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RESEARCH ARTICLE

Traction forces mediated by integrin signaling are necessary
for definitive endoderm specification
Hermes Taylor-Weiner1,2, Neeraja Ravi1 and Adam J. Engler1,2,3,*

ABSTRACT
Pluripotent embryonic stem cells (ESCs) exert low-traction forces on
their niche in vitro whereas specification to definitive endoderm in vivo
coincides with force-mediated motility, suggesting a differentiation-
mediated switch. However, the onset of contractility and extent
to which force-mediated integrin signaling regulates fate choices is
not understood. To address the requirement of tractions forces
for differentiation, we examined mouse embryonic stem cell (ESC)
specification towards definitive endoderm on fibrillar fibronectin
containing a deformation-sensitive FRET probe. Inhibiting contractility
resulted in an increase in the observed fibronectin FRET intensity ratio
but also decreased the amount of phosphorylated nuclear SMAD2,
leading to reduced expression of the definitive endoderm marker
SOX17. By contrast ESCs maintained in pluripotency medium did not
exert significant tractions against the fibronectin matrix. When laminin-
111 was added to fibrillar matrices to improve the efficiency of definitive
endoderm induction,ESCsdecreased their fibronectin traction forces in
a laminin-dependent manner; blocking the laminin-binding α3-integrin
restored fibronectinmatrixdeformationand reducedSOX17expression
and SMAD2 phosphorylation, probably because of compensation of
inhibitory signaling from SMAD7 after 5 days in culture. These data
imply that traction forces and integrin signaling are important regulators
of early fate decisions in ESCs.

KEY WORDS: Endoderm, Embryonic stem cells, Integrin signaling,
Extracellular matrix, SMAD

INTRODUCTION
Early in development, embryonic stem cells (ESCs) migrate and form
the definitive endoderm layer of trilaminar embryos. Such
morphogenetic events require traction-force-mediated cell migration
and signaling from extracellular matrix (ECM) proteins, especially
fibronectin (FN) (Darriber̀e and Schwarzbauer, 2000; Keller, 2005;
Skoglund et al., 2008). Apart from facilitating cell movement, the
ECM is also likely a cue for directing cell fate given that ESCs and
progenitor cells are known to respond to a variety ofmatrix-associated
signals, which are presented in precise spatial and temporal patterns
during development (D’Amour et al., 2005; Higuchi et al., 2010;
Murry and Keller, 2008). For example, mouse ESCs maintain
pluripotency when cultured on soft ECM because they cannot exert
significant contractile forces against the ECM (Chowdhury et al.,
2010a), but upon application of external forces, ESCs lose
pluripotency (Chowdhury et al., 2010b). In concert with matrix

forces, matrix composition also drives specification as FN localizes
tomouse endoderm (Wartiovaara et al., 1978) and laminin-containing
basement membrane forms between primitive ectoderm and
endoderm layers (Li et al., 2003). In fact, β1-integrin is required for
endoderm differentiation (Liu et al., 2009) and its knockout results in
embryonic lethality (Sheppard, 2000). Taken together, this evidence
highlights physical and biochemical regulation of early development
by the ECM, as well as its potential to guide ESC differentiation. Yet
despite such evidence, protocols directing ESC differentiation have
focused almost exclusively on soluble signaling. For example, activin
A, a TGF-β family protein, and Wnt3a are commonly added to ESC
cultures to induce differentiation to definitive endoderm (D’Amour
et al., 2005;Yasunaga et al., 2005). These soluble factor differentiation
strategies likely benefit indirectly fromECMsignaling given that these
signals direct ESCs to assemble lineage-specific ECM; for example,
activin A induces ESC assembly of FN and laminin-111 (Taylor-
Weiner et al., 2013).

Despite these efforts in understanding both growth factor and
ECM signaling, feedback mechanisms between soluble signals
and matrix signaling are still poorly understood, especially those
involving physical stimuli such as contractility. Therefore, we
sought to understand how the soluble factors commonly used to
direct definitive endoderm differentiation induce biophysical and
biochemical changes in ESCs and their associated matrix. To do
this, we employed a force-sensitive FN matrix assay and examined
whether the ECM changes induced by the soluble signals
contributed to definitive endoderm differentiation. Taken together,
these data draw attention to the supportive feedback between soluble
factor and matrix signaling and implicate ECM as a potential new
modulator of ESC fate.

RESULTS
Traction force inhibition prevents definitive endoderm
specification
Undifferentiated ESCs exert low-traction forces (Chowdhury et al.,
2010a) but switch to a highly contractile state in order to migrate and
differentiate into definitive endoderm during gastrulation (Keller,
2005; Skoglund et al., 2008); these data suggest contraction occurs
concurrently with differentiation and might contribute to lineage
commitment signals. To examine whether traction forces are
required for definitive endoderm differentiation, mouse ESCs
(CCEs and R1 lines) were grown on decellularized fibroblast-
derived ECMs (Chen et al., 1978). After 5 days of definitive
endoderm induction, the ESCs expressed the definitive endoderm
transcription factor marker SOX17 (Fig. 1A, left). However the
addition of 10 µM blebbistatin, a non-muscle myosin II inhibitor,
each day to the definitive endoderm induction medium reduced
SOX17 expression by fourfold (Fig. 1A, right), based on nuclear
staining intensity (Fig. 1B). These data suggest that inhibition of
traction forces is sufficient to prevent ESCs from undergoing
definitive endoderm differentiation in response to soluble signals.Received 14 November 2014; Accepted 24 March 2015
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Traction forces are activated during differentiation and
transiently regulate TGF-β signaling
To evaluate whether definitive endoderm induction medium activates
traction forces, FN matrix strain was monitored in decellularized
fibroblast-derived ECM using a FN force-sensitive Förster resonance
energy transfer (FRET) probe (FRET-FN) (Baneyx et al., 2001; Smith
et al., 2007) where matrix strain is related to the FRET intensity ratio,
that is, the ratio of acceptor to donor fluorophore intensity. To ensure
theFRETratiowas sensitive toFNunfolding, theFRET-FNprobewas
characterized in the chemical denaturant guanidine hydrochloride
(GdnHcl) (supplementary material Fig. S1A). The ratio of acceptor to
donor peak emission decreased twofold over a 4Mchange inGdnHCl
(supplementary material Fig. S1B), indicating that the FRET-FN
was sensitive to chemical denaturation. Fibroblasts grown in
medium containing FRET-FN assembled the probe into the ECM
(supplementary material Fig. S1C, right), allowing measurements of
matrix strain. Upon decellularization, the average FRET-FN intensity
ratio increased (supplementary material Fig. S1C, left), showing that
the matrix was responsive to the removal of fibroblast forces and was
suitable for monitoring ESC contractility.
To determine whether ESCs exert traction forces during

pluripotency or definitive endoderm induction, ESCs (CCE and
R1 lines) were grown on decellularized FRET-FN matrices. During
5 days of definitive endoderm or pluripotency induction, ESCs
remodeled the matrix, affecting both its overall structure and its
FRET intensity ratio (Fig. 2A). ESCs in definitive endoderm
induction medium assembled a thin fibrillar matrix, whereas R1s
and CCEs in pluripotency medium assembled thick FN fibers and
punctate FN, respectively (Fig. 2A). Moreover, the FRET intensity
ratio of the matrix in the definitive endoderm condition was lower
than in the pluripotency-inducing condition or in the decellularized

control (Fig. 2B), suggesting that the FN matrix was exposed to
greater strain during definitive endoderm induction. Although
these data indicate that definitive endoderm induction causes
ESCs to impart strain onto their matrix, they do not show whether
the strain results from changes in ECM organization or from
active cell traction forces. To address this, ESCs were grown on
FRET-FN matrices for 5 days and then treated with 50 μM
blebbistatin for 1 h to inhibit active cell contractility. The cessation
of traction forces reduced or eliminated differences in matrix strain
between pluripotency and definitive endoderm cultures (Fig. 2C).
Importantly, a 1-h blebbistatin treatment did not affect Sox17 gene
expression in comparison to untreated ESCs (Fig. 2D). Taken
together, these data suggest that traction forces are initially inhibited
in the unspecified ESC state, but become activated upon definitive
endoderm differentiation.

Although we have shown that definitive endoderm induction
mediated by growth factors increases the ESC traction forces, it is not
clear whether traction forces feedback on soluble factor signaling.
Activin A is necessary for definitive endoderm induction (D’Amour
et al., 2005) and acts by stimulating the TGF-β signaling pathway
mediated by SMAD2, SMAD3 and SMAD4. Consistent with this
evidence, R1 ESCs treated with definitive endoderm induction
medium on decellularized ECM expressed phosphorylated SMAD2
(phospho-SMAD2) (supplementary material Fig. S2 and Fig. S3A,
cell lysate) and activated contractility (supplementarymaterial Fig. S3)
after 2 days. However, when traction forces were inhibited by a daily
addition of 10 µM blebbistatin, we did not observe changes in the
association of phospho-SMAD2 and SMAD4 (Fig. 3A, SMAD4 IP).
Instead, we observed a 30% reduction in nuclear phospho-SMAD2
after 2 days but not after 5 days (Fig. 3B,C). R1 ESCs in definitive
endodermmedium supplemented with 10 µM blebbistatin from day 0
to day 2 of culture exhibited decreased SOX17 expression, whereas
those treated with blebbistatin from day 3 to day 5 did not exhibit
impaired differentiation (Fig. 3D). These data imply that blebbistatin
inhibits activin-A-induced TGF-β signaling by preventing the initial
nuclear translocation of phospho-SMAD2 and that 2 days of phospho-
SMAD2 signaling is sufficient for SOX17 expression. These results
suggest that alternative blebbistatin-insensitive signaling pathways
might become activated after 2 days of definitive endoderm induction.

ECM signaling regulates definitive endoderm induction and
contractility
Although FN matrix is necessary for differentiation (Darriber̀e
and Schwarzbauer, 2000), recent reports have suggested that
specific laminin isoforms also promote definitive endoderm
differentiation (Higuchi et al., 2010; Taylor-Weiner et al., 2013).
To understand how traction forces augment differentiation in more
complex ECM, ESCs were cultured on decellularized ECM where
exogenous laminin had been previously added to fibroblast
medium to create laminin-111- and FN-rich matrix. Consistent
with these reports, laminin-111 was detected in the matrices without
exogenous laminin after 5 days of ESC culture, indicating that ESCs
produce laminin-111. However, the presence of laminin from the
outset enhanced the final laminin-111 concentration (Fig. 4A).
These data suggest that temporal changes in blebbistatin sensitivity
(Fig. 3C,D) might be due, in part, to changes in ECM composition
created by endogenous expression of laminin-111.

We next cultured R1 ESCs with a function-blocking anti-α5β1-
integrin antibody on FRET-FN ECM containing laminin so as to
inhibit FN signaling. After 5 days of definitive endoderm induction,
R1 ESCs exhibited a laminin-dependent increase in nuclear SOX17
staining in agreement with previous findings (Higuchi et al., 2010;

Fig. 1. Traction forces are necessary for definitive endoderm
specification. Mouse ESCs (CCE and R1) were grown on decellularized
fibroblast-derived ECM in definitive endoderm induction medium, with or
without 10 μM blebbistatin. (A) Immunofluorescent images of SOX17 (green)
and Hoechst 33342 (blue)-stained nuclei were taken after 5 days and (B) the
mean±s.e.m. (n>300) nuclear intensity of SOX17 was quantified. *P<0.05.
Scale bar: 20 µm. a.u., arbitrary units.

1962

RESEARCH ARTICLE Journal of Cell Science (2015) 128, 1961-1968 doi:10.1242/jcs.166157

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.166157/-/DC1


Taylor-Weiner et al., 2013); α5β1-integrin inhibition reduced SOX17
expression independently of laminin (Fig. 4B). However, the FRET-
FN intensity ratio was significantly higher for ESCs cultured on
laminin-containing matrices, indicating that there was a reduction in
FN matrix strain (Fig. 4C). These data suggest that α5β1-integrin
signaling enhances definitive endoderm differentiation but that
definitive endoderm cells preferentially bind laminin. Given that the
FRET sensor is onlyonFN, an integrin-binding switchwould result in
an increase in FRET ratio. Although these data suggest preferential
laminin binding, they do not showwhether this is specific to definitive
endoderm. To address this, ESCs were cultured on FRET-FN ECM
with exogenous laminin. The laminin-dependent increase in FRET
intensity ratiowas observed in definitive endoderm inductionmedium
but not in pluripotency conditions (Fig. 5). However, unspecified
ESCs might exert low-traction forces even in the absence of laminin
and so any laminin-induced reduction in FN matrix strain would be
difficult to observe.

Laminin regulates differentiation and contractility through
α3β1-integrin
To understand how ESCs sense laminin, we examined whether
function-blocking antibodies for the laminin-binding integrins α6-
integrin [GoH3 antibody (Aumailley et al., 1990)] and α3-integrin
[Ralph 3.1 (DeFreitas et al., 1995; Demyanenko et al., 2004)] would
affect definitive endoderm differentiation and contractility.
Inhibition of α3-integrin, either alone or with α6-integrin
inhibition, reduced nuclear SOX17 expression fourfold (Fig. 6A).
Blocking α3-integrin or both α3- and α6-integrin caused a decrease
in the FRET-FN intensity ratio, indicating greater FN matrix strain
and a shift in α5β1-integrin binding (Fig. 6B). By contrast,
inhibition of the α6-integrin did not significantly alter SOX17
staining and had no effect on FN matrix strain (Fig. 6A,B). Taken
together, these data indicate that definitive endoderm cells primarily
sense laminin through α3- but not α6-integrin, and that its inhibition

redistributes tractions from laminin to FN. Although these data
suggest that α6-integrin inhibition does not prevent laminin sensing,
it does not capture whether integrin expression changes occur
when laminin-binding integrins are blocked. To address this, the
relative α6- and α3-integrin expression on R1 ESCs was examined
by fluorescence-activated cell sorting (FACS) during blocking.
Inhibiting α6-integrin increased expression of α3-integrin by 70%
whereas α3-integrin inhibition did not affect the expression of α6-
integrin (supplementary material Fig. S4A). These data suggest that
the lack of response to the antibody blocking α6-integrin function
might be due in part to compensatory mechanisms that cause
increased expression of α3-integrin.

Given that tractions regulated TGF-β signaling and inhibition of
α3-integrin shifted traction forces from laminin to FN, we next
examined the extent that α3-integrin influenced TGF-β signaling in
differentiating R1 ESCs. Loss of α3-integrin increases expression of
the TGF-β inhibitor SMAD7 (Nakao et al., 1997; Reynolds et al.,
2008), and so α3-integrin was inhibited in differentiating R1 ESCs
on matrices with exogenous laminin. α3-integrin inhibition
increased SMAD7 and decreased phospho-SMAD2 levels after
5 days but not after 2 days (Fig. 6C). These data suggest that
α3-integrin signaling might prevent accumulation of SMAD7, a
TGF-β pathway inhibitor, which is expressed in response to prolonged
activin A treatment. R1 ESCs treated with 10 µM blebbistatin on
laminin-containing ECM for 5 days showed inhibited SOX17
expression (Fig. 6D), but did not show altered levels of SMAD7 or
phospho-SMAD2 (Fig. 6E). Taken together, these data indicate that
cell traction forces and α3-integrin promote definitive endoderm
differentiation through independentmechanisms that enhance activin-
A-mediated TGF-β signaling.

DISCUSSION
Data presented here examined how soluble signals, such as activin
A andWnt3a, that induce definitive endoderm specification regulate

Fig. 2. Cell contractility is activated
upon definitive endoderm induction.
Mouse ESCs (CCE and R1) were grown in
either definitive endoderm (DE) or
pluripotency (PP) induction medium on
decellularized fibroblast-derived ECM
containing FRET-FN. (A) Confocal
z-stacks of the FRET fibronectin matrix
were captured after 0 (NoCells) and 5 days
of induction and (B) the average FRET
intensity ratio of the ESC associatedmatrix
was quantified (n>16). ESCs were treated
with 50 μM blebbistatin for 1 h at the end of
definitive endoderm or pluripotency
induction and (C) the average FRET
intensity ratios of ESC-associated matrix
(n>16) and (D) SOX17 gene expression
were quantified (mean±s.e.m., n=3). For
boxplots, the box represents the 25–75th
percentiles, and the median is indicated.
The whiskers show the 10–90th
percentiles. *P<0.05.
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biophysical changes in ESCs and their associated ECM. Definitive
endoderm induction activated cell tractions (Fig. 7, center) and
caused sensitivity to extracellular laminin. Both these changes were
supportive of TGF-β signaling, which was necessary to achieve
optimal definitive endoderm induction. These data support a
signaling model where the induction of definitive endoderm
depends on the force-sensitive localization of phospho-SMAD2
(Fig. 7, left), which is regulated in parallel by laminin-sensitive
SMAD7 inhibition of SMAD2 phosphorylation (Fig. 7, right).

Traction-sensitive differentiation
Consistent with the results from ESCs on synthetic hydrogels with
passive (Chowdhury et al., 2010a) or actively applied forces
(Chowdhury et al., 2010b), these results indicate that in order to

differentiate, ESCs must transition from a low-traction pluripotent
state to a primed state with active cell-matrix contractility. Using
deformation-sensitive FRET-FN matrices (Smith et al., 2007), we
found that the force-sensitive phenotype changes in ESCs appear to
be consistent with the epithelial–mesenchymal transition (EMT)
that ESCs undergo during gastrulation where forces increase to
allow motility (Thiery and Sleeman, 2006). Although inhibition of
traction force maintains pluripotency (Chowdhury et al., 2010a),
these data present the first demonstration that traction force
activation is required for definitive endoderm differentiation on
a fibrillar ECM. Taken together with EMT observations, these
data suggest a more general role for traction-mediated loss of
pluripotency on fibrillar matrix.

Specifically for the transition from ESCs to definitive endoderm,
we found that inhibiting tractions prevented definitive endoderm
marker expression in response to activin A by interfering with
nuclear accumulation of phospho-SMAD2 (Fig. 7, left). Given that
TGF-β and Wnt signaling are known promoters of EMT (Kemler
et al., 2004; Thiery and Sleeman, 2006), this result suggests that
regulatory feedback mechanisms similar to those that occur during
EMT, for example the activation of tractions, promote the signaling
pathways that initiate transition. These data add TGF-β signaling
to a growing list of signaling pathways [e.g. Src signaling (Na et al.,
2008), Src-independent Rac activation (Poh et al., 2009)] that
are regulated by a combination of mechanical and chemical
cues (Li et al., 2011). However, it is still unclear whether other
early embryonic lineages that undergo EMT and activate traction
forces (Thiery and Sleeman, 2006) also use similar protein
phosphorylation and nuclear translocation mechanisms to direct
cell fate. Several other mechanosensitive signaling mechanisms
have been proposed including Rho-ROCK, stretch-activated
channels and force-induced conformational changes (Holle and
Engler, 2011), and all of these methods could induce changes that
are similar to what was observed here. In fact, it is known that adult
stem cells are force sensitive (Guvendiren and Burdick, 2012), as
with ESCs here, but use nuclear-based (Pajerowski et al., 2007;
Swift et al., 2013) and focal-adhesion-based sensors (Holle et al.,
2013). These data argue that there is a need for careful specific
observations for each stem cell type rather than more general
characterizations.

Laminin modulation of contractile signaling
Integrin-specific traction force activation during definitive
endoderm differentiation suggests that ESCs might sense the
properties of their ECM using forces transmitted through integrins.
Indeed, we and others have shown that the ECMproteins fibronectin
and laminin positively regulate definitive endoderm induction
(Higuchi et al., 2010; Taylor-Weiner et al., 2013). Here, we show
that laminin modulates integrin adhesions and tractions separately
from FN, possibly due to preferential binding. More specifically,
data has suggested that the laminin-binding α3β1-integrin can act as
a trans-dominant inhibitor of FN- and collagen-binding integrins
(Hodivala-Dilke et al., 1998). Indeed, we found that inhibition of
α3β1-integrin increased FN matrix strain and reversed the laminin-
dependent improvement in definitive endoderm differentiation.
However, underlying these changes are observations that α3-
integrin loss leads to increased SMAD7 expression, which is an
inhibitor of the TGF-β pathway (Nakao et al., 1997; Reynolds et al.,
2008). We found that inhibition of α3-integrin increased the
SMAD7 expression in ESCs and disrupted their ability to
differentiate into definitive endoderm through SMAD7-mediated
inhibition of activin A signaling. This then interfered with traction-

Fig. 3. Disruption of traction forces inhibits TGF-β signaling. R1 ESCs
were grown on decellularized fibroblast-derived extracellular matrix in definitive
endoderm induction medium with or without 10 μM blebbistatin. (A) Blots show
cells that were lysed after 2 days (left) as well as the supernatant (Sup., center)
and pulldown (pellet, right) fractions of SMAD4 immunoprecipitation (IP). Blots
are shown for phospho-SMAD2 (p-SMAD2), SMAD4 and GAPDH.
(B) Immunofluorescent images of phospho-SMAD2 (green) and Hoechst
33342 (blue)-stained nuclei taken after 2 and 5 days are shown along with
(C) quantification of the mean±s.e.m. (n>200) nuclear intensity of phospho-
SMAD2. (D) Immunofluorescent images of SOX17 andHoechst-stained nuclei
were quantified (mean±s.e.m., n>1000) after 5 days of the indicated
blebbistatin treatment. *P<0.05. Scale bar: 20 µm. a.u., arbitrary units.
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mediated phosphorylation and translocation of SMAD2 (Fig. 7,
right). Other integrin-associated proteins, such as kindlin and
integrin-linked kinase, have been proposed as regulators of TGF-β
signaling (Boo and Dagnino, 2013; Rognoni et al., 2014),
suggesting that parallel integrin signaling pathways could also be
regulating definitive endoderm induction. Taken together, these
results suggest that integrin signaling might regulate soluble
signaling pathways throughout development and could be an
important tool for directing ESC differentiation.
The findings that traction forces and ECM proteins can regulate

growth factor signaling is consistent with reports that stem cell fate
can be directed by cell tractions (Fu et al., 2010; Khetan et al., 2013)
and ECM properties, including stiffness (Wen et al., 2014; Young
and Engler, 2011) and ligand composition (Brafman et al., 2013;
DeQuach et al., 2011). Taken together, these results demonstrate
that ECM signaling and soluble factor signaling can be co-regulated

and that the properties of culture substrates should be carefully
considered when designing ESC differentiation protocols.

MATERIALS AND METHODS
Cell culture
All cell typeswere cultured at 37°C in an incubator containing 5%CO2.Mouse
ESCs [CCE cell line, StemCell Technologies (Robertson et al., 1986); R1 cell
line, American Type Culture Collection (Nagy et al., 1993)] were maintained
ongelatin-coated substrates inDulbecco’smodifiedEagle’smedium(DMEM)
supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 50 U/ml
penicillin, 50 µg/ml streptomycin, 1 mM non-essential amino acids, 15%
fetal bovine serum screened for mouse ESCs (Thermo Scientific), 100 µM
1-thioglycerol and 103 U/ml leukemia inhibitory factor. Mouse ESCs were
passaged as single cells upon reaching 80% confluence, about every 2 days,
to maintain their pluripotent state. Mouse fibroblasts (NIH-3T3) were
grown in DMEM containing 10% bovine calf serum (Thermo Scientific),
4 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml
streptomycin and 0.25 µg/mL amphotericin B.

To induce definitive endoderm differentiation, ESCs (CCEs and R1s)
were seeded as single cells at a density of 104 cells/cm2 in definitive
endoderm induction medium composed of 1:1 Iscove’s modified
Dulbecco’s medium and Ham’s F-12 nutrient mixture, and 1% fetal clone
II serum (Thermo Scientific), 2mML-glutamine, 50U/ml penicillin, 50 µg/ml
streptomycin, 0.1% BSA, 450 µM 1-thioglycerol, 100 ng/ml activin A and
10 ng/ml Wnt3a. The non-muscle myosin II inhibitor, blebbistatin, was
added to cultures at the indicated concentration to disrupt myosin activity
and thereby inhibit ESC traction stresses.

Integrin-blocking antibodies
To disrupt specific integrin–ECM interactions, the following function-
blocking antibodies were added to differentiation cultures: 10 µg/ml of
GoH3 α6-integrin function-blocking antibody (Beckman Coulter), 5 µg/ml
of Ralph 3.1 α3-integrin function-blocking antibody (Developmental
Hybridoma Bank, Iowa City, IA), 6 µg/ml of BIIG2 α5-integrin function-
blocking antibody (Developmental Hybridoma Bank, Iowa City, IA) or
50 µg/ml of a control rabbit IgG antibody. In addition to including blocking
antibodies in differentiation medium during culture (which was replenished
every 1–2 days), ESCs in suspension were also incubated in differentiation
medium containing the antibody at 37°C for 1 h prior to seeding.

Fig. 4. ECM signaling regulates definitive endoderm induction and contractility. (A) Mouse ESCs (CCE and R1) were grown in definitive endoderm
(DE) or pluripotency (PP) induction medium on decellularized fibroblast-derived matrices supplemented with FRET fibronectin and either 0 μg/ml (– exogenous
laminin) or 50 μg/ml (+ exogenous laminin) mouse laminin-111. Equal amounts of DOC-insoluble ECM were blotted for laminin or fibronectin after 1 and 5 days
of ESC culture. (B) R1 ESCmean±s.e.m. (n>300) nuclear SOX17 staining intensity and (C) average extracellular matrix FRET intensity ratios (the box represents
the 25–75th percentiles, and the median is indicated; the whiskers show the 10–90th percentiles, n>10) were measured after 5 days of definitive endoderm
induction in the presence or absence of the α5β1-integrin function-blocking antibody BIIG2. *P<0.05. a.u., arbitrary units.

Fig. 5. Laminin effects on contractility are specific to definitive endoderm.
After 5 days in either definitive endoderm (DE) or pluripotency (PP) induction
medium, and the average FRET intensity ratios of ESC-associatedmatrix were
quantified (the box represents the 25–75th percentiles, and the median is
indicated; the whiskers show the 10–90th percentiles) for mouse ESCs (CCE
and R1) grown on decellularized fibroblast-derived ECM containing FRET-FN
and either 0 μg/ml (– laminin) or 50 μg/ml (+ laminin) exogenous laminin. n>16.
*P<0.05.
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Preparation of FRET-FN
FN was isolated from human plasma using gelatin–sepharose binding and
eluted with 6 M urea. Isolated FN was concentrated to ∼3 mg/ml using an
Amicon Ultra Centrifugal Filter (10 kDa NMWL; Millipore), according to
manufacturer’s instructions, and denatured for 15 min in 4 M guanidine
hydrochloride (GdnHCl). Denatured FN was dual-labeled with Alexa Fluor
488 (donor) and Alexa Fluor 546 (acceptor) fluorophores, as previously

described (Baneyx et al., 2001;Wen et al., 2014). Briefly, denatured FNwas
incubated with a 30-fold molar excess of Alexa Fluor 546 C5 Maleimide
(Life Technologies) for 2 h to label cysteine residues within the III7 and III15
domains of FN. The single-labeled FN was buffer exchanged into 0.1 M
sodium bicarbonate pH 8.3 and separated from unreacted Alexa Fluor
546 fluorophores using a spin desalting column (Thermo Scientific),
according to the manufacturer’s instructions. The single-labeled FN was

Fig. 6. Laminin-containing ECM affects
FRET-FN contractility and definitive
endoderm induction through α3-
integrin-mediated signaling. R1 ESCs
were grown on decellularized fibroblast-
derived ECM with FRET-FN and 50 μg/ml
exogenous mouse laminin. (A) Nuclear
SOX17 staining intensity was quantified
(mean±s.e.m., n>500) after 5 days for ESCs
in definitive endoderm induction medium
containing the indicated integrin function-
blocking antibodies. (B) FRET intensity
ratios of ESC-associated matrix was
quantified after 5 days for R1 ESCs in the
indicated culture conditions. The box
represents the 25–75th percentiles, and the
median is indicated; the whiskers show the
10–90th percentiles; n>10. (C) Cells were
lysed after 2 and 5 days and equal amounts
of cell lysis were separated by SDS-PAGE
and blotted with phospho-SMAD2, SMAD2,
SMAD7 and GAPDH antibodies. The
relative levels (mean±s.e.m., n=3) are
shown in the graph below the blot.
(D) Nuclear SOX17 staining intensity was
quantified (mean±s.e.m., n>500) after 5
days of definitive endoderm induction with
(+) or without (–) 10 µM blebbistatin. (E)
Cells were lysed after 5 days and blotted
with antibodies against phospho-SMAD2,
SMAD2, SMAD7 and GAPDH. *P<0.05.

Fig. 7. Model for α3-integrin and traction force signaling
during definitive endoderm differentiation. During definitive
endoderm differentiation, activin A binds to TGF-β receptors,
resulting in the activation of α5β1-integrin-mediated contractility
and phosphorylation of SMAD2 and SMAD3. SMAD7, a
competitive inhibitor of SMAD2 and SMAD3 phosphorylation,
and α5β1-integrin are inhibited by α3β1-integrin-mediated
laminin sensing. Treatment with blebbistatin, an inhibitor of
myosin activity and therefore traction forces, prevents
accumulation of the SMAD2–SMAD3–SMAD4 complex within
the nucleus.
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then incubated with a 40-fold molar excess of Alexa Fluor 488 succinimidyl
ester (Life Technologies) for 1 h to label amine residues. Unreacted Alexa
Fluor 488 fluorophores were removed using a spin desalting column and
dual-labeled FN was stored with 10% glycerol at −20°C. The average
number of acceptor and donor fluorophores per FN were determined using
published extinction coefficients and the absorbance of the dual-labeled FN
at 280, 498 and 556 nm. FRET-FN was prepared in two batches with an
average of 8.8 donors and 3.2 acceptors (Figs 2, 5; supplementary material
Fig. S1) and 7.3 donors and 3.3 acceptors (Figs 4, 6) per FN dimer.

The emission spectrum of the dual-labeled FN was characterized in
varying concentrations of denaturant by fluorescence spectroscopy using a
Synergy 4 Microplate Reader (BioTek). Briefly, 100 μg/ml dual-labeled FN
in PBS was denatured in 0 to 4 M guanidine hydrochloride (GdnHcl) and
excited at 484 nm. The resulting emission spectrum was measured from 510
to 700 nm (supplementary material Fig. S1A) and the ratio of the maximum
acceptor emission (∼570 nm) to the maximum donor emission (∼520 nm)
was determined at each concentration of GdnHcl (supplementary material
Fig. S1B).

Analysis of FRET-FN images
Images of the dual-labeled FN were acquired on a Zeiss LSM 780 Confocal
Microscope and analyzed using a custom MATLAB script, as previously
described (Smith et al., 2007). Briefly, images were averaged with a 3×3
pixel sliding block and pericellular regions of DAPI-stained cells were
manually selected for analysis. The FRET ratio for each pixel within a
selected region was calculated by dividing the intensity of that pixel in the
acceptor image by its corresponding intensity in the donor image. FRET
ratios less than 0.05 and greater than 1.0 were excluded from analysis. The
mean FRET ratio within the selected regions was calculated for each group
of cells and then averaged over all the groups in each condition.

Preparation of cell culture substrates
Gelatin-coated substrates were prepared by incubating tissue culture plates
with 0.1% gelatin for 30 min. Fibrillar ECM was prepared from NIH-3T3
mouse fibroblasts using an established protocol (Mao and Schwarzbauer,
2005). Briefly, 2×104 fibroblasts/cm2 were grown in fibroblast growth
medium, supplemented with either 50 µg/ml unlabeled human FN or 45 µg/ml
unlabeled human FN and 5 µg/ml FRET-FN for 6 days. 50 µg/ml mouse
laminin-111 (Southern Biotech) was added to the fibroblast culture medium
when indicated. After 6 days, fibroblast cultures were washed with PBS,
wash buffer I (2 mM magnesium chloride, 2 mM EGTA, 100 mM sodium
phosphate, pH 9.6), incubated at 37°C for 15 min in lysis buffer (8 mM
sodium phosphate, 1% NP-40, pH 9.6) and replaced with fresh lysis buffer
for an additional 60 min before final washes with wash buffer II (10 mM
sodium phosphate, 300 mM potassium chloride, pH 7.5), PBS and sterile
water.

Immunofluorescence staining
Cell cultures that underwent immunofluorescence staining were fixed with
3.7% formaldehyde for 20 min at room temperature. The cells were then
incubated in a solution of 0.1% Triton X-100 and 5% goat serum in PBS for
30 min to permeabilize the cells and block non-specific binding. Samples
were stained using AF1924 goat anti-SOX17 polyclonal antibody (1:100;
R&D Systems), D27F4 rabbit anti-phospho-SMAD2 (1:200; Cell
Signaling) and the appropriate Alexa-Fluor-dye-conjugated goat IgG or
donkey IgG antibody (1:500). Cells were additionally labeled with Hoechst
33342 (1:2000) stain as indicated. Samples were examined on either a
CARV or CARV II confocal microscope (BD Biosciences) mounted on a
Nikon Eclipse TE2000-U microscope with IP Lab software or Nikon Ti-S
microscope with Metamorph 7.6 software.

Quantitative PCR
RNA was extracted from ESCs by Trizol-chloroform extraction according
to the manufacturer’s instructions (Thermo Scientific) and cDNA was
prepared from 2 µg of RNA. The quantitative PCR was performed (45
cycles, 95°C for 15 seconds followed by 60°C for 1 min) using a Bio-Rad
CFX384 Real-Time Systemwith the primer sets described in supplementary

material Table S1, and the iQ SYBR Green Supermix. Data were analyzed
by calculating quantities of RNA based on a standard curve generated from a
fibronectin plasmid. GAPDHwas used to normalize data, which was plotted
as a fold change from that in undifferentiated mouse ESCs.

Deoxycholate-solubility assay
A deoxycholate (DOC)-solubility assay was used to separate cell lysates
fromDOC-insoluble ECM for western blot analysis, as described previously
(Wierzbicka-Patynowski et al., 2004). Cultured cells were washed with PBS
and lysed with DOC lysis buffer (2% sodium deoxycholate, 20 mM Tris-
HCl, 2 mM EDTA, 2 mM PMSF, pH 8.8). The cell lysate was passed
through a 27-G needle to reduce sample viscosity. The DOC-insoluble
fraction was isolated by micro-centrifugation at 18,400 g for 20 min. The
supernatant (cell lysate fraction) was removed; the DOC-insoluble fraction
was then washed once with fresh DOC lysis buffer and resuspended in SDS-
solubilization buffer (4% SDS, 20 mM Tris-HCl, 2 mM EDTA, 2mM
PMSF, pH 8.8).

Western blotting
Cellswere lysed usingmRIPAbuffer (Wierzbicka-Patynowski et al., 2007) or
underwent a DOC-solubility assay (Wierzbicka-Patynowski et al., 2004),
as described above. The protein concentrations of the samples were
determined using a Pierce BCA Protein Assay kit (Thermo Scientific),
according to the manufacturer’s instructions. Equal protein amounts from
each samplewere separated by electrophoresis under reducing and denaturing
conditions, transferred onto a nitrocellulose membrane and immunoblotted
using ab40759 rabbit anti-SMAD4 monoclonal antibody (1:103; Abcam),
ab8245mouse anti-GAPDHmonoclonal antibody (1:104; Abcam), ab76498
rabbit anti-SMAD7 antibody (1:103; Abcam), D27F4 rabbit anti-phospho-
SMAD2 (1:103; Cell Signaling), D7G7 rabbit anti-SMAD2 (1:103; Cell
Signaling), R457 rabbit anti-fibronectin polyclonal antiserum [1:2000;
(Aguirre et al., 1994)], or ab11575 rabbit anti-laminin-111 polyclonal
antibody (1:1000; raised against laminin from EHS basement membrane;
Abcam) and the appropriate horseradish-peroxidase-conjugated goat or
donkey IgG (1:104). Western blots were developed with ECL substrate
(Pierce) and the integrated densities of bands within the linear range of the
film were analyzed using Image J.

FACS
R1 ESCs grown for 5 days in definitive endoderm inductionmedium and the
indicated integrin function-blocking antibody were analyzed by flow
cytometry for their expression of the indicated laminin-binding integrin.
After washing in PBS, R1s were detached using a 5-min treatment of
TrypLE. Cells were then incubated for 30 min at 4°C in FACS buffer (2.5%
donkey serum, 1 mM EDTA, 1% sodium azide in PBS) containing either
5 µg/ml GoH3 rat anti-α6-integrin or 5 µg/ml Ralph 3.1 mouse anti-α3-
integrin antibody. After washing in FACS buffer, the R1s were incubated
for 30 min at 4°C in FACS buffer containing 5 µg/ml of the appropriate
Alexa-dye-conjugated goat or donkey IgG. R1s were centrifuged at 400 g
for 5 minutes and washed in FACS buffer before being resuspended for
analysis in a FACScan cytometer (Becton Dickinson). Fluorescence was
measured at 488 nm and data were gated by size to measure single cells.

Statistical analysis
Statistical analyses were completed using Prism 5 (GraphPad Software,
Inc.). Unpaired Student’s t-tests were used when comparing two groups.
Differences among three or more groups were assessed by ANOVA with
Tukey’s post hoc analysis to identify statistical differences as P<0.05. All
data are presented as mean±s.e.m. Experimental data are shown for
experiments performed in triplicate.
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