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Abstract

Olfaction is a critical sensory modality for detecting a diverse array of odorant molecules,
influencing behavior and emotion. Olfactory receptors (ORs) are expressed in olfactory
sensory neurons (OSNs) in the nasal cavities of humans. In the initial step of odor
recognition, the binding of odorant molecules to ORs transduces signals in OSNs.
However, it remains unclear whether OR signals alone contribute to the formation of
brain-transmitting signals. Both transient receptor potential vanilloid 1 (TRPV1) and ORs
are known to be expressed not only in OSNs but also in various other cell types, including
prostate cancer cells. The present studies aimed to elucidate whether OR and TRPV1 can
influence each other’s intracellular signaling, employing HEK293T cells co-expressing
the two receptors by transfecting expression plasmids. The findings of the studies
revealed a bidirectional regulatory mechanism between ORs and TRPV1.

The initial study discovered that ORs play a role in regulating TRPV1 activation.
Interestingly, the effects of ORs varied depending on the vanilloid ligands for TRPV1.
For example, TRPV1 responses (Ca?" influx) to capsaicin were potentiated upon OR
activation, whereas those to eugenol were attenuated. This mechanism was as follows.
Ligand-stimulated OR liberates GTP-Gs/olf, which activates adenylate cyclase, leading
to the elevation of intracellular cAMP., Elevated cAMP activates protein kinase A, which
promotes the phosphorylation of TRPV1. Consequently, ORs differentially regulate
ligand-dependent TRPV 1 activation through the phosphorylation of TRPV1. Furthermore,
OR-induced changes in TRPV1 responses allowed vanilloid ligands for TRPV1 to be
classified into three groups: the capsaicin type (enhancement), the eugenol type
(suppression), and the 10-shogaol type (no significant change), each distinguished by

unique chemical structures.



Subsequently, the effect of TRPV 1 on cAMP production induced by ligand-activated OR
was examined. TRPV1 activated by capsaicin suppressed cAMP production by ligand-
stimulated ORS1EI1. This suppression was proven to be mediated by elevation of
intracellular Ca** levels through TRPV1. Furthermore, it was found that GPCR kinase
(GRK) activation by Ca?" influx is involved in the suppression process. These results
suggest that TRPV1 activation suppresses ligand-stimulated OR signal transduction by
promoting desensitization of activated OR51E1 via Ca*" influx and GRK activation.

In conclusion, these studies revealed the mechanisms that OR and TRPV1 mutually
regulate each other’s activation when expressed in HEK293T cells. Future research will
be necessary to determine whether such mutual regulation occurs in OSNs or other cells
that naturally express both receptors. Nevertheless, the findings of the present studies
offer valuable insights into a potential mechanism through which signals generated by
ORs (for example, critical for olfaction in OSNs) are dynamically regulated via multi-

directional crosstalk between ORs and other receptors, including TRPV1.
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Chapter I General Introduction

1. Preface

In this study, I investigated the interaction between olfactory receptor (OR) and transient
receptor potential vanilloid 1 (TRPV1). Despite the importance of these receptors for
perception, their interactions remain largely unknown. Utilizing HEK293T cells co-
expressing both receptors, I analyzed the effects of each receptor on the other. Through
this study, I demonstrate that the two receptors regulate each other’s signal transduction.
Additionally, I delineate the molecular mechanisms underlying their interaction. In this
dissertation, I introduce the background of the study, focusing on ORs and TRPV1 in
Chapter I. In Chapters 11, III, and I'V, I describe three topics accompanied by experimental
data demonstrating the interaction between ORs and TRPV1. Finally, I present the

conclusions of this study in Chapter V.

2. Senses and Their Roles

In mammals, the senses are essential for recognizing and responding to the surrounding
environment, playing a crucial role in survival and decision-making. The five primary
senses (vision, hearing, touch, taste, and olfaction) each have distinct mechanisms for
sensory reception. Vision, hearing, and touch rely on specific receptors that respond to
physical stimuli, such as light, sound waves, and mechanical pressure, respectively. These
senses are vital for organisms to properly address physical changes in the environment,
enabling swift navigation and reaction.

In contrast, taste and olfaction are classified as chemical senses because they detect
chemical substances. Among them, olfaction is intricately linked to taste and emotions

and plays a key role in flavor perception (De Araujo ef al. 2003). In the process of



olfaction, odors, which are frequently composed of a variety of molecules, are initially
detected by ORs located in the nasal cavity (Buck and Axel 1991). When an odorant
molecule binds to an OR, it triggers a signal transduction cascade that activates olfactory
sensory neurons. Each mature olfactory sensory neuron expresses only one type of OR,
and its axons converge at structures called glomeruli in the olfactory bulb. Each
glomerulus integrates inputs from neurons expressing the same OR type, facilitating
precise odor encoding. The olfactory bulb processes these signals and relays them to
higher brain regions, allowing for the perception of smell (Matsunami and Buck 1997;
Malnic et al. 2004; Sakano 2010). Recent studies have illustrated that the integration of
sensory information from olfaction and other modalities is crucial for forming
comprehensive perceptual experiences (Stevenson and Case 2005).

On the other hand, pain perception, while closely related to touch, is often considered an
independent sensory modality that falls outside the traditional five senses. It serves as a
vital signal that alerts individuals to potential dangers or internal abnormalities,
prompting protective behaviors (Melzack and Wall 1965). This mechanism involves
various receptors that detect different stimulus, leading to diverse experiences of acute
and chronic pain. Additionally, pain perception is significantly influenced by emotional
and psychological factors, resulting in individual variations (Dworkin et al. 2002; Pincus
and Morley 2001). Thus, this complex interplay between physiological and psychological

factors underscores the need for a holistic understanding of pain sensory systems.

3. Olfaction: Historical View

In ancient Greece and Rome, it was believed that olfaction occurred when odorants
entered the nose through respiration; however, the mechanisms underlying this process

remained unresolved for a long time. In the 19th century, physiologists such as Emil du
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Bois-Reymond and Rudolf Virchow advanced the general understanding of the nervous
system, laying the groundwork for later discoveries in sensory neuroscience. Nonetheless,
the molecular mechanisms underlying olfaction remained largely unknown until the late
20th century.

The detailed mechanisms by which olfaction detects specific odor molecules and
transmits this information to the brain remained a mystery for an extended period. A
significant breakthrough in the study of OR occurred in 1991 when Buck and Axel made
their groundbreaking discovery. They identified a gene family coding for human ORs and
demonstrated that these receptors can specifically recognize odor molecules (Buck and
Axel 1991). This discovery elucidated the fundamental mechanisms by which odor
molecules are initially recognized in olfactory sensory neurons (OSNs) which signals are
transmitted and processed in the brain. Buck and Axel's research was awarded the Nobel
Prize in Physiology or Medicine in 2004, making a revolutionary contribution to my
understanding of olfaction.

Subsequently, research has advanced in understanding how odors are linked to emotions
and memory (Wilson and Sullivan 1994) and how olfaction interacts with other senses
(Schoenbaum et al. 1998; Gottfried et al. 2004). For example, these odor-related
emotional memories may influence not only affective states but also perceptions of
physical discomfort or chronic pain, as cognitive and emotional factors are known to
modulate pain experience (Turk 2003). The three-dimensional structures of ORs have
also been elucidated (Billesbelle ef al. 2021). To study the functions of ORs, using OSNs
is not always suitable because of the difficulty of obtaining OSN preparations. Therefore,
OR expression is often performed in ectopic cells such as HEK293T cell. However, this

process is not always straightforward due to the complexities involved in ORs’ functional



expression, including the difficulties of their accumulation in the endoplasmic reticulum.
To resolve this issue, various approaches have been explored, for example, the use of
chaperones and tags to facilitate proper folding and transport to the cell surface, ensuring

effective signaling (Dey and Matsunami 2004: Sharma et al. 2017).

4. TRP Channels: Historical Views

The Transient Receptor Potential (TRP) family comprises of ion channel receptors that
play a crucial role in pain perception and are involved in a wide range of sensory
modalities, including temperature and chemical sensations. The initial discovery related
to TRP channels emerged from studies of the visual system in Drosophila (Montell and
Rubin 1989). This research demonstrated that a mutant exhibiting an anomalously brief
response to light was associated with a phenomenon termed "Transient Receptor
Potential," marking the inception of the TRP channel concept.

In the 1990s, TRP channels were also identified in mammals, revealing their significant
roles in temperature sensation and pain perception. A particularly noteworthy discovery
was the identification of the Transient Receptor Potential Vanilloid 1 (TRPV1) channel
in 1997, which was shown to respond to capsaicin, the active component of chili peppers,
and to mediate sensations related to thermal and chemical stimuli (Caterina et al. 1997).
TRPVI serves as a primary sensory receptor for pain induced by heat (>43°C) and
chemical stimuli, and subsequent research has continued to establish the pivotal roles of
TRP channels in pain and temperature sensations.

The TRP family comprises ion channel receptors with a structure that spans the cell
membrane. These channels are primarily composed of subunits with six transmembrane
domains, and four subunits assemble to form a single functional channel. In mammals,

more than 28 types of TRP channels have been identified, and they are categorized into
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seven subfamilies (TRPC, TRPV, TRPM, TRPA, TRPP, TRPML, and TRPN) based on
differences in their functions and activation mechanisms. These subfamilies perform a
wide range of physiological functions, including not only temperature sensing and
chemical stimulus responses but also responses to osmotic pressure and mechanical
stimuli. Transient Receptor Potential Melastatin8 (TRPMS), are activated by cold
temperatures (<25°C) and menthol, contributing to the sensation of coolness. Similarly,
Transient Receptor Potential Ankyrin 1 (TRPA1), responds to environmental irritants and
noxious stimuli, including mustard oil and wasabi, and is involved in inflammatory pain
responses (Clapham 2003).

Beyond pain and temperature perception, it has become evident that TRP channels play
physiologically important roles in the cardiovascular, digestive, and respiratory systems.
Furthermore, abnormalities in TRP channel function have been linked to neurological
disorders, chronic pain, inflammatory diseases, and even cancer progression, prompting
the development of new therapeutic strategies targeting TRP channels (Nilius and

Owsianik 2011).

5. Background for starting this study
Before starting this study, I treated human embryonic kidney-derived HEK293T cells

expressing the endothelin receptor type A (EDNRA), a G protein-coupled receptor
(GPCR) related to blood pressure regulation, with various essential oils and examined
changes in intracellular Ca?* influx. During these preliminary experiments, I noticed that
clove oil, a type of essential oil, significantly induced Ca** influx regardless of the
presence of EDNRA. Clove oil, derived from the flower buds of the clove plant, contains
approximately 70-80% (w/w) of eugenol as its fragrant component. HEK293T cells are

known to endogenously express TRPV 1, which has been presumed to respond to eugenol
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(Jin et al. 2023. Retrieved from https://www.proteinatlas.org/ENSG00000196689-

TRPV1/cellt+line ; Xu et al. 2005). Therefore, I assumed that the Ca?" influx observed in

HEK293T cells upon exposure to clove oil was induced by eugenol acting through
TRPVI.

On the other hand, the expression of certain TRP channels has been reported in OSNs
(Ahmed et al. 2009 ; Nakashimo et al. 2010 ; Sakatani et al. 2023). Additionally, eugenol,
an analog of vanilloids, is a common ligand for both ORs and TRPV 1. Considering these
shared characteristics, I considered the relationship between ORs and TRPVI1 an
intriguing theme. Preliminary co-expression of ORs and TRPV1 in HEK293T cells
revealed suppression of TRPV1 activation. Since this phenomenon has not been
previously reported, I decided to investigate the potential crosstalk between OR and

TRPV1 as a research theme for the degree.
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Chapter II Divergent effects of ORs on TRPV1 activation by

capsaicin and eugenol

1. Introduction

Human olfactory receptors (ORs) belong to the G protein-coupled receptor (GPCR)
family, characterized by seven transmembrane structures. The human genome contains
nearly 400 OR genes (Jimenez et al. 2021). These ORs are primarily expressed in
olfactory sensory neurons (OSNs) and play a crucial role in odorant recognition
(Lankford et al. 2020). In the process of olfaction, many odors and their combinations are
believed to be distinguished through the pattern recognition of ORs (Malnic ef al. 1999).
When odors stimulate ORs, it triggers a signal transduction cascade (Sklar et al. 1986;
Mombaerts et al. 1996; Nakamura and Geoffrey 1987). Odor molecules bind to ORs,
which activate G protein heterotrimers composed of GNAL (Goolf), GB, and Gy.
Resultant GNAL-GTP then stimulates adenylate cyclase (AC), leading to cAMP synthesis.
The increase in intracellular cAMP in OSNs opens cyclic nucleotide-gated (CNG)
channels, mediating the influx of Ca?* and Na" ions. The cationic ion influx subsequently
activates CI” channels, causing CI” efflux and amplifying depolarization from the cilia to
the axon of an OSN. Finally, these signals are integrated and processed in the brain to
generate the sensation of smell.

ORS1E1 and ORS1E2 exhibit about 60% amino acid identity, which surpasses that of
other ORs, where the identity is around 30%. ORSI1EI responds to short-chain to
medium-chain carboxylic acids (C3-C9) but it does not respond to acetic acid. While
ORS1E2 responds to acetic and propionic acids, it does not react to a longer chain
carboxylic acids. The stimulation of OR51E1 and OR51E2 by these ligands leads to an
increase in intracellular cAMP levels (Mainland ef al. 2015; Pronin et al. 2021). Both

14



receptors are expressed not only in OSNs but also in ectopic locations, such as prostate
cancer cells (Pronin ef al. 2021).

On the other hand, the transient receptor potential (TRP) family comprises 28 members,
all of which are nonselective cation channels. This family is further divided into
subfamilies, one of which is the transient receptor potential vanilloid (TRPV) subfamily.
The TRPV subfamily includes TRPV1 through TRPV6, which are characterized by their
six transmembrane structures and can be activated by vanilloid compounds (Samanta et
al. 2018). TRPV1 was discovered as a receptor for capsaicin, a pungent ingredient of hot
chili peppers. TRPV1 is highly expressed in the nervous system, and it plays a vital role
in pain perception (Koivisto et al. 2022). TRPV1 expression is also detected in non-
neuronal tissues, suggesting that it plays regulatory roles in non-neuronal cells and
neurons, including immune cells (Bujak ef al. 2019). The TRPV1 channel, which allows
Ca?®" to pass through its pore, is formed by a homologous tetramer of TRPV1 molecules.
Various factors can affect the structure and functions of TRPVI, including
phosphorylation. TRPV1 can be activated by binding ligands including capsaicin,
eugenol, camphor, and resiniferatoxin (Xu et al. 2005; Yang et al. 2003; Yelshanskaya et
al.2022). Activation of the TRPV1 channel induces Ca?" influx, which could trigger
various cellular events (Peyravian et al. 2020).

Both ORs and TRPV1 are expressed in OSNs (Ahmed et al. 2009; Nakashimo et al.;
O'Hanlon et al. 2007; Olender et al. 2016; Seki et al. 2006). Furthermore, previous studies
have shown that TRPV1 plays an important role in the regeneration of OSNs (Sakatani et
al. 2023). Notably, ORs and TRPV1 share common properties: (1) ligand stimulation of
both receptors results in a Ca* influx in neurons; (2) some ligands, such as eugenol and

camphor, can stimulate both receptors. At least several ORs, i.e., OR5D18 (OR73),
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OR4Q3, and OR10G7, have been reported to respond to eugenol (Malnic et al. 2003;
Mainland et al. 2015). On the other hand, the modulation of TRPV1 activation by some
GPCRs has been studied, particularly in nociceptive regulation. The following processes
have been elucidated: prostaglandin E2-stimulated EP3C and EP4 receptors coupling to
Gas activate a cAMP production pathway and protein kinase A (PKA) phosphorylates
TRPV1, which is implicated in the regulation of TRPV1 desensitization and the
development of thermal hyperplasia (Moriyama et al. 2005). An AC activator, FSK, can
replace the prostaglandin receptor activation to initiate the processes of TRPV1
phosphorylation. In contrast, stimulation of the popioid receptor (MOR) coupling to Gai
suppresses FSK-induced potentiation of TRPV1-mediated Ca®" influx (Vetter 1 et al.,
2008; Melkes et al. 2020). In addition, previous reports indicate that various other GPCRs,
i.e., receptors coupling with Gag/11, Gas, and Gai/o, influence TRPV1 activation through
regulation of its phosphorylation (Salzer I ef al. 2019). However, the molecular
mechanisms of the interactions between ORs and TRPV1 remain largely unknown. In
this study, I examined using HEK293T cells co-expressing OR and TRPV1 whether ORs
exhibit modulatory activities for TRPV1 activation similarly to the previously reported

other GPCRs.
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2. Materials and methods
2.1. Plasmids

A plasmid to express human TRPV1 tagged with a C-terminal flag (DYKDDDK)
(catalog number: OHu22257D) was purchased from Genscript (Piscataway, NJ, USA).
We obtained a human sodium taurocholate cotransporting peptide (NTCP) expression
plasmid (catalog number: HG16027-UT) from Sino Biological Inc. (Kawasaki,
Kanagawa, Japan). An empty vector plasmid (catalog number: 3240) was purchased from
Takara Bio Inc. (Kusatsu, Shiga, Japan). We acquired OR51E1 and OR51E2 expression
plasmids from Thermo Fisher Scientific (Waltham, MA, USA). Synthetic DNA fragments
encoding OR51E1 (NCBI accession No. NM 152430.4) and OR51E2 (NCBI accession
No. NM _030774.3), along with DNA encoding the N-terminal Lucy and Rho tag, were
inserted downstream of the CMV promoter in the pcDNAS vector. The green fluorescence
protein (GFP) expression plasmid was prepared as previously described (Fujita et al.
2021). We purchased pGloSensor 22F cAMP plasmid (catalog number: E2301) from

Promega (Madison, WI, USA).

2.2. Cell Culture
HEK293T cells were obtained from RIKEN BRC (Tsukuba, Ibaraki, Japan). They were

maintained in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum

and antibiotics and then used for experiments as described previously (Fujita ez al. 2019).

2.3. Reagents
Eugenol (catalog number: A0232; TCI chemicals, Tokyo, Japan), N-arachidonoyl

dopamine (NADA; catalog number: AB120099-5; Abcam, Cambridge, United Kingdom),
capsaicin (catalog number: 034-11351; Fujifilm Wako Pure Chemical Corp., Osaka,

Japan), piperine (catalog number: 162-17241; Fujifilm Wako Pure Chemical Corp.), and
17



FSK (catalog number: 067-02191; Fujifilm Wako Pure Chemical Corp.) were initially
dissolved in ethanol and subsequently diluted to the necessary concentrations with Hanks'
Balanced Salt Solution (HBSS; catalog number: 084°08965; Fujifilm Wako Pure
Chemical Co.). Propionic acid (catalog number 194-03012; Fuyjifilm Wako Pure
Chemical Corp.) was dissolved in HBSS and 3-isobutyl-1-methylxanthine (IBMX;
catalog number: I5879; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl
sulfoxide (catalog number: 046-21981; Fujifilm Wako Pure Chemical Corp.). Then, they

were diluted to appropriate concentrations with HBSS.

2.4. Flow cytometric analysis

Transfection of plasmids into HEK293T cells was performed as described previously
(Hinuma et al. 2022). After being cultured for 24 h, cells were harvested with
trypsinization. They were washed twice with phosphate-buffered saline (PBS) at 4 °C by
centrifugation and then pelleted in a tube. Fixation and permeabilization of cells were
performed using Leucoperm (catalog number: BFU09; Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. To detect OR51E1,I used mouse monoclonal
anti'Rho antibody (catalog number: 200-301-G36; Rockland, Limerick, PA, USA) as a
Ist antibody in a dilution of 1:200 and Alexa Fluor 647-conjugated goat polyclonal anti-
mouse IgG (H+L) F(ab’)2 fragment (catalog number: 4410; Cell Signaling Technology,
Carlsbad, CA, USA) as a 2nd antibody in a dilution of 1:500. To detect TRPV1,I used
rabbit polyclonal anti-Flag antibody (catalog number: 20543-1-AP; Proteintech, Tokyo,
Japan) as a 1st antibody in a dilution of 1:200 and Alexa Fluor 488-conjugated goat
polyclonal anti-rabbit IgG (H+L) F(ab’)2 fragment (catalog number: 20543-1-AP-150;
Cell Signaling Technology) as a 2nd antibody in a dilution of 1:500. Cells were incubated

with these antibodies at 4 °C for 1 h. After the incubation with antibodies, they were
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washed twice with PBS. Then, they were subjected to flow cytometry. The fluorescence
intensities (FIs) of 1x10* cells were analyzed using the FITC and APC channels of a
FACSCant™ II (BD Biosciences, Franklin Lakes, NJ, USA). Geometric mean values
were analyzed using software (FlowJoTM 7.6.5, BD Biosciences). To obtain histograms,

measurements were taken from 3x10* cells.

2.5. Detection of cAMP production
HEK293T cells were cultured in a 96-well white plate (catalog number: 236105; Thermo

Fisher Scientific) coated with poly-L-lysine (catalog number: VBH-SPLO1; Cosmo Bio,
Tokyo, Japan). We then seeded cells at a density of 4 x 10° cells/mL in 50 uL/well of
culture medium. These cells were cultured for 24 h at 37°C in a humidified atmosphere
containing 5% CO2. We transfected the cells with expression plasmids, i.e., GloSensor
22F, GFP, empty vector, and OR51EI to be 300 ng in a serum free Opti-MEM (catalog
number: 31985062; Thermo Fisher) per well in total using PolyMagNeo, and then fresh
medium (100 pL) was added to each well. Following a 24h culture period, I used a
Synergy 2 plate reader (BioTek, Winooski, VT, USA) to determine the FI of GFP in each
well. We then replaced the supernatant with 75 plL/well of HBSS containing a 2%
GloSensor cAMP reagent (catalog number: E1290; Promega) and allowed the cells to
incubate for 2 h at room temperature. Afterward, I added an aliquot (25 uL) of HBSS
containing both ligands and IBMX (with a final concentration of 0.5 mM) to each well.
Immediately following this, I measured the change in luminescence at 2 min intervals for
20 min. We obtained normalized relative luminescence unit (RLU) using the following
calculations. (1) We calculated FI of GFP in each well using the formula: (FI in a well
with GFP expression plasmid transfection) - (that without GFP expression plasmid

transfection). (2) We determined a coefficient value (Co) to normalize RLU in each well
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based on GFP plasmid transfection efficacy using the formula: (FI of GFP in a well with
receptor expression plasmid transfection) / (that with empty vector plasmid transfection).
(3) We calculated RLU using the formula: (maximal luminescence in a well with receptor
expression plasmid transfection after addition of HBSS with or without a ligand) / (that
with empty vector plasmid transfection after addition of HBSS without a ligand). (4) We
obtained normalized RLU from the formula: RLU/Co. We performed assays in triplicate

and expressed data as mean values (n = 3) and SD.

2.6. Detection of intracellular Ca** influx

We initiated my experiment by coating a 96 well black/clear bottom Plate (catalog
number: 165305; Thermo Fisher Scientific) with poly-L-lysine. We then seeded cells at a
density of 4 x 10° cells/mL in 50 pL/well of culture medium. These cells were cultured
for 24 h at 37°C in a humidified atmosphere containing 5% CO2. We transfected the cells
with plasmids (300 ng/well in total) using PolyMagNeo as described above. Then fresh
medium (100 pL) was added to each well. The transfected cells were cultured for an
additional 24 h. After removing the culture medium, I incubated the cells in HBSS (50
uL/well) containing a dye loading buffer supplied with a Calcium 6 Assay Explorer Kit
(catalog number: OZB-PG60200-200-200; OZ Biosciences, Marseille, France). The
incubation was carried out for 2 h at 37°C in a humidified atmosphere containing 5%
CO2. Subsequently, I added HBSS with or without a ligand (50 pL/well) and measured
changes in FI using a FLIPR tetra (Molecular Devices; San Jose, CA, USA). When
treatment with FSK (20 uM) was required, it was added to the cells 15 min before
measuring changes in FI by ligand stimulation. Finally, I measured FI changes (%)

induced by the addition of ligands every second for 3 min. Specific responses of cells to
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ligands, which were caused by the transfection of TRPV1 expression plasmid, were
calculated by subtracting the FI changes in control cells, which were not transfected with
the TRPV1 expression plasmid, from the FI changes in cells that were transfected with

the TRPV1 expression plasmid.
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3. Results
Functional expression of ORS1E1 and TRPV1 in HEK293T cells. In this study, I

utilized ORs tagged with a secretory peptide tag, Lucy-Rho, at their N-termini. This tag
is reported to enhance the functional expression of ORs when they are introduced into
heterologous cells, such as HEK293T cells (Shepard et al. 2013). To express TRPV1 in
HEK?293T cells, I used an expression plasmid for TRPV1 with a C-terminal Flag tag. The
protein expressions of OR5S1E1 and TRPV1 were confirmed using flow cytometric
analyses when plasmids to express the two receptors were transfected into HEK293T cells.
For flow cytometry, transfected cells were fixed and permeabilized, and then they were
stained using 1st and 2nd antibodies. To detect OR51E1,I used 1st antibody against Rho.
While TRPV1 was detected using 1st antibody against the Flag. As shown in Figure la
(histogram) and Figure 1b (geometric values of FI), ORS51EI protein expression was
detected in HEK293T cells, both when transfected with OR51E1 alone and when co-
transfected with TRPV1 expression plasmids. Although ORSIE1 protein expression
patterns in cells appeared to differ between the transfection of OR5S1E1 alone (Figure 1a)
and the co-transfection of OR51E1 and TRPV1 (as depicted - in Figure 1a), ORS1E1
expression in cells co-transfected with the two receptors increased 1.1 times more than
that in cells transfected OR51E1 alone (Figure 1b). On the other hand, evident TRPV1
protein expression was detected in cells transfected with TRPV1 alone and those co-
transfected with OR51E1 and TRPV1 expression plasmids (Figure 1¢ and Figure 1d). In
histograms, TRPV1 protein expression patterns in cells were similar between the
transfection of TRPV1 alone (as depicted - in Figure 1c¢) and the co-transfection of
ORS51E1l and TRPV1 (as depicted - in Figure 1c), TRPV1 expression in cells co-

transfected with the two receptors increased 1.1 times more than that in cells transfected
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TRPV1 alone (Figure 1d). These results demonstrate that ORS1E1 and TRPV1 proteins
are produced when these expression plasmids are transfected into HEK293T cells. In
addition, the protein expression levels of TRPVI1 were comparable between the
transfection of TRPV1 expression plasmid alone and the co-transfection of TRPV1 and
ORS1EI expression plasmids. These results indicate that OR51E1 and TRPV1 do not

drastically affect each other regarding their protein expression levels in HEK293T cells.
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Figure 1. Flow cytometric analyses of ORS51E1 and TRPV1 protein expressions in HEK293T
cells. Plasmids (a total of 800 ng plasmid DNA /well) used for transfection were as follows. Empty
(H): 800 ng of empty vector plasmid; TRPV1 (l): 720 ug of TRPV1 expression plasmid and 80 ng
of empty vector plasmid; OR51E1 (M): 720 pg of empty vector plasmid and 80 ng of OR51E1
expression plasmid; TRPV1 + OR51E1 (H): 720 ng of TRPV1 expression plasmid and 80 ng of
ORS1EL1 expression plasmid. After plasmidtransfected cells were fixed and permeabilized, they were
stained with the following antibody combinations. Panels (a) and (b): 1st mouse anti'Rho antibody and
2nd Alexa Flour 647 conjugated goat anti'mouse IgG antibody. Panels (c) and (d): 1st rabbit anti'Flag
antibody and 2nd Alexa Flour 488 conjugated goat antirabbit IgG antibody. (a) and (c) display
histograms, while (b) and (d) depict OR51E1 and TRPV1 protein expression levels (geometric means
of FIs) determined from the histograms of (a) and (c), respectively. Geometric means were obtained
from triplicate assays. ORS1E1 and TRPV1 expressions were estimated from geometric mean values
calculated by subtracting the geometric mean values of the ‘Empty’ from the geometric mean values
of ‘TRPV1’ and ‘ORS51E1’ transfection. Data were expressed as geometric means (n = 3) + SD
(vertical bars). Statistical analysis was performed using Tukey test. *: p <0.05.

It is wellestablished that ORs activated by their ligands enhance intracellular cAMP

production (Sklar et al. 1986; Mombaerts et al. 1996; Nakamura and Geoffrey 1987). We
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examined the responses of cells expressing ORS1E1 to isovaleric and propionic acids in
cAMP production assays. HEK293T cells expressing ORS5S1E1 dose dependently
responded to isovaleric acid (Figure 2a). While OR51E1’s response to propionic acid was
considerably lower than that to isovaleric acid (Figure 2b). Under the conditions
employed here, increasing amounts of OR expression plasmids in transfection
strengthened the responses of ORS1E1 to isovaleric acid. The ligand specificity of
ORS1ET was well consistent with that reported elsewhere (Pronin et al. 2021). Notably,
under the conditions without ligand stimulation, the intracellular cAMP level of cells
transfected with ORS1E1 expression plasmid was greater than that of cells transfected
with empty vector plasmid (Figure 2c). In the absence of ligands, transfection of OR51E1
dose dependently enhance cAMP production. These findings indicate that the expression
of ORS1EI in HEK293T cells may inherently trigger the cAMP production pathway to
some degree, even without ligand stimulation. However, the activation level was
significantly lower compared to when the ligands stimulated it. Furthermore, I
investigated how ORS1EI1 responds to capsaicin and eugenol, which were utilized as
ligands to activate TRPV1 in subsequent experiments. Figure 2d indicates that neither
capsaicin nor eugenol induced cAMP in cells. This was observed in both the cells
transfected with ORS1ET1 (as depicted in the right section of Figure 1d) and those without
the transfection (shown in the left section of Figure 1d). In contrast, isovaleric acid
induced cAMP production in cells transfected with ORS1E1 as depicted in the right
section of Figure 1d. These results demonstrate that capsaicin and eugenol do not activate

ORS1E] as agonistic ligands.
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Figure 2. cAMP production in HEK293T cells expressing ORS1E1 with or without ligand
stimulation. HEK293T cells were transfected with the indicated combinations of plasmids (total 300
ng/well) in a 96'well microplate. The amount of each plasmid used for transfection is shown in the
table under (a) and the color code used here corresponds to lines and bars in (a) - (c). FI of GFP was
utilized to normalize the RLU in each well, considering the transfection efficacy. Cells were treated
with indicated concentrations of isovaleric acid (a) or propionic acid (b) in the presence of IBMX.
After ligands were added to the wells, luminescence in each well was measured every 2 min for a total
of 20 min, and the maximum value was used to calculate the RLU. Assays were performed in triplicate,
and data are presented as mean values (n = 3) of normalized RLU + SD (vertical bars). (c), a part of
the panel (a), i.e., in the absence of the ligand, is enlarged and shown as a bar graph with a differential
vertical scale. Statistical analysis was performed using Tukey test. *: p <0.05; **: p <0.01.

To examine the responsiveness of TRPV1,I measured Ca?" influx, which was detected
as changes in FI, in HEK293T cells transfected with empty vector plasmid or TRPV1
expression plasmid after stimulation with TRPV1 ligands. As these ligands, I chose
capsaicin and eugenol because capsaicin is a typical TRPV1 agonist while eugenol, an
analog of capsaicin, is known not only as a TRPV1 ligand but also as a low molecular
weight odorant molecule. As shown in Figure 3a and Figure 3c, capsaicin or eugenol
caused greater dose dependent responses in cells transfected with TRPV1 expression

plasmid than those transfected with empty vector plasmid. However, control cells that
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were transfected with the empty vector plasmid also exhibited responses to capsaicin or
eugenol, although these were significantly less pronounced compared to the responses of
the TRPV1 expression plasmid transfected cells. There is a possibility that the low levels
of responses in control cells to these ligands are due to the expression of endogenous
TRPVI. Publicly available RNA-seq data, ARCHS4, indicates that a certain level of
TRPV1 is expressed in a variety of cells including HEK293T cells
(https://maayanlab.cloud/archs4/gene/TRPV1). However, I could not definitively
exclude the possibility that the presence of other receptors for these ligands or a
combination of endogenous TRPV1 and other receptors contributes to the response of
control cells to these ligands. Therefore, in this study, I defined specific TRPV1 responses
to capsaicin or eugenol, which were attributable to the transfected TRPV1 as IF changes,
i.e., response/baseline (%), in TRPV1 transfected cells subtracting those in control cells
(Figure 3b and Figure 3d). The dose-response curve of eugenol differed from that of
capsaicin, particularly in terms of effective doses, maximal responses, and curve patterns.
Under the experimental conditions employed in this study, cell viability remained
relatively stable even at high concentrations of capsaicin and eugenol during short-term
measurements. These results suggest that the way in which these two ligands interact with
TRPV1, is not the same. However, both capsaicin and eugenol are vanilloid compounds
and a previous report indicates that they bind to a similar pocket on TRPV1 (Harb et al.
2019). Considering them, it’s likely that there are both common and unique aspects in the
interactions between TRPV1 and these two ligands. Similar to the case with capsaicin,
control cells exhibited a response to eugenol. However, these response levels were
significantly lower compared to those observed in TRPV1-transfected cells. Therefore,

the specific response of TRPV1 to eugenol was also determined by subtracting the
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responses of control cells from those of TRPV 1-transfected cells (Figure 3d).
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Figure 3. Ca?" influx induced in HEK293T cells transfected with TRPV1 expression plasmid or
empty vector plasmid after stimulation with capsaicin or eugenol. HEK293T cells were transfected
with the following plasmids (total 300 ng/well) in a 96'well microplate. In (a) and (c), filled circles
(@ and @): 270 ng of TRPV1 expression plasmid and 30 ng of empty vector plasmid; blank circles
(O and O): 300 ng of empty vector plasmid. After the addition of the indicated concentration of
capsaicin (a) or eugenol (¢) dissolved in HBSS, Ca?* influx in cells was measured through changes in
FI every second for 3 min using a FLIPR. The assays were performed in triplicate. The data,
represented by the maximal FI values in each measurement, were shown as mean values (n = 3) with
standard SD (vertical bars). The specific TRPV1 responses (Il and M) to capsaicin (b) and eugenol

(d) were determined respectively by subtracting the responses of control cells to the indicated ligands
from those of the TRPV 1-transfected cells.

Modulatory effects of ORS1E1 on TRPV1 responses to capsaicin and eugenol. We
investigated whether ORs could alter TRPV1 responses to capsaicin or eugenol, using
HEK?293T cells co-transfected with OR51E1 and TRPV1 expression plasmids. As shown
in Figure 4a, the addition of HBSS without TRPV1 ligands did not induce Ca?* influx in
HEK293T cells transfected with any plasmids. On the other hand, the addition of
capsaicin extensively induced Ca?* influx in cells transfected with TRPV1 (Figure 4b).

Coexpression of OR51E1 with TRPV1 enhanced capsaicin-induced Ca** influx. As
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explained in Figure 3, capsaicin could induce a low level of Ca?* influx in cells transfected
with empty vector plasmid (control). To obtain a transfected TRPV 1-dependent response,
I calculated a specific TRPV1 response to capsaicin (Figure 4c). When the dose of
ORS1E1 expression plasmid in transfection was doubled from 15 to 30 ng per well, the
capsaicin-induced specific response of TRPV1 was enhanced by 1.3 and 1.8 times in
maximal responses, respectively. In these experiments, I refrained from stimulating
ORS1ET with its ligand. Despite this, the co-expression of OR51E1 modified the TRPV1
response to capsaicin. As shown in Figure 2c¢, the transfection of OR51E1 could trigger
the cAMP production pathway, even in the absence of ligand stimulation. Taking all these
results into account, my results suggest that the signaling dependent on OR51E], i.e.,
eliciting cAMP production, amplified the TRPV1 response to capsaicin. In contrast to the
effect of OR51E1 on TRPV1 response to capsaicin, TRPV1-mediated Ca?" influx by
stimulation with eugenol was decreased by the co-expression of ORS1E1 (Figure 4d).
When the OR51E1 expression plasmid was co-transfected at doses of 15 to 30 ng per well,
the specific response of TRPV1 to eugenol was respectively reduced to 0.4 and 0.3 times
its original level in maximal responses (Figure 4e). Our results indicate that OR51E1 can
differentially modulate TRPV1 activation in response to stimulation by capsaicin and

eugenol.
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Figure 4. Modulatory effects of OR51E1 on TRPV1-mediated Ca? influx in response to capsaicin
or eugenol. HEK293T cells were transfected with combinations of plasmids (total 300 ng/well) in a
96'well microplate. The amount of each plasmid used for transfection is shown in the table under (a)
and the color code used here corresponds to lines in (a) - (¢). Using a FLIPR, the influx of Ca" in cells
was measured through changes in FI every second for 3 min. This was done after the addition of HBSS
without ligands for TRPV1 (a), HBSS containing 10 uM of capsaicin (b), or HBSS containing 400
uM of eugenol (d). The assays were performed in triplicate. The data showed as mean values (n = 3)
with standard SD (vertical bars). The specific responses of TRPV1 to capsaicin (c¢) and eugenol (e)
were determined by subtracting the responses to capsaicin or eugenol in cells without TRPV1
expression plasmid from those in cells with TRPV1 expression plasmid transfection.

Amplification of modulatory activities of OR51E1 by stimulation with isovaleric
acid. We verified if stimulation of OR51E1 with its ligand, i.e., isovaleric acid, could
intensify its modulatory activities for the responsiveness of TRPV1 to capsaicin and
eugenol. The addition of isovaleric acid to cells transfected with the TRPV1 expression
plasmid, without the co-transfection of OR51E1 expression plasmid, did not affect the
Ca*" influx via TRPV1 in response to either capsaicin or eugenol as indicated by ™ and
[ in Figure 5a and Figure 5b. Conversely, the same treatment with isovaleric acid
intensified the enhancing effect of OR51E1 on the TRPV1 response to capsaicin, as well

as the inhibitory effect of OR5S1E1 on the TRPV1 response to eugenol (B and Oin
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Figure 5a and Figure 5b). These results suggest that the cCAMP production pathway
triggered by activated ORS1E1 plays a vital role in the modulatory effects of ORs on
TRPVI in responses to both capsaicin and eugenol, despite the effects appearing to be

divergent between TRPV1 responses to these two ligands.
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Figure 5. Intensified modulations of TRPV1 responses to capsaicin and eugenol in HEK293T
cells coexpressing TRPV1 and ORS1E1 by ligand stimulation of ORS51E1. Indicated expression
plasmids were transfected into HEK293T cells cultured in a 96'well plate, totaling 300 ng/well. After
24'h culture, the cells were stimulated with either capsaicin (a) or eugenol (b), in the presence or
absence of isovaleric acid. FI changes in the cells following the addition of capsaicin or eugenol were
measured. Assays were performed in triplicate. Data were presented as mean values of maximal
TRPV 1-specific responses (n = 3) with SD (horizontal bars). Statistical analysis was performed using
Tukey test. *: p<0.05; **: p<0.01 ; n.s.: not significant.

Modulatory effects of ORS1E2 but not NTCP on TRPV1 responses. As shown in
Figure 4 and Figure 5, the co-expression of ORS1E1 influenced TRPV1 responses to
ligands, although its effects differed between eugenol and capsaicin. We further examined
whether another OR, i.e., OR51E2, could exhibit similar modulatory effects. The co-
expression of OR51E2 enhanced the specific response of TRPV1 to capsaicin while

suppressing that to eugenol (Figure 6a). However, the co-expression of NTCP, which is
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not a GPCR, did not exhibit such modulatory effects on TRPV1 responses (Figure 6b).
These results suggest that the modulatory effects of OR51E1 and OR51E2 on the ligand

responses of TPPV1 are closely tied to OR functions.
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Figure 6. Effects of OR51E2 and NTCP on TRPV1-mediated Ca?* influx in response to capsaicin
and eugenol in HEK293T cells. Indicated expression plasmids were transfected into HEK293T cells
cultured in a 96'well plate, totaling 300 ng/well. After 24°h culture, the cells were stimulated with
either capsaicin (a) or eugenol (b). FI changes in the cells following the addition of capsaicin or
eugenol were measured. Assays were performed in triplicate. Data were presented as mean values of
maximal TRPV1-specific responses (n = 3) with SD (horizontal bars). Statistical analysis was
performed using Student’s t'test. *: p<0.05; **: p<0.01 ; n.s.: not significant.

Modulatory effects of FSK on TRPV1 responses to various TRPV1 ligands.
Considering that stimulation of ORs promotes cAMP production, I hypothesized that the
activation of AC, which catalyzes the conversion of ATP to cAMP, could be involved in
this process. We examined whether FSK, an AC activator, could mimic the effects of OR
on the ligand responses of TRPV1. As shown in Figure 7a, compared to untreated ('),
FSK treatment (M) significantly enhanced the capsaicin-induced TRPV1 response.
Conversely, the eugenol-induced TRPV1 response was reduced by FSK (Figure 7b).

These results indicate that FSK can replicate the effects of ORs on the ligand responses
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of TRPV1 and that AC activation plays a crucial role in OR-dependent modulations.
Furthermore, I evaluated the effects of FSK on the responsiveness of TRPV1 to other
compounds, NADA and piperine, which are known as TRPV1 ligands (Ferreira et al.
2009; McNamara et al. 2005). FSK increased the TRPV1 response to NADA (Figure 7a),
whereas it diminished the response to piperine (Figure 7b). It has been reported that FSK
treatment augments the TRPV1 response to capsaicin (Melkes et al. 2020). Regarding the
effect of FSK on capsaicin-induced TRPV1 response, these results were consistent with
the previous report. However, my findings indicate that FSK or ORs can modulate TRPV 1
responses in different manners that are dependent on the TRPV1 ligands. Depending on
whether FSK and OR enhance or inhibit TRPV1 activation, it seems that TRPV1 ligands
can be classified into two categories: those like capsaicin (i.e., capsaicin-type ligands as

shown in Figure 7a) and those like eugenol (i.e., eugenol-type ligands as shown in Figure

7b).
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Figure 7. Effects of FSK on TRPV1'mediated Ca** influx in response to various TRPV1 ligands.
TRPV1 expression plasmid (270 ng/well) and empty vector plasmid (30 ng/well) were transfected into
HEK293T cells. FSK treatment was performed 15 min before indicated TRPV1 ligands were added.
FI changes in the cells following the addition of ligands were measured. Assays were performed in
triplicate. Data were presented as mean values of maximal TRPV 1-specific responses (n = 3) with SD
(horizontal bars). Statistical analysis was performed using Student’s t'test. *: p<0.05; **: p<0.01.
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4. Discussion

Both ORs and TRPV1 are expressed in OSNs and these two types of receptors share
identical ligands at least a portion of their ligands, such as eugenol and camphor. However,
the mechanism of their interaction remains largely unknown. In this study, I analyzed the
effects of ORs on the ligand responsiveness of TRPV1 using HEK293T cells that co-
express both receptors. In OSNs, activation of ORs increases intracellular cAMP, opening
CNG channels and leading to Ca®" influx (Sklar et al. 1986; Mombaerts et al. 1996;
Nakamura and Geoffrey 1987). Conversely, TRPV1, being a cationic ion channel, can
directly elicit Ca*" influx when stimulated by TRPV1 ligands. Since HEK293T cells do
not express CNG channels, they are useful for analyzing the influence of ORs on TRPV1-
mediated Ca?" influx.

Our results indicate that ORs can modulate the ligand responsiveness of TRPV1 by
activating the cAMP production pathway. Regulatory roles of GPCRs other than ORs in
TRPVI activation have been reported, especially about nociception. Ligand-stimulated
prostaglandin receptors activate the cAMP production pathway, and PKA promotes the
phosphorylation of TRPV1 (Moriyama et al. 2005). This phosphorylation lowers the
threshold of TRPV1 response to capsaicin. In addition, various other GPCRs except for
ORs have been reported to regulate TRPV 1 activation through its phosphorylation (Salzer
et al. 2019). Therefore, it is suggested that ORs induce the phosphorylation of TRPV1,
which in turn makes TRPV1 more susceptible to capsaicin, although this presumption
must be confirmed by future studies.

However, the effects of ORs or FSK on Ca?" influx were opposite in response to the
between capsaicin and eugenol. Phosphorylation would make TRPV1 insusceptible to

eugenol, which is opposite to capsaicin. Generally, odors are composed of smaller
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molecules rather than capsaicin (molecular weight of 305.4), and eugenol (molecular
weight of 164.2) is a representative odorant molecule. Our results suggest that the way
TRPV1 interacts with small molecules such as odors is distinct from its interaction with
capsaicin. We found that the ligands of TRPV1 can be divided into two categories (i.e.,
capsaicin-type and eugenol-type ligands) based on the modulation of TRPV1 responses
to these ligands by ORs or FSK. Future studies need to clarify which structural properties
in compounds determine the two types of TRPV1 ligands.

TRPV1, a multimodal receptor, can bind various substances, leading to changes in its
function and structure (Kwon et al. 2021; Sun et al. 2022; Zhang et al. 2021). The
existence of a binding pocket in TRPV1 for capsaicin has been unveiled through the
analysis of 3D structures using cryo-electron microscopy and computational modeling
(Yang et al. 2015; Yang et al. 2018; Vu et al. 2020; Li et al. 2023). This pocket has been
reported to be surrounded by S3-S6 in six transmembrane segments in TRPV1
(Yelshanskaya et al. 2022). The components of capsaicin, referred to as the head (vanillyl
group), neck (amide bond), and tail (aliphatic chain) respectively, interact with different
positions within the binding pocket (Yang et al. 2015). Capsaicin is presumed to bind the
pocket in a ‘tail-up and head-down’ configuration (Kwon et al. 2021; Sun et al. 2022;
Zhang et al. 2021; Yang et al. 2015; Yang et al. 2018; Vu et al. 2020; Li et al. 2023).
Previous reports suggest that longer aliphatic tails enhance the affinities of capsaicin
analogs through their interaction with TRPV1 via van der Waals force (Yang ef al. 2015).
On the other hand, computational ligand docking studies suggest that eugenol attaches to
a site adjacent to the TRPV 1 pocket where the vanillyl group of capsaicin forms hydrogen
bonds with TRPV1 amino acid residues (Harb et al. 2019; Yang et al. 2015). It is

hypothesized that ORs and FSK modify TRPV1 configuration to interact with capsaicin
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or eugenol, possibly through phosphorylation, resulting in an increased affinity and/or
channel opening capability of TRPV1 for capsaicin, while decreasing those for eugenol.

In this study, I demonstrated that the regulation of TRPV1 activation by ORs ¢ vary
depending on the specific TRPV1 ligands when both OR and TRPV1 were expressed in
HEK293T cells. As future studies, it will be necessary to investigate whether such an
interaction between ORs and TRPV1 exists in OSNs as well as HEK293T cells. It is also

intriguing to investigate whether TRPV1 signaling influences the activation of ORs.
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Graphical abstract. The effects of OR on TRPV1 activation vary depending on whether TRPV1
is stimulated with capsaicin (a) or eugenol (b).
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Chapter III Role of phosphorylation and vanilloid ligand
structure in ligand-dependent differential
activations of TRPV1

1. Introduction

Since transient receptor potential (TRP) channels were first discovered in Drosophila in
1969, their functions as sensors for various physiological and environmental stimuli such
as chemicals, temperature, and mechanical stress have been extensively studied (Zhang
et al. 2023). Mammalian TRP channels form a super family of 28 (27 in human) distinct
cation-selective ion channels, which are categorized into 6 subfamilies based on amino
acid sequence homology: 6 TRPV (vanilloid), 7 TRPC (canonical), 8 TRPM (melastatin-
related), 1 TRPA (ankyrin), 3 TRPP (polycystic), and 3 TRPML (mucolipin) (Samanta et
al. 2018; Yelshanskaya and Sobolevsky2022; Zhang et al. 2023). Since TRP subfamilies
were not classified based on their functions, the members of each subfamily do not always
share common functional characteristics (e.g. TRPM2 functions as a sensor for redox in
macrophages, TRPM7 is involved in intestinal Mg** uptake, and TRPMS regulates
epithelial growth) (Koivisto et al. 2022 ). TRPV1 was first discovered as a receptor for
capsaicin, the spicy component of hot chili peppers, and the first cloned TRP channels in
mammals (Caterina et al. 1997 ). TRPVI1-4 functions as nonselective cationic ion
channels, while TRPVS5 and TRPV6 are selective for calcium ions. Although all TRPV
members were initially thought to be sensitive to temperature like TRPV1, recent studies
including those using knockout mice have shown that TRPV2-6, which have more than
50% amino acid identity, are not always sensitive to temperature stimuli (Samanta et al.
2018 ). The TRPV1 monomer includes an intracellular N-terminal region with 6 ankyrin

repeats, transmembrane domains (S1-S6) that form a pore for cationic ions (Ca?" and
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Na' ) to pass through, and an intracellular C-terminal region. A functional TRPV1 is
composed of a homotetramer. TRPV1 is abundantly expressed in the nervous system and
is involved in the detection of external noxious stimuli, mucosal protection, and wound
healing (Abdel-Salam et al. 1996 ; Caterina et al. 1997 ; Schuligoi et al. 1998 ; Ward et
al. 2003 ). TRPV1 expression is also detected in non-neuronal tissues, suggesting that it
plays regulatory roles in non-neuronal cells as well as neurons (Bujak et al. 2019). Various
stimuli including chemical compounds (e.g. capsaicin, resiniferatoxin, oxytocin, rinvanil,
and arvanil), temperatures above 43 °C, and acids can alter the structure and functions of
TRPV1. These stimuli evoke TRPV1-mediated Na* /Ca*" influx in cells, changing the
membrane potential (Kwon et al. 2021; Yang et al. 2003; Yelshanskaya and Sobolevsky
2022). Olfactory receptors (ORs) and several TRP channels, including TRPV1, TRPV4,
and TRPMS5, have been reported as being expressed in olfactory sensory neurons (OSNs)
(Lin et al. 2007; Nakashimo et al. 2010; Sakatani et al. 2023). However, there has been
controversy regarding which types of TRP channels are expressed in mature OSNs
(Pyrski et al. 2017; Sakatani et al. 2023). On the other hand, OR51E1 and ORS51E2 are
found to be expressed in not only OSNs but also in prostatic cells along with a variety of
TRP channels, including TRPV1, TRPV2, TRPV6, TRPMS, TRPM2, and TRPC6 (Chen
et al. 2014; Pronin et al. 2021). Therefore, it is inferred that ORs and TRP channels
including TRPV1, are co-expressed in certain cellular contexts. However, the potential
interaction between ORs and TRP channels including TRPV1 remained largely
unexplored. Previous reports indicate that some G protein-coupled receptors (GPCRs) (in
which ORs are not involved) alter TRPV1 activation through the phosphorylation of
TRPV1, consequently influencing nociception (Salzer et al. 2019). In my previous report,

I co-expressed ORS1E1 or ORS1E2 and TRPV1 in HEK293T cells and then analyzed the
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effect of OR51E1 on TRPV1 activation induced by vanilloid compounds. As a result, |
found a unique aspect of OR regulation on TRPV1 activation: these ORs enhanced the
response of TRPV 1 to capsaicin while attenuating that to eugenol (Moriyama et al. 2024).
The two ORs have the potential to trigger an increase in cAMP levels. Our results
indicated that the effects produced by these ORs could be replicated using a forskolin
(FSK) known as an adenylate cyclase (AC) activator. Therefore, it was suggested that
ORs or FSK can stimulate the cAMP production pathway, which consequently
phosphorylates TRPV 1. In this study, I further confirmed this presumption using a protein
kinase A (PKA) inhibitor and TRPV1 mutants that FSK induces phosphorylation, which
results in ligand-dependent TRPV1 activation. In my previous report, I demonstrated that
the ligands of TRPV1 could be divided into two categories, namely capsaicin and eugenol.
This classification was based on the varying susceptibility of ligand-activated TRPV1 to
modulation by ORs or FSK. However, the molecular characteristics that distinguish the
two types of ligands remained elusive. In this study, I sought to clarify the roles of
chemical groups in vanilloid compounds, leading me to categorize them into distinct
types. During these analyses, I found a third type of TRPV1 ligand 10-shogaol. The

activation of TRPV1 by 10-shogaol was unaffected by treatment with FSK.
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2. Materials and methods
2.1. Cell culture

HEK293T and COS-7 cells were obtained from RIKEN BRC (Tsukuba, Ibaraki, Japan).
These cells were cultured in RPMI 1640 medium supplemented with 10% heat-

inactivated fetal bovine serum and antibiotics (Fujita et al. 2019).

2.2. Plasmids and transfection

A human TRPV1 expression plasmid (pcDNA3.1" /C-(K)-DYK- TRPV1; catalog
number: OHu22257D) was purchased from Genscript (Piscataway, NJ, USA), while an
empty vector plasmid (pBApo-CMV Neo; catalog number: 3240) from Takara Bio Inc.
(Kusatsu, Shiga, Japan). We also obtained TRPV1 mutant expression plasmids from
GenScript, which included substitutions of S502A, T370A, or T144A in the TRPV1 ORF
in the pcDNA3.1" vector. Transfection of plasmids into HEK293T and COS-7 cells was
performed using PolyMag Neo (catalog number: PG60100; OZ Biosciences, Marseille,

France) as described previously (Moriyama et al. 2024).

2.3. Reagents

Eugenol (catalog number: A0232; TCI chemicals, Tokyo, Japan), N-arachidonoyl
dopamine (NADA; catalog number: AB120099-5; Abcam, Cambridge, UK), zingerone
(catalog number: ASB-00026600-250; ChromaDex, Inc. LA, USA), vanillin (catalog
number: h0264; TCI chemicals), capsaicin (catalog number: 034-11351; Fujifilm Wako
Pure Chemical Corp., Osaka, Japan), piperine (catalog number: 162-17241; Fujifilm
Wako Pure Chemical Corp.), FSK (catalog number: 067-02191; Fujifilm Wako Pure

Chemical Corp.), and H-89 (hydrochloride) (catalog number: CAY-10010556-5; Cayman
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Chemical, Ann Arbor, MI, USA) were dissolved in ethanol and then diluted to the
necessary concentrations with Hanks’ balanced salts solution (HBSS) (catalog number:
084-08965; Fujifilm Wako Pure Chemical Co.). The following reagents were directly
resolved in HBSS: Vanillyl alcohol (catalog number: 320-29932; Fujifilm Wako Pure
Chemical Corp.), coniferyl alcohol (catalog number: 034-20163; Fujifilm Wako Pure
Chemical Corp.), 4-(Ethoxy methyl)-2-methoxyphenol (vanillyl ethyl ether; catalog
number: E1028-5G; TCI chemicals), vanillyl butyl ether (catalog number: VO161-25G;
Fujifilm Wako Pure Chemical Corp.), nordihydrocapsaicin (catalog number: CAY33407-
1; Cayman Chemical), olvanil (catalog number: CAY90262-5; Cayman Chemical), and
6-shogaol (catalog number: CAY-11901-1; Cayman Chemical), 10-shogaol (catalog
number: HY-N2434; MedchemExpress. NJ, USA), and capsiate (catalog number: SCB-

SC-506004-10; Santa Cruz Biotechnology, Dallas, TX, USA).

2.4. Measurement of intracellular Ca?* influx

Ca?" influx in cells was detected as described previously (Moriyama et al. 2024).Briefly,
plasmid transfected cells were cultured in a 96-well black/clear bottom plate (catalog
number: 165305; Thermo Fisher Scientific) coated with poly-L-lysine for 24 h at 37 °C
in a humidified atmosphere containing 5% CO. . After removing the culture medium, I
incubated the cells in HBSS (50 pL/well) containing a dye loading buffer supplied with
a Calcium 6 Assay Explorer Kit (catalog number: OZB-PG60200-200-200; OZ
Biosciences) for 2 h at 37 °C. Then, I added HBSS containing a sample (50 uL/well) and
measured fluorescence using a Fluorometric imaging plate reader (FLIPR) tetra from
Molecular Devices (San Jose, CA, USA). When treatments with reagents FSK and H-89

were required for cells, these were added to the cells 15 and 10 min before applying
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FLIPR, respectively. We measured changes (%) in fluorescence intensity (FI) every
second for 3 min in triplicate assays. The data were expressed as mean values and standard
deviation. Specific responses of cells to ligands, resulting from transfection with the
TRPV1 expression plasmid, were calculated by subtracting FI changes in control cells
(not transfected with TRPV1 expression plasmid) from FI changes in cells transfected

with TRPV1 expression plasmids (Moriyama et al. 2024).

2.5. Western blot analyses

We seeded COS-7 cells in 24-well culture plates (catalog number: 3526; Corning, NY,
USA) at 4.0 x10° cells/mL in 500 pL/well. These cells were cultured at 37 °C for 24 h in
a humidified atmosphere containing 5% CO2 . Then the cells were transfected with 0.8
pg per well of plasmid DNA using PolyMag Neo. After adding fresh culture medium (1
mL/well), they were cultured for 24 h. Following this, they were washed with PBS, and
cell lysates were prepared using a RIPA buffer containing a protease inhibitor cocktail
(catalog number 25955-11; Nacalai Tesque, Inc., Kyoto, Japan). SDS-PAGE and Western
blot procedures were conducted as described previously (Hinuma, Fujita and Kuroda.
2022). To detect TRPV 1, I treated the samples with the first antibody (monoclonal mouse
anti-TRPV1; catalog number ab6166; Abcam, Cambridge, UK) at a dilution of 1:2000 at
room temperature for 1 h. This was followed by treatment with a horseradish peroxidase
(HRP)-conjugated second antibody (goat anti-mouse IgG (H + L) antibody, HRP
conjugate 1; catalog number: SA00001-1; Proteintech, Tokyo, Japan) diluted to 1:4000 at
room temperature for 1 h. The FLAG tag (DYKDDDDK) located at the C-terminus of
both wild-type and mutant TRPV1 was identified using an HRP-conjugated anti-FLAG

mouse monoclonal antibody (catalog number: 015-22391; Fujifilm Wako Pure Chemical
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Co.). The antibody treatment at a dilution of 1:5000 was carried out at room temperature
for 30 min. To detect glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an
internal standard protein, I used an HRP-conjugated anti-GAPDH mouse monoclonal
antibody (catalog number: 015-25473; Fujifilm Wako Pure Chemical Co.) at a dilution of
1:10 000. We performed antibody treatment at room temperature for 1 h. Finally, I
visualized the antibody-bound protein bands on the membrane by enhanced

chemiluminescence using Luminograph II (Atto, Tokyo, Japan).
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3. Results

Suppression of FSK’s modulatory effects on capsaicin and eugenol-induced TRPV1
activation by H-89 In my prior study, I hypothesized that the modulatory mechanisms
of OR and FSK for TRPV1 activation, triggered by capsaicin or eugenol stimulation,
could be attributed to the phosphorylation of TRPV1 (Moriyama et al. 2024). As shown
in Figure 1, FSK could substitute the divergent effects of OR on TRPV1 activation
induced by either capsaicin or eugenol. FSK treatment amplified the capsaicin-induced
Ca*" influx in HEK293T cells transfected with TRPV1 (Figure 1a). Conversely, TRPV1
activation induced by eugenol was diminished under identical treatment conditions
(Figurelb). As I explained in the previous study, control cells, transfected with the empty
vector plasmid, also responded to capsaicin or eugenol. Because I could not exclude the
possibility that the endogenous TRPV1 and other receptors contribute to the responses of
control cells to these ligands, I calculated here specific TRPV1 responses to capsaicin
(Figure 1¢) and eugenol (Figure 1d), which were attributable to the transfected TRPV1 as
FI changes, that is response/baseline (%), in TRPV 1-transfected cells subtracting those in

control cells.
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Figure 1. Modulatory effects of FSK on TRPV1-mediated Ca?" influx in response to capsaicin or
eugenol. HEK293T cells, cultured in a 96-well microplate, were transfected with plasmids. The table
adjacent to graph (b) displays the quantity of each plasmid utilized for transfection, as well as the color
codes that correspond to the lines in graphs (a) through (d). The transfected cells were cultured for 24
h. After adding HBSS containing 10 uM of capsaicin (a), or HBSS containing 400 uM of eugenol (b),
the influx of Ca?" within cells was tracked by detecting changes in FI every second for 3 min using a
FLIPR. The data are shown as mean values ( » = 3) with standard deviations (vertical bars). The
specific responses of TRPV1 to capsaicin (c) and eugenol (d) were determined by subtracting the FIs
of cells transfected with the empty vector from those of cells transfected with the TRPV1 expression
plasmid.

In the regulatory mechanism of GPCRs (except for ORs) for TRPV1 activation, previous
studies have shown that a rise in cAMP levels sequentially induces the activation of PKA
and the phosphorylation of TRPV1. These events significantly enhance the activation of
TRPV1 induced by capsaicin (Moriyama et al. 2005; Vetter et al. 2008; Jeske et al. 2008;
Melkes et al. 2020). To validate whether a similar mechanism underlies the divergent
effects of ORs or FSK on TRPV1 responses to vanilloid ligands, I examined if H-89, a
PKA inhibitor, could alleviate the effects of FSK on capsaicin and eugenol-induced
TRPV1 activation. As shown in Figure 2a, FSK treatment did not evoke Ca*" influx in

TRPV1-transfected HEK293T cells without ligand stimulation, even with the addition of
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H-89. On the other hand, FSK amplified the capsaicin-induced Ca?" influx by a factor of
1.7. This amplification was dose- dependently diminished by H-89, reaching a factor of
1.25 in the presence of 50 uM H-89 (Figure2b). Unlike the case with capsaicin, FSK
treatment decreased eugenol-induced TRPV 1-mediated Ca*" influx to 0.2-fold, but this
reduction was partially reversed to 0.5 fold by 50 uM H-89 (Figure 2¢). These findings
strongly suggest that PKA-mediated phosphorylation of TRPV1 plays a crucial role in

the modulatory effects of FSK on TRPV1 responses to both capsaicin and eugenol.
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Figure 2. Suppression of FSK modulatory effects on TRPV1 responses to capsaicin and eugenol
by H-89. HEK293T cells, cultured in a 96-well plate, were transfected with 300 ng per well of the
empty vector plasmid alone (a), and co-transfection with 30 ng per well of the empty vector plasmid
and 270 ng per well of the TRPV1 expression plasmid (b and c). After transfection, the cells were
cultured for 24 h. The influx of Ca?" in the cells was monitored by observing changes in FI every
second for 3 min using a FLIPR. Ligand stimulation of TRPV1 was carried out by adding HBSS
without ligands (a), HBSS containing 10 uM of capsaicin (b), or HBSS containing 400 pM of eugenol
(d). FSK and H-89 were administered at the concentrations below the Figure, 15 and 10 min before
applying the ligands. Data were presented as mean values of maximal TRPV 1-specific responses (
= 3) with standard deviation (horizontal bars). The specific responses of TRPV1 to capsaicin (b) and
eugenol (c¢) were determined by subtracting the responses to capsaicin or eugenol in cells without
TRPV1 expression plasmid from those in cells with TRPV1 expression plasmid transfection.
Statistical analysis was performed using the Tukey test.* P <.05; ** P <.01; n.s.: not significant.

Effects of FSK on TRPV1 mutants stimulated with capsaicin and eugenol To
confirm my presumption, that is FSK’s divergent effects on ligand-induced TRPV1

activation are exhibited via the phosphorylation of TRPV1, I examined whether FSK
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could alter the ligand responsiveness of TRPV1 mutants, in which possible PKA
phosphorylation sites of threonine and serine were replaced with alanine (T145A, T371A,
and S502A) (Rathee ef al. 2002 ; Mohapatra and Nau 2003 ; Schnizler et al. 2008 ). For
the analysis of TRPV1 mutants, I employed COS-7 cells instead of HEK293T cells to
avoid the potential interference of endogenous TRPV1 expression. As shown in Figure 3
aand c, the influx of Ca?" triggered by capsaicin was less pronounced in COS-7 cells than
in HEK293T cells. We used zingerone as a eugenol-type ligand instead of eugenol
because control COS-7 cells without transfection of TRPV1 expression plasmid showed

minimal response to zingerone under my experimental conditions (Figure 3 b and d).
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Figure 3. Ca?" influx in COS-7 and HEK293T cells stimulated with capsaicin and zingerone.
COS-7 (a, b) and HEK293T (c, d) cells, cultured in a 96-well plate for 48 h without transfection of
TRPV1 expression plasmid, were applied to assays to detect Ca>" influx. Changes in FI in cells were

measured using a FLIPR every second for 3 min after 10 pM capsaicin (a, ¢) or 100 uM zingerone (b,
d) was added to cells. Assays and data processing were conducted as described in Figure 1 .
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The existence of TRPV1 proteins in COS-7 cells, which were transfected either with or
without expression plasmids for wildtype TRPV1 and mutated TRPV1, was confirmed
through Western blot analyses. The levels of TRPV1 protein expression in these cells

were almost identical (Figure 4 ).
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Figure 4. Western blot analyses of TRPV1 mutant proteins expressed in COS-7 cells. COS-7 cells,
cultured in a 24-well plate, were transfected with or without wild-type TRPV1 and TRPV1 mutant (ie
T145A, T371A, and S502A) expression plasmids. After cells were cultured for 24 h, proteins were
extracted from these cells. SDS-PAGE was performed with 10 pg of protein in each lane under
reducing conditions. The bands on the membrane were identified using the specific antibody indicated
beneath each image. TRPV1 protein was detected as major bands (approximately at 92 kDa) in the
left image. GAPDH protein expression levels are shown in the right image.

Figure 5 illustrates that FSK amplified the response of wildtype TRPV1 to capsaicin.
However, this effect was absent in TRPV1 mutants (T145A, T371A, and S502A). The
absence of FSK’s amplification of capsaicin-induced Ca®" influx in these mutants was
consistent with prior research reporting that the FSK’s enhancing effect on the capsaicin-
induced current responses of TRPV1 expressed in HEK293T cells is negated by the same
mutation (Rathee ef al. 2002). Similarly, the inhibitory effect of FSK on the response of
wildtype TRPV1 to zingerone was also missing in the TRPV1 mutants, as shown in

Figure 5b. The findings from Figures 2 and 5 collectively indicate that FSK modulates
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the responses of TRPV1 to both capsaicin and eugenol-type ligands via TRPV1

phosphorylation.
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Figure 5. Effects of FSK on the responsiveness of TRPV1 mutants to capsaicin and zingerone.
COS-7 cells, cultured in a 96-well plate, were transfected with a combination of the empty vector (0.03
pg/well) and expression plasmids for wild-type TRPV1 and TRPV1 mutants (0.27 pg/well), in which
specific threonine or serine residues were substituted with alanine as shown in the Figure. Following
a 24-h culture period, cells were either untreated (left bars in each pair) or treated (right bars in each
pair) with 20 uM FSK. Changes in Fls in cells were measured using a FLIPR after adding 10 uM
capsaicin (a) or 100 uM zingerone (b). The specific responses of TRPV1 to capsaicin and zingerone
were determined by subtracting the responses to capsaicin or zingerone in cells without the
transfection of expression plasmids from those in cells with the transfection of wild-type TRPV1 and
TRPV1 expression plasmids. The vertical axis represents ratios calculated using the following
formula: (the maximal FI change in cells expressing wild type or TRPV 1 mutant after stimulation with
the indicated TRPV1 ligand in the presence of FSK)/(that after stimulation with the indicated TRPV1
ligand in the absence of FSK). Assays, data processing, and statistical analysis were conducted as
described in Figure 2 .

Modulatory effects of FSK on the responsiveness of HEK293T cells stimulated with
various vanilloid analogs In the previous study, I demonstrated that TRPV1 ligands
could be categorized into two types, exhibiting capsaicin-like or eugenol-like actions on
TRPV1 concerning OR and FSK treatment (Moriyama et al. 2024 ). Furthermore,
eugenol is predicted to bind near the capsaicin binding pocket in TRPV1 (Harb et al.
2019 ). To elucidate the structural traits of vanilloid compounds that distinguish between
these two types of TRPVI ligands, I analyzed the structure-activity relationship of

TRPV1 responses to 13 vanilloid compounds in FSK-treated HEK293T cells. In these
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experiments, | evaluated the dose responses of TRPV1 to each ligand, both with and
without FSK treatment, across 3 different doses. As demonstrated in my previous report,
the dose-response curves of TRPV1 to vanilloid compounds do not always follow the
typical sigmoid pattern. Additionally, the maximal responses varied among the vanilloid
compounds. To obtain essential data demonstrating the modulatory effects of FSK on
each vanilloid compound-induced TRPV1 activation, I sought appropriate doses of the
compounds to discern these effects, then repeated experiments several times to confirm
the FSK’s effects. Representative data are shown in Figure 6 . FSK treatment enhanced
TRPVI responses to vanillyl ethyl ether, vanillyl butyl ether, nordihydrocapsaicin,
capsiate, capsaicin, and olvanil. Because these vanilloid ligands activated TRPV1
expressed in HEK293T cells, which was strengthened by FSK treatment, I defined these

compounds as capsaicin-type ligands.
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Figure 6. Vanilloid compounds inducible enhancement of Ca?* influx in HEK293T cells treated
with FSK. HEK293T cells were transfected with the empty vector and TRPV1 expression plasmids
following the identical protocol described in Figure 2 . After transfected cells were cultured for 24 h,
changes in FIs in the cells were measured following the addition of the indicated vanillyl compounds.
The markers, either blank or filled, represent FI changes in cells that were either untreated or treated
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with FSK, respectively. FI changes were measured following the addition of vanillyl ethyl ether (a),
vanillyl butyl ether (b), nordihydrocapsaicin (c), capsiate (d), capsaicin (e), and olvanil (f). Because
the data were gathered from separate experiments, we normalized them based on the response to
capsaicin in each respective experiment. Except for data normalization, the assays and data processing
followed the procedure depicted in Figure 2 . Statistical analysis ( # = 3) was performed using the
Tukey test.* P <.05;** P<.01. Due to the small size of the error bars, they are often not visible within
the symbols.

In contrast, FSK treatment reduced the responsiveness of HEK293T cells expressing
TRPV1 to vanillin, vanillyl alcohol, eugenol, coniferyl alcohol, zingerone, and 6-shogaol
(Figure 7 ). Therefore, I designated these vanilloid analogs as eugenol-type ligands.
During these analyses, I found that TRPV1 activation by 10-shogaol was not affected by
the treatment with FSK (Figure 8 ). Therefore, I named this novel ligand type unaftected

by FSK as a 10-shogaol-type ligand.
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Figure 7. Vanilloid compounds inducible reduction of Ca?* influx in HEK293T cells treated with
FSK. Experimental conditions, data processing, and statistical analysis are the same as described in
Figure 6 . The markers, either blank or filled, represent FI changes in cells that were either untreated
or treated with FSK, respectively. FI changes were measured following the addition of vanillin (a),
vanillyl alcohol (b), eugenol (c), coniferyl alcohol (d), zingerone (e), and 6-shogaol (f). Due to the
small size of the error bars, they are often not visible within the symbols.
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Figure 8. No change in 10-shogaol-induced TRPV1 activation by FSK treatment. The
experimental conditions, data processing, and statistical analysis methods are identical to those
described in Figure 6 . The empty or filled markers denote the changes in FI in cells that were either
untreated or treated with FSK, respectively. The changes in FI were measured after the introduction
of 10-shogaol. Due to the small size of the error bars, they are often not visible within the symbols.

Previous reports have suggested that the dose responses of TRPV1 to ligands, measured
using the patch clamp method to monitor electrical changes in the membrane, are
influenced by the ligand’s affinity for TRPV1 and its ability to induce conformational
changes gating the pore formed by TRPV1 tetramers (Yang et al. 2015 ). These changes
are closely associated with TRPV 1-mediated Ca?" influx (Yang et al. 2003 ; Samanta et
al. 2018 ; Yelshanskaya and Sobolevsky 2022 ; Vu et al. 2020 ). Therefore, capsaicin-
type ligands would enhance the affinity and/or gating efficacy for phosphorylated TRPV 1

(Figure 6 ), whereas eugenol- type ligands would decrease them (Figure 7).

Structural characteristics of capsaicin and eugenol-type vanilloid ligands
Regarding the binding of capsaicin to TRPV1, it has been reported that the structure of
capsaicin can be functionally divided into 3 parts: the head (vanillyl group), neck (amide
bond), and tail (aliphatic chain) (Yang et al. 2015 ). Additionally, I designated here the
positions of the amino group and carbonyl group within the amide bond as neck 1 and
neck 2, respectively (Figure 9 ). Our findings indicate that the structure of the neck is
pivotal in differentiating between capsaicin and eugenol-type ligands, as all compounds
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that have an ether bond, ester, and amide bond at the position of neck 1 were identified as
capsaicin-type ligands. For example, despite having similar side chain lengths, zingerone
and vanillyl ethyl ether were classified into eugenol-type ligands. Therefore, the polarity
of the functional group at the neck 1 position is likely to be essential. Conversely, a
carbonyl group at neck 2 is unlikely to be indispensable. Because the carbonyl group at
neck 2 was found in both capsaicin and eugenol-type compounds. In the binding process
of capsaicin to the TRPV 1 binding pocket, the tail is presumed to provide support through
Van der Waals (VDW) forces between the tail and TRPV1 amino acid residues (Yang et
al. 2015 ). Despite 6-shogaol possessing a longer aliphatic tail than vanillyl ethyl ether
and vanillyl butyl ether, it behaved as a eugenol-type ligand, while the latter two
compounds exhibited capsaicin-type behavior. This suggests that the functional groups at
the neck are more crucial for capsaicin-type ligands than the lengths of the aliphatic tail.
However, vanillin and vanillyl alcohol, which have short side chains extending from the
vanillyl group and terminate with the oxygen atom and hydroxyl group at the position of
neck 1, were classified as eugenol-type ligands. These results indicate that capsaicin-type
ligands necessitate a polar neck 1 and side chains extending beyond the neck, regardless
of the length. Previously, I hypothesized that vanillyl compounds with lower molecular
weights would be classified as eugenol-type ligands, and molecules with relatively higher
molecular weights would fall under the capsaicin-type category. However, this hypothesis
should be reconsidered. Because of having a molecular weight greater than vanillyl ethyl
ether and vanillyl butyl ether of capsaicin-type compounds, 6-shogaol was identified as a
eugenol- type ligand. Furthermore, 6-shogaol exhibited characteristics like the eugenol-
type ligand when treated with FSK, while 10-shogaol was not susceptible. The primary

difference between 6-shogaol and 10-shogaol is the length of the aliphatic side chain. This
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suggests the tail length plays a significant role in distinguishing between eugenol-type

ligands and 10-shogaol-type ligands.
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Figure 9. Classification of tested vanillyl compounds into capsaicin-type, eugenol-type, and 10-
shogaol-type TRPV1 ligands. Based on the experiments in Figures 6 , 7 and 8 , tested vanillyl
compounds were classified into capsaicin-type, eugenol-type, and 10-shogaol-type categories. The

structural components of capsaicin are divided as follows: the head contains a vanillyl group, the neck

1 includes an amino group, the neck 2 includes a carbonyl group, and the tail represents an aliphatic

chain.
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4. Discussion

In the previous report, I demonstrated that ORs regulate TRPV1 activation in a ligand-
dependent manner. Because the regulatory functions of these ORs could be substituted
with an AC activator FSK, in this study, I intended to confirm the following hypothesis
using HEK293T cells expressing TRPV1. Treatment with FSK elevates cAMP levels,
which triggers PKA activation. The activated PKA in turn catalyzes the phosphorylation
of TRPV1. Utilizing a PKA inhibitor (H-89) and TRPV1 mutants, I secured results that
corroborate my hypothesis. Furthermore, it has been reported that GPCRs, excluding ORs,
and FSK regulate TRPV1 activation through the phosphorylation of TRPV1 (Rathee et
al. 2002 ; Mohapatra and Nau 2003 ; Schnizler ef al. 2008 ; Vetter et al. 2008 ; Salzer et
al. 2019 ; Melkes et al. 2020 ). Our results related to phosphorylated TRPV1 activation
by capsaicin were consistent with those reported previously. However, it should be noted
that little is known about the suppressive effects of FSK on TRPV1 responses to eugenol-
type vanilloid ligands. In this study, I showed that FSK’s enhancing and suppressing
effects on TRPV1 responses to capsaicin and eugenol-type ligands are manifested
similarly through the phosphorylation of TRPV1.

Furthermore, 1 investigated using 13 vanilloid compounds to determine the key
structural characteristics that categorize these compounds into two types. Capsaicin-type
ligands included vanillyl ethyl ether, vanillyl butyl ether, nordihydrocapsaicin, capsiate,
capsaicin, and olvanil. On the other hand, vanillin, vanillyl alcohol, eugenol, coniferyl
alcohol, zingerone, and 6-shogaol were classified as eugenol-type ligands. In addition, in
this study, I found a third type of TRPV1 ligand, that is 10-shogaol type by which
activation of TRPV1 is unaffected by FSK. Structural analyses of TRPV1 using cryo-

electron microscopy and computational modeling reveal TRPV1 binding pocket for
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capsaicin (Yang et al. 2015 ; Yang et al. 2018 ; Vu et al. 2020 ; Li et al. 2023 ). In the
binding model of capsaicin and TRPV1, capsaicin adopts a “tail-up and head-down”
configuration within the TRPV1 ligand-binding pocket, assembled by the S3-S6
transmembrane segments. The hydroxyl group of the capsaicin’s head forms a hydrogen
bond with a specific amino acid residue of TRPV1 (Yang ef al. 2018 ). Furthermore, it
has been reported that at least the vanillyl group in eugenol and 6-shogaol binds near the
TRPV1 binding pocket for capsaicin (Ohbuchi et al. 2016 ; Harb et al. 2019 ). We
postulate that the binding mode of the head (vanillyl group) among the compounds tested
to TRPV1 would be nearly identical. Our structure-activity relationship analyses indicate
that possessing a head-neck-tail structure is vital for capsaicin-type ligands. In addition,
the polarity of neck 1 (ie amide, ether, ester) appears crucial for capsaicin-type ligands.
In the capsaicin binding to unphosphorylated TRPV1, the oxygen atom at the neck 2
position forms a hydrogen bond with a specific amino acid residue of TRPV 1. Therefore,
the functional group at the neck 2 position has been presumed more critical than that at
the neck 1 position in the capsaicin binding to unphosphorylated TRPV1. However, the
functional group at the neck 1 position seems to influence more than that at neck 2 in the
interaction between the neck and phosphorylated TRPV 1. Capsiate, a capsaicin analog in
which the amide group of capsaicin is replaced with an ester, exhibits a considerably
reduced ability to activate TRPV1 (Yang ef al. 2015 ). Therefore, neck 1 of the amido
bond in capsaicin has been supposed to function as an anchor for TRPV1. Despite the
reduced ability of capsiate to activate TRPV, this compound behaved as a capsaicin-type
ligand. There is a possibility that the functional group of neck 1 may have an unknown
important role in the interaction of vanilloid compounds with TRPV1. Interestingly, 6-

shogaol triggered TRPV1 activation like eugenol, which was diminished by FSK
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treatment. In contrast, 10- shogaol-induced TRPV1 activation was not affected by the
same treatment. In the case of capsaicin, it is hypothesized that the tail structure enhances
the affinities of capsaicin analogs through their interaction with TRPV1 via VDW forces
(Yang et al. 2015 ). Our results suggest that the extended aliphatic tail of 10-shogaol
interacts with a site on TRPVI1, a configuration that remains unaffected by the
phosphorylation of TRPV1. Several hypotheses have been proposed to elucidate why
FSK treatment or phosphorylation of TRPV1 could modify its responsiveness to
capsaicin: (1) FSK may facilitate the formation of a functional TRPV1 multimer in the
plasma membrane, thereby enhancing TRPVI1’s response to capsaicin; (2)
phosphorylation could add an increased negative charge to certain TRPV1 amino acid
residues, thus enhancing TRPV1’s binding affinity for capsaicin; (3) FSK-induced
phosphorylation might influence a downstream signal transduction process, independent
of capsaicin binding and gate opening (Vetter et al. 2008 ; Studer et al. 2010 ; Yang et al.
2015 ). As these hypotheses are grounded in data obtained using capsaicin, they may not
be necessarily applicable for explaining FSK’s effects on TRPV1 activation induced by
eugenol-type and 10- shogaol-type ligands. In addition, experiments using TRPV1
mutants indicate that amino acid substitutions at phosphorylation candidate sites, which
are not adjacent to the capsaicin-binding pocket, abolish the effects of FSK treatment. It
has been reported that TRPV1 alters its configuration in the gate-opening process after
ligand binding to allow cationic ions to permeate (Kwon et al. 2021 ; Sun et al. 2022 ;
Zhang et al. 2023 ). It is hypothesized that mutations distant from the binding pocket
influence the configuration of the binding pocket or the structural alteration process
leading to gate opening. Furthermore, the possibility that the indirect actions of vanilloid

compounds in cells influence their differential interactions with phosphorylated TRPV1
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cannot be ruled out. As information about the conformational changes associated with the
phosphorylation of TRPV is not currently enough, it is anticipated that future studies will
elucidate the manner and structure of ligand-binding phosphorylated TRPV1 to

understand our findings.
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Graphical abstract. Ligand-dependent activation of phosphorylated TRPV1.
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Chapter IV Suppressive Effect of TRPV1 on ORs signal

transduction

1. Introduction

Olfactory receptors (ORs), members of the G protein-coupled receptor (GPCR) family,
play a pivotal role in the initial detection of odorant molecules. Approximately 400
functional ORs are coded in the human genome. ORs are primarily expressed on the cilia
of olfactory sensory neurons (OSNs) of the olfactory epithelium in the nasal cavity
(Persaud and Dodd, 1982; Buck and Axel, 1991; Jimenez et al., 2021). In the first step of
odor perception, odorant molecules bind ORs, which causes conformational changes in
ORs, leading to signal transduction in OSNs. Various combinatorial signal patterns arise
from ORs stimulated by differential sets of odorants. Olfaction is generated by
transmitting this information to the brain (Malnic et al., 1999). Upon odorant binding,
ORs activate the olfactory-specific G protein, Goaolf, which subsequently stimulates
adenylate cyclase, leading to the production of cAMP (Lowe, Nakamura and Gold, 1989;
Pace et al., 1985; Mainland et al., 2014; Pronin et al., 2021). Elevated intracellular cAMP
triggers the opening of cyclic nucleotide-gated ion channels, permitting Na* and Ca**
influx, which leads to the depolarization of OSN (Nakamura and Gold 1987; Mombaerts
et al., 2004).

When expressing ORs in heterologous cells, their cell surface and functional
expressions are frequently insufficient. (Saito et al, 2004). To overcome this issue,
various strategies have been developed to enhance cell surface and functional OR
expression. The N-terminal modification of ORs by adding N-terminal tags such as Rho
tag (a non-cleavable signal sequence derived from rhodopsin) and Lucy tag (a cleavable
signal peptide derived from LRRC32) is an effective approach to promote the surface
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expression of ORs (Krautwurst et al., 1998; Shepard et al., 2013). We have previously
reported that ORS1E1 modified with Lucy-Rho at the N-terminus is functionally
expressed in HEK293T cells (Moriyama et al., 2024a).

Gene expressions of transient receptor potential (TRP) channels, including TRPV1,
have been identified in OSNs (Nakashimo et al., 2010; Sakatani et al., 2023; Lin et al.,
2007). These channels may contribute to olfactory perception, particularly in response to
spice-derived compounds (Yang et al., 2003 ; Caterina ef al., 1997 ; McNamara et al.,
2005). TRPV1, originally identified as the capsaicin receptor, is a nonselective cation
channel implicated in nociception, mucosal protection, and wound healing (Ward et al.,
2003; Abdel-Salam et al,, 1996; Schuligoi et al., 1998). TRPVI is an ion channel
consisting of a homotetramer that permits Na* and Ca®" influx in response to vanilloid
compounds, noxious heat (>43°C), and acidic conditions (Hardie and Minke 1993; Kwon
et al., 2012; Yelshanskaya and Sobolevsky, 2022).

ORs and TRPV1 have been detected in OSNs (Verbeurgt et al., 2014; Nakashimo et
al., 2010; Sakatani et al., 2023; Lin et al., 2007). However, the stage of differentiation in
OSNs at which TRPV1 is expressed remains a subject of debate (Sakatani et al., 2023;
Pyrski et al., 2017). On the other hand, OR51E1 and OR51E2 are found not only in OSNs
but also in prostatic cells, alongside various TRP channels such as TRPV1, TRPV2,
TRPV6, TRPMS, TRPM2, and TRPC6 (Pronin et al.,, 2021; Chen et al., 2014). In the
LNCaP prostate cancer cell line, stimulation of OR51E1 and OR51E2 with their ligands,
short- to medium-chain fatty acids (C3—C9), led to inhibited cell proliferation (Mallberg
et al., 2016; Pronin et al., 2021). This suggests a potential co-expression of ORs and TRP

channels, including TRPV1, in specific cellular environments. However, the nature of
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interactions between ORs and TRP channels, particularly TRPV1, remains largely
unexamined.

Various studies on the interaction between TRPV1 and GPCRs, except for ORs, have
been reported. For instance, activation of the prostaglandin E2 receptors (EP3C and EP4),
which couple to Gas, induces cAMP production and protein kinase A (PKA) activation,
leading to TRPV1 phosphorylation and subsequent desensitization or sensitization in
nociceptive pathways (Moriyama et al., 2005). GPCRs coupling to Gag/11, and Gai/o,
have also been reported to modulate TRPV1 activation via phosphorylation-dependent
mechanisms (Salzer et al., 2019). Although numerous studies have investigated the
modulatory effects of GPCRs on TRPV1, the influence of TRPV1 on the activation of
GPCRs, including ORs, remains largely unknown.

Based on DNA sequences, ORs are classified as I and 1. Class I ORs are predominantly
found in aquatic animals, such as fish, and are supposed to respond primarily to water-
soluble odorant molecules. Class I ORs are more common in terrestrial animals and are
presumed to be activated by relatively hydrophobic molecules. OR51E1 belongs to Class
I ORs. As mentioned earlier, expressing functional ORs in heterologous cells is frequently
challenging. Among human ORs, OR51EI1 is a well-characterized receptor regarding its
signal transduction pathway and cell surface expression (MaBlberg et al., 2016; Pronin et
al., 2021). Thus, ORS51E1 was chosen to investigate the influence of TRPV1 in this study
as well as in our previous study (Moriyama et al., 2024a).

In the previous studies, we demonstrated that ORs, including OR51E1, could regulate
ligand-stimulated TRPV1 activation. Interestingly, the regulatory role of OR51E1 on
TRPV1 activation diverged depending on the ligands used for stimulating TRPV1. When

ORS51E1 and TRPV1 were co-expressed in HEK293T cells, TRPV1 activation
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(intracellular Ca*'influx) by capsaicin was enhanced by OR51E1 co-expression. This
enhancement was strengthened by the stimulation of OR with a ligand. In contrast,
TRPVI1 activation by eugenol was suppressed by ORSIE1 co-expression and its
stimulation with a ligand (Moriyama et al., 2024a). We have demonstrated the following
mechanism for the modulatory effects of OR51E1 on TRPVI1 activation. Ligand-
stimulated OR51E1 increases intracellular cAMP concentration, leading to the activation
of protein kinase A (PKA), which subsequently phosphorylates TRPV 1. Phosphorylated
TRPV1 exhibits differential susceptibility to vanilloid compounds in its activation. Based
on the differential susceptibility of phosphorylated TRPV1 to ligands, we found that
vanilloid compounds are classified into three types: capsaicin type (enhancement), 10-
shogaol type (no change), and eugenol type (suppression) (Moriyama et al., 2024b).
Although we have shown the effects of ORs on TRPV1 activation, it remains unclear
whether TRPV1 has a regulatory role in OR activation. In this study, we investigated

whether and how TRPV1 influences OR51E1 response to a ligand.
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2. Materials and methods

2.1. Cell culture
HEK293T was obtained from RIKEN BRC (Tsukuba, Ibaraki, Japan). These cells were
cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine

serum and antibiotics (Fujita ef al., 2019).

2.2. Plasmids
Expression plasmids encoding TRPV1, ORS1E1 (fused with Lucy-Rho at the N-
terminus), green fluorescent protein (GFP), pGloSensor 22, and the empty vector were

prepared as previously described by Moriyama et al., 2024a.

2.3. Reagents

Capsaicin (catalog number: 034-11351 from Fujifilm Wako Pure Chemical Corp.,
Osaka, Japan), A23187 (catalog number: C7522-1MG from Sigma-Aldrich, St. Louis,
MO, USA), CCG21022 (catalog number: S6621-1MG from Selleck Chemicals, Houston,
TX, USA), Staurosporine (catalog number: S1421-2MG from Selleck Chemicals), and
H-89 (catalog number: CAY-10010556-5 from Cayman Chemical, Ann Arbor, MI, USA)
were dissolved in ethanol and diluted with Hanks' balanced salts solution (+) (HBSS(+);
catalog number: 084-08965 from Fujifilm Wako Pure Chemical Co.) or Hanks' balanced
salt solution (-) (HBSS(-); catalog number: 085-09355 from Fujifilm Wako Pure
Chemical Corp.). Ethylenediaminetetraacetic acid (EDTA; catalog number: 15105-35
from Nacalaitesque, Kyoto, Japan) was dissolved in water and then diluted with HBSS
(-). 3-isobutyl-1-methylxanthine (IBMX; catalog number: I5879 from Sigma-Aldrich,

St. Louis, MO, USA) was initially dissolved in dimethyl sulfoxide (catalog number: 046-
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21981 from Fujifilm Wako Pure Chemical Corp.) before being added to HBSS.
Isovaleric acid (catalog number: M0182 from TCI chemicals, Tokyo, Japan) was first
dissolved in Opti-MEM (catalog number: 31985062 from Thermo Fisher Scientific,

Waltham, MA, USA) and then further diluted with HBSS containing IBMX.

2.4. Detection of cAMP production

Intracellular cAMP levels were measured as described previously (Moriyama et al.,
2024a). HEK293T cells were cultured in a 96-well white plate (catalog number: 236105
from Thermo Fisher Scientific) pre-coated with poly-L-lysine (catalog number: VBH-
SPLO1 from Cosmo Bio, Tokyo, Japan). The cells were seeded at a density of 4 x 10°
cells/mL in 50 pL of culture medium per well and cultured at 37°C in a humidified
atmosphere containing 5% CO: for 24 h. Transfection of plasmids was performed using
PolyMagNeo™ (catalog number: PG60100 from OZbioscience, Marseille, France) with
a total of 300 ng of DNA per well, including GloSensor 22F, GFP, empty vector, and
ORS1EL1 expression plasmids, in serum-free Opti-MEM. Then, 100 pL of fresh culture
medium was added to each well, and the cells were cultured for 24 h. The fluorescence
intensity (FI) of GFP was measured using a Synergy 2 plate reader (BioTek, Winooski,
VT, USA). Subsequently, the culture medium was replaced with 75 pL of HBSS
containing 2% GloSensor cAMP reagent (catalog number: E1290 from Promega,
Madison, WI, USA), and the cells were incubated at room temperature for 2 h. Thereafter,
25 uL of HBSS containing both ligands and IBMX (final concentration: 0.5 mM) were
added to each well. Luminescence changes were recorded immediately at 2-min
intervals for a total duration of 20 min. The inhibitors were added 15 min before the

assay, while A23187 was co-administered at the time of the ligand stimulation.
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Afterward, the assay was performed using a Synergy 2 plate reader. Normalized relative
luminescence units (RLU) were calculated using the following procedure: (1) FI of GFP
for each well was determined as the difference between FI in wells transfected with GFP
expression plasmid and those without its transfection. (2) A normalization coefficient
(Co) was calculated to account for transfection efficiency, using the formula: (FI of GFP
in wells transfected with the receptor expression plasmid) / (FI of GFP in wells
transfected with the empty vector). (3) RLU was determined as follows: (maximal
luminescence in wells transfected with the receptor expression plasmid after HBSS
addition, with or without a ligand) / (maximal luminescence in wells transfected with
the empty vector after HBSS addition without a ligand). (4) Finally, normalized RLU
was obtained using the formula: RLU / Co. All assays were performed in triplicate, and

data were expressed as mean (n = 3) £ standard deviation (SD).

2.5. Treatment with siRNA

Silencer® Select siRNA (catalog number: 31985062) and TRPV1 siRNA (catalog
number: 4392420) were purchased from Thermo Fisher Scientific. HEK293T cells were
seeded at a density of 4 x 10* cells/mL in 50 pL of RPMI 1640 per well in a 96-well
white-bottom plate coated with poly-L-lysine. Transfection was performed using
PolyMagNeo™. A mixture containing siRNA (1 pmol), 50 ng of GloSensor 22F, 100 ng
of GFP, and 50 ng of ORS1E1 expression plasmids was prepared in 50 pL of Opti-MEM.
This mixture was added to each well, followed by magnetic treatment at room
temperature for 30 minutes. The transfected cells were then cultured for 48 h. Treatment
with a ligand, measurements of fluorescence and luminescence, and data processing

were conducted in the same manner outlined in the preceding section.
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2.6. Reverse-transcription quantitative polymerase chain reaction (RT-qPCR)

To investigate the effect of siRNA treatment on TRPV1 expression levels in HEK293T
cells, we conducted RT-qPCR following the method previously described by Fujita et
al., 2019. HEK293T cells (4 x 10* cells/mL) were plated in 500 pL per well in a 24-well
tissue culture microplate (catalog number: 3526, Corning Japan, Tokyo, Japan) and
cultured at 37°C with 5% CO; for 24 h. The siRNA transfection process involved adding
a mixture of siRNA (1 pmol) and 0.5 pL PolyMagNeo in Opti-MEM (50 pL) to each
well, followed by a 30-minute magnetic treatment at room temperature. Subsequently,
1.5 mL of fresh medium was added to each well, and the cells were cultured for an

additional 48 h. Total RNA was extracted from treated HEK293T cells using a
NucleoSpin® RNA kit and quantified with a DS-11 spectrophotometer (DeNovix). To

determine mRNA expression levels of TRPV1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), reverse transcription was performed using 1.2 ug of total
RNA as a template, along with PrimeScript™ RT Master Mix (TaKaRa). Reverse-
transcribed RNA (6.4 ng) was amplified with oligonucleotides specific for TRPV1 ()
and GAPDH (5'-GAGACCCTGGTGGACATC-3" and 5-TTTCTTTGGTCTGCATTC-
3") under the following conditions: initial denaturation at 95 °C for 30 seconds, followed
by 45 cycles at 95 °C for 10 seconds and 60 °C for 1 minute. The amplification process
utilized TB Green® Premix EX Taq™ II (TaKaRa) on the MyGo Pro Real-Time PCR
system (I'T-IS Life Science).

The suppressive effects of siRNAs were assessed by comparing the relative mRNA
expression levels. Expression levels from cells treated with negative control siRNA

(control) were set to 100%, while expression levels following treatment with TRPV1
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siRNAs were presented as relative values. All samples were tested in triplicate. TRPV1
mRNA expression levels were normalized to GAPDH expression levels. Relative mRNA
expression levels were expressed as means + standard errors (vertical bars). Statistical
significance was analyzed using t-test, with * indicating p < 0.05 and ** indicating p <

0.01.

2.7. Detection of intracellular Ca?" influx

We measured Ca®" influx as described previously (Moriyama et al., 2004ab). Briefly,
HEK293T cells were cultured in a 96-well black/clear bottom Plate (catalog number:
165305 from Thermo Fisher Scientific) coated with poly-L-lysine. We then seeded cells
at a density of 4 x 10° cells/mL in 50 pL/well of culture medium. After these cells were
cultured for 24 h, we transfected the cells with plasmids (300 ng/well in total) using
PolyMagNeo. The transfected cells were cultured for an additional 24 h. After removing
the culture medium, we incubated the cells in HBSS (+) (50 puL/well) containing a dye
loading buffer supplied with a Calcium 6 Assay Explorer Kit (catalog number: OZB-
PG60200-200-200 from OZ Biosciences, Marseille, France). The cells were incubated
for 2 h at 37°C. Subsequently, we added HBSS (+) (50 puL/well) without a ligand and
then measured changes in FI (%) every second for 3 min using a FLIPR tetra (Molecular

Devices; San Jose, CA, USA).
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3. Results
Suppressive effect of TRPV1 on cAMP production induced by ligand-stimulated

ORS51E1  We investigated whether TRPV1 alters ORS1E1 response to isovaleric acid
using HEK293T cells co-expressing ORS1E1 and TRPV1. OR51E1 was modified with a
Lucy-Rho tag to improve its cell surface expression (Krautwurst et al., 1998; Shepard et
al., 2013). In the previous study, we confirmed that OR51E1 co-expression with TRPV1

in HEK293T cells does not significantly affect the expression levels of either protein
(Moriyama et al., 2024a). Figure 1 (the left graph) shows that adding a ligand (isovaleric

acid) did not induce significant cAMP production in cells transfected with empty vector
plasmid. In contrast, the addition of isovaleric acid markedly induced cAMP production
in cells expressing ORS1E1 (Figure 1, the stripped bar in the middle graph). The cAMP
production induced by ligand-stimulated OR51E1, which were not co-transfected with
TRPV1 expression plasmid, was suppressed dose-dependently to 77.3 and 48.9% by 0.04
and 0.2 pM capsaicin, respectively (Figure 1, the filled bars in the middle graph). These
results suggest that this suppressive effect of capsaicin is mediated via an endogenous
capsaicin receptor TRPV1. On the other hand, the co-expression of TRPV1 significantly
suppressed the cAMP production of cells expressing ORS51EI to isovaleric acid (Figure
1, the right graph). Notably, cAMP production induced by ligand-stimulated OR51E1 in
the absence of capsaicin was reduced to 66.6% by the transfection of TRPV1 expression
plasmid (Figure 1, the stripped bars in the middle and right graphs). These results
indicated that TRPVI1 expression alone could affect the activation of ORSIEIL.
Furthermore, when capsaicin was simultaneously applied with isovaleric acid, OR51E1-
mediated cAMP production was more profoundly suppressed dose-dependently by

capsaicin in HEK293T cells co-expressing ORS1E1 and TRPV1 (Figure 2, the filled bars
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in the right graph). These results suggest that TRPV1 activation suppresses the cAMP

production mediated by ligand-stimulated OR51E1 in HEK293T cells.
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Figure 1. Suppressive effects of TRPV1 co-expression and capsaicin on cAMP production
induced by ligand-stimulated ORS1E1. HEK293T cells, cultured in a 96-well microplate, were
transfected with plasmid combinations that included 50 ng of GloSensor 22F expression plasmid, 100
ng of GFP expression plasmid, and additional plasmids, totaling 300 ng per well. The additional
plasmids: (the left bar graph) 150 ng of empty vector plasmid; (the middle bar graph) 100 ng of
ORS1ELl expression plasmid combined with 50 ng of empty vector plasmid; (the light bar graph) 100
ng of ORS1E1 expression plasmid, 25 ng of TRPV1 plasmid, and 25 ng of empty vector plasmid.
Ligands (i.e., capsaicin for TRPV 1 and isovaleric acid for OR51E1) with IBMX in HBSS were applied
at the doses as indicated in the table under the bar graphs. After ligand addition, luminescence was
measured every 2 minutes for 20 minutes, and the maximum value was used to calculate the RLU.
Assays were performed in triplicate, and data (normalized RLU) are presented as the mean values (n
=3) £ SD (error bars). Statistical analysis was performed using the Tukey test. *: p < 0.05; **: p <
0.01.

Offsetting capsaicin-induced suppression of ORS1E1 response to isovaleric acid in
HEK?293T cells by TRPV1 siRNA As shown in Figure 1 (the middle graph), capsaicin
suppressed cAMP elevation in HEK293T cells expressing OR51E1 despite the absence
of transfecting TRPV1 expression plasmid. There is a possibility that the endogenous
TRPV1 mediates this suppression because TRPV1 is known to be expressed in various

tissues and cells (Retrieved from https://www.proteinatlas.org/ENSG00000196689-

TRPV1/cellt+line; Jin et al, 2023.). We examined this presumption using siRNA for
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TRPVI1. We transfected the ORS51E1 expression plasmid in HEK293T cells with or
without siRNA treatment, and these cells were stimulated with isovaleric acid, both
individually and in combination with capsaicin (Figure 2). When the cAMP production
of HEK293T cells expressing OR51E1 stimulated with isovaleric acid alone was set as
100% (Figure 2 (a), the stripped bar), stimulation with the combination of capsaicin at the
dose of 0.2 uM and isovaleric acid decreased the response to 48.0% without siRNA
treatment (Figure 2 (a), the filled bar). A similar level of reduction in the response to
isovaleric acid (55.3%) was observed in OR51E1-expressing cells treated with negative
control siRNA (Figure 2 (b), the filled bar). In contrast, by treatment with siRNA for
TRPV1, the suppressive effect of capsaicin was almost completely abolished (Figure 2
(c), the filled bar). At the capsaicin dose of 5 uM, nearly identical outcomes were
observed, although its suppressive effects were slightly more pronounced than those seen
with 0.2 uM, as shown in Figure 2 (d), (e), and (f). The suppressive effects of capsaicin
between doses of 0.2 and 5 uM appeared largely similar. It may be because the effective
dose reaches a plateau at approximately 0.2 pM. These results suggest that the
suppression of ligand-stimulated OR51E1 activation by capsaicin in OR51E1-expressing
HEK293T cells, which were not transfected with TRPV1 expression plasmid, is

attributable to the endogenous TRPV1.
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Figure 2. Offsetting suppressive effect of capsaicin on ligand-stimulated OR signal transduction
in HEK293T cells by siRNA for TRPV1. HEK293T cells, cultured in a 96-well microplate, were
transfected with plasmid combinations that included 50 ng of GloSensor 22F expression plasmid, 100
ng of GFP expression plasmid, 50 ng of OR51E1, and siRNA (1 pmol). Treatment with siRNAs. (a)
and (d): none; (b) and (e): negative control siRNA; (c) and (f): siRNA for TRPV1. Panels (a)—(c)
represent the results of treatment with 0.2 uM capsaicin, while panels (d)—(f) represent those with 5
UM capsaicin. Ligands (i.e., capsaicin for TRPV1 and isovaleric acid for OR51E1) with IBMX in
HBSS were applied at the doses indicated in the table under the bar graphs. Data acquisition was
carried out as described in Figure 1. Statistical analysis was performed using Student’s t-test. *: p <
0.05; **: p<0.01.

Role of Ca* influx in TRPV1-induced suppression of ORS1E1 activation The
results obtained from Figures 1 and 2 suggested that the activation of TRPV1 influences
the cAMP signaling of ligand-stimulated ORS1E1. Therefore, we investigated whether
Ca?" influx from extracellular fluid is involved in the suppression of OR51E1 activation
by TRPV1 stimulated with capsaicin. HEK293T cells were co-transfected with OR51E1
and TRPV1 expression plasmids and then stimulated with ligands in either HBSS (+),
containing Ca**, or HBSS (-), which lacked Ca?" and included the Ca** chelator EDTA.

When cAMP production in HEK293T cells expressing OR51E1 in response to isovaleric
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acid in HBSS (+) was set at 100% (Figure 3 (a), the stripped bar in the middle graph), co-
stimulation with isovaleric acid and capsaicin reduced the response to 58.1% (Figure 3
(a), the filled bar in the middle graph). In HEK293T cells co-expressed OR51E1 with
TRPV1, the cAMP production decreased to 14.5% without capsaicin stimulation (Figure
3 (a), the stripped bar in the right graph). Furthermore, this reduction was strengthened
by the addition of capsaicin. When cAMP production in HEK293T cells co-expressing
ORSI1E1 and TRPV1 in response to isovaleric acid in HBSS (-) was set at 100% (Figure
3 (a), the stripped bar in the right graph), co-stimulation of these cells with isovaleric acid
and capsaicin in HBSS (+) reduced the cAMP production to 51.7% (Figure 3 (a), the filled
bar in the right graph). These results were principally consistent with those in Figure 1.
HEK293T cells expressing ORS51E1 exhibited almost the same level of cAMP
production in response to isovaleric acid in both HBSS (+) and HBSS (-) (Figure 3 (a),
the stripped bar in the middle graph and Figure 3 (b), the stripped bar in the middle graph).
However, a significant decrease in cAMP production was not observed in HEK293T cells
expressing ORS1E1 stimulated with capsaicin in HBSS (-) (Figure 3 (b), the filled bar in
the middle graph), suggesting that the suppression of cAMP production depending on
endogenous TRPV1 was abolished in HBSS (-). Additionally, the reduction of cAMP
production by co-expression of TRPV1 with ORS51E1 was retained within 73.8% in
HBSS (-) (Figure 3 (b), the stripped bar in the right graph), which did not show a
significant decrease by treatment with capsaicin (the filled bar in the right graph). These
results indicated that the TRPVI1-induced suppression of OR51EIl-mediated cAMP

production is primarily due to the Ca** influx through TRPV1 from extracellular Ca*".
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Figure 3. Offsetting suppressive effects of TRPV1 and capsaicin on OR51E1 activation by
extracellular Ca** depletion. Transfection of plasmids into HEK293T cells was performed as
described in Figure 1. Capsaicin and isovaleric acid administrations at the doses indicated in the table
under the bar graphs were carried out using HBSS (+), which contained 140 mg/L of Ca®" (a), or
HBSS (-), which contained 5 mM EDTA to ensure Ca®>" depletion without supplementing Ca®* (b).
Data acquisition and statistical analysis were performed as described in Figure 3.

Suppression of OR15E1-mediated cAMP production was observed upon co-expression
of TRPV1, even without capsaicin stimulation (Figures 1 and 3). Our previous reports
indicate that transfection with OR expression plasmids leads to a noticeable but moderate
increase in cAMP levels in HEK293T cells (Moriyama et al., 2024a). In the present study,
we investigated whether a significant Ca®" influx was induced in HEK293T cells by
TRPV1 expression plasmid transfection alone without capsaicin stimulation. As shown
in Figure 4, a small but significant increase in Ca** influx was detected in HEK293T cells
(Figure 4, the black bar) without capsaicin treatment by the transfection of TRPV1
expression plasmid compared to the control group (Figure 4, the gray bar). These results
suggest that under the conditions employed here, even without capsaicin stimulation,

transfection of TRPV1 expression plasmid can induce a slight Ca?" influx in HEK293T
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Figure 4. Increase of intracellular Ca?* in HEK293T cells transfected with TRPV1 expression
plasmid without capsaicin. HEK293T cells, cultured in a 96-well plate, were transfected with 300
ng per well of the empty vector plasmid alone, and co-transfection with 30 ng per well of the empty
vector plasmid and 270 ng per well of the TRPV1 expression plasmid. After the transfection, the cells
were cultured for 24 h. In the presence of Calcium 6, Ca’ * influx in the cells was monitored by
detecting changes in FI every second for 3 min using a FLIPR. Immediately after adding HBSS (+) in
the absence of capsaicin, FI in each well was measured. Data were presented as mean values of
maximal FI increases (n = 3) with SD (vertical bars). Statistical analysis was performed using
Student’s t-test. **: p <0.01.

Furthermore, to confirm that the suppressive effect of TRPV1 on OR51E1 activation is
mediated by intracellular Ca** elevation, we examined whether a calcium ionophore,
A23187, can be replaced with TRPV1. A23187 is a compound that can cross the lipid
bilayer of the cell membrane and selectively induce the influx of Ca** from the
extracellular fluid Ca®" into cells. HEK293T cells expressing OR51E1 were treated with
isovaleric acid and simultaneously with A23187. The suppression of the cAMP
production induced by ligand-stimulated OR51E1 was detected dose-dependently after
adding A23187 (Figure 5). A23187 exhibited a suppressive effect (decrease to 71.0% in
cAMP production) on OR activation at the dose of 1 - 2 uM, which is comparable to the
effect of capsaicin at the dose of 0.2 uM, i.e., suppression to 73.1% in cAMP production
(Figure 5). The results of Figures 3, 4, and 5 demonstrated that Ca** influx via TRPV1

causes the suppression of cAMP production induced by ligand-stimulated OR51E1.
83



A23187 (uM) o 10 10 0 o0 01 02 05 1 2 5 10

Capsaicin (M) 0o 0 02 0 02 0 0 O O 0 0 0

Isovaleric acid (pM) 0 0 0 200 200 200 200 200 200 200 200 200

Figure 5. Suppressive effect of A23187 on cAMP production induced by ligand-stimulated
ORSI1EL1. Transfection of plasmids into HEK293T cells was performed as described in Figure 1. The
calcium ionophore (A23187) was applied simultaneously with ligand administrations (capsaicin and
isovaleric acid) at the concentrations indicated in the table under the bar graph. Data were obtained as
described in Figure 1. Statistical analysis was performed using the Tukey test. *: p <0.05; **: p<0.01.

Inhibition of A13287-induced suppression of ORS1E1 activation by a G protein-
coupled receptor kinase (GRK) inhibitor In the regulatory mechanism of GPCR
activation, the desensitization process occurs following ligand-induced activation. In
desensitization, phosphorylation of intracellular domains in GPCRs plays a key role
(Benovic et al, 1986). GPCRs are phosphorylated by GRKs, promoting [-arrestin
binding, which inhibits G protein interaction with GPCRs and suppresses the signaling of
activated GPCRs. We hence investigated whether Ca®* influx influences this process in
cAMP production mediated by ligand-stimulated ORS1EI. We wused various
phosphorylation inhibitors, i.e., GRK, PKA, and protein kinase C (PKC) inhibitors, to
examine their effects on the A23187-induced suppression of OR51E1 activation. The

concentrations of a GRK inhibitor (CCG215022), PKA inhibitor (H-89), and PKC
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inhibitor (Staurosporine) were selected based on prior studies demonstrating their
efficacy (Homan et al., 2015; Chijiwa et al., 1990; Yao et al., 2005). As shown in Figure
6 (a), CCG21052 , H-89, and Staurosporine did not induce cAMP production in
HEK293T cells. Additionally, when ORS51El-expressing cells were treated with
isovaleric acid and each inhibitor, no inhibitory effect was observed on the cAMP
production induced by ligand-stimulated OR51E1. Adding A23187 reduced the cAMP
production of ligand-stimulated OR51E1 (Figure 6 panels (b) — (d)). The GRK inhibitor
CCG215022 blocked the suppressive effect of A23187 on OR activation (Figure 6 (b)).
Notably, as the concentration of CCG215022 increased, the degree of its inhibition was
more pronounced. In the absence of the GRK inhibitor, the suppression was 58.8%
(Figure 6 (b), the orange bar), which was recovered to 78.5 and 92.8% by this inhibitor at
the dose of 2.5 and 5 uM (Figure 6 (b), the gray and black bars), respectively. On the
other hand, H-89 (Figure 6(c)) and Staurosporine (Figure 6(d)) did not block the
suppression of OR activation by A23187. These results suggest that GRK is at least
partially involved in the A23187 (i.e., Ca*" influx)-induced suppression of cAMP increase

induced via ligand-stimulated OR51EI.
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Figure 6. Effects of GRK, PKA, and PKC inhibitors on A23187-induced suppression of activated
ORS51E1-mediated cAMP production. HEK293T cells, cultured in a 96-well microplate, were
transfected with plasmid combinations that included 50 ng of GloSensor 22F expression plasmid, 100
ng of GFP expression plasmid, 100 ng of OR51E1 expression plasmid, and 50 ng of empty vector
plasmid. A23187 was applied simultaneously with isovaleric acid to HEK293T cells at the indicated
doses in the table under the bar graphs in the figure. CCG215022, H-89, and Staurosporine were
administered at the concentrations indicated in the tables under the bar graphs, 15 min before applying
isovaleric acid and A23187. Data were obtained as described in Figure 1. Statistical analysis was
performed using the Dunnett test for (a) and Tukey test for (b — d). *: p <0.05; **: p <0.01.
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4. Discussion

In this study, we demonstrated that the activation of TRPV1 or stimulation with a
calcium ionophore, both of which promote Ca*" influx into HEK293T cells and suppress
cAMP production via ligand-stimulated ORS51E1 in HEK293T cells. Furthermore, our
results suggest that Ca?" influx results in GRK activation, facilitating the desensitization
of activated OR51E1. We have previously reported that ORs, including ORS51E1, can
modulate TRPV1 activation (i.e., inducing Ca*" influx) (Moriyama et al., 2024ab). The
effects of ORs on TRPV1 activation vary depending on TRPV1 ligands. We have
demonstrated that the modulatory mechanism of ORs to TRPV1 is as follows: cAMP
elevation is induced by OR activation, which subsequently activates PKA and promotes
phosphorylation of TRPV1, altering TRPV1 responsiveness to TRPV1 ligands. This
study demonstrated that TRPV1 and OR51E1 mutually regulate each other’s activation.

Regarding the interaction between GPCRs and TRPVI, previous studies have
investigated how GPCRs regulate TRPV1 function, especially in pain sensitivity
regulation (Yao et al., 2005). Considering the present findings on the mutual regulation
between OR51E1 and TRPV1, TRPV1 may also play a role in the regulation of other
GPCRs. Moreover, Ca*" influx signaling appears to occur more rapidly than the cAMP
production process. In our assays detecting cAMP production, maximal cAMP
productions were detected around 10 min after stimulation of OR51E1 with isovaleric
acid, whereas Ca influx mediated by TRPV1 was usually detected within 1 min.
Considering these results, when TRPV1 and OR are activated by their respective ligands
simultaneously, TRPV1 may rapidly diminish OR's signal transduction. Consequently,
TRPV1's effect may dominate over that of OR in the interaction between these two

receptors. Our findings in the present study were obtained through an artificial system
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using HEK293T cells transfected with plasmids. On the other hand, ORs and TRPV1 are
naturally co-expressed in cells, including OSNs or other ectopic cells, such as prostate
cancer cells (Pronin ef al., 2021). Future studies are needed to validate the expression
levels of both receptors in human OSNs or other ectopic cells and to determine if the
mutual interaction between ORs and TRPV1 occurs not only in the plasmid-transfected
HEK?293T cells but also in these cells naturally co-expressing the two receptors.
Previous studies have shown that the GPCR desensitization process involves the
phosphorylation of GPCRs by GRKs, followed by B-arrestin-mediated internalization
(Preethi ef al., 2021). GRKSs are recruited to the plasma membrane via interactions with
the GBy subunits of heterotrimeric G-proteins (Pitcher et al., 1992; Kameyama et al.,
1993), where they phosphorylate the intracellular loops and C-terminal regions of GPCRs
(Eason et al., 1995; Maeda et al., 2003). This phosphorylation event facilitates B-arrestin
binding, which subsequently blocks further G-protein coupling and promotes receptor
endocytosis. It is reported that GRKs and B-arrestin 2 are abundantly expressed in the
olfactory epithelium (Dawson et al., 1993). Additionally, GRK3-knockout mice fail to
exhibit odor-induced desensitization (Peppel et al., 1997), which supports the hypothesis
that GRK-mediated OR phosphorylation and desensitization occur in the olfactory system.
In the present study, we utilized HEK293T cells, which are known to express high levels
of GRK2 and GRK6 (Brady et al., 2011). Moreover, CCG215022 predominantly inhibits
GRKI1, GRK2, and GRKS. Therefore, GRK2 may play an important role in the
desensitization of OR51E1 in HEK293T cells under the conditions of this study. Further
studies will be required to confirm which type of GRKs contribute to the desensitization
and phosphorylation of ORs in HEK293T cells. In this study, we utilized OR51E1 to

explore the effect of TRPV1, revealing that TRPV1 suppresses OR signal transduction
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through a GRK-dependent mechanism. This mechanism appears to be consistent with the
desensitization process frequently observed in other GPCRs, suggesting that similar
mechanisms may apply to many ORs beyond OR51EI.

Under our experimental conditions, it is uncertain whether Ca?" influx directly induces
the activation of GRK. It is reported that intracellular Ca** elevation induces calmodulin
activation via Ca** binding, leading to a conformational change in calmodulin, which
increases its affinity for target proteins such as GRKs (Komolov et al, 2021).
Furthermore, GRK2/3 are known to be regulated by Ca?*/calmodulin signaling; when
Ca*" binds to calmodulin, the resulting Ca?"-calmodulin complex activates GRKs,
enhancing GPCR phosphorylation and promoting desensitization (Haga et al., 2002).
Therefore, it is assumed that Ca** influx, triggered by either TRPV1 activation or calcium
ionophore treatment, activates calmodulin, which in turn activates GRK, leading to OR
phosphorylation and subsequent suppression of OR-mediated cAMP production. This
assumption, coupled with the confirmation of ORS1El phosphorylation by GRK,
necessitates further verification in future studies.

In conclusion, our study demonstrates that OR and TRPV1 interaction influence their
activities in both directions, rather than unidirectionally, in HEK293T cells. In the human
genome, approximately 400 ORs and 27 TRP channels are identified, many of which are
expressed in tissues beyond the olfactory system. Therefore, they may interact and

regulate each other’s activity in various tissues and cells.
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Chapter V. Comprehensive Discussion

1. Comprehensive Discussion

This dissertation demonstrated the existence of an interaction between olfactory
receptors (ORs) and the transient receptor potential vanilloid 1 (TRPV1), in which ORs
and TRPV1 mutually regulate each other’s activity, using a co-expression system in
HEK293T cells. In this Chapter, the findings in Chapters II — IV are summarized, and
some points that were not addressed in the earlier chapters are explored. In addition,
perspectives grounded in the findings of these studies are considered here.

Chapter II demonstrated that activation of the cAMP signaling pathway through ORs
modulates TRPV1 activation, causing intracellular Ca*" influx, in response to ligand
stimulation. Interestingly, OR’s effects on TRPV1 altered depending on TRPV1 ligands:
OR activation enhances capsaicin-induced TRPV1 activation, whereas it suppresses
eugenol-induced TRPV1 activation. Eugenol is known as the main component of spices
such as clove and bay leaf (laurel), and a human OR, OR10G7, has been reported as a
receptor for eugenol (Saito ef al. 2009; Mainland et al. 2015). While this dissertation did
not examine the effects of OR10G7 on TRPV1 activation when both receptors were
simultaneously stimulated with eugenol, it is anticipated that OR10G7 would exhibit
similar suppressive effects on TRPV1 activation as observed with other ORs, including
ORS1EI and ORS1E2, which were used in the present studies.

Chapter III elucidated the process through which OR influences TRPV1 activation,
focusing on its role in evoking the cAMP signaling pathway, as detailed below.
Conformational changes of OR by stimulation with a ligand promote the exchange of

GDP-Gs/olf to GTP-Gs/olf. Considering that Gs, rather than Golf, is predominantly
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expressed in HEK293T cells (GNAS and GNAL as indicated by the Himan Gene Atlas,
respectively), Gs is likely coupled to OR under the experimental conditions employed in
these studies (Su ef al. 2004). GTP-Gs released from the activated OR stimulates
adenylate cyclase (AC). A detailed analysis of AC subtypes was not conducted in these
studies. The AC family comprises nine membrane-bound subtypes (AC1-9) and one
soluble AC (sAC), each differing in activation mechanisms and expression patterns
(Cooper 2003). As HEK293T cells primarily express AC3 and AC6, these subtypes would
be involved in the OR-mediated cAMP production in HEK293T cells (Soto-Velasquez et
al. 2018). By utilizing AC inhibitors or siRNA, it could be determined which specific AC
subtypes contribute to cAMP production induced by the activated OR in HEK293T cells.
AC activated by GTP-Gs promotes the synthesis of cAMP from ATP, which in turn
activates PKA, leading to the phosphorylation of TRPV1. ORs exhibited modulatory
activity toward TRPV1 activation by both capsaicin and eugenol. Notably, the effects of
ORs on TRPV1 differed depending on whether capsaicin or eugenol was used as the
stimulus. These findings suggest that phosphorylation alters TRPV 1, resulting in differing
susceptibility to capsaicin and eugenol. However, little is known about the structural
changes in TRPV1 induced by phosphorylation (Sanz-Salvador et al. 2012). Future
research is anticipated to elucidate the differences in ligand-binding structures of TRPV 1
in its phosphorylated and unphosphorylated states. Furthermore, analyses using multiple
TRPV1 ligands (vanilloid compounds) in Chapter III showed that the effect of OR
activation varies depending on the chemical structure of the TRPV1 ligand, resulting in
either enhancement or suppression. Traditionally, the activation of TRPV1 by vanilloid

compounds was thought to follow a uniform mechanism. However, our findings reveal
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that these compounds can be grouped into three categories, characterized by differences
in activation before and after phosphorylation.

Chapter IV revealed that TRPV1 activation suppresses cAMP production mediated by
ligand-stimulated ORS51E1. This suppression was due to TRPV1-mediated intracellular
Ca?" influx from extracellular Ca®*. Furthermore, it was found that the increase in
intracellular Ca** concentration activates GPCR kinases (GRKs). Based on the known
activation and desensitization cycle of GPCRs, the following regulatory process of OR
activation by TRPV1 can be assumed. The signal transduction pathway involving cAMP
production mediated by activated OR is described above, while TRPV1 is hypothesized
to regulate the following desensitization process of OR. Ca?" influx induced by TRPV1
activates calmodulin, which in turn activates GRK2/3. Intracellular domains of OR are
phosphorylated by activated GRK, which facilitates the binding of B-arrestin, leading to
the inhibition of Gs coupling to OR and the internalization of B-arrestin/OR complex

(Lefkowitz and Shenoy 2005; Figure 1).
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Figurel. OR desensitization and internalization mediated by TRPV1 activation. This diagram
illustrates the bidirectional interaction between TRPV1 and OR. Upon TRPV 1 activation by capsaicin,
Ca?" influx activates calmodulin, which stimulates GRK. This kinase phosphorylates the intracellular
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domains of OR, leading to B-arrestin recruitment, inhibition of G protein coupling, and receptor
internalization. Meanwhile, OR activation by isovaleric acid induces cAMP production, which
activates PKA and results in TRPV1 phosphorylation. .

In summary, these results demonstrate a reciprocal interaction: OR activation
modulates TRPV1 sensitivity via phosphorylation, while conversely, TRPV1 activation
promotes the desensitization of OR. However, these studies have yet to clarify the
changes in the overall intracellular signaling that results from the integrated signal
transduction of OR and TRPV1. To investigate this, the following experiments could be
conducted. For instance, HEK293T cells co-expressing OR, TRPV1, and CNG channels,
as well as cells expressing each molecule individually, could be prepared. Subsequently,
signal transduction in these cells could be measured by assessing indicators such as
calcium ion (Ca?") influx and changes in membrane potential (Figure 2). These
experiments may bring valuable clues to reveal an integrated signal derived from OR and
TRPV1. Additionally, as this research utilizes a heterologous expression system
(HEK293T cells), further validation is required to determine if these interactions occur in
OSNs and other types of cells expressing both OR and TRPV 1. Utilizing animal models,
complemented by behavioral assays and electrophysiological recordings, will also be
crucial to determine how these interactions influence olfactory perception. TRPV1
expressions in the olfactory bulb and olfactory epithelium are confirmed based on
immunohistochemistry, in situ hybridization, and RNA-seq (Nakashimo et al. 2010;
Sakatani et al. 2023; Lin et al. 2007). However, TRPV1 localization within the cilia is
still controversial. That is, while the expression of TRPV1 in OSNs is widely supported,
a clear consensus on its presence in primary cilia has not been obtained. Therefore, re-

evaluation regarding ciliary localization and function of TRPV1 would be necessary.
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Figure 2. An experimental model to assess output of integrated OR and TRPV1 intracellular
signals This model illustrates the predicted cellular response in olfactory neurons where both OR and
TRPV1 are co-expressed. Upon ligand binding, OR’s signaling (cAMP production) induces Ca*
influx via CNG channels. On the other hand, TRPV1 activation also allows Ca?** influx. During these
processes, OR and TRPV1 mutually influence each other’s signal transduction. The resulting
intracellular events including Ca?" accumulation modulate membrane potential.

From an evolutionary viewpoint, the relation between OR and TRPV1 can be
speculated as follows. OR genes constitute about half of the largest and most diverse
GPCR gene family, with over 400 genes in humans. This OR’s diversity enables species-
specific adaptation to a wide range of olfactory environments. In contrast, TRPVI, a
member of the TRP channel family, is evolutionarily conserved across many vertebrates
but shows species-specific differences in ligand sensitivity. For example, birds are notably
insensitive to capsaicin (Jordt and Julius 2002). Although ORs and TRPV1 belong to
distinct protein families , with ORs classified as class A GPCRs, both have independently
evolved to detect diverse environmental chemical cues (Nei et al. 2008). Notably, many
odorants and TRPV1 ligands, such as capsaicin and eugenol, are plant-derived
compounds, suggesting that animals may have adapted by developing both receptor types
to monitor overlapping ecological signals. These parallel yet distinct evolutionary
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trajectories may have promoted a functional interplay between ORs and TRPV1, enabling
integrated chemical sensing that links olfactory and somatosensory modalities
(Mamasuew et al. 2010). Our findings may support this notion by demonstrating that OR
activation enhances capsaicin-induced TRPV1 activation while suppressing eugenol-
induced activation. Because these differential regulatory mechanisms may allow animals
to recognize the ecological context of chemical stimuli with greater diversity.

In conclusion, as discussed above, some questions remain unresolved in understanding
the physiological significance of the interaction between ORs and TRPV1, which future
studies will need to address. Nevertheless, the findings in this dissertation provide
valuable insights into the mutual regulatory system of ORs and TRPV 1, which, until now,

have primarily been studied independently.
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The 26th SANKEN International Symposium, Ibaraki, Japan. 2023 & 1 A 11 B
(Poster)

® Sakura MORIYAMA, Shuji HINUMA, Shun’ichi KURODA, “Crosstalk between

human olfactory receptors and transient receptor potential vanilloid 17, The 27th
SANKEN International Symposium, Awaji, Japan. 2024 &£ 1 B 11 B (Poster)
® Sakura MORIYAMA, Shuji HINUMA, Shun’ichi KURODA, “Opposite effects of

olfactory receptors on transient receptor potential vanilloid 1 activation by capsaicin-
type and eugenol-type ligands”, 19th International Symposium on Olfaction and
Taste, Reykjavik, Iceland. 2024 & 6 A 24 B (Poster)

® Sakura MORIYAMA, Shuji HINUMA, Shun‘ichi KURODA, “ Divergent effects of

olfactory receptor-mediated TRPV1 phosphorylation on activation by vanilloid
analogs”, The 28th SANKEN International Symposium, Awaji, Japan. 2025 & 1 A
10 B (Poster)
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Domestic Conferences

FLIL< 5, IIREE. BEME. EEE —. “Studies on interaction of

human olfactory receptors and TRPV1 using HEK293T cells”, 5 56 Bl B ARk & €)
F&. &, 2022%F 8 A 24 B (Poster)

HFLILL 56, umeEs. BEME. EEHE —. “Studies on interaction of
human olfactory receptors and TRPV1 using HEK293T cells”, £ 78 &l & ff 4l
BHER. RARC 2022F 11 A 258 (Poster)

HFLTLL 5, umnpEsEl, BEME. EBE—. “Crosstalk between human
olfactory receptors and TRPV1 channels”, % 57 EIB Rk B F 2. RE. 2023
F9R 128 (Poster)

HFLTLL 56, BEME., BBEE—. “Differential effects of human olfactory
receptors and forskolin on transient receptor potential vanilloid 1 activation by
capsaicin-type and eugenol-type ligands”, B ARB ZLF & 2024 FE AR, RE.
2024 %3 A 258 (Oral)

HFLTLL 5, BBME. EBE—. “Divergent effects of olfactory receptor-
mediated phosphorylation on TRPV1 activation by vanilloid analogs”, B A& =1t
FR2025 ERE. LR, 2025 F 3 A7 8 (Poster)

FLILS5, “BERBFMHRLTRPF v RLOBEERICE S GVREIE
DFFER”, REPRY TEFE, EFEEHERBETES 10 B Seeds-hub 3
—t I+ —. R, 2025F 4 A 23 B (BRFHE. Oral)

F ¥ < 5. “Cross-talk between olfactory receptors and TRPV1: Bridging the
gap to human-like olfactory sensing”, 25 59 EIB Rk ¥ G)F &2, 8%, 2025F 9
A 8 B (Young scientist symposium, Oral)

HFLTL< 5, BFME. EHE —, “Functional interaction between olfactory
receptors and TRPV1 in the modulation of responses”, % 59 [E] H KLk ¥ G F &,
. 2025F 9 A 8—108 (Poster)
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¢ FHLITL< 5, BBME., EHE —, “Investigation of the Crosstalk between
Olfactory Receptors and TRPV1 Channels”, 25 63 EIB REMYEBEZ2F2. &
R. 2025 %9 A 24—26 B (Oral)
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Awards, Grants and Fellowships

® Sakura MORIYAMA, Shuji HINUMA, Shun’ichi KURODA, “Crosstalk between

human olfactory receptors and transient receptor potential vanilloid 17, The 27th
SANKEN International Symposium, Awaji, Japan. 2024 £ 1 A 11 B (BEST
POSTER AWARD)

® Sakura MORIYAMA, Shuji HINUMA, Shun‘ichi KURODA, “ Divergent effects

of olfactory receptor-mediated TRPV1 phosphorylation on activation by vanilloid
analogs”, The 28th SANKEN International Symposium, Awaji, Japan. 2025 & 1 A
10 B (BEST POSTER AWARD)

® KRR BEA/ N—Ya {HLRET 054 BLREHEY —7 4
>77a7546) Q023 F 4 B~ 3FR/)

& KIRARF "™Hotimofié, 2ERT M/ XN—Yaryi§tAMT7zo0—
vy T (ST #EHEMA / R—YaYEHIlaFARET7zo—Y v TE|
REBE) (2023 F4 A~ 3FM - JSPSDC2 AIITLY 2FIT5EHE) |, Grant
Number: JPMJFS2125

o BHAZFMREIFFRMITE (DC2) (2025 F4 A~ 2FM@) , Grant Number:
25KJ1737
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