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I. INTRODUCTION

Olfactory receptors (ORs) detect volatile chemicals that are
common odorants in the environment. In 1991, Linda Buck
and Richard Axel (21) discovered a very large multigene
family (~1,400 members) that encodes G protein-coupled
receptor proteins (GPCRs) in the genome of the rat and
postulated that ORs are exclusively expressed in the olfac-
tory epithelium. Starting with the first comprehensive study
of ORs in the human genome (153), ~900 OR genes have
been identified in humans, including ~400 OR genes that
possess an intact open reading frame (207). Interestingly,
nearly 7 years passed before the first deorphanization of an
OR was successfully achieved via recombinant expression
of ORs of zebrafish in human embryonic kidney HEK293
cells (193) and in vivo adenovirus-mediated gene transfer of
the cloned rat OR 17. Electrophysiological recordings indi-
cated that overexpression of this gene was sufficient to gen-
erate responses to C7-C10 aliphatic aldehydes (210). In
parallel, the first demonstration of a human OR-odorant
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10.1152/physrev.00013.2017.—0lfactory receptors (ORs) are not exclusively ex-
pressed in the olfactory sensory neurons; they are also observed outside of the
olfactory system in all other human tissues tested to date, including the testis, lung,
intestine, skin, heart, and blood. Within these tissues, certain ORs have been determined to be
exclusively expressed in only one tissue, whereas other ORs are more widely distributed in many
different tissues throughout the human body. For most of the ectopically expressed ORs, limited
data are available for their functional roles. They have been shown to be involved in the modulation
of cell-cell recognition, migration, proliferation, the apoptotic cycle, exocytosis, and pathfinding
processes. Additionally, there is a growing body of evidence that they have the potential to serve as
diagnostic and therapeutic tools, as ORs are highly expressed in different cancer tissues. Interest-
ingly, in addition to the canonical signaling pathways activated by ORs in olfactory sensory neurons,
alternative pathways have been demonstrated in nonolfactory tissues. In this review, the existing
data concerning the expression, as well as the physiological and pathophysiological functions, of
ORs outside of the nose are highlighted to provide insights into future lines of research.

interaction was provided by expression of hOR17-40
(OR3A1) in HEK293 cells along with G proteins. Odorant
screenings were performed, and specific odorants (helional
and heliotropylacetone) were identified as ligands by mea-
suring transient elevations in intracellular calcium levels
using calcium imaging technology (198).

Despite the initial assumption that they were restricted to
the olfactory epithelium (OE), 1 yr after the discovery of
OR genes, Parmentier et al. (140) identified the first OR
gene transcripts outside of the nose in mammalian germ
cells. Over the following two decades, further descriptive
studies demonstrated the ectopic expression of other OR
genes in a multitude of human tissues throughout the
human body (1, 35a, 44,47, 50, 89). In general, the term
ectopic is defined as a biological event or a process that
occurs in an abnormal location or position within the
body (44). However, the expression of ORs outside the
OE occurs in a rather unexpected than in an abnormal
place.

Although the sense of smell is not essential for human
survival, its loss can indicate various neurodegenerative
processes and significantly influence an affected person’s
quality of life. This may also serve as a starting point for
future studies trying to understand the underlying pa-
thologies. However, several ORs appear to be highly con-
served among mammals and underlie stronger evolution-
ary constraints than OR genes expressed exclusively in

the OE (35a).
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In particular, some of the evolutionarily older fishlike ORs
(ORS1E1 and ORS1E2) (51, 133) exhibit ~94% sequence
similarity to their mammalian orthologs (136, 154, 208);
however, they are expressed broadly and have pronounced
transcript and protein levels in various human tissues (47,
118, 180). This phenomenon highlights the importance of
conserved ORs outside the OE and their potential to func-
tion apart from the sense of smell. Initially, a minor or even
artificial role of human ORs detected at the transcript level
was predicted (44). However, to date, the protein abun-
dance and cellular function of an increasing number of ORs
have been elucidated. The first evidence for the function of
an OR expressed outside the nose was shown for human
hOR17-4 (OR1D2) (173) and mouse MOR267-13 (or-
thologous to human OR10]5) (54) in sperm chemotaxis
and chemokinesis. Meanwhile, several essential physiolog-
ical and pathophysiological processes have been described
as targeted by human ORs, including path finding, cell
growth, differentiation and apoptosis, migration, and se-
cretion (4, 17, 24, 49, 60, 82, 88,115, 116, 118, 119, 132,
150,158, 164,173,179, 182,191, 209). Ectopic ORs may
play a role not restricted to humans as also in other mam-
mals, mostly in mice, their involvement in similar physio-
logical processes was discovered (36, 54, 67, 144, 145,
166).

However, the function of the majority of ORs in nonolfac-
tory tissues remains uncertain because their activating
odorants are currently unknown. This review summarizes
the occurrence of human ORs outside of the nose with a
focus on their effects on various human tissues. Under-
standing the molecular and cellular mechanisms of action
provides the basis for the acceptance of the functional im-
portance of extranasal ORs and suggests their clinical util-

ity.

Il. ECTOPICALLY EXPRESSED HUMAN
OLFACTORY RECEPTORS

Since the first discovery of ectopically expressed ORs in
mammalian testes (140), the number of studies that aimed
to uncover OR expression in nonolfactory tissues is contin-
uously increasing. By taking advantage of the rapid techni-
cal progress made over the previous two decades, compre-
hensive transcriptome analyses have further facilitated the
systematic exploration of numerous OR genes transcribed
throughout the entire human body (35a, 44, 47, 77). Cur-
rently, the detection of OR transcripts is largely based on
(q)RT-PCR, microarray, or relatively new NGS (RNASeq)
analyses. These methods have enabled a comparable and
quantitative OR expression analysis at the mRNA level.
Transcriptome data are available for more than 45 different
human tissues, including the cardiovascular system, gastro-
intestinal system and accessory organs for digestion, the
nervous system, the musculoskeletal system, the reproduc-
tive system, the respiratory system, and the urinary system,
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as well as the skin and blood. Within these tissues, each
investigated tissue type has shown the expression of at least
one OR (35a, 44, 47, 109, 180), as exemplarily shown for
16 tissues in the Bodymap project (FIGURE 1). The expres-
sion pattern of ORs in a specific tissue is relatively stable;
however, the number of ORs expressed in different human
tissues varies substantially, ranging from only a few ORs in
the liver or skeletal muscle to more than 60 ORs in the testis
(47). Overall, OR genes generally have a lower average
expression level in nonolfactory tissues compared with the

human OE (135).

Several ORs exhibit a broad tissue distribution, whereas

other ORs appear to be exclusively restricted to one specific
tissue (44, 47). The most highly expressed OR, OR4N4 in
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FIGURE 1. Olfactory receptor (OR) gene expression outside of the
nose. This illustration indicates the 40 most highly expressed ORs
detected in 16 human tissues from the Bodymap project. The re-
sults of this NGS-based transcriptome analysis are depicted as a
heat map that shows the FPKM values (fragments per kilobase per
million mapped fragments) (47). [From Flegel et al. (47), licensed
under CC BY.]
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human spermatozoa, is one example of a highly and selec-
tively expressed OR. The expression of this OR is virtually
nondetectable in other tissues, including the human OE (49,
135). However, despite the availability of a specific anti-
body, this receptor protein was not detected in different
spermatozoal samples (49). Another specifically expressed
receptor is OR6B3, which is highly expressed in the dorsal
root ganglion (DRG), trigeminal ganglion (TG), and retina
(48, 83).

In the case of another broadly expressed candidate, OR2A7
(OR2A4, 99% sequence homology), parts of its open read-
ing frame (ORF) overlap with an exon of rho guanine nu-
cleotide exchange factor 34 pseudogene (ARHGEF34P).
However, OR2W3 and OR2A4/7 were detected via immu-
nostaining in several cell lines and tissues (49, 56, 118,179,
209), which indicates the ability of the transcript to produce
OR proteins. These are convenient examples showing that
ectopic OR expression underlies a highly variable and com-
plex regulatory mechanism. It has been proposed that ecto-
pic gene expression is a widespread phenomenon in multi-
cellular organisms, which is linked to regulatory leaks in
gene expression. This process may underlie a significant
evolutionary importance, because gene expression is flexi-
ble for wide structural and functional diversity (151). This
phenomenon is further strengthened by the multifunctional
features of the same OR that is expressed in different hu-
man tissues (24, 115, 116, 179). Ectopic OR gene expres-
sion does not depend on the genomic locus; however, highly
expressed non-OR gene clusters, which harbor the coding
sequences for ORs, positively influence the OR transcript
levels (44), with the exception of the highly expressed ORs
ORS1E1 and ORS1E2, which do not possess highly ex-
pressed adjacent non-OR genes (47).

ORS1E1 (PSGR2) and ORS1E2 (PSGR) are examples of
ORs that are ubiquitously expressed throughout the human
body, although their abundance is substantially increased in
prostate tissue, especially in prostate cancer (35, 192).
Moreover, the expression of ORS51E2 in prostate cancer
tissue is even higher than in the human OE (135) and, in
some individuals, comparable to highly expressed house-
keeping genes (118). However, most ORs exhibit compara-
bly low expression levels when considering the entire tissue
transcriptome (47). In general, it appears plausible that the
relatively low expression levels of ORs may be due to the
low numbers of expressing cell types within the mostly com-
plex and heterogeneously organized tissue structures.

OR2W 3, which is one of the most broadly expressed can-
didates, is abundant in at least 20 different human tissues
(47, 83, 111, 147). Detailed analyses, however, indicate
divergent posttranscriptional splicing events of OR2W3
across human tissues. In the human brain, lung, thyroid,
white blood cells, DRG, and presumably further tissues that
have not yet been examined, the complete OR2W 3 coding

sequence is a part of chimeric transcripts with the upstream
gene, E3 ubiquitin-protein ligase coding Trim 58 (47, 48).
The oncogenesis of several common cancers has been attrib-
uted to recurrent gene fusion (124, 176); thus the functional
relevance of OR2W3 remains an open but interesting ques-
tion.

Previous reports of transcripts in the antisense orientation
support the assumption that OR transcripts may perform
functions in addition to coding for functional OR proteins
(49). The functional role of OR antisense transcripts is cur-
rently unexplored; however, antisense transcription has
been attributed to gene expression and chromatin modifi-
cation regulation (125, 141).

In contrast to the OR repertoire of a single OSN (72), more
than one ectopically expressed human OR has been identi-
fied in the same cell type (49, 60, 83, 85, 114, 115, 119,
158, 179, 182, 191). In the murine OE, OR expression is
monoallelic, and each ORN expresses only one allele of an
OR gene (29, 31, 72). In mice, this OR gene choice relies on
several principles, including the effects of H elements (535,
108) or heterochromatic silencing by histone methyltrans-
ferases (110). In the case of ectopically expressed ORs out-
side of the OE, the mechanisms that regulate gene expres-
sion are markedly different. In many characterized cell
types, more than one OR is coexpressed, and in the testis
and spermatozoa, mRNAs for multiple receptors are poten-
tially present in single cells (49). There are only limited
reports of OR gene regulation outside of the OE. In the
testes, a complex pattern of OR transcript variants has been
observed (184). Here, for one OR gene (hs6M1-16, also
known as OR2H1), six different transcriptional start points
were found. For other ORs (hs6M1-18, —21, and —27,
also known as OR11A1, OR5V1, and OR12D3), a com-
mon start site with potential bidirectional transcriptional
activity was identified (184). Both a variety of alternative
splicing events in the 5’ untranslated gene regions (5'UTRs)
and the presence of different promoters have been identified
for other ORs (47,48, 135, 184). ORS51E2 gene expression,
for example, is controlled by different promoters in the OE
and prostate (135).

Considering that ORs occur in nearly the entire human
body, they appear to be substantially more functionally
important than previously suggested. In the last decade, an
increasing number of studies have shown their ability to
operate in physiological and pathophysiological cell pro-
cesses. This is primarily based on a growing number of
deorphanized human ORs, although it must be noted that
the identified ligands are often synthetic compounds, and
their endogenous physiologically relevant activating sub-
stances are still unknown. Nevertheless, the cellular roles of
ORs can be studied using synthetic substances. However,
more effective natural ligands may exist that can activate
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the receptor at much lower concentrations. In the following
section, the most important findings are highlighted.

lil. PHYSIOLOGICAL FUNCTIONS OF
ECTOPICALLY EXPRESSED OLFACTORY
RECEPTORS

A multitude of ORs have been discovered at the transcript
level in different human tissues (FIGURE 1); however, a sub-
stantially lower number of reports have been provided with
respect to their protein incidences. Few studies have dem-
onstrated the functional effects in cells or cell lines of the
respective tissues (FIGURE 2). Evidence has rapidly accumu-
lated that ORs participate in important cellular processes
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FIGURE 2. Functional OR expression in the human body. This
illustration indicates all human tissues and corresponding cell lines in
which OR functionality has been demonstrated. [Modified from Las-
kowski and Balicki (101).]
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outside of their primary sensorial organ, where they func-
tion in odor detection and discrimination (TABLE 1).

A. Cardiovascular System

The functional analysis of ectopic ORs in the cardiovascu-
lar system is of particular interest because they have an
enormous potential to operate as the main carrier of endog-
enously and exogenously derived odorants throughout the
entire human body.

OR10]J5 is expressed in the human aorta, coronary arteries,
and umbilical vein endothelial cells (HUVECs). Its activat-
ing odorant, lyral, evokes an intracellular Ca*" influx and
the phosphorylation of protein kinase B (AKT), which re-
sults in enhanced migration and angiogenesis (93).

Another function has been proposed in the human heart:
the “motor” for the blood circulation. In this study, next-
generation sequencing analysis indicated the expression
pattern of ~10 different ORs in adult and fetal human heart
muscle cells and identified the fatty acid-sensing ORS51E1 as
the most highly expressed OR in both cardiac developmen-
tal stages. Nonanoic acid and structurally related medium-
chain fatty acids were identified as powerful agonists, and
2-ethylhexanoic acid was identified as a receptor antago-
nist. Several agonists were detected at receptor-activating
concentrations in the plasma and epicardial adipose tissue,
particularly in patients suffering from diabetes. The appli-
cation of ORS1E1 agonists induced negative chronotropic
(reduced heart frequency) and inotropic (reduced contrac-
tion force) effects in cardiac trabeculae and slice prepara-
tions of human explanted ventricles, as well as human stem
cell-derived cardiomyocytes. In the presence of the antago-
nist, the effect was reversed, which indicates a potential
clinical use. These findings indicate that OR51E1 may play
a role as a metabolic regulator of cardiac function (82).

B. ORs in the Cellular Immune System

OR transcripts have been identified in various human blood
cells, e.g., erythrocytes, peripheral blood mononuclear cells
(PBMC:s), natural killer cells, B and T cells, and polymor-
phonuclear neutrophil granulocytes (11, 43, 47, 114, 117,
211). Aroma compounds from butter, known ligands for a
variety of class I ORs that are expressed in various blood
cell types (114), induce chemotactic behavior in human
neutrophils (57). Odorants also act on immune cells in the
murine immune system, where they can inhibit chemokine-
driven chemotaxis in CD4™" T cells (30) or can regulate
macrophage function (104).

Furthermore, OR function has been implicated in myelog-
enous leukemia. The Sandalore-dependent activation of
OR2AT4 leads to reduced proliferation and enhanced ap-
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optosis of acute myeloid leukemia cells through an in-
creased cell cycle arrest in the Gy;; and G,/M phases (115).
Furthermore, in the presence of an agonist, growth inhibi-
tion is accompanied by an increased number of hemoglo-
bin-carrying erythroid cells that originate from immature
precursor myeloblasts. The inhibition of myeloid leukemia
cell proliferation is also mediated by a further OR, the
isononylalcohol-activated OR51BS (116). Both receptors
initiate diverse and complex signaling pathways, including
the elicitation of intracellular Ca®* transients and the acti-
vation of further downstream effectors, e.g., kinases. This
discovery provides novel opportunities for the development
of therapeutic approaches for acute myeloid leukemia treat-
ment.

C. Gastrointestinal System and Accessory
Organs of Digestion

The identification of ectopic ORs in the human gastrointes-
tinal system (GI) and digestion accessory organs is an in-
triguing discovery regarding the accessibility of external
stimulants from the environment, e.g., via food ingestion. In
addition, there are odorous chemicals also internally pro-
duced by the microbiome (145). In the enterochromaffin
(EC) cells of the GI, known OR ligands cause intracellular
Ca?" increases, which result in enhanced serotonin release
(17, 92), an important regulator of gut peristalsis and se-
cretion. Thus ORs may significantly contribute to abnormal
bowel functions, such as diarrhea or constipation. Sensing
via ORs was demonstrated in further regions along the
human GI tract. In addition to its potential function as a
tissue biomarker in small intestine neuroendocrine carci-
nomas (34), the activation of the newly identified and
deorphanized ORS1B4 affects colorectal cancer cell
physiology. The agonist Troenan causes inhibition of cell
proliferation and migration, which is accompanied by
proapoptotic properties (191). The negative effect on cel-
lular growth was initiated by a phospholipase C (PLC)-depen-
dent signaling pathway, including Ca*" influx through cal-
cium release-activated (CRAC) channels, increased p38 mi-
togen-activated protein kinase (MAPK) phosphorylation,
and decreased mTor and Akt kinase phosphorylation. It
may be hypothesized that these findings contribute to novel
future concepts for colon carcinoma therapies. Because co-
lon tumors are often accessible from the lumen, oral or
rectal application of Troenan in effective concentrations is
conceivable (191).

The liver harbors a smaller number of ORs compared with
the GI and other tissues (47); however, the two paralogous
related receptors OR1A1 and OR1A2 have been shown to
exert important functions in hepatocyte physiology (119,
203). In general, the liver plays a central role in metabolic
processes; it is responsible for the detoxification of sub-
stances that enter via the blood circulation, and it provides
bile for digestion. Thus the liver is in close contact with the
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outer environment. The activation of OR1A1 by the ter-
pene (-)-carvone leads to reduced mitochondrial glycerol-3-
phosphate acyltransferase (GPAM) gene expression, which
is involved in triglyceride synthesis (203), suggesting that
the receptor may intervene in hepatic metabolism. In hepa-
tocellular carcinoma cells, OR1A2 activation by (-)-citro-
nellal leads to reduced proliferation via the initiation of a
cAMP-dependent signaling pathway, similar to that in
OSNs, and p38 MAPK phosphorylation (119). These find-
ings are consistent with various studies that have described
the anti-carcinogenic properties of terpenes (66, 76), which
indicates that terpene-activated ORs represent promising
targets for the development of cancer therapeutics.

Recently, a functionally important OR was identified in the
human pancreas. In pancreatic EC cells, the helional-acti-
vated OR2]J3 was shown to be involved in serotonin secre-
tion, similar to ORs in EC cells present in the human GI. In
contrast, OR2]J3 activation causes a decrease in intracellu-
lar Ca®*, which is mediated through a cGMP-dependent
protein kinase (PKG) (86). In addition to its function as a
neurotransmitter in the central nervous system, serotonin
fulfills various functions in nonneuronal tissues. In the pan-
creas, its molecular targets are intracellular GTPases. Sero-
tonin gets covalently linked to these enzymes by a transglu-
taminase. This serotonylation of proteins subsequently reg-
ulates insulin secretion, and the absence of serotonin cause
signs of diabetes (149). In summary, the OR-mediated reg-
ulation of Ca?* homeostasis has a significant impact on the
functional units of the GI tract.

The identification of ectopically expressed members of the
TASR1 and TASR2 families of sweet, umami, or bitter taste
receptors highlights another class of chemoreceptors ex-
pressed in the GI tract in addition to ORs (25, 37, 103).
These receptors serve as chemical sensors analyzing, for
example, the luminal contents of the gut and regulate a
variety of physiological functions, such as energy and glu-
cose homeostasis, by releasing gut hormones and neu-
rotransmitters (37). These receptors are present in entero-
chromaffin and brush cells (157) and thus may be coex-
pressed with the ORs present in enterochromaffin cells of
the GI tract (17). Coexpression of these different receptor
types with ORs could substantially broaden the number of
detected chemical cues, as each receptor family is restricted
to a subclass of ligands.

D. Genito-urinary System

Following the initial discovery of ectopic OR expression in
the testes (140), efforts to determine their location and
physiological function substantially increased. Spermato-
zoa have been shown to possess distinct chemosensory ca-
pacities, which enable chemical communication during egg
fertilization. Recently, the complete testicular and sperma-
tozoal OR transcript repertoire has been demonstrated,
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highlighting the testes as the richest OR transcript-express-
ing tissue outside of the nose (47, 49). Multiple functions of
ORs have been presumed based on their different protein
localization in human spermatozoa (49). Localized in the
midpiece (130), OR1D2 (OR17-4) was the first ectopic OR
identified. Activation by its synthetic agonist bourgeonal
leads to a faster swimming speed and enhanced flagellar
beating frequency, which demonstrates a functional role
in spermatozoal chemotaxis (173). The participation of
OR1D2 in the regulation of swimming behavior and speed
was confirmed using its specific antagonist undecanal (173).
Recently, a reduced odor perception sensitivity towards
bourgeonal was correlated with idiopathic infertility (137,
170). The activation of OR1D2 initiates the translocation
of cytosolic B-arrestin2 to the nucleus, which may result in
regulated gene expression required for fertilization or early
embryogenesis (130). The activation of further ORs,
OR7AS5 and OR4D1, has been shown to influence the mo-
tility of spermatozoa through the odorants Myrac and PI-
23472, respectively (182). It was also demonstrated, using
specific antibodies and antagonists for the different ORs,
that different ORs are expressed in the same sperm cell,
albeit predominantly in distinct compartments (49, 182).
Interestingly, the investigation of the occurrence of odor
compounds in vaginal secretions and follicular fluid using
gas chromatography-olfactometry yielded ~20 different
odorants, including established activators of OR1D2. The
other candidate ligands for ORs were further tested for the
induction of sperm Ca”" signals. Using this approach, two
novel odorant receptor-ligand pairs have been reported
(Sa-androst-16-en-3-one for OR4D1 and 4-hydroxy-2,5-
dimethyl-3[2H]-furanone for OR7AS5), which induce ele-
vated human sperm Ca”" levels in response to both natu-
rally occurring odorous substances (74). The majority of
the ORs functionally characterized in spermatozoa elicited
Ca?" transients (7 of 10) following stimulation with their
activating odorants (49, 173, 182), although not every OR
signaling activation causes an increase in Ca”*. There might
also be Ca**-independent signaling components that were
not tested. In spermatozoa, odorants do not activate the
canonical signal transduction cascade and instead act inde-
pendently on adenylyl cyclase activation and the second
messenger cCAMP (18, 182). Furthermore, several odorants,
including bourgeonal, may also directly act on the CatSper
calcium channel in human spermatozoa (18), and odorant-
induced Ca”" signals require a calcium-permeable channel
and extracellular calcium. Mibefradil, which inhibits a va-
riety of calcium channels in sperm, including CatSper (14,
41,175,197), also blocks Ca** signals induced by odorants
(49). In conclusion, the exact mechanism underlying how
odorants induce Ca** signals in spermatozoa, as well as the
roles of ORs and the CatSper channels in particular, has yet
to be examined in greater detail.

As a part of the urinary system, the human kidney also
harbors functionally active ORs. The structurally related

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

agonists of both OR51E1 and OR11H7 elicit intracellular
Ca?" flux in renal proximal tubule cells via adenylyl cyclase
(AC) activity (87). The murine ortholog of ORS1E2, the
paralogous ORS51E1, has previously been shown to mediate
renin secretion upon short-chain fatty acid (SCFA) stimula-
tion in the murine kidney, as well as influence blood pres-
sure regulation (144, 164). These data strengthen the po-
tential for human ORs to act in the physiological processes

of the kidney.

Another function of ORs has been proposed for the human
prostate. The broadly expressed class I receptors OR51E1
and ORS1E2 were initially assumed to be GPCRs highly
restricted to prostate tissue and were therefore deceptively
named as prostate-specific G protein-coupled receptors
(PSGR1/PSGR2). To date, it has been established that both
ORs are ubiquitously expressed in various human tissues
(47), albeit at significantly lower levels. Initially, OR51E2
was identified as the first hormone-activated membrane-
bound rhodopsin-like GPCR. Activation by its agonist
B-ionone, a synthetic terpenoid, and the steroid hormone
1,4,6-androstatriene-3,17-dione (ADT) leads to reduced
proliferation of prostate cancer epithelial cells (PCa) in vitro
and in LNCaP cells (132). The apoptotic effect exerted by
B-ionone accompanied by an initiation of prostate cancer
cell cycle arrest has been shown in subsequent studies (81),
which supports the idea that OR51E2 may also act as a key
mediator in these processes. ORS1E2 activation leads to
growth inhibition of both androgen-dependent and castra-
tion-resistant prostate cancer cells (26, 132); however,
B-ionone stimulation enhances cell invasion (26, 158).

ORS1E1 activation has also been suggested to influence
prostate cancer cell growth. Stimulation with nonanoic acid
and decanoic acid, both of which specifically activate
ORS1E1 (82, 155), significantly reduced proliferation and
induced cellular senescence in the prostate cancer cell line
LNCaP in vitro (118). Furthermore, this receptor appears
to interfere with androgen receptor (AR)-mediated signal-
ing, because the levels of the androgen-regulated target gene
prostate-specific antigen (PSA) and the prostate homeobox
protein coding tumor suppressor gene NKX3-1 are de-
creased (118). This led to the assumption that ORS1E1
significantly contributes to prostate cancer (PCa) pathogen-
esis and progression.

In cervical cancer cells (HeLa), OR1A2 and OR2A4 have
been shown to participate in cytokinesis. siRNA-medi-
ated knockdown of both receptors resulted in incomplete
cell separation (209). Furthermore, OR2A4 and OR1A2
knockdown promoted cytokinesis failure at early and late
stages, respectively. Thus both receptors represent promis-
ing targets for the development of therapeutic strategies.
The diverse physiological and pathophysiological functions
of ectopic ORs underline their important features in the
human genito-urinary system.
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E. Nervous System

Beyond the association of ORs and neuropathological dis-
orders, there is limited knowledge regarding their odorant-
induced impact on physiological or pathophysiological pro-
cesses in neuronal systems. However, it has been suggested
that ORs adopt functions in the central nervous system. The
activation of overexpressed human OR4M1 in mouse pri-
mary cortico-hippocampal neurons by acetophenone leads
to reduced phosphorylation of abnormal microtubule-asso-
ciated tau protein via a cAMP-dependent pathway and de-
creased c-Jun NH,-terminal kinase (JNK) activity (211).
This phenomenon leads to the assumption that OR4M1
may interfere with aberrant tau hyperphosphorylation,
which is involved in the pathogenesis of neurodegenerative
disorders. These assumptions were confirmed by findings in
which olfactory receptor dysregulation was documented in
the brains of patients who suffer from neurodegenerative
diseases (7). In the human nervous system, the orphan OR
OR6B3 was determined to be highly selectively expressed in
the trigeminus and dorsal root ganglia. Its activating ligands
and function remain unknown (48). Novel data describe the
first evaluation of the mRNA expression of ORs and the
distinct localization of OR proteins in the human retina.
Transcriptome analyses detected an average of 14 OR tran-
scripts in the neural retina; of these, OR6B3 was the most
highly expressed OR. Immunohistochemical staining of ret-
inal sections showed that OR2W 3 localized to the photo-
sensitive outer segment membranes of cones, whereas
OR6B3 was identified in various cell types. ORSP3 and
OR10AD1 were detected at the base of the photoreceptor-
connecting cilium, and OR10AD1 was localized to the nu-
clear envelope of all retinal nuclei. The cell type-specific
expression of the ORs in the retina suggests that there are
unique biological functions for these receptors (83).

F. Respiratory System

Like the GI and cardiovascular systems, the respiratory
system is in perpetual contact with the environment and
thus with volatile substances through inhalation. Differ-
ent functional relevancies of ectopic ORs have been re-
ported in the human lung. In pulmonary NEC cells, the
activation of ORs has been shown to influence serotonin
release. In this case, however, the odorant stimulation
provoked decreased serotonin levels (69, 70). Amyl bu-
tyrate and bourgeonal, OR2AG1 and OR1D2 agonists,
respectively, influence the contractility of human airway
smooth muscle cells (HASMCs) (85). Amyl butyrate inhib-
ited histamine-induced cell contraction, whereas bour-
geonal enhanced the contractility of HASMCs. Both pro-
cesses are mediated via a cAMP-dependent intracellular
Ca®" increase (85). Thus it may be possible in the future to
use ORs as novel therapeutic targets for asthma and other
chronic inflammatory lung diseases.

1730

Non-small-cell lung cancer (NSCLC) has a high prevalence
and a high mortality rate and is difficult to treat. NSCLC
cells are nearly resistant to common chemotherapeutic ap-
proaches, and surgical resection provides the only possibil-
ity of cure for most patients. The expression of OR2]3 has
been demonstrated in the NSCLC A549 cell line. The
OR2]J3 agonist helional triggers the release of intracellular
Ca®" and ERK phosphorylation via phosphatidylinositol
3-kinase (PI3K) signaling. This induces apoptosis and in-
hibits cell proliferation and migration in long-term stimulus
experiments (88). This study provided the first evidence of
the functional expression of an OR in NSCLC cells, as well
as its putative therapeutic impact.

G. Skin

The skin is the outer barrier of the human body. Therefore,
it is in uninterrupted contact with the environment and is
exposed to multiple external factors of chemical origin. The
expression of a diversity of cutaneous chemosensitive recep-
tors facilitates the processing of these environmental cues
by the skin. Several ORs have been identified in distinct cell
types of the epidermal skin layer and human skin tissue (24,
44, 60, 179). In contrast to myeloid leukemia cells, the
sandalore-activated receptor OR2AT4 promotes human
keratinocyte proliferation and migration, which results in
accelerated cutaneous wound healing in an ex vivo system
(24). Furthermore, sandalore induced pannexin-mediated
cell-cell communication between keratinocytes and trigem-
inal neurons via ATP in a coculture system (171), which
demonstrates that OR2AT4 can fulfill a chemosensory role
as the decisive intermediary between the environment and
the trigeminal sensory system. Additional ORs have been
proposed to be involved in keratinocyte growth and migra-
tion processes. Similar to its impact on HeLa cells,
OR2AA4/7 participate in keratinocyte cytokinesis (179).
Furthermore, the activation of the receptor by cyclohexyl-
salicylate increases cell proliferation and interleukin (IL)-1
production. The isononylalcohol-dependent activation of
ORS1BS, in turn, enhances the migration and regenera-
tion of keratinocytes accompanied by IL-6 secretion
(179). Recent studies have indicated that ORS51E2 also
functions in human melanocyte homeostasis (60). Mela-
nocytes are the pigment-bearing cells of the epidermis
and protect the skin from excessive sunlight. The results
of this study indicated that the activation of OR51E2 by
B-ionone leads to enhanced melanogenesis and dendrito-
genesis, as well as reduced cell proliferation (60). In pri-
mary cell cultures of melanoma cells derived from meta-
static and vertical-growth phases, the B-ionone-dependent
activation of ORS51E2 resulted in inhibited cell prolifera-
tion and migration. These results are useful for under-
standing the involvement of OR51E2 in pathological pig-
mentation disorders and cancer progression. They may
also provide novel therapeutic development directions
for melanoma treatment (59).
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IV. EXPRESSION PATTERNS OF
OLFACTORY RECEPTORS ARE
ASSOCIATED WITH DISEASES:
POTENTIAL UTILITY AS BIOMARKERS?

The link between OR expression levels and pathologi-
cal alterations is one of the most urgent issues that must
be clarified, because it provides the basis for the ident-
ification of valuable and early disease biomarkers for
diagnostic approaches. Several studies have shown that
differentially expressed ORs are associated with patho-
logical alterations, predominantly in cancer and neuro-
pathological diseases. The human prostate was the earli-
est and most studied tissue with regard to analyses of
differential OR expression. In addition to a low occur-
rence in healthy and benign prostatic tissue, the tran-
script expression levels of both ORS1E1 and ORS1E2
are increased in high-grade intraepithelial neoplasia
(PIN) and PCa, and their abundance has been suggested
to be consistent with the pathological stage and tumor
grade (52,192,195,196,206). Therefore, both receptors
have been suggested to represent useful clinical PCa bio-
markers. The protein expression of both receptors has
also been evaluated in the majority of examined ad-
vanced PCa and spreading metastases specimens (26,
118). These studies have suggested that both ORs have
diagnostic potential not only for early detection but also
for tumor classification and progression, as well as me-
tastasis identification. Furthermore, ORS51E2 and/or
ORS1E1 expression has been associated with the PCa
biomarker alpha-methylacyl-CoA racemase (AMACR),
as well as higher levels of preoperative PSA (189, 206).
The presence of ORS1E2 in human urine sediment sim-
plifies its accessibility and raises the potential for the use
of this receptor in “liquid biopsy” tests as a urinary PCa
tumor marker (148). Furthermore, novel chimerical fu-
sion of PSGR with the erythroblast transformation-spe-
cific (ETS) transcription factor ETV1 was identified as
being involved in prostate carcinogenesis, which retains
one of the regulatory active ORS1E2 promoters (12,
194). Together, these studies strengthen the functional
importance of OR51E1 and ORS1E2 in benign and ma-
lignant prostatic tissue physiology. However, a minor
number of investigated PCa specimens exhibited a con-
tradictory transcript expression pattern, as well as keen
interindividual variations (65, 118, 205), which has led
to doubt regarding its reliability as a single tumor
marker. Other studies have suggested that the protein
expression of ORS1E2 is negatively associated with ad-
vanced PCa and decreased from PIN to advanced PCa
(26), which indicates that its mRNA expression level is
apparently, in this case, not predictive for the total pro-
tein amount. Giandomenico and co-workers (34, 62,
102) subsequently postulated that ORS1E1 is a tissue
biomarker for small intestinal neuroendocrine carcino-
mas (SI-NEC) and somatostatin receptor-negative lung
carcinoids. Using microarray and qRT-PCR analyses,

this OR exhibited increased expression compared with
normal tissues and the adjacent tumor microenviron-
ment. Increased expression of multiple ORs has also been
associated with CHEK2 1100delC breast tumors, as well
as an increased risk of salivary gland carcinoma (127,
204). Another strategy has been elaborated that may en-
able systematic targeting of OR51E2-expressing tumor
cells. This study reported OR51E2-derived peptides that
acted as tumor-associated antigens, which were recog-
nized by CD8"-T cells (121). This could be of particular
interest for the expression of OR51E2 in melanoma cells,
recently shown to be quite high (59).

OR7C1 plays a crucial role in the physiology of cancer-
initiating cells in the colon. OR7C1 expression correlates
with higher tumorigenicity. OR7C1 overexpression in a
SW480 CRC model led to an increase in cancer-initiating
cells in nude mice. OR7C1 is not only a potential biomarker
but also a promising target of cancer-initiating cells (CIC)-
targeting cancer immunotherapy, where there are indica-
tions that immunotherapy that targets only CIC via CIC
antigen-specific cytotoxic T lymphocytes (CTL) is more
successful than targeting all cancer cells using shared anti-
gens (126).

Dysregulated OR gene expression has been linked to seve-
ral neurodegenerative and neuropsychiatric disorders and
has been evaluated in recent research studies (45). In corti-
cal brain regions and the Substantia nigra of Parkinson’s
disease (PD) patients, different ORs (OR2L13, OR1E1,
OR2J3, OR52L1, and OR11H1) have been determined to
be downregulated in the early stages of PD pathogenesis,
which may support their important role in the progression
of the disease (56, 68). Differentially regulated OR gene
expression has also been identified in patients with Alzhei-
mer’s disease (AD), Creutzfeldt-Jakob disease, and progres-
sive supranuclear palsy (7). In AD patients, half of the ORs
verified in cortical regions exhibited altered gene expres-
sion. OR11HT1 appears to be upregulated, whereas OR4F4,
OR10GS8, and OR52L1 expression levels are decreased (7)
and correlate with disease progression. Moreover, down-
regulation of a chronic schizophrenia-associated OR was
ascertained by the same working group (8). The mechanism
that controls the dysregulation of the OR gene expression
and the function of the ORs remains elusive. Therefore, this
concern must be clarified in detail. In addition to their lo-
calization in cerebral regions, ORs that are downregulated
in PBMCs have been implicated in traumatic brain injury
(211). The dual detection of both OR4M1 and OR11H1 is
believed to have diagnostic potential for biomarker analy-
sis.

Specific mutations in the OR2W3 gene have been sug-
gested to be associated with the ocular disease retinitis
pigmentosa (111). However, two commentaries based on
whole-exome sequencing have refuted the assertion that
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the rarely occurring OR2W3 variant causes this auto-
somal dominant retinal disease (163, 208a). Recent stud-
ies have demonstrated that OR2W3 does not form fusion
transcripts with Trim58, and the protein is specifically
localized to the photosensitive outer segment membranes
of cones (83), which indicates potential cell physiological
functions in the human retina. In addition to their prev-
alent roles in diseases, a common null variant in the
OR1B1 gene has been associated with decreased serum
cholinesterase activity, which suggests a potential influ-
ence on liver cell metabolism (97).

Odorant @

C aZ+

V. SIGNAL TRANSDUCTION PATHWAYS
INITIATED BY ECTOPICALLY
EXPRESSED ORs AND THEIR
MODULATION

The processing of chemical cues following the activation of
ectopically expressed ORs is based on a complex interplay
of various signaling molecules, which greatly depends on
the participating OR and the cellular system (TABLE 1, FIG-
URE 3). The functional versatility of ORs is related to their
substantial plasticity in the activation of different molecular
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and cellular mechanisms. For odorant detection, ORs elicit
distinct signaling pathways in olfactory neurons, which
leads to the production of electrical signals. Based on cur-
rent knowledge, expressed ORs in somatic cells do not gen-
erate action potentials the way they do in olfactory neurons.
In nonolfactory tissues, ORs can activate various signaling
pathways. The specific pathway depends on the cellular
phenotype regarding the expression of signaling compo-
nents. Most likely, the most important decisive component
is the type of involved heterotrimeric G protein.

The G, protein is widely expressed in peripheral human
tissues (24, 47, 48, 85, 119). However, to date, there is no
information regarding its actual functional participation. In
cardiomyocytes and prostate cancer cells, GBy has been
proposed as an alternatively active subunit (82, 158). Ad-
ditionally, there are limited data regarding G, activation in
enterochromaffin and colorectal cancer cells (17, 191). In
addition to the sparse knowledge of the participating G
protein, several studies have demonstrated the presence and
functional involvement of adenylyl cyclase and/or intracel-
lular increases of the second messenger cAMP in skin cells
(24, 60, 179), hepatocytes (119, 203), blood cells (115,
116), enterochromaffin cells (86), kidney cells (145), and
many other human tissues (47, 85, 174). The partial in-
volvement of cAMP in the signal transduction of ectopic
ORs strengthens the hypothesis, suggesting at least a stimula-
tory G protein (Ge,) (24, 85, 119) that is strongly expressed
throughout the human body (47). Interestingly, a specific al-
ternate signaling pathway is present in Olfr73-expressing
OSNs in mice. Methylisoeugenol (MIEG), a weak Olfr73 ag-
onist, triggers a signaling cascade independent of the canonical
cAMP pathway, which leads to cell depolarization. This path-
way is mediated by Ga,, activation, and this newly identified
pathway coexists with the canonical olfactory cAMP pathway
in the same OSN and is triggered by the same OR in a ligand-
selective manner (162).

The activation of the majority of ectopic ORs further leads
to a cAMP-induced calcium flux from outside the cells,
which represents a cascade reminiscent of the canonical
pathway in OSNs (24,47, 60,85, 115,116,119,174,179).
The expression of the required subunits that form the ca-
nonical heterotetrameric CNG channel (CNGA2, CNGA4,
and CNGB1), particularly CNGA2, has not been detected
in the majority of human tissues (47). However, the native
rod protein CNGA1 is able to form functional homomeric
channels (90) and is mainly activated by cGMP, in addition
to cAMP (181). CNGAL1 is the most prominent channel in
peripheral cells and tissues (47) and is therefore likely able
to function as a potential CNG channel (24, 119). The
native cone photoreceptor CNGA3 channel is functionally
expressed in sperm cells (199). This channel, together with
the CatSper channel, may be involved in the OR-mediated
chemotaxis of sperm by controlling Ca”>". Interestingly, a
decrease in intracellular Ca”>" levels through the helional-
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activated OR OR2]J3 was observed in pancreatic entero-
chromaffin cells (QGP-1) activated via PKG, as the specific
pharmacological inhibition of PKG with Rp-8-pCPT-
c¢GMPS abolished the helional-induced Ca”" response (86).
Moreover, other results from pharmacological studies sug-
gest that OR-dependent intracellular Ca®* elevation may
be induced via PLC and inositol trisphosphate (IP5) recep-
tor-dependent depletion of internal Ca** stores in colorec-
tal cancer cells (191) or Ca?" channel activation in entero-
chromaffin cells (17, 86). In general, the type of Ca** chan-
nel by which Ca®* enters remains unknown in most cases.
Using more or less specific blockers, other studies have pro-
vided evidence for the participation of TRP channels,
CRAC channels, voltage-gated L-type Ca®>* channels, or
spermatozoa-specific CatSper channels (24, 49, 60, 86,
115,116,119, 191). In melanocytes, the ORS1E2-triggered
Ca?" signal is constituted by Ca** release from intracellu-
lar stores and an additive Ca”" influx from the extracellular
space. With the use of specific channel blockers (2-APB),
members of the TRPM family that mediate the observed
Ca?" influx could be identified. The B-ionone-induced
Ca?" signal was significantly reduced (60). The paradigm
that ectopic ORs exclusively initiate the canonical pathway
was further rebutted for individual cases. The well-exam-
ined B-ionone-activated ORS1E2, for example, induces a
pathway in prostate cancer cells that is completely different
from the pathway in OSNs. This type of signaling involves
the activation of the tyrosine kinase Src (sarcoma), indepen-
dent of an activated G protein, and a transient receptor
potential channel V6 (TRPV6)-mediated intracellular Ca*™*
increase in vitro (172). B-Ionone evokes the downstream
phosphorylation of tyrosine kinase 2 (PYK2), p38 MAPK,
and JNK/SAPK, which in turn inhibits the tumor suppressor
N-myc downstream regulated gene 1 (NDRGT1) (132, 172,
200). Moreover, in advanced castration-resistant prostate
cancer cells, B-ionone reduces the phosphorylation of ribo-
somal protein S6 kinase (p70S6K) (26). For lower concen-
trations of B-ionone, it has been suggested that a signaling
pathway mediated by Gy and the downstream PI3K/AKT
signaling is induced, which may mediate different physio-
logical processes in vitro and in vivo (150, 158). The paralo-
gous receptor OR51E1, which is also expressed in prostate
cancer cells, has been shown to interfere in AR-mediated sig-
naling via Src kinase and different downstream kinases, with-
out inducing elevated cAMP and intracellular Ca®" levels
(118). The absence of intracellular Ca®" signals, but an in-
crease in the cAMP levels and CREB phosphorylation, have
also been identified for OR1A1 in hepatocytes following odor-
ant stimulation (203). This, in turn, leads to upregulated hairy
and enhancer of split 1 (HES1) gene expression and repression
of peroxisome proliferator-activated receptor-y (PPAR-y),
which are involved in triglyceride synthesis (203).

The modulation of various downstream protein kinases-

following ectopic OR activation, mainly MAPK, has been
identified in several cellular systems, independent of
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whether a canonical-like or alternative pathway is initiated
(24, 26, 60, 93, 115, 116, 118, 150, 158, 179, 191, 200,
203). These protein kinases appear to be the key down-
stream regulators of various physiological and pathophysi-
ological processes. In summary, different mechanisms exist
by which ORs mediate intracellular signaling transduction
following odorant stimulation (FIGURE 3). In addition to the
participating OR and cellular systems, these processes are
highly dependent on the odorant structure and concentra-
tion, the heterotrimeric G protein type or subunit, and the
participation of other and/or less modulatory active scaf-
fold proteins/cofactors, as well as the molecular features of
the cellular system.

VI. AGONISTS OF ECTOPICALLY
EXPRESSED HUMAN OLFACTORY
RECEPTORS

Thus far, it has generally been accepted that humans can
discriminate ~10,000 different odorants. In a recently pub-
lished study, however, it was proposed that there may be
even more than one trillion different odors that can be dis-
criminated by the combinatorial activation of different ORs
(23). However, the authors postulated this conclusion after
making just 260 comparisons of 2 smells, of which only half
could be discriminated. Reanalysis of the experiments by
another group showed controversial data arguing for errors
in the mathematical logic (123). At the molecular level,
however, only ~10% of the ~400 intact human ORs have
been deorphanized to date (3,24, 49, 53, 58, 64,75,79,91,
105, 112, 113, 120, 132, 134, 155, 159, 161, 168, 173,
178,179,182, 191, 198). Because of the potential of exog-
enous chemicals to activate ectopically expressed ORs, it
will be interesting to elucidate how tissue accessibility is
guaranteed. Moreover, the question arises as to whether
endogenous ingredients may be recognized by specific tis-
sue-expressed ORs.

Many naturally occurring odorants that can activate ORs
are contained in essential plant oils, which can enter our
body through the skin (80) and lung (42, 183) or can be
ingested with our daily food. Essential oils are mainly com-
posed of volatile terpenes and terpenoids, as well as aro-
matic molecules (143). Several of these volatiles have been
shown to activate ectopically expressed ORs and thus influ-
ence physiological processes in various human cells; several
examples include B-ionone (roses and berries), citronellal
(citrus species), citronellol (pelargonium), thymol (thyme),
and geraniol (rose oil and citronella oil) (3, 17, 70, 112,
119,132,155,159, 161,203, 211). The functional unit of
terpenes, the isoprene, is synthesized in the mevalonate
pathway during cholesterol biosynthesis in animals (40,
63). Several metabolic intermediates of the mevalonate
pathway share structural similarities with OR-activating
terpenes or terpenoids, e.g., farnesol and geranylgeraniol
(40). Other terpenes, e.g., thymol and p-limonene (linalool
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and linalyl acetate) and their metabolites, have been de-
tected in plasma within several minutes after cutaneous
or oral application, partially at micromolar concentra-
tions, and demonstrate a half-life of up to 12-24 h in
mammals before they are excreted in urine, which implies
that terpenes possess high bioavailability (19, 20, 78,
94-96, 183). A substantially higher affinity has been
identified for lipid-rich tissues as a result of the lipophilic
nature of terpenes (33).

Another major group of exogenous and endogenous activa-
tors of ORs belongs to fatty acids, particularly short- and
medium-chain fatty acids (SCFA/MCFA). The SFCA propi-
onic acid and its conjugated base, propionate, have been
shown to activate recombinant and endogenous human
ORS1E2, respectively (144, 146, 155). Interestingly, propi-
onic acid is endogenously produced by mammalian gut mi-
crobiota fermentation in sufficient concentrations to acti-
vate ORS1E2 (128, 145, 152, 155).

The paralogous receptor ORS51E1 is also activated by SC-
FAs but is more sensitive for MCFAs of 5-14 carbon chain
lengths, such as nonanoic acid and the more potent de-
canoic acid, as well as valeric acid derivatives (53, 82, 118,
155). Isovaleric acid has been further shown to activate
OR11H7 in human kidney cells (87). Free MCFAs that
activate ORS1E1 have been identified in human plasma and
epicardial adipose tissue (32, 82). Therefore, it is likely that
MCFAs are not only derived from dietary intake but are
also released by adipose tissue. These findings provide the
first hints of an involvement of ORs in the regulation of
heart functions by circulating natural ligands released into
the plasma from epicardial adipose tissues.

The previously identified human sperm chemoattractants
and OR agonists bourgeonal, myrac, and PI-23472
(OR1D2, OR4D1, and OR7AS) are of synthetic origin
(173, 182). Interestingly, endogenous odorants have also
been identified in the female reproductive system. With the
use of gas chromatography-olfactometry, compounds in
the follicular fluid and vaginal secretion were extracted {Sa-
androst-16-en-3-one (androstenone) and 4-hydroxy-2,5-
dimethyl-3[2H]-furanone}, which represent endogenous
OR-activating agonists and are capable of inducing Ca**
transients in spermatozoa (74). Furthermore, Sa-androst-
16-en-3-one is contained in human breast milk, urine, and
axillary sweat (9, 73) and has been demonstrated to activate
OR7D4 (91), which is expressed in the testis and olfactory
epithelium (109, 135).

Vil. FUNCTIONAL CHARACTERIZATION OF
HUMAN OLFACTORY RECEPTORS: A
MAJOR CHALLENGE

After a comprehensive study was published (44) in which
the widespread expression of OR transcripts in many hu-

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.



OLFACTORY RECEPTORS: CELLULAR FUNCTIONS OUTSIDE OF THE NOSE

man tissues was demonstrated, an intensive discussion be-
gan regarding the functional roles of ectopically expressed
ORs. In this study, a neutral or nearly neutral evolution
model of OR transcription control was discussed “whereby
functionality is rendered less likely” (44). However, the
data could not exclude the possibility that a subset of ORs
play functional roles in different tissues. By comparison of
OR expression levels in nonolfactory tissues in humans and
chimpanzees, it was also shown that a subset of orthologous
OR genes with conserved ectopic expression evolved under
stronger evolutionary pressure than OR genes exclusively
expressed in OSNs (35a). These findings provide no direct
functional data, but additionally support the hypothesis
that at least a subpopulation of OR genes has functions in
nonolfactory tissues. In the past decades, numerous exper-
imental designs have been developed to directly study the
effects of OR activation in primary cell culture or cell lines
of nonolfactory tissues.

Therefore, the extent of knowledge regarding OR-depen-
dent (patho)physiological cellular functions has continu-
ously increased. Despite the broad tissue expression distri-
bution, the functions in human tissues have been deciphered
for only a small number of ORs. A major obstacle in dis-
covering the physiological function is the limited knowl-
edge regarding their activating agonists. The deorphaniza-
tion of the molecular receptive field of an OR is a prerequi-
site for its functional characterization. One problem
limiting agonist identification is the relatively sparse com-
posite odorant blends that exist, which are far from reflect-
ing the chemical diversity of naturally occurring odorous
molecules. Furthermore, several OR-activating odorants
can in turn act as antagonists for other ORs (169, 173). This
is accompanied by the finding that some ORs possess high
odorant selectivity and respond only to closely structurally
related odorants, whereas other ORs are more broadly
tuned (46, 155, 177), which enables high odor coding vari-
ability. These findings therefore indicate that the identifica-
tion of new receptor agonists is immensely challenging. Fur-
thermore, the composition of odorant blends is subjectively
influenced by hedonic properties, as unpleasant odors are
often reluctantly used by researchers within deorphaniza-
tion experiments. This issue may explain why most of the
currently deciphered receptors react to pleasant odorants.
To reduce the complexity of the odor landscape, a focus on
ecologically relevant (food) odors has been suggested, an
approach that has led to the identification of new OR li-
gands (57, 58, 134, 178).

In addition to the substantial difficulties with heterologous
OR expression as a result of poor cell-surface expression
(122, 198), the activation efficiency of recombinantly ex-
pressed ORs may not reflect the responsiveness achieved by
endogenously expressed ORs in vivo. This may have several
underlying reasons.
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First, deorphanization using heterologously expressed ORs
is an easily controlled system which enables for the guid-
ance of the signaling pathway by the overexpression of
corresponding accessory proteins (156, 212), e.g., Gagyp,
guanine nucleotide exchange factor B (Ric8b) (185, 186),
and/or the CNGA2 channel (169). Other techniques have
been presented based on the recombinant expression of
GPCRs in combination with IP signaling-triggering Ga,
subunits, including the murine Gays or human Geayg, or
chimeras of Ga,; and murine Ga,5 (84, 98, 212). It has
been suggested that the type of G protein is decisive if an
odorant acts as a receptor agonist or antagonist in a heter-
ologous expression system (169). Despite the involvement
of the same G protein, the OR sensitivity depends on the
technical procedure of the readout, whether via Ca** flux
or determination of the cAMP levels (e.g., OR1A1/nonanal)
(82, 155, 161). In addition to the participation of varying
cellular signal transduction components, the signal process-
ing is influenced by a complex network of scaffolding pro-
teins, phosphorylation events, and additional potential in-
teracting proteins, such as nonolfactory GPCRs (13, 22).
Therefore, it is not surprising that different cells exhibit
divergent or contradictory physiological responses to one
and the same OR/odorant pair, as indicated for ectopic
OR2AT4; however, this issue complicates the exploration
of ectopic OR function.

Second, “artificial” OR expression systems can only par-
tially mimic ORN functionality by coexpressing auxiliary
proteins for enhanced OR expression and activation effi-
ciency, such as receptor transporting protein 1 long and
short (RTP1l/s), RTP2, and receptor expression enhancing
protein 1 (REEP1) (2, 71, 98, 106, 131, 142, 156, 165).
Further modifications, such as NH,-terminal tags on the
OR (e.g., rho and lucy) (98, 165, 198) or coexpressed pro-
teins (2), such as the heat shock protein 70t (Hsc70t) (131),
M3 muscarinic acetylcholine receptor (M3) (106), and 82
adrenergic receptor (71), are not comparable to endoge-
nously expressed ORs. However, significant progress was
made by the development of the MouSensor assay system,
which uses transgenic mice that express human ORs in
murine ORNs (38).

Third, as previously discussed, the question remains
whether more potent (endogenous) agonists exist. Most
studies are related to the characterization of ectopic ORs
based on the utilization of odorant concentrations at sup-
raphysiological levels.

Fourth, the tissue accessibility of exogenously derived odor-
ants varies substantially. Tissues that are not in direct con-
tact with the outer environment, e.g., the kidney and pros-
tate, may not be easily reached by exogenous chemical sub-
stances at appropriate concentrations. Therefore, the
identification of more potent activating agonists that occur
endogenously in the human body, such as hormones or
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metabolites, would considerably enrich this research topic.
A prerequisite for very potent ligand identification is the
structural investigation of the ligand binding niche. The
correlation between structure and odorant selectivity has
been investigated by site-directed mutagenesis and compu-
tational modeling to improve the ligand identification of
ORs (6,28,61,100, 160,161,201, 202). The prediction of
ligand binding of ectopically expressed ORs using in silico
approaches in the future may facilitate the expansion of
knowledge regarding their receptive field and accelerate the
identification of more potent (endogenous) OR agonists.

Analysis of the protein expression of ORs remains a major
challenge. Because of the high sequence homology and the
difficulties in finding suitable accessible epitopes in highly
hydrophobic membrane proteins, the development of spe-
cific OR antibodies is intensively hampered. However, in
previous years, various studies have demonstrated specific
OR protein expression by antibodies of high quality, spec-
ificity, and variable technical applicability (24, 26, 34, 45,
48,49,60,70,82,83,85-88,93, 115,116, 118,119, 130,
132, 147, 179, 180, 191, 209). This provides at least the
opportunity to define the function of ectopic ORs based on
their subcellular localization.

Whether the diverse physiological responses after odor ap-
plication are definitively based on OR activation is another
challenge that must be solved. Few studies have definitively
indicated, e.g., via RNAi knockdown, that the physiologi-
cal effects induced by odorants depend on specific OR ac-
tivation (24, 59, 85-88, 93, 119, 132, 179, 203, 209).
These experiments highly depend on good transfection ef-
ficiencies; however, in most cell systems, the rate of tran-
sient transfection is <5%, and the effects are too small to
enable sufficiently precise quantification to detect differ-
ences. Additionally, the RNAI effect is mostly incomplete,
which makes the evaluation even more complicated. There-
fore, the establishment of more effective knockdown strat-
egies (e.g., gene editing via CRISPR/Cas) would be benefi-
cial in future experiments.

Another powerful strategy to demonstrate the involve-
ment of a particular OR in cellular reaction is the use of
specific antagonists. However, only a few antagonists for
human ORs have been identified, namely, undecanal
(OR1D2), a-ionone (ORS51E2), oxyphenylon and phenirat
(OR2AT4), methyl cinnamaldehyde, hydrocinamaldehyde
and bourgeonal (OR3A1), which exhibit general structural
similarities to OR agonists (24, 79, 132, 173).

Common knockout studies are difficult to implement be-
cause most human ORs have no clear ortholog in mice.
Ectopic receptors may also vary in function between spe-
cies, which complicates the transfer of the physiological
function of human ORs to that of other mammals.
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Thus the identification of novel OR functions is quite chal-
lenging, and technical improvements are required to ad-
dress the scientific knowledge gaps of OR function outside
of the nose in its entirety.

Vill. PERIPHERAL TISSUE EXPRESSION OF
OTHER MEMBERS OF THE
OLFACTORY SYSTEM

Another class of odorant-sensing GPCRs in the nasal mucosa
includes trace-amine-associated receptors (TAARs) (11). TA-
ARs are specifically activated by biogenic trace amines and
have been suggested to function in pheromone sensing in mice
(107). The human TAAR family comprises six gene members,
of which four members have been identified at trace levels in
the OE (27). However, substantial evidence exists that TAARs
are expressed in peripheral human tissues outside of the OE
(11, 47). In addition to the initial identification in the mam-
malian brain (15), murine and human TAAR1 is absent in the
OE; however, it is broadly expressed in different tissues, e.g.,
blood, lung, ovary, testis, and brain tissues (10, 15, 47). In
contrast, human TAARS is more abundant in the human OE
(135) and is also ectopically expressed at low levels in the
human brain (47). Whether tissue expression is really “ecto-
pic” appears to be uncertain (11) and may depend on the
respective receptor. It was recently shown that human TAARs
expressed in the OE are functional. Human TAARS can be
specifically activated by TMA, a highly volatile aminic com-
pound and the prototype of “fishy” odor (187). It may be, as
indicated for mice, a molecular sensor for the detection of
volatile amines in humans. An advantage of both TAAR1 and
TAARS is that their specific antagonists, EPPTB [N-(3-
ethoxyphenyl)-4-(pyrrolidin-1-yl)-3-trifluoromethylbenz-
amide| and Timberol, respectively, have been elucidated
(16, 188). Moreover, TMA occurs in bodily secretions
(167); thus human TAARS receptors could revive the olfac-
tory research of human social cues. However, there is lim-
ited knowledge regarding their physiological functions in
human tissues beyond the cellular immune system (5, 117).
TAARSs have been detected in blood lymphocytes (10, 129),
and TAAR1 and TAAR2 were shown to be involved in
immune functions of blood leukocytes of humans (10) and
primates (139). TAART1 is functionally expressed in normal
and malignant B cells and in a Burkitt’s lymphoma cell line,
in which its receptor agonists were proposed to induce ap-
optosis (190).

IX. CONCLUSIONS AND FUTURE
PERSPECTIVES

ORs are characterized by high structural variety and are
thus broadly sensitive to diverse chemicals. Furthermore,
ORs form the largest gene family in the mammalian ge-
nome. The finding that ORs are expressed in the entire
human body at individually noteworthy levels provides suf-
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ficient justification to exert every effort to decode their im-
portance. Their potential to be important regulators in the
versatile processing of chemical cues beyond the nose has
been proven for many tissues. Substantial challenges remain
regarding agonist and antagonist elucidation, odorant tis-
sue accessibility, and mechanisms of decoding OR function;
nevertheless, scientific interest and technical capabilities are
rapidly progressing. Furthermore, unraveling endogenous
ligands for tissue-expressed ORs may expand our knowl-
edge regarding receptor functions at physiological levels.
Examples of the pronounced expression of non-deorpha-
nized receptors are OR6B3 in the retina and TG, as well as
OR4N4 in spermatozoa (48, 49, 83). Furthermore, the aug-
mentation of ligand prediction using in silico approaches
would help accelerate the identification of the entire OR
binding spectra (201). As species-overlapping studies are
inconclusive because of their previously described differ-
ences, the development of alternative approaches using hu-
man settings is mandatory. Moreover, advances in bioarti-
ficial materials (tissue engineering) have made it possible to
characterize ectopic ORs while more closely simulating
their real physiological conditions in the future. Studies at
the mRNA level are undoubtedly valuable to obtain an
overview of the molecular basis of ORs; nevertheless, large-
scale proteomics would facilitate the identification of po-
tential interacting partners (13) to definitively understand
the complex signal transduction following odorant-depen-
dent activation, which has only been comprehensively in-
vestigated for ORS1E2 to date (200).

The functional importance of ectopic ORs remains insuffi-
ciently understood. As presented here, however, their im-
pact on carcinogenesis has been widely demonstrated for
various human cancer types using in vitro and murine in
vivo technologies (1, 26, 50, 59, 88, 89,115,116,118,119,
132, 150, 158, 179, 191). In nearly all cases examined to
date, the activation of ORs in tumor cells induces a signifi-
cant decrease in proliferation or a complete termination of
tumor cell growth. Accordingly, the idea of clinically bene-
fitting from the use of ORs as biomarkers, which has been
suggested for several ORs (34, 45, 62,102, 132, 196, 205),
must be expanded to develop promising clinical strategies in
the future. It will also be interesting to decipher disease-
associated OR functions following ligand-dependent acti-
vation. Therefore, the idea of targeting ORs for diagnostic
and therapeutic approaches is feasible because ~30% of the
currently used pharmaceuticals function via rhodopsin-like
GPCRs (138), and ORs are the largest GPCR subfamily.
Most ORs can be detected in tissues outside of the olfactory
epithelium via transcriptome analysis. This suggests an in-
teresting and substantial new group of important mem-
brane proteins that are involved in cell biological processes.
The deorphanization of additional ORs will certainly in-
crease the possibility of analyzing their detailed functions
and the identification of further potential targets that con-
tribute to cancer development and progression.

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

Targeting ORs is conceivable not only for the treatment
of cancer or other disorders but also for the pharmaco-
logical control of healthy cells because they positively
influence cellular processes, as previously indicated for
skin keratinocytes (24), melanocytes (60), and airway
cells (85) and in the heart (82), kidney (87), gut (17), and
spermatozoa (173).

The data provided here indicate the extranasal expression
and functionality of ORs. One obvious conclusion from the
fact that ORs have been identified outside the nose is that
one can no longer consider ORs to be purely olfactory re-
ceptors, but rather general chemoreceptors involved in
physiological and pathophysiological processes throughout
the human body. Furthermore, with ~400 members, ORs
make up nearly half of the GPCR proteins in humans,
which represent ~30% of the targets of all pharmaceuticals
used. In the future, several of the ORs will probably be of
similar importance as structurally closely related GPCRs,
such as the adrenergic or serotonergic receptors.

However, at present, numerous questions remain to be
solved, and more research is needed before the role of ORs,
which they can play in different human tissues and in cancer
pathology, is fully enumerated.

Several of the most important directions for current OR re-
search include 1) the identification of endogenous, physiolog-
ical relevant ligands; 2) the identification of particular signal-
ing pathways; 3) the characterization of the function of ORs in
vivo; and 4) the application of active chemical compounds to
ORs for clinical use (translational approach).

To solve these demanding problems, the following steps are
required:

o the establishment of chemical libraries for identifying
agonists and antagonists, especially by extracting pos-
sible endogenous ligands from natural sources (blood,
body fluid);

e the generation of an antibody library against specific
OR peptides to achieve better and broader profiling of
OR expression and localization in extranasal cells;

o the establishment of in vitro systems for functional
assays, such as a three-dimensional model of human
skin or animal models, which include the possibility of
gene editing;

e more detailed analysis of the regulation of OR expres-
sion in disorders and diseases by deep NGS sequencing;
and

e the study of homo- and heterodimerization for activa-
tion of novel signaling pathways, resulting in different
cellular processes and functions.

The extranasal expression of ORs is a new and exciting area

of science that should attract young scientists because of the
exciting recent breakthrough discoveries. As scientists have
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matched only a handful of extranasal receptors (<10%) to
the specific effects of activating compounds on human
nonolfactory cells, there is an enormous potential within
unexamined ORs that are awaiting further characteriza-
tion. This may include new and exciting information re-
garding important functions in physiological and patho-
physiological processes. Using odors to help with serious
health issues may currently be a distant dream facing signif-
icant challenges, but it represents a promising and widely
unexplored therapeutic area.

ACKNOWLEDGMENTS

We express our special thanks to Dr. G. Gisselmann for
constructive comments, helpful suggestions, and proofread-
ing.

Address for reprint requests and other correspondence: H.
Hatt, Ruhr-University Bochum, Dept. of Cell Physiology,
Universitatsstrafse 150, D-44780 Bochum, Germany (e-mail:
hanns.hatt@rub.de).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared
by the authors.

REFERENCES

I. Abaffy T. Human Olfactory Receptors Expression and Their Role in Non-Olfactory
Tissues—A Mini-Review. | Pharmacogenomics Pharmacoproteomics 6: 152, 2015. doi:
10.4172/2153-0645.1000152.

2. Abaffy T, Matsunami H, Luetje CW. Functional analysis of a mammalian odorant
receptor subfamily. | Neurochem 97: 15061518, 2006. doi:10.1111/j.1471-4159.
2006.03859.x.

3. Adipietro KA, Mainland JD, Matsunami H. Functional evolution of mammalian odorant
receptors. PLoS Genet 8: 1002821, 2012. doi:10.137/journal.pgen.002821.

4. Aisenberg WH, Huang ], Zhu W, Rajkumar P, Cruz R, Santhanam L, Natarajan N,
Yong HM, De Santiago B, Oh ], Yoon A-R, Panettieri RA, Homann O, Sullivan JK,
Liggett SB, Pluznick JL, An SS. Defining an olfactory receptor function in airway
smooth muscle cells. Sci Rep 6: 38231, 2016. doi:10.1038/srep38231.

5. Andersen G, Krautwurst D. Trace amine-associated receptors in the cellular immune
system. In: Trace Amines and Neurological Disorders: Potential Mechanisms and Risk
Factors, edited by Farooqui T, Farooqui AA. London: Academic Press Elsevier, 2016,
p. 97-105. doi:10.1016/B978-0-12-803603-7.00007-0.

6. Anselmi C, Buonocore A, Centini M, Facino RM, Hatt H. The human olfactory recep-
tor 17-40: requisites for fitting into the binding pocket. Comput Biol Chem 35: 159—
168, 201 1. doi: 10.1016/j.compbiolchem.2011.04.01 1.

7. Ansoleaga B, Garcia-Esparcia P, Llorens F, Moreno J, Aso E, Ferrer |. Dysregulation of
brain olfactory and taste receptors in AD, PSP and CJD, and AD-related model.
Neuroscience 248: 369-382, 2013. doi:10.1016/j.neuroscience.2013.06.034.

8. Ansoleaga B, Garcia-Esparcia P, Pinacho R, Haro JM, Ramos B, Ferrer |. Decrease in
olfactory and taste receptor expression in the dorsolateral prefrontal cortex in
chronic schizophrenia. | Psychiatr Res 60: 109116, 2015. doi:10.1016/j.jpsychires.
2014.09.012.

9. Araneda RC, Firestein S. The scents of androstenone in humans. | Physiol 554: |, 2004.
doi: 10.1 1 13/jphysiol.2003.057075.

1758

10

20.

21.

22.

23.

24.

25.

26.

27.

28.

HANNS HATT

. Babusyte A, Kotthoff M, Fiedler |, Krautwurst D. Biogenic amines activate blood
leukocytes via trace amine-associated receptors TAARI and TAAR2. | Leukoc Biol 93:
387-394, 2013. doi: 10.1189/jlb.0912433.

. Babusyte A, Krautwurst D. Tracing Amines to their Receptors: A Synopsis in Light of
Recent Literature. Cell Biol: Res Ther 2: 2, 2013. doi:10.4172/2324-9293.1000103.

. Barros-Silva JD, Paulo P, Bakken AC, Cerveira N, Levf M, Henrique R, Jerénimo C,
Lothe RA, Skotheim RI, Teixeira MR. Novel 5’ fusion partners of ETV| and ETV4 in
prostate cancer. Neoplasia 15: 720-726, 2013. doi: 10.1593/neo. 1 3232.

. Baumgart S, Jansen F, Bintig W, Kalbe B, Herrmann C, Klumpers F, Késter SD, Scholz
P, Rasche S, Dooley R, Metzler-Nolte N, Spehr M, Hatt H, Neuhaus EM. The scaffold
protein MUPP| regulates odorant-mediated signaling in olfactory sensory neurons. |
Cell Sci 127: 2518-2527, 2014. doi: 10.1242/jcs. 144220.

. Bezprozvanny |, Tsien RW. Voltage-dependent blockade of diverse types of voltage-
gated Ca®" channels expressed in Xenopus oocytes by the Ca?* channel antagonist
mibefradil (Ro 40-5967). Mol Pharmacol 48: 540-549, 1995.

. Borowsky B, Adham N, Jones KA, Raddatz R, Artymyshyn R, Ogozalek KL, Durkin
MM, Lakhlani PP, Bonini JA, Pathirana S, Boyle N, Pu X, Kouranova E, Lichtblau H,
Ochoa FY, Branchek TA, Gerald C. Trace amines: identification of a family of mam-
malian G protein-coupled receptors. Proc Natl Acad Sci USA 98: 8966—8971, 2001.
doi:10.1073/pnas.151105198.

. Bradaia A, Trube G, Stalder H, Norcross RD, Ozmen L, Wettstein |G, Pinard A, Buchy
D, Gassmann M, Hoener MC, Bettler B. The selective antagonist EPPTB reveals
TAAR I -mediated regulatory mechanisms in dopaminergic neurons of the mesolimbic
system. Proc Natl Acad Sci USA 106: 20081-20086, 2009. doi:10.1073/pnas.
0906522106.

. Braun T, Voland P, Kunz L, Prinz C, Gratzl M. Enterochromaffin cells of the human
gut: sensors for spices and odorants. Gastroenterology 132: 1890—1901, 2007. doi: 10.
1053/j.gastro.2007.02.036.

. Brenker C, Goodwin N, Weyand |, Kashikar ND, Naruse M, Krihling M, Miiller A,
Kaupp UB, Striinker T. The CatSper channel: a polymodal chemosensor in human
sperm. EMBO | 31: 16541665, 2012. doi:10.1038/emboj.2012.30.

. Buchbauer G, Jager W, Jirovetz L, Meyer F, Dietrich H. Wirkungen von Baldriandl,
Borneol, Isoborneol, Bornylacetat und Isobornylacetat auf die Motilitit von Versuch-
stieren (Mausen) nach Inhalation. Pharmazie 47: 620—622, 1992.

Buchbauer G, Jirovetz L, Jager W. Passiflora and lime-blossoms: motility effects after
inhalation of the essential oils and of some of the main constituents in animal experi-
ment. Arch Pharm (Weinheim) 325: 247-248, 1992. doi:10.1002/ardp. 199232504 10.

Buck L, Axel R. A novel multigene family may encode odorant receptors: a molecular
basis for odor recognition. Cell 65: 175-187, 1991. doi:|10.1016/0092-8674(91)
90418-X.

Bush CF, Hall RA. Olfactory receptor trafficking to the plasma membrane. Cell Mol
Life Sci 65: 2289-2295, 2008. doi:10.1007/s00018-008-8028-z.

Bushdid C, Magnasco MO, Vosshall LB, Keller A. Humans can discriminate more than
| trillion olfactory stimuli. Science 343: 1370-1372, 2014. doi:|10.1126/science.
1249168.

Busse D, Kudella P, Griining N-M, Gisselmann G, Stander S, Luger T, Jacobsen F,
SteinstraBer L, Paus R, Gkogkolou P, Bohm M, Hatt H, Benecke H. A synthetic
sandalwood odorant induces wound-healing processes in human keratinocytes via the
olfactory receptor OR2ATA4. J Invest Dermatol 134: 2823-2832, 2014. doi:10.1038/
jid.2014.273.

Calvo SS-C, Egan JM. The endocrinology of taste receptors. Nat Rev Endocrinol |1:
213-227, 2015. doi: 10.1038/nrendo.2015.7.

Cao W, Li F, Yao ], Yu J. Prostate specific G protein coupled receptor is associated
with prostate cancer prognosis and affects cancer cell proliferation and invasion. BMC
Cancer 15: 915, 2015. doi: 10.1186/s12885-015-1921-6.

Carnicelli V, Santoro A, Sellari-Franceschini S, Berrettini S, Zucchi R. Expression of
Trace Amine-Associated Receptors in Human Nasal Mucosa. Chemosens Percept 3:
99-107, 2010. doi: 10.1007/s12078-010-9075-z.

Charlier L, Topin J, Ronin C, Kim S-K, Goddard WA I, Efremov R, Golebiowski |.
How broadly tuned olfactory receptors equally recognize their agonists. Human

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.


mailto:hanns.hatt@rub.de
https://doi.org/10.4172/2153-0645.1000152
https://doi.org/10.1111/j.1471-4159.2006.03859.x
https://doi.org/10.1111/j.1471-4159.2006.03859.x
https://doi.org/10.1371/journal.pgen.1002821
https://doi.org/10.1038/srep38231
https://doi.org/10.1016/B978-0-12-803603-7.00007-0
https://doi.org/10.1016/j.compbiolchem.2011.04.011
https://doi.org/10.1016/j.neuroscience.2013.06.034
https://doi.org/10.1016/j.jpsychires.2014.09.012
https://doi.org/10.1016/j.jpsychires.2014.09.012
https://doi.org/10.1113/jphysiol.2003.057075
https://doi.org/10.1189/jlb.0912433
https://doi.org/10.4172/2324-9293.1000103
https://doi.org/10.1593/neo.13232
https://doi.org/10.1242/jcs.144220
https://doi.org/10.1073/pnas.151105198
https://doi.org/10.1073/pnas.0906522106
https://doi.org/10.1073/pnas.0906522106
https://doi.org/10.1053/j.gastro.2007.02.036
https://doi.org/10.1053/j.gastro.2007.02.036
https://doi.org/10.1038/emboj.2012.30
https://doi.org/10.1002/ardp.19923250410
https://doi.org/10.1016/0092-8674(91)90418-X
https://doi.org/10.1016/0092-8674(91)90418-X
https://doi.org/10.1007/s00018-008-8028-z
https://doi.org/10.1126/science.1249168
https://doi.org/10.1126/science.1249168
https://doi.org/10.1038/jid.2014.273
https://doi.org/10.1038/jid.2014.273
https://doi.org/10.1038/nrendo.2015.7
https://doi.org/10.1186/s12885-015-1921-6
https://doi.org/10.1007/s12078-010-9075-z

29.

30.

31

32.

33.

34.

35.

35a.

36.

37.

38.

40.

41.

42.

43.

44,

45.

46.

47.

OLFACTORY RECEPTORS: CELLULAR FUNCTIONS OUTSIDE OF THE NOSE

ORIGI as a test case. Cell Mol Life Sci 69: 4205-4213, 2012. doi:10.1007/s00018-
012-1116-0.

Chess A, Simon |, Cedar H, Axel R. Allelic inactivation regulates olfactory receptor
gene expression. Cell 78: 823-834, 1994. doi:10.1016/S0092-8674(94)90562-2.

Clark AA, Nurmukhambetova S, Li X, Munger SD, Lees JR. Odorants specifically
modulate chemotaxis and tissue retention of CD4+ T cells via cyclic adenosine
monophosphate induction. | Leukoc Biol 100: 699-709, 2016. doi:|0.1189/jlb.
1A0914-425RR.

Clowney EJ, LeGros MA, Mosley CP, Clowney FG, Markenskoff-Papadimitriou EC,
Myllys M, Barnea G, Larabell CA, Lomvardas S. Nuclear aggregation of olfactory
receptor genes governs their monogenic expression. Cell 151: 724-737, 2012. doi:
10.1016/j.cell.2012.09.043.

Costa CG, Dorland L, Holwerda U, de Almeida IT, Poll-The BT, Jakobs C, Duran M.
Simultaneous analysis of plasma free fatty acids and their 3-hydroxy analogs in fatty
acid beta-oxidation disorders. Clin Chem 44: 463—471, 1998.

Crowell PL, Lin S, Vedejs E, Gould MN. Identification of metabolites of the antitumor
agent D-limonene capable of inhibiting protein isoprenylation and cell growth. Cancer
Chemother Pharmacol 31: 205-212, 1992. doi:10.1007/BF00685549.

Cui T, Tsolakis AV, Li S-C, Cunningham JL, Lind T, C")berg K, Giandomenico V.
Olfactory receptor 5| E| protein as a potential novel tissue biomarker for small intes-
tine neuroendocrine carcinomas. Eur | Endocrinol 168: 253-261, 2013. doi:10.1530/
EJE-12-0814.

Cunha AC, Weigle B, Kiessling A, Bachmann M, Rieber EP. Tissue-specificity of pros-
tate specific antigens: comparative analysis of transcript levels in prostate and non-
prostatic tissues. Cancer Lett 236: 229-238, 2006. doi: 10.1016/j.canlet.2005.05.021.

De la Cruz O, Blekhman R, Zhang X, Nicolae D, Firestein S, Gilad Y. A signature of
evolutionary constraint on a subset of ectopically expressed olfactory receptor genes.
Mol Biol Evol 26: 491-494, 2009. doi: 10.1093/molbev/msn294.

Dejosez M, Ura H, Brandt VL, Zwaka TP. Safeguards for cell cooperation in mouse
embryogenesis shown by genome-wide cheater screen. Science 341: 1511-1514,
2013. doi:10.1126/science.241628.

Depoortere . Taste receptors of the gut: emerging roles in health and disease. Gut 63:
179-190, 2014. doi:10.1136/gutjnl-2013-305112.

D’Hulst C, Mina RB, Gershon Z, Jamet S, Cerullo A, Tomoiaga D, Bai L, Belluscio L,
Rogers ME, Sirotin Y, Feinstein P. MouSensor: A Versatile Genetic Platform to Create
Super Sniffer Mice for Studying Human Odor Coding. Cell Reports 16: 1115-1125,
2016. doi:10.1016/j.celrep.2016.06.047.

Edwards PA, Ericsson |. Sterols and isoprenoids: signaling molecules derived from the
cholesterol biosynthetic pathway. Annu Rev Biochem 68: 157185, 1999. doi: 0.1 146/
annurev.biochem.68.1.157.

Ertel SI, Clozel JP. Mibefradil (Ro 40-5967): the first selective T-type Ca?" channel
blocker. Expert Opin Investig Drugs 6: 569-582, 1997. doi:10.1517/13543784.6.5.569.

Falk-Filipsson A, Lof A, Hagberg M, Hjelm EW, Wang Z. p-Limonene exposure to
humans by inhalation: uptake, distribution, elimination, and effects on the pulmonary
function. | Toxicol Environ Health 38: 77—88, 1993. doi: 10.1080/15287399309531702.

Feingold EA, Penny LA, Nienhuis AW, Forget BG. An olfactory receptor gene is
located in the extended human beta-globin gene cluster and is expressed in erythroid
cells. Genomics 61: 15-23, 1999. doi:10.1006/geno.1999.5935.

Feldmesser E, Olender T, Khen M, Yanai |, Ophir R, Lancet D. Widespread ectopic
expression of olfactory receptor genes. BMC Genomics 7: 121, 2006. doi:10.1186/
1471-2164-7-121.

Ferrer |, Garcia-Esparcia P, Carmona M, Carro E, Aronica E, Kovacs GG, Grison A,
Gustincich S. Olfactory Receptors in Non-Chemosensory Organs: The Nervous Sys-
tem in Health and Disease. Front Aging Neurosci 8: 163, 2016. doi:10.3389/fnagi.2016.
00163.

Firestein S. How the olfactory system makes sense of scents. Nature 413: 211-218,
2001. doi:10.1038/35093026.

Flegel C, Manteniotis S, Osthold S, Hatt H, Gisselmann G. Expression profile of
ectopic olfactory receptors determined by deep sequencing. PLoS One 8: €55368,
2013. doi:10.1371/journal.pone.0055368.

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

Flegel C, Schobel N, Altmiiller |, Becker C, Tannapfel A, Hatt H, Gisselmann G.
RNA-Seq Analysis of Human Trigeminal and Dorsal Root Ganglia with a Focus on
Chemoreceptors. PLoS One 10: 0128951, 2015. doi: 10.137/journal.pone.0128951.

Flegel C, Vogel F, Hofreuter A, Schreiner BSP, Osthold S, Veitinger S, Becker C,
Brockmeyer NH, Muschol M, Wennemuth G, Altmiiller J, Hatt H, Gisselmann G.
Characterization of the Olfactory Receptors Expressed in Human Spermatozoa. Front
Mol Biosci 2: 73, 2016. doi:10.3389/fmolb.2015.00073.

Foster SR, Roura E, Thomas WG. Extrasensory perception: odorant and taste recep-
tors beyond the nose and mouth. Pharmacol Ther 142: 41-61, 2014. doi:10.1016/j.
pharmthera.2013.11.004.

Freitag ], Krieger ], Strotmann ], Breer H. Two classes of olfactory receptors in
Xenopus laevis. Neuron 15: 1383-1392, 1995. doi:10.1016/0896-6273(95)90016-0.

Fuessel S, Weigle B, Schmidt U, Baretton G, Koch R, Bachmann M, Rieber EP, Wirth
MP, Meye A. Transcript quantification of Dresden G protein-coupled receptor (D-
GPCR) in primary prostate cancer tissue pairs. Cancer Lett 236: 95—104, 2006. doi:
10.1016/j.canlet.2005.05.005.

Fujita Y, Takahashi T, Suzuki A, Kawashima K, Nara F, Koishi R. Deorphanization of
Dresden G protein-coupled receptor for an odorant receptor. | Recept Signal Trans-
duct Res 27: 323-334, 2007. doi: 10.1080/10799890701534180.

Fukuda N, Yomogida K, Okabe M, Touhara K. Functional characterization of a mouse
testicular olfactory receptor and its role in chemosensing and in regulation of sperm
motility. | Cell Sci | 17: 5835-5845, 2004. doi: |0.1242/jcs.01507.

Fuss SH, Omura M, Mombaerts P. Local and cis effects of the H element on expres-
sion of odorant receptor genes in mouse. Cell 130: 373-384, 2007. doi: 10.1016/j.cell.
2007.06.023.

Garcia-Esparcia P, Schliiter A, Carmona M, Moreno ], Ansoleaga B, Torrején-Es-
cribano B, Gustincich S, Pujol A, Ferrer |. Functional genomics reveals dysregulation of
cortical olfactory receptors in Parkinson disease: novel putative chemoreceptors in
the human brain. | Neuropathol Exp Neurol 72: 524-539, 2013. doi:10.1097/NEN.
0b013e318294fd76.

Geithe C, Andersen G, Malki A, Krautwurst D. A Butter Aroma Recombinate Acti-
vates Human Class-I Odorant Receptors. | Agric Food Chem 63: 9410-9420, 2015.
doi:10.1021/acs.jafc.5b01884.

Geithe C, Noe F, Kreissl ], Krautwurst D. The Broadly Tuned Odorant Receptor
ORIALI is Highly Selective for 3-Methyl-2,4-nonanedione, a Key Food Odorant in
Aged Wines, Tea, and Other Foods. Chem Senses 42: 181-193, 2017. doi:10.1093/
chemse/bjw 1 17.

Gelis L, Jovancevic N, Bechara FG, Neuhaus EM, Hatt H. Functional expression of
olfactory receptors in human primary melanoma and melanoma metastasis. Exp Der-
matol 26: 569-576, 2017. doi:10.1111/exd.13316.

Gelis L, Jovancevic N, Veitinger S, Mandal B, Arndt H-D, Neuhaus EM, Hatt H.
Functional Characterization of the Odorant Receptor 51E2 in Human Melanocytes. |
Biol Chem 291: 17772-17786, 2016. doi:10.1074/jbc.M116.734517.

Gelis L, Wolf S, Hatt H, Neuhaus EM, Gerwert K. Prediction of a ligand-binding niche
within a human olfactory receptor by combining site-directed mutagenesis with dy-
namic homology modeling. Angew Chem Int Ed Engl 51: 1274-1278, 2012. doi:|0.
1002/anie.201103980.

Giandomenico V, Cui T, Grimelius L, Oberg K, Pelosi G, Tsolakis AV. Olfactory
receptor 51E| as a novel target for diagnosis in somatostatin receptor-negative lung
carcinoids. | Mol Endocrinol 51: 277-286, 2013. doi: 10.1530/JME-13-0144.

Goldstein JL, Brown MS. Regulation of the mevalonate pathway. Nature 343: 425—
430, 1990. doi:10.1038/34342520.

Gonzalez-Kristeller DC, do Nascimento |B, Galante PA, Malnic B. Identification of
agonists for a group of human odorant receptors. Front Pharmacol 6: 35, 2015. doi:
10.3389/fphar.2015.00035.

Gorlov IP, Byun J, Zhao H, Logothetis CJ, Gorlova OY. Beyond comparing means: the
usefulness of analyzing interindividual variation in gene expression for identifying
genes associated with cancer development. | Bioinform Comput Biol 10: 1241013,
2012. doi:10.1142/S0219720012410132.

Gould MN. Cancer chemoprevention and therapy by monoterpenes. Environ Health
Perspect 105, Suppl 4: 977-979, 1997. doi: 10.1289/ehp.97105s4977.

1739

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.


https://doi.org/10.1007/s00018-012-1116-0
https://doi.org/10.1007/s00018-012-1116-0
https://doi.org/10.1016/S0092-8674(94)90562-2
https://doi.org/10.1189/jlb.1A0914-425RR
https://doi.org/10.1189/jlb.1A0914-425RR
https://doi.org/10.1016/j.cell.2012.09.043
https://doi.org/10.1007/BF00685549
https://doi.org/10.1530/EJE-12-0814
https://doi.org/10.1530/EJE-12-0814
https://doi.org/10.1016/j.canlet.2005.05.021
https://doi.org/10.1093/molbev/msn294
https://doi.org/10.1126/science.1241628
https://doi.org/10.1136/gutjnl-2013-305112
https://doi.org/10.1016/j.celrep.2016.06.047
https://doi.org/10.1146/annurev.biochem.68.1.157
https://doi.org/10.1146/annurev.biochem.68.1.157
https://doi.org/10.1517/13543784.6.5.569
https://doi.org/10.1080/15287399309531702
https://doi.org/10.1006/geno.1999.5935
https://doi.org/10.1186/1471-2164-7-121
https://doi.org/10.1186/1471-2164-7-121
https://doi.org/10.3389/fnagi.2016.00163
https://doi.org/10.3389/fnagi.2016.00163
https://doi.org/10.1038/35093026
https://doi.org/10.1371/journal.pone.0055368
https://doi.org/10.1371/journal.pone.0128951
https://doi.org/10.3389/fmolb.2015.00073
https://doi.org/10.1016/j.pharmthera.2013.11.004
https://doi.org/10.1016/j.pharmthera.2013.11.004
https://doi.org/10.1016/0896-6273(95)90016-0
https://doi.org/10.1016/j.canlet.2005.05.005
https://doi.org/10.1080/10799890701534180
https://doi.org/10.1242/jcs.01507
https://doi.org/10.1016/j.cell.2007.06.023
https://doi.org/10.1016/j.cell.2007.06.023
https://doi.org/10.1097/NEN.0b013e318294fd76
https://doi.org/10.1097/NEN.0b013e318294fd76
https://doi.org/10.1021/acs.jafc.5b01884
https://doi.org/10.1093/chemse/bjw117
https://doi.org/10.1093/chemse/bjw117
https://doi.org/10.1111/exd.13316
https://doi.org/10.1074/jbc.M116.734517
https://doi.org/10.1002/anie.201103980
https://doi.org/10.1002/anie.201103980
https://doi.org/10.1530/JME-13-0144
https://doi.org/10.1038/343425a0
https://doi.org/10.3389/fphar.2015.00035
https://doi.org/10.1142/S0219720012410132
https://doi.org/10.1289/ehp.97105s4977

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

82.

83.

84.

1760

DESIREE MABBERG AND

Griffin CA, Kafadar KA, Pavlath GK. MOR23 promotes muscle regeneration and
regulates cell adhesion and migration. Dev Cell 17: 649-661, 2009. doi:10.1016/j.
devcel.2009.09.004.

Grison A, Zucchelli S, Urzi A, Zamparo |, Lazarevic D, Pascarella G, Roncaglia P,
Giorgetti A, Garcia-Esparcia P, Vlachouli C, Simone R, Persichetti F, Forrest ARR,
Hayashizaki Y, Carloni P, Ferrer |, Lodovichi C, Plessy C, Carninci P, Gustincich S;
FANTOM Consortium. Mesencephalic dopaminergic neurons express a repertoire of
olfactory receptors and respond to odorant-like molecules. BMC Genomics 15: 729,
2014. doi:10.1186/1471-2164-15-729.

Gu X, Ben-Shahar Y. Olfactory receptors in human airway epithelia. Methods Mol Biol
1003: 161-169, 2013. doi:10.1007/978-1-62703-377-0_12.

Gu X, Karp PH, Brody SL, Pierce RA, Welsh M|, Holtzman M), Ben-Shahar Y. Che-
mosensory functions for pulmonary neuroendocrine cells. Am J Respir Cell Mol Biol 50:
637-646, 2014. doi:10.1165/rcmb.2013-01990C.

Hague C, Uberti MA, Chen Z, Bush CF, Jones SV, Ressler K], Hall RA, Minneman KP.
Olfactory receptor surface expression is driven by association with the beta2-adren-
ergic receptor. Proc Natl Acad Sci USA 101: 13672-13676, 2004. doi:10.1073/pnas.
0403854101.

Hanchate NK, Kondoh K, Lu Z, Kuang D, Ye X, Qiu X, Pachter L, Trapnell C, Buck
LB. Single-cell transcriptomics reveals receptor transformations during olfactory neu-
rogenesis. Science 350: 1251-1255, 2015. doi: 10.1 126/science.aad2456.

Hartmann C, Mayenzet F, Larcinese J-P, Haefliger OP, Buettner A, Starkenmann C.
Development of an analytical approach for identification and quantification of 5-a-
androst-16-en-3-one in human milk. Steroids 78: 156—160, 2013. doi:10.1016/j.
steroids.2012.11.005.

Hartmann C, Triller A, Spehr M, Dittrich R, Hatt H, Buettner A. Sperm-Activating
Odorous Substances in Human Follicular Fluid and Vaginal Secretion: Identification by
Gas Chromatography—Olfactometry and Ca?* Imaging. Chempluschem 78: 695-702,
2013. doi:10.1002/cplu.201300008.

Hatt H, Gisselmann G, Wetzel CH. Cloning, functional expression and characteriza-
tion of a human olfactory receptor. Cell Mol Biol (Noisy-le-grand) 45: 285-291, 1999.

Huang M, Lu J-J, Huang M-Q, Bao J-L, Chen X-P, Wang Y-T. Terpenoids: natural
products for cancer therapy. Expert Opin Investig Drugs 21: 1801-1818, 2012. doi: 0.
1517/13543784.2012.727395.

Ichimura A, Kadowaki T, Narukawa K, Togiya K, Hirasawa A, Tsujimoto G. In silico
approach to identify the expression of the undiscovered molecules from microarray
public database: identification of odorant receptors expressed in non-olfactory tis-
sues. Naunyn Schmiedebergs Arch Pharmacol 377: 159-165, 2008. doi:10.1007/
s00210-007-0255-6.

Igimi H, Nishimura M, Kodama R, Ide H. Studies on the metabolism of p-limonene
(p-mentha-1,8-diene). |. The absorption, distribution and excretion of D-limonene in
rats. Xenobiotica 4: 77-84, 1974. doi:10.3109/00498257409049347.

Jacquier V, Pick H, Vogel H. Characterization of an extended receptive ligand reper-
toire of the human olfactory receptor OR17-40 comprising structurally related com-
pounds. | Neurochem 97: 537-544, 2006. doi: 10.1 1 | 1/j.1471-4159.2006.0377 | .x.

Jager W, Buchbauer G, Jirovetz L, Fritzer M. Percutaneous absorption of lavender oil
from a massage oil. | Soc Cosmet Chem 43: 49-54, 1992.

. Jones S, Fernandes NV, Yeganehjoo H, Katuru R, Qu H, Yu Z, Mo H. B-lonone

induces cell cycle arrest and apoptosis in human prostate tumor cells. Nutr Cancer 65:
600-610, 2013. doi:10.1080/01635581.2013.776091.

Jovancevic N, Dendorfer A, Matzkies M, Kovarova M, Heckmann JC, Osterloh M,
Boehm M, Weber L, Nguemo F, Semmler ), Hescheler ], Milting H, Schleicher E, Gelis
L, Hatt H. Medium-chain fatty acids modulate myocardial function via a cardiac odor-
ant receptor. Basic Res Cardiol 112: 13, 2017. doi:10.1007/s00395-017-0600-y.

Jovancevic N, Wunderlich KA, Haering C, Flegel C, MaBberg D, Weinrich M, Weber
L, Tebbe L, Kampik A, Gisselmann G, Wolfrum U, Hatt H, Gelis L. Deep Sequencing
of the Human Retinae Reveals the Expression of Odorant Receptors. Front Cell Neu-
rosci | 1: 03, 2017. doi:10.3389/fncel.2017.00003.

Kajiya K, Inaki K, Tanaka M, Haga T, Kataoka H, Touhara K. Molecular bases of odor
discrimination: reconstitution of olfactory receptors that recognize overlapping sets
of odorants. | Neurosci 21: 6018-6025, 2001.

85

86.

87.

88.

89.

90.

9l.

92.

93.

94.

95.

96.

97.

98.

HANNS HATT

. Kalbe B, Knobloch |, Schulz VM, Wecker C, Schlimm M, Scholz P, Jansen F, Stoelben
E, Philippou S, Hecker E, Liibbert H, Koch A, Hatt H, Osterloh S. Olfactory Receptors
Modulate Physiological Processes in Human Airway Smooth Muscle Cells. Front
Physiol 7: 339, 2016. doi: 10.3389/fphys.2016.00339.

Kalbe B, Schlimm M, Mohrhardt ], Scholz P, Jansen F, Hatt H, Osterloh S. Helional
induces Ca?" decrease and serotonin secretion of QGP-1 cells via a PKG-mediated
pathway. | Mol Endocrinol 57: 201-210, 2016. doi: 10.1530/|ME-16-0063.

Kalbe B, Schlimm M, Woijcik S, Philippou S, MaBberg D, Jansen F, Scholz P, Luebbert
H, Ubrig B, Osterloh S, Hatt H. Olfactory signaling components and olfactory recep-
tors are expressed in tubule cells of the human kidney. Arch Biochem Biophys 610:
8-15,2016. doi:10.1016/j.abb.2016.09.017.

Kalbe B, Schulz VM, Schlimm M, Philippou S, Jovancevic N, Jansen F, Scholz P, Liibbert
H, Jarocki M, Faissner A, Hecker E, Veitinger S, Tsai T, Osterloh S, Hatt H. Helional-
induced activation of human olfactory receptor 2J3 promotes apoptosis and inhibits
proliferation in a non-small-cell lung cancer cell line. Eur | Cell Biol 96: 3446, 2017.
doi:10.1016/j.ejcb.2016.11.004.

Kang N, Koo ]. Olfactory receptors in non-chemosensory tissues. BMB Rep 45: 6 12—
622,2012. doi:10.5483/BMBRep.2012.45.11.232.

Kaupp UB, Niidome T, Tanabe T, Terada S, Bonigk W, Stihmer W, Cook NJ, Kan-
gawa K, Matsuo H, Hirose T, Miyata T, Numa S. Primary structure and functional
expression from complementary DNA of the rod photoreceptor cyclic GMP-gated
channel. Nature 342: 762-766, 1989. doi:10.1038/342762a0.

Keller A, Zhuang H, Chi Q, Vosshall LB, Matsunami H. Genetic variation in a human
odorant receptor alters odour perception. Nature 449: 468472, 2007. doi:10.1038/
nature06162.

Kidd M, Modlin IM, Gustafsson Bl, Drozdov |, Hauso O, Pfragner R. Luminal regula-
tion of normal and neoplastic human EC cell serotonin release is mediated by bile salts,
amines, tastants, and olfactants. Am | Physiol Gastrointest Liver Physiol 295: G260—
G272, 2008. doi: 1 0. | 1 52/ajpgi.00056.2008.

Kim S-H, Yoon YC, Lee AS, Kang N, Koo |, Rhyu M-R, Park J-H. Expression of human
olfactory receptor 10J5 in heart aorta, coronary artery, and endothelial cells and its
functional role in angiogenesis. Biochem Biophys Res Commun 460: 404-408, 2015.
doi:10.1016/j.bbrc.2015.03.046.

Kodama R, Yano T, Furukawa K, Noda K, Ide H. Studies on the metabolism of
D-limonene (p-mentha-1,8-diene). IV. Isolation and characterization of new metabo-
lites and species differences in metabolism. Xenobiotica 6: 377-389, 1976. doi:|0.
3109/00498257609151649.

Kohlert C, Schindler G, Marz RW, Abel G, Brinkhaus B, Derendorf H, Grife E-U, Veit
M. Systemic availability and pharmacokinetics of thymol in humans. | Clin Pharmacol
42: 731-737, 2002. doi: 10.1177/009127002401 102678.

Kohlert C, van Rensen |, Mérz R, Schindler G, Graefe EU, Veit M. Bioavailability and
pharmacokinetics of natural volatile terpenes in animals and humans. Planta Med 66:
495-505, 2000. doi: 10.1055/5-2000-86 1 6.

Koyano S, Emi M, Saito T, Makino N, Toriyama S, Ishii M, Kubota I, Kato T, Kawata S.
Common null variant, Arg|92Stop, in a G-protein coupled receptor, olfactory recep-
tor IBI, associated with decreased serum cholinesterase activity. Hepatol Res 38:
696-703, 2008. doi: 10.1 1 11/j.1872-034X.2008.00327 .

Krautwurst D, Yau KW, Reed RR. Identification of ligands for olfactory receptors by
functional expression of a receptor library. Cell 95: 917-926, 1998. doi:10.1016/
$0092-8674(00)81716-X.

100. Lai PC, Crasto CJ. Beyond modeling: all-atom olfactory receptor model simulations.

10

102

103

Front Genet 3: 61, 2012. doi:10.3389/fgene.2012.0006 1.

I. Laskowski S, Balicki S. Anatomie normale du corps humain: atlas iconographique de XVI
planches/par le docteur S. Laskowski; dessineés d’apres les préparations de I'auteur par
S. Balicki. Genéve: Braun, 1894.

. Leja), Essaghir A, Essand M, Wester K, Oberg K, Tétterman TH, Lloyd R, Vasmatzis
G, Demoulin J-B, Giandomenico V. Novel markers for enterochromaffin cells and
gastrointestinal neuroendocrine carcinomas. Mod Pathol 22: 26 1-272, 2009. doi: | 0.
1038/modpathol.2008.174.

. Li F. Taste perception: from the tongue to the testis. Mol Hum Reprod 19: 349-360,
2013. doi:10.1093/molehr/gat009.

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.


https://doi.org/10.1016/j.devcel.2009.09.004
https://doi.org/10.1016/j.devcel.2009.09.004
https://doi.org/10.1186/1471-2164-15-729
https://doi.org/10.1007/978-1-62703-377-0_12
https://doi.org/10.1165/rcmb.2013-0199OC
https://doi.org/10.1073/pnas.0403854101
https://doi.org/10.1073/pnas.0403854101
https://doi.org/10.1126/science.aad2456
https://doi.org/10.1016/j.steroids.2012.11.005
https://doi.org/10.1016/j.steroids.2012.11.005
https://doi.org/10.1002/cplu.201300008
https://doi.org/10.1517/13543784.2012.727395
https://doi.org/10.1517/13543784.2012.727395
https://doi.org/10.1007/s00210-007-0255-6
https://doi.org/10.1007/s00210-007-0255-6
https://doi.org/10.3109/00498257409049347
https://doi.org/10.1111/j.1471-4159.2006.03771.x
https://doi.org/10.1080/01635581.2013.776091
https://doi.org/10.1007/s00395-017-0600-y
https://doi.org/10.3389/fncel.2017.00003
https://doi.org/10.3389/fphys.2016.00339
https://doi.org/10.1530/JME-16-0063
https://doi.org/10.1016/j.abb.2016.09.017
https://doi.org/10.1016/j.ejcb.2016.11.004
https://doi.org/10.5483/BMBRep.2012.45.11.232
https://doi.org/10.1038/342762a0
https://doi.org/10.1038/nature06162
https://doi.org/10.1038/nature06162
https://doi.org/10.1152/ajpgi.00056.2008
https://doi.org/10.1016/j.bbrc.2015.03.046
https://doi.org/10.3109/00498257609151649
https://doi.org/10.3109/00498257609151649
https://doi.org/10.1177/009127002401102678
https://doi.org/10.1055/s-2000-8616
https://doi.org/10.1111/j.1872-034X.2008.00327.x
https://doi.org/10.1016/S0092-8674(00)81716-X
https://doi.org/10.1016/S0092-8674(00)81716-X
https://doi.org/10.3389/fgene.2012.00061
https://doi.org/10.1038/modpathol.2008.174
https://doi.org/10.1038/modpathol.2008.174
https://doi.org/10.1093/molehr/gat009

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

I15.

116.

117.

118.

119.

120.

121.

OLFACTORY RECEPTORS: CELLULAR FUNCTIONS OUTSIDE OF THE NOSE

Li J), Tay HL, Plank M, Essilfie A-T, Hansbro PM, Foster PS, Yang M. Activation of
olfactory receptors on mouse pulmonary macrophages promotes monocyte chemot-
actic protein-| production. PLoS One 8: e80148, 2013. doi:|0.137/journal.pone.
0080148.

Li S, Ahmed L, Zhang R, Pan Y, Matsunami H, Burger JL, Block E, Batista VS, Zhuang
H. Smelling Sulfur: Copper and Silver Regulate the Response of Human Odorant
Receptor OR2TI | to Low-Molecular-Weight Thiols. | Am Chem Soc 138: 13281-
13288, 2016. doi:10.1021/jacs.6b06983.

Li YR, Matsunami H. Activation state of the M3 muscarinic acetylcholine receptor
modulates mammalian odorant receptor signaling. Sci Signal 4: ral, 201 1. doi: 10.1126/
scisignal.2001230.

Liberles SD, Buck LB. A second class of chemosensory receptors in the olfactory
epithelium. Nature 442: 645-650, 2006. doi: | 0.1038/nature05066.

Lomvardas S, Barnea G, Pisapia D), Mendelsohn M, Kirkland J, Axel R. Interchromo-
somal interactions and olfactory receptor choice. Cell 126: 403—-413, 2006. doi: | 0.
1016/j.cell.2006.06.035.

Lonsdale ], Thomas |, Salvatore M, et al. The Genotype-Tissue Expression (GTEx)
project. Nat Genet 45: 580-585, 2013. doi:10.1038/ng.2653.

Lyons DB, Magklara A, Goh T, Sampath SC, Schaefer A, Schotta G, Lomvardas S.
Heterochromatin-mediated gene silencing facilitates the diversification of olfactory
neurons. Cell Reports 9: 884—-892, 2014. doi:10.1016/j.celrep.2014.10.001.

Ma X, Guan L, WuW, Zhang Y, Zheng W, Gao Y-T, Long |, Wu N, Wu L, Xiang Y, Xu
B, Shen M, Chen Y, Wang Y, Yin Y, Li Y, Xu H, Xu X, Li Y. Whole-exome sequencing
identifies OR2W3 mutation as a cause of autosomal dominant retinitis pigmentosa. Sci
Rep 5: 9236, 2015. doi:10.1038/srep09236.

Mainland JD, Keller A, Li YR, Zhou T, Trimmer C, Snyder LL, Moberly AH, Adipietro
KA, Liu WLL, Zhuang H, Zhan S, Lee SS, Lin A, Matsunami H. The missense of smell:
functional variability in the human odorant receptor repertoire. Nat Neurosci |7:
114-120, 2014. doi:10.1038/nn.3598.

Mainland JD, Li YR, Zhou T, Liu WLL, Matsunami H. Human olfactory receptor
responses to odorants. Sci Data 2: 150002, 2015. doi:10.1038/sdata.2015.2.

Malki A, Fiedler |, Fricke K, Ballweg I, Pfaffl MW, Krautwurst D. Class | odorant
receptors, TASIR and TAS2R taste receptors, are markers for subpopulations of
circulating leukocytes. | Leukoc Biol 97: 533-545, 2015. doi:10.1189/jIb.2A0714-
33IRR.

Manteniotis S, Wojcik S, Brauhoff P, Méllmann M, Petersen L, Géthert JR, Schmiegel
W, Diihrsen U, Gisselmann G, Hatt H. Functional characterization of the ectopically
expressed olfactory receptor 2AT4 in human myelogenous leukemia. Cell Death Dis 2:
15070, 2016. doi:10.1038/cddiscovery.2015.70.

Manteniotis S, Wojcik S, Géthert JR, Diirig |, Duhrsen U, Gisselmann G, Hatt H.
Deorphanization and characterization of the ectopically expressed olfactory receptor
OR51B5 in myelogenous leukemia cells. Cell Death Dis 2: 16010, 2016. doi:10.1038/
cddiscovery.2016.10.

Marcinek P, Geithe C, Krautwurst D. Chemosensory G Protein-Coupled Receptors
(GPCR) in Blood Leukocytes. In: Taste and Smell, edited by Krautwurst D. Berlin:
Springer, 2017, p. 151-173.

MaBberg D, Jovancevic N, Offermann A, Simon A, Baniahmad A, Perner S, Pungsri-
nont T, Luko K, Philippou S, Ubrig B, Heiland M, Weber L, Altmidiller ], Becker C,
Gisselmann G, Gelis L, Hatt H. The activation of OR5IE| causes growth suppression
of human prostate cancer cells. Oncotarget 7: 48231-48249, 2016. doi:10.18632/
oncotarget.|0197.

MaBberg D, Simon A, Haussinger D, Keitel V, Gisselmann G, Conrad H, Hatt H.
Monoterpene (-)-citronellal affects hepatocarcinoma cell signaling via an olfactory
receptor. Arch Biochem Biophys 566: 100—109, 2015. doi:10.1016/j.abb.2014.12.004.

Matarazzo V, Clot-Faybesse O, Marcet B, Guiraudie-Capraz G, Atanasova B,
Devauchelle G, Cerutti M, Etiévant P, Ronin C. Functional characterization of two
human olfactory receptors expressed in the baculovirus Sf9 insect cell system. Chem
Senses 30: 195-207, 2005. doi: |0.1093/chemse/bji0 5.

Matsueda S, Wang M, Weng |, Li Y, Yin B, Zou, Li Q, Zhao W, Peng W, Legras X, Loo
C, Wang R-F, Wang HY. Identification of prostate-specific G-protein coupled recep-
tor as a tumor antigen recognized by CD8(+) T cells for cancer immunotherapy. PLoS
One 7: e45756, 2012. doi:10.137/journal.pone.0045756.

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

McClintock TS, Landers TM, Gimelbrant AA, Fuller LZ, Jackson BA, Jayawickreme
CK, Lerner MR. Functional expression of olfactory-adrenergic receptor chimeras and
intracellular retention of heterologously expressed olfactory receptors. Brain Res Mol
Brain Res 48: 270-278, 1997. doi:10.1016/S0169-328X(97)00099-5.

Meister M. On the dimensionality of odor space. eLife 4: 07865, 2015. doi: 10.7554/
eLife.07865.

Mertens F, Johansson B, Fioretos T, Mitelman F. The emerging complexity of gene
fusions in cancer. Nat Rev Cancer 15: 371-381, 2015. doi:10.1038/nrc3947.

Mills D, Kawahara Y, Janitz M. Strand-Specific RNA-Seq Provides Greater Resolution
of Transcriptome Profiling. Curr Genomics 14: 173-181, 2013. doi:10.2174/
1389202911314030003.

Morita R, Hirohashi Y, Torigoe T, Ito-Inoda S, Takahashi A, Mariya T, Asanuma H,
TamuraY, Tsukahara T, Kanaseki T, Kubo T, Kutomi G, Mizuguchi T, Terui T, Ishitani
K, Hashino S, Kondo T, Minagawa N, Takahashi N, Taketomi A, Todo S, Asaka M,
Sato N. Olfactory Receptor Family 7 Subfamily C Member | Is a Novel Marker of
Colon Cancer-Initiating Cells and Is a Potent Target of Immunotherapy. Clin Cancer
Res 22: 3298-3309, 2016. doi: 10.1158/1078-0432.CCR-15-1709.

Muranen TA, Greco D, Fagerholm R, Kilpivaara O, Kampjarvi K, Aittomaki K,
Blomqvist C, Heikkila P, Borg A, Nevanlinna H. Breast tumors from CHEK2
| 100delC-mutation carriers: genomic landscape and clinical implications. Breast Can-
cer Res 13: R90, 201 I. doi: 10.1186/bcr3015.

Natarajan N, Pluznick JL. Olfaction in the kidney: ‘smelling’ gut microbial metabolites.
Exp Physiol 101: 478—481, 2016. doi: 10.1 | | 3/EP085285.

Nelson DA, Tolbert MD, Singh SJ, Bost KL. Expression of neuronal trace amine-
associated receptor (Taar) mRNAs in leukocytes. | Neuroimmunol 192: 21-30, 2007.
doi:10.1016/j.jneuroim.2007.08.006.

Neuhaus EM, Mashukova A, Barbour ], Wolters D, Hatt H. Novel function of beta-
arrestin2 in the nucleus of mature spermatozoa. | Cell Sci 119: 3047-3056, 2006.
doi:10.1242/jcs.03046.

Neuhaus EM, Mashukova A, Zhang W, Barbour ], Hatt H. A specific heat shock
protein enhances the expression of mammalian olfactory receptor proteins. Chem
Senses 31:445-452, 2006. doi:10.1093/chemse/bjj049.

Neuhaus EM, Zhang W, Gelis L, Deng Y, Noldus ], Hatt H. Activation of an olfactory
receptor inhibits proliferation of prostate cancer cells. | Biol Chem 284: 1621816225,
2009. doi:10.1074/jbc.M109.012096.

Ngai ], Dowling MM, Buck L, Axel R, Chess A. The family of genes encoding odorant
receptors in the channel catfish. Cell 72: 657-666, 1993. doi:10.1016/0092-
8674(93)90395-7.

Noe F, Polster |, Geithe C, Kotthoff M, Schieberle P, Krautwurst D. OR2M3: A Highly
Specific and Narrowly Tuned Human Odorant Receptor for the Sensitive Detection
of Onion Key Food Odorant 3-Mercapto-2-methylpentan- | -ol. Chem Senses 42: 195—
210, 2017. doi:10.1093/chemse/bjw | 18.

Olender T, Keydar |, Pinto JM, Tatarskyy P, Alkelai A, Chien M-S, Fishilevich S,
Restrepo D, Matsunami H, Gilad Y, Lancet D. The human olfactory transcriptome.
BMC Genomics 17: 619, 2016. doi: 0.1 186/s12864-016-2960-3.

Olender T, Nativ N, Lancet D. HORDE: comprehensive resource for olfactory re-
ceptor genomics. Methods Mol Biol 1003: 23-38, 2013. doi:10.1007/978-1-62703-
377-0_2.

Ottaviano G, Zuccarello D, Menegazzo M, Perilli L, Marioni G, Frigo AC, Staffieri A,
Foresta C. Human olfactory sensitivity for bourgeonal and male infertility: a prelimi-
nary investigation. Eur Arch Otorhinolaryngol 270: 3079-3086, 2013. doi:10.1007/
s00405-013-2441-0.

Overington JP, Al-Lazikani B, Hopkins AL. How many drug targets are there? Nat Rev
Drug Discov 5: 993-996, 2006. doi: 10.1038/nrd2 199.

Panas MW, Xie Z, Panas HN, Hoener MC, Vallender E, Miller GM. Trace amine
associated receptor | signaling in activated lymphocytes. | Neuroimmune Pharmacol 7:
866-876, 2012. doi:10.1007/s11481-011-9321-4.

Parmentier M, Libert F, Schurmans S, Schiffmann S, Lefort A, Eggerickx D, Ledent C,
Mollereau C, Gérard C, Perret ], Grootegoed A, Vassart G. Expression of members of
the putative olfactory receptor gene family in mammalian germ cells. Nature 355:
453-455, 1992. doi:10.1038/355453a0.

1761

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.


https://doi.org/10.1371/journal.pone.0080148
https://doi.org/10.1371/journal.pone.0080148
https://doi.org/10.1021/jacs.6b06983
https://doi.org/10.1126/scisignal.2001230
https://doi.org/10.1126/scisignal.2001230
https://doi.org/10.1038/nature05066
https://doi.org/10.1016/j.cell.2006.06.035
https://doi.org/10.1016/j.cell.2006.06.035
https://doi.org/10.1038/ng.2653
https://doi.org/10.1016/j.celrep.2014.10.001
https://doi.org/10.1038/srep09236
https://doi.org/10.1038/nn.3598
https://doi.org/10.1038/sdata.2015.2
https://doi.org/10.1189/jlb.2A0714-331RR
https://doi.org/10.1189/jlb.2A0714-331RR
https://doi.org/10.1038/cddiscovery.2015.70
https://doi.org/10.1038/cddiscovery.2016.10
https://doi.org/10.1038/cddiscovery.2016.10
https://doi.org/10.18632/oncotarget.10197
https://doi.org/10.18632/oncotarget.10197
https://doi.org/10.1016/j.abb.2014.12.004
https://doi.org/10.1093/chemse/bji015
https://doi.org/10.1371/journal.pone.0045756
https://doi.org/10.1016/S0169-328X(97)00099-5
https://doi.org/10.7554/eLife.07865
https://doi.org/10.7554/eLife.07865
https://doi.org/10.1038/nrc3947
https://doi.org/10.2174/1389202911314030003
https://doi.org/10.2174/1389202911314030003
https://doi.org/10.1158/1078-0432.CCR-15-1709
https://doi.org/10.1186/bcr3015
https://doi.org/10.1113/EP085285
https://doi.org/10.1016/j.jneuroim.2007.08.006
https://doi.org/10.1242/jcs.03046
https://doi.org/10.1093/chemse/bjj049
https://doi.org/10.1074/jbc.M109.012096
https://doi.org/10.1016/0092-8674(93)90395-7
https://doi.org/10.1016/0092-8674(93)90395-7
https://doi.org/10.1093/chemse/bjw118
https://doi.org/10.1186/s12864-016-2960-3
https://doi.org/10.1007/978-1-62703-377-0_2
https://doi.org/10.1007/978-1-62703-377-0_2
https://doi.org/10.1007/s00405-013-2441-0
https://doi.org/10.1007/s00405-013-2441-0
https://doi.org/10.1038/nrd2199
https://doi.org/10.1007/s11481-011-9321-4
https://doi.org/10.1038/355453a0

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

1762

DESIREE MABBERG AND

Pelechano V, Steinmetz LM. Gene regulation by antisense transcription. Nat Rev
Genet 14: 880-893, 201 3. doi: 10.1038/nrg3594.

Peterlin Z, Firestein S, Rogers ME. The state of the art of odorant receptor deorpha-
nization: a report from the orphanage. | Gen Physiol 143: 527-542, 2014. doi: 10.1085/
jgp-201311151.

Pichersky E, Noel JP, Dudareva N. Biosynthesis of plant volatiles: nature’s diversity
and ingenuity. Science 311: 808—-811, 2006. doi: 10.1 126/science.| 118510.

Pluznick JL. Renal and cardiovascular sensory receptors and blood pressure regula-
tion. Am | Physiol Renal Physiol 305: F439-F444, 2013. doi:10.1152/ajprenal.00252.
2013.

Pluznick JL. Gut microbiota in renal physiology: focus on short-chain fatty acids and
their receptors. Kidney Int 90: 1191-1198, 2016. doi:10.1016/j.kint.2016.06.033.

Pluznick JL, Protzko R|, Gevorgyan H, Peterlin Z, Sipos A, Han J, Brunet |, Wan L-X,
Rey F, Wang T, Firestein SJ, Yanagisawa M, Gordon |, Eichmann A, Peti-Peterdi J,
Caplan M]. Olfactory receptor responding to gut microbiota-derived signals plays a
role in renin secretion and blood pressure regulation. Proc Natl Acad Sci USA 110:
4410-4415, 2013. doi: 10.1073/pnas. 12159271 10.

PonténF, Jirstrom K, Uhlen M. The Human Protein Atlas—a tool for pathology. | Pathol
216: 387-393, 2008. doi:10.1002/path.2440.

Rigau M, Morote |, Mir MC, Ballesteros C, Ortega |, Sanchez A, Colas E, Garcia M,
Ruiz A, Abal M, Planas ], Reventés |, Doll A. PSGR and PCA3 as biomarkers for the
detection of prostate cancer in urine. Prostate 70: 1760-1767, 2010.

Robinson R. Serotonin’s role in the pancreas revealed at last. PLoS Biol 7: €1000227,
2009. doi: 10.137 l/journal.pbio.1000227.

Rodriguez M, Luo W, Weng |, Zeng L, Yi Z, Siwko S, Liu M. PSGR promotes prostatic
intraepithelial neoplasia and prostate cancer xenograft growth through NF-«B. On-
cogenesis 3: el 14, 2014. doi:10.1038/oncsis.2014.29.

Rodriguez-Trelles F, Tarrio R, Ayala F). Is ectopic expression caused by deregulatory
mutations or due to gene-regulation leaks with evolutionary potential? BioEssays 27:
592-601, 2005. doi: 10.1002/bies.20241.

Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev
Immunol 16: 341-352, 2016. doi:10.1038/nri.2016.42.

Rouquier S, Taviaux S, Trask BJ, Brand-Arpon V, van den Engh G, Demaille ], Giorgi D.
Distribution of olfactory receptor genes in the human genome. Nat Genet 18: 243—
250, 1998. doi:10.1038/ng0398-243.

Safran M, Chalifa-Caspi V, Shmueli O, Olender T, Lapidot M, Rosen N, Shmoish M,
Peter Y, Glusman G, Feldmesser E, Adato A, Peter |, Khen M, Atarot T, Groner Y,
Lancet D. Human Gene-Centric Databases at the Weizmann Institute of Science:
GeneCards, UDB, CroW 2| and HORDE. Nucleic Acids Res 31: 142—146, 2003.
doi:10.1093/nar/gkg050.

Saito H, Chi Q, Zhuang H, Matsunami H, Mainland JD. Odor coding by a mammalian
receptor repertoire. Sci Signal 2: ra9, 2009. doi: 0.1 126/scisignal. 200001 6.

Saito H, Kubota M, Roberts RW, Chi Q, Matsunami H. RTP family members induce
functional expression of mammalian odorant receptors. Cell 119: 679-691, 2004.
doi:10.1016/j.cell.2004.11.021.

San Gabriel AM. Taste receptors in the gastrointestinal system. Flavour 4: 14, 2015.
doi: 10.1186/2044-7248-4-14.

Sanz G, Leray |, Dewaele A, Sobilo ], Lerondel S, Bouet S, Grébert D, Monnerie R,
Pajot-Augy E, Mir LM. Promotion of cancer cell invasiveness and metastasis emer-
gence caused by olfactory receptor stimulation. PLoS One 9: 85110, 2014. doi:10.
1371/journal.pone.00851 10.

Sanz G, Schlegel C, Pernollet |-C, Briand L. Comparison of odorant specificity of two
human olfactory receptors from different phylogenetic classes and evidence for an-
tagonism. Chem Senses 30: 69—80, 2005. doi: 10.1093/chemse/bji002.

Sanz G, Thomas-Danguin T, Hamdani H, Le Poupon C, Briand L, Pernollet J-C,
Guichard E, Tromelin A. Relationships between molecular structure and perceived
odor quality of ligands for a human olfactory receptor. Chem Senses 33: 639-653,
2008. doi:10.1093/chemse/bjn032.

161

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

HANNS HATT

. Schmiedeberg K, Shirokova E, Weber H-P, Schilling B, Meyerhof W, Krautwurst D.
Structural determinants of odorant recognition by the human olfactory receptors
ORIAI and ORIA2. | Struct Biol 159:400-412, 2007. doi:10.1016/j.jsb.2007.04.01 3.

Scholz P, Mohrhardt |, Jansen F, Kalbe B, Haering C, Klasen K, Hatt H, Osterloh S.
Identification of a Novel Gnao-Mediated Alternate Olfactory Signaling Pathway in
Murine OSNs. Front Cell Neurosci 10: 63, 2016. doi:10.3389/fncel.2016.00063.

Sharon D, Kimchi A, Rivolta C. OR2W3 sequence variants are unlikely to cause
inherited retinal diseases. Ophthalmic Genet 37: 366-368, 2016. doi:10.3109/
13816810.2015.1081252.

Shepard BD, Cheval L, Peterlin Z, Firestein S, Koepsell H, Doucet A, Pluznick JL. A
Renal Olfactory Receptor Aids in Kidney Glucose Handling. Sci Rep 6: 35215, 2016.
doi:10.1038/srep35215.

Shepard BD, Natarajan N, Protzko R], Acres OW, Pluznick JL. A cleavable N-terminal
signal peptide promotes widespread olfactory receptor surface expression in
HEK293T cells. PLoS One 8: e68758, 2013. doi: 10.1371/journal.pone.0068758.

Shepard BD, Pluznick JL. How does your kidney smell? Emerging roles for olfactory
receptors in renal function. Pediatr Nephrol 31: 715-723, 2016. doi: 10.1007/s00467-
015-3181-8.

Shimizu M, Cashman JR, Yamazaki H. Transient trimethylaminuria related to men-
struation. BMC Med Genet 8: 2, 2007. doi:10.1186/1471-2350-8-2.

Shirasu M, Yoshikawa K, Takai Y, Nakashima A, Takeuchi H, Sakano H, Touhara K.
Olfactory receptor and neural pathway responsible for highly selective sensing of
musk odors. Neuron 81: 165-178, 2014. doi: 10.1016/j.neuron.2013.10.021.

Shirokova E, Schmiedeberg K, Bedner P, Niessen H, Willecke K, Raguse J-D, Meyer-
hof W, Krautwurst D. Identification of specific ligands for orphan olfactory receptors.
G protein-dependent agonism and antagonism of odorants. | Biol Chem 280: | 1807—
11815, 2005. doi: 10.1074/jbc.M411508200.

Sinding C, Kemper E, Spornraft-Ragaller P, Hummel T. Decreased perception of
bourgeonal may be linked to male idiopathic infertility. Chem Senses 38: 439—-445,
2013. doi: 10.1093/chemse/bjt009.

Sondersorg AC, Busse D, Kyereme |, Rothermel M, Neufang G, Gisselmann G, Hatt
H, Conrad H. Chemosensory information processing between keratinocytes and
trigeminal neurons. | Biol Chem 289: 17529-17540, 2014. doi:10.1074/jbc.M113.
499699.

Spehr J, Gelis L, Osterloh M, Oberland S, Hatt H, Spehr M, Neuhaus EM. G protein-
coupled receptor signaling via Src kinase induces endogenous human transient recep-
tor potential vanilloid type 6 (TRPV6) channel activation. | Biol Chem 286: 13184—
13192, 201 1. doi:10.1074/jbc.M110.183525.

Spehr M, Gisselmann G, Poplawski A, Riffell JA, Wetzel CH, Zimmer RK, Hatt H.
Identification of a testicular odorant receptor mediating human sperm chemotaxis.
Science 299: 2054-2058, 2003. doi: 0.1 126/science.|080376.

Spehr M, Schwane K, Riffell JA, Barbour ], Zimmer RK, Neuhaus EM, Hatt H. Partic-
ulate adenylate cyclase plays a key role in human sperm olfactory receptor-mediated
chemotaxis. | Biol Chem 279: 4019440203, 2004. doi: |0.1074/jbc.M403913200.

Striinker T, Goodwin N, Brenker C, Kashikar ND, Weyand |, Seifert R, Kaupp UB.
The CatSper channel mediates progesterone-induced Ca?* influx in human sperm.
Nature 471: 382-386, 201 |. doi:10.1038/nature09769.

Tomlins SA, Laxman B, Varambally S, Cao X, Yu ), Helgeson BE, Cao Q, Prensner JR,
Rubin MA, Shah RB, Mehra R, Chinnaiyan AM. Role of the TMPRSS2-ERG gene fusion
in prostate cancer. Neoplasia 10: 177-188, 2008. doi:10.1593/neo.07822.

Triller A, Boulden EA, Churchill A, Hatt H, Englund J, Spehr M, Sell CS. Odorant-
receptor interactions and odor percept: a chemical perspective. Chem Biodivers 5:
862-886, 2008. doi: 10.1002/cbdv.200890101.

Trimmer C, Mainland |D. Simplifying the Odor Landscape. Chem Senses 42: 177-179,
2017. doi:10.1093/chemse/bjx002.

Tsai T, Veitinger S, Peek |, Busse D, Eckardt ], Vladimirova D, Jovancevic N, Wojcik S,
Gisselmann G, Altmiiller J, Stander S, Luger T, Paus R, Cheret ], Hatt H. Two olfactory
receptors-OR2A4/7 and ORS | B5-differentially affect epidermal proliferation and dif-
ferentiation. Exp Dermatol 26: 58—65, 2017. doi:10.1 11 1/exd.13132.

Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, Si-
vertsson A, Kampf C, Sjéstedt E, Asplund A, Olsson |, Edlund K, Lundberg E, Navani

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.


https://doi.org/10.1038/nrg3594
https://doi.org/10.1085/jgp.201311151
https://doi.org/10.1085/jgp.201311151
https://doi.org/10.1126/science.1118510
https://doi.org/10.1152/ajprenal.00252.2013
https://doi.org/10.1152/ajprenal.00252.2013
https://doi.org/10.1016/j.kint.2016.06.033
https://doi.org/10.1073/pnas.1215927110
https://doi.org/10.1002/path.2440
https://doi.org/10.1371/journal.pbio.1000227
https://doi.org/10.1038/oncsis.2014.29
https://doi.org/10.1002/bies.20241
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/ng0398-243
https://doi.org/10.1093/nar/gkg050
https://doi.org/10.1126/scisignal.2000016
https://doi.org/10.1016/j.cell.2004.11.021
https://doi.org/10.1186/2044-7248-4-14
https://doi.org/10.1371/journal.pone.0085110
https://doi.org/10.1371/journal.pone.0085110
https://doi.org/10.1093/chemse/bji002
https://doi.org/10.1093/chemse/bjn032
https://doi.org/10.1016/j.jsb.2007.04.013
https://doi.org/10.3389/fncel.2016.00063
https://doi.org/10.3109/13816810.2015.1081252
https://doi.org/10.3109/13816810.2015.1081252
https://doi.org/10.1038/srep35215
https://doi.org/10.1371/journal.pone.0068758
https://doi.org/10.1007/s00467-015-3181-8
https://doi.org/10.1007/s00467-015-3181-8
https://doi.org/10.1186/1471-2350-8-2
https://doi.org/10.1016/j.neuron.2013.10.021
https://doi.org/10.1074/jbc.M411508200
https://doi.org/10.1093/chemse/bjt009
https://doi.org/10.1074/jbc.M113.499699
https://doi.org/10.1074/jbc.M113.499699
https://doi.org/10.1074/jbc.M110.183525
https://doi.org/10.1126/science.1080376
https://doi.org/10.1074/jbc.M403913200
https://doi.org/10.1038/nature09769
https://doi.org/10.1593/neo.07822
https://doi.org/10.1002/cbdv.200890101
https://doi.org/10.1093/chemse/bjx002
https://doi.org/10.1111/exd.13132

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

OLFACTORY RECEPTORS: CELLULAR FUNCTIONS OUTSIDE OF THE NOSE

S, Szigyarto CA-K, Odeberg |, Djureinovic D, Takanen JO, Hober S, Alm T, Edqvist
P-H, Berling H, Tegel H, Mulder ], Rockberg |, Nilsson P, Schwenk JM, Hamsten M,
von Feilitzen K, Forsberg M, Persson L, Johansson F, Zwahlen M, von Heijne G,
Nielsen ], Pontén F. Tissue-based map of the human proteome. Science 347: 1260419,
2015. doi:10.1126/science.1260419.

Varnum MD, Black KD, Zagotta WN. Molecular mechanism for ligand discrimination
of cyclic nucleotide-gated channels. Neuron 15: 619-625, 1995. doi:10.1016/0896-
6273(95)90150-7.

Veitinger T, Riffell R, Veitinger S, Nascimento JM, Triller A, Chandsawangbhuwana C,
Schwane K, Geerts A, Wunder F, Berns MW, Neuhaus EM, Zimmer RK, Spehr M,
Hatt H. Chemosensory Ca? " dynamics correlate with diverse behavioral phenotypes
in human sperm. | Biol Chem 286: 17311-17325, 201 1. doi:10.1074/jbc.M110.
211524.

Vigushin DM, Poon GK, Boddy A, English ], Halbert GW, Pagonis C, Jarman M,
Coombes RC; Cancer Research Campaign Phase I/l Clinical Trials Committee. Phase
| and pharmacokinetic study of D-limonene in patients with advanced cancer. Cancer
Chemother Pharmacol 42: 1 11-117, 1998. doi:10.1007/s002800050793.

Volz A, Ehlers A, Younger R, Forbes S, Trowsdale ], Schnorr D, Beck S, Ziegler A.
Complex transcription and splicing of odorant receptor genes. | Biol Chem 278:
19691-19701, 2003. doi: 10.1074/jbc.M212424200.

Von Dannecker LE, Mercadante AF, Malnic B. Ric-8B, an olfactory putative GTP
exchange factor, amplifies signal transduction through the olfactory-specific G-pro-
tein Galphaolf. | Neurosci 25: 3793-3800, 2005. doi: |0.1523/|JNEUROSCI.4595-04.
2005.

Von Dannecker LE, Mercadante AF, Malnic B. Ric-8B promotes functional expression
of odorant receptors. Proc Natl Acad Sci USA 103: 9310-9314, 2006. doi:10.1073/
pnas.0600697103.

Wallrabenstein |, Kuklan ], Weber L, Zborala S, Werner M, Altmiiller |, Becker C,
Schmidt A, Hatt H, Hummel T, Gisselmann G. Human trace amine-associated recep-
tor TAARS can be activated by trimethylamine. PLoS One 8: e54950, 2013. doi:|0.
1371/journal.pone.0054950.

Wallrabenstein |, Singer M, Panten ], Hatt H, Gisselmann G. Timberol Inhibits TAAR5-
Mediated Responses to Trimethylamine and Influences the Olfactory Threshold in
Humans. PLoS One 10: e0144704, 2015. doi:10.1371/journal.pone.0144704.

Wang J, Weng J, Cai Y, Penland R, Liu M, Ittmann M. The prostate-specific G-protein
coupled receptors PSGR and PSGR2 are prostate cancer biomarkers that are com-
plementary to alpha-methylacyl-CoA racemase. Prostate 66: 847857, 2006. doi: 0.
1002/pros.20389.

Wasik AM, Millan M), Scanlan T, Barnes NM, Gordon J. Evidence for functional trace
amine associated receptor-| in normal and malignant B cells. Leuk Res 36: 245-249,
2012. doi:10.1016/j.leukres.2011.10.002.

Weber L, Al-Refae K, Ebbert ], Jagers P, Altmiiller ], Becker C, Hahn S, Gisselmann G,
Hatt H. Activation of odorant receptor in colorectal cancer cells leads to inhibition of
cell proliferation and apoptosis. PLoS One 12: e0172491, 2017. doi:10.137|/journal.
pone.0172491.

Weigle B, Fuessel S, Ebner R, Temme A, Schmitz M, Schwind S, Kiessling A, Rieger
MA, Meye A, Bachmann M, Wirth MP, Rieber EP. D-GPCR: a novel putative G
protein-coupled receptor overexpressed in prostate cancer and prostate. Biochem
Biophys Res Commun 322: 239-249, 2004. doi: 10.1016/j.bbrc.2004.07.106.

Wellerdieck C, Oles M, Pott L, Korsching S, Gisselmann G, Hatt H. Functional ex-
pression of odorant receptors of the zebrafish Danio rerio and of the nematode C.
elegans in HEK293 cells. Chem Senses 22: 467—-476, 1997. doi:10.1093/chemse/22.4.
467.

Weng ], Ma W, Mitchell D, Zhang J, Liu M. Regulation of human prostate-specific
G-protein coupled receptor, PSGR, by two distinct promoters and growth factors. |
Cell Biochem 96: 10341048, 2005. doi: | 0.1002/jcb.20600.

WengJ, Wang ], Cai Y, Stafford L}, Mitchell D, Ittmann M, Liu M. Increased expression
of prostate-specific G-protein-coupled receptor in human prostate intraepithelial
neoplasia and prostate cancers. Int | Cancer 113: 811-818, 2005. doi:10.1002/ijc.
20635.

Weng |, Wang ], Hu X, Wang F, Ittmann M, Liu M. PSGR2, a novel G-protein coupled
receptor, is overexpressed in human prostate cancer. Int | Cancer |18: 1471-1480,
2006. doi:10.1002/ijc.21527.

Physiol Rev . VOL 98 . JULY 2018 . www.prv.org

197.

198.

199.

200.

202.

203.

204.

205.

207.

208.

Wennemuth G, Westenbroek RE, Xu T, Hille B, Babcock DF. CaV2.2 and CaV2.3 (N-
and R-type) Ca?* channels in depolarization-evoked entry of Ca?* into mouse
sperm. J Biol Chem 275: 2121021217, 2000. doi:10.1074/jbc.M002068200.

Wetzel CH, Oles M, Wellerdieck C, Kuczkowiak M, Gisselmann G, Hatt H. Specific-
ity and sensitivity of a human olfactory receptor functionally expressed in human
embryonic kidney 293 cells and Xenopus laevis oocytes. | Neurosci 19: 7426 -7433,
1999.

Weyand |, Godde M, Frings S, Weiner J, Miiller F, Altenhofen W, Hatt H, Kaupp UB.
Cloning and functional expression of a cyclic-nucleotide-gated channel from mamma-
lian sperm. Nature 368: 859-863, 1994. doi:10.1038/368859a0.

Wiese H, Gelis L, Wiese S, Reichenbach C, Jovancevic N, Osterloh M, Meyer HE,
Neuhaus EM, Hatt HH, Radziwill G, Warscheid B. Quantitative phosphoproteomics
reveals the protein tyrosine kinase Pyk2 as a central effector of olfactory receptor
signaling in prostate cancer cells. Biochim Biophys Acta 1854: 632—640, 2015. doi: | 0.
1016/j.bbapap.2014.09.002.

. Wolf S, Gelis L, Dérrich S, Hatt H, Kraft P. Evidence for a shape-based recognition of

odorants in vivo in the human nose from an analysis of the molecular mechanism of
lily-of-the-valley odorants detection in the Lilial and Bourgeonal family using the C/Si/
Ge/Sn switch strategy. PLoS One 12: e0182147, 2017. doi:10.1371/journal.pone.
0182147.

Wolf S, Jovancevic N, Gelis L, Pietsch S, Hatt H, Gerwert K. Dynamical Binding Modes
Determine Agonistic and Antagonistic Ligand Effects in the Prostate-Specific G-Pro-
tein Coupled Receptor (PSGR). Sci Rep 7: 16007, 2017. doi:10.1038/s41598-017-
16001-4.

Wu C, Jia Y, Lee JH, Kim Y, Sekharan S, Batista VS, Lee S-J. Activation of ORIAI
suppresses PPAR-y expression by inducing HES-1 in cultured hepatocytes. Int |
Biochem Cell Biol 64: 75-80, 2015. doi:10.1016/j.biocel.2015.03.008.

XuL, Tang H, Chen DW, EIl-Naggar AK, Wei P, Sturgis EM. Genome-wide association
study identifies common genetic variants associated with salivary gland carcinoma and
its subtypes. Cancer 121: 2367-2374, 2015. doi:10.1002/cncr.29381.

Xu LL, Stackhouse BG, Florence K, Zhang W, Shanmugam N, Sesterhenn |A, Zou Z,
Srikantan V, Augustus M, Roschke V, Carter K, McLeod DG, Moul JW, Soppett D,
Srivastava S. PSGR, a novel prostate-specific gene with homology to a G protein-
coupled receptor, is overexpressed in prostate cancer. Cancer Res 60: 6568—6572,
2000.

. Xu LL, Sun C, Petrovics G, Makarem M, Furusato B, Zhang W, Sesterhenn IA,

McLeod DG, Sun L, Moul JW, Srivastava S. Quantitative expression profile of PSGR in
prostate cancer. Prostate Cancer Prostatic Dis 9: 56—61, 2006. doi: |0.1038/sj.pcan.
4500836.

Young JM, Trask BJ. The sense of smell: genomics of vertebrate odorant receptors.
Hum Mol Genet 11: 1153-1160, 2002. doi:10.1093/hmg/1 1.10.1153.

Yuan TT, Toy P, McClary JA, Lin R], Miyamoto NG, Kretschmer PJ. Cloning and
genetic characterization of an evolutionarily conserved human olfactory receptor that
is differentially expressed across species. Gene 278:41-51,2001. doi:10.1016/S0378-
1119(01)00709-0.

208a.Zhang D, Huang X. Further Consideration of the Association Between OR2W3 Mu-

209.

210.

212

tation and Retinitis Pigmentosa. Invest Ophthalmol Vis Sci 56: 8028, 2015. doi: 10.1 167/
jovs.|5-18142.

Zhang X, Bedigian AV, Wang W, Eggert US. G protein-coupled receptors participate
in cytokinesis. Cytoskeleton 69: 810-818, 2012. doi:10.1002/cm.21055.

Zhao H, Ivic L, Otaki JM, Hashimoto M, Mikoshiba K, Firestein S. Functional expres-
sion of a mammalian odorant receptor. Science 279: 237-242, 1998. doi:10.1 126/
science.279.5348.237.

. ZhaoW, Ho L, Varghese M, Yemul S, Dams-O’Connor K, Gordon W, Knable L, Freire

D, Haroutunian V, Pasinetti GM. Decreased level of olfactory receptors in blood cells
following traumatic brain injury and potential association with tauopathy. | Alzheimers
Dis 34: 417-429, 2013.

Zhuang H, Matsunami H. Synergism of accessory factors in functional express -
ion of mammalian odorant receptors. | Biol Chem 282: 15284-15293, 2007.
doi:10.1074/jbc.M700386200.

1763

Downloaded from journals.physiology.org/journal/physrev (023.114.232.052) on December 4, 2021.


https://doi.org/10.1126/science.1260419
https://doi.org/10.1016/0896-6273(95)90150-7
https://doi.org/10.1016/0896-6273(95)90150-7
https://doi.org/10.1074/jbc.M110.211524
https://doi.org/10.1074/jbc.M110.211524
https://doi.org/10.1007/s002800050793
https://doi.org/10.1074/jbc.M212424200
https://doi.org/10.1523/JNEUROSCI.4595-04.2005
https://doi.org/10.1523/JNEUROSCI.4595-04.2005
https://doi.org/10.1073/pnas.0600697103
https://doi.org/10.1073/pnas.0600697103
https://doi.org/10.1371/journal.pone.0054950
https://doi.org/10.1371/journal.pone.0054950
https://doi.org/10.1371/journal.pone.0144704
https://doi.org/10.1002/pros.20389
https://doi.org/10.1002/pros.20389
https://doi.org/10.1016/j.leukres.2011.10.002
https://doi.org/10.1371/journal.pone.0172491
https://doi.org/10.1371/journal.pone.0172491
https://doi.org/10.1016/j.bbrc.2004.07.106
https://doi.org/10.1093/chemse/22.4.467
https://doi.org/10.1093/chemse/22.4.467
https://doi.org/10.1002/jcb.20600
https://doi.org/10.1002/ijc.20635
https://doi.org/10.1002/ijc.20635
https://doi.org/10.1002/ijc.21527
https://doi.org/10.1074/jbc.M002068200
https://doi.org/10.1038/368859a0
https://doi.org/10.1016/j.bbapap.2014.09.002
https://doi.org/10.1016/j.bbapap.2014.09.002
https://doi.org/10.1371/journal.pone.0182147
https://doi.org/10.1371/journal.pone.0182147
https://doi.org/10.1038/s41598-017-16001-4
https://doi.org/10.1038/s41598-017-16001-4
https://doi.org/10.1016/j.biocel.2015.03.008
https://doi.org/10.1002/cncr.29381
https://doi.org/10.1038/sj.pcan.4500836
https://doi.org/10.1038/sj.pcan.4500836
https://doi.org/10.1093/hmg/11.10.1153
https://doi.org/10.1016/S0378-1119(01)00709-0
https://doi.org/10.1016/S0378-1119(01)00709-0
https://doi.org/10.1167/iovs.15-18142
https://doi.org/10.1167/iovs.15-18142
https://doi.org/10.1002/cm.21055
https://doi.org/10.1126/science.279.5348.237
https://doi.org/10.1126/science.279.5348.237
https://doi.org/10.1074/jbc.M700386200

