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ABSTRACT
Neuromedin U (NmU) is a 25 amino acid peptide prominently
expressed in the upper gastrointestinal (GI) tract and central
nervous system. It is highly conserved throughout evolution
and induces smooth muscle contraction in a variety of species.
Our understanding of NmU biology has been limited because
the identity of its receptor was unknown. Here we demonstrate
that GPR66/FM-3 is specifically stimulated by NmU, causing
the mobilization of intracellular calcium. This response was
dose-dependent (EC50 5 10 nM) and specific in that none of
over 1000 ligands tested, including other neuromedins (NmB,

C, L, K, N), induced a calcium flux in GPR66/FM-3-transfected
cells. The GPR66/FM-3 mRNA is prominently expressed in the
upper GI tract of humans, as is the mRNA for NmU, consistent
with role for this receptor-ligand pair in regulating the function
of this organ system. In addition, we show that whereas neu-
romedin U is expressed by monocytes and dendritic cells,
GPR66/FM-3 is expressed by T cells and NK cells. These data
suggest a previously unrecognized role for NmU as an immu-
noregulatory molecule.

The neuromedins (Nm) are a group of smooth muscle-
stimulating peptides commonly divided into four groups:
bombesin-like (NmB, NmC), kassinin-like (NmL/neurokinin
A, NmK/neurokinin B), neurotensin-like (NmN), and neuro-
medins U (NmU). Among this group of peptides, neuromedin
U is the least well understood, in large part due to the lack of
a known receptor. Neuromedin U was first reported by Mi-
namino et al. (1985a,b) as a peptide isolated from porcine
spinal cord. These investigators isolated two active peptides,
NmU-25 and a further cleavage product, NmU-8, and char-
acterized them as having smooth muscle contractile activity.
Neuromedin U was subsequently isolated from a variety of
species including rat (Conlon et al., 1988; Minamino et al.,
1988), guinea pig (Murphy et al., 1990), dog (O’Harte et al.,
1991), rabbit (Kage et al., 1991), chicken (Kage et al., 1991;
Domin et al., 1992), and frog (Salmon et al., 2000).

The cDNA for rat NmU was the first to be cloned and
analysis of the nucleic acid sequence suggests that NmU is
produced as a 174 amino acid precursor. The precursor con-
tains a signal peptide and several dibasic cleavage sites that

give rise to a number of possible secreted peptides, including
NmU, which is present near the carboxyl-terminus (Lo et al.,
1992). The human NmU cDNA was subsequently cloned and
encodes a similar 174 amino acid precursor (Austin et al.,
1995). Neuromedin U shows remarkable conservation
throughout evolution and a core active peptide (Phe-Leu-
Phe-Arg-Pro-Arg-Asn-NH2) is absolutely conserved among
mammalian species (Fig. 1).

A variety of biological activities have been reported for
NmU although its role in normal physiology is unclear. The
first biological activity ascribed to NmU was smooth muscle
contraction (Minamino et al., 1985a,b). These experiments
have not been consistent among different species, however,
in regard to the specific tissues that respond to NmU. For
example, NmU has been reported to stimulate the contrac-
tion of turtle small intestine (Bockman et al., 1989), human
ileum and urinary bladder cells (Maggi et al., 1990), and rat
stomach circular muscle (Benito-Orfila et al., 1991). In con-
trast, no NmU-induced contractile response was observed in
guinea pig small intestine (Minamino et al., 1985a), porcine
jejunum (Brown and Quito, 1988), or frog intestine (Benito-
Orfila et al., 1991). Neuromedin U has also been reported toThis research was funded entirely by Schering-Plough Corporation.
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increase arterial blood pressure (Sumi et al., 1987; Gardiner
et al., 1990) and modify ion transport in the intestinal tract
(Brown and Quito, 1988). Finally, NmU injected s.c. into rats
has been reported to increase circulating ACTH levels in the
short term and to increase serum corticosterone levels in the
long term (Malendowicz et al., 1993, 1994), suggesting a role
in regulation of the hypothalamo-pituitary-adrenal axis.

The orphan G protein-coupled receptor (GPCR) GPR66/
FM-3 was originally identified as a partial mouse expressed
sequence tag residing in GenBank. A full-length mouse
cDNA was cloned from a T cell library and subsequently used
as a probe to identify a human clone (Tan et al., 1998). A
BLAST comparison of the human cDNA sequence of GPR66/
FM-3 to public DNA databases revealed a genomic clone
(AC017104) that contained the entire open reading frame of
GPR66/FM-3. Although the gene structure for GPR66/FM-3
was previously described (Tan et al., 1998), the sequence was
not reported. The open reading frame for GPR66/FM-3 is
encoded on two exons. The first exon encodes the putative
start methionine (in an appropriate Kozak context with an
upstream, in-frame stop codon) through transmembrane
(TM) domain six. The second exon encodes the third extra-
cellular loop, TM domain seven and the carboxyl-terminus.
Comparison of GPR66/FM-3 to other known GPCRs shows it
is most similar to the human growth hormone secretagogue
and neurotensin receptors (33 and 29% amino acid identity,
respectively) as well as the recently described motilin recep-
tor (Feighner et al., 1999). Phylogenetic analysis, however,
indicates that this receptor lies on a distinct evolutionary
branch (not shown).

We have developed and employed a “reverse pharmacol-
ogy” approach (a term referring to the process by which an
orphan G protein-coupled receptor is identified and used as
“bait” to identify its natural ligand) to identify the natural
ligand for GPR66/FM-3. Similar approaches have recently
proven successful in identifying ligands for several previ-
ously orphan receptors (Chambers et al., 1999, 2000; Feigh-
ner et al., 1999), and we report here the identification of
neuromedin U as a ligand for GPR66/FM-3.

Materials and Methods
Cloning and Expression of GPR66/FM-3. The coding region of

GPR66/FM-3 was amplified from human spleen cDNA by polymer-
ase chain reaction (PCR) using primers specific for GPR66/FM-3
[forward primer containing a consensus Kozak sequence (under-
lined): 59-GCCGCCACCATGGCTTGCAATGGCAGTGCGGC-39; re-
verse primer 59-TCAGGATGGATCGGTCTCTTGCTG-39]. Thermo-
cycling conditions included a hot start at 94°C for 1 min, followed by
35 cycles of 94°C, 30 s; 60°C, 30 s; 72°C for 1 min 30 s; and a final
extension at 72°C for 7 min. The resulting PCR product was cloned
into pCR3.1 (Invitrogen, Carlsbad, CA) and the insert then se-
quenced using an ABI Prism dRhodamine dye DNA sequencing kit
and ABI 377 automated sequencer (PE-Biosystems, Foster City, CA).
Transient and stable expression of GPR66/FM-3 in HEK 293 cells
was accomplished using LipofectAMINE 2000 (GibcoBRL Life Tech-
nologies, Gaithersburg, MD). Briefly, 24 h before transfection HEK
293 cells were seeded into 75 cm2 tissue culture flasks in Dulbecco’s
modified Eagle’s medium (DMEM), 10% fetal calf serum (FCS), then
transfected overnight using LipofectAMINE 2000. The following day
cells were removed from the plate (0.05% trypsin, 0.5% EDTA),
washed, and either replated for screening as detailed below or placed
under selection in DMEM containing 10% FCS and G418 (GibcoBRL)
at a concentration of 1 mg/ml. Cells surviving initial selection (2
weeks) were subsequently maintained in DMEM/10% FCS contain-
ing G418 at 0.5 mg/ml.

Ligand Screening. All initial screening was accomplished using
transiently transfected cells generated as described in the preceding
section. Twenty-four hours before screening, transfected cells were
replated into clear bottom, black-walled 96-well plates precoated
with poly (D-lysine) (Becton-Dickinson, Franklin Lakes, NJ) at a
density of 5 3 105 cells/well. The day of screening (48 h post-trans-
fection) cells were loaded for 1 h with Fluo-3 AM (Sigma Chemical
Corp., St. Louis, MO) at a concentration of 2 mM in DMEM/10% FCS
containing 2.5 mM probenecid (Sigma) and 20 mM HEPES buffer
solution (pH 7.55, GibcoBRL). Cells were then washed 43 in Hanks’

Fig. 2. GPR66/FM-3 expressing cells show a specific, dose-dependent
response to neuromedin U. HEK 293 cells were transiently transfected
with the GPR66/FM-3 cDNA and screened against a large collection of
GPCR ligands. Mock transfected cells stimulated with NmU-25 and
GPR66/FM-3 transfected cells stimulated with neuromedin C were used
as controls. Results are plotted as change in fluorescence (peak height)
versus log molar concentration. The EC50 for NmU-25 and NmU-8 is
indicated, and each point is the average of four replicate samples. Inset,
the dose-dependent intracellular calcium flux observed in response to
human NmU-25 (10 mM-0.1 nM) is plotted as fluorescence counts versus
time (s). HEK 293 cells stably expressing GPR66/FM-3 were used, and
the response to neuromedin C is shown as a negative control.

Fig. 1. Alignment of neuromedin U from various species demonstrates
the conservation of a core active peptide. The amino acid sequences of
various NmUs were obtained from GenBank and aligned using
CLUSTAL W. Human (h), rat (r), and mouse (m) NmU sequences are
predicted from their respective cDNAs, whereas pig (p), dog (d), rabbit
(rb), guinea pig (gp), chicken (c), common frog (f), and tree frog (tf) NmU
sequences were obtained from the GenBank peptide database and were
originally derived isolated peptides. Sites of potential dibasic cleavage are
in bold and the conserved core peptide is boxed. Absolutely conserved
residues within the core sequence are noted with an asterisk.
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buffered saline solution containing 2.5 mM probenecid, 20 mM HEPES,
and 1% bovine serum albumin (wash buffer). Compounds used in
screening were initially suspended in dimethyl sulfoxide (small mole-
cules) or water (peptides) and diluted into wash buffer just before
screening. Final dilutions resulted in a compound screening concentra-
tion of 3 mg/ml and contained less than 1% dimethyl sulfoxide, a con-
centration that generates no background signal in the screening assay
used (data not shown). Screening was accomplished using the fluoro-
metric imaging plate reader (FLIPR, Molecular Devices, Sunnyvale,
CA), which allows real-time monitoring of fluorescence of all 96 wells
simultaneously (Coward et al., 1999, Sullivan et al., 1999). The results
obtained were expressed as a change in relative fluorescence units
versus time or as relative fluorescence change versus concentration of
ligand (log M).

Peptide ligands and small molecules used in the large scale
screening of GPR66/FM-3 were obtained from a wide variety of
commercial sources. Included in the ligand libraries was the LOPAC
small molecule library (RBI, Natick, MA), which includes 640 com-
pounds of various pharmacologic classes including adenosines, puri-
nergics, adrenergics, histaminergics, cholinergics, ion channel mod-
ulators, dopaminergics, glutaminergics, opioids, serotonergics, and
GABAergics (exact content can be obtained from manufacturer). The
libraries also included well over 500 peptides that are known or
suspected GPCR ligands. These were obtained from various commer-
cial sources (RBI; Bachem, King of Prussia, PA; Sigma) or were

custom synthesized. In particular, rat NmU-23, pig NmU-25, pig
NmU-8, neuromedins B and C (bombesin-like), neurokinins A and B
(the kassinin-like tachykinins, also known as neuromedins L and K,
respectively), and neuromedin N (neurotensin-like) were obtained
from Bachem, whereas HPLC-purified human NmU-25 and
nonamidated NmU-8 were custom synthesized (Research Genet-
ics, Huntsville, AL). Finally a commercial library of over 250
bioactive lipids including eicosanoids, octadecanoids, platelet-ac-
tivating factors, and sphinoglipids was also tested (BioMol, Ply-
mouth Meeting, PA).

Messenger RNA Expression Analysis. Expression of NmU and
GPR66/FM-3 was examined using dot blots and northern blots ob-
tained from a commercial source (CLONTECH, Palo Alto, CA). Hy-
bridization to blots was carried out using PCR-generated DNA frag-
ments encompassing 1200 bp of the coding region of GPR66/FM-3 or
400 bp of the NmU gene, beginning at the 39-end and including most
of the coding region. The DNA fragments were random-prime-la-
beled with [32P]dCTP, and the blots hybridized for 14 h in Ex-
pressHyb (CLONTECH) containing 2 3 106 cpm/ml of radiolabeled
probe. The following day the blots were washed and exposed to
Kodak Biomax MS film for 3 days at 70°C. In addition to the dot
blots, cDNA libraries prepared from various tissues and clonal cell
lines were assayed for GPR66/FM-3 expression using real-time
quantitative PCR. Briefly, 5 mg of total RNA was reverse tran-

Fig. 3. Neuromedin U and GPR66/
FM-3 have overlapping patterns of tis-
sue expression. A, dot blot analysis of
human GPR66/Fm-3 (top panel) and
human NmU expression (middle
panel) was performed as described un-
der Materials and Methods. The tis-
sues present on the blots and their
positions on the blot are keyed (bottom
panel). B, Northern blot analysis of
human GPR66/FM-3 expression in di-
gestive tract and related organs. Size
markers are indicated.
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scribed, and 20 ng of the resulting cDNA were analyzed for the
expression of human GPR66/FM-3 by the SYBR Green PCR assay
using a Perkin-Elmer GeneAmp 5700 Sequence Detection System
(PE-Biosystems). A separate set of identical cDNAs was analyzed for
the expression of hypoxanthine phosphoribosyltransferase (hprt) as
an internal control and for quantification of the total amount of
cDNA. For the SYBR Green assay, the following primer sets were
used: GPR66/FM-3, 5-GCACGCCTACCAACTACTACC-3 (forward
primer), 5-GCAGACCATCTCAAACAGTAGC-3 (reverse primer); hu-
man NmU, 5-TGGGAATGCTACCAAAGCCT-3 (forward primer),
5-TCATGCAGGTGAGGAACGAG-3 (reverse primer). Before run-
ning the cDNA libraries, the primer concentrations were optimized
according to the manufacturer’s specifications (Perkin-Elmer). The
SYBR Green PCR reactions were carried out in 96-well plates con-
taining the cDNA libraries as templates. In addition, the following
components were added to a final reaction volume of 50 ml (all
molarities are given as final concentrations): 103 SYBR Green
buffer, 5.5 mM MgCl2, 500 mM dNTP mixture, 1.25 U AmpliTaq Gold,
0.5 U AmpErase UNG, 200 mM each primer, and diethyl pyrocarbon-
ate-treated water. The PCR reactions were carried out according to
preset conditions for the GeneAmp 5700. The quantification of the
amplicons in each well was determined according to the comparative Ct
(threshold cycle number) method (PE Applied Biosystems, User Bulle-
tin 2, 1997). Briefly, for each sample well, the formula used is 2E 2
(Cttarget 2 Ctstandard). This yields a quantification of the target (GPR66/
FM-3 or NmU) PCR products in the experimental wells relative to the
PCR products for the internal calibration (hprt) primers. These results
were then plotted on a log scale. Any value of #1025 required 35 or more
cycles of amplification to visualize the product.

Results and Discussion
Unless a given receptor bears obvious homology to a known

receptor, it is very difficult to predict even the nature (small
molecule, peptide, protein, lipid, etc.) of the ligand that might
interact with that receptor. To identify a natural ligand for
GPR66/FM-3, a large and comprehensive collection of known
and putative GPCR ligands was assembled from various
sources, and this collection was then used in a calcium flux-
based functional screen. This approach has been made trac-
table by the recent development of high-throughput assay
systems such as the FLIPR.

Human embryonic kidney cells (HEK 293) were tran-
siently transfected with GPR66/FM-3 cDNA and then as-
sessed for their ability to flux calcium when stimulated with
each of over 1000 compounds that are known or suspected to
be GPCR ligands. These included small molecules, lipids,
short peptides, and proteins. From among this library of
potential ligands, only NmU generated a specific, dose-de-
pendent calcium flux in the transfected cells (Fig. 2, inset).
This response was dose-dependent with an EC50 of 10 nM
and a maximal response observed between 1 and 10 mM (Fig.
2). Consistent with previous reports regarding the contractile
activity of NmU (Minamino et al., 1985a,b; Brown and Quito,
1988; Bockman et al., 1989; Maggi et al., 1990; Benito-Orfila
et al., 1991), we observed no significant difference in the
ability of NmU-25/23 to stimulate GPR66/FM-3 when com-
pared with NmU-8 (Fig. 2), which contains only the core

Fig. 4. Detailed analysis by quantita-
tive PCR demonstrates distinct pat-
terns of GPR66/FM-3 and NmU expres-
sion in lymphoid cells. The expression of
GPR66/FM-3 and NmU in the immune
system was examined in greater detail
using quantitative PCR on cDNA librar-
ies constructed from various lymphoid
cell and tissue types. Results are dis-
played as a function of the ratio of target
product to internal control product with
anything above 1025 considered signifi-
cant (detailed under Materials and
Methods). NK cells: NK (cytotoxic and
non-cytotoxic) NK/IL-2, NKA6, NK pool;
B cells: Jy, Bc, splenocytes; T cells: RV-
C30, TC1080, Jurkat, Tc gamma delta,
B21, HY935, HY06, Mot72; dendritic
cells, CD341 cell derived: DC TNF/
TGFb, DC, DC CD40L activated; mono-
cyte derived: DC resting, DC mix, DC
LPS, DC GM/IL-4, CD1a1CD861,
CD141, CD1a1, D6, D1, 70% DC;
monocytes: M6, M1, mono1IL-10,
mono1anti-IL-10, C1, C2, U937, U937/
CD004 (all others are various cell lines
and are given their common designa-
tion).
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active domain. We did find amidation of the core peptide to be
necessary for activity. Nonamidated NmU-8 did not activate
the receptor even at concentrations in excess of 10 mM (data
not shown). Other neuromedins including NmB and C (bomb-
esin-like), NmL and K (also known as neurokinin A and B,
the kassinin-like tachykinins), and NmN (neurotensin-like)
were inactive.

To understand the possible physiologic role of the interac-
tion of NmU with GPR66/FM-3, the expression of this ligand-
receptor pair was comprehensively assessed using dot blots,
Northern blots, and quantitative PCR. Neuromedin U mRNA
was very broadly expressed and present in most tissues to
some degree (Fig. 3A, middle panel). Expression was gener-
ally highest, however, in tissues of the upper gastrointestinal
tract, including small intestine and stomach, and in certain
cell lines (particularly the K562 and HL-60 erythroleukemia
lines). The expression of GPR66/FM-3 as determined by dot
blot was more restricted (Fig. 3A, top panel), but did overlap
with the expression of its ligand (Fig. 1). As with NmU,
GPR66/FM-3 expression was detected in tissues of the upper
GI tract including stomach, duodenum, jejunum, and ileum.
In addition, pancreas was also found to have high levels of
GPR66/FM-3 and, somewhat surprisingly, GPR66/FM-3 was
highly expressed in peripheral blood leukocytes and spleen.
Aside from the expression in the upper GI tract and immune
tissues, moderate expression of GPR66/FM-3 mRNA was also
observed in placenta, heart, lung, mammary gland, and testis
(Fig. 3A). Notably, little or no expression of GPR66/FM-3 was
observed in nervous system tissues (Fig. 3A, top panel) al-
though NmU is expressed in these tissues (Fig. 3A, middle
panel) (Domin et al., 1987; Honzawa et al., 1987; Augood et
al., 1988; Ballesta et al., 1988).

The expression of GPR66/FM-3 in the GI tract was also
examined by Northern blot (Fig. 3B). The analysis confirmed
the relative levels of expression of GPR66/FM-3 in the upper
GI tract, with ileum and jejunum expressing the highest
levels of mRNA and much lower levels of message observed
in colon, cecum, and rectum. A prominent GPR66/FM-3 band
was observed at 2.4 kilobases. Some larger messages were
also detected (particularly in jejunum) that most likely result
from differing polyadenylation. The overlapping expression
of both NmU and GPR66/FM-3 in the upper GI tract implies
that this receptor-ligand pair plays a role in regulating the
function of this organ system.

Given that GPR66/FM-3 was originally cloned from T lym-
phocytes and also that we had observed significant expression
of GPR66/FM-3 in peripheral blood leukocytes and spleen, the
expression of both NmU and its receptor in the immune system
was examined in greater detail using quantitative PCR (Fig. 4).
Interestingly, among the various immune cell types examined
(including monocytes, dendritic cells, mast cells, epithelial cells,
and various lymphocytes), significant levels GPR66/FM-3 ex-
pression was detected in only NK cells and T cells (Fig. 4). In
contrast, NmU was expressed in dendritic cells, monocytes, and
B cells. The pattern of NmU and GPR66/FM-3 expression ob-
served in lymphoid cells is intriguing and suggests a possible
interaction between helper/antigen-presenting cell types that
express NmU and effector populations that express the recep-
tor. The high expression of NmU and its receptor in the small
intestine, and in particular the expression of the receptor in T
cells, suggests the potential involvement of NmU in mucosal
immunity. Further studies will be necessary to determine what,

if any, role neuromedin U plays in regulating the immune
response.

In summary, we have shown that the previously orphan
GPCR GPR66/FM-3 is a specific receptor for NmU. Cells
transfected with GPR66/FM-3 show a dose-dependent re-
sponse to NmU with an EC50 of 10 nM and do not respond to
other neuromedins including neuromedin C (Fig. 2), B and N
(data not shown), as well as the kassinin-like tachykinins
neurokinin A and B (data not shown). We have further shown
that although NmU is broadly expressed, GPR66/FM-3 ex-
pression is relatively limited and that the ligand and receptor
overlap only in the upper GI tract. In addition, we have
expanded the analysis of NmU and GPR66/FM-3 into cells
and tissues of the immune system. The data from these
expression studies suggest a role for NmU in immune regu-
lation that was not previously appreciated. Further genetic
and biochemical analysis will be necessary to fully define the
downstream signaling pathways and physiological role(s) of
this newly discovered ligand-receptor system.
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