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Background: Adhesion G protein-coupled receptors (aGPCR) constitute a structurally and functionally
diverse class of seven-transmembrane receptor proteins. Although for some of the members important
roles in immunology, neurology, as well as developmental biology have been suggested, most receptors
have been poorly characterized. Results: We have studied evolution, expression, and function of an
entire receptor group containing four uncharacterized aGPCR: Gpr110, Gpr111, Gpr115, and Gpr116. We
show that the genomic loci of these four receptors are clustered tightly together in mouse and human
genomes and that this cluster likely derives from a single common ancestor gene. Using transcriptional
profiling on wild-type and knockout/LacZ reporter knockin mice strains, we have obtained detailed
expression maps that show ubiquitous expression of Gpr116, co-expression of Gpr111 and Gpr115 in
developing skin, and expression of Gpr110 in adult kidney. Loss of Gpr110, Gpr111, or Gpr115 function
did not result in detectable defects, indicating that genes of this aGPCR group might function
redundantly. Conclusions: The aGPCR cluster Gpr110, Gpr111, Gpr115, and Gpr116 developed from one
common ancestor in vertebrates. Expression suggests a role in epithelia, and one can speculate about a
possible redundant function of GPR111 and GPR115. Developmental Dynamics 241:1591–1602, 2012.
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Key findings
� The cluster of four adhesion-GPCR Gpr110, Gpr111, Gpr115, and Gpr116 is highly conserved in vertebrate

evolution.
� Gpr116 is expressed ubiquitously in mice tissue, Gpr110 is strongly expressed in the renal pelvis.
� Gpr111 and Gpr115 are redundantly expressed in squamous epithelia in mice.
� Gpr111 and Gpr115 are expressed during embryonic development in the skin starting at embryonic day 12 with

the formation of the basal layer of the skin.
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INTRODUCTION

Adhesion class G protein-coupled
receptors (aGPCR) are seven-trans-

membrane (7TM) molecules that are

exceptional in various aspects. From a
phylogenetic perspective, they define

the second largest class within

the GPCR superfamily. Mammalian

genomes possess 33 identified mem-
bers clustered in nine groups (Bjar-

nadottir et al., 2004). aGPCR can

already be distinguished in unicellular

eukaryotes and primitive animals
rendering them one of the oldest

GPCR designs in evolution (Nordstrom

et al., 2009).
The molecular architecture of

aGPCR is unusual among the five
GPCR classes in that they contain
large ectodomains that contain a wide
selection of protein domains, some of
which have been found in adhesive
contexts. The defining structural fea-
ture of all aGPCR is the GPCR proteo-
lytic site (GPS) motif (Krasnoperov
et al., 1997), a juxtamembrane
sequence embedded within a larger
GPCR-autoproteolysis-inducing (GAIN)
domain (Arac et al., 2012), which pro-
motes proteolytic cleavage of an aGPCR
pro-receptor into a two-subunit hetero-
meric complex (Lin et al., 2004).

The functional contexts in which
different aGPCR paralogs serve is
very diverse, ranging from immunity,
synapse function, planar cell polarity,
tumor progression, and fertility (Usui
et al., 1999; Steinert et al., 2002; Da-
vies et al., 2004; Lin et al., 2005).
Unraveling aGPCR function has not
been possible for most class members
due to the lack of knowledge about
physiological stimuli and intracellular
coupling to signaling cascades, and
suitable in vivo models.

We have recently started a two-
tiered approach to study aGPCR func-
tion using the invertebrate and verte-
brate models Caenorhabditis elegans
and mouse side-by-side. The nematode
system allows rapid and highly scal-
able testing of molecular requirements
for aGPCR function in vivo by means
of transgenic introduction of receptor
variants in an aGPCR null back-
ground. We have used this strategy to
systematically uncover the require-
ment of conserved protein domains in
the N terminus of the latrophilin-type
aGPCR LAT-1 (Vakonakis et al., 2008;
Langenhan et al., 2009). Using this
approach, we have recently shown
that cleavage at the GPS motif is not
necessary for activity of LAT-1 in de-
velopment and fertility, that the ‘‘split-
personality’’ hypothesis, the ambigu-
ous pairing of cleaved N- and C-termi-
nal subunits of different aGPCR (Silva
et al., 2009), is not required for LAT-1
function in the worm, and that two dif-
ferent signal activities are relayed
through the LAT-1 receptor (Pr€omel
et al., 2012). In addition to dissecting
molecular dependencies of aGPCR sig-
nals, the worm also permits analysis of
genetic interactions for the two inver-
tebrate aGPCR groups, latrophilins
and Flamingo/CELSR, under physio-
logical conditions. Using the nematode
toolkit, we implicated latrophilins in
anterior–posterior tissue polarity in
the nematode, a previously unknown
property of latrophilins (Langenhan
et al., 2009).

A complementary approach focuses
on mammalian aGPCR to investigate
their physiological repertoire using
an established mouse transgenics
pipeline to study the expression pro-
file and loss-of-function effects of tar-
get aGPCR genes (Aparicio and

Powell, 2004). This initiative has
revealed that Gpr126, a vertebrate
aGPCR essential for the myelination
of peripheral nerves by Schwann cells
(Monk et al., 2009, 2011), is required
for embryonic viability and cardiovas-
cular development in the mouse (Wal-
ler-Evans et al., 2010).

We have extended our analysis to
vertebrate aGPCR genes with unclear
or no functional affiliation. Here, we
present our initial findings about a
syntenic cluster of four loci, Gpr110
(GenBank accession no. AY140952),
Gpr111 (GenBank accession no.
AY140953), Gpr115 (GenBank acces-
sion no. AY140957), and Gpr116 (Gen-
Bank accession no. AY140958). They
have been classified as novel aGPCR
in human and encode putative
aGPCR in the mouse genome (Fre-
driksson et al., 2002; Bjarnadottir
et al., 2007; Haitina et al., 2008; Lum
et al., 2010). Gpr116 was initially
named Ig-Hepta because of its two im-
munoglobulin and 7TM spanning
domains (Abe et al., 1999). Further-
more, it was shown that the highly
glycosylated Ig-Hepta exists as a
disulphide-linked dimer, is expressed
in rat lung and kidney, and is cleaved
not only at the GPS motif but also at
the SEA domain (Abe et al., 2002;
Fukuzawa and Hirose, 2006). Gpr110
was identified as a proto-oncogene in
a retroviral insertion mutagenesis
screen in the mouse and shows high
expression levels in lung and prostate
cancer suggesting a role in tumor pa-
thology (Lum et al., 2010). In con-
trast, no information is available
about Gpr111 and Gpr115.

In this study, we characterize
expression and explore the physiologi-
cal context of four novel aGPCR of
unknown function. Expression
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Fig. 2. The four adhesion class G protein-coupled receptors (aGPCR) genes are highly conserved during vertebrate evolution. A: Schematic repre-
sentation of the clustered aGPCR loci (blue and red) with syntenic genes (pale yellow) in different species (Homo sapiens/human, Pan troglodytes/
chimpanzee, Macaca mulatta/macaque, Nomascus leukogenys/baboon, Gorilla gorilla/gorilla, Pongo abelii/oran utan, Tarsius syrichta/tarsier, Micro-
cebus murinus/mouse lemur, Tupaia belangeri/tree shrew, Mus musculus/mouse, Rattus norvegicus/rat, Felis catus/cat, Bos tauris/cow, Echinops
telfarii/tenrec, Dasypus novemcinctus/armadillo, Monodelphis domestica/opossum, Pteropus vampyrus/megabat, Myotis lucifugus/microbat, Loxo-
donta africans/elephant, Ornithorhynchus anatinus/platypus, Tursiops truncates/dolphin, Gallus gallus/chicken, Taeniopygia guttata/zebra finch,
Meleagris gallopavo/turkey, Xenopus tropicalis/frog, Anolis carolinensis/anole lizard, Danio rerio/zebrafish, Tetraodon negroviridis/tetraodon, Takifugu
rubripes/fugu, Gasterosteus aculeatus/stickleback, Latimeria chalumnae/coelacanth, Gadus morhua/cod, Oryzias latipes/medaka). Synteny and direc-
tion of the non-aGPCR genes is conserved throughout all species. From fish to primates, the number of GPCR genes increases. Gpr111 and Gpr115
are only present in land-living animals but are not a requirement for terrestrial life (e.g., lizard). Genomic sequences were taken from Ensembl21 and
NCBI GenBank and analyzed to determine conserved regions. Where genes have not been properly annotated yet, gene names refer to homologs in
primates and rodents. B: Phylogenetic tree based on cDNA sequence analysis of the seven-transmembrane (7TM) region of the clustered aGPCR.
The phylogenetic tree was constructed using the PHYLIP (Phylogeny Interference Package; Felsenstein, 1989), version 3.5c (Felsenstein 1993,
distributed by the author. Department of Genetics, University of Washington, Seattle) from SDSC Biology Workbench (Higgins et al., 1992; Thompson
et al., 1994; Lim and Zhang, 1999) unrooted phylogenetic tree application of SDSC Biology WorkBench. Human CELSR1 was used as an outgroup.
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Fig. 2.

Fig. 1. Location and protein structure of adhe-
sion class G protein-coupled receptors (aGPCR)
Gpr110, Gpr116, Gpr111, and Gpr115. A: Gene
cluster containing four uncharacterized aGPCR
loci in human and mouse genomes. B: Primary
domain structure prediction of the aGPCR. Note
the presence of GAIN/GPS-7TM domain in all
receptors. 7TM, seven-transmembrane domain;
GAIN, G protein-coupled receptor autoproteoly-
sis inducing domain; GPS, G protein-coupled re-
ceptor proteolytic site; Ig, immunoglobulin; SEA,
sea urchin sperm protein/enterokinase/agrin.



analysis and evolutionary studies
reveal that the four receptor genes
form a syntenic cluster and are as old
as vertebrates, having potentially
evolved from one common ancestor.
Gpr111 and Gpr115, only present in
land living animals, show similar
expression in squamous epithelia,
indicating an overlapping function in
these tissues.

RESULTS AND DISCUSSION

The aGPCR Cluster Gpr110/

111/115/116 Is Highly

Conserved During the

Evolution of Vertebrates

Previous phylogenetic analyses of the
7TM domain sequence of the entire
human GPCR set distinguished five
GPCR classes. According to the GRAFS
nomenclature system, these classes
were named Glutamate, Rhodopsin,
Adhesion, Frizzled/Taste2, and Secretin
(Fredriksson et al., 2003). Further sub-
grouping of the adhesion class based on
their transmembrane regions and
N-terminal domain sequences identified
nine aGPCR groups (I–IX), which
are present in mammalian genomes
(Bjarnadottir et al., 2004).

aGPCR group VI encompasses five
predicted aGPCR, Gpr110, Gpr111,
Gpr113, Gpr115, and Gpr116. For sub-
sequent gene targeting, we selected
three group VI loci. Interestingly, all
group VI aGPCR loci except for
Gpr113 are clustered within 0.9 Mb
on chromosome 6p12.3 in human and
on chromosome 17 in mouse genomes
(Fig. 1A). At these locations, Gpr111/
Gpr115 and Gpr110/Gpr116 are
arranged in a tandem manner on the
forward and reverse strand, respec-
tively. Both aGPCR tandem configu-
rations are present syntenically with
a group of five non-aGPCR genes, in
which the specific arrangement of all
loci is preserved between mouse and
human genomes (Fig. 1A).

We addressed the question of when
during evolution the cluster was
formed. To this end, we analyzed the
genomic region harboring the
Gpr110/111/115/116 cluster from
two invertebrates (Caenorhabditis
elegans, Drosophila melanogaster)
and 33 vertebrate species for the pres-
ence and structure of the clustered
genes. This analysis was based on the

syntenic relationship of all loci of the
cluster containing also four non-
GPCR genes (Fig. 2A) as well as on
sequence analyses. No locus of the
cluster could be found in invertebrate
genomes. However, in all assayed ver-
tebrate genomes, the cluster was con-
served as apparent by order and
direction of the non-aGPCR loci and
the presence of at least one aGPCR
gene. Identified aGPCR genes were
confirmed by sequence analysis and
comparison with the sequence of the
respective human gene (Fig. 2A). Pri-
mates and all other mammals except
for dolphin and platypus exhibit the
complete cluster of all four receptor
genes. While platypus possesses both
genes of the tandem Gpr110/Gpr116
but only one copy of the tandem
Gpr111/Gpr115, presumably Gpr115,
the dolphin genome only contains the
tandem Gpr110/Gpr116.

In contrast, the gene clusters of
birds and X. tropicalis contain one re-
ceptor gene of each tandem, Gpr115
or Gpr116 (Fig. 2A). Appearance of
the Gpr115 and Gpr111 loci coincides
with the evolution of land-living ani-
mals. All placental animals possess
both loci of the tandem Gpr110/
Gpr116 independent of their adapta-
tion to terrestrial life. Animals par-
tially adapted to terrestrial life such
as reptiles and birds possess only
Gpr115 and Gpr116. The second re-
ceptor of the tandem, Gpr111, is only
present in land-living mammals.
Analysis of aquatic vertebrates
showed that the cluster is also evolu-
tionarily conserved in fish. Fish dis-
play one gene of the tandem Gpr110/
Gpr116, but neither Gpr111 nor
Gpr115. As the dolphin evolved from
land-living animals, we speculate
that it has lost the respective recep-
tors of the tandem Gpr111/Gpr115 af-
ter re-adaptation to aquatic life. The
occurrence of only one aGPCR gene in
the cluster very early in vertebrate
evolution and the subsequent emer-
gence of additional aGPCR loci in the
cluster indicate that the receptors
may have evolved from one common
ancestor. The other half of the cluster
(Gpr115 and Gpr111) could have
appeared by means of a gene inver-
sion event which occurred independ-
ently in amphibians and birds or in
the common ancestor of tetrapods and
was lost in reptiles and birds as well

as the dolphin after they split. Each
half of the cluster might have under-
gone duplication resulting in the cur-
rent cluster pattern that is detected
in land-living mammals.

Alignment and analysis of cDNA
sequences of the 7TM confirm that the
receptor genes are more closely related
to each other than to the loci of the
other tandem (Fig. 2B). Primary
amino acid sequence similarity analy-
sis between each possible pair of
aGPCR within the cluster supports
this observation. The most similar re-
ceptor pairs are GPR116 and GPR110
with 32% similarity, and GPR111
and GPR115 with 65%. Additional
sequence analyses revealed that none
of the receptors displayed a SEA do-
main before the inversion event. The
SEA domain can be detected in Gpr116
of X. tropicalis for the first time during
evolution, suggesting that the gene
inversion happened before the devel-
opment of the SEA domain (Figs. 1B,
2A). However, it cannot be excluded
that the SEA domain was present in
the common ancestor but was lost later
in GPR111 and GPR115. By duplica-
tion, Gpr110 might then have subse-
quently obtained a domain architec-
ture similar to Gpr116, containing a
SEA domain.

GPR111 and GPR115 Are Not

Autoproteolyzed at the GPS

Motif

Analysis of the longest splice variant
and prediction of protein sequences of
all four receptor genes revealed that
they are composed of a large N termi-
nus containing a signal peptide, a Cys-
rich sequence, a GPS motif, and a 7TM
domain displaying all structural proper-
ties of aGPCR (Fig. 1B). Additionally,
Gpr110 and Gpr116 encode a SEA (sea
urchin sperm protein/enterokinase/
agrin) domain in their predicted ectodo-
mains, and GPR116 exhibits two addi-
tional immunoglobulin-like domains as
described for the rat ortholog (Abe
et al., 1999).

The GPS motif is the central struc-
tural component of the aGPCR class
of 7TM receptors. It is required for
cleavage of aGPCR pro-receptor mole-
cules and mediates noncovalent re-
association of the cleaved fragments
(Arac et al., 2012). However, GPS
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cleavage is dispensable for aGPCR
function and the consensus GPS
sequence is frequently lost in individ-

ual aGPCR homologs (Pr€omel et al.,
2012). Thus, the physiological rele-
vance of GPS cleavage and the func-

tional difference between cleavable
versus noncleavable aGPCR have
remained controversial to date.
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Fig. 3. GPR111 and GPR115 are not cleaved at the GPS motif. A: Alignment of mammalian adhesion class G protein-coupled receptors
(aGPCR) homologs demonstrating that the GPS motif consensus sequence (boxed residues) is found in GPR110, GPR116, CD97, LPHN1/CIRL,
and EMR4, but is altered in GPR111, GPR115, and EMR1 receptors. The site of GPS cleavage is indicated by an arrow. B: Construct design for
GPS cleavage test of GPR111 and GPR115. C: Western blot results of conditioned medium detecting the N-terminal HA-tag (left panel) and the
C-terminal mFc-tag of GPR111 and GPR115 (right panel). Both receptors are GPS cleavage-deficient and are found as a full-length protein in the
medium (black arrowhead). GPS cleavage-competent EMR2 receptor control shows the generation of noncleaved (black arrowhead) and cleaved
(gray arrowhead) fragments, while a GPS-deficient EMR2 mutant is found in full-length only. Note that these transgenes are not HA-tagged and
are therefore invisible on the HA-probed blot. Open circles represent lanes that were not loaded with protein.

AN ADHESION-GPCR GENE CLUSTER IN MOUSE 1595



Our results on the evolutionary
history of the Gpr110/111/115/116
aGPCR cluster revealed an interest-
ing variation in the GPS sequence of
the Gpr111/Gpr115 receptor tandem.
While GPR110 and GPR116 exhibit
the consensus GPS sequence, in
GPR111 and GPR115 the sequence is
altered (Fig. 3A). Both are lacking a
conserved leucine and have a three
amino acid insertion between the site
of this leucine and an N-terminal his-
tidine essential for cleavage in other
aGPCR (Lin et al., 2004). GPR111 is
also lacking this histidine (Fig. 3A).
Both modifications would be predicted
to result in noncleavage at the GPS
motif.

To directly assay cleavage in these
receptors, we expressed GPR111 and
GPR115 constructs with an N-termi-
nal HA-tag and a C-terminal mFc-
tag in HEK293 cells and analyzed
conditioned medium using conven-
tional Western blotting with specific
antibodies against both tags (Fig.
3B). GPS cleavage would generate
two separate protein bands (cleaved
and noncleaved) that would be
detected by both antibodies, whereas
cleavage-deficiency results in a single
noncleavaged protein fraction. As
controls, we used a similar EMR2
construct (Lin et al., 2004), a mam-
malian aGPCR known to undergo
GPS proteolysis, and a GPS-mutated
EMR2 variant which is resistant to
autoproteolytic cleavage (Chang
et al., 2003). Both control transgenes
were only C-terminally mFc-tagged
but did not contain an N-terminal
HA-tag.

As expected, cleavage-competent
EMR2 was detected on Western blots
as noncleaved and cleaved fragments,
while cleavage-deficient EMR2
resulted in a single band at the
expected size of 80 kDa (Fig. 3C).
Using both antisera, GPR111 and
GPR115 exhibited a similar pattern
on Western blots with only one large
protein band corresponding in size to
the full-length, noncleaved receptors
(Fig. 3C). We conclude that GPR111
and GPR115 are not autoproteolyzed
at the GPS motif due to loss of the
consensus cleavage site, rendering
them another instance of aGPCR in
mammals where GPS-cleavage defi-
ciency has been directly shown (M.
Stacey, personal communication).

Generation of Gpr110, Gpr111,

and Gpr115 Knockout/LacZ

Reporter Knockin Alleles

To investigate the function and expres-
sion of this aGPCR cluster in vivo, we
generated knock-out/LacZ knock-in
mouse strains for three uncharacter-
ized receptor genes: Gpr110, Gpr111,
and Gpr115. For each receptor, tar-
geted mutations disrupting the coding
regions were introduced in murine em-
bryonic stem cells. A part of the 7TM,
including the entire first transmem-
brane span, was replaced with a neo-
mycin resistance cassette and a lacZ
(b-Gal) expression marker to follow
the expression pattern of the genes in
detail (Fig. 4A).

Homologous recombination to the
correct genomic locus was verified
with conventional Southern blotting
and polymerase chain reaction (PCR)
genotyping for each targeted mouse
strain (Fig. 4B,C).

Loss-of-Function of Gpr110,

Gpr111, and Gpr115 Does Not

Affect Development or

Fertility

Gpr110, Gpr111, and Gpr115 knock-
out/knockin mice were maintained on
an inbred 129S6/SvEv genetic back-
ground. Phenotypic characterization
of the strains revealed that their via-
bility and fertility is indistinguishable
from wild-type controls. To test fertil-
ity, mutant lines were bred as homo-
zygous (GprXLacZ/GprXLacZ) and het-
erozygous (GprXLacZ/þ) pairs, and the
numbers of offspring in each litter
from these matings were compared
(Fig. 5A). Litter sizes were indistin-
guishable between homozygous and
heterozygous matings. The genotypes
of offspring from heterozygous
parents were determined by PCR gen-
otyping and were present at Mende-
lian frequencies in each mutant line
(Fig. 5B), indicating that no partially
penetrant developmental phenotypes
such as detrimental dominant activity
result from removal of Gpr110,
Gpr111, or Gpr115 function. Each mu-
tant strain was also backcrossed five
times to C57Bl/6 and MF1 strains
respectively, and no background-spe-
cific phenotypes were observed. How-
ever, a more detailed characterization

could reveal more subtle phenotypes
and is currently in process.

Gpr116 Is Ubiquitously

Expressed and Gpr110 Is

Expressed in Kidney

To obtain transcriptional expression
profiles of all four clustered aGPCR,
we performed reverse transcriptase
PCR (RT-PCR) analysis on tissues of
adult mice. The results revealed dis-
tinct expression patterns for each of
the four receptors (Fig. 6).

Previous transcriptional profiling
indicated that Gpr116 is expressed in
lung, placenta, heart, and eyecup,
whereas Gpr110 transcript was found
in cornea, liver, and ciliary bodies
(Wu et al., 2009).

We found that Gpr116 is ubiqui-
tously expressed (Fig. 6; Abe et al.,
1999). Gpr110, which is in a tandem
with Gpr116, is more distinctly
expressed in liver, kidney, and adrenal
gland (Fig. 6). Strong expression of
Gpr110 in the kidney of mice is con-
sistent with previous results observed
in human samples (Lum et al., 2010).
To confirm receptor expression within
these tissues, Gpr110LacZ/LacZ mice
were stained with X-Gal. Kidneys of
Gpr110LacZ/LacZ mice exhibited strong
LacZ expression in the renal pelvis
(Fig. 7) and the ureter, suggesting that
Gpr110 is present in urothelium.
Gpr110 expression in the liver could
not be corroborated by LacZ expres-
sion analysis, likely due to low LacZ
expression levels and endogenous he-
patic b-galactosidase activity, result-
ing in varying LacZ background
staining.

Gpr111 and Gpr115 Are

Expressed in Squamous

Epithelia

Strong overlapping expression of
Gpr111 and Gpr115 was detected in
the skin, and more weakly in lung,
heart and kidney (Fig. 6). Gpr111 was
mainly expressed in skin and heart,
and very weakly in lung and spleen,
which is consistent with large-scale
microarray datasets (Wu et al., 2009).
To corroborate receptor expression
within these tissues, Gpr111LacZ/LacZ

mice were stained with X-Gal. Strong
LacZ expression was detected in all
epidermal layers of skin (Fig. 8A
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I–IV). This expression was observed
in the developing skin at embryonic
day (E) 14, but not at E11 (Fig. 8B).
In mice, the epithelium of the skin
starts to develop at E12 with the for-
mation of the basal layer (Blanpain
and Fuchs, 2006). Because LacZ
expression may be delayed compared
with the receptor gene, transcrip-
tional expression of Gpr111 in the
developing skin was re-analyzed by

RT-PCR. Transcripts were detected at
E12, although at lower levels than at
E16 and matches with the start of epi-
dermis development (Fig. 8C). These
results confirm LacZ expression data
of Gpr111.

We analyzed other organs with
stratified squamous epithelia for
Gpr111 expression and found
Gpr111LacZ expression in the superfi-
cial epidermal layers of esophagus and

tongue (Fig. 8A V–VIII, IX–XII). To
investigate whether Gpr111 expression
is confined to squamous epithelia, we
investigated the squamocolumnar
junction in the mouse stomach located
between the forestomach and stomach.
At this junction, stratified squamous
epithelial histoarchitecture transits to
a monolayered columnar epithelium.
Of interest, Gpr111LacZ expression is
restricted to the stratified domain at
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Fig. 4. Targeted disruption of mouse Gpr110, Gpr111, and Gpr115 loci by homologous recombination. A: Schematic representations of the
Gpr110, Gpr111, and Gpr115 loci, targeting constructs and expected mutant alleles are shown. Probe positions for Southern blot analysis are indi-
cated. IRES, internal ribosomal entry site; b-Gal, beta-galactosidase gene; MC, MC promoter; Neo, neomycin resistance gene. Thin arrows represent
polymerase chain reaction (PCR) primers for genotyping of targeted mice. B: Southern analysis of Gpr110, Gpr111, and Gpr115 targeted mice.
Digested genomic DNA from mice wild-type or heterozygous for each targeted gene were hybridized with 50 probes and 30 probe shown in A. Hybri-
dized fragments of wild-type (W) and mutant (M) alleles are shown. Enzymes used for digestion are shown below each panel. C: PCR-based geno-
typing of offspring from heterozygous Gpr110, Gpr111, and Gpr115 matings demonstrating correct targeting. M, mutant band; W, wild-type band.
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the squamocolumnar junction, sug-
gesting that Gpr111 expression is spe-
cific to this type of epithelium (Fig. 8A,
XIII–XVI).

Based on the strong developmental
expression of Gpr111 in skin, we next
tested whether Gpr111 is required for
formation of the skin barrier by a skin
permeability assay using toluidine
blue (Fig. 8D). Penetration of the dye
is permitted as long as skin barrier
formation is not completed yet, and
thus staining of skin inversely corre-
lates with barrier maturation. Full
staining can be observed in barrier-
less embryos before E16, and no stain-
ing in embryos with fully intact skin
barrier after E17 (Hardman et al.,
1998). In Gpr111LacZ/LacZ mice, skin
barrier formation starts at E16 and
continues at the same rate and pat-
tern as in control animals (Fig. 8D).
Hence, formation of the skin barrier
in Gpr111LacZ/LacZ mice appears
normal.

Gpr115, which is in a tandem with
Gpr111, was highly expressed in a
similar tissue profile as Gpr111 as
shown by RT-PCR (Fig. 6). In addi-
tion, Gpr115 transcript could also be
weakly detected in testis, kidney,
ovary, epididymis, and thymus (Fig.
6). Similarly to Gpr111, the onset of
Gpr115 expression coincides with the
development of the skin in embryos.
Unfortunately, X-Gal staining of

organs from Gpr115LacZ/LacZ was pre-
cluded by a defective LacZ transcript.

Many significant changes in the
skin appeared during adaptation of
animals to the land. Formation of a
corneous cell envelope, absent in fish,
is characteristic for development of
land-living animals (Alibardi, 2003).
Both receptors of the Gpr111/115 tan-
dem are primarily expressed in the
skin and only appear at a stage dur-
ing evolution where adaptation of ani-
mals to the land started. Thus, a role
of both aGPCR in skin specialization
for terrestrial life can be hypothe-
sized. Due to comparable expression

patterns of Gpr111 and Gpr115 but
lack of an overt phenotype in
Gpr111LacZ/LacZ and Gpr115LacZ/LacZ

individuals, it can be speculated that
both receptors have potentially
redundant functions in squamous epi-
thelia. To test this hypothesis in
future investigations, removal of
both receptor functions would be
required to uncover loss-of-function
effects. Subsequent studies will also
provide the opportunity to screen for
more subtle defects in single and
double mutant combinations of the
receptor genes analyzed for the first
time here.
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Fig. 5. Litter size and genotype distribution
of Gpr110, Gpr111, and Gpr115 knockout
mice. A: Average litter sizes from �/� � �/�
crosses and from 6 � 6 crosses. Average
number of offsprings are shown with number
of analyzed litters in parentheses. Unpaired
t-test did not reveal any significant differences
in litter size between crosses (P > 0.05). B:
Distribution of genotypes among offspring
from 6 � 6 crosses (n(Gpr110) ¼ 38,
n(Gpr111) ¼ 40, n(Gpr115) ¼ 112). w2 tests
did not show any significant difference from a
1:2:1 ratio (P > 0.05).

Fig. 6. Organ-specific expression of adhesion class G protein-coupled receptors (aGPCR) tan-
dems Gpr111/Gpr115 and Gpr110/Gpr116. Reverse transcriptase polymerase chain reaction
(RT-PCR) analysis of mRNA expression in different mouse tissues. Total RNA isolated from adult
mouse tissues was transcribed into cDNA and assayed with receptor gene specific primers.
Equal quantities of cDNA per reaction were confirmed by PCR with actin-specific primers. Note
that expression of tandem partners only partially overlaps indicating differential transcriptional
regulation of the receptors.

Fig. 8. Organ-specific expression of Gpr111 and Gpr115. A: PAS and X-Gal staining for LacZ
expression in skin, esophagus, tongue, and stomach on paraffin sections of Gpr111LacZ/LacZ and
wild-type mice. Expression is observed in all layers of epithelium above the basal membrane
(dotted line in II, VI, X) in all three tissues. Scale bars ¼ 100 mm, Scale bars XIII, XV ¼ 1 mm.
oe, esophagus; fs, forestomach; st, stomach. B: Developmental analysis of Gpr111LacZ expres-
sion in embryos demonstrates strong expression in the skin at embryonic day (E) 14. Gpr111LacZ

expression in the epidermis of E14 embryos was also analyzed in paraffin sections showing
restriction to the epidermal layers of the skin. Scale bars ¼ 1 mm (embryo panels) and 100 mm
(sections). C: Expression analysis of Gpr111 and Gpr115 in embryos by reverse transcriptase
polymerase chain reaction (RT-PCR) confirms that both receptor genes are transcribed in the
developing skin. D: Skin barrier development in Gpr111�/� embryos was visualized with tolui-
dine blue staining. No difference could be observed between Gpr111�/� (top panel) and wild-
type (bottom panel) mouse embryos (Gpr111�/�: n ¼ 7; wild-type: n ¼ 9). Scale bars ¼ 1 mm.
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Fig. 8.

Fig. 7.

Fig. 7. Gpr110 is expressed in the kidney. Expression of Gpr110 in adult kidney of Gpr110LacZ/LacZ

and a wild-type control. Strong expression was detected in the ureter (left panel, arrows). Note that
staining in the renal medulla is also present in control animals lacking a LacZ cassette and, therefore,
regarded unspecific. Kidneys were cut after staining. Scale bars ¼ 2 mm.
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EXPERIMENTAL

PROCEDURES

Ethics Statement

All procedures were carried out in ac-
cordance with the Animals (Scientific
Procedures) Act 1986 and with the ap-
proval of local ethical review commit-
tees under the UK Home Office Pro-
ject License PPL 30/2462.

Comparative Genomic

Analysis

Genomic loci and predicted gene prod-
ucts for the GPR genes were obtained
from the Ensembl database (http://
www.ensembl.org) as well as from
NCBI GenBank (http://www.ncbi.nlm.
nih.gov/genbank/) and analyzed with
the Geneious software package (Bio-
matters Ltd., Auckland, NZ) and NCBI
BLAST (http://blast.ncbi.nlm.nih.gov/).
Phylogenetic tree construction was
conducted using the algorithms and
PHYLIP (Phylogeny Interference
Package; Felsenstein, 1989), version
3.5c (Felsenstein 1993, distributed by
the author. Department of Genetics,
University of Washington, Seattle)
from SDSC Biology Workbench (Hig-
gins et al., 1992; Thompson et al.,
1994; Lim and Zhang, 1999).

Generation of Constructs

Fragments of Gpr115 (amino acids 19–
400) and Gpr111 (amino acids 18–378)
were amplified from murine cDNA
with primers 50-CCCAAGCTTGTACC
CATACGATGTTCCAGATTACGCTGA
TATCTGTAGGATATTATG CCAGGCC
TCCAGCAAA-30 and 50-TAGTAGCGC
GGCCGCCCTGCTTTCCAACGTGTT
GGGAGAC ATTAGAAT-30 for Gpr111
and 50-CCCAAGCTTGTACCCATACG
ATGTTCCAGATTACGCTG ATATCTC
TCATTCCAAACCCAAGACTCACAGA
AAA-30 and 50-TAGTAGCGCGGCCGC
CCTTAC AGGCTTAGAAGACATGAG
GATGGAGAA-30 for Gpr115. The for-
ward primers introduce an hemagglu-
tinin (HA) tag to fuse to the cDNA and
a HindIII site 50 of the tag. The reverse
primer introduced a NotI site. The
PCR product was cut with HindIII and
NotI, purified and ligated into a modi-
fied vector pSecTag2A containing an
mFc tag with a stop codon upstream of
the myc epitope (kind gift from Dr. M.
Stacey, University of Leeds), which

was also cut with HindIII and NotI.
Constructs were transformed into
chemically competent E. coli TOP10
cells (Invitrogen). Bacteria were grown
at 37�C on LB agar plates with
ampicillin.

Transfections

A total of 24 hr before transfection,
2.5 � 106 HEK293T cells were seeded
in 6-cm dishes with 4 ml of DMEM
(Gibco). Cells were transfected using
calcium phosphate precipitation: 15
mg DNA were mixed with 25 mM
CaCl2, in a total volume of 500 ml.
The 500 ml of 2� HBS (50 mM
HEPES pH 7.05, 10 mM KCl, 12 mM
dextrose, 280 mM NaCl, 1.5 mM
Na2HPO4) were added, and then cells
incubated in this solution. After 8 hr,
the medium was discarded and 4 ml
of CD293 Medium (Invitrogen) were
added.

Protein Preparation and

Western Blot Analysis

Conditioned medium was collected
from cells 86 hr post transfection, pel-
leted by centrifugation, filtered
through a 0.45-mm filter, and protease
inhibitor (MiniComplete, Roche) was
added. Protein was concentrated by
methanol/chloroform precipitation as
described previously (Wessel and
Flugge, 1984) and resuspended in 2�
Laemmli buffer.

Protein was subject to electrophore-
sis as described previously (Laemmli,
1970) in a 12.5% sodium dodecyl sul-
fate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gel and transferred
to a polyvinylidene difluoride mem-
branes. Blots were then probed with
the antibody goat anti-mouse IgG
(Sigma) 1:10,000 or rat anti-HA high
affinity (Roche) 1:10,000, respectively,
overnight at 4�C. After washing,
membranes were incubated for 1 hr
at room temperature with horserad-
ish-peroxidase–conjugated goat anti-
rat (Jackson ImmunoResearch) or
horseradish-peroxidase–conjugated
horse anti-mouse (Vector) 1:10,000.
Western blots were developed by an
enhanced chemiluminescence (ECL)
detection system (Amersham). For
detection of actin as loading control,
membranes were stripped in Strip-
ping buffer (1% SDS, 0.1 M Tris pH
6.8, 0.175% b-mercaptoethanol) for 30

min at 50�C, blocked and probed with
mouse anti-actin (Chemicon) 1:10,000,
and then incubated with horseradish-
peroxidase–conjugated horse anti-mouse
(Vector) 1:10,000 as described above.

5-Bromo-4-chloro-3-indolyl

b-D-galactoside (X-Gal)

Staining

LacZ activity was detected by staining
tissues with X-Gal. Mice were killed
by cervical dislocation, tissues
extracted, rinsed in PBS with 2 mM
MgCl2, and prefixed 40 min in 0.2%
glutaraldehyde at 4�C. After washed
with 100 mM NaHPO4 (pH 7.4) plus 1
mM MgCl2, 0.02% NP-40 and 0.01%
C24H39NaO4, X-Gal staining was per-
formed overnight at 37�C in 100 mM
NaHPO4 (pH 7.4) plus 1.6 mg/ml X-
Gal, 5 mM K3Fe(CN)6, 5 mM
K4Fe(CN)6, 1 mM MgCl2, 0.02% NP-
40 and 0.01% C24H39NaO4. Tissues
were rinsed and post-fixed in 4%
paraformaldehyde at 4�C.

Histology

X-Gal stained and post-fixed tissues
were embedded in paraffin and
sectioned at 10 mm thickness. Sections
were rehydrated and stained by
periodic-acid–Schiff reaction.

Microscopy

Whole-mount specimens were photo-
graphed using a Nikon SMZ1500 dis-
section microscope fitted with a Leica
DC500 camera. Histological sections
were documented using a Zeiss Axio-
plan2.0 microscope fitted with an Axi-
oCam HD camera. Images were modi-
fied using Adobe Photoshop 9.0.

RT-PCR

Mice were killed by cervical disloca-
tion, tissues removed, ground, and
incubated in TRIzol reagent (Invitro-
gen, Paisley, UK) for total RNA isola-
tion according to manufacturer’s pro-
tocol. cDNA was obtained with a
reverse transcriptase (RT) and ran-
dom hexamer primers. Samples were
also subject to the same conditions
without addition of reverse transcrip-
tase enzyme as controls for potential
DNA contamination of the tran-
scribed cDNA library. To detect the
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expression of the receptor transcripts,
the following PCR primers were used.
Gpr110: forward 50-GGCATCCAGTCC
ACGAGTAT-30 and reverse 50-ATGGA
GAAAGAGGTCAGGTGA-30; Gpr116:
forward 50-GAACAAGTCATACAGAA
CCT-30 and reverse 50-TTCCATTCAA
TACTGCTCCA-30; Gpr111: forward
50-CTTACACAACATCTCAACAA-30

and reverse 50-TGAGTAAGGAGAAG
ATAATGTGGA-30; Gpr115: forward
50-TTCTCATTCCAAACCCAAGAC-30

and reverse 50-AACAATGCAAACGT
AGTCCT-30. All primers were
designed to span either exon–exon
boundaries or to bind in different
exons. The housekeeping gene actin
served as internal loading control.
The PCR was performed as accord-
ing to the following: 94�C for 2 min,
followed by 28 cycles: 94�C for 30 s,
55�C for 40 s, 72�C for 2 min.

Generation of Gpr110,

Gpr111, and Gpr115 Knockout

Mice

Transgenic mice were maintained as
an inbred stock on a 129S6/SvEv
genetic background. The genomic
sequences of the mouse Gpr110,
Gpr111, and Gpr115 genes were
obtained from www.ensembl.org
(transcript IDs: ENSMUSG
00000041293, ENSG00000164393,
ENSG00000153294). The 50 and 30

flanking arms were amplified using
genomic DNA from 129Sv/Ev mice.
The vector for homologous recombina-
tion was constructed as described pre-
viously (Russ et al., 2000; Cash et al.,
2008). Briefly, targeting constructs
were created by inserting 50 arms
upstream of the lacZ-Neo cassette,
and 30 arms between the lacZ-Neo
cassette and a thymidine kinase gene.
The targeting constructs were linear-
ized and electroporated into CCB em-
bryonic stem cells derived from
129Sv/Ev mice. G418-resistant colo-
nies were selected and expanded.
Clones with homologous recombina-
tion were detected by Southern blot
analysis using probes flanking the 50

and 30 arms and confirmed by PCR.
Clones with the correct recombination
event were obtained and injected into
129Sv/Ev mouse blastocysts. Chi-
meric males were bred with wild-type
females and offspring tested for the

presence of disrupted alleles by PCR
using genomic ear DNA. Heterozy-
gous mice were further bred to obtain
homozygous Gpr110, Gpr111, and
Gpr115 KO mice. For mixed-back-
ground experiments, homozygous
Gpr110, Gpr111, and Gpr115 KO mice
were crossed five times with MF1
mice and five times with C57Bl/6
mice. All experiments were performed
under the authority of a U.K. Home
Office Project License and were
approved by a local ethics panel.

Presentation of Data and

Statistical Analyses

Quantitative data were presented as
raw values with means. Statistical
comparisons were accomplished by
unpaired t-test (equal variances) and
w2. P values < 0.05 were considered
statistically significant.
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