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Abstract Establishment of axon and dendrite polarity, migration to a desired location in the developing brain, and
establishment of proper synaptic connections are essential processes during neuronal development. The cellular and
molecular mechanisms that govern these processes are under intensive investigation. The function of the centrosome in
neuronal development has been examined and discussed in few recent studies that underscore the fundamental role of
the centrosome in brain development. Clusters of emerging studies have shown that centrosome positioning tightly
regulates neuronal development, leading to the segregation of cell factors, directed neurite differentiation, neuronal
migration, and synaptic integration. Furthermore, cilia, that arise from the axoneme, a modified centriole, are emerging
as new regulatory modules in neuronal development in conjunction with the centrosome. In this review, we focus on
summarizing and discussing recent studies on centrosome positioning during neuronal development and also highlight
recent findings on the role of cilia in brain development. We further discuss shared molecular signaling pathways that
might regulate both centrosome and cilia associated signaling in neuronal development. Furthermore, molecular
determinants such as DISC1 and LKB1 have been recently demonstrated to be crucial regulators of various aspects of
neuronal development. Strikingly, these determinants might exert their function, at least in part, via the regulation of
centrosome and cilia associated signaling and serve as a link between these two signaling centers. We thus include an
overview of these molecular determinants.
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Introduction development, migration, maturation, circuit formation and
maintenance.
The assembly of the complex architecture of the mammalian
nervous system requires the carefully coordinated timing for
differentiation of distinct neuronal populations, migration,
and neural circuit formation. The precise synchronization of
these processes results from a tightly regulated process of
cytoskeletal structuring, polarization and maintenance. A
central cellular component of the neuronal cytoskeletal
structure is the microtubule (MT) arrays and their organizing
center (MTOC, centrosome). The dynamic centrosome
positioning provides a structural foundation for the MT
array-associated signaling, and the disassembly or assembly
of primary cilia to respond to external cues during neuronal

Centrosome positioning in neuronal
migration

Precise centrosome positioning and function have been
demonstrated to be of crucial importance in neuronal
migration in the developing neocortex. Newly born cortical
neurons undergo extensive morphological changes and
cytoskeletal structure transformations on their journey from
their birth place at the ventricular zone to the cortical plate,
which includes reversal in the direction of migration and
transition from multipolar morphology to the stereotypical
bipolar morphology with a leading and trailing processes
(Barnes and Polleux, 2009; Kriegstein and Alvarez-Buylla,
2009). Although the cellular mechanisms and extrinsic cues
that underlie these extensive morphological changes are
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poorly understood, the forward and reverse neuronal migra-
tion is accompanied by a dynamic regulation of the
centrosome position in a precise pattern (Bielas et al.,
2004). Typically, neuronal migration occurs in a well-
coordinated stepwise process where the leading process
extends forward in the direction of the migration and the
centrosome is positioned ahead of the nucleus in the direction
of migration with movement of the centrosome into the
leading process (Fig. 1B). This is followed by a rapid
translocation of the nucleus toward the centrosome, resulting
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Figure 1 Schematic drawing of neuronal migration and poten-
tial mechanisms. (A) A simplified drawing to illustrate centrosome
positioning and primary cilia dis- or assembly of radially
migrating pyramidal neurons (PC) in the mammalian neocortex.
Mouse cortical neurons are in general generated between E11 and
E17 by radial glial progenitors (RGC) in the ventricular zone
(VZ). Newly born neuroblasts migrate along RGCs and reach their
final destination in cortical plate (CP). In migrating neuroblasts,
the centrosome localizes in the leading process, which presumably
form a microtube-based basket to translocate the nucleus. Two
models have been previously proposed in a previous review (Tsai
and Gleeson, 2005). During migration, most neurons establish
their axon and dendrites. In these neurons, primary cilia are absent
and formed upon the arrival of their desired destination. (B) Key
molecules presumably involved in centrosome positioning and
migration. Centrosome localizes in the leading process. Asso-
ciated with dynein/LIS1/Ndel I complex, doublecortin and
DISC1, positioned centrosome will pull the nucleus forward
through microtubules.

in the shortening of the leading process. The latter then
elongates and the sequence of events repeats, resulting in cell
migration. It has been hypothesized that the centrosome
serves as the link between the driving forces of the dynamic
MTs in the elongating leading process and the MT network
that surrounds the nucleus (Tsai and Gleeson, 2005). Thus,
MT-driven forces generated in the leading process transmit
through the centrosome to the nucleus and result in the
forward movement of the nucleus. In support of this notion it
was shown that the MT network that surrounds the nucleus in
cerebellar granule neurons converges at the centrosome, and
that this network shows dynamic cycles of expansion and
shrinkage along the axis of cell migration (Tsai and Gleeson,
2005).

Microtubule-associated proteins (MAPs) regulate
centrosome positioning in neuronal migration

Further studies showed that the microtubule-associated
proteins (MAPs) play a crucial role in the regulation of MT
dynamics (Tsai and Gleeson, 2005). Among the MAPs,
lissencephalyl (LIS1) and doublecortin (DCX) have been
extensively studied and found to be required for normal
neuronal migration through their regulation of the coupling
between the centrosome and the nucleus (Tanaka et al., 2004)
(Fig. 1B). In particular, LIS1 is an evolutionary conserved
regulator of the retrograde molecular dynein and dynactin
motor complex (Hatten, 2005) and manipulation of LIS1
expression interfered with dynein activity (Xiang, 2003).
LIS1 also interacts with the protein nudEL, which has two
mammalian homologs, the nuclear distribution factor E-
homolog 1 (NDE1), and NDE-like 1 (Nudell) (Li et al., 2005)
and this interaction has been shown to regulate dynein
function in the promotion of neuronal migration in embryonic
cortical neurons (Shu et al., 2004; Yamada et al., 2008). The
regulatory role of this interaction has been reinforced by
another study, in which downregulation of Ndell was shown
to affect the coupling between the nucleus and the centrosome
and genetic deletion of Ndel affected both the proliferation of
cortical progenitors and neuronal migration (Feng and Walsh,
2004). In accordance, Ndel is a central component of the
centrosome and has been shown to interact directly with y-
tubulin as well as other centrosome-associated proteins
(Vergnolle and Taylor, 2007). Overexpression of Ndel was
shown to result in the dissociation of y-tubulin from the
centrosome and abnormal microtubule organization. Impor-
tantly, it was demonstrated that NDE1, Nudell, and LISI,
bind directly to Disrupted in Schizophrenia 1 (DISCI),
(Millar et al., 2003; Morris et al., 2003; Ozeki et al., 2003;
Brandon et al., 2004; Camargo et al., 2007; Taya et al., 2007;
Burdick et al., 2008; Bradshaw et al., 2009), an important
regulator of the dynein motor complex that plays a critical
crucial role in neuronal proliferation, migration, integration,
and synaptic function within the developing and adult brain
(Duan et al., 2007; Faulkner et al., 2008; Kvajo et al., 2008)
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(see below, Fig. 1B). A recent study demonstrated that
interaction of DISC1 and the cAMP-specific-hydrolyzing
enzyme phosphodiesterase 4 (PDE4) modulate NDEI
phosphorylation by cAMP-dependent protein kinase A
(PKA) (Bradshaw et al.,, 2011). Interestingly, the PKA-
mediated phosphorylation of NDEI inhibits neurite out-
growth in Rat Neuroscreen-1 cells (Bradshaw et al., 2011).
Similar to LIS1, the DCX protein was also shown to complex
with cytoplasmic dynein, and the two proteins regulate
nuclear-centrosomal coupling. The MT-stabilizing protein
DCX localizes to the centrosome and the MTs surrounding
the nucleus in migrating neurons, and it interacts directly with
LIS1 (Higginbotham and Gleeson, 2007). Importantly,
ectopic expression of DCX in neurons that lack a single
copy of the Lisl gene rescues their migration defective
phenotype. Furthermore, in cortical progenitor neurons
isolated from the rostral migratory stream of DCX-deficient
mice, nuclear translocation to the leading edge following the
centrosome movement into the leading process, often fails,
resulting in impaired migration (Ocbina et al., 2006),
indicating that DCX is a crucial component of nuclear-
centrosome coupling during neuronal migration. Importantly,
MTs are not the only forces that control the forward nuclear
translocation and neuronal cell movement, as recent studies
have shown that myosin activity at the rear of the soma also
contributes to the forward nuclear translocation. According to
this model, the centrosome positioning in the leading process
might create cytoplasmic expansion that allows nuclear
translocation by contractile myosin forces at the rear of the
cell (Higginbotham and Gleeson, 2007). Thus, it is
conceivable that both MT- and myosin-based forces coordi-
nate the sequential process of centrosome positioning and
nuclear translocation to the leading process during neuronal
migration.

Extracellular signals regulate centrosome positioning in
neuronal migration

Of note, several extracellular factors including Slit and
Semaphorin3 A (Sema3A) are known to regulate the polarized
extension of the leading process of a migrating neuron
(Polleux et al., 1998; Hu, 1999; Wu et al., 1999; Polleux et al.,
2000; McAllister, 2002; Chen et al., 2008). Apart from its role
in serving as a link between the leading process and nucleus,
the centrosome might also regulate the stabilization of the
leading process while it extends in the direction of guidance
cues. For example, it has been demonstrated that Slit serves as
a chemorepellent to migrating neurons in the developing
mammalian forebrain (Dickson and Gilestro, 2006), where it
reverses the migration of cortical neurons and redirects them
rostrally into the olfactory bulb (Wu et al., 1999). During this
process of migration reversal, Slit induces the collapse of the
leading process, and extension of a new leading process
opposite from the source of Slit (Killeen and Sybingco,
2008). Interestingly, following the re-initiation of the leading

process, the centrosome re-orients into the newly formed
leading process while the nucleus remains immobile. These
findings suggest that the centrosome might be necessary for
the outgrowth and stabilization of the newly formed leading
process rather than for its initiation. In support of this notion,
it was shown that blocking centrosome reorientation does not
inhibit the initiation of the new leading process, but that it
causes for its instability, resulting in the failure of neuronal
migration away from Slit (Higginbotham et al., 2006).

Although many studies to date have identified a central role
of the centrosome in neuronal migration, here we should point
out that another study using cultured cerebellar sections found
that nuclear translocation was independent of centrosome
positioning in radially migrating granule cells in mice
(Umeshima et al., 2007). Similar observations for the lack
of centrosome-nuclear coupling were found in migrating
neurons in the zebrafish cerebellum (Distel et al., 2010).
Whether these contradictory findings result from the specific
model system used in these studies or the existence of an
alternative migration pattern remains to be elucidated.
Nevertheless, emerging evidence that downstream signaling
associated with centrosome positioning regulates neuronal
migration suggests the centrosome positioning likely plays an
important role in neuronal migration.

Centrosome positioning in axon/dendrite
development

As they migrate over long distances to populate different
regions of the brain, most neurons establish axonal and
dendritic identities. In some specific types of cells such as
retinal ganglion cells and bipolar cells, post mitotic neurons
may inherit the axon/dendrite polarity from the apical-basal
polarity of their neuroepithelial progenitors (Hinds and
Hinds, 1978; Morgan et al., 2006; Zolessi et al., 2006)
reviewed by Barnes and Polleux (2009). However, the
majority of neuronal subtypes undergo extensive stereotypi-
cal morphological changes, leading to polarized outgrowth of
axon/dendrite, as shown by cerebellar granule neurons and
cortical and hippocampal pyramidal neurons, three of the
best-studied models of neuronal polarization in vivo (Rakic,
1971,1972; Shoukimas and Hinds, 1978; Gao and Hatten,
1993; Komuro et al., 2001; Hatanaka and Murakami, 2002;
Noctor et al., 2004). The new born cortical neuron exiting
from the asymmetric division has already acquired a bipolar
morphology in the ventricular zone (VZ) with the long axis
perpendicular to the cortical layers. With a brief transition to
multipolar morphology in the subventricular zone (SVZ), the
neuron resumes its bipolar morphology prior the onset of
radial migration (Noctor et al., 2004). The leading process of
the migrating cell becomes the main apical dendrite whereas
the trailing process becomes the axon and grows rapidly
toward the target. The exact timing for axon specification,
whether it begins during the pre-migratory or migratory
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phase, and whether it emerges from the bipolar or multipolar
stage, remains unclear.

Centrosome positioning has been demonstrated to undergo
changes during these different stages of neuronal develop-
ment. During the transition from a bipolar to a multipolar
morphology in the SVZ, developing cortical neurons might
extend an axon before readopting a bipolar morphology and
resuming migration to the cortical plate (CP) (Shoukimas and
Hinds, 1978; Noctor et al., 2004). Interestingly, the centro-
some is found to be located at the base of the nascent axon
that might emerge from one of the multipolar processes,
however, as cells leave the SVZ and regain their bipolar
morphology, the centrosome relocates to the leading process
that extends toward the CP (Shoukimas and Hinds, 1978).
The positioning of the centrosome at the base of the nascent
axon has been demonstrated in developing neurons in vivo
and in vitro (Shoukimas and Hinds, 1978; Zmuda and Rivas,
1998; de Anda et al., 2005, 2010) and it might serve a crucial
role to support the growth of the nascent axon, as growing
axons require a steady delivery of membrane and MTs, as
well as proteins such as guidance factor receptors, to the
navigating growth cone to allow directed axon extension
(Zmuda and Rivas, 1998; Baas and Yu, 1996). Thus, in
developing neurons, centrosome positioning serves as a
center for directed membrane trafficking and polarized MT-
delivery to the developing axon and dendrite, as the
centrosome is the primary source for MTs (Zmuda and
Rivas, 1998; Baas and Yu, 1996), while the Golgi complex
colocalizes with the centrosome (Zmuda and Rivas, 1998;
Baas and Yu, 1996). Interestingly, in cultured hippocampal
neurons, it was demonstrated that as a result of the last mitotic
division, an intrinsic spatial polarization of the neuronal cell
might determine the site for the onset of axon development
and that asymmetric centrosome positioning plays a crucial
role in this spatial decision (de Anda et al., 2005). In these
neurons it was shown that the centrosomes, the Golgi
apparatus and endosomes, cluster together opposite from
the plane of the last mitotic division, and this spatial
restriction marks the site of the emergence of the first neurite,
which will consistently develop into the axon (de Anda et al.,
2005). The polarized distribution of these organelles has been
shown to be necessary and sufficient for neuronal polarization
and the initiation of the axon. In support of the critical role of
the centrosome in this process, it has been demonstrated that
polarized MT polymerization and membrane transport
precedes the initiation of the first neurite that is destined to
become the axon. Furthermore, suppression of centrosome-
mediated activities precludes neuronal polarization and axon
development, whereas, neurons that harbor more than one
centrosome develop multiple axons (de Anda et al., 2005).
Developing cerebellar granule neurons undergo a typical
developmental process in which, first, the neuron adopts a
bipolar morphology and migrates tangentially with a leading
and a trailing process, followed by emergence of a third
process orthogonally from the cell body that becomes the

leading process and redirects migration toward the inner
granule layer. This newly formed leading process gives rise to
the dendrite, whereas the trailing processes form a character-
istic T-shaped axon. In the sequential formation of the T-
shaped axon, the centrosome is initially located at the base of
the first axon and then, as the cell forms the second axon, the
centrosome reorients to the base of the newly forming axon
(Zmuda and Rivas, 1998). The initiation of the second axon is
abolished upon treatments that cause actin depolymerization,
treatments that also result in the disruption of the typical
centrosome positioning (Zmuda and Rivas, 2000). Impor-
tantly, actin depolymerization does not affect the extension of
the second axon, if the actin-depolymerizing drugs are added
following the initiation of this axon (Zmuda and Rivas, 2000).
Taken together with the findings from cultured hippocampal
neurons, it is thus possible to assume that the centrosome
positioning at the base of the axon is required for the initiation
of the axon but not for its extension. A different paradigm for
the correlation between centrosome positioning and axon
initiation has been found in the developing retinal ganglion
cells (RGC) in zebrafish and mouse. Neuroepithelial
progenitors have a typical apical and basal attachment, and
they undergo asymmetrical cell division at the apical surface.
Upon completion of mitosis, the nucleus loses its apical
attachment and translocates basally, as the cell adopts a
bipolar morphology with the extension of basal and apical
processes. The axon develops from the basal process and the
dendrite develops from the apical process. Interestingly, the
centrosome was found to be localized to the apical side during
nuclear translocation (Zolessi et al., 2006). Thus, unlike in
cultured hippocampal and cerebellar granule neurons, in RGC
neurons, the centrosome is localized in the trailing process,
which becomes the dendrite, rather than in the axon.
Nevertheless, these studies further confirmed the role of
centrosome in neurite formation and extension.

Molecular mechanisms of centrosome
positioning

The mechanisms for centrosome positioning at the leading
edge were mainly studied in non-neuronal cells, primarily in
astrocytes and fibroblasts. In these cells, the small Rho-
GTPase Cdc42, acting through a Par6-aPKC complex, is
required to establish cellular asymmetry during morphogen-
esis, asymmetric cell division and directed cell migration. In
astrocytes, centrosome reorientation is regulated by integrin
signaling that activates Cdc42, which regulates signaling
from cell surface receptors to the actin—-MT cytoskeleton
(Etienne-Manneyville and Hall, 2001; Raftopoulou and Hall,
2004). In a scratch-induced cell migration assay (Wound
Healing Assay) using primary rat astrocytes and fibroblasts
grown to a confluent monolayer, the cells extend their
cytoskeleton into the wound and reorient the centrosome and
Golgi complex in front of the nucleus in the direction of the
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wound (Etienne-Manneville and Hall, 2003). In this directed
cell migration for wound-closure, the Par6-PKC({ complex
directly regulates the glycogen synthase kinase-3p (GSK-38)
activity to promote polarization of the centrosome and to
control the direction of cell protrusion. The activity of the
Rho-GTPase Cdc4?2 at the leading edge recruits and activates
the Par6—PKC( complex, whereas PKCC phosphorylates and
inactivates GSK-3p, specifically at the leading edge. Cdc42-
dependent phosphorylation of GSK-3f induces the interac-
tion of adenomatous polyposis coli (APC) protein with the
plus ends of microtubules, an association that is essential for
cell polarization (Etienne-Manneville and Hall, 2001; Eti-
enne-Manneville and Hall, 2003). Of note, un-phosphory-
lated, active GSK-3p, does not allow the interaction of APC
to MT plus-ends. Upon GSK-3f inactivation, APC binds to
MT, causing their stabilization and facilitating MT capture at
the leading edge by dynein, a retrograde molecular motor that
is required for centrosome positioning in many cell types
(Etienne-Manneville and Hall, 2001; Palazzo et al., 2001),
whereby, the MT minus-end motor activity of dynein pulls
captured MTs toward the leading edge and orients the
centrosome within the protrusion into the wound.

PI3-kinase regulates neuronal development and
migration through the Par protein complex

In neuronal development, this aspect of centrosome function
was suggested by the study of the interplay between actin and
centrosome-dependent MT cytoskeleton in axon extension
and growth. For example, outgrowth of the newly specified
axon was promoted by the collapsin response mediator
protein (CRMP-2), an axon-specific microtubule-associated
protein (Inagaki et al., 2001), and CRMP-2 overexpression
induced the formation of multiple axons. Local activation of
phosphatidylinositol 3’ kinase (PI3K) at the tip of the axon is
important for neuronal growth and polarization (Shi et al.,
2003), since PI3K induces activation of aPKC and several
guanine-nucleotide-exchange factors (GEFs), which activate
the Rho family of small GTPases Cdc42 and Rac-1, leading to
enhanced axon growth (Arimura and Kaibuchi, 2007).
Moreover, both atypical protein kinase C (aPKC) and
Cdc42/Rac-1 interact with PAR-3/PAR-6, and thus may
recruit the latter complex to localized regions of PI3K activity
in the axon, to promote axon growth (Shi et al., 2003). The
PAR-3/PAR-6 targeting to the axon tip might be mediated by
APC (Shi et al., 2004). Importantly, recent studies have
shown that BDNF and NT-3 could promote neuronal
polarization by inducing PI3K-mediated phosphorylation at
Ser-9 and inactivation of GSK-3fB (Yoshimura et al., 2005;
Jiang et al., 2005), indicating that inactivation of this
constitutively active kinase at the growth cone is important
for axon differentiation (Yoshimura et al., 2005).

A recent study that used local presentation of laminin and
vitronectin demonstrated that these molecules polarize
developing cerebellar granule neurons by regulating centro-

some positioning downstream of PI3-kinase signaling (Gupta
et al., 2010). Furthermore, a study that examined centrosome
positioning in developing RGC neurons demonstrated that
laminin at the basal lamina in vivo is essential for the
polarized positioning of the centrosome and that Laminin
acting directly on RGC neurons is sufficient for the polarized
axon development in these neurons (Randlett et al., 2011).
Another recent study demonstrated that N-cadherin expres-
sion accumulates at one pole of newborn cultured hippo-
campal neuron, to mark the site of the emergence of the first
neurite (Gértner et al., 2012). N-cadherin accumulation is
followed by the relocation of the Golgi and centrosome
toward the morphological pole marked by N-cadherin,
indicating that organelle asymmetry might be a consequence
of a polarized membrane-signaling event. This sequence of
events for centrosome repositioning was demonstrated to be
regulated by the PI3-kinase signaling (Gértner et al., 2012).
Conversely, another study highlighted an intriguing distinc-
tion between the role of centrosome in axon initiation as
compared to the extension of an existing axon (Stiess et al.,
2010), demonstrating that following axon initiation, acen-
trosomal MT nucleation might regulate axon growth in
cultured hippocampal neurons.

Likely similar mechanisms operate in neurons to position
the centrosome during their migration. For example, the
chemorepellent Slit serves to redirect the migration of cortical
neurons into the olfactory bulb, a process that involves
centrosome repositioning into the new leading process that
forms in the direction of the migration (Wu et al., 1999;
Dickson and Gilestro, 2006). It was shown that the activity of
Cdc42 is required in Slit-induced migration reversal (Wong et
al., 2001). Furthermore, inhibition of GSK-3B or PKC{
blocks the action of Slit in migration reversal, an effect that is
accompanied by prevention of centrosome repositioning and
failure in the stabilization of the newly formed leading
process (Higginbotham et al., 2006). Importantly, in migrat-
ing cerebellar granule neurons, Par6 and PKC( localize to the
centrosome and overexpression of Par6 disrupts PKCE
localization and centrosome integrity and positioning (Hig-
ginbotham et al., 20006).

LIS1/Disc1/DCX proteins regulate neuronal development
and migration

Furthermore, the centrosome associated proteins LIS1 and
DCX regulate axon extension (Koizumi et al., 2006; Taya et
al., 2007). Dynein and its regulator, LIS1, are also localized to
the centrosome, and the loss of function of these genes
increases the nuclear-centrosome distance and results in
defects in nuclear translocation (Feng et al., 2000; Tanaka et
al., 2004). Downregulation of LISI or DCX impeded
migration of cortical neurons, and arrested these neurons at
the multipolar stage, abolishing the transition to the typical
bipolar morphology (Bai et al., 2003; Tsai et al., 2005). These
findings might imply that downregulation of DCX and LIS1
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result in the failure of centrosome reorientation to the base of
the emerging axon or the leading process, and that this
centrosome miss-positioning precludes the transition from the
multipolar to the bipolar morphology and impairs neuronal
migration. In support of this notion it was demonstrated that
DCX is necessary for MT stabilization and bundling in the
growth cone of cortical neurons (Bielas et al., 2007). Another
centrosome-associated protein, disrupted in schizophrenia 1
(DISC1), that caught extensive attention recently has been
shown to be required during both normal migration and
neurite development (Kamiya et al., 2005). It was shown that
DISCI anchors the dynein motor complex at the centrosome.
The deletion of DISCI in developing cortical neurons caused
for the disruption of centrosome/nucleus coupling, an effect
that resulted in the disruption of cortical neuronal migration
and the miss-orientation of the apical dendrite. This
centrosome—associated protein has recently been reported to
play a similar role in the development of adult-born dentate
granule cells (Duan et al., 2007). Furthermore, a recent study
(Ishizuka et al., 2011) highlighted an important regulatory
mechanism for DISC1 function that triggers a transition from
DISC1-regulated maintenance of the proliferation of mitotic
progenitor cells to DISC1-induced activation of migration of
postmitotic neurons in mice. This transition in DISCI
function is regulated by specific phosphorylation of DISC1
at serine 710. This phosphorylation triggers the recruitment of
Bardet-Biedl syndrome (BBS) proteins (see below) to the
centrosome. These events downstream of DISC1 phosphor-
ylation result in initiation of neuronal migration, whereas
unphosphorylated DISC1 regulates proliferation of mitotic
progenitors via a canonical Wnt signaling pathway (Ishizuka
et al., 2011). The B-catenin is known to regulate cell-growth
and differentiation downstream of Wnt signaling. Interest-
ingly, a recent study examined the role of B-catenin in
midbrain development by temporal, either complete or
partial, deletion of B-cateninin in progenitor cells (Chilov et
al., 2011). Cells with complete deletion of B-catenin did not
contain centrosome or MT-network and failed to polarize.
Importantly, this effect was shown to be associated with
specific phosphorylation of B-catenin at Serine33/Serine34/
Threonine41, a phosphorylation that targets B-catenin to the
centrosome and regulates the B-catenin function (Chilov et
al., 2011). Of note, the protein CAMDI (coiled-coil protein
associated with myosin II and DISC1) interacts with DISC1
and translocates to the centrosome in a DISCI-dependent
manner (Fukuda et al., 2010). This interaction, as well as the
CAMDI-centrosome association was demonstrated to reg-
ulate neuronal migration as downregulation of CAMDI
resulted in impaired radial migration and impaired centro-
some positioning in cortical progenitor neurons. Interestingly,
CAMDI associates with phosphomyosin II and induces the
accumulation of phosphomyosin II at the centrosome in a
DISC1-dependent manner, an association that is necessary for
cortical radial migration (Fukuda et al., 2010).

Cross-talk between the Par protein complex and the LIS1/
Disc1/DCX proteins

In addition to their localization to the centrosome, Par6—
PKCC complex, GSK-3f, LIS1, and dynein are also localized
at the front edge of the leading process. This localization
presumably regulates nuclear translocation and the outgrowth
of the leading process. The emerging model for the molecular
mechanisms in migrating neurons thus would be as follows:
in response to an extracellular guidance cue such as Slit,
activation of Cdc42 at the edge of a forming leading process
would promote actin cytoskeleton dynamics. The localized
recruitment of Par6—PKCZ complex to the leading edge will
result in the phosphorylation and inactivation of GSK-3p,
leading to MT capture and stabilization through APC. The
LIS1 stimulates dynein motor activity that pulls captured MTs
and the attached centrosome up into the leading process.
Lastly, Par6 might facilitate the targeting of dynein and LIS1
to the centrosome, where dynein and LIS1 might regulate the
translocation of the nucleus toward the centrosome (Tsai and
Gleeson, 2005). These findings also demonstrate the
important concept of the conservation of the molecular
mechanisms that control cell polarization and migration in
different cell types, and suggest that much is to be learned
from other cell types as to how neurons reshape their
cytoskeleton and regulate centrosome reorientation and
positioning in response to extracellular signals.

LKBI1 might regulate neuronal development and migra-
tion through centrosome positioning

Recent studies have demonstrated that the evolutionarily
conserved serine-threonine kinase LKB1 plays a defining role
in axon initiation during neuronal development (Barnes et al.,
2007; Shelly et al., 2007). Interestingly, LKB1 might also
regulate neuronal migration in a centrosome-dependent
manner (Asada et al., 2007). Although the role of LKB1 in
neuronal development and migration is only in its initial
stages of elucidation, the current findings suggest that LKB1
might serve as an important molecular link between these two
developmental processes.

The conserved role for LKB1 as an upstream regulator of
cellular polarization in diverse cell types has inspired several
recent studies on the role of LKB1 and its down-stream
effectors in neuronal polarization, where LKB1 has emerged
as an axon determinant during embryonic neuronal develop-
ment. The localization and function of LKBI is tightly
regulated by the STE20-related pseudokinase STRAD, an
adaptor protein that binds LKB1 and causes for its
stabilization and activation (Baas et al., 2003). The
ubiquitously expressed scaffolding protein MO25 is a third
component of the trimeric LKBI-STRAD-MO25 complex
(Boudeau et al., 2003). LKBI1 is required for axon formation
of cortical neurons in vivo. Because mice lacking LKB1 die
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between E9 and E10, before the formation of the cerebral
cortex (Ylikorkala et al., 2001), the role of LKB1 in neuronal
development in the forebrain was examined by selective
deletion of the LKB1 gene in dorsal telencephalic progeni-
tors, which give rise to all pyramidal neurons in the cerebral
cortex (Barnes et al., 2007). This specific deletion of the lkbl
allele resulted in striking absence of corticofugal axons and
callosal axons in the mice (Barnes et al., 2007). Using in utero
electroporation (Saito and Nakatsuji, 2001) of specific
shRNAs to downregulate LKB1 expression in cortical
progenitor cells in E18 rat embryos, (Shelly et al., 2007)
also observed a striking absence of radially oriented axons in
the cortical plate and horizontally oriented axons near the
SVZ. Examination of the morphology of individual neurons
during radial migration revealed that LKB1 is necessary
during the early stages of axon initiation (Barnes et al., 2007).
Interestingly, while the role of mammalian LKBI1 in
promotion of axon differentiation is now well established, a
recent study of C. elegans motor neurons demonstrated a
selective role for Par-4/LKB1 in dendrite growth, down-
stream of UNCo6/netrin signaling (Teichmann and Shen,
2011).

In utero electroporation studies have also suggested that
overexpressing wild-type LKB1 resulted in increased axon
formation in the cortical plate and SVZ (Shelly et al., 2007),
with abnormal axonal branching and a higher number of long
processes descending toward the white matter. Moreover,
wild-type LKBI1-transfected cells in the intermediate zone
and SVZ showed complex morphology and apparent retarded
migration, possibly due to multiple axon formation during
radial migration, similar to the effects of LKB1 over-
expression in cultured hippocampal neurons (Shelly et al.,
2007). In cultured hippocampal neurons, LKB1/STRAD
accumulation and Protein kinase-A (PKA)-dependent LKB1
phosphorylation and stabilization were shown to be an early
signal for an undifferentiated neurite to become an axon
(Shelly et al., 2007). In support of the role of LKB1-S431
phosphorylation for axon development in vivo, it was
demonstrated that in the developing cortex, pLKB1-S431
levels were increased considerably between E15.5 and P1, the
vital developmental period in which newly generated neurons
extend axons (Barnes et al., 2007). Taken together, these in
vivo findings indicate that LKB1 is required for axon
formation in vivo and specific PKA-dependent phosphoryla-
tion of LKB1 is essential.

Several down-stream effectors of LKB1 are known to be
involved in neuronal polarization. Association with STRAD
and phosphorylation of LKB1 on S431 result in the activation
of LKB1, and the activated LKB1 phosphorylates the PAR-1
related kinases, including the mammalian Synapses of the
Amphid Defective, SAD-A and SAD-B (also known as
BRSK1/2, the brain-specific kinases 1 and 2), and the
Microtubule Affinity-Regulated Kinases MARKI1-4. Both
SAD-A/B and MARK-2 regulate axon formation (Kishi et al.,
2005; Chen et al., 2006). Mice with targeted deletion of both

SAD-A and SAD-B genes demonstrated striking absence of
cortical axon formation (Kishi et al., 2005). Furthermore,
SAD-A and SAD-B are known to phosphorylate the axonal
microtubule binding protein Tau (Kishi et al., 2005; Barnes et
al., 2007) on a specific serine residue S262, which regulates
the binding of Tau to microtubules (Biernat et al., 1993),
modifying the microtubule organization that is required for
axon formation. LKB1 was shown to be necessary for the
SAD-mediated phosphorylation of Tau (Barnes et al., 2007).

LKBI1 likely regulates neuronal migration through the
centrosome. In a study that addressed the role of LKBI in
developing cortical neurons, downregulation of LKB1 by in
utero electroporation of specific shRNAs, was carried out at
E14 and neuronal development was analyzed at E16, E17,
and E18 (Asada et al., 2007). By E17, downregulation of
LKB1 caused impeded radial migration and neuronal
retention in the I1Z, whereas most control neurons were
found to migrate to the CP. Interestingly, this impeded
migration resulted from disrupted centrosome positioning and
nucleus-centrosome coupling following LKB1 downregula-
tion (Asada et al., 2007). These observations reveal an
important role of LKBI in spatial positioning of the
centrosome and in regulation of the nucleus-centrosome
coupling during cortical migration. Furthermore, in neurons
that did reach the CP following LKB1 downregulation, the
neurons exhibited a defective axon/dendrite polarization, with
high percentage of neurons exhibiting a thick dendrite-like
neurite extending toward the ventricle and a single, thin,
axon-like neurite oriented toward the pia (Asada et al., 2007).
The inverted axon/dendrite orientation was accompanied by
miss positioning of the centrosome to the base of the dendrite
that oriented toward the ventricle instead of the apical
localization of the centrosome in control cells (Asada et al.,
2007). Thus, the migration defect was accompanied with the
disruption of axon/dendrite polarity, resulting in reversed
orientation of differentiating neurons. Interestingly, down-
regulation of LKBI in these neurons was accompanied by
abolishment of GSK-3 phosphorylation at the axon tips,
indicating that LKB1 might regulate axon formation and
neuronal migration through phosphorylation of GSK-3f
(Asada et al., 2007; Asada and Sanada, 2010). The LKBI1-
mediated phosphorylation of GSK-3f enables the localization
of the MT-plus-end binding protein APC at the distal ends of
microtubules in the tip of the leading process, resulting in
MT-stabilization at the leading edge (Asada and Sanada,
2010). The LKB1-mediated phosphorylation of GSK-3f3 and
the binding of APC to MT-distal ends are required for MT-
stabilization at the leading edge, the forward movement of the
centrosome, and thus in neuronal migration, indicating that
LKB1-mediated regulation of the spatial activity of GSK-3f
and APC are critical in these processes during embryonic
neuronal development. Of note, downregulation of MARK?2,
the down-stream effector of LKB1, by in utero electropora-
tion of specific shRNAs resulted in arrested neuronal
migration at the IZ, with neurons exhibiting multipolar
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phenotype (Sapir et al., 2008). This arrested migration
following MARK2 downregulation was accompanied by
increased distance between the centrosome and the nucleus,
and slower and miss-oriented forward movement of the
centrosome in migrating embryonic cortical neurons (Sapir et
al., 2008). Importantly, MARK?2 is a regulator of DCX
activity during brain development (Sapir et al., 2008). Thus,
MARK?2 might regulate cortical neuronal migration by
controlling the centrosome positioning and movement as
well as MT dynamics, at least in part by phosphorylation of
DCX (Sapir et al., 2008).

Cooperation between primary cilia and
centrosome in neuronal development

Proper centrosome localization appears to be essential for
primary cilia development. Furthermore, both centrosomes
and cilia share common signaling components. Recent studies
have demonstrated that cilia might be vital for normal
neuronal migration and axon guidance in neuronal develop-
ment, possibly via their tight connection with centrosome.
Furthermore, several molecular participants have been
identified that regulate neuronal development and migration
through modulation of both centrosome positioning and cilia
development. Indeed, several recent studies provide a greater
insight into this connection and its role in neuronal
development. We thus dedicate the next part of our review
to discuss these findings on the role of cilia in neuronal
development.

Cilia are protrusions of the cell membrane, supported by a
microtubule framework that originates from the basal body, a
modified centriole. They are versatile organelles that can be
broadly classified into two types, motile and non-motile
(primary) cilia, with a characteristic MT configuration. Here
we focused on reviewing the current knowledge of the role of
the cilium in neuronal development in particular. The
importance of cilia in development came into focus with an
increased awareness of conditions known as ciliopathies,
where defects in ciliogenesis and genes that regulate ciliary
functions and signaling lead to debilitating developmental
disorders that involve neuronal pathologies (Fliegauf et al.,
2007; Lancaster and Gleeson, 2009). Studies on the genes
involved in these disorders and subsequently the signaling
pathways affected by these genes provided clues about the
contribution of cilia to normal developmental pathways (Lee
and Gleeson 2011).

Motile cilia have a characteristic 9 + 2 configuration of the
axonemal microtubules originating from the basal body, with
an outer ring of 9 microtubule doublets and a central doublet.
These motile cilia exhibit a beating motion due to the
movement of dynein arms that associate with the tubulin in
the microtubules (Salathe, 2007). Motile cilia have been
extensively studied and shown to have several functions,
including regulation of cerebrospinal fluid flow by ependymal

cells in cerebral ventricles (Ibanez-Tallon et al., 2004),
establishing cell polarity in epithelia (Wallingford, 2010;
Mirzadeh et al., 2010), and regulating right-left body-axis
symmetry in embryonic development (Olbrich et al., 2002).
Non-motile, or primary cilia, have a 9+ 0 axoneme
microtubule configuration and were formerly referred to as
“rudimentary cilia,” (Gardiner and Rieger, 1980). Originally,
they were believed to only play a limited role in sensory
transduction, a notion that has been challenged by more
recent findings. (Pazour and Witman, 2003; Wheatley, 2005).
Furthermore, most polarized cells in mammals possess a
primary cilium at their apical surface. In the brain, primary
cilia are ubiquitous and are present on neurons, neuronal stem
cells and also glial cells (Louvi and Grove, 2011) and there is
a growing body of evidence that demonstrates a variety of
roles for these organelles, especially in development.

Role of cilia in neuronal development

Transport between the cytoplasm and cilia is mediated by a
process known as intraflagellar transport (IFT), an essential
process during the development of cilia that was first
observed in flagella of the alga, Chlamydomonas (Kozminski
et al., 1993). Essential components for cilia development are
transported up the cilia along the axoneme as the cilia
elongate (Ishikawa and Marshall, 2011). This movement can
be bidirectional and is mediated by IFT particles that are
driven by the molecular motors kinesin and dynein (Pedersen
and Rosenbaum, 2008). IFT particles are composed of 17
proteins forming two complexes. Whereas complex B IFT
particles carry cargo in the anterograde direction from the
base to the tip of the cilium using a kinesin-2 motor, complex
A particles move turnover products retrogradely with a
dynein motor back to the base of the cilium (Louvi and
Grove, 2011).

The IFT proteins that were first identified in Chlamydo-
monas have functional mammalian homologs (Pedersen and
Rosenbaum, 2008). A pioneering study from 2000, showed
that IFT88, an intraflagellar transport protein, is required for
primary cilium assembly in Chlamydomonas (Pazour et al.,
2000). Mice with a defect in the mammalian homolog of
IFT88 (Tg737), lack primary cilia (Pazour et al., 2000) and
demonstrate phenotypes that closely resemble those of human
polycystic kidney disease, a disease that is associated with
loss of polarity of renal epithalial cells. The IFT88-defective
mice also show abnormal development of the telencephalon
and abnormally upregulated Wnt signaling targets, along with
disrupted Shh signaling (Willaredt et al., 2008). Mutation in a
ciliary gene, Ttc21b, that codes for the putative ortholog of
the complex A protein IFT39, leads to defects in dorsal
forebrain development and an upregulation of Shh signaling
(Stottmann et al., 2009). Furthermore, a loss of function
mutation of the mouse Ift172 gene leads to abnormal ciliary
morphology in the nervous system, with no ciliary micro-
tubules, accompanied by defects in hindbrain and forebrain
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development (Gorivodsky et al., 2009). Thus cilia and cilia
mediated signaling pathways play essential roles in nervous
system development. This has led to an increased interest in
this formerly overlooked organelle.

Cilia-associated signaling regulates neuronal development

The development of the nervous system is regulated by
morphogens such as Hedgehog and Wnt. The components of
both these signaling pathways as well as other signaling
molecules have been localized to cilia. This suggests that cilia
act as sensors of a wide range of developmentally important
cues in the nervous system as they provide a morphological
and functional landmark for the localization of these essential
signaling components.

Typical Hedgehog signaling involves binding of the ligand
(Shh, Thh and Dhh) to the transmembrane receptor, Patched
(Ptch). In the absence of a ligand, Ptch inhibits the
transmembrane protein, Smoothened (Smo) (Goodrich and
Scott, 1998). Binding of Hh to Ptch causes receptor
endocytosis and thus relieves the inhibition of Ptch on Smo,
which then permits transcription of Hh target genes (Ho and
Scott, 2002). Indeed, downregulation of Shh signaling in
mice produces several developmental defects, including lack
of hind limb formation, cyclopia and neural tube defects
(Chiang et al., 1996). Furthermore, Hedgehog signaling plays
a role in dorso-ventral patterning of the brain (Ekker et al.,
1995). IFT protein mutations identified by a genetic screen in
mouse embryos were shown to cause neural tube defects by
blocking Shh signaling (Huangfu et al., 2003). Many ciliary
proteins are part of the Shh signaling pathway and defects in
these proteins can cause abnormal developmental effects,
similar to those caused by defects in Shh signaling (Huangfu
et al,, 2003). Shh receptor-ligand interaction at the cilia
upregulates expression of Smoothened (Smo), and removes
Ptchl from the ciliary cell membrane (Corbit et al., 2005;
Rohatgi et al., 2007). The downstream effectors of Shh, the
Gli transcription factors, are also localized at the tips of cilia
(Haycraft et al., 2005). Taken together, these findings show
that cilia, via Shh signaling, may be transducers of sensory
information that is essential during neuronal development.

Wnt signaling is an important developmental regulator,
known to mediate proliferation, cell-fate determination and
stem cell maintenance in many cell types. The canonical Wnt/
B-catenin signaling pathway involves binding of Wnt to
Frizzled receptor proteins. This triggers a series of down-
stream events, including activation of Frizzled-LRPS or
LRP6 complexes, activation of the Wnt effector Disheveled,
inactivation of the B-catenin degradation complex and
cytosolic accumulation and nuclear translocation of [-
catenin, where it activates transcription (Angers and Moon,
2009). The non-canonical pathway is mediated by down-
stream effectors other than B-catenin and contributes to many
crucial developmental processes (Angers and Moon, 2009).
Cilia have been linked to Wnt signaling by the protein

Inversin, which is found in primary cilia and basal bodies
(Shiba et al., 2009). Inversin causes degradation of
Disheveled and inhibition of canonical Wnt signaling
(Simons et al., 2005). Interestingly, Inversin mutations have
been shown to cause nephronophthisis (NPH), a cystic kidney
disease (Lienkamp et al., 2012; Phillips et al., 2004). In
support of the inhibitory role of cilia in canonical Wnt
signaling, it was shown that mouse embryonic fibroblasts
with mutations in the ciliary components Kif3A and IFT88
had an upregulated response to Wnt3a isoform (Corbit et al.,
2008). Recent studies have shown that cilia are required for
the normal function of the mammalian target of rapamycin
(mTOR) signaling pathway, an important regulator of
translation, which was shown to regulate cell size as well as
the size and function of the cilia (Yuan et al., 2012). Thus,
cilia were shown to sense fluid flow and to regulate cell size
by downregulating mTOR in zebrafish embryos (Yuan et al.,
2012). Interestingly LKB1 was demonstrated to be localized
to cilia and to negatively regulate mTOR signaling, thus
modulating cell size in canine epithelial Madin-Darby Canine
Kidney (MDCK) cells (Boehlke et al., 2010).

Another signaling pathway associated with cilia is the
platelet derived growth factor (PDGF) pathway. In fibro-
blasts, primary cilia are required for PDGF signaling, which
mediates growth, migration and proliferation in many
mammalian cell types (Schneider et al., 2005). Cilia are
also associated with many other signaling pathway compo-
nents, including the adenylyl cyclase ACIII receptor and
somatostatin receptor 3 (SSRT3) (Handel et al., 1999), which
are present in almost all areas and cell types of the mouse
embryonic cortex (Bishop et al., 2007; Arellano et al., 2012).
Downregulation of the SSRT3 receptor, that showed minor
effect on ciliogenesis, leads to impaired object recognition
memory in mice (Einstein et al., 2010), indicating that
signaling at neuronal primary cilia may play a role in
modulating synaptic plasticity. Cilia were also shown to be
important for cerebellar development likely through regulat-
ing Wnt signaling. Deletion of IFT88 or Kif3 A were shown to
cause abnormal cerebellar morphology and hypoplasia
(Chizhikov et al., 2007), malformations that might result
from disrupted proliferation of the granule cell population due
to loss of ciliary signaling (Chizhikov et al., 2007; Spassky et
al., 2008).

Studies on patients with ciliopathies further highlight the
importance of ciliary function in the developing nervous
system. For example, patients with Bardet-Biedl syndrome,
an autosomal recessive ciliopathy, have smaller hippocampal
volume; ventriculomegaly and a global reduction in cortical
gray matter (Baker et al., 2011), indicating that cilia are
essential for normal cortical and hippocampal development.
Another autosomal recessive ciliopathy, Joubert's syndrome,
is a rare condition that is characterized by abnormal or absent
decussation in the superior cerebellar peduncles and corti-
cospinal tracts, as well as heterotopia in many brain regions
(ten Donkelaar et al., 2000; Juric-Sekhar et al., 2012) pointing
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to a possible role for cilia in some aspects of axon growth and
guidance. Taken together, the above findings suggest that
neurological pathologies observed in ciliopathies like Bardet—
Biedl and Joubert syndromes might be caused by disruption
of essential developmental signaling pathways at the cilia.

Cilia-associated signaling regulates development of adult
newborn neurons

Primary cilia are present in adult neural stem cells and were
demonstrated to be essential for adult neurogenesis via Hh
and Wnt signaling. Adult neural stem cells, also known as
radial astrocytes, develop from granule neuron precursor cells
during early postnatal life (Han et al., 2008). Ablation of
ciliary genes or Hh signaling component Smo during
embryogenesis prevents the expansion of granule neuron
precursors in the subgranular zone in the hippocampus,
blocking the development of an adult stem cell population
(Han et al., 2008). Thus embryonic stem cell precursors
cannot give rise to adult neural stem cells when Hh signaling
at the primary cilia is blocked. Another study that used a
conditional knockout for the gene Stumpy, which is essential
for ciliogenesis (Breunig et al., 2008) showed additional
evidence in support of the above results, whereby ablation of
cilia leads to decreased Shh signaling and a concomitant
decrease in neural precursor proliferation and radial astrocyte
development (Breunig et al., 2008). The primary cilium is
also an essential signaling center for the synaptic integration
of adult-born neurons in the mouse hippocampus. A recent
study demonstrated that newborn dentate granule cells
lacking a primary cilium formed defective glutaminergic
synapses with entorhinal cortical projections (Kumamoto et
al., 2012). This study (Kumamoto et al., 2012) showed that
ablation of primary cilia results in increased canonical Wnt
signaling, which in turn, leads to defective dendritic
refinement and synaptic integration. Interestingly, another
recent study showed that ciliogenesis begins upon the
completion of radial migration of embryonic cortical neurons
(Arellano et al., 2012) (Tsai and Gleeson, 2005) (Fig. 1A). A
similar observation was made in adult-born dentate granule
cells (Kumamoto et al., 2012).

Shared signaling mechanisms regulate centrosome
positioning, ciliogenesis and ciliary signaling

Several recent studies provide a greater insight into the
connection between the cilia and centrosome in neuronal
development. We conclude our review by highlighting these
findings. A recent study (Gongalves et al., 2010), showed that
the tubulin cofactor TBCCDI, is localized to centrosomes
and ciliary basal bodies, and that downregulation of this
protein leads to changes in centrosome positioning in the
retinal pigmental epithelial RPE-1 cells, where the centro-
some shifts from the center of the cell to the periphery and
primary cilia formation is disrupted (Gongalves et al., 2010).

Furthermore, when centriole generation is blocked in flies,
they survive through the larval stages but die soon after they
reach adulthood (Basto et al., 2006). Interestingly, these flies
lack cilia in type 1 sensory neurons (Basto et al., 2006;
Badano and Katsanis, 2006). Thus, proper centrosome
localization appears to be essential for primary cilia
development. Another study (Dammermann et al., 2009)
focused on a protein that carries a single amino acid mutation
in hydrolethalus syndrome, a perinatal lethal human cilio-
pathy. In C. elegans and Xenopus neurons, HYLS-1 is
localized to developing centrioles and is stabilized at the
centrosomes (Dammermann et al., 2009). Depletion of
HYLS-1 leads to abnormal basal body localization and lack
of cilia (Dammermann et al., 2009).

Another important group of signaling determinants that
might link centrosome and cilia during neuronal development
are the genes associated with Bardet-Biedl syndrome (BBS).
Several BBS genes have been identified to date and have been
found to be localized to both centrosomes and basal bodies of
cilia (Ansley et al., 2003; Nachur et al., 2007; Kamiya et al.,
2008; Jin et al., 2010). The BBS proteins form a complex
called the “BBSome,” which have a variety of functions. In
cilia, this complex is essential in ciliogenesis and IFT
(Blacque et al., 2004; Zaghloul and Katsanis, 2009; Jin et
al., 2010). Furthermore, ciliary BBS proteins have been
shown to modulate Wnt (Wiens et al., 2010) and Shh
signaling (Zhang et al., 2012), which are important regulators
of neuronal development (see above). BBS proteins appear to
play a role in non-canonical Wnt signaling, which is involved
in establishing cell polarity and have demonstrated roles in
migration during development. One study (Ross et al., 2005)
showed that mice with mutations in BBS proteins exhibit
developmental defects similar to those observed in abnormal
non-canonical Wnt signaling. Moreover, downregulation of
BBS genes in zebrafish led to defects in gastrulation and
neurulation (Ross et al., 2005).

In the centrosome, BBS proteins have been demonstrated
to associate with the centrioles and pericentriolar material
protein 1 (PCM1) (Kim et al., 2004). BBS4 was found to
interact with the dynein-dynactin complex and to localize
PCML to the centrosomes. This was shown to be essential for
proper MT organization and cell cycle progression in several
mammalian cell lines, including HEK293 and HeLa (Kim et
al., 2004). Like BBS4, DISC1 was also shown to, localize
PCMI to the centrosome in cortical neurons (Kamiya et al.,
2008). Furthermore, DISC1 was shown to directly associate
with BBS1 and recruit it to the centrosome (Ishizuka et al.,
2011). As described above, DISC1 plays an important role
during the development and migration of cortical neurons by
modulating centrosome positioning via other signaling
components such as LIS1 and NUDEL (Kamiya et al.,
2005). It was also shown that DISCI1 is a regulator of neural
progenitor proliferation in the embryonic brain as well as in
the adult dentate gyrus by inhibiting GSK-3f signaling and
thus stabilizing B- catenin (Mao et al., 2009). Interestingly,
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Figure 2 Schematic overview of the signaling mechanisms that regulate centrosome positioning during neuronal development and
migration. External signals activate various intracellular signaling pathways that regulate centrosome positioning, which in turn regulate
axon-dendrite polarization, extension of the leading process, and migration in developing neuronal cells. Solid arrows indicate the
demonstrated links between the various signaling determinants and dashed arrows represent possible connections between signaling
components. (A) External signals activate the PI3-Kinase pathway, which regulates centrosome position via the Par protein complex. The
Par protein complex phosphorylates and inhibits GSK3p, which in turn, activates downstream effectors such as APC and CRMP2,
allowing microtubule capture by dynein and regulating centrosome positioning. (B) LKB1, along with its co-factors STRAD and MO25
possibly regulates centrosome positioning (dashed grey arrow) and also phosphorylates and inhibits GSK3p (dashed red line), thus
converging with the PI3-kinase pathway. Through downstream effectors such as Parl Kinases SAD-A, SAD-B and MARK?2, LKB1 may
also inhibit DCX (dashed red line). (C) DISC1 is another important determinant of centrosome positioning by regulating the LIS1/DCX/
Nudell/Ndel protein complex as well as the Bardet-Biedl syndrome (BBS) proteins.

downregulation of BBS4, PCM1 and DISCI1 leads to defects
in migration of cortical neurons (Kamiya et al., 2008),
suggesting that the same molecular participants may regulate
the switch between neuronal proliferation and migration.
Indeed, a recent study demonstrated such a regulatory role for
DISCI1 in the transition between proliferation and migration
of cortical neurons. In the process of migration, DISC1 was
shown to recruit BBS proteins to the centrosome (Ishizuka et
al., 2011).

Finally, LKB1 could also be a major component of the
developmental processes by which cilia and the centrosome
affect neuronal development. LKB1 has been shown to be
closely associated with the centrosome during neuronal
development (Asada et al., 2007; Asada and Sanada, 2010)
(see above). LKB1 was also demonstrated to be localized to
cilia and to modulate cell size in MDCK cells (Boehlke et al.,
2010) (see above). Interestingly, a recent genome wide RNAi
screen in cultured mouse fibroblasts (Jacob et al., 2011)
showed that LKBI1 is essential for cilia formation and that
downregulation of LKB1 leads to absence of cilia and
abnormal Shh and Wnt signaling. Taken together, these

findings indicate that LKB1 may play a central role in
connecting cilia and centrosome function in neuronal
development.

Concluding remarks

Current evidence lines up various fundamental roles of
centrosome positioning and its underlying mechanisms in
neuronal development. Several signaling pathways and their
molecular components have been demonstrated to play a role
in centrosome positioning in neuronal development and
migration (Fig. 2). Cilia, which are closely linked to the
centrosome both structurally and functionally, are emerging
as important signaling centers that regulate many crucial
processes in neuronal development. Strikingly, recent studies
have demonstrated that shared signaling determinants such as
LKBI1, DISC1 and BBS proteins might regulate neuronal
development via both the cilia and the centrosome. Most
studies to date have focused on embryonic neuronal migration
and morphological development. Furthermore, recent studies
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revealed some contradictory findings, and therefore, the
signaling pathways that regulate centrosome positioning and
its significance in these processes need to be further
examined. Moreover, the mechanisms by which cilia regulate
neuronal development need to be further dissected and future
studies can further our knowledge of the links between the
cilia and centrosome function in neuronal development.
Recent studies have demonstrated a role for cilia in synaptic
integration of adult newborn neurons. Future studies will
further resolve whether the cilia and centrosome is involved
in synaptic integration, circuit function and homeostasis.
Moreover, the function of the centrosome and cilia in adult
newborn neuronal development is still in the early stages of
elucidation and much is still unknown. Therefore, although
the current body of research underscores the importance of
these organelles in neuronal development, the scope for future
investigation is vast.

References

Angers S, Moon R T (2009). Proximal events in Wnt signal transduction.
Nat Rev Mol Cell Biol, 10(7): 468477

Ansley S J, Badano J L, Blacque O E, Hill J, Hoskins B E, Leitch C C,
KimJ C, Ross A J, Eichers E R, Teslovich T M, Mah A K, Johnsen R
C, Cavender J C, Lewis R A, Leroux M R, Beales P L, Katsanis N
(2003). Basal body dysfunction is a likely cause of pleiotropic
Bardet-Biedl syndrome. Nature, 425(6958): 628-633

Arellano J I, Guadiana S M, Breunig J J, Rakic P, Sarkisian M R (2012).
Development and distribution of neuronal cilia in mouse neocortex. J
Comp Neurol, 520(4): 848-873

Arimura N, Kaibuchi K (2007). Neuronal polarity: from extracellular
signals to intracellular mechanisms. Nat Rev Neurosci, 8(3): 194—
205

Asada N, Sanada K (2010). LKB1-mediated spatial control of GSK3beta
and adenomatous polyposis coli contributes to centrosomal forward
movement and neuronal migration in the developing neocortex. J
Neurosci, 30(26): 88528865

Asada N, Sanada K (2007). LKB1 regulates neuronal migration and
neuronal differentiation in the developing neocortex through
centrosomal positioning. The Journal of neuroscience, 27(43):
11769-11775

Baas A F, Boudeau J, Sapkota G P, Smit L, Medema R, Morrice N A,
Alessi D R, Clevers H C (2003). Activation of the tumour suppressor
kinase LKB1 by the STE20-like pseudokinase STRAD. EMBO J, 22
(12): 3062-3072

Baas P W, Yu W Q (1996). A composite model for establishing the
microtubule arrays of the neuron. Mol Neurobiol, 12(2): 145-161

Badano J L, Katsanis N (2006). Life without centrioles: cilia in the
spotlight. Cell, 125(7): 1228-1230

Bai J, Ramos R L, Ackman J B, Thomas A M, Lee R V, LoTurco J J
(2003). RNAi reveals doublecortin is required for radial migration in
rat neocortex. Nat Neurosci, 6(12): 1277-1283

Baker K, Northam G B, Chong W K, Banks T, Beales P, Baldeweg T
(2011). Neocortical and hippocampal volume loss in a human
ciliopathy: A quantitative MRI study in Bardet-Biedl syndrome. Am

J Med Genet A, 155A(1): 1-8

Barnes A P, Lilley BN, Pan Y A, Plummer L J, Powell A W, Raines A
N, Sanes J R, Polleux F (2007). LKB1 and SAD kinases define a
pathway required for the polarization of cortical neurons. Cell, 129
(3): 549563

Barnes A P, Polleux F (2009). Establishment of axon-dendrite polarity in
developing neurons. Annu Rev Neurosci, 32(1): 347-381

Basto R, Lau J, Vinogradova T, Gardiol A, Woods C G, Khodjakov A,
Raff ] W (2006). Flies without centrioles. Cell, 125(7): 1375-1386

Bielas S, Higginbotham H, Koizumi H, Tanaka T, Gleeson J G (2004).
Cortical neuronal migration mutants suggest separate but intersecting
pathways. Annu Rev Cell Dev Biol, 20(1): 593-618

Bielas S L, Serneo F F, Chechlacz M, Deerinck T J, Perkins G A, Allen P
B, Ellisman M H, Gleeson J G (2007). Spinophilin facilitates
dephosphorylation of doublecortin by PP1 to mediate microtubule
bundling at the axonal wrist. Cell, 129(3): 579-591

Biernat J, Gustke N, Drewes G, Mandelkow E M, Mandelkow E (1993).
Phosphorylation of Ser262 strongly reduces binding of tau to
microtubules: distinction between PHF-like immunoreactivity and
microtubule binding. Neuron, 11(1): 153-163

Bishop G A, Berbari N F, Lewis J, Mykytyn K (2007). Type III adenylyl
cyclase localizes to primary cilia throughout the adult mouse brain. J
Comp Neurol, 505(5): 562-571

Blacque O E, Reardon M J, Li C, McCarthy J, Mahjoub M R, Ansley S J,
Badano J L, Mah A K, Beales P L, Davidson W S, Johnsen R C,
Audeh M, Plasterk R H, Baillie D L, Katsanis N, Quarmby L M,
Wicks S R, Leroux M R (2004). Loss of C. elegans BBS-7 and BBS-
8 protein function results in cilia defects and compromised
intraflagellar transport. Genes Dev, 18(13): 1630-1642

Boehlke C, Kotsis F, Patel V, Braeg S, Voelker H, Bredt S, Beyer T,
Janusch H, Hamann C, Gdel M, Mller K, Herbst M, Hornung M,
Doerken M, Kttgen M, Nitschke R, Igarashi P, Walz G, Kuehn E W
(2010). Primary cilia regulate mTORC]1 activity and cell size through
Lkbl. Nat Cell Biol, 12(11): 1115-1122

Boudeau J, Baas A F, Deak M, Morrice N A, Kieloch A, Schutkowski
M, Prescott A R, Clevers H C, Alessi D R (2003). MO25alpha/beta
interact with STRADalpha/beta enhancing their ability to bind,
activate and localize LKBI1 in the cytoplasm. EMBO J, 22(19):
5102-5114

Bradshaw N J, Christie S, Soares D C, Carlyle B C, Porteous D J, Millar
J K (2009). NDE1 and NDELI1: multimerisation, alternate splicing
and DISC1 interaction. Neurosci Lett, 449(3): 228-233

Bradshaw N J, Soares D C, Carlyle B C, Ogawa F, Davidson-Smith H,
Christie S, Mackie S, Thomson P A, Porteous D J, Millar J K (2011).
PKA phosphorylation of NDE1 is DISC1/PDE4 dependent and
modulates its interaction with LIS1 and NDEL1. J Neurosci, 31(24):
9043-9054

Brandon N J, Handford E J, Schurov I, Rain J C, Pelling M, Duran-
Jimeniz B, Camargo L M, Oliver K R, Beher D, Shearman M S,
Whiting P J (2004). Disrupted in Schizophrenia 1 and Nudel form a
neurodevelopmentally regulated protein complex: implications for
schizophrenia and other major neurological disorders. Mol Cell
Neurosci, 25(1): 42-55

Breunig J J, Sarkisian M R, Arellano J I, Morozov Y M, Ayoub A E,
Sojitra S, Wang B, Flavell R A, Rakic P, Town T (2008). Primary
cilia regulate hippocampal neurogenesis by mediating sonic hedge-
hog signaling. Proc Natl Acad Sci USA, 105(35): 13127-13132



424 Centrosome positioning and primary cilia assembly orchestrate neuronal development

Burdick K E, Kamiya A, Hodgkinson C A, Lencz T, DeRosse P,
Ishizuka K, Elashvili S, Arai H, Goldman D, Sawa A, Malhotra A K
(2008). Elucidating the relationship between DISC1, NDEL1 and
NDEI1 and the risk for schizophrenia: evidence of epistasis and
competitive binding. Hum Mol Genet, 17(16): 2462-2473

Camargo L M, Collura V, Rain J C, Mizuguchi K, Hermjakob H, Kerrien
S, Bonnert T P, Whiting P J, Brandon N J (2007). Disrupted in
Schizophrenia 1 Interactome: evidence for the close connectivity of
risk genes and a potential synaptic basis for schizophrenia. Mol
Psychiatry, 12(1): 74-86

Chen G, Sima J, Jin M, Wang K'Y, Xue X J, Zheng W, Ding Y Q, Yuan
X B (2008). Semaphorin-3A guides radial migration of cortical
neurons during development. Nat Neurosci, 11(1): 3644

Chen Y M, Wang Q J, Hu H S, Yu P C, Zhu J, Drewes G, Piwnica-
Worms H, Luo Z G (2006). Microtubule affinity-regulating kinase 2
functions downstream of the PAR-3/PAR-6/atypical PKC complex in
regulating hippocampal neuronal polarity. Proc Natl Acad Sci USA,
103(22): 8534-8539

Chiang C, Litingtung Y, Lee E, Young K E, Corden J L, Westphal H,
Beachy P A (1996). Cyclopia and defective axial patterning in mice
lacking Sonic hedgehog gene function. Nature, 383(6599): 407413

Chilov D, Sinjushina N, Rita H, Taketo M M, Mékeld T P, Partanen J
(2011). Phosphorylated B-catenin localizes to centrosomes of
neuronal progenitors and is required for cell polarity and neurogen-
esis in developing midbrain. Dev Biol, 357(1): 259268

Chizhikov V V, Davenport J, Zhang Q, Shih E K, Cabello O A, Fuchs J
L, Yoder B K, Millen K J (2007). Cilia proteins control cerebellar
morphogenesis by promoting expansion of the granule progenitor
pool. J Neurosci, 27(36): 9780-9789

Corbit K C, Aanstad P, Singla V, Norman A R, Stainier D Y, Reiter J F
(2005). Vertebrate Smoothened functions at the primary cilium.
Nature, 437(7061): 1018-1021

Corbit K C, Shyer A E, Dowdle W E, Gaulden J, Singla V, Reiter J F
(2008). Kif3a constrains beta-catenin-dependent Wnt signalling
through dual ciliary and non-ciliary mechanisms (vol 10, pg 70,
2008). Nat Cell Biol, 10(4): 497-497

Dammermann A, Pemble H, Mitchell B J, McLeod I, Yates J R 3rd,
Kintner C, Desai A B, Oegema K (2009). The hydrolethalus
syndrome protein HYLS-1 links core centriole structure to cilia
formation. Genes Dev, 23(17): 2046-2059

de Anda F C, Meletis K, Ge X, Rei D, Tsai L H (2010). Centrosome
motility is essential for initial axon formation in the neocortex. J
Neurosci, 30(31): 10391-10406

de Anda F C, Pollarolo G, Da Silva J S, Camoletto P G, Feiguin F, Dotti
C G (2005). Centrosome localization determines neuronal polarity.
Nature, 436(7051): 704-708

Dickson B J, Gilestro G F (2006). Regulation of commissural axon
pathfinding by slit and its Robo receptors. Annu Rev Cell Dev Biol,
22(1): 651-675

Distel M, Hocking J C, Volkmann K, Kster R W (2010). The centrosome
neither persistently leads migration nor determines the site of
axonogenesis in migrating neurons in vivo. J Cell Biol, 191(4): 875—
890

Duan X, Chang J H, Ge S, Faulkner R L, Kim J Y, Kitabatake Y, Liu X
B, Yang C H, Jordan J D, Ma D K, Liu C Y, Ganesan S, Cheng H J,
Ming G L, Lu B, Song H (2007). Disrupted-In-Schizophrenia 1
regulates integration of newly generated neurons in the adult brain.

Cell, 130(6): 11461158

Einstein E B, Patterson C A, Hon B J, Regan K A, Reddi J, Melnikoft D
E, Mateer M J, Schulz S, Johnson B N, Tallent M K (2010).
Somatostatin signaling in neuronal cilia is critical for object
recognition memory. J Neurosci, 30(12): 4306-4314

Ekker S C, Ungar A R, Greenstein P, von Kessler D P, Porter J] A, Moon
R T, Beachy P A (1995). Patterning activities of vertebrate hedgehog
proteins in the developing eye and brain. Curr Biol, 5(8): 944-955

Etienne-Manneville S, Hall A (2001). Integrin-mediated activation of
Cdc42 controls cell polarity in migrating astrocytes through
PKCzeta. Cell, 106(4): 489-498

Etienne-Manneville S, Hall A (2003). Cdc42 regulates GSK-3beta and
adenomatous polyposis coli to control cell polarity. Nature, 421
(6924): 753-756

Faulkner R L, Jang M H, Liu X B, Duan X, Sailor K A, KimJ Y, Ge S,
Jones E G, Ming G L, Song H, Cheng H J (2008). Development of
hippocampal mossy fiber synaptic outputs by new neurons in the
adult brain. Proc Natl Acad Sci USA, 105(37): 14157-14162

Feng Y, Olson E C, Stukenberg P T, Flanagan L A, Kirschner M W,
Walsh C A (2000). LIS1 regulates CNS lamination by interacting
with mNudE, a central component of the centrosome. Neuron, 28(3):
665-679

Feng Y Y, Walsh C A (2004). Mitotic spindle regulation by Ndel
controls cerebral cortical size. Neuron, 44(2): 279-293

Fliegauf M, Benzing T, Omran H (2007). When cilia go bad: cilia defects
and ciliopathies. Nat Rev Mol Cell Biol, 8(11): 880-893

Fukuda T, Sugita S, Inatome R, Yanagi S (2010). CAMDI, a novel
disrupted in schizophrenia 1 (DISC1)-binding protein, is required for
radial migration. J Biol Chem, 285(52): 40554—40561

Gao W Q, Hatten M E (1993). Neuronal differentiation rescued by
implantation of Weaver granule cell precursors into wild-type
cerebellar cortex. Science, 260(5106): 367-369

Gardiner S L, Rieger R M (1980). Rudimentary cilia in muscle cells of
annelids and echinoderms. Cell Tissue Res, 213(2): 247-252

Grtner A, Fornasiero E F, Munck S, Vennekens K, Seuntjens E, Huttner
W B, Valtorta F, Dotti C G (2012). N-cadherin specifies first
asymmetry in developing neurons. EMBO J, 31(8): 1893-1903

Gonalves J, Nolasco S, Nascimento R, Lopez Fanarraga M, Zabala J C,
Soares H (2010). TBCCD1, a new centrosomal protein, is required
for centrosome and Golgi apparatus positioning. EMBO Rep, 11(3):
194-200

Goodrich L 'V, Scott M P (1998). Hedgehog and patched in neural
development and disease. Neuron, 21(6): 1243—-1257

Gorivodsky M, Mukhopadhyay M, Wilsch-Braeuninger M, Phillips M,
Teufel A, Kim C, Malik N, Huttner W, Westphal H (2009).
Intraflagellar transport protein 172 is essential for primary cilia
formation and plays a vital role in patterning the mammalian brain.
Dev Biol, 325(1): 24-32

Gupta S K, Meiri K F, Mahfooz K, Bharti U, Mani S (2010).
Coordination between extrinsic extracellular matrix cues and intrinsic
responses to orient the centrosome in polarizing cerebellar granule
neurons. J Neurosci, 30(7): 2755-2766

Han Y G, Spassky N, Romaguera-Ros M, Garcia-Verdugo J M, Aguilar
A, Schneider-Maunoury S, Alvarez-Buylla A (2008). Hedgehog
signaling and primary cilia are required for the formation of adult
neural stem cells. Nat Neurosci, 11(3): 277-284

Hndel M, Schulz S, Stanarius A, Schreff M, Erdtmann-Vourliotis M,



Sneha RAO et al.

425

Schmidt H, Wolf G, HIlt V (1999). Selective targeting of
somatostatin receptor 3 to neuronal cilia. Neuroscience, 89(3):
909-926

Hatanaka Y, Murakami F (2002). In vitro analysis of the origin,
migratory behavior, and maturation of cortical pyramidal cells. J
Comp Neurol, 454(1): 1-14

Hatten M E (2005). LIS-less neurons don’t even make it to the starting
gate. J Cell Biol, 170(6): 867-871

Haycraft C J, Banizs B, Aydin-Son Y, Zhang Q, Michaud E J, Yoder B K
(2005). Gli2 and Gli3 localize to cilia and require the intraflagellar
transport protein polaris for processing and function. PLoS Genet, 1
(4): 53

Higginbotham H, Tanaka T, Brinkman B C, Gleeson J G (2006).
GSK3beta and PKCzeta function in centrosome localization and
process stabilization during Slit-mediated neuronal repolarization.
Mol Cell Neurosci, 32(1-2): 118-132

Higginbotham H R, Gleeson J G (2007). The centrosome in neuronal
development. Trends Neurosci, 30(6): 276283

Hinds J W, Hinds P L (1978). Early development of amacrine cells in the
mouse retina: an electron microscopic, serial section analysis. J
Comp Neurol, 179(2): 277-300

Ho K S, Scott M P (2002). Sonic hedgehog in the nervous system:
functions, modifications and mechanisms. Curr Opin Neurobiol, 12
(1): 57-63

Hu H'Y (1999). Chemorepulsion of neuronal migration by Slit2 in the
developing mammalian forebrain. Neuron, 23(4): 703-711

Huangfu D, Liu A, Rakeman A S, Murcia N S, Niswander L, Anderson
K V (2003). Hedgehog signalling in the mouse requires intraflagellar
transport proteins. Nature, 426(6962): 83-87

Ibaez-Tallon I, Pagenstecher A, Fliegauf M, Olbrich H, Kispert A,
Ketelsen U P, North A, Heintz N, Omran H (2004). Dysfunction of
axonemal dynein heavy chain Mdnah5 inhibits ependymal flow and
reveals a novel mechanism for hydrocephalus formation. Hum Mol
Genet, 13(18): 2133-2141

Inagaki N, Chihara K, Arimura N, Mnager C, Kawano Y, Matsuo N,
Nishimura T, Amano M, Kaibuchi K (2001). CRMP-2 induces axons
in cultured hippocampal neurons. Nat Neurosci, 4(8): 781-782

Ishikawa H, Marshall W F (2011). Ciliogenesis: building the cell’s
antenna. Nat Rev Mol Cell Biol, 12(4): 222234

Ishizuka K, Kamiya A, Oh E C, Kanki H, Seshadri S, Robinson J F,
Murdoch H, Dunlop A J, Kubo K, Furukori K, Huang B, Zeledon M,
Hayashi-Takagi A, Okano H, Nakajima K, Houslay M D, Katsanis N,
Sawa A (2011). DISC1-dependent switch from progenitor prolifera-
tion to migration in the developing cortex. Nature, 473(7345): 92-96

Jacob L S, Wu X, Dodge M E, Fan C W, Kulak O, Chen B, Tang W,
Wang B, Amatruda J F, Lum L (2011). Genome-wide RNAi screen
reveals disease-associated genes that are common to Hedgehog and
Wnht signaling. Sci Signal, 4(157): ra4

Jiang H, Guo W, Liang X, Rao Y (2005). Both the establishment and the
maintenance of neuronal polarity require active mechanisms: critical
roles of GSK-3beta and its upstream regulators. Cell, 120(1): 123—
135

Jin H, White S R, Shida T, Schulz S, Aguiar M, Gygi S P, Bazan J F,
Nachury M V (2010). The conserved Bardet-Biedl syndrome
proteins assemble a coat that traffics membrane proteins to cilia.
Cell, 141(7): 1208-1219

Juric-Sekhar G, Adkins J, Doherty D, Hevner R F (2012). Joubert

syndrome: brain and spinal cord malformations in genotyped cases
and implications for neurodevelopmental functions of primary cilia.
Acta Neuropathol, 123(5): 695-709

Kamiya A, Kubo K i, Tomoda T, Takaki M, Youn R, Ozeki Y,
Sawamura N, Park U, Kudo C, Okawa M, Ross C A, Hatten M E,
Nakajima K, Sawa A (2005). A schizophrenia-associated mutation of
DISCI perturbs cerebral cortex development. Nat Cell Biol, 7(12):
1167-1178

Kamiya A, Tan P L, Kubo K, Engelhard C, Ishizuka K, Kubo A, Tsukita
S, Pulver A E, Nakajima K, Cascella N G, Katsanis N, Sawa A
(2008). Recruitment of PCM1 to the centrosome by the cooperative
action of DISC1 and BBS4: a candidate for psychiatric illnesses.
Arch Gen Psychiatry, 65(9): 996-1006

Killeen M T, Sybingco S S (2008). Netrin, Slit and Wnt receptors allow
axons to choose the axis of migration. Dev Biol, 323(2): 143-151

Kim J C, Badano J L, Sibold S, Esmail M A, Hill J, Hoskins B E, Leitch
C C, Venner K, Ansley S J, Ross A J, Leroux M R, Katsanis N,
Beales P L (2004). The Bardet-Biedl protein BBS4 targets cargo to
the pericentriolar region and is required for microtubule anchoring
and cell cycle progression. Nat Genet, 36(5): 462-470

Kishi M, Pan Y A, Crump J G, Sanes J R (2005). Mammalian SAD
kinases are required for neuronal polarization. Science, 307(5711):
929-932

Koizumi H, Tanaka T, Gleeson J G (2006). Doublecortin-like kinase
functions with doublecortin to mediate fiber tract decussation and
neuronal migration. Neuron, 49(1): 55-66

Komuro H, Yacubova E (2001). Mode and tempo of tangential cell
migration in the cerebellar external granular layer. The Journal of
neuroscience, 21(2): 527-540

Kozminski K G, Johnson K A, Forscher P, Rosenbaum J L (1993). A
motility in the eukaryotic flagellum unrelated to flagellar beating.
Proc Natl Acad Sci USA, 90(12): 5519-5523

Kriegstein A, Alvarez-Buylla A (2009). The glial nature of embryonic
and adult neural stem cells. Annu Rev Neurosci, 32(1): 149-184

Kumamoto, N., Y. Gu, et al. (2012). A role for primary cilia in
glutamatergic synaptic integration of adult-born neurons. Nat
Neurosci, 15(3): 399405, S391

Kvajo M, McKellar H, Arguello P A, Drew L J, Moore H, MacDermott
A B, Karayiorgou M, Gogos J A (2008). A mutation in mouse Discl
that models a schizophrenia risk allele leads to specific alterations in
neuronal architecture and cognition. Proc Natl Acad Sci USA, 105
(19): 70767081

Lancaster M A, Gleeson J G (2009). The primary cilium as a cellular
signaling center: lessons from disease. Curr Opin Genet Dev, 19(3):
220-229

Lee J E, Gleeson J G (2011). Cilia in the nervous system: linking cilia
function and neurodevelopmental disorders. Curr Opin Neurol, 24
(2): 98-105

LiJ, Lee W L, Cooper J A (2005). NudEL targets dynein to microtubule
ends through LIS1. Nat Cell Biol, 7(7): 686690

Lienkamp S, Ganner A, Walz G (2012). Inversin, Wnt signaling and
primary cilia. Differentiation, 83(2): S49-S55

Louvi A, Grove E A (2011). Cilia in the CNS: the quiet organelle claims
center stage. Neuron, 69(6): 1046—-1060

Mao Y W, Ge X C, Frank C L, Madison J M, Koehler A N, Doud M K,
Tassa C, Berry E M, Soda T, Singh K K, Biechele T, Petryshen T L,
Moon R T, Haggarty S J, Tsai L H (2009). Disrupted in schizophrenia



426 Centrosome positioning and primary cilia assembly orchestrate neuronal development

1 regulates neuronal progenitor proliferation via modulation of
GSK3beta/beta-catenin signaling. Cell, 136(6): 1017-1031

McAllister A K (2002). Conserved cues for axon and dendrite growth in
the developing cortex. Neuron, 33(1): 2—4

Millar J K, Christie S, Porteous D J (2003). Yeast two-hybrid screens
implicate DISC1 in brain development and function. Biochem
Biophys Res Commun, 311(4): 1019-1025

Mirzadeh Z, Han Y G, Soriano-Navarro M, Garca-Verdugo J M,
Alvarez-Buylla A (2010). Cilia organize ependymal planar polarity. J
Neurosci, 30(7): 26002610

Morgan J L, Dhingra A, Vardi N, Wong R O (2006). Axons and
dendrites originate from neuroepithelial-like processes of retinal
bipolar cells. Nat Neurosci, 9(1): 85-92

Morris J A, Kandpal G, Ma L, Austin C P (2003). DISC1 (Disrupted-In-
Schizophrenia 1) is a centrosome-associated protein that interacts
with MAP1A, MIPT3, ATF4/5 and NUDEL: regulation and loss of
interaction with mutation. Hum Mol Genet, 12(13): 1591-1608

Nachury M 'V, Loktev A V, Zhang Q, Westlake C J, Pernen J, Merdes A,
Slusarski D C, Scheller R H, Bazan J F, Sheffield V C, Jackson P K
(2007). A core complex of BBS proteins cooperates with the GTPase
Rab8 to promote ciliary membrane biogenesis. Cell, 129(6): 1201—
1213

Noctor S C, Martnez-Cerdeo V, Ivic L, Kriegstein A R (2004). Cortical
neurons arise in symmetric and asymmetric division zones and
migrate through specific phases. Nat Neurosci, 7(2): 136-144

Ocbina P J, Dizon M L V, Shin L, Szele F G (2006). Doublecortin is
necessary for the migration of adult subventricular zone cells from
neurospheres. Mol Cell Neurosci, 33(2): 126—-135

Olbrich H, Hffner K, Kispert A, Vlkel A, Volz A, Sasmaz G, Reinhardt
R, Hennig S, Lehrach H, Konietzko N, Zariwala M, Noone P G,
Knowles M, Mitchison H M, Meeks M, Chung E M, Hildebrandt F,
Sudbrak R, Omran H (2002). Mutations in DNAHS cause primary
ciliary dyskinesia and randomization of left-right asymmetry. Nat
Genet, 30(2): 143-144

Ozeki Y, Tomoda T, Kleiderlein J, Kamiya A, Bord L, Fujii K, Okawa
M, Yamada N, Hatten M E, Snyder S H, Ross C A, Sawa A (2003).
Disrupted-in-Schizophrenia-1 (DISC-1): mutant truncation prevents
binding to NudE-like (NUDEL) and inhibits neurite outgrowth. Proc
Natl Acad Sci USA, 100(1): 289-294

Palazzo A F, Joseph H L (2001). Cdc42, dynein, and dynactin regulate
MTOC reorientation independent of Rho-regulated microtubule
stabilization. Current biology, CB 11(19): 1536-1541

Pazour G J, Dickert B L, Vucica Y, Seeley E S, Rosenbaum J L, Witman
G B, Cole D G (2000). Chlamydomonas IFT88 and its mouse
homologue, polycystic kidney disease gene tg737, are required for
assembly of cilia and flagella. J Cell Biol, 151(3): 709-718

Pazour G J, Witman G B (2003). The vertebrate primary cilium is a
sensory organelle. Curr Opin Cell Biol, 15(1): 105-110

Pedersen L B, Rosenbaum J L (2008). Intraflagellar transport (IFT) role
in ciliary assembly, resorption and signalling. Curr Top Dev Biol, 85:
23-61

Phillips C L, Miller K J, Filson A J, Nrnberger J, Clendenon J L, Cook G
W, Dunn K W, Overbeek P A, Gattone V H 2nd, Bacallao R L
(2004). Renal cysts of inv/inv mice resemble early infantile
nephronophthisis. J Am Soc Nephrol, 15(7): 1744—-1755

Polleux F, Giger R J, Ginty D D, Kolodkin A L, Ghosh A (1998).
Patterning of cortical efferent projections by semaphorin-neuropilin

interactions. Science, 282(5395): 1904-1906

Polleux F, Morrow T, Ghosh A (2000). Semaphorin 3A is a
chemoattractant for cortical apical dendrites. Nature, 404(6778):
567-573

Raftopoulou M, Hall A (2004). Cell migration: Rho GTPases lead the
way. Dev Biol, 265(1): 23-32

Rakic P (1971). Neuron-glia relationship during granule cell migration in
developing cerebellar cortex. A Golgi and electronmicroscopic study
in Macacus Rhesus. J Comp Neurol, 141(3): 283312

Rakic P (1972). Mode of cell migration to the superficial layers of fetal
monkey neocortex. J] Comp Neurol, 145(1): 61-83

Randlett O, Poggi L, Zolessi F R, Harris W A (2011). The oriented
emergence of axons from retinal ganglion cells is directed by laminin
contact in vivo. Neuron, 70(2): 266280

Rohatgi R, Milenkovic L, Scott M P (2007). Patchedl regulates
hedgehog signaling at the primary cilium. Science, 317(5836): 372—
376

Ross A J, May-Simera H, Eichers E R, Kai M, Hill J, Jagger D J, Leitch
C C, Chapple J P, Munro P M, Fisher S, Tan P L, Phillips H M,
Leroux M R, Henderson D J, Murdoch J N, Copp A J, Eliot M M,
Lupski J R, Kemp D T, Dollfus H, Tada M, Katsanis N, Forge A,
Beales P L (2005). Disruption of Bardet-Biedl syndrome ciliary
proteins perturbs planar cell polarity in vertebrates. Nat Genet, 37
(10): 1135-1140

Saito T, Nakatsuji N (2001). Efficient gene transfer into the embryonic
mouse brain using in vivo electroporation. Dev Biol, 240(1): 237-246

Salathe M (2007). Regulation of mammalian ciliary beating. Annu Rev
Physiol, 69(1): 401-422

Sapir T, Sapoznik S(2008). Accurate balance of the polarity kinase
MARK?2/Par-1 is required for proper cortical neuronal migration. The
Journal of neuroscience, 28(22): 5710-5720

Sapir T, Shmueli A (2008). Antagonistic effects of doublecortin and
MARK?2/Par-1 in the developing cerebral cortex. The Journal of
neuroscience, 28(48): 13008-13013

Schneider L, Clement C A, Teilmann S C, Pazour G J, Hoffmann E K,
Satir P, Christensen S T (2005). PDGFRalphaalpha signaling is
regulated through the primary cilium in fibroblasts. Curr Biol, 15(20):
1861-1866

Shelly M, Cancedda L, Heilshorn S, Sumbre G, Poo M M (2007). LKB1/
STRAD promotes axon initiation during neuronal polarization. Cell,
129(3): 565-577

Shi S-H, Cheng T (2004). APC and GSK-3beta are involved in mPar3
targeting to the nascent axon and establishment of neuronal polarity.
Curr Biol, CB 14(22): 2025-2032

Shi S H, Jan L Y, Jan Y N (2003). Hippocampal neuronal polarity
specified by spatially localized mPar3/mPar6 and PI 3-kinase
activity. Cell, 112(1): 63-75

Shiba D, Yamaoka Y, Hagiwara H, Takamatsu T, Hamada H, Yokoyama
T (2009). Localization of Inv in a distinctive intraciliary compartment
requires the C-terminal ninein-homolog-containing region. J Cell Sci,
122(Pt 1): 44-54

Shoukimas G M, Hinds J W (1978). The development of the cerebral
cortex in the embryonic mouse: an electron microscopic serial section
analysis. J Comp Neurol, 179(4): 795-830

Shu T Z, Ayala R, Nguyen M D, Xie Z, Gleeson J G, Tsai L H (2004).
Ndell operates in a common pathway with LIS1 and cytoplasmic
dynein to regulate cortical neuronal positioning. Neuron, 44(2): 263—



Sneha RAO et al.

427

277

Simons M, Gloy J, Ganner A, Bullerkotte A, Bashkurov M, Kmig C,
Schermer B, Benzing T, Cabello O A, Jenny A, Mlodzik M, Polok B,
Driever W, Obara T, Walz G (2005). Inversin, the gene product
mutated in nephronophthisis type II, functions as a molecular switch
between Wnt signaling pathways. Nat Genet, 37(5): 537-543

Spassky N, Han Y G, Aguilar A, Strehl L, Besse L, Laclef C, Ros M R,
Garcia-Verdugo J M, Alvarez-Buylla A (2008). Primary cilia are
required for cerebellar development and Shh-dependent expansion of
progenitor pool. Dev Biol, 317(1): 246-259

Stiess M, Maghelli N, Kapitein L C, Gomis-Riith S, Wilsch-Bréuninger
M, Hoogenraad C C, Toli¢-Nerrelykke I M, Bradke F (2010). Axon
extension occurs independently of centrosomal microtubule nuclea-
tion. Science, 327(5966): 704-707

Stottmann R W, Tran P V, Turbe-Doan A, Beier D R (2009). Ttc21b is
required to restrict sonic hedgehog activity in the developing mouse
forebrain. Dev Biol, 335(1): 166-178

Tanaka T, Serneo F F, Higgins C, Gambello M J, Wynshaw-Boris A,
Gleeson J G (2004). Lisl and doublecortin function with dynein to
mediate coupling of the nucleus to the centrosome in neuronal
migration. J Cell Biol, 165(5): 709-721

Taya S, Shinoda T (2007). DISC1 regulates the transport of the NUDEL/
LIS1/14-3-3epsilon complex through kinesin-1. The Journal of
neuroscience, 27(1): 15-26

Taya S, Shinoda T, Tsuboi D, Asaki J, Nagai K, Hikita T, Kuroda S,
Kuroda K, Shimizu M, Hirotsune S, Iwamatsu A, Kaibuchi K (2007).
DISCI regulates the transport of the NUDEL/LIS1/14-3-3epsilon
complex through kinesin-1. J Neurosci, 27(1): 15-26

Teichmann H M, Shen K (2011). UNC-6 and UNC-40 promote dendritic
growth through PAR-4 in Caenorhabditis elegans neurons. Nat
Neurosci, 14(2): 165-172

ten Donkelaar H J, Hoevenaars F, Wesseling P (2000). A case of
Joubert’s syndrome with extensive cerebral malformations. Clin
Neuropathol, 19(2): 85-93

Tsai J W, Chen Y, Kriegstein A R, Vallee R B (2005). LIST RNA
interference blocks neural stem cell division, morphogenesis, and
motility at multiple stages. J Cell Biol, 170(6): 935-945

Tsai L H, Gleeson J G (2005). Nucleokinesis in neuronal migration.
Neuron, 46(3): 383—388

Umeshima H, Hirano T, Kengaku M (2007). Microtubule-based nuclear
movement occurs independently of centrosome positioning in
migrating neurons. Proc Natl Acad Sci USA, 104(41): 16182-16187

Vergnolle M A S, Taylor S S (2007). Cenp-F links kinetochores to
Ndell/Ndel/Lis1/dynein microtubule motor complexes. Curr Biol,
17(13): 1173-1179

Wallingford J B (2010). Planar cell polarity signaling, cilia and polarized
ciliary beating. Curr Opin Cell Biol, 22(5): 597-604

Wheatley D N (2005). Landmarks in the first hundred years of primary (9
+ 0) cilium research. Cell Biol Int, 29(5): 333-339

Wiens C J, Tong Y F, Esmail M A, Oh E, Gerdes ] M, Wang J, Tempel

W, Rattner J B, Katsanis N, Park H W, Leroux M R (2010). Bardet-
Biedl syndrome-associated small GTPase ARL6 (BBS3) functions at
or near the ciliary gate and modulates Wnt signaling. J Biol Chem,
285(21): 16218-16230

Willaredt M A, Hasenpusch-Theil K, Gardner H A, Kitanovic I,
Hirschfeld-Warneken V C, Gojak C P, Gorgas K, Bradford C L,
Spatz J, WIfl S, Theil T, Tucker K L (2008). A crucial role for
primary cilia in cortical morphogenesis. J Neurosci, 28(48): 12887—
12900

Wong K, Ren X R, Huang Y Z, Xie Y, Liu G, Saito H, Tang H, Wen L,
Brady-Kalnay S M, Mei L, Wu J Y, Xiong W C, Rao Y (2001).
Signal transduction in neuronal migration: roles of GTPase activating
proteins and the small GTPase Cdc42 in the Slit-Robo pathway. Cell,
107(2): 209-221

Wu W, Wong K, Chen J, Jiang Z, Dupuis S, Wu J Y, Rao Y (1999).
Directional guidance of neuronal migration in the olfactory system by
the protein Slit. Nature, 400(6742): 331-336

Xiang X (2003). LIS1 at the microtubule plus end and its role in dynein-
mediated nuclear migration. J Cell Biol, 160(3): 289-290

Yamada M, Toba S, Yoshida Y, Haratani K, Mori D, Yano Y, Mimori-
Kiyosue Y, Nakamura T, Itoh K, Fushiki S, Setou M, Wynshaw-
Boris A, Torisawa T, Toyoshima Y Y, Hirotsune S (2008). LIS1 and
NDELI1 coordinate the plus-end-directed transport of cytoplasmic
dynein. EMBO J, 27(19): 2471-2483

Ylikorkala A, Rossi D J, Korsisaari N, Luukko K, Alitalo K,
Henkemeyer M, Mkel T P (2001). Vascular abnormalities and
deregulation of VEGF in Lkbl-deficient mice. Science, 293(5533):
1323-1326

Yoshimura T, Kawano Y, Arimura N, Kawabata S, Kikuchi A, Kaibuchi
K (2005). GSK-3beta regulates phosphorylation of CRMP-2 and
neuronal polarity. Cell, 120(1): 137-149

Yuan S A L, Li J D, Diener D R, Choma M A, Rosenbaum J L, Sun Z
(2012). Target-of-rapamycin complex 1 (Torcl) signaling modulates
cilia size and function through protein synthesis regulation. Proc Natl
Acad Sci USA, 109(6): 2021-2026

Zaghloul N A, Katsanis N (2009). Mechanistic insights into Bardet-
Biedl syndrome, a model ciliopathy. J Clin Invest, 119(3): 428—
437

Zhang Q H, Seo S, Bugge K, Stone E M, Sheffield V C (2012). BBS
proteins interact genetically with the IFT pathway to influence SHH-
related phenotypes. Hum Mol Genet, 21(9): 1945-1953

Zmuda J F, Rivas R J (1998). The Golgi apparatus and the centrosome
are localized to the sites of newly emerging axons in cerebellar
granule neurons in vitro. Cell Motil Cytoskeleton, 41(1): 18-38

Zmuda J F, Rivas R J (2000). Actin filament disruption blocks cerebellar
granule neurons at the unipolar stage of differentiation in vitro. J
Neurobiol, 43(4): 313-328

Zolessi F R, Poggi L, Wilkinson C J, Chien C B, Harris W A (2006).
Polarization and orientation of retinal ganglion cells in vivo. Neural
Dev, 1(1): 2



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71
	bmkcit72
	bmkcit73
	bmkcit74
	bmkcit75
	bmkcit76
	bmkcit77
	bmkcit78
	bmkcit79
	bmkcit80
	bmkcit81
	bmkcit82
	bmkcit83
	bmkcit84
	bmkcit85
	bmkcit86
	bmkcit87
	bmkcit88
	bmkcit89
	bmkcit90
	bmkcit91
	bmkcit92
	bmkcit93
	bmkcit94
	bmkcit95
	bmkcit96
	bmkcit97
	bmkcit98
	bmkcit99
	bmkcit100
	bmkcit101
	bmkcit102
	bmkcit103
	bmkcit104
	bmkcit105
	bmkcit106
	bmkcit107
	bmkcit108
	bmkcit109
	bmkcit110
	bmkcit111
	bmkcit112
	bmkcit113
	bmkcit114
	bmkcit115
	bmkcit116
	bmkcit117
	bmkcit118
	bmkcit119
	bmkcit120
	bmkcit121
	bmkcit122
	bmkcit123
	bmkcit124
	bmkcit125
	bmkcit126
	bmkcit127
	bmkcit128
	bmkcit129
	bmkcit130
	bmkcit131
	bmkcit132
	bmkcit133
	bmkcit134
	bmkcit135
	bmkcit136
	bmkcit137
	bmkcit138
	bmkcit139
	bmkcit140
	bmkcit141
	bmkcit142
	bmkcit143
	bmkcit144
	bmkcit145
	bmkcit146
	bmkcit147
	bmkcit148
	bmkcit149
	bmkcit150
	bmkcit151
	bmkcit152
	bmkcit153
	bmkcit154
	bmkcit155



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


