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Abstract
Background: The proximal MYC network (PMN), formed by MYC, 
related transcription factors, and coregulatory proteins, has been implicated 
in cancer. However, it is lacking systematic assessment of the effect of 
the mutation of PMN-related genes on immune checkpoint inhibitor (ICI) 
response.

Methods: To explore this, a discovery cohort that patients with whole-
exome sequencing (WES) and ICI-treated clinical information were 
integrated. Another independent pan-cancer cohort that patients with next-
generation sequencing (NGS) data were collected for further verification. 
The Cancer Genome Atlas (TCGA) cohort was used to analyze mutation 
frequency and genomic mutation characteristics. The anti-tumor immunity 
and molecular mechanism analysis was performed using the public 
available single-cell RNA-seq, tissue RNA-seq, and ChIP-seq data.

Highlights
1. MGA is the most frequently mutated gene in the proximal MYC

network.
2. MGA mutation associated with favorable clinical outcomes in

patients with tumors.
3. MGA is associated with immune cell infiltration and increased

immunogenicity.
4. Many immune-related pathways were enriched in MGA mutation

tumors.
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Introduction
Although immune checkpoint inhibitor (ICI) treatments 

(including Anti-PD1/L1 and Anti-CTLA4) represent 
significant innovations in therapy strategies in human solid 
tumors, some patients still present poor outcomes in clinical 
application [1-3]. Therefore, it is urgent to discover biological 
indicators to predict the ICI response. Recently, researchers 
have proposed many indicators for the use of immunotherapy, 
including PD1/PD-L1 expression, microsatellite instability 
(MSI), tumor mutation load (TMB), neoantigen load (NAL), 
and gene expression profiles [4-9]. However, there are still 
great limitations in the clinical use of these predictors. For 
instance, regardless of the PD1/PD-L1 expression levels, 
some patients also gained efficacious clinical outcomes 
in ICI treatment, while a few other patients even occurred 
paradoxical progressive disease [10-12]. Although MSI-high 
(MSI-H) has been adopted by a large number of clinicians 
as an indication for ICI treatment, it is mainly detected in 
adenocarcinoma (such as colorectal adenocarcinoma and 
gastric adenocarcinoma) [13, 14], which limits its utility 
in the non-adenocarcinoma tumors. The TMB, NAL, and 
gene expression profiles present enormous intra/intratumor 

heterogeneity and their cutoff value is not standardized 
across multiple cancer types, which limits their application in 
clinical practice. Therefore, to maximize the clinical benefits, 
it is necessary to further explore new biomarkers for the 
prediction of ICI treatment.

Initially, the genetic alterations of the MYC gene and its 
paralogs (MYCN and MYCL) were identified across multiple 
cancers and led to tumorigenesis [15, 16]. The role of MYC as 
a transcription factor in many studies is usually considered in 
isolation [17]. Subsequently, an increasing number of studies 
have considered the function of MYC in the context of related 
transcription factors and co-regulatory proteins network that 
have the potential to affect the MYC signals. This network 
is considered as proximal MYC network (PMN), including 
MAX, MGA, MXD1, MXD3, MXD4, MXI1, MNT, MLX, 
MLXIP, and MLXIPL [16, 18]. As an important regulatory 
network in vivo, PMN is involved in a variety of physiological 
activities, including signal transduction, cell metabolism, 
and differentiation, tumorigenesis [16, 19, 20]. For example, 
the Myc/Max network co-repression of mismatch repair 
gene expression by hypoxia in cancer cells [19]. MLX and 
other members of the PMN regulate the metabolism and 
differentiation in both spermatogenesis and male germ cell 
tumors [20]. However, the mutant characteristics of PMN 
and their clinical significance in ICI treatment in human 
solid tumors remain unknown. Here, we performed a 
systematic assessment to identify the mutation of MYC and 
PMN for predicting the clinical outcomes of ICI treatment 
across multiple cancers. Among the 13 PMN-related genes, 
MGA mutation (MGA-MUT) functioned as an independent 
prognostic biomarker and predicted a higher objective 
response (ORR) and durable clinical benefit (DCB) rate. The 
genomic signatures with more mutation events were found in 
MGA-MUT tumors. A comprehensive analysis indicated that 
MGA-MUT is associated with enhanced immunogenicity 
(including TMB, tumor NAL, and immune cell infiltration 
level) and several anti-tumor immunity pathways, which 
might be critical for predicting immunotherapy and improving 
the prognosis of patients.

Materials and Methods
Discovery Cohort

To evaluate the predictive power of MYC proximal 
network genes’ mutation in immunotherapy response, seven 
published studies were collected as discovery cohorts [21-
24]. Among them, four studies (Rizvi et al., Snyder et al., 
Van Allen et al., and Miao et al.) have been consolidated and 
integrated by Miao et. al [24]. The whole exome sequencing 
(WES) data and clinical information of 397 patients were 
downloaded from cBioPortal (Figure 1A) [21-24]. The 
MSKCC cohort missed the overall survival (OS) data, while 
the UCLA cohort missed the progression-free survival 
(PFS) data. After data collation and integration, a total of 

Results: Among the 13 PMN-related genes, MGA has 
the highest mutation frequency (8%). A higher objective 
response rate (ORR, 56.7% vs 29.3%) and durable clinical 
benefit (DCB, 67.9% vs 43.6%) were found in MGA-
mutated (MGA-MUT) patients. Compared with MGA-
wildtype (MGA-WT) patients, MGA-MUT patients 
obtained a longer overall survival time. Multivariate 
regression analysis showed that MGA mutation was an 
independent prognostic factor in ICI-treated patients. 
Furthermore, MGA-MUT patients have more mutation 
events in the genome with a higher mutation frequency of 
several genes (such as TTN, MUC16, and LRP1B, etc). 
A higher tumor mutation burden (TMB) and neoantigens 
were detected in MGA-MUT patients. MGA-MUT 
patients have more abundance in immune cells (including 
CD8+ T cells and macrophages). Most of the cytotoxic 
activity, immune checkpoint, and chemokine genes were 
upregulated in the MGA- MUT tumors. At the single-cell 
level, MGA was mainly expressed on most immune cells, 
including CD8 Tex, NK cell, monocyte/macrophage, etc. 
Mechanistically, several anti-tumor immunity pathways 
were enhanced in MGA-MUT tumors.

Conclusions: MGA-MUT is favorable to immunotherapy 
across multiple cancer types, which might be a predictive 
biomarker for patients’ clinical outcomes.
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were evaluated by the CIBERSORT computational algorithm 
[33]. Based on previous studies, we classified immune-
related genes into different types [27]. The functional 
enrichment analysis was performed by gene set enrichment 
analysis (GSEA), which used the hallmark gene sets from 
the Molecular Signatures Database [34]. To investigate the 
potential regulatory mechanisms of MGA, the ChIP-seq data 
from the GEO (GSE112188 and GSE112191) datasets were 
downloaded (Figure 1D) [35].

Statistical analysis
We used the R software and GraphPad Prism for statistical 

analyses. The ORR and DCB in MGA-MUT and MGA-WT 
patients were analyzed by Fisher’s exact test. As for immune 
cell infiltration levels, TMB, neoantigen, and the expression 
of immune-related genes between MGA-MUT and MGA-
WT, we performed analysis by the Mann-Whitney U test. 
Kaplan–Meier methodology was used for survival analysis. 
A cox proportional hazards model was applied to multivariate 
survival analysis. P<0.05 was considered statistically 
significant.

Results
Identification of MGA-MUT benefit for immuno-
therapy in the discovery cohort

The MYC proximal network genes include MYC/MYCN/
MYCL, E-Box transcription activation (MLX, MLXIP, 
MLXIPL) and E-Box transcription inhibition (MAX, MGA, 
MNT, MXD4, MXD1, MXD3, MXI1) (Figure 2A). To 
evaluate the effects of the mutation of MYC proximal network 
genes in response to immunotherapy, 386 ICI-treated patients 
across five types of cancers were selected as the discovery 
cohort (Figure 1A). The somatic variation of MYC proximal 
network genes was analyzed using the WES data. The mutant 
profiles of MYC proximal network genes are shown in Figure 
2B. A total of 67 (17.36%) patients detected MYC proximal 
network genes’ mutation, which mutation types contain 
missense, nonsense, frameshift, and splice site variation 
(Figure 2B). Notably, the mutation frequency of MGA was 
8%, while other MYC proximal network genes were all less 
than 5% (Figure 2B).

To evaluate the effect of MYC proximal network genes’ 
mutation on clinical outcomes in ICI-treated patients, the 
ORR and DCB of each patient based on this gene mutation 
status was assessed. The ORR of MGA and MYCN in 
mutation groups was evidently higher than the wild-type 
group, respectively (Figure 2C). Notably, only the DCB of 
MGA in mutation groups was significantly higher than in 
the wild-type group (Figure 2C). Compared with the MGA-
WT group, both the ORR and DCB of MGA in the MGA-
MUT group were significant, respectively (Figure 2D-E). 
Therefore, we focused on MGA for further investigations 

386 patients were collected (Figure 1A). The main clinical 
outcomes included PFS, OS, objective response rate (ORR), 
and durable clinical benefit (DCB). The ORR was assessed 
by the RECIST version 1.1 [25]. We defined complete 
response (CR), partial response (PR), or stable disease (SD) 
lasting longer than 6 months as DCB while considering the 
progression of disease (PD) or SD lasting less than 6 months 
as no durable benefit (NDB). The not evaluable (NE) was 
identified as patients who had not progressed and were 
censored before 6 months of follow-up.

Validation cohort
Another independent ICI-treated cohort from the MSKCC 

was used for validation. A total of 1661 patients were 
performed with MSK-IMPACT panels [4]. The genomic data 
and OS data of these patients were obtained from cBioPortal 
[4]. According to inclusion criteria, a total of 1300 patients 
were collected in the validation cohort (Figure 1B), including 
bladder cancer (BLCA, n=178), breast cancer (BRCA, n=33), 
colorectal cancer (CRC, n=89), esophagogastric cancer 
(EOC, n=98), Glioma (GMB, n=105), head and neck cancer 
(HNSC, n=112), melanoma (n=267), non-small cell lung 
cancer (NSCLC, n=286), and renal cell carcinoma (RCC, 
n=132).

The Cancer Genome Atlas (TCGA) cohort
In 33 types of TCGA cancers, we selected 6781 patients 

with tumor types in the discovery and validation cohort. 
Using cBioPortal online tools [26], we download the somatic 
mutation and clinical data of these patients. After data 
collation and integration, the mutation frequency of MGA, 
the association of MGA-MUT and genomic alteration, TMB, 
and OS were analyzed. We obtained the available neoantigen 
data from the Thorsson et al. study [27]. The immune cell 
infiltration levels of patients were obtained from TIMER2.0 
[28]. The level 3 RNA-seq data were downloaded from the 
UCSC Xena data portal [29]. Figure 1C presents the TCGA 
data analysis process.

Single-cell analysis of MGA expression
To analyze the expression level of MGA in different 

immune cells, we performed a single-cell analysis by 
tumor immune single-cell hub (TISCH) [30]. By means of 
the“dataset” module, we analyzed the expression of MGA at 
the single-cell level in the NSCLC_GSE127465 and SKCM_
GSE72056 datasets with the “major-lineage” annotated cell 
types[31, 32].

Immune microenvironment and functional enrich-
ment analysis

As for anti-tumor immunity, we performed a multi-
directional analysis, which included the immune cell 
infiltration levels, TMB, neoantigen, and the expression of 
immune-related genes. The immune cell infiltration levels 
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Figure 1: Flowchart of this study design

(A) The discovery cohort including seven published WES studies. Among them, four studies (Rizvi et al., Snyder et al., Van Allen et al., and
Miao et al.) have been consolidated and integrated by Miao et al. The MSK cohort missed the OS data, while the UCLA cohort missed the PFS
data. (B) A total of 1300 immune checkpoint inhibitors treated patients from the MSKCC cohort were validation cohorts, which contain the
NGS data and clinical information. (C) TCGA pan-cancer dataset that the tumor types appeared in the discovery and validation cohort. (D) The
single-cell sequencing data of NSCLC and SKCM were obtained from GSE127465 and GSE72056. The MGA and MYC ChIP-seq data from
Llabata et al. were obtained from GSE112188 and GSE112191.
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NSCLC (n=286), and RCC (n=132) (Figure 1B). Obviously, 
ICI-treated patients with MGA-MUT obtained longer OS 
time than those MGA-WT patients (HR = 0.66, 95%CI: 0.51-
0.95, P=0.025) (Figure 3A). However, in a nonICI-treated 
cohort (TCGA), there were no differences in OS and PFS 
between MGA-MUT and MGA-WT patients (Figure 3B-C). 
To assess whether MGA-MUT is an independent prognostic 
factor in an ICI-treated cohort, we performed a univariate 
Cox regression analysis. Notably, MGA-MUT patients also 
had longer OS time than those MGA-WT patients (HR = 
0.64, 95%CI: 0.44-0.93, P=0.02) (Figure 3D). These results 
indicate that MGA-MUT is beneficial to the clinical outcome 
of ICI-treated patients.

in this study. Furthermore, we analyzed the PFS and OS 
between the MGA-MUT and MGA-WT groups. Although 
there was no difference, a longer PFS (HR=0.62, 95%CI: 
0.38-1.16) and OS (HR=0.63, 95%CI: 0.38-1.06) was found 
in MGA-MUT than those in MGA-WT patients (Figure 2F-
G). These indicated that MGA-MUT is favorable to clinical 
outcomes in patients with ICI therapy.

The validation of the MGA-MUT predictive ability 
in the MSKCC cohort

To verify the results, we performed the survival analysis 
in an independent validation cohort, which included 
BLCA(n=178), BRCA (n=33), CRC (n=89), EOC (n=98), 
GBM (n=105), HNSCC (n=112), melanoma (n=267), 

Figure 2: MGA-MUT benefit for immunotherapy in the discovery cohort
(A) The diagram of the proximal MYC network. (B) The proximal MYC network-related genes’ mutation characteristic in tumors. (C) The
clinical responses (ORR) and durable clinical benefit (DCB) of MYC network-related genes’ mutation in the discovery cohort. (D-E) The
proportions of ORR and DCB in MGA-MUT and MGA-WT patients. (E) The Kaplan-Meier curves of PFS between MGA-MUT and MGA-
WT patients. (F) The Kaplan-Meier curves of OS between MGA-MUT and MGA-WT patients. PFS, progression-free survival; OS, overall
survival; HR, hazard ratio.
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Figure 3: Validation the predictive power of MGA-MUT
(A) The Kaplan-Meier curves of OS between MGA-MUT and MGA-WT patients in the MSKCC ICI-treated cohort. (B) The Kaplan-Meier
curves of OS and PFS between MGA-MUT and MGA-WT patients in the TCGA cohort. (C) Multivariate analysis of factors associated with
OS in the MSKCC ICI-treated cohort. PFS, progression-free survival; OS, overall survival; HR, hazard ratio.

The genomic mutation characteristics of patients 
with MGA-MUT

To explore the genomic signatures associated with MGA-
MUT, the genomic data from the TCGA cohort were used. 
We collected the cancer types that appeared in the discovery 
and validation cohort, which including BLCA, BRCA, CRC, 
EOC, GBM, HNSCC, melanoma, NSCLC, and RCC (Figure 
1C). A mutational landscape of patients with MGA-MUT and 
several clinical information (such as sex, age, OS, PFS, TMB, 
etc) was shown in Figure 4A. Among the 6358 patients, 
there are 5% of patients detected MGA-MUT (Figure 4A). 
Notably, among these tumors, the highest mutation frequency 
was present in skin cutaneous melanoma (more than 12%) 
(Figure 4B).

Next, the genomic mutation characteristics were analyzed 
between MGA-MUT and MGA-WT patients. Compared 
with MGA-WT patients, MGA-MUT patients have more 
mutation events in the genome, which include the mutation of 
TTN, MUC16, LRP1B, etc (Figure 4C). Figure 4D presents 
the top 30 mutated genes with the most significant mutation 
differences between MGA-MUT and MGA-WT patients. 

These genomic mutation characteristics indicated that MGA-
MUT might be associated with the genomic alteration.

MGA-MUT is associated with tumor immune micro-
environment (TME)

The tumor cell produces tumor neoantigens when the 
cell occurs genetic mutation, which is recognized by the 
immune system. Tumor neoantigens play an invaluable role 
in an immune response. Based on this, we hypothesized that 
the MGA-MUT patients with more mutation events in the 
genome may have a different TME. To address this, we first 
performed a TMB analysis in the TCGA cohort. Notably, 
MGA-MUT patients (especially CRC, EOC, GBM, and 
SKCM) have a higher TMB than those in MGA-WT patients 
(Figure 5A-B). Then we analyzed the tumor neoantigens 
and found that neoantigens were also higher in MGA-MUT 
tumors than those in MGA-WT tumors, especially in CRC 
and GBM (Figure 5C-D). The elevation of TMB and tumor 
neoantigens in MGA-MUT tumors suggests that MGA-MUT 
might be associated with TME. To investigate the TME, we 
use the CIBERSORT method to calculate the 24 immune cell 
infiltration levels of TCGA patients. Compared with MGA-
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Figure 4: Genomic landscape of MGA in the TCGA cohort

(A) The clinical characteristics of MGA-MUT and MGA-WT patients in the TCGA cohort, of which including cancer type, sex, age, OS,
PFS, mutation count, mutation spectrum, TMB, and MSI MANTIS score. (B) The alteration frequency of MGA across multiple cancers. (C)
Different mutated genes between MGA-MUT and MGA-WT patients. (D) The top 20 genes with the most significant frequency of variation
in the MGA-MUT patients. *, P < 0.05.
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WT patients, MGA-MUT patients have more abundance in 
CD8+ T cells, T follicular helper cells and macrophages, etc 
(Figure 5E). Also, a lower abundance of B memory cells, 
CD4+ memory resting T cells, and mast-activated cells were 
found in MGA-MUT tumors (Figure 5E). In immunotherapy, 
several genes are used as indicators in immune response, 
which mainly includes cytotoxic activity (GZMA, PRF1), 
immune checkpoint (CD274, CTLA4, IDO1, PDCD1LG2, 
LAG3, HAVCR2, TIGHT), and chemokine (CCL5, 

CXCL9, CCL10). Furthermore, we found that most of the 
cytotoxic activity, immune checkpoint, and chemokine genes 
were upregulated in the MGA-MUT tumors (Figure 5F). 
Furthermore, we analyzed the expression of immune-related 
genes in each cancer type. Except for GBM and HNSCC, the 
expression of stimulatory immunomodulators was generally 
upregulated in MGA-MUT tumors (Figure 5G). These 
results indicated that MGA-MUT is associated with anti-
tumor immunity.

Figure 5: MGA-MUT was associated with enhanced anti-tumor immunity
(A-B) The wind rose map of TMB and tumor neoantigens in MGA-MUT and MGA-WT patients. (C-D) The distribution of TMB and tumor 
neoantigens in MGA-MUT and MGA-WT tumors. (E) The infiltration levels of 22 immune cell types in MGA-MUT and MGA-WT tumors. 
Mann- Whitney U test; NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (D) The expression of immune-related 
genes in MGA-MUT and MGA-WT tumors. Mann-Whitney U test; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (E) The heatmap of 
expression of immune-related genes (log2-transformed fold change) in MGA-MUT and MGA-WT patients across multiple cancers.
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Expression of MGA based on single-cell RNA-seq 
(scRNA) analysis

We further analyzed the effects of MGA on the TME using 
a public single-cell database. We analyzed the expression of 
MGA on different immune cells in NSCLC and SKCM and 
found that MGA was mainly expressed on most immune 
cells, including CD4+ T conventional T (Tconv) cell, CD8 
Tex, NK cell, and monocyte/macrophage, etc (Figure 6). The 
expression of MGA in most immune cells further indicated 
that MGA is associated with TME.

MGA-MUT is associated with immune-related path-
ways

We used TCGA RNA-seq data and GEO ChIP-seq 
data for mechanistic analysis. The TCGA patients were 
divided into MGA-MUT and MGA-WT groups. Then we 
performed GSEA and found that several molecular signaling 
pathways were enriched in MGA-WT tumors, including E2F 
targets, MYC targets V2, and G2M checkpoint, etc (Figure 
7A-B). In addition, immune-related pathways (such as 
interferon-gamma response, interferon-alpha response, and 

Figure 6: Expression level of MGA at the single-cell stage
(A) UMAP graphs showed cellular clusters and the expression level of MGA in different cellular types of NSCLC and SKCM.
(B) Single-cell MGA expression profile of different cellular types in NSCLC and SKCM.
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Figure 7: MGA-related pathway analysis
(A) Pathway enrichment analyses were performed by GSEA between MGA-MUT and MGA-WT tumors. The results that adjust P value < 0.01
were shown. The significant pathways were divided into four groups: molecular signaling (blue), immune response (red), Metabolism (purple),
and other functions (brown). (B) The significant immune response pathways of GSEA plot. (C) The ChIP-seq showed that MYC and MGA
co-binding to most genes in the interferon-gamma response pathway. (D) MYC and MGA co-binding to the promoter of MTHFD2 and STAT1.

inflammatory response) were also significantly enriched in 
MGA-MUT groups (Figure 7A-B). As a member of the MYC 
proximal network, whether MGA affects MYC singling. To 
address this, we analyzed the MGA and MYC ChIP-seq data. 
Notably, most of the genes in the interferon-gamma response 

pathway were co-bound by MGA and MYC (Figure 7C-
D). These results suggest that MGA binding to MYC-bound 
genomic sequences antagonizes MYC signaling, and then 
alters the immune-related pathways.
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Discussion
With the development of NGS, many gene panels based on 

different genes have been applied in clinical practice. However, 
it is not clear which patients with specific genetic mutations 
would benefit from ICI treatment. Here, we systematically 
integrated both WES and NGS data and comprehensively 
evaluated the association between the mutation status of MYC 
and PMN-related genes and immunotherapy responses across 
multiple cancers. After systematic analysis, we identified that 
MGA-MUT is significantly associated with better clinical 
outcomes (including ORR and DCB) in tumor patients with 
ICI treatment. This is the first systematic assessment of MYC 
and PMN-related genes status in multiple solid cancers, 
which enhanced our understanding of the function of MYC 
and PMN in tumors and provided better guidance for the 
clinical immunotherapy of patients. The function of MYC 
oncogene in tumorigenesis, metastasis, prognosis as well as 
therapy resistance is relatively clear [36]. As a regulatory 
network, PMN is extremely important for the regulation of 
MYC signals. Previous studies of MYC and PMN in cancer 
mainly focused on tumorigenesis, cell metabolism, and 
differentiation [16, 19, 20]. Here, we systematically evaluated 
the mutant characteristics of MYC and PMN-related genes in 
multiple solid cancers and identified MGA-MUT is beneficial 
to patients with ICI treatment. Although MGA-MUT often 
occurred in solid tumors, MGA-MUT did not affect the non-
ICI-treated patients’ clinical outcomes in our study, which 
suggests that the function of MGA-MUT is significantly 
effective in ICI treatment. Sun etc. al found that MGA-MUT 
patients are also beneficial for ICI treatment in non-squamous 
NSCLC. These further illustrated that MGA-MUT can be 
used as a predictive biomarker for ICI response in human 
solid cancers, which need further clinical and preclinical 
validation.

To date, somatic mutations drive the production of 
neoantigens in tumor cells, which affect the efficacy of ICI 
treatment [37, 38]. Here, we found that MGA-MUT patients 
have a higher neoantigen than those MGA-WT patients, 
suggesting MGA-MUT patients have different genomic 
characteristics. Indeed, MGA-MUT patients have more 
mutation events in the genome, which include the mutation 
of TTN, MUC16, LRP1B, etc. These special genomic 
characteristics may drive the production of neoantigens in 
tumor cells, which is beneficial to ICI treatment in solid tumors. 
Indeed, among these special genomic characteristics, several 
mutations are associated with favorable immunotherapy. For 
example, LRP1B mutations are associated with favorable 
outcomes to ICI across multiple cancer types [39, 40]; 
MUC16 mutations are associated with better survival 
outcomes in patients with gastric cancer [41]. In addition to 
genomic signatures, we found that the main mutant type of 

MGA is a missense mutation, which may also produce tumor 
neoantigens. TME refers to the presence of non-cancerous 
cells and their components, including various immune cells 
and cytokines. The continuous interaction between tumor cells 
and TME was comprehensively involved in tumorigenesis, 
progression, metastasis, and response to therapy [42, 43]. 
Previous studies reported that MGA loss significantly 
accelerates the progression and invasiveness in NSCLC [44, 
45]. However, these studies did not consider the effect of TME 
on tumors. When the TME and ICI treatment is taken into 
account, MGA inactivation may have the opposite function. 
Indeed, Sun et al. indicated that MGA mutation correlates 
with higher TMB and elevated neoantigen in NSCLC, and its 
mutation is beneficial to ICI therapies in patients [46]. Here, 
we identified that MGA-MUT patients had higher infiltration 
levels of antitumor immune cells, including CD8+ T cells, 
T follicular helper cells, and macrophages, etc. Moreover, 
MGA-MUT patients had favorable clinical outcomes in 
ICI-treated patients. These results further validated MGA-
MUT associated with TME. Indeed, except for the immune 
cells, immune-related genes was universally upregulated in 
MGA-MUT tumors. Furthermore, scRNA data showed MGA 
expression in most immune cells. The alterations of immune 
cells and immune-related genes cause anti-tumor immunity 
and then benefit ICI treatment.

Mechanically, we found that MGA-WT tumors were 
enriched in E2F targets, MYC targets V2, and G2M checkpoint 
pathways, which are highly opposite to the MYC signals. 
Previous studies indicated that MGA opposes to the MYC 
oncoprotein and interacts with a noncanonical PCGF6- PRC1 
complex to participate in gene repression [35]. Indeed, we 
also found that MYC-activated genes were bound by MGA, 
suggesting a negative regulator of MYC signals appeared. 
Indeed, MAX mutant tumors had ASCL1/NEUROD1 
characteristics and lacked MYC transcriptional activity 
in small-cell lung cancer [45]. Here, we found that MGA-
MUT patients had special genomic characteristics, which are 
associated with high levels of TMB and neoantigens as well 
as TME. Consistently, immune-related pathways (such as 
interferon-gamma response, interferon-alpha response, and 
inflammatory response) were also significantly enriched in 
MGA-MUT tumors. However, a more detailed mechanism 
of MGA-MUT in ICI treatment needs further study. In the 
real world, although PD1/PD-L1 protein expression, TMB, 
and MSI are widely used in clinical practice [4, 5, 47], there 
are some objective limitations. For instance, different PD1/
PD-L1 antibodies staining varies greatly, resulting in the 
interpretation of PD1/PD-L1 protein expression depending 
on an experienced clinical pathologist. As a relatively reliable 
indicator of ICI treatment, TMB requires detecting large 
genomic regions, which is undoubtedly expensive. MSI-H 
was mainly detected in adenocarcinoma (such as colorectal 
adenocarcinoma, gastric adenocarcinoma, etc.)[13, 14], 
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which limits its utilization in non-adenocarcinoma, including 
squamous cell carcinoma, clear cell carcinoma, etc. Among 
these limitations, gene mutation detection based on NGS/
PCR has great advantages. Here, MGA-MUT is conducive to 
ICI treatment, which MGA gene detection may be used in the 
selection of immunotherapy patients. Of course, large-scale 
studies need to be verified in the future.

Conclusion
Here, we systematically analyzed the mutation 

characteristics of MYC and PMN genes and identified MGA-
MUT favorable outcomes to ICI across multiple cancer 
types. Furthermore, MGA-MUT is associated with TME 
and several immune response pathways, which increases our 
understanding of PMN genes in ICI treatment.
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