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ntegrins can intercommunicate with cadherins. Here, we
examined their possible relationship by use of small inter-
fering RNA–mediated protein knockdown in HeLa cells.

We found that a subset of integrin signaling molecules,
namely Fak and paxillin, but not p130 Crk-associated sub-
strate or proline-rich tyrosine kinase 2, participate in processes
regulating N-cadherin–based cell–cell adhesion. Paxillin was
found to be required primarily for the recruitment of Fak to
robust focal adhesions. Our results suggest that at least

I

 

some signals involving Fak are linked to a mechanism
down-regulating Rac1 activity at the cell periphery, which
appears to be important for the formation of N-cadherin–
based adhesions in motile cells. Our analyses simultaneously
exemplified the essential role of Fak in the maintenance of
cell–cell adhesions in collective cell migration, a type of
migration occurring in embryonic development and carci-
noma invasion.

 

Introduction

 

Cells possess a broad spectrum of migration mechanisms.
Integrin-mediated cell substratum adhesion and migration
often occur together with cadherin-based cell–cell adhesion,
and a number of papers have documented a variety of events
where the coordinated regulation of these two different
modes of adhesion occur. For example, both of these adhe-
sions are simultaneously involved in cell migration, such as
migration of cells as a sheet, observed with migrations of the
blastoderm and ectoderm, which are followed by closure of
the neural tube. Collective migration is also observed in in-
vasions and metastases of carcinomas, such as lobular breast
cancer, epithelial prostate cancer, and large cell lung cancer
(Friedl and Wolf, 2003). It has been shown that in cancer
cells that have collectively migrated out from a primary ex-
planted melanoma tissue culture, path-finding cells localized
at the leading tips of the collective typically possess both the

 

�

 

1 integrin–positive membrane ruffles at the leading edges
and cadherin-based cell–cell adhesions at the rear sides
(Hegerfeldt et al., 2002). On the other hand, integrin-mediated
cell motility may be antagonized by cadherin-based cell–cell

adhesion, as observed for example during neural tube closure
and wound-healing processes of tissues or cultured cells. It
has also been demonstrated that invasions and metastases of
carcinomas can be suppressed by the forced expression of
E-cadherin (Perl et al., 1998). On the other hand, down-regu-
lation of E-cadherin–based cell–cell adhesion has also been
shown to precede the hepatocyte growth factor–induced cell
scattering, which is dependent on integrins (Li et al., 2001).
Recent reports have begun to unveil possible molecular
mechanisms of the cross-talk between these two different
modes of adhesion, such as translocation of the nonreceptor-
type tyrosine kinase Fer between N-cadherin assembly and
the 

 

�

 

1 integrin complex (Arregui et al., 2000), and integrin-
linked kinase–mediated regulation of E-cadherin expression
(Wu et al., 1998).

One of the early intracellular responses to integrin activation
is the induction of cellular protein tyrosine phosphorylation
(Guan and Shalloway, 1992). Our aim in this paper was to
examine whether integrin-mediated cellular tyrosine phos-
phorylation events can intercommunicate with cadherin-
based cell adhesions, and if so, to understand the possible

 

The online version of this article includes supplemental material.
Address correspondence to Hisataka Sabe, Dept. of Molecular Biology,
Osaka Bioscience Institute, Osaka 565-0874, Japan. Tel.: (81) 6-6872-
4814. Fax: (81) 6-6871-6686. email: sabe@obi.or.jp
Key words: Fak; integrin; N-cadherin; paxillin; siRNA

 

Abbreviations used in this paper: FA, focal adhesion; FAT, focal adhesion
targeting; FRET, fluorescence resonance energy transfer; FRNK, Fak-related
nonkinase; p130Cas, p130 Crk-associated substrate; Pyk2, proline-rich
tyrosine kinase 2; siRNA, small interfering RNA.



 

284 The Journal of Cell Biology 

 

|

 

 

 

Volume 166, Number 2, 2004

 

mechanisms by which they achieve such intercommunication.
We began our analysis by using the small interfering RNA
(siRNA)–mediated knockdown of protein expression. siRNAs
function very efficiently and effectively in HeLa cells, with
minimal harmful effects (Elbashir et al., 2001). As an initial
trial, we used HeLa cells as a model and examined the roles
played by four representative integrin assembly signaling mol-
ecules—Fak, proline-rich tyrosine kinase 2 (Pyk2), p130 Crk-
associated substrate (p130Cas), and paxillin—all involved in
protein tyrosine phosphorylation (Zamir and Geiger, 2001).
Fak and Pyk2 are the major protein tyrosine kinases localized
to focal complexes and focal adhesions (FAs; Nakamura et al.,
2001; Zamir and Geiger, 2001), and both have multiple tyro-
sine phosphorylation sites together with several other protein
interaction modules (Schlaepfer et al., 1999). p130Cas and
paxillin are both scaffold adaptor proteins with multiple tyro-
sine phosphorylation sites and other protein interaction mod-
ules (DeMali et al., 2003). p130Cas and paxillin can be phos-
phorylated by Fak or Pyk2, and bind directly to these kinases
(Schlaepfer et al., 1999; Avraham et al., 2000). It has been
proposed that activation of Fak and Pyk2 can lead to the acti-
vation of the Ras pathway, through recruitment of Grb-2 to
phosphorylation sites of these kinases (Schlaepfer et al., 1999).
On the other hand, tyrosine phosphorylation of p130Cas and
paxillin have been shown to be linked to the regulation of Rho
family GTPases, though the actual outcomes may vary de-
pending on the cellular context or cellular environments (De-
Mali et al., 2003). However, downstream signaling pathways
of these molecules have not yet been fully understood. Here,
we explored the possible involvement and roles of these four
proteins in the formation and maintenance of N-cadherin–
based cell–cell adhesions during collision and collective migra-
tion of HeLa cells.

 

Results

 

Knockdown of either Fak or paxillin, but not p130Cas 
or Pyk2, affects the formation of N-cadherin–based 
cell–cell adhesions in HeLa cells

 

To analyze the intercommunication between integrins and
cadherins, we searched for suitable cell lines that satisfied the
following conditions: (1) siRNAs act efficiently in most of the
cell population without severe side effects, together with the
availability of genome information; (2) expression of integrins
and cadherins is well characterized; and (3) cadherin-based
cell–cell adhesions are formed efficiently upon collision of mi-
grating cells. We examined almost a dozen cell lines, including
HeLa, MDCK, and NMuMG, and also primary cultures of
epithelial cells and fibroblasts. HeLa cells have previously been
shown to form N-cadherin–based cell–cell adhesions (Wahl et
al., 2003). We found that HeLa cells almost exclusively ex-
pressed N-cadherin, whereas other cells expressed mixtures of
at least two or three different cadherins at comparable levels
(unpublished data). HeLa cells also satisfied the other condi-
tions mentioned above, and hence we decided to use this cell
line as a model for our initial analysis.

We achieved 

 

�

 

90% suppression of the integrin signaling
molecules, Fak, paxillin, p130Cas, and Pyk2, upon incuba-
tion with the respective siRNA duplexes for 40–44 h (Fig. 1,
A and B; unpublished data). There seemed to be some inter-

ference regarding expression levels of these proteins, always
observed in our repeated siRNA experiments (Fig. 1 A); pax-
illin knockdown increased Pyk2 by two- to threefold, and
conversely Pyk2 knockdown slightly decreased paxillin. Pyk2
knockdown also decreased p130Cas. These interferences may
not be due to nonspecific effects of the siRNAs because si-
RNAs targeting different sequences of paxillin also increased
Pyk2 (unpublished data). N-cadherin expression was not re-
markably changed by these siRNAs, whereas a slight decrease
was observed by the p130Cas knockdown (Fig. 1 A).

There are at least two ways to form N-cadherin–based cell–
cell adhesions in HeLa cells when replated onto collagen-
coated dishes: one is formation upon cell–cell collision of mi-
grating cells, in which cells are initially replated at a sparse
density, and the other is by replating cells at a saturation den-
sity from the first. Under these two conditions, we examined
whether the substantial loss of integrin signaling molecules
affects the formation of N-cadherin–based cell–cell adhe-
sions. Serum was not added in our assays in order to examine
signals primarily from integrin adhesions, unless otherwise
indicated. Moreover, throughout our experiments, we used
PBS containing EDTA, but not trypsin, to harvest cells in or-
der to avoid the proteolytic degradation of cell surface pro-
teins. When control cells were replated at a saturation den-
sity, clear staining of N-cadherin at cell–cell junctions was
observed (Fig. 1 C). Such staining was not significantly af-
fected by pretreating cells with siRNAs for any of the four in-
tegrin signaling molecules (Fig. 1 C). When assessed with
cells initially replated at a sparse density and then allowed to
migrate for 3 h, clear staining of N-cadherin at contact sites
was still seen in the control, p130Cas knockdown, and Pyk2
knockdown cells (Fig. 1 C). However, under these conditions
we found that staining of N-cadherin at the contact areas be-
came almost undetectable when Fak or paxillin were knocked
down (Fig. 1, C and D). By video recording, we simulta-
neously confirmed that most of the cell–cell contacts (

 

�

 

70–
80%) were formed as a consequence of cell migration, and
were almost absent at the initial time of replating at a sparse
density. Such inefficiency of N-cadherin staining at contact
sites in Fak and paxillin knockdown cells was seen through-
out our observation from 30 min to 3 h after replating (un-
published data), or even 24 h after replating at a sparse den-
sity, in which cells were maintained in the presence of serum
and became almost confluent (Fig. 1, C and D).

To confirm that loss of the N-cadherin staining in Fak and
paxillin knockdown cells was due to the loss of these proteins,
we transfected mouse Fak cDNA or a mutant form of human
paxillin cDNA, together with the corresponding siRNAs.
Mouse Fak did not contain the target sequence of the human
Fak siRNA duplex. The mutant paxillin cDNA was made by
changing the nucleotide sequence, without changing the cod-
ing amino acids, so that the mutant was no more a target for
the paxillin siRNA duplex. Expression of these cDNAs in the
corresponding siRNA-treated cells efficiently restored the
N-cadherin staining, replated at a sparse density (Fig. 1 E).

 

Fak and paxillin knockdown cells exhibit aberrant 
membrane protrusions

 

To obtain a clue as to how the loss of paxillin or Fak expres-
sion affects N-cadherin–based adhesion, we examined the
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Figure 1. Loss of Fak or paxillin expression affects formation of N-cadherin–based cell–cell adhesions in motile HeLa cells. (A and B) siRNA-
mediated knockdown of integrin signaling proteins. HeLa cells were transfected with siRNA duplexes to knockdown of protein expression of 
p130Cas (Cas), paxillin (Pax), Fak, and Pyk2, as indicated. A control included an irrelevant siRNA duplex (ctrl). Each 20 �g of cell lysates was 
separated on SDS-PAGE and subjected to immunoblot analyses, as indicated (A); percentages of the knockdown are shown (B). Results are 
means � SEM from three independent experiments. Protein levels of N-cadherin (N-Cad) and �-, �-, �-, and p120-catenin (�-ctn, �-ctn, 
�-ctn, and p120-ctn, respectively) were also shown by immunoblotting (A). (C and D) siRNA-treated cells were replated onto collagen at a 
sparse or saturation density in the absence of serum (C, left two panels), or at a sparse density in the presence of 10% FCS (C, right two panels) 
as described in Materials and methods. After incubation for 3 or 24 h, cells were fixed and subjected to N-cadherin immunostaining (C). Bars 
(for all panels in C), 50 �m. Percentages of the N-cadherin–positive cell–cell contact areas are shown (D), in which four different bars, from 
left to the right, correspond to the four different replating and culture conditions in C, from left to the right, respectively. (E) Restoration by rescue 
cDNAs. Each rescue cDNAs or empty vector (�) was transfected into the corresponding siRNA-treated cells, and cells expressing exogenous 
Fak or paxillin were identified, as described in Materials and methods. Percentages of the N-cadherin–positive cell–cell contact areas were 
measured after a 3-h incubation of cells replated at a sparse density in the absence of serum. In D and E, results are means � SEM from four 
independent experiments, in each of which �50 cell–cell contact areas were examined.
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properties of isolated, noncontacting cells. After replating,

 

�

 

15 min was required for most of the cells to adhere onto
the collagen, and 

 

�

 

30–40 min was required for each cell to
be spread out and become nonrefractile (Fig. 2 C). Such
time courses of adhesion and spreading were not notably af-
fected by siRNA treatment for any of the four proteins (Fig.
2 C; unpublished data). However, we found that aberrant
large protrusions (

 

�

 

20 

 

�

 

m in length) were frequently gen-
erated in the Fak or paxillin knockdown cells, which were
seldom seen in the control, p130Cas knockdown, or Pyk2
knockdown cells (Fig. 2, A and B). These cells started to
generate large protrusions after being well spread out on the
collagen (40–50 min after replating; Fig. 2 C). Video re-
cording of cells revealed that these aberrant protrusions were
not static, but dynamic—continuously disappearing and
newly forming (Fig. 2, C and D). These results suggest that
some component(s) regulating cytoskeletal dynamics is mal-
functioning, perhaps aberrantly up-regulated, in HeLa cells
when Fak or paxillin are substantially lost. Because serum
was not added, this putative component(s) might be associ-
ated primarily with integrin signaling pathways, activated
by adhesion of cells to collagen (see below). Inhibition of
the formation of the aberrant protrusions by expression of

mouse Fak cDNA or the rescue mutant of paxillin cDNA
was confirmed (Fig. S1, available at http://www.jcb.org/cgi/
content/full/jcb.200312013/DC1).

 

Evidence for the involvement of collagen receptors

 

We used collagen type I as a substratum. HeLa cells are
thought to use 

 

�

 

2

 

�

 

1 integrin as their major collagen I recep-
tor (Yang-Kao et al., 2003). Then, we obtained evidence for
the involvement of collagen receptors in phenotypes in-
duced by Fak and paxillin knockdown (Fig. S2, available at
http://www.jcb.org/cgi/content/full/jcb.200312013/DC1).

 

Properties of robust FAs in siRNA-treated cells

 

Next, we examined properties of integrin 

 

�

 

1–positive FAs
in the siRNA-treated cells. We used phosphotyrosine and
vinculin as FA markers in addition to 

 

�

 

1 integrin, Fak, and
paxillin, and counted FAs formed 3 h after replating, which
were at least positive for integrin 

 

�

 

1 and larger than 1 

 

�

 

m
in length (hereafter referred to as “robust FA”; see Fig. 3 A).
Control cells formed 43.1 

 

�

 

 2.2 such robust FAs per cell;
almost all of them were positive for phosphotyrosine, and

 

�

 

80% were positive for vinculin, Fak, and/or paxillin (Fig.
3). p130Cas and Pyk2 knockdown cells exhibited similar

Figure 2. Aberrant large protrusion formation in Fak and paxillin knockdown HeLa cells. (A and B) Morphology of siRNA-treated cells 
replated on collagen at a sparse density and incubated for 3 h (A), and percentages of cells bearing aberrant protrusions (�20 �m in length) 
are shown (B). Over 70 knockdown cells were counted in each of the four independent experiments. Error bars, SEM. (C) Time-lapse video 
recording of Fak and paxillin knockdown cells after replating. Numbers represent time in min after the replating. Bars (A and C), 50 �m. 
(D) Dynamics of the aberrant large protrusion formation. Video images as in C were analyzed and shown as the frequencies of the aberrant 
protrusion formation (times/cell/h). Error bars, SEM. Abbreviations are the same as in Fig. 1.
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numbers and qualities of robust FAs as seen in the control
cells (Fig. 3). On the other hand, the numbers of 

 

�

 

1-posi-
tive robust FAs per cell were reduced to about a half in Fak
and paxillin knockdown cells (Fig. 3). Moreover, in Fak
knockdown cells, 

 

�

 

10% of the robust FAs were positive for
phosphotyrosine, although 

 

�

 

80% of them were still posi-
tive for vinculin and/or paxillin (Fig. 3). In paxillin knock-
down cells, on the other hand, the recruitment of phospho-
tyrosine, vinculin, and Fak was largely reduced (Fig. 3).
These results suggest that HeLa cells adhered on collagen,
paxillin, and Fak participate in the efficient formation of
integrin 

 

�

 

1–positive robust FAs. The results also suggest
that paxillin is necessary for the efficient recruitment of Fak
and vinculin to robust FAs, whereas Fak may be dispens-
able in recruiting paxillin or vinculin. Talin and tensin may
also be important for FA assembly (Zamir and Geiger,
2001). However, using antibodies for talin and tensin, we
observed only marginal staining of these proteins in robust
FAs of HeLa cells (unpublished data). Again, numbers and
quality of robust FAs in Fak and paxillin knockdown cells
were substantially restored to those in control cells by the
expression of each of the corresponding rescue cDNAs (un-
published data).

 

Fak and paxillin are involved in the negative regulation 
of Rac1 activity

 

Several Rho family GTPases, such as Rac1 and Cdc42, can
be activated by integrin signaling (DeMali et al., 2003), and
are greatly involved in membrane dynamics and remodeling
(Takenawa and Miki, 2001). Using the fluorescence reso-
nance energy transfer (FRET) technique, we then examined
the activity of Rac1 and Cdc42 in situ. HeLa cells trans-
fected with the pRaichu-Rac plasmid for detection of a
FRET specific for Rac1 activation (Itoh et al., 2002) gave
rise to significant signals mostly at the cell peripheral areas
(unpublished data; see Fig. 4 A). On the other hand, trans-
fection of the pRaichu-Cdc42 plasmid for detection of
Cdc42 FRET activity (Itoh et al., 2002) did not give rise to
notable signals (unpublished data). Then, we measured
Rac1-specific FRET signals in cells in physical contact with
others. siRNA-treated and pRaichu-Rac–transfected cells
were replated at a sparse density and then were allowed to
migrate and collide with each other. We found that Rac1
signals were significantly lowered at cell–cell contact sites,
whereas they remained high at the peripheries not in con-
tact with other cells (Fig. 4, A and B). In contrast, Rac1 sig-
nals were not efficiently down-regulated at cell–cell contact
areas in the Fak and paxillin knockdown cells (Fig. 4, A and
B). Most of the aberrant protrusions in isolated Fak and
paxillin knockdown cells were also high in Rac1 signals (un-
published data). Therefore, Fak and paxillin appear to be
necessary for the localized down-regulation of Rac1 activity
at the cell–cell contact areas in motile HeLa cells.

To test this hypothesis, we expressed Rac1 mutants in
siRNA-treated cells, and the cells were then replated at
a sparse density and allowed to migrate. Expression of
Rac1G12V, a GTP hydrolysis-defective mutant, caused sub-
stantial loss of N-cadherin staining at the cell–cell contacts
in control cells, whereas Rac1T17 N, a GTP binding-defec-
tive mutant, did not (Fig. 4, C and D). Moreover, expres-
sion of Rac1T17 N could restore N-cadherin staining in 70–
80% of the population of Fak or paxillin knockdown cells,
which were in contact with other cells (Fig. 4, C and D). In
noncontacting, isolated Fak or paxillin knockdown cells, ex-
pression of Rac1T17 N suppressed formation of the aber-
rant large protrusions in most of the cell population (Fig. 4,
E and F).

 

Enhanced cell motility by Fak and paxillin knockdown

 

Rac1 activation can lead to enhanced cell motility (Klemke et
al., 1998). To further verify the above notion, we next mea-
sured cell motile activity. Cells were replated on collagen at a
sparse density, and migration was then traced by video record-
ing. Control cells exhibited motility with a rate of 

 

�

 

5 

 

�

 

m/h,
and both p130Cas and Pyk2 knockdown cells exhibited
slightly reduced motility (Fig. 4, G and H). In contrast, both
Fak and paxillin knockdown cells exhibited remarkably en-
hanced motility, which was over 20 

 

�

 

m/h (Fig. 4, G and
H). The enhanced motility was inhibited by expression of
Rac1T17 N (Fig. 4, G and H), or restored by expression of
each of the corresponding rescue cDNAs (unpublished data).

It has been reported that gene targeting of Fak or paxillin re-
sults in a severe reduction in cell motility in experiments using

Figure 3. Properties of integrin �1–positive robust FAs in siRNA-
treated HeLa cells. siRNA-treated cells were replated onto collagen 
at a sparse density, incubated for 3 h, and then fixed and subjected 
to �1 integrin immunostaining (A). Bars, 50 �m. FAs, which were 
positive for �1 staining and �1 �m in length, were scored for their 
staining for other proteins (B) as indicated. 4G10; phosphotyrosine. 
Other abbreviations are the same as in Fig. 1. Over 30 knockdown 
cells were counted in each of the three independent experiments. 
Error bars, SEM.
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Figure 4.

 

Fak and paxillin participate in the down-regulation of Rac1 activity in motile HeLa cells.

 

 (A) FRET imaging of Rac1 activity. 
siRNA-treated cells were transfected with pRaichu-Rac and were replated onto collagen at a sparse density. Ratio images of YFP/CFP representing 
the FRET efficiency for Rac1 activity were then obtained with live cells within 15 min to 1 h after replating, as described in Materials and 
methods. The upper and lower limits of the ratio range are shown on the right side. Dashed lines indicate the contours of contacting adjacent 
cells. Differential interference contrast images (DIC) are also shown. Arrowheads indicate cell–cell contact sites. Bar, 30 

 

�

 

m. (B) Statistical 
representation of the Rac1 FRET imaging results. Rectangles, each 5 

 

	

 

 30 

 

�

 

m in size, were fitted onto the cell peripheries of the FRET images, 
as shown in A, and numbers of the rectangles in which 

 

�

 

80% were taken up by signals with the ratio range within the highest two classes 
(2.85–3.1 for ctrl, and 3.0–3.3 for Fak and Pax) were scored as “Rac1-active peripheral areas.” Percentages of the “Rac1-active” rectangles 
with regard to the contact areas or noncontacting areas are shown, in which 

 

�

 

80 rectangles were examined in each case. Percentages of the 
Rac1-active rectangles of the noncontact areas were similar to those measured with isolated cells (not depicted). (C–F) Effects of expression of 
Rac1 mutants on N-cadherin staining at cell–cell junctions (C and D) and formation of aberrant protrusions (E and F) in siRNA-treated cells. 
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fibroblasts isolated from gene knock-out mice (Ilic et al., 1995;
Hagel et al., 2002). We examined whether the phenotypes we
observed above are very specific to HeLa cells. We found that
siRNA-mediated knockdown of Fak or paxillin in BJ human
normal diploid fibroblasts also causes enhanced motility (Fig.
5, A–C), formation of aberrant protrusions, and reduction in a
number of integrin 

 

�

 

1–positive robust FAs, when cultured on
collagen (Fig. S3, available at http://www.jcb.org/cgi/content/
full/jcb.200312013/DC1). Moreover, overexpression of Fak-
related nonkinase (FRNK), a kinase domain-deleted form of
Fak and which may act to inhibit functions of endogenous Fak
(Taylor et al., 2001), also caused enhanced motility of HeLa
cells on collagen (Fig. 5, D and E).

 

Involvement of Tyr861 phosphorylation of Fak

 

Our analysis of the components of robust FAs suggested that
paxillin is necessary for the efficient recruitment of Fak. Con-
sistent with this notion, altered phenotypes that were observed
in paxillin knockdown cells were also observed in Fak knock-
down cells. Paxillin can be divided into two portions: the
NH

 

2

 

-terminal half containing tyrosine phosphorylation sites,
proline-rich domains, and LD motifs, and the COOH-termi-
nal half containing four LIM domains (Turner, 2000). The
former is necessary for binding to Fak, and the latter is neces-
sary for FA localization. We found that expression of neither

of these domains was able to restore the altered phenotypes
observed in the paxillin knockdown cells (unpublished data).
However, because of the complexity of the structure of paxil-
lin, we were unable to determine precisely whether paxillin
acts only to recruit Fak to the FAs in our assays.

Then, we focused on Fak. Fak possesses several tyrosines
that become phosphorylated, as well as other functional mod-
ules (Schlaepfer et al., 1999; see Fig. 6 A). Using site-specific
antibodies, we have previously shown that Tyr397, Tyr407,
and Tyr861 are heavily phosphorylated in migrating epithelial
cells, whereas phosphorylation of Tyr925 was almost unde-
tectable (Nakamura et al., 2001). A high level of Tyr925
phosphorylation was detected in v-Src transformed fibroblasts
(Nakamura et al., 2001). In HeLa cells adhered on collagen in
the absence of serum, Tyr397 and Tyr861 were found to
be significantly phosphorylated, whereas phosphorylation of
Tyr925 and Tyr407 was almost undetectable (Fig. 6 B). This
phosphorylation pattern was not changed when cells were re-
plated at a sparse or saturation density (Fig. 6 B). Then, we
expressed mutants of mouse Fak cDNAs in the Fak knock-
down cells in order to examine which domains or sites of Fak
are necessary for its functions (Fig. 6, C–F). Lys454 is the
ATP-binding site essential for the kinase activity. The focal
adhesion targeting (FAT) domain binds paxillin and is neces-
sary for FA localization of Fak. We found that mutants of

 

Cells were cotransfected with Cy3-labeled siRNAs and empty vector (

 

�

 

), and with HA-tagged Rac1G12V or Rac1T17N cDNAs, as indicated. 
They were then replated at a sparse density and incubated for 3 h, and were subjected to immunostaining for the HA tag and N-cadherin. Cells 
incorporated siRNAs were identified by Cy3. Cells positive for the HA tag were marked by asterisks in the right panels. Bars (C and E), 50 

 

�

 

m. 
Statistical representation of the results is shown (D and F) in which 

 

�

 

30 cells double positive for siRNAs and Rac cDNAs were counted in 
each of the three independent experiments. Error bars, SEM. (G and H) Enhanced migration by knockdown of Fak or paxillin, and its suppression 
by Rac1T17N. Cells, transfected with siRNAs, or siRNAs and Rac1T17N cDNA, were replated onto collagen and subjected to time-lapse 
video recording for 3 h in the absence of serum. Cell migration was traced (G), and migration rates (

 

�

 

m/h) are shown (H). 20 knockdown cells 
were examined in each of the three independent experiments. Error bars, SEM. Transfection of siRNAs and Rac1T17N in each cell was confirmed 
by immunostaining after the video recording. Bar, 100 

 

�

 

m. Abbreviations are the same as in Fig. 1 unless otherwise indicated.

Figure 5. Effects of Fak and paxillin 
knockdown on cell motility in BJ cell 
and of FRNK in HeLa cell. BJ cells were 
treated with Fak or paxillin siRNAs, or 
with an irrelevant control siRNA duplex 
(ctrl) as indicated. (A) 20 �g of each cell 
lysate was separated by SDS-PAGE and 
subjected to immunoblot analyses, as 
indicated. Protein levels of N-cadherin 
(N-Cad) were also examined. White line 
indicates that intervening lanes have 
been spliced out. (B and C) Enhanced 
migration by knockdown of Fak or paxil-
lin. Cell migration on collagen substrate 
was monitored (B), and the migration 
rates were calculated (C) as in Fig. 4, G 
and H. (D and E) HeLa cells were trans-
fected with empty vector (�) or HA-
tagged FRNK cDNA, and were replated 
onto collagen in the absence of serum. 
Cell migration was monitored (D), and 
the migration rates were calculated (E) 
as in Fig. 4, G and H. Transfected cells 
were identified by HA staining after 
video recording. In E, 20 transfected 
cells were examined in each of three 
independent experiments. Bars (B and 
D), 100 �m. Error bars, SEM.
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Lys454 (K454R) and the FAT domain (a deletion mutant;

 




 

FAT) could not restore any of the Fak knockdown pheno-
types, that is, loss of N-cadherin–based adhesions (Fig. 6 D),
aberrant protrusion formation (Fig. 6 E), and inefficient
formation of robust FAs (Fig. 6 F). Consistent with the
above biochemical results, the nonphosphorylation mutants of
Tyr397 (Y397F) and Tyr861 (Y861F) restored none of these
three phenotypes, whereas mutation of Tyr407 (Y407F) res-
cued all three (Fig. 6, D–F). Therefore, the kinase activity, the
FAT domain, and phosphorylation at Tyr397 and Tyr861 of
Fak appear to be important for Fak functions regarding all
three different aspects. By immunostaining, we observed that
Tyr397- and Tyr861-phosphorylated Fak localized to the in-
tegrin 

 

�

 

1–positive robust FAs in parental HeLa cells (unpub-
lished data). Y397F, Y407F, K454R, and Y861F mutants lo-
calized to the integrin 

 

�

 

1–positive FAs in the Fak knockdown
cells, but the 

 




 

FAT mutant did not (Fig. S4, available at http:
//www.jcb.org/cgi/content/full/jcb.200312013/DC1).

 

Role of Fak and paxillin in collective cell migration

 

During wound closure of HeLa cells, cells facing the wound
edges and actively migrating still maintain N-cadherin adhe-

sion at the rear sides (Fig. 7 B, ctrl). Cells located within the
cell sheet also maintain N-cadherin adhesion (Fig. 7 B, ctrl).
HeLa cells can thus exhibit properties of collective migra-
tion, as reported with other invasive carcinomas in vivo
(Nabeshima et al., 1999). Then, we examined whether
knockdown of Fak or paxillin affects the maintenance of
N-cadherin adhesion in collective migration. We showed that
even Fak and paxillin knockdown cells can form N-cadherin
adhesions when replated at a saturation density (Fig. 1 C).
Hence, we replated siRNA-treated cells at a saturation den-
sity, and the cell cultures were then scratched, as commonly
performed in a wound-healing assay. Wound regions were
then allowed to heal by cell migration in the presence of se-
rum for 8 h. As shown in Fig. 7 A, in the case of control,
p130Cas knockdown, and Pyk2-knockdown cells, although
cell migration was effectively induced, only a few migrating
cells were detached and migrated out from the cell sheet. In
contrast, when Fak or paxillin was knocked down, most mi-
grating cells were detached and migrated out from the cell
sheet (Fig. 7 A). Immunostaining of these cells revealed that
the N-cadherin adhesions were substantially lost not only in
the detached cells, but also in cells located at the wound-

Figure 6. Motifs required for Fak functions in HeLa cells. (A) Structure of Fak. Numbers represent amino acids. Y, tyrosine; FAT, focal adhesion 
targeting domain. (B) Tyrosine phosphorylation of Fak. Immunoprecipitated Fak, from cells kept in suspension for 30 min (sus) or replated 
onto collagen for 30 min at a sparse or saturation density in the absence of serum, were analyzed using phosphorylation site-specific antibodies 
or a phosphotyrosine antibody (4G10) as indicated. (C–E) Effects of Fak mutants on Fak knockdown phenotypes. Fak siRNA-treated cells were 
transfected with HA-tagged mouse Fak cDNAs with the indicated mutations (see text for the abbreviations). Expression of these mutants are 
shown by Fak blotting (C). White lines indicate that intervening lanes have been spliced out. Controls included an irrelevant siRNA duplex 
(ctrl) and empty vector (�) as indicated. Percentages of N-cadherin–positive cell–cell contact areas, percentages of cells bearing aberrant 
large protrusions, and numbers of integrin �1–positive robust FAs are shown in D–F, in which each assay was performed as in Fig. 1 E, Fig. 2 E, 
and Fig. 4 B, respectively. Lanes 1–8 in D–F correspond to those in C. Error bars, SEM.
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healing areas and hence actively migrating, whereas N-cad-
herin adhesions were maintained in cells located behind
the original wound edges (Fig. 7, B and C). The control,
p130Cas knockdown, or Pyk2 knockdown cells retained the
N-cadherin adhesions even when located at the wound-heal-
ing areas and hence actively migrating (Fig. 7, B and C).
Therefore, Fak and paxillin are necessary for the mainte-
nance of N-cadherin–based cell–cell adhesion in the collec-
tive migration of HeLa cells.

 

Discussion

 

Integrins engage in a variety of intracellular signaling path-
ways, depending on factors including types of integrins, the
extracellular matrices, and cellular contexts. Cadherins also

consist of a large number of isoforms, expressed in various
types of cells (Yagi and Takeichi, 2000). Integrins and cad-
herins often intercommunicate with each other. In this
report, we examined whether protein tyrosine phosphory-
lation events that are induced preferentially by integrin ac-
tivation, and not directly engaged in the cadherin system,
can deliver signals to intercommunicate with intracellular
processes involved in cadherin-based cell–cell adhesion, and
showed an example of such intercommunication using a
model system.

We observed that loss of Fak or paxillin expression, but
not Pyk2 or p130Cas expression, affects the efficient forma-
tion of N-cadherin adhesion and the plasma membrane dy-
namics of migrating HeLa cells, and also causes enhance-
ment of the cell motility, all of which could be significantly

Figure 7. Requirement for Fak and paxillin in collective migration of HeLa cells. siRNA-treated cells were replated onto collagen at a saturation 
density and subjected to the wound-healing assay in the presence of serum, as described in the Materials and methods. After 8 h of incubation, 
the cells were fixed and subjected to N-cadherin immunostaining (N-cad in B), or their phase-contrast images were taken (A, and the top 
panels in B). Broken lines indicate the original wound edges. In the bottom two panels in B, N-cadherin immunostaining of cells located 
within the solid or dashed rectangles in the top panel are shown. Percentages of cells with N-cadherin–positive cell–cell contacts are also 
shown in C (gray bars, cells located behind the original wound edges; black bars, cells migrated into the wound-healing areas). Over 70 contact 
areas were counted in each of the three independent experiments. Error bars, SEM. Bars, 250 �m in A; 50 �m in B. Abbreviations are the 
same as in Fig. 1.
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restored by expression of Rac1T17N. However, because
N-cadherin adhesions are efficiently formed when Fak and
paxillin knockdown HeLa cells are replated at a confluent
density, Fak and paxillin are not directly involved in the
machinery regulating the N-cadherin adhesions. Using the
FRET technique, we assessed Rac1 activity in noncontacting
and contacting HeLa cells. However, because of the light
sensitivity of our FRET probe, we were unable to trace
changes of Rac1 activity in detail during the early phases of
the cell–cell collisions. To help assessment of our results, we
instead provided the statistical data. Our results indicated
that Rac1 activity is relatively high at the free peripheral
membrane areas, whereas it is down-regulated, though not
totally suppressed, at cell–cell contact areas. Such down-reg-
ulation of Rac1 activity appears to be hampered by knocking
down Fak or paxillin in HeLa cells. Possible changes of Rac1
activities in these knockdown cells could not be detected by
a biochemical method, perhaps because they were too small
to be detected by such a method (unpublished data).

Expression of an active form of Rac1 (Rac1G12V) af-
fected the accumulation of N-cadherin at contact sites of
HeLa cells. We also showed that expression of a dominant-
negative form of Rac1 (Rac1T17N) can restore the N-cad-
herin accumulation in Fak and paxillin knockdown cells.
Rac1 localizes to cell–cell junctions, and there is a consen-
sus that Rac1 plays important roles in cadherin-based cell–
cell contacts, although the modes of involvement may dif-
fer depending on the cell type (Braga et al., 1999; Fukata
and Kaibuchi, 2001). For example, formation of N-cad-
herin–based cell–cell adhesions was accompanied by a de-
crease in Rac1 activity during myogenesis (Charrasse et al.,
2002). In MDCK cells, on the other hand, increased accu-
mulation of E-cadherin at cell–cell contact sites has been
observed in the presence of activated Rac1 (Hordijik et al.,
1997; Takaishi et al., 1997; Ehrlich et al., 2002), whereas it
was decreased by dominant-negative Rac1 (Takaishi et al.,
1997). In keratinocytes, dominant-negative Rac1 and con-
stitutive active Rac1 both diminished accumulation of
E-cadherin at cell–cell contacts (Braga et al., 1997, 2000).
Moreover, cellular regulation of N-cadherin is not identical
to that of E-cadherin. For example, Hakai, which is a ubiq-
uitin E3 ligase and acts to down-regulate E-cadherin, does
not recognize N-cadherin (Fujita et al., 2002). Forced ex-
pression of N-cadherin in keratinocyte PAM212 cells ex-
pressing endogenous E- and P-cadherins causes disappear-
ance of endogenous cadherins from the cell–cell junctions
(Fujimori and Takeichi, 1993). It has also been demon-
strated that forced expression of N-cadherin in noninvasive,
E-cadherin–positive breast cancer cells produces invasive
cells (Hazan et al., 2000). Therefore, effects of Rac1 may
also differ depending on the types of cadherins. Serum was
not added in most of our experiments in order to investigate
Rac1 activity induced primarily via integrin stimuli. To-
gether, one of the most plausible explanations of our results
is that besides the mechanism for the up-regulation of Rac1
activity (DeMali et al., 2003), integrin signals include a
mechanism to down-regulate Rac1 activity at the cell–cell
contact areas of the cell periphery, in which Fak and paxillin
play pivotal roles. Such a down-regulation mechanism ought
to operate especially upon cell–cell collisions during migra-

tion, and might hence be deeply involved in the process of
the N-cadherin–based cell–cell adhesion formation in motile
HeLa cells (also see below). Because aberrant large protru-
sions are formed in noncontacting, isolated cells if their Fak
or paxillin is lost, Fak- or paxillin-mediated down-regulation
of Rac1 activity may operate not only during cell collisions,
but might also be necessary for the maintenance of normal
cell morphology and normal plasma membrane dynamics in
motile HeLa cells.

It has been well accepted that certain types of cells in cul-
ture exhibit the ability of “contact inhibition of movement,”
i.e., a transient stop in migration upon cell–cell collision
(Abercrombie and Heasysman, 1953). By video recording,
we observed that HeLa cells exhibit the property of contact
inhibition of movement, and loss of Fak or paxillin expres-
sion hampered these transient stops in migration (unpub-
lished data). Rac1 activity is important for and can facilitate
cell migration (Klemke et al., 1998). Thus, one can envisage
that the mechanism of down-regulation of Rac1 activity at
cell–cell contact areas locally might also be closely related to
the contact inhibition of movement. On the other hand, sev-
eral independent analyses have shown that amounts of GTP-
Rac1 are increased by the formation of cadherin-mediated
cell–cell adhesions (Fukata and Kaibuchi, 2001). Therefore,
as integrin engagement initially down-regulates RhoA activ-
ity, which later on becomes highly activated by integrin sig-
naling (Ren et al., 1999), cell–cell adhesion may also down-
regulate Rac1 activity at early stages of the contacting, which
later on can become activated. Activation of Rac1 activity by
cadherins may preferentially occur in certain types of cells,
such as MDCK, which need drastic remodeling of the corti-
cal actin cytoskeleton upon E-cadherin–based cell–cell adhe-
sion to form the apical–basal polarization. Using FRET im-
aging, we examined whether Rac1 activity is activated later
on at cell–cell contact areas in HeLa cells, but have not ob-
tained clear evidence for such activation. HeLa cells under
our culture conditions did not appear to form the apical–
basal polarization even after being well contacted with each
other, but remained “nonpolarized,” as assessed by staining
of their microtubule organization (unpublished data).

Collective cell migration occurs during carcinoma inva-
sion, as well as during embryonic development, as already
mentioned. During collective migration, cells need integrin
signaling for their migration, and motile cells simultaneously
need to maintain cell–cell adhesion. Thus, it is interesting to
investigate whether there is an intercommunication between
integrins and the cell–cell adhesion systems. As an extension
of our analyses, we showed that Fak and paxillin are essen-
tial for collective migration of HeLa cells, especially for
the maintenance of N-cadherin–based cell–cell adhesion.
N-cadherin is categorized as an invasive cadherin, often ex-
pressed in invasive and metastatic carcinomas (Mareel and
Leroy, 2003). In most of our assays other than that for col-
lective migration, serum was not supplied. However, serum
was required for the collective migration of HeLa cells,
which was induced upon scratching the confluent cultures.
Addition of serum can activate Fak or phosphorylate paxil-
lin, both dependent and independent of integrins (Retta et
al., 1996). Therefore, our current analysis does not distin-
guish whether the signal(s) from Fak and paxillin is evoked
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via integrins or via others. In any case, we confirmed that
Fak Tyr861 and kinase activity are important for the main-
tenance of N-cadherin adhesion in collective migration,
whereas again Tyr925 was not significantly phosphorylated
(unpublished data).

Because our results suggest that a major role played by
paxillin may be the efficient recruitment of Fak to robust
FAs, we focused on Fak rather than paxillin. Our results in-
dicate that the kinase activity, phosphorylation of Tyr397
and Tyr861, and the FAT domain appear to be necessary for
Fak functions involved in N-cadherin–based adhesion dur-
ing cell–cell collisions, maintenance of normal cell morphol-
ogy, and efficient formation of integrin 

 

�

 

1–positive robust
FAs. There is a well-accepted model that Fak, when acti-
vated, initially phosphorylates Tyr397, and recruits other
protein tyrosine kinases like Src or Fyn to this phosphory-
lated site. These secondary protein tyrosine kinases then
phosphorylate the COOH-terminal tyrosines, such as Try861
and Tyr925. Then, they finally act to recruit downstream
signaling molecules. Unlike phosphorylated Tyr925, pro-
teins that bind to phosphorylated Tyr861 have not been re-
ported. However, increasing numbers of analyses suggest the
importance of Tyr861 phosphorylation, such as in epithe-
lial–mesenchymal transition, cell migration, VEGF signal-
ing of vascular endothelial cells, and in development (Abu-
Ghazaleh et al., 2001; Nakamura et al., 2001; Eliceiri et al.,
2002; Crawford et al., 2003). Despite of our extensive anal-
yses, we have not yet succeeded in identifying factors or
events acting together with Tyr861 phosphorylation. On the
other hand, it has been shown that a GTPase-activating pro-
tein (Graf) binds to the COOH-terminal proline-rich do-
main, but preferentially acts on RhoA and Cdc42, and not
Rac1 (Hildebrand et al., 1996).

Our results indicate that localization of paxillin to FAs
precedes that of Fak. In agreement with our results, Kip et
al. (2001) have shown that paxillin lacking its major Fak-
binding site can still localize to FAs, whereas on the other
hand, Miyamoto et al. (1995) have reported that localization
of Fak to FAs precedes that of paxillin in fibroblasts. More-
over, our results indicate that loss of Fak or paxillin increases
cell motile activity of HeLa cells as well as BJ cells. Although
these results are consistent with our previous results that
overexpression of paxillin decreases cell motile activities
(Yano et al., 2000), this notion is again not consistent with
previous reports using gene knockout mouse fibroblasts, as
already mentioned (Ilic et al., 1995; Hagel et al., 2002).
Consistent with our Fak knockdown phenotype, we more-
over observed that overexpression of FRNK increases HeLa
cell motility, whereas this overexpression inhibits the motil-
ity of 3T3 fibroblasts and smooth muscle cells (Taylor et
al., 2001). We used collagen type I as an extracellular sub-
strate and did not add serum in these assays. On the other
hand, Ilic et al. (1995) have used fibronectin when they ob-
served reduced cell motility with their Fak gene knockout
fibroblasts, which was established by the introduction of a
p53 mutant. In our experiments, motility of HeLa cells was
highly reduced on fibronectin as compared with that on
collagen, and no notable increase in motility was observed
by Fak and paxillin knockdown (unpublished data). We
also noticed that Fak and paxillin knockdown generates

large protrusions in HeLa cells, where Rac1 is highly acti-
vated. Such large protrusions were also seen in BJ cells
upon Fak and paxillin knockdown. On the other hand, gen-
eration of such large protrusions have not been reported for
fibroblasts derived from Fak and paxillin gene knockout
mice. Therefore, several differences may contribute to gener-
ate these different outcomes of cell motility between our
present work and previous reports. Paxillin is an adaptor
protein bearing multiple signaling modules, and hence may
not determine its own roles and functions by itself. Indeed,
it has been shown that paxillin acts differently in different
cell types by engaging different downstream signaling mole-
cules (Petit et al., 2000; Tsubouchi et al., 2002). Fak also
has multiple signaling modules, and may thus function dif-
ferently in different cellular contexts.

In conclusion, our results indicate that at least a part of the
Fak signaling pathways are linked to mechanisms down-regu-
lating Rac1 activity at the cell periphery, which appears to be
necessary for maintenance of proper dynamics and morphol-
ogy of the plasma membrane, and is also important for effi-
cient formation and maintenance of cadherin-based cell–cell
adhesions in motile cells. We also showed that Fak plays an es-
sential role in collective cell migration. Both positive and neg-
ative regulations are necessary for the proper function of Rac1.
Precise understanding of the mechanism controlling Rac1 ac-
tivity at the cell periphery and the mechanism coordinating
integrins and cadherins in collective migration awaits the

Figure 8. A hypothetical model showing the roles of Fak and paxillin 
in motile HeLa cells. Integrin signals have been well documented 
to include a pathway that leads to activation of Rac1 activity, such 
as through the p130Cas and Crk pathway. Such activation of Rac1 
is closely related to plasma membrane ruffling and enhanced cell 
motility. Our results suggest that integrin signals also include a path-
way that evokes a mechanism to down-regulate Rac1 activity at the 
cell–cell contact areas of the cell periphery, in which the presence 
of Fak and paxillin appears to be essential. Paxillin participates in 
efficient FA recruitment of Fak, and Tyr861 phosphorylation may be 
important for Fak function. Such localized down-regulation of Rac1 
activity appears to be crucial for the maintenance of the normal 
morphology and normal dynamics of the plasma membrane, the 
formation of N-cadherin–based cell–cell adhesions, and perhaps 
also for the maintenance of N-cadherin–based cell–cell adhesions 
in the collective migration of HeLa cells. Integrin-mediated down-
regulation of Rac1 activity upon cell–cell collision may also be 
important for the contact inhibition of movement.
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identification of a protein(s) or intracellular event(s) acting to-
gether with the Tyr861 phosphorylation of Fak (Fig. 8).

 

Materials and methods
Cell culture and siRNA-mediated protein knockdown
BJ cells, obtained from Dr. T. Akagi (Osaka Bioscience Institute, Osaka, Ja-
pan), and HeLa cells were maintained in DME with 10% FCS (Hyclone).
Protein knockdown was performed by use of the RNA interference tech-
nique (Elbashir et al., 2001). siRNA duplexes used were as follows: Fak, 5�-
GCGAUUAUAUGUUAGAGAUAGUU-3� and 5�-CUAUCUCUAACA-
UAUAAUCGCUU-3�; paxillin, 5�-CCCUGACGAAAGAGAAGCCUAUU-
3� and 5�-UAGGCUUCUCUUUCGUCAGGGUU-3�; p130Cas, 5�-ACC-
ACCACGCAGUCUACGACGUU-3� and 5�-CGUCGUAGACUGCGUG-
GUGGUUU-3�; and Pyk2, 5�-UGAGCCGAGUAAAGUUGGGCAUU-3�
and 5�-UGCCCAACUUUACUCGGCUCAUU-3�. Cells were transfected
with 60 nM of siRNA duplexes in Opti-MEM (GIBCO BRL) using Oligo-
fectamine™ (Invitrogen) or PolyFect® (QIAGEN), according to the manu-
facturer’s instructions, and were incubated for 40–44 h with DME contain-
ing 10% FCS. As a control, siRNA duplex with an irrelevant sequence
(Dharmacon Research) was used. Cells were then collected by incubation
with PBS containing 5 mM EDTA for 15 min at 37�C. After a wash with
DME, they were replated in DME onto collagen type I coated culture
dishes (10 �g/ml; UBI) at two different densities: at a sparse density, 8 	
104 cells/35-mm diameter; or at a saturation density, 2.2 	 106 cells/35-
mm diameter. For the replated cultures, serum was not added unless other-
wise indicated.

FRET imaging of Rac1 activity
HeLa cells, transfected with siRNAs and pRaichu-Rac, were replated onto
collagen and incubated for 15 min. Cells were then subjected to image ac-
quisition using a microscope (model IX70; Olympus) equipped with a
charge-coupled device camera (CoolSNAP HQ™; Roper Scientific) and
controlled by MetaMorph® software (Universal Imaging Corp.); the FRET
efficiencies for Rac1 were calculated as described previously (Itoh et al.,
2002). The exposure time was 0.15 s when binning was set to 4 by 4. After
background subtraction, the ratio image of YFP/CFP was created with
MetaMorph® software and was used to represent FRET efficiency.

Wound-healing assays
Cells were replated onto collagen at a saturation density (2.2 	 106 cells/
35-mm diameter) in the absence of serum and were incubated for 3 h.
They were then scratched manually with the needle of a 10-�l syringe
(Hamilton). After being washed with DME, wound regions were allowed to
heal for 8 h in DME containing 10% FCS before analysis. Without serum,
neither control cells nor knockdown cells exhibited significant migration.

Immunofluorescent microscopy
Cells were fixed in 4% PFA in Hanks’ salt solution at 37�C, 3 h after replat-
ing onto collagen unless otherwise indicated, and analyzed using laser
confocal microscopy with the attached computer software (LSM 510 ver-
sion 2.5; Carl Zeiss MicroImaging, Inc.) as previously described (Naka-
mura et al., 2000), or with a camera system (AxioCam; Carl Zeiss MicroIm-
aging, Inc.).

Online supplemental material
Four supplemental figures and legends indicate the following: (a) confir-
mation that formation of the aberrant membrane protrusions was due to
the loss of Fak and paxillin (Fig. S1); (b) evidence for the involvement of
collagen receptors (Fig. S2); (c) morphology and the reduction of the robust
FAs in siRNA treated BJ cells (Fig. S3); and (d) subcellular localization of
Fak mutants in Fak knockdown HeLa cells (Fig. S4). Materials and methods
for cDNAs and their expression, antibodies, peptides, immunoblotting,
immunofluorescent microscopy, and phase-contrast video images and
references cited in supplemental materials are shown. Online supple-
mental materials are available at http://www.jcb.org/cgi/content/full/jcb.
200312013/DC1.
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