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a b s t r a c t

Different structural conformations of actin have been identified in cells and shown to reside in distinct
subcellular locations of cells. In this report, we describe the localization of actin on a cage-like structure
in metaphase HEK 293T cells. Actin was detected with the anti-actin antibodies 1C7 and 2G2, but not
with the anti-actin antibody C4. Actin contained in this structure is independent of microtubules and
actin filaments, and colocalizes with vimentin. Taking advantage of intermediate filament collapse into
a perinuclear dense mass of cables when microtubules are depolymerized, we were able to relocalize
actin to such structures. We hypothesize that phosphorylation of intermediate filaments at mitosis entry
triggers the recruitment of different actin conformations to mitotic intermediate filaments. Storage and
partition of the nuclear actin and antiparallel ‘‘lower dimer’’ actin conformations between daughter cells
possibly contribute to gene transcription and transient actin filament dynamics at G1 entry.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Cellular division is achieved by cooperation of all cytoskeletal
systems: microtubules, actin filaments and intermediate filaments.
Although the specialized functions of microtubules and actin fila-
ments in mitosis have been thoroughly explored, less is known
about the role of mitotic intermediate filaments. Nonetheless, it
is known that all major cytoskeletal filaments are in permanent
communication and association with one another [1].

Microtubules play a major role in cell division but actin has also
major functions in mitosis. Before nuclear envelope breakdown,
cortical actin is required to separate the duplicated centrosomes
and position them at the spindle poles [2]. Thereafter, actin fila-
ments surrounding the mitotic spindle and myosin-10 at the spin-
dle poles regulate the length of the mitotic spindle [3]. Once the
sister chromatids have been separated and positioned to opposite
poles of the cell, the actomyosin ring contracts to physically sepa-
rate the daughter cells [4].

Intermediate filaments act as mechanical stress absorbers and
stabilize cell shape [5]. To provide each cell type with its own
structural requirements, there are approximately 73 intermediate
filament genes that can be differentially expressed, depending on
cell type [5]. The cytoplasmic intermediate filament network
reaches from the nuclear envelope to the plasma membrane and
adhesion sites, and is used as scaffold and signal transduction
device [6–8]. In the interphase cytoplasm, the position of

intermediate filaments is controlled by the microtubule network
with which they co-align [9–11]. Anterograde transport of inter-
mediate filaments is driven by the plus-end-directed motor kine-
sin, while the retrograde transport depends on the minus-end
motor dynein/dynactin (reviewed in [1]).

In mitosis, each intermediate filament acts differently, depend-
ing on cell type. In the course of mitosis, intermediate filaments are
progressively phosphorylated by mitotic kinases, including Cdk1,
Plk1, AuroraB and Rho-kinase (also named RhoA-binding kinase
a) [12–14]. These phosphorylation events are thought to induce
dramatic reorganization of intermediate filaments [15]. While
some intermediate filaments are disassembled at mitosis entry,
others remain filamentous until cytokinesis. But the structural
changes of a specific type of intermediate filaments, such as vimen-
tin for example, fully depend on cell type [16]. Mitotic intermedi-
ate filament structures are most prominent at metaphase, when
they are organized in a typical cage-like structure that surrounds
the mitotic spindle [16–21]. The functions of intermediate fila-
ments in mitosis are diverse: tethering of spindle assembly factors
that are essential for proper mitotic spindle formation, storage of
nuclear matrix proteins and nuclear membrane vesicles to ensure
equivalent distribution of these components to daughter cells
[22–24]. Furthermore, phosphorylation of intermediate filaments
sequesters 14-3-3 proteins [7]. As a consequence, some interaction
partners of 14-3-3 proteins are displaced, many of which are in-
volved in cell cycle regulation [8,25].

The binding between, and co-alignment of intermediate fila-
ments and microtubules are well established. In contrast, the exis-
tence of a similar relationship between intermediate filaments and
actin filaments has not been fully explored yet. Nonetheless, some
studies indicate that both cytoskeletons colocalize [26]. BPAG1n
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has been identified as a linker protein that connects intermediate
filaments with actin filaments in neurons [27]. In the present
study, we studied a possible physical connection between actin
and intermediate filaments. We provide evidence that non-fila-
mentous actin colocalizes with intermediate filaments in mitotic
but not in interphase HEK 293T cells.

2. Materials and methods

2.1. Reagents

Cytochalosin D, nocodazole and 4,6-diamidino-2-phenylindole
(DAPI) were obtained from Sigma–Aldrich (C8273; M1404; D8417).

2.2. Antibodies

The following antibodies were used: rabbit anti-c-tubulin (Sig-
ma–Aldrich; T6557), rabbit anti-detyrosinated-a-tubulin (glu
tubulin) (Chemicon; AB3201), rabbit anti-vimentin (Abcam;
ab7783), mouse anti-actin clone 1C7 and mouse anti-actin clone
2G2 were a kind gift from Dr. B.M. Jockusch (Technical University
of Braunschweig, Germany). Alexa Fluor 488-conjugated goat
anti-rabbit antibody and Alexa Fluor 594-conjugated goat anti-
mouse antibody were from Molecular Probes.

2.3. Cell culture

HEK 293T and MDA-MB-231 cells were maintained at 37 �C in a
humidified 10% CO2 incubator and grown in DMEM (Gibco) supple-
mented with 10% fetal bovine serum, 100 lg/ml streptomycin and
100 IU/ml penicillin. For nocodazole treatment, cells were seeded
on collagen-coated coverslips, allowed to recover for 24 h and trea-
ted with 33 lM nocodazole for 2 h (Fig. 2B and Fig. S1) or 4 lM
nocodazole for 4 h (Fig. 1C) at 37 �C to depolymerize microtubules.
For cytochalasin D treatment, cells were seeded on collagen-coated
coverslips, allowed to recover for 24 h and treated with 0.1 lM
cytochalasin D for 30 min at 37 �C to depolymerize actin filaments.

2.4. Immunostaining and immunofluorescence microscopy

Cells were washed with PBS, fixed with 3% paraformaldehyde
for 25 min at room temperature and permeabilized with 0.25% Tri-
ton X-100 in PBS for 5 min. Paraformaldehyde was neutralized
with 0.75% glycine for 20 min. Cells were then blocked in 1% BSA
in PBS for 30 min and incubated with primary antibody for 1 h at
37 �C. Cells were washed in PBS, then incubated with secondary
antibody and 4,6-diamidino-2-phenylindole (DAPI) for 30 min at
room temperature. Following immunostaining, samples were ana-
lyzed using a Carl Zeiss Axiovert 200 M Apotome epifluorescence
microscope (63 � 1.4NA oil objective) equipped with an Axiocam
cooled CCD camera and processed using Axiovision software
(Zeiss).

3. Results and discussion

Several actin-specific antibodies have been developed that are
suitable for immunofluorescence microscopy [28–30]. One of
them, anti-actin antibody 1C7, has been generated by immuniza-
tion with cross-linked ‘‘lower-dimer’’ actin to obtain a conforma-
tion-specific antibody (epitope corresponds to amino acids
194–203) [30]. Mouse monoclonal anti-actin antibody 1C7 recog-
nizes antiparallel actin dimers (‘‘lower-dimer’’ actin) and actin
monomers but not filamentous actin [30]. We previously identified
actin at the centrosome of interphase MDA-MB-231 cells using this
antibody [31]. In mitotic MDA-MB-231 cells, actin was absent from

centrosomes and localized uniformly in the mitotic cytoplasm
(data not shown). We wondered if this localization was cell type-
specific. In this perspective, we examined actin 1C7 staining in
HEK 293T cells. In methanol-fixed cells, no centrosomal staining
was visible in interphase cells (data not shown). In formalin-fixed
cells, 1C7 staining revealed a uniform distribution in the cytoplasm
and was present in a faint punctuated pattern in the nucleus, as de-
scribed previously (Fig. 1A, upper panels and Fig. S1, upper panels)
[30]. Surprisingly, however, actin was present on cable-like struc-
tures in mitotic cells (Fig. 1A, middle and lower panels). Most strik-
ingly, the actin-containing cables formed a cage-like structure
around the mitotic spindle in metaphase (Fig. 1A, middle panels).
Further on, we will refer to these structures as ‘‘actin-containing
cables’’.

The similarity between the actin-containing cable structures
seen in mitotic HEK 293T cells and mitotic intermediate filaments
described in literature is remarkable. The cage-like structure
around the mitotic spindle in metaphase is typical for intermediate
filaments (Fig. 1A, middle panels and Fig. 1B, middle panels) [16–
21]. During cytokinesis, the actin cables stretched from one daugh-
ter cell to the other, with an interruption in the cleavage furrow
(Fig. 1A, lower panels and Fig. 1B, lower panels). Such interruptions
at the cleavage furrow are typical for intermediate filament disas-
sembly as a consequence of phosphorylation by Rho-kinase
[12,32].

Subsequently, we examined if the ‘‘lower dimer’’ actin-contain-
ing cables in mitosis contained or depended on bona fide actin fil-
aments. We therefore treated cells with varying amounts of
cytochalasin D, which disrupts long actin filaments and induces
short aggregates of filamentous actin (Fig. 1B and data not shown)
[33,34]. As expected, the morphology of interphase cells changed
(Fig. 1B, upper panels). In contrast, 1C7 staining of mitotic cells re-
mained unchanged (Fig. 1B, middle and lower panels). These data
indicate that the actin fraction detected on mitotic cables is not
part of conventional actin filaments and does not depend on it.

The possibility that stable microtubules attract actin in mitosis
was analyzed as well. Microtubules are stabilized by plus-end cap-
ping proteins and are characterized by detyrosination of a-tubulin
(referred to as Glu tubulin because detyrosination exposes a C-ter-
minal glutamate residue) [35]. Notwithstanding the fact that the
majority of mitotic spindle microtubules are dynamic and, conse-
quently, not detyrosinated, a minor fraction is stable and detyrosi-
nated [36,37]. However, we observed that HEK 293T cells did not
contain Glu tubulin at or around the mitotic spindle and, therefore,
could not be the source of the actin-containing cables (Fig. 1A, mid-
dle and lower panels). Glu tubulin staining was found at the cen-
trosome and the midbody, as expected (Fig. 1B, lower panels).
Fig. 1B (lower panels) also shows that the actin-containing cables
did not colocalize with stable microtubules in the midbody and,
in contrast, appear curved, indicative of intermediate filaments.

We took advantage of an exceptional consequence of nocodaz-
ole treatment for the intermediate filament network in interphase
cells. Microtubule depolymerization results in the collapse of the
intermediate filament network into a perinuclear dense mass of
intermediate filament cables [38]. GEF-H1 is a microtubule-associ-
ated guanine exchange factor that activates RhoA upon nocodaz-
ole-induced release from microtubules [39]. RhoA activates
RhoA-binding kinase a (Rho kinase) that phosphorylates interme-
diate filament subunits and results in the collapse of intermediate
filament network [32].

When we applied nocodazole to interphase cells, we observed a
dramatic relocalization of actin to a perinuclear dense mass of
cables, which resulted in depletion of actin from the cytoplasm
(Fig. S1, lower panel). When lower concentrations of nocodazole
where used during a longer incubation time, some cells displayed
a network of actin cables that closely surrounded the nucleus
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