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Abstract

G protein-coupled receptors (GPCR) are key signaling proteins that regulate how cells interact
with their environments. Traditional signaling cascades involving GPCRs have been well
described and are well established and very important clinical targets. With the development of
more recent technol ogies, hints about the involvement of GPCRs in fundamental cell biological
processes are beginning to emerge. In this review, we give a basic introduction to GPCR signaling
and highlight some less well described roles of GPCRs, including in cell division and membrane
trafficking, which may occur through canonical and non-canonical signaling pathways.

G protein-coupled receptors (GPCRs) are one of the largest protein superfamiliesin
mammals. Located in the cell membrane, GPCRs are amajor way for cells and organismsto
sense alarge variety of inputs and signals from their environments, including
neurotransmitters, nonsteroid hormones, biogenic amines, amino acids, ions, lipids, peptides
and proteins, odorants and light. Many GPCRs are responsible for sensation, including taste,
smell and light and they are often enriched in specialized sensory cells, for example in eyes,
tongues, ears and the brain. Based mainly on structural predictions, it is thought that the
human genome includes around 1000 GPCRs, and the biological roles of many putative
GPCRs remain unexplored. Misregulation of GPCR signaling occurs in multiple diseases
including psychiatric disorders, cancer, autoimmune diseases and diabetes, which makes
GPCRs the most investigated targets in the pharmaceutical industry->. Several billion dollar
selling drugs target GPCRs. For example, Eli Lilly’s Zyprexa targets serotonin receptors and
is used to treat schizophrenia and bipolar disorders, GlaxoSmithKline's Seretide/Advair
targets adrenoreceptors and is used to treat asthma. It is well accepted that upon ligand
binding, GPCRs trigger signaling cascades inside cells that can result in a multitude of
cellular effects. Recent findings suggest that GPCRs may have additional cellular functions.
This review will focus on the current understanding of GPCRs in different aspects of basic
cell biology, including some unconventional functions of GPCRsin membrane trafficking
and cell division.

Traditional functions of GPCRs in cell signaling

G protein-coupled receptors are also known as 7-transmembrane (TM) receptors because of
their common seven cross-membrane structures, which is a characteristic commonly used to
distinguish GPCRs from other receptors. GPCRs are found in all eukaryotes, including
yeast, fungi, amoeba, and animals (invertebrates and vertebrates). Asindicated by their
name, the best known function of GPCRs s to transduce signals across cell membranes via
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heterotrimeric G proteins (GTP binding proteins), which are located on the cytoplasmic side
of the plasma membrane (Figure 1). GPCRSs' activations produce alarge variety of cellular
effects mainly through interactions with multiple different G proteins, which regulate
discrete signaling pathways® 7. As these signaling events have been reviewed extensively
elsewhere8-19, we will only briefly introduce them: Upon ligand binding at the cell surface,
GPCRs undergo conformational alterations and change their interactions with heterotrimeric
G proteins, which are composed of Ga,, G and Gy subunits. | nactive GDP-bound Ga. is
associated with the Gpy complex. GPCRs can be viewed as GEF (Guanine exchange factor)
enzymes because GPCR activation triggers GDP to GTP exchange in Ga, which isthen
activated and disassociated from GBy11. This processis reversible because Ga’s GTPase
can hydrolyze GTP into GDP, which resultsin re-association of Ga with Gpy. G proteins,
like free Ga., can trigger signaling cascades in cells through many different effectors, for
example, adenylyl cyclases, protein kinase C (PKC) or Rho GTPases'2 13, Adenylyl
cyclases are enzymes at the inner face of the plasma membrane that catalyze the conversion
of ATP into the “second messenger” cyclic AMP (CAMP). “ Second messengers’ are
cytoplasmic components that relay signals from cell surface receptors. Besides cAMP, other
“second messengers’ include cal cium, guanosine monophosphate (GMP), inositol-1,4,5-
triphosphate (1P3), diacyl glycerol (DAG) and arachidonic acid (for phospholipases). The
downstream targets of the signaling cascades include enzymes, intracellular receptors and
transcription factors, which eventually control gene expression14-16,

Calcium can act as both aligand and a second messenger for GPCRsL’. Calcium can bind to
calcium-sensing receptor (CaSR) as an extracellular ligand and is the second messenger for
many GPCRs upon activation18 19, Since activation of many GPCRs is coupled to increased
calcium concentration in cells, fluorescent reporters that monitor intracellular calcium are
commonly used to measure the function of GPCRs, especially in high throughput screens.
Calcium has effects on multiple cellular processes, such as vesicle fusion, autophagy,
cytokinesis and apoptosis, mainly through regulating cal cium-dependent kinases and
phosphatases?0-24,

The dogma has been that the differential functions of the large numbers of GPCRs are
largely due to their specific interactions with different G proteins. G proteins form acrucial
part of the GPCR signaing pathway. Humans have 23 Ga, 5 GB, and 12 Gy subunits, as
well as 37 RGS proteins (regulators of G protein signaling)?®. Ga. proteins are classified into
four classes based on their functions: Gas (*s’ for stimulate), Gai (“i” for inhibit), Ga.q (or
Gall) and Ga12/13, and they signal through distinct pathways. While the specificity of
GPCRsisthought to be largely due to the different G proteins they are coupled to, agiven
GPCR can also bind to multiple G proteins?. In the traditional model, Ga. disassociates
from GB-y upon GPCR activation and invokes a signaling cascade in the cytoplasm.
However, it has been shown that Gai and Gpy are aso able to translocate into the nucleus
and bind to chromatin?’. Thistranslocation is critical for Gai to regulate mitosis but not
DNA synthesis and it does not require Ga.i to disassociate from Gpy28,

In addition to the ligand-triggered G protein dependent signaling cascades, GPCRS can a so
trigger G protein-independent cellular processes via B-arrestin and activate a broad set of
intracellular signaling molecules, including JINK, Akt, PI3 kinase, RhoA, MAPK and NF-
xB29:30, The best characterized G protein-independent components downstream of GPCRs
are GPCR kinases (GRKSs) and p-arrestins (including p-arrestinl and p-arrestin2), both
cytosolic proteins which can bind to GPCRs. Upon ligand binding, GRK's phosphorylate
GPCRs and recruit p-arrestins, which results in termination or reduction of signaling by
blocking G proteins from further interaction with the receptors®L. The p-arrestins are
important for GPCR desensitization, sequestration and intracellular trafficking®2, which
prevent cells from undergoing excessive receptor stimulation. This simple model suggests
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that the primary role of the GRKs and arrestins is to control the feedback mechanisms that
regulate what has been traditionally defined as the on/off states of GPCRs. However, given
the large number and diversity of the GRKs and arrestins, it is entirely possible that they
have additional roles, both in controlling non-traditional GPCR functions and independent
of GPCRs.

Since GPCRs are able to trigger signaling cascades that involve many different players, they
have a broad impact on several fundamental processes, including cell-cell communication,
cell proliferation and regulation of gene expression33-36, In addition to these traditionally
well accepted roles of GPCRs, more recent studies have suggested that they participate in
other cell biological processes, both through traditional G protein mediated signaling and
through non-canonica pathways. For example, some studiesindicate that GPCRs can
regulate actin33 3739 a key component for multiple cellular processes including cell
division, migration and membrane trafficking, which will be discussed further below.

GPCR as drug targets

Dueto the large variety of GPCR functions in sensing the environment and beyond, their
ligands range from very small substances like photons to large ones like glycoproteins.
However, many endogenous GPCR ligands are small molecules and small molecule binding
pockets are well conserved in GPCRs. This iswhy GPCRs are such attractive drug targets;
drug-like small molecules can bind to similar binding sites as natural ligands. In addition to
these traditional binding sites (orthosteric sites), small molecule drugs can also bind to
alosteric sites*®42, For example, the B1 adrenergic receptor has at |east two ligand-binding
sites that have differential pharmacological properties®45. Similarly, different ligands of
the same GPCRs can separately trigger G protein and -arrestin pathways*. Such different
ligands may induce different GPCR conformations and therefore distinct downstream
signaling pathways, which gives rise to the concept of biased GPCR ligands and drugs®’.
Thisis probably due to differential affinities of diverse agonists and/or the existence of
multiple binding sites on the receptor®.

Based on the functions of ligands that bind to GPCRs, they can be largely classified as
agonists, antagonists or inverse agonists. A GPCR agonist is a chemical that bindsto the
GPCR and mimics the action of its endogenous ligand. Antagonist refersto chemicals that
block the action of the agonist and an inverse agonist causes an action that is opposite to the
agonist in an active receptor. It is usually thought that structurally similar compounds have
similar biological properties, which is the rationale behind many ligand-based drug
discovery programs®. However, there are some examples that agonists can switch to being
antagonists and vice versa. For example, burimamide is a histamine H2 blocker that was
derived from the endogenous ligand histamine?®: 0,

Although GPCRs have been studied intensively for decades, the first crystal structure, of
rhodopsin®!, was only identified twelve years ago. The difficulty of solving GPCR
structuresis not only due to their membrane bound nature, but also because they are very
flexible and have multiple intermediate states ranging from inactive to active. However,
substantial progressin GPCR structural biology has now been made, including solving the
structures of B1 and B2 adrenergic receptors, as well as adenosine A2a receptor, which
facilitated GPCR based drug design to alarge extent®2. Thanks largely to the structural
information, our understanding of the architecture of orthosteric sitesis now sufficiently
sophisticated to allow computer-based predictions of potential ligands, as was recently
shown in the case of the dopamine receptor D33,

Drugs that target GPCRs comprise the largest family of currently available medicinesin the
market and they are intensely studied for drug devel opment. Although most of the currently
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available GPCR drugs are agonists or antagonists that target orthosteric sites of GPCRs, the
discovery of alosteric sites on GPCRsis a promising development in GPCR drug discovery.
Because they are not competitive with orthosteric ligands, allosteric inhibitors have to be
found in functional assaysinstead of traditional ligand replacement assay-based screens,
which makes their discovery challenging. However, the presence of allosteric sites alows
many more potential ligand-GPCR interactions to occur, which opens a new field for GPCR
drug development. Moreover, the allosteric binding sites can provide much better subtype
selectivity because the orthosteric sites are often highly conserved across all receptor
subtypes?0: 5455, For example, there are two allosteric modulators of GPCRs in the
pharmaceutical market: Cinacalcet (targets the cal cium-sensing receptor and is used to treat
hyperparathyroidism) and maraviroc (targets CCR5 and is used to treat HIV infection).

GPCRs and effectors in cell division

Many GPCRs are important for cell proliferation but which stages of the cell cycle they
participate in has been less studied. DNA synthesisis often used as a standard to measure
proliferation, but this assay does not report on which stage of the cell cycle has been affected
if proliferation isinhibited. For example, arrests at G1, G2 or mitosis will eventually affect
DNA synthesis. For thisreason, it islikely that there are still unexplored roles of GPCR
effectors/regulatorsin cell cycle regulation, and especialy in cell division, which occupies a
very short time late in the cell cycle. Some hints for the participation of GPCR-mediated
pathways in the regulation of cell division have emerged from the literature and are
described below.

G proteins are the most studied components of GPCR signaling in the cell cycle. For
example, roles for heterotrimeric G proteinsin cell division have been proposed in some
model organisms®® 57, As early as 1996, heterotrimeric G proteins (GB) were indicated to
function in mitotic spindle orientation in C. éegansembryos®® and Ga. was also shown to
affect the spindle asymmetric division in C. elegans®®-61. Then multiple groups found that
AGS (Activators of G protein signaling) can regulate G proteinsin mitotic spindle
positioning in C. elegansembryos and DrosgphilP2-66, Similarly, investigations of the
subunits in plants show that they have differential rolesin cell division®”. The mechanism of
G proteinsin cell division regulation is beginning to beillustrated. Although G proteins are
the major effectors of GPCRs at the cell membrane, they also localize to other subcellular
locations, such as endosomes, mitochondria and the Golgi, and function in multiple cellular
processes that may be independent of GPCR activation®®. The subcellular localizations away
from the plasma membrane for G proteins likely contribute to their function in cell division.
For example, Gia proteins localize to centrosomes, the spindle midzone, and midbodies and
areinvolved in cell division®. In addition, G proteins were also shown to have direct
regulatory functions on cytoskeletal actin and microtubules. For example, afew G proteins,
such as Gai, Gas, Gaq and Gpy directly interact with and regulate microtubules’™. Ga.12
proteins (including Ga.12 and Ga.13) can aso regulate actin as well as the dynamic turnover
of growth factor-induced dorsal ruffles’?-73, In addition, knockdown of GB2 can cause
microtubule and mitotic phenotypes’™. All these studies suggest that G proteins function in
cell division and cytoskeleton regulation, either independently or via GPCR signaling.

Besides the G proteins themselves, some regulators of G proteins are also involved in cell
division, for example some RGS proteins, which are important regulators of GPCR
signaling. They bind directly to GTP-bound Ga and activate itsintrinsic GTPase activity
(acting as GTPase-activating proteins (GAPs)), which decreases the lifetime of Ga-GTP and
terminates signaling”®. However, some (e.g. Pins, GPR-1/GPR-2, LGN, and RGS14) have
additional functions as guanine nucleotide dissociation inhibitors (GDIs) of GDP bound Gai
subunits, which slows down GDP release and inhibits the reassociation of Ga and
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GBy '8 77. For example, the Ga regulator RGS14 is localized to the nucleus in interphase,
and to the spindle, centrioles and midbody during mitosis’®. It is critical for the first cell
division of the fertilized zygote in mice and plays an essential role in mitosis. RGS14
knockdown induces multinucleated cell formation, a consequence of cell division failure
where the daughter cells fail to separate from each other’8. In addition to the involvement of
some G proteins and G protein regulators, other proteins associated with GPCRs have also
been shown to function in cell division. For example, both the B-arrestins and GRKs can
regul ate the cytoskeleton and cell division32 79. 80, B-arrestins can interact with and control
the actin cytoskeleton, including cofilin, an F-actin severing protein32 79, GRK 5 knockdown
induces increased mitotic index, chromosome misalignment and apoptotic cells80. These
data support arole for GPCR-associated proteinsin cell division regulation, but have not yet
led to a comprehensive understanding of the signaling cascades involved.

All these studies provide indirect evidence for GPCR involvement in cell division, but we
have little information about whether the most upstream players in this whole team, the
GPCRs themselves, actually participate. A systematic examination of GPCRs and their
functionsin cell division will help to clear up this point. A recent study from our group took
afirst step in this direction. We used RNAI to knock down different GPCRsin different
cancer cell lines and showed that several GPCRs that were traditionally thought to be
involved in sensory signal transduction also cause cell division defects, suggesting that
GPCRs may play broader roles than previously assumed8l. We further discuss these
findings below.

GPCRs and effectors in membrane trafficking

As membrane proteins, GPCRs mostly localize to the plasma membrane. However, GPCRs
not only sit on the membrane and transmit extracellular signalsinto the cytosol through
effectors and secondary messengers, they also enter the cytoplasm themselves. The
internalization of GPCRs is through endocytosis, mostly through the clathrin-dependent
pathway82. Internalized GPCRs can either be delivered to the lysosome for degradation if
they are to be inactivated permanently or recycled back to the cell membrane through
recycling endosomes for re-activation (Figure 2). Some GPCRs, such as TSHR (thyroid
stimulating hormone receptor), PTHR (parathyroid hormone receptor) and S1P1
(sphingosinel-phosphate receptor 1), can continue signaling by producing cAMP when they
are located inside cells®3. In some cases, this continued signaling from the internalized
GPCRsiscrucia for their cellular functions. For example, TSH stimulation alone induces
actin depolymerization but it can be antagonized by the endocytosis inhibitor dynasore. This
indicates that the internalization of TSHR is required for its regulation of the actin
cytoskeleton84,

GPCRs were recently found to take part in a process related to membrane trafficking,
autophagy. Autophagy is a cytoprotective response to cellular stress, such as nutrient
deprivation8®, Its malfunction leads to numerous diseases including cancer, cardiovascular
disease and neuronal disorders®5-88, Autophagosome formation is associated with membrane
trafficking. Interestingly, the taste receptor TIR1/T1R3 complex, originally found in taste
receptor cellsin the mouth as an umami flavor detector8?, is able to sense amino acid
availability and regul ate autophagy®. This regulation of autophagy by the taste receptors
occurs through awell-studied component in autophagy pathway, mTOR1 (mammalian
target of rapamycin complex 1).

Although the desensitization of GPCRs by endocytosis has been well studied, not much is
known about the regulation of endocytosis by GPCRs, similarly to their potential
involvement in other basic cell biological processes. A recent study from our group found
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that a GPCR, the dopamine receptor D3, isinvolved in the regulation of endocytic sorting
and cell division®L. After internalization, endocytic cargoes can be delivered to late
endosomes/lysosomes for degradation or recycling endosomes for recycling. Dopamine
receptor D3 knockdown causes endocytic cargoes to be trapped in early/sorting endosomes.

Both studies discussed in this section showed that GPCRs can have much more general roles
than previously predicted based on specific expression in specialized tissues such asthe
brain (for dopamine receptor D3) or the tongue (for TIRV/T1R3). For TIRV/T1R3, itis
likely that its involvement in autophagy is related to its original function of sensing tastes/
amino acids. Thisisless clear for the dopamine receptor D3’ s participation in endocytosis.
Our work showed that small molecule dopamine receptor agonists and antagonists do not
seem to affect D3’srole in endocytosis. We used Prazosin, a different small molecule, to
show that D3’ srolein endocytic sorting might be mediated by a transient interaction with
the coatomer complex COPI, which is stabilized by Prazosin®L. The detailed mechanism of
how this receptor participates in the regulation of endocytic sorting requires further
investigation.

Other non-canonical roles of GPCRs

Growing data, including some presented above, suggest that GPCRs are likely to be more
complex and diverse than anticipated. For example, not all of the seven transmembrane
domains are always necessary for their functions®2. In addition, the two-state model of
GPCRs being in either active or inactive states is outdated. Different GPCR structures that
have been determined as well as functional experimental data suggest a continuum of
conformations rather than specific “on” and “off” conformations®3-9. Further supporting a
more nuanced view of GPCR activation states, different agonists for the same GPCR can
cause different cellular responses. For example, different agonists for the human §-opioid
receptor can differentially trigger different outcomes such as endosomal recycling or
degradation in the lysosomal pathway6: 97. GPCR responses can be dependent on agonist
concentration, for example by neurokinin 1 receptor and §-opioid receptor trafficking into
different intracellular compartments®: 99, |t was also shown that aromatic residuesin an
allosteric site on M2 muscarinic acetylcholine receptor (MAChR) regulate the activation
state of the receptorl®, A recent report showed that GPCRs not only stimulate cell
proliferation by signaling cascades that relay into the nucleus and regul ate gene expression,
but they can also activate purisomes, a cytosolic nucleotide factory101,

Many GPCRs exist as dimers or oligomers, which makes both functional studies and drug
design more complex. For example, it is possible for an allosteric ligand that works on one
monomer to affect the binding and/or function of the orthosteric ligand of the other
monomer within the same complex192, For some GPCRs, monomers are sufficient for G
protein coupling, but it appears that for other receptors dimerization or oligomerization may
be a prerequisite for many of their biological functions!93: 194, Oligomerization states of
GPCRs and their functional consequences are an emerging area of research that still needs to
be further investigated.

A key to understanding non-traditional roles of GPCRs isto evaluate their expression in
different tissues. One would expect GPCRs that govern more general biological processes
rather than specialized sensory events, for example, to be expressed in avariety of different
tissues. While GPCRs compose one of the largest protein families in the human genome,
their expression is usually low82 105. 106 GPCRs can be classified as odorant/olfactory and
non-odorant. To provide systematic information about non-odorant GPCRs, Regard ef 4.
analyzed the expression level of 353 GPCRsin mouse tissues and found that the GPCRS
expression levels can vary dramatically among different tissues. As expected, they found
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that many receptors are highly expressed in the tissues in which their activities were initially
defined, but also noted that many of these GPCRs are expressed in additional, less expected,
tissues®8, Similarly, emerging evidence shows that odorant GPCRs are also expressed in
other cells and tissues, sometimes at comparable and sometimes at low levels compared to
the specialized sensory organs8l: 91. 107,108 For example, dozens of ol factory receptors are
ectopically expressed in human and chimpanzee liver, heart, testis and lungl%8, They are
aso found in myocardial and erythroid cells!09 110 aswell asin spleen, brainstem, colon
and prostate!11-114, Olfactory receptors expressed in testis may play arolein sperm
chemotaxis!1® 116 however, the detailed mechanism is not clear. The potential functions of
other ectopically expressed olfactory receptors in non-olfactory tissues remain largely
unexplored, suggesting these GPCRs may play broader roles than originally thought.

In agreement with these emerging ideas, our recent study found that several GPCRs are
unexpectedly expressed in HeL a cells (human cervical cancer cell line) and function in
cytokinesis, the last step of cell division8l. These include the sensory GPCRs OPN1IMW
(opsinl, medium-wave-sensitive), OR2A4 (olfactory receptor family 2, subfamily A,
member 4) and TAS2R13 (taste receptor, type2, member 13) as well as dopamine receptors
D, and D3. The putative odorant receptor OR2A4 localizes to cell division compartments
such as centrosomes, spindle midzone and midbodies (Figure 3). OR2A4 knockdown caused
cytokinesis failure at an early stage and causes defects in the actin cytoskeleton, which is the
likely reason for cytokinesis failure8l. Other GPCRs have been reported to participate in the
regulation of actin dynamics, mostly through canonical signaling cascades®3 38, suggesting
that OR2A4 might follow asimilar pattern. Unlike OR2A4, knockdown of the other GPCRs
identified in this study cause late cytokinesis defects and the mechanisms by which these
occur are not clear. We showed that dopamine receptor D3 participates in endocytic
sorting®! and its effects on cytokinesis might be a consequence of inhibiting membrane
trafficking. Given that they are membrane proteins, it is possible that other GPCRs are also
involved in the regulation of membrane trafficking through as yet unstudied mechanisms.
They may exert their functions through nontraditional G protein signaling cascades and if so
itislikely that additional intermediate proteins are involved. It is aso possible that
traditional signaling cascades are activated that have yet not been studied because it was
thought that the expression of some of these interesting GPCRs was limited to specialized
tissues. There are still many outstanding questions to be addressed in the future about the
expression and function of GPCRs and their effectorsin different tissues and their
involvement in basic processes such as cell division.

Conclusions

Asthe largest gene family and the most targeted protein class in drug development,
understanding different aspects of GPCRsis of great interest both to basic scientists and to
clinicians. Elegant research using, amongst others, structural biology, medicinal chemistry
and cell biology has allowed the field to progress to a point where we have a good working
knowledge of the traditional signaling cascades that GPCRs trigger and participate in and we
understand the basic wiring of these cascades. Mgjor contributionsto this field were
recognized by the award of the Nobel Prize in Chemistry to Robert Lefkowitz and Brian
Kobilkain 2012. While defining these basic parameters, we are beginning to get some hints
that GPCRs are even more complex than predicted. For example, GPCRs do not just exist in
two opposite on/off states and antagonists that bind to different sites on the same GPCR can
induce differential effects. GPCRs and their associated proteins such as G proteins are not
just located at the plasma membrane, but also internalize to intracellular locations where
they can regulate different cellular processes.
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New data created by technological advances including bioinformatics and expression
profiling suggest that GPCR biology is more comprehensive than previously thought. For
example, many GPCRs are ectopically expressed in tissues other than the specialized tissues
where they were initialy discovered. The field of GPCR signaling research is at an exciting
juncture. Many GPCRs are still orphans, which means that their functions have not been
determined and new functions are being discovered for established receptors. Expression
profiling is beginning to alow usto look for GPCR function more broadly, in cells or tissues
that we would not have previously considered. The wealth of drugs that target GPCRs, both
orthosterically and especially alostericaly, provides an arsenal of chemical biology toolsto
perturb different GPCR functions. We expect that the hints of non-canonical GPCR function
discussed in thisreview are just the beginning in our understanding of this very important,
and diverse, protein family.
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Orthosteric site (endogenous ligand binding site),
where the majority of GPCR drugs bind.
Examples: Zyprexa and serotonin for serotonin receptors and

Seretide and epinephrine for adrenoreceptors
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Figure 1. Schematic diagram shows a GPCR and possible ligand binding sites

Orthosteric sites are usually at the outer surface of the receptor and sometimes in the
extracellular N-terminus region. Allosteric sites are distinct from the orthosteric sites and
can be located in any region of the receptor. GPCRs bound to G proteins vs. arrestins show
differential signaling behaviors.
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Figure 2. GPCR localizations and trafficking pathways in inter phase cells

Two different GPCRs (blue and red) are shown in this cartoon to illustrate the different
membrane trafficking pathways that they can go through. The blue GPCR goes through the
lysosomal degradation pathway and the red GPCR goes through the recycling pathway. The
two pathways can coexist for a given GPCR. Cells' responses to GPCRs can happen through
external ligand-induced signaling cascades, as well as through internalized GPCRs.
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TR

Figure 3. Putative odorant receptor OR2A4 localizesto cell division compartments such as
centrosomes and midbodies

Y ellow arrows show centrosomes and the blue arrow shows a midbody. Transferrin receptor
(TfR) positive-endosomes have overlapping localizations with OR2A4 at centrosomes and
midbody (adapted from reference 81).
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