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G-protein-coupled receptors [GPCRs, also known as 7-transmembrane (7-TM) receptors] comprise the largest family of
membrane receptors in humans and other species and, in addition, represent the greatest number of current drug targets.
In this article, we review methods to define GPCR expression and data indicating that individual cells express >100 different
GPCRs. Results from studies that have quantified expression of these receptors lead us to conclude that the optimal GPCRs
may not be currently used as therapeutic targets. We propose that studies of GPCR expression in individual cells will likely
reveal new insights regarding cellular physiology and therapeutic approaches. Findings that define and characterize the most
highly expressed GPCRs thus have important potential in terms of identifying new drug targets and novel therapies directed

at a wide range of clinical disorders.
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This article is part of a themed section on the Molecular Pharmacology of G Protein-Coupled Receptors (GPCRs). To view the
other articles in this section visit http://dx.doi.org/10.1111/bph.2012.165.issue-6. To view the 2010 themed section on the
same topic visit http://onlinelibrary.wiley.com/doi/10.1111/bph.2010.159.issue-5/issuetoc
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Introduction

A fundamental goal of pharmacology is to advance the
understanding of the regulation of cells and tissues, in par-
ticular by endogenous molecules (e.g. neurotransmitters and
hormones), and to identify ways to target the expression and
action of such molecules with drugs. Results of efforts to
identify the genomes of humans and other species have
revealed that G-protein-coupled receptors (GPCRs), plasma
membrane-localized glycoprotein receptors that couple to
heterotrimeric guanine nucleotide binding proteins (G pro-
teins), are the largest family (‘superfamily’) of receptors that
regulate cells. GPCRs are sometimes identified by alternative
names, including 7-transmembrane (7-TM) or heptahelical
receptors, based on the general structure and membrane
topology of the receptors and on the ability of such receptors
to regulate cellular events in a G-protein-independent
manner (e.g. Rajagopal et al., 2010).

The number of GPCRs varies widely among different
species. Phylogenetic studies demonstrate a large diversity in
expression throughout the animal kingdom, and that the
genomes of species such as Caenorhabditis elegans, mice and
rats express more GPCRs than do humans (Table 1). In addi-
tion to being receptors for neurotransmitters and hormones,
GPCRs are receptors for light and for chemicals that are
sensory cues related to taste and smell. The increased number
of receptors for such sensory modalities likely reflects the
more important role for olfaction, in particular, in species
other than humans. Of note, GPCRs are expressed on every
human chromosome (Fredriksson et al., 2003).

The precise number of GPCRs expressed in most species,
including humans, is not known with certainty. Vassilatis
etal. (2003) proposed that there are 367 human GPCRs
for endogenous ligands (‘endoGPCRs’), that is non-
chemosensory receptors, while Fredriksson et al. (2003) iden-
tified 342 non-olfactory human GPCRs and suggested that
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Table 1

Expression of GPCRs in genomes of different species (adapted from
http://sevens.cbrc.jp and listed in descending order of number of
GPCRs)

Species Number of GPCRs

Elephant 3470
Cow 2606
Rat 2334
Mouse 2320
Squirrel 2252
Tree shrew 2195
Armadillo 2191
Opossum 2083
Wallaby 2050
Guinea pig 1466
Dog 1438
Rabbit 1367
Hedgehog 1316
Nematode (Caenorhabditis elegans) 1308
Human 1265
Bat 1243
Alpaca 1222
Orangutan 1211
Chimpanzee 1203
Baboon 1066
Zebrafish 1050
Marmoset 1010
Rhesus 1000
Cat 931
Gorilla 867
Chicken 683
Fugu 655
Dolphin 507
Fruit fly (Drosophila melanogaster) 251
Mosquito (Anopheles gambiae) 236
Slime mold (Dictyostelium discoideum) 30
Mouse-ear Cress (Arabidopsis thaliana) 19
Rice (Oryza sativa) 15
Budding yeast (Saccharomyces cerevisiae) 6

they be classified into five families: glutamate, rhodopsin,
adhesion, frizzled and secretin. A reason for the uncertainty
regarding the exact number of GPCRs is that their identifica-
tion is primarily based on similarity in the gene sequence,
such that the topology of the inferred, encoded amino acids
is predicted to generate a protein with 7-TM a-helical ~20
hydrophobic amino acid-containing regions, an extracellular
amino terminus, intracellular carboxy terminus, three intra-
cellular and three extracellular regions that join the TM
domains. A substantial number of the receptors that are
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encoded by such genes are ‘orphans’, that is without identi-
fied agonists. Some GPCRs have been de-orphanized, but the
cognate agonists for >25% of the GPCRs identified in humans
are not as yet known (Chung et al., 2008). De-orphanization
has identified unexpected GPCR agonists, including proteins,
peptides, lipids, fatty acids and other types of molecules (e.g.
Chung et al., 2008; Ahmed et al., 2009; Oh et al., 2010). Iden-
tification of agonists for orphan GPCRs should provide
insights regarding cell and tissue regulation and new thera-
peutic opportunities.

In this review, we briefly address the following questions:

1) Which approaches are available to identify GPCRs that are
expressed in tissues and cells and what are the results of
studies that have sought to identify these receptors?

2) How can GPCR expression results be organized and used
to further insights regarding GPCR action and drug
development?

Which approaches are available to identify
GPCRs that are expressed in tissues and cells
and what are the results of studies that have
sought to identify these receptors?

Historically, one could identify receptors in a given cell or
tissue by assessing the binding of radioligands (i.e. radiola-
belled agonists or antagonists), molecular cloning and expres-
sion studies, antisense approaches and/or by experiments
with transgenic or knockout animals. More recently, a
number of proprietary (i.e. private) methods have been used
to identify GPCRs expressed in tissues; much of the data from
such studies are not published. One published data set
revealed that human tissues express many orphan and olfac-
tory GPCRs with, for example, the human heart expressing
>100 different GPCRs, of which approximately a third each
had known agonists, were orphan or olfactory GPCRs (e.g.
Hakak et al., 2003). The functional roles of olfactory GPCRs in
tissues such as the heart and kidney are not well defined
(Hakak et al., 2003; Pluznick et al., 2009); olfactory receptors
may also be expressed and functional in cancer cells
(Neuhaus et al., 2009). Recent evidence reveals that taste
receptor GPCRs, initially identified on the tongue, are also
expressed in other tissues, where they can have functional
activity and thus, are potential therapeutic targets (Kidd et al.,
2008; Shah et al., 2009; Wellendorph et al., 2009; Deshpande
etal., 2010).

Some academic laboratories have used commercial or cus-
tomized approaches to define GPCR expression (Akiyama
et al., 2008; Regard et al., 2008; Moore-Morris et al., 2009).
Commercial microarrays that assay genome-wide RNA
expression are not optimized to detect GPCRs relative to
other RNAs detected on such microarrays. In addition,
independent validation of the results has generally not been
provided.

Regard et al. (2008) have performed the most extensive
analysis of GPCR expression, quantifying RNA transcripts for
353 non-odorant GPCRs in 41 tissues from adult mice. Data
from this study is accessible at: http://pdsp.med.unc.edu/
ShaunCell/home.php. Based on their results, the authors pre-
dicted previously unidentified roles for less-studied receptors
and inferred side effects of drugs active at GPCRs.



Although efforts such as those of Regard etal. have
defined GPCR expression in tissues, very limited data are
available with respect to GPCR expression in individual cells.
We believe that this is an important limitation of previous
studies. Efforts to understand physiological responses in
tissues should be aided by data that define the GPCR expres-
sion and properties of their individual cell types and how
such cells interact to produce such responses. The application
of those types of efforts can also advance understanding of
disease processes and help identify the contribution of par-
ticular GPCRs in disease settings. Our recent work indicates
that a commercial GPCR microarray can be used to assess
RNA for non-olfactory receptors and can identify expression
of GPCRs in individual cell types (Snead and Insel, 2010). We
have conducted studies in a number of human, rat and
murine cell types. We find that individual cell types, includ-
ing cancer cells, typically express >100 different receptors,
and that the most highly expressed GPCRs are generally not
ones assessed in previous experimental efforts or that have
been targeted therapeutically (Snead et al., unpubl. data). We
believe that expression of GPCRs in cancer cells may be a
particularly fruitful area for further study and drug develop-
ment. The recognition that chemosensory GPCRs contribute
to physiological regulation (e.g. Hakak et al., 2003; Kidd et al.,
2008; Pluznick et al., 2009; Shah et al., 2009; Wellendorph
et al., 2009; Deshpande et al., 2010) implies that experimental
approaches should consider the contribution of such GPCRs
since they may play a role in physiological regulation and
also provide opportunities for the development of novel
drugs.

How can GPCR expression results be
organized and used to further insights
regarding GPCR action and

drug development?

By contrast with the vast majority of pharmacological experi-
ments in which investigators assess the role of GPCRs known
to be expressed in a particular tissue or cell type, the
approaches described above, which seek to define receptor
expression based on RNA expression, are ‘unbiased’. An
important caveat, though, is the need to show that GPCRs
identified on the basis of RNA expression are also expressed at
the protein level, and that they have functional activity. There
are several challenges with such experiments, including:

1 Identification of receptor protein can be difficult as there
are only limited specific, validated antibodies or other
reagents to detect receptor protein. Such analyses require
protein standards so that one can obtain quantitative
information regarding expression of receptor protein.

2 Other methods to quantify receptor protein generally
require the use of radiolabelled receptor-selective com-
pounds in radioligand binding assays. It can be difficult to
create such compounds and to develop and use such assays
for particular receptors.

3 Receptor-selective drugs are needed to conduct studies that
define G-protein linkage, signalling pathways and func-
tional responses of the GPCRs. Such drugs should include
agonists and antagonists in order to define pharmacologi-
cal and biochemical properties of a receptor. The availabil-

GPCR expression in tissues and cells

ity of such agents may be limited, in particular for orphan
GPCRs. In addition, one may encounter difficulties related
to distribution in cells and tissues and cross-reactivity of
drugs with various types and sub-types of GPCRs. The use
of mutagenesis to generate constitutively active receptors is
an alternative approach to aid in the study of orphan
receptors (e.g. Reiners et al., 2007).

4 Appropriate methods are needed to isolate and study the
GPCRs in individual cells and in turn, in tissues and whole
animals, especially if a goal is drug discovery and valida-
tion. GPCR expression may differ among individual types
of cells in a tissue, such that only a small percentage of the
cells express the bulk of the receptors; ‘average’ expression
in a tissue may obscure such heterogeneity. Moreover,
disease-related changes in GPCR expression may only
occur in a sub-population of cells, and efforts to target such
receptors may be complicated by their expression in other
tissues and thus potentially by the production of adverse
side effects (Malik, 2009). In addition, new types of assays
may be required to assess GPCR-mediated signal transduc-
tion by heterotrimeric G- proteins and G-protein-
independent signalling (Rajagopal et al., 2010).

5 Development of effective pharmacological approaches may
be possible with small molecules, but peptide or protein
therapeutics, such as antibodies or nucleic acid therapeu-
tics, may be required to assess newly identified GPCRs, for
example orphan GPCRs. In addition to the technical chal-
lenges involved in developing and validating such novel
therapeutics are concerns about their ultimate clinical
utility, including their cost.

A useful way to organize the large amount of data that
accrue from studies that seek to identify GPCRs expressed in
a particular cell type or tissue is to classify the receptors based
on their known G-protein linkages (e.g. Gs, Gi, Gq/11,
G12/13 or multiple such linkages), those that show non-G
protein linkages (e.g. frizzled and smoothened receptors) or
that are orphan GPCRs. By classifying GPCRs in this way, one
can ‘rank order’ individual receptors and groups of GPCRs
and identify those that are mostly highly expressed (and thus
may be most physiologically important) or perhaps most
‘specific’ for a particular cell type or disease setting. For
example, pro-fibrotic agents promote the conversion of
‘resting’ fibroblasts to activated myofibroblasts, which may
have differences in the repertoire or level of expression of
GPCRs, based on changes in responses to GPCR agonists
(Swaney et al., 2005; Yokoyama et al., 2008).

The 2011 BJP Guide to Receptors and Channels (Alex-
ander etal., 2011) (accessible at http://onlinelibrary.wiley.
com/doi/10.1111/bph.2011.164.issue-s1/issuetoc) and the
IUPHAR Database of Receptors and Ion Channels (available at
http://www.iuphar-db.org) (Harmar etal.,, 2009; Sharman
etal.,, 2011) provide information that aids in classification
and defining groups of GPCRs. Another site with limited such
information is: http://www.discoverx.com/gpcrs/prod-gpcr
table.php. Clustering of GPCRs that have particular G-protein
linkages can help reveal preferential GPCR expression pat-
terns. For example, cells in which cAMP promotes apoptosis
(Insel et al., 2011) may express fewer or lower expression of
Gs-linked receptors that increase cAMP than of Gi-linked
receptors that decrease cAMP.
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Conclusions

The use of unbiased, hypothesis-generating approaches pro-
vides the opportunity to identify the full range of GPCRs that
are expressed in native tissues and cells, including normal
and pathological cells. If such GPCRs are selectively expressed
in particular cells or tissues, are functional and can be acti-
vated or blocked, discovery of their expression may not only
reveal new insights regarding cellular physiology but also
identify new, potentially useful therapeutic targets.
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