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SUMMARY

The establishment and continuous cell type–specific adaptation of cytoplasmic intermediate
filament (IF) networks are linked to various types of IF motility. Motor protein–driven active
transport, linkage to other cellular structures, diffusion of small soluble subunits, and intrinsic
network elasticity all contribute to the motile behavior of IFs. These processes are subject to
regulation by multiple signaling pathways. IF motility is thereby connected to and involved in
many basic cellular processes guarding the maintenance of cell and tissue integrity. Distur-
bances of IF motility are linked to diseases that are characterized by cytoplasmic aggregates
containing IF proteins together with other cellular components.
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1 INTRODUCTION

The view of intermediate filaments (IFs) as rather static
cellular elements was fundamentally changed by monitor-
ing fluorescently tagged IFs in living cells, which revealed
their highly dynamic nature (Ho et al. 1998; Yoon et al.
1998; Windoffer and Leube 1999; Prahlad et al. 2000; Roy
et al. 2000; Shah et al. 2000; Wang et al. 2000). Since then,
our knowledge of the complex context-dependently regu-
lated types of IF motility has been growing steadily. But we
are only now starting to understand the molecular details
governing these complex processes. The current challenge
is not only to dissect the underlying pathways and their cell
type– and function-dependent interactions but to relate
these findings to relevant in vivo situations. Yet, it is ob-
vious that IF motility is crucial for overall organismal

homeostasis, as depicted in the scheme of Figure 1. At
steady state, IF motility is required to continuously replen-
ish used-up, dysfunctional, and degraded network com-
ponents to ensure functional IF network maintenance.
Altered IF motility is coupled to network reorganization
during differentiation and dedifferentiation, it is linked to
network disassembly and reassembly during cell division,
and it is associated with localized changes in network turn-
over in migrating cells. In addition, IF network motility is
involved in network responses to various stresses, including
physical stimuli, chemical challenges, and microbial infec-
tions, that affect network stability. Disturbances of IF net-
work motility and its regulation are implicated in diseases,
which are characterized by prominent cytoplasmic IF
aggregates.
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Figure 1. Situations requiring motility of the intermediate filament (IF) network. Differentiation, migration, mitosis,
and stress responses are all associated with a dynamic restructuring of the IF cytoskeleton that requires a high degree
of IF motility. Differentiation is coupled to changes in IF composition, resulting in unique subunit combinations
with distinct dynamic and biomechanical properties adapting to cell type–specific requirements through cytoskel-
etal reorganization into spatially defined networks. In migrating polarized cells, net assembly occurs at the leading
edge in contrast to net disassembly at the rear end of the cell. At the cell front, network plasticity is enhanced by
increased subunit turnover. Network turnover is additionally fueled by continuous biosynthetic replenishment,
which is also needed to compensate for physiological wear out through subunit degradation. Biosynthesis and
degradation in combination with cyclic subunit turnover are the basis of the equilibrium at steady state. During
cell division, the IF network is disassembled and reorganized to various degrees depending on the cell type. At the end
of mitosis, a functional interphase network is reestablished from the different disassembly intermediates. A major
function of the IF network is to respond to stress, which increases or decreases network stability.
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Here, we will review current knowledge on the different
dynamic processes regulating IF architecture and motility
in a context-dependent fashion, focusing, in particular, on
mesenchymal, epithelial, and neuronal cells. For a general
introduction to the structure and functions of IFs, see Herr-
mann and Aebi (2016).

2 IF MOTILITY IS NEEDED FOR CELL TYPE– AND
FUNCTION-DEPENDENT FORMATION,
MAINTENANCE, AND REORGANIZATION
OF CYTOPLASMIC IF NETWORKS

The IF cytoskeleton fulfills major functions in cell and
tissue architecture. These functions are coupled to a high
degree of stability and mechanical resilience of the IF net-
work. Network stability, however, is continuously chal-
lenged by dynamic cellular processes, such as movement
of intracellular organelles and overall changes in cell shape.
Furthermore, IFs perform a universal function as “dash-
pots” to protect cells against physical, chemical, and mi-
crobial insults. In all these situations, cytoplasmic IFs have
to be moved and are rearranged to maintain the structural
and functional integrity of cells and tissues.

In addition, intracellular IF motility is needed to set up
cell type–specific networks in defined cytoplasmic subdo-
mains. Parallel bundles of tightly packed neurofilaments are
localized along axonal processes of neurons, membrane-
anchored meshworks connect components of the Z-disks
to the plasma membrane in striated muscle, paracrystalline
fibers of vimentin, phakinin, and filensin are encountered
in lens cells, subapically enriched networks are established
in enterocytes, cortical meshworks are usually found in
hepatocytes, and pancytoplasmic, desmosome-anchored
three-dimensional networks of thick-filament bundles are
characteristic for epidermal keratinocytes. Specific topo-
logical cues and/or transport machineries are obviously
necessary to support the establishment of these different
types of IF network arrangements. Furthermore, mecha-
nisms must be in place to maintain these specialized dis-
tribution patterns (e.g., see Iwatsuki and Suda 2010 and
Carberry et al. 2012 for polarized epithelial cells).

The necessity for IF motility becomes even more ob-
vious in situations requiring overall cytoskeletal restructur-
ing. Migrating cells, for example, are characterized by a
highly polarized organization, which is coupled to IF net-
work extension at the leading edge and compensatory
network reduction in the trailing part of the cell. The as-
sociated differential local network dynamics affect biome-
chanical properties supporting defined cell-shape changes
and altered organelle trafficking in specific subcellular do-
mains. In mitotic cells, the IF networks must be distributed
to both daughter cells; this distribution, depending on the

cell type, is accompanied by localized or even generalized
network disassembly and subsequent reassembly.

3 IF MOTILITY IS MULTIMODAL

Different types of IF motility can be distinguished: motor
protein–driven active transport, passive translocation by
attachment to dynamic structures, and diffusion and in-
trinsic viscoelastic recoil. In contrast to attachment of IFs to
specialized membrane sites such as desmosomes and hemi-
desmosomes in epithelia and costameres in striated muscle,
anchorage to the nucleus or tight bundling of IFs opposes
these dynamic processes.

The most thoroughly examined transport mode is the
motor protein–driven transport of IFs and, more impor-
tantly, of IF assembly intermediates (Helfand et al. 2003a).
Thus, IF particles known to be the precursors to fully as-
sembled IFs have been identified as cargoes of myosins,
dyneins, and kinesins. These motors are capable of trans-
porting IF particles along actin filaments and microtubules
in different directions over long distances to specific cellu-
lar subdomains. The attachment of these motor proteins to
network-integrated IFs can provoke more-complex reac-
tions. For example, they can contribute to overall network
translocation within a cell (Fig. 2; and see Online Movie 1 at
http://cshperspectives.cshlp.org) and might be responsible
for the reported local filament undulations within the net-
work (Ho et al. 1998; Yoon et al. 1998). An attractive hy-
pothesis is that the activity of opposing motors contributes
to intrinsic network tension and, hence, the mechanical
resilience of the highly stretchable IFs. It should be kept
in mind, however, that IFs are nonpolar and therefore can-
not serve as tracks for unidirectional transport.

A much less investigated transport mechanism is the
stable association of IFs to subunits of other cytoskeletal
filaments, which undergo polymerization or depolymeri-
zation. This kind of transport could be mediated through
cytoskeletal cross-linkers such as plectin, which connects
IFs to actin filaments and microtubules (Sonnenberg and
Liem 2007; Wiche and Winter 2011). Furthermore, the
microtubule-binding protein adenomatous polyposis coli
(APC) has been shown to link microtubules and vimentin
in protruding extensions of migrating astrocytes, whereas
kinesin and dynein motor proteins are of minor impor-
tance in this context (Sakamoto et al. 2013).

A third type of transport is diffusion. In practical terms,
however, this process is only relevant for the soluble pool
consisting of small oligomeric assembly stages. Compara-
tively little information is currently available on this topic.
Besides early biochemical analyses (Soellner et al. 1985;
Bachant and Klymkowsky 1996), fluorescence recovery
after photobleaching (FRAP) and photoactivation experi-

Intermediate Filament Motility

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a021980 3

Cold Spring Harbor Laboratory Press 
 at TECHNISCHE HOCHSCHULE AACHEN on February 12, 2021 - Published byhttp://cshperspectives.cshlp.org/Downloaded from 

http://www.cshperspectives.cshlp.org
http://www.cshperspectives.cshlp.org
http://www.cshperspectives.cshlp.org
http://www.cshperspectives.cshlp.org
http://www.cshperspectives.cshlp.org
http://cshperspectives.cshlp.org/


ments, both in vitro and in vivo, have provided some in-
formation on the properties of this rapidly diffusing pool
(Yoon et al. 1998; Yoon et al. 2001; Windoffer et al. 2004;
Kaminsky et al. 2009; Kölsch et al. 2010; Leube et al. 2011;
Robert et al. 2015). The partial fluorescence recovery of
bleached IFs and IF bundles, the assembly of filamentous
material from nonbleached, nonfilamentous material, and
the incorporation of bleached material into nonbleached
cell regions, as well as the incorporation of nonfilamentous
photoactivated material into filament bundles, are all indi-
rect experimental evidence for the pancytoplasmic produc-
tion and availability of diffusible IF proteins. In addition,
bleaching of filament-free regions has provided a rough
estimate for the diffusion constant of this soluble pool.
More precise measurements, however, using, for example,
fluorescence correlation spectroscopy (FCS) (Robert et al.
2015) are clearly needed to further characterize the subcel-
lular and cell type–specific distribution patterns and de-
termine the size of the diffusible assembly units.

A major distinguishing feature of IFs is their high degree
of elasticity. Single filaments can be stretched up to 3.6-fold
(Kreplaket al. 2005), and loss of IFs has been shown to affect
the elastic behavior of cultured cells (Ramms et al. 2013;
Seltmann et al. 2013; Mendez et al. 2014). The anchorage of
IFs to cellular organelles and distinct plasma membrane
sites and the activity of motor proteins might therefore
strain IFs, which are expected to retract and recoil on re-
lease. This is actually observed when microtubules, actin
filaments, and cell–cell adhesions are disrupted (Goldman
1971; Woll et al. 2005; Waschke and Spindler 2014).

4 IF MOTILITY IS DETERMINED BY ACTIN
FILAMENTS AND MICROTUBULES

Analyses of active IF particle transport has uncovered two
fundamentally different signatures (Helfand et al. 2003a;
Woll et al. 2005). One is characterized by a comparatively
fast velocity of several microns per minute. Movement is
discontinuous in a stop-and-go fashion and can be re-
versed. The other one is much slower and in the range of
up to several hundred nanometers per minute. It is contin-
uous and unidirectional (Fig. 2). Disruption of microtu-
bules has been shown to abrogate the rapid, discontinuous,
and bidirectional mode, whereas disruption of actin fila-
ments prevents the slower, continuous, and unidirectional
mode (Ho et al. 1998; Francis et al. 2005; Woll et al. 2005;
Kölsch et al. 2009). Microtubule-dependent transport is
predominant in neurofilament-expressing neurons and
vimentin-positive mesenchymal cells, whereas actin-de-
pendent motility appears to be most important for keratin
particle transport in cultured cells. However, keratin parti-
cles are able to use microtubules as alternatives in addition
to actin filaments as transport tracks (Fig. 3). It is not
known to what degree availability and differences in affinity
determine the observed differences and local choices.

5 IFs ARE CARGOES OF MOTOR PROTEINS

A large number of studies have provided evidence for direct
interactions of IFs and IF assembly intermediates with mi-
crotubule- and actin-based motor proteins. Association
of the plus end–directed microtubule-dependent motor
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Figure 2. Imaging and measuring the coordinated keratin network motility in a cultured epithelial cell. The confocal
laser scanning recording in A shows the distribution of fluorescence-tagged keratins (keratin 13 tagged to enhanced
green fluorescent protein [EGFP]) in a living cultured human A431 cell (derived from a squamous cell carcinoma)
1 h after addition of 2 ng/mL epidermal growth factor (EGF). Images were recorded at 30-sec intervals for 57.5 min
(see Online Movie 1 at http://cshperspectives.cshlp.org). A deformable registration algorithm was used to deter-
mine the direction and speed of keratin motility during this interval (depicted as a vector diagram in B and as a speed
heat map in C; for details, see Moch et al. 2013). These data were then used to map keratin turnover (D), revealing
regions of net assembly (“sources,” red) and net disassembly (“sinks,” blue). The color-coded heat map in D shows
that assembly occurs predominantly in the cell periphery and disassembly predominantly in the central cytoplasm.
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protein kinesin with vimentin, neurofilaments, and pe-
ripherin IF proteins has been proposed on the basis of
immunofluorescence colocalization, coprecipitation, and
kinesin-inhibition experiments (Gyoeva and Gelfand
1991; Prahlad et al. 1998; Yabe et al. 1999; Prahlad et al.
2000; Helfand et al. 2003b). Furthermore, it was shown that
the tail region of the kinesin heavy chain and the kinesin
light chain are needed for IF interactions and these inter-
actions are initiated by detyrosination of tubulin (Liao and
Gundersen 1998; Kreitzer et al. 1999). Postnatal depletion
of the conventional kinesin heavy chain KIF5A results in
neurofilament accumulation in the neuronal cell bodies
(Xia et al. 2003).

Evidence has also been presented for interaction of the
minus end–directed microtubule-dependent motor pro-
tein dynein with vimentin, neurofilaments, and peripherin
(Shah et al. 2000; Helfand et al. 2002; Helfand et al. 2003b).
It was shown that the neurofilament medium (NF-M)
subunit binds directly to the dynein intermediate chain
(Wagner et al. 2004). Dynein and kinesin can either bind
exclusively to their respective cargoes or compete in a “tug-
of-war” for the same cargoes. The latter could be respon-
sible for the intrinsic tension of the IF network, which is
known to retract rapidly in a perinuclear cap on microtu-
bule disruption (Goldman 1971).

An additional function has been proposed for micro-
tubule-dependent motors in IF network biogenesis
(Chang et al. 2006). It has been observed that translation-
ally inactive peripherin messenger RNA (mRNA)-con-
taining particles move along microtubules. Cessation of

movement coincided with initiation of translation. This
process, which is referred to as dynamic cotranslation,
would allow cotranslational IF assembly for local network
reorganization.

A lot less is known about the association of IFs with
actin-dependent motor proteins. Nevertheless, the interac-
tion between neurofilaments and myosin Va has been in-
vestigated in some detail (Rao et al. 2002, 2011) and reveals
that it is mediated primarily through binding of the myosin
head to the neurofilament light (NF-L) rod and is impor-
tant for both neurofilament and myosin expression and
distribution. Moreover, an important function of a kera-
tin–myosin interaction has been recently assigned to the
dissolution of mutant keratin aggregates (Kwan et al. 2015).

6 THE DYNAMICS OF IFs ARE SUBJECT
TO REGULATION

Regulation of IF motility is determined by (1) structural
linkers, (2) signaling pathways, and (3) posttranslational
modification of IF polypeptides.

6.1 Structural Linkers

Linker-mediated attachment of IFs to dynamic structures
results in passive transport, whereas attachment to static
structures results in reduced network motility. Motor pro-
teins are the prototype example of “piggyback” transport-
ers. But other molecular components might also be
relevant. For example, linkage of IFs to either actin fila-
ments or microtubules is known to be mediated by the

N
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Figure 3. Fast and slow transport of intermediate filaments (IFs). The photomicrographs depict part of a living vulva
carcinoma–derived human A431 cell producing fluorescent keratin filaments. (A) Overlay of the recorded phase
contrast and corresponding fluorescence images. Note the dense network in the cell center around the nucleus (N),
which tapers off toward the cell periphery, where only keratin particles are detectable. (B) The fluorescence recorded
in the boxed area in A at two successive time points is shown as an overlay of the fluorescence at 0 sec in green and
20 sec afterward in red. Note that most filaments and particles shifted only slightly toward the cell center (at bottom)
as a consequence of slow, actin-dependent transport. A single particle, however, moved 1.7 mm to the right because
of rapid, microtubule-dependent transport (bracket). Arrows delineate two particles that nucleated de novo from
the soluble keratin pool just before the time points shown here. A longer recording of the boxed area is presented in
Online Movie 2 (see at http://cshperspectives.cshlp.org).
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ubiquitous plakin-domain-containing cytolinker plectin
(Sonnenberg and Liem 2007; Wiche and Winter 2011).
In this way, IF motility could be coupled to actin retrograde
flow and microtubule “treadmilling.” Stabilization of
IFs occurs through anchorage to hemidesmosomal and
desmosomal adhesion sites and the nucleus. These inter-
actions are also facilitated by plakin-domain proteins in-
cluding, in addition to plectin, desmosomal desmoplakin
(Sonnenberg and Liem 2007). Another determinant of IF
motility is cross-linking between the filaments themselves.
Intrinsic factors such as cysteine cross-linking and associ-
ated proteins such as filaggrins contribute to this process
(Listwan and Rothnagel 2004; Feng and Coulombe 2015).
Thus, dense IF bundles in suprabasal keratinocytes and the
tight axonal IF bundles of neurons are presumably very
static cellular components.

6.2 Signaling Pathways

A direct correlation between increased IF motility and sig-
naling has been described for epidermal growth factor
(EGF)-induced keratin network dynamics (Moch et al.
2013). A downstream component might be the Src pro-
tein-tyrosine kinase, which is induced upon wounding
and could help to increase the plasticity of the IF cytoskel-
eton (Rotty and Coulombe 2012). Other pathways that
probably affect IF motility are mediated by stress-induced
mitogen-activated protein kinase (MAPK) (Woll et al.
2007) and small GTPases (Robert et al. 2014).

6.3 Posttranslational Modifications

Posttranslational modification of IF polypeptides has been
the subject of intense research. Interestingly, activation
of signaling pathways accompanies altered IF modifica-
tion. In epithelial cells, for example, growth factor–in-
duced EGF receptor activation and stress-induced MAPK
signaling promote keratin phosphorylation, which coin-
cides with altered network dynamics and modification
(Woll et al. 2007; Moch et al. 2013). In neuronal cells,
phosphorylation has been shown to affect transport effi-
ciency. Phosphorylation of the neurofilament heavy (NF-
H) chain and NF-M chain alters neurofilament association
with kinesin and dynein (Yabe et al. 2000; Jung et al. 2005;
Motil et al. 2006).

Decreased NF-H association with the anterograde
motor kinesin coincides with the appearance of a car-
boxy-terminal phosphoepitope (Yabe et al. 1999) and
correlates with increased NF-H association with the retro-
grade motor dynein (Motil et al. 2006). Furthermore,
phosphoepitopes appear progressively as neurofilaments
are transported from the cell body to the periphery (Nixon

et al. 1994). Mice expressing NF-L with a phosphomimetic
serine-to-aspartate mutation display accumulations of
phosphorylated neurofilaments within cell bodies (Gibb
et al. 1998).

Finally, sumoylation is another IF modification that is
linked to network dynamics. Interference with sumoyla-
tion results in altered network exchange rates and organi-
zation in cultured human cells and in the epidermis of live
Caenorhabditis elegans nematodes (Kaminsky et al. 2009;
Snider et al. 2011).

7 INTRACELLULAR IF MOTILITY IS AN ESSENTIAL
FEATURE OF THE KERATIN TURNOVER CYCLE
IN EPITHELIAL CELLS

It has been shown for epithelial cells that IF network turn-
over continues in the absence of protein biosynthesis
(Kölsch et al. 2010). This turnover occurs in cycles of
multiple assembly–disassembly steps (Kölsch et al. 2010;
Leube et al. 2011; Windoffer et al. 2011). Polymerization
of particles from the soluble pool takes place primarily
in the cell periphery, generating growing filaments that
are integrated into the network. Depolymerization of ma-
ture keratin filaments, in contrast, occurs primarily in
the central cytoplasm, giving rise to soluble and rapidly
diffusible subunits that can be used for another cycle of
assembly and disassembly. Assembly is a complex process
with different intermediates: Nucleation of spheroidal
particles takes place preferentially in the vicinity of focal
adhesions. These particles subsequently elongate into fila-
mentous structures, which can fuse to each other or inte-
grate into the peripheral keratin network. Filaments within
the network form increasingly thicker bundles. These dif-
ferent assembly and maturation processes are coupled to
net movement toward the nucleus. The inward-directed
motility is linked to the presence of actin filaments and
microtubules.

Figure 2 presents an example of a single epithelial cell
producing fluorescent protein–tagged keratin polypep-
tides. Online Movie 1 (see http://cshperspectives.cshlp
.org) highlights the high degree of network dynamics due
to the ongoing keratin turnover cycle. Image-analysis rou-
tines were applied to the images to deduce information on
the direction and speed of keratin motility (Moch et al.
2013). The results were depicted as a vector diagram (Fig.
2B) and as a heatmap with subcellular resolution (Fig. 2C).
The information contained in the images was further used
to calculate the rates of bulk transport. These served as a
basis for the heatmap (Fig. 2D) delineating sources of fluo-
rescence, corresponding to regions of keratin assembly, and
sinks of fluorescence, corresponding to regions of keratin
disassembly.
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8 NEURONAL IF MOTILITY DETERMINES AXONAL
DIAMETER AND SLOW AXONAL TRANSPORT

It is well accepted that the amount of neurofilaments and
the ratio of their three integral polypeptide components—
NF-L, NF-M, and NF-H—determine axonal diameter and,
hence, conduction velocity within these specialized cell
processes (Dale and Garcia 2012). How an even axonal
diameter is maintained over distances of up to 1 m in single
cells, however, is not known. It is a task that requires precise
and cell-specific instructions and regulatory mechanisms.
Although neurofilaments are known to be extremely long-
lived structures, recent observations have shown that they
are subject to continuous turnover all along their axonal
processes (Fig. 4) (Roy et al. 2000; Wang et al. 2000; Brown
et al. 2005). Small particles are added and released from the
bundled filaments. As outlined above, these particles are
transported anterogradely and retrogradely with the help of
kinesin and dynein motors, respectively. The transport of
neurofilament particles is characterized by a stop-and-go

mechanism, whereby short phases of rapid transport are
followed by comparatively long phases of no transport ei-
ther in an “on-track” or an “off-track” state (Brown et al.
2005). The latter is caused by hopping off the microtubule
track. Loss of motor protein binding facilitates alternative
binding of a given IF particle to another type of motor
protein in the next transport cycle, resulting in transport
in the opposite direction. A slight bias of anterograde trans-
port results in the long-known slow axonal transport to-
ward the periphery.

9 IF MOTILITY IS LINKED TO CELL MIGRATION

Mesenchyme-derived vimentin IF–expressing leukocytes
and fibroblasts are specialized for migration. It is therefore
no surprise that key observations in vimentin-free fibro-
blasts concern deficiencies in migration. Recently, vimentin
has been shown to be directly involved in outgrowth of the
lens epithelium in a wound-healing model (Menko et al.

Pausing, off-track

MicrotubuleMicrotubule

Pausing, on-trackRetrograde transport Anterograde transport

Pausing, off-track
Integration/dissociation

Stationary neurofilament bundleStationary neurofilament bundle

Figure 4. Scheme of neuronal intermediate filament (IF) network motility. The diagram depicts neurofilament-
containing IFs (green) and microtubules (red) in a segment of a neuronal axon. Neurofilaments are illustrated as
tight bundles that are interspersed between single microtubules. Small filamentous neurofilament particles of up to
100 mm are continuously released and reincorporated into the bundled IFs. These short IF-like particles can
associate with either minus end–directed dynein or plus end–directed kinesin motors to be transported along
microtubules in opposite directions. Both types of transport are discontinuous, with long pauses either in an on-
track or off-track fashion. Taken together, an overall slow transport is attained, with a net movement toward the
microtubule plus end.
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2014). Mechanistically, it is not clear how this is accom-
plished. But vimentin network retraction is linked to la-
mellipodia formation in murine fibroblasts. The retraction
of vimentin filaments can be induced in serum-starved cells
by addition of serum and by local activation of small
GTPases, coincident with phosphorylation of vimentin
(Helfand et al. 2011). Regulation of GTPase activity has
also been shown to affect microtubule-dependent trans-
port of vimentin assembly intermediates (Robert et al.
2014). The above-mentioned binding of APC to vimentin
in migrating cells, which presumably promotes vimentin
polymerization (Sakamoto et al. 2013), is another factor in
this scenario. Whether microtubules push the vimentin
network forward, or vice versa, needs to be examined. In
addition, cross talk between the vimentin filament system
and focal adhesions further contributes to cell migration
(Gregor et al. 2014). Transendothelial migration of vimen-
tin-positive cells, which can occur either between endothe-
lial cells or directly through the endothelial cytoplasm,

requires additional directional cues to guide and relocate
the vimentin network (Nieminen et al. 2006).

EGF is known to induce increased motility in epithelial
cells and to alter the architecture of cytoskeletal networks
(Fig. 5). It has recently been shown that EGF increases the
inward-directed motility of the keratin network and results
in increased keratin network turnover (Moch et al. 2013).
This is also coupled to increased phosphorylation of kera-
tins. How these different phenomena are connected to cell
migration remains to be established.

10 STRESS INDUCES ALTERATIONS IN IF MOTILITY

The IF network acts as a major stress protector against
various types of insult. In epithelial cells, stress-induced
p38 MAPK activation has been shown to affect the dynam-
ics of keratin networks. Inhibition of p38 MAPK prevents
keratin nucleation and disassembly, thereby leading to in-
creased network stabilization (Woll et al. 2007). In contrast,
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Figure 5. Schematic of the polarized cytoskeletal network in a migrating epithelial cell. Cell migration requires
cellular polarization, resulting in a leading edge (top) and trailing edge (bottom). It requires the concerted action of
all major cytoskeletal filament systems and is closely linked to extracellular matrix adhesion sites. At the leading edge,
branched actin filaments (1) are involved in the protrusion of the lamellum, where nascent focal complexes (2)
mature into focal adhesions (3). The latter are linked to actin- and myosin-containing ventral stress fibers (4), which
traverse the cell body toward the rear, and dorsal stress fibers (5) that are connected by transverse arcs (6). Micro-
tubules (7), which originate from the microtubule-organizing center (8), extend with their plus ends into the
lamellum. The epithelial keratin intermediate filaments (IFs) nucleate preferentially in the vicinity of focal adhe-
sions, where elongating keratin particles appear (9) that are transported toward the cell interior and integrate into
the peripheral network (10), resulting in network extension toward the leading edge. The keratin network presents
bundled filaments in the central cytoplasm (11) and surrounds the nucleus as a cage-like structure (12).
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increased p38 MAPK activity results in the formation of
motile keratin aggregates. These aggregates and similar ag-
gregates, which are generated in certain stress situations
during mitosis and upon expression of mutant keratins,
contain activated p38 MAPK (Woll et al. 2007).

The complex interaction between IF motility, signaling
pathways, and cell stress is highlighted during nerve injury
(Perlson et al. 2005). It has been reported that an axonal
lesion induces local synthesis of soluble vimentin, which is
used to transport activated phosphorylated extracellular
signal-regulated kinases (pERKs) retrogradely to the cell
body by direct interaction with the dynein complex. The
reduced Ca2+ concentration in the cell body then leads to
dissociation of pERKs from vimentin to target downstream
effectors in the cell body and nucleus.

Comparatively little is known about IF network dy-
namics and microbial infections (Geisler and Leube
2016). A fascinating situation, however, is encountered
during infection with enteropathogenic Escherichia coli.
The extracellular bacteria induce the formation of actin-
rich pedestals in the cytoplasm of the intestinal cells un-
derneath the bacteria. It has been shown that keratins are
recruited by a translocated bacterial adaptor protein to
facilitate actin reorganization in newly forming pedestals
(Batchelor et al. 2004). Papilloma virus infection of epithe-
lial cells provides another example of infection-induced
altered IF network dynamics. In this case, HPV16 E1^E4
protein has been reported to induce keratin network reor-
ganization accompanied by keratin hyperphosphorylation
and drastic reduction of keratin motility (McIntosh et al.
2010).

11 DISTURBANCES OF INTRACELLULAR IF
MOTILITY ARE LINKED TO DISEASE

A consequence of perturbed IF motility is dysfunctional
network formation and local accumulation of mistargeted
proteins. Thus, IF-containing cytoplasmic aggregates have
been observed in many diseases, including liver cirrhosis,
neurodegeneration, giant axonal neuropathy, glial Alexan-
der disease, and myopathies (Goebel 2003; Liem and
Messing 2009; Strnad et al. 2013). In agreement with this
concept, mice overexpressing the p50/dynamitin subunit
of dynactin, which interferes with dynein function, develop
motor neuron disease, which is characterized by axonal
neurofilament accumulations (LaMonte et al. 2002).

12 CONCLUSION

IF motility is integral to homeostatic cell function and is
key to cellular plasticity. Cell type– and context-dependent
fine-tuning of IF motility is reflected by multimodality,

complex interactions with structural cell components,
and regulation by multiple signaling pathways. The current
challenge is to correlate these different processes with de-
fined molecular events.
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