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SUMMARY

The actin cytoskeleton and cytoplasmic intermediate
filaments contribute to cell migration and morpho-
genesis, but the interplay between these two central
cytoskeletal elements has remained elusive. Here,
we find that specific actin stress fiber structures,
transverse arcs, interact with vimentin intermediate
filaments and promote their retrograde flow. Conse-
quently, myosin-II-containing arcs are important for
perinuclear localization of the vimentin network in
cells. The vimentin network reciprocally restricts
retrograde movement of arcs and hence controls
the width of flat lamellum at the leading edge of the
cell. Depletion of plectin recapitulates the vimentin
organization phenotype of arc-deficient cells without
affecting the integrity of vimentin filaments or stress
fibers, demonstrating that this cytoskeletal cross-
linker is required for productive interactions between
vimentin and arcs. Collectively, our results reveal that
plectin-mediated interplay between contractile acto-
myosin arcs and vimentin intermediate filaments
controls the localization and dynamics of these two
cytoskeletal systems and is consequently important
for cell morphogenesis.

INTRODUCTION

Cell migration and morphogenesis rely on a dynamic network

of actin filaments, which provides force for the generation of

membrane protrusions and contributes to cell adhesion to the

extracellular matrix and neighboring cells. To fulfill these func-

tions, actin filaments assemble into diverse protrusive and con-

tractile structures in cells. These include dendritic actin filament

networks, which generate lamellipodial membrane protrusions

as well as thin filopodial actin filament bundles, which function

as antennae for cells to probe their environment (Pollard and

Cooper, 2009). Moreover, contractile actomyosin bundles called

stress fibers contribute to cell morphogenesis, adhesion, and
Ce
mechanosensing. They can be further divided into three

categories. ‘‘Ventral stress fibers’’ are contractile myosin-II-con-

taining actin bundles, which are anchored to focal adhesions

at both ends. ‘‘Transverse arcs’’ are myosin-II-containing actin

bundles that serve as precursors of ventral stress fibers. Arcs

are generated at the lamellipodia-lamellum interface and un-

dergo retrograde flow toward cell center. Arcs do not directly

associate with focal adhesions but are linked to these cell-matrix

interaction sites through ‘‘dorsal stress fibers’’ (radial fibers),

which are non-contractile actin bundles connected to focal

adhesions at their distal end (Tojkander et al., 2012; Burridge

and Wittchen, 2013). Furthermore, eukaryotic cells contain an

array of other actin-based structures that contribute to diverse

cellular processes such as endocytosis, mitochondrial fission,

and extracellular matrix degradation (Kaksonen et al., 2006;

Schoumacher et al., 2010; Korobova et al., 2013). Importantly,

actin filaments do not function in isolation but collaborate with

two other cytoskeletal networks: intermediate filaments and mi-

crotubules (Huber et al., 2015).

Humans have >65 different intermediate filament proteins,

which display cell-type-specific expression patterns and diverse

biological functions. Vimentin and keratins are the major inter-

mediate filament proteins in mesenchymal and epithelial cells,

respectively (Eriksson et al., 2009; Snider and Omary, 2014;

Loschke et al., 2015). They formmotile networks, which undergo

subunit exchange along the filaments (Vikstrom et al., 1992;

Eriksson et al., 2009). Similarly to the actin cytoskeleton, keratins

and vimentin contribute to cell migration and morphogenesis

(Chu et al., 1993; Ivaska et al., 2007; Helfand et al., 2011; Busch

et al., 2012). Intermediate filaments can also associate with actin

filaments through direct binding, via cross-linking proteins and

through steric effects (Correia et al., 1999; Schoumacher et al.,

2010; Huber et al., 2015). For example, vimentin interacts with

actin filaments through its C-terminal tail and associates with

the actin cytoskeleton through plectins, which are large

(�500 kDa) cytoskeletal cross-linkers (Svitkina et al., 1996;

Esue et al., 2006; Wiche et al., 2015). Global pharmacological

disruption of the actin cytoskeleton leads to decreased perinu-

clear density of vimentin and keratin intermediate filaments,

demonstrating functional interplay between these cytoskeletal

systems (Hollenbeck et al., 1989; Kölsch et al., 2009; Dupin
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et al., 2011). However, the identity of actin filament structures

that interact with and control the subcellular distribution of inter-

mediate filaments has remained elusive. Additionally, whether

intermediate filaments control the distribution of cellular actin

filament structures and the possible roles of intermediate fila-

ment/actin cytoskeleton interplay in morphogenetic processes

are not known.

RESULTS

Vimentin Filaments Undergo Retrograde Flow with
Contractile Actin Arcs
To identify stress fiber components, we performed a proximity-

dependent biotin identification (BioID) screen (Roux et al.,

2012) on U2OS human osteosarcoma cells using a biotin ligase

fused to tropomyosin-4 (Tm4). This actin-binding protein is a

central component of stress fibers and co-localizes with myosin

II in transverse arcs and ventral stress fibers (Tojkander et al.,

2011). Among the Tm4 proximate and interacting proteins

identified were the intermediate filament proteins vimentin and

nestin as well as the cytoskeletal cross-linking protein plectin

(Table S1).

Immunofluorescence microscopy demonstrated that endoge-

nous vimentin filaments concentrated to the perinuclear region

in U2OS cells, whereas actin filament structures were more

pronounced at the cell periphery. However, vimentin filaments

occasionally aligned with myosin-II-containing stress fibers

(Figure 1A). Interestingly, live imaging revealed that while the

vimentin filaments at the perinuclear region did not exhibit direc-

tional movements, many vimentin foci closer to cell periphery

associated with transverse arcs for relatively long periods of

time and displayed retrograde flow toward the cell center with

these contractile actomyosin bundles (Figures 1B, S1A, and

S1B; Movie S1). The arc-associated vimentin foci are typically

sections of long vimentin filaments that are connected to the

complex vimentin intermediate filament network (Movie S2).

However, toward the cell periphery, many arc-associated vimen-

tin foci also appear to represent shorter vimentin filaments called

squiggles (Eriksson et al., 2009). Importantly, while majority of vi-

mentin foci that overlapped with arcs displayed retrograde flow,

the vimentin foci that did not co-localize with arcs exhibited

mainly random movements (Figure 1C). Furthermore, specific

disruption of arcs by Tm4 depletion resulted in loss of retrograde

flow of vimentin, supporting the notion that arcs are essential for

vimentin retrograde movements at the lamellum (Figure S2A).

Arcs Control the Subcellular Localization of Vimentin
and Nestin Intermediate Filaments
To examine the role of arcs in perinuclear accumulation of

vimentin filaments, we disrupted arcs and dorsal stress fibers

from U2OS cells by small interfering RNA (siRNA) depletion of

Tm4 and palladin, respectively. Tm4 depletion inhibits myosin

II recruitment to arc precursors and thus specifically disrupts

arcs without affecting dorsal stress fibers, whereas palladin is

required for dorsal stress fiber elongation (Tojkander et al.,

2011; Gateva et al., 2014). Endogenous vimentin filaments

concentrated at the perinuclear region in control cells as well

as in palladin knockdown cells, which did not display dorsal
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stress fibers but contained ventral stress fibers and arcs. How-

ever, perinuclear accumulation of vimentin was diminished in

arc-deficient Tm4 knockdown cells (Figure 2A).

Because cells plated on coverslips display a large variation

in their morphologies, it is not feasible to obtain quantitative

information about subcellular localizations of actin and vimentin

networks under these conditions. To overcome this obstacle, we

plated control and knockdown cells on crossbow-shaped fibro-

nectin micropatterns, where they display regular morphology

and organization of the actin stress fiber networks (Vignaud

et al., 2012). By dividing the cells into four segments (from

segment 1, the leading edge, to segment 4, the trailing end;

see Figure 2B), we could quantify the intensity of vimentin at

different cell regions. These experiments provided quantitative

validation that in wild-type and palladin knockdown cells, vimen-

tin filaments indeed accumulated at the cell center around the

nucleus, whereas in the Tm4 knockdown cells, the vimentin

network spread toward the leading edge of the cell (Figures 2B

and 2C). Similar expansion of the vimentin network was detected

in U2OS cells and mouse embryonic fibroblasts expressing the

dominant inactive GTPase Rif (Figures S2B and S2C), which like-

wise leads to specific depletion of transverse arcs (Tojkander

et al., 2011). Also, perinuclear accumulation of another interme-

diate filament protein, nestin, which preferentially co-assembles

with vimentin filaments (Sjöberg et al., 1994), was disrupted in

dominant inactive Rif-expressing cells lacking arcs (Figures

S3A and S3B). Thus, arcs are essential for proper perinuclear

accumulation of vimentin and nestin filaments.

VimentinRegulates Localization of Arcs andWidth of the
Lamellum
To study whether the vimentin network reciprocally influ-

ences actin stress fibers, we generated vimentin knockout

U2OS cells by CRISPR/Cas9 technology. With two different

target sites in the vimentin gene, we obtained several cell-lines

lacking vimentin, one of which was chosen for further analysis

(Figure 3A). The vimentin-deficient cells still contained all three

categories of stress fibers (Figure 3B), but the distance of trans-

verse arcs from the leading edge was moderately increased in

vimentin-deficient versus control cells (8.3 mm versus 7.3 mm;

Figure 3E).

A recent study provided evidence that transverse arc

contraction mediates lamella flattening, and arc depletion

thus decreases the width of the flat portion of the cell (lamel-

lum) at the leading edge (Burnette et al., 2014). Analysis of

Tm4 knockdown cells plated on micropatterns confirmed the

reported decrease in the lamella width upon arc disruption.

Importantly, vimentin deficient cells displayed �15% wider

lamella compared to control cells, and this phenotype could

be rescued by expressing wild-type vimentin but not a vimentin

mutant lacking 66 C-terminal residues (Figures 3C and 3D). The

exogenously expressed wild-type vimentin displayed normal

perinuclear accumulation in vimentin deficient cells, whereas

the C-terminally truncated protein (vimentin C66) formed thick

aberrant bundles that were deficient in perinuclear accumula-

tion (Figures S3C and S3D).

Intermediate filaments and the actin cytoskeleton have

been implicated in nuclear movement and positioning in many
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Figure 1. Interplay between Vimentin

Intermediate Filaments and Contractile

Actin Stress Fibers

(A) Localization of vimentin intermediate filaments

(VIFs) and actin filaments in U2OS cells detected

by polyclonal vimentin antibody and fluorescent

phalloidin, respectively. Magnified region illus-

trates examples of co-localization (white dashed

lines in the merged image) between VIFs and

contractile actin stress fibers. Scale bars represent

10 mm and 1 mm in the left and right panels,

respectively.

(B) Time-lapse imaging of U2OS cells expressing

mCherry-actin and GFP-vimentin revealing co-

localization and retrograde flow of vimentin

foci along contractile arcs. White circles in the

magnified regions indicate discrete vimentin

spots, which flow toward the cell center with arcs

(indicated by yellow arrows). Please note that arcs

and some co-localizing vimentin foci moved a

distance of �4.4 mm toward the cell center during

the 13 min imaging period. Scale bar, 10 mm.

(C) Time-lapse imaging demonstrating retrograde

flow of stress fiber -associated vimentin foci (arc-

associated spots) and non-directional movement

of vimentin foci that are not clearly associated with

stress fibers (random spots). White and yellow

circles in the left panel indicate 12 selected

vimentin foci overlapping with actin arcs and 12

vimentin foci that do not associate with actin arcs,

respectively. Right panel shows the tracked trails

of the vimentin foci when the starting points have

been overlaid and color-coded from blue to red to

indicate the starting and ending points, respec-

tively. The recording time was 13.7 min, and the

time interval was 30 frames/min. Scale bars

represent 5 mm and 1 mm in left and right panels,

respectively.

See also Figure S1.
cell-types (Ralston et al., 2006; Dupin et al., 2011; Gundersen

and Worman, 2013). However, precisely how the cytoplasmic

intermediate filaments contribute to nuclear positioning and

which actin structures are involved in this process have re-

mained elusive. Thus, we applied Tm4 knockdown and vimen-

tin-deficient cells to examine the mechanisms of nuclear

positioning. In control cells on micropatterns, the center of the

nucleus located approximately 12 mm proximally from the

intersection of the crossbow pattern (Figure S4A). In vimentin
Cell Reports 11, 1511–151
deficient cells, nuclei located slightly

further toward the back of the cell,

whereas disruption of arcs by Tm4

depletion resulted in significant forward

positioning of the nucleus. Importantly,

simultaneous depletion of arcs and vi-

mentin resulted in similar positioning of

the nuclei as observed in control cells

(Figure S4B). Collectively, these experi-

ments reveal that vimentin filaments

restrict the retrograde flow of arcs and

thus control the width of flat lamellum of
the cells. Furthermore, both arcs and vimentin filaments appear

to synergize in nuclear positioning.

Plectin Is Required for Functional Interplay between
Vimentin Filaments and Actin Arcs
Because plectin was among the hits of the BioID screen for Tm4

interaction partners, we examined the role of this cytoskeletal

cross-linker in the interplay between arcs and vimentin filaments.

Immunofluorescence microscopy revealed that although plectin
8, June 16, 2015 ª2015 The Authors 1513
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Figure 2. Transverse Arcs Regulate Subcel-

lular Localization of the Vimentin Network

(A) Distinct localization patterns of vimentin in

control, arc-depleted (Tm4 siRNA), and dorsal-

stress-fiber-depleted (palladin siRNA) cells,

stained with vimentin antibody (green) and fluo-

rescent phalloidin (red) to visualize vimentin and

F-actin, respectively. Scale bar, 10 mm.

(B) Localization of vimentin in control, arc-

depleted, and dorsal-stress-fiber-depleted cells

grown on ‘‘crossbow’’ shaped micropatterns.

Cells were divided into four segments (purple lines

in lower panels) from the leading edge (left) to cell

rear (right). Red, yellow, and green arrows indicate

examples of dorsal stress fibers, arcs, and ventral

stress fibers, respectively. Scale bar, 10 mm.

(C) Quantification of vimentin intensity in four

segments of control, arc-depleted, and dorsal-

stress-fiber-depleted cells. In control and dorsal-

stress-fiber-depleted cells, vimentin is largely

excluded from the leading edge (segments 1 and

2), whereas in the absence of arcs, vimentin

localizes more evenly across the cells. The data

are presented as mean ± SEM.

See also Figures S2 and S3.
displayed relatively uniform punctual localization at the cyto-

plasm, it enriched to those vimentin filaments that aligned

actomyosin stress fibers (Figure S4C). Depletion of plectin by

siRNA did not result in gross effects on the actin cytoskeleton,

and all three categories of stress fibers were readily visible (Fig-

ures 4A–4C). However, analysis of cells plated on crossbow-

shaped micropatterns revealed that plectin depletion resulted

in spreading of the vimentin network toward the cell edge

similarly to the depletion of transverse arcs (Figures 4C and

4D). Thus, presence of plectin is required for functional interplay

between vimentin intermediate filaments and actomyosin arcs.

DISCUSSION

Recent studies have revealed interplay between cytoplasmic

intermediate filaments and the actin cytoskeleton in various
1514 Cell Reports 11, 1511–1518, June 16, 2015 ª2015 The Authors
cell-types (Huber et al., 2015). However,

the identity of actin filament structures

interacting with and controlling the inter-

mediate filament network has remained

obscure. Here, we reveal that (1) vimentin

filaments associate and undergo retro-

grade flow with contractile transverse

arcs; (2) integrity of arcs is required for

correct perinuclear localization of the

vimentin/nestin network; (3) vimentin fila-

ments reciprocally control the retrograde

flow of arcs, and consequently, vimentin

depletion results in a small but signifi-

cant decrease in lamella width in mesen-

chymal cells; and (4) the cytoskeletal

cross-linker plectin is essential for func-

tional interplay between vimentin and
actomyosin arcs. Together, our results reveal a role for contrac-

tile stress fibers as regulators of the dynamics and localization of

cytoplasmic intermediate filaments and uncover how the inter-

play between the actin cytoskeleton and intermediate filaments

controls cell morphogenesis.

Three major components of the actin cytoskeleton undergo

retrograde flow in migrating cells. From these, the retrograde

flow of ‘‘lamellipodial actin networks’’ and dorsal stress fibers

are powered by coordinated polymerization of Arp2/3- and

formin-nucleated actin filament structures, whereas the retro-

grade flow of transverse arcs is driven by myosin-II-mediated

contractility. Previous studies demonstrated that vimentin foci

can associate with focal adhesions and suggested that the retro-

grade flow of keratin intermediate filaments is driven by focal-

adhesion-attached dorsal stress fibers (Burgstaller et al., 2010;

Kölsch et al., 2009). In contrast to these studies, our work



Figure 3. Effects of Vimentin Depletion on Stress Fiber

Organization and Lamella Width

(A) Western blot analysis of vimentin expression levels in U2OS

cell lines where the vimentin reading frame was disrupted by

CRISPR/Cas using two target sequences. All vimentin-deficient

lines displayed similar phenotypes, and target 2, line 1 was chosen

for further analysis. The blot was also probed with actin, tubulin,

and GADPH antibodies to verify equal sample loading.

(B) Three categories of stress fibers are preserved in vimentin-

deficient cells plated on crossbow-shaped micropatterns and

stained with fluorescent phalloidin. However, the arcs appear to

span a wider region at the leading edge compared to control cells.

Scale bar, 10 mm.

(C) Maximum z-projections (upper panels) and side views (lower

panels) from 2 mmwide regions (indicated by white dashed lines in

the upper panels) of confocal images from representative control

(scramble CRISPR/Cas), arc-depleted (Tm4 RNAi), vimentin

knockout, vimentin knockout/full-length (FL) vimentin rescue, and

vimentin knockout/vimentin C66mutant rescue cells. The lamellum

was defined as a <2.5-mm-thick region at the leading edge of the

cell (indicated by white lines in the side views). Bar, 10 mm.

(D) Quantification of lamella width. Arc deletion results in short-

ening of lamellum,whereas absence of vimentin results in widening

of lamella. The latter phenotype can be rescued by expression

of wild-type, but not C-terminally deleted (C66), vimentin. More

than 25 cells were analyzed for each condition, and the data are

presented as mean ± SEM.

(E) Distance of transverse arc network from the leading edge (l.e.) in

control (scramble CRISPR/Cas) and vimentin knockdown (Vim

depletion) cells. In the absence of vimentin, arcs can move

further toward the cell center. Arc network positions were analyzed

from 48 cells for both conditions, and the data are presented as

mean ± SEM.

See also Figures S3 and S4.
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Figure 4. Plectin Is Required for Functional

Interactions between Vimentin Filaments

and Arcs

(A) Verification of the efficiency of plectin depletion

by western blot with plectin antibody. The blot was

also probed with vimentin, actin, and GADPH

antibodies to verify equal sample loading.

(B) Control and plectin knockdown cells stained

with phalloidin, plectin, and vimentin antibodies

demonstrate expansion of the vimentin network in

plectin RNAi cells. Scale bar, 10 mm.

(C) Comparison of vimentin localization divided

into four segments in control and plectin knock-

down cells grown on crossbow-micropatterned

surfaces and stained additionally with fluorescent

phalloidin and plectin antibodies. Note the co-

localization of plectin with the contractile actomy-

osin arcs in control cells. Scale bar, 10 mm.

(D) Quantification of vimentin intensity in distinct

segments as in Figure 2. Vimentin is largely

excluded from segments 1 and 2 in control cells

but displays nearly uniform distribution between all

segments in plectin knockdown cells. The data are

presented as mean ± SEM.

See also Figure S4.
provides evidence that cytoplasmic intermediate filaments asso-

ciate and undergo retrograde flow with transverse arcs. These

contractile actomyosin bundles assemble at the leading edge

and undergo myosin-II-mediated retrograde flow toward the

cell center (Tojkander et al., 2012), and they are thus ideally

suited for transporting intermediate filaments from the leading

lamellum toward the perinuclear region. Because not all cell

types contain a dense network of transverse arcs, these findings

may also explain the differences in the localizations of cyto-

plasmic intermediate filament networks between different cell

types. Our study also demonstrates that, at least in U2OS cells,

dorsal stress fibers, which elongate toward the cell center

through actin polymerization at focal adhesions (Hotulainen

and Lappalainen, 2006), are not required for the retrograde

movement of intermediate filaments. Thus, myosin-II-based

contractility of arcs, instead of actin polymerization at focal

adhesions, appears to provide the force for the retrogrademove-

ment of intermediate filaments.

Previous work demonstrated a role of plectins in coupling

intermediate filaments to focal adhesions (Burgstaller et al.,

2010; Gregor et al., 2014). However, contribution of plectins in

functional interplay between myosin-II-containing stress fibers

and intermediate filaments has not been reported. We show
1516 Cell Reports 11, 1511–1518, June 16, 2015 ª2015 The Authors
that in U2OS cells plectins co-localize

with vimentin at contractile stress fibers

and that the presence of plectins is essen-

tial for linking retrograde flow of arcs to

perinuclear localization of cytoplasmic

intermediate filaments. Our results differ

from the ones by Dupin et al., (2011),

which proposed that depletion of plectins

does not contribute to actin-dependent

reorganization of vimentin filaments in
astrocytes after Ca2+ induction. These differences may arise

from different experimental conditions (constitutive retrograde

flow of arcs and intermediate filaments versus calcium-induced

reorganization of the actin cytoskeleton and intermediate fila-

ment network) or from variation in the efficiency of plectin

depletion by siRNA.

We revealed that intermediate filaments control the subcellular

localization of arcs by restricting their flow to the perinuclear,

vimentin-dense region. Consequently, depletion of vimentin leads

to relatively modest but significant increase in the width of flat

lamellum at the leading edge. Thus, vimentin, and perhaps also

other intermediate filaments, control cell morphology indirectly

by affecting subcellular localization of transverse arcs. Interest-

ingly, previous study demonstrated that vimentin also functions

as a negative regulator of lamellipodium formation through a yet-

to-be-identified molecular mechanism (Helfand et al., 2011).

Thus, vimentin filaments can control both protrusive lamellipodial

actin filament arrays and contractile actomyosin bundles of lamel-

lum. Our data also reveal that both vimentin and transverse arcs

control the nuclear positioning in U2OS cells. While the absence

of arcs and vimentin leads to forward and rearward localizations

of the nucleus, respectively, simultaneous depletion of both cyto-

skeletal structures recapitulated the wild-type situation of nuclear



positioning. Thus, vimentin filaments and transverse arcs appear

to control nuclear positioning at least partially independently

fromeachother,witharcspushingnuclei toward thecell rear,while

vimentinfilamentspulling thenuclei toward the leadingedge. In the

future, it will be interesting to examine whether, in addition to

Cdc42-induced actin cables (Gundersen and Worman, 2013),

nuclear envelope components nesprin-2G and SUN2 can also

associate with transverse arcs or if these contractile actomyosin

bundles control nuclear movement and positioning through other

protein-protein interactions or steric effects.

Collectively, our results reveal functional interplay between

contractile actomyosin arcs, and vimentin filaments. While the

two cytoskeletal structures affect each other’s subcellular

localization and motility, they do not appear to affect each

other’s assembly, because all three types of stress fibers are

intact in vimentin-deficient cells and vimentin filaments appear

to assemble normally in cells devoid of arcs. In the future, it

will be important to examine the role of intermediate filament net-

works, and their interplay with contractile actomyosin bundles, in

cell morphogenesis in a three-dimensional tissue environment,

as well as to uncover the molecular mechanisms by which plec-

tin mediates interaction between vimentin and tropomyosin-

rich actomyosin arcs. Furthermore, because stress fibers are

mechanosensitive structures (Discher et al., 2005; Bershadsky

et al., 2006) and intermediate filaments, among other functions,

providemechanical integrity to cells, it will be interesting to study

the role of stress fiber/intermediate filament interplay in mecha-

nosensing and consequent morphological processes.

EXPERIMENTAL PROCEDURES

Immunofluorescence microscopy and live-cell imaging were performed as

described previously (Hotulainen and Lappalainen, 2006; Tojkander et al.,

2011). Identification of Tm4 interaction partners was carried out using the

BioID method (Roux et al., 2012). Detailed protocols for these experiments

and description of cell culture conditions, image analysis, plasmids, and anti-

bodies are described in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, one table, and twomovies and can be foundwith this article online

at http://dx.doi.org/10.1016/j.celrep.2015.05.008.
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