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BACKGROUND AND PURPOSE
During the past decade, a few GPCRs have been characterized at the nuclear membrane where they exert complementary
physiological functions. In this study, we investigated (1) the presence of a functional urotensin-II (U-II) receptor (UT) in rat
heart nuclear extracts and (2) the propensity of U-II and U-II-related peptide (URP) to cross the plasma membrane in a
receptor-independent manner.

EXPERIMENTAL APPROACH
Biochemical and pharmacological methods including competitive binding assays, photoaffinity labelling, immunoblotting as
well as de novo RNA synthesis were used to characterize the presence of functional UT receptors in rat heart nuclei. In
addition, confocal microscopy and flow cytometry analysis were used to investigate the cellular uptake of fluorescent U-II and
URP derivatives.

KEY RESULTS
The presence of specific U-II binding sites was demonstrated in rat heart nuclear extracts. Moreover, such subcellular
localization was also observed in monkey heart extracts. In vitro transcription initiation assays on rat, freshly isolated, heart
nuclei suggested that nuclear UT receptors are functional, and that U-II, but not URP, participates in nuclear UT-associated
gene expression. Surprisingly, hU-II and URP efficiently crossed the plasma membrane in a receptor-independent mechanism
involving endocytosis through caveolin-coated pits; this uptake of hU-II, but not that of URP, was dependent on extracellular
pH.

CONCLUSION
Our results suggest that (1) U-II and URP can differentially modulate nuclear UT functions such as gene expression, and (2)
both ligands can reach the internal cellular space through a receptor-independent mechanism.

Abbreviations
Ahx, L-2-aminohexanoic acid; BOP, benzotriazol-1-yl-oxy-tris(dimethylamino)-phosphonium hexafluorophosphate; Bpa,
para-benzoyl-phenylalanine; DCM, dichloromethane; DIEA, N,N-diisopropylethylamine; DMF, dimethylformamide;
FITC, fluorescein isothiocyanate; MALDI-TOF, matrix-assisted laser desorption/ionization – time-of-flight; MEM,
minimum essential medium; MFI, mean fluorescence intensity; Nup62, nucleoporin 62; PACAP(28-38), C-terminal
segment 28–38 of pituitary adenylate cyclase-activating polypeptide; PTX, pertussis toxin; TFA, trifluoroacetic acid; U-II,
urotensin-II; URP, urotensin-II-related peptide; UT, urotensin-II receptor
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Introduction
Urotensin-II (U-II), initially isolated from the teleost urophy-
sis, was later found to be also expressed in mammalians
where it was characterized as a potent vasoconstrictor
(Vaudry et al., 2010). While all U-II isoforms contain a con-
served C-terminal cyclic hexapeptide, the N-terminal
segment is highly variable (Leprince et al., 2008). A paralogue
peptide, the U-II-related peptide (URP), was isolated from rat
brain extracts, and mature forms from other mammalian
species, including humans, were predicted from prepro-URP
cDNA sequences (Sugo and Mori, 2008). So far, all mamma-
lian URP isoforms are strictly identical (Leprince et al., 2008).
Structurally related, U-II and URP possess the conserved
cyclic region encompassing the biologically active triad Trp-
Lys-Tyr (Leprince et al., 2008). Both peptides are endogenous
ligands of a GPCR known as UT, belonging to subclass 1A of
GPCRs (Lavecchia et al., 2005; Proulx et al., 2008). The uro-
tensinergic system is not only widely distributed within the
CNS but also in the peripheral nervous system and more
precisely within the cardiovascular system where it exerts
inotropic effects, vascular smooth muscle cell proliferation,
remodelling changes as well as vasoconstriction or vasodila-
tation depending on the vascular bed (Dubessy et al., 2008;
Russell, 2008). Because U-II was isolated more than 10 years
before its peptide paralogue, it has always been considered as
the peptide of interest, and most of the in vitro and in vivo
studies are related to its putative effects and pathophysiologi-
cal relevance. In fact, a high expression of U-II and its recep-
tor has been found to be associated with several pathological
states including hypertension, atherosclerosis, heart failure,
pulmonary hypertension, diabetes mellitus and renal failure
(Ross et al., 2010).

Once bound to its receptor, U-II gives rise to the genera-
tion of second messengers (i.e. inositol triphosphate and dia-
cylglycerol), leading to intracellular calcium release and
activation of different pathway systems such as p38MAPK,
ERK1/2 and Rho A/ROCK (Proulx et al., 2008). However, the
intracellular signalling of URP has not been thoroughly
studied, most probably because of its structural homology
with U-II and similar potencies at triggering calcium release
in UT-transfected cells (Dubessy et al., 2008) and inducing
hypotension in anaesthetized rats (Sugo and Mori, 2008).
However, the differential distribution of U-II and URP mRNAs
suggests that these peptides could have complementary bio-
logical functions (Vaudry et al., 2010). Corroborating this
assertion, two studies have demonstrated that these two pep-
tides exert different biological effects on astrocyte cell prolif-
eration (Jarry et al., 2010) and cardiac contractility (Prosser
et al., 2008).

In many species, including chicken, rodent and human, it
has been shown that the U-II gene is closely related to the
cortistatin gene, whereas the URP gene is located on the same
chromosome as somatostatin (Tostivint et al., 2008). Interest-
ingly, cortistatin shares many biological activities with soma-
tostatin and is not only able to bind and activate all its
receptors but also possesses unique functional activities
(Ferone et al., 2006). An undiscovered receptor subclass
and/or a receptor dimerization (homo or hetero) phenom-
enon could explain this kind of atypical pharmacological
profile. Nevertheless, an increasing amount of evidence

shows that the localization of GPCRs is not limited to
the plasma membrane, and that functional GPCRs can be
found at the nuclear membrane. In particular, functional
b-adrenergic, endothelin and angiotensin receptors were
characterized at the cell nucleus (Boivin et al., 2006). More-
over, it has been suggested that these intracellular receptors
can trigger different signalling pathways in relation to their
localization (Vaniotis et al., 2011).

In this study, we investigated the presence of functional
UT receptors on the nuclear membrane and probed the
ability of both endogenous ligands (i.e. U-II and URP) to cross
the plasma membrane. Our results demonstrated the propen-
sity of both peptides to enter, in a receptor-independent
manner, the intimal compartment and to differentially acti-
vate the receptor found in nuclei extracted from the rat heart.
This study establishes the presence of functionally coupled
UT receptors in nuclei isolated from heart tissue and raises
the question about its physiological and pathophysiological
role upon U-II and/or URP activation.

Methods

Materials
Fmoc-protected amino acids, Wang polystyrene resin and
BOP reagent [benzotriazol-1-yl-oxy-tris(dimethylamino)-
phosphonium hexafluorophosphate] were purchased from
Chem-Impex (Wood Dale, IL, USA). Common solvents for
solid phase peptide synthesis and purification were obtained
from Fisher Scientific (Nepean, ON, Canada), whereas trif-
luoroacetic acid (TFA) was from PSIG (Montreal, QC,
Canada). Isotopes (i.e. Na125I and 32P-labelled uracil) were
purchased from Perkin Elmer (Montreal, QC, Canada). Anti-
fade reagent (ProLong), streptavidin-Alexa Fluor 568 conju-
gate, Alexa Fluor 448 conjugated anti-rabbit and Alexa Fluor
568 conjugated anti-mouse secondary antibodies as well
as dNTPs were supplied by Invitrogen (Burlington, ON,
Canada). Other chemicals, including chloramine-T, sodium
bisulfite, nocodazole, nystatin, amiloride, sucrose, pertussis
toxin (PTX), ammonium chloride, chloroquine, maleimide,
sodium azide, fluorescein isothiocyanate (FITC), D-biotin,
propidium iodide (PI), bacitracin, iodoacetamide, dithio-
threitol (DTT), PMSF, the protease inhibitor cocktail, second-
ary antibodies as well as cell culture media and additives
were ordered from Sigma Aldrich (Mississauga, ON, Canada).
Rabbit anti-UT receptor antibodies were from GeneTex (San
Antonio, TX) or from Alpha diagnostic International (San
Antonio, TX), whereas rabbit anti-nucleoporin 62, anti-
caveolin-3, anti-cytochrome C and anti-lamin A antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). DRAQ5TM nuclear staining reagent was from Bio-
Satus Ltd. (Leicestershire, UK). The biotinylated anti-rabbit
secondary antibody was obtained from Vector Laboratories
(Burlington, ON, Canada). SuperSignal West Pico chemolu-
minescent substrate and monomeric avidin columns were
from Pierce Biotechnology (Rockford, IL, USA), while the
Nuclear Extract kit was from Active Motif (Carlsbad, CA,
USA). The DC Protein Assay kit, used for protein quantifica-
tion, and PVDF membranes were purchased from Bio-Rad
(Montreal, QC, Canada).
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Peptide synthesis
Human (h) and rat U-II, URP, N-biotin-[Ahx0, Bpa3]-hU-II,
TAT(48–60) and PACAP(28–38), as well as their fluorescent
derivatives, were synthesized using Fmoc chemistry with a
BOP coupling strategy as previously described (Brkovic et al.,
2003). In order to obtain FITC-conjugated peptides, peptidyl
resins were coupled with an e-amino acid (Fmoc-Ahx-OH)
and then were reacted overnight with FITC (1.2 equiv)
and triethylamine (20 equiv) in a DMF/DCM mixture
(1:1) (Jullian et al., 2009). TFA-mediated cleavage (TFA/
ethanedithiol/phenol/water; 92/2.5/3/2.5; 2 h) afforded the
expected fluorescent peptides. Cyclization of hU-II, URP and
their fluorescent analogues (FL-hU-II and FL-URP) was medi-
ated by iodine (10% in methanol) in a mixture of acetic acid
(70% in water) for 30 min and stopped by the addition of
ascorbic acid (Erchegyi et al., 2005). Preparative RP-HPLC was
carried out using a Phenomenex Luna C18 column (250 ¥
21.2 mm), and fractions were analysed using matrix-assisted
laser desorption/ionization – time-of-flight (MALDI-TOF)
mass spectrometry (Voyager DE system from Applied Biosys-
tems in linear mode using the a-cyano-4-hydroxycinnamic
acid matrix, Carlsbad, CA, USA) and analytical RP-HPLC with
a Phenomenex Jupiter C18 column (250 ¥ 2.4 mm). Fractions
corresponding to the desired product with purity greater than
98% were pooled and lyophilized. The physicochemical char-
acteristics of all peptides are shown in Figure S1 (see support-
ing information).

Calcium mobilization assay
Activation of UT receptors was evaluated with a functional
cell line co-expressing human UT receptors and a mitochon-
drial apo-aequorin protein from Euroscreen in accordance
with the manufacturer’s protocol (Gosselies, Belgium). A
detailed experimental procedure is provided in the support-
ing information (Appendix S1).

Peptide iodination
Synthetic hU-II, URP and N-biotin-[Ahx0, Bpa3]-hU-II were
radiolabelled with 0.5 mCi Na125I using the chloramine-T
technique, as previously described (Doan et al., 2011). Iodi-
nated peptides were purified using a C18 Sep-Pak cartridge
(Waters Corp., Milford, MA, USA), collected and stored at
-20°C until use.

Nuclear receptor binding assay
Radioligand binding assays were performed with 150 mg of
proteins in a binding buffer containing 50 mM Tris-base
(pH 7.4), 100 mM NaCl, 10 mM MgCl2, 0.1% BSA, 1 mM
PMSF for a reaction volume of 500 mL. For competition
studies, 0.2 nM [125I]-hU-II was incubated with unlabelled
hU-II, URP, urantide or somatostatin (10-6 M). After a 2 h
incubation, the reaction was stopped by rapid filtration under
reduced pressure through Whatman glass microfibre filters
(GF/C) pre-soaked in 5% skim milk with a 1225 Sampling
Manifold from Millipore (Bedford, MA, USA). Filters were
rinsed three times with cold 25 mM Tris–HCl (pH 7.5) and
then counted using a g-counter to quantify residual radioac-
tivity. Data were plotted in a displacement histogram using
Prism 4.0 (GraphPad Software, San Diego, CA, USA).

Protein isolation
Male Sprague–Dawley rats (200–250 g) were obtained from
Charles River (St-Constant, QC, Canada). All experiments
were performed according to the recommendations of the
ethics committee of this research centre and were supervised
by authorized investigators. First, rats were killed by carbon
dioxide asphyxiation, and then fresh heart tissues were iso-
lated and placed in cold PBS. Hearts from male cynomolgus
monkeys were a generous gift from Pr. Veronika von Messling
(INRS-IAF, Laval, QC, Canada). Tissues were weighed, diced,
pulverized in liquid nitrogen to obtain a fine powder and
finally homogenized with a Polytron. Whole cell and nuclear
proteins were isolated according to the supplier’s procedure
described in the Nuclear Protein Extract kit. Protein samples
were quantified following the Bio-Rad DC Protein Assay.

Isolation of membrane and nuclei from heart
A procedure described by Boivin et al. (2003) was followed.
The nuclei enriched pellet was re-suspended and stored at
-80°C until use or directly re-suspended in transcription
buffer for transcription initiation assay (Appendix S1).

Electrophoresis and immunoblotting
Protein extracts were separated either by 1D- or 2D-PAGE.
Experimental details are presented in the supporting
information (Appendix S1).

Purification and characterization of
photolabelled complexes
Transfected CHO cells overexpressing the UT receptor were
used as a positive control for the photolabelling and purifica-
tion processes applied to membrane preparations and nuclei
isolated from rat heart tissues. Radiolabelled N-biotin-[Ahx0,
Bpa3]-hU-II (5 nM) was incubated for 90 min at room tempera-
ture with 200 mg of proteins from either rat heart (whole nuclei
or enriched membrane fraction) or CHO-UT transfected cells
(Chatenet et al., 2004) in a buffer composed of 50 mM Tris–
HCl (pH 7.4), 100 mM NaCl, 10 mM MgCl2, 0.1% (w/v) BSA,
1 mM PMSF and 0.01% (v/v) of protease inhibitor cocktail.
Then, the total volume (200 mL) was transferred into a
Millipore-Microcon centrifugal device (molecular cut-off:
10 kDa), which was used in accordance with the manufactur-
er’s recommendations to remove unbound peptide. Resulting
peptide–protein complexes were washed four times with
500 mL of binding buffer in these centrifugal devices before
being transferred to a well of 96-well plate placed on ice.
Volumes were adjusted to 100 mL, and samples were irradiated
for 1 h with a UV lamp (100 W, 365 nm) in order to activate
the Bpa residue of the U-II analogue and to obtain a covalent
bond between the biotinylated peptide probe and the bound
protein. Proteins were solubilized by adding 150 mL of a lysis
buffer [50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 0.5% (v/v)
Igepal, 0.1% (w/v) SDS, 0.1% (v/v) Triton X-100 and 0.1% (v/v)
of the protease inhibitor cocktail] to each well. Following a
30 min incubation at 4°C, insoluble proteins were removed by
centrifugation (45 min, 13 000¥ g, 4°C). Supernatants were
kept for purification of the biotinylated photolabelled com-
plex with monomeric avidin columns from Pierce. As recom-
mended by the manufacturer, columns were treated with a
2 mM D-biotin/PBS solution to block irreversible binding sites,
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regenerated with a 100 mM glycine–HCl buffer (pH 2.8) and
washed four times with PBS. Proteins to be purified (150 mg)
were loaded onto the column along with 1.8 mL of PBS and let
to stand for 1 h at room temperature. Then, the column was
washed four times with PBS and eluted with 2 mM D-biotin/
PBS. Specifically bound photolabelled complexes were
collected as 2 mL fractions and counted with a g counter.
Fractions with the highest radioactivity counts were lyo-
philized and kept at -20°C until further use. The photolabelled
receptors were solubilized in water and then analysed using a
10% SDS-PAGE performed during 2 h at 100 V. Gels were dried
on a cellophane membrane and revealed onto an X-ray film, in
the presence of an intensifying screen.

Transcription initiation assay
Transcription initiation was evaluated in freshly isolated
nuclei from rat heart, as previously described with small
modifications to the protocol (Boivin et al., 2006); a detailed
description is provided in the supporting information
(Appendix S1).

Binding assay
The presence of specific binding sites at the cellular mem-
brane was assessed by competitive binding assays performed
on CHO-K1, HEK-293 and HeLa cells. Cells were seeded at a
density of 500 000 cells per well in six-well plates and cul-
tured at 37°C in a humidified atmosphere of 5% CO2 and 95%
air. After 24 h, medium was removed, and cells were washed
three times with binding buffer [25 mM Tris–HCl, 25 mM
MgCl2, 1% (w/v) BSA, and 5 mg·L-1 bacitracin] and then
exposed to 0.2 nM of [125I]-hU-II or [125I]-URP in the presence
or not of hU-II or URP (10-5 M), respectively. Following a 2 h
incubation at room temperature, cells were washed twice,
lysed with NaOH (0.1 M), and the cell-bound radioactivity
was quantified using a g-counter (1470 Automatic Gamma
Counter, Perkin Elmer).

Confocal microscopy
To monitor receptor-independent uptake, CHO-K1, HeLa and
HEK-293 cells were plated on an eight-well chamber slide
(Lab-Tek, Nalge Nunc International, Rochester, NY, USA) and
incubated for 24 h at 37°C in a humidified atmosphere of 5%
CO2 and 95% air. Subcellular localization was assessed by
incubating adherent cells with fluorescent peptides (FL-hU-II
and FL-URP, 10-6 M) for 1 h at 37°C in HEPES–Krebs–Ringer
(HKR) buffer (5 mM HEPES, 137 mM NaCl, 2.68 mM KCl,
2.05 mM MgCl2, 1.8 mM CaCl2 and 1 g·L-1 glucose, pH 7.4)
(Holm et al., 2006). Following careful washes with an acidic
aqueous solution containing 0.2 M glycine and 0.1 M NaCl
(pH 4) and then PBS, cell nuclei were stained with DRAQ5TM

(5 mM) for 15 min. For HeLa cells, an additional staining step
was added before the nuclear staining. Following incubation
with fluorescent peptides and acid washes, non-specific
binding was blocked with 10% goat serum in PBS for 1 h at
room temperature. Cells were then incubated with anti-
caveolin-3 primary antibody (1:200) at 4°C overnight. Cov-
erslips were washed several times with PBS and incubated
with a biotinylated anti-rabbit secondary antibody (1:200) for
1 h at room temperature. Unbound secondary antibodies
were removed by washing, and cells were then incubated

with 1 mg·mL-1 of Streptavidin-Alexa Fluor 568 conjugate in
PBS for another hour. The peptide subcellular localization was
directly analysed with an oil immersion Nikon Plan Apo 100
objective mounted onto a Nikon Eclipse E800 microscope
(Nikon, Melville, NY, USA) equipped with a Bio-Rad Radiance
2000 confocal imaging system (Bio-Rad Laboratories, Her-
cules, CA, USA).

For studies using pharmacological inhibitors, living
CHO-K1 cells were pre-incubated, for 30 min at 37°C, with
one of the following agents: nocodazole (20 mM), nystatin
(25 mg·mL-1), sucrose (0.25 M) or amiloride (2.5 mM). Other
inhibitors such as NH4Cl (10 mM), chloroquine (50 mM) and
maleimide (10 mM) were introduced into the culture medium
(without FBS) 10 min before FITC-labelled peptide treatment
(10-6 M). Finally, PTX, a Gi/o-protein blocker, was added
(200 ng·mL-1) to cells in serum-free medium 6 h before addi-
tion of the fluorescent peptides (10-6 M).

In order to evaluate the effect of low temperature on the
cellular uptake, CHO-K1 cells were cooled to 4°C in serum-
free medium 15 min before the incubation with fluorescent
peptides (10-6 M) and maintained at this temperature for 1 h.
It should be noted that all solutions were also cooled to 4°C
before use.

Left ventricles from rat heart tissue were isolated, fast
frozen, sliced into serial 6 mm-thick sections and mounted on
slides. Frozen sections were fixed in methanol : acetone (1:1)
for 10 min at room temperature and then rehydrated with
100% ethanol (5 min, 3 times) and 95% ethanol (1 min)
respectively. Slides were incubated for 45 min at room tem-
perature in a blocking buffer containing 1% BSA, 10% goat
serum and 0.1% Triton X-100 in PBS. Double labelling was
performed by incubating sections in PBS (1% BSA) containing
rabbit anti-rat UT (1:50) and mouse anti-lamin A (a protein
related to inner nuclear envelop; 1:50) for 2 h at room tem-
perature. Secondary antibodies (i.e. Alexa Fluor 488-
conjugated anti rabbit and Alexa Fluor 568-conjugated anti
mouse) were diluted (1:2000 each) in PBS containing 5% goat
serum and then applied to the slides for 1 h at RT. After each
incubation, sections were rinsed with PBS at least three times.
Nuclei were stained for 15 min at room temperature with
DRAQ 5 (5 mM). After the final washing with PBS, the sections
were air-dried and then mounted with ProLong to prevent
photobleaching. Negative controls (i.e. non-specific binding
of the secondary antibodies obtained by omitting primary
antibodies in the staining protocol) were included for each
experiment. Microscopic analysis was performed with the
confocal microscope described above.

Flow cytometry
As previously mentioned, cell lines lacking UT receptors were
used to monitor receptor-independent uptake. Cells seeded in
12-well plates were incubated with fluorescent peptides as
described for confocal microscopy. After acid washes to
remove unbound and surface-bound ligand, cells were then
enzymatically removed from the surface with trypsin/EDTA
(5 min at 37°C), and the reaction was quenched by adding
10% FBS/PBS. After centrifugation (5 min at 1000¥ g), pel-
leted cells were re-suspended in 500 mL of PBS containing
0.5 mg·mL-1 of PI and kept on ice until analysis. A minimum
of 10 000 cells per sample were then analysed on a FACScan
(BD Biosciences, San Jose, CA, USA). PI staining positive cells
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were excluded from the analysis, and the mean fluorescence
intensity (MFI) of the living cell population was used for
statistical analysis. Data interpretation was achieved with
WinMDI software (Windows Multiple Document Interface
for Flow Cytometry).

Kinetics of entry was investigated by incubating CHO-K1
cells with FITC-conjugated peptides (10-6 M) for various
periods of time at 37°C in HKR buffer while following the
protocol described above. Maximal uptake was calculated as
the amount of internalized peptide at 37°C after 1 h.

To study the effect of pH on the cellular uptake of FL-hU-II
and FL-URP, an HKR buffer for which the pH was adjusted at
6.5, 7.0, 7.5 and 8.0 was used following the same protocol.

Experiments investigating the effects of pharmacological
inhibitors or of temperature on uptake were performed as
described in the confocal microscopy section, except that
DRAQ5TM was replaced with PI.

Data analysis
Data are expressed as mean � SEM. Statistical analysis was
assessed using Prism version 4.0 (GraphPad) with a one-way
ANOVA followed by a Dunnett’s post-test, a two-way ANOVA

followed by a Bonferroni’s post-test or Student’s unpaired
t-test.

Results

Identification and biochemical
characterization of nuclear U-II binding sites
A biotinylated photoactivable peptide probe, N-biotin-[Ahx0,
Bpa3]hU-II, was used to pull down U-II binding sites from
nuclear proteins. The identity of the derivative was assessed
by mass spectrometry and RP-HPLC, and the probe was
found to have a similar calcium mobilization potency and
efficacy as that of hU-II (see Figure S1). Photolabelled com-
plexes, obtained with radiolabelled N-biotin-[Ahx0, Bpa3]-

hU-II and three different preparations, that is, CHO-UT
transfected cells (positive control), as well as membrane and
nuclear heart extracts were isolated on a column of mono-
meric avidin and migrated on SDS-PAGE (Figure 1A). Nuclear
heart extracts were characterized by verifying the presence
of specific known subcellular marker proteins including
caveolin-3 (rafts-plasma membrane), cytochrome C (mito-
chondria) and Nup62 (nuclear envelope) (Figure 1A). Immu-
noreactivity against UT and Nup62, but not for caveolin-3
and cytochrome C, was detected in the nuclear fraction,
demonstrating the high purity of this nuclear extract. The
results from the photolabelling experiments showed the pres-
ence of only one protein specifically and covalently labelled

�
Figure 1
(A) Purified photolabelled complexes from CHO-UT total protein, rat
heart nuclear extracts and rat heart membrane proteins character-
ized by autoradiography (a,b). UT detection in rat heart extracts by
immunoblotting using GeneTex anti-UT antibody (c). C: total pro-
teins from CHO-UT transfected cells (positive control), N: rat heart
nuclear extracts and M: rat heart membrane proteins extract, T: rat
heart total proteins. Proteins isolated from rat heart tissues were
resolved using 10% SDS-PAGE and analysed by Western blot using
anti-Nup62 (d), anti-caveolin 3 (e) and anti-cytochrome C (f) as
described in the experimental section. (B) [125I]-hU-II binding to rat
isolated heart nuclei and displacement by non-radioactive peptides.
Results shown are the amount of bound [125I]-hU-II displaced when
incubated in the presence of the unlabelled peptide indicated. Data
are mean � SEM of at least three independent experiments, and
each determination was performed in duplicate. (C) 2D immunob-
lots revealed with anti-UT antibody performed on membrane and
nuclear proteins extracted from rat heart. Proteins were isoelectrically
focused in a pH gradient of 3 to 10 and then resolved through a 10%
SDS-PAGE as described in the Methods section. Immunoreactive
species corresponding to the UT receptor are located between 50
and 75 kDa at a pI value of 6–7.
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with the U-II analogue in these three preparations
(Figure 1A). Moreover, immunoblotting, using specific antis-
era against UT, also identified a band of ~60 kDa in the rat
heart nuclear extract supporting the abovementioned results.
Radioligand binding assays, performed on nuclei isolated
from the rat heart, demonstrated the propensity of hU-II and
URP to displace specifically bound radiolabelled hU-II
(Figure 1B). Nuclear U-II binding sites were pharmacologi-
cally characterized using urantide, an UT-selective antagonist,
and somatostatin, a peptide sharing sequence homology with
the U-II peptides. Like U-II and URP, urantide was able to
displace, in a similar manner, bound [125I]-hU-II, whereas
somatostatin was unable to displace it (Figure 1B). These
observations suggest (1) that the receptor expressed in the
isolated nuclei is probably the UT receptor, (2) that it specifi-
cally binds its cognate ligands and specific antagonist and (3)
that it is not a somatostatin-like receptor.

Nuclear UT receptors were further characterized through
2D-PAGE immunoblotting. Nuclear and membrane proteins
extracted from heart tissues expressed three major UT-
immunoreactive spots with an apparent molecular weight of
60 kDa at a pI value of 6–7 (Figure 1C). Finally, UT receptors
were also detected in the nuclear proteins extracted from
cynomolgus monkey heart (Figure 2), showing that this
subcellular localization is not restricted to rodents. Interest-
ingly, the anti-UT antibody (GeneTex) used in Figures 1 and 2

was raised against a human C-terminal receptor fragment,
and species cross-reactivity had not been tested by the
manufacturer. Our results show that it also specifically recog-
nizes rat UT receptors since the immunoreactive species
detected in rat tissue preparations (Figure 1Ac) corresponded
to the band observed with the photolabelling experiments
(Figure 1Aa,Ab) and with Western blot results from cynomol-
gus monkey tissues (Figure 2).

Nuclear localization of the UT receptor by
confocal microscopy
The subcellular localization of UT receptors was further
studied in rat ventricular tissue section by confocal immun-
ofluorescence microscopy using a rabbit anti-rat UT selective
antibody (Alpha Diagnostic). Specificity of this antibody was
previously demonstrated (Gong et al., 2004). Of note, and as
previously reported, no specific staining was observed in right
ventricular sections (data not shown) (Gong et al., 2004). Left
ventricular sections were double-stained for UT and lamin A
and imaged with confocal microscopy. Nuclei were counter-
stained with DRAQ5TM (Figure 3A,E). As expected, immun-
ostaining associated to lamin A, a nuclear envelope protein,
was mostly surrounding nuclei (Figure 3B), while the UT
staining was more diffused (Figure 3C), probably reflecting
the presence of receptors across cardiomyocyte cell mem-
branes exposed on the tissue cryosection. Moreover,
co-localization of UT and lamin A was observed under immu-
nofluorescence double staining (Figure 3D), suggesting that
UT might be localized at, or in the close vicinity of, the
nuclear membrane. An enlargement of a nucleus can be
found in the supporting information (Figure S2). Control
experiments using only the secondary antibodies detected
minimal non-specific fluorescence under the imaging condi-
tions employed (Figure 3F–H).

Transcription initiation
Transcriptional activity of U-II isoforms and URP on rat heart
isolated nuclei was assessed by in vitro transcription initiation
assays (Figure 4). Purity of nuclei used for this assay is shown
in Figure 1 and demonstrated no important contamination of
membrane or mitochondrial protein. In addition, this frac-
tionation protocol was previously shown to yield a negligible
amount of endoplasmic reticulum elements (Boivin et al.,
2003). As shown, total transcription was increased in rU-II-
and hU-II-, but not URP-, treated nuclei. Interestingly, a
typical bell-shaped curve was observed with hU-II but not
rU-II. Pretreatment of nuclei with urantide completely abol-
ished the rU-II- and hU-II-associated transcriptional activity,
while urantide alone was unable to stimulate transcription.

Cellular uptake of fluorescein-conjugated
hU-II (FL-hU-II) and URP (FL-URP)
In these experiments, the well-established cell-penetrating
peptide TAT(48–60) (Dennison et al., 2007) and the
PACAP(28–38) segment that has no cell-penetrating proper-
ties were used as positive and negative controls, respectively.
It is important to mention that cell lines (CHO-K1, HeLa and
HEK-293) used in those experiments are not known to endog-
enously express UT receptors. Moreover, the presence of UT
receptors on these cell types was assessed through binding

Figure 2
Total (T) and nuclear (N) protein extracts isolated from cynomolgus
monkey heart. Total and nuclear proteins were resolved using 10%
SDS-PAGE and analysed by Western blot using anti-Nup62, anti-
caveolin 3 and anti-cytochrome C, as described in the Methods
section.
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experiments using 125I-labelled peptides (0.2 nM) in the pres-
ence or not of cold peptide (10-6 M). As shown in Figure 5, no
significant displacement was observed with either hU-II or
URP (data presented in Figure 5 are representative of the
CHO-K1 cells, but similar results were obtained with HEK-293
and HeLa cells). These results suggest that UT receptors are
probably not present (or at a very low density) on the cellular
membrane of these cell types. Using confocal microscopy
analysis on fixed (Figure S3) or living (Figure 6A) CHO-K1
cells, we demonstrated the propensity of FL-hU-II and FL-URP
to cross the plasma membrane in order to be located not only
in the cytoplasm but also in the nucleus. However, for both
peptides, the signal recorded at the nucleus in living cells was
weak but still representative of a nuclear localization of the
peptides. Similar distributions were also observed in other
cell types such as HEK-293 and HeLa cells, demonstrating
that hU-II and URP can enter into different cell types (see
Figure S4). Interestingly, incubation with FL-URP resulted in a
punctuate cytoplasmic distribution that may represent
endocytic vesicles (Figure 6A).

Quantification of cellular uptake confirmed the ability of
both peptides to efficiently penetrate inside the intracellular
compartment but with a lower potency than TAT(48–60)
(Figure 6B–D). Even if no uptake variation was observed
between cell lines for FL-hU-II or FL-URP, a significant differ-
ence in the uptake between both peptides was observed in
each cell line (Figure 6B). Both peptides were also shown to be

taken up by cells in a concentration-dependent manner, and
a good uptake, represented by a significant increase in fluo-
rescence, was obtained at a concentration of 10-7 M for both
peptides (Figure 6E).

Penetration kinetics of fluorescein-conjugated
hU-II and URP
Characterization of FL-hU-II and FL-URP translocation into
living CHO-K1 cells revealed that the cellular uptake rate of
both ligands was not significantly different (Figure 7A). After
10 min, about 41% (MFI: 31 � 9) of the maximum FL-hU-II
uptake (the maximal uptake of FL-hUII or FL-URP being the
MFI value obtained after 1 h of incubation with cells; MFI:
72 � 6) had entered inside cells. After the same period of
time, only 28% (MFI: 12 � 3) of maximal FL-URP (MFI: 46 �

10) was found in the cytoplasm (Figure 7A). This significant
difference in cellular uptake, not uptake kinetics, between
FL-hU-II and FL-URP was observed as soon as 2 min after the
beginning of the experiment and up to the end. Moreover,
using radiolabelled peptides (i.e. [125I]-hU-II and [125I]-URP) we
were able to observe an efficient cellular uptake at a physi-
ological concentration (0.2 nM) (Figure S5).

Influence of extracellular pH on cellular
uptake of FL-hU-II and FL-URP
Following incubation of cells (CHO-K1) with FL-hU-II or
FL-URP in media at different pH (6.5–8), cellular uptake

Figure 3
Immunofluorescence double staining with anti-UT and anti-lamin A antibodies show positive signals for UT protein on the cardiac myocytes
imaged with a confocal microscope. Nuclei are stained with DRAQ5TM (A,E, blue signal). Left ventricular sections are double-stained for lamin A
(B, red signal) and UT (C, green signal). (D) is the superimposition of (A), (B) and (C), showing the co-localization of UT (yellow signal, arrowhead)
and the nuclear envelope. (F) and (G) represent negative control sections using 1% BSA–PBS instead of primary antibodies. (H) is the
superimposition of (E), (F) and (G), showing no co-localization of the non-specific labelling.
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analysis was assessed by flow cytometry. Results showed no
pH-dependent changes in the fluorescence signal of FL-URP,
whereas at acidic pH (6.5), a significantly higher cellular
uptake was recorded for the FL-hU-II-treated cells (Figure 7B).
Noteworthy, at pH 6.5, but also at other pH values, the
uptake of FL-hU-II compared to FL-URP was significantly
higher. It should be noted that no difference in cell viability
was observed (data not shown) in this experiment, and all
cells positive for PI staining were excluded from the flow
cytometry analysis.

Distinct uptake mechanism for hU-II
and URP
As mentioned above, no specific U-II or URP binding sites
were found on CHO-K1, HEK-293 or HeLa cells (Figure 5).
Supporting these observations, pre-incubation of CHO-K1
cells with PTX, a Gi/o-protein inhibitor (0.2 mg·mL-1, 6 h), did
not affect the cellular uptake of either peptide (Figure 8A,C).
Overall, these results suggest that both hU-II and URP can
enter into cells by a receptor-independent mechanism such

Figure 4
Regulation of UT transcriptional responses in nuclei isolated from rat heart. (A) Isolated nuclei were treated with increasing concentration of
endogenous UT ligands (i.e. rat U-II, human U-II or URP). (B) Incorporation of [32P]-UTP was measured in isolated nuclei either untreated or pretreated
with UT-specific antagonist (i.e. urantide). Data, collected from at least three separate experiments, represent mean � SEM. Significant differences
(*P < 0.05; **P < 0.01; ***P < 0.001) were determined by one-way ANOVA followed by Dunnett’s multiple comparison test or Student’s unpaired t-test.

Figure 5
Displacement of bound [125I]-hU-II or [125I]-URP in CHO-K1 cells by
hU-II or URP (10-6 M), respectively. Data are expressed as a percent-
age of the specific binding of [125I]-hU-II or [125I]-URP in the absence
of the competitive ligands. Data represent the mean � SEM of at
least three independent assays performed in duplicate.
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Figure 6
(A) Distribution of FITC-conjugated hU-II and URP in living untransfected CHO-K1 cells. Nuclei were stained with DRAQ5TM. In these experiments,
FL-TAT(48–60) and FL-PACAP(28–38) were used as positive and negative control, respectively. (B) Cellular uptake efficiency of FL-hU-II and FL-URP
in various cell lines. (C,D) Flow cytometry analysis of cell penetration of FL-hU-II, FL-URP, FL-PACAP(28–38) and FL-TAT(48–60) at a concentration
of 10-6 M in CHO-K1 cells. (E) Effect of peptide concentration on cellular uptake. CHO-K1 cells were incubated with various concentrations of
fluorescent peptides ranging from 10-9 to 10-6 M.
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as endocytosis, and/or direct translocation. Using confocal
microscopy and flow cytometry experiments, after incuba-
tion of CHO-K1 cells at 4°C, we observed a significant
reduction of the cellular uptake of both peptides
(Figure 8B,C).

Cellular uptake of the peptides in the presence of NH4Cl
or chloroquine, known to inhibit endosomal acidification

and consequently slow endocytosis (Zaro et al., 2009), was
decreased, with the reduction being more severe for FL-URP
(27 � 3% and 37 � 9%, respectively) than for FL-hU-II (67 �

14% and 76 � 10%, respectively) (Figure 9A,B).
Pretreatment of cells with amiloride (macropinocytosis

inhibitor), nocodazole (a microtubule-disrupting reagent),
maleimide (vesicular transport blocker) or hypertonic sucrose

Figure 7
(A) Cellular uptake kinetics of FL-hU-II and FL-URP in CHO-K1 cells. CHO-K1 cells were incubated with FITC-conjugated peptides (10-6 M) for various
periods of time. Maximal uptake was calculated as the amount of internalized peptide at 37°C after 1 h. (B) Effect of extracellular pH on the cellular
uptake of FL-hU-II and FL-URP in CHO-K1 cells. Living cells were incubated for 1 h with fluorescent peptides (10-6 M) in HKR buffer for which the
pH was adjusted at 6.5, 7.0, 7.5, and 8.0, respectively. Statistical significance was assessed by one-way or two-way ANOVA (*P < 0.05; **P < 0.01).

Figure 8
(A) Effect of pertussis toxin (PTX) on the cellular uptake of FL-hU-II or FL-URP in CHO-K1. PTX was added to cells placed in medium without FBS
6 h before addition of the fluorescent peptides (10-6 M). (B) Influence of low temperature on the cellular uptake of FL-hU-II or FL-URP in CHO-K1
cells. CHO-K1 cells were cooled to 4°C in serum-free medium for 15 min before a 1 h incubation with fluorescent peptides. (C) Confocal
fluorescent images of the distribution of the fluorescent peptides following incubation with pertussis toxin or at low temperature.
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(a blocker of clathrin-coated pits formation) had no signifi-
cant effect on the cellular uptake of FL-hU-II or FL-URP
(Figure 9A,B). Hence, it is unlikely that macropinocytosis or
clathrin-mediated endocytosis are involved in the cellular
uptake of FL-hU-II or FL-URP. However, pretreatment with
nystatin, which binds cholesterol, disrupts lipid rafts along
with caveolae structures and blocks caveolae function, signifi-
cantly decreased the cellular uptake of FL-URP to 29 � 6%
(Figure 9A). Interestingly, FL-hU-II cellular uptake was less
affected, suggesting that the hU-II uptake mechanism only
partly involves a caveolin-dependent pathway. However,
FL-hU-II and FL-URP were co-localized with caveolin-3 in the
segregated caveolae compartment (Figure 9C). These results
further indicate that, even though hU-II and URP share
similar structural and physicochemical properties, they are
translocated within the cell through different endocytic
uptake mechanisms.

Discussion

By combining photolabelling experiments, Western blot
analyses and radioligand binding assay, we were able to dem-
onstrate the presence of the UT receptor in rat heart nuclear
extracts. Interestingly, the presence of multiple immunoreac-
tive spots in 2D-gel experiments was observed, which could
be ascribed to either a single receptor subtype undergoing
various forms of post-translational modification or multiple
UT receptor isoforms simultaneously co-existing within cells

regardless of protein localization. Whether or not these pat-
terns are involved in the variable U-II-associated biological
activity will need further investigation. The presence of UT
receptors in nuclei isolated from the cynomolgus monkey
heart was demonstrated, suggesting that this particular
pattern might also be found in other species including
humans. Further, using characteristic proteins of specific cel-
lular organelles, both nuclear preparations (i.e. rat and
monkey heart nuclear extracts) were found to be free of
membrane or mitochondrial contaminants. These results
were supported by confocal microscopy that highlighted the
presence of UT receptors in left ventricle heart tissue sections
where it co-localized with lamin A, a protein related to the
inner nuclear envelope. No immunostaining was observed in
the right ventricle, suggesting the absence of UT receptors at
both the membrane and the nuclei in this heart section. Such
results have been observed previously in paraffin-embedded
heart sections, where positive immunohistochemical staining
was also observed in the left ventricle but not in the right
ventricle and atria (Gong et al., 2004). A perinuclear localiza-
tion of the rat UT receptor was reported in UT-transfected
HEK-293 cells in the absence of stimulation by its cognate
ligand (Giebing et al., 2005). Several vasoactive GPCRs,
including endothelin, angiotensin and b-adrenoceptors, have
been shown to be present in the nuclear/perinuclear environ-
ment (Boivin et al., 2008). These intracellular receptors may
have the capacity to regulate signalling pathways that differ
from those of their plasma membrane counterparts, as
recently demonstrated for the metabotropic glutamate recep-

Figure 9
Effects of various endocytosis inhibitors on the cellular uptake of FL-hU-II and FL-URP in CHO-K1 cells. (A) For flow cytometry analysis, CHO-K1
cells were treated with different inhibitors as detailed in the Methods section. Values of MFI were normalized to that of the control experiments.
Each point is the mean � SEM of three separate determinations. Statistical significance was assessed by ANOVA (**P < 0.01; ***P < 0.001). (B)
Confocal fluorescent images of the distribution of the fluorescent peptides following treatment with endocytosis inhibitors. (C) Co-localization of
hU-II or URP with caveolin in HeLa cells by confocal immunofluorescent microscopy. Cells were double-stained with FL-hU-II or FL-URP and
anti-caveolin-3 as described in the Methods section.
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tor 5 (Jong et al., 2009) and the renin–angiotensin system (De
Mello, 2008). In this study, we observed that U-II and URP,
both endogenous ligands of UT, have very distinct roles as
regards transcription initiation. Rat U-II dose-dependently
increased transcriptional activity, whereas the observed effect
of hU-II on [32P]-UTP incorporation was biphasic. Rat U-II and
hU-II differ in their composition and the length of their
respective N-terminal segments (Vaudry et al., 2010).
Although it has been reported that this section is not man-
datory for full biological activity (Leprince et al., 2008), it
might interact in a specific manner with the receptor, chang-
ing its conformation and therefore triggering complementary
signalling. Further, rat and human UT receptors share around
75% of sequence homology (Elshourbagy et al., 2002). Thus,
a possible explanation for the observed effect could be an
impaired interaction of the N-terminal domain of hU-II with
the rat UT receptor, leading to a rapid desensitization of the
receptor. Even though it was previously demonstrated that
hU-II induces chemotaxis of peripheral human blood mono-
nuclear cells (Segain et al., 2007) and plasma extravasation in
mice (Vergura et al., 2004) with a typical bell-shaped dose–
response curve associated with a receptor-mediated effect,
further experiments are needed to clarify the difference
between hU-II and rU-II.

There is no doubt that U-II and URP are endogenous
agonists of UT (Vaudry et al., 2010). Surprisingly, URP had no
effect with regards to transcription initiation. Signalling path-
ways associated with UT activation have been studied, but
mostly in relation to U-II and not URP as U-II was discovered
almost 10 years before URP, and because both peptides have
similar affinity on transfected cells system and potency on rat
aortic ring (Vaudry et al., 2010). The main transduction
pathway associated with UT activation by U-II involves the
recruitment of Gaq/11, Gai/o, and G12/13 subtypes of
G-proteins with a subsequent increase in inositol triphos-
phates (IP3) (Proulx et al., 2008), ERK1/2 and RhoA activation
(Guidolin et al., 2010). However, recent studies have demon-
strated that U-II and URP regulate astrocyte activity (Jarry
et al., 2010) and cardiac contractility (Prosser et al., 2008)
differently. Thus, it is conceivable that U-II, which structur-
ally differs from URP due to the presence of an extended
N-terminal domain that varies in length and composition,
might induce a different conformational change in UT upon
binding and activation. Involvement of the N-terminal
peptide region in the differences in biological activity
between U-II and URP has already been suggested (Prosser
et al., 2008). Hence, as U-II and URP share common func-
tions, the concept of URP being an endogenous biased
agonist of the urotensinergic system is proposed. The concept
of biased agonist has recently emerged from various studies,
resulting in the hypothesis that specific ligand-induced con-
formational changes can lead to precisely directed signalling
(Patel et al., 2010). It is thus conceivable that a similar pattern
is taking place, and that hU-II and URP are able to trigger not
only common but also different second messengers, leading
to divergent physiological actions.

As mentioned earlier, the nuclear preparation used in this
experiment is devoid of membrane or mitochondrial con-
taminants. Further, as exemplified in a previous report
(Boivin et al., 2003), the protocol used for heart nuclei isola-
tion results in the presence of negligible amounts of endo-

plasmic reticulum elements. Therefore, the observed effect on
transcriptional activity can definitely be ascribed to nuclear
activity. It is well established that cell calcium signalling
affects nuclear activity, and that the amplitude and frequency
of global cellular calcium can regulate gene transcription
(Dolmetsch et al., 1998). The machinery required for the gen-
eration of calcium mobilizing messengers, such as the ADP-
ribosyl cyclase enzyme and phosphoinositide-specific PLC,
exists in nuclei (Bootman et al., 2009). Moreover, it has been
shown that nuclei possess phosphoinositide signalling
mechanisms that lead to IP3 production (Ye and Ahn, 2008).
Interestingly, UT-mediated calcium mobilization has been
linked to IP3 production and Gq activation (Jarry et al., 2010).
Thus, in a similar fashion to the signalling taking place at the
plasma membrane, activation of the UT receptor found on
isolated nuclei could be associated with phosphoinositide
activation, leading to the accumulation of calcium in nucleo-
plasm. Noteworthy, such nuclear calcium signals have been
shown to stimulate gene transcription following nuclear
angiotensin receptor activation in isolated cardiomyocytes
(Tadevosyan et al., 2010). Overall, these observations, which
support a physiological and/or pathophysiological role for
nuclear GPCRs, suggest that nuclear UT receptors might rep-
resent new or complementary therapeutic targets that should
be taken into account during drug development.

A key question still remains regarding how these intrac-
ellular UT receptors are activated by their endogenous
ligands. In this study, FITC-conjugated hU-II and URP were
both able to reach the internal cell compartment through
receptor-independent mediated endocytosis in cell lines not
expressing the UT receptor. However, higher levels of
FL-hU-II were found in the cytoplasm compared to FL-URP.
Because the only difference found between hU-II and URP is
in the sequence and length of the N-terminal region, the
higher propensity of hU-II compared to URP to cross the
plasma membrane might be ascribed to the specific physico-
chemical characteristics of this domain. Pretreatment of the
cell with ammonium chloride or chloroquine, known to
reduce the acidification of the endosome–lysosome system
and consequently slow endocytosis, only dramatically
reduced the cellular uptake of URP, characterized by a punc-
tuate cytoplasmic distribution. These results suggest that URP,
and to a lesser extent hU-II, might be trapped inside
endocytic vesicles. Moreover, the fact that hU-II is less sensi-
tive to ammonium chloride and chloroquine pretreatment
suggests that hU-II can also escape more efficiently from the
endosomal/lysosomal compartments. In addition, MALDI-
TOF analysis of cell lysates, incubated for 1 h with native
peptides, revealed that the integrity of hU-II and URP, at least
in terms of amino acid sequence, is conserved, indicating that
they might be stable enough in the cytoplasm to activate the
intracellular receptor (data not shown). In a cell system,
co-expressing membrane and nuclear receptors, the receptor-
mediated endocytosis might be complemented by the
receptor-independent translocation we describe in this study.
Following internalization of peptide–receptor complexes,
acidification of the endosome will induce dissociation of
complexes and recycling of the receptor to the outer mem-
brane (Giebing et al., 2005). In this particular case, the fate of
the peptide is not known, but based on our results, we assume
that it might be able to leak from the vesicle and ultimately
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activate the intracellular receptor. Also, the intracellular pro-
duction of U-II and/or URP, as demonstrated for the angio-
tensin system (Singh et al., 2007), is another possibility to be
considered. To this extent, it is worth mentioning that the
human U-II precursor is synthesized as two isoforms differing
only in their peptide signal (Coulouarn et al., 1998; Ames
et al., 1999). Comparison of peptide signal amino acid com-
position revealed a poor sequence homology that might
reflect the fact that one sequence contains a specific signal
associated with trafficking to the nuclei, as demonstrated
recently for the pituitary adenylate cyclase-activating
polypeptide (PACAP) gene (Tominaga et al., 2010). Alto-
gether, these observations indicate that hU-II, but not URP, is
a potential intracrine factor.

The demonstrated ability of hU-II and URP to cross the
plasma membrane, by a receptor-independent endocytic
mechanism including the caveolin-dependent pathway, has
provided new insights into the pseudo-irreversible binding
characteristics often described. The inability to desensitize UT
through classic mechanisms (acid wash or trypsin treat-
ments) was thought to reflect the strong, pseudo-irreversible
nature of U-II binding (Douglas and Ohlstein, 2000). Based
on our results, it is conceivable that part of the pseudo-
irreversible character is due to the ability of both endogenous
peptides to translocate within the internal compartment of
the cell. To support this hypothesis, Castel and colleagues
demonstrated that temperature reduction affected the irre-
versible nature of the binding (Castel et al., 2006). In the
same way, the pseudo-irreversibility, as well as the slow inter-
nalization process of UT receptors (half-life: 15 min) account
for the unusual sustained cellular responses, leading to potent
vasoconstriction (Douglas and Ohlstein, 2000; Giebing et al.,
2005; Du et al., 2010). However, it is well established that
intracrine factors can form intracellular positive feedback
loops, thereby maintaining a specific cellular state (Petersen
et al., 2006).

Identification of the precise role of this new intracellular
urotensinergic system will need further experiments espe-
cially in order to ascertain if the two systems work in synergy
or independently of each other. U-II and its receptor were
found to be up-regulated in the failing heart (Nakayama et al.,
2008). In addition, elevated plasma levels of U-II have been
demonstrated in numerous disease conditions, including
hypertension, atherosclerosis, heart failure, pulmonary
hypertension, diabetes, renal failure and the metabolic syn-
drome (Ross et al., 2010). As observed, hU-II and URP are
both able to efficiently enter the cell, this uptake being
increased for hU-II at lower pH. Many pathological condi-
tions, such as cancer, ischaemic stroke, inflammation and
atherosclerotic plaques, are associated with increased meta-
bolic activity and hypoxia resulting in an elevated extra-
cellular acidity (Andreev et al., 2010). For instance, the
contractility of heart muscle is sensitive to small, physiologi-
cal changes in the extracellular pH. A reduction in contrac-
tility associated with acidosis has been involved in a number
of pathological conditions, most dramatically during myocar-
dial ischaemia (Crampin et al., 2006). Therefore, in such con-
ditions where U-II is able to enter the cell more easily than
URP, specific gene transcription associated with U-II activa-
tion of the nuclear receptor will be triggered. In fact, isolated
ischaemic heart experiments revealed that both U-II and URP

are able to decrease myocardial damage by reducing creatine
kinase, but only U-II reduced atrial natriuretic peptide (ANP)
production, and hence blocked the production of VEGF and
inhibited angiogenesis (Prosser et al., 2008). Thus, following a
decrease in membrane pH during hypoxic conditions, it is
reasonable to assume that the inhibition of ANP production
by hU-II might be the result of the nuclear receptor
activation.

In conclusion, we report here, for the first time, a specific
nuclear/perinuclear expression of the U-II receptor in the rat
and monkey heart, which upon activation by U-II or URP
results in different modulatory effects on transcription.
Although the physiological role of this nuclear GPCR remains
to be established, our results suggest that nuclear UT recep-
tors are associated with a specific biological role and that U-II,
which is able to specifically activate nuclear UT receptors,
but not URP, should be considered as an intracrine factor.
This study also highlighted a complementary receptor-
independent mediated endocytosis that might be, at least in
part, involved in the intracellular presence of UT ligands.
Most antagonists developed so far have failed in clinical trials
for several reasons including a lack of efficacy in pathological
in vivo models, low potency, low selectivity or concomitant
agonist/antagonist behaviour (Maryanoff and Kinney, 2010).
However, the lack of efficacy of such compounds might also
be related to their inability to reach and block the action of
the nuclear UT receptor. Critical questions still remain such
as ‘Are the pleiotropic effects within the cardiovascular
system, including modulation of cardiac contractility, vascu-
lar tone, cell proliferation and cell growth, equally modulated
by U-II and URP?’ and ‘Are these actions directly associated
with the activation of the nuclear and/or the membrane
receptor?’ Nevertheless, the presence of functional UT recep-
tors at the cell membrane and at the nucleus should be taken
into account during the development of new therapeutic
compounds for the treatment of pathologies associated with
the urotensinergic system.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 (A) Amino acid sequence of synthesized peptides.
(B) Analytical data obtained by MALDI-TOF spectrometry and
by RP-HPLC. aPercentage of purity determined by HPLC using
a buffer system [A = H2O (pH 2.5) and B = 100% CH3CN] with
a gradient slope of 1% B per minute, at a flow rate of
1 mL·min-1 on a Vydac C18 column (5 mm particle size, 300 Å
pore size). Detection at 214 nm. bObserved m/z-value com-
pared with the calculated [M + H]+ monoisotopic mass. (C)
Effect of hU-II or N-biotin-[Ahx0, Bpa3]-hU-II on Ca2+ mobili-
zation using CHO cells co-expressing human UT recep-
tors and a mitochondrial apo-aequorin protein. Data are
expressed as a percentage of the response (bioluminescence)
obtained with digitonin (50 mM) added to the same 96-well
culture plate. Data represent the mean � SEM of at least four
independent assays performed in duplicate.
Figure S2 Enlargement of a nucleus from Figure 4D.
Nucleus was stained with DRAQ5TM (blue colour). Left ven-
tricular sections are double-stained for lamin A (red colour)
and UT (green colour). This enlargement demonstrates the
co-localization of UT (yellow colour, arrowhead) and lamin A.
Figure S3 Distribution of FITC-conjugated hU-II and URP
in fixed untransfected CHO-K1 cells. Nuclei were stained
with PI.
Figure S4 Distribution of FITC-conjugated hUII and URP in
living (A) HeLa and (B) HEK-293 cells. Nuclei were stained
with DRAQ5TM.
Figure S5 Internalization of 125I-hU-II and 125I-URP in
CHO-K1 cells. CHO-K1 cells in 12-well plates were incubated
for various periods of time in FBS-free media containing
0.2 nM 125I-hU-II or 125I-URP. Internalization was stopped by
washing, and cells were then solubilized with 1 M NaOH,
and the radioactivity was quantified using a g-counter.
Membrane-bound radioactivity was evaluated by incubation
of CHO-K1 cells with 125I-labelled peptide (0.05 nM) for 30 s.
Appendix S1 Methods.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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