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Colorectal cancer (CRC) progression involves complex molecular alterations, including the 
dysregulation of long non-coding RNAs (lncRNAs). In this study, we identified key progression-related 
lncRNAs in CRC by integrating transcriptomic data from TCGA and single-cell RNA sequencing (scRNA-
seq). Differential expression analysis revealed numerous lncRNAs associated with CRC progression. 
To systematically prioritize these lncRNAs, we developed a scoring system incorporating multiple 
progression-related signatures, differential expression, and survival analysis. This approach identified 
198 key lncRNAs, including both known (e.g., LINC01615) and novel candidates (e.g., AC007998.3). 
Experimental validation confirmed that LINC01615 was significantly upregulated in CRC tissues, 
whereas AC007998.3 was downregulated. Further analyses indicated that these lncRNAs influence 
CRC progression through cis-, trans-, and post-transcriptional regulation. Patients were classified 
into distinct molecular subgroups based on lncRNA expression, exhibiting significant differences 
in prognosis and immune microenvironment composition. The enrichment of progression-related 
lncRNAs among differentially expressed lncRNAs was statistically significant, reinforcing their 
functional relevance. Validation across independent datasets demonstrated the robustness of 
our findings. Our research provides novel insights into the molecular mechanisms underlying CRC 
progression and highlights the potential of progression-related lncRNAs as prognostic biomarkers and 
therapeutic targets.
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 Colorectal cancer (CRC) is the third typical cancer, and the second biggest cause of cancer-related deaths 
worldwide1,2. Despite advancements in screening, early detection, and multimodal treatment strategies, the 
prognosis for advanced-stage CRC remains poor3. This underscores the need for a deeper understanding of the 
genetic mechanisms behind CRC progression, enabling the creation of more effective, tailored therapy4. Over 
the last decade, long non-coding RNAs (lncRNAs) have emerged as significant regulators of gene expression 
in numerous cancers, including CRC5. Unlike protein-coding genes, lncRNAs are a diverse class of transcripts 
longer than 200 nucleotides that function primarily through transcriptional, post-transcriptional, and epigenetic 
mechanisms6,7. Their roles in tumor biology are increasingly recognized, influencing processes such as tumor 
growth, metastasis, drug resistance, and immune evasion8,9.

The clinical and molecular heterogeneity of CRC poses significant challenges for personalized treatment10,11. 
This heterogeneity is shaped by both intrinsic factors, such as genetic and epigenetic alterations, and extrinsic 
factors, including interactions with the tumor microenvironment12,13. While prior research has identified 
key protein-coding genes involved in CRC progression, the contributions of non-coding RNAs, particularly 
lncRNAs, remain less understood. Emerging data reveals that lncRNAs play critical roles in coordinating 
multi-level regulatory networks in cancer, encompassing cis-regulation of nearby genes, trans-regulation of 
distal targets, and post-transcriptional interactions with microRNAs (miRNAs) and competing endogenous 
RNAs (ceRNAs)14,15. These multifaceted mechanisms allow lncRNAs to orchestrate complex gene expression 
programs, making them attractive targets for therapeutic intervention16,17.
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Despite these advances, several knowledge gaps remain. First, the systematic identification and prioritization 
of progression-related lncRNAs in CRC have been limited. Second, the functional roles of lncRNAs in shaping 
the tumor microenvironment, particularly their interactions with immune and stromal cells, require further 
investigation. Finally, the integration of multi-level regulatory mechanisms, including cis-, trans-, and post-
transcriptional interactions, has not been comprehensively explored in the context of CRC. Addressing these 
gaps is crucial for understanding the broader biological impact of lncRNAs in CRC and their potential as 
diagnostic and therapeutic targets.

In this study, we identified and prioritized progression-related lncRNAs in CRC by using transcriptomic 
data from The Cancer Genome Atlas (TCGA). Furthermore, we explored the associations between prioritized 
lncRNAs and tumor microenvironment features, including immune and stromal cell infiltration, to uncover 
their contributions to CRC progression. By applying this framework, we identified key lncRNAs associated 
with distinct molecular subtypes of CRC, highlighting their roles in tumor invasion, immune modulation, and 
metastasis. We further systematically analyzed the roles of lncRNAs in cis-, trans-, and post-transcriptional 
regulation. This comprehensive approach provides a foundation for future studies aimed at validating these 
lncRNAs as biomarkers and therapeutic targets, with the ultimate goal of improving personalized treatment 
strategies for CRC.

Materials and methods
Data acquisition and preprocessing
The RNA-seq data for the present research were obtained from TCGA database (https://portal.gdc.cancer.gov/). 
Specifically, the datasets included colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ) RNA-
seq data, which were downloaded in the form of fragments per kilobase of transcript per million mapped reads 
(FPKM). The clinical data associated with the RNA-seq datasets, including survival information, tumor stage, 
and subtype classification, were also obtained from TCGA. To eliminate potential batch effects between COAD 
and READ datasets, we applied the ‘ComBat’ algorithm from the sva (v3.48.0) R package. The gene annotation 
file for identifying lncRNAs was obtained from GENCODE v38.

Framework of identifying progression-related LncRNAs
The framework involves three major steps18:

	 (I)	 Integration of lncRNA and mRNA expression profiles from CRC datasets. To comprehensively analyze the 
role of lncRNAs in CRC progression, we integrated transcriptomic data from TCGA, specifically COAD 
and READ datasets after batch removement. This step ensured that the integration of different datasets did 
not introduce technical biases.

	 (II)	 Calculation of relationships between lncRNAs and mRNAs through partial correlation correcting tumor 
purity and ranking mRNAs. Given that tumor purity can influence correlation analyses, we applied partial 
correlation analysis, adjusting for tumor purity using ESTIMATE algorithm. Partial correlation coeffi-
cients were computed to assess the direct association between lncRNAs and mRNAs while controlling for 
tumor purity. Significant correlations were defined based on false discovery rate (FDR) < 0.05 to account 
for multiple testing corrections. All mRNAs were ranked based on their correlation strength with progres-
sion-related lncRNAs.

	(III)	 Functional enrichment using gene set enrichment analysis (GSEA) to link candidate lncRNAs with CRC 
progression-related gene signatures. To determine the functional roles of candidate lncRNAs, we per-
formed GSEA to identify enriched biological pathways and gene signatures associated with CRC pro-
gression. The ranked list of mRNAs associated with progression-related lncRNAs was subjected to GSEA. 
Enrichment scores were calculated to identify biological processes and pathways significantly associated 
with lncRNA-regulated genes.

Identification of differentially expressed LncRNAs
The limma (v 3.56.2) R software was used to perform differential expression analysis between normal and 
tumorous tissues. LncRNAs with an FDR < 0.05 [false discovery rate; Benjamini-Hochberg (BH) method] and 
an absolute log2 fold-change > 1 were considered differentially expressed lncRNA.

Prioritization of progression-related LncRNAs
Progression-related lncRNAs were prioritized by integrating multiple features, including (i) their enrichment 
in cancer progression-related gene signatures, (ii) their association with survival outcomes (hazard ratio and 
p-value from Cox proportional hazards regression analysis), and (iii) their differential expression between 
normal and tumor tissues. In addition, low-expression lncRNA was excluded. The rules to follow are as follows: 
(i) eliminating any lncRNA with a 50 th percentile FPKM equal to 0; (ii) selecting only those lncRNAs whose 90 
th percentile FPKM value is greater than 0.119.

Tumor microenvironment analysis
The tumor microenvironment was characterized by estimating the proportions of immune and stromal cells 
using the CIBERSORTx algorithms20. Associations between prioritized lncRNAs and specific cell types were 
evaluated using Spearman correlation (Spearman’s r > 0.3, FDR < 0.05) and Fisher’s exact tests. We uploaded gene 
expression data to the online site using TR421[,22 and LM22 signature matrices. TR4 produces epithelial cells, 
endothelial cells, fibroblasts, and somatic immune cells with EPCAM, CD31, CD10, and CD45, respectively.
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Stratification of patients based on prioritized progression-related LncRNAs
For patient stratification based on progression-related lncRNAs, we employed consensus clustering using the 
ConsensusClusterPlus (v1.64.0)23 R package. This method categorizes patients into subgroups based on the 
expression patterns of the top 10 lncRNAs linked with CRC development. The clustering method was pam, and 
the distance parameter was pearson. Consensus clustering was performed with 1000 resampling iterations and 
the k-means algorithm, testing cluster numbers (k) from 2 to 6. The optimal number of clusters was identified 
through evaluation of the consensus matrix and silhouette scores, ensuring the stability and biological relevance 
of the patient subgroups.

Analysis of cis-regulatory interactions
Cis-regulatory interactions were identified by analyzing lncRNAs and mRNAs located within a 1 Mb genomic 
distance. Spearman correlation analysis was implemented to determine the co-expression correlations between 
lncRNAs and their neighboring genes. Significant interactions were defined as those with an absolute correlation 
coefficient > 0.3 and an FDR < 0.05.

Construction of trans-regulatory networks
Trans-regulatory networks were constructed based on significant correlations between lncRNAs and distal 
mRNAs. Spearman correlations were calculated across all samples, and significant interactions (absolute 
correlation coefficient > 0.3, FDR < 0.05) were included in the network.

Construction of CeRNA networks
Negative correlations (Spearman correlation < −0.3, FDR < 0.05) between lncRNAs and miRNAs, as well as 
miRNAs and mRNAs, were used to identify ceRNA interactions. Positive correlations (Spearman correlation 
> 0.3, FDR < 0.05) between lncRNAs and mRNAs were further integrated to construct the ceRNA network.

Sample collection and realtime fluorescence quantitative PCR (RT-qPCR)
Four samples of CRC tumor tissues and matched adjacent normal tissues were collected from March 12, 2025 
to March 16, 2025 at Liaocheng People’s Hospital. Samples were placed in sterilized centrifuge tubes and quickly 
transferred to −80 °C for storage. This study was approved by the medical ethics committee of Liaocheng People’s 
Hospital (No: 2025063, 12 March 2025) and strictly followed the guidelines of the Declaration of Helsinki. All 
involved patients had signed informed consent for participating in this study.

Total RNA of CRC and adjacent normal tissues was extracted using the RNA extraction kit (QIAGEN, 
German). cDNA synthesis was then performed using HiScript III RT SuperMix kit (Vazyme, China). Finally, 
ChamQ Universal SYBR qPCR Master Mix kit (Vazyme, China) and primers of corresponding genes (as follows) 
were used for RT-qPCR reaction. The relative lncRNA expression was calculated using the 2−ΔΔCt method, with 
GAPDH as the reference gene. Differences between relative expression values of different groups were tested 
using two-sided Wilcoxon’s rank-sum test. The primer sequences were as follows:

LINC01615-F: 5’ – ​C​T​G​G​C​T​C​C​G​T​C​A​G​A​G​G​A​T​G​G​G − 3’;
LINC01615-R: 5’ – ​A​C​G​C​A​G​G​C​T​T​G​T​T​G​T​T​G​G​A​T​G​G − 3’;
AC007998.3-F: 5’ – ​C​C​A​A​G​C​A​G​C​A​C​A​G​G​A​A​C​A​T​A​G​T​C − 3’;
AC007998.3-R: 5’ – ​G​A​A​G​G​A​A​A​G​C​G​A​G​G​G​C​A​C​A​T​C − 3’;
LINC00460-F: 5’ – ​C​T​T​T​C​C​C​A​C​G​C​A​G​T​G​G​A​T​G​A − 3’;
LINC00460-R: 5’ – ​G​A​A​T​G​C​G​T​C​T​T​C​T​T​T​C​C​C​A​C​G − 3’;
GAPDH-F: 5’ – ​G​G​A​G​C​G​A​G​A​T​C​C​C​T​C​C​A​A​A​A​T − 3’;
GAPDH-R: 5’ – ​G​G​C​T​G​T​T​G​T​C​A​T​A​C​T​T​C​T​C​A​T​G​G − 3’;

Comprehensive summary of tools

Category Database/Tool/Package Version

Organ and tissue model Biorender -

RNA-seq data acquisition TCGA GDC portal; GEO -

RNA-seq batch effect correction sva (R package) 3.48.0

Partial correlation analysis ppcor (R package) 1.1

Tumor purity estimate (R package) 1.0.13

Differential expression limma (R package) 3.56.2

Pathway enrichment clusterProfiler; fgsea; enrichplot (R package) 4.8.1; 1.26.0; 1.20.0

Survival analysis survival; survminer (R package) 3.6.4; 0.5.0

scRNA-seq data processing Seurat; harmony (R package) 5.1.0; 1.2.0

Tumor microenvironment CIBERSORTx -

Patient stratification ConsensusClusterPlus (R package) 1.64.0

Heat map plot ComplexHeatmap (R package) 2.16.0

Network visualization Cytoscape 3.9.1

LncRNA Subcellular localization RNALocate; LncATLAS -
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Category Database/Tool/Package Version

Drug-target data acquisition DGIdb -

Data visualization ggplot2; ggpubr (R package) 3.5.1; 0.6.0

Statistical computing environment R 4.3.2
 

Results
Identification and validation of progression-related LncRNAs in colorectal cancer
Using an integrated approach, we identified and validated long non-coding RNAs (lncRNAs) associated with 
progression in colorectal cancer (CRC)18. As shown in Fig.  1A, the framework involves three major steps 
(Method): (I) integration of lncRNA and mRNA expression profiles from CRC datasets; (II) calculation of 
relationships between lncRNAs and mRNAs through partial correlation correcting tumor purity and ranking 
mRNAs; and (III) functional enrichment using gene set enrichment analysis (GSEA) to link candidate lncRNAs 
with CRC progression-related gene signatures24 (Table S1).

To ensure a robust analysis, we integrated TCGA COAD and READ datasets (Table S2). Principal component 
analysis (PCA) demonstrates the successful integration of the datasets, indicating effective removal of batch 
effects (Fig.  1B). Differential expression analysis between normal and cancerous tissues identified numerous 
differentially expressed lncRNAs (Fig. 1C). Among these, many have been previously proven to be attributed 
with CRC progression, such as ELFN1-AS125 and SNHG2526, further supporting their potential roles in driving 
CRC progression.

Further, we investigated the proportion of progression-related lncRNAs among all lncRNAs and 
differentially expressed lncRNAs. The results reveal an enrichment of progression-related lncRNAs within the 
differentially expressed lncRNAs, providing the identified relationships between progression-related lncRNAs 

Fig. 1.  Identification of progression-related lncRNAs in CRC. (A) Schematic representation of the analysis 
pipeline for identification progression-related lncRNAs. (B) PCA plot showing the segregation of COAD and 
READ patients based on lncRNA expression profiles. (C) Volcano plot illustrating differentially expressed 
lncRNAs between normal and cancer tissues. (D) Distribution and overlap between differentially expressed 
lncRNAs and progression-related lncRNAs. Two-sided Fisher’s exact test. (E) Validation of progression-related 
lncRNAs using external datasets. Two-sided hypergeometric test.
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and differentially expressed lncRNAs (two sides Fisher’s exact test; Fig. 1D). To validate our findings, we applied 
the same framework to five additional CRC datasets (Fig. 1E). The hypergeometric test results indicate strong 
overlap between the progression-related lncRNAs identified in TCGA and those identified in these independent 
datasets, reinforcing the robustness and reliability of our results.

Prioritization and characterization of progression-related LncRNAs in colorectal cancer
To prioritize progression-related lncRNAs in CRC, we developed a scoring system based on ten key features: 
scores from seven progression-related signatures, differential expression log2(fold change) values, and survival 
hazard ratios (HR). For each lncRNA, we calculated a total score, averaged it, and then normalized it using a 0–1 
scaling approach. Given that most lncRNAs are either antisense lncRNA or long intergenic non-coding RNA 
(lincRNA), we focused specifically on these two categories (Fig. 2A). Furthermore, we filtered out lncRNAs with 
low expression to ensure relevance, resulting in a ranked list of 198 prioritized lncRNAs sorted in descending 
order of standardized scores (Table S3).

Among them, LINC01615 is a progression-related lncRNA in CRC that has been confirmed by existing 
studies27,28. It was discovered that, in contrast to normal tissues, it was markedly elevated in cancer tissues 
(Fig. 2B). Additionally, our prioritization approach identified novel lncRNAs associated with CRC progression, 
such as AC007998.3, which showed significantly higher expression in CRC normal tissues compared to cancer 
tissues (Fig. 2C). Subsequently, we experimentally validated LINC01615 and AC007998.3. The results showed 
that LINC01615 was significantly upregulated in cancer tissues, consistent with our data (Fig. S1A). However, 
AC007998.3 did not show significant differential expression between cancer and normal tissues (Fig. S1B). 
Furthermore, we validated another lncRNA, LINC00460, which was significantly upregulated in cancer tissues 
both in the RNA-seq data (Fig. S1C) and in the experimental results (Fig. S1D). In addition to expression patterns, 
both LINC01615 and AC007998.3 were significantly enriched in progression-related signatures associated with 
CRC, including CAF (cancer-associated fibroblasts), angiogenesis, and matrix remodeling (Fig.  2D and E). 
These findings highlight their potential roles in driving CRC progression and underscore the effectiveness of our 
prioritization framework in identifying crucial progression-related lncRNAs.

Relationships between prioritized progression-related LncRNAs and colorectal cancer 
microenvironment cells
To comprehend how the tumor microenvironment and progression-related lncRNAs interact in colorectal 
cancer, we analyzed immune and non-immune cell infiltration, as well as a single-cell dataset, to uncover 
significant associations and functional implications. First, different patterns were found in the proportions 

Fig. 2.  Functional and expression characterization of prioritized lncRNAs in CRC. (A) Distribution of 
different RNA biotypes among progression-related RNAs. (B-C) Violin plots displaying the expression levels of 
LINC01615 (B) and AC007998.3 (C) in normal and cancer tissues. Two-sided Wilcoxon’s rank-sum test. (D-E) 
GSEA results for LINC01615 (D) and AC007998.3 (E).
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of immune cells and non-immune components that infiltrated CRC samples. Among immune cells, specific 
subtypes like naïve B cells and regulatory T cells (Tregs) showed prominent variations, while among non-
immune cells, fibroblasts (CD10+), endothelial cells (CD31+), and epithelial cells (EPCAM+) were dominant 
(Fig. S2). These findings indicate a diverse microenvironment composition in CRC tumors, integrating both 
immune and stromal elements.

Next, we found that several cell types were significantly associated with prioritized lncRNAs. Progression-
related lncRNAs demonstrated strong links with fibroblasts, epithelial cells, Tregs, and macrophages, suggesting 
their involvement in stromal and immune regulation within the CRC microenvironment (Fig. 3A). Single-cell 
analysis was initially performed to annotate the scRNA-seq data, identifying distinct clusters of immune and 
stromal cells. Marker gene analysis subsequently confirmed the identities of these clusters (Fig.  3B and C). 
Furthermore, single-cell enrichment analysis highlighted significant associations between prioritized lncRNAs 
and cell types like malignant cells (malignant epithelial cells), Tregs, CD8 + exhausted T cells (CD8 Tex), 
fibroblasts, and endothelial cells (Fig. 3D). The involvement of lncRNAs in tumor growth and stromal remodeling 
is shown by their abundance in fibroblasts and cancerous cells. Notably, Tregs and CD8 Tex showed distinct 
patterns of enrichment, with Tregs being more associated with immunosuppressive mechanisms, potentially 
aiding immune evasion, while CD8 Tex were linked to impaired anti-tumor immunity due to exhaustion. These 
results underscore the dual role of prioritized lncRNAs in modulating both pro-tumor and anti-tumor immune 
components of the CRC microenvironment.

To further describe the role of certain lncRNAs, LINC00839, ranked 24 th in our prioritized list, was used as 
a representative example. Most lncRNAs express themselves at a lower level than mRNA in single cells29. Its top 
100 co-expressed mRNAs showed significant enrichment in tumor-promoting cell types, including malignant 
cells and fibroblasts, highlighting the likely involvement of LINC00839 in CRC progression30 (Fig. 3E). These 

Fig. 3.  Cellular landscape and key regulatory features in CRC. (A) Forest plot showing odds ratios and 95% 
confidence intervals between cell-related lncRNAs and prioritized progression-related lncRNAs in CRC. 
Two-sided Fisher’s exact test. (B) UMAP plot representing scRNA-seq clustering in CRC. (C) Expression 
levels of representative marker genes across identified cell types. (D) Forest plot showing odds ratios and 95% 
confidence intervals for cell type enrichment in correlation with prioritized progression-related lncRNAs. Two-
sided Fisher’s exact test. (E) Heatmap showing the top 100 mRNAs significantly correlated with LINC00839 in 
single-cell data. The bar plot on the top displays the summed expression scores across cell types, and the bar 
plot on the right shows the distribution of odds ratios for cell type enrichment. Two-sided Fisher’s exact test.
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findings suggest that prioritized lncRNAs are critical mediators of tumor-stromal interactions, influencing the 
microenvironment to promote tumor growth and invasion.

Stratifying contribution of prioritized progression-related LncRNAs to colorectal cancer 
patients
 Molecular subtypes are currently used to drive preclinical and clinical therapy development and treatment for 
many cancer types31,32. To investigate the clinical and molecular diversity of CRC and evaluate the potential of 
prioritized progression-related lncRNAs in patient stratification, we identified four distinct CRC subtypes. These 
subtypes exhibited substantial differences in survival, tumor characteristics, and molecular features. Specifically, 
we classified 638 CRC patients into four subtypes: S1 (n = 189), S2 (n = 121), S3 (n = 132), and S4 (n = 196). These 
subtypes showed significant survival differences (Fig. S3 and Fig. 4A), with S2 having the worst prognosis and 
S4 exhibiting the most favorable survival, highlighting the clinical and biological heterogeneity among them.

The distribution of tumor stages varied significantly among the subtypes. S2 was enriched in more advanced-
stage patients, while S4 had a higher proportion of early-stage patients, reflecting the aggressiveness of S2 and 
the more indolent nature of S4 (Fig.  4B). Key cancer progression-related signature activity, including CAF, 
angiogenesis, EMT, and proliferation rate, showed significant differences across four subtypes (Fig.  4C). In 
addition, S3 exhibited the highest levels of angiogenesis, EMT, and matrix remodeling, indicating its strong 
association with invasive and metastatic potential. S2 showed elevated levels of CAF activity, matrix remodeling, 
and endothelial involvement, but moderate levels of angiogenesis and EMT, reflecting a stroma-driven tumor 
phenotype with an intermediate prognosis. S1 displayed relatively balanced levels across most signatures, with 
moderate activity in CAF and matrix remodeling but lower levels of angiogenesis and EMT, representing a less 
aggressive but metabolically active subtype. In contrast, S4 demonstrated lower levels of CAF activity, matrix 
remodeling, and endothelial involvement compared to S3 but higher levels of angiogenesis and EMT, suggesting 
a less stroma-driven but more invasive phenotype relative to S1. Notably, the proliferation rate was highest in S2 
and S3, further emphasizing their aggressive tumor behavior and the unfavorable clinical outcomes associated 
with these subtypes.

The expression of the top 50 prioritized progression-related lncRNAs differed markedly among subtypes. 
Certain lncRNAs were clearly upregulated in S2, while others were shared by S1 and S3, suggesting that 
these lncRNAs play a part in the molecular heterogeneity of CRC (Fig.  4D). The composition of the tumor 
microenvironment also varied significantly among the four subtypes, highlighting distinct cellular contributions 
to their biological characteristics (Fig. 4E). S2 exhibited the higher proportions of fibroblasts and endothelial 
cells, aligning with its aggressive stroma-driven tumor phenotype. S3 was characterized by elevated levels 
of epithelial and immune cells, consistent with its strong association with invasive pathways such as EMT. 

Fig. 4.  Molecular and clinical characterization of CRC subtypes. (A) Kaplan-Meier survival curves of overall 
survival among the four CRC subtypes (S1-S4). Log-rank test. (B) Distribution of tumor stages across the 
four subtypes. Two-sided Fisher’s exact test. (C) Cancer progression-related signature activity across the four 
subtypes. Two-sided Wilcoxon’s rank-sum test. (D) Heatmap illustrating the expression profiles of the top 50 
prioritized lncRNAs across the four subtypes. (E) Proportions of tumor microenvironment cell types across 
the four subtypes. Two-sided Wilcoxon’s rank-sum test. (F) Activity of hallmark pathways across four subtypes. 
Two-sided Wilcoxon’s rank-sum test.
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S1 displayed intermediate levels of immune and stromal cells, suggesting a mixed tumor microenvironment 
profile. In contrast, S4 had a lower abundance of fibroblasts and endothelial cells and a relatively balanced 
microenvironment composition, reflecting its less invasive and more favorable prognosis.

Hallmark pathways such as oxidative phosphorylation, DNA repair, EMT, and TGF-beta signaling were 
significantly different among subtypes. S1 was characterized by higher activity in the oxidative phosphorylation 
pathway, while S3 showed enhanced EMT, consistent with its aggressive phenotype (Fig.  4F). S2 showed 
significant enrichment in DNA repair pathways, implying a heightened capability to manage and adapt to high 
levels of DNA damage and genomic instability. S4 had significant enrichment in TGF-beta signaling pathways, 
which are known to play a key role in regulating the tumor immune microenvironment. The four CRC subtypes 
were defined as follows: S1 (metabolically active subtype), characterized by enhanced oxidative phosphorylation 
and active energy metabolism; S2 (genomic instability subtype), driven by active DNA repair pathways and high 
genomic instability; S3 (invasive and metastatic subtype), marked by strong EMT activity and aggressive invasive 
behavior; and S4 (immune microenvironment-regulated subtype), associated with TGF-beta signaling and a 
modulated tumor immune microenvironment.

The identification of four distinct CRC subtypes (S1, S2, S3, and S4) highlights significant clinical and molecular 
heterogeneity, with each subtype exhibiting unique survival outcomes, tumor microenvironment compositions, 
and hallmark pathway activities. These findings provide a foundation for developing subtype-specific therapeutic 
strategies, addressing the metabolic, genomic, invasive, and immune-regulated characteristics of CRC.

LncRNA-mediated multi-level regulatory mechanisms in the S3 subtype of CRC
 Understanding the complex regulatory roles of lncRNAs in CRC progression is critical for elucidating their 
biological functions and potential therapeutic implications. This study focuses on the S3 subtype of CRC 
patients, characterized by strong invasive and metastatic potential, aiming to unravel the cis-, trans-, and 
post-transcriptional interactions mediated by key lncRNAs and their regulatory networks. We first identified 
cis-regulatory interactions between the lncRNA LINC01614 and two neighboring genes, FN1 and IGFBP5, 
located on chromosome 2 (Fig. 5A). These interactions are within a 1 Mb genomic distance and exhibit a high 
degree of co-expression. The Spearman correlations for LINC01614 with FN1 and IGFBP5 are 0.72 and 0.59, 
respectively, highlighting potential direct regulatory effects of LINC01614 on its adjacent genes. LINC01614 is 
also significantly enriched in functions related to the malignant progression of cancer such as matrix remodeling 
and angiogenesis (Fig. 5B). These results suggest a potential cis-regulatory relationship that regulates malignant 
progression in patients with S3.

In addition, the trans-regulatory network of S3 subtype patients was constructed using significant correlations 
between lncRNAs and mRNAs (Fig.  5C and Table S4). The network comprises three lncRNAs (LINC01614, 
LINC01705, and AC113346.1), which target hundreds of downstream mRNAs. The central nodes in the network 
include lncRNAs and key CRC-associated mRNAs, forming highly connected hubs indicative of their pivotal 
roles in regulating cancer progression. The three trans-lncRNAs (LINC01614, LINC01705, and AC113346.1) 
were among the top-ranked progression-associated lncRNAs in the prioritized list. Specifically, their normalized 
ranks are 20 th, 12 th, and 5 th, respectively, emphasizing their strong association with aggressive tumor behavior 
in the S3 subtype (Fig. 5D). The mRNAs targeted in the trans-regulatory network are enriched in pathways 
associated with extracellular matrix organization, immune cell migration, and chemotaxis, reflecting the 
invasive and immune-modulating properties of the S3 subtype (Fig. 5E). Notably, processes such as neutrophil 
chemotaxis and collagen metabolism are significantly overrepresented, aligning with the metastatic phenotype 
of this group. These three potential trans-regulatory lncRNAs also had significantly expression perturbation 
between cancer and normal tissues (Fig. 5F).

Finally, the ceRNA network revealed interactions among lncRNAs, miRNAs, and mRNAs, with miRNAs 
acting as central mediators. To identify key miRNAs, we examined miRNA-lncRNA and miRNA-mRNA 
interactions based on Spearman correlation. This analysis highlighted MIR647 and MIR3189 as key mediators, 
connecting LINC01614, LINC01705, and AC113346.1 to downstream mRNAs such as SPP1, IL1RN, and 
HLA-DRB1 (Fig.  6A). SPP1 (osteopontin) is known to promote tumor invasion, metastasis, and immune 
modulation by facilitating extracellular matrix remodeling and enhancing immune cell recruitment33. IL1RN 
(interleukin-1 receptor antagonist) modulates inflammatory responses, potentially creating a tumor-promoting 
microenvironment34. Major Histocompatibility Complex (MHC) class II molecule HLA-DRB1 may have 
an impact on tumor immune evasion and immune surveillance35. These interactions underscore the role of 
lncRNAs in coordinating post-transcriptional regulation via miRNA sponging, highlighting their regulatory 
importance in CRC.

Given that lncRNAs must normally be found in the cytoplasm for ceRNA-mediated regulation36, we assessed 
their subcellular distribution of LINC01614, LINC01705, and AC113346.1 (Fig.  6B). Functional enrichment 
study of target mRNAs linked with the ceRNA network showed various biological processes critical to the 
advancement of CRC, and the research demonstrated that LINC01614 and LINC01705 are localized in the 
cytoplasm, confirming their functions as important regulators in the ceRNA network (Fig. 6C). Key pathways 
included signal release, inflammatory response, and cellular response to interleukin-1, all of which play vital 
roles in shaping the tumor microenvironment and facilitating tumor invasion. Additionally, processes such 
as hormone transport and secretion suggest broader systemic influences of the ceRNA network on cancer 
progression. The drug-target network analysis identified a range of approved drugs targeting key mRNAs within 
the ceRNA network (Fig.  6D and Table S5). Notably, drugs like fenretinide37 and bevacizumab38, which are 
already used in CRC treatment, were mapped to targets such as SPP1 and HLA-DRB1. Interestingly, several 
other drugs targeting these mRNAs have yet to be explored for CRC treatment. For example, canakinumab, an 
IL-1β inhibitor39, may hold potential as repurposed agents to target CRC pathways. These findings indicate that 

Scientific Reports |        (2025) 15:17258 8| https://doi.org/10.1038/s41598-025-02096-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the ceRNA network not only gives mechanistic insights into CRC growth, but also acts as a significant resource 
for developing innovative treatment options.

Together, this study underscores the multifaceted roles of lncRNAs, such as LINC01614, LINC01705, and 
AC113346.1, in CRC. By integrating ceRNA interactions, subcellular localization, functional enrichment, and 
drug-target networks, we reveal how these lncRNAs orchestrate complex regulatory programs driving tumor 
invasion, immune modulation, and metastasis. These discoveries not only advance our understanding of CRC 
biology, but also provide the groundwork for prospective treatment strategies that target lncRNA-mediated 
regulatory networks.

Discussion
This study underscores the central roles of lncRNAs in colorectal cancer (CRC) by integrating their identification, 
characterization, immune relationships, regulatory mechanisms, and patient stratification. Through a 
systematic analysis, we highlight how lncRNAs contribute to CRC progression, immune modulation, and tumor 
heterogeneity, offering insights into their potential clinical applications.

The identification of progression-related lncRNAs is a critical step toward understanding their biological 
functions and clinical implications. By applying a robust computational framework, this study prioritized 
lncRNAs associated with CRC progression based on expression patterns, survival relevance, and functional 

Fig. 5.  Cis- and trnas- regulatory mechanisms mediated by lncRNAs in the S3 subtype of CRC patients. (A) 
Cis-regulatory interactions. (B) Function enrichment of LINC01614. (C) Trans-regulatory network. (D) 
Ranking of trans-lncRNAs in the prioritized progression-related list. (E) GO enrichment analysis of trans-
regulated mRNAs. (F) Expression distribution of three trans-regulatory lncRNAs.
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pathways. The inclusion of well-established lncRNAs, such as LINC01615, alongside novel candidates like 
AC007998.3, illustrates the capacity of this approach to capture both known and underexplored lncRNAs. These 
findings align with existing evidence suggesting that many lncRNAs are intricately linked to hallmark cancer 
pathways, such as angiogenesis and CAF activation40,41. However, while prioritization offers a starting point, it is 
imperative to validate the biological relevance of these lncRNAs experimentally.

The partnership between lncRNAs and the immunological microenvironment has garnered increasing 
attention, and our findings expand this field by linking prioritized lncRNAs to immune cell subtypes and 
stromal components. For instance, lncRNAs like LINC00839 demonstrated strong associations with fibroblasts 
and Tregs, suggesting their role in shaping a tumor-promoting microenvironment. This reflects a broader trend 
in cancer research, where non-coding RNAs are increasingly recognized as modulators of immune evasion 
and stromal remodeling42,43. Furthermore, single-cell RNA-seq data provide an unprecedented resolution to 
explore these interactions, revealing cell-specific enrichment patterns that deepen our understanding of lncRNA 
functionality in diverse tumor contexts. Despite these insights, the functional mechanisms underlying these 
associations remain speculative and warrant further investigation. In addition, only 11 out of the 198 prioritized 
lncRNAs identified from bulk RNA-seq were detected in the scRNA-seq dataset, due to the low expression 

Fig. 6.  CeRNA regulatory analysis of S3 subtype. (A) CeRNA network. Red octagons represent core lncRNAs, 
blue triangles represent miRNAs, and yellow ovals represent target genes (mRNAs). (B) RNA subcellular 
localization. (C) GO enrichment target genes. (D) Drug-target interaction network. Yellow ovals represent 
target genes (mRNAs) and blue rectangles represent corresponding approved drugs.
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levels of lncRNAs and the dropout effects in single-cell sequencing. These lncRNAs exhibited weak and diffuse 
expression patterns, making it challenging to directly infer their cell-type specificity from scRNA-seq data (Fig. 
S4). Given these limitations, we adopted an alternative approach to infer the potential cellular context of these 
lncRNAs. While this approach provides valuable insights, it is important to acknowledge that indirect inference 
based on co-expressed protein-coding genes may not fully capture the functional roles of lncRNAs at the single-
cell level. Future studies with deeper sequencing coverage, improved lncRNA-specific single-cell methodologies, 
or spatial transcriptomics may help to better characterize the cellular origins and biological functions of these 
lncRNAs.

The stratification of CRC patients into molecular subtypes (S1-S4) based on progression-related lncRNAs 
demonstrates the potential of lncRNAs as biomarkers for personalized medicine. Subtype-specific characteristics, 
such as the strong EMT activity in S3 or the immune-modulating properties of S4, underscore the heterogeneity 
of CRC and the importance of tailored therapeutic strategies. These findings parallel other cancer studies that 
emphasize the value of molecular subtypes in guiding treatment decisions and improving patient outcomes44,45. 
Notably, the integration of lncRNAs into subtype analysis bridges the gap between molecular biology and clinical 
oncology, positioning lncRNAs as both mechanistic drivers and clinical indicators46. However, transferring 
these findings into clinical practice necessitates confirmation in larger cohorts and functional investigations to 
establish their predictive and therapeutic relevance.

The regulatory versatility of lncRNAs was highlighted through their involvement in cis-, trans-, and post-
transcriptional mechanisms. Cis-regulatory interactions, such as those observed for LINC01614 with neighboring 
genes FN1 and IGFBP5, emphasize the role of lncRNAs in modulating local transcriptional landscapes. Such 
interactions likely drive the invasive and metastatic behaviors characteristic of aggressive CRC subtypes. Beyond 
cis-regulation, trans-regulatory networks revealed the downstream impact of lncRNAs on pathways critical 
for stromal remodeling and immune cell migration, aligning with findings in other malignancies that position 
lncRNAs as central transcriptional regulators47,48. The ceRNA network added another layer of complexity, 
highlighting how lncRNAs interact with miRNAs to influence post-transcriptional gene regulation. While these 
mechanisms are well-supported by computational evidence, experimental validation is crucial to fully elucidate 
their biological significance.

Despite the extensive research offered in this paper, certain limitations must be focused on. Firstly, 
the regulatory networks and associations identified are primarily based on correlation and computational 
predictions, lacking direct experimental validation. Second, the work is based on bulk RNA-seq and single-
cell data, which may not completely reflect the spatial heterogeneity and dynamic interactions found in the 
tumor microenvironment. Additionally, we selected three lncRNAs based on their functional relevance and 
statistical significance for experimental validation. However, due to the limited sample size and the scope of this 
initial investigation, the number of lncRNAs validated was small. We acknowledge that a more comprehensive 
validation with a larger sample size and additional lncRNAs will be crucial for confirming the findings. In future 
studies, we plan to extend our investigation to explore the molecular mechanisms underlying these lncRNAs in 
greater depth. This will involve further cellular and animal experiments, which will help to refine and validate our 
findings. Finally, while the findings are consistent across several datasets, more research in larger, independent 
cohorts and functional studies is required to establish the clinical and biological significance of the prioritized 
lncRNAs and regulatory mechanisms. Future research should focus on broadening these analyses to incorporate 
spatial transcriptomics and proteomics, which may give more details into the spatial organization and functional 
dynamics of lncRNAs within the tumor microenvironment49.

Conclusion
This study underscores the significance of lncRNAs in CRC, highlighting their profound impact on tumor 
progression, microenvironment dynamics, and immune modulation. By systematically analyzing their roles in 
cis-, trans-, and post-transcriptional regulatory mechanisms, we identified key lncRNAs that drive aggressive 
phenotypes and molecular diversity in CRC. These findings advance our understanding of CRC biology and 
establish the groundwork for future research into lncRNA-targeted precision therapy medicine.

Data availability
The datasets analyzed in this study were downloaded from The Cancer Genome Atlas (TCGA) ​(​h​t​t​p​s​:​/​/​p​o​r​t​a​l​.​
g​d​c​.​c​a​n​c​e​r​.​g​o​v​/​) for COAD and READ, and additional datasets, including GSE161158, GSE17536, GSE38832, 
GSE39582, GSE72970, and GSE146771 are available through the Gene Expression Omnibus (GEO) ​(​h​t​t​p​s​:​/​/​w​w​
w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​o​/​)​. These datasets are also referenced in the Materials and Methods section as well as in 
the Supplementary Materials.
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