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a b s t r a c t 

Melanoma is the most aggressive skin malignancy with high morbidity. Anti-programmed cell death protein 1 (PD- 

1) monotherapy has been applied in metastatic melanoma. However, still most of the patients do not respond to 

anti-PD-1 and the availability of the present approved biomarkers therefore is limited. Here we combined the tran- 

scriptomic and clinical data of 163 advanced melanoma patients receiving anti-PD-1 from NIH Melanoma Genome 

Sequencing Project (phs000452, 122 patients) as the training and internal validation cohort, and Melanoma In- 

stitute Australia cohort (PRJEB23709, 41 patients) as the external validation cohort, respectively. Circular RNAs 

(circRNAs) are an evolutionarily conserved novel class of noncoding endogenous RNAs (ncRNAs) found in the 

eukaryotic transcriptome and were used based on RNAseq data for our analyses. 74,243 circular RNAs (circRNAs) 

were identified with NCLscan and CIRCexplorer2. Thereof, 70 circRNAs significantly associated with progression- 

free survival and overall survival. Further, a prognostic circRNAs signature consisting of HSA_CIRCpedia_1497, 

HSA_CIRCpedia_12559, HSA_CIRCpedia_43640, HSA_CIRCpedia_43070, and HSA_CIRCpedia_21660 could be de- 

termined with LASSO regression. This signature was a prognostic factor of overall survival and progression-free 

survival among the analyzed advanced melanoma patients. The concordance indexes (C-index of OS training : 0.61, 

C-index of PFS training : 0.68) also confirmed its credibility and accuracy. First enrichment analysis indicated that 

immune response and pathways related to tumor immune microenvironment were enriched. In conclusion, we 

succeeded to construct and validate novel prognostic circRNAs signature for advanced melanoma patients treated 

with anti-PD-1 immunotherapy. 
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Fig. 1. Flow chart. 
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Immune checkpoint inhibitors (ICIs) have achieved a good extension

f survival in some cancer patients in a wide array of cancer types, in-

luding metastatic melanoma [1–3] , advanced colorectal cancer [4 , 5] ,

nd advanced non-small-cell lung cancer [6 , 7] . But, still the minority

f tumor patients with these entities respond to immune checkpoint

nhibitors [8] . Nowadays, many tumor-intrinsic and tumor-extrinsic

iomarkers for melanoma response and resistance to ICIs have been pro-

osed [9 , 10] . However, the clinical response rate did not extensively im-

rove [11] . In general, identification and validation of biomarkers for

redicting clinical response and prognosis is needed for patients with

etastatic melanoma. 

Circular RNAs (circRNAs) are an evolutionarily conserved novel class

f noncoding endogenous RNAs (ncRNAs) found in the eukaryotic tran-

criptome, originally believed to be aberrant RNA splicing by-products

ith decreased functionality [12] . CircRNAs are unusually stable RNA

olecules with cell type- or developmental stage-specific expression pat-

erns [13 , 14] . Compared to the linear RNA, circRNAs are produced dif-

erentially by back-splicing exons or lariat introns from a pre-messenger

NA (mRNA) forming a covalently closed-loop structure missing 3 ′ poly-

A) tail or 5 ′ cap, rendering them immune to exonuclease-mediated

egradation [15 , 16] . CircRNAs could be dysregulated in cancer, result-

ng in distinct circRNA expression profiles in tumor tissues [17 , 18] ,

hich makes it possible to consider circRNAs as biomarkers. To the

est of our knowledge, the ability of circRNA-based signatures as novel

rognostic biomarkers for melanoma has not yet been comprehensively

nvestigated. 

Here, we used phs000452 [19] as the training and internal valida-

ion cohorts and PRJEB23709 [20] as the external validation cohort,

espectively, to explore the ability of circRNAs to predict the clinical

esponse and prognosis in patients with metastatic melanoma ( Fig. 1 ).

e aimed to identify and validate a circRNA-based signature as clinical

enefit predictor for advanced melanoma patients treated with anti-PD-

 monotherapy. 
2 
aterial and methods 

ata acquisition 

Raw sequencing data of NIH Melanoma Genome Sequencing

roject (phs000452 [19] ) and Melanoma Institute Australia cohort

PRJEB23709 [20] ) were obtained from in dbGaP (accession num-

er phs000452.v.3.p1) and European Molecular Biology Laboratory-

uropean Bioinformatics Institute (EMBL-EBI) [21] (accession num-

er PRJEB23709), respectively. Only pretreatment bulk RNAseq data

f metastatic melanoma patients who received anti-PD-1 monotherapy

nivolumab or pembrolizumab) were included in our study. 

lignment 

Raw RNA-sequencing reads were aligned to the reference genome

UCSC hg38 with annotations from GRCh38.p13) using STAR

22] (v.2.5.3a), and gene expression was subsequently quantified using

eatureCounts function of Subread package [23] (v.2.0.1), as described

reviously [24] . 

ircRNA annotation 

Since circRNA is less studied than other noncoding RNAs [25] , we

nnotated it with two annotation methods to ensure the accuracy and

epeatability of annotation results. NCLscan utilized a stepwise align-

ent strategy to almost completely eliminate false calls without sac-

ificing true positives, enabling it outperforms other publicly-available

ools [26] . CIRCexplorer2 systematically annotated different types of al-

ernative back-splicing and alternative splicing events in circRNAs [27] .

n each dataset, we annotated circRNA with two pipelines (NCLscan and

IRCexplorer2), and then selected the intersection circRNAs to obtain

he corresponding data matrix via initCircRNAprofiler function of circR-

Aprofiler package [28] (v.1.9.2). The finial circRNA matrix was quan-

ified based on NCLscan. 
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Table 1 

Characteristics of patients in the training and validation cohorts 

Training cohort (phs000452, N = 86) Internal validation cohort (phs000452, N = 36) External validation cohort (PRJEB23709, N = 41) 

Male 54 17 26 

Age (years) 65 

Treatment 

Pembrolizumab 48 23 32 

Nivolumab 38 13 9 

Responses 

Complete response 11 5 4 

Partial response 22 10 15 

Mixed response 1 1 0 

Stable disease 13 3 6 

Progressive disease 39 17 16 

Survival time (days) 

Progression-free survival 378 332 511 

Overall survival 576 559 680 

Status 

Alive 43 17 17 

Dead 43 19 24 

Data are shown as number or average. 
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4  
dentification of the prognostic circRNAs 

All annotated circRNAs of two datasets were intersected to obtain the

verlapping circRNAs. Then, we performed survival analysis to deter-

ine the relationship between these filtered circRNAs and progression-

ree survival (PFS) and overall survival (OS). OS was defined as the

ime between first application of PD-1 blockade and date of death (any

ause). For subjects without documentation of death, OS was censored

n the last date the subject was known to be alive. PFS was defined as the

ime between first application of PD-1 blockade and date of documented

isease progression. For subjects without documentation of progression,

FS was censored on the last date the subject was known to be without

rogression. Only these circRNAs with statistical differences ( P < 0.2)

n both PFS and OS were considered as prognostic circRNAs. 

dentification of the prognostic circRNAs signature 

Patients in phs000452 were randomly divided into 7:3 as the train-

ng cohort and the internal validation cohort, respectively. Patients in

RJEB23709 were considered as the external validation cohort. We con-

ucted logistic LASSO regression, a shrinkage technique that can select

 more relevant and interpretable set of predictors [29] , to establish

rognostic circRNAs signature. We used the glmnet package (v.2.2.1) to

omplete the logistic LASSO regression. All circRNAs in the identifiable

ignature were annotated in CIRCpedia (v.2) [30] . 

alidation of the prognostic circRNAs signature 

After identification of prognostic circRNAs signature, we used the

stablished signature to divide the patients in both the training cohort

nd validation cohort into high and low-risk groups through a median

31] identified by survivalROC package [32] , and then analyzed the OS.

oreover, we also analyzed the PFS. Finally, the concordance index (C-

ndex) was calculated by cindex function in pec package (v. 2021.10.11),

s described previously [33] . 

unctional analysis 

To evaluate the potential biological functions of the prognostic circR-

As signature, we conducted Gene Ontology (GO) and gene set enrich-

ent analysis (GSEA) in phs000452, as described previously [34 , 35] . 

uantification of immune microenvironment 

Finally, the abundances of diverse immune and stromal components

ere quantified using the IOBR package (v.0.99.9), which is perform
3 
omprehensive analysis of tumor microenvironment and signatures for

mmuno-oncology [36] . We used xCell [37] algorithm in IOBR package

o calculate the scores of infiltrating cells of each sample in phs000452.

esults 

atient characteristics 

We included 122 and 41 patients treated with anti-PD-1 im-

unotherapy from phs000452 and PRJEB23709, respectively, in our

resent analyses. After random grouping, there were 74 patients in the

raining cohort and 48 patients in the internal validation cohort. The

haracteristics of patients are shown in Table 1 . Clinical responses were

efined as complete response, partial response, mixed response, stable

isease, and progressive disease according to Response Evaluation Cri-

eria in Solid Tumors (RECIST, v.1.1) [38] . Patients were classified as

ixed responders when achieving unequivocal responses in individual

xisting lesions but also progression in others or new lesions [19] . 

dentification of the prognostic circRNAs 

Through NCLscan and CIRCexplorer2, we annotated 74,243 circR-

As (Table S1). Then according to the initial survival analysis, we ob-

ained 392 OS related circRNAs and 408 PFS related circRNAs in the

hs000452 cohort, 840 OS-related circRNAs and 1423 PFS-related cir-

RNAs in the PRJEB23709 cohort (Table S2). After taking the inter-

ection of the results of the training cohort and training cohorts, we

btained 70 prognostic circRNAs (Fig. S1). 

dentification and Validation of the prognostic circRNAs signature 

Through the logistic LASSO regression model, we shrank from 70

rognostic circRNAs to five prognostic circRNAs (HSA_CIRCpedia_1497,

SA_CIRCpedia_12559, HSA_CIRCpedia_43640, HSA_CIRCpedia_43070,

nd HSA_CIRCpedia_21660) (details are shown in Table 2 ) to fit a prog-

ostic circRNAs signature. 

The median of score as optimal cutoff value that could be used for

he prognostic circRNAs signature to stratify these patients into the

igh or low-risk group in the training cohort ( Fig. 2 A) was -0.107.

he 74 patients of the high-risk group (n = 38) had a median OS of

4.2 months (9.96 ∼not reach (NR)) and the low-risk group (n = 36)

f NR(31.82 ∼NR). Compared to the high-risk group, thelow risk group

ignificantly exhibited prolonged OS (hazard ratio (HR) = 0.404, 95%

onfidence interval (CI) = 0.199 ∼0.821, P = 0.012, Fig. 2 B). All of the

8 patients in the internal validation cohort were segregated into the
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Fig. 2. Characteristics of the prognostic circRNAs signature and Kaplan-Meier estimates for OS in the training and validation cohorts. A. Characteristics 

of the prognostic signature in the training cohort. top: the risk score of each patient in the training cohort; middle: OS and survival status of patients in the training 

cohort; bottom: heat map of gene expression profiles of patients in the training cohort. B. OS in the training cohort stratified by the prognostic signature into high 

and low-risk groups with the P value shown. C. Characteristics of the prognostic signature in the internal validation cohort. top: the risk score of each patient in the 

internal validation cohort; middle: OS and survival status of patients in the internal validation cohort; bottom: heat map of gene expression profiles of patients in 

the internal validation cohort. D. OS in the internal validation cohort stratified by the prognostic signature into high and low-risk groups with the P value shown. 

E. Characteristics of the prognostic signature in the external validation cohort. top: the risk score of each patient in the external validation cohort; middle: OS and 

survival status of patients in the external validation cohort; bottom: heat map of gene expression profiles of patients in the external validation cohort. F. OS in the 

external validation cohort stratified by the prognostic signature into high and low-risk groups with the P value shown. The black dotted line represents the prognostic 

signature cutoff dividing patients into high and low-risk groups, and the P value was calculated using the log-rank test. 

4 
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Table 2 

Details of 5 prognostic circRNAs 

circID Gene Isoform Location Strand Coefficient 

HSA_CIRCpedia_1497 KIF5B ENST00000302418.4 chr10:32021287-32019858 - -0.04814655 

HSA_CIRCpedia_12559 MNAT1 NM_002431 Chr14:60796217-60818847 + -0.02206798 

HSA_CIRCpedia_43640 RYK ENST00000460933.5 chr3:134195182-134175609 - 0.04626255 

HSA_CIRCpedia_43070 TIMMDC1 NM_016589 chr3:119500695-119517315 + 0.14014806 

HSA_CIRCpedia_21660 VMP1 ENST00000262291.8 Chr17:59731421-59773885 + 0.10766172 
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igh-risk group (n = 24) and the low-risk group (n = 24) ( Fig. 2 C). The

ow-risk group displayed a median OS of 22.5 month (17.13 ∼NR), and

he high-risk group a median OS of 14.6 month (8.84 ∼NR). There was a

tatistically significant difference between low-risk and high-risk groups

HR = 0.790, 95% CI = 0.362 ∼1.722, P = 0.553, Fig. 2 D). In the external

alidation cohort, the median OS was NR (19.96 ∼NR) in low-risk cases

n = 20), 8.48 (3.25 ∼NR) months in high-risk cases (n = 21) ( Fig. 2 E).

he low-risk group exhibited significantly longer OS than the high-risk

roup (HR = 0.401, 95% CI = 0.171 ∼0.941, P = 0.036, Fig. 2 F). In

he training cohort, the prognostic circRNAs signature reached C-index

alue of 0.683 for OS. In the internal validation cohort, the prognostic

ircRNAs signature reached C-index value of 0.577 for OS. The external

alidation cohort was characterized by C-index value of 0.610 for OS. 

As for PFS, the low-risk group in the training cohort exhibited

ignificantly better PFS than the high-risk group (HR = 0.404, 95%

I = 0.199 ∼0.821, P = 0.012, Fig. 3 A&B). The low-risk group in

he internal validation cohort exhibited significantly better PFS than

he high-risk group with no statistical difference (HR = 0.790, 95%

I = 0.362 ∼1.722, P = 0.553, Fig. 3 C&D). The high-risk group in

he external validation cohort exhibited significantly worse PFS than

he low-risk group with no statistical difference (HR = 0.550, 95%

I = 0.291 ∼1.039, P = 0.066, Fig. 3 E&F). As for PFS, the training, in-

ernal validation, and external validation cohorts were characterized by

-index values of 0.683, 0.577, and 0.603, respectively. 

unctional analysis 

We found that down-regulated genes in phs000452 were enriched

n G protein coupled receptor signaling pathway, nervous system pro-

ess, and various stimuli and senses ( Fig. 4 A), whereas central nervous

ystem and brain development were activated in the up-regulated genes

 Fig. 4 B). GSEA indicated some well-known pathways, such as FGFR3

igand, IFNA signaling, and TRAF6 mediated IRF7 were enriched in the

own-regulated genes ( Fig. 4 C), and IL-37 signaling, KIT signaling, NK

ell pathway, and NOTCH signaling were enriched in the up-regulated

enes ( Fig. 4 D). 

uantification of immune microenvironment 

We finally compared the abundances of the immune cells between

he high- and low-risk groups in phs000452. The abundances of B cells,

D4 + naïve T cells, CD8 + T cells, 𝛾𝛿 T cells, and platelets were lower

n the low-risk group than in the high-risk group ( P = 0.034, 0.007,

.029, 0.026, and 0.008, respectively, Fig. 5A ∼E). While the abundance

f endothelial cells was higher in the low-risk group than in the high-risk

roup ( P = 0.045, Fig. 5 F). 

iscussion 

RNA-sequence-based prognostic signatures could provide good prog-

ostic or diagnostic value for the disease [31 , 39 , 40] . Our previous

tudy demonstrated that lncRNAs signature is a novel effective pre-

ictor for prognosis in advanced melanoma patients treated with anti-

D-1 monotherapy [24] , however, the prognostic role of circRNA in

hese special population is unknown. Here, we combined two main-

tream circRNA annotation methods (NCLscan [26] and CIRCexplorer2
5 
27] ) to annotate up to 74,243 circRNAs, and identified 70 survival re-

ated circRNAs after survival analysis of OS and PFS in two different

atasets (phs000452 [19] and PRJEB23709 [20] ). Then, we identified

he prognostic circRNAs signature composed of five prognostic circRNAs

HSA_CIRCpedia_1497, HSA_CIRCpedia_12559, HSA_CIRCpedia_43640,

SA_CIRCpedia_43070, and HSA_CIRCpedia_21660) through LASSO re-

ression in training cohort and validated at independent external cohort.

he final functional enrichment analysis also showed that they were re-

ated to nervous system process and currently known pathways such

s G protein coupled receptor signaling, FGFR3 ligand, IFNA signaling,

RAF6 mediated IRF7, IL-37 signaling, KIT signaling, NK cell pathway,

nd NOTCH signaling. 

Previous studies have confirmed the important role of circRNAs

n the occurrence and development of advanced melanoma. For in-

tance circ-GLI1 promotes melanoma metastasis through interacting

ith p70S6K2 to activate Hedgehog/GLI1 and Wnt/ 𝛽-catenin pathways

nd upregulate Cyr61 [41] , circ_0020710 drives melanoma progression

nd immune evasion by regulating the miR-370-3p/CXCL12 axis [42] .

o our best knowledge, this study identified the first cirRNA signature

o predict survival benefit for advanced melanoma patients treated with

mmunotherapy. None of these circRNAs have been reported before.

oreover, since we only included the patients treated with anti-PD-1

onotherapy, our reported prognostic circRNAs signature can not only

ort out population with different survival benefits, but also serve as

iomarkers for immunotherapy. 

We grouped all advanced melanoma patients from phs000452 and

RJEB23709 into the high and low-risk groups according to the median

f prognostic circRNAs signature. Patients in the high-risk group from

oth phs000452 and PRJEB23709 shared worse OS, and the C-index

ndicated that prognostic circRNAs signature we established here was

ighly efficient in predicting survival benefit of advanced melanoma.

oreover, all patients from phs000452 and PRJEB23709 in the low-

isk group shared better PFS. Finally, we enriched the nervous system

rocess and various stimuli and senses, which is related to melanoma.

dditionally, some signaling pathways were found to be enriched in our

nalyses. Previous studies indicated that activation of G protein-coupled

strogen receptor signaling inhibits melanoma and improves response to

mmune checkpoint blockade [43] and the adhesion G protein coupled

eceptor, GPR56/ADGRG1, inhibits cell-extracellular matrix signaling

o prevent metastatic melanoma growth [44] . 

A phosphoproteomic platform identified that FGFR3 may be acti-

ated via autocrine circuits in melanoma [45] , and FGFR3 not only pro-

otes the growth and malignancy of melanoma by influencing EMT

46] but also reactivates MAPK pathway to mediate vemurafenib re-

istance in melanoma [47] . IFN induces PD-L1 expression depends on

53 [48] and drives clinical response to immune checkpoint blockade

herapy in melanoma [49] . IL-37 was up-regulated in melanoma and

ighly elevated IL-37 in specific lymphocyte populations could serve as a

iomarker for melanoma-induced immunosuppression [50] . Activating

IT mutations are rarely found to cause melanomas and may provide an

ctionable target for therapy [51] . Exosomes derived from natural killer

ells exert therapeutic effect in melanoma [52] , and later study indi-

ated that STING agonist loaded lipid nanoparticles overcame anti-PD-1

esistance in melanoma lung metastasis via natural killer cell activation

53] . Many studies have shown that the NOTCH pathway is involved

n the occurrence, development, and drug resistance of melanoma [54] .
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Fig. 3. Characteristics of the prognostic circRNAs signature and Kaplan-Meier estimates for PFS in the training and validation cohorts. A. Characteristics 

of the prognostic signature in the training cohort. top: the risk score of each patient in the training cohort; middle: PFS and survival status of patients in the training 

cohort; bottom: heat map of gene expression profiles of patients in the training cohort. B. PFS in the training cohort stratified by the prognostic signature into high 

and low-risk groups with the P value shown. C. Characteristics of the prognostic signature in the internal validation cohort. top: the risk score of each patient in the 

internal validation cohort; middle: PFS and survival status of patients in the internal validation cohort; bottom: heat map of gene expression profiles of patients in 

the internal validation cohort. D. PFS in the internal validation cohort stratified by the prognostic signature into high and low-risk groups with the P value shown. 

E. Characteristics of the prognostic signature in the external validation cohort. top: the risk score of each patient in the external validation cohort; middle: PFS and 

survival status of patients in the external validation cohort; bottom: heat map of gene expression profiles of patients in the external validation cohort. F. PFS in the 

external validation cohort stratified by the prognostic signature into high and low-risk groups with the P value shown. The black dotted line represents the prognostic 

signature cutoff dividing patients into high and low-risk groups, and the P value was calculated using the log-rank test. 

6 
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Fig. 4. Functional enrichment in the training and validation cohorts. A. Biological process of down-regulated genes in phs000452. B. Biological process of 

up-regulated genes in phs000452. C. GSEA of down-regulated genes in phs000452. D. GSEA of up-regulated genes in phs000452. 

Fig. 5. Quantification of immune microenvironment. A. B cells. B. CD4 + naïve T cells. C. CD8 + T cells. D. 𝛾𝛿 T cells. E. Platelets. F. Endothelial cells. Wilcoxon 

test was conducted. 

7 
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ll these known information reflect the reliability of the signature we

stablished in the present study from the side. 

It should be noted that until today no direct evidence, based on

linical or basic research, exists that circRNAs could be considered as

iomarkers in PD-1 treatment. However, studies already demonstrated

hat circRNAs affect the tumor microenvironment and thereby impact

he PD-1 treatment. We stress that in the future validation experiments

hrough in vivo or in vitro experiments are necessary. Furthermore, vali-

ation studies of prospective nature with melanoma patients have to be

nitiated. 

To summarize, certain limitations in our study need to be acknowl-

dged. First, the prognostic circRNAs signature we obtained here may

rovide new ideas and insights for predicting the survival benefit of

elanoma patients receiving anti-PD-1 monotherapy. However, we can-

ot get all clinicopathological characteristics for each patient since all

ata are from public database. Second, we only conducted functional

nalysis and immune cell abundance in phs000452 due to the relatively

mall sample size of PRJEB23709; more in vivo or in vitro experiments

re needed to further elucidate the underlying biological mechanisms.

n addition, only pre-treatment tumor biopsies data from advanced

elanoma patients treated with anti-PD-1 monotherapy was included

n this study, anti-PD-1 monotherapy (nivolumab or pembrolizumab)

n phs000452 and PRJEB23709 is not exactly consistent. Finally, this

s a retrospective study, more multicenter, prospective, and large-scale

tudies are warranted to test our findings before the prognostic circRNAs

ignature is applied clinically. 

onclusions 

Overall, we identified a prognostic circRNAs signature to reflect the

ifferent OS and PFS among advanced melanoma patients who are re-

eiving anti-PD-1 monotherapy, which may be helpful for the risk strat-

fication of these patients. Our findings also provide hints that immune

esponse and currently known pathways related to tumor immune mi-

roenvironment are related to the prognosis. The prognostic circRNAs

ignature could therefore be a novel independent prognostic predictor

nd immunotherapy marker for filtering advanced melanoma patients

ho may benefit from anti-PD-1 monotherapy. These results offer novel

nsights into the prognosis evaluation of advanced melanoma and pro-

ide a reference for future studies on anti-PD-1 monotherapy in ad-

anced melanoma. 
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