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Myosin [IA/1IB restrict adhesive and protrusive
signaling to generate front-back polarity in

migrating cells

Miguel Vicente-Manzanares, Karen Newell-Litwa, Alexia I. Bachir, Leanna A. Whitmore, and Alan Rick Horwitz

Department of Cell Biclogy, University of Virginia School of Medicine, Charlottesville, VA 22908

igratory front-back polarity emerges from the

cooperative effect of myosin IIA (MIIA) and

lIB (MIIB) on adhesive signaling. We demon-
strate here that, during polarization, MIIA and MIIB co-
ordinately promote localized actomyosin bundling, which
generates large, stable adhesions that do not signal to
Rac and thereby form the cell rear. MIIA formed dynamic
actomyosin proto-bundles that mark the cell rear during
spreading; it also bound to actin filament bundles associ-
ated with initial adhesion maturation in protrusions. Sub-
sequent incorporation of MIIB stabilized the adhesions and
actomyosin filaments with which it associated and formed

Introduction

Front-back polarization is intrinsic to directed cell migration.
In most cells, the front is characterized by a region of intense
actin polymerization, which occurs either in a narrow band along
the leading edge of protrusions or in more localized, spike-like
filopodia (Small and Resch, 2005). The rear can also adopt dif-
ferent morphologies. It can be extended and long, as in many
fibroblasts; stubby and short, as in leukocytes; or flat and
parallel to the leading edge, as in keratocytes and some cancer
cells. In epithelial sheet migration, the rear of the leading cells
of the cohort is defined by cell-cell contacts with cells more
interior (Parent and Devreotes, 1999; Etienne-Manneville and Hall,
2003; Ridley et al., 2003; Montell, 2008; Vicente-Manzanares
et al., 2009).

Correspondence to Miguel Vicente-Manzanares: miguel.vicente@uam.es

M. Vicente-Manzanares’ present address is Universidad Autonoma de Madrid
School of Medicine, Hospital de la Princesa, 28006-Madrid, Spain.

Abbreviations used in this paper: CCD, charge-coupled device; FAK, focal
adhesion kinase; FRET, fluorescence resonance energy transfer; MHC, myosin
heavy chain; MTOC, microtubule organizing center; PLL, poly-i-lysine; RLC,
regulatory light chain; shRNA, small hairpin RNA; TIRF, total internal reflec-
tion fluorescence.
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a stable, extended rear. These adhesions did not turn over
and no longer signal to Rac. Microtubules fine-tuned the
polarity by positioning the front opposite the MIIA/MIIB-
specified rear. Decreased Rac signaling in the vicinity of
the MIIA/MIIB-stabilized proto-bundles and adhesions was
accompanied by the loss of Rac guanine nucleotide
exchange factor (GEFs), like BPIX and DOCK180, and
by inhibited phosphorylation of key residues on adhesion
proteins that recruit and activate Rac GEFs. These obser-
vations lead to a model for front-back polarity through
local GEF depletion.

Recent progress has focused on the signaling pathways
that regulate polarity in migrating cells. In Dictyostelium dis-
coideum and leukocyte chemotaxis, the localized production of
PIP;, via segregated activities of PI3K and PTEN, recruits
machinery involved in actin polymerization to the regions of the
cell sensing the highest concentration of the chemoattractant,
and thereby creates a protrusion (Van Haastert and Devreotes,
2004). In epithelial cells, Par3 and Par6, aPKC{, and GSK3 reg-
ulate polarity by positioning microtubules, the nucleus, and the
Golgi apparatus (Etienne-Manneville and Hall, 2001; Gomes
et al., 2005). Finally, in migrating fibroblasts and other cells, the
dynamic adhesions in protrusions contain signaling complexes
that locally control actin polymerization (Nayal et al., 2006;
Zaidel-Bar et al., 2007), whereas signaling through ROCK is
implicated in forming the rear (Kolega, 2003; Totsukawa et al.,
2004; Iwanicki et al., 2008). A common feature of all of these
signaling networks is their convergence on the Rho GTPases,

© 2011 VicenteManzanares et al. This article is distributed under the terms of an
Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months af-
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Figure 1. Localized actomyosin bundles that are generated by MIIA and stabilized by MIIB define the cellular region that forms the rear. (A) CHO.K1 cells
were plated on fibronectin and allowed to attach for 10 min. The cells were then fixed and stained for phosphorylated RLC (pRLC), MIIA (using a MHCII-A
antibody), MIIB (MHCII-B antibody), or F-actin (rhodamine-phalloidin). Images were captured using a confocal microscope (FV300; Olympus). Z projections
are shown. Representative examples are shown of cells exhibiting an accumulation of these proteins (“proto-bundles,” marked with arrows). The asterisks mark
the leading edge in the Z projection and corresponding 3D reconstruction. (B) CHO.K1 cells were plated on PLL and allowed to attach for 45 min. The cells
were stained as in A, and they display similar proto-bundles (marked with arrows). Representative examples are shown. (C and D) Cells were transfected
with RLC-D,D-GFP and either control (C) or MHCIIB-shRNA (D) to inhibit MIIB expression. Representative time points of their spreading on fibronectin
are shown. In C, arrows point to the region of the cell initially primed by RLC-D,D to form the rear, where protrusion does not occur. The complete movie
is shown in Video 1. In D, arrows point fo clusters, or proto-bundles, denoted by the accumulation of MIIA (the only isoform present in the knockdowns,
labeled with the RLC-D,D-GFP) that form and disassemble rapidly. Images were captured in TIRF mode using an inverted microscope (IX70; Olympus) coupled
to a CCD camera (Refiga Exi; Qimaging). The complete movie is shown in Video 2. (E) CHO.K1 cells knocked down for MIIA or MIIB were transfected with
wild-type RLC (control, black bars) or RLC-D,D (gray bars) coupled to GFP, adhered for 10 min to fibronectin, fixed, and quantified for presence of proto-
bundles as for those shown in A. Data are the mean = SD of three experiments (error bars) with >200 cells scored in each experiment. Bars, 10 pm.

which in turn regulate actin polymerization; nuclear, Golgi, and
microtubule positioning; and myosin II (MII) activation (Etienne-
Manneville and Hall, 2003; Gomes et al., 2005; Vicente-
Manzanares et al., 2009).

Building on the work of others (Verkhovsky et al., 1999;
Kolega, 2003; Yam et al., 2007), we have recently implicated
MII in front—back polarization in fibroblasts by forming the cell
rear (Vicente-Manzanares et al., 2008). MII is comprised of
two myosin heavy chains (MHCII), two essential light chains
(ELCs), and two regulatory light chains (RLCs) that control,
through phosphorylation on Thr18 and/or Serl9, the ATPase
activity in the globular head of the heavy chain (Vicente-
Manzanares et al., 2009). Three isoforms of the MHC—MH-
CII-A, II-B, and II-C—define the three functional isoforms of
MI, e.g., MIIA, MIIB, and MIIC, respectively. MIIA and MIIB
are commonly found in migrating cells. MIIA decorates more
anterior filaments in protrusions, whereas MIIB colocalizes
with MIIA in the center and rear of migrating cells (Maupin
et al., 1994; Kolega, 1998; Vicente-Manzanares et al., 2007).
MII is emerging as a major protein responsible for symmetry

JCB « VOLUME 193 « NUMBER 2 « 2011

breaking and organization of the actin bundles that define the
rear (Chrzanowska-Wodnicka and Burridge, 1996; Verkhovsky
et al., 1999; Xu et al., 2003; Vicente-Manzanares et al., 2008;
Mseka et al., 2009; Cramer, 2010). However, the mechanism
by which MII breaks and maintains symmetry and how acto-
myosin organization controls the signals that drive protrusion
are critical, outstanding questions, and are pertinent to under-
standing the integrative role of MII during cell migration and
morphogenesis.

In this study, we address these questions. We find that
MIIA and MIIB function cooperatively to regulate adhesion
signaling and thereby form the rear. MIIA forms localized proto-
bundles that break symmetry, upstream of microtubules, and
define the nascent rear. However, these bundles, their associated
adhesions, and the location of the rear, are unstable without MIIB.
Adhesions connected to MIIB-containing actomyosin bundles
at the rear are stable, do not localize two Rac guanine nucleotide
exchange factors (GEFs)—BPIX and DOCK180—and exhibit
attenuated tyrosine phosphorylation, including sites that are
implicated in recruiting the GEFs.
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Table I.  Effect of RLC-D,D-GFP, 50 1M blebbistatin, and 5 .M nocodazole on proto-bundle formation in cells spreading on fibronectin or
attached to PLL

Condition Fibronectin (10 min) PLL

Control (wild-type RLC) 48 £ 1 52+ 10

RLC-D,D 60 = 7° 73 £ 12¢°

Blebbistatin 1.5+0.5 1+2

Nocodazole 41 +8 595

Data represent the percentage of cells displaying an F-actin-enriched proto-bundle, and are expressed as mean = SD of three experiments. >200 cells were scored

in each experiment.
°p < 0.05, Student's t test (RLC-D,D vs. control).

Results

MIIA and MIIB coordinately define and
assemble the rear of migrating cells
Our previous evidence points to MII and particularly MIIB as
a critical symmetry breaking element in establishing the cell
rear (Vicente-Manzanares et al., 2008). To determine how MII
forms the rear, we imaged the organization of actin and MII
in newly adhering CHO.K1 cells as they spread and polarized.
Just after plating on fibronectin (<10 min), most cells are round
and have not yet spread. However, ~50% of them display a
discrete accumulation of actomyosin “proto-bundles.” The rest
neither display these bundles nor go on to polarize (unpublished
data). The bundles contain F-actin, and MHCII-A, MHCII-B, and
phosphorylated RLC, as visualized by staining with rhodamine-
conjugated phalloidin (for actin) or immunostaining (Fig. 1 A).
These proto-bundles are also present in primary human endothelial
cells (HUVECS) spreading on fibronectin (unpublished data).
In a small fraction (~10-20%) of the proto-bundle—containing
cells, the proto-bundles remain highly localized and evolve to
form extended “rears” (Fig. 1 C and Fig. S1 B). Conversely, in the
rest of the cells displaying proto-bundles, they do not remain lo-
calized in one area, undergoing assembly in different regions of
the cell; these cells do not go on to display prominent extended
rears (Fig. S1). Similar actomyosin proto-bundles are also seen in
cells adhering to poly-L-lysine (PLL) for 10—180 min (shown at
45 min in Fig. 1 B). PLL supports cell attachment, but not spread-
ing; consequently, these cells remain round and do not display vis-
ible adhesions, leading edges, or rears (Fig. 1 B), which suggests
that the formation of proto-bundles may be integrin independent.
Furthermore, there is no discrete accumulation of adhesion pro-
teins, e.g., paxillin, integrin (a5-GFP), or secreted fibronectin in
the vicinity of the myosin-containing proto-bundle (Fig. S2).
We have previously reported that expression of a phos-
pho-mimetic mutant of the RLC (RLC-D,D) in wild-type cells
increases formation of extended, stable rears in migrating cells
(Vicente-Manzanares et al., 2008). Cells expressing this mutant,
when plated on either fibronectin or PLL, show a modest in-
crease in the fraction of round and early spreading cells with a
proto-bundle; whereas pretreatment with a MII ATPase inhibi-
tor, blebbistatin, inhibits its formation (Table I). Interestingly,
the majority of RLC-D,D—containing proto-bundles remain rel-
atively static while the cell protrudes away from them (mainly
opposite the rear) and thereby form an extended rear (Fig. 1 C,
Fig. S1 B, and Video 1). Thus, the effect of RLC-D,D is to

increase the frequency that the proto-bundles remain localized
and stabilized to form an extended rear.

To parse the role of the different MII isoforms, we first
plated cells, depleted of MIIA or MIIB by RNAI, on fibronectin
or PLL. Cells depleted of MIIA do not display proto-bundles
(Fig. 1 E), even when coexpressing RLC-D,D. In contrast, proto-
bundles are observed in MIIB-deficient cells on either fibronec-
tin or PLL (Fig. 1 E). Time-lapse imaging of MIIB-deficient
cells expressing RLC-D,D reveals that proto-bundles form ran-
domly and then disassemble rapidly (Fig. 1 D and Video 2), in
contrast to RLC-D,D-expressing controls cells, where they are
stable (Fig. 1 C). This results in cells lacking a well-defined
front and back. These observations suggest that front—back
polarization is driven by the formation of a MIIA-initiated and
MIIB-stabilized actomyosin proto-bundle that evolves into
large actomyosin bundles that form extended rears.

We next determined the relation between the actomyosin
bundles and microtubules in establishing front—back polarity.
Treating cells with nocodazole, an inhibitor of microtubule
polymerization, either at the time of plating or after 45 min (when
front-back polarity is already established) did not affect the
formation of the proto-bundle in cells adhering to either fibro-
nectin or PLL (Table I and Fig. 2), which indicates that micro-
tubules are not needed for proto-bundle formation and initial
polarization. Similar results were obtained using vinblastine
(Fig. 2, B and C). However, microtubules do appear to position
the protrusion opposite the rear and thereby fine-tune the polar-
ization. In cells expressing the RLC-D,D mutant, proto-bundles
form and become part of the rear of the cell during spreading
even in the presence of nocodazole or vinblastine. However, the
leading protrusion becomes unusually long (Fig. 2 B) and often
extends in directions that are not directly opposed to the rear
(Fig. 2, A and C). Occasionally, it extended so far that it de-
tached from the main body of the cell (Fig. 2 A and Video 3), an
observation described previously by others (Verkhovsky et al.,
1999). These data show that MII establishes the rear, and that
the microtubules position the protrusion across from the rear
and constrain the length of the cell.

MIIA and MIIB synergize to form
actomyosin bundles and regulate adhesion
Once fibroblasts spread and acquire a motile morphology, large
actin bundles and adhesions are the hallmarks of a well-defined
rear (Vicente-Manzanares et al., 2008). To probe the roles of
MIIA and MIIB in generating these large actin bundles and

Myosin Il isoforms control polarity through adhesive signaling * Vicente-Manzanares et al.
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Figure 2. Microtubules position the leading edge across from the actomyosin-enriched rear. (A) TIRF microscopy time-lapse series of a cell expressing
RLC-D,D-GFP (localized at the rear, marked by arrowheads) in the presence of the microtubule inhibitor nocodazole (5 pM). Note that the direction of move-
ment of the leading protrusion (arrow) is bent (almost perpendicular to the major polarity axis, indicated by a dashed line), and the leading protrusion has
separated from the rear; the asterisks point to the site of ripping. The complete movie is shown in Video 3. Bar, 10 pm. (B) Cells expressing RLC-D,D-GFP
and migrating on fibronectin in the presence or absence of 5 pM nocodazole (NCD) or 0.1 pM vinblastine (VIN). Axis ratio is calculated as the ratio be-
tween long (migrafory) and short (perpendicular, passing through the center of the nucleus) axes; thus, an AR of 1 (indicated with a horizontal line) denotes
a round cell. Error bars indicate +SD. (C) Diagrams showing the relative direction of the leading protrusion with respect to the axis established by the
extended rear in control and 5 pM nocodazole- or 0.1 pM vinblastine—treated cells. n > 100 cells were quantified from two independent experiments.

adhesions, we investigated the effect of isoform-specific small
hairpin RNA (shRNA)-mediated knockdowns of MIIA and MIIB
on their formation. In contrast to wild-type cells (Fig. 3 A),
MITA-depleted cells, which still express MIIB, exhibit almost
no large, elongated adhesions (Fig. 4 A) and only a few visible
actin bundles (Fig. 3 A, B), which are short (Fig. 3 C) and thin
(Fig. 3 D). In these cells, MIIB appeared largely disorganized
(unpublished data). These effects are similar to blebbistatin treat-
ment (unpublished data). The MIIA knockdown is also dose
dependent; knockdowns containing residual MIIA levels show
some visible actomyosin bundles, although reduced compared
with wild-type cells (Fig. S3). This phenotype indicates that MITA
is required for the formation of actin bundles of sufficient size
and organization to be visualized by fluorescence microscopy.
MIIB-depleted cells, in contrast, exhibit visible actin bundles
throughout the cell; however, they are shorter, thinner, and oriented
differently than those in wild-type cells (Fig. 3). MIIA deco-
rates these bundles (unpublished data). Although long bundles
are almost completely absent, the number of short bundles is
similar to control cells, particularly around the periphery of the
cell (Fig. 3, A and B). The adhesions are also smaller (Fig. 4 C)

and less elongated (Fig. 4 B) than those in wild-type cells. As
described previously, MIIB-depleted cells protrude randomly
and do not exhibit extended rears, and their migration is inhib-
ited (Lo et al., 2004; Vicente-Manzanares et al., 2007). Collec-
tively, these data show that both MIIA and MIIB are required
for the formation of large actomyosin bundles and lead to the
hypothesis that MIIA initiates the formation of visible actin
bundles, whereas MIIB increases their size.

To test this hypothesis, we visualized the relative kinetics
of MIIA and MIIB entry into filaments using a truncated pro-
moter expression system (Watanabe and Mitchison, 2002) that
prevents overexpression artifacts (e.g., increased cell contractility
and protein mislocalization; Vicente-Manzanares et al., 2007)
and enhances visualization by removing background fluorescence
(Choi et al., 2008). Dual-color imaging using low levels of ex-
pressed MIIA and MIIB (coupled to mCherry and GFP, respec-
tively) reveals a hierarchical recruitment into actomyosin bundles.
MIIA decorates actin bundles in protrusions (Video 4). MIIB, in
contrast, decorates bundles localized more centrally. When MIIB
appears in protrusions, it accumulates in MIIA-containing bundles
and increases their thickness (Fig. 5, A and B). A fraction of
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Figure 3.  MIIB enhances MilA-initiated actomyosin bundling in CHO.K1 cells. (A) Cells were transfected with control, MHCIIA, or MHCIIB shRNA-<containing
plasmids to inhibit expression of the indicated isoform. The cells were plated on 2 pg/ml fibronectin for 60 min, then fixed and stained with rhoda-
mine-conjugated phalloidin to visualize actin (left) or antibodies against the indicated Ml isoform (middle). Representative cells are shown. The right
column shows inverse colored, higher magnification of the boxed regions in left column. In the MIlA-depleted cells, there are few organized actomyosin
bundles; in the MIIB-depleted cells, the bundles are small and thin. Images were captured using a confocal microscope (FV300; Olympus). Bar, 10 pm.
(B-D). Quantification of the actin bundling phenotypes illustrated in A. Parameters evaluated are: (B) number of bundles per cell, divided into “short” (<10 pm)
and “long” (>10 pm), n = 35 cells/condition; (C) bundle length, and (D) thickness (n = 150 bundles from >30 cells/condition). (B-D) P is the significance
using the nonparametric Mann-Whitney U fest (in C and D; asterisks refer to P vs. control cells). Error bars indicate +SD.

small MITA-only decorated bundles in more anterior parts of
the protrusion disassemble as the protrusion evolves (Fig. 5 B,
arrows), whereas those decorated with both MIIA and MIIB do
not (Fig. 5 B, arrowheads). The stability of the MIIB-containing
filaments is consistent with its higher apparent affinity for acto-
myosin filaments and duty ratio (Kim et al., 2005; Vicente-
Manzanares et al., 2008).

We next investigated the dynamics of the adhesions associ-
ated with MIIA- and MIIB-containing actomyosin filaments.
Dual-color imaging of cells expressing low levels of GFP-MIIA
or -MIIB and paxillin-mCherry shows that small MIIA-containing
actin bundles associate with adhesions in protrusions that are
growing and elongating centripetally (maturing). These ad-
hesions turn over in parallel with the disappearance of the MIIA-
associated actomyosin bundle (Fig. 5, C and E; and Video 5). In
contrast, adhesions associated with GFP-MIIB—containing acto-
myosin bundles did not turn over; instead, they enlarged (Fig. 5,
D and E; and Video 6). These data show that actomyosin bundles
containing only MIIA mediate initial adhesion maturation, whereas
the incorporation of MIIB enlarges and stabilizes them.

The absence of protrusions and presence of large, stable adhe-
sions and actin bundles in the rear suggests that either the actin

bundles that comprise the rear and the sides of the cell do not
support the robust actin polymerization typical of protrusions,
or (2) the large, stable adhesions associated with the rear region
do not signal to Rac.

To test the first hypothesis, we activated Rac in cells
coexpressing RLC-D,D to produce well-defined rears. When
activated V12-Rac (or L61, not depicted) or an activated mu-
tant of the Rac GEF Tiam! (Tiam1 C1199) were coexpressed
with RLC-D,D, they produced a depolarized cell with protru-
sions emanating around the cell, despite the continued pres-
ence of large actomyosin bundles (Fig. 6 A) and adhesions
(not depicted). We also coexpressed a photoactivatable Rac
(mVenus-tagged PA-Racl; Wu et al., 2009) with RLC-D,D and
then photoactivated Rac locally in the vicinity of the RLC-D,D—
decorated bundles that go on to mark the rear. Protrusions
emerged at the photoactivation site, i.e., in the vicinity of the
RLC-D,D—decorated actomyosin bundles (Fig. 6 B). Further-
more, global photoactivation of mVenus-tagged PA-Rac in
RLC-D,D—expressing cells led to round, largely depolarized
cells (Fig. 6 C), similar to the effect of overexpressed activated
Tiam1 or constitutively activated Rac (Fig. 6 A). Collectively,
these observations show that Rac activation supersedes the po-
larizing effect of the RLC-D,D mutant. They also show that the
downstream effectors of Rac that mediate the actin polymer-
ization are available throughout the cell, including the rear,

Myosin Il isoforms control polarity through adhesive signaling
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Figure 4. MIIA and MIIB control different stages of adhesion maturation. (A) Cells were transfected with control, MHCIIA, or MHCIIB shRNA-containing
plasmids to inhibit expression of the indicated isoform. The cells were plated on coverslips coated with 2 pg/ml fibronectin for 60 min, fixed, and stained
with antibodies against the indicated Ml isoform (left) or endogenous vinculin (middle). Images were captured using a confocal microscope (FV300; Olym-
pus). Representative cells are shown. The right column shows inverse colored, higher magnification of the boxed regions in the middle column. In the MIIA-
depleted cells, there are no elongated adhesions; in the MIIB-depleted cells, some adhesions around the periphery are somewhat elongated. Bar, 10 pm.
(B and C) Quantification of the adhesion phenotypes including adhesion elongation represented as the axial ratio (B) and area (C). MIlA-depleted cells
were not included in the analysis as they only display small, nonelongated, nascent adhesions. n is indicated, and P represents significance using the
nonparametric Mann-Whitney U test.
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transfected with mChe-MIIA (magenta) and GFP-MIIB (green), plated on fibronectin, and filmed using TIRF microscopy. Representative time points are
shown. Magenta-to-green arrowheads point to representative sites of MIIB incorporation after MIIA has created the initial bundle. Video 4 shows the entire
sequence. (B) Cells were transfected and filmed as in A. Arrows point to MIIA bundles that turn over; arrowheads point to a MIIB bundle that enlarges as
MIIB incorporates into the filaments (note the magenta-to-white color transition in the bundle as it thickens, which denotes colocalization of MIIA and MIIB).
(C) Cells were transfected with GFP-MIIA (green) and paxillin-mCherry (magenta), plated on fibronectin, and filmed using TIRF microscopy. Arrows in ma-
genta point to elongated adhesions bound to MIIA-decorated actomyosin bundles that disassemble over the course of the experiment; red arrowheads point
to adhesions that do not disassemble. Video 5 shows the entire sequence. (D) Cells were transfected with GFP-MIIB (green) and paxillin-mCherry (magenta),
plated on fibronectin, and filmed using TIRF microscopy. Arrowheads point to representative elongated adhesions bound to MIIB-decorated actomyosin
bundles that enlarge or do not disassemble over the course of the experiment. Video 6 shows the entire sequence. Bars, 5 pm. (E) Quantification of the
adhesion turnover and maturation as shown in C and D. n = 222 adhesions/12 cells (MIIA); n = 153 adhesions/10 cells (MIIB).
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Figure 6. RLC-D,D restricts Rac activation
and GEF localization to the front of polarized
cells. (A) CHO.K1 cells were transfected with
constitutively active Racl (myc-V12Rac], top)
or Tiam1 (HATiam1 C1199, bottom) and
RLC-D,D-GFP, plated onto fibronectin-coated
coverslips (2 pg/ml, 60 min), stained for myc
or HA, and imaged using a confocal micro-
scope (FV300; Olympus). Representative mor-
phologies are shown. (A, bottom) Axis ratio
as defined in Fig. 2. Data are the mean = SD
of three independent experiments (error bars;
n > 200). (B) CHO.K1 cells were transfected
with RLC-D,D-mCherry (magenta) and mVenus-
tagged PARac (green), plated onto 5 pg/ml
fibronectin for 15-30 min (initial phases of
spreading and polarization), and photoacti-
vated in the rear; e.g., region of RLC bundles
(marked with a box). Photoactivation and im-
aging were done with a confocal microscope
(FV1000; Olympus). Protrusion was observed
by differential interference contrast to define
the edge of the cell (bottom, white line). Image
on the right depicts a color overlay before
(green) and after (magenta) photoactivation
(5 min) using mVenus fluorescence. Inset shows
the detail of a fragment of the photoactivated
area that displays the most robust protru-
sion. A representative experiment is shown.
(C) CHO.K1 cells were transfected with
RLC-D,D-mCherry (green) and PARac (ma-
genta), plated onto fibronectin as in Fig. 6 B,
and photoactivated globally. Representative
examples are on the left. (C, right) Data are
the mean = SEM (error bars) of the polarity
axis scored in three independent experiments.
P represents significance using a Student's
t test. (D) CHO.K1 cells were cotransfected
with RLC wild type (top leff) or RLC-D,D (bot-
tom left) coupled to mCherry and the Raichu-
Rac FRET sensor (right). Localized activation
of Rac was visualized in a confocal micro-
scope (FV1000) by imaging the infensity ratio
image of YFP and CFP, which represents FRET
efficiency. Note the lower FRET index at the
rear as defined by the RLC-D,D bundles (ar-
rows). FRET values outside of the cell contour
were set to zero for representation. Note that
the scales are different because of differences
in expression levels and imaging parameters,
resulting in differences in the absolute values
of the fluorescence intensity. The arrowhead
points fo the region of higher Rac activity at
the leading edge of the RLC-D,D cell, across
from the rear. Representative cells are shown.
Bar, 20 pm. (E) FRET quantification. Data are
the mean = SD (error bars) of the difference
between FRET indices at the front and rear
(RLC-D,D) and rear/sides (RLC-WT) from three
independent experiments (RLC-D,D, n = 40;
RLC-WT, n = 34). P represents significance
using a Student’s ttest. (F) CHO.K1 cells were
transfected with wild-type RLC or RLC-D,D
coupled to GFP (top) or mCherry (bottom)
and mCherry-BPIX (top) or FLAG-DOCK180
(bottom), plated on fibronectin, fixed, stained
with an anti-FLAG antibody (bottom), and im-
aged using confocal microscopy (FV300).
Arrowheads point to clusters of BPIX and
DOCK180, respectively, whereas arrows de-
note the RLC-D,D-decorated rears. Represen-
tative morphologies are shown. Bars: (A-C)
10 pm; (D and F) 20 pm.
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and point to inhibition of Rac itself as a major mechanism by
which protrusion is inhibited at the rear.

To test this hypothesis, we localized Rac activation and
the GEFs that activate Rac in control or RLC-D,D—expressing
cells. A fluorescence resonance energy transfer (FRET)-based
Rac biosensor revealed that Rac activation is lowest in the vicinity
of the RLC-D,D—decorated actomyosin bundles that define the
rear of the cell (Fig. 6, D and E). In contrast, cells expressing
wild-type RLC, which were not as polarized, displayed a more
modest difference in Rac activity between the leading protru-
sion and other regions of the cell (Fig. 6, D and E). Finally,
pull-down assays of endogenous Rac revealed that the RLC-
D,D mutant did not produce a major effect on the level of total
active Rac (unpublished data).

Two GEFs—PIX and DOCK180—are implicated in Rac
activation at the front of migrating cells (Kiyokawa et al., 1998;
Kunisaki et al., 2006; Nayal et al., 2006). Both BPIX and
DOCK180 were highly polarized and localized primarily in adhe-
sions near the leading edge of protrusions (Fig. 6 F, arrowheads)
across from the RLC-D,D—decorated rears (Fig. 6 F, arrows). In
addition, the small fraction (~10-20%, Fig. S1) of wild-type
RLC-expressing cells that displayed extended rears similar to
those seen in RLC-D,D—expressing cells also showed an asym-
metric distribution of the GEFs away from the actomyosin-
enriched rears (unpublished data).

Adhesion protein phosphorylation and
adaptor recruitment is reduced in
adhesions associated with actomyosin
bundles containing RLC-D,D

DOCKI180 and BPIX are recruited to the plasma membrane
through their interaction with the paxillin—p130(Cas)—CrkII and
paxillin-GIT-PIX-PAK complexes, respectively (Matsuda et al.,
1996; Gumienny et al., 2001; Nayal et al., 2006). Kinases like
Src or focal adhesion kinase (FAK) phosphorylate adhesion
adaptors, e.g., paxillin (Schaller and Parsons, 1995) and create
docking sites that recruit these complexes to adhesions (Brown
and Turner, 2004; Tomar and Schlaepfer, 2009). To determine
whether RLC-D,D polarizes the phosphorylation of adhesion pro-
teins, we assayed for tyrosine phosphorylation using the 4G10
mAb, a reagent with a broad specificity for phosphotyrosine.
Like the GEFs, the phosphorylation was polarized toward the
front, protruding region of the cell, opposite the RLC-D,D-
induced rear (Fig. 7 B). Antibodies specific for phosphorylation
on pY(397)-FAK, pY(31)-paxillin (not depicted), and pY(118)-
paxillin (Fig. 7, A and B) also localized preferentially in the
protruding front, opposite the RLC-D,D—containing rear.

We also determined whether the asymmetric distribution
of these phosphorylations reflected the presence of the protein
or their localized phosphorylation. Previous studies have shown
large FAK and paxillin-containing adhesions at the ends of
RLC-D,D—decorated actomyosin bundles at the rear (Vicente-
Manzanares et al., 2008). These adhesions are only weakly phos-
phorylated, despite their size (Fig. 7, A and B). Thus, the
phosphorylation, rather than the molecule itself, localizes pref-
erentially at the leading edge and away from adhesions in which
RLC-D,D actomyosin bundles terminate.

The CrklII-p130(Cas) complex requires phosphorylation
of several adhesion proteins, e.g., paxillin on Tyr31 and Tyr118,
for its recruitment to adhesions (Schaller and Parsons, 1995).
In control, wild-type RLC-expressing cells, p130(Cas) local-
izes in small adhesions distributed around the periphery. In
RLC-D,D-expressing cells, it was largely absent at the rear
and instead localized primarily in the small adhesions that
populate the leading edge (Fig. 7 C). Furthermore, staining
with an antibody that recognizes p130(Cas) phosphorylated
on Tyr165, which is a site that becomes available in response
to mechanical stretch (Sawada et al., 2006), revealed a highly
polarized distribution toward the leading edge and away from
the large adhesions that terminate in RLC-D,D-decorated
bundles (Fig. 7 C).

We then determined the relative kinetics of tyrosine phos-
phorylation and the acquisition of polarity using an SH2 domain
sensor, comprised of tandem SH2 domains from Src coupled to
mGFP (Kirchner et al., 2003) and driven by a truncated pro-
moter (Watanabe and Mitchison, 2002), to minimize dominant
interfering effects and ensure proper localization. This sensor
binds to phosphorylated tyrosines with broad specificity (Kirchner
et al., 2003) and reveals the dynamics of these phosphoryla-
tions. In spreading cells coexpressing the SH2 domain sensor
and RLC-D,D-mCherry, the sensor localized along the entire
edge of the cell; however, it disappeared from the vicinity of the
proto-bundles as they began to form (Fig. 7 D and Video 7).
In fully polarized cells, the SH2 domain sensor remained asym-
metrically distributed, with the majority of the signal in the ad-
hesions in protrusions (Fig. 7 E and Video 8); however, the
signal persisted even when the protrusion stopped. Conversely,
in cells depleted of MIIB, Tyr phosphorylation was not polar-
ized, as revealed by the SH2 domain sensor or 4G10 staining,
even in the presence of the RLC-D,D mutant (Fig. S4, A and B;
and not depicted). An analogous, polarized distribution was also
seen in U20S cells, which have large, elongated adhesions in
protrusions; interestingly the SH2 domain sensor was also pres-
ent in regions where protrusion had paused, which suggests that
phosphorylation is necessary but not sufficient for protrusion
and showed robust retrograde flux away from the protrusion
(unpublished data).

We also studied the localization of the signaling adap-
tor p130(Cas) and the Rac GEFs BPIX and DOCKI180 in
MIIB-deficient cells, in the presence or absence of RLC-D,D.
Like the SH2 domain, both GEFs were evenly distributed
around the cell periphery regardless of expression of the
RLC-D,D mutant (Fig. S4 C), which indicates that MIIB ac-
tivation by diphosphorylation of the RLC leads to regional
exclusion of the Rac GEFs and the signaling adaptors. Simi-
lar results were obtained by treating cells plated for longer
periods of time (2-5 h), when they reach maximal polariza-
tion, with the MII ATPase inhibitor blebbistatin (Fig. 8). 5 min
after treatment, retraction defects appear (Fig. 8, arrowheads),
and a fraction of the cells extend multidirectional, abnormally
thin protrusions decorated with BPIX (and also DOCK180, not
depicted) at their tips (arrows). After longer times (30120 min),
retraction defects become more apparent and most cell bod-
ies are round and depolarized except for sparse actin bundles
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Figure 7. RLC-D,D—polarized cells create a region containing large adhesions with low Tyr phosphorylation at the rear and smaill, highly Tyr-phosphorylated,
p130(Cas)-containing dynamic adhesions at the front. (A) CHO.K1 cells were transfected with wild-type RLC or RLCD,D (fused to GFP), stained for
phosphorylated Tyr118 paxillin and endogenous vinculin, and imaged with a confocal microscope (FV1000; Olympus). Arrowheads point to several
clusters of pY(118)-paxillin at the leading edge; the arrow points to larger accumulations of vinculin adjacent to the RLC-D,D-decorated bundles. Repre-
sentative morphologies are shown. (B) Quantification of the phosphorylation ratio using the endogenous staining pairs indicated. Data are the mean + SD
(error bars) of the ratio of the relative intensities at the front and the back (back and sides in wild-type cells). 12 cells/condition (adhesion, n > 50) were
analyzed from three independent experiments. P represents significance using a Student's ttest. (C) CHO.K1 cells were transfected with wild-type RLC (top)
or RLC-D,D (fused to mCherry, bottom) and GFP-p130(Cas), stained for phosphorylated Tyr(165)-p130(Cas), and imaged as in A. (D) TIRF microscopy
time-lapse series of a CHO.K1 cell transfected with mGFP-dSH2 and RLC-D,D-mCherry and allowed to spread on fibronectin. Images were collected
starting 5 min after plating. Video 7 shows the entire sequence. (E) TIRF microscopy time-lapse series of a CHO.K1 cell transfected with mGFP-dSH2 and
RLC-D,D-mCherry migrating on fibronectin. The cell was allowed to spread and polarize for 35 min before image collection began. Video 8 shows the

entire sequence. Bars, 10 pm.

that remain. In these cells, the GEFs are evenly distributed
around the cell periphery. Interestingly, co-staining with fluores-
cent phalloidin and an anti-phospho (Y118) paxillin anti-
body reveals that the GEFs concentrate near the cell edge
where most of the phospho-paxillin is also localized (Fig. 8,
color images).

FAK and Src phosphorylate paxillin on Y(31),Y(118) and
promote binding of the CrkII-p130(Cas) complex (Schaller and
Parsons, 1995). To study their involvement in the polarized
phosphorylation of paxillin induced by RLC-D,D, we treated
RLC-D,D—-expressing cells with the Src inhibitor PP2 or the
FAK/Pyk2 inhibitor PF-562,271 (Roberts et al., 2008). Inhibi-
tion of either kinase abrogated Tyr phosphorylation at nascent
adhesions, as revealed by disappearance of the GFP-SH2 sensor
from the protrusions immediately after treatment (Fig. 9 A).
They both also induced a global decrease of Tyr phosphoryla-
tion (4G10) and pY(118)-paxillin (unpublished data). Consis-
tently, p130(Cas) was no longer polarized and phosphorylated

on Tyr165 (Fig. 9 B). Surprisingly, long-term (>1 h) treatment
with the drugs led to generalized adhesion maturation and
enlargement (not depicted), and also inhibited the formation of
localized, RLC-D,D—containing rears (Fig. 9 B). Actomyosin
bundling was not impaired by the drug treatments; instead, the
bundles distributed around the cell periphery (Fig. 9 C). Similar
results were obtained using FAK knockdown cells (unpublished
data). This suggests that FAK/Src activation is also required for
maintaining the polarized rear.

Together, these data provide direct support for the hypoth-
esis that the large actomyosin filaments containing diphosphory-
lated RLC locally regulate Rac activation by inhibiting signals
that lead to Rac GEF localization in the adhesions associated
with the bundles. The mechanism by which the bundles inhibit
the adhesive signaling, GEF localization, and Rac activation
may not be direct, and is an important, unresolved challenge.
The cell front, in contrast, has activated Rac and moves away
from the Rac-inhibited rear, thereby polarizing the cell.
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Front-back polarization of migrating cells results in two de-
fined regions: a protrusive area in the direction of migration and
a retracting rear (Ridley et al., 2003). These regions reflect an
asymmetry in cytoskeletal components. In protrusions, actin is
primarily dendritic or in small bundles (Pollard and Borisy,
2003; Small et al., 2008), whereas it appears in larger, highly
bundled filaments at the center and along the sides that form the
rear of the cell (Cramer et al., 1997). The microtubules and nu-
cleus are also polarized with the microtubule organizing center
(MTOC) positioned in front of the nucleus (Etienne-Manneville
and Hall, 2001; Gomes et al., 2005). Emerging evidence
points to a key role for MII in front-back polarization. It re-
sides preferentially in the rear of migrating keratocyte frag-
ments, whereas nonmotile cells show an isotropic distribution
(Verkhovsky et al., 1999). Local application of calyculin A,
which is a general phosphatase inhibitor with some preference
for MII phosphatase (Ishihara et al., 1989), at one side of migrat-
ing keratocytes induces protrusion at the opposite side, thereby
producing a rear (Yam et al., 2007). Finally, ectopic expres-
sion of RLC-D,D, a phosphomimetic mutant of RLC, induces
the formation of a well-defined, extended rear and increased
directional migration in fibroblasts (Vicente-Manzanares
et al., 2008).

BPIX
F-ACTIN
pY118-PAXILLIN

Figure 8. MIl inhibition alters GEF local-
ization. Cells expressing GFP-BPIX (green,
right) and plated on fibronectin for 2 h were
treated with 50 pM blebbistatin (Blebb) for
the indicated time points, stained for actin
(red) and pY118-paxillin (blue), and imaged
using a confocal microscope (FV1000; Olym-
pus). Arrowheads point to retraction defects;
arrows point fo the GEFs. Note the relatively
even distribution of BPIX in the Blebb-treated
cells. Color insets: detail (enlarged from the
boxed regions) of the thin actin-rich band
near the leading edge, where BPIX and pax-
illin phosphorylation (Y118) are more promi-
nent. Bar, 10 pm.

The studies presented here and other recently published
data converge on a mechanism for front—back polarity in mi-
grating cells in which both MII isoforms cooperate to polarize
the cell. Our working model proposes that: MIIA breaks the ini-
tial symmetry of the cell by assembling dynamic actomyosin
proto-bundles and the adhesions with which they associate;
MIIB stabilizes and enlarges the initial actomyosin proto-bundles
and adhesions to create a stable rear; and the rear, and the sides
that it defines, are maintained by large stable actin bundles and
adhesions that do not activate Rac because of the absence of
Rac GEFs and the activated scaffolds that recruit them.

Recent evidence shows
that the MII generates front—back polarity upstream of micro-
tubules. MHCIIB ™~ mouse embryo fibroblasts and shRNA-
mediated MIIB knockdown cells do not exhibit a discernable
front or back; instead, multiple protrusions emanate from around
the periphery (Lo et al., 2004; Vicente-Manzanares et al., 2007).
In addition, MIIB also positions the MTOC and microtubules,
the Golgi apparatus, and the nucleus. In migrating fibroblasts,
the MTOC and Golgi reside anterior to the nucleus. In MIIB-
deficient cells, the Golgi is distributed around the nucleus, the
MTOC is positioned randomly, and the nucleus rotates (Vicente-
Manzanares et al., 2007). MIIA also contributes to polarity
through its role in the retraction of protrusions and cell edges
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FAK and Src control the asymmetric distribution of adhesive signaling and actomyosin bundles fo the front and rear, respectively. (A) TIRF

microscopy time-lapse movie of a CHO.K1 cell expressing RLC-D,D-mCherry and mGFP-dSH2 migrating on fibronectin before and affer treatment with
the Src inhibitor PP2. Note the rapid disappearance of the GFP signal from the front. (B) Localization of p130(Cas) and phospho-Tyr(165) p130(Cas) in
RLC-D,D—expressing cells treated with 10 yM PP2 (Src inhibitor) or 0.1 pM PF-562,271 (FAK inhibitor) imaged using a confocal microscope (FV1000;
Olympus). Note the almost complete disappearance of phospho-Tyr(165) p130(Cas) in inhibited cells. Representative cells are shown. Bars, 10 pm.
(C) Quantification of the axis ratio (top) and accumulation of RLC-D,D~containing bundles fo the rear (bottom) in cells treated with 10 pM PP2 or 0.1 pM
PF-562,271. n > 200 cells scored from three independent experiments. P represents significance using the nonparametric Mann-Whitney U fest.

and the accompanying disassembly of adhesions (Even-Ram
et al., 2007; Vicente-Manzanares et al., 2007).

The data presented here show that a well-defined rear is
formed by a localized cluster, or proto-bundle, of actomyosin
filaments away from which the cell protrudes. MIIA and MIIB
cooperate to form this rear. MIIA alone forms unstable, dynamic
actomyosin bundles and adhesions, resulting in transient polar-
ity. MIIB does not form actomyosin bundles alone, but serves
to enlarge and stabilize MIIA-containing bundles and associ-
ated adhesions. Diphosphorylation of RLC serves to produce
a single, large stable bundle; in less polarized cells, the proto-
bundles are more distributed and less focal. The formation of
these primary actomyosin bundles is microtubule independent,
which instead serves to position the front and determine the
length of the cell. The different properties of MIIA and MIIB
reside in the tail, rather than the actin-binding head domain.
This region mediates myosin bundling and controls the differences

in the biological properties of the isoforms, which appear to
arise from the higher apparent affinity of MIIB for actomyosin
bundles (Vicente-Manzanares et al., 2009). Although our stud-
ies have focused on MIIB, in some cells (e.g,, B16 melano-
mas), MIIC performs a similar, symmetry breaking function,
but it generates a different morphology (Vicente-Manzanares
et al., 2008).

Several studies support these observations. In keratocytes,
the localized application of calyculin A, which activates MII,
generates actin flow toward the region of application, presum-
ably to create local actomyosin bundles as that region becomes
a rear (Yam et al., 2007). Likewise, local treatment of endothe-
lial cells with blebbistatin, which inhibits MII and disassembles
myosin filaments, induces localized protrusion (Fischer et al.,
2009). Finally, keratocyte fragments are motile only when MII
is localized at the rear and are immobile when MII is isotropic
(Verkhovsky et al., 1999).
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Ml regulates signaling by adhesions to generate
front-back polarity by restricting Rac activation.
On migrating fibroblasts, the rear and the sides that form it are
characterized by the absence of protrusions, low levels of Rac
activity, and large actin bundles that terminate in large stable
adhesions (Cramer et al., 1997; Kraynov et al., 2000). In these
cells, Rac activation is regulated by GEFs, e.g., DOCK180 or
BPIX (Rossman et al., 2005; Garcia-Mata and Burridge, 2007).
GEF-activated Rac, in turn, promotes actin polymerization
(Joneson et al., 1996). The GEFs are recruited to adhesions by
the phosphorylation of scaffold proteins like FAK, paxillin, and
p130(Cas)/Crk-I1I (Brown and Turner, 2004; Defilippi et al.,
2006; Tomar and Schlaepfer, 2009). Consequently, inhibiting
Src, FAK, paxillin, or mutating their key phosphorylation sites
affects protrusion and adhesion (Arthur et al., 2000; Webb et al.,
2004; Zaidel-Bar et al., 2007). We have now implicated the
inhibition of these pathways to Rac activation as an important
mechanism by which phosphorylated RLC and MIIB create a
stable rear. However, these pathways can also control MII acti-
vation in a reciprocal signaling loop that links MII, adhesive
signaling, and Rac activation.

Much evidence points to the mechanosensitive activation
of adhesion molecules, including integrin (Friedland et al., 2009),
talin (del Rio et al., 2009), vinculin (Pasapera et al., 2010), or
p130(Cas) (Sawada et al., 2006), as major mechanisms regulat-
ing signaling by adhesions. Force mapping of cells migrating
on flexible substrates shows that mechanical forces are highest
in protrusions at the cell front (Beningo et al., 2001; Munevar
et al., 2001). In addition, more central adhesions do not appear
to be under similar tension (Beningo et al., 2006; Gardel et al.,
2008). Thus, forces at the front could activate adhesion mole-
cules, which in turn would recruit GEFs to activate Rac and pro-
mote actin polymerization; conversely, lower tension in other
regions would not recruit Rac GEFs. p130(Cas) phosphoryla-
tion is mechanosensitive, and it is part of a signaling complex
that recruits DOCK180 to the plasma membrane (Kiyokawa
et al., 1998). However, it remains possible that other mechano-
sensitive pathways are involved, as Src activation appears to be
a key regulator acting upstream of DOCK180.

Although it is generally assumed that RLC activation pro-
duces high levels of tension, the high duty ratio, low ATPase-
based contractility, and other features of MIIB might result in a
state that produces large adhesions and actomyosin bundles
without the higher contractility associated with MIIA. In sup-
port of this, expression of a noncontractile, cross-linking mutant
of MIIB (R709C), which locks MIIB in an actin-bound state
and thus cross-links actin, produces a phenotype very similar to
that of RLC-D,D; e.g., large actomyosin bundles that form a
polarized rear, and the absence of phosphorylation in their vi-
cinity (unpublished data).

Conclusions. It appears that migrating, fibroblast-like
cells polarize by the local formation of stable actomyosin bun-
dles that inhibit the adhesive signals that lead to Rac activation.
The cell then protrudes away from these stable structures. Rac
activation and the formation of a leading protrusion are regu-
lated by adhesion-associated signaling complexes that assemble
on signaling scaffolds like paxillin and FAK, which show greatly

reduced tyrosine phosphorylation in the adhesions that define
the rear.

This model suggests general principles that may pertain to
other cell types. In epithelial sheets, for example, contact with
adjacent cells might produce a contact region without adhesions
that signal to Rac (Yamada and Nelson, 2007), thereby creating
a functional “rear” and localizing Rac activation to protrusions
in cell free regions. Similarly, contact inhibition of movement,
in which a transient association of two cells inhibits local pro-
trusive activity (Mayor and Carmona-Fontaine, 2010), might
create a transient “rear” at the contact site. Finally, weakly ad-
hesive, highly motile cells like leukocytes could polarize from
the front through their response to a chemotactic gradient that
locally activates Rac and forms a protrusion that moves away
from the rest of the cell. In these cells, which express only MITA
(Jacobelli et al., 2004), the rear is made only of dynamic acto-
myosin bundles and forms a uropod that extends upward, rather
than along the plane of the substratum.

Materials and methods

Plasmids

shRNA knockdown vectors for MHCII-A and MHCII-B as well as siRNA-
insensitive GFP-MHCII-B have been described previously (Vicente-Manzanares
etal., 2007). The plasmid containing the cytomegalovirus (CMV)-runcated
(“speckle”) promoter was a gift from T. Mitchison (Harvard Medical School,
Boston, MA; Watanabe and Mitchison, 2002). Where indicated, the CMV
promoter was swapped with the truncated version. GFP-MHCII-A and GFP-
MHCII-B were gifts from R.S. Adelstein (National Heart, Lung, and Blood
Institute, National Institutes of Health, Bethesda, MD; Wei and Adelstein,
2000). RLC-GFP (wild-type RLC) and RLC 18,19D-GFP (RLC-D,D-GFP)
were provided by K. Kelly (National Cancer Institute, Bethesda, MD). Paxillin-
GFP has been described previously (Laukaitis et al., 2001). Where indi-
cated, GFP was replaced by mCherry, from R. Tsien (University of San
Diego, San Diego, CA; Shaner et al., 2004). GFP-p130(Cas) was generated
from mycp130(Cas), which was a gift from A. Bouton (University of Virginia,
Charlottesville, VA). FLAGDOCK180 was obtained from K. Ravichandran
(University of Virginia, Charlottesville, VA) and has been described previ-
ously (Brugnera et al., 2002). GFP- and mCherry-BPIX were generated
from FLAG-BPIX (Mayhew et al., 2007). HA-Tiam1 C1199 was provided
by J. Collard (Het Nederlands Kanker Instituut, Amsterdam, Netherlands;
Michiels et al., 1995). FLAG-V12Rac was a gift from A. Hall (Memorial
SloanKettering Cancer Center, New York, NY; Ridley et al., 1992). mVenus-
tagged PA-Rac1 and the photoactivation protocol used in this study have
been described elsewhere (Wu et al., 2009). The Raichu-Rac probe was
from M. Matsuda (Osaka University, Osaka, Japan; ltoh et al., 2002), and
the mGFP-dSH2 sensor was generated from YFP-dSH2 (Kirchner et al.,
2003), a gift from B. Geiger (Weizmann Institute of Science, Rehovot, Israel).

Antibodies and reagents

The following antibodies were used: MHCII-A and MHCII-B (rabbit, pAb)
from Covance; p165Tyr-p130(Cas) (rabbit, pAb) from Cell Signaling Tech-
nology; myc and HA epitopes (?E10 and 12C5 mAbs, respectively) and
paxillin (rabbit, pAb) from Santa Cruz Biotechnology, Inc.; FLAG (M2
mAb) epitope from Agilent Technologies; vinculin (hVin-1, mAb) from
Sigma-Aldrich; 4G10 pan-phosphorylated Tyr (mAb) from Millipore; and
pY(118)-paxillin (rabbit, pAb) from Invitrogen. Rhodamine-phalloidin was
from Cytoskeleton. PP2 (used at 10 pM), blebbistatin (50 yM), nocodazole
(5 pM), and vinblastine (0.1 pM) were from EMD; PF-562,271 (FAK/Pyk2
inhibitor, used at 0.1 pM) was from Pfizer and a gift of J.T. Parsons (Univer-
sity of Virginia, Charlottesville, VA).

Cell culture and transfection

CHOK1 cells (American Type Culture Collection) were cultured in low-
glucose DME supplemented with 10% FBS, 4 mM t-glutamine, T mM sodium
pyruvate, 1% (vol/vol) nonessential amino acids, and penicillin/streptomy-
cin, and transfected with 0.25-1 pg DNA using Lipofectamine (Invitrogen).
For knockdown experiments, plasmids containing the shRNA sequences
were used in a 10:1 (1 pg:0.1 pg) excess to GFP- or mCherry-containing
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plasmids to ensure knockdown in fluorescence-positive cells, which was
verified by immunofluorescence in parallel samples. For imaging assays,
cells were plated on glass-bottomed dishes, pre-incubated overnight with
2 pg/ml fibronectin in CCM1 for the indicated times, and maintained at
37°C at pH 7.4 (migration-promoting conditions).

Immunofluorescence

Cells were allowed to adhere to 2 pg/ml fibronectin-coated coverslips or
100 pg/ml PLL for the following times: analysis of proto-bundle formation,
10 min on fibronectin or 10-180 min on PLL (shown at 45 min); rest of
conditions, 60 min on fibronectin, except as indicated. Samples were fixed
using 4% paraformaldehyde and permeabilized with 0.2% Triton X-100
for 5 min. The coverslips were blocked using IgG-free BSA (Sigma-Aldrich),
and incubated with primary antibodies (see the Antibodies section for dilu-
tions) and a species-appropriate secondary antibody coupled to Alexa
Fluor 488, Alexa Fluor 568, or Alexa Fluor 647 (Invitrogen).

Microscopy and image processing

Confocal images were collected on a microscope (Fluoview 300; Olym-
pus) using a 60x/1.45 NA (oil) Plan-Apochromat 60x OTIRFM objective
lens (Olympus). GFP and mCherry were excited using the 488 nm laser
line of an Ar ion laser and the 543 nm laser line of a He-Ne laser (CVI
Melles Griof), respectively. Fluorescence emission was collected using
SDM560 and BA505-525 (EGFP) and BA560-660 (mCherry) filters. Some
of the two-color (EGFP or Alexa Fluor 488/Alexa Fluor 568 or mCherry or
rhodamine-phalloidin) as well as the three-color fluorescence images of
EGFP/Alexa Fluor 568 (or mCherry)/Alexa Fluor 647 were collected in
sequential mode in a microscope (Fluoview 1000; Olympus) using a
60x/1.35 NA (oil) UPlan-Sapo objective lens. Alexa Fluor 647 was ex-
cited with a 633 nm He-Ne laser set, and emission was collected using a
variable long-pass filter set at >650 nm. The use of one or the other con-
focal microscope is indicated under each individual figure. Fixed and stained
samples were acquired at room temperature using Vectashield (Vector) as
imaging medium. Live samples were acquired at 37°C using CCM1 me-
dium. Confocal fluorescence and differential interference contrast images
were acquired using Fluoview software (Olympus) and displayed using
Image) in agreement with the JCB guidelines.

Image) was also used to measure length, thickness, and intensity
of adhesions and actin bundles. To quantify cell polarity (axis ratio), cells
were fixed and stained, and images were acquired in a confocal micro-
scope as described previously. For each individual cell, the axis ratio was
calculated by dividing the length of the long, migration-defined axis by
the perpendicular axis passing by the nucleus of the cell. Cells with proto-
bundles were quantified by presence of a cluster of pRLC (untransfected
cells) or localized RLC WT/D,D-GFP in knockdown cells.

Total internal reflection fluorescence (TIRF) images were acquired on an
inverted microscope (IX70; Olympus) with a 1.45 NA (oil) Plan-Apochromat
60x TIRFM obijective lens, fitted with a Ludl modular automation controller
(Ludl Electronic Products), and controlled by MetaMorph software (Invi-
trogen). The excitation laser lines used were as described for confocal
microscopy. A dichroic mirror (HQ485/30) was used for GFP-labeled
cells. For dual GFP-mCherry/mOrange, a dual-emission filter (z488/543)
was used. Images were acquired with a chargecoupled device (CCD)
camera (Retiga Exi; Qimaging) and analyzed using MetaMorph. Adhe-
sion turnover quantification was performed as described previously (Webb
et al., 2004).

FRET

CHOK1 cells were cotransfected with the Raichu-Rac probe (ltoh et al.,
2002) and RLC-D,D-mCherry, and plated on 2 pg/ml fibronectincoated
glass bottom dishes in CCM1 for 20-30 min at 37°C. A confocal image
time series was acquired with a microscope (Fluoview 1000) using a 60x
1.35 NA oil UPlan-Sapo obijective lens. For RLC-D,D-mCherry excitation,
we used a He-Ne laser with a 543 nm line. Fluorescence emission was col-
lected using a DM BP 560-660-nm filter. For dual-emission ratio imaging
of Raichu-Rac, we used the 458 nm line of an Ar ion laser for CFP excita-
tion and DM510, BA480-495 nm, and BA535-565 nm filters for the col-
lection of CFP and YFP fluorescence emission, respectively. 256 x 256
pixel images were collected at 2x optical zoom (0.414 pm/pixel). YFP/
CFP intensity rafio images were calculated as described previously (ltoh
et al., 2002), and FRET values outside of the cell contour were set to zero
for representation purposes.

Online supplemental material

Fig. S1 shows that proto-bundles containing wild-type RLC are more dynamic
and evolve to form extended rears less frequently than those containing
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RLC-D,D. Fig. S2 shows that actomyosin-containing proto-bundles on cells
adhering to PLL do not show prominent accumulations of adhesion proteins
or fibronectin. Fig. S3 show that MIIA knockdowns show a dose-dependent
decrease in visible actomyosin bundles. Fig. S4 shows that tyrosine phos-
phorylation and Rac GEFs are evenly distributed in MIIB-deficient cells.
Video 1 shows that RLC-D,D localizes and determines the rear of spreading
cells. Video 2 shows that RLC-D,D cannot determine the rear in MIIB-
depleted cells. Video 3 show that MT inhibition alters the location of the cell
front. Video 4 shows that MIIB incorporates into actomyosin bundles after
MIIA. Video 5 shows adhesions associated with MIIA turnover. Video 6 shows
that MIIB inhibits adhesion turnover. Video 7 shows that tyrosine phosphory-
lation, as revealed by GFP-SH2, becomes asymmetric during spreading
concomitant with RLC-D,D assembly. Video 8 shows that tyrosine phos-
phorylation, as revealed by GFP-SH2, is asymmetrically distributed in RLC-D,D—
polarized cells. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.201012159/DC1.
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