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ARTICLE INFO ABSTRACT

Keywords: Background: In recent years, the incidence of acute myeloid leukemia (AML) has increased rapidly
Acute myeloid leukemia with a suboptimal prognosis. In AML, cell death is independent of tumorigenesis, tumor invasion,
PANoptosis

and drug resistance. PANoptosis is a newly discovered form of cell death that combines pyrop-
tosis, apoptosis, and necroptosis. However, no studies have explored the role of PANoptosis-based
signatures in AML.

Methods: We screened for PANoptosis-related genes and established a PANoptosis-risk signature
using the least absolute shrinkage and selection operator (LASSO) and Cox regression analysis.
We combined TCGA, bulk RNA sequencing, and single-cell sequencing to investigate the corre-
lation between candidate genes and the AML tumor microenvironment.

Results: The PANoptosis risk signature effectively predicted prognosis with good sensitivity and
specificity. The risk score emerged as an independent prognostic factor. Functional enrichment
analysis of PANoptosis-related differentially expressed genes suggested that the risk score may be
related to cell immunity. Patients with high-risk scores exhibited increased immune cell infil-
tration, implying a hot tumor immune microenvironment. The risk score was positively correlated
with the immune scores and expression levels of immune checkpoints. Therefore, we identified
three model factors, BIRC3, PELI1, and PRKACG, as predictors for immunotherapy efficacy.
Single-cell sequencing analysis demonstrated that PELI1 and BIRC3 may participate in the
regulation of the AML immune microenvironment. Finally, we performed a drug sensitivity
analysis to target BIRC3 and PELI1 using molecular docking and molecular dynamics simulations.
Conclusion: Our study established and verified a PANoptosis risk signature to predict the survival
and immunological treatment response in AML.
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1. Introduction

Similar to many other malignant tumors, acute myeloid leukemia (AML) primarily results from genetic variations, including
chromosomal translocations and gene mutations [1,2]. These alterations lead to malignant transformation of hematopoietic stem cells
(HSCs) and impaired hematopoiesis. An increasing number of pathogenic genetic variations have been identified that participate in
multiple processes, such as hematopoietic differentiation, the cell cycle, apoptosis, and DNA repair [1,3]. For example, RUNX plays a
crucial role in the initiation of hematopoiesis, and the disruption of its normal structure can inhibit the transcription of PU.1, resulting
in functional defects in HSCs [4]. Additionally, genetic defects in RIPK3 have been observed in some patients with AML, which inhibit
tumor necrosis factor-mediated cell death, leading to the accumulation of leukemia cells at disease onset and the promotion of disease
progression [5]. High rates of relapse and widespread drug resistance in AML are attributed to complex genetic mutations, particularly
in elderly patients [6]. Similar to other tumors, high heterogeneity is a characteristic feature of AML. Owing to the high heterogeneity,
individualized therapies, such as more accurate immunotherapy and targeted therapy, have been advocated in numerous studies on
AML [7].

Abnormalities in the cell death pathway are crucial factors that allow tumor cells to acquire immortal characteristics. Rectifying
disordered cell death pathways is essential for normal biological processes, including the elimination of genetically mutated cells to
prevent cancer, eradicating pathogenic bacteria to prevent infectious diseases, and renewing aging cells, among other functions.
Therefore, it is important to explore the role of cell death and its underlying mechanisms in cancer treatment. By summarizing previous
experiments, we found several FDA-approved targeted agents related to programmed cell death (PCD) in recent research over the past
decade [8,9]. PCD is characterized by pyroptosis, apoptosis, and necroptosis. In recent years, many studies have identified proteins
involved in pyroptosis and apoptosis as candidate targets for reliable and effective agents with low toxicity and high selectivity [10,
11]. In 2018, venetoclax received accelerated approval for use in adults by selectively targeting BCL-2 and activating apoptosis. In
similar experiments, traditional chemotherapy combined with novel targeted agents improved the therapeutic index of AML because
of the enhanced function of Ara-C in inducing cell cycle arrest and necrosis [12]. Early drug resistance is generally caused by
chemotherapy-resistant leukemia stem cells (LSCs) within the protective bone marrow microenvironment. The sensitivity of LSCs to
AML first-line therapies remains poorly understood in current research, presenting a challenging yet meaningful entry point for
addressing AML recurrence and drug resistance [13]. The BRD4 degrader, dBET 6, targets BRD4 and inhibits anti-apoptotic mecha-
nisms in AML cells. When combined with gilteritinib, venetoclax, or ARA-C, it synergistically induces apoptosis in LSCs and overcomes
drug resistance in AML-LSCs [14]. Late drug resistance in AML is primarily due to the accumulation of re-edited key pathways, which
gradually increases the intrinsic drug resistance of cells [15]. Research has shown that NRAS mutations cannot be ignored in the late
resistance of patients with AML to gefitinib, and these mutations are frequently observed in late gefitinib-resistant MOLM14 and MV4
cell lines [16]. NRAS mutations accumulate progressively during the development of resistance, with a low variant allele frequency
(VAF) observed in MOLM14 parental cells. Furthermore, high expression levels of FLOT1 are associated with poor prognosis in AML
patients, and in vitro experiments have demonstrated that FLOT1 promotes apoptosis and pyroptosis in AML cells [10]. However, the
specific regulatory mechanisms remain unclear. A detailed clinical classification of patients with AML along with a deeper and more
accurate analysis of the abnormal molecular mechanisms underlying the onset and resistance to AML is essential to identify and
develop more effective and less harmful treatment strategies.

PANoptosis, a newly identified form of cell death, involves a lytic and inflammatory cell death pathway [17-19]. PANoptosis is
regulated by the PANoptosome, a cytoplasmic protein complex that simultaneously incorporates structural features and proteins that
are characteristic of pyroptosis, apoptosis, and necroptosis. Given that pyroptosis, apoptosis, and necroptosis are all inhibited in
leukemia [20-23], they also play critical roles in the tumorigenesis and progression of AML. To investigate this, we established a model
to assess the biological significance of PANoptosis in AML patients.

2. Materials and methods
2.1. Clinical data collection

RNA expression and clinical data of AML patients were obtained from The Cancer Genome Atlas (TCGA) database. Patients lacking
the corresponding clinical information were excluded. A total of 141 patients with AML with complete clinical information were
included in the subsequent analysis. Raw microarray datasets, GSE37642 and GSE12417, were retrieved from The Gene Expression
Omnibus (GEO) database. In the above RNA sequencing data, genes with expression > “0” were retained, whereas poorly expressed
genes with expression = “0” were excluded. The screened RNA sequencing data was normalized using the “Limma” package in R, and
the gene expression profiles were obtained.

2.2. Searching the PANoptosis gene list

The PANoptosis gene list contained the main constituent genes of apoptosis, pyroptosis, necroptosis, and PANoptosomes. The
apoptosis gene list, which included 93 genes, was obtained from GeneCards (https://www.genecards.org/) and the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG). The list of 74 pyroptosis genes was obtained from GeneCards and REACTOM. A list of 63
necroptosis genes was obtained from GeneCards and AmiGO 2. Finally, 11 PANoptosome genes were obtained from GeneCards.
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2.3. Analysis of PANoptosis-related genes in AML

Through univariate Cox regression analysis calculated using the “survival” package R, 197 PANoptosis-related genes (PRGs) were
selected for correlative signature construction. To explore key genes and interactions between PRGs, we used the STRING database to
design an interactive network of PRGs [24]. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was
conducted to screen the biological functions of PRGs in AML using the “clusterProfiler” package in R, with p < 0.05.

2.4. Construction of the PANoptosis-risk signature

To avoid factor overfitting in the risk signature, the most significant candidate PRGs were identified using LASSO-penalized Cox
regression analysis in the GSE37642 cohort. The “glmnet” and “survival” packages in R were used. Then, 19 candidate PRGs were
selected, and multivariate stepwise Cox proportional hazards regression models were entered into the “survival” package in R. Finally,
a risk-score calculation formula was developed. We calculated and obtained the risk scores for patients based on the expression of the
model factors. The formula used was as follows:

risk score = X the corresponding coefficient (i) x the expression value of gene (i).

2.5. Validation of the predictive efficiency of the PANoptosis-risk signature

AML patients in the GSE37642 cohort were divided into two distinct groups according to their risk scores. Differences in the
outcomes of patients with AML between the two groups were determined by Kaplan—Meier (K-M) survival analysis. A time-dependent
receiver operating characteristic curve was used to verify the signature accuracy. Two AML cohorts were downloaded: TCGA (n = 141)
and GSE12417 (n = 162). The risk scores were calculated using the PANoptosis risk signature. We further used the K-M analysis and
ROC curve to verify the model.

2.6. Establishment of the Nomogram

Nomograms have great clinical application value in predicting the prognosis of patients with tumors, and their accuracy makes
their application convenient and simple. With the “rms” package in R, the age and risk scores of patients were used to establish a
nomogram [25] that could predict the one-, three- and five-year prognosis of AML patients. Additionally, calibration curves were
generated to evaluate the value of the nomogram.

2.7. Functional enrichment analysis of PANoptosis-related differentially expressed genes

To further explore this signature, we divided AML patients from the TCGA cohort into high- and low-risk groups. Then, we
identified PANoptosis-related differentially expressed genes (PRDEGs) between the two groups (|log2FC > 1], p < 0.05) by using the
“limma” package in R. Representative biological processes and signaling pathways of PRDEGs were sought by GO and KEGG analysis
using the “clusterProfiler” package in R. To thoroughly investigate and increase the credibility of results from GO and KEGG analysis,
we conducted GSEA analysis using the “GSVA” package in R.

2.8. Evaluation of immune cell infiltration in the AML tumor microenvironment

Multiple algorithms (xCell, TIMER, EPIC, and MCPcounter) were performed to evaluate the abundances of immune cell infiltration
using the “IOBR” package in R. We obtained and selected immune related genes to calculate the Pearson correlation between the
immune cells and the expression levels of risk genes using the “corrplot” package in R. The correlations between immune scores and the
expression of model factors were obtained and displayed using the “ggplot2” package in R. We combined the gene expression profiles
to evaluate the degree of immune cell infiltration in the two groups using ssGSEA, with p < 0.05.

2.9. Predicting the immunotherapy efficacy using risk genes

We used the ESTIMAT algorithm to calculate the ESTIMATE-stromal-immune scores of patients with AML and compared the scores
of the high- and low-risk groups to identify differences. Furthermore, immune checkpoint gene expression was compared with the risk
score. Statistical significance was set at p < 0.05. In the GSE37642 cohort, we conducted a K-M analysis of risk genes with excellent
performance using the “survival” package in R. Most importantly, we calculated the Tumor Immune Dysfunction and Exclusion (TIDE)
scores for the TCGA cohort using the TIDE database [26].
2.10. Single-cell sequencing analysis

To explore the distribution of model factors in the AML tumor microenvironment, we used the GSE116256 dataset from the GEO
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Fig. 1. Screening and GO, KEGG analysis of PANoptosis-related genes (PRGs) in AML. (A) Univariate Cox regression analysis of PRGs in AML
using GSE37642 cohort. (B) Interactive networks among the 24 PRGs. (C-D) GO and KEGG analysis of PRGs in AML.
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database. We obtained the GSE116256 dataset and categorized patients into three groups: confirmed AML patient group (AML),
chemotherapy-induced AML patient group (AML _treat), and normal group (normal). We then analyzed gene expression in bone
marrow samples from these different groups across various cell clusters. The samples from AML patients were processed and clustered
according to their cell types to calculate the characteristic expression of model factors in the AML tumor microenvironment using the
“seurat” package in R. Furthermore, we used the “clusterProfiler” package in R for GO analysis of four sensitive genes obtained from
single cell sequencing data analysis and visualized them by Sangerbox.

2.11. Screening of susceptible drugs

In this study, we screened the model factors and identified two risk genes. Based on these two genes, we screened out a variety of
drugs by their IC50 and correlation coefficient (IC50,,x <50 and p < 0.05) from the Genomics of Drug Sensitivity in Cancer (GDSC)
database using the “oncopredict” package in R. Subsequently, we collected the 3D structure of the BIRC3 protein (PDB ID: 2UVL) from
The Protein Data Bank (PDB) and obtained the 3D structure of the PELI1 protein (AlphaFoldDB ID: Q96FA3) from the AlphaFold
Protein Structure Database. Drug structures were obtained from PubChem BioAssay (PubChem) and Universal Protein Resource
(Uniprot). AutoDock software was used to dock the target proteins with drugs to predict the efficacy of candidate drugs. The results are
displayed as 2D and 3D structures using PyMol and LigPlot software. To further investigate the stability of the six selected compounds
in binding to target proteins, we conducted 100 ns molecular dynamics simulations (MDS) on these compounds and proteins. The
docking results from AutoDock served as the initial template for MDS in Schrodinger (2021-2022). We observed the degree of change
in ligand and protein conformation compared to their initial states during the 100 ns simulation process. The MDS results were
analyzed using ’simulation interaction diagrams.’

2.12. Statistical analysis

All statistical analyses in this study were performed using R (version 4.2.0). Univariate, multivariate, and LASSO Cox regression
analyses were used to identify candidate genes in the PANoptosis-risk signature. Survival analysis was performed through K-M analysis
and verified through time depended-ROC curve using the “survival,” “surviviner,” and “timeROC” packages in R. Correlations were
calculated using Pearson and Spearman correlation tests. Differential analysis was performed using the Wilcoxon test and t-test.
Statistical significance was set at p < 0.05, and p < 0.05, 0.01, 0.001, and 0.0001 is represented as “*”, «“**”  c¥##> gqpd ks,

3. Results
3.1. Screening of PANoptosis-related genes (PRGs) in AML

Gene expression data of 197 PRGs were retrieved from the GSE37642 cohort, and poorly expressed genes with a mean expression
value of “0” were removed. We selected 160 PRGs for analysis based on their gene expression profiles. Univariate Cox regression
analysis identified 24 candidate PRGs that were significantly correlated with the prognosis and outcomes of AML patients (p < 0.05)
(Fig. 1A). The interactive networks of the 24 PRGs are shown in Fig. 1B.

3.2. GO and KEGG analysis of PRGs in AML

We explored the biological functions and signal transduction pathways of the 24 survival-related PRGs using GO and KEGG an-
alyses. GO analysis indicated that these genes were enriched in inflammatory and cancer-related signaling pathways, such as pro-
grammed necrotic cell death, I-kappa B kinase/NF-kappa B signaling, and cytokine-mediated signaling pathways (Fig. 1C). Regarding
molecular function, these genes were associated with various enzymatic activities, including cysteine-type peptidases and protein
serine/threonine kinases, which are involved in cell death, and protein serine/threonine/tyrosine kinases, which are related to car-
cinogenicity. The results of the KEGG analysis indicated that the major pathways were related to programmed cell death pathways,
such as apoptosis and necroptosis, the TNF signaling pathway, and infection by multiple pathogens (Fig. 1D).

3.3. Construction of the PANoptosis-risk signature

Through LASSO and Cox regression analyses, we selected key survival-related PRGs for modeling, and 19 genes were used in the
subsequent steps (Fig. 2A and B). We then screened 10 PRGs after multivariate Cox regression analysis and calculated the coefficients
of the model factors. Finally, a formula for PANoptosis-related risk scores was constructed: The risk score = UCHL1 x 0.38415 +
NFKBIA x 0.19647 + CASP10 x 0.3262 + IL1R1 x 0.16132 + ELANE x (—0.11853) + AKT1 x (—0.32856) + PRKACG x (—0.85091)
+ BIRC3 x (—0.14324) + PELI1 x 0.08406 + TREM2 x (—0.58014). The risk scores were calculated, and patients from the three AML
cohorts were divided into high- and low-risk groups based on the risk scores. K-M analysis of the GSE37642 (Fig. 2C), TCGA (Fig. 2D),
and GSE12417 (Fig. 2E) cohorts revealed differences in the outcomes between patients with different risk scores. A high risk score was
associated with a worse prognosis. Furthermore, the area under the time-dependent ROC curve values of the one-, three-, five-year
survival predictions were 0.661, 0.751, and 0.745, respectively, in the GSE37642 cohort (Fig. 2F), 0.609 and 0.682, and 0.738,
respectively, in TCGA cohort (Fig. 2G). Since the GSE12417 cohort lacked the five-year survival information of patients, we calculated
the AUC values of the one-, two- and three-year survival predictions (Fig. 2H). After reviewing these results, we found that the
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Fig. 2. Construction of the PANoptosis-risk signature. (A) The LASSO coefficient profile plot was created against the log (lambda) sequence. (B)
Ten-fold cross-validation for tuning parameter (lambda) selection in the LASSO model. (C-E) Kaplan-Meier curve analysis of AML patients in
GSE37642, TCGA and GSE12417 cohort by risk score. (F-H) Time-dependent ROC curves for predicting the overall survival of AML patients in
(‘}SE37642, TCGA and GSE12417 cohort.

PANoptosis risk signature predicted the prognosis of patients with AML with good sensitivity and specificity.

3.4. Comparison between clinicopathological characteristics and the PANoptosis-risk signature

Based on univariate and multivariate Cox regression analyses, the risk score of the PANoptosis-risk signature positively correlated
with the survival status of patients (Fig. 3A and B), indicating that the risk score could be an independent prognostic factor for AML.
The connection between model factor expression levels and clinical features is displayed using a heatmap (Fig. 3C). Further analysis
revealed that this risk score could better predict the one-, three-, and five-year survival status of AML compared with other clinico-
pathological characteristics, such as FAB classification, age, RUNX1-RUNX1T1 fusion, and RUNX1 mutation (Fig. 3D-F). A nomogram
was established to assess the conditions and outcomes of patients with AML (Fig. 4A). The calibration curves fitted the 45° line well,
indicating that this risk score had a good predictive value for the one-, three-, and five-year survival rate of patients (Fig. 4B-D). Thus,
we can consider this risk score as a tool for predicting the survival of patients with AML.

3.5. Functional enrichment analysis of PANoptosis-related differentially expressed genes

To further explore the PANoptosis risk signature, we screened genes with differential expression between the high- and low-risk
groups and identified 327 PANoptosis-related differentially expressed genes (PRDEGs) (Fig. 5A and B). The expression levels of
309 PRDEGsS decreased, and the 327 PRDEGs increased in the high-risk group. These genes were subjected to GO and KEGG analyses.
GO analysis revealed a direct correlation between the high-risk score, cytokine-mediated signaling pathway, and cytokine production,
implying that the high-risk score was related to cell immunity (Fig. 5C). Similarly, the KEGG analysis indicated that the high-risk score
was related to the chemokine signaling pathway, cytokine-cytokine receptor interactions, and B-cell receptor interactions (Fig. 5D).
The low-risk score was related to extracellular composition and structure, collagen metabolic processes, and neutrophil-mediated
killing (Fig. 5E and F). To further reveal the correlation between the risk score and cell immunity, we performed GSEA, which
evaluated the pathways more comprehensively. Consistent with the above results, GSEA revealed that immune-related biological
processes were more significant in the high-risk group (Fig. 5G and H). Therefore, we hypothesized that the risk score is relevant to the
immune features of AML cells.

3.6. Immune cells infiltration analysis in the high- and low-risk groups

We evaluated immune cell infiltration characteristics in the AML tumor microenvironment based on risk scores. The results of the
xCell algorithm revealed an obvious difference between the high- and low-risk groups (Fig. 6A). More immune cells, such as CD4 "
naive T-cells, macrophages, and monocytes, were found in high-risk AML patients. CMP and MSC showed greater infiltration in the
low-risk group. We also investigated the correlation between immune cell infiltration and risk score using ssGSEA. The results also
showed that more immune cells were present in the high-risk group (Fig. 6B and C). Similarly, the expression levels of many model
factors were associated with immune cell infiltration (Fig. 6D). Among the model factors, BIRC3 and PELI1 were positively correlated
with CD4" T cells, CD8™" T cells, B cells, natural killer cells, dendritic cells, neutrophils, macrophages, regulatory T cells, and T helper
cells. ELANE and IL1R1 expression levels were negatively correlated with T helper cells, CD8™ T cells, dendritic cells, and monocytes.
The TIMER, EPIC, and MCPcounter algorithms correlate similarly (Fig. S1). In addition, we evaluated the tumor-immune microen-
vironment in the GSE37642 cohort, and the results were similar to those in the TCGA cohort (Fig. S2). Generally, the high-risk group
exhibited increased immune cell infiltration. Thus, we predicted that patients with a high-risk score may have a hot tumor-immune
microenvironment.

3.7. Correlation between the PANoptosis-risk signature and immunotherapy efficacy

As a new treatment method, immunotherapy is increasingly important. The above analyses proved that the high-risk group may
have better immunotherapy potential, which prompted us to further investigate the correlation between risk score and immuno-
therapy efficacy. We discovered that the risk score was positively correlated with the ESTIMATE, immune, and stromal scores
(Fig. 7A). Among the model factors, the expression levels of PELI1, BIRC3, NFKBIA, CASP10, and PRKACG were positively correlated
with the immune score, whereas that of ELANE was negatively correlated (Fig. 7B). Next, the expression levels of immune checkpoints
(ICs) were compared between the two risk groups. We believe there were higher expression levels of ICs in the high-risk group,
especially of PD-1, PD-L1, and PD-L2 (Fig. 7C). We further explored the model factors associated with the expression of ICs (Fig. 7D).
When BIRC3, PELI1, CASP10, PRKACG, NFKBIA, AKT1, and TREM2 were highly expressed, IC expression levels were also high. When
ELANE was highly expressed, the expression of ICs were low. These findings indicated that many model factors have the potential to be
used as predictors and targets for immunotherapy. Therefore, we comprehensively evaluated these model factors by calculating their
TIDE scores (Fig. 7E). Three model factors were identified as predictors of immunotherapeutic efficacy: BIRC3, PELI1, and PRKACG.
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Fig. 3. Comparison between clinicopathological characteristics and PANoptosis-risk signature. (A-B) Univariate and multivariate Cox
regression analysis of clinicopathological characteristics and risk score by GSE37642 cohort. (C) The relationship of clinicopathological charac-
teristics and PANoptosis-risk signature expression levels. (D-F) Time-dependent ROC curve of clinicopathological characteristics and risk score for
predicting 1-,3- and 5-year overall survival by GSE37642 cohort.
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Fig. 6. Immune cells infiltration analysis in the high and low-risk groups. (A) The infiltration levels of 64 immune cells in the high and low-risk
groups by xCell algorithm in TCGA cohort. (B) The discribution of 28 immune cells in the high and low-risk groups by ssGSEA in TCGA cohort. (C)
The infiltration levels of 18 immune cells in the high and low-risk groups by ssGSEA in TCGA cohort. (D) The heatmap of correlation between 10
r‘nodel genes and 28 immune cells infiltration by ssGSEA in TCGA cohort.

We inferred that high-risk patients with high BIRC3, PELI1, and PRKACG expression possess an activated immune microenvironment
and are more likely to benefit from immunotherapy.

3.8. Single-cell sequencing data analysis

To explore the correlation between model factors and the AML tumor microenvironment, we conducted single-cell sequencing
analysis using the GSE116256 dataset. The cellular components of the bone marrow samples from AML patients, AML patients after
chemotherapy, and healthy individuals were clustered and annotated (Fig. 8A). Fig. 8B-E exhibited the expression levels and dis-
tributions of the nine model factors. NFKBIA was widely expressed in bone marrow tissue, with expression levels varying greatly in T
cells from the normal group, leukemia progenitor cells from the AML treatment group, and progenitor cells from the AML group
(Fig. 8B). ELANE was upregulated in relatively primitive cells, such as leukemia progenitor cells in the AML group and granulocyte-
macrophage progenitor (GMP) cells (Fig. 8C). Additionally, the expression of BIRC3 and PELI1 was enriched in plasma and B cells, and
BIRC3 expression was notably elevated in T cells (Fig. 8D). Based on the specific expression mentioned above, we speculated that
NFKBIA and ELANE might play a role in the onset and late drug resistance of AML, whereas BIRC3 and PELI1 may participate in early
drug resistance of AML by regulating the bone marrow microenvironment. The results of the GO analysis partially supported this
concept (Fig. 8F). NFKBIA regulates hematopoiesis and differentiation of myeloid cells in the bone marrow and is involved in the
regulation of the immune system. The enrichment results of ELANE were different from the expression results, indicating its
involvement in the human inflammatory response and humoral immunity; however, this was not clearly demonstrated in the
expression analysis. We found that PELI1 was widely involved in the process of human immune regulation to promote the proliferation
of B cells and inhibit the proliferation of lymphocytes and T cells and that BIRC3 was more significantly involved in the immune
response to viral infections. Thus, we inferred that PELI1 and BIRC3 may participate in the regulation of the immune microenvi-
ronment in patients with AML. Therefore, special attention should be given to NFKIBA with regard to the occurrence of AML.

3.9. Screening susceptible drugs

Chemotherapy remains the primary treatment option for AML. However, drug resistance and the severe adverse effects of
chemotherapy pose obstacles for AML patients. Therefore, identifying novel treatment regimens for AML is important. The boxplot in
Fig. S3 shows the differential expression levels of the 10 PRGs in the GSE37642 cohort. We found that CASP10, PELI1, UCHL1,
NFKBIA, BIRC3, and IL1R1 expression levels were associated with high-risk scores, whereas AKT1, ELANE, TREM2, and PRKACG
expression levels were highly correlated with low-risk scores. Based on the above results, BIRC3, PELI1, and PRKACG performed better
at predicting the efficacy of immunotherapy. By combining the expression data, we confirmed that BIRC3 and PELI1 are risk factors for
AML. Therefore, we performed a drug sensitivity analysis for these two genes. Camptothecin, dactinomycin, AZD-8186, and BDP-9066
were sensitive drugs targeting BIRC3 (Fig. S4A). BDP-9066, ipatasertib, GNE-317, NVP-ADW742, AZD5363, camptothecin, pictilisib,
Wnt-C59, dactolisib, docetaxel-1007, paclitaxel, and AZD8186 were all sensitive to PELI1 (Fig. S4B).

Based on the correlation coefficient, we selected the top four drugs for molecular docking to further validate the correlation be-
tween the drugs and proteins, and the 3D structures of the target proteins and drugs were downloaded (Fig. 9A-B, Fig. 10A and B, and
Fig. S5A). Molecular docking was performed to determine the binding mode between the proteins and drugs (Table S2). For BIRC3,
camptothecin, AZD-8186, and BDP-9066 exhibited strong binding capacities (Fig. 9C-K). BDP-9066, GNE-317, ipatasertib, and NVP.
ADW742 demonstrated a robust binding affinity for PELI1 (Fig. 10C-K and Figs. S5B-D). The binding sites for camptothecin, AZD-
8186, and BDP-9066 on BIRC3 are slightly different, with binding energies of —8.14 kcal/mol, —7.12 kcal/mol, and —5.96 kcal/
mol, respectively (Table S2). Camptothecin formed hydrogen bonds with amino acids Asp296 (A), Arg244 (B), and Thr246 (B) (Fig. 9D
and E). AZD-8186 also showed excellent docking results, forming hydrogen bonds directly with Asn249 and Arg324 of BIRC3 (Fig. 9G
and H). The docking results for BDP-9066 were slightly inferior to those for camptothecin and AZD-8186, as it could only bind directly
to Asp296 (Fig. 9J and K). There were also many stable H-bond structures between the drugs and PELI proteins, such as BDP-9066 and
Thr117 and Pro385 amino acids (Fig. 10D and E), GNE-317 and Asn26 amino acids (Fig. 10G and H), ipatasertib and Alal3, Prol4,
Glu257 (Fig. 10J and K), and NVP.ADW742 and Glul71 (Figs. S5C and D).

3.10. Molecular dynamics simulation

The above docking results showed that these small compounds could indeed target and bind to BIRC3 and PELI1 proteins. Sub-
sequently, we assessed binding stability using molecular dynamics simulations (MDS). First, the root mean square deviation (RMSD) of
ligands and proteins in molecular dynamics trajectories was used to measure the changes in ligand and protein structures over time
from the initial moment (Fig. 11A-F). With the exception of BDP-9066 (with the BIRC3 protein) and ipatasertib (Fig. 11C and F), the
RMSD values for all other compounds were less than 5 A when they reached a stable state (Fig. 11A, B, D, and E), indicating that their
conformations underwent minimal changes compared to their initial states. Camptothecin, AZD-8186, BDP-9066 (with the PELI1
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Fig. 7. Correlation between the PANoptosis-risk signature and immunotherapy efficacy by TCGA cohort. (A) The box chart of immune score
in the high and low-risk group. (B) Scatter diagrams of correlation between immune score and model factors expression. (C) The box chart of
immune checkpoints expression in the high and low-risk group. (D) The box chart of immune checkpoints expression with different expressed model
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samples from three groups of patients in GSE116256. (B-E) Expression levels and distributions of model genes in different cells of different groups.
(B) NFKBIA, (C) ELANE, (D) BIRC3, (E) PELI1. (F) Chord diagram of immune-related pathway of four sensitive factors.
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protein), and GNE-317 demonstrated stable binding to target proteins.

From the surface to the point, we further validated the changes in each residue of the target protein by root mean square fluctuation
(RMSF) during the binding process. The average RMSF values for camptothecin, AZD-8186, BDP-9066 (with PELI1 protein), and GNE-
317 were low (Fig. 11G, H, J, and K), indicating that these drugs effectively reduced fluctuations in the amino acid residues of the
protein. This finding demonstrates that these drugs interact strongly with proteins. In contrast, BDP-9066 (with the BIRC3 protein)
failed to stably bind to the protein, resulting in significant fluctuations across all amino acid residues (Fig. 11I). Additionally,
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ipatasertib exhibited considerable conformational changes, leading to unstable binding to the target protein and resulting in high
RMSF values in some scenarios (Fig. 11L). Among the drugs tested, camptothecin and BDP-9066 (with PELI1) displayed the strongest
specific binding to proteins and significantly reduced amino acid fluctuations (Fig. 11G and J).

Finally, we presented a detailed plot of the interaction between drug atoms and protein residues and screened for interactions that
occurred in trajectories (0.00-100.00 ns) with simulation times exceeding 10.0 %. Camptothecin, AZD-8186, BDP-9066 (with PELI1
protein), and GNE-317 showed multiple interactions with amino acid residues, and the interaction times were relatively long
(Fig. 11M, N, P, and Q). The interaction time between BDP-9066 (with BIRC3 protein), ipatasertib, and amino acid residues was
approximately 10 %, which was why they could not stably bind to the proteins (Fig. 110 and R). Through further calculations of
binding stability, we concluded that camptothecin, AZD-8186, BDP-9066 (with the PELI1 protein), and GNE-317 could form relatively
stable binding sites with the target proteins, thereby enhancing the stability of the protein structure and reducing fluctuations in amino
acid residues.

4. Discussion

It is well known that AML cells are immortal. The high recurrence rate and drug resistance of AML are attributed to disordered cell
death pathways, such as apoptosis, pyroptosis, and necroptosis. A recent study discovered a new cell death pattern called PANoptosis,
which is an inflammatory cell death pathway. PANoptosis combines the main proteins and biological programs of apoptosis,
pyroptosis, and necroptosis [6,17,18]. The molecular basis, mechanism of action, and biological functions of PANoptosis have been
explored in many tumor types [27]. For example, the broad-spectrum anticancer drug sulconazole can stimulate mitochondrial
oxidative stress and suppress glycolysis to induce PANoptosis, which enhances the radiosensitivity of esophageal cancer [28]. IRF1
could prevent tumorigenesis by regulating PANoptosis in colorectal cancer [29]. As a promising direction, the research on PANoptosis
in AML was still superficial. Pan-cancer research on PANoptosis by Zhuang et al. showed that AML had the highest PANoptosis score
and was associated with the tumor microenvironment in various cancers [30]. However, the subsequent analysis was insufficient and
did not further explore the key genes that cause disease or drug resistance and indicators with clinical application prospects, providing
only a broad and clear direction for subsequent research. Hence, our study screened PANoptosis-related genes using the transcriptome
data of AML patients to perform biomarker-based risk stratification for prognostic analysis. Univariate, multivariate, and LASSO Cox
regression analyses were performed, and 10 model factors were screened to establish the PANoptosis-risk signature. We found that
high-risk group patients were prone to have a shorter survival time. Therefore, the PANoptosis risk signature can be considered as a
prognostic biomarker for AML. Similarly, Zhang et al. established a PANoptosis-related prognostic model for pancreatic cancer [31].
Song et al. reported an association between PANoptosis and the prognosis of gliomas [32]. In hepatocellular carcinoma, the
PANoptosis-based model was identified as a potential biomarker for predicting survival [33]. Therefore, the application of the
PANoptosis risk signature for prognostic analysis may be useful in future clinical studies.

There are limited drugs available to patients due to drug resistance to chemotherapy. And the severe adverse effects make patients
painful and decrease the body resistance. Therefore, targeted therapy, particularly immunotherapy, is the superior choice. Inmune
cells and immune factors widely exist in the blood and bone marrow; therefore, they are easier for patients with AML to mobilize to
achieve therapeutic goals. Currently, studies on immunotherapy for AML have made great progress, especially CAR-T. Due to the high
cost and specific side effects, such as cytokine release syndrome, more accurate biomarkers need to be explored for the prediction of
immunotherapy efficacy. Recent studies have revealed the importance of PANoptosis in predicting the immunotherapeutic response in
prostate adenocarcinoma, hepatocellular carcinoma, and gastric cancer [27,34,35]. Our study focused on PANoptosis and revealed its
correlation with the immune features of AML. We also discovered that a high-risk score was related to cell immunity, including im-
mune cell infiltration, immune scores, and immune checkpoint gene expression. Similar conclusions have been reached by Tang et al.;
however, in their study, only immune analyses were performed, and the results were not verified. Their study was limited to signatures
and lacked research on sensitive genes [36]. Our results complement those of Tang et al. We performed an immune analysis and
verified this at the cellular level using the GSE116256 cohort. Sensitive genes, such as BIRC3, PELI1, and targeted drugs, were
screened. Subsequently, molecular docking and molecular dynamics simulations were performed to confirm the reliability of the drug.
Therefore, our study provides more accurate genes and drugs for the clinical classification and combined drug resistance screening of
patients with AML. Among the sensitive genes, BIRC3 was significantly positively correlated with the above cellular immune features.
This indicated that AML patients with high BIRC3 expression have a hot immune microenvironment. Indeed, the TIDE score indicated
that patients with high BIRC3 expression may respond better to immunotherapy. The role of BIRC3 in the immune microenvironment
was assessed by constructing different signatures. In line with this, immune-related genes, including BIRC3, were positively correlated
with immunomodulatory subtypes in triple-negative breast cancer [37]. However, in lung adenocarcinoma, necroptosis-related genes,
including BIRC3, are associated with immunotherapy tolerance [38]. BIRC3 has been considered as an inhibitor of PANoptosis [39]
and is positively correlated with tumor progression, metastasis, recurrence, and chemoresistance [40]. BIRC3 shows the same man-
ifestations as AML [41]. Similarly, the present study revealed that BIRC3 is a risk factor for AML. Given the role of BIRC3 in AML, we
hypothesized that BIRC3 may be a new target for immunotherapy. Therefore, we screened a series of sensitive drugs targeting BIRC3
using bioinformatic predictions and virtual screening. We hypothesized that targeting BIRC3 alone or in combination with immune
checkpoint inhibitors could improve outcomes. Another gene that significantly positively correlated with the immune microenvi-
ronment was PELI1. PELI1 controls necroptosis through the ubiquitination of RIPK1 to activate RIPK3 and MLKL, resulting in the
formation of the RIPK1-RIPK3 necrosome [42]. Caspase-1 and IL-1p are crucial factors in cell death and inflammatory reactions. PELI1
regulates inflammatory responses by mediating the NLRP3 inflammasome and ASC to promote caspase-1 activation and IL-1p
maturation [43]. This theory may account for the fact that the high expression of PELI1 is associated with a hot immune
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microenvironment in AML. Similar to BIRC3, PELI1 may be a predictor of immunotherapy efficacy. PELI1 promotes the development
and metastasis of many tumors and is associated with poor prognosis. To the best of our knowledge, this is the first study to verify that
PELI1 is a risk factor for AML. Additionally, our results showed that NFKBIA, TREM2, and PRKACG correlated with a hot immune
microenvironment. NFKBIA encodes an inhibitor of NF-kB, which is a well-known inflammatory regulator associated with cancer
progression [44,45]. NFKBIA polymorphisms are significantly associated with the risk of various cancers [46]. We also demonstrated
that NFKBIA is a risk factor in AML. TREM2 inhibits the NLRP3 inflammasome to protect macrophages from bacterial
infection-induced apoptosis. In tumors, TREM2 is expressed in macrophages and is responsible for tumor growth. Targeting TREM2
can enhance the T cell response to PD1 inhibitors [47]. In contrast, TREM2 was positively correlated with gamma delta T cells,
regulatory T cells, and monocytes in AML. TREM2 could not predict the immunotherapy response in AML. As a subunit of protein
kinase (PKA), PRKACG is involved in RUNX1 mutations in AML patients [48]. Interestingly, our study confirmed that PRKACG is
beneficial in selecting patients for immunotherapy.

In contrast, our study showed that ELANE, IL1R1, and UCHLI correlated with a cold immune microenvironment. Previous studies
showed that ELANE cleaves and activates GSDMD to mediate pyroptosis in neutrophils [49]. AML susceptibility is characterized by
cyclic neutropenia (CyN) and severe congenital neutropenia (SCN). Heterozygous mutations in ELANE could cause CyN and SCN [54].
Similarly, granulocyte colony-stimulating factor (G-CSF) also induces leukemia cell pyroptosis by targeting ELANE [50]. ELANE is of
great value for the treatment of refractory and recurrent AML. This study showed that ELANE is associated with a cold immune
microenvironment. Hence, we speculated that ELANE results in a cold tumor state, and targeting ELANE could reverse this phe-
nomenon. There are many complex biological actions of the IL1/IL1R1 signaling pathway in malignant tumors [51]. Among the li-
gands of IL1R1, IL1a enhances T cell-mediated antitumor immunity to suppress tumor growth, whereas IL1 stimulates tumor growth
[52]. Silencing IL1R1 in AML contributes to a notable suppression of AML cell proliferation and cancer progression [53]. Similarly, we
found that IL1R1 is a risk factor for AML and is correlated with a cold immune microenvironment. Thus, ILIR1 may be a potential
target in AML. UCHLI is a member of the UCH family of deubiquitinating enzymes (DUBs) and participates in many cellular processes,
including cell cycle regulation, inflammatory responses, and oncogenesis [54]. Recently, UCHL1 was found to be highly expressed in
carcinomas of various tissue origins and inhibited apoptosis and necroptosis to promote proliferation and invasion [55-57]. In line
with these findings, our study revealed that UCHL1 expression is related to inferior clinical outcomes in patients with AML. In
summary, our study established and verified a PANoptosis risk signature for predicting survival and the immunological treatment
response in patients with AML.

5. Limitations and current perspectives

Our study had several limitations. For instance, we performed a signature analysis using transcriptome data from public databases;
therefore, the sample data are limited. However, these results lacked experimental support. Additionally, because data on AML
immunotherapy are deficient, the evaluation we performed was limited. Therefore, in future studies, we will conduct experiments and
further investigations to explore the mechanisms of the PANoptosis risk signature in AML. Our study represents a significant
advancement in the field of cell death. Through in-depth studies, we can better understand the molecular mechanisms and patho-
physiology of AML.

6. Conclusions

The PANoptosis-risk signature could be an independent prognostic factor for AML. Three model factors including BIRC3, PELI1 and
PRKACG are potential biomarkers for immunotherapy efficacy prediction in AML.
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