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Intermediate filaments (IFs) are composed of one or more
members of a large family of cytoskeletal proteins, whose
expression is cell- and tissue type-specific. Their importance in
regulating the physiological properties of cells is becoming
widely recognized in functions ranging from cell motility to sig-
nal transduction. IF proteins assemble into nanoscale biopoly-
mers with unique strain-hardening properties that are related to
their roles in regulating the mechanical integrity of cells. Fur-
thermore, mutations in the genes encoding IF proteins cause a
wide range of human diseases. Due to the number of different
types of IF proteins, we have limited this short review to cover
structure and function topics mainly related to the simpler
homopolymeric IF networks composed of vimentin, and spe-
cifically for diseases, the related muscle-specific desmin IF
networks.

Intermediate filaments (IFs)* are composed of one or more
members of a large family of mainly cytoskeletal proteins
encoded by over 70 genes. These proteins, which typically form
10-nm filaments, are classified into five major types based on
their structure and sequence homology. The first four types
(I-IV) are cytoplasmic, whereas type V IFs reside in the
nucleus. Types I and Il are the acidic and neutral-basic keratins,
which assemble into heteropolymeric filaments, typically in
epithelial cells. In humans, there are 54 different keratins,
which are expressed according to cell type and stage of differ-
entiation (1). Type III IFs are composed of homopolymers of
vimentin, desmin, peripherin, or glial fibrillary acidic protein
(GFAP). Vimentin is typically expressed in fibroblasts, but is
also in endothelial cells, the eye lens epithelium, and the den-
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dritic reticulum cells of lymphoid follicles; desmin is the major
IF protein of smooth, skeletal, and cardiac muscle; peripherin is
found mainly in neurons of the peripheral nervous system; and
GFAP islocated in astrocytes and glial cells. Type IV IFs include
those expressed in the nervous system either as complex het-
eropolymers such as the neurofilament triplet proteins (NF-L,
NEF-M, and NF-H) or as homopolymers of a-internexin. Nestin,
another Type IV protein, cannot form IFs on its own, but only in
association with other IF family members such as vimentin or
desmin. Type V IFs include the nuclear lamins (lamin A/C, B,,
and B,), which are nucleoskeletal proteins and therefore will
also not be discussed here. Another IF protein, filensin, is not
classified into any of these five types because of major devia-
tions in the consensus domains of the a-helical rod domain.
Filensin is expressed during differentiation of the lens epithe-
lium, and together with phakinin, another IF protein of 47 kDa,
it forms heteropolymers resembling a beaded chain (2).

IF proteins comprise anywhere from 0.3 to 85% of total cell
protein (3, 4) and are major building blocks of cellular architec-
ture. Recent studies demonstrate that IFs are involved in many
cell physiological activities including motility, shape, mechan-
ics, organelle anchorage and distribution, and signal transduc-
tion (5—8). Their significance in cell physiology is becoming
widely recognized, as more and more human diseases are linked
to mutations in cytoskeletal IF genes (9). Due to space limita-
tions, this review focuses on the Type III proteins, vimentin and
desmin, which assemble into homopolymers in a variety of dif-
ferentiated cell types, but during embryogenesis form copoly-
mers in developing myocytes and myofibers (10). Notably, dur-
ing evolution, the primary amino acid sequences of both of
these Type III proteins have changed very little from
elasmobranchs to primates. Moreover, certain short sequence
motifs that distinguish vimentin from desmin, which are inter-
spersed within extended stretches of sequence identity, have
been conserved in both humans and sharks (11).

In general, the sequencing of many IF proteins has shown
that they consist of a structurally conserved central a-helical
rod domain of three sub-helices connected by two linkers, L1
and L12, respectively. The rods are flanked by intrinsically dis-
ordered, non-a-helical amino- (“head”) and carboxyl-terminal
(“tail”) domains. The rod domains of two IF polypeptide chains
align in parallel and in register to form coiled-coil dimers (12).
During renaturation from chaotropic agents, dimers associate
laterally in an antiparallel and approximately half-staggered
fashion to form tetramers. Typically, eight of these tetramers
assemble into “unit length” filaments (ULFs), which anneal end
to end in an elongation phase to yield non-polar filaments,
which are distinctly different from the normally polarized
microtubules, and actin filaments. At a certain length, growing
filaments radially compact as a final step in the formation of
mature [Fs of 10-nm cross-sectional diameter (13) (Fig. 1). This
basic structure of vimentin and desmin IFs endows them with
super-elastic and much more flexible properties when com-
pared with actin and microtubules (14 —16). Indeed, it has been
shown for desmin IFs and neurofilaments that a single filament
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FIGURE 1. Different states of vimentin IF assembly. g, negative-stain electron microscope images of vimentin IF assembly in vitro. Immediately (10 s) after
initiating assembly, ULFs form; after 1 min, end-to-end linkages of ULFs form short IFs; after 5 min and 1 h, long mature IFs are assembled (taken from Ref. 2).
b, model showing three phases. Phase 1: tetramers assembling laterally into ULF with non-a-helical head and tail domains projecting from the ends of eight
tetramers comprising the core coiled-coil region (darker green), Phase 2: end-to-end associations of ULF to form loosely arrayed short IFs. Phase 3: a mature
radially compacted short IF. Short IFs can link in tandem to form longer mature IFs. ¢, total internal reflection fluorescence images of Emerald-tagged vimentin
IF assembly states in the lamella/lamellipodial region of a live moving fibroblast. Note non-filamentous particles (arrowheads), short IFs (asterisks), and long IFs
(arrows). d, many of the particles and short IFs move rapidly (see arrows pointing to a short IF at 5-s time intervals moving toward and appearing to link with

another short IF (arrowhead)). Scale bars, 100 nm (a) and 3 um (c and d).

can be stretched to more than three times its length before it
breaks (17). Furthermore, in rheological experiments, IFs were
shown to be flexible at low strain, whereas at high strains, they
stiffen and resist breakage (18). It is now understood that this
distinct strain-stiffening property makes IFs major factors in
regulating the mechanical properties of cells.

Vimentin IF Networks Are Dynamic Components of
Cellular Architecture

Vimentin IFs were originally thought to be very stable, i.e.
skeletal structures with little subunit exchange. However, stud-
ies involving microinjection of fluorophore-tagged vimentin,
fluorescence recovery after photobleaching, and photoactivat-
able GFP probes have demonstrated that the pervasive vimen-
tin IF networks of mammalian cells in fact form highly dynamic
linkage elements between the cell surface and the nucleus (19,
20). During various cellular processes such as the cell cycle, cell
migration, cell spreading, and cell signaling, vimentin IFs
undergo changes in their organization that are functionally sig-
nificant (8, 21-26). For example, as BHK-21 cells progress from
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late prophase into metaphase of the cell cycle, vimentin IF orga-
nization changes from an elaborate and extensive polymerized
network to non-filamentous particles (27). This organizational
change requires phosphorylation of vimentin by cyclin-depen-
dent kinase 1 (cdkl), which drives the disassembly of vimentin
IFs, a step necessary for its incorporation into daughter cells
during mitosis and cytokinesis (26 —28). Furthermore, the local
disassembly of vimentin IFs in migrating cells is necessary to
facilitate the actin-based protrusion of lamellipodia (22). Using
various microscopy techniques, three assembly states of vimen-
tin IFs can be recognized in cells: non-filamentous particles,
likely representing single or small aggregates of ULFs; short IFs
representing end-to-end linkages of ULFs (29); and long or
mature IFs (Fig. 1). Particles and short filaments are thought to
be precursors to the long vimentin IFs comprising the complex
networks present throughout the cytoplasm (21). It has also
been shown that subunit exchange can occur at many sites
along mature vimentin IFs in an apolar fashion and that the
exchangeable form is a tetramer (30). Interestingly, it appears
that vimentin IF assembly can be influenced by changes in cel-
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FIGURE 2. Vimentin IF function in anchoring organelles: melanosomes in Xenopus melanophores. Melanosome association with vimentin IFs is depicted
in a whole mount electron micrograph of a melanophore processed to remove microtubules and microfilaments while preserving the IF network. The box in
ais seen at higher magnification in b, and the box in b is enlarged in c. Scale bars: 2 um (a); 1 wm (b and c). Taken from Ref. 40.

lular tension and morphology because various cell types exhibit
biphasic changes in vimentin solubility as a function of sub-
strate stiffness (31). Evidence suggests that vimentin particles,
as well as short and long IFs, move along microtubule tracks via
kinesin and dynein motors. However, the mechanisms linking
IF to these motors remain unknown.

Vimentin IFs and Cellular Mechanics

Recent studies have revealed that vimentin IFs are important
regulators of the intracellular changes in cytoplasmic mechan-
ics that accompany various physiological activities such as cell
contraction, migration, proliferation, and organelle positioning
(32). Support for their mechanical roles comes from active
micro-rheology and optical magnetic twisting cytometry
experiments, which reveal that vimentin IFs are major contrib-
utors to the intracellular stiffness of the cytoplasm. In this
regard, the cytoplasm of normal fibroblasts expressing vimen-
tin IFs is approximately twice as stiff as fibroblasts that are null
for vimentin expression. In contrast, the cortical stiffness in
these two cell types is identical as measured by optical magnetic
twisting cytometry (32). This contribution of vimentin IFs to
cytoplasmic stiffness is thought to help stabilize the positions of
organelles, preventing their displacement by random fluctuat-
ing cytoplasmic forces. This suggests that vimentin IFs can
localize intracellular organelles by tethering (6, 32) (see below).
It has also been shown that vimentin-null fibroblasts are more
easily deformable than wild-type fibroblasts in response to
increasing compressive stress (33, 34). In addition, vimentin IFs
enhance the elastic properties of cells, and this response
increases as a function of substrate stiffness, suggesting that IF
networks can adapt to mechanical changes in their environ-
ment, thereby preserving the mechanical integrity of cells (33).
Interestingly, in endothelial cells, fluid shear stress causes the
rapid redistribution of vimentin IFs at sites distal from the
exposed surface (35). Overall, the results obtained to date dem-
onstrate that vimentin IFs are capable of transducing mechan-
ical signals initiated at the cell surface and can further transmit
these signals throughout the cytoplasm (36, 37).
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Vimentin IFs and the Positioning of Organelles

In addition to modulating cell polarity, the vimentin IF cyto-
skeletal system also plays an important role in regulating the
distribution and organization of organelles within the cyto-
plasm. For example, mitochondrial motility, distribution, and
anchorage are modulated by interactions with vimentin IFs
(38). Evidence supporting this comes from studies of vimentin-
null fibroblasts in which mitochondrial motility is increased
when compared with wild-type cells. This increase in motility
reflects, at least in part, a role for vimentin IFs in anchoring and
positioning of mitochondria. This latter anchoring function is
mediated by vimentin’s amino-terminal domain because it has
been determined that residues 41-94, when expressed in
vimentin-null cells, strongly associate with mitochondria.
Vimentin IFs have also been shown to interact with the Golgi
complex through binding to the resident Golgi protein,
formiminotransferase cyclodeaminase (FTCD), suggesting that
they play a role in positioning the Golgi apparatus (39). Addi-
tionally, vimentin IFs form an intricate cage surrounding mela-
nosomes that can physically hinder melanosome transport in
melanophores (40) (Fig. 2). A vimentin IF cage is also assembled
during adipose conversion as vimentin IFs reorganize from an
extended network to form a complex cage tightly surrounding
lipid droplets (41). Moreover, vimentin IFs are known to accu-
mulate around the nucleus, and perturbations of vimentin IF
networks alter the position of the nucleus in both migrating
cells and astrocytes (42). These studies emphasize the impor-
tance of vimentin IFs in interacting with, stabilizing, and posi-
tioning organelles in the cytoplasm and indicate that they can
physically alter organelle transport and nuclear positioning (see
Fig. 4).

Vimentin IFs Regulate Cell Shape and Motility

Vimentin IFs form an intricate network of complex filamen-
tous structures that extend from the cell membrane to the
nucleus (Fig. 3). Studies have shown that these networks of
strategically placed vimentin IFs influence cell shape. In neu-
rons, the developmentally regulated replacement of vimentin
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FIGURE 3. The dramatic impact of vimentin IF assembly in epithelial cells: cell shape and the EMT. a- ¢, phase contrast image of a living MCF-7 epithelial
cell expressing only keratin IF before (a) and 5 h after (b) microinjection of bacterially expressed vimentin, at which time the cell was fixed and processed for
indirect immunofluorescence using anti-vimentin (c). The arrows represent a fiducial mark. Scale bars = 10 um. Taken from Ref. 45.

IFs with Type IV IFsis directly correlated with alterations in cell
shape, specifically the outgrowth of neurites or axons (43, 44).
Similarly, when vimentin IF networks in fibroblasts are dis-
rupted by expression of a dominant negative mutant, or by
silencing with shRNA, the cells transition from a mesenchymal
to a rounded epithelial shape (45).

In moving fibroblasts, large numbers of vimentin IFs sur-
round the nucleus and extend into the trailing edge of the cell.
In contrast, the leading edge contains only vimentin particles in
the lamellipodium and short IFs within the lamellar region (22).
These regional differences in vimentin IF organization are
involved in regulating protrusive activity at the cell margin. For
example, serum starvation causes fibroblasts to cease move-
ment, and under these conditions, a well formed network of
long vimentin IFs extends to all parts of the cell periphery. The
addition of serum to starved cells results in the local breakdown
of the vimentin IF network and the appearance of short fila-
ments and particles in regions where lamellipodia form (22).
The signal transduction cascade linking the growth factors in
serum to the initiation of fibroblast motility involves transient
activation of Racl (46). When photoactivatable Racl is turned
on locally in serum-deprived cells, a wave of vimentin IF phos-
phorylation results. This is accompanied by the local conver-
sion of vimentin IFs into short filaments and particles in the
immediate region of the activated Racl and the subsequent
formation of lamellipodia (22). Furthermore, the local disas-
sembly of vimentin IF networks is sufficient to initiate the pro-
cess of membrane ruffling and lamellipodium formation. This
is based upon the finding that the microinjection of a mimetic
peptide, which disassembles vimentin IFs into ULFs, is suffi-
cient to locally induce vimentin IF disassembly and the initia-
tion of lamellipodia in serum-starved cells (22). Other studies
have shown that vimentin is essential for efficient wound heal-
ing both in cultured cells and in animal models (47—49), and
vimentin-null mouse fibroblasts exhibit greatly reduced motil-
ity, chemotaxis, and the ability to organize collagen fibrils (50).
A recent study also provides evidence that vimentin IFs con-
tribute to the formation of the lobopodia that form when intra-
cellular pressure is elevated in cells migrating through complex
three-dimensional matrices. In this regard, vimentin IFs are
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thought to provide linkages between the nucleus (via nesprin-3)
and cytoplasmic myosin, which has been postulated to provide
the force for moving the nucleus and generating the intracellu-
lar pressure (51). Thus vimentin IFs play important roles not
only in providing mechanical support, but also in regulating cell
motility.

Changes in Vimentin IF Network Composition and the
Epithelial-Mesenchymal Transition (EMT)

During embryonic development, the movement of epithelial
cells frequently involves a process known as the EMT. Interest-
ingly, the cytoskeletal hallmark of the EMT is the up-regulation
of vimentin expression, whereas keratin is down-regulated (52).
During this transition, the epithelial cells assume a typical mes-
enchymal or fibroblastic morphology and become motile (Fig.
4). This EMT program is recapitulated with respect to IF pro-
tein composition when cancerous cells become metastatic (53,
54), and importantly, it has been shown that vimentin expres-
sion is required for the invasive behavior of prostate and breast
cancer cells (55-57). Further evidence that vimentin IFs play a
key role in regulating mesenchymal cell shape and motility
comes from studies in which vimentin is experimentally reor-
ganized in human foreskin fibroblasts by expressing a dominant
negative mutant to disrupt vimentin IF assembly or by down-
regulation following silencing of vimentin expression with
shRNA. In both cases, the experimental manipulation causes
mesenchymal cells to adopt an epithelial shape (45). Con-
versely, the ectopic expression of vimentin in epithelial cells,
either by direct microinjection of vimentin protein or by
transfection with vimentin cDNA, induces a transition to a
mesenchymal shape (Fig. 3), and this is accompanied by the
loss of desmosomes and an increase in focal adhesion
dynamics and cell motility (45). With respect to metastasis,
vimentin IFs also play an important role in the elongation
and stabilization of invadopodia (37, 59). These structures
are membrane protrusions rich in matrix metalloproteinases
that degrade the basement membrane, enabling the migra-
tion of cancerous cells through the extracellular environ-
ment (59, 60).
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FIGURE 4. A schematic showing selected roles of vimentin IFs. a, vimentin-null fibroblasts exhibit changes in cell shape relative to WT fibroblasts, and
organelle movements increase (arrows; also see Ref. 32). For example, mitochondria and membranous vesicles exhibit significantly increased cytoplasmic
movements when vimentin is absent in fibroblasts (32, 38). b, during the EMT transition, keratin is down-regulated, whereas vimentin is up-regulated. These
changes in IF expression patterns cause dramatic alterations in cell morphology and motility.

Mutations in Type Il IF Genes and Human Disease

The physiological importance of IFs has been dramatically
highlighted by the discovery that large numbers of human dis-
eases are associated with mutations in IF genes (9, 61). Because
different types of IFs are expressed in a tissue-specific and
developmentally regulated fashion, defects can be restricted to
specific tissues and/or times during developmental progres-
sion. The expression of mutant IF genes in humans causes a
variety of diseases such as cataract formation for vimentin (59),
myopathies for desmin (60), and Alexander disease for GFAP
(62). In the case of Alexander disease, there are phenotypic
differences among individuals due to their genetic background.
This is supported by the finding that the same mutation,
R416W, can result in infantile (0-2 years), juvenile, (2-12
years), or adult (>12 years) onset disease, each of which can also
be associated with differences in progression of the disease. The
pathogenesis of this disease involves the formation of non-IF-
containing structures called Rosenthal fibers, which sequester
chaperones and cause activation of stress kinases such as JNK
(63).

Soon after the first desmin mutations causing myopathies
were discovered in 1998 (64, 65), it became clear that a large
percentage of patients presenting with dilated cardiomyopathy
have mutations in the desmin gene (66). Typically, the hallmark
of “desminopathies” is the formation of massive desmin aggre-
gates within myofibers (for review, see Ref. 67). It should also be
noted that desmin aggregation is observed in desmin-related
myopathies that are not associated with mutations in desmin,
but rather with mutations in its chaperone, aB-crystallin (68).
The biochemical investigation of the first reported mutation,
which was missing seven amino acids (i.e. a heptad repeat) in
coil 1B, revealed that the mutant desmin would not form IFs
either after cDNA transfection into Type III-free cultured cells
or in vitro when the recombinant protein was tested for assem-
bly according to standard conditions (69). As more desmin
mutations were identified, 14 of them were systematically ana-
lyzed for their ability to form IFs (70). Most of these mutations
arrested formation at one of the intermediate stages in the IF
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assembly process, e.g. the protein formed ULFs but did not lon-
gitudinally anneal; or subunits started to assemble longitudi-
nally but then would open up to form large sheets. Although
some mutants formed apparently normal desmin IF, closer
examination revealed that they incorporated more subunits per
cross-section than wild-type desmin (69). In addition, they
exhibited different mechanical properties as determined by sin-
gle filament manipulation with atomic force microscopy (71) or
by macro-rheology (72). The latter measurements involved
desmin variants with point mutations in the tail domain, and
they revealed that for some mutations, the filaments signifi-
cantly lost their ability to strain stiffen. These studies further
revealed that the tail domain is responsible for strain stiffening
because the tailless variant, although able to form apparently
normal filaments and filament networks, did not exhibit any
sign of strain stiffening in response to mechanical stress.

A number of human neurological diseases involve both Type
[II'and Type IV IF proteins, which in many cases form abnormal
aggregates of fully polymerized IF in nerve cell bodies and along
axons (64 —70). One example is the rare neurodegenerative dis-
ease, giant axonal neuropathy (GAN). GAN is an early onset
recessive disease caused by mutations in the GAN gene, which
encodes gigaxonin, an E3 ligase adaptor protein thought to tar-
get IF proteins for degradation via the ubiquitin-proteasome
pathway (4, 73). The disease is unusual among neurodegenera-
tive diseases in that IFs in non-neuronal tissues also form aggre-
gates, including vimentin IFs in patient fibroblasts.

In contrast to the human diseases, early studies of Type III IF
gene knock-out mice were somewhat misleading as they did not
cause embryonic or early postnatal lethality and they appeared
to develop and reproduce normally (74). However, over the
years since the vimentin knock-out mouse was introduced,
much more careful studies have revealed numerous abnormal-
ities and deficiencies. For example, in the cerebellum, Berg-
mann glia and Purkinje cells exhibit morphological defects,
whereas behavioral studies show motor coordination deficits in
the absence of vimentin (75). These mice also exhibit impaired
wound healing (47), defects in steroid production (76), and
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severe defects in diapedesis (77). Defects in the vascular endo-
thelium were also detected in vimentin-null mice with respect
to their ability to dilate mesenteric resistance arteries in
response to blood flow (78). Similarly, although desmin-null
mice are viable and muscle differentiation takes place, defects
have been reported in skeletal, cardiac, and smooth muscle tis-
sue (79, 80). For example, the desmin-null mouse model is defi-
cient in endurance exercise performance when compared with
wild-type mice as monitored by treadmill tests (81).

The Regulation of Vimentin and Desmin IF Assembly

The regulation of vimentin IF assembly, structure, and
function involves reversible post-translational modifications
(PTMs). Although there are a few examples of PTMs within the
highly a-helical central rod domain, the majority of these cova-
lent modifications reside in the non-a-helical head and tail
domains. Known PTMs include phosphorylation, glycosyla-
tion, ubiquitylation, sumoylation, acetylation, farnesylation,
transamidation, and ADP-ribosylation (82, 83). The most
extensively studied PTM is phosphorylation. During mitosis in
baby hamster kidney (BHK) cells, for example, there is a tran-
sient phosphorylation of vimentin accompanied by a dramatic
reorganization and change in the state of vimentin IF assembly
(84). Vimentin is hyper-phosphorylated at serine 55 by cdkl,
which drives disassembly into non-filamentous IF particles
likely to be ULFs, which are distributed into daughter cells for
subsequent dephosphorylation and reassembly into vimentin
IF networks (25, 27). Phosphorylation of this site within vimen-
tin’s head domain during mitosis is consistent with its known
importance in the assembly of IFs (26, 28, 85— 87). Additionally,
phosphorylation of vimentin at serine 71 by Rho kinase causes
the inhibition of IF formation in vitro (86). To achieve total
disassembly of the vimentin IF network during mitosis, another
IF protein, nestin, is also required (88).

Phosphorylation may also play a role in disassembling IF
polymers into smaller subunits that can be processed by the
ubiquitin-proteasome system. In fasting animals, for example,
increased muscle breakdown (atrophy) is a physiological
response to provide nutrients for survival. It has been shown
that an early event in this process is the phosphorylation of
three serines within the head domain of desmin. This phos-
phorylation results in the disassembly of desmin IFs, interac-
tion of the resulting subunits with the TRIM32 ubiquitin ligase,
and eventual degradation by the ubiquitin-proteasome system
(89). Once the muscle IF system is dismantled, then thin fila-
ments, Z-bands, and other components of the myofibril are
turned over to provide energy for the fasting animal.

Vimentin IFs Link the Cell Surface with the Nucleus

IFs are structural elements capable of connecting the exterior
of the cell with the interior of the nucleus. In mesenchymal
cells, vimentin IFs interact with the extracellular matrix via
integrins (90). The vimentin IF network spans the cytoplasm
and connects to the nucleus through interactions with the
linker of nucleoskeleton and cytoskeleton (LINC) complex.
This complex consists of nuclear membrane-associated SUN
domain proteins linked to the Type V IF proteins, the nuclear
lamins, and KASH domain proteins that connect to cytoskeletal
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IFs through interactions with plectin and nesprin 3 (91, 92).
These connections, along with the global distribution of IFs,
make the system an ideal candidate for transmitting and regu-
lating information flow. It is known, for example, that different
inactive kinases can bind to vimentin and that when these
kinases are activated, they phosphorylate their respective IF
partner and then translocate to other regions of the cell (93).
Vimentin and various other IFs have been shown to interact
with the regulatory 14-3-3 proteins (94—97). When vimentin is
phosphorylated in its head domain (amino acids 1-96), it binds
the 14-3-3 protein in a Raf-1-14-3-3 complex, causing the Raf-1
to be released, and subsequently decreases Raf-1 kinase activity
(94). There are many other effector proteins that are thought to
interact dynamically with vimentin IFs including adaptors,
receptors, kinases, and other effectors (58, 98, 99). Therefore it
is now obvious that vimentin IF networks play important roles
in signal transduction in mammalian cells.

A Look into the Future

In this brief review, we have attempted to provide an over-
view of the current status of IF research using vimentin and
desmin as examples. Despite a recent surge of interest in IFs,
they still remain the least studied and the least understood of all
of the cytoskeletal systems. The coordinated use of cell biolog-
ical, biochemical, biophysical, and computational techniques
will be required to gain insights into the precise structures and
functions of this large cytoskeletal protein family. These com-
bined approaches will lead to new insights into the specific roles
of IFs in a wide range of functions including their roles in medi-
ating cytoskeletal cross-talk. In support of the latter, IFs are
known to interact extensively with microtubules and their asso-
ciated motors, dynein and kinesin, as well as actin and myosin,
but little is known about the protein-protein interactions
involved. Also, given the number of IF subtypes, there are
undoubtedly a large number of IF-associated proteins; how-
ever, few such IF-associated proteins have been identified and
rigorously studied, perhaps with the exception of plectin. In
addition, there is a significant amount of information suggest-
ing roles for IFs in signal transduction, including their involve-
ment in mechano-signaling in cells. However, there is very little
information available reflecting on the specific roles of IFs in
these cellular processes. Finally, the scaffolding functions of
cytoplasmic IF networks need to be defined in the context of
their reported associations with many cellular structures,
including the nucleus, cell membranes, and organelles such as
mitochondria and lipid droplets.
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