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SP600125, anthra[1,9-cd]pyrazol-6(2H)-one; SN56, mouse septal neuron-derived cell line; TFA,

trifluoroacetic acid.

Abstract:

Relaxin family peptide 3 receptors (RXFP3) are activated by H3-relaxin to inhibit forskolin-
stimulated cAMP accumulation and stimulate ERK1/2 phosphorylation. In this study we sought
to identify novel signaling pathways coupled to RXFP3 and to investigate whether other
members of the relaxin peptide family activated these pathways. Two patterns of signaling were
observed in RXFP3-expressing Chinese hamster ovary (CHO)-K1 and human embryonic kidney
(HEK)-293 cells (CHO-RXFP3 and HEK-RXFP3) and murine septal neuron, SN56, cell lines.
1. Strong inhibition of forskolin-stimulated cAMP accumulation, extracellular signal-regulated
kinase (ERK) 1/2 activation and nuclear factor (NF)-xB reporter gene activation in cells
stimulated with H3 relaxin with weaker activity observed for H2 relaxin, porcine relaxin or
INSL3 and; 2. Strong stimulation of activator protein (AP)-1 reporter genes by H2 relaxin, with
weaker activation observed with H3 or porcine relaxin. Two distinct ligand binding sites were
identified on RXFP3-expressing cells using two different radioligands. *#I-insulin-like peptide
(INSL) 5 A-chain/relaxin-3 B-chain chimera bound with high affinity to the RXFP3-expressing
cells with competition by H3 relaxin or a H3 relaxin B-chain dimeric peptide, consistent with
previous reports. Binding studies with ?°1-H2 relaxin revealed a distinct binding site with potent
competition observed with H2 relaxin, H3 relaxin or INSL3 and weaker competition with
porcine relaxin. Thus H3 relaxin potently activates all signaling pathways coupled to RXFP3,

whereas H2 relaxin is an AP-1 biased ligand relative to H3 relaxin.
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The neuropeptide, relaxin-3 is the most recently identified member of the relaxin family of
peptides and is expressed in the nucleus incertus, acting at relaxin-3 receptors (RXFP3)
expressed at distal sites (Bathgate et al., 2002). Relaxin-3 expression is upregulated in response
to physical stress in rats, by a corticotrophin-releasing factor-dependent mechanism (Tanaka et
al., 2005), suggesting a role in mediating central stress responses. Relaxin-3 injection into the
paraventricular nucleus of the hypothalamus or the 4th ventricle, increased food intake in rats
(McGowan et al., 2007), also indicating a role in appetite control acting via its cognate receptor,
RXFP3. Development of ligands that target RXFP3 would potentially provide drugs for the

treatment of obesity and anxiety disorders.

The term ligand-directed signaling (LDS, among other synonyms) was coined to describe the
distinct efficacy profiles observed for different signaling pathways by individual ligands.
Typically, activated GPCRs (bound to their cognate ligand) fully activate all the signaling
pathways coupled to the receptor. However, several studies have identified that many
compounds classified as antagonists can activate their own spectrum of signaling pathways. Thus
propranolol (traditionally classified as a f-adrenoceptor antagonist) acts at the ;-adrenoceptor as
an inverse agonist for CAMP signaling but as a partial agonist for ERK1/2 signaling (Galandrin
and Bouvier, 2006), suggesting that the signaling assay selected as a read out of the response can
bias the classification of a ligand. However, many GPCRs, including the a- and fs-
adrenoceptors, 5-hydroxytryptamine, dopamine, opioid, adenosine, calcitonin and muscarinic
acetylcholine receptors, are activated by multiple ligands, each with distinct affinity, efficacy and

potency profiles (reviewed in Baker and Hill, 2007; Kenakin, 2003).
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To activate different signaling pathways, GPCRs may couple to multiple Ga-subunits (e.g. Gas
and Gai/o),but signaling may also occur downstream of Gpy-subunits or following B-arrestin
recruitment and may not even involve G proteins. In addition, movement of GPCRs into or out
of membrane rafts following ligand binding can switch the Ga-coupling and initiate additional
signaling events providing another mechanism for GPCR coupling to multiple signal

transduction pathways (reviewed in Chini and Parenti, 2004).

RXFP3 is known to inhibit forskolin-stimulated cAMP accumulation and activates ERK1/2 in a
Gai/o-dependent manner (Liu et al., 2003; van der Westhuizen et al., 2007) and thus resembles
many other GPCRs that couple to multiple signaling pathways when stimulated by their cognate
ligand. RXFP3 was originally characterized by high affinity binding of H3 relaxin and little or no
affinity for other members of the relaxin peptide family (Liu et al., 2003). H3 relaxin potently
inhibits forskolin-stimulated cAMP accumulation in RXFP3-expressing cells, consistent with
competition binding data (Liu et al., 2003). Furthermore, increases in GTPyS binding are only
evident in cells stimulated with H3 relaxin or the B-chain of H3 relaxin (Liu et al., 2003),
suggesting that the other members of this peptide family do not strongly activate G protein-

dependent signaling pathways.

Despite the close homology between the relaxin family peptides, it was interesting that binding
and signaling by other members of this peptide family was not observed at RXFP3. However,
recent experience with GPCRs suggests that multiple signaling pathways should be monitored to
determine whether a ligand has biased efficacy at a particular receptor. This study examined

whether additional signaling pathways were activated by RXFP3 following stimulation with H3

5

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on February 16, 2010 as DOI: 10.1124/mol.109.061432
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #61432

relaxin and determined whether other members of the relaxin peptide family could also activate
signaling. CHO-RXFP3, HEK-RXFP3 and murine SN56 septal neuron-derived cells were
characterized using binding and signaling assays. We identified, using reporter genes, two novel
signaling pathways activated downstream of RXFP3, the NF-xB signaling pathway and
pathways upstream of AP-1 transcription sites and demonstrated that many of the relaxin family
peptides have affinity for RXFP3 and efficacy on AP-1 signaling. RXFP3 also has a binding site
that recognizes H2 relaxin with a unique pharmacological profile compared to that described for
RXFP1 and RXFP2. Thus we propose a novel site on RXFP3 that can interact with several
relaxin peptides and that activation of the receptor by the various peptides results in activation of

different signaling pathways.
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Materialsand Methods:

Materials - Flp-In"'CHO and Flp-In"293 cells, Trizol, Lipofectamine, OptiMEM, hygromycin B
and fungizone were from Invitrogen (Carlsbad, CA). SN56 cells were a gift from Dr. R.A.D.
Bathgate (Howard Florey Institute, Melbourne, Australia). RQ1 DNase and AMV reverse
transcriptase were from Promega (Madison, WI). Secreted alkaline phosphatase (SEAP) reporter
gene constructs were from Clontech (Mountain View, CA). Dulbecco's modified essential
medium (DMEM), DMEM/Hams F12 powder media and penicillin/streptomycin were from
ThermoTRACE (Melbourne, Australia). Fetal bovine serum (FBS) was from JRH biosciences
(Lenexa, KS). The cAMP AlphaScreen assay kit, Protein A beads, and white 96-well and 384-
well Optiplates® were from PerkinElmer Life and Analytical Sciences (Wellesley, MA). Surefire
phospho-ERK kit was from TGR biosciences (Adelaide, Australia). Forskolin was from Sigma
Aldrich (St. Louis, MO). Tissue culture flasks and plates were from Greiner Bio-one (Monroe,
NC). Human insulin-like peptide (INSL) 3, human gene 3 relaxin (H3 relaxin) (Bathgate et al.,
2006) and INSL5 A-chain/relaxin-3 B-chain chimera (Sutton et al., 2004) were synthesized at
the Howard Florey Institute (Victoria, Australia). Human gene 2 relaxin (H2 relaxin) was
supplied by Corthera Inc (San Mateo, CA) and porcine relaxin was extracted from ovaries and

purified at the Howard Florey Institute (Layden and Tregear, 1996).

Cell culture - Stable RXFP3-expressing cells, created using Flp-In"CHO and Flp-In""293 cells
expressing human RXFP3 (CHO-RXFP3 and HEK-RXFP3, respectively) (van der Westhuizen
et al., 2007) were maintained in 75cm® flasks at 37°C in a humidified atmosphere in
DMEM/Hams F12 medium (CHO-RXFP3) or DMEM (HEK-RXFP3 and SN56). DMEM/Hams

F12 was supplemented with 5% (v/v) FBS, 2mM L-glutamine, 100U/ml penicillin, 100ug/ml
7
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streptomycin and 0.5ug/ml fungizone. DMEM was supplemented with 10% (v/v) FBS, 4mM L-

glutamine and antibiotics as above.

Whole cell radioligand binding assays - H2 relaxin and INSL5/H3 relaxin chimera were
iodinated with Na'®! using the chloramine T method (Sexton et al., 1986). The iodinated
peptides (specific activity ~2200Ci/mmol) were purified by HPLC. 1x10° cells/well were plated
into 48 well plates and grown for 18h at 37°C. Binding was performed at room temperature (23 +
2°C) for 90 min. Competition for **I-INSL5/relaxin-3 (100pM) binding was terminated by
aspirating the binding buffer and washing the cells twice with ice-cold PBS, then lysing in NaOH
(0.5M) and counting in a Wallac Wizard™ 1470 automatic y-counter. Competition for *°I-H2
relaxin (~1nM) binding was terminated by placing the plates on ice and rapidly (~0.5 sec)
washing the cells once with ice-cold PBS, then lysing the cells and counting the samples as

described above.

Whole cell internalization binding assays - 1x10° cells/well were plated into 48 well plates and
grown for 16h at 37°C. The cells were transiently transfected with RXFP3-GFP? (van der
Westhuizen et al., 2009) (100ng/well) using lipofectamine according to the manufacturer’s
instructions. Cells were stimulated in binding buffer (DMEM/Ham’s F12 or DMEM, 0.5% BSA,
25uM cycloheximide) with H3 relaxin at 37°C for selected time points (5, 10, 15, 30, 45, 60
min) in a shaking incubator. The plates were placed on ice and washed once with ice-cold PBS
then acid-stripped using acid elution buffer (150mM sodium chloride, 50mM acetic acid, pH 2.5)
for 10 min on ice. The acid was aspirated and the cells were washed three times with ice-cold

PBS. The cells were incubated with [**I]-INSL5/H3 relaxin chimaera (100pM) for 4h on ice.
8
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Non-specific binding was defined in the presence of H3 relaxin (0.1uM) at each time point. The

cells were washed, solubilised and counted as described for whole cell binding assays.

ERK phosphorylation assay - Cells (5x10* cells/well) were plated into 96-well plates and grown
for 27h in complete DMEM or DMEM/Ham’s F-12 medium and then serum-starved for 18h
before experimentation and assayed for phospho-ERK1/2 (Surefire® ERK kit) using a novel non-
Western blot-based proprietary technique that relies on the energy transfer-based AlphaScreen
concept (Osmond et al., 2005) as described previously (van der Westhuizen et al., 2007). Cells
were treated for 2 to 30 min (time course assays) or 5 min (concentration-response curves) with
relaxin family peptides at 37°C. As a positive control, cells were stimulated with foetal bovine
serum (FBS: 10%; up to 30 min for time course assays or 5 min for concentration-response
assays). Cell lysates were prepared and processed according to the manufacturer’s protocol. In
brief, a 5ul sample of processed cell lysate was transferred to a white 384-well Optiplate, and 6l
of a 1:1 mix of Protein A AlphaScreen donor and acceptor beads was added to each well. Plates
were incubated for 2 h at 22°C in the dark. Samples were read on a Fusion-o microplate reader
(PerkinElmer Life and Analytical Sciences) with excitation at 680nm and emission at 520-

620nm.

Inhibition of forskolin-stimulated cAMP accumulation assay - Cells were plated and serum
starved as described for the ERK1/2 assay described above. The cAMP AlphaScreen assay kit
was used to measure the amount of CAMP generated by the cells upon stimulation with forskolin
and its inhibition by relaxin family peptides as described previously (van der Westhuizen et al.,

2007). Briefly, DMEM was removed from the wells and replaced with stimulation buffer
9
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[137mM NaCl, 5.1 mM KCI, 0.77mM MgS0O,.7H20, 1.23mM CaCl,.2H,0, 0.32mM
Na;HPO4.2H,0, 0.42mM KH,PO,, 5.27mM D-glucose, 0.5mM 3-isobutyl-1-methylxanthine,
5mM HEPES, and 0.1% (w/v) BSA, pH 7.4]. Cells were stimulated for 5 min with relaxin family
peptides (1pM-1pM) and then for 3 min with forskolin (30uM) (CHO-RXFP3 and HEK-
RXFP3) or 20 min (SN56), in a 37°C shaking incubator. Cells were lysed in lysis buffer [0.3%
(v/v) Tween-20, 5mM HEPES, and 0.1% (w/v) BSA, pH 7.4] at -70°C for 1h. Cell lysates were
thawed on ice, mixed thoroughly, and a 5ul sample was transferred to a white 384-well
Optiplate. Acceptor beads diluted in detection buffer [5.2mM NaCl, 2mM KCI, 0.31mM
MgS0O,4.7H,0, 0.5mM CaCl,.2H,0, 0.13mM Na;HPO4.2H,0, 0.17mM KH,PO,, 2.1mM D-
glucose, 3mM HEPES, 1.8% (v/v) Tween-20, and 0.1% (w/v) BSA, pH 7.4] were added to each
well under ambient light, and incubated at 22°C in the dark for 30 min. Donor beads and
biotinylated cAMP were also diluted in detection buffer and incubated separately at 22°C in the
dark for 30 min. Donor bead/biotinylated cAMP mix was added and incubated for 16h at 22°C in
the dark. Plates were read on a Fusion-a microplate plate reader (PerkinElmer Life and

Analytical Sciences) with excitation at 680nm and emission at 520-620nm.

RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR) to detect RXFP
expression - RNA was isolated from CHO-K1, HEK293, CHO-RXFP3, HEK-RXFP3, CHO-
RXFP4, HEK-RXFP4, SN56, HEK-RXFP1 and HEK-RXFP2 cells using Trizol according to the
manufacturers' protocol. The RNA was treated with RQ1 DNase and the RNA (5ug) reverse
transcribed using AMV reverse transcriptase and oligo dTs) primers for 2h at 42°C. PCR was
performed by 20-30 cycles of 94°C for 30 sec, 45-60°C for 30 sec (as described below) and 72°C

for 2 min. The primers used crossed several species. Human/mouse/rat RXFP1 and RXFP2 were
10

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on February 16, 2010 as DOI: 10.1124/mol.109.061432
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #61432

amplified using 5-GCCTAGAAATCAAATTGGTTTTGTTCCAGAG-3’(forward) and 5’-
ACAAAGGATTTTGATGGACATAGCGTGAG-3" (reverse) as primers for 25 cycles,
annealing at 60°C.  Human/mouse/rat RXFP3  was amplified using 5'-
GGCAAGGCCATGTGTAAGATC-3’ (forward) and 5’-
CGTTGAACTTGATGAGGATGCTCCAG-3’ (reverse) as primers for 30 cycles, annealing at
45°C. Human/mouse RXFP4 was amplified using 5’-CATTGGCTTGCTGGGAAATTTGG-3’
(forward) and 5’-CCAGTACCTGCTGGGGAAACG-3’ (reverse) primers for 30 cycles,
annealing at 56°C. PB-Actin  was amplified as a control using 5’-
ATCCTGCGTCTGGACCTGGCTG-3’ (forward) and 5’-
CCTGCTTGCTGATCCACATCTGCTG-3’ (reverse) primers for 20 cycles, annealing at 60°C.
DNA was electrophoresed for 30 min at 100V through 1% (w/v) agarose gel, stained with

ethidium bromide and visualized by illumination with UV light.

Secreted alkaline phosphatase (SEAP)-linked reporter gene assay - Eight Cis-acting enhancer
elements linked to human placental alkaline phosphatase (SEAP) (Mercury™ Pathway Profiling)
were used to identify novel signaling pathways downstream of RXFP3 (described in Halls et al.,
2007). Following reporter gene activation, the levels of SEAP in the culture medium are directly
proportional to the changes in intracellular SEAP concentrations. The reporter gene SEAP is
modified so it is heat stable, thus it is possible to eliminate endogenous alkaline phosphatase
activity by heat treating the samples taken from the culture medium. A constitutively expressed
[-galactosidase reporter gene was co-transfected with the SEAP reporter gene (1:1) to account

for variation in transfection efficiencies between experiments.

11
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2x10° Flp-In"'CHO or Flp-In""293 cells/well were plated into 24 well plates and grown for 24h
at 37°C. Cells were transiently co-transfected with RXFP3 (150ng/well), SEAP-linked reporter
gene (75ng/well) and B-galactosidase (75ng/well) in OptiMEM using lipofectamine according to
the manufacturer's protocol. Cells were serum starved for 18h, then stimulated with relaxin
family peptides (range: 1pM-0.1uM), trifluoroacetic acid (TFA) (vehicle control; 0.001% (v/v))
or a positive control (30uM forskolin for cCAMP response element; 1uM ionomycin for nuclear
factor of activated T cells; 42°C, 1h heat shock for heat shock element; 10% FBS for AP-1, NF-
kB, E-box DNA binding element, glucocorticoid response element and serum response element)
and samples of the medium were taken at selected time points following stimulation (4h for AP-
1 reporter genes or 8h for NF-«xB reporter genes) and frozen at -20°C. 25ul of the thawed
samples were transferred to white 96 well Optiplates®. SEAP reporter gene samples were
incubated at 65°C for 30 min then cooled on ice for 5 min. SEAP Assay Buffer (1M
diethanolamine, 0.5mM magnesium chloride, pH 10.3) was added to the SEAP reporter gene
samples and B-galactosidase Assay Buffer (0.1M sodium phosphate dibasic, 1ImM magnesium
chloride, 1.4% (v/v) B-mercaptoethanol, pH 7.0) to the p-Galactosidase samples. Fluorescent
substrates were added to the wells in the dark, 4-Methylumbelliferyl phosphate (4-MUP) (2mM)
for SEAP detection or 4-Methylumbelliferyl p-galactopyranoside (4-MUG) (2mM) for B-
galactosidase detection. Plates were incubated for 1h at 22°C in the dark then read on the

Packard Fusion-a with excitation of the fluorescent substrate at 360nm and emission at 440nm.

Confocal imaging - 5x10° cells were plated onto sterile coverslips (No 1; 24x24 mm) in 6 well
plates and grown for 2 days at 37°C. The cells were transiently transfected with RXFP3-GFP?

(van der Westhuizen et al.,, 2009) (500ng/well) using lipofectamine according to the
12
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manufacturer’s instructions. The growth medium was changed to FBS and antibiotic free DMEM
18h prior to stimulation. The cells were stimulated at 37°C for selected time points then placed
on ice. DMEM was aspirated and the cells washed once with ice-cold PBS (pH7.4), on ice. The
cells were fixed with 4% paraformaldehyde (in PBS) for 20 min at 22°C then washed three times
with PBS and mounted on glass slides using fluorescent mounting medium (DAKO corporation,
Germany). Cells were imaged with a laser scanning confocal microscope (Leica TCS-NT
inverted microscope; Leica, Mannheim, Germany) using Leica confocal software (v2.5). A Plan
Apo 40x (1.25 numerical aperture) oil immersion lens was used for imaging. An
Argon/Krypton/Neon laser passed through a short pass 590nm filter and a double dichroic
488/568 mirror. The laser was separated into green and red light by a reflective short pass 580nm
filter with a band pass 530/30 filter for the green light. The remaining light passed through a
band pass 600/30 filter for red light. The airy pinhole was set to 1.00 optical unit and each image

was captured with 512x512 pixels in an 8 bit image.

Data and statistical analysis - CAMP accumulation assays were normalized against the response
to forskolin (30uM) and ERK1/2 phosphorylation against the response to FBS (10% (v/v)).
SEAP reporter constructs were co-transfected at a 1:1 ratio with constitutively expressed B-
galactosidase to account for the variation in transfection efficiency between experiments. SEAP
activation was expressed as a % of B-galactosidase activation (8h post cell stimulation) and then

normalized against the response to the positive control or the H3 relaxin response. All data are

mean = standard error of the mean (SEM) of n experiments as described in the figure legends.

13
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Competition binding data were simultaneously analyzed for one-site vs. two-site competition

binding followed by an F test using GraphPad PRISM (v5.0), to fit the appropriate curve.

ERK1/2, NF-kB and AP-1 concentration-response curves were analyzed using a three parameter
Hill equation within Graph pad PRISM (v5.0)
CAMP concentration-response curves were analyzed using a four parameter Hill equation within

Graph pad PRISM (v5.0)

14
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Results:

CHO-RXFP3, HEK-RXFP3 and S\56 cells do not express RXFP1, RXFP2 or RXFP4 mRNA —
The profile of RXFPs expressed in CHO-RXFP3, HEK-RXFP3 and SN56 was examined by RT-
PCR (Fig. 1) to ensure that any effects observed were mediated solely through RXFP3 receptors.
RXFP3 mRNA was detected in CHO-RXFP3, HEK-RXFP3 and SN56 cells but not in CHO-K1,
HEK293, HEK-RXFP1, HEK-RXFP2, CHO-RXFP4 or HEK-RXFP4 cells (Fig. 1A). RXFP1
and RXFP2 mRNA expression (Fig. 1B) were only detected in HEK-RXFP1 and HEK-RXFP2
cells and RXFP4 mRNA expression (Fig. 1C) was only detected in CHO-RXFP4 and HEK-
RXFP4 cells, but not in the other cell lines tested. B-Actin was also amplified as a control to
confirm similar levels of cDNA were present in all samples (Fig. 1D). These results show that
CHO-RXFP3, HEK-RXFP3 and SN56 cells do not endogenously express other known RXFPs,
and suggest that any effects of the relaxin family peptides occurs by activation of RXFP3 and not

other RXFP receptors.

Relaxin family peptides share regions of homology with the predicted binding region of H3
relaxin - Residues Arg8, Argl2, llel5, Argl6 and Phe20 of H3 relaxin were recently shown to
be important for H3 relaxin binding to RXFP3 (Kuei et al., 2007). Alignment of H3 relaxin with
H2 relaxin, porcine relaxin and human INSL3 (Fig. 2), indicated that H2 relaxin, porcine relaxin
and human INSL3 each retained homologous resides in all of these positions, except Phe20,
suggesting that other relaxin-like peptides may interact with RXFP3. The effects of H2 relaxin,
porcine relaxin and INSL3 were tested in parallel with H3 relaxin in RXFP3-expressing cells

measuring responses from four different signaling outputs.
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ERK1/2 is strongly activated by H3 relaxin in RXFP3-expressing cell lines - Activation of
ERK1/2 was previously demonstrated in CHO-RXFP3, HEK-RXFP3 and SN56 cells following
stimulation with H3 relaxin or various H3 relaxin B-chain peptides (van der Westhuizen et al.,
2007). Here, we also investigated the effects of H2 relaxin, porcine relaxin and human INSL3 on
this signaling pathway. H3 relaxin (10nM) strongly activated ERK1/2 in all cell lines with peak
ERKZ1/2 activation [maximum response, 6.57 + 0.78 fold/basal (CHO-RXFP3); 5.81 + 1.33
fold/basal (HEK-RXFP3); 6.55 £ 1.20 fold/basal (SN56)] occurring between 2-10 min consistent
with previous results (van der Westhuizen et al., 2007) (n=6). In addition, H2 relaxin (10nM)
weakly activated ERK1/2 in CHO-RXFP3 (3.12 + 0.79 fold/basal) and HEK-RXFP3 (1.91 +
0.29 fold/basal) cells stably expressing human RXFP3 but not in SN56 cells that endogenously
express mouse RXFP3. Peak ERK1/2 activation to H2 relaxin addition occurred after 5 min and
returned to basal after 10 min of stimulation (n=6). Both H3 relaxin [pECso, 9.18 = 0.15 (CHO-
RXFP3); 9.15 + 0.13 (HEK-RXFP3); 9.64 £+ 0.27 (SN56)] and H2 relaxin [pECsg, 7.99 + 0.73
(CHO-RXFP3); 8.18 + 0.39 (HEK-RXFP3)] increased ERKZL/2 phosphorylation in a
concentration-dependent manner, (Fig. 3A, C and E) and ERK1/2 activation was not observed in
untransfected CHO-K1 or HEK293 cells with H3 relaxin, H2 relaxin, porcine relaxin or INSL3
(n=3; data not shown) in accord with the lack of endogenous expression of RXFP3 in these cells
(Fig. 1). These results suggest that H3 relaxin is a full agonist for ERK1/2 phosphorylation in
cells that express RXFP3 and that H2 relaxin is a partial agonist at human, but not at mouse

RXFP3.

H3 relaxin, H2 relaxin and porcine relaxin inhibit forskolin-stimulated cAMP accumulation in

RXFP3-expressing cells - Since RXFP3 was previously shown to inhibit forskolin-stimulated
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cAMP accumulation in CHO-K1 cells (Liu et al., 2003) and because we also observed weak
ERK1/2 activation by H2 relaxin in CHO-RXFP3 and HEK-RXFP3 cells, the effect of these
peptides on forskolin-stimulated cCAMP accumulation was also investigated. Strong inhibition of
forskolin-stimulated (30uM 3 min (CHO and HEK) or 20 min (SN56)) cCAMP accumulation was
observed in CHO-RXFP3, HEK-RXFP3 and SN56 cells pre-treated with H3 relaxin [pECsp, 9.13
+ 0.10 (CHO-RXFP3); 9.07 £ 0.26 (HEK-RXFP3); 9.22 = 0.15 (SN56)], whereas H2 relaxin
[PECso, 7.05 + 0.15 (CHO-RXFP3); 6.85 + 0.24 (HEK-RXFP3); 6.97 + 0.19 (SN56)] or porcine
relaxin [pECso, 7.30 £0.15 (CHO-RXFP3); 7.10 + 0.22 (HEK-RXFP3); 7.08 + 0.22 (SN56)] had
much lower potency (Fig. 3B, D and F). INSL3 (1uM) also weakly inhibited forskolin-
stimulated cAMP accumulation in CHO-RXFP3 and HEK-RXFP3 [pECs, 5.77 + 0.18 (CHO-
RXFP3); 5.81 £ 0.45 (HEK-RXFP3)] but not in SN56 cells (Fig. 3B, D and F). These results
suggest that H2 relaxin, porcine relaxin and INSL3 can weakly interact with RXFP3 with lower
potency than H3 relaxin, to inhibit forskolin-stimulated cAMP accumulation. None of the
peptides stimulated cAMP accumulation in any of the RXFP3 expressing cell lines following
stimulation for 3-30 min (data not shown; n=3). This contrasts with the effects of H2 relaxin or
INSL3 in HEK293T cells stably expressing RXFP1 and RXFP2 respectively (Halls et al., 2005).
Taken together, these results suggest that the RXFP3 expressing cells do not express RXFP1 or
RXFP2 and that the observed inhibition of forskolin-stimulated cAMP accumulation occurs

solely through RXFP3.

AP-1-SEAP and NF-xB-SEAP reporter genes are activated downstream of RXFP3 - Preliminary
screening experiments using eight different cis-acting enhancer elements linked to a SEAP

reporter gene showed that H3 relaxin stimulation of RXFP3 robustly activated the NF-kB-SEAP
17
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and AP-1-SEAP following 4-24h stimulation (n=6; Supplementary Fig. 1). However,
surprisingly, H2 relaxin also activated AP-1-SEAP following 4-24h of stimulation to levels
equivalent to those observed with H3 relaxin (n=6; Supplementary Fig. 1). No activation of
CAMP response element-SEAP, heat shock element-SEAP, nuclear factor of activated T cells-
SEAP, E-box DNA binding element-SEAP, glucocorticoid response element-SEAP or serum
response element-SEAP reporter genes was observed in CHO-RXFP3, HEK-RXFP3 and SN56
cells following 4-24h exposure to H3 relaxin, H2 relaxin or INSL3 (shown for CHO-RXFP3
cells, n=6; Supplementary Fig. 1). All reporter genes were tested with a positive control

(forskolin, heat shock, ionomycin or FBS) confirming that they could be activated in these cells.

The preliminary reporter gene screening suggested that H3 relaxin activated signaling on the NF-
kB pathway, whereas H2 relaxin and INSL3 did not (n=6, Supplementary Fig. 1). Subsequent
concentration-response analysis demonstrated that H3 relaxin increased activation of NF-xB-
SEAP in CHO-RXFP3, HEK-RXFP3 and SN56 cells, with the maximum response observed at
10nM (Fig. 4A, C and E) [ARFU: 1074.50 + 69.28 (CHO-RXFP3); 1076.50 + 349.84 (HEK-
RXFP3); 555.70 + 181.27 (SN56)]. Activation of NF-kB-linked reporter genes were not
observed in the same cells treated with H2 relaxin, porcine relaxin or INSL3 (Fig. 4A, C and E)
or in CHO-K1 or HEK?293 cells expressing NF-kB reporter genes, but not RXFP3 receptors
when exposed to H3 relaxin, H2 relaxin, porcine relaxin or INSL3 (n=3; data not shown). The
H3 relaxin-mediated increase in NF-xB reporter gene activation was blocked in cells pre-treated
with PTX (100ng/ml) (Fig, 5B, D and F), suggesting that the NF-xB signaling pathway was

activated downstream of PTX-sensitive Gai/o proteins.
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The preliminary reporter gene screening experiments also indicated that RXFP3 activated
signaling in pathways leading to increased transcription from AP-1 sites (Supplementary Fig. 1).
In contrast to the NF-xB reporter gene assays, H2 relaxin [ARFU: 641.17 + 14.44 (CHO-
RXFP3); 228.12 + 46.50 (HEK-RXFP3)], porcine relaxin [ARFU: 261.33 = 139.85 (CHO-
RXFP3); 176.42 +67.52 (HEK-RXFP3)], as well as H3 relaxin, [ARFU: 299.14 + 86.06 (CHO-
RXFP3); 133.33 £+ 28.86 (HEK-RXFP3)] increased activation of AP-1-linked reporter genes in a
concentration-dependent manner in CHO-RXFP3 and HEK-RXFP3 cells (Fig. 4B and D; Table
2). H2 relaxin [ARFU: 4029.62 + 486.12] and H3 relaxin [ARFU: 1173.17 £ 143.42] also
activated AP-1-linked reporter genes expressed in SN56 cells (Fig. 4F), although the potencies of
H2 relaxin and H3 relaxin were lower than in CHO-RXFP3 and HEK-RXFP3 cells (Table 2).
However, the relative potency and efficacy (i.e. H2 relaxin > H3 relaxin) was similar in all cell
lines. Porcine relaxin did not activate AP-1-linked reporter genes in SN56 cells and INSL3 did
not activate the reporter in any of the cells. No AP-1 reporter gene activation was observed in
CHO-K1 or HEK?293 cells expressing AP-1 reporter genes but not RXFP3, following treatment
with H3 relaxin, H2 relaxin, porcine relaxin or INSL3 (n=3; data not shown), again suggesting

that the relaxin family peptides activated the AP-1-linked reporter gene solely through RXFP3.

In all cell lines, AP-1 reporter gene activation by H2 relaxin was blocked by pre-treatment with
PTX (100ng/ml) (Fig. 5A, C and E), suggesting that the signaling pathways involved in
increased gene transcription from AP-1 sites were activated downstream of PTX-sensitive Gai/o
proteins. In contrast, AP-1 reporter gene activation by H3 relaxin [ARFU: 870.50 + 268.65
(CHO-RXFP3); 154.85 + 37.45 (HEK-RXFP3); 83.80 + 21.14 (SN56)] was not blocked in

CHO-RXFP3 or HEK-RXFP3 cells pre-treated with PTX (Fig. 5A and C) [ARFU: 892.56 +
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189.34 (CHO-RXFP3); 144.80 + 36.67 (HEK-RXFP3)], although the same treatment blocked
the response to H3 relaxin in SN56 cells (Fig. 5E) [ARFU: -29.17 + 25.26], suggesting that
differential compartmentalization of RXFP3 in the different cell backgrounds influences the
ability to couple to Gai/o proteins. The results also indicate that H3 relaxin and possibly porcine
relaxin utilize a Gai/o protein-independent mechanism to activate AP-1 reporter genes in CHO-
RXFP3 and HEK-RXFP3 cells. AP-1 reporter gene activation + PTX and NF-xB + PTX
experiments were performed in parallel, suggesting that the PTX used in these experiments was

active and could block responses downstream of RXFP3.

Identification of two binding sites in RXFP3-expressing cell lines using *I-INSL5/H3 relaxin
chimera or *°I-H2 relaxin - To determine the binding profile of the relaxin family peptides in
CHO-RXFP3, HEK-RXFP3 and SN56 cells, competition for *°I-INSL5/H3 relaxin chimera
binding was assessed. **°I-INSL5/H3 relaxin is a high affinity selective ligand for RXFP3 and
RXFP4 (Liu et al., 2005) previously used to characterize RXFP3 expressed in COS-7, CHO-K1
or HEK293 cells (Liu et al., 2005; van der Westhuizen et al., 2007). Competition for **I-
INSL5/H3 relaxin binding in CHO-RXFP3, HEK-RXFP3 and SN56 cells was observed with H3
relaxin, [pK; = 9.02+0.15 (CHO-RXFP3), 9.20+0.18 (HEK-RXFP3) and 8.52+0.05 (SN56)]. H2
relaxin, porcine relaxin or human INSL3 did not compete for binding at this site at
concentrations up to 1 pM (Fig. 6A, C and E). No specific **°I-INSL5/H3 relaxin binding was

observed in untransfected CHO-K1 or HEK293 cells (n=3; data not shown).

To examine whether these potent effects of the relaxins could be mediated by interaction with a

distinct RXFP3 binding site that can be recognised by H2 relaxin with high affinity, **°I-H2
20
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relaxin was used to determine specific binding at RXFP3 (Fig. 6B, D and F; Table 1). Specific
25|_H2 relaxin binding was observed on HEK-RXFP1 cells [pICso = 7.87 + 0.10] but not in
untransfected CHO-K1 or HEK?293 cells (n=3; data not shown). Potent competition for 2°|-H2
relaxin binding was observed in CHO-RXFP3 and HEK-RXFP3 cells with H3 relaxin, H2
relaxin and INSL3, with weak competition by porcine relaxin (Fig. 6B and D; Table 1). A
slightly different profile was observed in SN56 cells, where competition for **I-H2 relaxin
binding was observed with H3 relaxin > H2 relaxin > porcine relaxin >> INSL3 (Fig. 6F). The
number of H2 relaxin binding sites (Bmax) Was calculated from the H2 relaxin competition
binding curves (Table 1). There were 3-times (CHO-RXFP3), 7.5-times (HEK-RXFP3) or 13-
times (SN56) the number of INSL5/H3 relaxin binding sites than H2 relaxin binding sites. These
results may suggest that the ligands select different receptor conformations that exist in different

proportions in different cell systems.

INSL3 does not functionally antagonize the ERK1/2 or AP-1 reporter gene signaling pathway -
Since INSL3 had weak effects at RXFP3 for inhibition of forskolin-stimulated cAMP
accumulation, a **1-INSL3 binding site was also sought on RXFP3-expressing cells. Specific
125].INSL3 binding was observed on HEK-RXFP2 cells [pIC50 = 8.97 +0.12], but no **I-INSL3
binding was detected on RXFP3-expressing cells (n=3-6, data not shown). To determine whether
there is any functional interaction between INSL3 and RXFP3, the effect of INSL3 on either the
H3 relaxin (10nM) response in ERK1/2 activation and its effect on the H3 relaxin (10nM) or H2
relaxin-mediated (10nM) AP-1 reporter gene activation were examined. Increasing
concentrations of INSL3 did not affect ERK1/2 activation by H3 relaxin (10nM) in CHO-

RXFP3, HEK-RXFP3 or SN56 cells (n=3, data not shown) nor AP-1 reporter gene activation by
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H3 relaxin (10nM) or H2 relaxin (10nM) in any cell line tested (n=6; data not shown),

suggesting that INSL3 does not act as a functional antagonist for either pathway.

AP-1 reporter gene activation occurs downstream of p38 MAPK, c-Jun N-terminal kinase (JNK)
and ERK signaling pathways, in a cell line and peptide-dependent manner — To determine which
signaling pathways were activated downstream of RXFP3 but upstream of AP-1 reporter genes
in CHO-RXFP3, HEK-RXFP3 cells and SN56 cells by H2 relaxin, H3 relaxin and porcine
relaxin, a pharmacological inhibitor approach was employed. It is known that gene transcription
from AP-1 sites may occur downstream of the p38 MAPK, JNK, ERK1/2 or ERKS5 signaling
pathways (Price et al., 1996; Roux and Blenis, 2004; Whitmarsh and Davis, 1996). Therefore,
AP-1 reporter gene activation was investigated in cells pre-treated with inhibitors of these
signaling pathways. H3 relaxin-mediated AP-1 reporter gene activation was completely blocked
in CHO-RXFP3 cells pre-treated with the p38 MAPK inhibitor, RWJ67657 (10uM; 30 min), at
all concentrations of H3 relaxin tested (1pM-0.1uM; 4h) (Fig. 7A), suggesting that p38 MAPK
was important for H3 relaxin-mediated AP-1 activation in these cells. Pre-treatment of CHO-
RXFP3 cells with the MEK inhibitor, PD98059 (20uM; 30 min), or with the JNK inhibitor,
SP600125 (10uM; 30 min), shifted the H3 relaxin concentration-response curve to the right,
suggesting that ERK and JNK also have roles in H3 relaxin-mediated AP-1 activation in CHO-

RXFP3 cells (Fig. 7A).

H2 relaxin-mediated AP-1 activation was strongly attenuated in CHO-RXFP3 cells pre-treated
with RWJ67657 and SP600125 (Fig. 7B), and PD98059 pre-treatment shifted the pECs, of the

concentration-response curve to the right without decreasing the maximum response (Fig. 7B).
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This suggested that both p38 MAPK and JNK play a dominant role in H2 relaxin-mediated AP-1

activation and that ERK has a minor role.

Porcine relaxin-activated transcription from AP-1 elements was blocked in CHO-RXFP3 cells
pre-treated with SP600125 (Fig. 7C), suggesting that the JNK signaling pathway was important
for AP-1 activation. PD98059 or RWJ67657 pre-treatment shifted the pECsy of the porcine
relaxin concentration-response curve to the right (Fig. 7C) suggesting that both p38 MAPK and
ERK also influence transcription from AP-1 elements in CHO-RXFP3 cells. Together the results
with relaxin family peptides suggested that combinations of pathways are required for maximum
AP-1 reporter gene activation with some variation observed downstream of receptor activation

by the different peptides.

Pre-treatment of HEK-RXFP3 cells with SP600125 completely blocked AP-1 activation at all
concentrations of H3 relaxin tested (Fig. 7D), suggesting that JNK was mandatory for H3
relaxin-mediated AP-1 activation. Pre-treatment of cells with either PD98059 or RWJ67657,
shifted the H3 relaxin concentration-response curve to the right, suggesting that ERK and p38
MAPK pathways were also involved. H2 relaxin-mediated AP-1 activation was strongly
attenuated in HEK-RXFP3 cells pre-treated with PD98059 and RWJ67657 (Fig. 7E). This
suggests that both p38 MAPK and ERK are important in H2 relaxin-mediated AP-1 activation in
HEK-RXFP3 cells. In contrast, SP600125 pre-treatment did not alter the H2 relaxin

concentration-response curve, suggesting that the JNK signaling pathway is not involved.
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Porcine relaxin-mediated AP-1 activation was blocked by RWJ67657 and PD98059 in HEK-
RXFP3 cells (Fig. 7F), suggesting that p38 MAPK and ERK were important for AP-1 reporter
gene activation. Porcine relaxin did not activate ERK1/2 in HEK-RXFP3 cells (Fig. 3D), so it is
unlikely that PD98059 produces this effect by blockade of MEK1/2. Since PD98059 also inhibits
MEKS5 at concentrations similar to those that inhibit MEKZ1/2 it is likely that the inhibition
results from its effect on this pathway (38). In contrast, SP600125 treatment only partially

abrogated the response (39.80+£14.66%; Fig. 7F).

Pre-treatment of SN56 cells with RWJ67657 completely blocked AP-1 activation at all
concentrations of H3 relaxin tested (Fig. 7G), suggesting that p38 MAPK was mandatory for H3
relaxin-mediated AP-1 activation. Pre-treatment with PD98059 or SP600125 partially blocked
AP-1 activation, suggesting that ERK and JNK were also involved. Inhibition of one MAPK
signaling pathway did not always completely inhibit the responses to relaxin family peptides,
suggesting that in the absence of one MAPK pathway, other MAPK pathways may be able to
compensate (Fig. 7G). H2 relaxin-mediated AP-1 activation was blocked in SN56 cells pre-
treated with SP600125, PD98059 and RWJ67657 (Fig. 7H), suggesting that ERK, JNK and p38
MAPK were all equally important for AP-1 activation in these cells. However, analysis was
limited by the amount of peptides that could be synthesized, which did not allow full

concentration-response curves to be constructed.

Internalization of RXFP3 occurred following H3 relaxin stimulation, but not H2 relaxin, porcine
relaxin or INSL3 stimulation - To determine whether H2 relaxin, porcine relaxin or INSL3

influenced RXFP3 trafficking, agonist-dependent receptor internalization was assessed. The
24
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number of cell surface [*°I]-INSL5/H3 relaxin binding sites was reduced in CHO-RXFP3, HEK-
RXFP3 or SN56 cells following stimulation with H3 relaxin (0.1uM) (Fig. 8A, B and C),
consistent with RXFP3 internalization. However, the number of cell surface binding sites was
not reduced in cells exposed to H2 relaxin, porcine relaxin or INSL3 (all 0.1uM) (Fig. 8A, B and
C), suggesting that these ligands do not cause RXFP3 internalization. In fact, H2 relaxin (but not
porcine relaxin or INSL3) appeared to increase the number of cell surface binding sites in CHO-

RXFP3 cells (Fig. 8A) but not significantly in HEK-RXFP3 or SN56 cells (Fig. 8B and C).

RXFP3 tagged with GFP? at its C-terminal tail was transiently expressed and used to visualize
internalization in CHO-K1 and HEK293 cells following 60 min exposure to H3 relaxin, H2
relaxin, porcine relaxin or INSL3. Similar images were obtained in both cell lines, with only the
images from HEK293 cells shown here. RXFP3-GFP? was expressed at the cell surface in
unstimulated cells (Fig. 8D) and treatment with vehicle (0.001% TFA) did not alter the
distribution (Fig. 8D). Following stimulation with H3 relaxin (10nM, 60 min), RXFP3-GFP?
internalized into small vesicle-like structures (Fig. 8D), but this did not occur in cells treated
with H2 relaxin, porcine relaxin or INSL3 (Fig. 8D). The images obtained by confocal
microscopy were consistent with the results of the internalization binding studies (Fig. 8B),
suggesting that only H3 relaxin causes RXFP3 internalization. However, the apparent increase in
25.INSL5/H3 relaxin binding sites by H2 relaxin treatment of CHO-RXFP3 cells was not

observed in the confocal imaging studies.

Discussion:
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RXFP3 is a Gai/o-coupled receptor that inhibits forskolin-stimulated cAMP accumulation (Liu
et al., 2003) and activates ERK1/2 (van der Westhuizen et al., 2007) following stimulation with
H3 relaxin. This study identifies previously unrecognized signaling pathways activated by
RXFP3, following H3 relaxin stimulation; the NF-kB pathway and several signaling pathways
that converge on AP-1 transcription sites. Moreover, activation of AP-1 transcription revealed

novel interactions of RXFP3 with H2 relaxin, porcine relaxin and INSL3.

An emerging paradigm in GPCR pharmacology is the selective stabilization of different receptor
conformations by ligands, resulting in selective activation of downstream signal transduction
pathways (reviewed in Baker and Hill, 2007; Kenakin, 2003). This study demonstrates that
several relaxin family peptides interact with RXFP3 and activate signaling through different and
sometimes overlapping pathways. H3 relaxin was the most potent activator of signaling
pathways downstream of RXFP3, however, H2 relaxin was more efficacious in activating
transcription of AP-1 reporter genes. Previously, porcine relaxin and INSL3 did not inhibit
forskolin-stimulated cAMP accumulation in RXFP3-expressing cells (Liu et al., 2003), which
differs from the findings here. The experimental conditions used here (37°C, 30uM forskolin, 3
min) differ from those in the earlier study (23°C, 5uM forskolin, 25 min), which may increase
the signal window and enable observation of weak H2 relaxin, porcine relaxin and INSL3

inhibition of the CAMP response.

Inhibition of the H3 relaxin-mediated ERK1/2 and NF-xB responses and H2 relaxin-mediated
AP-1 response by PTX suggest that these pathways are downstream of Gai/o and that GTPYS

binding should be observed for both ligands. However, increases in GTPyS binding were not
26
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observed following porcine relaxin or INSL3 (Liu et al., 2003). Since membranes are made prior
to ligand stimulation, movement of RXFP3 between membrane compartments may be prevented,
thus restricting receptor conformations available and possibly excluding those that bind H2
relaxin. For instance, the oxytocin receptor is Gai/o-coupled in membrane rafts, but following
activation it abandons the rafts and becomes Gag-coupled (Chini and Parenti, 2004). Therefore,
if the H3 relaxin binding conformation of RXFP3 is localized to membrane rafts it may move out
of these regions following activation by H3 relaxin and form a conformation that recognises H2
relaxin, porcine relaxin or INSL3. This behavior may not be observed in GTPyS binding assays
with membranes made prior to receptor stimulation. Alternatively, activation of signaling in
RXFP3-expressing cells by H2 relaxin, porcine relaxin and INSL3, could occur via endogenous
expression of low levels of other RXFPs. However, H2 relaxin, H3 relaxin or INSL3 do not
activate AP-1 reporter genes in HEK-RXFP1 cells (Halls et al., 2007), suggesting that the
activation of transcription from AP-1 sites observed in CHO-RXFP3 and HEK-RXFP3 cells
occurs downstream of RXFP3 and not RXFPL1. In addition, since no RXFP1, RXFP2 or RXFP4
MRNA was expressed in the RXFP3-cell lines, this seems an unlikely explanation for the H2

relaxin-mediated activation of AP-1 reporter genes.

Transcription from AP-1 sites can occur via JNK (Davis, 2000), p38 MAPK (Roux and Blenis,
2004), ERK1/2 (Whitmarsh and Davis, 1996) and/or ERKS5 (Price et al., 1996) by regulation of
c-Jun, c-Fos, MEF-2 and ATF2 (Marinissen et al., 1999; Price et al., 1996; Roux and Blenis,
2004). Examination of the patterns of RXFP3-mediated responses with ERK, JNK and p38
MAPK inhibitors, suggested that the AP-1 reporter genes were activated by a combination of

MAPK pathways. The hierarchy of the different signaling pathways involved in AP-1 reporter
27
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gene activation varied with the cell background and with the stimulating peptide, such that p38
MAPK was most important in CHO-RXFP3 cells with H3 relaxin, HEK-RXFP3 cells with H2 or
porcine relaxin and in SN56 cells with H3 or H2 relaxin. JNK was more important in CHO-
RXFP3 cells stimulated with H2 or porcine relaxin, in HEK-RXFP3 cells with H3 relaxin and in
SN56 cells with H2 relaxin. Since activation of transcription from AP-1 sites is a complex
process involving integration of many MAPKS, significant signal amplification of AP-1 reporter
gene activation may occur following weak activation of one or more of the pathways (Marinissen
et al., 1999); so weak activation of ERK1/2 by H2 relaxin in CHO-RXFP3 and HEK-RXFP3
cells may contribute to activation of transcription from AP-1 sites. Activation of transcription
may be functionally relevant because dramatic increases in phosphorylated MEK1/2, MKKA4,
ERK1/2, INK1, JNK2 and JNK3 are observed immediately following forced swim tests in rats,
suggesting that ERK1/2 and JNK are important in stress responses (Shen et al., 2004). H3 relaxin
MRNA is also increased in the nucleus incertus following forced swim tests (Tanaka et al., 2005)
and likely activates RXFP3 and MAPK signaling, although direct activation of MAPK in the

brain by relaxin family peptides remains to be demonstrated.

The inhibitors selected to investigate the signaling pathways involved in AP-1 reporter gene
activation downstream of RXFP3 were PD98059 (MEK1/2, MEKS5), SP600125 (JNK1/2/3) and
RWJ67657 (p38a/p38p MAPK) that have been tested for cross-reactivity against the other
MAPKSs (Bain et al., 2007; Davies et al., 2000; Wadsworth et al., 1999). PD98059 inhibits
MEKZ1/2 (Alessi et al., 1995) but also MEK5 (Kamakura et al., 1999). Tested, in vitro, against a
panel of protein kinases, it did not inhibit JNK1, ERK2 or p38 MAPK at concentrations that

inhibit MEK1/2/5 in cell-based assays (Davies et al., 2000). SP600125 potently inhibits INK1/2
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and JNK3, but not p38 MAPK or ERK1/2, although it partially inhibits MEK1 (Bain et al.,
2007). RWJ67657 is a p38a/p38p MAPK inhibitor (Wadsworth et al., 1999) that is more potent
than SB203580 and does not inhibit ERK2 (Bain et al., 2007; Wadsworth et al., 1999).
SB203580 also inhibits INK2/3 activity (40% inhibition) (Bain et al., 2007), as may RWJ67657,
although this remains to be tested. In HEK293 cells stimulated with H2 relaxin, SP600125 had
no effect on AP-1 activation, whereas in CHO-K1 cells, the response to H2 relaxin was blocked,
suggesting selectivity of SP600125 against its intended kinase. Similarly, RWJ67657 blocked H3
relaxin-mediated AP-1 activation in CHO-K1 cells, but inhibition was less in HEK293 cells and
PD98059 partially inhibited H2 relaxin-mediated AP-1 activation in HEK293 cells, but was a
less effective inhibitor of H3 relaxin-mediated responses. This study poses the question, “What
other MAPKSs are activated downstream of RXFP37?”, thus experiments to confirm that relaxin-
family peptides directly activate ERK5, p38 MAPK or JNK, and the effects of PD98059,

SP600125 and RWJ67657 would be relevant to the results presented here.

Significant cross-talk also occurs between MAPKSs at the level of protein kinase C (PKC),
Raf/Rac and Src (Marinissen et al., 1999). Since Src and PKC are activated upstream of ERK1/2
in CHO-RXFP3, HEK-RXFP3 and SN56 cells following stimulation with H3 relaxin (van der
Westhuizen et al., 2007), either pathway may be involved in increasing AP-1 transcription.
Activation of NF-kB may occur via PI3K (Brunet et al., 2001; Yuan and Yankner, 2000), as seen
for the o&-opioid receptor (Borlongan et al., 2004), or via PKC as observed for the
lysophosphatidic acid receptor (Shahrestanifar et al., 1999). ERKS5 also activates NF-«xB (Pearson
et al., 2001) and, although direct activation was not studied here, PD98059, inhibited porcine

relaxin-mediated activation of AP-1 suggesting that ERK5 may be activated by RXFP3. Since
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H3 relaxin activates ERK1/2 via PI3K and PKC (van der Westhuizen et al., 2007) either kinase
may be important in RXFP3-mediated activation of NF-«kB, although this remains to be

empirically established.

H3 relaxin is the most potent activator of ERK1/2, NF-kB and inhibitor of forskolin-stimulated
CAMP accumulation in RXFP3-expressing cells. Signaling through these pathways is inhibited in
cells pre-treated with PTX, suggesting that Gai/o is involved. Activation of these pathways
probably occurs via the site or receptor conformations labeled with **I-INSL5/H3 relaxin,
suggesting that H3 relaxin stabilizes RXFP3 conformations to enable coupling to NF-xB,
ERK1/2 and inhibition of cAMP signaling. The profile observed for AP-1 activation resembled
that of the '*1-H2 relaxin binding site where H2 relaxin = H3 relaxin = INSL3 > porcine relaxin.
Porcine relaxin had poor affinity for this site, suggesting that it may bind to an alternative
receptor conformation, possibly identifiable with **I-porcine relaxin, although this remains to be
demonstrated. INSL3 also competed for H2 relaxin binding, suggesting that it interacts with
RXFP3, although very few INSL3-preferring RXFP3 conformations are likely expressed because
no '1-INSL3 binding was observed and INSL3 had low potency for inhibition of forskolin-
stimulated cAMP accumulation. Antagonism of RXFP3 by INSL3 was also examined but INSL3

did not antagonize H3 or H2 relaxin-mediated ERK1/2 or AP-1 responses.

This study identifies novel signaling pathways activated by RXFP3. A second binding site
identified on RXFP3 by **I-H2 relaxin appears to be coupled to signaling pathways linked to
increased gene transcription from AP-1 sites, such as JNK, p38 MAPK and ERK. These MAPKs

are implicated in central stress and feeding responses, suggesting that their activation by H3
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relaxin, H2 relaxin and porcine relaxin may be important in RXFP3 function. The recognition
that H2 relaxin and other related peptides can selectively activate particular signaling pathways

may have significant implications for the design of drugs acting at RXFP3.
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Figure L egends:

Fig. 1 — RXFP1, RXFP2 and RXFP4 mRNA are not present in RXFP3-expressing cells.
Expression of RXFP1-4 mRNA in CHO, HEK and SN56 cell lines was determined using
RT-PCR. (A) RXFP3 was expressed only in CHO-RXFP3 (lane 4), HEK-RXFP3 (lane 5) and
SN56 (lane 6) cells but not in CHO-K1 (lane 2), HEK293 (lane 3), CHO-RXFP4 (lane 7), HEK-
RXFP4 (lane 8), HEK-RXFP1 (lane 9) or HEK-RXFP2 (lane 10) cells. (B) RXFP1 and RXFP2
were only detected in HEK-RXFP1 and HEK-RXFP2 cells but not in the other cell lines tested.
(C) RXFP4 was detected only in CHO-K1 and HEK293 cells transiently expressing RXFP4, but
not in the other cell lines tested. (D) B-Actin levels were determined to reflect the amounts of
cDNA in each reaction. 100bp molecular weight marker (lane 1) was included to determine
whether the bands were of the correct size and a no cDNA negative control (lane 11) was
included to ensure that there was no contaminating DNA present. Data are representative of two

experiments, with reverse transcription of each cell line RNA performed in duplicate.

Fig. 2 — Clustal W (v1.83) alignment of porcinerelaxin, H2 relaxin, H3 relaxin and human
INSL 3. Full length porcine relaxin (P01348), human relaxin-2 (H2) (P04090), human relaxin-3
(H3) (Q8WXF3) and human insulin-like peptide (INSL) 3 (P51460) amino acid sequences were
downloaded from the Uniprot/Swissprot database and aligned using Clustal W (v1.83) with only
the A-chain and B-chain peptides shown. Identical amino acid residues between the relaxin
peptides are shown by a white letter on a black background. Similar residues in the relaxin
peptide sequences are highlighted in grey. * indicates identical amino acid residues between the
relaxin peptide and INSL3 sequences and : or . indicate similarity between the relaxin and INSL3
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residues. The arrows above the B-chain residues indicate amino-acids that are important for H3

relaxin binding to and activation of RXFP3 (Kuei et al., 2007).

Fig. 3 — H3 relaxin potently inhibits for skolin-stimulated cAMP production and activates
ERKL1/2 in RXFP3-expressing cells. RXFP3-expressing cells were stimulated with relaxin
family peptides (range: 1pM-1uM) for 5 min at 37°C, then lysed for 16h at -20°C. Lysates were
activated and p-ERK1/2 detected using the AlphaScreen Surefire p-ERK1/2 kit. H3 relaxin
potently activated ERK1/2 in (A) CHO-RXFP3; (C) HEK-RXFP3 cells; and (E) SN56 cells and
H2 relaxin weakly activated ERK1/2 in CHO-RXFP3 and HEK-RXFP3 cells but not in SN56
cells. Foetal bovine serum (FBS) (10%; 5 min) was used as a positive control [p-ERK1/2
increase fold/basal: 8.87 + 1.97 (CHO-RXFP3); 10.50 + 1.43 (HEK-RXFP3); 7.47 £1.23
(SN56)]. Data are normalized and expressed as a percentage of this response. Forskolin-
stimulated cAMP accumulation (30uM) [cAMP pmol/well: 0.83 = 0.10 (CHO-RXFP3); 0.70 +
0.05 (HEK-RXFP3); 1.41 + 0.18 (SN56)] was inhibited in RXFP3-expressing cells by relaxin
family peptides (range: 1pM-1uM; 5 min). Potent inhibition of forskolin-stimulated cAMP
accumulation was observed in (B) CHO-RXFP3, (D) HEK-RXFP3 and (F) SN56 cells with H3
relaxin [ACAMP pmol/well: 0.57 = 0.05 (CHO-RXFP3); 0.25 + 0.08 (HEK-RXFP3); 0.81 £ 0.18
(SN56)] . Although much less potent, H2 relaxin [ACAMP pmol/well: 0.54 = 0.06 (CHO-
RXFP3); 0.12 +£0.07 (HEK-RXFP3); 0.38 + 0.21 (SN56)] and porcine relaxin [ACAMP
pmol/well: 0.49 + 0.08 (CHO-RXFP3); 0.12 + 0.01 (HEK-RXFP3); 0.40 + 0.11 (SN56)] also
inhibited forskolin-stimulated cAMP production in all three cell lines. INSL3 [AcCAMP
pmol/well: 0.16 £ 0.16 (CHO-RXFP3); 0.06 + 0.02 (HEK-RXFP3)] weakly inhibited forskolin-

stimulated cAMP accumulation in CHO-RXFP3 and HEK-RXFP3, but not in SN56 cells. The
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amount of cAMP/well was determined using the AlphaScreen cAMP kit according to a modified
protocol (see Materials and Methods section). Data were expressed as a percentage of the

forskolin response. Data are mean £ SEM of 6-8 independent experiments with triplicate repeats.

Fig. 4 — NF-xB and AP-1 reporter genes are activated by relaxin family peptides. CHO-K1,
HEK293 and SN56 cells were transiently co-transfected with RXFP3, NF-kB-SEAP or AP-1-
SEAP reporter genes and a constitutively active B-galactosidase reporter gene. H3 relaxin
activated NF-kB reporter genes in (A) CHO-RXFP3, (C) HEK-RXFP3 and (E) SN56 cells, as
determined by an increase in SEAP in the culture medium (directly proportional to the increase
in transcription from the reporter gene) 8h post-peptide stimulation. NF-xB reporter gene
activation (8h post-stimulation) was not observed in cells exposed to H2 relaxin, porcine relaxin
or INSL3. Stimulation with FBS (10%, 8h) activated NF-kB-SEAP reporter genes in all cell lines
[ARFU: 2099.00 + 290.12 (CHO-RXFP3); 2876.80 + 839.28 (HEK-RXFP3); 1430.75 + 376.80
(SN56)]. AP-1 reporter genes were activated in (B) CHO-RXFP3 and (D) HEK-RXFP3 cells
with an order of potency H2 relaxin > H3 relaxin > porcine relaxin 4h post-peptide stimulation.
A similar pattern was observed in (F) SN56 cells, although the pECs, was shifted to the right
compared to CHO-RXFP3 and HEK-RXFP3. FBS (10%; 8h) was used as a positive control in all
cell lines to demonstrate that the reporter genes were functional in the cells [ARFU: 805.96
+87.55 (CHO-RXFP3); 237.17 + 38.65 (HEK-RXFP3); 3211.97 + 230.66 (SN56)] No AP-1
reporter gene activation was observed in cells exposed to INSL3. Data were expressed as a % of
-galactosidase activation (8h post-peptide stimulation) [RFU: 20217.97 + 3604.03 (CHO-

RXFP3); 25491.94 (HEK-RXFP3); 481.35 = 26.22 (SN56)] and then normalized to the
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maximum H3 relaxin response. Data are mean £ SEM of 6 independent experiments with each

point determined in duplicate.

Fig. 5 — Gai/o proteins are involved in AP-1 and NF-kB reporter gene activation in a cell
type and peptide-dependent manner. H3 relaxin and porcine relaxin (both 10nM) stimulated
AP-1 reporter gene activation (4h; 37°C) was not blocked in (A) CHO-RXFP3 or (C) HEK-
RXFP3 cells, expressing human RXFP3 receptors, pre-treated with PTX (100ng/ml; 18h). The
H3 relaxin-mediated response [ARFU: 83.8 + 21.14] was blocked by PTX [ARFU: -29.16 +
25.26] in (E) SN56 cells expressing mouse RXFP3 receptors. Porcine relaxin did not activate
AP-1 reporter genes in (E) SN56 cells. H2 relaxin (10nM) stimulated AP-1 reporter gene
activation (4h; 37°C) [ARFU: 66.70 + 20.83 (SN56)]was blocked in PTX pre-treated (A) CHO-
RXFP3, (C) HEK-RXFP3 and (E) SN56 cells [ARFU: -33.83 + 20.28]. INSL3 did not activate
AP-1 reporter genes in any cell line tested. H3 relaxin-mediated NF-xB reporter gene activation
(8h; 37°C) was blocked by PTX pre-treatment in (B) CHO-RXFP3, (D) HEK-RXFP3 and (F)
SN56 cells. No other relaxin family peptide tested activated NF-xB and there was no change in
cells pre-treated with PTX. Data are mean + SEM of 8 independent experiments with each point

determined in duplicate.

Fig. 6 — Characterization of binding sites on RXFP3 using ®I-INSL5/H3 relaxin and **I-
H2 relaxin. Competition for ?°I-INSL5/H3 relaxin chimera (100pM) binding was observed
with H3 relaxin in (A) CHO-RXFP3, (C) HEK-RXFP3 and (E) SN56 cells. No competition was
observed with H2 relaxin, porcine relaxin or INSL3. Non-specific binding was defined in the

presence of H3 relaxin (1uM) [specific cpm bound: 2064.18 + 1447.87 (CHO-RXFP3); 1506.75
39
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+ 405.45 (HEK-RXFP3); 3967.11 + 1662.77 (SN56)]. Competition for **I-H2 relaxin binding
was observed in (B) CHO-RXFP3 and (D) HEK-RXFP3 cells. H2 relaxin, H3 relaxin and
INSL3 all competed for binding at this site, with weaker competition observed with porcine
relaxin. However, a different competition binding profile was observed in (F) SN56 cells, where
H3 relaxin was the most potent competitor for **°I-H2 relaxin binding, followed by H2 relaxin
and porcine relaxin and weaker competition was observed with INSL3. Non-specific binding
was defined in the presence of H2 relaxin (1uM) [specific cpm bound: 5652.99 + 1943.27 (HEK-
RXFP1); 2163.41 = 712.35 (CHO-RXFP3); 1250.39 + 544.11 (HEK-RXFP3); 4568.84 +

1625.84 (SN56)]. Data are mean £ SEM of 6 independent experiments, conducted in duplicate.

Fig. 7 — Several MAPKs are important in activating AP-1 reporter genes in CHO-K1,
HEK 293 and SN56 cells following relaxin family peptide stimulation. AP-1 reporter genes
were activated in CHO-K1 cells following stimulation with (A) H3 relaxin, (B) H2 relaxin and
(C) porcine relaxin. AP-1 reporter genes were also activated in HEK293 cells following
stimulation with (D) H3 relaxin, (E), H2 relaxin and (F) porcine relaxin and in SN56 cells
stimulated with (G) H3 relaxin and (H) H2 relaxin. The responses to these peptides were
differentially inhibited by PD98059 (20pM; MEK1/2/MEKS5), RWJ67657 (10uM; p38 MAPK)
and SP600125 (10uM; JNK). Cells were pre-treated with inhibitors (30 min) and the inhibitors
remained in the medium for the duration of the experiment (4h). Data are mean = SEM of 8

individual experiments with repeats in duplicate.

Fig. 8 — RXFP3 is internalized following treatment with H3 relaxin, but not with H2

relaxin, porcine relaxin or INSL3. Stimulation of (A) CHO-RXFP3 cells (B) HEK-RXFP3
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cells or (C) SN56 cells with H3 relaxin (10nM) reduced the number of cell surface '*I-

INSL5/H3 relaxin binding sites (as determined by binding on ice for 4h). No internalization was
observed in cells treated with H2 relaxin, porcine relaxin or INSL3 (all 10nM). Data are mean +
SEM of 6 independent experiments with repeats in duplicate. Data were analysed by one way
ANOVA with a Bonferroni post-hoc test to compare all data sets, where *p<0.05 versus INSL3.
Internalization of RXFP3-GFP? was also visualized in (D) HEK293 cells by confocal imaging,
confirming that RXFP3 was expressed at the cell surface of unstimulated cells and internalized in
cells treated with H3 relaxin (10nM; 60 min), but not in cells stimulated with vehicle (0.0001%
TFA), H2 relaxin, porcine relaxin or INSL3 (all 10nM; 60 min). Data are representative images
from 4 independent experiments, where 6 different frames were imaged for each treatment in

each experiment.
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Table 1 — plCs valuesfor H3 relaxin, H2 relaxin, porcine relaxin and INSL 3 at the *®I-H2

relaxin binding site.

H3relaxin H2 relaxin Porcinerelaxin ~ INSL3
CHO-RXFP3 10.1 £0.19 10.0+0.11 5.49 +0.29 10.1+0.17
HEK-RXFP3 9.12+0.16 9.22+0.20 6.11+0.21 9.04 +0.18
SN56 10.1+£0.13 8.97+0.10 8.45+0.21 6.92 +0.22

Table 2 — pECs valuesfor H3 relaxin, H2 relaxin, porcine relaxin and INSL 3 activation of

AP-1reporter genesin RXFP3-expressing cdll lines.

H3 relaxin H2 relaxin Porcinereaxin INSL3
CHO-RXFP3 10.3+0.24 9.92+0.25 9.52+0.35 NA
HEK-RXFP3 9.93+0.20 10.1+0.18 9.32+0.21 NA
SN56 7.37+0.39 7.68 £0.25 NA NA

NA means no activation.
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Fig. 6

125]_INSL5/H3 relaxin

A CHO-RXFP3

£ 125

8

£ 100: i

® . - - ]

T -g'

GE 75 ¥ k.

0o

ZE

=2 504

8.9 B H3 relaxin

S 254 [J H2relaxin

° @ porcine relaxin

& 0d @ INSL3

‘ » v L] L L) L) LJ L)
o 12 11 10 9 -8 -7 -6
Log [relaxin family peptide] (M)

C HEK-RXFP3

£ 1254

o

S 1004 »

) g

2 o g‘*ﬁ

SE 75 ®

”n o

Z £

=2 501

£33 B H3 relaxin

2 254 [ H2 relaxin

2 @ porcine relaxin

o 0< ¢ INSL3

0 42 A1 A0 9 8 7 6
Log [relaxin family peptide] (M)
SN56

gﬁgﬁé s

125+

100 Q

-
L
1

50+

binding (%)

B H3 relaxin

254 [0 H2 relaxin

@® porcine relaxin
04 & INSL3

Specific [ZI]-INSL5/H3 relaxin m

42 41 0 9 8 7 6
Log [relaxin family peptide] (M)

1
0

125+
=
& 100-
O
2 75
=2
%g 504
E.Q
S 25
Qo
n
0
125+
£
S 100-
.
S
T 75
=2
"g._.‘g 504
prel =
E.ﬂ
S 25
Qo
(2]
0
125+
=
3 1004
.
2 75
=2
235 504
=g
E.n
S 25
Qo
(]
0-

125]1_H2 relaxin
CHO-RXFP3

Bl H3 relaxin
[0 H2 relaxin
@® porcine relaxin
€ INSL3

‘ ¥ v v v L) L v L)
o 12 11 10 9 8 -7 -6

Log [relaxin family peptide] (M)

HEK-RXFP3

B H3 relaxin
[ H2 relaxin
@® porcine relaxin
¢ INSL3

‘ " L L L] L) L L) L)
o 12 11 10 9 -8 -7 -6
Log [relaxin family peptide] (M)

SN56

oo

.
Y
E\\\!\ \‘

wit

B H3 relaxin
[0 H2 relaxin
@ porcine relaxin
¢ INSL3

1 T T T T T T
o 12 11 10 9 -8 -7 -6

Log [relaxin family peptide] (M)


http://molpharm.aspetjournals.org/

} papeo|UMOQ

Fig 7
A CHO-RXFP3 B CHO-RXFP3 CH&GRXFP3
125- 125- _ = 125- ine relaxa

—_ B H3relaxin - O H2relaxin § 8 Bg:gm: Erelgl)@8059
e ¥ 1004 O H3+ PD98059 c X 1004 O H2+ PD98059 c 100+ orcine + RBJ67657 @

g (<) g O c O p S
2E .| O H3+RWJ6T657 SE | & H2+Reres 2§ 75{ & borcine + S00125 -y
Sg ™ A Hs+sPe00125 S £ A H2+ / 23S B
B S 501 B S 50 / S5 504 8 s
o o 25l Qo 254 o £ 5l o
52 ° 52 55 59
"R o4& ®R o041 = H & =

25 -254 < 25 8
_' ; L) L) L) L) L) L) L] _' ; L) L] L] L] L) L) 1 * ; L] L] g L] L] L] L) L]
013 12 11 10 9 -8 -7 -6 013 12 11 10 9 -8 -7 -6 0-13 12 -1 >—10 -9 ) 8 -7 -6
Log [H3 relaxin] (M) Log [H2 relaxin] (M) Log [porigne relaxin] (M)
m
D HEK-RXFP3 E HEK-RXFP3 HEI§RXFP3
- - — 125+ 3
125 B H3relaxin —_ 125 O H2relaxin § @ porcine rela%h
< % 1004 QO H3 + PD98059 c % 1004 O H2+ PD98059 5 1004 O porcine + PR980S9
s g O H3 + RWJ67657 s g O H2 + RWJ67657 Sg .| porcine + Ryeres? s--9
S 75 A H3+SP600125 /|8 §c 75 A H2+SP600125 § % 751 A porcine + SE00125 .
=% =% =0 =
g% 50+ S S 504 S = 501 = /.‘
%o 251 &N 25 &£ 5 :;'I
5T w T w3
IO G o & 8 ol @
-25 -254 S .o5d
-' I 1 I -' | L] L] L] L] L] L) 1
0-1I3 -1l2 -1l1 -1l0 -'9 -;3 -I7 -I6 0-1l3 -1'2 -1'1 -1'0 -I9 -;3 -I7 -l6 0-1'3 12 11 10 -9 ) 8 -7 -6
Log [H3 relaxin] (M) Log [H2 relaxin] (M) Log [porcine relaxin] (M)
G SN56 H SN56
125+ . 125+ .

- W H3relaxin — [0 H2relaxin
c X 1004 O H3+ PD98059 c X 1004 O H2 + PD98059 O
s g S H3 + RWJ67657 s g &S H2 + RWJ67657 2~
B e 7 A H3+SP600125 B g 751 A H2+SP600125 /
= % = X
gg 50+ gg 50- E
o | o | /7
E E 25 5 E 25 7
N2 o @ "R o043

-25. -25-

41 T T T T T 4 ¢ T T T T T
0-13 412 -1 10 9 -8 -7 -6 0-13 12 11 10 -9 -8 -7 -6
Log [H3 relaxin] (M) Log [H2 relaxin] (M)


http://molpharm.aspetjournals.org/

Figure 8
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