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Abstract

Mining newly sequenced genomes of basal metazoan organisms reveals the evolutionary origin of modern protein families.
Specific cell-cell adhesion and intracellular communication are key processes in multicellular animals, and members of the
cadherin superfamily are essential players in these processes. Mammalian genomes contain over 100 genes belonging to
this superfamily. By a combination of tBLASTn and profile hidden Markov model analyses, we made an exhaustive search
for cadherins and compiled the cadherin repertoires in key organisms, including Branchiostoma floridae (amphioxus), the
sea anemone Nematostella vectensis, and the placozoan Trichoplax adhaerens. Comparative analyses of multiple protein
domains within known and novel cadherins enabled us to reconstruct the complex evolution in metazoa of this large
superfamily. Five main cadherin branches are represented in the primitive metazoan Trichoplax: classical (CDH), flamingo
(CELSR), dachsous (DCHS), FAT, and FAT-like. Classical cadherins, such as E-cadherin, arose from an Urmetazoan cadherin,
which progressively lost N-terminal extracellular cadherin repeats, whereas its cytoplasmic domain, which binds the
armadillo proteins p120ctn and B-catenin, remained quite conserved from placozoa to man. The origin of protocadherins
predates the Bilateria and is likely rooted in an ancestral FAT cadherin. Several but not all protostomians lost
protocadherins. The emergence of chordates coincided with a great expansion of the protocadherin repertoire. The

evolution of ancient metazoan cadherins points to their unique and crucial roles in multicellular animal life.
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Introduction

Unicellular to multicellular transition occurred more than
once during evolution. The conditions and genetic mech-
anisms were not the same for each kingdom in the tree of
life. For instance, in animals, the cell adhesion molecules of
the cadherin and integrin gene families played a crucial role
in this transition (Rokas 2008). In plants, which lack cad-
herins or integrins, other molecules, such as pectins, are
important for cell adhesion (Iwai et al. 2002).

Cadherins are calcium-dependent transmembrane pro-
teins hallmarked by the extracellular cadherin repeat (EC).
The biological relevance of these remarkable proteins is
widely appreciated, as evidenced by the numerous studies
on the functions of cadherins during early embryonic de-
velopment and morphogenesis and their roles in many ge-
netic diseases and cancer dissemination (for recent reviews,
see Nelson and Fuchs 2010). Classically, cadherins are
known as mediators of specific cell-cell adhesion, as dem-
onstrated by the pioneering work of Masatoshi Takeichi
and others (Takeichi 1990; van Roy and Berx 2008). How-
ever, over the years, it has become clear that cadherin fam-
ily members are also very active in intracellular signal
transduction. For example, they sequester the signaling ar-
madillo proteins B-catenin and p120ctn, and they trigger
important signaling cascades upon cell recognition (Nelson
and Nusse 2004; van Roy and Berx 2008; McCrea and Gu
2010). Specific cell recognition influences key processes,
such as planar cell polarity (Saburi and McNeill 2005)
and control of cell proliferation versus cell death (Berx

and van Roy 2009). Nevertheless, the unique functions
of most cadherin superfamily members have not been
elucidated.

Mammalian genomes contain over 100 cadherin and
cadherin-related genes (Hulpiau and van Roy 2009). Sur-
prisingly, up to 23 putative cadherin-like genes have been
identified in the genome of Monosiga brevicollis (Abedin
and King 2008). This unicellular nonmetazoan choanofla-
gellate is the closest known relative of the Metazoa. How-
ever, the variety in size and domain composition of the
predicted choanoflagellate cadherin-like proteins makes
it difficult to identify the evolutionary links with the many
cadherins in the metazoan lineages. FAT, FAT-like, and Fla-
mingo/CELSR cadherins seem to be conserved among bi-
laterians, but classical type-l and type-ll cadherins and
protocadherins, which represent more than half of the
mammalian cadherin repertoires, appear to have arisen
only in deuterostomians (Hulpiau and van Roy 2009).

The details of the premetazoan and metazoan evolution
of the cadherin superfamily are largely unknown, but the
many newly sequenced genomes of key metazoan organ-
isms provide a rich resource for unraveling the evolution of
complex protein families. We therefore scrutinized the cad-
herin repertoires of the recently published genomes of
three basal model organisms: the lancelet Branchiostoma
floridae, the sea anemone Nematostella vectensis, and
the very primitive placozoan Trichoplax adhaerens.
These organisms occupy key positions in the evolution
of Metazoa.
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To determine the origin and evolution of the numerous
members of the cadherin superfamily, we made an exten-
sive comparison of the domain organization and amino
acid sequences of the predicted cadherin and cadherin-
related proteins of ten model organisms from different
metazoan lineages as well as selected cadherins of nine
other organisms. Our analyses enabled us to construct re-
liable models for the evolution of the cadherin superfamily
members in Metazoa.

Materials and Methods

Identification and Annotation of Cadherins in

B. floridae

A dual approach was used to identify the cadherin reper-
toire in the cephalochordate B. floridae (amphioxus or
lancelet). The assembly release version 2 of its genome
(May, 2008), downloaded from DOE Joint Genome Insti-
tute (JGI: http://genome.jgi-psf.org/), contains 398 scaffolds
(Putnam et al. 2008). First, the six-frame translation of the
amphioxus genome was searched using the five existing
profile hidden Markov models (HMM) in the Pfam data-
base (Finn et al. 2010) and one newly built profile HMM
based on an alignment of the first cadherin repeat
(EC1), which we described previously (Hulpiau and van
Roy 2009) (supplementary table S1, Supplementary Mate-
rial online). All 1,050 significant domain hits, sorted by scaf-
fold, are shown in supplementary table S2 (Supplementary
Material online) and summarized in supplementary table
S3 (Supplementary Material online). Second, 292 cadherin
sequences from a wide variety of metazoan taxa were
aligned to the amphioxus genome by using tBLASTn
(Johnson et al. 2008) to identify potential orthologs (sup-
plementary table S4 and summarized in supplementary ta-
ble S5, Supplementary Material online). Finally, the results
of both analyses were merged to yield the full list of cad-
herin superfamily members in amphioxus (supplementary
fig. S1, supplementary table S6, and supplementary note S1,
Supplementary Material online). In some cases, additional
gene predictions using GenScan (Burge and Karlin 1998)
were performed in and around the genomic region in
which the putative genes are located, and these predictions
were then compared with the available RefSeq data and )Gl
gene models. Finally, the domains in all candidate genes
were annotated based on CD search (Marchler-Bauer
et al. 2009) and Phobius (Kall et al. 2007). The start and
end of every cadherin repeat were corrected manually.
The start was taken at the beginning of the adhesion
arm featuring a conserved Glu residue as position 11;
the end was the DxNDxxPxF motif, which is, together with
Glu11, important for calcium binding.

Identification and Annotation of Cadherins in

N. vectensis

The approach described above for identification of cadher-
ins in amphioxus was also used on the genome of the non-
bilaterian sea anemone N. vectensis. The N. vectensis
genome assembly 1.0 contains 10,804 genome scaffolds
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(Putnam et al. 2007). Profile HMM analysis yielded 1,016
hits (supplementary table S7, Supplementary Material on-
line), which were grouped by scaffold and summarized in
supplementary table S8 (Supplementary Material online).
The results of the tBLASTn analysis of 322 bilaterian cad-
herin sequences (the 292 sequences listed in supplemen-
tary table S4, Supplementary Material online, plus 30
from B. floridae) versus the N. vectensis genome are listed
in supplemenatary table S9 (Supplementary Material on-
line) and summarized in supplementary table S10 (Supple-
mentary Material online). All the results were merged and
annotated into the N. vectensis cadherin repertoire, as de-
scribed for amphioxus (supplementary fig. S2, supplemen-
tary table S11, and supplementary note S2, Supplementary
Material online).

Identification and Annotation of Cadherins in

T. adhaerens

Again, both the profile HMM and tBLASTn methods were
used to identify putative placozoan cadherins encoded
by the T. adhaerens genome. The draft release v1.0 of
T. adhaerens Grell-BS-1999 is assembled into 1,415 scaffolds
(Srivastava et al. 2008). Only 196 profile HMM hits, shown
in supplementary table S12 (Supplementary Material on-
line), were found using the six HMMs listed in supplemen-
tary table S1 (Supplementary Material online). This HMM
analysis was combined with a tBLASTn analysis of 338
metazoan cadherins versus the T. adhaerens genome
(see list in supplementary table S13, Supplementary Mate-
rial online). The metazoan cadherins analyzed were the 322
sequences listed in supplementary table S9 (Supplementary
Material online) plus 16 from N. vectensis. The results were
merged and annotated into the T. adhaerens cadherin rep-
ertoire as described above (supplementary fig. S3, supple-
mentary table S14, and supplementary note S3,
Supplementary Material online).

Comparative and Phylogenetic Study of the
Metazoan Cadherin Superfamily Members

For pairwise homology analysis of protein domains, we
used “basic local alignment search tool two sequences”
(bl2seq) (Johnson et al. 2008). The analysis included se-
quence comparison of EC blocks, EC-by-EC analyses, and
comparison of non-EC domains.

For multisequence homology analysis, sequences were
aligned by ClustalX2 (Larkin et al. 2007) using the PAM pro-
tein weight matrix, a gap open penalty of 5 and a gap ex-
tension penalty of 0.05 in both the pairwise and the
multiple parameter settings. A neighbor joining (NJ) tree
was constructed with 1,000 bootstrap replicates, and
a Bayesian inference (BI) consensus tree was built by using
MrBayes 3 (Ronquist and Huelsenbeck 2003) (100,000 gen-
erations, sample frequency 100, and burnin 25%). Both
types of trees were drawn by using Dendroscope (Huson
et al. 2007). The N) tree is represented as a radial cladogram
with bootstrap values and the Bl tree as a radial phylogram
with Bayesian posterior probabilities.
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We used VectorNTI (Lu and Moriyama 2004) to generate
Clustal W alignments of the 7EC and the 6EC ectodomains
of Ciona intestinalis protocadherins and also of the human
protocadherins. By using the AlignX module of VectorNT],
we added protein domain annotations below the relevant
sequence alignment blocks. To compare individual EC do-
mains from Ciona protocadherins with the corresponding
genomic sequences, we performed BLAT analyses (Kuhn
et al. 2009) in the University of California Santa Cruz genome
browser (http://genome.ucsc.edu/cgi-bin/hgBlat?command=
start). The full protein sequences of selected members in
each family in the phylogenetic tree were aligned similarly
by the Clustal W algorithm in VectorNTI.

Results and Discussion

Cadherin Repertoires of Key Metazoan Organisms
We first identified the cadherin repertoires of the recently
sequenced genomes of B. floridae (amphioxus = Amphi)
(Putnam et al. 2008), the sea anemone N. vectensis (Nv)
(Putnam et al. 2007), and the placozoan T. adhaerens
(Ta) (Srivastava et al. 2008). We used a combination of
tBLASTn and profile HMM analyses to identify the cadher-
in superfamily members in these three organisms (supple-
mentary tables S2-S14, Supplementary Material online).
The tBLASTn method can identify an ortholog and the
most homologous hits in a specific organism by using the
organism-restricted search option. However, tBLASTn anal-
ysis might not detect cadherins with limited similarity to
known cadherins, such as lineage-specific cadherins. There-
fore, we also used the five cadherin-based HMM:s available
in the Pfam database (Finn et al. 2010) and a sensitive cus-
tom built HMM to detect every cadherin domain in the
genome. These domains were then interpreted and man-
ually annotated on the basis of current knowledge of the
cadherin superfamily.

After merging the tBLASTn and HMM results, followed
by detailed annotation, we identified 54 cadherin or cad-
herin-related genes: 30 in B. floridae (supplementary fig. S1,
supplementary table S6, and supplementary note S1, Supple-
mentary Material online), 16 in N. vectensis (supplementary
fig. S2, supplementary table S11, and supplementary note
S2, Supplementary Material online), and 8 in T. adhaerens
(supplementary fig. S3, supplementary table S14, and sup-
plementary note S3, Supplementary Material online). The
cadherin repertoire of B. floridae is surprisingly richer than
the repertoires of the vase tunicate C. intestinalis (table 1;
15 genes) (Noda and Satoh 2008) or the sea urchin Strong-
ylocentrotus purpuratus (table 1; 14 genes) (Whittaker et al.
2006). On the other hand, Trichoplax contains only eight
cadherin superfamily members, which is remarkably few
compared with the 23 putative cadherins in M. brevicollis
(Abedin and King 2008).

Identification and Comparative Analysis of
Bilaterian Classical Cadherins

The strict definition of classical cadherins (CDH) refers to
type-l cadherins, of which E-cadherin is the prototype

Table 1. The Cadherin Repertoires of Sequenced Model
Organisms.

Model Organisms No. of
(acronym) Cadherin Genes References
Homo sapiens (Hs) 113 (Hulpiau and van
Roy 2009)
Mus musculus (Mm) 119 (Hulpiau and van
Roy 2009)
Ciona intestinalis (Ci) 15 (Noda and Satoh 2008)
Branchiostoma floridae 30 This paper
(Amphi)
Strongylocentrotus 14 (Whittaker et al. 2006)
purpuratus (Sp)
Drosophila melanogaster 17 (Hill et al. 2001;
(Dm) Fung et al. 2008)
Caenorhabditis elegans (Ce) 12 (Hill et al. 2001;
Pettitt 2005)
Nematostella vectensis (Nv) 16 This paper
Trichoplax adhaerens (Ta) 8 This paper
Monosiga brevicollis (Mb) 23 (Abedin and King 2008)

(Tanihara et al. 1994; Nollet et al. 2000). Some authors
use a broader definition and include the type-Il cadherins
and even the so-called nonchordate classic cadherins with
a “primitive classic cadherin domain”, and so this broader
definition also includes type-lll and type-IV cadherins
(Takeichi 1995; Oda and Tsukita 1999; Tanabe et al
2004; Hulpiau and van Roy 2009). All these different classic
cadherins share a conserved classical cadherin cytoplasmic
domain (CCD) that binds catenins of the armadillo family
(fig. 1), and many of them are found in intercellular junc-
tions of bilaterian epithelia. In amphioxus, we found Am-
phiCDH with a CCD sequence and AmphiDCHS with
a CCD-like sequence (supplementary fig. S1, Supplemen-
tary Material online). Type-l, type-ll, and desmosomal cad-
herins, which together we designated the C1-family
(Hulpiau and van Roy 2009), typically have five EC repeats,
whereas type-Ill cadherins have more ECs and also laminin
G (LamG) and epidermal growth factor (EGF)-like domains
in their ectodomains. AmphiCDH appears to be a classical
type-lll cadherin (fig. 1 and supplementary fig. S1 and sup-
plementary table S6, Supplementary Material online). Am-
phiDCHS is a cadherin-related homolog of Dachsous (see
below).

To determine the most likely origin of modern mamma-
lian cadherins (C1 family), we initially compared their SEC
ectodomains with a sliding 5EC block in five amphioxus
cadherins: AmphiCDH, AmphiCELSR, AmphiFAT, Amphi-
FAT-like, and AmphiDCHS (supplementary table S15,
Supplementary Material online). AmphiCDH has 18 ECs.
The SEC ectodomains of mouse Cdh1, Cdh5, Cdh13,
Cdh15, Cdh26, and Dsc1 as well as those of C. intestinalis
C-1 family members CiCadherin and CiCadherin-Il
(Noda and Satoh 2008) show the highest homology (lowest
e-values), with the penultimate ECs (EC13 to EC17) from
AmphiCDH. In addition, we compared the 5EC ectodo-
mains of modern cadherins with a sliding 5EC block in
the 13 ECs of the type-lll cadherin of chicken (Tanabe
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Drosophita melanogaster oN-cadnerin  —@OOSVSSSOOS O O ——
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Branchiostoma floridae  Amphicon  —@SSSSSSSSBEOC000N—HIHHII—W—
(type-III with 18 ECs) —
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(2 classical cadherins o
with 5 EC repeats,

C-1 family members)
o Ci-cadherinII R0 000 CECTTEEEEE »—-
Gallus gallus cha-cadherin  —————— QBOBOMB 0000 S W
(type-III with 13 ECs) —
Homo sapiens MmCdh1 —m ............ .*r_
i miuscuiis (type-I with 5 ECs) =

type-III present in platypus (~29 classical cadherins
but lost in other mammals with 5 EC repeats,

C-1 family members) MmCdhS 'm- ----------- 'nr-
(type-II with 5 ECs) —

KEY

@ EC domain § EGF-like domain

WA TM domain I LamG domain

A p120ctn binding domain

/. PB-catenin binding domain

TaCDH
NvCDH1
HMR-1B
DN-cadherin
AmphiCDH
Ci-cadherin
cHz-cadherin
MmCadh1
MmCdh5

DE LMKRFVRD

A p120ctn binding domain

& B-catenin binding domain

Fic. 1 Metazoan evolution of the classical cadherins from placozoa to man. (A) On the left is a cladogram of the organisms for which cadherin
superfamily members are analyzed here or were analyzed previously (Hulpiau and van Roy 2009). Urmetazoan and Urbilaterian are hypothetical
last common ancestors. Numbers in blue hexagons indicate the typical number of EC repeats in the respective ectodomains. On the right,
representative proteins are depicted with their amino termini toward the left. Cadherins were classified into families and types as previously
reported (Hulpiau and van Roy 2009). Alignment is at the transmembrane (TM) domains. The first major ectodomain reduction during
evolution is represented by the blue rectangle and the second major reduction by the green rectangle. Dotted lines indicate internal deletions.
An open triangle indicates imperfect sequence conservation. Key: domain symbols used. (B) Amino acid alignment of the conserved motifs in
the cytoplasmic cadherin domains that bind p120ctn and B-catenin. The interaction of classical cadherins with the armadillo proteins p120ctn

and [-catenin is a universal theme in animal life.

et al. 2004). We also compared them with the type-lll
cadherin of platypus (Ornithorhynchus anatinus OaCDH;
sequence in supplementary note S4, Supplementary Mate-
rial online), which we had predicted from its genomic
sequence (Warren et al. 2008). Platypus is exceptional be-
cause type-lll cadherins have apparently been lost in non-
monotreme mammals, that is, marsupials and placental
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mammals. The five ECs of classical cadherins are most ho-
mologous to the last cadherin repeats (EC9 to EC13) of
type-lll cadherins and less homologous to the penultimate
repeats (supplementary table S15, Supplementary Material
online). From this analysis, we deduced that the 13 ECs of
vertebrate type-Ill cadherins match the penultimate ECs in
AmphiCDH.
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All the above analyses are based on the assumption that
the cadherin domains were passed to the cadherin de-
scendants as consecutive or mainly consecutive EC blocks.
To detect any gains, losses, or retentions in such EC blocks,
we also performed pairwise EC-by-EC analyses. Compara-
tive EC-by-EC analysis has been used before to examine
the EC relationships between selected arthropod and deu-
terostomian cadherins (Oda et al. 2005). In an interesting
study, these authors were the first to propose the hypoth-
esis of loss of domains from classical cadherins in the bi-
laterian lineage. We first compared each of the 5 ECs of
selected C-1 family members with each of the 18 ECs of
AmphiCDH and each of the 13 ECs of the platypus
type-lll cadherin (supplementary table S16, Supplementary
Material online). We also compared the individual ECs of
selected type-Ill cadherins with those of AmphiCDH (sup-
plementary tables $S17 and S18, Supplementary Material
online). The results of EC-by-EC analyses confirmed those
of EC block analyses by showing that the cadherin domains
were passed through evolution as blocks of consecutive ECs
and that N-terminal EC repeats were lost.

Drosophila melanogaster expresses not only the type-Ill
DN-cadherin, which contains 17 ECs, but also a type-1V DE-
cadherin (shotgun) with only 8 ECs (Hulpiau and van Roy
2009). We compared the EC domains of DN-cadherin, DE-
cadherin, and AmphiCDH and also their respective LamG
and EGF-like domains (supplementary table S19, Supple-
mentary Material online). This analysis revealed that DE-
cadherin had lost several N-terminal ECs, three internal
ECs, and the second block of LamG/EGF-like domains
(summarized in fig. 1). Interestingly, it was recently re-
ported that deletion of the membrane-proximal half of
the ectodomain of DE-cadherin does not affect its cell-cell
adhesion properties but instead causes a defect in myosin-
dependent apical constriction in mutant fly embryos
(Haruta et al. 2010).

Domain detection using CD search revealed 18 ECs
in AmphiCDH, 17 ECs in DN-cadherin, and 14 ECs in
C. elegans HMR-1B. On the other hand, the alignment in
supplementary fig. S4 (Supplementary Material online)
of metazoan classical type-Ill cadherins showed similarity
between EC18 of AmphiCDH and the sequence following
the last EC in DN-cadherin and in HMR-1B, which indicates
the presence of an EC-like sequence. Likewise, similarity
between the first ECs of AmphiCDH and the sequence
preceding the first EC of HMR-1B suggests the presence
of EC-like sequences. These observations concur with our
evolutionary model depicted in figure 1. We hypothesize
that the classical cadherin of the urbilaterian ancestor con-
tains 18 EC domains and that during evolution, several
N-terminal ECs in HMR-1B and the C-terminal EC in
HMR-1B and in DN-cadherin progressively lost their typical
cadherin domain characteristics. Consequently, they are not
detected by the cadherin domain model used by CD search.

Early Metazoan Evolution of Classical Cadherins
In contrast to the choanoflagellate M. brevicollis, basal
metazoan phyla, which precede the Bilateria, do have

a classical type cadherin. Indeed, we identified classical
type-lll cadherins in the genomes of N. vectensis
(NvCDH1, -2, and -3) and T. adhaerens (TaCDH) (fig.
1 and supplementary figs. S2 and S3 and supplementary
tables S11 and S14, Supplementary Material online). In-
terestingly, these cadherins possess even more EC re-
peats (NVCDH1 and TaCDH each has 32 ECs), which
indicates that the first loss of ECs preceded the EC losses
in the bilaterian lineages. So we compared NvCDH1 and
TaCDH with the classical type-Ill cadherins of vertebrates
(supplementary table S20, Supplementary Material on-
line) and nonvertebrates (supplementary table S21, Sup-
plementary Material online). These analyses indicated
that the origination of Bilateria was accompanied by
an initial loss of N-terminal ECs in very long classical type
cadherins (fig. 1). This was confirmed by comparing the
individual ECs of selected type-1ll cadherins with those of
TaCDH (supplementary tables S17 and S18, Supplemen-
tary Material online). Remarkably, the classical CCD too
is conserved from placozoa to man; this CCD contains
both the juxtamembrane domain for binding p120ctn
and the more carboxy-terminal f-catenin-binding do-
main (fig. 1). Upon searching the Trichoplax genome,
we indeed found homologs for both p120ctn and f-cat-
enin (supplementary note S5, Supplementary Material
online). These data allow the definition of classical cad-
herins to be expanded to include transmembrane pro-
teins with up to 32 consecutive extracellular cadherin
domains, with or without LamG and EGF-like domains
in the membrane-proximal part of the ectodomain,
and with a single transmembrane domain and a typical
conserved cytoplasmic domain (CCD) (table 2). It thus
seems that a classical type cadherin in complex with
two armadillo-type catenins was a key element in the
origination of multicellular animals and is a universal fea-
ture in the animal kingdom.

Nonclassical Cadherins and Members of the
Cadherin-Related Family

The cadherin major branch (for classification, see Hulpiau
and van Roy 2009) includes besides “classic” cadherins
(CDH) also nonclassical Flamingo/CELSR cadherins with
a very peculiar 7-transmembrane (7 TM) domain and addi-
tional motifs in their ectodomain. Furthermore, cadherin-
related (CDHR) family members include calsyntenins
(CLSTN), FAT, FAT-like, Dachsous (DCHS), and the inner
ear tip-link cadherin-related family members cadherin-
related 23 (CDHR23) and protocadherin-15 (CDHR15).
We thus performed phylogenetic analyses to identify
within the cadherin superfamily the major families that
evolved during evolution from very basal to modern
animals. Both N. vectensis and B. floridae encode a short
calsyntenin-like protein but apparently T. adhaerens does
not (supplementary figs. S1-S3, Supplementary Material
online). For the other cadherins, we compared the protein
sequences in mouse Mus musculus (Mm), amphioxus
(Amphi), D. melanogaster (Dm), N. vectensis (Nv),
and T. adhaerens (Ta). Multisequence alignments and
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Table 2. Major Cadherin Families and Their Specific Domains and Features.

Family

Symbols Family Names Specific Domains® and Features Alignmentb

CDH Classical cadherins (13-32 ECs for type-lll or 5 ECs for type-l and -II) Supplementary fig. S4
+ (2 LamG + several EGF like for type-lll) + TM + CCD

CELSR Flamingo cadherins 9 ECs + 2 LamG + several EGF like + HRM + GPS Supplementary fig. S6
+ 7 TMs + CD

DCHS Dachsous cadherins 27 ECs + TM + CCD like Supplementary fig. S7

FAT FAT cadherins 34 ECs + 2 LamG + several EGF + TM + CD Supplementary fig. S8

FAT-like FAT-like cadherins 34 ECs + LamG + several EGF + TM + CD Supplementary fig. S8

PCDH Protocadherins (7 or 6 ECs) + TM + (CM for nonclustered protocadherins) Supplementary figs. $10-S12

CDHR Other cadherin related Different from those defined above, at least two consecutive n.d.

ECs and one TM

# Note.—Domain abbreviations: CCD, classical cadherin cytoplasmic domain; CD, cytoplasmic domain; CM, cytoplasmic domain with protocadherin-specific conserved
motifs; EGF-like, epidermal growth factor-like domain; GPS, latrophilin/CL-1-like GPCR proteolytic site domain; HRM, hormone receptor domain; LamG, laminin G domain;

EC, extracellular cadherin domain; and TM, transmembrane domain. n.d,, not done.

b Supplementary figures in Supplementary Material online.

phylogenetic tree building were performed as described in
Materials and Methods. The resulting N tree is shown in
supplementary fig. S5 (Supplementary Material online). This
tree was validated by building a Bl consensus tree (fig. 2). The
two trees agree very well with each other and elegantly show
the different ancient cadherin families and the members of
each family all across the metazoan kingdom. The detailed
alignments of entire protein sequences of representative
metazoan cadherins from each family (supplementary
figs. S4 and S6-S9, Supplementary Material online) revealed
clearly distinguishable features typical for each family
(table 2).

Our phylogenetic analyses revealed that highly related
orthologs of Flamingo/CELSR are encoded by the genomes
of B. floridae and N. vectensis, and even in the basal meta-
zoan T. adhaerens (fig. 2 and supplementary figs. S1-54,
Supplementary Material online). This remarkable conservation
could indicate that these proteins play essential roles in all
Metazoa and that these roles are different from those of
classic cadherins. CDH23/CDHR23 and PCDH15/CDHR15
have orthologs in amphioxus (AmphiCdhr23 and Am-
phiCdhr15, respectively) and thus originated before the ap-
pearance of vertebrates. For the CDHR23 branch, we even
found an ortholog in the nonbilaterian sea anemone
(NvCdhr1) (fig. 2 and supplementary fig. S5, Supplemen-
tary Material online) but not in Trichoplax. In contrast,
we found FAT, FAT-like, and DCHS orthologs in B. floridae,
N. vectensis, and T. adhaerens (fig. 2 and supplementary figs.
S1-S4, Supplementary Material online). Both the length
and the multidomain composition of the extracellular
parts of “ancient” classical cadherins in N. vectensis and
T. adhaerens, which consist of more than 30 EC domains
and several LamG and EGF-like domains, closely resemble
those of the FAT and FAT-like cadherin superfamily mem-
bers in these organisms (supplementary figs. S1-S3, Supple-
mentary Material online). The cytoplasmic domains of
classic cadherins and DCHS proteins also show similarity.
This suggests that these cadherin superfamily members
had a common ancestor in an organism even more ancient
than placozoa.
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Origin and Metazoan Evolution of the
Protocadherins

Protocadherins, which constitute the largest family within
the cadherin superfamily, contain six or seven extracellular
cadherin repeats, a single TM region, and a protocadherin-
specific cytoplasmic domain (Morishita and Yagi 2007;
Hulpiau and van Roy 2009). They are expressed mainly
in the nervous system, and their involvement in synaptic
development is indicated by the profound neurological de-
fects in mice lacking the Pcdh-7y cluster (Weiner et al. 2005).
However, their functions are not entirely clear (Takeichi
2007). Protocadherins have not been found in worms or
flies, and until now, they have been considered a chordate
innovation (Pettitt 2005).

We identified two protocadherins in B. floridae (Am-
phiPcdh1 and AmphiPcdh2; fig. 3 and supplementary fig.
S1 and supplementary table S6, Supplementary Material
online) and, surprisingly, also one in N. vectensis (NvPcdh;
fig. 3 and supplementary fig. S2 and supplementary table
S11, Supplementary Material online). We also searched the
genome of a mollusk, the California sea slug or Aplysia cal-
ifornica, for the presence of protocadherin genes. Thornton
et al. (2003) have shown that Aplysia has an estrogen re-
ceptor ortholog, in contrast to Drosophila and C. elegans,
which have no orthologs at all for steroid receptors. Like-
wise, we identified in Aplysia a genuine protocadherin
(AcPCDH) that had been reported as a cadherin-related
molecule (GenBank accession number: AAO84370). Com-
parative analysis of four basal protocadherins, two from
amphioxus (AmphiPCDH1 and AmphiPCDH?2), one from
sea anemone (NvVPCDH), and one from California sea hare
(AcPCDH), revealed that they all have seven EC repeats and
possess conserved cytoplasmic motifs (CMs; fig. 3). These
conserved motifs were first observed in the cytoplasmic
domains of long isoforms of vertebrate nonclustered o-
protocadherins (Vanhalst et al. 2005). This suggests that
protocadherins predate the bilaterians and were lost in
the protostomian lineages leading to arthropods and nem-
atodes but not in all protostomian lineages. In chordates,
the protocadherin family greatly expanded, with only one
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cadherins
(CELSR)

AmphiCDH DmCadN

TaCDH

Classical
cadherins
(CDH)

NvCDH3 NvCDH1

Fic. 2 Metazoan cadherin families: phylogenetic tree of cadherin superfamily members with several highly conserved branches. We used protein
sequence blocks comprising all ECs of selected cadherins of mouse Mus musculus (Mm), amphioxus (Amphi), fruit fly D. melanogaster (Dm),
sea anemone N. vectensis (Nv), and the placozoan T. adhaerens (Ta) (see also table 1 and supplementary figs. S1-S3, Supplementary Material
online). The proteins analyzed belong to branches of classical (CDH), flamingo/CELSR, dachsous (DCHS), FAT, and FAT-like cadherins or
cadherin-related member 23 (CDH23/CDHR23) (see also table 2). This consensus tree is based on Bl analysis and drawn as a radial phylogram.
Numbers at branch points indicate Bayesian posterior probabilities. The structure of this tree is supported by a NJ tree (supplementary fig. S5,

Supplementary Material online).

protocadherin in sea urchin (Whittaker et al. 2006), two
paralogs in amphioxus, six members in C. intestinalis (Noda
and Satoh 2008), and between 60 and 80 genes in mam-
mals, fishes, and reptiles (Noonan et al. 2004; Yagi 2008;
Jiang et al. 2009) (fig. 3). In vertebrates, most protocadherin
genes seem to have been generated by repeated lineage-
specific gene duplications, gene conversions, and adaptive
variation, which led to a huge gene cluster comprising typ-
ical repetitions of different as well as shared constant exons
(Noonan et al. 2004; Yagi 2008; Jiang et al. 2009). It is
conceivable that this protocadherin boom was one of
the factors underlying the increase in central nervous com-
plexity in the chordate lineage. The origin of the synapse
lies in the last common ancestor of cnidarians and bilater-
ians, which would have assembled an ursynapse (Ryan
and Grant 2009). Thus, the appearance of an ancient

protocadherin in the cnidarian N. vectensis is concordant
with an innovative protocadherin role of mediating syn-
apse development.

To determine the origin of the seven EC repeats present
in these protocadherins, we compared a selection of 7EC
protocadherin ectodomains from various organisms with
a sliding 7EC block in several N. vectensis cadherins and
additionally with a sliding 7EC block in AmphiFAT (supple-
mentary table S22, Supplementary Material online). The
cadherin repeats of protocadherins matched best with
the first seven repeats in NvFAT, as indicated by the sig-
nificantly lower e-values. This match was also suggested
by the tBLASTn analysis (supplementary table S9, Supple-
mentary Material online) in which NVFAT, represented
by RefSeq XP_001627512, was the best hit for most of
the mammalian protocadherins. A comparison of 6EC
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FiG. 3 Metazoan evolution of protocadherins from the sea anemone to man. (A) On the left is a cladogram of organisms for which cadherin
superfamily members are analyzed here or were analyzed previously (Hulpiau and van Roy 2009). Numbers in blue hexagons indicate the
typical number of EC repeats in the respective ectodomains of protocadherins. Representative proteins are depicted on the right. NVFAT
represents the proposed FAT-related ancestor. In vertebrates, nonclustered protocadherins (NC-Pcdh or &-protocadherins) (Hulpiau and van
Roy 2009) have seven or six ECs in their ectodomains, whereas all clustered protocadherins (C-Pcdh) have six. Alignment is at the amino
termini on the left. The first abrupt ectodomain reduction is represented by the blue rectangle. The reduction from a 7-EC protocadherin to
the 6-EC protocadherins occurred by an internal deletion depicted by dotted lines. An open triangle indicates imperfect sequence
conservation. Key: domain symbols used. (B) Amino acid alignment of the conserved binding motifs 1 (CM1) and 2 (CM2) in the cytoplasmic

domains of representative protocadherins.

blocks from a selection of mouse protocadherins
(MmPcdhal, MmPcdhb1l, MmPcdh8, and MmPcdh10)
with a sliding 6EC block in NvFAT and AmphiFAT con-
firmed these findings (supplementary table S23, Supple-
mentary Material online). Also here, an EC-by-EC
analysis was performed to evaluate the possibility of the
loss or gain of one or more ECs (supplementary table
S24, Supplementary Material online). The hypothesis
that the ectodomain of protocadherins evolved from the
N-terminal ECs of an ancient FAT protein (fig. 3), rather
than from another ancestor, agrees with the comprehen-
sive EC1-based phylogenetic analysis we previously de-
scribed (Hulpiau and van Roy 2009), which positioned
FAT and DCHS closer to the protocadherins than to other
cadherins or cadherin-related proteins. When the 7EC
domains of several protocadherins were used for multiple
sequence alignment with the 34 ECs of sea anemone FAT
(NVFAT) and amphioxus FAT (AmphiFAT), they convinc-
ingly aligned with the N-terminal EC domains of the FAT
cadherins (supplementary fig. S9, Supplementary Material
online).

Protocadherins with six instead of seven ECs arose early
in the olfactores clade, possibly in the last common ances-
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tor of tunicates and vertebrates (fig. 3). The vase tunicate
C. intestinalis has six protocadherins (Noda and Satoh
2008), of which five have six EC repeats and one has seven
ECs. To investigate the origin of 6EC protocadherins, we
compared the ECs of protocadherins with 7ECs and 6ECs
in C. intestinalis, Mus musculus, and Homo sapiens (supple-
mentary table S25, Supplementary Material online). The
first four ECs of 6EC protocadherins clearly match the first
four ECs of 7EC protocadherins. Also, the last EC of 6EC
protocadherins matches the last EC of 7EC protocadherins.
These data suggest that loss of parts of EC5 and EC6 from
a 7EC protocadherin produced a 6EC protocadherin. To
confirm this hypothesis, we aligned the protein sequences
of a selection of protocadherins of either C. intestinalis
(supplementary fig. S10, Supplementary Material online)
or H. sapiens (supplementary fig. S11, Supplementary
Material online). In both alignments, the ECs match until
the beginning of the fifth EC. The rest of the EC5 of 6EC pro-
tocadherins (CiPcdh2 to CiPcdh6 in supplementary fig. S10,
Supplementary Material online, and HsPCDH10 and fol-
lowing in supplementary fig. S11, Supplementary Material
online) matches part of the sixth EC of 7EC protocadherins
(CiPcdh1 in supplementary fig. S10, Supplementary
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Material online, and HsPCDH1 and the three following se-
quences in supplementary fig. S11, Supplementary Material
online). There is convincing alignment for the last EC of
both protocadherin types. This means that 6EC protocad-
herins were generated by loss of the C-terminal part of EC5
and the N-terminal part of EC6 from a 7EC protocadherin,
as depicted in figure 3. We also investigated the intron—
exon structure of all six Ciona protocadherin genes (sup-
plementary fig. S12, Supplementary Material online). The
five genes encoding 6EC CiPcdhs clearly have more introns
in the genomic region encoding ECs than the gene encod-
ing the 7EC protocadherin CiPcdh1. This could have facil-
itated the internal loss of one or more exons encoding the
C-terminal part of EC5 and the N-terminal part of EC6 in
a 7EC protocadherin.

Finally, clustered protocadherins with six ECs probably
originated in the early days of vertebrates from a nonclus-
tered 6EC type ancestral protocadherin. This hypothesis
has to be confirmed by examining other cadherin reper-
toires, such as that of the lamprey (Petromyzon marinus).

Ancient Long Cadherins

The amphioxus genome encodes the strikingly large num-
ber of up to 30 cadherin and cadherin-related genes (sup-
plementary fig. S1, Supplementary Material online).
Noteworthy, only about ten of them have homologs in ver-
tebrates, whereas most seem to be lineage specific. They
often have long ectodomains and sometimes unusual pro-
tein domains but generally no LamG, EGF-like, or CCD do-
main. One of these peculiar cadherins is AmphiCdhr1 with
40 cadherin repeats. The N. vectensis genome also encodes
very long cadherins, namely NvCdhr2 and NvCdhr3, which
have 43 and 51 ECs, respectively, but lack other typical do-
mains (supplementary fig. S2, Supplementary Material on-
line). We hypothesize that these unusual cadherins are
ancient remnants from the Urmetazoan ancestor that
had been lost during evolution into cadherins of either Pro-
tostomia or vertebrates. This type of cadherin has not been
reported for metazoans, whereas the cadherin repertoire of
M. brevicollis includes several somewhat similar proteins
(Abedin and King 2008). Nonetheless, we were unable
to detect convincing homology between individual ECs
or EC blocks of any of the N. vectensis or T. adhaerens
cadherins or between ECs or EC blocks of several long
M. brevicollis cadherins (data not shown). Also, we found
no evidence for internal tandem duplications to explain the
origin of these long ectodomains (data not shown). This
implies that long EC stretches in cadherins of basal organ-
isms are really ancient structures that had existed before
many lineage splits.

Conclusions

In summary, we propose that the Urmetazoan, the last
common ancestor of animals, had expressed at least five
members of the cadherin superfamily that are found in
nearly all its descendants (fig. 2): a classical cadherin
(CDH), a nonclassical Flamingo cadherin (CELSR), and

three cadherin-related members, namely FAT, FAT-like,
and DCHS. Except for DCHS, each of these ancestral cad-
herin superfamily members has multiple EGF-like domains
and one or more LamG domains inserted between the ECs
and the TM region. Their similar domain composition sug-
gests that they were originally paralogs. They differ substan-
tially from the many diverse proteins containing EC repeats
encoded by the M. brevicollis genome (Abedin and King
2008). Therefore, the choanoflagellate cadherin repertoire
might have been generated from a separate evolution from
one or more ancient cadherins that had been present in the
unicellular Urmetazoan/choanoflagellate concestor more
than 600 Ma.

The classical type cadherins have been evolving from the
Urmetazoan to man by progressive loss of N-terminal
ECs from the ectodomain in combination with loss of
membrane-proximal motifs (fig. 1). The domain composi-
tion of AmphiCDH corresponds to the archetypal repre-
sentation of the Urbilaterian ancestor of protostomian
and deuterostomian classical cadherins. The five ECs of
the C-1 cadherin family members correspond with the
membrane-proximal ECs of vertebrate type-lll cadherins
and with the penultimate EC repeats of AmphiCDH.
The 13 ECs of vertebrate type-lll cadherins, the 15 ECs
of worm HMR-1B, and the 17 ECs of fruit fly DN-cadherin
match extensively with the penultimate ECs of AmphiCDH.
When the chordate descendants emerged, the type-Ill cad-
herin gave rise to “modern” type-l and type-ll cadherins
having five to seven ECs in their ectodomains. The last five
EC repeats and the CCD have been conserved, whereas
other ECs and the LamG and EGF domains were lost.
C. intestinalis has two modern cadherins, and the more re-
cently evolved chordate species have many more, with up
to 29 major branch family members in man. Increasing the
diversity of these 5EC-type cadherins might have been fun-
damental in increasing tissue complexity during chordate
evolution.

In contrast, the structures of the Flamingo/CELSR, the
FAT-like, and the DCHS cadherins have remained un-
changed in at least three monophyletic groups: Bilateria,
Cnidaria, and Placozoa (fig. 2 and supplementary figs.
S1-S3, Supplementary Material online) (Hulpiau and van
Roy 2009). The same is largely true for the FAT cadherins,
except that the ectodomain is shorter in the Trichoplax
FAT protein and that Caenorhabditis elegans has no FAT
proteins (Pettitt 2005). This remarkable ancient origin of
several cadherin types suggests that each of them has ful-
filled separate and essential needs throughout the evolu-
tion of Metazoa. Flamingo/CELSR, DCHS, and FAT
cadherins play established roles in planar cell polarity
(Simons and Mlodzik 2008), but such polarity is probably
not essential in the two-layered placozoans, which lack any
kind of symmetry. However, the recently discovered in-
volvement of DCHS—-FAT interactions in the Hippo kinase
pathway, which coordinates cell proliferation with cell
death in flies and mammals (Badouel et al. 2009), indicates
that these highly conserved cadherin superfamily members
play important roles in basal metazoan life. In agreement
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with this, we obtained evidence that several key molecules
in the Hippo signaling pathway have homologs in Tricho-
plax (data not shown). Along the same line is the essentially
unchanged cytoplasmic domain of classical cadherins
(CCD), which has two regions for binding armadillo pro-
teins. The multiples roles of the armadillo proteins
p120ctn and B-catenin, which act both as stabilizers of cell
junctions and as cytoplasmic and nuclear signaling proteins
(McCrea and Gu 2010), might be the reason for their
remarkable evolutionary conservation.

The shortening of the ectodomain of classical cadherins
during evolution has been stepwise: The reduction from 32
ECs to ~18 ECs at the dawn of the Bilateria was followed
later by further reduction to 5 ECs at the dawn of verte-
brates (fig. 1). In contrast, protocadherins apparently
emerged by an abrupt C-terminal deletion in a FAT-like
precursor (fig. 3), probably in combination with gene fu-
sion. A protocadherin is not present in the “living fossil”
Trichoplax, although it can be identified as early as cnidar-
ians (Nematostella). Several but not all prostostomians
have lost protocadherins. Nonclustered protocadherin
genes, which are more ancient than the renowned clus-
tered protocadherin genes, have peculiar conserved motifs
(CM) in their cytoplasmic domains but only in the long
isoforms generated by alternative splicing of 3’ exons
(Vanhalst et al. 2005). In transcripts of clustered protocad-
herin genes, splicing occurs to constant 3" exons, which are
shared by many genes in the cluster and differ from those of
the nonclustered ancient protocadherin genes (Yagi 2008).
Therefore, the introduction of “new” cytoplasmic domains,
which differ among protocadherins and also from that of
the FAT-related ancestor, might be due to exon-swapping
events. It is intriguing that both modern classical cadherins
and modern protocadherins have short ectodomains, with
at most five to seven ECs. One may speculate that the role
of particular cadherins has changed from intercellular sig-
naling via loose contacts to tight interactions in carefully
composed junctional complexes. This might reflect the
evolution from the limited requirements of a colonial uni-
cellular eukaryote to the strict morphogenetic programs
essential for metazoan organs.

Supplementary Material

Supplementary figures S1-512, supplementary tables S1-
S$25, and supplementary notes (sequences) S1-S5 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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