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�- and �-protocadherins (Pcdhs) are type I transmembrane receptors expressed predominantly in the
central nervous system and located in part in synapses. They are transcribed from complex genomic loci, giving
rise in the mouse to 14 �-Pcdh and 22 �-Pcdh isoforms consisting of variable domains, each encompassing the
extracellular region, the transmembrane region, and part of the intracellular region harboring the �- or
�-Pcdh-specific invariant cytoplasmic domain. Presenilin-dependent intramembrane proteolysis (PS-IP) of
�-Pcdhs and the formation of �/�-Pcdh heteromers led us to investigate the effects of homo- and heteromer
formation on �- and putative �-Pcdh membrane processing and signaling. We find that upon surface delivery,
�-Pcdhs, like �-Pcdhs, are subject to matrix metallo-protease cleavage followed by PS-IP in neurons. We
further demonstrate that the combinatorial expression of �- and �-Pcdhs modulates the extent of their PS-IP,
indicating the formation of �/�-Pcdh heteromers with an altered susceptibility to processing. Cell-specific
expression of �/�-Pcdh isoforms could thus determine cell and synapse adhesive properties as well as
intracellular and nuclear signaling by their soluble cytoplasmic cleavage products, � C-terminal fragment 2
(�-CTF-2) and �-CTF-2.

�-, �-, and �-protocadherins (Pcdhs) are type I transmem-
brane proteins belonging to the cadherin superfamily. The
gene clusters of �-, �-, and �-Pcdhs are arranged in tandem on
human chromosome 5 (48) and mouse chromosome 18 (39,
49). The murine gene locus encoding the �-Pcdh cluster com-
prises 14 functional variable exons that are each cis-spliced to
three constant �-specific exons, and the �-Pcdh cluster com-
prises 22 functional variable exons that are cis-spliced to three
constant �-specific exons (41, 43). In contrast, the gene locus
encoding the �-Pcdh cluster comprises 22 variable exons but
lacks constant exons. Thus, each of the 14 possible �-Pcdh and
the 22 �-Pcdh proteins consists of a variable domain encom-
passing the extracellular region, the transmembrane region,
and part of the intracellular region harboring the �- or �-spe-
cific constant intracellular domain. �-Pcdh expression is re-
stricted largely to the central nervous system (CNS) (17), in
contrast to the ubiquitous expression of �-Pcdhs (11). In the
CNS, �- and �-Pcdhs are localized to synapses and are found
in postsynaptic density fractions (24). Furthermore, individual
neurons can express specific subsets of �- and �-Pcdhs that
form homo- and heteromers in vivo, further increasing the
combinatorial power of putative Pcdh complexes in the syn-
apse (3, 16, 17, 24, 41, 43). Since the expression of �-Pcdhs
regulates �-Pcdh surface delivery in heterologous cells (24),
�/�-Pcdh heteromer formation may regulate the abundance of
�-Pcdhs at synapses.

The sum of these features, namely, (i) the arrangement of
the gene clusters, (ii) cluster diversity, and (iii) the evidence
that �- and �-Pcdhs form heteromers and localize to synapses

(17, 24, 29), has rendered Pcdhs attractive candidates for syn-
aptic recognition molecules that could aid in determining the
precise patterns of neuronal connectivity (10, 35, 36, 50). Al-
though considerable effort has been directed at unraveling the
role of Pcdhs in the formation of specific synaptic contacts,
experimental evidence for such a role is still scarce (15).

Regarding �-Pcdhs, mice without a �-Pcdh locus die shortly
after birth, presumably due to loss of spinal cord interneurons
(44). The neonatal death of the �-Pcdh�/� mice precludes the
study of mature synaptic contact formation. Furthermore,
�-Pcdhs are subject to matrix metallo-protease (MMP) shed-
ding and presenilin-dependent intramembrane proteolysis
(PS-IP), consisting of MMP-mediated shedding of the ectodo-
main and release of a soluble cytoplasmic domain (� C-termi-
nal fragment 2 [�-CTF-2]) by the �-secretase complex (9, 11)
(Fig. 1A). �-CTF-2 or a further processed part of it seems to
locate to the nucleus (9, 11), where it may adopt a signaling
function, in analogy to the cytoplasmic domains of prominent
targets of �-secretase, including Notch, APP, N-cadherin,
ErbB-4 and SREBP-1 (1, 11, 21, 27, 34, 46). The MMP re-
sponsible for constitutive as well as AMPA receptor-regulated
ectodomain shedding was found to be a disintegrin and
metallo-protease 10 (ADAM10), which is also responsible for
cleavage of Notch, APP, and N- and E-cadherins (12, 18, 22,
30, 31).

Here, we investigated the role of �/�-Pcdh homo- and het-
eromer formation on �-Pcdh and putative �-Pcdh PS-IP in
both heterologous cells and neurons. We provide evidence for
�-Pcdh-like cleavage of �-Pcdhs at the cell surface of neurons
by consecutive MMP- and �-secretase-mediated cleavage
events. This process releases an intracellular fragment,
�-CTF-2, that can also locate to the nucleus, perhaps by its
nuclear localization sequence. An MMP responsible for the
ectodomain shedding of �-Pcdhs is ADAM10. We find that, in
contrast to the situation in heterologous cells, neuronal �-Pcdh
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surface expression is largely unaffected by the amount of �-Pcdh
expression, as evidenced by regular surface delivery of �-Pcdhs
in �-Pcdh�/� neurons. This finding excludes the possibility that
�-Pcdh�/� mice die due to a compound loss of �- and �-Pcdh
surface expression. Most notably, neuronal Pcdh susceptibility
to processing by MMP shedding and PS-IP depends on the
expression of �- and �-Pcdh isoforms, indicating a role for
heteromer formation in the putative signaling of �- and
�-CTF-2s.

MATERIALS AND METHODS

Cell culture, transfections, and drug treatments. SH-SY5Y cells and presen-
ilin 1/2 double-knockout (dko) fibroblasts (13, 14) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and 50 mg/
liter penicillin-streptomycin in 5% CO2 at 37°C. Transfections were performed
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
For the detection of shedded �-Pcdh ectodomain, the culture medium of SH-SY5Y
cells was replaced 24 h after transfection with low-serum medium (Dulbecco’s
modified Eagle’s medium supplemented with 1% fetal calf serum and 50 mg/liter
penicillin-streptomycin; 4 ml per 10-cm dish). After 24 h of incubation, the culture
medium was aspirated and centrifuged at 2,000 � g. The supernatant was directly
used for immunoblot analysis. For �-Pcdh PS-IP experiments with SH-SY5Y cells
and primary neuronal culture, the �-secretase inhibitor DAPT {N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-(S)-phenylglycinet-butyl ester} (7.5 �M; Calbiochem) and the
MMP inhibitor TAPI-1 [N-(R)-(2-(hydroxyaminocarbonyl)methyl)-4-methylpen-
tanoyl-L-naphthylalanyl-L-alanine 2-aminoethyl amide] (40 �M; Calbiochem) were
added 12 h after the change to fresh medium, and cells were harvested after an
additional incubation for 12 h. The proteasome inhibitor lactacystin (5 �M; Sigma)
and the Golgi apparatus disintegrating reagent brefeldin A (BFA) (36 �M; Sigma)
were supplied with fresh medium, and cells were harvested 24 h later.

Neuronal culture and virus infection. Dissociated cortical neurons of rats and
of �-Pcdh�/�, �-Pcdh�/�, �-Pcdh�/� mice (11) were plated at a density of 107

cells/10-cm dish for surface biotinylation experiments, and crude protein extracts
were plated at a density of 105 cells/coverslip in 12-well plates for immunocyto-
chemistry. Neurons were infected with recombinant adeno-associated virus
(rAAV) or lentivirus at 2 days in vitro (DIV 2) and were harvested at DIV 14
(10-cm dishes) or DIV 21 (12-well plates with coverslips). For the generation of
infectious rAAV expressing myc-Pcdh�4, myc-Pcdh�AI, or myc-�-constant do-
main (CD) (Table 1), HEK293 cells were transfected with the respective pAAV
and helper plasmids by the calcium phosphate method and grown for 2 days (7,
37). After being washed twice with phosphate-buffered saline (PBS), cells were
lysed by three repeated freeze-thaw cycles and centrifuged at 2,000 � g, and the
virus-containing supernatant was taken for infection experiments. Viral titers
(�106 particles/�l) were determined by titration of the virus on rat primary

FIG. 1. Expression and processing of Pcdh�4 and Pcdh�AI in SH-
SY5Y cells. (	) Schematic representation of �-Pcdh PS-IP. The vari-
able region of �- and �-Pcdhs consists of six extracellular cadherin
repeats (EC repeats), a transmembrane region, and a short intracel-
lular part that is connected to the constant region (CR). The main
features of �-Pcdh PS-IP are an MMP cleavage (blocked by TAPI-1)
that generates a soluble ECD and a membrane stump (CTF-1; �30
kDa) (molecular mass markers [in kilodaltons] are shown on the right),
followed by �-secretase (�-Sec.) cleavage of the CTF-1 (blocked by
DAPT), releasing the intracellular domain (CTF-2; �26 kDa). (B) Ex-
pression scheme for tagged Pcdhs and immunoblots. Middle panel,
immunoblot with anti-C� Ab (C�) of whole-cell lysates of SH-SY5Y
cells transiently expressing myc-Pcdh�AI (lane 1) or CFP-Pcdh�4
(lane 2). Arrows indicate the immunoreactive bands detected with C�
Ab for CFP-Pcdh�4 (131 kDa; CFP-�4) and �4-CTF-1 (�30 kDa).
Upper panel, immunoblot with anti-GFP Ab (GFP) of corresponding
cell culture medium. The arrow indicates the immunoreactive band for
the shedded ectodomain of CFP-Pcdh�4 (�100 kDa; �4-ECD). Lower
panel, immunoblot of whole-cell lysates with anti-�-actin Ab (�-actin)
serving as the loading control. (C) Left upper panel, immunoblot with
anti-C� Ab (C�) of whole-cell lysates of SH-SY5Y cells transiently
expressing myc-Pcdh�AI (lane 1) or CFP-Pcdh�4 (lane 2). Arrows
indicate the immunoreactive bands for myc-Pcdh�AI (131 kDa; myc-
�AI) and �AI-CTF-1 (�30 kDa). Left lower panel, immunoblot of
whole-cell lysates with anti-�-actin Ab (�-actin) serving as the loading
control. Above the immunoblots is the scheme for the expression of
tagged Pcdhs in SH-SY5Y cells. Right upper panel, immunoblot with
anti-C� Ab (C�) of murine Pcdh��/� (lane 3) or Pcdh��/� (lane 4)
whole-brain extracts. Right lower panel, immunoblot of corresponding
lysates with anti-�-actin Ab (�-actin) serving as the loading control. A
scheme representing the genotypes of the mice used for whole-brain
protein lysates is shown above the immunoblots.

TABLE 1. �- and �-Pcdh fusion proteins used in this studya

Protein Characteristics

CFP-Pcdh�4

myc-Pcdh�4

myc-�-CD

YFP-Pcdh�A1

myc-Pcdh�A1

a EC, extracellular cadherin repeats; TM, transmembrane domain; �- or
�-const., �- or �-Pcdh constant intracellular region, respectively.
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hippocampal cultures and counting of the infected cells (determined by staining
with respective antibodies [Ab]). Lentiviruses were produced as described pre-
viously (19, 23). In brief, human embryonic kidney 293FT cells (Invitrogen) were
transfected by the calcium phosphate method with expression plasmid and two
helper plasmids (
8.9 and vesicular stomatitis virus G protein) (26, 52). After
48 h, the supernatants from four 10-cm dishes were pooled, centrifuged at 780 �
g for 5 min, filtered with a 0.45-�m-pore-size filter (Nalgene), and centrifuged at
83,000 � g for 1.5 h. Pellets were resupended in 100 �l of PBS, pH 7.2.

Surface biotinylation assay and PSD preparation. Murine cortical neuronal
cultures at DIV 14 were washed twice with PBS and subsequently surface bio-
tinylated with 1 mg/ml Sulfo-NHS-SS-Biotin [sulfosuccinimidyl 2-(biotinamido)-
ethyl-1,3-dithiopropionate; Pierce] at 4°C for 30 min. After the neurons were
washed three times with PBS, cells were lysed in lysis buffer (20 mM sodium
phosphate [pH 7.5], 150 mM NaCl, 0.1% sodium dodecyl sulfate, 0.5% NP-40,
0.5% sodium deoxycholate, Complete Protease Inhibitor [Roche]). Biotinylated
proteins were isolated with NeutrAvidine beads as described by the manufac-
turer (Pierce). Postsynaptic density (PSD)-enriched fractions of mouse brain
were prepared as described previously (38).

MMP siRNA. Transfection of 21-nucleotide small interfering RNA (siRNA)
duplexes (MWG) for silencing endogenous genes was carried out with Lipo-
fectamine 2000 according to the manufacturer’s protocol (Invitrogen). The high-
est efficiencies in silencing specific genes were obtained by using mixtures of
siRNA duplexes targeting different regions of the gene of interest. Sequences of
siRNAs used were 5�-AAUGAAGAGGGACACUUCCCUdTdT-3� and 5�-AA
GUUGCCUCCUCCUAAACCAdTdT-3� (ADAM10); 5�-AACUCCAUCUGU
UCUCCUGACdTdT-3� and 5�-AAAUUGCCAGCUGCGCCCGUCdTdT-3�
(ADAM15); and 5�-AAAGUUUGCUUGCACACCUUdTdT-3�, 5�-AAGUAA
GGCCCAGGAGUGUUdTdT-3�, and 5�-AACAUAGAGCCACUUUGGAG
AdTdT-3� (ADAM17) (5, 8). BlockIt (Invitrogen) was used as the control
siRNA.

Constructs. All cDNA inserts subcloned into vectors for transient transfec-
tions in cell lines were generated by reverse transcriptase (RT)-PCR from RNA
of neonatal rat brains. All cloned inserts for cell transfection were sequenced. In
brief, total RNA isolated from rat brain with TRI Reagent (Molecular Research
Center) was reverse transcribed (Moloney murine leukemia virus reverse trans-
criptase; Invitrogen) using random hexamer primers. Enzymes were heat inac-
tivated after RNase H (USB) treatment. pRK5-myc-�-CD was generated as
described previously (11). pRK5-yellow fluorescent protein (YFP)-Pcdh�A1 was
constructed by RT-PCR using the primer pair A1vr5 (5�-GCCCTAGGGGAA
ACATCCGATACTCTGTGCC-3�) and A1vr3 (5�-GTCCTAGGTTACTTCTT
CTCTTTCTCGCC-3�). The resulting �2.8-kb DNA fragment was cloned into
the XbaI restriction site of 
RK5-mycCP3-YFP (11). All green fluorescent
protein (GFP) variants used were enhanced fluorescent proteins (enhanced YFP
[eYFP], enhanced cyan fluorescent protein [eCFP], and eGFP). pRK5 CFP-
Pcdh�4 was generated in the same manner by RT-PCR using the primer pair
CNR1STOP/Xba (5�-GCTCTAGATCACTGGTCACTGTTGTCCGTCGT-3�)
and CNR1-Xba (5�-GCTCTAGAGGGAACAGCCAGATCCACTACTCC-3�),
cloning the resulting �2.8-kb fragment into the XbaI restriction site of 
RK5-
mycCP3-CFP. The plasmid pRK5-CP3myc-Pcdh�4 was constructed by generat-
ing a 159-bp PCR fragment with KOD polymerase (Novagen) from the template
vector 
RK5-mycCP3-CFP (11) with the primer pair CP3_mF_for (5�-AATGG
ATCCACCATGTTCAAGATCCTGCTGGTC-3�) and CP3_mF_rev (5�-ATAA
AGCTTATTTCTAGACTTATCGTCGTCATCCTTGTAATCCATAGCAGC
AGCCAGGTCCTCCTCGGAGATCAGC-3�) and inserting it into the BamHI/
HindIII restriction sites of pRK5, thus creating pRK5-CP3myc. PCR with the
template vector pRK5-CFP-Pcdh�4 and the primer pair alpha4_CP3_for (5�-T
TAGGATCCACCATGTTCAAGATCCTGCTGGTCTG-3�) and alpha4_rev (5�-
TTAAAGCTTTCACTGGTCACTGTTGTCCGTCG-3�) resulted in a �2.8-kb
DNA fragment, which was inserted into the XbaI restriction site of pRK5-CP3myc,
thus constructing pRK5-CP3myc-Pcdh�4. The plasmid pRK5-CP3myc-Pcdh�A1
was generated in the same manner. PCR using the template pRK5-CFP-Pcdh�A1
and the primer pair FLAGgAI_for (5�-TTACCTAGGAACATCCGATACTCT
GTGCCAGAAG-3�) and FLAGgAI_rev (5�-TTACCTAGGTTACTTCTTCTC
TTTCTTGCCCG-3�) resulted in a �2.7-kb DNA fragment, which was inserted
into the XbaI restriction site of pRK5-CP3myc. pAAV-Syn-myc-Pcdh�AI was
constructed by restricting pRK5-CP3myc-Pcdh�AI with BamHI and HindIII and
inserting the resulting CP3myc-Pcdh�AI fragment (�2.8 kb) into pAAV-6P-
SEWB (7, 37), linearized with the same enzymes. pAAV-Syn-myc-Pcdh�4 was
constructed accordingly. The plasmid pAAV-Syn-myc-�-CD was constructed by
generating a 543-bp PCR fragment with the template vector pRK5-myc-�-CD
and the primer pair agICD_for (5�-CGAAGATCTAACATGGAGGAGCAGA
AGCTGATCTC-3�) and aICD_rev (5�-CTCAGATCTTCATCACTGGTCACT
GTTGTCCGTC-3�) and inserting it into the BamHI restriction site of pAAV-

Syn-Venus. pLenti-�-siRNA-eGFP was generated by cloning double-stranded
hairpin oligonucleotide (5�-TTTGAACAGCACGACGGACAACAGGTGAAG
CCACAGATGCTGTTGTCCGTCGTGCTGTTCTTTTT-3�) targeting the C-
terminal constant region of murine �-Pcdhs via its BstBI/BbsI restriction sites
into pCMV-U6 (2). Subsequently, the U6-�-siRNA cassette was subcloned via its
NheI/BstBI restriction sites into FUGW, including a NheI/BstBI linker (2),
creating pLenti-�-siRNA-eGFP. pLenti-GFP-siRNA was constructed accord-
ingly, with a GFP-targeting sequence (42).

Immunoblotting, immunocytochemistry, and Ab. Mouse brain extracts were
prepared as described previously (11). For preparation of crude protein extracts
of cultured cells, cells were washed twice with PBS and lysed in lysis buffer (25
mM HEPES [pH 7.4], 150 mM NaCl, 0.5% TX-100, Complete Protease Inhibitor
[Roche]). Following a 10-min incubation, the lysate was centrifuged, and the
supernatant was taken for further analysis. Lysates or immunoprecipitated (IPr)
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on 10% gels under standard conditions (32) and transferred onto poly-
vinylidene difluoride membranes (0.45 �m; Amersham). Reactive bands were
labeled using the following primary Ab: mouse anti-NR1 (1:2,000; Chemicon),
rabbit anti-ADAM10 (1:1,000; Chemicon), rabbit anti-ADAM15 (1:1,000; Chemi-
con), rabbit anti-ADAM17 (1:1,000; Chemicon), mouse anti-myc (1:1,000; Sigma),
rabbit anti-GFP (1:5,000; Abcam), and mouse anti-�-actin (1:10,000; Abcam). Rab-
bit polyclonal antiserum against �-Pcdhs (1:1,000) was generated by Eurogentech
Laboratories from purified soluble �-ICD-10his protein as described previously (11).
Rabbit polyclonal antiserum detecting amino acids 879 to 947 (numbered ac-
cording to the Pcdh�4/CNRI sequence) of the C-terminal �-Pcdh constant
region was generated by GENOVAC. After incubation with peroxidase-coupled
anti-rabbit/anti-mouse Ab (Amersham Biosciences), the blots were developed
with chemiluminescent reagents (Pierce). Films of immunoblots were scanned
with a flatbed scanner, and digital images were imported and processed by
Photoshop software (Adobe). Quantification of immunoblots was performed
with ImageJ software. Immunocytochemistry was performed by standard proto-
cols. Briefly, 105 cells were seeded on 18-mm poly-L-lysine-coated glass coverslips
and transfected 24 h later. Staining was 48 h after transfection, either under
permeabilizing conditions or under nonpermeabilizing conditions without Triton
X-100 (surface/live staining). Primary Ab dilutions were 1:200, and species-
specific secondary Ab were conjugated with fluorescein isothiocyanate or Cy3
(Jackson ImmunoResearch; 1:500). Coverslips were mounted on slides with
Mowiol embedding medium (KSE).

Fluorescence microscopy and imaging. Detection of fluorescence in cells
grown on coverslips was conducted by confocal laser scanning microscopy with a
Zeiss LSM5 Pa microscope. Surface mean intensity, mean area, and mean num-
ber of puncta per 20-�m secondary/tertiary dendrite of live stained neurons were
analyzed using WCIF ImageJ.

RESULTS

�-Pcdh processing. We first determined if �-Pcdhs undergo
membrane processing similar to that undergone by �-Pcdhs (9,
11) (Fig. 1A). Of the 14 different �-isoforms, we selected
Pcdh�4/CNR1 and constructed a vector expressing this iso-
form as an N-terminal fusion to CFP (CFP-Pcdh�4) (Table 1).
Since �-Pcdhs are expressed predominantly in neurons, we
expressed CFP-Pcdh�4 in SH-SY5Y cells, a homogenous,
readily transfectable neuroblastoma cell line. As controls for
our Ab, we expressed myc-Pcdh�AI in SH-SY5Y cells. Crude
cellular protein lysates of SH-SY5Y cells transiently expressing
myc-Pcdh�AI (Fig. 1B, lane 1) or CFP-Pcdh�4 (lane 2) were
subjected to immunoblot analysis with our Ab directed against
the C-terminal constant part of �-Pcdhs (anti-C�). C� Ab
detected a band of approximately 130 kDa, representing full-
length CFP-Pcdh�4 (CFP-�4) fusion protein, and a smaller
band of approximately 30 kDa, having the expected size of a
juxtamembrane cleavage product (�4-CTF-1) (Fig. 1B, lane 2),
suggesting intramembrane proteolysis of �-Pcdhs. Consis-
tently, we found shedded ectodomain of CFP-Pcdh�4 (�4 ex-
tracellular domain [�4-ECD]) only in the culture medium of
CFP-Pcdh�4-expressing cells probed with anti-GFP Ab (Fig.
1B, upper panel). To determine C� Ab specificity, we tran-
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siently expressed CFP-Pcdh�4 or myc-Pcdh�AI in SH-SY5Y
cells (Fig. 1C, left panel). Immunoblot analysis with C� Ab
detected bands representing full-length myc-Pcdh�AI (�100
kDa) and the cleavage product (�AI-CTF-1, �30 kDa) in
lysates of SH-SY5Y cells expressing myc-Pcdh�AI (Fig. 1C,
lane 1) and not in lysates of cells expressing CFP-Pcdh�4 (lane
2). Additional immunoblot analyses of crude mouse brain ly-
sates of P0 �-Pcdh wild-type (Pcdh��/�) (Fig. 1C, lane 3) or
knockout (Pcdh��/�) (lane 4) mice with C� Ab detected bands
representing endogenous full-length �-Pcdh (�100 kDa) and
�-CTF1 (�30 kDa) only in Pcdh��/� lysates. These results
suggested PS-IP of �-Pcdhs in SH-SY5Y cells, reminiscent of
�-Pcdh PS-IP (9, 11).

MMP and �-secretase cleavage of Pcdh�4. The defining
feature of PS-IP is successive cleavage of the substrate by an
MMP and the �-secretase complex. To assess the role of
MMPs and �-secretase in �-Pcdh processing, we treated SH-
SY5Y cells transiently expressing CFP-Pcdh�4 with the pan-
MMP inhibitor TAPI-1 or the specific �-secretase inhibitor
DAPT (Fig. 1A). As a positive control, we monitored the
generation of the �AI-CTF-1 fragment in YFP-Pcdh�AI-ex-
pressing cells (immunoblot not shown) (9, 11). Inhibition of
MMP-mediated ectodomain shedding with TAPI-1 should de-
crease the amount of the cytoplasmic membrane-bound cleav-
age intermediate (�4-CTF-1, �30 kDa) and increase the
amount of the full-length protein (CFP-�4, 131 kDa). Con-
versely, treatment with DAPT should increase the amount of
the 30-kDa �4-CTF-1, due to inhibition of the �-secretase
complex. Indeed, immunoblot analysis with anti-C� Ab
showed a reduction of the band corresponding to the 30-kDa
�4-CTF-1 when treated with TAPI-1 (Fig. 2A, lane 2) and an
accumulation of �4-CTF-1 when treated with DAPT (lane 3),
compared to the control treatment with dimethyl sulfoxide
(DMSO) (lane 1). Figure 2B summarizes the results of �-Pcdh
cleavage, showing �4- and �AI-Pcdh CTF-1 protein levels for
DMSO (control), TAPI-1, and DAPT treatment. There was a
reduction to �50% (P � 0.01) in �4- and �AI-Pcdh CTF-1
generation upon TAPI-1 treatment and an increase to �200%
(P � 0.01) upon DAPT treatment, compared to control levels
(DMSO treatment). These results indicate involvement of MMPs
and the �-secretase complex in the proteolysis of �-Pcdhs.

Processing of the 30-kDa �4-CTF-1 by the �-secretase com-
plex should result in the generation of a �26-kDa �4-CTF-2
(Fig. 1A), but we could detect a faint band of the expected size
only upon prolonged exposure of the immunoblots shown in
Fig. 1B and Fig. 2A. The CTF-2 of �-Pcdhs is rapidly degraded
by the proteasome complex (9). To prevent degradation of the
soluble �4-CTF-2, we made use of the proteasome inhibitor
lactacystin (4). Lactacystin treatment of untransfected SH-
SY5Y cells (Fig. 2C, lane 1) or DMSO treatment of transiently
CFP-Pcdh�4-expressing SH-SY5Y cells revealed a faint, �26-
kDa �4-CTF-2 immunoreactive band, whereas lactacystin
treatment of SH-SY5Y cells transiently expressing CFP-
Pcdh�4 (lane 3) robustly increased the intensity of the �26-
kDa �4-CTF-2 band.

To further substantiate the processing of �-Pcdhs by the
�-secretase complex, we transiently transfected presenilin1/2
dko mouse embryonic fibroblasts (13, 14) to express CFP-
Pcdh�4 and treated them with lactacystin. A subsequent im-
munoblot analysis with the anti-C� Ab revealed substantial

FIG. 2. Sequential MMP and �-secretase cleavage of CFP-Pcdh�4
in SH-SY5Y cells. (A) Upper panel, immunoblot with anti-C� Ab
(C�) of whole-cell lysates of SH-SY5Y cells transiently expressing
CFP-Pcdh�4 and treated with DMSO (lane 1), TAPI-1(lane 2), or
DAPT (lane 3). Arrows indicate the immunoreactive bands for CFP-
Pcdh�4 (131 kDa; CFP-�4) (molecular mass markers [in kilodaltons]
are shown on the right) and �4-CTF-1 (�30 kDa). Lower panel,
immunoblot of the lysates with anti-�-actin Ab (�-actin) serving as the
loading control. Above the immunoblots is a scheme for the expression
of CFP-Pcdh�4 and treatment with TAPI-1 or DAPT in SH-SY5Y
cells. (B) Quantification of results shown in panel A for �4-CTF-1
levels compared to �-actin and, as a positive control, for �AI-CTF-1
levels in transiently YFP-Pcdh�AI-expressing SH-SY5Y cells, treated
with DMSO, TAPI-1, or DAPT (as percentages of the control; n  4).
The bar graph includes the average values � standard errors of the
means (SEM), and significant differences (��, P � 0.01 by ANOVA)
between control (DMSO) and treatment (TAPI-1 or DAPT) condi-
tions are indicated. (C) Immunoblot with anti-C� Ab (C�) of SH-
SY5Y and presenilin dko cells transiently expressing CFP-Pcdh�4
(lanes 2 to 4), treated with either DMSO (lane 2) or lactacystin (lanes
1, 3, and 4). Arrows indicate the immunoreactive band for CFP-
Pcdh�4 (CFP-�4) and the corresponding �4-CTF-1 and �4-CTF-2
(�26-kDa) bands. The scheme above the immunoblots shows the
expression of CFP-Pcdh�4 and lactacystin treatment of SH-SY5Y
cells. (D) Upper panel, immunoblot with anti-C� Ab (C�) of SH-
SY5Y cells transiently expressing CFP-Pcdh�4 (lanes 1 to 3) and
treated with lactacystin (lanes 1 to 3) and either DAPT (lane 2) or
TAPI-1 (lane 3). Lower panel, immunoblot of corresponding lysates
with anti-�-actin Ab (�-actin) serving as the loading control. Above the
immunoblots is a scheme representing the expression of CFP-Pcdh�4
and lactacystin, DAPT, or TAPI-1 treatment of SH-SY5Y cells.
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immunoreactivity of the presumptive membrane-bound 30-kDa
�4-CTF-1 and the absence of the 26-kDa �4-CTF-2 (Fig. 2C,
lane 4).

Finally, we assessed the amount of �4-CTF-2 in lysates of
SH-SY5Y cells overexpressing CFP-Pcdh�4 that had been
treated with lactacystin and TAPI-1 or lactacystin and
DAPT (Fig. 2D). The strong �4-CTF-2 immunoreactivity
upon lactacystin treatment alone (lane 1) and weak �4-
CTF-2 immunoreactivity upon lactacystin/DAPT (lane 2) or
lactacystin/TAPI-1 treatment (lane 3) are in accordance with
the assumption that �4-CTF-2 represents a product of �-secre-
tase-mediated �4-CTF-1 cleavage. This demonstrates sequen-
tial MMP- and �-secretase-mediated cleavage of CFP-Pcdh�4
in SH-SY5Y cells, the former generating �4-CTF-1 and the
latter �4-CTF-2.

ADAM10-dependent ectodomain shedding of Pcdh�4. The
initial step in intramembrane proteolysis of �/�-Pcdhs seems to
be the cleavage of the substrate by an MMP. The nature of the
MMP determines the conditions and therefore the regulation
of the intramembrane proteolysis. The fact that substrates for
PS-IP, such as classical cadherins and �-Pcdhs, are cleaved by
similar proteases suggested that a member of the ADAM fam-
ily might be responsible for ectodomain shedding. Therefore,
we cotransfected SH-SY5Y cells with siRNAs targeting
ADAM10, -15, or -17 (5, 8) and plasmid expressing CFP-
Pcdh�4 and visualized immunoreactive bands by immunoblot
analysis (Fig. 3A). Unspecific siRNA (BlockIt; Invitrogen) (re-
ferred to hereafter as “control siRNA”) served as the negative
control. Treatment of the cells with siRNA for ADAM10, -15,
or -17 resulted in a marked decrease in the intensities of the
immunoreactive bands of the respective MMPs (Fig. 3A, upper
panels, lanes 2 to 4), validating the silencing approach. The
immunoblot probed with anti-C� Ab showed a reduction to
29% of control levels in the intensity of �4-CTF-1 only in the
�-ADAM10 siRNA-cotransfected cells (Fig. 3A, lane 2; Fig.
3B), whereas �-ADAM15, �-ADAM17, and control siRNAs
had no obvious effects on the amount of the �4-CTF-1 (Fig. 3A
and B). In accordance, we detected a marked increase in the
intensity of the immunoreactive band corresponding to the full-
length CFP-Pcdh�4 (CFP-�4) only in the �-ADAM10 siRNA-
treated cells, whereas the levels of CFP-�4 in �-ADAM15 or
�-ADAM17 siRNA-treated cells stayed unchanged compared to
control levels.

This result suggests that in SH-SY5Y cells ADAM10 affects
shedding of Pcdh�4, similar to the ADAM10-dependent cleav-
age of Pcdh�C3 and N-cadherin in neurons (21, 30).

Altered cleavage of �- and �-Pcdh heteromers in SH-SY5Y
cells. �- and �-Pcdhs form homo- and heteromers (24). Due to
the different susceptibilities of the isoforms to MMP cleavage
and PS-IP (9), the formation of �- and �-Pcdh homo- and
heteromers may create receptors with distinct turnover/signal-
ing. To investigate if the expression of �-Pcdhs could influence
the presenilin-dependent processing of �-Pcdhs, we trans-
fected SH-SY5Y cells with vectors expressing YFP-Pcdh�AI or
YFP-Pcdh�AI/myc-Pcdh�4. To visualize the localization of
Pcdh�AI, we performed live staining with anti-GFP Ab of cells
expressing either YFP-Pcdh�AI or YFP-Pcdh�AI/myc-Pcdh�4
(Fig. 4A and B). Although we could not detect a significant
difference in surface expression of YFP-Pcdh�AI in SH-SY5Y
cells transiently expressing YFP-Pcdh�AI or YFP-Pcdh�AI/

myc-Pcdh�4 (Fig. 4A and B), we found an increase in intra-
cellular YFP fluorescence in cells coexpressing YFP-Pcdh�AI/
myc-Pcdh�4 (Fig. 4A and B). To assess if the internal
accumulation of YFP-Pcdh�AI resulted from reduced turn-
over of Pcdhs at the cell surface, we performed immunoblot
analysis (Fig. 4C). SH-SY5Y cells coexpressing YFP-Pcdh�AI/
myc-Pcdh�4 showed a twofold increase in full-length YFP-
Pcdh�AI (Fig. 4C and D, CFP-�AI) and a sevenfold decrease
in �AI-CTF-1 amounts, compared to levels in cells expressing
only YFP-Pcdh�AI. One explanation for the reduced turnover
of Pcdh�AI upon coexpression of Pcdh�4 is heteromer for-
mation.

To determine the effect of �-Pcdh expression on �-Pcdh
cleavage, we transfected SH-SY5Y cells with vectors express-
ing CFP-Pcdh�4 or CFP-Pcdh�4/myc-Pcdh�AI. Live staining
with anti-GFP Ab (Fig. 4E and F) revealed a marked increase
of CFP-Pcdh�4 surface delivery and a concomitant decrease of
direct intracellular CFP fluorescence upon coexpression of
CFP-Pcdh�4/myc-Pcdh�AI compared to expression of CFP-
Pcdh�4 alone. These results are in accordance with those from
a previous study showing �-Pcdh-dependent surface delivery of
�-Pcdhs in heterologous cell systems (24). Immunoblot analy-
sis with an anti-C� Ab of protein lysates of SH-SY5Y cells

FIG. 3. ADAM10 cleavage of Pcdh�4. (A) Immunoblot with anti-
ADAM10, -15, and -17 and anti-C� and -�-actin Ab of whole-cell
protein lysate of SH-SY5Y cells transiently expressing CFP-Pcdh�4
and cotransfected with different siRNAs (lane 1, si control; lane 2,
si-ADAM10; lane 3, si-ADAM15; lane 4, si-ADAM17). Arrows indi-
cate the immunoreactive bands for CFP-Pcdh�4 (CFP-�4; 131 kDa)
(molecular mass markers [in kilodaltons] are shown on the right) and
its corresponding �4-CTF-1 (�30 kDa). (B) Quantification of results
shown in panel A. The bar graph includes the average values � SEM,
and significant differences (��, P � 0.01 by ANOVA) for quantifying
changes in �4-CTF-1 levels compared to �-actin (as percentages of the
control; n  3) are indicated.
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expressing CFP-Pcdh�4 or CFP-Pcdh�4/myc-Pcdh�AI yielded
significant differences for neither full-length CFP-Pcdh�4 lev-
els nor �4-CTF-1 levels (Fig. 4G and H). Thus, in spite of
increased surface delivery of CFP-Pcdh�4 upon coexpression
of myc-Pcdh�AI, we did not observe increased generation of
�4-CTF-1. One explanation might be altered susceptibility of
�/�-Pcdh heteromers to PS-IP.

PS-IP of Pcdh�4 in neurons. �-Pcdhs appear to be confined
largely to the CNS (17). Since SH-SY5Y cell systems lack
prominent neuronal characteristics, including axons, dendrites,
and synapses, they may not faithfully represent in vivo �-Pcdh
processing. To assess if PS-IP, as seen for Pcdh�4 in SH-SY5Y
cells, also takes place in cultured primary cortical neurons, we
infected such cultures with rAAV expressing myc-Pcdh�4 (or
myc-Pcdh�AI) (Table 1) and treated them with DMSO,
TAPI-1, DAPT, or lactacystin. Overexpression of myc-Pcdh�4
in neurons expressing endogenous �-Pcdh was necessary due
to the many unspecific bands detected by the anti-C� Ab. Since
extensive overexpression of myc-Pcdh�4 in cultured neurons
could lead to nonphysiological localization and cleavage of the
protein, we first monitored proper localization of the overex-
pressed myc-Pcdh�4 and assessed the amount of rAAV-medi-
ated myc-Pcdh�4 expression relative to endogenous �-Pcdh
levels. To visualize the localization of overexpressed myc-
Pcdh�4 and endogenous �-Pcdh, we costained myc-Pcdh�4-
expressing neurons with an anti-myc Ab under nonpermeabi-
lizing conditions and with an anti-C� Ab (11) under
permeabilizing conditions. As shown in Fig. 5A, overexpressed
myc-Pcdh�4 and endogenous �-Pcdh colocalize to dendrites in
discrete puncta, reminiscent of endogenous �- and �-Pcdh
distribution (24). To estimate the level of myc-Pcdh�4 overex-
pression, we analyzed crude protein lysates of primary cortical
cultures that were either naive (Fig. 5B, lane 1) or infected with
rAAV expressing myc-Pcdh�4 (lane 2) by immunoblotting
with anti-C� Ab. The overexpression of myc-Pcdh�4 increased
the amount of total �-Pcdh fourfold (Fig. 5C, bars 1 and 2). In
analogy, we compared the levels of endogenous �-Pcdh expres-
sion (lane 3) to levels of overexpression of myc-Pcdh�AI (lane
4). Overexpression of myc-Pcdh�AI increased total �-Pcdh
levels nearly sevenfold (Fig. 5C, bars 3 and 4).

Finally, we analyzed protein lysates of primary cultures on
immunoblots with anti-C� Ab and detected identical MMP-
and �-secretase-dependent cleavage of myc-Pcdh�4 (and myc-
Pcdh�AI) shown for SH-SY5Y cells (Fig. 5D; data for myc-
Pcdh�AI not shown). TAPI-1 decreased and DAPT increased
the immunoreactive band corresponding to �4-CTF-1. Treat-
ment with lactacystin increased the intensity of the �4-CTF-2
immunoreactive band. These results substantiate MMP and
�-secretase cleavage of Pcdh�4 in neurons. Interestingly, the
PS-IP of myc-Pcdh�4 seemed to be less efficient than that of

FIG. 4. Effects of Pcdh�4 on Pcdh�AI cleavage in SH-SY5Y cells.
(A and B) Surface immunocytochemistry with anti-GFP Ab (red) of
SH-SY5Y cells transiently expressing YFP-Pcdh�AI (A) or coexpress-
ing YFP-Pcdh�AI/myc-Pcdh�4 (B) (scale bar  10 �m). Direct YFP
fluorescence is shown in green (YFP). (C) Upper panel, immunoblot
with anti-C� Ab (C�) of protein lysates of SH-SY5Y cells transiently
expressing either YFP-Pcdh�AI (lane 1) or coexpressing YFP-
Pcdh�AI/myc-Pcdh�4 (lane 2). Arrows mark immunoreactive bands
corresponding to YFP-Pcdh�AI (YFP-�AI; �130 kDa) (molecular
mass markers [in kilodaltons] are shown on the right) and �AI-CTF-1
(�30 kDa). Lower panel, immunoblot of corresponding lysates with
anti-�-actin Ab (�-actin) serving as the loading control. The scheme
above the immunoblots shows the expression of YFP-Pcdh�AI and
myc-Pcdh�4 in SH-SY5Y cells. (D) Quantification of results shown in
panel C. The bar graph includes the average values � SEM, and
significant differences (��, P � 0.01 by t test) quantifying changes in
�AI-CTF-1 and YFP-�AI levels compared to �-actin (as percentages
of the amounts in YFP-Pcdh�AI-expressing cells; n  4) are indicated.
(E and F) Surface immunocytochemistry with anti-GFP Ab (red) of
SH-SY5Y cells transiently expressing CFP-Pcdh�4 (E) or coexpressing
CFP-Pcdh�4/myc-Pcdh�AI (F). Direct CFP fluorescence is shown in
green (CFP). (G) Upper panel, immunoblot with anti-C� Ab (C�) of
protein lysates of SH-SY5Y cells transiently expressing either CFP-
Pcdh�4 (lane 1) or coexpressing CFP-Pcdh�4/myc-Pcdh�AI (lane 2).
Arrows mark immunoreactive bands corresponding to CFP-Pcdh�4
(CFP-�4; �130 kDa) and �4-CTF-1 (�30 kDa). Lower panel, immu-
noblot of corresponding lysates with anti-�-actin Ab (�-actin) serving

as the loading control. Above the immunoblots is a scheme represent-
ing the expression of CFP-Pcdh�4 and myc-Pcdh�AI in SH-SY5Y
cells. (H) Quantification of results shown in panel G. The bar graph
includes the average values � SEM, and significant differences (��, P
� 0.01 by t test) quantifying changes in �4-CTF-1 and CFP-�4 levels
compared to �-actin (as percentages of the amounts in CFP-Pcdh�4-
expressing cells; n  4) are indicated.

4126 BONN ET AL. MOL. CELL. BIOL.



myc-Pcdh�A1, as estimated by the steady-state ratios of the �-
and �-Pcdh full-length proteins to their CTF-1s (data not
shown). This result is in analogy to differences in presenilin-
dependent processing between different �-Pcdh isoforms (9).

As most receptors require surface delivery prior to PS-IP
(e.g., N- and E-cadherins, �-Pcdhs) (11, 20, 21), we determined
the location of �-Pcdh cleavage by employing BFA, which
disintegrates the Golgi apparatus and thereby suppresses sur-
face delivery of membrane constituents (6). We infected rat
primary cortical cultures with rAAV expressing myc-Pcdh�4
and treated them with BFA dissolved in DMSO or with DMSO
alone for 12 h. Immunoblot analysis of protein lysates of BFA-
treated neurons showed an �85% reduction of the immuno-
reactive band corresponding to �4-CTF-1 compared to the
levels with DMSO, providing an indication that �-Pcdhs are
subject to PS-IP predominantly at the cell surface of neurons
(data not shown).

Collectively, the data provide evidence of MMP and PS-IP
cleavage of Pcdh�4 in the plasma membrane of neurons, with
the first cleavage generating the membrane-tethered �4-CTF-1
and the second the soluble cytoplasmic �4-CTF-2.

�-Pcdh surface delivery in neurons is independent of �-
Pcdhs. Next, we sought to determine if �-Pcdh surface expres-
sion in neurons requires �-Pcdhs as is the case in SH-SY5Y
(see above) and other heterologous cell systems (24). To this
end, cultured cortical neurons of wild-type (�-Pcdh�/�), het-
erozygous (�-Pcdh�/�), and knockout (�-Pcdh�/�) mice (11)
were infected with rAAV expressing myc-Pcdh�4. After DIV
21, we performed live staining with anti-myc Ab to visualize
surface-delivered myc-Pcdh�4 (Fig. 6A). Unexpectedly,
�-Pcdh�/� neurons showed substantial myc-Pcdh�4 surface
levels, comparable to those in �-Pcdh�/� and �-Pcdh�/� neu-
rons. To compare myc-Pcdh�4 surface delivery for the differ-
ent genotypes, we counted puncta and measured the intensity
and area per dendritic unit length (�20 �m). Although there
was a slight reduction in the mean number of puncta in
�-Pcdh�/� neurons, we detected no significant differences in in-
tensities, areas, or numbers of puncta for myc-Pcdh�4 surface
expression among the different genetic backgrounds (Fig. 6B).

To corroborate these findings, we conducted a surface bioti-
nylation assay. Cortical cultures of �-Pcdh�/�, �-Pcdh�/�, and
�-Pcdh�/� neurons were plated at high density and harvested
at DIV 14. Quantification of the surface biotinylation was
performed by immunoblot analysis (Fig. 6C). In the input
fractions (Fig. 6C, lanes 1 to 3), the levels of full-length �-Pcdh
in �-Pcdh�/�, �-Pcdh�/�, and �-Pcdh�/� neurons were 100%,
�36%, and 0%, respectively (quantified in Fig. 6D). Notably,
�-Pcdh, NR1, and �-actin immunoreactive bands were un-
changed. In the IPr fractions (Fig. 6C, lanes 4 to 6), �-Pcdh
surface protein levels were distributed in analogy to the �-Pcdh
input levels; compared to �-Pcdh levels in �-Pcdh�/� neurons
(lane 4), �-Pcdh�/� expressed �35% (lane 5) and �-Pcdh�/�

0% (lane 6). Again, there was a slight reduction in the amount
of surface �-Pcdh in �-Pcdh�/� neurons, but there were no
significant differences for �-Pcdh or NR1 in the IPr fractions
from �-Pcdh�/�, �-Pcdh�/�, or �-Pcdh�/� neurons. We could
not detect any �-actin immunoreactive bands in the IPr frac-
tions, attesting to the integrity of our surface biotinylation. In
summary, these results are consistent with the quantification by
surface staining, indicating no statistically significant differ-
ences in surface delivery of �-Pcdhs in �-Pcdh�/�, �-Pcdh�/�,
or �-Pcdh�/� neurons.

We further investigated the abundance of synaptic �-Pcdh
directly in mouse brain. We prepared postsynaptic density-

FIG. 5. MMP and �-secretase cleavage of myc-Pcdh�4 in primary
neurons. (A) Colocalization of overexpressed myc-Pcdh�4 and endog-
enous, cellular �-Pcdh. Upper panels, surface immunocytochemistry
with anti-myc Ab (myc; red) and cellular immunocytochemistry with
anti-C� Ab (C�; green) of DIV 21 primary hippocampal cultures
infected with rAAV expressing myc-Pcdh�4 (scale bar  10 �m).
Colocalization of surface myc-Pcdh�4 and cellular �-Pcdh is shown in
yellow (merge). Lower panels, higher-magnification pictures of the
insets in the upper panels (scale bar  3 �m; arrows indicate selected
yellow puncta). (B) Left upper panel, immunoblot analysis with
anti-C� Ab (C�) of protein lysates of DIV 14 rat primary cortical
cultures, either uninfected (control neurons, lane 1) or infected with
rAAV expressing myc-Pcdh�4 (lane 2). Right upper panel, immuno-
blot analysis with anti-C� Ab of rat cortical neurons, either uninfected
(control neurons, lane 3) or infected with rAAV expressing myc-
Pcdh�AI (lane 4). A molecular mass marker (in kilodaltons) is shown
between left and right upper panels. Right and left lower panels,
immunoblots of corresponding lysates with anti-�-actin Ab (�-actin)
serving as the loading controls. The scheme above the immunoblots
represents the expression of myc-Pcdh�4 and myc-Pcdh�AI in neu-
rons. (C) Quantification of results shown in panel B. The bar graph
includes the average values � SEM, and significant differences (��,
P � 0.01 by t test) for full-length �- and �-Pcdhs between uninfected
and infected neurons (as percentages of endogenous �/�-Pcdh levels;
n  4) are indicated. (D) Upper panel, immunoblot analysis with
anti-C� Ab (C�) of DIV 14 primary cortical cultures infected with
rAAV expressing myc-Pcdh�4. For treatments, see the scheme above
the immunoblot. Arrows indicate the immunoreactive bands for myc-
Pcdh�4 (myc-�4; 100 kDa) and its corresponding �4-CTF-1 and �4-
CTF-2 (�26 kDa). Lower panel, immunoblot of corresponding lysates
with anti-�-actin Ab (�-actin) serving as the loading control.
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enriched fractions (38) from forebrains of �-Pcdh�/� and
�-Pcdh�/� mice and analyzed protein amounts of �-Pcdhs and
�-Pcdhs by immunoblot analysis (Fig. 6E). Again, there were
no marked differences in the �-Pcdh protein levels among
genotypes. In conclusion, it appears that, in cultured neurons
and in vivo, �-Pcdh surface delivery is largely independent of
�-Pcdh expression.

To evaluate the influence of �-Pcdh expression on the cell

surface expression of �-Pcdhs in murine primary cortical cul-
ture, we designed a lentiviral construct expressing �-Pcdh-
siRNA (�-siRNA) driven by the U6 promoter and Venus
driven by the ubiquitin promoter. To monitor the downregu-
lation of �-Pcdhs by �-siRNA, we infected mouse cortical
neurons with virus expressing �-siRNA or GFP-siRNA (con-
trol siRNA) at DIV 2, harvested lysates at DIV 14, and ana-
lyzed immunoblots of protein lysates with anti-C�, C�, and
�-actin Ab (Fig. 7A). Infection with lentivirus expressing
�-siRNA resulted in a robust decrease in full-length �-Pcdh
immunoreactivity and presumptive �-CTF-1 (lane 2), com-
pared to infection with control siRNA (lane 1) (or uninfected
neurons; data not shown). Importantly, protein levels of �-
Pcdhs and �-actin were unchanged.

Moreover, we determined �-Pcdh surface delivery in neuro-
nal culture coexpressing by viral coinfection either myc-
Pcdh�AI/control siRNA or myc-Pcdh�AI/�-siRNA (Fig. 7B
and C). To visualize surface-delivered myc-Pcdh�AI, we per-
formed live stainings with anti-myc Ab. To determine the
quantities of myc-Pcdh�AI surface delivery for both condi-
tions, we counted puncta and measured the intensity and area

FIG. 6. Surface expression of myc-Pcdh�4 in �-Pcdh�/�, �-Pcdh�/�,
and �-Pcdh�/� neurons. (A) Upper panels, surface immunocytochem-
istry with anti-myc Ab of DIV 21 �-Pcdh�/�, �-Pcdh�/�, or �-Pcdh�/�

murine primary cortical cultures infected with rAAV expressing myc-
Pcdh�4 (scale bar  10 �m). Lower panels, higher magnification of the
insets in the upper panels (scale bar  3 �m). (B) Quantification of
results shown in panel A. Bar graph of the surface mean intensities,
mean areas, and mean numbers of puncta of myc-Pcdh�4 in
�-Pcdh�/�, �-Pcdh�/�, or �-Pcdh�/� neurons (as percentages of results
for �-Pcdh�/�; dendrites of 12 different cells from three replicate
experiments; n  12). (C and D) Surface biotinylation of �-Pcdh�/�,
�-Pcdh�/�, and �-Pcdh�/� neurons. (C) Immunoblot analysis with
anti-C�, -C�, -NR1, and -�-actin Ab (C�, C�, NR1, and �actin) of
protein lysates of DIV 14 surface-biotinylated murine �-Pcdh�/�,
�-Pcdh�/�, and �-Pcdh�/� cortical primary cultures. Left panel (lanes
1 to 3), crude whole-cell lysate used as input for the IPr. Right panel
(lanes 4 to 6), IPr of the surface-biotinylated proteins. (D) Quantifi-
cation of results shown in panel C. Bar graph of �- and �-Pcdh surface
delivery normalized to NR1 surface delivery (as percentages of results
for �-Pcdh�/�; n  4). (E) Immunoblot analysis with anti-C� (C�) and
anti-C� (C�) Ab of forebrain cellular (left panel) and PSD (right
panel) protein fractions of P0 �-Pcdh�/� and �-Pcdh�/� mice.

FIG. 7. �-siRNA and surface expression of myc-Pcdh�AI in neu-
rons. (A) Upper panel, immunoblot analysis with anti-C� Ab of pro-
tein lysates of DIV14 murine primary cortical cultures infected with
lentivirus expressing either GFP-siRNA (cont.-siRNA; lane 1) or
�-siRNA (lane 2). Arrows indicate the immunoreactive bands for
endogenous full-length �-Pcdh (Pcdh�) and �-CTF-1 as detected by
C� Ab (C�) (molecular mass markers [in kilodaltons] are shown on
the right). Middle panel, immunoblot analysis of full-length �-Pcdh
(Pcdh�) with anti-C� Ab (C�) of lysates from panel A. Lower panel,
immunoblot with �-actin Ab (�-actin) serving as the loading control.
(B and C) Upper panels, surface immunocytochemistry with anti-myc
Ab (myc) of murine primary cortical culture coinfected with rAAV
expressing myc-Pcdh�AI and lentivirus expressing either control
siRNA (B) or �-siRNA (C) (scale bar  10 �m). Direct GFP fluores-
cence is shown in green. Lower panels, higher magnification of the
insets in the upper panels (scale bar  2 �m). (D) Quantification of
results shown in panel C. Bar graphs show the surface mean intensities,
mean areas, and mean numbers of puncta of myc-Pcdh�AI in neurons
coexpressing myc-Pcdh�AI and either control siRNA or �-siRNA �
SEM (as percentages of the amount in myc-Pcdh�AI/control siRNA-
expressing neurons; dendrites of seven different cells from three rep-
licate experiments; n  7).
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per dendritic unit length (�20 �m). The slight increases in
intensity (131%), area (128%), and the mean number of
puncta (123%) in myc-Pcdh�AI/�-siRNA-expressing neurons
compared to myc-Pcdh�AI/control siRNA-expressing neurons
were not significant (by analysis of variance [ANOVA]) (Fig.
7D). The impact of �-Pcdh expression on �-Pcdh surface de-
livery in rat primary neuronal culture is therefore minor, com-
parable to the situation in SH-SY5Y and HEK293 cells (24).
Notably, �-siRNA- or control siRNA-expressing neurons ex-
hibited neither gross morphological differences in dendritic
branching or length nor increased cell death, as estimated by
the number of viable infected cells compared to that of unin-
fected neurons (data not shown).

Altered �- and �-Pcdh cleavage by heteromer formation in
neurons. Next, we studied the effect of heteromer formation
on �- and �-Pcdh processing in rat primary neuronal culture.
To investigate if the expression of Pcdh�4 influences the turn-
over of Pcdh�AI, we coinfected rat primary cortical neurons
with rAAVs expressing myc-Pcdh�AI and either GFP or myc-
Pcdh�4 and analyzed the abundance of full-length myc-
Pcdh�AI (myc-�AI) or �AI-CTF-1 by immunoblot analysis
with anti-C� Ab (Fig. 8A). Notably, infected cells coexpressing
myc-Pcdh�4/myc-Pcdh�AI exhibited weak accumulation of the
immunoreactive band corresponding to the full-length myc-
Pcdh�AI (�125%) (Fig. 8B), compared to cells expressing
myc-Pcdh�AI/GFP. Furthermore, the weak accumulation of
full-length myc-Pcdh�AI was accompanied by a threefold re-
duction of the �AI-CTF-1 in neurons coexpressing myc-
Pcdh�4/myc-Pcdh�AI (�29%) (Fig. 8B), compared to myc-
Pcdh�AI/GFP-coexpressing cultures. These data support the
notion that the expression of Pcdh�4 could render Pcdh�AI
more resistant to surface processing, presumably by the for-
mation of �/�-Pcdh heteromers. The decrease in myc-Pcdh�AI
turnover could reflect reduced MMP-mediated ectodomain
shedding or attenuated �-secretase cleavage of Pcdh�AI in
neurons. We thus repeated the experiments on �-Pcdh cleav-
age in the presence of DAPT and found the same weak accu-
mulation of the full-length myc-Pcdh�AI and threefold reduc-
tion of the corresponding �AI-CTF-1 as in absence of DAPT,
indicating an altered susceptibility of Pcdh�AI to MMP cleav-
age (data not shown). Since the overexpression of myc-
Pcdh�AI/GFP or myc-Pcdh�4/myc-Pcdh�AI might lead to sat-
uration of MMPs or the �-secretase complex, we monitored
the PS-IP of endogenous N-cadherin in DAPT-treated high-
density cortical cultures expressing either myc-Pcdh�AI/GFP
(Fig. 8C, lane 1) or myc-Pcdh�4/myc-Pcdh�AI (lane 2). DAPT
treatment of the cultures was necessary for visualization of
N-Cad/CTF-1 (Fig. 8C, lane 3). The expression of either myc-
Pcdh�4/myc-Pcdh�AI or myc-Pcdh�AI/GFP had no significant
effect on the processing of N-cadherin (Fig. 8D). This result
indicates normal functioning of the MMP and �-secretase
complex in neurons overexpressing myc-Pcdh�4/myc-Pcdh�AI
or myc-Pcdh�AI/GFP. Thus, the altered susceptibility to pro-
cessing of Pcdh�AI by coexpression of Pcdh�4 appears to
reflect heteromer formation.

The impact of �-Pcdh expression on �-Pcdh processing was
less prominent. Immunoblot analysis of cultures infected with
rAAV expressing myc-Pcdh�AI/myc-Pcdh�4 and treated with
DMSO or DAPT revealed a twofold increase in the immuno-
reactive band corresponding to the full-length protein (data

FIG. 8. Effects of myc-Pcdh�4 on myc-Pcdh�AI cleavage in neu-
rons. (A) Upper panel, immunoblot analysis with anti-C� Ab (C�) of
protein lysates of DIV 14 rat cortical cultures double-infected with
rAAVs expressing either myc-Pcdh�AI/GFP (lane 1) or myc-Pcdh�AI/
myc-Pcdh�4 (lane 2) (molecular mass markers [in kilodaltons] are
shown on the right). Lower panel, immunoblot of corresponding ly-
sates with anti-�-actin Ab (�-actin) serving as the loading control.
Above the immunoblots is a scheme representing the expression of
myc-Pcdh�4, myc-Pcdh�AI, or GFP in neurons. (B) Quantification of
results shown in panel A. The bar graph includes the average values �
SEM, and significant differences (��, P � 0.01 by t test) for �AI-CTF-1
and myc-�AI in myc-Pcdh�AI/GFP or myc-Pcdh�AI/myc-Pcdh�4-ex-
pressing, double-infected, primary cortical cultures (as percentages of
the amount in myc-Pcdh�AI/GFP-expressing neurons; n  5) are
indicated. (C) Upper panel, immunoblot with anti-N-cadherin Ab (N-
Cad.) of protein lysates of DIV 14 rat cortical cultures double-infected
with rAAVs expressing either myc-Pcdh�AI/GFP (lane 1) or myc-
Pcdh�AI/myc-Pcdh�4 (lanes 2 and 3). To better visualize the N-cad-
herin CTF-1 (N-Cad/CTF-1), cultures were treated with DAPT (lanes
1 and 2) or, as the control, with DMSO (lane 3). Lower panel, immu-
noblot of corresponding lysates with anti-�-actin Ab (�-actin) serving
as the loading control. Above the immunoblot is a scheme representing
the expression of myc-Pcdh�4, myc-Pcdh�AI, GFP, and DAPT treat-
ment in neurons. (D) Quantification of results shown in panel C. The
bar graph includes the average values � SEM, and significant differ-
ences (��, P � 0.01 by t test) for the C-terminal N-cadherin cleavage
product (N-Cad/CTF-1) and full-length N-cadherin (N-Cad/FL) in
myc-Pcdh�AI/GFP- or myc-Pcdh�AI/myc-Pcdh�4-expressing, double
infected, primary cortical cultures treated with DAPT (as percentages
of the amount in myc-Pcdh�4/GFP-expressing neurons; n  5) are
indicated.

VOL. 27, 2007 PRESENILIN-DEPENDENT �/�-PROTOCADHERIN PROCESSING 4129



not shown), compared to GFP/myc-Pcdh�4-expressing neuro-
nal cultures. Unfortunately, we could not quantify �4-Pcdh
CTF-1 abundance due to the high background produced by our
anti-C� Ab in neuronal lysates (see Fig. 5D).

In summary, these experiments provide evidence for the
regulation of �-Pcdh MMP cleavage via �-Pcdhs, whereas the
effect of �-Pcdh expression on �-Pcdh cleavage seems to be
minor.

Nuclear translocation of the �-CD. The cytoplasmic do-
mains of prominent targets of the �-secretase complex, e.g.,
Notch, APP, N-cadherin, ErbB-4, SREBP-1, and �-Pcdhs, can
assume signaling functions in the cytoplasm and/or nucleus (1,
20, 21, 27, 34, 46). We investigated the putative nuclear trans-

location of �-Pcdh C-terminal domains by tracing the subcel-
lular distribution of a C-terminal protein fragment containing
the �-CTF-2 nuclear localization sequence. To this end, we
constructed a vector for expressing the sequence encompassing
the three constant exons of �-Pcdhs, fused N terminally to a
myc epitope (myc-�-CD) (Table 1 and Fig. 9A). A homologous
construct comprising only the conserved �-Pcdh intracellular
sequence was shown to have nuclear localization and activity.
Confocal imaging of transiently transfected SH-SY5Y cells
stained with anti-C� Ab (Fig. 9B) and anti-myc Ab (Fig. 9C)
revealed strong accumulation of the myc-�-CD in the nucleus
compared to untransfected, adjacent cells, reminiscent of the
almost exclusive nuclear localization of the �-CD in heterolo-

FIG. 9. Nuclear and cytoplasmic localization of the �-CD. (A) Immunoblot analysis with anti-C� Ab (C�) of whole-cell protein lysates of
SH-SY5Y cells transiently expressing CFP-Pcdh�4 and treated with lactacystin (lane 1) or expressing myc-�-CD and treated with DMSO (lane 2).
Above the immunoblot is a scheme representing the expression of CFP-Pcdh�4, �-CD, and lactacystin treatment of SH-SY5Y cells. (B) Immu-
nocytochemistry with anti-C� Ab (C�; red) and DAPI (blue) of SH-SY5Y cells transiently expressing myc-�-CD. Colocalization of DAPI and C�
fluorescence is shown in pink (merge). (C) Immunocytochemistry with anti-myc Ab (myc; red) and DAPI (blue) of SH-SY5Y cells transiently
expressing myc-�-CD. Colocalization of DAPI and myc fluorescence is shown in pink (merge). (D) Immunocytochemistry of DIV 21 rat primary
hippocampal cultures infected with rAAV expressing myc-�-CD together with Venus (myc-�-CD internal ribosome entry site Venus; Ven).
Anti-C� immunoreactivity is shown in red, direct Venus fluorescence in green, and DAPI staining in blue. The overlay of the three images is shown
in the rightmost picture (merge). (E) Immunocytochemistry of DIV 21 rat primary hippocampal cultures infected with rAAV expressing Venus.
Anti-C� immunoreactivity is shown in red (absence of the red signal demonstrates the specificity of the C� Ab), direct Venus fluorescence in green,
and DAPI staining in blue. The overlay of the three images is shown in the rightmost picture (merge). Scale bars  10 �m.
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gous cells (11). To investigate if myc-�-CD also locates to the
nucleus in neurons, we infected rat hippocampal primary neu-
rons with rAAVs expressing myc-�-CD/Venus or only Venus
(Fig. 9D and E). The staining revealed cytoplasmic as well as
nuclear localization of the myc-�-CD. In summary, these re-
sults may suggest a possible role of �-Pcdh C-terminal domain
sequence in cellular and nuclear signaling.

DISCUSSION

Synapse formation is governed by pre- and postsynaptic
transmembrane cell adhesion molecules of the immunoglobu-
lin and cadherin superfamilies. Whereas some of these cell
adhesion molecules may determine pre- and postsynaptic dif-
ferentiation, others may contribute to the specificity with which
synaptic connections form (reviewed in references 33, 40, 45,
and 51). �- and �-Pcdhs fulfill prerequisites for molecules
mediating the formation of specific, functional neuronal cir-
cuits, as they are expressed differentially within single cells (17,
41, 43), mediate cell-cell adhesion (25, 28), form hetero- and
homomers, and localize in part to synaptic membranes (24).
Furthermore, they may adopt an intracellular signaling func-
tion, as recently suggested for �-Pcdhs, which are subject to
sequential MMP and �-secretase proteolysis, generating a
shedded variable fragment and a cytoplasmic �-CTF-2 (9, 11,
30). In order to study the effect of �/�-Pcdh homo- and het-
eromerization on the regulation of �-Pcdh and �-Pcdh in-
tramembrane processing, we sought to study the cleavage of
�-Pcdhs in the neuronal plasma membrane. As an example for
the 14 murine �-Pcdhs, we demonstrate PS-IP of Pcdh�4 at the
neuronal cell surface by successive cleavage events mediated
by an MMP and the �-secretase complex, resulting in the
release of �4-CTF-2. The committing step in PS-IP is the
cleavage of the substrate by an MMP. For Pcdh�4, one of these
MMPs is ADAM10, a member of the ADAM family of me-
tallo-proteases, also responsible for the cleavage of N- and
E-cadherins and Pcdh�C3 (22, 30, 31). In contrast to N- and
E-cadherin shedding, which can be induced by N-methyl-D-
aspartate receptor activity, the regulation of �-Pcdh ectodo-
main shedding in neurons is governed by AMPA receptors (21,
22, 30, 31). The close relationship of �- and �-Pcdhs might
predict AMPA receptor-regulated �-Pcdh shedding.

A second means of �-Pcdh cleavage regulation could be
�-Pcdh-dependent surface expression of �-Pcdhs, as shown in
heterologous cell systems (e.g., SH-SY5Y and HEK293) (24).
This raises the question of whether the neonatal death of
�-Pcdh�/� mice could result in part from a compound loss of
�/�-Pcdh surface delivery and the concomitant loss of signaling
to the nucleus. Unexpectedly, based on the �-Pcdh-dependent
�-Pcdh surface delivery in heterologous cells, we failed to
detect significant differences in �-Pcdh surface delivery be-
tween �-Pcdh�/�, �-Pcdh�/�, and �-Pcdh�/� neurons, whether
in primary neuronal culture or in vivo. We surmise that the
surface delivery of �-Pcdhs, unaffected in �-Pcdh�/�,
�-Pcdh�/�, and �-Pcdh�/� neurons, may result from differen-
tial gene expression between heterologous SH-SY5Y cells and
neurons, possibly by neuronal �-Pcdh expression. Hence, it will
be interesting to determine if �-Pcdhs and �-Pcdhs can form
heteromers and, consequently, if �-Pcdh surface delivery is
affected in �-Pcdh�/� knockout mice.

A third way �- and �-Pcdh cleavage is regulated could be by
the formation of �- and �-Pcdh heteromers in synapses. Here,
we show that the virally mediated coexpression of Pcdh�4
strongly decreases the MMP-mediated ectodomain shedding
of Pcdh�AI in cultured neurons. Endogenous N-cadherin pro-
cessing remained unaffected, excluding saturation of the MMP
and �-secretase complex by the overexpression of Pcdh�AI
and Pcdh�4. Thus, we predict that the formation of �-/�-Pcdh
heteromers might contribute to the modulation of Pcdh PS-IP.
Indeed, given that individual neurons coexpress several iso-
forms of �- and �-Pcdhs (3, 16, 17, 41, 43), the additional
combinatorial possibilities afforded by �- and �-Pcdh hetero-
mer formation might aid in specifying neuronal connectivity
and could result in altered levels of processed Pcdh complexes.
This in turn should also affect intracellular signaling by �- and
�-CTF-2.

PS-IP of �-Pcdhs results in the release of �-CTF-2 in the
cytoplasm and subsequent translocation into the nucleus (9,
11), where it may control transcriptional activation of target
genes (11) by as-yet-unknown mechanisms. Since �-Pcdhs are
proteolytically processed in a similar fashion and cytoplasmic
�-Pcdh fragments can localize to the nucleus, such fragments
might also play a role in transcriptional control of target genes.
The �4-Pcdh CTF-2 has an estimated mass of �26 kDa, most
probably encompassing a small part of the variable cytoplasmic
region and the entire constant region. �-Secretase cleavage
might occur within an intramembrane stretch of the variable
�-Pcdh domain without a consensus motif, given that the pre-
senilin cleavage sites among the known targets lack sequence
conservation (47). Strikingly, the conservation of the �-Pcdh
CD, comprising most of the �-CTF-2, suggests largely uniform
signaling of the 14 �-Pcdh isoforms. It will be of interest to
decipher the role of �- and �-Pcdh CTF-2 signaling in cyto-
plasmic and nuclear compartments, which could be achieved
by combining protein-protein interaction studies with gene ex-
pression profiling and chromatin IPr analysis.
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