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The  cluster  of  almost  60 protocadherin  genes,  divided  into  the  �, �  and  �  subgroups,  is a hallmark  of  verte-
brate  nervous  system  evolution.  These  clustered  protocadherins  (Pcdhs)  are  of interest  for  several  reasons,
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
cause  avoidance  of interacting  membranes.  It  is  clear that Pcdh  extracellular  domains  bind  homophilli-
cally  in  an  antiparallel  conformation,  typical  of adhesive  interactions.  How  can  molecules  that  would
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.

©  2017  Published  by Elsevier  Ltd.
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l genes in the cluster by methylation supports the notion
ons acquire the code in an epigenetic fashion [5–8]. The

 arrangement features alternative splicing of single exons,
 each Pcdh, to constant exons that encode an identical
tocadherin trafficking, Semin Cell Dev Biol (2017),

appended to the cytoplasmic domains of Pcdh-�s and -
). The combinatorial association of multiple Pcdhs into
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Fig. 1. Organization of the Pcdh gene cluster. The �, � and � subclusters are arranged in tandem. Single exons (white or light blue bars; 14 in �, 22 in � and 22 in �) encode
the majority of each Pcdh molecule. There are “C-type” (C1-C5) exons in � and � that encode molecules with less similarity to the other exons within their cluster. There are
2  additional subclasses of Pcdh-�s (�As and �Bs; white and light blue bars, respectively). At the end of the � and � clusters are 3 constant exons that are spliced at the mRNA
level to the individual Pcdh exons from the cluster. Thus the Pcdh-�s and -�s have their own  identical cytoplasmic moiety appended to the carboxy terminus. Shown below
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sion molecule is to transfect the coding cDNA into cell

 normally lack adhesion [11]. Early on, it was  noted that
-�, Pcdh-�C3, exhibited weak adhesion in transfected cells

pared to a classical cadherin. However, it was  then noted
sion of this Pcdh increased dramatically when the cyto-
omain was replaced with that of a classical cadherin.

the first indication that Pcdh cytoplasmic domains might
y regulate adhesion. The K562 cell line was later found
imal for studying the adhesive interactions promoted by
] and other groups have used these cells to work out the

lic specificity of Pcdh interactions [9,10,13]. In these cells,
rexpression is able to promote significant cell aggregation
thers, the effect is less pronounced. In parallel, the bind-
ctions of Pcdh extracellular domains were characterized
ly by x-ray crystallography [10,13–15]. It is now very clear
s exhibit homophilic binding via their cadherin repeats.

, this cell–cell binding activity has been difficult to recon-
the behavior of the molecules in cells and neurons. In some
h as neuron-astrocyte interactions [16], as well as synap-
ctions within clonal neuron populations [8], Pcdhs seem
te cell–cell interaction. On the other hand, at least for the
ndrite self-avoidance, [17,18] Pcdhs induce the opposite

 normally considered to be “cell adhesion”. How is it possi-
olecules which contain extracellular domains that should

of  se
has o
ble t
betw
this 

3.  P
neu

A
cell 

of m
ple, 

to th
dom
elec
and 

begi
prot
simi
in w
In h
thes
punc
N-ca
drite
cont
endo
func
that
ing. 

been
cyto
avoi
cite this article in press as: G.R. Phillips, et al., Clustered pro
x.doi.org/10.1016/j.semcdb.2017.05.001

osing membranes can actually cause the detachment and
e of the same interacting membranes, particularly when
onger adhesive proteins are certain to co-exist on these
es? The same question has been posed for another class

were also
of autism

Astroc
other clu
llular or luminal domain which contains the adhesive cadherin repeats,
cytoplasmic domain, VCD) and the constant domain.

oidance molecules, the Dscams in Drosophilia [19–21] but
egun to be addressed at the cell biological level. It is possi-

laboration of the differences in the intracellular trafficking
 Pcdhs and classical cadherins will provide insights into
tion.

localization at membrane contact points in
 and other cells

portant criterion for evaluating the activity of putative
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ally line up precisely at cell junctions and are recruited
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microscopic levels in hippocamapal neurons in culture
o [24–26]. Early in development in vitro, as dendrites are
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 Pcdh-� dependent self-avoidance has been studied [17].
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ndritic bridges” and the main dendrite exhibited a strong

 of Pcdh-� immunoreactivity [25] (Fig. 2). In contrast,
in immunoreactivity was more generalized along the den-
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tocadherin trafficking, Semin Cell Dev Biol (2017),
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Fig. 2. Accumulation of Pcdh-�s 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-�s using an affinity purified antibody to the constant domain shows that Pcdh-�s are precisely located
at the contact point between a bridge and the main dendrite (arrowheads). (B) Transfected Pcdh-�A3-GFP mimics the distribution of native Pcdhs at bridge contacts in
neurons. Surface expression of Pcdh-�A3 was detected by immunostaining with an extracellular antibody without permeabilization. Surface expression was mainly at bridge
contacts  (arrowheads). Pcdh-�A3 was enriched in organelles in the main dendrite, unlabeled with the surface antibody. (C) Astrocytes in culture also express abundant
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localization in synaptic intracellular compartments

bedding immunogold electron microscopy has been
ective for characterizing the unusual relationship of Pcdh-

 synapse. The localization of Pcdh-�s at the synapse was
 to that of N-cadherin, a known synaptic cleft molecule.

periments have found, in agreement with light level
hat Pcdh-�s were more enriched in axonal and spinous
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t investigation. One possibility, based on results from cul-
l experiments (see below), is that Pcdh-�s, and possibly
hs, are located in a type of recycling endosome com-
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 an inhibitory interaction of Pcdh-� ectodomains with
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 previously [37]. Storage in recycling organelles might
pid delivery upon synaptic reorganization or plasticity as
cal retrieval and sorting. Depending on cell type, Pcdh
ay  then promote or destabilize the synapse.

 cultured cells to study the mechanism of Pcdh
g

ulture experiments have been essential to unravel the
and dynamics of classical cadherins as well as other
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hat transfected Pcdhs are largely retained in intracellu-
artments [25,38–40] much like native Pcdhs in synaptic

ents. Thus, understanding of Pcdh trafficking may  shed
the unique modes of cell–cell interaction mediated by
lecules. For Pcdh-�s, it has been possible to study traf-

f GFP fusions given the fact that appending GFP to the
terminus of all Pcdh-�s in knock-in mice does not interfere
ction in vivo [17,31,41,42]. For Pcdh-�A3, the GFP fused
h molecule accumulated strikingly within intracellular

ents in HEK293 cells and primary neurons. Inaccessi-
an antibody generated against the extracellular domain
A3 was  used to confirm the intracellular localization of
cta in neurons [25,38,39]. Furthermore, this pattern was

ilar of the punctate immunostaining pattern for Pcdh-�s
y neurons [24,25].

cal cadherin cytoplasmic interactions normally have a
g effect on junctions by ultimately linking to the actin-
toskeleton. The role of Pcdh cytoplasmic interactions
lear but trafficking appears to be significantly affected

ytoplasmic domains. Upon removal of the cytoplasmic
transfected Pcdhs typically exhibit much greater surface
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binding. Cytoplasmic deletion of Pcdh-�A3 caused a dra-
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dhs in neural development. Studies have therefore been
en to characterize the organelles that harbor Pcdhs and to
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as found that two  transfected Pcdh-�s (-�A3 and -�B2)
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 intracellular accumulation of Pcdhs in K562 cells [10].
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d the distinct trafficking of Pcdh-�s and -�C4 in transfec-
riments [10]. Most importantly, Pcdh-�A3 and -�B2 were
very differently than the classical cadherin, N-cadherin,
uld never co-cluster with LC3 and was minimally traf-
LAMP2 positive organelles [38,39]. Cytoplasmic deletion
A3, including the constant domain and most of the unique
e cytoplasmic domain (variable cytoplasmic domain, VCD,
), which caused an increase in surface delivery, completely
d the trafficking to LAMP2 and LC3 positive organelles
inent display at the interfaces between transfected cells
tocadherin trafficking, Semin Cell Dev Biol (2017),

eletion of the constant domain only also promoted greater
ite localization [25] but the molecule could still cluster
P2 and LC3 [38,39]. Of note, the constant domain con-
basic residues together with a serine residue that can be
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ylated [45]. This motif was shown to bind to phospho-
a regulated manner and disruption of this motif caused
ies in Pcdh-� function as it relates to dendrite arboriza-
ther these residues of the constant domain play a role in

ficking is currently under investigation.
are a variety of endosomally related organelles that can
e for LAMP2 and/or LC3. Ultrastructural techniques are

 to provide additional information about the specific com-
 type. Correlative light and electron microscopy (CLEM)
a highly effective way to study trafficking of GFP fusions in
al or autophagy related compartments [46,47]. By CLEM,
-�A3-GFP and -�B2-GFP positive areas within cells cor-

d to massive accumulations of ∼250 nm multivesicular
at were absent in control cells [38,39] (Fig. 3). These
d late or recycling endosomes in that they were also asso-
th tubular projections [48,49]. Deletion of the cytoplasmic

cluding the VCD and constant portions completely elim-
fficking to these organelles [38]. When found inside the
ytoplasmic deletion corresponded to whorled ER mem-

stead of multivesicular bodies. Thus it is clear that a major
of the cytoplasmic domain for at least some Pcdhs is to

 molecule to the endolysosome system.
le of Pcdhs in multivesicular bodies is currently being

ted. One possibility is that Pcdhs could be secreted in the
osomes which originate from the fusion of the late endo-

ltivesicular body with the plasma membrane. There is
ence that Pcdhs can be detected in exosomes but further

tion is required [50–52]. On the other hand, tubulation
mes is a way to partition cargo from one subdomain of
ome to another [49] for recycling back to the cell surface
cretory pathway. There are accessory factors that partici-

is partitioning [53]. The tubules that emanate from Pcdh-�
ndosomes are strongly reminiscent of tubules involved in

 of cargo from sorting endosomal compartments allowing
led molecules to avoid degradation. In particular, stud-
a-2 adrenergic receptor (�2AR) trafficking could provide
e to study how Pcdhs are trafficked and the significance
fficking [44]. Like Pcdhs, the trafficking of the �2AR has
racterized extensively in transfected HEK293 cells and
s [33,44]. Super-resolution microscopy has shown that

comes partitioned to tubules connected to endosomes
partitioning is dependent on the retromer complex that

 endosome to Golgi/plasma membrane recycling. Interest-
AR and retromer are also markers for dendritic recycling
e domains that provide a local supply of membrane pro-
endritic microdomains. In preliminary studies, Pcdh-�A3
2AR can colocalize in HEK293 cells (Fig. 3), particularly

ternal compartments, suggesting the possibility that the
cules share similar trafficking mechanisms.
lasmic interactions for classical cadherins are essential for
and have been studied for decades. We  know relatively
ut Pcdh cytoplasmic function despite the identification
binding interactions [40,45,54,55]. It seems reasonable
se that the sequences controlling Pcdh endolysosomal
g will likewise be important to characterize if we  are to
nd the distinctive mode of cell–cell interaction that Pcdhs

 The clear differences between the full-length molecule
ytoplasmic deletion, in terms of trafficking, provided a
say to map  the cytoplasmic sequences that control how
, and other Pcdhs, traffic in the endolysosome system.

ve cytoplasmic truncations were tested for their ability to
 with LAMP2 and LC3 in transfected cells. Surprisingly,
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 truncations into the VCD were evaluated for traffick-
t was found that deletion up until 163 amino acids from
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lated at 
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sis [57]. 
ESS
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xy-terminus of Pcdh-�A3 preserved colocalization with
d LC3 but that deletion after 190 amino acids completely
d this colocalization. Elimination of endolysosomal traf-
rrelated with more localization at cell–cell interfaces in

ive conformation.
efined an amino acid segment within the VCD of Pcdh-�A3
r trafficking, almost identical for all Pcdh-�A molecules

 4). Inspection of Pcdhs from the three subclusters starting
imately 30 amino acids downstream from the transmem-
main showed that there is indeed similarity amongst

stered Pcdhs in the VCD trafficking region [40]. A highly
d valine residue (valine 753 in Pcdh-�A3) can be used
chor to align the VCDs from other Pcdhs. Downstream

 residue is a cluster of conserved basic residues next to
nd threonines followed by a cluster of hydrophobic and

 amino acids. Just upstream of the conserved valine is
egment that contains a more divergent region still with

 serines, tyrosines and glutamine residues. Detailed stud-
mine the role of each of these residues in regulating Pcdh
g are now being conducted.
r studies on Pcdh surface delivery noted that surface
n of a Pcdh-� was enhanced when coexpressed with a

 HEK293 cells. The functional interaction in this study
ped to the extracellular domain [56]. This finding has been
d and expanded on in structural studies which showed
raction between the sixth cadherin repeats of various
t can enhance surface delivery in cotransfected cells [10].
ow extracellular cis interaction influences Pcdh surface

remains to be determined. However, it was  also noted in
 studies that a cytoplasmic interaction between Pcdhs-�
so exists that could also influence surface delivery [56].
plasmic binding activity was not mapped to a particular
r set of residues in these Pcdhs. The possibility that the
cking motif mediates, at least part, of this cytoplasmic
n was tested by co-immunoprecipitation experiments. It
d that both extracellular and cytoplasmic deletion Pcdh-
tructs were equally effective at co-immunoprecipitating
h Pcdh-�A3 and �B2 in cotransfected cells confirming the

 cis interactions that occur within the � family between
 Pcdh as well as different Pcdhs. A surprising finding was
recipitation of full length Pcdh-�s was  just as efficient

 interacting construct contained only the transmembrane
 region, lacking the constant and extracellular domains.

 of the VCD region that mediates cytoplasmic interaction
at approximately the same residues important for traf-
f Pcdh-�A3 were responsible for mediating cytoplasmic
n of Pcdh-�A3 with itself and with -�B2. Further analysis

hat the Pcdh-�A3 VCD can interact with Pcdh-�s and -�s.
 termed the VCD region within Pcdh-�A3 and the similar
from other Pcdhs, the “VCD motif” [40] (Fig. 4).

endocytosis

trast to the characterization of Pcdh endolysosomal traf-
uch less is known about the behavior of the molecules

und at the cell surface. How do Pcdhs arrive at the
some system and what does this trafficking have to do
function of Pcdhs at the cell surface? A model for clus-
h function may  come from studies of the non-clustered

herin, Pcdh8, which can, in some cases, correlate with
ent deregulation of adhesion. In hippocampal neurons,
tocadherin trafficking, Semin Cell Dev Biol (2017),

cadlin/PAPC, initially identified as a molecule upregu-
the mRNA level in response to activity, was found to
e removal of N-cadherin from synapses via endocyto-

Another study found that Pcdh8 can induce N-cadherin
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Fig. 3. Pcdh-�A3 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-�A3 transfected cells. These organelles have characteristics of multivesicular bodies/late
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this mole
[25]. The
the cytop
 shown to exhibit prominent trafficking in recycling endosomes [33,44]

uld in part explain their low levels of surface expression,
l aggregation activity and accumulation in the endolyso-
tem. Pcdh-� and -� families can be cleaved by �-secretase,
racellular cleavage, to generate a soluble cytoplasmic
terminal fragment (CTF) [12,64]. In some cases, the CTF
anslocated to the nucleus. It was shown that cleavage of

 and accumulation of the CTF was prevented by block-
cytosis [43]. Other studies showed by live imaging of full
dh-�A3 in hippocampal neurons that vesicles containing
tocadherin trafficking, Semin Cell Dev Biol (2017),

cule can be dynamically trafficked to and from synapses
se mobile Pcdh vesicles were eliminated upon deletion of
lasmic domain.

dx.doi.org/10.1016/j.semcdb.2017.05.001


Please 

http://d

ARTICLE IN PRESSG Model
YSCDB-2207; No. of Pages 9

G.R. Phillips et al. / Seminars in Cell & Developmental Biology xxx (2017) xxx–xxx 7

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-�A3 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-�s and -�s is a polybasic region that, for Pcdh-�s, 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.
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