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Abstract. Type 2 taste receptor 10 (TAS2R10), belonging to 
the TAS2R family of bitter receptors, is widely expressed in 
extra-oral tissues. However, its biological roles beyond bitter-
ness sensing in the tongue have remained largely elusive. 
The present study aimed to perform a positive co-expression 
analysis using 60,000 Affymetrix expression arrays and 5,000 
The Cancer Genome Atlas datasets to uncover such roles. 
Based on the functional enrichment analysis, it was indicated 
that in the Gene Ontology (GO) category biological process, 
TAS2R10 was mostly involved in ‘cellular protein metabolic 
process’, ‘protein modification process’, ‘cellular protein 
modification process’ and ‘cellular component assembly’. 
In the GO category cellular component, the co-expressed 
genes were accumulated in ‘Spt-Ada-Gcn5 acetyltransferase 
(SAGA)-type complex’ and ‘SAGA complex’, and in the 
category molecular function, they were concentrated in 
‘hexosaminidase activity’, ‘cytoskeletal adaptor activity’, 
‘cyclin binding’ and ‘β-N-acetylhexosaminidase activity’. 
Of note, it was indicated that TAS2R10 may be involved in 
‘ubiquitin-mediated proteolysis’, which may provide a starting 
point to fully investigate the detailed functions of TAS2R10 
in the future. TAS2R10 was also indicated to be associated 
with human diseases, i.e. ‘Salmonella infection’. Overall, the 

present study was the first to perform a comprehensive bioin-
formatics analysis of the functions of TAS2R10 and provide 
insight regarding the notion that this gene may have crucial 
roles beyond bitterness sensing. 

Introduction

Bitter perception has a critical role in host defense, as it 
functions as a warning signal against the ingestion of toxic 
substances (1). The recognition of bitter substances is medi-
ated by a family of G protein-coupled receptors called type 
2 taste receptors (TAS2Rs), which are prominently expressed 
in the tongue and include >20 members. However, recent 
investigations revealed that TAS2Rs are widely expressed in 
extra-oral tissues, including the gastric and intestinal mucosa, 
respiratory tract, bladder, pancreas, testes and central nervous 
system (2,3), indicating TAS2Rs may perform numerous other 
functions other than perception of bitter taste.

Based on their agonist spectra, TAS2Rs may be grouped 
into broadly, narrowly, and intermediately tuned receptors (4); 
TAS2R10, TAS2R14 and TAS2R46 are broadly tuned recep-
tors (5) and each recognizes about one-third of the bitter 
components tested so far (6). As such, these broadly tuned 
receptors may considerably contribute to the overall bitter 
tasting ability and it may be speculated that each of them 
may have numerous biological functions for different bitter 
substances that may exert various effects in the human body. 
Recent investigations on TAS2R10 confirmed this speculation. 
TAS2R10 induces the relaxation of smooth muscles of the 
ileum; this action may be mediated by nitric oxide and BKCa 
channels (7). TAS2R10 also dilates the airways by inhibiting 
airway smooth muscle calcium oscillations and calcium sensi-
tivity (8). Furthermore, TAS2R10 was reported to mediate 
relaxation of vascular smooth muscles (9). Of note, TAS2R10 
also has a tumor suppressor role in human neuroblastoma 
cells (10).

Based on the aforementioned studies, the present study 
hypothesized that TAS2R10 has multiple biological functions. 
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To prove this hypothesis, a bioinformatics analysis of genes 
positively co-expressed with TAS2R10 was performed using 
60,000 Affymetrix expression arrays and 5,000 TCGA data-
sets. The analysis indicated that TAS2R10 is mostly involved 
in biological activities, including ‘positive regulation of biolog-
ical process’, ‘cellular protein metabolic process’, ‘protein 
modification process’, ‘cellular protein modification process’ 
and ‘cellular component assembly’. The most prominent terms 
in the category cellular component were ‘Spt-Ada-Gcn5 acet-
yltransferase (SAGA)-type complex’ and ‘SAGA complex’. 
The major terms in the category molecular function were 
‘hexosaminidase activity’, ‘cytoskeletal adaptor activity’, 
‘cyclin binding’ and ‘β-N-acetylhexosaminidase activity’. 
Of note, it was indicated that TAS2R10 may be involved in 
‘ubiquitin-mediated proteolysis’, which may provide a key 
direction for investigating the functions of TAS2R10 in the 
future. TAS2R10 was also suggested to be linked to human 
diseases, i.e. ‘Salmonella infection’. To the best of our knowl-
edge, the present study was the first to comprehensively reveal 
the potential biological roles of TAS2R10 and provide crucial 
insights into the notion that this gene may have critical roles in 
addition to the perception of bitterness.

Materials and methods

Collection of expression data and pre‑processing. The gene 
expression data were collected and pre-processed as described 
previously (11). The required data were retrieved from the 
European Bioinformatics Institute database (https://www.
ebi.ac.uk/) and incorporated CEL files were pre‑processed 
using the robust multichip average normalization method. 
The value 0.25 of the standard deviation level was used as 
the cutoff to guarantee for high-quality data and to capture 
significantly correlated transcriptome information. TAS2R10 
was performed using 60,000 Affymetrix expression arrays 
and 5,000 TCGA datasets.

Biological pathway analysis. Gene Ontology (GO) function 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses were performed (11). Analysis of biological 
pathways was performed for the genes that exhibited the 
highest correlation with TAS2R10 expression levels. The asso-
ciated parameters used were identical to those of a previous 
study (11).

Statistical analysis. The statistical analysis was performed 
as described previously (11). Pearson correlation analysis was 
performed to assess the correlation between TAS2R10 and 
other genes and the P‑values were unmodified. The q‑value 
package in R was utilized to implement multiple testing 
corrections. Genes with q-values of <0.05 were considered as 
significant co‑expressed genes of TAS2R10.

Results

TAS2R10 may be involved in a variety of biological functions 
according to GO analysis. To reveal the potential functions of 
TAS2R10, a big data bioinformatics analysis, namely a positive 
co-expression analysis using 60,000 Affymetrix expression 
arrays and 5,000 TCGA data sets, was performed. As indicated 

in Fig. 1, GO enrichment analysis indicated that TAS2R10 may 
be involved in a myriad of functional terms in the category 
biological process, and the top five processes were ‘positive 
regulation of biological process’, ‘cellular protein metabolic 
process’, ‘protein modification process’, ‘cellular protein modi-
fication process’ and ‘cellular component assembly’. The top 5 
enriched functional terms in the category cellular component 
included ‘cytosol’, ‘cytoskeletal part’, ‘chromosomal part’, 
‘intracellular ribonucleoprotein complex’ and ‘ribonucleopro-
tein complex’. The top five terms in the category molecular 
functions were ‘catalytic activity’, ‘enzyme binding’, ‘transcrip-
tion factor activity’, ‘sequence‑specific DNA binding’, ‘nucleic 
acid binding transcription factor activity’ and ‘zinc ion binding’.

To provide further information on the functions of 
TAS2R10, the top 20 items were revealed by searching the 
databases based on the GO analysis. Fig. 2 provides the 
top 20 biological process terms obtained using enrichment 
analysis. The top 20 biological processes included ‘regulation 
of wound healing’, ‘spreading of epidermal cells’, ‘regulation 
of interleukin-12 secretion’, ‘regulation of gluconeogenesis by 
regulation of transcription from RNA polymerase II promoter’, 
‘regulation of basement membrane assembly involved in 
embryonic body morphogenesis’, ‘protein retention in Golgi 
apparatus’, ‘positive regulation of peroxisome proliferator 
activated receptor signaling pathway’, ‘positive regulation of 
mitotic sister chromatid separation’, ‘positive regulation of 
mitotic metaphase/anaphase transition’, ‘positive regulation 
of hematopoietic stem cell proliferation’, ‘positive regulation 
of gluconeogenesis by positive regulation of transcription 
from RNA polymerase II promoter’, ‘positive regulation of 
extracellular matrix disassembly’, ‘positive regulation of 
brown fat cell differentiation’, ‘positive regulation of basement 
membrane assembly involved in embryonic body morpho-
genesis’, ‘negative regulation of hematopoietic progenitor cell 
differentiation’, ‘microRNA (miRNA) loading onto retinoid 
inducible serine carboxypeptidase involved in gene silencing 
by miRNA’, ‘microtubule anchoring at microtubule organizing 
center’, ‘histone H4-K20 trimethylation’, ‘coenzyme trans-
port’, ‘cardiac pacemaker cell differentiation’ and ‘basement 
membrane assembly involved in embryonic body morphogen-
esis’ (Fig. 2). The most prominent terms in the category cellular 
component were ‘SAGA-type complex’ and ‘SAGA complex’ 
(Fig. 3). The molecular functions covered ‘hexosaminidase 
activity’, ‘cytoskeletal adaptor activity’, ‘cyclin binding’ and 
‘β-N-acetylhexosaminidase activity’ (Fig. 4). Furthermore, 
in order to confirm the results of the bioinformatics analysis, 
the expression of TAS2R10 was examined in different human 
cell lines, HeLa, TPC1, CAPAN-2, HEK293, HEPG2, A549, 
Caco-2, MCF7 and RT4 (Bena Culture Collection) by reverse 
transcription-quantitative (RT-q)PCR and western blot 
analysis (Fig. S1). It was indicated that TAS2R10 was mainly 
expressed in the cell lines HeLa, TPC1 and CAPAN-2 at 
different levels, suggesting that TAS2R10 may have different 
functions in different tissue types. It may perform biological 
functions in the tissues of uterus, thyroid and pancreas, and 
exhibit no functions in other tissues, kidney, liver, lung, colon, 
breast, and bladder.

TAS2R10 may take part in various signaling pathways 
according to KEGG analysis. To further identify the pathways 
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involving TAS2R10, a KEGG analysis was performed based 
on the genes positively co-expressed with TASR10 (Fig. 5). 
In the item ‘organismal systems’, TAS2R10 was positively 
associated with ‘retrograde endocannabinoid signaling’ and 
‘progesterone-mediated oocyte maturation’. In the item ‘genetic 
information processing’, TAS2R10 was positively linked to 
‘ubiquitin-mediated proteolysis’. In addition, TAS2R10 was 
indicated to be involved in numerous metabolic activities, 
including ‘glycosphingolipid biosynthesis-ganglio series’, 
‘other glycan degradation’, ‘glycosaminoglycan degradation’ 

and ‘glycosphingolipid biosynthesis-globo series’. Of note, 
TAS2R10 was indicated to be involved in certain pathogenic 
processes/human diseases, specifically ‘Salmonella infection’. 
These functional pathways are not only associated with the 
tongue but also are involved in extra-oral functions.

To provide further information on the signaling pathways 
of TAS2R10, an enrichment analysis was used to determine 
the top 20 pathways (Fig. 6). The top five pathways are ‘ubiq-
uitin mediated proteolysis’, ‘Salmonella infection’, ‘retrograde 
endocannabinoid signaling’, ‘progesterone-mediated oocyte 

Figure 1. Functional roles of TAS2R10 according to Gene Ontology analysis indicated by classification. Biological functions were identified by enrichment 
analysis of genes positively co-expressed with TAS2R10 in 60,000 Affymetrix expression arrays and 5,000 datasets from the Cancer Genome Atlas. TAS2R10, 
type 2 taste receptor 10.

Figure 2. Top 20 functional terms in the category biological process of TAS2R10 according to Gene Ontology analysis. Enrichment analysis of genes 
co-expressed with TAS2R10 was performed using 60,000 Affymetrix expression arrays and 5,000 The Cancer Genome Atlas datasets. TAS2R10, type 2 taste 
receptor 10.
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maturation’ and ‘glycosphingolipid biosynthesis-ganglio 
series’. Among these pathways, ‘ubiquitin mediated 
proteolysis’ ranked first, followed by ‘glycosphingolipid 
biosynthesis-ganglio series’. For ubiquitin-mediated pathway, 
the potential targets for TAS2R10 include anaphase promoting 
complex subunit 5 (ANAPC5) and ubiquitin protein ligase 
E3B were predicted. Furthermore, in order to confirm the 
results of the bioinformatics analysis, the association of 
TAS2R10 and ANAPC5 in human thyroid was examined by 
using RT-qPCR (Fig. S2). ANAPC5 is required for the proper 

ubiquitination function (12). It was indicated that the expres-
sion levels of TAS2R10 were significantly associated with 
those of ANAPC5, suggesting TAS2R10 may be involved in 
the ubiquitin pathway.

Discussion

Bitterness sensing is mediated by the TAS2R family occur-
ring in the tongue (1). The wide expression of TAS2Rs in 
tissues other than the tongue has been reported in recent 

Figure 3. Top 20 functional terms in the category cellular component of TAS2R10 based on Gene Ontology analysis. Enrichment analysis of genes co-expressed 
with TAS2R10 was performed using 60,000 Affymetrix expression arrays and 5,000 The Cancer Genome Atlas datasets. The most distinct terms were 
‘SAGA-type complex’ and ‘SAGA complex’. TAS2R10, type 2 taste receptor 10; SAGA, Spt-Ada-Gcn5 acetyltransferase; RISC, retinoid inducible serine 
carboxypeptidase; RNAi, RNA interference.

Figure 4. Top 20 functional terms in the category molecular function of TAS2R10 based on Gene Ontology analysis. Enrichment analysis of genes co-expressed 
with TAS2R10 was performed using 60,000 Affymetrix expression arrays and 5,000 The Cancer Genome Atlas datasets. The key terms were ‘hexosaminidase 
activity’, ‘cytoskeletal adaptor activity’, ‘cyclin binding’ and ‘β-N-acetylhexosaminidase activity’. TAS2R10, type 2 taste receptor 10.
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years (2,3). Thus, TAS2Rs were postulated to have extra-oral 
biological roles. However, at present, functional investigations 
are limited and scattered. In the present study, a comprehen-
sive investigation of the potential functions of TAS2R10 was 
performed by positive co-expression analysis using 60,000 
Affymetrix expression arrays and 5,000 TCGA datasets. 
Various noteworthy results were obtained. First, TAS2R10 
may be involved in various biological activities beyond the 
perception of bitterness with a focus on protein modification 
and metabolic processes. The present experimental results 
confirmed that TAS2R10 was mainly expressed in the cell 
lines HeLa, TPC1 and CAPAN-2, suggesting that TAS2R10 
may be involved in different biological activities in different 
tissues. Furthermore, major GO terms in the category 
cellular component were ‘SAGA-type complex’ and ‘SAGA 
complex’. In addition, ‘ubiquitin mediated proteolysis’ is a 
typical pathway involving TAS2R10. Finally, TAS2R10 may 
be involved in ‘Salmonella infection’. With regard to the 
ubiquitin pathway, the potential targets for TAS2R10 include 
ANAPC5 and ubiquitin protein ligase E3B based on the 
present bioinformatics analysis. ANAPC5 is a ubiquitin 

ligase that controls cell cycle progression through ubiquitina-
tion (12). In the present study, the association of TAS2R10 
and ANAPC5 in human thyroid was confirmed by RT‑qPCR. 
These results indicate that TAS2R10 may be involved in the 
ubiquitin pathway through ANAPC5.

TAS2R10 is known to be a broadly tuned bitter receptor (5), 
and it was able to recognize approximately one-third of the 
bitter components tested thus far (6). It may be speculated that 
TAS2R10 is able to perform numerous biological functions. 
Recent studies have indicated other functions of TAS2R10 
than bitterness-sensing (10). However, only two functions 
have been reported. One function of TAS2R10 is that it is able 
to induce the relaxation of smooth muscles of the ileum (7), 
airway (8) and blood vessels (9). In the present study, it was 
observed that TAS2R10 features cytoskeletal adaptor activity 
and is also associated with hexosaminidase activity. These 
activities are linked to the role of smooth muscles. The second 
function reported for TAS2R10 was its tumor-suppressor 
role (10). In the present study, TAS2R10 was indicated to be 
involved in ‘cellular processes of cell cycle’ and may thus exert 
a regulatory function in cancer. 

Figure 5. Signaling pathways for TAS2R10 determined by Kyoto Encyclopedia of Genes and Genomes analysis indicated by classification. Enrichment analysis 
of genes co-expressed with TAS2R10 was performed using 60,000 Affymetrix expression arrays and 5,000 The Cancer Genome Atlas datasets. TAS2R10 was 
indicated to be involved in a variety of signaling pathways. TAS2R10, type 2 taste receptor 10.

Figure 6. Top 20 signaling pathways for TAS2R10 determined by Kyoto Encyclopedia of Genes and Genomes analysis. Enrichment analysis of genes 
co‑expressed with TAS2R10 was performed using 60,000 Affymetrix expression arrays and 5,000 The Cancer Genome Atlas datasets. The top five pathways 
included ‘ubiquitin mediated proteolysis’, ‘Salmonella infection’, ‘retrograde endocannabinoid signaling’, ‘progesterone-mediated oocyte maturation’ and 
‘glycosphingolipid biosynthesis-ganglio series’. TAS2R10, type 2 taste receptor 10.
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In conclusion, through positive co-expression analysis 
using 60,000 Affymetrix expression arrays and 5,000 TCGA 
datasets, the present study not only confi rmed the previously 
reported functions but also revealed novel roles of TAS2R10. 
It was observed that TAS2R10 is associated with ‘ubiquitin 
mediated proteolysis’ and ‘Salmonella infection’, which may 
serve as a reference for detailed investigation of the functions 
of TAS2R10 in the future. To the best of our knowledge, the 
present study was is the fi rst to comprehensively investigate 
the biological functions of TAS2R10, providing crucial insight 
into the concept that this gene may have critical roles other 
than bitterness sensing.
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