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Abstract
Cell migration requires polarization of the cell into the leading edge and the trailing edge.
Microtubules (MTs) are indispensable for polarized cell migration in the majority of cell types. To
support cell polarity, MT network has to be functionally and structurally asymmetric. How is this
asymmetry achieved? In interphase cells, MTs form a dynamic system radiating from a
centrosome-based MT-organizing center (MTOC) to the cell edges. Symmetry of this radial array
can be broken according to four general principles. Asymmetry occurs due to differential
modulation of MT dynamics, relocation of existing MTs within a cell, adding an asymmetric
nucleation site, and/or repositioning of a symmetric nucleation site to one side of a cell.
Combinations of these asymmetry regulation principles result in a variety of asymmetric MT
networks typical for diverse motile cell types. Importantly, an asymmetric MT array is formed at a
non-conventional MT nucleation site, the Golgi. Here, we emphasize the contribution of this array
to the asymmetry of MT network.
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Importance of MT asymmetry in motile cells
Cell migration in higher organisms is essential for multiple physiological and
pathophysiological processes including embryonic development, tissue regeneration,
immune responses, and cancer cell metastasis and invasion. The first requirement for
directional cell movement is a polarization of the cell into the leading edge and the trailing
edge. A highly regulated asymmetric remodeling of the actin cytoskeleton controlled by
small GTPases of the Rho family drives polarized motility (for reviews see refs.1, 2).
Motility also involves asymmetric formation and turnover of focal adhesions – the cell
anchorage sites (for a review see ref.3) and directed post-Golgi trafficking to the protruding
lamella (for a review see ref.4).

Microtubules (MTs) are indispensable for polarized cell migration in a variety of cell types,
including fibroblasts, astrocytes and neurons5 (for reviews see refs.6, 7) and for major tissue
morphogenetic movements such as gastrulation.8 Formation of cell edge protrusions and
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retractions continues in the absence of MTs but is not distributed in a polarized fashion.
MTs are therefore thought to support polarized distribution of regulatory motility signals
within a cell.

Some specialized cells, like fish keratocytes or neutrophils, do not need the MT-driven
intracellular management for migration, likely due to their small size and simplicity.6, 7 But,
although neutrophils are able to move in the absence of MTs, they exhibit impaired
directionality of migration.9 The effect of MT disruption on neutrophil motility, though
unusual, is likely due to depolarization of signaling events. Thus, in the majority of cell
types MTs are needed for the spatial coordination of molecular events leading to efficient
cell relocation. In Dictyostelium amoebae that exhibit similar minor MT dependence MTs
directed toward the cell rear are responsible for trafficking of adenylyl cyclase-containing
vesicles in that direction, which, in turn, coordinates migration of following cells
(streaming).10 In this case, asymmetric MT distribution is important for coordination of
signals on the multicellular level rather than within each small cell. In many systems, an
external signal triggers initial asymmetry of adhesive and actin systems that further need
MTs for maintenance.11, 12 In some cases (e.g. in differentiating neurons13), MTs appear to
be involved in the initiation of polarity.

Many asymmetric processes essential for cell migration, such as Rac1-dependent actin
polymerization14 and focal adhesion turnover,15, 16 are coordinated by MTs. MTs have been
shown to deliver and control various functional molecules involved in motility, either as
protein complexes or within vesicular membranes. These include β-actin mRNA17 and
members of Rho GTPase pathways14, 18 to organize actin and adhesion rearrangements,
integrins to initiate adhesion19, membrane to provide building blocks for protrusion (for a
review see ref.20) and many others. Some molecules (e.g. integrins) are simply transported
to their functional sites by MTs; the functional activity of others, like Rho GEF H1,21 can be
modulated by MT binding. Moreover, MT-binding properties of certain active molecules
often depend on the dynamic status of MTs. For instance, certain kinesins preferentially bind
de-tyrosinated stable MTs22–24 and a number of diverse factors surf growing MT plus ends
(for a review see ref.25). Accordingly, the presence of a reliable MT “track” is central for
some pathways, while even subtle modulations in MT dynamics can be critical for others. In
this regard, it is noteworthy that both MT distribution and dynamics are asymmetric in
motile cells.

Variants and principles of MT asymmetry
In order to differentially control diverse domains in a polarized cell, the MT system must be
functionally asymmetric. The most logical way to support spatial functional asymmetry is to
use a structurally asymmetric regulatory system. How is this asymmetry achieved? In
general, MTs form a dynamic system radiating from a perinuclear centrosome-based MT-
organizing center (MTOC) to the cell edges. In fibroblasts and other cells with mesenchymal
motile phenotype, the distribution of MTs is asymmetric, with a substantial array extended
in the direction of movement. This front-oriented array is likely essential for persistent
directional motility of these cell types via facilitating actin polymerization,14 adhesion
turnover15, 26 and vesicular trafficking27 toward the protrusion. On the contrary, in
migrating neutrophils MTs are directed almost exclusively toward the trailing cell edge.28

Upon MT depolymerization, these cells demonstrate defects in finding the shortest way to
the chemo-attractant. Interestingly, directional motility of neutrophil disturbed by MT
disruption can be restored by inhibiting Rho kinase at the cell rear where MTs are located.9
Similarly, MTs are predominantly directed toward the rear of migrating Dictyostelium
amoebae where their major signal distribution function is associated with backward
vesicular transport.10 Another example, neurons present an extreme example of MT
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asymmetry, with principally distinct MT organization in dendrites and axons, which
corresponds to distinction in major vesicular transport functions (for reviews see refs.29, 30).
In all three scenarios, despite obvious differences, asymmetric MT organization is well
suited to provide uneven distribution of signals within a cell and can be achieved by a few
variably combined mechanistic principles.

As mentioned above, MTs in interphase cells are nucleated at the centrosome in the cell
center. However, MT arrays initially produced by the centrosome are radially symmetric
both in vitro31, 32 and in polarized cells.33 Four general principles can be applied to breaking
symmetry of the MT network (Fig. 1). First, centrosomal MT array can be modified by
differential regulation of MT dynamics at distinct locations. As a result of site-specific
modulation of MT dynamics, MTs can be stabilized at one cell side and/or destroyed at the
other side. Second, MTs can be moved either within the array or after detachment from the
array. Third, an alternative, non-centrosomal source of MTs can produce an additional,
asymmetric MT array. Finally, relative positioning of MT nucleation sites within a cell can
also modulate the MT asymmetry. For example, locating the centrosome to one cell side
would be sufficient to apply a certain degree of asymmetry to the MT network.

Regulation of MT asymmetry via modulation of plus end dynamics
Dynamic properties of individual MTs in cells are diverse. While many MTs undergo
“dynamic instability”34, characterized by particular frequencies of catastrophes (switch to
depolymerization) and rescues (switch to polymerization), certain “stable” MTs remain
unchanged for hours35. A majority of MTs exhibit persistent growth through the cytoplasm
and undergo diverse dynamic changes when they reach cell periphery.36 In a motile cell, MT
dynamic parameters are specific for certain cell regions. For example, a particularly long-
lived subset of MTs extends from the cell center toward the leading edge in migrating
fibroblasts.37 In addition, the time that otherwise dynamic MT ends spend in pauses as well
as MT catastrophe frequency varies significantly in distinct PTK1 epithelial cell domains.38

Dynamic diversity of MTs can be regulated through general stabilization of MT lattice by
MAP binding or through alteration of plus end MT dynamics as a function of the cell
periphery (for a review see ref.39). The latter is highly relevant for migrating cells where
properties of peripheral cytoplasm are distributed asymmetrically. Mechanisms of plus end
dynamics modulation have been intensively studied over the past decade.

Long MT lifetimes can be achieved by a few complementary mechanisms. A number of
phenomena described in variable fibroblastic and epithelial cells, including MT capture,
stimulated persistent growth and/or frequent rescues of MTs close to the cell front, lead to
longer MT existence. MT capture at the cortex involves association of MT plus-tips with a
number of proteins specifically accumulated at the leading edge protrusions, including
APC40, 41 and LL5beta42 and is ruled by Rho family of small GTPases through Rac effector
IQGAP43 and Rho effector mDia.40 One such local mechanism involves capture of MT plus
ends specifically at lipid rafts at the protruding cell edge.41 MT lifetime is also increased by
MT-associated proteins that preserve MT from depolymerization by promoting efficient
rescues.44–46 Anchoring of MTs at cortical accumulations of LL5β and ELKS proteins,
which together with plus tip proteins CLASPs form cortical clusters in close focal adhesion
proximity,42 may explain MT capture at focal adhesion phenomenon observed previously.47

Additionally, persistent MT growth can be stimulated by excluding catastrophe activity from
a certain cellular area. Small GTPase Rac1 that is locally active at the protruding edges
inhibits MT depolymerization factor stathmin through Rac effector PAK1-driven stathmin
phosphorylation.48, 49 At the same time, an increasing gradient of stathmin activity extends
backwards and may be at least partially responsible for significant increase in MT
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catastrophe frequency at the trailing edge as compared to the leading edge.50 However,
mechanisms that support catastrophes at the cell back are not completely understood. MT
plus ends that interact with adhesion sites in the process of targeting in fish fibroblasts are
subjected to local catastrophe-inducing activity of unknown origin, which specifically
requires presence of a major adhesion protein paxillin.51 Since adhesions are particularly
large at the cell rear, and catastrophes at the back are dependent on Rho activity38 that
simulates adhesion growth through a mechanosensory mechanism (for a review see ref.52),
we speculate that Rho stimulates catastrophes via enlarging adhesions as sites of catastrophe
factor accumulation at the cell rear.

Regulation of MT asymmetry via MT transport
Besides changes in dynamics that influence MT lifetimes, distribution of existing MTs can
be changed by moving MTs within a cell. Such movements, driven by molecular motor
activity, are often specific for distinct domains a of a motile cell.5354

In many cases motors move MTs that are still attached with their minus ends to the MTOC.
For example, in neutrophils, myosin II-driven MT bending results in complete re-directing
of symmetrically nucleated MT array toward the cell rear.28 Similarly, myosin II in neurons
and epithelial cells can induce MT bending that results in excluding them from protruding
lamella due to actin retrograde flow.54, 55 Myosin contractility also facilitates MT re-
organization and bundling behind the leading edge in axonal growth cones.56

Molecular motors can also relocate MTs that are no longer anchored at their nucleation sites.
However, MT release from the centrosome in epithelial and fibroblastic cells – a source for
both tubulin turnover and free MT fragments36, 57 – has not been shown to exhibit any
asymmetry. In neurons, on the contrary, MTs fragments produced by katanin and spastin-
dependent severing are transported to distinct cell locations to build up highly asymmetric
MT system within axons and dendrites (for reviews see refs.58, 59). Transport of MT
fragments can be performed by acto-myosin dependent movements60 or by MT motors (for
reviews see refs.30, 59). Strikingly, asymmetric MT transport in neurons can be regulated by
kinesin-561 which has been previously well studied as a major force that moves MTs along
each other in the mitotic spindle.

Regulation of MT asymmetry via directed non-centrosomal nucleation
The MT pattern depends largely on the process of nucleation at the MTOC. In many motile
cells, the centrosome is located in front of the nucleus, and it is thought to be an important
stage of polarization of both the MT system and the whole cell.62 Indeed, formation of
asymmetric MT arrays in differentiating neurons shows a direct correlation with centrosome
positioning.13 It is noteworthy in this regard that MT nucleation can also occur by
centrosome-independent means.63 A number of MT-organizing structures have been
identified in certain specialized cell types. Among these are the nuclear envelope in
myotubes64 and melanosomes in pigment cells.65 A more abundant alternative MT-
nucleating site is the Golgi complex as it carries out MT nucleation in retinal pigment
epithelial cells66, 67 and in multiple other epithelial cell lines.66

In interphase cells, the Golgi complex is asymmetric. It forms a “ribbon” that consists of
membrane cisternae stacks with distinct cis-to-trans polarity.68 MT depolymerization causes
disruption of the Golgi ribbon into individual stacks but the polarity within each stack is
preserved.69 In the presence of MTs, the Golgi complex accumulates close to the
centrosome due to the function of dynein, a minus-end directed MT motor.70, 71 The
generally accepted view is that the cis-compartment predominantly faces the centrosome,
while the trans-compartment looks toward the cell periphery. Thus, the centrosome, being

Vinogradova et al. Page 4

Cell Cycle. Author manuscript; available in PMC 2011 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



symmetric, maintains an asymmetric organelle in close proximity. MT array that is formed
at the Golgi is also asymmetric: Golgi-derived MTs grow predominantly toward the front of
motile cells.66 Thus, the centrosome may influence MT asymmetry indirectly via
positioning of the Golgi complex.

Mechanisms and regulation of MT nucleation at the Golgi
Golgi-associated MT nucleation appears to be a significant factor in establishing of MT
asymmetry (Fig. 2). It is important to understand molecular machinery that underlies
directional mode of MT outgrowth at the Golgi (Fig. 3). MT nucleation at the Golgi
continues upon laser ablation of the centrosome indicating that the Golgi acts as a
centrosome-independent MTOC.45 However, it requires presence of γ-tubulin, the major
component of the MT nucleating γ-tubulin ring complexes (γ-TuRCs).66, 72 Is initial
enrichment of γ-TuRC in proximity of CLASP accumulations important for organization of
MT arrays? In most cases, levels of γ-tubulin detected at the Golgi membrane do not exceed
cytosolic γ-tubulin concentrations. However, γ-tubulin has been found associated with Golgi
membranes in vitro72 and in vivo upon overexpression of a potential recruiter GMAP210,73

a cis-Golgi associated protein though it has been a subject of debate.71 Recent evidence
suggests that γ-tubulin may be recruited to the Golgi membranes through interaction with
AKAP450, a protein involved in MT regulation both at the centrosome and the Golgi.67, 74

Notably, AKAP450 is required for Golgi-derived MT formation and can be found in close
association with their minus ends.67. It is possible that AKAP450 stimulates Golgi-derived
MT formation by elevating concentration of γ-tubulin at the Golgi membrane.

Importantly, nucleation per se appears to be insufficient for MT formation: γ-TuRCs
nucleated MT seeds cannot give rise to MTs unless they are associated with Orbit/MAST/
CLASP, a well-studied regulator of MT dynamics.45 Depletion or misplacement of this
protein from the Golgi membrane leads to elimination of Golgi-derived MT array and
impairs MT asymmetry (Fig. 2). In mammalian cells CLASP (Cytoplasmic Linker
Associated Protein) is present as two closely related isoforms, CLASP1 and CLASP2. Here,
we will refer to both isoforms together as CLASPs. CLASPs are essential regulators of MT
dynamics both in mitotic and interphase cells. During mitosis, CLASPs support
incorporation of tubulin subunits into kinetochore fibers75, 76 and thus assure correct
chromosome segregation. In motile interphase cells, CLASPs laterally anchor MTs at
peripheral cortical sites, increasing their stability and growth persistence.42 In both cases,
CLASP function is connected with lateral stabilization of MTs that favors polymerization at
the plus ends. It is plausible to suggest that CLASP function at the Golgi is accomplished by
a similar mechanism. Indeed, CLASPs coat Golgi-associated MTs to trigger their
formation.66 Such coating and subsequent stabilization of MT seeds may be regulated by
changing CLASP affinity to MTs by phosphorylation.77, 78 Moreover, for MT coating to
occur, CLASP molecules undergo fast exchange at the membrane (our unpublished data).
Altogether, these data suggest that modulating CLASP association with the Golgi
membranes can alter MT-organizing potential of the Golgi. CLASPs are accumulated at the
Golgi via TGN (Trans Golgi Network) protein GCC185.66 GCC185, in turn, is recruited to
the TGN membranes by cooperative action of two small GTPases, Arl1 and Rab6.79 Thus,
being important components of trafficking-organizing signaling (for reviews see refs.80, 81),
Arl1 and Rab6 may have an indirect impact on MT organization.

Why is the Golgi-derived MT array asymmetric?
Protein machinery that triggers MT formation at the Golgi can function even in the absence
of typical Golgi membrane, for example, upon brefeldin A treatment. Under these conditions
MTs form throughout a cell66 and can be often found at ER exit sites.67 Both CLASP
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coating66 and AKAP450 presence at MT minus ends67 were shown necessary to support
non-centrosomal MTs under these conditions. However, mis-placement of MT nucleation
from the Golgi (e.g. by GCC185 depletion, Fig. 2) leads to elimination of MT asymmetry in
these cells. Thus, specific localization of this MT array to the Golgi is needed for its
polarized geometry.

As we discussed above, the Golgi complex is intrinsically asymmetric. Distinct components
of MT-initiating machinery are found at distinct compartments within the Golgi. While
nucleation has been associated with cis-Golgi markers (e.g. AKAP450), MTs successfully
grow from the Golgi membrane only after being stabilized by TGN-associated MT
regulators (CLASPs). Thus, plausible scenarios of MT seed location within a polarized
Golgi stack include: a) concentration of γ-tubulin at the cis Golgi membrane provides a pool
of MT seeds that later redistribute to TGN to serve as MT templates at this location, or b)
MT seeds associated with the cis-Golgi give rise to multiple unstable MTs, a certain portion
of which reaches out to TGN and is being stabilized by CLASPs (Fig. 3).

In either case, asymmetry of Golgi-derived MTs toward the cell front can be directly
connected to the asymmetry of the Golgi ribbon itself because MTs grow from the outer face
of the Golgi ribbon66. This model is valid only when the Golgi ribbon is indeed polarized as
a whole. However, spatial asymmetry has been strictly shown at a level of a single Golgi
stack. On the contrary, the asymmetry of the whole Golgi complex is not a given but
requires a certain organization of stacks relative to each other. Our data suggest that both
Golgi-derived and centrosomal MTs are necessary for establishment of a polarized Golgi
ribbon (Miller et al, in press). A large number of integral Golgi proteins are also required for
the proper organization of the Golgi (for a review see ref.81) as they support both cisternal
membrane fusion82 and stacking83. Additionally, proteins that regulate centrosome-nucleus
attachment84–87 can influence organization and shape of the Golgi complex. In the case of
tight centrosome-nucleus attachment, Golgi elements cannot penetrate between the
centrosome and nuclear envelope. Such spatial restraint facilitates flat, asymmetric Golgi
ribbon shape (our unpublished data).

Alternatively, it is possible that the shape of the Golgi complex is not critical for asymmetry
of the MT array. Rather, this asymmetry could depend on differential affinity of CLASP
binding to MTs if it is regulated in a polarized fashion across the Golgi complex. CLASP
binding to MTS can be diminished by GSK3beta-dependent phosphorylation. This
regulation was shown to be spatially specific78 because local inactivation of GSK3beta in
protruding lamellae causes extensive CLASP binding to MT lattice. Similar mechanism
involving local activation of GSK3beta at the centrosome (evident from GSK3beta
localization at the centrosomes88 and phosphorylation of centrosomal proteins89) or at the
nuclear envelope90 could restrict CLASP binding to MT seeds at the TGN areas close to the
centrosome/nucleus and result in predominantly front-directed MT outgrowth.

Besides a distinct CLASP-dependent formation mechanism, Golgi-derived MTs (and,
possibly, also centrosomal MT in the Golgi proximity) possess specific properties that
include post-translational modifications and MT-binding proteins. Golgi-associated MTs
were described as excessively detyrosinated, acetylated91 and/or polyglutamylated92,
properties that can influence MT motors affinity and specificity of these MTs as trafficking
routs.22, 92, 93 Certain Golgi-associated proteins may locally modulate MT stability (e.g.
Golgi-associated CAP350 that has been implicated in MT stability and anchoring to the
centrosome94). If distributed asymmetrically within the Golgi ribbon, such proteins could
influence survival of MTs growing in a certain direction.
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Role of the organelle positioning and combination of factors
All discussion provided above on the issue of transforming of a radial array into asymmetric
one assumed that the centrosome is located in the center of a cell providing a symmetric
array. Indeed, in many motile cells the centrosome localized to the cell centroid in dynein-
dependent manner.95 However, asymmetry can be introduced by shifting the MTOC (or
both MTOCs) to one side of a cell, for example by a large organelle. This can produce a
concentrated MT density at the closest cell edge. Such shifting can occur in cells where the
nucleus takes a large part of cell volume (e.g. lymphocytes96).

Relative positioning of MTOCs and the nucleus can introduce asymmetry as a result of
relocation of the nucleus rearward even while the centrosome stays in the cell centroid.97 In
this case, due to the tight attachment of the centrosome to the nucleus, the Golgi ribbon can
be shifted in front of the centrosome so the Golgi-derived array becomes front-oriented.
According to this model, three factors including 1) maintenance of the centrosome in the cell
centroid, 2) rearward nucleus movement and 3) TGN-derived MT array formation are
sufficient to provide initial asymmetry to MT network, which can be further strengthened or
modified by MT dynamics-driven and MT transport mechanisms.

Assorted combinations of MT network asymmetry principles described here allow highly
variable and fine-tunable MT distribution in motile cells. Each of these mechanisms may
contribute to microtubule asymmetries in multiple cell types, while some of the mechanisms
could be more important in certain cells compared to others. Additionally, some of the
mechanisms may be specific to distinct cell types. Here, suggest a generalized systematic
approach to MT asymmetry principles which allows to compare their contributions in
particular cell types and address how tuning of MT regulations is handled throughout cell
differentiation and morphogenesis.
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Figure 1. Principles of MT asymmetry
Radial array (top) can be transformed into asymmetric network by 1) modulations of MT
dynamics, 2) re-positioning of existing MTs, 3) directional MT formation at alternative MT
nucleation sites (bottom, right) and/or 4) repositioning of MTOCs within a cell.
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Figure 2. MT asymmetry requires Golgi-derived MTs
Immunostained MTs in control (A,B), CLASP- (C,D) and GCC185-depleted (E,F) cells.
CLASP depleted cells lack non-centrosomal MTs, while in GCC185 non-centrosomal MTs
are not associated with the Golgi due to CLASP mis-localization66. Red arrows mark the
front lamella direction. B,D,F, For analysis, central area is excluded and the rest of the cell
divided in 4 sectors. For each sector, detectable MT numbers and average fluorescent
intensity as percent of overall intensity are shown. G, Average percentage of edge MTs
intensity distributed in 4 cell sectors. 20 cells for each set were analyzed. Note decreased
asymmetry of diagrams for CLASP and GCC185-depleted cells. Standard deviations for
front to back intensity proportion (not shown) do not overlap between control and
knockdown cell populations.
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Figure 3. Non-centrosomal asymmetric MT array at the Golgi
A. After MTs nucleation by γ-TuRC at cis-Golgi or in cytosol, those MT seeds, which
redistribute to the TGN continue growing due to CLASP-dependent stabilization and
anchoring to the TGN by GCC185. B, After MTs nucleation by γ-TuRC at cis-Golgi, those
MTs, which extend to the TGN continue growing due to CLASP-dependent stabilization.

Vinogradova et al. Page 15

Cell Cycle. Author manuscript; available in PMC 2011 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


