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Abstract: Olfactory receptors (ORs) have diverse physiological roles in various cell types, beyond
their function as odorant sensors in the olfactory epithelium. These previous findings have suggested
that ORs could be diagnostic markers and promising therapeutic targets in several pathological
conditions. In the current study, we sought to characterize the changes in the expression of ORs
in the HaCaT human keratinocytes cell line exposed to ultraviolet (UV) light or inflammation,
well-recognized stimulus for skin barrier disruption. We confirmed that major olfactory signaling
components, including ORs, GNAL, Ric8b, and adenylate cyclase type 3, are highly expressed in
HaCaT cells. We have also demonstrated that the 12 ectopic ORs detectable in HaCaT cells are more
highly expressed in UV-irradiated or inflamed conditions than in normal conditions. We further
assessed the specific OR-mediated biological responses of HaCaT cells in the presence of known
odorant ligands of ORs and observed that specific ligand-activated ORs downregulate skin barrier
genes in HaCaT cells. This study shows the potential of OR as a marker for skin barrier abnormalities.
Further research is needed to explore how OR is implicated in the development and progression of
barrier dysfunction.
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1. Introduction

Skin is the largest human organ, which acts as a barrier between the body and en-
vironmental conditions, thereby blocking pathogen entry and preventing physical and
chemical effects as well as excessive water and solute loss. These functions are due to the
physical properties of the stratum corneum (SC) that comprises differentiated keratinocytes
(corneocytes) [1–3]. At the late stages of keratinocyte differentiation, soluble proteins,
such as filaggrin, develop a scaffold on the cellular membrane, along with the supra-basal
keratins (e.g., keratin 1 and keratin 10). Thereafter, other barrier-related proteins, including
loricrin, are attached to this scaffold, completing the corneocyte backbone with lipids [3–5].
Notably, numerous studies have documented that ultraviolet (UV) light and inflammation
are the major causes for disruption of the epidermal barrier function, accompanied by de-
crease in keratin, filaggrin, and involucrin levels. Impaired skin barrier function promotes
percutaneous sensitization and results in a vicious cycle between barrier dysfunction and
skin inflammation [6–9].

Olfactory receptors (ORs) form the largest subfamily of G-protein-coupled receptors
and were previously thought to be exclusively present in the olfactory epithelium. Never-
theless, recent studies have revealed that ORs are more versatile than originally thought:
they are emerging as general chemoreceptors found in diverse tissues (e.g., skin, liver,
muscle, and prostate) [10–12], and their expression is associated with several pathological
conditions [13–20]. For example, OR family 2 subfamily AG member 2 (OR2AG2) expres-
sion is significantly lower in the lung tissues of patients with asthma than that in those
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of healthy subjects [21]. In addition, OR10H1 gene expression is significantly higher in
bladder cancer tissues than in normal bladder tissue, and the stimulation of this receptor
by its ligand suppresses bladder cancer progression [22]. These findings suggest ORs
to be diagnostic markers and promising therapeutic targets in several diseases, such as
cancer and metabolic disorders. Furthermore, two ORs (OR10G7 and OR2AT4), which are
expressed in human keratinocytes, were reported to be related to atopic dermatitis and
wound healing processes, respectively [23,24].

Skin barrier dysfunction is closely linked to various dermatological disorders, in-
cluding psoriasis and atopic dermatitis, resulting in erythema, itching, and pain [25,26].
The diagnosis and treatment of skin barrier dysfunction are urgent matters, but the factors
involved in this pathological condition are not fully established. In this study, we aimed to
characterize the changes in OR expression in human keratinocytes exposed to UV light
or inflammation, well-recognized stimuli for skin barrier disruption. We further assessed
the specific OR-mediated biological responses of human keratinocytes in the presence of
known odorant ligands of the ORs.

2. Results
2.1. Skin Barrier Genes Are Downregulated in UVB-Irradiated HaCaT Cells

In our preliminary study, we found that treatment of HaCaT cells with different
doses of UVB (5, 10, 20, and 40 mJ/cm2) induced cell cytotoxicity in a dose-dependent
manner. On the other hand, the expression of filaggrin was significantly downregulated
over 10 mJ/cm2 (Supplementary Figure S1). We therefore decided to use UVB at a dose of
10 mJ/cm2 for all subsequent experiments, which can induce skin barrier dysfunction with
minimum cell toxicity. We evaluated whether UVB irradiation in HaCaT cells decreased
the expression of skin barrier genes, such as keratin 1, keratin 10 and loricrin. The mRNA
expression of all skin barrier genes was significantly decreased 48 h after UVB irradiation
(Figure 1).

Figure 1. Skin barrier genes are downregulated in ultraviolet B (UVB)-irradiated HaCaT cells.
The cells were treated with or without UVB irradiation (10 mJ/cm2) and harvested after 48 h.
Then, the relative mRNA expression of skin barrier genes (keratin 1, keratin 10, loricrin, and filaggrin)
was determined. Results are shown as mean ± standard error of the mean (SEM) of three experiments.
* p < 0.05, between the groups.
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2.2. Skin Barrier Genes Are Downregulated in Inflamed HaCaT Cells

A number of previous studies, including our own, have demonstrated that treatment
of tumor necrosis factor (TNF)-α/interferon (IFN)-γ at a concentration of 10 ng/mL each is
enough to induce inflammatory reactions, including increased cytokine levels, in HaCaT
cells [27–31]. Therefore, all experiments using TNF-α and IFN-γ were performed at a
concentration of 10 ng/mL each. We investigated whether the TNF-α/ IFN-γ-induced
inflammation in HaCaT cells decreased the expression of skin barrier genes such as keratin
1, keratin 10, loricrin, and filaggrin. Similarly to that after UVB irradiation, the mRNA
expression of all skin barrier genes was significantly downregulated 48 h after TNF-α/IFN-
γ treatment (Figure 2).

Figure 2. Skin barrier genes are downregulated in inflamed HaCaT cells. The cells were stimulated
with or without tumor necrosis factor (TNF)-α/interferon (IFN)-γ (10 ng/mL each) for 48 h. Then,
the cells were harvested and the relative mRNA expression of skin barrier genes (keratin 1, keratin
10, loricrin, and filaggrin) was measured. Results are shown as mean ± SEM of three experiments.
* p < 0.05, between the groups.

2.3. Presence of Olfactory Signaling Pathway Components in HaCaT Cells

We determined whether the major components of the olfactory signaling pathway exist
in HaCaT cells. To investigate the gene expression profile of HaCaT cells, RNA-Seq data
were generated using next-generation sequencing (NGS), and the quantitative expression
values were calculated for each sample based on the number of fragments per kilobase of
exon per million fragments mapped (FPKM). These data have been deposited in the NCBI
Bioproject PRJNA692826 (BioSample accession number SAMN17371264– SAMN17371266).
Genes, such as Ric8b, adenylate cyclase type 3 (ADCY3), and G Protein Subunit Alpha L
(GNAL), which are known to be involved in olfactory signal transduction, were expressed
in HaCaT cells, as revealed from the NGS data using a colored scale. Additionally, we used
the genotype-tissue expression (GTEx) database to identify that these genes are present
in human skin (Figure 3A) [32]. We also verified the mRNA expression of these genes
in HaCaT cells using semi-quantitative reverse transcription polymerase chain reaction
(RT-PCR). The bands were detected in cDNA samples, which are shown as (+); on the
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contrary, no bands were observed in negative controls containing RNA samples, which are
shown as (−) (Figure 3B). Results on the expression of such components may hint at the
existence of upstream olfactory signal transduction elements, such as ORs, in HaCaT cells.

Figure 3. Presence of olfactory signaling pathway components in HaCaT cells. (A) Next-generation
sequencing data of HaCaT cells and human skin tissues from the genotype-tissue expression (GTEx)
database revealed the presence of three olfactory signaling pathway components genes, including
Ric8b, adenylate cyclase type 3 (ADCY3), and G Protein Subunit Alpha L (GNAL). Dark blue represents
high transcript expression, and white indicates low to no detectable transcript expression. (B) Reverse
transcription polymerase chain reaction (RT-PCR) for Ric8b, ADCY3, and GNAL verification in HaCaT
cells. The mRNA samples converted into cDNA are shown as (+), and the negative controls containing
mRNA are shown as (-). Numbers, length of fragments (bp).

2.4. OR Profile in HaCaT Cells

To profile the OR expression in a skin barrier-impaired HaCaT cell model, we investi-
gated the RNA-Seq data from UVB-irradiated and inflamed, as well as untreated, HaCaT
cells. We analyzed the expression of ORs in two different treatment groups compared
with that in the untreated control group and found that 12 OR genes were upregulated,
and surprisingly, no OR genes were downregulated. In addition, using data obtained from
the GTEx database, we found that, except for OR2AE1, 11 ORs were also expressed in
sun-exposed human skin (Figure 4A). To validate the NGS data of transcript expression,
we confirmed the presence of cDNA bands of the above-mentioned OR genes, whereas no
bands were detected in the negative controls (Figure 4B).
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Figure 4. Olfactory receptor (OR) profile in HaCaT cells. (A) The heat map shows fragments per
kilobase of exon per million fragments mapped (FPKM) values for the 12 highly expressed ORs
found in the HaCaT cells and skin tissues. Dark blue represents high transcript expression, and white
indicates low to no detectable transcript expression. (B) RT-PCR for verifying OR1F1, OR2A4, OR7D2,
OR2AE1, OR2W3, OR2H2, OR5C1, OR10A2, OR10H1, OR52B2, OR52I1, and OR52W1 expression in
HaCaT cells. The housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used for cDNA quality control. The mRNA samples converted into cDNA are shown as (+), and the
negative controls containing mRNA are shown as (−). Numbers, length of fragments (bp).

2.5. Investigation of OR Expression in UVB-Irradiated and Inflamed HaCaT Cells

With the OR genes listed from NGS data, we further verified whether changes in
the expression of these genes are associated with UVB-irradiated and inflamed HaCaT
cells, using quantitative real-time PCR analysis. The values for the relative expression
of 12 ORs were analyzed, and gene expression of eight ORs (OR1F1, OR2A4, OR2H2,
OR5C1, OR7D2, OR10H1, OR52I1, and OR52W1) was found to be significantly increased
by UVB-irradiated HaCaT cells in comparison to that in the untreated control HaCaT cells
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(Figure 5A). Moreover, all 12 ORs (OR1F1, OR2A4, OR2AE1, OR2W3, OR2H2, OR5C1,
OR7D2, OR10A2, OR10H1, OR52B2, OR52I1, and OR52W1) were significantly upregulated
in the inflamed HaCaT cells in comparison to those in the untreated control HaCaT cells
(Figure 5B). We also found that UVB irradiation increased the expression of inflammatory
genes, including TNF-α and IFN-γ, in HaCaT cells (Supplementary Figure S2).

Figure 5. Investigation of olfactory receptor (OR) expression in UVB-irradiated and inflamed HaCaT
cells. (A) The cells were treated with or without UVB irradiation (10 mJ/cm2) and incubated for
48 h. Then, the relative mRNA expression of eight ORs (OR1F1, OR2A4, OR2H2, OR5C1, OR7D2,
OR10H1, OR52I1, and OR52W1) was determined. (B) HaCaT cells were stimulated with or without
TNF-α/IFN-γ (10 ng/mL each) and harvested after 48 h. Thereafter, the relative mRNA expression
of 12 ORs (OR1F1, OR2A4, OR2AE1, OR2W3, OR2H2, OR5C1, OR7D2, OR10A2, OR10H1, OR52B2,
OR52I1, and OR52W1) was evaluated. Results are shown as mean ± SEM of three experiments.
* p < 0.05, between the groups.

2.6. OR Involvement in the Skin Barrier Disruption Pathway in HaCaT Cells

To explore whether the OR signaling pathway affects skin barrier disruption in HaCaT
cells, we activated the ORs by treating HaCaT cells with their specific ligands and analyzed
the expression level of filaggrin, a representative barrier marker. Unfortunately, the only
known ligands of the ORs are cyclohexyl salicylate (CHS) and sandacanol for OR2A4
and OR10H1, respectively [22,33]. First, we confirmed that CHS and sandacanol (up to
100 µM each) did not affect the cell viability of HaCaT cells according to the water-soluble
tetrazolium salt (WST-1) assay (Figure 6A,B). Then, we observed that the expression
of keratin 1, keratin 10, filaggrin, and loricrin was downregulated after dose-dependent
CHS treatment (1–100 µM) in HaCaT cells (Figure 6C). Similarly, the expression of these
skin barrier genes was also downregulated after dose-dependent sandacanol treatment
(1–100 µM) (Figure 6D).
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Figure 6. OR involvement in the skin barrier disruption pathway in HaCaT cells. The cells were
cultured with vehicle, cyclohexyl salicylate (1, 10, or 100 µM), or sandacanol (1, 10, or 100 µM) for
48 h. Thereafter, (A,B) cell viability and (C,D) the relative mRNA expression of keratin 1, keratin
10, filaggrin, and loricrin were measured. Results are shown as mean ± SEM of three experiments.
* p < 0.05, between the groups.

3. Discussion

The OR superfamily has approximately 400 functional members in humans. Although
virtually all ORs are expressed in the olfactory epithelium, the OR genes expressed in
ectopic tissues are tissue- and condition-specific [23,34–36]. In this study, we confirmed
that the expression of at least 12 ORs was significantly upregulated in UV-irradiated or
inflamed keratinocytes. Among the 12 ORs, some ORs, such as OR2A4, OR2W3, OR2H2,
OR7D2, OR10H1, and OR10A2, are expressed in at least three other tissue types, while
the remaining, to the best of our knowledge, seem to be specifically expressed in skin [36].
Notably, the expression of all the OR genes, which was significantly increased by UVB
irradiation, was also remarkably elevated by inflammation. Since UVB irradiation stimu-
lated the inflammatory response, including the upregulation of TNF-α and IFN-γ levels, in
this study, it is plausible to speculate that UV-mediated changes in OR expression might
be associated with the inflammatory processes in human keratinocytes. Also, we con-



Int. J. Mol. Sci. 2021, 22, 2799 8 of 13

ducted all experiments using the HaCaT cell line, a well-established in vitro differentiation
model [37,38]. However, considering that characteristics of the HaCaT cell line are largely
different from those of primary human keratinocytes, further research using primary ker-
atinocytes is needed to further confirm that the phenomena observed in HaCaT cells are
the common characteristics of human keratinocytes.

In the olfactory sensory neurons located in the nasal epithelium, OR activation by
odorants or other stimuli can switch on a specific olfactory G-protein (GNAL), which in
turn stimulates Ric8b and ADCY3 and leads to cyclic adenosine monophosphate (cAMP)
generation from adenosine triphosphate (ATP) [36,39,40]. Although the generated cAMP
is primarily involved in transmitting odor information to the olfactory bulbs in the brain,
it has been demonstrated that an increase in cellular cAMP by ADCY3 could stimulate
protein kinase A (PKA) signaling, which is well-known to regulate diverse physiological
and pathological processes [41–43]. Notably, the distribution of olfactory transduction com-
ponents is not limited to the olfactory sensory neurons. Several reports have demonstrated
that some cells in some ectopic tissues constitutively express components of the olfactory
transduction machinery such as ORs, Golf, Ric8b, and ADCY3 [36,40,44]. Consistent with
previous studies, we confirmed that major olfactory signaling components, including
ORs, Golf, RICB8b, and ADCY3, are highly expressed in human keratinocytes. Thus, it
is speculated that the activation of ectopically expressed ORs may target the cAMP–PKA
pathways, thereby mediating various functions including skin barrier formation.

In this study, we first screened the OR genes whose expression was altered in re-
sponse to UV and inflammation, using high-throughput NGS data. Next, we validated
the expression of the screened 12 OR genes in human keratinocytes by using PCR. No-
tably, we observed that many ORs not detected with RNA-Seq were detected with PCR.
Discrepancies between PCR and RNA-Seq data can be due to the higher sensitivity of PCR
than that of the RNA-Seq. A previous study, using both RNA-Seq and PCR, reported that
22 specific ORs were found to be expressed in human colon tissues, using PCR; however,
the expression of 12 of these was not detected in RNA-Seq datasets [36]. Therefore, the ORs
detected with RNA-Seq analysis in this study may be considered as the minimum number
of expressed ORs in human keratinocytes; however, we do not exclude the possibility that
more ORs remained undetected using RNA-Seq analysis. Based on our preliminary study,
ORs can certainly not yet be considered skin dysfunction markers that are powerful enough
to replace already known markers such as filaggrin and involucrin, but ORs might be used
in combination with known biomarkers in order to enhance the sensitivity of diagnosis of
barrier dysfunction, or to predict if the subject would show skin barrier abnormalities in
the future.

In the present experiments, TNF-α/IFN-γ were used among many inflammatory stim-
uli and UVB was chosen among UV rays for developing in vitro barrier dysfunction models,
based on the previous studies on inflammatory stimuli and UV. To date, a total of more than
100 cytokines and chemokines have been described in mammals. Among them, TNF-α
and IFN-γ have been generally accepted as primary inflammatory cytokines as they are
produced during the early cellular response to inflammatory stimuli (e.g., allergens), which
activates the cell towards the production of various secondary inflammatory cytokines,
including interleukin (IL)-6, IL-8, IL-12, and IL-15, and chemokines such as adhesion
molecules intercellular adhesion molecule-1 (ICAM-1), thymus and activation-regulated
chemokine (TARC), and macrophage-derived chemokine (MDC). Thus, treatment of TNF-α
and IFN-γ has been regarded as a common in vitro model for inflammatory skin disor-
ders [9,45–47]. On the contrary, UV is classified by three wavebands: UVA (315–400 nm),
UVB (280–315 nm), and UVC (100–280 nm). UVB is blocked by the ozone layer. Although
sunlight contains approximately 20 times more UVA than UVB, it is widely accepted that
UVB is the leading factor in UVB-irradiated skin damage owing to its high energy [48–50].
Numerous recent studies have shown that only UVB radiation is enough to adversely
affect the epidermal barrier function, including permeability barrier disruption, increased
trans-epidermal water loss, and decreased SC hydration [51–54]. In the current work,
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we confirmed that the treatment of TNF-α/IFN-γ and UVB successfully induced barrier
dysfunction in HaCaT cells.

We observed that TNF-α/IFN-γ treatment and UVB irradiation upregulated several
OR genes in keratinocytes. These increases may be functionally interpreted in two different
ways: (i) OR receptors act as mediators of the events that initiate specific pathological
conditions [23], and (ii) these receptors have protective functions and their expression is
increased to compensate for unfavorable conditions [22,34]. To differentiate between two
possible explanations for increased OR expression, we used a known, specific ligand to
each receptor and investigated the receptor-mediated effects on the barrier function-related
gene expression. Remarkably, we observed that the activation of OR2A4 and OR10H1
by their specific ligands, CHS and sandacanol respectively, downregulated filaggrin gene
expression in human keratinocytes. We speculated that both OR2A4 and OR10H1 are
involved in developing skin barrier dysfunction. Further functional characterization of
ORs would enable the development of clinical applications for skin barrier dysfunction.
If increased expression of ORs is found to lead to barrier dysfunction, these findings can
encourage the development of compounds that antagonize the ORs. On the contrary, if
increased expression of ORs is proven to have a protective function in the skin barrier, the
ligands which specifically bind and activate these receptors may have great potential for
clinical use in the treatment of skin barrier dysfunction.

4. Materials and Methods
4.1. Cell Culture

HaCaT keratinocytes were purchased from AddexBio Technologies (San Diego, CA, USA)
and cultured at 37 ◦C in 5% CO2 in high-glucose Dulbecco modified Eagle’s medium
(DMEM; HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin (Gibco). For developing
in vitro barrier dysfunction models, TNF-α/IFN-γ treatment and UVB irradiation were
used. First, 6 × 105 HaCaT cells/well were seeded in six-well plates and cultured until
confluence. Then, the cells were rinsed with PBS, covered with a thin PBS layer, exposed
to 10 mJ/cm2 UVB irradiation for 10 s, and further incubated in DMEM for 48 h for
developing the UVB-irradiated skin dysfunction models. A CL-1000M UV crosslinker
(UVP; Upland, CA, USA), with a UV peak at 302 nm, was used for UVB irradiation. On the
contrary, the medium was replaced with DMEM containing 10 ng/mL TNF-α or IFN-γ
(R&D Systems; Minneapolis, MN, USA) and further cultured for 48 h for developing
the inflamed skin dysfunction models. When required, the cells were treated with three
different CHS (BOC sciences; Shirley, NY, USA) or sandacanol (Glentham Life Sciences;
Wiltshire, UK) concentrations for 48 h.

4.2. WST-1 Assay

The WST-1 assay was conducted to evaluate cell viability. HaCaT cells were seeded
in a 96-well plate at a density of 5000 cells per well and cultured until confluence. Then,
UVB irradiation or the treatment of CHS or sandacanol was performed as described in
Section 4.1. Next, the cells were further cultured for 3 h with the WST reagent (Sigma-
Aldrich, Seoul, Korea), according to the manufacturer’s instructions. Absorbance was
measured at 450 nm on the Infinite M200 microplate reader (Tecan, Grodig, Austria).

4.3. RNA Extraction and PCR

Total RNA was extracted from cells using the TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) and quantified on a NanoDrop spectrophotometer (Tecan). Thereafter,
an equal amount of each RNA sample was subjected to cDNA synthesis using Super-
Script IV Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions.
To visually identify the specific genes expressed in keratinocytes, semi-quantitative PCR
was conducted in a 20 µL solution, comprising 2× PCR MasterMix (Intron, Seoul, Korea),
0.6 µM of each primer, and 25 ng template, using the GeneMax thermal cycler (BIOER;
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Hanqzhou, China). Negative controls containing mRNA without reverse transcription
were used to confirm the absence of DNA contamination and PCR specificity. For precise
quantification, quantitative PCR was carried out in a 20 µL solution, comprising 10 µL
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 0.6 µM
of each primer, and 25 ng template cDNA, using the CFX Real-Time System (Bio-Rad).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the housekeeping gene
for gene expression normalization. Primer sequences used for each gene are listed in
Supplementary Table S1.

4.4. RNA-Sequencing

Libraries were prepared from total RNA using the NEBNext Ultra II Directional
RNA-Seq Kit (NEW ENGLAND BioLabs, Hitchin, UK). The mRNA was isolated using
the above-mentioned methods for RNA extraction and PCR. The isolated mRNAs were
prepared for cDNA synthesis and shearing, according to the manufacturer’s instructions,
indexed using the Illumina indexes 1–12, and enriched using PCR. Thereafter, the libraries
were checked with the Agilent 2100 Bioanalyzer (DNA High-Sensitivity Kit) to assess the
mean fragment size. Quantification was performed using a library quantification kit and
a StepOne Real-Time PCR System (Life Technologies Corporation, Carlsbad, CA, USA).
High-throughput sequencing was carried out as paired-end 100 sequencing using HiSeq
X10 (Illumina, San Diego, CA, USA). Quality control of raw sequencing data was con-
ducted using FastQC [55]. Gene expression levels were estimated using FPKM values and
normalized based on the quantile normalization method using EdgeR within R [56].

4.5. Statistical Analysis

Each set of experiments was performed independently in triplicate, and the results are
expressed as mean ± standard error of the mean (SEM). Differences between groups were
analyzed with the SPSS 25 software (SPSS, Chicago, IL, USA) using the unpaired Student’s
t-test. p < 0.05 was considered statistically significant.

5. Conclusions

We have demonstrated that the specific ectopic ORs detectable in human keratinocytes
are more highly expressed in barrier dysfunction conditions than in normal conditions.
Furthermore, stimulating these ORs with their specific ligands altered the levels of skin
barrier markers. The current study shows the potential of OR as a marker for skin barrier
abnormalities. Further work is required to explore how OR is related to the development
and progression of barrier dysfunction.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/6/2799/s1. Figure S1: UVB irradiation affects cell viability and filaggrin gene expression in a
dose-dependent man-ner in HaCaT cells, Figure S2: Inflammatory cytokine genes are upregulated in
UVB-irradiated HaCaT cells, Table S1: Primer sequences.

Author Contributions: Conceptualization, W.K. and T.P.; formal analysis, W.K.; data curation, W.K.
and B.S.; writing—original draft preparation, D.C., W.K., and S.P.; writing—review and editing,
W.K. and T.P.; funding acquisition, T.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (No. 2019R1A2C2003340).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/1422-0067/22/6/2799/s1
https://www.mdpi.com/1422-0067/22/6/2799/s1


Int. J. Mol. Sci. 2021, 22, 2799 11 of 13

References
1. Rawlings, A.; Davies, A.; Carlomusto, M.; Pillai, S.; Zhang, K.; Kosturko, R.; Verdejo, P.; Feinberg, C.; Nguyen, L.; Chandar,

P. Effect of lactic acid isomers on keratinocyte ceramide synthesis, stratum corneum lipid levels and stratum corneum barrier
function. Arch. Dermatol. Res. 1996, 288, 383–390. [CrossRef]

2. Fuchs, E.; Green, H. Changes in keratin gene expression during terminal differentiation of the keratinocyte. Cell 1980, 19, 1033–
1042. [CrossRef]

3. Proksch, E.; Brandner, J.M.; Jensen, J.M. The skin: An indispensable barrier. Exp. Dermatol. 2008, 17, 1063–1072. [CrossRef]
[PubMed]

4. Jensen, J.; Proksch, E. The skin’s barrier. G. Ital. Di Dermatol. E Venereol. Organo Uff. Soc. Ital. Di Dermatol. E Sifilogr. 2009,
144, 689–700.

5. Van Smeden, J.; Janssens, M.; Gooris, G.; Bouwstra, J. The important role of stratum corneum lipids for the cutaneous barrier
function. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2014, 1841, 295–313. [CrossRef]

6. Biniek, K.; Levi, K.; Dauskardt, R.H. Solar UV radiation reduces the barrier function of human skin. Proc. Natl. Acad. Sci. USA
2012, 109, 17111–17116. [CrossRef]

7. Meguro, S.; Aral, Y.; Masukawa, K.; Uie, K.; Tokimitsu, I. Stratum Corneum Lipid Abnormalities in UVB-lrradiated Skin.
Photochem. Photobiol. 1999, 69, 317–321. [CrossRef]

8. Yang, G.; Seok, J.K.; Kang, H.C.; Cho, Y.-Y.; Lee, H.S.; Lee, J.Y. Skin barrier abnormalities and immune dysfunction in atopic
dermatitis. Int. J. Mol. Sci. 2020, 21, 2867. [CrossRef] [PubMed]

9. Hänel, K.H.; Cornelissen, C.; Lüscher, B.; Baron, J.M. Cytokines and the skin barrier. Int. J. Mol. Sci. 2013, 14, 6720–6745.
[CrossRef] [PubMed]

10. Maßberg, D.; Hatt, H. Human olfactory receptors: Novel cellular functions outside of the nose. Physiol. Rev. 2018, 98, 1739–1763.
[CrossRef]

11. Chen, Z.; Zhao, H.; Fu, N.; Chen, L. The diversified function and potential therapy of ectopic olfactory receptors in non-olfactory
tissues. J. Cell. Physiol. 2018, 233, 2104–2115. [CrossRef]

12. Veitinger, S.; Hatt, H. Ectopic expression of mammalian olfactory receptors. In Springer Handbook of Odor; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 83–84.

13. Kalbe, B.; Knobloch, J.; Schulz, V.M.; Wecker, C.; Schlimm, M.; Scholz, P.; Jansen, F.; Stoelben, E.; Philippou, S.; Hecker, E. Olfactory
receptors modulate physiological processes in human airway smooth muscle cells. Front. Physiol. 2016, 7, 339. [CrossRef]

14. Manteniotis, S.; Wójcik, S.; Göthert, J.R.; Dürig, J.; Dührsen, U.; Gisselmann, G.; Hatt, H. Deorphanization and characterization of
the ectopically expressed olfactory receptor OR51B5 in myelogenous leukemia cells. Cell Death Discov. 2016, 2, 1–9. [CrossRef]
[PubMed]

15. Tong, T.; Kim, M.; Park, T. α-Cedrene, a Newly Identified Ligand of MOR23, Increases Skeletal Muscle Mass and Strength. Mol.
Nutr. Food Res. 2018, 62, 1800173. [CrossRef]

16. Jovancevic, N.; Khalfaoui, S.; Weinrich, M.; Weidinger, D.; Simon, A.; Kalbe, B.; Kernt, M.; Kampik, A.; Gisselmann, G.; Gelis, L.
Odorant receptor 51E2 agonist β-ionone regulates RPE cell migration and proliferation. Front. Physiol. 2017, 8, 888. [CrossRef]
[PubMed]

17. Gelis, L.; Jovancevic, N.; Bechara, F.G.; Neuhaus, E.M.; Hatt, H. Functional expression of olfactory receptors in human primary
melanoma and melanoma metastasis. Exp. Dermatol. 2017, 26, 569–576. [CrossRef]

18. Li, M.; Wang, X.; Ma, R.-R.; Shi, D.-B.; Wang, Y.-W.; Li, X.-M.; He, J.-Y.; Wang, J.; Gao, P. The olfactory receptor family 2, subfamily
T, member 6 (OR2T6) is involved in breast cancer progression via initiating epithelial-mesenchymal transition and MAPK/ERK
pathway. Front. Oncol. 2019, 9, 1210. [CrossRef]

19. Shepard, B.D.; Koepsell, H.; Pluznick, J.L. Renal olfactory receptor 1393 contributes to the progression of type 2 diabetes in a
diet-induced obesity model. Am. J. Physiol.-Ren. Physiol. 2019, 316, F372–F381. [CrossRef] [PubMed]

20. Wu, C.; Thach, T.T.; Kim, Y.-J.; Lee, S.-J. Olfactory receptor 43 reduces hepatic lipid accumulation and adiposity in mice. Biochim.
Et Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2019, 1864, 489–499. [CrossRef] [PubMed]

21. Chakraborty, S.; Dakle, P.; Sinha, A.; Vishweswaraiah, S.; Nagori, A.; Salimath, S.; Prakash, Y.; Lodha, R.; Kabra, S.; Ghosh, B.
Genetic variations in olfactory receptor gene OR2AG2 in a large multigenerational family with asthma. Sci. Rep. 2019, 9, 1–10.
[CrossRef] [PubMed]

22. Weber, L.; Schulz, W.A.; Philippou, S.; Eckardt, J.; Ubrig, B.; Hoffmann, M.J.; Tannapfel, A.; Kalbe, B.; Gisselmann, G.; Hatt, H.
Characterization of the olfactory receptor OR10H1 in human urinary bladder cancer. Front. Physiol. 2018, 9, 456. [CrossRef]
[PubMed]

23. Tham, E.H.; Dyjack, N.; Kim, B.E.; Rios, C.; Seibold, M.A.; Leung, D.Y.; Goleva, E. Expression and function of the ectopic olfactory
receptor OR10G7 in patients with atopic dermatitis. J. Allergy Clin. Immunol. 2019, 143, 1838–1848. [CrossRef]

24. Busse, D.; Kudella, P.; Grüning, N.-M.; Gisselmann, G.; Ständer, S.; Luger, T.; Jacobsen, F.; Steinsträßer, L.; Paus, R.; Gkogkolou, P.
A synthetic sandalwood odorant induces wound-healing processes in human keratinocytes via the olfactory receptor OR2AT4.
J. Investig. Dermatol. 2014, 134, 2823–2832. [CrossRef]

25. Kim, B.E.; Leung, D.Y. Significance of skin barrier dysfunction in atopic dermatitis. Allergy Asthma Immunol. Res. 2018, 10, 207.
[CrossRef]

http://doi.org/10.1007/BF02507107
http://doi.org/10.1016/0092-8674(80)90094-X
http://doi.org/10.1111/j.1600-0625.2008.00786.x
http://www.ncbi.nlm.nih.gov/pubmed/19043850
http://doi.org/10.1016/j.bbalip.2013.11.006
http://doi.org/10.1073/pnas.1206851109
http://doi.org/10.1562/0031-8655(1999)069&lt;0317:CAIUIS&gt;2.3.CO;2
http://doi.org/10.3390/ijms21082867
http://www.ncbi.nlm.nih.gov/pubmed/32326002
http://doi.org/10.3390/ijms14046720
http://www.ncbi.nlm.nih.gov/pubmed/23531535
http://doi.org/10.1152/physrev.00013.2017
http://doi.org/10.1002/jcp.25929
http://doi.org/10.3389/fphys.2016.00339
http://doi.org/10.1038/cddiscovery.2016.10
http://www.ncbi.nlm.nih.gov/pubmed/27551504
http://doi.org/10.1002/mnfr.201800173
http://doi.org/10.3389/fphys.2017.00888
http://www.ncbi.nlm.nih.gov/pubmed/29249973
http://doi.org/10.1111/exd.13316
http://doi.org/10.3389/fonc.2019.01210
http://doi.org/10.1152/ajprenal.00069.2018
http://www.ncbi.nlm.nih.gov/pubmed/30484350
http://doi.org/10.1016/j.bbalip.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30639733
http://doi.org/10.1038/s41598-019-54718-6
http://www.ncbi.nlm.nih.gov/pubmed/31836740
http://doi.org/10.3389/fphys.2018.00456
http://www.ncbi.nlm.nih.gov/pubmed/29867524
http://doi.org/10.1016/j.jaci.2018.11.004
http://doi.org/10.1038/jid.2014.273
http://doi.org/10.4168/aair.2018.10.3.207


Int. J. Mol. Sci. 2021, 22, 2799 12 of 13

26. Schmuth, M.; Blunder, S.; Dubrac, S.; Gruber, R.; Moosbrugger-Martinz, V. Epidermal barrier in hereditary ichthyoses, atopic
dermatitis, and psoriasis. JDDG J. Der Dtsch. Dermatol. Ges. 2015, 13, 1119–1123. [CrossRef]

27. Choi, D.; Kang, W.; Park, T. Anti-Allergic and Anti-Inflammatory Effects of Undecane on Mast Cells and Keratinocytes. Molecules
2020, 25, 1554. [CrossRef]

28. Cho, S.-H.; Kim, H.-S.; Lee, W.; Han, E.J.; Kim, S.-Y.; Fernando, I.S.; Ahn, G.; Kim, K.-N. Eckol from Ecklonia cava amelio-
rates TNF-α/IFN-γ-induced inflammatory responses via regulating MAPKs and NF-κB signaling pathway in HaCaT cells.
Int. Immunopharmacol. 2020, 82, 106146. [CrossRef] [PubMed]

29. Lim, H.S.; Jin, S.E.; Kim, O.S.; Shin, H.K.; Jeong, S.J. Alantolactone from Saussurea lappa Exerts Antiinflammatory Effects by
Inhibiting Chemokine Production and STAT1 Phosphorylation in TNF-α and IFN-γ-induced in HaCaT cells. Phytother. Res. 2015,
29, 1088–1096. [CrossRef]

30. Lee, J.-H.; Lim, J.-Y.; Jo, E.H.; Noh, H.M.; Park, S.; Park, M.C.; Kim, D.-K. Chijabyukpi-Tang Inhibits Pro-Inflammatory
Cytokines and Chemokines via the Nrf2/HO-1 Signaling Pathway in TNF-α/IFN-γ-Stimulated HaCaT Cells and Ameliorates
2, 4-Dinitrochlorobenzene-Induced Atopic Dermatitis-Like Skin Lesions in Mice. Front. Pharmacol. 2020, 11, 1018. [CrossRef]
[PubMed]

31. Yang, J.-H.; Yoo, J.-M.; Lee, E.; Lee, B.; Cho, W.-K.; Park, K.-I.; Ma, J.Y. Anti-inflammatory effects of Perillae Herba ethanolic extract
against TNF-α/IFN-γ-stimulated human keratinocyte HaCaT cells. J. Ethnopharmacol. 2018, 211, 217–223. [CrossRef] [PubMed]

32. Lonsdale, J.; Thomas, J.; Salvatore, M.; Phillips, R.; Lo, E.; Shad, S.; Hasz, R.; Walters, G.; Garcia, F.; Young, N. The genotype-tissue
expression (GTEx) project. Nat. Genet. 2013, 45, 580–585. [CrossRef]

33. Tsai, T.; Veitinger, S.; Peek, I.; Busse, D.; Eckardt, J.; Vladimirova, D.; Jovancevic, N.; Wojcik, S.; Gisselmann, G.; Altmüller, J. Two
olfactory receptors—OR 2A4/7 and OR 51B5—differentially affect epidermal proliferation and differentiation. Exp. Dermatol.
2017, 26, 58–65. [CrossRef]

34. Kalbe, B.; Osterloh, M.; Schulz, V.M.; Altmüller, J.; Becker, C.; Osterloh, S.; Hatt, H. OR2H2 regulates the differentiation of human
myoblast cells by its ligand aldehyde 13-13. Arch. Biochem. Biophys. 2018, 645, 72–80. [CrossRef]

35. Flegel, C.; Vogel, F.; Hofreuter, A.; Schreiner, B.S.; Osthold, S.; Veitinger, S.; Becker, C.; Brockmeyer, N.H.; Muschol, M.; Wennemuth,
G. Characterization of the olfactory receptors expressed in human spermatozoa. Front. Mol. Biosci. 2016, 2, 73. [CrossRef]
[PubMed]

36. Flegel, C.; Manteniotis, S.; Osthold, S.; Hatt, H.; Gisselmann, G. Expression profile of ectopic olfactory receptors determined by
deep sequencing. PLoS ONE 2013, 8, e55368. [CrossRef]

37. Colombo, I.; Sangiovanni, E.; Maggio, R.; Mattozzi, C.; Zava, S.; Corbett, Y.; Fumagalli, M.; Carlino, C.; Corsetto, P.A.; Scac-
cabarozzi, D. HaCaT cells as a reliable in vitro differentiation model to dissect the inflammatory/repair response of human
keratinocytes. Mediat. Inflamm. 2017, 2017, 7435621. [CrossRef]

38. Deyrieux, A.F.; Wilson, V.G. In vitro culture conditions to study keratinocyte differentiation using the HaCaT cell line. Cytotech-
nology 2007, 54, 77–83. [CrossRef] [PubMed]

39. Ferreira, T.; Wilson, S.R.; Choi, Y.G.; Risso, D.; Dudoit, S.; Speed, T.P.; Ngai, J. Silencing of odorant receptor genes by G protein βγ

signaling ensures the expression of one odorant receptor per olfactory sensory neuron. Neuron 2014, 81, 847–859. [CrossRef]
[PubMed]

40. Verbeurgt, C.; Wilkin, F.; Tarabichi, M.; Gregoire, F.; Dumont, J.E.; Chatelain, P. Profiling of olfactory receptor gene expression in
whole human olfactory mucosa. PLoS ONE 2014, 9, e96333.

41. Skalhegg, B.; Tasken, K. Specificity in the cAMP/PKA signaling pathway. Differential expression, regulation, and subcellular
localization of subunits of PKA. Front. Biosci. 2000, 5, D678–D693.

42. Tong, T.; Ryu, S.E.; Min, Y.; Claire, A.; Bushdid, C.; Golebiowski, J.; Moon, C.; Park, T. Olfactory receptor 10J5 responding to
α-cedrene regulates hepatic steatosis via the cAMP–PKA pathway. Sci. Rep. 2017, 7, 1–13. [CrossRef]

43. Wu, C.; Hwang, S.H.; Jia, Y.; Choi, J.; Kim, Y.-J.; Choi, D.; Pathiraja, D.; Choi, I.-G.; Koo, S.-H.; Lee, S.-J. Olfactory receptor 544
reduces adiposity by steering fuel preference toward fats. J. Clin. Investig. 2017, 127, 4118–4123. [CrossRef] [PubMed]

44. Chatelain, P.; Veithen, A.; Wilkin, F.; Philippeau, M. Deorphanization and characterization of human olfactory receptors in
heterologous cells. Chem. Biodivers. 2014, 11, 1764–1781. [CrossRef] [PubMed]

45. Lin, Z.-M.; Ma, M.; Li, H.; Qi, Q.; Liu, Y.-T.; Yan, Y.-X.; Shen, Y.-F.; Yang, X.-Q.; Zhu, F.-H.; He, S.-J. Topical administration of
reversible SAHH inhibitor ameliorates imiquimod-induced psoriasis-like skin lesions in mice via suppression of TNF-α/IFN-γ-
induced inflammatory response in keratinocytes and T cell-derived IL-17. Pharmacol. Res. 2018, 129, 443–452. [CrossRef]
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