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Background: �-Protocadherin adhesion molecules regulate dendrite arborization by inhibiting focal adhesion kinase (FAK).
Results: Protein kinase C (PKC) phosphorylation of a C-terminal serine disrupts �-protocadherin inhibition of FAK and reduces
dendrite arborization.
Conclusion: The ability of the �-protocadherins to promote dendrite arborization is regulated by phosphorylation.
Significance: These data provide much-needed mechanistic insight into the regulation of a critical neurodevelopmental adhe-
sion molecule.

The �-protocadherins (�-Pcdhs) are a family of 22 adhesion
molecules with multiple critical developmental functions,
including the proper formation of dendritic arbors by forebrain
neurons. The �-Pcdhs bind to and inhibit focal adhesion kinase
(FAK) via a constant C-terminal cytoplasmic domain shared by
all 22 proteins. In cortical neurons lacking the �-Pcdhs, aber-
rantly high activity of FAK and of PKC disrupts dendrite
arborization. Little is known, however, about how �-Pcdh func-
tion is regulated by other factors. Here we show that PKC phos-
phorylates a serine residue situated within a phospholipid bind-
ing motif at the shared �-Pcdh C terminus. Western blots using
a novel phospho-specific antibody against this site suggest that a
portion of �-Pcdh proteins is phosphorylated in the cortex in
vivo. We find that PKC phosphorylation disrupts both phospho-
lipid binding and the �-Pcdh inhibition of (but not binding to)
FAK. Introduction of a non-phosphorylatable (S922A) �-Pcdh
construct into wild-type cortical neurons significantly increases
dendrite arborization. This same S922A construct can also res-
cue dendrite arborization defects in �-Pcdh null neurons cell
autonomously. Consistent with these data, introduction of a
phosphomimetic (S/D) �-Pcdh construct or treatment with a
PKC activator reduces dendrite arborization in wild-type corti-
cal neurons. Together, these data identify a novel mechanism
through which �-Pcdh control of a signaling pathway important
for dendrite arborization is regulated.

Perturbations in dendrite arborization have been implicated
in a variety of neurodevelopmental and psychiatric diseases
(1–3), although much remains unknown about the pathways
that specify dendritic development. Recent research has uncov-
ered a role for the protocadherin (Pcdh)2 family of cell adhesion

molecules in the regulation of dendrite growth and organiza-
tion (4 –11), and some Pcdhs have been associated with psychi-
atric disorders (12–14). The “clustered” Pcdhs include �60
proteins encoded by the Pcdha, Pcdhb, and Pcdhg gene clusters
that are arrayed in tandem at a single genomic site in verte-
brates (15, 16). The 22 �-Pcdhs are of particular interest, as
mice lacking the Pcdhg cluster exhibit the strongest pheno-
types, including neuronal apoptosis, defective synaptogenesis,
disrupted axonal and dendritic arborization, and neonatal
death (9 –11, 17–22).

Each �-Pcdh protein is encoded by four exons: one of 22 large
“variable” exons, each of which encodes 6 extracellular cad-
herin repeats, a single transmembrane domain, and an �90-
amino acid variable cytoplasmic domain plus 3 small “constant”
exons that together encode a shared 125-amino acid C termi-
nus. Each neuron expresses a subset of isoforms through a
mechanism involving differential transcript initiation from
promoters upstream of each variable exon (17, 23, 24). Our
studies, confirmed by others, show that �-Pcdh proteins form
cis multimers promiscuously but that these multimers interact
strictly homophilically in trans (25, 26). The differential expres-
sion of 22 isoforms thus allows, in theory, thousands of distinct
adhesive interfaces to be specified by �-Pcdhs (27, 28).

We recently found that the �-Pcdhs promote dendritic
arborization in cortical neurons by inhibiting a signaling path-
way involving FAK, PKC, and the PKC target myristoylated
alanine-rich protein kinase C substrate (MARCKS) (9). The
C-terminal �-Pcdh constant domain binds to FAK and pre-
vents its autophosphorylation (29). In Pcdhg mutant cortex,
FAK and PKC activation is aberrantly high, and MARCKS is
hyperphosphorylated, resulting in disrupted dendrite arboriza-
tion (9). This defect can be rescued by culturing knock-out neu-
rons with pharmacological inhibitors of FAK or PKC (9).
Although these data identify a signaling pathway through
which the �-Pcdhs act, it is not known how �-Pcdh inhibition of
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FAK is regulated to allow for proper dendritic arbor elaboration
during development.

Here we identify a C-terminal serine (termed Ser-922) within
the �-Pcdh constant domain that is phosphorylated by PKC.
We show that Ser-922 is situated within a motif exhibiting
binding to membrane phospholipids that is abrogated by PKC
phosphorylation. Phosphorylation of Ser-922 also disrupts
�-Pcdh inhibition of FAK without preventing FAK binding.
Expression of a non-phosphorylatable (S922A) mutant �-Pcdh
construct can cell-autonomously rescue dendrite arborization
defects in knock-out neurons and increase dendrite arboriza-
tion above normal levels in wild-type neurons. Consistent with
these data, expression of a phosphomimetic (S922D) mutant
�-Pcdh construct or treatment with phorbol 12-myristate
13-acetate (PMA), a PKC activator, significantly reduces den-
drite arborization in wild-type neurons. Together these data
identify phosphorylation by PKC as a key regulatory mecha-
nism modulating the promotion of dendrite arborization by the
�-Pcdhs.

Experimental Procedures

Reagents—PMA, Gö6983, PF-573,228, and prepared phos-
phoinositides from bovine brain were all from Sigma. Anti-
GCP antibodies were generated at Pacific Immunology using
the peptide GGNGNKKKSGKKEKK, with the serine phosphor-
ylated. Anti-GCP was affinity-purified against the phosphory-
lated peptide; the phospho-nonspecific anti-GCN antibody was
culled from the flow-through preparation. Additional anti-
bodies include: phospho-(Ser) PKC substrate (Cell Signaling
Technology), FAK and phosphorylated FAK (Tyr-397) (Cell
Signaling Technology), �-Pcdh constant domain (N159/5,
NeuroMab), HA (Roche Applied Science), GST (Sigma), and
GFP (Life Technologies).

In Vitro Phosphorylation Assay—GST-�C proteins (pGEX
vector constructs) were purified from isopropyl 1-thio-�-D-
galactopyranoside-induced BL21 bacteria using standard
methodology and incubated with or without PKC in a 50-�l
reaction using 1 �g of protein, 10 �l of 5� reaction buffer, 10 �l
of 5� PKC activation buffer (sonicated phosphatidylserine),
and 1 �l of PKC (primarily �, �, and �, with lesser amounts of �
and �; all from PepTag Non-Radioactive PKC Assay Kit [Pro-
mega]). To remove phosphorylation, samples were incubated
with 5 units of Antarctic phosphatase (New England BioLabs).

Micelle Binding Assay—Twelve �M proteins with or without
212 �M sonicated brain phosphoinositides were incubated at
room temperature for 5 min before size-exclusion chromatog-
raphy on an ÄKTA-FPLC using Superdex 75 columns (GE
Healthcare). The outflow was monitored continuously by UV
light to identify elution peaks.

Co-sedimentation Assay—GST-�C proteins were phosphor-
ylated as above (control non-phosphorylated samples included
PKC activation buffer with phosphatidylserine but no PKC
enzyme). Proteins (0.05 �g) were diluted in 100 �l and mixed
with 250 �g of sonicated micelles of crude brain phosphoi-
nositides for 1 h at 4 °C before ultracentrifugation at 110,000 �
g for 1 h at 4 °C (�55,000 rpm using a Beckman TLA120.1
rotor).

Constructs—GST constructs diagrammed in Fig. 1 were
cloned into the pGEX4 vector (GE Healthcare). Mammalian
expression constructs diagrammed in Fig. 1 were cloned into
pCMV or pCDNA3.1 vectors modified to include N-terminal
HA tags (25).

Western Blots—Western blots were performed as described
previously (25). Briefly, proteins were separated by denaturing
SDS-PAGE using TGX precast gels (Bio-Rad) and transferred
to nitrocellulose membranes using a TransBlot Turbo transfer
system (Bio-Rad). Membranes were blocked with 5% nonfat
milk in TBS-Tween (0.1%), primary antibodies were diluted in
5% BSA in TBS-Tween, and blots were incubated overnight at
4 °C followed by washing in TBS-Tween and incubation with
HRP-conjugated secondary antibodies for 1–2 h at room tem-
perature. Signal detection utilized either SuperSignal West Pico
or Femto ECL reagents (Pierce) and x-ray film. For all Western
blots, a wide range of exposures was collected, and multiple
exposures were utilized for each quantification. Films were
scanned and analyzed in FIJI (NIH Image/J) using the Gel Ana-
lyzer module. Graphs shown in the figures represent multiple
exposure quantifications from at least three separate experi-
ments as indicated. In all experiments, relationships between
treatments were maintained throughout multiple exposures.

Immunoprecipitation—Immunoprecipitation was per-
formed as described previously (25). Briefly, cells were har-
vested in mild lysis buffer (50 mM Tris-HCl, pH 7.8, 150 mM

NaCl, 1% Triton X-100, 10% glycerol, 25 mM NaF, 1� Roche
Applied Science MiniComplete Protease Inhibitor), and lysates
were centrifuged at 8000 � g for 10 min at 4 °C. Supernatants
were rotated overnight at 4 °C with primary antibody (typically
�0.5–1 �g/ml). Protein A/G-agarose beads (Pierce) were
added for 2 h at 4 °C, and complexes were isolated by centrifu-
gation. After several washes of the beads in mild lysis buffer,
they were resuspended in 2� Laemmli protein sample buffer
and boiled.

Phosphatidylinositol Phosphate (PIP) Strips—PIP strip mem-
branes (Echelon Biosciences) were blocked for 1 h with 3%
fatty acid free-BSA in TBS, 0.1% Tween20 (TBST) before
incubation with GST-�C proteins for 2 h. They were washed
5 times with TBST and incubated with �-GST for 4 h in 3%
fatty acid-free-BSA/TBST, washed, incubated with �-mouse-
HRP, and detected with chemiluminescence (Pierce SuperSig-
nal West Pico).

Cortical Neuron Cultures—Cortical neuron cultures were
performed as described previously (9) using timed-pregnant
C57BL/6 mice (Harlan) or Pcdhgdel homo- and heterozygotes
(17) at E18/P0. Briefly, cortices were dissected, and the menin-
ges were removed. Cortices were cut into small chunks and
digested in an enzyme solution (papain, 10 units/ml) 2 � 20
min, after which tissue was rinsed with increasing concentra-
tions of trypsin inhibitor followed by plating media (Basal
Medium Eagle, 5% FBS, Glutamax (Invitrogen), N2 supple-
ments (Invitrogen), and penicillin/streptomycin). Cells were
plated onto German coverglass coated sequentially with poly-
L-lysine and laminin or with Matrigel (Corning) at a density of
250,000 cells per coverslip. After 2 h and every 3 days subse-
quently, media were changed to Neurobasal with Glutamax, B27
supplements (Invitrogen), and penicillin/streptomycin. Transfec-
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tions with Pcdh constructs and N1-EGFP were performed at 1 day
in vitro (DIV) using Lipofectamine 2000 (Invitrogen). Each cover-
slip was incubated with 0.5 �g of total DNA and 1 �l of Lipo-
fectamine 2000 and mixed in Neurobasal media according to the
manufacturer’s instructions for 2 h before being changed back to
regular complete Neurobasal media. In some experiments, phar-
macological inhibitors were added with a media change at 5 DIV:
Gö6983 (Tocris Bioscience) at 1 �M, PMA (Sigma) at 100 nM, and
PF-228 (Sigma) at 1 �M. Coverslips were fixed at 8 DIV with 4%
paraformaldehyde for 15 m at room temperature, rinsed with PBS,
and stained with anti-GFP antibody (Invitrogen) as described pre-
viously (9, 21). For some biochemistry experiments, neurons were
nucleofected using an Amaxa Nucleofector at the time of dissoci-
ation using manufacturer’s protocols for the Mouse Neuron
Nucleofection kit and program G-013. Nucleofected neurons were
plated at 500,000 cells per coverslip and lysed for Western blot as
detailed above.

Sholl Analysis of Dendrite Complexity—Images of GFP�
transfected neurons were taken using a 20� objective on a
Leica TCS SPE microscope. Neurons were traced manually
using the Simple Neurite Tracer module in FIJI (NIH Image/J).
Sholl analysis used concentric circles spaced either every 5 or 10
�m from the cell body up to 100 �m, and crossings were
counted using the Sholl Analysis function of Simple Neurite
Tracer. Crossings were graphed in Prism (GraphPad) for dis-
play, and the area under the curve was calculated for statistical
analysis.

Statistical Analysis—Comparisons between constructs, geno-
types, and treatments were performed by one-way analysis of
variance using the recommended Tukey post-hoc test (cor-
rected for multiple comparisons) in Prism. When only two con-
ditions were being compared, a two-way t test was utilized.
Asterisks in the figures denote the following significance levels:
* � p � 0.05; ** � p � 0.01; *** � p � 0.001.

FIGURE 1. Identification of a C-terminal serine shared by all 22 �-Pcdhs as a target for PKC phosphorylation. A, schematic diagram of constructs utilized
in these studies. Constant region sequences are shown in red. Primary sequence of the C-terminal lysine rich domain containing Ser-922 is noted. B, NetPhos
prediction of phosphorylation sites within the �-Pcdh constant region; residues are numbered from the start of the 125-amino acid constant region. C,
NetPhosK prediction of kinase recognition sites within the �-Pcdh constant region; residues are numbered from the start of 125 amino acid constant region.
Ser-119 here corresponds to Ser-922 in full-length murine �-Pcdh-A3 utilized in these studies.
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Results

A C-terminal Serine in the �-Pcdh Constant Domain Is a Tar-
get for PKC—Toward identifying the molecular mechanisms by
which �-Pcdhs are regulated, we sought potential phosphory-
lation sites within the constant domain shared by all 22 iso-
forms (termed �C; Fig. 1A). One previous study found that clus-
tered Pcdhs (including some �-Pcdhs) can be phosphorylated
by the receptor tyrosine kinase Ret (30); however, the relevant
�-Pcdh tyrosine residue was not identified, and the conse-
quence of Ret phosphorylation for neural development is not
known. Because of our previous work implicating the �-Pcdhs
in negatively regulating the serine/threonine kinase PKC (9), we
systematically examined predicted Ser/Thr phosphorylation
sites within �C. Using NetPhos tools from ExPASy (expasy.
org), we generated a list of phosphorylatable residues along
with predicted kinases. Of particular interest to us was a serine
(referred to here as Ser-922: residue 922 of 928 in the murine
�-Pcdh-A3 protein; residue 119 of 125 in the murine �C
domain) with the highest prediction for phosphorylation
located at the C terminus (Fig. 1B). Interestingly, PKC was the
predicted kinase (Fig. 1C); based on our prior results, we further
investigated this residue.

We first assessed whether �C was indeed a PKC target in
vitro. We generated several GST-tagged constructs, including
the wild-type (WT) �C domain, non-phosphorylatable serine
922-to-alanine (S/A) point mutant, and a truncation mutant
lacking the last 11 amino acids (�C11) (Fig. 1A). To ascertain if
PKC is capable of phosphorylating �C, we incubated proteins
directly with purified rat brain PKC. Using an antibody specific
to phosphorylated serine substrates of PKC, we found that PKC
indeed phosphorylated WT �C protein but not S/A or �C11
mutants (Fig. 2A), confirming Ser-922 as a target site. To spe-
cifically identify Ser-922-phosphorylated �-Pcdh in vivo, we
generated an affinity-purified antibody against peptides con-
taining the 15 C-terminal residues of �C with Ser-922 phos-
phorylated (anti-GCP). We repeated the in vitro phosphoryla-
tion experiment using anti-GCP and obtained results identical
to those obtained with anti-phosphoserine (Fig. 2B). Phospha-
tase treatment of proteins after PKC phosphorylation led to a
drastic reduction of signal with the anti-GCP antibody (Fig. 2B).
At longer Western blot exposures, weak anti-GCP signal could
be observed in unphosphorylated �C but not at all in �C11
truncated proteins. Together, these results indicate that the
novel anti-GCP strongly recognizes phosphorylated Ser-922.

�-Pcdhs Are Phosphorylated at Ser-922 in Vivo—To confirm
that Ser-922 phosphorylation occurs on intact �-Pcdh proteins
in cells, we generated constructs encoding N-terminally HA-
tagged full-length �-Pcdh-A3 proteins, including A3-WT,
A3-S/A, and A3-�C15 (Fig. 1A). First, we compared HEK293
lysates from untransfected cells to cells transfected with
A3-WT and A3-�C15. We found that anti-GCP detected a pro-
tein of the expected size in cells expressing A3-WT but not
A3-�C15 (Fig. 3A, left). An identical result was obtained after
immunoprecipitation with anti-HA, confirming that the band
detected using anti-GCP is, in fact, A3-WT (Fig. 3A, right) and
indicating that a portion of exogenous �-Pcdh proteins is
basally phosphorylated in HEK293 cells. To confirm that anti-
GCP detects �-Pcdhs phosphorylated at Ser-922 by PKC, we
exposed transfected cells to PMA, a phorbol-ester PKC activa-
tor. We found a robust increase in anti-GCP signal at the
expected band size following as little as a 10-min PMA exposure
in cells transfected with A3-WT but not with A3-S/A (Fig. 3B).
Note that because Fig. 3B shows a short film exposure, no signal
is seen without PMA as it is in the longer exposure shown in Fig.
3A; Fig. 3C quantifies the signal from multiple replicates and
exposures for comparison. PMA is known to have other targets;
thus to ensure that phosphorylation of �-Pcdhs in response to
PMA was due primarily to PKC activation, we exposed A3-
WT-transfected HEK cells to PMA � Gö6983, a potent PKC
inhibitor. Pretreatment with Gö6983 significantly reduced
PMA-induced A3-WT phosphorylation by �60% (Fig. 3D),
confirming phosphorylation of �-Pcdhs at Ser-922 by PKC.

We next assessed phosphorylation of endogenous �-Pcdhs in
neurons. First, we prepared cortical neuron cultures and
treated them acutely at 8 DIV with PMA � Gö6983. Using
anti-GCP we detected a robust increase in �-Pcdh phosphory-
lation after PMA treatment compared with the vehicle (DMSO)
control that was significantly reduced by Gö6983 (Fig. 3E). Sec-
ond, we analyzed lysates from embryonic brain and postnatal
cortex and detected an appropriately sized band with anti-GCP
at all ages (Fig. 3F); importantly, anti-GCP gave no signal in
Pcdhg knock-out cortical tissues (Emx1-Cre;Pcdhg fcon3/fcon3;
Ref. 9), confirming the specificity of this antibody and suggest-
ing that Ser-922 phosphorylation occurs in vivo. The ratio of
anti-GCP signal to that obtained with a non-phospho-specific
�-Pcdh antibody (either anti-GCN or N159/5) did not differ
significantly across the ages examined.

FIGURE 2. In vitro phosphorylation of �-Pcdh Ser-922 by PKC. A and B, For in vitro phosphorylation assays the indicated GST fusion proteins were incubated
with or without PKC and blots probed with phospho-(Ser) PKC substrate antibody (A) or anti-GCP (B) (two different film exposures are shown). Treatment of
phosphorylated �C with Antarctic phosphatase (AP) leads to loss of anti-GCP signal as expected. The graph in B shows quantification of longer exposures from
three experiments � S.E. ***, p � 0.001. A.U., arbitrary units; WB, Western blot.
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A C-terminal Lysine-rich Motif Mediates Phospholipid Bind-
ing Abrogated by Ser-922 Phosphorylation—The Ser-922 resi-
due is situated within a lysine-rich motif (-KKKSGKKEKK; Fig.
1A) predicted to be positively charged. We posited that this
motif might interact with membrane phospholipids, and, if so,
that PKC phosphorylation at Ser-922 might add a negative
charge and disrupt such an interaction. To assess whether this
motif exhibits lipid binding, we first incubated each GST-
tagged �C protein (Fig. 1A) on nitrocellulose membranes spot-
ted with 15 different phosphoinositides (PIP Strips, Echelon
Biosciences; Fig. 4A) and detected bound proteins with anti-
GST antibody. We detected binding of the intact �C but not any
of the truncated constructs or GST alone, to PIP, PIP2, and PIP3
lipids (Fig. 4A).

We next used a micelle-binding assay (31) to confirm inter-
action with membrane lipids. Proteins were incubated alone or

in the presence of micelles prepared from sonicated crude
bovine brain phosphoinositide lipids. Preparations were sepa-
rated by size-exclusion chromatography; in this assay binding is
detected as a shift to an earlier elution fraction in protein �
micelle samples compared with protein alone. The �C protein,
but not the �C11 truncation lacking the lysine-rich motif or
GST alone, exhibited a strong elution shift, confirming that the
constant domain interacts with brain phospholipids (Fig. 4B).

We next sought to address whether PKC phosphorylation of
Ser-922 might disrupt membrane lipid binding by the lysine-
rich motif. This was not possible using the assays described
above: phosphatidylserine is an essential cofactor for the PKC
in vitro phosphorylation reaction, and its presence led to an
unacceptably high background. We thus turned to a membrane
lipid co-sedimentation assay. The �C and S/A mutant GST
fusion proteins with or without PKC in vitro phosphorylation

FIGURE 3. In vivo phosphorylation of �-Pcdh Ser-922 by PKC. A, analysis of HEK293 cells transfected with A3-WT or A3-�C15 shows that anti-GCP recognizes
the C-terminal motif (input, left). Immunoprecipitation (IP) for HA tag confirms that the appropriately sized band recognized by anti-GCP is in fact �-Pcdh-A3
(right). WB, Western blot; UT, untransfected. B, HEK293 cells transfected with A3-WT or A3-S/A and incubated with 648 nM PMA for the indicated times. The
anti-GCP signal increases after PMA treatment but not when Ser-922 is mutated to a non-phosphorylatable alanine. The graph shows quantification of three
experiments � S.E. with A3-WT. No significant differences between the three PMA time points were found. A.U., arbitrary units. C, comparison of short and long
film exposures of vehicle (DMSO) and PMA-treated HEK293 cells transfected with A3-WT (3 replicates (R)). The graph shows quantification of this blot,
confirming a significant increase in anti-GCP signal with PMA treatment. Note that endogenous phosphorylation is observed at longer exposures (A and C). D
and E, Gö6983 and PMA exposure in HEK293 (D) and cortical neuron cultures (E). Anti-GCP signal increases with PMA, and this increase is significantly blocked
by treatment with PKC inhibitor Gö6983 (1 �M). The graphs show the mean � S.E. of three experiments. F, anti-GCP (upper blots) detects a portion of
endogenous �-Pcdhs (all �-Pcdhs were detected with mAb N159/5, lower blots) in embryonic brain and postnatal cerebral cortex. The lack of signal in
Emx1-Cre;Pcdh-�fcon3/fcon3 cortically restricted mutants (9) confirms antibody specificity. Although the proportion of phosphorylated �-Pcdhs trends lower at
later postnatal ages, no significant age differences were found (graph shows results of three experiments � S.E.). *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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were incubated with sonicated crude brain phosphoinositides.
The samples were then subjected to ultracentrifugation;
unbound proteins remain in the supernatant, whereas lipid-
associated proteins come down in the pellet.

We found that �C was enriched in the pellet compared with
GST but that this enrichment was lost upon phosphorylation
(Fig. 4, C and D). Similar to the native �C protein, the S/A
mutant protein was found primarily in the lipid pellet (actually
almost entirely so) but in contrast was insensitive to PKC phos-
phorylation, with no redistribution to the supernatant observed
(Fig. 4, C and D). These data clearly indicate that Ser-922 phos-
phorylation by PKC disrupts the membrane phospholipid bind-
ing properties of the C-terminal motif, suggesting a novel
mechanism by which PKC may regulate �-Pcdh functions.

Phosphorylation of Ser-922 Disrupts �-Pcdh Inhibition of, but
Not Binding to, FAK—The �-Pcdhs bind to FAK via the �C
domain and inhibit its activation by autophosphorylation at
tyrosine 397 (29). We previously presented evidence that
�-Pcdh inhibition of FAK is important for tempering PKC phos-
phorylation of MARCKS, thus allowing normal development of
dendritic arbors in cortical neurons in vivo and in vitro (9). We
hypothesized that PKC phosphorylation of Ser-922 might act in
turn to regulate the ability of �-Pcdh to inhibit FAK. To inves-
tigate this, we cotransfected cells with A3-WT or A3-S/A along
with a construct encoding GFP-tagged FAK, immunoprecipi-
tated A3 with �-HA, and examined the amount and Tyr-397
phosphorylation state of bound FAK. We found, consistent
with Chen et al. (29), that very little FAK that came down with

FIGURE 4. PKC phosphorylation of Ser-922 regulates lipid binding of a C-terminal �-Pcdh lysine-rich motif. A, PIP Strip (Echelon Biosciences) membranes
spotted with phospholipids incubated with the indicated GST fusion proteins and detected with anti-GST antibody. Only proteins with an intact, Ser-922-
containing lysine-rich domain exhibited binding to phosphoinositides. PE, phosphatidylethanolamine; PA, phosphatidic acid; PC, phosphatidylcholine; PS,
phosphatidylserine; Ptdins, phosphatidylinositol; LPA, lysophosphatidic acid; LPC, lysophosphatidyl choline; S1P, sphingosine-1-phosphate. B, micelle binding
assay. Shown are absorbance traces from size exclusion chromatography of the indicated GST fusion proteins with or without phosphoinositide micelles. The
addition of micelles results in a major shift to larger sizes with intact �C protein but not �C11. C and D, co-sedimentation assay. Indicated GST fusion proteins
were incubated with crude phosphoinositide micelles before ultracentrifugation to separate the lipids and lipid-associated proteins from the soluble super-
natant. Phosphorylation with PKC shifts �C, but not the S/A mutant, from pellet (P) to supernatant (S), indicating reduced phospholipid binding. mAU,
milliabsorbance units; WB, Western blot. D shows results from three experiments � S.E. S/A pellet localization is significantly higher than that of �C. **, p � 0.01.
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�-Pcdhs, in this case A3-WT, was phosphorylated (Fig. 5A).
After a brief treatment with PMA (30 min, which we confirmed
did not result in indirect phosphorylation of FAK itself; see
Input lanes, Fig. 5A), the proportion of �-Pcdh-associated FAK
that was phosphorylated was doubled (Fig. 5, A and B). PMA
had no effect on the phosphorylation state of FAK associated
with the A3-S/A point mutant, confirming that PKC phosphor-
ylation of Ser-922 was the cause of this reduction in FAK inhi-
bition (Fig. 5, A and B).

Interestingly, PMA treatment did not disrupt the ability of
A3-WT to associate with FAK; in fact, when cells were exposed
to PMA, we found a significant increase in the total amount of
FAK pulled down (Fig. 5, A and C). Again, A3-S/A was insensi-
tive to PMA in this regard (Fig. 5, A and C). Importantly, in all
analyses of �-Pcdh-associated FAK, we normalized phospho-

FAK levels to total FAK levels (Fig. 5B). Thus, even though
PMA treatment did increase the total amount of FAK associ-
ated with A3-WT, the relative proportion of phospho-FAK was
still doubled (Fig. 5B). We conclude that phosphorylation of
�-Pcdhs at Ser-922 by PKC did not prevent them from binding
to FAK (in fact, it may enhance such binding) but does reduce
their ability to inhibit FAK activation.

FAK activation depends on its FERM domain binding to
PIP2, which opens up its structure, exposing its kinase domain
and allowing autophosphorylation (32, 33). It could be that the
�-Pcdh lipid binding motif competes locally with FAK for bind-
ing to phospholipids, which might reduce the activation of
�-Pcdh-associated FAK. To address this possibility, we per-
formed similar experiments using A3-�C15 truncation mu-
tants. As expected (due to the loss of Ser-922), PMA treatment

FIGURE 5. Phosphorylation of Ser-922 disrupts �-Pcdh inhibition of, but not binding to, FAK. A, lysates of HEK293 cells co-transfected with HA-tagged
�-Pcdh A3-WT or A3-S/A and GFP-FAK immunoprecipitated with anti-HA to pull down �-Pcdh-associated FAK. PMA treatment did not disrupt the ability of
A3-WT to bind FAK but did result in a higher proportion of A3-associated FAK being phosphorylated (PFAK). PMA treatment has no effect on activation state of
A3-S/A-associated FAK, confirming the role of PKC phosphorylation of Ser-922. IP, immunoprecipitation; WB, Western blot. B and C, quantification of three
experiments performed as in A. The ratio of PFAK to total FAK associated with A3 was calculated and normalized to the no-PMA A3-WT ratio (B). Total amount
of FAK pulled down with A3-WT, but not A3-S/A, actually increased after PMA treatment (C). D–F, experiments were similar to those shown in A–C but compared
A3-WT to A3-�C15. Loss of the C-terminal lipid binding domain led to more FAK being pulled down, similar to the effect of PMA treatment on A3-WT, although
as expected �C15 is insensitive to PMA as it lacks Ser-922 (D and F). The ratio of PFAK/FAK in �C15 co-immunoprecipitations trended higher, but due to high
variability in these experiments this difference was not statistically significant (D and E). Graphs show the means � S.E. of three (A–C) or 6 (D–F) experiments.
*, p � 0.05; **, p � 0.01.
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did not change the binding of FAK to A3-�C15 nor did it affect
the phosphorylation state of the FAK pulled down with
A3-�C15 (Fig. 5, D–F). Interestingly, A3-�C15 exhibited sig-
nificantly enhanced binding to FAK similar to that observed
when A3-WT protein was phosphorylated (Fig. 5, D and F).
Although the proportion of A3-�C15-associated FAK that was
phosphorylated was elevated compared with A3-WT (Fig. 5, D
and E), results for this truncation construct were variable
enough that this result did not reach statistical significance.
Thus, from the existing data we cannot conclude that �C phos-
pholipid binding is critical for FAK inhibition by the �-Pcdhs.

Expression of Non-phosphorylatable �-Pcdh Increases Den-
drite Arborization by Reducing FAK Activation—Both FAK and
PKC are negative regulators of dendrite arborization (9,
34 –38). Because PKC phosphorylation of Ser-922 reduces

�-Pcdh inhibition of FAK (Fig. 5), we asked whether introduc-
ing the non-phosphorylatable A3-S/A into cortical neurons
might increase dendrite arborization. We co-transfected corti-
cal neuron cultures at 1 DIV with A3-WT, A3-S/A, A3-�C15,
or empty vector plus GFP at low efficiency (�1–2%) using lipo-
fection. At 8 DIV, cultures were fixed, and Sholl analysis of
dendrite arbor complexity was performed on tracings from
micrographs of GFP� neurons (Fig. 6 shows representative
micrographs, whereas Fig. 8 shows representative tracings, to
illustrate methodology).

Neurons expressing A3-S/A did indeed exhibit a significant
increase in dendrite arborization compared with control and
A3-WT conditions (Fig. 6, A, C, and D). Phosphorylation of
Ser-922 reduces phospholipid binding at the �-Pcdh C termi-
nus (Fig. 4, C and D); thus it was possible that A3-S/A promoted

FIGURE 6. Neurons expressing a non-phosphorylatable �-Pcdh exhibit increased dendrite arborization. A and B, representative cortical neuron micro-
graphs from cultures transfected at low efficiency with an empty vector, A3-WT, A3-�C15, or A3-S/A plus GFP to allow for tracing. Cultures were treated at 5 DIV
with the FAK inhibitor PF-228 (B) or vehicle alone (DMSO; A) and analyzed at 8 DIV. C, Sholl analysis curves demonstrate increased dendritic complexity of
neurons expressing A3-S/A compared with A3-WT or empty vector. No decrease in arborization was observed in neurons expressing A3-�C15, suggesting that
lipid binding of the �C domain is not critical to regulate FAK. All neurons treated with PF-228 (C, dotted lines) exhibit similarly high dendritic complexity
regardless of transfection conditions. Expression of A3-S/A did not result in a further increase in arborization, consistent with its effect being to increase the
level of FAK inhibition, which is maximized by PF-228 treatment. D, area under the curve graphs of Sholl analysis data in C. E, Western blots of lysate from
neurons nucleofected with A3-WT or A3-S/A, probed with the indicated antibodies. F, FAK activation, measured as the normalized PFAK/FAK ratio, is signifi-
cantly reduced in neurons expressing A3-S/A (left axis). This is not due to higher expression of this construct (right axis). The graph shows results from three
separate cultures � S.E., n � 54 – 60 neurons per condition. **, p � 0.01. The bar in A is 100 �m.
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dendrite arborization simply due to unhampered lipid binding.
This did not seem to be the case, however, as transfection of
neurons with A3-�C15 (lacking the entire lipid binding motif)
did not reduce dendrite arborization compared with control
(Fig. 6, A, C, and D). Intriguingly, transfection of Pcdhgdel null
mutant neurons (9, 17) with A3-S/A, but not with A3-WT, was
able to rescue their defective dendrite arborization to levels
significantly above that of control neurons (Fig. 7).

The fact that A3-S/A, but not A3-WT, can cell-autono-
mously promote dendrite arborization suggests that a critical

control point is the level of Ser-922 phosphorylation and, by
extension, efficiency of FAK inhibition. Indeed, we found that
FAK activation (as measured by phosphorylated FAK/FAK
ratio) was significantly decreased in neurons expressing A3-
S/A compared with those expressing A3-WT (Fig. 6, E and F,
left axis). Importantly, expression levels of A3-WT and A3-S/A
were identical in nucleofected neurons (Fig. 6, E and F, right
axis), demonstrating that this difference is not simply due to
differential expression of the A3-S/A construct.

Exposure of neurons to a specific FAK inhibitor (PF-228)
substantially increased dendrite arborization in all transfection
conditions to the same level of elevated complexity (Fig. 6,
B–D); that is, PF-228 effects were not additive with those of
A3-S/A expression. This implies A3-S/A and PF-228 act in the
same pathway to inhibit FAK, as we do not see a further poten-
tiation of arborization in neurons expressing A3-S/A versus
other constructs exposed to PF-228. Arbor complexity when
FAK was strongly inhibited by PF-228 exceeded that seen with
A3-S/A transfection alone (Fig. 6D). Consistent with our prior
work (9), this indicates that �-Pcdhs are a significant, but clearly
not the only, upstream regulator of FAK activation relevant to
dendrite arborization.

Phosphorylation of Ser-922 Negatively Regulates Dendrite
Arborization—PKC phosphorylation of Ser-922 reduces the
ability of �-Pcdh to inhibit FAK activation (Fig. 5), and consis-
tent with this, neurons expressing A3-S/A exhibit decreased
FAK activation and increased dendrite arborization (Fig. 6).
This suggests that �-Pcdh phosphorylation state per se should,
in part, determine dendrite complexity. We addressed this by
assessing arborization in neurons 1) treated with a pharmaco-
logical activator or inhibitor of PKC and 2) transfected with a
predicted phosphomimetic �-Pcdh construct, A3-S/D.

As expected, in control neurons (transfected with empty vec-
tor � GFP), treatment with Gö6983 significantly increased
dendrite arborization compared with vehicle controls (Fig. 8,
panels A and E and panels F and H). Identical results were
obtained in neurons transfected with A3-WT (Fig. 8 panels B
and E and panels F and H), consistent with its inability to cell
autonomously increase arborization (Fig. 6D). As in previous
experiments (Fig. 6D), expression of A3-S/A resulted in signif-
icantly increased dendrite arborization to levels as high as those
obtained with PKC inhibition by Gö6983 (Fig. 8, C, E, and H).
Treatment of A3-S/A-expressing neurons with Gö6983 did not
further elevate arborization (Fig. 8, C, F, and H), confirming
that �-Pcdh phosphorylation is one mechanism through which
PKC can inhibit dendrite arborization. Consistent with this,
vehicle-treated neurons expressing the predicted phosphomi-
metic A3-S/D construct exhibited significantly decreased
arborization (Fig. 8, D, E, and H).

In addition to its effects on �-Pcdh function shown here, PKC
is well known to be a negative downstream regulator of dendrite
arborization (9, 34, 35, 38, 39). Consistent with this, broad acti-
vation of PKC by PMA reduced arborization to low levels
regardless of which construct was expressed (Fig. 8, A–D, G,
and H). Arbor complexity in PMA-treated control neurons was
nearly identical to that of untreated neurons expressing
A3-S/D; treatment of A3-S/D-expressing neurons with PMA
did not further decrease complexity (Fig. 8, D, G, and H). FAK

FIGURE 7. Expression of a non-phosphorylatable �-Pcdh cell autono-
mously rescues arborization defects in Pcdhg-null neurons. A and B, Sholl
analysis curves of wild type (A) and Pcdhgdel/del null mutant (knock-out) neu-
rons (B) transfected with empty vector, A3-WT, or A3-S/A plus GFP. C, area
under the curve graph of data in A and B. As observed in our prior work (9),
knock-out (KO) neurons exhibit significantly reduced dendrite arborization,
which is rescued to above control wild-type levels by transfection with A3-S/A
but not with A3-WT. As observed in parallel experiments (Fig. 6), transfection
of wild-type neurons with A3-S/A, but not with A3-WT, significantly increases
dendrite complexity. Graphs show results from 3– 4 animals per genotype �
S.E., 36 –57 neurons per condition. *, p � 0.05; ***, p � 0.001.
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inhibition with PF-228 rescued arborization to control levels in
neurons expressing A3-S/D, consistent with FAK acting down-
stream of the �-Pcdhs (Fig. 8H). Together, these data strongly
indicate that �-Pcdh Ser-922 phosphorylation state and PKC
act in the same pathway to regulate dendrite arborization in
developing neurons.

Discussion

This work expands our understanding of the role �-Pcdhs
play in dendrite arborization by identifying a novel molecular
mechanism by which they are regulated. Together, the present
data combined with our prior work (9) support the following
model (Fig. 9). The �-Pcdhs bind to FAK and inhibit FAK Tyr-
397 phosphorylation and activation through �C (29), which
leads to reduced activity of PKC and allows its target MARCKS
to remain unphosphorylated, promoting dendrite arborization

(9). PKC phosphorylation of �-Pcdhs at Ser-922 reduces their
ability to inhibit FAK (Fig. 5). In this way PKC may act to bal-
ance the pathway, preventing overly exuberant branching of
dendrites, such as is seen in the A3-S/A-transfected or PF-228-
treated cortical neurons (Fig. 6).

Importantly, the PKC that acts upon �-Pcdhs may not be
from the same pool or be the same isozyme of PKC that is
downstream of �-Pcdh-FAK signaling. If it were, we might
expect a runaway signaling feedback loop, which clearly did not
occur. There are 12 PKC isozymes exhibiting differential sub-
cellular localization through interaction with distinct anchor-
ing proteins (40). Although we have shown that at least three
isozymes, PKC�, -�, and -�, are hyperactive in Pcdhg mutant
cortex (9), it is unclear if others are involved nor do we know
which isozymes may phosphorylate �-Pcdhs in vivo. Of course,
many signaling pathways may converge onto PKC to affect den-

FIGURE 8. Phosphorylation of Ser-922 by PKC decreases dendrite arborization. A–D, representative tracings of cortical neuron dendritic arbors from
cultures transfected at low efficiency with an empty vector (Control), A3-WT, A3-S/A, or A3-S/D plus GFP and treated for 3 days with vehicle only (DMSO),
Gö6983, or PMA. E–G, Sholl analysis curves of all transfection conditions treated with vehicle (E, DMSO), Gö6983 (F, Gö), or PMA (G). H, area under the curve
representation of data shown in E–G, compared with control or A3-WT-expressing neurons, neurons expressing A3-S/A exhibit increased dendrite complexity,
whereas those expressing A3-S/D exhibit reduced dendrite complexity (E and H). PKC inhibition (Gö6983 treatment) did not further increase arborization in
A3-S/A neurons, in contrast to all other conditions, where PKC inhibition elevates (control, A3-WT) or rescues (A3-S/D) arborization (F and H). Because PMA is
a broad activator of PKC, which is known to inhibit dendrite arborization downstream of �-Pcdhs, PMA treatment reduced arborization to similarly low levels
in all neurons examined (G and H). Treatment of neurons expressing A3-S/D with PF-228 rescued arborization to control levels (H). Graphs show results from
three separate cultures � S.E., 20 – 60 neurons per condition. *, p � 0.05; **, p � 0.01; ***, p � 0.001. The bar in A is 100 �m. PF, PF-573,228.
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drite arborization; �-Pcdhs are unlikely to be the only major
player. In support of this, although Gö6983 treatment did not
enhance branching further in neurons expressing A3-S/A,
PMA did reduce branching to low levels in these neurons. In
any case, PKC is known to regulate dendrite arborization in
multiple neuronal subtypes (34, 35, 38, 39); given the wide-
spread neural expression of the �-Pcdhs (9, 17, 21), our identi-
fication of Ser-922 as a PKC target may thus have broad rele-
vance to PKC signaling and dendrite development throughout
the brain.

In addition to our identification of Ser-922 as a site for PKC
phosphorylation, we show that this residue resides in a lysine-
rich domain that can mediate binding to membrane phospho-
lipids. As discussed above, FAK activation depends on PIP2
binding, which allows its autophosphorylation (32, 33). It seems
plausible that the �-Pcdh lipid binding motif competes locally
with FAK for binding to phospholipids. When PKC phosphor-
ylates Ser-922, �C loses its ability to bind to phospholipids (Fig.
4, C and D), and this has the potential to prevent inhibition of
associated FAK. However, a �-Pcdh lacking the lipid binding
motif (A3-�C15) did not significantly fail to inhibit FAK (Fig. 5,
D and E) nor did transfection of neurons with such a construct
reduce dendrite arborization (Fig. 6), as might have been
expected. In other studies, a portion of �-Pcdh proteins was
found to be associated with membrane vesicles of the endoly-
sosome system in non-neuronal cells, and their overexpression
can increase the formation of membrane tubules (41, 42). How-

ever, it has been shown that trafficking within this system is
regulated by the variable cytoplasmic domain (42), not the con-
stant domain in which Ser-922 resides, so the lipid binding we
demonstrate here is unlikely to relate directly to these studies.
Although the location of Ser-922 within the lipid binding
domain makes it difficult to fully dissociate the effects of PKC
phosphorylation from those of phospholipid binding, our data
suggest that the phosphorylation event itself is the critical reg-
ulatory point.

Intriguingly, in the co-sedimentation assay (Fig. 4, C and D),
the S/A mutant protein was almost entirely found in the lipid-
bound pellet; this could indicate that a small change to the
structure of �C in this mutant actually potentiated lipid bind-
ing. Similarly, phosphorylated A3-WT protein and truncated
A3-�C15 protein pulled down increased amounts of FAK in
co-immunoprecipitations (Fig. 5), again suggesting that small
structural changes may affect �-Pcdh function. Nothing is
known about the structure of �C, although its C terminus is
predicted by online protein structure programs to be an intrin-
sically disordered region. It is increasingly clear that intrinsi-
cally disordered regions are critical modulators of cell signaling
pathways participating in the assembly of dynamic protein
complexes, apparently due to their malleable structure (43, 44).
Although beyond the scope of this study, our identification of a
lipid binding motif at the end of the C terminus provides an
interesting question as to the function, if any, of the motif, and

FIGURE 9. Model of how �-Pcdh constant domain phosphorylation by PKC affects dendrite arborization. �-Pcdhs exist in cis multimers at the neuronal
membrane (25). The �-Pcdh constant C terminus binds to and inhibits FAK (29), which leads to reduced PKC activity (9) (left side, see the heat map legend). This
allows the PKC target MARCKS to remain hypophosphorylated and to promote dendrite arborization via interaction with actin filaments and the membrane (9).
When �-Pcdh phosphorylation at Ser-922 (A3 isoform; equivalent residue numbers in other isoforms) by PKC (circled P) is increased (right side), their ability to
inhibit FAK is reduced, which leads to higher PKC activity, hyperphosphorylated MARCKS, and reduced dendrite arborization (such as that seen in Pcdhg
mutant neurons; Ref. 9, right side, see heat map legend). PKC phosphorylation of �-Pcdhs may be mediated by distinct PKC isozymes or subcellular pools rather
than simply as a direct negative feedback loop. This may be important for keeping the signaling pathway balanced and allowing for transient, developmentally
related increases and decreases in dendrite arborization.
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whether PKC phosphorylation-induced abrogation of lipid
binding has any physiological role in �-Pcdh signaling.

A key remaining question is how the balance of this pathway
might be regulated spatially within the growing neuron. It is
unclear as yet whether �-Pcdh inhibition of the FAK/PKC path-
way is global or is localized, for example, near branch points
within dendrites. The cytoplasmic domain is important for the
trafficking of exogenous, GFP-tagged �-Pcdhs within dendrites
(45, 46). It is thus plausible that Ser-922 phosphorylation could
regulate the trafficking of �-Pcdhs to dendritic branch points,
allowing their inhibition of FAK to be localized. Using HA anti-
bodies, we saw no gross changes in the localization of A3-S/A
versus A3-WT in neurons, but unfortunately, our novel anti-
GCP antibody is not effective for immunohistochemistry.
Other existing antibodies similarly do not stain endogenous
proteins well enough for high resolution analyses in neurons.
Future efforts thus should be aimed at developing methods to
track phosphorylated versus non-phosphorylated endogenous
�-Pcdhs in growing neurons.

Finally, it is of interest that the increase in dendrite arboriza-
tion observed after expression of A3-S/A in wild-type neurons
(Fig. 6) and the rescue of dendritic defects in �-Pcdh knock-out
neurons by A3-S/A was cell-autonomous. Although the
�-Pcdhs can clearly mediate adhesive homophilic interactions
in trans, between two cells (25) there is evidence that at least in
neurons with planar dendritic arbors such as Purkinje cells and
starburst amacrine cells, the �-Pcdhs mediate repulsive self-
avoidance between processes of the same cell (8). The reduc-
tion in dendrite arborization we previously observed in Pcdhg
mutant cortical neurons (9) was not accompanied by any obvi-
ous increase in dendrite self-crossing or fasciculation, suggest-
ing that the role of �-Pcdhs may vary depending on neuronal
subtype, possibly due to differences in cis binding partners. In
the present experiments neurons were transfected using a low
efficiency (only �1–2%) lipofection method. Thus, transfection
with a particular �-Pcdh (here, A3) would not be expected to
increase trans homophilic interactions between neurons, as few
surrounding untransfected neurons are likely to contain endog-
enous A3 due to the stochastic, differential expression of Pcdhg
isoforms (23, 28).

In this regard it is interesting that transfection of neurons
with A3-WT neither increased nor decreased dendrite
arborization in wild-type neurons nor could it rescue defects in
knock-out neurons. If �-Pcdh self-avoidance is important in
cortical dendrite arborization, we might have expected this
manipulation to increase such repulsive signaling and have an
effect cell autonomously. Given that expression of A3-S/A did
increase arborization cell autonomously, we suggest the possi-
bility that homophilic interaction between neurons with
matching �-Pcdh repertoires might reduce Ser-922 phosphor-
ylation levels, possibly through a conformational change that
renders the site inaccessible to PKC. If so, then introduction of
a non-phosphorylatable S/A point mutant �-Pcdh would be
expected to have the cell-autonomous effect observed here. We
know that �-Pcdhs are phosphorylated throughout develop-
ment (Fig. 3F); although there was no significant overall differ-
ence in anti-GCP signal across ages, it is possible that phosphor-
ylation is locally dynamically controlled as neurons extend,

retract, and stabilize dendrite branches. Thus, it is plausible
that �-Pcdhs are phosphorylated at a high ratio locally as an
initial “default” state in immature dendrites. This, according to
our model, would reduce �-Pcdh inhibition of FAK, helping to
maintain immature dendrites before the postnatal increase in
dendritic arborization. Then, as further dendritic growth
occurs and dendritically localized �-Pcdhs interact with other
�-Pcdhs presented in the environment, such as other neurons
or astrocytes, a change in signaling could occur. Homophilic
trans-interaction could recruit new binding partners, resulting
in blockage of �-Pcdh phosphorylation or even direct phospha-
tase activity. A key goal for the future will be to determine the
relationship between homophilic interaction (either in trans or
between a neuron’s own dendritic branches) and Ser-922 phos-
phorylation in the regulation of FAK activity and dendrite
arborization in developing neurons.
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