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Background: Colorectal cancer (CRC), a prevalent gastrointestinal malignant disease, causes substantial
morbidity and mortality. Identification of novel prognostic biomarkers and therapeutic targets is critically
needed to improve patient outcomes. Although solute carrier family 12 member 8 (SLC12A8) has high
expression in various tumors and affects tumor progression, its role in CRC remains unclear. The aim of this
study was to investigate the functions of SLC12A8 in CRC.

Methods: SLCI12A8 expression and its association with clinical significance in CRC patients were explored
via multiple public databases, including The Cancer Genome Atlas (TCGA), Genotype-Tissue Expression
(GTEx), The Human Protein Atlas (HPA), The University of ALabama at Birmingham CANcer data
analysis Portal (UALCAN), and Kaplan-Meier plotter. The effects of SLC12A8 on the CRC cell apoptosis,
epithelial-mesenchymal transition (EMT), reactive oxygen species (ROS) production, and sensitivity to
oxaliplatin were verified by in vitro experiments.

Results: SLCI2A8 expression was upregulated in CRC tissues compared with normal colorectal tissues.
Furthermore, high expression of SLC12A8 was associated with poorer prognosis in CRC patients. Pathway
enrichment analyses revealed SLC12A8 involvement in oxidative stress and transforming growth factor-
beta (TGF-p) signaling. Experiments in CRC cells showed that SLC12A8 upregulation promoted apoptosis
resistance, EMT, and inhibited ROS production. Moreover, SLC12A8 knockdown enhanced the sensitivity
of CRC cells to oxaliplatin chemotherapy.

Conclusions: Our integrative analyses identify SLC12A8 as a candidate biomarker for CRC progression.

Targeting SLC12A8 may improve patient responses to oxaliplatin-based treatment regimens.
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Introduction

Colorectal cancer (CRC) is a highly aggressive intestinal
malignancy and the second leading cause of cancer-related
death worldwide (1,2). Despite progress in screening and
treatment, the overall survival (OS) rate for CRC patients
remains low due to late-stage diagnosis, high rates of
metastasis and recurrence, and resistance to therapeutic drugs
(3-5). Uncovering mechanisms underlying CRC progression
and drug resistance is therefore critical to improve patient
outcomes. Altered cellular metabolism is a hallmark of cancer
cells, and targeting cancer cell metabolism has emerged as
a potential therapeutic strategy (6). Nicotinamide adenine
dinucleotide (NAD") is a fundamental metabolite essential
for multiple oxidation-reduction (redox) reactions that
maintain cellular homeostasis and energy production.
Moreover, elevated levels of NAD+ in cancer cells are
involved in various nonredox molecular processes, including
DNA repair, inflammatory responses, and apoptosis (7).
Additionally, several genes involved in NAD" metabolism,
such as NAMPT (8), SIRT1 (9), and PARP1 (10), have
been found to contribute to cancer cell resistance to
chemotherapy. This highlights the potential of targeting
aberrant NAD" metabolism pathways to improve the
effectiveness of chemotherapy in CRC.

The solute carrier family 12 member 8 (SLC12A8)
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underlying molecular mechanism of SLC12A8 signaling in CRC.
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belongs to the SLC12 gene family, which consists of
electroneutral cation-chloride coupled cotransporters.
Expression of genes in this family can be found in various
human tissues and plays roles in regulating cell volume,
transepithelial ion movement, intracellular chloride ion
concentration, and blood pressure regulation (11). SLC12A8
has been recently identified as a transporter of NAD+
precursor nicotinamide mononucleotide (NMN) (12),
and implicated in several malignant tumors including breast
cancer (13), lung cancer (14), and bladder cancer (15,16).
However, its functional significance in CRC remains
unknown.

In order to elucidate the significance of SLC12A8 in
colorectal tumorigenesis and chemoresistance, here we
carried out an integrative analysis combing bioinformatics
mining of public databases and experimental examination
in CRC cell line models. Specifically, we analyzed whether
SLCI12A8 expression is dysregulated in CRC specimens
and correlated with clinical outcomes. Additionally, we
performed functional assays to determine if SLC12A8
regulates properties such as apoptosis, epithelial-
mesenchymal transition (EMT), reactive oxygen species
(ROS) generation, and oxaliplatin sensitivity that may
promote CRC progression and drug resistance. We present
this article in accordance with the REMARK and MDAR
reporting checklists (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-24-87/rc).

Methods
Data acquisition and expression analysis

We explored SLC12A8 messenger RNA (mRNA) expression
profiles in human normal and cancer tissues with The
Cancer Genome Atlas (TCGA) (17) and Genotype-Tissue
Expression (GTEx) database (18). We acquired both raw
RNA-sequencing data and corresponding clinical information
of tumor tissues and adjacent tissues for 33 different types
of cancer. Gene expression data were retrieved from 647
colon adenocarcinoma (COAD) and rectum adenocarcinoma
(READ) patients along with 51 normal tissues from TCGA.
Additionally, the SLC12A8 expression data were obtained
from GSE21510 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgiracc=GSE21510) (19) and GSE44076 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44076) (20)
datasets in the Gene Expression Omnibus (GEO)
database to verify the SLC12A8 expression levels in CRC
and normal tissues. The Human Protein Atlas (HPA)
database (21) was applied to determine SLC12A8 protein
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expression levels in normal tissues and CRC tissues through
immunohistochemistry (IHC) staining. We also assessed
SLC12A8 promoter methylation status in COAD and
READ using The University of ALabama at Birmingham
CANcer data analysis Portal (UALCAN) database (22). The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

Diagnostic value analysis

To evaluate the diagnostic accuracy of SLC12A8, the
receiver operating characteristic (ROC) curve analysis
based on sensitivity and specificity was conducted using
the “pROC” package. The area under the curve (AUC)
was between 0.5 and 1.0. AUC in 0.5-0.7 showed a low
accuracy, AUC in 0.7-0.9 showed a certain accuracy, and

AUC above 0.9 showed a high accuracy.

Prognostic value analysis

Kaplan-Meier Plotter (23) was used for prognostic analyses
of SLC12A8 mRNA expression in colon cancer. Patient
samples were split into two groups based on SLC12A8
expression by using the “auto select best cutoff” option. The
OS, recurrence-free survival (RFS), and post progression
survival (PPS) were analyzed, and the hazard ratio (HR)
with 95% confidence intervals (CI) and log rank P value
were calculated.

Functional enrichment analysis

We explored the differential expression genes (DEGs)
between low-and high- SLC12A8 expression groups
in CRC using DESeq2 package (24). The volcano plot
was drawn by the ggplot2 package with the threshold of
[log,(fold change)l> 1.0 and P<0.05. The co-expression
genes of SLC12A8 were screened using limma package.
We explored top 20 co-expressed genes positively and
negatively correlated with SLC12A8 expression in
heatmaps using Spearman’s correlation coefficient. The
ClusterProfiler package was utilized for Gene Ontology
(GO) analysis comprising of biological processes (BP),
cellular components (CC), and molecular functions (MF),
as well as Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis (25). The ggplot2 package was employed
for visualization. Adjusted P<0.05 was considered to be
statistically significant in the enrichment results.
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Gene set envichment analysis (GSEA)

We used ClusteProfiler R package to explore the functional
and pathway differences between the two groups of different
SLC12A8 expression (26). Enrichment results met the
conditions of adjusted P<0.05 and false discovery rate (FDR)
g-value <0.25 were defined to be statistically significant.

Protein-protein interaction (PPI) network

Gene Multiple Association Network Integration Algorithm
(GeneMANIA) (27), and Search Tool for the Retrieval of
Interacting Genes (STRING) (28) were used to explore
proteins that interact with SLC12A8 and constructed PPI
networks.

Relationship between SLC12A8 expression and NAD*
metabolism-related genes

We conducted a search for the term “NAD" metabolism” in
GeneCards database (29) in order to retrieve genes related
to NAD" metabolism. Genes extracted from GeneCards
with an association score >30 and genes related with NAD"
metabolism acquired from STRING were selected for
analysis. We then performed correlation analysis between
SLC12A8 expression and the identified NAD" metabolism-
related genes and presented in a heatmap.

Cell culture

Human benign colon cells (NCM460) and human colon
cancer cell lines (HT29 and HCT'116) were obtained from
American Type Culture Collection (AT'CC). The cells were
cultured in RPMI 1640 culture medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin under 5% CO, at 37 °C.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

Cells were lysed by Trizol and total RNA isolated.
RNA was reverse transcribed into complementary
DNA (cDNA) using a M-MLV Reverse Transcriptase
(Promega, WI, USA). The real time PCR analyses were
performed using SYBR on a StepOne Plus Real Time PCR
system (Applied Biosystems, CA, USA). For SLC12A8,
the following primers were used: SLC12A8 forward
5'-GGTGGGCAGACGGGAGGCA-3" and SLC12A8
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reverse 5'-AGCGAAGGGCCTCTCGAGTG-3". For
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
the following primers were used: GAPDH forward
5'-CGAGATCCCTCCAAAATCAA-3" and GAPDH
reverse: 5'-TTCACACCCATGACGAACAT-3". The
relative expression of SLC12A8 was normalized to the
expression of GAPDH using the 2™*“ method.

Western blot

Cells were homogenized in radio immunoprecipitation
assay (RIPA) lysis buffer with 1% phenylmethanesulfonyl
fluoride (PMSF) (Solarbio, Beijing, China). The
proteins were analyzed by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrotransferred onto 0.2 pm polyvinylidene fluoride
(PVDF) membranes (Millipore, MA, USA), and blocked
utilizing 5% skimmed milk. Afterwards, membranes were
incubated with primary antibodies against the following:
SLCI12A8 (NovusBio, Littleton, CO, USA), Bax (Abcam,
Cambridge, MA, USA), Bcl-2 (Abcam, Cambridge, MA,
USA), E-cadherin (Abmart, Shanghai, China), N-cadherin
(Abmart), Vimentin (Abmart), and GAPDH (Affinity,
Shanghai, China). Subsequently, the membranes were
incubated with dye-coupled secondary antibodies (IRDye
680RD goat anti-rabbit and IRDye 680RD goat anti-
mouse from LI-COR Biosciences, Lincoln, NE, USA) for
1h at room temperature. Finally, membranes were scanned
using Odyssey Quantitative Fluorescent Imaging System
(LI-COR Biosciences).

RNA interference

Small interfering RNAs (siRNAs) targeting SLC12A8
and negative control siRNA, were provided by RiboBio
(Guangzhou, China). HiPerFect Transfection Reagent
(Qiagen, Hilden, Germany) was used for cells transfection
according to the manufacturer’s instructions. Protein and
total RNA were extracted 48-96 h after transfection for
further assays.

ROS measurement

ROS production was detected by Reactive Oxygen Species
Assay Kit (Beyotime, Shanghai, China) according to the
manufacturer’s protocol. After various treatments, cells
were washed with phosphate buffered solution (PBS)

and incubated with serum-free medium containing with
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2',7'-dichlorofluorescin diacetate (DCFH-DA) at 37 °C
for 20 min. Then DCFH-DA was removed and washed
with serum-free medium three times. Dichlorofluorescein
(DCEF) fluorescence distribution of cells was detected using
fluorescence microscope analysis (Olympus Fluoview,

Japan).

Cell viability assay

Cells were treated with oxaliplatin (40 pmol/L, AbMole,
Houston, TX, USA) for 48 h for further assays. Cell
viability was then determined by methylthiazolyldiphenyl
tetrazolium bromide (M'TT) assays. Briefly, cells cultured
at 96-well plates were incubated in the culture medium
containing MTT (5 mg/mL, Solarbio) and cultured for
4 h at 37 °C. The culture medium was then removed and
replaced with 150 pL. dimethyl sulfoxide (DMSO), followed
by additional 10 min of incubation at 37 °C. The absorbance
at 490 nm was read on a spectrophotometric plate reader
(Synergy4, BioTek, USA).

Statistical analysis

All bioinformatic analyses were conducted using the R
programming language (version 4.2.1) and R package
ggplot2 (version 3.3.6). The expression of SLC12A8 was
analyzed by Wilcoxon rank sum test in unpaired samples,
and paired t test in paired samples. The correlation between
quantitative variables was assessed using Spearman’s
correlation analysis. All experimental results were performed
in triplicate. Statistical significance was represented by
P<0.05 (*), P<0.01 (**), and P<0.001 (***).

Results

SLCI12A8 is overexpressed across multiple cancer types
including CRC

To investigate the expression patterns of SLC12A8 in
different types of cancer, we conducted a pan-cancer
analysis using mRNA expression data from TCGA
database and GTEx database. Out of 33 tumor types, 22
demonstrated statistically significant SLC12A8 upregulation
relative to normal tissue controls, including bladder
urothelial carcinoma (BLCA), breast invasive carcinoma
(BRCA), cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), cholangiocarcinoma (CHOL),
colon adenocarcinoma (COAD), lymphoid neoplasm diffuse

Transl Cancer Res 2024;13(7):3446-3464 | https://dx.doi.org/10.21037/tcr-24-87



3450 Sun et al. SLC12A8 is associated with CRC

>

= B3 Normal
B3 Tumor

Hkk
[}

The expression of SLC12A8
log, (TPM +1)

b
1
P
BE
=
—am— - -k
2

.-—
es e L

T

DRSNS

P P LR E TN S
LEE X F FORXJRSE S
B
g .

wx ® Normal
. ® Tumor

* Hkk ns Hekk
Sk

The expression of SLC12A8
log, (TPM +1)
N

ns
Wry / %\
. 3
KX F LTSS EL E L °&®§>§§@
®§§@§@$pp®\ﬂﬁyf@&0v£é¢ SRS

Figure 1 Expression status of SLC12A8 in pan-cancer. (A) Expression of SLC12A8 in TCGA cancers and normal tissues with the data of
the GTEx database. (B) Expression of SLC12A8 in TCGA paired cancers and adjacent normal tissues. ns, P>0.05; *, P<0.05; **, P<0.01;
*** P<0.001. SLC12AS8, solute carrier family 12 member 8; TCGA, The Cancer Genome Atlas; GTEx, Genotype-Tissue Expression;
TPM, transcripts per million; ACC, adrenocortical cancer; BLCA, bladder urothelial carcinoma; BRCA, breast cancer; CESC, cervical
squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid
neoplasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous
cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML,
acute myeloid leukemia; LGG, lower grade glioma; LTHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and
paraganglioma; PRAD, prostate adenocarcinoma; READ, rectal adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma;

STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid cancer; THYM, thymoma; UCEC, uterine corpus
endometrioid cancer; UCS, uterine carcinosarcoma.

large B-cell lymphoma (DLBC), esophageal carcinoma
(ESCA), glioblastoma multiforme (GBM), head and neck
squamous cell carcinoma (HNSC), kidney renal papillary
cell carcinoma (KIRP), lower grade glioma (LGQG), liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma
(LUAD), lung squamous cell carcinoma (LUSC),
ovarian serous cystadenocarcinoma (OV), pancreatic
adenocarcinoma (PAAD), prostate adenocarcinoma (PRAD),
rectum adenocarcinoma (READ), stomach adenocarcinoma

© Translational Cancer Research. All rights reserved.

(STAD), thymoma (THYM), uterine corpus endometrial
carcinoma (UCEC), and uterine carcinosarcoma (UCS)
(Figure 14). Mesothelioma (MESO) and uveal melanoma
(UVM) could not be analyzed due to the lack of sufficient
normal samples. Furthermore, comparison of 14 matched
tumor and adjacent normal tissues revealed consistent
SLC12A8 overexpression in cancerous tissues (Figure 1B).
After observing SLC12A8 overexpression profile
across multiple cancers, we focused our analysis on CRC
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Figure 2 SLCI12A8 expression in CRC patients. (A,B) Expression of SLC12A8 in CRC tissues and adjacent normal tissues according to
the TCGA database. (C,D) Expression of SLC12A8 in CRC tissues and normal tissues according to the GEO database. (E) SLC12A8
protein expression by immunohistochemistry in CRC tissues and normal tissues (x200) based on HPA database. Normal tissue images are
available from https://www.proteinatlas.org/ENSG00000221955-SLC12A8/tissue/colon#imid_7773246 (colon); https://www.proteinatlas.
org/ENSG00000221955-SLC12A8/tissue/rectum (rectum). CRC tumor tissue images are available from https://www.proteinatlas.org/
ENSG00000221955-SLC12A8/pathology/colorectal+cancer. (F) The promoter methylation levels of SLC12A8 in COAD and READ
patients based on UALCAN database. ***, P<0.001. SLC12A8, solute carrier family 12 member 8; TPM, transcripts per million; TCGA,
The Cancer Genome Atlas; GEO, Gene Expression Omnibus; HPA, The Human Protein Atlas; UALCAN, The University of ALabama at

Birmingham CANcer data analysis Portal; CRC, colorectal cancer; COAD, colon adenocarcinoma; READ, rectal adenocarcinoma.

specifically. By utilizing TCGA data, we discovered that
SLCI12A8 was significantly upregulated in 647 CRC tumor
samples versus 51 healthy colon controls (Figure 2A).
This was further validated in an independent cohort of
50 paired patient-derived CRC and adjacent normal tissues
(Figure 2B). In order to strengthen our findings, we also
analyzed two additional CRC datasets from the GSE21510
and GSE44076 of the GEO database. Consistently, both

© Translational Cancer Research. All rights reserved.

datasets revealed higher levels of SLC12A8 expression in
CRC patients (Figure 2C,2D). Lastly, higher SLC12A8
protein expression was detected in CRC tumors through
analysis of HPA database (Figure 2E). To further explore
the aberrant upregulated expression of SLC12A8 in CRC,
we assessed the methylation status of SLC12A8 in CRC
through UALCAN databases. The result displayed that the
methylation levels of SLC12A8 promoter was lower in both
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Table 1 Clinical characteristics of CRC patients

Low expression High expression

Characteristics ~ of SLC12A8 of SLC12A8 P value
(n=322) (n=322)

Pathologic T stage, n (%) 0.79
T1&T2 62 (9.7) 69 (10.8)
T3 220 (34.3) 216 (33.7)
T4 38 (5.9) 36 (5.6)

Pathologic N stage, n (%) 0.74
NO 179 (28) 189 (29.5)
N1 80 (12.5) 73 (11.4)
N2 60 (9.4) 59 (9.2)

Pathologic M stage, n (%) 0.72
Mo 241 (42.7) 234 (41.5)
M1 47 (8.3) 42 (7.4)

Pathologic stage, n (%) 0.84
Stage | 52 (8.3) 59 (9.5)
Stage Il 118 (18.9) 120 (19.3)
Stage lll 95 (15.2) 89 (14.3)
Stage IV 47 (7.5) 43 (6.9)

Age, n (%) 0.20
<65 years 130 (20.2) 146 (22.7)
>65 years 192 (29.8) 176 (27.3)

Gender, n (%) 0.38
Female 145 (22.5) 156 (24.2)
Male 177 (27.5) 166 (25.8)

SLC12A8, solute carrier family 12 member 8; CRC, colorectal
cancer; T, tumor; N, node; M, metastasis.

COAD and READ samples compared to normal samples
(Figure 2F).

Association between SLC12A8 expression and
clinicopathological characteristics in CRC

To elucidate connections between SLC12A8 expression
and clinicopathological features in CRC, we evaluated the
data of 644 CRC patients from the TCGA database. The
patients were categorized into low and high SLC12A8
expression groups as shown in 7able 1. Comparative analysis
revealed that SLC12A8 expression was elevated across

© Translational Cancer Research. All rights reserved.
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various pathological stages, tumor, node, metastasis (TNM)
stages, and lymphatic invasion statuses compared to normal
tissues (Figure 3A-3E). However, within the tumor tissues
of COAD patients, SLC12AS8 expression is relatively stable
among the aforementioned clinicopathological features.
These findings suggest a potential value of SLC12A8 in
the early diagnosis of COAD. Interestingly, a high level
of SLC12A8 mRNA expression was positively correlated
with specific histological subtypes (Figure 3F), suggesting a

connection with more aggressive disease characteristics.

SLC12A8 overexpression associates with poorer survival
and serves as a diagnostic indicator in CRC

We assessed the prognostic value of SLC12A8 in CRC with
Kaplan-Meier analysis. The results showed that increased
SLCI12AS8 expression was strongly associated with adverse
survival in CRC, including OS (Figure 44), RES (Figure 4B),
and post-progression survival (PPS) (Figure 4C). These data
indicate SLC12A8 expression levels hold prognostic utility
for predicting clinical outcomes. To further evaluate its
diagnosis value, we analyzed the SLC12A8 expression data
of 698 CRC and normal tissue samples from T'CGA using
ROC curve analysis. The AUC was 0.939 (95% CI: 0.906-
0.972) (Figure 4D), indicating excellent sensitivity and
specificity profile as a diagnostic biomarker. These results
suggest that SLC12A8 overexpression as both a prognostic
indicator of poor CRC patient survival and an accurate
diagnostic biomarker for colorectal malignancies.

SLCI12A8 expression associates with pathways regulating
chromatin architecture, cell death, and metabolism in CRC

To elucidate BP and pathways associated with SLC12A8
in CRC, gene expression profiling was performed on CRC
specimens stratified by high and low SLC12A8 mRNA
levels using TCGA datasets, which are based on the median
SLC12A8 expression value using the criteria of |log, (fold
change)| >1.0 and P<0.05. Differential analysis identified
1,165 DEGs, with 88 genes showing up-regulation and
1,077 genes showing down-regulation (Figure 5A4). To
identify the genes that are most strongly correlated with
SLCI12A8 in COAD, we presented the top 20 genes
that positively and negatively correlate with SLC12A8
expression in heatmaps (Figure 5B,5C).

The GO enrichment analysis of the identified DEGs
revealed several intriguing biological themes related to
chromatin assembly, apoptosis regulation, cell signaling
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modulation, and metabolic pathways as shown in the
bubble plot (Figure 5D). Notably, SLC12A8-correlated
targets showed marked enrichment for nucleosome and
protein-DNA complex organization, suggesting potential
modulation of global chromatin architecture. The most
enriched MF were protein heterodimerization activity,
signaling receptor activation and inhibition, and receptor
antagonist activity. Additionally, KEGG pathway analysis
showed enrichment for neutrophil extracellular trap
formation, peroxisome proliferator-activated receptor
(PPAR) signaling pathway, cholesterol homeostasis,
and nutrient metabolism emerged. The analysis implies
SLC12A8 expression promotes CRC pathogenesis in
part by eliciting epigenomic, cell death, and metabolic
reprogramming.
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SLC12A8 promotes extracellular matrix (ECM)
remodeling, transforming growth factor-beta (TGF-p)
signaling, and represses oxidative metabolism in CRC

In order to gain a broader understanding of the pathways
regulated by SLC12A8 in CRC, we conducted GSEA
analysis. GSEA based on the Reactome pathways indicated
that SLC12A8-high tumors displayed marked enrichment
for collagen formation, ECM proteoglycan, mesenchymal-
epithelial transition (MET) factor activates protein tyrosine
kinase 2 (PTK2) signaling, and integrin cell surface
interactions (Figure 64). Conversely, SLC12A8-low cancers
showed significantly enriched pathways linked to oxidative
stress-induced senescence, histone deacetylases (HDACs)
deacetylate histones, DNA damage/telomere stress induced
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senescence, and DNA methylation (Figure 6B). Additionally,
GSEA based on KEGG pathways revealed that pathways
such as ECM-receptor-interaction, small cell lung cancer,
TGF-p signaling pathway, and Fc gamma receptor-mediated
phagocytosis were enriched in tumors with elevated
SLCI12A8 expression (Figure 6C). On the other hand,
pathways involving ribosome, oxidative phosphorylation,
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systemic lupus erythematosus, and olfactory transduction
were enriched in tumors with reduced SLC12A8 expression
(Figure 6D). These GSEA results strongly suggest that
SLCI12A8 plays a role in regulating various BP relevant to
CRC pathogenesis. Further studies validating and detailing
these pathways mechanistically are warranted. Nonetheless,
this integrative analysis provides valuable perspective into
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the varied oncogenic processes influenced by SLC12A8
dysregulation to drive colorectal tumorigenesis.

SLC12AS8 interacts with related SLC12 transporters and
NAD" metabolism genes in CRC

To gain further insights into the interacting partners
and signaling networks involving SLC12A8 in CRC,
we constructed PPI networks using GeneMANIA and
STRING databases. Queried by GeneMANIA, SLC12A8

© Translational Cancer Research. All rights reserved.

exhibited topological connections with other members
of the SLCI12 family involved in ion transport, including
SLCI12A7 and SLC12A9 (Figure 7A). STRING database
analysis revealed additional links between SLC12A8
and multiple mediators of NAD" metabolism, including
NMNAT1, NMNAT3, NAMPT, NMRK1, NAPRT,
SLC25A51, and CD38 (Figure 7B). These results imply
participation of SLC12A8 in coordinated ion transport
processes and NAD+/NADP+ homeostatic pathways that

may contribute to its oncogenic roles in CRC.
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In order to further understand the role of SLC12A8 in
NAD" metabolism, we further evaluated the correlation
between SLC12A8 and 39 NAD+ metabolism-related genes
across CRC samples from TCGA. SLC12A8 levels showed
significant positive correlations with multiple mediators
governing NAD" biosynthesis (NAMPT, NMNAT1/3,
NADK), consumption (SIRT'1/3, PARPs), cellular import
(SLC25A51), and related transcriptional programs
(PPARG, PPARG targets) (Figure 7C, Figure S1). Negative
correlations were conversely detected with select catabolic
enzymes like NAPRT. These integrative findings confirm
tight transcriptional linkage between SLC12A8 and critical
control points regulating NAD" availability and flux in
CRC cells. The coordinated upregulation of SLC12A8 with
central NAD" metabolic regulators suggests its participation
in sustaining the NAD" abundance required to maintain
redox, signaling, and enzymatic processes necessary for
sustained proliferation and survival.

SLCI12A8 knockdown suppresses EMT and promotes
apoptosis and oxidative stress in CRC

To further validate the above bioinformatic results, we
performed wet experiments which confirmed that the
expression of SLC12A8 mRNA and protein were both
upregulated in human CRC cell lines (HT29 and HCT'116)
comparing to human benign colon cells (NCM460)
(Figure 84,8B). Loss-of-function studies were pursued
through siRNA-mediated knockdown (Figure §C,8D).
SLC12AS8 depletion resulted in increased expression
of epithelial marker E-cadherin alongside decreased
mesenchymal markers N-cadherin and vimentin (Figure SE),
indicative of impaired EMT, which is closely linked to tumor
progression, metastasis, and drug resistance in CRC (30).
Bcl-2 and Bax are two key regulatory genes involved in
apoptosis, with opposing functions. The ratio of Bcl-2/Bax
is commonly used to monitor apoptosis. In this study, the
groups with SLC12A8 knockdown showed decreased Bcl-2
protein expression and increased Bax protein expression
(Figure 8F), shifting CRC cells towards apoptotic cell
death. Moreover, we observed that SLC12A8 knockdown
significantly increased production of ROS in CRC cells
(Figure 8G), which play multiple roles in various signaling
cascades associated with cell proliferation, transformation
and cell death connecting to NAD+ metabolism (31).
Collectively, these direct perturbation experiments suggest
that SLC12A8 sustains CRC cell survival by stimulating

© Translational Cancer Research. All rights reserved.
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EMT programming and suppressing apoptosis and oxidative
stress pathways.

Knockdown of SLC12A8 enbances the sensitivity of colon
cancer cells to oxaliplatin

Given links between SLC12A8, NAD+ metabolism and
ROS production, we hypothesized SLC12A8-mediated
redox changes may affect oxaliplatin responses. Supportively,
colon cancer cells treated with oxaliplatin displayed a
significant increase in ROS production compared to mock-
treated control (Figure S2). Interestingly, a significant
elevated expression of SLC12A8 protein was observed in
oxaliplatin-treated colon cancer cells (Figure 94). SLC12A8
knockdown exhibited a notable decrease in CRC cell
viability following oxaliplatin treatment (Figure 9B). These
findings imply SLC12A8 induction enables metabolic
adaptations buffering against oxaliplatin cytotoxicity,
possibly by reducing ROS production.

Discussion

Through mining large-scale bioinformatics resources and
conducting functional experiments, here we demonstrate
that SLC12A8 is upregulated in CRC, associating with
poor prognosis. We further show SLC12A8 knockdown
suppresses EMT, elevates apoptosis and ROS production,
and enhance the sensitivity of CRC cells to oxaliplatin.
Our findings identify SLC12A8 as a candidate prognostic
biomarker, implying that targeting SLC12A8 could be a
promising approach for overcoming oxaliplatin resistance in
CRC patients.

SLC12A8 has been reported to play a role in NAD+
metabolism as an NMN transporter, allowing cells to meet
the urgent demand for NAD+ synthesis (12). It was found
that SLC12A8 has pro-tumor effects in various cancers
and other neoplastic disease such as psoriasis (32). High
expression of SLC12A8 has been linked to poorer prognosis
in breast carcinoma, possibly due to its involvement in cell
viability, invasiveness, and motility through the activation
of the TLR/NLR signaling pathway (13). Another recent
study reported that SLC12A8 is a predictive biomarker for
poor prognosis in lung cancer and mediates TKI resistance
through the PDK1/AKT axis (14).

Through analysis of the TCGA database, multiple
GEO datasets, and the HPA database, the current study
demonstrates that the expression of SLC12A8 in CRC
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reaction.

tissues is significantly higher than in normal tissues.
Additionally, survival analysis and ROC curve analysis
support SLC12AS8 as a promising prognostic indicator and
diagnostic biomarker for CRC. Beyond diagnostic and
prognostic utility, our work suggests SLC12A8 inhibition
may have therapeutic potential to restrain CRC growth and
improve chemotherapeutic efficacy. By analyzing the top
co-expressed genes with SLC12A8, we gain insights into its
functional roles in CRC. Several genes closely associated
with SLC12A8 have also been reported to promote the
development of CRC. For example, COPB2, which is
mainly found in the endoplasmic reticulum and Golgi stack
membrane, is involved in intracellular protein transport
and the development and progression of tumor cells (33).
In CRC, silencing COPB2 can inhibit cell proliferation
and induce apoptosis through the JNK/c-Jun signaling

© Translational Cancer Research. All rights reserved.

pathway (34). DCAF1, initially identified as a protein
interacting with HIV-1 Vpr, is involved in cell cycle regulation
and cell proliferation (35). Overexpression of DCAF1 has
been reported in colon cancer and is associated with histone
H2AT120 phosphorylation, leading to epigenetic gene
inactivation and oncogenic transformation (36). PRAPI, a
p53-responsive gene activated by genotoxic stress, has been
found to promote oxaliplatin resistance in CRC by reducing
terroptosis (37). Another study revealed that overexpression
of PRAP1 causes cisplatin resistance by inhibiting mitotic
checkpoint complex assembly in CRC (38). The coordinated
expression of these genes with SLC12A8 suggests their
involvement in shared oncogenic programs that drive tumor
progression. The GO and KEGG analyses and GSEA
were conducted to thoroughly investigate the biological
functions and potential mechanisms of SLC12A8 in the
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progression of CRC. The findings revealed significant
associations between SLC12A8 and DNA packaging,
signaling receptor activity, PPAR signaling pathway, ECM-
receptor-interaction, TGF- signaling pathway, oxidative
stress, and DNA damage response. These associations
indicate the potential mechanisms involved in SLC12A8-
mediated carcinogenic processes in CRC. By mapping
the PPI network for SLC12A8, we discovered close
connections with genes involved in NAD" metabolism, such
as NMNAT'1, NAMPT, NAPRT, SLC25A51, and CD38.
These genes have also been implicated in various human
malignancies (39-41). Cancer cells have the ability to
reprogram their metabolism to support rapid proliferation
and survival under limited energy resources and adverse
conditions (6). Cancer cells exhibit higher NAD*/NADH
and NADP*/NADPH ratios compared to noncancerous
cells, highlighting the importance of NAD" and NAD"*
metabolism-related genes in this metabolic alteration (42).
We further investigated the correlation between SLC12A8
and NAD" metabolism-related genes in the TCGA-CRC
dataset. The results demonstrated significant associations
between SLC12A8 expression and several of these genes,
highlighting the link between SLC12A8 and NAD"
metabolism-related proteins in promoting cancer.

In vitro experiments confirmed the predicted oncogenic

© Translational Cancer Research. All rights reserved.

function of SLC12A8 in CRC by demonstrating
upregulation of SLC12A8 in CRC cell lines. Additionally,
knockdown of SLC12A8 in CRC cells led to weakened
EMT, enhanced cell apoptosis, and increased ROS
production. ROS production plays a crucial role in redox
homeostasis and is vital for the survival of cancer cells.
Furthermore, the anti-tumorigenic signaling of ROS can be
targeted as a therapeutic approach, where increased ROS
levels reach toxic levels and deplete the antioxidant system
capacity, leading to programmed cell death and inhibition
of EMT (43,44). Therefore, our results provide evidence
supporting our hypothesis that SLC12A8 promotes CRC
cell survival and EMT by inhibiting ROS production.
Tumor NAD+ metabolism and ROS production have
been reported to play roles in promoting chemoresistance
(45,46). Oxaliplatin, a third-generation platinum-based
chemotherapeutic agent, has been clinically proven to
combat a variety of malignancies, and is recommended as
a first-line therapeutic regimen for metastatic CRC (47).
It interacts with DNA to induce the formation of Pt-DNA
adducts, subsequently resulting in cancer cell death (48).
Unfortunately, intrinsic or acquired resistance to oxaliplatin
based combinations still is the major cause of treatment
failure (49). In this study, we demonstrated that SLC12A8
was upregulated in oxaliplatin treated CRC cells and
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knockdown of SLC12A8 enhances the sensitivity of CRC
cells to oxaliplatin. In addition, the differences in response
between HT29 and HCT116 following simultaneous
exposure to oxaliplatin combined with SLC12A8
knockdown may be attributed to the different genetic
backgrounds of these cell lines. The HT29 cells have
wild-type KRAS, while HCT116 cells carry the activating
G13D mutation in KRAS (50). Many studies have reported
the importance of NAD" metabolism in KRAS-mutated
cancers (51,52). For this reason, NAD" is likely more
important for the survival of HCT116 cells than for HT29
cells. Therefore, it would be of great interest to elucidate
more detailed relationship between KRAS mutation and
SLC12A8, which will support the rationale to explore
new therapies such as inhibitors of NAD" biosynthesis
as combinational therapy with oxaliplatin to prevent the
development of oxaliplatin resistance.

Conclusions

In conclusion, we clarified the pro-cancer role of SLC12A8
in CRC from multiple perspectives. It is suggested that
SLC12A8 can be used as a diagnostic and prognostic
biomarker, and a promising therapeutic target for CRC.
While compelling, additional investigations into the
precise molecular underpinnings of SLC12A8 signaling are
still needed. Furthermore, validation of its clinical utility
as a biomarker using patient samples along with in vive
preclinical models evaluating therapeutic inhibition promise
to provide more definitive evidence supporting translation
of our findings. Overall, this work provides a strong
foundation establishing SLC12AS8 as a potential biomarker
and chemotherapeutic target in CRC worthy of continued
research.
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