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Abstract

Members of the cadherin superfamily of proteins are involved in diverse biological processes such as
morphogenesis, sound transduction, and neuronal connectivity. Key to cadherin function is their
extracellular domain containing cadherin repeats, which can mediate interactions involved in
adhesion and cell signaling. Recent cellular, biochemical, and structural studies have revealed that
physical interaction among cadherins is more complex than originally thought. Here we review work
on new cadherin complexes and discuss how the classification of the mammalian family can be used
to search for additional cadherin complexes. We also highlight some of the challenges in cadherin
research, namely, the characterization of a cadherin connectome in biochemical and structural terms,
as well as the elucidation of molecular mechanisms underlying the functional diversity of non-

classical cadherins in vivo.
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Cadherin Superfamily

The classical cadherins were discovered as glycoproteins that mediate calcium-dependent cell-cell
adhesion in early vertebrate embryo development and epithelial tissues [1-6]. Subsequent
identification and characterization of multiple members of the superfamily revealed function beyond
adhesion, depicting them as cell-surface receptors involved in signaling [7-10], mechanotransduction
[11,12], and brain morphogenesis and wiring [13-15]. Cadherins, referred to here as all members of
the superfamily (including protocadherins [16-17] and others), have also been found in multiple

species and categorized in several subfamilies across phyla [18-21].

Characterization of the superfamily has been difficult due to the family’s many members and their
functional diversity. The classical cadherins involved in cell-cell adhesion have been studied in depth
and molecular mechanisms underlying their biological function have been probed extensively in
tetrapods [22]. However, less is known about the function of non-classical members and about

members in other species [13,15,23-27].

Here we start with a brief, structurally-based introduction to the mammalian superfamily and its
classification. We then focus on new molecular mechanisms involved in interactions among cadherin
superfamily members in tetrapods and fish. We discuss the emergent view that cadherins might
function as heterotypic receptor complexes (formed by more than one member of the superfamily),
and on how classification of the family, sequence similarities, and structural relationships may help

to identify new interactions among family members.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Cadherin Architecture and Structural Diversity

The hallmark of cadherin proteins is the cadherin extracellular repeat (EC) [28-30] (Figure 1), with
cadherins defined as having at least two tandem EC repeats in their extracellular domain. In addition,
cadherins usually have a transmembrane and a C-terminal cytoplasmic domain (Figure 1c). Each EC
repeat consists of approximately 100 amino acids sharing a common fold, but not identical sequence,
with seven f strands in a “Greek-key” motif (Figure 1a). The repeats arrange in series and linker
regions feature multiple highly conserved amino acids that coordinate calcium ions in three calcium-
binding sites (Figure 1b). The sequence motifs involved in calcium binding have enabled the

identification of over 100 superfamily members in humans, and more throughout multiple species

[31,27].

Classical cadherin proteins involved in calcium-dependent cell-cell adhesion in mammals, such as
CDH1 and CDH2 (E- and N-cadherin; human nomenclature used unless otherwise noted), have been
the most studied and serve as the archetypical members of the superfamily [32]. These cadherins
have five extracellular EC repeats labeled EC1 to EC5, starting from the repeat most distal to the
membrane at the N-terminus of the protein (Figure 1c). Cleavage of a N-terminal “prodomain” is
required to enable their adhesive function [33], which is achieved by trans interactions, generally
homotypic, between extracellular cadherin domains protruding from adjacent cells [34,35] (Figure
le). Classical cadherins may also interact in parallel with partner molecules from the same cell

through cis interactions [36-38], with trans bond formation preceding cis complex formation [22]
(Figure 1d). The cytoplasmic domain of classical cadherins binds to catenins (p120 and ), which in
turn regulate stability of the extracellular cadherin bond, endocytosis, and interaction between

cadherins and the cytoskeleton through a catenin and other proteins [39-44].
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Similarly, other cadherins are involved in trans and cis interactions, and use their cytoplasmic domain
to bind to regulatory proteins (see Box 1). However, non-classical cadherins display a more diverse
set of cytoplasmic domains, and their extracellular regions have varying number of EC repeats (Table
1). For instance, CDH13 (T-cadherin) with five EC repeats, is unique as it lacks transmembrane and
cytoplasmic domains and is anchored to the membrane through a glycophosphatidylinositol (GPI)

moiety [45,46]. The non-classical cadherins CDH16 and CDH17 have seven EC repeats and very short
cytoplasmic domains [47-49]. On the protocadherin side, three gene clusters (o, f, and y) code for a
large number of proteins (a total of ~60 in most mammalian species) each with six EC repeats and a

single pass transmembrane domain. The o and y clusters have a variable cytoplasmic subdomain

concatenated to a constant cytoplasmic region, whereas PCDH@s lack the latter [16,17,24,50]. Other
“non-clustered” protocadherins have signature sequences in their cytoplasmic domains [51-54] or
feature very long extracellular domains containing up to 34 EC repeats (Table 1 [54]). Overall,
members of the superfamily have distinct and varied structural features that are relevant for their
sometimes poorly understood function. These features also segregate members in different
subfamilies, hinting that classification of the family according to sequence and structure may provide
insights into evolutionary and functional relationships. However, a consistent classification has not

been straightforward.

Cytoplasmic-based Classification of Cadherins

Initial attempts to classify the cadherin family used functional criteria and cytoplasmic domain

sequences, rather than full-length protein sequences. This approach permitted easy identification of
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classical cadherins in different species having similar function and cytoplasmic domains, but varied
extracellular domains. For instance, Drosophila E-cadherin (DE-cadherin [31,55]) is essential for
epithelial adherens junction formation and binds Drosophila catenins, just as CDH1 functions in cell-
cell adhesion and binds to mammalian catenins. However, DE-cadherin’s extracellular domain has
seven EC repeats (instead of five ECs in CDH1), as well as an epidermal-growth-factor-like domain, a
laminin globular domain, and a primitive proteolytic site, all three domains absent in CDH1 and in
all mammalian classical cadherins [19]. Thus classification according to function and properties of
the cytoplasmic domain, which does place DE-cadherin and CDH1 together in the classical

subfamily, emerged as a good strategy to sort the family.

In this scheme, cadherins are pragmatically segregated into three groups: classical cadherins (able to
bind catenins [19,56]), desmosomal cadherins, and protocadherins (PCDHs), which have a variable
number of EC repeats (other than five) and cytoplasmic domains distinct from those of the first two

subfamilies (Figure 1c).

As new members of the family in tetrapods and other species were discovered, new subfamilies,
some with a single member, were incorporated and classified [13] (Table 1). In this cyto-centric
extended classification, the classical subfamilies in the human genome are divided into type I and

type II, the desmosomal cadherins comprise the desmocolin and desmoglein subfamilies, and the
clustered protocadherins are readily separated into a, f, and y subfamilies (Box 2 and Figure II).

Human non-clustered protocadherins are less clearly separated in subfamilies unless other “ad-hoc”

criteria are taken into account, such as the length of their cytoplasmic and extracellular domains (7D

subfamily) or the specific cytoplasmic sequence signatures that define subfamilies 81 and 82. Finally,

unclassified members are loosely grouped into the € subfamily. Although classification according to
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features of cytoplasmic sequences is less effective for non-classical cadherins (Figure II), the relevance
of most cadherin cytoplasmic domains in signaling and disease further validated this approach [13]
(see Box 1). Such classification likely provides insights into common signaling pathways used by
members within one species and perhaps across different species, but it is unclear whether it reflects

accurate evolutionary relationships as well as trans and cis connectivity among cadherins.

EC1-based Classification of Cadherins.

In parallel to cyto-centric efforts to classify the cadherin family, an alternative approach was
developed based on the functional relevance of repeat EC1 [18,57]. Early research on classical
cadherins showed that frans interactions were calcium-dependent and strictly homotypic, i.e,
members of the subfamily interact only with identical types. Using chimeric cadherins it was shown
that the EC1 repeat (most distal from the membrane) is responsible for binding specificity [35]. Over
the past two decades structural [58] and biophysical [59,60] studies have further demonstrated that
trans interaction of mammalian classical cadherins is mediated by the N-terminal extracellular EC1
repeat [58,61,62]. These interactions involve the exchange of secondary structure elements (short
segments of B-strand A in EC1) along with exchanged-docking of one (type I) or two (type II)
tryptophan side chains at the very N-terminus of the mature protein (Figure 2). While there is some
variation in the surfaces involved in homotypic interactions among type I and type Il members, all
vertebrate classical cadherins studied so far use the same basic mechanism [22]. Moreover,

extracellular domains of classical cadherins can drive adhesion by themselves (without cytoplasmic

domains [61]).
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The functional relevance of the extracellular domain and the involvement of EC1 in signaling and
related binding mechanisms suggested that the whole family could be classified by aligning the
sequences of EC1 repeats alone [57]. This provided a way to avoid the difficulties in comparing
family members with vastly different number of EC repeats or highly divergent cytoplasmic domain
sequences. Remarkably, EC1-based alignments effectively segregate vertebrate cadherins in groups
that are similar to those obtained using “ad-hoc” criteria along with cytoplasmic-based alignments
[18,13,20] (Table 1). In this scheme, human cadherins naturally separate in groups that include type I,
type II, desmosomal, and 7D cadherins within the newly defined C-1 family of the cadherin major
branch. Similarly, the a, B, and y groups of clustered protocadherins separate from 81 and 82

protocadherins in the Cr-1a branch of the cadherin related major branch.

However, the EC1-based classification differs in some aspects to that based on cytoplasmic
properties. In the human superfamily, clustered protocadherins PCDHacl, ac2, yc3, yc4, and yc5
feature distinct extracellular EC1 repeats that group them away from their corresponding o and y
branches [24,50,63] (defined by cytoplasmic-based alignments and gene structure). The EC1-based
alignment also segregates PCDH10 away from the 62 protocadherins [20]. In addition, some
cytoplasmic-based alignments that use a subset of cadherin members [20,54] suggest that PCDH15
groups with CDHR1 (PCDH21), CDH23 with CDHR2 (PCDH24), and PCDH12 with CDHR5
(WPCDH). Cytoplasmic-based alignments using the whole set of human cadherins are less conclusive
about these subgroups, while the EC1-based alignment suggests the existence of three well-defined
groups: the first one formed by CDHR1, CDHR?2, and CDH23 (Cr-2 subfamily) and two additional
single-member groups including CDHR5 and PCDHI15 each [20]. Members inconsistently classified

are highlighted in red in Table 1.
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Importantly, new subfamilies can be identified in the EC1-based classification when considering non-
mammalian sequences of cadherins [20,21]. The C-2 family, including the CELSRs in mammals, also
encompasses type III cadherins like Drosophila DN-cadherin, chicken Hz, and zebrafish and
Xenopus cHz-like cadherins. Type IV cadherins like Drosophila shotgun (DE-cadherin) and cricket
(Gryllus bimaculatus) Gb1-cadherin also belong to the C-2 family. Type III cadherins with 13 to 17 EC

repeats and type IV cadherins with seven EC repeats are not present in mammals.

The EC1-based scheme is not perfect. Proteins such as CDH1 and DE-cadherin are grouped in
different subfamilies although they perform similar tasks in different species. Therefore, function
may not be segregated with subfamily in this classification, which hints at more general difficulties
when establishing evolutionary and sequence-structure-function relationships within a family of
proteins across phyla [64]. Clearly, even close homologues may have different cellular functions and
biochemical properties. Conversely, proteins that differ widely in sequence and structure may carry
out similar functions in different species. Thus, evolutionary studies and sequence analyses of
cadherins must be performed in the context of functional and biochemical data for members of

protein families across multiple species [64].

Another shortfall of the EC1-based classification is that some cadherins use EC repeats other than
EC1 to perform their function in adhesion and signaling. This could be particularly relevant for long
cadherins with unusual calcium binding sites that may adopt globular shapes [65] thereby using

binding mechanisms that resemble those used by the Drosophila DSCAMs [66].
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Towards Cadherin Connectomics.

The EC1-based classification that emerged from work on classical cadherins remains attractive
despite the pitfalls described above. It provides a simple way to deal with diverse multi-domain
cadherins, while at the same time providing insights into EC1-based interaction mechanisms for
cadherins. New binding mechanisms in classical and non-classical members of the family, however,
suggest that the EC1-based homotypic interaction paradigm may not be applicable for all cadherins,
and that the EC1-based classification should be updated. We therefore continue reviewing these new
binding mechanisms observed for classical cadherins, atypical cadherins CDH23 and PCDH15, and
clustered protocadherins, and suggest a new grouping based on the sequences of the first three EC
repeats (Figure IIb), as well as new ways of finding potential interacting partners (Figure Ilc,d and e;

Box 2).

New Homotypic Trans Interaction Mechanisms Involve EC1 and EC2 Repeats

The involvement of multiple EC repeats in cell-cell adhesion mediated by classical cadherins has been
highly debated over the past decade [67]. Biophysical and cell-based assays have suggested that
classical cadherins could interdigitate their extracellular domains. In this arrangement, repeats EC2 to
EC5 would also form part of the adhesive trans interface. However, single molecule FRET
experiments [59,60] and cryo-electron tomography of desmosomes [68,69] indicate that interactions
are tip-to-tip (EC1 to EC1), and reminiscent of the arrangements seen in crystals of entire extracellular
domains of classical cadherins [61]. These studies further validate the approach of using EC1

sequences to classify the superfamily.

10
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Interestingly, CDH13 (T-cadherin), a non-classical member of the cadherin family that lacks the EC1
features required for the trans EC1-to-EC1 strand-swapping interaction ([22], Figure 2a), does mediate
trans homotypic cell-cell adhesion [45,46]. This unusual cadherin does not have a transmembrane or
cytoplasmic domain, but it is linked to the plasma membrane through a GPI anchor. Moreover,
crystallographic structures of CDH13 EC1 and EC2 repeats revealed a new mode of trans homotypic
interaction that involves both its EC1 and EC2 repeats in a so-called “X-dimer” conformation [70]
(Figure 2b). A series of in vitro biochemical and cell-based assays confirmed the X-dimer interface for
CDH13, which was found to mediate robust aggregation of CHO-cells and to mediate inhibition of

neurite outgrowth [70].

The X-dimer arrangement had been identified in previous X-ray structures of a mutant CDH1 [71],
but had been regarded as either a candidate for mediating cis interactions among cadherins [71,38,72]
or a crystal packing artifact (see discussion in [73]). Additional structural analyses of mutated
classical cadherins and CDH13 [70,73] suggest that the X-dimer is a transient state used by all classical
cadherins. This state, which is consistent with a second bonded conformation observed in single-
molecule FRET experiments [60] and involves repeat EC2, may facilitate the subsequent exchange of
pB-strands seen in the EC1-to-EC1 strand swapped dimers [73] (Figure 2c). Thus, EC2 becomes

relevant for homotypic trans interactions, and should be considered in EC-based classifications of the

superfamily.

A New Trans Heterotypic Complex also Involves EC1 and EC2 Repeats

11
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Just as the involvement of multiple EC repeats in cadherin trans interactions has been disputed, the
existence of physiologically relevant heterotypic trans complexes of classical cadherins has been
equally controversial. While the debate continues for classical cadherins, recent work has
unequivocally shown that two non-classical cadherins, mouse Cdh23 and Pcdh15, do form a

functional heterotypic complex that also involves both repeats EC1 and EC2.

The non-classical Cdh23 and Pcdh15 mouse proteins form hair-cell tip links [74-76], fine filaments
essential for inner-ear mechanotransduction [12]. Tip links assemble and regenerate in a calcium-
dependent manner, are constantly under tension, and connect adjacent stereocilia of the same cell
(Figure 3a). The Cdh23 and Pcdh15 proteins, with 27 and 11 EC repeats, respectively, are products of
deafness genes [76], are localized to tip links by antibody labeling, and their predicted length matches
the length of the tip link, suggesting a tip-to-tip interaction [75,77] (Figure 3a,b). Moreover, binding

experiments show robust heterotypic interaction in vitro [75,78].

The structures of the heterotypic complex formed by the interacting tips of mouse Cdh23 and Pcdh15
reveal that these proteins do not use any of the binding mechanisms observed for classical cadherins
[78-80]. Instead, the EC1+2 protomers of each protein engage in an antiparallel extended
“handshake”, with both repeats contributing to the interface [79] (Figure 3c). Consistent with this
structure, an arginine residue mutated to glycine in individuals with inherited deafness [81] is located
in the handshake interface (Figure 3d). The structure predicts that the arginine-to-glycine mutation
would disrupt molecular interactions thereby impairing binding, and this was confirmed by size
exclusion chromatography and calorimetry experiments [79], as well as by prior binding assays [75]

and ex vivo functional tests [77].

12
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The handshake interface is possible due to special structural features of both Cdh23 and Pcdh15
protomers. In both cases the N-terminal strand of EC1 is unlike that of classical cadherins: it extends
towards the top of the protomer where it is tucked and secured by a novel calcium binding site in
Cdh23 [78,79] and by a disulfide bond in Pcdh15 [79] (Figure 3c,e,f). Both EC1 protomers present
bulges that fit in the narrower inter-repeat linker region of the adjacent molecules, thereby facilitating
the overlap. Interestingly, some mouse and human PCDHI15 isoforms have modified N-terminal
sequences, suggesting that PCDH15 across species may form new types of complexes with itself or
with other members of the cadherin family. Moreover, recent experiments suggest that immature tip
links might be transiently made of mouse Pcdh15 tetramers, without any Cdh23 molecules [82]. The
multiple isoforms of mouse Pcdh15 [74] may provide a pseudo-heterotypic antiparallel bond

responsible for the all-Pcdh15 immature tip links observed in [82].

The consequences of preventing the Cdh23 — Pcdh15 handshake interaction in vivo were determined
using the Noddy mouse model [83]. Noddy mice carry an isoleucine to asparagine mutation at position
108, also located in the handshake interface. These mice completely lack inner-ear function. In vitro
experiments show that this mutation impairs binding of Pcdh15 EC1+2 I108N to Cdh23 EC1+2,
without preventing proper folding of the protomer. In vivo localization is also unaffected, indicating
that impaired binding between the two proteins solely causes that phenotype. Thus the heterotypic
handshake interaction, extensively validated in vitro, ex vivo, and in vivo, is essential for inner-ear

mechanotransduction [79,83].

The structure of the heterotypic cadherin bond formed by Cdh23 and Pcdh15 indicates that EC2

repeats can also be involved in trans binding, as in the homotypic classical X-dimer interface. Thus,

the EC1-based classification should be extended to include other repeats. The new classification could

13
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be used to search for similar heterotypic binding pairs, as it is now clear that other cadherins (like the

clustered protocadherins) form heterotypic complexes [15].

Protocadherin Complexes Involve Multiple Family Members and EC Repeats

The clustered protocadherins form the largest cadherin subfamily with 53 members in humans

[16,17,24,50]. Many members have been studied individually, or collectively by antibody targeting of
the constant domains in the cytoplasmic domains of a or y protocadherins. Clustered protocadherins

tested so far do not share the robust adhesive properties of classical cadherins, but rather cluster
together in cis to form signaling receptors that mediate neuronal recognition [14,17,84] and survival

[85-88] through presumably weak trans interactions.

Several issues have delayed the characterization of interactions among clustered protocadherins.
First, bead-based binding experiments fail to show interaction among family members [15]. In
addition, cell-based assays did not show strong calcium-dependent cell aggregation activity for

multiple members of the subfamily [16,89-94]. Lastly, interpretation of these results might have been

confounded by endogenous expression of y protocadherins [95].

To overcome these difficulties and to probe interactions among mouse Pcdhy complexes, non-
adherent K562 cells, which lack endogenous expression of classical cadherins and y protocadherins
have been used [95-97]. These experiments revealed homotypic trans interaction for Pcdhya3, b2, and

c3 [95]. The interaction mediated by Pcdhya3 was found to be only partially calcium-dependent and

14
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required repeat EC1. Additional experiments with Pcdhyal0, a12, b1, b6 confirmed strict homotypic
trans interactions. Remarkably, chimeric constructs show that the specificity of these interactions is
governed by repeats EC2 and EC3 [95], not EC1 (Figure 3g). This is consistent with positively selected

codon positions found mostly in EC2 and EC3 repeats when analyzing EC1-3 sequences [24].

Immunoprecipitation experiments also suggest that members of the Pcdhy subfamily form tetrameric
complexes in cis [95] (Figure 3g). The number of cis heterotypic tetramers that can be formed and
made available for trans homotypic interaction is large enough to provide a rich repertoire of unique
receptors that can form the basis for a neuronal recognition code [84,95]. Interestingly, recent
experiments suggests that members of the o, , and y subfamilies interact (directly or indirectly) with
each other, although not necessarily to mediate adhesion [98-102]. Thus, the cadherin code for

neuronal recognition could be greatly extended.

Proteomic analysis using mouse proteins also suggest that members of the o and y subfamilies
interact with the classical cadherin Cdh2 [98], but likely in an indirect way [99]. Similarly, members of

the y subfamily may interact with other members of the superfamily, like Cdh4 and Pcdh17 [98],

while members of the 81, 62, and ¢ subfamilies of non-clustered protocadherins may also form

heterotypic complexes [103-106] (Figure 3gh).

For instance, Cdh2 and Pcdh19 functionally cooperate with each other in zebrafish brain
development [105], and their physical interaction has been the best characterized so far [106]. While
zebrafish Pcdh19 does not mediate adhesion on its own, and does not interact in trans with zebrafish
Cdh?2, it is responsible for the trans adhesive interaction of the heterotypic Cdh2-Pcdh19 complex.

Cdh2 seems to enable the adhesion driven by Pcdh19, suggesting a paradigm-shifting view in which

15
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classical cadherins, at least in zebrafish, act as regulators of 82 protocadherin-mediated adhesion

[15,106] (Figure 3h).

Overall, these results show an apparent heterotypic promiscuity among non-classical cadherins
interacting in cis (particularly for the clustered protocadherins), while trans interactions that involve
repeats EC1, EC2, and EC3 are strictly homotypic, at least for the y subfamily. It is apparent that
involvement of some cadherins in signaling and cell recognition requires a transient and perhaps
weak interaction, while in other cases, a strong bond may serve for concomitant signaling and
adhesive functions. Regardless of their role in signaling or in more stable adhesive contacts, most of
the cadherin interactions described so far involve repeats that go beyond repeat EC1, and most have
not been complemented with structures. Moreover, there is a lack of a systematic exploration of the

possible complexes that can be formed by superfamily members.

Concluding Remarks

The research summarized above has revealed functional and structural diversity among cadherins.
Overall, these results highlight the need to abandon the narrow view of homotypic adhesive
interactions mediated by EC1 for all cadherins and explore function beyond the classical paradigm
(see Outstanding Questions). Many cadherins use alternate binding mechanisms that involve both
homotypic and heterotypic interactions mediated by multiple EC repeats. These interactions may
play a role in adhesion, signaling, or both. Together these results also suggest that the EC1-based
classification should be extended to incorporate at least EC2 and EC3 repeats. Evolutionary

relationships are unlikely to be captured by such classification, as they require more comprehensive

16
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analyses of the full-length protein sequences and of the biochemical properties of both intra and
extracellular domains. However, we propose that EC-based classifications may serve a different
purpose: to identify families and subfamilies, within a species, that share distinct binding
mechanisms, thereby providing roadmaps to probe and build species-specific cadherin connectomes.
For instance, rearrangement of the human cadherin superfamily using sequences covering EC1, EC2,
and EC3 repeats reveals interesting relationships and general criteria that can be used to predict
interaction candidates (Box 2). As a test, we propose two strong complex candidates for heterotypic
interactions (FAT4/FAT3 and CDHR2/CDHR5), among many other possibilities that need to be

systematically explored, as recently done for immunoglobulin and LRR proteins in Drosophila [107].

Ultimately, understanding how cadherins interact with each other will serve to design molecular
handles that can control their function in vivo, perhaps to modify development and morphogenesis
[108], or alter neuronal connectivity in a controlled fashion [109]. This may provide essential tools to

probe the functional connectome of the brain [110].

Outstanding Questions BOX

The molecular mechanisms underlying function of cadherins have been elucidated in great detail for
some members of the superfamily. However, multiple challenges need to be addressed to answer
outstanding questions and to probe function of many more cadherins for which data are scarce. For
instance, ex vivo and in vitro assays to test cadherin interactions often give confounding results and a
decade of trials suggests that five conditions must be satisfied in ex vivo cell-based binding assays: 1)

experiments should show that endogenous expression of all cadherins is limited and is not
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interfering with the interactions being probed; 2) induced expression of cadherins and other proteins
upon transfection must be checked as well; 3) control of surface expression by endocytosis and
cleavage through metalloproteases must be considered when interpreting ex vivo results; 4)
interactions with other non-cadherin proteins [91,111], not covered in this review, should be
considered and probed; 5) in vivo and ex vivo interactions must be recapitulated in vitro to identify all
components of the complexes and differentiate direct vs. indirect interactions. Similarly, in vitro bead-
based binding assays should take into account the lack of cytoplasmic domains and cis partners that
might be required to establish an interaction. In addition, the role of mechanical forces as modulators
of binding affinity, as well as isoform diversity and glycosylation must be taken into account in the

context of testing functional cadherin interactions.

Additional challenges arise because ex vivo and in vitro binding assays are often carried out with
shorter recombinant versions of the wild-type proteins. This may hinder the elucidation of interaction
mechanisms that involve other repeats, especially for long cadherins, which may lack an obvious EC1
repeat or which may fold in globular shapes [65]. Site-directed mutagenesis is also often used to
probe molecular interaction mechanisms, but these mutations may have pleotropic effects, for
example affecting folding or calcium binding affinity. Impaired calcium binding may have subtle

effects that prevent binding, even under saturating calcium concentrations.

Addressing these issues and challenges systematically may provide a way to answer several open
questions: 1) What is the exact stoichiometry and composition of cadherin complexes, especially those
formed by clustered protocadherins? 2) What are the molecular mechanisms underlying cis
interactions, and are there new ways to form trans complexes? 3) What determines homotypic and
heterotypic specificities (or lack thereof)? 4) Are all signaling interactions among cadherins

intrinsically weak? 5) How do the extracellular domains of cadherins control the binding of signaling
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molecules to their own cytoplasmic tails? 6) How do long cadherin extracellular domains arrange on

the membrane surface?

BOX 1 Family members and signaling

Since the discovery of interactions between classical cadherins and the catenins involved in gene
transcription, it has been clear that cadherins may function in both cellular adhesion and intracellular
signaling. For instance, while the classical cadherin extracellular domain provides an adhesive bond

and acts as a calcium sensor, differential cadherin affinities in homotypic binding mediated by EC1
modulate GTPase signaling [112]. On the clustered protocadherin side, the a and y subfamilies have

been implicated in neuronal survival by signaling through binding of their cytoplasmic domains to

kinases [17,101] (Figure I).

Other “non-clustered” protocadherins have cytoplasmic signature sequences that determine
cytoplasmic signaling partners (CM1, CM2, and CM3 sequences for 81 protocadherins and CM1 and
CM2 for 82 protocadherins [51-54]). 81 protocadherins interact with protein phosphatase-1a (PP1a),
the histone-regulating TATA-binding protein-associated factor-1 TAF1 (Pcdh?), or f-catenin

(PCDH11Y). Similarly, the 82 protocadherins interact with the serine-threonine kinase TAO2f

(pcdh8), the actin regulatory complex Napl/WAVE1 (pcdh10), and mouse disabled-1 mDabl

(pcdh18; [54] and references therein; Figure I). In addition, interaction with the WAVE regulatory

complex (WRC) is mediated by WRC interacting sequences (WIRS) present in the o and 62

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

subfamilies [113]. Overall, these cytoplasmic partners highlight the role of protocadherins in

intracellular signaling.

Other family members, often featuring long extracellular domains and loosely grouped into the
protocadherin € subfamily (Table 1 [54]) have been implicated in signaling processes that involve
interaction of their cytoplasmic domains with diverse intracellular partners [114]. Among them,

dachsous 1 (Dchsl) and Fat4 play a role in brain morphogenesis and planar cell polarity in kidneys
and inner ear ([114] and references therein). Fat4 interacts with MUPP1 and LIX/LIX1L. Fatl,

involved in CNS and kidney development, binds to B-catenin, atrophins, Ena/VASP, HOMER, and
Scribble ([113] and references therein). Fat3 has been implicated in neuronal morphology [115], but

less is known about its cytoplasmic partners. Celsrs are important in planar cell polarity and neuronal

morphology, but again little is known about their intracellular partners [116].

Two members of the & subfamily stand out with rather unique functional features. PCDH15 and
CDH23 are important for sensory perception [12] (hearing, balance, and sight, see main text). In hair
cells of the inner ear, these cadherins participate directly in mechanotransduction by linking adjacent
stereocilia from the same cell. In addition, their multiple intracellular partners (sans, whirlin,
harmonin, and myosin VIIa) have been proposed to form a signaling protein network that is
dysfunctional in Usher syndrome, a genetic disorder that causes deafness and blindness [117,118]

(Figure I).
Despite the many cases in which cytoplasmic binding partners of cadherins have been identified, it
still unclear how extracellular and intracellular domains work together to integrate and trigger

corresponding signaling cascades.
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BOX 2 Identifying New Cadherin Complexes

To predict interactions among cadherins the EC1-3 based classification is used (Table 1 and Figure
IIb). Specific rules of engagement can be defined based on our current knowledge of cadherin
interactions. For instance, homotypic and heterotypic trans interactions have been reported for
members within subtrees defined by type I, type II, and desmosomal cadherins, but not across these
subtrees. Similarly, FAT4 groups with DCHS1 and DCHS2, and trans heterotypic interactions
between Fat4 and Dchs1 have been reported. Therefore, members of a given subtree in which there is
at least one confirmed trans homotypic or heterotypic interaction, may similarly engage in heterotypic
trans interactions with some of the other members of the same subtree. This “subtree identity”

criterion is valid for the cases mentioned above, and makes specific predictions (Figure Ilc).

As an example, given that zebrafish Pcdh19 mediates homotypic trans adhesive interactions (and

assuming that this result is valid for mammals), the subtree criterion used with the EC1-3 based
alignment predicts heterotypic trans adhesive interactions among PCDH10, PCDH17, PCDHoc2,
PCDHyc4, and PCDHyc5 (which group with the PCDH19 subtree). Similarly, PCDHS8, PCDH12, and
PCDH18, as well as all 81 protocadherins would form two groups with potential for trans homotypic
and heterotypic contact formation (Figure IIc). Members of these groups do not have long N-termini,
required for a handshake interaction, and lack the tryptophans required for a f-strand classical

interaction, suggesting an X-dimer or a novel type of interaction (except for PCDH12 and the 61

PCDH20, which do feature long N-termini and may use a handshake-like interaction instead).
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The subtree identity criterion is not be applicable to clustered protocadherins, which do not seem to
mediate adhesive trans interactions, and even weak frans interactions have been reported to be
strictly homotypic (involving a single branch within the subtree). Similarly, CELSRs do not engage in

heterotypic trans interactions.

Another plausible criterion arises when considering interactions among members of different
subtrees. For instance CDH23, which groups with CDHR1 and CDHR?2 (Cr-2), engages in trans
heterotypic interactions with PCDH15, which groups along with CDHR3, CDHR4, CDHR5, CDH16,
CDHI17, FAT1, FAT2, and FAT3 (Cr-3; Figure IId). We define these subtrees as “siblings” and
postulate that their members have the potential to engage in heterotypic contact. Consistently,
CDHR2 and CDHRS5, showing overlapping expression in the enterocyte brush border, are postulated
to form a complex [119]. These two proteins share structural features important for handshake-like
interactions (long N-termini, a putative CDH23-like calcium-binding site for CDHR?2, and a putative
PCDH15-like disulfide bond for CDHR5). Thus, this subset of cadherins may engage in handshake-
like interactions. Similarly, interactions between CDH17 (Cr-3) and CDH1 (Type I) [120,121] define

another set of potential interactions (Figures 3i and IId).

A refinement of these criteria may involve specific sequence motifs that facilitate known cadherin
interactions. For instance, the PCDH15 “EVRIVVR” motif involved in the handshake with CDH23 is
found in mouse Fat4 at the same location (“EVRVLVR”) [79]. Similarly, the CDH23 “KVNIQV” motif
with interfacial residues is identical in EC1 of mouse Fat3. Thus, Fat4 and Fat3 may engage in a

handshake-like interaction, and define another set of sibling subtrees.
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Additional sibling subtrees can be defined when extending this criterion to cis heterotypic contacts.

Pcdh19 from zebrafish and Pcdh8 from mouse form a cis complex with CDH2, defining two
additional sets of sibling subtrees (82 and type I; 82" and type I) and thereby multiple potential
complexes (Figure Ile). Similarly, the o, § and y clustered protocadherins seem to engage

promiscuously in cis heterotypic complexes. The underlying molecular mechanisms and specificity (if

any) for these interactions remain unknown.
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1 Table 1. Representative members of the cadherin superfamily in humans. Members of the Homo sapiens

2 cadherin superfamily are grouped in families and subfamilies according to multiple criteria (following [13]).

3 Families defined through EC1-based alignments are also shown [20], with classification outliers highlighted in
4 red.
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Figure Legends

Figure 1. Architecture and structural diversity of cadherins. (a) Representative topology diagram of
two cadherin repeats (Cdh23 EC1+2). A typical EC repeat features seven f-strands labeled A to G.
Three calcium ions (sites 1-3) are located at the linker region between repeats (green spheres). The
ribbon diagram on the right depicts the 3D structure of the two repeats. (b) Detail of calcium binding
sites at linker region between repeats. Protein side chains and backbone atoms are in stick
representation for amino acids indicated within a calcium binding motif. (c) Arrangement of EC
repeats for different family members. Classical and desmosomal cadherins feature a cleavable
prodomain, five EC repeats, and variable cytoplasmic domains that bind catenins. Clustered
protocadherins sport six EC repeats and variable cytoplasmic domains. Non-clustered protocadherins
feature from two up to 34 EC repeats, and some of them have variable non-cadherin extracellular
domains. (d)&(e) Ilustration of cis vs trans interactions for classical cadherins mediating contact

between two cells. Trans interactions facilitate the formation of cis complexes [22].

Figure 2. Strand-swapped and X-dimer frans interactions of classical cadherins [22]. (a) Structure of
entire extracellular domain (EC1-5) Cdh2 (N-cadherin) engaged in a strand-swapped dimer (EC1-to-
EC1 contact). Inserts show details of the exchange of tryptophans at position 2 (W2). Availability of
W2 for binding is modulated by calcium binding (green spheres). (b) Cdh13 (T-cadherin) EC1+2
structure shown for two protomers in a X-dimer conformation. One protomer is shown in opaque
surface representation, while the other is in cartoon and transparent surface representations. Inset
shows details of the interaction. (c) Classical cadherins engage in a similar interaction that is thought

to lead to the strand-swapped dimer (right) and facilitate cis interactions [22].
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Figure 3. Inner-ear cadherin handshake and heterotypic cadherin complexes. (a) Hair cell bundle,
made of actin-filled stereocilia arranged in a staircase, moves upon mechanical stimulation thereby
applying tension to tip links (black box). (b) Schematic of an heterotetrameric complex of Cdh23 and
Pcdh15 forming the tip link [75]. Inset shows details of interaction, with the tips of both proteins
engaged in a “handshake” interaction bond (right) [79]. (c) Ribbon diagram (left) and surface
representation (right) of the handshake interaction, showing calcium ions (green spheres), two
protrusions (arrow heads), and the side chain of Arginine 113. (d) Detail of handshake interaction. (e)
Detail of Pcdh15 N-terminus with a disulfide bond. (f) Detail of N-terminal calcium binding site 0 in
Cdh23. (g-i) Hypothetical models for heterotypic interactions: (g) clustered protocadherins
heterotetramers [95], (h) classical and delta-cadherin complexes [15], and (i) Cdh17 and Cdhl

[120,121].

Figure I. Domain organization and cytoplasmic partners for protocadherins involved in signaling. (a)
Clustered protocadherins are divided in three subfamilies: o, B, and y. Distinct constant cytoplasmic
regions are present for all members of the a and y subfamilies. Cytoplasmic binding partners are
listed. Number of members for each family in the human genome is indicated in parenthesis (b) The
non-clustered § protocadherins feature seven and six EC repeats for subfamilies 81 and 62,
respectively. Cytoplasmic domains have distinct sequence motifs (CM1, CM2 and CM3 for 81 and
CM1 and CM2 for 82, and WIRS for a and 82). Binding partners are listed. (c) Pcdh15 and Cdh23

have unusually long extracellular domains (11 and 27 EC repeats respectively). The two proteins and
their cytoplasmic binding partners are involved in inherited deafness and blindness (Usher

syndrome).
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Figure II. Sequence relationships among Homo sapiens cadherin superfamily members. (a) The
sequences of all cytoplasmic domains of human cadherins aligned using MUSCLE. Tree generated
using Clustal and TreeDyn. (b) Classification using sequences of repeats EC1 to EC3 aligned as in (a).
Calsyntenins and RET excluded from these analyses. Non-clustered protocadherins are clearly
segregated in subgroups in the EC1-EC3 based classification (Cr-2, Cr-3, 81, 82, and 82’). (c)
Cadherins with potential for homotypic and heterotypic trans interactions within a subtree are
highlighted in the human EC1-3 tree. (d,e) Cadherins with potential for trans and cis heterotypic
interactions across sibling subtrees are highlighted in (d) and (e), respectively. Members of the

clustered protocadherins form cis heterotypic complexes within their subtrees as well.
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