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ARTICLE INFO ABSTRACT

Keywords: Objectives: N7-methylguanosine (m7G) modification is closely related to the occurrence of human
Sepsis ) diseases, but its roles in sepsis remain unclear. This study aimed to explore the patterns of
N7-methylguanosine lethality-related m7G regulatory factor-mediated RNA methylation modification and immune

Diagnostic model

microenvironment regulatory features in sepsis.
Immune

Methods: Three sepsis-related datasets (E-MTAB-4421 and E-MTAB-4451 as training sets and
GSE185263 as a validation set) were collected, and differentially expressed m7G-related genes
were analyzed between survivors and non-survivors. Lethality-related m7G signature genes were
then screened using machine learning methods, followed by the construction of a survival
recognition model. Additionally, differences in immune cell distribution were determined and
differentially expressed genes (DEGs) between different subtypes were analyzed. Weighted gene
co-expression network analysis (WGCNA) was used to select important modules and related hub
genes.

Results: In total, 10 differentially expressed m7G-related genes were identified between the sur-
vivors and non-survivors, and after further analysis, EIF4G3, EIF4E3, NSUN2, NUDT4, and
GEMINS5 were identified as the optimal lethality-related m7G genes. A survival status diagnostic
model was then constructed with a combined AUC of 0.678. Fifteen types of immune cells were
significantly different between survivors and non-survivors. Sepsis samples were classified into
two subtypes, with 22 types of immune cells showing significant differences. Subsequently, 1707
DEGs were identified between the two subtypes, which were significantly enriched in 91 GO
terms and 16 KEGG pathways. Finally, the green module with |correlation| > 0.3 was found to be
closely related to the subtypes and survival status; further, the top10 hub genes were obtained.
Conclusion: The constructed survival status diagnostic model based on the five lethality-related
m7G signature genes may help predict the survival status of patients, and the 10 hub genes ob-
tained may be potential therapeutic targets for sepsis.

1. Introduction

Sepsis is a rapidly worsening systemic disease characterized by multiorgan dysfunction due to a dysregulated inflammatory
response to infection [1]. Sepsis is a leading cause of death worldwide, with a mortality rate of 26 % and approximately 20 million
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people diagnosed annually. Currently, treatment for sepsis includes early combined antibiotics, fluid resuscitation, and symptomatic
vasoactive drug treatment. These therapeutic methods improve the patient’s symptoms. However, the risk of infection increases with
prolonged hospital stay and invasive surgery [2]. Owing to the heterogeneity and complexity of sepsis in terms of its presentation and
population, early identification of sepsis remains a clinical challenge [3]. Therefore, exploring the molecular mechanisms and clas-
sification of sepsis is essential for its early diagnosis and treatment.

Sepsis is identified and classified based on specific clinical features or biomarkers. Although some biomarkers, such as chemokines,
inflammatory cytokines, the complement system, non-coding RNA, and metabolic-related genes, have been identified, a single
biomarker in a clinical setting does not effectively support the diagnosis of sepsis [4,5]. RNA methylation is an abundant RNA
modification process in prokaryotes and eukaryotes [6]. N7-methylguanosine (m7G) methylation is one of the most common base
modifications involved in post-transcriptional regulation [7]. Recently, RNA methylation, particularly of N6-methyladenosine, was
suggested to be involved in the pathogenesis of sepsis [8,9]. Increasing evidence indicates that the m7G modification is closely
associated with the occurrence of human diseases [10]. Dai et al. [11] reported that m7G tRNA modification and its methyltransferase
complex components, METTL1 and WDRA4, are significantly upregulated in intrahepatic cholangiocarcinoma and are closely associated
with poor prognosis, indicating that m7G modification is involved in oncogenic mRNA translation and cancer progression. Another
study indicates that the tRNA m7G methyltransferase complex proteins METTL1 and WDR4 are significantly upregulated in esoph-
ageal squamous cell carcinoma (ESCC), and are related to poor prognosis in ESCC. In addition, N7-methylguanosine tRNA modification
promotes ESCC tumorigenesis via the RPTOR/ULK1/autophagy axis [12]. However, systematic investigations on the role of m7G in
sepsis remain inadequate.

In the present study, we explored the roles and potential molecular mechanisms of m7G-related genes in sepsis. First, the sepsis
expression profile samples were integrated, and differentially expressed m7G-related genes were analyzed between survivors and non-
survivors. The optimal m7G-related signature genes were the screened using machine learning methods, and a survival recognition
model was constructed using these signature genes; the efficiency of the constructed model was then evaluated. Moreover, sepsis
samples were classified into different subtypes according to optimal m7G-related genes, and their correlation with the immune
microenvironment was analyzed. Finally, differentially expressed genes (DEGs) between different subtypes were analyzed, and
weighted gene co-expression network analysis (WGCNA) was used to select important modules and related hub genes. These results are
expected to improve our understanding of the m7G-related mechanisms in sepsis.

2. Materials and methods
2.1. Data collection
Datasets were downloaded from the EBI ArrayExpress database [13]:

A. E-MTAB-4421 included 265 blood samples from patients with sepsis. These included 207 samples from surviving patients and 58
samples from patients who died of sepsis. The detection platform was an Illumina HumanHT-12_V4.

B. E-MTAB-4451 included 106 blood samples from patients with sepsis. These included 56 samples from surviving patients and 50
samples from patients who died of sepsis. The detection platform was an Illumina HumanHT-12_V4.

The two datasets were used as training sets. Using the sva package 3.38.0 [14] in R4.1.2, the combined expression profile data were
obtained to remove the batch effect on the expression profile data.

Meanwhile, the expression profile data of GSE185263 [15] were downloaded from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus database [16]. This study included 345 blood samples obtained from patients with sepsis. Among
these, 293 were from surviving patients, whereas 52 were from patients with sepsis who died. The detection platform was an Illumina
HiSeq 2500.

2.2. Lethality-related m7G gene screening

First, 29 m7G-related genes were identified from previous studies [17]. The combined samples were then divided into non-survivor
and survivor groups. Limma 3.34.7 [18] was used to select the m7G genes with significantly different expression levels between the
two groups. The screening threshold was a false discovery rate (FDR) less than 0.05. The expression level correlation between the
differentially expressed m7G genes was then calculated using the COR function in R3.6.1.

2.3. Screening of important lethality-related m7G genes by machine learning

Using the combined dataset samples as the training set, three different optimization algorithms were applied to screen for signature
genes from the differentially expressed m7G genes. Lars 1.2 [19], caret 6.0-76 [20], and randomForest 4.6-14 [21] were used to
perform the least absolute shrinkage and selection operator (LASSO), recursive feature elimination (RFE), and random forest (RF)
analyses. The overlapping genes of the three algorithms were selected as the optimal m7G gene combinations.
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Fig. 1. Lethality-related m7G gene screening.
A. Sample distribution based on gene expression levels before (left panel) and after (right panel) removal of batch effects. B. Expression level
distribution of 10 significantly differentially expressed m7G genes. C. Correlation of expression levels between significantly differentially expressed

m7G genes.
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2.4. Construction of the survival state diagnostic model

Based on the expression levels of the optimized m7G genes screened in the training set, the Support Vector Machine [22] in R3.6.1
e1071 1.6-8 was used to construct a sample survival state diagnostic classification system. The receiver operating characteristic (ROC)
curve method in pROC 1.12.1 [23] was used to evaluate the performance of the classifier in the training and GSE185263 validation
datasets. Finally, RMS 6.3-0 [24] was used to establish a nomogram based on the optimized m7G genes, and a calibration curve was
drawn.

2.5. Immune microenvironment analysis

Gene set variation analysis (GSVA 1.36.3) [25], based on a single-sample gene set enrichment analysis algorithm was used to assess
the proportion of immune cells in the combined dataset samples. The Kruskal-Wallis test was used to determine differences between
the non-survivor and survivor groups. The correlation between the m7G model gene expression level and the difference in immune
cells was calculated.

2.6. Unsupervised cluster analysis based on m7G modification model

The expression levels of m7G genes were used to construct a combined model. Subsequently, sample subtype analysis was per-
formed using R3.6.1 ConsensusClusterPlus 1.54.0 [26]. Based on the immune cell proportion results, the distribution differences in the
immune cell proportions among the different subtypes were compared using the Kruskal-Wallis test. All Kyoto Encyclopedia of Genes
and Genomes (KEGG) signaling pathways and their genes were downloaded from the GSEA MSigDB [27], and the GSVA 1.36.3 [25]
algorithm was used to evaluate the quantitative results for each KEGG signaling pathway. The Kruskal-Wallis test was used to quantify
the distribution differences of KEGG pathways between the different subtypes.
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Fig. 3. Construction of survival state diagnostic model.
A. Expression levels of five optimized m7G genes in different survival status groups. B. Nomogram and line chart. C. Receiver operating charac-
teristic curves based on the five optimized m7G genes.
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2.7. Screening of significantly differentially expressed genes (DEGs) among different subtypes

In the combined datasets, limma 3.34.7 was used to screen the DEGs between groups with an FDR <0.05 and |Log2FC| > 0.5.
DAVID 6.8 [28] was used to analyze the gene ontology (GO) and KEGG pathways of the screened DEGs, with an FDR <0.05 as the
threshold.

2.8. Key modules and genes screened by weighted gene co-expression network analysis (WGCNA)

Based on the screened DEGs, the WGCNA 1.61 package [29] in R4.3.1 was utilized to screen the modules related to survival status
and subtype grouping. The WGCNA algorithm was executed according to the steps for defining the adjacency function and module
partitioning. Module partitioning was performed such that the module set contained at least 50 DEGs with a cut height of 0.995.
Modules with a significant |correlation| greater than 0.3, survival status, and subtype grouping were retained. The genes contained in
the modules were identified as hub genes, and a co-expression network centered on the hub genes was constructed.

3. Results
3.1. Lethality-related m7G gene screening

First, the two datasets were merged into a single dataset by removing batch effects. In total, 371 samples were obtained. These
included 263 survivor samples and 108 non-survivor samples. The distribution of samples based on gene expression levels before and
after removing batch effects is shown in Fig. 1A. Then, 29 m7G genes were collected from previous studies and their expression levels
of m7G genes were extracted from the combined samples. The 10 m7G genes with significant differential expression between the non-
survivor and survivor groups were screened under an FDR less than 0.05 (Fig. 1B). The correlation between the expression levels of the
10 m7G genes is shown in Fig. 1C.
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3.2. Screening of important lethality-related m7G genes by machine learning

The LASSO, RFE, and RF algorithms yielded six, eight, and nine m7G genes, respectively (Fig. 2A-C). The Venn analysis identified
five overlapping genes: EIF4G3, EIF4E3, NSUN2, NUDT4, and GEMIN5 (Fig. 2D). The five m7G genes were considered as the optimized
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m7G gene combination. The results of the multifactor regression analysis of the five genes are shown in Fig. 2E.
3.3. Construction of survival state diagnostic model

In the combined dataset and GSE185263 independent validation dataset, the survival status diagnosis classification model of the
samples was constructed according to the five optimized m7G gene expression levels (Fig. 3A and S1A). An ROC curve was then drawn
to evaluate model efficacy. As shown in Fig. 3B and S1B, the model was highly sensitive and specific based on the AUC values. Finally, a
nomogram model was constructed and a broken-line analysis was performed for the two datasets. Based on this, the nomogram showed
a greater predictive power (Fig. 3C and S1C).

3.4. Immune microenvironment analysis

The proportions of the 28 immune cell types were determined based on the gene expression profile data of the combined dataset
samples. Differences in the distribution of these immune cells across different survival statuses were then compared. Fifteen immune
cell types were screened for significant differences between groups. These included activated CD4 T cells, type 2 T helper cells, memory
B cells, activated B cells, immature B cells, natural killer cells, CD56dim natural killer cells, CD56bright natural killer cells, and
activated dendritic cells (Fig. 4A). Next, the correlation between the expression of EIF4G3, EIF4E3, NSUN2, NUDT4, and GEMIN5 and
the 15 immune cells with significantly different distributions was calculated (Fig. 4B). NSUN2 showed the strongest negative corre-
lation with natural killer cells. EIF4E3 showed the strongest positive correlation with activated dendritic cells.

3.5. Unsupervised cluster analysis based on m7G modification model

Based on the expression levels of the five m7G genes in the combined samples, the combined samples were divided into two
subtypes consisting of 199 and 172 samples, respectively (Fig. 5A-D). Principal component analysis (PCA) of the sample distribution
was conducted for the two subtypes. The samples from the two subtypes were clearly distinguishable (Fig. 5E). In addition, a
comparative analysis was conducted based on the expression distribution of the five m7G genes in the two subtypes. As presented in
Fig. 5F, the expression levels of EIF4G3, EIF4E3, NSUN2, and GEMINS differed significantly between the two subtypes. Subsequently,
based on the proportion of immune cells, the distribution differences in immune cells between different subtypes were analyzed. As
shown in Fig. 5G, 22 immune cell types were identified. These cells include central memory CD8 + T cells, activated CD8 + T cells,
immature B cells, natural killer cells, macrophages, and neutrophils. Moreover, 31 KEGG signaling pathways with significant differ-
ences in their distribution were screened. These included olfactory transduction, primary bile acid biosynthesis, and the p53 signaling
pathway (Fig. 5H).

3.6. DEG selection between two subtypes

In total, 1707 DEGs were identified between the two subtypes (Fig. 6A). Moreover, samples from different survival states in
different subtypes were analyzed. As shown in Fig. 6B and C, subtype 1 included 73 non-survivor and 126 survivor samples, whereas
subtype 2 included 35 non-survivor and 137 survivor samples. The Chi-square test indicated that the distribution of non-survivor
samples in subtype 1 was significantly higher than that in subtype 2 (p = 0.0005811).

GO and KEGG pathway analyses of the screened significant DEGs identified 19 biological processes (such as immune response and
inflammatory response), 47 cellular components, nine molecular functions, and 16 pathways (such as MAPK signaling pathway and
chemokine signaling pathway) (Fig. 6D and E).

3.7. Key modules and genes screening by WGCNA

To satisfy the premise of a scale-free network distribution, the power value was selected when the square value of the correlation
coefficient reached 0.9 for the first time (power = 12) (Fig. 6F). The dissimilarity coefficient between the nodes was then calculated,
and a system clustering tree was obtained. Eight modules were identified (Fig. 6G). Correlations among the module, subtype, and
survival state were calculated, and the results are shown in Fig. 6H. The module with |correlation| greater than 0.3 was retained. The
green module, containing 83 genes, was finally selected. The topGenesKME algorithm in the WGCNA algorithm was used to identify
the top 10 hub genes in the green module, and a co-expression network was created using these genes as the center (Fig. 6I).

4. Discussion

Despite continuous investigation of sepsis, its morbidity and mortality have increased. The identification of novel biomarkers is
important for early diagnosis and treatment. Moreover, owing to significant heterogeneity among patients, identification of distinct
molecular subtypes is also critical [30]. In this study, five lethality-related m7G genes (EIF4G3, EIF4E3, NSUN2, NUDT4, and GEMIN5)
were identified via machine learning methods, and a survival status diagnostic model was constructed. Based on these signature genes,
the sepsis samples were classified into two subtypes. The immune microenvironment and pathway distribution differed significantly
between the two subtypes.

Epigenetic alterations refer to gene expression changes in response to external stimuli and reportedly play a critical role in the
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pathogenesis of sepsis [31]. One type of epigenetic regulation, m7G methylation, is involved in multiple human diseases [32];
however, its role in sepsis has rarely been discussed [33]. In the present study, which focused on lethality-related m7G genes, we
identified five m7G genes (EIF4G3, EIF4E3, NSUN2, NUDT4, and GEMIND5) in sepsis samples using machine learning methods, sug-
gesting an association between m7G methylation and sepsis. A previous study found that NUDT4 and PARN are key genes in sepsis, and
real-time quantitative PCR confirmed the upregulation of NUDT4 in patients with sepsis [33]. Further, EIF4G3, EIF4E3, NSUN2, and
GEMINS have not been reported in sepsis but are closely associated with human cancer prognoses. For example, EIF4G3 was identified
as a prognostic gene for sarcoma associated with m7G [34], and higher expression of EIF4E3 related to m7G indicated a good prognosis
and could significantly influence the biological behavior of osteosarcoma cells. Hu et al. [35] demonstrated that SUMO-2/3-modified
NSUN2 could promote gastric cancer progression and regulate mRNA m5C methylation, indicating that NSUN2 may be a potential
target for gastric cancer. Another study used EIF4E3, GEMIN5, and NCBP2 to establish an m7G risk score (MRS) model for assessing the
prognosis of colorectal cancer, indicating that EIF4E3, GEMIN5, and NCBP2 may be targets for the prognosis of colorectal cancer [36].
Furthermore, based on these five m7G-related genes, a survival state diagnostic model was constructed, and the receiver operating
characteristic (ROC) curve revealed that the model was sensitive and specific, depending on the AUC values (0.678). The nomogram
also showed that the model had an ideal predictive power. In a previous study, Lu et al. identified six disease characteristic genes,
including NUDT4B, IFIT5, LARP1, EIF4E, LSM1, and NUDT4, using machine learning methods, and built a nomogram model based on
these six genes, which could be used to accurately assess the risk of COVID-19 [37]. Another study also proposed an m7G-related
prediction model for lung adenocarcinoma (LUAD) based on EIF3D, EIF4E, NCBP1, and NCBP2 and observed that the AUC values
for 1-year, 3-year, and 5-year survival were 0.737, 0.736, and 0.731, respectively, implying that the model performs well in predicting
the survival of patients with LUAD [38]. Taken together, EIF4G3, EIF4E3, NSUN2, NUDT4, and GEMIN5 associated with m7G may be
used as potential targets for the survival of patients with sepsis, and the proposed survival state diagnostic model may be used for
predicting sepsis survival. Owing to the heterogeneity of sepsis, a subgroup analysis was performed. Based on the five m7G-related
genes, the sepsis samples were divided into two subtypes. Immune cell infiltration analysis revealed 22 immune cell types with dis-
tribution differences between the two subtypes. Of these immune cell types, 11 were T cells. The proportions of immune cells in the
groups with different survival statuses were also compared. Fifteen cell types with eight T cells were identified. Sepsis is characterized
by an imbalance between immunosuppression and hyperinflammation [39]. Sepsis affects the immune system by altering the pro-
duction and function of effector cells responsible for homeostasis [40]. Aberrant CD8" T cell, CD4" T cell, and regulatory T cell re-
sponses are reportedly involved in sepsis [39]. T cells exhibit prolonged functional impairment during sepsis [41]. Based on the results
of the present study, improving T cell activity in patients with sepsis may help in the development of new treatment options for sepsis.

Further, DEGs involved in inflammatory and immunological functions and pathways between the two subtypes were selected.
These DEGs were involved in the immune response, inflammatory response, and chemokine signaling pathways, consistent with the
inflammatory features of sepsis. The distribution of non-survivors in subtype 1 was higher than that in subtype 2, suggesting a better
prognosis for subtype 2. Based on these DEGs, ten hub genes were selected using WGCNA. In the co-expression network centered on
hub genes, a model gene (EIF4E3), which was co-expressed with seven of the ten hub genes (CAB39, GCA, PGS1, UBAP1, LIN7A,
SH3GLB1, and PPP1R3D), was included. PGS1 and SH3GLB1 have been reported as hub genes in pediatric sepsis [42]. Therefore, these
hub genes may serve as potential therapeutic targets for sepsis.

However, this study has some limitations. First, the specific roles and underlying mechanisms of the identified m7G-related genes,
modules determined by WGCNA, hub genes, and enriched pathways in sepsis should be further investigated using in vitro and in vivo
experiments. Secondly, potential biases, confounders, and uncontrolled variables should be considered. Third, specific mechanistic
insights into immune cells and the dynamic nature of immune responses during sepsis should be investigated using various experi-
ments. Additionally, the clinical heterogeneity of sepsis warrants further evaluation and the clinical applicability of the proposed
survival diagnostic model for sepsis needs to be verified using a large number of clinical samples.

5. Conclusions

In conclusion, we established a survival status diagnostic model based on five lethality-related m7G genes. This model may aid in
the prediction of patient survival. Additionally, the sepsis samples were classified into two subtypes, further suggesting the hetero-
geneity of sepsis. Significantly different immune microenvironments were observed across groups with different survival statuses and
between the two subtypes. Furthermore, ten hub genes were identified as potential therapeutic targets for sepsis. Overall, the findings
of the present study contribute to a better understanding of sepsis progression.
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