Cell. Mol. Life Sci. (2009) 66:3263-3276
DOI 10.1007/s00018-009-0084-5

Cellular and Molecular Life Sciences

REVIEW

Predominant regulators of tubulin monomer—polymer
partitioning and their implication for cell polarization

Per Holmfeldt - Mikael E. Sellin - Martin Gullberg

Received: 13 May 2009 /Revised: 19 June 2009/ Accepted: 22 June 2009 /Published online: 8 July 2009

© Birkhduser Verlag, Basel/Switzerland 2009

Abstract The microtubule-system organizes the cyto-
plasm during interphase and segregates condensed
chromosomes during mitosis. Four unrelated conserved
proteins, XMAP215/Disl/TOGp, MCAK, MAP4 and
Op18/stathmin, have all been implicated as predominant
regulators of tubulin monomer—polymer partitioning in
animal cells. However, while studies employing the
Xenopus egg extract model system indicate that the parti-
tioning is largely governed by the counteractive activities
of XMAP215 and MCAK, studies of human cell lines
indicate that MAP4 and Opl8 are the predominant regu-
lators of the interphase microtubule-array. Here, we review
functional interplay of these proteins during interphase and
mitosis in various cell model systems. We also review the
evidence that MAP4 and Opl8 have interphase-specific,
counteractive and phosphorylation-inactivated activities
that govern tubulin subunit partitioning in many mamma-
lian cell types. Finally, we discuss evidence indicating that
partitioning regulation by MAP4 and Opl8 may be of
significance to establish cell polarity.
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Introduction

The microtubule cytoskeleton is built from o/f-tubulin
heterodimer subunits, which assemble into stiff polar
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hollow tubes (reviewed in [1]). Microtubule formation is
facilitated by templated nucleation mediated by y-tubulin
ring complexes at the microtubule organizing center,
known as the centrosome in animal cells (reviewed in [2]).
In most cells, the interphase microtubule-array is organized
with the minus ends anchored within the matrix of the
centrosome and the plus ends extending out towards the
cell periphery (reviewed in [3]). The interphase micro-
tubule cytoskeleton transforms during mitosis into the
bipolar spindle (Fig. 1a). During mitosis, the microtubules
of the mitotic spindle organize the duplicated chromo-
somes onto the cellular equator and thereafter segregate
them so that each daughter cell receives a complete set of
chromosomes.

The major functions of the interphase microtubule sys-
tem are to organize the cytoplasm and to facilitate cellular
morphogenesis and polarity, which to a large extent
involve transport of various cargos along microtubules.
This transport depends on motor proteins such as dynein
and kinesins (reviewed in [4]). In this way, microtubules
organize cellular organelles and facilitate vesicle transport,
e.g., in the secretory- and endocytotic pathways (reviewed
in [5]). Moreover, polarized intracellular transport of car-
gos such as membrane vesicles or actin regulatory proteins
is important during cellular migration, which also involves
dynein-dependent re-orientation of the centrosome of the
cell (reviewed in [6]).

Microtubules exhibit non-equilibrium dynamics, charac-
terized by periods of polymerization and depolymerization,
with stochastic transitions between these two states (Fig. 1b)
[7, 8]. The transition between polymerization and depoly-
merization is termed a catastrophe and the opposite event a
rescue. The non-equilibrium dynamics of microtubules
provide the basis for the “search-and-capture” model of
microtubule function (Fig. 1¢) [9], which provides the cell
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Fig. 1 a Immunofluorescence images showing DNA (blue) and
microtubules (green) in an interphase and a mitotic human leukemia
cell. b Dynamic instability of microtubules and the role of GTP
hydrolysis for this process are illustrated. ¢ Depiction of how dynamic
instability of microtubules facilitates exploration of the intracellular

with a system to probe its interior for either stabilizing cues
on condensed chromosomes during mitosis or membrane
proximal stabilization cues during interphase of the cell
cycle.

The driving force for the dynamic behavior of micro-
tubules is provided by GTP hydrolysis within the
microtubule lattice [10]. Both o- and f-tubulin of the
heterodimer have a GTP-binding site but only the E-site
(Exchangeable) located on f-tubulin is of regulatory sig-
nificance. As depicted in Fig. 1b, the E-site bound GTP is
exposed at the plus end and becomes buried at the newly
formed heterodimer interface during polymerization. This
simultaneously prevents GTP-exchange and exposes GTP
to a catalytic loop on a-tubulin that promotes its hydrolysis
to GDP [11]. Hydrolysis to GDP in turn induces a straight-
to-curved conformational change in the tubulin heterodi-
mer (reviewed in [12]). The classical GTP-cap model
postulates that the conformational change that results from
GTP-hydrolysis at the plus end generates an energetically
unstable microtubule lattice that requires a layer of straight
GTP loaded heterodimers to prevent depolymerization. The
stochastic losses of the GTP-cap, due to either hydrolysis
or heterodimer disassociation, allows the GDP-containing
protofilaments to relax into a more energetically favorable
curved conformation, which disrupts the stabilizing lateral
interactions between adjacent protofilaments. The individ-
ual protofilaments will consequently rapidly depolymerize
since longitudinal interactions alone are not sufficient to
maintain the polymer.

The parameters that govern the dynamics of the
microtubule-system are the rates of polymerization/depo-
lymerization and frequencies of catastrophe/rescue events
(Fig. 1b; reviewed in [13]). The intrinsic microtubule
dynamics are modified in the cell by interaction with an
array of proteins that stabilize or destabilize microtubules.

space for stabilizing cues on either chromosomes (/) or the plasma
membrane (/). Selective stabilization of dynamic microtubules at
stabilizing cues plays a key role during both formation of the mitotic
spindle and during morphogenesis

Cell cycle-specific regulation of such proteins has been
reported to mediate an increased frequency of catastrophes
during mitosis [14]. A recent proteomic search in Dro-
sophila embryos identified 270 microtubule-interacting
proteins [15], out of which about 100 were not previously
known to bind microtubules. The task of determining
which of these proteins are important for regulation of
various aspects of microtubule function represents a major
challenge.

Regulation of microtubule dynamics together with reg-
ulation of the nucleating activity at the centrosome governs
monomer—polymer partitioning of tubulin dimers [16]. Four
proteins, XMAP215/Disl/TOGp, MCAK, MAP4 and
Op18/Stathmin, have all been proposed to be the predom-
inant regulators of tubulin subunit partitioning. We here
review the importance of these proteins for regulation of
tubulin subunit partitioning in various model systems. We
also review recent reports suggesting that the phosphor-
ylation-responsive and counteractive activities of Op18 and
MAP4 may have a role in establishing cell polarity.

Microtubule regulatory proteins

Many of the evolutionary conserved proteins that regulate
the microtubule system can be grouped in two broad
functional categories, namely proteins that stabilize or
destabilize microtubules. The relative levels and activities
of these microtubule stabilizing/destabilizing proteins
determine tubulin monomer—polymer partitioning during
interphase and mitosis.

The so-called classical microtubule-associated proteins
(MAPs) are most abundant and best characterized in neural
tissues. These proteins promote tubulin polymerization
and stabilize microtubules by cross-linking adjacent
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protofilaments [17]. Classical MAPs are all composed of an
N-terminal projection domain, which protrudes from the
microtubule surface, and a C-terminal domain that contains
various numbers of microtubule binding repeats. This
protein family includes the neuronal members MAP2 and
tau, and the ubiquitously expressed MAP4.

A diverse and more recently described family of pro-
teins that interacts with microtubules is termed +TIP-
proteins due to their propensity to bind at the plus ends
(reviewed in [18]). Members of the +TIP family include
XMAP215/Dis1/TOGp, APC, CLASP, CLIP170 and EB1.
Some of these proteins have been shown to facilitate sta-
bilization of dynamic microtubules at specific cellular
locations, such as the kinetochores of the mitotic chro-
mosomes and polarized sites in the plasma membrane
(Fig. 1c). Some +TIP-proteins have also been shown to
bind alongside microtubules and thereby serve a stabilizing
function, e.g., XMAP215/Dis1/TOGp family members.

Microtubules can be disrupted/destabilized by several
distinct mechanisms. The best characterized examples
include (1) breakage within the lattice and consequent
microtubule severing (reviewed in [19]), (2) catastrophe
promotion by interactions with protofilaments at micro-
tubule ends (reviewed in [20]), and (3) sequestering of
tubulin heterodimers from the polymerization process
(reviewed in [21]). MCAK and Opl8/stathmin are exam-
ples of microtubule-destabilizing proteins, both of which
have been proposed to exert predominant and globally
acting destabilizing activities.

The evolutionary conserved XMAP215/Dis1/TOGp
+Tip-protein family

Members of the XMAP215/Dis1/TOGp family are found in
all eukaryotes and appear to be multi-functional regulators
of the microtubule-system (reviewed in [20]). Their most
conserved feature is the tubulin binding TOG domain [22],
which is repeated between two and five times depending on
the organism (reviewed in [23]). Electron microscopy
studies have revealed an elongated shape for both Xenopus
XMAP215 [24] and the S. cerevisiae family member Stu2p
[25]. The crystal structure of a TOG-domain of the
C. elegans family member Zyg-9 reveals a flat and paddle-
shaped structure [22].

XMAP215 increases the plus-end polymerization rate
about sevenfold during assembly of purified tubulin [26].
Two mutually exclusive mechanistic models have been
proposed to explain the accelerated polymerization rate,
namely (1) XMAP215 serves as a template for tubulin
oligomers and thereby facilitates delivery of preassembled
protofilaments to the plus-end of microtubules [27, 28], and
(2) XMAP215 binds processively to the plus end of the

microtubule and facilitates repeated rounds of addition of
tubulin heterodimers into polymerizing protofilaments
[29], possibly through the recruitment of tubulin hetero-
dimers by high affinity binding.

The MCAK family of catastrophe promoting proteins

The MCAK protein is conserved among vertebrates and
belongs to a unique group of the kinesin motor proteins, the
kinesin-13 family (previously known as KIN I for their
internal motor domain), which depolymerize microtubules
rather than translocate along them (reviewed in [30]).
Human MCAK is preferentially expressed in proliferative
cells [31] and appears frequently overexpressed in solid
tumors [32, 33]. The catastrophe-promoting activity of
MCAK was originally described by studies of the Xenopus
ortholog previously termed XKCM1 [34].

Studies on purified MCAK reveal disruption of both
minus and plus ends of microtubules [35], and it has been
proposed that ATP-independent diffusion along the sides of
microtubules facilitates rapid targeting of MCAK to the
microtubule ends [36]. The mechanism behind catastrophe
promotion involves MCAK-mediated curling of protofila-
ments at microtubule ends, with the energy from ATP
hydrolysis being utilized to release the protein from the
curling protofilament for subsequent recycling of MCAK
[35].

Immunofluorescence analyses of cultured cells have
shown that MCAK concentrates to kinetochores and spin-
dle poles during mitosis [37]. Inactivation of MCAK, by
either microinjection of a dominant negative mutant
[38, 39] or RNA interference-mediated protein knockdown
[40—42], has relatively modest effects during mitotic
spindle assembly. Significantly, however, an increase of
lagging chromosomes during both prometaphase and ana-
phase has been documented [38, 39, 43-45]. There is
currently good evidence for a model implying that MCAK
is specifically recruited to kinetochores with incorrect
microtubule attachments, and subsequently depolymerizes
microtubules at these faulty attachments (reviewed in [46]).
The regulation of recruitment and activation of MCAK
during this process is complex and involves the Aurora B
kinase (reviewed in [46]).

XMAP215/TOGp and MCAK exert predominant and
antagonistic regulation of tubulin subunit partitioning
in Xenopus egg extracts but not in human cell model
systems

A partial immunodepletion (~60%) of XMAP215 is suf-
ficient for a pronounced decrease in microtubule length in
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Fig. 2 a Depiction of the experimental evidence based on aster sizes
that the balance between MCAK and XMAP215 in Xenopus egg
extracts determines tubulin monomer—polymer partitioning during
interphase and mitosis (adapted from [48, 143]). b A model of the

Xenopus egg extracts, which could be attributed to a gen-
eral increase in the catastrophe frequency (Fig. 2a) [14].
The authors also noted that, when depletion of XMAP215
was close to 90%, no microtubule asters were detected.
Such a dependence of XMAP215 for microtubule forma-
tion in egg extracts was also indicated by an earlier report
[47]. Given the high degree of conservation between
XMAP215 and TOGp (reviewed in [48]), it has been
assumed that the globally acting microtubule polymerizing/
stabilizing activity of this protein observed in Xenopus egg
cells applies for all animal cell systems.

Depletion of the catastrophe-promoting MCAK protein
in Xenopus egg extracts results in the opposite effect to
depletion of XMAP215, namely exceedingly long micro-
tubules due to a general decrease in the catastrophe
frequency [34]. Significantly, it was subsequently shown
that inhibition of MCAK (by inactivating antibodies)
combined with a partial (~60%) immunodepletion of the
XMAP215 protein results in microtubules with similar
length and catastrophe frequency as observed in control
extracts (Fig. 2a) [14]. These experiments provided the
foundation for the prevailing concept that MCAK and
XMAP215 exert antagonistic activities that determine the
partitioning of tubulin subunits and the dynamic behavior
of microtubules during both interphase and mitosis in the
Xenopus egg extract system (Fig. 2b) [14].

Based on antagonistic activities of MCAK and
XMAP215 in Xenopus egg extracts, a general model has
been proposed that would explain differences in microtu-
bule length and dynamics during interphase and mitosis
[48]. Accordingly, the dominant microtubule stabilizing
activity of XMAP215 is proposed to be essential for the
long and less dynamic microtubules observed during
interphase. At the entry into mitosis, an apparent decrease
of XMAP215 activity is thought to relieve inhibition of a
globally acting catastrophe-promoting activity by MCAK,
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demonstrated antagonistic regulation of microtubule dynamics by
XMAP215 and MCAK in Xenopus egg extract (the concept adopted
from [48]). The consequences of these balancing activities on tubulin
monomer—polymer partitioning are also illustrated

which would explain how MCAK in Xenopus egg extracts
mediates formation of short and highly dynamic micro-
tubules during mitosis, but not during interphase.
Phosphorylation-inactivation of XMAP215 during mitosis
is thought to be mediated by the cyclin-dependent kinase
CDKI1 (Fig. 2b) [49]. This model, outlined in Fig. 2b, has
formed the current paradigm on how the microtubule-
system is regulated during interphase and mitosis by pre-
dominant and antagonistic activities of XMAP215 and
MCAK family members (see influential text books such as
[50, 51].

Depletion of the human homologue of XMAP21S5,
TOGp, reveals an essential function during assembly of the
bipolar spindle during mitosis [52], and this phenotype is
suppressed by co-depletion of MCAK [40, 41]. However,
not even extensive TOGp-depletion has detectable effects
on tubulin subunit partitioning or the appearance of the
interphase microtubule-array of human cells [41, 52].
These interphase and mitotic phenotypes in human cells are
clearly different to the effects of immunodepletion of
Xenopus egg extracts of the highly homologous XMAP215
protein.

Similar to the situation for TOGp, the endogenous levels
of the catastrophe-promoting MCAK protein are not of
significance for global regulation of tubulin subunit parti-
tioning of the interphase-array of human cell lines [41].
Moreover, extensive MCAK depletion has a comparably
modest effect on spindle formation in mammalian cell
lines, which appears limited to modest increase in the
frequency of mitotic aberrancies such as monopolar spin-
dles and lagging chromosomes [53]. These aberrancies
are not associated with detectable global changes of micro-
tubule content [41], which is consistent with the demon-
strated local action of MCAK in mammalian cells to
depolymerize microtubules at faulty kinetochore attach-
ments (reviewed in [46]).
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Purified XMAP215 and the budding yeast homolog
Stu2p exert a plus end-specific microtubule-destabilizing
activity, which argued against the view of this protein
family as a general microtubule stabilizer [54, 55]. Con-
sistent with the potential to destabilize microtubules,
overexpressed TOGp causes a partial destabilization of
interphase microtubules in human cells, a phenomenon that
depends on the presence of the endogenous MCAK protein
[41]. Moreover, simultaneous overexpression of MCAK
and TOGp has an additive destabilizing effect on the
interphase-array of microtubules. While TOGp-mediated
destabilization of microtubules may represent non-physio-
logical consequences of overexpression, these results still
refute the simple model of XMAP215/TOGp and MCAK
interplay depicted in Fig. 2.

In summary, although the functions of TOGp and MCAK
are interdependent during spindle assembly in cultured
human cells, their functional interplay appears non-reci-
procal and altogether very different as compared with the
function of the corresponding proteins in the Xenopus egg
model system. It also seems clear that the endogenous levels
of TOGp and MCAK do not exert significant antagonistic
and/or global effects on tubulin subunit partitioning of
human cells. These differences between species and cell
model systems (i.e., egg cells vs somatic cells) may be due
to differential abundance and/or differences in the compo-
sition of other microtubule regulatory proteins.

MAP4 is a predominant regulator of tubulin subunit
partitioning of the interphase microtubule-array
in mammalian cells

The classical microtubule-associated proteins (MAPs),
MAP2, MAP4 and tau, are evolutionary related and have a
common structural organization (reviewed in [56]). How-
ever, only MAP4 appears ubiquitously expressed, while the
others are abundant in neuronal tissues. MAP4 is conserved
among mammals, and Xenopus cells express a protein with
similar overall structure but with weak sequence homology
(~30% identity) (reviewed in [57]). MAP4 is encoded by a
single gene but, due to alternative RNA splicing, exists as
several isoforms that have between three and five repeats of
the conserved microtubule binding region. The five-repeat
isomer is predominant in most tissues and cell lines but
mRNAs encoding the shorter isoforms are developmentally
regulated in certain tissues, e.g., heart [58].

The DNA binding p53 tumor suppressor protein has
been reported to transcriptionally repress the MAP4 pro-
moter and thereby decrease MAP4 expression [59], which
suggests that MAP4 may be upregulated in p53-deficient
tumor cells. To our knowledge, however, a clear-cut tumor
associated upregulation of MAP4 protein levels or an

association between the p53 status and MAP4 protein
content has not been reported. Hence, based on the current
literature, it appears that the MAP4 protein is present at
relatively constant levels in most tissues and cell lines.

Studies on the dynamic behavior of microtubules
assembled from purified tubulin show that MAP4 has the
potential to increase the rescue frequencys, i.e., the transition
from depolymerization to polymerization [60]. Moreover,
MAP4 binding to microtubules also counteracts the micro-
tubule severing activity of katanin in Xenopus egg extracts
[61]. Overexpressed MAP4 has also been reported to act as
“road-bumps” that inhibit the microtubule-dependent
motility of organelles in the mouse Ltk-cell line [62] and
specific mRNA containing ribonucleoprotein particles in rat
cardiocytes [63]. However, it remains to be established
whether MAP4 at endogenous levels is sufficient to slow
down these microtubule-dependent transport functions.

The physiological relevance of microtubule stabilization
by MAP4 (then termed XMAP230) was first demonstrated
in Xenopus oocytes and eggs in which MAP4 activity was
inhibited by microinjected antibodies [64]. Immunodeple-
tion also revealed that MAP4 exerts a significant stabilizing
activity on spindle microtubules in the Xenopus egg extract
model system [65]. However, antibody-mediated inhibition
of microtubule binding by MAP4 in human fibroblasts or
monkey epithelial cells did not reveal detectable alterations
of microtubule stability or dynamics and cells progressed
to mitosis with apparently normal spindles [66]. Still,
partial downregulation of MAP4 (~35% decrease) by
stable expression of anti-sense RNA in HeLa cells has been
reported to be sufficient to cause an approximately twofold
decrease in the fraction of polymerized tubulin subunits in
interphase cells, i.e., altered tubulin subunit partitioning
[67]. The significance of endogenous MAP4 levels for
tubulin subunit partitioning in interphase cells was later
confirmed by stable expression of interfering short hairpin
RNA in human leukemia/lymphoma cell lines, which
revealed that ~85% MAP4 depletion causes an approxi-
mately twofold decrease in the fraction of polymeric
tubulin in interphase cells without detectable effects on the
density or function of the mitotic spindle [68].

Post-translational regulation of the microtubule
stabilizing activity of MAP4 during interphase
and mitosis

Members of the PARI/MARK family of kinases are
essential for epithelial cell polarity (reviewed in [69]) and
phosphorylate conserved KXGS motifs that are present in
all classical MAPs, which results in their detachment from
microtubules (reviewed in [70]). Studies on the cellular
effects of MARK-mediated phosphorylation in mammalian
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cells have centered on neuronal systems, which has been
prompted by Alzheimer’s disease-associated phosphoryla-
tion of the neural MAP tau at the MARK-specific Ser-262
target site.

MARK family kinases have also been shown to phos-
phorylation-inactivate MAP4 both in vitro and in co-
transfected cells that overexpress both MARK kinases and
MAP4 [71]. Consistent with these results, overexpression
of MARK family members in cell lines results in a dra-
matic destabilization of the interphase microtubule-array
[72]. Interestingly, the MARK kinases have been shown to
be activated by the LKB1 kinase [73], which is a tumor
suppressor gene product implicated in the regulation of
both epithelial polarity and energy utilization (reviewed in
[74]). However, regulation of LKB1 activity is complex
and LKBI1 has potential to control the activity of at least 13
downstream kinases known to have diverse roles in the
regulation of cellular polarity and metabolism [73]. Thus,
the significance of the LKB1 kinase-mediated regulation of
MARK kinase family members and consequent phos-
phorylation-inactivation of MAP4 remains unclear.

Phosphorylation of MAP4 by CDKI decreases its
affinity for microtubules [75]. The significance of this
mitotic phosphorylation event has been investigated in
Xenopus cells by overexpressing a kinase-target site-defi-
cient mutant of MAP4, which was shown to interfere with
chromosome movement during anaphase [76]. Hence,
phosphorylation inactivation of MAP4 during mitosis
seems essential for spindle function.

Septins are conserved proteins found among all
eukaryotes except plants and have been described to have
essential functions during cell division, cytoskeletal orga-
nization and membrane-remodeling events (reviewed in
[77]). Interestingly, MAP4 has also been shown to be
subject to negative regulation by members of the septin
family. Thus, a heterotrimer of septins 2, 6 and 7 has been
reported to bind MAP4 and thereby inhibit MAP4 associ-
ation to microtubules both in vitro and in intact HeL.a and
MDCK cells [78, 79]. However, the functional roles of
septins in animal cells are still poorly described, and fur-
ther work is required to evaluate the general significance of
septin-MAP4 interactions.

Inactivation of MAP4 by injection of specific antibodies
[66] or essentially complete depletion of the MAP4 protein
by stable expression of interfering RNA [68, 80] does not
cause detectable effects on the function, morphology or
density of the mitotic spindle. These results appear con-
sistent with phosphorylation-inactivation of MAP4 by
CDKI1 at mitotic entry. Thus, the function of MAP4 appears
to be restricted to stabilize the interphase array of micro-
tubules, and this function has been reported to be post-
translationally regulated by multiple mechanisms (Fig. 3).

Interphase Mitosis
PAR1/MARK family kinases \ CDK1
MAP4
Septins A A~ Septins

Fig. 3 Proposed mechanisms of post-translational regulation of
MAP4 during the cell cycle

Op18/stathmin is a predominant interphase-regulator
of tubulin subunit partitioning in cell types in which it is
abundantly expressed

The cytosolic protein Opl8/stathmin (Opl8) was initially
identified due to phosphorylation in response to a diverse
array of signaling events and upregulation in various
malignancies (reviewed in [81]). Op18 appears ubiquitous
but is still developmentally regulated with expression
levels up to 50-fold higher in some neonatal tissues as
compared with the corresponding adult tissue [82]. Opl8
also seems highly expressed in most post-mitotic neuronal
tissues. In T-lymphocytes, Op18 expression is dramati-
cally increased by stimulation with poly-clonally
activating mitogens. The Opl8 protein is encoded by a
single highly conserved gene among vertebrates, and the
Drosophila ortholog shares 31-35% amino acid identity
[83].

Opl8 was identified as a microtubule-destabilizing
protein in Xenopus egg extracts [84] and in intact human
cells [85]. By in vitro analysis, it was shown that Opl18
exerts specific catastrophe-promoting activity [84] and that
Opl8 forms a ternary complex with two tubulin hetero-
dimers [86]. Subsequent structural analysis revealed that
the Op18-tubulin complex consists of two tubulin hetero-
dimers arranged head-to-tail [87] with each of the two
tandem helical repeats of Op18 contacting one heterodimer
[88].

The mechanism behind Opl8-mediated microtubule
destabilization was originally proposed to involve specific
catastrophe promotion [84]. This view was subsequently
challenged by reports claiming that Opl18 solely acts by
tubulin sequestering and that catastrophe promotion is an
indirect effect of decreased free tubulin concentration [86,
89]. However, subsequent reports have confirmed tubulin
sequestering-independent catastrophe-promoting properties
of Opl8 [90-92]. The controversy concerning a catastro-
phe-promoting activity in vitro can at least in part be
explained by different pH in assay buffers since Opl8
binds tubulin with lower affinity at pH > 7, which
decreases the otherwise dominant tubulin sequestering
activity, as compared to the standard pH 6.8 assay condi-
tions (reviewed in [93]). In addition, the catastrophe-
promoting activity requires the N-terminal part of Opl8,
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while tubulin sequestering-like activity requires an intact
C-terminal part of Opl18 [90].

The physiological relevance of Opl8 was initially
indicated by immunodepletion of Xenopus egg extracts
[84], which caused a large increase in the amount of
polymerized tubulin in mitotic asters, and antibody-medi-
ated inactivation of Op18 in newt lung cells [94], which in
interphase cells revealed reduced catastrophe promotion
that was associated with a dramatic increase of microtubule
polymer content. Analyses of human leukemia/lymphoma
cell model systems, representing cell types with either
normal or very high Opl8 content, showed that depletion
of Op18 by RNA interference results in variable but in all
cases pronounced over-polymerization of the interphase
microtubule system [68]. These results establish Op18 as a
major regulator of tubulin subunit partitioning in various
cell types.

Op18 may govern tubulin subunit partitioning by either
setting the number of microtubules or influencing their
length. A recent study of mouse embryonic fibroblasts from
an Op18 knockout mouse has indicated that at least part of
the mechanism by which Opl8 regulates tubulin subunit
partitioning involves an inhibitory effect on centrosomal
nucleation [95]. Consistent with these results, it was also
reported that a modest increase of Opl18 protein levels in
the pig kidney epithelial LLCPK cell line decreased cen-
trosomal nucleation. It is notable that the low endogenous
Op18 levels in the fibroblast cell model system (~ 25-fold
molar excess of tubulin dimers over Op18) still had a very
substantial effect on tubulin subunit partitioning in inter-
phase cells without detectable alterations of dynamics of
individual microtubules [95]. This is consistent with Op18
having the potential to regulate the microtubule-system
independently of modulation of the free tubulin subunit
concentration by tubulin sequestering, and further sug-
gests that Op18 may modulate the interphase microtubule-
content by several means.

A posttranscriptional autoregulatory mechanism has
been identified that responds to the action of microtubule
polymerizing/depolymerizing drugs and involves changes
in the stability of the tubulin polysomal mRNA (reviewed
in [96]). Interestingly, recent evidence based on Opl8-
deficient Drosophila embryos [97] and a human leukemia
cell line depleted of Opl8 by RNA-interference [98],
which in both cases represent cell systems with abundant
Opl8 expression, indicate that Opl8 regulates tubulin
synthesis through this autoregulatory mechanism. Thus, the
function of Opl8 involves both regulation of tubulin sub-
unit partitioning and the concentration of tubulin subunits.

Opl8 has been implicated in cell migration during
Drosophila development [83, 99]. It was subsequently
established that Op18 is required for specific microtubule-
dependent processes during early Drosophila development

and that the mechanism involves maintenance of adequate
tubulin pools [97]. However, mice with the Opl8 gene
inactivated by gene targeting develop normally [100],
which suggests some redundancy in mammals of the
essential function of Opl8 in Drosophila. Nevertheless,
Op18-deficient mice still show some neuronal phenotypes
such as age-dependent axonopathy of both the central and
peripheral nervous systems [101] and impaired function of
the basolateral amygdala [102]. The microtubule regulatory
properties of Opl18 have also been proposed to be of sig-
nificance for the invasive behavior and metastasis of solid
tumor cells [103, 104] and the migratory properties of both
transformed and normal cells [105-108].

Opl8 is the prototype member of the Opl8/stathmin
family that is defined by a highly conserved tandem-repeat
region that forms a complex with two head-to-tail arranged
tubulin heterodimers [109]. However, while Opl8 is
located in the cytosol and expressed at variable levels in
diverse cell types, the other members of the Op18/stathmin
family have a hydrophobic N-terminal membrane targeting
region, and are expressed mainly in the nervous system
(reviewed in [110]). It is notable that all three membrane-
localized Opl8/stathmin family members, RB3, SCGI0,
and SCLIP, are expressed at much lower levels than Op18
even in the cell types in which they are most abundant
[111]. Thus, it seems likely that the function of these
membrane-localized proteins will differ from the fre-
quently abundant cytosolic Op18 protein.

Differential degrees of phosphorylation-inactivation
of Op18 during mitosis of mammalian cell lines
and in mitotic Xenopus egg extracts

Op18 is phosphorylated at four Ser residues (Ser-16, -25,
-38, and -63) in response to activation of several signal
transducing and cell cycle regulating kinase-systems
(Fig. 4a) [93]. Phosphorylation of these Ser-residues
results in various degrees of Opl8 inactivation (Fig. 4b).
The spindle disruptive activities of kinase-target site defi-
cient mutants of Opl8 reveal that spindle formation in
human cell lines depends on phosphorylation of the cyclin-
dependent kinase sites Ser-25 and Ser-38 at the onset of
mitosis [85, 112, 113]. Subsequent studies in mitotic
Xenopus egg extracts have revealed phosphorylation of
Ser-16 by Aurora B and the polo-like kinase Plx1, which is
also essential for spindle assembly [114, 115].

In a mitotic population derived from human leukemia
cells or HeLa cells, Op18 is phosphorylated to completion
on Ser-25 and Ser-38 and to high stoichiometry on Ser-16
and Ser-63 [112, 116]. This suggest that Op18 is essentially
inactive during mitosis of human cell lines; a scenario that
is consistent with depletion of Op18 by RNA interference
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protein is phosphorylated to \
completion on Ser-25 and
Ser-38, and to a substantial
degree on Ser-16 and Ser-63,
which in most cases appears to
result in essentially complete
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Active

causing a pronounced increase in interphase microtubule
polymers, but unaltered density and function of the mitotic
spindle [68, 117]. However, Opl8 expressed at the
abnormally high levels observed in some cases of human
malignancies still exerts a residual spindle-destabilizing
activity during mitosis [117]. Thus, at these excessive
levels, Op18 has the potential to perturb spindle formation
and thereby bring about the chromosomal instability phe-
notype that is frequent among malignant tumors.

As evidenced by the electrophoretic mobility of Opl8
phospho-isomers in mitotic Xenopus egg extracts, it appears
that Opl18 in this model system is sub-stoichiometrically
phosphorylated on all sites [118]. Consistent with only
partial phosphorylation-inactivation of Opl8 in mitotic
Xenopus egg extracts, immunodepletion of Op18 caused an
approximately sixfold increase of polymerized tubulin in
mitotic asters [84]. Based on an increase in Opl8 phos-
phorylation in response to mitotic chromatin added to
Xenopus egg extracts, a model has been proposed in which
Op18 is predominantly phosphorylation-inactivated in the
vicinity of condensed chromosomes, which would imply a
local protection against the microtubule-destabilizing
activity of Op18 during spindle assembly [118, 119]. Sub-
sequent development of a method to analyze Op18—tubulin
interactions within intact cells, by means of a fluores-
cence resonance energy transfer biosensor, has provided
direct evidence for such a phosphorylation-gradient around
condensed chromosomes in Xenopus cells [120].

The significance of the result from Xenopus cell systems
outlined above for spindle formation in mammalian cells

|_opt8 |

PEOP!
[_opte ]

High stoichiometry
multi-site phosphorylation

Op18

Phosphorylation-inactivation
in response to signal
transduction events

® ® ®
op18 ||

remains to be established; in particular since mitosis and
meiosis appear unaffected in Opl8 mouse knockouts, as
evidenced by unperturbed fertility [100], and that Opl8
depletion has no detectable consequences for spindle
assembly in human cell model systems [117]. Nevertheless,
the demonstrated local phosphorylation-inactivation of
Opl8 in the Xenopus system still provides a proof-of-
principle for the existence of this type of local regulation of
the microtubule system.

Phosphorylation-inactivation of Op18 may be
of significance for establishment of cell polarity
in response to cell surface receptor stimulation

Diverse intracellular signaling events have been shown to
be associated with increased phosphorylation of Opl8 on
single or dual Ser-residues (Fig. 4a). There is good evi-
dence that the Ca®"- and calmodulin-dependent protein
kinase IV (CaMKIV) and MAP kinase family members
phosphorylate Opl18 on Ser-16 and Ser-25, respectively
(reviewed in [121]). Phosphorylation-inactivation of over-
expressed Opl8 during interphase has been studied by
conditional co-expression of the cognate signal transducing
kinases and a series of kinase target site-deficient mutants
of Opl8 [122, 123], which shows that single site phos-
phorylation on Ser-16 is sufficient to severely decrease
Op18 activity. Given that the Ser-25 phosphorylation-site
is absent in chicken Op18 [124], the MAPK target site may
be of less significance. This indeed seems to be the case
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because stoichiometric phosphorylation of Ser-25 alone (by
ectopic expression of the MAPK activator MEK1) does not
significantly alter the microtubule-destabilizing activity of
Op18 in intact cells (our unpublished data).

The actin regulatory Rac protein regulates the interphase
microtubule system, which is associated with activation of
downstream kinase systems that phosphorylate Opl8 on
Ser-16 [91, 125]. The significance of Rac-mediated regu-
lation of Opl8 activity is indicated by the demonstration
that the Rac activator DOCK?7 regulates local phosphory-
lation on Ser-16 [126]. Based on the effect of removing the
Ser-16 phosphorylation site of ectopic Opl8, it was pro-
posed that this signaling event has a role in regulating
neuronal polarity and axon development [126]. Moreover,
the lymphocyte-specific Rac activator Dock?2 has also been
shown to be important for T cell receptor-mediated phos-
phorylation of Ser-16 [127]. Evidence was presented
implying that phosphorylation-inactivation of Op18 could
be of significance for microtubule-dependent delivery of
internalized IL-4 receptors to the lysosome. Thus, there is
ample evidence that Rac-activated kinases cause local or
global inactivation of Opl8 by phosphorylation on Ser-16,
which may be of significance for any Rac-regulated
microtubule-dependent process, such as cell migration
(reviewed in [128]).

We have recently evaluated the physiological signifi-
cance of site-specific Op18 phosphorylation in response to
antigen receptor activation of human T cells [68]. To
provide a system for inducible gene product replacement,
replicating vectors directing stable expression of shRNAs
in combination with regulatable ectopic expression were
employed. Using this strategy, it was established in two
distinct human cell types that site-specific phosphorylation
of Opl8 is indeed the cause of the increased microtubule
content observed in response to induced expression of a
constitutively active CaMKIV derivative. Importantly, by
inducible gene product replacement in the Jurkat model
system for T cell signaling, it was shown that Opl8
phosphorylation at Ser-16 and Ser-25, previously shown to
be CaMKIV and MAPK target sites, respectively [129,
130], is the direct cause of the observed increase in tubulin
polymerization in response to antigen receptor activation
[68]. Since the fraction of polymerized tubulin dimers in
activated Jurkat T cells rapidly increased from ~40 to
almost 70% of the total pool of tubulin dimers, phosphor-
ylation-inactivation of Op18 clearly has a major effect on
the microtubule-system in this cell model system.

Stimulation of the T cell antigen receptor has been
shown to activate a multitude of signaling pathways
(reviewed in [131]). Nevertheless, the study outlined above
revealed that phosphorylation of Opl8 is both sufficient
and necessary for the increase in microtubule content that
occurs after stimulation of this receptor complex.

Physiological stimulation of the T cell receptor by an
antigen-presenting cell results in formation of an immu-
nological synapse at the region of cell-to-cell contact
(reviewed in [132]), which is associated with T cell
polarization as defined by relocalization of the centrosome
(reviewed in [133]). Using the Jurkat T cell model system,
it has been shown that the minus end-directed molecular
motor dynein is recruited to the immunological synapse
and generates the microtubule-dependent pulling forces
required for relocalization of the centrosome [134]. This
appears to involve the same general Cdc42- and dynein-
dependent mechanism as described for polarization of
astrocytes [135, 136]. Based on these arguments, we pro-
pose that phosphorylation-mediated inactivation of Opl8
activity and consequent increased polymerization of tubu-
lin increases the probability of dynein to encounter and
productively engage microtubules at the immunological
synapse, which would predictably be of significance for the
efficiency of T cell polarization as illustrated in Fig. 5.
Op18 levels are known to vary greatly between cell lines
and tissues, with particularly high protein levels in neural
and embryonic tissues and in diverse diagnostic groups of
tumors (reviewed in [137]). Thus, the extent of increased
tubulin polymerization in response to Opl18 phosphoryla-
tion will obviously vary between cell types, depending on
the levels of Opl8 and the actual stoichiometry of phos-
phorylation. It follows that the relative importance of the
mechanism proposed in Fig. 5 will vary between cell types.

MAP4 and Op18 mediate counteractive
phosphorylation-responsive regulation of tubulin
subunit partitioning in human cell model systems

As outlined above, both MAP4 and Opl8 have been
reported to be regulators of tubulin subunit partitioning in
diverse cell model systems. By stable expression of inter-
fering shRNA for extensive depletion of MAP4 and/or
Op18 for extended periods, we have found that depletion of
either of these proteins alone in human leukemia/lym-
phoma cell model systems results in profound and opposite
shifts in tubulin subunit partitioning in interphase cells, and
that simultaneous depletion results in close to the normal
tubulin subunit partitioning [68]. Thus, MAP4 and Opl8
are clearly both predominant and counteractive regula-
tors of tubulin subunit partitioning in these cell types. As
discussed above, although both MAP4 and Opl8 are
ubiquitous proteins, their expression levels certainly vary
between tissues and Opl8 in particular is renowned for its
variable protein levels. It follows that various cell types
will differ in their MAP4:Op18 ratio, and the significance
of their counteractive activities will consequently be
variable.
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Fig. 5 A model of how phosphorylation-inactivation of Opl8 in
response to T cell antigen receptor triggering may facilitate polar-
ization of the microtubule-array towards the antigen-presenting cell.
a Opl8 is predominantly non-phosphorylated, i.e., active, in unstim-
ulated cells and its microtubule-destabilizing activity regulates
subunit partitioning such that less than 50% of all tubulin dimers
are polymerized into microtubules. b Stimulation of the T cell antigen
receptor by an antigen-presenting cell results in high stoichiometry of
Op18 phosphorylation by CaMKIV and MAPK and consequent Op18

Analysis of MARK- and CaMKIV-dependent regulation
of tubulin subunit partitioning indicates that these kinases
depend entirely on MAP4 and Op18, respectively, for their
microtubule regulatory activities in leukemia/lymphoma
cell model systems [68]. In the case of MARK, which has
the potential to phosphorylation-inactivate all classical
MAPs [71], this is consistent with MAP4 being the only
classical MAP expressed at significant levels in cells of
non-neural origin. As predicted by the dependence of the
MAP4 and Op18 phosphorylation-targets, co-expression of
MARK and CaMKIV also exerts reciprocally counteractive
effects on tubulin subunit partitioning. Finally, alterations
of the microtubule-system in response to excessive MARK
or CaMKIV activities were only evident in interphase cells
[68].

The presence of kinases with reciprocally counteractive
functions, which operate by inactivation of either MAP4 or
Opl8, raises the question whether signal transducing
kinases may alter tubulin subunit partitioning by phos-
phorylation of either of these substrates. As outlined above,
there is ample evidence of signal transduction events that
mediate phosphorylation-inactivation of Opl8. However,
there is no evidence for rapid MAP4 phosphorylation in
response to signal transduction events, and a study on
MAP4 phosphorylation after growth factor stimulation
reveals only a very slow (12-24 h) and modest phosphor-
ylation response [138].

While it remains unclear how PARI/MARK kinase
activity may be regulated in response to external signals, it
is well established that members of this kinase family are
essential to establish epithelial cell polarity [139, 140]. The
general importance of these kinases in regulating cell
polarity gains additional support from the finding that the
bacterial Helicobacter pylori CagA protein disrupts the
polarity of gastric epithelial cells through inactivation of
MARK family members [141]. Given the evidence that the
PAR1/MARK family of kinases mediates their microtubule
regulatory function in non-neural cell types through

[N\

[ Antigen |
| presenting
c_ell/ll

inactivation, which causes a pronounced increase in the amount of
microtubules. ¢ The minus end-directed molecular motor dynein,
which is recruited to the immunological synapse of T cells (dotted
circle), generates the microtubule-dependent pulling forces required
for T cell polarization, i.e., relocalization of the centrosome towards
the antigen-presenting cell. A global increase of microtubule content
via phosphorylation-inactivation of Opl8 would be predicted to
increase the likelihood of microtubule capture by dynein, and thus the
efficiency of cell polarization

phosphorylation-inactivation of MAP4, it seems still rea-
sonable to assume that MARK-dependent regulation of
epithelial cell polarity involves MAP4 phosphorylation.
This is also consistent with the apparent MAP4 abundance
in most types of tissues including epithelial cells [142]. We
have indeed found that MAP4 is approximately fourfold
more abundant in the epithelial HeLa cell line as compared
to human leukemia/lymphoma cell lines, in which we
observed a dramatic effect of MARK phosphorylation of
endogenous MAP4 (our unpublished data).

Concluding remarks

The function of the XMAP215/Dis1/TOGp, MCAK,
MAP4 and Opl8 proteins were initially characterized in
Xenopus egg extracts. Immunodepletion revealed that each
one of these proteins significantly modulates the amount of
polymerized tubulin within mitotic asters. However, the
prevailing concept of counteractive regulators has been
solely founded on experiments involving immunodepletion
of XMAP215 and/or MCAK. These two proteins clearly
function as the predominant regulators of tubulin subunit
partitioning during both interphase and mitosis of the
Xenopus egg extract model system (Fig. 2). However,
analysis of the corresponding proteins, TOGp and MCAK,
in mammalian model systems does not reveal any signifi-
cance of these proteins for global regulation of tubulin
subunit partitioning and their essential roles seem limited
to local actions during spindle formation in mitosis.

In human cell lines, MAP4 and Op18 appear to exert the
predominant reciprocally counteractive activities that reg-
ulate tubulin subunit partitioning during interphase of the
cell cycle. The functions of MAP4 and Op18 are regulated
by cognate kinase systems that mediate phosphorylation-
inactivation, which allows for rapid alterations of tubulin
subunit partitioning in any cell type in which these proteins
are sufficiently abundant. These alterations in tubulin
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subunit partitioning may be either global or spatially
restricted. As illustrated in Fig. 5, a global increase in
microtubule polymers may be of significance for the effi-
ciency by which cell polarity is established in response to
external cues.
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