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Background: NRAS wildtype melanoma accounts for approximately 80% of

melanomas. Previous studies have shown that NRAS wildtype melanoma had

higher response rates and better prognoses than NRAS-mutant patients

following immunotherapy, while as major actors in tumor cells and tumor

microenvironment (TME), the association between NOTCH family genes and

response to immunotherapy in NRAS wildtype melanoma remains indistinct.

Objective: We aim to explore whether NOTCH family gene variation is

associated with genomic factors in immune checkpoint inhibitor (ICI) response

in NRAS wildtype melanoma and with clinical results in these patients.

Method: This research used genomic data of 265NRASwildtype ICI-pretreatment

samples from five ICI-treated melanoma cohorts to analyze the relationship

between NOTCH family gene mutation and the efficacy of ICI therapy.

Results: NRAS wildtype melanomas with NOTCH4-Mut were identified to be

associated with prolonged overall survival (OS) in both the discovery (HR: 0.30,

95% CI: 0.11–0.83, P = 0.01) and validation cohorts(HR: 0.21, 95% CI: 0.07–0.68,

P = 0.003). Moreover, NOTCH4-Mut melanoma had a superior clinical response

in the discovery cohort (ORR, 40.0% vs 13.11%, P = 0.057) and validation cohort

(ORR, 68.75% vs 30.07%, P = 0.004). Further exploration found that NOTCH4-

Mut tumors had higher tumor mutation burden (TMB) and tumor neoantigen

burden (TNB) (P <0.05). NOTCH4-Mut tumors had a significantly increased

mutation in the DNA damage response (DDR) pathway. Gene set enrichment

analysis revealed NOTCH4-Mut tumor enhanced anti-tumor immunity.

Conclusion: NOTCH4 mutation may promote tumor immunity and serve as a

biomarker to predict good immune response in NRAS wildtype melanoma and

guide immunotherapeutic responsiveness.

KEYWORDS

melanoma, NRAS wildtype, immune checkpoint inhibitors, biomarker, anti-
tumor immunity
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Introduction

In melanoma, NRAS is one of the most significant driver

genes and comprises 15%–20% of all melanomas (1).

Correspondingly, NRAS wildtype patients, who account for

80%–85% of melanomas, have a better prognosis (2). Immune

checkpoint inhibitors (ICIs) have shown remarkable promise as

anticancer treatment (3). For patients with metastatic

melanoma, monoclonal antibodies, which block CTLA-4

(Ipilimumab), PD-1 (Pembrolizumab, Nivolumab, and

Toripalimab), or PD-L1 (Atezolizumab), have been approved

as standard therapies (3–5).

Research has shown that TIL infiltration levels in NRAS

wildtype melanoma are higher than in NRAS mutant melanoma

(6). However, in clinical studies, the influence of NRAS gene

mutation status (mutation or wildtype) on melanoma

immunotherapy has not been decisively proven. Johnson et al.

(1) revealed that the benefit of ICI treatment in advanced

melanoma with NRAS mutation (NRAS-Mut) exceeded that in

wildtype patients, especially from anti-PD-1/PD-L1 treatment

(ORR 64% vs. 30%). However, the results from the POLARIS-01

study showed that NRAS mutation may be a potential resistance

mechanism of immunotherapy in advanced melanoma patients

(7). The previous pooled analysis of four clinical trials also found

that patients with NRAS wildtype melanoma had significantly

higher response rates and better prognoses than patients with

NRAS-mutant melanoma following anti-PD-1 monotherapy (8).

Based on the findings of these studies, it can be speculated that

NRAS may be an important factor in melanoma that affects the

efficacy of immunotherapy and that studies on biomarkers

should use NRAS status as a classification factor for the

melanoma population.

Biomarkers for ICI responses, such as programmed death-

ligand 1 (PD-L1) expression and tumor mutation burden

(TMB), have been extensively investigated in many types of

cancer (9, 10). However, using PD-L1 expression levels and

TMB as biomarkers to assist in immunotherapy selection for

melanoma is controversial, as clinical benefits have also been

observed in PD-L1-negative and TMB-low patients (11, 12).

NRAS wildtype patients represent approximately 80%–85% of

the entire melanoma population, and no research has been

reported on the biomarker of ICI therapy for this population.

Accordingly, the exploration of novel precise biomarkers and

mechanisms in NRAS wildtype patients must maximize the

clinical benefit.

The NOTCH pathway, is an extremely conserved signaling

pathway, which is regulated by the short-range cell–cell

interaction between NOTCH receptor (NOTCH1–4) and

“canonical” ligand (Jagged1, Jagged2, DLL1, DLL3, or DLL4)

(13); or noncanonically by activation of other pathways such as

WNT, TGFb, and NF-kB (14). The NOTCH family has been

explicitly demonstrated to play a role in cellular proliferation,
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differentiation, apoptosis, and tumor invasion in various human

cancers (15, 16). Some recent studies have demonstrated that

the Notch signaling pathway is associated with tumor

immunogenicity and anti-tumor immune efficacy. Notch

signaling is crucial for various stages of T-cell development and

differentiation (17, 18). A multiple-dimensional clinical data

analysis has identified NOTCH1, 2, and 3 mutations as effective

predictors of immunotherapy in NSCLC; however, NOTCH4 was

excluded. In a study of small cell lung cancer, mutation of the

NOTCH signal pathway was also associated with the benefit of ICI

treatment (19). In a pan-cancer (lung cancer, cervical cancer,

prostate cancer, pancreatic cancer, colon cancer, kidney cancer,

large cell and Hodgkin’s lymphoma, etc.) biomarker research

published recently, NOTCH4 may serve as a potential predictive

biomarker for ICI treatment (20). Furthermore, several basic

studies have confirmed that the NOTCH family genes play a

crucial role in melanoma (15, 21). Nevertheless, the association

between NOTCH family gene mutations and clinical benefit in

NRAS wildtype melanoma immunotherapy remains unknown.

In this study, we implemented a comprehensive analysis of

the immunotherapy predictive functions of NOTCH family

genes (NOTCH1–4). We disclosed that mutated NOTCH4 in

NRAS wildtype patients was a predictive biomarker for better

outcomes of immunotherapy. The potential mechanism was

subsequently explored through RNA expression in an

immunotherapy treated population.
Material and methods

Clinical cohorts (discovery and
validation cohort)

To evaluate the predictive value of all NOTCH family genes

in ICIs-treated melanoma, we methodically collected whole-

exome sequencing (WES) data and corresponding clinical

information from the Allen (22) cohort. The processed

mutation data were obtained from the cBioPortal website

(https://www.cbioportal.org) (23, 24). All nonsynonymous

somatic mutations, including nonsense, missense, nonstop,

frameshift deletion and insertion, in-frame deletion and

insertion, and splice site mutations, were considered for

inclusion in our study (25). NOTCH4-mutant (NOTCH4-

Mut) and NOTCH4-wildtype (NOTCH4-Wt) tumors were

defined as having and without nonsynonymous somatic

mutations of NOTCH4, respectively.

We only used the data from pre-treatment biopsy samples

because the mutation status of patients would change following

ICI treatment (26). Additionally, samples that just had RNA

expression data but no DNA-based mutation data (mutation

not profiled) were excluded. Finally, the discovery cohort

included 76 NRAS-wildtype melanoma. Twenty-eight NRAS
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wildtype RNA samples in this cohort can be used for analysis.

Furthermore, we validated the predictive potency of NOTCH4-

Mut in a combination of four independently public cohorts of 189

NRAS-wildtypemelanoma that was composed of 25 patients from

Synder et al. (27), 14 patients from Roh et al. (28), 53 patients from

Riaz et al. (26), and 97 patients from Liu et al. (11). Processing and

analyzing of the validation cohort are shown in Figure 1.
Evaluation of prognostic value

The survival data of 96 NRAS wildtype patients without ICI

treatment were retrieved from the Zehir cohort (29) was used to

explore the prognostic influence of NOTCH4 (Figure 1).
Clinical outcomes

The primary clinical outcomes were progression-free

survival (PFS), overall survival (OS), and objective response
Frontiers in Immunology 03
rate (ORR). The tumor response for patients, including

complete response (CR), partial response (PR), or stable

disease (SD), was defined by RECIST or RECIST v1.1. PFS was

defined as the date that the patient began ICI treatment to the

date of progression or death of any cause. Patients without

progression were censored at the date of their last scan. The OS

was defined as from the date of ICI treatment in the

immunotherapy cohort, or from the date of the first non-ICI

(target-therapies/chemotherapies) treatment in the non-ICI

treated cohort, respectively.
The Cancer Genome Atlas (TCGA) cohort

Somatic mutations of 10,953 patients across 33 tumor types,

including SKCM (n = 442), were retrieved from the UCSC Xena

data portal (https://xenabrowser.net) (30), which were used for

the analysis of NOTCH4-Mut frequency and mutation

distribution. Nonsynonymous mutations in the coding region

of the NOTCH4 gene were defined as NOTCH4 mutations. The
B

C

A

FIGURE 1

Flowchart of the study design. (A) Discovery cohort from published study [Allen et al. (22)]. (B) Coalition of the validation cohort from four
published studies (Synder et al. (27), Roh et al. (28), Riaz et al. (26), Liu et al. (11)). The Synder, Roh, and Riaz study did not include PFS data.
(C) Zehir study (29) data used to perform prognostic analysis.
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MutationMapper module (https://www.cbioportal.org/

mutation_mapper) from the cBioPortal was used to investigate

the distribution of mutations in the protein domain.
TMB and TNB analysis

TMB was defined as the total number of mutations per

megabase (Mb) of genome with non-synonymous somatic,

coding, base substitution, and indel variants and was

calculated using maftools (31). For whole-exome sequencing

data, 38 Mb was used as the estimated exome size in the

discovery cohort and the validation cohort. Median TMB

(<median, ≥median) was adopted as the cutoff value for high/

low TMB in this study. The tumor neoantigen burden (TNB) of

validation cohort samples was obtained from the cBioPortal web

(https://www.cbioportal.org) in Roh et al. (28) and Riaz et al.

(26) studies.
Correlation analysis with the
DDR pathway

The DNA damage response (DDR) pathway genes

(Supplementary Table S1) were acquired from the Broad

Institute Molecular Signatures Database (MSigDB) (32) to

compare the differences in the mean mutation number of the

DDR pathway between NOTCH4-Mut and NOTCH4-Wt in

NRAS-wildtype melanoma.
Correlation analysis for tumor
immunogenicity and immune features

The CIBERSORT web portal (https://cibersort.stanford.edu/)

was used to assess 22 types of infiltrating immune cells in the

discovery cohort based on normalized gene expression data. The

CIBERSORT immune infiltration proportions and immune-

associated gene list were obtained from the pan-cancer immune

landscape project implemented by Thorsson et al. (21). The

expression levels of these immune-associated genes are quantified

as log2 (FPKM + 1).
Gene set enrichment analysis (GSEA)

GSEA was conducted using the Java GSEA 4.1.0 Desktop

Application (http://www.gsea-msigdb.org/gsea/index.jsp) to

identify whether immune-related gene signatures were associated

with NOTCH mutation status (33). The R package DESeq2 was

used to produce properly normalized RNA-seq Counts data, which

are compatible with GSEA (34). The gene sets examined in GSEA of

immunologic signature gene sets were obtained from the Molecular
Frontiers in Immunology 04
Signatures Database (MSigDB database v7.4) (http://www.gsea-

msigdb.org/gsea/downloads.jsp). This analysis involved 1,000

random permutations for gene sets and a weighted enrichment

statistic. The normalized enrichment score (NES) is the primary

statistic for checking the GSEA results. The false discovery rate

(FDR) was used to control the proportion of false-positives. FDR

estimates the probability that a gene set with a prescribed NES

represents a false-positive finding. A significantly enriched gene set

was expected at FDR <0.05. FDR <0.05 was the significantly

enriched gene set.
Statistical analysis

Continuous variables were compared by the Mann–Whitney

U test and categorical variables were compared using the chi-

square test or Fisher’s exact test. The Kaplan–Meier curve (K-M

curve) analysis of PFS and OS was compared by the log-rank

test. The Cox proportional hazards regression was applied for

univariable and multivariate analysis, and available confounding

factors including sex, age, drug category, tumor stage, and TMB

level were adjusted. Variables with P <0.05 in the univariable

regression and those which have been reported to be linked with

the efficacy of immunotherapy for melanoma were also included

in the multivariable Cox regression. All reported p-values were

two-tailed, and p <0.05 was considered statistically significant.

Statistical analyses were performed using R v. 4.0.3 (https://

www.r-project.org).
Results

NOTCH4-Mut predicts favorable clinical
outcomes to immunotherapy in the
discovery cohort

Detailed clinical information of the discovery cohort is

summarized in Supplementary Table S2. The NOTCH family,

including NOTCH1, NOTCH2, NOTCH3, and NOTCH4, was

investigated. In the discovery cohort, 110 melanoma patients

included 76 NRAS wildtype patients. Mutation frequencies of

NOTCH1–4 in this subset are 4%, 11%, 5%, and 13%,

respectively. The survival analysis of these four genes found

that only the NOTCH4 mutation had better PFS and OS. The

survival results of NOTCH1–3 are shown in Supplementary

Figure S1. Additionally, the overall mutation frequency of

NOTCH4 was 2.96% (324/10,953) in the TCGA pan-cancer

cohort, with melanoma at 15.61% (69/442) ranking first

(Figure 2A). The most frequent somatic mutation sites of

NOTCH4 were G1154Afs*150 and A1414V/T, and usually all

somatic variants were evenly distributed without any annotated

functional cancer hotspot mutations from the Cancer Hotspots

(35) (https://www.cancerhotspots.org) (Figure 2A).
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Longer PFS was detected in NOTCH4-Mut melanoma

(median PFS of 8.07 months vs. 2.78 months, HR = 0.49, 95%

CI: 0.24–1.04; log-rank test P = 0.06, Figure 2B). After taking

into account age, gender, stage, and TMB status, the result of

multivariable Cox proportional hazards regression showed

significantly better PFS (HR = 0.35, 95% CI: 0.15–0.81; P =

0.01, Figure 2C). As for OS analysis, NOTCH4-Mut patients

achieved superior OS (median OS of 49.27 months vs. 8.45

months, HR = 0.30, 95% CI: 0.11–0.83; log-rank test P = 0.01,

Figure 2D). After adjusting for the same confounding factors, a

significant OS benefit still existed (HR = 0.26, 95% CI: 0.09–0.77;

P = 0.02, Figure 2E). The proportion of ORR (CR + PR) in

NOTCH4-Mut patients was three times that in the NOTCH4

wildtype group (40.0% vs. 13.11%, P = 0.057, Figure 2F).

NOTCH4-Mut patients has tripled in DCR (CR + PR + SD)

proportion (70.0% vs. 23.95%, P = 0.006, Figure 2F). These

results indicated NOTCH4 might be a potential ICIs

treatment biomarker.
NOTCH4-Mut predicted clinical benefit
in validation cohort

To further investigate the survival benefit in ICIs-treated

NRAS wildtype melanoma with NOTCH4 mutation, the

survival analysis was performed in a combination of four

published clinical ICI treatment cohort (11, 26–28). A total of

189 NRAS wildtype melanoma were enrolled in the validation

cohort, and the NOTCH4 mutation frequency in the validation

cohort was 12% (22/189). Detailed clinical information of the

validation cohort is summarized in Supplementary Table S2. The

survival analysis found that NOTCH4-Mut melanomas had

better OS than NOTCH-Wt patients (median OS was not

reached, NR months vs. 26.7 months, HR = 0.21, 95% CI:

0.07–0.66; Log rank test P = 0.003, Figure 3A). In the

multivariable Cox proportional hazards regression model

adjusted as the same as the discovery cohort by age, gender,

stage, and TMB status, numerical OS superiority still existed

(HR = 0.25, 95% CI: 0.08–0.84; P = 0.02, Figure 3B). The specific

analysis of ORR and DCR between NOTCH4-Mut and

NOTCH4-Wt was also explored. Compared with wildtype

patients, NOTCH4-Mut patients has doubled in ORR

proportion (68.75% vs. 30.07%, P = 0.004, Figure 3C). The

proportion of DCR in NOTCH4-Mut patients was higher than

in NOTCH4-Wt pat ients (75 .0% vs . 50 .35%, P =

0.07, Figure 3C).
NOTCH4-Mut patients had a higher TMB
and TNB

We further examined whether the NOTCH4 mutations were

preferentially associated with TMB and TNB, which are
Frontiers in Immunology 05
considered to be the common markers of pan-cancer

immunotherapy. The result showed the NOTCH4-Mut group

had significantly higher TMB and TNB both in discovery and

validation cohorts (Figures 4A–D). Therefore, according to

NOTCH4 status and TMB levels, we divided patients into four

groups: NOTCH4MutTMBHigh , NOTCH4WtTMBHigh ,

NOTCH4MutTMBLow, and NOTCH4MutTMBLow. As expected,

NOTCH4MutTMBHigh patients had the longest OS among all

groups, both in the discovery (Figure 4E) and in the validation

cohorts (Figure 4F). In the discovery cohort, notably, despite

having a high TMB, patients with the NOTCH4 mutation lived

substantially longer following immunotherapy than those with

the wildtype mutation (49.3 vs. 10.0 months, HR = 0.21, 95% CI:

0.06–0.72, P = 0.006). Similar findings were obtained from the

validation cohort (median OS: NR vs. 30.1 months, HR = 0.24,

95% CI: 0.07–0.78, P = 0.01). Interestingly, all NOTCH-Mut

patients were in the NOTCH4MutTMBHigh group in the

validation cohort. While high TMB is associated with multiple

factors, including DDR gene alterations. Therefore, we used the

DDR gene sets (Supplementary Table S1) from MSigDB to

explore the differences in DDR pathway mutations between

NOTCH4-Mut and NOTCH4-Wt tumors in NRAS-wildtype

melanoma. In the TCGA cohort, NOTCH4-Mut tumors had a

meaningfully increased number of DDR mutations (Figure 4G).

In the immunotherapy cohort, DDR pathway gene mutations in

NOTCH4-Mut samples were also greater (Figure 4H).
NOTCH4 is not a prognosis factor

To evaluate the prognostic value of NOTCH4, survival

analysis was further conducted according to NOTCH4 status

in a non-ICI treated cohort. The percentage of NOTCH4

mutations is 9.4% (9/96) in NRAS wildtype melanoma.

Although NOTCH4-Mut patients seemed to have a long

survival trend, no significant difference was found in OS

between NOTCH4-Mut and NOTCH4-Wt subsets in

melanoma patients (both median OS were NR, P = 0.27,

Supplementary Figure S2). Therefore, NOTCH4 mutation is

not a prognosis biomarker of ICI benefit.
Potential mechanisms associated with
NOTCH4 mutation in predicting
immunotherapy efficacy in NRAS
wildtype tumors

To further explore the fundamental mechanism of the

predictive values of NOTCH4 mutations to immunotherapy

efficacy in NRAS wildtype melanoma, the RNA data of 28

patients from the Allen study (22) was used. First, the

CIBERSORT was used to explore the infiltration of immune

cells, and the results are shown in Figure 5A. Enhanced anti-
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FIGURE 2

NOTCH4 mutation status and the association between NOTCH4 mutations and clinical outcomes for immunotherapy in the discovery cohort
(N = 76). (A) The frequency of NOTCH4 mutations across 33 types of cancer in the TCGA. The numbers above the barplot indicate the
alteration frequency. (B) Kaplan–Meier survival analysis comparing PFS between NOTCH4-Mut and NOTCH4-Wt patients in the discovery
cohort. (C) Multivariate Cox regression analysis of NOTCH4 mutations with age, gender, stage (metastasis, means distant metastases, including
IV stage with M1a, M1b, and M1c vs non-metastasis, means without distant metastases including stage IIIC and IV stage with M0) and TMB
(<median vs ≥median= status were taken into account. Square data markers indicate estimated hazard ratios. Error bars represent 95% CIs.
(D) Kaplan–Meier survival analysis comparing OS between NOTCH4-Mut and NOTCH4-Wt patients in the discovery cohort. (E) Multivariate Cox
regression analysis of NOTCH4 mutations with age, gender, stage, and TMB status was taken into account. (F) The ratio of patients with
complete response (CR), partial response (PR), stable disease (SD), and progression disease (PD) treated with ICIs in NOTCH4-Mut and
NOTCH4-Wt groups. P <0.05 by Fisher’s exact test. There are 71 patients available to evaluate clinical benefit.
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tumor immunity was observed in NOTCH4-Mut tumors.

Activated CD4 memory T cells, CD8 T cells, follicular helper

T cells (Tfh), and neutrophils were more abundant in NOTCH4-

Mut tumors.

Studies have shown that in the TME, the Notch pathway is

involved in cell lineage specification in developing lymphocytes

and in the regulation of B lymphocyte subsets of the marginal

zone, as well as differentiation and functions of dendritic cells

and innate lymphoid cells, and helper and regulatory T cells (13).

Given the link between NOTCH4 mutation and the result of

infiltration of immune cells and the literature, we further

investigated whether NOTCH4 mutation was associated with

immune-related function gene signatures (Figure 5B). Of the 25

immune-related genes, 24 genes (96%) demonstrated higher

expression levels in NOTCH4-Mut tumors compared with

wildtype ones, but one gene (4%), EMP1, showed decreased

expression, implying a potential decrease in cancer invasiveness

and metastasis. Additionally, the results of enrichment analysis

indicated that several pathways varied significantly between

NOTCH4-Mut and NOTCH4-Wt tumors, including interferon
Frontiers in Immunology 07
g response, DNA repair, epithelial–mesenchymal transition

(EMT), angiogenesis, and other biological functions

(Figure 5C). These signaling pathways are closely related

to immunotherapy.
Discussion

NRAS mutant melanoma has been the focus of researchers

in both targeted therapy and immunotherapy. Among

melanoma patients, NRAS wildtype patients account for about

80% of all cases. Exploration of immunotherapy biomarkers for

these patients could bring benefit to more melanoma patients. In

our research, we comprehensively converged and consolidated

both genomic and clinical data to evaluate the relationship

between NOTCH4 mutation and the outcome of an ICI-

treated NRAS wildtype melanoma cohort. Then we seriously

validated our findings in a combination of four independent

clinical cohorts. Actually, we also performed additional analysis

of NOTCH4 predictive value within NRAS mutant melanoma
B

C

A

FIGURE 3

Validation of the predictive function of NOTCH4 mutations. (A) Kaplan–Meier survival analysis comparing OS between NOTCH4-Mut and NOTCH4-Wt
patients in the validation cohort. NR, not reached. (B) Multivariate Cox regression analysis of NOTCH4 mutations with age, gender, stage (metastasis,
means distant metastases, including IV stage with M1a, M1b, and M1c vs non-metastasis, means without distant metastases including IIIC stage and IV
stage with M0) and TMB status were considered. Square data markers indicate estimated hazard ratios. Error bars represent 95% CIs. (C) The ratio of
patients with complete response (CR), partial response (PR), stable disease (SD), and progression disease (PD) treated with ICIs in NOTCH4-Mut and
NOTCH4-Wt group. P <0.05 by Fisher’s exact test. There are 159 patients available to evaluate clinical benefit.
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FIGURE 4

NOTCH4-Mut patients have an association with TMB and TNB. (A,B) Comparing TMB with NOTCH4-Mut and NOTCH4-Wt patients in the
discovery cohort (A) and validation cohort (B). (C, D) Comparing TNB with NOTCH4-Mut and NOTCH4-Wt patients in the discovery cohort
(C) and validation cohort (D). (E, F) The Kaplan–Meier curve comparing OS among NOTCH4MutTMBHigh, NOTCH4WtTMBHigh,
NOTCH4MutTMBLow, and NOTCH4WtTMBLow group in discovery cohort (E) and validation cohort (F). (G,H) Comparison of DNA damage-related
gene set variants between NOTCH4-Mut and NOTCH4-Wt groups from the TCGA NRAS-wildtype melanoma samples (G) and the combination
NRAS-wildtype melanoma of the discovery and validation cohorts (H). BER, Base Excision Repair; SSB, Single-Strand Breaks; NHEJ, Non-
Homologous End Joining; NER, Nucleotide Excision Repair; MMR, Mis-Match Repair; HR, Homologous Recombination; FA, Fanconi Anemia;
DSB, Double-Strand Breaks, DDR, DNA damage response. Notes: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, P < 0.05.
Frontiers in Immunology frontiersin.org08

https://doi.org/10.3389/fimmu.2022.894110
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2022.894110
both in the discovery and validation cohorts. In NRAS mutant

patients of the discovery cohort, NOTCH4-Mut melanoma had

longer OS (mOS: 34.93 months vs. 6.43 months, HR = 0.37, 95%

CI: 0.09–1.61, P = 0.17) than wildtype melanoma, but there was

no statistical difference. In NRAS mutant patients of the

validation cohort, NOTCH4 wildtype melanoma had longer

OS (mOS: 31.3 months vs. 22.6 months, HR = 1.23, 95% CI:

0 .48–3.18 , P = 0.68) than NOTCH4-Mut patients

(Supplementary Figure S3). Given the different clinical studies

(1, 7) and our analysis results, the role of NRAS in

immunotherapy is controversial and complex. More basic

research is needed to elucidate this mechanism. Therefore,
Frontiers in Immunology 09
NOTCH4 is a superior predictive biomarker in NRAS

wildtype melanoma. For instance, patients with NOTCH4

mutations exhibited higher TMB, TNB, and numbers of DDR

pathway mutations, compared with patients with wildtype

tumors, indicating increased tumor immunogenicity. Analysis

of the infiltration of immune cells and pathway enrichment

analysis also confirmed NOTCH4 mutations increased tumor

immunity. To our best knowledge, this study is the first to

propose that NOTCH4 mutation might be a predictor of

favorable immunotherapy in NRAS wildtype melanoma.

The Notch signaling pathway is an important and complex

pathway that is recognized as a major actor both in cancer cells
B

C

A

FIGURE 5

NOTCH4-Mut was associated with enhanced anti-tumor immunity. (A) Boxplot depicting the infiltration of 22 immune cells in NOTCH4-Mut
and NOTCH4-Wt tumors. Gene expression profiles were uploaded to the CIBERSORT web portal, and the algorithm was configured with 1,000
permutations. (B) Box plot of gene expression of immune-related genes in comparison of NOTCH4-Mut and NOTCH4-Wt patients.
(C) Differences in pathway activities scored by GSEA Hallmark collection between NOTCH4-Mut and NOTCH4-Wt tumors. Enrichment results
with significant associations between NOTCH4-Mut and NOTCH4-Wt tumors are shown (P <0.05, FDR <0.05). The blue bar indicates that the
normalized enrichment score (NES) of the pathway is less than 0, while the red bar indicates that the NES of the pathway is more than 0. Notes:
*P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.
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and in each component of the tumor microenvironment (TME)

(17, 36). At present, there are some studies on the prediction of

NSCLC immunotherapy by the NOTCH signaling pathway, but

we found that its prediction effect of immunotherapy is different.

Zhang et al. (37) presented harmful NOTCH1/2/3 mutations

rather than NOTCH4 could be a predictor for efficacious

immunotherapy in NSCLC. Li et al. (38) found that high-

mutated NOTCH signaling (the NOTCH signaling gene set

was derived from the MSigDB) could serve as an independent

predictor of NSCLC patients receiving ICIs. Interestingly, when

we were writing our finding that the association between

NOTCH4 mutation and ICI response was established, we

found a study in which NOTCH4 predicted immune efficacy

in pan-cancer, including NSCLC and melanoma (20). In that

study, the NOTCH4 mutation had a predictive value of

melanoma in the discovery cohort. However, there were no

OS differences between NOTCH4-Mut and NOTCH4-Wt

melanoma patients in the validation cohort.

We conjectured that the reason that the study failed to verify

might not distinguishing the population of the driver mutation

subpopulation. Our study further demonstrated the predictive

role of NOTCH4 in melanoma immunotherapy and identified

the benefit group as wildtype NRAS melanoma patients.

Additionally, we elucidated for the first time the relevance of

NOTCH4 mutations to the DDR pathway in melanoma. The

DDR pathway is important for maintaining genomic stability

and integrity. Mutations in the DDR pathway would increase

genomic instability and TMB. Many studies have shown that

mutations in the DDR pathway could serve as a predictive

biomarker for immunotherapy (39–41). Consequently, more

DDR pathway mutations in NOTCH4-Mut melanoma may be

a reason why immunotherapies are more effective in these

patients. Based on the pan-cancer study and our specific

NRAS wildtype melanoma research, we believe that NOTCH4

can be a promising ICI biomarker and is worthy of

clinical verification.

However, our retrospective analysis also has several

limitations. First, although NOTCH4 mutation frequency is

above 10% in both the discovery and validation cohorts, the

sample size of the NOTCH4-Mut samples in the discovery

cohort (n = 10) or in the validation cohort (n = 22) is

relatively small. More prospective studies are urgent to

determine the efficiency of NOTCH4 in NRAS widetype

melanoma. Second, although NOTCH4-Mut melanoma is

characterized by infiltration of some T cell immune cells and

some immune-related pathways, including interferon g
response, DNA repair, epithelial–mesenchymal transition,

angiogenesis, and so on, the mechanistic underpinnings of

NOTCH4 mutation relevant to ICI response remain elusive

and merit further experimental work. Finally, all the cohort

data we used are showed most cutaneous melanoma. The
Frontiers in Immunology 10
predictive performance of NOTCH4 in acral lentiginous

melanoma and mucosal melanoma needs to be further explored.
Conclusion

In summary, our study indicates the favorable relationship

between NOTCH4 mutation and better clinical outcomes in ICI

treatment NRAS wildtype melanoma patients. Therefore,

NOTCH4 could serve as a predictive biomarker for NRAS

wildtype patients. Furthermore, validation of NOTCH4

predictive value in prospective trials and more exploration of

its molecular mechanism are needed in the future.
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SUPPLEMENTARY FIGURE 1

The survival results of NOTCH1, NOTCH2, NOTCH3 from discovery
cohort. (A) The Kaplan-Meier survival analysis comparing PFS between

NOTCH1-Mut and NOTCH1-Wt patients. (B) The Kaplan-Meier survival
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analysis comparing OS between NOTCH1-Mut and NOTCH1-Wt patients.
(C) The Kaplan-Meier survival analysis comparing PFS between NOTCH2-

Mut and NOTCH2-Wt patients. (D) The Kaplan-Meier survival analysis
comparing OS between NOTCH2-Mut and NOTCH2-Wt patients. (E) The
Kaplan-Meier survival analysis comparing PFS between NOTCH3-Mut and
NOTCH3-Wt patients. (F) The Kaplan-Meier survival analysis comparing

OS between NOTCH3-Mut and NOTCH3-Wt patients.

SUPPLEMENTARY FIGURE 2

The Kaplan-Meier curves of OS between NOTCH4-Mut and NOTCH4-Wt
group in the non-ICIs cohort from Zehir cohort.

SUPPLEMENTARY FIGURE 3

The Kaplan-Meier curves of OS between NOTCH4-Mut and NOTCH4-Wt

group in NRAS mutant melanoma of discovery cohort (A) and validation

cohort (B).
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Visualizing and interpreting cancer genomics data via the xena platform. Nat
Biotechnol (2020) 38(6):675–8. doi: 10.1038/s41587-020-0546-8

31. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: Efficient
and comprehensive analysis of somatic variants in cancer. Genome Res (2018) 28
(11):1747–56. doi: 10.1101/gr.239244.118
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