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The clustered protocadherins (Pcdhs) are a large family of cadherin-
like transmembrane proteins expressed in the nervous system.
Stochastic expression of Pcdh genes and alternative splicing of their
pre-mRNAs have the potential to generate enormous protein di-
versity at the cell surface of neurons. At present, the regulation
and function of Pcdh proteins are largely unknown. Here, we show
that Pcdhs form a heteromeric signaling complex(es), consisting of
multiple Pcdh isoforms, receptor tyrosine kinases, phosphatases,
and cell adhesionmolecules. In particular, we find that the receptor
tyrosine kinase rearranged during transformation (Ret) binds to
Pcdhs in differentiated neuroblastoma cells and is required for sta-
bilization and differentiation-induced phosphorylation of Pcdh pro-
teins. In addition, the Ret ligand glial cell line-derived neurotrophic
factor induces phosphorylation of Pcdhγ in motor neurons and
phosphorylation of Pcdhα and Pcdhγ in sympathetic neurons. Con-
versely, Pcdh proteins are also required for the stabilization of ac-
tivated Ret in neuroblastoma cells and sympathetic ganglia. Thus,
Pcdhs and Ret are functional components of a phosphorylation-
dependent signaling complex.
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The clustered protocadherins (Pcdhs) are a large family of
single-pass transmembrane proteins bearing six cadherin-like

extracellular domains and unique intracellular domains (1, 2).
Pcdhs are predominantly expressed in the nervous system and
localize in puncta in neuronal cell bodies, along processes, and in
synaptic regions (1, 3, 4). The mammalian Pcdhs are encoded in
tandem in three closely linked gene clusters, designated Pcdhα,
Pcdhβ, and Pcdhγ, each encoding 14–22 protein isoforms in the
murine gene clusters. Individual isoforms are encoded by a single
variable exon that includes the extracellular and transmembrane
domains and a short intracellular domain. In the cases of the
Pcdhα and Pcdhγ subclusters, each variable exon is spliced to three
cluster-specific constant exons that encode the remainder of the
intracellular domain (5). The distal intracellular domains encoded
by constant exons are identical between the Pcdhα and Pcdhγ
proteins but distinct between the Pcdhα and Pcdhγ proteins.
Differential expression of the more than 50 different Pcdh iso-

forms can create an enormous combinatorial diversity on neuronal
cell surfaces and might allow the distinction of otherwise similar
cells from each other. Distinct subsets of Pcdh isoforms are pro-
duced in individual neurons by differential promoter activation
and alternative splicing (5, 6). In addition, Pcdh proteins have been
reported to form cis-homodimers, cis-heterodimers (reviewed in 7),
and large protein complexes of up to 1,000 kDa (8). In contrast
to classic cadherins, individual Pcdh isoforms seem to have only
weak adhesive properties (reviewed in 7), possibly because of in-
tracellular retention (9). Pcdhs could function together in a large
adhesive complex or as signaling and recognition molecules. In-
terestingly, the formation of specific connections in complex neu-
ronal circuits has been hypothesized to require the expression of
combinatorial arrays of adhesive cell surface proteins, which, to-
gether, could constitute a molecular code or address (10). Their

wide variety, combinatorial expression, and potential adhesive
function make the Pcdhs attractive candidates for defining this
molecular code (2).
Mutational studies suggest that Pcdhs might indeed function as

components in a neuronal code but could also have additional
functions. Pcdhα mutant mice that lack the common cytoplasmic
domain show defects in the targeting of olfactory sensory neurons
into glomeruli (11) and abnormal arborization of serotonergic
projections (12). Deletion of the Pcdhγ gene cluster causes ex-
cessive apoptosis of interneurons in the spinal cord and retina and
a decrease in synapse number of spinal cord interneurons (13–15).
The molecular mechanisms by which Pcdhs regulate these

cellular functions are not known. Although several Pcdhα- and
Pcdhγ-binding candidates have been identified in yeast two-hybrid
screens, most of these interactions have not been confirmed in
primary cells or tissue, and the functional significance of most of
these interactions (reviewed in 16) is yet to be demonstrated (17).
The limited success of yeast two-hybrid screens suggests that
posttranslational modifications or multidomain binding might be
required for their endogenous interactions with other proteins.
Using affinity purification methods in the mouse central nervous

system catecholaminergic cell line, the CAD (Cath.a-differentiated)
cell line, we have identified a large number of interactions among
distinct Pcdh isoforms and between the Pcdhs and a variety of ad-
hesion molecules, kinases, and phosphatases. In particular, we find
that the receptor tyrosine kinase rearranged during transformation
(Ret) regulates Pcdhα and Pcdhγ phosphorylation and stability in
CAD cells. Ret also regulates phosphorylation of Pcdhγ in motor
neurons (MNs) and Pcdhα and Pcdhγ phosphorylation in sympa-
thetic neurons. Conversely, Pcdhα and Pcdhγ also regulate Ret ac-
tivation and turnover in CAD cells and sympathetic neurons. We
conclude that the interaction between Pcdhs and Ret leads to mu-
tual stabilization and the formation of a stable membrane complex
for efficient signaling. These studies identify cellular proteins that
interact functionally with Pcdh proteins in neuronal cells and suggest
that Pcdhs have a primary function in cell signaling.

Results
Identification of Proteins That Interact with Pcdhα4 Using Tandem
Affinity Purification. To identify proteins that interact with Pcdhs
in neuronal cells, the coding sequence of Pcdhα4 was fused to

Author contributions: S.S.S., S.M.B., and T.M. designed research; S.S.S., B.A.B., and S.M.B.
performed research; G.R.P. contributed new reagents/analytic tools; S.S.S., B.A.B., and
T.M. analyzed data; and S.S.S., S.M.B., and T.M. wrote the paper.

The authors declare no conflict of interest.

See Commentary on page 13565.
1Present address: Agios Pharmaceuticals, Cambridge, MA 02139.
2B.A.B. and S.M.B. contributed equally to this work.
3Present address: The Rowland Institute at Harvard University, Cambridge, MA 02142.
4Present address: Department of Biochemistry and Molecular Biophysics, Columbia Uni-
versity College of Physicians and Surgeons, New York, NY 10032.

5To whom correspondence should be addressed. E-mail: tm2472@columbia.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1007182107/-/DCSupplemental.

13894–13899 | PNAS | August 3, 2010 | vol. 107 | no. 31 www.pnas.org/cgi/doi/10.1073/pnas.1007182107

mailto:tm2472@columbia.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007182107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007182107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1007182107


a tandem affinity purification tag (Pcdhα4-TAP) (Fig. 1A), which
was stably expressed in CAD cells. CAD cells can be efficiently
differentiated by serum withdrawal in cell culture into cells that
display morphological and biochemical characteristics similar to
those of primary neurons (18). The purified proteins were then
analyzed by MS (details provided in SI Materials and Methods).
Several distinct Pcdh isoforms representing all three Pcdh gene
clusters were found to associate with Pcdhα4-TAP. The inter-
actions between endogenous Pcdhγ and Pcdhα proteins were con-
firmed by coimmunoprecipitation and Western blot analysis (Fig.
S1A). In addition to the Pcdh protein isoforms, a number of
transmembrane proteins were found to associate with Pcdhα4-
TAP. These Pcdh-interacting proteins include the receptor tyrosine
kinase discoidin domain receptor 2 (DDR2), Ret, the receptor
protein tyrosine phosphatase α (RPTPα), the leukocyte antigen-
related receptor tyrosine phosphatase (LAR), and several cell
adhesion molecules that include the CD98 heavy chain and meta-
dherin. Several of the interacting proteins are known to be involved
in neurite outgrowth and axonal pathfinding, for example, the mi-
crotubule destabilizing proteins stathmin-like 2 and stathmin-like 3,
LAR, and Ret (19–21).
Coimmunoprecipitation and Western blot analysis were used

to confirm the interaction between Pcdhα4-TAP and five trans-
membrane domain-containing proteins identified as strong can-
didates by MS (Fig. S1B). All five tested candidate proteins
[DDR2, metadherin, CD98, RPTPα, and two alternative splice
forms of Ret (Ret9 and Ret51)] were detected at much higher
levels in immunoprecipitates (IPs) from Pcdhα4-TAP–expressing
samples relative to vector control samples (Fig. S1B). Our data,

together with the previous observation that Pcdhα and Pcdhγ are
present in an up to 1,000-kDa complex (8), suggest that Pcdhα4
interacts with different Pcdh isoforms, signaling molecules and
adhesion proteins to form a high molecular weight complex or
complexes.

Pcdhα and Pcdhγ Interact with Ret in Differentiated CAD Cells. The
receptor tyrosine kinase Ret is required for normal development
of the kidneys, and the enteric, sympathetic, and parasympathetic
nervous systems (reviewed in 21). Ret autophosphorylation and
subsequent downstream signaling are activated by binding to
a complex consisting of a glial cell line-derived neurotrophic
factor (GDNF) family ligand and a glycosyl-phosphatidyl inosi-
tol (GPI)-anchored co-receptor of the GDNF receptor alpha
(GFRα) family. Interestingly, Pcdhα is expressed at high levels in
most tissues in which Ret plays an important cellular role, in-
cluding MNs and sensory and sympathetic ganglia (21, 22). In
addition, both the Pcdhs and Ret contain conserved cadherin-like
extracellular domains (2, 23). Given these observations, we fo-
cused our attention on Ret and carried out experiments to de-
termine whether the interaction between Pcdhs and Ret is
functionally significant. Because Pcdhα4-TAP can associate with
Pcdhγ isoforms, we also included the Pcdhγ isoform b7 in our
analysis and generated a CAD cell line that stably expresses
Pcdhγb7-TAP. Using a pan-Ret antibody that recognizes both of
the major splice forms of Ret (Ret9 and Ret51), we found that
both Pcdhα4-TAP and Pcdhγb7-TAP interact with endogenous
Ret in both undifferentiated and differentiated CAD cells (Fig.
1B). The twoRet splice forms differ in their extremeC termini and
migrate as overlapping doublets of bands of 150 kDa and 200 kDa
in CADwhole-cell lysate (Fig. 1 B andC). The amount of Ret that
interacts with Pcdhα4-TAP and Pcdhγb7-TAP was higher in dif-
ferentiated cells, likely because of the higher levels of Ret ex-
pression in these cells (Fig. 1B). Ret binding is also observed when
endogenous Pcdh protein is immunoprecipitated from CAD cell
lysates (Figs. 1C and 2B). Pcdhα4-TAP, Pcdhγb7-TAP, and en-
dogenous Pcdh proteins appear to interact more strongly with the
slower migrating 200-kDa form of the Ret isoforms, which is
thought to be the mature, glycosylated, membrane-bound form of
both Ret9 and Ret51 (24). We also detect the association of
Pcdhα4-TAP and Pcdhγb7-TAP with the tyrosine phosphatase
RPTPα in both undifferentiated and differentiated CAD cells
(Fig. 1B). We conclude that Pcdhs are components of protein

Fig. 1. Identification of Pcdhα4-TAP–associated proteins. (A) Schematic
representation of the Pcdhα4-TAP construct. The carboxyl terminus of the
Pcdhα4 coding sequence was fused to one HA epitope tag, followed by two
tobacco etch virus (TEV) cleavage sites and two FLAG tags. (B) Anti-FLAG
(TAP) immunoprecipitates (IPs) of undifferentiated (Diff. −) or differentiated
(Diff. +) CAD cells expressing Pcdhα4-TAP (α4-TAP), Pcdhγb7-TAP (γb7-TAP),
or empty TAP vector (TAP) were blotted with anti-pan-Ret antibody or with
an anti-RPTPα antibody. The anti-Ret blot was reprobed with an anti-HA
(TAP) antibody. Cell lysates were blotted with anti-Ret and anti-RPTPα
antibodies for total protein levels. (C) IPs from undifferentiated and differ-
entiated CAD cells generated using anti-Pcdhα and anti-Pcdhγ antibodies or
control rabbit serum (IgG) were blotted with anti-pan-Ret antibody. Cell
lysates were blotted with anti-Pcdhα, anti-Pcdhγ, anti-Ret, and β-actin (β-act.)
antibodies. (D) Pcdhα4-TAP and Pcdhγb7-TAP partially colocalize with Ret9-
GFP and Ret51-GFP. Differentiated CAD cells that stably express Pcdhα4-TAP,
Pcdhγb7-TAP, or TAP vector were transfected with Ret9-GFP or Ret51-GFP;
fixed; stained with anti-HA (TAP) (red), anti-GFP (green), and DAPI (blue);
and imaged by confocal microscopy.

Fig. 2. Pcdhα and Pcdhγ undergo differentiation-induced phosphorylation
in CAD cells. (A) Anti-FLAG (TAP) immunoprecipitates (IPs) of undiffer-
entiated (Diff. −) and differentiated (Diff. +) CAD cells expressing Pcdhα4-
TAP (α4-TAP), Pcdhα4-ΔC3-TAP (ΔC3-TAP), Pcdhγb7-TAP (γb7-TAP), or TAP
vector (TAP) were blotted with anti-P-Tyr. The blot was reprobed with an
anti-FLAG (TAP) antibody. (B) Anti-Pcdhα and anti-Pcdhγ IPs from un-
differentiated or differentiated CAD cells were blotted with anti-P-Tyr or
anti-pan-Ret antibody. The blot was reprobed with anti-Pcdhα or anti-Pcdhγ
antibody. Total cell lysates were blotted with anti-pan-Ret and β-actin
(β-act.) antibodies.
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complexes present in CAD cells before and after differentiation
and that these complexes contain the active form of the receptor
tyrosine kinase Ret, RPTPα, and distinct Pcdhα and Pcdhγ iso-
forms. We also note that endogenous protein levels of Ret and
Pcdhα increase substantially in differentiated CAD cells, whereas
Pcdhγ protein levels remain largely constant (Fig. 1 B and C).
Thus, the expression of Ret and Pcdhα but not Pcdhγ increases
upon CAD cell differentiation.
We next mapped the domains of Pcdhα4-TAP required for its

interaction with Ret. Deletion of the third constant exon (Pcdhα4-
ΔCex3) or even the entire cytoplasmic domain (Pcdhα4-ΔCD) of
Pcdhα4-TAP did not eliminate the interaction between Pcdhα4-
TAP and Ret (Fig. S2B). Thus, the interaction between Pcdhα4-
TAP and Ret requires the extracellular and/or transmembrane
domain of the Pcdhα4 protein. We note that Pcdhα4-ΔCD in-
teracts preferentially with the faster migrating but incompletely
processed form of Ret. Pcdhα4-ΔCD might be less efficiently
transported to themembrane and preferentially associate with the
lowermolecular weight but not completely processed form of Ret.
Interestingly, we detect stronger Pcdhα4-ΔCD immunolocaliza-
tion in internal compartments of CAD cells as compared withWT
Pcdhα4 (Fig. S2E). The Pcdhα4 C-terminal domain might be re-
quired for proper intracellular trafficking, as has already been
reported for the Pcdhγ C-terminal domain (9).
Next, we investigatedwhetherRet colocalizeswith Pcdhproteins

inCADcells.We transfectedCADcells that stably express Pcdhα4-
TAP or Pcdhγb7-TAP with GFP fusions of the two different Ret
splice forms (Ret9-GFP and Ret51-GFP). The transfected CAD
cells were differentiated and stained with an anti-FLAG antibody
that recognizes the FLAPG epitope of the TAP tag and with
an anti-GFP antibody that detects Ret-GFP fusions (Fig. 1D).
Pcdhα4-TAP, Pcdhγb7-TAP, and Ret colocalized in a punctate
pattern in cell bodies, at the plasma membrane and along the
processes (Fig. 1D).
Our data suggest that Pcdhα4-TAP and Pcdhγb7 interact with

different signaling molecules depending on the differentiation
status of CAD cells. We carried out additional experiments to in-
vestigate the possible functional significance of these interactions.

Differentiation-Induced Phosphorylation of Pcdhα and Pcdhγ in CAD
Cells. The association of Pcdhα4-TAP with several tyrosine kina-
ses and phosphatases led us to consider the possibility that the
Pcdhs are regulated by tyrosine phosphorylation. Consistent
with a role for tyrosine phosphorylation in Pcdh function, we
detected significant tyrosine phosphorylation of immunoprecipi-
tated Pcdhα4-TAP and Pcdhγb7-TAP in differentiated but not
undifferentiated CAD cells (Fig. 2A). We also detected differ-
entiation-induced tyrosine phosphorylation of endogenous Pcdhα
and endogenous Pcdhγ (Fig. 2B). Interestingly, endogenous
Pcdhγ is more tyrosine-phosphorylated than endogenous Pcdhα
in differentiated CAD cells, although endogenous Pcdhα interacts
more efficiently with Ret in differentiated CAD cells. These data
indicate that although the Pcdhαs and Pcdhγs contain distinct
cytoplasmic domains, both appear to be phosphorylated upon
differentiation. A mutant form of Pcdhα4 lacking the third con-
stant exon (Pcdhα4-dΔC3-TAP) is also tyrosine-phosphorylated
in differentiated CAD cells (Fig. 2A), indicating that tyrosine
phosphorylation is of Pcdhα4-TAP itself and not of an associated
protein of similar size. These data provide evidence that Pcdhs are
involved in a signaling pathway that is regulated during neuro-
nal differentiation.

Phosphorylation of Pcdhα and Pcdhγ by the Ret Tyrosine Kinase. As
shown above, the amount of Ret associated with Pcdhα and Pcdhγ
and the tyrosine phosphorylation of Pcdhα and Pcdhγ increase in
differentiated CAD cells. We therefore asked whether phosphory-
lation of Pcdhs depends on Ret signaling. Treatment of differenti-
ated CAD cells with the Ret ligand GDNF and the recombinant

soluble coreceptor GFRα1 for 30 min increased phosphorylation
of Pcdhα4-TAP and Pcdhγb7-TAP (Fig. 3A) above differentiation-
induced levels of phosphorylation. Phosphorylation of Pcdhα4-
TAP remained elevated after 3 h of GDNF/GFRα1 treatment,
whereas phosphorylation of Pcdhγb7-TAP decreased after 3 h
(Fig. 3A). The level of phosphorylation detectedwith Pcdhγb7-TAP
is less than that observed for Pcdhα4-TAP, likely attributable to the
significantly lower expression levels of Pcdhγb7-TAP in CAD cells.
To determine whether Ret is required for the phosphorylation

of Pcdh proteins, we knocked down Ret protein levels using
a lentiviral shRNA. We note that Ret knockdown dramatically
reduced the levels of endogenous Pcdhα and Pcdhγ and over-
expressed Pcdhα4-TAP, Pcdhα4-ΔC3-TAP, and Pcdhγb7-TAP
(Fig. 3C and Fig. S3). Next, we adjusted the amount of material
used during immunoprecipitation to give equivalent levels of
precipitated Pcdhα4-TAP, Pcdhα4-ΔC3-TAP, and Pcdhγb7-TAP
(Fig. 3B). As shown in Fig. 3B, shRNA-mediated knockdown of
Ret reduced the levels of GDNF/GFRα1-induced tyrosine phos-
phorylation of Pcdhα4-TAP, Pcdhα4-ΔC3-TAP, andPcdhγb7-TAP
in differentiated CAD cells (Fig. 3B). The phosphorylation of
Pcdhα4-TAP, Pcdhα4ΔC3-TAP, andPcdhγb7-TAPwas unaffected
by either control siRNA or siRNA against c-Src, a tyrosine kinase
that is activated downstream of Ret (21) (Fig. S3). Using Pcdhα4
cytoplasmic domain truncation mutants and tyrosine residue point
mutants, we found that Tyr-750 and Tyr-763 are the most likely
Ret-dependent phosphorylation sites (Fig. S2 A, C, and D).
These data show that Ret is required for GDNF/GFRα1-

induced phosphorylation of Pcdhα and Pcdhγ in CAD cells.
Ret also appears to regulate the stability of Pcdhα and Pcdhγ.
Although Ret may directly phosphorylate the Pcdh proteins, we
cannot rule out the possibility that Ret activates another kinase,
which, in turn, phosphorylates Pcdhs.

Ret Is Required for the Phosphorylation of Pcdhα and Pcdhγ in MNs
and Superior Cervical Ganglia Cells. Next, we asked whether the
interactions between Pcdhα or Pcdhγ and Ret and phosphory-
lation of the Pcdhs by Ret are general regulatory mechanisms for
Pcdhs in Ret-expressing cells in the nervous system. Because
both Ret and Pcdhs are highly expressed in MNs and superior
cervical ganglia (SCG) (21, 22), we investigated the relationship
between Ret and Pcdhs in ES cell-derived MNs and in primary
sympathetic neuron cultures derived from SCGs. In agreement
with our CAD cell results (Fig. 1C), endogenous Ret and Pcdhγ

Fig. 3. Ret regulates phosphorylation and protein levels of Pcdhα and Pcdhγ.
(A) Differentiated CAD cells expressing Pcdhα4-TAP (α4-TAP), Pcdhγb7-TAP
(γb7-TAP), or empty TAP vector (TAP) were left untreated or stimulated with
GDNF/GFRα1 for 0.5 or 3 h. Anti-FLAG (TAP) immunoprecipitates (IPs) were
blotted with anti-phosphotyrosine (anti-P-Tyr). The blot was reprobed with
an anti-HA (TAP) antibody. Total cell lysates were blotted with anti-MAPK.
(B) CAD cells expressing Pcdhα4-ΔC3-TAP (ΔC3-TAP), Pcdhα4-TAP, Pcdhγb7-
TAP, or empty TAP vector were infected with anti-Ret shRNA or control anti-
GFP shRNA lentivirus. Anti-FLAG (TAP) IPs of differentiated cells were blotted
for P-Tyr, and the blot was reprobed with an anti-HA (TAP) antibody. Total
lysate was blotted with an anti-Ret antibody. (C) Total lysate of differentiated
CAD cells expressing lentiviral shRNA plasmids targeting Ret or GFP was
blotted for Ret9 and Ret51, Pcdhα, Pcdhγ, and TuJ1.
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can be coimmunoprecipitated from MN lysates (Fig. 4A). In-
duction of Ret signaling with GDNF and GFRα1 induced tyro-
sine phosphorylation of immunoprecipitated Pcdhγ (Fig. 4B).
Pretreatment of the cells with PP2, a selective inhibitor of the Src
family of tyrosine kinase that also inhibits Ret (25), reduced
Pcdhγ tyrosine phosphorylation below basal levels (Fig. 4B). We
were unable to detect significant binding of Pcdhα to Ret or
significant GDNF-induced phosphorylation of Pcdhα in MNs
likely attributable to the lower expression levels of Pcdhα and
Ret in MNs (Fig. S4C). Thus, Pcdhγ but not Pcdhα appears to be
regulated by GDNF in MNs.
Sympathetic neurons are commonly used to study Ret signal-

ing, and treatment of SCG-derived neuronal cultures with GDNF
induces robust autophosphorylation of Ret (Fig. S4A). GDNF
treatment also induced the interaction between Pcdhα, Pcdhγ,
and Ret and the phosphorylation of Pcdhα and Pcdhγ (Fig. 4C
and Fig. S4A). We conclude that Pcdhα and Pcdhγ associate with
Ret and are tyrosine-phosphorylated upon GDNF treatment of
sympathetic neurons.

Because Pcdhγ is also highly expressed in glial cells (26), we in-
vestigated whether Pcdhγ is tyrosine-phosphorylated in cultures of
total primary glia from postnatal day 0 (P0) cerebral cortex, con-
sisting primarily of astrocytes (27). As shown in Fig. 4D, Pcdhγ is
tyrosine-phosphorylated in glia in the absence of GDNF/GFRα1
stimulation, and this phosphorylation was unaffected by GDNF/
GFRα1 treatment. This constitutive phosphorylation is sensitive to
the Src family tyrosine kinase inhibitor PP2 (Fig. 4D). As expected,
we did not detect significant expression of Ret in glial cells (Fig. S4B).
These data suggest that Pcdhs associate with and are phosphorylated
by different tyrosine kinases, depending on the cell type and matu-
ration status of the cells.

Pcdhs Regulate Ret Activation and Stability. We have shown that
Ret is required for the phosphorylation and could influence the
stability of Pcdhα and Pcdhγ proteins (Fig. 3 and Fig. S3).We next
asked if the converse is true; that is, do Pcdhs affect Ret function
or stability? In particular, the Ret51 splice form has been shown
to undergo rapid ubiquitin-dependent degradation upon GDNF-
induced phosphorylation in sympathetic neurons, and this effect
can be inhibited by an NGF-dependent pathway (28).
We speculated that binding of Pcdhα and Pcdhγ to Ret might

stabilize Ret. First, we investigated whether overexpression of
Pcdhα4-TAP or Pcdhγb7-TAP affects expression levels or turn-
over of Ret51. In the vector control CAD cells, 30 min of GDNF/
GFRα1 treatment induces robust Ret51 phosphorylation, which
decreases after 3 h of stimulation (Fig. 5A). Total Ret51 protein
levels are significantly reduced after only 30 min of GDNF/
GFRα1 treatment and remain low after 3 h of treatment (Fig. 5A),
suggesting that the protein is rapidly turned over. Pretreatment
with the proteasome inhibitor MG132 rescues the decrease in
phosphorylated Ret51 but does not prevent the overall decrease
in Ret51 levels (Fig. 5A). Ret51 likely undergoes lysosomal de-
gradation in the presence of MG132 (28). In Pcdhα4-TAP–
overexpressing cells, the basal level of Ret51 protein is elevated
(Fig. 5A and Fig. S5A). However, quantification of Ret51 levels
suggests that it turns over with similar kinetics in Pcdhα4-TAP–
overexpressing and control cell lines (Fig. S5A). In contrast to the
vector control cells, GDNF/GFRα1 treatment in the Pcdhα4-
TAP–overexpressing cell line leads to high levels of phosphory-
lated Ret51 that continue past 3 h (Fig. 5A and quantification in
Fig. S5B). We also detect increased levels of total and phosphor-
ylated Ret51 associated with Pcdhα4-TAP and Pcdhαb7-TAP (Fig.
5A). Expression of Pcdhγb7-TAP does not have a significant effect
on Ret51 protein levels and turnover, likely attributable to the
much lower expression levels when compared with Pcdhα4-TAP
(Fig. 5A). Our data suggest that on GDNF/GFRα1 stimulation,

Fig. 4. Pcdhγ undergoes GDNF-induced phosphorylation and interacts with
Ret in MNs and sympathetic neurons. (A) Anti-Pcdhγ or control rabbit serum
(IgG) immunoprecipitates (IPs) of MN lysate were blotted with anti-Ret and
anti-P-Tyr antibodies. The blot was reprobed with an anti-Pcdhγ antibody. (B)
MNs were left untreated, stimulated for 30 min with GDNF/GFRα1, or treated
for 20 min with PP2 prior to 30 min of GDNF/GFRα1 stimulation. Anti-Pcdhγ or
rabbit serum control (IgG) IPs were blotted with anti-P-Tyr and anti-Pcdhγ.
Total cell lysate was blotted with anti-Ret, anti-P-MAPK, and anti-MAPK. (C)
Sympathetic neurons were left untreated or stimulated for 30 min with
GDNF. Anti-Pcdhα and anti-Pcdhγ IPs were blotted with anti-P-Tyr and anti-
pan-Ret. The blots were reprobed with anti-Pcdhα and anti-Pcdhγ antibody.
Total cell lysate was blotted with anti-Ret and anti-Tuj1. (D) Cortical glia were
left untreated, stimulated with GDNF/GFRα1 for 30 min, or treated with PP2
before 30 min of GDNF/GFRα1 stimulation. Anti-Pcdhγ or rabbit control serum
(IgG) IPs were blotted with anti-P-Tyr antibody. The blot was reprobed with
an anti-Pcdhγ antibody.

Fig. 5. Pcdhs are required for stabilization of activated Ret. (A) Differentiated CAD cells stably expressing Pcdhα4-TAP (α4-TAP), Pcdhγb7-TAP (γb7-TAP), or
TAP vector control (TAP) were left untreated or treated with GDNF/GFRα1 for 0.5 or 3 h. Anti-Ret51 and anti-FLAG (TAP) immunoprecipitates (IPs) were
blotted with anti-Ret51 and anti-P-Ret. The blots were reprobed with anti-Ret51 antibody. The anti-FLAG (TAP) immunoprecipitation blot was reprobed with
anti-HA antibody. (B) CAD cells infected with anti-Pcdhα, anti-Pcdhγ, anti-GFP, or anti-Ret lentiviral shRNA were differentiated. Total cell lysate was blotted
for Ret9, Ret51, Pcdhα, Pcdhγ, and Tuj1. (C) Sympathetic neurons were infected with lentivirus encoding shRNA plasmids targeting Pcdhα and Pcdhγ or GFP.
Neurons were cultured for an additional 7 d and stimulated with GDNF for various times. Anti-Ret51 IPs were blotted with anti-Ret51 and anti-P-Ret. Anti-
ubiquitin IPs were blotted with anti-Ret51. Total cell lysate was blotted with anti-P-Ret, anti-Ret51, Pcdhα, Pcdhγ, and Tuj1 antibodies.
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Pcdhα4-TAP interacts with the phosphorylated form of Ret51 and
slows down its ubiquitin-dependent degradation.
We next investigated whether reducing Pcdh levels affects Ret

stability. We find that shRNA-mediated double-knockdown of
Pcdhα and Pcdhγ protein in CAD cells and sympathetic neuron
cultures leads to a reduction in the total levels of Ret51 protein
and an increase in the levels of ubiquitinated Ret51 (Fig. 5 B and
C and quantification in Fig. S5C). In addition, pretreatment of
CAD cells with MG132 increases the level of phosphorylated
Ret51 but not the total levels of Ret51 (Fig. 5A). shRNA-
mediated knockdown of Pcdhα or Pcdhγ alone also reduces
steady-state levels of both Ret9 and Ret51. We conclude that
Pcdhα and Pcdhγ associate with and stabilize both Ret isoforms
(Fig. 5B). Taken together, our data suggest that binding of
phosphorylated Ret to Pcdhα and/or Pcdhγ increases stability
and delays turnover of Ret.

Discussion
The data presented here provide evidence for a signaling func-
tion of Pcdhs. Affinity purification studies in CAD cells reveal that
Pcdhα4-TAP interacts with different Pcdhα, Pcdhβ, and Pcdhγ
isoforms as well as with a variety of cell adhesion and signaling
molecules (Fig. S1 A and B). Using CAD cells and primary cell
culture, we show that the tyrosine kinase Ret binds to and regu-
lates Pcdhα and Pcdhγ tyrosine phosphorylation and protein
levels (Figs. 1 B–D, 3, and 4 A–C). We also found that Pcdhs
stabilize activated Ret in CAD cells (Fig. 5 A and B) and sym-
pathetic neurons (Fig. 5C). Thus, Pcdhs and Ret appear to sta-
bilize each other and are components of a membrane complex
that can induce efficient signaling (Fig. 6). In addition, Pcdhα4-
TAP associates with tyrosine phosphatases and tyrosine kinases
other than Ret, and Pcdhγ undergoes Ret-independent tyrosine
phosphorylation in glial cell cultures (Fig. 4D). Thus, Ret-
independent pathways may contribute to Pcdh tyrosine phos-
phorylation. The tyrosine kinase PYK2, which has recently been
identified as a Pcdhγ interactor by a yeast two-hybrid screen, likely
does not phosphorylate Pcdhs, because Pcdhα and Pcdhγ bind
preferentially to the inactive form of PYK2 and suppress its ki-
nase activity. In addition, Pcdhα and Pcdhγ are not phosphory-
lated by PYK2 in an in vitro kinase assay (17).
Pcdhs andRet localize to growth cones and synapses of neurons

and have been implicated in axonal pathfinding and neuronal
survival (1, 3, 29, 30). In addition, Pcdhs and Ret localize to
endosomes and the cell surface (24, 31), and we detected Pcdhα4-
TAP and Pcdhγ7-TAP colocalization in a punctate pattern along

processes in CAD cells (Fig. 1D). Pcdh and Ret may form stable
intercellular complexes by binding in trans to Pcdhs, Ret, or other
membrane proteins on neighboring cells. Formation of such
a complex could alter Pcdh and Ret phosphorylation and endo-
cytosis and induce downstream signaling. Tyrosine phosphoryla-
tion of Pcdhs by Ret may create binding sites for downstream
effectors. Notably, we identified several proteins that copurify
with Pcdhα4-TAP and are involved in neurite outgrowth and ax-
onal pathfinding, such as stathmin-2, stathmin-3, and LAR (19,
20). Furthermore, in yeast two-hybrid screens, Pcdhα was repor-
ted to bind to the cytoskeletal proteins neurofilament M and
fascin and Pcdhγb1 was found to bind to stathmin-2 (reviewed in
16). Cellular events induced by specific binding of Pcdhs in trans
to other Pcdhs, Ret, and/or other tyrosine kinases could contrib-
ute to neurite outgrowth and the stabilization of interneuronal
connections. Pcdh binding-induced signaling could be part of
a mechanism for establishing synaptic connections or confirming
synaptic identity. Depending on the specific set of protein inter-
actions on the cell surface, signaling could induce neuronal sur-
vival or the maturation of a functional synapse. Identification and
analysis of factors downstream of Pcdh and Ret are necessary to
examine which specific role the Pcdh-Ret interaction may play.
Using a series of Pcdhα4-TAP deletionmutants, we determined

that Pcdhα4 can bind to Ret through its extracellular and/or
transmembrane domain and that the Pcdhα4 cytoplasmic domain
alone is not sufficient to interact with Ret (Fig. S2B). Inter-
estingly, both Ret and Pcdhs have cadherin-like extracellular
domains. Thus, it is possible that the Pcdh-Ret interaction is
mediated by these conserved sequences in a ligand- or differen-
tiation-dependent manner. Ret binding to Pcdhs through the
extracellular and transmembrane domains could bring the in-
tracellular domains in close proximity and allow phosphorylation
of the Pcdh intracellular domain by the Ret intracellular kinase
domain. Mutagenesis studies suggest that Tyr-750 and Tyr-763 in
Pcdhα4 are the most likely Ret-dependent phosphorylation sites
(Fig. S2 C and D). Our data do not allow us to distinguish be-
tween direct phosphorylation of the Pcdhs by Ret and Pcdh
phosphorylation by a Ret-dependent kinase. However, we note
that knocking down c-Src, the major tyrosine kinase downstream
of Ret, did not affect Pcdh tyrosine phosphorylation, making it
more likely that Ret itself phosphorylates Pcdhs (Fig. S3B). The
elevated levels of the Ret ligand persephin, the Ret coreceptor
GFRα1, and Ret itself in differentiated CAD cells might be re-
sponsible for the Ret-dependent phosphorylation of Pcdhα4-
TAP and Pcdhγ7-TAP in the absence of exogenously added
GDNF and GFRα1 (Figs. S3 and S6 A and B). It has been
reported recently that persephin can bind to GFRα1 and acti-
vate Ret (32). Recently, Pcdhγ was shown to associate with other
Pcdh isoforms and to form a ≈1,000-kDa complex with several
proteins of the postsynaptic density in mouse brain (8). Other
than the Pcdhs, the Pcdhγ-binding partners identified in that re-
port differ from the candidates in our study. Presumably, this is
because Pcdhγ rather than Pcdhα was used in the initial purifi-
cation and the candidates were purified from brain lysate rather
than CAD cells. Ret was likely not identified because expression
levels of Ret are low in the brain (33).
In summary, we show that Pcdhα and/or Pcdhγ forms a func-

tional complex with Ret and that Pcdh proteins and Ret interact
to regulate tyrosine phosphorylation and stability. Ret-dependent
tyrosine phosphorylation of Pcdhs in response to the GDNF may
be only one of many interactions capable of triggering the phos-
phorylation and activation of Pcdh-dependent signaling.

Materials and Methods
Reagents. Pcdhα4-TAP full-length; Pcdhα4-TAP truncation mutants; and
Pcdhγb7-TAP, DDR2-GFP, metadherin-GFP, CD98-GFP, RPTPα-GFP, Ret9-GFP,
and Ret51-GFP were generated as described in SI Materials andMethods. The
following chemical reagents were used at the following final concentrations:

Fig. 6. Model of Pcdh and Ret interaction and stabilization in CAD and
sympathetic neurons. Activation of Ret with GDNF/GFRα1 leads to ubiquiti-
nation and rapid degradation. Pcdhs not bound to Ret also undergo degra-
dation. Activated Ret bound to Pcdh is stabilized. Pcdhs bound to activated Ret
are stabilized and phosphorylated and might initiate downstream signaling.
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10 μg/mL MG132 (Z-Leu-Leu-Leu-al; Sigma) in methanol, 10 mM N-ethyl-
maleimide (Sigma) in lysis buffer, and 20 μM PP2 in DMSO (Calbiochem).

Antibodies. Antibodies are described in SI Materials and Methods.

Cell Culture. CAD cells were cultured in DMEM (Gibco) containing 10% (vol/
vol) Fetalclone III Serum (HyClone). Differentiation was induced by with-
drawing serum for 48 h unless stated differently. Transfections of CAD cell
lines were carried out with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Stably transfected CAD cell lines were produced
by Lipofectamine 2000 transfection of the TAP-tagged plasmids and selec-
tion with G418 (Gibco). siRNA oligonucleotides and shRNA constructs and
their usage are described in SI Materials and Methods.

Western Blot and Immunoprecipitation. Cells were induced with mouse
recombinant GDNF (R&D Systems) and recombinant GDNF receptor (GFR)α1/Fc
fusion (R&D Systems) as indicated. Cell lysis, Western blotting, and immuno-
precipitation were performed following standard protocols, as described in SI
Materials and Methods.

MNs, Glia, and SCG Cultures. ES cell lines were derived from mice transgenic
for Hb9::GFP (Jackson Labs; stock number 005029) and differentiated into

MNs as described by Di Giorgio et al. (27) (details provided in SI Materials
and Methods). Glia were cultured as previously described by Di Giorgio
et al. (27) (details provided in SI Materials and Methods). Rat SCG neurons
were cultured as previously described (34) (details provided in SI Materials
and Methods).

Immunostaining. CAD cells were grown on coverslips coated with poly-D-lysine
and laminin (BD Biosciences), which were fixed and permeabilized in meth-
anol. Where appropriate, anti-EGFP coupled to Alexa 488 (A21311; Invi-
trogen) or anti-HA (HA.11; Covance) was added overnight. Fluorescently
coupled secondary antibodies were obtained from Jackson ImmunoResearch.
Coverslips were mounted in Vectashield with DAPI (Vector Laboratories).
Images were collected with a Zeiss LSM 510 Meta confocal microscope.
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