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The genomic architecture of protocadherin (Pcdh) gene clusters is remarkably similar to that of the
immunoglobulin and T cell receptor gene clusters, and can potentially provide significant molecular diversity.
Pcdh genes are abundantly expressed in the central nervous system. These molecules are primary candidates
for establishing specific neuronal connectivity. Despite the extensive analyses of the genomic structure of
both human and mouse Pcdh gene clusters, the definitive molecular mechanisms that control Pcdh gene
expression are still unknown. Four theories have been proposed, including (1) DNA recombination followed by
cis-splicing, (2) single promoter and cis-alternative splicing, (3) multiple promoters and cis-alternative splicing,
and (4) multiple promoters and trans-splicing. Using a combination of molecular and genetic analyses, we
evaluated the four models at the Pcdh-� locus. Our analysis provides evidence that the transcription of
individual Pcdh-� genes is under the control of a distinct but related promoter upstream of each Pcdh-�
variable exon, and posttranscriptional processing of each Pcdh-� transcript is predominantly mediated through
cis-alternative splicing.
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Cadherin superfamily proteins are characterized by the
presence of extracellular cadherin-like ectodomain re-
peats that are known to mediate calcium-dependent ho-
mophilic protein-protein interactions (Takeichi 1990;
Suzuki 1996; Yap et al. 1997; Yagi and Takeichi 2000).
This superfamily can be divided into two subfamilies:
classic cadherins and protocadherins. Classic cadherins
consist of five ectodomain repeats, a single transmem-
brane region, and a highly conserved cytoplasmic do-
main that interacts with actin-based cytoskeleton com-
ponents through �-catenin (Gumbiner 2000). Classic
cadherins are well known for their essential roles in mor-
phogenesis of multiple tissues during development
(Takeichi 1991, 1995; Marrs and Nelson 1996; Radice et
al. 1997; Carmeliet et al. 1999; Garcia-Castro et al. 2000),
and have also been implicated in maintenance of neuro-
nal connectivity and formation of synaptic plasticity in
the nervous system (Yamagata et al. 1995; Fannon and
Colman 1996; Iwai et al. 1997; Tang et al. 1998; Bozdagi
et al. 2000; Manabe et al. 2000; Tanaka et al. 2000; Lee et
al. 2001).

Protocadherins include several subclasses of cadherin-
like molecules (Wu and Maniatis 1999; Suzuki 2000;
Yagi and Takeichi 2000). Like classic cadherins, pro-
tocadherins share the same protein structure: multiple
(usually six or more) ectodomain repeats, a transmem-
brane region and a cytoplasmic domain. However, their
cytoplasmic domains are distinct in sequence not only
from classic cadherins, but also from each other among
different classes of protocadherins (Kohmura et al. 1998;
Yagi and Takeichi 2000; Homayouni et al. 2001). The
significant molecular diversity of protocadherins was re-
vealed by the discovery of the striking genomic organi-
zation of three protocadherin gene clusters (designated
Pcdh-�, -� and -�, which consist of nearly 60 Pcdh genes)
in both the human and mouse genomes (Wu and Mani-
atis 1999; Sugino et al. 2000; Wu et al. 2001). These three
gene clusters are tandemly arrayed on the same chromo-
some (human chromosome 5 and mouse chromosome
18) and transcribed in the same direction. For Pcdh-� and
-�, each gene cluster contains a variable region with mul-
tiple variable exons, and a constant region with three
constant exons. Each of the variable exons is separately
spliced to constant exons to generate diverse Pcdh
mRNAs. The variable exons encode a similar but dis-
tinct extracellular cadherin-like domain, a transmem-
brane region, and part of the cytoplasmic domain, and
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the three constant exons encode the rest of the cytoplas-
mic domain shared by all members of the same cluster.
This unique genomic organization of Pcdh gene clusters
and its resemblance to Ig and TCR gene clusters sug-
gested that a novel mechanism may be involved in the
generation of protocadherin diversity and their cell-spe-
cific expression pattern in the brain (Wu andManiatis 1999).
Pcdh genes are abundantly expressed in the central

nervous system during embryonic development and in
adulthood (Sano et al. 1993; Kohmura et al. 1998; Obata
et al. 1998; Hirano et al. 1999; Wu and Maniatis 1999).
Pcdh-� proteins have been shown to mediate homophilic
cell adhesion in transfected L1 cells (Sano et al. 1993;
Obata et al. 1995). Some Pcdh-� proteins (CNR1) have
been localized at synapses (Kohmura et al. 1998). Pcdh-�
proteins have also been identified by mass spectrometry
in a “presynaptic web” preparation (Phillips et al. 2001).
The unique genomic structure of Pcdh gene clusters can
generate a significant amount of molecular diversity that
is required for establishment and maintenance of com-
plex neural networks in the brain (Wu and Maniatis
1999). All these observations have led to the hypothesis
that Pcdh proteins are primary candidates for establish-
ing specific neuronal connectivity and synapse forma-
tion (Serafini 1999; Shapiro and Colman 1999; Bruses
2000; Yagi and Takeichi 2000; Benson et al. 2001).
Expression studies using in situ hybridization have

demonstrated that individual neurons can express an
overlapping but distinct subset of Pcdh genes (Kohmura
et al. 1998). Therefore, the subset of protocadherins
which individual neurons express may provide specific
molecular codes for neuron–neuron connections. If Pcdh
proteins function in establishing the specificity of neural
circuitry, a key question is: How is the cell-specific ex-
pression pattern of Pcdh genes achieved? Maniatis and
his colleagues proposed four models (Wu and Maniatis
1999; Wu et al. 2001) for the cell-specific Pcdh gene ex-
pression, including (1) DNA recombination, (2) single
promoter and cis-alternative splicing, (3) multiple pro-
moters and cis-alternative splicing, and (4) multiple pro-
moters and trans-splicing. These models have provided a
framework to investigate the mechanism of the cell-spe-
cific expression of Pcdh genes.
Here, we used a combination of genetically modified

alleles at the mouse Pcdh-� locus to distinguish the four
possible mechanisms of Pcdh gene expression. Although
Pcdh gene clusters share striking similarity with Ig and
TCR gene clusters, somatic DNA recombination does
not appear to be involved in the regulation of Pcdh gene
expression. Trans-splicing between putative RNA pre-
cursors only contributes a minor portion of functional
PcdhmRNAs. The transcription of each Pcdh-� variable
exon initiates at sequences immediately upstream of
each translational start site without a common 5�UTR
sequence, arguing against a single promoter scenario.
Furthermore, a common DNA motif upstream of each
variable exon is essential for the transcription of indi-
vidual Pcdh-� members. Thus, our data are most consis-
tent with the multiple promoters and cis-alternative
splicing model for the cell-specific Pcdh gene expression.

Results

Multiple genetically modified alleles at the mouse
Pcdh-� locus

To investigate the molecular mechanisms of cell-spe-
cific expression of Pcdh genes, we focused on the mouse
Pcdh-� locus and generated multiple genetically modi-
fied alleles in mice or in mouse ES cells. These alleles are
summarized in Figure 1: (1) A deletion allele that re-
moved all Pcdh-� coding sequences from variable exon
A1 to constant exon 3; (2) An IRES-GFPLacZ fusion re-
porter was targeted into constant exon 3 to generate a
gene expression reporter allele; (3) A GFP cDNA was
fused in-frame with the constant exon 3 to encode Pcdh-
�-GFP fusion proteins; (4) A transgene carrying the B6
variable exon from the CBA/J strain was inserted at the
end of Pcdh-� locus; (5) A mutant transgene similar to
the fourth allele, but with a deletion of the putative pro-
moter sequence was inserted at the same location as the
wild-type transgene; and (6) A 5-kb sequence upstream of
constant exon 1 including the fragment encoding the last
variable exon (C5) was deleted by gene targeting. We
used combinations of these alleles to distinguish the four
possible models for cell-specific Pcdh gene expression.

Multiple Pcdh-� members are expressed from a single
Pcdh-� allele in a single neuron

The genomic structure of Pcdh gene clusters is strikingly
similar to that of the immunoglobulin genes; therefore,
it has been postulated that similar somatic DNA recom-
bination may occur at the Pcdh locus and control Pcdh
gene expression in a cell-specific manner (Wu and Ma-
niatis 1999). Using a combination of these alleles, we
first addressed the question of whether DNA recombi-
nation similar to Ig genes occurs at the Pcdh-� locus.
The DNA recombination model makes two predictions
(Fig. 2A). First, cell-specific somatic recombination
brings a distal variable exon to the proximity of a hypo-
thetical enhancer and activates the transcription of the
closest variable exon, implying that only one specific
form of variable exon is transcribed from each functional
allele. Second, since both variable and constant exons are
transcribed in the same orientation, somatic recombina-
tion should lead to the deletion of intervening se-
quences.
To evaluate the recombination model, we performed a

single-cell RT-PCR analysis from Pcdh-�del/GFP mice
carrying only one functional Pcdh-�-GFP allele. Mouse
cerebellum was dissociated into a single-cell suspension.
Single cells were isolated and the RT-PCR analysis was
initiated using a GFP-specific primer. The PCR primer
pairs and subsequent nested primers were designed to
span exon-exon junctions, excluding possible contami-
nation from genomic DNA. As shown in Figure 2B, all
cells (neurons) expressed Pcdh-� (�C-GFP panel). Indi-
vidual Pcdh variable exons (A12, A11, and B2) were only
expressed in a subpopulation of neurons, and some of the
neurons expressed multiple variable exons. Because the
cells were obtained from mice carrying only one allele of

Molecular mechanisms generating protocadherins

GENES & DEVELOPMENT 1891



Pcdh-�, this result demonstrated that more than one
variable exon can be transcribed from a single allele, pro-
viding evidence that is inconsistent with the first pre-
diction of the DNA recombination model.

Deletion of common intervening sequences
at the Pcdh-� cluster is not detected

Pcdh genes are primarily expressed in the central ner-
vous system. Neurons are postmitotic cells that cannot
be propagated as clones; therefore, we searched for a
population of cells that express Pcdh-�. Expression stud-
ies using both the LacZ allele (Fig. 3A) and theGFP allele
(Fig. 3B,C) showed that in adult mouse brains the major-
ity of cells in the cortex region expressed Pcdh-�. We
reasoned that if somatic DNA recombination is required
for the expression of Pcdh-� in neurons, a significant
portion of cells would share a common deletion of inter-
vening sequence in a population of cells that almost all
express Pcdh-�. Therefore, we dissected a region of the
cortex from adult mouse brains and compared the gene
dosage around the Pcdh-� locus by Southern blot analy-
ses. The analysis focused on the sequences upstream of
the constant region that are more likely to be deleted and
shared by different individual cells. In this experiment,
we used the mice that carry only one Pcdh-� allele to

emphasize any dosage difference, should such differ-
ences exist. As shown in Figure 3D, the comparison of
hybridization signals between liver DNA (nonPcdh-�-ex-
pressing tissue) and cortex DNA (Pcdh-�-expressing tis-
sue) showed no significant change in gene dosage with
three probes that lie immediately upstream from con-
stant exon 1 (C5-1), further upstream from variable exon
C3 (i), and within the A12 variable exon (A12). This line
of investigation suggested that the deletion of common
intervening sequences upstream of the constant region
does not occur in a population of neurons that express
Pcdh-�, providing evidence against the second prediction
of the DNA recombination model.
We also detected a low level of Pcdh-�-GFP fusion pro-

teins in undifferentiated ES cells with a targeted GFP
fusion allele (Fig. 3E, Western blot, left). RT-PCR analy-
sis showed that multiple forms of spliced Pcdh-�
mRNAs were expressed in mouse ES cells carrying only
one Pcdh-� allele (Fig. 3E, right). LacZ staining of ES cells
with a targeted IRES-LacZ allele showed that a signifi-
cant portion of cells expressed a low level of Pcdh-�,
suggesting that the detected Pcdh-� expression was not
due to a minor contribution from differentiated ES cells
(data not shown). Pcdh-� mRNAs were also detected in
different cell types of testis, including the mature germ
cells (Johnson et al. 2000). These observations suggested

Figure 1. Mouse Pcdh-� locus and genetically modified alleles. Multiple modified Pcdh-� alleles used in this study are shown in
relation to the endogenous locus. Deletion allele, IRES-LacZ reporter allele, GFP fusion allele, WT-B6CBA/J transgene allele, Mut-
B6CBA/J transgene allele, and C5 deletion allele.
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that at least in germ cells, an irreversible genetic change
(DNA recombination) is not required for the expression
of multiple Pcdh-� genes. Although we cannot com-
pletely rule out the possibility that DNA recombination,
different from that which occurs at the Ig and TCR loci,
occurs at the Pcdh-� locus, we obtained no evidence sug-
gesting that DNA recombination is involved in the con-
trol of Pcdh-� gene expression.

Individual Pcdh-� transcripts do not contain a shared
5� noncoding leader exon

We next examined the single promoter hypothesis. In
this model, a common promoter activates transcription
of the whole locus and functional mRNAs are assembled
by alternative splicing (Fig. 4A; Wu and Maniatis 1999).
The prediction of this model is that individual Pcdh
transcripts should share a common 5� UTR sequence. To
test this hypothesis, we performed a 5� RACE analysis on
two variable exons, B2 and A12. Sequencing of multiple
5�RACE products and the comparison of these sequences

with genomic sequences revealed that transcripts encod-
ing both B2 and A12 variable exons initiated immedi-
ately upstream of each variable exon (Fig. 4B). Multiple
transcription start sites for each variable exon have been
identified (Fig. 4B). More importantly, these transcripts
share no common 5� UTR sequences, arguing against the
common single promoter model.

Individual Pcdh-� variable exons are expressed under
the control of their own promoter

Having obtained evidence that no common promoter ex-
ists for the Pcdh-� gene cluster, we explored the exis-
tence of promoters for individual variable exons. We
identified Pcdh-� cDNAs from a mouse hypothalamic
cDNA library that was derived from C57BL6/CBA/J F1
hybrid mice. From sequence analysis of 50 Pcdh-� cDNA
clones, we identified three single-nucleotide polymor-
phisms (SNPs) and one restriction fragment-length poly-
morphism (RFLP) in one Pcdh-� variable exon, B6 vari-
able exon (Fig. 5A). Analysis of genomic DNAs amplified
from different mouse strains confirmed that these RFLP
and SNP markers are also informative between 129S and
CBA/J strains (Fig. 5A, inset).
Taking advantage of the RFLP marker in the B6 exon,

we generated a transgene from the CBA/J strain that con-
tains 2.5 kb of 5� upstream sequence, the B6 coding exon,
and 2.1 kb of 3� intronic sequence. We inserted this
transgene at the end of constant exon 3 of the Pcdh-�
gene cluster by gene targeting in mouse ES cells (129S
strain) (Fig. 5B). This transgene is transcribed in the same
direction as the endogenous locus. An SspI RFLP was
used to distinguish the B6 exon encoded by the transgene
from the endogenous B6 exon encoded by the 129S allele.
RT-PCR was used to recover B6 exon cDNAs from the
transgene-targeted ES clones (undifferentiated). RFLP
analysis on these cDNAs revealed that the expression of
the CBA/J B6 exon was at a similar level compared to the
129S B6 exon from the endogenous locus (Fig. 5B). Thus
the 2.5-kb upstream sequences used for this transgene
include the promoter cis-elements necessary for tran-
scription of the CBA/J B6 exon.
Interspecies comparative sequence analysis also sug-

gests that individual exons have their own promoters
(Wu et al. 2001). This analysis identified a correlation
between the distribution of CpG islands and the loca-
tions of Pcdh variable exons, significant sequence iden-
tity within the 5� flanking sequences of orthologous vari-
able exons and the existence of a common DNA se-
quence motif upstream of each individual Pcdh gene. We
noticed that this sequence motif is located immediately
upstream of the transcription start sites we identified in
the 5� RACE analysis (Fig. 4B).
To evaluate the role of the conserved DNA motif, we

generated a mutant CBA/J B6 transgene with a deletion
of this DNA motif (20 bp) (Fig. 6A). The mutant trans-
gene was targeted to the same location as the wild-type
transgene (Fig. 6A) so that we were able to compare the
expression levels of the B6 exon independent of any po-
sitional effect commonly associated with the integra-

Figure 2. A single Pcdh-� allele expresses multiple variable
exons. (A) DNA recombination model for Pcdh gene expression
(Wu and Maniatis 1999). (B) Detection of multiple different
Pcdh-� genes using single-cell RT-PCR. Single neurons from
Pcdh-�del/GFP cerebellum (postnatal P5) were used to detect �C-
GFP, A12-�C, A11-�C, and B2-�C.
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tion sites of transgenes. ES cells carrying different trans-
genes were differentiated into neurons in vitro, and RT-
PCR was used to recover Pcdh-� cDNAs. RFLP analysis
on these cDNAs showed that the representation of the
CBA/J B6 exon encoded by the mutant transgene was

significantly decreased (Fig. 6B). The relative ratio of the
expressed CBA/J B6 exon to the 129S B6 exon was de-
creased to approximately 25% of the levels observed
from the wild-type transgene (Fig. 6C). A similar result
was also obtained in the undifferentiated ES clones (Fig.

Figure 3. No deletion of common intervening sequences upstream of the constant region. The majority of cells express Pcdh-� in the
cortex of adult mouse brain. (A) LacZ staining of a vibratome section (left) and a frozen section (right) from adult mouse brain
(Pcdh-�+/LacZ); (B) Immunostaining of a frozen section of Pcdh-�+/GFPmouse brain with rabbit anti-GFP antibodies and mouse anti-SV2
antibody. (C) In situ hybridization of a frozen section from adult Pcdh-�+/GFP mouse brain using a fluorescein-labeled GFP riboprobe
(in yellow) and stained with DAPI (in blue); (D) No deletion of common intervening sequences upstream from the constant region.
Genomic DNAs were obtained from liver (L) and cortex (C ) of Pcdh-�+/del adult mice. Gene dosage comparison by Southern blot
analysis using the three probes indicated. (E) Expression of multiple Pcdh-� genes in heterozygous (Pcdh-�+/del) ES cells. Western blot
analysis using anti-GFP antibodies detected Pcdh-�-GFP fusion proteins in Pcdh-�+/GFP ES cells. RT-PCR analysis detected multiple
spliced forms of Pcdh-� cDNAs in Pcdh-�+/del ES cells.
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6D). Thus, this conserved DNA motif appears to be im-
portant for the transcription of the individual variable
exons in both ES cells and neurons. Since a similar con-
served DNA motif exists for each variable exon, it is
most likely that each variable exon has its own pro-
moter.

The diversity of Pcdh-� transcripts

Having demonstrated that multiple promoters exist for
individual Pcdh variable exons, we evaluated the possi-
bility of trans-splicing at the Pcdh locus. The trans-
splicing model predicts the existence of variable exon-
containing 5� splicing intermediate transcripts and con-
stant exon-containing 3� splicing intermediate tran-
scripts (Fig. 7A; Wu and Maniatis 1999). Northern blot
analysis using a 3��UTR probe common to all Pcdh-�
members showed that at different stages of brain devel-
opment, Pcdh-� transcripts range from 2.5 to 9.0 kb (Fig.
7B). To understand the complexity of these transcripts,
we performed a 3�RACE analysis on Pcdh-� B2 and A12
transcripts using newborn mouse brain RNA (Fig. 7C).
Spliced transcripts (Fig. 7C, i, ii, v, and vii) and non-
spliced transcripts with intronic sequence downstream
of each variable exon (Fig. 7C, iii, iv, and vi) were iden-
tified. Similar transcripts are commonly found in EST
databases for individual Pcdh variable exons, suggesting
that nonspliced transcripts are most likely common to

all Pcdh-� members (Wu and Maniatis 1999). Further-
more, from a 5�RACE analysis using primers in the con-
stant exons, we identified a number of alternatively
spliced transcripts between the last variable exon C5 and
the constant exons (Fig. 7D, I–VI). Northern blot analysis
using the intronic probe confirmed that the intron-con-
taining transcripts are present in the mouse brain (Fig.
7E, right). To exclude the possibility that these alterna-
tively spliced transcripts originated from a larger inter-
mediate RNA, we identified representative cDNA clones
by screening duplicate filters of a mouse hypothalamic
cDNA library with both intronic and constant exon 3
probes. Sequence analysis of double-positive cDNA
clones confirmed that the constant exons of these tran-
scripts were spliced and terminated at an authentic poly
A site. The existence of both nonspliced variable exon
transcripts and alternatively spliced C5-constant exon
transcripts is consistent with the hypothesis that trans-
splicing occurs at the Pcdh locus.
To test whether trans-splicing can occur between

these candidate Pcdh-� intermediate RNAs, we coex-
pressed the nonspliced variable exon B6 and the C5�C I
transcript in COS cells. RT-PCR analysis detected the
spliced B6�C transcript (Fig. 7F, lanes 4,5). Although this
result was positive, this is not conclusive because trans-
splicing can occur between separate transcripts harbor-
ing 5� and 3� splicing sites in this type of in vitro assay
(Bruzik and Maniatis 1995; Chiara and Reed 1995).

Interallelic trans-splicing is infrequent

In search of in vivo evidence for trans-splicing of Pcdh-�,
we utilized allelic differences in both variable and con-
stant exons. As shown in Figure 8, in a 129S allele, the
SspI RFLP marks the B6 variable exon and the constant
exon 3 is tagged with GFP by gene targeting (Fig. 1). Mice
with the 129S Pcdh-�-GFP reporter allele were crossed to
CBA/Jmice to generate heterozygous mice carrying both
the reporter allele and the CBA/J-B6 variant. Both
Pcdh-� alleles are actively transcribed in mouse brain, as
shown by Northern blot analysis (Fig. 8B) and in single
cells as shown by in situ hybridization using allele-spe-
cific probes (Fig. 8C). Consequently, intermediate tran-
scripts encoded from each allele coexist in a single cell,
allowing us to test whether trans-splicing between in-
termediates from different alleles can occur (Fig. 8D).
From brain RNA, we amplified spliced B6�C cDNAs by
RT-PCR, using a common primer in the B6 exon and an
allele-specific primer in the constant region. For each
type of spliced B6�C cDNA identified, RFLP analysis
revealed that the vast majority originated from the same
allele (Fig. 8D). To quantify this result, we subcloned the
PCR products by TA cloning. Clonal PCR and SspI di-
gestion followed by sequence analysis identified just two
interallelic transcripts out of 392 inserts. Thus, interal-
lelic trans-splicing does not occur frequently.

Low level of Pcdh-�/� chimeric transcripts

In addition to the Pcdh-� transcripts containing a � vari-
able exon and � constant exons, we identified chimeric

Figure 4. Individual variable exon transcripts share no com-
mon 5�UTR sequence. (A) The single promoter and cis-alterna-
tive splicing model (Wu and Maniatis 1999). (B) 5�RACE analy-
sis on two Pcdh-� variable exon transcripts identified multiple
transcription start sites immediately upstream of translation
start ATG codon. These transcripts have a different 5� UTR
sequence.
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transcripts containing Pcdh-� variable exons (B2 or A12)
and Pcdh-� constant exons from the 3�RACE analysis
(Fig. 7C). The Pcdh-�, Pcdh-�, and Pcdh-� gene clusters
are located on the same chromosome and are transcribed
in the same direction (Fig. 9A). These transcripts can be
explained by two possible mechanisms: intermolecular
trans-splicing and intramolecular exon scrambling (Ni-
gro et al. 1991). We confirmed the existence of these
products by RT-PCR on mouse brain RNA and demon-
strated the existence of trans-splicing products between
Pcdh-� variable exons and Pcdh-� constant exons for all
the members we tested (Fig. 9B). Furthermore, we iden-
tified transcripts containing a Pcdh-� variable exon and
Pcdh-� constant exons (Fig. 9C).
To assess the relative abundance of these transcripts,

we screened both unamplified and amplified mouse hy-
pothalamic cDNA libraries. From two million recombi-

nants, we obtained over 500 positive clones with a
Pcdh-� 3�UTR probe and over 100 positive clones with a
Pcdh-� 3�UTR probe. Screening duplicate filters with
probes to � variable exons (�4, �6, �7, and �10) and �
constant exons identified only one double-positive
clone. Thus, the �/� chimeric transcripts are expressed
at a much lower level (0.2%) compared to the regular
Pcdh transcripts. Sequence analysis confirmed that all
chimeric transcripts have an in-frame fusion, for in-
stance, between the Pcdh-�4 exon and Pcdh-� constant
exons, or between the Pcdh-� B2 exon and Pcdh-� con-
stant exons (Fig. 9D). Overexpression of the �4�C cDNA
in COS cells gave rise to a protein of the expected size
(Fig. 9E). To determine whether the �/� chimeric tran-
scripts originated from the different alleles or the same
allele, we performed an interallelic trans-splicing assay
using an �10 variable exon SNP between 129S and

Figure 5. Individual Pcdh-� variable exons have their own promoters. (A) Identification of SNPs and RFLPs in variable exon B6
between 129S and CBA/J mouse strains. The relevant sequences from different mouse strains are shown as well as SspI RFLP analysis
of genomic DNA from different mouse strains. (B) Targeting of a B6 transgene from the CBA/J strain into the Pcdh-� locus in mouse
ES cells (129S strain). The CBA/J B6 transgene consists of 2.5-kb 5� flanking sequence, the coding exon and 2.1 kb of intronic sequence.
This transgene is transcribed in the same orientation as the endogenous Pcdh-� gene cluster. cDNA RFLP analysis revealed that the
CBA/J-B6 exon was expressed at a level similar to the endogenous 129S-B6 exon (lanes 1,3). Wild-type ES cells serve as a control (lane
5). The RT (minus) control excludes the possibility of genomic DNA contamination.
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C57BL6 strains (Fig. 9F). Sequence analysis confirmed
that �10�C transcripts predominantly originated from
the same allele.
Chimeric transcripts between different Pcdh gene

clusters occurred at a frequency similar to those gener-
ated by interallelic trans-splicing, favoring the interpre-
tation that these transcripts are generated through trans-
splicing rather than exon scrambling. However, analysis
of the chimeric �10�C transcripts suggested that trans-
splicing must have occurred from intermediates from
the same chromosome, presumably through a transcrip-
tion-coupled mechanism if these transcripts were indeed
generated by trans-splicing.
To test the idea of trans-splicing on the same chromo-

some within the same gene cluster, we again used the
CBA/J B6 transgene-targeted ES cells. The transgene

mimics the configuration of � variable exons spliced to �
constant exons. Although the CBA/J-B6 exon was ex-
pressed at a similar level to the endogenous B6 exon
mRNA in the targeted ES cells (Fig. 5B), most of the
spliced B6�C transcripts were still generated from the
endogenous 129S-B6 exon (Fig. 9G). RFLP and sequence
analyses of spliced B6�C cDNAs showed that only 0.4%
were generated by trans-splicing from the CBA/J B6
exon. Since the targeted CBA/J-B6 transgene was ac-
tively transcribed, it should contribute 50% of the spliced
mRNA species from the same allele. This result does not
support the idea that trans-splicing is a major mechanism
in generating spliced Pcdh-� mRNA. However, this assay
could not rule out the possibility that trans-splicing occurs
in a highly transcription-coupled fashion and can only pro-
ceed efficiently in its native configuration.

Figure 6. A conserved DNA motif is required for the transcription of each variable exon. (A) Targeting of a mutant CBA/J B6
transgene. This mutant transgene includes a deletion of the 20-bp DNA motif present upstream of each variable exon. The mutant
transgene was targeted to the same location as the wild-type (WT) transgene (Fig. 5A). (B) Both the WT transgene- and mutant
transgene-targeted ES clones were differentiated into neurons in vitro. RT-PCR and RFLP analysis showed a significant decrease of the
CBA/J B6 exon encoded by the mutant transgene. (C,D) Analysis of the relative ratio of the expressed CBA/J-B6 and 129S-B6 transcripts
in the differentiated neurons (C) and undifferentiated ES cells (D).
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Cis-splicing of Pcdh-� in the absence of possible
promoter(s) for the constant region

The interallelic trans-splicing and CBA/J B6 transgene
assays suggested that trans-splicing is rare, but did not
completely rule out this possibility. Therefore, we de-
signed another allele to disprove the trans-splicing
model. An essential component of the trans-splicing hy-
pothesis is that a putative promoter somewhere up-
stream of the constant region drives the expression of
constant exon-containing intermediate transcripts (Fig.
7A). These intermediates are essential for the trans-
splicing to occur. The likely locations of the promoter
include the region upstream of the constant exon 1, and
the promoter for the last variable exon. Highly conserved
DNA sequences between mouse and human exist a few
hundred basepairs upstream of constant exon 1 of Pcdh-�
and Pcdh-� (Wu et al. 2001), suggesting the possibility
that these sequences may function as a transcription
regulatory element. From 5�RACE analysis, we observed
that some constant exon-containing cDNAs initiated

downstream of the conserved sequences (Fig. 7D, IV).
However, we do not know whether these cDNAs were
derived from incomplete cDNA synthesis of a larger
RNA species. Other cDNAs identified from 5�RACE
contained the conserved DNA sequences or extended
further 5� to the C5 variable exon (Fig. 7D, I–III). This led
to the speculation that the promoter for the C5 variable
exon may serve as a promoter to generate constant exon-
containing intermediates.
We constructed a targeting vector that was designed to

generate a 5-kb deletion, which removed both the con-
served DNA sequence and the whole C5 gene including
the promoter (Fig. 10A). This modification was generated
in the ES cells in which one allele of the Pcdh-� gene
cluster had been deleted. We were able to directly mea-
sure the effect of this mutation on the splicing
of Pcdh-� mRNAs. In the feeder-free C5-deleted ES
cells, the C5�C cDNA was absent as expected (Fig. 10B,
C5 panel, lane 1). However, other individual variable ex-
ons were still spliced to constant exons (Fig. 10B), sug-
gesting that the expression of constant exon containing

Figure 7. The diversity of Pcdh-� tran-
scripts. (A) Multiple promoters and trans-
splicing model (Wu andManiatis 1999). (B)
Northern blot analysis shows that a vari-
ety of Pcdh-� transcripts are present at dif-
ferent stages of mouse brain development.
(C) 3�RACE analysis of Pcdh-� B2 and A12
transcripts identified both spliced (i, ii, v,
and vii) and nonspliced transcripts (iii, iv,
and vi). B2-ii and A12-vii are 3�RACE prod-
ucts generated by annealing of an oligo-dT
primer in the A-rich region of constant
exon 3. The # indicates a background band
resulting from single oligo-dT primer am-
plification. The * indicates PCR frag-
ments containing the chimeric transcripts
B2�C or A12�C described in Fig. 9. (D)
5�RACE analysis identified a variety of
constant exon-containing transcripts. The
schematic drawing illustrates the genomic
region containing the Pcdh� C5 variable
exon and three constant exons (not to
scale) and alternatively spliced C5�C tran-
scripts (I–VI). The primers used in the
5�RACE are depicted as arrows. (E) North-
ern blot analysis shows that the intron-
containing Pcdh-� transcripts are present
in newborn mouse brain (intronic probe,
right panel). (F) In vitro trans-splicing of
the Pcdh-� B6 variable exon with a C5�C
intermediate. COS-7 cells were trans-
fected with combinations of the indicated
expression vectors. RT-PCR analysis of
the RNA from transfected cells shows
B6�C trans-spliced transcripts (lanes 4,5)
between B6 and C5�C I. Note that trans-
splicing did not occur in the cells coex-
pressing the B6 gene and the C5�C VI
cDNA (lane 3).
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intermediates is not necessary for the generation of
spliced Pcdh-� mRNAs. One possible argument against
this interpretation is that the upstream C4 promoter
might substitute for the function of the original pro-
oter(s) for the constant region in the C5-deleted cells.
However, this did not appear to be the case. Although
the C4 expression was significantly decreased in the C5-
deleted clones prior to Cre excision of the PGK-Neo cas-
sette (possibly due to the transcription of Neo cassette in
the opposite orientation), other distal variable exons
were still efficiently spliced to the constant exons (data
not shown). These results provided strong evidence
against trans-splicing as a major mechanism for generat-
ing spliced mRNAs. Therefore, functional Pcdh-�
mRNA is most likely generated through cis- alternative
splicing in vivo.

Discussion

A model for cell-specific expression of individual
Pcdh-� genes

A combination of molecular and genetic analyses led us
to conclude that each Pcdh-� variable exon is under
the control of its own promoter. Trans-splicing be-
ween variable exon-containing and constant exon-
containing intermediates exists, but only occurs at a
very low frequency compared to cis-splicing events.
Therefore, the major mechanism for the generation of
functional transcripts is through cis-alternative splic-
ng. In this model (Fig. 11), cell-specific expression
of protocadherins is determined by a combination of
differential promoter activation and cis-alternative
splicing.

Figure 8. In vivo assessment of trans-
splicing between different Pcdh-� alleles.
(A) Allelic differences in both variable and
constant exons. An SspI RFLP detected the
allelic difference in the variable B6 exon.
The second allelic difference in the con-
stant region was introduced by tagging
constant exon 3 with a GFP cDNA in the
129S allele. (B) Northern blot analysis us-
ing allele-specific probes shows that both
Pcdh-� alleles are active in transcription
(comparing the hybridization signals be-
tween heterozygous and homozygous
mice). (C) Both Pcdh-� alleles are actively
transcribed in single neurons. Shown is
double-fluorescence-labelled in situ hy-
bridization of frozen sections of adult
mouse brain (Pcdh-�+/GFP), using allele-
specific probes. (D) Trans-splicing be-
tween different alleles is not abundant.
Two heterozygous mice were analyzed (1
and 2), each carrying both the targeted al-
lele and CBA/J allele. RFLP analysis of two
types of B6�C cDNAs demonstrated that
the spliced B6�C transcripts predomi-
nantly originated from the same allele.
B6�C-GFP cDNA was from the 129S al-
lele; and B6�C cDNA was from the CBA/J
allele. Interallelic B6�C transcripts were
not abundant.
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Alternative splicing, a mechanism generating
molecular diversity in the nervous system

It is a general notion that the large neuronal diversity
and staggering complexity of neuronal processes and
connections in the nervous system require significant
diversity of cell surface molecules to specify a neuronal
type and its connectivity. The understanding of molecu-
lar diversity and the mechanisms generating it may pro-
vide a guideline to unveil sophisticated neural networks.
The discovery of Drosophila DSCAM, an axon guidance
molecule, is a remarkable demonstration of the enor-
mous number of distinct mRNAs and proteins that can
be generated by alternative splicing (Schmucker et al.
2000). In this case, alternative splicing could potentially
produce a total of 38,016 different DSCAM proteins if all

combinations of these exons were used. Protocadherin
gene clusters (Pcdh) represent another example of a ge-
nomic structure that could generate significant diversity
in the nervous system. Of the possible mechanisms, our
present analysis demonstrated that cis-alternative splic-
ing is the one utilized to generate functional Pcdh
mRNAs. The number of protocadherins that can be gen-
erated from the Pcdh gene cluster is greatly reduced
compared to the Drosophila DSCAM gene. However,
from earlier studies of Pcdh-� (CNR) (Kohmura et al.
1998) and our study of Pcdh-� gene products, it is clear
that single neurons express an overlapping but distinct
subset of Pcdh molecules. This raises the possibility that
a significant number of combinatorial protocadherin
codes could impart connection specificity. It appears
that alternative splicing is widely used to generate large
mRNA and protein diversity in the nervous system.
However, it remains a challenge to explain what might
control DSCAM or Pcdh splicing, since the mechanisms
of regulating alternative splicing are poorly understood.

DNA recombination in the nervous system?

Of all the proposed mechanisms for generating protocad-
herin diversity, the most intriguing one is somatic DNA
recombination. The possible involvement of DNA re-
combination for neural development came from the ob-
servation that mice lacking functional XRCC4 and LigIV
genes, which are required for double-stranded DNA
break repair, die during embryogenesis, largely due to
massive apoptosis of postmitotic neurons (Gao et al.
1998; Chun and Schatz 1999). The resemblance of the
Pcdh gene clusters to the Ig and TCR genes made this
possibility very intriguing (Wu andManiatis 1999). How-
ever, it was clear at the outset that RAG1/2 recognition
sequences are not present in the Pcdh locus (Wu and

Figure 11. Cell-specific expression of a subset of Pcdh genes:
Differential promoter activation and cis-alternative splicing. In
this model, individual cells express a distinct subset of pro-
tocadherins. The expression of the specific combination of pro-
tocadherins is achieved by differential promoter activation, fol-
lowed by cis-alternative splicing.

Figure 10. Cis-splicing in the absence of upstream sequence from constant exon 1. (A) Deletion of C5 and conserved upstream DNA
sequences from constant exon 1. A 5-kb sequence containing the entire C5 gene and the conserved DNA sequences upstream of
constant exon 1 was deleted by gene targeting in ES cells carrying only one Pcdh-� allele. (B) RT-PCR analysis showed that individual
variable exons (C3, C4, B2, B6, and A12) were efficiently spliced to � constant exons in the absence of the 5-kb upstream sequence from
constant exon 1.

Molecular mechanisms generating protocadherins
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Maniatis 1999). Our analysis revealed that the Pcdh lo-
cus is different from the immunoglobulin locus in many
ways. Both Pcdh-� alleles are active in a single cell,
clearly different from allelic exclusion in the immune
system. A single allele can encode multiple forms of
Pcdh genes. Somatic recombination has not been de-
tected. Moreover, mice deficient for the entire Pcdh-�
locus exhibit relatively late and regional onset of neuro-
nal cell death and degeneration (X. Wang, J.A. Weiner, S.
Levi, A. Craig, A. Bradley, and J.R. Sanes, in prep.),
clearly different from early extensive postmitotic neuro-
nal death observed in mice deficient in XRCC4 and Li-
gIV genes. In summary, we did not obtain any evidence
suggesting that DNA recombination occurs at the Pcdh
locus.

The significance of trans-splicing
and Pcdh-chimeric transcripts

Trans-splicing, a process of joining two RNA precursors
(Konarska et al. 1985; Solnick 1985; Agabian 1990), is
used to generate mRNA and protein diversity in many
organisms, including trypanosoma, nematodes, plants,
and fruit flies (Bonen 1993; Dorn et al. 2001). In mam-
malian cells, trans-splicing has been described mostly as
a way to duplicate exons, and often occurs at a low fre-
quency (Chapdelaine and Bonen 1991; Eul et al. 1995;
Akopian et al. 1999; Frantz et al. 1999; Chatterjee and
Fisher 2000; Takahara et al. 2000). Our present findings
show that trans-splicing between two distinct Pcdh gene
clusters does generate a novel set of chimeric transcripts
but at a low frequency. The functional significance if any
of this low level of trans-spliced protocadherins remains
to be determined. Nevertheless, it is worth mentioning
that a trans-spliced protocadherin shares the same ho-
mophilic cadherin-like domain as its cis-spliced counter-
part, but the cytoplasmic domains encoded by Pcdh-�
and Pcdh-� constant exons respectively are distinct in
their sequences and mostly likely in their functions. For
example, the cytoplasmic domain of Pcdh-� (CNR) has
been shown to bind to Fyn tryosine kinase, but Pcdh-�’s
does not (Kohmura et al. 1998). Therefore, homophilic
interactions between cis-and trans-spliced protocadher-
ins may provide a basis for asymmetric signaling at pre-
synaptic and postsynaptic terminals of synapses (Sudhof
2001). Alternatively, such molecules may provide a
crosslink between two distinct intracellular signaling
pathways.

The unresolved questions

In this study, we obtained evidence that is most consis-
tent with a model of multiple promoters and cis-alterna-
tive splicing for achieving cell-specific Pcdh gene expres-
sion. Several issues remain to be resolved. At the tran-
scriptional level, how does each cell selectively express
one particular subset of Pcdh genes? Two possible non-
exclusive mechanisms might be involved. First, the con-
text of the proximal promoter for each variable exon may

determine the transcription activity in a cell-specific
manner. Second, a distal enhancer (e.g., locus control
region, LCR) may contribute to the specific expression of
individual variable exons. A rational step to advance our
understanding of the transcriptional regulation of Pcdh
gene expression is to identify transcription factors that
bind to the common DNA motif upstream of each vari-
able exon. The identification of such factors and cell-
specific proteins that interact with the factors may even-
tually shed light on our understanding of how the cell-
specific Pcdh expression pattern is achieved. At the
posttranscriptional level, the mechanism of alternative
splicing that enables individual transcripts to be unre-
sponsive to downstream splicing sites and efficiently as-
semble functional Pcdh mRNAs remains unknown.

Materials and methods

Gene targeting

To target the Pcdh-� constant exon 3, we constructed a target-
ing vector. The 5� homology arm is a NotI/SalI-digested 6.4-kb
fragment (corresponding to genomic sequence between con-
stant exons 2 and 3 including part of constant exon 3) generated
by long-range PCR with two primers (3774, 5�-CTTATGCGGC
CGCAGAGTGATCACGTGATCCACTGAG-3�; 3775, 5�-CAT
ATGTCGACATCGAGCGCTCAGACCCATGGTGC-3�). An
IRES-GFPLacZ fusion gene reporter and floxed PGK-neo posi-
tive selection marker was placed downstream of the 5� homol-
ogy arm. The 3� homology arm is a NheI/EcoRI-digested 1.6-kb
PCR fragment amplified using two primers (3776: 5�-ACTAT
GCTAGCCTTGAACCACAAGGCAGC-3�; 3777, 5�-CGATGA
ATTCAGGAGCTACGTGACTATGC-3�). Downstream of the
3� arm is a PolII TK negative selection marker. We identified
two targeting events by long-range PCR using the primer pairs:
3769 (5�-CGATGAATTCAGGAGCTACGTGACTATGC-3�)
and 3984 (5�-CGAGATCAGCAGCCTCTGTTCCACATACA
C-3�) to detect recombination on the 3� side, and the primer
pairs 3755 (5�-GATACAGAGATGCTGCAAGCCATGATCT
TGGCCTCT-3�) and 3744 (5�-GTTTACGTCGCCGTCCAGCT
CGAC-3�) to detect 5� recombination.
To target the CBA/J-B6 transgene to the 3� end of the Pcdh-�

constant region, we constructed an insertion targeting vector.
The homology region is aHindIII/SfiI-digested 5-kb fragment gen-
erated by PCR with the primer pairs (5466, 5�-CGACCCCTC
CCTGTACTGACTTCTCTA-3�; 5472, 5�-GCATTGGCCATCA
TGGCCAGGATCTCATAGCTGAGG-3�). This contains the last
138 bp of Pcdh-� constant exon 3 and the downstream genomic
sequences. Downstream of the homology region is a 6.3-kb frag-
ment containing the CBA/J-B6 genomic sequences amplified with
PCR primer pair 5473 (5�-GCATTGGCCATGATGGCCTTTA
ACTCCAGCACTCA-3�) and 5475 (5�-CTCTAGGCGCGCCAC
TATAATATTTCAGCAAATGC-3�). A PGK-Neo selection cas-
sette was placed in the opposite orientation to the transgene. The
vector was linearized byAsp718/MfeI double digestion to generate
the gap (also used as a probe to detect the targeted insertion).
The targeted clones were identified by PCR with primer set 1
(GAP primer, 5�-GTTTAGCCAGAAGCCATGCAATTGTGGC
T-3�; and vector primer, 5�-CCTGAGTGCTGGAGTTAAAGGC
CATCAT-3�) and primer set 2 (5466, 5�-CGACCCCTCCCTGTA
CTGACTTCTCTA-3�; and 3984, 5�-CGAGATCAGCAGCCTC
TGTTCCACATACAC-3�). The PCR positive clones were con-
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firmed by Southern blot analysis with the gap probe (Asp718/
MfeI fragment). The deletion of the conservedmotif in the CBA/
J-B6 transgene was carried out using overlapping PCR.
To delete the upstream sequences of constant exon 1, we

constructed a targeting vector that contained an Asp817/Nhe
I-digested 3.9-kb genomic fragment generated by PCR with the
primers (5616, 5�-CGGTAGGTACCAGTCTCAGATAGCCA
C-3�; and 5617, 5�-GCGTTGCTAGCCACAATGGCCTCTAG
GTT-3�), a floxed PGK-Neo selection marker, and a BamHI/
NotI-digested 3.1-kb fragment amplified by PCR with the prim-
ers (5619, 5�-CGTTATGCGGCCGCCTTGAACTTCACCCT
GGTT-3�; and 5221, 5�-CCTGTCAGATCACCATCCCATAT
CGTCACGT-3�), followed by an HSV-TK negative selection
marker. The targeting events were identified by long-range
PCR. Transient expression of Cre in ES cells removed the PGK-
Neo cassette. The Pcdh-�-GFP allele and Pcdh-� deletion allele
were generated as described elsewhere (X. Wang, J.A. Weiner, S.
Levi, A. Craig, A. Bradley, and J.R. Sanes, in prep.). Gene tar-
geting, blastocyst injection, and chimeric mouse production
were carried out as described (Ramirez-Solis et al. 1993). The
targeted allele was generated in AB2.2 129S7 ES cells, and the
germline-transmitted allele has been maintained in a C57BL6J/
129S7 hybrid background. In vitro neuronal differentiation of ES
cells was carried out as described (Bain et al. 1995; Gajovic et al.
1997).

Histology

For LacZ staining, anesthetized mice were perfused with ice-
cold 4% paraformaldehyde in phosphate-buffered solution. Vi-
bratome- or cryostat-cut brain sections were collected and
stained with X-gal overnight at room temperature to visualize
the �-galactosidase activity. For immunofluorescent staining,
frozen sections were stained using rabbit anti-GFP (Molecular
Probes) and mouse anti-SV2 (Developmental Studies Hybrid-
oma Bank). For in situ hybridization, allelic specific riboprobes
were synthesized using T3/T7 RNA polymerase (Invitrogen) la-
beled with digoxigenin or fluorescein, and hybridized to frozen
sections. Both riboprobes were hybridized together and detected
sequentially using the TSA Plus system (Perkin-Elmer Life Sci-
ences).

RNA isolation

Total RNAs from mouse tissues or cultured cells were prepared
with an RNAgents Total RNA Isolation System (Promega). To
eliminate DNA contamination, some RNA samples were
treated with RNase-free DNase (Roche) followed by second pu-
rification using the QIAGEN RNeasy Mini Kit.

Cell transfection and RNA, DNA, and protein analysis

COS-7 cells were purchased from ATCC. The DEAE-Dextran
transfection, Northern blot, Southern blot, and Western blot
analyses were performed as described (Wang et al. 1998).

3�, 5� RACE and RT-PCR analyses

3� RACE analysis of Pcdh� RNAs was performed essentially
according to the Clontech SMART RACE cDNA Amplification
protocol. Three µg of total RNA was primed with oligo-dT in
cDNA synthesis. The oligo dT primer (5�-ATTCTAGAGGC
CTGATCGGCCGACATGT30VN-3�), B2-specific primers (1S,
5�-CTACCAGAAGATTCTCCACTAGGAACAGTCAT-3�; 3S,
5�-AGGCGATACCGGAATACAACGTCACCAT-3�; 5S, 5�-GT
ATTGCCTCACAGTCAGCTAAGACAGAGT-3�), and A12-

specific primers (1S, 5�-CATACTGGGCCTACATCCCAGA
GAATAAC-3�; 3S, 5�-CACCTCCGAAACTTCAGGGCTCAC
T-3�; 5S, 5�-GGGTGATTCGGTTTTTTCTAAAGACAATCAT
GC-5�) were used in three rounds of 3�RACE PCR amplification.
The 5� RACE analysis was carried out according to GIBCO

BRL’s 5�RACE protocol with modifications. The modification
included the tailing of cDNA with dATP (750 nM) and the sub-
sequent PCR amplification of the tailed cDNA with the same
oligo-dT primer used in the 3�RACE analysis. In the 5�RACE
reaction, 3 µg of total RNA was used for cDNA synthesis with
a gene-specific primer (�C2AS, 5�-CAAGTAAGGACGAGCTG
GACT-3�). Primers used in three rounds of PCR amplifications
were: �C4AS (5�-TCCGTATCGAGCGCTCAGACCCATGGT-
3�), �C6AS (5�-GAGATGCTGCAAGCCATGATCTTGGCCT
C-3�), and �C8AS (5�-GGCCAGGTGCCAGTTTCATCACCA
TT-3�). To identify transcription start sites for A12 and B2 vari-
able exons, the following primers were used in the 5� RACE
analysis. A12 5�RACE 2AS (5�-GAGCTGGTAGCTCTGAAGC
GAGT-3�), 4AS (5�-GAAGTAGGGAGCGTTGTCGTTAATG
TC-3�) and 6AS (5�-CAGCTCCTCGGGAACCGAATAGC-3�);
B2 5�RACE 2AS (5�-CTGGTCTGGTGGACTCTCCAATG-3�),
4AS (5�-GTCGTTCACATCCTGAAGAATTACAGC-3�), and
6AS (5�-GCGAGGTTTCCTACTATCGAGTTCTTG-3�).
In the RT-PCR analysis, 2 µg of total RNA was used in cDNA

synthesis with oligo-dT or a gene-specific primer. To detect the
RFLP in the B6 exon, B6.1S (5�-GTTAGTGCTGCAAGTGAC
AGCTTC-3�) and B6.2AS (5�-CACTAACTTGTAATAATTCT
TGGAGGTGG-3�) were used to amplify the B6 sequence from
either genomic DNA or cDNA. To detect the B6�C transcripts
shown in Figure 7F, cDNAs were synthesized with the primer
(pcDNA.6AS, 5�-GCGAGCTCTAGCATTTAGGTGACAC-3�)
and amplified with primer pairs (B6.3S, 5�-GCTCCTCAATTC
GAGAAGAAAGAAACG-3�; and �C8AS, see above). To detect
B6�C-GFP transcripts (Fig. 8D), cDNA was synthesized with
GFP.2AS (5�-GGTGCGCTCCTGGACGTAG-3�) and amplified
with B6.3S and GFP.4AS (5�-GTTTACGTCGCCGTCCAGCT
CGAC-3�). For B6�CWt transcripts, cDNAs were synthesized
with the primer 5232.AS (5�-GCCCTGGCTCCTACCAGTAT
CCT-3�) and amplified with B6.3S and 5227.AS (5�-GGTACA
AGTAAGGACGAGCTGGACTGGCTG-3�). To detect �10�C-
IRESLacZ transcripts (Fig. 9F), cDNA was synthesized with the
primer (IRES.2AS, 5�-CCTAGGAATGCTCGTCAAGAAGAC
AG-3�) and amplified with 5541 (5�-CTGGTGCCTGCTGCT
CTCACTTTTG-3�) and IRES.4AS (5�-CAAGCGGCTTCGGC
CAGTAACGTTAG-3�). To detect �10�C transcripts, cDNA
was synthesized with the primer (C.2AS, 5�-GTGGTTCAAG
GCCTGGCCTCCAT-3�) and amplified with 5541 and C.4AS
(5�-GAGCCTTGCCATCTCGTTTGCCAGC-3�). To detect B6�C
transcripts (Fig. 9G), cDNAs were synthesized and amplified
with the primers (5232.AS, B6.3S and �C8AS, see above). To
detect trans-splicing products between Pcdh-� and Pcdh-� from
mouse brain RNAs, the cDNAs were synthesized with 5232.AS
(see above) or 5457.�AS (5�-GTTAGAGGATGGCCATCAT-3�).
The following primer pairs were used in RT-PCR to identify the
trans-splicing products: A11.1S (5�-TGGTACTGCTGGCTCT
CAAGCTTAG-3�) and �C8AS (5�-GAATGCCAGCCTCCTC
CAGGTG-3�), A12.5S (5�-GGGTGATTCGGTTTTTTCTAAA
GACAATCATGC-3�) and �C8AS, B2.5S (5�-GTATTGCCTCA
CAGTCAGCTAAGACAGAGT-3�) and �C8AS, B6.5360 (5�-CA
CCTTTGCCTTCTTCTCAAGAGATCGT-3�) and �C8AS, C4.7S
(5�-CCTACTCGGAGTGATAGCTTCATGATG-3�) and �C6AS
(5�-TCTGGTGTTGCACTGGATACTGTTGG-3�), �4.1S (5�-CA
CTGTCCCCAGTGAGAGCGTGT-3�) and �C8AS, �6.1S (5�-CG
GTGCTCAGTTCCACCTACAGAG-3�), and �C8AS, �7.1S (5�-G
CCAAACACAGAAGGTCTCATCTAAGGT-3�) and �C8AS. To
detect the multiple forms of Pcdh-� described in Figures 3 and 10,
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A11.1S, A12.3S, A12.5S, B2.5S, B6.5360, C4.7S, �C8AS (see
above), C3.1S (5�-AGGCAGATTCTCACAGTCTTGATCTC
AGA-3�), C4.1S (5�-GTTATGCAGGGGAAGTACGGACTG
CT-3�), C5.1S (5�-CTCTGTACTGTGGCTGCCTCTGATC-3�),
and B2.5177 (5�-AGGCGATACCGGAATACAACGTCACCAT-
3�) were used in RT-PCR. Single-cell RT-PCR analysis was carried
out according to the instruction manual (Cell-to-cDNA, Ambion)
using the primer GFP.2AS for RT. A12.3S, A11.1S, B2.1S, 5437
(5�-CAGAGATGCTGCAAGCCATGATCTTG-3�), and GFP.4AS
were used for the first-round PCR, and A12.5S, A11.3S, B2.5177,
and �C8AS were used for the nested PCR.

cDNA, genomic DNA cloning, and expression
vector construction

To identify mouse Pcdh-� cDNAs, we screened a mouse hypo-
thalamic/thalamic cDNA ZAPII phage library with a variety of
probes. The PCR-amplified cDNA or genomic DNA fragments
were cloned using the TOPO TA cloning kit (Invitrogen). The
identities of all RACE and RT-PCR products in the studies were
confirmed by sequence analysis. The expression vectors for a
variety of Pcdh cDNAs were constructed by cloning restriction
enzyme-digested or PCR-amplified DNA fragments into either
pcDNA3 or pcDNA3.1 V5/His TOPO TA vector (Invitrogen).

GenBank sequence submission

All sequences reported here have been submitted to GenBank;
the accession nos. are AF464151–AF464181.
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