
RESEARCH ARTICLE

Complexes of α6β4 integrin and vimentin act as signaling hubs to
regulate epithelial cell migration
Zachary T. Colburn and Jonathan C. R. Jones*

ABSTRACT
We find that clusters of β4 integrin, organized into distinct puncta,
localize along vimentin filaments within lamellipodia at the cell edge
of A549 cells, as assessed by interferometric photoactivated
localization microscopy. Moreover, puncta and vimentin filaments
exhibit a dynamic interplay in live cells, as viewed by structured-
illumination microscopy, with β4 integrin puncta that associate with
vimentin persisting for longer than those that do not. Interestingly, in
A549 cells β4 integrin regulates vimentin cytoskeleton organization.
When β4 integrin is knocked down there is a loss of vimentin filaments
from lamellipodia. However, in these conditions, vimentin filaments
instead concentrate around the nucleus. Although β4 integrin
organization is unaffected in vimentin-deficient A549 cells, such
cells move in a less-directed fashion and exhibit reduced Rac1
activity, mimicking the phenotype of β4 integrin-deficient A549 cells.
Moreover, in vimentin-deficient cells, Rac1 fails to cluster at sites
enriched in α6β4 integrin heterodimers. The aberrant motility of both
β4 integrin and vimentin-deficient cells is rescued by expression of
active Rac1, leading us to propose that complexes of β4 integrin and
vimentin act as signaling hubs, regulating cell motility behavior.

KEY WORDS: Cytoskeleton, Directed motility, Matrix receptor,
Vimentin, Integrin

INTRODUCTION
β4 integrin is involved in mediating cell–matrix adhesion as a
component of the hemidesmosome (de Pereda et al., 2009;
Hopkinson et al., 2014). The hemidesmosome is a protein
complex that anchors epithelial cells to the basement membrane
in many epithelial tissues and indirectly links keratin intermediate
filaments to laminin in the extracellular matrix (Sawamura et al.,
2010; Hopkinson et al., 2014). β4 integrin has only one α-integrin
binding partner, α6 integrin (Humphries et al., 2006). Interestingly,
a number of studies have noted that α6β4 integrin is found in cells,
particularly cancer cells, lacking hemidesmosomes (Hieda et al.,
1992; Langhofer et al., 1993). Indeed, α6β4 integrin expression has
been reported to be upregulated in many aggressive cancers and is
associated with reduced cancer survival (Stewart and O’Connor,
2015; Stewart et al., 2016; Leng et al., 2016). The function of α6β4
integrin in such cells remains controversial (Geuijen and
Sonnenberg, 2002; Sehgal et al., 2006; Hiroyasu et al., 2016;
Seltmann et al., 2013; Kawano et al., 2010; Hsu et al., 2013). This
controversy stems from contradictory data regarding α6β4 integrin

function, especially with regards to cell motility. For example, we,
and others, have provided evidence that α6β4 integrin enhances
both single- and collective-cell migration (Sehgal et al., 2006;
Colburn and Jones, 2017; Mercurio et al., 2001; Mainiero et al.,
1996). In contrast, others have reported that the loss of β4 integrin or
its destabilization promotes migration (Raymond et al., 2005;
Dmello et al., 2015).

Following expression of α6β4 integrin in endothelial cells, it has
been demonstrated that α6β4 integrin associates with the type III
intermediate filament vimentin, which forms a filamentous network
that extends from a dense perinuclear mesh toward the cell edge
(Homan et al., 1998, 2002). In such cells, α6β4 integrin localizes in
arrays at the basal surface, where it colocalizes with vimentin
filaments, as assayed by immunocytochemistry (Homan et al.,
1998). Moreover, Homan and co-workers also hypothesized that β4
integrin associates with vimentin filaments via the cytolinker
plectin. To test this hypothesis, they expressed β4 integrin mutants
with deletions at two sites in the cytoplasmic tail known to bind
plectin. They found that deletion of the N-terminal plectin-binding
site reduced the association of β4 integrin with vimentin (Homan
et al., 2002).

Vimentin is expressed in a number of cell types, including
microvascular endothelial cells and fibroblasts (Homan et al., 2002;
Helfand et al., 2011). Its expression is also a hallmark of epithelial-
to-mesenchymal transition and is characteristic of many cancers
(Chaw et al., 2012; Cy et al., 2015). As with β4 integrin, vimentin
expression is correlated with reduced cancer survival (Al-Saad et al.,
2008). Moreover, vimentin has been identified as a positive
regulator of motility and wound healing (Eckes et al., 2000; Hyder
et al., 2015; Cy et al., 2015; Lanier et al., 2015; Hong et al., 2009;
Mendez et al., 2010). Indeed, a recent publication has provided a
possible mechanism via which vimentin acts, since the authors
presented data revealing that vimentin is necessary for the proper
organization of themicrotubule network, which, in turn, is necessary
for cell polarization and directed migration (Gan et al., 2016).

No study to date has tested the hypothesis that the interaction of
β4 integrin with vimentin influences cell motility. Thus, in the
present study, we used super-resolution microscopy to characterize
the association of β4 integrin and vimentin in the lung cancer cell
line A549. Since we have previously shown that β4 integrin
positively regulates the directed migration of A549 cells, we also
assessed how the interaction of β4 integrin with vimentin controls
motile behavior (Colburn and Jones, 2017). Our results reveal not
only that they each modulate the dynamics of the other but also that
β4 integrin–vimentin complexes dictate directed cell migration
through maintaining the activity of Rac1.

RESULTS
β4 integrin associates with vimentin
β4 integrin and vimentin have been reported to associate in a
number of cell types (Homan et al., 1998, 2002; Dmello et al.,Received 19 December 2017; Accepted 26 June 2018
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2015). In A549 cells β4 integrin is found in distinct puncta in
lamellipodia (Colburn and Jones, 2017). Since A549 cells co-
express vimentin and keratin, we hypothesized that they both
could associate with β4 integrin puncta in these cells. As expected,
keratin associates with β4 integrin puncta (Fig. S1A). Moreover,
confocal analyses revealed that β4 integrin puncta are frequently
distributed along vimentin filaments (Fig. 1A–C). To determine
whether this occurs more often than would be expected by chance,
which is indicative that the association is specific, we examined
regions near the cell edge. We focused on these regions because of
their substantial role in cell motility (Hopkinson et al., 2014) and
because the relative sparseness of filaments in these regions
enables accurate segmentation. We segmented both vimentin
filaments and puncta in such regions and determined how often
puncta colocalized with vimentin. We then compared these

frequencies to the frequencies observed when the analysis was
performed on images in which the puncta were randomly assigned
to new positions (Fig. 1A–D). In only 87 of 30,000 such
simulations did β4 integrin localize with vimentin more often in
the simulation than in the real image (Fig. 1D). In contrast to what
was seen with vimentin, β4 integrin puncta failed to exhibit robust
association with actin filaments in A549 cells (Fig. 1E). We
confirmed this by performing another simulation. In 12,000 of
30,000 simulations, β4 integrin associated with actin more often in
the simulated data than in the real data (Fig. 1F). Since integrins
typically associate with actin at the tips of filaments rather than
along their lengths, this method could potentially overestimate the
rate of colocalization in the real data compared with the simulated
data. Therefore, we performed a follow-up analysis in which we
assessed the frequency at which β4 integrin localized to within

Fig. 1. β4 integrin localizes along vimentin filaments in lamellipodia. (A) Confocal images of an A549 cell immunostained for vimentin and β4 integrin.
Scale bar: 10 µm. Note that the brightness of the vimentin channel was increased to visualize filaments near the cell edge. The cell outline is marked in blue. The
region where individual filaments are discernable is outlined in white. (B) Vimentin and β4 integrin images from A were segmented. Simulated puncta were
generated by randomly assigning puncta in the region of interest to new positions in the same region. The result of one simulation is shown in the right panel.
(C) Enlargement of the segmented images in B and the region bounded by the white box in A. Scale bar: 3 µm. (D) Computation of the ratio of the frequency
of vimentin filament–punctum colocalization for images relative to that in their corresponding simulations. Points to the right of the dashed red line indicate
more frequent colocalization in the real image compared with that in the simulation. Results are for 30 images with 1000 simulations each. (E) Confocal image
of the edge of an A549 cell dual-labeled for actin and β4 integrin. Scale bar: 5 µm. (F) Histogram depicting the degree of actin filament–β4 integrin punctum
colocalization in real images relative to that in their corresponding simulations, computed as in B. Results are for 30 images with 1000 simulations each. (G) Since
β4 integrin could associate with the tips of actin filaments rather than along their length, the analysis in F was modified to evaluate the localization of β4 integrin
within 240 nm of actin filament tips. Results are for 30 images with 1000 simulations each.
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240 nm of actin filament tips (Fig. 1G). β4 integrin localized to
actin filament tips more frequently in the real data than in the
simulated data in only 1% more simulations than would be
expected by chance. Thus, it is extremely unlikely that β4 integrin
puncta exhibit a real association with actin. This is in sharp
contrast to our observation of specific β4 integrin association with
vimentin, which we emphasize is also observed when the cells are
plated on collagen I- or laminin-332-rich matrices (Fig. S2).
β4 integrin cannot bind vimentin filaments directly (Wiche,

1998). Rather, their association requires a cytolinker such as plectin
(Geerts et al., 1999; Nievers et al., 2000; Wiche, 1998). We have
confirmed that plectin colocalizes with β4 integrin puncta in A549
cells (Fig. S3). Plectin is a very large protein, over 500 kDa, with
two 9 nm globular domains separated by a 200 nm rod domain
(Wiche, 1998; Foisner and Wiche, 1987). The N-terminal globular
domain has an actin-binding domain, while the C-terminal domain
has an intermediate-filament-binding domain (Wiche, 1998). Both
globular domains also have β4 integrin-binding sites (Wiche, 1998).
Thus, β4 integrin and vimentin could be indirectly associating with
each other through binding globular domains at the same or
opposite ends of the plectin molecule. Consequently, β4 integrin
and vimentin could be separated by ∼9 nm or 200 nm. Since plectin
forms dimers, however, the separation distance could be even larger
(Wiche et al., 2015; Walko et al., 2011). Therefore, we assayed β4

integrin puncta and vimentin association via super resolution
microscopy. We performed interferometric photoactivated
localization microscopy (iPALM) on cells expressing mEos3.2-
tagged vimentin and immunostained for β4 integrin. We then
grouped localizations into puncta by undertaking single-linkage
clustering (Fig. 2A).

Interestingly, even puncta in the same field of view displayed
substantial variability in their z positions (Fig. 2B–D). The reason
for this is not clear. These puncta could represent molecules being
inserted into the membrane or undergoing internalization.
Alternatively, the variation may be due to buckling of the
membrane. In addition, since the β4 integrin tail is over 1000
amino acids long, we cannot rule out the possibility that we have
detected differences in the β4 integrin conformational state.
However, a recent publication suggests that the cytoplasmic tail of
β4 integrin does not undergo conformational changes in the same
way that other integrins do (Miyazaki et al., 2018). Since the
majority of puncta localized in an ∼100 nm range between 100 and
200 nm above the fiducial markers, we suspect that puncta less than
200 nm from the fiducial markers are incorporated into the
membrane (Fig. 2D).

Through iPALM, we determined the distance between the
localizations of each β4 integrin punctum and the nearest
vimentin filament (Fig. 2E). The distribution was strongly right

Fig. 2. Super-resolution imaging of vimentin and β4 integrin in A549 cells. A549 cells transfected with mEos3.2–vimentin and immunostained for β4
integrin (Alexa Fluor 647-conjugated secondary antibody) were subjected to iPALM. (A) Rendering of iPALM localizations of vimentin and β4 integrin near
the edge of a cell are shown. In the image marked ‘Punctum Localizations’, white spots indicate calculated punctum centroids. Scale bar: 500 nm. (B) Heatmaps
indicating the variability in z-axis position and localization density for vimentin and β4 integrin localizations in the same field of view as in A. Scale bar: 500 nm.
(C) Panel of histograms indicating the z-axis distribution of localizations for randomly selected puncta depicted in A. (D) Histogram of the z-axis position of
punctum centroids. (E) Overlay of normalized histograms depicting the separation distance between each punctum and vimentin for both real and simulated
data. The real data was generated from 16 regions of interest in eight cells, involving 1537 puncta; 160,000 simulated puncta were evaluated. The distributions
are significantly different as determined with a Kolmogorov–Smirnov test (P=4×10−11). More puncta lie within ∼70 nm of vimentin in the real than in the
simulated data (peak at 8 nm). This region is indicated by the black bar.
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skewed with a prominent peak at 8 nm. Approximately 50% of β4
integrin puncta were less than 70 nm from a vimentin filament. To
determine whether the peak represents a real phenomenon as
opposed to being the result of a chance association of puncta and
filaments in a limited space, we performed a simulation (Fig. 2E).
The substantial peak observed between 8 and 50 nm in the real
data was absent in the simulated data, suggesting that β4
integrin–vimentin association is a real phenomenon. In support of
this notion, the real and simulated distributions were significantly
different as determined by a Kolmogorov–Smirnov test
(P=4×10−11). Since the peak occurred at a distance much closer
to 9 nm than 200 nm and the globular domain at the C-terminal end
of a plectin molecule is ∼9 nm in size, these data indicate that β4
integrin and vimentin likely bind to plectin via the same globular
domain or juxtaposed globular domains in a plectin dimer. This is
consistent with the∼9 nm size of a plectin globular domain (Foisner
et al., 1988).

Vimentin regulates β4 integrin dynamics
To determine whether the association of β4 integrin and vimentin
detailed above has functional consequences, we evaluated the
dynamics of β4 integrin puncta and vimentin filaments in live cells.
We did this by performing time-lapse total internal reflection-
structured illumination microscopy (TIRF-SIM) on cells expressing
green fluorescent protein-tagged β4 integrin (GFPβ4) and mCherry-
tagged vimentin (Fig. 3A). The resolution of this technique is on the
order of 40 nm.

Over the course of our experiments, we observed the appearance
and disappearance of β4 integrin puncta (Fig. 3A; Movies 1 and 2).
Puncta that associate with vimentin appeared more persistent than
those that did not (Movies 1 and 2). Interestingly, some puncta
existed only transiently and were visible in only a single frame
(Fig. 3A). We also noted that β4 integrin puncta were remarkably
immobile in A549 cells (Fig. 3A;Movies 1 and 2). This is consistent
with previous reports that certain clusters of β4 integrin are quite

Fig. 3. TIRF-SIM of live A549 cells
indicates that vimentin association
stabilizes β4 integrin puncta. A549 cells
were transfected with plasmid encoding
mCherry–vimentin and infected with
adenovirus encoding GFP–β4. (A) In the
upper panels, three images from Movie 1
are presented. The arrowmarks a punctum
that appears in a single frame of the movie.
In the lower panels, three images from
Movie 2 are shown. This area is enriched in
vimentin filaments. A punctum, indicated
by the arrow, loses association with
vimentin and disappears. Other puncta
persist over the same time period. Scale
bars: 0.5 µm. (B) Histogram of punctum
appearance rate (5 experiments, 30 cells,
540 data points). (C) Disappearance rate
of puncta exhibiting association or lacking
association with vimentin. The number of
puncta per category from left to right are:
521, 600, 455, 569, 398, 535, 356, 500,
318, 466, 284, 434, 242, 406, 232, 370,
188, 338, 147 and 302. *P<0.05;
***P<0.001; NS, not significant (pairwise
one-tailed Wilcoxon rank sum tests
followed by Bonferroni correction).
(D) Lifetime of puncta exhibiting or lacking
association with vimentin (five
experiments with 30 cells; 3563 puncta
associated; 28,243 puncta unassociated).
200 randomly selected points are plotted
per category. ***P<2.2×10−16 (one-tailed
Wilcoxon rank sum test). In C and D, the
box represents the 25–75th percentiles,
and the median is indicated. The whiskers
show the 10th to 90th percentiles.
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stable in the plane of the membrane (Tsuruta et al., 2003; Geuijen
and Sonnenberg, 2002).
We next quantified the appearance and disappearance of puncta

over time. The distribution of appearance rates of β4 integrin
puncta was right skewed in these cells (Fig. 3B). The peak of
the distribution occurred at a rate of 0.005 puncta per square
micron per second, which equates to ∼10 puncta per second in an
average-sized cell. Puncta localizing with vimentin exhibited
approximately the same disappearance rate as puncta far from
vimentin for the first 60 s after their appearance (Fig. 3C).
However, for longer-lived puncta, the disappearance rate when
not associated with vimentin was significantly higher than for
those associated with vimentin (Fig. 3C). Consequently, the lifetime
of β4 integrin puncta that exhibited an association with vimentin
was greater than the lifetime of β4 integrin puncta that did not
(Fig. 3D).

Vimentin regulates focal adhesion formation but not β4
integrin punctum distribution
Our TIRF-SIM observations not only indicated that vimentin
promoted the persistence of β4 integrin in the plane of the
membrane, but also suggested that the establishment of persistent β4
integrin puncta was a highly stochastic process. Thus, we suspect, as
others have suggested, that this process was dependent on

conditions in the local microenvironment of deposited integrin
heterodimers (Sastry and Burridge, 2000; Harburger and
Calderwood, 2009). We therefore hypothesized that vimentin was
one factor influencing punctum establishment. To test this
hypothesis, we knocked down vimentin using two different
siRNAs targeting vimentin (vimentin siRNAs 1 and 2). As
assessed via western blotting, A549 cells treated with either
vimentin siRNA exhibited ∼20% of the level of vimentin seen in
control siRNA-treated cells (Fig. 4A,B). The cells were also 20%
smaller (Fig. 4C,D). Interestingly, however, knocking down
vimentin did not affect β4 integrin localization or puncta density
(number per unit area) (Fig. 4C,E), which contrasts with the
phenotype observed in breast cancer cells (Vuoriluoto et al., 2011).
Moreover, vimentin loss had no obvious effect on keratin
organization or its association with β4 integrin near the cell edge
(Fig. S1B). On the other hand, paxillin-positive focal adhesions in
the vimentin-knockdown cells exhibited reduced density, even
though focal adhesion area was unchanged (Fig. 4F,G). This effect
was likely indirect since focal adhesion–vimentin association is
exceedingly rare in A549 cells, with only 3% of focal adhesions
associating with vimentin filaments as assessed by confocal
microscopy (Fig. S4). Moreover, the disappearance rate of β4
integrin puncta was increased in vimentin-knockdown cells
(Fig. 4H).

Fig. 4. Vimentin expression and matrix adhesions in A549 cells. A549 cells were treated with control (Ctrl) or vimentin (VIM) siRNAs. (A) A representative
immunoblot for vimentin andGAPDH (of three experiments). (B) Quantification of results in A (n=3). (C) Confocal images of control and vimentin-knockdown cells
immunostained for β4 integrin and the focal adhesion (FA) protein paxillin. The right column presents magnified views of the regions indicated by the white boxes.
Scale bars: 10 µm (main images); 2 µm (magnified images). Quantifications of these images are presented in D–G. (D) Quantification of cell area. *P<0.05
(pairwise one-tailed Wilcoxon rank sum tests with Bonferroni correction). (E) Quantification of punctum density. NS, not significant (Kruskal–Wallis test followed
by pairwise two-tailed Wilcoxon rank sum tests with Bonferroni correction). (F) Focal adhesion (FA) density. *P<0.05; ***P<0.001 (one-tailed Welch’s t-tests with
Bonferroni correction). (G) Quantification of FA area. NS, not significant (Kruskal–Wallis test followed by two-tailed Wilcoxon rank sum tests with Bonferroni
correction). All quantifications are from three experiments with n=76 (Ctrl-siRNA), n=30 (VIM-siRNA1) and n=28 (VIM-siRNA2) cells. (H) The effect of vimentin
expression on the disappearance rate of β4 integrin puncta was determined by performing TIRF microscopy on cells expressing GFP–β4 that were treated with
the indicated siRNA. Results are from three experiments with n=24 (Ctrl-siRNA), n=18 (VIM-siRNA1), n=23 (VIM-siRNA2) cells. ***P<0.001 (one-tailed Welch’s
t-tests with Bonferroni correction). All graphs show mean±s.e.m.
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β4 integrin controls vimentin cytoskeleton organization
Even though loss of vimentin did not affect β4 integrin localization,
it was nevertheless possible that β4 integrin affected vimentin
distribution. We tested this possibility by using three previously
characterized A549 clones expressing shRNA targeted against β4
integrin [β4 integrin knockdown (β4KD) cells] (Fig. 5A) (Colburn
and Jones, 2017). A line of A549 cells stably expressing control
shRNA was used as a control (Fig. 5A). To assay the effect of β4
integrin expression on vimentin distribution, we immunostained for
vimentin in control and β4KD cells. Vimentin filaments were
mostly absent from the edge of β4KD cells, in sharp contrast to the
well-spread vimentin networks of control cells (Fig. 5B). This was
the case regardless of the serum content of the medium or whether
the cells were plated onto uncoated coverslips or coverslips coated
with either collagen I or laminin-332 (Fig. S5). Interestingly, the
microtubule networks of β4KD cells were unaffected (Fig. 5B). We
quantified the effect of β4 integrin expression on vimentin network
organization by categorizing cells based on whether they exhibited
extension of vimentin filaments into their lamellipodia (Fig. 5C).
Interestingly, vimentin filaments extended into the lamellipodia in
80% of control A549 cells, but only 60% of β4KD cells (Fig. 5C).
To confirm that the observed vimentin distribution differences were
not the result of altered vimentin expression, we assayed vimentin
expression by western blotting (Fig. 5D,E). There were no obvious
differences between the expression levels of vimentin in control and
β4KD cells, indicating that β4 integrin expression affects the
vimentin cytoskeleton distribution, not vimentin expression. We
alsowondered whether attachment to β4 integrin puncta might make
vimentin resistant to collapse triggered by nocodazole-induced

microtubule depolymerization. However, in nocodazole-treated
A549 cells, the absence of vimentin at the edge of cells was not
accompanied by any obvious change in β4 integrin localization
(Fig. S6).

Vimentin expression regulates the motility of A549 cells
We previously reported that β4 integrin regulates the processivity of
A549 cells (Colburn and Jones, 2017). Since β4 integrin closely
associates with vimentin and β4 integrin loss alters vimentin
cytoskeleton organization, we next tested the hypothesis that the
ability of β4 integrin to regulate cell motility is mediated by
vimentin or vice versa. In support of this possibility, vimentin has
been reported to be a regulator of motility by numerous groups
(Eckes et al., 2000; Hyder et al., 2015; Cy et al., 2015; Lanier et al.,
2015; Hong et al., 2009; Helfand et al., 2011; Gan et al., 2016;
Mendez et al., 2010).

We first performed a retrospective motility assay in which time-
lapse microscopy of A549 cells was immediately followed by
immunostaining the same cells for vimentin. We categorized cells
based on whether vimentin filaments extended into their leading
lamellipodia (Fig. S7). Those cells with lamellipodia containing
vimentin showed 40% greater processivity but only 7% greater
speed than those cells whose lamellipodia were devoid of vimentin
filaments (Fig. 6A). To provide additional experimental support for
a role of vimentin in A549 cell motility, we evaluated the migration
of vimentin-deficient cells (Figs 4A and 6B). Compared with cells
treated with control siRNA, cells treated with two different vimentin
siRNAs exhibited reduced speed and processivity. Specifically,
speed was reduced 14 and 28%, while processivity was reduced 37

Fig. 5. β4 integrin regulates vimentin distribution. (A) Extracts of A549 cells (WT) or A549 cells expressing scrambled (Scr) or β4 integrin targeted shRNA
(β4KD) were processed for immunoblotting with antibodies against β4 integrin and lamin A/C (a representative blot from three experiments is shown). (B) Control
and β4KD cells were fixed and triple labeled for vimentin, tubulin, and actin. Scale bar: 10 µm. (C) Quantification of cells exhibiting extension of vimentin filaments
into their lamellipodia. Results are from three experiments, n=303 cells. ***P<0.001; NS, not significant (one-sided Fisher’s tests with Bonferroni correction).
(D) Cell extracts processed for immunoblotting with antibodies against vimentin and lamin A. (E) Quantification of D (three experiments). All graphs show
mean±s.e.m.
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and 28%, for vimentin siRNAs 1 and 2, respectively (Fig. 6B). In
this regard, we previously reported that knocking down β4 integrin
reduced the processivity but not the speed of A549 cells (Colburn
and Jones, 2017). We also assayed the motility of A549 cells treated
with plectin siRNA to disrupt vimentin–β4 integrin association
(Homan et al., 2002) (Fig. 6C). In such cells, plectin levels were
only 20% that of controls (Fig. 6D). Like A549 cells deficient in β4
integrin, the processivity but not the speed of plectin-knockdown
cells was reduced (Fig. 6B).

Vimentin or plectin loss results in reduced Rac1 activity
Our previous study presented evidence that β4 integrin deficient
A549 cells exhibit a reduction in Rac1 activation and a consequent
decrease in processivity (Colburn and Jones, 2017). Thus, we
assayed Rac1 activity in A549 cells treated with vimentin or plectin

siRNA. Rac1 activity was reduced in vimentin and plectin
knockdown cells (Fig. 6E). Finally, the motility phenotypes of
both β4 integrin- and vimentin-deficient A549 cells were rescued by
expression of constitutively active Rac1 (Fig. 6F).

Recruitment of Rac to α6β4 integrin puncta depends on
vimentin and plectin
The reduction of Rac1 activity we observed in vimentin- and
plectin-knockdown cells could be the result of either reduced ability
to activate Rac1 or reduced ability to recruit Rac1 to their sites of
activation. To test the latter hypothesis, we immunolabeled α6
integrin in cells treated with different siRNAs and expressing GFP-
tagged WT Rac1 (GFP–Rac). We then imaged these cells using
TIRF microscopy (Fig. 7A). Compared with cells treated with
control siRNA, cells treated with vimentin or plectin siRNA

Fig. 6. β4 integrin and vimentin regulate motility via Rac1. (A) In this retrospective motility assay, time-lapse microscopy was performed on cells plated on
coverslips. Immediately following imaging, cells were fixed and immunostained for vimentin. Cells were then categorized based on whether they exhibited
extension of their vimentin filaments into their lamellipodia (–, no extension; +, extension present) (Fig. S5). Results are from three experiments, n=259 (−), n=48
(+) cells. *P<0.05 (one-tailed Wilcoxon rank sum tests). (B) Quantification of the motility of A549 cells expressing the indicated siRNAs. Results are from
three experiments, n=167 (Ctrl-siRNA), n=842 (VIM-siRNA1), n=243 (VIM-siRNA2) and n=268 (PLEC-siRNA) cells. ***P<0.001 (one-tailed Wilcoxon rank
sum tests with Bonferroni correction). (C) Extracts of A549 cells expressing control or plectin siRNAs were processed for immunoblotting with antibodies against
plectin and GAPDH (a representative blot from three experiments is shown). (D) Quantification of C. (E) Rac1 activity assay performed using a G-LISA on
extracts of the indicated cells. Results are from two experiments with three technical replicates. *P<0.05; ***P<0.001 (pairwise one-tailedWilcoxon rank sum tests
with Benjamini–Hochberg correction). (F) Quantification of the motility of vimentin- and β4 integrin-knockdown cells expressing the indicated constructs. CA Rac,
constitutively active Rac1. Results are from three experiments. Number of cells analyzed from left to right are: 108, 80, 106, 104, 86, 94 and 54. ***P<0.001
(Kruskal–Wallis test followed by pairwise one-tailed Wilcoxon rank sum tests with Bonferroni correction). All graphs show mean±s.e.m.
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exhibited reduced localization of GFP–Rac to puncta (Fig. 7A). We
quantified these images by segmenting α6 integrin puncta and
determining the average fluorescence of GFP–Rac in puncta relative
to the average fluorescence across the entire basal surface of each
cell. The results revealed loss of Rac association with puncta in
plectin- or vimentin-deficient cells (Fig. 7B).

DISCUSSION
Previous work has demonstrated that, in keratinocytes, keratin
intermediate filaments interact with hemidesmosomes via plectin
and β4 integrin (de Pereda et al., 2009; Hopkinson et al., 2014).

Moreover, these interactions favor stabilization of the adhesion of
cells to their extracellular matrix (de Pereda et al., 2009; Hopkinson
et al., 2014). There is also evidence that keratin associates with focal
adhesions, which appear to act as nucleation centers for keratin
filament assembly (Windoffer et al., 2006). Likewise, vimentin
filaments have been demonstrated to show interaction with focal
adhesions in endothelial cells, strengthening cell–matrix adhesion
(Tsuruta and Jones, 2003; Bhattacharya et al., 2009). Moreover,
focal adhesions may nucleate vimentin filament assembly (Tsuruta
and Jones, 2003). In sharp contrast, in A549 cells, we see little
association of focal adhesions and vimentin. Rather, puncta,

Fig. 7. Loss of vimentin or plectin inhibits recruitment of Rac1 to α6β4 integrin puncta. (A) A549 cells infected with an adenovirus encoding GFP–Rac
and expressing the indicated siRNA were immunostained for α6 integrin and imaged by TIRF microscopy. A magnified image of the boxed areas are shown
in the right-hand panels. The yellow color in the inset in the top set of panels indicates colocalization, whereas there is little, if any, yellow in the images of
cells in which vimentin or plectin were knocked down. Scale bars: 10 µm (main images) and 5 µm (magnified images). (B) Quantification of the relative
intensity of GFP–Rac at puncta. 3 experiments, n=106 (Ctrl-siRNA), n=59 (VIM-siRNA1), n=32 (VIM-siRNA2), n=55 (PLEC-siRNA). ***P<0.001 (pairwise
one-tailed Wilcoxon rank sum tests with Bonferroni correction). Graph shows mean±s.e.m. (C) A model depicting the role of α6β4 integrin in localizing
vimentin filaments to the cell edge and the effect on cell signaling and directed migration.
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enriched in β4 integrin, display close association with vimentin
filaments in the latter cells. By using confocal and super resolution
microscopy techniques, we have demonstrated that β4 integrin
localizes along vimentin filaments more often than would be
expected by random chance. This observation is consistent with
other reports showing that β4 integrin and vimentin filaments can
associate in endothelial cells (Homan et al., 1998, 2002). However,
in these published reports β4 integrin expression was induced in the
cells whereas in A549 cells, as in certain other tumor cells including
oral squamous cell carcinoma cells, β4 integrin is endogenously
expressed alongside vimentin (Dmello et al., 2015).
Our immunofluorescence results indicate that β4 integrin in A549

cells is incorporated into puncta near the cell edge, rather than into
the cat paw pattern often observed in keratinocytes (Colburn and
Jones, 2017; Tsuruta et al., 2003). Moreover, these puncta are
distinct from focal adhesions (Colburn and Jones, 2017). Previous
reports have shown that β4 integrin interacts with the cytolinker
protein plectin which, in turn, has the ability to interact directly with
vimentin (Homan et al., 2002). Plectin is dumbbell shaped,
possessing two binding sites for β4 integrin located within the
globular domains at each end of the 200 nm long molecule (Foisner
and Wiche, 1987; Walko et al., 2011; Castañón et al., 2013). The
C-terminal globular domain of plectin also contains a binding site
for vimentin (Castañón et al., 2013). If β4 integrin and vimentin
interact with plectin at different ends of the molecule, we would
have predicted that β4 integrin and vimentin would be separated by a
distance of ∼200 nm. However, our super resolution (iPALM)
analyses indicate that β4 integrin and vimentin localize within a
distance of between 8 and 50 nm from each other, leading us to
suggest that both vimentin and β4 integrin interact with the
C-terminal globular domain of plectin.
Our functional assays reveal that vimentin, in concert with β4

integrin, regulates the processivity of A549 cells. Several
mechanisms have been described to explain how vimentin might
modulate motility and/or directed cell migration. Goldman and his
colleagues have presented evidence showing that retraction of
vimentin from regions close to the cell edge is a prerequisite to
extension of a lamellipodium in 3T3 fibroblasts (Helfand et al.,
2011). However, our data, albeit in a different cell type, indicate that
lamellipodia-containing vimentin filaments are found
predominantly in those A549 cells undergoing processive
migration. In other words, we find no evidence that an absence of
vimentin from cell edges correlates with either lamellipodial
development or directed motility. It has also been shown that
vimentin loss in non-small cell lung cancer cells results in depletion
of focal adhesions, which could be considered to be the engine of
cell motility (Havel et al., 2014). Interestingly, in our studies,
vimentin-knockdown but not β4 integrin-knockdown cells show
both a loss of focal adhesions and a reduction in speed. We suggest
this is a consequence of the effects on focal adhesions induced by
vimentin depletion. Finally, a recent report has proposed that the
vimentin cytoskeleton regulates the directed motility of retinal
pigmented epithelial cells by functioning as a template for the
microtubule cytoskeleton and vice versa (Gan et al., 2016). Our
results do not contradict this model. Rather, they emphasize that
directed migration is a highly complex process involving not only
multiple cytoskeletal systems, but also cytoskeletal anchorage sites
located at the cell surface. We propose that β4 integrin puncta,
which are predominantly assembled near the cell edge, recruit
vimentin filaments, a process that likely depends on microtubules as
proposed by Gan and colleagues (2016). For the first time, to our
knowledge, we show that the resulting complexes of vimentin and

β4 integrin then participate as signaling hubs by regulating the
activity of Rac1 (Fig. 7C). Moreover, remarkably, our TIRF data
indicate that vimentin and plectin not only regulate the activity of
Rac1 but also its recruitment to the basal surface of the cell where it
colocalizes with α6β4 integrin-rich puncta. In our model, puncta
that recruit vimentin filaments persist for longer than those that do
not show such interaction. Moreover, by promoting Rac1 activation,
these longer-lived puncta increase actin polymerization and cell
polarization, thereby promoting directed migration.

Some, if not all, β4 integrin puncta inA549 cells associatewith both
keratin and vimentin filaments. Intriguingly, when vimentin is
knocked down there does not appear to be any effect on keratin–β4
integrin association near the cell edge. However, despite β4 integrin
retaining interactionwith the keratin cytoskeleton, this interaction does
not compensate for the loss of vimentin, at least with regards to the
ability to mediate signal transduction and directed migration.
Assuming β4 integrin, rather than the cytoskeleton, mediates
signaling, one explanation for our results is that vimentin facilitates
β4 integrin-mediated signaling, whereas keratin does not.
Alternatively, the loss of vimentin may reduce the total number of
intermediate filaments that interact with β4 integrin complexes. This
loss could impact the ability of β4 integrin to mediate signaling,
possibly by modulating conformational changes in the β4 integrin
cytoplasmic domain that are necessary for Rac–β4 integrin interaction.
However, we emphasize that such interaction is likely indirect and
involves a guanine nucleotide exchange factor (GEF). The
identification of this GEF will be an interesting focus of future studies.

MATERIALS AND METHODS
Cell culture
A549 cells were purchased from American Type Culture Collection (ATCC)
and were screened negatively for Mycoplasma by using the Universal
Mycoplasma Detection kit (ATCC, 30-1012K). Scrambled (SCR) and β4
integrin knockdown (β4KD) cells were generated by transduction of wild-type
(WT) cells with a lentiviral vector, encoding scrambled shRNA or β4 integrin-
specific shRNA, respectively (Sigma-Aldrich, St Louis, MO) (Colburn and
Jones, 2017). Cellswere cultured inminimumessentialmedium supplemented
with 4 mML-glutamine and 10% fetal bovine serum at 37°C. SCR and β4KD
cells were kept under puromycin selection (10 µg/ml, P8833, Sigma-Aldrich).
Control (D-001210-01) and pooled plectin (L-003945-00) siRNAs were
purchased from Dharmacon (Lafayette, CO). Vimentin siRNAs (#1
SI04201890 and #2 SI00302190) were purchased from QIAGEN Sciences
(Germantown, MD). siRNA transfections were performed using
Lipofectamine 2000 reagent (100014469), purchased from Life
Technologies (Carlsbad, CA) and used according to the manufacturer’s
protocol. Adenoviruses encoding green fluorescent protein (GFP), GFP-
tagged β4 integrin (GFP–β4), GFP-tagged WT Rac1 (GFP–Rac), or GFP-
tagged constitutively active Rac1 (GFP–CA-Rac)were as described previously
(Sehgal et al., 2006; Colburn and Jones, 2017). Plasmids encoding mCherry–
Vimentin-7 and mEos3.2–Vimentin-7 were Addgene plasmids #55156 and
#57485, respectively (deposited by Michael Davidson; Shaner et al., 2007).
Plasmids were transfected using Lipofectamine LTX reagent (94754) with
PLUS reagent (10964021) according to the manufacturer’s protocol
(Invitrogen, Carlsbad, CA). Assays were performed on cells maintained on
either tissue culture plastic or glass. In some experiments, cells were plated
onto coverslips coated with matrix ligands and immunostained 6 h later. Such
coverslips were coated with rat tail collagen I (354236) purchased from BD
Biosciences (San Jose, CA) as described by the manufacturer or were coated
with laminin-332 rich conditioned medium derived from 804G cells as
described previously (Baker et al., 1997).

Immunocytochemistry
Immunocytochemistry was performed using previously described protocols
(Kligys et al., 2012). Briefly, 6 h after plating onto matrix-coated coverslips,
or 12 h otherwise, cells were fixed with 3.7% formaldehyde for 5 min and
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then cells extracts were prepared with 0.5% Triton X-100 for 7 min. Primary
antibodies, diluted 1:100, were incubated with 5% normal goat serum (005-
000-001, Jackson ImmunoResearch Laboratories, West Grove, PA) in
0.05% Tween-20 in PBS for 1 h at 37°C. A mouse monoclonal antibody
against keratin (4545T) was purchased from Cell Signaling Technology
(Danvers, MA). Mouse monoclonal antibodies against β4 integrin (450-
11A) and vimentin (V9) were purchased from BD Biosciences and Sigma-
Aldrich, respectively. Rabbit monoclonal antibodies against β4 integrin
(ab133682), paxillin (ab32084), and plectin (ab32528) were purchased from
Abcam (Cambridge, MA). A rat antibody against α6 integrin (J1b5),
described elsewhere (Damsky et al., 1992), was a kind gift of Dr Caroline
Damsky (University of California San Francisco, CA). A monoclonal rat
antibody against tubulin (NB600-506) was purchased from Novus
Biologicals (Littleton, CO). Actin was visualized using Alexa Fluor 647-
conjugated phalloidin (A22287) purchased from Thermo Fisher (Rockford,
IL, USA) and Rhodamine-conjugated phalloidin (R415) purchased from
Invitrogen. Fluorophore-conjugated secondary antibodies were incubated
on coverslips for 1 h at 37°C. Goat anti-mouse-IgG antibodies used were
conjugated to fluorescein (115-095-166, Jackson ImmunoResearch
Laboratories), Rhodamine (115-025-166, Jackson ImmunoResearch
Laboratories), or Alexa Fluor 647 (A21235, Molecular Probes, Eugene,
OR). Goat anti-rabbit-IgG antibodies conjugated to fluorescein (111-095-
144) and Dylight 649 (111-025-144) were purchased from Jackson
ImmunoResearch Laboratories. A Rhodamine-conjugated goat anti-rat-
IgG antibody (112-025-102) was purchased from Jackson ImmunoResearch
Laboratories. Confocal images of fixed samples were acquired at room
temperature with a TCS SP5 microscope, equipped with a 63×1.4 NA
objective, and running LASAF 2.4.1 build 6384 software (Leica
Microsystems, Buffalo Grove, IL, USA). For each experiment, the
settings (laser intensity, gain etc.) were identical across samples.

Confocal colocalization analyses
To determine the propensity of vimentin to associate with β4 integrin in
confocal images, we compared the association of β4 integrin with vimentin
to the association observed when β4 integrin puncta near the cell edge were
randomly redistributed. Similar methods have been described previously
(Fletcher et al., 2010). The advantage of this method over more traditional
colocalization analyses is that it accounts for the possibility that observed
associations occur only as often as would be expected by chance. We first
segmented β4 integrin puncta and vimentin filaments in images of dual-
labeled samples by using Fiji software (Schindelin et al., 2012).
Specifically, this was accomplished by a combination of background
subtraction, local contrast enhancement (CLAHE; S. Saalfeld, 2009; http://
rsbweb.nih.gov/ij/plugins/clahe/index.html, date of access: 30 June 2017)
and thresholding, the parameters for which were adjusted on an image-by-
image basis to minimize segmentation error. The regions near the edge of
each cell in which filaments were sufficiently sparse so as to be
distinguishable from each other were selected. All puncta inside this
region were selected and randomly assigned to new positions inside the
same region. This was repeated 1000 times on each of 30 real images. We
then determined for each punctum whether any pixels were shared with
vimentin. Finally, we determined the relative frequencies at which puncta
associated with vimentin in the real and simulated images. The resulting
ratios were log2-transformed for visualization purposes.

We similarly analyzed β4 integrin–actin filament colocalization in images
dual labeled for β4 integrin and actin. Actin filaments were segmented using
a combination of background subtraction, local contrast enhancement
(CLAHE as above) and ridge detection (Steger, 1998; T. Wagner, 2017,
https://imagej.net/Ridge_Detection, date of access: 24 October 2017) on an
image-by-image basis. The locations of the tips of actin filaments were
identified from such images using the 2D skeleton analysis feature in Fiji
(Schindelin et al., 2012). All subsequent processing was performed as
described for vimentin.

iPALM
At 24 h after plating onto gold bead-coated coverslips (Shtengel et al., 2009),
cells were transfected with mEos3.2–vimentin. After 48 h, cells were
immunostained for β4 integrin using a mouse monoclonal antibody (1:100,

450-11A, BD Biosciences) and an Alexa Fluor 647-conjugated secondary
antibody. The microscope set up is described in detail elsewhere (Shtengel
et al., 2009). Briefly, two Nikon CFI Apochromat TIRF 60×1.49 NA
objectives were situated in conjunction with three Andor iXon DU-897 BI
EMCCD cameras (Andor Technology, Belfast, UK) in order to perform
interferometry. A total of 20,000 images were captured for the β4 integrin
channel and 50,000 images were captured for the vimentin channel. Three-
dimensional localizations were calculated using methods described
elsewhere and the computing resources available at the Janelia research
campus (Shtengel et al., 2009;Kanchanawong et al., 2010). Since our interest
was primarily in β4 integrin puncta in lamellipodia, we exported the x, y and z
(unwrapped group z) coordinates of localizations in these regions to text files.
β4 integrin localizations were grouped into puncta using a Euclidean single-
linkage clustering approachwith a maximum linking distance of 15 nm. This
was implemented using a custom R package, Bioi v0.1.0 (github.com/
zcolburn/Bioi). Clusters with very low localization frequency (those
composed of fewer than 15 localizations) were excluded as noise.

We estimated the distance separating β4 integrin puncta and vimentin
filaments by comparing the real distances observed with distances measured
in simulated iPALM data. Simulated iPALM datawas generated by randomly
assigning puncta to new positions. Positions in the lateral axes were drawn
from uniform distributions, whereas positions in the z-axis were drawn from
the real z-axis distribution of punctum centroids. For each randomly generated
centroid, localizations were generated corresponding to the localizations of a
real punctum. Thus, each randomly generated punctum corresponded to a
spatially translated real punctum. For both real and simulated puncta, the
distance to the nearest vimentin localization was calculated.

TIRF-SIM and conventional TIRF
At 24 h after plating onto coverslips, cells were transfected with mCherry–
vimentin. Control cells were also infected with adenovirus encoding GFP–
β4. At 48 h post transfection, cells, maintained at 37°C and 5% CO2 (H301
stage-top incubation chamber, okolab, Naples, Italy), were imaged every
15 s for 5 min with a TIRF-SIM microscope equipped with an Olympus
Plan-Apochromat 100×1.49 NA objective (Nikon Inc., Melville, NY) at the
Advanced Imaging Center (HHMI Janelia, Ashburn, VA). Excitation
patterns were generated with a phase-only spatial light modulator (BVO
AHWP3, Bolder Vision Optik, Boulder, CO, USA) and using a mask
system only the ±1 diffraction orders were focused onto the back focal plane
of the objective. By using a liquid crystal variable retarder (LC,
Meadowlark, SWIFT) and wave plates, the polarity of the light was
rotated to match the excitation pattern angle. Emitted light was captured
using interference filters and two sCMOS cameras (Hamamatsu, Orca Flash
4.0 v2 sCMOS). These images were used to reconstruct high-resolution
images by taking into account their interference patterns as described
elsewhere (Gustafsson et al., 2008). The Wiener filter used during
reconstruction was selected on an image-by-image basis according to the
guidelines outlined by Demmerle et al. (2017). β4 integrin puncta were
tracked using the TrackMate plugin (http://fiji.sc/TrackMate) (Tinevez et al.,
2017) for Fiji (Schindelin et al., 2012). Vimentin filaments were segmented
by performing thresholding following background subtraction as described
for confocal image analysis.

Cells treated with control or vimentin siRNA and expressing GFP–β4
were imaged every 15 s for 5 min with a Leica SD6000 AF spinning disc
confocal microscope (Leica Microsystems) equipped with a 100×1.47 NA
objective and an iXon3 Andor DU-897E-C00-#BV camera (Andor
Technology). Puncta were identified and linked between consecutive
frames using the TrackMate plugin for Fiji as described above.

For Rac1–integrin association studies, A549 cells plated on glass
coverslips were transfected with control, vimentin or plectin siRNA. After
24 h, they were infected with an adenovirus encoding GFP-taggedWTRac1
(GFP–Rac). Finally, following 48 h of incubation they were immunostained
for α6 integrin. Samples were imaged on a Leica SD6000 AF Spinning Disc
Confocal microscope using total internal reflection microscopy as described
above.

To evaluate effects of vimentin and plectin knockdown on the association
of GFP–Rac with puncta, α6 integrin puncta were segmented, and their
GFP–Rac intensities compared to the average at the basal surface.
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Segmentation was performed as described for the confocal colocalization
analyses. To compare the association of GFP–Rac with puncta, the average
intensity of GFP–Rac at each punctum relative to the average intensity of
GFP–Rac at the basal surface was calculated and normalized to the Ctrl-
siRNA condition.

Western blotting
Western blotting was performed as described elsewhere (Hiroyasu et al.,
2016). Briefly, sample buffer (12 M urea, 1% SDS, 10% glycerol, 1 M Tris-
HCl) was supplemented with Halt protease inhibitor cocktail (87786,
Thermo Scientific, Rockford, IL) and 10% β-mercaptoethanol immediately
before solubilizing cells. Extracts of cells were briefly sonicated and then
processed for SDS-PAGE. Separated proteins were transferred to
nitrocellulose membranes and subsequently blocked with 5% non-fat milk
in 0.05% Tween-20 in PBS at room temperature for 1 h. Mouse monoclonal
antibodies against β4 integrin (450-11A) and vimentin (V9) were purchased
from BD Biosciences and Sigma-Aldrich, respectively. A rabbit
monoclonal antibody against plectin (ab32528) was purchased from
Abcam. A mouse monoclonal antibody against GAPDH (MAB374) was
purchased from EMD Millipore (Burlington, MA). A polyclonal rabbit
antibody against lamin A and C (2032) was purchased from Cell Signaling
Technology. Primary antibodies, diluted 1:1000, were incubated overnight
at 4°C, while the peroxidase-conjugated secondary antibodies against
mouse IgG (115-035-146, Jackson ImmunoResearch Laboratories) and
rabbit IgG (7074S, Cell Signaling Technology) were incubated for 1 h at
room temperature. Immnoblots were developed using Pierce ECL Western
blotting substrate (32106, Thermo Scientific) with a MyECL Imager
(Thermo Scientific).

Single-cell motility assays
Cells maintained at 37°C in a heated chamber (05-11-0035, Pathology
Devices, Westminster, MD) on a DMi8 conventional microscope (Leica
Microsystems) were viewed with a 5×0.12 NA objective and imaged every
5 min for 2 h with a DFC365 FX FCAM2 camera using version 1.0.0.12269
of the LAS X image acquisition suite (Leica Microsystems). Following
acquisition, cells were tracked using image cross-correlation velocimetry
implemented in MetaMorph software (version 7.8.4.0, Molecular Devices,
Sunnyvale, CA). These data were used to calculate speed and processivity, a
metric of directed migration. Processivity was defined as the maximum
displacement from the origin of a cell divided by the path length. For
retrospective motility assays, time-lapse microscopy was performed as
described above on A549 cells cultured on etched grid coverslips (1916-
92525, Bellco Glass, Vineland, NJ, USA). Immediately after imaging, cells
were fixed and immunostained for vimentin. Cells in stained images were
matched to the same cells in the videos.

Rac1 activity assay
ARac1 G-LISA kit (Cytoskeleton Inc., Denver, CO) was used to assay Rac1
activity in extracts of cultured cells (Colburn and Jones, 2017). Extracts of
cells transfected with siRNA were made 72 h after transfection.

Additional methods
In all immunostaining experiments, primary antibodies were diluted 1:100.
A549 cells were imaged following immunostaining for β4 integrin, vimentin,
and keratin, then imaged using confocal microscopy with a Leica TCS SP5
confocal microscope (Fig. S1A). Vimentin was labeled with a Cy3-
conjugated primary antibody (C9080) purchased from Sigma-Aldrich.
Similarly, 48 h after treatment with control or vimentin-targeted siRNA,
A549 cells were immunostained for β4 integrin and keratin (Fig. S1B).
Confocal microscopy with a Leica TCS SP5 microscope was performed on
A549 cells plated onto coverslips coated with collagen I or laminin-332 rich
conditioned medium and, 6 h later, triple-labeled for β4 integrin, vimentin
and actin (Fig. S2A,B). Such images were quantified (Fig. S2C,D) as in
Fig. 1. TIRF images of cells expressing GFP-tagged β4 integrin and
immunostained for plectin were captured at room temperature with a Leica
SD6000 AF Spinning disc confocal microscope (Fig. S3A). The acquisition
software used was MetaMorph 7.8.4.0 (Molecular Devices). Plectin–β4
integrin colocalization was quantified using Spearman correlation for pixels

comprising GFP–β4 puncta (Fig. S3B). The lack of focal adhesion–vimentin
association was demonstrated by performing confocal microscopy with a
Leica TCS SP5 microscope on A549 cells immunostained for paxillin and
vimentin (Fig. S4). To determine whether matrix composition or serum
affects the loss of vimentin filaments from the cell edge of β4KD cells, WT
and β4KD A549 cells were plated onto uncoated coverslips or coverslips
coatedwith either collagen I or laminin-332 in medium containing or lacking
serum. Such samples were then imaged using a TCS-SP5 confocal
microscope (Fig. S5). To determine the effect of the microtubule
cytoskeleton on vimentin, A549 cells were treated with DMSO or 10 µM
nocodazole (M1404, Sigma-Aldrich) for 1 h then immunostained and
imaged using a TCS-SP5 confocal microscope (Fig. S6). Following time-
lapse observation of single cells on etched grid coverslips, the preparations
were fixed and immunostained for vimentin (Fig. S7).

Statistics
Statistical analyses were undertaken using data derived from a minimum of
three independent experiments (with the exception of the Rac1 activity
assays, which were performed twice). Statistical methodologies are
indicated in the corresponding legends. For tests requiring normally
distributed data, the assumption of normality was evaluated visually and by
performing the Shapiro–Wilk test with α=0.05.
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