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G-protein-coupled receptors (GPCRs) are membrane proteins that modulate
physiology across human tissues in response to extracellular signals. GPCR-mediated
signalling can differ because of changes in the sequence1,2 or expression3 of the
receptors, leading to signalling bias when comparing diverse physiological systems4.
An underexplored source of such bias is the generation of functionally diverse GPCR
isoforms with different patterns of expression across different tissues. Here we
integrate data from human tissue-level transcriptomes, GPCR sequences and
structures, proteomics, single-cell transcriptomics, population-wide genetic
association studies and pharmacological experiments. We show how a single GPCR
gene can diversify into several isoforms with distinct signalling properties, and how
unique isoform combinations expressed in different tissues can generate distinct
signalling states. Depending on their structural changes and expression patterns,
some of the detected isoforms may influence cellular responses to drugs and
represent new targets for developing drugs with improved tissue selectivity. Our
findings highlight the need to move from a canonical to a context-specific view of
GPCR signalling that considers how combinatorial expression of isoforms in a
particular cell type, tissue or organism collectively influences receptor signalling and
drug responses.

GPCRs constitute the largest family of membrane proteins that are
expressed across human tissues. They govern diverse physiological
responses by binding extracellular ligands and transducing their signal to intracellular coupling partners. Our understanding of GPCRs
has been complicated by the phenomenon of signalling bias, which
results in variable downstream responses owing to differential receptor coupling to intracellular partners3,5. Signalling bias can be seen
when comparing receptor activation by different ligands6, or in different systems such as cell types or tissues3,5. This phenomenon was
first described through the characterization of synthetic GPCR ligands
that are capable of biasing downstream signalling5, but the mechanisms that drive physiological signalling bias are less well understood.
Two key contributors to signalling bias are changes in receptor
sequence arising from genetic variation (for example, polymorphisms1,2), and the system-specific expression of GPCR signalling
components4,7.
Protein isoforms—generated by tissue-specific alternative splicing
and via alternative transcription start and termination sites (Extended
Data Fig. 1a)—are an important source of functional diversity8. Some
GPCRs have several isoforms with distinct signalling properties9,10,

and splicing events can affect different receptor regions11. However,
the extent to which receptor isoforms contribute to structural and
functional diversity, their expression pattern in human tissues, and
the manner in which combinatorial isoform expression can generate
diverse signalling states and contribute to physiological signalling
bias are fundamentally unexplored. Given that more than one-third
of approved drugs target GPCRs12,13, an understanding of how isoform
diversity can influence function is important not only to understand
receptor physiology, but also to assess how it may affect responses
to drugs.
Here, through a data science approach, we have obtained a GPCR-wide
view of isoform diversity in humans. Our results show how GPCRs from
different classes diversify in key structural segments that determine
receptor function. We have also mapped isoform expression in human
tissues to reveal how different combinations of GPCR isoforms with
distinct pharmacological properties can contribute to system-specific
signalling. Our characterization of GPCR isoforms is accessible through
the GPCRdb database (https://gpcrdb.org/protein/isoforms), and can
serve as a roadmap for assessing isoform diversity in any receptor and
its role in physiological signalling bias.
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Fig. 1 | Structural diversity and functional impact of receptor isoforms. a,
Annotation of multiple sequence alignments of GPCR isoforms allowed us to
classify them as topologically preserved when their transmembrane segments
had the same sequence as the reference, and as topologically truncated when
one or more transmembrane segments were altered (dark and light blue,
respectively). C and N term, C and N terminus; ECL, extracellular loop; H8, helix
8; TM, transmembrane. b, Abundance of structural fingerprints for receptors
with two or more isoforms. Dark and light blue bars represent the abundance of
topologically preserved and truncated versions, respectively, of a structural

Isoform structural changes diversify function
To study the isoforms of GPCRs, we combined transcript-level data
on messenger RNA expression from the Genotype–Tissue Expression (GTEx) Consortium14 with sequence and structural annotations
from GPCRdb15 (Extended Data Fig. 1b). We filtered transcripts by
their expression level, by their annotation as ‘protein-coding’, and
by the integrity of their signal peptides (Methods). Only isoforms

Altered internalization
Altered
membrane trafficking
Intracellular retention of
the reference isoform

fingerprint. The grey bar represents the abundance of the structural
fingerprint representing reference isoforms. Pie charts show the distribution
of GPCR classes in the three most common fingerprints. Asterisks indicate
fingerprints with at least one functionally characterized receptor in the
literature. ICL, intracellular loop. c, Association between structural
fingerprints and functional impact, as available in the literature. Receptors
with functionally characterized isoforms are listed in black. Heights of the
stacked bars represent the number of characterized isoforms. Receptors listed
in light grey have the same structural fingerprints as those shown in black.

with at least one conserved transmembrane segment were selected.
We detected 363 different GPCRs and 625 distinct isoforms (363
reference isoforms, corresponding to GPCRdb sequences, and 262
non-reference isoforms); 136 receptors (38%) have more than one
isoform. This diversity is seen in different GPCR classes and is not
restricted to receptors that interact with particular types of intracellular G proteins or extracellular endogenous ligands (Extended
Data Fig. 1c, d).
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We next evaluated structural variation in GPCR isoforms. We classified non-reference isoforms as topologically preserved when their
transmembrane segments had the same sequence as the reference,
and topologically truncated when one transmembrane segment or
more was altered (Fig. 1a, dark and light blue, and Extended Data
Fig. 2). To calculate the prevalence of particular structural changes in
non-reference isoforms, we generated structural fingerprints: each
receptor segment forming the fingerprint is denoted as a circle, with
segments that are identical to the reference isoform in black, and varying or missing segments in grey (Fig. 1a). The resulting 55 distinct structural fingerprints (Fig. 1b) reveal that, after the reference isoform, the
most frequent structural fingerprints represent isoforms with changes
in their amino-terminal and carboxy-terminal segments. Next, we find
three fingerprints corresponding to truncated isoforms and a fingerprint representing isoforms with altered helix 8 and C termini (Fig. 1b).

Interestingly, isoforms of class B2 receptors are enriched in fingerprints
with variation in the N-terminal segment, and class C receptor isoforms
in fingerprints with variation in the C-terminal segment (Fig. 1b, inset).
This could mirror the functionality of these segments, as N-terminal
regions of class B2 receptors interact with extracellular matrix proteins,
and N-terminal changes could rewire these interactions16,17. Similarly, as
C-terminal segments can mediate oligomerization in class C receptors,
alterations in these segments could influence oligomerization states18.
To assess the functional diversity of the isoforms, we carried out
an extensive literature search. We obtained published evidence for
isoforms belonging to 12 fingerprints (asterisks in Fig. 1b) and linked
them to different functional changes (Fig. 1c and Supplementary
Table 1). Isoforms with alternative N termini tend to display altered
ligand binding and/or efficacy and are the most frequently characterized (Fig. 1c). For instance, in the chemokine receptor CXCR3,
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potency (ΔpEC50) and maximum response (ΔEmax) for cAMP and intracellular
Ca2+ release, and for the recruitment of β-arrestin-1 and -2, in HEK293T cells
coexpressing GIPR–nanoluciferase (Nluc) reference and GIPR–Nluc isoform1
(magenta line) or expressing the GIPR–Nluc reference isoform only (dark grey
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Combinatorial expression and system bias
To determine the possible contribution of receptor isoforms to system
bias, we analysed whether isoforms were ubiquitously expressed or
confined to particular tissues (Extended Data Fig. 4a and Supplementary Table 2). We observed that the reference isoform is not always
the most highly expressed one (Extended Data Fig. 4b), and that the
number of receptors expressed per tissue differs widely (ranging from
149 GPCRs in the pancreas to 236 in the pituitary; Fig. 2a). However, the
mean number of isoforms per receptor in each tissue remains consistently more than 1 (ranging from 1.42 to 1.72). Thus, in every tissue, one
or more receptors are expressed as multiple isoforms. This is also true
if we analyse the data for each donor (Extended Data Fig. 4c).
We then investigated whether distinct isoform combinations
are expressed in different tissues by computing how many unique
isoform combinations exist for each GPCR (that is, the number of
tissue-expression signatures; Fig. 2b). If isoforms have different signalling properties, then different combinations could result in unique
signalling outcomes in response to the same input (Extended Data
Fig. 4d). Thus, counting tissue-expression signatures (Fig. 2b) can reveal
the complexity of signalling responses upon systemic receptor activation. As an example, we find four different tissue-expression signatures
for the cannabinoid receptor 1 (CNR1) but only one for the adhesion
G-protein-coupled receptor E5 (CD97), although both receptors have
three isoforms. Therefore, CNR1 may have more diverse signalling
responses than CD97.
To highlight the impact of isoform combinations, we present two
case studies. We observed that several physiologically relevant tissues
for CNR1 function express different isoform combinations. Apart from
the reference isoform, we find two non-reference isoforms that vary in
their N-terminal segments and show altered ligand binding and potency
(Fig. 3a, Extended Data Fig. 5a and Supplementary Table 1). To assess the
functional impact of combinatorial isoform expression, we characterized these isoforms in HEK293 cells. As CNR1 inhibits adenylate cyclase
through Gαi (Fig. 3b), we measured cAMP levels by using a fluorescence
resonance energy transfer (FRET) sensor in live cells. Initial FRET ratios
were comparable in cells with and without a Flag-tagged reference
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isoforms with different N termini display unique efficacy profiles in
terms of activation of the Gαi subunit, recruitment of β-arrestin, and
phosphorylation of ERK1/2 (ref. 19). Isoforms with C-terminal variation
mostly show altered coupling, internalization and membrane trafficking. For instance, in the thromboxane A2 receptor, a C-terminal
variant can still signal via phospholipase C, but inhibits the production of cyclic AMP instead of stimulating it20. As post-translational
modifications can modulate the GPCR life cycle21, we also analysed
whether experimentally validated C-terminal phosphorylation sites
were preserved in non-reference isoforms. We observed that some
isoforms lacked key phosphorylation sites (Extended Data Fig. 3a, b),
suggesting possible trafficking differences. For highly truncated isoforms, experiments revealed dominant-negative effects through the
sequestering of the reference isoform in the endoplasmic reticulum (for
example, in the 5-hydroxytryptamine 2C and gonadotropin-releasing
hormone receptors22,23). Truncated isoforms can also affect other
GPCRs. For instance, experiments in mice that involved knocking out
a six-transmembrane μ-opioid receptor isoform resulted in decreased
analgesic action for delta and kappa opioids and for α2-adrenergic
ligands24.
Many uncharacterized isoforms share structural fingerprints with
the functionally characterized ones. This topological similarity suggests their possible functional alterations and can help in the design of
experiments for their characterization. However, the same fingerprint
can be related to different functional outcomes (Fig. 1c), emphasizing
that similarity in structural fingerprints should be considered only a
guide for functional inference.
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Fig. 4 | GPCR isoforms as potential drug targets. Top, tissue distribution of
the reference isoform and isoform 1 of GPR35. Bottom, bioluminescence
resonance energy transfer (BRET) signals were monitored after treating
HEK293T cells with varying concentrations of lodoxamide using a GPR35–Gα 13
SPASM sensor (left panel; n = 3 biologically independent samples) or using
GPR35 isoforms tagged with enhanced yellow fluorescent protein (eYFP) and
β-arrestin-2 tagged with nanoluciferase (right panel; n = 3 biologically
independent samples; see Methods). Error values correspond to standard error
of the mean.

isoform of CNR1 (Extended Data Fig. 5b, inset). In cells expressing
the reference isoform, forskolin-stimulated cAMP levels were lower
than in cells without it (Extended Data Fig. 5b). Lower cAMP levels are
consistent with high basal activity resulting from the production of
endogenous cannabinoids25. This trend was reversed by the inverse
agonist Rimonabant and the neutral antagonist AM4113 (Extended
Data Fig. 5c–g). Upon coexpression of SNAP-tagged isoform 1 with a
Flag-tagged reference isoform, we observed a significant decrease in
endpoint cAMP levels; conversely, coexpression of isoform 2 caused a
faster forskolin response and higher total cAMP, although there were no
significant differences in relative expression levels across conditions
(Fig. 3b and Extended Data Fig. 5h–j). Therefore, both the extent and
the rate of CNR1 signalling could be modulated by the coexpression of
different isoforms in different cell systems. Notably, in cells expressing the reference isoform and isoform 2, Rimonabant caused higher
cAMP levels in a larger fraction of cells than in a system expressing the
reference isoform alone (Extended Data Fig. 5k).
For the gastric inhibitory polypeptide receptor (GIPR), we detected
one non-reference isoform with C-terminal variation (Extended Data
Fig. 5l). Comparing adipose tissue, adrenal gland, pancreas and brain,
where GIPR has regulatory functions26, revealed that these tissues
express either the reference or both isoforms (Fig. 3c), with no tissue
expressing the non-reference isoform alone. Given that the C terminus
can influence receptor coupling, we measured the response of GIPR
isoforms to the gastric inhibitory polypeptide (GIP), considering four
different endpoints (production of cAMP, mobilization of intracellular
calcium (Ca2+i), and recruitment of β-arrestin-1 and -2) in HEK293T
cells. The overall signalling capacity of isoform 1 of GIPR is significantly
lower than that of the reference (Extended Data Fig. 5m), consistent
with its low level of expression (Extended Data Fig. 5n). However, we
observed pathway-specific differences when comparing a system that
expressed the reference isoform alone with another that coexpressed
both isoforms. Cells coexpressing both isoforms showed a significant
reduction in the logarithmically transformed half-maximal effective
concentration (pEC50) of the cAMP response (P < 0.0001), and in the
maximum response (Emax) for intracellular Ca2+ release and β-arrestin
recruitment (all P < 0.0001) (Fig. 3d and Extended Data Fig. 5m, p).
Differences in intrinsic relative activities (logRAi)—an indicator of signalling bias—revealed that isoform coexpression significantly biased
signalling away from cAMP (P < 0.0001), leaving intracellular Ca2+
release and β-arrestin recruitment not significantly affected (Fig. 3e).
Nature | Vol 587 | 26 November 2020 | 653

Receptor isoforms as GPCR drug targets
An analysis of 111 GPCRs that are targeted by 474 drugs approved by the
US Food and Drugs Administration (FDA)13 revealed that 42% have more
than one isoform (Extended Data Fig. 6a) and that there is extensive
variation in the number of approved drugs for receptors with the same
number of tissue-expression signatures (Extended Data Fig. 6b). A drug
target with a high number of tissue-expression signatures—the adenosine 2A receptor (AA2AR with 13)—exemplifies how isoform diversity
could affect drug responses. Its tissue-expression signatures combine
some highly truncated isoforms, as well as a topologically preserved
isoform. The latter has a C terminus lacking a phosphorylation site that
is crucial for heterodimerization with the dopaminergic D2 receptor
(Extended Data Fig. 3). This dimer, which results in negative allosteric
modulation of ligand binding in the partner receptor, has been related
to the antiparkinsonian effects of AA2AR antagonists27. This suggests
that the distribution of particular receptor isoforms could not only
result in tissue-specific responses to systemically administered drugs,
but also affect the efficacy of drugs that target other GPCRs.
Although isoform diversity may confound our understanding of drug
effects, it also presents an opportunity to specifically target isoforms
with desired tissue-expression patterns. To assess whether clinical phenotypes map uniquely to non-reference isoforms, we analysed data from
Gene ATLAS28, which associates single nucleotide polymorphisms (SNPs)
and phenotypes from roughly 500,000 individuals in the UK Biobank.
We identified statistically significant associations between SNPs within
non-reference isoforms that were uniquely linked to disease-related
phenotypes (Extended Data Fig. 6c and Supplementary Table 3). The
presence of isoform-specific phenotypes implies that, first, whole-exome
sequencing could reveal new associations between non-reference isoform variants and clinical phenotypes; and second, phenome-wide association studies that consider receptor isoforms might uncover previously
underappreciated isoform-specific therapeutic indications.
Achieving isoform-level selectivity for new drug candidates will probably require isoform-specific structural features to be accessible to
ligands (that is, to occur in extracellular receptor segments) (Extended
Data Fig. 6d), as well as a tissue distribution that differs from the reference. By applying these filters, we identified 62 isoforms from 40
different receptors as candidate targets of pharmacological interest
(Extended Data Fig. 6d and Supplementary Table 4). One of these receptors, GPR35, is the target of an approved mast-cell stabilizer, lodoxamide29. GPR35 is also targeted by pamoic acid—a partial agonist, previously
used as an excipient—that has been found to attenuate visceral pain in
mice30. Therefore, GPR35 agonists could be of therapeutic interest in
allergy and in neuropathic pain. For GPR35, we detected a non-reference
654 | Nature | Vol 587 | 26 November 2020
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These changes probably relate to a reduced cell-surface expression of
the reference isoform upon coexpression of isoform 1, suggesting a
dominant-negative effect, possibly via a direct interaction. Consistent
with this, cell-surface expression of isoform 1 is unaffected upon coexpression of the reference isoform (Extended Data Fig. 5n, o). Further
studies will be needed to dissect the mechanism and physiological
relevance of this crosstalk.
Collectively, our observations suggest that distinct isoform combinations can diversify signalling outcomes in response to the same ligand.
Therefore, determining which receptor isoforms are expressed in a
system can allow the critical selection of models with similar isoform
composition. This is important for two reasons: first, if the experimental
system does not mimic the one we intend to understand, it may not
provide a translatable readout; second, ignoring the isoforms already
expressed in that experimental system could bias measurements. These
findings highlight how distinct combinations of GPCR isoforms in
different tissues can generate system-specific signalling states, which,
in turn, could contribute to physiological signalling bias and affect
responses to drugs.
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organisms. In this manner, the combinatorial expression of functionally
distinct GPCR isoforms can diversify the receptor’s signalling responses.

isoform with an extended N terminus (Extended Data Fig. 6e). The GPR35
reference and isoform 1 have different expression patterns in pharmacologically relevant tissues, with the lung expressing only the reference
isoform, while nerve expresses both isoforms. Characterization of agonists in HEK293T cells (Fig. 4 and Extended Data Fig. 6f, g) revealed that
isoform 1 does not change Gα13 or β-arrestin-2 signalling when compared
with the reference. However, the maximal signal intensity generated
was markedly lower, while potency remained comparable (Fig. 4 and
Extended Data Fig. 6f, g). This analysis of GPR35 exemplifies how, when
searching for receptor agonists, exploiting structural and expression
differences between isoforms could allow the detection of compounds
that target tissues of pharmacological interest, while avoiding receptor
activation elsewhere to prevent on-target side effects. By exploiting the
longer N terminus of isoform 1, and considering its restricted expression
and similar signalling behaviour, isoform-1-specific compounds could
elicit a GPR35 response in tissues such as nerve to treat visceral pain,
while avoiding undesired receptor activation in others. Conversely,
when trying to block GPCR signalling, all receptor isoforms should be
considered to ensure full inhibition or, at least, to prevent unexpected
pharmacodynamics. Beyond receptor isoforms with ligand-accessible
changes, allosteric modulators, intracellular compounds31 and
RNA-based approaches32 could expand isoform druggability.

Further evidence and considerations
Although our study reveals extensive diversity in GPCR isoforms, a
proteome-wide tissue-specific analysis would represent a valuable next

step. Full coverage of membrane proteins by mass-spectrometry-based
shot-gun proteomics is challenging, because of their low abundance
and their membrane-spanning nature33. Isoform characterization is
even more difficult as protein segments that discriminate isoforms
represent a small fraction of detectable receptor fragments. Despite
this, an analysis of multiple proteomics data sets revealed peptides that
discriminate reference and non-reference isoforms (https://gpcrdb.
org/protein/isoforms (Extended Data Figs. 7, 8 and Supplementary
Table 5)). As differences in isoform expression levels could result in system bias34, another future direction is to quantify protein abundance.
This could help to identify additional lowly expressed but functionally
relevant isoforms. Further technical developments in targeted proteomics35 should allow for such characterization.
Our study provides a tissue-level resolution map of the expression
of GPCR isoforms. However, some isoforms may be confined to particular cell types. Whenever possible, isoform expression should be
characterized at the cell-type level. To address this, we analysed 11
widely used human cell lines. Consistent with our tissue-level analysis,
we found receptors with multiple isoforms in all cell lines (Extended
Data Fig. 9a–c and Supplementary Table 6). This isoform diversity has
important experimental implications, as variation in isoform expression across cell lines could greatly affect pharmacological readouts.
In parallel, analysis of healthy human pancreatic single cells, obtained
by Smart-Seq single-cell RNA sequencing36, revealed multiple isoforms
per receptor in each cell type, confirming the prevalence of isoform
combinatorial expression in single cells (Extended Data Fig. 9d and
Supplementary Table 6). Another consideration has to do with the
precise cellular location of different isoforms (for example, long and
short D2 receptor isoforms are classically post- and pre-synaptic37).
Although existing high-throughput approaches cannot reveal such
details, we hope that our analysis will enable individual laboratories
to delve deeper into a relevant cell type to investigate such questions
for their receptors of interest.

Discussion
Our systematic and integrative study (Extended Data Fig. 10) highlights
how some GPCR genes give rise to a collection of isoforms with unique
structural and signalling properties, and how combinatorial isoform
expression might diversify signalling responses in human tissues. These
findings imply that, for these GPCRs, the observed signalling readouts
of a particular ligand may be a composite effect of that ligand acting
on a collection of isoforms (Fig. 5). Furthermore, given that isoform
composition can differ between tissues, activation by the same ligand
could result in diverse, system-specific signalling responses (Fig. 5).
Thus, when interpreting the action of ligands in these receptors, we
may need to move from the canonical view to a context-specific view
of GPCR signalling, where one considers how structural diversity and
combinatorial isoform expression collectively drive system-specific
signalling (Fig. 5).
These findings highlight the need to consider isoform composition
to successfully translate readouts from cell, tissue and animal models to studies of human physiological responses. The association of
non-reference isoforms with specific clinical phenotypes in the human
population points to new opportunities for understanding human
physiology and for drug development. Furthermore, non-reference isoforms with unique patterns of tissue expression and variation in specific
structural segments might represent new drug targets. Future research
on context-specific GPCR signalling and isoform selectivity might
therefore foster the development of drugs that address unmet clinical
needs and minimize on-target side effects. We hope that, beyond our
proof-of-principle characterization, this work will inspire more-detailed
research programmes in academia and industry. To facilitate this, we
have developed a resource that allows the exploration of GPCR isoform
diversity in humans (https://gpcrdb.org/protein/isoforms).

In biology, gene duplication and isoform generation tend to be
inversely correlated mechanisms to diversify biological functions38.
Our observations of GPCR isoforms suggest that gene duplication and
isoform diversity in this family have been simultaneously exploited
during evolution. The finding that functionally diverse isoforms can be
differentially coexpressed points to a mechanism by which individual
tissues could finely regulate their response to the same extracellular
stimulus. In contrast with differential transcription of gene duplicates, the fact that isoforms can be post-transcriptionally regulated
might represent a rapid mechanism by which cells can exquisitely tune
responses to the same ligand. In this manner, isoform diversity could
have been exploited by organisms to rapidly mount different physiological responses to the same ligand at the tissue level, leading to a
coordinated homeostatic response at an organism level.
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Methods
No statistical methods were used to predetermine sample size.
The experiments were not randomized and the investigators were
not blinded to allocation during experiments and outcome assessment. HEK293 cells were purchased from ATCC (CRL-1573). HEK293T
cells were purchased from ATCC (CRL-3216). Cells were authenticated
by ATCC through morphological analysis and karyotyping. These cell
lines were not specifically tested for mycoplasma contamination, but
routine Hoechst staining shows no evidence of contamination. No
commonly misidentified cell lines were used in this study.

Transcriptomics, sequence and pharmacology data
In order to collect information for all human GPCRs, we obtained
GPCRdb names, Uniprot identifiers and receptor-class annotations
for all GPCRs in the GPCRdb15 database via the representational state
transfer (REST) application programme interface (API) and with the
help of the jsonlite R package. We then used those Uniprot identifiers
to obtain associated information from Ensembl39 (GRCh37 assembly)
using the R BioMart interface40. Specifically, we collected HUGO Gene
Nomenclature Committee (HGNC) symbols, gene and transcript identification codes, transcript biotype and signal peptide annotations
and protein sequences for all GPCR transcripts in Ensembl. Only those
transcripts belonging to the ‘protein coding’ biotype (that is, excluding
short and long non-coding and nonsense-mediated decay transcripts,
pseudogenes and so on) and with a preserved signal peptide (for those
receptors with one annotated) were kept for further analysis. Using the
Ensembl transcript identification codes, we then used transcript-level
transcripts per kilobase million (TPM) data (GTEx_Analysis_2016-01-15_
v7_RSEMv1.2.22_transcript_tpm.txt) from the GTEx14 Portal to filter for
GPCR transcripts detected by TruSeq.v1 technology (as annotated in
the database in GTEx_v7_Annotations_SampleAttributesDS.txt) and
expressed at levels of one or more TPM in at least four different GTEx
donors (using donor annotations found in GTEx_v7_Annotations_SubjectPhenotypesDS.txt). Please refer to the original GTEx publications
for further information on RNA-sequence (RNA-seq) quality control and
analysis14,41. The expression cut-off was chosen both to match the cut-off
used in another publication from the GTEx consortium (which focused
on the analysis of splice variants42) and to ensure that any non-reference
isoform studied would have a high likelihood to be translated into
protein and have an effect when combinatorially coexpressed with the
reference isoform. In parallel, the donor cut-off was chosen after analysing which was the lowest number of donors that would still capture all
known reference receptor isoforms (in our case, four donors for the
reference ADGRB2 receptor). Furthermore, in order to analyse whether
the number of isoforms per receptor was associated with any receptor
pharmacological features, we used the jsonlite R package to query the
REST API from the Guide to Pharmacology43 database. This allowed the
GPCR HGNC symbols to be linked to annotations on receptor natural/
endogenous ligands and transduction mechanisms.
Structural fingerprints and functional annotation
For receptors with more than one isoform, we analysed the structural
segments that differed between reference and non-reference isoforms.
To do so, we used the protein sequences from Ensembl to obtain a
sequence alignment using MUSCLE44 with default parameters (gap
extension set at −1.0). In the case of receptors with transcripts that
code for the same amino-acid sequence (that is, with just the 5′- or
3′-untranslated region (UTR) being different), we retained one representative sequence only. We also used GPCRdb receptor names to
download information on receptor segments associated with every
receptor residue from GPCRdb45 as detailed in the previous section. For
each multiple sequence alignment, we found the Ensembl transcript
corresponding to the structurally annotated sequence in GPCRdb and
considered it our reference receptor sequence; receptors for which

none of the isoforms could be assigned to a GPCRdb reference (FFAR4,
GPR111, GPR107, GPRC5C, LPHN3, LRB4R2 and OR51E1) were excluded
from further analysis. For non-reference receptor isoforms, we used the
multiple sequence alignment to determine which GPCRdb-annotated
receptor segments were the same as in the reference and which were
different or absent in order to obtain a ‘structural fingerprint’. Each
fingerprint contains information about the 16 structural segments
that constitute a GPCR, and whether they are conserved with those in
the GPCRdb-annotated reference or they differ (that is, have a different
sequence or are missing). In this manner, we generated a 16-dimensional
vector with 1s and 0s, denoting conserved or altered segments, for
each isoform. In the graphical representation of these fingerprints
(see Fig. 1), conserved segments are shown as dark circles, and varying or missing segments as grey circles. To ensure that our analysis
was centred on isoforms that were anchored to the membrane, we
excluded non-reference isoforms that did not have at least one transmembrane structural segment in common with their reference isoform.
The resulting non-reference isoforms were classified as ‘topologically
preserved’ when all receptor transmembrane segments of the reference isoform were preserved, and ‘topologically truncated’ when at
least one annotated transmembrane segment was altered (missing
or differing) in comparison with the reference isoform. To assess the
functional importance of the non-reference isoforms detected in GTEx,
we performed a comprehensive literature search for each receptor with
multiple isoforms in the PubMed database, and collected all references
in which a human non-reference isoform matching one of our analysed
transcripts had been functionally characterized.

Tissue expression and tissue-expression signatures
Using tissue annotations for the transcript-level TPM data from the
GTEx Portal (GTEx_v7_Annotations_SampleAttributesDS.txt), we first
calculated the number of receptors and the mean number of isoforms
per receptor in all 30 tissues analysed in the GTEx project, considering
expression data from all available donors. We also calculated the mean
number of isoforms per receptor and tissue on a donor-by-donor basis.
The tissues include: brain, nerve, pituitary, adrenal gland, thyroid,
blood vessel, blood, spleen, heart, muscle, bladder, kidney, salivary
gland, oesophagus, stomach, small intestine, liver, pancreas, colon,
adipose tissue, skin, lung, breast, ovary, fallopian tube, uterus, vagina,
cervix uteri, prostate and testis. In the case of transcripts that code
for the same isoform (that is, synonymous transcripts, with the same
protein sequence but different 5′- or 3′-UTRs), we considered the
protein isoform to be expressed in all tissues where the synonymous
transcripts had been detected. To calculate the most prevalent isoform
per receptor in each tissue, we selected the isoform with the highest
median expression considering all GTEx donor samples from that tissue. For the 136 receptors with more than 1 isoform, we also obtained
receptor-centric N × 30 binary matrices representing the presence or
absence of receptor isoforms in different tissues considering all donors,
where N is the number of unique isoforms of a particular receptor and
30 is the number of tissues analysed in GTEx. These matrices were then
used to calculate the number of unique tissue-expression signatures
per receptor—that is, the number of unique combinations of receptor
isoforms that are found across the different human tissues.
CNR1 cloning and pharmacological characterization
Complementary DNA sequences for human CNR1 isoforms 1 and 2 were
used to generate gene blocks (Integrated DNA Technologies), which
were cloned into a pcDNA3.1 backbone with a SNAP tag using BamHI
and XbaI sites. The human CNR1 reference isoform was cloned into a
pcDNA3.1 backbone with an influenza hemagglutinin signal sequence
and a Flag tag or SNAP tag using AgeI and XbaI sites. A mixed population of stable HEK293 cells expressing the Flag-tagged CNR1 reference isoform was generated using selection with geneticin. Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM)/high glucose
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supplemented with 10% fetal bovine serum (FBS) and maintained at
37 °C and 5% CO2 (routine Hoechst staining showed no evidence of contamination). The Flag-tagged CNR1 cell line was transfected with 300 ng
SNAP-tagged CNR1 reference isoform as a control or SNAP-tagged
CNR1 non-reference isoform 1 or 2 and 300 ng of the cAMP FRET sensor
ICUE3 (a gift from J. Zhang) (Addgene plasmid 6162246) using Effectene
according to the manufacturer’s standards, and incubated for 5 h at
37 °C. Cells were imaged 48–72 h after transfection. Before FRET experiments, cells were pretreated with 500 μM of the phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine (IBMX) for 2 h. Before imaging,
cells were labelled with Alexa-568 (Molecular Probes catalogue number
A20184)-conjugated M1 antibody (Millipore Sigma F3040) at a dilution
of 1/1,000 and 500 nM SNAP-surface Alexa-Fluor 647 (New England
BioLabs S9136S), for 10 min at 37 °C to label Flag- and SNAP-tagged
receptors, respectively.
Cells were imaged at greater than 50% confluence in L-15
media supplemented with 1% FBS and 500 μM IBMX at 37 °C in a
temperature-controlled imaging chamber (In Vivo Scientific). Cells
were imaged on a TiE inverted microscope (Nikon) with a ×60, numerical aperture (NA) 1.49, Apo-TIRF objective (Nikon) with an iXon-888
Life electron-multiplying charge coupled device (EMCCD) camera
(Andor). Cells were selected for imaging on the basis of their expression of both a Flag-tagged and a SNAP-tagged isoform as well as the
FRET sensor. Initial confocal slice images were acquired to record
receptor expression. Relative expression of Flag and SNAP isoforms
was quantified using ImageJ. Briefly, the SNAP channel was used to
generate a mask defining the membrane receptor region of the cell.
This mask was applied to both the Flag and the SNAP channels, and
the mean fluorescence intensity of these regions was measured and
expressed as a ratio, normalized to the mean ratio of the control ‘reference plus reference’ condition on a given day to account for variability
in labelling and dye/antibody aliquots between experiments. Cells were
imaged in widefield imaging mode for cyan fluorescent protein (CFP;
405 nm excitation, 400 nm emission filter), for YFP or FRET (405 nm
excitation, 514 nm emission filter) and for the SNAP-tagged isoform
(647 nm excitation, 700 nm emission filter) every 30 s with 5 frames of
baseline before addition of 5 μM forskolin (Fsk) to stimulate adenylyl
cyclase activity. For experiments in which cells were pretreated with
Rimonabant or AM4113, cells were pretreated with antagonist for 5 min,
and imaged over this time period, before the addition of forskolin. In
experiments addressing the effect of isoform expression on responses
to Rimonabant, cells were similarly imaged every 30 s with 5 frames of
baseline before addition of 500 nM Fsk, followed by addition of 10 μM
Rimonabant after 5 min. Images were exported in 16-bit tiff files and
analysed using ImageJ to calculate the change in CFP/FRET ratio in each
cell, as described47. All data were analysed using GraphPad Prism 7. All
data points representing individual cells were normalized to the mean
of the control condition for each day, to account for experimental
variability between days. All data were analysed by one-way analysis
of variance (ANOVA; α = 0.05), with pairwise comparisons made using
either Sidak’s or Dunnett’s multiple comparisons. ANOVA P-values and
those of associated post-hoc tests are provided in the figure legends
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

GIPR cloning and pharmacological characterization
Polymerase chain reaction (PCR) amplicons of the GIPR reference or
GIPR isoform 1 were ligated into either a pcDNA3.1(+)–sigNluc backbone
(which includes the signal peptide from the murine serotonin receptor
5-HT3R), or a pcDNA3.1(−)–Nluc backbone to generate Nluc–GIPR or
GIPR–Nluc constructs, respectively. All cloning results were confirmed
by Sanger sequencing (University of Cambridge). Flag-tagged reference
GIPR was supplied by S. Al-Sabah (University of Kuwait). GRK5 and
YFP-tagged β-arrestin-1 and -2 were supplied by K. Caron (University
of North Carolina at Chapel Hill). HEK293T cells (from the American
Type Culture Collection, ATCC48) were cultured in DMEM/F12 (Gibco),

supplemented with 10% heat-inactivated FBS (Sigma) and 1% antibiotic
antimycotic solution (Sigma), and maintained at 37 °C with 5% CO2 in a
humidified environment.Transfections were performed using either
Fugene HD (Promega) at a 1/3 w/v ratio of DNA/Fugene HD, in accordance with the manufacturer’s instructions, or polyethylenimine (PEI,
Polysciences Inc.) and 150 mM NaCl at a 1/6 w/v ratio of DNA/PEI.
To measure cell-surface expression, we transfected HEK293T cells
with pcDNA3.1(−),Nluc–GIPR reference plus pcDNA3.1(−), Nluc–GIPR
isoform 1 plus pcDNA3.1(−), Nluc–GIPR reference plus Nluc–GIPR isoform 1, Flag–GIPR reference plus pcDNA3.1(+)–sigNluc, or Flag–GIPR
reference plus Nluc–GIPR isoform 1 at a 1/1 ratio. After 48 h, 350,000
cells were washed three times in fluorescence-activated cell sorting
(FACS) buffer (phosphate-buffered saline (PBS) supplemented with 1%
bovine serum albumin (BSA) and 0.03% sodium azide) before and after
incubation with the appropriate antibody for 1 h at room temperature in
the dark; rat allophycocyanin (APC)-conjugated anti-Flag monoclonal
antibody, diluted 1/100 (BioLegend); rabbit anti-Nluc polyclonal antibody, diluted 1/100 (Promega); or goat APC-conjugated anti-rabbit IgG
polyclonal antibody 31984, diluted 1/150 (Thermofisher). APC intensity
was measured using a BD Accuri C6 flow cytometer (BD Biosciences)
at an excitation wavelength of 633 nm and emission of 660 nm. Data
were normalized to the mean APC intensity of cells transfected with
pcDNA3.1(−) as 0% and Nluc–GIPR reference plus pcDNA3.1(−) (where
expression of Nluc–GIPR was assessed), Flag–GIPR reference plus
pcDNA3.1(+)–sigNluc (where expression of the Flag–GIPR reference
was assessed) or Nluc–GIPR isoform 1 plus pcDNA3.1(−) (where expression of the Nluc–GIPR isoform 1 was assessed) as 100%.
For assays of cAMP accumulation and (Ca2+)i mobilization, HEK293T
cells were transfected for 48 h with GIPR–Nluc reference plus
pcDNA3.1(−), GIPR–Nluc isoform 1 plus pcDNA3.1(−) or GIPR–Nluc reference plus GIPR–Nluc isoform 1, at a 1/1 ratio. GIP (GIP(1–42))-mediated
cAMP accumulation was measured after stimulation for 30 min, in the
presence of 500 μM IBMX, using a LANCE cAMP detection kit (Perkin
Elmer) and a Berthold Mithras LB 940 multimode microplate reader,
as described49,50. Forskolin (100 μM) was used as a positive control.
Mobilization of (Ca2+)i was measured as described49. GIP(1–42) was
added robotically using a BD Pathway 855 high-content bio-imager,
with images captured roughly every 0.5 s for 80 s. The image series
were processed using Fiji (Is Just) Image J to correct for background
fluorescence of the region of interest and to determine the maximum
intensity to generate concentration–response curves. Ionomycin
(10 μM) was used as a positive control.
To measure the total, combined (GIPR reference plus GIPR isoform 1)
recruitment of β-arrestin-1/2, HEK293T cells were transfected with
YFP-labelled β-arrestin1/2, GRK5, and either GIPR–Nluc reference plus
pcDNA3.1(+)–sigNluc, GIPR–Nluc isoform 1 plus pcDNA3.1(+)–sigNluc
or GIPR–Nluc reference plus GIPR–Nluc isoform 1 at a 5/4/1/1 ratio and
grown overnight. To measure the recruitment of β-arrestin-1/2 to either
GIPR reference or GIPR isoform 1 in isolation, HEK293T cells were transfected with β-arrestin1/2–YFP, GRK5 and either GIPR–Nluc reference
plus pcDNA3.1(+)–sigNluc, GIPR–Nluc isoform 1 plus pcDNA3.1(+)–
sigNluc, GIPR–Nluc reference plus Nluc–GIPR isoform 1 or GIPR–Nluc
isoform 1 plus Nluc–GIPR reference at a 5/4/1/1 ratio and grown overnight. Fifty thousand cells per well were seeded into poly-l-lysine-coated
white 96-well plates (Perkin Elmer) in reduced-serum medium (MEM
plus 2% FBS plus 1% antibiotic antimycotic solution). The following
day, cells were incubated with coelenterazine-h (5 mM, diluted in PBS
containing 0.49 mM MgCl2.6H2O, 0.9 mM CaCl2.2H2O and 0.1% BSA) for
10 min. The bioluminescence resonance energy transfer (BRET) ratio
(530 nm/460 nm) was measured using a Berthold Mithras LB 940 multimode microplate reader every minute for 60 minutes after addition
of GIP(1–42), and data were corrected to vehicle-treated samples. The
peak GIP-induced ΔBRET ratio (530 nm/460 nm) for β-arrestin-1 and
β-arrestin-2 recruitment (9 min and 8 min, respectively) was measured
using a Berthold Mithras LB 940 multimode microplate reader, and

data were corrected to vehicle-treated samples. All data were analysed
using GraphPad Prism 8.4.
For assays of cAMP accumulation, (Ca 2+) i mobilization and
β-arrestin-1/2 recruitment, data were fitted to obtain concentration–
response curves using a three-parameter logistic equation (for pEC50
and Emax values) and were normalized to the response of the GIPR
reference. Responses of GIPR reference and GIPR isoform 1 were determined to be statistically different using a Student’s unpaired t-test. For
assays of cell-surface expression, significance was determined using a
Mann–Whitney test. To construct the radar plots, Emax or pEC50 values
for each condition were subtracted from the GIPR–Nluc reference to
produce ΔEmax or ΔpEC50 values. Values for the log intrinsic relative activity (logRAi)4,51 were calculated relative to cells expressing GIPR–Nluc
reference alone for each signalling pathway (cAMP accumulation, (Ca2+)i
release and β-arrestin-1/2 recruitment) using the following equation:

 Emax ,ref+iso1 × EC50,ref 
log RApath

ref+iso1,ref = log 
 EC50,ref+iso1 × Emax ,ref 
Where the Emax and EC50 values were calculated by fitting the data to
the three-parameter logistic equation.

GPR35 cloning and pharmacological characterization
A sensor system comprising the GPR35 reference protein fused to a
fragment of the Gα13 subunit is described fully in ref. 52. We generated
an equivalent GPR35 isoform 1 with Gα13 sensor by replacing the GPR35
reference with GPR35 isoform 1, which contains an additional 31 amino
acids at the N terminus but is otherwise identical in sequence to the
reference. These two constructs were transfected transiently into
HEK293T cells using polyethylenimine (linear molecular weight 25,000)
2 days before experiments. Thirty minutes before the assay, cells were
washed with Hanks buffered saline solution containing 10 mM HEPES
and incubated in the same buffer at 37 °C. Because BRET provides a
ratiometric signal and each sensor is a single polypeptide, outcomes
are anticipated to be independent of expression levels, but we assessed
this directly by recording levels of substrate-induced luciferase activity. HEK293T cells were transfected transiently to coexpress either
eYFP-tagged GPR35 reference or eYFP-tagged GPR35 isoform 1 with
β-arrestin 2 tagged with nanoluciferase52–54. Agonist-induced proximity
between the eYFP and nanoluciferase generated BRET upon addition
of the luciferase substrate colenterazine-h. Lodoxamide, pamoic acid
and zaprinast were purchased from commercial sources.
Drug target and genetic association data
To assess how many receptors with more than one isoform are known
drug targets, we used information on 474 FDA-approved drugs matched
to their GPCR targets as available in the literature13. In addition, we
identified phosphorylation sites annotated in reference isoforms that
were not retained in non-reference receptor isoforms by analysing data
from PhosphoSitePlus55. To assess whether non-reference isoforms
could be associated with clinical phenotypes of pharmacological interest, we analysed SNPs in the human population that were statistically
significantly associated with phenotypes in the Gene Atlas28 database.
We considered only those associations that have high statistical significance (P < 1 × 10−10) and involve clinically determined phenotypes
(excluding self-reported and generic phenotypes). We then mapped the
resulting SNPs to the sequences of non-reference receptor isoforms. For
all of the analysed GPCRs, we only considered phenotype associations
if they uniquely mapped to SNPs in the non-reference isoform. Finally,
we assessed which alternative isoforms could represent druggable
targets and might offer isoform-level tissue selectivity. To do that, we
used the multiple sequence alignments from the previous steps to
filter for non-reference isoforms with a different sequence in at least
one extracellular segment (that is, in the N terminus or ECL1, ECL2 or
ECL3). We then filtered for non-reference isoforms that have a different

tissue distribution compared with the reference isoform by using the
previously computed receptor-centric binary expression matrices. To
do so, we used the previously obtained binary tissue-expression fingerprints (that is, the strings of 1 (expressed) or 0 (not expressed) of length
30 corresponding to the 30 GTEx tissues) for each receptor isoform to
select those non-reference isoforms with expression fingerprints that
differed from their respective reference isoform.

Analysis of mass-spectrometry data
We analysed the available mass-spectrometry (MS) data on GPCR isoforms at the protein level by using a brain-derived MS data set (Proteomics Identification Database (PRIDE) accession number PXD0079985).
Using these data, we mined for peptides that uniquely match one of
the isoforms detected in brain tissue in the GTEx data set. We used a
total of 105 MS runs from brain tissue to identify potential peptides
associated with GPCR proteins (at a false discovery rate (FDR) of less
than 0.01 using the target/decoy strategy). We describe the detailed
parameters for database search in ref. 56. In brief, all 105 MS/MS raw data
files were searched against a composite target/decoy database57 using
the JUMP hybrid search engine58. The target database was generated
by combining the SwissProt human core database (20,368 entries) and
manually curated GPCR isoforms (1,033 entries), and the decoy database was produced by reversing the target protein sequences. The FDR
was estimated by the number of decoy matches (nd) and the number of
target matches (nt), according to the equation: FDR = nd/nt. Putative
peptide–spectrum matches (PSMs) were filtered by mass accuracy,
grouped by precursor-ion charge state, and further filtered by JUMP
scores (Jscore and ΔJn) to reach the expected FDR. All GPCR transcripts
with two or more isoforms as detected in the GTEx brain-tissue transcriptome data set were filtered to obtain isoforms with unique protein
sequences. These transcripts were then matched with the brain MS
hits to identify receptor isoforms at the protein level. We also analysed
data from an independent MS study consisting of 50 MS runs from 29
healthy human tissues35. Raw MS data were downloaded from the FTP
site ftp://ftp.pride.ebi.ac.uk/pride/data/archive/2019/07/PXD010154.
All 1,557 MS data files were searched against the same composite target/
decoy database using the comet engine to increase search speed59.
Major parameters included precursor mass tolerance ( ± 10 p.p.m.) and
product-ion mass tolerance (0.01 Da), full trypticity, dynamic mass shift
for methionine oxidation (+15.99491), maximal missed cleavage (n = 2),
and maximal modification sites (n = 3). Putative PSMs were filtered by
mass accuracy and comet scores (Xcorr and ΔCn) to reduce the protein
FDR to less than 0.01. A total of 299,600 peptides were identified with
FDRs of less than 1%, including 4,182 peptides that map to the detected
GPCR isoforms. These peptides were then filtered to select only those
that would uniquely discriminate a particular GPCR isoform by searching the previously obtained isoform sequences for unique hits. Finally,
we used ProteomicsDB60 (www.proteomicsdb.org) to systematically
explore all GPCRs for which more than one isoform had been detected
using their REST API. To do that, we used isoform-specific Uniprot
identifiers to identify isoforms that had peptides uniquely matching
to them (ISUNIQUE = 1).
Cell-line and single-cell RNA-seq analysis
We used RNA-seq data deposited in BioProject61 (accession number
PRJNA183192) to analyse the receptor transcripts expressed in 11
commonly used human cell lines (HEK293, SHSY5Y, RT-4, PC-3, MCF7, Hep-G2, HeLa, CACO-2, A-549, U-251MG and A-431) derived from 10
different human tissues. Following the analysis pipeline used for the
GTEx transcript-level expression data, Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra/) files for all cell-line experiments
were downloaded and converted to FASTQ files with fastq-dump. Next,
transcript-level information was obtained using RNA-Seq with Expectation Maximization (RSEM)62, with the GRCh37 human assembly as
a reference. GPCR transcripts expressed over the previously defined
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expression threshold (at least 1 TPM) were considered for comparison.
The same analysis was repeated for a single-cell RNA-seq data set from
healthy human pancreas36 (BioProject accession number PRJNA322355).
SRA files for all single-cell experiments were downloaded and converted
to FASTQ files with fastq-dump. Again, transcript-level information was
obtained with RSEM62 using the GRCh37 human assembly as a reference.
GPCR transcripts expressed over the previously defined expression
threshold (at least 1 TPM) were considered for comparison and grouped
according to inferred cell types as annotated by the authors of the
original publication61 in BioProject.

Data visualization and analysis
All graphics were created using RStudio version 1.1.419 and the ggplot
package, as well as the UpSetR, ggalluvial and snakeplotter packages
as appropriate. Unless stated otherwise, all calculations, analyses and
data processing were performed using custom-written scripts in R. All
illustrations were made using Adobe Illustrator CC 22.0.1.
Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | Isoform diversity in GPCRs. a, Alternative
transcriptional start or termination sites, together with alternative splicing,
can generate non-reference receptor isoforms (that is, isoforms with
sequences that are different to those of the GPCRdb-annotated receptor), with
altered structural and signalling properties. b, Analysis pipeline combining
GTEx isoform-level data with GPCRdb, Ensembl and UniProt annotations to
filter for highly expressed, protein-coding isoforms. Isoforms with truncated
signal peptides, or those without at least one conserved transmembrane helix

compared with the reference isoform, are not considered (see Methods).
c, Number of isoforms in different receptor classes (left) and grouped by the
type of natural ligand of each receptor (right). d, Number of isoforms per
receptor, grouped by each receptor’s coupling partners (G-protein subunits),
as annotated in the IUPHAR/BPS Guide To Pharmacology database (www.
guidetopharmacology.org). Box plots in c, d show medians and 25th and 75th
percentiles; whiskers represent 1.5 times the interquartile range from the 25th
to the 75th quartiles.
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Extended Data Fig. 2 | Classification of receptor isoforms according to
topology. Structural classification of non-reference isoforms. Isoforms are
considered topologically preserved if all transmembrane (TM) segments are
conserved in sequence with respect to the reference isoform; this includes
receptor isoforms with changes (including deletions and unique isoform
sequences) in the receptor N- and C termini, as well as in intracellular and
extracellular loops (ECLs) and the helix 8 (H8) segment. Isoforms are classified

as topologically truncated if at least one TM segment is altered (that is, is
partially or totally missing or has a different sequence to the reference
isoform). Both topologically preserved and truncated isoforms can either have
an alternative sequence in the segments that differ from the reference (unique
sequence, represented as solid coloured lines) or lack parts of those segments
altogether, thus representing a shorter version of the reference sequence
(non-unique, represented as dotted coloured lines).

Extended Data Fig. 3 | Non-reference isoforms with missing
phosphorylation motifs. a, Analysis of PhosphoSitePlus (https://www.
phosphosite.org/) phosphorylation motifs with annotated regulatory
function in non-reference receptor isoforms. Left, frequency of phosphosites
related to regulatory effects (for example, receptor trafficking and interaction)
that are found to be missing in non-reference isoforms. Right, examples of the
potential consequences of this lack of regulation on receptor function for

somatostatin receptor type 2 (SSR2), thromboxane A2 receptor (TA2R) and
adenosine receptor A2A (AA2AR). b, Table showing all detected non-reference
receptor isoforms in which a phosphorylation motif can be lost, together with
details about the function of that particular phosphosite in the reference
isoform and its associated literature evidence (with the examples in a
highlighted in grey in the table).
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Extended Data Fig. 4 | See next page for caption.

Extended Data Fig. 4 | Tissue distribution of different isoforms. a, Binary
representation of the presence or absence of particular receptor isoforms in
the 30 different GTEx tissues according to their classification as reference
isoform (grey), topologically preserved isoform (dark blue) or topologically
truncated isoform (light blue). This figure shows that every tissue expresses all
these types of isoforms, and that non-reference isoforms can be consistently
found in multiple tissues. b, Heatmap showing whether the most prevalent
isoform for a receptor in a particular tissue is a reference (grey), topologically
preserved (dark blue) or topologically truncated (light blue) receptor isoform.
The most prevalent isoform in a particular tissue is considered to be the one
with the highest median expression (in TPM). Only tissues in which more than
one isoform was expressed have been retained and represented. c, Mean

number of isoforms expressed per receptor for every GTEx donor-tissue
combination. All available combinations of donor-tissue expression had a
mean number of isoforms per receptor of more than one (that is, reference and
non-reference isoforms are coexpressed in each GTEx donor-tissue
combination). Empty cells (white) represent donor-tissue combinations with
no expression data. For the underlying data in a–c, see Supplementary Table 2.
d, For receptors with multiple isoforms, two scenarios are possible. In one
scenario, all receptor isoforms could be consistently expressed in human
tissues, resulting in a uniform expression pattern. In a second scenario,
different isoform combinations may be expressed in different tissues,
resulting in a complex expression pattern. In order to assess this, we calculated
the number of tissue-expression signatures per receptor (see Fig. 2).
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Extended Data Fig. 5 | See next page for caption.

Extended Data Fig. 5 | Characterization of the pharmacological and
signalling effects of the coexpression of different isoforms of CNR1 and
GIPR. a, Alignment of the N-terminal segments of the reference and nonreference CNR1 isoforms. Regions that are missing or vary in isoforms 1 and 2
are highlighted in blue. b, Left, change in mean CFP/FRET ratios induced by
5 μM forskolin (Fsk) in HEK293 cells. Data from cells from the same coverslip
expressing (grey line) and not expressing (black line) the CNR1 reference
isoform are shown. Cells expressing CNR1 show a lower Fsk response, as
expected for Gi signalling. CFP/FRET ratios were obtained in HEK293 cells
expressing the CNR1 reference isoform (+CNR1, n = 30 cells) or not (−CNR1
n = 40 cells). Right, the baseline ratios are not significantly different (P = 0.527
by unpaired, two-sided t-test). Boxplot whiskers show minima and maxima;
centres indicate medians; and box boundaries indicate the 25th and 75th
percentiles. c, The increased response to Fsk in CNR1-expressing cells treated
with Rimonabant (SR) is consistent with the superactivation of adenylyl
cyclase, as found in cell lines stably expressing Gi-coupled receptors such as
CNR1. d, Total cAMP response induced by Fsk in CNR1-expressing cells. The
response is decreased in CNR1-expressing cells compared with non-expressing
cells. Pretreatment with 10 μM Rimonabant reversed the CNR1-dependent
decrease. e, The endpoint cAMP response (R Endpoint), expressed as fold change
over baseline cAMP (R Baseline), induced by Fsk in CNR1-expressing cells is
significantly decreased in CNR1-expressing cells compared with nonexpressing cells. Pretreatment with 10 μM Rimonabant reverses the CNR1dependent decrease (−CNR1 −Rimonabant, n = 24 cells; +CNR1 −Rimonabant,
n = 19 cells; −CNR1 +Rimonabant, n = 27 cells; +CNR1 +Rimonabant, n = 17 cells,
from 3 independent experiments). f, Pretreatment with 5 μM of the neutral
antagonist AM4113 significantly increased the Fsk-stimulated total cAMP levels
in CNR1-expressing relative to non-expressing cells. g, Pretreatment with
AM4113 significantly increased the Fsk-stimulated endpoint cAMP levels in
CNR1-expressing cells relative to non-expressing cells (−CNR1 −AM4113, n = 55
cells; +CNR1 −AM4113, n = 50 cells; −CNR1 +AM4113, n = 44 cells; +CNR1
+AM4113, n = 48 cells, from 3 independent experiments). In d–g, P-values were
obtained by one-way ANOVA with Sidak’s multiple comparisons tests; boxplot
whiskers show 10th and 90th percentiles; centre lines indicate medians; box
bounds indicate the 25th and 75th percentile; + indicates means. h, Expression
ratios of SNAP-tagged CNR1 isoforms to the Flag-tagged reference isoform are
not significantly different across the combinatorial expression conditions
(one-way ANOVA with Dunnett’s multiple comparisons test). In all cases,
boxplot whiskers show 10th and 90th percentiles; centre lines indicate
medians; box bounds indicate the 25th and 75th percentiles; + indicates mean.
Individual data points are overlaid on the boxplot. i, The total cAMP response,
normalized to cells expressing the reference isoform, is increased in cells
coexpressing the reference isoform and non-reference isoform 2 compared
with control cells (ref + ref (‘ref’), n = 23 cells; ref + iso1, n = 18 cells; ref + iso2,
n = 27 cells from 3 independent experiments; one-way ANOVA with Dunnett’s

multiple comparisons test). j, Endpoint cAMP levels are significantly decreased
in cells coexpressing the reference isoform and non-reference isoform 1
compared with cells expressing only the reference isoform (one-way ANOVA
with Dunnett’s multiple comparisons test). For box plots in i, j, whiskers show
10th and 90th percentiles; centre lines indicate medians; box bounds indicate
25th and 75th percentiles; + indicates mean. Individual data points are overlaid
on the boxplot. k, Heatmap representation of cAMP levels after treatment with
Fsk and Rimonabant over time in individual HEK293 cells expressing a Flagtagged reference isoform and different SNAP-tagged isoforms. CFP/FRET
ratios were normalized using the baseline ratio as 0 and the maximum ratio
after Fsk, but before Rimonabant, treatment as 1. l, Alignment of the C-terminal
segment of the reference and non-reference GIPR isoforms. Varying regions in
isoform 1 are highlighted in blue. m, Concentration–response curves for cAMP
accumulation, intracellular calcium ((Ca2+)i) mobilization and β-arrestin-1/2
recruitment in response to GIP(1–42) stimulation, in HEK293T cells expressing
GIPR–Nluc reference alone (dark grey, n = 4 independent experiments
performed in duplicate), GIPR–Nluc isoform 1 alone (pink, n = 4 independent
experiments performed in duplicate) or GIPR–Nluc reference and GIPR–Nluc
isoform 1 combined (magenta, n = 4 independent experiments performed in
duplicate). Data normalized to GIPR–Nluc reference alone and expressed as
mean ± s.e.m. n, Cell-surface expression of Nluc–GIPR reference (n = 7
independent experiments performed in duplicate) or Nluc–GIPR isoform 1
(n = 7 independent experiments performed in duplicate). Data normalized to
Nluc–GIPR reference, with significance determined by Mann–Whitney test.
o, Left part of graph, cell-surface expression of Nluc–GIPR reference alone
(dark grey, n = 4 independent experiments performed in duplicate) versus
Nluc–GIPR reference and Nluc–GIPR isoform 1 combined (magenta, n = 4
independent experiments performed in duplicate). Middle, cell-surface
expression of Flag–GIPR reference in the absence (dark grey, n = 5 independent
experiments performed in duplicate) versus presence (light grey, n = 4
independent experiments performed in duplicate) of Nluc–GIPR isoform 1.
Right, cell-surface expression of Nluc–GIPR isoform 1 in the absence (pink, n = 5
independent experiments performed in duplicate) versus presence (light pink,
n = 5 independent experiments performed in duplicate) of Flag–GIPR
reference. Data normalized to Nluc–GIPR reference alone (left), Flag–GIPR
reference alone (middle), or Nluc–GIPR isoform 1 alone (right). Significance in
n, o was determined by a two-tailed Mann–Whitney test. Box plots in n, o show
the maximum and minimum (whiskers), as well as medians, 25th and 75th
percentiles and means (+).p, GIP(1–42)-stimulated β-arrestin-1 and β-arrestin-2
recruitment to GIPR–Nluc reference in the absence (dark grey) or presence
(light grey) of Nluc–GIPR isoform 1, or to GIPR–Nluc isoform 1 in the absence
(pink) or presence (light pink) of Nluc–GIPR reference. Data are means ± s.e.m.
of n = 4 experiments performed in triplicate, normalized to GIPR–Nluc
reference alone.
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Extended Data Fig. 6 | Receptor isoforms and drug targets. a, Number of
receptors categorized by the number of tissue-expression signatures for all
GPCRs (grey) and for those belonging to the 111 targets of 474 FDA-approved
drugs (in green). b, The number of approved drugs varies greatly for receptors
with the same number of tissue-expression signatures. Count plot of the 111
GPCRs that are targeted by 474 FDA-approved drugs. The radius of each circle
indicates the number of GPCR targets for each combination of ‘number of
tissue-expression signatures’ (x-axis) versus ‘number of approved drugs’
(y-axis). c, Disease-related phenotypes that can be exclusively linked to nonreference receptor isoforms were extracted from Gene ATLAS (see Methods
and Supplementary Table 3). Non-reference isoform sequences for the
N-terminal segment of the chemokine receptor CXCR3 and C-terminal
segment of the metabotropic glutamate receptor 8 (GRM8) are represented in
blue; the reference isoform is in grey. Polymorphisms are indicated in bold,
together with their associated phenotypes in light grey boxes. d, Filtering

based on structural and expression considerations identifies non-reference
isoforms with changes in extracellular structure and tissue distribution with
respect to the reference isoform, potentially allowing the development of
ligands that specifically target them. e, Alignment of the N-terminal segment of
the reference and non-reference GPR35 isoforms. Varying regions in isoform 1
are highlighted in blue. f, pEC50 and Emax values for the coupling of Gα 13 and
β-arrestin-2 to the reference GPR35 isoform and isoform 1 in response to
lodoxamide, pamoic acid and zaprinast. (n = 3 biologically independent
samples; error values correspond to s.e.m.) g, BRET signals were monitored
after treatment of HEK293T cells with varying concentrations of pamoic acid
and zaprinast using a GPR35–Gα 13 SPASM sensor (left panel; n = 3 biologically
independent samples) or eYFP-tagged GPR35 isoforms and β-arrestin-2 tagged
with nanoluciferase (right panel; n = 3 biologically independent samples;
Methods). Error values correspond to s.e.m.
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Extended Data Fig. 7 | GPCRdb receptor-isoform browser. Screenshot of the
isoform browser as implemented in GPCRdb. The classification tree (left)
depicts the number of unique isoforms for each receptor, receptor family and
GPCR class. In the structural annotation table (right), conserved, partially
conserved and non-conserved structural segments are coloured in green,
orange and red. Purple triangles indicate insertions. Each entry includes the
receptor name, isoform number (assigned according to sequence length, with
the longest non-reference isoform considered to be isoform 1), topological

preservation or truncation status, the number of tissues in which it has been
found to be expressed, an average value of segment completeness with respect
to the reference receptor sequence (Ref(%)), its functional annotation (either
inferred through structural fingerprint identity with other characterized
isoforms, or derived from the literature for isoforms with an associated
PubMed reference), and a link to its isoform-level proteomics evidence in
ProteomicsDB.

Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Analysis of MS-based proteomics data for receptor
isoforms. a, Analysis pipeline for investigating proteomics data to detect
GPCR isoforms that had been identified using transcriptomics data at an
isoform level. All transcripts from GPCRs with two or more isoforms that were
detected in brain tissue through our GTEx analysis were filtered to identify
those with unique peptide sequences. These transcripts were then matched
with brain proteomics hits to discover how many receptor isoforms with
unique protein sequences detected by transcriptomics could be identified by
proteomics. b, Analysis of the number of matching peptides found in all
receptor isoforms, considering receptor segments. Non-reference isoforms
are highlighted in blue shaded boxes. Consistent with previous studies, non-

transmembrane receptor regions are the ones that are often detected by MS.
c, Proteomic detection of isoforms using MS data from a study of 29 healthy
human tissues and 50 MS runs (see Methods). Searching for GPCRs detected in
GTEx in this data set identified a number of receptors with more than one
isoform. Of these, we filtered isoforms that had peptides matching one isoform
only. d, Analysis of the number of matching peptides found in all receptor
isoforms in c, considering receptor segments. Non-reference isoforms are
highlighted in violet. As seen in b, non-transmembrane receptor regions are
the ones that are more often detected by MS. Isoforms with an asterisk are
found in both data sets. For all data, see Supplementary Table 5.

Extended Data Fig. 9 | Receptor-centric isoform distribution in cell lines
and single cells. a, Analysis pipeline combining isoform-level data extracted
from transcriptomics experiments of 11 human cell lines deposited in
BioProject, with GPCRdb, Ensembl and Uniprot annotations to filter for highly
expressed, protein-coding isoforms. Isoforms with truncated signal peptides
or those without at least one conserved transmembrane helix as compared
with their GPCRdb reference are not considered (see Methods). b, Relationship
between the number of GPCRs expressed in the 11 different cell lines (left axis,
grey line) and the mean number of isoforms per receptor found in each tissue
(right axis; means are shown as black dots and standard errors are grey lines).
c, Relationship between the total number of isoforms per receptor and its

number of cell-line expression signatures in the analysed cell lines. The dark
grey regression line was obtained using a linear model; the light grey
confidence interval represents the standard error. d, Mean number of isoforms
per receptor expressed in single pancreatic cells as measured by single-cell
RNA-seq, with each point representing the mean number of isoforms per
receptor in a single cell whose transcriptome was sequenced. This analysis
shows that, for every inferred cell type, there are several cells that express more
than one isoform per receptor. See underlying data for a–d in Supplementary
Table 6. Boxplots show median and 25th and 75th percentiles; whiskers
represent 1.5 times the interquartile range from the 25th and 75th quartiles.
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Extended Data Fig. 10 | Integration of several data sets provides an
isoform-centric view of GPCR signalling. For receptors with multiple
isoforms, combining tissue-specific and cell-specific transcriptomics
information, sequence and structural data, functional annotations,

population-wide genetic-association studies, proteomics evidence and details
on receptor pharmacology allows us to obtain a GPCR diversity map with which
to assess the possible contribution of GPCR isoform diversity to physiological
signalling bias and system-specific drug responses.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code
Data collection

All packages and customized R scripts used for data collection are described in the Methods.

Data analysis

We used RStudio version 1.1.419 and jsonlite, the ggplot package, UpSetR, ggalluvial and snakeplotter packages for data analysis and
visualisation. All illustrations were made using Adobe Illustrator CC 22.0.1. Pharmacological data were analysed using GraphPad Prism
7.0c and ImageJ 2.0.0-rc-65/1.52a. Multiple sequence alignments were obtained using MUSCLE 3.8.31.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability
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All data accessed from public repositories like the GTEx database (www.gtexportal.org, v7), GPCRdb (gpcrdb.org), Ensembl (www.ensembl.org, GRCh37 assembly),
Uniprot (www.uniprot.org), PDB (www.rcsb.org), PRIDE (www.ebi.ac.uk/pride, accession numbers PXD0079985 and PXD010154), ProteomicsDB
(www.proteomicsdb.org), Guide to Pharmacology (www.guidetopharmacology.org), GeneAtlas (geneatlas.roslin.ed.ac.uk) and BioProject (www.ncbi.nlm.nih.gov/
bioproject, accession numbers PRJNA183192 and PRJNA322355) is detailed in the Methods. All other data is available through Supplementary Tables of the
manuscript and via the GPCRdb ressource developed in this work (gpcrdb.org/protein/isoforms).
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size

Sample size for single-cell assays using FRET based sensors is limited by the temporal sampling frequency required to detect changes in
cellular second messengers. The frequency of imaging dictates how many cells or fields the microscope can physically move to and capture
between imaging timepoints. 30 seconds is a common sampling frequency used to measure cAMP dynamics and is what we have used here.
Sample sizes using these assays range from 7 to >15 cells, as reported in relevant publications (Shiwarski, et al. 2017, PMID: 28264976;
Godbole, et al. 2017, PMID: 28874659; DiPilato, et al. 2004, PMID: 15545605).

Data exclusions

No data were excluded.

Replication

All experiments were done using biological replicates a minimum of 3 times with reported results consistent across replicates under
standardised conditions described in the methods. All attempts at replication were successful.

Randomization

Experimental conditions were randomized during data collection.

Blinding

Blinding was not possible because of experimental conditions that required intervention. Reference or non-reference isoforms needed to be
transfected into cells already expressing the reference isoform, and one sample of each condition needed to be imaged all on the same day.
This requires keeping track of the identity of each sample in preparation for imaging and during imaging. Additionally, during image analysis,
analyzed cells were categorized based on their expression of only a single isoform or both isoforms based on expression of labeled receptors.
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Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology

MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Antibodies
Monoclonal Anti-Flag M1 antibody (Sigma F-3040) was conjugated to Alexa 568 (Molecular Probes A20184)
Rat APC-conjugated anti-FLAG monoclonal antibody was purchased from Biolegend (637308)
Goat APC-conjugated anti-rabbit IgG polyclonal antibody was purchased from ThermoFisher Scientific (31984)
Rabbit anti-Nluc polyclonal antibody was donated by Promega (not currently available in the catalogue)

Validation

Monoclonal Anti-Flag M1 antibody is a widely used and well-documented antibody and appears in several publications each year
(see https://www.sigmaaldrich.com/catalog/product/sigma/f3040?lang=en&region=GB&gclid=Cj0KCQjw-uH6BRDQARIsAI3IUe4SSiRIQaYKmIA02trARI-5gYg-Cfp_ZsbLLEuXJKphHGeo0tqF8IaAtR0EALw_wcB).
Monoclonal Anti-Flag M1 antibody was validated by Millipore Sigma for purity by western blot analysis for expected heavy and
light chain bands. Additionally, M1 antibody was validated for sensitivity by detection of 1ng Flag fusion protein by blot, and for
specificity through detection by blot of a single band in lysates from E. coli expressing the Flag epitope.
Rat APC-conjugated anti-FLAG monoclonal antibody is a widely used and well-documented antibody, validated extensively by the
manufacturer for use in FC and ICFC, and is used in several publications each year (see https://www.biolegend.com/en-us/
products/apc-anti-dykddddk-tag-antibody-8099).
Goat APC-conjugated anti-rabbit IgG polyclonal antibody has been successfully used in western blot, IF, ICC, IHC, IC and FACS
applications (see https://www.thermofisher.com/order/genome-database/dataSheetPdf?
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Antibodies used
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Eukaryotic cell lines
Policy information about cell lines
Cell line source(s)

HEK-293 cells were purchased from ATCC (CRL-1573)
HEK-293T cells were purchased from ATCC (CRL-3216)

Authentication

Cells were authenticated by ATCC through morphological analysis and karyotyping.

Mycoplasma contamination

These cell lines were not specifically tested for mycoplasma contamination, but routine Hoechst staining shows no evidence
of contamination.

Commonly misidentified lines

The cell lines used were HEK-293 or HEK-293T, not HEK. No commonly misidentified cell lines were used in this study.

(See ICLAC register)
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producttype=antibody&productsubtype=antibody_secondary&productId=31984&version=122).
Rabbit anti-Nluc polyclonal antibody has been validated by the manufacturer.
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