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Introduction
Colon adenocarcinoma (COAD) is the most common 
histological subtype of colon cancer and poses a sig-
nificant health threat to the population [1]. Treatment 
options for COAD vary depending on the stage of the 
disease and may involve surgery, chemotherapy, radio-
therapy and targeted therapy [2, 3]. Although surgical 
treatment is good, most patients are in the middle or late 
stages of cancer at initial diagnosis, making surgery a 
lost opportunity [4]. In addition, resistance to platinum-
based chemotherapy regimen poses a significant chal-
lenge for drug therapy for COAD patients [5]. Increasing 
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Abstract
Colon adenocarcinoma (COAD) represents a significant health concern within the population. Advancing our 
understanding of COAD is imperative for early detection, enabling personalized treatment interventions, and 
facilitating the development of effective preventive measures. The coagulation system plays a role in tumor-
related pathological processes; however, its specific involvement in COAD and potential contributors remain 
unclear. This study aimed to establish a novel risk stratification approach by analyzing coagulation related genes 
(CRGs) associated with COAD. Through a comprehensive bioinformatics analysis of data from public databases, 
we screened COAD associated CRGs and characterized the associated molecular subtypes. After a comprehensive 
analysis of the characteristics of each subtype, we applied differentially expressed genes in CRG subtypes to 
establish a new risk stratification method. Clinical subgroup analysis, immunoinfiltration analysis, therapeutic 
reactivity prediction and other analytical methods suggest the potential clinical value of the established risk 
stratification method. As one of the selected targets, the effect of MS4A4A on the proliferation and invasion of 
COAD was confirmed by in vitro experiments, which partially verified the reliability of bioinformatics results. Our 
findings delineate CRGs potentially implicated in COAD pathogenesis and offer fresh insights into the influence of 
the coagulation process on tumorigenesis and progression.
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the comprehensive understanding of COAD is essential 
to enable early detection with a view to personalized 
treatment interventions and the development of effective 
prevention measures.

The coagulation system is a complex biological process 
that regulates hemostasis. Blood clots are formed at the 
site of injury by a complex enzyme system in response 
to vascular damage [6, 7]. In addition to platelets, there 
are a variety of tissue factors and coagulation factors/
anticoagulation factors involved in the coagulation pro-
cess [8–11]. As a highly regulated biological process, 
the coagulation system ensures effective hemostasis and 
maintenance of blood flow through complex interactions 
between various coagulation factors and regulatory mol-
ecules, while avoiding excessive bleeding [12, 13].

One of the characteristics of malignant tumors is the 
disorder of the hemostatic system, which makes cancer 
patients prone to thrombosis and bleeding [14]. During 
tumorigenesis, immune cells can release various pro-
inflammatory molecules, including cytokines, chemo-
kines, and growth factors. These factors can stimulate the 
production of tissue factor (TF) [15, 16]. TFs expressed 
by immune cells and tumor cells participated in the for-
mation of hypercoagulability in tumor patients [9, 17, 
18]. Activated clotting factors may exacerbate inflamma-
tion by recruiting immune cells to injury or tumor sites 
[17, 19]. Inflammation during the anti-tumor process can 
induce endothelial dysfunction, which may further lead 
to coagulation disorders. In addition, tumor immune 
processes may disrupt the balance between pro-coag-
ulant and anticoagulant factors, leading to an increased 
tendency to form blood clots [20]. Although there is a lot 
of evidence showing the correlation between the coagula-
tion process and carcinogenesis, the role of coagulation 
in COAD and its possible participants remain unclear.

In this study, we established a new risk stratification 
method through the analysis of coagulation related genes 
(CRGs), identified potential intervention targets and 
verified their effects on COAD proliferation and inva-
sion ability through in vitro experiments. Our results 
screened the CRGs that may be involved in the pathogen-
esis of COAD, and explored the influence of the coagula-
tion process on the tumorigenesis and development from 
a new perspective.

Materials and methods
The gene transcriptome data downloading and 
standardization processing
In this study, we obtained gene expression data for 
COAD samples from two independent and publicly 
available databases (TCGA and GEO). Using the TCGA 
database, we downloaded transcriptome data, somatic 
mutation burden data, clinical baseline information, and 
copy number variation data for COAD samples. Within 

the Perl language environment, we utilized Perl scripts 
to extract transcriptome data, TMB files, and CNV data 
for COAD samples. The GSE39582 dataset was down-
loaded from the GEO database (Platform: GPL570) and 
annotated with gene symbols according to the plat-
form annotation file. Within the R language framework, 
we employed the “SVA” script to standardize the gene 
expression data for COAD samples from the two inde-
pendent databases, thereby eliminating batch effects 
between samples. After excluding samples without clini-
cal survival baseline data, we extracted 487 samples with 
complete clinical baseline information from the TCGA 
database (normal: 41, COAD: 446), and 562 COAD sam-
ples from the GSE39582 dataset for subsequent explora-
tion (Supplementary Table 1).

Identification of molecular subtypes of coagulation-related 
genes
Using “coagulation” as a keyword, we identified coagu-
lation-related gene signatures from the Molecular Sig-
natures Database (MSigDB) (Supplementary Table 2) 
[21]. Within the environment of the “limma” script, 
we extracted and analyzed the differential expression 
of CRG between normal samples and COAD samples 
(p.adjust < 0.05). We conducted visual analysis of muta-
tion frequency and CNV frequency of CRG signatures 
using “maftools” and “limma” scripts. We predicted the 
interactions between CRG signatures using the STRING 
database and visualized the network diagram. Based 
on the gene expression characteristics of differentially 
expressed CRGs, we used the “ConsensusClusterPlus” 
script to classify the molecular subtypes of CRGs in 
COAD samples with k = 2–9. By analyzing model param-
eters such as consensus clustering cumulative distribu-
tion function (CDF) curves and delta area quantification 
curves between k = 2–9, we identified the molecular 
subtypes of CRGs in COAD. We predicted the clinical 
survival outcomes of COAD samples in CRG molecular 
subgroups using the “survival” script and evaluated the 
differences between CRG molecular subtypes using PCA 
pattern plots with the “ggplot2” script. According to the 
KEGG pathway reference file “c2.cp.kegg.v7.2.symbols.
gmt,” we used the “GSVA” script to investigate the differ-
ential regulation of KEGG signaling pathways between 
CRG molecular subtypes.

Comprehensive analysis of gene subtypes associated with 
CRG molecular subtypes
Under the criteria of |FC| > 2 and p.adjust < 0.05, we 
utilized the “limma” R script to compute and analyze 
differential expression gene signatures between CRG 
molecular subtypes. Subsequently, using the “ggplot2” 
script, we visualized volcano plots depicting the differ-
ential genes. Leveraging the “clusterProfiler” script, we 
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conducted GO and KEGG enrichment analyses on the 
differential genes associated with CRG subtypes to evalu-
ate potential molecular functional mechanisms. Based 
on the expression profile characteristics of differential 
genes, we conducted comprehensive analysis of gene sub-
types in COAD using the “ConsensusClusterPlus” script. 
We further classified COAD samples into different gene 
subtypes subgroups based on the optimal classification 
parameters of k = 2–9 models.

Constructing a CRG scoring system and evaluating the 
stability of the model
Based on the expression profiles of differential genes 
and clinical baseline data, we comprehensively assessed 
the potential associations of each gene signature with 
the clinical prognosis of COAD. Utilizing the LASSO-
univariate Cox analysis algorithm, we calculated the risk 
value (HR) and P-value for each differential gene. Sub-
sequently, we further employed the multivariate Cox 
analysis algorithm to calculate the independent prog-
nostic significance of the prognosis signature. Based on 
the risk parameters of each independent prognosis sig-
nature and expression profiles, we evaluated the CRG 
score for each COAD sample. The formula for construct-
ing the CRG scoring system is as follows: CRG score = 
(MS4A4A × 0.911) + (SCG2 × 0.491) + (IGFBP6 × 0.847) 
+ (C11orf96 × 0.741) + (CCL11 × -1.109) + (CXCL10 
× -0.907). Using the “caret” script, we divided COAD 
samples into training and validation sets in a 7:3 ratio 
based on the expression of independent prognosis signa-
tures and calculated the CRG scores for samples in both 
independent datasets. We analyzed the survival status of 
COAD in different classification groups using the “sur-
vival” R script and plotted time-dependent ROC curves 
using the “survivalROC” script to evaluate the accuracy 
of the CRG scoring system in predicting COAD clinical 
prognosis. Additionally, we used the “ggalluvial” R script 
to create Sankey diagrams, illustrating the potential asso-
ciations among different molecular subtypes, CRG score 
subgroups, and clinical survival prognosis.

Assessment of immune microenvironment infiltration 
characteristics and prediction of immune therapy response
We used multiple immune infiltration assessment algo-
rithms to evaluate the immune microenvironment 
infiltration status of COAD samples. Employing the 
“ESTIMATE” algorithm, we assessed immune infiltration 
status among different subgroups of COAD samples and 
obtained four indicators immune score, stromal score, 
ESTIMATE score, and tumor purity to reflect immune 
infiltration levels. Quantitative analysis of immune cell 
proportions in COAD samples was conducted based on 
established immune cell markers. We utilized the “GSVA” 
algorithm to evaluate the immune function scores among 

COAD subgroups. Immunotherapy data for COAD 
samples were downloaded from The Cancer Immunome 
Atlas (TCIA) database to assess the potential response of 
COAD samples to PD-1/CTLA4 immune therapy.

The independence evaluation of clinical prognosis 
predicted by the CRG scoring system and analysis of drug 
sensitivity
We integrated the clinical baseline characteristics of 
COAD samples and employed the “ggplot2” script to 
comprehensively analyze the distribution of CRG scores 
across different clinical features. Utilizing the “survival” 
script as a foundation, we conducted univariate and mul-
tivariate Cox analyses to calculate the hazard ratios (HR) 
and p-values of each clinical baseline feature and CRG 
score, evaluating the independent prognostic value of 
each variable. Subsequently, we applied the “rms” script 
to construct a novel nomogram model based on clinical 
baseline features and CRG scores to predict the survival 
probabilities of COAD samples at three-time intervals. 
Additionally, we utilized the “ggDCA,” “regplot,” and 
“rms” scripts to plot Decision Curve Analysis (DCA) 
curves, Concordance Index, and calibration curves to 
assess the accuracy and reliability of CRG scores and 
clinical baseline features in predicting COAD survival 
probabilities. Leveraging the transcriptomic features of 
samples, we used the Genomics of Drug Sensitivity in 
Cancer (GDSC) database to predict potential responses 
to targeted drugs (https://www.cancerrxgene.org/).

Cell culture
Human cell lines Caco2 and HCT116 were purchased 
from the American Type Culture Collection (ATCC). The 
above-mentioned cells were cultured in 1640 medium 
containing 10% fetal bovine serum and 1% penicillin-
streptomycin. All cells were maintained in a sterile 
humidified incubator at 37  °C and 5% CO2. Regular 
mycoplasma testing was conducted to verify that all cells 
were free of mycoplasma contamination.

Western blot analysis
Cells were harvested and lysed on ice using RIPA buffer 
(Beyotime, P0013B) supplemented with 1% PMSF. Equal 
amounts of proteins were separated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and subse-
quently transferred onto polyvinylidene difluoride mem-
branes. Following blocking with 5% non-fat dry milk in 
Tris-buffered saline (TBS) for 1  h at room temperature 
(RT), the membranes were incubated with primary anti-
bodies against MS4A4A (1:1000; Abcam, ab67134) and 
ATCB (1:5000; ABclonal, AC026) overnight at 4 °C. Then 
they were incubated with horseradish-peroxidase (HRP)-
conjugated secondary antibody at RT for 1 h. Bands were 
visualized using the SuperPico ECL Chemiluminescence 

https://www.cancerrxgene.org/
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Kit (Vazyme, E422-01), and band intensities were quanti-
fied using Image J software.

Reverse transcription, real-time qualitative PCR (RT-PCR)
Total RNA was extracted and reverse transcribed using 
RNA Purification Kit (Fastagen, 220011) and RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher, K1622) 
respectively, following the manufacturer’s instructions. 
RT-PCR was performed using Hieff® qPCR SYBR Green 
Master Mix (TEASEN, 11201ES03). The MS4A4A primer 
sequences used were as follows: forward: ​A​C​C​A​T​G​C​A​A​
G​G​A​A​T​G​G​A​A​C​A​G; reverse, ​T​T​C​C​C​A​T​G​C​T​A​A​G​G​C​T​
C​A​T​C​A.

CCK-8 assay
Cells were seeded in 96-well plates at a density of 1000 
cells per well. Subsequently, 10 µL of CCK-8 solution dis-
solved in serum-free RPMI 1640 was added to each well 
and incubated for 1 h at 37 °C. The absorbance was then 
measured at a wavelength of 450 nm. The optical density 
(OD) was recorded daily at the same time.

Colony formation assays
Cells were seeded at a density of 1000 cells per well in a 
six-well plate and incubated at 37 °C with 5% CO2 for 1–2 
weeks until visible colonies formed. Following this, the 
culture medium was removed, and the cells were fixed 
with methanol for 30  min. Subsequently, the cells were 
stained with a 0.1% crystal violet solution for 30  min. 
After staining, the excess staining solution was gently 
washed off with water. Using a microscope, the number 
of clones containing more than 50 cells was counted and 
recorded via photography. The clone formation rate was 
determined by averaging the number of clones formed in 
three replicate wells.

Transwell assay
Cells were harvested, centrifuged, and resuspended 
in serum-free medium for cell counting. A volume of 
100 µL containing 100,000 cells was added to the upper 
chamber of a 24-well plate, while 600 µL of complete cul-
ture medium was added to the lower chamber. The plate 
was then placed in a cell culture incubator and incubated 
for an additional 48 h. Subsequently, the cells were fixed 
with methanol for 30 min and stained with a 0.5% crys-
tal violet solution for 30  min. After rinsing the upper 
chamber with PBS, excess dye on the upper surface was 
gently removed with a cotton swab. Finally, the cells were 
observed, photographed, and counted under an inverted 
microscope.

Data analysis
Using the R and Perl programming languages, we con-
ducted preprocessing and visualization analyses of 

the raw data from COAD samples. Statistical analysis 
between two groups was performed using the Wilcoxon 
rank-sum test, while statistical analysis among multiple 
groups utilized the One-way ANOVA test. Data from 
cell-based experiments were analyzed in triplicate. In this 
study, all statistical differences were subjected to multiple 
testing correction, with significance defined as p < 0.05. 
Significance symbols were denoted as follows: *p < 0.05; 
**p < 0.01; ***p < 0.001.

Results
Analysis of gene expression patterns and variation 
landscape features of coagulation-related genes (CRG) in 
COAD
To elucidate the potential regulatory role of coagulation-
related genes (CRG) signatures in COAD, we identified 
40 CRG gene signatures from the MSigDB database and 
analyzed their differential expression and landscape fea-
tures of genetic variation in COAD. Based on the results 
of the differential expression analysis using the “limma” 
package, significant differences in expression were 
observed for 34 CRG gene signatures between normal 
and COAD tissues (Fig.  1A, p < 0.05). The waterfall plot 
of CRG mutation features revealed potential mutation 
burden in 156 out of 454 COAD samples, with mutation 
frequencies of 10% for VWF, 9% for F8, 6% for PLG, and 
5% for F5 (Fig.  1B). Results of copy number frequency 
elucidated the variation characteristics of CRG gene sig-
natures in COAD, with HNF4A, F7, F10, VWF, KNG1, 
and GNA12 showing significant CNV amplifications, 
while THBD, ENTPD1, LMAN1, MMRN1, F2RL2, and 
F2R exhibited noticeable CNV deletions (Fig. 1C). Based 
on these findings, we evaluated the expression status and 
genetic information features of CRG gene signatures in 
COAD, inferring their potential critical role in the onset 
of COAD. Subsequently, we further assessed the potential 
relationship between CRG gene signatures and the clini-
cal prognosis of COAD. The prognosis network diagram 
indicated that 11 CRG gene signatures were associated 
with the clinical survival outcomes of COAD, comprising 
8 risk factors and 3 beneficial factors (Fig. 1D). Addition-
ally, the PPI network diagram revealed potential interac-
tions among CRG gene signatures (Fig. 1E).

Identification of molecular subtypes of coagulation-related 
genes (CRGs) in COAD samples
Based on the expression characteristics of 34 differ-
entially expressed CRG genes, we identified molec-
ular subtype features related to CRG in COAD. 
Employing unsupervised consensus clustering algo-
rithms, we divided COAD samples into two significantly 
distinct CRG molecular subtypes based on the optimal 
classification ratio, with 375 COAD samples in subtype 
A and 633 COAD samples in subtype B. Additionally, we 
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further elucidated the potential relationship between dif-
ferentially expressed CRG gene signatures and clinical 
features as well as molecular subtypes in COAD. Unsu-
pervised PCA pattern plots demonstrated a significant 
separation pattern between subtypes A and B, indicating 
significant independence between the two CRG molecu-
lar subtypes (Fig. 2A). Survival prognosis results of CRG 
molecular subtypes suggested that the overall survival 
rate of COAD was significantly shorter in subtype A than 
in subtype B (p < 0.001), indicating a potential associa-
tion of high CRG gene expression subgroup with adverse 
prognosis in COAD (Fig.  2B). Based on GSVA analysis, 

we initially revealed potential regulatory KEGG signaling 
pathways between CRG molecular subtypes. The results 
indicated significant differences in tumor- and immune-
related signaling pathways between CRG molecular sub-
groups, which may be important mechanisms mediating 
differences in clinical prognosis among CRG molecular 
subtypes (Fig.  2C). We further evaluated the mutation 
characteristic landscape among different CRG molecular 
subgroups, and the results showed that the mutation fre-
quency of TP53, TTN, SYNE1 was higher in CRG sub-
type A, while the gene mutation frequency of APC and 
KRAS was higher in CRG subtype B (Fig. 2D).

Fig. 1  Analysis of differential expression and genetic variation features of coagulation-related genes (CRG) in COAD. (A) Differential expression analysis 
of CRG in normal and COAD samples. (B) Assessment of mutation features of CRG gene signatures. (C) Quantitative assessment of copy number varia-
tion frequency in COAD. (D) Analysis of prognosis of CRG gene signatures in COAD. (E) PPI network diagram revealing potential interaction relationships 
among CRG gene signatures
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Analysis of immune infiltration characteristics and 
prediction of immune therapy response in CRG molecular 
subtypes
Using the ESTIMATE assessment method, we quan-
titatively evaluated the immune infiltration status of 
CRG molecular subtypes. As depicted in Fig.  3A-D, we 
observed a significant decrease in immune score, ESTI-
MATE score, and stromal score, along with a significant 
increase in tumor purity in CRG molecular subtype B. 
This suggests a lower immune infiltration status in CRG 
molecular subtype B, which may contribute to better 
clinical prognosis in COAD. Results from the ssGSEA 
assessment algorithm indicated that COAD samples in 
CRG subtype A exhibited higher proportions of immune 
cells compared to CRG subtype B, including Activated B 
cells, activated CD4 T cells, activated CD8 T cells, and 
activated dendritic cells, suggesting a more pronounced 
immune-suppressive state in COAD samples in CRG 
subtype B. Meanwhile, quantitative analysis of immune 
functions revealed significant decreases in APC co inhi-
bition, APC co stimulation, CCR, and cytolytic activity 
in CRG subtype B (Fig.  3E). Based on these results, we 
speculate that the immune infiltration characteristics 
and immune functional phenotypes of COAD samples 
in CRG subtype B are poorer compared to those in CRG 
subtype A, which may be crucial factors contributing to 
adverse prognosis. In the subsequent study, we utilized 

the TCIA database to predict and assess the response 
of COAD samples in CRG subtypes to CTLA4/PD-1 
immune therapy. Results of the IPS phenotype indicated 
a potentially better response rate to CTLA4 immune 
therapy in COAD samples in CRG subtype B (Fig.  3F). 
Based on these findings, we preliminarily conclude that 
there are significant differences in immune infiltra-
tion status and immune functional phenotypes among 
COAD samples in CRG molecular subtypes, which may 
be important factors contributing to differences in clini-
cal prognosis.

Comprehensive analysis of gene subtypes associated with 
CRG subtypes
To better explore the potential molecular mechanisms 
between CRG molecular subtypes, we conducted a 
comprehensive analysis of differential gene expression 
between the subtypes (threshold: |FC|>2, p.adjust < 0.05). 
The volcano plot results elucidated that the majority of 
differentially expressed genes were significantly down-
regulated in CRG subtype B (Fig. 4A). GO analysis of dif-
ferentially expressed genes in CRG subtypes suggested 
their involvement in regulating biological functions such 
as leukocyte migration, extracellular matrix organiza-
tion, collagen-containing extracellular matrix, and extra-
cellular matrix structural constituent (Fig.  4B). KEGG 
analysis indicated that differentially expressed genes in 

Fig. 2  Molecular subtype identification, mutation characterization and prognosis analysis based on CRG gene signatures in COAD. (A) PCA pattern rec-
ognition plot of CRG molecular subtypes. (B) Evaluation of clinical overall survival (OS) rates in CRG molecular subgroups. (C) Prediction analysis of KEGG 
signaling pathways between CRG molecular subtypes. (D) Tumor mutation characterization of CRG subtypes
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CRG subtypes were involved in the regulation of signal-
ing pathways such as Phagosome, Cytokine-cytokine 
receptor interaction, Focal adhesion, and Staphylococcus 
aureus infection (Fig. 4C). Based on the expression pro-
files of differentially expressed genes in CRG subtypes, 
we further analyzed the gene subtype patterns of COAD 
samples. Unsupervised consensus clustering analysis 
revealed that COAD samples could be accurately clas-
sified into two distinct gene subtype patterns based on 
differentially expressed genes in CRG subtypes, with 
381 samples in gene subtype A and 627 samples in gene 
subtype B (Fig. 4D). The PCA plot results indicated sig-
nificant differentiation between the two gene subtypes, 
explaining the differences between them (Supplementary 
Fig. 1A). Clinical prognosis analysis curves demonstrated 

that the clinical overall survival (OS) rate of gene sub-
type B was significantly better than that of gene subtype 
A, suggesting that COAD samples in gene subtype B had 
better clinical survival benefits (Supplementary Fig. 1B). 
Visualization analysis of heatmap results revealed the 
expression of differentially expressed genes in CRG sub-
types across different subtypes and pathological features, 
indicating a significant decrease in expression of differen-
tially expressed genes in the subgroup with better clinical 
prognosis (Supplementary Fig.  1C). Meanwhile, among 
the gene subtypes, we found significant differences in 
the expression characteristics of CRG signatures as well 
(Fig. 4E).

Fig. 3  Evaluation of immune infiltration characteristics and immune functional phenotypes in CRG molecular subtypes. (A-D) Assessment of immune 
status in CRG molecular subtypes. (E) Quantitative analysis of relative proportions of immune cells and immune functional phenotypes of CRG molecular 
subtypes. (F) Phenotypic assessment of response to CTLA-4/PD-1 immune therapy in CRG molecular subtypes
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Comprehensive analysis of the potential value of the CRG 
scoring system in predicting COAD prognosis
Using the expression profiles of differentially expressed 
genes in CRG subtypes and clinical survival data from 
two independent databases (TCGA and GSE39582), 
we conducted a comprehensive analysis of the poten-
tial association between CRG subtype differentially 
expressed genes and clinical survival in COAD, and con-
structed a novel CRG scoring system to optimize risk 
stratification of COAD samples. Employing the LASSO-
univariate Cox analysis algorithm, we identified variables 
from the CRG subtype differentially expressed gene sig-
nature associated with COAD clinical prognosis (Fig. 5A, 
B). Subsequently, using multivariate Cox analysis, we 
further identified variables with independent prognos-
tic value and calculated the risk coefficients for each 
variable. Based on these risk coefficients and expression 
profiles, we computed the CRG scores for COAD sam-
ples and divided them into three independent validation 
cohorts in a 7:3 ratio. In the complete CRG score cohort, 
COAD samples in the low CRG score subgroup exhibited 
significantly better clinical prognosis than those in the 

high CRG score subgroup, indicating a significant associ-
ation between high CRG scores and adverse COAD prog-
nosis (p < 0.001, Fig.  5C). Time-dependent ROC curve 
results suggested AUC values of 0.689, 0.669, and 0.644 
at 1, 3, and 5 years, respectively (Fig. 5D). Furthermore, 
in the training and validation cohorts of the CRG scor-
ing system, we observed that COAD samples in the low 
CRG score subgroup exhibited significantly better clini-
cal prognosis than those in the high CRG score subgroup. 
The AUC values of the time-dependent ROC curves 
were 0.689, 0.673, and 0.685 in the training cohort, and 
0.690, 0.664, and 0.567 in the validation cohort at 1, 3, 
and 5 years, respectively (Fig.  5E-H). Based on these 
results, we conclude that constructing a CRG scoring 
system for assessing and predicting clinical survival prog-
nosis in COAD is stable and reliable. Utilizing a Sankey 
model diagram, we clearly demonstrated the associations 
between CRG molecular subtypes, gene subtypes, CRG 
scoring system, and COAD clinical prognosis, indicating 
a preference for high CRG scores in COAD samples with 
better prognosis (Fig. 5I). Across different molecular sub-
types, we found that CRG subtype A and gene subtype A 

Fig. 4  Gene subtype identification based on CRG subtype-related genes. (A) Analysis of differential gene expression between CRG subtypes, with filter-
ing threshold: |FC|>2, p.adjust < 0.05. (B, C) GO and KEGG enrichment analysis predictions of differentially expressed genes in CRG subtypes. (D) Gene 
subtype identification analysis based on the expression profile of differentially expressed genes in CRG subtypes. (E) Differential analysis of CRG gene 
signatures in gene subtypes
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Fig. 5  Construction of the CRG scoring system and stability evaluation for predicting clinical prognosis in COAD. (A, B) Identification of gene signatures 
associated with COAD prognosis based on LASSO-univariate Cox analysis. (C, D) Model construction and time-dependent ROC curve analysis of the CRG 
scoring system in the complete cohort. (E-H) Establishment of the CRG scoring system model and time-dependent ROC curve analysis in the training 
and validation cohorts. (I) Sankey diagram analysis of the relationships among molecular subtypes, CRG scoring system, and clinical prognosis. (J, K) Dif-
ferential analysis of CRG scores in CRG subtypes and gene subtypes
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had significantly higher CRG scores than the other sub-
type, elucidating the close relationship between the CRG 
scoring system and molecular subtypes (Fig. 5J, K).

Independent prognostic analysis of the CRG scoring 
system and establishment of the Nomogram model
We further analyzed the potential association between 
different clinical features of COAD samples and the CRG 
scoring system. As depicted in Fig. 6A-E, we observed no 
significant differences in CRG scoring expression based 
on age and gender pathology features. However, signifi-
cant differences were noted in CRG scoring expression 
based on disease-related N staging, T staging, and Stage, 
indicating a correlation between higher CRG scoring 
and advanced clinical staging (Fig. 6A-E). Based on these 
clinical-pathological feature variables and CRG scoring, 
we evaluated the association of each variable with the 
clinical prognosis of COAD and assessed the indepen-
dent prognostic value of these variables. Univariate Cox 
analysis results indicated that stage (HR = 2.084(1.741–
2.494), p < 0.001), T (HR = 2.043(1.594–2.618), p < 0.001), 

N (HR = 1.484(1.270–1.733), P < 0.001), and CRG scor-
ing (HR = 1.559(1.368-1,776), p < 0.001) were correlated 
with poor prognosis of COAD. Multivariate Cox analy-
sis results showed that CRG scoring (HR = 1.440(1.244-
1,667), p < 0.001) was an independent prognostic factor 
for predicting COAD prognosis (Fig.  6F, G). Based on 
the clinical-pathological variables and CRG scoring, we 
established a nomogram model to assess the survival 
probability of COAD samples at 1 year, 3 years, and 5 
years (Fig.  6H). Results from decision curve analysis 
(DCA), Concordance index, and calibration curve indi-
cated that the nomogram established using clinical-
pathological variables and CRG scoring reliably predicted 
the survival probability of COAD samples at 1 year, 3 
years, and 5 years, with the predictive value of CRG scor-
ing variables significantly superior to clinical variables 
(Fig.  6I-K). Based on these findings, we conclude that 
the CRG scoring system is a key independent prognos-
tic factor for predicting the clinical prognosis of COAD 
samples, with significantly better predictive ability than 
clinical-pathological features.

Fig. 6  Comprehensive Evaluation of the Independent Prognostic Value of the CRG Scoring System and Establishment of the Nomogram Model. (A-E) 
Distribution of CRG scoring across different clinical-pathological features of COAD. (F, G) Univariate and multivariate Cox analyses of clinical-pathological 
variables and the CRG scoring system. (H) Establishment of the nomogram model based on clinical variables and CRG scoring. (I) Decision curve analysis 
(DCA) curve computation. (J) Concordance index evaluation of different variable features at different survival times. (K) Analysis of consistency index 
between predicted OS using the nomogram model and actual OS over time
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The correlation analysis between the CRG scoring system 
and the immune microenvironment infiltration and 
somatic mutation landscape of COAD
We further analyzed the association between the CRG 
scoring system and the immune infiltration microenvi-
ronment in COAD. Utilizing the ESTIMATE algorithm, 
we predicted the immune infiltration status of CRG 
scoring subgroups, revealing that in the high CRG scor-
ing subgroup, COAD samples exhibited higher stromal 
and ESTIMATE scores, along with lower tumor purity 
(Fig. 7A-D). These findings suggest potential differences 
in the immune infiltration status of COAD within CRG 
scoring subgroups. Employing the ssGSEA evaluation 
algorithm, we elucidated the proportions of immune cell 
infiltration in COAD samples within CRG scoring sub-
groups. The results indicated a significant upregulation in 

the infiltration proportions of most immune cells in the 
high CRG scoring subgroup, including CD56dim natural 
killer cells, eosinophils, and gamma delta T cells. Addi-
tionally, predictions of immune function indicated a sig-
nificant decrease in most immune function scores in the 
low CRG scoring subgroup compared to the high CRG 
scoring subgroup (Fig. 7E). Furthermore, we assessed the 
somatic mutation landscape of COAD samples within 
CRG scoring subgroups, revealing that compared to the 
low CRG scoring subgroup, COAD samples in the high 
CRG scoring subgroup may exhibit a higher somatic 
mutation characteristic. Gene mutation frequency results 
demonstrated a significantly higher mutation frequency 
of APC, TP53, and TTN in the low CRG scoring sub-
group, while the mutation frequency of KRAS was lower 
(Fig. 7F).

Fig. 7  Correlation analysis of the CRG scoring system with immune infiltration microenvironment and somatic mutation characteristics. (A-D) Evaluation 
of the immune infiltration status of the CRG scoring system. (E) Quantitative analysis of immune cell proportions and immune function scores in CRG 
scoring subgroups. (F) Assessment of somatic mutation characteristics in CRG scoring subgroups
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The association of the CRG scoring system with immune 
therapy response and prediction of potential therapeutic 
drugs
Based on the quantitative analysis of the somatic muta-
tion features and immune infiltration of the CRG scoring 
subgroups, we predicted the response of CRG scoring 
subgroups to PD-1 and CTLA-4 immune therapies. The 
IPS quantitative results elucidated that in the high CRG 
scoring subgroup, COAD samples had significantly lower 
IPS scores compared to the low CRG scoring subgroup, 
suggesting that COAD samples associated with high 
CRG scores may derive greater clinical treatment ben-
efits from PD-1/CTLA-4 immune therapies (Fig. 8A-D). 

Meanwhile, based on the GDSC database, we also pre-
dicted some small molecule compounds that may have 
potential clinical benefits. As shown in Fig.  8E-L, the 
IC50 results of drug sensitivity indicated that the high 
CRG scoring subgroup may be more sensitive to GNF-2, 
Paclitaxel, Rapamycin, and VX-680, while the low CRG 
scoring subgroup may have better responses to CGP-
082996, Dasatinib, Erlotinib, and Saracatinib. Based on 
these results, we predicted and identified the response 
degree and sensitivity of CRG scoring subgroups to 
immune therapy and targeted drug therapy, providing 
new perspectives for personalized treatment stratifica-
tion of COAD in the future.

Fig. 8  Prediction of the response of CRG scoring subgroups to PD-1/CTLA-4 and targeted drugs. (A-D) Prediction of the response to immune therapy 
based on the TCIA database. (E-L) Assessment of potential targeted drug sensitivity associated with CRG scoring subgroups
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MS4A4A promotes COAD tumor proliferation and 
migration
Considering the fact that MS4A4A demonstrates the 
highest HR coefficient during the screening process, we 
chose it as the focal point of our research to validate the 
reliability of the bioinformatics analysis conducted in 
this study. Firstly, we assessed the basic protein expres-
sion levels of MS4A4A in COAD cell lines Caco2 and 
HCT116 (Fig. 9A). Subsequently, we established a high-
expression cell line with relatively low expression levels 
of HCT116, while creating a knockdown cell line with a 
relatively high expression level of Caco2. Western Blot 
and qRT-PCR analyses confirmed the high expression 
and low knockdown efficiency (Fig.  9B-E). CCK8 assay 
and clone formation assay demonstrated that knockdown 
of the MS4A4A gene inhibited tumor cell proliferation 
(Fig. 9F-H). Transwell experiments further validated that 
the high expression of the MS4A4A gene could promote 
tumor migration (Fig. 9I, J).

Discussion
Due to tumor heterogeneity, COAD clinical and histo-
pathological features do not always accurately predict 
patient outcomes. However, the development of bioinfor-
matics technology has greatly increased the reliability of 
predicting patient outcomes through genetic analysis [22, 
23]. In this study, we established a new risk stratification 
method through the analysis of COAD associated CRGs, 
thereby providing new clues to the role of the coagulation 
process in the development of COAD carcinogenesis.

Our results suggest the potential value of coagulation 
related therapy in the treatment of COAD. Despite the 
lack of evidence in COAD, adjuvant therapy targeting 
coagulation related pathways can significantly improve 
patient outcomes in other tumor types [24]. One exam-
ple is the discovery of the anti-cancer properties of low 
molecular weight heparin. Low molecular weight hepa-
rin has a positive anti-cancer effect in patients with 
various tumors, including pancreatic cancer and lung 
cancer [25–27]. Its specific mechanisms include inhibi-
tion of tumor-induced angiogenesis, regulation of tumor 
cell heparinase action, selectin mediated inhibition of 
tumor cell distant metastasis and activation of coagula-
tion system [28–31]. In addition, the potential of natural 
thrombomodulin and thrombomodulin as new targets to 
inhibit cancer progression is being recognized [32–34]. 
These results, together with ours, suggest a role for the 
coagulation process in the development of COAD.

The membrane-spanning 4  A (MS4A) family is 
expressed differently and selectively in immunocom-
petent cells and macrophages and is associated with 
and regulates signal transduction activity of different 
types of immune receptors, including pattern recogni-
tion receptors (PRRs) and Ig receptors [35–37]. One of 

the members, MS4A4A protein was confirmed to be 
selectively expressed by macrophages in healthy tissues 
and tumor-associated macrophages in COAD patients 
[35]. Some evidence shows the role of MS4A4A in the 
development of tumors, including COAD. MS4A4A 
enhances the ability of dectin-1 mediated NK cells and 
macrophages to fight distant metastasis of tumors in 
mouse models [38]. On the contrary, macrophages lack-
ing MS4A4A showed signal transduction deficits [36]. 
MS4A4A targeting tumor-associated macrophages 
(TAMs) restores anti-tumor immunity mediated by 
CD8+ T cells [38]. In addition, the effect of MS4A4A on 
tumor-related immunity has also been confirmed by a 
series of articles. MS4A4A is involved in the modulation 
of the biological functions of immunoreceptors such as 
FcεRI, Dectin-1, and Vslg4 [36, 39, 40]. In addition, Syk 
phosphorylation and ROS, IL-6, and TNF production 
were reduced in MS4A4A-deficient macrophages com-
pared to controls [35, 41]. Based on the above evidence, 
further investigation of the role of MS4A4A in cancer has 
positive significance.

Due to the limited conditions, the molecular mecha-
nism of the selected target in COAD could not be further 
verified in this paper. In addition, the target of bioinfor-
matics screening is inevitably biased in time and space. 
However, this paper provides a new way to study the role 
of coagulation in COAD and a new risk stratification 
method with potential clinical application value. Addi-
tionally, research on COAD is increasingly highlighting 
differences in the pathogenesis and treatment of differ-
ent types of tumors. It should be noted that the results 
of this study are more focused on COAD of colon cancer 
rather than rectal cancer. Further analysis of the possible 
molecular mechanisms of colon cancer on this basis will 
be of positive significance.
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Fig. 9  Effects of MS4A4A on cell proliferation and migration in COAD cell lines. (A) Protein expression levels of MS4A4A across various COAD cell lines. (B) 
Representative western blot bands illustrating MS4A4A overexpression in HCT116 cells. (C) Representative bands depicting MS4A4A knockdown in Caco2 
cells. (D) RT-PCR results demonstrating the efficiency of MS4A4A overexpression in HCT116 cells. (E) RT-PCR results showing the efficiency of MS4A4A 
knockdown in Caco2 cells. (F, G, H) CCK8 assay and clone formation assay conducted in Caco2 cells with low MS4A4A expression. (I, J) Transwell assay 
carried out in HCT116 cells with stable MS4A4A overexpression
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