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S elf-organization of dynamic microtu-
bules via interactions with associated
motors plays a critical role in spindle for-
mation. The microtubule-based mecha-
nisms underlying other aspects of cellular
morphogenesis, such as the formation
and development of protrusions from
neuronal cells is less well understood.
In a recent study, we investigated the
molecular mechanism that underlies the
massive reorganization of microtubules
induced in non-neuronal cells by expres-
sion of the neuronal microtubule stabi-
lizer MAP2c. In that study we directly
observed cortical dynein complexes and
how they affect the dynamic behavior of
motile microtubules in living cells. We
found that stationary dynein complexes
transiently associate with motile micro-
tubules near the cell cortex and that
their rapid turnover facilitates efficient
microtubule transport. Here, we discuss
our findings in the larger context of cel-
lular morphogenesis with specific focus
on self-organizing principles from which
cellular shape patterns such as the thin
protrusions of neurons can emerge.

Introduction

During their development, neurons
form thin protrusions, called neurites
that form the basis of neuronal networks
in the brain. The cellular forces that
drive the protrusion of neurites primar-
ily originate from dynamic reorganiza-
tion mechanisms of filamentous proteins
that constitute the cytoskeleton (Fig. 1).
Classically, the two major components
of the cytoskeleton, filamentous actin
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(F-actin) and microtubules, were thought
to play distinct roles in cellular function:
While F-actin can form various supramo-
lecular structures together with associated
proteins to drive cell protrusion or cell
contraction,! microtubules are best known
for their ability to form directional tracks
for subcellular transport of cargo.? During
their initial formation, neurites contain
a tight array of parallel microtubules in
their shaft and an actin-rich growth cone
at their tips.> According to the classic
view, the actin-rich growth cone provides
the main driving force behind neurite for-
mation while microtubules merely take a
supporting role.* However, both compo-
nents also play additional roles. F-actin is
also used as a directional track for cargo
transport’” and microtubules can also
form supramolecular structures that orga-
nize contractile or protrusive processes in
cells.o®

The best-studied example for a micro-
tubule-based supramolecular structure is
the mitotic spindle. Overlapping micro-
tubules at the center of the spindle can
interact with multimeric microtubule
motors to drive contraction of the spindle
similar to contraction in overlapping actin
filaments interacting with multimeric
?10 Ultimately, the shape
of the mitotic spindle emerges via a self-

actin motors.

organizing mechanism from many local,
molecular interactions including several
microtubule motor species that interact
with dynamic microtubules via complex
feedback mechanisms.!"!?

Microtubule dependent protrusive pro-
cesses were first described centuries ago,
but less well characterized.'*?> Letourneau
and colleagues observed that neurons form
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Figure 1. Cytoskeletal organization of neurons before and after neurite formation. Neurites are thin
protrusions that originate from neuronal cell bodies. They are characterized by a microtubule-rich
shaft and tipped by an F-actin-rich growth cone. Microtubules: red; F-actin: green; red and green
arrows: forces based on microtubules and the F-actin cytoskeleton, respectively. Microtubule plus

thin neurite-like cell protrusions after
combined treatment with drugs that sta-
bilize microtubules and disrupt actin.” In
a more recent study that combined those
pharmacological treatments with live
cell imaging of protrusion dynamics, we
observed neurite-like protrusions shortly
after cessation of actin dynamics.'® Those
observations suggest that actin dynamics
are not only dispensable for the forma-
tion of neurite-like protrusions, but in fact
inhibitory for this process. This raises the
question: How can microtubules generate
the force to drive cell protrusion?

Microtubule-Based Mechanisms
that Drive Cell Protrusion

A hint at possible molecular mecha-
nisms that might underlie microtubule-
based cell protrusion came from studies
in non-neuronal cells that express the
neuronal microtubule stabilizer MAP2c.
In such cells, microtubules were shown to
form thin protrusions that were increased
if actin filaments were depolymerized."'®
Direct comparison between such MAP2c-
induced neurites and the correspond-
ing protrusions from primary neurons
revealed that their cytoskeletal organiza-
tion and dynamics are similar, suggesting
that they can serve as a model for neurite
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formation.® Interestingly, the MAP2c-
induced thin protrusions contained tight
bundles of microtubules that had uniform
orientation with distal plus ends,” similar
as in nascent neurites.” This suggests that
either a motor-based transport process or
a process based on dynamic microtubule
polymerization/depolymerization might
be responsible for this specific MAP2c-
induced organization of microtubules that
ultimately leads to cell protrusion.
Actin-dependent that
drive cell protrusion are thought to be

mechanisms

driven by a molecular ratchet based
polymerization mechanism.? Similarly,
MAP2c-induced cell protrusions could
also be driven by microtubule polymer-
ization. However, mechanisms based on
molecular motors that push filaments
toward the leading edge are also plausible.
In the case of neurite-like protrusions,
cytoplasmic dynein is a prime candidate
for such a molecular motor-based direct
pushing mechanism. A subpopulation of
this motor commonly referred to as “cor-
tical dynein” is known to be anchored
to the cell cortex.?? Cortical dynein can
exert forces on interacting microtubules,
and those forces are known to drive large-
scale structural changes inside cells, such
as positioning of the mitotic spindle® or
centering of the microtubule organiz-

ing center (MTOC).** Indeed, we found
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that dynein is required both for MAP2c-
induced formation of neurite-like protru-
sions in non-neuronal cells, as well as the
spontaneous formation of neurites in pri-
mary hippocampal neurons.”

To study this process in more detail, we
employed a nocodazole washout procedure
in combination with live cell imaging to
directly observe MAP2c-induced, dynein
dependent microtubule reorganization in
cells.” Without this washout procedure,
microtubules reorganize into tight bundles
that are oriented toward the cell periphery
within an extended time-course of sev-
eral hours, which is difficult to monitor
via fluorescence microscopy at high tem-
poral resolution. However, shortly after
a cycle of microtubule depolymerization
and repolymerization using nocodazole
and subsequent washout, short microtu-
bules appear randomly distributed within
cells with random orientation. Within
minutes, those microtubules then move
directionally with leading plus ends inside
cells* (Fig. 2A). Importantly, speckle
microscopy revealed that the velocity of
instantaneous microtubule movements
was 40-fold higher than that of microtu-
bule treadmilling, i.e., polymerization at
microtubule plus-tips and depolymeriza-
tion at their minus-ends.?” Thus, microtu-
bule movements represent translocation of
preassembled microtubules. Furthermore,
this translocation was reversed by inhibi-
tion of cytoplasmic dynein.”

To directly study the role of molecu-
lar motors in this process, we observed
this microtubule reorganization process
in the presence of fluorescently labeled
cytoplasmic dynein subunits.”® By using
total internal reflection fluorescence
(TIRF) microscopy, combined with sen-
sitive detection methods that are compat-
ible with low expression levels, individual
cortical dynein complexes were observed
near the plasma membrane. The dynein
complexes contained few subunits of the
dynein heavy chain and they were char-
acterized by highly dynamic association
kinetics with the plasma membrane.
The colocalization of cortical dynein
complexes with microtubules correlated
with their dynamic behavior, including
their directional movement (Fig. 2C).*
Interestingly, motile microtubules were
also observed to kink or pivot around
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cortical dynein complexes, suggesting
their direct physical interaction inside liv-
ing cells.?

Role of Microtubules in Early
Neuromorphogenesis

In order to study the role of all (-418)
microtubule regulating genes in neurite
formation, we performed a high-content
screen using RNA interference in mouse
stem cells.”” As expected for a critical
component, at least 8 subunits of the
cytoplasmic dynein motor stood out in
the set of candidate microtubule regu-
lators as being essential for neurite for-
mation. Dynein is composed of several
subunits that are encoded by several dis-
tinct gene families.”® Only a specific sub-
set of those subunits were essential, while
others were dispensable.”” Interestingly,
the plus-end directed motor conven-
tional kinesin was also found to play a
role in neurite formation in Drosophila
by affecting microtubule sliding against
each other,” indicating that multiple
microtubule motors might play a role in
neuromorphogenesis.

Apart from motor driven microtubule
translocation, their dynamics also need to
be regulated during neuromorphogenesis.
In accordance with this idea, we found
that the microtubule stability regulators
EB1 and EB2 compete for limited bind-
ing sites on microtubules, and that this
competition appears to play a critical role
during neurite formation by regulating
microtubule stability.”” Furthermore, as
observed earlier in other cell systems,*
ROCK-dependent contractility of actin
and the associated myosin motor was
inhibitory to neurite formation.”’ This
suggests a potential mechanism for neu-
rite formation, in which stabilized micro-
tubules are pushed by cortical dynein
toward the cell periphery to overcome
contractile acto-myosin mediated forces.?”

To be pushed efficiently by cortical
dynein, microtubules have to be free to
move within the cell. In non-neuronal
cells, this is often not the case, as many
microtubules are linked with their minus
ends to the microtubule organizing cen-
ter (MTOC). However, particularly in
neuronal cells many MTOC independent
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wide field

molbiolcell.org/content/25/1/95).

Figure 2. Direct observation of microtubule pushing by cortical dynein in living cells. (A) Images
of COS7 cells transfected with the neuronal microtubule stabilizer MAP2c obtained shortly after
nocodazole washout. In those conditions, short microtubules formed that were transported direc-
tionally within a distance up to ~200nm from the plasma membrane as observed by evanescent
wave illumination in total internal reflection fluorescence (TIRF) microscopy. (B) Individual frames
from video-microscopic observation of the boxed region in (A). (C) Simultaneous observation of
MAP2c-decorated short microtubules (left) and dynein heavy chain subunits (Dync1h1, middle) via
TIRF microscopy. As expected for a direct, physical interaction between those components, the
fluorescence signal derived from MAP2c-decorated microtubules is strongest at the localization
of cortical dynein, suggesting that this microtubule region is closest to the plasma membrane and
therefore excited most strongly by the evanescent wave of the TIRF microscope. (D) Schematic of
the dynein-mediated microtubule pushing mechanism. This image was taken from

26 (http:/www.

microtubules exist, which could origi-
nate from extracentrosomal nucleation,
katanin-mediated microtubule severing
or microtubule breakage.®!

Cellular Mechanisms
of Microtubule Self-Organization

In nocodazole washout experiments,
MTOC independent microtubules move
directionally until they encounter an
obstacle, such as the cell border, where
they then accumulate to form small cell
protrusions.”>** The directional trans-
port with leading plus ends drives the
reorganization of initially randomly
oriented microtubules to end up with
uniform polarity orientation, with micro-
tubule plus ends pointing toward the cell
periphery'*
rites.”” We also observed a fairly sparse

— similar as in nascent neu-
distribution of cytoplasmic dynein at

the cell cortex that rapidly exchanged
with a cytoplasmic pool. Mathematical
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modeling of the microtubule reorganiza-
tion process revealed that this dynamic
cortex association of dynein facilitates a
rapid search to capture microtubules for
directional transport in cells.?® Also, sim-
ulations on the basis of this model were
able to closely mimic experimental obser-
vations, thus suggesting that they include
the essential components and rules that
underlie this cellular process®® (Fig. 3A).

Overall, the process of microtubule
reorganization represents an illustrative
example for cellular self-organization,
as increased order in microtubule orga-
nization from initial random orientation
toward a state, in which microtubules
point toward the cellular periphery, is
achieved in an energy consuming, motor-
driven process (Fig. 3B). In addition,
microtubules can accumulate within
small initial protrusions in a process
related to stigmergy, a building principle
of termites.” Stigmergy is a self-amplify-
ing process, in which a positive feedback
between termites and the structure that
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Figure 3. Model for MAP2c and dynein-mediated self-organization of microtubules. (A) Simulations based on mathematical modeling of cortical dynein
mediated microtubule transport closely mimic experimental observations after nocodazole washout in the presence of MAP2c. Both the overall redis-
tribution (shown here) and saltatory movements of individual microtubules are observed in those simulations.° The white arrow points to microtu-
bules radiating from a microtubule organizing center that was not included in simulations. (B) Shortly after washout of nocodaole, small microtubules
with random initial orientation nucleate in the cytosol. Those microtubules are transported directionally with leading plus ends via cortical dynein
complexes until they encounter an obstacle, which ultimately will be the plasma membrane. This will orient microtubule plus ends to point toward
the cell periphery. Microtubules will then push against the outer edge of the cell, which can induce a small convex cell protrusion. (C) Enlarged region
marked in (B). In a process related to stigmergy, the convex cell protrusion can self-amplify by collecting and trapping more microtubules, which push
further against the cell periphery. (D) Distinct modes of interaction between microtubules and cortical dynein. Right: The “end-on” dynein-microtubule
interaction produces pulling forces that are integrated to pull the MTOC toward regions of higher cortical dynein density. At homogenous densities,
pulling forces can lead to MTOC centering. Left: The “side-on” dynein-microtubule interaction produces pushing forces that are integrated to push
microtubules toward the cell periphery where they can stimulate cell protrusions via a “clutch”-like mechanism. Panel A was taken from?® (http://www.
molbiolcell.org/content/25/1/95).

is built by them leads to pattern forma-
tion. A similar self-amplifying process
can stimulate neurite formation, as more
microtubules get trapped in the convex
geometry of cell protrusions that they
induce™** (Fig. 3C). Taken together,
those processes can act together to con-
stitute a pattern forming process, in
which the structure of a neuron emerges
from local interactions of active agents,
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i.e., microtubules and associated motor
proteins. Additional motor activities that
can drive lateral microtubule association!®
might facilitate the formation of parallel
microtubule arrays commonly observed
in neurons or MAP2c transfected non-
neuronal cells and might cooperate with
those pattern forming mechanisms.
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Spatio-Temporal Control
of Cortical Dynein in Cellular
Morphogenesis

The rapid cortex association dynam-
ics of cytoplasmic dynein enables tight
regulation of its activity in time and
Space'%,}s,%
tinct types of cortical dynein exist, that

Interestingly, multiple, dis-

are regulated by distinct molecular
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mechanisms.”” In the metaphase and
anaphase spindle, a detailed cellular and
molecular mechanism was described, in
which microtubules are attached “end-
on” and pulled by cortical dynein com-
plexes.® This type of cortical dynein
complex associates with the heterotrimeric
G protein o subunit Gai at the cell cor-
tex via the adaptor proteins NUMA and
LGN.?%0 In contrast, at earlier stages of
mitosis, during pronuclear migration and
centrosome centering, cortical dynein
translocates microtubules preferably via
a “side-on” gliding mode, which is inde-
pendent of heterotrimeric G proteins but
dependent on the dynein regulator dyn-
actin.’’ Our observation of microtubules
in nocadazole washout experiments that
are pushed along the cell cortex via corti-
cal dynein resembles the “side-on” gliding
mode and not the “end-on” mode and is
therefore also expected to be independent
of heterotrimeric G proteins but instead
dependent on dynactin. Also, the “side-
on” gliding mode can effectively trans-
fer forces from single or multiple dynein
motors to microtubule tips and is there-
fore suitable to push microtubules against
the cell periphery to induce cell protru-
sions (Fig. 3D). The “end-on” pulling
mode does not allow for such a direct
protrusive force transduction mechanism.
Thus, the role of dynein in morphogenic
processes that are based on cell protru-
sion, such as neurite formation is likely
mediated by the “side-on” gliding mode
and similar mechanisms might operate
in other processes shown to be depen-
dent on cytoplasmic dynein, such as axon
outgrowth® or growth cone turning.*
Although microtubule tips seldom reach
the very border of the cell, i.e., the plasma
membrane itself, they can still affect cell
protrusion by their physical interaction
with cortical actin structures. Earlier, we
suggested that single or bundled micro-
tubules that are more rigid due to their
interaction with neuronal stabilizers such
as MAP2c, and that are physically associ-
ated with actin filaments,® can transform
non-productive actin retrograde flow in
growth cones into productive protru-
sion.'® This mechanism is in analogy to
the classical clutch mechanism proposed
by Mitchison and Kirschner,* in which
the actin cytoskeleton is linked to the
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rigid extracellular matrix instead of the
rigid intracellular microtubule array.

Due to this diversity of dynein regu-
latory mechanisms, the link between
microtubule-based cell protrusion and
dynein activity is currently unclear. In
particular, during neurite formation only
roles for Ndell, LIS1, dynein and dynac-
tin complex subunits were proposed so
far,?%47 however, their exact role in the
spatio-temporal microtubule reorganiza-
tion and force transduction is unclear.
Techniques that enable the analysis of
local activity states of signal networks,
such as fluorescent resonant energy
transfer (FRET)-based live cell activity

48,49

sensors or intracellular protein inter-

action arrays® might aid future studies
to uncover regulatory pathways that con-
trol local activity patterns of cytoplasmic
dynein that steer the spatial organization
of microtubule pushing forces.
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