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A B S T R A C T

Background: Cervical cancer, as one of the most common malignancies in women, is closely 
related to the mechanism of angiogenesis, which needs further exploration.
Methods: The squamous cell carcinoma of the cervix and cervical adenocarcinoma (CESC) data 
from The Cancer Genome Atlas (TCGA) database. CESC subtypes based on 48 angiogenesis- 
related genes were identified using consistent cluster analysis, and the limma package were 
adopted to screen the differentially expressed genes (DEGs) associated with prognosis. Further 
compress the DEGs through univariate and Least Absolute Shrinkage and Selection Operator 
(LASSO) COX analysis to identify the key genes. Calculate immune scores using the GSVA package 
and predict immunotherapy response with TIDE. For in vitro analysis, the expressions of these key 
genes were additionally tested via reverse-transcription quantitative PCR, and the migration and 
invasion of Hela cells were determined in scratch and transwell assays, respectively.
Results: 3 CESC subtypes were identified, with the best survival advantage in the C2 subtype and 
the worst in C1 subtype. A risk model was established utilizing seven key genes (MMP3, DLL4, 
CAP2, PDIA6, TCN2, PAPSS2, and VCAM1), showcases an Area Under the Curve (AUC) exceeding 
0.7, underlining its robust performance. The risk score model showed a trend of poorer survival 
for patients in the high-risk score group and good agreement across different datasets. A nomo
gram was constructed, and calibration curves indicated robust predictive performance. Immu
nological analysis revealed heightened sensitivity to immunotherapy in the low-risk group. 
Besides, the elevated expressions of all 7 genes were seen in Hela cells, and the specific target- 
mediated DLL4 knockdown diminished the migration and invasion of Hela cells in vitro.
Conclusion: This research provides fresh insights and a valuable tool to guide therapeutic decision- 
making for CESC.

1. Introduction

Cervical cancer ranks the fourth in the most prevalent female cancer across the globe, with around 660,000 reported new cases in 
2022. The disease is particularly common among women in nations with low and middle income, largely because of significant dis
parities in access to human papillomavirus (HPV) vaccination, screening, and treatment services in these regions [1,2]. HPV is a 
double-stranded circular DNA virus that is closely related to the development of cervical cancer [3]. Studies have found that HPV can 
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infect the basal epithelial cells of the mucosal membrane [4], and HPV lesions are caused by unchecked cell proliferation and mu
tations, ultimately leading to cancer [5]. In the United States, 13,960 new cases and approximately 4310 deaths from the disease are 
expected in 2023, with higher rates among Hispanic/Latino, black, and Asian populations [6,7]. Both cancer stage and individual 
factors can be the determinants for the treatment of cervical cancer, and the main treatment modalities mainly consist of surgery and 
other regimens like radiation therapy, chemotherapy, targeted therapy, and immunotherapy. Surgical resection is usually used for 
small, localized cancers, which ranges from minor fertility preserving surgery to more extensive procedures such as radical hyster
ectomy, depending on the spread of the cancer and the patient’s future reproductive plans. Radiation therapy is usually applied in 
conjunction with chemotherapy for cancers that extend beyond the cervix or to reduce the risk of recurrence after surgery [8–11]. 
Targeted therapies and immunotherapy, which target specific chemicals in cancer cells or strengthen the ability of the immune system 
to kill the malignant cells, are commonly used to treat advanced cervical cancer. Despite advances in treating and screening for cervical 
cancer, significant challenges remain in the fight against the disease. The diverse presentations of cervical cancer and high individual 
variability in patient response to treatment require more personalized diagnostic and therapeutic approaches [12–14]. Effective 
screening programs are critical but underutilized, especially in resource-poor settings. Despite the reduction in the incidence rate 
following the introduction of HPV vaccines, the incomplete coverage remains an urgency in developing countries [15].

The role of angiogenesis in cancer is primarily to support tumor growth, progression, and metastasis through the formation of new 
vascular networks. This process involves neovascularization from existing blood vessels and is one of the key factors in tumor 
development [16–18]. In cancer therapy, anti-angiogenic drugs are used to inhibit the blood supply to tumors by blocking factors that 
promote angiogenesis, thereby limiting tumor growth and spread. These drugs mainly target vascular endothelial growth factor 
(VEGF) and its receptors, as VEGF is one of the most important pro-angiogenic factors. Although antiangiogenic treatments have been 
widely used in the clinic, their effects only temporarily prolong the survival of patients sometimes, and the adaptation and resistance of 
tumors to such treatments are the focus of current research [19]. For example, tumors may bypass inhibition of the VEGF pathway by 
upregulating other pro-angiogenic pathways. In addition, some studies are exploring strategies to combine anti-angiogenic drugs with 
chemotherapy or immunotherapy to improve treatment efficacy [20,21]. Anti-angiogenic agents such as bevacizumab have been 
approved for use in cervical cancer research, but due to their toxicity rate, further research is needed [22]. Considering the essential 
role angiogenesis in cancer, anti-angiogenic therapies targeting this process, although promising, still face many challenges, including 
the durability of the therapeutic effect and the problem of tumor adaptation. Solutions to these challenges require more in-depth 
research and the development of new therapeutic strategies.

Here, we comprehensively analyzed angiogenesis-related genes in cervical cancer, identified the molecular subtypes in which 
angiogenesis is characterized and constructed a prognostic assessment model. We hope these relevant results not only provide new 
insights into the molecular classification of cervical cancer, but also lays a theoretic foundation for clinical prognostic assessment and 
the development of personalized therapeutic strategies through risk scoring models.

2. Methods

2.1. Data sources and pre-processing

Relevant data on cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) were downloaded from The Cancer 
Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database for sequencing analysis (TCGA-CESC). This dataset contains FPKM 

Table 1 
Statistical analysis of clinical information for samples in the training and validation sets.

Characteristics Train(N = 204) Test(N = 87) Total(N = 291) pvalue FDR

Age
Mean ± SD 47.76 ± 13.53 48.86 ± 14.48 48.09 ± 13.81 ​
Median[min-max] 46.00[20.00,85.00] 47.00[25.00,88.00] 46.00[20.00,88.00] ​
Gender
FEMALE 204(70.10 %) 87(29.90 %) 291(100.00 %) ​
AJCC_stage ​ ​ 0.24 0.48
I 115(40.35 %) 44(15.44 %) 159(55.79 %) ​
II 47(16.49 %) 17(5.96 %) 64(22.46 %) ​ ​
III 27(9.47 %) 14(4.91 %) 41(14.39 %) ​ ​
IV 11(3.86 %) 10(3.51 %) 21(7.37 %) ​ ​
Grade ​ ​ ​ 0.54 0.54
G1 14(5.30 %) 4(1.52 %) 18(6.82 %) ​ ​
G2 94(35.61 %) 35(13.26 %) 129(48.86 %) ​
G3 77(29.17 %) 39(14.77 %) 116(43.94 %) ​
G4 1(0.38 %) 0(0.0e+0 %) 1(0.38 %) ​ ​
OS
Mean ± SD 0.25 ± 0.44 0.22 ± 0.42 0.24 ± 0.43 ​ ​
Median[min-max] 0.0e+0[0.0e+0,1.00] 0.0e+0[0.0e+0,1.00] 0.0e+0[0.0e+0,1.00] ​
OS.time
Mean ± SD 1116.67 ± 1199.34 987.46 ± 1025.20 1078.04 ± 1149.82 ​
Median[min-max] 747.00[3.00,6408.00] 642.00[2.00,4483.00] 715.00[2.00,6408.00] ​
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expression profiling information of RNA-Seq samples. The RNA-Seq data from TCGA-CESC were processed as follows [1]: Only samples 
with survival time and survival status were retained, while those lacking such information were removed [2]. Ensembl was converted 
to Gene symbol [3]. The expression matrix was transferred to the TPM format and log2 transformation was carried out [4]. The 
protein-coding genes were reserved. Finally, 291 CESC samples were obtained. The 48 angiogenesis-related genes were also collected 
utilizing the Molecular Signatures Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb) database.

2.2. Consensus clustering analysis

In the TCGA-CESC cohort, in accordance with the expression profiles of 48 angiogenesis-related genes, 291 CESC samples were 
analyzed for angiogenesis-related molecular subtypes by consistency clustering analysis with the ConsensusClusterPlus package [23]. 
For the analysis, the parameters were set to clusterAlg = “km”, distance = “euclidean”, and the sampling was repeated 500 times with a 
sampling proportion of 80 % each time. For the molecular subtypes obtained from the cluster analysis, in order to identify differentially 
expressed genes (DEGs) in each subtype, the DEGs among them were recognized by the limma package, which were considered only 
when satisfying FDR <0.05 & |log2FC| > 1.5 [24].

2.3. RiskScore construction and validation

First, the training and validation sets of TCGA-CESC cohort were divided in the ratio of 7:3 by random grouping. Based on the 
clinical information, the reasonableness of the randomized grouping was verified using chi-square test. The detailed statistical in
formation in these two sets is displayed in Table 1. Univariate COX analysis was performed on the DEGs of the training set then to 
extract those significantly associated with the prognosis of cervical cancer (p < 0.05). Then glmnet package was applied to perform 
Least Absolute Shrinkage and Selection Operator COX (LASSO COX) analysis [25] to ascertain the independent prognostic factors. The 
key prognostic genes were finally obtained, and the RiskScore of the samples was calculated using the risk coefficient and gene 
expression level via the following formula: 

RiskScore=Σβi × Expi 

β is the risk coefficient of the prognostic gene, and Exp is the expression data of the prognostic gene.
The samples were allocated into high and low RiskScore groups based on the median value of RiskScore, followed by the Kaplan- 

Meier survival analysis. Besides, the constructed Receiver Operating Characteristic curve (ROC) was plotted by timeROC package [26] 
to assess the accuracy of RiskScore in predicting the prognosis of Cervical cancer patients by Area Under the Curve (AUC).

2.4. Immune microenvironment assessment

A set of 27 immune cell-related genes from the study by He et al. [27] was extracted, and samples in TCGA-CESC were enriched for 
gene set analysis to assess immune cell activity and infiltration abundance in the tumor microenvironment (TME) of the samples by the 
GSVA package [28]. We also assessed StromalScore, ImmuneScore, and ESTIMATEScore in all samples by the ESTIMATE algorithm 
[29].

2.5. Immunotherapy sensitivity analysis

The Tumor Immune Dysfunction and Exclusion (TIDE) score is a biomarker predicting the response of cancer patients to immune 
checkpoint inhibitory therapies like PD-1/PD-L1 and CTLA-4 inhibitors. This scoring system is based on the immune status in the 
tumor microenvironment, taking into account, in particular, immune cell function and mechanisms of escape of tumor cells from the 
immune system. A high TIDE score indicates that a patient’s tumor may be less sensitive to immune checkpoint inhibitors because of 
more immune dysfunction or immune exclusion in their TME, whereas a low TIDE score predicts that the patient may respond better to 
treatment [27]. The Immunopheno score (IPS) is a biomarker for assessing a tumor’s response to immune checkpoint blocking 
therapies (PD-1/PD-L1 and CTLA-4 inhibitors) as a tool for assessing a tumor’s likely response. This scoring system focuses on 
analyzing the immune phenotype in the TME and incorporates expression data of effector T-cell markers, antigen presentation 
mechanisms, and immunosuppressive factors to predict treatment efficacy. Higher IPS scores generally imply that the tumor has 
stronger immune visibility and a less immunosuppressive environment, thus more likely responding positively to immune checkpoint 
inhibitor therapy [30]. We assessed the TIDE score of all samples by the TIDE algorithm and calculated the IPS score of all samples by 
the IOBR package [31].

2.6. Cell culture and transfection

Human cervical epithelial cell (HcerEpic, CP-H059) and cervical cancer cell line Hela (CL-0101) were all purchased from Pricella 
(Wuhan, China). The culture media for these two cells were minimal essential medium (11430030, Gibco, Grand Island, NY), which 
were additionally added with 10 % fetal bovine serum (A3161001C, Gibco) and 1 % penicillin-streptomycin (15070063, Gibco) at 
37 ◦C, 5 % CO2. For the subsequent transfection via liposome, Hela cells were grown in a 6-well plate at 1 × 106 cells per well and 
received the transfection of commercial small interfering RNA against DLL4 (target sequence: 5′-GCCAACTATGCTTGTGAATGTCC-3′) 
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or the negative control small interfering RNA at 37 ◦C for 48 h. All cells were collected then for the subsequent scratch and transwell 
assays.

2.7. Reverse-transcription quantitative PCR on mRNA levels

The total RNA extractor TriZol (15596026, Invitrogen, Carlsbad, CA) was adopted to extract the total cellular RNA from both 
HcerEpic and Hela cells, following which the concentration of extracted RNA was tested in the spectrophotometer. A corresponding 
cDNA synthesis kit (B300902, Sangon Biotech, Shanghai, China) was adopted for the synthesis of corresponding cDNA. Thereafter, the 
SYBR Green PCR Mix (B110031, Sangon Biotech) and the CFX396 touch PCR system were used for the PCR analysis at the following 
parameters: 95 ◦C for 3 min and 40 cycles of 94 ◦C for 15 s, 60 ◦C for 30 s and 72 ◦C for 1 min. The relative mRNA expression level was 
finally calculated using the method 2− ΔΔCT with GAPDH as the housekeeping control [32,33]. The sequences of primers in this study 
were shown in Table 2.

2.8. Scratch assay

CC cells Hela (1 × 106 cells/mL) were seeded in 6-well plates and grown until fully confluent. Subsequently, a 10 μL sterile pipette 
tip was applied to create a scratch on the monolayer and cells were continued for the 48-h culture. Following the rinse in PBS to remove 
the debris, cells were observed in the IX71 inverted microscope (Olympus, Tokyo, Japan) and the wound closure degree was hereafter 
determined.

2.9. Transwell assay

CC cells Hela (2 × 105 cells in total) were placed in the upper Transwell chamber (pore: 8.0 μm, 3422, Corning, Inc., Corning, NY) 
coated with Matrigel matrix (M8370, Solarbio, Beijing, China) and added with 200 μL serum-deprived media. The lower chamber was 
filled with 600 μL serum-added media in the meantime. 48 h later, the invaded cells were fixed and dyed using 4 % paraformaldehyde 
(P1110, Solarbio) and 0.1 % crystal violet (E607309, Sangon Biotech). The inverted microscope (Olympus) was adopted to calculate 
the number of invaded cells.

2.10. Statistical analysis

All computational analyses were realized through R software (version 3.6.0), and GraphPad Prism software (version 8.0.2) was 
applied for the statistical analyses. The student’s t-test was adopted to compare the mRNA expression levels of key genes between 
tumor samples and control samples in the in vitro validation experiment. The data with p < 0.05 were statistically significant in all 
statistical analyses.

3. Results

3.1. Cervical cancer subtypes based on angiogenesis-related genes

First, in the TCGA-CESC dataset, a consistent clustering analysis was performed based on the expression data of 48 angiogenesis- 
related genes. CESC can be intuitively identified into three subtypes. The best and worst survival advantage were seen in the C2 
subtype and C1 subtype, respectively (Fig. 1A). Based on Univariate COX analysis, 10 of 48 angiogenesis-related genes were associated 
with the prognosis of CESC, including SERPINF1, ANGPTL4, RHOB, CXCL8, COL4A2, PF4, VEGFA, C1GALT1, CANX, and PROK2 
(Fig. 1B). Moreover, C1 subtypes in the majority of patients were in intermediate and advanced stages (Stage III, Stage IV, and G3), and 

Table 2 
Primers for reverse-transcription PCR.

Gene NCBI Accession Number Primers (5′-3′)

Forward Reverse

MMP3 NM_002422.5 CACTCACAGACCTGACTCGGTT AAGCAGGATCACAGTTGGCTGG
VCAM1 NM_001078.4 TCTACGCTGACAATGAATC CTTATGTCCACAAGTCACTG
DLL4 NM_019074.4 CTGCGAGAAGAAAGTGGACAGG ACAGTCGCTGACGTGGAGTTCA
CAP2 NM_006366.3 GCCTCTCAGTACCAACAA TACTCCACTCTCCATTTCTT
TCN2 NM_000355.4 CAGAACAGTGCGAGAGGAGATC TCGCCTTGAGACATGCTGTTCC
PDIA6 XM_011510308.2 ACAAGGCAGAAGTGATAGTT ATCACTGAGGTCAATGTCA
PAPSS2 NM_004670.4 AGGAACGCTGTTCCCGTGTTTG GAGGTGTCAGACGGTATTGGTC
BCL-2 NM_000633.3 CCGCATCAGGAAGGCTAGAGTT CCAGACATTCGGAGACCACACT
CDK6 NM_001259.8 TGGTGACCAGCAGCGGACAA GCAGCCAACACTCCAGAGATCC
PDCD4 NM_014456.5 GCGATTCGGTCAGCGACAGT CACATCCACCTCCTCCACATCA
PTEN NM_000314.8 TTGAGAGTTGAGCCGCTGTGAG TCAGGAGAAGCCGAGGAAGAGG
GAPDH NM_002046.7 GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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Fig. 1. Prognostic, expression, immune, and biological pathway characterization in the three angiogenic signature subtypes. 
A: Kaplan-Meier curves of patients in the C1, C2, and C3 subtypes. B: Multivariate COX analysis to identify prognostic genes for angiogenic features 
in CESC. C: Heatmap showing clinical information of patients in the three subtypes and expression levels of 10 prognostic genes characterized by 
angiogenesis. D: ESTIMATE results for the three subtypes. E: 27 immune cell activity scores in the three subtypes. F: Heatmap demonstrating 
biological pathways that are abnormally activated or inhibited in the C1, C2, and C3 subtypes.
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the increased levels of 10 angiogenesis-related genes were also seen in the C1 subtype (Fig. 1C). ESTIAMTE immune infiltration 
analysis demonstrated the relatively higher ImmuneScore and ESTIMATEScore of C1 subtype (Fig. 1D). For the C2 subtype, cell ac
tivity of activated B cell was higher (Fig. 1E). In comparison with the other two subtypes, multiple cancer-relevant pathways were 
activated in the C1 subtype, like TGF_BETA_SIGNALING, ANGIOGENESIS, G2M_CHECKPOINT, IL6_JAK_STAT3_SIGNALING, KRAS_
SIGNALING_UP (Fig. 1F).

3.2. Prognostic assessment models for angiogenic characterization in CESC

The relevant DEGs in the C1 (C1 vs C2&C3), C2 (C2 vs C1&C3), and C3 (C3 vs C1&C2) subtypes were sorted out (FDR <0.05&| 
log2FC| > 1.5), respectively. In the C1 subtype, 595 DEGs were found, with 472 up-regulated and 123 down-regulated DEGs. 1374 
DEGs were identified in the C2 subtype, including 950 up-regulated and 424 down-regulated DEGs. 1191 DEGs were discovered in the 
C3 subtype, which consisted of 211 up-regulated and 980 down-regulated DEGs. A total of 68 overlapping DEGs were intersected in the 
three subtypes (Fig. 2A). In the training set, 16 genes associated with CESC prognosis were initially identified following the univariate 
COX analysis in conjunction with patients’ survival information (p < 0.05). After LASSO COX analysis, the overfitting genes were 
removed by penalizing the parameters and model training. The optimal λ value occurs when the number of features is 15, with a λ 
value of 0.03296859, which translates to − 3.4122 after log transformation (Fig. 2B and C). 7 key genes affecting CESC prognosis, that 
is, TCN2, VCAM1, MMP3, CAP2, DLL4, PDIA6, and PAPSS2, were obtained (Fig. 2D). Based on the expression levels and risk co
efficients of the seven prognosis-related genes, we constructed a risk model for predicting CESC prognosis. 

RiskScore= 0.108*MMP3 + 0.542*DLL4 + 0.408*CAP2 + 0.43*PDIA6 − 0.813*TCN2 + 0.281*PAPSS2 − 0.237* VCAM1 

Thereafter, the samples in the training set are grouped according to their median RiskScore values (high and low RiskScore group). 
Visibly, the relatively higher expression levels of MMP3, CAP2, DLL4, PDIA6, PAPSS2 were noted in the high RiskScore group, whilst 
the relatively higher expressions of TCN2 and VCAM1 were observed in the low RiskScore group (Fig. 2D).

Subsequently, the guidance of RiskScore on CESC prognosis was validated in the two sets, respectively. In the training set, the 
Kaplan-Meier curves of patients in both groups depicted the better survival in patients with low RiskScore (Fig. 3A). According to the 

Fig. 2. Identification of prognostically relevant genes in CESC. 
A: The Venn diagram showing the DEGs and overlapping DEGs in C1 (C1 vs C2&C3), C2 (C2 vs C1&C3), and C3 (C3 vs C1&C2). B: Trajectory plot of 
the coefficient change of the independent variables (genes) in the LASSO COX analysis. C: Confidence intervals for penalty parameter selection in 
LASSO COX analysis. D: Heatmap of expression levels of seven prognosis-related genes in high and low RiskScore groups.
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Fig. 3. Prognostic value assessment of RiskScore. 
A: Kaplan-Meier curves of patients in high and low RiskScore groups in the training set. B: ROC curve showing the efficacy of the RiskScore in 
predicting the 1-, 3- and 5-year survival of CESC patients in the training set. C: Kaplan-Meier curves of patients in the high and low RiskScore groups 
in the validation set. D: ROC curve showing the efficacy of the RiskScore in predicting the 1-, 3- and 5-year survival of CESC patients in the 
validation set. E: Kaplan-Meier curves of patients with high and low RiskScore groupings in the entire TCGA-CESC cohort. F: ROC curve showing the 
efficacy of the RiskScore in predicting the 1-, 3- and 5-year survival of CESC patients in the entire TCGA-CESC cohort.
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ROC curve, the AUC values of RiskScore for predicting 1-, 3-, and 5-year survival in CESC patients were 0.83, 0.82, and 0.81, 
respectively (Fig. 3B). In the validation set, a similar trend on the survival was seen in patients with low RiskScore (Fig. 3C). Higher 
AUC values for 1-, 3-, and 5-year survival prediction were also seen, including 0.72, 0.87, and 0.75 (Fig. 3D). Finally, the performance 
of RiskScore on prognostic assessment was validated in entire TCGA-CESC cohort, and the results were consistent with the trends in the 
two sets (Fig. 3E). The AUC values of RiskScore for predicting 1-, 3-, and 5-year survival of CESC patients in the TCGA-CESC cohort 
were 0.8, 0.83, and 0.8 (Fig. 3F). These results indicate that RiskScore is clearly a reliable prognostic assessment tool.

3.3. Potential clinical applications of RiskScore

In the TCGA-CESC cohort, the Age, AJCC stage, Grade, and RiskScore information of all samples were integrated. Both univariate 
COX and multivariate COX analyses were commenced to identify independent prognostic factors for CESC. A nomogram was 
accordingly plotted. Based on the univariate COX analysis results, the AJCC stage (p < 0.01, HR = 2.31,95 % CI = 1.43–3.78) and 
RiskScore (p < 0.001, HR = 2.45, 95 % CI = 1.96–3.07) could be used as independent prognostic factors for CESC (Fig. 4A). The 
multivariate COX analysis results also confirmed that AJCC stage and RiskScore were independent prognostic factors for CESC 
(Fig. 4B). Therefore, we constructed a nomogram for predicting 1-, 3-, and 5-year survival rates in CESC patients using RiskScore and 
AJCC stage (Fig. 4C). In TCGA-CESC cohort, calibration curves were plotted by combining the actual survival rates of patients and the 
predicted survival rates of the nomogram. The results manifested that the deviation between the actual observed and the predicted 
values was small and that the curves nearly overlapped (Fig. 4D). These results hinted the good potential of the nomogram for clinical 
prediction.

3.4. RiskScore for predicting immunotherapy response in CESC patients

The differences in immune microenvironment activity of patients in the high and low RiskScore groups were further compared. 

Fig. 4. Prognostic independence and nomogram for AJCC stage and RiskScore. 
A-B: Univariate and multivariate COX analysis of RiskScore combined with clinical information. C: Nomogram containing the RiskScore and AJCC 
stage characteristics. D: Calibration curve to assess the prognostic performance of the nomogram.
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Patients in the low RiskScore group exhibited a higher ImmuneScore and ESTIMATEScore (Fig. 5A). The level of immune cell infil
tration of samples was also evaluated, and a higher level of immune cell infiltration in the TME of samples was observed in comparison 
with that in the low RiskScore group (Fig. 5B). Patients in the low RiskScore group exhibited low levels of TIDE scores, suggesting that 
this type of patient is more sensitive to immunotherapy (Fig. 5C). This was confirmed by the proportion of patients in the high and low 
RiskScore groups who responded to immunotherapy, and the response of patients in both groups after receiving immunotherapy was 
counted. The proportion of patients who benefited from immunotherapy was higher in the low RiskScore group (40 % in low Risk
Score) (Fig. 5D). In addition, the higher proportion of patients with high IPS scores in the low RiskScore group was visualized. Higher 
IPS scores reflect a more favorable tumor immune microenvironment in which T cells may have been activated and able to effectively 
recognize and attack tumor cells, suggesting that patients in the low RiskScore group may be more sensitive to immunotherapy (Fig. 5E 
and F). Collectively, it was demonstrated that RiskScore may be useful for predicting the response of CESC patients to immunotherapy, 
and patients with low RiskScore in particular may be more likely to benefit from immunotherapy.

Fig. 5. RiskScore used to predict immunotherapy response in CESC patients. 
A: StromalScore, ImmuneScore, ESTIMATEScore of patients in the high and low RiskScore groups. B: Infiltration levels of immune cells in TME of 
patients in the high and low RiskScore groups. C: TIDE score of patients in the high and low RiskScore groups. D: Statistics of patients’ benefit from 
immunotherapy in the high and low RiskScore groups. E-F: Statistics of IPS scores of patients in the low or high RiskScore group.
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3.5. Biological pathways affected by RiskScore

The h.all.v7.5.1.symbols.gmt gene set was finally applied for the gene set enrichment analysis, and abnormal biological pathways 
in the high and low RiskScore groups were identified. It was delineated that cancer-related pathways were significantly activated in the 
high RiskScore group, including ECM-receptor interaction, Focal adhesion, MicroRNAs in cancer, Protein digestion and absorption, 
small cell lung cancer (Fig. 6A). The low RiskScore group was enriched in immune-related pathways, Allograft rejection, Autoimmune 
thyroid disease, Metabolism of xenobiotics by cytochrome P450, Primary immunodeficiency, and Staphylococcus aureus infection 
(Fig. 6B).

Fig. 6. Biological pathways affected by RiskScore. 
A-B: Significantly relevant biological pathways in patients of the high or low RiskScore group.
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3.6. Cell validation in cervical cancer cells

In order to preliminarily explore the involvement of the 7 key genes in cervical cancer, their mRNA expressions were tested in both 
cervical cancer cells Hela and the normal HcerEpic. Notably, the expressions of all 7 key genes were elevated in Hela cells (Fig. 7A). 
Given the pronounced difference in DLL4 mRNA expression between the tumor group and the control group, coupled with its relevance 
to angiogenesis and the prognosis of CESC, scratch assay and transwell assay experiments were performed after DLL4 was silenced. The 
results have suggested that the silencing of DLL4 could significantly weaken the migration and invasion potential of cervical cancer 
cells Hela, as seen by the reduced wound closure degree and the number of invaded cells at 48 h (Fig. 7B and C).

Furthermore, to further demonstrate whether DLL4 is related to the previously obtained high-risk enrichment pathways (ECM- 
receptor interaction, Focal adhesion, MicroRNAs in cancer, Protein digestion and absorption, small cell lung cancer), we silenced DLL4 
to explore its effect on downstream genes of the MicroRNAs in cancer related pathway. The results showed that the expressions of miR- 
21 downstream genes PDCD4 and PTEN, as well as miR-34a downstream genes BCL-2 and CDK6, were significantly increased after 
DLL4 was silenced (p < 0.05, Fig. 8). Since miR-21 and miR-34a usually function by negatively regulating their target genes, this result 
also proves that DLL4 promotes the MicroRNAs in cancer pathway in cervical cancer cells.

4. Discussion

Cervical cancer is showing an increasing trend in morbidity and mortality, and effective prevention and precision guidance are 
important measures to improve survival. In cancer, vascular survival is particularly important because tumors depend on neo
vascularization to provide essential oxygen and nutrients to sustain their growth and spread. In this study, three molecular subtypes 
were identified by vascular survival genes, and finally, a prognostic model of seven related genes was developed. Such a robust model 
is independent of clinicopathologic features.

Three molecular subtypes were identified in the TCGA-CESC dataset: and these subtypes exhibited different survival advantages 
and gene expression patterns. Specifically, the C2 subtype showed the best survival advantage, whereas the C1 subtype showed a 
poorer prognosis. Specifically, we disclosed that cancer-associated pathways (TGF_BETA_SIGNALING, ANGIOGENESIS, 
G2M_CHECKPOINT, IL6_JAK_STAT3_SIGNALING, KRAS_SIGNALING_UP) were profoundly activated in the C1 subtype. TGF BETA 
SIGNALING was an important biological pathway in cancer development and cell migration [34]. Angiogenesis, the process of forming 
new capillaries in cancer cells, is an important source of oxygen and nutrients in tumor cells and an important driver of cancer pro
gression [35]. Inhibition of Angiogenesis has also been shown to be one of the effective means of treating cancer [35]. The G2/M 
checkpoint is a key regulatory point in the cell cycle that ensures that the cell repairs DNA damage and maintains genomic integrity 
before entering mitosis. Under normal conditions, the G2/M checkpoint serves as an anti-cancer mechanism that protects cells from 
DNA damage by maintaining the correct sequence and timing of cell division. However, many cancer cells exhibit resistance to this 
checkpoint, allowing cells with genetic defects to undergo mitosis and proliferate [36,37]. IL-6 is a cytokine promoting tumor cell 
proliferation and survival through activation of JAK and STAT3 [38]. IL-6/JAK/STAT3 signaling pathway is also important in 
pro-inflammatory and modulating immune responses in the TME. It modulates the activity of tumor-associated macrophages and other 
immune cells and promotes the production of pro-inflammatory and pro-tumorigenic cytokines and chemokines that maintain and 
exacerbate the inflammatory environment of the tumor [39]. Importantly, STAT3 activation also enhances the expression level of 
VEGF, thereby enhancing tumor angiogenesis. This provides tumors with essential oxygen and nutrients to support their growth and 
spread [40]. KRAS can promote uncontrolled proliferation of tumor cells by activating the downstream ERK/MAPK and PI3K/AKT 
signaling pathways, which promote the expression of cell cycle proteins and the advancement of the cell cycle [41]. These 
cancer-associated pathways are activated in C1 and may account for the poorer prognosis of the C1 subtype. In addition, immune 
infiltration analysis of the C1 subtype showed higher ImmuneScore and ESTIMATEScore. ImmuneScore is generally used to quantify 
the infiltration degree of immune cells in tumor samples. The C1 subtype, with a higher ImmuneScore, likely indicates a higher density 
of immune cells within the tumor. Meanwhile, ESTIMATEScore is a comprehensive indicator that assesses the relative proportion and 
activity of stromal cells and immune cells in the TME. The high ESTIMATEScore of the C1 subtype suggests that its TME not only 
contains more immune cells but may also be accompanied by changes in stromal cells. In conclusion, the C1 subtype possesses a more 

Fig. 7. Cell validation in cervical cancer cells. 
A: Relative mRNA levels of key genes affecting prognosis in cervical cancer cells Hela and normal human cervical epithelial cells. B: The migration of 
cervical cancer cells following the knockdown of DLL4. C: The invasion of cervical cancer cells following the knockdown of DLL4.
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complex immune microenvironment, which may also be one of the reasons for its poorer prognosis.
Risk assessment models for seven prognosis-related genes (TCN2, VCAM1, MMP3, CAP2, DLL4, PDIA6, PAPSS2) showed good 

predictive performance and consistent trends in the two separate sets and the entire TCGA-CESC cohort. The expression levels of these 
genes were significantly correlated with the survival of CESC patients, with patients in the high-risk scoring group showing a poorer 
survival. VCAM1 is a vascular cell adhesion molecule, and it has been found that VCAM1, targeted and inhibited by miR-95-3p, is 
involved in cervical cancer progression [42]. MMP9 is a molecular signature of lymph node micrometastasis in cervical cancer, with an 
upregulated level in cervical cancer patients with such micrometastasis [43]. Polarized M2 macrophages induce pre-metastatic 
microhabitat formation and promote gastric cancer cell metastasis by secreting TGFB1, which generates a TGFB1/JUN/CAP2 posi
tive feedback loop to sustainably activate expression of CAP2, a potential target for cancer metastasis [44]. PDIA6 promotes the 
development of endometrial cancer through activation of the TGF-β pathway [44]. Han et al. recognized PAPSS2 as a 
methylation/hydroxymethylation-related gene affecting the prognosis of cervical cancer [45]. DLL4 was identified as both an indicator 
for the detection of pelvic lymph node metastasis and a prognostic biomarker in patients with early cervical cancer [46]. During 
angiogenesis, DLL4 binds to Notch receptors, activating the Notch signaling pathway, which in turn regulates the proliferation, 
migration, and differentiation of vascular endothelial cells [47]. This signaling pathway has been proven to be associated with the 
prognosis of CESC [48]. Relevant cellular in-vitro assays have further uncovered the elevated expressions of these 7 genes in cervical 
cancer cells Hela, as well as the weakened invasion and migration capabilities of Hela cells after DLL4 silencing. The regulation of these 
genes reveals key molecular mechanisms in the pathologic process of cervical cancer and provide a theoretical basis for the devel
opment of therapeutic strategies against these molecular targets.

The RiskScore was applied to assess the likely response of patients to immunotherapy, where patients in the low RiskScore group 
exhibited higher ImmuneScore and lower TIDE scores, suggesting that these patients may be more sensitive to immunotherapy. Yang 
et al. have discovered that in cervical cancer patients with high risk, immune-related genes may reflect the dynamically changing TME 
[49]. Prior studies have shown that compared to normal tissues, T cells CD4 memory resting, Monocytes, Macrophage M2, and Mast 
cells resting constitute a smaller proportion in tumor samples, while T cells follicular helper and Macrophages M0 account for a larger 
proportion, suggesting the influence of tumor cells on immune infiltration [50]. Furthermore, a higher proportion of patients with high 
IPS scores were observed in the low-risk scoring group. The elevation of IPS is primarily attributed to enhanced antigen-presenting 
capabilities within the TME, increased infiltration of effector cells (such as activated CD4+ and CD8+ T cells, effector memory T 
cells, etc.), and reduced infiltration of immunosuppressive cells (like regulatory T cells and myeloid-derived suppressor cells) [30]. 
Additionally, upregulated expression of major histocompatibility complex (MHC) molecules and related immune regulatory molecules 
also contributes to the increase in IPS scores [30]. These factors act in concert, making patients with high IPS scores more likely to 
respond positively to immunotherapies such as immune checkpoint blockade therapies. This finding provides potential biomarkers for 
individualized treatment of cervical cancer patients, aiding in the optimization of therapeutic strategies.

Additionally, our study has identified significant activation of multiple signaling pathways in the high-risk group patients, which 
are intimately linked to cancer growth, invasion, and metastasis. These pathways include ECM-receptor interaction, a critical regulator 
of interactions between the extracellular matrix and cell surface, playing pivotal roles in cell-to-cell communication, proliferation, 
adhesion, and migration [51]. Furthermore, the enhancement of focal adhesion pathway may facilitate tumor cell adhesion to sur
rounding tissues, contributing to the development of malignancy characteristics such as cancer stemness, epithelial-mesenchymal 
transition (EMT), tumor angiogenesis, chemotherapy resistance, and fibrosis in the stroma [52,53]. And the dysregulation of micro
RNAs signaling is implicated in numerous diseases, including cancer [54]. The in vitro validation experiments in this study found that 
the expressions of miR-21 downstream genes PDCD4 and PTEN, as well as miR-34a downstream genes BCL-2 and CDK6, were all 
higher in the DLL4-silenced group compared to the control group (p < 0.05). PDCD4, a tumor suppressor protein, functions by 
inhibiting various signaling pathways related to cell growth, proliferation, and survival. A significant downregulation of PDCD4 has 
been observed in cervical cancer [55]. Furthermore, miR-21 may promote the proliferation of cervical cancer cells by inhibiting the 

Fig. 8. Performing in vitro validation of the MicroRNAs in cancer pathway.
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expression of PTEN [56]. BCL-2, an anti-apoptotic protein, when upregulated, inhibits apoptosis, potentially contributing to enhanced 
cell proliferation, migration, and invasion [57]. CDK6, a protein kinase belonging to the family of cell cycle regulators, is directly 
targeted by miR-34a, resulting in its inhibition [58]. These findings all suggest that the MicroRNAs in cancer pathway is suppressed 
under DLL4 silencing conditions, further validating the role of DLL4 as a biomarker in cervical cancer. In stark contrast, the low-risk 
group patients exhibit an enrichment of immune-related signaling pathways, such as allograft rejection and autoimmune thyroid 
disease, which reflect the robust recognition and elimination capability of the body towards ’non-self’ components [59,60], a process 
that is equally crucial in tumor immune surveillance. And cytochrome P450, a membrane-bound heme protein, plays a fundamental 
role in drug detoxification, cellular metabolism, and homeostasis [61]. Research has demonstrated that the CYP4A/20-HETE axis plays 
a key role in promoting tumor growth, angiogenesis, migration, and invasion, presenting itself as a potential target for the prevention 
and treatment of metastasis [62]. This revelation of differing enriched pathways between high- and low-risk groups not only deepens 
our understanding of cervical cancer but also provides new possibilities for personalized treatment.

However, the present study is not without limitations. Firstly, we did not conduct further experiments to investigate whether 
silencing DLL4 affects the expression of downstream genes in relevant pathways in the high-risk group, thereby limiting our under
standing of its comprehensive biological consequences. Secondly, the relatively small sample size employed in this study introduces a 
degree of uncertainty and potential bias, limiting the robustness and reproducibility of our findings. Thirdly, the lack of drug sensitivity 
analysis restricts the application of our results in clinical drug selection. Therefore, in future studies, we will endeavor to increase the 
sample size to enhance the accuracy of our experiments. Additionally, we will conduct further experimental validations of the relevant 
biological mechanisms associated with the identified key genes, including downstream pathway analysis and drug sensitivity assays, to 
provide a more comprehensive insight into the molecular mechanisms underlying cervical cancer development and progression, ul
timately facilitating the exploration of more effective therapeutic approaches.

5. Conclusion

In conclusion, by analyzing angiogenesis-related genes in cervical cancer, this study not only identified the subtypes with peculiar 
biological characteristics and prognoses, but also established an effective prognostic assessment model and explored its potential 
application in predicting patients’ responses to immunotherapy. These results visibly contribute to our understanding of the biological 
diversity of cervical cancer and provide an important scientific basis for future precision therapy.
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Abbreviation

CESC squamous cell carcinoma of the cervix and cervical adenocarcinoma
TCGA The Cancer Genome Atlas
DEGs differentially expressed genes
HPV human papillomavirus
VEGF vascular endothelial growth factor
MSigDB Molecular Signatures Database
LASSO COX Least Absolute Shrinkage and Selection Operator COX
ROC Receiver Operating Characteristic curve
AUC Area Under the Curve
TME tumor microenvironment
TIDE Tumor Immune Dysfunction and Exclusion
IPS Immunopheno score
HcerEpic Human cervical epithelial cell
MHC major histocompatibility complex
EMT epithelial-mesenchymal transition
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