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1 | INTRODUCTION

Robin Scharrenberg |

Froylan Calderon de Anda

Abstract

The role of the centrosome—a microtubule-organizing center—in neuronal develop-
ment has been under scrutiny and is controversial. The function and position of the
centrosome have been shown to play an important role in selecting the position of
axon outgrowth in cultured neurons and in situ. However, other studies have shown
that axonal growth is independent of centrosomal functions. Recent discoveries
define the centrosome as an F-actin organizing organelle in various cell types; thus,
giving a whole new perspective to the role of the centrosome in lymphocyte polarity,
cell division, and neuronal development. These discoveries compel the need to revisit
centrosomal functions by investigating the fundamental mechanisms that regulate
centrosomal F-actin remodeling during neuronal differentiation and polarization. In
this review, we summarize the up-to-date knowledge regarding the function of the
centrosome in neuronal differentiation. We put special emphasis on recent findings
describing the centrosome as an F-actin organizing center. Additionally, with the
available data regarding centrosome, microtubules and F-actin organization, we pro-
vide a model on how centrosomal F-actin could be modulating neuronal differentia-

tion and polarity.
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Although several studies suggest the centrosome—also known as the

microtubule-organizing center (MTOC)—as a key organelle regulating

Neurons are complex cells with distinct functional domains for infor-
mation processing: Dendrites receive synaptic input and relay signals
to the soma, where the integrated information is transmitted via the
axon over short or long distances. Differentiating neurons follow an
intricate process during which one of the neurites is specified as an
axon and the remaining into dendrites. Axon specification is the defin-
ing step for neuronal polarization, this event defines the connectivity
of a neuron for the rest of its lifetime. We, however, do not
completely understand the mechanisms behind the process of axon
specification. There is contradicting research suggesting either cell-
intrinsic or -extrinsic regulating factors of neuronal polarization.

neuronal differentiation/polarity establishment via cell-intrinsic mech-
anisms, this issue is still under debate.

The centrosome is a membrane-less cell organelle present in most
eukaryotic cells. Functionally, centrosomes are involved in many dif-
ferent cell processes, such as cell division, intracellular signaling, traf-
ficking, cilia formation, cell polarity and motility, protein homeostasis,
and immune response (Azimzadeh & Bornens, 2007; Bettencourt-
Dias & Glover, 2007; Bornens, 2012; Conduit, Wainman, & Raff,
2015; Cowan & Hyman, 2004; De La Roche, Asano, & Griffiths, 2016;
Joukov & De Nicolo, 2019; Nigg & Raff, 2009; Vora & Phillips, 2016;
Wileman, 2007). It is composed of a pair of centrioles and
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pericentriolar material (PCM). The centrioles are cylindrical structures
each made of nine triplets of microtubules situated perpendicular to
each other. High-resolution microscopy showed that the structure of
the centrioles is rather dynamic and remodels during the cell cycle
with dramatic structural reorganization before mitosis (Bowler et al.,
2019). The PCM is a dense proteinaceous scaffold containing a large
number of proteins including y-tubulin, centrin, pericentrin, and
ninein. Some of these proteins present at the PCM act as microtubule
nucleators—y-tubulin and y-TuRCs (gamma-tubulin ring complex)
(Kollman, Polka, Zelter, Davis, & Agard, 2010; Oakley, 1992; Zheng,
Wong, Alberts, & Mitchison, 1995), where proteins like ninein play a
role in the anchoring of microtubules (Delgehyr, Sillibourne, & Bor-
nens, 2005; Mogensen, Malik, Piel, Boukson-Castaing, & Bornens,
2000). A nonclassical centrosomal protein, PCM-1 (Pericentriolar
Matrix protein-1), that is present in the electron-dense protein gran-
ules in the cytoplasm was shown to recruit centrin, pericentrin, and
ninein to build the PCM. Loss of PCM-1 disrupts the radial organiza-
tion of microtubules without affecting microtubule nucleation, due to
impaired recruitment of microtubule anchoring proteins to the centro-
some (Dammermann & Merdes, 2002). High-resolution microscopic
imaging methods revealed that the PCM is organized into two major
structural domains—an inner layer juxtaposed to the centriole wall,
and the outer layer with proteins extending further away from the
centriole organized in a matrix—that provide separate functionality
(Mennella et al., 2012). For instance, the key centrosomal proteins,
such as pericentrin-like protein, pericentrin etc., form radially elon-
gated fibrils from the centriole wall that extend outwards to support
the 3D organization of the PCM by recruiting outer PCM proteins like
Cnn and y-tubulin (Mennella et al., 2012).

In most of the proliferating and migrating animal cells, the centro-
some nucleates and anchors microtubules radially with their minus-
ends oriented towards the centrosome and growing plus-ends
towards the cell periphery (reviewed in Bartolini & Gundersen, 2006).
Although cells of some lower organisms do not contain centrosomes,
they possess equivalent structures: in higher fungi—Saccharomyces
cerevisiae, and Amoebozoa—Dictyostelium discoideum, centrosome
equivalents are known as spindle pole bodies and nuclear-associated
body, respectively (Azimzadeh, 2014), which can still organize micro-
tubules in a radial fashion (reviewed in Bartolini & Gundersen, 2006).
However, in the case of most fungal, somatic plant cells, and differen-
tiated animal cells, such as muscle, epithelial, and neuronal cells,
microtubules are arranged in a centrosome-independent nonradial
array (reviewed in Bartolini & Gundersen, 2006). Interestingly, cells
with noncentrosomal microtubule organization are typically polarized
and nonmigratory. This makes developing neurons an interesting case,
for which several in vitro and in situ studies suggest a key role of
centrosome-dependent radial microtubule organization in migrating
and differentiating neurons (Higginbotham & Gleeson, 2007;
Kuijpers & Hoogenraad, 2011; Rivas & Hatten, 1995; Schaar &
McConnell, 2005; Tsai & Gleeson, 2005). It is suggested that the cen-
trosome gradually loses its ability to radially organize microtubules
after axons specification in cultured primary neurons (Stiess et al.,

2010). Additionally, recent studies show that the centrosome can
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organize the actin cytoskeleton (Farina et al., 2016) during lymphocyte
polarity (Obino et al., 2016), cell division (Plessner, Knerr, & Grosse,
2019), and neuronal development (Meka et al., 2019).

This review is intended to summarize the data regarding the role
of the centrosome during axon specification and neuronal migration
with special focus on recent discoveries, which suggest the centro-
some as an F-actin cytoskeleton regulator during neuronal differentia-
tion. Due to the scope of the review, we will not deeply discuss the
work related to molecular pathways regulating the microtubule and

actin cytoskeleton described during axon extension.

1.1 | Neuronal differentiation in vitro
The initial attempts to study neuronal differentiation were made in
dissociated hippocampal pyramidal neurons (Dotti, Sullivan, & Banker,
1988) and cerebellar granular neurons (Powell, Rivas, Rodriguez-
Boulan, & Hatten, 1997). Dotti et al. (1988) observed a stereotypical
pattern of hippocampal pyramidal neuronal differentiation in vitro—
which they divided into five stages. Neurons appear round in the first
few hours after plating (Stage 1) followed by lamellipodia and
filopodia formation. In Stage 2, several hours after plating, neurons
develop 4-6 short neurites with dynamic growth cones. After exten-
sions and retractions, one of the neurites outgrows the others
(18-24 hr in vitro) to become the axon (Stage 3)—this marks the first
step of polarity (Figure 1). In the following days the remaining neurites
mature into dendrites (Stage 4, after 4 days in culture) with dendritic
spines (Stage 5, >2 weeks in culture) to establish synapses.
Developing in vitro cerebellar granular neurons initially form a sin-
gle neurite (unipolar morphology) followed by a second neurite grow-
ing on the opposite pole of the cell body (bipolar morphology). The
future axon continues to develop into a T-shaped branched process,
whereas the second neurite becomes one of multiple emerging den-
dritic processes around the cell body (Powell et al., 1997). These
in vitro studies demonstrate that axon and dendrite formations can
occur without the need for a complex environment, implicating cell-

intrinsic mechanisms to guide neuronal polarization.

1.2 | Axon elongation

One important question to understand the process of neuronal differ-
entiation/polarization is by which means one neurite initiates elonga-
tion as an axon. On this line, it has been shown that local actin
instability in the growth cones or microtubule stability in the neurite
shafts of Stage 2 neurons sustains axon elongation (Bradke & Dotti,
1999; Witte, Neukirchen, & Bradke, 2008). The neurite with more
dynamic F-actin in the growth cone and more microtubules that are
eventually more stable, develops as an axon, whereas the remaining
neurites become dendrites (Bradke & Dotti, 1999; Geraldo, Khanzada,
Parsons, Chilton, & Gordon-Weeks, 2008; Neukirchen & Bradke,
2011; Witte et al., 2008; Yu & Baas, 1994; Zhao et al., 2017). In cul-
tured rat hippocampal neurons, the future axon was suggested to
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(Calderon de Anda, Gartner, Tsai, & Dotti, 2008) [Color figure can be v

have more stable microtubules in its shaft, due to the enrichment of
acetylated microtubules (Witte et al., 2008). Accordingly, global appli-
cation of the MT-stabilizing drug Taxol, induced the formation of mul-
tiple axons (Witte et al., 2008). Moreover, microtubules stabilization
increased F-actin dynamics in growth cones (Zhao et al., 2017). Alto-
gether, these observations support the hypothesis that the interplay
between microtubule stabilization in the axonal shaft and actin fila-
ment dynamics in the axonal growth cone set up the conditions to
break the Stage 2 symmetry.

1.3 | Post-translational modifications (PTMs) of
microtubules and stable microtubules in centrosomal
components and axons

Several tubulin PTMs that occur on microtubules like acetylation/

deacetylation, tyrosination/detyrosination, gylcylation/degylcylation,
glutamylation/deglutamylation, and polymaodifications (such as polyg-
lycylation, polyglutamylation, and polyamination) provide a potential
mechanism for the functional specialization of tubulin (reviewed in
Janke, 2014; Magiera & Janke, 2014; Magiera, Singh, & Janke, 2018;
Song & Brady, 2015; Wloga & Gaertig, 2010; Wiloga, Joachimiak, &
Fabczak, 2017). Enzymes that catalyze these PTMs revealed key roles
of PTMs on microtubules in the regulation of motor protein movement,
microtubule-stability, (reviewed in

polymerization, and dynamics

iewed at wileyonlinelibrary.com]

Magiera & Janke, 2014; Magiera et al., 2018; Song & Brady, 2015;
Wiloga, Joachimiak, Louka, & Gaertig, 2017; Wloga et al., 2017). Tubulin
PTMs, and specifically acetylation, detyrosination, and polymodifications
have crucial roles in the assembly, maintenance, and function of com-
plex and stable microtubule-based organelles that form the core compo-
nents of the centrosome such as the centrioles, basal bodies (the
protein structure at the base of a cilium or flagellum) and axonemes (the
central strand of a cilium or flagellum) (reviewed in Wloga, Joachimiak,
Louka, & Gaertig, 2017).

On the other hand, various studies point out the presence of sta-
ble microtubules in axons—determined either by measuring acetylated
(Witte et al., 2008) or detyrosinated microtubules (Arregui, Busciglio,
Caceres, & Barra, 1991). Yet, it is not completely clear which of the
post translational modifications (PTMs) stabilize microtubules. Selec-
tive translocation of the Kinesin-1 motor domain into the nascent
axon was described as one of the earliest events during the axon elon-
gation (Jacobson, Schnapp, & Banker, 2006). Tubulin acetylation and
detyrosination were shown to be required for Kinesin-1 motor
domain translocation into the axons (Konishi & Setou, 2009; Reed
et al., 2006). A later study, however, showed that acetylation of
microtubules itself is not enough for sorting of Kinesin-1 into axons
(Hammond et al., 2010). Moreover, taxol-induced translocation of
Kinesin-1 into supernumerary axons correlated with the enhancement
of three different microtubule PTMs (acetylation, detyrosination, and

glutamylation; Hammond et al., 2010).
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It was well described that polyamination, catalyzed by trans-
glutaminase, another form of PTM, confers stability to the microtu-
bules (Song et al., 2013). Whereas acetylation and detyrosination
accumulate on long-lived microtubules (Garnham & Roll-Mecak, 2012;
Song & Brady, 2015). The polyaminated microtubules are the most
stable pool that are presumably acetylated and detyrosinated as well.
While acetylated and detyrosinated microtubules are stable, they are
still dynamic but not as dynamic as the unstable or labile pool of
microtubules (reviewed in Baas, Rao, Matamoros, & Leo, 2016). Over-
all, it seems that axons contain a higher percentage of stable microtu-
bules compared to their dendritic counterparts (reviewed in Baas
et al, 2016). However, more research is needed to unveil the exact
mechanisms of how differential microtubule stability is achieved in

axons versus other minor neurites (future dendrites).

14 | Centrosomal and noncentrosomal factors
contributing to axon specification

The position of axon outgrowth cannot be merely explained by the
microtubule-actin cytoskeleton interactions in the growing neurite. In
order to gain insight into the understanding of axon selection, it is cru-
cial to consider whether or not it is intrinsically mediated or sustained
through external cues. Early studies show that inhibition of microtu-
bule nucleation at the centrosome hinders microtubule reassembly
and compromises axonal growth (Ahmad, Joshi, Centonze, & Baas,
1994) attributing an important role for the centrosome and its
microtubule-assembling ability in axon formation. In support of this
idea, the first neurite in an early neuron (round, Stage 1) correlates
with the position of the centrosome and the Golgi apparatus. Eventu-
ally the first emerged neurite becomes the axon (Figure 1; de Anda
et al.,, 2005; Zmuda & Rivas, 1998). Interestingly, the second neurite
usually forms at the opposite pole of the first one, suggesting an
inherent bipolar program within the cells. Axotomy experiments sup-
port the cell-intrinsic bipolarity organization: when the existing axon
is cut, the neurite on the opposite pole tends to become the axon
(Calderon de Anda et al., 2008).

In addition to the centrosome, the Golgi apparatus can nucleate
microtubules, too (Chabin-brion, Perez, Drechou, & Pou, 2001; Efimov
et al, 2007). Golgi protein GM130 recruits AKAP450 (a y-TuRC-
interacting protein) to the cis-side of Golgi membranes to promote
microtubule nucleation. Thus, GM130 allows centrosome-associated
nucleating activity to extend to the Golgi, to ensure specific functions
within the Golgi or for sorting specific cargos to the cell periphery
(Rivero, Cardenas, Bornens, & Rios, 2009). Given that Golgi and cen-
trosome colocalize during initial axon formation/specification
(de Anda et al., 2005; Zmuda & Rivas, 1998), it is plausible to envision
one of them acting as a compensatory factor while the function of the
other is disrupted. Clear mechanistic data is still lacking to dissect spe-
cific functions of the centrosome and the Golgi to better understand
their independent contributions to axon specification. Although, these
results suggest a cell-intrinsic mechanism behind axon selection, the

possibility of external cues playing a role cannot be discarded.
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In this regard, N-cadherin, a membrane-bound adhesion molecule,
clusters at the site of first neurite formation, which then triggers the
accumulation of F-actin, centrosome, and Golgi. Extracellular N-
cadherin is capable of determining the site where the first neurite
emerges. The centrosome and Golgi apparatus are then guided
towards this site (Gartner et al., 2012; Gartner, Fornasiero, Valtorta, &
Dotti, 2014). Similarly, laminin—a cell-associated extra cellular matrix
protein—attracts the centrosome to the site of axon formation in cul-
tured retinal ganglion cells from zebrafish (Randlett, Poggi, Zolessi, &
Harris, 2011). Therefore, the site of axon formation can be predicted
by the positioning of centrosome and Golgi apparatus and extracellu-
lar substrates could attract them to the site of axon specification.
Altogether, these studies suggest an interplay between external cues
and intracellular organization of the cell during initial polarization.

In contrast, several studies suggest a stochastic axon selection pro-
cess, in which one of the minor neurites of a Stage 2 cell elongates and
becomes an axon under the stimulus of extrinsic factors (Andersen &
Bi, 2000; Bradke & Dotti, 2000). The axon specification is positively
regulated by extracellular substrates such as laminin and neuron-glia
cell adhesion molecules (Esch, Lemmon, & Banker, 1999). Similarly,
Netrin-1, a chemoattractant, induces axon outgrowth by modulating F-
actin in the growth cone via Pak1-mediated Shootin1 phosphorylation
(Toriyama, Kozawa, Sakumura, & Inagaki, 2013). However, these stud-
ies did not clarify, whether or not the extracellular substrates relocate
the centrosome and/or Golgi to the site of axon specification. There-
fore, it is possible that the organelle (centrosome/Golgi) positioning is
vital to sustain the trafficking of material required to promote initial
axon specification/growth, but not during extension or regeneration.

Once the axon is growing, the organization of microtubule arrays
shifts from centrosome-dependent to centrosome-independent in hip-
pocampal neurons in culture. Centrosome ablation during axon elonga-
tion does not affect axon extension or regeneration (Stiess et al., 2010).
The same study reported decentralization of centrosomal proteins, such
as y-tubulin, which in turn can organize acentrosomal microtubules in
older neurons (Stiess et al, 2010). Along these lines, Augmin and
y-TuRC are shown to be crucial for uniform plus-end out microtubule
polarity in axons of matured neurons (Sanchez-Huertas et al., 2016).
CAMSAP2, a microtubule minus-end protein can establish and maintain
noncentrosomal microtubule networks and is suggested to be crucial
for axon specification and polarity of neurons in vivo and in vitro (Yau
et al., 2014). However, recently it has been described that CAMSAPS3,
but not CAMSAP2, affects axon formation (Pongrakhananon et al.,
2018). CAMPSAPS regulates microtubules stability and its absence pro-
motes microtubules acetylation leading to the formation of multiple
axons. In contrast, the lack of CAMSAP2 did not affect neuronal polar-
ity (Pongrakhananon et al., 2018) as suggested earlier (Yau et al., 2014).

1.5 | Centrosome and neuronal development in
situ: From genesis to differentiation

Multiple studies describe how the centrosome's position needs to be

precisely regulated during neurogenesis, migration, and differentiation.
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Newborn neurons detach from the neuroepithelium for correct neuro-
nal architecture and functional circuitry—a process known as neuronal
delamination (Duband, 2006; Theveneau & Mayor, 2012). Delamination
abnormalities can lead to various disorders, such as epilepsy, dyslexia,
and intellectual disability (Sarnat & Flores-Sarnat, 2014; Scambler,
2000). Apical microtubule and actin dynamic-dependent centrosome
retention is important for proper neuronal delamination (Kasioulis,
Das, & Storey, 2017). AKNA, a centrosomal protein, regulates the
delamination process during the formation of the subventricular zone
through its ability to organize centrosomal microtubules and to pro-
mote their nucleation and growth (Camargo Ortega et al., 2019). The
centrosome along with microtubule-associated proteins has been
shown to be important for maintaining the progenitor pool during neu-
ronal development (Bond et al., 2002, 2005; Bond & Woods, 2006;
Feng & Walsh, 2004; Hung, Tang, & Tang, 2000; Kouprina et al., 2005;
Zhong, Liu, Zhao, Pfeifer, & Xu, 2005). Along these lines, silencing
Cep120 (a centrosomal protein) impaired both interkinetic nuclear
migration—a characteristic pattern of nuclear movement in neural pro-
genitors, and neural progenitor self-renewal (Xie et al., 2007). Further-
more, Hook3 via its interaction with PCM-1, which regulates PCM at
the centrosome (Ge, Frank, Calderon de Anda, & Tsai, 2010), Cdk5rap2
via its interaction with a centrosomal protein pericentrin (Buchman
et al., 2010), and Cenpj, a centrosomal protein crucial for centrosome
biogenesis (Ding, Wu, Sun, Pan, & Wang, 2019; Garcez et al., 2015),
were shown to be critical to maintain the neural progenitor pool in the
developing neocortex.

Neurons either migrate radially (e.g., cortical pyramidal neurons)
or tangentially (e.g., cortical interneurons) to find their final position in
the brain (Kriegstein & Noctor, 2004). Centrosome positioning along
with microtubule and actin cytoskeleton dynamics plays an important
role during neuronal migration (Higginbotham & Gleeson, 2007,
Kuijpers & Hoogenraad, 2011; Schaar & McConnell, 2005; Tsai &
Gleeson, 2005). Neurons follow a two-stroke saltatory movement
during migration. This movement is characterized by a repetitive pat-
tern of rapid extension and retraction of the leading process, which
stabilizes 10 of microns ahead of the soma, followed by forward dis-
placement of the centrosome into the leading process. Subsequently,
the nucleus and soma translocate forward with concurrent retraction
of the trailing process. During this process, the microtubules emanate
from the centrosome, anteriorly into the leading process and posteri-
orly to envelope the nucleus to form a perinuclear tubulin cage
(Rivas & Hatten, 1995). Live in situ imaging of organotypic mouse cor-
tical and cerebellar slices showed that the centrosome first translo-
cates to the leading process and displaces the nucleus forward along
the microtubule network (Solecki, Model, Gaetz, Kapoor, & Hatten,
2004; Tsai, Bremner, & Vallee, 2007; Vallee, Seale, & Tsai, 2009).
Along these lines, mParé overexpression disrupts the perinuclear
tubulin cage and inhibits centrosomal motion as well as neuronal
migration in mouse cerebellar granule neurons (Solecki et al., 2004;
Solecki, Govek, & Hatten, 2006). These data establish the centrosome
as a functional link between the microtubule-based pulling forces gen-
erated in the leading process and the perinuclear microtubule net-

work. Moreover, proper positioning of the centrosome in facial

bronchio motor neurons of zebrafish seem to be important for their
tangential migration (Grant & Moens, 2010).

However, studies from mouse cerebellar granule cells
(Umeshima, Hirano, & Kengaku, 2007) and zebrafish neurons from
tegmental hindbrain nuclei (Distel, Hocking, Volkmann, & Koster,
2010) differ with the centrosome-dependent pulling mechanisms of
the perinuclear-cage during migration, suggesting a centrosome-
independent nuclear movement. Another study from cortical neu-
rons in situ shows that Myosin Il motors-dependent F-actin drives
the coordinated movement of centrosome and soma during neuro-
nal migration (Solecki et al., 2009). Although the presence of the
actin cytoskeleton underlying the membrane in the leading and
trailing process is already known in migrating neurons (Tsai &
Gleeson, 2005), the data from Solecki et al. (2009) attributes an
important function of the actin cytoskeleton in centrosome dynam-
ics during neuronal migration.

In the developing cortex, neuronal migration and axon specifica-
tion are intertwined, meaning that the axon specification happens
while neurons migrate (Noctor, Martinez-Cerdefio, Ivic, & Kriegstein,
2004). Neurons originate in the ventricular zone/intermediate zone,
where they generally have a multipolar shape. Eventually, they change
to a bipolar morphology and migrate towards the cortical plate to stop
migration (Figure 2) and form different layers in the cortex. Early elec-
tron microscopic studies on mouse cortex, in situ, revealed that the
centrosome is generally located at the origin of the extending axon in
the multipolar neurons of the intermediate zone, which projects tan-
gentially or towards the ventricular zone (Shoukimas & Hinds, 1978).
However, in more mature neurons already located in the cortical
plate, the centrosome can be found in proximity to the apical/leading
process or future apical dendrite, which is oriented towards the cortex
surface (Shoukimas & Hinds, 1978). This initial observation suggests
that the centrosome is dynamic during neuronal differentiation in the
developing cortex. Indeed, live-imaging of multipolar cells in the inter-
mediate zone demonstrated that the centrosome translocates tran-
siently to the site of axon formation before or at the time of initial
axon outgrowth (de Anda, Meletis, Ge, Rei, & Tsai, 2010). These
observations were confirmed by another study (Sakakibara et al.,
2014), that described centrosome dynamics during migration and
axon specification (Figure 2). Multipolar neurons in the intermediate
zone have the centrosome positioned at the base of the actively
growing process. Then, the centrosome moves towards the newly
formed process. When a multipolar neuron initiates an axon by tan-
gential extension of a dominant process, the centrosome localizes to
the base of a growing axon. After formation of a pia-directed leading
process, reorientation of the centrosome towards the leading process
occurs (Figure 2) (de Anda et al., 2010). In turn, centrosomal disruption
or silencing of PCM-1 affects axon formation in situ (Froylan Calderon
de Anda et al.,, 2010). In zebrafish Rohon-Beard sensory neurons,
Andersen and Halloran discovered a spatiotemporal relationship
between centrosome position and the formation of peripheral axons.
They showed that laser-induced centrosome ablation (before axon
formation) inhibits axon outgrowth in these neurons (Andersen &

Halloran, 2012). In the same study, centrosome position and motility
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FIGURE 2 Centrosome
positioning in a migrating cortical
pyramidal neuron in situ in the
developing cortex. The drawings
show different developmental
stages of a migrating cortical
pyramidal neuron, in situ—from
genesis to axon specification and
dendritogenesis. The position of
the centrosome is marked while
the newly born neuron originated
from the Radial Glia progenitors
in the ventricular zone (VZ) or the
intermediate progenitors in the
intermediate zone (IZ) migrate to
the cortical plate while forming
neurites that eventually become
axon or dendrites [Color figure
can be viewed at
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are shown to be regulated by LIM homeodomain transcription factor
activity, which is specifically required for the development of periph-
eral axons in the Rohon-Beard sensory neurons. Furthermore, centro-
some mis-localization is correlated with ectopic axon formation in
laminin alpha-1 mutants (Andersen & Halloran, 2012).

In some bipolar neurons located in the cortical plate of the devel-
oping cortex, however, axon formation occurs at the opposite pole to
the centrosome position. The centrosome of those bipolar cells is
already at the base of a pia-directed leading process or future apical
dendrite (Sakakibara et al., 2014), as described in zebra fish (Distel
et al., 2010; Zolessi, Poggi, Wilkinson, Chien, & Harris, 2006). Alto-
gether, the research from various biological systems confirms the fol-
lowing things: (a) The dynamic nature of the centrosome during
neuronal migration and axon specification. (b) The positioning of the
centrosome either at the site of axon specification or on the opposite
pole during axon specification.

In contrast, Drosophila devoid of centrioles (mutants of Sas-4 and
Sas-6) develop normally with typical axon trajectories (Basto et al.,
2006; Peel, Stevens, Basto, & Raff, 2007). Interestingly, other studies
show a PCM structure that is still present in those flies without centri-
oles, which is enough to form a polarized microtubule array
(Baumbach, Novak, Raff, & Wainman, 2015; Pollarolo, Schulz,
Munck, & Dotti, 2011). Moreover, acute ablation of centrioles does
not affect the pericentriolar material (Cabral, Laos, Dumont, &

Dammermann, 2019). Altogether the data from various in situ studies

suggest an indispensable role of the centrosome, or at least a func-

tional PCM, for axon specification.

1.6 | Centrosome as an F-Actin organization
center during early neuronal differentiation

Somatic microtubules organized by the centrosome ensure neurite out-
growth and axon formation during initial stages of neuronal migration
and polarization (Ahmad et al., 1994; Ahmad & Baas, 1995; Baas, 1996,
1999; Bamburg, Bray, & Chapman, 1986; Yu & Baas, 1994). Whereas,
initial attempts to show F-actin delivery to distant growth cones or neu-
rite terminals was not successful (Bernstein & Bamburg, 1992; Sanders &
Wang, 1991). It was shown, however, that F-actin is organized locally in
the growth cone (Paul Forscher, Lin, & Thompson, 1992; Okabe &
Hirokawa, 1991). Moreover, altering F-actin dynamics at the growth
cone affect neurite growth (Flynn et al., 2012; Gallo, Yee, & Letourneau,
2002; Lowery & Van Vactor, 2009). In parallel, growth cone-like antero-
grade actin-waves moving along the neurite shaft could help sustain neu-
rite growth in cultured neurons (Flynn, Pak, Shaw, Bradke, & Bamburg,
2009; Ruthel & Banker, 1998, 1999; Winans, Collins, & Meyer, 2016).
More recently, an anterograde F-actin flow was described during neuro-
nal migration (He, Zhang, Guan, Xia, & Yuan, 2010; Solecki et al., 2009)
and at the base of the growth cones (Burnette et al., 2008). Importantly,
using high-resolution microscopy techniques, it was demonstrated that
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mature axonal shafts contain actin “hotspots” and “trails,” which contrib-
ute to axon anterograde actin transport (Chakrabarty et al., 2019; Gan-
guly et al., 2015). Altogether, these studies suggest a strong centrifugal
component to the neuronal F-actin organization, in addition to the exis-
ting local assembly of filaments of F-actin in the growth cones.

Recent studies identified the centrosome as an F-actin organiza-
tion center in vitro (Farina et al., 2016), with implications in lympho-
cyte polarity (Farina et al., 2016; Obino et al., 2016) and cell division
(Plessner et al., 2019). The centrosome nucleates actin filaments
in vitro in an Arp2/3 complex, WASH nucleation promoting factor,
and PCM-1 mediated-manner (Farina et al., 2016). On this regard, a
following study showed that in resting lymphocytes, the centrosomal
Arp2/3-dependent F-actin nucleation is required for centrosome teth-
ering to the nucleus (Obino et al., 2016). In activated lymphocytes,
however, the centrosomal F-actin nucleation is downregulated to
facilitate the centrosome polarization to the immune synapse (Obino
et al., 2016). More recently, centrosomal actin assembly was shown to
be crucial for proper mitotic spindle formation and chromosome

congression, which is required for maintenance of genomic integrity
during mitosis (Plessner et al., 2019). These recent studies raise the
necessity to investigate the function of centrosomal F-actin organiza-
tion in neurons.

Accordingly, our recent work uncovered a somatic F-actin organi-
zation concentrated around the centrosome in developing cultured
neurons and in situ (Meka et al., 2019). The F-actin in the soma of
neurons appeared as dynamic aster-like structures, closely associated
with PCM-1 satellites (Figure 3). Furthermore, with Live-STED (stimu-
lated emission depletion) microscopy, we discovered constant exten-
sions of F-actin fibers from these dynamic F-actin asters (Meka et al.,
2019). Interestingly, the F-actin asters in the soma of developing neu-
rons (Meka et al., 2019) and the so-called actin hotspots in axon shafts
of more matured neurons (Chakrabarty et al., 2019; Ganguly et al.,
2015) are Formin but not Arp2/3-dependent. Using a photo-
activatable F-actin probe, PaGFP-UtrCH, (Burkel, Bement, & Labs,
2015), we were able to show an anterograde F-actin movement from
the soma to the growth cones/neurite tips. Photoactivation of

PCM-1 Knockdown (Meka et al., 2019)

. Centrosome (pair of Centrioles surrounded by Pericentriolar Material (PCM)) : x F-actin asters (in soma) E F-actin in growthcones

nucleus

O.‘ PCM-1 satellites microtubules

FIGURE 3

s anterograde F-actin flow, opacity indicates strength of the flow

lllustration of the radial somatic F-actin organization in a developing neuron and how it is affected upon on PCM-1 knockdown

and its implications in neuronal polarization (a hypothetical idea). F-actin organized around the centrosome is a source of peripheral F-actin, which
helps to modulate growth cone dynamics (Meka et al., 2019). PCM-1 knockdown (that affects PCM protein recruitment and disturbs radial MTOC
organization—discussed in the introduction section) results in the reduction of somatic F-actin asters and promotes neurite elongation due to
decreased F-actin delivery to the periphery (left side). We hypothesize that the neurite elongating more during symmetry breakage is receiving
less F-actin compared with the neurites that are not growing (Right side). Insets show zooms of soma of a developing Stage 2 neuron (top) and a
PCM-1 downregulated neuron (left) [Color figure can be viewed at wileyonlinelibrary.com]
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PaGFP-UtrCH in soma (in region with a diameter of ~5 pm) and quan-
tification of signal intensity in the neurite tips revealed enrichment of
F-actin (photoactivated-UtrCH) in the neurite tips with a simultaneous
decrease of the signal in the photoactivated region of the soma (Meka
etal, 2019).

Alternatively, with molecular manipulation experiments by over-
expressing actin stabilizing phospho-mimetic mutants of Drebrin and
Cofilin, DrebrinS142D and CofilinS3E, (Garvalov et al., 2007; Worth,
Daly, Geraldo, Oozeer, & Gordon-Weeks, 2013) along with an F-actin
probe (Lifeact), we were able to show F-actin release from the somatic
asters in cultured primary neurons. The F-actin released from a somatic
F-actin aster moves in a comet-like fashion into the cell periphery. Addi-
tionally, proper centrosomal constitution and functions are important
for the F-actin organization in the neuronal growth cones: centrosomal
disruption (by chromophore-assisted light inactivation) or shRNA-
mediated knock down of PCM-1—a protein that was shown to build
the PCM (Dammermann & Merdes, 2002) and polymerizes F-actin
(Farina et al., 2016)—affected the somatic F-actin content, resulting in a
decrease of peripheral F-actin content and treadmilling rate in the
growth cone/neurite tips of cultured primary neurons (Meka et al.,
2019). Altogether, these results suggest a robust flow of actin from the
cell body to the periphery (neurite growth cones).

1.7 | Radial F-actin translocation as a potential
inhibitory loop to promote polarization

One important question in the field is how early developing neurons
cope to sustain the elongation of only one neurite during axon forma-
tion? In other words, why do dendrites and axon not grow simulta-
neously? Previous studies suggest that positive and negative feedback
signals play a crucial role in axon and dendrite specification. Local
increase of cCAMP in one neurite decreases cAMP in all other neurites
of the same neuron. The alterations in the cAMP and cGMP levels in
the neurites are mutually opposing. Thus, local and long-range recip-
rocal regulation of cAMP and cGMP together ensure a coordinated
development of one axon and multiple dendrites (Shelly et al., 2010).
Whereas, Semaphorin 3A acts as an inhibitory signal that suppresses
axonal growth (and thus promotes dendritogenesis) in cultured hippo-
campal neurons (Shelly et al., 2011). Long-range inhibitory signaling
mediated by Ca?* waves suppresses outgrowth of minor processes by
activating RhoA, and thereby ensuring neuronal polarization (Takano
et al, 2017). These data suggest that positive feedback signals are
continuously activated in one of the minor neurites resulting in axon
specification and elongation. In turn, negative feedback signals are
propagated from a nascent axon terminal to all minor neurites to
inhibit the outgrowth of all neurites at the same time, thereby leading
to an asymmetric growth. All the downstream signaling mechanisms
suggested for the positive and negative feedback signals seem to con-
verge at two fundamental aspects related to cytoskeleton dynamics.
(a) Increased microtubule stabilization and (b) enhanced F-actin
dynamics (actin instability) (Andersen & Bi, 2000; Bradke & Dotti,
2000; Takano, Funahashi, & Kaibuchi, 2019).

&_WILEY-L*

Our recent experiments offer a novel point of view for this
conundrum, given that our photoactivation experiments with PaGFP-
UtrCH show that the intensity of the photoactivated somatic F-actin
signal reaching the periphery is inversely proportional to the length of
the neurites (Meka et al., 2019). Therefore, F-actin in growth cones
could act as a growth-inhibiting factor. Along these lines, removal of
F-actin from growth cones/neurite tips by pharmacological means
promotes neurite outgrowth (Bradke & Dotti, 1999; Forscher, 1988).
Moreover, photoactivation of PaGFP-UtrCH in PCM-1 downregulated
cells show that the intensity of the photoactivated F-actin signal mov-
ing from soma to the periphery is significantly reduced, compared to
the control counterparts (Meka et al., 2019). These findings could
explain the F-actin content depletion observed in growth cone/neu-
rite tips of the PCM-1 downregulated neurons described above. Alto-
gether, it is possible to envision that impaired somatic F-actin delivery
in PCM-1 knockdown cells could be the reason for the excessive neu-
rite extension observed in these neurons (Figure 3; Meka et al., 2019).
Based on these observations, we hypothesize that the somatic organi-
zation of F-actin around the centrosome preferentially provides F-
actin to peripheral places, where the outgrowth should be limited
(eventually the shorter neurites, Figure 3). Thus, acting as an inhibitory
or a pulling force, which suppresses neurite growth. On the other
hand, places receiving less F-actin, but more microtubules (Baas,
1999; Yu & Baas, 1994), should be primed for growth, leading for
asymmetrical outgrowth/axon formation.

2 | CONCLUSION

An important question in neurobiology is how neurons achieve dis-
tinct functional domains, one axon and several dendrites, which allow
them to connect properly? Axon specification is the key event deter-
mining polarity. Although there is data suggesting either extracellular
cues or cell-intrinsic factors—such as centrosome positioning—playing
a role in axon specification, it is not clear if one of these factors influ-
ences the other or if they function in tandem. Research on extracellu-
lar cues-guided polarity signals suggests microtubule and actin
cytoskeleton as their key targets to promote neurite extensions and
axon specification. Similarly, centrosomal activities have been shown
to directly modulate the microtubule cytoskeleton dynamics in early
developing neurons, both in culture and in situ migration neurons. Not
until recently we could envision a completely unexpected role of the
centrosome as an F-actin organizer in early developing neurons. The
centrosome-dependent radial F-actin delivery preferentially to growth
cones of the shorter neurites (future dendrites), along with the
established role of centrosomal microtubules in the nascent axon pro-
vides a mechanistic explanation for asymmetric neurite extension dur-
ing cell polarization. The centrosome-dependent cell-intrinsic
activities and the signaling mechanisms induced by extracellular cues
seem to commonly target the microtubule and actin cytoskeleton to
guide axon specification and neurite extensions. In spite of the fact
that the recent data is just a first step in establishing the function of

the centrosome as an F-actin organizer in early developing neurons,
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these findings prompt us to redefine (and revisit) the functions of the
centrosome during neuronal polarity and in general. The molecular
dissection of this novel centrosome-dependent F-actin organization
and identification of the exact anterograde F-actin delivery mecha-
nisms are now the challenges ahead. Moreover, it will be interesting
to know the underlying mechanism by which the centrosome plays an
antagonizing role in delivering more microtubules and less F-actin to a
growing neurite. The emerging microscopic technologies with high
spatial and temporal resolution could unravel these unknown aspects
of centrosome- cytoskeleton organization/dynamics for a better

understanding of their role in neuronal polarization and development.
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