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Insights into F2RL1 as a key
biomarker in cervical cancer
diagnosis and prognosis
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Cervical cancer(CCa) remains a significant global public health concern, with early diagnosis and
treatment being crucial. Moreover, the molecular mechanisms underlying its pathogenesis remain
incompletely elucidated. F2RL1 is closely associated with various tumors. However, its relationship
with CCa is poorly understood. We accessed data from 309 patients diagnosed with CCa from TCGA
database. The Limma package facilitated differential expression analysis to identify differentially
expressed mRNAs (DEmRNAs). Survival analysis and ROC analysis were conducted via the XIANTAO
database. Immune-related genes were identified with F2RL1-related genes through ImmPort database
analysis. Functional enrichment analysis was carried out using GO, KEGG, and GSEA. We gathered
cervical cells and serum from participants to test for HPV and TCT, and then used qPCR to check

the levels of F2RL1 mRNA expression. We also verified the expression of F2RL1 protein through

WB and ELISA techniques. Our investigation has unveiled a fascinating discovery—the levels of

F2RL1 expression in CCa tissues are notably elevated when compared to normal tissues, showcasing
intriguing variations among various pathological types. Moreover, the presence of high F2RL1
expression is linked to reduce Overall Survival (OS), Progression Free Interval (PFI), Progression Free
Survival (PFS). F2RL1 rocked the ROC analysis with an AUC of 0.996. Furthermore, F2RL1 expression
levels significantly impact CCa in different N stages, pathological tissue types, treatment statuses, and
racial groups, allowing us to develop a predictive model. Additionally, we identified 43 immune-related
genes. Enrichment analysis highlighting their association with pathways related to cell movement and
T cell activation. Through analysis, we discovered an inverse proportion between F2RL1 expression
and the infiltration of most immune cells, particularly TFH and cytotoxic cells, suggesting a potential
link to immune evasion in CCa. Molecular biology experiments also confirmed a significant increase

in F2RL1 expression in cervical exfoliated cells and serum. Our research uncovers the predictive and
early detection significance of F2RL1 in CCa and its correlation with immune infiltration for the first
time. F2RL1 is strongly linked to the progression of CCa and could serve as a biomarker for the early
diagnosis and prognosis of CCa patients.

Keywo rds Cervical Cancer, F2RL1, Immune Infiltration, Prognosis, Biomarker

Cervical cancer (CCa) continues to be a major global health issue, standing tall as the fourth most prevalent
cancer in women across the world. In 2018 alone, the World Health Organization reported a staggering 570,000
fresh diagnoses, resulting in more than 311,000 unfortunate deaths on a global scale!. The alarming number of
lives lost, especially in less affluent nations, highlights the pressing demand for enhanced methods of diagnosis
and treatment?. Despite the availability of preventive vaccines and early screening methods, both the incidence
and mortality rates remain high, indicating the complexity of the disease and the necessity for further research
into its molecular underpinnings'. Current treatments, such as surgery, radiotherapy, and chemotherapy, often
have significant side effects and are less effective in advanced stages of the disease’. These difficulties highlight
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the pressing requirement for enhanced diagnostic and treatment approaches, which rely on a more profound
comprehension of the molecular foundations of CCa*.

F2R Like Trypsin Receptor 1 (F2RL1), also referred to as Proteinase-Activated Receptor 2 (PAR2), is a
G-protein-coupled receptor involved in various cellular functions such as inflammation, pain sensation, and
cancer advancement®. F2RL1 has been shown to modulate the tumor microenvironment, angiogenesis, and
metastasis, suggesting its potential significance in cancer biology®’. Besides thrombin, F2RL1 can be activated
by various proteases, contributing to inflammatory responses and Strongly linked with the establishment of
the tumor microenvironment and malignancy®. Additionally, the role of tumor microenvironment in tumor
metastasis has drawn increasing attention from researchers®!?.However, due to its complexity and variability,
the mechanisms through which the tumor microenvironment promotes metastasis remain incompletely
understood”!!2, Serine proteases like pancreatic trypsin, thrombin, and tissue factor have the power to awaken
PARs on cell surfaces, triggering a range of biological impacts that influence the emergence of inflammation and
tumors!>!4. Research has revealed that F2RLI is abundantly present in a multitude of cancerous tissues and cells,
including those found in esophageal, gastric, liver, and colorectal cancers!>!®. Activation of this receptor triggers
a cascade of biological behaviors connected with tumor growth, invasion, and metastasis'*'”1%. For example, in
pancreatic cancer cells, the presence and activation of F2RLI play a key role in fueling their growth, movement,
and infiltration.Conversely, In colorectal cancer, while PAR1 and F2RL1 are typically found in normal stroma,
their presence is heightened in the stroma of tumor cells>!*!>19-2!, In gastric cancer tissues, the expression of
F2RLI is closely related to the depth of tumor invasion into the gastric wall, lymphatic and venous infiltration,
and the occurrence of liver metastasis®>?. ( In cervical cancer, understanding of F2RL1 expression and function
remains limited, although emerging evidence suggests its potential impact on tumor progression and patient
prognosis®*?°.

In this research, our goal is to explore the potential of F2RL1 as both a prognostic indicator and a target for
therapy in CCa?*. The anticipated findings could offer fresh perspectives into the pathogenesis of the disease and
contribute to the development of personalized medicine approaches for cervical cancer patients.

Materials & methods

RNA-seq data and bioinformatics analysis

This research made use of data obtained from the TCGA database (https://portal.gdc.cancer.gov). RNA-seq data
from the TCGA-Cervical Squamous Cell Carcinoma (CESE) project underwent the STAR workflow and were
extracted in TPM format to gather gene expression and clinical information. The dataset comprised 255 cases
of squamous carcinoma, 47 cases of adenocarcinoma, 7 cases of adenosquamous tissue, and 3 cases of normal
tissue. Information such as name, age, race, T-stage, N-stage, M-stage, pathologic type, and treatment status was
included. Data processing and visualization were conducted using R software (v4.2.1), eliminating clinically
uninformative and duplicate data. Statistical analyses were conducted using the “stats” and “car” packages in
R, and visualization was accomplished using the “ggplot2” package. This study adhered to the Declaration of
Helsinki (2013 revision) and followed the publication guidelines outlined by TCGA.

Analysis of differentially expressed mRNAs (DEmRNAs)

The data in this study were normalised and log-transformed (TPM), so we used the ‘limma’ package, setting
the criteria of [logFC|>1.5 and P.adj<0.05. Visualization was done through the creation of a volcano plot for
mRNA and a heatmap displaying the target gene and its co-expressed mRNA, using the “ggplot2” package.
Immunohistochemical staining data for F2RL1 were sourced from the HPA database (http://www.proteinatla
s.org/).

Survival and ROC analysis

For the analysis of DEmRNAs linked to CCa patient prognosis, the “Survival” package was employed. Patients
were divided into high and low expression groups based on the median expression of DEmRNAs. Survival
curves were generated using the Kaplan-Meier Plotter (https://kmplot.com/)*. Additionally, ROC analysis was
performed using the “pROC” package?,utilizing data from XIANTAO (https://www.xiantaozi.com/).

Identification of the target gene linked to immunity

The ImmPort database (https://www.immport.org/shared/home) was used to identify immune-related genes?.
Venn diagram shows the connection between prognostically associated DEmRNAs and immune-related genes,
leading to the identification of F2RL1 as the target gene. A PPI network and hub genes screening were conducted
utilising the STRING database (https://string-db.org/cgi/input.pl) and the cytohubba plugin for Cytoscape
(v3.10.1). The MCC algorithm was employed to identify the top 10 genes.

Functional enrichment analysis by GO, KEGG and GSEA

To investigate the functions of F2RL1, we conducted Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes analyses (KEGG)?*3!, and Gene Set Enrichment Analysis (GSEA)*2. The “clusterProfiler” package
facilitated automated GO and KEGG term analysis processes®*. Patients with CCa were divided into two groups,
low and high expression, using the median expression level of F2RL1. The analysis was conducted using GSEA
(v4.2.3), with a gene set range of 5 to 5000. Statistical significance was determined by a P-value of less than 0.05
and FDR less than 0.25%,

Immune-related analysis of F2RL1
We utilized the ssGSEA algorithm from the R package GSVA [version 1.46.0] to compute immune infiltration
based on markers for 24 immune cells corresponding to the cloud data from TIMER2.0 (http://timer.cistrom
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e.org/)**.Spearman analysis assessed correlations between F2RL1 expression, immune cells, and ICB markers
like PDCD1 (PD-1), CD274 (PD-L1), etc. Correlation visualization was achieved employed the “ggplot2” and
“pheatmap” packages. The Wilcoxon rank-sum test evaluated immune infiltrating cells enrichment in CCa
patients with high versus low F2RL1 expression.

Collection of cervical scrapings and serum

Cervical scrapings were collected and then placed into specialized containers for HPV and TCT testing.
Participants were classified into distinct groups(10-15 specimens per group) based on the test outcomes: high-
risk HPV infection (HPV16, 18 +),ASCAS,CIN-I\CIN-II\CIN-III, and protocarcinoma groups. The control
group consisted of cervical scrapings obtained from healthy women. All participants provided informed consent
for the collection of cervical scrapings and subsequent analysis. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Shandong Provincial Third
Hospital (NO. KYLL-2021065).

RT-qPCR

In this study, mRNA extraction from cervical scrapings was conducted using Total RNA Extraction Reagent
(same as Trizol) (Yeasen, 10606ES60, Shanghai, China). Reverse transcription were conducted in manufacturer
for the Strand cDNA Synthesis Kit (Yeasen, 11139ES60, Shanghai, China).Q-PCR experiments were performed
on an Applied Biosystems ® 7500(Applied Biosystems, USA) using PCR SYBR Green Master Mix (Yeasen,
11184ES25, Shanghai, China). The primer list is as follows: Homo--actin-250 R: 5’-CTCCTTAATGTCACGCA
CGAT-3’; Homo-B-actin-250 F: 5-CATGTACGTTGCTATCCAGGC-3’; Homo-F2RL1-121F: 5-GTGTTTGT
GGTGGGTTTGCC-3’; Homo-F2RL1-121R: 5-CAGAGAGGAGGTCAGCCAAG-3.

Western blot

Fifteen micrograms of soluble proteins were loaded onto per lane of a 20% Pre-made BIS-Tris Gel (Thermo).
The proteins were separated through electrophoresis and then transferred onto polyvinylidene difluoride
membranes.These membranes were then treated with primary antibodies, such as anti-F2RL1 (1:500; Abcam)
and anti-Tubulin (1:10,000; Abcam), and subsequently with secondary HRP antibodies (1:20,000; Thermo).
Protein levels were quantified using a Bio-Rad imaging densitometer. The experiment was independently
replicated three times.

ELISA

Serum levels of F2RL1 were measured in each group using ELISA with a Human F2RL1 Assay Kit (LSM Bio)
following the manufacturer’s instructions. Absorbance was measured using a TECAN GENios Plus at 450 nm
and repeated three times.

Statistical analysis

In SPSS 23.0 software, we examined the levels of F2RL1 in both normal and CCa tissues using Kruskal-Wallis
test. We also examined the connection between F2RL1 expression and clinicopathological factors by utilizing
the chi-square test and multivariate COX regression analyses. Any results showing a P-value below 0.05 were
deemed statistically significant.

Results

Differential expression of F2RL1 in CCa and normal tissues

To investigate potential disparities in F2RL1 expression between CCa tumor tissues and normal tissues,
we examined 33 cancer types sourced from The Cancer Genome Atlas (TCGA) and Genotype-Tissue
Expression(GTEx). Figure 1A illustrates the expression profile of F2RLI across pan-cancers from the
TCGA + GTEx database, revealing significant differences in 27 cancers, including CCa (Fig. 1B). We then
validated the differential expression of F2RL1 in the GSE63678 dataset (Fig. 1C). F2RL1 was prominently located
on the right side of the volcano plot, indicating up-regulation. Moreover, he expression of F2RL1 was significantly
different in squamous and adenocarcinoma subtypes (Fig. 1D). F2RL1 expression was significantly varied in
different pathological stages (Fig. 1E-G).These findings were further confirmed through immunohistochemical
analysis of the tissues (Fig. 1H-]).

Role of F2RL1 in the survival, prognosis, and diagnosis of CCa patients
In this section, we explored the impact of variations in F2RL1 expression levels on the survival, prognosis, and
diagnosis of CCa patients. Initially, we constructed a baseline information table using clinical data (Table 1).
Survival analysis revealed that patients with CCa exhibiting high F2RL1 expression had lower OS and PFS rates
compared to those with low F2RLI expression (Fig. 2 A-B). Additionally, the analysis of PFI confirmed this
trend (Fig. 2C). Notably, survival curves of patients with high and low F2RL1 expression significantly diverged,
particularly among clinical stage I patients (Fig. 2D) and those who achieved a complete response (CR) to
treatment (Fig. 2E).Additionally, we generated column-line plots depicting OS prognostic outcomes to illustrate
the correlation between clinicopathologic variables (e.g., T stage, N stage, M stage) and 1-, 3-, and 5-year survival
probabilities (Fig. 2G). Calibration curves for 1-, 3-, and 5-year prognostic predictions demonstrated consistency
with our observed results (Fig. 2F), indicating the satisfactory performance of F2RL1-based nomograms. Thus,
the differential expression of F2RLI significantly influenced OS, PFS, PFI, clinical stage I, and CR treatment
outcomes among CCa patients, providing pivotal prognostic insights.

COX regression analysis revealed significant differences in F2RL1 expression among N stage categories (NO,
N1). Moreover, F2RL1 expression varied across different histologic types, with squamous carcinoma exhibiting
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Fig. 1. Differential expression of F2RL1 in CCa. (A)The expression of F2RLI in pan-cancer from

TCGA + GTEx database.(B)F2RL1 mRNA expression shows a marked increase in CCa tissues compared

to normal tissues.(C) Validation of F2RL1 differential expression in the GES63678 dataset.(D) F2RL1 has
differentially expressed between squamous and adenocarcinomas in CCa.(E-G) The expression of F2RL1 in
different pathological stages.(H-J)Immunohistochemical staining of the F2RL1 protein in CCa tissue sections.
(H) normal tissue, (I) squamous carcinoma, and (J) adenocarcinoma. * p<0.05, ** p<0.01, *** p<0.001.
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Characteristics Low expression of F2RL1 | High expression of F2RL1 | P-value
Age, n (%) 0.481
<=50 91 (29.7%) 97 (31.7%)

>50 62 (20.3%) 56 (18.3%)

n 153 153

Race, n (%) 0.178
Asian 10 (3.8%) 10 (3.8%)

Black or African American 20 (7.7%) 11 (4.2%)

White 98 (37.5%) 112 (42.9%)

Pathologic T stage, n (%) 0.882
T1 71 (29.2%) 69 (28.4%)

T2 38 (15.6%) 34 (14%)

T3 10 (4.1%) 11 (4.5%)

T4 4(1.6%) 6 (2.5%)

Pathologic N stage, n (%) 0.359
NO 71 (36.4%) 63 (32.3%)

N1 28 (14.4%) 33 (16.9%)

Pathologic M stage, n (%) 0.551
MO 62 (24.2%) 54 (21.1%)

Ml 7 (2.7%) 4(1.6%)

MX 63 (24.6%) 66 (25.8%)

Clinical stage, n (%) 0.958
Stage I 83 (27.8%) 79 (26.4%)

Stage II 33 (11%) 36 (12%)

Stage IIT 22 (7.4%) 24 (8%)

Stage IV 11 (3.7%) 11 (3.7%)

Primary therapy outcome, n (%) 0.700
PD 10 (4.6%) 13 (5.9%)

SD 4(1.8%) 2 (0.9%)

PR 3 (1.4%) 5 (2.3%)

CR 89 (40.6%) 93 (42.5%)

Histological type, n (%) 0.001
Adenocarcinoma 12 (3.9%) 35(11.4%)

Adenosquamous 4(1.3%) 2(0.7%)

Squamous cell carcinoma 137 (44.8%) 116 (37.9%)

FI}:rIoeg‘:ee‘sl:ion-Free Interval), n (%) 0.007
No 127 (41.5%) 107 (35%)

Yes 26 (8.5%) 46 (15%)

Table 1. The relationship between F2RL1 expression and the clinical characteristics of CCa.

notably higher expression levels compared to adenocarcinoma and adenosquamous carcinoma (Table 2). This
trend aligned with immunohistochemistry findings (Fig. 1F-H), indicating F2RL1’s potential in distinguishing
cervical squamous carcinoma from adenocarcinoma.

Further analysis comparing CCa tissues with normal groups revealed the promising diagnostic value of
F2RL1I, as evidenced by ROC curves (Fig. 2H), yielding an AUC of 0.966. F2RL1 also demonstrated diagnostic
utility across different racial groups (Fig. 2I), with AUCs exceeding 0.6, aligning with the higher CCa morbidity
observed in African-American women compared to whites and Asians. Additionally, F2RL1 exhibited diagnostic
value in distinguishing cervical squamous carcinoma, adenocarcinoma, and adenosquamous carcinoma (Fig. 2J-
K), consistent with the findings of COX regression analysis (Table 2).

Relationship between F2RL1 and immune-related genes

In this section, we utilized immune-related genes sourced from the ImmPort database, totaling 457 genes
Through Venn overlap analysis, we identified 43 overlapping target genes among differentially expressed mRNAs
(DEmRNA) associated with the prognosis of CCa patients (Fig. 3A). Figure 3B illustrates the co-expression
heatmap of these genes. Notably, the top five genes positively correlated with F2RL1 were AREG, LIE, BMP4,
SEMAA4G, and FGF5, while the top five negatively correlated genes were CXCL13, CCL19, PNOC, GKNI,
and NPPC (Fig. 3E). Subsequently, we conducted a protein interaction analysis using the String database and
Cytoscape 3.9.1 software, establishing an interaction network between F2RLI and the 43 overlapping genes

36,37
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Fig. 2. The effect of F2RL1 expression on prognosis and diagnostic value (A-E) Kaplan-Meier analysis of
different expression levels of F2RL1. (A) OS, (B) PES, (C) PFL (D) Clinical Stage I, (E) Complete responsed
for primary therapy outcome (F) Nomogram predicted survival probability with calibration curves.(G) The
nomogram at 1, 3, and 5 years. (H-K) Diagnostic Value of F2RL1 in CCa. (H) ROC curve demonstrated the
diagnostic value of F2RL1 in CCa. (I-K) ROC curve for F2RL1 in different races and pathological types.

(Fig. 3C). Further analysis utilizing different algorithms identified hub genes, with LIF, FGF3, CXCL5, GAST,
FGF5, FGF20, FGF19, and CXCL13 being the top-ranked occurrences (Fig. 3D).

Additionally, we conducted a differential gene analysis of immune-related genes, including F2RL1, and
visualized the results with a heatmap, indicating positively and negatively correlated genes (Fig. 4A). Functional
enrichment analysis using GO revealed associations of F2RL1 with various molecular functions (MF), cellular
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Characteristics Total (n) | OR (95% CI) P-value
Age(>60 vs. <60) 82 1.592 (0.676—3.749) 0.288
ﬁ%éllcaeck or African American vs.Asian&White) 80 3.815 (1.271—11.457) 0.017
Pathologic T stage(T3 & T4vs T1 & T2) 79 0.942 (0.414—2.142) 0.887
Pathologic N stage (N1 vs NO) 78 2.337 (1.007—5.425) 0.048
Pathologic M stage(M1 vs M0) 36 2.384 (0.692—8.220) 0.169
Pathologic stage (stage ITI&IV vs stage I&IT) 35 2.267 (0.654—7.860) 0.197
Histological type(Squamous carcinoma vs. Adenocarcinoma& Adenosquamous) | 299 3.066 (1.545—6.086) | <0.001
Primary therapy outcome(CR vs. PD&SD&PR) 64 0.101 (0.031—0.336) | <0.001

Table 2. One-way COX regression analysis of F2RL1 in CCa.

components (CC), and biological processes (BP). Notably, F2RL1 was implicated in processes such as cilium
movement, microtubule bundle formation, and axoneme assembly (BP); as well as cellular components like the
apical part of cells, apical plasma membrane, and clusters of actin-based cell projections (CC). Additionally,
molecular function analysis revealed F2RLI’s involvement in activities such as anion transmembrane
transporter, chloride transmembrane transporter, and solute:sodium symporter (MF).Furthermore, KEGG
analysis highlighted co-enrichment of F2RL1 and its co-expressed mRNAs in pathways like Neuroactive ligand-
receptor interaction, Bile secretion, and Maturity onset diabetes of the young, among others (Fig. 4B-C).

Moreover, we applied the same methodology to analyze the GO and KEGG pathways of the 43 immune-
related genes, augmented by Gene Set Enrichment Analysis (GSEA). This comprehensive approach unveiled
a myriad of biological processes and pathways intertwined with these genes,including immunoregulatory
interactions between lymphoid and non-lymphoid cells, extrafollicular B cell activation by SARS-CoV-2, IL12
pathway, primary immunodeficiency, etc.Notably, we will discuss the negatively associated immunoregulatory
interactions between lymphoid and non-lymphoid cells in the following section(Fig. 4D-E).

Relationship between F2RL1 and immune infiltration

We investigated the relationships between F2RL1 expression and 23 immune cell types, revealing a predominant
inverse proportion across the majority of immune cell infiltrates. Particularly striking was the strong inverse
proportion observed in TFH and cytotoxic cells (Fig. 5B&C, |R|=0.3). Similarly, other immune cell types such
as T cells, NK cells, Treg cells, B cells, aDC cells, and DC cells displayed inverse proportion trends (Fig. 5D-I).
These findings align with the negatively regulated pathways identified in the third part of the results. Moreover,
we analyzed the expression of tumor immune checkpoints in relation to F2RL1 using the same methodology.
Remarkably, there was a notable inverse proportion observed with PD-1 (PDCD1), PD-L1 (CD274), CTLA4,
TIM3 (HAVCR2), BTLA, LAG3, TIGIT, LILRB2, LILRB4, IDO1, SIGLEC7, and VSIR (Fig. 6A-L).

Furthermore, we conducted a detailed analysis of 24 immune cell types based on differences in F2RLI1
expression levels. Figure 7A-K depict the relationships between T cells, CD8 T cells, Treg cells, B cells, NK
CD56bright cells, DC cells, aDC cells, iDC cells, Cytotoxic cells, and TFH cells with F2RL1, respectively.In CCa
patients, higher F2RL1 expression correlated with diminished concentrations of immune cell subsets compared
to those with lower F2RL1 expression.

Finally, we utilized the Kaplan-Meier Plotter (https://kmplot.com/analysis/) to perform detailed analyses
of survival parameters under various immune cells enrichment or reduction conditions. Our findings revealed
notable disparities in survival curves between groups with high and low F2RL1 expression across several immune
cell types, including CD4 +, CD8 +, NK cells, eosinophils, basophils, macrophages, mesenchymal stem cells and
mutation high of F2RL1 (Fig. 8A-I). These results suggest that the presence or absence of certain immune cells
may impact the survival outcomes in groups with differing levels of F2RL1 expression.

Experimental validation of F2RL1 expression in early cervical carcinogenesis

In this section, we gathered serum specimens and cervical exfoliated cells, which underwent TCT and HPV
PCR testing, for comprehensive analysis. The results of WB assays and RT-qPCR assays revealed significant
differences in ASCAS, the high-risk HPV group, CIN-I\CIN-II\CIN-III, and protocarcinoma groups compared
to the control group. Similarly, ELISA assays conducted on patients’ plasma yielded analogous findings, with
F2RLI1 protein concentrations supporting similar conclusions.These findings strongly imply the potential
for early-stage cervical cancer diagnosis through the detection of F2RL1 in both serum and cervical samples
(Fig. 9A-C).

Discussion

F2RL1, a transmembrane protein, exhibits expression in various tumors, spanning from breast cancer
and hepatocellular carcinoma to ovarian cancer and glioblastoma.lts functionality was mediated through
various signaling pathways such as PLC(phospholipase C), intracellular calcium, MAPK(mitogen-activated
protein kinase), I-kappaB kinase/NF-kappaB, and Rho®®. The TCGA database confirmed the varying levels
of F2RLI expression in CCa and normal tissues across pan-cancerous tissues. Positioned within the q13.3
region of chromosome 5, a locus prone to gene disruptions in hairy leukemia, and a recurrent aberration
site in malignancies like ovarian and lung cancer>*#° F2RL1 hinted at the presence of one or more genes
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Fig. 3. Screening of immunity genes associated with F2RL1 in CCa. (A) A Venn diagram illustrating the
overlap between immune-related genes and DEmRNA. Light blue circles denote immune-related genes, while
pink circles represent DEmRNA. A total of 43 genes were identified in the screening process.(B) Co-expression
heatmap of of 43 immune-related genes. (C) The protein—protein interaction network involving 43 immune-
related genes (D) Protein interaction network map of 43 genes associated with immune system.By using the
CytoHubba plugin, the top ten important nodes are highlighted. (E) Co-expression heatmap of F2RL1 and
immune-related genes (with significant differences). * p <0.05, ** p<0.01, *** p<0.001.

linked to malignant tumorigenesis within this region. Immunohistochemistry results unveiled significantly
elevated expression of F2RL1 in different histopathologic subtypes of CCa, including squamous carcinoma,
adenocarcinoma, and adenosquamous carcinoma, compared to normal tissues. Notably, the difference in
expression between adenocarcinoma and squamous carcinoma was significant, indicating F2RL1’s potential to
distinguish between these subtypes of uterine cervical cancer. This finding aligned with the results of COX
regression analysis. Furthermore, F2RL1 expression exhibited a significant elevation in the cervical in situ cancer
group relative to the normal group in cervical exfoliated cells, as evidenced by qRT-PCR and WB experiments.
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Survival analysis revealed that CCa patients with high F2RL1 expression had lower OS, PFS and PFI
compared to those with low F2RLI expression. There was a significant difference in the survival curves for
F2RLI expression between clinical stage I patients and patients in complete remission after treatment. COX
regression analysis indicated a significant difference in F2RL1 expression based on the N stage (NO, N1).
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Fig. 5. F2RLI1 Expression and Tumor Immunity. (A) The bar graph illustrates the correlation between 24
immune cells and F2RL1 expression. Notably, F2RL1 expression displayed a negative correlation with (B) TFH
cells, (C) cytotoxic cells, (D) T cells, (E) NK cells, (F) Treg cells, (G) B cells, (H) aDC cells, and (I) DC cells.

Additionally, the ROC curve demonstrated the robust diagnostic value of F2RL1 (AUC=0.966). Furthermore,
F2RLI exhibited diagnostic value across different races (White vs. African American) and pathological types
(squamous carcinoma, adenocarcinoma). In summation, disparities in F2RL1 expression profoundly influenced
the survival trajectories of CCa patients across OS, PFS, PF], clinical stage I, N stage, and complete remission®!.
We also explored the differential expression of F2RL1 in normal cervical tissue and CCa through bioinformatics
analyses and experimental validation. The bioinformatics analysis initially identified significant expression
differences of F2RL1. Experimental validation further refined this observation, revealing that the mRNA and
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Fig. 6. The relationship between immune checkpoints and F2RL1 expression. Significant correlations were
observed between F2RL1 and (A) PDCD1(PD-1), (B) CD274(PD-L1) , (C) CTLA4, (D) TIM3 (HAVCR2), (E)
BTLA, (F) LAG3, (G) TIGIT, (H) LILRB2, (I) LILRB4, (J) IDO1, (K) SIGLEC7, and (L) VSIR.

protein levels of F2RLI increase rapidly at the ASCUS stage of cervical epithelial cells and reach their peak
during HPV infection and CIN I stages. These findings suggest that F2RL1 may serve as an early biomarker for
cervical cancer. Based on our data, the cutoff point for F2RL1 expression appears to lie between the stages of HPV
infection and CIN I. Given that CCa has a high cure rate when detected and treated early, F2RL1 holds significant
potential for clinical application as a predictor for early CCa. Regrettably, no significant “threshold point” for
F2RL1 expression was observed in higher-grade epithelial lesions (CIN II, CIN III) or cervical cancer. This lack
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Fig. 7. F2RLI1 Expression and immune cells enrichment. F2RL1 high expression group had lower enrichment
scores of (A) T cells, (B) CD8 +cells, (C) Treg cells, (D) B cells, (E) NK CD56 bright cells, (F) DC cells, (G)
aDC cells, (H) iDC cells, (I) Cytotoxic cells, (J) TFH cells, (K) F2RL1 enrichment scores in different immune
cells. * p<0.05,** p<0.01, ** p<0.001.

of a clear turning point in its expression levels across advanced stages leads us to hypothesize that F2RL1 is more
likely a contributing factor to cervical carcinogenesis rather than a consequence of malignant transformation.
This suggests that F2RL1 may play a role in the early pathogenesis of CCa, potentially influencing the initiation
and progression of precancerous lesions rather than being a byproduct of cancer development. Further research
is warranted to elucidate the molecular mechanisms through which F2RL1 contributes to CCa pathogenesis.
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Fig. 8. The Kaplan-Meier survival curves comparing the levels of F2RLI in CCa analyzed based on various
immune cell types. Cells enriched: (A) T cells (CD4 +), (B) T cells (CD8+), (C) NK cells, (D) Eosinophils,
(E) Basophils, (F) Macrophages;Cells decreased: (G) Macrophages, (H) Mesenchymal stem cells. (I) F2RL1
hypermutation.

Regarding endocervical glandular cells, our detection method was based on exfoliated cervical epithelial
cells, which precluded differentiation of endometrial glands. However, we conducted a preliminary analysis
using the TCGA database and observed that F2RL1 is also highly expressed in endometrial cancer (Fig. 1). This
observation provides a foundation for future research into the potential role of F2RL1 in endometrial glandular
lesions.

We delved deeper into the genetic landscape associated with F2RL1 expression, meticulously selecting the
top 15 genes exhibiting positive and negative correlations. Cell movement plays a crucial role in immune cell
function®**243, Consequently, we retrieved 457 genes from the ImmPort database and intersected them with
F2RL1-related genes, resulting in 43 overlapping target genes. Subsequently, GO, KEGG, and GSEA enrichment
analyses were performed, revealing negatively correlated immune-regulatory interaction pathways between
lymphocytes and non-lymphocytes. F2RL1 orchestrates the recruitment of leukocytes to inflamed sites and stands
as the principal PAR receptor, finely tuning eosinophil function, including the secretion of pro-inflammatory
cytokines, superoxide generation, and degranulation. During inflammation, In times of inflammation, it plays
a key role in enhancing the maturation of dendritic cells, guiding them to lymph nodes, and sparking the
activation of T-cells*%. Nonetheless, this intricate mechanism falters in CCa, hinting at a disruption in F2RL1’s
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Fig. 9. F2RLI expression in cervical exfoliated cells and serum. (A)RT-PCR assay for detecting F2RL1 mRNA
expression in cervical exfoliated cells. (B) Western Blotting for detecting F2RL1 protein expression in cervical
exfoliated cells. Original blots are presented in Supplementary Fig. 1. (C) ELISA assay for detecting F2RL1
concentration in serum. * p<0.05, ** p<0.01, ** p<0.001.

capacity to bolster immune cell enrichment. Immune infiltration emerges as a pivotal mechanism in the body’s
defense against tumors*®.

To validate our findings, we assessed the correlation between F2RL1 and individual immune cells, identifying
23 relationships between immune cells and F2RL1 expression. Most infiltrating immune cells exhibited a inverse
proportion with F2RL1 expression. Particularly noteworthy were the robust inverse proportion observed with
TFH cells and cytotoxic cells (|JR|=0.3). In a publication in Nature Immunology, Di Yu discussed how TFH
cells can support the development of tertiary lymphoid structures, boost immune cell presence within tumors,
and inhibit tumor progression*®. Additionally, TFH cells can indirectly boost CD8 + T-cell-mediated anti-tumor
immunity through IL-21 secretion.Categorized as tumor-infiltrating lymphocytes (TILs), cytotoxic cells reside
within the tumor microenvironment, recognizing antigens on tumor cell surfaces and thwarting tumor growth
via the release of cytotoxic molecules such as perforin and granzyme B. If elevated F2RL1 expression impedes
tumor infiltration, it could facilitate immune evasion within the tumor milieu. Elevated F2RL1 expression
inhibits immune cell infiltration, allowing the tumor to undergo immune escape. Furthermore, in terms of
immune checkpoint modulation, consider the example of PD-1. Activated T cells express PD-1, which is
encoded by the PDCD1 gene, while tumor cells exhibit overexpression of PD-L1, encoded by the CD274 gene,
on their cell membrane. The interaction between PD-1 and PD-L1 inhibits T-cell activation, resulting in cell
death and facilitating the evasion of tumor cells from immune surveillance*’”. Tumor immunotherapy using
immune checkpoint inhibitors (ICIs) has achieved monumental success and improved the prognosis of cancer
patients*®. The majority of immune checkpoints scrutinized in this investigation exhibited a negative correlation
with F2RL1 expression, intimating that F2RL1 might impede immune checkpoints, consequently fostering
immune cell activation®. This demonstrates the positive and negative roles played by F2RL1 in tumor immunity.

Finally, serum specimens, TCT- and HPV-tested cervical scrapings were collected for analysis, as cervical
exfoliated cells and serum are easily accessible specimens for patients. WB assays and RT-qPCR results revealed
significant variances in HPV high-risk group,ASCAS, CIN-I/CIN-II/CIN-III, and protocarcinoma groups
compared to the control group. ELISA outcomes patient plasma indicated a concentration of F2RLI protein.
This implies the detectability of F2RL1 in serum and pap smears for early CCa diagnosis, potentially positioning
F2RLI as a promising adjunct or substitute to HPV and TCT in early CCa detection.

While our findings may shed light on the connection between F2RL1 and CCa, it’s important to acknowledge
the limitations that were identified in this research. Firstly, potential sample bias could arise from data sourced
directly from public databases. Secondly, to enhance result confidence, expanding the sample size is imperative.
Lastly, additional experimental validation is needed to clarify the biological functions of F2RL1 both in vitro
and in vivo.

Conclusions

In this study, a comprehensive analysis of the role of the F2RL1 gene in CCa was conducted using public
databases such as TCGA, Kaplan-Meier Plotter, TIMER, and STRING. Validation was further executed through
WB, RT-qPCR, and ELISA techniques. This study unveiled, for the first time, the prognostic and early diagnostic
significance of F2RL1 in CCa, alongside its correlation with immune infiltration. The findings strongly suggest
that F2RL1 is not only significantly linked to the development of cervical cancer but also has the potential to serve
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as a biomarker for predicting the outcome and prognosis of CCa patients. Nevertheless, additional experimental
validation is imperative to elucidate F2RL1’s biological impacts on CCa and its underlying mechanisms.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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