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Abstract

The &-protocadherins comprise a small family of homopbhilic cell adhesion molecules within the
larger cadherin superfamily. They are essential for neural development as mutations in these
molecules give rise to human neurodevelopmental disorders, such as schizophrenia and epilepsy,
and result in behavioral defects in animal models. Despite their importance to neural development,
a detailed understanding of their mechanisms and the ways in which their loss leads to changes in
neural function is lacking. However, recent results have begun to reveal roles for the &-
protocadherins in both regulation of neurogenesis and lineage-dependent circuit assembly, as well
as in contact-dependent motility and selective axon fasciculation. These evolutionarily conserved
mechanisms could have a profound impact on the robust assembly of the vertebrate nervous
system. Future work should be focused on unraveling the molecular mechanisms of the &-
protocadherins and understanding how this family functions broadly to regulate neural
development.
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1. Introduction

The vertebrate brain is remarkable in two apparently contradictory regards. First, the brain
exhibits tremendous diversity at the cellular and synaptic levels, and can appear as a chaotic
and unintelligible tangle. At the same time, the overall architecture of the brain is
remarkably consistent and orderly, both within and across species. A fundamental issue in
neurodevelopmental research is to understand the mechanisms that both generate a
stereotyped organization, and tolerate and utilize variability. A requirement for recognition
mechanisms that determine correct synaptic wiring has been inferred from the tremendous
number of connections and their perceived precision. However, as there are a vast number of
brain configurations consistent with normal function, it may be the case that development is
concerned primarily with establishing the overall architecture and does not need to specify
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small scale variations. Thus, much of the apparent micro-heterogeneity may provide the
substrate for selection during developmental experience-dependent refinement, facilitate
changes through evolution, or constitute developmental noise. In this view, the mechanisms
responsible for generating the stereotyped features of the nervous system are the most
directly relevant for understanding neural network assembly. Two such mechanisms include
lineage-based assembly of neuronal modules from sibling neurons and selective axon
outgrowth and fasciculation. As outlined below, the &-protocadherins (pcdhs) play important
roles in both of these processes.

The 8-pcdhs are a small family of non-clustered protocadherins within the larger cadherin
superfamily [1, 2]. In mammals, this family consists of 10 genes (Figure 1A). While linked
by the presence of common sequence motifs in their intracellular domains, the 8-pcdhs can
be further divided into 81 and 62 subgroups [3], which have 7 and 6 extracellular cadherin
(EC) repeats, respectively (Figure 1B). Expression studies in rodent and zebrafish show that
&-pcdhs are present in all major subdivisions of the developing nervous system [3-6]. Some
evidence suggests that different family members are expressed in complementary patterns
[7-9], although there can be some overlap [6]. Analogous to their cousins, the classical
cadherins, both the 8§1- and 62-pcdhs can mediate homophilic adhesion (discussed below),
albeit more weakly. The homophilic preference of the 5-pcdhs (Figure 1C) and their strong
expression in the developing nervous system make them intriguing candidates to sculpt
patterns of connectivity during neural development. This potential is emphasized by the fact
that mutations in 8-pcdhs are increasingly being identified in human neurodevelopmental
disorders and experiments are revealing roles for them in directing both local and inter-
regional connectivity. Here, we discuss the importance of the 8-pcdhs to neural
development, highlighting some new insights into their cellular and molecular functions.

2. 6-protocadherins in neurodevelopmental disorders

2.1 Human genetics

A central goal in neural development research is to understand the relationships between
genetic mutations, altered development, and neural disorders. In this regard, the &-pcdhs are
emerging as an important family of genes, as accumulating data reveal their involvement in
an array of neurodevelopmental disorders, including schizophrenia, autism, intellectual
disability, and epilepsy [1, 10]. PCDH19 (62 subgroup) provides the clearest case for the
involvement of a §-pcdh in a human neurodevelopmental disorder, as mutations in this gene
cause an X-linked, female-limited form of infant-onset epilepsy. First reported by Dibbens et
al. (2008), females harboring mutations in PCDH19 suffer seizures as early as 6 months of
age, which can persist through early childhood [11]. Subsequently, numerous mutations in
PCDH19have been identified in patients, making PCDH19 Female-limited epilepsy
(PCDH19FE) one of the most prevalent genetic forms of epilepsy [12]. In addition to
epilepsy, mis-sense mutations in PCDH19were found by targeted re-sequencing of X-
chromosome synaptic genes in ASD and schizophrenia patients [13]. This suggests a
broader clinical relevance for PCDH19and is consistent with the observations that many
developmental genes can act as risk factors for multiple disorders, and that autism,
schizophrenia, and epilepsy exhibit high degrees of comorbidity [14].
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PCDH19FE exhibits an unusual pattern of transmission [15]. Although PCDH19is present
on the X-chromosome, females are affected while males are spared. This appears to be due
to mosaicism resulting from X-inactivation: cells expressing the “good” copy of PCDH19
are interspersed with those lacking a “good” copy. The resulting mosaicism is more
disruptive than the complete inactivation of the gene, a phenomenon which is supported by
the identification of affected males that acquired spontaneous somatic mutations in PCDH19
and are mosaic for PCDH191oss [16, 17]. It remains unknown why mosaicism leads to more
severe phenotypes, although the idea of “cellular interference” has been proposed to explain
this phenomenon [18]. In this model, cells harboring a mutant copy of PCDH19have a
dominant-interfering effect on development, as they interact with and disrupt normal activity
of wild type cells. While cellular mosaicism is clearly more troublesome than a complete
loss of PCDH19, both the exact cellular and developmental events being affected and the
precise mechanism of cellular interference remain to be determined.

In addition to PCDH19, other members of the §-pcdh family are increasingly implicated in
human neural disorders. Recently, a patient was described who harbors a large chromosomal
deletion encompassing PCDH18 (62 subgroup) and exhibits intellectual disability,
microcephaly, and seizures, among other features [19]. In addition, mutations in PCDH12,
which has a protocadherin ectodomain, but lacks the conserved, intracellular sequence
motifs of the 81 or 2 subgroups, were shown to cause congenital microcephaly and an
associated developmental disability [20]. Moreover, a preliminary investigation showed that
a single nucleotide polymorphism (SNP) in the sixth EC repeat of PCDHI12had a tendency
to associate with cortical asymmetry in schizophrenic patients [21]. PCDH7 (81 subgroup)
was identified as a downstream target of MeCP2 [22], the causative gene in Rett syndrome, a
neurological disorder with a wide range of symptoms including developmental delay,
cognitive and behavioral impairment, and seizures. In addition, a micro-deletion of PCDH7
was found in a patient with juvenile myoclonic epilepsy, supporting a role for PCDH7in
generalized, genetic epilepsies [23]. In an investigation of inherited genes related to ASD,
Morrow et al. (2008) found that PCDH10 (62 subgroup) was the closest gene to the second
largest homozygous deletion site (300kbp) identified in one of their patients [24]. Inherited
duplication of part of PCDH11.X (81 subgroup) gene was found in a patient with recurrent
seizures [25]. Chang et al. (2017) identified PCDH17 (62 subgroup) in a genome wide
association study as a novel risk candidate gene for mood disorders, including major
depressive disorder and bipolar disorder [26]. SNPs in PCDH1 7 were associated with
vulnerable personality traits, decreased amygdala volume, and increased amygdala activity
in response to negative stimuli. Analysis of frontal cortex as well as induced pluripotent
stem cell (iPSC) cultures from BPD patients carrying the risk allele showed higher levels of
PCDH17 expression. Thus, the 6-pcdhs appear to be essential for human brain development.

2.2 Behavioral defects in animal models

In addition to the mounting human data, animal models are also identifying functional and
behavioral defects in §-pcdh mutants. Analysis of Pcah9 (81 subgroup) mutant mice reveals
defects in object and social recognition, as well as sensorimotor development [27]. These
behavioral phenotypes are accompanied by a reduction of Pcadh9+ neurons in layers 5/6 of
somatosensory cortex, in addition to reduced complexity of dendritic arbors and increased

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Light and Jontes

Page 4

spine density of pyramidal neurons. Reminiscent of these results with Pcah9, male mice
heterozygous for Pcahi0 exhibit a deficit in social approach behavior, which is accompanied
by reduced transmission of gamma oscillations in the amygdala [28]. Additionally,
amygdala neurons exhibit an increase in dendritic filopodia, as well as a reduction in NMDA
receptor levels, suggesting alterations in amygdala circuitry. Hoshina et al. (2013)
investigated a knockout mouse model of Pcdh17[8]. While the neuronal organization of
basal ganglia circuits was not obviously disrupted, knockouts showed increased activity in
these pathways in conjunction with an anti-depressant-like behavioral phenotype. This was
accompanied by changes in short-term synaptic plasticity. Finally, zebrafish lacking pcadh19
exhibit defects in visually-guided behaviors [7]. Mutant larvae display a less robust visually-
evoked escape response, as well as impaired phototaxis. These results suggest that
processing of visual information is compromised in pcah19 mutants. Collectively, the
evidence supports the idea that §-pcdhs are important contributors to the assembly of neural
networks, as mutations in these genes result in both subtle structural alterations as well as
behavioral deficits.

3. Cellular roles of 6-protocadherins

3.1 Roles in neuronal differentiation

One of the initial steps in assembling brain circuits is the production of neurons; neural stem
cells divide asymmetrically to produce either intermediate progenitors (that will give rise to
neurons) or differentiated neurons. In the mammalian cortex, successive divisions of neural
progenitors give rise to clones of neurons, and accumulating data indicate that lineage plays
an important role in circuit assembly [29]. Several lines of evidence suggest that §-pcdhs
play essential roles in neuronal differentiation. For example, in both mouse brain tissue and
stem cell culture, immunohistochemistry reveals that Pcahi1xis expressed alongside Sox2
and Aestin, markers of neuronal progenitor cells [30]. Inhibition of Pcah1ix promoted
neuronal differentiation and reduced the number of layer V/VI neurons in the cortex.
Conversely, ectopic expression decreased differentiation and cell migration away from the
ventricular zone.

Micro-duplication of the human chromosomal locus 16p13.11 is associated with multiple
neurodevelopmental disorders, including developmental delay, intellectual disability,
attention deficit disorder, and autism spectrum disorder [31, 32]. Investigating the micro-
duplication of 16p13.11 in a mouse model, Fujitani et al. (2017) found that the microRNA
miR484 was responsible for a hyperactivity phenotype in mice, as well as increased
proliferation and neuronal differentiation [33]. The authors showed that Pcah19is a target of
miR484 and that miR484 negatively regulates Pcah19 expression. Forced expression of
Pcdh19 rescued the effects of miR484 duplication on neuronal differentiation, suggesting
that Pcdh19 acts as an important regulator of neurogenesis. Further reinforcing the notion
that 8-pcdhs function in neuronal progenitors, two ChIP-Seq studies looking for targets of
the B1 Sox transcription factors, Sox2 [34] or Sox3 [35], identified all of the 8-pcdhs as
direct targets. Similarly, the B1 Sox genes regulate the expression of pcahi8aand pcahi8b
in zebrafish [36]. The B1 Sox genes are important for maintenance of neuronal progenitor

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Light and Jontes

Page 5

cell identity [37], which highlights the conclusion that a major aspect of §-pcdh function
involves the regulation of neuronal differentiation.

Recent work in zebrafish also corroborates a role for 8-pcdhs in neuronal progenitors and
provides additional evidence that these molecules guide the modular assembly of local
circuitry. Cooper et al. (2015) showed that pcah19is expressed discontinuously as radial
columns of neurons within the developing optic tectum (Figure 2A) [7], which is
homologous to the mammalian superior colliculus. Each column consists of a radial array of
tightly associated neurons and multiple lines of evidence suggest that the cells within each
column are siblings derived from a common progenitor. Additional &§-pcdhs reveal a similar
columnar organization, and 2-color in situ hybridization suggests that expression of
individual 6-pcdhs may be mostly non-overlapping. Advancing the idea that 6-pcdhs play an
essential role in neuronal progenitors, elimination of pcah19leads to increased proliferation
in the optic tectum. Combined with an apparent loss of cohesion among siblings, this leads
to degradation of the columnar organization.

These observations suggest a model for the assembly of neuronal modules by &-pcdhs:
collections of sibling neurons co-expressing a 6-pcdh remain tightly associated and arborize
within a restricted volume (Figure 2B). As axonal and dendritic arbors grow, homophilic
adhesion could bias their growth, promoting contacts of dendrites and axons that express a
common &-pcdh and facilitating preferential synapse formation among sibling neurons. This
could provide an efficient way for wiring local neuronal modules (Figure 2C) as well as a
mechanism for the observation that sibling neurons in the mammalian cortex are
preferentially connected and have similar receptive fields [29, 38]. Some evidence suggests
that the clustered protocadherins may also play a similar role [39]. It has yet to be shown
whether the radial columns observed in the optic tectum constitute functional units, if cells
within these clones are synaptically connected, and if §-pcdhs influence arborization and
synaptogenesis. It will be important to investigate these questions in the future.

3.2 Roles in axon outgrowth

Perhaps the most conspicuous step in assembling neural networks is axon guidance, which
lays down the long tracts and pathways that connect distinct brain regions. While neuronal
lineage helps provide an initial scaffold for local network assembly, axon guidance
establishes the scaffolding for broader networks. Accumulating evidence suggests that the &-
pcdhs are heavily involved in this process as well. The expression of dominant-interfering
forms of Pcdh7 (also known as NF-pcdh) in Xenopus retinal ganglion cells (RGCs) results
in decreased axon outgrowth and extension [40], similar to what had previously been shown
for N-cadherin [41]. In those neurons that do extend axons, their growth through the optic
tract is impaired and average axon length is reduced. Further work showed that proper axon
outgrowth and guidance from the retina to the optic tectum requires Pcdh7 in both the RGCs
and in the neuroepithelial substrate along which their growth cones migrate [42]. Moreover,
some evidence suggests that Pcdh7 signaling may intersect with the Semaphorin and Netrin
guidance pathways [42, 43].

Further implicating 8-pcdhs in axonal development, analysis of motor axons in zebrafish
suggests that Pcdh18b and the WAVE complex may also play a role in promoting axon

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Light and Jontes

Page 6

arborization [44]. Knockdown of either pcah18b or napl, a core component of the WAVE
complex, reduces the complexity of motor axons. This reduction can be at least partly
attributed to a decreased rate of filopodia formation. Arborization defects are also observed
in the tectum of zebrafish lacking pcdh19[7].

Mice lacking Pcdhl7 show phenotypes that also support a role for 6-pcdhs in axon
outgrowth [45]. Pcdh17is strongly expressed in neurons of the amygdala, which project to
the hypothalamus and ventral striatum. Focusing on this axon tract, electron microscopy
reveals a disorganization of axons in the mutants, and Dil tracing of these axons further
reveals defects in their extension. An /n vitro analysis suggests that Pcdh17 is required for
growth cones to migrate along adjacent Pcdh17+ axons, consistent with data from non-
neuronal cells showing that Pcdh10 promotes contact-dependent motility [46]. Co-
immunoprecipitation demonstrates that the intracellular domain of Pcdh17 interacts with the
WAVE complex, as well as Lamellipodin, which binds Ena/\VASP and regulates actin
dynamics. Pcdh17 recruits the WAVE complex, Lamellipodin, and Ena/VASP to cell-cell
contacts and promotes cell motility (Figure 3A). All 62-pcdhs have the intercellular region
that mediates WAVE complex interactions, called WIRS (WAVE Interaction Receptor Site)
[47]. Taken together, these observations lead to a model in which cell-cell interactions
mediated by 8§2-pcdhs lead to axon sorting and selective axon extension (Figure 3B). As a
growth cone expressing a 8-pcdh enters a tract, contact-dependent motility will promote its
growth along those axons expressing the same §-pcdh, resulting in a bundle of axons that
segregate from similar axonal bundles expressing various other §-pcdhs. The expression of
&-pcdhs could be analogous to the different colored insulation on electrical wires, and would
help organize axons within tracts. Loss of §-pcdhs might then result in subtle defects in axon
targeting. Further work will be required to extrapolate the observations of Pcdh17 to other &-
pcdhs and to investigate the relationships of the family members to patterns of axonal
projections.

3.2 Synaptic defects

As yet, there are no data that show a direct involvement of the §-pcdhs in synaptogenesis.
However, some studies reveal roles in mature synapses. Originally identified in a search for
genes regulated by electrical activity [48], Pcdh8/Arcadlin (62 subgroup) may play a role in
synapse disassembly. Initially absent in cultured hippocampal neurons, Pcdh8 expression is
up-regulated in response to electroconvulsive stimulation [49]. Once expressed, Pcdh8
localizes to dendritic spines, where it associates with and promotes internalization of N-
cadherin by receptor-mediated endocytosis. Loss of Pcdh8 leads to increased spine density,
suggesting a model in which Pcdh8 negatively regulates spine stability by antagonizing N-
cadherin adhesion. Similar increases in spine and filopodia density are observed in both
Pcdh9and Pcdhi0mutant mice [27, 28]. A possible role in synapse stability has also been
described for Pcdh10, as some data suggest that Pcdh10 could facilitate the delivery of
ubiquitinated PSD-95 to the proteasome for degradation [50], though the mechanism is
unclear. As further evidence that §-pcdhs can antagonize synapse stability, synapses in the
anterior striatum and the lateral globus pallidus of mice lacking Pcadh17exhibit an increased
number of docked vesicles [8]. Thus, the presence of Pcdhl7 may regulate and limit the
activity potential of these terminals. Overall, published evidence supports the idea that 6-
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pcdhs antagonize the maintenance of mature synapses, either destabilizing them and
promoting their disassembly, or limiting their size. Further work will be required to
determine whether these observations relate to the broader collection of §1- and &2-
subfamily members. Moreover, it is not clear how these data in mature synapses are relevant
to the developmental functions of the §-pcdhs.

4. Molecular mechanisms of §-protocadherin function

4.1 Adhesive interactions

As they are members of the cadherin superfamily, it is widely presumed that the 6-pcdhs
function as homophilic adhesion molecules. Classical cadherins, such as N-cadherin or E-
cadherin, exhibit robust adhesion in both cell-based assays and in bead-aggregation assays
that employ purified ectodomains [51, 52]. Adhesion by classical cadherins is promiscuous,
as they can interact heterophilically, although they exhibit homophilic preferences [53-56].
As revealed by x-ray crystallography, classical cadherins mediate adhesion through a
reciprocal swap of amino-terminal B-strands, anchored by the burying of a conserved
Tryptophan side chain into a non-polar pocket on the partner cadherin [57, 58]. In contrast,
&-pcdhs do not have this conserved tryptophan residue, suggesting that they must mediate
adhesive interactions through an alternative mechanism [59]. Moreover, adhesion by &-pcdhs
is generally weaker than that found for classical cadherins. In the case of Paraxial
Protocadherin (PAPC, which is Pcdh8-like), several assays failed to find any evidence for
adhesion [60].

Recently, x-ray crystallography was used to determine an atomic model of cadherin repeats
1-4 (EC1-4) of zebrafish Pcdh19 [61]. The structure revealed an antiparallel dimer involving
the full overlap of EC1-4 with extensive contacts between EC2-EC3 and EC1-ECA4.
Intriguingly, 5 pathogenic mutations identified in patients with PCDH19FE mapped to these
contact surfaces. Site-directed mutagenesis was used to make two of these mutations, which
abolished adhesion in bead aggregation assays. Similar antiparallel dimers have also been
observed for -y-pcdhs, suggesting that the observed mechanism of adhesion is applicable to
the broader protocadherin family [62, 63]. Identification of the mechanism of §2-pcdh
adhesion provides an important new set of analytical tools, as point mutations with known
biochemical effects can be introduced into animal models and their functional consequences
determined. The adhesion mechanism of 61-pcdhs, with their additional EC repeat, has yet
to be determined. Identifying the adhesive interface for the §1-pcdhs will be important, as it
will allow the design of similar tools to those now available for the §2-pcdhs.

In addition to homophilic #rans interactions, §-pcdhs may fulfill additional functions by
interacting in ¢/s with other cadherin family members. For example, PAPC forms cis-
oligomers [64], as do other &-pcdhs (unpublished observations). As clustered protocadherins
can form hetero-oligomers [65, 66], /n vitro, the same may be true for the 6-pcdhs. This
could drastically complicate the interpretation of /n vivo function studies. In addition, &-
pcdhs appear to have an intimate functional relationship with classical cadherins. Expression
of Pcdh8 is induced in hippocampal neurons by electroconvulsive shock [48, 49]. When
expressed, Pcdh8 associates in ¢fs with synaptic N-cadherin and promotes its internalization
by endocytosis. Thus, Pcdh8 negatively regulates homophilic adhesion by N-cadherin,
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similar to the self-avoidance role proposed for y-Pcdhs [67]. Paraxial protocadherin, PAPC,
mediates cell sorting [68], yet exhibits no adhesive activity [60]. The effects of PAPC on
adhesion are indirect, as expression of PAPC suppresses adhesion by C-cadherin [60]. Kraft
et al. (2012) suggest that Frizzled7 and Wnt11 can form complexes with either PAPC or C-
cadherin [69]. When PAPC is present, C-cadherin is displaced from Frizzled7-Wnt11,
destabilizing its presence on the plasma membrane and weakening adhesion. In addition,
zebrafish N-cadherin can form a cis-complex with Pcdh19 during early brain morphogenesis
[70], and N-cadherin can enhance homophilic adhesion by Pcdh19 in bead aggregation
assays [71]. These examples suggest that in addition to mediating homophilic adhesion
directly, 8-pcdhs can act through c¢is complexes with other members of the cadherin
superfamily.

4.2 Intracellular pathways

While the developmental roles of the 6-pcdhs are beginning to be revealed, the intracellular
pathways and molecular mechanisms of &-pcdh function remain poorly understood. The
intracellular domains of the &-pcdhs are intrinsically disordered proteins, and family
members exhibit poor sequence conservation apart from a few short motifs. The presence of
intracellular sequence motifs CM1 and CM2 are partly responsible for defining the 6-pcdh
family [72]. In addition to these motifs, an additional motif (CM3) was identified in the §1-
pcdh subfamily [73]. As first shown by Yoshida et al. (1999), the CM3 motif of PCDH7
interacts with the protein phosphatase, PP1a. [73], and inhibits phosphatase activity.
Subsequently, this interaction was verified for the remaining 61-pcdh subfamily members
[3]. Recently, the 62-pcdh subfamily was shown to interact with the WAVE complex through
a conserved WIRS (WAVE interaction receptor site) motif [47], as described above. The
interaction of the intracellular domains of Pcdh19 and Pcdh10 with the WAVE complex
promotes actin assembly in in vitro assays, which is consistent with the observation
(outlined above) that Pcdh17 recruits the WAVE complex, Lamellipodin, and Ena/VASP to
cell-cell contacts and promotes motility.

In addition to the interactions described above, three “orphan” binding partners have been
identified. Pcdh18 contains a binding site for the scaffolding protein, Dab1 [74], which is
involved in regulating neuronal migration as part of the Reelin pathway. This motif does not
appear to be present in other &-pcdhs, and its functional significance remains undetermined.
Additionally, Pcdh7 (NF-Pcdh) has been shown to interact with the transcription factor,
TAFL1/SET [75]. TAF1 appears to be important for Pcdh7 function, both in the neural tube
and during axon outgrowth [40, 75]. It is not known whether other §1-pcdhs similarly
interact with TAF1. Finally, Pcdh8 interacts with the kinase TAO2p to initiate the
internalization of N-cadherin, as discussed above [49].

Perhaps the biggest impediment to understanding the 6-pcdhs is the relatively small number
of known downstream intracellular pathways. Determining intracellular binding partners for
the &-pcdhs will be the most direct way of identifying their cellular roles and unraveling
their molecular mechanisms. For example, the interaction of the 62-pcdhs with the WAVE
complex directly reveals a role for them in regulation of actin dynamics and cell motility. A
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more systematic proteomics approach to the §-pcdhs will be required to elucidate the range
of cellular pathways linked to their cell surface interactions.

5. Conclusions

Increasingly, members of the 6-pcdh family are being revealed as essential to the robust
assembly of the vertebrate nervous system. Mutations in human &-pcdhs can lead to neural
disorders including schizophrenia, autism spectrum disorders, and epilepsy, and animal
models reveal a variety of behavioral defects. The fundamental questions are: what roles do
the 8-pcdhs play during neural development and how does loss of &-pcdhs affect the
assembly of neural architecture and lead to changes in neural function? As outlined above,
recent observations reveal roles for the §-pcdhs in establishing both long-range and short-
range neural connections. The §2-pcdhs promote contact-dependent motility and, at least in
the case of Pcdhl7, this facilitates collective axon extension. Extrapolated across the §2-
pcdh subfamily, this suggests an important role in selective fasciculation and pathway
selection, which would help organize axon tracts and connectivity between brain regions.

Evidence also supports the idea that both §1- and 62-pcdhs regulate neuronal differentiation
and that their expression defines clones of sibling neurons. This suggests the possibility that
expression of &-pcdhs could partition the developing nervous system into discrete neuronal
modules. Homophilic adhesion and/or heterophilic repulsion could then facilitate the
assembly of local synaptic sub-networks. However, both of the above scenarios presume that
each &-pcdh is equivalent and performs comparable, parallel functions. It remains to be
determined whether this is the case, or whether each individual family member constitutes a
new problem to be solved. Future work will require extending observations from individual
molecules to other family members and other brain regions. Additionally, the functional
relationship of the &-pcdhs to other pathways needs to be clarified. The physical links to
classical cadherins and other known intracellular pathways, such as Wnt signaling, are
important clues to understanding the molecular mechanisms of the §-pcdhs and the full
range of their activities.
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EC extracellular cadherin repeat
pcdh protocadherin
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Figure 1. 8-protocadherins
A. Phylogenetic tree of the human &-protocadherins, showing the two subfamilies, §1 (on

the left in orange) and &2 (on the right in green).

B. Domain organization of the &-pcdhs. The 61-pcdhs differ from the 62-pcdhs, as they have
7 extracellular cadherin repeats, rather than 6. In addition, the 61-pcdhs have conserved
motif 3 (CM3) that is absent in the §2-pcdhs, while the 62-pcdhs and Pcdh9 have the WIRS
motif that is absent in Pcdhl, Pcdh7 and Pcdhll.

C. Structural organization of §2-pcdhs. Shown is a model based on the crystal structures of
the Pcdh19 EC1-4 fragment (Cooper et al., 2016) and the WAVE complex associated with
the WIRS peptide (Chen et al., 2014). It appears that the §2-pcdhs mediate adhesion through
the overlap of EC1-4, which differs from the mechanism used by classical cadherins.
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A. In the zebrafish optic tectum, neurons expressing a common &-pcdh are arranged into

radial clusters, or columns. These columns are tightly associated with a radial glia cell. The
primary processes fasciculate as they project to the synaptic neuropil where their dendrites
and local axon collaterals arborize within a restricted volume. Neurons within a column are
siblings, derived from a common progenitor that expresses the same &-pcdh.
B. Based on data from pcadh19, the §-pcdhs influence the production of neurons, as there is

an increase in proliferation and the production of pcah19+ neurons in pcdh19 mutants.
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Mutants exhibit defects in fasciculation during their projection to the synaptic neuropil, and
in their arborization. The restricted volume over which neurons within a column arborize,
and 6-pcdh-mediated adhesion between axons and dendrites could bias synaptogenesis
toward sibling neurons.

C. Shown here is a model in which the distinct colors represent clones that express a distinct
&-pcdh. If each protocadherin acts in a similar manner and in parallel, differential expression
of the &-pcdhs provides a mechanism for partitioning the optic tectum into discreet
functional modules.
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Figure 3. Contact-dependent axon outgrowth mediated by §2-protocadherins
A. Model based on Hayashi et al. (2014). Shown here are homophilic interactions between

Pcdh17 molecules on the apposing plasma membranes of a migrating growth cone and an
axon. Pcdhl7 recruits the WAVE complex, which interacts directly with a conserved motif.
Pcdh17-WAVE complex recruits the scaffolding protein, Lamellipodin, and Ena/VVASP to the
site of contact. Ena/\VVASP promotes the addition of actin monomers to the plus-ends of actin
filaments. This contact-dependent growth both enhances and directs motility, so that
follower axons that express Pcdh17 move efficiently along Pcdhl7+ axons.
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B. If each of the §2-pcdhs, which also have the conserved WAVE binding motif, acts
similarly to Pcdh17, this would promote the selective formation of axon bundles on the basis
of differential protocadherin expression, as well as segregation of axons withina larger axon
tract. Similarly, this could also promote the selective de-fasciculation at exit points.
Promating selective axon bundling would increase the robustness of axon targeting. If active
at early stages of axon guidance, this could also increase the reliability of path finding, as
clusters of growth cones would collaborate to respond to cues, rather than individual
pioneers.
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