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Models for the recent evolution of protocadherin gene clusters
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ABSTRACT: The clustered protocadherins (Pcdhs) are single-pass transmembrane proteins that constitute a
subfamily within the cadherin superfamily. In mammals, they are arranged in three consecutive clusters named
α, β, and γ. These proteins are expressed in the nervous system and are targeted to mature synapses. Interestingly, different neurons express different subsets of isoforms; however, little is known about the functions and
expression of the clustered Pcdhs.
Previous phylogenetic analyses that compared rodent and human clusters postulated the recent occurrence of
gene duplication events. Using standard phylogenetic methods, I confirmed the prior observations, and I
show that duplications are likely to occur through unequal crossing-over events between two, and sometimes
three, different Pcdh genes. The results are consistent with the fact that these genes undergo gene conversion.
Recombination events between different clustered Pcdh genes appear to underlie concerted evolution through
gene conversion and gene duplications through unequal crossing-over. In this work, I provided evidence that
the unit of duplication of these genes in both the mouse and the human and within each cluster is the same.
The unit of duplication includes the extracellular domain-coding sequence of an isoform and its promoter
along with the cytoplasmic domain-coding region of the immediately upstream isoform in the cluster.

Introduction
Cadherins are a superfamily of cell adhesion molecules that can be divided into various families, one of
which is the protocadherin (Pcdh) family. Some of the
Pcdh genes are grouped in three clusters named α, β,
and γ (Wu and Maniatis, 1999). The human (Homo sapiens) and the mouse (Mus musculus) genomes have
one of each type (Wu et al., 2001). The α and γ clusters
consist of a variable region, where unusually large ex-
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ons (VRE) with the same orientation are arranged in
tandem and followed by a constant region of three additional exons. These last exons encode an invariable Cterminal cytoplasmic region. Each VRE encodes a signal peptide, six cadherin ectodomains (ECs), a
transmembrane segment, and the remaining region of
the cytoplasmic domain. Every VRE has its own promoter, and the mature mRNA is synthesized via cissplicing (Tasic et al., 2002; Wang et al., 2002; Fig. 1).
The β clusters are similarly organized except that they
lack the three common exons. Thus, every β VRE is
equivalent to a gene.
The gene order of the mouse and the human α and
γ clusters is conserved (Wu et al., 2001; Wu, 2005).
Three groups of Pcdhs can be defined within the γ clusters on the basis of sequence similarity: γa, γb, and γc
(Wu and Maniatis, 1999). The functional implications
of the divisions are not well understood. In the mouse
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FIGURE 1. Schematic organization of a
generic Pcdh cluster. VRE, variable region exon; Pcdh, protocadherin; EC,
cadherin ectodomain; DCR, divergent cytoplasmic region.

and the human, the γc VREs lie immediately upstream
of the three common exons of the cluster and are extremely similar to the two VREs immediately upstream
of the α cluster three common exons (Wu et al., 2001).
Interestingly, in the γa and γb groups, proximal VREs
usually have very similar sequences; however, the evolutionary relationships, which are well supported, do not
seem to be the result of recent duplications.
The human β cluster contains 16 genes (PCDHB1
to PCDHB16), whereas the mouse β cluster has 22
(Pcdhb1 to Pcdhb22) (Wu et al., 2001; Vanhalst et al.,
2001). The difference in the number of genes is due to
numerous duplication events following the co-divergence of the lineages, combined with the loss of some
genes in humans (Vanhalst et al., 2001), but the duplication mechanisms are still unknown. Phylogenetic
analyses have shown that the N-terminal ectodomain of
some β Pcdhs in humans are very similar (Noonan et
al., 2004; Miki et al., 2005). For example, PCDHB8
and PCDHB13 have very similar third ECs. Thus, it
appears that their genes emerged from a recent duplication event.

Genes in the Pcdh clusters undergo gene conversion (Noonan et al., 2004), but homogenization of the
genetic information is restricted only to specific regions.
Generally, most of the cytoplasmic domains and the sixth
EC (EC6) sequences are very similar among the Pcdhs
in each cluster. Consequently, much of the phylogenetic
information is found in the N-terminal ECs. This variability in the ECs may provide specificity in cell-cell
adhesion and recognition, probably through homophilic
interactions.
The clustered Pcdhs are highly expressed in the
nervous system and are targeted to mature synapses and
intracellular compartments (Phillips et al., 2003). The
complete deletion of the γ Pcdh cluster in mice does not
impair neurogenesis, but the cluster is required for the
survival of some neuronal populations such as spinal
interneurons (Wang et al., 2002). Interestingly, the different Pcdh isoforms are expressed in a punctate pattern throughout the brain (Komura et al., 1998; Frank
et al., 2005). The γa and γb Pcdhs are expressed in a
monoallelic and combinatorial fashion, while the expression of the γc Pcdhs is biallelic (Kaneko et al., 2006).
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FIGURE 2. Models that explain the
evolution of the Pcdh gene clusters. The different VRE, depicted
with boxes, are identified with capital letters and divided into 5´- and
3´- regions for simplicity. The first
region encodes the variable ECs
and the last one the DCR. Models
(A) and (C) require one unequal
crossing-over event, whereas model
(B) requires two. In each case, the
resulting strand with the highest
number of VREs is selected.

FIGURE 3. Alignment of human γa Pcdhs sequences. EC, cadherin ectodomain; DCR, divergent cytoplasmic region.
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Similarly, the α Pcdhs gene regulation is monoallelic
except for the γc-like isoforms (Kaneko et al., 2006;
Esumi et al., 2005).
To gain further insight into the regulation of these
genes, I analyzed the recent evolution of the mouse and
the human clusters. I showed that the clustered Pcdh
gene duplications result from unequal crossing-over
events between exons. This is consistent with the fact
that the clustered genes are subject to gene conversion
because both phenomena, gene duplication and gene
conversion, seem to be consequences of recombination
between different VREs. Moreover, I showed that the
unit of duplication of these genes includes the EC-coding sequences of a VRE and its promoter along with a
part of the cytoplasmic domain-coding region of the
VRE immediately upstream.

Methods
All of the sequences were downloaded from
GenBank (http://www.ncbi.nlm.nih.gov/) (AF152501,
AF217742, AF217744-AF217749, AF217750,
AF217752-AF217757, AF326296, AY013771AY013784, AY013786-AY013791, NM_031857,
NM_018900-MN_018911, AY573971-AY573983,
NM_018912-NM_018921, NM_032088, NM_003735,
NM_033584-NM_033595, NM_018922-NM_018927,
NM_003736, NM_033574-NM_033580, NG_000012,
NG_000016, and NG_000017). A pre-alignment of the
whole sequences was performed to establish the limits
of the regions and was followed by an alignment of the
selected sequences by use of ClustalX (Thompson et
al., 1997) under default parameters. I considered that

FIGURE 4. Alignment of cytoplasmic domains. (A) Alignment of human a cluster cytoplasmic domains. (B)
Alignment of human β cluster cytoplasmic domains. PCDHB1 was excluded from the analysis because it has a
considerably divergent sequence. DCR, divergent cytoplasmic region.
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each DCR (Divergent Cytoplasmic Region) coding sequence starts with the last three consecutive conserved
nucleotides and ends with the VRE. For Pcdhb3 and
PCDHB16, the alternative sequences were used (see
below). To establish the EC limits, I considered that each
domain ends after the VXVXVDXNDNAPXF-conserved motif. The unrooted trees were obtained with
ClustalX (Thompson et al., 1997) by use of the neighbor-joining method under default parameters and edited with the TREEVIEW program (Page, 1996). To
estimate branch supports, 1000 bootstrap replicates were
performed. The nucleotide sequences were translated in
silico to obtain the Pcdh amino acid sequences. Aligned
sequences were shaded with the BoxShade program (http:/
/www.ch.embnet.org/software/BOX_form.html).
The PipMaker program (http://pipmaker.bx.psu.edu/
pipmaker/) (Schwartz et al., 2000) was used with the
chaining option selected. Interspersed repeats were
identified with the RepeatMasker program (http://
www.repeatmasker.org/).

FIGURE 5. A possible scenario for the evolution of
each cluster. The different VRE are represented by
boxes as shown in Figure 2. The order of the events
may change in some cases. (A) Evolution of part of the
human β cluster. (B) Evolution of part of the murine
β cluster. (C) Evolution of part of the α cluster. (D) Evolution of part of the γ cluster.

Results
Description of the clustered Pcdhs cytoplasmic domain

ADDITIONAL FILE 1. Evolutionary tree of the β Pcdh
ECs. Unrooted evolutionary tree of the human and
mouse β Pcdh ECs 1 to 4 obtained with the neighborjoining method. Bootstrap values over 500 are shown.
The scale bar represents a phylogenetic distance of 0.1.

Because the clustered Pcdhs genes undergo gene
conversion due to putative recombination events between different VREs, I examined whether unequal
crossing-over between different genes could explain the
emergence of the new Pcdhs in the clusters. In this case,
the new Pcdhs should have N-terminal ECs similar to
one isoform and a cytoplasmic domain similar to another (Fig. 2). A visual inspection of the aligned human
γa Pcdhs, however, shows that although the N-terminal
regions are quite variable, the C-terminal regions are
extensively conserved (Fig. 3). The same is true for the
other clusters (Miki et al., 2005). Thus, I limited the
analysis of the C-terminal region to the last approximately 20 amino acids, which do not seem be affected
by gene conversion (Fig. 4). I refer to this region as the
divergent cytoplasmic region (DCR).
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Analysis of the β cluster VREs
Since the divergence of the human and the mouse
lineages, the number of β Pcdhs has increased in both
species. For example, PCDHB11 and PCDHB12 ECs
are very similar and are orthologs of Pcdhb19 ECs
(Noonan et al., 2004; Miki et al., 2005; Additional file
1). Thus, it can be assumed that their coding sequences
originated from a recent duplication event. Because their
genes are contiguous in the chromosome, the duplication mechanism could have been a single unequal crossing-over event between adjacent genes, as shown in Figures 2A and 5A. According to this model, the

DCR-coding sequences of PCDHB10 and PCDHB11
emerged from the same duplication event. A visual inspection of the protein sequences confirmed that these
Pcdh DCRs are very similar (Fig. 6A). The same mechanism can explain the origin of PCDHB9, because it has
ECs similar to those of PCDHB10 (Noonan et al., 2004;
Miki et al., 2005; Additional file 1) and a DCR similar
to that of the immediately downstream gene (Fig. 6A).
A phylogenetic analysis of the DCR-coding regions
confirms these observations (Fig. 6B).
As shown in Figure 6A, PCDHB7 and PCDHB12
also have similar DCRs. Because PCDHB8 and
PCDHB13 have similar ECs (Noonan et al., 2004; Miki

FIGURE 6. Analysis of the human b cluster DCRs. (A) Alignment of
human β cluster DCRs. On the left, the three pairs of proteins with very
similar ECs are indicated. On the right, three pairs of proteins that have
similar DCRs are indicated. The sequences follow the cluster order.
Proteins encoded by upstream VREs are on top, and those encoded by
downstream VREs appear at the bottom. Genetic footprints were determined manually and are boxed except for the PGKEI footprint, which is
underlined. The two crosses on the PCDHB16 sequence indicate the
position of two stop codons that were removed from the DNA sequence
when the computational translation was performed. PCDHB1 was excluded from the analysis because it has a considerably divergent DCR.
(B) Unrooted evolutionary tree of the genomic sequences encoding the
human β cluster DCRs obtained using the neighbor-joining method. The
PCDHB1 DCR-coding sequence was excluded from the analysis. Bootstrap values over 500 are shown. DCR-coding sequences associated
by genetic footprints are indicated with parentheses. The scale bar represents a phylogenetic distance of 0.1.
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FIGURE 7. Analysis of the human β cluster intergenic regions. Percentage identity plot obtained comparing the genomic sequence between PCDHB6 and PCDHB16 with that between PCDHB11 and PCDHB14. The
horizontal axis indicates the nucleotide position of the genomic sequence between PCDHB11 and PCDHB14,
and the vertical axis shows the percentage identity between the two sequences. Note that PCDHB16 is downstream of PCDHB8 and not downstream of PCDHB15. CpG/GpC>0.60, CpG island where the observed to
expected CpG/GpC ratio lies between 0.6 and 0.75; CpG/GpC>0.75, CpG island where the ratio exceeds 0.75.

ADDITIONAL FILE 2. Additional analysis of the human β cluster intergenic regions. Percentage identity plots obtained
comparing the intergenic regions between (A) PCDHB9 and PCDHB10, (B) PCDHB11 and PCDHB12, and (C) Pcdhb19 and
Pcdhb20, with the intergenic regions between the genes indicated on the left. The horizontal axis indicates the nucleotide
position of the sequences on the top, and the vertical axis shows the percentage identity between the intergenic regions
between the genes indicated on the left with that on the top. CpG/GpC=0.60, CpG island where the observed to the expected
CpG/GpC ratio lies between 0.6 and 0.75; CpG/GpC=0.75, CpG island where the ratio exceeds 0.75.
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FIGURE 8. Analysis of the mouse β cluster DCRs. (A) Alignment of mouse β cluster DCRs.
On the left, proteins whose ECs are orthologous to those of PCDHB5 are indicated. The
sequences follow the cluster order as shown in Figure 6. The footprint common to all the
DCRs whose corresponding genes are immediately upstream of genes that encode ECs
orthologs of PCDHB5 ECs is boxed. The PGKEI footprint is underlined. The slash on the
Pcdhb3 sequence indicates a thymine deleted from the genomic sequence to introduce a
reading frame shift when the computational translation was performed. Pcdhb1 was excluded
from the analysis because it has a considerably divergent DCR. (B) Unrooted evolutionary
tree of the genomic sequences that encode the mouse β cluster DCRs obtained using the
neighbor-joining method. The Pcdhb1 DCR-coding sequence was excluded from the analysis. Bootstrap values over 500 are shown. DCR-coding sequences immediately upstream of
genes that encode ECs orthologs of PCDHB4 and PCDHB5 ECs are indicated with parentheses. The scale bar represents a phylogenetic distance of 0.1.
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ADDITIONAL FILE 3. Additional analysis of the mouse β cluster intergenic regions. Percentage identity plots
obtained comparing the intergenic regions between (A) Pcdhb5 and Pcdhb6, (B) Pcdhb6 and Pcdhb7, and (C) Pcdhb10
and Pcdhb11, with the intergenic regions between the genes indicated on the left. The horizontal axis indicates the
nucleotide position of the sequence on the top, and the vertical axis shows the percentage identity between the intergenic
regions indicated on the left with that on the top. CpG/GpC=0.60, CpG island where the observed to the expected CpG/
GpC ratio lies between 0.6 and 0.75; CpG/GpC=0.75, CpG island where the ratio exceeds 0.75.

FIGURE 9. Analysis of the mouse β cluster intergenic regions. Comparison of the human intergenic regions between
PCDHB3 and PCDHB5 with the mouse intergenic regions between Pcdhb2 and Pcdhb13. The horizontal axis represents the length of the human intergenic regions. The vertical axis represents the similarity between the human intergenic
region (above) and the mouse intergenic region between the genes indicated on the left. Supposedly paralogous sequences are indicated. CpG/GpC>0.60, CpG island where the observed to expected CpG/GpC ratio lies between 0.6
and 0.75; CpG/GpC>0.75, CpG island where the ratio exceeds 0.75.
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et al., 2005; Additional file 1), this observation can be
explained by the mechanism proposed in Figures 2B
and 5A. If the model is correct, the genomic sequence
between PCDHB7 and PCDHB8 should be very similar to the sequence between PCDHB12 and PCDHB13.
In fact, a comparison of both sequences with the
PipMaker program (Schwartz et al., 2000) reveals a
striking similarity (Fig. 7). Notably, this does not occur
with the adjacent intergenic regions. The similarity between the intergenic regions downstream of PCDHB16
and PCDHB9 (Additional file 2A) and the similarity
between the intergenic regions downstream of PCDHB10
and PCDHB11 (Additional file 2B) support the two first
steps of the model proposed in Figure 5A.

Next, I investigated whether the proposed mechanisms are specific to the human by analyzing the evolution of the mouse β cluster. According to the models
described in Figures 2 and 5B, the ECs-coding sequence
of a particular VRE is always linked to the DCR-coding
sequence of the gene immediately upstream. In the
mouse cluster, Pcdhb4, Pcdhb6, Pcdhb8, Pcdhb10,
Pcdhb11, and Pcdhb12 have very similar ECs (Additional file 1). Thus, their coding sequences probably
originate from the same ancestral gene. When the DCRs
of this cluster are compared, Pcdhb3, Pcdhb5, Pcdhb7,
Pcdhb9, Pcdhb10, and Pcdhb11 share a very similar
footprint (Fig. 8A). This observation is consistent with
the proposed models. The finding was further confirmed

ADDITIONAL FILE 4. Analysis of the rat α cluster DCRs. (A) Alignment of
rat α cluster DCRs. On the left, the two pairs of proteins whose genes are
associated by a putative duplication event are indicated. On the right, pairs of
proteins that share genetic footprints are indicated. The sequences follow the
cluster order as shown in Figure 6. The γc-like Pcdhs were excluded from the
analysis, and the first constant amino acids were included. Genetic footprints
were determined manually and are boxed. (B) Unrooted evolutionary tree of
the genomic sequences that encode the rat α cluster DCRs obtained using the
neighbor-joining method. DNA sequences of the γc-like Pcdhs were excluded
from the analysis. Bootstrap values over 500 are shown. DCR-coding sequences associated by genetic footprints are indicated with parentheses. The
scale bar represents a phylogenetic distance of 0.1.
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by a phylogenetic analysis of the DCR-coding region
(Fig. 8B).
To gain further insight into the evolution of this
cluster, I analyzed the intergenic regions. A comparative phylogenetic analysis of the human and the mouse
ectodomains reveals that the PCDHB5 ECs are orthologs
of those in Pcdhb4, Pcdhb6, Pcdhb8, Pcdhb10, Pcdhb11,
and Pcdhb12 and that PCDHB4 ECs are orthologs to
those of Pcdhb5, Pcdhb7, and Pcdhb9 (Vanhalst et al.,
2001; Additional file 1). According to the model proposed in Figure 5B, the intergenic region separating
PCDHB4 and PCDHB5 is orthologous to the intergenic
regions between Pcdhb3 and Pcdhb4, Pcdhb5 and
Pcdhb6, Pcdhb7 and Pcdhb8, Pcdhb9 and Pcdhb10,
Pcdhb10 and Pcdhb11, and Pcdhb11 and Pcdhb12.
Also, the intergenic region separating PCDHB3 and
PCDHB4 is orthologous to the intergenic regions be-
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tween Pcdhb4 and Pcdhb5, Pcdhb6 and Pcdhb7, and
Pcdhb8 and Pcdhb9. When the sequences are compared
using the PipMaker program (Schwartz et al., 2000),
only those that appear to be orthologous show a greater
than 50% similarity (Fig. 9). This supports the idea that
the unit of duplication for these genes consists of the
DCR-coding region of a Pcdh gene along with the promoter and EC-coding region of the gene immediately
downstream. The similarity between the intergenic regions downstream of Pcdhb10 and Pcdhb11 (Additional
file 3C) supports the last step in the model shown in
Figure 5B. The similarity between the intergenic regions
downstream of Pcdhb5 and Pcdhb7 (Additional file 3A),
together with the similarity between the intergenic regions downstream of Pcdhb6 and Pcdhb8 (Additional
file 3B), supports the fourth step of the model. The first
three steps of the model could not be validated by ana-

FIGURE 10. Analysis of the human α cluster DCRs. (A) Alignment of human α
cluster DCRs. On the left, the two pairs of proteins whose genes are associated by
a putative duplication event are indicated. On the right, one pair of proteins that
share the same genetic footprint is indicated. The sequences follow the cluster
order as shown in Figure 6. The γc-like Pcdhs were excluded from the analysis. The
genetic footprint was determined manually and is boxed. (B) Unrooted evolutionary
tree of the genomic sequences that encode the human α cluster DCRs obtained
with the neighbor-joining method. DNA sequences of the γc-like Pcdhs were excluded from the analysis. Bootstrap values over 500 are shown. DCR-coding sequences associated by the same genetic footprint are indicated with a parenthesis.
The scale bar represents a phylogenetic distance of 0.1.
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lyzing the non-coding sequences due to the lack of phylogenetic signal. Thus, other possible mechanisms cannot be formally excluded. Nevertheless, gene duplication through unequal crossing-over does not seem to be
specific to a particular species.
Analysis of the α cluster VREs
Subsequently, I investigated whether these mechanisms are common to the different clusters. Thus, I conducted a similar analysis with the α Pcdhs. Although
duplications in these clusters did not occur after the separation of the rodent and the human lineages, it has been
suggested that PCDHA6 and PCDHA7, and PCDHA8
and PCDHA9 are duplications of the same gene pair,

because PCDHA6 is very similar to PCDHA8, and
PCDHA7 to PCDHA9 (Wu et al., 2001). I proposed an
alternative model to explain the observations, namely,
a recombination event between two VREs, as shown in
Figures 2C and 5C. This model is supported by the short
DCR shared by PCDHA5 and PCDHA7 (Fig. 10A). The
association was validated by a phylogenetic analysis
of the DCR-coding sequence (Fig. 10B). Similar results were obtained analyzing the rat α cluster (Additional file 4). Also, the similarity between the introns
downstream of PCDHA5 and PCDHA7 (Fig. 11A) and
between the introns downstream of PCDHA6 and
PCDHA8 (Fig. 11B) support the model. Consequently,
the mechanisms do not appear to be species- or cluster-specific.

FIGURE 11. Analysis of the human α cluster introns. Percentage identity plots obtained by comparing the introns between (A) PCDHA5 and
PCDHA6, and (B) PCDHA6 and PCDHA7 with the introns between the
exons indicated on the left. The horizontal axis indicates the nucleotide
position of the intron on the top, and the vertical axis shows the percentage identity between the introns indicated on the left with that on the top.
CpG/GpC>0.60, CpG island where the observed to the expected CpG/
GpC ratio lies between 0.6 and 0.75; CpG/GpC>0.75, CpG island where
the ratio exceeds 0.75.

ADDITIONAL FILE 5. Evolutionary trees of the human and the mouse γa group ECs. Unrooted evolutionary
tree of the (A) human and (B) mouse γa group ECs 3 and 4, obtained with the neighbor-joining method. Bootstrap
values over 500 are shown. The scale bar represents a phylogenetic distance of 0.1.
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Analysis of the γ cluster VREs
First, I analyzed the γa group VREs. There are 12
γa Pcdhs (Pcdhgas) in humans (PCDHGA1 to
PCDHGA12) and in mice (Pcdhga1 to Pcdhga12).
PCDHGA2 and PCDHGA3 as well as PCDHGA8 and
PCDHGA9 are very similar (Wu and Maniatis, 1999;
Wu et al., 2001). In this group, the third and fourth
ECs have the highest paralogous diversity at synonymous sites and are the least affected by gene conversion (Noonan et al., 2004). Thus, I tested if the evolutionary relationships between the above-mentioned
Pcdhs were retained in these ECs. The results of the
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neighbor-joining method indicate that PCDHGA2 and
PCDHGA3 are grouped in the evolutionary tree, and
the bootstrap support of the corresponding branch is
strong (approximately 93%). PCDHGA8 and PCDHGA9
are also grouped with the highest bootstrap value for
the resulting branch. Consequently, the evolutionary
relationships are significant. All other associations are
considerably weaker (Additional file 5A). For example,
the strongest of them among PCDHGA8, PCDHGA9,
and PCDHGA10 has a bootstrap support of approximately 73%. A previous report showed that PCDHGAn
and Pcdhgan are very similar (V n ⎣ N; n < 12) (Wu et
al., 2001). Thus, essentially the same results were ob-

ADDITIONAL FILE 6. Analysis of the mouse γa group DCRs. (A) Alignment of the mouse γa group DCRs. On the left, pairs of proteins with very
similar third and fourth ECs are indicated. On the right, pairs of proteins that
share genetic footprints are indicated. The sequences follow the cluster order
as shown in Figure 6. The first constant amino acids were included. Genetic
footprints were determined manually and are boxed. (B) Unrooted evolutionary tree of the genomic sequences that encode the mouse γa group DCRs
obtained with the neighbor-joining method. Bootstrap values over 500 are
shown. DCR-coding sequences associated by genetic footprints are indicated
with parentheses. The scale bar represents a phylogenetic distance of 0.1.
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tained when the analysis was repeated in mice (Additional file 5B).
To determine if the models presented in Figure 2
can explain the evolution of this group of Pcdhs, I analyzed the DCR of these genes. Again, the expected results were obtained. PCDHGA1 and PCDHGA2 have
similar DCRs, and the same occurs with PCDHGA7
and PCDHGA8 (Fig. 12). Also, similar results were
obtained for the mouse cluster (Additional file 6).
An analysis of the γb group ECs showed that
PCDHGB4 and PCDHGB5 have very similar ectodomains and that the same is true for the PCDHGB6

and PCDHGB7 ECs (Additional f ile 7A). The
PCDHGB6 cytoplasmic domain, however, is more similar to those of PCDHGB4 and PCDHGB5 than to that
of PCDHGB7 (Additional files 8A and 9). The same is
true for the murine γb group (Additional files 7B and
8B). These observations can be explained by the model
shown in Figure 5D. The intronic phylogenetic signal
of the cluster, although consistent with the proposed
models, is low (Additional file 10). Therefore, the
simple model cannot be further validated, and other
mechanisms for the evolution of the cluster cannot be
formally excluded.

FIGURE 12. Analysis of the human γa group DCRs. (A) Alignment of the human γa group DCRs. On the left, pairs of proteins
with very similar third and fourth ECs are indicated. On the right,
pairs of proteins that share genetic footprints are indicated. The
sequences follow the cluster order as shown in Figure 6. Genetic
footprints were determined manually and are boxed. (B) Unrooted
evolutionary tree of the genomic sequences that encode the human ga group DCRs obtained using the neighbor-joining method.
Bootstrap values over 500 are shown. DCR-coding sequences associated by genetic footprints are indicated with parentheses. The
scale bar represents a phylogenetic distance of 0.1.
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Discussion
The Pcdh clusters, together with other clusters in
the mammalian genomes, undergo concerted evolution.
Two clear indicators of this process are the reduced synonymous diversity among paralogs and the increase in
the CG content of the third codon (Galtier et al., 2001).
Usually, almost the entire length of each Pcdh cytoplasmic domain is subject to gene conversion (Noonan et
al., 2004) so that divergence among paralogs is reduced
to narrow regions (Figs. 3 and 4). Something similar
appears to happen in the α cluster first EC (EC1) sequences in humans, where just a few non-conserved
amino acids are surrounded by more than 30 conserved
amino acids to each side (see Miki et al., 2005). This
does not seem to occur by chance, because the homolo-
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gous amino acids in mice are conserved and overlap an
RGD motif located in a loop homologous to the quasiβ helix conformation of N-cadherin (Shapiro et al.,
1995; Morishita et al., 2006). Nevertheless, the divergent sequences can still provide important information
about the function and evolution of the Pcdhs.
The various clusters are subject to different evolutionary pressures. Two of the clusters, α and β, appear
to have undergone duplications quite recently, and it is
not possible to clearly resolve their complete phylogeny due to a loss of signal with time. Consequently, I
was only able to analyze the genes that emerged recently.
In the human β cluster, the DCR coding sequences were
clearly duplicated together along with their immediately
downstream Pcdh gene. The γ clusters seem to be under
the influence of specific evolutionary forces that physi-

ADDITIONAL FILE 7. Evolutionary trees of the human and the mouse γb group ECs.
Unrooted evolutionary tree of (A) the human and (B) the mouse γb group ECs 2, 3, and 4,
obtained with the neighbor-joining method. Bootstrap values over 500 are shown. The scale
bar represents a phylogenetic distance of 0.1.

ADDITIONAL FILE 8. Evolutionary trees of the human and the mouse γb group DCRs.
Unrooted evolutionary tree of (A) the human and (B) the mouse γb group DCR-coding sequences obtained with the neighbor-joining method. Bootstrap values over 500 are shown.
The scale bar represents a phylogenetic distance of 0.1.
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ADDITIONAL FILE 9. Alignment of the human γb Pcdhs sequences. (A) Alignment of the human γb Pcdhs sequences. (B) Alignment of the γb Pcdh C-terminal amino acids. Residues shared by PCDHGB4, PCDHGB5, and PCDHGB6
are indicated in bold.
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cally constrained them because there is no evidence of
recent duplication events in the analyzed species. This
indicates that these clusters operate as supra-organizations above the gene level.
Recombination between Pcdh genes is likely to be
a frequent event because these genes are subject to gene
conversion (Noonan et al., 2004; Miki et al., 2005).
Therefore, recombination between different genes probably underlies both gene duplication and concerted evolution. On the basis of the evidence presented and the
mechanisms proposed, I suggest possible scenarios for
the evolution of the different clusters in Figure 5. In
this study, I provided evidence that shows that the unit
of evolution of the Pcdh genes consists of the EC-coding region and the promoter of a certain VRE along with
the DCR-coding sequence of the VRE immediately upstream. This fact appears to be the rule and seems to
apply even to the particular duplication that generated
PCDHB8 and PCDHB13. Considering that PCDHB14
and Pcdhb20 ECs are orthologs (Additional file 1), the
fact that PCDHB13 and Pcdhb19 share the PGKEI footprint in their DCRs is consistent with the proposed
model (see Figs. 6A, 8A, and Additional file 2C). Note
that, because most of the phylogenetic information is in
the 5’-region of the VREs, the orthology of the new recombinant isoforms was usually based on just the most
informative part of the sequences.
Classic cadherins are cell adhesion molecules that
participate in different signaling pathways. For instance,
N-cadherin is a single-pass transmembrane protein that
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is expressed in the nervous system and regulates dendritic arborization in hippocampal neurons through its
interaction with β-catenin (Junghans et al., 2005). Moreover N-cadherin can be cleaved by metalloproteinases
and γ-secretase, resulting in the liberation of its cytoplasmic domain as a signaling molecule (Junghans et
al., 2005).
The γ Pcdhs are targeted to both sides of mature
synapses, presumably to modulate the strength of the
synaptic union (Phillips et al., 2003). Recently, it was
shown that the γ cluster cytoplasmic domains can be
released when the Pcdhs are inserted into the plasma
membrane via γ-secretase-dependent processing, after
which the domains translocate to the nucleus (Hass et
al., 2005; Hambsch et al., 2005). Moreover, the cytoplasmic constant region of the γ cluster can activate the
transcription of reporter genes downstream of different
γ Pcdh promoters (Hambsch et al., 2005); however, all
the γ Pcdhs are not expressed at the same time (Kohmura
et al., 1998; Frank et al., 2005). In this study, I showed
that the different Pcdh cleavage products can have different phylogenetic origins. Notably according to the
proposed models, the cytoplasmic domain that enters
the nucleus evolved together with the immediately
downstream promoter region and not with its own promoter. This leaves some interesting questions and suggests some hypotheses about the role of the DCR. To
begin with, does the variability in the cytoplasmic region play some role? Also, does the DCR provide some
kind of specificity to the induction of the Pcdh locus?

ADDITIONAL FILE 10. Analysis of the human γ cluster introns. Percentage identity plots obtained comparing the
introns between (A) PCDHGA8 and PCDHGB5, (B) PCDHGB5 and PCDHGA9, and (C) PCDHGA2 and PCDHGA3,
with the introns between the exons indicated on the left. The horizontal axis indicates the nucleotide position of the
intron on the top, and the vertical axis shows the percentage identity between the introns indicated on the left with that
on the top. CpG/GpC=0.60, CpG island where the observed to the expected CpG/GpC ratio lies between 0.6 and 0.75;
CpG/GpC=0.75, CpG island where the ratio exceeds 0.75.
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For example, it is possible that the cytoplasmic domain
preferentially activates the immediately downstream gene.

Conclusions
Comparative analysis between genomic sequences
of different species can provide information about the
regulation of a particular gene or cluster. Understanding
the recent evolution of a particular genomic region may
provide further insight into the mechanisms of regulation. In this study, I have provided evidence that duplication events in the Pcdh clusters occur through unequal
crossing-over between two and sometimes three different VREs. Interestingly, the unit of duplication always
consisted of the EC-coding sequence and the promoter
of a certain isoform along with the DCR-coding region
of the isoform immediately upstream in the cluster. The
reorganization of the clusters after the duplications events
suggests new hypotheses about the regulation of the clusters that must be tested experimentally.
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