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Origin of INSL3-mediated testicular descent

in therian mammals

Jae-ll Park,’ Jenia Semyonov,' Chia Lin Chang,? Wei Yi,' Wesley Warren,?

and Sheau Yu Teddy Hsu'#

"Division of Reproductive Biology, Department of Obstetrics and Gynecology, Stanford University School of Medicine, Stanford,
California 94305-5317, USA; 2?Chang Gung University School of Medicine, and Department of Obstetrics and Gynecology,
Chang Gung Memorial Hospital, Tao-Yuan 333, Taiwan; 3Genome Sequencing Center, Washington University School of

Medicine, St. Louis, Missouri 63108, USA

Testicular descent is a unique physiological adaptation found in therian mammals allowing optimal spermatogenesis
below core body temperature. Recent studies show that INSL3, produced by Leydig cells, and its receptor LGR8
(RXFP2) are essential for mediating the transabdominal phase of testicular descent during early development.
However, the origin and genetic basis for this physiological adaptation is not clear. Using syntenic mapping and the
functional characterization of contemporary and resurrected relaxin family hormones, we show that derivation of
INSL3-mediated testicular descent involved the duplication of an ancestral RLN3-like gene that encodes an
indiscriminate ligand for LGR7 (RXFP1) and LGR8. This event was followed by acquisition of the LGR7-selective
characteristics by a daughter gene (RLN3) prior to the evolution of the common ancestor of monotremes, marsupials,
and placentals. A subsequent mutation of the other daughter gene (INSL3) occurred before the emergence of therian
mammals, which then led to the derivation of the reciprocal LGR8-specific characteristics of INSL3. The stepwise
evolution of these independent signaling pathways through gene duplication and subsequent divergence is consistent
with Darwinian theory of selection and adaptation, and the temporal proximity suggests an association between these
genetic events and the concurrent evolution of testicular descent in ancestral therian mammals.

[Supplemental material is available online at www.genome.org.]

One of the most interesting questions in biology concerns how a
novel physiological process evolves in mammals and what are
the underlying genetic mechanisms. Recently, it was shown that
transabdominal testicular descent is under the direct influence of
the INSL3/LGR8 (RXFP2) signaling pathway and is dependent on
proper growth of the gubernaculum primordia and the caudal
genitor-inguinal ligament (Nef and Parada 1999; Zimmermann et
al. 1999; Bogatcheva et al. 2003; Kamat et al. 2004; Wilhelm and
Koopman 2006). Curiously, the so-called gubernaculum of Hunter,
which extends from the caudal pole of the mesonephric remnants
into the inguinal abdominal wall, is common to placentals
and marsupials but is absent in monotremata mammals and non-
mammalian vertebrates (Griffiths et al. 1993; van der Schoot
1996; Werdelin and Nilsonne 1999; Coveney et al. 2002; Mackay
et al. 2004; Wilhelm and Koopman 2006). To date, how testicular
descent, and the LGR8-specific INSL3 signaling pathway that un-
derlies this therian mammal-specific adaptation, evolved is not
clear.

The generation and subsequent fixation of duplicated genes
with previously nonexistent characteristics has been shown to be
a principal source of new genes and is associated with great leaps
in evolution (Long et al. 2003; Chen et al. 2007). By comparative
genomic analyses and point mutations, footprints of molecular
adaptations through gene duplication and the subsequent diver-
gence of daughter genes have been found in a handful of dupli-
cated enzymes and receptors involving visual reception, oxygen
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E-mail teddyhsu@stanford.edu; fax (650) 725-7102.

Article published online before print. Article and publication date are at http://
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sensing, steroid hormone signaling, and digestive tract RNA deg-
radation (Yokoyama 2002; Zhang et al. 2002; Long et al. 2003;
Thornton 2004; Bridgham et al. 2006). These studies on the
cause-effect relationships of gene duplication and biochemical
adaptation have focused on proteins that interact with external
environmental signals (oxygen for hemoglobins and photons for
rhodopsin) or with substrates and ligands not encoded by a gene
(foreign RNA for ribonucleases and steroids for steroid receptors).
Thus far, no clear case has been made on the cause-effect rela-
tionship between the duplication of a polypeptide ligand-
mediated signaling network and the evolution of a mammal-
specific physiological process (Taylor and Raes 2004; Hughes
2005).

Recently, we identified and characterized relaxin family
peptides (human relaxin II [RLN2], INSL3, and relaxin3 [RLN3])
as the cognate ligands for two orphan G protein-coupled recep-
tors (GPCRs), LGR7 (RXFP1) and LGRS (Hsu et al. 2002; Kumagai
et al. 2002; Sudo et al. 2002). Whereas RLN3 and INSL3 are se-
lective agonists for LGR7 and LGRS, respectively, RLN2 activates
both LGR7 and LGRS8. In addition to signaling through LGR7,
RLN3 was shown to be capable of activating two phylogenetically
distant GPCRs, GPCR135 (RXFP3) and GPCR142 (RXFP4), but
the physiological importance of these interactions remains to be
investigated (Liu et al. 2003a,b). Among these ligand-receptor
pairs, RLN2/LGR7 signaling is important for the regulation of a
subset of therian mammal-specific reproductive processes includ-
ing parturition through a softened cervix and the development
of nipples in females (Zhao et al. 1999; Feng et al. 2005). Disrup-
tion of the relaxin (RInl) or Lgr7 gene in mice led to defects in
mammary gland and nipple development and an impaired par-
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turition process (Zhao et al. 1999; Kamat et al. 2004; Krajnc-Franken
et al. 2004). On the other hand, it was shown that expression of
RLN3 and LGR7 overlaps in several brain regions and that RLN3/
LGR?7 signaling could be involved in stress and/or memory regu-
lation (Burazin et al. 2005; Ma et al. 2005; Tanaka et al. 2005). In
contrast, INSL3/LGRS signaling was found to be essential for the
mediation of testicular descent. Deletion of the Insi3 or Lgr8 gene
prevents gubernaculum growth and causes bilateral cryptor-
chidism in male mice (Nef and Parada 1999; Zimmermann et al.
1999; Bogatcheva et al. 2003), whereas overexpression of INSL3
results in ovary descent to the base of the abdominal cavity due
to formation of male-like gubernaculum structures (Adham et al.
2002). These data established that the physiological role of INSL3
is mediated exclusively by LGR8 and that the development of
this specific signaling pathway is critical to the evolution of tes-
ticular descent in placental mammals. However, it is not clear
how INSL3/LGR8-mediated testicular descent evolved in placen-
tal and marsupial mammals. Here, based on syntenic mapping
and the functional characterization of contemporary and resur-
rected relaxin family hormones, we identify INSL3 as a signature
protein of therian mammals and describe each of the three criti-
cal molecular steps associated with the evolution of testicular
descent in therian mammals: (1) gene duplication, (2) diversifi-
cation of the functional components in one of the daughter
genes (RLN3), and (3) independent and complementary diversi-
fication of the other daughter gene (INSL3).

Results

Relaxin family genes in vertebrates evolved from three
independent chromosomal loci in a common ancestor
of vertebrates

In humans, there are seven relaxin family genes; however, the
number of their orthologs varies greatly among vertebrates (Hsu
1999; Wilkinson et al. 2005b). Several studies that relied on DNA
sequence analysis to delineate the evolutionary relationships of
relaxin family genes suggested that the diverging inventory of
relaxin family genes in different classes of vertebrates could be a
result of lineage-specific and genome-wide duplications (Wilkin-
son et al. 2005b,¢). As evidenced by analysis of synonymous (ds)
and nonsynonymous (dy) substitution rates, RLN1, RLN2, INSL4,
and INSL6 genes, clustered on a 170-kb span of human chromo-
some 9p24 in tandem (Fig. 1A), were found to be under strong
positive selection (Wilkinson et al. 2005b), suggesting that these
genes are likely derived from lineage-specific segmental duplica-
tions as a result of nonallelic homologous recombinations. In
contrast, RLN3 was constrained by purifying selection (Wilkin-
son et al. 2005b). In addition, these studies indicated that INSL3
shares a close relatedness to RLN1/RLN2/INSL4/INSL6 as com-
pared with RLN3 and INSLS. However, the exact evolutionary
path of relaxin family genes in vertebrates remained to be clari-
fied because of heterogeneities in the evolutionary rate as a result
of repeated gene duplications and subsequent divergence
(Thornton and Kolaczkowski 2005; Wilkinson et al. 2005b,c).
To resolve this conundrum in the phylogenetic reconstruc-
tion of relaxin family genes, we analyzed syntenic loci encoding
these genes among vertebrates. Mapping of syntenic loci indi-
cated that these genes evolved from three independent loci in-
cluding (1) INSLS or relaxin family locus A (RFLA) corresponding
to human chromosome 1p31; (2) RLN1/RLN2/INSL4/INSL6 or re-
laxin family locus B (RFLB) corresponding to human chromosome

9p24; and (3) RLN3/INSL3 or relaxin family locus C (RFLC) cor-
responding to human chromosome 19p13 in the most recent
common ancestor of vertebrates (Fig. 1A). This result is in direct
contrast to the inference based on phylogenetic tree analyses that
separated tandem-duplicated paralogs at the same locus onto far-
flung branches in the tree. For example, an analysis based on 65
relaxin family peptides from 17 species using the maximum like-
lihood method indicated the presence of six major branches that
diverged deep in vertebrate lineage, and orthologous genes de-
rived from each of these three loci were split into at least two
distant branches (Fig. 1B; Supplemental Table 1).

Among these three loci, RFLA remains a single gene locus
from teleosts to humans (Figs. 1A, 2A). However, unlike tetrapods
that encode a single INSL5 gene, the genomes of teleosts includ-
ing zebrafish (Danio rerio) and pufferfish (Takifugu rubripes and
Tetraodon nigroviridis) encode a pair of co-orthologs on the two
syntenic RFLA regions derived from whole-genome duplication
(WGD) that occurred before the divergence of teleosts and osteo-
glossomorphs more than 230-350 million years ago (Mya) (Jail-
lon et al. 2004; Crollius and Weissenbach 2005). In contrast,
RFLB in noneutherian species contains only a single orthologous
gene whereas RFLB in hominids encodes up to four paralogs (one
for each ortholog of human RLN1, RLN2, INSL4, and INSL6) (Figs.
1A, 2A). Among these genes, RLNI and INSL4 evolved after the
emergence of primates. On the other hand, two paralogous re-
laxin family genes were identified on RFLC (RFLCI and RFLCII)
that are syntenic to human RLN3 and INSL3, respectively, in
clawed frog and all mammalian species analyzed (Figs. 1A, 2A). In
teleosts, similar to RFLA, one co-ortholog was found on each of
the two WGD-derived syntenic RFLC regions of pufferfish. Thus,
the most parsimonious evolutionary path for relaxin family
genes in vertebrates originated in three separate genes (AncRFLA,
AncRFLB, and AncRFLC) in the most recent common ancestor of
tetrapods and teleosts >450 Mya (Fig. 2A).

INSL3 is a therian mammal-specific signature protein

In addition to revealing the origin of relaxin family genes in
vertebrates, syntenic mapping analyses indicated that the neigh-
boring RLN3 (or RFLCI) and INSL3 (or RFLCII) on human chro-
mosome 19p13 were likely derived from a segmental duplication
encompassing ~5-7 megabases of a genomic fragment that in-
cluded ancestors of EMR, RAB, MYO, PDE4, RAB3, JUN, KLF,
CALR, and ILR family genes, and that duplication of the AncRFLC
gene predates the radiation of placentals, marsupials, and mono-
tremes but postdates the separation of teleosts and tetrapods (Fig.
2A,B).

Importantly, we found that only therian mammals contain
a pair of orthologous INSL3 and RLN3 genes on RFLC (Fig. 2B). The
two RFLC genes in platypus and clawed frog (RFLCI and RFLCII)
encode peptides with a greater similarity to RLN3 from therian
mammals (Fig. 2; Supplemental Table 1). These findings indicate
that INSL3 emerged from an RLN3-like ancestor gene on RFLC.
Because monotremata mammals are similar to reptiles and other
non-mammalian tetrapods in having testes that remain close to
the caudal pole of the kidneys throughout life (Fig. 2A), but with-
out a gubernaculum structure or testicular descent (van der
Schoot 1996), testicular descent likely emerged in therian mam-
mals in parallel with evolution of the therian mammal-specific
INSL3 following separation with monotremata mammals.

Given the finding that RLN3 and INSL3 preferentially inter-
act with LGR7 and LGRS, respectively, it is not obvious how the
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differential interaction between these two pairs of ligands and
receptors could have evolved after duplication of the AncRFLC
gene. This enigma is complicated by the asymmetric divergence
in their sequences; RLN3 is constrained by strong purifying se-
lection and retains the ancestral sequence features found in spe-
cies of basal taxonomy, whereas INSL3, similar to RLN1/RLN2/
INSL4/INSL6, constitutes many radical substitutions (Wilkinson
et al. 2005¢). Because LGR7 and LGRS originated before the evo-

lution of vertebrates, and highly conserved orthologous LGR7
and LGRS are found in all classes of vertebrates (>75% amino acid
similarity is shared by human and teleost LGR7 and LGRS or-
thologs), with the exception of chicken, which lacks an LGR8 and
an RFLC gene (Hsu et al. 2000; Wilkinson et al. 2005a; Semyonov
et al. 2008) (Fig. 1A), we hypothesized that INSL3 and RLN3 could
have evolved through a neofunctionalization process in which
each of the duplicated daughter genes on RFLC evolved new fea-
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tures that were derived from the original functional characteris-
tics of the parent gene AncRFLC (Force et al. 1999; Postlethwait et
al. 2004).

LGR7-specific RLN3 and LGR8-specific INSL3 evolved
from a bifunctional ancestral ligand, and the platypus
does not contain an LGR8-specific ligand

To trace the molecular footprints underlying the evolution of the
LGR7-specific RLN3 and LGRS8-specific INSL3 signaling path-
ways, we sought to analyze the functional characteristics of the
ancestral peptide on RFLC as well as orthologs from zebrafish and
platypus based on LGR7 and LGRS signaling. From gene resur-
rection analyses using the maximum likelihood method (Yang et
al. 1995; Yang 1997), we generated a series of peptides represent-
ing the ancestral RFLC peptides of the common ancestor of ver-
tebrates. Sequence comparison showed that predicted ancestral
sequences derived from pooled sequences of non-mammalian
species (Supplemental Fig. 1, top) or pools of representative an-
cestral sequences for each available subclass of vertebrates are in
agreement with each other (Supplemental Fig. 1, bottom). The
major differences are at the N-terminus of the B chain, which is
subjected to alternative processing in different species. Based on
these findings, we then generated a recombinant ancestral RFLC
peptide (AncRFLC) from the common ancestor of tetrapods and
teleosts as well as orthologs from RFLC of zebrafish (zZRFLC1 and
zRFLC2) and platypus (pRFLCI and pRFLCII) using expression
constructs in which the B chain was tagged with a Myc epitope
and a 6-histidine epitope (Fig. 3A; Supplemental Fig. 2).

Unlike human RLN3 and INSL3 that activate only LGR7 and
LGRS, respectively (Fig. 3B) (Kumagai et al. 2002; Sudo et al.
2002), analysis of receptor-activation activities showed that the
AncRFLC peptide and the zebrafish RFLC1 and RFLC2 peptides
are capable of robustly activating both LGR7 and LGRS from
human (Fig. 3C,D; see Supplemental Fig. 2 for Western blotting
analyses; see Supplemental Table 2 for pECS0). In contrast, the
platypus RFLCI peptide, which corresponds to and clusters with
RLN3 of therian mammals in a single branch (Fig. 1A,B), exhib-
ited LGR7-specific characteristics, whereas the RFLCII peptide of

platypus, which is syntenic to INSL3, retains ancestral features
and activates both LGR7 and LGRS (Fig. 3E). Therefore, unlike
the selective RLN3 and INSL3 genes in humans, the ancestral
RFLC gene encoded a bifunctional peptide capable of interacting
with both LGR7 and LGRS, and the platypus does not contain an
LGR8-specific ligand.

Point mutation of a critical residue

in the receptor-binding B chain converts the resurrected
AncRFLC ligand from a bifunctional hormone

to an LGR8-specific ligand

To understand the mechanistic basis for functional divergence of
the two bifunctional daughter genes on RFLC of ancestral tetra-
pods, we sought to identify radical substitutions that are respon-
sible for the functional characteristics of the newly emerged
INSL3. Because the B chain of relaxin family peptides represents
the major functional domain for interaction with LGR7 and
LGRS (Bullesbach and Schwabe 1991; Rosengren et al. 2006b), we
focused the analyses on alternative residues on the B chains of
INSL3 and RLN3, which share less than 40% amino acid identity
in the mature regions. Comparison of primary sequences and
tertiary structures showed that five residues on the B chain (R®'?,
EB13, FB20 TB21 and SP®2%) constitute radical substitutions, and
three of them (RB!2, FB2°, and $B2°) are on the molecular surface
(Fig. 4A). To pinpoint the substitution(s) responsible for the
LGRS8-specific characteristics of INSL3, we first analyzed mutants
of human RLN3 carrying one of each of the three radical substi-
tutions found on the INSL3 surface. Functional analyses showed
that substitution of F®?° and S®2% with residues found in corre-
sponding positions in INSL3 had a negligible effect on RLN3
bioactivity (Fig. 4B; Supplemental Table 2). Similar to the wild-
type peptide, RLN3 FB2°R and RLN3 SB2°P mutants function as
selective ligands and stimulate cCAMP production in cells express-
ing LGR7 but not LGR8 (Fig. 4B). In contrast, the Arg to His
substitution in the RLN3 RP®'?H mutant abolished the LGR7-
activation activity of RLN3 (Fig. 4B, left), and surprisingly, this
substitution allowed the RLN3 R®'?H mutant to stimulate cAMP

Figure 1. Evolution of relaxin family genes in vertebrates. (A) Syntenic mapping of relaxin family gene loci in human (Homo sapiens), chimpanzee (Pan

troglodytes), Rhesus monkey (Macaca mulatta), cow (Bos taurus), dog (Canis familiaris), mouse (Mus musculus), rat (Rattus norvegicus), gray short-tailed
opossum (Monodelphis domestica), platypus (Ornithorhynchus anatinus), chicken (Gallus gallus), clawed frog (Xenopus tropicalis), zebrafish (Danio rerio),
and two pufferfish (Takifugu rubripes and Tetraodon nigroviridis). The genomes of mammals from human to the egg-laying monotreme platypus encode
four to seven paralogous genes. One ortholog of INSL5 on RFLA was identified in all mammals analyzed. In contrast, RFLB contains a single gene in
marsupial opossum and monotreme platypus but up to four paralogs in human and chimpanzee (one for each human ortholog RLN1, RLN2, INSL4, and
INSL6). On the other hand, orthologs for RLN3 and INSL3 on RFLC were identified in all mammalian species analyzed, except platypus in which the two
relaxin family genes on RFLC (RFLCI and RFLCI]) exhibited great similarity to RLN3 from other mammals. In contrast, chicken encodes only two relaxin
family genes syntenic to RFLA and RFLB in mammals, respectively. Although genes neighboring RFLC could readily be identified on syntenic chicken
chromosome 28, no relaxin family gene was detected in this region. On the other hand, the genome of clawed frog encodes four relaxin family genes.
Among these paralogs, one each was found to correspond to RFLA and RFLB, respectively. Although the positions of contigs containing the third and
fourth genes have not yet been determined, syntenic mapping indicated that they likely represent counterparts of RFLC/ and RFLCII in platypus,
respectively. The genomes of teleosts including zebrafish and pufferfish encode five copies of relaxin family genes that share close sequence relatedness
to mammalian RLN3 (>85% sequence identity at the B chain of mature peptides) (Wilkinson et al. 2005b). Two pairs of these teleost genes were derived
from whole-genome duplication (WGD) that occurred before the divergence of teleosts and osteoglossomorphs and correspond to the tetrapod
counterpart on RFLA and RFLC, respectively (Jaillon et al. 2004; Crollius and Weissenbach 2005). On the other hand, only one gene syntenic to RFLB was
identified, likely representing the remaining member of the WGD-derived ancestral genes on RFLB. Relaxin family genes are indicated by red rectangles,
whereas neighboring genes are indicated by diamonds. Orthologous genes in different species are identified by color. Horizontal black boxes on
chromosome fragments indicate positions where no overlapping contigs are available in the draft genome sequences. The chromosomal numbers or
the genomic contig numbers are indicated at the top of the schematic representation of each genomic fragment. The WGD-derived syntenic chromo-
somal regions in teleosts are indicated by yellow background. (*) Pseudogene. (B) Phylogenetic analysis of 65 relaxin family peptides from 17 species
of vertebrates based on maximum likelihood method. Species analyzed included human (H. sapiens), chimpanzee (P. troglodytes), Rhesus monkey (M.
mulatta), rat (R. norvegicus), mouse (M. musculus), rabbit (O. cuniculus), dog (C. familiaris), cow (B. taurus), elephant (L. africana), gray short-tailed
opossum (M. domestica), platypus (O. anatinus), chicken (G. gallus), two clawed frogs (X. tropicalis and X. laevis), zebrafish (D. rerio), and two pufferfish
(T. rubripes and T. nigroviridis) (accession nos. are provided in Supplemental Table 4). Genes located on chromosome loci syntenic to RFLA, RFLB, and
RFLC are indicated by green, blue, and red letters, respectively. The six major branches separated deep in the phylogenetic tree are indicated on the right.
The zebrafish sequence without a locus assignment is indicated by black letters.
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Figure 2. The evolutionary path of relaxin family genes. (A4) Syntenic mapping indicated that seven human relaxin family genes evolved from three
separate ancestral genes (AncRFLA, AncRFLB, and AncRFLC) in the common ancestor of tetrapods and teleosts. These ancestral genes gave rise to five
relaxin family genes in pufferfish (RFLA1, RFLA2, RFLB, RFLC1, and RFLC2) as a result of teleost-specific WGD. One of the WGD-derived RFLB daughter
genes (RFLB2) has been lost during teleost evolution. In contrast, a segmental duplication at RFLC led to the generation of RFLCI and RFLCI/ genes in
tetrapods. Whereas RFLCI and RFLCII were lost in avian species, these two genes became RLN3 and INSL3, respectively, in therian mammals. Arrows
indicate the putative time of emergence of different relaxin family genes during vertebrate evolution. All genes are color-coded to indicate their origins.
Lost genes are indicated by embossed letters. Positions of kidneys and testes in representative vertebrates are indicated by black balls and green balls,
respectively. (B) Syntenic mapping of RFLC in vertebrates. The orthologs of human RLN3 and INSL3 on RFLC of different vertebrates are indicated by red
rectangles whereas neighboring genes are indicated by diamonds. Orthologous genes in syntenic chromosomal regions of different species are identified
by color. The chromosomal numbers or the genomic contig numbers are indicated at the top or the left of the schematic representation of each genomic
fragment. WGD-derived syntenic chromosomal regions in teleosts are indicated by yellow background. Genomic fragments derived from segmental
duplication of the region neighboring RFLC are indicated by rectangles on the right of the human chromosome 19p13 fragment. (**) The co-orthologous
relationship of the zebrafish RFLC2 gene on chromosome 24 to the pufferfish counterparts was determined based on sequence similarity analysis.
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Figure 3. RLN3 and INSL3 evolved from a bifunctional ligand. (A)

Schematic presentation of the expression constructs encoding Myc- and
6-histidine-tagged relaxin family peptides linked with a mini-C domain.
Mature B and A chain sequences of AncRFLC are shown (bottom). Two
inter-chain and one intra-chain disulfide bridges are indicated by red
lines. (B-E) LGR7 (RXFP1)- and LGR8 (RXFP2)-activation activities of hu-
man RLN3 and INSL3 (B), a resurrected ancestral RFLC peptide (AncRFLC)
(Q), two zebrafish RFLC peptides (zRFLC1 and zRFLC2) (D), and two
platypus RFLC paralogs (pRFLCI and pRFLCII) (E). Mean = SEM, N = 4.

production in LGR8-expressing cells (Fig. 4B, right). Thus, the
RB!2 to HB'? substitution effectively converted RLN3 into an ana-
log with receptor specificity identical to that of INSL3. This con-
version in receptor specificity is specific, as an alanine substitu-
tion at the same position in the RLN3 R®*?A mutant ablates the
LGR7-activation activity of RLN3 but without any gain of inter-
action with LGRS (Fig. 4B). We confirmed this shift in receptor
specificity using receptor-binding assays with '**I-labeled tracers.
As shown in Figure 4C, RLN3 and INSL3 compete for labeled
RLN2 binding to LGR7 and labeled INSL3 binding to LGRS, re-
spectively (see Supplemental Table 3 for pICS50 values). Unlike
wild-type RLN3 that selectively competes for labeled RLN2 bind-
ing to LGR7, the RLN3 RE'H mutant competes with labeled
INSL3 for binding to LGR8 (Fig. 4C, right), but not with labeled
RLN2 for binding to LGR7, on transfected cells (Fig. 4C, left).
In addition, to investigate whether the gain-of-function
RLN3 RB'H mutant is capable of activating native receptors in

the gubernaculum, we performed primary cultures of gubernacu-
lum cord cells from 7-d-old neonatal rats and tested the effect of
the RLN3 RB'?H mutant on gubernaculum function (Kumagai et
al. 2002). Consistent with studies of recombinant receptors, treat-
ment of gubernaculum cultures with the INSL3 or RLN3 R®*'?H mu-
tant increased cAMP production dose dependently (Fig. 4D). In
contrast, treatment of the RLN3 or the RLN3 RE'2A mutant had
no effect on cAMP production in the gubernaculum cells.

Taken together, these studies demonstrated that the R to
HP'? mutation represents the critical substitution that occurred
during the evolution of INSL3 from the AncRFLC gene. In agree-
ment with this hypothesis, we found that introduction of the
receptor-specificity-transforming R®'? to H®'? mutation into the
AncRFLC and zebrafish RFLC peptides abolished the LGR7-, but
not LGR8-, activation activities of these bifunctional ligands (Fig.
5A). Likewise, functional analyses of opossum INSL3, which rep-
resents the most diverging INSL3 ortholog in therian mammals
but contains the hallmark H®'? in the receptor-binding B chain,
showed that it activates only LGR8 (Fig. 5B).

Restoration of lost LGR7-activation activity in human INSL3
by an H®? to RB'? mutation

Apart from the inference that LGRS8-specific characteristics of
INSL3 are attributable to the R®'? to H®'? mutation, these data
predicted that a reversal of this critical substitution in the
present-day INSL3 gene could restore the lost function of the
parent gene. To investigate this hypothesis, we introduced the
RB12 residue found in the AncRFLC peptide into human INSL3
(Fig. 5C). As predicted, substitution of the H®'? with an Arg in the
INSL3 H®'?R mutant led to restoration of the lost LGR7-
activation activity (Fig. 5C, left) without changing the LGRS8-
activation activity (Fig. 5C, right). In contrast, substitution with
an alanine in the same position had negligible effects on the
receptor-activating characteristics of INSL3 (Fig. 5C).

Given these results, the most parsimonious course for the
evolution of LGR8-specific INSL3 in therian mammals is that the
ancestral gene on RFLC encoded a bifunctional ligand, and an
Arg to His replacement (a result of two nucleotide changes, CGG
to CAT; Supplemental Fig. 3) in one of the duplicated daughter
genes eliminated part of the bioactivity (LGR7-activation activ-
ity) of the parent gene.

Reciprocal loss of LGR8-activation activity in RLN3 occurred
prior to the separation of therian and monotremata mammals

Because the two duplicated daughter genes on RFLC encode bi-
functional ligands, the evolution of an LGR7-specific RLN3 in
present-day therian mammals likely involved independent mu-
tations. Sequence comparison of mammalian RLN3 and RFLC
peptides from non-mammalian vertebrates showed that two
pairs of residues at the N terminus of the A chain, A3,4 and A8,9,
are on the molecule surface and constitute radical substitutions
between the mammalian RLN3 and those from basal taxonomy
(Fig. 6A). To pinpoint mutations that are responsible for the shift
to LGR7-specific characteristics of mammalian RLN3, we gener-
ated mutant AncRFLC peptides carrying substitutions at each of
these two pairs of residues (AncRFLC VVA34LA and AncRFLC
NA*89SS; Fig. 6B). Analysis of these mutants showed that point
mutations of the N-terminal, but not the C-terminal, pair of resi-
dues at the A chain converted the bifunctional AncRFLC peptide
into an LGR7-selective agonist (Fig. 6B). To demonstrate further
the critical role played by this pair of mutations, we studied RLN3
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mutants with reversal substitutions at
A3,4 (RLN3 LA***VV) and A8,9 (RLN3
SSA®9NA) positions (Fig. 6C). Contrary
to studies of AncRFLC mutants, func-
tional analyses showed the RLN3
SSA%°NA mutant remains an LGR7-
specific ligand, whereas the RLN3
LA2**VV mutant exhibits a gain-of-
function activity on LGRS activation.
These data are consistent with studies
showing the platypus RFLCI peptide,
which contains the LGR7-specific “LA
pair” hallmark at the A3,4 positions, ac-
tivates LGR7, but not LGRS (Figs. 3E,
6A). Therefore, subsequent to the dupli-
cation of AncRFLC, one of the daughter
genes, RFLCI, acquired the LGR7-specific
characteristics as a result of the VVA34 to
LA%%% mutations in the A chain, and this
event occurred before the evolution of
proto-, meta-, and eutherian mammals.

Discussion

By mapping of the syntenic chromo-
somal regions and functional analyses of
orthologous relaxin family peptides
across vertebrate phyla, we recapitulated
the evolutionary footprints of a therian
mammal-specific signaling pathway that
is crucial to the positioning of the testis
from the mesonephric position to the
scrotum during embryonic and neonatal
development in therian mammals. We
showed that the process started with a
gene duplication event followed by re-
ciprocal loss of part of the parental func-
tions in the two daughter genes at two
separate geological times (Fig. 7A). The
stepwise evolution of these independent
signaling pathways through gene dupli-
cation and subsequent divergence is
consistent with Darwinian theory of se-
lection and adaptation, and it suggests
an association between the radical sub-
stitution of a few key residues of a pair of
RLN3-like ancestral genes (RFLCI and
RFLCII) and the concurrent evolution of
testicular descent in the common ances-
tor of therian mammals.

These data demonstrate that subse-
quent to initial duplication each of the
two daughter genes on RFLC (RFLCI and
RFLCII) lost part of its parental function
to increase the signal-to-noise ratio of
the LGR7 and LGRS signaling pathways
mediated by them (Fig. 7B). The recipro-
cal loss of part of the parental function
in a temporally separated manner is nec-
essary as, at each point, one of the
daughter genes can afford to lose part of
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its function because the other daughter gene retains it. In addi-
tion, the molecular footprints as described here indicated that
INSL3 and RLN3 evolved in a manner similar to the “divergent
resolution” model that was proposed to illustrate the separation
of different copies of a duplicated gene in allopatric populations
during sympatric evolution (Lynch and Conery 2000; Taylor et
al. 2001). In this scenario, segregation of the intercellular signal-
ing pathways of the two daughter genes in individual organisms
is selected (Fig. 7B), instead of one of the two copies of duplicated
genes in reproductively separated populations. Thus, restoration
of the lost functions in the RLN3 LA***VV and INSL3 H®'?R
mutant peptides effectively reversed two critical steps of this an-
cient “divergent resolution” event that occurred more than 140-
180 Mya (Woodburne et al. 2003). Whereas it is generally agreed
that newly duplicated genes evolve with rapid changes and many
changes in the new genes are needed for their fixation, the dis-
crete interactions between a ligand and a receptor may allow
new hormonal functions to be selected and retained with only
one or a few changes in these molecules (Long et al. 2003;
Bridgham et al. 2006). In addition, we envision the evolution of
tissue-specific RLN3/LGR7 and INSL3/LGR8 signaling pathways
in therian mammals could be accompanied by a concurrent di-
versification in the cis-regulatory elements of these ligand and
receptor genes.

It has been hypothesized that evolution of transabdominal
testicular descent in therian mammals was driven by natural se-
lection for increased aerobic activity associated with endothermy
and avoided potential impairment of spermatogenesis when the
core body temperature reached a threshold of 34-35°C in primi-
tive mammals (Cowles 1965; Bennett and Ruben 1979). As the
transition of the RFLCII gene to INSL3 in ancestral therian mam-
mals (140-180 Mya) occurred much later than the evolution of
endothermy in the ancestor of mammals (>220 Mya) (Wood-
burne et al. 2003; Gillooly et al. 2006), genetic events described
here could be associated with a high degree of fitness and repro-
ductive success and contributed to the radiation and dominance
of therian mammals in the last 140 million years. Whereas it
remains unclear how the male reproductive system in avian spe-
cies adapted to endothermy, the absence of an RFLC peptide in
chicken suggests that alternative mechanisms evolved in avian
ancestors to allow optimal spermatogenesis at a high body tem-
perature. Therefore, our study emphasizes the importance of in-
tegrating anatomical, physiological, molecular, and phylogenetic
data in illustrating the origin and mechanistic bases of gene se-
lection and physiological adaptation.

Furthermore, our investigation provides keys to a funda-
mental question: How could a novel complex physiological trait
or a novel cell type have evolved in a metazoan organism? Be-
cause cell type-specific signaling that dictates the proliferation
and differentiation of a cell represents one of the most important
hallmarks in cell type classification, the duplication of a ligand or
its cognate cell surface receptor provided just such a rare oppor-
tunity for the generation of a novel intercellular signaling
pathway without incurring changes in the fundamental architec-
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Figure 5. Ablation of LGR7-activation activity of AncRFLC and restora-
tion of lost LGR7-activation activity in human INSL3 by point mutation.
(A-C) LGR7 (RXFP1)- and LGR8 (RXFP2)-activation activity of AncRFLC
RB'?H, zRFLC1 R®'2H, and zRFLC2 R®'?H peptides (A4), opossum INSL3
peptide (0INSL3) (B), and INSL3 H®'2R and INSL3 HB'?A peptides (C).
Mean = SEM, N = 4.

ture of the cellular components. Our data suggest that the evo-
lution of INSL3 together with the selective expression of LGRS
in an ancestral pregubernaculum cell type allows the emergence
of an exclusive signaling pathway for regulating testicular posi-
tioning in therian mammals. Therefore, by considering the
LGR8-specific INSL3 signaling network as an adaptive structure
rather than a signaling pathway, our study provides a paradigm
for studying how a lineage-specific physiological trait or a new
cell type, such as the gubernaculum cell, could have emerged,
as well as how duplications of ligand and receptor genes contrib-
uted to physiological complexity during the evolution of meta-
zoans.

Figure 4. R®'ZH substitution in the B chain of RLN3 converts LGR7-specific RLN3 into an LGR8-specific ligand. (4) Identification of radical substitutions
in the INSL3 B chain. Five radical substitutions in INSL3 (green letters). Three surface residues chosen for site-directed mutagenesis analyses (asterisks).
Spatial positions of these critical residues are shown (right). In the structure model, residues in the B and A chains are indicated by blue and white space
balls, respectively. (B) LGR7(RXFP1)- and LGR8 (RXFP2)-activation activity of human RLN3, INSL3, RLN3 R®'?H, RLN3 R®'2A, RLN3 FB2°R, and RLN3 SB2°P
peptides (mean = SEM, N =4). (C) Competitive LGR7- and LGR8-binding analysis of RLN3, INSL3, RLN3 RB'2H, and RLN3 R®'?A peptides
(mean = SEM, N = 3). (D) Stimulation of cAMP production in cultured rat gubernaculum cells by INSL3 and RLN3 R®'2H peptides (mean *+ SEM,

N = 4). (*) Significantly different from controls (P < 0.01).

Genome Research 981
www.genome.org


http://genome.cshlp.org/
http://genome.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from genome.cship.org on December 24

Park et al.

, 2013 - Published by Cold Spring Harbor Laboratory Press

Methods

Identification of relaxin family genes

We analyzed the genomic DNA of human (Homo sapiens), chim-
panzee (Pan troglodytes), Rhesus monkey (Macaca mulatta), rat
(Rattus norvegicus), mouse (Mus musculus), rabbit (Oryctolagus cu-
niculus), dog (Canis familiaris), cow (Bos taurus), pig (Sus scrofa),
elephant (Loxodonta africana), gray short-tailed opossum (Mono-
delphis domestica), platypus (Ornithorhynchus anatinus), chicken
(Gallus gallus), clawed frog (Xenopus tropicalis), zebrafish, (D.
rerio), and two pufferfish (T. rubripes and T. nigroviridis) and iden-
tified relaxin family genes by a series of reciprocal sequence com-
parisons using the BLAST server. Because our analyses allowed
the detection of the most divergent

INSL4 or even the functionally unrelated

(http://swissmodel.expasy.org//SWISS-MODEL.html)
using experimentally determined structures for human RLN3 as
the template (Protein Data Bank 2FHW) (Rosengren et al. 2006a).

Expression of relaxin family peptides

To generate recombinant RLN3 and INSL3 from different species,
we subcloned cDNAs by overlapping PCR with gene-specific
primers. Complementary DNA sequences encoding the mature B
and A chains were appended with a signal peptide for secretion
sequence from the prolactin precursor at the N terminus. In ad-
dition, the B chain was tagged with an N-terminal Myc epitope
and a C-terminal 6-histidine tag. The B and A chains were con-
nected by a mini-C domain linker of eight amino acids (SLSQEDAL)

insulin, we ruled out the possibility that A .
additional relaxin family genes exist but . DVLAGlSSACCcl?leCI;K rear2d
. 1.
were not detected in the genomes of Hmizxs;eaiz‘;; DVLAGLsszCCKWGCSKgglzzLC
studied species. The evolutionary rela- Chimp aLNg DVLAGLSSSCCKWGCSKSEISSLC .
tionships of relaxin family genes were Gow RIN3 DVIAGLSSSCORRGCSKSEIGRIC  © ML
determined using the ClustalW program Pig RLN3 DVLAGLSSNCCKWGCSKSEISSLC o
. N Mouse RLN3 DVLAGLSSSCCEWGCSKSQISSLC & Fef %
(http://www.ebi.ac.uk/clustalw). The Rat RLN3 DVLAGLSSSCCEWGCSKSQISSLC >
chromosomal localization of relaxin Opossum RLN3 DVLAGVSSNCCKWGCSKTEISSLC otk
family genes in different species was de- PLSEYPUE RELCT DVIACTSSNCCENCOSESEINNIE 4B
5 3 T.rubripes RFLC1 DVVVGLSNACCKWGCSKSEISSLC ke
termined based on syntenic maps from T.rubripes RFLC2 DVVVGLSNACCKWGCSKSEISSLC B~
e enoscope atabase JIWWW, T.nigroviridis RFLC1 DVVVGLSNACCKWGCSKSEISSLC R
the G pe datab (http:// g
! D.rerio RFLCl DVVVGLSNACCKWGCSKSEISSLC \y
g(?noscope.cns.f.r). and Ensembl’s D.rerio RFLC2 DVVVGLSNACCKWGCSKGEISSLC ‘f\'i\ e
BioMart data mining tool (http:// Consensus DVVVGLSNACCKWGCSKSEISSLC —
www.ensembl.org/multi/martview), fol- AncRFLC DVVVGLSNACCKWGCSKSEISSLC
lowed by verification using the UCSC
Genome Bioinformatics web server B AnCRFLC Bchain RPSTYGVKL GREFIRAVIFT(%SRW
. i-bhi ne 89
ilh}t;pt')//genome'ucsc'Edu/Cgl bin/ A chain DV%GLS% EKWGLsKsEISSL
gBlat).
(LGR7/RXFP1) (LGRS8/RXFP2)
Resurrection of ancestral RFLC ] AncRFLC 3] AncRFLC
eptides A AncRFLC VVALA A AncRFLC VVAs4LA
Pep g ? O AncRFLC NAASSSS o g O AncRFLC NAA9SS
ne . . 2 ne g
Analysis of orthologous RFLC genes as a % = 7 S=
group indicated that, similar to phyloge- § E¢ g E
netic studies of relaxin family genes as a g g -
group, the evolution of RFLC genes in == E &
. s 3
tetrapods mimicked “a radiation event § b
compressed in time” that cannot be re-
solved by phylogenetic analyses (Thorn- 0 13 R 2 5 y T
ton 2004; Rokas et al. 2005). We there- Log[ligand, M| “Log[tigand, M] 7
fore predicted the ancestral RFLC gene c
sequences using (1) pools of orthologs Human  Bchain  RAAPYGVRLCGREFIRAVIFTCGGSRW
from non-mammalian species that do RLN3 Achain  DVEAGLSESCCKWGCSKSEISSI'C
not encode an INSL3 ortholog on RFLC 44
to avoid heterotachy incurred by the lin- = 151 ORLN3 = 200Rixs
eage-specific gene duplication event and | _ ARLN3 LA“:VV r £ A RLN3 LAMVY
A _ A8, / =1.51 .
subsequent divergence (Thornton and Z E10- ORLN3ISS'™NA 7, 2815 ORLN3 $$4#9NA
Kolaczkowski 2005) and (2) pools of res- gg EE L ‘§
urrected ancestral or representative pep- =2 T i
tide sequences for the different sub- % 51 E &
classes of vertebrates analyzed (Supple- ¢ ©
mental Fig. 1). Reconstruction was olp ™ : -
conducted using codeml(aaml) in the 0 9 8 -7 0 9 -8 -7
PAML program package (http:// Logligand, M] Log|ligand, M]
abacus.gene.ucl.ac.uk/software/paml.  Figure 6. Pair of critical substitutions at the A chain ablates LGR8-activation activity of AncRFLC. (A)

html; Yang 1997).

Comparative structure modeling

Comparative protein modeling was per-
formed with the SWISS-MODEL server

Sequence comparison and identification of radical substitutions in the mammalian RLN3 A chain. Two
pairs of radical substitutions in mammalian RLN3 and platypus RFLCI (asterisks). Spatial positions of
these critical residues are shown (right). In the structure model, residues belong to the B and A chains
are indicated by white and blue space balls, respectively. (B,C) LGR7 (RXFP1)- and LGR8 (RXFP2)-
activation activities of AncRFLC, AncRFLC VVA34LA, and AncRFLC NA*89SS peptides (B), and RLN3
LA*34VV and RLN3 SS*8°NA peptides (C). Mean + SEM, N = 4.
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Figure 7. Schematic representation of the evolution trajectory of RLN3
and INSL3. (A) RLN3 and INSL3 of therian mammals evolved via gene
duplication, followed by emergence of an LGR7 (RXFP1)-specific daugh-
ter gene (RFLCI) in the common ancestor of mammals, and an LGR8
(RXFP2)-specific daughter gene (RFLCII) in the common ancestor of the-
rian mammals. LGR7- and LGR8-specific ligands are indicated by a red
and a green hexagonal symbol, respectively. Bifunctional ligands are in-
dicated by hexagonal symbols with a mix of red and green colors. Posi-
tions of kidneys and testes in representative vertebrates are indicated by
black balls and green balls, respectively. (B) Our results support the hy-
pothesis that natural selection selects signaling pathways with a high
signal-to-noise ratio over nonselective ones following the duplication of a
ligand gene. A high degree of fitness associated with select mutations can
then lead to reproductive success and the selection of these copies. In our
example, the two daughter genes, RLN3 and INSL3, were selected
through natural selection in a stepwise “divergent resolution” manner
(Taylor et al. 2001). Starting with a segmental duplication at RFLC, the
LGR7-selective RLN3 and the LGR8-specific INSL3 were fixed in the popu-
lation after neofunctionalization but occurred at two disparate geological
time points. Red bars on a chromatid represent RFLC/ and RFLCII daughter
genes generated by a segmental duplication event in an ancestral tetra-
pod. Orange bars on a chromatid represent RLN3 after the acquisition of
the LGR7-selective characteristics. Gold bars on a chromatid represent
INSL3 following the R — H mutation. Genotypes selected by evolution
are indicated by rectangular boxes. Ligand specificities for LGR7 and
LGR8 are indicated by arrows.

flanked by dibasic convertase cleavage sites and subcloned into
the expression vector, pcDNA3.1 Zeo. The tagging with a Myc
and a 6-histidine epitope allowed efficient quantification and
purification of recombinant peptides without affecting the bio-
activity of the relaxin family peptides. For efficient processing and

the secretion of mature peptides, cells were routinely cotransfected
with the select expression construct and a one-tenth aliquot of a
convertase expression vector (Marriott et al. 1992). Four days
after transfection, conditioned media were collected and filtered
to remove cell debris. Recombinant peptides were purified using
nickel affinity chromatography and quantified based on Western
blotting analysis using an anti-Myc antibody (Sigma-Aldrich),
followed by densitometry analysis of the immunofluorescent sig-
nals. For Western blotting analysis, peptides were resolved using
18% SDS-PAGE and analyzed as previously described (Hsu et al.
2002; Kumagai et al. 2002).

Receptor-activation and receptor-binding analyses

Bioactivity of the relaxin family peptides was determined based
on stimulation of the adenylate cyclase activity in HEK293T cells
expressing recombinant LGR7 or LGRS as previously described
(Hsu et al. 2002; Kumagai et al. 2002). Because orthologous LGR7
and LGRS from vertebrates share high polypeptide sequence
similarity (>85% similarity among mammalian orthologs and
>75% similarity between those of teleosts and humans) and chi-
merization of LGR7 and LGRS does not affect the signaling char-
acteristics of these receptors (Sudo et al. 2002), we tested the
functional characteristics of different peptides using recombi-
nant human receptors.

To determine the binding characteristics of wild-type and
mutant peptides, aliquots of HEK293T cells expressing LGR7 or
LGRS were incubated with increasing doses of purified peptides
in the presence of 100 pM of '#**I-labeled RLN2 or INSL3 tracer
(Phoenix Pharmaceuticals) at room temperature for 2 h. After
washing, radioactivity bound to the cells was measured using a
gamma counter. Total binding was determined in the absence,
and nonspecific binding in the presence, of 100 nmol of unla-
beled RLN2 or INSL3.

Gubernaculum cell culture

Gubernaculum cells were isolated by modifying an earlier
method (Kumagai et al. 2002). Tissues were removed from 1-wk-
old rats and dissociated at 37°C in DMEM/F12 with 0.1% colla-
genase. Cell debris was removed by passage through a sterile
filter, and cells were collected by centrifugation. After culture for
48 h in a 5% CO, incubator at 37°C, cells were washed and
treated with or without hormones in quadruplicate. After 12 h of
incubation, total cAMP was measured as previously described
(Hsu et al. 2002; Kumagai et al. 2002).

Statistical analysis

Receptor-activation and receptor-binding activity curves gener-
ated in nonlinear regression analyses (Prism; GraphPad Software)
were evaluated relative to the samples without hormone treat-
ment. In all cases, data are reported as the mean + SEM of assays
in triplicate or quadruplicate. Statistically significant responses
(P < 0.01) were determined for each stimulated response to the
average nonspecific response from controls using ANOVA and
Student’s t-test.
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