A variable cytoplasmic domain segment is
necessary for y-protocadherin trafficking and
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ABSTRACT Clustered protocadherins (Pcdhs) are arranged in gene clusters (o, B, and ) with
variable and constant exons. Variable exons encode cadherin and transmembrane domains
and ~90 cytoplasmic residues. The 14 Pcdh-as and 22 Pcdh-ys are spliced to constant exons,
which, for Pcdh-ys, encode ~120 residues of an identical cytoplasmic moiety. Pcdh-ys partici-
pate in cell-cell interactions but are prominently intracellular in vivo, and mice with disrupted
Pcdh-y genes exhibit increased neuronal cell death, suggesting nonconventional roles. Most
attention in terms of Pcdh-yintracellular interactions has focused on the constant domain. We
show that the variable cytoplasmic domain (VCD) is required for trafficking and organelle
tubulation in the endolysosome system. Deletion of the constant cytoplasmic domain pre-
served the late endosomal/lysosomal trafficking and organelle tubulation observed for the
intact molecule, whereas deletion or excision of the VCD or replacement of the Pcdh-yA3
cytoplasmic domain with that from Pcdh-01 or N-cadherin dramatically altered trafficking.
Truncations or internal deletions within the VCD defined a 26-amino acid segment required
for trafficking and tubulation in the endolysosomal pathway. This active VCD segment con-
tains residues that are conserved in Pcdh-yA and Pcdh-yB subfamilies. Thus the VCDs of Pcdh-
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s mediate interactions critical for Pcdh-y trafficking.

INTRODUCTION

Clustered protocadherins (Pcdhs) are the largest subgroup from the
cadherin family of transmembrane proteins that mediate homophilic
cell-cell adhesion. Pcdh genes are arranged in three gene clusters
(o, B, and ) that contain 14, 22, and 22 distinct protocadherin genes,
respectively, in rodents (Kohmura et al., 1998; Wu and Maniatis,
1999). For the o and y clusters, the mRNAs are spliced (Tasic et al.,
2002) to three exons that code for a common cytoplasmic domain
of 152 or 124 amino acids, respectively, appended to each mole-
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cule. Itis believed that Pcdhs therefore couple homophilic recogni-
tion to common cytoplasmic interactions in synapse formation and
development of the nervous system. For this reason, most attention
has focused on the Pcdh-a and Pcdh-y constant domains in terms of
determining how Pcdhs interact with cytoplasmic proteins (Kohmura
et al., 1998; Chen et al., 2009; Lin et al., 2010).

Some Pcdhs, including the Pcdh-ys, have been shown to par-
ticipate in homophilic cell-cell interactions (Obata et al., 1995;
Fernandez-Monreal et al., 2009; Schreiner and Weiner, 2010).
However, knockout phenotypes suggest the molecules could have
nonconventional roles during neural development. For example,
total knockout of the Pcdh-y gene cluster primarily caused cell
death in the spinal cord and other regions of the CNS (Wang et al.,
2002; Weiner et al., 2005). Conditional knockouts of Pcdh-ys in
spinal cord (Prasad et al., 2008) or retina (Lefebvre et al., 2008)
have confirmed that cell death is a prominent phenotype. Preven-
tion of apoptosis in Pcdh-y knockouts by Bax double knockout re-
vealed reductions in synapse connectivity for spinal cord (Weiner
et al., 2005) but no defects in synaptic connectivity in the retina
(Lefebvre et al., 2008). In contrast to these phenotypes observed
upon knockout of Pcdh-y, disruption of Pcdh-ois had deficiencies in
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serotonergic and olfactory projections with no cell death (Katori
et al., 2009).

We showed previously that endogenous Pcdh-ys (Phillips et al.,
2003; Fernandez-Monreal et al., 2010), as well as those that are
overexpressed (Fernandez-Monreal et al, 2009, 2010; Hanson
et al., 2010a), are mostly intracellular and suggested that this prop-
erty could account for the relatively weak cellular adhesion observed
for Pcdh-ys (Obata et al., 1995). Pcdh-ys induce tubulation of organ-
elles in the late endosome/lysosome system (Hanson et al., 2010a).
It is possible that the intracellular distribution and organelle tubula-
tion activity of Pcdh-ys reflect a role for these molecules in an un-
usual intracellular trafficking route critical for neural development
and survival. We sought to determine how the Pcdh-y cytoplasmic
domains influence trafficking, using Pcdh-yA3 as the model. We
found that the Pcdh-yA3 and Pcdh-yB2 variable cytoplasmic do-
mains (VCDs) participate in trafficking of the intact molecules. Trun-
cations or internal deletions of the Pcdh-yA3 VCD revealed a
26-amino acid segment that is required for late endosome tubula-
tion and targeting. This segment has conserved residues in Pcdh-yA
and Pcdh-yB families. Our results suggest the Pcdh-y VCD mediates
interactions critical for Pcdh-y trafficking and function.

RESULTS

Pcdh-y green fluorescent protein (GFP) fusions are functional in
vivo: GFP knock-in fusions do not cause the cell death phenotype
observed upon disruption of the Pcdh-y gene cluster (Wang et al.,
2002; Weiner et al., 2005; Lefebvre et al., 2008; Prasad et al., 2008;
Han et al, 2010; Su et al, 2010). Pcdh-yA3-GFP expressed in
HEK293 cells was targeted to LAMP-2—positive organelles repre-
senting late endosomes or lysosomes, and this activity depended
on an intact cytoplasmic domain (Hanson et al., 2010a). To deter-
mine whether the cytoplasmic domains from related proteins, such
as a member of the Pcdh-o family (Figure 1A) or the more distantly
related classical cadherin N-cadherin, can substitute for the Pcdh-y
cytoplasmic domain in promoting correct trafficking of Pcdh-ys, we
generated chimeric molecules in which most of the Pcdh-yA3 cyto-
plasmic domain was replaced with that from Pcdh-o family mem-
ber Pcdh-a1 (YA3/0.1-GFP) or, the classic cadherin, N-cadherin
(YA3-N-GFP; Figure 1B). We also generated Pcdh-yA3 constructs
in which the constant domain (Aconst-GFP) or the VCD (AVCD-
GFP; Figure 1C) was deleted, as well as carboxy-terminal trunca-
tions of the intact molecule that terminated at different sites within
the VCD (Act163-GFP, Act183-GFP, and Act190-GFP; Figure 1D).
Twelve—amino acid internal deletions within the Pcdh-yA3 VCD
were generated within the context of full-length or constant-
domain-deleted Pcdh-yA3 (A741-752-GFP and A741-752Aconst-
GFP, respectively; Figure 1E). A VCD stub construct was generated
in which the entire luminal/extracellular domain was replaced
with a signal sequence and the constant domain deleted as well
(VCDstub-GFP; Figure 1F). The 12—-amino acid VCD deletion was
also introduced into the VCD stub construct (VCDstubA741-752;
Figure 1F). All of the constructs were expressed and reacted with
the appropriate antibodies (Figure 1G).

Late endosome/lysosome targeting and tubulation are
specific to the Pcdh-y cytoplasmic domain

To determine the specificity of targeting mediated by the Pcdh-y
cytoplasmic domain, we transfected the chimeric YA3/a.1-GFP and
YA3/N-GFP constructs, as well as intact YA3-GFP, and examined
their targeting to the endolysosome system by immunostaining with
antibodies to the lysosomal marker LAMP-2 or coexpressed the chi-
meras with red fluorescent protein (RFP)-MAP1A/1B light chain 3
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(LC3), the autophagic protein that was found to participate in Pcdh-y
membrane tubulation (Hanson et al., 2010a). Although YA3-GFP
(Figure 2A, top) generated perinuclear accumulations that colocal-
ized with LAMP-2 (arrowheads), intracellular accumulations of yA3/
o1-GFP or yA3/N-GFP (Figure 2A, middle and bottom) lacked spe-
cific LAMP-2 colocalization (arrows). YA3-GFP (Figure 2B, top) also
induced the perinuclear clustering of RFP-LC3 (arrowheads), whereas
intracellular clusters of YA3/0.1-GFP or YA3/N-GFP (Figure 2B, mid-
dle and bottom) never coclustered with RFP-LC3 (arrows).

We compared the intracellular distribution and morphology of
organelles associated with the chimeras using correlative light and
electron microscopy (CLEM; Hanson et al., 2010b). In cells, YA3-GFP
(Figure 3A) was associated with intracellular tubules (Figure 3A, ar-
rowheads) and ~170-nm multivesicular organelles (Figure 3A, ar-
rows). Removal of most of the cytoplasmic domain (Act190-GFP)
caused the molecule to be more efficiently transported to cell—cell
contacts (not shown here; Fernandez-Monreal et al., 2009; Schreiner
and Weiner, 2010) and also eliminated the tubules and multivesicu-
lar organelles when found intracellularly, resulting in membrane
whorls (Figure 3B), as observed previously (Hanson et al., 2010a).
These whorls also colocalized with endoplasmic reticulum markers
(not shown here; Hanson et al., 2010a). In contrast, replacement of
the Pcdh-yA3 cytoplasmic domain with that from Pcdh-a1 (yA3/o1-
GFP; Figure 3C) or N-cadherin (yA3/N-GFP; Figure 3D) resulted
in strikingly different organelles. For yA3/a.1-GFP, the molecule ac-
cumulated in organelles associated with apparent ribosomes
(Figure 3, C and E, arrowheads), similar to those previously observed
when intact Pcdh-0.1-GFP was expressed (Hanson et al., 2010a).
When YA3/N-GFP was expressed, there was a strong tendency
for the chimera to target to cell-cell junctions (Figure 3D, inset).
However, when found, intracellular accumulations of yA3/N-GFP
(Figure 3D) resembled the whorls associated with Act190-GFP
(Figure 3B).

Late endosome/lysosome trafficking and tubulation

are mediated by the Pcdh-y VCD

To map the region(s) within the Pcdh-y cytoplasmic domain that me-
diate trafficking and tubulation in the late endosome/lysosome sys-
tem, the Pcdh-yA3 constant domain (Aconst-GFP) or the VCD
(AVCD-GFP) was deleted (Figure 1). Unlike Act190-GFP, Aconst-GFP,
and AVCD-GFP, as well as YA3-GFP (Figure 4A), all colocalized to
some extent with LAMP-2 (arrowheads), although YA3-GFP and
Aconst-GFP exhibited a perinuclear pattern, whereas AVCD-GFP
had more dispersed intracellular localization, with some of the
AVCD-GFP puncta not colocalizing with LAMP-2 (Figure 4A, arrows).
Both YA3-GFP and Aconst-GFP colocalized with and induced the
clustering of RFP-LC3 (Figure 4B, arrowheads). Of interest, no colo-
calization and clustering of RFP-LC3 were observed with AVCD-GFP,
with RFP-LC3 remaining diffuse in these cells, similar to the lack of
RFP-LC3 colocalization exhibited by Act190-GFP (Figure 4B, ar-
rows). Thus, although both the VCD and the constant domain ap-
pear to have separate intracellular retention signals, the VCD con-
tains sequences necessary for efficient transport to the late
endosome/lysosome pathway and LC3 recruitment.

We used CLEM and serial sectioning to compare the organelles
associated with Aconst-GFP and AVCD-GFP. We found that Aconst-
GFP expression corresponded to tubules (Figure 5A, arrowheads)
and ~170-nm vesicles (Figure 5A, arrows) that were similar to those
found in intact YA3-GFP-expressing cells (Figure 3; Hanson et al.,
2010a). In contrast, AVCD-GFP fluorescence corresponded to sinu-
soidal membrane sheets that strongly resembled “cubic” mem-
branes described previously (Lingwood et al., 2009). Unlike tubules,

y—Protocadherin trafficking | 4363



L& R
o const G é(‘? N é,Ca

i 1 A0 & O o o
A_H}HH_HH }____ H H I o cluster g&}‘b\dgvo&v\\oovo&é@@@
'\‘?‘p &0: o yconst e gl o
‘HH}HH{ Hﬂﬂ[m }ﬂﬂ H HH veluster | O e o w GFP
/ \\‘s\\ T
/ =~ <
/

~ - Vs / il
~S~ L ! g yconst

1l i
Luminal/extracellular vcD Const

B L/ECD —H% TConst

\/
Pcdh-yA3' Pcdh-o1

YA3/01-GFP

Pcdh-yA3 ' N-cadherin

C L/ECD—H& Aconst-GFP Q &L
C;( &

L/ECD—H—v.._" A 1Const AVCD-GFP

A &
v NN S
D Leco—f——— Act163-GFP TR

¥ .
veco—f—+ Act183-GFP - -
L/ECD—H—' Act190-GFP GFP

e
E L/ECD—H—'_V,—| YConst A741-752-GFP “

L/ECD—H—Y —_— A741-752Aconst-GFP
v

F Sig —H'— VCDstub-GFP

Sig _H_V VCDstubA741-752-GFP

v

FIGURE 1: Recombinant Pcdh-yA3-GFP molecules to map intracellular trafficking motifs. (A) Pcdh-o and Pcdh-y gene
clusters. Exons for the representative Pcdh-y and Pcdh-0 molecules are shaded. An example of Pcdh-yA3 splicing to
Pcdh-y constant exons, yielding the full-length gene product, is shown. (B) The location of the Xbal site, used to join
cytoplasmic domains from other molecules, or to create deletions and truncations, is indicated (arrow) relative to the
luminal/extracellular (L/ECD), transmembrane (double lines) variable cytoplasmic (VCD), and constant domains (Const).
Outline of chimeric constructs in which the cytoplasmic domain of Pcdh-a1 (yA3/0.1-GFP) or N-cadherin (YA3/N-GFP)
was substituted for the native Pcdh-yA3 cytoplasmic domain. (C) Deletion constructs in which the entire constant
domain (Aconst-GFP) was deleted or where the VCD (AVCD-GFP) was excised. (D) Carboxy-terminal truncation
constructs in which portions of the VCD were successively truncated. (E) Constructs in which 12 amino acids (amino
acids 741-752 as numbered in full-length mouse Pcdh-yA3) were excised from the VCD within the context of the
full-length molecule (A741-752-GFP; top) or constant-domain-deleted version (A741-752-GFPAconst; bottom).

(F) Constructs that contain only a small extracellular segment, including a signal sequence (Haas et al., 2005), followed
by the transmembrane segment and the VCD with no constant domain (VCDstub-GFP; top), including the 12-amino
acid VCD deleted version (VCDstubA741-752; bottom). (G) All constructs were expressed at the correct molecular
weight and reacted with appropriate antibodies by Western blot.
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these sheets exhibited continuity from section to section (Figure 5B, intact molecule, although the constant domain can also mediate

arrowheads). AVCD-GFP was also associated with electron-dense, some aspect of intracellular retention.

lysosome-like organelles (Figure 5C, arrowheads), suggesting the

possibility of a separate lysosome targeting sequence in the con-  Organelle targeting and tubulation are mediated
stant domain. High magnification of AVCD-GFP-associated organ- by a 26—amino acid segment within the VCD

elles showed continuity with endoplasmic reticulum (ER; Figure 5D,
arrowheads). Overall, these observations indicate that the VCD can
account for most of the normal trafficking activity observed for the
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To further characterize the residues within the VCD that dictate
Pcdh-y trafficking, we generated additional truncated versions of
Pcdh-yA3 in which the molecule was C-terminally truncated at two
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Specific targeting to LAMP-2— and LC3-positive organelles by the Pcdh-y cytoplasmic domain. YA3-GFP
colocalized with and recruited LAMP-2—positive (A) and RFP-LC3-positive (B) organelles in a perinuclear distribution
(A and B, arrowheads). In contrast, intracellular accumulations of the YA3/0.1-GFP chimera or the YA3/N-GFP chimera
never specifically colocalized with or recruited LAMP-2—positive (A) or RFP-LC3-positive (B) organelles (A and B, arrows).

Bar, 10 pm.
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Organelle tubulation in the endolysosome pathway requires the Pcdh-y cytoplasmic
domain. (A) YA3-GFP intracellular expression corresponded to tubules (arrowheads) and ~170-nm
multivesicular organelles (arrow). (B) Deletion of most of the cytoplasmic domain, including the
entire constant domain and most of the VCD (Act190-GFP) eliminated the tubules and resulted
in the formation of membrane whorls when found intracellularly as previously observed (Hanson
et al., 2010a). Inset, a “figure-8" whorl seen in both confocal and EM images. (C) In contrast,
YA3/0.1-GFP accumulated in organelles that were associated with ribosomes (E, arrowhead).

(D) YA3/N-GFP, although mostly localized at cell-cell contacts (inset), when found intracellularly,
was associated with membrane whorls similar to those observed upon expression of
Act190-GFP. Bar, 500 nm in EM images and 5 pym in light images in A-D and 70 nm in E.
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different sites within the VCD (Act163-GFP
and Act183-GFP; Figure 1) and tested these
for LAMP-2 colocalization, LC3 recruitment,
and tubulation activity. Act163-GFP exhib-
ited colocalization with LAMP-2 organelles
in a perinuclear manner (Figure 6A, top, ar-
rowheads) similar to full-length YA3-GFP
and Aconst-GFP (Figures 2 and 4). Unlike
Act163-GFP, however, Act183-GFP puncta
lacked extensive clustering at perinuclear
sites and had only a partial colocalization
with LAMP-2 (Figure 6A, middle, arrow-
heads). Act183-GFP/LAMP-2 colocalization
was still more prominent than that of Act190-
GFP, which never specifically colocalized
with LAMP-2 (Figure 6, bottom). Act163-
GFP also recruited RFP-LC3 (Figure 6B, top,
arrowheads), whereas both Act183-GFP and
Act190-GFP did not (Figure 6B, middle and
bottom, arrows). By serial section CLEM,
Act163-GFP corresponded to tubules and
multivesicular organelles that were indistin-
guishable from those found upon Aconst-
GFP or full-length YA3-GFP expression
(Figure 7, A, C, and D). In contrast, the or-
ganelles associated with Act183-GFP were
substantially different. In this case Act183-
GFP was associated with larger organelles,
~250 nm in diameter, with associated tubu-
lar structures (Figure 7, B-D). Serial section-
ing through Act183-GFP-associated organ-
elles revealed that the tubules were
invariably attached to the larger vesicles
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The Pcdh-yA3 VCD is required for trafficking to LAMP-2— and RFP-LC3-positive organelles. Deletion of the
constant domain (Aconst-GFP) did not affect the trafficking of the resultant molecule to LAMP-2—positive (A) and
RFP-LC3-positive (B) organelles in a perinuclear manner, similar to that observed for full-length YA3-GFP
(A and B, arrowheads). In contrast, excision of the VCD (AVCD-GFP), although still resulting in an intracellular
distribution, exhibited accumulations that largely did not colocalize with LAMP-2 (A, arrows) and never with RFP-LC3
(B, arrows). A fraction of AVCD-GFP accumulations did colocalize with LAMP-2 (A, arrowheads). Large-scale perinuclear
recruitment of AVCD-GFP was not observed. By comparison, Act190-GFP did not colocalize with LAMP-2 or RFP-LC3

(A and B, arrows), consistent with previous observations. Bar, 10 pm.

(Figure 7, B and D). Comparison of the size of the multivesicular or-
ganelles corresponding to expression of YA3-GFP, Aconst-GFP,
Act163-GFP, and Act183-GFP indicates that Act183-GFP-associated
organelles were significantly larger than those of YA3-GFP, Aconst-
GFP, and Act163-GFP, which were statistically the same (Figure 7C).

Thus removal of the constant domain, or the constant domain
plus an additional 39 amino acids into the VCD (Act163-GFP), re-
sulted in multivesicular and tubular organelles that were similar in
size and LAMP-2/RFP-LC3 colocalization as those associated with
full-length Pcdh-yA3. Deletion of the constant domain plus 65 ad-
ditional VCD residues (Act190-GFP) completely abrogated target-
ing to LAMP-2/RFP-LC3-positive organelles and resulted in mem-
brane whorls when found intracellularly. These results suggest that a
26-amino acid segment bounded by the truncation points within
the Act163 and Act190 constructs controls trafficking of Pcdh-yA3
(Figure 8A), as truncation within this segment (Act183) partially dis-
rupted trafficking. It remained possible that the differences in traf-
ficking observed for the truncation constructs were a result of short-
ening the molecule. To address this, we excised 12 amino acids from
the amino-terminal end of the 26-amino acid segment within the
context of the intact molecule (A741-752-GFP; Figure 8B) or as a
constant-domain-deleted version (A741-752Aconst-GFP; Figure 8E)

4366 | R.O'Leary etal.

and determined the ability of these constructs to colocalize with
LAMP-2 and RFP-LC3 (Figure 8, C and F) or analyzed their associ-
ated organelles by CLEM (Figure 8, D and G). The A741-752-GFP
construct colocalized with LAMP-2 in a perinuclear distribution simi-
lar to intact YA3-GFP but only weakly recruited RFP-LC3 (Figure 8C,
arrowheads). By CLEM, A741-752-GFP was associated with large
vacuoles (Figure 8D, V) with the occasional tubule (Figure 8D, ar-
rowhead). These organelles strongly resembled those associated
with intact YA3-GFP under conditions of lysosomal disruption
(Hanson et al., 2010a). In contrast, A741-752Aconst-GFP never colo-
calized with LAMP-2 or RFP-LC3 (Figure 8F, arrows), and CLEM of its
associated organelles revealed whorled membranes. Therefore
internal disruption of the 26—amino acid VCD segment can disrupt
trafficking of Pcdh-yA3, although additional sequences within the
constant domain also perform some trafficking functions.

The VCD can promote targeting to Pcdh-y-positive
organelles in neurons

In neurons, endogenous Pcdh-ys are located in organelles in axons
and dendrites, with a fraction at or near synaptic junctions (Phillips
et al., 2003; Fernandez-Monreal et al., 2009, 2010). We sought to
determine whether the VCD contains sufficient signals for trafficking
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section CLEM reveals that (A) Aconst-GFP expression was associated with tubules

(arrowhead

the full-length molecule (Figure 3A). In contrast, (B) AVCD-GFP expression was associated
with sinusoidal membrane sheet accumulations, similar to those observed previously

to Pedh-y-positive organelles. To do this, we
deleted the luminal/extracellular domain,
replacing it with a signal sequence, followed
by the transmembrane domain and VCD
of Pcdh-yA3 and lacking the constant do-
main (VCDstub-GFP; Figure 9A). We also
generated the same construct with the
12—amino acid excision in the proximal part
of the 26-amino acid critical VCD segment
(VCDstubA741-752-GFP; Figure 9C). These
were nucleofected into dissociated hip-
pocampal neurons, and localization was
compared with endogenous Pcdh-ys at 7 d
in vitro by immunostaining with anti-Pcdh-y
constant-domain antibodies that do not re-
act with either construct. VCDstub-GFP
(Figure 9B) was expressed in axons, den-
drites, and the cell body in a punctate pat-
tern that partially overlapped with endoge-
nous Pcdh-ys (Figure 9B, inset, arrowheads).
Other VCDstub-GFP puncta did not colocal-
ize with endogenous Pcdh-ys. In contrast,
VCDstubA741-752-GFP was expressed al-
most exclusively within the cell body and
proximal dendrites in a punctate pattern
(Figure 9D, arrowheads), with no expression
in distal axons and dendrites and no colocal-
ization with endogenous Pcdh-ys. Thus the

s) and ~170-nm organelles (arrows) similar to those observed upon expression of

(Lingwood et al., 2009). (C) AVCD-GFP membranes were associated with electron-dense VCD_ cgntains targeting sequen.c‘es that allow
lysosomes (arrowheads), which could account for the partial LAMP-2 colocalization trafficking to some Pcdh-y positive compart-
observed for this construct. Bar, 500 nm in EM images and 5 pm in light images in A-C and ~ ments in axons and dendrites; disruption of

70 nm in D.

this dramatically alters trafficking in neurons.

RFP-LC3

Act183-GFP RFP-LC3

’ g L. ) ~ b
Act190-GFP 9 .‘},f Act190-GFP/ Act190-GFP RFP-LC3, Act190-GFP/

Effect of proximal and distal VCD truncations on LAMP-2 colocalization and RFP-LC3 recruitment. Act163-
GFP (A) colocalized with LAMP-2—positive organelles and (B) recruited RFP-LC3 (A and B, arrowheads), similar to

Aconst-GFP

and full-length YA3-GFP. In contrast, Act183-GFP partially colocalized with LAMP-2 organelles

(A, arrowheads) and lacked RFP-LC3 recruitment activity (B, arrows). Removal of an additional six amino acids
(Act190-GFP) completely eliminated LAMP-2 colocalization, as well as RFP-LC3 recruitment (arrowheads). Bar, 10 pm.
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FIGURE 7: Serial sectioning CLEM reveals differences in Pcdh-yA3 proximal and distal VCD
truncations. Serial sections through cells transfected with (A) Act163-GFP or (B) Act183-GFP.
(A) Act163-GFP was associated with ~170-nm organelles (A, arrows) and tubules (arrowheads),
similar to Aconst-GFP and full-length YA3-GFP. By contrast, Act183-GFP (B) was associated with
a different organelle profile. Apparent tubules (B, arrowheads) remain attached to large
multivesicular organelles approximately ~250 nm in diameter. (C) Diameter of multivesicular
organelles associated with the indicated constructs. YA3-GFP-, Aconst-GFP-, and Act163-GFP-
associated organelles were statistically indistinguishable (t test, p > 0.2) but all were different
from the organelles found associated with Act183-GFP (t test, p < 0.002). (D) Examples of
multivesicular organelles associated with the indicated constructs. Bar, 500 nm in EM images in

A and B, 5 pm in light images in A and B, and 250 nm in D.

The Pcdh-yB2 VCD also directs trafficking

The 26-amino acid segment bounded by the Act190-GFP and
Act163-GFP truncations in Pcdh-yA3 (Figure 10D, box) is conserved
among Pcdh-yAs. Pcdh-yBs also share some similarities in this re-
gion (Figure 10D), suggesting that the Pcdh-yB VCD also contains
critical targeting sequences. We evaluated the full-length yB2-
yellow fluorescent protein (YFP), the constant-domain-deleted
yB2Aconst-GFP, and the constant plus most of the VCD-deleted
YB2ctA190-GFP (Figure 1G) for their ability to colocalize with LAMP-2
and RFP-LC3 and for their associated organelles by CLEM. Both
YB2-YFP and yB2Aconst-GFP colocalized with LAMP-2 and recruited
RFP-LC3 (Figure 10, A and B, arrowheads), whereas yB2ctA190-GFP
lacked colocalization with both LAMP-2 and RFP-LC3 (Figure 10, A
and B, arrows). By CLEM, yB2-YFP and yB2Aconst-GFP corre-
sponded to tubules and ~170-nm multivesicular organelles (Figure
10C), whereas YB2ctA190-GFP corresponded to membrane sheets
or whorls. Thus the VCD from a Pcdh-yB family member also par-
ticipates in trafficking.

DISCUSSION

The cell biological function of the Pcdhs has been poorly defined
since their discovery in 1998-1999 (Kohmura et al., 1998; Wu and
Maniatis, 1999). Although Pcdhs can participate in cell-cell inter-
actions (Obata et al., 1995) and have homophilic properties
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(Fernandez-Monreal et al., 2009; Schreiner
and Weiner, 2010), the intracellular distri-
bution, both of endogenous (Phillips et al.,
2003; Fernandez-Monreal et al., 2010) and
overexpressed Pcdhs (Fernandez-Monreal
et al., 2009, F2010; Hanson et al., 2010a),
is different (Fernandez-Monreal et al., 2010)
than that of the surface-expressed classical
cadherins. Itis likely that intracellular reten-
tion or endocytosis and endolysosomal
trafficking of Pcdhs (Phillips et al., 2003;
Fernandez-Monreal et al.,, 2009, 2010;
Buchanan etal., 2010; Hanson et al., 2010a;
Schalm et al., 2010) reflect a nonconven-
tional role for these adhesive-like molecules
in neural development and cell survival. It
is tempting to speculate that the Pcdhs,
and in particular the Pcdh-ys, couple organ-
elle trafficking in late endosomes or lyso-
somes to cell-cell interactions. Such a
mechanism might eventually explain the
phenotypes of neural cell death upon
Pcdh-y knockout.

For the classic cadherins, it has been
shown that cytoplasmic interactions, primar-
ily with the catenin proteins (Aberle et al.,
1996), but also other molecules (Gorski
etal., 2005), are important for their adhesive
function. Because the 14 Pcdh-as and the
22 Pcdh-ys all have a large common cyto-
plasmic moiety, it is believed that these con-
stant cytoplasmic domains probably contain
the most important sequences for signal
transduction by these molecules. For this
reason, most attention has been paid to the
Pcdh-o (Kohmura et al., 1998) and Pcdh-y
(Chen et al., 2009; Lin et al., 2010) constant
domains to identify cytoplasmic interactions
for these molecules. Of interest, despite the low similarity of the
Pcdh-o and Pedh-y cytoplasmic domains, both bind to FAK and PYK
kinases (Chen et al., 2009), and it has been suggested that Pcdh-os
and Pcdh-ys perform overlapping functions (Han et al., 2010). The
knockout phenotypes of Pcdh-as (Katori et al., 2009) and Pcdh-ys
(Wang et al., 2002), however, as well as their distinct subcellular traf-
ficking routes (Hanson et al., 2010a), point to different functions sub-
served by the two Pcdh families.

Inactivation of the entire Pcdh-y locus caused cell death in spinal
cord and retinal interneurons, with likely effects in additional neuron
types (Wang et al., 2002; Lefebvre et al., 2008). In contrast, deletion
of only the carboxy-terminal 57 amino acids (Weiner et al., 2005),
approximating the distal half of the constant domain, no longer
caused increased cell death, indicating that sequences that mediate
a cell survival function for Pcdh-ys may be located in the proximal
portion of the constant domain or within the VCD regions of the in-
dividual Pcdh-y genes. Elucidation of these sequences will likely be
critical to understanding the function of Pcdh-ys, and the present
study provides a solid framework in which to address the issue. It is
possible that the cell survival function might in some way be con-
nected to trafficking in the endosome/lysosome pathway, given re-
cent connections between lysosomal membrane permeabilization
and cell death (Boya et al., 2003; Jaattela et al., 2004; Kroemer and
Jaattela, 2005; Gyrd-Hansen et al., 2006; Kreuzaler et al., 2011) and
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FIGURE 8: Internal deletion within a 26—amino acid VCD segment disrupts trafficking. (A) Location of the 26—amino acid

segment in Pcdh-yA3 bounded by the Act163 and Act190 truncations. Underlined is the location of 12-amino acid
excision in (B) full-length and (E) constant-domain-deleted Pcdh-yA3-GFP (A741-752-GFP and A741-752Aconst-GFP,
respectively). A741-752-GFP colocalized with LAMP-2 (C) in a perinuclear manner but only weakly coclustered RFP-LC3
(C). In contrast, A741-752Aconst-GFP lacked both LAMP-2 colocalization (F) and RFP-LC3 clustering activity (F). By
CLEM, A741-752-GFP (D) corresponded to enlarged vacuoles that resembled disrupted lysosomes (V), with very few
tubules (arrowhead). CLEM of A741-752Aconst-GFP (G) revealed that this construct was associated with membrane
whorls. Bar,10 um in C and F; 5 pm in light images in D and G; and 500 nm in EM images.

the connection between lysosome dysfunction and neurodegenera-
tion (Nixon et al., 2008; Lee et al., 2010).

A functional readout for Pcdh activity in vitro has been elusive.
For classic cadherins, the assay for function is aggregation of trans-
fected cells in vitro (Nose et al., 1988). However, Pcdh-ys have
weak cellular aggregation in cells (Obata et al., 1995) when com-
pared with classic cadherins, making study of their function difficult.
Replacement of the Pcdh-y cytoplasmic domain with that of N-
cadherin greatly enhanced aggregation (Obata et al., 1995), consis-
tent with a negative effect on cell-cell interactions by the cytoplas-
mic domain. Deletion of the Pcdh-y cytoplasmic domain shifted
the molecule from an intracellular to a surface distribution at cell-
cell contacts (Fernandez-Monreal et al., 2009), further revealing
Pcdh-y adhesive activity and allowing its characterization (Schreiner
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and Weiner, 2010). All of the studies to date clearly indicate that the
Pcdh-y cytoplasmic domain has intracellular retention activity, and
this must be crucial for the function of the molecule in vivo. In con-
trast to the Pcdh-vs, the Pcdh-as, whether a full-length or cytoplas-
mic deletion, appear to lack any detectable homophilic adhesive
activity but may bind to integrins through an RGD sequence (Mutoh
et al., 2004).

It was shown that GFP-tagged Pcdh-ys are fully functional in
vivo (Wang et al., 2002; Weiner et al., 2005; Lefebvre et al., 2008;
Prasad et al., 2008; Han et al., 2010; Su et al., 2010). Thus an
effective functional assay for Pcdh-y distribution, trafficking,
and function is CLEM (Polishchuk et al., 2000; Mironov and
Beznoussenko, 2009; Razi and Tooze, 2009; Hanson et al., 2010b)
of GFP-tagged Pcdh-ys in tissue culture cells and primary neurons.
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The VCD can mediate targeting to Pcdh-y—positive
organelles. (A) Constructs containing only an extracellular signal
sequence, transmembrane domain, and intact (VCDstub-GFP) or
disrupted (A741-752VCDstub-GFP) VCD of Pcdh-yA3. In cultured
hippocampal neurons at 7 d in vitro VCDstub-GFP (B) was expressed
in the soma with fine organelles extending into neurites, whereas
VCDstubA741-752-GFP (C) remained largely within the cell bodly.
Immunostaining for endogenous Pcdh-ys with an anti-Pcdh-y constant
domain antibody that recognizes the Pcdh-y constant domain (red
channel), missing in the VCDstub constructs, revealed partial
colocalization with VCDstub-GFP (B, inset, arrowheads ) and a lack of
colocalization with VCDstubA741-752-GFP (C). Bar, 10 pm.

The intracellular location of Pcdh-y GFP fusions (Fernandez-
Monreal et al., 2009, 2010; Hanson et al., 2010a), which mimics
the intracellular distribution of Pcdh-ys in vivo (Phillips et al., 2003;
Fernandez-Monreal et al., 2010), can be determined precisely at
the light and electron microscopic (EM) levels and the effect of
molecular perturbations evaluated. By CLEM, Pcdh-y cytoplasmic
domain-mediated intracellular retention was reflected in traffick-
ing to late endosomes or lysosomes of the full-length molecule;
retention of the cytoplasmic deleted molecules, when found, was
in the form of ER-associated whorls (Hanson et al., 2010a). Fur-
thermore, in CAD cells, full-length Pcdh-oas and Pcdh-ys are prom-
inently associated with endocytic and lysosomal processes
(Buchanan et al., 2010; Schalm et al., 2010). Using CLEM, we now
show that much of the Pcdh-y intracellular retention activity is
located in the VCD, with the constant domain playing a separate
role in Pcdh-y trafficking.
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The present study now shows that proper Pcdh-y trafficking re-
quires sequences within the VCD. Our results, coupled with Pcdh-y
truncation in vivo (Weiner et al., 2005), point to the VCD as a possi-
ble mediator of cytoplasmic interactions relevant to the cell survival
function of Pcdh-ys. Deletion of the carboxy-terminal 57 amino ac-
ids, corresponding to almost half of the constant domain but not
including any VCD residues, caused no increased cell death, in con-
trast to deletion of the whole locus (Weiner et al., 2005). By com-
parison, we show that removal of the constant domain did not sub-
stantially affect trafficking to late endosomal/lysosomal pathway,
whereas disruption of the VCD did disrupt trafficking. Furthermore,
the VCDs between Pcdh-yA and Pcdh-yB families have similar mo-
tifs. It is likely that the VCD mediates interactions with cytosolic pro-
teins that govern trafficking in the endosome/lysosome pathway, of
which there are many possible candidates. Once trafficked to ap-
propriate organelles, tubulation could then be induced by interac-
tions within the lumen. Further elucidation of the function and inter-
actions of Pcdh-y VCDs will shed additional light on how Pcdh-ys
affect cell surface interactions, intracellular trafficking, and cell
survival.

MATERIALS AND METHODS

cDNA constructs

Plasmids encoding full length Pcdh-yA3-GFP, constant-domain-
deleted Pcdh-yA3 (Aconst-GFP), and a constant domain plus an
additional VCD 66—amino acid deletion (referred to here as Act190-
GFP) have been described (Fernandez-Monreal et al., 2009). RFP-
LC3 was provided by Zhenyu Yue (Mount Sinai School of Medi-
cine). Pcdh-yA3-GFP used in this study has a mutated Xbal site at
1313 base pairs from the translation start site sequence, rendering
the other Xbal site at 2357 base pairs unique (Figure 1, arrow). This
downstream Xbal site and the Agel site in pEGFP-N1 were used to
append cytoplasmic segments of interest by PCR cloning. Cyto-
plasmic segments from Pcdh-a:1 and N-cadherin, initiated at sites
approximately equidistant from the transmembrane region as the
cloning site in Pcdh-yA3, were generated by PCR and cloned into
the Xbal site of Pcdh-yA3-GFP and the Agel site of pEGFP-NT,
producing the YA3/a.1-GFP and YA3/N-GFP chimeric molecules,
respectively (Figure 1). The junction sites are as follows (Pcdh-yA3
residues are in boldface): yYA3/a.1-GFP, FVGLDSYSQQ; YA3/N-GFP,
FVGLDPEDDV.

Pcdh-yA3 with most of the VCD excised (AVCD-GFP) was gen-
erated by amplification of Pcdh-yA3-GFP template with GCGT-
CTAGATCAAGCCCCGCCCAACACTGACTGG and GCGACCG-
GTCCCTTCTTCTCTTTCTTGCCCG and subcloning into the
downstream Xbal site in Pcdh-yA3-GFP and the Agel site in
PEGFP-N1. Pcdh-yA3-GFP plasmids with a 12-amino acid exci-
sion in the VCD were generated by PCR amplification using
the following primers: GCGTCTAGATGTTTCACTTACCGCAG-
GCTCTCGG and GCGACCGGTCCCTTCTTCTCTTTCTTGCCCG
for the full-length version (A741-752-GFP) or GCGTCTAGAT-
GTTTCACTTACCGCAGGCTCTCGG and GCGACCGGTCCCT-
GAGGCAGCGTGGGGTCTTC for the constant-domain-deleted
version (A741-751Aconst-GFP). These amplification products were
cloned into the downstream Xbal site in Pcdh-yA3-GFP and the
Agel site in pEGFP-N1. To generate the VCDstub-GFP construct,
the VCD was subcloned as an Xbal/Agel fragment from Aconst-
GFP construct into the Xbal and Agel sites of the luminal/extracel-
lular deleted Pcdh-yA3 obtained from Marcus Frank and Ingrid
Haas (Haas et al., 2005). To generate the VCDstubA741-752-GFP
construct, the 12—-amino acid deleted VCD segment was sub-
cloned as an Xbal/Agel fragment from A741-751Aconst-GFP into
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Pcdh-yB2 VCD is necessary for trafficking of Pcdh-yB2. Full-length yB2-YFP colocalized with LAMP-2 (A) and
coclustered with RFP-LC3 (B) as shown previously. Constant-domain-deleted Pcdh-yB2 (yB2Aconst-GFP) also colocalized
with LAMP-2 and RFP-LC3. Truncation of most of the VCD (yB2Act190-GFP) caused the molecule to no longer colocalize
with LAMP-2 and RFP-LC3 (A and B, bottom). (C) yB2-YFP and YyB2Aconst-GFP both were associated with tubules and
multivesicular organelles (arrowheads), whereas yB2Act190-GFP was associated with disorganized membrane whorls or
stacks. (D) Manually adjusted clustal alignment of VCD segments from Pcdh-yAs and Pcdh-yBs. The critical 26—amino
acid segment in Pcdh-yA3 is boxed. Bar, 10 pm in A and B and 500 nm in C.

the Xbal and Agel sites of the luminal/extracellular deleted Pcdh-
YA3-GFP.

The Act163-GFP and Act183-GFP constructs were generated
by amplification of a Pcdh-yA3 template with GTGGGTCTA-
GATGGGGTC and GCGACCGGTCCGATCAGGTGACTCTTCCG
for Act163-GFP or GGCAGTGGCTGTGGTCTCCTGC and GCGA-
CCGGTCCGAAAGCTTGCACCCC for Act183-GFP. Products were
cloned into the Xbal and Agel sites of Pcdh-yA3-GFP.

Pcdh-yB2-YFP was generously provided by Joshua Weiner. In-
tracellular deleted Pcdh-yB2-GFP (referred to here as yB2Act190-
GFP) was generated as described (Fernandez-Monreal et al.,
2009). Constant-domain-deleted Pcdh-yB2-GFP was generated
by PCR amplification of the Pcdh-yB2-YFP template using GCGC-
TACCGGACTCAGATCTCGAGCTC and GCGGAATTCCCTTTGA-
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GATAGAATCCGAGAC as primers. The products were subcloned
into the Xhol and EcoRl sites of pEGFP-N1.

Antibodies

Antibodies to Pcdh-yA3 (Phillips et al., 2003), Pcdh-a1 (Hanson
et al., 2010a), and N-cadherin (Phillips et al., 2001) cytoplasmic
domains have been described. A monoclonal antibody to the
Pcdh-y constant domain (clone N159/5) was obtained from the
University of California, Davis/National Institutes of Health Neu-
roMab Facility. Monoclonal anti-LAMP-2 (H4B4, developed by J. T.
August and J. E. K. Hildreth) was from the Developmental Studies
Hybridoma Bank developed under the auspices of the National
Institute of Child Health and Human Development and maintained
by the Department of Biology, University of lowa (lowa City, IA).
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Cell culture, transfection, immunostaining, and CLEM
HEK293 cells were grown in DMEM with 10% fetal bovine serum.
Cells were plated on 35-mm live-imaging dishes with gridded glass
bottoms (MatTek, Ashland, MA) for analysis by CLEM. Cells were
plated on 25-mm coverslips in six-well plates for light microscopy
alone. Primary neurons were nucleofected with indicated con-
structs and cultured on coverslips or nongridded live-imaging
dishes (MatTek) as described (Reilly et al., 2011). HEK293 cells were
transfected with 4 pg of each plasmid using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to manufacturer’s protocol.
For RFP-LC3 cotransfections, cells were fixed the next day with 4%
paraformaldehyde, washed, and mounted. For LAMP-2 or Pcdh-y
immunostaining, coverslips were fixed and immunostained as de-
scribed (Hanson et al., 2010a). For CLEM, cells in live-imaging
dishes were imaged on an LSM 510 META microscope (Zeiss,
Thornwood, NY) and processed as described (Hanson et al., 2010a,
2010b). Immunostained coverslips were imaged on a Zeiss LSM
410 microscope as described (Hanson et al., 2010a). Organelle
morphology associated with each construct was confirmed in two
to four different cells.
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