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Colorectal carcinoma (CRC) remains one of the leading causes of cancer-related deaths worldwide, and there is a
lack of reliable biomarkers to predict tumor progression and the immune microenvironment. KCNJ14 is a
member of the inwardly rectifying potassium channel family that has recently been implicated in tumor pro-
gression and immune suppression; however, its clinical significance and spatial expression patterns in CRC
remain unclear. We evaluated KCNJ14 mRNA expression by RNA in situ hybridization using an RNAscope on a
tissue microarray of 259 CRC cases. We assessed the associations between KCNJ14 expression and clinico-
pathological features, tumor-infiltrating CD4 ", CD8", and FOXP3™" cells, and patient outcomes. We also per-
formed single-cell RNA sequencing analysis to determine the cell type-specific expression of KCNJ14. KCNJ14
expression was predominantly observed in cancer cells, with high expression identified in 36 cases. High KCNJ14
expression was significantly associated with lymphatic invasion, venous invasion, lymph node metastasis, and
advanced disease stage. High KCNJ14 expression was also correlated with decreased intratumoral infiltration of
CD4" and CD8™ T cells, as well as lower tumor-infiltrating lymphocyte scores, indicating an immunosuppressive
tumor microenvironment. In contrast, there were no significant associations between KCNJ14 expression and
FOXP3" cell infiltration, overall survival, or recurrence-free survival. This study is the first to demonstrate that
high KCNJ14 expression is associated with an immunosuppressive tumor microenvironment and advanced
pathological features in CRC. Although KCNJ14 is not an independent prognostic factor, it may serve as a po-
tential indicator of an immunosuppressive tumor microenvironment and be a novel therapeutic target.

1. Introduction the outcomes vary considerably between individuals. In the United

States, CRC is the second leading cause of cancer-related death after lung

Colorectal carcinoma (CRC) is one of the most prevalent gastroin-
testinal malignancies worldwide and is a major cause of cancer-related
mortality (Bray et al., 2024; Arnold et al., 2017). The survival of pa-
tients with CRC has been improved by advances in surgical techniques,
chemotherapy, molecular targeted therapy, and immunotherapy, even
in advanced cases. However, the prognosis remains poor for many pa-
tients with CRC, particularly those with recurrence or metastasis, and

cancer (Siegel et al., 2024). Furthermore, CRC is the leading cause of
cancer death among men and the second leading cause of cancer death
among women under the age of 50 years, indicating a high burden of
disease in young adults (Siegel et al., 2024). These facts underscore the
urgent need to identify novel molecular biomarkers beyond conven-
tional staging systems that are capable of predicting the prognosis of
patients with CRC (Bray et al., 2024).
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Fig. 1. RNA-ISH and H&E staining of KCNJ14 expression in colorectal cancer.
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Hematoxylin and eosin (H&E) staining in representative cases of (a) high and (b) low KCNJ14 expression. (c, d) RNAscope images from the corresponding cases. (c)
In cases with high KCNJ14 expression, brown punctate signals indicating KCNJ14 mRNA are visible in tumor cells. (d) In cases with low KCNJ14 expression, such
signals are scarcely observed. Scale bar = 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

In CRC, the prognosis and treatment response have been linked to
genetic alterations such as KRAS, BRAF, and PIK3CA mutations, as well
as microsatellite instability. However, there are still limited universally
applicable prognostic indicators for the broader population of patients
with CRC (Dienstmann et al., 2017). In this context, ion chan-
nels—particularly potassium channels located on the cell mem-
brane—have recently gained attention. These ion channels not only
regulate membrane potential and ion homeostasis, but are also
increasingly being recognized as key factors in tumor biology that
contribute to cancer cell proliferation, migration, invasion, and meta-
bolism (Hernandez-Resendiz et al., 2019; Pardo and Stuhmer, 2014).

The KCNJ14 gene (also known as Kir2.4) encodes an inwardly
rectifying potassium channel and belongs to the Kir channel family,
which comprises 15 genes classified into seven subfamilies (Kirl.x to
Kir7.x) (Zhang et al., 2021). Recent studies have reported that KCNJ14 is
overexpressed in various malignancies, particularly gastrointestinal
cancers, and is associated with tumor progression (Zuniga et al., 2022).
KCNJ14 is located on chromosome 19q13 and encodes a protein that has
been linked to numerous biological functions, including heart rate
regulation, neurotransmitter release, and immune modulation (Topert
et al., 2000; Hazra et al., 2011; Topert et al., 1998; Chiang et al., 2020).

Comprehensive analyses of large-scale databases such as the Cancer
Genome Atlas and the Gene Expression Omnibus have revealed that
KCNJ14 is highly expressed in CRC and is correlated with advanced
tumor stage, activation of the mechanistic target of rapamycin (mTOR)
signaling pathway, and an immunosuppressive tumor microenviron-
ment (TME) (Jin et al., 2025; Alasiri, 2023; Li et al., 2022). These

findings suggest that KCNJ14 may be involved not only in tumor-
intrinsic signaling but also in the negative regulation of immune re-
sponses, thus representing a potential prognostic biomarker and thera-
peutic target.

Most research on the role of KCNJ14 in CRC has relied primarily on
RNA sequencing or in silico bioinformatics analyses. To date, no studies
have directly visualized the spatial and cellular expression patterns of
KCNJ14 in CRC while preserving tissue architecture. RNA in situ hy-
bridization (RNA-ISH) is a highly sensitive and specific technique for
detecting mRNA expression at the cellular level in formalin-fixed
paraffin-embedded samples. The RNAscope method enables the quan-
titative and visual assessment of tumor-specific mRNA expression within
intact tissue architecture and is particularly well suited to molecular
pathological diagnostics due to its reproducibility and reliability (Wang
et al., 2012).

Clarifying the extent and localization of KCNJ14 expression at the
mRNA level in CRC tumor cells, and investigating its association with
clinicopathological features and outcomes using actual patient speci-
mens, may provide valuable insights for future diagnostic and thera-
peutic strategies. In the present study, we performed RNA-ISH using an
RNAscope on a CRC tissue microarray (TMA) to histologically charac-
terize KCNJ14 expression patterns and evaluate their clinical
significance.
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Fig. 2. KCNJ14 expression in normal colorectal mucosa.

Representative images of normal colorectal mucosa with hematoxylin and eosin staining (a, b) and KCNJ14 RNA in situ hybridization (c, d). No detectable KCNJ14
expression was observed in normal colorectal epithelium. White scale bars = 200 pm; black scale bars = 50 pm.

2. Materials and methods
2.1. Patients

This study included 305 patients who underwent surgical treatment
of CRC at Shinshu University Hospital between 2014 and 2022. All pa-
tients were monitored for a minimum follow-up period of 2 years. Ad-
enocarcinomas were categorized as well-differentiated, moderately
differentiated, or poorly differentiated. Based on previously published
criteria (Fleming et al., 2012), well-differentiated and moderately
differentiated adenocarcinomas were classified as low grade, whereas
poorly differentiated adenocarcinomas were classified as high grade. Of
these 305 patients, 46 were excluded for the following reasons: 40 were
negative for the positive control (housekeeping gene) in the TMA, and
six had no tumor tissue at the primary site within a TMA. Ultimately,
259 patients with CRC were analyzed.

Clinical and pathological data, including patient age, sex, tumor
differentiation, outcomes, lymph node involvement, vascular invasion,
tumor-infiltrating lymphocytes (TILs), TNM classification, and location
(proximal, distal, rectal), were extracted from medical records. Tumor
staging and differentiation were defined in accordance with the eighth
edition of the Union for International Cancer Control classification
(Brierley and Wittekind, 2017) and the fifth edition of the World Health
Organization classification (Nagtegaal and Lam, 2020). Histological
evaluation of all specimens was independently performed by two pa-
thologists (TU and MI). TILs in tumor-infiltrating regions were scored
using a four-tier system as O (none), 1 (mild), 2 (moderate), or 3
(marked) (Ropponen et al., 1997). For subsequent analyses, the TIL
scores were categorized as low (scores 0 and 1) or high (score 2 and 3).

Overall survival (OS) was defined as the duration between the date of
surgical resection and either death or last follow-up. Recurrence-free
survival (RFS) was defined as the time from surgical resection to disease
recurrence or the last follow-up without recurrence. This study adhered

to the ethical principles outlined in the Declaration of Helsinki and
received approval from the Clinical Trial Review Committee of Shinshu
University School of Medicine (approval number: 5836).

2.2. Histopathology and tissue microarray construction

All specimens were fixed in 10 % or 20 % neutral-buffered formalin
and embedded in paraffin. For the construction of a TMA, blocks con-
taining sufficient tumor tissue from the invasive frontline were selected
from the formalin-fixed paraffin-embedded archives. Tissue cores (3-
mm in diameter) were punched out from each block using thin-walled
stainless steel needles (Azumaya Medical Instruments Inc., Tokyo,
Japan) and arrayed into a recipient paraffin block. Serial 4-pm-thick
sections were cut from the TMA blocks. One section from each TMA was
stained with hematoxylin and eosin for histological assessment.

2.3. Immunohistochemical analysis and evaluation

To evaluate subsets of tumor-infiltrating lymphocytes, IHC staining
for CD4, CD8, and FOXP3 was performed on serial TMA sections using a
fully automated staining system (BOND-III; Leica Biosystems, UK). The
following primary antibodies were used: CD4 (clone 4B12, ready-to-use;
Leica Biosystems), CD8 (clone C8/144B, ready-to-use; Leica Bio-
systems), and FOXP3 (clone 236 A/E7, 1:100 dilution; Abcam, UK).

For evaluation, three areas with the highest density of CD4", CD8™,
or FOXP3™ cells were selected from each core. Cell counts per high-
powered field (HPF; 10x ocular, 40x objective; area of 0.345 mm?)
were performed directly under a microscope. The average cell count of
the three fields was used for analysis, and the median of these counts was
used as the cutoff to classify cases into low and high infiltration groups.

Additionally, the TMA was subjected to immunohistochemical
staining for mismatch repair proteins (MMR), including MLH1 (clone
ES05, mouse monoclonal, 1:50), PMS2 (clone EP51, rabbit monoclonal,
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Table 1
KCNJ14 expression and clinicopathological characteristics in CRC.

KCNJ14 expression

Factors n =259 Low (n = 223) High (n = 36) P-value

Age 0.367
<70 years 116 97 19
> 70 years 143 126 17

Sex 0.072
Male 151 125 26
Female 108 98 10

Histological grade 0.188
Low 224 190 34
High 35 33 2

Lymphatic invasion 0.004
Present 129 103 26
Absent 130 120 10

Venous invasion p <0.001
Present 186 152 34
Absent 73 71 2

Location 0.13
Proximal 72 63 9
Distal 78 62 16
Rectal 109 98 11

MSI 1
dMMR 23 20 3
PMMR 232 199 33

TIL 0.019
High 129 118 11
Low 130 105 25

CD4 0.003
High 115 107 8
Low 130 104 26

CD8 p < 0.001
High 127 120 7
Low 126 97 29

FOXP3 0.474
High 128 112 16
Low 125 105 20

LN metastasis p < 0.001
Present 123 92 31
Absent 136 131 5

TNM stage p <0.001
O-II 130 127 3
-1V 129 96 33

LN, lymph node

1:40), MSH2 (clone FE11, mouse monoclonal, 1:50), and MSH6 (clone
EP49, rabbit monoclonal, 1:50; Agilent Technologies, Santa Clara, CA,
USA), using validated protocols (Nakajima et al., 2020). MMR protein
deficiency was defined as the absence of expression of at least one of the
four markers. A specimen was considered MMR-deficient if any of the
four MMR proteins showed a complete lack of immunoreactivity. All
histological features and staining results were independently evaluated
by two experienced pathologists (TU and MI).

Experimental and Molecular Pathology 144 (2025) 105005

2.4. KCNJ14 analysis by RNA in situ hybridization

Detection of KCNJ14 mRNA on unstained sample tissue slides was
performed using an RNAscope kit (Advanced Cell Diagnostics, Hayward,
CA, USA) in accordance with the manufacturer’s instructions. The
detailed procedure is described in a previous report (Ukpo et al., 2011).
Briefly, tissue sections were pretreated with heating and protease
application prior to hybridization with a KCNJ14-specific probe. Posi-
tive staining was indicated by brown punctate dots in the nucleus and/or
cytoplasm. Standard Mm-PPIB (ACD-313902) was used as a positive
control to ensure interpretable results. KCNJ14 expression was quanti-
fied using the five-grade scoring system recommended by the manu-
facturer in which 0 indicates no staining, 1+ indicates 1-3 dots/cell, 2+
indicates 4-9 dots/cell, 3+ indicates 10-15 dots/cell and/or < 10 %
dots are in clusters, and 4+ indicates >15 dots/cell and/or > 10 % dots
are in clusters, under a 40 x objective lens (Olympus BX53). The KCNJ14
mRNA expression was then categorized as low (grades 0 and 1+) or high
(grades 2+, 3+, and 4+). We analyzed the relationship between KCNJ14
expression and clinicopathological data and outcomes in patients with
CRC.

2.5. Single-cell RNA sequencing analysis of KCNJ14 expression in
colorectal carcinoma

Single-cell RNA sequencing (scRNA-seq) analysis of KCNJ14
expression was conducted using the publicly available dataset (acces-
sion number: GSE132465) obtained from the NCBI Gene Expression
Omnibus database. This dataset comprised 23 tumor samples and 10
normal samples derived from CRC tissues. Data processing and analysis
were conducted using the Seurat R package (v4.1.0). Raw count
matrices were normalized to a total expression of 10,000 molecules per
cell and subsequently scaled. Highly variable genes across cells were
identified and used for principal component analysis to reduce dimen-
sionality. The FindNeighbors and FindClusters functions were used to
assess cellular similarities and perform clustering. Visualization of
cellular heterogeneity was achieved by applying uniform manifold
approximation and projection using the runUMAP function. The
expression distribution of KCNJ14 marker genes was assessed across the
clusters, allowing for cell type annotation.

2.6. Statistical analysis

Categorical variables were expressed as frequencies, and differences
between subgroups were assessed using Fisher’s exact test. The Man-
n-Whitney U test was used to compare immune cell infiltration levels
(CD4", CD8™, and FOXP3™" cells) between the high KCNJ14 expression
and low KCNJ14 expression groups. To visualize the distribution of
immune cell counts, violin plots were generated using the ggplot2
package in R. OS and RFS were estimated by the Kaplan-Meier method,
and between-group comparisons were performed using the log-rank test.
Univariate Cox proportional hazards regression analysis was also per-
formed to evaluate the association between KCNJI14 expression and
patient prognosis (OS and RFS).

Statistical significance was defined as P < 0.05. All statistical ana-
lyses were performed using EZR (Easy R), version 1.66, a graphical
interface for R developed by the R Foundation for Statistical Computing
(Vienna, Austria).

3. Results

3.1. High KCNJ14 expression correlates with advanced pathological
features and an immunosuppressive tumor microenvironment

Positive KCNJ14 signals were observed as brown punctate dots in the
nucleus and cytoplasm of cancer cells (Fig. 1a, c). Some cases had no
positive dots (Fig. 1b, d). Among the 259 CRC cases, 115 showed
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Fig. 3. Representative case with high KCNJ14 expression and low TIL infiltration.

b), hematoxylin and eosin staining (c, d), and serial

Representative images from a colorectal carcinoma case with high KCNJ14 expression. RNA-ISH for KCNJ14 (a,

sections stained for CD4 (e, f), CD8 (g, h), and FOXP3 (i, j) are shown. The tumor shows strong KCNJ14 expression with low infiltration of CD4", CD8", and FOXP3™

cells. White scale bars = 500 pm; black scale bars = 50 pm.
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Fig. 4. Representative case with low KCNJ14 expression and high TIL infiltration.

Representative images from a colorectal carcinoma case with low KCNJ14 expression. RNA-ISH for KCNJ14 (a, b), hematoxylin and eosin staining (c, d), and serial
sections stained for CD4 (e, f), CD8 (g, h), and FOXP3 (i, j) are shown. The tumor shows weak KCNJ14 expression with high infiltration of CD4 ", CD8", and FOXP3"
cells. White scale bars = 500 pm; black scale bars = 50 pm.
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Fig. 5. Association between KCNJ14 expression and the tumor immune microenvironment.

Violin plots showing the distribution of tumor-infiltrating T cells (CD4", CD8", and FOXP3™") in groups with high and low KCNJ14 expression. Mann-Whitney U tests
reveal significantly lower infiltrations of CD4" (p = 0.011) and CD8" (p < 0.001) T cells in the high KCNJ14 expression group, but no significant intergroup dif-
ference in FOXP3™ cells (p = 0.47).
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Fig. 6. Kaplan-Meier survival analysis stratified by KCNJ14 expression
The log-rank test reveal no significant differences between the high KCNJ14 expression and low KCNJ14 expression groups in OS (p = 0.567) or RFS (p = 0.474).

detectable KCNJ14 dots and 36 were classified as having high KCNJ14 Compared with the low KCNJ14 expression group, the high KCNJ14
expression (grade 2+ or higher). However, no KCNJ14-positive signals expression group exhibited significantly higher frequencies of lymphatic
were detected in normal colonic mucosa (Fig. 2). invasion (p = 0.004), venous invasion (p < 0.001), lymph node
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Table 2
Univariate analyses of overall survival factors in CRC.

Factors Univariate analysis
HR 95 %CI P-value
Age: 270 years vs. <70 years 0.95 0.52 - 1.71 0.852
Sex: male vs. female 1.2 067 - 218 0.531
Histological grade: low vs. high 2.35 1.06 - 518 0.034
Lymphatic invasion: absent vs. present ~ 3.73 1.84 - 754 p<0.001
Venous invasion: absent vs. present 2.14 0.95 - 4.79 0.066
TIL low vs. high 028 014 - 058 p<0.001
CD4 low vs. high 0.72 0.38 - 1.35 0.305
CD8 low vs. high 062 033 - 116 0.132
FOXP3 low vs. high 027 013 - 054 p<0.001
LN metastasis: absent vs. present 2.99 1.54 - 5.8 0.001
TNM stage: 0-II vs. III-IV 3.46 1.71 - 7.01 p < 0.001
KCNJ14 expression: low vs. high 1.27 056 - 284 0.568
LN, lymph node.
Table 3
Univariate analyses of recurrence-free survival factors in CRC.
Factors Univariate analysis
HR 95 %CI P-value
Age: 270 years vs. <70 years 1.25 057 - 2.73 0.575
Sex: male vs. female 1.32 062 - 2.82 0.468
Histological grade: low vs. high 1.42 049 - 4.14 0.516
Lymphatic invasion: absent vs. present ~ 2.81 1.26 - 6.25 0.012
Venous invasion: absent vs. present 1.8 0.73 - 4.46 0.205
TIL low vs. high 082 039 - 1.75 0.614
CD4 low vs. high 1.31 0.6 - 2.89 0.5
CD8 low vs. high 1.02 047 - 2.20 0.962
FOXP3 low vs. high 099 046 - 2.16 0.984
TNM stage: 0-II vs. IIT 488 206 - 11,55 p<0.001
KCNJ14 expression: low vs. high 1.47 051 4.25 0.477

LN, lymph node.

metastasis (p < 0.001), and advanced tumor stages III-IV (p < 0.001). In
addition, compared with the low KCNJ14 expression group, the high
KCNJ14 expression group had significantly lower TIL scores (p = 0.019)
and significantly reduced infiltrations of CD4™ T cells (p = 0.003) and
CD8™" T cells (p < 0.001) (Table 1). Representative images illustrating
the scoring of CD4", CD8", and FOXP3™ cells in relation to KCNJ14
expression are shown in Fig. 3 and Fig. 4.

The relationship between the abundance of CD4', CD8*, and
FOXP3" cells and the KCNJ14 expression level was further analyzed
using the Mann-Whitney U test (Fig. 5). Both CD4" and CD8" T cells
were significantly reduced in the high KCNJ14 expression group (CD4: p
=0.011; CD8: p < 0.001), while the abundance of FOXP3™ cells did not
significantly differ between the low and high KCNJ14 expression groups
(p = 0.47).

3.2. KCNJ14 expression shows no significant impact on overall survival
or recurrence-free survival

The prognostic value of KCNJ14 expression in CRC was evaluated
using Kaplan-Meier survival curves and log-rank tests. The median OS of
the entire cohort was 39.9 months (95 % CI: 27.6-66.7 months). The
median OS was 45.6 months (95 % CI: 16.9-66.4 months) in the high
KCNJ14 expression group and 39.4 months (95 % CI: 28.1-67.4 months)
in the low-expression group; however, the intergroup difference was not
statistically significant (log-rank test, p = 0.567) (Fig. 6a).

For patients with stages I-III CRC (n = 211), the median RFS was
38.4 months (95 % CI: 26.9-67.4 months). The median RFS was 45.9
months (95 % CI: 27.7-69.1 months) in the high KCNJ14 expression
group and 38.1 months (95 % CI: 26.9-66.5 months) in the low KCNJ14
expression group, with no significant difference between the groups
(log-rank test, p = 0.474) (Fig. 6b).
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Consistent with these findings, univariate Cox proportional hazards
regression analysis also showed no significant association between
KCNJ14 expression and either OS (HR = 1.27, 95 % CI: 0.56-2.84,p =
0.568) or RFS (HR = 1.47, 95 % CI: 0.51-4.25, p = 0.477) (Tables 2, 3).

3.3. KCNJ14 is predominantly expressed in epithelial tumor cell clusters
according to single-cell RNA sequencing analysis

scRNA-seq analysis using publicly available data revealed that
KCNJ14 was predominantly expressed in epithelial cell clusters within
tumor tissues. In contrast, there was minimal or absent KCNJI14
expression in immune and stromal cells, including T cells, B cells, mast
cells, myeloid cells, and stromal cells (Fig. 7). In normal tissues, KCNJ14
expression was generally very low and limited to sporadic and low-level
expression in epithelial cell clusters.

4. Discussion

In this study, we used RNAscope-based mRNA analysis to investigate
the relationship between KCNJ14 expression and the TME and patho-
logical features in CRC. High KCNJ14 expression was significantly
associated with increased lymphatic invasion, venous invasion, and
lymph node metastasis, as well as a higher proportion of advanced-stage
tumors, suggesting a potential role in tumor progression.

From an immunological perspective, tumors with high KCNJ14
expression showed significantly decreased intratumoral infiltration of
CD4" and CD8" T cells and lower TIL scores, indicating suppressed
immune activation within the tumor and the establishment of an “im-
mune-cold” TME (Liu et al.,, 2023; Wu et al., 2024). These findings
support the notion that KCNJ14 may contribute to the development of
an immunosuppressive TME, which is consistent with previous reports
(Alasiri, 2023; Li et al., 2022).

CD8" T cells play a central role in antitumor immunity, and
numerous studies have reported better outcomes in CRC cases with high
expression of CD8" TILs (Yin et al., 2022; Williams et al., 2024). CD4" T
cells encompass various functional subsets such as Th1, Th2, and Treg
cells, and a general reduction in CD4" infiltration may reflect the sup-
pression of antitumor subsets (e.g., Thl cells) or the involvement of T
cell exclusion mechanisms within the TME (Tosolini et al., 2011).
Therefore, the reduction in CD4" and CD8" T cells along with low TIL
scores observed in the high KCNJ14 expression group may serve as
potential biological indicators of resistance to immunotherapy. In
contrast, no significant association was found between KCNJI14
expression and infiltration of FOXP3™" cells (mainly Tregs). This suggests
that KCNJ14-mediated immunosuppression is likely independent of
Treg involvement and may instead be driven by selective inhibition of
CD4" and CD8™ infiltration and altered chemokine dynamics leading to
T cell exclusion.

Previous studies have shown that high KCNJ14 expression is asso-
ciated with activation of the mTOR pathway, vascular endothelial
growth factor signaling, NOD-like receptor signaling, and increased
expression of immune checkpoint molecules such as PD-L1 and CTLA-4
(Alasiri, 2023; Li et al., 2022). These pathways may contribute to the
immunosuppressive phenotype observed in the TME. Future functional
studies are warranted to determine whether KCNJ14 directly modulates
CD4" and CD8" T cell infiltration or activation via these molecular
pathways. Although KCNJ14 expression was not an independent prog-
nostic factor for OS or RFS in our survival analysis, its consistent asso-
ciation with reduced immune infiltration and aggressive pathological
features strongly suggests that KCNJ14 expression plays a role in
shaping the TME and influencing tumor responsiveness to
immunotherapy.

Although recurrent genetic alterations of KCNJ14 have not been
reported in CRC, its overexpression is likely to be regulated at the
transcriptional or epigenetic level rather than by direct genomic
changes. One of the key strengths of the present study is the direct
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Uniform manifold approximation and projection analysis using the publicly available scRNA-seq dataset visualized major cell populations in (a) CRC tissue and (b)
normal colonic tissue. “Epithelial cells” in (a) refers to “cancer epithelial cells”. (¢) KCNJ14 expression is predominantly observed in epithelial cell clusters within
tumor tissues. (d) There is little to no KCNJ14 expression in normal tissues. These results indicate that KCNJ14 is selectively expressed in cancer cells in CRC,

consistent with the findings from the RNA-ISH analysis.

visualization and quantification of KCNJ14 mRNA expression at the
cellular level using RNA-ISH, enabling spatially resolved analysis that is
not possible with bulk RNA-sEq. (Wang et al., 2012). This approach
proved effective in clarifying the expression of KCNJ14 in cancer cells.
Additionally, we used publicly available scRNA-seq CRC data to confirm
that KCNJ14 expression was specifically localized to epithelial cell
populations within tumors. The concordance between the spatial
expression patterns observed via RNA-ISH and the cell type-specific
expression profiles identified by scRNA-seq strengthens the validity of
our findings and supports the tumor cell-specific expression of KCNJ14.

The present study has several limitations. First, it was a retrospective
study conducted at a single institution, and some patients with advanced

pathological features received adjuvant chemotherapy. These factors
may have influenced survival outcomes and partly explain why high
KCNJ14 expression, although associated with aggressive pathological
features, did not correlate with overall or recurrence-free survival in our
cohort. Second, the follow-up period was relatively short in some pa-
tients, which may have limited the detection of long-term prognostic
differences. Third, the evaluation of the tumor microenvironment was
restricted to local immune cell infiltration at the invasive front using
TMA samples, without assessing the full spatial immune landscape of the
tumor. Future studies should consider whole-slide imaging or spatial
transcriptomic approaches. In addition, protein-level validation of
KCNJ14 could not be performed due to the lack of reliable antibodies for
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FFPE tissues, and this remains an important direction for future studies.
Finally, KCNJ14 RNA-ISH scores in our cohort were distributed toward
the lower end overall, and a threshold of >2+ was adopted to define
high expression. This criterion was based on the limited number of cases
with high transcript levels; however, public datasets such as the Human
Protein Atlas also report relatively low expression levels in colorectal
tissue, which is consistent with our observations (Atlas, 2025).
Compared with established markers such as Ki-67, which primarily re-
flects proliferative activity, KCNJ14 may provide complementary
prognostic information by integrating pathological aggressiveness with
an immunosuppressive tumor microenvironment. Thus, KCNJ14 should
not be regarded as a redundant marker but rather as one that captures a
different biological aspect of colorectal cancer behavior. Further vali-
dation in multicenter cohorts with longer follow-up is warranted.

5. Conclusions

This study is the first to use RNA-ISH on a CRC TMA to demonstrate
that high KCNJ14 expression is associated with reduced infiltration of
CD4" and CD8™ T cells and lower TIL scores. These findings suggest that
KCNJ14 may contribute to tumor progression and the establishment of
an immunosuppressive TME, particularly a T cell-excluded phenotype of
CRC. KCNJ14 may serve as a clinically relevant biomarker for immu-
notherapy resistance and may be a potential therapeutic target. Further
research is warranted to elucidate the underlying molecular mechanisms
and explore the utility of KCNJ14 in clinical applications.
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