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Abstract

Colorectal cancer (CRC) is the third most common cause of death worldwide and has high mortality and a poor prognosis.
Long non-coding RNAs (IncRNAs) are non-coding RNAs longer than 200 nucleotides that play roles in cancer through
multiple mechanisms. TMEM51-AS1 is a newly discovered 40,650 bp IncRNA. Our results showed that TMEM51-AS1
expression was significantly downregulated in CRC tissues (fold change =0.74, P <0.0001). This finding was confirmed in
20 pairs of CRC carcinoma and paracancerous tissues (fold change=0.5, P <0.001). Additionally, TMEM51-AS1 expression
was found to be significantly reduced in CRC cell lines compared to normal human intestinal epithelial cells (P <0.001).
Bioinformatic analysis revealed that TMEM51-AS1 expression was associated with immune escape, RNA methylation, and
DNA damage and repair. TMEM51-AS1 may also activate energy metabolism pathways to participate in cancer develop-
ment. Drug sensitivity analysis confirmed that several drugs are more effective in CRC patients with high expression of
TMEM51-AS1. In conclusion, our study demonstrates that TMEM51-AS1 can suppress the progression of CRC.
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1 Introduction

Colorectal cancer (CRC) is a malignant tumor of the digestive system originating from the colorectal mucosal epithelium,
with high morbidity and mortality rates [1]. Currently, CRC treatment typically involves surgical resection as the primary
approach, supplemented by chemotherapy, radiotherapy, targeted therapy, and immunotherapy [2]. However, despite ongo-
ing advancements in CRC treatments, a clinical cure remains uncommon, with most patients only able to extend their survival
through these combination therapies [3, 4]. This phenomenon is primarily due to the development of treatment side effects,
drug resistance, and the lack of predictive biomarkers for treatment efficacy [5-7]. Therefore, developing novel prognostic
and therapeutic strategies for CRC, particularly targeting therapeutic approaches, is crucial to overcoming the limitations of
existing therapies and improving clinical outcomes and patient prognosis [8].

Non-coding RNA (ncRNA) refers to RNA molecules that do not encode proteins. They play a key role in cancer develop-
ment through gene regulation, shaping the tumor microenvironment, and acting as tumor-promoting or suppressing
molecules [9, 10]. The expression patterns and functions of ncRNAs in the unique environment of cancer reveal their
potential as diagnostic markers, prognostic indicators, and therapeutic targets [11]. With continuous research progress,
treatments based on certain ncRNAs have gradually entered clinical application [12, 13].

TMEM51-AS1 is a 40,650 bp long non-coding RNA (IncRNA) located on human chromosome 1p36.21. According to the
CNGBdb database, TMEM51-AS1 is expressed in 17 tissues including the brain, ovary, and prostate. A bioinformatics study
of TCGA data found that TMEM51-AS1 expression was significantly positively correlated with increased overall survival
of chromophobe renal cell carcinoma (chRCC) by comparing chRCC tissues and paracancerous tissues (59 vs 23). The
study also established a ceRNA network of TMEM51-AS1 through correlation analysis [14]. Another bioinformatics study
of TCGA data found that TMEM51-AS1 was highly expressed in laryngeal squamous cell carcinoma (LSCC) tissues and
could be used as a potential biomarker for LSCC overall survival prognosis. This was determined by comparing 16 pairs of
LSCC tissues and adjacent tissues. This study found that the regulation of TMEM51-AS1 is influenced by the methylation
of its promoter CGl. When there is an increase in TMEM51-AS1 levels, it can function as a ceRNA for miR-106b, leading to
a decrease in the expression of SNX21 and TRAPPC10 [15].

Overall, these advanced studies have strongly demonstrated the significant potential and value of TMEM51-AS1 as
a novel cancer treatment target. However, current research on TMEM51-AS1 is limited in its coverage of various cancer
types and its mechanisms of action. This study centers on TMEM51-AS1 as a critical regulatory molecule in colorectal
cancer. We analyzed its differential expression patterns and explored its multifaceted regulatory roles within the tumor
microenvironment. Our results reveal that TMEM51-AST1 is associated with multiple methylation events and contributes
to tumor progression via pathways related to metabolic reprogramming and impaired DNA repair. Notably, TMEM51-AS1
is strongly correlated with cancer stem cell characteristics, suggesting a role in sustaining stemness and contributing
to recurrence and treatment resistance. This provides a novel perspective for understanding the mechanisms of CRC
progression. Furthermore, our findings indicate that TMEM51-AS1 is closely linked to the efficacy of chemotherapeutic
agents and the regulation of immune checkpoint pathways. These associations highlight its potential as a therapeutic
biomarker for both drug sensitivity and immunotherapy responsiveness. This study not only lays a solid foundation for
further in-depth research but also provides new perspectives and strategies for the treatment of CRC.

2 Materials & methods

2.1 Sample selection and TMEM51-AS1 expression stratification in CRC analysis

We downloaded gene expression profiles and somatic mutation data for TCGA-COAD (521 tumor samples and 41 adjacent
non-tumor samples) and TCGA-READ (177 tumor samples and 10 adjacent non-tumor samples) from the TCGA database.

We also obtained data for normal intestinal tissue (308 samples) from the GTEx database. The GTF annotation file was
downloaded from the Ensembl Genome Browser and gene IDs were converted into gene symbols. Genes with zero
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expression (n =20,061) were removed to extract an expression profile composed of 39,499 genes. After excluding sam-
ples lacking somatic mutation data, we successfully screened 614 TCGA colorectal cancer (CRC) samples. Subsequently,
utilizing a median expression value of 0.889 (in transcripts/million, denoted as TPM) for TMEM51-AS1, we categorized
the samples into two distinct groups: the TMEM51-AS1 high expression group and the low expression group. Specifi-
cally, CRC samples with TMEM51-AS1 expression values exceeding 0.889 were classified into the high expression group,
comprising 307 patients. Conversely, samples with expression values below 0.889 were assigned to the low expression
group, also consisting of 307 patients. This meticulous grouping approach provides robust data support for subsequent
in-depth research endeavors.

2.2 Human CRC tissues and cell lines

In this study, we enrolled 20 CRC patients from Shaoxing People’s Hospital with an average age of approximately 64 years
(range: 37-83 years). Half of the patients were in T4 and NO stages and 90% were in M0 stage. We found no significant dif-
ference in the expression ratio of TMEM51-AS1 between cancer tissues and adjacent non-tumor tissues when comparing
patients with different tumor locations, TMN stages, stages or genders. All patients met the criteria of being diagnosed
with CRC and having no other complications (Table 1). The study protocol received approval from the Ethics Committee
of Shaoxing People’s Hospital (2020-K-Y-254-01) and we confirm that all methods were performed in accordance with
the relevant guidelines and regulations. These samples were stored at — 80 °C until required for use. This study utilized
two types of human CRC cells: HCT-15 and LOVO cells, as well as immortalized human normal colonic epithelial NCM-
460 cells (iCell Bioscience Inc., Shanghai, China). After being tested for mycoplasma contamination, all cell lines were
cultured in 1640 medium supplemented with 10% bovine serum (Nanjing BioChannel Biotechnology Co., Ltd). The cells
were maintained at 37°C in a humidified atmosphere containing 5% CO,.

2.3 TMEM51-AS1 correlation with RNA methylation modification

RNA methylation modification is an emerging player in post-transcriptional gene expression regulation. It has multiple
roles in global regulation and fine-tuning of gene expression [16]. This modification affects gene expression by regulating
RNA metabolism, splicing, stability, and translation. It plays an important role in regulating various biological functions
and is associated with tumor development and progression [17]. As shown in Table S1, genes related to RNA methyla-
tion modification include 23 m6A modification genes [18], 12 m5C modification genes [19], and 10 m1A modification
genes [20]. Our study explored the correlation between TMEM51-AS1 and RNA methylation modification by comparing
the expression levels of RNA modification-related genes in high- and low-expression groups.

2.4 KEGG and GO Enrichment Analysis of TMEM51-AS1 in CRC Progression

To identify signaling pathways significantly associated with TMEM51-AS1 and investigate the molecular mechanisms
underlying CRC progression, we conducted KEGG pathway and GO function enrichment analysis using GSEA software
(version 4.2.3). Signature gene sets were collected from the Molecular Signature Database v7.1. The enrichment score
indicates the extent to which a gene set in a pathway is upregulated or downregulated in a set of samples. Gene sets with
an absolute normalized enrichment score greater than 1 and a false discovery rate (FDR) less than 0.25 were considered
significantly enriched [21].

2.5 Association analysis of TMEM51-AS1 expression with somatic mutations and DNA repair genes in CRC

Somatic mutations play a crucial role in transforming normal cells into cancer cells by increasing cellular competitiveness
and promoting cell proliferation [22]. We used the maftools package [23] to analyze somatic mutation data from CRC
patients. This allowed us to identify genes with significantly different mutation rates between groups with high and low
expression of TMEM51-AS1 and to determine which mutated genes were significantly associated with TMEM51-AS1.
The DNA damage and repair system is responsible for repairing DNA damage caused by both endogenous and exog-
enous factors. It helps to repair gene mutations and maintain the genome stability of human cells [24]. We identified
210 DNA repair-related genes from the human DNA repair gene website (Table S2) and evaluated their relationship with
TMEM51-AST.

@ Discover



Research

Discover Oncology

(2025) 16:878

| https://doi.org/10.1007/512672-025-02676-z

Table 1 Statistical analysis of

N A Variables Number Expression ratio* P value
clinical information from 20
CRC patients Gender

Male 14 0.59(0.4-0.85) 0.51
Female 6 0.65(0.28-0.92)

Age
> 64 10 0.68(0.39-0.92) 0.11
<64 10 0.54(0.28-0.85)

Tumor location
Left colon cancer 12 0.60(0.28-0.85) 0.8
Right colon cancer 8 0.62(0.44-0.85)
T2 1 0.92 0.82
T3 8 0.58(0.40-0.84)
T4 11 0.60(0.28-0.85)

M
MO 18 0.58(0.28-0.92) 0.23
M1 2 0.85

Stage
| 1 0.92 0.08
Il 9 0.64(0.4-0.85)
1l 7 0.51(0.28-0.65)
\Y 3 0.85
NO 11 0.66(0.39-0.92) 0.4
N1 5 0.54(0.47-0.64)
N2 4 0.56(0.28-0.85)

“Expression ratio of TMEM51-AS1 between cancer tissues and adjacent non-tumor tissues

2.6 Correlation between TMEM51-AS1 and immune escape in CRC

The relationship between TMEM51-AS1 and immune checkpoint loci was evaluated using Pearson correlation analysis.
Chemokines, a subfamily of cytokines, play a crucial role in immune cell trafficking and lymphoid tissue development
[25]. They are involved in various cancer developmental processes such as angiogenesis, metastasis, cancer cell prolif-
eration and stemness [26]. As key factors in tumor development, chemokines can be targets for immunotherapy [26].
We identified 46 chemokines from the literature [27] and investigated their correlation with TMEM51-AS1 by comparing
their expression levels in high and low expression groups. The TIDE algorithm was used to predict the efficacy of immune
checkpoint blockade therapy (anti-PD-1/anti-CTLA-4) [28]. The TIDE score represents the efficacy of immune drugs (anti-
PD1, anti-CTLA4) on patients with CRC, IFNG can drive the maturation of innate immune cells [29]. Dysfunction represents
T cell dysfunction and exclusion represents T cell-mediated rejection.

2.7 Exploring the relationship between TMEM51-AS1 and tumor stemness

Cancer stem cells (CSCs) are a type of tumor cell with the potential to differentiate into multiple lineages. They are often
considered the initiating cells of cancer and have been shown to play a significant role in tumor growth, invasion, metas-
tasis, and recurrence [30]. CSCs typically exhibit higher drug resistance and tolerance compared to normal tumor cells.
CSCssignaling can also modify the tumor microenvironment by directly modulating tumor-infiltrating lymphocytes for
cancer development [31]. The stemness index is used to evaluate the similarity between tumor cells and stem cells and
is associated with active biological processes in stem cells and a higher degree of tumor dedifferentiation. To investigate
the relationship between TMEM51-AS1 and tumor stemness, we identified 26 stemness gene sets from the literature
(Table S3) and used the ssGSEA algorithm to quantify the enrichment score of stemness genes between two groups. We

@ Discover



Discover Oncology (2025) 16:878 | https://doi.org/10.1007/512672-025-02676-z
Research

also used stem cell populations from the PCBC database and their differentiated ectoderm, mesoderm, and endoderm
progenitor cell information as an initial dataset to train and derive the stemness index mRNAsi using the OCLR algorithm.

2.8 Assessing chemotherapeutic drug sensitivity in CRC patients based on TMEM51-AS1 expression levels

We used the pRRophic package to calculate the half-inhibitory concentration (IC50) of chemotherapeutic drugs for each
CRC patient. This allowed us to assess each patient’s sensitivity to chemotherapeutic drugs. We then compared the drug
sensitivity differences between the high TMEM51-AS1 expression group and the low TMEM51-AS1 expression group for
commonly used chemotherapeutic drugs.

2.9 Correlation between TMEM51-AS1 and energy metabolism pathways

Alterations in energy metabolism pathways are crucial to support cancer cell growth, division, and migration. We inves-
tigated the potential correlation between TMEM51-AS1 and these pathways. First, we identified 590 genes related to
energy metabolism from the GeneCards database. We then compared the expression of these energy metabolism-related
genes between high and low TMEM51-AS1 expression groups.

2.10 Statistical analysis

All statistical analyses were performed using R software (version 4.10). The ggplot2 package was utilized for graph visu-
alization [32], while the maftools package was employed to analyze somatic mutation data. The mafCompare function
was used to screen for genes with differences in mutation rates between high and low expression. GSEA software (Broad
Institute, Massachusetts, USA) was employed to study the signaling pathway related to TMEM51-AS1. The Wilcoxon test
was used to compare expression differences of RNA methylation modification-related genes between TMEM51-AS1 high
and low expression groups. Additionally, the Wilcoxon test was used to compare the expression difference of TMEM51-
AS1 between cancer and normal tissues. Statistical significance was defined as p < 0.05.

3 Results
3.1 TMEM51-AS1 is downregulated in CRC

We combined the COAD and READ samples from the TCGA database and removed samples without somatic mutation
data. This resulted in a total of 614 CRC samples and 359 paracancerous samples. Wilcoxon test analysis revealed that
TMEMS51-AS1 expression in CRC tissues was significantly lower than in normal tissues (fold change =0.74, P < 0.0001)
(Fig. TA). Additionally, we used gRT-PCR experiments to measure TMEM51-AS1 expression in 20 pairs of CRC cancer and
paracancerous tissues (Fig. 1B). Our results showed that TMEM51-AS1 was significantly downregulated in CRC tissues
(fold change =0.6, P < 0.001). We also observed an decrease in TMEM51-AS1 expression in CRC cell lines compared to
human normal epithelial cells (NCM460) (HCT-15: 0.6 times; LOVO: 0.5 times; P < 0.001) (Fig. 1C).

3.2 TMEM51-AS1 positively correlates with RNA methylation

RNA methylation can be catalyzed by writer enzymes [33] and reversed by eraser enzymes through demethylation [34].
Reader enzymes recognize and bind to modified RNA [35]. Our research found that writer-related genes such as ZC3H13,
METTL3, METTL14, RBM15, RBM15B, VIRMA, TRMT6, TRMT61B, DNMT1, DNMT3 A, DNMT3B, NSUN2, NSUN3, and NSUN4
were more highly expressed in the high-expression group. Additionally, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3,
HNRNPA2B1, IGF2BP2, ALYREF, and other reader-related genes had higher expression levels in the high-expression group
(Fig. 2A-C). Therefore, TMEM51-AS1 may promote RNA methylation modification in CRC by increasing the expression of
writer and reader-related genes and decreasing the expression of eraser genes.
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Fig.1 TMEM51-AS1 is downregulated in CRC tissues. A. Compared with normal intestinal tissues, TMEM51-AS1 was underexpressed in
CRC tissues. *** indicates P < 0.001. B. Pathological sections of CRC and paracancerous tissue were stained with HE. In the cancer tissue,
tumor cells were arranged in irregular glandular and nest-like structures with large nuclei and visible mitotic figures. C. Paracancerous tissue
showed mucosa interstitial edema, normal gland distribution, and locally visible calcified schistosome egg nodules. TMEM51-AS1 is also sig-
nificantly upregulated in CRC HCT-15 and LOVO cells relative to human normal epithelial intestinal cells (NCM-460)

3.3 TMEM51-AS1-related pathways and biological functions

To investigate the potential mechanisms by which TMEM51-AS1 participates in cancerogenesis, we displayed the
top three KEGG pathways with significant enrichment results based on Net enrichment score (NES) and P value. As
shown in Fig. 3A, the biological functions associated with the high TMEM51-AS1 expression group include deubig-
uitinase activity, guanyl nucleotide exchange factor activity, and PDZ domain binding. The main biological functions
associated with the low TMEM51-AS1 expression group include NADH dehydrogenase complex assembly, proton
motive force-driven ATP synthesis, and respirasome. Figure 3B shows that the biological pathways associated with
the high TMEM51-AS1 expression group include adherens junction, lysine degradation, and phosphatidylinositol
signaling system pathways. The main biological pathways associated with the low TMEM51-AS1 expression group
include allograft rejection, oxidative phosphorylation, and ribosome pathways.

3.4 TMEM51-AS1 is associated with TP53 somatic mutations and DNA repair

Somatic mutations can deactivate tumor suppressor genes and cause mutations in proto-oncogenes, leading to the
development of tumors [36]. Our research examined the differences in somatically mutated genes among various
subgroups and discovered that the TP53 mutation rate was significantly higher in the TMEM51-AS1 high expression
group compared to the low expression group (60% vs 41%, P < 0.001) (Fig. 3C). TP53 plays a vital role in how cells
respond to different stresses and ensures genome integrity. Defective TP53 genes can result in cancer development
[37]. TMEM51-AS1 may increase tumor malignancy by promoting TP53 gene mutation. According to the results shown
in Fig. 3C, the mutation rate of 11 genes was significantly lower in the TMEM51-AS1 high expression group compared
to the TMEM51-AS1 low expression group (CDH5: 1.3% vs 7.5%; KIRREL3: 0.6% vs 5.9%; NOTCH2: 1.3% vs 7.2%; MYO10:
1.3% vs 7.8%; CTC1: 0.3% vs 4.6%; CYP4 F12: 0.3% vs 4.2%; PKN3: 0.3% vs 4.2%; ALDH18 A1: 0% vs 3.3%; RALBP1: 0%
vs 3.3%; SPECC1: 1.9% vs 7.5%; KCNQ2: 1.6% vs 6.8%; all P < 0.001). Notably, these genes play critical roles in tumor
progression by modulating key biological processes, including cell proliferation, invasion, angiogenesis, metabolic
reprogramming, and chromosomal stability [38-47]. Dysregulation or functional aberrations in these genes may
contribute to tumorigenesis and tumor maintenance, thereby positioning them as potential molecular targets for
the development of novel therapeutic strategies in cancer treatment.

TMEMS51-AS1 may reduce tumor malignancy by inhibiting proto-oncogene mutations. Figure 3D shows that the
expression levels of 35 DNA repair-related genes were higher in the high TMEM51-AS1 expression group. This suggests
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Fig.2 TMEM51-AS1 positively correlates with RNA methylation modification. TMEM51-AST1 is positively correlated with m1 A (A), m6 A (B),
and m5 C (C€) modification-related genes. The statistical significance of these correlations is indicated by P-values less than 0.0001 (****) and
0.05 (*), with no significant difference indicated by “ns”

that the DNA repair system may be inhibited in patients with low TMEM51-AS1 expression. Therefore, TMEM51-AS1
may reduce tumor malignancy by enhancing DNA repair pathways.

3.5 TMEM51-AS1 inhibits immune escape of CRC cells

To investigate the relationship between immune escape of CRC cells and TMEM51-AS1, we used correlation analysis to
assess the association of TMEM51-AS1 with stimulatory and inhibitory immune checkpoints. As shown in Fig. 4A, TMEM51-
AS1 was inversely associated with multiple inhibitory immune checkpoint genes, including CD244, CD366, IDO1, LAG3,
LGALS9, PDCD1, PD-L2, and TGFB. TMEM51-AS1 was positively associated with several stimulatory immune checkpoint
genes, including ADORA2 A, CD160, KDR and IL6R, KLRK1, TNFRSF25, and TNFSF15. These results suggest that patients
with low TMEM51-AS1 expression may be more prone to immune tolerance.

As shown in Fig. 4B, we found that 20 chemokines were more highly expressed in the TMEM51-AS1 low expression
group compared to the TMEM51-AS1 high expression group. Monocytes are recruited to the tumor microenvironment
(TME) and differentiate into tumor-associated macrophages (TAMs). Chemokines such as CCL2 [48], CCL5 [49], and CCL8
[50] are responsible for recruiting TAMs into the TME, where they promote tumor progression and suppress immune path-
ways. CCL18 is produced and secreted by TAMs and promotes tumor cell proliferation, migration, and invasion through
receptors PITPNM3 and CCRS. It also recruits naive CD4* T cells into the TME and promotes their transformation into Treg
cells [51]. Treg cells suppress anti-tumor immune responses and contribute to cancerimmune escape [52]. Chemokines
such as CCL1, CCL17, and CCL22 recruit Treg cells into the TME [53]. Chemokines such as CXCL9, CXCL10, and CXCL11
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Fig.3 TMEM51-AS1 is associated with DNA damage and repair. The main enriched GO molecular functions (A) and KEGG pathways (B) in
the high and low expression groups of TMEM51-AS1. C. TMEM51-AS1 is also related to somatic mutation, with the OR representing the ratio
and a P-value less than 0.001 indicating statistical significance. D. DNA repair genes associated with TMEM51-AS1

promote the proliferation and metastasis of liver cancer and colorectal cancer tumors [54]. Therefore, TMEM51-AS1 may
enhance patients’immune response ability by inhibiting the expression of chemokines.

TIDE analysis showed that patients with low TMEM51-AS1 expression had higher TIDE scores, IFNG gene expression
levels and T cell dysfunction scores compared to patients with high TMEM51-AS1 expression (Fig. 4C). A high TIDE score
indicates a higher chance of immune escape. This suggests that patients with low TMEM51-AS1 expression may be more
likely to experience immune escape while those with high TMEM51-AS1 expression may be more likely to benefit from
immunotherapy. In summary, TMEM51-AS1 may inhibit CRC immune escape.

3.6 Relationship between TMEM51-AS1 and tumor stemness and chemotherapeutic drug sensitivity
As shown in Fig. 5A, the stemness score was higher in the TMEM51-AS1 low expression group and TMEM51-AS1 was

significantly negatively correlated with tumor stemness index (mRNAsi) (P <0.001) (Fig. 5B). This indicates that patients
with low TMEM51-AS1 expression had a higher stemness index. We also observed that patients with high TMEM51-AS1
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Fig.4 TMEM51-AS1 inhibits immune escape in CRC cells. Correlation of TMEM51-AS1 with immune checkpoint loci (left: stimulatory loci,
right: inhibitory loci). B. TMEM51-AS1 is significantly correlated with chemokines C. There is a significant difference in the response to immu-
notherapy between the high and low expression groups of TMEM51-AS1. The statistical significance of these correlations is indicated by
P-values less than 0.0001 (****), 0.001 (***) and 0.01(**), with no significant difference indicated by “ns”

expression were more sensitive to chemotherapeutic drugs such as Axitinib, Gefitinib, Nilotinib, PD173074, PLX-4720,
RO-3306, Vorinostat, and ZM447439 (Fig. 5Q).

3.7 Relationship between TMEM51-AS1 and energy metabolism pathways

We conducted Wilcoxon detection analysis and identified 22 differentially expressed energy metabolism-related genes
between the high and low TMEM51-AS1 expression groups. Among these, 17 genes were significantly negatively cor-
related with TMEM51-AS1 expression (Fig. 5D). Key regulatory genes such as ECHS1, GSTO1, TP1, VDAC1, and UBB were
included in this group. Based on these findings, we speculate that TMEM51-AS1 may contribute to cancer progression
by activating energy metabolism pathways.

4 Discussion

In this study, we analyzed the TCGA and GTEx databases and found that TMEM51-AS1 was significantly underexpressed
in CRC tissues. Our experimental results further confirmed that TMEM51-AS1 expression was significantly lower in CRC
tissues compared to normal intestinal tissues. We also found that TMEM51-AS1 expression was significantly lower in CRC
cells compared to human normal intestinal epithelial cells. Through bioinformatics analysis, we obtained the following
results: TMEM51-AS1 was positively correlated with RNA methylation modification and was mainly involved in energy
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Fig.5 Association of TMEM51-AS1 with tumor stemness and chemotherapeutic drug sensitivity. A. TMEM51-AS1 expression was correlated »
with a lower tumor stemness score. B. TMEM51-AS1 is negatively correlated with tumor stemness index mRNAsi. C. TMEM51-AS1 expression
correlates with lower IC50 of multiple anticancer drugs. D. TMEM51-AS1 expression was correlated with energy metabolism pathway

metabolism and signal transduction-related pathways. TMEM51-AS1 can reduce proto-oncogene mutations by enhanc-
ing DNA repair ability. Additionally, TMEM51-AS1 can inhibit immune escape of CRC cells, reduce tumor stemness, and
increase sensitivity to anticancer drugs.

The expression of immune checkpoints affects the effectiveness of immunotherapy [55]. It has been reported that
IncRNA POU3F3 promotes the migration and invasion of nasopharyngeal carcinoma cells by upregulating the expression
of immune checkpoint TGFB1 [56]. In this study, we found that TMEM51-AS1 was inversely associated with inhibitory
immune checkpoints. Chemokines can aggravate tumor cell malignancy [57]. Additionally, IncRNA-135528 suppresses
tumor progression by upregulating CXCL10 through the JAK/STAT pathway [58]. RAMP2-AS1 inhibits the malignant
phenotype of breast cancer by recruiting DNMT11 and DNMT1B to suppress CXCL3 expression [59]. We found that
TMEM51-AS1 was negatively associated with chemokines. Therefore, high expression of TMEM51-AS1 in CRC may inhibit
the expression of inhibitory immune checkpoints and chemokines, thereby inhibiting tumor progression.

Epigenetic modifications can trigger the silencing or overexpression of IncRNAs in cancer [60]. N1-methyladenosine
(m1A) is a common and reversible post-transcriptional RNA modification that influences the processing, structure, and
function of target RNA. It is positively linked to cancer development [61]. 5-Methylcytosine (m5C) is a reversible epige-
netic modification that plays a crucial role in regulating RNA stability, protein synthesis, and transcription [62]. N6-meth-
yladenosine (m6A) is an abundant and conserved internal transcriptional modification that has significant effects on
RNA production and metabolism. It is involved in the development of various diseases, including cancer [33]. Research
has shown that the m6A methylation modifier gene METTL3 can increase the expression of LINCO1559, regulating the
miR-106b-5p/PTEN axis to inhibit CRC progression [63]. Our paper found that the expression of m6A, m1A, and m5C
reader- and writer-related genes was higher in the TMEM51-AS1 high expression group. At the same time, the expression
of the m1A eraser gene ALKBH1 was lower in the TMEM51-AS1 high expression group. Notably, the m6A eraser gene FTO
was highly expressed in the TMEM51-AS1 high expression group, and its specific mechanism of action requires further
study. Down-regulation of RNA methylation modification-related gene METTL14 in liver cancer can affect the expression
of cell cycle-related proteins and inhibit cell cycle progression [64]. Our study found that TMEM51-AS1 expression was
associated with high levels of RNA methylation modification.

Deubiquitinase is a multistep enzymatic process involved in various cellular biological activities [65]. Guanyl nucleotide
exchange factors promote cell proliferation and migration [66]. PDZ domain proteins may play key roles in cytoskeletal
organization and in the organization of macromolecular complexes involved in intercellular signaling, transport, and cell
wall formation [67]. The products of lysine degradation are involved in mitochondrial metabolism [68]. The phosphati-
dylinositol signaling system is a signal transduction system that can initiate subsequent signaling cascade reactions when
signaling molecules such as hormones and neurotransmitters bind to its receptors [69]. Therefore, TMEM51-AS1 may
be positively associated with signaling-related pathways. The NADH dehydrogenase complex catalyzes the oxidation
of NADH to NAD* and participates in energy metabolism [70]. ATP synthase couples transmembrane proton transport
to ATP synthesis from ADP and inorganic phosphate driven by a proton motive force [71]. The respirasome, an impor-
tant part of the oxidative phosphorylation system, transfers electrons from electron donors to oxygen and generates a
proton concentration gradient on the mitochondrial membrane through coupled proton translocation [72]. Oxidative
phosphorylation is often upregulated in tumor cells to support the energetic demands required for tumor growth and
proliferation [73]. Hyperactive ribosome biogenesis promotes cell growth and proliferation and enhances protein syn-
thesis [74]. Therefore, TMEM51-AS1 may be negatively associated with pathways related to energy metabolism.

While most IncRNAs have been shown to promote cancer stemness traits, some IncRNAs also hinder cancer and
cancer stem cell (CSC) traits [75]. For example, IncRNA DILC inhibits the expansion of hepatic CSCs by directly binding
to the IL-6 promoter and inhibiting IL-3/STAT6 signaling [76]. LINC00467 has been found to promote Axitinib resist-
ance through the miR-509-3p/PDGFRA axis [77]. LncRNA OSER1-AS1 interacts with the miR-612/FOXM1 axis to regulate
Gefitinib resistance in lung adenocarcinoma [78]. Previous studies have demonstrated that IncRNA H19 enhances the
stemness of CRC cells and promotes oxaliplatin resistance in CRC cells by activating the Wnt/B-catenin pathway [79].
LncRNATUGT accelerates CRC stem cell identity and oxaliplatin resistance [80]. Our study found that patients with high
TMEM51-AS1 expression had higher sensitivity to chemotherapy drugs such as Axitinib, Gefitinib, Nilotinib, PD173074,
PLX-4720, RO-3306, Vorinostat, and ZM447439 and lower tumor stemness. Therefore, we speculate that TMEM51-AS1
may enhance the sensitivity of cancer cells to chemotherapeutic drugs by reducing tumor stemness.
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Despite the progress made in understanding the role of TMEM51-AS1 in CRC, there are still several limitations to the
current research. Firstly, this study had a small sample size and its findings need to be confirmed with larger samples
and in other populations. Secondly, only HCT-15 and LOVO cell lines were used in the experiment and further research
should include more CRC cell lines. Additionally, animal models are required to validate the results under in vivo condi-
tions. Lastly, the molecular mechanism of TMEM51-AS1 in CRC is not yet fully understood and more research is needed
to provide a theoretical basis for targeted therapy through TMEM51-AS1 in CRC. Broadly, strategies for restoring or
reactivating gene expression are typically employed to counteract gene silencing caused by aberrant methylation or
histone modifications. In contrast, gene upregulation strategies aim to enhance transcriptional or translational efficiency
beyond physiological levels through various technical approaches [81, 82]. Numerous studies have demonstrated that
IncRNAs participate in genome organization, cellular architecture, and gene expression through diverse mechanisms,
including epigenetic regulation—such as the formation of nucleic acid-protein complexes—as well as modulation of
RNA, DNA, or protein molecules implicated in cancer progression. LncRNAs often display disease-specific, tissue-specific,
and cell-type-specific expression patterns [83]. In this context, downregulation of TMEM51-AS1 may facilitate immune
escape by promoting T cell exhaustion and modulating immune checkpoint expression [84]. It may also contribute to
chemotherapy resistance by regulating apoptotic signaling pathways or enhancing the activity of drug efflux pumps
[85]. Additionally, TMEM51-AS1 appears to promote tumor cell migration and invasion through its influence on extra-
cellular matrix remodeling [86]. Despite these associations, the precise regulatory mechanisms of TMEM51-AS1 remain
to be elucidated. Further in vitro and in vivo studies are necessary to validate its direct molecular targets, which will
be essential for guiding the development of effective, targeted therapeutic strategies. Meanwhile, the emergence of
comprehensive cancer omics platforms and advanced gene interference technologies is significantly accelerating the
discovery and functional annotation of IncRNAs involved in tumor biology [83].

No studies have reported the role of TMEM51-AS1 in CRC so far. Our study suggests that TMEM51-AS1 may function
as a tumor suppressor gene to suppress CRC progression. This was confirmed by experiments showing low expression
of TMEM51-AS1 in CRC tissues and cells. TMEM51-AST1 is associated with RNA methylation and plays a role in energy
metabolism and signal transduction. It can enhance DNA repair ability to reduce proto-oncogene mutations. TMEM51-
AS1 can also prevent immune escape of CRC cells, decrease tumor stemness, and increase the effectiveness of anticancer
drugs. These findings provide new insights into the role of IncRNAs in CRC progression and suggest a potential new
therapeutic target for CRC.

5 Websites

TCGA database: https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga

CNGBdb: https://db.cngb.org/search/gene/200197/

Ensembl genome browser: http://www.ensembl.org

Human DNA repair genes: https://www.mdanderson.org/documents/Labs/Wood-Laboratory/human-dna-repair-
genes.html

GTEx: https://www.gtexportal.org/home/
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