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that are, in most cells, nucleated at the centrosome at the center of the cell. Microtubule plus-ends are
oriented towards the periphery of the cell and explore the cytoplasm in a very dynamic manner. Micro-
tubule alternate between phases of growth and shrinkage in a manner described as dynamic instability.
Their dynamics is highly regulated by multiple factors: tubulin post-translational modifications such

f/i{ ‘;‘Z)()t,;Jd;:Jle dynamics as detyrosination or acetylation, and microtubule-associated proteins, among them the plus-tip tracking
Tubulin proteins. This regulation is necessary for microtubule functions in the cell. In this review, we will focus on
Cellular organization the role of microtubules in intracellular organization. After an overview of the mechanisms responsible
Organelles for the regulation of microtubule dynamics, the major roles of microtubules dynamics in organelle posi-
Polarization tioning and organization in interphase cells will be discussed. Conversely, the role of certain organelles,

like the nucleus and the Golgi apparatus as microtubule organizing centers will be reviewed. We will
then consider the role of microtubules in the establishment and maintenance of cell polarity using few
examples of cell polarization: epithelial cells, neurons and migrating cells. In these cells, the microtubule
network is reorganized and undergoes specific and local regulation events; microtubules also participate
in the intracellular reorganization of different organelles to ensure proper cell differentiation.

© 2011 Elsevier Ltd. All rights reserved.

Contents
B PR U ¢ T () o 267
2. Regulation of MiCrOtUDUIE QYMAMIICS . . ...ttt ettt ittt ettt ettt et e e et e e e et e e e e e e e e e e e e e e e e e e e e e e e e eeaannas 267
2.1, MiCrotUDULE-aSSOCIATOA PrOtRINS. ...ttt ettt ettt ettt e ettt e e et e ettt e e et e ettt e e et e e e et e e e e an e e e tae e e aaneeeanneanes 267
D72 N N 1o £ 8318 o Ta 13 Uar= (o) 4 L 268
3. Cross-regulation between microtubule dynamics and intracellular Organization. . ...........uuieeiinieeeiiiie e iie et iie e iie e iaeeeaaaaans 268

1020 DR (€ o] (<3
07 - 3 (e (413 Y o) == 0 1<) S
1507 DR &3 Ua (o} o] F= 133 Y Coll /<] ol U L 0 LSt
3.2.2. Golgi apparatus.............
3.3. Mitochondria...........oovvvvnieinnnn.
4. Role of microtubules in cell polarization..........
4.1. Reorganization of the microtubule NEtWOIK. ... ... ...ttt e i iiie e
4.2. Regulation of microtubule dynamics in polarized cells
ST o) s Uod L) (o o
el Lo N 1=Ta <3 w3 T 33
] (=] =) 0 L]

Abbreviations: APC, Adenomatous Polyposis Coli; CLASP, CLIP-Associated Protein; CLIP, cytoplasmic linker protein; EB, End-Binding (protein); ER, endoplasmic reticulum;
GTP, guanoside-triphosphate; GSK3[, Glycogen Synthase Kinase 3@3; y-TuRC, y-Tubulin Ring Complex; MAP, microtubule-associated protein; MCAK, Mitotic-Centromere
Associated Kinase; MTOC, Microtubule Organizing Center; STIM1, Stromal-Interaction Molecule 1; +TIP, plus-end tracking protein.

* Corresponding author at: Institut Curie, 26 rue d’'Ulm, 75248 Paris Cedex 05, France. Tel.: +33 1 56 24 63 88; fax: +33 1 56 24 63 19.

E-mail address: Franck.Perez@curie.fr (F. Perez).

1357-2725/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocel.2011.11.009


dx.doi.org/10.1016/j.biocel.2011.11.009
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:Franck.Perez@curie.fr
dx.doi.org/10.1016/j.biocel.2011.11.009

H. de Forges et al. / The International Journal of Biochemistry & Cell Biology 44 (2012) 266-274 267

1. Introduction

Microtubules are essential components of the cytoskeleton that
play a major role in many cellular functions such as cell migration
and polarization, intracellular trafficking and cell division. Micro-
tubules are hollow tubular structures constituted of heterodimers
of a and {3 tubulin. In most vertebrate cells, they are nucleated
at the centrosome that works as a MTOC (Microtubule Organizing
Center) in the perinuclear region. It is constituted of two centri-
oles, each composed of nine triplets of microtubules, surrounded by
peri-centriolar material that contains proteins implicated in micro-
tubule nucleation and organization. Among them, the y-tubulin
associates with other proteins to form a ring complex, the y-TuRC
(Tubulin Ring Complex), onto which dimers of o and 3 tubulin are
added to build a microtubule. Microtubules are thus polarized with
a minus-end capped and anchored at the MTOC and a plus-end
generally localized at the periphery of the cell.

Microtubule minus-ends can elongate in vitro but at lower speed
than the plus-ends, and they are mostly stable or depolymeriz-
ing in cells. They are capped by the y-TuRC (see Raynaud-Messina
and Merdes, 2007). The plus-ends explore the cytoplasm in a very
dynamic manner. Microtubules undergo phases of growth, pause
and shrinkage, separated by rescue (transition from shrinkage to
growth phase) or catastrophe (transition from growth phase to
shrinkage) events. This dynamic behavior was termed “dynamic
instability” by Mitchison and Kirschner (1984) (for a review see
Desai and Mitchison, 1997). During microtubule polymerization,
heterodimers of guanoside-triphosphate (GTP)-bound tubulin are
added at the plus-end of microtubules. A slight delay between
polymerization and hydrolysis of the GTP by B-tubulin creates a
GTP-tubulin cap. The loss of this cap induces a rapid depolymer-
ization of the microtubule. In this model, stochastic rescue events
allow the microtubule to enter a new phase of polymerization.
Another model suggests that rescue events might not be stochastic.
Dimitrov et al. (2008) showed in vivo, using a conformation-
sensitive antibody, that GTP-tubulin was found not only at the
plus-ends of microtubules, but GTP-tubulin remnants were also
identified in older parts of the polymer. Upon depolymerization
of the microtubule, they would be exposed and behave as a GTP-
cap to promote rescue events. Lattice defects or specific structures
within the microtubule lattice could also play a role in regulation
of microtubule dynamics.

2. Regulation of microtubule dynamics

Intrinsic processes such as the presence of the GTP-cap and GTP-
islands thus regulate microtubule dynamics. Extrinsic regulation of
microtubule is mostly due to the numerous MAPs (microtubule-
associated proteins) that bind to microtubules, and especially to
the family of proteins that bind to the plus-ends of microtubules.
We will summarize in the first part the role of MAPs and plus-
ends binding proteins and will discuss in the second part the role
of microtubule post-translational modifications on the regulation
of microtubule dynamics (see Fig. 1).

2.1. Microtubule-associated proteins

MAPs have been shown to play a crucial role in the regulation
of microtubule dynamics. The most studied stabilizing MAPs are
Tau, MAP2 and MAP4, the first two being strongly expressed in
neurons. Other MAPs have a destabilizing effect on microtubules,
either by severing microtubules or by inducing depolymerization.
Three proteins, katanin, spastin and fidgetin regulate the num-
ber and length of microtubules through their severing activity
(Zhang et al., 2007). In particular, they increase the number of
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Fig. 1. Regulation of microtubule dynamics. Microtubules are highly dynamic struc-
tures that alternate between phases of growth, pause and shrinkage, separated by
catastrophe and rescue events. The presence of GTP-bound 3-tubulin subunits (in
red) at the microtubule plus-end (GTP-cap) or along the microtubule (GTP-remnant)
promotes stabilization. Microtubule dynamics is also regulated by external fac-
tors: stabilizing factors including +TIPs, MAPs and minus-end capping proteins,
destabilizing factors and severing proteins. Microtubules can undergo multiple post-
translational modifications that often correlate with stability. Most of them occur
on the C-terminal tail of a and (3-tubulin except detyrosination that only concerns
the a-subunit, and the acetylation of Lysine40 which is located in the lumen of the
microtubule. E, glutamate; G, glycine; K, lysine, Y, tyrosine; +TIP, plus-tip tracking
protein; MAP, microtubule-associated protein; y-TuRC, y-tubulin ring complex.

microtubules, which is necessary for the formation of the mitotic
spindle and in some polarized cells. Some MAPs induce depoly-
merization: stathmin binds to free tubulin dimers (Belmont et al.,
1996) and favors GTP hydrolysis (Howell et al., 1999); proteins
from the kinesin-13 family induce a conformational change of
the tubulin dimers that triggers catastrophe events (reviewed in
Ems-McClung and Walczak, 2010). Interestingly, some proteins
may be involved both in microtubule nucleation and in the reg-
ulation of microtubule dynamics. Recent studies indeed showed
that a fraction of the y-TuRC localized along microtubules reg-
ulate microtubule dynamics by inducing pauses (Bouissou et al.,
2009). More recently, Goodwin and Vale identified in Drosophila
cells a minus-end-specific-protein “cap”: Patronin protects the
minus-ends of microtubule from depolymerization (Goodwin and
Vale, 2010). In mammals, one of its homologue, Nezha binds
to microtubule minus-ends in vitro and anchors microtubule
minus-ends to adherens junctions in epithelial cells (Meng et al.,
2008).

A important family of MAPs, the plus-end tracking proteins
(+TIPs), dynamically track the growing plus-ends of microtubules
(for reviews, see Akhmanova and Steinmetz, 2010; Schuyler and
Pellman, 2001). Because of their localization, they play a major role
in the regulation of microtubule dynamics. They also participate
in the interactions of microtubules with the chromosomes dur-
ing mitosis and with the cellular cortex both in interphase and
mitosis. CLIP170 (cytoplasmic linker protein) was the first MAP
to be identified as a +TIP (Perez et al., 1999). It was later shown



268 H. de Forges et al. / The International Journal of Biochemistry & Cell Biology 44 (2012) 266-274

to play a role in rescue events: inactivation of CLIP170 induces a
very low rescue frequency accompanied by the loss of p150Glued
from microtubule plus-ends (Komarovaetal.,2002). Normal micro-
tubule dynamics was restored by expression of the CLIP170-head
domain, whereas p150Glued did not rescue the phenotype. Ini-
tially, CLIP170 was described as a phospho-sensitive MAP (Rickard
and Kreis, 1991). Since then, at least four different kinases were
identified as regulators of CLIP170 interaction with microtubules.
Among them, FKBP-Rapamycin-Associated Protein (FRAP) (Choi
etal.,2002) enhances its binding to microtubules while AMP kinase
(Nakano et al., 2010) and PKA (protein kinase A) (Lee et al., 2010)
inhibit its binding.

Many other +TIPs have then been characterized. The EB (End-
Binding) proteins are now considered as of major importance at
the tips of microtubules. Dimers of EB1 promote persistent micro-
tubule growth by suppressing catastrophesin vitro (Komarovaetal.,
2009). Unexpectedly, Mal3p, its homologue in Schizosaccharomyces
pombe, induces rescue events. The reasons for such a difference
are still a matter of debate. EBs dynamically bind to microtubule
plus-ends, either recognizing the GTP-cap or a specific structural
conformation of the protofilaments, where they recruit other +TIPs.
EBs bind their partners via two different types of interactions.
Proteins containing a CAP-Gly (cytoskeleton-associated protein-
glycine-rich) domain such as CLIPs interact with the EEY/F motif
of the EB C-terminal tail, which shares similarities with the tubulin
tail (Komarova et al., 2005). Other partners such as CLASPs (CLIP-
Associated Proteins) and MCAK (Mitotic Centromere-Associated
Kinesin) associate with the hydrophobic cavity of EBs through
their serine-rich region containing the SXIP motif (Honnappa et al.,
2009). CLASPs promote rescue events by recruiting tubulin dimers
at the plus-ends of microtubules (Al-Bassam et al., 2010; Maiato
et al., 2005) and MCAK is a depolymerizing +TIP that induces
catastrophes (Newton et al., 2004). Like for CLIP170, the activ-
ity and binding of other +TIPs are regulated by phosphorylation
or degradation, both of which participate indirectly to regulation
of microtubule dynamics. Ban et al. (2009) show that Aurora A
kinase phosphorylates EB3 during the G2 phase to mitosis tran-
sition and induces its binding to SIAH1, an ubiquitin E3-ligase, and
its degradation in late cytokinesis. Aurora B and GSK-3[3 (Glycogen
Synthase Kinase 3[3) kinases are involved in the phosphorylation
of MCAK (Andrews et al., 2004; Lan et al., 2004) and of the SxIP
motif of CLASP (Kumar et al., 2009), decreasing the affinity of these
two +TIPs for EB1 and affecting their plus-ends tracking behav-
ior.

In addition, two novel +TIPs, SLAIN2 in mammalian cells, and
Sentin in Drosophila, were recently identified as EB-partners (Li
et al,, 2011; van der Vaart et al,, 2011). SLAIN2 interacts with
CLIPs, CLASPs and ch-TOG and promotes persistent microtubule
growth. It is regulated by CDK1 phosphorylation: phosphorylated
SLAIN2 has a low affinity for EBs and cannot recruit ch-TOG at
microtubule plus-tips in mitotic cells. Another family of +TIPs is
indeed the TOG proteins family, among them XMAP215 which
induces the addition of tubulin dimers at the plus-ends of micro-
tubules and thus promotes microtubule growth (Brouhard et al.,
2008).

2.2. Tubulin modifications

Tubulin post-translational modifications are linked to the regu-
lation of microtubule dynamics. These modifications seem to form
a readable code on microtubules for MAPs or motors (reviewed
in Janke and Kneussel, 2010 and in Wloga and Gaertig, 2010).
Microtubule modifications such as detyrosination, glutamylation,
glycylation and acetylation are almost all carried out on polymer-
ized tubulin. They are mostly linked to microtubule stability but
no direct role of tubulin modifications on microtubule dynamics

has been described yet. They participate in microtubule dynam-
ics regulation by recruiting MAPs or by affecting the behavior of
motors.

Tyrosination of tubulin is carried out by the tubulin-tyrosine
ligase that catalyzes the re-addition of a tyrosine at the C-terminal
tail of tubulin after it has been clipped-off by a carboxypeptidase.
The presence of a carboxyterminal tyrosine has a positive effect
on microtubules by recruiting stabilizing factors and affecting the
binding of destabilizing MAPs. Tubulin tyrosination is for example
necessary for the binding of CLIP170 and CLIP115 or p150Glued
at the plus-tip of microtubules (Peris et al., 2006). Similarly, the
removal of this tyrosine reduces the affinity of depolymerizing
motors such as kinesin-13 family motors, MCAK or KIF2A (Peris
et al., 2009) and promotes the accumulation of a stable subpopula-
tion of microtubules that might play an important role in cellular
differentiation.

Other enzymes related to the tubulin tyrosine-ligase direct
microtubule modifications that are more specific of some cell types
or cell structures and that also have an indirect role on micro-
tubule dynamics. Glutamylation and glycylation are essentially
found in cilia and flagella in mammalian cells whereas in neurons
most microtubules are poly-glutamylated (reviewed in Janke and
Kneussel, 2010). Poly-glutamylation is also found at centrioles and
basal bodies and on some spindle microtubules. Data suggest that
several neuronal MAPs and kinesins bind preferentially to poly-
glutamylated tubulin (Bonnet et al., 2001). This modification also
induces microtubule severing by recruitment of spastin (Lacroix
etal, 2010).

A more ubiquitous tubulin modification, tubulin acetylation,
also increases the binding of motors to microtubules. This is in
particular true for KIF5A, KIF5B/kinesin-1 and dynein, for example
in neurons where transport is stimulated. Friedman et al. (2010)
also showed that microtubule acetylation enhances ER sliding, a
mechanism where the extremity of an ER tubule binds to and slides
along a microtubule. In addition, mitochondria, but not endosomes,
bind preferentially to acetylated microtubules, a subpopulation of
microtubules that would promote ER-mitochondria interactions.
Mec17/Atat1 seems to play a major role in tubulin acetylation
(Akella et al., 2010). It was shown to play a role in differentiation:
Atat1 promotes the assembly of the primary cilia (Shida etal.,2010).
The same study shows that it is required for touch sensation in
mechanoreceptors in Caenorhabditis elegans. Several acetyltrans-
ferases were recently described (reviewed in Perdiz et al., 2011).
For example, Elp1 and Elp3, proteins of the elongator complex,
interact with tubulin in cortical projection neurons and promote
their migration and differentiation during corticogenesis (Creppe
etal., 2009); Gen5 plays a role in myoblast differentiation (Conacci-
Sorrell et al., 2010).

The dynamic behavior of microtubules results from a balance of
many regulatory processes imprinted on the microtubule itself or
due to its interactions with regulatory proteins. Membrane-bound
organelles and trafficking routes will then use this dynamic net-
work to organize and connect intracellular compartments.

3. Cross-regulation between microtubule dynamics and
intracellular organization

In most animal cells in interphase, microtubules are nucleated
and organized by the centrosome, the major MTOC. The centro-
somal microtubules spread out in the whole cell and explore the
cytoplasm, playing a role in positioning, organization and mainte-
nance of different organelles (Fig. 2A). As detailed below, in some
cells the nucleus and the Golgi apparatus can, in addition to the
centrosome, be sites of microtubule nucleation and influence their
own organization with a sub-population of specific microtubules.
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Fig. 2. Intracellular organization of non-polarized cell (A) or migrating cell (B). (A)
The most important polarity established in a so-called “non-polarized” cell is the
asymmetry between the center and the periphery of the cell. This intracellular asym-
metry is established by the microtubule network. Minus-ends of microtubules are
in general located at the cell center, bound to a Microtubule Organizing Center, and
their plus-ends explore the cell periphery. +TIPs bind to the plus-ends of growing
microtubules and participate in the regulation of their dynamics at the periphery
of the cells. This asymmetry imposes a particular organization of the organelles like
the Golgi apparatus, the ER or the endosomes (not shown here). (B). Strong cellu-
lar polarization, as observed during migration, imposes an additional axis, a front
and a rear of the cell being differentiated in addition to the center and periphery.
The reorganization of the MTOC and other organelles during polarization allows the
formation of a leading edge, with the presence of focal adhesions sites, required
for cell migration. Microtubules work together with another essential cytoskeleton
structure, the microfilaments of actin, to establish cell polarity. A local regulation
of +TIPs and small GTPases at the leading edge is necessary for the establishment
of a polarized microtubule network and cell polarization. MTOC, Microtubule Orga-
nizing Center; y-TuRC, y-tubulin ring complex; ER, endoplasmic reticulum; ERt,
endoplasmic reticulum tubule; GA, Golgi apparatus; FA, focal adhesions.

3.1. Nucleus

Microtubules are essential to ensure proper segregation of chro-
mosomes during mitosis (for a review, see Tanaka, 2010) and are
alsodirectly implicated in nuclear envelope breakdown (Beaudouin
et al,, 2002). However, the nucleus, like smaller organelles in the

cell, is dynamic and moves in the cytoplasm. The whole cytoskele-
ton, in particular the acto-myosin and microtubule networks, is
involved in these movements.

The role of microtubules in nucleus positioning and mainte-
nance of its position in interphase cells has mostly been described
in S. pombe and Aspergillus nidulans. The importance of micro-
tubule dynamics in the maintenance of nuclear position was
shown by different mutations affecting microtubule behavior:
Caron et al. (2001) showed that a mutation in a-tubulin may
induce palmitoylation and affects astral microtubules dynamics
in Saccharomyces cerevisiae. Another mutation, which suppresses
microtubule dynamics by inhibition of the GTPase activity of the [3-
subunit, also affects nuclear positioning (Dougherty et al., 2001). In
yeast, a y-tubulin mutation induces microtubule stability and leads
to microtubules that do not stop growing and wrap themselves
around the cell. Such cells loose their polarity and show impaired
nuclear positioning (Paluh et al., 2000).

Nuclear positioning depends mostly on centrosomal micro-
tubules and proteins found at their plus-ends, among them some
+TIPs, dynein and dynactin, a dynein activator complex. These pro-
teins appear to interact with cortical proteins to generate forces
to regulate nuclear positionning. For example in S. pombe, astral
microtubules maintain the nucleus at the center of the cell by push-
ing forces against the ends of the cell (Tran et al., 2001). In animal
cells, some additional proteins are particularly important: CLASPs,
found on microtubules of the leading edge of migrating cells, or
IQGAP1, an actin-binding protein, and APC (Adenomatous Polypo-
sis Coli) involved in interactions between microtubules plus-ends
and the cortex, may be involved in pushing or pulling forces to
participate in nuclear positioning. Centrosomal microtubules also
interact directly with the nuclear envelope (reviewed in Mellad
etal.,2011). Linkers between the nucleoskeleton and the cytoskele-
ton (LINC) have been identified among them KASH and SUN that
are essential for nuclear and centrosome positioning (reviewed in
Razafsky and Hodzic, 2009).

In muscle cells, during skeletal muscle differentiation, the
nucleus can also be a site of microtubule nucleation. Ninein, an
anchorage protein localized at the centrosome in most cells, relo-
calizes at the nuclear envelope during differentiation. Pericentrin
and +y-tubulin are then relocalized at the same site where nucle-
ation of microtubules occurs (Bugnard et al., 2005).

3.2. Trafficking organelles

Microtubule dynamics play a central role in the positioning
and function of organelles involved in intracellular trafficking: the
endoplasmic reticulum (ER), the Golgi apparatus and the endo-
somes/lysosomes. Microtubules are also well known to accelerate
intracellular motility of transport intermediates and are particu-
larly important to establish and maintain cell polarity. However, we
will not describe here the role of microtubule in trafficking but we
will concentrate on their implication in intracellular organization.

3.2.1. Endoplasmic reticulum

The ER is composed of lamellar and tubular membranes that
form a large interconnected network continuous with the nuclear
envelope. It is involved in the synthesis of very diverse proteins
destined for secretion, adhesion, signaling at the cell surface or of
proteins involved in trafficking and endocytosis. It is also a place of
lipid synthesis and a major site of calcium storage. It is very dynamic
and continually remodels itself even in resting cells. It can quickly
increase or decrease its volume depending on cell needs.

In animal cells, the microtubule-based motor KIF5B/kinesin-1
seems to be the major motor protein involved in ER positioning
and movement. It was shown by Wozniak et al. (2009) that ER
tubules movement is inhibited by a dominant-negative construct
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of kinesin-1 in Vero cells. In vitro studies showed that inhibitors of
kinesin-1 inhibit ER movement (Lane and Allan, 1999). However, a
study in mouse embryo fibroblasts shows that knockout of kinesin
heavy chain has no effect on ER positioning (Nakajima et al., 2002).
This suggests that kinesin-1 is not the only mechanism involved in
ER movement.

STIM1 (Stromal-Interaction Molecule 1) was shown to be a
+TIP by Grigoriev et al. (2008), to localize at the ER and to play
a major role in ER remodeling. Contrary to all other +TIPs iden-
tified so far, STIM1 is not a cytoplasmic protein but an integral
protein of the ER. Comet-like structures positive for STIM1 and
EB1 were shown to decorate the ER network. This was reminis-
cent of Tip Attachment Complexes (TACs) that were described
earlier in an in vitro reconstitution experiment (Waterman-Storer
et al., 1995). TACs enable ER tubules to attach to microtubule tips,
and to grow and elongate together with EB-positive comets. Indi-
vidual depletion of STIM1 or EB1 reduced the frequency of ER
protrusions but had no effect on microtubule density or ER slid-
ing on microtubules while overexpression of STIM1, but not of
EB1, increased TAC-mediated ER tubules growth. This suggests
a link between STIM1 present in the ER membrane and EB1 at
the microtubule plus-end to sustain tubule formation dependent
on microtubule polymerization. Another microtubule-binding pro-
tein, CLIMP63 (Cytoskeleton-Linking Protein 63), is localized to
TACs and mediates static interactions between ER tubules and
microtubules (Vedrenne and Hauri, 2006). Microtubules in animal
cells are thus involved both in shaping the ER and in the formation
of ER tubules.

ER morphology and movement are essential for its function
in protein synthesis and trafficking to the Golgi. Kinesin-1 is also
involved in positioning and motility of ER exit-sites and participates
in ER to Golgi trafficking.

The comet-like behavior of STIM1 also seems to play a significant
role in the regulation of calcium storage. A previous study shows
that microtubule depolymerization is involved in calcium entry
at the ER and that STIM1 localization and function are necessary.
Inhibition of store-operated calcium entry (SOCE) by nocodazole
was almost completely rescued by over-expression of YFP-STIM1
in HEK293 cells suggesting a role for both microtubules and STIM1
in SOCE regulation (Smyth et al., 2007). This further underlined the
link that exists between intracellular organization and functions of
the organelles.

3.2.2. Golgi apparatus

In most mammalian cells, the Golgi apparatus is shaped like a
ribbon and is closely associated with the centrosome. The use of
microtubule poisons, colchicine, nocodazole, vinblastine or taxol
for example, revealed that the juxta-nuclear localization of the
Golgi apparatus required the presence of microtubules (Thyberg
etal., 1980; Wehland et al., 1983). Without microtubules, the Golgi
apparatus was found to be dispersed in the form of mini-stacks. This
was not only due to physical break down of long cisternae because
Turner and Tartakoff showed in 1989 that this dispersion required
energy (Turner and Tartakoff, 1989). Lippincott-Schwartz and col-
leagues later observed that in the absence of microtubules, Golgi
mini-stacks formed at ER exit-sites and were unable to migrate
to the cell center (Cole et al., 1996). Upon wash-out of nocodazole,
these mini-stacks migrated again along reformed microtubules (Ho
et al., 1989).

The molecular mechanisms responsible for microtubule-
dependent Golgi organization have been studied extensively. As
expected, microtubule-dependent molecular motors were found
to be essential for Golgi organization and in particular the minus-
end directed motor, cytoplasmic dynein and its regulatory proteins.
When looking at Golgi organization, it is possible to pheno-
copy the absence of microtubules by interfering with dynein

activity. This was done either by perturbing the dynein regula-
tory complex dynactin (Burkhardt et al., 1997) or more directly
by knocking-out cytoplasmic dynein in mice (Harada et al., 1998).
The role of Bicaudal D was also investigated as it is localized at
the Golgi in a Rab6-dependent manner. It was shown to recruit
the dynein-dynactin complex to Rab6-positive membranes at the
Golgi and on cytoplasmic vesicles (Hoogenraad et al., 2001, Matanis
et al,, 2002). The N-terminal domain of Bicaudal D induced minus-
end directed transport mediated by dynein, in different molecular
contexts (Hoogenraad et al., 2003). Plus-end directed motors are
also involved in Golgi organization. A fraction of KIF5B/kinesin-1
for example is localized at the Golgi and its depletion induces the
compaction of the Golgi apparatus (reviewed in Allan et al., 2002).

Non-motor microtubule binding proteins also participate in
Golgi assembly and dynamics (for a review, see Rios and Bornens,
2003). For example, cells depleted of CLASP show defects in Golgi
morphology and a radial microtubule array (Miller et al., 2009).
CLASPs participate in the maintenance of a polarized Golgi ribbon,
probably through its effect on microtubule nucleation at the Golgi
apparatus. SCG10, a stathmin-like protein, seems also involved
(Gavetetal., 1998)as are Hook-3 (Walentaetal.,2001) and CLIPR59,
a CLIP170-related protein (Lallemand-Breitenbach et al., 2004).

The interactions between the Golgi apparatus and the centro-
some also play a part in the regulation of Golgi positioning and
organization in most interphase cells. Kodani and Siitterlin (2008)
showed that GM130, a protein of the cis-Golgi, was involved in
this interaction. Cells depleted of GM130 display aberrant centro-
some morphology in interphase and multipolar spindle in mitosis.
They also have defects in microtubule acetylation that is rescued
by GRASP65, a GM130-interacting protein. Interestingly, GRASP65
cannot rescue the aberrant spindle phenotype. GM130 controls the
activation of Cdc42, a small GTPase of the Rho family, by facilitating
its interaction with its guanine exchange factor, Tuba. Moreover,
the effect of GM130 depletion on centrosome in interphase cells
is rescued by a constitutively active form of Cdc42 (Kodani et al.,
2009). Another Golgi matrix protein, GMAP210, seems to play an
essential role. In addition to its role in trafficking (Drin et al., 2008),
GMAP210 interacts with «y-tubulin and is involved in the organi-
zation of Golgi microtubules (Rios et al., 2004). Golgi-nucleated
microtubules indeed play a key role in Golgi organization. Purified
rat liver Golgi membranes are able to nucleate microtubules in vitro
(Chabin-Brion et al., 2001). These non-centrosomal microtubules
are shown in vivo to be nucleated very early after nocodazole wash
out, in the vicinity of dispersed Golgi fragments. In non-treated
cells, it was observed that Golgi membranes nucleate microtubules
in a CLASP-dependent manner (Efimov et al., 2007). This micro-
tubule sub-population is stable and acetylated. As discussed by
Chabin-Brion and colleagues, Golgi membranes could specifically
stabilize a microtubule subset upon exit from mitosis that would be
involved in the organization of Golgi mini-stacks into bigger struc-
tures to reform the Golgi ribbon in the centrosomal area. Finally,
a long scaffolding protein, AKAP450 was recently found to be an
essential linker between the centrosome and the Golgi appara-
tus. This involves the y-TuRC complex recruited by AKAP450 on
Golgi membranes. AKAP450 localization is GM130 dependent: cells
depleted from GM130 show a disorganization of AKAP450 and an
impaired nucleation of Golgi microtubules. The same study con-
firms the role of CLASP on Golgi-dependent stabilization of these
newly formed microtubules (Rivero et al., 2009). In the absence of
proper AKAP450 activity, the Golgi complex can be unlinked from
the centrosome, inducing defects in cell polarity (Hurtado et al.,
2011).

The important role of Golgi-derived microtubules in the
regulation of Golgi apparatus formation and maintenance sug-
gests that some organelles are not only passively arranged by
cytoskeletal elements but also actively participate in cellular and
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cytoskeleton organization. Although we focused here on the main
secretory organelles, it is important to stress that the endocytic
compartment localization also strongly depends on microtubules
even though the role of microtubule dynamics in this localization is
less clear. It is however worth mentioning that localization of endo-
somes is finely regulated and highly correlated with their function
(Collinet et al., 2010).

3.3. Mitochondria

Mitochondria form a dynamic tubular network in cells and
are essential for cell metabolism, cell growth and cell survival. In
mammalian cells, microtubules are essential for mitochondria posi-
tioning and transport. Mitochondria transport has been studied
especially in axons, in neuronal cells, but also in non-polarized cells
and it has been observed that several motors, such as Kif1B, trans-
port mitochondria as cargos along microtubules (Nangaku et al.,
1994). Microtubule dynamics itself, in particular in the yeast S.
pombe, is involved in mitochondria organization. Yaffe et al. (2003)
have shown that mitochondrial tubules grow and shrink along with
dynamic microtubules, and that immobile mitochondria are cap-
tured by plus-ends of growing microtubules. Two other studies
identified microtubule-binding proteins that interact with mito-
chondria: peg1p, homologue of mammalian CLASP, is the first +TIP
shown to be necessary for mitochondrial distribution (Chiron et al.,
2008) and mmb1p binds microtubules and attenuates microtubule
dynamics to enhance mitochondria-microtubule interactions (Fu
et al, 2011).

4. Role of microtubules in cell polarization

As discussed above, microtubules in non-polarized cells are
mostly organized by the centrosome with the growing plus-tips
spread out at the periphery of the cell (Fig. 2A). During establish-
ment of polarity, the microtubule network undergoes profound
changes and reorientation, along with a whole intracellular reorga-
nization. Both establishment and maintenance of polarity require
the actin and microtubule cytoskeletons. We will discuss here the
role of microtubules in polarization and take three examples of
polarized cells: (a) epithelial cells: they are highly polarized with
an apical pole usually directed to the lumen of the tissue or the
organ and a basal pole in contact with the underlying basal mem-
brane. Cell-cell and cell-to-matrix junctions are necessary for the
homeostasis of the tissue and are mediated by cadherin and inte-
grins adhesions respectively. Proteins specific to tight junctions
like ZO-1, claudin or occludin also play an essential role in epithe-
lium function and organization. (b) Neuronal cells: their polarity
is crucial for the activity of the whole neuronal network. Neu-
rons differentiate from round cells that gradually acquire polarity,
from a multipolarity stage with many neurites to the formation of
one single axon and multiple dendrites (reviewed in Tahirovic and
Bradke, 2009). (c) Migrating cells (Fig. 2B): in metazoan, migra-
tion is involved in development, tissue repair or immunological
surveillance for example and is essential to ensure survival of many
unicellular organisms. Migrating cells respond to various stimuli
and undergo polarization with a complete reorganization of intra-
cellular components (Vinogradova et al., 2009). A classical example
is the mesenchymal-like movement where cells strongly polarize
with a leading edge and lamellipodia at the front, and a trailing
edge at the rear. During this type of migration, cells usually bind to
the extracellular matrix in an integrin-dependent manner at focal
adhesions that serve as anchors onto which the cells push or pull
themselves in order to migrate (reviewed in Friedl and Wolf, 2010).
Contrary to fibroblasts or macrophages, fast migrating cells includ-
ing keratocytes and neutrophils do not require microtubules for

migration (reviewed in Wittmann and Waterman-Storer, 2001).
Microtubule disruption induces neutrophil polarity and migration
(Niggli, 2003).

4.1. Reorganization of the microtubule network

The establishment of polarity in higher eukaryotes is a
microtubule-dependent process and often starts with the reor-
ganization of the whole microtubule network. In neurons, the
reorientation of the centrosome usually takes place in the multi-
polarized stage 2-cell, before axonal growth, and correlates with
a reorganization of the Golgi apparatus (de Anda et al., 2010). The
centrosomal protein Cep120 was shown to be involved in this reori-
entation. It has long been thought that the centrosome position was
determining the neurite that will eventually become the axon, but
this model has now been challenged (for a review, see Stiess and
Bradke, 2011). To generate a polarized microtubule array, micro-
tubules are released from the centrosome and transported in the
axon in a dynein/dynactin-dependent manner (Ahmad and Baas,
1995; Ahmad et al., 1998). Moreover, the severing enzyme katanin
is required in both steps of this process (Ahmad et al., 1999). Inter-
estingly, in the axon, all the plus-ends face towards the growth
cone, whereas in dendrites, microtubules have mixed orientations
(Baas et al., 1988).

In epithelial cells, microtubules are reorganized in non-
centrosomal arrays with a meshwork at the apical and basal poles,
and a longitudinal array organized parallel to the apical-basal axis
of the cell (reviewed in Bartolini and Gundersen, 2006). Like in
neurons, microtubule minus-ends are released from the centro-
some (Keating et al., 1997) but minus-ends binding factors such as
ninein and Nezha/PLEKHA7 anchor microtubules either at cell-cell
adhesive junctions or at the apical pole. In both cases, most micro-
tubules are directed towards the basal pole and to cadherin-based
cell-cell contacts (Ligon and Holzbaur, 2007; Stehbens et al., 2006).
For example, Nezha, first identified as a PLEKHA7 partner at cell
junctions, was found to be a microtubule-binding protein and to
promote microtubule nucleation (Meng et al., 2008).

In mesenchymal-like migrating cells, a microtubule-array
oriented in the direction of cell movement is established: micro-
tubules target focal adhesions at the leading edge and are required
for their rapid turnover (reviewed in Small et al., 2002 and Efimov
et al,, 2008). They also participate in actin polymerization and
polarized trafficking of components of the leading edge. Reorien-
tation of the microtubule array is coupled to the orientation of
the Golgi apparatus at the front of the cell. Golgi-derived micro-
tubules are also organized and grow mostly towards the cell leading
edge in a polarized manner (Efimov et al,, 2007). Like in axons,
the reorganization of the microtubule network involves the release
of microtubules from the centrosome and microtubules transport
within the cell in different regions (Yvon and Wadsworth, 2000).
Several studies describe alternative mechanisms that participate in
MTOC reorientation. For eaxample, a recent study shows a MTOC
reorientation dependent on dynein and Cdc42, which would pull
the MTOC from the leading edge (Manneville et al., 2010). Inter-
estingly, Gomes et al. (2005) show that MTOC reorientation in 3T3
fibroblasts is organized by acto-myosin-dependent nucleus move-
ment, whereas the centrosome remains stationary.

4.2. Regulation of microtubule dynamics in polarized cells

Post-translational modifications of microtubules, MAPs and
+TIPs play an important role in cell polarization. In neurons, micro-
tubule stability is involved in axon formation (Witte et al., 2008).
A high ratio of acetylated/tyrosinated microtubules is observed in
the neurite that will become the axon, as compared to other neu-
rites that have more dynamic microtubules. Relocalization of the



272 H. de Forges et al. / The International Journal of Biochemistry & Cell Biology 44 (2012) 266-274

centrosome has been proposed to create a local gradient of acety-
lated stable microtubules, which promote axon formation. Witte
et al. (2008) also showed an accumulation of detyrosinated micro-
tubules in the axon.

In epithelial cells, post-translational modifications appear grad-
ually with the establishment of polarity. Studying dog kidney
epithelial cell (MDCK), Quinones et al. (2011) showed that before
polarization, detyrosinated microtubules are numerous as com-
pared to acetylated tubulin. After polarization, detyrosinated
microtubules are only found in the primary cilia at the apical pole,
and acetylated microtubules become more abundant at the apical
pole but also on lateral bundles. This study highlights the existence
of sub-populations of microtubules that are differently modified
and localized. Functions for these modifications are not yet clear
and will need further investigation. They may be involved in polar-
ized trafficking, as are the MAPs and +TIPs, enhancing microtubule
stability. APC is the major +TIP involved in polarization of epithe-
lial cells, together with EB1 and CLIP170, forming puncta at the cell
cortex that are essential for microtubule re-organization, attach-
ment and capture (Bellett et al., 2009; Mogensen et al., 2002; Reilein
and Nelson, 2005). Septins, filamentous GTPases, have been shown
to suppress MT catastrophes and participate in microtubule guid-
ance during polymerization. Septins seem to modulate microtubule
growth and shrinkage and influence the directionality of micro-
tubule movement, which might be important for the positioning
of the microtubule network during cell polarization (Bowen et al.,
2011).

In migrating cells, microtubule dynamics is required to main-
tain a rapid turnover of focal adhesions, which allows rapid and
efficient migration. Microtubules target focal adhesions, which dis-
assemble when microtubules depolymerize. ER tubules are also
involved in this rapid turnover, promoting focal adhesion assembly
through the kinesin-kinectin complex (Zhang et al., 2010) or other
ER proteins such as calnexin and the protein tyrosine-phosphatase
B (Hernandez et al., 2006). Cells treated with an inhibitor of histone
deacetylase 6 accumulate stable hyperacetylated microtubules and
show a decrease in focal adhesion turnover with a reduction of
cell migration (Tran et al., 2007). Microtubule stability is locally
up-regulated in migrating cells. For example, it has been reported
that there is a strong accumulation of detyrosinated microtubules
at the leading edge (Gundersen and Bulinski, 1988). This accumu-
lation depends on the RhoA effector, mDia (Palazzo et al., 2001).
A very precise regulation of microtubule dynamics is therefore
necessary at the leading edge and a feedback loop is established.
Rho-like GTPases are activated by microtubules and, in turn, they
participate in the local control of microtubule dynamics. Three
main Rho-like GTPases Rac1, Cdc42 and RhoA, and their effectors
interact with MAPs or +TIPs and participate in microtubule tar-
geting of focal adhesions (Watanabe et al., 2005). For example,
PAK1, an effector of Rac1 and Cdc42, directly phosphorylates stath-
min and inhibits its depolymerization activity (Daub et al., 2001;
Wittmann et al., 2004). Moreover, stathmin is also accumulated
at the trailing edge and locally increases microtubule catastrophe
frequency (Niethammer et al., 2004). Cdc42 is considered to be
the main Rho-like GTPase involved in the establishment of polar-
ization in migrating cells (reviewed in Etienne-Manneville, 2004).
Its main effector, IQGAP binds to the +TIPs CLIP170, CLASPs and
APC.These +TIPs promote respectively microtubule capture (Fukata
et al,, 2002; Watanabe et al., 2009) and growth at the cortex (Kita
et al., 2006). EB1 and CLASP are also found at the leading edge
(Wen et al., 2004). CLASP is locally regulated by Rac1 and GSK3[3
(Akhmanova et al., 2001; Wittmann and Waterman-Storer, 2005),
was shown to stabilize the polarized microtubule array that is
involved in persistent migration (Drabek et al., 2006). It also facil-
itates the attachment of microtubule plus-ends to focal adhesions
(Mimori-Kiyosue et al., 2005).

In the axon of hippocampal neurons, the Rac activator DOCK7
(Dedicator of Cytokinesis 7) promotes microtubule stabiliza-
tion by reducing stathmin activity (Watabe-Uchida et al., 2006).
In addition, Collapsin Response Mediator-2 (CRMP-2) binds to
polymerized tubulin dimers and increases microtubule assembly
(Fukata et al., 2002). GSK3[3 allows a local regulation of APC, but
also of MAP1B and CRMP-2, increasing their affinity for micro-
tubule plus-ends. CLIP170 is accumulated in neurite growth cone
and participates to axonal specification. Interestingly, Nakata and
Hirokawa (2003) reported the presence of EB1 in the initial segment
of the axon where itis believed to have arole in selective sorting and
where it appears to bind to the microtubule lattice and not to the
plus-ends specifically. More recently, it has been revealed that the
presence of GTP-tubulin itself along the microtubule plays a direct
role on neuron polarization. Nakata et al. (2011) indeed showed
that the GTP-tubulin remnants increase the activity of a molecular
motor (kinesin-1/KIF5B), hence influencing axonal organization.

5. Conclusion

The microtubule cytoskeleton has, for a long time, been consid-
ered as polarized rails used by the cell for shape maintenance and
motor tracks for trafficking. It is now clear that microtubule dynam-
ics itself is used and finely regulated to organize the intracellular
space and that, in turn, organelles influence microtubule organi-
zation and dynamics. Integrative studies will thus be necessary to
assemble in common networks proteins involved in the control of
microtubule dynamics, proteins regulating organelle organization
and function and cell shape and polarity.
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