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one being the arrangement of the genes, which allows epigenetic regulation at the cluster and single-cell
identity. Another reason is the still ambiguous effect of Pcdhs on cell-cell interaction. Unlike the case for
classical cadherins, which typically mediate strong cell adhesion and formation of adherens junctions,
it has been challenging to ascertain exactly how Pcdhs affect interacting cells. In some instances, Pcdhs

. appear to promote the association of membranes, while in other cases the Pcdhs are anti-adhesive and
Cell adhesion . . R . . . I
Self-avoidance cause avoidance of interacting membranes. It is clear that Pcdh extracellular domains bind homophilli-
Endosome cally in an antiparallel conformation, typical of adhesive interactions. How can molecules that would
Synapse seemingly bind cells together be able to promote the avoidance of membranes? It is possible that Pcdh
trafficking will eventually provide insights into the role of these molecules at the cell surface. We have
found that endogenous and expressed Pcdhs are generally less efficient at targeting to cell junctions
and synapses than are classical cadherins. Instead, Pcdhs are prominently sequestered in the endolyso-
some system or other intracellular compartments. What role this trafficking plays in the unique mode
of cell-cell interaction is a current topic of investigation. It is tempting to speculate that modulation of
endocytosis and endolysosomal trafficking may be a part of the mechanism by which Pcdhs convert from
adhesive to avoidance molecules.
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of the cluster suggested the potential for an adhesive code, dif-

1. Introduction ferentially expressed among neurons, that might form a basis for
synaptic specification, supplementing and/or refining other adhe-

The discovery of Pcdhs [1,2] and the Pcdh gene cluster [3,4] sion/recognition systems in play at the synapse. The regulation of
were exciting breakthroughs to investigators working in the field individual genes in the cluster by methylation supports the notion
of cell adhesion and recognition at the synapse. The properties that neurons acquire the code in an epigenetic fashion [5-8]. The
clustered arrangement features alternative splicing of single exons,

encoding each Pcdh, to constant exons that encode an identical
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Fig. 1. Organization of the Pcdh gene cluster. The o, 3 and y subclusters are arranged in tandem. Single exons (white or light blue bars; 14 in o, 22 in 3 and 22 in ) encode
the majority of each Pcdh molecule. There are “C-type” (C1-C5) exons in o and y that encode molecules with less similarity to the other exons within their cluster. There are
2 additional subclasses of Pcdh-ys ('yAs and yBs; white and light blue bars, respectively). At the end of the a and -y clusters are 3 constant exons that are spliced at the mRNA
level to the individual Pcdh exons from the cluster. Thus the Pcdh-as and -ys have their own identical cytoplasmic moiety appended to the carboxy terminus. Shown below
is how one Pcdh-vy ('yA3) is spliced to the constant exons. The relevant domains include the extracellular or luminal domain which contains the adhesive cadherin repeats,
the portion of the cytoplasmic domain encoded by the individual or “variable” Pcdh exons (variable cytoplasmic domain, VCD) and the constant domain.

Pcdh nomenclature is from [3,4].

complexity necessary for at least a partial, if not primary role, in
synaptogenic recognition and single cell identity. Thus, to under-
stand how these molecules operate at the cellular level promises
to fundamentally change how we view neural development and
wiring and could shed new light on certain neurodevelopmental
disorders.

2. Are Pcdhs adhesive?

One of the original criteria for assessing the activity of a puta-
tive adhesion molecule is to transfect the coding cDNA into cell
lines that normally lack adhesion [11]. Early on, it was noted that
one Pcdh-vy, Pcdh-yC3, exhibited weak adhesion in transfected cells
[1] as compared to a classical cadherin. However, it was then noted
that adhesion of this Pcdh increased dramatically when the cyto-
plasmic domain was replaced with that of a classical cadherin.
This was the first indication that Pcdh cytoplasmic domains might
negatively regulate adhesion. The K562 cell line was later found
to be optimal for studying the adhesive interactions promoted by
Pcdhs [12] and other groups have used these cells to work out the
homophilic specificity of Pcdh interactions [9,10,13]. In these cells,
Pcdh overexpression is able to promote significant cell aggregation
while in others, the effect is less pronounced. In parallel, the bind-
ing interactions of Pcdh extracellular domains were characterized
extensively by x-ray crystallography [10,13-15].Itis now very clear
that Pcdhs exhibit homophilic binding via their cadherin repeats.
However, this cell-cell binding activity has been difficult to recon-
cile with the behavior of the molecules in cells and neurons. In some
cases, such as neuron-astrocyte interactions [16], as well as synap-
tic interactions within clonal neuron populations [8], Pcdhs seem
to promote cell-cell interaction. On the other hand, at least for the
case of dendrite self-avoidance, [17,18] Pcdhs induce the opposite
of whatis normally considered to be “cell adhesion”. How is it possi-
ble that molecules which contain extracellular domains that should
bind apposing membranes can actually cause the detachment and
avoidance of the same interacting membranes, particularly when
other stronger adhesive proteins are certain to co-exist on these
membranes? The same question has been posed for another class

of self-avoidance molecules, the Dscams in Drosophilia [19-21] but
has only begun to be addressed at the cell biological level. It is possi-
ble that elaboration of the differences in the intracellular trafficking
between Pcdhs and classical cadherins will provide insights into
this question.

3. Pcdh localization at membrane contact points in
neurons and other cells

An important criterion for evaluating the activity of putative
cell adhesion molecules is their localization or recruitment to sites
of membrane contact between cells. Classical cadherins, for exam-
ple, typically line up precisely at cell junctions and are recruited
to the synaptic cleft [22,23]. An antibody to the Pcdh-y constant
domain has been effective at localizing Pcdh-ys at the light and
electron microscopic levels in hippocamapal neurons in culture
and in vivo [24-26]. Early in development in vitro, as dendrites are
beginning to extend, these neurons exhibit fine dendro-dendritic
protrusions that span the space between same-cell dendrites. Very
similar structures are seen in developing starburst amacrine cells
in which Pcdh-vy dependent self-avoidance has been studied [17].
In hippocampal neurons, many of the points of contact between
these “dendritic bridges” and the main dendrite exhibited a strong
punctum of Pcdh-y immunoreactivity [25] (Fig. 2). In contrast,
N-cadherin immunoreactivity was more generalized along the den-
drites at this stage and lacked the enrichment at dendritic bridge
contacts [25]. Transfected Pcdhs can mimic the distribution of
endogenous Pcdh-vys at dendritic bridges [25] (Fig. 2). The exact
function of these bridges is currently unknown but it is possible
that the bridges relate to proper dendrite self-avoidance or pattern-
ing. Similar bridging structures, albeit abnormally persistent, have
been observed in Drosophilia Dscam mutants that lack the Dscam
cytoplasmic domain and that also exhibit defective dendrite self-
avoidance in vivo [19]. Interestingly, abnormal dendritic bridges
were also revealed by the CLARITY method to be present in brains
of autism patients [27].

Astrocytes express abundant Pcdh-ys [16] and most likely
other clustered Pcdhs. It has been shown through targeted dele-
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Fig. 2. Accumulation of Pcdh-ys at contact points in neurons and astrocytes. (A) During early development of hippocampal neurons in vitro, same cell dendrites make
contact through dendritic bridges. Immunolocalization of Pcdh-vys using an affinity purified antibody to the constant domain shows that Pcdh-ys are precisely located
at the contact point between a bridge and the main dendrite (arrowheads). (B) Transfected Pcdh-yA3-GFP mimics the distribution of native Pcdhs at bridge contacts in
neurons. Surface expression of Pcdh-yA3 was detected by immunostaining with an extracellular antibody without permeabilization. Surface expression was mainly at bridge
contacts (arrowheads). Pcdh-yA3 was enriched in organelles in the main dendrite, unlabeled with the surface antibody. (C) Astrocytes in culture also express abundant
Pcdh-vys. Immunostaining with the constant domain antibody shows that the molecules can accumulate at cell-cell interfaces together with N-cadherin. Subtle differences
in distribution of Pcdh-ys and N-cadherin were found at these interfaces (arrows and arrowheads, boxed regions).

A and B adapted from [24]. C, unpublished data.

tion or modification of the Pcdh-y repertoire in astrocytes and
neurons that homophilic astrocyte/neuron interactions can modu-
late dendrite arborziation and synaptogenesis [16,28]. The results
from these studies are consistent with an adhesive role for the
molecules in that a lack of astrocyte/neuron Pcdh interaction
caused stunted dendrites and reduced synaptic density. Consis-
tently, Pcdh-y immunolocalization in astrocytes shows that the
molecules accumulate quite prominently at cell-cell interfaces
together with N-cadherin with subtle differences in the fine dis-
tribution of the two cadherins within cell contacts (Fig. 2). At these
contacts, whether or not Pcdhs biochemically associate with clas-
sical cadherins or other adhesive molecules is still unresolved. One
proteomic study of Pcdh-y immunoisolated complexes identified
the presence of classical cadherins in these complexes [29] but the
functionality of the association remains to be studied.

The discovery of the Pcdh gene cluster initially generated great
interest because of the potential for a long hypothesized a “synap-
tic adhesive code” [30] that would, at least in part, specify the
pattern of synaptic connectivity between neurons. Some of the ear-
liest studies on Pcdh localization were therefore focused on their
distribution relative to the synapse. This was done both in vivo
and in cultured neurons. At the light level, immunostaining exper-
iments using antibodies to the GFP moiety appended to all Pcdh-ys
in a knock-in mouse noted that Pcdhs could overlap with synap-
tic markers but that there was a substantial non-synaptic signal
[31]. In dissociated cells, anti-Pcdh-y constant domain antibodies
also detected some synaptic overlap of Pcdh puncta but noted that
the non-synaptic signal was non-diffuse, punctate, and located in
a likely interior region of the dendrite [24].
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4. Pcdh localization in synaptic intracellular compartments

Postembedding immunogold electron microscopy has been
highly effective for characterizing the unusual relationship of Pcdh-
s to the synapse. The localization of Pcdh-ys at the synapse was
compared to that of N-cadherin, a known synaptic cleft molecule.
These experiments have found, in agreement with light level
studies, that Pcdh-ys were more enriched in axonal and spinous
intracellular compartments versus the synaptic cleft, while, in con-
trast, N-cadherin was primarily located at the cleft [24,26]. The
exact type of synaptic compartment that harbors Pcdh-vs is a topic
of current investigation. One possibility, based on results from cul-
tured cell experiments (see below), is that Pcdh-ys, and possibly
other Pcdhs, are located in a type of recycling endosome com-
partment. Such compartments have been studied in dendrites and
spines and are critical for the trafficking of glutamate [32] and
other receptors [33] to the postsynaptic membrane in response to
activity. When located in the dendrite shaft, some of these com-
partments are thought to serve as a local storage compartment for
multiple spines [34]. It will be important to determine whether
or not the Pcdhs are located in dendritic recycling endosomes and
whether the molecules play a role in synapse development and
function via these compartments. Axon bouton trafficking com-
partments and endosomes are less well characterized than those
in dendrites and spines [35] but organelles distinct from synaptic
vesicles appear to harbor Pcdh-+ys in boutons [24].

Regardless of the exact type and function of Pcdh trafficking
organelles in neurons, the results so far support the hypothesis
that Pcdhs and classical cadherins mediate fundamentally distinct
and possibly opposing cellular processes related to cell-cell inter-
action. One of the most outstanding questions might be whether
or not Pcdhs play an “avoidance” role at the synapse, discouraging
autapses and other inappropriate synapses, similar to their role at
same-cell dendrites, or an adhesive role as originally envisioned, as
well as how the unique Pcdh trafficking might fit into one or another
role. New studies indicate that synapses between daughter clone
neurons from the same precursor might be promoted by matching
Pcdh interactions [8]. On the other hand, Pcdh-vys might play a role
in synaptic pruning. Pcdh-y inactivation in starburst amacrine cells
causes exuberant synaptogenesis with increases in autapse forma-
tion in these cells [18] suggesting an anti-adhesive role at these
synapses. Increased synapses upon Pcdh-vy disruption could also
be due to an inhibitory interaction of Pcdh-y ectodomains with
the synaptogenic adhesion molecule neuroligin-1 [36] although
Pcdh-v adhesive binding is not involved in this interaction. Perhaps
Pcdhs, stored within recycling organelles, can insert into nascent
synapses from these compartments and modify the synaptic junc-
tion between neurons with matching Pcdh repertoires as had been
proposed previously [37]. Storage in recycling organelles might
ensure rapid delivery upon synaptic reorganization or plasticity as
well as local retrieval and sorting. Depending on cell type, Pcdh
linkages may then promote or destabilize the synapse.

5. Using cultured cells to study the mechanism of Pcdh
trafficking

Cell culture experiments have been essential to unravel the
function and dynamics of classical cadherins as well as other
adhesion molecules. Cultured cells have also been used success-
fully to study Pcdh homophilic interactions. It may be fruitful to
use cell cultures to examine the dynamics of Pcdhs at cell-cell
contacts and their intracellular trafficking. In contrast to classi-
cal cadherins and as well as other adhesion molecules, Pcdhs
induce weaker, yet detectable, cellular aggregation when trans-
fected into cultured cells. One of the reasons for this weak adhesion

may be that transfected Pcdhs are largely retained in intracellu-
lar compartments [25,38-40] much like native Pcdhs in synaptic
compartments. Thus, understanding of Pcdh trafficking may shed
light on the unique modes of cell-cell interaction mediated by
these molecules. For Pcdh-ys, it has been possible to study traf-
ficking of GFP fusions given the fact that appending GFP to the
carboxy-terminus of all Pcdh-+vs in knock-in mice does not interfere
with function in vivo [17,31,41,42]. For Pcdh-yA3, the GFP fused
full-length molecule accumulated strikingly within intracellular
compartments in HEK293 cells and primary neurons. Inaccessi-
bility to an antibody generated against the extracellular domain
of Pcdh-yA3 was used to confirm the intracellular localization of
most puncta in neurons [25,38,39]. Furthermore, this pattern was
very similar of the punctate immunostaining pattern for Pcdh-ys
in primary neurons [24,25].

Classical cadherin cytoplasmic interactions normally have a
stabilizing effect on junctions by ultimately linking to the actin-
based cytoskeleton. The role of Pcdh cytoplasmic interactions
are less clear but trafficking appears to be significantly affected
by the cytoplasmic domains. Upon removal of the cytoplasmic
domain, transfected Pcdhs typically exhibit much greater surface
expression where the extracellular domains could then engage in
cell-cell binding. Cytoplasmic deletion of Pcdh-yA3 caused a dra-
matic accumulation at cell-cell junctions in HEK293 cells and at
dendro-dendritic contact points in primary neurons [25]. Other
groups found that cytoplasmic deletion of several Pcdhs induced
greater cellular aggregation in the K562 assay [9,15] and early on it
was shown that replacement of the Pcdh-yC3 cytoplasmic domain
with a classical cadherin cytoplasmic domain greatly enhanced cell
aggregation [1]. Thus, the cytoplasmic domains of most Pcdhs stud-
ied so far have avery clear negative influence on adhesive activity in
most assays and this appears to be most likely due to the presence
of cytoplasmic intracellular trafficking and retention signals.

Endocytosis [43] and intracellular retention could be a prop-
erty that might help to explain the unique mode(s) of cell-cell
interaction mediated by Pcdhs. Characterization of the traffick-
ing mechanisms would then help to shed new light on the roles
of the Pcdhs in neural development. Studies have therefore been
undertaken to characterize the organelles that harbor Pcdhs and to
pinpoint the signals present on the cytoplasmic domain that pro-
mote intracellular trafficking. A simple yet effective cellular system
that has been used by others to characterize intracellular trafficking
and recycling of various neural transmembrane receptors has been
HEK293 cells [44]. Trafficking mechanisms in these cells can be
similar to neurons at least for some molecules [33]. Using HEK293
cells, it was found that two transfected Pcdh-vys (-yA3 and -yB2)
localized to organelles that were positive for the late endosome
marker LAMP2 and/or for the autophagy marker LC3 [38,39]. Trans-
fection experiments from other groups also revealed abundant
punctate intracellular accumulation of Pcdhs in K562 cells [10].
Interestingly, a Pcdh-a (a1) completely avoided these compart-
ments when transfected into cells as did Pcdh-yC4 [38]. Others have
also noted the distinct trafficking of Pcdh-as and -yC4 in transfec-
tion experiments [ 10]. Most importantly, Pcdh-yA3 and -yB2 were
targeted very differently than the classical cadherin, N-cadherin,
which could never co-cluster with LC3 and was minimally traf-
ficked in LAMP2 positive organelles [38,39]. Cytoplasmic deletion
of Pcdh-yA3, including the constant domain and most of the unique
part of the cytoplasmic domain (variable cytoplasmic domain, VCD,
see Fig. 1), which caused an increase in surface delivery, completely
eliminated the trafficking to LAMP2 and LC3 positive organelles
with prominent display at the interfaces between transfected cells
[38,39]. Deletion of the constant domain only also promoted greater
contact site localization [25] but the molecule could still cluster
with LAMP2 and LC3 [38,39]. Of note, the constant domain con-
tains polybasic residues together with a serine residue that can be
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phosphorylated [45]. This motif was shown to bind to phospho-
lipids in a regulated manner and disruption of this motif caused
deficiencies in Pcdh-vy function as it relates to dendrite arboriza-
tion. Whether these residues of the constant domain play a role in
Pcdh trafficking is currently under investigation.

There are a variety of endosomally related organelles that can
be positive for LAMP2 and/or LC3. Ultrastructural techniques are
necessary to provide additional information about the specific com-
partment type. Correlative light and electron microscopy (CLEM)
has been a highly effective way to study trafficking of GFP fusions in
endosomal or autophagy related compartments [46,47]. By CLEM,
both Pcdh-yA3-GFP and -yB2-GFP positive areas within cells cor-
responded to massive accumulations of ~250 nm multivesicular
bodies that were absent in control cells [38,39] (Fig. 3). These
resembled late or recycling endosomes in that they were also asso-
ciated with tubular projections [48,49]. Deletion of the cytoplasmic
domain including the VCD and constant portions completely elim-
inated trafficking to these organelles [38]. When found inside the
cell, the cytoplasmic deletion corresponded to whorled ER mem-
branes instead of multivesicular bodies. Thus it is clear that a major
function of the cytoplasmic domain for at least some Pcdhs is to
direct the molecule to the endolysosome system.

The role of Pcdhs in multivesicular bodies is currently being
investigated. One possibility is that Pcdhs could be secreted in the
form of exosomes which originate from the fusion of the late endo-
some/multivesicular body with the plasma membrane. There is
some evidence that Pcdhs can be detected in exosomes but further
investigation is required [50-52]. On the other hand, tubulation
of endosomes is a way to partition cargo from one subdomain of
the endosome to another [49] for recycling back to the cell surface
and the secretory pathway. There are accessory factors that partici-
pate in this partitioning [53]. The tubules that emanate from Pcdh-vy
positive endosomes are strongly reminiscent of tubules involved in
recycling of cargo from sorting endosomal compartments allowing
the recycled molecules to avoid degradation. In particular, stud-
ies of beta-2 adrenergic receptor (32AR) trafficking could provide
a template to study how Pcdhs are trafficked and the significance
of this trafficking [44]. Like Pcdhs, the trafficking of the 32AR has
been characterized extensively in transfected HEK293 cells and
in neurons [33,44]. Super-resolution microscopy has shown that
32AR becomes partitioned to tubules connected to endosomes
and this partitioning is dependent on the retromer complex that
mediates endosome to Golgi/plasma membrane recycling. Interest-
ingly, B2AR and retromer are also markers for dendritic recycling
endosome domains that provide a local supply of membrane pro-
teins to dendritic microdomains. In preliminary studies, Pcdh-yA3
and the 32AR can colocalize in HEK293 cells (Fig. 3), particularly
within internal compartments, suggesting the possibility that the
two molecules share similar trafficking mechanisms.

Cytoplasmic interactions for classical cadherins are essential for
function and have been studied for decades. We know relatively
little about Pcdh cytoplasmic function despite the identification
of some binding interactions [40,45,54,55]. It seems reasonable
to propose that the sequences controlling Pcdh endolysosomal
trafficking will likewise be important to characterize if we are to
understand the distinctive mode of cell-cell interaction that Pcdhs
promote. The clear differences between the full-length molecule
and the cytoplasmic deletion, in terms of trafficking, provided a
simple assay to map the cytoplasmic sequences that control how
Pcdh-yA3, and other Pcdhs, traffic in the endolysosome system.
Progressive cytoplasmic truncations were tested for their ability to
colocalize with LAMP2 and LC3 in transfected cells. Surprisingly,
it was found that the constant domain was not necessary for the
molecule to colocalize with endolysosomal markers [39]. Further
Pcdh-yA3 truncations into the VCD were evaluated for traffick-
ing and it was found that deletion up until 163 amino acids from

the carboxy-terminus of Pcdh-yA3 preserved colocalization with
LAMP2 and LC3 but that deletion after 190 amino acids completely
eliminated this colocalization. Elimination of endolysosomal traf-
ficking correlated with more localization at cell-cell interfaces in
an adhesive conformation.

This defined an amino acid segment within the VCD of Pcdh-yA3
critical for trafficking, almost identical for all Pcdh-yA molecules
[39] (Fig. 4). Inspection of Pcdhs from the three subclusters starting
at approximately 30 amino acids downstream from the transmem-
brane domain showed that there is indeed similarity amongst
most clustered Pcdhs in the VCD trafficking region [40]. A highly
conserved valine residue (valine 753 in Pcdh-yA3) can be used
as an anchor to align the VCDs from other Pcdhs. Downstream
from this residue is a cluster of conserved basic residues next to
serines and threonines followed by a cluster of hydrophobic and
aromatic amino acids. Just upstream of the conserved valine is
another segment that contains a more divergent region still with
common serines, tyrosines and glutamine residues. Detailed stud-
ies to examine the role of each of these residues in regulating Pcdh
trafficking are now being conducted.

Earlier studies on Pcdh surface delivery noted that surface
expression of a Pcdh-a was enhanced when coexpressed with a
Pcdh-y in HEK293 cells. The functional interaction in this study
was mapped to the extracellular domain [56]. This finding has been
confirmed and expanded on in structural studies which showed
a cis interaction between the sixth cadherin repeats of various
Pcdhs that can enhance surface delivery in cotransfected cells [10].
Exactly how extracellular cis interaction influences Pcdh surface
delivery remains to be determined. However, it was also noted in
the early studies that a cytoplasmic interaction between Pcdhs-a
and -y also exists that could also influence surface delivery [56].
This cytoplasmic binding activity was not mapped to a particular
domain or set of residues in these Pcdhs. The possibility that the
VCD trafficking motif mediates, at least part, of this cytoplasmic
interaction was tested by co-immunoprecipitation experiments. It
was found that both extracellular and cytoplasmic deletion Pcdh-
vA3 constructs were equally effective at co-immunoprecipitating
full length Pcdh-yA3 and yB2 in cotransfected cells confirming the
extensive cis interactions that occur within the vy family between
the same Pcdh as well as different Pcdhs. A surprising finding was
that co-precipitation of full length Pcdh-ys was just as efficient
when the interacting construct contained only the transmembrane
and VCD region, lacking the constant and extracellular domains.
Mapping of the VCD region that mediates cytoplasmic interaction
found that approximately the same residues important for traf-
ficking of Pcdh-yA3 were responsible for mediating cytoplasmic
interaction of Pcdh-yA3 with itself and with -yB2. Further analysis
showed that the Pcdh-yA3 VCD can interact with Pcdh-as and -[3s.
We have termed the VCD region within Pcdh-yA3 and the similar
segment from other Pcdhs, the “VCD motif”’ [40] (Fig. 4).

6. Pcdh endocytosis

In contrast to the characterization of Pcdh endolysosomal traf-
ficking, much less is known about the behavior of the molecules
when found at the cell surface. How do Pcdhs arrive at the
endolysosome system and what does this trafficking have to do
with the function of Pcdhs at the cell surface? A model for clus-
tered Pcdh function may come from studies of the non-clustered
protocadherin, Pcdh8, which can, in some cases, correlate with
an apparent deregulation of adhesion. In hippocampal neurons,
Pcdh8/Arcadlin/PAPC, initially identified as a molecule upregu-
lated at the mRNA level in response to activity, was found to
induce the removal of N-cadherin from synapses via endocyto-
sis [57]. Another study found that Pcdh8 can induce N-cadherin
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Fig. 3. Pcdh-yA3 positive trafficking organelles in HEK 293 cells. (A) CLEM of transfected cells. A massive accumulation of trafficking organelles is seen in the region of GFP
fluorescence. (B) Serial section images through a single organelle observed in Pcdh-yA3 transfected cells. These organelles have characteristics of multivesicular bodies/late
endosomes as well as tubules that are commonly found on recycling endosomes. (C) 32AR has been shown to exhibit prominent trafficking in recycling endosomes [33,44]

and can colocalize with Pcdh-yA3 in transfected cells.
A from [35], B and C unpublished.

internalization during somitogenesis [ 58]. Whether this property of
triggering endocytosis is unique to Pcdh8 or is also found in other
non-clustered Pcdhs is unknown. Other non-clustered Pcdhs can
deregulate or modify adhesion by pathways that may not involve
endocytosis or the endolysosome system. For example, the autism
associated Pcdh10 [59] interacts with ubiquitinated PSD-95 which
is then subjected to degradation by the proteosome and which
results in elimination of synapses [60]. Pcdh19, a non-clustered
Pcdh linked to a female restricted epilepsy and mental retardation
[61,62], can bind to N-cadherin and alter the homophilic specificity
of adhesion [63].

Some data indicates that clustered Pcdhs themselves may also
be prominent targets for endocytosis when displayed at the surface

which could in part explain their low levels of surface expression,
weak cell aggregation activity and accumulation in the endolyso-
some system. Pcdh-a and -y families can be cleaved by y-secretase,
after extracellular cleavage, to generate a soluble cytoplasmic
carboxy-terminal fragment (CTF) [12,64]. In some cases, the CTF
can be translocated to the nucleus. It was shown that cleavage of
a Pcdh-a and accumulation of the CTF was prevented by block-
ing endocytosis [43]. Other studies showed by live imaging of full
length Pcdh-yA3 in hippocampal neurons that vesicles containing
this molecule can be dynamically trafficked to and from synapses
[25]. These mobile Pcdh vesicles were eliminated upon deletion of
the cytoplasmic domain.
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Fig. 4. Model for Pcdh trafficking with respect to function. (A) Segment of the VCD found to be critical for trafficking in the endolysosome system and for cytoplasmic cis
interactions (VCD motif) [39,40]. Segment was initially mapped in Pcdh-yA3 and similarities are found in other Pcdhs. (B) Identified Pcdh domains with a role in trafficking.
Extracellular cadherin repeats 1-4 are involved in adhesion while the cadherin repeat 6 mediates cis interaction that can promote surface delivery [10,13]. On the cytoplasmic
side, the VCD motif can participate in cis interactions and this segment is also important for endolysosomal trafficking of the molecule. At the carboxy terminus of the constant
domains for Pcdh-ys and -as is a polybasic region that, for Pcdh-vs, can interact with phospholipids with effects on signaling [45]. It is possible that the polybasic region
can also influence Pcdh trafficking. (C) A model for how trafficking might alter adhesion. Adhesion between membranes expressing matching Pcdhs will cluster Pcdhs and
other adhesion molecules at the junction. Under certain conditions, Pcdh adhesive clustering and/or cis interaction might trigger membrane curvature and endocytosis [43]
which could also cause the internalization of other adhesion molecules. Trafficking of the internalized complex would be directed to the late or recycling endosome via
trafficking signals in the Pcdh VCD motif. Here, Pcdhs might be involuted into interior vesicles of the multivesicular body due to the association with endosomal sorting
complexes required for transport (ESCRT complex) [43]. These interior vesicles, containing both Pcdhs and other adhesion molecules, could be destined for degradation in
the lysosome or possibly secreted as exosomes. This could essentially be a mechanism by which Pcdhs downregulate adhesion after surface membrane recognition. Based on
the ultrastructure of Pcdh containing organelles, Pcdhs may be sorted into tubules that emanate from the endosome and which could indicate recycling to the cell surface.
Potential intracellular markers that are being used to study whether Pcdhs are recycled to the surface are indicated. These include LC3, which plays a role in tubulation, as
well as the retromer, WASH (WASP and SCAR homologue) and sorting nexin complexes, involved in sorting cargo to endosomal subdomains. Actin can also play a role in

sorting cargo in endosomes.

7. A model for assembly and trafficking of the Pcdh
complex

Some combination of Pcdh-as, 8s and -ys are thought to gener-
ate a heteromeric complex that is the basis for an “adhesive unit”,
with an enormous number of combinations and specificity [9,10].
How might this complex be assembled? Most Pcdh-vs, as well as
-Bs (unpublished observations), target efficiently to the endolyso-
some system in transfected cells. In contrast, Pcdh-as appear to
have a completely different trafficking pattern. Targeting to the
various compartments appears to be affected by different com-
binations of Pcdhs. Earlier studies had shown that a Pcdh-a was
directed to a cytoplasmic compartment when overexpressed and
that co-transfection with a Pcdh-y could increase the trafficking
of Pcdh-a to the cell surface [56]. CLEM on transfected cells con-
firmed the ER-like localization Pcdh-a1 and the striking differences
in trafficking between Pcdh-vys and Pcdh-as [38]. It has been sug-
gested that Pcdh-a/7y cis-binding in the ER may be a factor in the
export of the Pcdh-a/B/y complex to the surface, ensuring that
the entire Pcdh complex is properly assembled prior to surface
display [56]. Extracellular Pcdh-o/y cis-interaction was found to
be important for promotion of Pcdh-a surface localization and a
cytoplasmic interaction between the two also participated in traf-
ficking. It remains to be determined if interaction between Pcdh-as
and -vs at the VCD motif can also influence Pcdh-a trafficking from
the ER. It is notable that the Pcdh-a VCD motif contains a group of
three basic residues [40] that are similar to other segments which
may function as an ER retention motif, and that can be masked upon
complex formation [65].

How might the distinct trafficking exhibited by Pcdhs relate
to their role at cell surfaces? We know that adhesive activity for
the Pcdh extracellular domains can be detected in cell aggregation
assays and also that the adhesive interfaces for several Pcdhs have

been described by x-ray crystallography. In addition, replacement
or deletion of the cytoplasmic domains from some Pcdhs can have
a positive effect on adhesion. Therefore, the cytoplasmic domains
of at least some Pcdhs have a clear negative effect on adhesive
activity and their role appears to be intracellular retention. This
situation is very unlike the classical cadherins where the cytoplas-
mic domain has additional stabilizing activity towards adhesion.
Therefore, what is the mode(s) of action for Pcdhs in cell-cell inter-
action and how might this relate to self-avoidance, which is by
definition a process that must involve detachment? It is possible
that endolysosomal trafficking, which is distinct for the clustered
Pcdhs, may be part of the mechanism behind the self-avoidance
activity for these molecules. In contrast to avoidance mechanisms
operative during axon outgrowth, which involve the turning of
growth cones, self-avoidance and tiling of dendrites appears to
involve a “sorting” process. For starburst amacrine cells, same cell
dendrites appear to be connected by dendritic bridges that eventu-
ally become sorted out during postnatal development [17]. These
dendrites are certain to express strong adhesion molecules from
both the cadherin and immunoglobulin superfamily, among others.
Adhesion through pro-adhesive molecules on same-cell dendrites
must be deactivated or downregulated for same-cell dendrites to
detach and tile. It could be that adhesion between same-cell den-
drites is downregulated by endocytosis triggered by the extensive
matching Pcdh contacts that must exist on same-cell membranes
(Fig. 4C), with subsequent trafficking of resultant organelles to the
endolysosome system directed via the trafficking motifs in Pcdh
VCDs or elsewhere. Pro-adhesive molecules might then be sub-
jected to degradation in lysosomes while Pcdhs might be recycled
back to the surface as suggested by the tubulated morphology of
Pcdh-associated endosomes. Endocytosis of Pcdhs may be tightly
regulated such that the molecules can be converted from adhe-
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sive to anti-adhesive by activating endocytic and endolysosomal
trafficking signals on Pcdh cytoplasmic domains.
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