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Abstract

Background: Otopetrin 2 (OTOP2) is a conserved ion channel protein that regulates cell signaling, growth,
and development. Although the role of OTOP2 in tumor suppression has been reported in several studies of
colon adenocarcinoma (COAD), characterized its immunomodulatory effects on tumors.

Methods: We conducted a thorough analysis of OTOP2 expression and its association with
clinicopathological characteristics, immune-related pathways, and immune-related molecules in individuals with
COAD using data from The Cancer Genome Atlas (TCGA) and confirmed the findings with tissue microarrays
(TMAs). We conducted in vitro assays to demonstrate the tumor suppressive effect of OTOP2 in COAD cells.

Results: OTOP2 expression was abnormal in multiple types of tumors and was significantly downregulated in
patients with COAD (P<0.001). Moreover, the presence of OTOP2 was linked to enhanced survival in
individuals diagnosed with COAD. In vitro experiments showed that OTOP2 suppressed cell proliferation,
migration, invasion, and adhesion. Gene set enrichment analysis of the TCGA database indicated that OTOP2
was positively correlated with antigen presentation pathways and T cell responses. The immunophenoscore
(IPS) indicated a positive correlation between OTOP2 expression and MHC molecule expression (P<0.001) as
well as between OTOP?2 expression and the number of effector cells (P<0.01). Immunohistochemical analysis
of the TMAs revealed strong associations between OTOP2 expression and MHC-I, TAPI, and TAP2
expression, and between OTOP2 expression and CD8* T cell infiltration in COAD patients.

Conclusion: In summary, our research emphasizes the role of OTOP2 as a tumor suppressor, suggesting its
use as a prognostic indicator and predictor of response to immunotherapy in COAD patients.

Keywords: OTOP2, Colon adenocarcinoma, Tumor suppressor, Inmunomodulatory, Prognosis.

1. Introduction

Colon adenocarcinoma (COAD) is the most
common malignant tumor in the gastrointestinal tract.
Since this disease is difficult to detect in the early
stages, it often progresses to advanced stages before
diagnosis[1]. Surgical treatment is the major treatment
for COAD, but the clinical prognosis for stage III/IV
patients has been found to be unfavorable, even with
the addition of adjuvant therapies[2]. Therefore,
identifying effective biomarkers is necessary to help
doctors choose suitable treatments for COAD
patients. Tumor tissues consist not only of cancer cells
but also of a tumor microenvironment (TME)

composed of endothelial, stromal, and immune cells,
as well as cytokines and chemokines. The interactions
between the TME and cancer cells can promote or
hinder tumorigenesis, growth, metastasis, and
response to therapy[3]. Among TME-infiltrated
immune cells, T cell play a crucial role in antitumor
immunity[4]. As a result, the identification of immune
cell type, distribution, and abundance in relation to
tumors is now widely acknowledged as important for
predicting patient outcomes and response to
treatment. Notably, CD8* T cell based immune
infiltration has proven to be a superior prognostic
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indicator for COADI5].

Recently, a novel superfamily of proton-selective
ion channels, known as Otopetrins (OTOPs), has been
identified[6-8]. Among the OTOPs, there are three
members: OTOP1, OTOP2, and OTOP3. Among them,
OTOP2 is conserved among species, is expressed in
various tissues, and plays an important role in
diseases of the gustatory and digestive systems; for
example, high OTOP2 mutation can induce enteritis
and COAD[9] [10-13]. Some research has suggested
that OTOP2 could function as a gene that inhibits
tumor growth in COAD. However, the connection
between OTOP2 expression in COAD and the TME
remains unknown. Thus, a comprehensive analysis of
OTOP2 expression and its clinical importance, along
with its correlation with CD8* T cell, is needed.

This research involved a thorough examination
of OTOP2 expression by utilizing The Cancer Genome
Atlas (TCGA) database, revealing a decrease in gene
expression in COAD and a connection between
abnormal expression, OTOP2 mutations, and DNA
methylation. In COAD, in vitro studies showed that
OTOP2 suppressed the proliferation, migration,
invasion, and adhesion of tumor cells. Notably,
OTOP2 exhibited a positive correlation with
pathways related to antigen presentation pathways
and T cell responses. The immunophenoscore (IPS)
indicated that the expression of OTOP2 was also
positively associated with major histocompatibility
complex (MHC) molecules and effector cells. These
results were validated through immunohistochemical
(IHC) staining of COAD on tissue microarrays
(TMAs). Survival analysis in the TCGA, GEO and
TMUCIH-COAD cohorts indicated that high OTOP2
expression was associated with increased overall
survival (OS) in patients with COAD. This research
emphasizes the significance of OTOP2 as a suppressor
and a possible indicator of prognosis in COAD
patients. This study highlighted the close connection
between OTOP2 and components of the tumor
immune microenvironment, suggesting that patients
with high OTOP2 expression in COAD could benefit
from immunotherapy.

2. Materials and methods

2.1. RNA-seq data and availability

RNA-seq data were obtained from the TCGA
(https:/ /www.cancer.gov/ccg/research/genome-seq
uencing/tcga) and Gene Expression Omnibus
(https:/ /www.ncbi.nlm.nih.gov/geo/) databases.
The original data were integrated using R software
version 4.2.1, and the subsequent analysis was
conducted utilizing the online web tools outlined in
the following section. The flowchart of this study is

displayed in Figure 1.

2.2. Analysis of OTOP2 mRNA expression
in tumor and normal tissues

The OTOP2 mRNA expression data were
explored via the SangerBox website (https://vip.
sangerbox.com/)[14,15]. If the data in each group
were normally distributed, two-sample Student’s t
tests were used; otherwise, the Mann-Whitney U test
was used. The results were visualized and verified by
R 4.2.1 and ggplot2.

2.3. Survival analysis

The prognostic significance of OTOP2 mRNA
expression in the TCGA-COAD and GSE39582
cohorts was assessed using the PanCanSurvPlot
database  (https://smuonco.shinyapps.io/PanCan
SurvPlot/)[16]. The clinical data of the TCGA-COAD
are shown in Supplementary Table 1. According to
PanCanSurvPlot, the cutoff value for classification
into groups was the median mRNA expression of
OTOP2.

2.4. Examination of gene location, copy
number alternations and DNA methylation

The copy number alteration (CNA) features of
OTOP2 were identified using cBioPortal (https://
www.cbioportal.org/)[17]. Data on changes in
frequency and CNA for TCGA-COAD were acquired
through the modules “Cancer Types Summary” and
“download”. The UALCAN platform (https://
ualcan.path.uab.edu/index.html) was utilized to
assess the extent of OTOP2 promoter methylation in
both normal and primary tumor tissues[18].

2.5. Analysis of the enrichment of functions

Differentially expressed genes (DEGs) were
determined between the low and high OTOP2 mRNA
expression groups using the 'limma' R package, with
the conditions of |log2FC|>2.0 and P value<0.05.
Enrichment analyses for Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and
Reactome were conducted using the R package
'clusterProfiler'[19-21]. Functional pathways were
visualized using gene set enrichment analysis (GSEA)
with the reference file 'c2.cp.kegg v7.4.symbols.gmt'
(https:/ /www.gsea-msigdb.org/gsea/index.jsp).
Statistical significance was determined by a false
discovery rate (FDR) of less than 0.05.

2.6. Examination of immune cell infiltration

The OTOP2 mRNA was analyzed using
single-sample GSEA (ssGSEA), MCPcounter, and IPS
through the webtool for Comprehensive Analysis on
Multi-Omics of Immunotherapy in Pancancer
(CAMOIP, http:/ /www.camoip.net), and the results
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were obtained from[22-24]. We downloaded
correlation data from CAMOIP to specifically
examine the relationship between the mRNA
expression of OTOP2 and immune-related genes,
including those involved in the expression of
immunostimulants, immunosuppressors, and MHC
molecules. To visualize our results, we utilized the R
package ggplot2. Additionally, we utilized the
CAMOIP database to determine the correlation
between OTOP2 mRNA expression and the immune
cell infiltration score in COAD patients in the
TCGA-COAD cohort. We also collected data on the
expression of eight common immune processing- and
presentation-associated genes and explored their
correlation with OTOP2 mRNA expression[25]. To
analyze our findings, we used R software for
statistical analysis and verified the results. Finally, we
retrieved RNA-seq data from the TCGA-COAD
cohort. The ESTIMATE, immune, and stromal scores
were calculated from these data using the estimate R
package[26]. TISIDB, a webtool that integrates
numerous cancer datasets sourced from the TCGA
database  (http://cis.hku.hk/TISIDB/)[27], was
utilized to investigate the relationship between
OTOP2 and molecules involved in antigen presenting.

2.7. Samples collected from the Cancer
Institute & Hospital at Tianjin Medical
University

The TMUCIH-COAD cohort consisted of 348
COAD tissues and their corresponding normal tissues
obtained from the Department of Pathology at Tianjin
Medical University Cancer Institute & Hospital
between 2011 and 2015. We received institutional
review board approval from Tianjin Medical
University Cancer Institute and Hospital (Tianjin,
China). All of the samples were obtained from
inpatients who underwent surgery between January
2011 and December 2015, and none of the patients had
received any chemotherapy or radiotherapy before
the operation. We excluded patients with other
malignancies, chronic diseases, or no available slides
or blocks in the archives. Each participating study
patient  provided  informed  consent.  The
clinicopathological information of the patients was
also collected (Supplementary Table 2). The study
received approval from the Hospital Institutional
Review Board at Tianjin Medical University.

2.8. TMAs and immunohistochemistry

TMAs were constructed as previously
described[28] and subjected to IHC staining and
scoring. With the EnVision two-step procedure, IHC
analysis was carried out on paraffin-embedded
Transprimer antibodies from various sources,

including anti-MHC class I (ab134189; Abcam, USA),
anti-CD8 (EP334; Roche Diagnostics, USA), anti-TAP1
(PA5-80094; Thermo Fisher, USA), anti-TAP2
(PA5-37414), and anti-OTOP2 (bs-17535R; Bioss,
China) antibodies. The process was executed
following the guidelines provided by the reagents,
including the necessary positive and negative
controls. Positive expression of OTOP2 was identified
by yellow or brown staining in the cytoplasm of
tumor cells. MHC-I was mainly observed in the
membrane, and TAP1 and TAP2 were found in both
the cytoplasm and the membrane. The IHC score was
evaluated by two independent pathologists. The
staining intensity of the above markers was rated on a
scale ranging from 0 to 3, with O indicating no
staining, 1 indicating mild yellow, 2 indicating yellow,
and 3 indicating brown. The percentage of positive
cells was assessed on a 0 to 4 scale, with 0 indicating
no positive cells, 1 indicating less than 25%, 2
indicating 26% to 50%, 3 indicating 50% to 75% and 4
indicating greater than over 75%. The staining
intensity and the proportion of positive cells were
combined through multiplication, leading to a final
score ranging from 0 to 12. Staining with final scores
between 0 and 6 was considered low expression,
while final scores between 7 and 12 were considered
high expression[29]. CD8* T cell infiltration into
tumors was evaluated by manually counting the
number of positive cells in high-magnification fields
(20%) for each sample the determine quantitative
results. In addition, OTOP2 IHC images were
downloaded from The Human Protein Atlas (HPA,
https:/ /www.proteinatlas.org/).

2.9. Transfection of siRNA and cell culture

The human COAD cell lines HCT116 ,SW620
and SW480 from were acquired from the cell bank of
the Chinese Academy of Sciences in Beijing, China.
The cells were confirmed with STR profiling and
grown in Certified Fetal Bovine Serum (FBS) from
VivaCell in Shanghai, China, following previous
protocols. GeneChem (Shanghai, China) synthesized
siRNAs (named Si-OTOP2-1 and Si-OTOP2-2), along
with scrambled siRNA (referred to as Si-NC), as well
as the vector and OTOP2 plasmids. Lipofectamine
2000 reagent (Invitrogen, Carlsbad, USA) was used to
introduce siRNAs/Si-NCs and OTOP2 plasmids/
vectors into HCT116 and SW680 cells following the
manufacturer’s instructions.

2.10. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the cells with
TRIzol (Invitrogen). The extracted RNA was reverse
transcribed into cDNA using a PrimeScript RT
reagent kit with gDNA Eraser from TaKaRa in Tokyo,
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Japan. qRT-PCR was performed using TaKaRa's
SYBR Premix Ex Taqll, with GAPDH utilized as an
internal reference gene. Using the 2—AACt method,
the relative gene expression levels were determined
and are shown in Supplementary Table 3.

2.11. CCK-8 assays

A CCK-8 assay (Beyotime, China) was used to
determine the proliferation of COAD cells. COAD
cells were briefly seeded in 96-well plates at a density
of 6x103 cells per well. Following a 24-hour incubation
period, 20 pl of CCK-8 cell proliferation reagent was
added to each well, and the cells were then incubated
for an additional 2 hours. The absorbance of the
culture medium at 450 nm was measured using a
microplate spectrophotometer from BioTek (VT,
USA).

2.12. Transwell assay

We measured the migration or invasion of
COAD cells with a Transwell assay (Corning, Inc.).

Expression in COAD
Variation in COAD

Function in COAD

’ OTOP2 §

COAD cells (3x104) were transferred to the upper
chamber using serum-free medium (Matrigel was
included in the upper chambers for the invasion test
before transferring the cells), while serum-free
medium was added to the lower chamber. Following
a 24-hour incubation at 37°C, the cells that did not
migrate or invade the upper membrane were
removed by washing. The cells that migrated or
invaded were then treated with 4% paraformaldehyde
(PFA) and stained with 0.1% crystal violet (Beyotime,
China) [30]. The total number of stained cells was
counted.

2.13. Cell adhesion assays

Cell adhesion experiments were conducted with
a Vybrant Cell Adhesion Assay Kit (Invitrogen, USA).
Briefly, 100 ul of coating buffer was added to each
well of a 96-well plate and then incubated overnight
at 4°C. The next day, the buffer coating was removed,
and the plate was rinsed three times with PBS[31].

The Cancer Genome Atlas |

Human Protein Atlas ‘

TMUCIH-COAD Cohort ‘

CbioPortal

Migration

Invasion

GO-BP

pathways in COAD

} Immunc microenvironment
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Figure 1. Schematic design of the study.
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Next, 5 million cells per milliliter were seeded in
a 96-well plate, with one well for each. The
experimental wells consisted of four identical wells,
while the control group included four wells that were
not treated. The cells were incubated at 37°C for half
an hour. Following incubation, the culture medium
was retained in the control well while it was removed
from the experimental well. Next, 100 pl of cell
staining solution B was added to each well, followed
by incubation of the cells at 37°C for 1 hour. The
optical density (OD) at 450 nm was measured using a
microplate reader. The percentage of adherent cells
was calculated by the following formula: adherent
cells (%) = (test well OD450-blank well OD450)/
(control well OD450-blank well OD450)*100. A
minimum of three repetitions were conducted for
each experiment. The information is presented as the
average proportion of cells that were adherent.

3. Results

3.1. Analysis of OTOP2 expression and survival
in COAD patients

Using the TCGA database, we compared the
mRNA expression of OTOP2 between tumor and
normal tissue specimens from 33 kinds of tumors. As
shown in Supplementary Figure 1A, OTOP2 was
significantly downregulated in 14 types of cancer,
including glioblastoma multiforme (P<0.01, GBM),
glioma (P<0.0001, GBMLGG), lower grade glioma
(P<0.001, LGG), wuterine corpus endometrial
carcinoma (P<0.0001, UCEC), COAD (P<0.0001),
COAD/rectal adenocarcinoma (P<0.0001,COAD/
READ), prostate adenocarcinoma (P<0.05, PRAD),
head and neck squamous cell carcinoma (P<0.01,
HNSC), skin cutaneous melanoma (P<0.0001, SKCM),
READ (P<0.0001), testicular germ cell tumors
(P<0.0001, TGCT), uterine carcinosarcoma (P<0.0001,
UCS), pheochromocytoma and paraganglioma
(P<0.01, PCPG), and kidney chromophobe (P<0.0001,
KICH). Significant alterations in OTOP2 mRNA
expression were observed in the 10 total tumor
samples and their corresponding normal samples
from various cancers within the TCGA Pancancer
database, including COAD (P<0.001), HNSC (P<0.05),
KICH (P<0.01), kidney clear cell cancer (P<0.01,
KIRC), kidney papillary cell cancer (KIRP, P<0.01),
liver hepatocellular carcinoma (LIHC, P<0.05), lung
squamous cell cancer (LUSC, P<0.001), READ
(P<0.01), stomach adenocarcinoma (STAD, P<0.01),
and UCEC (P<0.05), (Supplementary Figure 1B).

Additionally, our analysis revealed that OTOP2
was significantly downregulated in COAD tissues
compared to normal tissues in the TCGA database, as
shown in Figure 2A and 2B. Next, we confirmed the

protein levels of OTOP2 in the TMUCIH-COAD
group through IHC staining, and revealed a notable
decrease in OTOP2 expression in COAD tissues
compared to normal tissues in a cohort of 348
individuals (P<0.0001; Figure 2C). We obtained IHC
images of OTOP2 from the HPA database, in which
high expression of OTOP2 was dected in normal
tissue and downregulation was detected in COAD
(Supplementary Figure 2). Survival analysis revealed
that patients with high OTOP2 mRNA expression had
better OS than patients with low OTOP2 mRNA
expression in the TCGA-COAD cohort (P=0.0453,
Figure 2D) and in the GSE39582 cohort (P=0.0371;
Figure 2E). A favorable prognostic role of high
OTOP2 protein expression was confirmed for the OS
of COAD patients in the TMUCIH-COAD cohort
(P=0.047; Figure 2F). Our results demonstrated the
significant downregulation of OTOP2 in COAD,
indicating that OTOP2 downregulation might
promote the development of COAD.

3.2. Abnormal OTOP2 mRNA expression was
related to copy number alternations and
promoter methylation

To clarify the cause of OTOP2 dysregulation, we
performed a thorough examination of CNA and DNA
methylation. As shown in Figure 3A, in the cBioPortal
database, OTOP2 shallow deletions were detected in
approximately 12.4% of COAD patients, gain in
25.62%, and amplification in 0.41%. Moreover,
combined with the TCGA-COAD RNA-seq data, we
found that shallow deletions were mainly enriched in
patients with low OTOP2 expression (Figure 3B).
Considering that abnormal DNA methylation is a
hallmark of cancer cells and can impact protein
expression[32], we compared OTOP2 promoter
methylation levels between COAD tissue and normal
tissue wusing the UACLAN tool. The results
demonstrated that OTOP2 promoter methylation was
significantly increased in COAD tissue (P<0.001;
Figure 3C). Therefore, OTOP2 downregulation might
result from a multidimensional process that involves
OTOP2 CNA and promoter methylation in COAD.

3.3. OTOP2 inhibited the proliferation,
migration, invasion and adhesion of COAD
cells

Because OTOP2 expression was downregulated
in COAD tissues, we investigated whether OTOP2
knockdown affects the cellular functions of COAD
cells in vitro. We first examined endogenous OTOP2
expression in HCT116, SW480 and SW620 cell lines
and found that its expression was the highest in
HCT116 cells and the lowest in SW480 cells
(Supplementary Figure 3). Thus, we knocked down
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OTOP2 in HCT116 cells using siRNA and
overexpressed OTOP2 in SW480 cells using an
OTOP2 plasmid (Figure 4A).

We performed a CCK-8 proliferation assay and
observed greater cell proliferation in the Si-OTOP2-1
and Si-OTOP2-2 HCT116 cells than in the control cells
(Si-NCs), whereas the overexpression of OTOP2 in
SW480 cells significantly inhibited cell proliferation
(Figure 4B). Additionally, there was an increase in
migration and invasion in both Si-OTOP2-1 and
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3.4. High levels of OTOP2 were linked to
increased immune pathway activity and

infiltration of immune cells in patients with
COAD

To determine the molecular mechanism of
OTOP2 in the tumorigenesis and progression of
COAD, we conducted enrichment analyses by using
CAMOIP. First, the GSEA results indicated that
OTOP2 was involved in several pathways, including
the cell cycle checkpoint, G2/M checkpoint, and
mitotic spindle checkpoint pathways (Supplementary
Table 4). GO-BP enrichment analyses revealed that
genes associated with OTOP2 were primarily
enriched in the adaptive immune response pathway,
immune response, and positive regulation of immune

system processes (Figure 5A). GO-CC enrichment
analysis revealed that genes related to OTOP2 were
mainly enriched in the T cell receptor complex and
immunoglobulin complex, as shown in Figure 5B.
GO-MF enrichment analysis revealed that genes
related to OTOP2 were enriched in pathways related
to antigen binding and immune receptor activity
(Figure 5C). KEGG enrichment analyses indicated that
genes related to OTOP2 were predominantly enriched
in the intestinal immune network associated with IgA
production, cell adhesion molecules, natural killer
cell-mediated  cytotoxicity, and  Thl7  cell
differentiation (Figure 5D). Therefore, these results
indicate that OTOP2 is involved in immune
regulation.
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Figure 4. The expression level of OTOP2 affected the proliferation, migration, invasion and adhesion of COAD cells. HCT116 cells were transfected with si-NC,
si-OTOP2-1, and si-OTOP2-2 plasmids, and SWW480 cells were transfected with vector or OTOP2 plasmids. The mRNA expression level of OTOP2 was evaluated by qRT-PCR 24
hours after transfection. (B) The proliferation of HCT 116 and SW480 cells was determined using a CCK-8 assay. (C) Transwell migration and invasion assays were performed
to evaluate the migration and invasion ability of HCT116 cells. (D) Transwell migration and invasion assays were performed to evaluate the migration and invasion ability of
SW480 cells. (E) The adhesion assay kit was used to determine the adhesion ability of HCT116 and SW480 cells. The presented data were obtained from at least three
independent experiments and are expressed as the mean * SD. Statistical analysis was performed using one-way ANOVA and 2-tailed Student's t test to determine statistical

significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

The presence of immune cell infiltration in the
TME is linked to tumorigenesis, progression or
metastasis[33,34]. Our examination of patients with
COAD, revealed that the expression of OTOP2 was
linked to increased immune infiltration based on the
stromal score (P<0.001), immune score (P<0.001), and
ESIMATE score (P<0.001) (Figure 6A). Next, we used
the MCPcounter algorithm to examine the presence of
immune cell populations in the OTOP2 groups with

high and low expression levels. The findings
indicated a notable increase in immune cell
infiltration in the high OTOP2 expression group
compared to the low OTOP2 expression group, as
demonstrated in Figure 6B. By utilizing SangerBox
web tools, we showed that there was a notable
association between the OTOP2 expression level and
the presence of immune cells (Figure 6C), such as
CD4+ T cell (R=0.20, P=6.2e-4), CD8* T cell (R=0.20,

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

4846

P=8.2e-4), neutrophils (R=0.24, P=4.2e-5), and
dendritic cells (DCs) (R=0.23, P=1.4e-4). The analysis
of the enrichment and infiltration of immune cells
mentioned earlier suggested that OTOP2 could
impact the progression and advancement of COAD
by influencing the immune environment within
tumors.

3.5. OTOP2 expression was correlated with
antigen presentation pathway activity and
CD8* T cell infiltration in COAD

GSEA suggested that pathways related to
antigen processing and presentation were enriched in
the TCGA-COAD cohort with high expression of
OTOP2 (P=0.0428; Figure 7A). Furthermore,
individuals with elevated OTOP2 levels exhibited
enhanced adaptive immune reactions, MHC protein
complex expression, antigen processing and
presentation, MHC class I protein complex
expression, and T cell activation (Figure 7B). These
pathways involve key immune molecules such as
MHC-I, TAP1, and TAP2[35]. Further examination
revealed a direct relationship between the levels of
OTOP2 and the genes responsible for TAP1, TAP2,
and MHC-I (Figure 7C, D), suggesting a possible link
between OTOP2 expression and the immune response
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to tumors. A pancancer heatmap analysis further
confirmed the positive correlation between OTOP2
expression and the expression of MHC molecules
(Supplementary Figure 4). The IPS indicated a direct
relationship between OTOP2 gene expression and
MHC molecule and effector cell expression, but an
inverse relationship between OTOP2 gene expression
and suppressor cell and checkpoint molecule
expression was also noted.

We then performed in vitro experiments to
validate the effect of OTOP2 mRNA expression on
MHC molecules in the COAD cell line. The
knockdown of OTOP2 in HCT116 cells significantly
reduced the expression of TAP1, TAP2, and
HLA-A/B/C (Figure 8A). The IHC results also
demonstrated that low expression of OTOP2 was
associated with decreased expression of TAP1
(R=0.115, P=0.032), TAP2 (R=0.289, P<0.001), and
MHC-I (R=0.233, P<0.001), as well as decreased CD8*
T cell infiltration (R=0.175, P=0.001) in COAD tissue
(Figure 8B). Bioinformatics analysis, in wvitro
experiments and IHC analysis suggested that OTOP2
expression modulates MHC expression and
subsequent CD8* T cell infiltration in COAD.
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Figure 5. Functional enrichment indicated that OTOP2 expression was associated with immune related pathways. (A) Enrichment analysis of TOP10 GO-BP
terms of OTOP2 related genes in TCGA-COAD. (B) Enrichment analysis of TOP10 GO-CC terms of OTOP2 related genes in TCGA-COAD. (C) Enrichment analysis of TOP10
GO-MF terms of OTOP2 related genes in TCGA-COAD. (D) Enrichment analysis of TOP10 KEGG terms of OTOP2 related genes in TCGA-COAD.
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4. Discussion

COAD has the highest morbidity and related
deaths among gastrointestinal tumors worldwide[36,

37]. The pathogenesis of COAD is relatively
well-known and involves the accumulation of
multiple genetic abnormalities[38]. Analysis of

important molecular abnormalities can help further
elucidate the mechanism of CRC development and
progression and provide potential therapeutic targets.

Recently, OTOP2 was found to be a conserved
sequence-selective ion channel protein found mainly
in the vestibular, gustatory, and digestive systems of
vertebrates. It could be involved in detecting pH
changes within cells for signaling or regulating
development[39-41]. However, its functions and
related mechanisms in tumors have rarely been
reported until recently, when relatively low expres-

sion of OTOP2 was observed in ulcerative colitis and
throughout the progression to COAD compared with
that in normal intestinal epithelium[11,12]. In this
study, through bioinformatics analyses of many
samples from the TCGA database and case
verification using the TMUCIH-COAD cohort, we
demonstrated the downregulation of OTOP2 in
COAD. Moreover, our study showed that COAD
patients with high OTOP2 expression had more
favorable overall survival than those with low OTOP2
expression, consistent with the conclusions of
previous studies [10] [12]. Furthermore, our
investigation revealed that OTOP2 downregulation
might result from a multidimensional process that
involves shallow OTOP2 deletion and promoter
methylation in COAD.

A B .
. OTOP2 & High (222) # Low (222)
4000 ° : Ll - e berh e e :u
sk ’
@ .
2 s . R
53 L — .
w2000 e
= i : OTOP2
8 o Low §} . .. I
£ B High %3¢ . i
E 0 = . P T i . :
& . . . . ]
-2000 * .L l + L
StromalScore  ImmuneScore  ESTIMATEScore ,‘c‘?\% ,\0'}\” cst'& \éﬁ {_‘?e ,se'”g af f@ @°§ &"’e
0& §§ @ N %Eb\ e§ e"s. 3‘56\ «{éo
J?"\ o“eo & w"‘b
£ & &
d:g é“o
C
020 020 0.24 0.23 . .
correlation coefficient
TCGA-COAD(N=282) M
-0.4-0.2 0.0 0.2 04
&k koesk ko sk k ko ok pvalue
> > o NG < )
LTS &
N D $ R
Q 4 NS tS
d ¢ Q 9 00 05 10 15 20
S K\
pid.2e-5 p:0.27
o r:0.24 r:0.07
& g .
L
e .
gu ] ]
GE ‘
1 C .-
55
=
T T T T T T T T T T T T T TT T T T T T T T T T 1T T T T T 1
0.0 01 02030405 01 02 03 04 01 02 03 04 01 02 03 04 00 01 02 03 04 04 06 08 1.0
B cell T cell CD4 T cell CD8 Neutrophil Macrophage DC

Figure 6. Immune infiltration algorithm revealed the correlations of OTOP2 expression with immune cells in COAD. (A) Comparison of stromal Score,
immune Score and ESTIMATE score between high and low OTOP2 mRNA expression in TCGA-COAD (n=444). (B) Comparison of immune infiltration level between high and

low OTOP2 mRNA expression from CAMOIP (n=444). (C) Heatmap and scatter

expression from SangerBox (n=282). ns P 2 0.05, *P < 0.05, **P < 0.01, ***P < 0.001,

plot representing the correlation between immune cells infiltration and OTOP2 mRNA
#kkp < 0,0001.

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

4848

A

OTOP2 & High (222) ® Low (222)

060
TCGA-COAD: OTOP2 (High vs Low) -
NES:1.630e+00; P.Adjust: 4.28e-02
KEGG: Antigen processing and presentation o . - eane]

0.6 0.40
3 u
55
055 E 050 -
g z :
Doas . H
o w 040
PRI g « [5) z
H g H Z 5 H
£ Z Soso ! 1 5
5 2020 = ) a E‘
= ; = & 048 —‘D 50 r
E | = » 0 =
=3 w o w w w
202 2 4 8 L S
g £ I g = )
& g ) o o i @
Qo H z H i « ®
|
8 Qo . g 3 .,
H ] 03
. H
Se .
0.20 . =
. .
H . -
L] s
s000 10000 15000 20000 0.15
C L n [ [ [ [
10 74e
13
= 9 o~ ¥ < @
% % ¢ < < 12
= = T T
== g e = =
S4 S+ St SE 1
c= €= 5 = =
S k=l S Sa
at 7 2= ae 22 10
59 §9 4 oS )
*Q x Q 89 ac
[ o] X xa 8
& I o @
< e 2 o @
=1 Spearman = 3 Spearman ﬁ 8 . Spearman f 8 . Spearman
5 R=0.183 R=0.112 R=0.167 ' L4 R=0.146
£<0.001 - P=0.014 P . P<0.001 7de P=0.001
T T T T T T T T T T T T T T T T T T T T
o 1 2 3 4 Q 1 2 3 4 Q 1 2 3 4 0 1 2 3 4
The expression of OTOP2 The expression of OTOP2 The expression of OTOP2 The expression of OTOP2
Log, (TPM+1) Log, (TPM+1) Log, (TPM+1) Log, (TPM+1)
L]
w " w o]
§ow g i L’
= -
T = S = e = z =
= = S5 =3
] =3 o <]
SE 10 °Z o = o =¥
B @z a i~
88 88 4 by g
25 29 t 29 ¢ aq
[} 8 : [} . v @ 2
e}
2 o @ Spearman .GC" 7 = Spearman = ! . Spearman E e :. Spearman
- - = o - = = = -
R=0.202 * R=0127 2 * R=0.128 . [ ] R=0210
= P <0.001 Py P=0.005 5 P=0.005 o N P <0.001
T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
The expression of OTOP2 The expression of OTOP2 The expression of OTOP2 The expression of OTOP2
Log, (TPM+1) Log, (TPM+1) Log, (TPM+1) Log, (TPM+1)
OTOP2 ® High (222) ¥ Low (222) OTOP2 ® High (222) # Low (222)
- - - 12 -
*x B ] ax® *x
5 ns, -
B I H i - . -
& g4
_g_ls §' g g 4
£ g2 £ i
2 @ 8
g & £ £ ] g
& & & e 4 D
2 ‘ . 2 !
L. &4 - * .
. . A 8 . g 2
L L n L H L n i& R
" HE : : g
e, - ns « ® rxnn L
9
3 4 ] 2 0
3 3 =]
x° S8 4 g
k- ® g ]
£ o H R H '
& E F a2 .
g 7 2 g
g 3 = g
4 7 . & o &
. - 2 =2 .
s = . . .
€1 o o ¢ . : o
[ i ] [ A L [} MHC molecules Effector cells Suppressor cells Checkpoint molecules

Figure 7. Relationships between OTOP2 mRNA expression and antigen presentation pathways as well as immune checkpoints. (A) GSEA showed that OTOP2
related genes from TCGA-COAD involved in antigen presentation pathway. (B) ssGSEA algorithm showed the different scores of adaptive immune response, MHC protein
complex, antigen processing and presentation, MHC Class | protein complex and T cell activation between high OTOP2 expression (H) and low OTOP2 expression (L) samples
in TCGA-COAD. (C) Timer 2.0 webtool showed that TAPI, TAP2 and HLA-A/B/C/ID/E/IFIG MHC-I (encoding MHC | protein), were positively correlated with OTOP2 mRNA
expression in TCGA-COAD samples (n=444). (D) Differences in antigen presentation-related molecules (TAP1, TAP2 and HLA-A/B/C/D/E/F/G) between high and low OTOP2
expression samples in TCGA-COAD. L Low, H High. (E) Comparison of the mRNA expression of MHC molecules, effector cells, suppressor cells and checkpoint molecules
between high and low OTOP2 expression samples in TCGA-COAD. ns P 2 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15 4849
A
HCT116 HCT116 HCT116 HCT116 HCT116

N < 1.5- D 45— 3

T 15 8 151 s 2s 21s

< - - - -

- . I I = =

s ° s s k]

5 1.0 § 1.0 g 1.0 g 1.0 § 1.0

§ é *k kR g “ g e § -

=y 13

% 0.5- X 0.5 £ % 0.5 % 054 % 0.5 *

2 e 2 2 - g Lad g

& i 5 = 2= = ®

& 0.0- & 0.0- 3 0.0- 3 0.0- 2 o0.0-

12 4 L 124 . LI L] 124 ° ] w '] s $
91 gge ¥ ! .
o ° 8. = L
= 91 ] L] s o o T 94 e . . e 2 2 40 g 8 ® 8
5 o g4 . ° e o 4 ) 8 H [ ] : o ! B :
g ] L] ,i: ° ° . é ® e @ L] L ¢>_, pe : ° e 1 3
I3 s 5 Z 304* g et ° ®
® 60 = @ o L] LI e O 6o ® . L] LI ] s 2 3 $ §
8 g 6fe e e . g % | B §
% 3 3 Q 204 L] i ° e
o e e s e o * e 3 8 L) e O 8 (3 8
= 3-./.}/“0 L |eep " ® T 3eee o« 3 |8 g g e g
L L] ® “gSpearmar® I|P. » . %pean‘nar’ L AR J L ® ®5pearmar® 3 10 Te H . s Spearmal
e o ee o o eR=0115 oo 00 ® oR=028% s oo e R=0233 E : ¥ @ *R=0.17
T f e P=0.032 o o0 0 £ <0001 0de ¢ & @ P <0001 z o4 @ & P=0.001
T T T T T T T T T T T T T T T T
3 ] 9 12 3 6 9 12 3 6 9 12 3 6 9 12
IHC score of OTOP2 IHC score of OTOP2 IHC score of OTOP2 IHC score of OTOP2

Figure 8. The validation the effect of OTOP2 expression on TAP1, TAP2 and MHC-I expression and CD8 infiltration in COAD. (A) HCT116 cells were
transfected with plasmids Si-NC or Si-OTOP2-1 and Si-OTOP2-2, and the expression levels of TAPI, TAP2 and HLA-A/B/C were determined by qRT-PCR at 24 h
post-transfection. (B) Expression of OTOP2, TAP1, TAP2, MHC-l and CD8 and their correlations in 348 cases of TMUCIH-COAD cohort (n=348). Magnification of main panel,
40%; Magnification of right bottom panel, 20%. The data presented are representative of at least three independent experiments and are expressed as mean * SD. Statistical
significance was determined using a one-way ANOVA and 2-tailed Student's t test. **P < 0.01, ***P < 0.001, ****P < 0.0001.

Guo et al. [12] reported that OTOP2 suppressed
the growth, spread, and movement of colorectal
cancer cells, suggesting that OTOP2 acts as a tumor
suppressor targeted by miR-3148. This study not only
demonstrated that OTOP2 could inhibit cell
proliferation, invasion, and migration, but also
reduced cancer cell adhesion. Adhesion between
cancer cells is crucial for the aggressive behavior of
tumor cells and the colonization of distant metastatic
lesions[44-46]. Most importantly, for the first time, we
revealed a close association between OTOP2
expression and the tumor immune micro-
environment. In recent years, immunotherapy has
demonstrated potential for patients with COAD;
however, only a minority of patients with MSI-H or
dMMR tumors see exhibit positive results from

immune checkpoint inhibitors[47]. In addition to
affecting tumor cells, the tumor immune
microenvironment could have a significant impact on
the immune response and evasion, ultimately
influencing tumor development and treatment
results. The research revealed a positive association
between OTOP2 expression levels and immune
effector cells (such as T cell, DC, and neutrophil), as
well as a negative correlation with immune-
suppressive factors (such as immune checkpoints)
based on the IPS. Additionally, our bioinformatics
studies revealed that OTOP2 plays a role in
controlling the antigen presentation process, a finding
that has not been previously reported. The MHC-I
complex plays a vital role in the immune system's
ability to recognize and destroy cancer cell through
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CD8* T cell in the antigen presentation pathway[48].

In general, CD8* T cell are believed to promote
the effectiveness of immune checkpoint therapy.
Ribas et al. suggested that resistance to immune
checkpoint therapy mainly stems from changes in the
antigen presentation pathway in tumor cells which
also impaires the antitumour activity of CD8* T
cell[49]. With the help of TAP1 and TAP2, CD8* T cell
can identify MHC-I molecules on the exterior of
tumor cells, resulting in the destruction of tumor
cells[50]. Tumeh et al. demonstrated a correlation
between the number of CD8* T cell and tumor
regression in 46 COAD patients who received PD-1
blockade therapy and the density of CD8* T cell was
greater at the tumor margins[51]. These mechanisms
aid in preventing tumor invasion and
dissemination[52,53]. Cancer cells often use the
strategy of reducing MHC-I expression to evade
immunotherapy[54-58].

Subsequent in vitro experiments and TMA
validation confirmed the effect of OTOP2 expression
on TAP1, TAP2 and MHC-I expression as well as
CD8* T cell infiltration. Based on these results, we
hypothesized that OTOP2 in COAD cells might
modulate the expression and function of MHC-I and
further affect the recognition and killing effects of
CD8* T cell on tumor cells. Additionally, patients with
COAD who have elevated OTOP2 levels may
experience  improvements in  response  to
immunotherapy. However, this hypothesis requires
validation through in-depth in vivo experiments and
clinical trials.

5. Conclusion

Our research showed that OTOP2 functions as a
tumor suppressor in COAD, suggesting its potential
as a prognostic biomarker for patients with this
condition. Additionally, our initial findings revealed a
strong association between OTOP2 expression and the
MHC-I antigen presentation pathway as well as
immune cell infiltration, indicating that OTOP2
expression could serve as a reliable indicator of
immunotherapy effectiveness.

Abbreviations

OTOP2: Otopetrin 2; COAD: colon
adenocarcinoma; TCGA: The Cancer Genome Atlas;
TMAs: tissue microarrays; TME: tumor micro-
environment; IPS: immunophenoscore; MHC: major
histocompatibility complex; IHC: immunohisto-
chemical; OS: overall survival; GEO: Gene Expression
Omnibus; CNA: copy number alterations; DEGs:
differently expressed genes; GO: Gene Ontology;
KEGG: Kyoto Encyclopedia of Genes and Genomes;
GSEA: Gene Set Enrichment Analysis; FDR: false

discovery rate; ssGSEA: Single-sample GSEA;
CAMOIP: Comprehensive Analysis on Multi-Omics
of Immunotherapy in Pancancer; FBS: Fetal Bovine
Serum; qRT-PCR: Quantitative real-time PCR; PFA:
paraformaldehyde; OD: optical density; GBM:
glioblastoma multiforme; GBMLGG: glioma; LGG:
lower grade glioma; UCEC: uterine corpus endo-
metrial carcinoma; READ: rectal adenocarcinoma;
PRAD: prostate adenocarcinoma; HNSC: head and
neck squamous cell carcinoma; SKCM: skin cutaneous
melanoma; TGCT: testicular germ cell tumors; UCS:
uterine carcinosarcoma; PCPG: pheochromocytoma
and paraganglioma; KICH: kidney chromophobe;
ESCA: esophageal cancer; KIRP: kidney papillary cell
cancer; KIPAN: Pan-kidney cohort; STAD: stomach
adenocarcinoma; KIRC: kidney clear cell cancer;
LUSC: lung squamous cell cancer; WT: Wilms’ tumor;
OV: ovarian serous cystadenocarcinoma; ALL: acute
lymphoblastic leukemia; LAML: acute myeloid
leukemia; ACC: adrenocortical cancer; DCs: dendritic
cells.

Supplementary Material

Supplementary figures and tables.
https:/ /www jcancer.org/v15p4838sl.pdf

Acknowledgments

We would like to express their gratitude to all
the participants of the study. We acknowledge TCGA,
GEQO, and all the databases we used in the paper for
providing the platform and contributors for
uploading their meaningful data sets.

Funding

This work was supported by grants from the
National Natural Science Foundation of China
(81871990 to YS), the Key Project in 14th Five-Year
Plan Special for Cancer Prevention and Treatment
Research from Tianjin Cancer Institute (YZ-06 to YS),
the Construction Project of Cancer Precision
Diagnosis and Drug Treatment Technology from
TUCIH (ZLJZZDYYWZL13 to YS), and Tianjin Key
Medical Discipline (Pathology) Construction Project
(TTYXZDXK-012A).

Ethical statement

Ethical approval was obtained from the ethical
committee from Tianjin Cancer Institute and
Hospital.

Author contributions

YS designed the research study. CLL and CS
analyzed the data. CLL, SSL and HML performed the
experiments. CLL, SC and LS wrote the manuscript
and YS revised the manuscript.

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

4851

Data availability

The data used and/or analyzed during the

current study are available from the corresponding
author on reasonable request.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Rawla P, Sunkara T, Barsouk A. Epidemiology of colorectal cancer: incidence,
mortality, survival, and risk factors. Prz Gastroenterol. 2019;14:89-103.
Leowattana W, Leowattana P, Leowattana T. Systemic treatment for
metastatic colorectal cancer. World ] Gastroentero. 2023;29:1569-88.
Burkholder B, Huang R-Y, Burgess R, Luo S, Jones VS, Zhang W, et al.
Tumor-induced perturbations of cytokines and immune cell networks.
Biochim Biophys Acta. 2014;1845:182-201.

de Andrea CE, Schalper KA, Sanmamed MF, Melero I. Inmunodivergence in
Metastatic Colorectal Cancer. Cancer Cell. 2018;34:876-8.

Fridman WH, Pages F, Sautés-Fridman C, Galon J. The immune contexture in
human tumours: impact on clinical outcome. Nat Rev Cancer. 2012;12:298-306.
Tu Y-H, Cooper AJ, Teng B, Chang RB, Artiga D], Turner HN, et al. An
evolutionarily conserved gene family encodes proton-selective ion channels.
Science. 2018;359:1047-50.

Yang J, Chen J, Del Carmen Vitery M, Osei-Owusu J, Chu J, Yu H, et al. PAC,
an evolutionarily conserved membrane protein, is a proton-activated chloride
channel. Science. 2019;364:395-9.

Saotome K, Teng B, Tsui CCA, Lee W-H, Tu Y-H, Kaplan JP, et al. Structures of
the otopetrin proton channels Otopl and Otop3. Nat Struct Mol Biol.
2019;26:518-25.

Mi T, Mack JO, Lee CM, Zhang YV. Molecular and cellular basis of acid taste
sensation in Drosophila. Nat Commun. 2021;12:3730.

Qu H, Su Y, Yu L, Zhao H, Xin C. Wild-type p53 regulates OTOP2
transcription through DNA loop alteration of the promoter in colorectal
cancer. FEBS Open Bio. 2019;9:26-34.

Parikh K, Antanaviciute A, Fawkner-Corbett D, Jagielowicz M, Aulicino A,
Lagerholm C, et al. Colonic epithelial cell diversity in health and inflammatory
bowel disease. Nature. 2019;567:49-55.

Guo S, Sun Y. OTOP2, Inversely Modulated by miR-3148, Inhibits CRC Cell
Migration, Proliferation and Epithelial-Mesenchymal Transition: Evidence
from Bioinformatics Data Mining and Experimental Verification. CMAR.
2022;14:1371-84.

Bian Y, Gao Y, Lu C, Tian B, Xin L, Lin H, et al. Genome-wide methylation
profiling identified methylated KCNA3 and OTOP2 as promising diagnostic
markers for esophageal squamous cell carcinoma. Chinese Medical Journal.
2023; Aug 31.

Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, Mills
GB, Shaw KRM, Ozenberger BA, et al. The Cancer Genome Atlas Pan-Cancer
analysis project. Nat Genet. 2013;45:1113-20.

Shen W, Song Z, Zhong X, Huang M, Shen D, Gao P, et al. Sangerbox: A
comprehensive, interaction-friendly clinical bioinformatics analysis platform.
iMeta. 2022;1:e36.

Lin A, Yang H, Shi Y, Cheng Q, Liu Z, Zhang J, et al. PanCanSurvPlot: A
Large-scale Pan-cancer Survival Analysis Web Application. bioRxiv 2022;
[preprint].

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012;2:401-4.

Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ,
Ponce-Rodriguez I, Chakravarthi BVSK, et al. UALCAN: A Portal for
Facilitating Tumor Subgroup Gene Expression and Survival Analyses.
Neoplasia. 2017;19:649-58.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. P Natl Acad Sci USA.
2005;102:15545-50.

Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing
biological themes among gene clusters. Omics. 2012;16:284-7.

Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP, Tamayo P.
The Molecular Signatures Database (MSigDB) hallmark gene set collection.
Cell Syst. 2015;1:417-25.

Lin A, Qi C, Wei T, Li M, Cheng Q, Liu Z, et al. CAMOIP: a web server for
comprehensive analysis on multi-omics of immunotherapy in pan-cancer.
Brief Bioinform. 2022;23:bbac129.

FuD, Yan ], Zhang Z, Liu Y, Ma X, Ding ], et al. Nuclear PLD1 combined with
NPMI1 induces gemcitabine resistance through tumorigenic IL7R in pancreatic
adenocarcinoma. Cancer Biology & Medicine. 2023; 20: 599-626.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yan F, Wang Q, Xia M, Ru 'Y, Hu W, Yan G, et al. MIIP inhibits clear cell renal
cell carcinoma proliferation and angiogenesis via negative modulation of the
HIF-2a-CYR61 axis. Cancer Biol Med. 2021;19:818-35.

Li T, Fu ], Zeng Z, Cohen D, Li ], Chen Q, et al. TIMER2.0 for analysis of
tumor-infiltrating immune cells. Nucleic Acids Res. 2020;48:W509-14.
Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia
W, et al. Inferring tumour purity and stromal and immune cell admixture
from expression data. Nat Commun. 2013;4:2612.

Ru B, Wong CN, Tong Y, Zhong JY, Zhong SSW, Wu WC, et al. TISIDB: an
integrated repository portal for tumor-immune system interactions.
Bioinformatics. 2019;35:4200-2.

Sun Y, Ji P, Chen T, Zhou X, Yang D, Guo Y, et al. MIIP haploinsufficiency
induces chromosomal instability and promotes tumour progression in
colorectal cancer. ] Pathol. 2017;241:67-79.

Zhang B, Xu A, Wu D, Xia W, Li P, Wang E, et al. ARL14 as a Prognostic
Biomarker in Non-Small Cell Lung Cancer. ] Inflamm Res. 2021;14:6557-74.
Miao F, Lou Z, Ji S, Wang D, Sun Y, Liu H, et al. Downregulated Expression of
CLEC9A as Novel Biomarkers for Lung Adenocarcinoma. Frontiers in
Oncology. 2021;11:1-11.

Qin G, Wu X. Hsa_circ_0032463 acts as the tumor promoter in osteosarcoma
by regulating the miR-330-3p/PNN axis. International Journal of Molecular
Medicine. 2021;47:1-14.

Nishiyama A, Nakanishi M. Navigating the DNA methylation landscape of
cancer. Trends Genet. 2021;37:1012-27.

Zhang C, Yue C, Herrmann A, Song J, Egelston C, Wang T, et al. STAT3
Activation-Induced Fatty Acid Oxidation in CD8* T Effector Cells Is Critical
for Obesity-Promoted Breast Tumor Growth. Cell Metab. 2020;31:148-161.e5.
Gerstberger S, Jiang Q, Ganesh K. Metastasis. Cell. 2023;186:1564-79.

Blees A, Januliene D, Hofmann T, Koller N, Schmidt C, Trowitzsch S, et al.
Structure of the human MHC-I peptide-loading complex. Nature.
2017;551:525-8.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin.
2021;71:209-49.

Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer ]
Clin. 2023;73:17-48.

Schmitt M, Greten FR. The inflammatory pathogenesis of colorectal cancer.
Nat Rev Immunol. 2021;21:653-67.

Hurle B, Ignatova E, Massironi SM, Mashimo T, Rios X, Thalmann I, et al.
Non-syndromic  vestibular ~ disorder ~with otoconial agenesis in
tilted/mergulhador mice caused by mutations in otopetrin 1. Hum Mol Genet.
2003;12:777-89.

Teng B, Kaplan JP, Liang Z, Krieger Z, Tu Y-H, Burendei B, et al. Structural
motifs for subtype-specific pH-sensitive gating of vertebrate otopetrin proton
channels. eLife. 2022;11:e77946.

Teng B, Kaplan JP, Liang Z, Chyung KS, Goldschen-Ohm MP, Liman ER. Zinc
activation of OTOP proton channels identifies structural elements of the
gating apparatus. Elife. 2023;12:e85317.

Lin W, Zhang S, Gu C, Zhu H, Liu Y. GLIPR2: a potential biomarker and
therapeutic target unveiled - Insights from extensive pan-cancer analyses,
with a spotlight on lung adenocarcinoma. Front Immunol. 2024;15:1280525.
Capoferri D, Mignani L, Manfredi M, Presta M. Proteomic Analysis Highlights
the Impact of the Sphingolipid Metabolizing Enzyme 3-Galactosylceramidase
on Mitochondrial Plasticity in Human Melanoma. Int ] Mol Sci. 2024;25:3062.
Wrenn ED, Yamamoto A, Moore BM, Huang Y, McBirney M, Thomas A], et al.
Regulation of Collective Metastasis by Nanolumenal Signaling. Cell.
2020;183:395-410.e19.

O’Donnell BL, Sanchez-Pupo RE, Sayedyahossein S, Karimi M, Bahmani M,
Zhang C, et al. PANX3 Channels Regulate Architecture, Adhesion, Barrier
Function, and Inflammation in the Skin. ] Invest Dermatol.
2023;143:1509-1519.e14.

Login FH, Nejsum LN. Aquaporin water channels: roles beyond renal water
handling. Nat Rev Nephrol. 2023;19:604-18.

Chida K, Kawazoe A, Suzuki T, Kawazu M, Ueno T, Takenouchi K, et al.
Transcriptomic Profiling of MSI-H/dMMR Gastrointestinal Tumors to
Identify Determinants of Responsiveness to Anti-PD-1 Therapy. Clin Cancer
Res. 2022;28:2110-7.

Cornel AM, Mimpen IL, Nierkens S. MHC Class I Downregulation in Cancer:
Underlying Mechanisms and Potential Targets for Cancer Immunotherapy.
Cancers (Basel). 2020;12:1760.

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. 2018;359:1350-5.

Godfrey DI, Le Nours J, Andrews DM, Uldrich AP, Rossjohn J.
Unconventional T Cell Targets for Cancer Immunotherapy. Immunity.
2018;48:453-73.

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJM, Robert L, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature. 2014;515:568-71.

Wickstrom SL, Lovgren T, Volkmar M, Reinhold B, Duke-Cohan JS, Hartmann
L, et al. Cancer Neoepitopes for Immunotherapy: Discordance Between
Tumor-Infiltrating T Cell Reactivity and Tumor MHC Peptidome Display.
Front Immunol. 2019;10:2766.

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

4852

53.

54.

55.

56.

57.

58.

Jansen CS, Prokhnevska N, Master VA, Sanda MG, Carlisle JW, Bilen MA, et
al. An intra-tumoral niche maintains and differentiates stem-like CD8 T cells.
Nature. 2019;576:465-70.

Sharpe AH, Pauken KE. The diverse functions of the PD1 inhibitory pathway.
Nat Rev Immunol. 2018;18:153-67.

Burr ML, Sparbier CE, Chan KL, Chan Y-C, Kersbergen A, Lam EYN, et al. An
Evolutionarily Conserved Function of Polycomb Silences the MHC Class I
Antigen Presentation Pathway and Enables Immune Evasion in Cancer.
Cancer Cell. 2019;36:385-401.e8.

Lee JH, Shklovskaya E, Lim SY, Carlino MS, Menzies AM, Stewart A, et al.
Transcriptional downregulation of MHC class I and melanoma de-
differentiation in resistance to PD-1 inhibition. Nat Commun. 2020;11:1897.
Taylor BC, Balko JM. Mechanisms of MHC-I Downregulation and Role in
Immunotherapy Response. Front Immunol. 2022;13:844866.

Zhu K, Wang B, Li Y, Yu Y, Chen Z, Yue H, Meng Q, Tian D, Liu X, Shen W,
Tian Y. CAVIN2/SDPR Functioned as a Tumor Suppressor in Lung
Adenocarcinoma from Systematic Analysis of Caveolae-Related Genes and
Experimental Validation. ] Cancer 2023;14(11):2001-2014.

https://lwww.jcancer.org



