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1 In an effort to identify endogenous, native mammalian urotensin-II (U-II) receptors (UT), a
diverse range of human, primate and rodent cell lines (49 in total) were screened for the presence of
detectable [125I]hU-II binding sites.

2 UT mRNA (Northern blot, PCR) and protein (immunocytochemistry) were evident in human
skeletal muscle tissue and cells.

3 [125I]hU-II bound to a homogenous population of high-affinity, saturable (Kd 67.0711.8 pM, Bmax

96877843 sites cell�1) receptors in the skeletal muscle (rhabdomyosarcoma) cell line SJRH30.
Radiolabel was characteristically slow to dissociate (p15% dissociation 90min). A lower density of
high-affinity U-II binding sites was also evident in the rhabdomyosarcoma cell line TE671
(16677165 sites cell�1, Kd 7478 pM).

4 Consistent with the profile recorded in human recombinant UT-HEK293 cells, [125I]hU-II binding
to SJRH30 cells was selectively displaced by both mammalian and fish U-II isopeptides (Kis 0.570.1–
1.270.3 nM) and related analogues (hU-II[4-11]4[Cys5,10]Acm hU-II; Kis 0.470.1 and 8647193 nM,
respectively).

5 U-II receptor activation was functionally coupled to phospholipase C-mediated [Ca2þ ]i
mobilization (EC50 6.972.2 nM) in SJRH30 cells.

6 The present study is the first to identify the presence of ‘endogenous’ U-II receptors in SJRH30
and TE671 cells. SJRH30 cells, in particular, might prove to be of utility for (a) investigating the
pharmacological properties of hU-II and related small molecule antagonists at native human UT and
(b) delineating the role of this neuropeptide in the (patho)physiological regulation of mammalian
neuromuscular function.
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structure–activity relationship; s.c., subcutaneous; SDS/SSC, sodium chloride, sodium citrate/sodium dodecyl
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II receptor

Introduction

Human urotensin-II (U-II), a vasoactive cyclic undecapeptide,

is the endogenous ligand for the human G-protein-coupled

receptor UT (formerly termed GPR14, SENR; Ames et al.,
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1999; Douglas & Ohlstein, 2000). Interestingly, although the

U-II/UT system is purported to influence a diverse range of

organ systems (cardiorenal, pulmonary, endocrine, CNS, etc.;

Douglas & Ohlstein, 2001), the ability to study the detailed

pharmacological interactions between U-II ligands (including

UT antagonists) and the ‘native’ human receptor has been

limited by the lack of suitable model cellular systems. To date,

no ‘endogenous’ U-II binding sites have been described in a

simple, cell-based system. In an attempt to address this issue,

the present study describes the screening of a large and diverse

collection of primate and rodent cell lines (49 in total)

culminating in the identification of endogenous, functional

human UT (coupled to [Ca2þ ]i mobilization) in the human

‘striated muscle’ cell lines SJRH30 and TE671. The character-

ization of ‘endogenous’ UT in these cell lines might facilitate a

greater understanding of the biochemical and pharmacological

characteristics of U-II (and related antagonists) at its cognate,

endogenous receptor and, ultimately, might also assist in the

elucidation of the physiological role of this novel human

neuropeptide in the control of mammalian musculoskeletal

function.

Methods

Northern blot analysis of human UT expression in major
human organs

Tissue distribution of hUT mRNA was assessed using

Clontech (Palo Alto, CA, U.S.A.) Northern blot membranes.

Blots were pretreated with denatured ssDNA (2 h, 421C) and

hybridized with denatured full-length hUT cDNA probe

(labeled with a[32P]dCTP using standard T7 DNA polymer-

ase/(dN)9-random primers; Pharmacia Biotech, Piscataway,

NJ, U.S.A.) overnight at 421C in 50% deionized formamide,

1.5M NaCl, 1% SDS and 10% dextran sulphate. Membranes

were washed under low stringency (3� 15min washes in

1XSSC, 0.1% SDS at 251C), followed by a 30min high-

stringency wash (0.1XSSC, 0.1% SDS at 551C). Hybridization

was detected using conventional autoradiography (Hyperfilm,

Amersham Life Science, U.K.). Once stripped, membranes

were probed with human b-actin cDNA as a positive control.

Human UT expression in human cell lines by polymerase
chain reaction (PCR)

RT–PCR was performed using DNase-I-treated total RNA

(2 mg) isolated from selected human cell lines. cDNA samples

were subjected to PCR amplification (33 cycles: 941C, 30 s;

601C, 30 s; 721C, 30 s) in standard buffer containing 0.2 mM
hUT primers (50-GCA ACC CTC AAC AGC TCC TG-30 and
50-AAG TCC AGG CCG AAG AGC AC-30). All cDNA
samples produced the predicted amplicon using human

GAPDH primers. Amplification fidelity was confirmed by

the observation that (a) no amplicon was detected if either Taq

polymerase or reverse transcriptase were omitted from the

RT–PCR reaction and (b) subsequently by Southern blot

analysis. Briefly, upon completion of cDNA electrophoresis,

agarose gels were denatured in 0.5M NaOH/1.5M NaCl (1 h).

Following neutralization (0.5mM Tris–HCl/1.5M NaCl [pH

7.5]), PCR amplicons were transferred to GeneScreen Hybri-

dization membranes (NEN Life Science, Boston, MA, U.S.A.)

in 10XSSC and, after UV crosslinking, membranes were

hybridized (2 h, 421C) with 1� 106 c.p.m.ml�1 hUT cDNA

probe.

Selection of mammalian cell lines for native urotensin-II
binding site screening

A selection of cells, purchased either from ATCC (Manassas,

VA, U.S.A.) or the Clonetics Corporation (Walkersville, MD,

U.S.A.) and cultured in strict accordance with the supplier’s

recommendations, were screened for the presence of native

U-II binding sites.

Skeletal muscle cell lines Based on the tissue distribution

of human UT mRNA expression determined previously

(where transcript encoding the UT was readily detected in

human skeletal muscle; Tal et al., 1995; Ames et al., 1999; Liu

et al., 1999; Maguire et al., 2000), [125I]hU-II binding was

assessed in five cell lines of skeletal muscle origin, namely

hSKMC (primary cells) and rat L6 myoblast cells and the

human rhabdomyosarcomas cell lines SJRH30, A204 and

TE671 (subline 2).

Non-striated sarcoma cell lines Since [125I]hU-II binding

was detected in two rhabdomyosarcoma cell lines (see Section

3), binding was evaluated in ‘non-striated muscle’ human

sarcomas using vulva leiomyo- (SKLMS-1), osteo- (MG-63),

chondro- (SW-1353), synovial (SW-982), fibro- (HT-1080) and

lipo- (SW-872) sarcoma cell lines.

Cardiovascular cell lines U-II exerts pronounced effects

in cardiovascular tissue (vasoconstriction/dilation, cardiac

inotropy, hypertrophy; Bottrill et al., 2000; Douglas et al.,

2000; Stirrat et al., 2001; Russell et al., 2001; Sauzeau et al.,

2001; Watanabe et al., 2002; Tzanidis et al., 2003). Thus,

[125I]hU-II binding was profiled in human coronary artery

(hCoASMC, primary cells) and human (T/G HA-SMC) and

rat (SV40LT-SMC, A-10, A7r5) aortic smooth muscle cells,

human brain microvascular endothelial cells (hBMVEC,

primary cells) and rat embryonic cardiomyocytes (H9c2 [2-1]).

Endocrine cell lines U-II regulates glucose-induced insulin

release from the rat isolated pancreas (Silvestre et al., 2001)

and influences catecholamine, cortisol, prolactin and fatty acid

synthesis/release in lower vertebrates (Bern et al., 1985; Rivas

et al., 1986; Sheridan & Bern, 1986; Conlon et al., 1997). As

such, binding was determined in cells of endocrine origin

including those derived from rat and human pancreas (BxPC-3

and RIN-m) and those from adrenal (PC-12 cells), thyroid

(TT, SW579 and 6–23 cells) and pituitary (MMQ, GH1 and

GH3 cells) gland.

Gastrointestinal cells U-II is a spasmogen of isolated

intestinal smooth muscle and modulates transepithelial

[Naþ ]/[Cl�] ion transport and neurotransmission in the gut

(Bern et al., 1985; Loretz et al., 1985; Conlon et al., 1996; 1997;

Horie et al., 2003). To this end, epithelial cells from the

stomach (NCI-SNU-16 and AGS), small intestine (IEC-6, Fhs

74 Int cells) and colon (CaCo-2 and SW-480) were assessed for

[125I]hU-II binding.
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Neuronal cells Reverse-phase HPLC reveals the presence

of U-II in porcine spinal cord, bovine hypothalamus and non-

human primate brain (Mori et al., 1999; Nothacker et al.,

1999). Accordingly, UT mRNA is clearly expressed within

specific anatomical regions of the mammalian CNS (Tal et al.,

1995; Liu et al., 1999; Gartlon et al., 2001). As such, [125I]hU-II

binding was assessed in several cell lines of neuronal origin

(HCN-1A, D341 Med, NT-2 and Sk-N-MC cells).

Pulmonary cells Although Tal et al. (1995) reported a lack

of rat UT expression in lung (epithelia), U-II influences

pulmonary/respiratory function by regulating contractile tone

in vitro and in vivo (Douglas et al., 2000; Hay et al., 2000; de

Garavilla et al., 2001; Stirrat et al., 2001). Since UT mRNA

expression has been reported in human epithelial cells of both

vascular (i.e. venous and arterial vascular endothelium; Ames

et al., 1999) and non-vascular (sensory [retinal and olfactory];

Tal et al., 1995) origin, binding was profiled in human lung

epithelia cell lines (DMS-79 and NCI-H727).

Hepatic cells The presence of putative [125I]hU-II radio-

ligand binding sites was investigated in HepG2 human

hepatoblastoma cells since UT mRNA has been observed

previously in primate liver (Elshourbagy et al., 2002).

Leukocytes U-II ligand has been recorded in human

atheroma (Ames et al., 1999). As such, binding was

investigated in several human leukocytic cell lines including

Raji (B-cells), TPA/PMA-differentiated THP-1 (monocytic/

macrophage lineage) and K-562 (a multipotent/hematopoietic

chronic myologenous leukemia line) cells.

Sensory epithelia Rat UT is expressed in sensory epithelia

(olfactory tissue and retina; Tal et al., 1995). Consequently,

U-II binding has been assessed in several cell lines of retinal

origin (epithelia/retinoblastoma; WERI-RB-1, Y-79, HCE-1,

RF/6A and RPE-J cells).

Screening for specific, high-affinity [125I]human
urotensin-II radioligand binding sites

Preliminary binding was performed in a crude ‘screening’

mode in intact cells (adherent cells and cell suspensions) using

([125I]Tyr9)hU-II (2000Cimmol�1; Amersham, Arlington

Heights, IL, U.S.A.). Confluent cells were washed with

DPBSþ (Dulbecco’s phosphate-buffered saline, pH 7.4, with

10mM MgCl2, 0.7mM CaCl2, 1.4mM glucose and 0.2%

BSA) and incubated with 150 pM [125I]hU-II (1ml DPBSþ ,

371C, 30min in triplicate). After incubation, cells were

washed with cold DPBSþ (4� 1ml), solubilized with 1ml

NaOH (1M) and transferred to 12� 75mm glass tubes.

Radioactivity was measured with a Packard Cobra g-counter
(the limit of detection for [125I]hU-II binding was estimated

to be X500 sites cell�1). Non-specific binding was defined

using 1mM cold hU-II. Any intact cell line that exhibited

appreciable specific binding under these conditions was

subjected to secondary, detailed analysis. The explicit aim of

this approach was to identify a cell line(s) expressing the

highest ‘relative abundance’ of [125I]hU-II binding sites. As

such, it should be recognized that a ‘negative’ binding signal in

any given cell line was not necessarily indicative of a lack of

[125I]hU-II binding sites, rather that if such levels existed they

were beyond the level of detection utilizing the approach

employed herein.

Immunocytochemical identification of human UT protein
in SJRH30 cells

SJRH30 cells (90% confluent) were harvested following serum

removal and washed in PBS. Following cell pelleting

(centrifugation at 2500� g, 10min), supernatant was removed

and replaced with 10% neutral buffered formalin (with care

being taken not to resuspend the cells). This pellet was then

used to generate formalin-fixed, paraffin-embedded cell blocks

suitable for immunocytochemical processing. Vulva leiomyo-

sarcoma (SK-LMS-1) and bone osteosarcoma (MG-63) cells

were subjected to the same protocol.

UT immunoreactivity was assessed using an affinity-purified

rabbit anti-hUT pAb raised using a KLH-conjugated synthetic

peptide antigen corresponding to residues 1–15 in the N-

terminus of the human UT (H-MALTPESPSSFPGLA-OH;

Research Genetics Inc., Huntsville, AL, U.S.A.) which was

administered with Freund’s adjuvant to an adult New Zealand

White rabbit (0.1mg in three s.c. sites on days 0, 14, 28 and

56). Serum was collected on day 70.

Anti-hUT pAb (1 mgml�1) immunostaining was detected

using an avidin/biotin-immunoperoxidase procedure (strepta-

vidin-horseradish peroxidase, with DAB as the [brown]

chromogen counterstained with hematoxylin [blue nuclear

stain]). Briefly, cell pellets were blocked using normal goat

serum (5min), following which they were incubated with

primary rabbit anti-hUT pAb (25min). Pellets were then

exposed to secondary (biotinylated goat-anti-rabbit) pAb for

an additional 25min, at which point endogenous peroxidase

blocking (3� 90 s) and streptavidin/horse radish peroxidase

incubation was performed (10min). Cells were exposed to

DAB (3� 5min) and counterstained with hematoxylin (1min).

Specificity of anti-hUT pAb staining was defined as that signal

which was inhibited by preincubation with excess antigen

peptide.

Pharmacological characterization of [125I]hU-II binding
in human rhabdomyosarcoma cells

Saturation (5–300 pM [125I]hU-II) and competition binding

(150 pM [125I]hU-II in the presence of increasing concentrations

of U-II isopeptides and analogues) was evaluated in SJRH30

cells. Selectivity of hU-II binding was established by determin-

ing the effect for numerous unrelated peptides such as

somatostatin, urotensin-I, endothelin-1, angiotensin-II, adre-

nomedullin, MCH, NPY, CGRP and AVP at 1 mM. Non-
specific binding was defined using 1mM unlabeled hU-II.

Association and dissociation studies of [125I]hU-II were also

performed. Cells were washed twice with DPBSþ and binding

was initiated upon the addition of [125I]hU-II (100 pM) in

DPBSþ . Cells were incubated at 37oC for various periods in

the absence or the presence (non-specific binding) of 1 mM cold

hU-II. Dissociation of [125I]hU-II binding was initiated by the

addition of 1 mM of unlabeled hU-II at equilibrium (45min),

after which specific binding was determined at various time

points.
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Intracellular [Ca2þ]-signaling in SJRH30 human
rhabdomyosarcoma cells

SJRH30 cells were loaded with 2mM Fura-2/AM in growth

medium for measurement of [Ca2þ ]i. Following a 45min

incubation period, fresh growth medium was added for 15min

to facilitate residual ester hydrolysis. Cells were then rinsed in

Dulbecco’s PBS, trypsinized, resuspended in growth medium,

centrifuged and resuspended into modified (bicarbonate

replaced with 25mM HEPES, pH 7.4) Kreb’s Ringer’s

Henseleit (KRH) buffer containing 0.1% gelatin. Cells were

diluted to 1� 106 cellsml�1 (KRH buffer, 371C) immediately

prior to use. Initially, Fura-2 fluorescence was measured using

cell suspensions in a dual-channel fluorometer (U. Pennsylva-

nia Biomedical Instruments Group; Igor software, version

1.28; WaveMetrics, Lake Oswego, OR, U.S.A.).

In addition, single-cell fluorescence microscopy techniques

were also applied since it was suspected that only a small

subpopulation of parent cells responded to hU-II. As such,

cells were grown for B3 days at low density on poly-D-Lys-

coated, glass-bottom 35mm culture dishes (MatTek Corp.,

Ashland, MA, U.S.A.). Cells were loaded with 1 mM Fura-2/

AM (Molecular Probes, Eugene, OR, U.S.A.) in RPMI

(SJRH30) or DMEM-H (TE671) for 30min. Cells were rinsed

once with buffer (1ml HBSS plus Ca2þ /Mg2þ ) and incubated

for 10min to allow residual ester hydrolysis. Agonist-induced

changes in [Ca2þ ]i were measured (fluorescence at 510 nm

following excitation at 340/380 nm from a 300W xenon lamp)

in individual cells from a single visual field using an integrating

CCD camera coupled to a Nikon Eclipse TS100 inverted

fluorescence microscope. The 340/380 nm fluorescence emis-

sion was converted to [Ca2þ ]i using a fluorescence/Ca2þ

standard curve (Molecular Probes, Eugene, OR, U.S.A.).

Data were recorded and processed and pseudocolor images

generated using an InCyt Im2/Pm2 imaging system (Intracel-

lular Imaging Inc., Cincinnati, OH, U.S.A.). [Ca2þ ] signaling

was studied in the presence/absence of 1mM thapsigargin,

nifedipine or ryanodine and the role of phospholipase C and

Gi/o-protein was investigated by pretreating SJRH30 cells with

U-73122, U-73343 (10 mM for 10min) or pertussis toxin

(100 ngml�1 for 18 h).

Materials

hU–II, hU-II(4-11), ([Cys5,10]Acm)hU-II and porcine U-IIA/B
were synthesized by California Peptide Research Inc. (Napa,

CA, U.S.A.). All rodent U-II isopeptides (rat and mouse) were

obtained from Phoenix Pharmaceuticals Inc. (Mountain View,

CA, U.S.A.). All other reagents were from Bachem California

Inc. (Torrance, CA, U.S.A.) or Sigma Chemical Co. (St Louis,

MO, U.S.A.) with the exception of pertussis toxin, U-73122

and U-73343 which were purchased from Biomol Research

Laboratories Inc. (Plymouth Meeting, PA, U.S.A.). All cells

used in the study were purchased either from the American

Tissue Culture Collection (Manassas, VA, U.S.A.) or Clo-

netics Corporation (Walkersville, MD, U.S.A.).

Data analysis

Values are expressed as mean7s.e.m. (n represents the number

of separate experimental observations made in duplicate or

triplicate). Nonlinear curve-fitting (GraphPad Prism, San

Diego, CA, U.S.A.) was used to calculate equilibrium binding

affinity (Kd) and maximum binding site density (Bmax) from

saturation-binding experiments in addition to determining

competitor affinity constant (Kis) from competition binding

experiments and agonist potency (EC50) and functional

efficacy (Rmax) from [Ca2þ ]i-mobilization assays.

Results

Northern blot and RT–PCR analysis of human UT
expression in major human organs and cell lines

Although evident in many major organs (pancreas, brain, liver,

testis, placenta, lung, kidney, thymus, prostate, small intestine,

colon, peripheral blood leukocytes, ovary and spleen), expres-

sion of hUT mRNA (4.4 kb transcript) was most abundant in

tissues of ‘striated muscle’ origin, for example, cardiac and

skeletal muscle (Figure 1). Interestingly, smaller transcripts

were evident in heart, placenta, skeletal muscle (B3 kb) and

pancreas (B4 kb). Hybridization with human b-actin cDNA

(B2.2 kb transcript) was evident in all tissues (Figure 1). In

accord, hUT mRNA was detected in hSKMC (primary

skeletal muscle) cells and in two rhabdomyosarcoma cell lines,

SJRH30 and TE671, using RT–PCR (generation of the

predicted 305 bp amplicon was specific, that is, dependent

upon both the presence of Taq polymerase and the generation

of cDNA template from mRNA by reverse transciptase and

was confirmed by Southern blot analysis; Figures 2 and 3). In

contrast, no transcript was detected in ‘non-striated muscle’

cells (e.g. SK-N-MC, HepG2, HeLa, DMS-79, BxPC-3, Y-79

and Raji).

Evaluation of established cell lines for U-II receptors

In an effort to identify an endogenous/native U-II binding site,

a wide range of human, primate and rodent cell lines, including

Figure 1 Multiple tissue Northern blot analysis demonstrating
hUT mRNA expression (B4.4 kb transcript) in skeletal muscle and
heart, tissues of ‘striated muscle’ origin (upper panel). Lower level
hUT mRNA expression is evident in pancreas, brain, liver, testis,
placenta, lung, kidney, thymus, prostate, small intestine, colon,
peripheral blood leukocytes, ovary and spleen. Hybridization with a
human b-actin cDNA probe (B2.2 kb transcript) was evident in all
tissues studied (lower panel). Data shown are from a single
determination (using pooled tissue mRNA).
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those of skeletal muscle origin, were screened for the presence

of readily detectable levels of specific U-II binding sites. This

was achieved using a crude whole-cell screening approach,

whereby both adherent cells and cell suspensions were exposed

to 150 pM [125I]hU-II. Using recombinant hUT-HEK293 cells,

the limit of detection for [125I]hU-II binding was estimated to

be X500 sites cell�1 (hence, a ‘negative’ binding signal did not

mean that cells lacked UT, only that if such protein was

expressed it was at an extremely low density and beyond the

level of detection using the current experimental conditions).

Of the 49 cell lines assayed, only three (B6%) exhibited a

significant binding signal. Significant [125I]hU-II binding was

observed in SJRH30 and TE671 rhabdomyosarcoma cells. In

contrast, binding was not detected in the A204 rhabdomyo-

sarcoma cell line, the L6 rat skeletal myoblast cell line or the

human primary skeletal muscle cells hSKMC. Similarly, rat

H9c2 cells (‘striated’ cardiac myoblasts) were also devoid of

detectable [125I]hU-II binding. Binding to rhabdomyosarcomas

was not an observation associated with ‘connective tissue’

sarcomas in general. Specific [125I]hU-II binding was not

evident in ‘non-skeletal muscle’ sarcomas (namely leiomyo-,

osteo-, chondro-, synovial, fibro- and lipo-sarcomas). Simi-

larly, no binding was noted in numerous cardiovascular

(vascular smooth muscle and endothelial cells), endocrine

(pancreas, adrenal, pituitary gland), gastrointestinal (stomach,

small intestine and colon), sensory epithelial (retinal), neuro-

nal, pulmonary (epithelia), hepatic and leukocyte (B-cells,

monocyte/macrophage) cell lines. Although binding was

evident in a rat medullary thyroid cell line (6–23), albeit at

very low density (see below), a similar signal was not noted in

the human thyroid cell lines TT (medullary carcinoma) and

SW-579 (squamous cell carcinoma).

Characterization of native UT

Since both TE671 and rat thyroid carcinoma (6–23) cells

displayed poor U-II binding site densities (B5–10% of that

Figure 2 Skeletal muscle cell lines express significant amounts of
hUT mRNA. PCR samples were size-fractionated in an ethidium
bromide-stained 2% agarose gel (100 bp DNA ladder is shown in
lanes 1 and 12). RT–PCR amplification of a specific hUT amplicon
(305 bp) was detected using cDNAs generated from hUT plasmid
(lane 2) or human skeletal muscle cell lines hSKMC (primary cell
line; lane 3), SJRH30 and TE671 (rhabdomyosarcoma cell lines;
lanes 4 and 5, respectively). Amplification fidelity was confirmed by
demonstrating that no PCR product was generated if Taq DNA
polymerase was omitted from the amplification reaction (no Taq;
lanes 6–8) or if mRNA was not subjected to reverse transcription (no
RT; lanes 9–11) prior to PCR amplification (i.e. amplicons were
derived from hUT mRNA, not genomic DNA contamination). Data
are shown from a single determination.

Figure 3 Expression of hUT mRNA is specific to skeletal muscle
cells and is not evident in cell lines that are of ‘non-striated muscle’
origin. Upper panel: RT–PCR samples were size-fractionated in an
ethidium bromide-stained 2% agarose gel (100 bp DNA ladder is
shown in lane 1). Amplification of a specific hUT amplicon (305 bp)
was detected using cDNAs generated from hUT plasmid (lane 2)
and the human skeletal muscle cell lines hSKMC (primary cell line;
lane 3), SJRH30 and TE671 (rhabdomyosarcoma cell lines; lanes 4
and 5, respectively). No amplicon was found in a variety of ‘non-
skeletal muscle’ human cell lines, namely SK-N-MC (supra-orbital
neuroblastoma), HepG2 (hepatoblastoma), HeLa (cervical adeno-
carcinoma), DMS-79 (small cell lung carcinoma), BxPC-3 (pancrea-
tic adenocarcinoma), Y-79 (retinoblastoma) and Raji B-lymphocyte
(Burkitt’s lymphoma) cells (lanes 6–12, respectively). Middle panel:
amplification of GAPDH cDNA (620 bp amplicon) was evident in
all samples studied. Lower panel: the presence of hUT gene was
confirmed in human skeletal muscle cell lines hSKMC, SJRH30 and
TE671 cells by Southern blot analysis (PCR products were
tranferred to a nylon membrane and probed with full-length hUT
cDNA to generate a 305 bp hybridization product). Data shown one
from a single determination.
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recorded in SJRH30), detailed hUT characterization (e.g.

immunocytochemistry, signal transduction) was performed

primarily in SJRH30 cells.

UT immunostaining in the human rhabdomyosarcoma cell
line SJRH30 Affinity purified rabbit anti-hUT pAb stain-

ing of SJRH30 cells was primarily cell membrane-associated

(Figure 4a). Staining, globular/granular in nature, was evident

in B50% of cells. The specificity of this interaction was

confirmed by demonstrating that there was (a) complete

inhibition by preincubation with excess (5 mgml�1) antigen

peptide (Figure 4b) and (b) no specific membrane immunos-

taining evident in ‘non-striated’ human sarcoma cell lines

prepared under identical conditions (faint, diffuse cytoplasmic

staining was observed in SK-LMS-1 and MG-63 cells but this

signal was not inhibited by preincubation with excess peptide

antigen and, therefore, represented non-specific staining;

Figure 4c and d). Control, rabbit IgG staining was run in

parallel with anti-hUT pAb in SJRH30 cells and confirmed the

specificity of the receptor antibody staining.

Radioligand-binding studies in SJRH30 human rhabdo-
myosarcoma cells Equilibrium [125I]hU–II binding to intact

SJRH30 cells was reached within B25min at 371C and

remained constant over 2 h (Figure 5). Binding was mono-

exponential, indicating that the radioligand interacted with a

single class of homologous sites (non-specific binding was

10–15% of the total binding). Notably, only modest dissocia-

tion (B15%) of bound ligand was evident up to 90min after

the addition of excess cold hU-II (Figure 5). [125I]hU–II

binding was concentration-dependent and saturable (Kd

67.0711.8 pM, Bmax 96877843 sites cell�1; Figure 6). Scatch-

ard analysis (nonlinear regression) suggested an interaction of

the radioligand with a single class of non-cooperative sites

(specific binding was490% at the Kd). In competition studies,

all native U-II (human, rat, mouse, pig and fish) isoforms

potently inhibited [125I]hU–II binding to SJRH30 cells in a

Figure 4 hUT immunoreactivity is detectable in SJRH30 cells using a novel affinity-purified rabbit anti-hUT pAb. (a) Globular/
granular staining is observed at the plasma membrane of formalin-fixed, paraffin-embedded SJRH30 cell pellets labeled with
1.0mgml�1 hUT pAb. (b) In contrast, staining of the SJRH30 cell pellet is abolished following preincubation of the SJRH30 cells
with anti-hUT pAb in the presence of antigen (1 h at 5mgml�1). Similarly, no membrane staining is noted in the ‘non-striated’
human sarcoma cell lines prepared in an identical manner, including (c) SK-LMS-1 (vulval leiomyosarcoma) and (d) MG-63 (bone
osteosarcoma) cell lines.

Figure 5 [125I]hU-II binds (associates) to intact SJRH30 cells in a
time-dependent manner, with a slow dissociation off-rate. [125I]hU-II
(100 pM) was added in 1ml of DPBS to wells containing a
monolayer of 2� 106 SJRH30 cells (n¼ 3, duplicate determinations).
The incubation was carried out at 371C for up to 150min.
Association (open squares) was complete within B25min. The
dissociation of cell-bound [125I]hU-II from SJRH30 cells (filled
squares) was studied after incubation of cells with 100 pM [125I]hU-II
for 30min at which point excess unlabeled hU-II (1 mM) was added
to the incubation mixture. Radioligand dissociation, observed over
the subsequent 2 h period, was slow (B15%).
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concentration-dependent manner (Figure 7). Ligand affinities

(Kis) were similar for all U-II isopeptides studied (0.5–1.2 nM;

Table 1) and Hill coefficients approximated unity. The

truncated hU-II analog hU-II(4-11) was also equipotent at

inhibiting [125I]hU-II binding. In contrast, however, the linear

analog ([Cys5,10]Acm)hU-II was approximately three orders of

magnitude less potent than hU-II in this system. Unrelated

peptides, such as urotensin-I, somatostatin-14, endothelin-1,

angiotensin-II, adrenomedullin, MCH, NPY, CGRP and AVP

(1 mM), were unable to inhibit binding (42000-fold less potent

than hU-II).

Radioligand-binding studies in human TE671 and rat 6-23
cells hU-II fully displaced [125I]hU-II binding in human

TE671 and rat 6-23 cells in a concentration-dependent manner

(Kis 2.270.2 and 3.070.8 nM, respectively; Figure 8). Scatch-

ard analysis revealed the presence of a single class of high-

affinity, low-density binding sites for hU-II in both cell types

(Kds 74.077.6 and 57.376.5 pM and Bmaxs 16677165 and

4937114 sites cell�1, respectively; Figure 8).

Intracellular [Ca2þ]i mobilization in SJRH30 cells

Binding of hU-II to SJRH30 cells resulted in ligand-induced

[Ca2þ ]i mobilization, as determined using the Ca2þ -indicator

Fura-2. hU-II (1 mM) trebled [Ca2þ ]i levels from a resting,

basal value of approximately 50 nM to an Rmax of 150730 nM

(Figure 9a). hU-II-induced [Ca2þ ]i increase was concentration-

dependent (EC50 6.972.2 nM; Figure 9b). Responses were

insensitive to both ryanodine and nifedipine, but were

attenuated by 1mM thapsigargin (56.0715.4 nM increase in

[Ca2þ ]i over basal).

To investigate further the effects of hU-II on signal

transduction, [Ca2þ ]i mobilization was studied on the single-

cell level using a digital imaging system. Application of 100 nM

hU-II resulted in rapid, transient increases in [Ca2þ ]i levels

but, notably, only in a subset of SJRH30 cells (Figures 10 and

11). A significant hU-II-induced [Ca2þ ]i response was only

observed in 10.372.0% (38/370 cells; n¼ 13) of SJRH30 cells

tested (233/304 SJRH30 cells (76.7%) responded to 1mM

carbachol; n¼ 11). Similarly, the magnitude of the hU-II-

induced [Ca2þ ]i varied significantly between individual cells

from B10 nM to several hundred nM over baseline. In

contrast, hU-II (p1mM) failed to evoke a [Ca2þ ]i response in

TE671 (0/77 cells, n¼ 3) cells (1mM carbachol evoked a rapid,

robust rise in [Ca2þ ]i in 52/52 TE671 cells tested). U-II-

induced [Ca2þ ]i release was significantly reduced (9074%;

n¼ 3) when SJRH30 cells were treated with the phospholipase

C inhibitor U-73122 (10 mM, 10min), whereas the inactive

structural analogue U-73343 had no effect on U-II-evoked

Figure 6 Saturation equilibrium binding of [125I]hU-II to an intact
SJRH30 cell monolayer. Specific binding (490%) was determined
in SJRH30 cells incubated with 5–300 pM [125I]hU-II for 30min at
371C in the presence or absence of excess cold hU-II (1 mM).
Radioligand bound to a single class of homologous sites as
determined by Scatchard analysis (inset). Values are the mean of
duplicate determinations from a representative experiment. The
experiment was repeated a total of three times (in duplicate) where
Kd 67.0711.8 pM and Bmax 96877843 sites cell�1.

Figure 7 U-II isopeptides inhibit [125I]hU-II binding to SJRH30
cells in a specific, competitive and concentration-dependent manner.
Cells were grown as a monolayer and were incubated with 0.15 nM
radioligand for 30min at 371C in the presence of increasing
concentrations of competing ligand. [125I]hU-II binding was sensitive
to the truncated analogue hU-II(4–11), but not the linear hU-II
analogue ([Cys5,10]Acm)hU-II. Binding was also insensitive to all
‘unrelated’ peptides studied, namely urotensin-I, somatostatin,
endothelin-1, angiotensin-II, adrenomedullin, MCH, NPY, CGRP
and Arg-vasopressin (o10% inhibition at 1 mM concentration of
peptides). Each point represents the mean of duplicate determina-
tions from a representative experiment and all experiments were
repeated a total of three to four times with similar observations (see
Table 1) (a) hU-II (open circles), hU-II (4-11) (filled circles) and
([Cys5,10]Acm)hU-II (open squares); (b) Goby U-II (filled squares),
rat U-II (open triangles) and mouse U-II (filled triangles); (c)
porcine U-IIa (open diamonds) and porcine U-IIb (filled diamonds).
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[Ca2þ ]i release. Pretreatment of SJRH30 cells with pertussis

toxin (100 ngml�1 for 18 h) resulted in a B40% reduction in

U-II-mediated [Ca2þ ]i response (basal [Ca
2þ ]i was unaffected).

However, neither elevating the concentration of pertussis toxin

nor increasing the incubation time enhanced the degree of

inhibition.

Discussion

Although U-II was originally identified over three decades ago

(Bern & Lederis, 1969), [125I]hU-II binding has been recorded

in only a very limited number of tissues (Stratton et al., 1989;

Itoh et al., 1988; Ames et al., 1999; Maguire et al., 2000). In the

present study, Northern blot and RT-PCR analysis confirmed

the presence of UT mRNA in (a) skeletal muscle (and cardiac)

tissue specimens, (b) the rhabdomyosarcoma cell lines SJRH30

and TE671 and (c) the human primary skeletal muscle cell line

hSKMC. Further to this, radioligand-binding sites for U-II

were found to be present in SJRH30 and TE671 cells,

transformed rhabdomyosarcoma cell lines that exhibit the

cytogenetic, biochemical and ultrastructural characteristics

typical of that seen in skeletal muscle (sarcomeres, cytosolic

glycogen granules, desmin, myoglobin, bungarotoxin binding

sites, muscle-specific transcription/differentiation factor myo-

genin, etc.; Roberts et al., 1989; Stratton et al., 1989). Such

findings are consistent with those of Maguire et al. (2000)

using whole tissue quantitative receptor autoradiography.

Detailed characterization of SJRH30 cells revealed that this

cell line expressed a single, homogenous population of high

affinity (Kd 67 pM) and low density (Bmax B10,000 sites cell�1)

[125I]hU-II binding sites. Lower density binding was evident in

TE671 cells. To the best of the Authors’ knowledge, the

present report is the first to record [125I]hU-II binding in a

native cell line. In accord, specific membrane-associated

immunoreactivity was noted in SJRH30 cells using an

affinity-purified anti-hUT pAb. Such findings are consistent

with the hypothesis that U-II might play a physiological role in

the regulation of mammalian locomotor function (Gartlon

et al., 2001), which requires further study. As such, SJRH30

cells might prove to be of utility for investigating the

pharmacological properties of hU-II and related small

molecule antagonists at native human UT and delineating

the role of this neuropeptide in the (patho)physiological

regulation of mammalian neuromuscular function.

U-II is expressed throughout the CNS across evolutionary

levels, from invertebrate molluscs (Gonzalez et al., 1992) to

man (Coulouarn et al., 2001). Since ligand expression is

associated specifically with somatic motor nuclei and choli-

nesterase-positive ventral horn motor neurons (Chartrel et al.,

1998; Ames et al., 1999; Clark et al., 2001; Coulouarn et al.,

2001; Dun et al., 2001), this neuropeptide is purported to

regulate mammalian sensory-locomotor activity. Indeed, U-II

has been shown recently to stimulate [Ca2þ ]i influx in rat

isolated spinal cord cholinergic neurons (Filipeanu et al., 2002)

Table 1 Urotensin-II isopeptides inhibit [125I]hU-II
binding to SJRH30 rhabdomyosarcomas (competition
whole cell binding assay)

Competing ligand Affinity
(Ki) nM

Relative
potency

Mammalian U-II isopeptides
Human U-II 0.570.1 1.0
Goby U-II 0.670.1 1.2
Rat U-II 0.770.1 1.4
Mouse U-II 1.270.3 2.4
Porcine U-IIA 1.170.2 2.2
Porcine U-IIB 0.570.1 1.0

Human U-II analogs
Human U-11(4-11) 0.470.1 0.8
([Cys5,10]Acm) human U-II 864.37192.7 1729

Values are expressed as mean7s.e.m. (n¼ 3). Relative
potency values are determined in comparison to human U-II.

Figure 8 Saturation equilibrium binding of [125I]hU-II to intact (a)
human TE671 and (b) rat 6–23 cell monolayers. Specific binding was
determined by incubating cells with 5–300 pM [125I]hU-II for 30min
at 371C in the presence or absence of excess cold hU-II (1 mM).
Radioligand bound to a single class of homologous sites in both cell
types, as determined by Scatchard analysis (insets). (c) hU-II
isopeptide inhibits [125I]hU-II binding to human TE671 (filled
squares) and rat 6–23 (open squares) cells in a specific, competitive
and concentration-dependent manner. Cells were grown as a
monolayer and were incubated with 0.15 nM radioligand for
30min at 371C in the presence of increasing concentrations of hU-
II. Each point represents the mean of duplicate determinations from
a representative experiment and all experiments were repeated a
total of three times with similar observations.
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and to increase habituated motor activity in rodents upon

central administration (Gartlon et al., 2001). Since U-II also

augments spontaneous neurotransmitter release (in the frog

sartorius muscle; Brailoiu et al., 2003), it has been proposed

that U-II influences skeletomuscular function via a peripheral

site of action, for example, at the neuromuscular junction.

Such a proposition is consistent with the present study.

As recorded in recombinant UT systems (Ames et al., 1999),

[125I]hU-II was slow to dissociate from SJRH30 cells,

consistent with the characterization of U-II isopeptide as a

‘pseudo-irreversible’ UT ligand (Douglas, 2003). This phe-

nomenon likely underlies the extremely sustained pharmaco-

dynamic actions of hU-II, for example, vasoconstriction that is

resistant to washout (Douglas et al., 2000). Interestingly, such

sustained actions are not particularly reminiscent of most

neurotransmitter ligand/receptor systems and it remains to be

seen whether U-II regulates neuromuscular function in a

Figure 9 hU-II stimulates [Ca2þ ]i transients in SJRH30 cell
supensions. (a) [Ca2þ ]i mobilization to 1mM hU-II (indicated by
the filled triangle) was determined in Fura-2 AM-loaded cells using a
fluorescence spectrophotometer. (b) Concentration–response curve
for hU-II-mediated [Ca2þ ]i mobilization in SJRH30 cells (values are
mean7s.e.m; n¼ 3).

Figure 10 Composite of [Ca2þ ]i-mobilization responses in 23
individual SJRH30 cells from a single microscopic field. Five out
of 23 cells exposed to 100 nM hU-II responded (21 of 23 cells
responded to 1mM carbachol). Arrows above the calcium traces
indicate the addition of agonists.

Figure 11 Pseudocolor images illustrating time-dependent increase in [Ca2þ ]i in SJRH30 cells following exposure to hU-II
(100 nM). Upper left panel (a): SJRH30 cells under resting conditions in a single visual field (bar correlates pseudocolor with relative
[Ca2þ ]i levels). Upper right (b): a subset of SJRH30 cells (identified by arrows) responded upon addition of hU-II with rapid,
transient increases in [Ca2þ ]i levels (image taken 52 s following the addition of ligand). Lower left and right panels (c and d):
increases in [Ca2þ ]i levels were transient and reversible (images taken 92 and 237 s following the addition of hU-II).
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‘phasic’ manner or whether any such putative actions are more

chronic in nature, for example, ‘metabotropic’ function.

Exposure of SJRH30 cells to U-II was associated with

[Ca2þ ]i mobilization. The agonist potency of hU-II (EC50

B7 nM) was in close agreement both with the binding affinity

of the U-II isopeptides (KiB1 nM) and with the potency of

U-II as a [Ca2þ ]i-mobilizing agent in rat spinal cord neurons

(Filipeanu et al., 2002) and rodent/primate recombinant UT

cells and native cells (Ames et al., 1999; Elshourbagy et al.,

2002). As such, the interaction described herein is believed to

be physiologically and pharmacologically relevant.

Although an appreciable hU-II binding site density was

observed in SJRH30 cells, single-cell digital imaging techni-

ques demonstrated that only B10% SJRH30 cells exposed to

hU-II responded with an appreciable [Ca2þ ]i response (and the

magnitude of this response, where observed, exhibited

considerable cell–cell variation). The reason underlying this

observation is unclear at present, but perhaps relates either to

natural variations in cell-to-cell phenotype (to date, clonal cell

lines have not been selected) or it could be simply related to the

low receptor density/lack of receptor reserve (subtle fluctua-

tions in receptor expression between cells or varied exposure to

endogenous U-II, a pseudo-irreversible ligand, might have

profound effects on ‘available’ receptor, that is, that free to

couple to [Ca2þ ]i mobilization; Douglas, 2003). This observa-

tion might explain why [125I]hU-II binding site densities appear

to be so low in cell culture systems (and tissues), since only a

small fraction or subpopulation of cells within a culture plate

or tissue express cell surface U-II receptors at any given time.

Indeed, this observation would go a long way to explaining

why the detection (either by binding or function) of

endogenous UT in native mammalian cell lines has proven

so difficult to date.

Despite the observations that radiolabelled hU-II bound to

TE671 cells, cold peptide was unable to induce [Ca2þ ]i
mobilization in this cell line. The reason for the disparity

between SJRH30 and TE671 cells is unknown, but likely

relates to differences in receptor expression and/or receptor–

effector coupling between these two cell lines.

In the present study, no [125I]hU-II binding was observed in

either primary human skeletal muscle cells (hSKMC) or rat L6

myoblasts (although UT mRNA was evident, at least in the

former). Such findings do not mean that radioligand-binding

sites are not present in either cell line, rather that using the

binding techniques employed herein the binding site density

was below the level of detection in either cell line. Alter-

natively, the lack of binding in hSKMC cells might simply

reflect ‘inter-donor’ variability (the hSKMC cells are primary

cells obtained from individual donors by Clonetics). Indeed,

there is precedence for donor-to-donor variability in the level

of skeletal muscle UT mRNA expression in human tissue. In

contrast to the present study, in a prior publication from this

group (Ames et al., 1999), no appreciable UT mRNA was

observed in human skeletal muscle by Northern blot analysis

using membranes from the same commercial source (Clon-

tech). Further, in subsequent studies, both Liu et al. (1999) and

Elshourbagy et al. (2002) reported significant primate and

murine UT mRNA expression in freshly harvested tissue.

The hU-II-induced [Ca2þ ]i mobilization from thapsigargin-

sensitive (sarcoplasmic reticulum) intracellular stores observed

in the present study is in accord with Brailoiu et al. (2003), who

demonstrated that U-II-induced increases in miniature end-

plate potential frequency in the frog sartorius muscle were

thapsigargin-sensitive. [Ca2þ ]i mobilization was insensitive to

both blockade of L-type Ca2þ channels (with nifedipine) and

inhibition of the Ca2þ -sensitive Ca2þ release (with ryanodine).

[Ca2þ ]i mobilization was phospholipase C-dependent (U-

73122 sensitive) in agreement with observations made in frog

sartorius muscle and rat and rabbit vascular preparations

(Gibson, 1987; Saetrum-Opgaard et al., 2000; Rossowski et al.,

2002; Watanabe et al., 2002; Brailoiu et al., 2003). Although

phospholipase C-mediated [Ca2þ ]i mobilization is generally

transduced by Gi/o or Gq-proteins (e.g. U-II-mediated Gi/o

activation in recombinant UT systems), multiple G-proteins

appear to be involved in U-II mediated [Ca2þ ]i release in

SJRH30 cells since pertussis toxin pretreatment (Gi/o ADP

ribosylation and inactivation) only partially inhibited (B40%)

this signaling event that is, it is mediated by pertussis toxin-

sensitive (Gi/o) and pertussis toxin-insensitive (possibly Gq)

G-proteins (Ziltener et al., 2002).

The SAR data generated in the present study are consistent

with the ‘endogenous’ SJRH30 [125I]hU-II binding site being

homologous with the human recombinant UT. U-II isopep-

tides are equipotent UT ligands in SJRH30 cells (all native

isoforms possessed B1 nM Kis). Such observations imply that

the divergent amino-tail of U-II is not required for biological

activity at SJRH30 binding sites (as is the case for hUT), rather

that the conserved cyclic portion of the U-II ligand confers

affinity for UT (Bern & Lederis, 1969; Bhaskaran et al., 1994;

Labarrère et al., 2003). Indeed, the truncated peptide analog

hU-II(4–11) was equipotent with mature hU-II peptide in

SJRH30 cells (Coy et al., 2002; Croston et al., 2002; Kinney

et al., 2002). In contrast, ([Cys5,10]Acm)hU-II, a linear ligand,

was three orders of magnitude less potent than parent hU-II in

an SJRH30 competition binding assay. This is consistent with

[1H]NMR studies where cysteinyl disulphide bridge modifica-

tion (e.g. [Cys5,10] Ser, Ala, D-Cys substitutions) leads to a loss

in the UT affinity of resultant ‘linear’ peptides (Flohr et al.,

2002; Grieco et al., 2002; Labarrère et al., 2003).

Preliminary analysis of hUT mRNA (4.4 kb mRNA)

distribution revealed the presence of two additional 3 and

4kb transcripts in skeletal muscle and heart. While it is

tempting to speculate that this is suggestive of multiple UT

subtypes (Liu et al., 1999; Coy et al., 2000), to date, no

molecular evidence exist to support the concept that U-II

mediates its biological actions via multiple UT subtypes.

While the present study focused on characterizing U-II

binding and function in skeletal muscle cell types, the rat

thyroid medullary carcinoma cell line 6-23 was shown to

express an appreciable density of [125I]hU-II binding sites (no

binding was detectable in TT and SW-579 thyroid carcino-

mas). Although receptor density was extremely low (B5% of

that seen in SJRH30 cells), the observation of high-affinity

binding (74 pM and 3 nM Kd and Ki, respectively) was

interesting given the putative endocrine function ascribed for

U-II in mammals, for example, regulation of TSH (insulin,

glucose, ACTH, catecholamine and prolactin) secretion

(Gartlon et al., 2001; Silvestre et al., 2001; Watson et al.,

2003). Notably, U-II and UT mRNA have been identified in

primate thyroid tissue in the acinar cells lining the thyroid

follicles (Ames et al., 1999; Elshourbagy et al., 2002). As such,

the identification of U-II binding sites in rat 6-23 cells might

assist future attempts to establish a (patho)physiological role

for U-II in the regulation of mammalian thyroid function.
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In conclusion, the present study demonstrates that skeletal

muscle cell lines (SJRH30 and TE671) express appreciable

numbers of hU-II binding sites, receptors functionally coupled

to second messenger generation (phospholipase C-mediated

[Ca2þ ]i-mobilization). The utility of identifying a native U-II

binding site in a cell line such as SJRH30 is two-fold. SJRH30

cells might facilitate advancements in delineating the role of

U-II in the (patho)physiological regulation and/or integration

of mammalian sensory-locomotor activity and they might also

assist in the pharmacological evaluation of novel ligands (i.e.

antagonists) at an endogenous human UT expressed in its

‘native’ environment.

We thank Gwendolyn E. Townsend, David J. Behm and Douglas G.
Johns (Vascular Biology and Thrombosis, GlaxoSmithKline) for their
skillful technical assistance during the preparation of this manuscript.
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