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PREFACE

Upon completion of the human genome project over 800 G protein-coupled receptor 
(GPCR) genes, subdivided into five categories, were identified.1 These receptors sense 
a diverse array of stimuli, including peptides, ions, lipid analogues, light and odour, in a 
discriminating fashion. Subsequently, they transduce a signal from the ligand–receptor 
complex into numerous cellular responses. The importance of GPCRs is further reflected 
in the fact that they constitute the most common target for therapeutic drugs across a 
wide range of human disorders. Phylogenetic analysis of GPCRs produced the GRAFS2 
classification system, which subdivides GPCRs into five discrete families: glutamate, 
rhodopsin, adhesion, frizzled/taste2 and secretin receptors. The adhesion-GPCR family 
can be further subdivided into eight groups.2

The field of adhesion-GPCR biology has indeed become large enough to require a 
volume dedicated solely to this field. The contributors to this book have made a courageous 
effort to address the key concepts of adhesion-GPCR biology, including the evolution and 
biochemistry of adhesion-GPCRs; there are extensive discussions on the functional nature 
of these receptors during development, the immune response and tumourgenesis. Finally, 
there are chapters dedicated to adhesion-GPCR signalling, an area of intense investigation.

This volume focuses on the recent advances in adhesion-GPCR biology. In Chapter 1, 
we learn about the evolution of the adhesion-GPCR genes in several species including 
mouse, rat, dog, chicken and the early vertebrate Branchiostoma. In Chapter 2, Formstone 
continues examining both invertebrate and vertebrate adhesion-GPCRs while discussing 
Flamingo/Starry Night (Drosophila) and Celsr (vertebrate). Both are of particular interest 
as core components of planar cell polarity during embryonic development. The roles of 
adhesion-GPCRs regarding embryogenesis and organogenesis are further analyzed in 
Chapter 3, in which Langenhan and Russ describe their recent observations concerning 
the adhesion-GPCR lat-1 as a new signalling receptor, which is essential to control 
long-range tissue polarity in the C. elegans embryo.

Structurally, the adhesion-GPCR family is defined by a large extracellular region 
linked to a TM7 moiety via a GPS (G protein-coupled receptor proteolytic site)-containing 
stalk region.3 In Chapter 4, Lin et al explore how this proteolytic cleavage was identified 
as an intrinsic protein modification process in the majority adhesion-GPCRs and dissect 
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its mechanism and functional consequences. Silva and Ushkaryov further develop the 
functional value of the GPS site through their description of Latrophilin. This neuronal 
adhesion-GPCR is the major brain receptor for the black widow spider toxin �-latrotoxin, 
which stimulates neuronal exocytosis in vertebrates. Chapter 5 presents the latest data 
regarding the function, signaling and ligands for latrophilin and its related receptors, in 
addition to dissecting the unusual aspects of post-translational cleavage and signalling 
by its receptor subunits.

The extended N-terminus region of adhesion-GPCRs often contain common 
structural domains including epidermal growth factor-like (EGF), thrombospondin 
repeats, leucine-rich repeats (LRR), lectin-like, immunoglobulin (Ig), cadherins and 
numerous others. In other proteins many of these domains are involved in protein–protein 
interactions and cell adhesion; hence the “adhesion-GPCR” nomenclature was conceived 
reflecting the potential dual roles in cellular adhesion and signaling.3 In Chapter 6, 
McMillan and White discuss the very large G protein-coupled receptor 1 (VLGR1) which 
is most notable for being the largest cell surface receptor in man. The large ectodomain 
of the protein contains several repeated motifs, including some 35-calcium binding, 
Calx-� repeats and seven copies of an epitempin repeat thought to be associated with the 
development of epilepsy. At least two spontaneous and two targeted mutant mouse lines 
are currently known. Mutant mice are sensitive to audiogenic seizures, have cochlear 
defects and significant, progressive hearing impairment. Mutations in VLGR1 in humans 
result in one form (2C) of Usher syndrome, the most common genetic cause of combined 
blindness and deafness.

Mutations in other adhesion-GPCRs, including the receptor GPR56, are also known 
to cause human disease. In Chapter 7, Strokes and Piao discuss how these mutations cause 
excess neuronal migration and a malformed cerebral cortex in the CNS in both primates 
and rodents. With the emerging effort in studying developmental processes, the vital 
roles in the development and function of the CNS of other members will be described. 
In Chapter 8, Xu explains other aspects of GPR56 biology, describing its binding to 
tissue transglutaminase, a major crosslinking enzyme in the extracellular matrix, and 
how its expression is suppressed in melanoma metastasis. The functions of GPR56 in 
cancer progression and the signalling pathways it mediates are also discussed. Further 
support of the potential importance of adhesion-GPCRs in tumorogenesis is discussed in 
Chapter 9. Aust profiles the expression of adhesion-GPCRs in tumors from databases and 
primary research articles and discusses their relevant roles in cell-cell communication, 
cell migration and angiogenesis.

The EGF-TM7 adhesion-GPCR subfamily are predominately expressed by leukocytes 
and are involved in coordinating both the innate and acquired immune responses. 
In Chapter 10, Yona et al highlight some recent immunological advances in relation 
to EGF-TM7 proteins and other members of the adhesion-GPCR family. Hamann 
et al, in Chapter 11, show how the use of specific antibodies towards the EGF-TM7 
adhesion-GPCR CD97 inhibit the accumulation of granulocytes at sites of inflammation, 
thereby affecting innate immune responses. Spendlove and Sutavani expand on the role 
of CD97 through its interaction with the complement control protein DAF/CD55 in 
Chapter 12. The structural aspects of the CD55-CD97 complex are examined and its 
functional consequences in T-cell activation are also discussed. In Chapter 13, Lin et al 
review the historical and functional aspect of the macrophage specific adhesion-GPCR, 
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F4/80. The F4/80 antigen has now been used for over 30 years as an excellent marker 
for tissue macrophages. More recently, the receptor has been cloned and identified as 
an EGF-TM7 receptor critical for the induction of efferent CD8+ regulatory T cells 
responsible for peripheral immune tolerance.

Until recently, the signaling cascades of almost all adhesion-GPCRs have remained 
a mystery. In Chapter 14, Mizuno and Itoh review previous reports which suggest G 
protein-dependent and independent signaling pathways of adhesion-GPCRs and present 
successful approaches used to investigate the signal transduction of GPR56. In Chapter 15, 
Park and Ravichandran describe a signaling success story and review the phylogeny, 
structure, associating proteins, and proposed functions of BAI1. These include its role 
as a signaling phosphatidylserine receptor in the uptake of apoptotic cells by phagocytes.

Finally, Chapter 16 by Davies and Kirchhoff describes the expression of adhesion-GPCRs 
within the male reproductive tract and reviews their potential contribution in reproductive 
competence.

We would like to record our sincere thanks to all our contributors.

Simon Yona, PhD
Department of Immunology, The Weizmann Institute of Science

Rehovot, Israel

Martin Stacey, DPhil
Institute of Molecular and Cellular Biology, University of Leeds

Leeds, UK
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CHAPTER 1

THE ADHESION GPCRs; 
GENE REPERTOIRE, PHYLOGENY 

AND EVOLUTION

Helgi B. Schiöth,* Karl J.V. Nordström and Robert Fredriksson

Abstract: The Adhesion family is unique among the GPCR (G protein-coupled receptor) 
families because of several features including long N-termini with multiple 
domains. The gene repertoire has recently been mined in great detail in several 
species including mouse, rat, dog, chicken and the early vertebrate Branchiostoma 
(�������	
�	���	�����) and one of the most primitive animals, the cniderian 
Nematostella (Nematostella vectensis). There is a one-to-one relationship of the 
rodent (mouse and rat) and human orthologues with the exception the EMR2 and 
EMR3 that do not seem to have orthologues in either rat or mouse. All 33 human 
Adhesion GPCR genes are present in the dog genome but the dog genome also 
contains 5 additional full-length Adhesion genes. The dog and human Adhesion 
orthologues have higher average protein sequence identity than the rodent (rat 
and mouse) and the human sequences. The Adhesion family is well-represented in 
chicken with 21 one-to-one orthologous with humans, while 12 human Adhesion 
GPCRs lack a chicken ortholog. Branchiostoma has rich repertoire of Adhesion 
GPCRs with at least 37 genes. Moreover, the Adhesion GPCRs in Branchiostoma 
have several novel domains their N-termini, like Somatomedin B, Kringle, Lectin 
C-type, SRCR, LDLa, Immunoglobulin I-set, CUB and TNFR. Nematostella has 
also Adhesion GPCRs that are show domain structure and sequence similarities 
in the transmembrane regions with different classes of mammalian GPCRs. The 
Nematostella genome has a unique set of Adhesion-like sequences lacking GPS 
domains. There is considerable evidence showing that the Adhesion family is 
ancestral to the peptide hormone binding Secretin family of GPCRs.

*Corresponding Author: Helgi B. Schiöth—Department of Neuroscience, Biomedical Center, Box 593, 
75 124 Uppsala, Sweden. Email: helgis@bmc.uu.se

Adhesion-GPCRs: Structure to Function, edited by Simon Yona and Martin Stacey.  
©2010 Landes Bioscience and Springer Science+Business Media.
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INTRODUCTION

Our interest in the Adhesion GPCRs started when we were mining and performing 
phylogenetic analysis of the entire repertoire of human GPCRs. This work resulted in an 
��	���������������������	�%'!<�����	������������
����	�	��������	���1 During our quest 
to include as many human GPCRs as possible, we found that there were several GPCRs 
with long N-termini that were not annotated. The Adhesion GPCRs have been notoriously 
������������������	����	������	������	��	���	���=	���	�����
������	��>???����	����	���
multiple introns (up to 100) which also can be alternatively spliced.2 We worked with the 
HUGO nomenclature committee to give these new genes names and 16 of the 33 human 
Adhesion GPCRs were given names in three separate publications.3-5 Further work of the 
GPCR repertoire resulted in thorough mining of the gene repertoire of GPCRs in mouse, 
rat and chickens,3,6,7 also reviewed in reference 8. The Adhesion family, or parts of it, has 
been called various names including EGF (epidermal growth factor)-TM7, B2, LN (long 
N-termini) B-TM7, or LN-7TM receptors.9-13�Z����	�����������������%'!<�1 we showed 
that the Adhesion family was clearly unique family among GPCRs and we thus named it 
the Adhesion GPCRs and this name has since received broad acceptance. The Adhesion 
%'!<�����	������		��������	�������	�
���������$����	��	���������	�Secretin GPCR 
family and the Methuselah sequences found in insects. These pfam models were based 
on various such sequences and do thus not distinguish between these groups. Also, at 
this time, many of the Adhesion GPCRs were not included in the original training sets 
������	�	����	����������	��������������
���	��������	����	�	���	���\��
	������������
sensitivity. However, there are many very clear differences between these families. There 
is striking differences within the N-terminal domain architecture between the Secretin 
and the Adhesion family receptors. The Adhesion GPCRs display the GPCR proteolytic 
(GPS) domain while the Secretin receptors lack this domain. The Secretin GPCRs have 
only one type of a domain, a hormone binding domain (HBD). The ligands of the different 
families deviate also as the de-orphanized Adhesion family receptors bind extracellular 
matrix molecules whereas the Secretin GPCRs bind peptide hormones. Recent mining 
of the Adhesion GPCRs has shown that they are very well-conserved in evolutionary 
terms and sequences from one of the most primitive animals Nematostella, as well as the 
single-celled and colony-forming eukaryotes Monosiga brevicollis and Dictyostelium 
discoideum contain Adhesion-like sequences.14 Remarkably some of these sequences 
have domain compositions that resemble that of the human receptors. Moreover, there 
are additional Adhesion-like subgroups in distant species such as Branchiostoma and 
Nematostella that are not found in mammals. In this chapter we review the genomes 
where the Adhesion family has been mined and assembled to great detail.

THE MOUSE GENE REPERTOIRE

The mouse genome had early on one of the best assemblies of the mammalian 
genomes. We characterized the mouse repertoire of Adhesion GPCRs using several 
bioinformatics methods.15�Z����������\��	���	����	����	����������	��	��������	�������
Adhesion�%'!<���	����������^^������	���������	�����������Adhesion GPCRs. Two 
human pseudogenes of the Adhesion family, both similar to GPR116, have received 
����������	�������#_%`�%	�	�{��	������	�!������		�������	������	�	��	�����
as GPR116P1 and GPR116P2, respectively.16 The mouse genome contains two fewer 
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Adhesion GPCRs. We found that there is a one-to-one relationship of the mouse and 
human orthologues, with the exception the EMR2 and EMR3 that do not seem to have 
orthologues in mouse. In general, the mouse and human repertoire share several features, 
which suggested that these receptors are likely to have similar functional role in both 
species. The study also showed that the Adhesion family is by no means a coherent 
group of equally divergent clusters. The overall similarity of the TM region among the 
Adhesion GPCRs is in many cases as low as 18-19% in amino acid identity (between 
GPR124 and GPR128), as revealed through inspection of a percentage identify chart 
for all the receptors included in the phylogenetic analysis that is only based on the TM 
regions. Some of the phylogenetic groups are more highly similar such as the BAI receptor 
cluster that shares 52-76% amino acid identity. Other clusters are more variable as the 
sequences in the phylogenetic cluster VIII share 21 to 73% amino acid identity. It is also 
interesting that there exists a high degree of one-to-one pairing of the mouse and human 
orthologues although the percent identity between the human and mouse orthologues 
varies to a large extent. The human and mouse BAI3 receptors in human and mouse 
share for example 98% amino acid identity while the orthologues pairs of GPR127, 
GPR112 and GPR113 only share 54, 55 and 58% amino acid identity, respectively, 
suggesting that these genes are under less evolutionary constraint as compared with the 
BAI genes. Overall, ten of the human-mouse orthologues pairs share over 90% identity 
while nine have identity below 70%. It is tempting to speculate that the low degree on 
conservation of the TM regions among some of the Adhesion GPCRs may be due to 
	����
	�����������������	�����������	�����������
��	����������	��%'!<���}����������
be considered in light of the fact that the Adhesion GPCRs, unlike most GPCRs, are 
not believed to have a ligand binding site within the TM regions. The lack of clarity 
whether the Adhesion�%'!<��������
	�����	������	��	��	�������	���	���
	��������
important fashion, has also contributed to speculation about low importance of the TM 
region, or only has a function or anchoring to the membrane.17 The uneven degree of 
conservation between the mouse and human orthologues perhaps indicates that the role 
�����	�}���	������������	�������������	��Z�����	������	����������
	�����		�	������	�
created consensus sequences for the different phylogenetic groups.3 These sequences 
reveal that there exist some highly conserved motifs in the TM regions. These are in 
particular found in TMIII where there are three residues conserved in all human and 
mouse Adhesion GPCRs including the hydrophilic His and Trp. Moreover, there are high 
conservation of a Glu and Tyr that add to the notion that TMIII could have an important 
and common role for these receptors. It is intriguing that studies on Rhodopsin GPCRs 
have revealed that a motif that is only found in Rhodopsin GPCRs, namely the DRY 
in the ascending part of TMIII, has a role in keeping several of the Rhodopsin GPCRs 
in an inactive conformation.18 Mutagenesis studies have indicated that this region is 
crucial for the intracellular signalling of many Rhodopsin GPCRs. The TMIII is found 
in the interior of the TM helical bundle. If the overall topology of Adhesion GPCRs is 
similar to that of the bovine rhodopsin,19 it is interesting to speculate if the rotation of 
TMIII may be crucial for the transduction of signal to the interior of the cell, which in 
fact has been suggested to possibly be a common feature of Rhodopsin GPCRs.20 The 
high degree of conservation of the TMIII region thus points to that the region could be 
commonly important for the Adhesion GPCRs as well, perhaps for coupling to second 
messengers. There are in general very few motifs in the Adhesion GPCRs that show 
�
	��������������	�� ��� ��	����	�������	�����%'!<���Z��}�Z~���	�	� �����}�
������ ���
found in the consensus sequences of the Rhodopsin, Secretin and Frizzled receptors but 
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not in the Glutamate receptors.1 This conserved residue is followed by a PAL/V motif 
found in both the Secretin and Frizzled families. This conserved Pro is interesting as 
this residue is rather uncommon in TM regions and is believed to form kinking of the 
�-helix. Another feature that the Adhesion GPCRs share with the rest of the GPCRs 
families is two conserved Cys. One between TMI and TMII and another conserved Cys 
between TMIII and TMIV. These residues are believed to create a disulphide bridge 
between these loops and to be important for the structural integrity of the protein. On 
the whole the seven TM regions in the Adhesion GPCRs are fairly divergent from other 
GPCRs, while these few common motifs provided support for common evolutionary 
origin of the Adhesion GPCRs with the other mammalian families of GPCRs.

THE RAT GENE REPERTOIRE

Detailed mining of the Adhesion GPCRs was a part of a work that compared the 
overall repertoire of all GPCRs in the human, mouse and the rat genome.7 The percentage 
of one-to-one GPCR orthologues is only 58% between rats and humans and only 70% 
between the rat and mouse, which is much lower than stated for the entire set of all genes. 
Moreover, the average protein sequence identities of the GPCR orthologue pairs are in 
general also lower than for the whole genomes. However, the proportions of orthologous 
�����
	��	�&�
	������	�	��������������������	��		����	�����	�	���%'!<������	���}�	�
���	������	���������������		������%'!<��������	�
�������	���	����������������	��	���
the Adhesion GPCRs display relatively low sequence conservation (72%) between rats 
and humans. However, in contrast to the receptors that respond to exogenous stimuli, the 
Adhesion family orthologues repertoire is relatively well-conserved. 100% of the rat and 
mouse and 91% of the rat and human Adhesions make up one-to-one orthologous pairs. 
The mouse and rat have the same Adhesion gene set up and the two genes missing in mice 
(EMR2 and EMR3) are also missing in the rat genome. It should also be noted that the 
rat and mouse gene sequences of GPR144 contain stop codons within the transmembrane 
region and are thus likely to be pseudogenes.

THE DOG GENE REPERTOIRE

The dog is an important model in biomedical research for several genetic and 
pharmaceutical reasons and we mined this genome for GPCRs.21 The Adhesion family 
displays partly unconventional orthology relationships between dog and human. All 33 
human Adhesion GPCRs are present in the dog genome. But, interestingly, the dog also 
contains an additional 5 full-length genes; EMR2b, EMR2c, EMR2d, EMR4b and EMR4c; 
and 1 pseudogene GPR133b. These Adhesion�%'!<��	�	���		������	��
	�����������	�
dog lineage, as they have not been found in the other mammals we have studied. In dog, 
two EMR2-like GPCRs have been reported previously 22 and we found one additional 
EMR2 and two EMR4 gene duplicates. The dog and human one-to-one Adhesion receptor 
orthologues have an average protein sequence identity of 83%. This is higher than between 
the rodents (rat and mouse) in comparison to the human genome, phenomena found 
also for the other GPCR families. EMR2 and EMR3, which are full length in human but 
absent in rodents, appear to be functional (are full-length) in dog. The gene sequences of 
BAI1, EMR2d, EMR4c, GPR123 and GPR124 are incomplete but this could be related 
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to incomplete genome assembly. Moreover, we found additional EMR2 duplicates in 
������	�
	�����	����
����	�	���������������	�������	������&�
	�������<��	�	
����
sequences together with the dog, human, cow and opossum EMR1-EMR4 and CD97. It 
has been suggested that EMR2 has a chimeric structure. The seven transmembrane (7TM) 
segments of EMR2 are most similar to those in EMR3 while the EGF domains in EMR2 
are almost identical to those in CD97.22 Interestingly, in our phylogenetic analysis based 
on the 7TM segments, EMR2 and EMR3 orthologs did not cluster together and instead 
the receptor paralogs grouped together. This is in line with the previous hypothesis about 
chimeric gene structures in this group.22 We found this pattern to be the same for the 
human, dog, cow and opossum receptors. The new genes that we found in dog provided 
additional evidence for the unique evolution of the EMR subfamily of Adhesion GPCRs 
������		���������������	������������������	�{&�	�������	����������������	���	��	����
of the N-termini.

THE CHICKEN GENE REPERTOIRE

We studied the overall repertoire of the chicken GPCRs.6 We manually edited 
�����	���	�����	��������	�����	���������	���������	���������	�%'!<�����>��������������

�����	����	����������&���������	���������%'!<��	��	��	���������	�����	���	������
nonmammalian species. We found that 259 of the 557 chicken GPCRs have a one-to-one 
ortholog in the human genome. There are 21 cases of one-to-one orthologous relationships 
between human and chicken Adhesion GPCRs, while 12 human Adhesion GPCRs lack 
a chicken orthologue. We found that the group of that contains the lectomedin receptors 
(LEC1-LEC3) and the EGF-TM7-latrophilin—related protein (ETL) receptor, are 
relatively well-conserved in the chicken in comparison with humans and only the LEC1 
receptor was missing. The human group, that contains the CD97 and four EGF-like 
modules containing mucin-like receptor proteins (EMR1-4), does not seem have any 
chicken orthologues. Since CD97 is present in the teleost, Fugu, Takifugu rubripes this 
receptor appears to be has been lost in the lineage leading to the chicken, while the EMRs 
���	�
�������	�
���	����������������\���������	���	������%'!<������	��1,23 the 
Adhesion family displays the lowest percentage identity (68.8%) between orthologous 
pairs and this could be due to the fact that the Adhesion GPCRs utilize the TM regions 
differently than the other families of GPCRs.

FISH

Our initial survey of GPCRs suggested presence of at least 22 Adhesion GPCR in 
=	���������������	�������������������23 Metpally and Sowdhamini24 took a special look 
at the Fugu and found 29 Adhesion sequences. It should be noted that the assembly of 
these genomes were quite poor at this time and the identity of the in particular such 
complex genes as Adhesion��	�	�������������	�	����	��Z��������	������\���	��������^�
unique Adhesion GPCRs in T. nigroviridis.14��	�����������	��������	�������	��	�����
members from several of the human Adhesion family including CELSR (IV), LECs (I), 
CD97 (II), BAI (VII) as well as the orphan groups III, V, VI and VIII. These genes have 
long N-termini with large similarities in the domain composition with the corresponding 
mammalian group members.14



6 ADHESION-GPCRs

THE AMPHIOXUS GENE REPERTOIRE

Amphioxus (�������	
�	���	�����) is one of the closest now living relatives to 
vertebrates. Amphioxus shares several features with vertebrates like a dorsal, hollow 
nerve cord, notochord, segmental muscles and pharyngeal gill slits, while they are 
missing the pronounced head region of vertebrates as well as not having neural crest 
cells functioning similar to those in vertebrates, paraxial skeletal tissue and some 
visceral organs.25 The amphioxus genome is remarkably rich in various GPCR subtypes 
and we found evidence for the presence of at least 664 distinct GPCRs distributed 
among all the main families of GPCRs. However, the main GPCR groups known 
to sense exogenous substances (such as Taste 2, mammalian olfactory, nematode 
chemosensory, gustatory, vomeronasal and odorant receptors) in other bilateral species 
are absent. Interestingly, we found a very rich repertoire of Adhesion GPCRs, in total 
37, in amphioxus.26 Some of the mammalian groups are missing, such as the groups I 
(lectomedin receptors) and II (EGF-containing genes). Three of the human Adhesion 
groups have both mammalian and amphioxus members. These are group III (orphans, 
expressed in CNS), V (orphans) and VIII (orphans with highly variable N-terminal 
length) and also one orthologous receptor to the very long G protein-coupled receptor 
1 (VLGR1) is also present. The remaining missing groups are group IV (CELSR with 
multiple cadherin domains), VI (GPR110, GPR111, GPR113, GPR115 and GPR116) 
and VII (BAI). Many of the amphioxus Adhesion GPCRs have multiple domains in the 
N-termini but rather surprisingly, we found several novel domains in these N-termini 
like Somatomedin B, Kringle, Lectin C-type and SRCR (for more details see ref. 26) 
which were at that point unique for amphioxus among the GPCRs. Also the domains 
LDLa, Immunoglobulin I-set, CUB and TNFR cannot be found in mammalian Adhesion 
GPCRs. The Kringle and Somatomedin B domains are of a special importance 
because they are found in sequences from a previously uncharacterized Adhesion 
expansion of ten genes. The Kringle domain is a protein-binding domain27 is present 
in urokinase-type plasminogen activator (uPA) while the Somatomedin B domain can 
be found in vitronectin.28 These two proteins interact and the Somatomedin B domain 
helps in the localization of uPA to focal adhesion in microvessel endothelial cells. 
Z��	�	���������������	�	�������������
�	���������	����	�����Adhesion GPCRs, have 
a large number of conserved cysteines which is a feature consistent with many other 
common N-terminal domains found in this family. This similarity could suggest that 
��	�	�����������	� ���	��	�� ��������������������������� ������� ���	���	������{���
Moreover, many of these new domains have recognized cell adhesion properties and 
participate in cell guidance. We found that some of the new genes share a resemblance 
������	��	����	��	�	�����������������	���
���	������ ���$��"}��	����	���������� ��	�
NCBIs nonredundant (nr) database. These invertebrate genes are primarily from 
either Strongylocentrotus purpuratus which is closely related to amphioxus29 or from 
��	����	�����������	��	������������{	������	���}�	�	�������������	��	���������	�
Adhesion family, with its unique structural and functional characteristics, has a very 
long evolutionary history and that these are likely to be present in most vertebrates. 
Moreover, the functions of the Adhesion GPCRs seem to have undergone further 
���	��������������������	���	��	�	�����������
�������������	��\	��������	�����	��
additional roles in cell guidance.
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THE NEMATOSTELLA GENE REPERTOIRE

The starlet sea anemone, Nematostella vectensis, is becoming an increasingly important 
model system in genomics and other disciplines. Nematostella belongs to cnidarians or 
��	�������
���������������	���	����	���	�����������	�������������������������
��
a critical position in the tree of life. They are the most primitive animals with epithelial 
�	����	���������	���	������
	��	�����	����������������	���	�����������	����������
symmetry in their body organization. Interestingly, the Nematostella has much richer overall 
�	�	��	
	�����	�������
��	���������	�����
�������	��������
������������������30 and this 
is also the case for the Adhesion GPCRs and therefore we focus on this genome. Overall, 
the Nematostella genome has a remarkably rich set of Adhesion GPCRs with many of the 
domains found in mammalian GPCRs. Both the phylogeny26 and the domain composition 
show that Nematostella has members, which clearly belong to group III (GPR123, GPR124 
and GPR125) and groups IV (Celsr) and V (GPR133 and GRP144) of the mammalian 
Adhesion GPCRs. Nematostella has a Celsr like gene that has multiple copies of the CA 
domain as well as LAMG, EGF, GPS and a HBD showing that the complex multidomain 
structure of the Adhesion GPCRs is extremely well-conserved though the evolutions. 
Nematostella has also GRR133/GRP144 like sequences that share the CLECT domain 
with the mammalian homologs as well as the GPS domain. Moreover, Nematostella has 
four genes that are homologs to GPR123/GPR124/GPR125 where at least two have a Ig 
domain. Nematostella has also a copy of the VLGR with multiple Calx-beta domains and a 
GPS domain. Taken together it is clear that the Adhesion family is one of the most ancient 
�����	���	�����������	�����%'!<�������������\	������	����������������������	���	��

Looking at the hierarchy among the Adhesion subgroups we found it likely that groups 
I, IV and V share a common ancestor because they group together in the phylogenetic 
analysis. This hypothesis is also strengthened by the fact that three of their common 
conserved splice sites (css2, css5 and css6) are missing in the other groups present in 
{	������	����	�������������\	�����������
�~ZZ���������	���������������	��	����	���
arose from this branch of the evolutionary tree, most likely from group I or IV according 
to the domain composition. It is also evident that group II originates from group I. Group 
III is likely to have branched from the branch that contains groups I, IV and V, which in 
turn gives rise to groups VI and VIII.

}�	�{	������	���	���	�
�����	�������	�����	�	�����������������	����������	��������
of 13) of unique Adhesion-like GPCRs in this genome. These genes do not have any 
GPS domain but have a TM domain that can readily be aligned with Adhesion GPCRs 
(amino acid identities range from 21% to 30%). These sequences do not only have long 
N-termini but also they contain one Somatomedin_B domain each. This Somatomedin_B 
domain is not found in any mammalian Adhesion GPCR. However, these are found in a 
set of Adhesion-like GPCRs found in amphioxus.26 This unique N-terminal composition 
with no GPS domains and their relatively high amino acid identities (21–38%) suggests 
that these two groups could be related.

THE ADHESION FAMILY IS AN ANCESTOR OF THE SECRETIN FAMILY

Surprisingly, we found that the Nematostella genome does not have any Secretin 
genes.26����	��	����	�����������������Secretin genes in M. brevicollis or D. discoideum 
although both these genomes have Adhesion-like GPCRs. We can thus draw the conclusion 
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that the Adhesion GPCRs are a more ancient GPCR family than the Secretin GPCRs. 
This work26�����	��������	������	�������������	���������������	���	�����������	�����
vertebrate GPCRs. Subsequently, we searched for evidence that the Secretin GPCRs, 
which are found in both D. melanogaster and C. elegans, might have originated from one 
branches of Adhesion GPCRs. We performed repeated iteractive phylogenetic analysis 
and found that group V (GPR133/GPR144) is the closest relative to the Secretin family 
among the groups of the Adhesion family. It further strengthened this hypothesis that the 
group V sequences in Nematostella (Nv_201898 and Nv_204814) both shared the same 
splice site setup as the Secretin GPCRs. This splice site setup is not shared by any of 
the other ancient groups. One of the most conserved motifs in the whole Secretin family 
is only found in group V of the Adhesion family. In conclusion, these results provided 
strong evidence that the Secretin family of GPCRs could have originated from group 
V of Adhesion GPCRs. It is however clear that the Secretin group has taken over more 
�
	���������������������	����������	���	�����������������
��
	���	�������������������	��
dominant in the evolution of the Adhesion family.

CONCLUSION AND PERSPECTIVE

Our studies suggest that the Adhesion family is likely to be present in most, if not 
���������
	��	����������������������������=	�����}��	����Z��������������	����	������
the Adhesion GPCRs serve some essential functions that are shared by many animal 
species. However it is also clear that there has been a large variation of the evolutionary 
pressure among the different families. While some of the families are highly conserved 
with high percentage amino acid identity between orthologues others have very low 
such similarities even among orthologues of closely related species. We also found that 
there is a good correlation between the compositon of the N-terminal domains and the 
results from the phylogenetic analysis of the TM regions (see Figs. 1 and 2). While we 

Table 1. Number of sequences in the different Adhesion subgroups I-VIII in eight 
different species. Data for C. familiaris was taken from reference 21, for ���	����� 
data is from Figure 2 and from reference 26 and for the remaining species data came 
from reference 14.

Group
H. 
sapiens

C. 
familiaris

G. 
gallus

T. 
nigroviridis

B. 
�	�����

D. 
melanogaster

C. 
elegans

N. 
vectensis

I 4 4 3 4 - 1 2 1

II 5 10 - 2 - - - -

III 3 3 2 3 1 1 - 4

IV 3 3 2 2 - 1 1 1

V 2 2 2 1 2 - - 3

VI 5 5 2 2 - - - -

VII 3 3 2 3 - - - -

VIII 6 6 2 6 3 - - -

Other 2 2 2 . 31 2 1 28
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Figure 2. Please see legend on following page.
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are starting to get the rough picture for the evolution of the Adhesion family (Fig. 3) 
there is much more work left to receive detailed high resolution charts of the molecular 
events that have shaped this family in animal evolution. New genomes are arriving that 
will provide important information such as the Trichoplax adhaerens, which is one of the 
most primitive animals studied to date. During the preparation of this work a paper was 
published that described mining of GPCRs in mined in Xenopus tropicalis31 identifying 
24 Adhesion GPCRs members in this species. As more sequences have been assembled 
the possibility increases to perform more detailed analysis of the structural and splicing 

Figure 2, viewed on previous page. A phylogenetic tree of Adhesion GPCRs from Dictyostelium 
discoideum (dd), Nematostella vectensis (Nv), Drosophila melanogaster (sdm), �������	
�	���	����� 
(bf), Tetraodon nigroviridis (Tn), Gallus gallus (gg) and Homo sapiens (h). The tree was calculated 
with RA ��ML32 based on a retranslated alignment of the 7TM regions made with Mafft-einsi33 and is 
bootstrapped 100 times. Nodes with bootstrap values below 50% are collapsed. Branches to nodes with 
bootstrap values above 50% are marked with a square and branches to nodes with bootstrap values 
above 75% are marked with a triangle. Branches to nodes with bootstrap values above 90% are left 
unmarked. Compared to the tree in14 this tree lacks resolution for group III and V, which probably is 
due to the more advanced methods used in that work. Group VI is found in the node holding group 
I, II, IV, V and VII, which could be a result of group VI:s promiscuity. The group is hard-placed as 
it only vertebrate members, but in our previous calculations has been located closest to the out-group.

Figure 3. The schematic tree presents the number of Adhesion GPCRs in different species separated 
in groups. The numbers for B. floridae are taken from reference 26 and modified with respect to 
Figure [phylogenetic_tree]. The numbers for Ciona intestinalis are taken from reference 34 and for 
G. gallus from reference 6. The information about the remaining species are taken from reference 
14. Each group is represented by a color as shown in the legend. A color version of this image is 
available at www.landesbioscience.com/curie.
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elements that are likely to be important for the different subfamilies. It is evident that the 
Adhesion family is among the most ancient branches of GPCRs and the evolution of this 
family is thus of great interest for resolving the overall evolution of GPCRs including 
questions about the overall hierarchy among the main families of GPCRs.
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CHAPTER 2

7TM-CADHERINS:

Developmental Roles and Future Challenges

Caroline J. Formstone*

Abstract: The 7TM-Cadherins, Celsr/Flamingo/Starry night, represent a unique subgroup 
of adhesion-GPCRs containing atypical cadherin repeats, capable of homophilic 
interaction, linked to the archetypal adhesion-GPCR seven-transmembrane domain. 
Studies in Drosophila�
�����	������������
�	������	�������������
��
	���	��������
notably in the regulation of planar cell polarity (PCP) and in the formation of neural 
������	����	������������	��	�	�
�	����������������	����	�������	����	�����	��	��
����	��	����	�������'!'�
�	����	���������	��	���	��	�	�
�	����������
	�������
systems. Details of the molecular and cellular functions of 7TM-Cadherins are 
slowly emerging but many questions remain unanswered. Here the developmental 
roles of 7TM-Cadherins are discussed and future challenges in understanding their 
molecular and cellular roles are explored.

THE 7TM-CADHERINS: A UNIQUE GROUP OF ADHESION-GPCRs

The 7TM-Cadherins are unique within the adhesion-GPCR family as their 
extracellular domains comprise a series of nine atypical cadherin repeats linked to 
a combination of EGF-like and Laminin G-like domains (Fig. 1). Cadherin repeats 
are repetitive subdomains which contain sequences involved in calcium binding and 
which are capable of homophilic interaction, for a review see reference 1. The cadherin 
superfamily consists of a number of subgroups which are of a classic and nonclassic 
type, for a review see reference 2. Classic cadherins interact with cytoplasmic catenins 
������	��	&�	��	�����	�������	��	����	�	�����������������	�������������� ��	�
protocadherins and 7TM cadherins, do not bind catenins and generally exhibit weak 
adhesive activities. The combination of EGF-like3 and Laminin G-like (LG)4 domains 

*Caroline J. Formstone—MRC Centre for Developmental Neurobiology, New Hunt’s House, Guy’s 
Campus, King’s College London, SE1 1UL, UK. Email: caroline.formstone@kcl.ac.uk

Adhesion-GPCRs: Structure to Function, edited by Simon Yona and Martin Stacey.  
©2010 Landes Bioscience and Springer Science+Business Media.
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with cadherin repeats found within the extracellular domain of 7TM-Cadherins, is an 
ancient association5 and characterises many cadherin-containing proteins in invertebrates. 
Vertebrate classic cadherins, such as E-cadherin, have lost the EGF/LG region and, 
strikingly, differ from their invertebrate counterparts in both sub-cellular distribution and 
adhesive properties. The role of these domains in 7TM-Cadherins and other nonclassic 
vertebrate cadherins remains unclear.

THE FAMILY TREE

The 7TM-Cadherins are an evolutionary conserved gene family with homologues 
��	����	������������������������������������}��	�����Z���������	����	���������	�����
given the name Celsr; [C cadherin E EGF L laminin G-like S seven-pass R receptor],10 
��������
����	�����	
	��	������	����	�����	�	����Drosophila melanogaster (Drosophila) 
which they named ������	11 or starry night.12 Subsequently a family of 3 genes was 
��	����	�������������Celsr1, Celsr2 and Celsr3.13-16 In avians only two homologues 
have been isolated; ��������	� (c-fmi1)17,18 and ��������	� (Formstone and Mason, 
unpublished) whereas in teleosts, a four-member gene family is known to exist including 
two Celsr1 homologues.19,20

Figure 1. Schematic of a typical 7TM-Cadherin family member. 7TM-Cadherins are large (around 
400 kDa) glycosylated, multi-domain transmembrane proteins. Cys denotes cysteine-rich domain, 
HRM denotes hormone-binding domain similar to that found within the family B GPCRs, EGF-like 
is epidermal growth factor-like domain, LG is Laminin G-like domain, 7TM is seven-transmembrane 
domain and IC denotes the intracellular tail.
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VERTEBRATE 7TM-CADHERINS ARE DEVELOPMENTALLY 

REGULATED

Comparative studies on the RNA expression patterns of vertebrate 7TM-Cadherins 
provide useful insight into their global functions in addition to highlighting distinct roles 
for individual family members during vertebrate embryogenesis.

The different mammalian Celsr genes are characterised by their complementary 
patterns of expression in different developing tissue and organ systems.14-16,22 This 
phenomenon is most marked within the developing nervous system in which all three 
Celsr genes are expressed. In the developing spinal cord for example, the Celsr family 
�

	��� ����	�	�
�	��	�� ������	��	���������	�� �	�	������ ���������� ��	�� �������	�	���
neural compartments (Fig. 2).14 In the cerebellum, each Celsr occupies a unique cellular 
territory.15 Whereas Celsr3� ��� 
�	���������� �	���&�
	�����14 initially decorating 
newly-born neurons, Celsr1 and Celsr2 show contrasting patterns of expression both 
during gastrulation14,22 and through later development in nonneural tissues such as the 
lung, kidney and skin.15,16 During organogenesis, Celsr1 and Celsr2 invariably occupy 
the different epithelial components of a particular organ. The compartmentalised nature 
of their individual expression patterns tempts speculation that a function of the Celsr 
family may be to restrict cells to the particular tissue compartment they decorate.

Comparative studies of the early embryonic expression of vertebrate Celsr1 
�������	�� ����	��� ����� ��	���	����	����������	��	�������
	��	�&�
	����� ����������
(Fig. 3). In mouse and avian embryos, Celsr1 and the chick homologue, c-fmi1, are both 
expressed within the primitive streak and node and subsequently in the early neural plate 
at sites where neural tube closure is initiated suggesting a conserved role in this process 
(Fig. 3B,F).7,14,17�Z��=	��������	�
�	�����������Celsr1 homologue, �������	��(zfmi1a), 
during gastrulation19 becomes increasingly localised to axial tissues such as shield and 
���������� ������^Z�����������	���������	�� �������	������\�����=	�������� ��	� �������
limit of Celsr1/fmi1 expression lies within the presumptive diencephalon (Fig. 3C,G,K). 
c-fmi1 and zfmi1a expression subsequently enrich within diencephalic tissue (Fig. 3H,M). 
c-fmi1 however, exhibits a novel distribution in the developing somites,17 a pattern which 
is partially mirrored by zfmi1a (Fig. 3H,L).

Figure 2. Comparative RNA in situ analysis of Celsr1, Celsr2 and Celsr3 expression in the developing 
mouse spinal cord at 13.5 days post coitum (dpc). Transverse cryostat sections, dorsal is to the top. Rp 
is roof plate, D denotes dorsal root ganglion. Arrowheads indicate Celsr1� 	������	��� ��� ��	� ����
��	�
and Celsr3 enrichment in the subventricular zone of the alar plate. *Denotes a third region of Celsr1 
enrichment within the ventricular zone. Reproduced with permission from: Formstone CJ, Little PFR. 
Mech Dev 2001; 109:91-94. Copyright ©2001 Elsevier Science Ireland Ltd.
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Figure 3. Comparative RNA in situ analysis of Celsr1 expression in mouse (A-D), chick (E-H) and 
=	������� �Z&���� $&���&#��&��� ���	����� ��� ��� ��	� ��
� ���� ��	��� ��	�� ��� �� ����	� 	������ ��� >��� �
���
anterior is to the left. Arrowhead denotes expression of Celsr1 in the primitive streak (B) Dorsal view 
of a mouse embryo at the 3 somite stage. Arrow indicates site of initiation of neural tube closure 
(closure 1) in the mouse embryo. C) Lateral view of a 7-somite mouse embryo. White arrow indicates 
closed neural tube, black arrow indicates anterior limit of Celsr1 expression within the forebrain. D) 
Lateral view of the head of a mouse embryo at 9.5 dpc. Arrow indicates Celsr1 expression within the 
diencephalon. E) dorsal view of a Stage 4 chick embryo. White arrow indicates c-fmi1 expression in the 
node, black arrow indicates c-fmi1 expression within the posterior primitive streak. F) Dorsal view of a 
Stage 5 chick embryo. White arrow denotes c-fmi1 expression in the presumptive mesencephalon, the 
site of initiation of neural tube closure in the chick. Black arrow indicates expression of c-fmi1 in the 
node. G) Dorsal view of a Stage 8 chick embryo. Black arrow denotes anterior limit of c-fmi1 expression 
within the forebrain. H) Dorsal view of a Stage 10 chick embryo. Black arrow indicates enrichment of 
c-fmi1 within the diencephalon, grey arrow denotes restricted expression of c-fmi1 within the medial 
portion of the developing somites. Inset is a transverse section from a Stage 15 embryo. Black arrow 
indicates expression of c-fmi1 within the dermamyotome of the developing somite. I) Dorsal view of 
�� =	������� 	������ ��� ���� 	
������ ������ ��� ��� ��	� ������� $��\� ������ �������	�� zfmi1a expression in 
the shield, black arrowhead indicates zfmi1a transcripts within the germ ring. Inset is a lateral view of 
the same embryo, dorsal is to the right. Black arrow denotes zfmi1a expression in the shield. J) Dorsal 
��	�� ��� �� ^&�����	� =	������� 	������� $��\� ������	��� �	���	�� ���� ��� zfmi1a expression within the 
midline of the developing forebrain, white arrow indicates zfmi1a expression within the developing 
	�	�	���������\��������	���	�� ��� 	�	����� zfmi1a transcripts within lateral tissue. K) Dorsal view 
��� �� �&�����	� =	������� 	������� $��\� ������ �������	�� 	������	��� ��� zfmi1a within the diencephalon. 
��� ������ ��	�� ��� ��	� ����\� �	����� ��� �� �?&�����	� =	������� 	������� $��\� ������ �������	�� �	����������
of zfmi1a� ��������
��� ��� ��	� �	���� 
������� ��� ��	� �	�	�
���� �����	��� Z��	�� �	���	�� ������	�� ��	��
of zfmi1a expression within the medial and lateral regions of developing somites from a 15-somite 
=	�������	������������	�����	����������=	�������	����������	�������������	�	����$��\��������	���	��
enrichment of zfmi1a expression within the diencephalon, note the absence of zfmi1a transcripts within 
the somites. e indicates the eye. A-C) Reproduced with permission from: Formstone CJ, Little PFR. 
Mech Dev 2001; 109:91-94. Copyright ©2001 Elsevier Science Ireland Ltd. E-H) Reproduced with 
permission from: Formstone CJ, Mason I. Dev Dyn 2005; 232:408-413. Copyright ©2005 Wiley-Liss 
Inc. I-L) Reproduced with permission from: Formstone CJ, Mason I. Dev Biol 2005; 282:320-335. 
Copyright ©2005 Elsevier Science Ireland Ltd.
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Other sites of expression of mammalian Celsr genes outside of the nervous system 
include anterior visceral endoderm,22 cochlea/vestibular system,15,16 the limb apical 
ectodermal ridge15 (Celsr1 and Celsr2) and testis.23

7TM-CADHERINS PLAY PLEIOTROPIC ROLES DURING EMBRYONIC 

DEVELOPMENT

Studies in Drosophila� 
�����	�� ��	� ����� ��������� ����� ��	� ���������� ��	� ���
7TM-Cadherins. The elegant analyses possible in this model system have demonstrated 
that ������	�
����� ����� is essential to Drosophila embryonic development,11 the 
regulation of tissue polarity11,12 and to the development of Drosophila neuronal 
architecture.24-26 In vertebrates, similar functional themes are emerging (Table 1) with 
Celsr/Flamingo proteins implicated in coordinating both tissue polarity and neuronal 
outgrowth.17-20,96-99,107,108

In Drosophila,� ��	��	�	�
�	���� ��������������������������	�������	�����	��
regulation of tissue polarity or nervous system formation, with Flamingo active in 
distinct cell signalling pathways in each case. In vertebrates however, rationalisation 
of 7TM-Cadherin function is increasingly complex since a particular morphogenetic 
event, such as gastrulation, may require input from different Celsr/Flamingo-dependent 
cell signalling systems.102 This section covers the known developmental roles of both 
Drosophila and vertebrate 7TM-Cadherins with the description of the latter group 
�������	������������	�	�����	���	��	���������������
	�����

7TM-Cadherins Regulate Planar Cell Polarity (PCP) Processes

How groups of cells acquire and coordinate cell/tissue polarity either with their 
neighbours or along particular embryonic axes is the subject of intense study. This 

�	���	������	��	�������	�
����������
������	�
��������'!'�������������	������	�����
insects27 and has since been extensively studied, through the ease of genetic analysis, in 
��	����������Drosophila melanogaster, for a review see references 28-30. Through PCP, 
Drosophila cells make orientated structures such as the hairs and bristles on the wing and 
abdomen, orientate sensory bristles on the notum via regulation of asymmetric division 
of sensory organ precursors (SOPs) and specify the cell fate of distinct photoreceptor 
cells in the ommatidia of the eye through polarised rotation of the photoreceptor cluster. 
Studies in the Drosophila wing and eye have led to the discovery of two independent 
'!'�
���������}�	�����������������������	�	��	��		���	������������	��������������
Starry night-dependent and requires a number of other ‘core’ PCP components (Fig. 4). 
The second is a more global system, reliant on two other atypical cadherin proteins, Fat 
and Dachsous.31 The question of whether the two PCP pathways function in parallel30 or 
via a multi-tiered process32 however, is currently under debate.

Vertebrate counterparts of the ‘core’ Drosophila PCP signalling cascade act 
���	��	���������	��	�����
	���
	��������	��	����	��	�	�
�	���������	�����������	����
embryogenesis to organogenesis (Table 2), for a review see reference 33. However, 
clear differences between PCP signalling pathways in vertebrates and invertebrates are 
emerging. Some aspects of the Drosophila PCP cassette are conserved. For example, 
mutation of one vertebrate PCP component affects the localisation of others in the same 
tissue context as has also been observed in Drosophila.49,72 However, in contrast to the 
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Drosophila model (Fig. 5B), individual PCP components may distribute to different 
cellular compartments,34,72 suggesting that vertebrate PCP may not follow a linear 
signalling cascade but rather involve multiple signalling systems utilising different PCP 
components. In addition, new players have emerged onto the vertebrate scene, which 
���	��������	��	����'!'����Drosophila. In both Caenorhabditis elegans (C. elegans) and 
vertebrates, strong evidence supports a role for Wnts (small secreted glycoproteins which 
can act as ligands for Frizzled receptors recruiting the cytoplasmic protein dishevelled) 
in PCP signalling.62,73,74 However, despite extensive study75 no such evidence exists 
in Drosophila. Other new players include Scribble,67 via the Circletail mutant (Crc), 
demonstrated to be an apical-basal polarity determinant in Drosophila76 and PTK-7, a 
transmembrane protein with tyrosine kinase homology.70

Table 1. 7TM-Cadherins are an evolutionary conserved gene family. In the vertebrate 
families of two or more members, ������	 is designated fmi. Ascidian is a sea squirt, 
a urochordate, primitive marine animal of the subphyla Tunicata. C.elegans is the yeast 
species, Caenorhabditis elegans. Drosophila is the insect, Drosophila melanogaster. 
������<	���������	�=	�������

Species Gene Accession No. Developmental Function

Ascidian ������	6  Unknown
C. elegans ������	�17,8 AY314773 Avon outgrowth, synaptogenesis9

Drosophilia ������	11,12 AB028498 (Fmi) Orientation of cuticular structures11,12,84,86 

� � {�����>����"����� `�������������������	����	���
	���& 
   cation85 and axonal and dendritic  
   outgrowth24-26, 111,112,120,121

Dani Rerio Celsr/fmi1a19 AY 960152 Epiboly102 CE movements19,102

   neuronal migration20

 Celsr/fmi1b19 AY960153 Epiboly102 CE movements19,102

   neuronal migration20

 Celsr/fmi220 NM 001080577 Epiboly102 CE movements102

   neuronal migration20

 Celsr/fmi320 XM 001922677 Unknown
Xenopus ������	21 AF 518403 PCP
Avians c-fmi117 AY426608 Neural tube closure17, inner ear
   hair patterning18

 c-fmi3 XM 414354 Unknown
Mammals Celsr17,13 NM 009886 mouse Neural tube closure,96 inner ear
  AY212290 rat hair patterning,96 hair follicle  
   patterning49,106

  NM 014246 human Eyelid closure
 Celsr211,13 NM 001004177 CNS dendrite morphogenesis107,108

  mouse
  NM 017392 mouse
  AF177695 rat
  NM 001408 human
 Celsr311,14 NM 080437 mouse CNS dendrite morphogenesis108 and 
  NM 031320 rat axon tract formation,97,98 forebrain
  NM 001407 human interneuron migration99
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Flamingo/Starry Night is a Central Component of the ‘Core’ Drosophila  
PCP Pathway

Drosophila genetics uncovered a ‘core’ cassette of genes (Fig. 4) mediating PCP.77,78 
Frizzled, a 7TM protein distantly related to the 7TM-Cadherin family sits at the top of 
the hierarchy in this signalling cascade. In PCP, Frizzled acts via a distinct pathway to 
that involving �-catenin. The latter is a conserved signalling pathway regulating many 
aspects of growth and differentiation across species (for a review see refs. 79-81). 
The factor(s) orientating the polarity of Frizzled-PCP signalling78 remain unclear75 but 
		�����������������	�������	������������	��	�	���	��������	��������\�������	������
Frizzled-PCP,82-84 each focussing on a system of local intercellular communication. In one 
such model system, the 7TM-Cadherin, Flamingo/Starry night (hereafter Flamingo), is 
a central player.84

Flamingo was found to be broadly expressed in Drosophila epithelia and nervous 
system.11 Rescue of embryonic lethality in ������	 mutants revealed defects in PCP in 

Table 2. Vertebrate PCP pathway components and their developmental roles. (a) denotes 
����	�������������	���	��=	�������������������	���	������	��	�	�����	�\���\��������
denotes double or triple gene mouse knockout. (e) Vangl2 is Vang-like 2, the mouse 
�������	���������
����~���������=	������������������

Gene Developmental Process

Frizzled 3 and 6d Neural tube closure; inner ear sensory hair cell patterning34

Frizzled 6c hair follicle patterning35,42

Dishevelled 1d, 2c,d and 3d Neural tube closure;36, 37, 39,40 inner ear sensory hair cell  
 patterning;38,40 heart malformation and cardiomyopathy;37,40  
 primary cilia function;41 angiogenesis42

Vangl2e; Looptaila, Strabismusb CE movements during gastrulation;43,44 cell intercalation  
 during primitive streak formation in chick;45 neural tube  
 closure;46 inner ear sensory hair cell patterning;47,48 hair  
 follicle patterning;49 heart malformation and cardiomyo- 
 pathy;50 eyelid closure; facial motor neuron migration;51,61  
 primary cilia function;52 asymmetric division and  
 maintenance of cortical progenitors53

Prickle CE movements during gastrulation54-56 cell intercalation  
 during primitive streak formation in chick;45 facial motor  
 neuron migration;56 angiogenesis42

wnt5; pipetailb CE movements during gastrulation,57-59, 64 cochlea exten- 
 sion;59 inner ear sensory hair cell patterning;59 neural tube  
 closure;59 elongation of the small intestine;60 facial motor  
 neuron migration;61 angiogenesis42

wnt11; Silberblickb CE movements during gastrulation;62-64 neural crest  
 migration;65�	������������	��������	����	�66

Scribble; circletaila Neural tube closure;67 inner ear sensory hair cell patterning;47  
 heart malformation and cardiomyopathy;68 eyelid closure;  
 facial motor neuron migration61,69

PTK-7c Neural tube closure;70 inner ear sensory hair cell patterning;70  
 neural crest migration71
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adult ommatidia of the eye,85 sensory bristles from the thorax,86 wing hairs11 and in hair 
orientation on the abdomen.84�}�����������������'!'��	�	������	����	��������������������
other ‘core’ transmembrane PCP components Frizzled87 and Vang.88

Flamingo Orientates Cuticular Structures in the Epidermis of Drosophila

The coordinated orientation of cuticular structures within the epidermis of Drosophila 
has provided an exemplary model for the study of PCP. In the Drosophila wing for 
example, each epidermal cell assembles actin bundles at its distal-most vertex, producing 
a single prehair that extends away from the cell along the proximo-distal axis (Fig. 5A). 
Flamingo is one of a group of core PCP components that respond to an extrinsic spatial 
��	���������	��	�����	��	����� ��	��	���� 	�	�� ��	���������
��������}���� �	�
���	�
establishes two asymmetric protein complexes distributed to apico-lateral junctions 
across the proximo-distal hair/bristle cell boundary (Fig. 5B,C). Flamingo protein is 
found distributed to both proximal and distal cell membranes.11

%	�	���������	�������	������������	�
��	����������������
������	����==	�&'!'�
signalling cascade. It has a key role in localising other polarity components such as Frizzled 
and Vang to the apico-lateral junctional region of wing hair cells,11,89,90 a prerequisite 
step during initiation of PCP signalling in the wing (Fig. 5B). Subsequently Flamingo 
participates in the promotion of the asymmetric distribution of PCP components (Fig. 5C).

Following observations that (a) Flamingo formed homodimers across neighbouring 
cell membranes11 and (b) Flamingo was uniquely distributed along the axis of wing hair 
cell polarity on both sides of a cell boundary (Fig. 5B,C)11,89 Lawrence, Casal and Struhl84 
demonstrated that Flamingo was required to both send and receive polarity information 
between neighbouring cells and subsequently proposed the ‘Flamingo bridge’ model. In 
this model, Flamingo senses Frizzled activity between neighbouring cells and acts with 
either Frizzled or Vang, to send or receive, respectively, polarity information. Using 
different assay parameters, Chen and colleagues91 have provided further data in support 
of the ‘Flamingo bridge’ model. This study and two others92,93 are currently fuelling a 
new debate94 on whether Flamingo plays a passive or instructive role in propagation of 
polarising information. Chen et al91 believe that Flamingo is an active participant in PCP 

Figure 4. Schematic of the Drosophila PCP signalling pathway. a) Indicates transmembrane proteins 
b) Indicates cytoplasmic proteins. Stbm is strabismus, homologue of Vang.
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signalling whereas Wu and Mlodzik93 propose that Flamingo merely aids direct contact 
between Frizzled and Vang across neighbouring cells, thus promoting ligand-receptor 
interaction. Strutt and Strutt92 suggest a similar model except that in this case Flamingo 
acts passively to stabilise asymmetric junctional complexes across neighbouring cell 
membranes. In this third model, Flamingo is proposed to interact preferentially with 
Frizzled to bias the localisation of a Frizzled/Flamingo complex to distal wing cell edges 
and a Vang/Flamingo complex to proximal wing cell edges. How Flamingo directs Vang 
asymmetric distribution is unclear although some data exists to implicate the Flamingo 

Figure 5. Flamingo is a key participant in the establishment of PCP in the Drosophila wing and eye. 
A) PCP is visualised in the Drosophila wing by the polarised distribution of a single pre-hair to the 
�����&������	��	��������������� �	���'� ���
���������� ����������$��������� ��	
� ��� ��	�	��������	������
PCP in the Drosophila wing is the distribution of ‘core’ PCP proteins to the apico-lateral membrane 
of wing hair cells where particular protein complexes are generated. C) Wing hair cells respond to 
an unknown long-range polarity signal which establishes a gradient of Frizzled signalling along the 
proximo-distal axis. The second stage of PCP establishment is marked by the asymmetric distribution of 
PCP proteins across neighbouring cell membranes which mirrors the axis of polarity. Fz; Frizzled, Fmi; 
������������������	�		������_

	��
��	��
�������������������
���������������'�����������	�	��	��
in the mirror image arrangement of ommatidia across the dorso-ventral axis or equator (denoted by 
black hatched line). Lower panel, schematic representation of the establishment of ommatidial polarity. 
Z���������	���������������	�����	�����	����� ��"
	�������������<^�����\�����	������<�������	�����	�
with black outline) promotes a 90o rotation towards the equator (black hatched line) breaking the 
symmetry. The symmetric pre-R3/R4 pair are shown as grey circles.
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cytoplasmic tail.92 It is also possible that both Flamingo homodimers and the Frizzled/Vang 
complex in trans����������������
��
����	�
���������������������	���������	����	�����
the notion here being that both complexes act instructively. ‘Bridging’ between an in cis 
���==	�������������
	��������������������	������������	������	����	�	����	���
at promoting Frizzled/Vang interactions in trans thus stabilising the asymmetric complex.

Flamingo Links Frizzled-PCP and Notch/Delta Signalling in Drosophila Eye 
Development

In the Drosophila� 	�	�� '!'� ��� �	�	��	�� ��� ��	� ������	�	��� ��� ����������� ������
are single eye units (Fig. 5D). Each ommatidium is oriented with respect to both the 
anterior-posterior (AP) and dorsoventral (DV) axes. The DV arrangement is orchestrated 
by rotation of ommatidial clusters through 90 degrees toward the DV midline (equator) 
forming a mirror image alignment (for a review, see ref. 95). Concomitant with rotation, 
the ommatidia lose their symmetry and opposite chiral forms are established in the dorsal 
and ventral eye halves (Fig. 5D). Each ommatidium comprises 8 photoreceptor cells. 
The chirality of each ommatidium following rotation is represented by the asymmetric 
arrangement of photoreceptors R3 and R4 within the photoreceptor cell cluster. This 
asymmetry is governed by signalling events which involve both Frizzled-PCP and Notch/
�	���
���������$��	������	�<^�<��
������	�����	�������������	�������<^��	�������	��
to the equator. A signal from the equator appears to activate higher levels of Frizzled-PCP 
signalling in the preR3 cell, resulting in higher levels of Delta expression in preR3. Delta 
��	���������	��{�������������������	�
�	<���	��������
	��������<�����	��}�	��
	����������
of R3 and R4 subsequently determines both chirality and direction of ommatidial rotation.

��������
�������
	����	�����<^�<���
	����������85 Unlike other ‘core’ PCP 
components which are required in either R3 or R4, Flamingo appears to play distinct 
roles in both R3 and R4. Current data suggests that initially in R3, Flamingo has a 
positive effect on Frizzled-PCP signalling through maintenance of asymmetric ‘core’ 
PCP protein distribution. Subsequently in R4, Flamingo is up-regulated by Notch 
signalling and acts to suppress Delta expression by dampening Frizzled signalling 
in this cell. This in turn enforces the initial Frizzled signalling bias across the R3/R4 
boundary. The distinct activities of Flamingo in R3 and R4 are echoed by the dynamic 
expression of Flamingo protein within the apical domains of both cells. Flamingo 
becomes initially enriched asymmetrically across preR3 on the equatorial borders. As 
��	�����	����������	��������������������	���	��	�����	���
	��������������<�������
U-shaped pattern. In this context, Flamingo provides a link between Frizzled-PCP and 
{������	���������������<^�<���
	����������

Vertebrate 7TM-Cadherins in PCP

In mammals, two independent ENU-generated mutant alleles of Celsr1, crash 
(crsh) and spin-cycle (scy����	�	���	����	���������	��������	��	����	��
�����	����	������
evidence of a role for a 7TM-Cadherin in PCP-related processes in mammals.96 crsh 
and spy are not null mutations; Celsr1 protein expression is evident in mutant tissues,49 
but they may be hypomorphic or dominant mutations. A large body of evidence now 
exists to suggest that vertebrate 7TM-Cadherins function in many aspects of PCP-related 
processes during vertebrate embryogenesis (Table 1) and these will be covered in more 
detail in the next two sections.
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Whilst in mammals Celsr1 is known to regulate PCP, we currently have no evidence 
of similar roles for Celsr2 and Celsr3 in mammalian embryogenesis despite predicted 
functions from RNA expression studies.22 Data from Celsr3 mouse ‘knockouts’97-99 
suggest that any early roles for Celsr3 are either non-essential or redundant with Celsr1 
and Celsr2. Generation of double/triple knockouts for Celsr1, Celsr2 and Celsr3 should 
resolve this issue.

Vertebrate 7TM-Cadherins Function in the Morphogenesis of the Early 

Embryo and of Multiple Organ Systems

Morphogenetic Movements and Neural Tube Closure

Coordinated cell movement is fundamental to early embryogenesis and formation of 
the basic body plan. The body axis is established by coordinated and directional movements 
of cells that include epiboly and convergence and extension (CE), processes requiring cell 
intercalation along different embryonic axes. Whilst epiboly, a morphogenetic movement 
�
	����������
������������		�����
	��	����	�	������������	����	���������	���������	�
spread of cells along the animal-vegetal axis to cover the yolk and close the blastopore,100 
CE requires medio-lateral cell intercalation which contributes to both a narrowing and 
elongation of the embryo along the antero-posterior axis (for a review, see ref. 101). 
Vertebrate 7TM-Cadherins are known to regulate each of these morphogenetic movements.

Gene ‘knockdown’ strategies have uncovered roles for Celsr1 homologues in 
epithelial cell intercalation during avian primitive streak formation45� ���� =	�������
CE movements.19,102�}�	�=	�������Celsr1 homologues, zfmi1a and zfmi1b were found 
to cooperate to mediate CE and zfmi1a was demonstrated to act in a cell autonomous 
manner to promote cell intercalation along the anterio-posterior axis.19 Epiboly defects 
also resulted from gene ‘knockdown’ of two Celsr1��������	�������=	�������Celsr2 
ENU mutant, off-road.102 Whilst 7TM-cadherins appear to function through a nonPCP 

��������������	��	����������	����������������	
�����102 their role(s) in medio-lateral 
cell intercalation require the PCP pathway.19,45,102

Neurulation involves an exquisitively coordinated suite of cell movements and changes 
����	����
	��$��	�����������	���	��	����	�����	��	����
��	����������	���&��	��������
elongates rostrocaudally, its lateral edges elevate and move towards the dorsal midline 
��	�	� ��	�� �		�� ���� ���	�� ��	�	��� ����	������ �� ���� �	���� 
��	� ����� �� ����� ���	�
(Fig. 6A). Disruption of this process can occur at different levels of the body axis leading 
to a distinct range of neural tube defects (NTD). Craniorachischisis is the most severe 
form of NTD and results from failure to initiate neurulation, affecting most of the neural 
tube. A number of mice mutant for ‘core’ PCP components, exhibit craniorachischisis in 
the homozygous state34,37,39,40,46,67,70,96 implicating PCP processes in neural tube closure. 
Two of these are crsh and spy and both contain mutations in Celsr1.96 Mice mutants 
exhibiting craniorachischisis display medio-lateral expansion of the neural plate which 
interferes with formation/function of the neural groove, positioning the neural folds too 
far apart to undergo apposition, preventing closure. Forebrain and rostral midbrain closure 
occur normally. A recent study by Ybot-Gonzalez et al103 demonstrated a requirement 
for CE movements in both axial mesendoderm and neuroepithelium during initiation 
of mammalian neural tube closure. Defective CE is also linked to delayed neural keel 
�������������=	�������19,104
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Orientation of Sensory Hair Cells in the Vertebrate Inner Ear

The orientation of sensory hair cells within the developing inner ear has many parallels 
to the system of oriented hairs/bristles that underpins the study of PCP in Drosophila. 
Z����	����������	������	����	��	�������	�������?&�??���	�	�������������
���������	��
microvilli that align to form a chevron-shaped pattern with a single large kinocilium 
located at the apex of the chevron is disrupted in the two independent ENU-generated 
mutant alleles of Celsr1 in mouse, crsh and spy.96 This also occurs in mice defective in 
other ‘core’ PCP components; vangl247,48 (looptail mutant; lp) and frizzled634 (mouse 
knockout) as well as scribble47 (circletail mutant; crc) and PTK770 (mouse knockout). 
Heterozygote crsh and scy mice were found to exhibit head shaking behaviour, belly 
curling and spinning during tail suspension96 suggestive of some vestibular dysfunction 
although the mice are not profoundly deaf. Subsequent examination of the adult cochlea 
of crsh/scy heterozygote mice revealed that both mutants exhibit misorientated outer hair 
cell stereociliary bundles (OHCs). The inner hair cells appear only slightly affected and 
the supporting cells immediately surrounding the affected hair cells exhibited abnormal 
shape. In homozygote mice, the OHCs are extensively mis-orientated along the entire 
length of the cochlear duct consistent with phenotypes from other mutant mice (Fig. 6B). 
However, there are subtle phenotypic differences between mouse mutants, for example, 
one group of OHCs, OHC1, are only slightly affected in crsh/scy compared to those in 
lp mice which exhibit more severe defects.

The asymmetric distribution of PCP components within the sensory epithelium is a 
characteristic feature of PCP processes in the inner ear47,72,105 similar to patterns observed 
in the wing hair cells of Drosophila.89 In the avian embryo the Celsr1 homologue, c-Fmi1, 
is distributed in a similar zig-zag pattern18�����������������	���������11��	�	��������	�
axis of hair cell polarity (Fig. 6C).

Figure 6. Vertebrate planar cell polarity. A) RNA in situ hybridisation of c-fmi1 within the developing 
�	���� ���	�� ������	��	� �	�������� ��� "���	� ��� ��	� �	���� 
��	� ��� �� ���� ��		�� ������ ���� ��	�� �
� �����
a tube-shape by Stage 9. Fusion of the neural folds subsequently forms the neural tube. B) Polarity 
of chevron-shaped outer hair cells (OHC) within the mammalian ear is disrupted in 18.5dpc scy/crsh 
homozygotes compared to their wild-type littermates. C) Distribution of c-Flamingo1 (c-Fmi-1) protein 
in the sensory epithelium of the chick inner ear. HCA is hair cell antigen. Reproduced with permission 
from Davies A et al. Dev Dyn 2005; 233:998-1005. Copyright ©2005 Wiley-Liss Inc. D) Facial motor 
�	����� ���������� �������	����� ��� �����
�	�� ��� =	������� 	������� ���	��	�� ����� ���
������� ��������
zfmi1a and zfmi1b����������	�������=	����������������� �����	��������������������������� ��	�&��� ��&�>�
denote rhombomeres. Oto denotes otic vesicle. C. Formstone and A. Chandrasekhar, unpublished data.
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Hair Follicle Patterning

Whereas in insects, hairs are uni-directionally oriented within a single cell, in 
mammals hair follicle alignment is a more complex process characterised by interactions 
between epidermal epithelial cells and underlying dermal mesenchyme which induce 
biased outgrowth of a hair follicle that is oriented along the anterior-posterior (A-P) 
axis of the embryo. Devenport and Fuchs49 recently demonstrated that hair follicle 
angling is accompanied by polarised cell shape and cytoskeleton changes in both 
anterior and posterior cells at the hair follicle-epidermal boundary and subsequent 
polarised expression within the hair follicle of a number of proteins such as E-cadherin, 
P-cadherin and Sonic hedgehog. Involvement of the PCP pathway in hair patterning in 
��������������������	��	�������������������������������	�������frizzled635 where 
mosaic analyses of frizzled6 mutants demonstrated that hair misalignment was due to 
�������	��	��������	�frizzled6-expressing epithelium. Analyses of Celsr1 (crsh) and 
Vangl2 (lp) homozygous mutant mice subsequently revealed a loss of A-P alignment 
of hair follicles during embryogenesis.49 In this same study, Celsr1, Vangl2 and 
Frizzled6 proteins were each demonstrated to be asymmetrically distributed within 
the basal keratinocyte layer of the developing skin along the A-P axis. The initiation 
of asymmetric expression of PCP components within the basal layer was coincident 
��������������	���������������������	�	����������	������	�������	��	������������
orientation remains unclear. Studies using a Celsr1 conditional knockout suggest 
that Celsr1 may also play a subsequent role in postnatal hair development.106 During 
embryogenesis, crsh mice display radially orientated hair follicle growth with respect 
to the skin whereas hair follicles in the Celsr1 conditional knockout at P1 exhibit a 
random oblique orientation.

7TM-Cadherins Mould the Architecture of the Embryonic Nervous System

Early studies on Drosophila Flamingo mutants revealed central nervous system 
(CNS) defects essential to Drosophila development, comprising local disconnection 
of longitudinal axons.11 7TM-Cadherins have subsequently been demonstrated to play 
conserved roles in axon tract formation, dendritic arbour morphogenesis, axon-axon 
interactions, axon target selection and the promotion of neuronal migration.

It is intriguing that the function of both invertebrate and vertebrate 7TM-Cadherins 
in neuronal outgrowth appears independent of the Frizzled-PCP signalling pathway 
although PCP components such as Frizzled are implicated with vertebrate 7TM-Cadherins 
in axonal morphogenesis.109

Axon Targeting and Axon Tract Development

A number of elegant studies have recently demonstrated roles for Flamingo in 
facilitating axon-axon interactions and axon target selection in the Drosophila visual 
system.25,26

Z�����&��
	���������������������	���
�����	�	
�����<���	��������	������	����
smooth topographic arrays in three distinct layers of the optic lobe. R1-6 target to the 
lamina and R8 terminates in the medulla. Senti et al26 generated mosaics of ������	 
mutant photoreceptors revealing disorganisation of R8 axon termination. These analyses 
additionally demonstrated a requirement for Flamingo activity in R8 axons alone and 



277TM-CADHERINS: DEVELOPMENTAL ROLES AND FUTURE CHALLENGES

not in their target cells. Flies with mutations in other ‘core’ PCP components exhibited 
wild-type/control R axon projections. Lee et al25 focussed on interactions between 
R1-R6 axons and revealed that Flamingo was also required for their proper targeting. 
Since Flamingo protein was found to be expressed mainly in R axons and not target 
lamina cells, a further study considered the mechanism by which Flamingo mediated 
the distinct R1-R6 growth trajectories. Using mosaic analyses with a repressible cell 
marker (MARCM) to generate elegant single cell manipulations, Chen and Clandinin111 
were able to alter Flamingo levels on individual R1-R6 growth cones. They found that 
the manipulated growth cones were sensitive to relative differences in Flamingo activity 
and not the absolute level of Flamingo activity in any single cell. Accordingly, the 
authors proposed a model where individual photoreceptor growth cones can compare 
their levels of Flamingo with that of their neighbours and either increase or decrease 
contact with them in order to balance precisely the Flamingo-mediated interactions 
on all sides. This balance of opposing forces establishes an appropriate trajectory for 
each growth cone.

Expanding on observations of defects in axon fasciculation in the Drosophila 
CNS,11 subsequent studies in the abdominal sensory system of Drosophila revealed that 
Flamingo is also required here for axon advancement.112 Growth of Flamingo mutant 
sensory axons stalled at reproducible positions corresponding to key intermediate 
target cells leading to the authors proposal that Flamingo mediates some form of 
interaction with intermediate cellular targets to ensure axon advancement. Whether 
the interaction requires Flamingo homophilic activity or interaction with an unknown 
ligand remains unproven.

The importance of Flamingo function in axonogenesis during Drosophila 
development11,112 has parallels in mammals since defects in axon tract development 
are a major phenotype in a Celsr3 knockout.97 There are selective anomalies in several 
major axonal tracts, the most notable being the thalamocortical tract, resulting in 
complete disconnection of the neocortex from subcortical structures. This phenotype 
is similar to that observed in a frizzled-3 knockout, prompting Tissir et al97 to propose 
that an analogous pathway to that controlling PCP is operating in axon tract formation. 
Further study however, has failed to corroborate the existence of such a pathway.109,113 
It is clear however, that the Celsr3/Frizzled3 combination may hold some functional 
parallels with that of Celsr1/Frizzled634,42,96 but the molecular and cellular mechanisms 
involved are as yet unclear. In the future it will be interesting to test the similarity 
between the molecular/cellular roles of Celsr1/Frizzled6 in, for example, neural tube 
closure to those of Celsr3/Frizzled3 in axonal outgrowth.

More recently, conditional inactivation of Celsr3��
	������������	��		��	
������
ventral forebrain and cortex has demonstrated an essential role for Celsr3 in neurons 
that project axons to the anterior commissure and sub-cerebral targets as well as in 
cells that guide axons through the internal capsule (Fig. 7A).98,114 This latter process 
is reminiscent of Flamingo function in the Drosophila abdominal sensory system.112

Dendrite Morphogenesis

������� �	�	�
�	���� �	������ 	������	� �
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���������� �	������������� ��	��
� �����	�� ��	�	��	��� ���� ���
	�	���� �� �����	�
area, for example the entire retina. An early study from the lab of Yuh Jung Jan of 
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�	���������	��������������������
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the regulation of this process.24 Flamingo was found to promote competition between 
the dorsal dendrites of homologous peripheral nervous system (PNS) neurons situated 
within contralateral hemisegments, contributing to their mature dendritic morphology 
����
�	�	��������	��
��	��		���	���������	������������	������������	�������>$��24 

Figure 7. 7TM-Cadherins function in axonal and dendritic morphogenesis. A) Schematic representation 
�����	��	����&�
	���������������������!	��^����������	����	������
��	��Z!���}��		����������
��	�������
��	� Z!�� ���	�� }!��� ����\��� !}�� ��	��� ����\� ����	���� ���� ����	�	���� 
���	������� �!"}�� ��	��� ��	�
observed in wild-type mice (left). In mice where Celsr3 was deleted in the ventral telencephalon using 
Dlx5/6-Cre mice that express Cre in the ventral telencephalon (middle), Celsr3 is inactivated in the 
���	��	����	� �	�������� ��	��	����� �		��	
����� ������	��	
����� ���	�� ��	�����}���������	��� ���� ���
turn normally at the diencephalon–telencephalon boundary (DTB), whereas cortical axons are blocked 
at the external aspect of the basal telencephalon. In Celsr3|Emx1 mice, in which Celsr3 is inactivated 
early from E10.5, in the cortical anlagen (right, grey area), reciprocal thalamocortical projections form 
normally, but subcerebral projections fail to cross the pallial subpallial border (PSPB). NCx: neocortex; 
LV: lateral ventricle; LGE and MGE: lateral and medial ganglionic eminences; dTh: dorsal thalamus; 
VT: ventral thalamus; HT: hypothalamus; HP: hippocampus. Expression pattern of Dlx5/6 is denoted 
by stippled area . Drawings adapted from Zhou L, Qu Y, Tissir F et al. Cereb. Cortex 2009; Epub 
ahead of print. B) Schematic representation of the role of 7TM-Cadherins in dendrite morphogenesis. 
�����
���� �������� �	����	�� ��	� ����� ��� ������ �	�����	� 	��	������ �	����� Z�� ����	�� �	�������� ��� ��	�
dorsal midline (line) is based on its equal distance to both dorsal clusters of PNS sensory neurons in the 
�����	���	��	�������	�	���������&��
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dendrites exhibit an overextension phenotype. Celsr2 promotes dendrite elaboration in mammalian 
cerebellar purkinje neurons (right). Control neurons exhibited elaborate dendritic trees whereas 37% 
of Celsr2-siRNA transfected neurons exhibited an extreme class of phenotype with a more simplistic 
branching pattern. Adapted from: Shima Y, Kengaku M, Hirano T et al. Dev Cell 2004; 7:205-216.
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As in the experiments of Chen and Clandinin111 in the retina, levels of Flamingo 
protein expression appeared to be of crucial importance for Flamingo activity in 
�	���������	����������������	������
���	���	��		����	�����
���	��	���}�	�����������
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of Frizzled.24 Studies in mushroom body neurons defective in Flamingo activity also 
exhibit overextension of dendrites.121

Further studies by Gao and colleagues utilised the MARCM technique to allow 
visualisation of single multiple dendritic (MD) neurons in living Drosophila larvae.114 
They found that Flamingo did not affect general dendritic branching patterns in postmitotic 
neurons but controlled in a cell autonomous manner, the extension of dorsal dendrites 
(Fig. 7B). When initiation of dorsal dendrite extension was visualised, disruption 
of Flamingo activity in individual neurons promoted precocious initiation of dorsal 
dendrite extension suggesting that Flamingo regulates the timing of dendrite extension.

In mammals, Tadashi Uemura and colleagues used siRNA technology to silence 
Celsr2 in postnatal day 4 brain-slice cultures in which cortical pyramidal and cerebellar 
purkinje cell neurons were marked by expression of eGFP. Their studies elegantly 
demonstrated a role for Celsr2 in dendrite stabilisation.107,108 Following an initial phase 
of outgrowth comparable to that of control neurons, Celsr2 siRNA-expressing neurons 
subsequently exhibited shorter and fewer basal dendrites (Fig. 7B). The authors also 
explored the Celsr2 protein domain required for the retraction phenotype and proposed 
that neurite outgrowth relied on Celsr2/Celsr2 homophilic interaction.107,108 Using the 
same assay system, an opposing phenotype was observed for Celsr3 shRNA-expressing 
neurons which extended longer basal dendrites with more branches. The Celsr3 data 
however, has not been supported by the studies of Tissir and colleagues97 who did not 
observe dendritic abnormalities in their Celsr3 knockout.

Overall, 7TM-Cadherins appear to play conserved roles in dendrite stabilisation. 
An explanation for the apparently different consequences of disrupting Flamingo and 
Celsr2 activity, namely overextension and retraction of dendrite extension, should 
be explored however, possibly through time-lapse analysis, to understand better how 
7TM-Cadherins regulate dendrite morphogenesis.120

Neuronal Migration

Vertebrate nervous system development depends on migration of immature neurons 
from their site of origin, often involving tangential migration through different neural 
layers. Facial (nVII) motor neurons, born within rhombomere 4 (r4), migrate caudally 
���������	�����������������������	�����=	����������������������	�	���	���������	�
facial nucleus (for a review see ref. 110) and this process is halted when activity of a 
number of vertebrate PCP components are disrupted (Fig. 6D).20,44,51,56,61 Loss of Celsr2/
zfmi220 in the off-road�=	��������{_�������69 similarly disrupts facial neuron migration 
with most facial neurons remaining in r4. Celsr1a/zfmi1a and Celsr1b/zfmi1b appear 
to function redundantly with Celsr2/zfmi2 to regulate this process.69

A GFP-knockin at the Celsr3 locus has revealed its crucial role in both tangential 
and radial interneuron migration in the developing mouse forebrain.99 Celsr3 inactivation 
disrupts tangential migration of the calretinin-positive and radial migration of 
calbindin-positive interneuron classes, the latter being GABAergic neurons. Disruption 
in the development of these interneuron classes is known to contribute to major 
neuropsychiatric disorders such as schizophrenia and depression.122
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FUTURE DIRECTIONS: LINKING 7TM-CADHERIN STRUCTURE 

TO FUNCTION

With our understanding of 7TM-Cadherin function in both PCP and nervous system 
development rapidly unravelling, further insights into their roles during vertebrate 
organogenesis and nervous system development are expected. The advent of conditional 
knockouts for mammalian Celsr genes98,106���� ������������	��	�������\���	��	�
and enable investigation of global Celsr function during mammalian embryogenesis. 
Most importantly, these mice herald an exciting new phase of study into the roles of 
mammalian7TM-Cadherins from postnatal development through to the adult.

With regard to the cellular and molecular roles of 7TM-Cadherins however, little 
is understood. Although pioneering studies in both Drosophila91-93 and mammals107,115 
have provided useful insight into structure/function relationships, many questions 
�	������}�	�	������	�����
���������������
���	����������������	����������\����
of 7TM-Cadherins regulate protein function, what mechanisms exist for engagement 
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��	��	��>}�&!���	��������	��������	��	��	������������������%�
���	������
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The adhesion-GPCR family are characterised by cleavage at the GPS domain, 
studies on which have provided an intriguing scenario which suggests that the two 
fragments generated by this process may act independently.116,117 Drosophila Flamingo 
is a strong candidate for GPS cleavage; western data is supported by immunological 
and structure/function analyses which hint at separable functions for the extracellular 
and cytoplasmic domains.11,111,112,114,115 The hypothesis that the 7TM/cytoplasmic 
regions of 7TM-Cadherins can act independently of their extracellular domains has 
gained further credence recently from a study which suggests separable functions for 
��	� 	�����	���� �������� ���� ������	���� �	������ ��� =	������� !	��� �������	��
�������=	����������������������	�	����102�}�	��	����	�������������	�=	�������!	���
protein used in these experiments was however, not reported. Published western data 
for mammalian 7TM-Cadherins suggest that Celsr215 and Celsr398 exist uncleaved, 
supporting functional data that the protocadherin and 7TM domains of Celsr2 and 
Celsr3 must be directly coupled to mediate cell signalling via homophilic interaction.108 
The cleavage status of 7TM-Cadherins needs to be explored in more detail therefore 
������	�������������������������	����	�����������������������
	����������	��������	��
linked should be addressed.

"������������>}�&!���	����������������������	��	���������
���������	����������
present we do not understand the molecular requirements for cell surface expression 
of these enigmatic proteins nor do we appreciate how 7TM-Cadherins are assigned 
to different cellular compartments. This would expand on intriguing data from 
Carreira-Barbosa et al102 who provide an exciting glimpse at a potential mechanism for 
regulating the release of functional 7TM-Cadherin protein to the plasma membrane.

Many studies have touched upon the question of whether 7TM-Cadherins are 
adhesion proteins. Current data favours a role in the regulation of cell cohesion11,23,102,108,111 
through control of, for example, cell contact persistence118 but this issue does need 
��� �	� ����� ����	��	��� "���������� ����� 	����� ��� ����	��� ����� �
	����� ���������� ���
7TM-Cadherins require homophilic interaction.49,84,108,111 Further studies are now required 
to examine in detail the molecular and cellular strategies through which homophilic 
interaction couples to changes in cell activity and cell signalling and to ask if similar 
mechanisms are utilised in different cell contexts. Is homophilic interaction the sole 
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mechanism whereby 7TM-cadherins engage in cell signalling? What part do other 
regions of the 7TM-Cadherin extracellular domain play? For example, a number of 
studies107,112,115 have implicated the HRM domain as a potential ligand-binding domain 
������������������\	��	�����������	����������������������	&�
	��������������&�����
protein exists in the membrane which does not contain atypical cadherin repeats 
(Formstone and Mason, unpublished).

Recent studies on Flamingo function during PCP establishment in the Drosophila 
wing are fuelling debate on whether Flamingo is a passive or active participant in the 
propagation of polarity information. In vertebrates however, a series of elegant studies 
on the role of Celsr2 and Celsr3 in neurite morphogenesis108 have provided the strongest 
evidence to-date that mammalian Celsr proteins elicit active cell signalling through their 
>}�����������}�	�����������
����	�����������	��	����	������	������������	������
����
the TM region in functional differences between Celsr2 and Celsr3 in a dendritic growth 
assay. In this assay system, dendritic outgrowth was linked to the release of calcium 
from internal stores via phospholipase C and phosphoinositol signalling pathways. 
Calcium release was found to be reliant on the homophilic interaction of Celsr2 or 
Celsr3. Celsr2 homophilic activity had a greater effect on calcium release than that of 
Celsr3 and this difference was proposed to activate distinct second messenger pathways. 
Celsr2 activity stimulated CamKII signalling whereas Celsr3 activated a calcineurin 
pathway. Further studies should determine whether Celsr2 and Celsr3 directly interact 
with G protein effectors to activate these distinct enzyme pathways.

If the 7TM domain is an active signalling domain, what then is the role of the 
7TM-Cadherin intracellular tail (IC)? This is an interesting question because in 
comparison to the extracellular domains, the IC domain exhibits little sequence 
conservation between invertebrate and vertebrate proteins. Moreover, between the 
different vertebrate family members, the IC domain is the least conserved protein 
domain. Since current data from Celsr196,106 and Celsr397,99 mouse mutants suggest 
distinct roles in PCP and nonPCP processes respectively, does the IC domain hold the 
key to their individual functions?

CONCLUSION

The 7TM-cadherins are a unique group of adhesion-GPCRs which mediate important 
functional roles during embryonic development including the control of planar cell 

��������'!'�����
���	���
�	����	���������	��	���	���������������	�����������������
	�
vertebrate organ systems. In the future these proteins will excite and fascinate as we 
advance our understanding of their roles during mammalian embryonic and postnatal 
development and gain insight into their cellular and molecular functions during PCP 
and neural development. 
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CHAPTER 3

LATROPHILIN SIGNALLING IN TISSUE  
POLARITY AND MORPHOGENESIS

Tobias Langenhan* and Andreas P. Russ*

Abstract: Understanding the mechanisms that coordinate the polarity of cells and tissues during 
embryogenesis and morphogenesis is a fundamental problem in developmental 
biology. We have recently demonstrated that the putative neurotoxin receptor lat-1 
�	��	�����	���������	����	��������	������	�������	����������
��	�������	�	����
embryo of the nematode C. elegans. Our analysis suggests that lat-1 is required for 
the propagation rather than the initial establishment of polarity signals. Similar to 
��	���	������	���������!��"<�
���	��������������	�����������
������	�
��������
these results implicate an evolutionary conserved subfamily of adhesion-GPCRs in 
the control of tissue polarity and morphogenesis.

INTRODUCTION

A fundamental requirement in all multicellular organisms is a robust program to 
achieve the correct spatial arrangement of cells. Cell fate decisions, the orientation of 
mitotic divisions, the migration of individual cells and morphogenetic movements of 
cell groups have to be tightly coordinated. While our understanding of the molecular 
mechanisms controlling asymmetric cell fate decisions and mitotic spindle orientation 
in certain types of cell-cell interaction is advanced (reviewed in refs. 1,2), it is less 
well-understood how signals are propagated in larger groups of cells to align cell 
polarity and division plane orientation and how tissue polarity is coordinated with 
morphogenetic movements. The analysis of planar cell polarity (PCP) in epithelial sheets 
and the study of convergence and extension (C and E) movements during gastrulation 
in vertebrates have implicated signalling by the Wnt/PCP, Fat/Dachsous/Four-jointed 
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(Fat/Ds/Fj) and anterior-posterior (a-p) tissue polarity pathways in the coordination 
of cell division plane orientation (reviewed by ref. 3, see Formstone, this volume).

!	���������	�����������������������	�������	���
�������������	���������������������
cells. Since the pioneering experiments of Townes and Holtfreter4 the molecular basis 
for the directed movement and selective adhesion of embryonic cells has been an area of 
intense interest. While substantial progress has been made in elucidating the formation 
and maintenance of boundaries between compartments and tissues, the segregation 
and sorting of mixed cell populations is much less well-understood.5 Widely accepted 
hypotheses are the thermodynamic model, mainly based on differential adhesion 
mediated by cadherin-based mechanisms6,7 and the activity of cell guidance systems 
transmitting attractive or repulsive cues to migrating cells.8 However, the currently 
known mechanisms do not yet fully explain the developmental processes shaping 
embryos and organs.

THE ROLE OF ADHESION-GPCRs IN DEVELOPMENT

An interesting class of candidate molecules for the control of cell-cell interactions 
are the adhesion-GPCRs,9,10 which combine extracellular domain features of adhesion 
molecules with transmembrane regions characteristic for G protein-coupled receptors. 
Vertebrate genomes encode 30 or more adhesion-GPCRs with at least 8 different 
extracellular domain architectures11 (see Schioth et al, this volume), making it the 
second largest group of seven-pass transmembrane (7TM) receptors. Adhesion-GPCRs 
are implicated in immune functions12,13 and in rare inherited developmental disorders14 
but there is little information about the physiological function of most members of 
��	�
���	������������\	����	�����	�	�
�	��������		���	��	��������	�����	���&�\	�
������������������������Z�����������	��	����	����������!��"<������������	�	��	�����
and conserved functions in the PCP pathway and in neuronal development15-23 (see 
Formstone, this volume).

Comparative genomics of the highly divergent adhesion-GPCR family shows that 
next to FMI only the domain architecture of latrophilins (LPHN; synonyms CL/CIRL/
Lph/Lectomedin; see Ushkaryov, in this volume) is strictly conserved across phyla (see 
below).11 The lectin-like latrophilins were originally described as cellular receptors 
for latrotoxin (�-LTX), the main neurotoxin of the Black Widow spider Latrodectus 
mactans.24,25 They have been implicated as modulators of neurotransmitter release26-28 
(Silva et al, this volume) and are thought to act as components of the fusion machinery 
that regulates discharge of the pool of biogenic amine vesicles (i.e., norepinephrin, 
GABA, glutamate) in several neuron types and vesicles carrying insulin in pancreatic 
�-cells. However, the physiological function of this highly conserved receptor is not 
�	&�	��	����������	����	��������������	���\������<	�	������\��������������������
������	����	�������	�
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in embryonic development.29

Adhesion-GPCRs in C. elegans

A major challenge in the genetic analysis of orphan adhesion-GPCRs is the complexity 
of the gene family. The large number of different domain architectures raises issues about 
�	�	�������	���������������������	������
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presence of up to 3-5 paralogs for some receptor subfamilies in vertebrates indicates 
possible functional overlap and compensation between paralogs. To investigate the 
physiological function of adhesion-GPCRs in a less complex system we turned to the 
nematode C. elegans.

The C. elegans genome contains two LPHN genes, lat-1 and lat-228,30 and a single 
FMI homolog (cdh-6)31,32 (Fig. 3). Similarly, FMI and LPHN (dCIRL) are the only 
conserved adhesion-GPCR architectures in Drosophila (Fig. 1). Other C. elegans or 
Drosophila genes showing similarity to adhesion-GPCRs are highly divergent with 
little sequence homology to adhesion-GPCRs in vertebrates,11,33 while FMI and LPHN 
are conserved in other nematode and insect species. This suggests that FMI and LPHN 
represent the core functions of adhesion-GPCRs that are highly conserved in the 
evolution of bilateral animals.

The small number of adhesion-GPCRs implies a low level of functional redundancy 
in the worm and offers the possibility to separate and dissect the role of individual genes 
and to assign the physiological function to each member of the receptor class. Based 
on loss-of-function mutants, molecular requirements of different receptor domains 

Figure 1. Adhesion-GPCR classes conserved between vertebrates and invertebrates. The domain 
architecture of adhesion-GPCRs is conserved from nematodes to mammals and characterized by an 
extracellular GPS motif in close proximity to the outer face of the 7TM region. The RBL domain is 
the hallmark for receptors of the latrophilin subfamily (LPHN), whereas the Flamingo (FMI) group is 
determined by the presence of cadherin, EGF and laminin domain repeats. Reprinted from Langenhan 
et al, Dev Cell 2009; 17(4):494-504,29 ©2009 with permisson from Elsevier.
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can be tested by transgenic complementation. Quantitative assays provide a means to 
distinguish the different signalling properties of receptor mutants under physiological 
conditions even without knowing the identity of the endogenous ligand(s). Further, 
the interaction of adhesion-GPCR signalling with other molecular pathways can be 
tested by epistasis experiments.

Introduction into C. elegans Embryonic Anatomy and Development

C. elegans has an essentially invariant embryonic cell lineage,34 which unfolds by 
a sequence of asymmetric cell divisions and intercellular induction events.35,36 Starting 
from the zygote (P0), the three body axes of the embryo are established within the 
��������		��	����	���������������������}�	�������	����	�	�	����	�	���	����	����	�����
AB and posterior P1 blastomers thereby assigning the primordial antero-posterior 
(a-p) axis to the early embryo. In the next round of cell divisions, AB is divided into 
an anterior (ABa) and posterior daughter (ABp), whereas P1 gives rise to the ventral 
��"�������	�	�������	����	"��	����������	�
���	�����'���	��������	��������	�
dorso-ventral (d-v) body axis. During the following third cleavage, ABa/p divide 
perpendicular to the a-p and d-v axes into ABal and ABpl on the left side of the embryo 
and ABar and ABpr on the right hand side. This establishes the left-right (l-r) axis and 
��	�����������	����	�����
������������$��
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��	������$���
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bilateral asymmetry (Fig. 2).

In subsequent asymmetric blastomere divisions, the P1-derived blastomere EMS 
divides into E and MS. P2 gives rise to C and P3 and the latter divides into D and 
'��������	�	��������	�	���������������������		��������	����	���������������������	��
blastomeres have been generated, which eventually give rise to clonally expanding tissues 
that form the embryo: AB, MS, E, C, D, P4. Germ-line potential is always retained in the 
posterior blastomere Px. With the exception of E, which gives rise to all gut cells, i.e., 
endoderm, the founder blastomeres only loosely correspond to the classical germ layers. 
The AB, MS and C lineages can give rise to cell types with ectodermal and mesodermal 
characteristics (Fig. 3).

Contrary to a common misconception the invariant embryonic cell lineage of 
C. elegans is not a form of “mosaic” development determined exclusively by the 
segregation of preformed cell-autonomous determinants. Rather, it is established by 
a sequence of controlled asymmetric cell divisions and intercellular induction events 
very similar to the ones seen in the embryonic development of “higher” animals. Due 
to the small number of cells and their precisely reproduced locations and interactions 
in the nematode embryo, cell fates and cell division planes are coordinated so tightly 
that the lineage and fate of each cell appears to be invariant. The regulative features of 
C. elegans��	�	�
�	������	��		����	����	�������	����������������������������������
pathways and by the ablation of blastomeres with laser microbeams.34,36-39

The Wnt/�-catenin asymmetry pathway has been shown to be essential for cell fate 
decisions (reviewed by ref. 40) while a noncanonical Wnt/Frizzled (Wnt/Fz) pathway is 
required for the orientation of mitotic spindles (reviewed by ref. 41). The mechanisms 
�����������	�
������������	��������	������������������������	����������	�����������
are understood in considerable detail.41,42 A posterior polarising centre is located in 
the descendants of the founder blastomere P143 and can orient the division planes of 
immediately adjacent cells.44 The polarisation of EMS by P2 at the four-cell stage is 
thought to require an instructive Wnt/Fz signal and a permissive activity of scr-1/SRC 
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Figure 2. Establishment of principal body axes and founder blastomers through asymmetric divisions 
in the early C. elegans� 	�������������� ��	��������������� ������� ��	� ���		��������	����	��	�	���	������
���	�� ��	������ ������ ������	
���	����� ���� �����	�� ��	��	�����	��		��	�������	���%	����	�
�	��������
are labelled dark grey, AB lineage light grey, all other (P-derived) blastomeres white.

Figure 3. Embryonic lineage of C. elegans. Six founder blastomers give rise to all tissue types of the 
developed animal. Numbers below pie charts indicate total number of cells generated within this lineage 
during embryogenesis.34 Transient blastomere names in grey.
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oncogene and the receptor tyrosine kinase mes-1.45-50 While the P2-EMS interaction at 
the 4-cell stage has served as an excellent paradigm to study the molecular mechanisms 
of a polarising induction, it is not well-understood how the polarising information is 
propagated and coordinated as the complexity of the embryo increases rapidly from 
the second (4 cells) to the 10th division cycle (�1000 cells). A wnt-dependent relay 
mechanism has been proposed,51 but it is a matter of debate how this mechanism relates 
to existing models for PCP or a-p tissue polarity signalling.52,53 A clear functional 
equivalent of PCP in Drosophila has not yet been described in C. elegans.

LATROPHILINS AND TISSUE POLARITY

Maternal and Zygotic lat-1 Expression is Required for C. elegans Development

Homozygous offspring of nematodes heterozyous for a mutant lat-1 allele 
�	�	�
� ����� ������ ���
������ ��� ��	� ����� ����� ����	� ���� ���
��� �������	��
pharyngeal motor behaviour reminiscent of synaptic dysfunction.28,30 A more detailed 
examination revealed that the offspring of lat-1 homozygotes show additional severe 
defects in embryonic and larval development, leading to drastically reduced adult 
brood sizes for lat-1 mutants.29 The early defects in homozygous mutant embryos 
can be suppressed by the presence of maternal LAT-1 protein, while the phenotype is 
observed in heterozygous embryos created by mating of homozygous hermaphrodites 
with normal males, which lack maternal but not zygotic LAT-1. This indicates that 
���	�����	�	�
�����������	����	������������	��������

����������	�����	�	�
�	����
The dependency on maternal lat-1 gene product coincides with high levels of lat-1 
�<{�� ��� ��	� ���	���� �	����	� ���� ��� �� ������	�	�� ������� ��	� ����� �	����	�
rounds of the zygote.29

The examination of embryos lacking maternal and zygotic gene product revealed 
a defect in the division plane orientation of 8-cell lat-1 embryos that is distinct from 
polarity or patterning mutations described in the literature. In normal development, the 
division plane of ABal, the most anterior blastomere, is oriented in the anterior-posterior 
direction typical for most embryonic cell divisions. The mitotic spindle is skewed 
towards the putative a-p axis of the embryo, allowing only the posterior daughter ABalp 
to contact the posterior neighbour MS, while ABala assumes the most anterior position 
within the egg shell and does not touch MS (Fig. 4a,f). In lat-1 mutants, the ABal axis 
is positioned perpendicular to the embryonic a-p axis, suggesting that anterior-posterior 
tissue polarity is defective (Fig. 4b,g).29

Although cell fate changes can be detected in several embryonic sublineages, the 
division of ABal appears to remain asymmetric, suggesting that lat-1 is required for 
a-p cell polarity, but not for cell fate determination in ABal.

lat-1 is Required for Tissue Polarity in Anterior Blastomeres

A posterior signalling centre formed by descendants of the P1 blastomere polarizes 
the a-p axis of the C. elegans embryo.43,44 Blastomere recombination experiments have 
suggested that Wnt-dependent signalling activity of P2 can provide an instructive cue to 
orient the EMS spindle45 and that polarizing signals can be propagated to align cleavage 
planes in a larger group of cells by a Wnt-dependent relay mechanism.51
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Figure 4. Division plane defect of lat-1 mutants. a,c, during the transition from 8�12-cell stage the 
ABal blastomere divides in a plane (c) allowing only the posterior daughter ABalp to contact MS 
(grey cell), whereas ABala is separated from MS. b,d, in embryos deficient of lat-1 the ABal division 
plane is skewed such that both daughters contact MS (grey cells). e, at the 4-8-cell stage a polarizing 
signal originating from P2/3 aligns the embryo along the the a-p axis (black arrow) f, when the 
embryo transits to the 12-cell stage ABal is furthest away from P3 and requires a polarizing signal 
to align the ABal daughters in an a-p direction. This putative signal is propagated via E and MS 
(black arrow). ABar, ABpr and ABpl are oriented by signals from E and C (grey arrows). g, in lat-1 
mutants, ABal daughters divide perpendicularly to the a-p axis indicating loss of the P3-polarizing 
signal. All other AB-derived blastomeres are in direct contact with primary or secondary polarizing 
cells (P3, E, C, MS) and thus still align appropriately. Reprinted from Langenhan et al, Dev Cell 
2009; 17(4):494-504,29 ©2009 with permission from Elsevier.
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The current literature suggests that in normal development the division plane 
orientations of the blastomeres ABpl and ABpr are determined by Wnt/Fz-dependent 
signalling from E, while a different Wnt/Fz signal emanating from C orients the ABar 
spindle into its characteristic orientation perpendicular to ABpl/r.41,49 However, the 
anterior ABal blastomere is only in contact with MS and AB descendants rather than 
E or C. It has been shown that the E, C and MS blastomeres acquire the capacity to 
transduce polarizing signals of different strength and quality, but that only E and C 
derived signals are equivalent to P2 signals.53� _���� �	�	���� ��� �
	����� ��	�����
requirements for the division plane orientation of ABal had been described, but a 
mechanism propagating the polarising signal from the primary source P2/3 via E to 
MS has been assumed.51

It could now be shown that lat-1 is essential to align the mitotic spindles and 
division planes of the E-MS-ABal cell group to a common a-p axis (Fig. 4).29 The 
blastomere ABal occupies the most anterior position in the 8-cell stage and fails to 
align in embryos lacking maternal and zygotic lat-1 protein. Consistent with the model 
that a putative polarizing signal emanating from P2/3 would have to be transmitted 
through E and MS to reach ABal, the alignment of the MS spindle is also affected in 
lat-1 mutants. The timing of spindle rotations suggests that successful alignment of E 
can “rescue” the alignment defect of MS, but not ABal, which has already undergone 
mitosis at this time. In contrast, lat-1 is not required for the division plane orientation 
of EMS, E, or C, which are in direct contact to P2/3 and thus receive a polarizing 
signal directly. In turn, E and C retain most or all of their ability to orient ABar and 
ABpl/pr.49,52

While lack of lat-1 function has little or no effect on the division planes of 
blastomeres that are in direct contact with the primary or secondary signalling cells P2/3, 
E and C, the spindle alignment of the next generation of ABalx or ABarp descendants 
is frequently delayed or failing. These results can be explained by a simple model in 
which lat-1�����	����	�����	����	����
��
����	��
���	������	�����	���������
���	�����
source towards the anterior through the growing cellular array.29 In this model, ABal is 
a weak spot as its orientation relies on MS which is a “tertiary cell” not in direct contact 
to the primary source P253 and which itself shows delays and errors of a-p orientation 
in lat-1 mutants. Later ABa descendants have more diverse cell contacts that could 
provide compensating signals and underlie stronger spatial constraints, leading to a 
lower penetrance of the overt spindle alignment phenotype.

Interaction of Latrophilin Signalling and the Wnt/Frizzled 

Spindle Orientation Pathway

The genetic analysis of wnt/frizzled-dependent signalling in the early C. elegans 
embryo suggests that multiple parallel Wnt signals transmit the polarizing information.46,48 
lat-1��������	��
	��������	����	�����
��
����	���	������	�	�
���	���������������
as-yet unknown Wnt-independent signal. Alternatively, lat-1 function might be required 
������	�	����	���
��
�������������
���	���������	������������	��	������	�
���	����
the cells in the path of the signal(s). Alternative models for lat-1 function are also 
plausible, but more complex. lat-1 might be required for an anterior-to-posterior 
alignment activity overlapping and opposing the posterior-to-anterior signal, similar to 
the model recently presented for vulval precursor cell organisation.54 The predictions 
made by the alternative models have not been tested in detail yet.



45LATROPHILIN SIGNALLING IN TISSUE POLARITY AND MORPHOGENESIS

F
ig

u
r
e
 
5

. 
A

dh
es

io
n-

G
P

C
R

s 
an

d 
th

e 
co

nt
ro

l 
of

 t
is

su
e 

po
la

ri
ty

. 
T

he
 F

M
I 

cl
as

s 
of

 a
dh

es
io

n-
G

P
C

R
s 

ha
s 

be
en

 a
ss

oc
ia

te
d 

w
it

h 
de

fe
ct

s 
in

 p
la

na
r 

ce
ll

 p
ol

ar
it

y:
 

m
ut

at
io

ns
 i

n 
th

e 
fm

i 
ge

ne
 o

f 
D

ro
so

ph
il

a 
di

st
ur

b 
th

e 
or

ga
nw

id
e 

po
la

ri
ty

 o
f 

w
in

g 
br

is
tl

es
 (

m
id

dl
e 

pa
ne

l)
, 

de
nd

ri
ti

c 
tr

ee
s 

an
d 

om
m

at
id

ia
l 

ro
ta

ti
on

 (
re

pr
od

uc
ed

 
fr

om
 U

su
i 

T
, 

C
el

l 
19

99
; 

98
(5

):
58

5-
59

5,
15

 ©
19

99
 w

it
h 

pe
rm

is
si

on
 f

ro
m

 E
ls

ev
ie

r)
; 

th
e 

ve
rt

eb
ra

te
 F

M
I 

ho
m

ol
og

 C
E

L
S

R
1 

is
 i

nv
ol

ve
d 

in
 t

he
 e

st
ab

li
sh

m
en

t 
of

 i
nn

er
 

ea
r 

se
ns

or
y 

ep
it

he
li

um
 p

ol
ar

it
y 

(r
ig

ht
 p

an
el

: 
re

pr
od

uc
ed

 f
ro

m
 C

ur
ti

n 
et

 a
l,

 C
ur

r 
B

io
l 

20
03

; 
13

(1
3)

:1
12

9
-1

13
3,

21
 ©

20
03

 w
it

h 
pe

rm
is

si
on

 f
ro

m
 E

ls
ev

ie
r)

. 
R

ec
en

t 
ev

id
en

ce
 s

ho
w

s 
th

at
 L

P
H

N
 r

ec
ep

to
rs

 a
re

 r
eq

ui
re

d 
fo

r 
th

e 
co

rr
ec

t 
es

ta
bl

is
hm

en
t 

of
 t

is
su

e 
po

la
ri

ty
 i

n 
th

e 
de

ve
lo

pi
ng

 C
. 

el
eg

an
s 

em
br

yo
 (

le
ft

 p
an

el
: 

re
pr

od
uc

ed
 

fr
om

 L
an

ge
nh

an
 e

t 
al

, 
D

ev
 C

el
l 

20
09

; 
17

(4
):

49
4

-5
04

,29
 ©

20
09

 w
it

h 
pe

rm
is

si
on

 f
ro

m
 E

ls
ev

ie
r)

. 
It

 i
s 

st
il

l 
un

cl
ea

r 
w

he
th

er
 L

P
H

N
s 

ac
t 

in
 s

im
il

ar
 p

he
no

m
en

a 
in

 
hi

gh
er

 o
rg

an
is

m
s 

an
d 

F
M

I 
ha

s 
a 

po
la

ri
zi

ng
 r

ol
e 

in
 C

. 
el

eg
an

s.



46 ADHESION-GPCRs

The analysis of differentiation markers and embryonic cell lineages shows that 
lat-1 is not required for endoderm induction and does not appear to have a strong direct 
effect on cell fate in asymmetric cell divisions.29 This indicates that lat-1 is not an 
essential component of the transcription-dependent Wnt/�-catenin asymmetry pathway. 
In lat-1 mutants, the ABal division still generates asymmetric cell fates in most cases 
and the normal ABala cell fate is surprisingly robust against altered cell position and 
ectopic cell contact to MS.

The Molecular Mechanism of Latrophilin Signalling

Adhesion-GPCRs are heterodimers composed of an extracellular “adhesion” 
subunit and a GPCR-like domain with seven transmembrane helices. The heterodimers 
are derived from monomeric precursor proteins by cleavage at the GPS domain24,55 
��		����
�	�������������������	���}�	�	����&�\	�<$������������	��	�������	����	�
of LPHNs56 is absolutely required for all functions of lat-1.29 In contrast to results 
recently described for FMI,57 constructs lacking the RBL domain but retaining the 
hormone-binding domain (HRM), GPS and 7TM domains have not shown partial 
activity. This is consistent with an essential role of the RBL domain in ligand binding 
and implies that the 7TM domain transduces an “outside-in” signal that is dependent 
on an extracellular interaction. Recent biochemical data argue strongly against a 
carbohydrate ligand for the lectin-like RBL domain and do not support homodimer 
formation mediated by the RBL domain.29,56

CONCLUSION

The control of mitotic spindle orientation in the C. elegans embryo has been 
investigated intensively and the roles of PAR proteins and heterotrimeric G proteins 
in establishing zygotic polarity35 and of Wnt/Fz and SRC-1/MES-1 pathways in P2/
EMS signalling at the four-cell stage41����	��		����	����	���#��	�	�������������
�����
understood how spindle orientation and cell fate asymmetry are coordinated from the 
8-cell stage onwards and clear equivalents of PCP or a-p tissue polarity pathways have 
�����	���		���	��	�����C. elegans embryogenesis.49,52 Latrophilins are structurally very 
similar to FMI proteins, a related subfamily of highly conserved adhesion-GPCRs that 
are essential for PCP signalling in Drosophila and a-p tissue polarity in vertebrates3,18 
(see chapter by Formstone, this volume).

Unexpectedly, the study of C. elegans embryogenesis has revealed that the putative 
neurotoxin receptor lat-1��	��	�����	���������	����	��������	������	�������	����������
planes.29 Similar to the role of FMI in PCP, this implicates an evolutionary conserved 
subfamily of adhesion-GPCRs in the control of tissue polarity and morphogenesis 
(Fig. 5). It also suggests that the expansion of adhesion-GPCRs in vertebrates might 
contribute to the larger variety of organ and tissue architectures in these species.14,21,23,58 
�����	�� �����	�� ��� �	� �	����	�� ��� �	��	� ��	� �
&� ���� �������	��� ���
��	���� ���
adhesion-GPCR signalling.
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CHAPTER 4

GPS PROTEOLYTIC CLEAVAGE 
OF ADHESION-GPCRs

Hsi-Hsien Lin,* Martin Stacey, Simon Yona and Gin-Wen Chang

Abstract: The stability and functional diversity of proteins can be greatly modulated by 

����������������������������'���	�������	����	������	�%'!<�
���	���������	�
�%'"�� ���� �		�� ��	����	�� ��� ��� ���������� 
���	��� ������������ 
���	��� ��� �����
adhesion-GPCRs. In recent years, the conserved cleavage site, molecular mechanism 
and the potential functional implication of the GPS proteolysis have been gradually 
unveiled. However, many aspects of this unique cleavage reaction including its 
regulation, the relationship between the cleaved fragments and the functional 
pathways mediated by the cleaved receptor subunits, remain unanswered. Further 
���	���������������	�%'"�
���	������������������������	������������	�����������
the adhesion-GPCRs.

INTRODUCTION

"��	&�
	�����
���	�������	����	���������
�������
���������������������������
������	�������������������\�����������������������������������������	������	�������	�

���	�����`�	������	�������������	�������
���	����������������������	����&%'!<�����
proteolytic cleavage at the GPCR proteolysis site (GPS).1-3 GPS proteolysis occurs 
within a highly conserved Cys-rich motif located at the membrane-proximal region, 
dissecting the receptor to produce an extracellular �-subunit and a 7TM �-subunit.1,2 
Intriguingly, both subunits somehow stay closely on the cell surface, likely by noncovalent 
������������������	�����
	���	���	�������������������	����&%'!<��
���	��� ��	�
consensus GPS sequence, it is thought the majority of adhesion-GPCRs are expressed 
on the membrane as a two-subunit complex.4,5
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Unlike the majority of protease-mediated cleavage events, GPS proteolysis occurs 
through an intramolecular self-catalytic reaction.6 Similar to other auto-proteolytic 
molecules such as Ntn hydrolases and hedgehog (Hh) proteins, hydrolysis of the 
peptide bond at the consensus GPS cleavage site is likely mediated by an N�O or 
N�S acyl shift brought upon by nucleophilic attack on critical residues at or around 
the cleavage site.7-9�}���������	�
���	��������������������\	��
��	������	��<��������
early protein biosynthesis and is probably an essential step in the production of mature 
receptor proteins.6 Indeed, some reports have shown the GPS proteolysis might be 
�� 
�	�	������	� ���� 	����	��� �	�	
���� ������\����10 Furthermore, point mutations that 
disrupted GPS proteolysis of receptors have been linked to human genetic disorders.11 
���������������	������	�	����	�������	������	��������	����	��������������	����%'"�
proteolysis in receptor function12,13

Although closely associated with adhesion-GPCRs, the GPS domain is also found 
in other non-GPCR proteins, such as the sea urchin sperm receptor for egg jelly-1 
(suREJ1), suREJ3 and polycystin-1.12,14,15 This suggests that the GPS domain and its 
��������	�� 
���	������ ������������ ��	� ���	�� ��	�� ��� �	�	
���� ��	��	��� Z�� �����
chapter, we will summarize the current view on the GPS proteolytic cleavage and its 
role in receptor function, and human diseases.

THE IDENTIFICATION OF GPS PROTEOLYTIC MODIFICATION 

IN ADHESION-GPCRs

}�	�	���	������������������	�
���	���������������������������	����&%'!<�����
reported by Kelly and her colleagues in 1996.16 They demonstrated that CD97, a 
leukocyte activation marker, was a novel two-subunit GPCR-like molecule composed of 
an extracellular protein fragment and a 7TM moiety. The two noncovalently associated 
subunits were derived from a proprotein precursor that was processed intracellularly, 
most probably in the ER or early Golgi. Soon after, many more adhesion-GPCRs were 
found to be similarly processed into the two-subunit structure.

In 1999, Petrenko et al coined the term GPS to describe the proteolytic processing of 
CIRL/latrophilin, of which the exact cleavage site was determined by the same authors 
earlier.3,17 The consensus GPS cleavage site was found to locate within a Cys-rich 
�	����� ���	����	�� {&�	������ ��� ��	� ����� }�� �	��	���� }���� !��&����� �	����� ����
later called the GPS domain. Almost all adhesion-GPCRs, except GPR123, contain the 
conserved GPS domain suggesting that GPS cleavage is prevalent, if not ubiquitous, 
among adhesion-GPCRs.5 Indeed, most but not all adhesion-GPCRs examined to date 
were proteolytically processed6,14,16,18-28(Fig. 1).

The GPS domain is an extracellular segment of �50-60 amino acids located at 
a distance of ���&^?��	����	���������	������}������������������� Z�� ����	��	�������
consensus tripeptide cleavage motif, 4 constrained Cys and 2 invariable Try residues.2 
In addition, the 6-8 amino acids immediately C-terminal to the cleavage site are usually 
small and hydrophobic. The cleavage tripeptide almost always starts with His (the P–2 
residue), followed by Leu (or Ile) (the P–1 residue) and Ser/Thr (the P�1 residue). Thus, 
the GPS cleavage will produce an extracelluar subunit with a new C-terminus (Leu 
or Ile) and a 7TM subunit with Ser/Thr at its N-terminal end. The 4 Cys residues in 
��	�%'"����������	��	�	�	��������������������	���\��	������	����	������	��	��
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residues are likely involved in intramolecular bonding. Taken together, the GPS domain 
probably adopts a very similar conformation that is important for the proceeding of 
the GPS proteolytic reaction.

Interestingly, the GPS domain was found not only in adhesion-GPCRs but also 
������	���	�	
������	��	���"	��	��	����
�������������	����	����	�
�	�	��	����%'"�
domain in several cell surface proteins with either one- or eleven-pass TM topology. 
These include suREJ1,15 suREJ314 and hPKDREJ15,29 and polycystin-1,12 the mammalian 
homologs of suREJ3 (Fig. 1). However, it was noted that the GPS domain of these 
receptors is less conserved than that of adhesion-GPCRs, with the absence of some 
conserved residues. Furthermore, some of these non adhesion-GPCR molecules are not 
cleaved.28,30 What they all have in common is that the GPS domain is always embedded 
at the C-terminal end of a long extracellular stalk rich in Ser, Thr and Pro residues.

Figure 1. The alignment of the GPS domain sequences. The amino acid sequences of the GPS domain 
of all human adhesion-GPCRs and the GPS domain-containing proteins are aligned using the Vector NTI 
program (version 10.3, InVitrogen). The sequence of GPR123 was derived from a fragment at the similar 
location as of other GPS domains. The conserved cysteines are indicated in light yellow background. 
The conserved cleavage regions are showed in red background. The conserved and similar residues are 
showed in blue and green background, respectively. The arrow indicates the cleavage site. References 
that reported the GPS proteolysis of receptors are listed, while the one marked by asterisk reported the 
lack of GPS cleavage. A color version of this image is avaliable at www.landesbioscience.com/curie.
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THE MOLECULAR MECHANISM OF GPS PROTEOLYSIS

'���	������ ������������ ��� �	� ������	� �	�	
���� ��	��	�� ��� �� �	&\�����

�	���	������������������	����	�����
���	��	�����������	�������	��	��
	�����������
����� �	��	��	��� ��� ������ ��	� ������ ����	��	�� %'"� �	��	��	� �		��� ��� ����	��� ��	�
involvement of a unique but uncharacterized endopeptidase. However, our own study 
on the processing of EMR2 has yielded a very surprising conclusion, which indicated 
the GPS cleavage is the result of receptor auto-proteolysis.6

By changing the P�1��	����	��"	��������<������������	�	�����������������	������
������	���������		��	����	�� ���������"	���}�������!��������	��	�����=	����� ��	�
�����	��	����	����	��}�	��������
	������	����	��	����	��	����	�	�����������	��	��
His at the P-2 site is reminiscent of a group of auto-proteolytic proteins such as the 
hedgehog morphogens31,32 and Ntn-hydrolases.33-36 These molecules shared a unique 
auto-proteolytic reaction that cleaves an internal peptide bond via the deprotonation of a 
nucleophilic residue at the cleavage site. Earlier studies on Ntn hydrolases have shown 
that point mutations at the P-2 residue can greatly reduced the auto-proteolytic reaction.37 
Indeed, when similar P-2 site point mutants were made, EMR2 was found mostly as 
an uncleaved single-chain polypeptide.6 This has allowed detailed examination of the 
�	����	��	�������������
����	��
���	���������	��	�������������}�	���<��#�����������
were found to undergo very slow proteolysis, but the cleavage is greatly enhanced upon 
the addition of a strong nucleophile such as hydroxylamine (HA). The HA-promoted 
�	����	��	��������������	�	�����?£!��������������	��������	���������
���	��	�����������
�	��	��������������	������	����������	���������������������	���������	�%'"�
cleavage is most likely mediated by an auto-proteolytic reaction, analogous to that 
of Ntn-hydrolases.6�Z�
������������������������������	�	���������		���	
���	������
polycystin-1, a GPS motif-containing 11TM receptor responsible for the autosomal 
dominant polycystic kidney disease (ADPKD).25

Based upon the strong similarity in the proteolytic reaction of these self-cleaving 
molecules, it was believed that the GPS cleavage of EMR2 (and probably other 
adhesion-GPCRs) is initiated by the deprotonation of the hydroxyl group of the P�1 
residue (Ser) by the P–2 His residue. A subsequent cis-nucleophilic attack on the 
�-carbonyl carbon of the P–1 Leu residue then leads to the formation of a tetrahedral 
intermediate. This is followed immediately by the generation of an ester intermediate 
via an N�`�����������������������\�������	����	��	��������=	����	�	��	��������
leading to the production of two separate protein subunits (Fig. 2).6

The molecular mechanism of GPS cleavage described above suggested the reaction 
occurs during or soon after protein synthesis. Therefore, it is of no surprise the reaction 
was found to take place in the lumen of ER, where the folding of cell surface receptors 
is initiated. Pulse chase experiments on several different adhesion-GPCRs indicated that 
the cleavage occurs within 10-15 minutes of chase.10,16,18 Deglycosylation experiments 
further showed that the cleavage proceeds in parallel with early glycosylation in 
the ER, ahead of the addition of complex carbohydrate chains in the Golgi.10,16 
More evidence was provided by the use of inhibitor such as BFA that prevents the 
�<&��&%���� �	������� ������\���� ���� �	���������� �	�	
���������� ����<&�	�	������
signal.6,18,25 Overall, the current consensus is that GPS auto-proteolysis occurs soon 
after the receptor molecule is translocated into the ER lumen, probably when the 
protein is still being properly folded.
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THE REGULATION OF GPS PROTEOLYSIS

Although the GPS cleavage is self-catalytic, it is thought that the reaction might not 
�	��??��	����	����Z������������	����	�����������	��	������	����	�
	�����	���	����	��	����
both cleaved and uncleaved molecules of the same receptor. Indeed, recent reports have 
shown the presence of processed as well as unprocessed full-length receptors including 
GPR56 and polycystin-1 in vivo.12,13,38 These data imply strongly that the GPS cleavage 
reaction is somehow regulated.

Little is currently known about the regulation of GPS cleavage; however earlier results 
have suggested that GPS cleavage is probably highly dependent on protein conformation. 
The proteolysis of EMR2 was impaired if any part of the mucin-like stalk N-terminal 
to the GPS domain is deleted.39 Likewise, it was reported that the receptor for egg jelly 
(REJ) domain adjacent to the GPS sequence is required for the cleavage of polycystin-1.12 
Z���������������������	�%'"������������	�	��������������������	���������	�
���	������
reaction. The mucin-like domain (and REJ domain) next to the GPS region probably 

�����	�������
�����������������������������������
�����	����	��	�	���������	�
�����
attack to initiate the auto-proteolytic reaction.

By using various N-glycosylation inhibitors, Wei et al recently showed that the initial 
{&�������������	��������	��<�
������\	����	������	�	����	����	����	����
��������&��25 It 
�		����������	��������	
����{&����������������������	�����	��	�����������������������������	�
chains is critically essential for the GPS cleavage of polycystin-1. Likewise, our latest results 
�����������	����������	&�
	�����{&�����������������	����	�����	�	����	���	�	����	�������
GPS cleavage of CD97.19 From these results, it was suggested that the receptor molecules 
might adapt two different folding pathways; one promotes the GPS cleavage and the other 
hinders the proteolytic reaction. It is likely that the initial attachment of N-glycans is critical 
for some receptors to proceed through the “GPS proteolysis” folding pathway. Whether 
there are other factors regulating GPS proteolysis remains to be investigated.

The differential expression levels and tissue distribution patterns of the unprocessed 
and GPS-cleaved receptors detected in vivo is likely the result of the regulation of GPS 
cleavage. The fact that both forms of receptor coexist suggests either the two receptor 
forms potentially have distinct functions or the normal receptor function can be modulated 
by the different expression levels of cleaved and uncleaved receptors. Some of the latest 
data have started to answer these questions and are discussed below.

THE ROLE OF GPS PROTEOLYSIS IN RECEPTOR FUNCTION  

AND HUMAN DISEASE

As GPS cleavage takes place in the ER at a very early phase of receptor biosynthesis, 
������������		�������������
�������	�����	�	
����������������������\������������������
By the generation of uncleavable GPS point mutants, Krasnoperov et al have suggested 
that GPS cleavage is essential for the transport of CIRL (latrophilin) to the plasma 
membrane.10 However, other studies using similar GPS point mutants of adhesion-GPCRs 
have indicated that GPS cleavage per se might not have direct effects on the cell surface 
expression of receptors.6,12,39�}�	�������\���������	����	��	�������	������%'"��	����	�
mutants is most likely due to protein misfolding.

For example, several ADPKD-associated point mutations located in the REJ domain 
disrupt the GPS cleavage, but not the cell surface expression of polycystin-1.12 On the 
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other hand, among a dozen or so GPR56 point mutations responsible for the development 
of bilateral frontoparietal polymicrogyria (BFPP), two (C346S and W349S) render the 
receptor uncleavable and seriously impair its exit from the ER.20 Therefore, it seems 
�������	�������������	��	�	
����������	����%'"��	����	���	�������	�	��������	�	�������
��
����������������������\���������	��	�������	�

The best evidence for a functional role of GPS cleavage in receptor activity can be found 
in human disorders, noticeably ADPKD. As mentioned above, some disease-associated 
point mutations were found to completely inhibit GPS cleavage but not surface expression 
of polycystin-1.12 When tested in an in vitro tubulogenesis model, these mutant receptors 
showed impaired tubulogenic functions that are normally exhibited by the wild-type 
receptor. These results indicated that proper cleavage at the GPS domain is essential for the 
biological functions of the receptors. Indeed, the role of GPS cleavage in vivo was further 
������	���	�	����������		�����\���\�������	����	���	�	���	�������
	�Pkd1 gene 
was replaced by an allele expressing uncleavable polycystin-1.13 The mutant knockin mice 
displayed different phenotypes form those of the Pkd1 null knockout animals, which died 
before birth. It was concluded that both uncleaved full-length and GPS-cleaved polycystin-1 
receptors possess distinct functions; the full-length polycystin-1 is critical for embryonic 
development, while the cleaved receptor is essential for the postnatal development of distal 
nephron segment of mouse kidney as well as the common bile duct and biliary tracts.13

In addition, our recent unpublished data also points to an essential role of GPS cleavage 
in the cell migration function mediated by EMR2 and CD97 receptors. Altogether, GPS 
����&
���	�����������������������	�	���
���������������������������������	����&%'!<���
but also plays an important role in receptor functions.

THE FATE AND FUNCTIONAL INTERACTION OF THE EXTRACELLULAR 

AND 7TM SUBUNITS FOLLOWING GPS PROTEOLYSIS

It has been well-accepted that after GPS cleavage, the N-terminal �-subunit is 
membrane-bound due to the noncovalent association with the 7TM �-subunit. Several lines of 
evidence strongly supported this conclusion. Firstly, immunoprecipitation experiments using 
tissue samples or transfected cells labeled with radioisotopes or surface biotinylation showed 
that the �&�������������	��	�����
�	������������������	���
	����������	��-subunit.16-18 
Secondly, soluble chimeric proteins containing the �-subunit fused to a tag such as the 
immunoglobulin Fc region was found to be cleaved normally and the entire chimeric protein 
������	��������&
����	�����'���	����������������������
���6,39 It was therefore believed 
that the �-subunit is tightly but noncovalently bound to the cleaved �-subunit (Fig. 2).

Nevertheless, recent studies on the proteolytic processing of latrophilin by Volynski et al 
have challenged this belief.40�����������
	���������������������
	&��		���-latrotoxin to the 
surface of cells transfected with a soluble latrophilin molecule was observed, suggesting that 
the cleaved N-terminal latrophilin subunit can somehow anchor to the plasma membrane by 
���	��������	����	����	�������	�������{&�	�������������������	�	����	�������������	�������
��	�
������	�����	����?��&?����
	���������������������'�`���������	���������������������
���������

��	���	��	��������	�!&�	�������	�	
�������������!�����������������	��	��	�
examination showed incomplete cell surface colocalization of the N- and C-terminal 
latrophilin subunits. Moreover, both subunits formed distinct Ab crosslinked-patches and 
displayed different lateral diffusion rates. The N- and C-terminal subunits can be internalized 
independently and the different subcellular distribution patterns of the two subunits seem to 
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further suggest that they traveled separately to, or from, the cell surface. Finally, the binding 
of �-latrotoxin to the �-subunit induced its re-association with the 7TM subunit, which 
in turn transmitted intracellular signals. In conclusion, it was suggested that the cleaved 
latrophilin �-subunit is an independent molecular entity that anchors itself into the plasma 
membrane, probably via a short segment of hydrophobic residues (Fig. 2).40

A recent follow-up study from the same laboratory demonstrated that it is even 
possible to detect the cross-interaction of independent �- and �-subunit derived from 
different adhesion-GPCRs.41�<	�	������	����	�������	��	���	��	������������������	�
�- and �-subunit of EMR2 are not always bound together, but instead are separately 
located on the membrane. These results have pointed to possible multiple outcomes with 
regards to the functional interaction of adhesion-GPCR subunits.

Several functional consequences can be proposed. The independent �-subunit might 
interact with its binding partner and signal or internalize on its own, while the cleaved but 
¤������
�	�¥�>}�����������������	���	��������������%'!<����������������������
	�����
ligand. In this model, the GPS cleavage dissects one receptor into two membrane molecules, 
which react with two different ligands and signal via distinct pathways. Alternatively, the 
�-subunit might re-associate with the 7TM receptor subunit following the binding of its 
�
	���������������������������������	�������������������	�>}���	�	
������������������
the case of latrotoxin and latrophilin.40 Thus, a tethered ligand-receptor pair is produced 
�����	�%'"�����
���	���������������������������	�
��
	
���	����������������������
more complex scenario can emerge when the cross-interaction of the �- and �-subunit 
from different adhesion-GPCRs is considered (Fig. 3).

Figure 3. Potential functional outcomes of the cleaved subunits of adhesion-GPCRs. Several functional 
consequences can be proposed for the GPS proteolytic modification. After the GPS cleavage reaction 
in the ER (1), the final mature receptor might be a noncovalent heterodimer (2a) or two independent 
proteins (2b). The membrane-bound N-terminal extracellular domain subunit might be released from 
the cell surface under certain conditions (3) or interacts with its specific ligand(s) and transmits signals 
on its own (4). On the other hand, the cleaved but “unoccupied” C-terminal TM7 subunit might 
behave as a classical class B GPCR with a hormone-like ligand (5). Alternatively, the TM7 receptor 
subunit might re-associate with the N-terminal subunit following biding of specific ligand(s) to the 
N-terminal subunit and transmit intracellular signal(s) as in the case of latrotoxin and latrophilin (6).
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CONCLUSION

��	�� ����	� ��	� 
���	������ ������������ ��� !��>� ���� ��	����	�� ��	�� �� �	���	�
ago, many basic aspects of GPS cleavage have been delineated. However, many more 
characteristics of this novel cleavage reaction still remain unanswered. In the next 
decade, we hope to understand the detailed structural information of the GPS domain 
and the auto-proteolytic process, how the extracellular subunit stays on the membrane, 
the functional interaction between the �- and �-subunit and the signaling pathways 
resulting from their interaction. In this way, we should be able to unravel the mystery 
of the GPS proteolysis in adhesion-GPCRs.
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CHAPTER 5

THE LATROPHILINS, 
“SPLIT-PERSONALITY” RECEPTORS

John-Paul Silva and Yuri A. Ushkaryov*

Abstract: Latrophilin, a neuronal “adhesion-G protein-coupled receptor”, is the major brain 
receptor for �-latrotoxin, a black widow spider toxin which stimulates strong neuronal 
exocytosis in vertebrates. Latrophilin has an unusual structure consisting of two 
fragments that are produced by the proteolytic cleavage of the parental molecule 
and that behave independently in the plasma membrane. On binding an agonist, 
the fragments reassociate and send an intracellular signal. This signal, transduced 
by a heterotrimeric G protein, causes release of calcium from intracellular stores 
and massive release of neurotransmitters. Latrophilin represents a phylogenetically 
conserved family of receptors, with orthologues found in all animals and up to 
three homologues present in most chordate species. From mammalian homologues, 
latrophilins 1 and 3 are expressed in neurons, while latrophilin 2 is ubiquitous. 
Latrophilin 1 may control synapse maturation and exocytosis, whereas latrophilin 
2 may be involved in breast cancer. Latrophilins may play different roles during 
development and in adult animals: thus, LAT-1 determines cell fate in early 
embryogenesis in Caenorhabditis elegans and controls neurotransmitter release in 
adult nematodes. This diversity suggests that the functions of latrophilins may be 
�	�	����	�������	������	���������������	�
	����	���������}�	�������������	�������
�������
����������	����	�
�������
����
���	��������������	��������	
������	���	�������
the physiological functions of latrophilins.

INTRODUCTION

Latrophilin was isolated in 1996.1,2 This was a result of extensive efforts of a number 
of laboratories trying to identify the functional receptor(s) of �-latrotoxin, a neurotoxin 
from black widow spider venom whose study had begun more than thirty years ago.
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Alpha-latrotoxin causes exhaustive release of neurotransmitters from nerve 
terminals of vertebrates even in the absence of extracellular Ca2�.3,4 Due to its stimulating 
effect on all types of synapses and endocrine cells, the toxin has been widely used to 
study the mechanisms of regulated exocytosis (for a review see refs. 5,6). When the toxin 
��������������	����	��
	������	&������	��	�	
�����������������������	�	�������
���	����
��\��������������&��������!�2�-independent �-latrotoxin receptor7-9 which was envisaged 
to play a key role in exocytosis.

This protracted search eventually resulted in the isolation of latrophilin which not only 
�	���	���	������	�������	��	��������	����	�����%�
���	��&���
	���	�	
������%'!<������
�	���	����	�������������	������	��	���������\�����	���	���������������-latrotoxin). 
Latrophilin research has greatly contributed to the general understanding of this peculiar 
receptor family. Thus, the idea of posttranslational cleavage of adhesion-GPCRs, although 
������	�����	������!��>�10 was developed into a conceptualised theory based on the studies 
of latrophilin.11 Latrophilin has also served as a model to propose the “split personality” 
hypothesis stating that the fragments of adhesion-GPCRs can behave as independent 
proteins capable of ligand-induced reassociation and concomitant signalling.12,13 In 
���������� ����
����� ��� ��	� ����� ��� ��	� �	�� ���	����&%'!<�� ���� ������ 
������� ����
functional association with G proteins has been directly demonstrated,12,14-16 justifying 
the name of the whole family.

THE ISOLATION OF LATROPHILIN

In 1990, by means of �&���������� �������� �����������
��� ��� ��	� 
�	�	��	� ���
Ca2�, Petrenko et al isolated several proteins from solubilised bovine brain.9 Two large 
components of this mixture were subsequently sequenced, cloned and termed neurexins.17 
Neurexins, a polymorphic family of neuronal cell-adhesion proteins, have later been shown 
to participate in synapse formation/stabilisation18,19 and to contribute to predisposition 
to autism.20 Although neurexin I� was able to bind �-latrotoxin and mediate some of its 
toxic effects,21,22 its binding was Ca2�-dependent and its structural features did not suggest 
a signal transduction capability. This indicated the existence of another receptor that would 
bind �-latrotoxin in the absence of Ca2� and have an ability to send intracellular signals.

In fact, another major protein was always present in the �-latrotoxin column eluate, 
but it was initially dismissed because, having the same molecular mass as �-latrotoxin 
(120-130 kDa), it was mistakenly considered to be the toxin leaching off the column. This 
protein actually was the N-terminal fragment (NTF) of latrophilin, a hitherto unknown 
brain protein which was simultaneously isolated by two groups, using �&������������������
chromatography in the absence of calcium.1,2 This protein’s characteristics (see below) 
�	�	��������	����������	�
�	����	���	�	
����������������������	��������������������������
�-latrotoxin (�0.5 nM), one group termed it latrophilin,1,14 while the other called it CIRL 
(calcium-independent receptor of �-latrotoxin).2,11 This protein is also sometimes referred 
to as CL (CIRL/latrophilin) in the literature.23

The cDNA of latrophilin was cloned on the basis of peptide sequences from the 
120 kDa protein (p120) isolated from bovine and rat brain.11,14 One long open reading 
frame was detected that encoded a protein consisting of 146614 or 147111 amino acid 
residues. Since the predicted size of the cloned protein (�����\�����������������������	��
than 120 kDa, the presence of the entire latrophilin sequence in the �-latrotoxin column 
eluate was investigated using antibodies.11 While an antibody against p120 recognised 
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this band only, an antibody against the predicted C-terminal peptide failed to stain p120 
but instead labelled some aggregated material at the top of the gel.11 This aggregate was 
resolved by supplementing SDS-polyacrylamide gels with 8 M urea and by not boiling the 
electrophoretic samples. The resulting C-terminal fragment (CTF) appeared as a fuzzy band 
of �85 kDa and was termed p85.11 It has been subsequently shown, however, that CTF can 
�	�����	�����������	��������������"�"&�	�������	����
	����	��	��	������?£!�����12,13 
under these conditions the protein consistently migrates as a concise group of bands with 
an average molecular mass of �69 kDa, exactly as predicted for this fragment (see below).

These results suggested that the translated protein was cleaved. This hypothesis was 
���	����������	�����{&�	�������	��	���������!}���
�����������	��������	���������	�
N-terminus of p85 corresponded to Thr-838 of the full-size protein.11 Thus, the cleavage 
at this position produced two fragments, or subunits. The predicted molecular mass of 
the � subunit was �95 kDa (this corresponded to p120, which was known to be highly 
glycosylated).1,11 The predicted size of the � subunit was �69 kDa,11 and its aberrant 
migration as p85 could be explained by the effect of urea.12 To avoid confusion and due 
to the partial independence of the two fragments, in the rest of this chapter we will refer to 
p120 (95 kDa fragment, � subunit) as NTF and to p85 (69 kDa fragment, � subunit) as CTF.

THE LATROPHILIN FAMILY

When the cDNA encoding rat and bovine latrophilin/CIRL was isolated and sequenced, 
���		���
	������	��	��	���	�	���	����	����������������	
�	�	������������������������
mRNAs.23-25�̀ �	������	�	��	����������	�
���	���
����	������-latrotoxin chromatography,1,2,11,14 
was termed latrophilin 1 (CIRL1), while the other two sequences were assigned numbers 
(2 and 3) based on their homology to latrophilin 1. Consistent with its higher resemblance 
of latrophilin 1, latrophilin 2 also binds �&������������������� ������� ��	�� ��������26 
��������	��������������
���������������-latrotoxin columns, while latrophilin 3 does not 
bind the toxin appreciably.24 The genes encoding these mRNAs were termed lphn1, lphn2 
and lphn3, the most widely used nomenclature. These genes are located, respectively, on 
chromosomes 19, 1 and 4 in humans and 8, 3 and 5 in mice. In a separate later study,27 
three homologous genes encoding lectomedins (proteins containing lectin and olfactomedin 
����������	�	���	����	������	���	��	��	�����������	��	��lec1, lec2 and lec3. Sequence 
comparisons demonstrate that lec1 is identical to lphn2 and lec2 has the same sequence as 
lphn1, while lec3 corresponds to lphn3. Also, human “latrophilin 1” (lphh1)28 is in fact the 
human orthologue of rat and bovine latrophilin 2.

The latrophilin mRNAs have several sites of alternative splicing (two have been 
���	������	����	�������{���	��	���������lphn1����	����lphn2 and four in lphn3).23 The 
exon boundaries in the three lphn genes are essentially the same, with a few exceptions, 
and many alternative splice sites coincide. The most notable are splice sites 5 and 7. The 
former alters the sequence of the third cytoplasmic loop between transmembrane regions 
(TMRs) 5 and 6 and is thus likely to affect G protein coupling (see ‘Latrophilin as a GPCR’). 
The latter splice site leads to the expression of different cytosolic domains in latrophilin 3. 
Alternative splicing at splice site 2 in latrophilin 1 truncates the protein immediately 
downstream of the N-terminal lectin-like domain (see ‘NTF’ below), producing a short 
protein which is probably secreted.

Variably spliced latrophilin gene orthologues are present in all animals, from 
coelenterates, nematodes and insects to tunicates and vertebrates,29,30 and have apparently 
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evolved from a primordial adhesion-GPCR gene. The nematodes possess two homologous 
genes, while one gene is found in arthropods. Coelenterates have three genes only 
weakly homologous to latrophilin and lacking many domains. Three proper latrophilin 
�������	����	�
�	�	������������������	���������	�����������������
���
���������������
���	�	������� �����	�	�����	��		����	����	����� ��	�����\	���	���	��}�	����������
three genes probably resulted from two rounds of gene duplication in early Chordata, 
with latrophilin 1 being the latest evolutionary acquisition. Given the early divergence 
of the three vertebrate lphn genes and their location on different chromosomes, it is 
not surprising that their introns differ vastly in size and sequence. However, the intron 
positions are highly conserved and almost precisely coincide with the borderlines between 
the domains of respective proteins (Fig. 1).

Z��	�	����������	�����
�������������	���������������������	��	����	�������������
humans are much more homologous than the three latrophilins within one organism, 
indicating that the three latrophilins possess different functions which are strictly preserved 
in the evolution of chordate animals. This is further supported by the different expression 
patterns of the three latrophilin homologues in various tissues.

EXPRESSION PATTERNS OF LATROPHILINS

Northern blot analyses of different tissues have shown that latrophilins 1 and 3 are 
���������������
	���������	�����
����������	�
�	��	���������������	��14,23,24,26 Similar to 
neurexin I�,17,31 very small levels of latrophilin 1 mRNA can be detected outside brain, 
in particular in kidneys and pancreas. It is possible that in the samples of these latter 
tissues latrophilin 1 mRNA is actually present in neurons from autonomic ganglia or in 
endocrine cells. Indeed latrophilin 1 mRNA has been found in many endocrine cells, 
e.g., pancreatic �-cells32����������������	��33

<	�	��������	�&���	�'!<�
�����������<{��	�	�������\��������	����&%'!<���
including latrophilins, was conducted.34 Consistent with Northern blot studies carried out 
previously,14,23,24,26 it was shown in that study that latrophilin 1 (Lec2) and latrophilin 3 
(Lec3) mRNAs are strongly enriched in the mouse brain and are essentially absent 
from, for example, mouse lung and liver. Again in line with the previous publications, 
latrophilin 2 (Lec1) mRNA was found in most mouse tissues. On the other hand, in the 
rat, the levels of latrophilin 1 and 3 mRNA in the liver and lung appeared as high as in 
the brain.34 This result is rather surprising because (1) it contradicts the multiple direct 
mRNA hybridisation experiments; (2) it is inconsistent with the close evolutionary 
relationship between mouse and rat and (3) latrophilin 1 cannot be detected in rat liver 
using �-latrotoxin chromatography or anti-latrophilin antibodies.1,24 It is possible that 
either the primers used in this work were able to amplify the latrophilin 2 message or that 
the samples of rat tissues used were fortuitously enriched with neuronal (e.g., autonomic 
ganglia) or endocrine cells.

It is also conceivable that even if some latrophilin 1 mRNA is present in nonneuronal 
�����	��� ��� ������� �������	��	����	���������� �����
����������	��� �����	�����������������
latrophilin protein should be studied directly. Indeed, our analysis of different rat tissues 
by Western blotting1 and especially immunohistochemistry (which permits unequivocal 
typifying of positive cells; paper in preparation) show that latrophilin 1 is absent from any 
nonneuronal cells and is present in very small amounts in adrenals, but not in liver, lung 
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���\���	����}�����	���������		��������	�����������		��������������
���	������������
latrophilin 1 presence in synaptic junctions only (data not shown).

THE STRUCTURE OF LATROPHILIN

�����
����������	����������������������������-latrotoxin, is by far the most studied 
of the three latrophilins. However, the primary structures of these proteins are 48-63% 
identical and there is no reason to believe that the processing and behaviour of latrophilins 
2 and 3 should be grossly different. Therefore, the general protein architecture and 
behaviour as described below apply to all latrophilins and may be relevant for all 
adhesion-GPCRs.

The primary structure of latrophilin comprises the following domains: an 851 
residues-long extracellular domain; seven hydrophobic TMRs which, together with 
the intra- and extracellular loops, encompass 243 residues; and a cytoplasmic tail of 
372 amino acids. Constitutive proteolysis within the extracellular domain (19 amino acids 
�
���	��������	������}�<��
�����	��{}����^���	����	�������!}����^���	����	���

NTF

The extracellular domain, which gives rise to NTF, begins with a hydrophobic 
signal peptide. Immediately downstream lies a 108 residues-long cysteine-rich region 
homologous to galactose-binding lectin (GBL).11,14 GBL is present in most latrophilin 
orthologues found in animals from nematodes (Caenorhabditis elegans) to vertebrates 
(but not in coelenterates).29 GBL is indeed able to bind D-galactose but shows much 
stronger preference for L-rhamnose35,36 and ouabain.35 The solution structure of this 
region, alternatively termed rhamnose-binding lectin, has been solved recently.35 This 
study argues, however, that carbohydrates are unlikely to be the endogenous ligands of 
this domain35��	����	������������	��������������������������������������	���������
of the monomeric lectin domain for rhamnose and especially other monosaccharides is 
��������	��������
	������������������^����	��	����	�������������������������	�����������	�
not conserved in GBLs of latrophilin orthologues from different organisms. However, 
�����%'!<����	����	�����������������	����	�	����������	�	����	���	������������%$��
for D-galactose-containing glycans when latrophilin dimerises in response to agonist 
(�-latrotoxin) binding.12 In addition, the strong evolutionary conservation of GBL (amino 
acid sequence identity between latrophilins from nematodes, insects and mammals is 
36-40%)29 suggests that GBL plays a very important role in the function of this receptor.

The GBL domain is followed by the region (260 amino acids) of homology to 
olfactomedin, a glycoprotein of the extracellular matrix of the olfactory neuroepithelium 
(for a review see ref. 37). Olfactomedin domain is found in many different proteins all 
of which, apart from latrophilin, are secreted and most are expressed in the nervous 
system. Olfactomedin domain-containing proteins have been implicated in cell-cell 
interactions important for neurogenesis, neural crest formation, dorsoventral patterning 
and cell cycle regulation, while mutations in these proteins may be involved in various 
neurological diseases from glaucoma to psychiatric disorders. Interestingly, this domain 
is absent in all invertebrate orthologues of latrophilin and could be acquired during the 
early evolution of vertebrates.29
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The 79 amino acid sequence downstream of the olfactomedin domain contains 
multiple serines, threonines and prolines (STP)25����� ��������� �������������������
to any known proteins, except some proline-rich bacterial proteins with low sequence 
complexity and unknown functions. The STP domain is found in insect and vertebrate 
orthologues of latrophilin, but not in C. elegans.

The STP region is linked to a domain (�60 residues) characteristically found in Class II 
(or secretin family) peptide hormone GPCRs.38 It is variably called “hormone-binding 
domain”,38 “signature domain”24 or “hormone receptor motif” (HRM, adopted here).29 
HRM contains two conserved tryptophan residues and three to four conserved cysteines, 
which may form internal disulphide bridges. This region appears in many but not all 
adhesion-GPCRs; it is absent from the latrophilin orthologues from insects and in 
latrophilin 3 from the chicken, but is present in the C. elegans latrophilins.29

A unique 68 amino acid region downstream of HRM connects it to a glycosylated 
domain of 180 residues which is analogous (although only 20% identical) to the “Stalk” 
region of another adhesion-GPCR, EMR339 and its homologues. In EMR proteins, 
this region is essential for the cleavage of the ectodomain39,40 and is thought to be an 
autoproteolytic enzyme.41,42 Truncations of this domain in latrophilin render this receptor 
unable to bind its ligand, �-latrotoxin.25

The Stalk domain is attached to a short, highly conserved29 sequence containing 
four cysteine residues and termed GPCR proteolysis site (or GPS).11 To avoid confusion 
with the actual site of cleavage, we will be referring to this region as the “GPS motif”. 
Z�����������������	��	���	�����	���	�����������������	����	������	�������	�����	��������
of the sequences surrounding this region in different adhesion-GPCRs. Therefore, we 
suggest to set the limits of the GPS motif according to the ends of the exon encoding 
this entire domain (see ‘The latrophilin family’ above). This would mean that the GPS 
motif in latrophilin is 57 amino acids-long (starting at Ala-788 and ending at Ile-844). 
Most importantly, this motif contains the site of posttranslational cleavage that divides 
latrophilin into the noncovalently bound NTF and CTF. The cleavage occurs between 
Leu-832 and Thr-833,11 which is 8 amino acids upstream of the C-terminal end of the 
%'"��������������������������
���	��������	������}�<��������	�������������	����	����	�
GPS motif itself becomes unequally split between NTF and CTF.

Both the Stalk domain and the GPS motif are present in latrophilin orthologues from 
all animal taxa,29 as well as in all other adhesion-GPCRs. Sequence identity between 
latrophilins from vertebrates, insects and worms is 16-33% within the Stalk domain and 
45-49% within the GPS motif.29 These domains are even more conserved among the 
three latrophilin homologues found in any vertebrate animal, where sequence identity is 
50-60% between the Stalks and 72-82% between the GPS motifs. It is possible that the 
Stalk and GPS motif form a single functional unit that is involved in the posttranslational 
cleavage of latrophilin.

CTF

CTF begins at the site of cleavage within the GPS motif (Thr-833).11,12 The most 
prominent feature of this fragment is the presence of seven TMRs that are highly 
homologous to those of the secretin family GPCRs (50-60% sequence similarity and 
30% identity). Similar to peptide hormone GPCRs, extracellular loops 1 and 2 contain 
two cysteine residues which are believed to form an intramolecular disulphide bridge. 
In fact, CTF possesses many other features thought to be important for GPCRs, e.g., 
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a negatively charged amino acid within the third TMR, proline residues in the fourth 
���� ����� }�<�� ���� 
��	����� ���	�� ��� 
������������ ��� ��	� {&�	������ 
���� ��� ��	�
cytoplasmic tail.

The cytoplasmic tail is the least conserved domain among latrophilins. Thus, 
sequence identity in this region is 13-28% among latrophilin orthologues from worms, 
insects and vertebrates and 35-49% among the three latrophilin homologues found 
in mammals. For comparison, the average sequence identity of the whole protein 
molecules among the three homologues is 49-63%, while within the TMRs (including 
loop regions) it is 69-80%.

There are numerous potential phosphorylation sites for several types of protein 
kinases on the cytoplasmic C-terminal portion of CTF. In fact, CTF of latrophilin isolated 
from rat brain is phosphorylated on multiple positions and this explains the behaviour 
of this fragment in SDS-electrophoresis (see Section ‘The isolation of latrophilin’). 
Phosphorylation does not normally occur in cultured cells expressing latrophilin, which 
����	�������������������������������	�������������	�����������������
���������������
The phosphorylation plays an important role in the interaction of latrophilin fragments: 
the phosphorylated forms of CTF bind NTF much stronger than the nonphosphorylated 
CTF (paper in preparation). This may have important implications for the behaviour 
of the two fragments after their reassociation and signalling.

Cleavage and Unusual Behavior of Latrophilin Fragments

�����
����� ���� ��	� ����� ���	����&%'!<� ���� ������ ��	� ���	� ��� �������	�����

����������������	����	�������	����	��������	����	��	���������!}��11 Since then all 
adhesion-GPCRs studied in respect of cleavage have been proven to undergo proteolysis 
at a strictly conserved position within the GPS motif. This autoproteolytic cleavage and 
the two-subunit structure probably represent a common feature of all the members of 
the adhesion-GPCR family.11,43,44 Moreover, the cleavage site between NTF and CTF 
coincides with the tentative borderline between the “adhesion” and the “GPCR” halves 
of these chimerical receptors.43,44

The cleavage occurs constitutively in the endoplasmic reticulum and is required 
��������
�����������\���������	��	�������	12,43 Full-size, noncleaved adhesion-GPCRs 
are apparently short-lived and not normally detectable in live tissues. Although full 
size GRP56 (another member of the adhesion-GPCR family) was reported to appear 
in large quantities in some mouse tissues,45 this was later disproved.46

As described above, the cleavage site is localised in the GPS motif, 19 amino acids 
upstream of TMR1. Thus NTF contains no TMRs, but in most cells it is not released 
into the medium and remains noncovalently associated with the membrane. Given that 
NTF and CTF have an ability to interact strongly with each other when isolated by 
�-latrotoxin chromatography and immunoprecipitation,11,12,43 NTF has been thought11,43 
to attach to the cell surface through its interaction with CTF, a transmembrane protein. 
This is also supported by the fact that proteolysis at a second site (located between the 
GPS and TMR1) releases some NTF into the medium.47

However, this does not seem to be true for a large proportion of NTF and CTF. 
Mutagenesis of CTF showed that only eight43 or even seven12 residues in the C-terminal 
part of the GPS motif (after cleavage forming the N-terminus of CTF) are both 
�	�	����������������	���������	��	����	��}�	�	��	�	����������������	�����������	���
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for the interaction between NTF and CTF. Despite such a short sequence holding NTF 
and CTF together, NTF cannot be removed from the membranes by most chaotropic 
conditions: pH 2.5, pH 12, 4 M Mg2� or 8 M urea (unpublished observations). Most 
detergents, while solubilising the membrane, do not affect any existing NTF-CTF 
complexes and the latter can be isolated from solution. However, upon solubilisation 
of cells expressing latrophilin, a large percentage of each fragment remains free from 
��	����	��������	����	�����	�\��	�	��	����
	�����������������������������	��������	�\�
up the membrane bilayer, removes a large amount of NTF from the plasma membrane, 
while leaving all CTF behind.13 Together, these data suggest that at least some proportion 
of NTF is anchored in the membrane independently of CTF, perhaps via hydrophobic 
����������������������������12,13

This “split personality” hypothesis has been tested in a comprehensive series of 
experiments,12,13 which demonstrate that the two fragments do not always colocalise 
with each other on the cell surface and can even migrate in the membrane and internalise 
independently. When patched on live cells using antibodies, the two fragments behave 
as non-interacting free proteins.12 This corroborates the idea that NTF could have a 
hydrophobic anchor of its own.

Under certain conditions, e.g., the binding of agonists (see ‘Extracellular 
ligands’ below) and also upon membrane solubilisation with detergents, the free 
latrophilin fragments can reassociate.12 Treatment of latrophilin-expressing cells with 
�-latrotoxin or its mutant LTXN4C results in the formation of large ternary complexes 
(�-latrotoxin-NTF-CTF) on the plasma membrane. This leads to intracellular signal 
transduction to intracellular Ca2� stores (described in ‘Latrophilin as a GPCR’). The 
mechanism of this reassociation apparently involves dimerisation of NTF domains, 
����������	��	����	����������	��		��{}������!}��12,13

Most intriguingly, the ligand-induced reassociation of latrophilin fragments does 
not always occur within the same cleaved receptor molecule, as the ligand-bound NTF 
can interact with CTF from another latrophilin molecule.13 Moreover, due to the high 
conservation of GPS motifs in all adhesion-GPCRs, NTF of latrophilin can even bind 
to CTF from another member of this receptor family. Such criss-cross association of 
NTFs and CTFs produced by the cleavage of different receptors creates functional 
complexes capable of intracellular signalling and has the potential of greatly diversifying 
the transduced signal.13

This “split personality” architecture of receptors, consisting of two independent 
modules that associate interchangeably on binding their ligands, is rather enigmatic but 
not entirely unprecedented. Several other signalling systems require coreceptors. For 
example, there are two receptors for the Wnt signalling proteins: Frizzled (a GPCR) 
and low-density-lipoprotein receptor-related protein.48 Normally such coreceptors are 
phylogenetically unrelated proteins, both of which bind the same ligand molecule. 
However, in the case of latrophilin and possibly other adhesion-GPCRs, both 
“coreceptors” are the complementary fragments of the same (or structurally related) 
parental proteins. In addition, at least when �-latrotoxin is used, the ligand apparently 
only interacts with NTF, which then serves as an activated ligand of CTF.12,13 Pleiotropy 
of downstream effects in this case is achieved not by one ligand activating two different 
receptors (as in the Wnt pathway), but by the ligand-bound NTF activating CTF from 
one or another adhesion-GPCR. This mechanism may have important implications for 
the biology of all adhesion-GPCRs.
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LATROPHILIN AS A GPCR

�����
���������������	�������%'!<14 on the basis of its high sequence homology with 
the TMRs of the secretin family GPCRs and the features within CTF that are important 
for G protein coupling (see Section ‘CTF’ above). However, this cannot be considered 
a proof that this protein signals through G proteins. This aspect of receptor function was 
�����	��������	��	���������������	���������
����������	���	���	�������	�	
���������	�
���	����&%'!<�����
������������
	����������������%�
���	��������	��%�0 and G�q/11, 
was demonstrated.14-16 This interaction is strong because it persists through two consecutive 
�������������������
��	���������	�	���������	��������������{}������14,15 (It needs to be 
pointed out that G proteins can only interact with CTF and their isolation on NTF-binding 
columns is only possible due to NTF and CTF forming strong complexes). Moreover, 
the interaction between CTF and G proteins is dynamic and depends on the ability of 
G proteins to cleave GTP.15 Thus, G proteins copurify abundantly with latrophilin only 
when GDP and EDTA are added to the solubilisation buffer, i.e., under the conditions 
when the GTPase activity of G proteins is inhibited and they normnally interact with 
respective GPCRs. The addition of GTP and Mg2�� ���
���������������	����

����� ��	�
GTPase activity and causes the dissociation of G proteins, resulting, as expected, in their 
loss from the column eluate.15 Thus, excess of GTP is able to reverse the interaction of 
latrophilin with its requisite G protein(s), suggesting that this association is not only 
physical but also functional.

Intracellular signalling mechanisms of latrophilin have so far been studied using its 
exogenous agonist, �-latrotoxin. The signalling induced by �-latrotoxin is also consistent 
with the activation of G protein pathways. In particular, nonneuronal cells expressing 
latrophilin respond by stimulation of adenylate cyclase and phospholipase C (PLC) 
and release of intracellular calcium.14 Similarly, the toxin triggers activation of PLC 
and increase in cytosolic Ca2� in PC12 cells49 and synaptosomes.50 However, studies of 
signal transduction from �-latrotoxin have been complicated by the fact that the toxin 
binds to at least three disparate receptors (neurexin, latrophilin and PTP6) and also forms 
Ca2�-permeable transmembrane pores.5,6 The effect of Ca2������������������	�������
��	�
may obscure any physiological signalling. A breakthrough has been achieved with the 
creation in Tom Südhof’s laboratory of a mutant �-latrotoxin, LTXN4C.51 This mutant lacks 
the ability to form pores33 but still stimulates neurotransmitter secretion in hippocampal 
slices, neuronal cultures, neuromuscular junctions and synaptosomes,6,52-55 indicating that its 
effect is based on stimulation of a receptor. The subsequent receptor transduction pathway 
involves a G protein coupled to activation of PLC, production of inositol-trisphosphate and 
release of Ca2� from intracellular stores.53 To determine which receptor is involved in this 
signalling, neuroblastoma cells expressing latrophilin or neurexin were stimulated with 
LTXN4C. It was demonstrated that only the cells expressing latrophilin (but not neurexin or 
latrophilin mutant with a single TMR) reacted by activating PLC and producing cytosolic 
Ca2� waves.12 These results unequivocally indicate that latrophilin—via its CTF—can 
send intracellular signals to PLC and intracellular Ca2� stores.

_���� �	�	����� ���	�	��� ��� ���� �		�� �������� ��� 
���	� ����� ��	� ���	� ���������
cascade (LTXN4C – latrophilin – G protein – PLC – Ca2� stores)12,13 also underlies the 
LTXN4C-induced neurotransmitter release in nerve terminals.33,53 This is because LTXN4C 
also binds two other neuronal receptors (neurexin I� and PTP	) which might contribute 
to or mediate its effect in neurons. In addition, LTXN4C action in nerve terminals requires 
extracellular Ca2�,33,53�
�����������	�������������	������������������	����������!�e

2��rather 



69THE LATROPHILINS, “SPLIT-PERSONALITY” RECEPTORS

than release of Cai
2�. Indeed, when LTXN4C binds to any receptor, it might interact with 

other proteins, like ion channels, and thus cause exocytosis irrespective of latrophilin. 
}�	�	������	�������	��		���	���\��������	�	����������	�	������������������	����������
single-chain antibody against latrophilin 1, isolated from a phage display library, can 
cause burst-like neurotransmitter exocytosis similar to that induced by LTXN4C (paper in 
preparation). This ultimately proves that stimulation of neuronal latrophilin by agonists 
sends an exocytotic signal via a G protein pathway.

Neuronal studies also demonstrate that the main signals sent by latrophilin are 
relatively fast and reach a maximum within several seconds or minutes. Furthermore, this 
signalling retains all its characteristics even in synaptosomes or neuromuscular junctions, 
subcellular systems consisting of severed nerve terminals and lacking the neuronal somata. 
This leads to an important conclusion that, consistent with Ca2� signalling, latrophilin 
acts locally, within presynaptic nerve terminals and does not necessarily send signals to 
the cell body and the nucleus.52,55

Of course, it is also possible that latrophilin can link to other signalling pathways, 
especially considering the promiscuous reassociation of its NTF with CTF’s from other 
adhesion-GPCRs. Therefore, in-depth studies of both G protein-coupled and any alternative 
mechanisms are required.

LIGANDS AND INTERACTING PARTNERS OF LATROPHILINS

Extracellular Ligands

�-Latrotoxin

The main exogenous ligand of latrophilin 1 is �-latrotoxin. The toxin stimulates 
its receptor and thus can be classed as an agonist. The interaction of �-latrotoxin with 
latrophilin was tested using various truncated constructs of latrophilin.25 This study 
demonstrated that a very large fragment of NTF containing HRM, Stalk and GPS (390 
amino acids) may be necessary to bind �-latrotoxin strongly, suggesting a multi-point 
���	���������	��		�� ���������� ����
����������� ��&������������������� 	����
������ Z��
particular, HRM, a putative ligand-binding region of hormone receptors, alone was 
unable to mediate toxin binding. It may be possible that some peptide within the toxin 
molecule mimics a natural ligand of HRM but interacts with this domain only weakly. 
}�	���������������������������{}������������������	������
�����	�������	����	�	���������
the hormone-mimetic toxin peptide in contact with HRM, leading to receptor activation.

Black widow spider venom also contains another component (possibly 

-latroinsectotoxin) that kills C. elegans worms on injection.56 Knockout and RNAi studies 
have shown that the toxic effects of the venom is mediated by the LAT-1 orthologue of 
latrophilins in C. elegans, but not by LAT-2.56

Cyclooctadepsipeptides

Latrophilin orthologues from the parasitic nematode Haemonchus contortus 
(HC110-R) and C. elegans (LAT-1) were thought to bind the anthelmintic cyclical 
depsipeptides, PF1022A (a natural secondary metabolite of the fungus Mycelia sterilia) 
and its semisynthetic derivative emodepside.57 Electrophysiological studies revealed that 
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emodepside inhibited pharyngeal pumping of the nematodes in a concentration-dependent 
manner.58 In C. elegans LAT-1 knockout mutants emodepside had a decreased paralysing 
effect on the pharyngeal muscle.59 These studies suggested that cyclodepsipeptides were 
exogenous agonists of the latrophilin-like proteins in nematodes, leading to the release of 
�������	����	����������������������	�����������	��
�������
����������	��������
������	��
������������������������	�����������������
�������������	��	�����	�

However, the expression of depsiphilin, a LAT-1 orthologue from the canine hookworm 
Ancylostoma caninum, did not correlate with emodepside sensitivity.60 Also, in C. elegans 
LAT-1 knockout worms, only pharyngeal pumping was resistant to the inhibitory effect of 
emodepside, while locomotion was blocked by the drug even in the double mutant lat-1, 
lat-2 worms.61 Ultimately, emodepside has been found to target directly a Ca2�-activated 
potassium channel, SLO-1, which is expressed in both neurons and muscles. One pathway 
involving neuronal SLO-1 and controlled by LAT-1, is responsible for pharynx pumping. 
The second pathway, based on both neuronal and muscle SLO-1 that is independent of 
LAT-1 or LAT-2, is responsible for locomotion.61

Putative Small Endogenous Ligands

The 54 kDa N-terminal fragment of latrophilin-like receptor HC110-R from 
H. contortus has been tested for its ability to bind different FMRFamide-like neuropeptides.62 
}��		������	�	�
	
���	�����������?�����'����	������	����&�����������	���������������	�
receptor with dissociation constants of 11 �M, 52 �M and 583 �M, respectively. These 
data suggest that AF1, AF10 and PF2 might represent natural ligands of HC110-R and 
might be involved in controlling pharyngeal pumping in nematodes.

Endogenous Adhesion Ligand

The structure of latrophilin, with its large adhesion-like N-terminal domain and the 
�������������	�
���	�����������������	�����	����&%'!<�63,64 suggest that latrophilin 
may be capable of interacting with ligands on adjacent cells or in the extracellular matrix. 
Therefore, in our attempts to isolate an endogenous ligand of latrophilin, we used NTF. 
"	�	����������������	����������{}���	�	�	�
�	��	���
����	��������	����������	���	����
��������������	����`��������	�	�������������������	��	���	�������������	��������������
���	�������������	���
���	���������������	������������������
	�����������������
�����
(paper in preparation). This protein, termed lasso (latrophilin-associated synaptic surface 
organiser), is a large glycoprotein expressed on the postsynaptic membrane. The binding 
�����������{}���������
����������	������
	����	�����	������	��	���������	���
	�����
association of cells expressing these proteins. Moreover, the interaction between latrophilin 
and lasso is required for synapse formation and maturation.

Intracellular Partners

Most importantly for its signalling function, latrophilin has been found to bind two 
types of �-subunits of heterotrimeric G proteins14-16 (described in detail in ‘Latrophilin 
as a GPCR’).

Close to the C-terminus of CTF, there is a proline-rich region,14 which could bind 
SH3 domains of proteins involved in signalling.



71THE LATROPHILINS, “SPLIT-PERSONALITY” RECEPTORS

In addition, CTF may stably or transiently interact with structurally important proteins. 
In a yeast two-hybrid system, the C-terminal cytoplasmic tail of latrophilin was able to 
bind Shank, a proline-rich postsynaptic scaffolding protein.65,66�}�	�����������	���������
interaction is unclear: Shank contains a PDZ domain that binds proteins with a consensus 
�	��	��	�"	��}��&¦&§����	�	�§��������\�������
������������������#��	�	���������	��	��	�
is present in all three latrophilin homologues and consistently both latrophilins 1 and 2 
�	�	������	�����������������������	��66 It is possible that the ubiquitous latrophilin 2 
is the physiological target of Shank in the postsynaptic density, while latrophilin 1 is 
normally found in the presynaptic terminals (discussed in Section ‘Expression patterns 
of latrophilins’).

Finally, CTF of latrophilin has been shown to interact with TRIP8b, tetratricopeptide 
repeat-containing Rab8b-interacting protein,67,68 a cytosolic protein that binds clathrin and 
the adaptor protein AP2. This indicates that latrophilin may play a role in receptor-mediated 
	��������������������\��������	�����������	��69

LATROPHILIN GENE KNOCKOUTS

Mouse

To study the physiological role of latrophilin 1, its gene has been knocked out in 
mice by deleting exon 270 or the distal part of exon 1 plus the proximal part of exon 2 
���
�����	���������Z������������������	������lphn1�/� mouse only appeared after about 
40 rounds of mating heterozygous animals, suggesting that the lphn1 deletion is actually 
	�����������	�����}���������

���	����������������	��������������	���	����������
pregnant heterozygous female mice. However, both knockout approaches eventually 
resulted in live and fertile lphn1��� mice, indicating that the lack of latrophilin 1 can be 
effectively compensated for by a mutation or upregulation of another gene that either 
occurs spontaneously or is introduced by C57BL/6 backcrossing. Both compensated 
mutant strains display lack of maternal behaviour (pup nursing, nest building, etc.). In 
our colony, these maternal nurturing defects reciprocally correlate with the dose of lphn1 
gene. In addition, our knockout mice show increased aggression. It should be noted 
that a very similar phenotype has been reported for mice lacking G�q71 or PLC-�1,72 
the proteins known to be involved in the downstream signalling cascade of latrophilin. 
Despite the mild phenotypic manifestation of latrophilin 1 deletion, which is apparently 
due to compensatory changes in the genetic background, further behavioural studies are 
needed to throw more light on the functions of latrophilin 1 in those cells and brain regions 
where the genetic compensation is less pronounced. In addition, it would be especially 
revealing to determine the nature of the compensatory mutation/s.

At the biochemical level, knockout mice demonstrated a decreased binding of 
�-latrotoxin and a great decrease in toxin-evoked glutamate release from nerve terminals, 
both in the presence and absence of Ca2�,70 indicating that latrophilin is the major receptor 
for �-latrotoxin. However, this study employed the wild-type toxin, whose ability to 
form Ca2�-permeable pores complicated the results and made it impossible to detect an 
inhibition of latrophilin signalling in knockout mice. An in-depth exploration of the role 
of latrophilin in nerve terminals must be conducted using the nonpore-forming mutant 
LTXN4C or other tools.



72 ADHESION-GPCRs

C. elegans

The orthologues of mammalian latrophilins in the nematode C. elegans are encoded 
by two genes: lat-1 and lat-2. The LAT proteins are 25-28% identical to all latrophilins, 
but not particularly related to any one latrophilin.

The results obtained from lat-1 knockout in C. elegans strongly support the hypothesis 
that LAT-1 is presynaptic in adult nematodes and that its stimulation, similar to the 
mammalian latrophilin pathway,12 signals via activation of G�q protein and phospholipase 
C-�1, leading to the mobilisation of diacylglycerol (DAG). DAG then activates UNC-13, 
an important protein that regulates the tethering of presynaptic vesicles to the plasma 
membrane and synaptobrevin, a vesicular protein that binds vesicles to the plasma 
membrane. This is thought to result in transmitter release.59,73

In addition, loss-of-function mutations in lat-1 (but not in lat-2) have indicated a 
different role for LAT-1 in C. elegans development.74 The lack of this protein results 
in defects in anterior-posterior polarity, leading to arrest of larval development and 
suggesting that LAT-1, in parallel with the wnt pathway, controls the polarity of cell 
division and cell migration during nematode embryogenesis. Both the extracellular 
N-terminal region (including the GBL/RBL domain) and the C-terminal domain 
are required for this mechanism. This indicates that in the process of early worm 
development LAT-1 acts by transforming the interaction of NTF with adjacent cells 
into intracellular signals. These signals are probably different from those sent by the 
protein in terminally differentiated cells of the adult worm.

LATROPHILINS IN DISEASE

To our knowledge, genetic links between the lphn1 gene and an inheritable disease 
have not been established yet. This may suggest—in line with our knockout results 
above—that most mutations in latrophilin 1, as well as its deletion, are embryonically 
lethal. Indirect evidence suggests that latrophilin 1 may be associated with such mental 
disorders as schizophrenia and bipolar disorder. Thus, chronic administration of risperidone, 
an antipsychotic drug often used to treat schizophrenia, led to an upregulation of lphn1 
in rats.75 Also, the lack of latrophilin in mice, despite the compensatory changes, led 
to behaviours consistent with schizophrenia phenotypes.76 Schizophrenia is a complex 
neuropsychiatric disease and multiple genes and environmental factors can contribute to 
its manifestation, making further research into latrophilin genes even more important.

On the other hand, mutations in the human gene lphh1 encoding the ubiquitous 
latrophilin 2 have been associated with breast cancer.28 Analyses of tumour cell lines 
showed that lphh1 expression was variable and gene product variability was higher in 
the tumour than in normal breast tissue.

CONCLUSION

Taken together these data suggest that the ancient physiological role of latrophilins 
in animals is to convert cell contacts into intracellular signals. However, the members 
of this family have distinct distributions and functions, from early patterning during 
	������	�	������������������		��	�����	������������	�������	�������}�	���	�����������
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homologue during different stages of animal development, will bring about a new level 
of understanding of these unusual receptors.
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CHAPTER 6

STUDIES ON THE VERY LARGE  
G PROTEIN-COUPLED RECEPTOR:

From Initial Discovery to Determining its Role in 
Sensorineural Deafness in Higher Animals

D. Randy McMillan* and Perrin C. White

Abstract The very large G protein-coupled receptor 1 (VLGR1), also known as MASS1 or 
GPR98, is most notable among the family of adhesion-GPCR for its size. Encoded 
by an 18.9 kb open reading frame, the ~700 kDa primary translation product is by 
far the largest GPCR and additionally, the largest cell surface protein known to date. 
The large ectodomain of the protein contains several repeated motifs, including some 
35 calcium binding, Calx-� repeats and seven copies of an epitempin repeat thought 
to be associated with the development of epilepsy. The extreme carboxy-terminus 
contains a consensus PDZ ligand sequence, suggesting interactions with other cytosolic 
or cytoskeletal proteins. At least two spontaneous and two targeted mutant mouse 
lines are currently known. The mutant mice present with sensitivity to audiogenic 
�	�=��	�������������	�����	����	�	��������������������
����	����	��	��������
����	����
Although its ligand is currently unknown, VLGR1 is one of the few adhesion-GPCR 
family members in which mutations have been shown to be responsible for a human 
malady. Mutations in VLGR1 in humans result in one form (2C) of Usher syndrome, 
the most common genetic cause of combined blindness and deafness.

INTRODUCTION

The VLGR1 story actually began in 1986, with the serendipitous isolation of a 3.5 kb 
cDNA fragment during an unrelated attempt to clone steroid 11�-hydroxylase (CYP11B1), 
a cytochrome P450 enzyme.1 Sequence analysis of the cross-hybridizing clone, recovered 
from a human fetal adrenal cDNA library, indicated an incomplete open reading frame 
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of approximately 3.4 kb that extended to the 5-end. Analysis of the predicted protein 
sequence of clone 5A1 revealed seven hydrophobic segments near the carboxyl-terminus. 
There was no strong homology to any sequence in the database at that time. In retrospect, 
����������	����	���	����������%'!<��������	��
���2 and the �-adrenergic receptor3 were 
only cloned in 1983 and 1986, respectively. It was subsequently determined in 1991 that 
5A1 encoded the carboxyl-terminal portion of a novel putative GPCR.

Following several unsuccessful attempts to isolate longer clones from multiple cDNA 
libraries we extended the 5 end of clone 5A1 with anchored PCRs, Through careful 
sequence comparison with human genomic clones isolated from both bacteriophage-� and 
�	����������������������	���	��& �!��������	����	�������	��������	�����������	��
a full-length cDNA, spanning 6,503 bp. With an open reading frame of 5,901 bp, the 
cDNA was predicted to encode a protein of 1,967 amino acid residues. As the protein 
was determined to be a very large GPCR, it was tentatively named VLGR1, pending 
functional studies.4 During the ensuing attempt to isolate the homologous mouse VLGR1 
���	�����	���	��
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of the full-length protein.

Only upon cloning the full-length cDNA, was it apparent that work from two 
unrelated groups converged with ours. Both groups, via different methods, consequently 
cloned additional isoforms of VLGR1. While investigating the audiogenic seizure (AGS) 
susceptible Frings�����	����	����������	�����	�	��	
�	
����"\����\��	�����������	�	����
mutation in the responsible gene they termed monogeneic audiogenic seizure-susceptible 
(MASS1).5 Additionally, while attempting to identify genes expressed in the rat ventricular 
zone during early corticogenesis, Yagi et al, used mRNA differential display to clone a 
gene they initially termed neuroepithelium-notable (Neurepin).6

GENE STRUCTURE

The full-length, human VLGR1 gene locus spans 605 kb of chromosome 5 with the 
primary RNA transcript containing 90 exons, (Fig. 1).7 The full-length, mature mRNA 
is 19.3 kb with an 18.9 kb open reading frame encoding 6307 amino acids. The primary 
translation product is predicted to be 693 kDa, but as there are some 90 sites appropriate 
for Asn-linked glycosylation the apparent molecular weight of the native protein could 
�	����������������	���}�	��	�	���������	��������������	��	�������	�����	�������	�����	�
VLGR1 gene consists of 90 exons and covers 538 kb of chromosome 13. The mouse 
open reading frame encodes 6299 amino acid residues.

Splice Variants and Protein Isoforms

To date, there have been eight splice variants reported representing eight potential 
protein isoforms. Upon discovery of the full-length VLGR1 cDNA, the original human 
clone encoding 1967 amino acid residues was denoted VLGR1a and the full-length 
clone VLGR1b. The transcript encoding the VLGR1a isoform results from initiation 
within intron 64 and subsequent translation begins at an ATG, 22 codons upstream of 
exon 65. Expression of the VLGR1a isoform is apparently restricted to humans, as no 
�}%���������������	��������
�������������	�����	����=	��������	���	���"���	��	�����
we discovered an additional isoform due to alternative splicing, VLGR1c, that results in 
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a partial deletion of exon 31 in both human and mouse. The use of an alternative splice 
���������������	�	�����		�	����	������^��
����	����^����	�������������	����������	�
shift and introduction of a stop codon at exon 32. Due to the loss of the transmembrane 
region and cytoplasmic tail, the VLGR1c isoform is predicted to be a soluble protein of 
2296 amino acids with a primary translation product of �251 kDa. Interestingly, the DNA 
�	��	��	���	�������	��		����	���������������	��	�	�������	�������^��
����	����^�����
much higher than overall (100% versus 81%), perhaps suggesting an important function 
for the alternatively spliced product.8

Two additional soluble isoforms originating at the native amino-terminus of VLGR1b, 
����������������&�	���������������������	��		����	����	��6 VLGR1d, at 616 amino 
acids is the smallest isoform, terminating in intron 9 and VLGR1e, 1218 amino acids, 
terminates in intron 19.

Three internal isoforms have been reported, with corresponding transcripts that 
initiate short of the 5 boundary of the VLGR1 locus and terminate within intron 39. 
Although purportedly originating from the MASS1 locus,5 MASS1.1, initiates within 
intron 5, MASS 1.2 initiates within intron 11 and MASS 1.3 initiates within intron 25 
of the VLGR1 locus.

������������������������	������	��
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has not been performed; however, some isoforms are known to predominate in particular 
tissues, e.g., VLGR1c is expressed almost exclusively instead of the a or b form in human 
embryonic testes.7 Of note, the absolute expression of some isoforms is still questionable, 
as the level of MASS 1.1 was shown by real time PCR to be less than 1% the level of 
VLGR1b.6 In addition, comparison of the MASS 1.3 sequence with the mouse genomic 
database indicates the purported ORF initiates at a putative polymorphic site.

While we have postulated that the expression of multiple extracellular isoforms may 
promote novel interactions with other cell surface proteins,4 as is the case with many large 
�	�	�
�����������	���������������������	������	�����������������������\�����

Figure 1. The full-length VLGR1 cDNA and protein isoforms. The long rectangle represents the cDNA; 
the vertical lines within the rectangle depict the location of the introns. Every tenth exon is numbered. 
}�	� �	�� ����	�� �	
�	�	��� ��	� !��&� repeats; the chevron denotes the PTX domain; the rectangle 
denotes the EAR domain; the position of the GPS is indicated by a segmented line and the cluster of 
seven triangles represents the region encoding the seven putative membrane-spanning segments. The 
relative position and size of the protein isoforms are depicted as bars beneath the cDNA. The arrows 
above the cDNA depict the position of the mouse mutations; arrows below the cDNA depict two human 
mutations. (Adapted from ref. 7.)
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PROTEIN STRUCTURE

VLGR1 contains certain structural features consistent with other members of the 
adhesion-GPCR family, including the large extracellular domain, conserved amino acid 
homology in the seven transmembrane region to the secretin family (family B)9 and 
the GPCR proteolysis site (GPS).10,11 However, analyzing the domain structure of the 
VLGR1a isoform4 and determining the initial features restricted to VLGR1 provided the 
�����
��	�������	������������������

The extracellular portion, or ectodomain, of VLGR1a contained seven conserved (and 
two less well-conserved) repeats with homology to the Calx-� motif, a calcium binding 
domain found in Na�/Ca2� exchangers.12 Subsequent calcium overlay experiments utilizing 
�����	������
������	
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this context and suggested the ectodomain of VLGR1 could bind calcium in its native form. 
Upon the subsequent cloning of the VLGR1b isoform it was determined the full-length 
protein contained 35 Calx-� motifs spaced along the length of its extracellular domain.

Interestingly, homology to the Calx-� motif is found in proteins that are known to 
be involved in either cell-matrix or cell-cell adhesion reactions, such as integrin �413 and 
the marine sponge aggregation factor MAFp3.14 Although calcium is required for the 
extracellular interaction of integrins and their ligand, a functional analogy with integrin 
���������������������	
����=	����	������	�������	��������=����������������������������
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large extracellular proteoglycan complexes, called glyconectins,15 that form homotypic 
interactions and regulate colony aggregation in a calcium-dependent manner.16 This data, 
in conjuction with observations that CD97,17 a related GPCR contained extracellular 
calcium binding motifs and bound a large protein ligand, prompted us to propose the 
hypothesis that the function of the calcium binding domains in the VLGR1 ectodomain 
was to mediate receptor–ligand interactions.4������������
	���������������~�%<������
�����		����	����	��������	���	�	������������	��������	�������������������������	����	�
homotypic interactions (see below) substantiate this hypothesis.

VLGR1b also contains a single Laminin G (LamG)/amino-terminal 
thrombospondin-like (TspN)/Pentraxin (PTX) domain18 within the amino-terminal 
one-fourth of the ectodomain. Such domains have been implicated in interactions with 
a variety of cellular receptors and extracellular proteins and may be involved in a wide 
range of cellular functions. A functional role for this particular domain in VLGR1 is 
suspect, as ligand interactions often require at least tandem modules and conserved 
amino acids required for calcium binding are not present in the VLGR1 PTX domain.19 
Presently, no published studies have investigated the role of this domain in VLGR1.

Near the center of the ectodomain are seven copies of a short, �50 amino acid repeat, 
variously termed epitempin (EPTP)20 or epilepsy associated repeat (EAR).21 This domain, 
��������	�������	�	����	&��������������������	����%Z������������	��	�	��
���	����22 is 
thought to consist of �-sheets folded into a seven bladed �-propeller structure. While its 
function is still unclear, mutations in LGI1 have been shown to be responsible for the 
unusual human epilepsy, autosomal-dominant partial epilepsy with auditory features 
(ADPEAF).23 In order to explain the epileptic phenotype resulting for mutations in 
either VLGR1 or LGI1, an interesting—but as yet unproven—hypothesis suggests that 
the EPTP domains of LGI1 and VLGR1 interact with functionally equivalent ligands 
during neurogenesis.21
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The extreme carboxyl-terminus of VLGR1b (and VLGR1a in humans) contains a 
consensus sequence motif (Ser/Thr)-Xaa-(Val/Ile/Leu) that binds PDZ (Postsynaptic 
density protein 95/Drosophila Disks large/Zona occludens-1) domain containing 
proteins.24 PDZ containing proteins are cytoplasmic scaffolding proteins25 involved in 
���	��	�����������������	�	
����������\������������	����������\�����	�	
������������	���
downstream signaling proteins. A similar PDZ ligand motif is additionally found in other 
adhesion-GPCRs, including CD97,26 BAI1,27 GPR123 and 124.28

GENE EXPRESSION

VLGR1 expression can be detected by RT-PCR in most adult tissues. However, the 
highest expression is found in the developing central nervous system during embryogenesis, 
strongly suggesting a role for VLGR1 in neurogenesis.6,7 Using in situ hybridization, we 
have shown that VLGR1 expression begins in the developing neuroepithelium between 
E6.75 and E8.0, coincident with development of the neural groove. Expression levels 
increase and spread through mid-gestation to include the length of the spinal cord, all 
layers of the eye, except the cornea and the ventricular zone of the neuroepithelium in 
the developing brain. By late gestation, coincident with the narrowing of the ventricular 
zone and subsequent slowing of neurogenesis, VLGR1 expression declines. In adulthood, 
VLGR1 expression in the brain is restricted to a subpopulation of neurons in the 
mammillary nuclei of the hypothalamus. Currently, no published studies have investigated 
��	�����������	������������	�����	��������

MICE WITH MUTATIONS IN VLGR1

There are currently four known mouse lines containing neutralizing mutations in 
VLGR1. The two spontaneous mutant lines, Frings29 and BUB/BnJ were discovered to have 
VLGR1 mutations during the positional cloning of the Mass1 locus.5 These mice share a 
common Swiss albino ancestry which likely explains an identical single base deletion in 
exon 31. The deletion results in a shift in reading frame, subsequently replacing the valine 
at position 2250 with a stop codon. While the new stop lies within the ORF of all Mass1 
transcripts, effectively truncating each by �700 amino acids, it would have differential 
effects on other isoforms. A stop at position 2250 would truncate the full-length b form 
by approximately two-thirds, whereas only the carboxyl-terminal 63 amino acids would 
be lost from the c form. The amino-terminal d and e forms would not be affected.

Two, unrelated, engineered mutant lines have been developed: (1) Vlgr1del7TM, a 
\���\&���������������	��	������������������	��	����������������������	��������
�����������
tags together with a stop codon 19 bp 5 of the GPS30 and (2) a knock-out mutation created 
by deletion of exons 2-4.6 The Vlgr1del7TM mutant would selectively effect only the 
full-length b form, deleting the transmembrane and cytoplasmic domains, thus resulting 
in the expression of a soluble ectodomain devoid of G protein-coupling activity. The 
knock-out mutant would effectively delete the b, c, d and e forms, but would leave the 
internal MASS1 isoforms untouched.

As VLGR1 is temporally expressed in the ventricular zone during development, 
one might predict a phenotype impacting neurogenesis and development of the CNS. 
However, all four lines are viable and fertile, with no apparent growth defects and no 
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obvious histological defects detected in the brain. A variety of experiments targeting 
CNS development and function, including neuronal birth date analysis to analyze cortical 
lamination (McMillan and White unpublished results) in vivo cellular proliferation assays 
and in vitro neurosphere formation assays6 and motor function analysis by Rota-rod 
testing31 have detected no differences between wild-type and mutant mice.

The effects of the mutations are manifested in all mutant mice by the susceptibility to 
������	�����	�=��	���%"���	�	�
�	�����%"��������	�	������	������	������������	�	��
type epileptic seizures, are self-sustaining and characterized by three separate phases: 
wild running, followed by a clonic seizure and then a tonic extension that can be fatal 
without resuscitation.32 It is well-known that AGS and hearing defects are related and 
in fact all four mutants have a profound hearing impairment that is both early in onset 
and progressive. Auditory brain-stem response (ABR) thresholds, a measure of auditory 
sensitivity, are elevated in all mutants, but to different degrees. BUB/BnJ are hearing 
impaired by 21 days of age33�������	�������	������
���	���������	�����	�����	�
�������
high intensity auditory stimulus that initiates AGS after 25 days of age.5 Frings are less 
impaired, with an early moderate hearing impairment that is relatively stable,34 allowing 
them to remain susceptible to AGS into adulthood.35 As would be expected, Vlgr1del7TM 
and the VLGR1 knock-out mutant are both profoundly hearing impaired by 21 days of 
age.31,36 The apparent differences in progression between these two mutants, insensitivity of 
the former to AGS beyond 42 days of age,30 while the latter maintains AGS sensitivity to 
6 months of age,6 is likely a result of the small number of animals tested at advanced ages.

Quite serendipitously, the positions of the mutations provide valuable information on 
the functional importance of the various VLGR1 isoforms. It is apparent that VLGR1b 

�������������������	������	��	�	�
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the only isoform affected by a mutation in all the four mutants. Interestingly, the close 
positioning of the VLGR1del7TM mutation to the GPS should allow for expression of 
a near full length ectodomain, indicating that association of the ectodomain with the 
authentic transmembrane portion is required for function. It is important to note that while 
the current data does not exclude a related function for the other isoforms, it is clear their 
expression cannot not substitute for VLGR1b in hearing function.

The differences in severity and progression of the hearing impairment between the 
Frings mouse and the other three mutants is due to the presence or absence of genetic 
�����	�������	��������	�������	�����	�����������\���������������	��	���		��	���^>���Z��
particular, a substitution (753G-�A) in cadherin 23 (CDH23), the gene at the ahl locus, 
responsible for age related hearing loss38 is found in many common strains of laboratory 
mice BUB/BnJ, C57Bl6/J and 129P1/ReJ,39 whereas the Frings mouse is wild-type at 
the ahl locus.40

EXPRESSION IN THE COCHLEA AND RETINA

VLGR1 is the mammalian ortholog of the avian ankle link antigen (ALA), a 
calcium-dependent epitope associated with the stereocilia of the inner ear and the ciliary 
calyx of photoreceptors of the eye.41 Amino acid analysis of tryptic peptides recovered an 
����&����������
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to human VLGR1. The VLGR1 protein has been localized to the base of cochlear hair cells 
�������������	�	��	���������
�����
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with 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid (BAPTA), a calcium 
chelator.31,36,43 As the structure of the Calx-� motif has now been determined, it is apparent 
that the calcium dependence of the ALA epitope is a function of the conformational 
change of the Calx-� repeats upon binding calcium.44

Temporal expression of VLGR1, beginning prior to E17, with continued perinatal 
expression near the base of the stereocilia until 10 days of age,31,36,43 approximately 
corresponds to development of the inner ear.45,46 By electron microscopy, the stereociliar 
��\	���\���
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that span the distance (�150 nm) between adjacent stereocilia.47 In mice with VLGR1 
mutations, the ankle links are absent.31,36,43 The structural characteristics of VLGR1 
(described above) suggest that ankle links are formed by calcium-dependent, homotypic 
interactions of VLGR1 molecules between adjacent stereocilia.36 Ankle links are found in 
all vertebrates, but they are only transiently present in mammalian cochlea, e.g., in mice 
they are lost by 12 days of age.48 However, the loss of VLGR1 results in morphological 
defects in stereociliar organization that help to explain the deafness phenotype. Slight 
differences in the ordered structure of the auditory hair cell bundles are apparent as early 
as 2 days of age, but there is progressive disorganization of both inner and outer hair cell 
bundles with time.31,36,43 The structure of the vestibular hair cell bundles is less ordered 
and there are no obvious differences seen in the utricle of VLGR1 mutant mice. However, 
by 2 months of age there is a complete loss of hair cells, as well as both inner and outer 
pillar cells in the basal turn of the cochlea. Although the function of ankle links is still 
unclear, their unusual temporal expression pattern, together with the above data would 
suggest they play some role in stereociliar maturation.

~�%<��	�
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outer plexiform layer and the connecting cilium on the retina.42,49 More detailed analysis 
by immunoelectron microscopy makes it apparent that VLGR1 is a component of the 

�	����������
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segment of photoreceptor cells, that is thought to be homologous to the ankle links 
between stereocilia.41,50� Z�� ��	�~�%<��	>}������	� ��	�������� ��\����	� ���������
this surprisingly results in no gross retinal abnormalities and only a minor age-related 
visual phenotype.36,50

VLGR1 in Usher Syndrome

The discovery of Usher syndrome patients carrying mutations in VLGR1 highlighted 
the importance of VLGR1 in human biology.8 Usher syndrome encompasses a group 
of auditory and visual disorders and sometimes vestibular dysfunction, that represent 
the most commonly diagnosed cause of human deaf-blindness (for a review see refs. 
51-52). The syndrome is divided into three types (Type 1, 2, 3) in descending order of 
severity. Type 2 is the most common, representing approximately one-half of Usher 
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nine responsible genes cloned thus far. Mutations in VLGR1 result in Usher 2C with 
symptoms including moderate to severe hearing loss, normal vestibular function and later 
onset retinitis pigmentosa (RP). With the exception of RP, the clinical symptoms are 
phenocopied quite well by the existing mouse mutants. The lack of a visual phenotype in 
mice is likely due to modest structural differences in the murine retina, or perhaps their 
inherent life-span differences.36
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which potentially suggested a sexually dimorphic phenotype.8 This has recently been 
disproved, as male patients have been found by three separate groups53,54 and including 
large deletions, there have been 14 VLGR1 mutations reported. As in the mouse, comparing 
the location of the reported mutations with the putative VLGR1 isoforms (supposing all 
��	��	
���	�������	����������	�����������������������������������	���&	�����~�%<���
isoform is required for normal auditory function. Most importantly, two mutations (Y6244X 
and A6216Hfs) have been found within the carboxyl-terminal 100 amino acids, suggesting 
the complete cytoplasmic tail is required for normal VLGR1 function.8,55 In vitro protein 
interaction studies have now explained the basis for this requirement.

A series of studies have now shown a complex association, a so-called interactome, 
of many of the Usher proteins, which likely explains the common phenotypes of Usher 
syndrome.42,43,49,50,56 Additionally, these studies have shown direct physical interactions, 
via yeast two hybrid and in vitro protein association experiments, between the 
carboxyl-terminus of VLGR1 and cytoplasmic PDZ-containing scaffolding proteins, 
thus illustrating importance of the PDZ ligand domain to the function of the interactome. 
Protein interactions between the VLGR1 ectodomain and additional Usher proteins 
have been proposed, but no studies identifying direct interactions have been published. 
Likely these studies will be problematic due to the apparent tight association of the 
over-expressed VLGR1a ectodomain with the cell membrane, even in the absence of the 
transmembrane and cytoplasmic tail and the nonselective association of the ectodomain 
with a variety of unrelated, co-expressed cell surface proteins (McMillan and White, 
unpublished observations).

CONCLUSION

Classic G protein-dependent signaling activity has currently been demonstrated in 
few of the adhesion-GPCR family members. However, in addition to an important, G 
protein independent, role in normal mammalian auditory and visual function through 
PDZ mediated protein interactions, VLGR1 may also have a classic signaling activity. 
A recent study43 has shown that loss of VLGR1 results in a large increase in expression 
and a consequent redistribution of adenylate cyclase 6 (AC6) in the cochlea. While 
�����������	�����������	��������������������	������������������������	�����������
	�����
interactions are clearly warranted.

Our initial observations of high VLGR1 expression in the developing CNS7 is certainly 
suggestive of a role in neurogenesis. VLGR1 does play some role in neurological function, 
as evident by the development of audiogenic seizures in mutant mice and the presentation 
of febrile and afebrile seizures in humans with VLGR1 mutations.57 However, neurogenesis 
is clearly not dependant on VLGR1. Understandably, maintenance of functions that are 
critical to the existence of an organism usually involve redundant or adaptive mechanisms 
and these could potentially obscure the function of VLGR1 in neurogenesis.

The most obvious, albeit most puzzling, clues that suggest additional and fundamental 
functions of VLGR1 come from evolution. There must be strong selective pressure 
��������������	������������	�����������~�%<���������	���	��	����	���\	�=	������58 
and even invertebrates like the sea urchin.59 Elucidating such functions must await 
additional studies.
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CHAPTER 7 

ADHESION-GPCRs IN THE CNS

Natalie Strokes and Xianhua Piao*

Abstract: There are a total of 33 members of adhesion G protein-coupled receptors (GPCRs) 
in humans and 30 members in mice and rats. More than half of these receptors 
are expressed in the central nervous system (CNS), indicating their possible 
roles in the development and function of the CNS. Indeed, it has been shown that 
adhesion-GPCRs are involved in the regulation of neurulation, cortical development 
and neurite growth. Among the few adhesion-GPCRs being studied, GPR56 
is so far the only member associated with a human brain malformation called 
bilateral frontoparietal polymicrogyria (BFPP). The histopathology of BFPP is 
a cobblestone-like brain malformation characterized by neuronal overmigration 
through a breached pial basement membrane (BM). Further studies in the Gpr56 
knockout mouse model revealed that GPR56 is expressed in radial glial cells 
and regulates the integrity of the pial BM by binding a putative ligand in the 
extracellular matrix of the developing brain.

INTRODUCTION

Adhesion-GPCRs are a relatively new family of GPCRs with their large extracellular 
region linked to a seven-transmembrane-spanning domain via a GPCR proteolytic site 
(GPS)-motif. Their N-terminal segments often contain domains found in adhesion 
proteins, such as cadherin, lectin, immunoglobulin and thrombospondin domains. Thus, 
it is speculated that adhesion-GPCRs play dual roles in cellular adhesion and signaling. A 
�	�	���	��	����	�	�
�	������
�������������	����&%'!<������������	�	��������>����������	�
30 members of rodent adhesion-GPCRs are expressed in the CNS (Table 1). CELSR2/3, 
BAI1-3, GPR123 and latrophilin 3 are exclusively expressed in the CNS, while others are 
expressed more widely in different tissues. Despite its rather ubiquitous expression pattern, 
loss of GPR56 is only associated with brain malformation in both humans and mice.1-3
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Table 1. The CNS expression of adhesion-GPCRs

Receptor Expression Method Used References

Bai1 Cerebral Cortex (layers II-III), 
hippocampus, dentate gyrus, 
olfactory bulb, caudate putamen, 
medial septum, cerebellum

In Situ 6

Bai2 Cerebral Cortex (layers II-III), 
hippocampus, dentate gyrus, medial 
and lateral septum, medial and lateral 
habenular nucleus, cerebellum

In Situ 5

Bai3 Cerebral Cortex (layers II-III, 
IV), hippocampus, dentate gyrus, 
cerebellum

In Situ 7

Vlgr1 Cochlear hair bundles, fourth 
ventricle, telencephalic ventricle, 
hypothalamus, optic cup

IHC, In Situ 15,16,20

Gpr126 Ubiquitous CNS expression RT-PCR 60

Gpr64 Hypothalamus, brain stem, substantia 
nigra, spinal cord

RT-PCR, In Situ 60,61

Gpr56 Cerebral Cortex, Ventricular Zone, 
Rostral cerebellum

In Situ, IHC 1,3,41

Latrophilin1 Ubiquitous CNS expression WB, NB, 
RT-PCR

8,9,60

Latrophilin2 Ubiquitous CNS expression WB, NB, 
RT-PCR

8,9,60

Latrophilin3 Ubiquitous CNS expression NB, RT-PCR 9,60

Etl Ubiquitous CNS expression RT-PCR 60

Gpr123 Thalamic Nuclei, Cerebral 
Cortex (layers V and VI), amygdala, 
hypothalamus, spinal cord

RT-PCR, In Situ 60,63

Gpr124 Ubiquitous CNS Expression RT-PCR 60

Gpr125 Choroid Plexus, Cerebral Cortex, 
piriform cortex area

RT-PCR, In Situ, 
IHC

60,62

Celsr1 Ventricular Zone, External Granular 
cell layer in Cerebellum

In Situ 10

Celsr2 Ventricular Zone, Cortical Plate, 
hippocampus, dentate gyrus, 
cerebellar cortex, pontine nuclei

In Situ 10

Celsr3 Cerebral and hippocampal plate, 
tectum, pontine nuclei, external 
granular cell layer in cerebellum

In Situ 10

Gpr116 Ubiquitous CNS Expression RT-PCR 60
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`������	���������	��		�������	�����	��������������������	����&%'!<�����������������
within the CNS are BAI1-3, CELSR1-3, latrophilin1-3, VLGR1 and GPR56. Since there 
��	��������������
�	��������������\��	���	�����	������	������	����	�����������	���
summarize their role in the CNS and focus our discussion mainly on the role of GPR56 
in brain development.

ADHESION-GPCRs IN BRAIN DEVELOPMENT

The brain angiogenesis inhibitors (BAI) 1-3 are expressed almost exclusively in 
the CNS. The transcript of human BAI1 was found to be expressed in both the fetal and 
adult brain.4 In mouse embryonic and adult brains, the expression of Bai1 and Bai2 
was up-regulated following birth, with peak expression at postnatal day 10 (P10) and 
a high expression maintained until adulthood.5,6 This allows for the possibility that 
these genes are involved in brain angiogenesis as well as other neuronal functions. 
Interestingly, Bai3 was found to reach its highest level of expression at P1, thereafter its 
expression steadily decreased.7 Latrophilin 1-3, on the other hand, have been linked to 
cell adhesion and cell signaling within the CNS, with latrophilin 1 and 2 predominantly 
expressed in the brain.8,9

Celsr1-3 genes are expressed broadly in the neuroepithelium at early developmental 
stages, with distinct expression patterns in the developing CNS arising later.10 At 
embryonic day 14 (E14), Celsr1 was expressed only in the ventricular zone, an area 
rich in neural progenitor cells. Complementary to Celsr1, the expression of Celsr3 is 
restricted to the cortical plate.10 The expression of Celsr2����	����
	�������������	�	��	��
throughout the developing cerebral cortex and spinal cord.10

CELSR2 and CELSR3 are activated by their homophilic interactions and exert 
opposing roles in the growth of dendrites and axons.11 Through silencing of Celsr3, an 
overgrowth of dendrites and axons were found to occur.12 Celsr3 thus plays a role in 
suppressing neurite growth while Celsr2 was found to enhance neurite growth.12,13 Celsr1 
is however implicated in neurulation as homozygous mutant Celsr1 mice demonstrate 
severe neural tube defects.14

Very large G protein-coupled receptor-1 (VLGR1) is highly expressed in the 
CNS during embryogenesis.15 The expression of VLGR1 is seen as early as E8, 
coinciding with neurulation.15 By mid-gestation, strong VLGR1 expression is detected 
in the ventricular zone. Vlgr1 mutant mice have been found to exhibit audiogenic 
seizures.16,17 Morphological analysis of their brain, however, failed to reveal any obvious 
malformations.16 Mutations in the VLGR1 gene were linked to the pathogenesis of human 
Usher syndrome type II, an autosomal recessive disorder of congenital hearing loss and 
progressive retinitis pigmentosa.18,19 Subsequent studies in the mouse model revealed 
that VLGR1 plays a crucial role in the normal development of auditory hair bundles.20

GPR56 is the only adhesion-GPCRs that has successfully been genetically linked 
�������������	��������
	������������������������������Z��������������������	����������
development, GPR56 is also highly implicated in cancer progression, as discussed in 
the previous chapter.
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GPR56 IN BRAIN DEVELOPMENT AND MALFORMATION

GPR56 and Bilateral Frontoparietal Polymicrogyria (BFPP)

Mutations in the human GPR56��	�	�����	����
	�������������������������������	��
bilateral frontoparietal polymicrogyria (BFPP).1,2 BFPP is a recessively inherited genetic 
disorder of human brain development.1,2,21,22 Individuals with BFPP present clinically with 
mental retardation of a moderate to severe degree, motor developmental delay, seizure 
������	����	�	�	�����������������������������������������	������	����������	�����	��������
dysconjugate gaze described as esotropia, nystagmus, exotropia and strabismus. Magnetic 
resonance imaging (MRI) of the BFPP brains demonstrates symmetric polymicrogyria 
with the anterior regions most severely affected, ventriculomegaly, bilateral white matter 
signal changes and small brainstem and cerebellar structures.1,2,21,22 The incidence of 
$�''��	��������\���������	����	������	���������	�������\������	�����������
��������
the availability of high resolution MRI and molecular testing.

A total of thirteen distinct GPR56 mutations have been reported in BFPP patients, 
including one deletion, two splicing and ten missense mutations (Table 2).1,2,23 The four 
missense mutations in the tip of GPR56N (R38Q, R38W, Y88C and C91S) produce 

���	����������	���	��������	����������\��������
�����	�������	�	�
�	�������}�	�����
mutations in the GPS domain (C346S and W349S) produce proteins with dramatically 
��
���	�� �	����	� ����� ���� ��� ������� �	����� ��	� 	���
������ �	�������� !�	�����
chaperons, thapsigargin and 4-phenylbutyrate, can partially rescue mutant GPR56 cell 
surface expression in cells expressing the mutant receptors, raising the possibility of 
potential therapeutic intervention for affected pregnancies.24

BFPP is a Cobblestone-Like Brain Malformation

Genotype-phenotype analysis of individuals with BFPP and other similar 
polymicrogyria syndromes have demonstrated that GPR56��	��	��	���	���������	��	�
a characteristic clinical syndrome similar to cobblestone-like cortical malformation.2 

Table 2. BFPP-associated mutations

Nucleotide Change Exon/Intron Predicted Protein References

97C�G 2 R33P 23
112C�T 3 R38W 1,2
113G�A 3 R38Q 2
235C�T 3 R79X 23
263A�G 3 Y88C 1
272G�C 3 C91S 1
739_746delCAGGACC 5 Frame Shift 1
E5-1G�C 5 Splicing Mutation 1
1036T�A 8 C346S 1
1046G�C 8 W349S 2
IVS9�3G�C Intron 9 Splicing Mutation 1
1693C�T 13 R565W 1,2,23
1919T�G 13 L640R 2
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Studies in Gpr56 knockout mice revealed a classic cobblestone-like cortical phenotype, 
���������� ����� ��	� �����
�������� ��� $�''� ��� ���		�� �� ����	����	&�\	� ��������
malformation (Fig. 1A).3

The cobblestone cortex results from aberrant neuronal migration through breaches 
in the basal lamina (Fig. 1B).25 Cobblestone cortex is typically seen in three distinct 
human disorders: Muscle-eye-brain (MEB) disease, Fukuyama-type congenital muscular 
dystrophy (FCMD) and Walker-Warburg syndrome (WWS).25 These three disorders 
are autosomal recessive diseases that encompass congenital muscular dystrophy, ocular 
malformations and cobblestone lissencephaly. MEB, FCMD and some WWS cases are 
caused by aberrant glycosylation of �-dystropglycan, a receptor for laminin.26-28 Mutant 
mice with deletions in some members of integrin pathway molecules and the extracellular 
���������������	��������	��������������������������	�	����������	���	���	����������
lamina integrity and cortical ectopias, features that resemble the human cobblestone 
malformation.29-34

Figure 1. A) Cobblestone-like cortical malformation in Gpr56 null mutant mice. a-b) Double-labeled 
immunohistochemistry (IHC) of Tuj1 (green) and laminin (red) on E13.5 coronal sections revealing 
intact pial basement membrane in Gpr56 heterozygous brains (a) with Tuj1-positive neurons lining up 
neatly underneath the pial BM. Whereas, Gpr56 homozygous brain (b) has a ruptured pial BM with 
Tuj1-positive neurons migrating through the fragmented pial BM (arrowhead). c-d) Immunostaining 
��� '�� ������ �	������� ���� �������� ��	�� �
	����� ���\	��� }���� ����	��� ZZ&ZZZ�� ~Z�� ���� !}Z'�� ����	��
V) revealed the disorganized lamination in Gpr56 null mutant brain (d). B) Development of normal 
cerebral cortex and cobblestone lissencephaly. a,c) Postmitotic neurons (blue) migrate along the radial 
glia process (black) to their respective layer. This formation occurs in an ‘inside-out’ manner, where 

����	����	���	�	���	������������	�
������	�	���&������	�������������
��
����	����	�����	���
	������
layers of the cortex and eventually forms the six-layered cortex found in adult brains. All layers are 
formed directly beneath the marginal zone where Cajal-Retzius (C-R) cells (green) are found (c). b,d) 
The formation of cobblestone lissencephaly. Cobblestone lissencephaly has three essential features: 
������ ��	������ ������������\	����	�� ��	����	����������������	���		����	����������
�������	����� ��	�
defective reagion; third, neurons migrate though the breach and form ectopic bumps on the surface of 
the brain. A color version of this image is available at www.landesbioscience.com/curie.



92 ADHESION-GPCRs

The suggested mechanism leading to cobblestone lissencephaly has been the 
defective pial basement membrane (BM).25 However, recent literature has challenged this 
notion. For example, (1) mice lacking MEKK4 and the Ras family guanine nucleotide 
exchange factor, C3G, exhibited a neuronal migration defect and the development of a 
cobblestone-like cortical malformation;35,36 (2) complete absence of Ena/VASP, an actin 
binding protein, resulted in the formation of cobblestone-like cortex.37 Taken together, 
these observations raise the possibility that abnormal neuronal migration may account 
partially for the improper formation of cobblestone-like cortex.

GPR56 is Expressed in Neuronal Progenitor Cells

Gpr56 mRNA was detected in the ventricular zone of the mouse developing cortex.1 
Subsequent immunohistochemistry (IHC) revealed that GPR56 is highly expressed in radial 
glial cells.3 Radial glia cells are special progenitor cells in the developing cortex. They 
have their somata in the ventricular zone and extend their long radial processes through 
the entire cortex, attaching via their endfeet to the pial BM. The proper anchorage of the 
radial glial endfeet is highly relevant to the integrity of the pial BM.29-33,38-40 Double-labeled 
IHC showed a high expression of GPR56 in the radial glial endfeet.3 The putative ligand 
of GPR56 is also present in the pial BM.3 Thus, it is conceivable that GPR56 is involved 
in the dynamic regulation of the pial BM integrity by binding its ligand in the extracellular 
matrix of the developing brain.

GPR56 Regulates Granule Cell Adhesion

$�''�
���	���� �	��������	� �	�	�	��� ������ �������������� ������� �����������	��
dysmetria and rest tremor, as well as cerebellar hypoplasia on their brain MRIs. However, 
little is known about the characteristics of the cerebellar defects. Histological analysis 
of adult Gpr56 knockout mice revealed a malformed rostral part of the cerebellum, 
encompassing lobules I-V in the form of fragmented pial BM and disruptions in 
folding of the cerebellar lobes.41 Strikingly, the defects in the developing cerebellum 
are only seen in the regions where Gpr56 is expressed between approximately E18.5 
and P0.5.41 Furthermore, despite the expansion of GPR56 expression to the caudal 
cerebellum at a later stage, the affected region remains restricted to lobules I-V at all 
ages, indicating the unique function of Gpr56 in rostral cerebellar development during 
the perinatal period.41

Although GPR56 is expressed in other cell types during later developmental stage in 
the cerebellum, its expression is restricted to the external granule layer (EGL) between 
E18.5-P0.5.41 Loss of GPR56 resulted in decreased granule cell adhesion to laminin 
���������	�����41 Moreover, GPR56 does not mediate granule cell adhesion through 
direct binding, since neither addition of soluble N-terminal fragment of GPR56 to the 
medium in the granule cell adhesion assay nor overexpression of full-length mouse 
%'<������#�����^}��	���	���	�	���	����	������������������������	������Z�����
possible that GPR56 regulates cell adhesion together with other membrane proteins 
like integrins and tetraspanins (Fig. 2). Indeed, GPR56 has been shown to interact with 
tetraspanins in cultured cells and members of the tetraspanins family act as molecular 
scaffolds with intergrin.42,43
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GPR56 Binds Tissue Transglutaminase (TG2)

GPR56 was shown to bind tissue transglutaminase (TG2).44 However, the biological 
consequences of this binding are not clear. TG2 is an intriguing molecule that was 
��	����	�����	�������?��	���������������	��	�=��	���������������	�����
���	����45 TG2 
is expressed in both the cytosol and extracellular space. It ‘moonlights’ between several 
distinct biochemical roles at various cellular locations. In addition to crosslinking, TG2 can 
modify proteins by amine incorporation and deamidation and by acting as an isopeptidase 
in a Ca2�-dependent manner.46 Furthermore, TG2 mediates the interaction of integrins 
����������	����������������\��
���	���������	�	�����	�����������47,48 The intracellular 
TG2, a latent form due to the low cytosolic Ca2� concentration under physiological 
condition, functions as a G protein (Gh).49 Gh/TG2 couples �1b- and �1d-adrenoreceptors, 
thromboxane and oxytocin receptors to activate phospholilpase C (PLC�1).50,51

The expression of TG2 in the developing forebrain was demonstrated by RT-PCR 
and western blot analysis with a progressively decreased protein level from E12 to P7, 
yet it is not known whether it is expressed in the cytosol or the ECM.52 Interestingly, the 
enzymatic activity of TG2 was low in the early embryonic mouse forebrain but increased 
��	�������
	�\������	���������������'?�������������	�
������������	��	�������������	�
mouse brain growth spurt including neuronal differentiation, neurite outgrowth and 
synaptogenesis.52 These observations raise the possibility that TG2 may play different 
roles at different stages of brain development, i.e., “moonlighting” between a signaling 
G protein and a transamidating enzyme.

The Ligand of GPR56

Our unpublished data suggests that TG2 is not the only binding partner in the developing 
brain. Furthermore, we demonstrated that the putative ligand of GPR56 is expressed in 
the meninges and pial BM.3 The meninges, differentiated from the immature meningeal 
��������������	������	�������������������������		�����������	�	��������	���	�����	�
pia, arachnoid and dura. The pia produces the BM, a specialized extracellular matrix 

Figure 2. Possible interactions between GPR56 (black), integrins (orange), tetraspanin (red) and the 
unknown ligand(s) (blue). Extracellular membrane (ECM) is shown in gray with the cell membrane in 
green. A color version of this image is available at www.landesbioscience.com/curie.
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�������	��	����	�������	������	��	�	�
������������	����	���������������������	������	�
pial BM by secreting and organizing the majority of basal lamina constituents, including 
laminin, collagen IV, nidogen and the heparin sulfate proteoglycan.53 The role of pial 
�	����	������������������������	�	�
�	���������������	��	�����	����	�������������
of these cells.54�<	�	��������	������	����	���
	�������������
���������������	��������	��
����� �	����	�� ���������� �	����	� �������� �	�	�
�	��� ��� �����	�� ������������ ��	�
dynamic structure of the pial BM/marginal zone.55-57

The Signaling of GPR56 in Cell Migration

Little is known about the signaling properties of GPR56. GPR56 has been shown to 
associate with the tetraspanin molecules CD9 and CD81, whose complex than associates 
with G�q/11 and G� subunits.42 More recently, it was suggested that GPR56 signals through 
the G�12/13 and RhoA pathway.58�Z�	�����������	����������%'<��������	��������	
���������
elucidating its signaling. It was described that the N-terminal fragment of GPR56 binds 
TG2.44 However, it is unclear whether TG2 functions as the ligand of GPR56.

It is suggested that GPR56 plays a role in cell migration by the following evidences: 
������	�
�	�	��	����%'<��������	�	������	��	�����	��	�����	���
�����59 (2) colocalized 
GPR56 and �-actinin;59 (3) activation of transcription factors, including NF-�B, by 
overexpression of GPR56;59 and (4) GPR56 inhibit neural progenitor cell migration by 
coupling with G�12/13���������	�<��&�	
	��	�����������
����������������������������	��
reorganization.58

CONCLUSION

Many of the adhesion-GPCRs are expressed and most probably have functions within 
the CNS. Yet, only a few of them are studied for their functions in the CNS. GPR56 thus 
���������	�������	���
����	��������
	������������������������������{	�	���		������	�
unraveling of GPR56 signaling has just begun. With the emerging effort in studying the 
developmental insights in relation to the adhesion-GPCR family, more members will 
reveal their roles in the development and function of the CNS.
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CHAPTER 8

GPR56 INTERACTS WITH EXTRACELLULAR 
MATRIX AND REGULATES CANCER 

PROGRESSION

Lei Xu*

Abstract: GPR56 is a relatively recent addition to the adhesion-GPCR family. Genetic and 
biochemical studies uncovered its roles in cancer and development and established 
its function as an adhesion receptor to mediate the interactions between cells and 
extracellular matrix. Despite of much progress on understanding its biological 
��
������������	��	�������������������������	������	����	��Z�����������		�������
established whether GPR56 signals directly through G proteins and what its upstream 
stimuli and downstream effectors are to execute its various biological effects. This 
chapter will give an overview of the primary structures of the Gpr56 gene and its 
encoded protein and attempt to point out open questions in this research area, with 
an emphasis on its roles in cancer and signal transduction.

INTRODUCTION

GPR56 is a relatively recent addition to the adhesion-GPCR family.1,2 After its 
��	�����������������������
����	��������		�����	�������	�������������������������	��3-5 
GPR56 has been implicated in cancer progression and brain development. The expression 
levels of GPR56 were inversely correlated with the metastatic potential of human melanoma 
cell lines2,3 and its expression suppressed melanoma metastasis and growth in a xenograft 
model.3 Mutations in the GPR56��	�	��	�	����������������
���	������������
	�����������
malformation called BFPP (bilateral frontoperietal polymicrogyria).5 The defects in BFPP 
patients were recapitulated in Gpr56 knockout mice.4,6 The effects of GPR56 on cancer 
and brain development converged on its predicted role as an adhesion receptor: it binds 
to extracellular matrix (ECM) and mediates the interactions between cells and ECM.3,4 
These functions of GPR56 and their implications on cancer will be discussed in details 
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in this chapter, following the introduction of the structures of the GPR56 gene and its 
encoded protein. The functions of GPR56 in brain development will be elucidated in the 
chapter by N. Strokes et al.

THE PRIMARY STRUCTURE OF GPR56 GENE  

AND ITS ENCODED PROTEIN

The GPR56 Gene

The GPR56��	�	�������	����	����������������	����������	���������EMR2-like genes 
from a human cDNA library by degenerative PCR.1 In the same year, a different group 
discovered an inverse relationship between a gene named TM7XN1 and the metastatic 
potential of human melanoma cell lines.2 The TM7XN1 gene was later found to be identical 
to GPR56. Although the family of adhesion-GPCRs are conserved from sea squirt to 
mammals,7 proteins homologous to GPR56 were only found in birds and mammals (www.
ncbi.nlm.nih.gov). In both avian and mammalian genomes, the Gpr56 gene is located 
between the Gpr114 gene and the Gpr97 gene on the same chromosome. GPR114 and 
%'<�>�
���	��������	�������������	��	��	����������������%'<��������	�	�����	�	��
with GPR56 in the same subclass (group VIII) of adhesion-GPCRs.8 They might be 
products of ancestral gene duplications, but what roles they might play or whether they 
have redundant functions as GPR56 have not been investigated.

The human GPR56 gene is localized on Chromosome 16q12.2-q21 and spans �45 kb 
with 15 exons (GeneID 9289, Fig. 1). The GPR56 mRNA is alternatively spliced and 
produces multiple mRNA variants that result in three main isoforms of GPR56 protein 
(Fig. 1). These GPR56 isoforms differ in their inclusion of an RVPLPC sequence in 
��	������������	������
��������"�""��	��	��	������	�������
	
���	����	��	����	�	�
variations result in any difference in protein functions has not been investigated. The 
longest isoform (isoform a) of GPR56 protein contains 693 amino acids.

GPR56 mRNA is widely distributed in tissues and organs.1 It is up-regulated in both 
neuronal and hematopoietic stem cells;9,10 it is one of the few genes that are shared by both 
types of stem cells, suggesting its potential roles in stem cell maintenance. Consistent with 
this, Gpr56 mRNA was shown to be expresssed in the subventricular zone of mouse cerebral 
cortex,4,5 where the neuronal stem cells reside. It is not clear whether the distribution of 
GPR56 protein overlaps with that of its mRNA, but at least in cerebral cortex, both the 
GPR56 protein and its mRNA are expressed in neuronal progenitor cells.4

The GPR56 Protein

Like other adhesion-GPCRs, GPR56 protein contains an extended N-terminus and a 
�	�	�&
����������	�����	�����������������	�������������������������������$�%'!<��2 
The N-terminus of GPR56 contains seven N-glycosylation sites and many potential 
O-glycosylation sites.11 Deglycosylation analyses in vitro showed that glycosylation 
occurs at all of the seven N-glycosylation sites and mutating all of them abolished cell 
surface localization of the receptor.11 The N-terminus of GPR56 does not contain any 
protein domains that are known to be involved in cell adhesion. However, like many 
other adhesion-GPCRs, the intermediate segment within the GPR56 N-terminus is 
highly enriched in Serine, Threonine and Proline (STP region) (Fig. 2). STP region 
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is typically found in mucins.12,13�Z����	��	��	����
������	��	������������������������
docking sites for O-glycosylation and mediate protein-protein interactions. STP-rich 
regions have been found in many other adhesion-GPCR family members,14 but their 
functions are not clear.

Immediately upstream of the seven-pass transmembrane domain of GPR56 is 
a cysteine-rich GPS (GPCR proteolytic site) motif. The GPS motif was initially 
discovered in latrophilin15 and was later found in most adhesion-GPCRs as well as other 
multi-pass transmembrane proteins, such as the polycystin-1 family members.7 GPS 
motif contains the highly conserved proteolytic site, His-Leu-Ser (Thr), with cleavage 
occurring between the Leu and Ser (Thr) residues. Proteolysis through the GPS motifs 
is thought to proceed via an auto-catalyzed mechanism.15a Autocatalytic cleavages occur 
in a diverse group of proteins reference including Hedgehog, glycosylasparaginase, 
nucleoporin and intein-containing proteins and are important for the normal functions 
of these proteins.16 Similarly, the GPS motifs in adhesion-GPCRs also appear to be 
required for their functions. Mutations in the GPS motif of latrophilin resulted in the 
retention of the receptor in ER.17 Presumably through its GPS motif,3,11 the mature 
GPR56 protein is cleaved into two fragments. Similar to latrophilin, this cleavage is 

Figure 1. GPR56 mRNA Variants. Human GPR56 gene spans 15 exons and encodes a protein containing 
a seven-span transmembrane domain and a GPS motif. Sequences from human ESTs correspond to 
eight different variants of GPR56 mRNA, presumably due to alternative splicing. These eight GPR56 
mRNA variants encode three isoforms of GPR56 proteins. In the diagram, boxes indicate exons and 
lines indicate introns. Exons in black constitute variant 1 and 4 mRNAs, encoding the isofrom a of 
GPR56 protein. Exons in grey constitute variant 2, 3, 5, 6, 7 mRNAs, all encoding the isoform b of 
GPR56 protein. Exons in white consistute variant 8 mRNA, encoding the isoform c of GPR56 protein. 
Isoform a of GPR56 protein differs from isoform b in that it includes an insertion of six amino acids 
�����	���
��	��		����	�����������	�����������	�����	��������������������������	�����	����Z���������
���%'<���
���	�������	����������	�����������
���	����������� ��� �����	��������	�����������	�������������
in the signal peptide (shown in a dark grey box). Variant 2 and 6 GPR56 mRNAs include additional 
sequences at their 5’ UTR (shown in green boxes), which do not cause any change in protein sequences. 
A color version of this image is available at www.landesbioscience.com/curie.
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essential for the normal functions of GPR56. Two of the mutations in human BFPP 

���	�����	�	���	����	�������	�%'"����������%'<���5 When these mutated forms of 
GPR56 were expressed in cell lines in vitro, they were found to remain uncleaved and 
������������������	�������	�11

Downstream from the cleavage site is the seven-span transmembrane domain 
followed by a short C-terminal tail. Two additional mutations in BFPP patients, R565W 
and L640R,5 reside in the 2nd extracellular loop of the transmembrane domain and 
at the beginning of the last transmembrane segment, respectively. When expressed in 
cell lines in vitro, these mutations did not cause any defects in cleavage or secretion of 
the receptor, but appeared to differentially regulate the localization of the C-terminal 
fragment of GPR56 to cell surface.11 The C-terminal tail and the 3rd intracellular loop 
in many conventional G protein-coupled receptors bind to G� proteins and transmit the 
downstream signaling. However, these segments in GPR56 are unusually short, raising 
the question whether GPR56 indeed directly signals through G�’s as classical GPCRs.

FUNCTIONS OF GPR56 IN CANCER

%'<��� ���� ��	����	�� ��� �� 
������	� �	��������� ��

�	����� ��� ��� 	�
	���	����
metastasis model.3,18 In this model, a pool of poorly metastatic human melanoma cells 
�	�	� ���	��	�����	���� ����� ��	���������	������ �������	���	������	����� ��	��� ����
�	�����}�	����	������	������	���	�	���	��	��������
��	���������������	���	�����	��
these cell lines were injected into mice again, they formed many more lung metastases 
than the parental line. Using this method, several human melanoma cell lines with 
different metastatic potentials were derived and genes that were up- or down-regulated 

Figure 2. GPR56 Protein. GPR56 protein contains a seven-pass transmembrane domain and a GPS 
motif. The intermediate segment of its N-terminus presides a Serine Threonine Proline (STP)—rich 
region. Mutations found in BFPP patients are shown on the diagram. Most of the mutations are at the 
N-terminus of the protein, except the two that are in the extracellular loop and the beginning of the 
last transmembrane segment.
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in the samples from highly metastatic cell lines compared with those from the poorly 
�	���������
��	������	��	�	���	����	������	�	�	�
�	�����������	���GPR56 mRNA 
was found to be down-regulated in tumor samples from highly metastatic melanoma 
cell lines, consistent with an earlier study.2 Further investigations showed that GPR56 
played suppressive roles in melanoma metastasis. Its overxpression led to reduced 
metastasis and its down-regulation led to enhanced metastasis.3

How does GPR56 suppress metastasis? Cancer cells must complete at least four 
steps to successfully metastasize: (1) their detachment from the primary tumor, (2) 
intravasation into circulation, (3) extravasation (exit) from the circulation, and (4) 
survival/growth in a distant organ.18,19 The above experimental metastasis assay analyzes 
the last two steps of metastasis, since the cancer cells were injected directly into the 
circulation of animals. Both clinical and experimental data suggest that these last two 
steps are rate-limiting for metastasis. In human cancer patients, a large number of 
cancer cells are often detected in their circulation, but metastases are rarely detected, 
or detected only in selected organs.18 Therefore understanding how metastatic cells 
exit from circulation and establish themselves as detectable metastases is critical 
����	��	����	�����	����	���	����}�	�������������%'<�����

�	��	���	��������������	�
experimental metastasis model suggests that it might inhibit the last two steps during 
metastasis. Whether it affects the extravasation (step 3) of cancer cells has not been 
investigated. However, expression of GPR56 was shown to suppress the growth of 
tumor cells in vivo, indicating that it might block the metastatic growth (step 4) of 
cancer cells during metastasis.

The effects of GPR56 on inhibiting cancer metastasis may correlate with its 
potential roles in stem cells. During the establishment of metastases, metastatic cells 
need to proliferate as a tumor mass, a process similar to cancer-initiating process during 
primary tumor growth. The metastatic cells must therefore contain cancer-initiating 
cells, or cancer stem cells. Gpr56 has been shown to be up-regulated in both neuronal 
and hematopoietic stem cells.9 Whether it plays any causative roles in stem cells 
has not been reported. However, stem cells are slow cycling cells, therefore GPR56 
might function to maintain the quiescent state of stem cells and, in the context of 
metastasis, to inhibit the proliferation of metastatic cells. In addition, GPR56 mediates 
the interaction between cells and ECM as an adhesion receptor. It might maintain the 
communications between stem cells and their microenvironment in normal tissues20 
and its down-regulation in cancer cells result in dysregulation of these interactions and 
favor the establishment of metastases.

Several reports also showed that GPR56 was up-regulated in certain types of cancers 
compared with corresponding normal tissues.21,22 In one additional report, reduction of 
GPR56�������������������	���	�����������������������������	���������������
�
������
induced by anoikis (anchorge-independent growth).23 These data suggest that GPR56 
might promote cancer progression instead of inhibiting it. The discrepancies between 
��	�	�������������������	��������%'<���
��������	�	�����	���������	�	�������	����
	��
or stages and need to be addressed by further investigation. However, up-regulation of 
GPR56 in cancer cells compared with normal tissues is not necessarily contradictory 
to its suppressive roles in metastasis and tumor growth. It is possible that in normal 
�����	��%'<������	�
�	��	�����������	������	�������������	���	����������	���
��	��
in a particular type of tumor, therefore the expression of GPR56 is increased in those 
tumors compared with normal tissues. Alternatively, up-regulation of GPR56 might 
act as a feedback mechanism to overcome the proliferation of cancer cells.
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SIGNALING PATHWAYS MEDIATED BY GPR56

GPR56 is predicted to signal through G proteins like conventional GPCRs. However, 
whether it does signal directly through G proteins and how it transmits its signals have 
�����		��	�������	���<	�	�����
���	������������������������%'<����	�	���	����	������
��	�
���������������	���%'<�����	��	������������	�	������	���}�	�	��	����������
and their implications will be discussed below.

TG2, the Putative Ligand

}����	���������������	��}%���������	����	�������	������
������	�����������%'<����
In the report by Xu et al, the authors found that the suppressive roles of GPR56 in tumor 
growth and metastasis appeared to be mediated by a factor in tumor microenvironment.3 
GPR56 was an orphan G protein-coupled receptor and it was speculated that its unknown 
ligand might be present in the tumor stroma and might have mediated its suppressive 
effects on cancer progression. To identify such a ligand, a fusion protein between the 
N-terminus of GPR56 and the human Fc fragment (denoted as FcGPRN) was expressed and 

����	���Z��������	���������������������	�	���%'<��&��������
����	���������������������
and on western blots. Results from both immunostaining and western blots indicated that 
��	����������%'<�������
��������!���}����������	��	����������	�����
������������
���� ����� �
	�����	����� ��� ���� ��	����	�� ��� �����	� ��������������	� �}%���� �� ������
crosslinking enzyme in ECM.

The interactions between GPR56 and TG2 established GPR56 as an adhesion receptor 
that mediates the signaling from ECM to intracellular pathways. Cell-ECM interactions 
are critical at multiple levels during metastasis and tumor growth.24 Both the receptors, 
such as integrins25 and their ECM ligands have been shown to profoundly affect cancer 
progression. The mechanisms, however, remain unclear. The link between GPR56 and 
TG2 provide additional avenues to dissect the functions of cell-ECM interactions in 
cancer progression.

Transglutaminases catalyze crosslinking of proteins by forming 
(�-glutamyl)lysine 
peptide bonds between two proteins in a Ca2�-dependent manner.26,27 TG2 is ubiquitously 
expressed and it is localized both intracellularly and extracellularly. The extracellular 
TG2 interacts with GPR56 and might mediate the suppressive roles of GPR56 in cancer 
progression.28-30 Extracellular TG2 has been implicated in tumor suppression by many 
�����	���`�	�	���	��	���
	��������������	����	���������������\�����
�������������	��
to analyze mammary tumor progression and found that atopic application of TG2 reduced 
the growth of mammary adenocarcinoma.28 More recently, exogenous TG2 has been 
administered to MDA-MB-231 breast cancer cells and it inhibited their invasion through 
matrigel.29 The contribution of TG2 in tumor suppression was perhaps most vigorously 
examined by Jones et al using Tg2–/– mice.30 They found that the mouse melanoma cell 
��	��$��&����	�����	�������������������	�����	�����	����Tg2–/– mice than in wildtype 
mice, suggesting strongly that TG2 acts to suppress tumor growth.

How TG2 suppresses tumor progression is not clear. In the study from Jones et al, 
exogenous TG2 was shown to inhibit angiogenesis in vitro,30 possibly due to accumulated 
deposition of collagen I surrounding the capillaries. Increased crosslinking by TG2 was 
shown to promote the resistance of ECM proteins to degradation.27 Therefore elevated 
TG2 activity might stabilize and increase the deposition of ECM proteins, but whether 
and how these effects regulate tumor progression is not clear. Activated TG2 was 
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reported to enhance the incorporation of latent TGF-� binding protein-1 (LTBP-1) into 
ECM and thus promote the activity of TGF-�.31,32 The activated TGF-� acts as a tumor 
suppressor in many cancer types and therefore it might inhibit cancer cell proliferation 
upon the activation of TG2. In addition to its crosslinking activity, extracellular TG2 also 
����������������������\���&���	
	��	�������	���}%����������������	����33 and integrins34 
�������������	�������	��
����	����������	�������������	����&�	����	���	����	�����35

How might TG2 mediate the effects of GPR56 in tumor progression? TG2 might 
activate GPR56 as a ligand and induce the downstream signaling that inhibits cancer 
progression. Whether this is true needs to be tested. Nevertheless, Tg2–/– mice do not 
show defects in ECM assembly as observed in Gpr56–/– mice,36,37 suggesting that either 
TG2 does not signal through GPR56 or TG2 is not the only ligand for GPR56. Other 
proteins might also signal through GPR56 and they are most likely ECM proteins, since 
the N-terminus of GPR56 was shown to bind to ECM in multiple tissues.3,4 Alternatively, 
GPR56 might regulate the activity of TG2 via an inside-out mechanism and modulate 
ECM remodeling in the tumor microenvironment (Fig. 3). GPR56 on tumor cells might 
“recruit” extracellular TG2 from tumor stroma and thus increases the local concentration 

Figure 3. Model of GPR56 Function. GPR56 is involved in metastasis suppression, brain development 
and possibly stem cell maintenance. GPR56 protein is cleaved, presumably in the GPS domain, into two 
fragments that remain noncovalently bound. The N-terminal fragment contains a Serine-Threonine-Proline 
(STP)—rich region. The C-terminal fragment contains the seven transmembrane segments. GPR56 
associates with CD81 and G�q in a complex and may be involved in cell adhesion. The N-terminus 
of GPR56 interacts with TG2, a transglutaminase, which crosslinks the ECM proteins and interacts 
����� �����	����� ���� ���	������ ��� �	� ������	�� }�	�	� ���������� ��� %'<��� ���� }%�� ���� 	��� ��� �!��
remodeling and cell adhesion. TG2 might activate GPR56 and stimulate downstream signaling pathways 
that inhibit tumor progression and regulate brain development as well as stem cell maintenance. The 
intracellular signaling events that may mediate the functions of GPR56 are not known. Recently it was 
reported that GPR56 activates RhoA through G�12/13. Reproduced with permission from Xu L, Hynes 
RO. Cell Cycle 2007; 6(2):160-165.18
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of TG2 and TG2 activity. This increased TG2 activity might alter the ECM property in 
tumors and inhibit tumor progression. Finally, GPR56 might form a complex with TG2 
����������������	�����������	����������	������������	�����������	����	��	����	������������
cancer progression (Fig. 3). Cell-cell adhesion and cell-ECM adhesion have been shown 
to play critical roles in cancer growth and metastasis. Therefore, GPR56 could interfere 
the cell adhesion during extravasation and metastatic growth and inhibit metastasis. All 
the above possibilities are not mutually exclusive and should be tested in future for further 
understanding of the roles of GPR56 in cancer.

GPR56 and CD81

GPR56 was reported to form a complex with the tetraspanin protein, CD81 and 
G�q in cell lysates.38 Tetraspanin proteins are four-span transmembrane proteins that 
often form large protein complexes (called tetraspanin web) on cell surface and have 
been implicated in cell adhesion and cancer.39 CD81 itself has not been directly linked to 
cancer, but many CD81-associated factors have. For example, CD81 tightly associates 
with another tetraspanin protein, CD9. CD9 was shown to impair invasion, metastasis and 
survival in many cancer types.40-42 GPR56 might mediate suppression in cancer progression 
through CD9 after its binding with CD81. In addition, CD81 interacts with integrin �4 
and strengthens the interaction between integrin �4 to VCAM on endothelial cells.43 This 
function of CD81 could potentially facilitate the transmigration of cancer cells through 
blood vessels during metastasis, which might be inhibited after its binding with GPR56.

Signaling Components Downstream of GPR56

Like other adhesion-GPCRs, the signaling components downstream of GPR56 
have not been well-characterized. GPR56 was reported to associate with CD81 and G�q 
in a complex,38 suggesting that it signals through G�q and stimulates Ca2������������
IP3 production. Recently, Iguchi et al proposed an alternative pathway downstream of 
GPR56. The authors reported that GPR56 signals through G�12/13 and RhoA in neural 
progenitor cells, but not through G�q. They found that GPR56 inhibited the migration 
of neural progenitor cells and these effects were reversed by the addition of inhibitors 
to G�12/13 and RhoA.44 Nevertheless, the direct interactions between GPR56 and G�12/13 
were not shown. It is possible that GPR56 activates another GPCR that signals through 
G�12/13 and RhoA. In the same report, the authors also mentioned that ectopic TG2 did 
not affect the signaling of GPR56, therefore alternative ligands must mediate the signal 
through GPR56 in these cells. However, TG2 is ubiquitously expressed and therefore 
most likely was already present in the cells that were analyzed. Exogenous TG2 might 
not be effective in mediating signaling through GPR56 in those cells, since the receptor 
is already occupied by the endogenous TG2.

CONCLUSION

The study on GPR56 is still at an early stage. Although much progress has been made 
in the last decade on its biological roles, many questions remain unanswered. GPR56 
������	����	���������

�	���������	���������������������������}�	�	�
�	������	�	�����
GPR56 were repeatedly reported to inversely correlate with the metastatic potential of 



106 ADHESION-GPCRs

human melanoma cell lines and the expression of GPR56 caused inhibition of melanoma 
growth and metastasis in a xenograft tumor model. The N-terminus of GPR56 was 
found to bind directly with tissue transglutaminase (TG2), a crosslinking enzyme in the 
	�����	�������������!����}�����������	�������	��%'<������������	������	�	
���������
mediates the interactions between cells and ECM. It has a wide-range of implications on 
how GPR56 might affect cancer progression and should be investigated further. On the 
contrary to the suppressive roles of GPR56 in cancer progression, a few additional reports 
suggested that GPR56 might promote cancer progression. GPR56 was found up-regulated 
in certain types of cancers compared with corresponding normal tissues and reduction of 
%'<���������������������	�����������������������������	���������������
�
�������}�	�
�����	
����	���	��		����	�	����������		������	�����	��	����������	�����	������������Z��
addition, GPR56 has been implicated in stem cell maintenance. The Gpr56 mRNA was 
shown to be up-regulated in both neuronal stem cells and hematopoietic stem cells and 
it is localized in the subventricular zones of mouse brains, where neuronal progenitor 
cells preside. But whether and how GPR56 affects stem cells have not been explored and 
deserve attentions in future studies. Finally, the signaling pathway that is mediated by 
GPR56 remains a mystery. GPR56 was shown to signal through G�12/13 to activate RhoA 
in neuronal progenitor cells. Whether GPR56 directly binds to G�12/13 and whether TG2 
or other ligands stimulates this signaling pathway await future investigations.
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CHAPTER 9

ADHESION-GPCRs IN TUMORIGENESIS

Gabriela Aust*

Abstract: Tumor growth is a highly complex, multistep process that involves tumor cell 
detachment, migration, invasion and metastasis accompanied by angiogenesis 
���� 	�����	���� ������� ����&��	��� ����� ��� ��	� ��	
�� ��� ����	��	�� ��� ������
cell interaction and interaction of the tumor cell with its microenvironment that 
����������������	�	����	���
	����������&��������	�������������	�����	����	��
and leukocytes as well as the extracellular matrix produced by the tumor cells 
��	��	�	����������	�����������

 Cellular communication takes place by the regulated expression of adhesion 
receptors. Adhesion-GPCRs are characterized by very long extracellular N-termini 
that have multiple domains. When considering this complex structure it is only 
logical that adhesion-GPCRs are involved in tumor cell interactions. Moreover, 
��	�	��	�	
������������������	��������	��������������\���������������������������
their structure, makes them interesting for tumorigenesis.

 The aberrant expression of several adhesion-GPCRs on tumor cells and their 
involvement in tumor growth have been shown for some of the family members. 
This overview summarizes expression database data as well as data from original 
research articles of adhesion-GPCRs in tumors.

DATABASES

Expression data on tumors are available for most of the adhesion-GPCRs (Table 1). Data 
on tumor cell lines will give further relevant information whether a particular adhesion-GPCR 
is expressed in a certain tumor entity. The following databases were utilized:

1. BioGPS (http://biogps.gnf; formerly the SymAtlas) is a database on gene 
function and structure funded by the Genomics Institute of the Novartis Research 
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Foundation that especially contains mRNA expression analysis of tumor cell 
lines and primary tumors.1

2. HPA: The Swedish Human Proteome Resource program hosts the Human 
'���	���������#'������
�������
���	������������
����������	�
�	������
���	��
of human proteins in normal and tumor tissues and cells. Data of one-third of 
the adhesion-GPCRs are available.2

3. AGCOH: The Atlas of Genetics and Cytogenetics in Oncology and Haematology 
(AGCOH; http://atlasgeneticsoncology.org) is a peer reviewed on-line journal 
and database with free access on the internet devoted to genes, cytogenetics and 
clinical entities in cancer and cancer-prone diseases. Latrophilin-2 and CD97 
are the only adhesion-GPCRs included in AGCOH.3

OVERVIEW ON THE ADHESION-GPCR FAMILY

}�	����������������	�������������
�	������������������$������������	����4

GROUP I: LATROPHILIN-LIKE (LATROPHILIN 1-3, ETL)

Latrophilin-1 and -3 are present predominantly in normal brain whereas latrophilin-2 
is expressed ubiquitously.5,6 Latrophilins probably have a physiological function in 
normal synaptic cell adhesion.7 Only few and often contradictory expression data on 
latrophilins in tumors and tumor cell lines are available. Their function in tumorigenesis 
has not been evaluated yet.

Most tumor cell lines and tumors show rather low latrophilin-1 mRNA levels.1

Some tumor cell lines and tumors of different origin are latrophilin-2 mRNA 
positive.1 Latrophilin-2 protein is present to a small extent in some tumors.2 Breast and 
lung tumors were judged as latrophilin-2 negative, which contrasts to the results of the 
����	����	�����	�����������	��

���	�	���	�������������������	���	��������	����������	��

������������	�	��=��������
in breast tumors within band 1p31.1, led to the characterisation of latrophilin-2.8 A number 
of breast tumor cell lines apparently overexpressed the gene whilst others showed very 
low levels of transcription.9

The strong expression of latrophilin-2 in normal lung is reduced in half of the 
matched primary nonsmall cell lung carcinomas (NSCLC).3 Over-representation of 
latrophilin-2 was not registered in any of these tumors, nor in any lung cancer cell line 
tested. Latrophilin-2 mRNAs are alternatively spliced to varying degrees with shifts in the 
major gene product to truncated or altered forms in some lines. Overall, the expression 
level and pattern of altered forms of latrophilin-2 varied between tumors and correlated 
to normal tissues.

The BioGPS database did not reveal or only rarely revealed expression of latrophilin-3 

in tumor cell lines and tumors whereas the HPA database suggests that latrophilin-3 is 
present in many tumor entities and most tumor cell lines.1,2

Normal smooth muscle and cardiac myocytes express high ETL mRNA levels. Most 
of the tumor cell lines are ETL-negative, except the mesenchymal cell line HT-1080.1 
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However, the tested cell line panel did not contain cell lines derived from muscle tumors 
such as leiomyosarcomas, thus a statement on ETL in relevant tumors is not possible.

GROUP II: EGF-LIKE (CD97, EMR1-4)

CD97 is the only member of EGF-like adhesion-GPCRs that shows a broad, not 
�	&��	��	��
	�����	�
�	������1 Beside cells of the hematopoetic system, epithelial and 
muscle cells are CD97-positive.10,11 Accordingly, most tumor cell lines as well as several 
tumor entities express CD97 at high levels.1,2

Glycosylation of CD97 in Tumors

Depending on the cell type and transformation status of the cells, CD97 is completely 
or partly N-glycosylated or naked.12 During tumor transformation, not only the CD97 
protein expression level but also the degree of CD97 N-glycosylation varies as shown 
for leiomyomas and leiomyosarcomas.11 However, tumorigenesis is not accompanied 
necessarily by N-glycosylation of naked CD97 in such tumors.11

}�	��		�����������	�!��>��������������	��	����	��	������������	�������	�������	�
correlation between CD97 and histopathological subtypes, diagnosis, progression, or 
prognosis of tumors as shown for various tumor entities13 because CD97 antibodies binding 
���������	�������%�&�\	���������	�	�������{&��������	��!��>�������������	�����!��>�
in tumors were carried out exclusively with antibodies to the EGF domains,14,15 thus, the 
data are representative for N-glycosylated CD97 only. The number of CD97-positive 
tumors increased dramatically if antibodies detecting glycosylation nondependent epitopes 
were used for immunohistology.13 Interestingly, binding to CD55, a ligand of CD97 
known as decay accelerating factor (DAF),16 depends greatly on N-glycosylation within 
the EGF-like domains of CD97 that has thus functional consequences.12

CD97 in Carcinomas

CD97 is a dedifferentiation marker in the thyroid.14,17 Papillary and follicular 
carcinomas were CD97-negative whereas most of the fatal anaplastic thyroid carcinomas 
expressed the molecule. However, in these studies N-glycosylation-dependent monoclonal 
antibodies were used.

CD97 is overexpressed in colorectal adenocarcinomas compared to the corresponding 
normal tissue.1,18 Carcinomas with more strongly CD97-stained scattered tumor cells at the 
invasion front showed a poorer clinical stage as well as increased lymph vessel invasion 
compared to cases with uniform CD97 staining.18 Gastric, pancreatic and esophageal 
carcinomas were also CD97-positive.15,19

Summarizing these studies, until now small patient groups have been examined, 
clinical outcome data correlated to CD97 expression are missing and anti-CD97 
monoclonal antibodies recognizing glycosylation-dependent epitopes were often 
used. These facts undermine a statement on the relevance and function of CD97 in 
tumorigenesis.
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Experimental Studies

Injecting HT1080/Tetoff cells overexpressing stably human CD97 in scid mice, 
led to a faster tumor induction.20 In vitro, CD97 expression levels correlated with the 
migratory and invasive capacity of colorectal tumor cell lines and HT1080/Tetoff cells, 
stably overexpressing CD97.18,20 Interestingly, a CD97-dependent increase in random 
single cell migration is disrupted by truncating the seven-span transmembrane part 
�}�>�����}��������	������������	���������	��������������������������������%�&�\	�
adhesion-GPCR.20 In addition, CD97 increased the secretion of chemokines and matrix 
metalloproteinases. In silico simulations demonstrated that these CD97-induced effects 
can increase the invasive capacity of tumors and cause the appearance of scattered tumor 
cells at the invasion front.20

Soluble CD97 in Tumorigenesis

The CD97 �-chain has been shown to be shed from the membrane of CD97-expressing 
�	���Z������	����\	����	�������������	�!��>���!��>����	�	��	���������������������
rheumatoid arthritis patients21 but not in sera of tumor patients (own unpublished results). 
Thus, it is unclear whether the release of the CD97 �-chain happens during tumorigenesis 
in vivo.

In experimental studies, the CD97 �-chain promotes angiogenesis as demonstrated with 

����	��
���	�����������	��	����������������	�	�����������������	�����	����������=������
of developing tumors expressing CD97. The CD97 �-chain acts by binding endothelial 
cells via interactions with CD97 ligands, glycosaminoglycans and integrins �5�1 and 
�v�3.

22 The involvement of the third known ligand of CD97, CD55,16 in tumorigenesis 
has not been demonstrated yet.

In normal cells EMR1, -2 and -3 proteins are restricted to the myeloid system. In 
a few tumor cell lines and tumors EMR1 and EMR2 mRNAs are moderately present.1 
}�	�
���	������������	��	��
	��������������	������	������	���	������	����
�	������������
`�����	����	�����������	������		��
�����	�������<���������������<��
���	�������
not present in colorectal tumor cell lines although many different EMR2 mRNA splice 
variants were found.23 Correspondingly, EMR2 was only rarely expressed in colorectal 
adenocarcinomas.23 This contrasts to the data obtained in colorectal carcinoma for CD97 
showing high structural homology to EMR2.24

Nonhematopoetic tumor cell lines are EMR3 mRNA negative.1 EMR3 is present 
in some tumor entities as breast, colorectal, liver and testis but nearly always at low 
levels.2

EMR4 protein is not present in human.

GROUP III: IgG-LIKE (GPR123, GPR124, GPR125)

GPR123 mRNA, conserved between the vertebrates, shows central nervous system 
�
	�����	�
�	������25 no other data are available.

GPR124����������������	����	�������������	�����	������\	�����������
�	����	��
during tumor angiogenesis.26 GPR124 is shed from endothelial cells and further proteolytic 
processing creates a protein subunit that mediates endothelial survival and subsequent 
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tumor angiogenesis, via interactions with glycosaminoglycans and the integrin �v�3.
27 

GPR124 itself is not or only slightly present in tumors or tumor cell lines.1,2

GPR125�����	�����	������	�	�
�	��	���
	������������	���������
	����28 but HPA 
����� �	�	�	�������	��	� �
	�����
���	��� 	�
�	������ ��������� �����	��2 Some tumor 
cell lines express slight to moderate GPR125 mRNA levels but most of the tumors are 
GPR125 mRNA negative.1

GROUP IV: CELSR-LIKE (CELSR 1-3)

Only few data are available on the expression of CELSRs in cancer. CELSR1 
mRNA was found to be expressed in gastrointestinal tumors by comparative integromics 
on noncanonical Wnt or planar cell polarity signalling molecules29 but mRNA levels in 
primary tumors are rather low.1

As shown in the HPA database, CELSR2 (Flamingo-1) is expressed at higher levels 
in nearly all examined tumor entities and tumor cell lines, but these data could not be 
������	�����$��%'"��<{��
���	��1,2

CELSR3 mRNA is present in some tumor cell lines and at low levels in several 
tumor entities.1,2

GROUP V: GPR133 AND 144

BioGPS database data revealed that only a few tumor cell lines are GPR133 mRNA 
positive. Tumor cell lines are GPR144 mRNA negative or only slightly positive.1

GROUP VI: GPR110, GPR111, GPR113, GPR115, GPR116

Many tumors of several entities are GPR110 mRNA positive, but by contrast, most 
tumor cell lines are GPR110 mRNA negative.1

For the adhesion-GPRs GPR111 and GPR113 no data related to cancer are 
available.

GPR115 protein shows moderate to high expression in normal tissues, most tumor 
entities and tumor cell lines.2

GPR116� �������
	����������	�
�	��������� �����<{����������� �	������������
lung and moderate levels in some other tissues such as the kidney, thyroid and adrenal 
gland.1 Lung and kidney tumors have especially elevated GPR116 mRNA levels. Most 
tumor cell lines are GPR116 mRNA negative or express low levels, except for the breast 
tumor cell line MDAMB231.1

GROUP VII: BAI-LIKE (BAI 1-3)

$����&�
	�����������	�	����������������$�Z���������	�����������	������	��	�
�	������
and are involved in the regulation of brain tumor progression. The decreased level of the 
three BAI genes in glioma tissues has been discussed as one of the molecular markers 
for the prediction of high-grade gliomas.30,31
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BAI1 is expressed in neuronal cells of the cerebral cortex but not in astrocytes.32 It is 
�����	������	��	��$�Z�����
�����	�������	��������	����	��	�	���������	�������������
and surrounding the tumor, because most tumor cell lines and tumors are BAI1 mRNA 
negative.1�$�Z����������������	����	�������
�^&�	����	���	�	�����	�
���	���
�������
could inhibit angiogenesis.33 The proteolytically cleaved BAI1 extracellular domain 
inhibits endothelial cell proliferation by binding �v�5 integrin via its thrombospondin 
type 1 repeats.34 The BAI1 extracellular domain can also inhibit in vivo angiogenesis and 
tumor xenograft growth in mice.35 The transfer of the BAI1 gene to the mouse renal cell 
carcinoma cell line Renca suppresses tumor growth via the inhibition of angiogenesis.36 
Taken together, BAI1 seems to regulate vascularisation of tumors and is thus a gene 
therapy candidate for the treatment of (brain) tumors, especially human glioblastomas.37

BAI2 mRNA is not present in most tumor cell lines but in some tumors of different 
entities.1

Most tumor cell lines and tumors are BAI3 mRNA negative.1 The data contrasts to 
that of BAI3 protein: BAI3 is moderately to highly expressed in most tumor entities.2

GROUP VIII: MISCELLANEOUS (GPR56, GPR64, GPR97, GPR112, GPR114, 

GPR126)

GPR56 mRNA is expressed in various normal human tissues.38 It plays a role in 
brain development.39,40

The data of GPR56 in tumors are contradictory and not consistent. Tumor cell 
lines show varying levels of GPR56 mRNA,38� ��������$��%'"� ��	����	������ �	��
tumor cell lines, mainly melanocytic, as GPR56 mRNA positive.1 Some pancreatic 
tumor cell lines showed high levels of GPR56 mRNA but the GPR56 protein was low 
or undetectable.41

GPR56 mRNA was expressed in poorly and intermediately metastasizing melanoma 
cell lines whereas it was downregulated markedly in the highly metastatic.38 The data were 
������	������������������	���	���	���	�������
������	����������^>�	����	������
�	�����	��	��������������	���	������	���������	����������	���	������	����	��%'<���
mRNA compared to the A375eco parental cells.42,43 Reduction of GPR56 in A375eco cells 
enhanced tumor growth and metastasis. GPR56 interacted with a ubiquitously expressed 
crosslinking enzyme, tissue transglutaminase 2 (TG2), located in the extracellular matrix. 
TG2 itself played suppressive roles in tumor progression44 and therefore it might contribute 
to GPR56-mediated suppression of melanoma metastasis in the used mouse model.42 In 
fact, the growth inhibition by GPR56 only occurs in vivo, suggesting that the function 
of GPR56 involves a factor in the tumor microenvironment.43

These data, all derived from melanoma cell lines, contrast clearly to those obtained 
from other tumor entities. In many human glioblastomas GPR56 was upregulated 
and seemed to promote cellular adhesion signalling.45 Higher GPR56 expression was 
correlated with cellular transformation phenotypes of several cancer tissues compared 
with their normal counterparts, implying a potential oncogenic function of GPR56.46 
GPR56 silencing resulted in apoptosis induction and reduced anchorage-independent 
��������������	���	������������"�����������������	�
���	�������������	��	��������	�	�
induced in vivo after GPR56 silencing in xenograft models.46 Recently it was shown 
that splice variants of GPR56 mRNA regulate differentially the activity of transcription 
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factors associated with tumorigenesis47 perhaps explaining in part the contradictious 
results on GPR56 in tumors.

GPR64 (HE6) associated with apical membranes of efferent and epididymal duct 
epithelia48 is absent in most other normal tissues and tumors.1,2 Database data on tumor 
cell lines are contradictory: GPR64 mRNA is missing according to BioGPS data whereas 
many tumor cell lines are GPR64 protein positive in the HPA database.1,2

Only few data on GPR97 mRNA on normal cells are available.1 GPR97 seems to 
be restricted to cells of hematopoietic origin.

For GPR112 no data are available.
GPR114 shows mild to strong expression in tumors of several origins.2 Accordingly, 

many tumor cell lines are GPR114 protein positive.2

Nearly half of the examined tumor cell lines of different origin showed elevated 
GPR126 mRNA levels.1 Consequently, some tumors of different tumor entities are 
strongly GPR126 mRNA positive although the levels varied between the patients.1

UNGROUPED (GPR128, VLGR1)

For GPR128 in tumors no data are available.
Tumor cell lines and primary tumors are VLGR1 (MASS1) mRNA negative.1

CONCLUSION

Adhesion molecules, mediating cell-cell and cell-matrix interactions, are regulated 
during tumor development and progression. The inhibition of adhesion, migration, 
invasion or angiogenesis by blocking adhesion receptors is a therapeutic approach to 
improve tumor control.

Adhesion-GPCRs are suggested to have, as the name implies, an adhesive function 
in tumors. However, the amount of information on the expression of adhesion-GPCRs 
in tumor cell lines and tumors is rather limited. Most of the adhesion-GPCRs are still 
poorly studied orphans with unknown functions.

Summary of Main Findings:

��� !��
�	�	����	����	�����������������	����&%'!<��������������	�������	�����
a few class members only, such as latrophilin-2, CD97, GPR124, BAI1 and 
GPR56. These adhesion-GPCRs are involved (i) in tumor angiogenesis as a 
tumor angiogenesis inhibitor (BAIs) or as a promoter (CD97) or as a marker of 
tumor endothelial cells (GPR124) and (ii) in the interaction of the tumor cell 
with its microenvironment (CD97). (iii) GPR56 acts as a tumor growth and 
metastasis suppressor in melanomas.

2. Some of the receptors such as GPR97 and GPR110 to GPR116 have been found 
during searches in the human genome databases49 and have not been explored 
outside database screening until now. Even in accessible databases any data on 
GPR112 and GPR113 are missing.
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3. Many of the adhesion-GPCR mRNAs are present in tumor cell lines and tumors1 
suggesting the presence of the encoded proteins in malignant tumors and a 
function of these receptors in tumorigenesis. For example, high expression of 
%'<��������%'<�����<{�����������������	��������	���#��	�	���������	������
articles on these adhesion-GPCRs in tumors have been published until now.

4. The cellular source of adhesion-GPCRs involved in cancer may not be just the 
tumor cell. In some cases, such as for BAIs the adhesion-GPCRs are partly 
expressed in cells of the tumor microenvironment regulating tumor growth.

5. For latrophilin-3, BAI3 and GPR64 mRNA data in the BioGPS and protein data 
from the HPA are contradictory, thus, evaluation was not possible.1,2

6. Splice variants are very frequent for the majority of adhesion-GPCRs. Alternative 
�
�����������	�	����	����&%'!<����������	��	�������	�	��	�	
�����	���	�
cellular interactions during tumorigenesis. Only data on different splice variants 
of latrophilin-2 mRNA in malignant compared to the corresponding normal 
tissues are available.

7. Different glycosylation and thus different ligand binding of an adhesion-GPCR 
in tumors compared to the corresponding normal tissue has been demonstrated 
for CD97. Whether this will be a general principle for adhesion-GPCRs has to 
be investigated.

Taken together, there is evidence for the expression and several functions of 
adhesion-GPCRs in tumors but these data are as heterogeneous as the family of 
adhesion-GPCRs. We are at the very beginning in our understanding of adhesion-GPCRs 
in tumorigenesis.
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CHAPTER 10

IMMUNITY AND ADHESION-GPCRs

Simon Yona, Hsi-Hsien Lin and Martin Stacey*

Abstract: Adhesion-GPCRs are unusual, owing to their unique structure, comprising a 
large and complex extracellular domain composed of various common protein 
modules. Adhesion-GPCR family members are expressed ubiquitously; however 
��	�	�
�	���������	�����	�	
��������������	����	���������	���	������	������
	�����
cell types. The EGF-TM7 adhesion-GPCR subfamily members are predominantly 
expressed by leukocytes and involved in coordinating both the innate and acquired 
immune responses. Here we highlight some immunological insights in relation to 
EGF-TM7 proteins and other members of the adhesion-GPCR family.

INTRODUCTION: ADHESION-GPCRs IN IMMUNOLOGY

Z���������������������	���	�������	��	������	���������������	�
�������	��������	��
of injury or infection. This response is coordinated by an assortment of membrane bound 
receptors, including lectins, TLRs, selectins, GPCRs, integrins and the Ig superfamily, 
found on leukocytes.1 Interestingly, the expression pattern of Epidermal Growth Factor 
��%��&�	�	��������	�����	��}�>���	�	
��������	�������	�����	�����	����&%'!<�����	�
predominantly leukocyte-restricted. The EGF-TM7 family comprises of CD97, EMR1 
(F4/80 receptor) EMR2, EMR3 and EMR4, all the members of this family posses 
extracellular domains which contain a GPS motif and multiple EGF-like repeat units, 
that undergo alternative splicing thereby producing multiple receptor isoforms2 (Fig. 1). 
It is now apparent that this family is involved in many aspects of leukocyte development 
and activation,3-10 further details may be found in this volume by Lin et al and Hamann 
et al. More recently, other adhesion-GPCR members have been implicated in the immune 
response, including BAI1 and GPR56.
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THE EGF-TM7 FAMILY

#�������������	�������	�����	���	��	��������	����&%'!<�������������	������
���	�
�
	����������	���	������	�������	�����������������������?�11 Since the early 1980s the 
F4/80 receptor (mouse EMR1) has provided an excellent marker for a number of murine 
macrophage subpopulations such as microglia, Kupffer cells, splenic red pulp macrophages 
as well as in Langerhans cells. The F4/80 receptor is also expressed, albeit at lower levels, 
on alveolar macrophages, dendritic cells (DCs) and eosinophils. The function of the F4/80 

Figure 1. The structure of adhesion-GPCRs. Adhesion-GPCRs are composed of a large N-terminal region, 
which often possess diverse arrangements of protein modules coupled to a seven-span transmembrane 
moiety. The majority of adhesion-GPCRs undergo an autocatalytic cleavage event (depicted by scissors) 
within the ER at a conserved G protein-coupled proteolytic site (GPS). Noncovalent association of the 
TM7 and extracellular subunit results in the formation of a heterodimer at the cell surface. Protein domains 
and N-linked glycosylation sites were predicted using SMART and NetNGlyc 1.0 algorithms respectively.
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receptor remained elusive until the generation of the F4/80 receptor null mouse, which 
demonstrated that the receptor was critical for the induction of peripheral tolerance in a 
number of in vivo models.12�!�����������	�
���	���	�
�	������
���	������	�����������?�
receptor orthologue, EMR1, is restricted to eosinophils.13 Nevertheless EMR1 mRNA is 
found at high levels in CD14� monocytes (http://symatlas.gnf.org/SymAtlas), suggesting 
that this protein undergoes tight translational control.

Unlike the highly restricted nature of EMR1 the other EGF-TM7 proteins, CD97, 
EMR2, EMR3 and EMR4, are expressed largely by myeloid leukocytes, including 
PMNs (polymorphonuclear cells), monocytes, macrophages and dendritic cells.3,7,14 At 
present the best characterised EGF-TM7 receptors are CD97 and EMR2 genes which are 
believed to have arisen through recent gene duplication and conversion events.15 Although 
������ ���������� ����	�	��	�� ��� 	�
�	������ 
���	�� ���� ������ �������� ���	� �		��
demonstrated for these two proteins. CD97 has a more promiscuous expression pattern, 
being found on activated T cells and B cells, smooth muscle cells as well as myeloid 
leukocytes. Furthermore, although the extracellular EGF domains of CD97 and EMR2 
��	��>����	����������������������	�	���������������������������������		���	��������	���
for example, the receptor isoforms possessing EGF domains 1, 2, 5 differ by a mere three 
amino acids; however, CD97 binds to its ligand, the complement control protein, Decay 
���		�������������������!�������������	������	����	�������������	�����	�����������
}�	�	����������	�����������	������	�!��>&!�������	�����������������	���		������
dissected; however during the adaptive immune response, CD97 is able costimulate T 
cells by binding to DAF resulting in T-cell proliferation, IL-10 production and enhanced 
expression of activation markers independent of DAF’s role in complement activity.16 The 
deletion of either DAF (ligand) or CD97 (receptor) genes ameliorates arthritis in rodent 
models, supporting a role for the CD97-DAF complex during the immune response.17

GONE FISHING

A major hindrance to the characterisation of adhesion-GPCRs to date has been the lack 
����	��	����������̀ �	��	������	����������
���	��
��������������	���������	&��
���������
adhesion-GPCRs, is the use of multivalent, high avidity probes. Recombinant soluble 
extracellular regions of adhesion-GPCRs were engineered to contain an Fc-fragment and 
��!&�	�����������������������������
����������������
	�������������������"���	��	���
���
���� ��� ����	��	�������	���� 	�� ��� ��	� ��	����������� ���� �������	��=������ ��� ��
����	�����������������	�����������������	�����	�������	��	�	
�����18 Using this 
�	������	���	����	��������������������!��>�������<�����������������	��%����������
have been shown to bind the extracellular matrix component chondroitin sulphate.5,8 As 
��������������
���	������	���������������	����	������������	������	��
	��������������
������������� �	
����� ���������������� ��������	�����19,20 It has been proposed that 
chondroitin sulphate heterogeneity may regulate the migration or differentiation of EMR2/
!��>�	�
�	��������	�����	����������������	
�����������������������������	������
!�����	��������	�
��	�������	�������<������!��>�����������������!��>����������
chondroitin sulphate in the synovial tissue from rheumatoid arthritis patients.21 In addition, 
��<�����������	�
�	��	�����
	��
�	���'�{�������
���	�������������	����������������
response syndrome,22��������������	��	����������\	������	��	�����	����
�������	��
and hyperactivation which often results in multiple organ failure and death. Indeed in 
�����������	�����	��	��������	�������'�{������	���������	���<���
	����������������
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antibody, 2A1, exhibit enhanced adhesion, migration and generation antimicrobial 
�	����������������������	�����
��&�������������	�������10 (Fig. 2A). Furthermore, 
CD97 has been implicated in PMN migration, in mouse models of colitis, in the clearance 

Figure 2. Adhesion-GPCRs in the immune response. The adhesion-GPCRs are involved in number of 
functional roles within the immune system. A) Ligation of EMR2 with an activating antibody regulates 
PMN activation. PMN migration and activation is critical during the initial phase of the innate immune 
response. EMR2 ligation increases PMN adhesion and migration to the site of injury or infection. In addition, 
EMR2 activation augments the production/degranulation of antimicrobial products such as superoxide and 
myeloperoxidase. B) BAI1 functions as a phagocytic receptor for apoptotic cells. The resolution phase of 
��	� ������������ �	�
���	� �	����	�� ��	� �	�����	� ��� �
�
������ �	��� ������������ ��	� �	���������� ��� �����	�
integrity and homeostasis. BAI1 directly engages phosphatidylserine on the surface of apoptotic cells and 
signals upstream of the ELMO–Dock180 module, which promotes the internalisation of apoptotic cells.
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of Streptococcus pneumonia and in joint damage during collagen-induced arthritis.4,6,23,24 
The administration of blocking CD97 antibodies reduced the neutrophil-dependent 
mobilization of haematopoietic and progenitor cells.9 Curiously, CD97 null mice are 
less susceptible to Listeria monocytogenes infection.25

The immune roles of the remaining EGF-TM7 members EMR3 and EMR414,26 are less 
well-characterised. EMR3 expression is highly expressed in leukaemias (NCBI-Unigene 
database) and antibody studies have shown it to be a marker of fully differentiated PMNs.
Unlike the other EGF-TM7 receptors, EMR3 is only up-regulated during late granulopoiesis. 
Interestingly EMR4 is a rapidly evolving gene. It is presumed to be pseudogene in humans 
due to a premature stop codon within the extracellular region; however, it is found as an 
intact full length coding gene in apes and lower species.27 Indeed, mouse studies have 
�������������	��
	������	��	�����������	�����!��– DCs via the intact murine EMR4 
receptor dramatically enhances antibody production, suggesting a function role in DC 
biology.28�}��	��	����	�����	���������
�����	��������	���	��	�������	������	�	������
EGF-TM7 receptors within the immune response and show their potential as therapeutic 
����	����������	��������������������������	��	��

BAI1

Z����������������	������������
���	��������������������	�
���	����	�����	��	���������
���������	���	��������
���	��	����	����	�	����	����	�����	�����
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����������	�����	�	���
facilitating the restoration of tissue integrity and homeostasis. The adhesion-GPCR brain 
angiogenesis inhibitor 1 (BAI1), was previously thought to be restricted to the CNS, 
recent data has shown BAI1 to mediate the clearance of apoptotic bodies (see Park 
et al, in this volume). Recent reports have implicated the adhesion-GPCR BAI1, in this 
resolution phase. BAI1, an adhesion-GPCR expressed on macrophages, posses tandem 
thrombospondin repeats coupled to a TM7 region via a GPS containing stalk region (Fig. 
1). These extracellular thrombospondin repeats bind phosphatidylserine found on the outer 
	��	�������	�
������	�����	�����
�
�������	������	�������	��¤	����	¥�������29 This 
binding, mediates TM7-dependent signalling via the interaction of guanine nucleotide 
exchange factors ELMO (Engulfment and cell Motility) and DOCK180 (Dedicator of 
Cytokinesis protein) and the small GTPase Rac. Subsequent actin polymerisation at the 
site of binding results in the phagocytosis and the clearance of apoptotic bodies (Fig. 2B).

GPR56

Although the adhesion-GPCR GPR56 has been implicated in cancer progression 
and brain development (see Xu et al and Piao et al, this volume), recent antibody studies 
���	���	����	��%'<�����������	����\	��������	�������������!���dull CD16� Natural 
��	�� �{����	�� ������ ���
	��
�	������������ ��� �����	�� �����	�������������� ��	�
discrimination of NK subsets.30�}�	�	�������	����%'<����������������������������	�
immune response has yet to be elucidated. However, when NK cells were treated by IL-2, 
IL-15 or IL-18 GPR56 expression is down-regulated, with the most effective reduction 
observed following IL-18 treatment. IL-18 is capable of inducing CD56dull CD16+ NK 
cells to express the chemokine receptor CCR7 de novo, which in turn these cells might 
mediate the chemotactic migration of NK cells. It is therefore possible that GPR56 plays 
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a role in NK cell migration/retention within tissues, a cellular function that has already 
been shown for GPR56 in the context of tumour development.

Microarray and EST data (http://symatlas.gnf.org/SymAtlas/, NCBI-Unigene 
database) illustrate the high expression of other adhesion-GPCRs on leukocytes including 
GPR97 in immune related sites such as bone marrow, spleen and whole blood suggesting 
potential roles within the immune system.

CONCLUSION

}�	� �	������	�� 	�
�	������ 
���	��� 
���	� ��� ���	����&%'!<�� 
�����	�� ��	���
particular functional roles within a number of physiological systems (see other chapters 
in this volume). In recent years, the EGF-TM7 family members have been implicated 
in a number of immune conditions from the initiation to the resolution of the immune 
response. Future research in these areas will hopefully increase our understanding of these 
receptors during the immune response and should provide future therapeutic targets for 
a range of human diseases.
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CHAPTER 11

CD97 IN LEUKOCYTE TRAFFICKING

Jörg Hamann,* Henrike Veninga, Dorien M. de Groot,  
Lizette Visser, Claudia L. Hofstra, Paul P. Tak, Jon D. Laman, 
Annemieke M. Boots and Hans van Eenennaam

Abstract: CD97 is a member of the EGF-TM7 family of adhesion G protein-coupled 
receptors (GPCRs) broadly expressed on leukocytes. CD97 interacts with several 
cellular ligands via its N-terminal epidermal growth factor (EGF)-like domains. 
To understand the biological function of CD97, monoclonal antibodies (mAbs) 
�
	����� ���� ���������� �%�� �������� ���	� �		�� �

�	�� ��� �� ����	��� ��� ��� �����
models in mice, which represent different aspects of innate and adaptive immunity. 
Targeting CD97 by mAbs inhibited the accumulation of neutrophilic granulocytes 
������	�������������������	�	������	��������������	����������	�	��	��������������
disorders and stem cell mobilization from bone marrow. Interestingly, targeting 
!��>�����������
���������	�&�
	���������
���	��	�
���	�����	�����������	��	��
type hypersensitivity (DTH) or experimental autoimmune encephalomyelitis 
(EAE). However, collagen-induced arthritis (CIA), a model for rheumatoid 
����������� ���� ������������ ��	�����	�� ����	������ ��	��
	����� ���	� ��� !��>�
����	������!��>&�	���	������	���	�	��	�����������������	��������	�	��	
��������
�����������������������������	��	�����	��������������������������!��
�������
of the consequences of antibody treatment and gene targeting implies that CD97 
mAbs actively inhibit the innate response presumably at the level of granulocyte or 
�����
���	��	������	���������	������������������$��	�������	���	��	���������	�
propose that the CD97 mAbs either activate CD97-mediated signal transduction 
via a yet unknown mechanism or act by inducing CD97 internalization, making 
CD97 unavailable for binding to its ligands and thereby blocking recruitment of 
neutrophils and possibly macrophages.
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CD97 IS A PROTOTYPICAL EGF-TM7 RECEPTOR

CD971 is a prototypical member of the EGF-TM7 family of adhesion-GPCRs.2-4 
Highly conserved during mammalian evolution,5 CD97 is broadly present on almost all 
types of leukocytes, with highest expression levels found on myeloid cells.1,6 In addition, 
CD97 is expressed by normal and malignant epithelial and muscle cells.7-10

Like all members of EGF-TM7 family, CD97 possesses tandemly arranged EGF-like 
domains.11 Due to alternative splicing, three CD97 isoforms with differently ordered 
EGF-like domains exist in man and mouse (Fig. 1A and B).12-14�}�	�����������%����������
found in all isoforms interact with CD55 (decay-accelerating factor), a regulator of the 
complement cascade.13-18 The second last EGF domain, which is present only in the largest 
isoform, binds chondroitin sulfate B (dermatan sulfate), a glycosaminoglycan that is 
found abundantly on cell surfaces and extracellular matrix.19,20 Finally, an Arg-Gly-Asp 
(RGD) motif in the stalk region of human CD97 is bound by the integrin �5�1 (very late 
antigen-5) and possibly �v�3.21 While the interaction with CD55 and chondroitin sulfate B 
is evolutionary conserved, the integrin-binding RGD motif is only present in hominoids.5

CD97 ANTIBODY TREATMENT INHIBITS GRANULOCYTE 

TRAFFICKING

Based on its molecular structure and ligand interactions, a role for CD97 in 
	�\����	� ������\���� ���� �		�� 
��
��	��15 To investigate the biological function of 
!��>� ����� �����&�
	���������	���� ��������	�����	��	���������� �
	������%����������
were generated in Armenian hamsters (Fig. 1C). Two CD97 mAbs were isolated: 1B2, 
blocking the CD97-CD55 interaction and 1C5, interfering with the supposed binding site 
for chondroitin sulfate. The functional consequences of targeting CD97 and blocking 
���� ������� ���	��������� �	�	� �����	�� ������ �	�	��� ����	� ������������ ���	�� 	����
representing different aspects of innate and antigen-dependent immunity.

An initial study revealed reduced migration of radioactively labeled neutrophils to 
��	������	�����������	�����������	����������""�&��	��	�����	�18 The consequences of 
this defect in neutrophil migration for host defense were demonstrated in an acute mouse 
model of pneumococcal pneumonia provoked by intranasal infection with Streptococcus 
pneumoniae.18 Mice treated with CD97 mAbs 1B2 or 1C5 displayed a reduced granulocytic 
�������������������	�����?����������	��������������}����������������	���������������������
enhanced outgrowth of bacteria in the lungs at 44 hours and a strongly diminished 
survival (p � 0.0001). A similar reduction in recruitment of granulocytes to the lungs 
was observed when mice were challenged with lipopolysaccharide (LPS). As shown in 
Figure 2A, the 1B2 mAb was able to inhibit neutrophil migration to the lungs after 24 
hours to a similar extent as a mAb to CXCR2, a chemokine receptor demonstrated to be 
relevant to neutrophil recruitment. Next, we studied whether 1B2 could block interleukin 
(IL)-8-induced stem cell mobilization from bone marrow, which has been described to 
act through a neutrophil-dependent mechanism. Complete inhibition of mobilization 
was found in mice treated with 1B2.23 Cell sorting and subsequent culture experiments 
indicated that CD97 is not expressed on colony-forming stem cells thus indicating that 
the absence of stem cell mobilization after CD97 mAb administration is due to its effect 
on neutrophil function.
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In an effort to determine whether (1) CD97 is important in the recruitment of 
���������	��������	�����
����	��������������	��\�����������!��>����	������	�������������
in a model, which has been shown to represent aspects of both innate and adaptive 
immunity, 1B2 mAb was tested in the oxazolone DTH model. In this model, macrophages 
and granulocytes are recruited into the skin upon challenge with oxazolone and based 
�����	�	����	�������������������	���������

�	�����������������������} >�?������

Figure 1. A) Cartoon representation of human CD97 interacting with its cellular ligands. At the cell 
surface, CD97 is expressed as a noncovalently associated dimer consisting of an extracellular � and a 
membrane-spanning � chain. The two chains result from autocatalytic processing of a CD97 propeptide.22 
��	������	� �
������ �	�	���	�� ��������� ����� ���		�� ����� ��� ��	� �%�� ��������12 Shown here are the 
smallest and the largest isoform. While EGF domain 1 and 2 interact with CD55, EGF domain 4, 
which only is present in the largest isoform, binds chondroitin sulfate B. Integrins bind a RGD motif 
in the stalk region of human CD97. B) Mouse CD97 has a structure similar to human CD97 albeit 
that the maximal number of EGF domains is four.13,14 Shown here is the middle isoform. In the largest 
isoform, the EGF domains 2 and 3 are separated by 45 amino acids. C) Characteristics of human and 
mouse CD97 isoforms. Depicted is the composition of the EGF domain region, the relative amount 
��� ��������
��� 
�	�	��� ��� 	�\����	�� ���� ��	� ������ �
	��������� Z�� �������� �������� ���� !���� ����	��	��
inversely with the number of EGF domains. An interaction of EGF domain 3 of mouse CD97 (the 
homolog of EGF domain 4 in humans) with chondroitin sulfate B still needs to be proven. The binding 
���	� ��� ����� �	�����=���� �
	����� �%�� �������� ��� ����	� !��>� ��� �������	��
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rapamycin it has been suggested that also T-cell recruitment and/or activation are affected 
(see Fig. 2B). 1B2 was not able to inhibit the recruitment of granulocytes to the ear of 
the mice as was determined by measuring the skin thickness of the ear, suggesting that 
either 1B2 is not effective in preventing migration of granulocytes to skin or that the 

Figure 2.� }���	����� !��>� ��� ���� ���� �\��� ������������ ���	��� ��� Z�� ��	� �'"&�����	�� 
���������
model, 4 mice per group were treated with 25 mg/kg antibody 2 hours prior to intraperitoneal (ip) 
����� ���	������ ��� �� ���\�� �'"�� ��� ������ ���	�� �'"� ���	������� ����� �	�	� ����	��	�� ���� �������	��
�	����
���� ����%� ���� !����� 
������	�� �	�	� �������	�� ��� ���� �����	����� $�� Z�� ��	� ���=���	� �}#�
model, 10 mice per group were sensitized with oxazolone on day 0 on the skin of the belly and 1B2 
(25 mg/kg) was administered every other day from day 0 on ip. On day 6, mice were challenged on 
the skin of the ear with oxazolone and ear thickness was determined on day 7, 8 and 9. Rapamycine 
(1.5 mg/kg) and FTY720 (1 mg/kg) were used as positive and the subclass-matched irrelevant antibody 
3D7 was used as a negative control. C) In the tetanus toxoid DTH model, 8 mice per group were 
sensitized with tetanus toxoid (3.75 LF in 50% DDA) 7 days prior to challenge. At day 7, 4 hours 
before tetanus toxoid challenge (2.5 LF in 0.1% alum) in the paw, 25 mg/kg antibody or 3 mg/kg 
prednisolone was given ip. Paw swelling was determined on day 8 (24 hours after challenge, left bars) 
and 9 (48 hours, right bars) and compared to nonchallenged paws and expressed as delta mm. Data 
are mean � SEM. ** � p � 0.01.



132 ADHESION-GPCRs

}&�	����
��	����������������������������	��������
��	�����	��	��������������	�����
more antigen-driven DTH model, induced and challenged with tetanus toxoid, 1B2 was 
not able to suppress the DTH (Fig. 2C). The data imply that 1B2 does not affect the 
�����	�&�
	������	�
���	�������������	���	������	�������������������	���{�����������
anti-CXCR2 was not able to suppress tetanus toxoid DTH, thus implying that this DTH 
�	���������������	
	��	�������	����
���������������}�\	�����	��	�������	�����!��>�������
��������	�������	�����	�	������������������	������	���������!��>�
���������
�������
role in neutrophil recruitment and function.

CD97 TARGETING IN ANTIGEN-DRIVEN DISEASE MODELS

The role and therapeutic potential of CD97 in arthritis has been studied in detail. We 
previously suggested that the colocalization of CD97� intimal macrophages with CD55� 
��������&�\	�����������	��������������������������	&�����������������	�����	��	����
��	�������������������������	������	������������������	�����������������������������
in rheumatoid arthritis.24 To study the relevance of targeting CD97 and blockade of its 
interaction with its ligands, we assessed the effect of 1B2 and 1C5 mAbs in the mouse 
CIA model. We found that treatment of DBA/J1 mice developing CIA with mAb 1B2 
�������������������������	�������	��	���	���	������������������

�	�������������������
scores (p � 0.05) and less joint swelling (p � 0.05) compared to the control groups.25 
<�������������������������������������	�������������������	��	�����������������������
�������������	���������������	����	���	������������	���������^�����	����	��	���!��>�
mAb application had similar effects albeit less pronounced. In subsequent experiments, 
we demonstrated that targeting CD97 with 1B2 is as effective in therapeutic treatment 
of CIA as targeting tumor necrosis factor (TNF) (reduction of mean arthritis score of 
60%).26 Radiological analysis and immunohistochemistry showed that 1B2 and anti-TNF 
had similar favorable effects on bone destruction. In addition, using the 1C5 mAb, which 
targets only 55% of total CD97, we found a strong trend towards reduction of the mean 
arthritis score of 40% (p � 0.057). These results support the notion that the interaction 
�	��		��!��>���������������������������	��������������������������������	��	����������
in arthritis.

In addition, we analyzed EAE, a mouse model for multiple sclerosis. We had 
previously shown that CD97 is abundantly expressed in multiple sclerosis lesions by 
different cell types including macrophages/microglia and T cells.27 In addition, CD55 
is expressed by endothelial cells and by macrophages/microglia in active lesions. In a 
standard EAE model, SJL/J mice were treated with up to 1 mg 1B2 from two days before 
immunization with proteolipid protein (PLP) peptide fragment 139-151 and then every 
other day until day 12 after immunization. Using this intense antibody regimen, EAE 
����������	��������	��	������	�	������	�	��������������������	��	������$����	���	���
(Fig. 3). The somewhat higher EAE scores in the antibody-treated groups may be due to 
biological variation in a complex disease model.

Table 1 summarizes the results of antibody treatments in different mouse 
immunological models, each representing different aspects of innate and adaptive 
immunity. In all cases where mAbs 1B2 and 1C5 were studied in parallel, 1C5 was 
less effective than 1B2, which can be explained by its restricted binding to only the 
larger isoforms of mouse CD97 (only present in about half of all CD97 molecules). 
}�\	�����	��	�����	�	��	�������

������	���	�������!��>������	����	��������������	�
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�	������	���������������	��������	������������������}�������	�
	�����	���	�����	��
CD97 antibodies are tested in models, which allow studying the migration of neutrophils 
in isolation, e.g., LPS- or thioglycollate-induced neutrophil recruitment. However, 
when CD97 is targeted in more complex models, which represent in addition to innate 
immunity also aspects of adaptive immunity, i.e., DTH models, no effect of CD97 mAbs 
is found suggesting that CD97 targeting does not interfere with T-cell recruitment or 
recall responses. This notion is further substantiated by the lack of effect of 1B2 in a 
T-cell-driven EAE model, in which disease can be blocked by FTY720 treatment.28 
Interestingly, the 60% inhibitory effect of 1B2 treatment in established CIA, which largely 
depends on IL-1�, may suggest a role for granulocytes in this model. Alternatively, 
other cell types such as macrophages may be affected here by CD97 blockade. In 
addition, the CIA model in contrast to the EAE models has been demonstrated to be 
only partly dependent on T-cell recruitment and/or activation.29 Collectively, our data 
show that CD97 targeting predominantly affects the innate response (neutrophils and 
possibly macrophages) and not the adaptive response. Clearly, additional research is 
needed to further substantiate this notion.

Figure 3. Early treatment with CD97 mAb does not affect EAE development. SJL/J mice (5 per group) 
were immunized subcutaneously with PLP139-151 in complete Freund’s adjuvant and additionally injected 
intravenously with heat-killed Bordetella pertussis bacteria. Treatment (arrows) with mAb 1B2 or hamster 
immunoglobulin control antibody ip was initiated two days before immunization (arrowheads) and applied 
every other day thereafter until day 12 after immunization. In two separate experiments mice received 
0.25, 0.5 or 1 mg 1B2. Mice were weighed and scored for clinical signs of EAE daily. Bars represent 
the mean clinical scores, lines the mean weight, both � SD. *, two mice died before the onset of EAE.
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ANTIBODY TREATMENT VERSUS GENE TARGETING

���	���\��	����������� ��	�	�
	���	�����	�����	������	����� ��	����������� ����
����	�	���!��>��������������������������	�������\��������	��$�����	��	�	�������!����
binding in vitro, 1C5 binds at the predicted interaction site for chondroitin sulfate B. We 
concluded that either different CD97-ligand interactions equally contribute to granulocyte 
������\������������	���������	����	�������	���������	�
	���	�������������������������������
����������	���������	��	�	��������	��	��	����Z�
�����������	�!��>&�
	�����	��	��������	�
����������������������������	������	��������������������������	������������������	�
�����	��
	�����	����������\	��������&��
	������������\���\�������	�30

Table 1. Consequences of CD97 antibody treatment in immune responses in mice

Model
Mouse 
Strain Causing Agent CD97 mAb

Effects of 
Antibody 
Treatment Reference

Innate
Colitis BALB/c DSS 1B2 Granulocyte 

������������
18

Peritonitis C57BL/6J Thioglycollate 1B2 and 
1C5

Granulocyte 
������������

30

Pulmonitis C57BL/6J LPS 1B2 Granulocyte 
������������

De Groot 
et al, this 
chapter

Pneumonia BALB/c S. pneumoniae 1B2 and 
1C5

Granulocyte 
������������ 
Bacterial clear-
ance � 
Survival �

18

Stem cell 
mobilization

BALB/c IL-8 1B2 Mobilization 
of hematopoi-
etic stem and 
progenitor cells �

23

Antigen-dependent
DTH BALB/c Oxazolone 1B2 No effect Hofstra et al, 

this chapter

DTH BALB/c Tetanus toxoid 1B2 No effect De Groot 
et al, this 
chapter

CIA DBA/J1 Bovine collagen 1B2 and 
1C5

Disease activity � 
Bone destruc-
tion �

25,26

EAE SJL/J PLP139-151 1B2 No effect Visser and 
Laman, this 
chapter
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!��>&�	���	������	���������	�	� ���	
	��	�����	�	�
	����� ��	� �������������
Kathleen Kelly and by us, showed a mild granulocytosis at steady state that increased 
���	�������������������������30,31�<	������	���������������	��������	�����������������
was unaffected and the immune response to S. pneumoniae-induced pneumonia in our 
CD97 knockout mouse was the same as in wild-type mice.30 In contrast, Kelly and 
coworkers observed an improved immune response in their CD97 knockout mouse in an 
acute infection with Listeria monocytogenes that possibly was due to the granulocytosis.31 
Future studies will have to elucidate whether this is related to the different pathogens 
used or is caused by other factors.

IN VIVO STUDIES START TO UNVEIL THE CD97 MECHANISM 

OF ACTION

One explanation for the differences observed between CD97 gene targeting and 
antibody treatment is that the CD97 knockout mice do not show the granulocyte migration 
defect due to compensatory mechanisms that develop during ontogeny. Alternatively, 
CD97 antibodies might actively induce an inhibitory effect that disturbs granulocyte 
and possible macrophage transmigration, which is not perturbed by the absence of the 
molecule.30 An agonistic effect of CD97 antibodies could involve regulation of the 
interaction between the � and the � chain or interference with receptor dimerization, 
which is a characteristic of EGF-TM7 receptors.32 However, up to now no such signaling 
event could be demonstrated despite many efforts studying known GPCR mediators 
(Garritsen, Van Elsas and Van Puijenbroek, unpublished data).

Another putative mechanism of action for targeting CD97 with antibodies may be 
formed by the depletion of soluble CD97 from the circulation. The � chain of CD97 has 
been shown to be shed from the membrane of CD97-expressing cells and to be increased in 
the sera of CIA mice and of patients suffering from rheumatoid arthritis.26,33 Up to now, two 
functions have been ascribed to the � chain: chemoattractant action and costimulation of 
T cells.21,34 Since CD97 is implied as a contributor to granulocyte recruitment, chemotactic 
properties of the � chain are especially relevant. Soluble CD97 was shown to induce 
chemotaxis of human umbilical vein endothelial cells (HUVEC) in an integrin-dependent 
��������������&�
	���������	��21 In addition, Spendlove and coworkers demonstrated that 
soluble CD97 can crosslink CD55 molecules on T cells in vitro, thereby in the presence 
of anti-CD3 stimulus increasing T-cell proliferation, upregulating CD69 and CD25 and 
inducing the secretion of IL-10 and granulocyte-macrophage colony-stimulating factor 
(GM-CSF).34 However, our observation that targeting CD97 is probably not effective in 
in vivo models, which have been shown to be highly dependent on T-cell recruitment and 
activation, raises doubt on whether this mechanism translates to the in vivo situation. In 
addition, we recently demonstrated that soluble CD97 was also increased in CIA mice 
effectively treated with IL1� antibodies,26 suggesting that the increased soluble CD97 is 
more an epiphenomenon rather than a causative factor in this disease model.

A third putative mechanism of action is suggested by our own work, which showed 
that binding of 1B2 to CD97-positive cells induces internalization of the CD97 receptor.26 
������������	��������������������%'!<�������������	���������	�����������		�����	��	��
for an EGF-TM7 receptor family member. Upon binding of 1B2, CD97 internalizes and 
thereby would become unavailable for binding to its ligands. This latter mechanism 
would also explain why 1C5 and 1B2, although they block the binding to two different 
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ligands, are both able to inhibit CD97 function. The relative abundance of binding (1B2 
binding all CD97 molecules and 1C5 binding only about half of all CD97 molecules) 
�����	�
���������$��	��	������	��	
��������������������������������������	������������
����!����	�������	�������������������������	�

CONCLUSION

�������������	��������	�
�����	�����������������������	�
������������������������
CD97, we are still missing crucial knowledge for a comprehensive biological understanding 
�����������	����&%'!<��Z��	�	���������	��	�
	���	�����	�	����������	����	����	��������
between CD97 and CD55 in vivo. We found that CD97 expression in CD55 knockout 
���	��������������������	��	������� 	�\����	����������������
�	����
	�����	�	����	�
���	�� ������	�����!���&�	���	��� 	�\����	�� ��������&��
	����	��~	������	��������\�
in progress). Elucidating the molecular processes engaged by CD97 and the working 
mechanism of CD97 antibodies may lead to the development of novel therapeutics for 
��	���	���	������������������������	���
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CHAPTER 12

THE ROLE OF CD97 IN REGULATING 
ADAPTIVE T-CELL RESPONSES

Ian Spendlove* and Ruhcha Sutavani

Abstract:� !��>�������	����	��������	������������������\	�����}��	�������������	�
�	������
on naive T cells. This is a common feature of molecules that have a role in T-cell 
���������� Z�� ���� ����	��	���� ��	����	�� ��� �� ������ ���� !����� ������ ���� �		��

�	���������	����	�������������	��	�������������
	�	����}�	����	����������������
receptor-ligand pair has been shown to provide a potent costimulatory signal to human 
}��	����	�
��	���	������	������������}�����������!��>�����!������	�	�
�	��	��
���}��	������	���������	��
�	�	�������	����'!������	������	����������������������
when CD97 on APCs interacts with CD55 on T cells. The converse interaction is 

������	��	�����������	�	����������������������	���
	��������	����	�����������
CD97 with CD55 is the stimulation of naive T cells, leading to the induction of 
IL-10 producing cells that behave like Tr1 regulatory cells. This raises a number 
of questions regarding the dual functions of CD55; regulating complement and 
stimulating T cells via CD97 interaction and any potential overlap in the consequences 
of these dual roles.

INTRODUCTION: STRUCTURE OF CD97 AND ITS INTERACTION  

WITH CD55

}�	��������	��������������	�!��>���	��	������	�����������	��	��������������
described it as an early activation marker of lymphocytes with a size of 78-85 kDa. The 
molecule is expressed by monocytes, granulocytes and activated B and T cells. Although 
low levels of CD97 were detectable on resting lymphocytes, it was found to be rapidly 
upregulated (within 2-4 hours) following stimulation of peripheral blood mononuclear 
cells with concanavalin A and via CD3/CD28 costimulation.1,2
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The gene structure and isoforms of CD97 are discussed in other chapters of this book. 
The protein structure of CD97, shown interacting with CD55 (Fig. 1) is modelled on the 
crystal structure of EMR2, a closely related family member. EMR2 differs from CD97 
in the 1, 2 and 5 EGF-domain isoform by only 3 amino acids.3 The model shows the 
interaction of CD97 with CD55 based on NMR and crystallographic studies.4 The 1, 2, 5 
�����������!��>��������
���������!���������������������������������������������D) 
of 86 �M) and exhibits a rapid off-rate. Although the 1, 2, 5 isoforms differs by only 3 
amino acids in the EGF-like domains, there is greater variability in the stalk region of the 
molecules. While EMR2 is able to bind CD55 it does so with a KD of at least an order of 
magnitude less than CD97. This indicates that the EGF-like domains are responsible for 
the interaction with CD55 and that the interaction can be affected by very small changes 
in the primary sequence.5

Figure 1. A model of CD97 (bottom left, dark grey) showing the EGF domains 1, 2 and 5 interacting 
with CD55 (light grey) showing SCR domains 1-4. The diagram also shows the proposed positioning of 
the C3 convertase on the opposing face to that of CD97. The model is based on crystallographic studies 
of CD55, CD97 supported by NMR studies of their interaction. Mutagenesis studies have revealed the 
proposed surfaces responsible for C3 convertase interaction (refs. 4, 25 and Lea 2004).
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The cloning of mouse CD97 revealed that there was a phylogenetic restriction in 
binding to CD55. Mouse CD97 was able to bind both rat and mouse CD55 expressing 
erythrocytes and human CD97 only bound to human and primate erythrocytes.6,7 It was 
shown that the same 1, 2, 5 isoform of mCD97 interacts with mCD55 and is required for 
binding of mouse erythrocytes and splenocytes to human embryonic kidney (HEK) 293 
cells transfected with mouse CD97. However, the regulation of mCD97 on lymphocytes 
appears different to that of hCD97. Whereas activation of human T cells results in 
upregulation of CD97, interestingly, mCD97 levels appear to decline in splenocytes 
following stimulation, with levels return to normal by 48 hours poststimulation.7

COSTIMULATION OF T CELLS

Ligand-receptor interactions are the main regulatory mechanism controlling effector 
functions of T cells. These interactions are tightly regulated by a host of mechanisms 
���������	�������	����
��&���������&����������������������������\��	��������������
receptor expression and therefore regulate the involvement of these receptors in T-cell 
activation.

}�	�	�������������	�����	�����	�	
���&���������	���������\������������	��	�}&�	�
activation and their regulation is tightly orchestrated during both primary and secondary 
stimulation cycles to generating an effective immune response. These include, the so-called 
“signal one”, MHC-peptide-T-cell receptor (TCR-MHCp) interaction and a multitude 
of potential “signal two”s and their receptors that promote T-cell interaction with APC, 
including; CD28, CD80/86, CD27, CD70, HVEM, LIGHT, OX40-(L), 4-1BB-(L), 
CD30-(L). CD5, CD9, CD2, CD44, CD11a- ICAM1-3, some of which are present on both 
APC and T cell. Though “signal one” and “signal two” are both essential, costimulation 
via any one of the “signal two”s, alongside the “signal one”, is able to promote cellular 
activation and drive cells through cycle resulting in proliferation.8-11

}�	�	����������������	��	����������
	���	�������	���������������}��	��������
are able to enhance the effect of TCR-MHCp interaction on T-cell activation and thus 
reduce the number of interacting TCR-MHCp required to stimulate T-cell activation. This 
predominantly occurs in the case of effector and memory T cells where costimulation 
enhances the reactivation of T cells.

}�	��	�������	���	�	��������������������	�������������������	�
������������������
�����¬�	�}��	�� ����	�	���	������	���
	�����	��	������	���"�������	� �}!<&�#!
��
will drive proliferation of naïve T cells but these cells fail to induce Interleukin-2 (IL-2) 
production and apoptose after a short period of time. Signal two, co-engagement of CD28, 
stimulates IL-2 gene transcription. IL-2 acts as an autocrine growth factor, promoting both 
proliferation and differentiation of naïve T cells into an effector phenotype. Interestingly, 
�����		���������������������������	���������	�}��	����\	�!���������&�$$�����	�
most others fail, indicating their primary role is in modulation of effector responses rather 
than naïve differentiation. In both settings however, costimulation alone is not enough to 
promote T-cell activation but also requires simultaneous TCR engagement.

The engagement of CD55 on effector T cells by CD97 provides a powerful costimulus 
in the case of both CD4 and CD8 T cells, when used in vitro in conjunction with anti-CD3 
as a surrogate TCR-MHCp. This results in the upregulation of activation markers CD69 
and CD25, increase in cell numbers entering S phase, cell proliferation (Fig. 2) and 
secretion of cytokines. However, CD97-CD55 engagement alone, at any concentration, 
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��	����������	��	����������	�	�	�	�������������������	
	��	�������}!<�	����	�	��12 
(and unpublished observations). This is supported by the observation that antibodies to 
CD55 block the CD97 interaction and abrogate the effects of costimulation.4 It was also 
demonstrated that soluble CD55, when introduced in T-cell and peptide-pulsed monocyte 
assays, was able to inhibit the proliferative response of T cells and cytokine secretion 
by them.13 It was recently demonstrated that antibodies to CD97 were able to diminish 
T-cell activation in vitro, although the antibody was to the stalk region common to all 
��	��%�&}�>����������������
	�������!��>�2

T-CELL SIGNALLING

When CD97 acts as a ligand for CD55, it initiates a signalling event within T cells 
that, when added to TCR signalling enhances proliferation and cytokine secretion. The 
paradigm for this type of costimulation is CD28, which initiates a complex series of 
signalling events resulting in T-cell growth, cytoskeletal reorganisation, proliferation 
and cytokine release (Fig. 3). The main signalling pathways that are activated cause 
increase in intracellular calcium levels, activation of the mitogen activated protein 
kinases (MAPKs), activation of phosphoinositol-3-kinase (PI3K) and translocation of 
the transcription factor NF�B to the nucleus. However, these pathways are by no means 
distinct and there is much overlap of the TCR and CD28 signals.

Cross linking of CD55 results in phosphorylation of fyn and lck, which are strongly 
associated with TCR activation.14,15 This is also achieved by CD97 engagement of 
CD55 (authors observations). Activated Lck and/or Fyn phosphorylate immunoreceptor 
tyrosine-based activation motifs (ITAMs) located within the 
, �, � and � subunits of 
the TCR complex and provide a mechanism by which costimulators such as CD55 
can enhance TCR stimulation of T cells. These events in turn allow recruitment of the 
tyrosine kinase �-chain-associated protein 70 (ZAP-70), which is then activated by 

Figure 2.� '����	�� !��� T cells were stimulated with a titration of plate bound OKT3 (anti-CD3) 
[diamonds], or in the presence of a constant concentration (5 �g/ml) of anti-CD55 antibody (791T/36) 
[squares], or with anti-CD55 antibody alone [circles]. Cells were stimulated for 3 days and tritiated 
thymidine incorporation used to measure proliferation. Similar results are seen with CD8 and naive T cells.



142 ADHESION-GPCRs

autophosphorylation. Ultimately, ZAP-70 activation leads to three main outcomes: the 
initiation of serine/threonine kinase pathways, increased intracellular calcium levels and 
cytoskeletal reorganisation5,16 while CD28 costimulation is thought to promote NF�B 
activation via vav.16 NF�B translocates to the nucleus where it initiates transcription of 
a number of genes essential for T-cell proliferation, including the IL-2 gene (Fig. 3). 
Costimulatory molecules, including CD28, 41BB, CD27, CD30 and OX40, can induce 
NF�B-dependent transcription. How CD97 engagement of CD55 enhances TCR signalling, 
promoting T-cell activation and is still not known.17

CD28 is unique in its ability to stimulate effector T cells independent of TCR. Also, 
it has the capacity to enhance TCR effects both during and after TCR engagement has 
ceased. This was a possible contributing factor in the clinical trials of anti-CD28 antibody 
that resulted in cytokine storm.18 This is not the case for other costimulatory molecules, 
including CD97-CD55. In order for CD55 to stimulate T cells, there must be simultaneous 
engagement of TCR-MHCp and CD55-CD97.

EFFECT ON DIFFERENT T-CELL POPULATIONS

Certain receptor-ligand pairs appear to favour particular T-cell subsets. CD28 is 
a potent costimulator of CD4 T cells but it may only be expressed by 40% of CD8 T 
cells. However, 4-1BB expression predominates on CD8 T cells and is thought to be 
the dominant costimulator of these cells.19 The effects of CD97 engagement of CD55 
on CD8 T cells is similar to that of CD4 cells, in that both cell types show signs of 
activation, secrete cytokines and proliferate in response to stimulation. While CD97-CD55 
engagement alone does not have any noticeable effect on the T cells costimulation via 
CD3 and CD55 appears to have a great capacity to stimulate both populations of T cells 
to levels greater than by maximal TCR stimulation alone (Fig. 2).

As far as cytokine production by CD4 cells is concerned, cells costimulated via 
!��>&!��������������������������	��	����Z�&�?�
������������	�����
��	�����!����
costimulated cells, which predominantly produce IFN�. When CD55 costimulation of 
naïve or differentiated CD4 cells was studied, it was observed that only naïve cells had the 
capacity to differentiate into IL-10 producing cells. Analysis of these cells by ELISPOT 
and IL-10 capture assays showed that small population of cells (1-3%) was responsible for 
the high IL-10 production. These cells produced very little IFN� and no IL4 or IL-2 (ref. 
12, and unpublished observations), which is a characteristic of inducible regulatory T cells 
(Tr1). This might imply that within the naïve cells there are a small sub-population that 
can be stimulated to become IL-10 producing Tr1 cells. What makes this subset of cells 
different and why they are preferentially stimulated by CD55 remains to be addressed.

CD55 Structure and Complement Regulation

In order to consider the consequence of CD55 signalling and its effects on T cells we 
must consider the role for which CD55 was characterised, that of regulating complement.

CD55 (decay accelerating factor; DAF) is a �70 kDa GPI-anchored protein comprised 
of four domains.20,21� Z��������������� ��	����	������ ���� ��	� ��� ��������������
	�	���
activation by binding to the C3 and C5 convertases of the complement pathway, accelerating 
their decay and thus regulating all three activation pathways.21 It is comprised of four short 
consensus repeat (SCR) domains, each approximately 60 amino acids, constrained by 



143THE ROLE OF CD97 IN REGULATING ADAPTIVE T-CELL RESPONSES

F
ig

u
r
e
 3

. 
D

ia
gr

am
 o

f 
th

e 
si

gn
al

li
ng

 e
ve

nt
s 

th
at

 a
re

 i
ni

ti
at

ed
 i

n 
T

 c
el

ls
 u

po
n 

T
C

R
 e

ng
ag

em
en

t 
le

ad
in

g 
to

 c
el

lu
la

r 
ac

ti
va

ti
on

 (
le

ft
) 

an
d 

th
e 

pr
op

os
ed

 m
ec

ha
ni

sm
s 

of
 h

ow
 C

D
28

 e
ng

ag
em

en
t 

in
te

gr
at

es
 w

it
h 

T
C

R
 s

ig
an

ls
 t

o 
pr

om
ot

e 
im

po
rt

an
t 

tr
an

sc
ri

pt
io

na
l 

ev
en

ts
 l

ea
di

ng
 t

o 
pr

ol
if

er
at

io
n 

an
d 

ce
ll

 s
ur

vi
va

l 
(r

ig
ht

) 
(A

cu
to

 2
00

3,
 

Jo
rd

an
 2

00
3 

an
d 

R
ud

d 
20

03
).



144 ADHESION-GPCRs

disulphide bonds in a 1-3, 2-4 manner. These domains are attached to an O-glycosylated, 

����	&������
��	���	���������������	�������	����	��	��	�������	�
������	�����	����
a glycosyl-phosphatidylinositol anchor.22 Complement and their receptors show little 
structural homology across species making them largely species restricted.23 The action of 
CD55 is to accelerate the decay of the main regulatory molecules of complement, the C3 
and C5 (in parentheses) convertases C4b2a(C3b) and C3bBb(C3b) into their component 
parts, after which they are no longer able to re-associate.

A number of domain switching and mutagenesis studies have shown this activity to 
involve SCR domains 2, 3 and 4 with domain 1 having little or no apparent involvement in 
convertase dissociation.24-26 Studies on the precise interaction of CD55 with the convertases 
and the kinetics of this interaction have been hampered by the very rapid dissociation rates 
of the convertases upon CD55 binding. Recent biophysical studies have revealed that 
��	�\��	������������������������������������!^�$�������!�����	�	�������
���������������
measurements to be made by surface plasmon resonance.25 This rapid dissociation of 
the convertases and dampening of complement activation by CD55 protects cells from 
collateral damage during complement activation, for example, by infectious agents.

}�	�%'Z&��������	��	������	��	��!���������	����	��	��	�������	�
������	�����	��
A common feature of gpi-anchored proteins is their association with areas of plasma 
membrane that are rich in cholesterol, called cholesterol-rich microdomains or lipid rafts. 
These have been associated with enhanced signalling in a number of cell types, possibly 
due to the association of a range of kinases to these lipid rafts.27

CD55 Signalling

Despite the lack of an intracellular domain, a number of studies have reported that 
CD55 is able to mediate signalling events that result in cellular activation. Original 
studies showed that cross-linking CD55 on human leukocyte populations with anti-CD55 
(IgM) antibodies resulted in an increase in release of calcium from intracellular stores, a 
common feature of cellular activation. Similarly, an increase in oxidative burst was also 
���	��	���#��	�	���!������������������	�������������������&��\�����������������	���
to achieve these activation events. Only when an anti-CD55 IgM was used, which caused 
CD55 cross-linking, was activation triggered.28

Shibuya et al carried out similar studies on human monocytes with an antibody that 
binds to SCR 3 of CD55 and completely blocks its decay accelerating activity. Antibody 
binding appeared to activate the monocytes, increasing glucose consumption and 
enhancing phagocytosis of latex beads, but it failed to stimulate production of cytokines 
by the cells. Similar experiments were conducted using CD55, engineered to contain a 
trans-membrane domain that replaced its gpi-anchor. These studies demonstrated the 
requirement of the gpi-anchor for cellular activation, measured in terms of calcium 
release and inositol triphosphate production. These also showed that a number of tyrosine 
kinases, notably p56lck and p59fyn, could be coprecipitated with the gpi-anchored form of 
CD55 but not its trans-membrane form.29,30

Antibody mediated CD55 cross-linking has also been shown to cause proliferation of T 
cells. There is a low level of CD55 expressed on a human T-cell line, but this is upregulated 
following T-cell activation by mitogens such as calcium ionophores and phorbol esters. 
Using sub-mitogenic doses of these, antibodies to CD55 resulted in proliferation of the 
cells and crosslinking of the anti-CD55 antibody enhanced this activation.31,32 It was also 
reported that antibodies to SCR3 could induce activation but not those against SCR4, 
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suggesting that not all of the domains are involved in stimulation.29 Interestingly, CD55 
cross-linking alone does not appear to cause these effects, but only in a combination with 
other signalling events is activation seen. The precise relationship of CD55 with lipid 
������������������	��	�����������������	������	��	�	����	����������	���	�����
���������
in a range of cellular events, including that in the immunological synapse of T cells, is 
still to be fully explained. While CD97 engagement of CD55 has a profound and positive 
effect on T cells, other possible roles of CD55 need to be considered.

EFFECTS OF COMPLEMENT ON CD55 AND T CELLS

One of the interesting aspects of any molecule with multiple functions is how those 
functions relate to each other. With CD55, this concerns its interaction with either CD97 
or complement factors or both. A number of lines of evidence suggest that CD55 can 
engage with CD97 or the C3 convertases without affecting the other’s activity. The 
structural model based on crystallographic and NMR studies (Fig. 1) shows distinct 
binding sites for CD97 and the C3 convertases on opposite faces of CD55. Other studies 
have addressed this question more directly by looking at the ability of CD55 to inhibit 
complement deposition and lysis of cells in the presence or absence of functional CD97. 
Sheep red blood cells were incubated in the presence of anti-sheep-red-blood-cell (rbc) 
antisera and fresh serum, causing the complete lysis of the rbcs. When soluble CD55 
was introduced into the assays the cells were protected from lysis due to the complement 
inhibiting activity of CD55. Under these conditions the subsequent addition of soluble 
and functional CD97 had no effect in reducing the ability of CD55 to inhibit rbc lysis. 
These indicated that despite the presence of excess CD97, CD55 was able to control 
complement mediated lysis of red blood cells.4

Another investigation examined the ability of CD55 to enhance CD3 mediated 
stimulation of T cells. T cells were sub-optimally stimulated with plate bound anti-CD3 
antibody (OKT3). CD97 engagement of CD55 resulted in increased cellular activation, 
entry into cell cycle followed by proliferation and cytokine secretion, above that achieved 
with OKT3 alone. However, this was shown to occur only with plate bound CD97. Soluble 
CD97 failed to enhance the effects of CD3 stimulation. This is a common feature of 
costimulatory molecules, with the exception of CD28, which can be activated by soluble 
‘superagonist’ antibodies.

In order to assess any contribution of complement to these effects the level of 
active C3 components was measured on the T cells. Complement has a slow and natural 
turnover via the alternative pathway, which can be monitored by examining the level of 
C3 degradation products deposited on cells cultured with fresh serum. T cells stimulated 
via CD3, in the presence of soluble or plate bound CD97, showed similar levels of C3c/d 
on their surface. However, only cells stimulated with plate bound CD97 demonstrated 
enhanced cellular activation and proliferation. Also, similar results were obtained using 
�	�����	���	������������	�������
	�	������
��	�������������������	��������	�	�	�
of both serum and complement components in the cultures. As an answer to the above 
question, all this data suggests that increased complement activation leading to more C3 
�����	����	
�����������}��	������������	�����	������������������	�	�����	�	������!�^�
mediated stimulation of human T cells. It follows that the activation of the T cells was 
mediated by the CD97-CD55 costimulatory interaction.
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In mice, the story may be different, as CD97 shows a reduction during activation. 
Similarly reports from mice lacking the CD97 ligand (CD55 knockout) show increased 
T-cell activation and altered cytokine secretion, although these effects may be mediated via 
increased complement effects on cells and via other cell types.33-37 This is supported by 
the observations in both human and mouse systems that the C3 breakdown products 
(anaphylatoxins) have a potent effect on APCs, which selectively bear their C3a and C5a 
receptors. The result is an enhanced APC activation and increased ability to stimulate 
T cells. Hence in the CD55 knockout models, APCs demonstrate an heightened state 
activation, due to increased anaphylatoxins from the complement cascade resulting 
in an increased activation of T cells.35,38 However, in CD97 knockout mice leukocyte 
migration studies would also suggest that the major role for CD97-CD55 interaction is 
one of adhesion and migration.39

CONCLUSION

There are many questions that remain unanswered regarding the role of CD97 in 
T-cell differentiation and function. With most costimulatory receptor-ligand pairs, the 
signal is invariably through both partners, providing modifying behaviour to both the 
interacting cells, usually antigen presenting cells and T cells. Like CD55-CD97, many 
costimulatory pairs can be simultaneously present on APCs and T cells, which suggest 
some auto-regulatory mechanism. Also, the activity of these costimulators is often 
regulated by changes in their expression. The questions yet to be addressed are, whether 
CD97 signals in T cells and how it would do so and whether CD55 interacts with CD97 
expressed on the same cell. It is also important to characterise the similarities and the 
differences in the role of CD55-CD97 interactions in both the human and murine models, 
as there seem to be a number of apparent differences.

In humans, CD97 appears to have a role in modulating T-cell function via its interaction 
with CD55 on T cells and may also have an important role in regulating the induction of 
IL-10 producing Tr1-like regulatory cells. This important axis of immune stimulation and 
regulation mediated by CD55-CD97 may be a key component of immune homeostasis.

REFERENCES

1. Eichler W, Aust G, Hamann D. Characterization of an early activation-dependent antigen on lymphocytes 
�	��	�������	�������������������$�&��������"�������Z������������^��������&����

2. Kop EN, Matmati M, Pouwels W et al. Differential expression of CD97 on human lymphocyte subsets 
and limited effect of CD97 antibodies on allogeneic T-cell stimulation. Immunology Letters 2009; 
123(2):160-168.

3. Lukacik P, Roversi P, White J et al. Complement regulation at the molecular level: the structure of 
decay-accelerating factor. Proc Natl Acad Sci USA 2004; 101(5):1279-1284.

4. Abbott RJ, Spendlove I, Roversi P et al. Structural and functional characterization of a novel T-cell receptor 
coregulatory protein complex, CD97-CD55. J Biol Chem 2007; 282(30):22023-22032.

5. Lin HH, Stacey M, Saxby C et al. Molecular analysis of the epidermal growth factor-like short consensus 
repeat domain-mediated protein-protein interactions: dissection of the CD97-CD55 complex. J Biol 
Chem 2001; 276(26):24160-24169.

6. Hamann J, van Zeventer C, Bijl A et al. Molecular cloning and characterization of mouse CD97. Int Immunol 
2000; 12(4):439-448.

>��¡���� ���#���������	����	�����"����������������	��=�������������	�!��>�������������� �����
	�����
interaction with the murine decay-accelerating factor (DAF, CD55). Immunology 1999; 98(2):303-311.



147THE ROLE OF CD97 IN REGULATING ADAPTIVE T-CELL RESPONSES

8. Borowski AB, Boesteanu AC, Mueller YM et al. Memory CD8� T-cells require CD28 costimulation. 
J Immunol 2007; 179(10):6494-6503.

9. Croft M. Co-stimulatory members of the TNFR family: keys to effective T-cell immunity? Nat Rev Immunol 
2003; 3(8):609-620.

�?��"������������'�	��	������		��'�	���������	�	�����}&�	���������������	����	�	�������!���&�	���	���
mice. Science 1993; 261(5121):609-612.

11. Yashiro Y, Tai XG, Toyo-oka K et al. A fundamental difference in the capacity to induce proliferation of 
naive T-cells between CD28 and other costimulatory molecules. Eur J Immunol 1998; 28(3):926-935.

12. Capasso M, Durrant LG, Stacey M et al. Costimulation via CD55 on Human CD4� T-Cells Mediated by 
CD97. J Immunol 2006; 177(2):1070-1077.

13. Spendlove I, Ramage JM, Bradley R et al. Complement decay accelerating factor (DAF)/CD55 in cancer. 
Cancer Immunol Immunother 2006; 55(8):987-995.

14. Acuto O, Michel F. CD28-mediated costimulation: a quantitative support for TCR signalling. Nat Rev 
Immunol 2003; 3(12):939-951.

15. Jordan MS, Singer AL, Koretzky GA. Adaptors as central mediators of signal transduction in immune 
cells. Nat Immunol 2003; 4(2):110-116.

16. Rudd CE, Raab M. Independent CD28 signaling via VAV and SLP-76: a model for in trans costimulation. 
Immunol Rev 2003; 192:32-41.

17. Kane LP, Lin J, Weiss A. It’s all Rel-ative: NF-kappaB and CD28 costimulation of T-cell activation. Trends 
Immunol 2002; 23(8):413-420.

18. Suntharalingam G, Perry MR, Ward S et al. Cytokine storm in a phase 1 trial of the anti-CD28 monoclonal 
antibody TGN1412. N Engl J Med 2006; 355(10):1018-1028.

19. Shuford WW, Klussman K, Tritchler DD et al. 4-1BB costimulatory signals preferentially induce CD8� 
}&�	�
����	�����������	��������	���
������������������������������}&�	��	�
���	�������
��	�����>��
186(1):47-55.

20. Hoffman EM. Inhibition of complement by a substance isolated from human erythrocytes. I. Extraction 
from human erythrocyte stromata. Immunochemistry 1969; 6(3):391-403.

21. Medof ME, Kinoshita T, Nussenzweig V. Inhibition of complement activation on the surface of cells 
after incorporation of decay-accelerating factor (DAF) into their membranes. J Exp Med 1984; 
160(5):1558-1578.

22. Nicholson-weller A, Wang C. Structure and function of decay-accelerating factor Cd55. J Lab Clin Med 
1994; 123(4):485-491.

23. Harris CL, Spiller OB, Morgan BP. Human and rodent decay-accelerating factors (CD55) are not 
species restricted in their complement-inhibiting activities [In Process Citation]. Immunology 2000; 
100(4):462-470.

24. Brodbeck WG, Kuttner-Kondo L, Mold C et al. Structure/function studies of human decay-accelerating 
factor. Immunology 2000; 101(1):104-111.

25. Harris CL, Abbott RJ, Smith RA et al. Molecular dissection of interactions between components of 
the alternative pathway of complement and decay accelerating factor (CD55). J Biol Chem 2005; 
280(4):2569-2578.

26. Kuttner-Kondo L, Hourcade DE, Anderson VE et al. Structure-based mapping of DAF’s active site residues 
that decay accelerate the C3 convertases. J Biol Chem 2007.

27. Sangiorgio V, Pitto M, Palestini P et al. GPI-anchored proteins and lipid rafts. Ital J Biochem 2004; 
53(2):98-111.

28. Lund-Johansen F, Olweus J, Symington FW et al. Activation of human monocytes and granulocytes 
by monoclonal antibodies to glycosylphosphatidylinositol-anchored antigens. Eur J Immunol 1993; 
23(11):2782-2791.

29. Shenoy-Scaria AM, Kwong J, Fujita T et al. Signal transduction through decay-accelerating factor. 
Interaction of glycosyl-phosphatidylinositol anchor and protein tyrosine kinases p56lck and p59fyn 1. 
J Immunol 1992; 149(11):3535-3541.

30. Shibuya K, Abe T, Fujita T. Decay-accelerating factor functions as a signal transducing molecule for human 
monocytes. J Immunol 1992; 149(5):1758-1762.

31. Davis LS, Patel SS, Atkinson JP et al. Decay-accelerating factor functions as a signal transducing molecule 
for human T-cells. J Immunol 1988; 141(7):2246-2252.

32. Tosello AC, Mary F, Amiot M et al. Activation of T-cells via CD55: recruitment of early components of 
��	�!�^&}!<�
�����������	����	������Z�&���	��	��������Z�������������������^&�>�

33. Heeger PS, Lalli PN, Lin F et al. Decay-accelerating factor modulates induction of T-cell immunity. J Exp 
Med 2005; 201(10):1523-1530.

34. Lalli PN, Strainic MG, Lin F et al. Decay accelerating factor can control T-cell differentiation into 
IFN-gamma-producing effector cells via regulating local C5a-induced IL-12 production. J Immunol 
2007; 179(9):5793-5802.



148 ADHESION-GPCRs

35. Lalli PN, Strainic MG, Yang M et al. Locally produced C5a binds to T-cell-expressed C5aR to enhance 
effector T-cell expansion by limiting antigen-induced apoptosis. Blood 2008; 112(5):1759-1766.

36. Liu J, Miwa T, Hilliard B et al. The complement inhibitory protein DAF (CD55) suppresses T-cell immunity 
in vivo. J Exp Med 2005; 201(4):567-577.

^>�� }���	�� !$�� !����� ���� "���� �&!� 	�� ��� �	���&���		������� ������� �� ������� �	���	���� 	���	����	��
xenobiotic-induced autoimmunity. Immunology 2010; Epub ahead of Print.

38. Strainic MG, Liu J, Huang D et al. Locally produced complement fragments C5a and C3a provide both 
costimulatory and survival signals to naive CD4� T-cells. Immunity 2008; 28(3):425-435.

39. Veninga H, Becker S, Hoek RM et al. Analysis of CD97 expression and manipulation: antibody treatment 
but not gene targeting curtails granulocyte migration. J Immunol 2008; 181(9):6574-6583.



149

CHAPTER 13

F4/80:
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and its Role in Immunoregulation

Hsi-Hsien Lin,* Martin Stacey, Joan Stein-Streilein  
and Siamon Gordon

Abstract: As a macrophage-restricted reagent, the generation and application of the F4/80 mAb 
������	�����	�	��	����	�
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an EGF-TM7 member of the adhesion-GPCR family, great interest was ignited to 
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macrophage biology. Recent studies have shown that the F4/80 gene is regulated 
by a novel set of transcription factors that recognized a unique promoter sequence. 
Gene targeting experiments have produced two F4/80 knock out animal models and 
showed that F4/80 is not required for normal macrophage development. Nevertheless, 
the F4/80 receptor was found to be necessary for the induction of efferent CD8+ 
�	��������}��	���	�
�����	�����
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of cellular ligands for F4/80 and delineation of its signaling pathway remain 
	����	�������	���������������	���������	�����������	��������������
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adhesion-GPCR.

INTRODUCTION

As a central component of both innate and adaptive immune systems, the 
macrophage executes many of its cellular functions via cell surface receptors.1 Studying 
�����
���	&�
	����� �	� �	�����	� 
���	���� ��	�	���	� 
�����	�� ��� ��	�� �����	��� ���
investigate macrophage biology.2,3 The F4/80 mAb was generated for this purpose and 

*Corresponding Author: Hsi-Hsien Lin—Department of Microbiology and Immunology, College 
of Medicine, Chang Gung University, 259 Wen-Hwa 1st Road, Kwei-San, Tao-Yuan, Taiwan. 
Email: hhlin@mail.cgu.edu.tw

Adhesion-GPCRs: Structure to Function, edited by Simon Yona and Martin Stacey.  
©2010 Landes Bioscience and Springer Science+Business Media.



150 ADHESION-GPCRs

is a well-known reagent for the analysis of mouse tissue macrophages.4 Its extensive 
application has been invaluable for the phenotypic and functional characterization of 
tissue macrophage subpopulations.5

"����������	�������	����������������	�����?���������	������	�����������	��	���
of the EGF-TM7 family has helped to understand of this group of novel receptors.6,7 Most 
notable is its chimeric structure of a tandem epidermal growth factor (EGF)-like motifs 
and the class B GPCR-related 7TM domain. Its restricted expression in macrophages 
����
�	����	����	�	�\����	&�	������	��	�
�	������
���	��������	���%�&}�>�������
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line and its biological function investigated in vivo.8,9�}�	���	�
	��	����������������	�
F4/80 molecule is critically involved in the generation of efferent CD8+ regulatory 
cells necessary for peripheral tolerance induced by local exposure to antigen further 
highlighted the importance of cell surface receptors in the role of macrophages in 
adaptive immune responses.8,10 In this chapter, we will review the generation and 
application of the F4/80 mAb as a tool for macrophage study as well as the molecular 
characterization of the F4/80 receptor. Finally, the role of F4/80 in immunological 
tolerance is discussed.

GENERATION AND APPLICATION OF F4/80 mAb: THE PHENOTYPIC 

AND FUNCTIONAL CHARACTERIZATION OF MOUSE MACROPHAGE 

SUBPOPULATIONS
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the mid 1970s, the monoclonal hybridoma technology was quickly adopted by biologists 
����������
��	����	�����������	��������������������	�������	�	������	�	��	��=	��11 This 
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Ags of leukocytes were generated to analyze the phenotype and function of leukocyte 
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and analyzed was F4/80.4

The F4/80 mAb was derived from rats that had been immunized with 
thioglycollate-elicited mouse peritoneal macrophages.4 Subsequent analysis showed that 
the F4/80 mAb reactivity was restricted to mouse tissue macrophage subpopulations 
and macrophage cell lines.4,5,12,13 No reactivity was observed for other hematopoietic 
cells of myeloid lineage including neutrophils and monocyte-derived osteoclasts. 
Cells of lymphoid lineage and other nonhematopoietic cells were also shown to be 
F4/80 negative. However, it was subsequently demonstrated that the F4/80 Ag is also 
expressed by murine eosinophils.14 Likewise, it is interesting to note that Langerhans 
cells, a type of dendritic cells (DC) in the epidermis, express abundant F4/80 Ag. 
Immature myeloid-type DC express low levels of F4/80, which are downregulated upon 
subsequent maturation and migration to draining lymph nodes.15 Similarly, plasmacytoid 
DC express low levels of F4/80. The highly restricted F4/80 reactivity patterns have 
allowed the detailed analysis of the distribution, heterogeneity and ontology of mouse 
tissue macrophages. The F4/80 mAb remains the tool of choice in mouse macrophage 
study 30 years after its initial generation.
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The F4/80 mAb is a rat IgG2b subtype with no detectable cytotoxic activity. It 
�����	��
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immunoprecipitation and immunohistochemistry. Especially useful is its robust 
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tissue macrophage populations can be appreciated. As such, F4/80 positive staining is 
found on Kupffer cells in liver, red pulp macrophages in spleen, microglia cells in brain 
as well as other resident macrophages in bone marrow stroma, gut lamina propria, kidney, 
lymph nodes and peritoneum.16,17 Indeed, by using a quantitative indirect F4/80 mAb 
binding assay, it is possible to determine the relative pool sizes of resident macrophages 
in various mouse tissues.18

Not only can the F4/80 molecule be used as a pan-macrophage marker to detect the 
distribution and localization of tissue macrophages, it can also be applied to examine 
the phenotypic heterogeneity and the activation state of resident macrophages. Thus, it 
was known that blood monocytes expressed less F4/80 than their tissue counterparts.19 
In addition, the expression levels of F4/80 are down-regulated in certain activated 
macrophages such as those isolated from bacilli Calmette-Guerin infected animals or 
��	��	�������Z�{&®�12,20,21 Taken together, F4/80 is widely expressed in macrophages and 
its expression is tightly regulated, suggesting a unique function.

MOLECULAR CLONING AND CHARACTERIZATION OF THE F4/80 

(Emr1) GENE

!������	����������	����������	���������������������	����������������	�����?�
Ag was shown to be a plasma membrane protein by radio-iodination labeling and 
immunoprecipitation.4 Subsequent biochemical analysis determined that the F4/80 
molecule is a 160 kDa cell surface glycoprotein heavily decorated with N- and O-linked 
�����������������������������������������������������������2-6 linkage to galactose.4,5,22 
}�	� 
��������������� ������������ ��� ����?� ���� �����	�� �� 
�����	� �������	��� ���
chondroitin sulfate glycosaminoglycans, suggesting the molecule is a potential “part-time” 
proteoglycan.17,22

The molecular identity of the F4/80 Ag was eventually revealed by an expression 
cloning strategy using rabbit polyclonal antisera.7 A second independent study also 
��	����	����	�����?���{������������	�����	�	��������
��������������c-myb knock-out 
animals.6 Both reports showed that the full-length F4/80 cDNA is a �3.2 kbp transcript 
with an open reading frame of 2,796 bp encoding a polypeptide of 931 residues. The 
deduced amino acid sequence predicted a 27-residue signal peptide and a mature 
protein of 904 residues with an estimated molecular weight of 99 kDa. Upon analyzing 
the primary sequence in depth, it was realized that the F4/80 molecule is composed of 
protein domains homologous to two distinct protein superfamilies, namely the EGF-like 
and the G protein-coupled receptor (GPCR).6,7 Thus, the F4/80 protein contained a total 
of 7 tandem EGF-like motifs at the N-terminus followed by a Ser/Thr-rich stalk region 
linked to the C-terminal seven-transmembrane (7TM) GPCR domain. This structure 
��	����	������?�������	��	�������	��%�&}�>����������������	����&%'!<�16,17,23,24 In 
fact, nucleotide and amino acid sequence comparison has indicated that F4/80 is most 
�\	����	������	��������������������<�����
�	���������	����	���%�&}�>��	�	
����25 
Interestingly, EMR1 protein expression was found to be highly restricted to human 
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eosinophilic granulocytes and was not expressed in human monocytic phagocytes.26 It 
seems that F4/80 (mouse Emr1) and human EMR1 are structural orthologs that might 

���	����	���
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Along with other EGF-TM7 receptors, the majority of EGF-like motifs of F4/80 
contained a consensus calcium-binding sequence often found in extracellular matrix 

���	������������������&��������&��������������������23,24 Calcium binding therefore 
might play a role in the conformational arrangement and cellular adhesion function of 
F4/80. In agreement with earlier data, the long extracellular domain of F4/80 possessed 
10 potential N-glycosylation sites, numerous potential O-glycosylation sites and a 
conserved glycosaminoglycan attachment sequence within the fourth EGF-like motif.6,7 
In addition, an Arg-Gly-Asp (RGD) motif was found in the stalk region, suggesting a 
possible interaction with integrin molecules. The 7TM region showed a relatively strong 
homology to the class B/Secretin-like GPCRs, but now has been independently grouped 
as an adhesion-GPCR.27 However, unlike the vast majority of adhesion-GPCRs, F4/80 
does not have the typical GPCR proteolytic site (GPS) sequence. Indeed, F4/80 and its 
human counterpart, EMR1, are one of very few known adhesion-GPCRs not to undergo 
%'"�
���	�������������������������		�	����������	�	���	���	����������160 kDa single 
chain polypeptide.

The F4/80 gene is located at the distal locus of mouse chromosome 17.6,28 Based 
on the mouse genome sequence, the assembled F4/80 (Emr1) gene contig encompassed 
�124 kbp of DNA and contained a total of 22 exons. Likewise, the human EMR1 gene is 
mapped to a syntenic region on chromosome 19p13.3 with 21 exons, indicating a close 
evolutionary link.24 Indeed, it is likely that the EGF-TM7 genes were derived from an 
ancestor gene through gene duplication and conversion.29 Among the human EGF-TM7 
family members, EMR430 was mapped near to EMR1 on the same locus whereas CD97, 
EMR2 and EMR3 formed another cluster on chromosome 19p13.1.24

<	�	��������	������
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as shown by Northern blot and RT-PCR analysis, were detected predominantly in cells of 
myeloid lineages as well as macrophage-rich tissues such as bone marrow, spleen, brain, 
kidney, thymus and fetal liver.6,7�������������������������	����	�����	�����	��		�	���
within the proximal promoter region of the F4/80 gene that confers macrophage-restricted 
expression pattern.31 It was found that the Ets transcription factor PU.1 bound to a stretch of 
purine-rich sequence within the enhancer both in vitro and in vivo. This novel transcription 
������&
�����	������������������������	�	������	���
�	�	������	����������
���	&�
	�����
expression of F4/80.31 More recently, the transcription factors MafB and c-Maf were 
shown to be essential for the expression of F4/80 in macrophages, because the MafB and 
�&�����	���	������������������
��	��������������	���	��	�	���������?�	�
�	������
in otherwise normal macrophage populations.32,33 It is interesting to note that MafB and 
c-Maf both bound to the half-Maf recognition element (MARE) site located within the 
same enhancer region described above and interacted directly with transcription factors 
Ets-1. Thus, the restricted expression of F4/80 in macrophages was likely coordinated 
by a selective set of transcription factors.

In addition to the restricted expression patterns, expression analysis has also revealed 
extensive alternative splicing of F4/80 transcripts, a well-recognized characteristic of the 
EGF-TM7 molecules. Thus, multiple F4/80 protein isoforms with different combinations 
of the EGF-like domains were predicted from differentially spliced RNA transcripts.6,17 
However, little is known about the relative abundance of the protein variants in vivo and 
their potential functional differences.
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GENERATION AND ANALYSIS OF F4/80-DEFICIENT ANIMALS

In order to investigate the biological functions of F4/80, two different approaches 
�	�	�	�
��	������	�	���	���������	���	����������?��	�	�	�
�	�������}�	�������

������
involved the production of F4/80-Cre knock-in mice as an attempt to produce a founder 
����	�����������������������������������	������
���	&�
	�������������������	�	��9 The 
�����	�����������	
��	���	�������������	���������	�����?��	�	��������	���������	��	��	�
of Cre gene, so F4/80 gene targeting can be achieved in F4/80cre/cre homozygous animals. 
Meanwhile, a mouse founder line that expressed Cre recombinase under the control of the 
F4/80 promoter (F4/80-Cre knock-in) was also generated.9 The second F4/80 knock-out 
���������	���	�������	�����	������������	�������	
��������	�������������	���������
a �-galactosidase/pGK-Neo cassette.8

F4/80 homozygous mutant mice were successfully generated in both cases and found 
to be true F4/80 null by expression analysis.8,9 The F4/80 null mutants were healthy and 
fertile with normal development of tissue macrophages, indicating that F4/80 is not 
required for the differentiation and development of the macrophage lineage. Likewise, the 
development and physiological functions of other immune cell populations including B, T 
�����������\�	���	���

	��	������������������	�����&��������������������&���	�������
���������� ��� ��	� ����?&�	���	��� �����
���	�� �	�	� ������ ��� �	� ������� ��� ����	� ���
wild-type cells when tested in various in vitro and in vivo conditions. In conclusion, the 
F4/80 molecule is not necessary for the development and distribution of mouse tissue 
macrophage populations and the inactivation of F4/80 does not affect the general cellular 
functions of macrophages analyzed by conventional assays.8,9

THE ROLE OF F4/80 IN IMMUNOREGULATION

Despite its extensive application as macrophage-restricted surface marker, little is 
known of the cellular functions of F4/80. A limited number of earlier reports suggested 
a potential immunoregulatory function for F4/80. For example, using whole spleen cell 
culture from SCID mice, Warschkau et al showed a role for F4/80 in IFN-� production by 
these cells when exposed to heat-killed Listeria monocytogenes (HKL).34 IFN-� is crucial 
in the control of bacterial growth during infection of facultative intracellular pathogens 
such as L. monocytogenes in vivo. In this in vitro experimental model, HKL-stimulated 
macrophages secreted TNF-� and IL-12, which in turn activated NK cells for IFN-� release. 
It was demonstrated that in addition to cytokine stimulation, cell-cell contact between 
macrophage and NK provided an additional signal required for optimal NK cellular 
response. F4/80 was found to be critical in the macrophage-NK interaction in this model 
�	����	�����?������
	�����������&������	��}{�&�, IL-12 and IFN-� production.34 
It was thought that the interaction of F4/80 with a potential cellular ligand on NK cell 
might deliver an important stimulatory signal for cytokine release. Unfortunately, a clear 
role of F4/80 in host defense against Listeria infection in vivo can not be established 
�����	�����?��	���	������	��������������������������	���������������	��	�
���	�����
comparison to wild type control animals.9

F4/80 was also implicated subsequently in the induction of immune deviation in 
the eye. Introduction of exogenous antigens into the anterior chamber of the eye, an 
immune privileged site, is known to induce a systemic immune tolerance that suppresses 
T effector cell responses.35,36 This type of immune tolerance is best studied in a model of 
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immune privilege called anterior chamber-associated immune deviation (ACAID).35,37 
During ACAID induction, Ag injected into the anterior chamber is thought to be 
captured and processed by indigenous F4/80+ antigen presenting cells (APC), which 
leave the eye through the venous circulation and migrate to the marginal zone (MZ) of 
spleen. Following the recruitment of other immune effector cells to the MZ, cellular 
clusters involving the F4/80+ APC, CD1d+ B cells, CD4+ NKT cells and CD8+ T cells 
are formed.35,36,38������ �	������� ��	�	��	���� ���	������������&�
	�����	��	�	���!��+ 
regulatory T (Treg) cells are produced that actively suppress both T helper Type 1 (Th1)- 
and Th2-mediated immune responses. It was found that the adoptive transfer of as few as 
20 in vitro-generated tolegenic F4/80+ APC into naïve recipients can induce ACAID.39 
Most importantly, systemic administration of mice with F4/80 mAb prevents induction 
of ACAID, suggesting that not only the F4/80+ APC, but the F4/80 molecule itself are 
crucial to generate peripheral immune tolerance.40,41

The involvement of the F4/80 molecule in the induction of peripheral immune 
��	����	���������	��	����������	������������?&�	���	����������8 We found that 
ACAID can not be induced in the absence of the F4/80 molecule due to failure of the 
����?� \���\&���� ���	� ��� �	�	���	� ���������� ��&�
	����� 	��	�	��� !��+ Treg cells. 
Furthermore, by using F4/80 mAb and F4/80 null APC in an in vitro ACAID model, it 
was shown that the production of efferent Treg cells only occurred when the APCs in the 
culture system were able to express the F4/80 Ag. In addition to the ACAID model, we 
���������������������	�������
	�����������	�����?���������������
�����	�����	����	���
immune tolerance response in a low-dose oral tolerance model. Reconstitution of the 
F4/80 mutant mice with the F4/80+ APCs restored their ability to induce ACAID as well 
as low-dose oral tolerance.8 More recently we found further evidence to support that 
the F4/80 molecule is required for the generation of ACAID-induced CD4� CD25� Treg 
cells, but not ACAID-induced CD4� CD25� Treg cells. (J. Stein-Streilein, unpublished 
�	�������}�	�	���	����	�����?��	�	
��������	�	������������	��	�	���������������	�&�
	�����
afferent and efferent Treg cells. The molecular mechanism whereby the F4/80 receptor 
might contribute to the induction of peripheral immune tolerance is currently unknown. 
{	�	���		�������������	���������	�����	�������������?����������	�����������������	����	��
cellular ligand via the EGF-like motifs, leading to receptor activation through the 7TM 
region. Indeed, using the soluble extracellular domain of F4/80 as a probe in an overlay 
experiment on tissue sections, our recent preliminary data have indicated the presence 
of a potential cellular ligand on the MZ of spleen (M. Stacey and H-H. Lin, unpublished 
�	�������}�����	�������	���������������?��������&�
	������}������������������\	�������
F4/80+ APC execute part of their tolerogenic ability through the interaction of the F4/80 
receptor with an MZ ligand. Thus far, strategies successfully used to identify cellular 
��������������	���%�&}�>��	�	
��������	�����
���	��	����	�����������	���	�
������	�
F4/80 ligands42.

CONCLUSION

Among adhesion-GPCRs, the F4/80 molecule is unique in several ways. 1, it is 
highly restricted in mouse tissue macrophages. On the other hand, its human ortholog, 
��<������	�����
��&�
	�����������������	������	��	����	�����	����&%'!<���������	������
contain the conserved GPS motif. As a result, F4/80 does not undergo GPS proteolytic 
�������������^������?��������������	������	�������	�
���������������	�	��	�	���!��+ 
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Treg cells necessary for the induction of peripheral tolerance. For the future studies, the 
��
�
������������	���	���\���������	��	�	
������������	���������	��������������"
	�����
��	������������	���	���	����������������	�
��	������	�����������������?����	����������
pathway mediated by the receptor molecule and the effector molecule(s) produced by 
macrophages as a result of F4/80 activation.
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CHAPTER 14

SIGNAL TRANSDUCTION MEDIATED  
THROUGH ADHESION-GPCRs

Norikazu Mizuno and Hiroshi Itoh*

Abstract: The signaling cascade of most adhesion-GPCRs remains uncharacterized, 
as the majority are still orphan receptors and further complicated by their 
unique structure containing a cleaved long extracellular domain (ECD) and a 
seven-transmembrane domain (7TM). In this chapter, we review previous reports 
which suggest G protein-dependent and -independent signaling pathways of 
adhesion-GPCRs and present our approach to investigate the signal transduction 
of the adhesion-GPCR, GPR56.

DIFFICULTIES IN STUDYING THE SIGNAL TRANSDUCTION 

OF ADHESION-GPCRs

Adhesion-GPCRs have a large extracellular domain (ECD) linked to a 
seven-transmembrane domain (7TM) via a GPCR proteolytic site (GPS) domain.1 Even 
though adhesion-GPCRs belong to the class B secretin family of GPCRs, there is little 
evidence of G protein-dependent signaling.2 One reason is that most adhesion-GPCRs 
are orphan receptors. Only a few ligands of adhesion-GPCRs have been reported. 
Glycosaminoglycan chondroitin sulfate has been shown to interact with an epidermal 
growth factor (EGF)-like module containing mucin-like receptor protein 2 (EMR2) through 
the EGF domain, which mediates cell attachment.3 EMR3 and EMR4 are suggested 
to interact with their ligands expressed on the surface of macrophages and activated 
neutrophils4 and A20 B-lymphoma cells,5 respectively. The leukocyte activation antigen 
CD97, which is a member of the EGF-TM7 protein family, has been shown to bind to the 
decay accelerating factor (CD55/DAF).6�}�	������������	��������������	��		��!��>�����
CD55 have been investigated, demonstrating that the shortest splice variant of CD97 has 
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the highest CD55 binding capacity.7 A difference in only three amino acids within the 
EGF domains of the EMR2 results in an order of magnitude weaker binding to CD55.8 
Structural and functional analysis of the complex of EMR2, a very close homolog of CD97, 
with CD55 has been performed using X-ray crystallography and NMR-based chemical 
��������

����������	������������	�����	��	�������!��>&!�������
	�������	����	���	�
complement system.9 GPR56 has been shown to contribute to the suppression of melanoma 
metastasis and tumor growth through binding with tissue transglutaminase (TG2), which 
is expressed in the extracellular matrix.10 However, the agonistic activity of TG2 has not 
been reported yet. Latrophilin was isolated as a target molecule of �-latrotoxin (LTX) 
from black widow spider venom.11 The cyclooctadepsipeptide, emodepside, which belongs 
to an anthelmintic drug for use in cats causes paralysis in nematodes with an LTX-like 
action. Genetic studies have indicated that the predominant target site of emodepside 
is presynaptic nematoda latrophilin, LAT-1.12 LTX and emodespside are useful tools to 
explore the signal transduction through latrophilin, although they are not the endogenous 
���������������
������$�Z���������	����&%'!<�	�
�	��	����������
���	����
	�������
binds to phosphatidylserine on the outer plasma membrane of cells undergoing apoptosis 
as an “eat me” signal.13

Another reason for the lack of evidence for G protein-dependent signaling is the 
complicated structure of adhesion-GPCRs possessing both ECD and 7TM domains. BAI1 
��������������	����	�������
�^&�	����	���	�	�����	�
���	���
������������	������������
angiogenesis.14 The proteolytically cleaved BAI1 extracellular domain inhibits endothelial 
cell proliferation by binding �v�5 integrin via its thrombospondin type 1 repeats.15 
Furthermore, the BAI1 extracellular domain can also inhibit in vivo angiogenesis and 
tumor xenograft growth in mice. Recently, it has been reported that the 7TM of latrophilin 
interacts not only with its ECD but also with other ECDs of distinct adhesion-GPCRs, 
such as EMR2 and GPR56.16 Therefore, distinct adhesion-GPCRs may cross-interact to 
induce multiple signaling pathways. This complex signaling network may contribute to 
elicit a variety of biological phenomena. To complicate analysis of signaling further a 
common structural feature of adhesion-GPCRs, including CD97 and EMRs, is the existence 
of alternative mRNA splicing.17 The splice variants results in receptors with different 
numbers and arrangements of the EGF repeats with differential ligand binding activities.

G PROTEIN-DEPENDENT SIGNALING PATHWAY OF ADHESION-GPCRs

Latrophilin, which is activated by LTX, is the most characterized adhesion-GPCR. 
LTX induces calcium signaling and transmitter release. However, the target of LTX is 
not only latrophilin but also other receptors, such as neurexin and receptor-like protein 
tyrosine phosphatase 	. Moreover, LTX forms a channel that is permeable to cations, 
including Ca2� and small molecules. U73122 (an inhibitor of phospholipase C), thapsigargin 
(a drug depleting intracellular Ca2� stores) and 2-aminoethoxydiphenyl borate (a blocker 
of inositol(1,4,5)-trisphosphate-induced Ca2� release) block LTX action, suggesting that 
G protein signaling may regulate LTX-induced transmitter release. Davletov et al found 
that LTX initiates extracellular Ca2�-dependent and -independent transmitter release.18 
Now, it is widely accepted that extracellular Ca2�-dependent release is mediated via 
neurexin, whereas extracellular Ca2�-independent release is mediated via latrophilin. 
���	��	��� �������� 	�� �� ������	�� ��	� �}¦&	��\	�� !�2�-dependent glutamate or 
GABA release from synaptosomes into a fast phase and a delayed phase.19 Delayed 
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Ca2�-dependent LTX-induced release can be discriminated by sensitivity to U73112 
or thapsigargin. LTX pores are blocked by La3� to disrupt LTX tetramers reversibly. 
Furthermore, LTXN4C, which is a nonpore-forming mutant but can activate latrophilin, 
causes the release of Ca2� from intracellular stores. Capogna et al used CA3 pyramidal 
neurons in hippocampal slice cultures to reveal the mechanism of the LTXN4C action 
on central synaptic transmission and the mechanisms of the receptor-dependent action 
of native LTX.20�Z�������		���	
���	���������
����������������	�����������
���������
receptor binding to G�o21 and G�q.22 These results suggest that latrophilin induces G�q- 
or G��-mediated PLC� activation, leading to Ca2� mobilization. The EGF-TM7 family is 
also well-characterized, but the G protein-dependent signal pathway through EGF-TM7 
remains obscure. We recently indicated that the G protein-coupled receptor GPR56 
has the ability to transmit the signal via G�12/13 in neural progenitor cells.23 GPR56 has 
�		����	����	����������������	�	�
�	��&��������	���	�	���������������GPR56 cause 
bilateral frontoparietal polymicrogyria (BFPP).24 In this disorder, the organization of the 
frontal cortex is disrupted and shows thinner cortical layers and numerous small folds. 
Several mutations of GPR56 with BFPP cause impairment of cell surface expression of 
the receptor.25 It has also been reported that the expression level of GPR56 is involved in 
cancer cell adhesion and metastasis.10,26,27 Coupling of GPR56 with the tetraspanins CD81 
and CD9, which are small membrane proteins involved in the regulation of cell migration 
and mitotic activity, is associated with G����#��	�	���
��������������	��������������
�	�	����������	�	����	���	����
��������
	�����%�
���	�����}�	�	���	�������	������	���	�
G protein signaling through GPR56, we used two approaches.

OLIGOMERIZATION OF ADHESION-GPCR FOR ACTIVATION

First, we examined the effect of GPR56 overexpression on the activation of 
transcription factors using luciferase reporter genes. The overexpression of GPCR can 
stimulate ligand-independent signal activation by increasing the active form in a multistate 
conversion model of GPCR.28 The classic function of GPCRs is to couple the binding of 
ligands to the activation of heterotrimeric G proteins, leading to the regulation of their 
effector proteins. However, many GPCRs have more complex signaling behavior. For 
example, �2-adrenergic receptor (���<��	������������������������������	�����������������
can be blocked by inverse agonists, such as carazolol and timolol. Full agonists, such 
as isoproterenol, are capable of maximal receptor stimulation, whereas partial agonists, 
such as clenbuterol and dobutamine, are unable to elicit full activity even at saturating 
concentration.29 GPCRs can couple with distinct isoforms of the G protein, e.g., �2AR 
couples to both Gs and Gi in cardiac myocytes and can also activate MAP kinase 
pathways in a G protein-independent manner through arrestin. Similarly, the process of 
GPCR desensitization involves multiple pathways, including receptor phosphorylation 
and arrestin-mediated internalization. Moreover, the activation mechanism of GPCR is 
���
����	����������	��=��������������=����������
	������	�����	����
����	��������
different circumstances in the lipid-bilayer composition. Such multifaceted functional 
behavior has been observed in many different GPCRs. Ligand-induced oligomerization 
or clustering of cell surface receptors is found in cytokine receptors, receptor tyrosine 
kinases, tumor necrosis factor (TNF) receptors, T-cell receptors, Toll-like receptors and 
GPCRs (but not at all) and is an important mechanism to induce signaling in several 
biological processes. It has now become accepted that some GPCRs exist as homo- and 
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signaling and regulation. So far, the oligomerization of many GPCRs with known ligands 
has been studied, but, recently, dimerization of orphan GPCRs was also reported.30 Using 
�	�������	������&��\�������&������
�	��
����������������	��	��	��	������	�	�	����
transfer analysis of EMR2, it was reported that receptor homo- and hetero-oligomerization 
plays a regulatory role in modulating the expression and function of leukocyte 
adhesion-GPCRs.31 We have shown that GPR56 induces G�12/13 and Rho-dependent 
activation of transcription mediated through the SRE and NF-�B-responsive element in 
HEK293T cells.22 Previously, Shashidhar et al reported that GPR56 overexpression in 293 
cells activated the TCF-, the PAI-1- and, to a lesser extent, the NF-�B-responsive elements, 
using a �-galactosidase reporter assay.24 They also indicated a slight activation of SRE in 
GPR56-overexpressing cells. More recently, Kim et al reported the differential effects of 
human GPR56 splice variants on SRE, NFAT, E2F mediated transcriptional activity.32 
However, these activation mechanisms have not been described. G�i/o, G�q/11, G�12/13 
and G�� can induce SRE-dependent transcriptional activity under GPCR stimulation. To 
investigate which G� isoforms or G�� subunits act downstream of GPR56, we examined 
the effect of the inhibitory molecules of these subunits (Fig. 1). The RGS domain of 
p115RhoGEF (p115-RGS) selectively binds to G�12/13 and prevents the interaction with 
their downstream effectors.33 The C-terminal peptide of ��adrenergic receptor kinase 

Figure 1. Schematic model for the GPR56 signaling pathway. The GPR56 signaling is inhibited by 
p115-RGS (which blocks G12/13 signaling), C3 and RhoDN (which block the Rho signaling) but not 
PTX (a Gi/o inhibitor), YM254890 (a Gq inhibitor) and �ARK-ct (a G�� inhibitor). Therefore, GPR56 
transmits the signaling through G�12/13 and Rho, leading to the stimulation of actin reorganization and 
SRE- and NF-�B-mediated transcription. Neural progenitor cell migration is negatively regulated through 
this signaling pathway. The proteolysis in the GPS domain and glycosylation of GPR56 are crucial for 
the translocation of GPR56 to the plasma membrane.
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(�ARK-ct), containing the G�� binding domain, inhibits the cell signaling mediated by 
G��.34�'	���������������'}¦������ �&�����?���	��
	�������������������%�i/o and G�q/11, 
respectively.35-37 p115-RGS completely suppressed the GPR56-induced SRE-luciferase 
activity, suggesting that GPR56 couples with G�12/13. However, PTX and YM-254890 
failed to suppress it. It is known that G�12/13 activates Rho through p115-GEF, which is 
��<��&�
	�����������	����	����	�	������	�����������������<��������	��"<�&�	����	��
transcriptional activation. We examined the effect of the botulinum C3 exoenzyme and the 
dominant negative mutants of RhoA, Rac1 and Cdc42. The C3 exoenzyme and the RhoA 
dominant negative mutant inhibited SRE-mediated transcriptional activation by GPR56, 
whereas the dominant negative mutants of Rac1 and Cdc42 did not. The activation of 
NF-�B-responsive element-mediated luciferase activity was also inhibited by p115-RGS, 
the C3 exoenzyme and the RhoA dominant negative mutant. These results suggested that 
GPR56 couples with G�12/13 and activates SRE- and NF-�B-mediated transcription in a 
Rho-dependent manner.

FUNCTIONAL ANTIBODIES AGAINST ADHESION-GPCRs

Secondly, we were able to prepare an agonistic antibody which functions as a ligand for 
GPR56. As surrogate ligands, some antibodies against the extracellular region of GPCR can 
stimulate receptors. Autoantibodies against GPCR are known in several types of diseases 
and the agonistic activity of these autoantibodies could play a pathogenic role in some 
of the symptoms of these diseases. For example, anti-�1-adrenoceptor autoantibodies, 
����� �	�����	�� ��� �	��� ��� 
���	���� ����� !������ ���	��	�� ��	� ���� �	&�����	��	�� ���
patients with idiopathic dilated cardiomyopathy.38 The antibodies directed to the second 
extracellular loop of the M2 muscarinic acetylcholine receptor are known to work as a 
partial agonist.39,40 The monoclonal antibody, which recognized the second extracellular 
loop of the human �2AR, could stabilize the receptor in its active formation.41 Constitutive 
activation of the thyroid-stimulating hormone receptor (TSHR) in Graves’ disease is widely 
acknowledged to be caused by an antibody-mediated autoimmune reaction.42 TSHR, 
also known as the thyrotropin receptor, is a class A rhodopsin family of GPCR. TSHR 
has a leucine repeat domain in ECD, which is an epitope for the autoantibody in the sera 
of patients with Graves’ disease.43 We showed that the anti-GPR56 antibody-induced 
SRE-mediated transcription with Rho activation and inhibited neuronal progenitor 
cell (NPC) migration. Neutralization with antigen GPR56ECD completely blocked 
anti-GPR56 antibody-induced SRE activation and inhibition of NPC migration. GPR56 
knockdown also attenuated the inhibitory effect of the anti-GPR56 antibody on NPC 
migration.23�}�	�	��	�������

���	����	���	���������	�����&%'<�������������
	�������
stimulated GPR56 activity as the agonist. An alternative activation mechanism of GPCR 
is demonstrated by the PARs (protease-activated receptors) and TSH receptors. PARs 
are activated by a unique proteolytic mechanism whereby thrombin, a serine protease, 
cleaves the N-terminal exodomain of PARs. The unmasked N-terminus of PAR1 acts 
as a tethered ligand binding to the receptor to trigger signaling.44 Synthetic peptides 
that mimic the tethered ligand domain can activate PAR1 independently of proteolysis. 
TSHR does not have the GPS domain, but the proteolytic cleavage of ECD is important 
for ligand-dependent receptor activation. The full-length TSHR is posttranslationally 
cleaved into the extracellular �-subunit and the 7TM �-subunit. Both subunits are 
��\	�����������	������������������\	���������������������
�������}�	��-subunit of 
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the TSHR has a silencing effect on the �-subunit, keeping basal activity low. Without 
the �-subunit, the �-subunit has high basal activity. Upon binding of TSH, the ECD of 
TSHR switches from an inverse agonist to a full agonist. A similar mechanism might be 
triggered by a stimulatory TSHR autoantibody.45 Inter-molecular interactions between 
TSHRs resulting in dimerization and multimerization have been proposed and recently 
������	���}�	� 	����	&����� �	
	���������� ��� ��	��!�����}"#<� ��� ��
������� ��� ��	�
formation of an oligomer, TSH binding and signal transduction. Recently, the crystal 
structure of the �-subunit of TSHR in a complex with a thyroid-stimulating autoantibody 
was reported.46 To investigate whether GPR56 without its ECD is active and whether the 
cleaved GPR56ECD acts as an agonist or an antagonist itself similar to PARs and TSHR, 
we constructed the truncated mutant lacking its ECD. This mutant also activated the SRE 
reporter gene; however, the GPR56ECD failed to affect this activity (unpublished data). 
A previous report indicated that some mutations of GPR56 in BFPP patients affected the 
glycosylation of the N-terminal extracellular region and that mutations in the GPS domain 
inhibited the cleavage at GPS.25 Moreover, these mutations also caused the impairment of 
%'<���������\���������	�������	�	�
�	�������}�������	�
���������������
���	���������
GPR56 in the N-terminal region is also important for cell surface expression and signal 
��������������}�	��	����������	�������������	�����������%'<����	���������	������	���}��
further understand the regulatory mechanism of GPR56, it will be necessary to elucidate 
��	�	
���
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There are few reports of functional antibodies against adhesion-GPCR. The 
blocking antibody against CD97 inhibits interleukin-8 (IL-8)-dependent mobilization of 
hematopoietic and progenitor cells, but it does not inhibit granulocyte-colony stimulating 
factor (GM-CSF)-dependent mobilization. The blocking antibody, which recognizes the 
EGF1,2 regions of CD97, affects the adhesion, although the antibody that recognizes 
the EGF3 region has no effect.47 It was recently reported that the antibody against CD97 
���\	�����������	�������\�������	������������	&�����	��
	����������������&��
	�����
not in CD97 knock-out mice.48 These results indicate that the CD97 antibody actively 
�����	����������������	��	��������������������������������	�������\����������	���	
����
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of the receptor enhanced the activation and migration of human neutrophils.49 Taken 
together, these observations suggested that the functional antibodies certainly help to 
clarify the signal transduction pathway of adhesion-GPCRs.

OTHER STUDIES THAT SUGGEST THE SIGNALING PATHWAY 

OF ADHESION-GPCRs

Signal transduction of EGF-TM7 receptors, including EMR2 and CD97, remains 
obscure. Several approaches to demonstrate the signaling of EGF-TM7 receptors by either 
��	�	�
�	����������	�	
���������	���	�������������������
����	����������	��	��������
as CD55, or mutations that could give rise to constitutive activation in class B peptide 
hormone GPCRs have as yet failed.46 One reason is that adhesion-GPCR might engage 
in the G protein-independent signaling pathway. It has been reported that the C-terminal 
region of 7TM was important in migration and invasion through EMR2 and CD97.49,50 
BAI1, GPR124 and GPR125 have an xTxV motif in the C-terminus of their 7TM, which 
interacts with PDZ.51,52 However, other adhesion-GPCRs, such as latrophilin and GPR56, 
do not contain this motif. These observations suggest that adhesion-GPCRs transmit a 
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signal through both G protein-dependent and G protein-independent mechanisms. BAI1 
was isolated as a binding partner of the N-terminus of ELMO1 (engulfment and cell 
motility 1), the complex of which with Dock180 (dedicator of cytokinesis protein1) and 
small GTPase, Rac, is a conserved signaling module for promoting the internalization 
of apoptotic cell debris.13 BAI1 binds phosphatidylserine exposed on the cell surface 
undergoing apoptosis. This binding with extracellular thrombospondin repeats mediates 
7TM-dependent signaling through the interaction of the guanine nucleotide exchange 
factor ELMO-DOCK180 complex and Rac.

COMPLEXITY OF SIGNAL TRANSDUCTION VIA ADHESION-GPCRs

The G protein-dependent signaling through adhesion-GPCR may be complicated. The 
activation mechanism of GPR56 postulated by previous reports is indicated in Figure 2. 
GPR56 is coupled with G12/13, leading to the activation of Rho and the inhibition of neural 
progenitor cell migration (A). The agonistic antibody against GPR56ECD can stimulate 
G12/13 signaling. This activation might be caused by the conformational change of 7TM 
induced by binding of the antibody and its ligand to the ECD (B) or by the dimerization/
oligomerization of receptors (C). The ECD of one adhesion-GPCR can interact with 
the 7TM of other adhesion-GPCRs. GPR56ECD could interact with 7TM of latrophilin 

Figure 2. Possible G protein-coupled activation mechanisms of GPR56. GPR56 coupled with G12/13 
(A) is activated by unknown ligands or an agonistic antibody against GPR56ECD. The activation should 
be mediated through the conformational change of 7TM (B) and/or dimerization/oligomerization, which 
is also induced by overexpression (C). GPR56 and latrophilin (LPHN) may be cross-activated by each 
other with cross-assembly of the ECD and 7TM fragments (D,E). Furthermore, the coupling of GPR56 
to G12/13 might be changed to Gq by the association with tetraspanin.
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coupled with Gq.16 Therefore, the stimulation of the GPR56 antibody may transactivate 
Gq signaling through 7TM of latrophilin (D). Conversely, the ECD of latrophilin may 
be able to interact with the 7TM of GPR56, leading to G12/13 signaling (E). Moreover, 
the heterodimer of GPR56 with tetraspanin, such as CD81 or CD9, could convert the 
interaction with G12/13 to Gq (F). Despite the vast and long-standing efforts of research 
to pair GPCRs to potential ligands, more than 140 GPCRs, except the odorant GPCRs, 
remain orphan receptors. Standard deorphanization strategies seem to have reached their 
limit and new strategies are urgently required.30 To further understand adhesion-GPCR 
signaling, it will be necessary to clarify the presence of functional agonists and to elucidate 
the structural and functional relationship between the ECD and 7TM.

CONCLUSION

In the past decade, the number of adhesion-GPCRs increased and several members 
were relatively well-characterized. However, understanding of adhesion-GPCR function 
�����		�����
	�	�������	���\������	����	��������������������	������	���������	������	�
receptors. Further investigation of adhesion-GPCR signaling will provide the basis for a 
full understanding of the physiological and pathophysiological role of adhesion-GPCRs. 
���������������
	����������������������	�������	����&%'!<��������	��	��������������	�
probe for not only the ligand hunting, but also the developing therapy for tumors or 
genetic disorders in which adhesion-GPCRs are involved.
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protein that belongs to the adhesion-GPCR family.1-7 Although BAI1 was named 
for the ability of its extracellular region to inhibit angiogenesis in tumor models, 
its function in physiological contexts was elusive and remained an orphan receptor 
until recently.5,6,8-14 BAI1 is now considered a phagocytic receptor that can recognize 
phosphatidylserine exposed on apoptotic cells. Moreover, BAI1 has been shown 
to function upstream of the signaling module comprised of ELMO/Dock180/Rac 
proteins, thereby facilitating the cytoskeletal reorganization necessary to mediate the 
phagocytic clearance of apoptotic cells.15,16 Here, we review the phylogeny, structure, 
associating proteins, as well as the known and proposed functions of BAI1.

INTRODUCTION

The seven-transmembrane G protein-coupled receptors (GPCRs) are the most 
extensively studied family of protein.17,18 In fact, the genes encoding GPCRs comprise one 
of the largest families in the human genome.18,19�%'!<����������������	���������	�������
sub-families. Among them, the adhesion-GPCR subfamily is unique in that the family 
members possess a long extracellular region, followed by a seven-transmembrane (7TM) 
domain and a long cytoplasmic tail.20-23 The adhesion-GPCRs have recently attracted 
��������������	��������	������	�����������	���������������������������	��		���	�����=	��
within their N-termini, linked to protein-protein, cell-cell and cell-matrix interaction and 

�����	���������������������}�������
�	���
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	�����������	�	����
inhibitor 1 (BAI1), one of the adhesion-family GPCR proteins that has recently garnered 
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role in regulating angiogenesis in the context of glioblastomas. Here, we review the initial 
��	��������������$�Z�����	�	���	��	����\����$�Z������
	������������������	�������	����
binding partners, as well as the potential of BAI1 as a target in glioblastomas.

INITIAL IDENTIFICATION OF BAI1

}�	� �	�	� 	�������� �����&�
	����� ������	�	���� ���������� �� �$�Z��� ���� ��������
��	����	�� ��� �� ����	�� ����	� 	�
�	������ ���� �	����	�� ��� ��	� ������ ��

�	����� �	�	�
p53. In the original studies, the expression of BAI1 was found to be downmodulated in 
glioblastomas, compared to high levels of BAI1 expression in normal brain. The authors 
noted that besides the 7TM region, BAI1 contains several thrombospondin type 1 repeats 
(TSRs) in its extracellular region; since TSRs have previously been shown to be capable of 
inhibiting angiogenesis, the role of BAI1 TSR motifs in a rat model of ocular angiogenesis 
was tested and found to inhibit angiogenesis. This property, along with the predominant 
	�
�	���������$�Z���<{�������	�������	�������������������°�����&�
	�����������	�	����
inhibitor 1’. However, more recent analyses of BAI1 expression in different cell types/
tissues or microarray studies suggest that BAI1 is expressed at some level in all tissues, 
with Bai1 mRNA detectable in bone marrow, spleen, peritoneal exudate cells and testis. 
Moreover, the regulation of BAI1 downstream of p53 has also been debated, but the loss 
of BAI1 expression in multiple glioblastoma lines suggest that BAI1 may play a critical 
role in normal brain (see below). Two other homologues of BAI1, named BAI2 and BAI3, 
with similar overall architecture and belonging to the same subfamily of adhesion-GPCRs 
���	������		����	����	�����������6,7,21 The structural features of BAI1 in comparison to 
BAI2 and BAI3 are detailed below.

STRUCTURAL AND FUNCTIONAL DOMAINS OF BAI1

}�	� ���	����&%'!<�� ���� �	� �����	�� ������	�� ���	�� ��� ��	� �����	� �������� ���
motifs within the extracellular region. BAI1, along with BAI2 and BAI3 constitute a 
separate subgroup VII among the adhesion-GPCR proteins.20 One distinction between 
the subgroup VII and other subgroups of adhesion family GPCRs is presence of 
thrombospondin type 1 repeats (TSR) in BAI1, BAI2 and BAI3, which are not found 
in other subgroup adhesion-GPCRs.20�$�Z��������	�}"<����	�	���$�Z������$�Z^�
have four TSRs. A hormone binding domain (HBD) is also found all three members of 
subgroup VII adhesion-GPCRs, although HBD is also present in subgroup I, IV and VI. 
In terms of domains/motifs present, BAI1 is very similar to the other two homologues 
BAI2 and BAI3. All three proteins contain TSR, HBD and 7TM but only BAI1 has the 
RGD (arginine-glycine-aspartate) motif upstream of the TSRs (Fig. 1).

BAI1 (1584 residues) contains a long extracellular region (943 residues) followed by a 
seven-transmembrane heptahelical body and a relatively long 392 residue cytoplasmic tail. 
The extracellular region of BAI1 contains four recognizable motifs/domains that promote 
�	&�	������	&����������	������������������}�	�������������������	�{&�	������������	�<%��
(Arginine-Glycine-Aspartic acid) integrin binding motif. The experiments to date have not 
ascribed a role for the RGD motif although the possibility that this motif may allow BAI1 
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expressing cell to ‘communicate’ with integrins on other cell types is an exciting possibility. 
In the context of apoptotic cell clearance, the RGD motif appears dispensable.16

The thrombospondin type 1 repeats (TSRs) represent the second distinguishable 
domain/motif within the BAI1. These repeats were originally described by Lawler and 
Hynes.24 Thrombospondin-1, a matrix protein, regulates cell proliferation, migration and 
apoptosis in a variety of physiological conditions.25 Among the three type of repeats found 
in thrombospondin (Type 1, 2 and 3), BAI1 contains only repeats that are homologous to 
Type 1. The TSRs in thrombospondin-1 have been functionally linked to cell attachment, 
TGF-� activation, inhibition of angiogenesis and cell migration. Many extracellular 
matrix proteins such as mindin, F-spondin and SCO-spondin contain one or more of 
the TSR repeats.24-28 Crystallographic studies of the repeats suggest that TSRs have an 
elongated structure with a large exposed surface area rather than a spherical structure. 
In fact, this supports the notion that TSRs are involved in several interactions such as 
protein-protein, cell-cell and cell-matrix interaction as the protruded structure of TSR 
could possibly function as a docking site.29,30�$�Z��������	�}�
	���}"<�������������
studies suggest that the TSRs have a role in binding to phosphatidylserine exposed on 
apoptotic cells (see below).

A hormone binding domain (HBD) follows the TSRs in BAI1. This HBD domain 
���������������	��	��	���&�\	�%'!<���������	��
	�������	���������������������	����	��
unclear.20 BAI1 also has a G protein-coupled receptor proteolytic site (GPS) right before 
the seven-transmembrane domain like other adhesion-GPCRs. The conserved region of 
GPS domains is about 50 residues long and contain either 2 or 4 cysteine residues that 
likely form disulphide bridges.20,22 Previous studies have shown that the extracellular 
region of BAI1 can be cleaved at the GPS and the cleaved extracellular region of BAI1 

Figure 1. Schematic diagram of the subgroup VII of the adhesion-GPCR family. RGD, integrin binding 
motif; TSR, thrombospondin type 1 repeats; HBD, hormone binding domain; GPS, G protein-coupled 
receptor proteolytic site; QTEV, PDZ domain binding motif.
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was denoted as vasculostatin. The cleaved vasculostatin product could function as an 
anti-angiogenic and anti-tumorigenic factor.8,11 However, this form of truncated product 
�����	� �����	���� �	� ��
	� �
	������ ��� ����� ��� ���� �	�	����	� ��� ���	�� ����������� �����
unpublished observations).

The long extracellular region of BAI1 is followed by the heptahelical 
seven-transmembrane region of BAI1. The amino acid sequence with the TM of BAI1 
contain similar hydrophobic residues in positions analogous to the secretin-family GPCRs.31 
}��������������������������	��������	��	���&������%'!<�31 but more detailed phylogenetic 
studies have placed BAI1 within the adhesion-GPCR family.20 To date, there is no direct 
evidence that BAI1 is dependent on G protein signaling even though GPR56, a member 
of the subgroup VIII, signals through G proteins.22 BAI1 might associate with G proteins 
either through 7-TM or the cytoplasmic tail of BAI1. The canonical DRY motif is not 
apparent in BAI1 and mutation of one DRY motif does not appear to confer a function in 
the context of apoptotic cell clearance (unpublished observations). However, the linkage 
of BAI1 to G proteins needs to be carefully examined. It is also possible that BAI1 uses 
association with G proteins as well as with other intracellular signaling intermediates to 
transduce signals into cells.

Although BAI1 has a long cytoplasmic tail, it does not have distinctive domains 
or motifs except for a proline rich region and QTEV motif at the extreme carboxyl 
terminus. The QTEV motifs have been shown to interact with proteins containing PDZ 
domains. Consistent with this hypothesis, a PDZ domain containing protein (BAP1) 
������	����	��������	�������&����������		�������$�Z��������������������������������
to the QTEV motif of BAI1.32 However, the function of this interaction and the role of 
the QTEV motif remain to be determined. Our analysis of the cytoplasmic tail of BAI1 
��	����	���-helix region immediately after the proline rich region, which was found to 
be important for binding to another protein ELMO1 (see below). The long extracellular 
region of BAI1 with multiple domains/motifs and its long cytoplasmic tail suggested 
that BAI1 might play a role in direct signaling from outside of the cell to the inside.

BAI1 AS AN ENGULFMENT RECEPTOR FOR APOPTOTIC CELLS

Although initial studies suggested BAI1 as a possible regulator of angiogenesis, 
its physiological role remained elusive for nearly 10 years. Recently, work from our 
����
�������	����	�������
���������	����$�Z�����
�������	��������	�����=	������	���
apoptotic cells.16 As a way of background on apoptotic cell clearance, our bodies turnover 
roughly 1 million cells every second. These cells that are turned over include excess cells 
generated as part of normal development, aged or nonfunctional cells, or cells that die 
due to other causes. These dying cells expose ‘eat-me’ signals on their surface that are 
in turn recognized by receptors on the phagocytes.33�}�	��
	������	�������������	��&�	�
signals by phagocytic receptors help recognize the dying cells among healthy cells in 
�������	���������
	��������	���	���	��������	��������	����
���
����	����
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cells has been linked to autoimmunity and other disease states in humans and in mouse 
models.34,35�$�Z�������	�	�����		����	����	��������	�����	����	�	
����������	�����=	��
a ligand on apoptotic cells and thereby facilitates apoptotic cell clearance.15,36 The section 
below details the key experimental evidence supporting the concept that BAI1 is an 
engulfment receptor.
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One of the highly evolutionarily conserved signaling pathways in clearance of apoptotic 
corpses (from worm to man) involves the proteins ELMO1/Dock180 and Rac1.37-42 The 
two proteins, ELMO1 and Dock180, associate with each other and together activate the 
small GTPase Rac1. Activated Rac1 then promotes actin polymerization and cytoskeletal 
rearrangements, which in turn facilitate the phagocyte to wrap the phagocyte membranes 
around an apoptotic cell, leading to internalization. However, the receptor/membrane 
protein that function upstream of ELMO/Dock180/Rac module had remained elusive. We 

	�����	�����	�������&����������		����������`����������������	����	����	�����
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tail of BAI1 as an interacting partner for the N-terminal region of ELMO1. It is notable 
that previous studies have showed that the N-terminal region of ELMO1 is important 
for the localization of the ELMO1/Dock180 complex to the membrane (note: ELMO1 
binds via its C-terminal region to Dock180).39,40,42 Further studies revealed that ELMO1 
�
	���������������������-helix region within the cytoplasmic tail of BAI1.16 Mutation 
of this region within BAI1 or mutations within the N-terminal region of ELMO1 abrogated 
the interaction between BAI1 and ELMO1. It is interesting to note that this �-helix region 
bound by ELMO1 is not overlapping with regions where other BAI1-associate proteins 
bind within BAI1 (Table 1).

Several lines of evidence suggested that BAI1 could function as an engulfment 
receptor for apoptotic cells. First, overexpression of BAI1 in different cell types 
������
���	�� ��� ����������� 	�����	�� ��	� �
��\	� ��� �
�
������ �	�� ���
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apoptotic cells compared to uptake of live cells or necrotic cells, suggesting that BAI1 
�������	�����=	����
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of BAI1 expression in macrophages and primary astrocytes inhibited the engulfment of 
apoptotic targets, commensurate with the extent of siRNA-mediated knockdown that 
was achievable in these cell types. Fourth, BAI1 localized to the phagocytic cup that 
forms around the apoptotic target being engulfed and with polymerized actin. Lastly, 

Table 1. Summary of BAI1 interacting proteins 

Interacting 
Protein Method

Interacting 
Region within 
BAI1

Previously Known 
Function of the BAI1 
Binding Partner Reference

BAP1 Y2H, GST-pulldown, 
Colocalization

QTEV motif in 
the cytoplasmic 
tail

Unknown 32

BAP2 
(IRSp53)

Y2H, GST-pulldown, 
Colocalization

Proline rich 
region in the 
cytoplasmic tail

Activation of Rac/
Cdc42

52

BAP3 Y2H, Immunopre-
cipitation

Cytoplasmic tail Unknown 32

BAP4 
(PAHX-AP1)

Y2H, GST-pulldown Cytoplasmic tail Unknown 54

ELMO1 Y2H, Immunopre-
cipitation, GST-
pulldown

�-helix region in 
the cytoplasmic 
tail 

Engulfment of 
apoptotic cells, cell 
migration

16
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high expression of BAI1 on the surface of a phagocyte increased both the binding 
of apoptotic targets as well as the number of targets internalized per phagocytes. 
Collectively, these data suggested that BAI1 can function as a receptor that can promote 
uptake of apoptotic cells.

When we addressed what ligands on apoptotic cells might be recognized by BAI1, 
�	�	������	���������
����	�������	��
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���
�������	���	��
a key eat-me signal that is exposed universally on apoptotic cells. These observations 
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domain of BAI1 were expressed as a soluble protein, this acted as a competitive 
inhibitor and potently inhibited the BAI1-dependent uptake of apoptotic cells via 
BAI1. Second, the TSR repeats of BAI1 competed with annexin V, a protein that is 
known to bind phosphatidylserine on apoptotic cells. Third, the mixing of the soluble 
TSRs derived from BAI1 to apoptotic cells resulted in the decoration of the cell 
surface of apoptotic cells, but not live cells. Fourth and perhaps more conclusively, 
the soluble TSRs of BAI1 directly bound to PtdSer on the lipid membrane strips and 
��	������������
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compared to phosphatidylcholine lipid vesicles. These data suggested that BAI1 
can bind to phosphatidylserine on apoptotic cells and that the binding is mediated 
via the thrombospondin repeats on the extracellular surface of TSRs of BAI1 is 
the region, which binds phosphatidylserine. Lastly, the TSR repeats of BAI1 also 
showed a functional role in engulfment of apoptotic cells in vivo in a mouse model 
of cell clearance.

With respect to intracellular signaling via BAI1 during recognition of apoptotic 
cells, the interaction of ELMO1 with BAI1 was essential for BAI1-mediated uptake. 
Knockdown of ELMO1 or mutation of the ELMO1 binding site within the cytoplasmic 
tail of BAI1 abolished ability of BAI1 to promote engulfment of apoptotic cells. We also 
observed that BAI1 formed a trimeric complex with ELMO1/Dock180. Furthermore, 
coexpression of BAI1, ELMO1 and Dock180 showed the maximal uptake of apoptotic 
targets; conversely, dominant negative forms of either ELMO1 or Dock180 inhibited 
BAI1-dependent engulfment.

!�	����	��� ��	�	� ����� ��	����	�� �� �	�� 
����������� ��	� ���� $�Z�� ��� ���
engulfment receptor for recognition and uptake of apoptotic cells by phagocytes. 
Although several other engulfment receptors have been previously known, BAI1 
�	
�	�	���� ��	������ ���	����&%'!<� �����	�� �
�
������ �	� �	�����	��}�	� ����	���
model suggests that the recognition of phosphatidylserine exposed on apoptotic cells 
via the TSRs of BAI1 leads to intracellular signaling via the ELMO/Dock180/Rac 
module leading to cytoskeletal reorganization and the internalization of apoptotic 
corpses (Fig. 2).

Our most recent studies suggest that BAI1 is the most abundantly expressed 
phosphatidylserine recognition receptor in Sertoli cells of the testes.35 These Sertoli 
cells play a crucial role in clearance of apoptotic germ cells during development and 
as part of normal testicular homeostasis (see Davies and Kirchhoff in this volume for 
adhesion-GPCRs in the male reproductive tract). Studies where BAI1 function was 
disrupted or its signaling through ELMO1 was affected, these mice show a severe 
defect in clearance of apoptotic germ cells and sperm output. Thus, BAI1 may play 
a crucial role in regulating spermatogenesis.
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ROLE OF BAI1 IN GLIOBLASTOMAS

When tumors reach a certain size (1-2 mm), they have to overcome limitations 
in oxygen and nutrient supply for further growth and/or metastasis.43 This problem is 
overcome by the tumor through generation of new vasculature, termed ‘angiogenesis’. 
Glioblastoma multiforme (GBMs), (or malignant diffuse gliomas, WHO Grade IV) 
are one of the most highly vascularized tumors.44 Approaches to block angiogenesis is 
a major focus of recent therapies toward this tumor.43 Remarkably, BAI1 is expressed 
at high levels in normal astrocytes, but BAI1expression is reduced or lost in many 
glioblastomas.6,10,11 Because the TSRs of BAI1 can potently inhibit angiogenesis (see 
below), it is thought that loss of BAI1 expression may remove a natural ‘block’ in 
angiogenesis and thereby promote vascularization of the tumor.10,11,16 Based on this 
premise, re-expression of BAI1 or the extracellular fragment of BAI1 is being considered 
an attractive therapeutic target.

In the initial cloning of BAI1, it was recognized that the TSRs of BAI1 may play a role 
in angiogenesis; when recombinant GST-BAI1 fusion proteins were introduced into rat 
cornea, the recombinant protein containing the TSRs of BAI1 inhibited neovascularization 
induced by bFGF.6 In subsequent studies, overexpression of BAI1 in Panc-1, a human 
pancreatic adenocarcinoma cell line, was used to test the effect of BAI1 on angiogenesis. 
While there was no obvious difference in growth in vitro between BAI1 transfected and 
control LacZ transfected Panc-1 cells, the BAI1 overexpressing cells showed retarded 
�������������������

�	���������������	�	��������������	���	������	������	��	�����
diminished vascularity of the tumor.45 Furthermore, impaired angiogenesis was observed 

Figure 2. BAI1-mediated phosphatidylserine recognition and signaling. Phosphatidylserine on apoptotic 
cells is recognized by the TSRs of BAI1. The apoptotic recognition signal is then transduced into cells, 
which results in association of the cytoplasmic tail of BAI1 with the ELMO/Dock180/Rac signal module 
and causes Rac activation at the site of apoptotic cell recognition. Cytoskeleton rearrangement results from 
Rac activation initiates engulfment of apoptotic cells. PtdSer, phosphatidylserine; RGD, integrin binding 
motif; TSR, thrombospondin type 1 repeats; HBD, hormone binding domain; GPS, G protein-coupled 
receptor proteolytic site; 7TM, 7 transmembrane domain; QTEV, PDZ domain binding motif.
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when U373MG cells transduced with adenovirus expressing BAI1 were transplanted 
into transparent skin-fold chambers of SCID mice, compared to control U373MG cells 
not expressing BAI1. Moreover, In vivo inoculation of U373MG cells in to the brain of 
mice BAI1 expressing U373MG cells showed reduced intratumoral vascular density and 
more necrosis compared to control U373MG injected cells.10

Despite these studies linking BAI1 to angiogenesis and tumor growth, it unclear how 
BAI1 might regulate angiogenesis in normal brain. Early studies used soluble recombinant 
fragments of BAI1 and the latter studies have used overexpression studies. Van Meir 
and colleagues suggested the existence of a soluble extracellular region of BAI1, called 
vasculostatin.11 They found a 120 kDa fragment in the conditioned medium of BAI1 
transfected 293T cells and detected an analogous extracellular fragment of BAI1 in 
brain lysates. Moreover, introduction of vasculostatin inhibited migration of endothelial 
cells and reduced angiogenesis and tumor growth. Thus, they proposed a mechanism 
that generation of a soluble factor by cleavage of a pre-existing transmembrane protein 
might inhibits angiogenesis and tumorigenesis. Interestingly, the anti-angiogenic activity 
of vasculostatin was reported to require CD36, which has been previously known to bind 
TSR of thromobospondin-1. The CLESH domain of CD36 appeared important for binding 
to vasculostatin and CD36 knockout mice did not show inhibition of neovascularization 
when micropellets containing vasculostatin and bFGF were implanted into the mice 
cornea.8 Overall, these studies suggest that the extracellular region of BAI1 might be 
proteolytically cleaved at the GPCR proteolytic site. However, others have not reported 
on a similar soluble fragment of BAI1 and we have not observed a similar fragment under 
the conditions of our expression (unpublished observations). This raises an interesting 
possibility that the cleavage and processing BAI1 may differ between cell types and could 
be highly relevant for deciphering its normal function in angiogenesis.

Besides the possible role of BAI1 in angiogenesis, another possibility needs to be 
entertained in the context of its role in development of glioblastomas. Our recent studies 
���	���	����	����������	������	����	�����$�Z���������	�����	��	�	
���������	��
in recognition and clearance of dying cells.16 Remarkably, Glioblastomas often have a 
necrotic core within the tumors and the presence of necrotic cells is often linked to poor 
prognosis for GBMs.43,46-49 Intriguingly, the extracellular region of BAI1 capable of 
inhibiting angiogenesis in model systems is also the same region that mediates recognition 
and clearance of dying cells.16 Thus, it becomes critical to fully understand BAI1 function 
in the context of GBMs, whether it solely relates to the function of BAI1 in inhibiting 
angiogenesis, its role as an engulfment receptor or both, prior to its potential use as a 
therapeutic target.

OTHER KNOWN INTERACTING PARTNERS OF BAI1

Until two years ago, the role of BAI1 in a physiological context or its ligands remained 
unclear. Therefore, to deduce the function of BAI1 through its interacting proteins, search 
for BAI1 associated proteins has been extensively performed. This approach primarily 
involved yeast two-hybrid screens using the cytoplasmic tail of BAI1. So far, four 
$�Z�&��������	��
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with yeast two-hybrid screens using the cytoplasmic tail of BAI1 as bait,32,50-53 whereas 
��	�����
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BAP1 is a novel member of the MAGUK (membrane-associated guanylate 
kinase homologue) family, comprising a guanylate kinase domain, WW domain and 
multiple PDZ domains. BAI1 has the QTEV motif at the extreme end of C-termini 
and this motif has previously shown to bind proteins containing PDZ domains. BAP1 
possesses PDZ domain and associates with the cytoplasmic tail of BAI1 via interaction 
between the PDZ domain of BAP1 and the QTEV motif of BAI1.32 The transcript of 
BAP1 was detected in several tissues such as heart, lung, kidney and pancreas as well 
as brain by northernblotting.32 The role of BAP1, also called membrane-associated 
guanylate kinase 1 (MAGI-1) is unclear, but MAGUK family proteins are involved in 
organization of receptors, ion-channels and signaling molecules. Members of MAGUK 
family usually localize at tight junctions, septate junctions and synaptic junctions.55,56 
Thus, the interaction between BAI1 and BAP1 might play a potential role of BAI1 in 
cell adhesion and signal transduction, although no studies to date have addressed this 
possibility. However, the BAI1:BAP1 interaction appears dispensable for engulfment 
of apoptotic cells, since BAI1 can be tagged at the C-terminus with FLAG or GFP tag 
(thereby destroying the C-terminal QTEV motif) and these tagged proteins behave 
normally in promoting clearance of apoptotic cells.

The second BAI1 interacting protein, BAP2, is known previously as IRSp53.52 
The SH3 domain of BAP2 bound the proline rich region of the cytoplasmic tail of 
BAI1, which stretches from 1389 to 1437. BAP2 consists of an I-BAR domain, a 
partial-CRIB motif interrupted by an SH3-binding site, an SH3 domain and a potential 
WW domain binding site. It might be involved in linking Rac1/Cdc42 to WAVE to 
form lamellipodia at the site of Rac activation.57-59�}�	�	�
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northern blotting is similar to that of BAI1 in the brain and they are also colocalized 
in COS-7 cells at overexpression conditions. Enrichment of BAI1 in growth cone and 
colocalization of BAI1 with BAP1 suggest that BAI1 might be involved in growth 
cone guidance. However, systematic functional studies have not been undertaken to 
address the role of the BAI1:IRSp53 interaction. In our studies to date, we are unable 
to detect a function for BAP2/IRSp53 in clearance of apoptotic cells (unpublished 
observations).

BAP3 is a novel C2 domain-containing protein with homology to Munc13 and 
synaptotagmin. The mRNA expression pattern of BAP3 is very similar to BAI1. The 
homology of BAP3 with Munc13 and synaptotagmin suggests that BAI1 may have 
neuronal functions.53 However, so far the role of BAP3 has not been studied.

$�'�� ���	�������� ����� $�Z�� ���� ��	����	�� ����	�	���� ����� ��	� ���	�� $�'�
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a two-hybrid screen performed using PAHX-AP1 (which stands for PHAX-associated 
protein 1) and has now been renamed as BAP4. PAHX is a protein related to an 
autosomal recessive disorder of the lipid metabolism.54 So far, the role of BAP4 is 
unclear but it is possible that BAP4 functions as an adaptor protein to link BAI1 to 
PAHX for regulation of the lipid metabolism—perhaps in digesting the contents of 
apoptotic cells.

}���������=	�������$�'�
���	�������	��		����	����	����	���	�����`��������	�
interaction between BAI1 and BAI1-associated proteins have been tested using yeast 
two-hybrid assays and immunoprecipitation/colocalization studies after overexpression 
of these proteins (Table 1). However, physiological role of BAI1 association with these 
$�'���	��������\������!	��������	����	�������������	��	�	����������	��	���	��	���
physiological role for BAPs as well as BAI1.
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CONCLUSION

Although BAI1 remained an orphan receptor for nearly 10 years, recent studies have 
begun to shed new light on BAI1 function under physiological conditions. However, a 
number of unanswered questions remain. First����	��
	�������	�����$�Z�����
�����������
�	��������		�� ����	��	��	���	��	���}�����������
	�����	�����	�	�� ������������	�
knockout studies targeting Bai1��}����������	
��	��	���	���	����$�Z�����	�����	������
apoptotic cells in the different tissue contexts as well as its role in normal brain functions. 
With the availability of testable glioblastoma mouse models, the BAI1 knockout mice 
may also prove useful for these studies. Second, at the molecular level, the two known 
functions of BAI1 are anti-angiogenesis and recognition of phosphatidylserine, both being 

	�����	�������	����	�������������������}"<���Z��������	����	�	����������	��	���	�
mechanism by which the unrelated functions can be executed by the same domain. It is 
also unclear whether particular TSRs may be involved in phosphatidylserine recognition 
versus anti-angiogenesis. Along the same lines, the cleaved versus noncleaved versions 
���$�Z������	������	���	������	����	��������������������$�Z���		������	��	��	���	��	���
Third�� �������� �	�	��� ���	��������
����	������$�Z�����	��		��
�	������� ��	����	��
���	������	�������&����������		������	��������������	�����	������		���	��	���	��	
��
for ELMO1 (in process in nature).16� �	������ ��	�	� ��	��	�� ���� ��	��� �	�
	����	�
pathways may shed insights on BAI1 function as well as potentially other adhesion-GPCR 
family members. Fourth, how engagement of BAI1 on the extracellular side, such as the 
recognition of phosphatidylserine on apoptotic cells, is communicated through the 7-TM 
���\������	�������	�������������
���������		������	�
�	���	���	��	���}��������\	��
to be challenging, but highly rewarding. Fifth, one of the hallmarks of apoptotic cell 
�	�����	�
���	�����������������������������&��������������������������\�������	��	��$�Z��
mediated recognition of phosphatidylserine on apoptotic cells also leads to elicitation of 
����&�������������	����������	�����������������	
�������	��	�����	���������������	�
role of BAI1 in basic clean up of dead cells, versus other larger functions. Lastly, although 
BAI1 is considered a member of the GPCR family, whether BAI1 links to G proteins for 
�	�����������	������������������������		����	����	������	��	���}�	��	�	�����	�����������
of BAI1 function in apoptotic cell recognition and clearance should prove useful to test 
these possibilities. It is likely that future studies on BAI1 in the coming years may yield 
new, exciting and therapeutically relevant information on this exciting adhesion-GPCR.
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CHAPTER 16

ADHESION-GPCRs IN THE MALE 
REPRODUCTIVE TRACT

Ben Davies* and Christiane Kirchhoff

Abstract The male reproductive tract expresses a diverse array of adhesion-GPCRs, many 
������������
	����������	����	������	����	�
��	�������
	�����������	�
�	�������
little is known about the function of this receptor family in male reproductive 
physiology. Insights into function are beginning to emerge with the increasing 
����������� ��� �	�	������ �����	�� ���	� ����������� ���������� ��� ��	�	� �	�	���
Gpr64 is the best characterised of the adhesion-GPCRs in the male reproductive 
system and the phenotype of Gpr64 knock-out mice implicates this receptor in the 
�	���������������������
����������	�	��	�	�������������
�������	
����������}����
chapter summarizes recent data concerning this receptor and other family members 
in the male reproductive system.

INTRODUCTION

Within the male reproductive tract a diverse array of cell types contribute to the 
reproductive competence of the organism. In mammals, the sertoli and leydig cells of the 
testis support and regulate the proliferation and subsequent differentiation of germ cells 
into spermatozoa. Spermatozoa exit the testis via the efferent ductules into the epididymis, 
where the spermatozoa mature and gain their reproductive competence. Mirroring these 
diverse functions, the cell types of the male reproductive tract display a vast complexity of 
gene expression1,2 and consistent with the complexity, it appears that the male reproductive 
tract express a large number of adhesion-GPCRs, the topic of this chapter.

An initial survey of mouse and human expressed sequence tags (ESTs) revealed the 
expression of at least 13 different family members within the male reproductive tract.3 A more 
comprehensive RT-PCR expression analysis of rodent adhesion-GPCRs also detected above 
background expression for many of the known family members,4 although only testis was 
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taken for analysis. Table 1 summarizes what is known in the literature about adhesion-GPCR 
expression within the male reproductive tract. It is clearly premature to conclude that a weak 
<}&'!<�	�
�	������	����	���������������������������	����������	���	��	
��������	�����	���
yet there is considerable more in depth evidence to suggest that members of this diverse 
receptor family do play an important role in the function and regulation of male fertility.

GPR64

%'<��������������	
���	�����#����������	����	�����
�������������	�	�����	�
�	������
���		������������	
����������
	�������������
���5 Northern and in situ hybridization analysis 
�	�	�	����	�	�
�	����������	��������
	�������������������������	�
�������	
����������
representing approximately 0.01% of all cDNA clones. Mammalian orthologues from mouse 
���������	�	�����	��	�������	������������������������
�������	
���������
	�����
expression was demonstrated in these species by Northern and immunohistochemical 
analysis.6 GPR64 has the classic features of an adhesion-GPCR—a secretin-like seven 
transmembrane domain together with an adjacent cysteine rich GPS (GPCR proteolysis 
site) motif and a long N-terminal extracellular domain. The N-terminal domain lacks any 
��������������������������������������	���������	���	������	���	����	����	�
����	������
sequence which is predicted to be extensively glycosylated. Deglycosylation Western 
�����������������{&�	�������
	������������������������	�����������	���	����	�6

In terms of family homology, GPR64 is thus most similar in overall structure to 
group II and IV adhesion-GPCR family members.4,7 Little functional information has 
been attributed to the majority of these receptors; however the two best characterised, 
GPR56 and CD97, both share a common function in cell motility and both have been 
implicated in the regulation of tumorogenesis. Consistent with their proposed function, 
extracellular matrix or cell surface ligands have been characterised for these receptors. 
GPR56 has been demonstrated to bind transglutaminase-28 and CD97 has been shown to 
interact with glycosaminoglycans and integrins.9 Although no ligand or binding partner 

Table 1. Reported expression of adhesion-GPCRs within the male reproductive tract

Adhesion-GPCR Expression Site Detection Method

Gpr64 Nonciliated principal cells of efferent 
ducts and caput epididymis

Northern,5 ISH,5,6 
Knock-in reporter,11 IHC10

Gpr124 Testis RT-PCR16

Gpr125 Seminiferous tubules, germ cells RT-PCR,16 Knock-in 
reporter,17 IHC17

Celsr1 Testis RT-PCR23

Celsr2 Sertoli cells, germ cells IHC,23 RT-PCR23

Celsr3 Elongated spermatids IHC,23 RT-PCR23

Vlgr1 Testis RT-PCR4,25

Gpr56 Testis Northern,30 RT-PCR4

Gpr97 Testis RT-PCR4

Gpr110 Testis RT-PCR4

Gpr113 Testis Northern,33 RT-PCR4

Emr1 Testis RT-PCR4

Cd97 Testis IHC35
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has been ascribed to GPR64, interactions with components of the extracellular matrix 
or other membrane proteins seem likely.

Antibodies raised to both the extracellular and transmembrane region have shown 
GPR64 to be present as a two subunit heterodimer in epididymis preparations, suggesting 
activate cleavage of the GPS site occurs.6 Colocalisation of these two subunits was seen in 
all expression studies performed, suggesting that the two subunits remain associated—no 
evidence for a soluble ectodomain could be found, although this cannot be ruled out. Both 
mRNA and protein expression studies have revealed a gradient of Gpr64 expression, 
strongest within the efferent ducts and the proximal epididymis, decreasingly rapidly 
towards more distal epididymal regions.5,6

Within the efferent ducts, confocal immunohistochemical studies have revealed GPR64 
��� �	� �
	������� 	�
�	��	�� ��� ��	� �
���� ���
����	��� ��� ��������	�� 
�����
�� �	��10 
}�	�	��	����	�
���������	�
�����	�������	����������	�����	�������������������������	���
with this function, the apical luminal compartment is organised into microvilli of variable 
length. Using phalloidin staining of F-actin which highlights the microvillar brush border, 
colocalisation with GPR64 could be seen (Fig. 1A-C). In contrast, no GPR64 expression 
was detected in the tufts of (kino-) cilia of the ciliated cells10 (Fig. 1,D-F) which are thought 
to be primarily involved in back and forth movement of luminal contents via long kinocilia. 

Figure 1. Colocalization study of GPR64 receptor protein and apical differentiations of epithelial cells 
in efferent ducts of the mouse. A-C) Confocal microscopy after dual labeling of GPR64 and actin 
shows that the receptor is present on the microvilli of nonciliated cells. Cy2-conjugated second antibody 
������	�� ��������������������%'<���������������		������	��	��	����&���������� ��		�����
��������
��������� ��	������	��	��	���!�����=������ ��	���� ��������
�����	��� ������������� ������� ������ =��	�
���	����	���	�����	�����������	����	�������	��	��	����&���������	�������%'<���������	����	��
�-tubulin labeling stabile microtubules shows that the receptor is absent from kinocilia of ciliated cells. 
!��&��������	�� �	����� ��������� ���� ��	�� ��� ������������ ����� %'<��� ��������� ���		�� ����	��	��	��
and Cy3-conjugated second antibody in combination with acetylated �&���������	������	��	��	���{��	�
�����%'<��&�	��	������ ������&�	��	������	��	��	���	� ��������	������� ��	���������
���� ��������	�����
	
���	��� �	��� �� ����� �	������ ��� ����� ����	� ��� ������	� ��� �������	�������	��	���������	�
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}�����������
	�����	�
�	������
���	�������	���������%'<��������
�������	������	�����������
��������������������������������	�����������	�
�����	�����������������
��\	�

To gain an insight into the function of GPR64, knock-out mice lacking the entire seven 
transmembrane domain of this X-chromosomal located gene were generated.11 Gpr64 mRNA 
and protein expression in the resulting hemizygous knock-out mice was completely absent. 
The absence of Gpr64 led to a rapid age-dependent decline in male fertility. Histological 
���	�����������	�	�	����	�����	������������	�����������������	������������	�������������
�	�����
������$	���	���	����	������
	������	�	�������������
�����	��������������������	��	��
within the efferent ducts and the rete testis of mutant mice (Fig. 2A-B) which, in older males 
led to a stasis of spermatozoa within the efferent ducts and proximal epididymis (Fig. 2C-D). 
Morphologically, the deletion of Gpr64 had no apparent effect on the morphology or cell 
��
	��
�	�	������������	�	��	�	���������������	�
�������	
��������������	���������
	�����
function in the regulation of water uptake for this receptor. This phenotype agrees with 
��	�
��
��	��������������%'<�������	�	����	����������������
	�����	�
�	������
���	���

To establish a molecular explanation for the observed phenotype and to investigate 
the general effects of Gpr64 disruption on gene expression, differential cDNA library and 
microarray screening was performed using adult epididymal tissue from wild-type and Gpr64 

Figure 2. Histology of testis and efferent ducts in wild-type and knock-out Gpr64 mice. A-B) 
<	
�	�	������	� 
������������
��� ��������������� � 100) of hematoxylin- and eosin-stained sections 
through the rete testis of wild-type (A) and knock-out (B). Note the dilated rete testis and seminiferous 
����	�� ��� ��	� \���\&���� ���	�� !&��� <	
�	�	������	� 
������������
��� ��������������� � 100) of 
hematoxylin- and eosin-stained sections through the efferent ductules of wild-type (C) and knock-out 
(D) mice. The stasis and accumulation of spermatozoa can clearly be seen in the knock-out tubules. A 
������	������������������	����������	�����������	�������	��	���������	��<	
�����	��������	�	�	��	�
11 with permission from American Society for Microbiology.
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knock-out mice.12 Both techniques revealed an overlapping set of differentially expressed 
transcripts, the majority of which were found to be downregulated in the knock-out rather 
than the wild-type mice. It is interesting that several of the differentially regulated transcripts 
	����	�
���	�����������	���
����	�����������
��\	������	���
	��Cldn10A (Claudin 10A), a 
gene strongly expressed in the proximal epididymis with a role in tight junction formation13 
����������
����	������������	�	������������������	�����&�	����	����	���	�	�&�������
knock-out mice. Slc1a1 encodes a glutamate transporter which contributes to the regulation 
of osmolyte balance in the proximal epididymis14 and was found to be down-regulated 
four-fold in knock-out epididymis. Since many epididymal genes are regulated by testis 
derived luminal factors and the stasis of spermatozoa seen in knock-out mice may impede 
these signals, it is too speculative to conclude a causal link between receptor activation 
�����	�	�	�
�	�����������	��������������%'!<��	����	������	��������	�����������	����
these expression changes demands further investigation.

In the knock-out model of Gpr64, the transmembrane region was replaced by a 
beta-galactosidase reporter gene under the control of an internal ribosome entry signal. The 
resulting reporter expression was seen to faithfully recapitulate the endogenous expression 
pattern in the epdidiymis.11��	�
��	�������������������	���������������	
����������
	�����
transcript, Gpr64 expression was also seen within a subset of neurons in the dorsal root 
and trigeminal ganglia, within the synovial membranes of the developing joints and in 
the developing parathyroid (Fig. 3). Although many of these sites of expression must be 

Figure 3. �-galactosidase reporter expression in Gpr64 knock-out mice. Photomicrograph of a 
BLUO-GAL-stained section through the epididymis of an adult HE6 knockout (A), dorsal root ganglia 
of a P0 Gpr64 knock-out (B), parathyroid of an E16.5 Gpr64 knock-out (C) and digits of a P0 Gpr64 
knock-out, showing the activity of the �&�����������	� �	�	�� �� ���� $� ��	� ������� �	�� ����	�� ���� !�
��������	�����	�����	����
����=������	����	�	���	�$�_`&%���
�	��
����	����	������	�	��	���������	�
���	�����	��� ��������� �� ����� �	������ ��� ����� ����	� ��� ������	� ��� �������	�������	��	���������	�
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������	�����<{������
���	�������������������	�
���������
	����	���������������	�	������	��
there are cells which, similar to those of the proximal epididymis, are also involved in some 
�	��		��������������������	��	��	������������������������	��		��	����������	������
�	������������	��������������	���������������������	���������	�
�	�������������	�����	���
and no nonreproductive phenotype has been reported for the Gpr64 knock-out mice, it 
would be interesting to establish whether GPR64 has a conserved function outside of the 
reproductive system. Recently, GPR64������		������������	��
	�������	�
�	��	�� ���
�����������������������	����������	�����������
���	���������	����������	�����������	�	
����
in adult joint pathophysiology.15

`�	��� ��� ����� �

	��� ����� ��	� �
	������� 	�
�	��	�� ���	����&%'!<� ���� ���
��
���������	�����	����������	�	������	������������������	�	��	�	���������������	�
�������
epididymis. An electron microscopic investigation of the subcellular organisation of 
��	���������	��
�����
���	��������	�
�	���������	�	
��������
	������������	��
����
compartment is warranted and a further examination of GPR64 function in tissues outside 
of the reproductive system may provide important insights into its function.

GPR124 AND GPR125

GPR124 and GPR125, originally reported as TEM5 and TEM5-like protein, 
�	�	���	����	��������	��������
����	���������	��������������	���������
���������
large (hDlg) which has diverse roles in cell polarity, adhesion and tumorogenesis.16 
As yet no function has been attributed to these receptors whose N-terminal regions 
contain a Leucine Rich Region, a region of immunoglobulin homology and a 
putative hormone binding domain. Northern analysis has revealed broad expression 
of Gpr124 and Gpr125 in multiple tissues including strong expression in the testis 
and the prostate.

Testis expression of Gpr125 was further explored using a knock-in mouse 
model, in which a beta-galactosidase reporter gene was inserted under the control 
of the endogenous Gpr125�
�����	�������������	�
�	�����������	�	�	�������	������
layer of cells adjacent to the basal layer of the seminiferous tubules.17 Expression 
��������	��	����������	������������������������������	�	�	���������	�
�	������
in spermatogonia. When cultured in vitro on mouse testicular stromal cells, GPR125 
expressing cells were found to represent spermatogonial progenitor cells, expressing 
markers of undifferentiated spermatogonia. Long-term culture of these GPR125� 
progenitor cells led to the formation of distinct colonies of multipotent adult stem 
�	�����"!����������	�	�
��
������	����	�������������������		�	����	����}�	�
ability of these cells to differentiate in vitro to multiple GPR125   negative  cell types, to 
cause teratoma formation in SCID mice and to contribute to all cell lineages following 
injection into blastocysts demonstrated the multipotency of these cells. GPR125 is thus 
a marker for these stems cells which are now being considered as an ethical alternative 
to embryonic stem cells for future stem cell regenerative therapies.18 Interestingly, the 
��������������	�%'<����������������	�������\����������������������
���	�������	��
propagated from homozygous Gpr125 knock-out mice are still able to maintain their 
progenitor stem cell phenotype.17

It is thus unclear what direct function GPR125 may have in the development of 
spermatogonia and certainly the knock-out experiments imply that this receptor may 
���	������������	���	� ����	�������	� ���	�����	�	�� ��	�	�������	� �	����������� ����
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expression suggests an indirect or possibly redundant role in germ cell development. 
Indeed, in support of potential functional redundancy, testis expression of the highly 
related Gpr12416 could be compensating for loss of GPR125 function in these mutants.

CELSR1-3

The three CELSR adhesion-GPCRs are vertebrate homologues of the Drosophila 
������	 receptor, which all contain seven cadherin domains in their extracellular 
N termini together with multiple Laminin G and Epidermal Growth Factor binding 
domains and a hormone binding domain.19 Similar to ������	’s role in Drosophila 
wing development, studies with mutant mice have demonstrated a role for CELSR1 
in the regulation of planar cell polarity of stereocilia in the inner ear.20 Furthermore, 
���������������������������	������	����������������!��"<��	�	
��������	��		��
implicated in aspects of neuronal development.20-22

Outside of the brain, all three CELSR receptors are expressed in the rat testis, each 
showing a unique developmental pattern of expression.23 Celsr1 and Celsr2 expression is 
highest at postnatal day 7, after which time point only a low level of Celsr2 expression 
can be detected. In contrast, Celsr3 is expressed only weakly at postnatal day 7 but 
increases strongly throughout postnatal development coincident with increasing germ 
�	�����	���������	��������������	��������������	��	����	����	����	�
�	���������
sertoli (and possibly germ cells) for Celsr1 and Celsr2 and to elongated spermatids for 
Celsr3.23 Interestingly, no CELSR staining colocalised with cadherin-based cell adherens 
junctions; CELSR2 staining localised in the Golgi and in the late endocytic vesicles, 
perhaps indicative of receptor internalization following active signalling. Despite the 
lack of CELSR protein at adherens junctions, recombinant CELSR2 cadherin domain 
fragments led to germ cell detachment in Sertoli-germ cell cocultures, implying that 
the cadherin domains of this receptor subfamily do have some functionality.

Sertoli cell-germ cell adhesion is an important regulatory factor in germ cell 
proliferation and differentiation24 and consequently, a role for these receptors in 
germ cell development may be expected. Little evidence for a functional involvement 
in fertility can be provided by the available mouse mutants for these three genes. 
Homozygous Celsr1 and Celsr3 mutants are embryonic or neonatal lethal and 
subsequently no information regarding the functional consequences of loss of these 
genes in the reproductive system is available.20,21 Arguing against a direct involvement 
in germ cell development, Celsr2 homozygous mutants are viable and no fertility 
phenotype has been reported.22 However, an in vivo role for CELSR2 cannot be ruled 
out due to the degree of functional redundancy that might be expected for these highly 
homologous genes.

OTHER ADHESION-GPCRs

An extensive RT-PCR study has revealed expression of other adhesion-GPCR family 
members within the testis4 and in particular, GPR98 (VLGR1), GPR56, GPR113 and 
��<�����	��	�	�	���	����	�����������
	�����	�
�	�������������
���������������	��
tissues) (see Table 1). Adhesion-GPCRs whose expression has been corroborated by 
at least one further study are discussed below.
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Expression of VLGR1, the largest known cell surface receptor with an extracellular 
domain characterised by 35 imperfect calcium binding Calx-� domains, has also been 
investigated within the human testis by RT-PCR.25 Interestingly, only a truncated 
potentially extracellular isoform, known as Vlgr1c, was detected with full length 
transcripts being absent from this tissue. Several independent mutant mouse studies 
have revealed a role for this receptor in the organisation of auditory hair bundles, 
with mutant mice being severely deaf.26-28 Furthermore, GPS sequence mutations 
of the human VLGR1 gene have been found to be the cause of Usher syndrome 
Type 2 disease, a genetic disease characterised by blindness and deafness.29 Both 
Vlgr1 mutant mice and patients with Usher syndrome Type 2 patients show normal 
fertility, perhaps implying that this receptor type has no functional role within the 
male reproductive tract. However, due to the complexity of alternative splicing 
within the 5�	��������	��	�	�������������

��	�����	��	����	��	������
	�������������
��
of VLGR1��������	�
�	��	�������	�	��������������������	���������������������	����
this expression remains unclear.

Similarly Gpr56� 	�
�	������ ���� �		�� ������	�� ������� ��	� �	����� ��� {����	���
analysis.30 A role for this receptor in the development of the cerebral cortex has been 
revealed by mapping studies which revealed mutations in Gpr56 to associate with the 
human condition bilateral frontoparietal polymicrogyria.31 Mutant mice have also been 
�	�	���	�����������
��������
����	����������	�����32 Despite the testis expression 
of Gpr56, no fertility phenotype has been reported for the mutant mice.

GPR113, an adhesion-GPCR with a single extracellular hormone binding domain, 
was found to be strongly expressed in taste receptor cells.33 Subsequent Northern 
expression showed a highly restricted pattern of strong expression within the testis 
although it remains unclear which cell types express this receptor. No further functional 
analysis of this receptor has been performed, although an ES cell line harbouring a 
gene trap insertion within the gene has been reported34 and a closer investigation of 
reproductive parameters is warranted.

}�	����
�	�	����	�������������	����&%'!<�	�
�	���������	�
�	������
�������
revealed high Emr1 expression within the testis,4 although no testis ESTs have been 
reported for this receptor. The related CD97 was found to be abundant within the 
interstitium of the mouse testis and within the caput region of the epididymis,35 most 
probably identifying invading macrophages. It is thus possible that the Emr1 expression 
�	
���	��������������	������	�������	������	�����	����������	��	&\���������	�
important in the normal development of male reproductive tissues.36

CONCLUSION

Expression studies have revealed that the male reproductive tract expresses a number 
of adhesion-GPCRs. Studies with mutant mice are beginning to unravel the function 
�������������	�	��	�	
���������
	����������	������	�	����	���������������������	����
male reproductive expression for most family members remains unclear. Where mutant 
mice have been generated, reproductive phenotypes are potentially being masked by 
��&	�
�	����������	��	���	�	
�����������	��	�������
	�������	��������	�	���		��
	������	������%'<��������	��	�����������������	�����
������������	�	��	�	���������
and epididymis.
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Family
  Receptor  
    Name Expression Function References

EGF-like EMR1 Eosinophils, 
mononuclear cells 
(mouse only)

Peripheral immune 
tolerance (mouse 
only)

1-4

EMR2 Myeloid cells PMN activation and 
migration, recep-
tor for chondroitin 
sulphate

5-7

EMR3 Myeloid cells Mature PMN marker 8
EMR4 Macrophages, DCs Unknown 9,10
CD97 Leukocytes, 

smooth muscle
Tumour angiogenesis, 
CD55 and chondroi-
tin sulphate receptor, 
cell migration

11-14

ETL Heart, smooth 
muscle

Unknown 15

BAI-like BAI1 CNS, bone mar-
row, monocyte, 
macrophage

Angiogenesis 
inhibitor, apoptotic 
cell clearance, 
phosphatidylserine 
receptor

16-18

BAI2 CNS, skeletal 
muscle, heart

Angiogenesis 
inhibitor

19-21

continued on next page
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 Putative adhesion-GPCRs have been discovered in protozoans (http://smart.embl-heidelberg.de).
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BAI3 CNS, heart Angiogenesis 
inhibitor

19,20,22

CELSR-like CELSR1 CNS, eye, kidney, 
lung, spleen, testis

Brain development 23-27

CELSR2 CNS, eye, heart, 
kidney, lung, 
spleen, testis

Dendritic 
maintenance, growth 
and arborisation, 
germ cell survival

23,25,27

CELSR3 CNS, eye, testis Brain development 23,27-29
IgG-like GPR116 Lung, heart, 

kidney
Unknown 30

GPR124 Endothelial cells Tumour angiogenesis 31,32
GPR125 Stem cells, testis Stem cell marker 33,34

Latrophilin-like Latrophilin-1 CNS �-latrotoxin (spider 
venom) receptor

35-38

Latrophilin-2 CNS, lung, liver Heart valve 
development

36,37,39

Latrophilin-3 CNS Unknown 36,37
Miscellaneous GPR113 CNS, testis, taste 

receptor cells
Unknown 40

GPR64 Testis, joints Fluid resorption 41
GPR126 Endothelial cell, 

placenta
Height variation, 
myelination of 
Schwann cells

42,43-45

GPR56 CNS, natural 
killer cells

Brain development, 
neuronal cell 
migration, metastasis 
inhibitor, TG2 
receptor, Natural 
killer cell function

46-50

VLGR1 CNS Sensory neuronal 
development

51-53

GPR97 Bone marrow, mast 
cells (gnf-altas)

Unknown 54

GPR110 Lung and prostate 
tumour, cornea 
(gnf atlas)

Oncogene 55

GPR111 Unknown Unknown 54
GPR112 Unknown Unknown 54
GPR114 Unknown Unknown 54
GPR115 Unknown Unknown 54
GPR123 CNS Unknown 56
GPR128 Small/large intes-

tine (gnf, atlas)
Unknown 54,57

GPR133 CNS Height variation 58,59
GPR144 Unknown Unknown 60

Appendix. Continued

Family
Receptor  

Name Expression Function References
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Audiogenic seizure (AGS)  76, 77, 81, 

83, 89
Autoimmunity  170
Autosomal-dominant partial epilepsy 

with auditory feature (ADPEAF)  79
Avian ankle link antigen (ALA)  81, 82

B

Basement membrane (BM)  87, 91-94
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(BFPP)  55, 87, 90-92, 98, 101, 159, 
162, 186

Blastomere  40-44
Brain angiogenesis inhibitor 1  4, 80, 87, 
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Brain angiogenesis inhibitor 1-3  87, 89
Brain angiogenesis inhibitor (BAI)  3, 5, 
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105, 110, 159, 175, 185
Cell-cell interaction  37, 38, 64
Cell-ECM interaction  103
Cell migration  55, 72, 94, 112, 126, 159, 

160, 163, 169, 171, 189, 190
Celsr  5-7, 14-16, 18, 19, 30, 31, 37, 38, 

113, 114, 185, 190
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Central nervous system (CNS)  6, 19, 

26, 27, 80, 81, 87-89, 94, 112, 125, 
189, 190

Chondroitin sulfate  129, 130, 132, 134, 
151, 157

Cleavage site  49, 50-53, 66, 101
Cobblestone lissencephaly  91, 92
Collagen-induced arthritis (CIA)  125, 

128, 132-135
Colocalization  55, 132, 171, 175, 181
Colorectal carcinoma  112
Complement  123, 129, 138, 142, 

144-146, 158
Cortical development  87, 94, 159
Costimulation  135, 138, 140-142
Crosslinking  93, 103, 104, 106, 116, 

144, 145, 160

C-terminal fragment (CTF)  61, 64-71, 
101, 104

Cytokine  140-142, 144-146, 153, 159

D

Delayed type hypersensitivity (DTH)  
128, 130-134

Dendritic cell  122, 123, 150
Differentiation  20, 46, 93, 123, 140, 

146, 153, 179, 181
Dock180  124, 125, 163, 167, 171-173
Drosophila  11, 14, 15, 18-23, 25-31, 39, 

42, 45, 46, 80, 184, 185

E

Efferent ductule  179, 182
EGF-TM7  5, 121-123, 125, 126, 128, 

129, 135, 141, 149-152, 154, 157, 
159, 162

ELMO1  163, 170-172, 174-176
Embryonic development  18, 31, 38, 40, 

55
EMR1  5, 111, 112, 114, 121-123, 151, 

152, 154, 185, 189
EMR2  1, 3-5, 52-56, 99, 112, 114, 121, 

123, 124, 139, 152, 157, 158, 160, 
162, 189

Engulfment of apoptotic cell  171-173, 
175, 176

Eosinophil  122, 123, 150, 154, 189
Epididymis  179, 180-184, 186
Epilepsy  76, 77, 79
Epitempin (EPTP)  9, 76, 79
Evolution  1, 5, 7, 8, 11, 12, 39, 62, 64, 

83, 129
Exocytosis  59, 60, 69
Experimental autoimmune 

encephalomyelitis (EAE)  128, 
132-134

Extracellular domain  14, 15, 30, 31, 38, 
56, 64, 79, 116, 121, 152, 154, 157, 
158, 172, 180, 186

Extracellular matrix  2, 7, 64, 70, 87, 
91-93, 98, 106, 109, 116, 123, 129, 
152, 158, 169, 180, 181
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185
Fluid absorption  179
Frings  77, 81
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67
Functional domain  168, 180

G

G�12/13  94, 104-106, 159-161
Galactose-binding lectin (GBL)  9, 64, 
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Glycosylation  52, 54, 77, 91, 99, 100, 
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Granule cell adhesion  92
Granulocyte  128-135, 138, 152, 162

H

HE6  115, 117, 180, 183
Hormone receptor motif (HRM)  15, 31, 
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Immunoregulation  149, 153
Inducible regulatory T cells (Tr1)  138, 

142, 146
Innate immunity  133
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K

Knockout mouse  87, 135

L

Laminin G (LamG)  9, 14, 15, 79, 185
Langerhans cell  122, 150
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Lat-2  69, 70, 72
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Lipopolysaccharide  129
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