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Intermediate filaments (IF) form the structural framework of the
cytoskeleton. Although histopathological detection of IF proteins
is utilized for examining cancer specimens as reliable markers,
the molecular mechanisms by which IF are involved in the biology
of cancer cells are still unclear. We found that site-specific pho-
sphorylation of IF proteins induces the disassembly of filament
structures. To further dissect the in vivo spatiotemporal dynamics
of IF phosphorylation, we developed site- and phosphorylation
state-specific antibodies. Using these antibodies, we detected
kinase activities that specifically phosphorylate type III IF,
including vimentin, glial fibrillary acidic protein and desmin,
during mitosis. Cdk1 phosphorylates vimentin-Ser55 from
prometaphase to metaphase, leading to the recruitment of Polo-
like kinase 1 (Plk1) to vimentin. Upon binding to Phospho-Ser55
of vimentin, Plk1 is activated, and then phosphorylates vimentin-
Ser82. During cytokinesis, Rho-kinase and Aurora-B specifically
phosphorylate IF at the cleavage furrow. IF phosphorylation by
Cdk1, Plk1, Rho-kinase and Aurora-B plays an important role in
the local IF breakdown, and is essential for the efficient
segregation of IF networks into daughter cells. As another part
of our research on IF, we have set out to find the binding partners
with simple epithelial keratin 8/18. We identified tumor necrosis
factor receptor type 1-associated death domain protein (TRADD)
as a keratin 18-binding protein. Together with data from other
laboratories, it is proposed that simple epithelial keratins may
play a role in modulating the response to some apoptotic signals.
Elucidation of the precise molecular functions of IF is expected to
improve our understanding of tumor development, invasion and
metastasis. (Cancer Sci 2006; 97: 167–174)

Intermediate filaments (IF) form the cytoskeletal framework
in the cytoplasm of various eukaryotic cells, and are also

present in the nuclear envelope as the major component of
nuclear lamina.(1,2) Although structural components of other
major cytoskeletal proteins (e.g. actin and tubulin) are highly
conserved in different cell types, constituent proteins of IF
show intriguing molecular diversities and are expressed in
tissue-specific programs during development and differentiation.
Therefore, the types of IF present in cells are supposed to be
related to their physiological functions. This feature is
relevant to the association of mutations in human IF genes
with a variety of tissue-specific disorders.(3–5) In addition, IF

proteins can serve as markers of the tissue origin of tumors
(keratins define epithelial tissues, whereas vimentin defines
mesenchymal origin).(4,6) In some cancers, particularly
malignant melanoma and breast carcinoma, there is a strong
indication that vimentin and keratin IF are coexpressed, thus
presenting as a dedifferentiated or interconverted (between
epithelial and mesenchymal) phenotype.(7) Epithelial–
mesenchymal transition (EMT) is implicated in tumor
progression, and the expression pattern of keratin and
vimentin is one of the reliable markers for EMT. Although
accumulating data suggest that IF proteins may play an
important role in cancer development, the molecular
mechanisms by which IF are involved in the biology of
cancer cells are largely unknown and should be elucidated.

The intracellular organization of IF networks is under the
control of protein kinases and phosphatases (Fig. 1).(8–10)

Nuclear lamin is phosphorylated by Cdk1/Cdc2 kinase, lead-
ing to breakdown of the nuclear envelope, a key event in
prometaphase.(11,12) Cytoplasmic IF are also reorganized
dramatically during mitosis, and this reorganization is con-
sidered to be controlled by IF protein phosphorylation. Using
site- and phosphorylation state-specific antibodies, which
recognize a phosphorylated serine/threonine residue and its
flanking sequence,(13–15) we detected kinase activities that spe-
cifically phosphorylate IF at the cleavage furrow during cyto-
kinesis, and called these kinases cleavage furrow (CF)
kinases.(16–19) The analysis of in vivo phosphorylation sites on
IF led to the identification of Rho-kinase and Aurora-B as CF
kinases.(20–26) Recently, we found that Polo-like kinase 1
(Plk1) binds to vimentin-Ser55 phosphorylated by Cdk1 and
then phosphorylates vimentin-Ser82 during mitosis.(27)

The present review first provides an overview of the regulation
of IF organization by phosphorylation and the development
of site- and phosphorylation state-specific antibodies. We then
focus on the spatiotemporal regulation of type III IF by site-
specific phosphorylation during mitosis. In the final part of this
review, we briefly discuss the recent research on simple epithelial
keratin 8/18-binding proteins, which provide us with new
insights for understanding the physiological functions of IF.
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Site-specific phosphorylation induces the 
disassembly of IF in vitro

The correlation between increase in IF phosphorylation and
filament reorganization observed in mitotic cells had led to
the notion that organization of IF may be regulated by
phosphorylation.(28,29) The first direct evidence that the
organization of IF is regulated by phosphorylation was
obtained in in vitro studies using vimentin.(8) Vimentin filaments
reconstituted in vitro underwent complete disassembly when
phosphorylated by purified cAMP-dependent protein kinase
(A kinase) or protein kinase C (C kinase). Subsequently,
similar in vitro disassembly induced by phosphorylation was
noted for almost all major IF proteins, such as vimentin,(8,30–33)

glial fibrillary acidic protein (GFAP),(34) desmin,(35) keratin(36)

and lamin.(11,12) IF proteins are composed of an amino-
terminal head, a central rod and a carboxy-terminal tail.(1)

Most of the phosphorylation sites of IF that induce
disassembly of IF are located in the amino-terminal non-α-
helical head domain, indicating that amino-terminal domain-
specific and site-specific phosphorylation of IF induce
disassembly of the filament structure, in vitro.(8,9,31,37)

Development of site- and phosphorylation 
state-specific antibodies

Protein phosphorylation acts as the main molecular switch in
intracellular signal transduction. There have been several
commonly used methods to assist in investigating kinase
activities. However, the data obtained by classic techniques,
such as isotope labeling and biochemical cell fractionation,
do not provide important ‘in vivo’ spatiotemporal information
on ‘active’ kinases (phosphorylation/dephosphorylation state
of target proteins). During the course of our research on IF,
we attempted to monitor in vivo spatiotemporal changes of
the phosphorylation and dephosphorylation of various IF
proteins by kinases and phosphatases. For this, in 1990 we
devised a method and procedures to develop site- and
phosphorylation state-specific antibodies.(16,17,38,39) The most
important advantage of these antibodies is that a
phosphorylation site can be predesigned as an epitope by
immunizing animals with a synthetic peptide containing a
phosphorylated amino acid residue.(13–15) Because the site-
specific phosphorylation of various kinases often reflects

their catalytically activated states, site- and phosphorylation
state-specific antibodies against these sites are useful for
monitoring in vivo kinase activities spatially and
temporally.(15) Many site- and phosphorylation state-specific
antibodies are now commercially available and utilized
widely to analyze the phosphorylation of many proteins in
various cellular events, including cell cycle progression,
protein degradation, transcriptional control and cellular
transformation. In addition, these antibodies have further
facilitated the development of new kinase inhibitors that will
be used for the treatment of human diseases.

Site-specific phosphorylation of type III IF 
during mitosis

Using these site- and phosphorylation state-specific antibodies,
we studied in vivo phosphorylation states of type III IF,
including GFAP expressed in glial cells, vimentin in
mesenchymal cells and most types of cultured cells, and
desmin in muscle cells. The first evidence was obtained for
four distinct sites on the amino-terminal head domain of
GFAP.(16,18) During mitosis, Ser8 phosphorylation of GFAP in
glial cells began in the prometaphase, remained until
metaphase, and declined gradually thereafter. The
phosphorylation was observed diffusely throughout the
cytoplasm. In contrast, the phosphorylation of residues Thr7,
Ser13 and Ser38 was spatially and temporally distinct,
increasing in anaphase, maintained until telophase, and
decreasing at the exit of mitosis, and this phosphorylation
was localized specifically at the CF. These observations
suggested that GFAP was phosphorylated by at least two
different kinases, which were activated during early mitosis
and at the CF.

Cdk1/Cdc2 kinase is known to be activated specifically
during early mitosis,(40) and was found to phosphorylate
GFAP only at Ser8 in vitro.(41) As vimentin-Ser55 was phos-
phorylated specifically by Cdk1 among known IF kinases
in vitro,(33,42) we further produced a site- and phosphorylation
state-specific antibody for this site. Ser55 on vimentin was
also phosphorylated in various types of cells only during the
early mitotic phase. A chromatographical analysis of mitotic
cell lysates revealed a single peak of Ser55 kinase activity
that was identical to Cdk1.(43) Together with the data obtained
by a tryptic peptide analysis,(32) these observations strongly

Fig. 1. Regulation of intermediate filament
(IF) organization by phosphorylation. The
site-specific phosphorylation in the amino-
terminal head domain of IF proteins induces
the disassembly of IF. The balance between IF
phosphorylation by protein kinases and
dephosphorylation by protein phosphatases
controls the continuous exchange of IF
subunits between a soluble pool and
polymerized IF.
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suggested that Cdk1 was responsible for the in vivo vimentin-
Ser55 phosphorylation specifically during early mitosis (Fig. 2).

In contrast, there was another protein kinase, which phos-
phorylated Thr7, Ser13 and Ser38 on GFAP specifically at
the CF during cytokinesis. Because this kinase seemed to be
activated specifically at the CF during cytokinesis, we named
it CF kinase.(16,18) This CF kinase activity was observed not
only in astroglial cells but also in several cultured cells in
which GFAP is expressed ectopically.(19) These findings indi-
cated that the activation of CF kinase occurred in a wide
range of cell types, suggesting its important role in cytokine-
sis. We postulated the possible involvement of Rho in the
regulation of the CF kinase activity. Rho-kinase,(44) a Rho tar-
get, was revealed to phosphorylate GFAP at Thr7, Ser13 and
Ser38 but not at Ser8, in vitro.(20) The in vitro Rho-kinase
phosphorylation sites (Ser38 and Ser71) on vimentin were
also shown to be phosphorylated at the CF during cytokinesis
(Fig. 2).(21,45) All accumulating data on the substrate specifi-
city were consistent with the idea that Rho-kinase was
responsible for CF kinase activity. To determine the biologi-
cal significance of the CF-specific IF phosphorylation, we
produced a mutant GFAP in which the Rho-kinase/CF kinase
phosphorylation sites (Thr7, Ser13 and Ser38) were changed
to alanine residues, and introduced this mutant GFAP into
type III IF-negative T24 cells.(22) The expression of this
mutant GFAP impaired the cytokinetic segregation of GFAP
filaments, resulting in the formation of an unusually long
bridge-like structure (referred to as an IF bridge) between
unseparated postmitotic cells. The expression of wild-type
GFAP or mutants (in which three Ser/Thr residues other than
those at the Rho-kinase/CF kinase sites were altered) showed
no remarkable phenotype.(22) These observations suggested
that the phosphorylation of IF proteins by Rho-kinase/CF
kinase was required for the local IF breakdown and the sepa-
ration of IF into daughter cells. Based on these results, we
concluded that Rho-kinase was one of the CF kinases.

To further elucidate the CF-specific phosphorylation of
type III IF, we constructed a series of vimentin mutants in
which the phosphorylation sites for one or more known
vimentin kinase were changed to alanine. We transiently

expressed these mutants in T24 cells, and observed the for-
mation of the IF bridge.(46) We found that only 3.2% of cells
that were transfected with vimentin mutated at all sites for
known vimentin kinases (Rho-kinase, protein kinase C, CaM
kinase II and Cdk1) formed IF bridges.(46) This suggested the
existence of an unknown protein kinase(s) that may phospho-
rylate vimentin at a site(s) other than known phosphorylation
sites and may be responsible for vimentin filament separa-
tion. We produced another set of vimentin mutants in which
known vimentin kinase sites and an additional serine residue
were altered. Among these mutations, the vimentin mutation
at Ser72 in addition to mutations at sites phosphorylated by
known vimentin kinases induced a remarkable phenotype in
terms of filament separation. Many cells transfected with this
mutant (60.2% cells relative to the total number of trans-
fected postmitotic cells) formed IF bridges between daughter
cells. We then produced a site- and phosphorylation state-
specific antibody for vimentin-Ser72 (YG72), and demon-
strated that vimentin-Ser72 was phosphorylated specifically
at the CF during cytokinesis. These results indicated that an
unidentified vimentin-Ser72 kinase(s) may play important
roles in vimentin separation through site- or domain-specific
vimentin phosphorylation.(46) We asked if Aurora-B, which
belongs to the Aurora kinase family regulating key cell-cycle
processes,(47) could be a vimentin-Ser72 kinase. We observed
that the intracellular distribution of Aurora-B overlapped with
that of vimentin phosphorylated at Ser72.(24) The inhibition of
endogenous Aurora-B by the expression of its dominant-
negative mutant reduced the vimentin-Ser72 phosphorylation
at undetectable levels. By identifying eight Aurora-B phos-
phorylation sites on vimentin in vitro, we demonstrated that
vimentin-Ser72 was an in vitro phosphorylation site of
Aurora-B (Fig. 2).(24) Mutations at Aurora-B phosphorylation
sites on vimentin induced the impaired segregation of vimen-
tin filaments in postmitotic cells, and thus Ser72 was found
to be one of the important phosphorylation sites responsible
for vimentin IF bridge-phenotype formation.(24) Mutations at
both the Aurora-B and Rho-kinase sites showed synergistic
effects on the IF bridge formation. Aurora-B phosphorylated
GFAP at Thr7, Ser13 and Ser38, which were the same sites

Fig. 2. Phosphorylation sites in the mouse vimentin head domain. Multiple serine residues are phosphorylated by cAMP-dependent protein
kinase (A kinase), protein kinase C (C kinase), Ca2+/calmodulin-dependent protein kinase II (CaM kinase II), p21-activated kinase (PAK), Cdk1/
Cdc2 kinase, Rho-kinase, Aurora-B and Polo-like kinase 1 (Plk1). Yellow circles indicate the important in vivo phosphorylation sites during
mitosis.
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as those phosphorylated by CF kinase and Rho-kinase.(25)

Taken together, these results suggested that Aurora-B may
regulate CF-specific phosphorylation and segregation of IF
coordinately with Rho-kinase during cytokinesis.(24,25)

In the course of the analysis of Aurora-B, we found that
human Aurora-B was phosphorylated at Thr232 through the
interaction with inner centromere protein, in vivo.(48) The
phosphorylation of Thr232 occurred by means of an auto-
phosphorylation mechanism, which was indispensable for the
Aurora-B kinase activity. The activation of Aurora-B spatio-
temporally correlated with the site-specific phosphorylation
of its physiological substrates, histone H3 and vimentin.
Overexpression of the TA mutant of Aurora-B, in which
Thr232 was changed to alanine, frequently induced multinu-
clearity in cells. To further investigate the mechanism by
which the impairment of Aurora-B activity resulted in the
formation of multinucleate cells, we examined in detail the
phenotype of the overexpression of vimentin mutants, in
which phosphorylation sites by Aurora-B were changed to
alanine or glycine. The overexpression of the vimentin
mutant in T24 cells caused not only inhibition of vimentin
filament segregation into daughter cells but also multinucle-
arity. This suggested that the formation of multinucleate cells
expressing the TA mutant of Aurora-B may partly result from
disorganization of vimentin filament segregation in the
cytokinetic processes.(48)

As described above, Cdk1 also phosphorylates vimentin
from prometaphase to metaphase, but its significance
remained unknown. Recently, we demonstrated a direct inter-
action between Plk1 and vimentin-Ser55 phosphorylated by
Cdk1, an event that led to Plk1 activation.(27) Activated Plk1
induced the phosphorylation of vimentin-Ser82, which was
elevated from metaphase and maintained until the end of
mitosis. Mutational analyses revealed that Plk1-induced
vimentin-Ser82 phosphorylation played an important role in
vimentin filament segregation, coordinately with Rho-kinase
and Aurora-B (Fig. 3).(27)

Mitotic checkpoint defects promote aneuploidy and tumor-
igenesis.(49) Polyploid cells are formed during development in
otherwise diploid organisms, and also arise during a variety

of pathological conditions.(50) It was suggested that genetic
instability in tetraploid cells might provide a route to aneu-
ploidy and thereby contribute to the development of can-
cer.(50) As described earlier, the overexpression of vimentin
mutants, in which phosphorylation sites by Rho-kinase,
Aurora-B, Cdk1 and Plk1 are changed to alanine or glycine,
in T24 cells causes multinuclearity.(27,48) It is tempting to
speculate that impairment of IF phosphorylation by the
abnormal regulation of these mitotic kinases would contrib-
ute to the generation of tetraploid cells that have two nuclei,
leading to subsequent apoptotic cell death in normal cells.
The loss of tetraploidy checkpoint and a subsequent cata-
strophic mitosis in these cells might result in the generation
of aneuploid cells, leading to cancer development (Fig. 4).
This possible route from tetraploidy to aneuploidy, which is
caused by the impairment of IF phoshorylation in cancer
cells, should be examined in the future.

New insights for biological functions of IF

Intermediate filament proteins exert their functions through
interactions with a variety of structural and non-structural
proteins (Table 1).(1,2,5,51) A principal function of IF is
considered to be the protection of cells from mechanical
stress, which is accomplished by the association with cell
adhesion machinery, hemidesmosome and desmosome.(52,53)

To dissect the role of IF in cancer development, we set out to
search for the binding partners of keratin 8/18. Keratin 8 and
18 form obligate non-covalent heteropolymers and constitute
the major components of the IF of simple or single-layered
epithelia, as found in the gastrointestinal tract, liver, exocrine
pancreas and mammary gland, from which many carcinomas
arise.(54) Gene-targeting techniques have been used to
elucidate the function of keratin 8/18. Keratin 8 knockout
mice in one strain died at around day 12 from undetermined
tissue damage,(55) whereas in a different strain they survived
to adulthood but colorectal hyperplasia and inflammation
were present.(56) Intoxicated keratin 8 knockout mice suffer
from extensive porphyria and progressive toxic liver damage
without formation of Mallory bodies, suggesting that keratin

Fig. 3. Cooperative phosphorylation of vimentin by mitotic kinases. Cdk1 phosphorylates vimentin-Ser55 from prometaphase to metaphase.
Polo-like kinase 1 (Plk1) binds to vimentin-Ser55 phosphorylated by Cdk1, leading to Plk1 activation and phosphorylation at Ser82 by Plk1.
During cytokinesis, Ser71 and Ser72 are specifically phosphorylated by Rho-kinase and Aurora-B, respectively. These phosphorylations play
an important role in vimentin filament segregation.
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Fig. 4. A potential route to generate aneuploid cells. During mitosis, the phosphorylation of intermediate filaments (IF) by mitotic kinases
is impaired, leading to the generation of tetraploid cells. If these cells lose the tetraploidy checkpoint, they will be transformed into
aneuploid cells.

Table 1. Intermediate filament (IF)-associated proteins

Protein name IF partners Notable features

Cell adhesion and cytoskeleton
Plectin V, D, G, NF, K, L-B Formation of hemidesmosomes
BPAG1 K, NF Formation of hemidesmosomes
Desmoplakin K, V Formation of desmosomes
Envoplakin K Localized in the cornified envelope of keratinocytes
Periplakin K Localized in the cornified envelope of keratinocytes
Plakophilin K Formation of desmosomes
Pinin K Formation of desmosomes
Filaggrin K, V, D Packing of keratin filaments
Trichohyalin K Cross-linking in the hair follicle
Fimbrin V Adhesion-dependent formation of fimbrin-vimentin complex
PLIC V Anchoring vimentin to the plasma membrane
FTCD V Integrates the Golgi compartment with IF
Trichoplein K Trichohyalin and plectin homology domain
Fbf-1 K Trichohyalin and plectin homology domain

Molecular chaperones
αB-crystallin G, V, K Mutated in desmin-related myopathy
Hsp27 G, V, K Management of the interaction between IF
Hsp/c70 K8 Direct association in an ATP-dependent manner
Hsp90 K Co-localization
Grp78 K8 Direct association in an ATP-dependent fashion
Mrj K18 Recruitment of Hsp/c70 to K8/18

Cell signaling
PKC V, K Association and phosphorylation
PKB K10 Sequestration of PKCζ and PKB by K10
JNK K8 K8 is a target for JNK in Fas receptor-mediated signaling
PKN NF, V Association and phosphorylation
Cdk5 NF, N Association and phosphorylation
Plk1 V Binds to vimentin phosphorylated at Ser55 by Cdk1
14-3-3 K, V Binds to K18 phosphorylated at Ser33
TNFR2 K8/18 Keratin-dependent resistance to TNF-induced apoptosis
TRADD K18, K14 K18 sequesters TRADD to attenuate TNF-induced apoptosis
DEDD K18 Regulates degradation of K8/18 filaments in apoptosis
c-FLIP K8/18 K8/18 modulates c-Flip/ERK1/2 antiapoptotic signaling
Hamartin NF-L Hamartin is a protein encoded by TSC1

Lamin-associated
Lamin-B receptor L-B Membrane-embedded enzyme that binds B-type lamins
Emerin L-A, L-B Mutated in Emery–Dreifuss muscular dystrophy

Others
SNAP23 V Possible implication of vimentin in membrane traffic
VIP54 V Codistribution with vimentin

D, desmin; G, glial fibrillary acidic protein; K, keratin; L, lamin; N, nestin; NF, neurofilament; V, vimentin.
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8 plays a protective role in certain types of toxic liver
injury.(57) Keratin 18 null mice were fertile and had a normal
life span, whereas old keratin 18 null mice developed a
distinct liver pathology with abnormal hepatocytes containing
keratin 8-positive aggregates that resembled Mallory bodies
seen in human livers with alcoholic hepatitis.(58) Human
keratin 8/18 mutations are reported as risk factors for
developing liver disease of multiple etiologies.(4) In addition,
missense mutations in the keratin 8 gene were reported in a
subset of patients with inflammatory bowel disease (Crohn’s
disease and ulcerative colitis).(59)

Oshima and colleagues addressed a new, fascinating func-
tion of keratin 8/18, and explained the phenotypes of keratin
8 or keratin 18 knockout mice.(60) They stated that normal and
malignant epithelial cells deficient in keratin 8 and keratin 18
are approximately 100 times more sensitive to tumor necrosis
factor (TNF)-induced cell death. Keratin 8 and keratin 18
both bind to the cytoplasmic domain of tumor necrosis factor
receptor (TNFR)2 and moderate the effects of TNF. This
diminution may be a fundamental function of keratin 8/18
seen in liver regeneration, inflammatory bowel disease, hepa-
totoxin sensitivity, and the persistent expression of these
keratins in many carcinomas.(60,61) We discovered an impor-
tant molecular mechanism by which epithelial cells can be
resistant to TNF-induced cytotoxicity.(62) We found a direct
association of keratin 18 with TNFR1-associated death
domain protein (TRADD), an indispensable adaptor mole-
cule for TNFR1 signaling. Thus, keratin 18 may sequester
TRADD to attenuate the interaction of TRADD with acti-
vated TNFR1, leading to diminution of TNF-induced apopto-
sis.(62) Keratin 14–TRADD interaction was postulated to be
important for the pathogenesis of epidermolysis bullosa sim-
plex.(63) In addition, Gilbert et al. reported that keratin 8/18
provides resistance to Fas-mediated apoptosis and that this
protection occurs through a modulation of Fas targeting to
the cell surface.(64) Other adaptor molecules in apoptotic sig-
naling, including death effector domain containing DNA
binding protein and cellular FLICE inhibitory protein,(65–67)

were also reported to be associated with keratin 8/18
(Table 1). Together with these reports described above, it is
proposed that simple epithelial keratins may play a role in
modulating the response to some apoptotic signals.(59,61)

In addition to TRADD, we have thus far identified Mrj and
trichoplein as keratin 8/18-binding proteins (Table 1).(68,69)

Mrj, a member of the DnaJ/Heat shock protein (Hsp) 40
family of proteins, binds directly to keratin 18. Mrj may play
an important role in the regulation of keratin 8/18 filament
organization as a keratin 18-specific cochaperone to work
together with Hsp/c70.(68) Trichoplein has a domain that
shows a low degree of sequence similarity to trichohyalin and
plectin, designated as the trichohyalin/plectin homology
domain (TPHD).(69) Trichoplein may be involved in organiza-

tion of the apical network of keratin filaments and desmo-
somes in simple epithelial cells. We have also identified Fas
binding factor-1, which has TPHD, as a keratin-binding pro-
tein (M. Sugimoto and M. Inagaki, unpublished observation).

The identification of IF-binding proteins and lessons from
transgenic mouse models and human diseases have provided
us with clues about the functions of IF proteins. An attractive
concept drawn from these studies is that IF may affect cell
growth and cell death through interactions with a variety of
non-structural proteins, including kinases and adaptors for
cell signaling.(1,2,5,51,59,61) It is thus plausible that IF may play
profound roles in cancer development, invasion and metastasis.

Conclusions

The site-specific phosphorylation of IF proteins alters their
filament structures. We have identified a number of in vitro
phosphorylation sites of IF proteins by various kinases.
Recent analyses using the site- and phosphorylation state-
specific antibodies demonstrated that several mitotic
kinases, including Cdk1, Plk1, Rho-kinase and Aurora-B,
phosphorylate IF proteins in a spatiotemporally regulated
manner, leading to the efficient separation of IF to daughter
cells. It is possible that the impairment of IF phosphorylation
by mitotic kinases might result in the formation of
multinucleated cells. The identification of novel IF-binding
proteins has provided us with some keys to open the door to
the dissection of the molecular functions of IF. Further
elucidation of the crosstalk between IF and intracellular
signaling pathways is expected to improve our understanding
of tumor development, invasion and metastasis and to find
new therapeutic strategies for cancers.

During the course of our research on IF, in 1990 we devised
a method and procedures to develop site- and phosphorylation
state-specific antibodies. These antibodies have facilitated
understanding of the cytoskeletal organization, signal trans-
duction and transcriptional mechanisms as well as clinical
diseases, and will be further utilized for developing new drugs.
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