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ABSTRACT. G protein-coupled receptors (GPCRs) are involved in a
large variety of physiological functions. The number of known members
that belong to this large family of receptors has been rapidly increasing.
Now, with the availability of the human genome sequence databases,
further family members are being identified. We describe the identifica-
tion of a novel GPCR that shows no significant amino acid identity to
any one of the known members of the GPCR superfamily. The gene
expression pattern of this receptor is restricted: in normal tissues it is
confined to the nervous system and testis, but we also detected gene
expression in several tumor types, most notably prostate cancer, sug-
gesting a potential role for this gene as a marker for this disease.
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INTRODUCTION

G protein-coupled receptors (GPCRs) comprise the largest family of surface molecules
involved in signal transduction. They are activated by a large variety of ligands, including hor-
mones, growth factors, light, peptides, neurotransmitters, nucleotides and odorants, and are in-
volved in the regulation of a range of cellular responses (Bockaert and Pin, 1999; Pierce et al.,
2002). All GPCRs have a common central core domain consisting of seven transmembrane
helices connected by three intracellular loops and three extracellular loops. The lengths of the
N-terminal and C-terminal domains are variable in different GPCRs.

The large number of GPCRs and their involvement in human diseases has made these
receptors attractive drug targets. According to a recent analysis, over 30% of marketed drugs
are active against this receptor super-family and yet, only a small fraction of the known
GPCRs are at present drug targets (Drews, 2000). Over the last 10 years, a large number
of novel GPCRs have been identified, mostly through homology cloning. The ligands re-
main unknown for most of these receptors (Marchese et al., 1999; Howard et al., 2001;
Lee et al., 2002). Many GPCR genes do not have introns, facilitating their identification
within the recently available human genome sequences (I.H.G.S.C., 2001; Venter et al.,
2001). Some of the newly discovered genes are more closely related to previously known
GPCRs and are likely to be activated by similar ligands. Others are more distantly related
to known GPCRs and may have quite different functions. The identification of novel GPCRs,
and their respective ligands, will continue to contribute to the understanding and identifica-
tion of new signaling pathways involved in different aspects of human physiology. Of par-
ticular interest are receptors with recognized expression in the central nervous system,
given that many psychiatric and neurodegenerative disorders are mediated by unknown
mechanisms.

We describe a novel putative GPCR from the human genome sequence database and
characterize its expression pattern in normal human tissues as well as in tumor cell lines and
tissues. The receptor was named brain testis restricted (BTR), due to its restricted expression in
normal tissues. We also detected expression of the BTR gene in tumor cell lines and tissues,
predominantly in prostate cancer. There is a significant correlation between BTR gene expres-
sion and prostate cancer, suggesting a potential role for BTR as a marker for detection of this
type of cancer.

MATERIAL AND METHODS

Sequence analysis

The human genome database (htgs, NCBI) was searched with consensus motifs com-
mon to members of odorant receptors (MAYDRYVAIC and KAFSTCASH) using TBLASTN.
A genomic sequence containing an open reading frame (ORF) of 1044 bp was identified.
The amino acid sequence was analyzed using tools in the protein fingerprint database
(PRINTS) (http://www.bioinf.man.ac.uk/dbbrowser/PRINTS), PROSITE (http://
www.expasy.org/prosite/), and PSI-BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). Trans-
membrane regions were predicted with TMHMM (http://www.cbs.dtu.dk/services/TMHMM/)
(Krogh et al., 2001).
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Phylogenetic tree

We selected 31 GPCR amino acid sequences belonging to different families. The ex-
tremely variable amino-terminal and carboxy-terminal regions were deleted from all of these
receptor sequences. The sequences were then aligned using ClustalW version 1.8. The result-
ing multiple alignment was used as input to Mega2 (Kumar et al., 2001) to construct a neighbor-
joining tree from 1000 replicates of the interior branch test.

RT-PCR

A panel of total RNA from 20 different human tissues was purchased from Clontech
(Palo Alto, CA, USA). Additionally, RNA was prepared from tumor cell lines and tumor tissues
by the guanidinium thiocyanate method. RNAs were treated with DNAse (Promega) according
to the manufacturer’s instructions. Tumor samples were obtained from the A.C. Camargo Hos-
pital tumor collection. First, 1 µg total RNA, plus 100 ng oligo (dT) in 13.5 µl DEPC-treated
water, was incubated for 2 min at 70°C. The reaction was rapidly chilled on ice and used to
synthesize cDNA in 20 µl 1X Superscript II first strand buffer containing 0.5 mM dNTP, 3 mM
MgCl

2
, 20 U RNAse inhibitor (RNaseOUT; Invitrogen Life Technologies) and 200 U Super-

script II reverse transcriptase at 42°C for 60 min. Control templates for checking amplification
of genomic DNA were prepared without reverse transcriptase. The product was diluted to 100
µl and 2.5 µl was used for PCR to amplify BTR.

Primers were synthesized by Operon Technologies Inc. The forward and reverse prim-
ers match putative transmembrane regions IV and VII, respectively, and should produce a 450-
bp long PCR product (BTR1F: 5’ GCTACCTCTCCTTCATGTCC; BTR4R: 5’ GCATC
ATGAGTACCTCACTG).

Twenty-five microliter PCR reactions containing 2.5 µl cDNA, 0.2 mM dNTP, 1.5 mM
MgCl

2
, 0.5 µM of each forward and reverse primers, 1.25 U Platinum Taq DNA polymerase

(Invitrogen Life Technologies) were heated to 95°C for 2 min, followed by 35 thermal cycles of
95°C for 45 s, 55°C for 45 s, 72°C for 1 min, and a final incubation at 72°C for 6 min. PCR
products were analyzed in 1.5% agarose gels stained with ethidium bromide or in Southern blots
using a purified BTR PCR product as a probe. The identity of the PCR products was also
confirmed by DNA sequencing.

The relative intensities of bands in Figures 2A, 3 and 4 were determined by densitom-
etry using the program LabWorks (UVP). The densities for the different bands were normal-
ized with their corresponding GAPDH band densities.

The primers BTRA: 5’ ATGGGGGATGAGCTGGCAC and BTRB: 5’ CTAGGAAA
TGGTAAAGATGGC were used to amplify the whole coding region of BTR from human brain
cDNA. The sequence of the obtained PCR was deposited in Genbank (accession number:
AY280965).

RESULTS

Identification of a novel GPCR

In previous experiments we used peptide motifs commonly seen in odorant receptors
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(OR) as queries to scan the human genome for new OR genes (Malnic et al., 2004). OR genes,
like many other GPCR genes, have no introns in their coding sequence (Buck and Axel, 1991),
which makes it easier to search for related genes by scanning the human genome databases.
Among the many OR gene sequences identified, we found a putative GPCR that did not show
any of the common motifs which characterize the OR family members (see Methods). BLASTN
and TBLASTN searches, using this translated gene as query, were performed to browse for
homologous proteins in the NCBI database (nr and htgs). No highly similar sequences were
found: the highest identities were to the human serotonin 1D receptor (5HT1D) (24% AI; 49/
202) and alpha-A1-adrenergic receptor (25% AI; 49/190). Although the identity scores to these
two GPCRs are very low, a protein motif search with TMHMM (a tool for prediction of trans-
membrane helices in proteins) indicated seven putative transmembrane regions, suggesting that
this gene must code for a new member of the GPCR super family. The fact that we did not find
other human proteins closely related to this new putative GPCR indicates that it does not belong
to a new family of genes, but instead it is a solitary gene. Chromosomal mapping using Entrez
map viewer assigned this gene to chromosome 2q21.

During this research the identification of 109 novel human GPCRs out of the human
genome sequence (including BTR) was reported by another group (Takeda et al., 2002). A
second group also recently reported the identification of 367 total GPCRs in humans, and BTR
is also included in this list (Vassilatis et al., 2003). Nevertheless, neither of the two groups
described the tissue distribution of BTR.

We also scanned the mouse genome sequence from Celera and NCBI (build 30) data-
bases (I.H.G.S.C., 2001; Venter et al., 2001) for a putative homolog for this gene. Neither of the
two databases contained sequences related to the BTR gene. We compared the human genom-
ic region containing the human BTR gene (on chromosome 2q21.3) to its corresponding synthe-
nic region on the mouse chromosome 1 (1B). We found mouse orthologs for two human genes
flanking the BTR gene in this region, but we found no gene similar to BTR located between
these genes. Additionally, no mouse ESTs could be found matching the BTR gene. Thus, it
seems that there is no BTR gene in the mouse genome, although we cannot exclude the possi-
bility that gaps in the mouse genome sequences might have precluded us from identifying the
mouse counterpart for this gene.

Comparison with other GPCRs

GPCRs comprise very large and diverse groups of gene families that recognize distinct
ligands. Members of the GPCR superfamily can be grouped in different families based on their
sequence similarities. The families characterized best so far are: the rhodopsin family (family
A), the secretin receptor family (family B), and the metabotropic glutamate receptor family
(family C) (Attwood and Findlay, 1994; Kolakowski, 1994; Strader et al., 1995; Bockaert and
Pin, 1999; Pierce et al., 2002). In addition to rhodopsin, family A includes the β-adrenergic
receptors, serotonin receptors, OR, adenosine receptors, and many others. Family B includes
receptors for polypeptide hormones, such as glucagon, secretin and calcitonin. Family C in-
cludes all mGluR types, Ca2+ sensing and GABA

B
 receptors, a group of pheromones (termed

VRs or G
0
VN; reviewed in Bargmann, 1997), and a small group of taste receptors, the T1Rs).

Other families include the pheromone receptors (VNRs; Dulac and Axel, 1995) and the taste
receptors T2Rs (for a review on taste receptors, see Montmayeur and Matsunami, 2002).
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Sequence identities can be very low among the most distant GPCRs (<20% ASI), but it is
expected that receptors with related functions share conserved sequence motifs. In order to
determine if BTR can be assigned to one of the known families, we generated a multiple align-
ment containing 31 GPCR amino acid sequences representing different families and we con-
structed a phylogenetic tree from 1000 interior branch test replicates. BTR constituted a sepa-
rate branch, more closely related to family A, although with an interior branch test value of only
38% (Figure 1). This indicates that BTR is not closely related to any of the known families.

Figure 1. Phylogenetic tree showing the comparison of BTR with other GPCRs. Family A sequences are: odorant
(OR5V1, OR12D3, OLFR1), luteinizing hormone-human choriogonadotropic hormone (LH-hCG), adenosine, adrener-
gic, serotonin, rhodopsin, angiotensin, and thrombin receptors. Family B sequences are: vasoactive intestinal polypeptide
(VIP), pituitary adenylate cyclase-activating polypeptide (PACAP), secretin, parathyroid hormone receptor (PTHR),
glucagon, corticotropin-releasing factor (CRF) and α-latrotoxin. Family C sequences are: GABA-B, metabotropic gluta-
mate receptors (mGluR) 1, 2 and 4, calcium-sensing receptor (CASR) and the VRs or G

0
VN pheromone receptors (G

0
VN1,

VR1, G
0
VN2). The T2R taste receptors (T2rs3 and T2rs5) and the VNR or Gi2VN pheromone receptors (VN1, VN2 and

VN3) were also included. Brain testis restricted (BTR) is indicated by asterisks. The numbers indicate the interior branch
test values for 1000 replicates. The bar indicates the number of amino acid substitutions per site.
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BTR gene expression in normal tissues

To investigate the tissue expression pattern of BTR gene, we conducted RT-PCR ex-
periments using a panel of total RNA from 20 different normal human tissues. Expression was
detected only in testis, fetal brain, whole brain, and spinal cord (Figure 2A). The gene expres-
sion levels in fetal brain, whole brain and spinal cord tissues were detected at 4, 27, and 19%,
respectively, of the level detected in the testis (see Methods). When human genomic DNA was
used as a template with the same set of primers, a PCR product containing a sequence identical
to the cDNA PCR product was obtained, confirming that BTR is an intronless gene. We only
detected PCR products when reverse transcriptase (RT) was added to the reaction, which
confirmed the absence of contaminating genomic DNA in our RNA samples (Figure 2B). The
complete BTR coding region was also amplified from brain cDNA, and the sequence was
deposited in Genbank (accession number AY280965). These results indicate that the BTR gene
is preferentially expressed in testis and in the nervous system.

2019181716151413121110987654321
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0.4
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Figure 2. RT-PCR analysis of BTR gene expression in normal tissues. A. RT-PCR was conducted using 1 µg total RNA and
35 PCR cycles from the following human tissues: lanes 1, kidney; 2, lung; 3, uterus; 4, colon; 5, testis; 6, liver; 7, spleen;
8, thymus; 9, whole brain; 10, spinal cord; 11, adrenal gland; 12, fetal brain; 13, heart; 14, trachea; 15, bone marrow; 16,
prostate; 17, skeletal muscle; 18, fetal liver; 19, placenta, and 20, salivary gland. B. A control RT-PCR was conducted in
the absence (-) or presence (+) of reverse transcriptase (RT) from 1 µg of brain (B), testis (T) or fetal brain (FB) total
RNA. BTR PCR products (450 bp) were observed only when RT was added to the reaction.

BTR gene expression in tumor cell lines and tissues

There are some examples of highly tissue-restricted gene products that are also ex-
pressed in cancer. A group of proteins, called cancer/testis/brain antigens (CTB antigens), ex-
pressed in normal testis and brain and in different types of tumors has been described. These
proteins were originally identified as the target molecules recognized by autoantibodies in pa-
tients with paraneoplastic syndromes (Dropcho et al., 1987; Dalmau et al., 1999; Voltz et al.,
1999; Scanlan et al., 2002a). We checked whether the BTR gene is also expressed in malignant
tissues. We performed RT-PCR using RNA extracted from different cell lines as templates



Over-expression of a novel GPCR in prostate cancer 527

Genetics and Molecular Research 3 (4): 521-531 (2004) www.funpecrp.com.br

(Figure 3). BTR was expressed in the prostate tumor cell lines Dul45 and PC3, in the H1155
lung tumor cell line, in the Skmel melanoma cell line, and in the MDA436 mammary cell line. We
also detected weak BTR gene expression after 35 cycles in normal prostate tissue, which we
had not detected before (compare Figures 2A and 3A). This is probably because we used
Southern blot to detect the PCR products, which is a more sensitive technique. BTR gene
expression in the prostate cell lines was 20X (Dul45) or 7X (PC3) stronger than the expression
in normal prostate tissue after 35 cycles.

28
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Figure 3. RT-PCR analysis of BTR gene expression in tumor cell lines. Expression of brain testis restriction (BTR)
mRNA transcripts in: A, normal prostate (N Prost.) and the Dul45 and PC3 prostate tumor cell lines; B, normal lung (N
Lung) and the H1155 and H358 lung tumor cell lines, and C, the Skmel-28 and A2058 melanoma cell lines, following 28,
30 and 35 cycles of PCR. The PCR products corresponding to BTR gene (450 bp) are indicated. No: negative control (no
DNA added). The bottom panels show expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA from
the same samples following 22, 25 and 28 cycles of PCR. D, Expression of BTR gene in the ZR75.3A (lane 1), MCF-7
(lane 2) and MDA436 (lane 3) mammary tumor cell lines after 35 cycles of PCR. T: normal testis tissue. The bottom
panel shows expression of GAPDH mRNA from the same samples following 35 cycles of PCR. PCR products were
detected through Southern blotting using a BTR probe.

We next assessed whether prostate tumor samples also express the BTR gene. Ex-
pression was detected in all prostate tumor samples tested (25/25; Figure 4). Cancer/testis
antigen expression may be associated with tumor progression and with tumors of higher malig-
nant potential (Scanlan et al., 2002b); however, this correlation was not observed in our analysis
since expression was detected in all samples independently of the progression stage. We com-
pared the relative levels of BTR gene expression in normal prostate tissue and in the prostate
tumor samples. Of the 25 samples, only three showed expression levels similar or lower to the
one observed for normal prostate tissue (samples 20, 21 and 24). The remaining 22 samples
showed higher levels of expression, varying from three to thirty times the amount of BTR
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expression observed in the normal prostate tissue. These results indicate that BTR gene expres-
sion may constitute a consistent marker for prostate cancer.

T 131211104321 98765

17161514 21201918 2322 2524 No

T 131211104321 98765

17161514 21201918 2322 2524 No

BTR

GAPDH

Figure 4. RT-PCR analysis of BTR gene expression in prostate tumor tissues. The upper panels show the expression of
brain testis restricted (BTR) mRNA in prostate tumor samples from 25 different patients (1-25), following 35 cycles of
PCR. The bottom panels show the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA from the
same samples following 35 cycles of PCR. PCR products were detected through Southern blotting using a BTR probe. T:
normal testis tissue; No: no DNA added.

DISCUSSION

GPCRs comprise the largest family of proteins in many species. There are hundreds of
GPCRs in humans, many of which have no known ligand or function (called “orphan GPCRs”;
Howard et al., 2001). Analysis of the human genome sequence indicates that there are many
other unknown GPCRs (I.H.G.S.C., 2001; Venter et al., 2001). We describe the identification
and characterization of a novel putative member of this large family of receptors. Comparison
of BTR with representative members of the GPCR super family indicates that this novel mem-
ber constitutes a separate subtype of receptor and may have a quite distinct function, yet to be
determined.

We found no evidence that there is a mouse BTR gene. It is possible that other GPCRs
are also absent in rodents. Indeed, it was previously demonstrated that GPR8, a human orphan
GPCR related to opioid and somatostatin receptors, was not found in rodents (Lee et al., 1999).
It is believed that most mouse genes have corresponding orthologs in humans, with only a small
fraction of the genes (less than 1%) showing no homolog in the other species (Mouse Genome
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Sequencing Consortium, 2002). These genes must be either involved in specific functions, inher-
ent to one species but not the other, or just be redundant or even non-functional. The identifica-
tion of all of the species-specific genes through the comparison of the mouse and human ge-
nome sequences will clarify if some of these genes play important roles in the determination of
characteristics that are specific to human or mouse.

The function of the BTR gene product is unknown. The fact that this gene is preferen-
tially expressed in the brain and spinal cord, besides the testis, indicates that its function must be
related to physiological aspects of the nervous system. We do not know if this gene is expressed
throughout the brain, or if expression is confined to some particular regions within the brain. The
identification of the exact regions of BTR expression in the nervous system will probably contri-
bute to the understanding of this receptor’s function.

GPCRs have only been recently identified as mediators of cellular growth and differen-
tiation (Dhanasekaran et al., 1995; Luttrell et al., 1999). A large number of studies have also
demonstrated that GPCRs can promote tumor formation (for a review, see Whitehead et al.,
2001). Recently, a prostate specific GPCR (termed PSGR), which is expressed at higher levels
in prostate cancer, was identified (Xu et al., 2000; Xia et al., 2001). Tumor-associated over-
expression of PSGR was identified in 62% of the prostate specimens analyzed (32 of 52) (Xu et
al., 2000). Like the CTB antigens (Dropcho et al., 1987; Dalmau et al., 1999; Voltz et al., 1999;
Scanlan et al., 2002a), the BTR gene is expressed in cancer cell lines and tumors. Whether the
BTR gene product is able to elicit an autoimmune response in patients with prostate cancer, still
needs to be determined. If this turns out to be the case, the detection of anti-BTR antibodies
could be useful for the diagnosis of prostate cancer.

In conclusion, we identified a new human GPCR that is expressed preferentially in the
normal nervous system and testis. Further studies are required to determine the precise regions
within the brain where the BTR gene is expressed, which would contribute to the understanding
of BTRs function. We also found a correlation between prostate tumor and elevated levels of
BTR gene expression, suggesting a potential role for the gene as a marker for the disease.
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