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Background: Limited data were available to understand the significance of ferroptosis in leukemia prognosis, regardless of the
genomic background.

Methods: RNA-seq data from 151 AML patients were analyzed from The Cancer Genome Atlas (TCGA) database, along with 70
healthy samples from the Genotype-Tissue Expression (GTEx) database. Ferroptosis-related genes (FRGs) features were constructed
by multivariate COX regression analysis and risk scores were calculated for each sample and a novel prediction model was identified.
The validation was carried out using data from 35 AML patients and 13 healthy controls in our cohort. Drug sensitivity analysis was
conducted on various chemotherapeutic drugs.

Results: A signature of 10 FRGs was identified, as prognostic predictors for AML, and the risk scores were calculated to constructed the
prognostic features of FRGs. Significantly lower overall survival was observed in the high-risk group. The predictive ability of these
features for AML prognosis was confirmed using Cox regression analysis, ROC curves, and DCA. The prediction model performed well in
our clinical practices, and had its potential superiority when comparing to classical NCCN risk stratification. Multiple chemotherapy drugs,
including paclitaxel, dactinomycin, cisplatin, etc. had a lower IC50 in FRGs high-risk group than low-risk group.

Conclusion: The AML prognosis model based on FRGs accurately predicts AML prognosis and drug sensitivity, and the drugs
identified worthy further investigation.

Keywords: ferroptosis, prediction model, TCGA, acute myeloid leukemia, drug sensitivity

Introduction

Acute myeloid leukemia (AML) stands as a principal type of adult acute leukemia, predominantly affecting the elderly.'
The development of AML is attributed to various factors, including chromosomal abnormalities, gene mutations, and
exposure to certain chemicals.” The 5-year survival rate hovers around 30%.>* Presently, the most widely used and
precise assessment of AML relies on cytogenetic distinctions, where patients harboring high-risk molecular mutations
exhibit poorer prognoses.”’ Nevertheless, with the emergence and application of novel drugs like BCL-2 inhibitors and
FLT3 inhibitors, many AML cases with high risks, such as FLT3, P53, RUNXI mutations, have experienced improved
remission and prolonged survival.*'? To date, several innovative prognosis models are under development, enhancing
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Ferroptosis, a prevalent and ancient form of cell demise driven by iron-dependent phospholipid peroxidation, is regulated by
diverse cell metabolism-related signaling pathways.'>!” Ferroptosis plays a crucial role in cancer cells, particularly those prone
to metastasis, and its involvement in AML has been documented. Leukemic cells often display heightened iron intake and
diminished iron expulsion, culminating in elevated intracellular iron levels, a vital component for proliferation and
differentiation.'®'® Currently, certain ferroptosis-related genes (FRGs) have been confirmed to participate in the survival of
AML cells.?>*! GPX4, a crucial protein involved in ferroptosis, exhibits heightened expression profiles across numerous
subtypes of AML, and its high expression is consistently associated with poor prognosis in AML patients.”*** The inhibition
of GPX4 is regarded as a promising therapeutic strategy, with the capability to specifically induce ferroptosis and thereby
eradicate myeloid leukemia cells.”* Therefore, targeting iron balance and instigating ferroptosis may offer fresh insights into
AML therapy.

Due to the intricacy of gene mutations, a solitary gene mutation may inadequately explain disease prognosis. Consequently,
polygenic interactions have been incorporated into disease prognosis prediction models, facilitating the development of new
models that integrate information from multiple genes to more comprehensively reveal disease outcomes.?>® Previous scholars
have identified some prognostic models based on ferroptosis-related genes, which have certain clinical value but not been
systematically clinically validated and cannot adequately guide clinical work.?’~® In this context, we integrated multi-gene
information from The Cancer Genome Atlas (TCGA) database and The Genotype-Tissue Expression (GTEx) database to
formulate a novel prediction model for FRGs to supplement this. And we also further validated the model’s accuracy using
clinical data from our center and additionally forecasted drug sensitivity to explore potential therapeutic options for AML
patients. This comprehensive approach seeks to furnish valuable insights into disease prognosis and offer potential implications
for clinical treatment. This study has been registered at chictr.org.cn as # ChiCTR****** and the technological roadmap is
depicted in Figure 1.

Materials and Methods

Identification of the FRGs Prediction Model

Data Collection and Processing

RNA-seq data and corresponding clinical information of LAML patients were obtained from the TCGA database
(https://www.cancer.gov/ccg/research/genome-sequencing/tcga).”’ This dataset included follow-up time, gender, age,
race, French-American-British (FAB) classifications, cytogenetic risk, and white blood cell (WBC) count (x 10°/L).
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Additionally, RNA-seq data from healthy donors were downloaded from the GTEx database (https://gtexportal.org/).

The set of ferroptosis-related genes (FRGs) was retrieved from the FerrDb database (http://www.zhounan.org/ferrdb/

current/).>° For further analysis, we normalized each microarray data, removed batch effects, and combined the data
using the “sva” package. To identify differentially expressed FRGs, differential analysis was conducted using the
“limma” package. Genes with significant differences in expression levels were selected based on the absolute value of
log, fold change (log2FC) > 1 and an adjusted P value < 0.05.

GO and KEGG Enrichment Analysis

The functions of up-regulated and down-regulated differentially expressed genes (DEGs) related to ferroptosis were
examined. A P value of <0.05 was used as a threshold to screen for significant enrichment results. Gene Ontology (GO)
enrichment analysis was employed to assess the biological pathways associated with the DEGs, with a focus on
biological processes (BP), molecular functions (MF), and cellular components (CC) that were regulated by the
differentially expressed FRGs. The BP, CC, and MF of TOP10 were visualized according to the Qvalue ranking.
Kyoto Encyclopedia of Genes and Genomes (KEGGQG) enrichment analysis was also performed using the “ggplot2”
package in R. The TOP30 KEGG pathways were visualized according to the Qvalue ranking.

Confirmation of Prognostically Relevant FRGs

We only used data from AML patients to identify prognostic models. In subsequent analyses, we excluded 11 samples
without survival information. The expression matrix of the FRGs was integrated with survival data, and the identification
of genes closely associated with overall survival (OS) was carried out. Univariate Cox regression was employed to screen
for FRGs associated with OS in AML patients. Subsequently, for a more refined selection, we leveraged the “glmnet”
package in R, which implements Least Absolute Shrinkage and Selection Operator (LASSO) regression. This approach
was further refined through 10-fold cross-validation to optimally tune the L1 penalty parameter, aiming to reduce the
number of genes and thereby mitigate the risk of overfitting. A set of FRGs characteristics was constructed through
multivariate COX regression analysis, and the risk score for each sample was calculated using the following formula:

Riskscore = Y. Coef RNAi x Exp RNAi

where Coef RNAi is the i FRG’s coefficient and Exp RNAI is the i™ FRG’s expression. Risk scores were assessed for
each AML patient, dividing them into low-risk (below the median) and high-risk (above the median) groups based on
the median. The risk score was standardized using this formula: Risk score = (Risk score - Min) / (Max - Min). To
comprehend the functional and expression-related relationships among individual FRGs, we employed STRING
(https://string-db.org) with the confidence level = 0.400 and analyzed for pairwise correlation using spearman.

Prognostic value assessment of the risk score was conducted using Kaplan-Meier analysis, univariate and multivariate
COX regression analysis. A nomogram chart was developed based on prognostic characteristics to predict the OS of
AML patients at 1 year, 3 years, and 5 years.

Comparison of Our Model with National Comprehensive Cancer Network (NCCN) Classical Model

We obtained AML RNA expression data, somatic mutation data, CNV files, and corresponding clinical and pathological
information from the TCGA-LAML program. The “maftools” package was utilized to create Mutation Annotation
Format (MAF) from the TCGA database for a deeper understanding of the somatic mutation landscape in AML patients.
We categorized TCGA AML patients into poor/adverse, favorable, and intermediate groups following NCCN guidelines.
Due to the limited number of patients in the favorable group, we conducted Kaplan-Meier analysis for patients in the
favorable/intermediate group and poor/adverse group.

Validation of the Prediction Model

Clinical Data Sources

We conducted a retrospective study involving 35 AML patients and 13 healthy controls treated at the Hematology
Department of ****** from September 2019 to September 2022. The diagnosis of AML was based on the Diagnosis and
Therapeutic Effect Criteria for Hematological Diseases.®' Inclusion criteria: Patients met the diagnostic criteria for newly
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diagnosed AML. Exclusion criteria: Patients with diseases involving primary abnormal cell proliferation other than
AML, such as myelodysplastic syndrome, chronic leukemia, etc.; patients with heterozygous and mixed leukemias;
individuals with severe heart, brain, liver, kidney disease, and mental illness; Eastern Cooperative Oncology Group
(ECOG) score > 2 points.

Real-Time Fluorescent Quantitative PCR for Bone Marrow FRGs

We employed real-time fluorescent PCR to assess the expression levels of FRGs in bone marrow samples, including
ACSF2, CDOI1, LPINI, MYB, GPX4, MT1G, FH, DNAJB6, PSAT1, SOCSI1, and ACTB mRNA. Total mRNA was
extracted from cells using the one-step Trizol method following kit instructions. We extracted 2pug of total RNA from
bone marrow cells, synthesized cDNA by sequentially adding 10 pL of 2 x ChamQ Universal SYBR qPCR Master Mix,
2 pL of Primer Mix (5uM), and 8 pL of Template cDNA and ddH2O. The reaction mixture was subjected to the
following conditions: 37 °C for 15 min, then 85 °C for 5 s, and stored at 4 °C, then stored at —20 °C. Reaction conditions
were as follows: 50 °C for 2 min (one cycle); 95 °C for 10 min (one cycle); followed by 40 cycles of 95 °C for 10s and
60 °C for 30s. Subsequently, 95 °C for 15s, 60 °C for 60s, and 95 °C for 15s were used. The data were calculated using
the RQ=2"*“" method with ACTB as the internal reference. Primer sequences can be found in Table 1.

Validation of the FRGs Signature
Utilizing our prediction model, we categorized our AML patients into high-risk and low-risk groups. Kaplan-Meier
analysis, COX regression, and Decision Curve Analysis (DCA) were used to validate the model.

Screening for Potentially Effective Drugs Based on Our Model

We retrieved data from the Genomics of Drug Sensitivity in Cancer (GDSC) database.*> Construction of “ridge
regression” to predict commonly used chemotherapeutic drugs IC50 based on GDSC cell line expression profile and
TCGA gene expression profile, which were used to examine the clinical performance of chemotherapy in AML patients
with varying risk score backgrounds.

Table | Primer Sequences for Ferroptosis-Related Genes

Gene Primer

ACSF2 Forward: 5'-GAAGGACCTGGTGGTTGCTTA-3’
Reverse: 5'-CAGTACCCTCGGATGCACAG-3’
cDol Forward: 5’-ATCAGCCATACGGAACCTGC-3’
Reverse: 5'-CGAGCCCGAAGTTGCATTTG-3’
LPINI Forward: 5'-GGTGCATAGGGATAACTTCCTGA-3’
Reverse: 5'-AGAAATCAATGGGGAATCTGTGGA-3’
MYB Forward: 5'-TCCCAAGTCTGGAAAGCGTC-3’
Reverse: 5'-GCACATCTGTTCGATTCGGG-3’
GPX4 Forward: 5'-AGCAAGATCTGCGTGAACGG-3’
Reverse: 5'-TTCCACTTGATGGCATTTCCC-3’
MTIG Forward: 5'-TTCCACGTGCACCCACTG-3’
Reverse: 5’-GGAGCAGCAGCTCTTCTTG-3’

FH Forward: 5'-TACCTGTGCATCCCAACGAT-3’
Reverse: 5'-AACCACTAAATTCCTGCCCA-3
DNAJB6 | Forward: 5-GCTGTCGGATGCTAAGAAACG-3’
Reverse: 5'-GGTTACGGAATGTGAAGCCAAAT-3’
PSAT | Forward: 5'-CATCTACGTCATGGGCTTGGTT-3’
Reverse: 5’-GCCAGCTTCTGAACGTCTTC-3’
socs| Forward: 5-GTCCCCCTGGTTGTTGTAGC-3'
Reverse: 5'-GAAGAGGTAGGAGGTGCGAG-3’
ACTB Forward: 5'-GATTCCTATGTGGGCGACGA-3’
Reverse: 5’-AGGTCTCAAACATGATCTGGGT-3’
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Statistical Analysis

Statistical analysis was conducted using the Bioconductor software package in Rx64 4.1.0. We assessed the sensitivity
and specificity of the prognostic features in comparison to other clinical pathological features using receiver operating
characteristic curves (ROC) and DCA. Logistic regression analysis and heatmaps were employed to analysis the
relationship between clinical pathological features and FRGs. Kaplan-Meier survival analysis was used to evaluate the
survival of AML patients based on ferroptosis features. Normally and non-normally distributed variables were analyzed
by Unpaired Student’s 7-test and Wilcoxon test, respectively. A significance level of P <0.05 was considered statistically
significant in all analyses.

Results

Identification of FRGs Prediction Model for LAML

Enrichment Analysis of FRGs

A total of 221 samples, comprising 151 AML patients from the TCGA database and 70 normal donors from the GTEx
database, were identified, and 184 DEGs related to ferroptosis were revealed through differential analysis (see
Supplementary Table 1). GO enrichment analysis produced 2170 results, including 1712 BP enriched results primarily

associated with cellular response to chemical stress, response to oxidative stress, and response to nutrient levels. There
were 70 CC enriched results, primarily related to autophagosome, phagophore assembly site, and autolysosome, and 133
MF enriched results primarily related to functions like ubiquitin protein ligase binding, ubiquitin-like protein ligase
binding, and RNA polymerase II-specific DNA-binding transcription factor binding (refer to Figure 2A and
Supplementary Table 2). KEGG enrichment analysis resulted in the identification of 154 enriched pathways. Among

them, Autophagy-animal, Ferroptosis, Mitophagy-animal, and Autophagy-other may play an important role in AML
(refer to Figure 2B and Supplementary Table 3).

The Prognostic Features of 10 FRGs

In a univariate COX analysis, 30 genes (ACSF2, G6PD, PGD, LPCAT3, SLC1AS, CARS1, MAPK3, SOCSI1, CDOl,
MYB, LPIN1, IDH1, DNAJB6, BNIP3, DDIT4, SESN2, PSAT1, KLHL24, HSD17B11, AGPAT3, GPX4, HSPBI,
HSF1, MT1G, FADS2, SRC, CDKNI1A, ENPP2, FH, OTUBI1) were found to be associated with the prognosis of AML
(see Figure 3). Subsequently, through a multivariate COX analysis, 10 factors (ACSF2, SOCS1, CDO1, MYB, LPIN1,
DNAJB6, PSAT1, GPX4, MT1G, and FH) were determined to be prognostic predictors for AML. Risk scores were
calculated, and the prognostic features of FRGs were constructed using the formula: Risk score = —0.0234608484897763
* Expression of ACSF2 + 0.348749941214919 * Expression of CDO1 + 1.13835170050152 * Expression of LPIN1 +
—0.10241309646517 * Expression of MYB + 0.353256404399872 * Expression of GPX4 + 0.828201566822827 *
Expression of MT1G + —0.127737677888945 * Expression of FH + —0.871163009433076 * Expression of DNAJB6 +
1.39053870225325 * Expression of PSAT1 + —1.20437319972552 * Expression of SOCS].

The Crosstalk Among 10 FRGs

Correlations among the 10 FRGs were shown in Protein-Protein Interaction Networks, with GPX4 and ACSF2
potentially being identified as key genes in sequencing according to degree (see Figure 4A). Correlation analysis
indicated that the expressions of LPIN1 and ACSF2, GPX4 and ACSF2, PSAT1 and SOCS1, DNAJB6 and MYB,
MTI1G and PSAT1, MT1G and GPX4, FH and PSATI, FH and MT1G were found to be positively correlated.
Conversely, the expressions of CDO1 and ACSF2, MYB and SOCS1, GPX4 and MYB, GPX4 and DNAJB6, PSAT1
and LPIN1, MT1G and LPIN1, FH and DNAJB6 were found to be negatively correlated (P < 0.05, see Figure 4B).

The Risk score Serves as an Independent Prognostic Indicator for LAML Patients

Kaplan-Meier analysis revealed a significantly lower survival rate in the high-risk group compared to the low-risk
group (P < 0.001, as shown in Figure 5A). A negative correlation between the risk score and the survival rate of AML
patients was observed (Figure 5B). Subsequently, univariate and multivariate COX regression analyses were performed
to assess whether clinical characteristics (Age, Gender, Race, WBC count (x10°/L), FAB classifications, Cytogenetic
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risk) and risk score were independent predictors of OS. The results of the univariate COX analysis indicated that FRGs
risk features (Hazard Ratio (HR) = 1.018, 95% CI: 1.011-1.025), Age (HR = 1.049, 95% CI: 1.031-1.067), and
Cytogenetic risk (HR = 0.568, 0.410-0.786) were all significant risk factors (Figure 5C). The results of the multi-
variate COX analysis showed that FRGs risk features (HR = 1.014, 95% CI: 1.006-1.021), Age (HR = 1.040, 95% CI:
1.023-1.058), and Cytogenetic risk (HR = 0.596, 0.412-0.864) were all significant predictors of OS (Figure 5D). The
P values for age, cytogenetic risk, and risk score in univariate and multivariate COX analysis were all less than 0.05,
indicating that they were independent predictors of OS in AML patients.

Furthermore, ROC and DCA were employed to evaluate the sensitivity and specificity of the prognostic features of
AML clinicopathological characteristics. The results of the ROC showed that Age (AUC = 0.721, 95% CI: 0.624-0.818),
Gender (AUC = 0.546, 95% CI: 0.455-0.637), Race (AUC = 0.522, 95% CI: 0.477-0.567), WBC count (AUC = 0.538,
95% CI: 0.431-0.645), FAB classifications (AUC = 0.604, 95% CI: 0.501-0.707), Cytogenetic risk (AUC = 0.354, 95%
CI: 0.264-0.444). The area under the curve (AUC) for the FRGs was 0.722 (95% CI: 0.631-0.812) (Figure 5E), with
AUCs of 0.722, 0.693, and 0.651 for 1, 2, and 3 years, respectively (Figure 5F), suggesting its capability to predict the
prognosis of AML patients (Figure 5G). Additionally, the correlation heatmap of the prognostic features of FRGs with
clinical and pathological features was analyzed (Figure 5H). By integrating clinical pathological characteristics,
a nomogram chart of the prognostic features of FRGs was constructed, providing a more accurate and stable representa-
tion of the mutual relationships between variables and playing a certain role in the clinical management of AML patients,
patients with high scores mean that they may have a shorter survival time (Figure 5I).
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Figure 3 Univariate Cox analysis of ferroptosis-related genes.

Advantage and Limitation of the Risk Stratification Based on Genomic Mutation

Somatic mutation data from the TCGA-LAML dataset were analyzed, revealing that 66.43% (93 out of 140) of
AML samples exhibited gene mutations, with 153 FRG mutations. Missense mutation was the most prevalent type,
and single nucleotide polymorphism (SNP) was the most common variant type, with C>T being the most frequently
observed single nucleotide variant (SNV). Among the mutated genes in AML, NPM1 exhibited the highest mutation
frequency, followed by TTN, DNMT3A, IDH2, and TP53 (Figure 6A). Furthermore, a waterfall plot was utilized to
depict the top 50 genes with the highest mutation rates, with TP53, FLT3, and KRAS mutations among the top 15
genes (Figure 6B). Based on molecular genetic changes, AML patients were categorized into poor/adverse and
favorable/intermediate groups. Kaplan-Meier analysis demonstrated a lower survival rate in the poor/adverse group
compared to the favorable/intermediate group (P = 0.062) (Figure 6C), though the difference was not statistically
significant. Furthermore, DCA were employed to evaluate the sensitivity and specificity of the prognostic features of
NCCN model and our model (Figure 6D).
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Figure 5 Development and validation of prognostic ferroptosis-related gene signature. (A) showed that patients in the high-risk group had a significantly lower survival rate
compared to those in the low-risk group (P < 0.001). (B) showed the risk score, survival status and heatmap of patients in the two groups. Univariate (C) and multivariate
(D) cox regression analyses showed that age, cytogenetic risk and risk score were independent predictors of OS in AML patients (P < 0.05). ROC analysis (E), time-
dependent ROC analysis (F), DCA analysis (G) showed risk score can effectively predict the prognosis of AML patients. 5H showed the heatmaps of clinical information and
gene characteristic. 5| Nomogram Diagram has a certain role in the clinical management of AML patients.

FRGs performed well in terms of prognostic accuracy based on our cohort samples.
Overall, 13 healthy controls (7 males, 53.85%) and 35 newly diagnosed AML patients (20 males, 57.14%) (including 4
patients diagnosed with AML-M1, 13 with AML-M2, 3 with AML-M3, 4 with AML-M4, and 11 with AML-NA) were
included in this analysis (detail showed in Table 2). The enrolled AML patient cohort exhibited a median age of 58 years
(ranging from 9.3 to 90 years) and the median follow-up was 6.9 months (ranging from 1 to 49.6 months).
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Figure 6 Gene mutation landscape and survival analysis of AML. (A) showed that AML patients has a high mutation rate. Gene mutation waterfall diagram (B) showed the
top 50 genes with the highest mutation rates. Kaplan-Meier analysis showed (C) a lower survival rate in the poor/adverse group compared to the favorable/intermediate
group (P = 0.062). DCA analysis (D) showed the sensitivity and specificity of the prognostic features of NCCN model and our model.

Fluorescence quantitative PCR was conducted on bone marrow samples from both AML patients and healthy donors,
using ACTB as an internal control. The results indicated significant differences in the expression levels of ACSF2,
LPIN1, MYB, GPX4, MTI1G, FH, and PSAT1 between healthy individuals and AML patients (P < 0.05, as depicted in
Figure 7A). Utilizing our prediction model, we stratified AML patients into high-risk and low-risk groups. Among these,
17 patients were included in the high-risk group and 18 patients were included in the low-risk group. Age, gender,
diagnose, risk stratification by genetics (NCCN), and initial treatment, were not statistically different between the two
groups (Supplementary Table 4).

Furthermore, Kaplan-Meier analysis unveiled that the high-risk group exhibited a markedly lower survival rate
compared to the low-risk group (P < 0.01, as shown in Figure 7B). The results of the univariate COX analysis indicated
that FRGs risk features (HR = 1.384, 95% CI: 1.153-1.660), remission after initial treatment (HR = 0.189, 95% CI:
0.055-0.656), and refractory / relapse (HR = 5.163, 1.364-19.553) were all significant risk factors (Figure 7C). The
results of the multivariate COX analysis showed that FRGs risk features (HR = 1.497, 95% CI: 1.108-2.024), and
refractory / relapse (HR = 13.178, 95% CI: 1.390-124.949) were all significant predictors for OS (Figure 7D). We
observed an AUC of 0.763 for the FRGs in the ROC (Figure 7E), with AUCs of 0.763, 0.798, and 1.000 for 1, 2, and 3
years, respectively (Figure 7F), validating its capability to predict the prognosis of AML patients (Figure 7G).

Potential Treatment for AML Patients Based on Our Prognostic Model

7,33-37

Referring to prior reports, we obtained 20 chemotherapy drugs potentially applicable for leukemia treatment

(navitoclax, crizotinib, pinometostat, mitoxantrone, nilotinib, nelarabine, gefitinib, ibrutinib, paclitaxel, 5-fluorouracil,
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Table 2 Clinical Characteristics

of the AML Patients in Our Center

Patient # | Gender | Age Diagnosis | Treatment Risk Risk status (FRGs | Remission after Refractory/ os Outcome
(F/IM) (years) stratification prognosis model) | initial treatment Relapse within (months)
(NCCN) follow up
| F 65 AML IA regimen Poor/Adverse Low Yes No 49.6 Alive
2 F 4| AML-M4 IDA; HAA regimen Poor/Adverse Low No Yes 31.1 Alive
3 M 55 AML HAA regimen; IDA + HHT Poor/Adverse High Yes No 1.5 Dead
4 M 42 AML-M2a HAA regimen; IA regimen Favorable Low Yes Yes 252 Alive
5 M 63 AML-MI HA regimen Poor/Adverse Low Yes No 222 Alive
6 F 55 AML-M2 HA regimen Poor/Adverse High Yes No 21.2 Alive
7 M 62 AML-M2 HAA regimen; HA regimen Poor/Adverse Low Yes No 342 Alive
8 M 68 AML AZA + HA regimen Poor/Adverse High Yes No 29.3 Alive
9 F 64 AML AZA + HA regimen Poor/Adverse High Yes Yes 10.8 Dead
10 F 57 AML-M5 Ara-C+ VEN; AZA Poor/Adverse High No Yes 2.0 Dead
I M 25 AML-M2a IA regimen Intermediate Low No No 289 Alive
12 F 60 AML-M5b | VEN; AS+VEN Poor/Adverse Low No Yes 395 Dead
13 F 58 AML-M2a HAA regimen; AZA + VEN Poor/Adverse High No Yes 6.9 Dead
14 M 96 AML-M5 AZA + VEN N/A High Yes Yes 4.8 Dead
15 F 64 AML Ara-C Poor/Adverse High No No 1.5 Dead
16 F 74 AML-M2 AZA + VEN; VEN + HAA regimen Poor/Adverse High Yes No 2.5 Alive
17 F 55 AML DA Intermediate High Yes Yes 19.7 Alive
18 M 18 AML-M2b | VEN + HAA regimen; FA regimen Favorable High Yes No 15.2 Alive
19 M 32 AML IDA; G-CSF + HAD regimen Intermediate Low Yes No 14.4 Alive
20 M 58 AML-MI HAA regimen Poor/Adverse High No Yes 1.0 Dead
21 M 87 AML-M5b | AZA + VEN N/A High No Yes 4.7 Alive
22 F 52 AML-M2 AZA + VEN Intermediate High No Yes 3.0 Dead
23 F 58 AML-M2a AZA + VEN Intermediate Low Yes No 20.5 Alive
24 M 31 AML IA regimen Poor/Adverse Low Yes No 13.2 Alive
25 M 6l AML -M4 AZA + VEN Favorable High Yes No 4.8 Alive
26 M 46 AML-M2a IA regimen Poor/Adverse Low Yes No 59 Alive
27 F 26 AML-MI Ara-C + VEN; HAE regimen Intermediate Low Yes No 10.9 Alive
28 M 9.3 AML-M2 HAG regimen; VEN + SOR + AZA Poor/Adverse High No Yes 59 Dead
29 M 35 AML-M2 AZA + VEN; IDA Intermediate Low Yes No 6.8 Dead
30 M 74 AML AZA + VEN Intermediate High Yes No 13.8 Alive
31 M 59 AML-MI AZA + VEN; HA Intermediate Low Yes No 35 Alive
32 M 58 AML-M4 AZA + VEN+HHT Favorable Low Yes No 3.1 Alive
33 F 64 AML AZA + VEN Poor/Adverse Low Yes No 53 Alive
34 F 70 AML-M2a AZA + VEN Poor/Adverse Low Yes No 4.1 Alive
35 M 57 AML AZA + VEN Poor/Adverse Low Yes No 33 Alive

Notes: IA regimen: IDA + Ara-c; HAA regimen: HHT + Ara-C + ACM; HA regimen: HHT + Ara-C; FA regimen: Flu + Ara-C; HAD regimen: HHT + DA + Ara-C; HAE regimen: HHT + Ara-c + Eto; HAG regimen: HHT + Ara-C + G-CSE
Abbreviations:AML, Acute Myelocytic Leukemia; DA, Daunorubicin; IDA, Idarubicin; Ara-c, Cytarabine; HHT, Homoharringtonine; ACM, Aclacinomycin; AZA, Azacytidine; VEN, Venetoclax; IDR, Idarubicin; AS, Arsenious acid; Flu,
Fludarabine; G-CSF, Granulocyte colony-stimulating factor; Eto, Etoposide; SOR, Sorafenib; CR, complete response; PR, partial response; NR, No Response.
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Figure 7 Clinical sample studies at our center. Real-time fluorescence quantitative PCR (A) on the bone marrow of AML patients and healthy donors. Kaplan-Meier analysis
(B) showed the survival rate of the high-risk group was significantly lower than that of the low-risk group. Univariate (C) and multivariate (D) cox regression analyses, ROC
analysis (E), time-dependent ROC analysis (F), and DCA analysis (G) validated the feasibility of FRGs prediction model. ***P < 0.001, **P < 0.01, ns: not significantly.

cisplatin, topotecan, vinorelbine, cyclophosphamide, vorinostat, camptothecin, dactinomycin, irinotecan, carmustine,
cytarabine) from GDSC. Subsequently, we predicted their IC50 values in TCGA-LAML patients based on our prognostic
model. Our findings revealed that the IC50 values of navitoclax (a BCL-2 inhibitor) in the high-risk group were
significantly higher than those in the low-risk group. Additionally, paclitaxel (an autophagy inducer), 5-fluorouracil
(an antipyrimidine agent), cisplatin (a mitotic inhibitor), topotecan (a topoisomerase I inhibitor), vinorelbine (an
antimitotic agent), camptothecin (a topoisomerase I inhibitor), dactinomycin (an autophagy activator), and irinotecan
(a topoisomerase I inhibitor) exhibited significantly lower IC50 values in the high-risk group compared to the low-risk
group (P < 0.05, Figure 8A-I).

Discussion

AML is a prevalent hematological malignancy with a dismal prognosis. Therefore, it’s crucial to study early detection
and treatment methods for AML. In the past, prognostic prediction models based on cytogenetic and molecular
genetics have been quickly applied to clinical practice once developed.*® However, the application of classical risk
models are constrained by the fact that a certain proportion of patients do not exhibit alterations in cytogenetic and
molecular genetics. With the advent and utilization of novel therapeutic agents, the prognosis of patients once deemed
to have unfavorable outcomes.**** Therefore, a new prognostic model is urgently needed to predict the prognosis of
AML in the era of new drugs. Nowadays, researchers have developed different prognostic model for AML concluding
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Figure 8 Drug sensitivity analysis of high-risk group and low-risk group. Navitocla (D) in the high-risk group were significantly higher than those in the low-risk group.
Paclitaxel (A), vinorelbine (B), topotecan (C), irinotecan (E), 5-fluorouracil (F), dactinomycin (G), cisplatin (H), camptothecin (I) in the high-risk group were significantly
lower than those in the low-risk group. **FDR < 0.001, **FDR <0.01, *FDR< 0.05.

43 complement system-related

cuproptosis-related genes,*' deconvoluted cell-type abundance,** hypoxia-related genes,
genes.** Although these models show certain predictions, they all have some limitations. Ferroptosis plays an
important role in the progression of AML. Research has shown that leukemia cells are more susceptible to the

buildup of harmful ROS compared to other cancer cells, leading to irreparable peroxidative damage and
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ferroptosis.*>*® This unique form of cell death offers new possibilities for treating and predicting AML outcomes.
Combining iron-based cell death triggers with chemotherapy can increase the effectiveness of the latter, improving the
chances of remission.'” Therefore, it is particularly important to analyze the genes of ferroptosis for the prognosis of
AML and to develop flexible personalized treatment plans based on ferroptosis-related genes risk model.

In our study, we identified ten genes (ACSF2, SOCS1, CDO1, MYB, LPIN1, DNAJB6, PSAT1, GPX4, MT1G, FH)
associated with ferroptosis as independent prognostic factors for AML. Using these ten genes, we developed a prognostic
model that effectively predicts AML prognosis. Kaplan-Meier analysis demonstrated a significantly lower survival rate in
the high-risk group compared to the low-risk group (P< 0.001). In fact, it was previously reported that eight ferroptosis-
related genes were used to develop AML risk models, and the genes included in their models (including SOCS1 and FH)
also share some similarities with our model.*” However, this research have performed no validation of clinical samples,
which reduced the credibility of this model. These findings suggest that these ferroptosis-related genes could provide
valuable insights for future AML treatment and prognosis enhancement. Additionally, age and cytogenetic risk emerged
as independent prognostic factors for OS in AML patients, consistent with previous research.”**>° Moreover, our study
revealed a high mutation rate in AML patients, with ferroptosis-related genes potentially playing a pivotal role in AML
development. Traditionally, AML patients are classified into favorable, intermediate, and poor/adverse risk groups based
on cytogenetic and molecular genetics profiles.” Using this classification, we further divided AML patients into poor/
adverse and favorable/intermediate groups. We observed that the survival rate in the poor/adverse group was lower than
that in the favorable/intermediate group, and our model (P < 0.001) outperformed the classical NCCN risk model (P =
0.062) in terms of survival prediction. Notably, the limited number of patients in the favorable group may have
contributed to the lack of significant risk stratification using the classical NCCN risk model.

In our center’s sample, significant differences were found in ACSF2, LPIN1, MYB, GPX4, MTI1G, FH, and PSAT1
genes between healthy donors and AML patients (P < 0.05). Our study highlights GPX4 as a potential key gene for AML
intervention through ferroptosis. Previous research has consistently shown upregulation of GPX4 in AML, with high
expression correlating with poor prognosis.’! Up to date, few studies address the relationship between ACSF2 and the
prognosis of AML patients. Yao et al observed that the iron chelator deferoxamine can target ACSF2 to promote
traumatic spinal cord recovery and thus may be promising as a new therapeutic avenue by targeting the ferroptosis-
related gene ACSF2.%*> The LPINI gene is a member of the LPIN family, a key gene in the regulation of adipocyte
differentiation and lipid metabolism. Down-regulated the expression of LPIN1 can effectively enhance the anticancer
activity of novel HDAC/PI3K dual inhibitors.”> AML cells rely on high levels of MYB expression, which play
a downstream role in sustaining leukemia cells.®® MTIG is a class of small molecule proteins with highly conserved
structures that plays an important role in the pathogenesis of cancer, which reported to be associated with higher bleeding
rates, early mortality events and negative outcome effects on overall survival in acute promyelogenous leukemia.’>=°
PSAT1 is one of the key enzymes in the serine synthesis pathway, and knockdown of PSAT1 leads to the inhibition of
tumor cell proliferation, migration, and invasion in vitro.’” Furthermore, mutations in FH were also found to be
associated with some cancers. These proved our study with clinical coincidence.’® Our study classified AML patients
into high and low-risk groups, demonstrating significant differences in overall survival probability between them using
Kaplan-Meier analysis. We further validated the reliability of our model for predicting patient prognosis through COX
regression analysis, ROC and DCA. These findings underscore the specificity and robustness of our model, even with
a smaller sample size, suggesting its potential superiority in distinguishing patient survival compared to traditional
methods.

To identify potential therapeutic options for patients with diverse genetic backgrounds, we conducted an analysis of
drug sensitivity. Our findings revealed notable differences in drug responses between high-risk and low-risk groups.
Specifically, the high-risk group exhibited significantly higher IC50 values for navitoclax, a BCL-2 inhibitor, in contrast
to the low-risk group. Conversely, paclitaxel, 5-fluorouracil, cisplatin, topotecan, vinorelbine, camptothecin, dactinomycin,
and irinotecan displayed significantly lower IC50 values in the high-risk group compared to the low-risk group. Notably,
conventional chemotherapeutics such as cytarabine and anthracycline (mitoxantrone) showed no discernible differences.
Currently, the international standard induction regimen involves combining cytarabine with anthracycline, which continues
to yield favorable outcomes in various contexts, solidifying its role in AML treatment.’® Nevertheless, our exploration
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suggests the potential for optimizing chemotherapy drugs based on individual genetic profiles. Prior research has high-
lighted the significance of BCL-2 inhibitor treatment in refractory AML cases.® It has been effective in mitigating the
adverse prognostic impact of mutations in splicing factor genes, as recognized in the European Leukemia Net 2022 risk
stratification.’’ However, our model unveils a resistance to BCL-2 inhibitor (navitoclax) in the high-risk patient group.
Therefore, caution is warranted when considering the utilization of BCL-2 inhibitors for this subgroup. Furthermore, our
analysis revealed that the high-risk patient group exhibited heightened sensitivity to unconventional drugs such as
paclitaxel, 5-fluorouracil, cisplatin, topotecan, vinorelbine, camptothecin, dactinomycin, and irinotecan. Research has
demonstrated that nanomedicine loaded with paclitaxel can selectively target AML cells and induce ferroptosis, ultimately
extending the survival of AML mice.®> Chemotherapeutic agents like 5-fluorouracil and cisplatin, commonly used in
treating solid tumors, have also exhibited anti-tumor effects through ferroptosis induction.®*** Additionally, dactinomycin
and other drugs have shown potential as therapeutic alternatives for relapsed/refractory AML cases.®> ¢’ These findings
align with our study, suggesting that a judicious combination of these unconventional drugs may offer a promising
treatment approach for the high-risk group characterized by specific ferroptosis-related genes.

However, our study still has some limitations. The clinical significance of these FRGs should be confirmed through
subsequent studies, as our research was constrained by a small sample size. As well as, the age range of patients in our
study was relatively limited. It’s crucial to acknowledge that the absence of data on complex karyotypes and the limited
number of patients in the favorable group could introduce bias into the risk assessment based on the NCCN guidelines.
Additionally, the drugs selected for this study should be considered as preliminary references for clinical treatment in
diverse patient populations, and their efficacy should be further validated through subsequent clinical investigations.

In summary, we successfully identified and validated ten FRGs (ACSF2, SOCS1, CDO1, MYB, LPIN1, DNAJB6,
PSATI1, GPX4, MTIG, FH) as potential prognostic indicators for AML patients. And a new AML prognosis prediction
model based on these genes was constructed which showed favorable performance in AML patient stratification and
prognosis prediction. Our study also provided potential therapeutic options for AML patients with diverse genetic
backgrounds based on this prediction model, which could enhance the outlook for AML patients.
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