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Summary
Non-muscle myosin II (MyoII) contractility is central to the regulation of numerous cellular processes, including migration. Rho is a
well-characterized modulator of actomyosin contractility, but the function of other GTPases, such as Rac, in regulating contractility is
currently not well understood. Here, we show that activation of Rac by the guanine nucleotide exchange factor Asef2 (also known as
SPATA13) impairs migration on type I collagen through a MyoII-dependent mechanism that enhances contractility. Knockdown of

endogenous Rac or treatment of cells with a Rac-specific inhibitor decreases the amount of active MyoII, as determined by serine 19
(S19) phosphorylation, and negates the Asef2-promoted increase in contractility. Moreover, treatment of cells with blebbistatin, which
inhibits MyoII activity, abolishes the Asef2-mediated effect on migration. In addition, Asef2 slows the turnover of adhesions in

protrusive regions of cells by promoting large mature adhesions, which has been linked to actomyosin contractility, with increased
amounts of active b1 integrin. Hence, our data reveal a new role for Rac activation, promoted by Asef2, in modulating actomyosin
contractility, which is important for regulating cell migration and adhesion dynamics.
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Introduction
Cell migration is vital for embryonic development and in

maintaining homeostasis in the adult (Vicente-Manzanares and

Horwitz, 2011). Migration also plays a central role in

pathological disorders, such as atherosclerosis, arthritis and

cancer. Therefore, identifying key molecular mechanisms that

regulate migration is important for developing new therapeutic

approaches for treating these disorders. Cell migration comprises

several underlying processes that include establishment of front-

back polarity, extension of leading edge protrusions, formation of

cell–matrix adhesions, translocation of the cell body and

retraction of the cell rear (Lauffenburger and Horwitz, 1996;

Vicente-Manzanares et al., 2005). The formation of integrin-

based adhesions, which link the actin cytoskeleton to the

extracellular matrix (ECM), stabilize leading edge protrusions

and generate traction forces on the ECM to propel cell movement

(Beningo et al., 2001; Gardel et al., 2008). These nascent

adhesions can continue to grow and mature into large focal

adhesions, or they can subsequently disassemble to allow for

sustained migration (Laukaitis et al., 2001; Webb et al., 2004).

The continuous assembly and disassembly of adhesions, termed

adhesion turnover, is crucial for cell migration (Webb et al.,

2004).

MyoII is an actin motor protein that is emerging as a key

modulator of cell migration through its ability to regulate

underlying processes. MyoII is important for stabilizing leading

edge protrusions and maintaining polarity (Lo et al., 2004).

Moreover, MyoII is essential for the maturation of adhesions as

well as retraction of the cell rear (Choi et al., 2008; Vicente-

Manzanares et al., 2007). Structurally, MyoII is composed of two

heavy chains (MHC) as well as two essential (ELC) and two

regulatory (RLC) light chains. Each MHC contains an N-terminal

head domain, a neck region, and a C-terminal a-helical rod

domain (Wang et al., 2011). The head domains, which contain

the motor region, bind to actin and allow MyoII to move along

actin filaments by coupling the hydrolysis of ATP to

conformational changes. The rod domains can associate with

other MyoII rod domains to form bipolar filaments. These bipolar

filaments generate contraction by sliding actin filaments relative

to one another, which is a major cellular function of MyoII. The

activity and function of MyoII is regulated by phosphorylation

within the RLC (Adelstein and Conti, 1975; Scholey et al., 1980).

Phosphorylation of serine 19 activates the motor domain of

MyoII and drives actomyosin contractility (Adelstein and Conti,

1975; Ikebe, 1989). Additional phosphorylation on another

residue, threonine 18, further enhances myosin ATPase activity

(Ikebe, 1989).

The Rho family of GTPases, which includes Rho, Rac and

Cdc42, are molecular switches that exist in two interconvertible

forms: a GDP-bound form (inactive) and a GTP-bound form

(active) (Ridley et al., 2003). Active GTPases interact with their

specific downstream targets to modulate cell migration, actin
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polymerization, MyoII contraction and adhesion dynamics
(Huttenlocher and Horwitz, 2011; Ridley, 2001; Ridley et al.,

2003). Rac and Cdc42 regulate the formation of protrusive actin-
based structures, lamellipodia and filopodia, respectively,
whereas Rho is thought to stabilize lamellipodial protrusions

(Nobes and Hall, 1995; Ridley and Hall, 1992). Rac promotes the
assembly of nascent adhesions near the cell periphery, whereas
Rho activity induces adhesion maturation (Chrzanowska-
Wodnicka and Burridge, 1996; Ridley and Hall, 1992; Rottner

et al., 1999). Rho activity also stimulates the formation of stress
fibers, which are contractile F-actin bundles, and promotes
actomyosin contractility (Chrzanowska-Wodnicka and Burridge,

1996; Katoh et al., 2001; Ridley and Hall, 1992). However, little
is currently known about the function of the other Rho GTPases,
including Rac, in modulating actomyosin contraction.

The activation of Rho GTPases is regulated by guanine
nucleotide exchange factors (GEFs), which facilitate the
release of GDP from the GTPases, thus promoting the

binding of GTP. Asef2 (also known as SPATA13) is a
recently identified GEF known to activate both Rac and
Cdc42 (Hamann et al., 2007; Kawasaki et al., 2007). Asef2

comprises four domains, including an N-terminal adenomatous
polyposis coli (APC)-binding region (ABR), an adjacent Src
homology 3 (SH3) domain, a central Dbl homology (DH)
domain that binds GTPases and is necessary for its catalytic

function, and a pleckstrin homology (PH) domain, which
facilitates membrane targeting (Hamann et al., 2007; Kawasaki
et al., 2007). Binding of the tumor suppressor APC to the ABR

region has been shown to stimulate the GEF activity of Asef2
by releasing it from an auto-inhibited state, where the C-
terminus is bound to the ABR-SH3 domains (Hamann et al.,

2007). Asef2 has been implicated in the regulation of cell
migration (Bristow et al., 2009; Sagara et al., 2009), but its role
in modulating this process is not well understood.

In this study, we demonstrate that Asef2 inhibits cell migration
on type I collagen by a Rac- and MyoII-dependent mechanism.
Asef2 promotes the activation of Rac, which subsequently

stimulates MyoII contractility. In addition, Asef2 slows
adhesion turnover and induces large mature adhesions.
Therefore, Asef2 modulation of Rac- and MyoII-dependent

contractility is likely to regulate cell migration by affecting
underlying migratory processes such as adhesion turnover.

Results
Asef2 inhibits cell migration on type I collagen

We have previously shown that Asef2 promotes cell migration
when cells are plated on fibronectin (Bristow et al., 2009).
Indeed, in our previous study, the migration speed of HT1080
cells stably expressing GFP–Asef2 was increased 1.6-fold

compared to control cells stably expressing GFP. In this study,
to further investigate the role of Asef2 in regulating cell
migration, we plated GFP–Asef2 and GFP stably expressing

cells on type I collagen. These cells express low levels of GFP–
Asef2 (less than 3-fold over endogenous) (Bristow et al., 2009).
Intriguingly, GFP–Asef2 cells, plated on type I collagen,

migrated significantly more slowly than GFP control cells
(Fig. 1A; supplementary material Movies 1, 2), suggesting that
Asef2 impairs migration on type I collagen. Given that these

results were surprising, we performed side-by-side migration
experiments with GFP and GFP–Asef2 stably expressing cells
plated on fibronectin or type I collagen. Consistent with our

previous results, GFP–Asef2 promoted migration on fibronectin,

but inhibited migration on type I collagen, indicating that
Asef2 differentially affects migration on these substrates
(supplementary material Fig. S1A). We continued to probe the

function of Asef2 in regulating migration on type I collagen by
transiently transfecting wild-type HT1080 cells with GFP–Asef2
or GFP as a control. As with the stable cells, expression of GFP–
Asef2 resulted in a decrease in migration speed as compared to

that observed with GFP-expressing cells (supplementary material
Fig. S1B). We then examined the effect of Asef2 on migration on
type I collagen in another cell type by generating MDA-MB-231

cells that stably expressed GFP–Asef2 or GFP as a control. As
with HT1080 cells, stable expression of GFP–Asef2 in MDA-
MB-231 led to a significant reduction in migration speed as

compared to that observed with GFP-expressing cells
(supplementary material Fig. S2A), suggesting Asef2 inhibits
migration on type I collagen.

We further probed the role of Asef2 in regulating migration on

type I collagen by knocking down endogenous expression of the
protein using two short hairpin RNA (shRNA) constructs.
Although these shRNAs had previously been shown to be

effective (Bristow et al., 2009), we confirmed their ability
to knockdown Asef2. When wild-type HT1080 cells were
transfected with Asef2 shRNA 1 or Asef2 shRNA 2,

endogenous expression of Asef2 was decreased by ,65%
compared with empty pSUPER vector or a non-targeting
shRNA (NT shRNA) (Fig. 1B). Transfection of HT1080 cells
with the two Asef2 shRNAs resulted in a 1.3-fold increase in

migration speed compared to that observed with cells transfected
with pSUPER or NT shRNA (Fig. 1C; supplementary material
Movies 3, 4), demonstrating that knockdown of endogenous

Asef2 enhances migration on type I collagen. Collectively, our
results suggest an interesting new role for Asef2 in regulating
migration on type I collagen.

Rac activity is enhanced by Asef2

We next investigated the mechanism by which Asef2 impairs
migration on type I collagen. In initial experiments, we examined

the effect of Asef2 on the activity of the Rho family GTPases
Rac, Cdc42 and Rho using a pulldown assay. In this assay, GFP
and GFP–Asef2 cells were plated on type I collagen, and GST-
tagged binding domains from effectors were used to detect the

active forms of these small GTPases from cell lysates.
Interestingly, GFP–Asef2 expression did not significantly affect
the level of active Cdc42 or Rho (Fig. 2A). In contrast, the

amount of active Rac was increased ,1.8-fold in GFP–Asef2
cells compared to GFP controls (Fig. 2A). Moreover, knockdown
of endogenous Asef2 in wild-type HT1080 cells by transfection

with Asef2 shRNA 1 caused a decrease in Rac activity compared
to that observed with cells transfected with NT shRNA (Fig. 2B).
Taken together, these results suggest that Asef2 promotes the

activation of Rac, but not Cdc42 and Rho, when cells are plated
on type I collagen.

To further demonstrate that Asef2 increases Rac activity, we
used a Raichu-Rac fluorescence resonance energy transfer

(FRET) probe. Raichu-Rac is composed of yellow fluorescent
protein (YFP), the p21-binding domain (PBD) from the Rac
effector p21-activated kinase (PAK), Rac, and cyan fluorescent

protein (CFP) (Itoh et al., 2002). Upon activation, Rac binds
to PBD, which brings YFP and CFP in close enough proximity
to undergo FRET (Itoh et al., 2002). To perform acceptor
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photo-bleaching FRET, we expressed the Raichu-Rac probe and

either mCherry–Asef2 or mCherry as a control in HT1080 cells

and photo-bleached a region of interest (ROI) with a 514 nm

laser. With acceptor photo-bleaching, when YFP (FRET

acceptor) is photo-bleached, the intensity of CFP (FRET donor)

increases if FRET occurs. YFP images, taken pre- and post-

bleaching, demonstrated that YFP was effectively photo-

bleached (Fig. 2C). CFP images that were acquired before (pre)

and after photo-bleaching YFP (post) showed an increase in the

intensity of CFP emission in Asef2-expressing cells (Fig. 2C),

indicating FRET had occurred. Quantification revealed that

Asef2 did indeed increase the FRET efficiency of the Raichu-Rac

probe (Fig. 2C), showing that Asef2 significantly enhances the

level of active Rac in cells.

To determine whether Asef2 inhibition of migration on type I

collagen was dependent on Asef2 GEF activity, we generated a

GEF deficient mutant. We mutated lysine 382 within the DH

domain of Asef2 to alanine (K382A). Mutation of this residue in

the related GEF collybistin impaired its GEF activity (Reddy-

Alla et al., 2010). In an active Rac pulldown assay, GFP–Asef2

expression significantly enhanced the level of active Rac in

HT1080 cells compared to GFP control cells (Fig. 2D). In

contrast, expression of the Asef2 GEF mutant (GFP–Asef2-

K382A) did not increase the amount of active Rac (Fig. 2D),

indicating that the K382A mutation abolished GEF activity in

Asef2. The migration speed of cells expressing GFP–Asef2-

K382A was comparable to that observed in cells expressing GFP,

whereas expression of GFP–Asef2 led to a significant decrease in

migration speed (Fig. 2E). Thus, the GEF activity of Asef2 is

crucial for the function of Asef2 in impairing migration on type I

collagen.

Asef2 promotes larger adhesions that turn over slowly on

type I collagen

Because adhesion assembly and disassembly (adhesion turnover)

at the leading edge of cells is an important process that underlies

migration, we hypothesized that the slower migration promoted

by Asef2 resulted from impaired adhesion turnover. We began to

test this hypothesis by immunostaining GFP and GFP–Asef2

stably expressing HT1080 cells for paxillin, a well-known

adhesion marker. In GFP–Asef2 cells, the adhesions appeared

larger than those observed in GFP cells, suggesting that adhesion

Fig. 1. Asef2 impairs cell migration on type I

collagen. (A) GFP and GFP–Asef2 stably expressing

HT1080 cells were plated on tissue culture dishes

coated with type I collagen and imaged using time-

lapse microscopy. The migration paths of individual

cells were tracked and analyzed. Left, Rose plots of

the migration tracks for five cells. Right,

quantification of the migration speed for GFP and

GFP–Asef2 cells. Error bars represent the s.e.m. for

59–63 cells from three independent experiments.

*P,0.0001. (B) Left, wild-type HT1080 cells were

transfected with empty pSUPER vector, a non-

targeting shRNA (NT shRNA), or Asef2 shRNAs.

Cell lysates were immunoblotted for Asef2 to

determine endogenous expression of this protein and

for b-actin as a loading control. Right, quantification

of the amount of endogenous Asef2 in cells

transfected with the indicated constructs. Error bars

represent the s.e.m. from five independent

experiments. *P,0.0001. (C) Wild-type HT1080

cells were transfected with empty pSUPER vector, a

NT shRNA or Asef2 shRNAs and used in migration

assays 3 days later. Left, Rose plots of migration

tracks for cells transfected with these constructs.

Right, quantification of the migration speed for cells

transfected with empty pSUPER vector, a NT shRNA,

or Asef2 shRNAs. Error bars represent the s.e.m. for

at least 40 cells from three independent

experiments. *P,0.0001.
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Fig. 2. Asef2 enhances activation of Rac and

regulates migration through its GEF activity.

(A) Upper, the active forms of Rac, Cdc42 and Rho

were pulled down from lysates of GFP and GFP–Asef2

cells plated on type I collagen. The total level of these

GTPases is shown as a control. Lower, quantification of

the amount of active Rac, Cdc42, and Rho from at least

three separate experiments. Error bars represent the

s.e.m. *P,0.006, n.s. denotes no statistically significant

difference. (B) Left, wild-type HT1080 cells were

transfected with NT shRNA or Asef2 shRNA 1, and 3

days later, active Rac was pulled down from lysates.

The total level of Rac is shown as a control. Right,

quantification of the amount of active Rac from three

independent experiments. Error bars represent the s.e.m.

*P,0.0002. (C) HT1080 cells co-expressing the

Raichu-Rac FRET probe and either mCherry or

mCherry–Asef2 were subjected to acceptor photo-

bleaching FRET analysis. Left, images of YFP and CFP

before (Pre) and after (Post) photo-bleaching YFP with a

514 nm laser. The white square boxes denote the ROI

where YFP was bleached. High-magnification images of

the CFP intensity in the bleached ROIs (Zoom). CFP

intensities are depicted on a pseudo-color scale in which

lower intensity values are displayed in cool colors,

whereas higher intensity values are displayed in warm

colors. Scale bars: 5 mm (CFP panels), 2 mm (‘Zoom’

panels). Right, quantification of the average FRET

efficiency of the Raichu-Rac FRET probe in mCherry

and mCherry–Asef2 expressing cells. Error bars

represent s.e.m. for 93–107 cells from three separate

experiments. *P,0.0001. (D) Left, the active form of

Rac was pulled down from lysates of wild-type HT1080

cells that were co-transfected with FLAG–Rac and

either GFP, GFP–Asef2, or GFP–Asef2 in which lysine

382 in the DH domain was mutated to alanine (GFP–

Asef2-K382A). Right, quantification of the amount of

active Rac from blots from four independent

experiments. Error bars represent the s.e.m. *P,0.03,

**P,0.01. (E) HT1080 cells were transfected with

GFP, GFP–Asef2 or GFP–Asef2-K382A and used in

migration assays. Left, Rose plots of migration tracks of

transfected cells. Right, quantification of the migration

speed of cells transfected with GFP, GFP–Asef2 or

GFP–Asef2-K382A. Error bars represent the s.e.m. for

at least 70 cells from six independent experiments.

*P,0.0001.
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turnover was slower in these cells (Fig. 3A). Indeed, when

adhesion turnover was quantified using an assay that we
previously developed (Webb et al., 2004), the t1/2 values for
adhesion assembly and disassembly were increased by ,2-fold

and 1.5-fold, respectively, in GFP–Asef2 cells compared with
GFP control cells (Fig. 3B). These results indicate that adhesions
are assembling and disassembling significantly more slowly in
GFP–Asef2 cells.

Because binding of active (high-affinity state) integrins to the
ECM initiates the assembly of adhesions (Hynes, 1992; Welf
et al., 2012), Asef2 could affect adhesion turnover by altering the

amount of active integrins at the cell membrane. To examine cell
surface levels of active b1 integrin, a major integrin that binds to
type I collagen, GFP and GFP–Asef2 cells were incubated with
HUTS-4 antibody and subjected to flow cytometry. HUTS-4

antibody specifically binds to the activated conformation of b1
integrin (Luque et al., 1996). The amount of cell-surface active
b1 integrin was increased ,3-fold in GFP–Asef2 cells compared

with GFP controls, whereas the total level of b1 integrin was not
significantly different (Fig. 3C). Moreover, as determined by
total internal reflection microscopy (TIRF), the level of active b1

integrin in adhesions was significantly higher in GFP–Asef2 cells
than in GFP cells, whereas the amount of total b1 integrin was
comparable in these cells (Fig. 3D). Interestingly, the Asef2-

promoted increase in the level of active b1 integrin in adhesions
was diminished by treatment of GFP–Asef2 cells with the Rac
specific inhibitor NSC23766 (supplementary material Fig. S3B).
NSC23766 specifically blocks Rac binding and activation by its

GEFs (Gao et al., 2004). Furthermore, the amount of active b1
integrin in adhesions was increased in GFP–Asef2 stably
expressing MDA-MB-231 cells compared to GFP control cells

(supplementary material Fig. S2B). In addition, knockdown of
endogenous Asef2 in HT1080 cells with Asef2 shRNA 1
decreased the level of active b1 integrin in adhesions compared

to cells transfected with NT shRNA (Fig. 3E). Thus, our data
suggest that activation of Rac by Asef2 slows the turnover of
adhesions by increasing the level of active b1 integrin in these

structures.

Traction force and cell contractility are enhanced by Asef2

Because a major role for adhesions is to transmit traction forces
to the ECM (Balaban et al., 2001; Beningo et al., 2001), we

hypothesized that Asef2 functions by increasing the traction force
in cells. Using traction force microscopy, we created vector maps
of the traction stresses (force per unit area) that were generated

by GFP and GFP–Asef2 stably expressing HT1080 cells. The
vector maps showed that the traction stresses were significantly
higher in GFP–Asef2 cells compared to GFP controls (Fig. 4A).

Relatively high traction stresses were observed throughout GFP–
Asef2 cells, but the largest stresses were seen at the cell edge.
Quantification revealed that the average traction stress was ,4-

fold greater in GFP–Asef2 cells compared with GFP cells. These
results demonstrate that Asef2 dramatically enhances traction
stresses in cells.

Previous work has shown that actomyosin contractility

promotes the maturation of adhesions (Choi et al., 2008;
Chrzanowska-Wodnicka and Burridge, 1996). Given that Asef2
induces larger adhesions as well as slowing adhesion turnover, it

could function in regulating contractility. To examine the effect
of Asef2 on contractility, we used a gel contraction assay (Tovell
et al., 2011; Vernon and Gooden, 2002). In this assay, GFP and

GFP–Asef2 cells were incubated in type I collagen gels for

14 hours to allow for contraction of the gels by cells.
Contractility was assessed by measuring the diameter of gels at
the beginning and at the end of the incubation period. At the end

of the assay, the diameters of gels that contained GFP–Asef2
cells were significantly reduced compared to those containing
GFP cells (Fig. 4B), indicating greater gel contraction by Asef2
cells. When contraction was quantified by expressing the gel

diameters at the end of the assay (contracted gels) as a percentage
of the original gel diameters, gels containing GFP–Asef2 stable
HT1080 cells were decreased by ,40% compared to those

containing GFP cells (Fig. 4B). Similar results were observed
with GFP–Asef2 stably expressing MDA-MB-231 cells
(supplementary material Fig. S2C). In addition, knockdown of

endogenous Asef2 in HT1080 cells led to an increase in gel
diameters compared to those observed with NT shRNA
transfected cells, indicating that Asef2 knockdown reduced gel

contraction (Fig. 4C). Taken together, these results demonstrate
that Asef2 increases contractility in cells.

Asef2 regulates migration by increasing MyoII activity

As our results show that Asef2 increases contractility, and MyoII

activity is known to modulate contractility in cells (Adelstein and
Conti, 1975; Scholey et al., 1980), we next examined the role of
MyoII in mediating Asef2 function. MyoII activity is regulated

by phosphorylation of S19 in its RLCs, and thus, the
phosphorylation state of this residue can be used to assess
MyoII activity (Ikebe, 1989; Matsumura et al., 1998). We

determined the level of active MyoII in GFP and GFP–Asef2
stably expressing HT1080 cells by immunostaining with antibody
against MyoII phosphorylated at S19 (phospho-S19 MyoII) and

imaging with fluorescence microscopy. As shown in Fig. 5A, the
amount of phospho-S19 MyoII (p-S19 MyoII; active MyoII) was
greater in GFP–Asef2 stably expressing HT1080 cells than in
GFP cells. When the fluorescence intensity of active MyoII was

quantified for individual cells, the amount of active MyoII was
increased ,1.5-fold in GFP–Asef2 cells compared to that
observed in GFP cells, whereas the level of total MyoII was

not significantly different in these cells (Fig. 5A). Moreover, the
amount of active MyoII was increased in GFP–Asef2 stable
MDA-MB-231 cells compared with GFP controls (supplementary

material Fig. S2D). Conversely, knockdown of endogenous
Asef2 in HT1080 cells led to a decrease in the level of active
MyoII (Fig. 5B). Thus, these results indicate that Asef2 increases

the level of active MyoII in cells.

To further demonstrate that Asef2 modulates MyoII activity in
cells, we performed In-Cell western assays. In this assay, GFP
and GFP–Asef2 stably expressing HT1080 cells were allowed to

adhere to 96-well culture plates coated with type I collagen and
subsequently immunostained for phospho-S19 MyoII or total
MyoII followed by fluorescently-conjugated secondary antibody.

The background-subtracted integrated fluorescence intensity in
each well was then quantified. The amount of active MyoII was
,1.7-fold higher in GFP–Asef2 cells compared to GFP controls,
whereas the level of total MyoII was not significantly different in

these cells (Fig. 5C). Collectively, these results show that Asef2
significantly enhances the amount of active MyoII in cells plated
on type I collagen and point to Asef2 as an important regulator of

MyoII activity.

Our data also raised the question as to whether Asef2 regulates
cell migration on type I collagen through its ability to modulate

Rac increases actomyosin contractility 5589



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e Fig. 3. Asef2 increases the amount of active b1 integrin in

adhesions and slows adhesion turnover. (A) Upper, GFP and

GFP–Asef2 cells were immunostained for paxillin, a well-

characterized adhesion marker. Lower, higher magnification

images of the boxed regions in the upper panels. Scale bar:

5 mm. (B) GFP and GFP–Asef2 cells were transfected with

mCherry–paxillin and used in adhesion turnover assays.

Quantification of the apparent t1/2 for adhesion assembly and

the t1/2 for adhesion disassembly. Error bars represent the

s.e.m. for 20–25 adhesions from four or five cells from three

separate experiments. *P,0.0001. (C) Left, GFP and GFP–

Asef2 cells were incubated with HUTS-4 antibody, which

recognizes active b1 integrin, and fluorescently conjugated

secondary antibody. HUTS-4 antibody binding to active b1

integrin on cells was measured using flow cytometry, and

histograms are shown. Right, the total level of b1 integrin on

GFP and GFP–Asef2 cells were assessed using AIIB2

antibody and flow cytometry. Histograms are shown. Lower,

quantification of HUTS-4 (active b1 integrin) and AIIB2 (total

b1 integrin) binding to GFP and GFP–Asef2 cells. Error bars

represent s.e.m. from three separate experiments. *P,0.0001.

(D) Left, GFP and GFP–Asef2 cells were immunostained for

active or total b1 integrin and subjected to TIRF microscopy.

Scale bar: 5 mm. Right, quantification of the amount of active

b1 integrin (upper panel) and total b1 integrin (lower panel) in

adhesions from GFP and GFP–Asef2 cells. Error bars

represent s.e.m. from at least 60 adhesions from three separate

experiments. *P,0.002. (E) Left, wild-type HT1080 cells

were transfected with NT shRNA or Asef2 shRNA 1. After 3

days, cells were immunostained for active or total b1 integrin

and subjected to TIRF microscopy. Scale bar: 5 mm. Right,

quantification of the amount of active and total b1 integrin in

adhesions from NT shRNA and Asef2 shRNA 1 transfected

cells. Error bars represent s.e.m. from at least 59 adhesions

from three separate experiments. *P,0.0003. For panels D

and E, active and total b1 integrin images are shown in

pseudo-color coding. For panels C–E, n.s. denotes no

statistically significant difference.
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MyoII activity. To address this question, we inhibited MyoII with

blebbistatin, which impairs the ATPase activity of MyoII

(Kovács et al., 2004; Straight et al., 2003), and assessed

migration. Treatment of GFP control cells with blebbistatin led

to an increase in migration speed (Fig. 6A,B), which is consistent

with previous studies (Even-Ram et al., 2007; Liu et al., 2010;

Niggli et al., 2006). At the end of the migration assay, we

performed washout experiments to show that the effects on

migration were due to blebbistatin. In these experiments,

blebbistatin-containing medium was removed, cells were

washed, fresh medium without blebbistatin was added, and

cells were used in migration assays. The migration speed of GFP

cells after washout was decreased compared to that observed in

GFP cells treated with blebbistatin (Fig. 6A,B). Indeed, the

migration speed of GFP cells following washout was similar to

that seen in vehicle-treated control cells (Fig. 6A,B). Consistent

with our previous results, the migration speed of GFP–Asef2

cells was decreased when compared to GFP cells. Treatment of

GFP–Asef2 cells with blebbistatin resulted in a significant

increase in migration speed, and blebbistatin washout negated the

increase in migration (Fig. 6A,B), indicating that MyoII activity

is crucial for the effect of Asef2 on migration. Collectively, our

data suggest that Asef2 regulates migration by modulating MyoII

activity and function.

We had previously shown that Asef2 regulates cell migration

on fibronectin by a mechanism that is dependent on Rac and the

serine/threonine kinase Akt (Bristow et al., 2009). Here, we

demonstrate that Asef2 modulates migration on type I collagen

by increasing Rac and MyoII activity. This raises the question as

to whether Akt also contributes to the regulation of Asef2-

mediated migration on type I collagen. To address this question,

we plated GFP and GFP–Asef2 stably expressing HT1080 cells

on type I collagen and immunostained with antibody against Akt

phosphorylated on threonine 308 (phospho-T308 Akt). T308 is

one of the key residues that is phosphorylated when Akt is

activated; therefore, phospho-T308 Akt antibody can be utilized

to detect active Akt (Alessi et al., 1996). Interestingly, the

amount of active Akt was similar in GFP and GFP–Asef2 cells

plated on type I collagen (supplementary material Fig. S1C),

suggesting that the Asef2-Rac signaling mechanisms are different

for cells plated on fibronectin and type I collagen. To further

investigate Asef2-Rac signaling on these substrates, we plated

Fig. 4. Traction force and cell contractility are significantly

increased by Asef2. (A) GFP and GFP–Asef2 stably

expressing HT1080 cells were cultured in polyacrylamide

(PAA) gels, embedded with FluoSpheresH fluorescent beads,

for traction stress measurements. Upper, DIC images of GFP

and GFP–Asef2 cells in PAA gels. Lower, color-coded vector

maps show traction stresses produced by these cells. In the

vector maps, the length and orientation of arrows indicate the

magnitude and direction of traction stresses. Right,

quantification of average traction stresses generated by GFP

and GFP–Asef2 cells. Error bars represent the s.e.m. for 25

cells from at least three individual experiments. *P,0.003.

(B) GFP and GFP–Asef2 stable HT1080 cells were embedded

in type I collagen gels, and gels were incubated for 14 hours at

37 C̊ to allow for contraction. Left, images of contracted gels

with GFP and GFP–Asef2 cells. The gel circumferences are

outlined with dotted white lines. Right, at the end of the

contraction assay, the diameter of the gels was measured and

expressed as a percentage of the original gel diameter (before

contraction). Error bars represent s.e.m. from three independent

experiments. *P,0.0002. (C) Wild-type HT1080 cells were

transfected with NT shRNA or Asef2 shRNA 1 and used in

type I collagen gel contraction assays 3 days later. Left, images

of contracted gels with NT shRNA and Asef2 shRNA 1

transfected cells. Right, quantification of gel contraction for

cells transfected NT shRNA or Asef2 shRNA 1. Error bars

represent s.e.m. from three independent experiments.

*P,0.0005.
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GFP and GFP–Asef2 stably expressing HT1080 cells on

fibronectin and immunostained for active MyoII with phospho-

S19 MyoII antibody. The amount of active MyoII was not

significantly different in GFP and GFP–Asef2 cells plated on

fibronectin (supplementary material Fig. S1D). Therefore, our

results suggest that Asef2-Rac signaling regulates migration

on fibronectin and type I collagen by distinct molecular

mechanisms.

Activation of Rac by Asef2 regulates MyoII contractility

Because Asef2 increased the amount of active Rac and

modulated MyoII activity, we hypothesized that Rac regulates

MyoII contractility. To begin to test this hypothesis, we used two

shRNA constructs to knockdown endogenous expression of Rac

and then assessed MyoII activity by immunostaining with

phospho-S19 MyoII antibody. These shRNAs have been

previously shown to knockdown endogenous Rac expression in

HT1080 cells by ,75% (Bristow et al., 2009). Transfection of

GFP stably expressing HT1080 cells with the Rac shRNAs led to

an ,2-fold reduction in the amount of active MyoII compared

with that observed in cells transfected with pSUPER or NT

shRNA (Fig. 7A), indicating that inhibition of basal Rac

expression significantly decreased the level of active MyoII. In

GFP–Asef2 stably expressing HT1080 cells, the level of active

MyoII was significantly increased compared with control cells,

and expression of the Rac shRNAs dramatically reduced the

amount of active MyoII in these cells (Fig. 7A). Indeed, the level

of active MyoII in GFP–Asef2 cells transfected with the Rac

shRNAs was similar to that observed in GFP cells transfected

with these knockdown constructs (Fig. 7A), indicating that Rac

knockdown abrogated the Asef2-mediated effect on MyoII

activity. Similar results were obtained when GFP and GFP–

Asef2 cells were treated with the Rac inhibitor NSC23766

(supplementary material Fig. S3A). Neither the Rac shRNAs nor

NSC23766 affected the level of total MyoII in cells (Fig. 7A;

supplementary material Fig. S3A). Taken together, these results

suggest that Rac activity regulates the amount of active MyoII in

cells, and Asef2 regulates MyoII through Rac.

Next, we examined the effect of Rac activity on Asef2-

mediated contractility by using GFP and GFP–Asef2 cells that

Fig. 5. Asef2 increases phosphorylation of MyoII at

S19. (A) Left, GFP and GFP–Asef2 stably expressing

HT1080 cells were immunostained for MyoII

phosphorylated at S19 (p-S19 MyoII) or total MyoII. Scale

bar: 15 mm. Right, quantification of the amount of p-S19

Myo II (upper panel) and total MyoII (lower panel) in GFP

and GFP-Asef2 cells. Error bars represent the s.e.m. for at

least 117 cells from at least six individual experiments.

*P,0.002. (B) Left, wild-type HT1080 cells were

transfected with NT shRNA or Asef2 shRNA 1. After 3

days, cells were immunostained for S19 phosphorylated

MyoII (p-S19 MyoII) or total MyoII. Scale bar: 15 mm.

Right, quantification of the amount of p-S19 MyoII and

total MyoII in NT shRNA and Asef2 shRNA 1 transfected

cells. Error bars represent the s.e.m. for at least 58 cells

from at least four individual experiments. *P,0.004.

(C) GFP and GFP–Asef2 cells were subjected to In-Cell

western analysis using antibodies against S19

phosphorylated MyoII (p-S19 MyoII) or total MyoII. Left,

quantification of the amount of p-S19 MyoII in GFP and

GFP-Asef2 cells. Error bars represent s.e.m. from four

separate experiments. *P,0.001. Right, quantification of

the amount of total MyoII in GFP and GFP–Asef2 cells.

Error bars represent the s.e.m. from four separate

experiments. n.s. denotes no statistically significant

difference.

Journal of Cell Science 126 (24)5592



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

were treated with NSC23766 in gel contraction assays. In GFP–

Asef2 cells, the gel diameters were significantly reduced compared

to those observed in GFP cells (Fig. 7B), demonstrating that Asef2

enhances contractility. Treatment of GFP–Asef2 cells with

NSC23766 diminished the increased contractility (Fig. 7B),

suggesting that Rac activity induced by Asef2 promotes the

enhanced contractility observed with these cells. To further show

that Rac modulated contractility, we knocked down Rac in GFP–

Asef2 cells using the two Rac shRNAs. Consistent with our

previous results, GFP–Asef2 cells transfected with empty pSUPER

vector or a NT shRNA showed enhanced contractility, with their

gel diameters contracted to less than half of their original diameters

(Fig. 7C). Transfection of GFP–Asef2 cells with the Rac shRNAs

led to significantly less gel contraction compared to that seen with

cells transfected with pSUPER or NT shRNA (Fig. 7C).

Collectively, our results show that Asef2 increases gel

contraction through Rac, thus, highlighting an important new

role for Rac in regulating contractility within cells.

Discussion
Actomyosin contractility plays a crucial role in regulating cell

migration through its ability to modulate underlying processes

(Clark et al., 2007). Rho is a well-characterized regulator of

actomyosin contractility (Wheeler and Ridley, 2004), but the

function of other GTPases, such as Rac, in controlling this

process is currently poorly understood. Here, we demonstrate that

activation of Rac by Asef2 increases MyoII contractility to

inhibit cell migration. Knockdown of endogenous Rac using

shRNAs or inhibition of Rac activation resulted in a significant

decrease in MyoII activity as determined by immunostaining

for phosphorylated S19 on MyoII RLCs. In addition, Rac

knockdown or inhibition led to a decrease in cell contractility.

In contrast, an increase in Rac activity by Asef2 induced MyoII

S19 phosphorylation and significantly enhanced cell contractility.

Thus, we demonstrate a new function for Rac in regulating

actomyosin contractility, which is important for cell migration.

Rac is likely to modulate actomyosin contractility through

downstream effectors. One possibility is PAK, which has been

shown to phosphorylate RLCs of MyoII on S19 (Chew et al., 1998;

Kiosses et al., 1999; Zeng et al., 2000). Moreover, expression of

constitutively active Rac led to an increase in S19 phosphorylation

of MyoII RLCs, which was mediated, at least in part, through PAK

(Brzeska et al., 2004). However, other studies have shown that

PAK phosphorylates and inhibits myosin light chain kinase

(MLCK), which activates MyoII through phosphorylation of S19

(Goeckeler et al., 2000; Sanders et al., 1999; Wirth et al., 2003). In

this case, activation of PAK would decrease MyoII contractility

through inhibition of MLCK. Clearly, the effects of PAK on

contractility are complex and probably involve the interplay

between PAK and other regulators. Therefore, it is entirely

possible that other Rac effectors are involved in mediating Rac-

induced MyoII-dependent contractility. Identifying the specific

Rac effectors that modulate contractility represents an exciting

avenue for future studies.

Fig. 6. Inhibition of MyoII with blebbistatin enhances basal

migration and abolishes the Asef2-mediated decrease in migration

on type I collagen. (A) GFP and GFP–Asef2 stably expressing HT1080

cells were pre-treated with 20 mM blebbistatin or vehicle (DMSO) for

1 hour at 37 C̊ and then used in migration assays. After 6 hours,

blebbistatin was replaced with fresh imaging medium (Washout), and

cells were imaged for an additional 6 hours. Rose plots of the migration

tracks for five cells for each treatment are shown. (B) Quantification of

the migration speed for GFP and GFP–Asef2 cells with the indicated

treatments. Error bars represent s.e.m. for at least 30 cells from three

independent experiments. *P,0.0001.
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A known function of MyoII contractility is to promote the

maturation of adhesions (Choi et al., 2008; Chrzanowska-

Wodnicka and Burridge, 1996). Our results show that Asef2

generates large adhesions that turn over slowly in protrusive

regions of cells. Asef2 activation of Rac increases actomyosin

contractility, which could serve to induce the maturation of

Fig. 7. Activation of Rac by Asef2 stimulates MyoII-dependent contractility. (A) Left, GFP and GFP–Asef2 stably expressing HT1080 cells were co-

transfected with mCherry and either empty pSUPER vector, a NT shRNA or Rac shRNAs. After 3 days, cells were immunostained with antibodies that

recognize S19 phosphorylated MyoII (p-S19 MyoII; upper panels) or total MyoII (lower panels). Scale bar: 15 mm. Right, quantification of the level of p-S19

Myo II (upper panel) and total MyoII (lower panel) in GFP and GFP–Asef2 cells. Error bars represent s.e.m. for 30 cells from three individual experiments.

*P,0.002. n.s. denotes no statistically significant difference. (B) GFP and GFP–Asef2 stably expressing HT1080 cells were incubated with the Rac inhibitor

NSC23766 or DMSO and then used in type I collagen gel contraction assays. Upper, images of contracted gels from GFP and GFP–Asef2 cells treated with

DMSO or NSC23766. Lower, quantification of gel contraction for GFP and GFP–Asef2 cells with the indicated treatments. Error bars represent the s.e.m.

from three individual experiments. *P,0.0001. (C) GFP–Asef2 stably expressing HT1080 cells were co-transfected with mCherry and empty pSUPER vector, a

NT shRNA, or Rac shRNAs and were used in type I collagen gel contraction assays 3 days later. Upper, images of contracted gels from cells transfected with

the indicated constructs. Lower, quantification of gel contraction for cells transfected with the indicated constructs. Error bars represent s.e.m. from three

individual experiments. *P,0.004. For panels B and C, the gel circumferences are outlined with dotted white lines.
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adhesions. As a result, the nascent adhesions that form at the
leading edge do not disassemble, but instead continue to grow
into large focal adhesions. These large, mature adhesions can

impair cell migration given that adhesion turnover at the leading
edge is essential for driving rapid migration (Laukaitis et al.,
2001; Webb et al., 2004).

In this study, we show that Asef2 activation of Rac inhibits cell

migration, when cells are plated on type I collagen, through
regulation of actomyosin contractility. We previously
demonstrated that Asef2 promotes migration on fibronectin
through activation of Rac and the serine/threonine kinase Akt,

which subsequently leads to a decrease in Rho activity (Bristow
et al., 2009). Interestingly, in both cases, Asef2 modulates cell
migration by increasing Rac activity; however, the effects on

migration and contractility are quite different. Although the factors
that contribute to these differences are currently unknown, it is
tempting to speculate that scaffolding proteins are involved.

Scaffolding proteins can recruit or bring together various binding
partners, through their multiple protein–protein interaction
domains, and dictate signaling to various downstream targets

(Pawson, 2007). Through the recruitment of Asef2, Rac and
particular downstream effectors, scaffolding proteins could provide
a mechanism for specificity in Rac signaling. Another Rac GEF,
Tiam1, has been shown to associate with different scaffolding

proteins to selectively activate distinct downstream Rac effectors
(Buchsbaum et al., 2002; Buchsbaum et al., 2003). Scaffolding
proteins could also contribute to the selectivity of the GTPases by

recruiting Asef2 and Rac to the complex to enhance Asef2
activation of Rac over other GTPases, such as Cdc42. Interestingly,
our results show that Asef2 activates Rac, but not Cdc42, when

cells are plated on type I collagen. The interaction of Asef2 and
distinct scaffolding proteins could provide a mechanism by which
this GEF could selectively activate one GTPase instead of another.

In summary, our study has uncovered an unconventional
mechanism by which Rac regulates cell migration. Activation of

Rac by Asef2 enhances MyoII contractility, which had been
classically thought to be mediated by Rho. Asef2, through Rac,
promotes the phosphorylation of S19 in the RLCs of MyoII to

increase actomyosin contractility. The increased actomyosin
contractility, in turn, might affect underlying migratory
processes, such as adhesion dynamics, to modulate cell migration.

Materials and Methods
Reagents

An anti-Asef2 rabbit polyclonal antibody was made as previously described
(Bristow et al., 2009). b1 integrin HUTS-4 monoclonal antibody was purchased
from Chemicon International (Temecula, CA). AIIB2 b1 integrin antibody was
kindly provided by Roy Zent (Vanderbilt University, Nashville, TN). Phospho-MLC
(S19) polyclonal antibody (clone 3671) was obtained from Cell Signaling (Beverly,
MA). Phospho-Akt (T308) polyclonal antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Fibronectin, b-actin monoclonal antibody (clone
AC-15) and FLAG-M2 monoclonal antibody were from Sigma-Aldrich (St. Louis,
MO). Paxillin monoclonal antibody was purchased from BD Bioscience Pharmingen
(San Diego, CA). Alexa-Fluor-555- and Alexa-Fluor-680-conjugated anti-mouse Ig,
Alexa-Fluor-647-conjugated anti-rabbit Ig, and FluoSpheresH carboxylate-modified
Nile Red microspheres (Cat. No. F-8819) were obtained from Molecular Probes
(Eugene, OR). IRDye 800 anti-mouse Ig and 800 anti-rabbit Ig were purchased from
Rockland Immunochemicals (Gilbertsville, PA). Rat tail type I collagen was from
BD Biosciences (Bedford, MA). Blebbistatin, NSC23766 and BSA were purchased
from EMD Bioscience (La Jolla, CA). Aqua Poly/Mount mounting solution (Cat #
18606) was obtained from Polysciences, Inc. (Warrington, PA).

Plasmids

GFP–Asef2-encoding cDNA was prepared by cloning full-length Asef2 (Spata13)
cDNA into pEGFP-C3 vector as previously described (Bristow et al., 2009).
mCherry cDNA was a generous gift from Roger Tsien (University of California,

San Diego, La Jolla, CA). mCherry–paxillin was kindly provided by Steve Hanks
(Vanderbilt University, Nashville, TN). GST-tagged PBD, wild-type Cdc42 and
wild-type Rac1 were kind gifts from Alan Hall (Memorial Sloan-Kettering Cancer
Center, NY). GST-tagged rhotekin-binding domain and Myc-tagged wild-type
RhoA were generously provided by Sarita Sastry (University of Texas Medical
Branch, Galveston,TX). shRNA constructs were generated as previously described
(Wegner et al., 2008; Zhang and Macara, 2008) by ligating 64-mer
oligonucleotides into GFP-pSUPER vector (Asef2 shRNAs) or pSUPER vector
(Rac shRNAs). Both target sequences for Asef2 and Rac1 have been previously
described (Bristow et al., 2009; Chan et al., 2005). A non-targeting shRNA with
the sequence 59-CAGTCGCGTTTGCGACTGG-39 was used as a control (Saito
et al., 2007).

Cell culture

HT1080 cells stably expressing GFP or GFP–Asef2 were generated by retroviral
transduction and selected by incubation with 400 mg/ml G418 as previously
described (Bristow et al., 2009). Stably expressing GFP and GFP–Asef2 cells were
sorted by FACS into populations based on their expression level (Bristow et al.,
2009). Experiments for this study were performed with stable cells expressing low
levels of GFP or GFP–Asef2, which were the same cells that were used previously
(Bristow et al., 2009). Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT) and penicillin-streptomycin (Invitrogen).
Wild-type HT1080 cells were transiently transfected with LipofectamineTM 2000
(Invitrogen) according to the manufacturer’s instructions. MDA-MB-231 cells
stably expressing GFP or GFP–Asef2 were prepared by retroviral transduction as
described above for HT1080 cells. Stably expressing GFP and GFP–Asef2 MDA-
MB-231 cells were maintained in DMEM supplemented with 20% FBS and
penicillin-streptomycin.

Microscopy and immunocytochemistry

Cells were plated on glass coverslips, which were coated with 5 mg/ml type I
collagen or 2.5 mg/ml fibronectin for 1 hour at 37 C̊. Following incubation for 2–
4 hours at 37 C̊ to permit attachment, cells were fixed for 20 minutes with 2–4%
paraformaldehyde and 4% sucrose in phosphate-buffered saline (PBS). In some
experiments, cells were fixed by incubation with ice-cold methanol for 10 minutes
at 220 C̊. Cells were permeabilized for 5 minutes at 23 C̊ with 0.2% (v/v) Triton
X-100, and incubated with either 20% goat serum or 10% BSA in PBS for 1 hour
at 23 C̊ to block non-specific binding. After blocking, cells were incubated with
the indicated primary and fluorescently conjugated secondary antibodies, which
were diluted in either 5% goat serum or 2% BSA in PBS, for 1 hour at 23 C̊.
Following each step, coverslips were washed three times with PBS. Coverslips
were mounted on microscope glass slides (Fisher Scientific, Pittsburgh, PA) with
Prolong Gold Antifade reagent (Invitrogen, Carlsbad, CA). Images were acquired
with either an inverted Olympus IX71 microscope (Melville, NY) equipped with a
Retiga EXi CCD camera (QImaging, Surrey, BC) and a PlanApo 606 OTIRFM
objective (NA 1.45) or a Quorum WaveFX spinning disk confocal system with a
Nikon Eclipse Ti microscope, a Hamamatsu ImageEM-CCD camera, and a
PlanApo 606 TIRF objective (NA 1.49). To visualize GFP, an Endow GFP
Bandpass filter cube (excitation HQ470/40, emission HQ525/50, Q495LP dichroic
mirror) was used. Alexa FluorH 555 and mCherry were observed using a TRITC/
Cy3 cube (excitation HQ545/30, emission HQ610/75, Q570LP dichroic mirror),
and Alexa FluorH 647 (far-red) was observed with a Cy5TM cube (excitation
HQ620/60, emission HQ700/75, Q660LP dichroic mirror). The background-
subtracted integrated fluorescent intensity was normalized to cell area (average
intensity).

For quantification of phosphorylated (S19) MyoII and total MyoII, the average
fluorescence intensity was obtained by normalizing the background-subtracted
integrated fluorescence intensity in individual cells to the unit area using
MetaMorph software. For quantification of the amount of active and total b1
integrin in adhesions, the average fluorescence intensity was measured by
normalizing the background-subtracted integrated fluorescence intensity in
individual adhesions to the unit area with MetaMorph software.

In-cell western assay

At total of 104 cells were allowed to adhere for 2–4 hours at 37 C̊ to 96-well plates
that were coated with 5 mg/ml type I collagen. After attachment, cells were
incubated for 20 minutes at 23 C̊ with 4% paraformaldehyde in PBS and
permeabilized for 5 minutes at 23 C̊ with 0.2% (v/v) Triton X-100. Cells were then
incubated with 5% BSA in PBS (blocking solution) for 1 hour at 23 C̊ to block
non-specific binding. Following blocking, cells were incubated with the indicated
primary and fluorescently conjugated secondary antibodies in blocking solution for
1 hour at 23 C̊. Cells were washed three times with PBS after each incubation.
After the final wash, 96-well plates were aspirated and inverted to remove the
residual wash solution and scanned with a LI-CORH OdysseyH infrared imaging
system (LI-COR Biosciences, Lincoln, NE). The background-subtracted mean
integrated intensities were obtained using OdysseyH 3.2 ICW module software.
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Background fluorescence was determined from cells that were incubated with
secondary antibodies alone.

Migration assay

Cells were allowed to adhere for 1–2 hours at 37 C̊ to tissue culture dishes that
were coated with 5 mg/ml type I collagen or 2.5 mg/ml fibronectin. Phase-contrast
images were acquired every 5 minutes for up to 6 hours using MetaMorph
software (Molecular Devices, Inc. Sunnyvale, CA), interfaced with a Lambda 10-2
automated controller (Sutter Instruments), and an Olympus IX71 microscope with
a 106objective (NA 0.3). During imaging, cells were maintained in SFM4MAbTM

media (Hyclone, Logan, UT) supplemented with 2% FBS (imaging media). In
some experiments, cells were pre-treated with 20 mM blebbistatin or DMSO
(vehicle control) for 1 hour at 37 C̊. After pre-incubation, phase contrast images
were acquired every 5 minutes for 6 hours. Then, blebbistatin was removed, cells
were washed with PBS, fresh imaging medium was added, and cells were imaged
for an additional 6 hours. MetaMorph software was used to track cell movement,
and the migration speed was calculated by dividing the total distance that cells
moved in microns by the time. Wind-Rose plots were obtained by setting the X-Y
coordinates of cell tracks to a common origin.

Analysis of adhesion turnover

Stably expressing GFP and GFP–Asef2 cells were transfected with 1 mg of
mCherry–paxillin-encoding cDNA. After 24 hours, cells were plated on
microscopy dishes coated with type I collagen and allowed to adhere for 1–
2 hours at 37 C̊. Time-lapse fluorescence images were acquired at 15-second
intervals, and t1/2 values for adhesion assembly and adhesion disassembly were
calculated as previously described (Bristow et al., 2009; Webb et al., 2004).

Rho family GTPase activity assays

GFP and GFP–Asef2 stably expressing cells were transfected with 3 mg cDNA
encoding FLAG–Rac1, FLAG–Cdc42 or Myc–RhoA. After 24 hours, cells were
lysed and assayed for active Rac, Cdc42 and Rho as previously described (Bristow
et al., 2009; Ren et al., 1999). In some experiments, wild-type HT1080 cells were
co-transfected with 2 mg FLAG–Rac1 and 2 mg of either Asef2 shRNA 1 or NT
shRNA. Three days later, lysates from cells were collected and analyzed as
described above.

Traction force measurements

Polyacrylamide (PAA) gels embedded with 1.0 mm FluoSpheresH fluorescent
beads were prepared on rectangular glass coverslips as previously described
(Sabass et al., 2008). PAA gels were incubated with 140 mg/ml type I collagen for
4 hours at 23 C̊. The thickness of the PAA gels was ,30 mm, and the Young’s
modulus of the gels was 15.6 kPa as calculated previously (Sabass et al., 2008;
Yeung et al., 2005). A total of 56103 GFP or GFP–Asef2 stably expressing cells
were incubated with PAA gels coated with type I collagen for 2 hours at 37 C̊ to
allow cells to adhere. For each cell of interest, a DIC image of the cell and a
fluorescence image of the FluoSpheresH beads with the attached cell were taken.
Then, the cell of interest was dissociated from the PAA gel by trypsinization, and a
fluorescence image of the FluoSpheresH beads was acquired. Images were
acquired using the Quorum WaveFX spinning disk confocal system with a Nikon
Eclipse Ti microscope, a Hamamatsu ImageEM-CCD camera, and a Plan Fluor
406 objective (NA 1.3). FluoSpheresH fluorescent beads were imaged using a
561 nm laser and a 593/40 nm BrightLineH single-band bandpass emission filter
(Semrock, Rochester, NY). Traction force maps were generated from the acquired
images using LIBTRC software (Dembo and Wang, 1999), which was developed
by Micah Dembo (Boston University, Boston, MA).

FRET imaging and analysis

Wild-type HT1080 cells were co-transfected with the Raichu-Rac FRET probe (a
kind gift from Michiyuki Matsuda, Kyoto University, Kyoto, Japan) and either
mCherry–Asef2 or mCherry. After 24 hours, cells were plated on glass coverslips,
which were coated with 5 mg/ml type I collagen, for 1 hour at 37 C̊. Cells were
fixed by incubation for 15 minutes at 23 C̊ with a 4% paraformaldehyde (wt/vol)
PBS solution containing 0.12 M sucrose. Coverslips were then mounted onto glass
slides using Aqua Poly/Mount mounting solution. Images were acquired with a
Zeiss LSM 510 Meta inverted confocal microscope using a Plan-Apochromat 636
objective (NA 1.4). CFP, YFP and mCherry fluorophores were excited with a 458,
514 and 543 nm laser, respectively. Images were collected using the following
emission filters: CFP, BP 475–525 nm; YFP, LP 530 nm; and mCherry, LP
560 nm. mCherry images were used to identify cells expressing either mCherry–
Asef2 or mCherry. CFP and YFP images were acquired both before and after
bleaching YFP (the FRET acceptor) within an ROI. YFP images were taken to
confirm that YFP was bleached within the ROI. CFP images were used to calculate
the FRET efficiency of the active Rac FRET probe using the following equation:
(CFPPost2CFPPre)/CFPPost6100. CFPPost is the average intensity of CFP in the ROI
after bleaching YFP with the 514 nm laser, and CFPPre is the average intensity of
CFP in the ROI before bleaching YFP with the 514 nm laser. The average FRET

efficiency of cells expressing mCherry-Asef2 was then compared to cells
expressing mCherry using a Student’s t-test statistical analysis.

Flow cytometry

GFP and GFP–Asef2 stably expressing cells were cultured on 5 mg/ml dishes
coated with type I collagen for 18 hours at 37 C̊. Cells were then trypsinized (2.5%
trypsin without EDTA) and resuspended in ice-cold Opti-MEM (GIBCO)
containing 2% FBS (cell-sorting buffer). Cell suspensions (2.56105 cells) were
incubated with primary HUTS-4 antibody (1:500 dilution in cell-sorting buffer) for
30 minutes at 4 C̊ followed by secondary Alexa FluorH 555 antibody (1:1000
dilution in cell-sorting buffer) for 20 minutes at 4 C̊. To determine non-specific
binding, an equal amount of cell suspension was incubated with secondary
antibody alone. Cells were washed three times with ice-cold cell-sorting buffer
following each incubation. After the final wash, cells were resuspended in 500 ml
of cell-sorting buffer and subjected to flow cytometry. For total b1 integrin
staining, cells were incubated with AIIB2 antibody (1:50 dilution) and subjected to
flow cytometry as described above. AIIB2 antibody binds to the extracellular
domain of b1 integrin. Histograms were generated using FlowJo software.

Collagen gel contraction assay

Type I collagen gel contraction assays were performed as previously described
(Tovell et al., 2011; Vernon and Gooden, 2002). Briefly, type I collagen was
mixed with DMEM to a final concentration of 1.5 mg/ml and the pH was adjusted
to 7.4 with 1 M NaOH. Cells in DMEM with 10% FBS were added to the type I
collagen mixture to a final concentration of 2.56105 cells per gel. This mixture was
added to 24-well cell culture plates (Costar, Corning NY) and allowed to solidify
by incubation for 1 hour at 37 C̊. Serum-free DMEM was added to the wells, and
the collagen gels were gently detached using a pipette tip. The gels were incubated
for 14 hours at 37 C̊, and then the diameter of the gels was measured. In some
experiments, cells were incubated with 100 mM NSC23766 or DMSO as a vehicle
control for 14 hours at 37 C̊.
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