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It took more than 100 years before it was established that the proteins that form intermediate filaments (IFs) com-
prise a unified protein family, the members of which are ubiquitous in virtually all differentiated cells and present
both in the cytoplasm and in the nucleus. However, during the past 2 decades, knowledge regarding the functions
of these structures has been expanding rapidly. Many disease-related roles of IFs have been revealed. In some cases,
the molecular mechanisms underlying these diseases reflect disturbances in the functions traditionally assigned to
IFs, i.e., maintenance of structural and mechanical integrity of cells and tissues. However, many disease conditions
seem to link to the nonmechanical functions of IFs, many of which have been defined only in the past few years.

Introduction

Intermediate filaments (IFs) represent one of the main cytoskeletal
systems found in virtually all vertebrate cells. Depending upon the
cell type, IFs are composed of different members of the cytoskeletal
IF protein family (Figure 1). IF proteins are also present in the nucle-
us, where they are the main components of the nucleoskeleton.

In this Review we present a historical overview of the discovery
and characterization of cytoplasmic and nuclear IFs. Furthermore,
we explore many of the features of cytoplasmic IFs that underlie
their relevance to disease (Table 1), including their dynamic propet-
ties and participation in cytoskeletal crosstalk as well as their roles
in signaling, mechanical stabilization, and motility. Although IFs
have been studied in various species, such as squid, Xenopus laevis,
and Caenorhabditis elegans, we focus here mainly on data obtained
from studies in mammalian systems.

Historical overview of IFs

Early difficulties in the recognition of IFs as a distinct cytoskeletal system.
Retrospectively, the first observations of IFs were made by cytolo-
gists and histologists during the period when silver staining
was used to generate contrast for observations with bright-field
microscopy. For example, the structures called tonofibrils that
were described in various silver-stained epithelial tissues (1) were
likely the same tonofibrils described much later with antibodies
directed against keratin (2) and that we now know are composed
of densely packed bundles of IFs (see below).

Interest in the composition of natural fibers also stimulated
early studies of IFs, which began with X-ray diffraction analyses of
human hair, sheep wool, and porcupine quills (3). These studies led
to the first descriptions of the a-type diffraction patterns generated
by keratin IFs. Subsequently, these patterns were shown to repre-
sent coiled/coil interactions of 2 or more a-helical proteins (4). EM
studies provided the first ultrastructural details of bundles of IFs
(tonofibrils) in thin sections of wool, hair, and various epithelial
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cells, including epidermal keratinocytes (5). Over the next 20 years
or so, EM revealed fibers with an average diameter of approximately
10 nm in many cell types — including those comprising skeletal,
smooth, and cardiac muscle; those forming epithelial tissues, such
as the epidermis; and those found in nerve tissue — as well as in
cultured cells such as fibroblasts (6-11). During this period, 10-nm
filaments were given many different names, including square fila-
ments, round filaments, neurofilaments, and f filaments (12).

In addition to the variety of names, alternate hypotheses regard-
ing the origins of the 10-nm filaments delayed the recognition of
IFs as a unique protein family. For example, it was suggested that
IFs were an alternately assembled form of microtubules (MTs). This
idea arose from EM observations that MT inhibitors, such as colchi-
cine and colcemid, apparently increased the number of 10-nm fila-
ments coincident with MT depolymerization (13, 14). However, we
now know that after MT depolymerization, some types of IFs retract
from the cell surface and reorganize into large bundles around the
nucleus (8, 9, 15, 16). At the time, it was suggested that the IFs
within the bundles were another polymerized form of tubulin (13,
14). Further confusion regarding the differences between IFs and
MTs stemmed from the fact that the major IF protein in fibroblasts,
vimentin, has a molecular weight similar to that of tubulin, which
made them difficult to separate by gel electrophoresis (17, 18). In
addition, it was even considered for a brief period that IFs contained
a microfilament core (19, 20). However, Ishikawa et al. suggested
that the 10-nm filaments they observed in cells from developing
muscle might represent a distinct class of cytoskeletal structures,
which they called intermediate-sized filaments (7). This suggestion was
supported by other studies in nonmuscle cells (8).

By the mid- to late 1970s, several different types of IFs had been
isolated, solubilized, and purified by cycles of assembly and disas-
sembly in vitro (21-23). These studies took advantage of the unique
properties of IFs, namely, that they are insoluble under physiologi-
cal conditions and are able to repolymerize after disassembly into
their subunits under conditions that would irreversibly denature
many proteins. Furthermore, in contrast to actin and tubulin, IFs
do not require nucleoside triphosphates such as ATP or GTP for
assembly, but rather self assemble under very simple conditions.

Classifying IFs. IFs all share a common tripartite structure, con-
sisting of a highly conserved central a-helical rod domain and
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Table 1

Diseases associated with mutations in IF proteins

IF

Types land II
Acidic and neutral-basic keratins (129)

Examples of diseases

Epidermolysis bullosa simplex; epidermolytic hyperkeratosis;
Meesman corneal dystrophy; monilethrix; keratodermas;
oral white sponge nevus; pachyonychia congenita;

closely associated with the inner
nuclear membrane. This layer was
originally described in ultrastruc-
tural studies of the protozoans
Amoeba proteus (28, 29) and Gregari-
na melanoplus (30), as well as in neu-
rons of the leech Hirudo medicinalis
(31, 32), and often appeared to have

pseudofolliculitis barbae; steatocystoma multiplex

Type llI
Desmin (129)

Desmin-related myopathy; dilated cardiomyopathy 1A;
dilated cardiomyopathy with conduction system deficits;

a honeycomb structure. The first
descriptions of a fibrous lamina
in vertebrate cells came from EM
observations of smooth muscle cells

desmin-related limb-girdle muscular dystrophy; distal

myopathy; scapuloperoneal syndrome type Kaeser

GFAP (89, 129)

Peripherin (129)

Vimentin (130)

Type IV

Neurofilaments (NF-L, -M, and -H) (129)

Alexander disease

Dominant cataract

Type V
A-type lamins (43, 61, 62)

B-type lamins (61, 62)

Type VI

Bfsp1 (filensin) (129)

Bfsp2 (phakinin or CP49) (129)

Autosomal-dominant cataract
Autosomal-recessive cataract

Accumulations of IF proteins have also been described as pathological hallmarks associated with diseases
not listed here, such as the keratin-containing Mallory-Denk bodies characteristic of alcoholic cirrhosis and

other liver disorders. Bfsp, beaded filament structural protein.

variable N-terminal head and C-terminal tail domains (Figure
1A). As IF research progressed, it became evident that different
cell types possessed different types of cytoskeletal IF proteins
(24). For instance, epithelial cells contain mainly keratins; mus-
cle cells, desmin; mesenchymal cells, vimentin; and neurons, neu-
rofilaments (Figure 1B). It also became apparent that some cell
types express more than one IF protein (Figure 2), and that the
expression of IF proteins is frequently developmentally regulated
(e.g., vimentin is detected in early developing muscle, but not in
terminally differentiated muscle; refs. 25, 26). Because of this,
classifying IFs based on cell type-specific expression patterns
was difficult. Eventually, similarities in the a-helical rod domain
sequences and assembly properties of the large number of differ-
ent keratin proteins prompted the classification of cytoskeletal
IFs into 4 major types according to central rod domain amino
acid sequences, net acidic charge, and secondary structure pre-
dictions (27). According to this classification, type I cytoskeletal
IF proteins are the acidic keratin proteins, and type II cytoskel-
etal IF proteins are the neutral-basic keratin proteins. At least
one type I keratin and one type II keratin are needed to form
heteropolymeric keratin IFs. Type III IF proteins, which include
vimentin and desmin, can form homopolymeric IFs as well as
heteropolymeric IFs in combination with other type III or type
IV IFs. The type IV IF proteins include nestin, synemin, and the
neurofilament triplet proteins.

Type V IFs: the nuclear lamins. The nuclear lamins are the major
components of a filamentous layer, the nuclear lamina, that is
1764
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Amyotrophic lateral sclerosis 1

Various Charcot-Marie-Tooth diseases; Parkinson disease;
amyotrophic lateral sclerosis 1; neuronal IF inclusion disease

Hutchinson-Gilford progeria syndrome; atypical Werner
syndrome; dilated cardiomyopathy 1A; familial partial
lipodystrophy; limb-girdle muscular dystrophy; Charcot-
Marie-Tooth disorder type 2B1; mandibuloacral dysplasia;
Emery-Dreifuss muscular dystrophy; restrictive dermopathy
Acquired partial lipodystrophy; adult-onset leukodystrophy
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obtained from the guinea pig epi-
didymis, intestinal epithelial cells
from the Congo eel, and interstitial
cells from the cat (33). These stud-
ies revealed a 15- to 20-nm fibrous
lamina between the inner nuclear
membrane and the underlying
peripheral heterochromatin. Several
other laboratories described a simi-
lar structure, which became known
as the nuclear lamina, in various cell
types and species (34, 35). Isolation
of whole nuclei and of nuclear frac-
tions resistant to detergent and high
salt (termed lamina/pore complex
fractions) from rat liver revealed
the close association of the nuclear
lamina with heterochromatin and
nuclear pore complexes (36-38).
These cell-free preparations also
revealed that the nuclear lamina is
persistent throughout the entire nuclear periphery as a 15-nm
layer (37, 38), as had been observed in situ (33, 35).

Biochemical analyses revealed that the lamina/pore complex
fractions isolated from rat liver contained 3 major polypeptides
of approximately 60-70 kDa (37-39). Further biochemical char-
acterization of these proteins, eventually named lamins A, B,
and C according to their descending weights (40), revealed that
they were closely related structurally, with lamins A and C shar-
ing extensive sequence homology (41, 42). This latter finding
suggested that lamin C might be a cleavage product of lamin A
(41). However, later studies showed that lamins A and C are
encoded by different mRNAs, although they are derived from a
single gene (LMNA) by alternative splicing (reviewed in ref. 43).
Furthermore, it was discovered that lamin A is first expressed
as a precursor protein (pre-lamin A), which is posttranslation-
ally processed to become mature lamin A (reviewed in ref. 44).
With respect to lamin B, it was shown that in vertebrate somatic
cells, there are 2 isoforms, lamin B1 and lamin B2, encoded by
different genes (43). Similar to lamin A, lamins B1 and B2 are
synthesized as precursors and subsequently modified into their
mature forms (44). Besides lamins A, C, B1, and B2, other, less
abundant, lamin isoforms (lamins AA10, C2, and B3) have been
described (43). Although at least one lamin isoform appears
to be present in all metazoan cells, lamins, at least as we have
defined them, seem to be absent from unicellular organisms and
from plants (reviewed in refs. 45, 46). It is also of interest to
note that comparison of the gene structures of lamin genes and
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genes encoding cytoplasmic IFs suggests that all IF proteins are
derived from a lamin-like progenitor (47, 48).

Early cross-linking experiments showed that the nuclear lamins
can form oligomeric structures (42, 49). Even before the nucle-
ar lamins were recognized as members of the IF protein family,
sucrose-gradient density centrifugation and gel-filtration analy-
ses of solubilized fractions of nuclear lamina preparations led to
the hypothesis that the basic building blocks of lamin structures
were rod-shaped dimers (50). This was supported 3 years later by
the finding that lamins belong to the IF protein family, most of
which are assembled from rod-shaped, parallel, and in-register
dimers (51-55). Because of structural differences between the rod
domains of lamins and those of cytoplasmic IF, lamins were desig-
nated as type V IF proteins (27, 55).

The generation of distinct antibodies specific for each of the lam-
ins led to the observation that lamins A, B, and Clocalize mainly to

K18
.

Vimentin
.

Figure 2
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Figure 1

Overview of the IF protein family. (A) All IF proteins share a tripartite
domain structure consisting of a highly conserved a-helical central
rod domain flanked by variable N-terminal head and C-terminal tail
domains. (B) Based on central rod domain amino acid sequences,
net acidic charge, and secondary structure predictions, cytoskeletal IF
proteins were grouped into 4 sequence homology classes (types I-1V).
Nuclear IF proteins, the lamins, constitute a fifth class. The sixth class
of IF proteins (also referred to as orphans), beaded filament structural
protein 1 (Bfsp1; also known as filensin) and Bfsp2 (also known as
phakinin and CP49), form highly specialized IFs found only in the lens
of the eye. Based on their abilities to copolymerize, the IF proteins of
the 6 types are further subdivided into assembly groups 1-3. NFL,
NFM, NFH, low—, middle—, and high—molecular weight neurofilament
subunits, respectively.

the periphery of interphase nuclei (Figure 3) and that the nuclear
lamina is reversibly disassembled during mitosis (40, 56, 57). Fur-
ther studies revealed that the disassembly of the nuclear lamina
during mitosis requires the phosphorylation of lamins at specific
sites by several kinases, including p34<i< (reviewed in ref. 58).

Little is known about the actual structure of the nuclear lamina
and of lamins in an intact nucleus. Early EM studies of the nuclear
lamina of germinal vesicles from Xenopus oocytes revealed an orthog-
onal network of regularly spaced 10- to 15-nm fibers (51), whereas
in mammalian cells, only irregular filamentous meshworks have
been observed (59, 60). Besides their presence at the nuclear periph-
ery, lamins have also been described in the nucleoplasm (Figure 3)
(reviewed in ref. 61). Beginning in 1994, a series of studies demon-
strated roles for lamins in DNA replication, DNA transcription,
DNA repair, cell signaling, cell proliferation, and cell differentiation
as well as in the structural, functional, and epigenetic organization
of chromatin (61). Furthermore, it has recently been revealed that
mutations in LMNA are associated with many different diseases
(Table 1) (reviewed in ref. 62). The diversity of lamin-associated pro-
cesses suggests that the lamins are major components of a nuclear
structural framework necessary for the assembly of multiprotein
complexes involved in various nuclear functions.

A turning point in IF research:

IFs are dynamic cytoarchitectural elements

With the generation of specific antibodies and the widespread use
of immunofluorescence, it soon became obvious that cytoskeletal
IF networks formed extensive, complex arrays that pervaded most

Overlay

Coexistence of distinct keratin and vimentin IFs in an individual cell. Human alveolar carcinoma cells were processed for immunofluorescence
using antibodies against K18 (A) and vimentin (B). (C) Merged image of A and B. (D) Phase contrast image. Scale bar: 10 uM.
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Lamin B1 Lamins A/C

Figure 3

Overlay

Lamin localization at the nuclear periphery and within the nucleoplasm. Human dermal fibroblasts were processed for indirectimmunofluorescence
using antibodies against lamins B1 (A) and A/C (B). (C) Differential interference contrast (DIC) image of the cell, shown to visualize the nucleus.

(D) Merged image. Scale bar: 10 uM.

of the cytoplasm of cultured cells (17, 24). These IF networks were
presumed by numerous investigators to be static, an assumption
based on the finding that after extraction of cells in solutions con-
taining relatively high concentrations of salts and detergents, IFs
are retained, while most other cellular proteins (including tubu-
lin and actin) are extracted (17). In addition, there are relatively
small pools of cytosolic soluble IF proteins (63), which suggested
to some that there is very little subunit exchange within IFs.
However, beginning in the late 1980s, studies revealed that
ectopically expressed keratin and vimentin readily became incor-
porated into endogenous IFs through a process termed dynamic
subunit exchange (64, 65). Similar results were obtained when IF
proteins were microinjected into cultured cells (66, 67). Soon after,
advances in live cell imaging technology permitted assays of IF
subunit exchange in vivo using fluorescence recovery after photo-
bleaching (FRAP; refs. 68-70). The results of these FRAP studies
confirmed that subunit exchange took place all along the length of
vimentin and keratin IFs (Figure 4), providing evidence that they
are apolar in vivo. Subsequent studies have demonstrated specific
phosphorylation sites that are involved in regulating the dynamic
exchange of subunits (reviewed in refs. 71, 72). The phosphate turn-
over maintaining this dynamic exchange is driven by a high protein
phosphatase activity on IFs, something that is also necessary for
maintaining the structural integrity of IF polymers (73, 74). Fur-
ther evidence supporting the dynamic properties of IFs have been
derived from observations of mesenchymal cells treated with MT-
depolymerizing drugs such as colchicine. As MTs disappear, IFs
move toward the center of the cell, where they form a perinuclear
cap (8,9, 15, 16). There is also evidence showing that this colchi-
cine-induced IF reorganization requires ATP and microfilaments,
which suggests that it is driven by molecular motors (75-77). The
redistribution of IFs from a perinuclear cap into the cytoplasmic
extensions that form in spreading fibroblasts also suggested early
on that IFs are involved in spreading and shape formation (9).
With the use of GFP fusion proteins as reporters for time-lapse
observations, it has been shown that individual IFs change shape
and propagate wave forms along their lengths (69, 70, 78). Mea-
suring the rate of subunit turnover on adjacent fibrils in FRAP
experiments revealed that filaments move at different speeds rela-
tive to each other (69, 70). Subunit exchange as well as changes
in IF shape require energy, intact MTs, and intact microfilaments
(69, 70, 78-80). Furthermore, the translocation of vimentin IFs is
dependent on the MT-based molecular motors kinesin and dynein
(80-82). These results confirmed that IFs are highly dynamic struc-
1766
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tures and brought into focus a new level of functional and regula-
tory capacity, discussed below (see The switch in the IF paradigm: from
structural proteins to multifunctional organizers of cellular processes).

Beginning in the late 1980s and early 1990s, cytoskeletal IF pro-
teins were shown to exist in nonfilamentous forms and in IFs of
different lengths. This was especially evident in mitotic cells, in
which different types of IFs disassembled into nonfilamentous
aggregates that were dispersed throughout the cytoplasm (83-85).
Similar nonfilamentous keratin and vimentin particles were seen
immediately following their microinjection into cells. At longer
times after microinjection, fewer IF particles were seen, and short
IFs emerged as particles were incorporated into the endogenous
IF network, further demonstrating the dynamic nature of IFs
with respect to subunit incorporation (67, 68). Direct observa-
tions of these different forms of IF were also seen in cells trans-
fected with GFP-tagged IF proteins (69, 70, 80, 86, 87). In the
early stages of spreading, fibroblasts contain numerous nonfila-
mentous vimentin particles; these appear to form short IFs, also
called squiggles, which then anneal to form long IFs (80). In epithe-
lial cells, keratin also forms particles and squiggles (70, 78, 87).
Many of the vimentin particles and squiggles move rapidly in the
cytoplasm, at speeds up to 3 wm/s, whereas keratin particles and
squiggles move at much slower speeds (approximately 0.3 um/s;
refs. 69, 87). The movements of the various forms of vimentin
and keratin depend on MTs and microfilaments and their asso-
ciated motors (70, 80, 82, 87), which suggests that IFs may be
important mediators of crosstalk among all 3 cytoskeletal sys-
tems. Crosstalk among IFs, MTs, and/or microfilaments is also
mediated by linker proteins, such as plectin, which can bind to
multiple cytoskeletal systems (reviewed in ref. 88). In addition to
molecular motors and linker proteins, numerous other proteins
have been found to interact with IFs, many of which have well-
described functions in distinct cellular processes.

The switch in the IF paradigm: from structural proteins
to multifunctional organizers of cellular processes
Although it was clear from the above-mentioned studies that,
similar to the other cytoskeletal elements, IFs are highly dynamic
structures, the prevailing view of IFs during the 1990s was still that
their role was primarily to maintain the structural and mechanical
integrity of cells. However, this view began to change, especially
with the realization that many of the diseases associated with
mutations in the genes encoding IF proteins and aberrations in
IF proteins could not easily be related to structural functions,
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Vimentin subunit exchange as determined by FRAP. After photobleaching (post-bleach, shown by the dark area), the exchange of GFP-tagged
vimentin protein subunits within IFs occurs over the length of the bleached zone. Scale bar: 10 uM.

but rather pointed toward involvement in a broader spectrum of
functions, such as organizing cytoplasmic architecture, signaling,
and/or regulating transcription (Table 1). This more recent per-
ception is strongly supported by results obtained from studies of
laminopathies, a group of diseases resulting from mutations in
the genes encoding nuclear lamins. Individuals with these muta-
tions exhibit a broad range of symptoms, from metabolic distur-
bances to rapidly accelerated aging in children (62). A dramatic
example is Alexander disease, which is a rare, neurodegenerative
disorder harming the growth of the myelin sheath (89). It is caused
by mutations in glial fibrillary acidic protein (GFAP) and charac-
terized by the formation of cytoplasmic GFAP inclusions, termed
Rosenthal fibers, in astrocytes. Alterations of the myelin sheath
have been suggested to result from the astrocyte dysfunction and
disturbed interactions between astrocytes and other specialized
brain cells (89). Furthermore, the role of IFs in maintaining cel-
lular homeostasis has been well exemplified by numerous studies
revealing that mutations in keratin 8 (K8) or K18 cause or predis-
pose to various liver diseases (90). Cytoprotective, nonmechanical
functions of keratins include protection from apoptosis.
Vimentin is the major IF protein found in mesenchymal cells. It
is familiar to many researchers, as it is frequently used as a devel-
opmental marker of cells and tissues. The advances in cell biol-
ogy research on vimentin are an example of how the knowledge of
novel IF functions has evolved. Vimentin shows a very high degree
of sequence homology among species (91, 92), implying important
and evolutionary conserved physiological roles. However, until
recently, the functions of this IF protein remained elusive, as the
phenotype of vimentin-deficient mice seemed to be relatively mild
(93). More recently, detailed analyses of these mice have revealed
significant defects pointing to involvement of vimentin in several
cellular functions, including regulation of the morphology of glial
cells (94). In addition, vimentin-knockout fibroblasts have defi-
ciencies in motility and directional migration that affect wound
healing and fibroblast migration (95, 96). Vimentin also has a role
in the mechanotransduction of shear stress, as reflected by effects
on the resistance of arteries (97). Furthermore, the homing, trans-
migration, and extravasation of lymphocytes and the integrity of
the vascular endothelium are severely affected by a lack of vimen-
tin (98). Subsequent studies shed light on the molecular mecha-
nisms underlying these vimentin-related defects, as vimentin has
been shown to participate in a number of critical cellular processes
related to the organization and regulation of proteins involved in
adhesion, migration, and cell signaling. These functions explain
well the observed defects in vimentin-deficient mice. These and
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other novel functions of IFs are further highlighted here: the
examples below are not intended to be comprehensive, but rather
present illustrative models of how IFs may function in regulating
cellular functions and signal processing (for details on the signal-
ing-related functions of IFs, see refs. 71,99-102).

IFs as signaling organizers. There is now ample evidence that IFs
can act as a scaffold for and as functional determinants of signal-
ing molecules, such as kinases (71, 99-102). In many cases, post-
translational modifications by phosphorylation or glycosylation
act as regulators of the [F-related signaling functions, as they regu-
late IF interactions with individual signaling proteins and affect
the dynamic properties of the IFs, which in turn has an effect on
these interactions (71, 100, 102).

An example of an IF-kinase interaction is the interaction of
vimentin with the RAF-1/RhoA signaling pathway (103, 104),
which, through Rho-binding kinases (ROKs), is involved in medi-
ating actin dynamics and focal adhesion formation (105). Acti-
vated ROKa phosphorylates vimentin, which leads to filament
collapse and consequent release of ROKa from the vimentin IFs
and its translocation to the periphery of the cell (106). Thus, the
presence and organization of vimentin affects the outcome of
RhoA-mediated signaling.

The cytoprotective effects of IFs are related to their mechanical
properties. However, cytoprotection may also stem from the capac-
ity of IFs to interact with signaling pathways involved in determin-
ing cell survival. For example, the IF protein nestin forms a scaf-
fold with cyclin-dependent kinase 5 (CdkS5; ref. 107). In this way,
nestin regulates the apoptosis-inducing activity of CdkS5 during
oxidant-induced cell death (108). This function could be related
to a cytoprotective role for nestin in asymmetric cell division of
neuronal stem cells, during which one daughter cell survives and
the other undergoes apoptosis. The surviving daughter cell has
high nestin content, in contrast to the apoptotic cell, which is low
in nestin content but has large amounts of the proapoptotic pro-
tein Par-4 (109). Similarly, K8 sequesters the proapoptotic protein
JNK after death receptor stimulation (110). This interaction seems
to prevent JNK from phosphorylating proapoptotic transcription
factor targets, as c-Jun phosphorylation was clearly shown to be
reduced under these conditions (110).

IFs may also regulate survival signaling by transport of stress-
induced signaling molecules. This functional modality does not
require polymer structures, but relies upon nonfilamentous IF
precursors. It has been shown that vimentin IF precursors are
able to travel along MTs with the help of kinesin and dynein
motor proteins, transporting cellular cargo by “walking” on MT
Volume 119 1767
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tracks (reviewed in ref. 111); moreover, these precursors carry
along signaling molecules critical for survival processes. This
transport mechanism is activated upon nerve injury, when solu-
ble vimentin subunits transport phosphorylated ERK1 and ERK2
from the site of the axonal lesion to the nerve cell body (112).
Phosphorylated ERK1/2 is linked by means of vimentin to the
nuclear import factor importin, which complexes with dynein
and is thereby subjected to dynein-mediated retrograde transport
toward the nucleus. This is thought to be a prime reason for the
elevated vimentin levels observed specifically in injured neurons
(112), as vimentin is then used as a long-distance messenger for
the stress-mediated signaling.

In addition to the regulation of the cytoplasmic signaling com-
ponents associated with cell death and/or survival, IFs can influ-
ence cell fate by directly controlling death receptor complexes. In
particular, K8/K18 filaments have been described to protect liver
hepatocytes during apoptosis-promoting stress conditions, either
by regulating the targeting of death receptors at the cell surface
(120) or by controlling the formation of the death-inducing signal-
ing complex (DISC) through protein sequestration and thereby
controlling downstream signaling (113-115). A similar regulatory
role based on the sequestration of DISC components has been sug-
gested for hair follicle K17 in the modulation of TNF-a. signaling
(116). The importance of IFs has been also observed downstream
in death receptor pathways, since keratins have been suggested to
form platforms for caspase activation, to limit the intracellular
distribution of active caspases (117), and to regulate the ability
of death receptor-associated proteins to activate survival-related
signaling pathways (118).

Members of the 14-3-3 protein family typically modulate the
functions of signaling proteins through direct phosphorylation-
dependent interactions. IFs have been suggested to have a num-
ber of roles in regulating 14-3-3 functions. For example, selective
phosphorylation of K18 Ser33 during mitosis promotes the inter-
action between 14-3-3C and K18, thereby changing K18 organiza-
tion and distribution (119, 120). Absence of K8, and thereby loss
of K8/K18 IFs, shifts 14-3-3C distribution toward accumulation in
the nucleus, arresting cells in S/G, phase. The K18/14-3-3 interac-
tion seems to regulate 14-3-3 binding to phosphorylated Cdc25,
a crucial mitotic checkpoint regulator. Cdc25 — the main func-
tion of which is to remove the inhibitory phosphate residues from
target cyclin-dependent kinases and thereby regulate progression
of the cell cycle — can be suppressed by interaction with 14-3-3,
which prohibits Cdc25 from interacting with its specific cyclin-
dependent kinase. Whether 14-3-3 is bound to K18 affects the abil-
ity of 14-3-3 to interact with Cdc25. This implies that the keratin
network has the capacity to prevent uncontrolled and potentially
harmful 14-3-3 interactions (121).

Another intriguing example of IF/14-3-3 interactions is the
interaction between K17 and 14-3-30. Cell growth requires strict
orchestration during development and in response to various inju-
ries. K17, an IF protein rapidly induced in wounded stratified epi-
thelia, has been shown to regulate cell growth through binding to
14-3-30. The interaction with K17 regulates the Akt/mammalian
target of rapamycin (Akt/mTOR) signaling pathway, which is key
in the control of protein synthesis and thereby the growth of cells,
tissues, and organisms (122). These findings revealed an interest-
ing feedback loop between a wound-induced IF and a signaling
pathway that regulates cell growth and size by controlling protein
synthesis during the healing process.
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IFs as buffers of cellular stress. Beyond their roles in maintaining
cell integrity and serving as regulators for stress-activated kinases,
IFs have been assigned roles as stress proteins. For example, K8
and K18 are phosphorylated during different forms of cell stress
(reviewed in ref. 100). It has been shown that the K18 Ser52—
Ala52 (S52A) mutation, which makes this residue phosphoryla-
tion deficient, predisposes transgenic mice to hepatotoxic injury,
leading to the postulation that this keratin phosphorylation hasa
hepatoprotective effect (123). The idea of protective keratin phos-
phorylation was recently shown to be applicable in the context of
the human liver disease-associated mutation K8 Gly61—Cys61
(G61C; ref. 124). Transgenic mice overexpressing K8 with this
mutation were more sensitive to liver injury and apoptosis than
were wild-type mice (124). Interestingly, the G61C mutation inhib-
ited K8 phosphorylation at Ser73, which is targeted by stress-acti-
vated protein kinases, such as p38 kinase and JNK (124). Although
the susceptibility to injury of mice overexpressing a Ser73—Ala73
(S73A) mutant was the same as that of mice overexpressing the
G61C mutant, it was concluded that keratins protect tissues from
injuries by serving as a phosphate “sponge” that absorbs stress-
induced kinase activity (124). The amino acid sequence surround-
ing Ser73 in K8 resembles phosphorylation motifs found in other
type II keratins that become phosphorylated during stress (125),
which indicates that this type of phosphate buffering could be a
general phenomenon of type II keratins (124).

IFs and migration. Focal contacts participate in the movement
of cells on a substratum. While focal contacts are considered to
anchor actin filaments, vimentin has also been reported to accu-
mulate at adhesion sites at focal adhesions (126). These struc-
tures are termed vimentin-associated matrix adhesions (VMAs).
Because VMAs assemble in actively migrating cells, it has been
suggested that they support motility (126). The architecture of
focal contacts is disturbed in vimentin-deficient fibroblasts (96),
which supports a role for vimentin in regulating focal adhesions.
Further support of this role came from the demonstration that
the vimentin cytoskeleton regulates focal contact size and helps
to stabilize cell-ECM adhesions in endothelial cells (127). Inter-
estingly, the transcellular migration of lymphocytes through
vimentin-deficient endothelial cell barriers is severely impaired
when endothelial cells or lymphocytes lack vimentin. It was
shown that this effect was due to the disturbed distribution of
adhesion molecules (integrin f; in lymphocytes and both ICAM1
and VCAM1 in endothelial cells) in the vimentin-deficient cells
(98). Interestingly, vimentin is thought to be an important orga-
nizer of integrins, as it participates in the PKCe-mediated traf-
ficking of integrins to the plasma membrane. In this way, vimen-
tin modulates cell motility that is dependent on the cycling of
adhesion site proteins (128).

Conclusions
The literature reveals very early published descriptions of IFs, but it
took a long time for the realization that this is a very large family of
proteins with highly conserved common structural and biochemi-
cal features that determine their assembly into polymers. After the
paradigm of IFs as a unified protein family was established, it still
took many years before it was realized that these proteins form
highly dynamic structures in the same way that other cytoskeletal
elements do. Recent developments have shed light on numerous
disease-related functions of IFs, many of which are likely to be
associated with their nonmechanical functions (Table 1). These
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broad-ranging, previously unknown functions of cytoplasmic IF
proteins all relate to the capacity of IFs to actively sequester, posi-
tion, or act as scaffolds for signaling molecules, including develop-
mentally active and cell fate-determining kinases. The interaction
with stress-activated kinases also makes them highly suitable to
act as phosphate sponges in stressed cells. IFs are in rich supply
in most cells, making them efficient both as stress buffers and as

signaling scaffolds, even for high-abundance signaling molecules

such as 14-3-3. While the knowledge of the functions of these pro-
teins has rapidly accumulated during the past 2 decades, it seems
more than likely that many important functions of IFs are yet to be
discovered. In light of the numerous recently discovered signaling-
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