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Relaxin Family Peptide Receptors — former orphans
reunite with their parent ligands to activate
multiple signalling pathways

ML Halls', ET van der Westhuizen'®, RAD Bathgate” and R] Summers’

! Department of Pharmacology, Monash University, Clayton, Victoria, Australia and *Howard Florey Institute, University of
Melbourne, Victoria, Australia

The relaxin family peptides, although structurally closely related to insulin, act on a group of four G protein-coupled receptors
now known as Relaxin Family Peptide (RXFP) Receptors. The leucine-rich repeat containing RXFP1 and RXFP2 and the small
peptide-like RXFP3 and RXFP4 are the physiological targets for relaxin, insulin-like (INSL) peptide 3, relaxin-3 and INSL5,
respectively. RXFPT and RXFP2 have at least two binding sites — a high-affinity site in the leucine-rich repeat region of the
ectodomain and a lower-affinity site in an exoloop of the transmembrane region. Although they respond to peptides that are
structurally similar, RXFP3 and RXFP4 demonstrate distinct binding properties with relaxin-3 being the only peptide that can
recognize these receptors in addition to RXFP1. Activation of RXFP1 or RXFP2 causes increased cAMP and the initial response
for both receptors is the resultant of Gs-mediated activation and Gog-mediated inhibition of adenylate cyclase. With RXFP1, an
additional delayed increase in cCAMP involves By subunits released from G;s. In contrast, RXFP3 and RXFP4 inhibit adenylate
cyclase and RXFP3 causes ERK1/2 phosphorylation. Drugs acting at RXFP1 have potential for the treatment of diseases
involving tissue fibrosis such as cardiac and renal failure, asthma and scleroderma and may also be useful to facilitate embryo
implantation. Activators of RXFP2 may be useful to treat cryptorchidism and infertility and inhibitors have potential as
contraceptives. Studies of the distribution and function of RXFP3 suggest that it is a potential target for anti-anxiety and anti-
obesity drugs.
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The discovery of the relaxin family peptides and
their receptors

In recent years, several new members of this peptide family
have been identified, either by differential cloning (insulin-

Relaxin was first identified in 1926 as a substance influen-
cing the reproductive tract (Hisaw, 1926) and was subse-

quently found to be a peptide hormone with a two-chain
structure similar to insulin (Bathgate et al., 2006c). Relaxin
is a member of a family of peptide hormones that diverged
from insulin, early in vertebrate evolution, to form the
relaxin peptide family (Hsu, 2003; Wilkinson et al., 2005b).
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like peptide 3 (INSL3), INSL4) or by screening of the EST
(INSLS5, INSL6) and genomic (relaxin-3) databases. The
peptide family is encoded by seven genes in humans, the
relaxin genes RLN1, RLN2 and RLN3 and the insulin-like
(INSL) peptide genes INSL3, INSL4, INSL5 and INSL6.
Although these peptides display relatively low primary
amino-acid sequence homology (Table 1), phylogenetic
analysis indicates that they evolved from a RLN3 ancestral
gene (Hsu, 2003; Wilkinson et al.,, 2005b) before the
emergence of fish and all have distinct expression profiles
and biological functions (although the precise physiological
roles of some peptides are yet to be determined). Thus,
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Table 1 Alignment of human, mouse and rat relaxin family peptides

Amino Acid Sequence

Ligand Species
B chain A chain
. Human (H2) - - -DSWMEEVIKLCGRELVRAQIAICGMSTWS - - - QLYSALANKCCHVGCTKRSLARF-C- -
Relaxin Mouse RVSEEWMDGFIRMCGREYARELIKICGASVGRLAL ESGGLMSQQCCHVGCSRRSIAKLYC -
Rat RVSEEWMDQVIQVCGRGYARAWIEVCGASVGRLAL -SGALLSEQCCHIGCTRRSIAKL-C--
sLokk k. kKoK LKk kK Kk srrkKkk o kk ., ckk k.. K
Human (H3) ----RAAPYGVRLCGREFIRAVIFTCGGSRW- - - - DVLAGLSSSCCEWGCSKSQISSL-C- -
Relaxin-3 Mouse - - - -RPAPYGVKLCGREFIRAVIFTCGGSRW- - - - DVLAGLSSSCCKWGCSKSEISSL-C- -
Rat - ---RPAPYGVKLCGREFIRAVIFTCGGSRW- - - - DVLAGLSSSCCEWGCSKSQISSL-C- -
* . * %k Kk k% : khkhkhkhkkkkkhkhkkkkkhkhkkk *ok ok ok ok ok ok ok ok ok ok : * Kk ok kK k T *kkk Kk
Human - - - - PTPEMREKLCGHHFVRALVRVCGGPRWSTEA AAATNPARYCCLSGCTQQDLLTL-CPY
INSL3 Mouse - - - -P-PEARAKLCGHHLVRTLVRVCGGPRWSPEA SAATNAVHRCCLTGCTQQDLLGL-CPH
Rat - - - -P-PEARAKLCGHHLVRALVRVCGGPRWSPEA SVATNAVHRCCLTGCTQQDLLGL- CPH
* kK Kk ******:**:***********.** :.***..: ***:******** * **:
INSL5# Human - -EVRSKES-VRLCGLEYIRTVIYICASSRW---- - - -ODLQTLCCTDGCSMTDLSAL-C-
Mouse ----RSRQT-VKLCGLDYVRTVIYICASSRW---- - ---DLQALCCREGCSMKELSTL-C- -

hk .. Kokkkk k. kkkkkkkkkkkk

kokk okkk ckkkk  Lokk .k K

kK *

* ., * ok * k. L . ox

Relaxin family peptides are composed of an A-chain linked to a B-chain by two di-sulphide bonds. There is also a di-sulphide bond located within the A-chain to
maintain the fold of the peptide. The relaxin sequences have very low sequence homology, whereas the relaxin-3 sequences are highly homologus across the three

species (# INSL5 is a pseudogene in rat).

*Indicates identical amino-acid residues, : shows highly homologus amino-acid residues and indicates residues with some homology. Black symbols indicate
homology between individual species relaxin family peptides, white symbols indicate similarities between all relaxin family peptides across human, mouse and rat.

relaxin-3 is found predominantly in the brain and has
putative actions as a neuropeptide (Burazin et al., 2002;
Bathgate et al., 2003; Tanaka et al., 2005). INSLS is widely
found in the periphery, particularly in the kidney and colon,
as well as in the brain and pituitary (Liu et al., 2005). Both of
these peptides are highly conserved (Table 1), but have as yet
not fully understood functions (Liu et al., 2003b, 2005).
There has been a rapid expansion of this peptide family in
mammals with the emergence of INSL3, INSL4 and INSL6.
Insl3 is expressed in the testis and ovary, is essential for
testicular descent in the male (Nef and Parada, 1999;
Zimmerman et al., 1999) and additionally, has roles in
oocyte maturation and male-germ cell survival (Kawamura
et al., 2004). Insl4 and Insl6 are predominantly expressed in
the placenta and testis, respectively, but their physiological
roles are currently unknown. The term ‘neohormones’ has
been coined to describe such hormone systems specific to
mammalian physiology, often addressing post-reproductive
mammalian traits (Ivell and Bathgate, 2006). Relaxin and its
receptor are often involved in pathologies that are consid-
ered to be age-related such as fibrosis, wound healing and
responses to infarction. Post-reproductive survival can be
considered advantageous to the species in terms of group
dynamics and grandparent advantage (Ivell and Bathgate,
2006). The relaxin systems are therefore likely to represent
important pharmacological targets in the clinical manage-
ment of aging (Bathgate et al., 2006a).

Unlike humans and higher primates, most species possess
only two relaxin genes, corresponding to RLN2 and RLN3.
The product of the human RLN2 gene, human relaxin-2
(H2 relaxin) is the functional ortholog of the gene product
from non-primate species that is termed ‘species’ relaxin
(e.g. rat relaxin; mouse relaxin). The function of the product
of the human RLNI gene, human relaxin-1 (H1 relaxin)
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is unknown, and indeed a native H1 relaxin peptide has
yet to be isolated. Throughout this review the use of the
term ‘relaxin’ will refer to H2 relaxin or, where appropriate,
non-primate ‘species’ relaxin.

The receptors for relaxin (Hsu et al., 2002a), relaxin-3
(Liu et al., 2003a, b), INSL3 (Overbeek et al., 2001; Hsu et al.,
2002a; Kumagai et al., 2002) and INSLS (Liu et al., 2005)
were identified recently. Based on the hypothesized coevolu-
tion of peptide ligands and their receptors, there was a
school of thought that believed that the receptors for
relaxin and INSL3 were likely to be related to the known
insulin receptors and as such be tyrosine kinases. However,
there was also clear evidence that relaxin caused increases in
cyclic adenosine monophosphate (cAMP) in reproductive
tissues (Braddon, 1978; Cheah and Sherwood, 1980; Judson
et al.,, 1980; Sanborn et al., 1980) and cell lines (Parsell
et al., 1996). It is now known that in spite of their struc-
tural similarity, relaxin and insulin family peptides act
through independent signalling pathways: the relaxin and
insulin-like peptide groups activate the G-protein-coupled
Relaxin Family Peptide Receptors (RXFPs), whereas the
insulin group activates tyrosine kinases (Hsu et al., 2000).
The RXFPs are a group of four receptors comprising the
leucine-rich repeat (LRR)-containing RXFP1 and RXFP2
and the small peptide-like RXFP3 and RXFP4 (Bathgate
et al., 2006a).

The characteristics of the LRR-containing RXFPs:
RXFP1 and RXFP2

The relaxin receptor was identified following a systematic
pursuit of ligands for mammalian orphan LRR-containing G
protein-coupled receptors (LGRs), that were discovered after



a search of the expressed sequence tags database (Hsu et al.,
2002a). A systematic screen of newly identified orphan
receptors expressed in human embryonic kidney (HEK)293T
cells revealed that two of the orphans, RXFP1 (LGR7)
and RXFP2 (LGRS), responded to porcine relaxin by dose-
dependent increases of cAMP, but failed to respond to insulin
or insulin-like growth factor-I, indicating specificity for
relaxin (Hsu et al., 2002a). Studies of phenotypic expression
following mutation and inactivation of Insl3 and a trans-
genic insertional mutation in mouse chromosome 5 identi-
fied an orphan GPCR known as G-protein-coupled receptor
affecting testis descent (Great) (Overbeek et al., 2001) and led
to the identification of LGR8 (RXFP2) as the INSL3 receptor
(Hsu et al., 2002a; Kumagai et al., 2002). INSL3 was found
to bind RXFP2 with high affinity (Hsu et al., 2002a) and to
cause cAMP stimulation and thymidine incorporation into
the gubernaculum (Kumagai et al.,, 2002). Confirmation
of the INSL3-RXFP2 ligand-receptor pairing was based
upon the common phenotype of receptor- and ligand-null
mice: cryptorchism or failure of the testis to descend during
development (Kumagai et al.,, 2002). Based upon this
discovery, the high similarity between RXFP1 and RXFP2,
the similar expression patterns of Rxfpl and relaxin genes
and the higher affinity of relaxin for RXFP1 over RXFP2,
RXFP1 was subsequently defined as the relaxin receptor (Hsu
et al., 2002a).

RXFP1 and RXFP2 belong to the glycoprotein hormone
G-protein-coupled receptor (GPCR) subfamily known as the
LGR subfamily (Ascoli et al., 2002). Studies of LGRs from
different species have suggested that three subtypes of LGRs
(A, B and C) originated during the early evolution of
metazoans, with each subtype sharing a unique LRR domain
(Hsu, 2003). Type A LGRs include the follicle-stimulating
hormone receptor (FSHR), the leutenising hormone receptor
(LHR) and the thyroid-stimulating hormone receptor
(TSHR). In mammals, the type B LGRs remain orphan GPCRs
at present and consist of three members, LGRs 4-6. Finally,
the type C LGRs have only two members, RXFP1 and RXFP2,
and are characterized by a unique low-density lipoprotein
(LDL) receptor class A module at the N-terminus, which is
not present in the other sub-groups (Figure 1) (Hsu et al.,
2000, 2002a).

The characteristics of the small peptide-like RXFPs:
RXFP3 and RXFP4

RXFP3 and RXFP4 were recently discovered (Matsumoto
et al., 2000; Boels and Schaller, 2003; Liu et al., 2003a, b) and
are classified as family A GPCRs, with relatively short amino
and carboxy-terminal tails compared with RXFP1 and RXFP2
(Figure 1). RXFP3 and RXFP4 have recently been identified
as the receptors for the relaxin family peptides, relaxin-3
(Liu et al., 2003b) and INSLS (Liu et al., 2005), respectively,
and have many striking structural and functional differences
from their relaxin- and INSL3-receptor counterparts
(Figure 1). RXFP3 (also known as GPCR135 or SALPR) was
identified in a human cortical cDNA library, with the highest
sequence homology to somatostatin receptors (35% identity
with type 5 receptor (SSTRS)) and angiotensin II receptors
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(31% identity with type 1 receptor (AT1)) (Matsumoto et al.,
2000). Therefore, this receptor was first named Somatostatin
and Angiotensin-Like Peptide Receptor (SALPR). Although
the novel receptor did not bind either somatostatin or
angiotensin II, it was hypothesized that it would be a peptide
receptor owing to the homology observed between RXFP3
and the known small peptide receptors somatostatin type 5
and angiotensin II AT1 receptor, as well as, bradykinin,
opioid and apelin receptors. RXFP4 (also known as GPCR142
or GPR100) was discovered by searching the human genomic
database (Genbank) using the RXFP3 sequence (Boels and
Schaller, 2003; Liu et al., 2003b). Owing to the sequence
identity between human RXFP4 and human RXFP3 (43%
identity) (Figure 2), it was suggested that these receptors
share a ligand or at least have similar ligands.

The ligand for RXFP3 was discovered by extracting
peptides from rat organs, and testing these extracts against
guanosine triphosphate (GTP)yS binding in Chinese hamster
ovary (CHO) cells transiently expressing RXFP3. Brain
peptide extracts showed the greatest GTPyS binding and
were fractionated by HPLC, and the purified extracts tested
and recycled until a single peptide was isolated (Liu et al.,
2003b). This peptide was sequenced and found to contain
peptide sequence analagous to human relaxin-3 (H3 relaxin)
(Bathgate et al., 2003). The functionality of this peptide was
confirmed by expressing full-length H3 relaxin cDNA in
COS-7 cells and purifying the secreted peptide from the cell
culture medium. The recombinant H3 relaxin was then
tested on CHO cells transiently expressing RXFP3 where
it caused GTPyS binding (Liu et al., 2003b). To determine
whether RXFP3 and RXFP4 shared a common ligand,
binding and functional assays were also carried out on
RXFP4-expressing cells. H3 relaxin also competed for ['*°T]-
H3 relaxin binding from COS-7 cells transiently expressing
RXFP4 and caused GTPyS binding in CHO cells expressing
the receptor, confirming that these two receptors responded
to the same ligand.

Receptor evolution

Phylogenic analysis has shown that RXFP1 and RXFP2
emerged before the divergence of fish (Wilkinson et al.,
2005a). Additionally, this subfamily of LGRs appears to have
invertebrate origins, with two type C receptors in Drosophila
melanogaster (FlyLGR3 and FlyLGR4), although these recep-
tors were not deemed orthologs of RXFP1 or RXFP2, and
there is no invertebrate relaxin peptide (Wilkinson et al.,
2005a). Further, analysis of relaxin family peptides and their
receptors suggests that RXFP1 and RXFP2 were ‘acquired’ as
relaxin family peptide receptors during mammalian evolu-
tion, and that the ancestral relaxin receptor-ligand system
was RXFP3-relaxin-3 (Wilkinson et al., 2005a).

Multiple copies of both RIn3 and Rxfp3 have been
identified in the genome of fugu fish and zebrafish. These
multiple ligands and receptors probably exist due to gene
duplication events (Wilkinson et al., 2005b), resulting from
coevolution of the ligands and receptors. Mammals have
only a single copy of the RIn3 and Rxfp3 genes, with the
function of the other fish relaxin-3-like and RXFP3-like
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Figure 1

d RxFP4

Structure of relaxin family peptide receptors (RXFP) 1-4. Snake plot diagram of predicted structure of (a) RXFP1, (b) RXFP2, (c)

RXPF3 and (d) RXFP4. All receptors are seven TM spanning GPCRs. Major differences occur within the ectodomain. RXFP1 and RXFP2 have a
large ectodomain containing LRRs and an LDL class A module. Contrastingly, RXFP3 and RXFP4 have shorter N-terminal tails than RXFP1 and
RXFP2. Predicted N-linked glycosylation sites (Net-Gly 1.0 server) are indicated with Y and residues are colored blue, and predicted
phosphorylation sites (Net-Phos 2.0 server) are indicated with * and colored in pink.

receptors replaced by the relaxin/INSL-LGR systems
(Wilkinson et al., 2005a). This ligand-receptor coevolution
theory is further supported by analysis of the Insl5 and Rxfp4
genes. The Insl5 and Rxfp4 genes in rats and dogs do
not contain open reading frames and are therefore non-
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functional pseudogenes in these species (Wilkinson et al.,
2005b). In addition, even though there is high homology
observed between the rat and mouse Rxfp4 genes, the coding
region of the rat Rxfp4 gene is interrupted by many deletions
and insertions (Chen et al., 2005), further supporting the



notion that these receptors and their ligands coevolved.
Having retained the relaxin-3-RXFP3 system, it seems likely
that this system serves a highly important brain function
in mammals and other species, however the role of the
INSL5-RXFP4 system remains to be defined.

Receptor conservation

Sequence analysis of RXFP1 and RXFP2 receptors shows
high conservation from fish to mammals (Hsu et al., 2005).
Human and rodent orthologs show greater than 90%
sequence similarity (Hsu et al., 1998, 2002a, 2003). Similarly,
the two pufferfish type C LGRs have greater than 77 and
70% sequence similarity in the transmembrane (TM)
domain to human RXFP1 and RXFP2 respectively (Hsu
et al., 1998). Additionally, human RXFP1 and RXFP2 share
approximately 60% sequence identity (Hsu et al., 2002a)
(Figure 2).

The genome sequences of human RXFP3 and RXFP4
consist of a single open reading frame of only one exon.
Similarly, the mouse and rat Rxfp3 DNA sequences are
intronless, and share 85 and 86% sequence identity,
respectively, with the human receptor DNA sequence (Chen
etal., 2005). TM domains -2, -3 and -6 are conserved between
human rat and mouse RXFP3, with only TM-4 differing
between the rat and mouse sequences (Chen et al., 2005).
The rat Rxfp3 gene potentially codes two forms of RXFP3. Rat
Rxfp3 has a second potential start codon upstream of the
human and mouse start codon, that encodes an additional 7
amino acids (coding RXFP3-long), it also has the start codon
found in the human and mouse sequences (RXFP3-short).
Mouse RXFP3 is longer than human RXFP3 by an additional
3 amino acid residues between TM-5 and TM-6 (Figure 3).
The mouse Rxfp4 sequence shares 74% sequence identity
to the human RXFP4 gene. However, the mouse sequence
is longer than the human sequence by 40 amino acids.
The greatest difference between the receptor amino acid
sequences is observed in the carboxy-terminal tail of mouse
RXFP4, which is longer than that of the human RXFP4
(Figure 3)(Chen et al., 2005).

Functional genetics of RXFPs

The generation of Rxfpl and Rxfp2 knockout animals has
provided indications for the role of these receptors. Rxfpl "/~
female mice have underdeveloped nipples and are unable to
feed their pups and display prolonged parturition resulting
in an increased number of dead pups upon delivery (Kamat
et al., 2004; Krajnc-Franken et al., 2004). Some male Rxﬁ)]’/ -
mice exhibited impaired spermatogenesis, azoospermia and
thus a reduction in fertility (Krajnc-Franken et al., 2004).
Rxfp1 knockouts of both sexes additionally display increased
collagen accumulation and fibrosis around the bronchioles
and blood vessels (Kamat et al., 2004). Rxfp2 knockout male
mice exhibit cryptorchidism or failure of the testes to
descend during development, progressive degeneration of
spermatocytes, and thus a lack of spermatids and mature
sperm (Overbeek et al., 2001; Gorlov et al., 2002). Although
the phenotypes of these receptor knockouts are similar to
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their ligand counterparts, they are not identical (Nef and
Parada, 1999; Nguyen et al., 2002; Du et al., 2003; Samuel
et al., 2003, 2005a, b).

Although Rxfp3 and Rxfp4 knockout mice have yet to be
created, the study of the chromosomal location of these
receptors and associated diseases may indicate a role for
these receptors. Human RXFP3 is located on chromosome 5
at 5p15.1-5p14 (Matsumoto et al., 2000). A recent report
suggests that polymorphisms occurring in the chromosomal
region encoding RXFP3 may be responsible for a schizo-
phrenic phenotype (Bespalova et al., 2005). However,
sequencing the RXFP3 gene in these individuals did not
reveal any relevant polymorphisms. Studies in rats indicate
that RXFP3 may play a role in coordinating behavioral
responses to stress and sensory information (Tanaka et al.,
2005) and may additionally represent another important
receptor affecting food intake (McGowan et al., 2005, 2006;
Hida et al., 2006). Human RXFP4 is located on chromosome
1 at 1q21.2-1921.3 (Boels and Schaller, 2003). The chromo-
somal region that encodes the locus of RXFP4 is also the
locus determined for the axonal form of autosomal recessive
Charcot-Marie-Tooth disease (a hereditary motor and sen-
sory neuropathy) (Bouhouche et al., 1999). However, further
physiological studies have yet to be conducted in a species
with Insl5 and Rxfp4 expression and so the role of this system
remains undefined.

Receptor distribution

Northern blots of human tissue has identified mRNA for
RXFP1 in ovary, uterus, placenta, testis, prostate, brain,
kidney, heart, lung, liver, adrenal, thyroid, salivary glands,
muscle, peripheral blood cells, bone marrow and skin (Hsu
et al., 2002a; Luna et al., 2004; Mazella et al., 2004; Bathgate
et al., 2006a). An additional shorter length receptor mRNA
was also identified in oviduct, uterus, colon and brain (Hsu
et al., 2000). Human RXFP1 protein expression has been
identified by immunohistochemical analysis in uterus,
cervix, vagina, nipple and breast (Kohsaka et al., 1998; Luna
et al., 2004). Studies in mouse and/or rat tissues have
additionally identified mRNA by Northern blot and lacZ-
reporter expression in oviduct and intestine (Hsu et al., 2000;
Krajnc-Franken et al., 2004).

RXFP2 mRNA expression in human occurs in the uterus,
testis, brain, pituitary, kidney, thyroid, muscle, peripheral
blood cells and bone marrow as determined by reverse
transcriptase-polymerase chain reaction (RT-PCR) (Hsu et al.,
2002b; Hombach-Klonisch et al., 2003; Mazella et al., 2004;
Bathgate et al., 2006a). Additional expression was identified
in rat and/or mouse in the ovary and gubernaculum as
determined by RT-PCR, Northern blot analysis and/or in situ
hybridization (Overbeek et al., 2001; Kubota et al., 2002;
Kumagai et al., 2002; Kawamura et al., 2004).

In contrast to the widespread distribution of RXFPI and
RXFP2, RXFP3 mRNA is much more localized. Although not
detectable by Northern blots, RXFP3 mRNA (or species
equivalent) was identified by RT-PCR in human, mouse
and rat brain and in testis (Liu et al., 2003b; Chen et al.,
2005). In humans, the highest mRNA expression is detected
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- —---MTSGSVFFYILIFGKYFSHG--GGQDVKCSLGYFPCGNITKCLPQLLHCNGVDDCGNQADEDNCG----=-—===—==—==—=—-— ---DNNGWSM 70
LTEG--SITIPLCQKGYFPCGNLTKCLPRAFHCDGVDDCGNGADEDNC DNNGWPL 54
---MTSGPFFFCVFIIGRYFTLG--NAQDVSCPLGSFPCGNISKCLPQLLHCNGVDDCGNQADEDNC DNNGWSL 70
---MTSGPFFFCIFIIGKYFTLG--SAQDVSCPLGSFPCGNMSRCLPQLLHCNGVDDCGNRADEDHCG ---DNNGWSL 70
- MRSDFCLNDYFKILLILPALLTALNITEEATSCPLGYFPCGNLSVCLPQLMHCNGINDCGNQADEENC DNNGWPH 76
* ok kxEEx Kokky skkgkyikkkA KAk kK KRk
MIVFLVFKHLFSLRLITMFFLLHFIVLINVKDFALTQGSMITPSCQKGYFPCGNLTKCLPRAFHCDGKDDCGNGADEENC DTSGWAT 88
- MFPLLHFIVLIDVKDFPLTEGSTITPLCQKGYFPCGNLTKCLPRAFHCDGVDDCGNGADEDNC:! DTSGWAT 71
MWLLLHVVLLMEVKDFTLAGSNMVAPLCPKGYFPCGNLTKCLPRAFHCDGVDDCGNGADEDNCG--==-=====—=—————— ---DTSGWIT 71
***************** MWLLLHVILLTEVKDFALADS SMVAPLCPKGYFPCGNLTKCLPRAFHCDGVDDCGNGADEDNC DTSGWIT 71

VLQASRLEEGCPLGHFPCGNMSECLPQVLQCNGHTDCPNGADEQRCGE SRHONTGDNNALSWTVAVQHFSLFLLVCVAGDNAGWAD 86
P *

. * ok kEkx Kk kKK KK Kk

QFDKYFASYYKMTSQYPFEAETP-———-——-———————————-] ECLVGSVPVQCLCQGLELDCDETNLRAVPSVSSNVTAMSLOQWNLIRKLPPDCFKNYHDLQOKLYLQONNKITSISIYAFRG 172

QFDKYVANYYRMTSSYPFEAQTS-——-—-————=—-=—-=—-—— ECLVGSVPMQCVCRGLEVDCDETNLRAVPSVSSNVTLMSLRWNLIRKLPPDGFRKYHNLQKLCLONNKIRSIPIYAFRG 177

QLDKYFANYYKLTSTNSIEAETS- -ECLVGSVPMHCLCRDLELDCDEANLRAVPSVSSNVTVMS LOWNFIRTLPPNSFRKYHDLOKLCLONNKIRSVSVSAFRG 172

-ECLVGSVPMHCLCRDLELDCDEANLRAVPSVSSNVTVMSLORNFIRTLPPNGFRKYHELQKLCLONNRIHSVSVSAFRG 172

LFDKYFG--—-—-| MPSYNAVVKSN-—---—-————-———————-] MCLLGTVPEFCLCRDLELDCDRAQLPDIPLVAVNVTMMSFQRNLLQELKAKMFFRYQSLQKLYLQHNRIQDVHPDAFRG 173
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in the substantia nigra, pituitary, hippocampus, spinal cord,
amygdala, caudate nucleus, corpus callosum with low
expression in the cerebellum (Matsumoto et al., 2000; Liu
et al., 2003b). RT-PCR also revealed expression of RXFP3 in
the testis (Liu ef al., 2003b) and low expression in other
peripheral tissues such as the adrenal glands, pancreas,
salivary gland, placenta and mammary gland (Matsumoto
et al., 2000). Furthermore, mouse and rat Rxfp3 mRNA was
detected only in the brain and testes (Chen et al., 2005),
supporting a role for relaxin-3 in the central nervous system,
with the function in the testis remaining a mystery.
Autoradiography using an INSL5 A-chain-H3 relaxin B-chain
chimera and in situ hybridization with a full-length rat Rxfp3
riboprobe detected RXFP3 and Rxfp3 RNA in the olfactory
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Chicken RXFP3 --
Rat RXFP3 (short) --
Rat RXFP3 (long)
Mouse RXFP3

Relaxin family peptide receptors
ML Halls et al 683

bulb, sensory cortex, amygdala, thalamus, paraventricular
nucleus, supraoptic nucleus and the inferior and superior
colliculus (Sutton et al., 2005).

Northern blots conducted with RNA from human tissue
revealed RXFP4 expression in the heart, skeletal muscle,
kidney, liver and placenta (Boels and Schaller, 2003). Similar
results were obtained by RT-PCR, with mRNA also detected
in human colon, thyroid, salivary gland, prostate, thymus,
testis and brain (Liu et al., 2003a). Mouse Rxfp4 has a wider
profile of expression than human RXFP4 (Chen et al., 2005).
RT-PCR detected mouse Rxfp4 mRNA in brain and testes
as well as kidney, lung and spleen (Chen et al., 2005).
However, a clear functional role for INSL5 and RXFP4 has
yet to be described.
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Figure 3 Alignment of the primary amino-acid sequences of equivalent RXFP3 and RXFP4 from human, dog, chicken, rat, mouse and

pufferfish. Human, dog, chicken, rat and mouse sequences were obtained from NCBI. Pufferfish sequences were obtained by searching the
pufferfish genome with the relevant human sequence using BLASTp. Multiple pufferfish sequences were found, but only two were selected for

alignment based upon highest homology score with the human sequence. *Indicates identical amino-acid residues,

shows highly

homologous amino-acid residues, and . indicates residues with some homology between RXFP3 species receptors, or RXFP4 species receptors;
Indicates identical amino-acid residues, § shows highly homologous amino-acid residues, and J| indicates residues with some homology

between all receptors.

<

Figure 2 Alignment of the primary amino-acid sequences of equivalent RXFP1 and RXFP2 from human, dog, rat, mouse and pufferfish.
Human, dog, rat and mouse sequences were obtained from NCBI. Pufferfish sequences were obtained by searching the pufferfish genome with

the relevant human sequence using BLASTp. *Indicates identical amino-acid residues,

: shows highly homologous amino-acid residues and .

indicates residues with some homology between RXFP1 species receptors or RXFP2 species receptors; findicates identical amino-acid residues,
g shows highly homologous amino-acid residues and J| indicates residues with some homology between all receptors.
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Figure 4 Signalling pathways activated by the RXFPs. (a) RXFP1 is activated primarily by relaxin and appears to signal mainly via CAMP.
Initially RXFP1 increases cAMP accumulation via Go,s and negatively modulates this via Gooe. These two pathways combined to affect CRE
transcription. With time (dotted lines) RXFP1 recruits Ga;3 which activates the Gfy-PI3K-PKC({ pathway to further increase cAMP. RXFP1 also
appears to activate GRE transcription (and possibly GR) by a currently unknown mechanism. (b) RXFP2 is activated by INSL3 (in addition to
some relaxins, although this is species-specific) and both activates and negatively modulates cAMP accumulation by Ga and Gag respectively,
which leads to effects upon CRE transcription. (c) RXFP3 is activated by relaxin-3 and inhibits forskolin-stimulated cAMP accumulation. This
receptor also activated ERK1/2 by a mechanism which requires receptor internalization or movement into lipid-rich signalling platforms,
activation of PTX sensitive G proteins, PKC as well as Raf and MEK1/2. PI3K activation and EGF receptor transactivation (if expressed in the cell)
are required for full ERK1/2 phosphorylation to occur, however about 50% of ERK1/2 will still be phosphorylated if these entities are blocked
with specific inhibitors, (d) RXFP4 is activated by INSL5 and is also coupled to the inhibition of forskolin-stimulated cAMP accumulation.

Splice variants of RXFP1 and RXFP2 is the presence of alternatively spliced isoforms of RXFP1 and

RXFP2. Alternative splicing is a common occurrence within
One clear difference between the LRR-containing RXFP1 and the LGR family, with reports of a number of splice variants of
RXFP2 and the small peptide-like receptors RXFP3 and RXFP4 FSHR (Kraaij et al., 1998; Tena-Sempere et al., 1999), TSHR
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(Graves et al., 1992), LHR (Loosfelt et al., 1989; Misrahi et al.,
1996; Nakamura et al., 2004) and LGR4 and LGR6 (Muda
et al., 2005). Thus far, 29 splice variants of RXFP1 and RXFP2
have been identified, and these variants seem to be restricted
to either TM-containing constructs or those that code for the
truncated extracellular region only (Muda et al., 2005). Four
of these identified variants have been studied in greater
detail, and show a wide range of tissue expression, but were
not able to bind either relaxin or INSL3 or to cause cAMP
accumulation in response to either of these peptides (Muda
et al., 2005). Although some isoforms were highly expressed,
others were expressed at lower levels at the cell membrane,
retained within the cell, or in the case of one variant,
secreted, which raises interesting questions regarding endo-
genous regulation of the full-length RXFP1 receptor.

The secreted variant, termed RXFP1-truncate, has been
studied in some detail and has also been identified in mouse,
rat and pig (Scott et al., 2005b). RXFP1-truncate contains a
deletion of exon 4, resulting in a reading frame shift and
premature stop codon that halts protein translation after
only 102 amino acids. This variant therefore consists of
the receptor signal peptide, the LDL class A (LDLa) module,
33 residues of the LRR flanking sequence, and a non-
homologous sequence of seven residues. Detailed analysis
revealed that the RXFP1-truncate was secreted from transi-
ently transfected HEK293T cells, and inhibited relaxin-
stimulated cAMP signalling mediated by the full-length
receptor (Scott et al., 2005b). Thus, this variant seemed to
act as a functional antagonist. Expression of RXFP1-truncate
was found to be increased during pregnancy in both mouse
and rat, suggesting a functional role in causing localized
antagonism of the actions of relaxin (Scott et al., 2005b). This
is supported by functional splice variants of other LGRs. A
natural splice variant of the related LHR, which is retained
within the cell, has been found to modulate cell-surface
expression of the full-length LHR (Nakamura et al., 2004).

It is clear that an extensive array of splice variants of these
two receptors exist, although the function of many of these
proteins is as yet unknown. Further research will reveal any
functional significance of the variants and, specifically,
whether they have an important role in the regulation of
RXFP1 and RXFP2 in vivo.

Receptor structure

The RXFP1 and RXFP2 ectodomain is distinguished from
other LGRs by a unique LDLa module at the amino terminus.
Receptors lacking the LDLa module were found to bind relaxin
peptides, but were unable to affect cAMP accumulation (Scott
et al., 2006). Thus, the LDLa region appears essential for the
cAMP signalling properties of RXFP1 and RXFP2. The LDLa
module is followed by an alternatively spliced flanking region,
leading into the 10 LRRs. Essential to the structure of the LRRs
are cysteine-rich regions that act to form ‘caps’ at each end
of the LRRs (Kobe and Kajava, 2001). Modelling of the LRR
region on the porcine ribonuclease inhibitor (another protein
with LRRs) showed the expected parallel pleated sheets inside,
and helicies on the outside of a horseshoe-shaped structure
(Bullesbach and Schwabe, 2005b). The ectodomain of these
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receptors (specifically the LRR region) is important for the
binding of glycoprotein hormones (Kobe and Deisenhofer,
1993), in contrast to the binding of many GPCRs that respond
to small biogenic amines, which occurs within the TM region.
The relatively large ectodomain connects to the seven-
TM-spanning regions, and finally the C-terminal tail.

Analysis of the primary amino-acid sequence of these
two receptors (Figure 1) predicts that the receptors will be
N-terminally glycosylated (NetGlyC 1.0 Server), and contain
a number of potential phosphorylation sites in the intra-
cellular loops and C-terminal tail (NetPhos 2.0 Server). The
functional relevance of such predictions however, is yet to
be determined for these two receptors. However Ciphergen
surface-enhanced laser desorption/ionization-mass spectro-
metry analysis of an ectodomain-only RXFP1 construct
revealed a broad mass spectrum consistent with this receptor
being highly glycosylated (Yan et al., 2005).

Unlike the LRR-containing relaxin receptors, RXFP3 and
RXFP4 have relatively short extracellular domains. The
human RXFP3 exon encodes a protein of 469 amino acids,
the mouse 472 and the rat 476 residues. The RXFP4 sequence
is shorter, with 374 amino acids in human RXFP4 and 408 in
mouse RXFP4, although the functional consequences of
these differences have yet to be investigated.

Analysis of the primary amino-acid sequence (Figure 1)
shows that all four receptors possess the seven hydrophobic
helices thought to span the plasma membrane. The receptors
are also predicted to be N-terminally glycosylated (NetGlyC
1.0 Server) that may be important for cellular localization or
function in ligand recognition. There are also many putative
phosphorylation sites in the intracellular loops and carboxy-
terminal tails (NetPhos 2.0 Server) that may be important
for regulation of receptor signaling and internalization,
although this has yet to be established.

Binding characteristics of RXFP1 and RXFP2
receptors

Numerous species relaxins have since been shown to bind
and activate both RXFP1 and RXFP2. This has allowed
establishment of a rank order of affinity (Table 2) for the
different species relaxins and INSL3, which should poten-
tially allow the isolation of essential residues within these
peptides that are required for high-affinity binding. Even-
tually this knowledge should aid in the design of small
molecular mimetics and potential pharmacological tools and
therapeutics. At human RXFP1, the rank order of affinity was
determined as H2 relaxin =rhesus monkey relaxin > porcine
relaxin >H1 relaxin>H3 relaxin >rat relaxin> >INSL3 (no
binding) (Sudo et al., 2003; Halls et al., 200S; Scott et al.,
2005a; Bathgate et al., 2006b).

At RXFP2, INSL3>H1 relaxin=H2 relaxin>porcine
relaxin =rhesus monkey relaxin> >H3 relaxin =rat relaxin
(no binding) (Halls et al., 2005; Bathgate et al., 2006b).
Interestingly, the relative binding affinity of relaxin family
peptides for these receptors is usually reflected in their relative
ability to increase cAMP accumulation (Halls et al., 200S5).

The lack of INSL3 binding at RXFP1 and lack of rat relaxin
binding at RXFP2 has been confirmed in an in vivo setting
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Table 2 Affinities and potencies of relaxin family peptides for human relaxin family peptide receptors 1-4

H1 relaxin H2 relaxin H3 relaxin hINSL3 hINSLS Porcine relaxin ~ Rhesus monkey relaxin Rat relaxin
B F B F B F B F F B F B F B F
RXFP1 8.84% 9.10° 9.35® 10.60° 7.48¢ 7.72¢ 5.80¢ 5.40% 8.56° 9.09° 9.39b 9.76 7.27°  7.70
10.21°  9.57° 8.01°  8.19% 5.97°
10.049 9.42°¢ 8.507 8.829
9.70" 9.21¢ 8.709
10.00"
RXFP2 8.83° 8.30° 7.72° 6.977 >5° 9.66° 9.40° 7.87° 8.05°  7.81° 5.40°  No bindng
8.82" 7.94° 9.68° 8.16°
9.07¢ 8.04¢ 9.729 9.24¢
9.27° 8.80" 9.85" 8.384
9.80"
RXFP3 9.38: 9.25° 6.30" Antag "
9.40 9.389
9.529 9.46
9.52"
RXFP4 8.84°  8.96' 8.82" 8.92"
8.92' 9.049
8.969
9.00"

Abbreviations: H1, human gene 1 relaxin; H3, human gene 2 relaxin; H3, human gene 3 relaxin; INSL, insulin-like peptide; RXFP, relaxin family peptide receptor.
Competition-binding studies (B) with RXFP1 and RXFP2 were conducted with [*3P]-H2 relaxin (B33) and those with RXFP3 and RXFP4 with ['2°I]-H3 relaxin.
Functional studies (F) with RXFP1 and RXFP2 examined cAMP accumulation and those with RXFP3 and RXFP4 examined inhibition of forskolin stimulated cAMP

accumulation.

Bathgate et al. (2006) (pK; and pECso (CAMP)).

Halls et al. (2005) (pK; and pECso (cAMP)).

“Halls et al. (2006) (PECso (CAMP)).

9Sudo et al. (2003) (pICso and PECso (CAMP)).

€Chen et al. (2005) (pICso).

fLiu et al. (2003) (PECso (CAMP inhiby)).

9Liu et al. (2005) (pk; and pECso (CRE reporter, f-gal)).

MLiu et al. (2005) (pK; and pECso (CAMP). NB ['#°I]-INSL3 for RXFP2).
iLiu et al. (2003) (pk; and pECso (CAMP)).

using transgenic animals (Bogatcheva et al., 2003; Kamat
et al., 2004; Feng et al., 2006). This additionally suggests that
the H2 relaxin interaction with RXFP2 may be a species-
specific event (Halls ef al., 2005). In terms of other species
receptors, there is less binding affinity data available (for
summary see Bathgate et al.,, 2006b). The only major
differences identified thus far include a higher affinity of
the relevant species relaxin for its receptor and the
aforementioned inability of rat relaxin to bind rat RXFP2
(Halls et al., 2005; Scott et al., 2005a).

Recent studies have provided evidence that RXFP1 and
RXFP2 have at least two ligand-binding sites. Work with
chimeric receptors utilized the specificity of H3 relaxin for
RXFP1 (over RXFP2) and revealed that the peptide requires
interaction with both the ectodomain and exoloop 2 of the
TM domain of RXFP1 for full binding and cAMP signalling
(Sudo et al., 2003). This was subsequently confirmed as a
characteristic of both receptors. Both RXFP1 and RXFP2
contain two ligand-binding sites: a high-affinity site within
the ectodomain, and a lower-affinity site within the TM
region (Halls et al., 2005). This was supported by studies of
cAMP accumulation: the high-affinity ectodomain site
induced cAMP accumulation with higher efficiency than
the low affinity TM site (Halls et al., 2005). Studies with
chimeric and truncated receptors confirmed that the inter-
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action between these sites is essential for optimal binding
and signal transduction, although the precise nature of the
interaction appears to vary dependent upon the peptide in
question (Halls et al., 2005).

Subsequent molecular modelling of the LRR region of
RXFP1 revealed a likely binding cassette for relaxin, which
occurs at an angle of 45° across five of the parallel LRRs
(Bullesbach and Schwabe, 2005b). Close analysis of these
LRRs revealed that relaxin binding occurs through synchro-
nized chelation of the two arginines present in the relaxin
B-chain (B13 and B17: part of the relaxin-binding motif)
through neutralization of charge from acidic groups within
the concave face of the LRR of the receptor, and generation
of a hydrogen bonding network (Bullesbach and Schwabe,
2005b). This is stabilized by a hydrophobic interaction
between isoleucine (B20) and a cluster of tryptophan,
isoleucine and leucine in neighboring LRRs in the receptor
(Bullesbach and Schwabe, 2005b). It was found that deletion
of any of these features in the receptor removed relaxin
binding (Bullesbach and Schwabe, 2005b). These residues are
also present on RXFP2 and are also probably important in
the binding of relaxin to this receptor (Bullesbach and
Schwabe, 2006).

Despite RXFP2 containing all of the residues required for
the binding of relaxin to RXFP1, a number of recent studies



have suggested that they are not essential for INSL3 binding.
Initial mutational analyses of the binding of INSL3 to RXFP2
revealed that the minimum length of the B-chain required for
receptor binding was contained by residues 11-27 (Del Borgo
et al., 2006). Interestingly, enhancement of o-helical content
of this shortened mimetic using disulfide linkages has
generated a synthetic antagonist of RXFP2, that when
administered into the testis of rats caused a decrease in testis
weight, probably owing to inhibition of germ-cell survival,
suggesting functionality in vivo (Del Borgo et al., 2006).
Subsequent studies have focused upon the specific residues of
INSL3 which control its interaction with RXFP2, and revealed
three essential INSL3 residues that interact strongly with the
receptor, arginine (B16), valine (B19) and tryptophan (B27),
due to these three residues forming a contiguous area
(Bullesbach and Schwabe, 2006). This requires flexibility in
the B-chain C-terminal region, provided by a ‘hinge’
sequence of glycine-glycine-proline (B23-B25) (Bullesbach
and Schwabe, 2006). Thus, at RXFP2, relaxin and INSL3 are
likely to bind to different, but overlapping sites of the
receptor, as one peptide is able to compete for binding with
the other. Another group has recently provided a more
detailed model of INSL3 binding to its receptor, using NMR
together with mutational analysis of INSL3 (Rosengren et al.,
2006). In this model, the initial, primarily electrostatic
interaction between INSL3 and RXFP2 is dependent upon
the B-chain residues histidine (B12), arginine (B16) and
arginine (B20). A repositioning of the flexible B-chain C-
terminus then occurs, which allows INSL3 to effectively ‘lock-
in’ to the receptor by securing the essential tryptophan (B27).

Interestingly, the A-chain of INSL3 does not appear to
contribute to binding (Bullesbach and Schwabe, 2006), but
nevertheless does appear to be essential for signal transduc-
tion. Mutational analysis of this peptide revealed that
deletion of six residues from the N-terminus of the A-chain
generated a peptide which still had activity, whereas deletion
of more than six residues, up to the first cysteine (A10),
yielded a peptide which retained binding, but was unable to
generate cAMP (Bullesbach and Schwabe, 2005a). These
studies have generated a number of specific high-affinity
competitive inhibitors of RXFP2 (Bullesbach and Schwabe,
2005a) that will be valuable tools in the search for the
functions of this receptor. It is unknown whether the cAMP
signalling of RXFP1 is also dependent upon interaction with
the N-terminus of relaxin

Binding characteristics of RXFP3 and RXFP4
receptors

Although they respond to peptides that may be structurally
quite similar, the pharmacological characteristics of the
RXFP3 and RXFP4 receptors are quite distinct from those
of RXFP1 and RXFP2. Characterization of human RXFP3
expressed transiently in green African monkey kidney (COS-
7) cells revealed that the receptor binds relaxin-3 at a site
that shows peptide competition only with H3 relaxin and
the H3 relaxin B-chain, but not with porcine relaxin, INSL3
or the H3 relaxin A-chain (Liu et al., 2003b). Similarly, mouse
RXFP3 and the two forms of rat RXFP3 expressed in COS-7
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cells, both bound human relaxin-3 (Chen et al., 2005). This
binding profile is unique to RXFP3 as RXFP1 and RXFP2 both
show binding to many relaxin family peptides.

Interestingly, human RXFP4 also bound [125]]-relaxin-3
with high-affinity (Liu et al., 2003a), and there was competi-
tion by relaxin-3 and the B-chain of relaxin-3 (Liu et al.,
2003a) (Table 2). COS-7 cells transiently expressing monkey,
mouse, bovine or porcine RXFP4 also bound human relaxin-
3 with high-affinity (Chen et al.,, 2005). Bovine RXFP4
showed the highest affinity for human relaxin-3, followed by
human, monkey and porcine, with mouse displaying the
lowest affinity for this peptide (Chen et al., 2005). As
mentioned above, evolutionary tracing of RXFP4 and INSLS
indicated that INSL5 was the physiological ligand for RXFP4,
rather than relaxin-3 (Wilkinson et al., 2005c). When tested
in vitro, INSL5 bound to RXFP4 with an affinity equal to that
of relaxin-3 (Liu et al., 2005). INSL5 was also tested for its
affinity to RXFP1, RXFP2 and RXFP3 and competed for ['2°]]-
relaxin-3 binding to RXFP3, but with a much lower-affinity
than relaxin-3 (Table 2). INSL5 failed to compete for ['*°I]-
relaxin-3- or ['?5I]-INSL3-binding at RXFP1 or RXFP2,
respectively, suggesting that INSLS is a ligand for RXFP4
(Liu et al., 2005).

Signal transduction mechanisms activated by RXFP
receptors

Owing to tracing of both type A LGRs and the co-evolved genes
encoding glycoprotein hormone subunits to both nematodes
and insects, Hsu et al. (2000) concluded that the three sub-
families of LGRs evolved before the emergence of vertebrates
and nematodes. Thus, the type C LGR signalling pathways
mediated by RXFP1 and RXFP2 represent one of the earliest
forms of GPCR signalling (Bathgate et al., 2006a) (Figure 4).

On original characterization of these two receptors,
constitutively active mutants of both RXFP1 and RXFP2
(TM helix 6: Asp 637 Tyr) were found to signal by increased
CcAMP accumulation in a ligand-independent manner (Hsu
et al., 2000, 2002b). Thus, a major signalling pathway
activated by these receptors appears to be the Gs—-cAMP-
protein kinase (PK)A pathway. Consequently, much research
since has focused upon cAMP accumulation modulated by
these two receptors.

Recent studies have identified a biphasic time course of
cAMP accumulation following RXFP1 stimulation by relaxin
(Nguyen et al., 2003; Halls et al., 2006). The initial phases of
the response (lasting until approximately 10-15 min follow-
ing stimulation of the receptor) involves cAMP accumula-
tion activated by Gu, and an inhibition mediated by Gos
(Halls et al., 2006). The second, delayed phase of the
response additionally involves recruitment of Go;3 proteins,
which release Gfy subunits (Halls et al., 2006). These G-fy
subunits then activate phosphatidylinositol 3 (PI3)-kinase
(Nguyen et al., 2003), which activates and translocates PKCC,
(an atypical PKC isoform) to the cell membrane, and finally
activates adenylate cyclase to further stimulate the produc-
tion of cAMP (Nguyen and Dessauer, 2005).

Interestingly, the cAMP signalling pathways activated
following RXFP2 stimulation appear, at present, to be less
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complex. Thus, there is no evidence for a biphasic accumula-
tion of cAMP following receptor activation. Stimulation of
this receptor by INSL3 (or H2 relaxin) leads to accumulation
of cAMP accumulation through Gs, and an inhibition of
cAMP accumulation mediated by Gu,B and Gfy subunits
(Halls et al., 2006). In cell systems endogenously expressing
RXFP2, the receptor appears to mediate a variety of
responses. In gubernacular cells, like HEK293T-expression
systems, stimulation with INSL3 causes an increase in cAMP
(Kumagai et al., 2002). However, and conversely, in both
male and female germ cells and oocytes, stimulation of
RXFP2 causes an inhibition of cAMP mediated although
pertussis toxin (PTX)-sensitive G proteins (Kawamura et al.,
2004). Thus, it appears that the signalling outcomes
mediated by these receptors vary greatly depending on cell
types and may be based upon the expression levels of the
relevant G proteins involved.

For RXFP1, there is also evidence for activation of other
signalling pathways in response to relaxin. In THP-1 and
human endometrial stromal cells, both of which endogen-
ously express RXFP1, there is evidence for tyrosine kinase or
mitogen-activated protein kinase-dependent cAMP accumu-
lation (Bartsch et al., 2001), which may involve relaxin-
mediated inhibition of a phosphodiesterase (Bartsch et al.,
2004). However, this is not always observed, and some
studies show no effect of phosphodiesterase inhibition upon
the RXFP1-mediated cAMP response (Nguyen et al., 2003).
Apart from cAMP-related signalling, a number of cell types
that express RXFP1 rapidly activate ERK1/2 (<Smin) on
relaxin stimulation, including human endometrial stromal
cells, THP-1 cells and primary cultures of human coronary
artery and pulmonary artery smooth muscle cells (Zhang
et al., 2002). There is also evidence for relaxin-mediated
increases in nitric oxide both acutely and chronically,
although the exact mechanism of this increase or whether
this is directly or indirectly linked to RXFP1 is still unclear
(Nistri and Bani, 2003; Conrad and Novak, 2004). More
recently, relaxin was reported to interact with the gluco-
corticoid receptor, although whether this requires RXFP1 or
is an independent event is also uncertain (Dschietzig et al.,
2004).

In contrast to RXFP1 and RXFP2, functional charac-
terization of RXFP3 and RXFP4 showed that they do not
stimulate cAMP production (Liu et al., 2003a,b). Instead,
RXFP3 and RXFP4 were shown to be functionally coupled
to inhibition of forskolin-stimulated cAMP accumulation
(Liu et al., 2003a, b). These receptors were also cotransfected
into HEK293 cells with either Go;,qs chimeric G protein
(RXFP3) or Goys (RXFP4) and switched their signalling to
calcium mobilization (Liu et al.,, 2003a,b). Mouse and
rat RXFP3 were also characterized using GTPyS and calcium
mobilization assays and relaxin-3 had similar potency
at these receptors as reported for the human receptor
(Chen et al., 2005). Additionally, human RXFP3 increased
extracellular acidification in the cytosensor microphysi-
ometer when stimulated with H3 relaxin, but not by H2
relaxin, porcine relaxin or INSL3 (van der Westhuizen et al.,
2005).

RXFP3 is strongly coupled to ERK1/2 phosphorylation in
CHO-K1 and HEK293 cells stably expressing the receptor
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(van der Westhuizen et al. (2007), submitted). The response
to H3 relaxin is rapid and transient (2-5min) with a
concentration dependent activation observed at Smin of
H3 relaxin stimulation. The mechanism of ERK1/2 activation
absolutely requires receptor internalization/movement of
RXFP3 into lipid rich signalling platforms as ERK1/2
activation is abolished by hypertonic sucrose which disrupts
the formation of clathrin-coated pits required for receptor
internalization (Heuser and Anderson, 1989). ERK1/2 activa-
tion also occurs only by activation of a PTX-sensitive G
protein, activation of a novel and/or atypical PKC and is Raf-
and MEK1/2-dependent. RXFP3 partially activates ERK1/2 by
a pathway that includes PI3K and Src tyrosine kinase, as in
the presence of inhibitors of these pathways, ERK1/2
activation was blocked by 50%. The results in the two cell
lines differed only slightly; ERK1/2 activation occurred in
part by the transactivation of epidermal growth factor
receptors in HEK cells but not in CHO cells. Additionally, a
greater portion of the ERK1/2 response was reliant on PLCS
in HEK compared with CHO cells.

In CHO cells transiently expressing human RXFP4, human
relaxin-3 increases GTPyS binding (Liu et al., 2003a) in a
manner similar to that observed in CHO cells expressing
monkey and porcine RXFP4. GTPyS binding was higher in
bovine but lower in mouse RXFP4 cells, reflecting the
relative potency of human relaxin-3 in receptor-binding
studies with these different species RXFP4 receptors
(Chen et al., 2005). Further functional characterization of
these species RXFP4 receptors transiently expressed in
HEK293 cells with the promiscuous G protein Go;6 showed
that bovine, porcine, monkey and human RXFP4 all
behaved in a similar manner, whereas no functional
response was detected in cells expressing the mouse RXFP4
(Chen et al., 2005). This may represent differences in the
mammalian versus the rodent RXFP4 receptors, but may
also represent an inability of mouse RXFP4 to couple to Guye
in vitro.

Although relaxin was discovered 80 years ago, it is only in
the last S5 years that its cognate receptor RXFP1 has been
isolated together with three other receptors (RXFP2-4) that
respond to relaxin family peptides. Recent studies are
increasing our understanding of the ways in which relaxin
and INSL3 interact with their respective receptors and of the
signalling pathways they activate. Drugs acting at RXFP1
have potential for the treatment of a wide variety of diseases
involving tissue fibrosis such as cardiac and renal failure,
asthma and scleroderma and may also be useful to facilitate
embryo implantation. Activators of RXFP2 may be useful for
the treatment of cryptorchidism and infertility and inhibi-
tors may be effective contraceptives. Although at an
earlier stage of understanding, the studies of the distribution
and function of RXFP3 suggest that this receptor may have
potential for the development of anti-anxiety and anti-
obesity drugs. The isolation of the four relaxin family
peptide receptors has provided valuable tools for the study
of the way in which ligands interact with the receptors and
for identifying the signalling pathways that are utilized.
Receptor antagonists are now beginning to emerge that will
allow the elucidation of further physiological roles for these
receptors.
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