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Relaxin is a small heterodimeric peptide hormone of the insulin/relaxin superfamily produced mainly in female and male repro-
ductive organs. It has potent antifibrotic, vasodilatory and angiogenic effects and regulates the normal function of various
physiological systems. Preclinical studies and recent clinical trials have shown the promise of recombinant relaxin as a therapeutic
agent in the treatment of cardiovascular and fibrotic diseases. However, there are the universal drawbacks of peptide-based
pharmacology that apply to relaxin: a short half-life in vivo requires its continuous delivery, and there are high costs of production,
storage and treatment, as well as the possibility of immune responses. All these issues can be resolved by the development of low
non-peptide MW agonists of the relaxin receptors which are stable, bioavailable, easily synthesized and specific. In this review, we
describe the discovery and characterization of the first series of such compounds. The lead compound, ML290, binds to an al-
losteric site of the relaxin GPCR, RXFP1. ML290 shows high activity and efficacy, measured by cAMP response, in cells expressing
endogenous or transfected RXFP1. Relaxin-like effects of ML290 were shown in various functional cellular assays in vitro. ML290
has excellent absorption, distribution, metabolism and excretion properties and in vivo stability. The identified series of low MW
agonists does not activate rodent RXFP1 receptors and thus, the production of a RXFP1 humanized mouse model is needed for
preclinical studies. The future analysis and clinical perspectives of relaxin receptor agonists are discussed.
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Relaxin in basic science and clinical trials
Relaxin, a small 6kD peptide, signals through its cognate
GPCR named relaxin/insulin-like family peptide receptor 1
(RXFP1) (Halls et al., 2015). The peptide is produced mainly
in the ovarian corpora lutea and placenta in females and in
prostate in males and was initially identified as a hormone af-
fecting pubic symphysis relaxation during parturition in ro-
dents (see Sherwood, 2004). Further roles of relaxin on
female reproduction were demonstrated in the maintenance
of myometrial quiescence and softening and hypertrophy of
the cervix during pregnancy, as well as endometrial, nipple
and possibly mammary gland development. In recent years,
it became clear that relaxin has pleiotropic effects on physio-
logical systems beyond reproduction (Halls et al., 2015). The
common features of relaxin action in different organs are po-
tent vasodilatory properties (Conrad and Shroff, 2011) and
antifibrotic effects associated with the regulation of collagen
remodelling (Samuel et al., 2017). Relaxin has wound healing
and organ protective effects due to its induction of cellular
proliferation and the activation of NOS and NO. Relaxin also
promotes angiogenesis by modifying expression of VEGF and
other cytokines (Unemori et al., 1999).

It is worth noting that the majority of studies were per-
formed with rodents, and relaxin effects still are not always
well established in humans (Marshall et al., 2016). However,
the therapeutic effects of relaxin in the treatment of liver, re-
nal, cardiac, skin and pulmonary fibrosis, as well as inflam-
mation and wound healing, are now well documented in
animal models (Samuel et al., 2017). Several clinical trials
have been conducted or proposed with recombinant human
relaxin peptide (often called serelaxin) as a treatment for sys-
temic sclerosis (Seibold et al., 2000), cervical ripening
(Brennand et al., 1997; Kelly et al., 2001; Weiss et al., 2009;
Weiss et al., 2016), preeclampsia (Conrad, 2016) and the
latest and most advanced trial of serelaxin in acute heart fail-
ure (Teerlink et al., 2013; Sato et al., 2015; Leo et al., 2016)
(Table 1). Clinical trials for systemic sclerosis and cervical

ripening did not produce any notable therapeutic benefits.
However, it was determined that relaxin injections were safe
and well tolerated in patients. The data for preeclampsia
and other conditions have not been reported yet. In Phase
III clinical trial in acute heart failure, 1161 patients were in-
volved (Teerlink et al., 2013). After 48 h intravenous infusion
of relaxin, there was an improvement of one of the two pri-
mary dyspnoea (shortness of breath) endpoints. No signifi-
cant effects were detected for the secondary endpoints of
cardiovascular death or readmission to hospital for heart fail-
ure or renal failure or days alive out of the hospital up to day
60 (Teerlink et al., 2013). The most significant result was the
drastic reduction of overall death at day 180 (placebo, 65
deaths; serelaxin, 42; hazard ratio 0·63, 95% confidence inter-
val 0·42–0·93; P = 0·019). Currently, a large-scale confirma-
tory Phase III clinical trial for acute heart failure with
modified primary and secondary outcomes and a number of
other studies for various cardio-vasculatory abnormalities
are being conducted by Novartis Pharmaceutical (Table 1).
This clinical programme will include more than 10 000 pa-
tients. The range of pleotropic effects and possible clinical ap-
plications underlines the importance of the relaxin signalling
system as a therapeutic target in various human diseases
(Figure 1).

There are ongoing attempts to find an alternative to the
full-length recombinant peptide based on existing models
of hormone–receptor interactions. Synthetic and recombi-
nant forms and derivatives of the relaxin hormone with trun-
cated A- and B-chains were tested for activity and stability.
This resulted in the identification of a single-chain derivative
of the B-chain, B7-33, as a biased RXFP1 receptor agonist that
preferentially activates the pERK pathway over cAMP in cells
that endogenously expressed RXFP1 receptors (Hossain et al.,
2016). There were also reports of short linear peptides derived
from a naturally occurring protein containing a collagen-like
repeat (Shemesh et al., 2009; Pini et al., 2010). However, due
to a short half-life and low plasma stability, peptide deriva-
tives still require delivery through continuous intravenous

Tables of Links

TARGETS

Other protein targetsa Enzymesc

VEGF A2denylate cyclase

GPCRsb Akt (PKB)

β2-adrenoceptors ERK1
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PKA

LIGANDS
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INSL3, insulin-like peptide 3

NO

Relaxin

These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (a,b,cAlexander et al., 2015a,b,c).
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injections or by an osmotic subcutaneous pump. This
becomes especially challenging in treatment of chronic
conditions such as organ fibrosis. An additional problem,
especially in animal models where human relaxin or its
derivatives are used, is the mounting immune response to
injected peptide (Samuel et al., 2017). Antibody production
in patients were studied but not reported yet (study 13 in
Table 1). An obvious alternative to peptide ligand is a low
MW, non-peptide agonist. Such compounds are often stable,
easy to synthesize and adaptable for oral delivery. It is clear
however that a small molecule cannot bind to the multiple
orthosteric sites that the peptide ligand uses in the
ectodomain and extracellular loops of the GPCR seven trans-
membrane domain (7TM) (Halls et al., 2005; Scott et al., 2012;
Diepenhorst et al., 2014; Halls et al., 2015; Sethi et al., 2016).
Often, the downstream signalling profile is biased, resulting
in preferential activation of a subset of cellular responses.
The structure-based design of lowMWagonists is challenging
as the receptor interaction sites are difficult to predict, and, as
is the case for RXFP1 receptors, the structure of inactive/active
forms of 7TM can only be modelled based on the solved
crystal structures of related GPCRs. The alternative approach
of unbiased, high throughput screening of large-sized librar-
ies of low MW compounds, using cell-based cAMP response
was attempted by several groups. The only reported series of
low MW RXFP1 receptor agonists came from our screening
campaign at the National Center for Advancing Translational
Sciences, NIH (Chen et al., 2013; Xiao et al., 2013). Here, we
review the available data on the screening, structure,
suggested mode of interaction with the receptor and func-
tional and pharmacological properties of these agonists.

Relaxin receptor RXFP1 structure and
signalling cascade
Relaxin is a peptide hormone in the relaxin/insulin-like
family. In primates, there are two closely related genes
encoding relaxin 1 and relaxin 2 (RLN2) peptide; however,
only RLN2 is believed to be the main circulating form of the
hormone (Garibay-Tupas et al., 2000). Similar to insulin, it
is translated as a preprohormone containing a signal peptide,
B-chain, C-peptide and A-chain. Upon delivery to the surface,
the N-terminal signal peptide and interconnecting C-peptide

are removed, and the mature 6 kDa heterodimer is produced.
The heterodimer consists of two peptide chains (A and B)
tethered by two disulphide bonds, with an additional disul-
fide bridge within the A-chain. Thus, relaxin structurally is
very similar to insulin hormone. Accumulating data show
that the B-chain α-helix contains the receptor binding site
(summarized in Halls et al., 2015). The cognate relaxin
receptor, RXFP1 (previously called LGR7), is a member of
the subfamily of GPCRs that contain leucine-rich repeats
(Hsu et al., 2002). The RXFP2 receptor is another member of
this family (previously GREAT and LGR8), and shares 60%
sequence identity and similar structure (Overbeek et al.,
2001; Gorlov et al., 2002). RXFP2 is a cognate receptor for
insulin-like 3 peptide (INSL3), a member of the same peptide
hormone family as relaxin (Kumagai et al., 2002;
Bogatcheva et al., 2003).

Both RXFP1 and RXFP2 receptors have the same structure
that features a large ectodomain containing a single LDL class
A (LDLa) module, an LDLa linker and 10 leucine-rich repeats
(LRRs). LRRs form a horse shoe-shaped structure consisting of
a β-sheet on the concave side and an array of α-helices on the
convex side of the LRRs (Kobe and Deisenhofer, 1993). The
7TM domain has three extracellular loops and three intracel-
lular loops that play a role in the induction of cellular signal-
ling responses upon peptide binding. The proposed model of
relaxin binding to RXFP1 receptors involves binding of pep-
tide to the LRRs via B-chain residues and to the LDLa linker
via A-chain residues that causes relaxin to stabilize and ex-
tend the linker in a helical conformational state. This results
in interactions between the linker, LDLa and relaxin with
the receptor 7TM domain, leading to activation of the recep-
tor and the appropriate signalling pathways (Hopkins et al.,
2007; Kong et al., 2013; Diepenhorst et al., 2014; Halls et al.,
2015; Sethi et al., 2016). Both RXFP1 and RXFP2 receptors
couple to Gɑs and GαoB proteins, which upon receptor activa-
tion stimulate AC to generate cAMP, followed by PKA activa-
tion. In addition, RXFP1 receptors also couple to Gαi3
proteins to further modulate cAMP production. Stimulation
of RXFP1 receptors activates NO/NOS/cGMP, NF-κB and Akt
and the phosphorylation of ERK1/2 and PI3K pathways with
subsequent activation of two protein kinase C variants, PKCζ
and PKCδ, and other signalling pathways. These various re-
sponses were described in RXFP1-transfected HEK293T cells
or in cells expressing endogenous relaxin receptors (Halls
et al., 2015). It should be noted that the detected downstream
cellular signalling varies in various RXFP1 receptor expressing
cells in different organs. In summary, relaxin generates a com-
plex pattern of cellular signalling and gene expression,
resulting in a complex physiological response.

Discovery of low MW agonists of RXFP1
receptors
THP1 cells and HEK293T cells stably expressing RXFP1 recep-
tors (HEK293T-RXFP1) are two well-described cell lines that
exhibit strong response to relaxin treatment. Themost robust
response to relaxin treatment in HEK293T-RXFP1 is through
classical Gas-coupled signalling, resulting in elevated intra-
cellular and extracellular cAMP concentrations (Hsu et al.,
2002). In addition, treatment of HEK293T-RXFP1 with

Figure 1
Relaxin receptor as a drug target. IVF, in vitro ferilization.
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relaxin rapidly changes cell–cell interactions that can be de-
tected using an xCelligence Analyzer (Roche Diagnostics, In-
dianapolis, IN) (Xiao et al., 2013). Human THP1 monocytes
express high levels of RXFP1 receptors and respond to relaxin
by activation of cAMP synthesis and increased expression of
VEGF (Unemori et al., 2000; Bartsch et al., 2001). These cell
lines were used for primary and secondary screens for low
MW RXFP1 receptor agonists (Figure 2). HEK293T-RXFP1
cells were used in a homogeneous cAMP assay to screen for
lowMW agonists of human RXFP1 receptors in a quantitative
high-throughput screening format (Chen et al., 2013; Xiao
et al., 2013). The assay was successfully miniaturized and used
to screen a 365 677-compound NIH library. Because a low hit
rate was expected, relatively lenient selection criteria were
adopted in this screen. At the same time, a 4-point concen-
tration screening scheme allowed the selection of the com-
pounds based on the quality of dose–response curves (Chen
et al., 2013). Following confirmation and counter screening
against INSL3-stimulated HEK293T-RXFP2 and vasopressin-
stimulated HEK293T-V1b receptors, two low MW agonists
that were >100-fold more selective towards RXFP1 over
RXFP2 receptors were identified. While their reported po-
tencies in the cAMP assay were low (EC50 4–6 μM,
60–80% efficacy), both compounds shared molecular fea-
tures, suggesting the significance of their common scaffold
(Chen et al., 2013). Extensive medicinal chemistry efforts
were undertaken to improve potency and selectivity
through modification and replacement of the side groups
of the original scaffold (Xiao et al., 2013). Optimized com-
pounds showed a remarkable increase in activity from the
micromolar EC50 values of the initial hits to potencies
<50 nM with the same efficacy as relaxin (Figure 3). In sec-
ondary screens, we determined that these compounds were

able to increase cAMP levels and VEGF gene expression in
THP1 cells. Similar to relaxin, the small molecules increased
cellular impedance in HEK293T-RXFP1 but not in parental
HEK293T cells. While additional cell-specific activity assays
might be needed to select the best compound for a particu-
lar application, the low MW compound ML290 was selected
for further validation (Table 2).

There were two major factors that suggested that ML290
might be a good lead for in vivo studies. First, ML290 cytotox-
icity was low, with EC50 just below 10 μM in an ATP toxic-
ity assay. Second, our data indicated that ML290 has
excellent stability both in vitro and in vivo. In vitro studies
were performed with mouse and human plasma resulting
in half-life stability over 2 h (Table 2). It is comparable with
the reported native relaxin stability in male human serum
(Nair et al., 2015). Structural studies, which determined
the minimum energy conformation of ML290 in solid state
analysed by X-ray crystallography and in solution by vari-
able temperature NMR and nuclear Overhauser effect spec-
troscopy, suggested that the two intramolecular hydrogen
binding interactions found in this molecule appear to stabi-
lise its 3D conformation.

Our published and unpublished pharmacokinetics stud-
ies in mice and Rhesus monkeys suggest that various routes
of delivery result in a remarkable stability of the compound
with a half-life of about 8 h in both plasma and heart. This
contrasts drastically with a in vivo half-life of approximately
10 min for human recombinant relaxin (Chen et al., 1993).
There were no significant adverse effects of ML290 on ani-
mals used in these experiments. Even oral gavage was effec-
tive, although further optimization of the vehicle because of
the limited solubility of ML290 (3.3–17.0 μM) might be re-
quired (Xiao et al., 2013).

Figure 2
Summary of high-throughput screening (HTS) screening and follow-up studies of low MW agonists of RXFP1 receptors. Selection criteria are
highlighted in yellow. HTFR, homogeneous time resolved fluorescence; SAR, structure activity relationship; ADME, absorption, distribution, me-
tabolism, and excretion.
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Structural insights into
agonist–receptor interactions
Unlike the typical orthosteric site of the 7TM pocket for
most druggable GPCRs, relaxin binds to RXFP1 receptors
through interactions predominantly within the interface
between the LRRs domain and extracellular loops 1 and 2
(Halls et al., 2015). Initially, three important observations
were made concerning the possible binding site for
ML290. First, ML290 activated human RXFP1 receptors
with a mutation in the LDLa domain rendering it unre-
sponsive to relaxin stimulation (Xiao et al., 2013). This sug-
gested that, unlike the natural ligand, the LDLa domain is
not required for ML290 activation of RXFP1 receptors.
Second, a binding assay showed that ML290 did not
compete with relaxin for RXFP1 receptor binding, and
therefore, relaxin and ML290 receptor binding sites are
different (Xiao et al., 2013). Finally, cells transfected with
mouse RXFP1 receptors did not respond to ML290.
Subsequent analysis of human-mouse RXFP1 chimeric
receptors and site-specific mutagenesis demonstrated that
the ML290 species-specificity was defined by its binding to
the variable amino acids in the third extracellular loop of
the 7TM domain. Importantly, these changes in amino acid
sequences between mouse and human receptors did not
affect the activity of relaxin (Xiao et al., 2013). Therefore,
ML290 appears to bind to a different site in the receptor
from the cognate ligand relaxin.

A putative binding model of the low MW agonists to the
receptor was generated using an approach combining
homology modelling, docking, molecular dynamics simula-
tions and binding free energy calculations of various ML290
derivative compounds (Figure 3) (Hu et al., 2016). Currently,
the transmembrane domain structure of RXFP1 receptors
has not been solved and thus the human β2 adrenoceptor
was used as a template to model inactive and activated states
of the receptor. Clustering analysis of docking poses
suggested that ML290 binds to the internal region within
the 7TM of human RXFP1 receptors, at an allosteric site of
the receptor. The core 2-acetamido-N-phenylbenzamide is
positioned in the pocket by forming extensive van der Waals’
and hydrophobic interactions mainly with residues from
transmembrane domains 5 and 7 (TM5 and TM7). The lack
of polar and hydrogen bonding interactions within the
binding site is less common compared with other GPCR
agonist binding (Lebon et al., 2012). Interestingly, the
trifluoromethylsulfonyl group of ML290 interacts with the
two hallmark residues G659/T660 at the C-terminus of extra-
cellular loop 3 (ECL3) of TM7. The G659/T660 to D659/S660
(as in mouse RXFP1 receptors) substitution within ECL3 of
human RXFP1 receptors abolished the activation by ML290
(Xiao et al., 2013). Because the flexibility of ECL3 is associated
with conformational changes in TM6 and TM7, the close in-
teractions of the low MW compound with ECL3 and the
G659/T660 motif suggest its important functional role in
triggering activation of RXFP1 receptors.

Figure 3
Heat-to-Lead optimization of lowMW relaxin receptor agonist. Shown are EC50 and efficacy (% ofmaximal response) of compounds in cAMP assay.
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The theoretical binding model was validated by compari-
son of the experimental data of known ML290 derivatives
and their structure–activity relationship analysis (Xiao et al.,
2013; Hu et al., 2016). The most active compound in the
cAMP assay had the following essential features: (a) an intra-
molecular H-bond that was retained within the binding
model, which was in agreement with the crystal structure of
the isolated compund and solution NMR; (b) an alkoxy group
in ortho-position stabilizing the binding conformation of the
compound in the pocket; and (c) an aniline ring at the meta-
position, oriented to ECL3 and interacting closely with the
G659/T660 motif. The binding interaction showed that the
aliphatic chain was inserted into a hydrophobic pocket re-
gion formed by residues I493, Y579 and I583, between TM5
and TM6, that provided a structural basis of the increased
binding affinities of compounds with longer alkoxy aliphatic
chains at the ortho-position.

The ML290 binding model was further confirmed by our
extensive site-directed mutagenesis of the human RXFP1 re-
ceptor. The results indicated that amino acids in TM3 (I493,
T496), TM5 (I583), TM6 (I644, F645), TM7 (W664, I667,
F668, L670), ECL2 (F564) and ECL3 (G659) significantly af-
fected ML290 induction of cAMP (Figure 4). Remarkably, all
amino acids but G659 were conserved between human and
mouse RXFP1 receptor sequences. These data, together with
the binding model, suggest why residues G659/T660 within
ECL3 of human RXFP1 receptors are important in receptor ac-
tivation and selectivity by the low MW agonist. In contrast,
human RXFP2 and mouse and rat RXFP1 receptors have the
residue motif D/T or D/S. Glycine 659 in the RXFP1 receptor
allows a flexible conformation in which the backbone of thre-
onine is capable of forming a hydrogen bond with ML290.
Remarkably, substitution of D/S to G/T in the mouse RXFP1

Figure 4
Model of ML290 binding with human RXFP1 receptors. The agonist
ML290 is shown in stick form (C atoms in cyan, O and N atoms are
shown in red and blue). Shown are key residues within the RXFP1 re-
ceptor involved in binding interactions. TM3 (brown), TM5 (blue),
TM6 (orange), TM7 (red), ECL2 (green) and ECL3 (magenta) are
shown in different colors.Ta
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ECL3 sequence fully restored the ability of ML290 to activate
the mutant mouse receptor (Xiao et al., 2013; Hu et al., 2016).
It should be noted however that some of the substitutions
also reduced receptor activation by RLN. The latter can be ex-
plained by poor cell surface expression of some of these con-
structs, and further studies to clarify the binding of ML290
are needed to confirm the proposed model of its interaction
with RXFP1 receptors.

It is worth mentioning that ML290 behaves as an
allosteric inverse agonist (Christopoulos et al., 2014) of re-
laxin in the cAMP assay when mouse RXFP1 receptors are
used (Hu et al., 2016). This suggests that ML290 binds to the
mouse receptor and prevents its conformational change to
active state upon stimulation with relaxin. The question re-
mains whether such a structural lock prevents activation of
all G proteins bound to RXFP1 receptors or only the Gαs
subunit required for an activation of adenylate cyclase. It is
possible that other signalling pathways generated by RXFP1
receptor activation might still be induced by ML290 upon
binding to the mouse receptor.

Animal models for preclinical testing of
low MW compounds
The vast majority of experiments testing the effects of relaxin
in live animals were performed in mice and rats. The inability
of ML290 to activate RXFP1 receptors from these species cre-
ates a need to find a suitable animal model for preclinical
studies. To this end, expression constructs with cDNA se-
quences of RXFP1 receptors from Rhesus macaque, pig,
guinea pig and rabbit were cloned and their response to re-
laxin and ML290 was analysed (Huang et al., 2015).
Comparison of amino acid sequences revealed that all amino
acids identified in modelling studies, apart from ECL3, that
were important for ML290 binding were conserved between
species. The high sequence homology and the presence of
the crucial Gly Thr amino acid pair at the end of ECL3 in
macaque and pig RXFP1 receptors correlated with a full cAMP
response upon ML290 and relaxin stimulation. Guinea pig
RXFP1 receptors were activated by relaxin but responded to
ML290 only marginally at very high doses of compound.
Surprisingly, the rabbit receptors was not activated by relaxin
but treatment with ML290 caused a significant increase in
cAMP production. Chimeric receptors containing the rabbit
or guinea pig receptor ectodomain and the human 7TM
domain were better activated by ML290 than rabbit RXFP1
receptors, indicating that additional sites within human
7TM participate in agonist binding (Huang et al., 2015).

The analysis of receptors from various species highlighted
the importance of careful selection of an animal model. Apart
from known differences in the biology of relaxin (Sherwood,
2004), the rabbit and mouse RXFP1 receptors are unsuitable
for testing responses to ML290. Existing techniques to
modify the genome of laboratory animals using both tradi-
tional embryonic stem cell gene targeting in mouse and rats
or the use of CRISPR-Cas9 gene editing in any mammals offer
an opportunity to create ‘optimized’ animal models. In this
situation, the preferred animalmodel would be tomake a ‘hu-
manized’mouse with the human receptor gene under control
of the endogenous mouse RXFP1 promoter and other

regulatory elements. The human gene would then be
expressed at the same level as the mouse receptor in different
organs and tissues. Importantly, the mouse gene should be
disrupted and the human orthologue should fully comple-
ment its absence in homozygotes. Such a mutant was re-
cently produced by our team and soon will be available for
testing of ML290 or other RXFP1 receptor modulators in vivo.

Future directions
The identification of new ligands for RXFP1 receptors raises
the question of whether the complex effects of relaxin upon
cell cultures or in live animals can be faithfully reproduced
by these compounds. The dramatic size difference between
relaxin and ML290, the allosteric mode of low MW com-
pound interaction with RXFP1 receptors and potentially dif-
ferent receptor activation dynamics indicate that the
resulting downstream signalling may be biased between the
two ligands. As noted above, the activation of RXFP1 recep-
tors by relaxin produces pleotropic response in different cells,
tissues and organs. Consequently, biased signalling from
ML290-activated RXFP1 receptors would have important im-
plications therapeutically with an activation of desired effects
and less side effects (Leach et al., 2015). Indeed, even the de-
rivative of the relaxin B-peptide, B7-33 peptide, preferentially
activates the pERK pathway over cAMP in cells with endoge-
nously expressed receptor (Hossain et al., 2016). As a result,
B7-33 had anti-fibrotic effects in three different preclinical ro-
dent lung or heart fibrosis models but did not promote pros-
tate cancer cell tumour growth (Hossain et al., 2016). It is
not clear now how ML290 will behave in various disease
models where relaxin has demonstrated therapeutic effects.
Detailed comparison of proteomic and gene expression pro-
files in specific cell types may be useful for the prediction of
potential physiological effects of low MW agonists in live an-
imals. It should be noted however that due to the pleotropic
effects of relaxin, it is still not always clear which RXFP1
receptor-regulated signalling pathway is therapeutically sig-
nificant in different diseases.

Another interesting but not yet studied question is the ef-
fect of ML290 on RXFP1 signalosome formation, receptor
coupling to various G-proteins, β-arrestins and other proteins
(Halls and Cooper, 2010; Halls, 2012). It was shown that con-
stitutive assembly of the RXFP1-signalosome in a higher-
order protein complex facilitates receptor sensitivity to
attomolar concentrations of relaxin (Halls and Cooper,
2010). Such complex formation produces constitutive activ-
ity and dual coupling to G-proteins and β-arrestins and re-
veals a concentration-biased agonism mediated by natural
ligand. Whether ML290 will affect the formation and signal-
ling of such complexes, thus interfering with endogenous re-
laxin in vivo and disrupting signalosomes is not known. The
effect of various concentrations of ML290 should be further
tested in future discovery programmes.

Further long-term in vivo toxicity and receptor specificity
studies should define the potential clinical utility of the com-
pounds. To address this issue, it is important to use an appro-
priate animal model. Unfortunately, RXFP1 receptors from
the small laboratory animals we tested do not respond to ei-
ther ML290 or relaxin. Moreover, as we have shown, while
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ML290 does not activate cAMP in cells transfected with
rodent receptors, it behaves as an antagonist at mouse RXFP1
receptors (Hu et al., 2016) and hence can potentially affect
endogenous relaxin signalling in this species. Thus, the use
of both RXFP1 receptor-deficient mutant mice (Kamat et al.,
2004; Kaftanovskaya et al., 2015) and a humanized RXFP1
receptor mouse model might be necessary in preclinical
testing.

Understanding of the structural basis of the interactions
of low MW compounds with the receptor opens the
possibility of structure-based drug design and lead optimiza-
tion, as well as in silico screening of millions of chemical data-
bases for novel and efficient low MW agonists. Such
improvements should also address solubility, the prospects
of oral delivery and an establishment of safe dosage. Injected
relaxin has a short half-life in serum, although signalosome-
mediated RXFP1 receptors may respond to very low concen-
tration of the peptide. In HEK293T and Cos-7 transfected
cells, activation of RXFP1 receptors does not result in signifi-
cant receptor phosphorylation, desensitization or internali-
zation (Callander et al., 2009). However, in human primary
decidual cells and in a second line of HEK293T cells stably
expressing RXFP1 receptors, an internalization of these
receptors enhanced by overexpression of β-arrestin-2 has
been demonstrated (Kern and Bryant-Greenwood, 2009). As
the low (low MW agonists) MW agonists have much higher
stability, will treatment with them lead to increased desensiti-
zation of RXFP1 receptors?

The ability of ML290 to partially antagonize relaxin-
induced mouse receptor signalling via cAMP indicates that
it is possible to also identify human RXFP1 receptor antago-
nists. Suppression of relaxin/RXFP1 receptor signalling in a
range of cancer cells and in mouse cancer models can reduce
relaxin-mediated tumour growth, invasiveness and vasculari-
zation, as well as increasing apoptosis (Feng et al., 2007;
Klonisch et al., 2007; Silvertown et al., 2007; Feng et al.,
2010; Feng and Agoulnik, 2011; Glogowska et al., 2013;
Neschadim et al., 2014). Targeting of RXFP1 receptors with
lowMW antagonists might offer a new approach in lessening
the tumour burden. The identification of RXFP1 receptor ag-
onists indicates that activation of the INSL3 receptor RXFP2
by low MW compounds is also feasible. Therapeutically,
RXFP2 receptor agonists may be used to help prevent bone
loss (Ferlin et al., 2008; Ferlin et al., 2017) or for treatment
of reproductive abnormalities (Agoulnik, 2007).

In summary, the first-in-class, low MW, agonists of the re-
laxin receptor offer not only a tool to study various basic
questions of relaxin endocrinology but may also be directly
tested to evaluate the therapeutic benefits of activation of
RXFP1 receptors in preclinical and clinical studies.
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