-mediated matrix adhesion and directional persistence in cell
migration is not well understood. Here, we characterized fibroblast adhesion and migration on the
extracellular matrix glycoproteins fibronectin and vitronectin, focusing on the role of o3, and o, 33
integrins. Fibroblasts manifested high directional persistence in migration on fibronectin-, but not
vitronectin-coated substrates, in a ligand density-dependent manner. Fibronectin stimulated o.;3;-
dependent organization of the actin cytoskeleton into oriented, ventral stress fibers, and assembly

of dynamic, polarized protrusions, characterized as regions free of stress fibers and rich in nascent
adhesions at their edge. Such protrusions correlated with persistent, local leading edge advancement,
but were not sufficient, nor necessary for directional migration over longer times. Selective blocking
of o, 3; or a3, integrins using small molecule integrin antagonists reduced directional persistence

on fibronectin, indicating integrin cooperativity in maintaining directionality. On the other hand,
patterned substrates, designed to selectively engage either integrin, or their combination, were

not sufficient to establish directional migration. Overall, our study demonstrates adhesive coating-
dependent regulation of directional persistence in fibroblast migration and challenges the generality of
the previously suggested role of 3; and 3; integrins in directional migration.

Mesenchymal cell migration involves a complex, yet tightly regulated control over actin polymerization, adhesion
dynamics and actomyosin contractility to enable cell translocation in its environment. Much of our understand-
ing on how signals from the extracellular matrix (ECM) control cell migration stems from in vitro studies on flat
substrates, on which both soluble and insoluble biochemical signals can be precisely manipulated"?. Cell adhesion
can be modulated by coating with ECM proteins, their fragments or small molecular ligands (e.g. peptides) and
by employing engineering strategies to precisely vary ligand presentation, concentrations and mechanics®.

Integrins are the major trans-membrane receptors cells employ to recognize, adhere and adapt to the chemical
and mechanical properites of their ECM*. The 18 o and 8 3 subunits assemble into 24 heterodimeric integrin
complexes that exhibit varying affinity for ECM ligands and distinct signaling capabilities>. Interestingly, inte-
grin expression profiles are often altered in pathological situations such as during wound healing, angiogenesis
or tumor metastasis, presumably to promote efficient cell migration”®. While integrins are probably not the sole
receptor family responsible in regulating cell migration, understanding how cells respond to differential integrin
engagement in respect to their motility, and in particular their directional persistence is a major open question®',
and constitutes the underlying motivation of this study.

!Department of New Materials and Biosystems, Max Planck Institute for Intelligent Systems & University of
Heidelberg, Department of Biophysical Chemistry Heisenbergstr. 3, D-70569 Stuttgart, Germany. ZInstitute
for Advanced Study (IAS) and Center of Integrated Protein Science (CIPSM), Department Chemie, Technische
Universitat Minchen, Lichtenbergstr. 4, Garching, D-85747, Germany. Correspondence and requests for materials
should be addressed to D.M. (email: missirlis@uni-heidelberg.de)

SCIENTIFICREPORTS | 6:23258| DOI: 10.1038/srep23258 1


mailto:missirlis@uni-heidelberg.de

www.nature.com/scientificreports/

Among integrins, particular attention has been placed on the “fibronectin receptor” a3, and “vitronectin
receptor” o35, and their impact on cell migration'!. Previous work, based on exogenous integrin expression on
cells that originally lack these integrins, has suggested that 3, promotes random cell migration, while 3, favor
persistent migration'. More recently, pan-integrin-null fibroblasts were used to show that expression of o, inte-
grins results in increased persistence compared to 3, integrin expression, and that there is substantial cross-talk
between the two integrin classes'®. Indeed, employing highly selective integrin peptidomimetics on spatially
patterned surfaces, we recently provided further support of integrin cross-talk and demonstrated that integrin
o35 co-localizes with integrin i3, also in absence of o, 3; ligand presentation!*. The integrin dependence in
directional migration was traced to the differential regulation of the family of RhoGTPases and the balance of
actin polymerization mediators, including cofilin!>!>. However, the aforementioned studies examining direc-
tional migration utilized exogenous control over integrin expression and tested migration only on fibronectin as
the cell adhesive coating.

Here, we presented fibroblasts with substrates coated with plasma fibronectin (FN) or vitronectin (VN), both
ECM glycoproteins containing the integrin-binding RGD sequence'®!”. In this manner, we studied how differen-
tial ECM receptor engagement affects single cell adhesion and migration avoiding genetic manipulation of cells.
FN is a major constituent of provisional matrix during wound healing and is the most commonly-used cell adhe-
sive coating for in vitro fibroblast migration studies. VN has received less attention, despite being an abundant
serum protein, which is adsorbed readily on surfaces in vitro'®, and having exhibited distinct behavior in initial
cell motility studies'. FN and VN present binding sites for a range of different integrins and membrane receptors,
including the heparan sulfate proteoglycan syndecan-4 for FN?, and the urokinase plasminogen receptor for
VN2 Nevertheless, for the reasons outlined above, we focused on the role of a3, as the major integrin receptor
for FN, which does not recognize VN, and o3, that can bind both FN and VN®.

Our findings revealed a pronounced effect of ECM protein coating on cell motility, with fibroblasts exhibiting
directionally persistent migration on FN-coated substrates, as a function of FN surface density. Characterization
of fibroblast adhesion and dynamics identified marked differences in adhesion plaque formation, cytoskeleton
organization, focal adhesion dynamics and intracellular signaling between FN and VN. In order to examine the
role of o3, or 35 integrins, we used highly selective, antagonists against these integrins, either in soluble form
to block their substrate engagement, or immobilized on a patterned substrate as cell adhesive ligands. Our results
demonstrate that o3, and o, 3; integrins are necessary but not sufficient for directional persistence in fibroblast
migration.

Results

High directional persistence in fibroblast migration on fibronectin. Rat embryonic fibroblast
(REFy,1) migration was examined in absence of soluble or insoluble gradients on FN-coated versus VN-coated
tissue culture polystyrene (TCPS) as a function of protein coating concentration. FN forms saturated monolayers
on TCPS at approximately 10 pug/ml coating concentration?, which was confirmed here using an indirect ELISA
assay (Supplementary Fig. S1). VN forms monolayers at even lower coating concentrations®; indeed, we observed
surface saturation at coating concentrations below 1 pg/ml (Supplementary Fig. S1). We excluded the possibility
that FN or VN from the cell culture medium adsorbs on the coated substrates (10 pg/ml coating concentration),
in order to attribute adhesion and motility to the coated ligands (Supplementary Fig. S1). Moreover, REFy;
adhered with similar efficiency on FN and VN, at coating concentrations of 1 and 10 pig/ml, excluding the possi-
bility that we select a population based on differential cell adhesion (Supplementary Fig. S1).

REF migrated slower, but with higher directional persistence, with increasing FN coating concentration
(Fig. 1A,B). A large fraction of REFy;; on 10 ug/ml FN polarized towards a random direction, extended large
protrusions that appeared to probe the substrate, and often retained their original direction during the 16-hour
observation period (Video 1). Interestingly, the increase in directional index (DI: the ratio of start-to-end distance
to the total trajectory length) was recorded at FN surface densities, well above those permitting cell adhesion
and polarization, and plateaued at densities corresponding to formation of FN monolayers. It is likely that the
concentration range examined was not large enough to capture the well-accepted, biphasic response of cell speed,
with cells moving faster at optimal, intermediate ligand densities®*?*. On VN-coated substrates, REFy speed and
directional persistence were independent of coating concentration (Fig. 1A,B); fibroblast motion on 10 pug/ml
VN was erratic, with cells often changing direction (Video 1). Based on the above, we decided to compare REFy
migration on FN and VN at 10 ug/ml coating concentration, on which the DI on FN was 3-fold higher compared
to VN, and in the range where the DI did not increase for FN (Fig. 1A).

Cells were considered motile if they exhibited a maximum displacement of >50 um (typical cell radius) from
the point of origin during the observation period. REFy,r motility was stimulated by soluble factors in serum: in
absence of serum, or in its presence at 1%, cell speed was dramatically decreased and the majority of cells were
immotile (Fig. 1C). In presence of 10% serum, the percentage of motile cells on VN (66%; 53/80) was lower com-
pared to that on FN (87%; 123/140), despite the higher recorded cell speed on VN. This contradiction is due to
the analysis method: high speed can result even when cells (nuclei) are wobbling around fixed positions, as often
observed on VN. Notably, cell speed and DI were not correlated within given experimental conditions as shown
for the cases of FN 1 pg/ml and 10 pug/ml coating concentrations (Fig. 1D).

NIH 3T3 fibroblasts and primary human dermal fibroblasts also exhibited higher directional persis-
tence on FN compared to VN, demonstrating the generality of the effect of coating on directional migration
(Supplementary Fig. S2). Overall, our data indicate that directional persistence in fibroblast migration in the
absence of soluble or insoluble gradients is enhanced on FN versus VN, and depends on FN surface density.

Fibronectin promotes formation of polarized protrusions. In order to help us understand the dif-
ferences in migratory behavior between coatings, we characterized REF;yr adhesion 6 hours after seeding, a time
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Figure 1. Fibroblasts migrate persistently on FN but not on VN. (A) REF,y directionality index (DI) and
(B) cell speed as a function of FN or VN coating concentration on TCPS-coated substrates. DI equals the
ratio of the final distance a cell moved from the origin to the total trajectory length. The middle line in box
plots indicates the median, the box indicates the interquartile range, the whiskers the 5 and 95" percentiles
and the cross the mean. Data for each coating were analyzed using one-way ANOVA with Tukey post-test
analysis: ns: not significant; *P < 0.05, **P < 0.01; ***P < 0.001; ****P < 0.0001. Data for 10 ug/ml FN and
VN coating concentration were compared using an unpaired t-test. (C) Serum was required for stimulating
REF,y; migration as indicated by the low cell speed and percentage of motile cells (indicated by % on the graph)
in presence of 1% serum or absence of serum in the culture medium. Black lines in dot plot represent mean
values. (D) No correlation was observed between DI and cell speed for REF;r migrating on each substrate
(data presented for coating concentrations of 1 and 10 pig/ml). n: number of analyzed cells; N.,: number of
independent experiments.

point that allows cell spreading and polarization?, but minimizes migration-dependent substrate remodeling
(Supplementary Fig. S1). Indeed, fibroblasts remodeled FN coatings and deposited cell-excreted FN as they
started to move over the substrate; in contrast, we did not observe remodeling of VN coatings or assembly of
FN fibers on VN (Supplementary Fig. S1). REF,; spread more and exhibited higher aspect ratio on FN com-
pared to VN (Fig. 2A,B). REF,y; and REF stably transfected with paxillin fused to yellow fluorescent protein
(REFygp.pax) organized filamentous actin into ventral stress fibers oriented along the major cell axis on FN
(Fig. 2C & Supplementary Fig. S3). In contrast, ventral stress fibers on VN were scarce and instead, dorsal stress
fibers and peripheral bundles were prominent (Fig. 2C & Supplementary Fig. S3). We quantified individual stress
fiber orientation?” to confirm their higher alignment on FN compared to VN (Fig. 2D). Polarization of fibroblasts
and their actin cytoskeleton are consistent with the higher directional persistence measured on FN.

Peripheral focal adhesions (FAs) associated with stress fibers were larger on VN compared to FN (Fig. 2C,E,F).
Interestingly, normalized pY intensity per FA area was significantly higher on VN, indicating higher levels of
tyrosine phosphorylation and foreseeable differences in signaling (Fig. 2G). The number of FAs/cell was higher on
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Figure 2. Distinct fibroblast spreading, adhesion plaque organization and cytoskeleton organization on
FN versus VN. REF, projected cell area (A) and aspect ratio (B) 6 hours post-seeding were significantly higher
on FN- compared to VN-coated substrates (n: number of analyzed cells). (C) Actin microfilament staining

and YFP-PAX localization in REFypp ppx 6 hours post-seeding revealed important differences in stress fiber and
adhesion plaque organization (see main text for details). (D) Stress fiber orientation was quantified using a
custom-written algorithm and showed a high degree of fiber alignment on FN and random orientation on VN
(details in the materials & methods section; the 0° angle corresponds to the maximum for each cell; mean and
SEM from n > 15 cells and 2 independent experiments are presented). (E,F) FA area quantification based on
YFP-paxillin clustering (E) or anti-pY staining (F) revealed formation of larger FAs on VN compared to FN (n:
number of FAs; mean values are shown on graph). (G) Quantification of anti-pY fluorescence intensity of FAs
normalized to FA area was higher on VN (n: number of FAs from N_,). (H) Quantification of FA number per
cell showed a higher number of FAs present on fibroblasts adhered on FN compared to VN (n: number of cells).
However, as the number of FAs per cell was correlated with cell area (I), the difference of FA number per unit
cell area was not significant between coatings (J). The middle line in box plots indicates the median, the box
indicates the interquartile range, the whiskers the 5 and 95" percentiles and the cross the mean. Black lines

in dot plots (H,J) represent mean values. N,,,: number of independent experiments. Experimental data were
analyzed using unpaired t-tests.

EN (Fig. 2H); however, the linear relationship between FAs/cell and cell area (Fig. 2I) resulted in non-significant
differences of FAs/(unit cell area) between the two coatings (Fig. 2]).

Besides FAs, REFy,; on FN exhibited multiple, small (<0.4 um?) dot-like adhesions at the edge of large pro-
truding regions free of stress fibers (Fig. 2C & Supplementary Fig. S3). These adhesions persisted in presence of
Y-27632, a Rho-kinase inhibitor acting upstream of myosin-II activity, and blebbistatin, a myosin-II inhibitor,

SCIENTIFICREPORTS | 6:23258 | DOI: 10.1038/srep23258 4



www.nature.com/scientificreports/

A B PAX/ILK/

o Line Scan
b % a,/Pax

FN

FN

ILK/ PAX ratio

Line Scan Coating FN VN
a,/PAX

n 1173 1239
VN VN Negs 10 10
PFAK PFAK:FAK pPAX PPAX:PAX
FAK (Y397) Ratio YFP-PAX (Y118) Ratio F
3 PFAK(Y397) pPAX(Y118) pCofilin(S3) pSrc(Y416)
80~ 30| -
160-| ———— -
#fmm=] hessd] 7] l o=ty
Cofil
FN FN = = e 80~ = 307 =
‘:?8:[7--“ b [Repp—— 15[ ————— 60— --—--
o x 25 % 25 é 25 o 25
5 15 % 15 E 15 2 15
3 a 3
g & 10 2 10 LT
5 ] & £,
: E o5 E o5 T 05 S
" 5 5 £
=z = oo s =
VN VN L = 15' 30' 15' 30'susp 590 15 W 2 00 15 30° 15 30'susp ‘5 30' 15 30'susp
TN T FN VN FN W FN VN FN WN
‘3 \ R
NN

Figure 3. Immunofluorescence microscopy and western blotting of FA components reveal distinct
adhesion cluster composition and organization on FN versus VN. REFy;p px (A,C,E) or REFy,; (B,D) were
cultured for 6 hours on FN- or VN-coated glass, fixed, stained against indicated FA proteins and examined with
epifluorescence microscopy. (A) Alpha 5 integrin clustered efficiently on FN but not VN. Normalized intensity
profiles along the lines in the images are presented. (B) Immunofluorescence imaging of ILK revealed its
efficient recruitment to NAs on FN and FAs on both coatings. Quantification of the ILK:paxillin ratio revealed
only a minor (8%) reduction in ILK:paxillin ratio per focal adhesion on VN (n: number of analyzed FAs; N_:
number of analyzed cells; mean values are indicated on graph), indicating similar recruitment on both coatings.
The middle line in box plots indicates the median, the box indicates the interquartile range, the whiskers the

5% and 95t percentiles and the cross the mean. (C) Staining against pY and ratio imaging in respect to paxillin
revealed enhancement of tyrosine phosphorylation on peripheral NAs compared to mature FAs on FN, and
inhomogeneous pY levels within FAs on VN, with the distal part exhibiting higher fluorescence intensity.

(D,E) pFAK(Y397) and pPAX(Y118) displayed similar distribution as pY. (F) Western blot analysis for
pFAK(Y397), FAK, pPAX(Y118), PAX, pCofilin(S3), cofilin, pSrc(Y416) and Src from lysates of REF, in
suspension or after plating on FN or VN, for 15 or 30 minutes. Blots are representative of 3 independent
experiments and graphs represent their quantification (mean £ SEM). Scale Bars: 10 um.

suggesting they are nascent adhesions (NAs), which do not require actomyosin contractility for assembly?
(Supplementary Fig. S3). Approximately 60% of cells on FN exhibited the characteristic large protrusions with
NAs formed at their edge, referred onwards as polarized protrusions (Table 1); in contrast, polarized protrusions
were absent in cells on VN (Table 1). Polarized protrusion formation required the presence of soluble factors in
serum (Supplementary Fig. S3, Table 1). The length of polarized protrusions varied considerably among cells; the
distance between the cell edge and the closest elongated FA (as shown in Supplementary Fig. S3) gave an average
value of 21 um for cells on FN (10 ug/ml). Interestingly, on substrates coated with 1 pg/ml EN, half of the cells
exhibited polarized protrusions (Table 1), even though they moved randomly with low DI (Fig. 1A).

Overall, fibroblast polarization, cytoskeleton alignment and formation of polarized protrusions on FN versus
VN are consistent with the higher directional persistence observed on FN.

Fibroblast adhesion on fibronectin promotes FAK and paxillin activation. In order to identify dif-
ferences in adhesion signaling between FN and VN, we examined the composition of adhesion plaques through
immunofluorescence microscopy and the phosphorylation of key signaling proteins by western blot analysis.
Integrin o, which pairs exclusively with 3,, clustered in adhesions on FN but not VN as expected (Fig. 3A).
Moreover, transient expression of green fluorescent protein (GFP)-tagged a; in REFy, showed o clustering only
on FN-coated substrates (Video 2), confirming the specificity of a3, for FN. A number of antibodies tested for
staining against 3; or o, integrins (Supplementary information) were not applicable for immunofluorescence of
REF,1; nevertheless, expression of yellow fluorescent protein (YFP)-tagged 3; subunit confirmed efficient o3,
clustering on both FN and VN (Video 3). Integrin o,3; was additionally present on NAs at the leading edge of
transfected cells on FN.
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Vinculin staining was faint on NAs compared to FAs (Supplementary Fig. S3), in agreement with reports
demonstrating its early recruitment during adhesion formation®, but robust accumulation only upon applica-
tion of tension to adhesions®"*2. Zyxin, which is also recruited in adhesions under tension’, was present in FAs,
but not NAs, as expected (Supplementary Fig. S3).

Integrin linked kinase (ILK) was previously shown to preferentially target FAs in cells expressing (3,-only com-
pared to o -only integrins'® and mediate (3, but not 3; integrin phosphorylation®, even though it binds the tail of
both integrin types®. We therefore considered the possibility that distinct ILK recruitment to adhesions is linked
to the observed differences in directional migration between coatings. However, staining against ILK revealed
similar recruitment to adhesion clusters on both FN and VN (Fig. 3B), arguing against such a correlation.

NAs on FN stained positive for phosphotyrosine (pY), demonstrating their involvement in adhesion-mediated
signaling (Fig. 3C). NAs exhibited higher pY:paxillin intensity ratios compared to FAs, while the distal part of FAs
on VN appeared enriched in tyrosine phosphorylated proteins compared to the proximal part (Fig. 3C). Such
high pY levels in NAs® and pY polarization within FAs*” were previously shown to be necessary, but not sufficient
for cell protrusion. We focused on paxillin and focal adhesion kinase (FAK) as two major tyrosine phosphorylated
FA proteins that are linked to cell migration. Paxillin is necessary for directional migration®® and its phosphoryl-
ation at Y118 enhances motility*”*. FAK activation, indicated by its (auto)phosphorylation at Y398, enhances
paxillin phosphorylation® and is also correlated with high directional persistence. Interestingly, FAK activation
preferentially occurs following (3, and not 3; integrin engagement'>*"*2, providing a potential mechanism for the
observed differences in migration between FN and VN. Immunofluorescence microscopy of REFy,t revealed
pPAX(Y118) and pFAK(Y397) staining patterns similar to those of pY for FN and VN (Fig. 3D,E), i.e. higher
FAK and paxillin phosphorylation on NAs compared to FAs on FN. FAK localization at NAs is in agreement
with several other studies**=*, but not one study showing FAK recruitment upon tension-mediated maturation®'.

Western blot analysis revealed increased pPAX(Y118)/PAX and pFAK(Y397)/FAK ratios for REF,, allowed
to spread for 30 minutes on FN compared to VN (Fig. 3F). This early time point corresponds to formation of new
adhesions to the substrate rather than sustained signaling from FAs. Therefore, our combined results correlate
the higher FAK and paxillin phosphorylation, downstream of FN engagement at early adhesions, with the high
directional persistence on this coating. FAK and paxillin phosphorylation levels were similar in REFy cultured
6hours on FN and VN (Supplementary Fig. S4), in accordance with the decline in FAK activation following
initial cell spreading?. We hypothesized that FAK activation is necessary for promoting directional migration
and examined fibroblast migration in presence of the small molecule FAK inhibitor PF-573228*". However, FAK
inhibition hindered overall motility, most likely due to reduced FA turnover*# (Supplementary Fig. $4), and
therefore it was not possible to link FAK inhibition with directional persistence of fibroblast migration using this
approach.

The kinase Src has been shown to cluster on adhesions on VN but not FN*’, functionally interact with 3 but
not aB3; integrins and directly bind 3 tails®!. Even though Src often functions in a complex with FAK, it is also
able to act independently®'. Importantly, high Src activity has been linked to loss of directional migration®? and
therefore we examined whether Src phosphorylation/activation was coating-dependent. Western blot analysis
revealed similar pSrc(Y416) levels on FN and VN, indicating that differential Src activation downstream of recep-
tor binding is not linked to the differences in directional migration between the two coatings (Fig. 3F).

Finally, we examined cofilin phosphorylation at S3, which stabilizes actin filaments and was previously sug-
gested to increase following 3, but not 3; engagement'?. We observed a strong increase in pcofilin(S3) following
REFyy plating, slightly higher levels on VN 15 minutes after plating, but no difference between the two coatings
after 30 minutes (Fig. 3F).

Overall, our data demonstrate that distinct receptor engagement on FN versus VN differentially regulates the
localization and activation of FAK and paxillin, raising the possibility that the localized activation of these signa-
ling proteins in polarized protrusions is critical to maintain directional migration.

Focal adhesions turnover more rapidly on FN. Regulation of FA turnover to enable concurrent adhe-
sion assembly at the cell front and disassembly at the rear is necessary for directional migration'***. We evaluated
FA stability by quantifying the assembly rate, disassembly rate and lifetime of FAs during initial spreading, as
cells spread over pristine protein coating, in order to avoid effects of cell-mediated substrate remodeling and
distinctions over leading versus trailing edge FAs. Indeed, we often observed cells moving over, and assembling
FAs at regions previously occupied by cells on VN and noticed a clear distinction between leading and trailing
edge adhesions on FN (Video 4).

FAs assembled faster, persisted longer and disassembled slower on VN (Fig. 4A-C), indicating their higher sta-
bility compared to FN. On the other hand, fluorescence recovery after photobleaching (FRAP) analysis revealed
no significant differences in the kinetics of paxillin fluorescence recovery, or paxillin mobile fraction between FAs
on FN versus VN (Fig. 4D,E & Supplementary Fig. S5). These data suggest that while intracellular accessibility of
the adhesome protein paxillin in FAs is similar between coatings, the differential linkage to the ECM promotes
faster FA turnover on FN, due to reduced lifetimes and accelerated disassembly.

Confined NA formation at polarized protrusions stabilizes lamellipodia and determines migra-
tion direction. We next asked whether the observed pattern of NAs and polarized protrusions on FN was
responsible for maintaining directional persistence of the leading edge. Time-lapse, total internal reflection flu-
orescence (TIRF) microscopy of REFygp pax revealed that, following initial isotropic spreading, NAs formed and
persisted at polarized protrusions on FN, but never on VN (Fig. 4F). Interestingly, the necklace-like pattern of
NAs on FN occurred at regions with edge advancement and correlated with the direction of migration, at least
for short times (Videos 4,5). As the cell edge moved forward, a fraction of NAs matured to FAs, as previously
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Figure 4. NA localization, lamellipodia dynamics and FA stability depend on the type of adhesive coating.
(A) FA assembly rates, (B) disassembly rates and (C) lifetimes were calculated for REFygp pyx spreading on FN-
and VN-coated glass substrates. (D,E) FRAP experiments on mature FAs (>2 um?) close to the periphery of
REFygp.pax cultured on FN or VN were performed to estimate paxillin turnover (1 of 3 independent experiments
presented). Half-life of fluorescence recovery after paxillin photobleaching (D) and mobile fraction (E) did not
show significant differences in paxillin turnover within FAs (n = 30 FAs from 30 cells). (F) Individual frames
from time-lapse TIRF imaging of REFygp pax on FN- or VN-coated glass substrates. The time after cell seeding is
indicated. NAs on FN assembled persistently at the protruding edge (which changed location between 150 and
180 minutes), whereas new adhesions formed randomly around the cell periphery on VN (indicated by arrows).
(G) Kymograph analysis of REFy,1 seeded on FN or VN (yellow lines in phase contrast images) revealed
smoother lamellipodia and slower protrusion/retraction cycles on FN. (H) Immunofluorescence microscopy
against cortactin and pY of REFyyy cells cultured for 6 hours on FN or VN. Scale bars: 10 um. Mean and SEM
values are presented in dot plots. Experimental data were compared using the unpaired t-test.

reported?®*. On VN, new adhesions formed randomly around the cell periphery and their location was not cor-
related with whole cell translocation (Video 5).

We reasoned that NAs could promote directional persistence in migration on FN by stabilizing lamellipodia
at the leading edge®*. Indeed, time-lapse, phase contrast microscopy revealed lamellipodia formation limited
at protrusive regions on FN, in contrast to the presence of lamellipodia around the perimeter of REFyy on VN
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(Videos 6,7). Moreover, the frequency of cell edge protrusion/retraction cycles was higher for fibroblasts on VN,
and formation of membrane ruffles, which moved centripetally for larger distances, was markedly enhanced on
VN compared to FN (Fig. 4G). Accordingly, cortactin, a bona fide lamellipodium marker??, localized in patches
along the cell perimeter and in structures that resembled membrane ruffles in regions without adhesions on VN
(Fig. 4H). In contrast, cortactin was present as a smooth band a few microns in width, at the edges of REFy; on
FN-coated substrates, where it co-localized with NAs (Fig. 4H). Notably, cortactin did not require actomyosin
contractility or serum for cell edge recruitment on FN (Supplementary Fig. S3).

Overall, the above observations suggest that confined formation of NAs at polarized protrusions contributes
to lamellipodia stabilization and correlates with persistent leading edge forward motion on FN, while the absence
of these structures on VN promotes randomly oriented adhesion assembly, formation of unstable protrusions and
consequently random migration.

Myosin-Il inhibition increases cell speed but impairs directionality. We considered the possibility
that myosin-II inhibition enhances directional migration by promoting NA assembly rather than FA maturation.
On the other hand, myosin-II activity is necessary for polarity establishment®*, and directional persistence in
cell migration requires elevated substrate stiffness, and hence cell contractility*”-®". Myosin-II inhibition using
blebbistatin or Y-27632 resulted in a pronounced decrease of directional persistence and an increase of REFyyr
speed on FN (Fig. 5A,B), indicating the requirement of myosin-II activity for directional migration. The inhibi-
tors did not result in significant changes in directional persistence on VN (Fig. 5A). Cell speed was significantly
increased for blebbistatin-treated cells but not Y-27632-treated ones on VN, suggesting possible inhibitor-specific
differences (Fig. 5B). Interestingly, addition of 0.1% DMSO (dimethyl sulfoxide), used as a vehicle for blebbistatin,
reduced the percentage of REFyy that exhibit polarized protrusions on FN to 36% (Table 1, Supplementary Fig. S7).
Nevertheless, fibroblasts exhibited high DI values, suggesting that polarized protrusions are not necessary for
high directional persistence. At higher DMSO concentrations, a negative effect on directional migration was
recorded, highlighting that care should be taken when using DMSO in cell migration studies (Supplementary
information).

Next, we tested whether coating-dependent regulation of myosin-II-mediated traction forces dictates the
biochemical events that maintain directionality®'. Activation of 3;-but not 3;-integrins was shown to enhance
traction forces in a FN concentration-dependent manner® and integrin o3, proved to be a stronger puller com-
pared to o,3,%. These findings are consistent with a scenario where a3, engagement on FN allows for higher
traction forces and subsequent directional persistence compared to VN. However, we observed similar levels of
cellular traction forces on FN- and VN-coated polyacrylamide hydrogels, using traction force microscopy (TFM)
(Fig. 5C, Supplementary Fig. S6). Force generation was higher on stiffer substrates as expected!'>** (Fig. 5C).

Overall, our data indicate that while actomyosin contractility is required for high directional persistence
in fibroblast migration on FN, differences in the magnitude of applied traction forces is not responsible for
coating-specific differences in directional migration.

Blocking o, 3; or a3, integrins reduces directional persistence on FN.  Up to here our experiments
have not addressed which specific receptors are responsible for the observed coating-dependent differences in
fibroblast adhesion and migration, and in particular the high directional persistence observed on FN. Besides o
integrin (Fig. 3), we confirmed that REF,y express 3, 3; and c, integrins by western blot analysis (Supplementary
Fig. $8). Several receptors can recognize FN, including various integrins and syndecan-4; we here focused on the
effects of ,3; and o, integrins, due to their proposed role in directional migration'>'? and the availability of
highly selective, small-molecule, integrin antagonists against these integrins'*%. These antagonists were originally
designed to have high affinity and selectivity against the RGD-binding site of o,3; or a3, integrin, with low o535
affinity®®, and possess low activity towards other RGD-binding integrins (data not shown). REF,,; adhesion to
FN was drastically inhibited upon incubation with the a3, but not the o, 3; selective antagonist, suggesting that
a0, is the major FN-binding integrin (Supplementary Fig. S8).

Blocking of o35 integrins on spread fibroblasts caused a decrease in directional persistence and a concomitant
increase in cell speed (Fig. 6A,B), consistent with its role in promoting directional migration'? and a previous
study showing impaired directional persistence of NIH3T3 cells following peptide-mediated o, f3; blocking®.
Interestingly, blocking o35 did not considerably affect cell size (Fig. 6C,G), FA size (Fig. 6E), or stress fiber
orientation (Fig. 6F), while a slight increase in both the aspect ratio (Fig. 6D) and the formation of polarized pro-
trusions was recorded (Table 1). These findings are consistent with the proposed mechanism for o,3;-mediated
loss of directional persistence involving altered o3, trafficking rather than remodeling of adhesion structures
and actin cytoskeleton®.

We reasoned that blocking a3, integrins would favor cell binding to FN through o35 integrins®, and conse-
quently directional persistence would be high'>!>. However, a3, blocking caused significant loss of directional
persistence and an increase in cell speed (Fig. 6A,B), indicating that substrate engagement of o3, integrins is nec-
essary for high directional persistence in migration. While the DI was comparable following o35 or a3, block-
ing, the effect of the two antagonists on cell morphology, actin cytoskeleton and adhesion plaque organization
were dissimilar. Blocking of a3, resulted in a large reduction of REF,y area (Fig. 6C) and the elimination of NAs
(Fig. 6G) and polarized protrusions (Table 1), indicating that o3, is required for their assembly. FAs increased
dramatically in size, suggesting that absence of o3, engagement stabilizes FAs on FN (Fig. 6E,G). Finally, stress
fiber orientation became more random, often resembling cells seeded on VN (Fig. 6EG). The above results indi-
cate that a3, blocking causes remodeling of adhesion structures and actin cytoskeleton, which lead to a decrease
in directional persistence. Notably, these effects were observed following 1-hour incubation with the integrin
antagonists on spread fibroblasts, and therefore highlight FA remodeling events rather than altered assembly.
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Figure 5. Myosin-II activity is required for directional persistence but cell-level traction forces do not
differ between FN and VN. (A) REF,; DI and (B) cell speed on FN and VN (10 pg/ml) in presence of 0.1%
DMSO, 5uM Y-27632 or 25 uM blebbistatin are presented as box plots (middle line indicates the median, the
cross the mean, the box the interquartile range, the whiskers the 5 and 95" percentiles). Data for control
conditions are included and are the same as in Fig. 1. Selected columns were compared using unpaired t-tests. n:
number of analyzed cells; N,,,: number of independent experiments. (C) Total traction force per cell calculated
using traction force microscopy on FN- or VN-coated polyacrylamide substrates of two different elasticities
(Young’s moduli of 6 or 12kPa). An increase in traction force for the stiffer gels was observed but no significant
differences between coatings. Experimental data on different coatings were compared using unpaired t-tests
and between different elasticities using one-way ANOVA with Tukey post-test analysis (n.s.: not significant;
4 < 0.001).
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Figure 6. Blocking of o;3, or o, 3; integrins inhibits directional migration. (A) REFy cell speed and

(B) DI on FN (10 pg/ml) in presence of indicated soluble, integrin-selective antagonists. A significant increase in
cell speed and a decline in directional persistence was observed following o3, or o, 3; blocking. Data for control
(FN) are included for comparisons and are the same as in Fig. 1. (C) Projected cell area and (D) aspect ratio of
REF,yt cultured for 5hours on FN and then incubated for 1 hour with soluble integrin antagonists. Blocking

of a3, resulted in a substantial cell area reduction, while blocking of o35 in an increase of aspect ratio.

(E) Quantification of FA area based on anti-pY staining revealed a pronounced increase in FA size following
a3, blocking (n: number of analyzed FAs; mean value indicated on graphs). (F) Stress fiber orientation was not
affected by o,3; blocking, but became more random following a3, blocking. Mean and SEM values from at least
10 cells from 2 independent experiments are presented; the green line represents data for the FN control (same
as in Fig. 2D). (G) Representative immunofluorescence images of REFy, after selective integrin blocking show
adhesion plaque and actin cytoskeleton remodeling following 3, but not o,3; blocking. The middle line in box
plots indicates the median, the box indicates the interquartile range, the whiskers the 5% and 95" percentiles and
the cross the mean. N,,,: number of independent experiments. Experimental data were compared using one-
way ANOVA with Tukey’s post-test analysis (A-D) or with Bonferroni’s post-test analysis (E). Only statistically
significant differences are shown: **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars: 10 um.

The above data demonstrate that engagement of FN by both o3, and o, 3; integrins is required for high direc-
tional persistence in fibroblast migration, but the mechanism of action for each integrin appears to be distinct.

Fibroblast adhesion and migration on immobilized o3, and o, 3; selective ligands.  We next
examined whether substrate engagement of 53, and o, 3; integrins is sufficient to promote directional migra-
tion. REFyyr were presented with immobilized o,3; and/or o3, integrin-selective ligands on gold nanoparticles,
which were hexagonally-patterned on a substrate passivated with poly(ethylene glycol) (PEG)%%. REF,y spread
efficiently on patterned substrates with an inter-particle spacing of 50 nm (Fig. 7A,B). REFyy area was simi-
lar between a3, and o, 3; patterned substrates, and slightly decreased on substrates functionalized with a 1:1
mixture of the two ligands (Fig. 7B). Fibroblasts remained rounded, with much lower aspect ratios compared
to fibroblasts spread on FN (Fig. 7C). The actin cytoskeleton of fibroblasts on as3,- and o, 3;-selective ligands
resembled those plated on FN and VN, respectively, indicating that a3, engagement is sufficient to promote
formation of aligned ventral stress fibers (Fig. 7A). However, we did not observe formation of NAs or polarized
protrusions on any of the patterned substrates independent of functionalized ligand (Table 1). Single cell migra-
tion assays revealed a small difference between the o3;- and o, 3;-selective substrates in respect to speed and no
change in directional persistence, with DI values being very low in comparison to FN-coated TCPS (Fig. 7D,E).
Pattern functionalization with both ligands resulted in higher cell speed and a lower DI (Fig. 7D,E). We tested
REF,y; migration on patterned substrates exhibiting two different average inter-particle distances (30 and 50 nm)
in order to ensure that the low DI is not due to the presented ligand density (Fig. 7E). REFy;; migrated slower on
the more densely functionalized patterns, most likely due to higher adhesion strength?, but did not increase their
directional persistence (Fig. 7D). In summary, our results suggest that substrate engagement of integrins a3, and
o35 is not sufficient to promote high directional persistence in migration, compared to FN.

Discussion
In this study we have demonstrated that fibroblasts exhibit high directional persistence in migration on FN-
but not VN-coated substrates and that engagement of both o,3; and a3, integrins is necessary for directional

SCIENTIFICREPORTS | 6:23258 | DOI: 10.1038/srep23258 10



www.nature.com/scientificreports/

YFP-Paxillin F-actin <~ 8000 E 3.0 *
E
3 : o . .
@ 6000 " 259 :
o . : 14 . .
asBs Iy IS a 20
Pe) <
2 2 3
o 3 20004 8 151
5 0
2 £ 5
?) L+ 1.0-
% 0%\ 0%F>:b'0$ﬂ2 03\ 64%:&04%
% o% o%
(2]
i a,Bs D . E
m i )
8 100 - 1.0 .
c — P 9%
)= _ = | 3 —
Ee) o ™ E 80 2 .g 0.84 -
3 = o] Sl
s 5 60 : 2 06
= 8 T i
o 401 [} ] -
a @ : 2 04 :
0581 3 g T
& O 201 5 02
GVB3 i . '
o T < 0.0
b - ™% N Q& Q&
o &% o ’(OQQ ',bg(‘ oF ¥ PN
" B
@ & S

Figure 7. Immobilized a.;3, and o, 3; integrin selective ligands on patterned substrates do not promote
high directional persistence in fibroblast migration. (A) REFygp psx actin cytoskeleton and YFP-paxillin
clustering 6 hours post-seeding on patterned gold particles with a 50 nm average inter-particle distance,

and functionalized with the indicated ligands. Stress fiber morphology on a3,- and o,3;-selective surfaces
resembles that on FN and VN, respectively. FAs, but not NAs nor polarized protrusions, are present on
patterned substrates, independent of the type of immobilized ligands. (B,C) Quantification of REF, projected
cell area (B) and aspect ratio (C) 6 hours post-seeding on patterned gold particles with a 50 nm average inter-
particle distance (n > 100 cells). (D) Cell speed increased on patterned substrates with a 50 nm inter-particle
distance presenting both o3;- and o, 3;-selective ligands (1:1 ratio) compared to substrates presenting these
ligands alone (n= 60 cells from N, = 3). Decreasing the inter-particle distance to 30 nm resulted in a slight
decrease in cell speed when both ligands were present (n= 60 cells from N, = 2). (E) DI remained very low
for REFyt on all substrates, independent of integrin ligand type or density, indicating random migration on
patterned substrates. The middle line in box plots indicates the median, the box indicates the interquartile
range, the whiskers the 5% and 95" percentiles and the cross the mean. Experimental data were compared using
one-way ANOVA with Tukey’s post-test analysis. Only statistically significant differences are shown: *P < 0.05;
**P < 0.01, PP < 0.001, ****P < 0.0001. Scale bars: 10 um.

FN (10 pg/ml) - 210 (4) 61 0.63
FN (1 pg/ml) - 168 (3) 49 0.28
VN (10 ug/ml) - 61(2) 0 023
FN (10 pg/ml) Serum-free 108 (2) 0 -

FN (10 pg/ml) DMSO 0.1% 123 (2) 36 0.56
FN (10 pg/ml) Soluble o;3, antagonist 69 (2) 0 0.41
FN (10 pg/ml) Soluble o35 antagonist 131(2) 71 041
Patterned o3, - 41(2) 0 0.23
Patterned a3; & o35 - 75(2) 0 0.18

Table 1. Percentage of REF,, that exhibit polarized protrusions and their mean directionality index (DI)
from single cell motility assays on different coatings and under different experimental conditions. 'n:
number of analyzed cells. °N,,: number of independent experiments.

migration on FN. We avoided exogenous integrin expression, silencing or knockout; instead, fibroblasts were
presented with different substrates, unveiling the impact of presented ligands and their corresponding receptors
on adhesion and motility regulation. While we identified several important differences in adhesion phenotype,
fibroblast morphology and actin cytoskeleton organization as a function of substrate composition and selective
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integrin engagement, it was not possible to correlate these phenotypes with high directional persistence over
longer time scales (hours).

Fibroblasts on FN organized filamentous actin into oriented, ventral stress fibers, in a process that required
substrate engagement of o3, integrin (Figs 2 and 6). This is in line with the ability of a3, to selectively activate
RhoA” and the role of RhoA in formation of this type of stress fibers”". Given the interest in controlling stress
fiber morphology’”® and the emerging role of stress fibers in mechanosensing”', our observations are potentially
useful in directing stress fiber assembly through modifying substrate coating and integrin engagement.

FAs were larger and more stable on VN compared to FN, consistent with «,3; integrin being the main
VN receptor and reports that 3; integrins are enriched and more static on FAs compared to (3, integrins’*-7°.
Accordingly, FAs on FN grew considerably in size upon a3, blocking (Fig. 6). Increased FA stability on VN is
expected to inhibit FA re-orientation parallel to the direction of movement, FA turnover and subsequent direc-
tional motility, as was indeed observed.

Our study identified high FAK phosphorylation on FN versus VN, as a potential signaling mechanism that
promotes directional migration on the former coating*’, which was also consistent with the higher observed
pPAX(Y118) levels and faster FA turnover®*. Interestingly, FAK-null keratinocytes exhibited very similar
phenotype to fibroblasts cultured on VN presented here, with impaired cytoskeleton organization, FA disas-
sembly and directional migration, reinforcing the idea that differential FAK activation is responsible for migra-
tion differences between FN and VN*°. The mechanistic link between increased FAK activation and directional
persistence of fibroblast migration was not established here; candidate signaling pathways linked to cell migra-
tion, downstream of FAK activation include FAK-mediated regulation of the Arp2/3 complex”’, cortactin’®, the
FAK-p130Cas-Rac-Lamellipodin signaling module”® and RhoA®.

A compelling feature of fibroblasts cultured on FN was the presence of polarized protrusions with NAs at
their edge. Their assembly required o3, integrin binding, in line with Rac activation downstream of (3, integrin
engagement'>*!% and subsequent Rac-mediated NA and lamellipodia assembly®*. Engagement of 53, integrin
on patterned susbstrates was, however, not sufficient for NA or polarized protrusion formation (Fig. 7). One
possible reason is that the discrete nature of integrin binding sites on patterned substrates impedes formation
of NAs. Alternatively, competent Rac activation might require additional signals beyond those downstream of
a0, integrin. Interestingly, while NAs formed on FN even in absence of serum, polarized protrusion formation
required soluble factors present in serum, further supporting this hypothesis.

Actin polymerization was previously shown to transport 3, but not (3; integrins at the leading edge for cells
to probe permissive adhesion sites®>, which in our experiments would be present on FN but not VN, allowing for
substrate anchoring and NA assembly. We nevertheless observed also .35 in NAs (Video 3), in agreement with
its reported localization at the leading edge following Rac activation®, and with recently presented evidence that
a3, is able to recruit o3, at adhesion sites'*. Overall, our results are consistent with a model where a3, is trans-
ported to the leading edge, engages FN and contributes to Rac activation, NA formation and rapid recruitment of
o,3;. An appealing hypothesis, which could additionally account for the ligand density dependence of directional
persistence, is that a certain number of engaged receptors is necessary to activate optimal Rac levels and formation
of a single leading edge!'®¥’.

Surprisingly, the presence of polarized protrusions was not sufficient, nor necessary to ensure long-term
directional persistence based on the following observations: i) fibroblasts treated with o35 integrin antagonists
exhibited reduced directional persistence (Fig. 6), even though they readily formed polarized protrusions (Table
1), ii) reducing FN coating concentration to 1 ug/ml had a large impact on directional persistence (Fig. 1), but
inhibited mildly polarized protrusion formation (Table 1), and iii) fibroblasts treated with 0.1% DMSO exhibited
impaired formation of polarized protrusions but maintained a polarized morphology and high directionality
(Supplementary Fig. S7). Nevertheless, the location of polarized protrusions was predictive of local, persistent
edge advancement and short-term, persistent motility along their orientation. A high density of NAs at the cell
edge could concentrate the necessary biochemical signals for sustained Rac activation®*38; Rac activates cort-
actin that in turn activates the Arp2/3 complex, resulting in persistent lamellipodia at the leading edge®-.
Alternatively, but not mutually exclusive, NAs could promote lamellipodia persistence by acting as physical
brakes in retrograde actin flow®? or actin arc flow®®. Actin polymerization against the membrane is counteracted
by membrane tension, leading to characteristic temporal protrusion-retraction cycles that advance the cell edge
through formation of new adhesions®***. In the absence of NAs to anchor the membrane, these cycles are dereg-
ulated with membrane ruffles pulling back over the cell body and impeding the process of smooth edge advance-
ment, as evidenced for cells cultured on VN.

Our work indicates that directional migration on FN requires the engagement of both o,3; and o3, integrins
to the substrate, and does not support the general view that 3, integrins promote directional migration, while (3,
integrins favor random migration!!'3. This conclusion is in line with a very recent study reporting {3, integrin
retrograde transport as essential to maintain persistent cell migration®® and previous work demonstrating that
cells exhibit low directional persistence on patterned surfaces of VN (o,3;-binding) or collagen (3,-binding) com-
pared to high persistence on surfaces where these proteins were combined®. REF,; did not exhibit high direc-
tional persistence on VN or o,3;-selective, patterned substrates, despite o, (3; integrin surface engagement in both
cases. At the same time, o,3; binding to FN was necessary for high directional persistence (Fig. 6) as previously
shown®”?7%8_ The reason for the discrepancy between our work and previous studies reporting high directional
persistence downstream of (3; but not (3, integrins remains unclear and could be due to differences in cell type or
effects from integrin over-expression. For example, (3, integrins increased RhoA activity but maintained low Rac
activity in cells of epithelial origin'?, in contrast to results from experiments following integrin expression in a
pan-integrin-null fibroblast background!®. Alternatively, absence of additional, relevant integrin heterodimers
in addition to the studied (expressed) integrin, might influence essential receptor cross-talk and intracellular
signaling pathways.
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Patterned substrates designed to selectively engage o,3; and a3, integrins failed to promote high directional
persistence. Even though we cannot exclude that the mode of ligand presentation, or that ligand affinity and den-
sity were not optimal, the very low directional persistence observed strongly suggests that integrin engagement
alone is not sufficient for promoting directional migration. A possibility is that additional signals from other cell
surface receptors are necessary to co-ordinate with those downstream of integrin engagement. A candidate recep-
tor is syndecan-4, which binds the heparin-binding domain of FN, is involved in Rac-1 activation, p190RhoGAP
regulation at the leading edge and concomitant directional persistence®1°%. Another candidate receptor, which
binds the alternatively spliced CS-1 region of FN-and not the RGD sequence-is integrin c3,. Localized o, phos-
phorylation at the leading edge regulates paxillin binding and subsequent lamellipodial persistence through
integrin-paxillin-Arf GAP complex regulation of Rac!®*!%. However, we note that high directional persistence on
FN could also be a result of cell-mediated FN remodeling or FN-mediated growth factor immobilization on its
12-14" type III domain!%. Our ongoing work is focused on elucidating which regions of FN, and which recep-
tors on the cell surface are responsible for the observed directional migration phenotype.

In summary, our data indicate that dense FN-coated substrates promote high directional migration, in a pro-
cess that requires the co-operative action of engaged 3, and o35, along with additional FN-binding receptors.
We have identified increased FAK and paxillin phosphorylation as a potential substrate-dependent regulator
downstream of differential substrate engagement, and showed that myosin-II activity is necessary for maintaining
directionality on FN. os3;-mediated NA and polarized protrusion formation was linked to edge advancement and
short-term directional migration, but was not necessary for long-term directional persistence. In general, our
findings highlight that conclusions on cell migration from a specific coating cannot be generalized and suggest
that the role of specific integrins depends on the type of adhesive substrate. Evidently, fibroblast migration in vivo
differs dramatically from the reductionist approach employed here. Nevertheless, our results contribute insight
on the mechanisms of cell adhesion and migration as a function of differential ligand engagement and further
hint at design criteria when considering functionalization of biomaterials where directional migration is desired.

Materials and Methods

Reagents, Antibodies & Plasmids. Fibronectin from bovine plasma (Cat# F1141), DMSO,
rhodamine-phalloidin, Y27632 dihydrochloride, PF-573228, bovine serum albumin (BSA), accutase and bleb-
bistatin were purchased from Sigma. Vitronectin from human plasma (Cat# PHE0011), wheat germ aggluti-
nin alexa fluor 488 conjugate (WGA) and (4',6-diamidino-2-phenylindole) (DAPI) were purchased from Life
Technologies. The as-integrin-GFP plasmid (plasmid 15238)% and (3;-integrin-YFP plasmid (plasmid 26653)'%7
were obtained from Addgene. Integrin a3, and o3, selective ligands were prepared as previously described®*,
and their structures shown in Supplementary scheme 1.

The following antibodies were used for immunofluorescence (1:100 dilution) and western blotting (1:1000
dilution): monoclonal anti-paxillin [165/Paxillin] (BD Biosciences), polyclonal anti-phospho-paxillin (Y118)
(Millipore), monoclonal anti-FAK [77/FAK] (Bd Biosciences; immunofluorescence), polyclonal anti-FAK (Y397)
(Cell Signaling; western blotting), polyclonal anti-phospho-FAK (Y397) (Sigma; immunofluorescence), monoclo-
nal anti-Src [L4A1] (Cell signaling), polyclonal anti-phospho-Src (Y416) (Cell Signaling), polyclonal anti-Cofilin
(Cell signaling), polyclonal anti-phospho-Cofilin (S3) (Cell Signaling), monoclonal anti-zyxin [164D4] (Synaptic
Systems), polyclonal anti-cortactin (Santa Cruz Biotechnology), polyclonal anti-integrin alpha 5 (Chemicon),
monoclonal anti-phosphotyrosine [PY99] (Santa Cruz Biotechnology), monoclonal anti-vinculin [hVIN-1]
(Sigma), monoclonal anti-ILK [EPR1592] (Millipore), monoclonal anti-fibronectin [P1H11] (Millipore; ELISA),
polyclonal anti-bovine fibronectin (Millipore; immunofluorescence), monoclonal anti-cellular fibronectin [DH1]
(Millipore; immunofluorescence), and polyclonal anti-vitronectin (Santa Cruz Biotechnology).

Substrates. FN and VN were coated on: 1) TCPS Petri dishes (Greiner Bio-one), 2) 96-well cell culture plates
(Greiner Bio-one), 3) Glass-bottom WillCo dishes or 4) Chambered glass cover slips (Nunc). Substrates were
incubated with freshly prepared FN or VN PBS solutions overnight at 4°C, blocked with 1% BSA for 15 min at
37°C, washed with PBS and used within 1 day of preparation.

In order to measure relative coating efficiencies, FN- or VN-coated wells, blocked with BSA, were incu-
bated with 0.1 pug/mL of anti-FN or 0.02 ug/ml of anti-VN for 1hour at room temperature, followed by washing
with PBS and incubation with secondary antibodies coupled to horseradish peroxidase (HRP) (0.16 ug/mL for
FN-coated and 0.4 ug/ml for VN-coated; Santa Cruz Biotechnology) for 1 hour at room temperature. Wells were
washed with PBS and secondary antibodies were detected using a TMB substrate (3,3',5,5’ -tetramethylbenzidine;
Sigma) and absorbance measurements at 630 nm.

Patterned gold nanoparticle substrates were prepared using block copolymer micelle nanolithography
(BCML) as previously described®. Substrates with inter-particle spacing of 30 nm (33 & 4 nm; mean =+ stand-
ard deviation; n=3) or 50 nm (47 £ 8 nm; mean =+ standard deviation; n = 3) and passivated between particles
using polyethylene glycol (PEG) were prepared. Solutions (25 pM) of integrin o3, and o35 selective antagonists
modified with thiols®® were incubated with gold nanoparticles for 4 hours at room temperature to allow cou-
pling, followed by washing with PBS containing 1% BSA. Functionalized substrates were air dried and either
glued over a hole in a Petri dish for migration studies or placed in 6-well plates for immunofluorescence studies.
Functionalized and passivated patterned substrates were used within 1 day of preparation.

Cells

The rat fibroblast cell line REF52 (REFy,1) and REF52 stably transfected with paxillin fused to yellow fluorescent
protein (REFygp pyx) were cultured as sub-confluent monolayers in Dulbecco’s modified eagle’s medium (DMEM;
Life Technologies; Prod. #10938), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomy-
cin (P/S). Cells were serum-starved overnight (12-16 hours) prior to seeding, unless noted otherwise. Cells were
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detached using accutase treatment and seeded in serum-free DMEM. NIH 3T3 mouse fibroblasts were cultured
in DMEM (Life Technologies; Prod. # 41966), supplemented with 10% fetal calf serum (FCS) and 1% P/S. Cells
were serum starved 3 hours prior to seeding. Primary human dermal fibroblasts (pHDF) were purchased from
ATCC (Cat # PCS-201-010) and cultured according to instructions provided. Fibroblasts basal medium (ATCC
Cat # PCS-201-030) was supplemented with fibroblast growth kit-low serum (ATCC Cat # PCS-201-041) and
1% P/S. pHDF cells were used until passage 8. pHDF cells were not serum starved prior or during cell motility
experiments. All cell lines were kept at 37°C and 5% CO,, in a humidified atmosphere.

Transfection. REF,,; were cultured in standard 6-well plates for 24 h prior to transfection. Promofectin
(PromoKine) was used to transfect cells according to the manufacturers’ protocol. Briefly, plasmids (1:20 in
DMEM) were mixed with promofectin (1:10 in DMEM) and incubated for 15 min at room temperature. The
transfection complex was then added (1:200 in supplemented DMEM) to REFy, and incubated for 24 hours,
prior to cell detachment, seeding and imaging.

Cell Adhesion Assay. Relative efficiency of REFy, cell adhesion was analyzed by quantifying the number of
cells attached on substrates 20 minutes after seeding. Briefly, REF,; were detached and kept in suspension under
ice for 10 minutes, with or without integrin selective antagonists. Next, REFy,; were incubated with coated wells
(96-well culture plate) under serum-free conditions for 20 minutes. Wells were washed twice with ice-cold PBS
and dried culture plates were placed at —80 °C overnight. Relative cell numbers were quantified using the Cyquant
cell proliferation assay kit (Life Technologies) according to the instructions provided.

Single Cell Motility Assay. Fibroblasts were plated on substrates in serum-free medium at a density of
1-2 x 103 cells/cm?. After 30 minutes, non-adherent cells were removed by aspiration and supplemented medium
was added (except for pHDF; see above). Cells were imaged using phase contrast, time-lapse microscopy at 37 °C,
in presence of 5% CO,. Images were acquired every 10 minutes for 16 hours, starting 4 hours after cell plating.
A Delta Vision (DV) system (Applied Precision Inc.) on an Olympus IX inverted microscope equipped with a
cooled CCD camera and a 10x/0.3 NA (Olympus) objective were used. Cell trajectories were obtained using the
‘manual tracking’ plugin of Image] software and monitoring the displacement of the nucleus in each frame. Cells
that 1) remained within the field of view, 2) did not divide and 3) were viable throughout the experiment were
analyzed in the case of REF,y; and NIH3T3 fibroblasts. pHDF cells divided much more frequently, therefore tra-
jectories of cells were included prior to cell division, provided that the time of observation was >6hours. Speed
was calculated as the total path length divided by time, and directionality index (DI) as the ratio of the distance
from the origin to the total trajectory length. For inhibition or blocking studies, the corresponding molecules
were added 1 hour before time-lapse imaging.

Lamellipodia dynamics. Cells seeded for 4-5hours on FN- or VN-coated glass substrates were imaged at
37°C, in CO,-independent medium, supplemented with 10% FBS using a Zeiss AxioObserver Z1 microscope
equipped with a 63 /1.4 NA oil objective. Kymograph analysis was performed using the “multiple kymograph”
plugin of Image].

Immunofluorescence microscopy. Cells cultured on surfaces for 6 hours were washed once with PBS and
fixed with 4% paraformaldehyde. Membranes were permeabilized using Triton X-100 (0.1%) followed by BSA
blocking (3%). Primary antibodies (in 1% BSA) were incubated for 1-2 hours at room temperature or overnight
at 4°C, and secondary alexa fluor®-labeled antibodies were incubated for 1 hour at room temperature. DAPI and
phalloidin were used to stain nuclei and filamentous actin (F-actin), respectively. Images were acquired on the DV
system described above, using a 60x/1.4 NA (Olympus) oil-immersion objective.

Image analysis. Cell projected area and aspect ratios were determined through image analysis of
Phalloidin- or WGA-labeled cells using the ‘Cell Outliner’ plugin of Image]. Ratio imaging was performed using
a custom-written Image]J plugin. Focal adhesion analysis was performed using a processing script written in
Python, using the Python imaging library and numpy. The basic functions are available as part of the ImageP
package on Launchpad. Immunofluorescence images were first background corrected using a rolling ball filter
(diameter of 32 pixels) and then smoothed using a Gauss kernel with a 5-pixel radius and standard deviation of 1
pixel. Adhesions were identified as bright pixels after applying automatic threshold using Otsu’s method. An area
threshold of 0.4 um? was set to exclude small adhesions and noise. Bright spots were localized and used as binary
masks for calculating sum intensities from the original images.

Stress fiber orientation was calculated based on a published method?’. Briefly, images were background cor-
rected using a rolling ball filter and smoothened with a Gaussian filter (standard deviation of 0.75 pixels). Then an
asymmetric Mexican hat filter (a Laplace operator applied to a 2-dimensional Gaussian function) with standard
deviations of 10 pixels in x-direction and 0.75 pixels in y-direction, rotated to 15 angle values between —90 and
90 degrees, was convolved to the images. The maximum of each pixel along the various angles were recorded
(maximum image), as well as the angle where this maximum was found (angle image). The maximum image was
then filtered using an automatic threshold (Otsu’s method), and only values above this threshold were kept. The
remaining angle values were converted to a histogram, which was rotated such, that the maximum was directed
to 0 degrees.

TIRF microscopy. Fibroblasts were imaged using the DV system described above in TIRF mode using a
blue laser (488 nm) and a 60 x/1.4 NA oil-immersion objective (Olympus). For FA dynamics analysis, individual
FAs that assembled and disassembled as cells spread over the surface were analyzed in respect to fluorescence
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intensity. The resulting intensity profiles versus time were analyzed to determine assembly rate, disassembly rate
and steady state lifetime, by fitting the corresponding regions with linear fits.

FRAP measurements. FRAP measurements were performed on live REFypp pax plated for 4-6 hours on
coated glass substrates. Imaging was performed using the DV system and a 60 x /1.4 NA oil-immersion objec-
tive (Olympus). A spot of approximately 1 um in diameter on mature FAs was bleached using a short laser pulse
(488 nm; 50 ms). Images were acquired every 100 ms just before and immediately after the bleaching event to
monitor fluorescence recovery. Fluorescence intensity of both the bleached FA and a neighboring FA were
recorded to correct for overall fluorescence intensity loss during acquisition. FRAP curves of individual FAs
were normalized to their intensity before the bleach event and experimental data were fit using the equation
Y= Yo+ (¥, — Yo)*(1-exp(—kt)), where y, the intensity of the FA immediately after photo-bleaching, y,, the plateau
intensity and (y, — y,) the mobile fraction. The recovery half-time is calculated as In(2)/k.

Western Blotting. REF,y; were serum-starved overnight. Cells were detached from the substrate using
trypsin, which was neutralized with serum-supplemented medium. Following centrifugation and resuspension
in serum-supplemented medium, cells were seeded on FN- or VN-coated Petri dishes (1-2 million cells per
dish of 60 mm in diameter) and incubated at 37 °C and 5% CO, for 15 or 30 minutes. Cells were also kept in
suspension in ice for 15 minutes to serve as a control. Adherent cells were washed three times with ice-cold PBS,
followed by incubation for 30 minutes with the lysis buffer (1% IGEPAL CA-630, 0.25% sodium deoxycholate,
667 mM EDTA, 100 mM PMSE, 200 mM Na;VO,, 150 mM NaCl; all reagents from Sigma) and scraping from
the surface. Suspension cells were centrifuged (1200 rpm) and resuspended in PBS twice prior to addition of the
lysis buffer. Lysates were centrifuged (5000 rcm for 15 s), the supernatant collected and its protein concentration
determined with the BCA assay (Thermo Scientific). Proteins were loaded onto polyacrylamide gels for electro-
phoresis (NuPAGE 4-12% Bis-Tris Gel; Life Technologies) and then transferred to nitrocellulose membranes
(GE Healthcare). Membranes were blocked with 5% milk, incubated with primary antibodies in PBS with 0.1%
Tween-20 (PBS-T) overnight at 4°C, washed 4 times with PBS-T and incubated for 2h with HRP-conjugated,
secondary antibodies (Santa Cruz Biotechnology). Membranes were again washed 4 times, visualized using the
ECL prime western blotting detection reagent (GE Healthcare) and imaged using a LAS-3000 imaging system
(Fujifilm).

Traction Force Microscopy. Polyacrylamide hydrogels with elastic moduli of 6 kPa or 12 kPa were prepared
according to Fischer et al.'%. Fluorescent beads (0.1 pm FluoSpheres, carboxylate-modified, LifeTechnologies)
were encapsulated in the hydrogels to serve as displacement markers. FN or VN (100 pg/ml in PBS) were
cross-linked to the surface using sulfosuccinimidyl 6-(4’-azido-2'-nitrophenylamino)hexanoate (sulfo-SANPAH;
2mM, Thermo Fischer Scientific). REFypp psx were seeded on hydrogels and incubated for 6 hours prior to anal-
ysis on an upright microscope (Leica DM6000 B) equipped with a heating stage. Bead displacement fields were
obtained by comparing images before and after cell removal using trypsin and employing particle image veloci-
metry using Image]'®. Traction forces were calculated with a regularized Fourier transform traction cytometry
(FTTC) algorithm written by Sabass et al.''* and summed up under the area of each cell.

Statistical analysis & Graph plotting. Statistical analyses were performed using Prism software
(GraphPad Inc.). Experimental data were analyzed using either unpaired t-tests or one-way ANOVA with Tukey
post-test analysis, unless otherwise noted. The middle line in box plots indicates the median, the box indicates
the interquartile range, the whiskers the 5™ and 95" percentiles and the cross the mean. Black lines in dot plot
represent mean values and error bars SEM. Column plots represent mean values and SEM. ‘n.s.: not significant;
*P < 0.05, **P < 0.01; ***P < 0.001; ****P < 0.0001.

References
1. Parsons, J. T., Horwitz, A. R. & Schwartz, M. A. Cell adhesion: integrating cytoskeletal dynamics and cellular tension. Nat. Rev. Mol.
Cell Biol. 11, 633-643 (2010).
2. Ridley, A.]. et al. Cell migration: integrating signals from front to back. Science 302, 1704-1709 (2003).
3. Kim, H.-D. & Peyton, S. R. Bio-inspired materials for parsing matrix physicochemical control of cell migration: A Review. Integr.
Biol. 4, 37-52 (2012).
4. Geiger, B., Spatz, ]. P. & Bershadsky, A. D. Environmental sensing through focal adhesions. Nat. Rev. Mol. Cell Biol. 10, 21-33
(2009).
. Plow, E. E, Haas, T. A,, Zhang, L., Loftus, J. & Smith, J. W. Ligand binding to integrins. J. Biol. Chem. 275, 21788 (2000).
. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 673-687 (2002).
7. Margadant, C., Charafeddine, R. A. & Sonnenberg, A. Unique and redundant functions of integrins in the epidermis. FASEB J. 24,
4133-4152 (2010).
8. Desgrosellier, J. S. & Cheresh, D. A. Integrins in cancer: biological implications and therapeutic opportunities. Nat. Rev. Cancer 10,
9-22 (2010).
9. Moissoglu, K. & Schwartz, M. A. Integrin signalling in directed cell migration. Biol. Cell 98, 547-555 (2006).
10. Petrie, R. J., Doyle, A. D. & Yamada, K. M. Random versus directionally persistent cell migration. Nat. Rev. Mol. Cell Biol. 10,
538-549 (2009).
11. Morgan, M. R,, Byron, A., Humphries, M. J. & Bass, M. D. Giving off mixed signals-distinct functions of alpha5betal and
alphavbeta3 integrins in regulating cell behaviour. IUBMB Life 61, 731-738 (2009).
12. Danen, E. H.J. et al. Integrins control motile strategy through a Rho-cofilin pathway. J. Cell Biol. 169, 515-526 (2005).
13. Schiller, H. B. et al. 31- and awv-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based
microenvironments. Nat. Cell Biol. 15, 625-636 (2013).
14. Guasch, J. et al. Segregation versus colocalization: orthogonally functionalized binary micropatterned substrates regulate the
molecular distribution in focal adhesions. Adv. Mater. 27, 3737-3747 (2015).

a »n

SCIENTIFICREPORTS | 6:23258 | DOI: 10.1038/srep23258 15



www.nature.com/scientificreports/

15.

16.
17.
18.
19.

20.
. Ferraris, G. M. S. et al. The interaction between uPAR and vitronectin triggers ligand-independent adhesion signalling by integrins.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42.

43.
44.

45.

46.

47.
48.

49.
50.
51.
52.

53.
54.

55.

Danen, E. H. ], Sonneveld, P, Brakebusch, C., Féssler, R. & Sonnenberg, A. The fibronectin-binding integrins alphaSbetal and
alphavbeta3 differentially modulate RhoA-GTP loading, organization of cell matrix adhesions, and fibronectin fibrillogenesis. J.
Cell Biol. 159, 1071-1086 (2002).

Fath, K. R., Edgell, C. J. & Burridge, K. The distribution of distinct integrins in focal contacts is determined by the substratum
composition. J. Cell Sci. 92 (Pt 1), 67-75 (1989).

Dejana, E. et al. Fibronectin and vitronectin regulate the organization of their respective Arg-Gly-Asp adhesion receptors in
cultured human endothelial cells. J. Cell Biol. 107, 1215-1223 (1988).

Underwood, P. A. & Bennett, F. A. A Comparison of the Biological-Activities of the Cell-Adhesive Proteins Vitronectin and
Fibronectin. J. Cell Sci. 93, 641-649 (1989).

Bauer, J. S., Schreiner, C. L., Giancotti, E G., Ruoslahti, E. & Juliano, R. L. Motility of fibronectin receptor-deficient cells on
fibronectin and vitronectin: collaborative interactions among integrins. J. Cell Biol. 116, 477-487 (1992).

Elfenbein, A. & Simons, M. Syndecan-4 signaling at a glance. J. Cell Sci. 126, 3799-3804 (2013).

EMBO J. doi: 10.15252/embj.201387611 (2014).

Garcia, A. J., Vega, M. D. & Boettiger, D. Modulation of cell proliferation and differentiation through substrate-dependent changes
in fibronectin conformation. Mol. Biol. Cell 10, 785-798 (1999).

Steele, J. G., Dalton, B. A, Johnson, G. & Underwood, P. A. Polystyrene chemistry affects vitronectin activity: an explanation for
cell attachment to tissue culture polystyrene but not to unmodified polystyrene. J. Biomed. Mater. Res. 27, 927-940 (1993).
Palecek, S. P, Loftus, J. C., Ginsberg, M. H., Lauffenburger, D. A. & Horwitz, A. E. Integrin-ligand binding properties govern cell
migration speed through cell-substratum adhesiveness. Nature 385, 537-540 (1997).

Gupton, S. L. & Waterman-Storer, C. M. Spatiotemporal feedback between actomyosin and focal-adhesion systems optimizes rapid
cell migration. Cell 125, 1361-1374 (2006).

Prager-Khoutorsky, M. et al. Fibroblast polarization is a matrix-rigidity-dependent process controlled by focal adhesion
mechanosensing. Nat. Cell Biol. 13, 1457-1465 (2011).

Zemel, A., Rehfeldt, F,, Brown, A. E. X,, Discher, D. E. & Safran, S. A. Optimal matrix rigidity for stress fiber polarization in stem
cells. Nat. Phys. 6,468-473 (2010).

Choi, C. K. et al. Actin and a-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-
independent manner. Nat. Cell Biol. 10, 1039-1050 (2008).

Zimerman, B., Volberg, T. & Geiger, B. Early molecular events in the assembly of the focal adhesion-stress fiber complex during
fibroblast spreading. Cell Motil. Cytoskeleton 58, 143-159 (2004).

Bachir, A. L. et al. Integrin-associated complexes form hierarchically with variable stoichiometry in nascent adhesions. Curr. Biol.
24, 1845-1853 (2014).

Pasapera, A. M., Schneider, I. C,, Rericha, E., Schlaepfer, D. D. & Waterman, C. M. Myosin II activity regulates vinculin recruitment
to focal adhesions through FAK-mediated paxillin phosphorylation. J. Cell Biol. 188, 877-890 (2010).

Carisey, A. et al. Vinculin Regulates the Recruitment and Release of Core Focal Adhesion Proteins in a Force-Dependent Manner.
Curr. Biol. 23, 1-11 (2013).

Zaidel-Bar, R., Ballestrem, C., Kam, Z. & Geiger, B. Early molecular events in the assembly of matrix adhesions at the leading edge
of migrating cells. J. Cell Sci. 116, 4605-4613 (2003).

Hannigan, G. E. et al. Regulation of cell adhesion and anchorage-dependent growth by a new beta 1-integrin-linked protein kinase.
Nature 379, 91-96 (1996).

Legate, K. R., Montanez, E., Kudlacek, O. & Fiissler, R. ILK, PINCH and parvin: the tIPP of integrin signalling. Nat. Rev. Mol. Cell
Biol. 7, 2031 (2005).

Ballestrem, C. et al. Molecular mapping of tyrosine-phosphorylated proteins in focal adhesions using fluorescence resonance
energy transfer. J. Cell Sci. 119, 866-875 (2006).

Zaidel-Bar, R., Milo, R, Kam, Z. & Geiger, B. A paxillin tyrosine phosphorylation switch regulates the assembly and form of cell-
matrix adhesions. J. Cell Sci. 120, 137-148 (2007).

Sero, J. E. et al. Paxillin mediates sensing of physical cues and regulates directional cell motility by controlling lamellipodia
positioning. PLoS ONE 6, €28303 (2011).

Petit, V. et al. Phosphorylation of tyrosine residues 31 and 118 on paxillin regulates cell migration through an association with CRK
in NBT-II cells. J. Cell Biol. 148, 957-970 (2000).

Gu, J. et al. Shc and FAK differentially regulate cell motility and directionality modulated by PTEN. J. Cell Biol. 146, 389-403
(1999).

Costa, P, Scales, T. M. E., Ivaska, J. & Parsons, M. Integrin-specific control of focal adhesion kinase and RhoA regulates membrane
protrusion and invasion. PLoS ONE 8, e74659 (2013).

Shibue, T. & Weinberg, R. A. Integrin betal-focal adhesion kinase signaling directs the proliferation of metastatic cancer cells
disseminated in the lungs. Proc. Natl. Acad. Sci. USA 106, 10290-10295 (2009).

Lawson, C. et al. FAK promotes recruitment of talin to nascent adhesions to control cell motility. J. Cell Biol. 196, 223-232 (2012).
Choi, C. K., Zareno, J., Digman, M. A., Gratton, E. & Horwitz, A. R. Cross-Correlated Fluctuation Analysis Reveals
Phosphorylation-RegulatedPaxillin-FAK Complexes in Nascent Adhesions. Biophys. J. 100, 583-592 (2011).

Yu, C.-H,, Law, J. B. K, Suryana, M., Low, H. Y. & Sheetz, M. P. Early integrin binding to Arg-Gly-Asp peptide activates actin
polymerization and contractile movement that stimulates outward translocation. Proc. Natl. Acad. Sci. USA 108, 20585-20590
(2011).

Pasapera, A. M. et al. Racl-Dependent Phosphorylation and Focal Adhesion Recruitment of Myosin IIA Regulates Migration and
Mechanosensing. Curr. Biol. 25, 175-186 (2015).

Slack-Davis, J. K. et al. Cellular characterization of a novel focal adhesion kinase inhibitor. J. Biol. Chem. 282, 14845-14852 (2007).
Webb, D. J. et al. FAK-Src signalling through paxillin, ERK and MLCK regulates adhesion disassembly. Nat. Cell Biol. 6, 154-161
(2004).

Schober, M. et al. Focal adhesion kinase modulates tension signaling to control actin and focal adhesion dynamics. J. Cell Biol. 176,
667-680 (2007).

Felsenfeld, D. P, Schwartzberg, P. L., Venegas, A., Tse, R. & Sheetz, M. P. Selective regulation of integrin—cytoskeleton interactions
by the tyrosine kinase Src. Nat. Cell Biol. 1, 200-206 (1999).

Arias-Salgado, E. G. et al. Src kinase activation by direct interaction with the integrin beta cytoplasmic domain. Proc. Natl. Acad.
Sci. USA 100, 13298-13302 (2003).

Grande-Garcia, A. et al. Caveolin-1 regulates cell polarization and directional migration through Src kinase and Rho GTPases. /.
Cell Biol. 177, 683-694 (2007).

Wehrle-Haller, B. Assembly and disassembly of cell matrix adhesions. Curr. Opin. Cell Biol. 24, 569-581 (2012).

Krause, M. & Gautreau, A. Steering cell migration: lamellipodium dynamics and the regulation of directional persistence. Nat. Rev.
Mol. Cell Biol. 15, 577-590 (2014).

Kirkbride, K. C., Sung, B. H,, Sinha, S. & Weaver, A. M. Cortactin: a multifunctional regulator of cellular invasiveness. Cell Adh.
Migr. 5,187-198 (2011).

SCIENTIFICREPORTS | 6:23258 | DOI: 10.1038/srep23258 16



www.nature.com/scientificreports/

65.
66.
67.
68.
. Arnold, M. et al. Activation of Integrin Function by Nanopatterned Adhesive Interfaces. ChemPhysChem 5, 383-388 (2004).
70.
71.
72.
73.

74.
75.

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.

87.
88.

89.

90.
91.

92.
93.
. Giannone, G. et al. Lamellipodial actin mechanically links myosin activity with adhesion-site formation. Cell 128, 575 (2007).
95.
96.
97.
98.
99.

100.

101.

. Vicente-Manzanares, M., Newell-Litwa, K., Bachir, A. I, Whitmore, L. A. & Horwitz, A. R. Myosin IIA/IIB restrict adhesive and

protrusive signaling to generate front-back polarity in migrating cells. J. Cell Biol. 193, 381-396 (2011).

. Missirlis, D. & Spatz, J. P. Combined effects of PEG hydrogel elasticity and cell-adhesive coating on fibroblast adhesion and

persistent migration. Biomacromolecules 15, 195-205 (2014).

. Raab, M. et al. Crawling from soft to stiff matrix polarizes the cytoskeleton and phosphoregulates myosin-II heavy chain. J. Cell

Biol. 199, 669-683 (2012).

. Liu, E et al. Feedback amplification of fibrosis through matrix stiffening and COX-2 suppression. J. Cell Biol. 190, 693-706 (2010).
. Lo, C.-M. et al. Nonmuscle myosin IIb is involved in the guidance of fibroblast migration. Mol. Biol. Cell 15, 982-989 (2004).

. Plotnikov, S. V. & Waterman, C. M. Guiding cell migration by tugging. Curr. Opin. Cell Biol. 25, 619-626 (2013).

. Lin, G. L. et al. Activation of beta 1 but not beta 3 integrin increases cell traction forces. FEBS Lett. 587, 763-769 (2013).

. Rahmouni, S. et al. Hydrogel micropillars with integrin selective peptidomimetic functionalized nanopatterned tops: a new tool

for the measurement of cell traction forces transmitted through awv33- or a531-integrins. Adv. Mater. 25, 5869-5874 (2013).

. Han, S. J., Bielawski, K. S., Ting, L. H., Rodriguez, M. L. & Sniadecki, N. J. Decoupling substrate stiffness, spread area, and

micropost density: a close spatial relationship between traction forces and focal adhesions. Biophys. J. 103, 640-648 (2012).
Rechenmacher, F. et al. Functionalizing av3- or a531-Selective Integrin Antagonists for Surface Coating: A Method To
Discriminate Integrin Subtypes In Vitro. Angew. Chem. Int. Ed. 52, 1572-1575 (2012).

Neubauer, S. et al. Pharmacophoric Modifications Lead to Superpotent av33 Integrin Ligands with Suppressed o531 Activity. J.
Med. Chem. 57, 3410-3417 (2014).

White, D. P., Caswell, P. T. & Norman, J. C. alpha v beta3 and alpha5betal integrin recycling pathways dictate downstream Rho
kinase signaling to regulate persistent cell migration. J. Cell Biol. 177, 515 (2007).

Wennerberg, K. et al. Beta 1 integrin-dependent and -independent polymerization of fibronectin. J. Cell Biol. 132, 227-238 (1996).

Huveneers, S., Truong, H., Fassler, R., Sonnenberg, A. & Danen, E. H. ]. Binding of soluble fibronectin to integrin alpha5 betal-link
to focal adhesion redistribution and contractile shape. J. Cell Sci. 121, 2452-2462 (2008).

Burridge, K. & Wittchen, E. S. The tension mounts: stress fibers as force-generating mechanotransducers. J. Cell Biol. 200, 9-19
(2013).

Parker, K. K. et al. Directional control of lamellipodia extension by constraining cell shape and orienting cell tractional forces.
FASEB]. 16, 1195-1204 (2002).

Théry, M., Pépin, A., Dressaire, E., Chen, Y. & Bornens, M. Cell distribution of stress fibres in response to the geometry of the
adhesive environment. Cell Motil. Cytoskeleton 63, 341-355 (2006).

Zamir, E. et al. Dynamics and segregation of cell-matrix adhesions in cultured fibroblasts. Nat. Cell Biol. 2, 191-196 (2000).
Rossier, O. et al. Integrins 31 and (33 exhibit distinct dynamic nanoscale organizations inside focal adhesions. Nat. Cell Biol. 14,
1057-1067 (2012).

Pankov, R. et al. Integrin dynamics and matrix assembly: tensin-dependent translocation of alpha(5)beta(1) integrins promotes
early fibronectin fibrillogenesis. J. Cell Biol. 148, 1075-1090 (2000).

Serrels, B. et al. Focal adhesion kinase controls actin assembly via a FERM-mediated interaction with the Arp2/3 complex. Nat. Cell
Biol. 9, 1046-1056 (2007).

Tomar, A., Lawson, C., Ghassemian, M. & Schlaepfer, D. D. Cortactin as a target for FAK in the regulation of focal adhesion
dynamics. PLoS ONE 7, e44041 (2012).

Bae, Y. H. et al. A FAK-Cas-Rac-lamellipodin signaling module transduces extracellular matrix stiffness into mechanosensitive cell
cycling. Sci. Signal. 7, ra57-ra57 (2014).

Tomar, A., Lim, S.-T., Lim, Y. & Schlaepfer, D. D. A FAK-p120RasGAP-p190RhoGAP complex regulates polarity in migrating cells.
J. Cell Sci. 122, 1852-1862 (2009).

Jeanes, A. L. et al. Specific 3-containing integrins exert differential control on proliferation and two-dimensional collective cell
migration in mammary epithelial cells. J. Biol. Chem. 287, 24103-24112 (2012).

Mettouchi, A. et al. Integrin-specific activation of Rac controls progression through the G(1) phase of the cell cycle. Mol. Cell 8,
115-127 (2001).

Miao, H. et al. Differential regulation of Rho GTPases by beta 1 and beta 3 integrins: the role of an extracellular domain of integrin
in intracellular signaling. J. Cell Sci. 115, 2199-2206 (2002).

Nobes, C. D. & Hall, A. Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin
stress fibers, lamellipodia, and filopodia. Cell 81, 53-62 (1995).

Galbraith, C. G., Yamada, K. M. & Galbraith, J. A. Polymerizing actin fibers position integrins primed to probe for adhesion sites.
Science 315, 992-995 (2007).

Kiosses, W. B., Shattil, S. J., Pampori, N. & Schwartz, M. A. Rac recruits high-affinity integrin alphavbeta3 to lamellipodia in
endothelial cell migration. Nat. Cell Biol. 3, 316-320 (2001).

Pankov, R. et al. A Rac switch regulates random versus directionally persistent cell migration. J. Cell Biol. 170, 793-802 (2005).
Pratt, S.J. et al. The LIM protein Ajuba influences p130Cas localization and Racl activity during cell migration. J. Cell Biol. 168,
813-824 (2005).

Suraneni, P. et al. The Arp2/3 complex is required for lamellipodia extension and directional fibroblast cell migration. J. Cell Biol.
197, 239-251 (2012).

Bryce, N. S. et al. Cortactin Promotes Cell Motility by Enhancing Lamellipodial Persistence. Curr. Biol. 15, 1276-1285 (2005).
Wu, C. et al. Arp2/3 Is Critical for Lamellipodiaand Response to Extracellular Matrix Cues but Is Dispensable for Chemotaxis. Cell
148, 973-987 (2012).

Alexandrova, A. Y. et al. Comparative dynamics of retrograde actin flow and focal adhesions: formation of nascent adhesions
triggers transition from fast to slow flow. PLoS ONE 3, €3234 (2008).

Burnette, D. T. et al. A role for actin arcs in the leading-edge advance of migrating cells. Nat. Cell Biol. 13, 371-382 (2011).

Shafaq-Zadah, M. et al. Persistent cell migration and adhesion rely on retrograde transport of 31 integrin. Nat. Cell Biol. 18, 54-64
(2015).

Desai, R. A., Khan, M. K., Gopal, S. B. & Chen, C. S. Subcellular spatial segregation of integrin subtypes by patterned
multicomponent surfaces. Integr. Biol. 3, 560 (2011).

Simon, K. O, Nutt, E. M., Abraham, D. G., Rodan, G. A. & Duong, L. T. The alphavbeta3 integrin regulates alpha5betal-mediated
cell migration toward fibronectin. J. Biol. Chem. 272, 29380-29389 (1997).

Worth, D. C. et al. Alpha v beta3 integrin spatially regulates VASP and RIAM to control adhesion dynamics and migration. J. Cell
Biol. 189, 369-383 (2010).

Woods, A., Longley, R. L., Tumova, S. & Couchman, J. R. Syndecan-4 binding to the high affinity heparin-binding domain of
fibronectin drives focal adhesion formation in fibroblasts. Arch. Biochem. Biophys. 374, 6672 (2000).

Bass, M. D. et al. Syndecan-4-dependent Racl regulation determines directional migration in response to the extracellular matrix.
J. Cell Biol. 177, 527-538 (2007).

Bass, M. D. et al. pl90RhoGAP is the convergence point of adhesion signals from alpha 5 beta 1 integrin and syndecan-4. J. Cell
Biol. 181, 1013-1026 (2008).

SCIENTIFICREPORTS | 6:23258 | DOI: 10.1038/srep23258 17



www.nature.com/scientificreports/

102. Morgan, M. R. et al. Syndecan-4 phosphorylation is a control point for integrin recycling. Dev. Cell 24, 472-485 (2013).

103. Goldfinger, L. E., Han, J., Kiosses, W. B., Howe, A. K. & Ginsberg, M. H. Spatial restriction of alpha4 integrin phosphorylation
regulates lamellipodial stability and alpha4betal-dependent cell migration. J. Cell Biol. 162, 731-741 (2003).

104. Nishiya, N., Kiosses, W. B., Han, J. & Ginsberg, M. H. An o4 integrin-paxillin-Arf-GAP complex restricts Rac activation to the
leading edge of migrating cells. Nat. Cell Biol. 7, 343-352 (2005).

105. Martino, M. M. & Hubbell, J. A. The 12th-14th type III repeats of fibronectin function as a highly promiscuous growth factor-
binding domain. FASEB J. 24, 4711-4721 (2010).

106. Laukaitis, C. M., Webb, D. J., Donais, K. & Horwitz, A. F. Differential dynamics of alpha 5 integrin, paxillin, and alpha-actinin
during formation and disassembly of adhesions in migrating cells. J. Cell Biol. 153, 1427-1440 (2001).

107. Tsuruta, D. et al. Microfilament-dependent movement of the beta3 integrin subunit within focal contacts of endothelial cells.
FASEB]. 16, 866-868 (2002).

108. Fischer, R. S., Myers, K. A., Gardel, M. L. & Waterman, C. M. Stiffness-controlled three-dimensional extracellular matrices for
high-resolution imaging of cell behavior. Nat. Protoc. 7, 2056-2066 (2012).

109. Tseng, Q. et al. Spatial organization of the extracellular matrix regulates cell-cell junction positioning. Proc. Natl. Acad. Sci. USA
109, 1506-1511 (2012).

110. Sabass, B., Gardel, M. L., Waterman, C. M. & Schwarz, U. S. High resolution traction force microscopy based on experimental and
computational advances. Biophys. J. 94, 207-220 (2008).

Acknowledgements
The Max Planck Society and the Cluster of Excellence CellNetworks at the University of Heidelberg are
acknowledged for financial support. JPS is the Weston Visiting Professor at the Weizmann Institute of Science.

Author Contributions

D.M. designed the project, performed experiments, analyzed the data and wrote the manuscript, T.H. analyzed
data and commented on the drafted manuscript, C.v.C.S. and C.D. prepared patterned substrates, T.W. performed
traction force microscopy, S.N., ER. and H.K. provided essential reagents, H.K. commented on the drafted
manuscript, J.P.S. supervised the research, secured funding and commented on the drafted manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Missirlis, D. et al. Substrate engagement of integrins o3, and o, 3; is necessary, but
not sufficient, for high directional persistence in migration on fibronectin. Sci. Rep. 6,23258; doi: 10.1038/
srep23258 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:23258 | DOI: 10.1038/srep23258 18


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Substrate engagement of integrins α5β1 and αvβ3 is necessary, but not sufficient, for high directional persistence in migra ...
	Results

	High directional persistence in fibroblast migration on fibronectin. 
	Fibronectin promotes formation of polarized protrusions. 
	Fibroblast adhesion on fibronectin promotes FAK and paxillin activation. 
	Focal adhesions turnover more rapidly on FN. 
	Confined NA formation at polarized protrusions stabilizes lamellipodia and determines migration direction. 
	Myosin-II inhibition increases cell speed but impairs directionality. 
	Blocking αvβ3 or α5β1 integrins reduces directional persistence on FN. 
	Fibroblast adhesion and migration on immobilized α5β1 and αvβ3 selective ligands. 

	Discussion

	Materials and Methods

	Reagents, Antibodies & Plasmids. 
	Substrates. 

	Cells

	Transfection. 
	Cell Adhesion Assay. 
	Single Cell Motility Assay. 
	Lamellipodia dynamics. 
	Immunofluorescence microscopy. 
	Image analysis. 
	TIRF microscopy. 
	FRAP measurements. 
	Western Blotting. 
	Traction Force Microscopy. 
	Statistical analysis & Graph plotting. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Fibroblasts migrate persistently on FN but not on VN.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Distinct fibroblast spreading, adhesion plaque organization and cytoskeleton organization on FN versus VN.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Immunofluorescence microscopy and western blotting of FA components reveal distinct adhesion cluster composition and organization on FN versus VN.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ NA localization, lamellipodia dynamics and FA stability depend on the type of adhesive coating.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Myosin-II activity is required for directional persistence but cell-level traction forces do not differ between FN and VN.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Blocking of α5β1 or αvβ3 integrins inhibits directional migration.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Immobilized α5β1 and αvβ3 integrin selective ligands on patterned substrates do not promote high directional persistence in fibroblast migration.
	﻿Table 1﻿﻿. ﻿ Percentage of REFWT that exhibit polarized protrusions and their mean directionality index (DI) from single cell motility assays on different coatings and under different experimental conditions.




