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Abstract

The polarization of axon and dendrites underlies the ability of neurons to integrate and transmit
information in the brain. Important progress has been made towards the identification of the
molecular mechanisms regulating neuronal polarization using primarily in vitro approaches such as
dissociated culture of rodent hippocampal neurons. The predominant view emerging from this
paradigm is that neuronal polarization is initiated by intrinsic activation of signaling pathways
underlying the initial break in neuronal symmetry that precedes the future asymmetric growth of the
axon. Recent evidence shows that (i) axon-dendrite polarization is specified when neurons engage
migration in vivo, (ii) a kinase pathway defined by LKBland SAD-kinases (Par4/Parl dyad) is
required for proper neuronal polarization in vivo and that (iii) extracellular cues can play an instructive
role during neuronal polarization. Here, we review some of these recent results and highlight future
challenges in the field including the determination of how extracellular cues control intracellular
responses underlying neuronal polarization in vivo.

Introduction

Neurons are highly polarized cells presenting two molecularly and functionally distinct
compartments emerging from the cell body: a single axon and multiple dendrites. The
specification of axon and dendrites during neuronal polarization is an essential step underlying
the proper transfer of synaptic information in the adult central nervous system. Over the past
three decades, many studies have explored the cellular and molecular mechanisms underlying
neuronal polarization using mostly an in vitro model introduced by Gary Banker two decades
ago [1-3]. In this model, rodent hippocampal or cortical neurons are dissociated and cultured
on a two-dimensional substrate. Quite remarkably, these neurons can polarize in the absence
of any relevant extracellular cues to generate a single axon and multiple dendrites sharing
several of the molecular attributes characterizing axon and dendrites in vivo [1]. In the past
decade, these paradigm has been used extensively to identify proteins controlling the
establishment of neuronal polarity including multiple kinases, phosphatases, small GTPases,
microtubule-associated proteins, and scaffolding proteins [4—-15¢ and 16]. Current challenges
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include determining which of these proteins play major roles in vivo and how they link
extracellular determinants to intracellular effectors of neuronal polarity.

Axon-dendrite polarity is initiated during neuronal migration in mammals

Examination of axon-dendrite polarization in vivo revealed that this aspect of neuronal polarity
is specified early on when neurons engage in radial migration through polarization of their
leading and trailing process. Pioneering work by Pasko Rakic using Golgi staining and electron
microscope (EM) serial-reconstruction of the morphology of migrating cortical neurons in
primates revealed that axons emerge from their trailing process as they translocate [17]. This
was confirmed by retrograde axon tracing showing that in primates, the cell bodies of a
substantial number of callosal pyramidal neurons already have an axon in the contra-lateral
hemisphere as their cell body translocates radially [18].

More recent investigation of the morphological changes characterizing migrating cortical
neurons using time-lapse confocal microscopy confirmed that neurons go through a transient
‘multipolar’ phase when multiple neurites rapidly emerge from the cell body in all directions
before adopting a classical unipolar morphology characterizing migrating neurons with a single
leading process directed towards the cortical plate (Figure 1A) [19,20]. As neurons translocate
through the intermediate zone of the cortex, the trailing process of migrating cortical neurons
emerges from the ventral part of the cell body and extends rapidly to generate the axon [19-
21ee].

This is highly reminiscent of axon morphogenesis characterizing granule neurons in the
developing cerebellum (Figure 1B). Cerebellar granule neuron (CGN) polarity has been
particularly well characterized because it is possible to purify millions of newborn CGN for
use in cellular imaging, biochemical or molecular genetic assays [22,23]. Interestingly, CGN
polarity is quite hardwired as purified cells transit through each morphological stage of
differentiation in vitro with an almost identical time course as seen in vivo [24]. After cycle
exit, nascent CGNs extend axons and eventually transition from a unipolar to bipolar
morphology by elaborating two parallel fibers (Figure 1B). After axon extension is complete
the CGN cell body sprouts a specialized leading process and then migrates along Bergmann
glial fibers to ultimately settle within the internal granule layer (IGL) (Figure 1B).

The PAR3/PAR6 complex and neuronal polarity

Almost two decades ago, Ken Kemphues’ group performed a very successful screen aimed at
identifying genes that regulate the antero-posterior polarity of the first asymmetric cell
divisions of the C. elegans zygote [25-27]. This screen identified six Par genes encoding
unrelated protein families (Figure 2). A large number of studies have since demonstrated that
invertebrate and vertebrates Par genes play critical roles in epithelial cell polarity during
development as well as in the context of cell transformation and metastasis [28,29].

The best-studied Par genes are undoubtedly Par3 and Par6 which encode for two cytoplasmic
scaffolding proteins. Par3 and Par6 can form a ternary complex containing atypical PKC (aPKC
-PKCA or PKC{Z) which can recruit the small-GTPase Cdc42 and thereby regulate the dynamics
of actin and microtubule cytoskeleton, epithelial cell polarity, tight junction formation, mitotic
spindle orientation and cell migration [30]. Recently, Shi et al. showed that endogenous mouse
(m)Par3 and mPar6 accumulate at the tip of a growing axon but not unspecified neurites,
suggesting this complex is spatially and temporally activated during axon specification [12].
Ectopic expression of either PAR complex components potently inhibits hippocampal axon
specification. How does the PAR complex accumulate within the nascent axon? Further
analysis has recently shown that PI3-kinase activity, kinesin motors and GSK3p are required
to target mPar3 to the microtubule cytoskeleton of nascent axons to facilitate axonal polarity
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[11]. While itis clear the Par3/Par6 complex modulates Cdc42 and Racl signaling which plays
arole in neuronal polarization in cultured hippocampal neurons [10,31], a clear genetic loss-
of-function for Par3 and Par6 in mammalian neurons is needed to determine the requirement
of this protein complex for neuronal polarization in vivo. In Drosophila, neurons deficient for
Bazooka (Par3 ortholog), Par6, or aPKC do not display any neuronal polarity defect [32].
Interestingly, the real-time analysis of retinal ganglion cell (RGC) polarization in vivo in
zebrafish Danio rerio, demonstrates that Par3 localizes to the centrosome which localizes to
the trailing part of migrating RGC becoming the dendrite [33]. Therefore, in this in vivo context,
the centrosome does not localize to the part of the neuron becoming the axon as recently
proposed based mostly on in vitro investigation of mammalian neurons [34].

The analysis of the role of the apical polarity complex (Par3/Par6/aPKC) is complicated by
two major factors: (i) Par3/Par6/aPKC and Cdc42 are involved in controlling apico-basal
polarity of dividing neural progenitors in vivo (see below and [35-37]), thus rendering any
potential genetic loss-of-function phenotype rather difficult to interpret given that a defect in
post-mitotic neuronal polarity may be due to a preexisting disruption in cellular architecture
of neural progenitors and (ii) the fact that the mammalian genome contains at least two distinct
Par3 genes and four Par6 genes. Finally, the extrinsic factors and upstream signaling
mechanisms regulating the localization or the activation of the Par3/Par6 complex are poorly
understood (see below for discussion of potential link between Par3/Par6 complex and the
Par4-Parl dyad; Figure 3B).

Role of Par6 and microtubule organizing center (MTOC) in neuronal
polarization

The seminal studies of Spiegleman et al. as well as Lefcort and Bentley suggested that the
position of the microtubule organization center (MTOC) correlates with neurite initiation site
and could provide a scaffold underlying neuronal polarity [38,39]. In CGN dissociated and
plated in vitro, the MTOC is initially located at the pole where the first parallel fiber is initiated
[40], it then rotates to the opposite pole when the second fiber is formed [41]. Moreover, the
MTOC is specifically directed towards the leading process of migrating neurons, and moves
in the direction of migration before somal translocation [42—45¢].

Is there any physiological significance to MTOC repositioning during CGN polarization? Low
concentrations of actin depolymerizing drugs, which fail to block initial parallel fiber
formation, inhibit MTOC repositioning and block CGNs in a unipolar morphology [41].
Overexpression or silencing of MTOC-associated Par6, which disrupts the microtubule
cytoskeleton and MTOC positioning, blocks parallel fiber formation and somal translocation
during radial migration [45¢]. Recently, Mishra and coworkers demonstrated that GAP43 is a
component of the MTOC in CGN. Genetic ablation of GAP43 leads to displacement of Par6
from the MTOC, MTOC positioning defects, extension of supernumary Tau positive parallel
fibers and retarded radial migration [46]. The GAP43 phenotype suggests that the MTOC may
be dispensable for polarity initiation in CGNs but may be needed to stabilize the axis of polarity
in nascent axons or dendrites. While the MTOC is necessary and sufficient to drive some forms
of cell polarity [47], further work is needed to determine if the MTOC alone is sufficient to
initiate neuronal polarity as has been proposed by de Anda and coworkers [34]. This is an
especially controversial topic since a large amount of work has demonstrated that both the
centrosome and the golgi apparatus are located towards the leading process in radially
migrating cortical neurons which becomes the apical dendrite in post-migratory cortical
pyramidal neurons as demonstrated by reconstruction of serial electron microscopic sections
[48] and more recently using real-time imaging [42-44]. However, studies performed using
in vitro dissociated hippocampal neurons suggested that the centrosome and the Golgi
apparatus are oriented towards the neurite becoming the axon in vitro [34] which corresponds
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to the trailing process in vivo [19-21,49]. Future investigations should resolve this discrepancy
by examining the position and function of the centrosome and Golgi apparatus in axon-dendrite
polarization using real-time imaging of migrating neurons in vivo.

LKB1 and SAD kinases: a conserved Par4/Parl kinase pathway specifying
cortical neuron polarity in vivo

While several signaling pathways have been explored for their potential function in neuronal
polarity using in vitro approaches, few have been explored in an in vivo context. Recently, two
studies have demonstrated the importance of the serine/threonine kinase LKBL1 recently
described as a regulator of neuronal polarity in the developing neocortex. LKB1 is a tumor
suppressor and the mammalian ortholog of the conserved polarity gene Par4 [50]. LKB1
activation (by inducing expression of its necessary co-activator Strada) in a colonic epithelial
cell line is sufficient to induce a remarkably complete level of epithelial polarity within 24hrs
[51e¢]. This remarkable but still mysterious result suggests that LKB1 possesses a unique
bioactivity that is sufficient to induce a complete program of epithelial cell polarization in the
absence of any cell-cell contact.

Recent evidence demonstrates that selective elimination of LKB1 expression in dorsal
telencephalic progenitors leads to the selective loss of axon initiation in cortical neurons in
vivo [21ee]. Conversely, over-activation of LKB1 by co-expression with its necessary co-
activator Strada is sufficient to induce the formation of multiple axons in cortical neurons.
Interestingly, LKB1 relies on a rather unconventional, allosteric mechanism of kinase
activation through binding of the pseudo-kinase Strada which also plays a critical role in
exporting LKB1 out of the nucleus into the cytoplasm [52-54]. This activation step is
necessary, but not sufficient, for LKB1 to execute its role in axon specification, as LKB1 must
be also be phosphorylated on Serine 431 near the C-terminus of the protein [21ee,55¢¢], a site
previously shown to be required for LKB1 function in oocyte polarity in Drosophila [56]. It
is likely that this complex regulation scheme exists to restrict spatially and temporally the
axogenic pool of LKB1 activity. In fact, whereas LKB1 shows uniform cytoplasmic
distribution in unpolarized neurons, LKB1 phosphorylated on S431 is specifically enriched in
a single neurite becoming the axon [21e¢,55¢]. Shelly et al. went on to demonstrate that this
S431 phosphorylation can be induced in a single immature neurite by local application of the
extracellular cue BDNF in a Protein Kinase A (PKA)-dependent signaling cascade [55¢¢]
(Figure 3). These results raise several important questions: is BDNF a relevant cue in vivo to
induce S431-LKB1-dependent axon specification or are other extracellular cues participating
to this critical event? Biochemical studies have shown that either PKA or p90RSK (RSK1-3)
can phosphorylate S431 in LKB1 [57], but which of these (or other) kinases phosphorylate
S431-LKB1 invivo during axon specification? What is the molecular mechanism(s) underlying
the function of S431-LKB1? Are there phospho-specific interactors of S431-LKB1 underlying
its function in axon specification? Is there a negative feed-back mechanism regulating the
absence of S431-phosphorylation in neurites that become dendrites such as a phosphatase and/
or is phospho-S431 protected from de-phosphorylation in the neurite becoming the axon by a
14-3-3/Par5 protein-binding mechanism? Future investigations will undoubtedly answer some
of these important questions and provide more insights into the molecular mechanisms
underlying axon specification during neuronal polarization.

What are the downstream effectors of LKBL1 in neuronal polarization? LKBL1 is considered a
‘master’ kinase because it can phosphorylate and activate at least 13 other kinases defining the
‘AMPK-like branch’ of the mammalian kinome [58,59]. Interestingly, recent evidence
demonstrated that two of these kinases called SAD-A and SAD-B (also known as Brain
Specific Kinases or BRSK1/2) are required in vivo for axon specification in cortical neurons
[60<]. Barnes et al. provided biochemical and functional evidence demonstrating that LKB1 is
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the main upstream activator of SAD-A/B kinases in cortical neurons [21e¢]. Abnormal axon
and dendrite formation have also been observed following manipulation of another LKB1
effector, MARK2, a member of the Microtubule-Affinity Regulated Kinase (MARK) sub-
family of protein kinases which are the closest orthologs of C. elegans Parl [9,61,62].
However, these results were obtained using primarily in vitro dissociated hippocampal cultures,
and in vivo confirmation of the requirement of MARKS for neuronal polarization awaits further
analysis using genetic loss-of-function. In fact, a MARK2 knockout mouse was produced and
has no obvious axon specification phenotype [63] which might be due, at least in part, to genetic
redundancy with the other three MARK kinases.

A limited number of studies have explored the link between the Par3/Par6/aPKC complex and
the Par4-Parl dyad. One study using the Drosophila oocyte polarization as a model system
demonstrated that Parl can phosphorylate Bazooka/Par3 on two distinct serine residues that
constitutes binding site for the 14-3-3 protein Par5 [64]. This study reveals that this event
inhibits the formation of the Bazooka/PAR-6/aPKC complex by blocking Bazooka
oligomerization and binding to aPKC. In epithelial cells, this complex localizes apically and
defines the apical membrane, whereas Bazooka lacking PAR-1 phosphorylation/14-3-3
binding sites forms ectopic lateral complexes [64]. Future investigation will probably test if
LKB1-mediated activation of SAD-kinases (i) leads to Par3 phosphorylation and (ii) if this
event controls the localization or formation of the Par3/Par6/aPKC complex and (iii) if this
plays a role in axon specification.

Extracellular cues specifying neuronal polarity

Is there any evidence for the role of extracellular cues participating to the neuronal polarization
in vivo? Selectively labeling of HSN motor neurons in C. elegans allows the observation of
the development and extension of a single ventral axon in vivo [65¢¢]. In this study, Cori
Bargmann’s group show that in addition to axon guidance, UNC-6/netrin is required for the
initial break in neuronal symmetry that precedes the future asymmetric growth of the axon.
Interestingly, UNC-6/Netrin signaling causes MI1G10 (a member of a family that includes
RIAM and lamellipodin) to localize to the leading edge of the presumptive axon. MIG10 is a
pleckstrin homology (PH)-domain containing protein and this study shows that mutations in
age-1/PI3-Kinase and daf-18/PTEN, which regulate intracellular PIP2 levels, also alter
UNC-6/Netrin-induced MIG10 localization. Another set of secreted cues, Wnt, has also been
shown to play a similar role in controlling the asymmetry of axon outgrowth during neuronal
polarization in C. elegans [66¢,67¢]. Taken together, these results suggest that in C.elegans
both Netrin and Wnt play a key role in polarizing axon growth in vivo.

Is there any evidence for the role of extracellular cues in polarizing the asymmetric emergence
of the axon in vertebrate neurons? Class 3 secreted semaphorin, Sema3A, has been shown to
play a role in specifying the orientation of axon apical dendrite growth in cortical neurons.
Using a slice overlay assay as well as analysis of Sema3A-deficient mice, Polleux et al.
demonstrated that a gradient of Sema3A within the cortical wall is repulsing axons ventrally
(away from the cortical plate) and attracting the apical dendrite dorsally (towards the cortical
plate) [68¢,69]. Recently, it has been shown that Sema3A and its main receptor Neuropilinl
control the orientation of leading process outgrowth in radially migrating cortical neurons in
the intermediate zone [70]. The leading process becomes the apical dendrite in cortical
pyramidal neurons, therefore providing a model for how the apical dendrite of pyramidal
neurons becomes oriented towards the pial surface as a chemoattractive response to Sema3A.
Future investigations will test whether the LKB1/SAD kinases pathway lies downstream of
Sema3A or any other extracellular cues directing leading/trailing process outgrowth during
neuronal polarization which in turns underlies axon/dendrite polarity in vivo (Figure 3).
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Is there alink between the apico-basal polarity of dividing neural progenitors
and axon-dendrite neuronal polarity?

During cortical development as well as in other parts of the developing central nervous system
of mammals, neurons are generated by a specialized set of progenitors called radial glial cells
which are characterized by a strong apico-basal polarity and a cell cycle-related interkinetic
nuclear movement [71]. The basal attachment of these progenitors is contacting the basal
membrane at the pial surface whereas their apical membrane is tightly sealed by adherens
junctions at the ventricular border. During neurogenesis, radial glial progenitors can divide
asymmetrically to generate either (1) another radial glial cell and a post-mitotic neuron
engaging migration or (2) to give rise to a radial glial progenitor and a transient amplifying
progenitor that can divide in an abventricular position in the subventricular zone (Figure 1A).
Radial glial progenitors are highly polarized cells showing asymmetrical distribution of
specific organelles such as the centrosome (always found apically) or specific transmembrane
or cytoplasmic proteins [71,72]. What is the link (if any) between the apico-basal polarity of
radial glial progenitors, the polarity of migrating neurons (trailing vs leading process) and axon-
dendrite neuronal polarity.

As mentioned above, the Par3/Par6 complex has been shown to control neuronal polarity. This
complex contains another critical component of polarity signaling atypical protein kinase C
(aPKC). Both mammalian orthologs of aPKC (A and {) are expressed in the developing cortex
and interestingly, loss of Cdc42 (another component of PAR3/PAR6 complex) expression
leads to a loss of aPKC localization in neural progenitors [35,36]. Recent analysis of conditional
deleted PKCA\ in the mouse brain indicates at least partial redundancy with PKCZ, since, unlike
loss of Cdc42, loss of PKCA does not appear to have a profound effect on neurogenesis during
development [73]. Severe perturbation of the apical process of radial glial cells is observed in
conditional PKCA-null mice similar to that seen in cdc42-null cortical progenitors [35,36]. This
is likely due a loss of adherens junctions integrity in cortical progenitors that leads to a
disorganized ventricular zone, but surprisingly this does not have any significant effect on
neuronal differentiation or migration, suggesting that some aspects of progenitor polarity may
not impact their overall function [73]. The consequence of genetic loss-of-function of Par3/
Par6, Cdc42, aPKC on neuronal polarity remains to be fully assessed, but based on the reported
effect of this conserved polarity complex on neural progenitors polarity, one will have to devise
a paradigm differentially addressing their effects on progenitor polarity versus post-mitotic/
migrating neuron polarity. Future investigations will probably test this important question in
vivo using combinations of high-resolution real-time imaging, fluorescent reporters and genetic
approaches in vivo.

Conclusion

Over the past two decades, important progress has been made in identifying candidate
molecules regulating the establishment of axon-dendrite polarity during mammalian
development using primarily in vitro approaches. In multiple systems, it is now apparent that
this aspect of neuronal polarity is tightly linked to the molecular mechanisms polarizing the
leading and the trailing processes of neurons as they engage migration. An important challenge
facing this field is to identify how extracellular cues regulate the distribution and/or activation
of intrinsic factors underlying the brake of ‘neuronal symmetry’ which leads to the polarized
emergence of axon and dendrites in vivo.
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Figure 1. Cellular mechanisms underlying axon-dendrite polarization in vivo

(A) In the cerebral cortex, axon/dendrite polarization occurs when neurons engage in radial
migration in the intermediate zone [19-21]. Neurons are produced either from asymmetric
ventricular division of radial glial progenitors in the ventricular zone (VZ, step 1) and/or
neurogenic symmetric abventricular division of transient amplifying cells in the sub-
ventricular zone (SVZ, step 1). Upon their last division, neurons often transiently display a
multipolar morphology (step 2) before switching to a unipolar morphology where the leading
process (LP) is attached to a radial glial process and initiates radial translocation (step 3).
During radial translocation through the 1Z, the trailing process (TP) elongates rapidly and
becomes the axon while the cell body of the migrating neuron is still translocating towards the
cortical plate (CP; steps 3—4). At this point, the leading process is actively engaged in neuronal
translocation and will become the apical dendrite upon reaching the cortical plate where it will
express dendritic specific markers such as MAP2 (D; green) whereas the trailing process
elongates at very rapid rate and already expresses axon-specific markers (A; red). Upon
reaching the top of the CP, pyramidal neurons detach from the radial glial process (step 5) and
the leading process/apical dendrite starts elongating again since subsequently-generated
neurons will bypass the first-generated neurons and accumulate in an “inside-out” manner (steps
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6-7). (B) This cellular mechanism is conserved in migrating neurons such as granule cells in
the cerebellum: upon their terminal division in the external granular layer (EGL), young post-
mitotic granule cell neurons (GCN) extend a two process (step 2) which become the trailing
process and ultimately the classically-defined bifurcating axon of GCN (step 4) once the
leading process emerges in the radial plane and GCN initiates radial migration towards its final
position in the internal granular layer (IGL). The leading process defines the dendritic domain
of GCN whereas the trailing process defines the axon of GCN. Modified from [74-76].
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Figure 2. Phylogeny of the Par proteins family in Caenorhabditis elegans (Ce), Drosophila
melanogaster (Dm) and Mus musculus (Mm)

Six Par proteins were identified in the initial screen performed to identify ‘partitioning’ defects
during the first set of asymmetric cell divisions of C. elegans zygotes: Parl encodes for a
serine/threonine kinase and its four closest orthologs in mammals are called Microtubule
Affinity Regulated Kinases (MARK1-4). Par2 is a Ring-finger protein but does not have any
readily identified ortholog in mammals. Par3 and Par6 encodes for multi-domain scaffolding
proteins which have respectively two and four orthologs in mammals. Par4 encodes for a
serine/threonine kinase and its mammalian ortholog, LKBL1, is unique in the mammalian
genome (boxed). Finally, Par5 encodes for a 14-3-3 protein which preferentially binds to
phospho-serine or phospho-threonine residues and also has multiple orthologs in mammals.
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Figure 3. Molecular mechanisms underlying LKB1 function in neuronal polarization in vivo.

(A) Upon asymmetric cell division of radial glial progenitors (Stage 1), early unpolarized post-
mitotic neurons show a transient phase of non-directed neurite outgrowth in the subventricular
zone (Stage 2) before adopting a bipolar morphology in the intermediate zone where they
engage radial migration with a leading process directed towards the pial surface and a trailing
process directed towards the ventricle. (B) Based on recent reports [21,55], we propose that
in vivo, the trailing process is specified to become the axon in response to putative extracellular
cues that preferentially induce phosphorylation of LKB1 on Serine431. This event might be
mediated in part by cues providing chemotactic attraction of radially migrating neurons towards
the cortical plate such as Sema3A [70] or any other extracellular cues neurotrophins (NTs)
such as BDNF/NT4/NT3 [55], Wnt [66,67], FGFs or other cues that can activate CAMP-
dependent protein kinase (PKA) or p90 RSK (RSK1-3). One cannot exclude the possibility of
another uncharacterized serine/threonine protein kinase can phosphorylate Serine 431 in
vivo and play arole in neuronal polarization. Once LKB1 is activated by binding to its necessary
co-activator Strad (cor ) and S431-phosphorylation (which occurs only in the neurite
becoming the axon), LKB1 phosphorylates SAD-A/B kinases (and likely Microtubule
Affinity-Regulated Kinases, MARK1-4) which are required for axon specification in part by
phosphorylating microtubule-associated proteins such as Tau. Based on the function of SAD-
kinases in presynaptic vesicular clustering in C. elegans [77], we can hypothesize that SAD-
AJ/B kinases might also specify axon identity by directing vesicular trafficking in the neurite
becoming the axon. Based on evidence obtained in D. melanogaster, Parl can phosphorylate
Par3 on two serine residues that constitute binding sites for the 14-3-3 protein Par5, an event
that controls its localization during D. melanogaster oocyte polarity. At present this is the only
potential link between the Par3/Par6/aPKC complex and Par4/Parl dyad during cell
polarization. See text for details. Modified from [21].
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