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Abstract Intermediate filaments are dynamically regulated by
their post-translational modifications. Initially these modifica-
tions were found to regulate filament dynamics and organization.
In the last few years, their roles have extended significantly to
facilitating, for example, the recruitment and sequestration of
signaling molecules that regulate a wide range of cellular func-
tions. While phosphorylation has been established as the princi-
pal post-translational modification regulating intermediate
filament function, other modifications with co-operative roles
are emerging, adding a further dimensions to intermediate fila-
ment-mediated signaling.
� 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Intermediate filaments (IFs) are still the most enigmatic of

the three cytoskeletal networks. The IFs, originally named

based on their ‘‘intermediate’’ size (10–12 nm in diameter as

compared to the 5–8 nm microfilaments and the 25 nm micro-

tubules), were long considered as being rather static and rigid

structures, with functions primarily related to structural integ-

rity of cells and tissues. This view has drastically changed in

the past few years, as IFs have been implicated in a highly di-

verse range of cellular functions unrelated to their presumed

roles as structural guardians. Recent evidence has proven IFs

to function in cell adhesion and migration [1], to be involved

in cell organelle shaping and positioning [2], and to modify

various cellular processes, such as stress response and tissue

growth through their ability to regulate signaling molecules

[3]. IFs are subjected to multiple post-translational modifica-

tions (PTMs) that have important consequences for their

structure and properties. These PTMs have turned out to con-

trol various aspects of the observed IF functions and are also

responsible for maintaining the dynamic properties of IFs.
*Corresponding author. Address: Department of Biology, Åbo Aka-
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In the years preceding sequencing of the human genome it

was believed that genetic mutations would account for within

species variation and disease. The human genome project

revealed that genetic variation is considerably smaller than

expected. Hence, PTMs are the key to functional diversity,

adding an ever-increasing complexity to the functions of the

cell. While there are tens of different established PTMs, phos-

phorylation is the most widely studied and is still regarded as

the most consequential. While it is exceptionally important

roles in all aspects of classical signaling pathways, it has also

been established as a key regulator of IF dynamics and func-

tion. Recent studies have revealed novel and intriguing roles

for phosphorylation-mediated PTMs in regulation of IFs,

but O-linked glycosylation now emerges as an additional reg-

ulator IF phosphorylation.
2. Characteristic features of IF proteins

IFs are extensive polymerized networks comprised of differ-

entially expressed IF proteins. The large family of IF proteins

is divided into six subfamilies based on sequence comparison

and expression patterns [4]. Accounting for the majority of

the IF proteins are the type I and II keratins (K9–20 and

K1–8, respectively). Keratins form heteropolymers consisting

of type I and type II keratins and are found in epidermal cells

and the cells of simple epithelia. Various diseases, including

skin fragility disorders and hepatic ailments, arising from ker-

atin mutations indicate keratins as essential for the integrity of

epidermis and the functionality of simple epithelia [5,6]. Type

III IFs consist of vimentin, desmin, glial fibrillary acidic pro-

tein (GFAP) and peripherin. Vimentin is derived from the cells

of mesenchymal origin, its appearance in cells is often referred

to as a hallmark of epithelial to mesenchymal transition [7].

Desmin expression is associated solely to muscle tissue,

whereas GFAP and peripherin are crucial components in cells

of the nervous system. Additionally, type IV IFs are expressed

in the nervous system and consist of the neurofilaments heavy

(NF-H), medium (NF-M), and light (NF-L), nestin, a-intern-

exin, and synemin. Abnormal accumulation of type IV IF pro-

teins is a hallmark of many neurodegenerative disorders [8].

Type V IFs, lamins, do not form cytoplasmic polymers but in-

stead constitute an indispensable network surrounding the nu-

cleus. Mutations in lamin A/C gene cause numerous diseases,

laminopathies, showing a very broad spectrum of etiologies
blished by Elsevier B.V. All rights reserved.
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and symptoms, ranging from metabolic disturbances to myo-

pathies and premature ageing disorders [9]. Phakinin and filen-

sin belonging to the final type of IFs, type VI are exclusively

expressed in the eye lens. First mentioned in the literature 14

years ago these proteins have been linked with myopia and cat-

aracts and could prove to be an essential element in the optical

quality of the lens [10].

Structurally IF proteins are characterized by their highly

conserved a-helical rod domain, flanked by the amino (N)-ter-

minal head and the carboxyl (C)-terminal tail domain. The

nature of the IFs to dimerize and form coiled-coil structures

is defined by the structural properties of the rod domain [11].

In contrast to the conserved rod domains, the N- and C-termi-

nal domains are the sources of enormous sequence variability

observed among IF protein family and, therefore, are thought

be responsible for the cell-specific functions of different IF pro-

teins [12]. Intriguingly, these domains are also targets of differ-

ent PTMs, with a vast array of PTM motifs. In fact, many of

the novel functions of IFs have emerged in conjunction with

observed changes in their PTM status, which then in turn

may, for example, alter the interaction with and affinity for

associated signaling-related binding partners [11].
3. Post-translational modification of IF proteins

Phosphorylation has long been the most studied PTM of the

IFs having a major influence on the dynamics of the IF struc-

ture. Reorganization of IFs during mitosis was initially dem-
Fig. 1. Sequence comparison of vimentin from different species. The vimentin
[93,102,103] show striking sequence homology among vimentin from differen
head domain is to regulate vimentin assembly/disassembly in different circums
which renders vimentin unable to dimerize and form homopolymers [104]. Se
disassembly [95], followed by Plk-1 induced vimentin phosphorylation at ser
latter phosphorylation step is important for segregation of vimentin filaments
at ser72 at the cleavage furrow by Aurora B kinase [97,98] and at ser7
phosphorylation originate from mitosis studies. These have been extended to
muscle contraction [80], cell motility [88] and viral infection [100] (see Table 1
Yet very little is known about the roles of the C-terminal phosphorylation s
onstrated to be phosphorylation-dependent more than two

decades ago and has been extensively characterized since

[13]. Mitosis-associated phosphorylation among cytoplasmic

IFs has been often linked to the N-terminus of IF proteins

indicating the described indispensability of N-terminal domain

in polymerization [14,15]. However, the large number of po-

tential phosphorylation motifs in, for example, the C-terminal

tail of vimentin (Fig. 1), suggests involvement in other regula-

tory roles than mitotic disassembly. Phosphorylation on the

vimentin C-terminal ser458 by p37 kinase did not affect fila-

ment structure in vivo [16], while most N-terminal phosphory-

lation sites show effects on either vimentin dynamics or

organization. While N-terminal phosphorylation sites are best

characterized among all IFs, neurofilaments represent the rare

branch of IF protein family, having a depicted function for C-

terminal phosphorylation during neuronal development [17].

In addition to the differences between N- and C-terminal phos-

phorylation, phosphorylation effects maybe influenced by the

surroundings and the ongoing cellular phase. While K18 can

be phosphorylated on ser33 during mitosis [17], it exhibits a

basal level of phosphorylation also during interphase where

perhaps it has an alternative function [18]. This principle could

extend to the other IFs, many of whose phosphorylation is

modulated on a number of sites during both mitosis and inter-

phase. Vimentin has numerous phosphorylation sites, the

phosphorylation of which can be displayed both from inter-

phase and mitotic cells (Fig. 1). Similarly to add several check-

points of control, a common feature of many signal

transduction systems, phosphorylation on several sites may
phosphorylation sites that have been established to be genuine in vivo
t species. One key feature of the vimentin phosphorylation sites in the
tances. The head domain is essential for filament formation, ablation of
r55 is phosphorylated by CDK1 in early G2/M phase inducing filament
82 remaining elevated from metaphase to the end of mitosis [99]. The
between the two daughter cells in co-ordination with phosphorylation
1 by Rho-kinase [94]. The most detailed mechanisms of vimentin
the role of vimentin phosphorylation in other events such as smooth
for list of putative functions of the different PTMs in the N-terminus).

ites.



Table 1
In vivo vimentin phosphorylation sites and their associated in vivo kinases and cellular function

Site Function Kinase

N-terminus
Ser4,6,7,8,9 Regulates cycling of b1-integrin and cell motility PKC epsilon mediated [88]
Ser38 Decelerated assembly kinetics PKA [93]

Phosphorylation at the cleavage furrow during cytokinesis Rho-kinase [94]
Ser50
Ser55 Filament disassembly in early G2/M phase CDK1 [65,95]

Reorganization of filaments during smooth muscle contraction PAK-1[80]
Regulation of the dissociation of Crk-associated substrate from
vimentin

PAK-1[82]

Ser71 Phosphorylation at the cleavage furrow during cytokinesis Rho kinase [94]
Remodeling of filaments in neurites Rho-kinase [96]

Ser72 Decelerated assembly kinetics PKA [93]
Phosphorylation at the cleavage furrow during cytokinesis Aurora B [97,98]

Ser82 Sequential phosphorylation following CDK1 phosphorylation on
S55 during mitosis. Essential for filament segregation between
daughter cells in co-ordination with S72 phosphorylation by
Aurora-B kinase

Plk-1 [99]

Formation of a vimentin cage during African Swine Fever virus
infection.

CamKII [100]

Memory phosphorylation site in astrocytes. Suggested to decrease
threshold for other phosphorylation signals to induce vimentin
disassembly

CamKII [101]

C-terminus
Ser418 Unknown function
Ser429 Unknown function
Ser457 Unknown function p37 [16]
Ser458 Unknown function p37 [16]

The brief descriptions of the functions of the vimentin phosphorylation sites clearly demonstrate a co-ordination between kinases and their site-
specific phosphorylation during various cellular processes.
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have to occur either sequentially or concurrently to elicit a

drastic effect such as disassembly (see Table 1).

In recent years other PTMs have emerged as potent regula-

tors of IF function. O-linked glycosylation involves the addi-

tion and removal of saccharides such as O-linked b-N-

acetylglucosamine (O-GlcNAc) on the hydroxyl atoms of ser-

ine and threonine residues. An important post-translational

modification of many proteins, it has a key role in mitosis.

An extensive study which modulated O-GlcNAcase and O-

GlcNAc transferase found that overexpression delayed G2/M

cell cycle progression and perturbed mitotic phosphorylation

most likely due to disturbances of cyclin expression and proper

function. Moreover, O-GlcNAcylation has been postulated to

be a nutrient sensor [19], and consequently has an extensive

role in signal transduction. This is logical from the viewpoint

that how a cell reacts to external stimuli is highly dependent

on its nutrient status. Thus, it has been shown to have a critical

role in insulin signaling and diabetes [20]. Studies of O-GlcNA-

cylation and IFs have so far focused on keratins and neurofil-

aments. O-linked glycosylation is believed to act in

competition with phosphorylation in a dynamic cycling known

as the ‘‘yin-yang’’ hypothesis [21]. The dysregulation of this

relationship in NF-M lead to their hyperphosphorylation

and accumulation in the brains of Alzheimer�s disease (AD)

rats [22]. Accumulation of NF-M resulting from inhibited O-

GlcNAcylation was speculated to be a result of impaired glu-

cose uptake or metabolism in the brain which consequently

could affect retrograde degeneration of neurons in AD [22].

The NF-M glycosylation site in question was localized to the

KSP repeat motif in the carboxyl-terminal in a study on the

role of NF-M post-translational modifications on ALS [23].
Reciprocal regulation of K18 ser48 O-GlcNAcylation and

ser52 phosphorylation were postulated to be important counter

regulators of each other [24]. Previous studies identified that

mutations on the ser48 O-GlcNAcylation site did not have an

effect on K18 filament formation [25], emphasizing the possibil-

ity for alternative functions for this site. One K18 head domain

glycosylation site is associated with mitotic arrest in HT29 cells

[26]. Furthermore, an O-GlcNAc site was recently mapped on

vimentin at ser54 [27] which is adjacent to the mitotic phos-

phorylation site, ser55 (Fig. 1). However, no role for this site

has been elucidated yet. These very preliminary but highly

interesting findings on the reciprocal relationship between O-

GlcNAcylation and phosphorylation are pointing towards an

even more dynamic level of regulation of IF functions.
4. Stress-associated PTMs on IFs

Structural modifications of IFs, ranging from disassembly or

reorganization to detrimental aggregation, is generalized to be

a consequence of many forms of stresses and various diseases

[28–30]. This kind of changes in filament network structure

changes are often an outcome of extensive hyperphosphoryla-

tion, well exemplified by keratin reorganization occurring

upon shear stress in alveolar epithelial cells. In this case, the

reorganization has been observed to be mediated by phosphor-

ylation on ser73 in K8 by PKCd, a downstream effector of acti-

vated phospholipase c which resides on the cell membrane and

acts as a signal transducer of extracellular stimuli, such as

shear stress [31]. Hyperphosphorylation and consequent mod-
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ifications in filament organization indicate a loss of mechanical

integrity and emphasize the function of IFs in protecting epi-

thelia against mechanical stimuli. The functions of stress-in-

duced PTMs on IFs are more complicated as the different

disease and stress states affecting IFs extend beyond the

mechanical stress.

Site-dependent keratin phosphorylation has long been asso-

ciated with liver injury both in a protective and exacerbating

role [32,33]. During hepatotoxicity, K8/K18 are hyperphos-

phorylated. Further analysis in transgenic mice expressing

K18 with ser52 mutation found that this phosphosite is critical

in protecting hepatocytes against liver injury [33]. Phosphory-

lation on the K18 binding partner K8 occurs on ser73 during

heat and drug induced stress [34] via recruitment of the stress

activated kinase p38 [35], regulating filament organization in a

spatio-temporal manner. Up-regulation of p38-mediated K8

phosphorylation leads to filament collapse and the formation

of keratin granules, a characteristic trait of keratin response

to stress stimuli while down-regulation allows the filaments

to remain assembled [36]. The highly conserved motif sur-

rounding ser73 is phosphorylated during stress also on other

type II keratins, namely, K4, K5 and K6 [37] revealing a com-

mon function that could be relevant for other IF types. Indi-

vidual kinases have many substrates; consequently one

phosphosite can be phosphorylated by a number of kinases.

In addition to p38, K8 ser73 is phosphorylated by the c-jun

N-terminal kinase (JNK) in response to stimulation of the

Fas receptor [38]. Intriguingly, in addition to JNK modulating

K8/K18 filament organization, the observed association be-

tween keratin filaments and JNK could have a role in regulat-

ing JNK signaling since it affected the ability of JNK to

phosphorylate c-Jun. The stress activated protein kinases

(SAPKs), such as JNK, have involvement in many signaling

pathways and removing them from the pool of functional ki-

nases could severely attenuate the effects of signaling cascades

during cellular stress. This concept was further demonstrated

in a recent study, linking disturbed K8 ser73 phosphorylation

by stress activated kinases with a K8 mutation at Gly61Cys

predisposing mice to liver disease. This mutation may cause

a conformational change inhibiting SAPKs� access to ser73

leading to increased liver disease and apoptosis susceptibility,

resulting from a SAPK imbalance. Therefore far from a struc-

tural role, K8 serves to sequester SAPK activity, acting as

‘‘phosphate sponge’’ and protects tissues from injury [39]. A

similar function could be discovered for the newly identified

phosphosite on K20 at ser13. A marker of murine goblet cells

and intestinal tissue injury, ser13 is hyperphosphorylated dur-

ing stress. This is mediated by a member of the PKC family,

although the specific kinase remains undefined [40].

This ‘‘phosphate sponge’’ hypothesis elegantly depicted with

keratins has been expanded to other IFs as well. One of the

first mentions of IFs acting as phosphate sinks was after find-

ing that vimentin is preferentially hyperphosphorylated after

okadaic acid treatment [41]. A similar function was proposed

for neurofilament phosphorylation during ALS. Originally be-

lieved to be protective the neurofilaments were suggested to act

as phosphorylation sinks for dysregulated Cdk5, to inhibit the

hyperphosphorylation of tau, a hallmark of degeneration in

both ALS and AD [42]. Further evidence using deletions in

NF C-terminal phosphorylation sites found that the opposite

is true [43]. The data, while sparse for this model, suggests that

in specific circumstances such as stress then the functions of
certain IFs could be to ameliorate and temper a phosphate

imbalance in the cell. Whether this is protective or detrimental

seems to be highly circumstantial and is almost certainly cell

and tissue dependent.
5. The effect of IF PTMs on signal transduction

Recent research has changed the view of interactions be-

tween IFs and other cellular molecules broadening it to con-

sider, in addition to cytoskeletal linker proteins also various

signaling determinants such as kinases [1,3]. IFs ability to

sequester or act as a scaffold for signaling molecules renders

them exceptional organizers of different physiological pro-

cesses. In many occasions PTMs seem to work as important

regulator of IF signaling functions.

Lamins A/C interact with pRb, SMAD2 and PP2A. This

interaction is critical for proper regulation of mesenchymal cel-

lular physiology. LMNA�/� mouse embryonic fibroblasts

(MEFs) display defective transcription regulation, such as

aberrant pRb phosphorylation, accelerated S-phase transition,

lack of proper inhibitory signaling normally activated in re-

sponse to TGF-b1 [44], and aberrant NFjB activity [45]. While

lamins may have some direct signaling functions many of them

are mediated via their binding proteins [46] which function as

linkers between the nuclear envelope and the cytoplasm or the

nucleoplasm. It is possible that among uncharacterized lamin

A/C phosphorylation sites, some might regulate interactions

between lamins and other nuclear proteins, fulfilling signaling,

architectural, or gene-regulatory functions. For instance, con-

crete binding regions in lamin A, especially in its C-terminal

tail, are known for its multiple binding partners (reviewed in

[46]). Some of the binding regions described contain highly

conserved phosphoacceptor sites, which might be involved in

regulation of these protein–protein interactions. Whether lam-

ins� phosphorylation plays a role in their interactions with a

series of connector proteins (such as UNC-83, UNC-84, nesp-

rins, and plectin), which links lamins to IFs, actin and micro-

tubule cytoskeletons [47,48] is also still unknown.

Vimentin is a substrate of members of the RAF-1/RhoA sig-

naling pathway [49,50]. Rho-binding kinases (ROK), down-

stream effectors of RhoA, are involved in mediating actin

dynamics, and focal adhesion formation [51]. Interestingly,

ROKa is reported to interact with vimentin and mediate the

collapse of vimentin filaments as part of the RhoA signaling

cascade in response to extracellular stimuli [52]. Activated

ROKa phosphorylates vimentin leading to filament collapse

and consequently release of ROKa from filaments and its trans-

location to the periphery of the cell [52]. This study, as well as

the keratin/JNK interaction described above, clearly demon-

strate how IFs act as regulatory platforms for signaling mole-

cules, controlling their intracellular distribution and, thereby,

their ability to phosphorylate specific targets. Phosphoryla-

tion-mediated regulation of IF-kinase interactions can be ex-

panded also to other IF proteins. K10 has been shown to

sequester Akt and PKCf to its N-terminal domain, preventing

their activation. Since the majority of phosphorylation sites of

IFs are on the N-terminus this indicates the mechanism of Akt

and PKCf sequestration to be phosphorylation mediated [53].

The members of 14-3-3 protein family modulate the func-

tions of multiple proteins through direct phosphorylation-
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dependent interactions. Phosphorylated vimentin has been

demonstrated to interact with 14-3-3, resulting in the dissocia-

tion of 14-3-3 and Raf-1 thus, pointing to a PTM-based role of

IFs as modulators of 14-3-3 interactions [54]. An interesting

association between 14-3-3c with GFAP originates from the

observation that both have a protective role in reactive astro-

cytes during stress. 14-3-3c binds to phosphorylated ser8 on

both filamentous and soluble GFAP during S and G2/M phases

leading to the disassembly of GFAP, thereby, emphasizing the

additional role of 14-3-3 as a regulator of IF dynamics [55].

Selective phosphorylation of K18 on ser33 during mitosis

promotes interaction between 14-3-3f and K18 affecting the

K18 organization and distribution [18,56]. Absence of K8

and accordingly loss of K8/K18 filaments shifts 14-3-3f distri-

bution towards accumulation in the nucleus, consequently

arresting cells in S/G2 phase. The K18/14-3-3 interaction could

regulate 14-3-3 binding to phosphorylated cdc25, a crucial mi-

totic checkpoint regulator indicating that keratin network has

the capacity to prevent the uncontrolled and harmful 14-3-3

interactions [57]. Furthermore, the association between keratin

and 14-3-3 is a basis of more complicated regulation of signal

transduction. Keratin binds to Raf-1 [58], a prolific kinase in-

volved in cdc25 phosphorylation [59]. In contrast, 14-3-3 binds

to phosphorylated Raf-1 preventing its translocation to the

plasma membrane [60]. Raf-1 is initially inactive upon binding

to K8 but once activated it phosphorylates K18 on ser52, con-

sequently being released from the filaments [58]. It seems that

14-3-3 binds to phosphorylated Raf-1, thereby, recruiting it to

K8 where it phosphorylates K18, mediating its release. As with

other examples herein, keratins sequester signaling molecules

in a temporal manner, allowing timely modulation of their

activation and interaction with each other.

The above-provided evidence that keratins modulation of

signaling functions is highly dependent on type and differenti-

ation state of the cell. While in earlier stages of differentiation

or during injury, keratins ability to sequester and activate sig-

naling moieties can modulate signaling interactions in both a

positive and negative manner. The IF�s involvement in mitosis

and growth are becoming well characterized, particularly with

their involvement with 14-3-3, Akt pathways and Raf-1/RhoA.

Their involvement in other signaling networks remains to be

characterized.
6. Modification of cell and tissue development through PTM of

IFs

IFs are contributors to cell and tissue development. Disorders

of IFs in humans result in severe phenotypes, ranging from the

skin blistering diseases of the keratinopathies [61] to the acceler-

ated aging diseases and muscular dystrophies of the laminopa-

thies [62] to Parkinson�s disease, whose pathology has been

associated with neurofilaments [63]. These examples clearly

demonstrate how essential IF�s are for proper maintenance

and growth of our tissues. While, in humans the mechanisms

for these disorders are not always so clear. Studies in IF deficient

or mutated animals and in cells reveal their ability to preserve

the equilibrium when necessary and the subtleties of their reor-

ganization whose knock-on effects can be more pronounced.

The expression of IF protein nestin, is characteristic to neu-

ronal and myogenic stem and progenitor cells with high capac-
ity to divide, migrate, and tolerate stress. Although little is

known about the PTMs and the specific functions of nestin

it is postulated that nestin could be engaged in regulating these

features. Cdk1 has been revealed to regulate the disassembly of

nestin network during mitosis [64]. More recently it has been

suggested that nestin plays an important role in progenitor cell

division regulating the disassembly of vimentin, the binding

partner of nestin, phosphorylated on ser55 (Fig. 1) [65]. This

implies the importance of timely phosphorylation-mediated

regulation of nestin filaments lies in the control of subcellular

localization of nestin associated molecules. Another kinase

specifically targeting nestin is Cdk5, a crucial determinant of

neuronal [66] and myogenic development [67,68]. In addition

to contriving the phosphorylation-dependent reorganization

of nestin in differentiating myoblast Cdk5 and its activator

protein p35 complex on nestin scaffold [69]. Cdk5-mediated

phosphorylation of nestin is sufficient for the release of the ac-

tive Cdk5/p35 complex which consequently phosphorylates

other targets. The significance of the nestin scaffolding proper-

ties upon development is further corroborated by the discovery

that nestin acts by sequestering the cdk5/p35 complex also in

neuronal progenitor cells upon oxidative stress, thus, protect-

ing the cells from harmful Cdk5 activity during stress condi-

tions [70].

Cell growth is a highly regulated process, integral to the cell

cycle, organism size, and restoration of tissue functionality

post-injury. While 14-3-3r has been implicated in hyperprolif-

eration and increase in keratinocyte size of K10 null mice [71]

the mechanism by which this occurred and the relationship

with keratin and 14-3-3 was not clarified. In a landmark paper

K17 null mice showed a similar accumulation of 14-3-3r in the

nucleus. Cytoplasmic binding of 14-3-3r to K17 was conse-

quently found to be mediated by phosphorylation sites, Thr9

and ser44 on K17. This binding facilitates activation of

mTOR/Akt signaling pathway, a process crucial for cell

growth. Apart from the lamins, which are known to influence

DNA replication [72], cytoplasmic IFs have never been consid-

ered before to influence the most basic cellular functions such

as protein synthesis.

Axonal caliber is regulated by phosphorylation of neurofila-

ments however it has become a somewhat contentious issue

[8,17]. NF phosphorylation regulates axonal transport. Phos-

phorylated NF are transported slower allowing them to accu-

mulate in areas of the axon and contribute to its growth [73].

Phosphorylation could modulate the interaction between NF

and kinesin, thereby regulating NF transport [74]. Expression

of deleted of phosphomotifs from NF-H C-terminus in mice

have consequently found no evidence of changes in growth

of axons, although phosphorylated NF-M levels increased,

perhaps providing a compensatory phosphorylation mecha-

nism [75,76].

Peripherin, a type III IF protein, is expressed only in neu-

rons of the peripheral nervous system and injured neurons of

the CNS. Although associated with the pathology of ALS

[77], its functions are relatively uncharacterized. Akt a modu-

lator of cell survival and neuronal regeneration directly phos-

phorylates peripherin on the N-terminal ser66 in the cell bodies

of injured neurons [78]. While the physiological effect of Akt

phosphorylation on peripherin remains unknown, the author�s
speculated that peripherin could contribute to the rearrange-

ment of other IFs. Considering the work of Kim et al., [105]

on K17, 14-3-3r and cell growth, peripherin could similarly
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be involved in cell growth or cell cycle regulation of damaged

neurons. Akt could phosphorylate peripherin in a spatiotem-

poral manner in the damaged neuron and facilitate signal

transduction in a similar manner to IFs in other cellular pro-

cesses [78].

In addition to growth and differentiation, IF-targetted

PTMs have proven to be indispensable for the functionality

of several tissues. In particular, vimentin and desmin are in-

volved in signaling in smooth muscle [79]. Down-regulation

of PAK1 upon 5-hydroxytryptamine stimulation of smooth

muscle cells stimulates spatial reorganization of vimentin fila-

ments [80]. Moreover, ser56 phosphorylation of vimentin by

PAK1 regulates the dissociation of Crk-associated substrate

(CAS) from vimentin. CAS is one of a family of adapter pro-

teins involved in the recruitment and docking of signaling mol-

ecules and whose phosphorylation is reported to be involved in

integrin mediated adhesion [81]. This interaction is crucial for

contractile force development in smooth muscle. If PAK1 is

downregulated then the disassociation of CAS from vimentin

is inhibited and the active force generated significantly reduced

[82]. It has been speculated that CAS disassociation from

vimentin may facilitate its translocation to the cell border

where it may be involved with cortical actin polymerization,

a crucial event for smooth muscle force development. In differ-

entiated smooth muscle (DMS), calcium/calmodulin-depen-

dent protein kinase II (CaMKII), is bound to vimentin.

Upon muscle stimulation CaMKII is activated by autophos-
Fig. 2. Tentative roles and functions of IFs. Many of these functions
phorylation and consequently phosphorylates vimentin, caus-

ing its dissociation from the filaments. Once unbound

CaMKII translocates to dense cytoplasmic plaques where it

colocalises with vinculin [83]. The authors speculated that

binding to vimentin could be necessary, either to ensure proper

activation of the kinase or alternatively to prevent inappropri-

ate activation in unstimulated DMS cells. Interestingly, CaM-

KII phosphorylation in DMS muscle cells did not cause

vimentin disassembly reiterating the function of IFs as signal-

ing scaffolds.

Keratin is associated with desmosomes, complexes that pro-

vide cell-cell adhesion by connecting the cytoskeletal compo-

nents of one cell to another. While the interaction between

desmoplakin and keratin relies on phosphorylation on K8

ser24, which modulates where desmoplakin is deposited in

the desmosome. The ser24 phosphorylation status was postu-

lated to act as a rheostat, adjusting desmoplakin binding to

keratin, a process essential to maintaining membrane integrity

and intact signaling scaffolds during stress [84].
7. PTM of IFs during migration

It has been recently shown that vimentin structure is reorga-

nized during transmigration of lymphocytes [85]. Although the

mechanism for this has not yet been clarified, the structural

changes suggest a role for phosphorylation. The early findings
will be actively regulated by dynamic PTMs of the involved IFs.
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regarding the loss of motility from vimentin deficient animals

[86] have been further corroborated by the findings that siR-

NA mediated knockdown of vimentin inhibited carcinoma cell

migration [87]. Phosphorylation of vimentin dependent on

PKCe is involved in b1-integrin recycling and cell motility

[88]. If the corresponding phosphorylation sites on vimentin

(a serine cluster of ser4,6,7,8,9) were abolished, then the fila-

ment network collapsed and cells were rendered immotile.

Plk-1 which normally phosphorylates vimentin on ser82 during

mitosis is active during invasion of breast carcinoma. The pro-

posed model is while normally Plk-1 phosphorylates vimentin

on ser82 during mitosis leading to filament segregation, during

malignancy it could also activate an alternative pathway,

which down-regulates surface expression of b1-integrin, pro-

moting invasion [89]. Considering the importance of phos-

phorylation status to the structure of vimentin filaments, it is

highly possible that new information on other less studied

phosphosites and their contribution to filament reorganization

during migration and other cellular processes could come to

light.
8. PTM as regulator of IF degradation and stability

Protein turnover is also regulated via phosphorylation. Ubiq-

uitination is involved in the degradation of K8 and K18. Phos-

phorylation on K8 ser23,73 and 431 and K18 ser33 has a

protective effect, but does not completely preclude against it,

while the relationship between phosphorylation and ubiquiti-

nation on other K18 sites remains unclear [90]. Apoptosis in-

volves Lamin B phosphorylation by caspase-3 activated

PKCd. This instigates lamin disassembly, which exposes the

lamins to caspase 6 for efficient lamin cleavage and degradation

[91]. Keratins contain two amino acid sequences recognized for

sequential cleavage by caspases. Hyperphosphorylation of K18

inhibits caspase-mediated cleavage of the second cleavage site,

the function of which is believed to be protective, perhaps act-

ing as a ‘‘phosphate sponge’’ allowing a controlled sequence of

events [92].
9. Conclusions

The novel functions of IF proteins relate to the capacity of

IFs to actively sequester, position, or act as scaffolds for signal-

ing molecules, including stress-activated kinases. The relatively

high abundance of IFs in most cells makes them highly efficient

as signaling scaffolds, even for high-abundance signaling mol-

ecules. It seems that post-translational modifications play a

significant role in regulating these interactions. The character-

ized PTM motifs are amazingly well conserved between spe-

cies. Therefore, deciphering the molecular mechanisms and

functions of these PTMs will pave the way towards a better

understanding of the physiological roles of IFs as well as their

roles in different pathological conditions and diseases (see Fig.

2 for overview).
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