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A B S T R A C T   

Whether receptor activity-modifying proteins (RAMPs) play a key role in human cancer prognosis 
and immunity remains unknown. We used data from the public databases, The Cancer Genome 
Atlas, Therapeutically Applicable Research to Generate Effective Treatments, and the Genotype- 
Tissue Expression project. We utilized bioinformatics methods, R software, and a variety of online 
databases to analyze RAMPs. In general, RAMPs were significantly and differentially expressed in 
multiple tumors, and RAMP expression was closely associated with prognosis, immune check-
points, RNA-editing genes, tumor mutational burden, microsatellite instability, ploidy, and 
stemness indices. In addition, the expression of RAMPs is strongly correlated with tumor- 
infiltrating lymphocytes in human cancers. Moreover, the RAMP co-expression network is 
largely involved in many immune-related biological processes. Quantitative reverse transcription 
polymerase chain reaction and Western blot proved that RAMP3 was highly expressed in glioma, 
and RAMP3 promoted tumor proliferation and migration. RAMPs exhibit potential as prognostic 
and immune-related biomarkers in human cancers. Moreover, RAMPs can be potentially devel-
oped as therapeutic targets or used to enhance the efficacy of immunotherapy.   

1. Introduction 

At present, three members of the receptor activity-modifying protein (RAMP) family have been identified, namely, RAMP1, 
RAMP2, and RAMP3 [1], which belong to a single family of transmembrane proteins. They were initially discovered during the cloning 
of the human calcitonin gene-related peptide (CGRP) receptor [2]. Since their initial discovery, RAMPs have been revealed to interact 
with various G protein-coupled receptors (GPCRs), including parathyroid hormone receptors, glucagon-like peptide-1 receptors, 
vasoactive peptide receptors, calcium-sensing receptors, calcitonin receptors, calcitonin receptor-like receptors, and 
corticotropin-releasing factor receptor 1 [2–6]. This interaction modulates the trafficking, pharmacological properties, and signaling 

* Corresponding author. 
** Corresponding author. Guizhou University Medical College, Guiyang, 550025, Guizhou Province, China. 
*** Corresponding author. 

E-mail addresses: liujiangz5055@163.com (J. Liu), zhangjiqin@gz5055.com (J. Zhang), tanyinggz5055@163.com (Y. Tan).   
1 These authors contributed equally to this work and should be considered co-first authors. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e24849 
Received 26 May 2023; Received in revised form 9 December 2023; Accepted 16 January 2024   

mailto:liujiangz5055@163.com
mailto:zhangjiqin@gz5055.com
mailto:tanyinggz5055@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e24849
https://doi.org/10.1016/j.heliyon.2024.e24849
https://doi.org/10.1016/j.heliyon.2024.e24849
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e24849

2

functions of these receptors. Although extensive studies have been conducted on the cellular and biochemical characteristics of these 
GPCRs and their ligands, the functional significance and role of RAMPs in human diseases are not yet fully elucidated. 

New emerging evidence strongly suggests the involvement of CGRP and adrenomedulin (AM) in various aspects of cancer biology. 
The neuropeptide CGRP interacts with immune cells (macrophages , dendritic cells, and T cells) through the RAMP1 signaling 
pathway, promoting lymphangiogenesis and exerting anti-inflammatory and pro-tumorigenic effects. Furthermore, CGRP in the 
nervous system promotes pathological angiogenesis, including tumor angiogenesis. Unexpectedly, recent research results indicate that 
CGRP produced during injury sensing can directly impair the function of cytotoxic CD8+ T cells, limiting their ability to eliminate 
melanoma [7]. Meanwhile, AM has been identified as a potential therapeutic target against pathological angiogenesis [8]. It is 
expressed in various cancers, including pancreatic, breast, and lung cancers [9–12]. In particular, the AM–RAMP2 system plays a 
crucial role in tumor angiogenesis and metastasis [13]. The depletion of RAMP2 in endothelial cells reduces tumor angiogenesis and 
inhibits locally transplanted tumor growth [14]. In addition, RAMP2 deficiency induces endothelial-to-mesenchymal transition 
(EndMT)-like changes and enhances carcinoma-associated fibroblast (CAF) production, promoting tumor progression and metastasis 
through the secretion of tumor growth factors [13,15,16]. EndMT-induced cellular changes disrupt cell adhesion and enhance 
migration, further facilitating cancer progression and metastasis [17,18]. Targeting RAMP2 can effectively inhibit tumor metastasis by 
controlling vascular integrity. RAMP3, with high expression in tumor periphery, plays a pro-tumor role in DI-E-RAMP2− /− mice [19]. 
RAMP3-deficient tumors exhibit significantly reduced metastasis and a corresponding decrease in the number of CAF-expressing 
podoplanin, leading to suppressed tumor proliferation and metastasis [19]. Moreover, RAMP3 is involved in 
epithelial-to-mesenchymal transition. Overall, the RAMP system represents a promising therapeutic target for regulating tumor 
microenvironment and controlling tumor progression and metastasis. 

However, the underlying mechanisms of altered RAMP expression in these tumors and the functional significance of RAMPs in 
tumorigenesis and tumor development are not yet fully understood. Therefore, exploring the role of RAMPs in pan-cancer from new 
and multiple perspectives is important in tumor research. Our pan-cancer analysis was performed using multiple public databases to 
illustrate the role of RAMPs in the prognosis and immunotherapy of cancer. The correlations of RAMPs with immune checkpoint genes 
(ICGs), RNA-editing genes, tumor mutational burden (TMB), microsatellite instability (MSI), neoantigens, and clinical stage and 
immune-infiltrating cells were investigated. In summary, we hypothesized that RAMPs may regulate immune activity and tumor 
metastasis in the majority of pan-cancers, suggesting that RAMPs have prognostic value and may be potential therapeutic targets. 

2. Materials and methods 

2.1. RAMP expression in pan-cancer analysis 

The TIMER database and the SangerBox website were used to screen the difference in the RAMP expression of cancers and paired 
normal tissues in humans [20,21]. 

2.2. Promoter DNA methylation and protein expression of RAMPs in human cancers 

The database of the University of Alabama at Birmingham Cancer Data Analysis Portal (UALCAN) was used to assess the differences 
between cancer tissues and normal tissues in the promoter DNA methylation of RAMPs, which was obtained from The Cancer Genome 
Atlas (TCGA), and the differences in the protein expression of RAMPs, which was obtained from the mass spectrometry-based pro-
teomics of the Clinical Proteomic Tumor Analysis Consortium (CPTAC) [22]. 

2.3. Prognostic value of RAMPs in pan-cancer 

A Cox proportional hazards regression model was established using R package survival to explore the relationship between RAMP 
expression and cancer patient prognosis. This model involves overall survival (OS), disease-specific survival (DSS), progression-free 
interval (PFI), and disease-free interval (DFI) [23]. Prognostic significance was obtained via the log-rank test (P < 0.05). Moreover, 
the Kaplan–Meier (KM) plotter was used to conduct KM survival analysis by dividing patients into low- and high-expression groups in 
accordance with the best cutoff expression value of RAMPs with regard to the aspects of OS and relapse-free survival (RFS). Moreover, 
we analyzed the prognostic value of RAMPs in immunotherapy cohorts with regard to the aspects of OS or progression-free survival 
(PFS). In addition, the PrognoScan database [24] was used to verify the relationship between RAMP expression and clinical outcomes. 
Furthermore, the varying expression levels of RAMP genes were evaluated in each tumor at different clinical stages. 

2.4. Relation of RAMP expression to ICGs immunological regulators, and RNA-editing genes 

The standardized pan-cancer datasets were obtained from the University of California Santa Cruz database, which was composed of 
TCGA, Therapeutically Applicable Research to Generate Effective Treatments (TARGET), and the Genotype-Tissue Expression (GTEx) 
cohorts [25]. We obtained 44 RNA modification genes (10 m1A, 13 m5C, and 21 m6A) [25–30], 150 marker genes for 5 
immune-related pathways [18 for receptor, 21 for major histocompatibility complex, 24 for immunoinhibitor, 41 for chemokine, and 
46 for immunostimulator], and 60 ICGs (24 inhibitory and 36 stimulatory) from previous studies. Then, the mRNA matrix of these 
genes and RAMP genes in each sample was obtained. Normal samples and those with an expression level of 0 were removed. 
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2.5. Relation of RAMP expression to immune infiltration cells 

The expression profiles from each tumor were individually extracted, and the infiltration of 22 immune cells per patient in each 
tumor were assessed using the deconvo_CIBERSOR method of R package IOBR (version 0.99.9) [31]. In addition, the deconvo_epic, 
deconvo_ips, deconvo_mcpcounter, deconvo_quantiseq, TIMER, and deconvo_xCell methods were used to assess the infiltration scores 
of immune cells per patient in each tumor. 

2.6. Relation of RAMP expression to TMB, MSI, ploidy, and ESTIMATE 

The level 4 Simple Nucleotide Variation dataset for all the samples in the TCGA cohorts were processed using MuTect2 software 
[32], then maftools of R package (version 2.8.05) was used to calculate TMB for each sample [33]. In addition, we obtained the MSI 
scores, ploidy data, and NEO data of all the samples from previous research. The MSI, ploidy, TMB, and RAMP expression of each 
sample were integrated. In addition, samples with an expression level of zero for RAMPs and cancer species with less than three 
samples in a single cancer species were excluded. Finally, the full expression data were obtained. Moreover, we used ESTIMATE in R 
package (version 1.0.13) to calculate stromal, immune, and ESTIMATE scores for each patient in each tumor [34]. 

2.7. Relation of RAMP expression to tumor-infiltrating lymphocytes (TILs), molecular subtypes, and immune subtypes in human cancers 

We obtained the distribution of RAMP expression across immune and molecular subtypes from the TISIDB database, which in-
tegrates a rich human cancer dataset from the TCGA database and immunology data from seven public databases [35]. TISIDB enables 
the analyses of associations of RAMPs with TILs, molecular subtypes, and/or immune subtypes for various cancer types. 

2.8. Relation of RAMP expression to stemness indices in human cancers 

We obtained the stemness indices of each tumor in TCGA cohorts from previous studies. The stemness indices were proven related 
to tumor pathology, drug sensitivity, oncobiology, and same clinical data. RNA expression-based stemness (RNAss) and epigenetically 
regulated RNA expression-based stemness (EREG.EXPss) were the RNA-based stemness indices used in this study, while DNA 
expression-based stemness (DNAss) was based on DNA methylation [36]. The stemness indices and RAMP expression data were in-
tegrated for each sample. 

2.9. Co-expression networks of RAMPs 

The LinkedOmics database, including multi-omics data from TCGA and CPTAC cohorts [37], was used for statistically exploring the 
co-expression genes of RAMPs by using Pearson’s correlation coefficient. Then, the biological processes in the Gene Ontology (GO) and 
pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) of the co-expression genes of RAMPs and itself were investigated 
via gene set enrichment analysis (GSEA) [38]. 

2.10. Data preparation 

Four glioblastoma (GBM) tissues and the corresponding para-tumor tissues were obtained from the Guizhou Provincial People’s 
Hospital for quantitative real-time polymerase chain reaction (qPCR) and Western blot analysis. The procedure was approved by the 
Ethics Committee of Guizhou Provincial People’s Hospital. 

2.11. qPCR 

Total RNA extraction was performed using RNAiso Plus (TaKaRa, Beijing, China). Complementary DNA (cDNA) was synthesized 
from the purified RNA specimens by using the Primescript RT reagent kit (TaKaRa) after measuring the concentrations of these RNA 
samples by using a spectrophotometer. The primer sequence and product size were as follows: GAPDH forward 5′-TTCCAGCCTTCC 
TTCCTGGG-3′ and reverse 5′-TTGCGCTCAGGAGGAGCAAT-3′ and RAMP3 forward 5′-T CGGTGAAGAACTATGAGACAGC-3′ and 
reverse 5′- AAGCCCAGGTCAAACAACTC-3′. The temperature was 95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 15 s, and 60 ◦C for 
45 s, which was set under amplification conditions. The 2− ΔΔCT method was used to calculate relative fold changes of mRNA levels. 

2.12. Antibodies 

RAMP3 antibodies were purchased from Abcam (UK). Horseradish peroxidase HRP-conjugated secondary antibodies were pur-
chased from Cell Signaling Technology (USA). 

2.13. Cell culture and transfections 

Four GBM cell lines, namely, U87, U251, U118, and T98, were purchased from the Chinese Academy of Sciences Cell Bank 
(Shanghai, China), and T98 was procured from Procell Life Science and Technology (Wuhan, China). All the cells were maintained in 

S. Yang et al.                                                                                                                                                                                                           



Heliyon10(2024)e24849

4

Fig. 1. RAMPs expression levels in human cancers. RAMP1 (A), RAMP2 (B), and RAMP3 (C) expression levels in different cancer types from the TCGA database analyzed by the TIMER database. 
RAMP1 (D), RAMP2 (E), and RAMP3 (F) expression levels in different cancer and normal tissue from the TCGA, TARGET, and GTEx database analyzed by the Sangerbox database. (*P < 0.05, **P < 0.01, 
***P < 0.001). 
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Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA) supplemented with 10 % fetal bovine serum (FBS) (Gibco, USA) and 1 % 
penicillin and streptomycin purchased from Beyotime Biotechnology (Shanghai, China) The cells were cultured at 37 ◦C in 5 % CO2. 
For transient knockdown studies, U87 cell lines were maintained at 60 % confluence in six-well plates. Viral solutions were added to a 
cell culture medium that contained 8 μg/mL of polybrene (Solarbio, China) and then selected using neomycin (Beyotime, China). 
Expression plasmids for RAMP3 were generated via PCR and cloning into LentiORF pLEX-MCS vector (Invitrogen, USA). The short 
hairpin RNA (shRNA) system (pLKO-neo from Addgene) was used to knock down endogenous RAMP3. The target sequence was 
GGAAGGCTTTCGCAGACATGA. 

2.14. Cell proliferation analysis (CCK-8 assay) 

CCK-8 assay (Beyotime, China) was performed to measure cell proliferation ability. Cells, including U87 cells transfected with p- 
RAMP3 or p-cDNA3.1 overexpressed plasmid and U87 cells transfected with shRNA or scrRNA lentiviruses, were seeded into 96-well 
plates at a density of 5000 cells/well. The U87 cells were incubated for 1 h at 37 ◦C after adding 10 μL of CCK-8 working solution to 
each well. Absorbance at 450 nm was confirmed at 0, 24, 48, 72, and 96 h with an enzyme-linked instrument. 

2.15. Transwell migration and invasion assay 

For migration assay, glioma cell suspensions were placed in a 24-well upper chamber (Corning, USA), while 1 % penicillin/ 
streptomycin (Beyotime, China) and 10 % FBS (Gibco, USA) were supplemented in the lower chambers. After incubation for 24 h at 
37 ◦C, the glioma cells were fixed with 4 % paraformaldehyde and then stained with crystal violet (0.1 %; Beyotime, China). Migrated 
glioma cells were counted under a microscope. For the invasion assay, Matrigel (BD, USA) was applied to the upper chamber and then 
initially maintained at 37 ◦C for half an hour. 

2.16. Western Blot 

Total proteins were extracted in a lysis buffer with a protease inhibitor (Solarbio, China) to protect the proteins from degradation. 
Nuclear and cytoplasmic proteins were extracted from homogenized cells by using nuclear and cytoplasmic protein extraction kits 
(Solarbio, China), respectively. After denaturation at 100 ◦C for 10 min, equal amounts of protein per sample were subjected to sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and then the proteins were transferred to a polyvinylidene fluoride transfer 
membrane (Millipore, USA). Subsequently, 5 % bovine serum albumin (Beyotime, China) blocked the membranes at room temperature 
for 1 h. The membranes were rinsed three times for 10 min each with 0.5 % PBST (0.5 mL of Tween-20 dissolved in 1 L of 0.01 M 
phosphate-buffered saline). This process was followed by overnight incubation with the indicated primary antibody at 4 ◦C and three 
washes with 0.5 % PBST for 10 min each, followed by the addition of HRP-labeled goat anti-mouse or anti-rabbit immunoglobulin G for 
1 h, and three washes with 0.5 % PBST for 10 min each. Finally, enhanced chemiluminescence (ECL) was performed using an ECL kit 
(Millipore, United States). 

2.17. Statistical analysis 

Pearson’s correlation analysis was used. Prognostic significance was determined by performing the log-rank test. Unpaired Wil-
coxon rank sum and signed rank tests were adopted for difference significance analysis between pairs, and Kruskal–Wallis test was used 
for multiple groups. R software (version 3.6.4) was used to conduct all the statistical analysis. A P value < 0.05 indicates statistical 
significance. 

3. Results 

3.1. RAMP expression in human cancers and normal tissues 

The TIMER database showed that RAMP1 expression was significantly higher in BRCA, GBM, LIHC, LUAD, THCA, PRAD, and PCPG 
than in adjacent normal tissues. Meanwhile, RAMP2 expression was significantly higher in LIHC, CHOL, ESCA, GBM, KIRC, PCPG, and 
THCA. Moreover, RAMP3 expression was significantly higher in KIRC (Fig. 1A–C). In accordance with the results from the SangerBox 
website, displayed as supplementary results of cancers with paired normal tissues, we observed a significantly higher expression of 
RAMP1 in 9 types of tumors (GBMLGG, LGG, GBM, BRCA, LUAD, PRAD, PCPG, THCA, and LIHC) and significantly lower expression of 
RAMP1 in 20 types of tumors (e.g., UCEC, KIRC ESCA, STES, KIPAN, COAD, COAD, KIRP, READ, STAD, and CESC). In addition, 
RAMP2 expression was significantly higher in 12 types of tumors (GBM, GBMLGG, LGG, STES, STAD, KIRC, LIHC, WT, PAAD, TGCT, 
PCPG, and CHOL) and significantly lower in 20 types of tumors. Meanwhile, RAMP3 expression was significantly higher in 6 types of 
tumors (e.g., GBMLGG, LGG, GBM, KIRC, and PAAD) and significantly lower in 22 types of tumors (Fig. 1D–F). 

The UALCAN database showed that the promoter methylation level of PAMA1 was significantly lower in BLCA, BRCA, LIHC, LUSC, 
PRAD, TCGT, and THCA, but significantly higher in CESC, ESCA, KIRP, KIRC, and UCEC. The promoter methylation level of PAMA2 
was significantly lower in TGCT and significantly higher in UCEC, KIRP, HNSC, READ, PRAD, LUSC, LUAD, LIHC, KIRC, ESCA, CESC, 
CHOL, COAD, BRCA, and BLCA. Moreover, the promoter methylation level of PAMA3 was significantly lower in MLCA, HNSC, KIRC, 
LIHC, LUSC, PAAD, READ, and TGCT, but significantly higher in CHOL, KIRP, LUAD, PRAD, and UCEC. Furthermore, the protein 
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Fig. 2. Prognostic effect of RAMPs in the pan-cancer dataset of the UCSC database. (A–C) Forest plots showing the results of the univariate Cox regression analysis between overall survival (OS) 
and RAMP1 (A), RAMP2 (B), and RAMP3 (C) expression in human cancers. (D–F) Forest plots showing the results of the univariate Cox regression analysis between disease-specific survival (DSS) and 
RAMP1 (D), RAMP2 (E), and RAMP3 (F) expression in human cancers. 
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Fig. 3. The association heatmaps between PARPs expression and other important gene levels. (A–C) The association heatmaps between RNA modification genes and PARP1 (A), RAMP2 (B), and 
RAMP3 (C) expression. (D–F) The association heatmaps between five Immune-Related Pathways genes and PARP1 (D), RAMP2 (E), and RAMP3 (F) expression. (G–I) The association heatmaps between 
immune checkpoint genes and PARP1 (G), RAMP2 (H), and RAMP3 (I) expression. 
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Fig. 4. The relationship between RAMPs expression and pan-cancer immune subtypes or molecular subtypes. (A, B) The relationship between RAMP1 expression and pan-cancer immune 
subtypes (A) or molecular subtypes (B). (C) The relationship between RAMP1 expression and immune subtypes in BLCA. (D) The relationship between RAMP1 expression and molecular subtypes in 
BRCA. (E, F) The relationship between RAMP2 expression and pan-cancer immune subtypes (E) or molecular subtypes (F). (G) The relationship between RAMP2 expression and immune subtypes in 
BRCA. (H) The relationship between RAMP2 expression and molecular subtypes in BRCA. (I, J) The relationship between RAMP3 expression and pan-cancer immune subtypes (I) or molecular subtypes 
(J). (K) The relationship between RAMP3 expression and immune subtypes in KIRC. (L) The relationship between RAMP3 expression and molecular subtypes in BRCA. 
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Fig. 5. The association between immune score and PARP1 (A), RAMP2 (B), and RAMP3 (C) expression in human tumors.  
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expression of RAMP1 was significantly higher in GBM and significantly lower in hepatocellular carcinoma. The protein expression of 
RAMP2 was higher in hepatocellular carcinoma and RCC, but significantly lower in HNSC, LUAD, and UCEC. Meanwhile, the protein 
expression of RAMP3 was lower in LUAD (Supplementary Fig. 1). 

3.2. Prognostic and predictive values of RAMPs 

A Cox proportional hazards regression model was established to explore the relationship between RAMP gene expression and 
prognosis. Higher RAMP1 expression was associated with poorer OS in six tumor types (STES, KIPAN, STAD, BLCA, OV, and UVM), 
while lower RAMP1 expression was associated with poorer OS in LIHC (Fig. 2A). Higher RAMP1 expression was related to poorer DSS 
in eight tumor types (KIRP, KIPAN, COADREAD, STAD, KIRC, READ, OV, and UVM), as shown in Fig. 2B. Higher RAMP1 expression 
was related to poorer DFI in eight tumor types (Supplementary Fig. 2A). In addition, higher RAMP1 expression might indicate poorer 
PFI in six tumor types (Supplementary Fig. 2B). Moreover, higher RAMP2 expression might mean poorer OS in five tumor types (STES, 
KIRP, STAD, MESO, and LAML), and patients with lower RAMP2 expression has poorer OS in four tumor types (HNSC, KIRC, UVM, and 
PAAD) (Fig. 2C). Patients with higher RAMP2 expression has poorer DSS in five tumor types (STES, KIRP, COAD, COADREAD, and 
STAD), and lower RAMP2 expression was associated with poorer DSS in four tumor types (HNSC, KIRC, UVM, and PAAD) (Fig. 3A). 
Higher RAMP2 expression was associated with poorer DFI in three tumor types (Supplementary Fig. 2C). Furthermore, the higher the 
RAMP2 expression, the poorer the PFI in three tumor types (Supplementary Fig. 2D). In addition, the higher the RAMP3 expression, the 
poorer the OS in six tumor types (GBMLGG, LGG, STES, MESO, STAD, and ALL); the lower the RAMP3 expression, the poorer the OS in 
seven tumor types (CESC, SARC, HNSC, KIRC, LIHC, PAA, and PCPG) (Fig. 3B). Moreover, higher RAMP3 expression was relevant to 
poorer DSS in four tumor types (GBMLGG, LGG, COAD, and COADREAD) (Fig. 3C). Higher RAMP3 expression was relevant to poorer 
PFI in GBMLGG (Supplementary Fig. 2E). 

The results of the KM plotter showed that higher RAMP1 expression was relevant to poorer OS in urothelial carcinoma, bladder 
carcinoma, PRCC, pheochromocytoma, paraganglioma, ovarian cancer, stomach adenocarcinoma, and rectum adenocarcinoma, with 
poorer RFS in PRCC and breast cancer and poorer PFS in melanoma. Moreover, higher RAMP1 expression was relevant to poorer PFS in 
melanoma treated with anti-PD1. However, lower RAMP1 expression was relevant to poorer OS and PFS in glioblastoma treated with 
anti-PD1. Higher RAMP1 expression was associated with poorer OS in urothelial carcinoma treated with anti-PDL1 (Supplementary 
Fig. 3). Higher RAMP2 expression was associated with poorer OS in urothelial carcinoma, PRCC, rectum adenocarcinoma, stomach 
adenocarcinoma, and testicular germ cell tumor, with poorer RFS in esophageal adenocarcinoma, stomach adenocarcinoma, and 
PRCC, and poorer PFS in glioblastoma and melanoma. Moreover, higher RAMP2 expression was associated with poorer PFS in 
esophageal adenocarcinoma, glioblastoma, and melanoma treated with anti-PD1, and poorer OS in melanoma treated with anti-PD1. 
Higher RAMP2 expression was also relevant to poorer OS and PFS in melanoma treated with anti-CTLA4 (Supplementary Fig. 4). 
Moreover, higher RAMP3 expression was associated with poorer OS in esophageal adenocarcinoma, PRCC, and stomach adenocar-
cinoma, with poorer RFS in esophageal adenocarcinoma and HNSC, and poorer PFS in glioblastoma without treatment or treated with 
anti-PD1. Additional details are provided in Supplementary Fig. 5. The PrognoScan results are presented as supplementary results 
(Supplementary Tables 1–3). All the aforementioned pieces of evidence proved that the expression of RAMPs is strongly correlated 
with the prognosis of a variety of tumors. Moreover, the expression levels of RAMP1, RAMP2, and RAMP3 were significantly different 
in various T stages of 9, 10, and 10 tumor types, respectively (Supplementary Fig. 6, Supplementary Tables 4–6). 

3.3. RAMP expression is related to RNA modification, immune-related, and immune checkpoint genes 

Our findings revealed that RAMP gene expression was notably associated with RNA modification genes across human cancers and 
positively associated with multiple cancers (Fig. 4A–C). In addition, RAMP gene expression was positively associated with marker 
genes for five immune-related pathways in multiple cancers, indicating that RAMPs exert an immune effect and help identify the types 
of cancers that may benefit from RAMP-targeted immunotherapy (Fig. 4D–I). 

3.4. RAMP expression is related to molecular and immune subtypes in cancer 

Subsequently, we investigated the differences in the expression of RAMPs in human cancer immune and molecular subtypes. 
Immune subtypes were classified into six: C1 for wound healing, C2 for interferon gamma dominant, C3 for inflammatory, C4 for 
lymphocyte depleted, C5 for immunologically quiet, and C6 for transforming growth factor beta dominant. RAMP1 expression was 
related to different immune subtypes in 16 cancer types (Fig. 5A). In addition, RAMP1 expression varied in different molecular 
subtypes of 14 cancer types (Fig. 5B). Presenting BLCA as an example, RAMP1 was highly expressed in C2 and C6 types and lowly 
expressed in C4 types (Fig. 5C). For each BRCA molecular subtype, RAMP1 presented high expression in LumA and LumB types, while 
low RAMP1 expression was found in basal and Her2 types (Fig. 5D). RAMP2 expression varied in different immune subtypes of 19 
cancer types and molecular subtypes of 14 cancer types (Fig. 5E and F). Presenting BRCA as an example, high RAMP2 expression was 
observed in C3 and LumA types, whereas low RAMP2 expression was observed in basal and Her2 types (Fig. 5G and H). RAMP3 
expression varied in different immune subtypes of 27 cancer types and molecular subtypes of 15 cancer types (Fig. 5I and J). Presenting 
KIRC as an example, RAMP3 exhibited high expression in C3 (Fig. 5K). For BRCA, RAMP3 demonstrated high expression in LumA 
(Fig. 5L). 
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Fig. 6. The association between tumor-infiltrating lymphocytes and RAMP1. (A), RAMP2 (B), and RAMP3 (C) expression in human tumors. (D) The correlation between TMB and RAMPs 
expression in human tumors. (E) The correlation between MSI and RAMPs expression in human tumors. (F) The correlation between ploidy and RAMPs expression in human tumors. 
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Fig. 7. (A, B) The association between RAMP1 expression and RNAss stemness indices (A) or DNAss stemness indices (B) in human tumors. (C, D) The association between RAMP2 expression and RNAss 
stemness indices (C) or DNAss stemness indices (D) in human tumors. (E, F) The association between RAMP3 expression and RNAss stemness indices (E) or DNAss stemness indices (F) in human tumors. 
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Fig. 8. RAMPs coexpression genes in cancer analyzed by the LinkedOmics database. (A) Highly correlated genes of RAMP1 tested by Pearson test in BLCA cohort. (B, C) Top 50 negative 
coexpression genes (B) and positive coexpression genes (C) of PAMP1 in heat map in BLCA. (D) GO analysis (biological process) of RAMP1 in BLCA cohort. (E) KEGG pathways of RAMP1 in BLCA cohort. 
(F) Highly correlated genes of RAMP2 tested by Pearson test in KIRP cohort. (G, H) Top 50 negative coexpression genes (G) and positive coexpression genes (H) of PAMP2 in heat map in KIRP. (I) GO 
analysis (biological process) of RAMP2 in KIRP cohort. (J) KEGG pathways of RAMP2 in KIRP cohort. (K) Highly correlated genes of RAMP3 tested by Pearson test in GBMLGG cohort. (L, M) Top 50 
negative coexpression genes (L) and positive coexpression genes (M) of PAMP3 in heat map in GBMLGG. (N) GO analysis (biological process) of RAMP3 in GBMLGG cohort. (O) KEGG pathways of 
RAMP3 in GBMLGG cohort. 
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Fig. 9. RAMP3 mRNA and protein expression levels in glioma. (A) qRT-PCR result of RAMP3 expression was higher in GBM tissues (GBM) compared to corresponding para-tumor tissues (Normal). 
(B, C) Western Blot result of RAMP3 expression was higher in GBM tissues (T/GBM) compared to the corresponding para-tumor tissues (N/Normal). (D, E) Western Blot result of RAMP3 expression was 
higher in 4 glioma cell lines (U118, U87, U251, T98) compared to Normal human astrocytes (NHA). (*P < 0.05, **P < 0.01, ***P < 0.001). 
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3.5. RAMP expression is related to ESTIMATE, immune cells, TMB, MSI, and ploidy 

The correlations of RAMPs with immune, stromal, and ESTIMATE scores were measured. Then, the significant results are illustrated 
in Fig. 6 and Supplementary Fig. 7. RAMP1 expression was significantly related to immune score in 21 cancer types. Among which, 16 
were positively correlated and 5 were negatively correlated. RAMP1 expression was significantly related to stromal score in 25 cancer 
types. Among which, 23 were positively correlated and 2 were negatively correlated. This gene expression was significantly related to 
ESTIMATE score in 20 cancer types. Among which, 18 were positively correlated and 2 were negatively correlated. In addition, a 
significant correlation was observed between RAMP2 expression and immune score in 38 cancer types, with 37 positive and 1 negative 
correlations. RAMP2 expression was significantly correlated with stromal score in 23 cancer types. Of which, 19 were positively and 4 
were negatively correlated. RAMP2 expression was significantly correlated with ESTIMATE score in 33 cancer types. Of which, 31 
were positively and 2 were negatively correlated. Moreover, RAMP3 expression was significantly correlated with immune score in 40 
cancer species, with 39 positively and 1 negatively correlated. RAMP3 expression was significantly correlated with stromal score in 38 
cancer species. Of which, 36 were positively and 2 were negatively correlated. RAMP3 expression was significantly related to ESTI-
MATE score in 40 cancer species, with 38 positively and 2 negatively correlations. 

RAMPs were significantly correlated with TILs in many cancer types (Fig. 7A–C). Therefore, 7 algorithms were used to estimate 
immune cell infiltration scores in 38 cancer types. The results confirmed that RAMPs may play an important role in multiple immune 
infiltrating cells in a variety of cancer types. Supplementary Figs. 8–10 present the detailed results. As depicted in Fig. 7D, RAMP1, 
RAMP2, an RAMP3 expression levels were significantly associated with TMB in 15, 7, and 10 cancer types, respectively (p < 0.05). The 
coefficients indicated that the expression of three genes was associated with MSI in 11, 9, and 7 cancer types, respectively (Fig. 7E; p <
0.05). In addition, the correlation between RAMPs and ploidy is shown in Fig. 7F. The expression of those genes was associated with 
ploidy in 12, 9, and 17 cancer types, respectively (p < 0.05). 

3.6. RAMP expression is related to stemness indices 

RAMP1 was associated with RNAss stemness indices in 25 tumors, and all associations were negative (Fig. 8A, p < 0.05). RAMP1 
was associated with DNAss stemness indices in 16 tumors, including positive associations in 5 tumors and negative associations in 11 
tumors (Fig. 8B, p < 0.05). RAMP2 was correlated with RNAss stemness indices in 34 tumors, with positive correlations in 2 tumors 
and negative correlation in 32 tumors (Fig. 8C, p < 0.05). RAMP2 was associated with DNAss stemness indices in 22 tumors, including 
positive correlations in 6 tumors and negative correlations in 16 tumors (Fig. 8D, p < 0.05). For RAMP3, all negative associations were 
found with RNAss stemness in 33 tumors (Fig. 8E, p < 0.05). RAMP3 was associated with DNAss stemness in 24 tumors, 7 tumors were 
positively associated and 17 tumors were negatively (Fig. 8F). 

3.7. Co-expression networks of RAMPs in specific cancer types 

To further investigate the specific biological function of RAMPs in tumors, we explored RAMP1 co-expression networks in BLCA to 
illustrate the potential function. In BLCA, 5469 genes (dark green dots) were negatively correlated with RAMP1, while 6507 genes 
(dark red dots) were positively correlated (FDR <0.01) (Fig. 9A, Supplementary Table 7). The top 50 negatively and top 50 positively 
correlated genes with RAMP1 are depicted in Fig. 9B and C. Subsequently, the major GO terms of RAMP1 co-expression genes were 
determined via GSEA (Fig. 9D–Supplementary Table 8). RAMP1 and its co-expression genes primarily participated in neuro-
inflammatory response, cellular defense response, cell adhesion mediated by integrin, response to chemokine, and leukocyte activation 
involved in inflammatory response. The KEGG pathway analysis showed that co-expressed genes were enriched during extracellular 
matrix (ECM)–receptor interaction, intestinal immune network for IgA production, primary immunodeficiency, and complement and 
coagulation cascades (Fig. 9E–Supplementary Table 9). Moreover, RAMP2 co-expression networks in KIRP were analyzed. A total of 
5014 genes (dark green dots) were significantly negatively correlated with RAMP2, and 5912 genes (dark red dots) were positively 
correlated (FDR <0.01) (Fig. 9F–Supplementary Table 10). Fig. 9G and H shows the top 50 negatively and positively correlated genes 
with RAMP2. Subsequently, the major GO terms of RAMP1 co-expression genes were enriched in vasculogenesis, cellular response to 
vascular endothelial growth factor stimulus, leukocyte migration, production of a molecular mediator involved in inflammatory 
response, and G protein-coupled receptor signaling pathway (Fig. 9I–Supplementary Table 11). The KEGG pathway enrichment an-
alyses of RAMP2 and its co-expression genes were mostly enriched in complement and coagulation cascades, leukocyte trans-
endothelial migration, the cGMP-PKG signaling pathway, ECM–receptor interaction, and the calcium signaling pathway 
(Fig. 9J–Supplementary Table 12). In addition, we analyzed RAMP3 co-expression networks in GBMLGG. The results showed that 5801 
genes (dark green dots) were significantly negatively related to RAMP1, while 8178 genes (dark red dots) were positively related (FDR 
<0.01) (Fig. 9K–Supplementary Table 13). Fig. 9L and M presents the top 50 negatively and top 50 positively correlated genes with 
RAMP3. The GO enrichment analysis showed that humoral immune response, granulocyte activation, acute inflammatory response, 
neutrophil-mediated immunity, response to Type I interferon/interferon gamma, lymphocyte-mediated immunity, and adaptive im-
mune response were mostly enriched. Meanwhile, the KEGG enrichment analysis showed that complement and coagulation cascades, 
primary immunodeficiency, antigen processing and presentation, phagosome, cytokine–cytokine receptor interaction, and intestinal 
immune network for IgA production were mostly enriched (Fig. 9N and O, Supplementary Tables 14 and 15). 
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3.8. mRNA and protein expression levels of RAMP3 in glioma 

The high expression of RAMP3 in glioma tissues was verified in mRNA and protein levels compared with the corresponding para- 
tumor tissues. This result is consistent with our in-silico bioinformatics findings described above (Fig. 10A–C). In addition, the protein 
level of RAMP3 in glioma cell lines was explored through Western blot analyses. As shown in Fig. 10D and E, RAMP3 was more highly 
expressed in glioma cell lines (U118, U251, U87, and T98) compared with normal human astrocytes (NHAs). 

3.9. RAMP3 promotes glioma cell proliferation, migration, and invasion 

Previous studies have indicated that RAMP3 is associated with metastasis in other cancer types. To explore the function of RAMP3 
in glioma further, overexpression plasmids and the shRNA system were designed to construct U87 cells that were highly expressed in 
RAMP3 genes and inhibited RAMP3 endogenous expression, respectively. In addition, the RAMP3 expression of U87 cells was 
appreciably upregulated after the transfection of overexpressed plasmids (Fig. 11A and B, p < 0.01), and RAMP3 expression of U87 
cells was appreciably downregulated after the transfection of sh-RAMP3 (Fig. 12A and B, p < 0.01). The CCK-8 assays indicated that 
RAMP3 overexpression significantly enhanced cell proliferation at 48, 72, and 96 h post-transfection (Fig. 11C). Meanwhile the 
proliferation of U87-Sh-RAMP3 cells was significantly inhibited at 48, 72, and 96 h post-transfection (Fig. 12C). In addition, transwell 
migration and invasion experiments indicated that the overexpression of RAMP3 upregulated the migration and invasion abilities of 
U87 cells compared with those of the controls (Fig. 11D and E). Meanwhile, the knockdown of RAMP3 weakened the migration and 
invasion abilities of U118 cells compared with those of the controls (Fig. 12D and E). 

4. Discussion 

In a recent study, the researchers used a series of genes and drug treatments in cell and animal experiments to determine whether 
melanoma cells can “sensitize” nociceptor nerve cells, which, in turn, promote the release of a neuropeptide called CGRP [7]. This 
neuropeptide can bind to the RAMP-1 receptors of cytotoxic CD8+ T cells to promote their exhaustion. RAMP-1 is a subtype of RAMPs, 
which comprise a new family of single-transmembrane proteins that determine the ligand specificity of CLR. To date, the regulatory 
roles of RAMPs and their ligands in various cancers or other diseases have been extensively studied [39–42]. However, the molecular 
functions and clear mechanisms of RAMPs in most tumors remain unexplored. On the basis of evidence obtained from previous studies, 
an inference can be made that RAMPs may play a critical role in tumorigenesis as regulatory proteins of G-protein-coupled receptors. 

Fig. 10. Overexpression of RAMP3 promotes glioma cells proliferation, migration, and invasion in vitro. (A, B) Western blot analysis of the 
RAMP3 expression in U87-Ctrl cells and U87-over-RAMP3 cells. (C) CCK8 assay of overexpression of RAMP3 promotes glioma cell proliferation. (D, 
E) Transwell migration and invasion assay of overexpression of RAMP3 promotes glioma cell migration and invasion (**P < 0.01, ***P < 0.001). 
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These proteins are involved in the modulation of various signaling pathways, including those related to tumor growth, invasion, and 
metastasis. Therefore, RAMPs can potentially influence the characteristics and behavior of tumor cells during cancer development, 
leading to changes associated with tumor initiation and the tumor immune microenvironment. Moreover, RAMPs may regulate the 
function and abundance of immune cells within the tumor immune microenvironment. Immune cells play a pivotal role in antitumor 
immune response; they are capable of attacking and eliminating tumor cells. RAMPs may modulate the interaction between tumor cells 
and immune cells, affecting the infiltration and activity of immune cells, and thus, shaping the characteristics of the tumor immune 
microenvironment. In addition, RAMPs may influence diagnostic outcomes through their effects on tumor cell metabolism and pro-
liferation. Studies have revealed the involvement of RAMPs in the regulation of tumor cell metabolism, potentially leading to alter-
ations in the sensitivity of tumor cells to specific therapeutic approaches, ultimately influencing diagnostic outcomes. 

In the current study, RAMP expression was compared between normal and tumor tissues in pan-cancer. The reliability of the data 
was verified through multiple databases, and RAMPs were significantly differentially expressed in various tumors. In addition, the 
promoter methylation levels of PAMAs were different between multiple tumors and normal tissues. The prognostic value of RAMPs has 
also been reflected in the current study. In accordance with our results, we can conclude that RAMPs are closely related to OS, DSS, DFI, 
PFI, PFS, and other survival indicators. 

Abundant previous studies have also confirmed that clinical stages, molecular subtypes, and immune subtypes can indicate the 
prognostic value of tumors [43–46]. Therefore, we analyzed the expression in different tumor subgroups of RAMPs. In accordance with 
the TISIDB database analysis, we confirmed that RAMPs can predict clinical stage, immune subtype, and molecular subtype in a variety 
of tumors to a certain extent, indicating that its expression level exhibits a relationship with the development and occurrence of tu-
mors. Overall, RAMPs may be important biomarkers associated with prognosis in different tumors. 

Our study also demonstrated the correlation of RAMP expression with TMB, MSI, and tumor neoantigens in many types of tumors. 
TMB is closely related to the efficacy of immunotherapy. MSI is also a clinically important tumor marker that results from defective 
DNA mismatch repair [47–49]. Neoantigens are tumor-specific antigens derived from non-synonymous mutations; they have attracted 
considerable attention in tumor immunotherapy [50,51]. Tumor neoantigens are widely found in tumor cells, and they exhibit sig-
nificant tumor heterogeneity and immunogenicity. In the clinical trials of a variety of solid tumors, vaccines developed by neoantigens 
have been used for tumor immunotherapy [52]. ICGs are important targets for antitumor immunotherapy approaches in a variety of 
tumors [53,54]. In the present study, RAMP expression has been shown to be significantly positively correlated with most of the 47 
ICGs in most cancers, such as CD40, CTLA-4, CD86, and CD276. Similarly, RAMP expression is highly relevant to 150 genetic markers 
of 5 classes of the immune pathways in most tumors. Unexpectedly, RAMP expression also significantly affected patient outcomes in 

Fig. 11. Overexpression of RAMP3 promotes glioma cells proliferation, migration, and invasion in vitro. (A, B) Western blot analysis of the 
RAMP3 expression in U87-Ctrl cells and U87-over-RAMP3 cells. (C) CCK8 assay of overexpression of RAMP3 promotes glioma cell proliferation. (D, 
E) Transwell migration and invasion assay of overexpression of RAMP3 promotes glioma cell migration and invasion (**P < 0.01, ***P < 0.001). 
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the immunotherapy cohort. For example, higher RAMP1 expression might mean poorer PFS in melanoma treated with anti-PD1. 
Moreover, higher RAMP2 expression might indicate poorer PFS in esophageal adenocarcinoma, GBM, and melanoma treated with 
anti-PD1 and poorer OS in melanoma treated with anti-PD1. Higher RAMP2 expression might also indicate poorer OS and PFS in 
melanoma treated with anti-CTLA4. Moreover, higher RAMP3 expression might mean poorer PFS in GBM treated with anti-PD1. 
Therefore, RAMPs are extremely important immunotherapy and prognostic targets that may enhance the therapeutic effects of cur-
rent immune checkpoint inhibitors. Subsequently, we analyzed the relationship between RAMP and immune cells in TME. TILs have 
been reported to predict prognosis and immunotherapy efficacy independently in cancer patients [55,56]. The results from the TISDB 
database suggested a strong correlation between RAMPs and TILs in most tumors. In addition, immune cells are closely related to the 
occurrence, development, and metastasis of tumors, and they are also related to the development of drugs for immunotherapy. Our 
study found that RAMP expression was negatively correlated with the content of immune cells in the tumor microenvironment in a 
variety of tumors. It also determined that RAMPs were strongly correlated with the immune, stromal, and ESTIMATE scores in most 
cancer types, negatively in some tumors and positively in others, suggesting that RAMPs play different immunomodulations in various 
cancers. However, the relationship between RAMPs and immunity in various tumors and the mechanism of action still require further 
analyses. 

The gradual reduction of cell differentiation capacity and the acquisition of stem cell-like features are the major factors that drive 
tumors [57,58]. The stemness index is used to evaluate the degree of stem cell-like characteristics of tumor cells, and it is largely 
related to active biological processes and a high degree of differentiation [59]. We calculated the stemness index in individual tumors 
by using a variety of algorithms, and the significant correlation between RAMPs and stemness index was confirmed in our study. m1A, 
m5C, and m6A RNA methylation have been reported to play an important role in cancer [60], and it is expected to become a ther-
apeutic target. RAMPs were significantly correlated with RNA methylation genes, further indicating the importance of RAMPs in 
tumors. 

To comprehensively analyze the possible biological functions of RAMPs in tumors, co-expression and GSEA analyses were per-
formed in specific tumors, and the results showed that RAMPs were significantly related to a variety of oncogenic pathways and 
immune functions. However, our results suggest that the mechanisms of RAMPs vary in different tumors, and further studies are 
necessary for each tumor to understand the effects of RAMPs on the immune function of specific tumors and mechanisms. 

At present, the study of RAMPs in pan-cancer remains lacking, and their immunological effect has been rarely reported. In the 
current study, we not only analyzed the prognostic value of RAMPs and the predictive value of immunotherapy in pan-cancer, but also 

Fig. 12. Knockdown of RAMP3 suppresses glioma cells proliferation, migration, and invasion in vitro. (A, B) Western blot analysis of the 
RAMP3 expression in U87-Ctrl cells and U87-Sh-RAMP3 cells. (C) CCK8 assay of knockdown of RAMP3 suppresses glioma cell proliferation. (D, E) 
Transwell migration and invasion assay of knockdown of RAMP3 suppresses glioma cell migration and invasion (**P < 0.01, ***P < 0.001). 
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examined the relationship between RAMPs and immunology from several perspectives. In addition, our results were cross-validated in 
different databases, strengthening the credibility of our results. The specific mechanism of RAMPs in pan-cancer deserves more 
attention, and the current study also provided a reference for future in-depth research. We emphasized that we used quantitative 
reverse transcription PCR (qRT-PCR) and Western blot analysis to confirm that RAMP3 was expressed significantly higher in glioma 
tissues than in paracancer tissues. Moreover, RAMP3 was higher in glioma cell lines than normal cell lines. The overexpression of 
RAMP3 upregulated the migration and invasion abilities of U118 cells compared with those of the controls, while the knockdown of 
RAMP3 weakened the migration and invasion abilities of U118 cells compared with those of the controls. 

Our study has limitations. First, although we used a large number of bioinformatics methods to analyze the relationship of RAMPs 
with prognosis and tumor immune microenvironment, in vivo/in vitro experiments are still required to prove our findings. In addition, 
clinical cohort studies help further evaluate the potential of RAMPs in many cancers. Second, although we have reasonably demon-
strated that RAMPs are closely related to TIME and prognosis, the mechanism by which RAMPs participate in immune regulation 
remains unclear, and thus, more in-depth studies are necessary. In addition, no anti-RAMP treatment has been developed and clinically 
tested. Therefore, further molecular and clinical validations are necessary for the development of novel antitumor immunotherapy 
drugs. Finally, the results of data from multiple databases or analysis algorithms are not always consistent. Therefore, further analysis 
is required to verify our results. 

5. Conclusion 

In conclusion, our study shows that RAMPs are differentially expressed in multiple tumors and associated with patient outcomes. 
Meanwhile, RAMPs are significantly correlated with immune scores, ICGs, and immune-infiltrating cells. In addition, RAMPs are 
significantly associated with RNA-editing genes, TMB, MSI, tumor neoantigens, and stemness index. Furthermore, RAMP3 promotes 
glioma cell proliferation and migration. We speculate that RAMPs may affect the progression of multiple tumors through multiple 
signaling pathways, particularly immune-related pathways. Our study reveals the potential of RAMPs as a possible biomarker and 
therapeutic target. Further study of RAMPs may help improve immunotherapy outcomes and prognosis in patients. 
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