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Abstract

The centrosome consists of a pair of centrioles surrounded by pericentriolar
material. During the formation of the mitotic spindle, multi-protein complexes in
the pericentriolar material are involved in the nucleation and anchorage of
microtubules. In postmitotic cells of many tissues, proteins of the pericentriolar
material lose their association with the centrosome and redistribute to various
sites in the cytoplasm, to the cellular cortex, or to the nuclear surface. Conse-
quently, the organization of the microtubule network is changed. Localization of
centrosomal proteins and organization of microtubules follow cell type-specific
patterns, to fulfill specialized functions. For example, in polarized epithelia,
microtubules are involved in transcytosis and establishment of epithelial polar-
ity, in neurons microtubules are necessary for axonal transport, or in muscle
microtubules participate in the assembly of sarcomeres and in the positioning of
nuclei. In this review, the principles of microtubule organization in different cell
types will be described. The role of microtubules in muscle cells and the
potential involvement of microtubule-dependent processes in muscular diseases
will be documented in detail.
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2.1 Introduction

During division of somatic animal cells, centrosomes serve as centers for the
nucleation and organization of microtubules. At each pole of the mitotic spindle,
a pair of centrioles can be found, surrounded by pericentriolar material from which
microtubules emanate. After completion of mitosis, the involvement of the centro-
some in microtubule organization varies among different cell types. Although
textbook illustrations often depict the centrosome as an organizing center of a
radial microtubule network in interphase, this type of microtubule organization
may only reflect a special situation seen in two-dimensional cell culture. In animals,
radial organization of microtubules from the centrosome may still be detected in
fibroblasts or in other migratory cell types, but in differentiated cells of many
tissues, the centrosome loses its role as an organizing center. The following chapter
will highlight several typical examples of non-centrosomal microtubule organiza-
tion, with a particular focus on the transformation of the microtubule network in
differentiating muscle cells. The potential role of microtubules in muscular tissue
and potential defects in myopathies will be discussed.

2.2  Microtubule Organization in Polarized Epithelia

Among the numerous cell types that exhibit altered microtubule organization after
differentiation, perhaps the best-studied objects are polarized epithelial cells of
various origins. Monolayers of polarized epithelial cells are connected by intercel-
lular connections, such as tight junctions, that form an impermeable barrier. These
tight junctions separate the plasma membrane into an apical domain and a
basolateral domain. Any transport processes across the epithelial layer have to
occur via transcytosis, involving directed intracellular transport. Consequently,
microtubules in these cells are organized in a polarized manner and serve as tracks
for polarized transport. Pioneering studies on Drosophila wing epidermal cells
revealed a uniform polarity of the microtubule cytoskeleton, with microtubule
minus ends anchored in a region underlying the apical plasma membrane and
plus ends terminating in the basal region of the cell (Mogensen et al. 1989). Similar
organizational principles have been described for the microtubule network in other
polarized epithelia, including cells from canine kidney, human intestine, rodent
cochlea, Drosophila ommatidia, or Drosophila tracheal placodes (Bacallao
et al. 1989; Meads and Schroer 1995; Tucker et al. 1992; Mogensen et al. 1993;
Brodu et al. 2010). In all these cell types, centrioles are still visible in the apical area
of the cytoplasm, but they no longer serve as major anchorage points for
microtubules. Likewise, marker proteins of the centrosome are partly delocalized
from the pericentriolar material. Whereas large amounts of gamma-tubulin and
pericentrin are still focused around the centrioles of several epithelial cell types
(Meads and Schroer 1995; Tucker et al. 1998), an increasing percentage of ninein in
cochlear epithelial cells is lost from the centrosome during differentiation and
accumulates at the non-centrosomal sites in the apical region of the cell. This is
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particularly well visible in inner pillar cells of the organ of Corti in the cochlea,
where ninein concentrates at the apical cell periphery in a ring-shaped area under-
lying the plasma membrane, where thousands of microtubule minus ends terminate
(Mogensen et al. 2000). Since ninein is considered to play a role in anchoring
microtubule minus ends (Dammermann and Merdes 2002), the data in cochlear
epithelial cells have evoked the hypothesis of initial microtubule nucleation at the
pericentriolar material, followed by release, translocation, and subsequent capture
of microtubule minus ends at non-centrosomal apical sites containing ninein
(Mogensen 1999). Release of microtubules from the centrosome in epithelial
cells may involve microtubule-severing enzymes, such as spastin (Brodu
et al. 2010). The maintenance of the non-centrosomal microtubule network may
be further supported by a recently identified class of minus end-binding proteins
termed CAMSAP, nezha, or patronin (Tanaka et al. 2012). Interestingly, a recent
report on a ninein-related protein in the nematode Caenorhabditis elegans, NOCA-
1, has shown functional redundancy with patronin, in the organization of
non-centrosomal microtubule arrays in larval epidermal cells (Wang et al. 2015).

Along the basal cortex of polarized epithelial cells of the MDCK line, a separate
set of microtubules has been described in addition to the apicobasal fibers,
consisting of acentrosomal microtubules of mixed polarity that intersect and that
interact with the cortex (Reilein et al. 2005). Small amounts of the microtubule-
nucleating protein gamma-tubulin are found at branch points within this basal
microtubule network.

In WIF-B cells that possess characteristics of polarized hepatocytes, neighboring
cells are in close contact, except for small intercellular spaces that represent bile
canaliculi (Ihrke et al. 1993). The plasma membrane surfaces outlining the bile
canaliculi are equivalent to the apical membrane domains seen in columnar epithe-
lial cells, such as intestinal or renal epithelia. In an analogous manner, gamma-
tubulin is enriched underneath these membrane areas, from which microtubules
radiate out toward the basolateral regions of the cells (Ihrke et al. 1993) (Fig. 2.1).

2.3  Microtubule Organization in Skin Keratinocytes

The epidermis of vertebrate skin is a stratified epithelium, i.e., an epithelium
containing multiple layers of cells. The innermost layer is the “basal layer,” in
contact with the basement membrane, and consists of cells that maintain
proliferative activity. Differentiating keratinocytes are oriented outward and estab-
lish a dense pattern of intercellular junctions, containing desmosomes, tight
junctions, and adherens junctions. During differentiation, centrosomal proteins
such as ninein lose their association with the pericentriolar material and redistribute
to the cell cortex (Lechler and Fuchs 2007). Ninein interacts with the desmosomal
protein desmoplakin. Moreover, adherens junctions have been found to be involved
in microtubule reorganization: the protein p120/catenin has been shown to interact
with microtubule plus ends in basal cells, via the plus end-binding protein CLASP2
(Shahbazi et al. 2013). Other microtubule-binding proteins, such as Lis1, Ndell,
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Fig. 2.1 Microtubule organization in epithelial cells. Top left: undifferentiated cell, with
microtubules organized in a radial network. Microtubule minus ends are anchored at the
pericentriolar material; plus ends are growing outward to the cell periphery. Top middle and
right: two different examples for microtubule organization in polarized epithelial cells. Top
middle: proteins of the pericentriolar material are redistributed to a wider apical region where
microtubule minus ends are anchored. This resembles microtubule organization as seen in MDCK
cells. Top right: Microtubule organization from specific sites underlying the apical plasma
membrane, such as seen in cochlear epithelial cells. Bottom: microtubule organization in
differentiated skin keratinocytes. Centrosome proteins such as ninein are relocalized to the cortex
of the cell, binding to proteins of the desmosome. Microtubules concentrate in the cortical region
of the cell

and CLIP170, equally associate with the cortex (Sumigray et al. 2011). The
microtubule network is transformed during this process, from a centrosomally
anchored network into a cortical array of fibers (Lechler and Fuchs 2007; Sumigray
et al. 2011, 2012). Consistently, in differentiated keratinocytes of the suprabasal
layer, the non-centrosomal minus end-binding protein Nezha equally localizes to
the cortex (Shahbazi et al. 2013). Apparently, the density of desmosomal cell
junctions and the cortical recruitment of microtubule-binding proteins are mutually
dependent, as knockout of desmoplakin prevents cortical accumulation of ninein,
Lis1, and Ndell, and likewise the knockout of Lisl provokes desmosomal defects
with reduced desmosomal stability (Sumigray et al. 2011). A similar interdepen-
dence as seen for microtubules and desmosomes has been described for adherens
junctions and microtubule plus ends (Shahbazi et al. 2013). Moreover, it has been



2 Non-centrosomal Microtubule Organization in Differentiated Cells 31

shown that the rapid incorporation of the desmosomal components Dsc2 and Dgl2
into desmosomes involves microtubule-dependent transport by the motor proteins
KIF3A and kinesin 1, respectively (Nekrasova et al. 2011).

In primary cultures of keratinocytes, the formation of cell junctions and the
transformation of the microtubule network can be followed upon induction of
“differentiation” in vitro, by adding calcium to the culture medium. In such
cultures, centrosomes maintain their ability to nucleate microtubules, but after
initial nucleation, microtubules don’t remain anchored at the pericentriolar material
and redistribute in the cell (Lechler and Fuchs 2007). This observation is consistent
with the “release and capture” model of microtubules that has been described for
polarized epithelial cells (Mogensen 1999). Ninein could play the role of a crucial
factor for anchoring microtubule minus ends to the centrosome in
non-differentiated cells and to specific non-centrosomal sites after differentiation,
although it still remains to be determined experimentally whether ninein takes
indeed an active role in microtubule anchoring or whether it simply follows the
reorganized microtubule network.

24  Microtubule Organization in Neurons

Neurons have a very specific morphology, with a main cell body (soma) from which
one axon and multiple dendrites emanate. Within the soma, a pair of centrioles is
located next to the nucleus (Sharp et al. 1982), surrounded by centrosomal proteins
such as gamma-tubulin, pericentrin, or ninein (Baas and Joshi 1992; Leask
et al. 1997; Baird et al. 2004). Despite the presence of a centrosome, microtubule
ends are not anchored at the pericentriolar material but are found free in the
cytoplasm (Baas and Joshi 1992). Arrays of overlapping microtubules are found
along the length of axons and dendrites. These microtubules don’t seem to have any
specific points of anchorage, nor do their ends seem to be capped by gamma-tubulin
complexes (Baas and Joshi 1992). Axons possess microtubules of uniform polarity,
with the minus ends oriented toward the soma and the plus ends oriented toward the
growth cone of the axon (Heidemann et al. 1981). Microtubules in dendrites, on the
other hand, are of mixed polarity (Baas et al. 1988; Burton 1988). It is hypothesized
that during neurogenesis, microtubules are initially nucleated at the centrosome,
followed by release and translocation into the extending axon and dendrites. The
release of centrosomal microtubules may involve microtubule-severing proteins,
such as katanin and spastin (Ahmad et al. 1999; Wood et al. 2006). The position of
the centrosome within the cell body is important for neuronal polarization, by
defining the site of initial axon formation (de Anda et al. 2005). Experimentally
generated neurons with multiple centrosomes grew additional axons in the vicinity
of each centrosome, as verified by immunolabeling of the axon-specific microtu-
bule-associated protein tau (de Anda et al. 2005). Interestingly, at later stages of
neuronal differentiation, during the formation of synaptic connections, the centro-
some may no longer function as a nucleation site, since gamma-tubulin has been
found to be absent in synaptically coupled neurons in the hypothalamus and cortex
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Fig. 2.2 Microtubule organization in neurons. Most microtubules are detached from the centro-
some. Microtubules in the axon have a uniform polarity, with minus ends oriented toward the cell
body and distal plus ends oriented toward the axonal growth cone. In dendrites, microtubules are of
mixed polarity, with a subset of microtubules growing from distal sites toward the cell body.
Proteins such as ninein are found widespread in the cytoplasm

(Leask et al. 1997). Moreover, in Drosophila neurons, the nucleation and organiza-
tion of microtubules may not involve the centrosome at all (Nguyen et al. 2011). It
is likely that a large number of microtubules are nucleated from cytoplasmic sites,
or from the surface of existing microtubules, in particular at later stages. Specifi-
cally those microtubules in dendrites that grow from distal sites toward the cell
body must originate from non-centrosomal sites, since their polarity is opposite to
the polarity of microtubules growing outward from sites at or near the centrosome.
Cytoplasmic microtubules may be anchored or stabilized by non-centrosomal
ninein that has been detected in small particles, widespread in neurons (Baird
et al. 2004). Additional information on microtubule organization in neurons can
be found in the Chap. 4 by Sanchez-Huertas, Freixo, and Liiders (Fig. 2.2).

2.5 Microtubule Organization in Skeletal Muscle Cells

The microtubule network in skeletal muscle cells has been studied largely in
cultures of myoblasts that undergo differentiation into myotubes upon serum
starvation. Undifferentiated myoblasts possess a regular centrosome that acts as a
nucleation center and that constitutes an anchorage point of a radial microtubule
network. During differentiation, myoblasts elongate and subsequently fuse into
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multinucleated, syncytial myotubes. In an early phase of the differentiation process,
prior to fusion, proteins of the pericentriolar material accumulate at the cytoplasmic
surface of the nuclear envelope (Tassin et al. 1985; Musa et al. 2003; Bugnard
et al. 2005; Srsen et al. 2009). How pericentriolar proteins anchor to the nucleus is
currently unknown. During myogenesis in Drosophila, RacGap50C, a protein that
has been identified previously at the cleavage furrow of dividing cells, appears to be
necessary for binding gamma-tubulin to various foci associated with the nuclear
periphery (Guerin and Kramer 2009). Consistently, experiments involving
regrowth of microtubules after previous depolymerization have shown that the
nuclear surface can act as a nucleation center (Tassin et al. 1985; Bugnard
et al. 2005; Fant et al. 2009). The centrioles are still detectable in fused myotubes
during the first days of culture (Tassin et al. 1985), but individual marker proteins
may be lost from the pericentriolar material in prolonged cultures (Connolly
et al. 1986). Although centrioles may be partially degraded in maturing muscle,
few centriolar cylinders seem to persist in adult muscle tissue, as electron micros-
copy of diaphragm muscle from rodents has revealed the presence of occasional
centriole pairs (Kano et al. 1991). Differentiated myotubes in culture contain long,
parallel arrays of microtubules, oriented along the long axis of the syncytial cell
(Tassin et al. 1985). The formation of elongated microtubules depends on proteins
of the EB family that are necessary for the shape of the cells and for fusion of
myoblasts into myotubes (Straube and Merdes 2007; Zhang et al. 2009a). Although
centrosomal proteins have largely accumulated at the nuclear surface in myotubes,
most longitudinally oriented microtubules do not seem to be anchored to the nuclei
in these cells (Musa et al. 2003). It is possible that the nuclear surface is involved in
microtubule nucleation at an early stage of differentiation (Fant et al. 2009) and that
microtubules are subsequently released and re-oriented in the cytoplasm, in a
similar manner as seen in other differentiated cell types (see previous paragraphs).
In muscle fibers from adult mouse tissue, a grid-like network of microtubules has
been described (Kano et al. 1991; Ralston et al. 1999, 2001; Oddoux et al. 2013).

In these mature muscle fibers, the cytoplasm is filled with actin and myosin
filaments that are organized into sarcomeres. Nuclei and microtubules are
distributed in a thin cytoplasmic layer at the periphery of the fiber, and grids of
orthogonally oriented microtubules are nucleated from elements of the Golgi
complex. Clusters of the centrosome proteins gamma-tubulin and pericentrin
co-localize with these Golgi elements (Oddoux et al. 2013). Growing microtubules
are often guided by existing microtubules, with which they form bundles. At least in
part, microtubules are also guided by dystrophin (Percival et al. 2007; Prins
et al. 2009; Oddoux et al. 2013).

Interestingly, slight differences in microtubule organization exist between slow-
twitch and fast-twitch fibers: in the former, bundles of microtubules are seen
between nuclei, with few clear nucleation points. In the latter, more individual
microtubules than bundles are visible, and these microtubules possess astral nucle-
ation points adjacent to the nuclei (Ralston et al. 1999). The microtubule patterns in
both slow- and fast-twitch muscle fibers can be slightly altered by experimental
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Fig. 2.3 Microtubule organization in muscle cells. In undifferentiated myoblasts, a fully func-
tional centrosome is visible that acts as a microtubule-organizing center. At the beginning of the
differentiation process, myoblasts elongate, and proteins of the pericentriolar material accumulate
on the surface of the nucleus. At this stage, most microtubules are visible in long parallel arrays in
the cytoplasm. Upon fusion of myoblasts into myotubes, actin and myosin organize into
sarcomeres (not shown). In the fully mature muscle fibers, the microtubules are organized into a
grid-like pattern, excluded from the sarcomeres. Elements of the Golgi complex associate with
centrosome proteins and act as microtubule-organizing centers. The nuclei are pushed toward the
periphery of the muscle fiber. Multiple synaptic nuclei are clustered near the neuromuscular
junction, whereas the remaining extra-synaptic nuclei are distributed along the length of the fiber

stimulation with electrical pulses, mimicking different firing patterns of motor
neurons (Ralston et al. 2001) (Fig. 2.3).

2.6 Potential Role of the Microtubule Network in Skeletal
Muscle Cells

Skeletal muscle fibers are highly specialized cells that fulfill the single role of
contraction and relaxation. They are postmitotic and thus unable to renew after
injury. Damaged fibers are replaced by satellite cells that differentiate into new
muscle cells. Since muscle fibers don’t undergo any cell division, the question
arises as to what specific role microtubules might play in differentiation and in the
mature cell.
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In early pharmacological experiments on cultures of myoblasts and myotubes, it
has been shown that microtubules influence the distribution of intermediate
filaments and myosin (Holtzer et al. 1975; Antin et al. 1981; Saitoh et al. 1988).
More recently, direct evidence was obtained from microscopic observations of
living myotubes that microtubules provide a scaffold for the transport of myosin
and for the proper assembly of sarcomeres (Pizon et al. 2005).

Microtubules seem to play a second major role in myotubes, in the positioning of
nuclei (Folker and Baylies 2013). After fusion of mononucleated myoblasts into
multinucleated myotubes, most nuclei are distributed at equidistance along the
periphery of the myotube. However, a subgroup of nuclei is found clustered beneath
the neuromuscular junction. Although the specific role of these “synaptic” nuclei is
still unclear, it has been suggested that they are involved in the maintenance of the
synapse, for example, by an increased transcriptional activity to express acetylcho-
line receptors and other constituents of the postsynaptic membrane (Klarsfeld
et al. 1991; Sanes et al. 1991). For the correct positioning of synaptic and extra-
synaptic nuclei, microtubules likely serve as tracks, for motor-dependent transport
of the nuclei. The dependence of nuclear positioning on microtubules has been
shown first in cultured myotubes, in which clusters of acetylcholine receptor were
experimentally induced on the plasma membrane, by treating the culture with
extracts of electrical tissue from Torpedo fish (Englander and Rubin 1987). Once
clusters of acetylcholine receptor had formed, the nearest nuclei moved to the
cluster and got immobilized there. The movement of these nuclei occurred in a
microtubule-dependent manner, since the microtubule poison colchicine inhibited
any nuclear movement, unlike the actin poison cytochalasin D that had no such
effect. More recent experiments in vivo, in mice and in Drosophila, confirm a role
of microtubules in the positioning of myonuclei (Bruusgaard et al. 2006; Elhanany-
Tamir et al. 2012).

The nuclear movement is driven both by plus end- and minus end-directed
microtubule motors and might involve additional microtubule-associated proteins.
In Drosophila, nuclear movement has been shown to involve kinesin 1 “KIF5B,”
dynein, and MAP7 (Metzger et al. 2012; Folker et al. 2012, 2014). On the surface of
moving nuclei, kinesin acts at the leading edge, whereas dynein acts at the lagging
edge, in addition to cortically anchored dynein that generates pulling forces on
microtubules (Folker et al. 2014). In mouse C2C12 cells, dynein, dynactin, as well
as KIF5B have been detected on the nuclear envelope of myotube nuclei (Cadot
et al. 2012; Wilson and Holzbaur 2012, 2015). Dynein and kinesin motor
complexes are involved in linear translocation of nuclei along microtubules and
also in the rotation of these nuclei (Wilson and Holzbaur 2012).

Altogether, these experiments suggest that microtubules play an important role
in the differentiation of myotubes, during the formation of sarcomeres and during
the positioning of nuclei. This raises the question whether cellular defects in any
known myopathies correlate with defects in the microtubule network.
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2.7 Possible Involvement of Microtubules in Muscular Defects

Duchenne muscular dystrophy is one of the most abundant muscular diseases in
children. Since the locus for this recessive muscular dystrophy is on the X chromo-
some, encoding the protein dystrophin, mainly boys are affected. Dystrophin is a
large cytoplasmic protein that links the cytoskeleton to a complex of plasma
membrane proteins, including alpha- and beta-dystroglycan that are connected to
the extracellular matrix. Besides binding to the actin cytoskeleton, dystrophin has
also been shown to interact with microtubules (Prins et al. 2009). Interestingly, the
dystrophin-deficient mdx mouse that is considered an animal model for Duchenne
muscular dystrophy shows disorganization of microtubules in skeletal muscle
(Percival et al. 2007). The grid pattern of orthogonally oriented microtubules is
lost in these mutant mice. At the same time, elements of the Golgi complex are
distributed abnormally. The organization of microtubules as well as the distribution
of Golgi elements can be largely restored by the expression of microdystrophin, a
designed form of dystrophin lacking most of the central rod domain and the
carboxy-terminus (Percival et al. 2007).

Besides showing differences in microtubule organization, muscle fibers of
Duchenne muscular dystrophy appear to exhibit another defect involving
microtubules: biopsies from patients display an increased percentage of myofibers
with incorrectly positioned nuclei. Instead of localizing along the periphery, nuclei
concentrate centrally within the fiber (Bell and Conen 1968). This unusual pattern
has been described in a variety of muscular diseases, also including Becker muscu-
lar dystrophy and Emery-Dreifuss muscular dystrophy (Folker and Baylies 2013).
However, the significance of nuclear positioning for pathogenesis remains unclear.

In recent years, the molecular mechanisms leading to defective distribution of
nuclei have been tested in mutant mice with phenotypes resembling Emery-
Dreifuss muscular dystrophy (Puckelwartz et al. 2009; Zhang et al. 2007a, 2010).
In these mice, exons of the syne-1 gene were removed, encoding various parts of the
carboxy-terminal region of the protein nesprin 1. As a consequence, these mice
showed defects in the positioning of synaptic and extra-synaptic nuclei in skeletal
muscle. Nesprins are a family of nuclear envelope proteins that provide a link
between the cytoplasm and the inner nuclear membrane. Four nesprin genes exist in
mammals, encoding proteins with a conserved carboxy-terminal “KASH” domain
that binds to “SUN” proteins in the perinuclear space, i.e., in the lumen between the
outer and inner nuclear membrane. The SUN proteins are transmembrane proteins
of the inner nuclear membrane and interact with the nuclear lamina. The link to the
cytoplasm is established by a nesprin transmembrane domain in the outer nuclear
membrane and an amino-terminal region projecting into the cytoplasm. The amino-
terminal regions of the four nesprins differ from each other, and numerous splice
variants exist for each nesprin gene. They encode a varying number of spectrin
repeats, besides calponin homology domains and other sequence features. The
calponin homology domains are involved in binding nesprins to the actin network
(Starr and Han 2002; Zhen et al. 2002; Padmakumar et al. 2004). Moreover, the
protein nesprin 3 forms a connection to the intermediate filament network, by
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binding to the linker protein plectin (Wilhelmsen et al. 2005). Finally, interactions
between microtubule-dependent motors and nesprins or nesprin-related KASH
proteins have been documented in a variety of experimental systems, including
muscular and nonmuscular cell types from vertebrates as well as Caenorhabditis
elegans (Malone et al. 2003; Meyerzon et al. 2009; Roux et al. 2009; Zhang
et al. 2009b; Zhou et al. 2009; Fridolfsson et al. 2010; Yu et al. 2011; Wilson and
Holzbaur 2012). A possible mechanism for nuclear positioning may involve
nesprins, binding directly or indirectly to microtubule motor proteins that drive
the translocation of nuclei along longitudinal arrays of microtubules along the
muscle fiber. Interestingly, synaptic nuclei accumulate significantly more nesprin
1 on the nuclear envelope than extra-synaptic nuclei (Apel et al. 2000), raising the
possibility that their clustering and retention at the neuromuscular junction requires
increased interactions between the nuclear envelope and microtubule motor
proteins. While it is unknown whether defects in the microtubule network or defects
in microtubule-dependent transport may be causally involved in the pathogenesis of
muscular diseases, it is clear that mutations in nesprin-encoding genes correlate
with different myopathies, such as Emery-Dreifuss muscular dystrophy or autoso-
mal recessive arthrogryposis (Zhang et al. 2007b; Wheeler et al. 2007; Attali
et al. 2009).

2.8 Conclusion

Microtubule organization in differentiating cell types is generally characterized by
a loss of microtubule anchoring to the centrosomal surface and by cell type-specific
remodeling of the microtubule network from various cytoplasmic and cortical sites.
It is unclear how this loss of centrosomal anchoring is regulated. It is possible that
upon differentiation, centrosomes maintain microtubule nucleation activity, but
that new microtubules are no longer firmly anchored to the pericentriolar material
or that they are actively disconnected from the centrosome by severing enzymes.
The resulting free minus ends may then permit translocation of these microtubules
to novel sites or may lead to increased polymer turnover and disappearance or
remodeling. Likely, proteins of the pericentriolar material may be lost from
centrosomes in various differentiating cell types, such as seen in muscle cells,
and as a consequence, centrosomal microtubule nucleation may be lost with time.
Moreover, it remains so far largely unknown how novel non-centrosomal microtu-
bule organization centers form. Strikingly, proteins that are part of the
pericentriolar material in undifferentiated cells, such as ninein, are now found
enriched at new microtubule-organizing centers, without centrioles being present.
Identifying mechanisms that lead to this relocalization and identifying “receptor”
proteins for the pericentriolar material at the sites of non-centrosomal microtubule
organization will be a challenge for future research activities. Finally, the notion of
a “centrosomal protein” will need to change: since proteins of the pericentriolar
material can equally be found at non-centrosomal locations upon differentiation,
they should be considered “microtubule-organizing proteins” in a broader sense.
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