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Abstract

Background: FIBP has been linked to adverse acute myeloid leukemia (AML) features, but whether its expression
identifies a ferroptosis-related biological state is unknown. We evaluated the association of FIBP with iron handling,
lipid-peroxidation defense, immune signatures, and survival while explicitly separating association from causal
mechanism.

Methods: The KEGG ferroptosis pathway was compared with the STRING first-shell FIBP network. Legacy TCGA-LAML
RNA-sequencing data were analyzed in 173 samples after log2(RSEM+1) transformation. Eleven prespecified genes
covering iron homeostasis, antioxidant defense, lipid remodeling, and mitochondrial function were compared across
median-defined FIBP groups and correlated with continuous FIBP expression. Marker-derived regulatory T-cell (Treg)
and M2-like macrophage scores were examined exploratorily. A ferroptosis sensitivity score was defined as mean
Z(TFRC, SLC11A2, ACSL4, LPCAT3) minus mean Z(FTH1, GPX4, AIFM2, DHODH). Overall survival was analyzed in 149
matched patients using Kaplan-Meier estimates, log-rank tests, 3-year restricted mean survival time (RMST),
continuous-variable Cox models with proportional-hazards diagnostics, bootstrap-corrected C-index, and time-
dependent area under the curve (AUC).

Results: The strict STRING and KEGG sets had no direct gene overlap. Four target genes were higher in FIBP-high AML
after transcriptome-wide false-discovery correction: FTH1, GPX4, AIFM2/FSP1, and LPCAT3. FIBP correlated positively
with GPX4 (rho=0.619), FTH1 (rho=0.512), LPCAT3 (rho=0.502), and AIFM2 (rho=0.285), and negatively with SLC11A2
(rho=-0.220) and ACSL4 (rho=-0.196). The global FIBP-M2 association was nominal (rho=0.157; P=0.039) but did not
remain significant after correction across the two immune scores (q=0.077); the Treg association was not reproduced.
Survival differed among low-FIBP, high-FIBP /high-score, and high-FIBP/low-score groups (log-rank P<0.001). Three-
year RMST was 729, 492, and 448 days, respectively; the two high-FIBP groups did not differ (RMST difference -44 days;
bootstrap 95% CI, -236 to 137). Continuous FIBP remained associated with mortality after adjustment for the score and
age (hazard ratio per SD, 1.420; 95% CI, 1.119-1.803; P=0.004), whereas the score was not independently associated
(P=0.657). Adding the score did not improve the FIBP-only C-index (0.637 vs 0.636; delta 0.0008, bootstrap 95% CI, -
0.0470 to 0.0014).

Conclusions: High FIBP expression is associated with an iron-buffering and antioxidant transcriptional phenotype and
adverse survival in AML, but the current data do not demonstrate direct FIBP control of ferroptosis or independent
prognostic value of the proposed sensitivity score. GPX4-, FSP1-, and ferritin-centered defenses are testable biological
hypotheses rather than established therapeutic indications.
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1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous myeloid malignancy characterized by clonal expansion, impaired
differentiation, and failure of normal hematopoiesis. Contemporary classification integrates cytogenetic and molecular
abnormalities, measurable residual disease, age, fitness, and treatment context, yet substantial outcome variation
remains within established risk groups.1 The Cancer Genome Atlas (TCGA) demonstrated that AML contains
combinatorial alterations affecting transcription factors, signaling pathways, epigenetic regulators, cohesin,
spliceosome components, and tumor suppressors.2 Transcriptomic phenotypes may therefore summarize disease
biology not fully represented by individual lesions.

Ferroptosis is an iron-dependent form of regulated cell death caused by uncontrolled phospholipid peroxidation.3 Its
execution reflects the balance among redox-active iron, membrane polyunsaturated fatty acids, and antioxidant
systems. ACSL4 promotes formation of ferroptosis-sensitive phospholipids,4 whereas GPX4, the CoQ oxidoreductase
FSP1, and mitochondrial DHODH establish complementary defense systems.5-7 AML is a plausible setting for
ferroptosis-based investigation because leukemic and stem-cell compartments have substantial oxidative and
metabolic requirements. GPX4 inhibition suppresses AML growth,8 ferritin-dependent iron homeostasis supports
hematopoietic and leukemic stem-cell survival,9 and NCOA4-mediated ferritinophagy is required by quiescent AML
stem-cell-enriched populations.10 Additional studies have identified PSTK-, PIEZO1-, FSP1-, and iron-metabolism-
dependent resistance programs in AML.11,12,32,33

FIBP encodes FGF1 intracellular binding protein, originally identified as an intracellular partner of mitogenic acidic
fibroblast growth factor.13 Later studies linked FIBP to tumor-cell and immune-cell fitness. FIBP was identified as a
negative marker of tumor-resilient T cells, and experimental deletion enhanced antitumor cytotoxicity.14 In lung
adenocarcinoma, FIBP interacted with STAT3, increased EME1 transcription, and contributed to radioresistance.15 In
AML, FIBP was found within a USP5-interacting complex containing C2CD5 and CDKS5; however, C2CD5, rather than
FIBP, was the functionally validated substrate driving PI3K/AKT/mTOR/HIF-1alpha signaling and glycolysis.16 These
observations support biological plausibility but do not establish an AML-specific FIBP mechanism.

Ma and colleagues reported that high FIBP expression in TCGA-LAML was associated with leukocytosis, peripheral-
blood blast burden, cytogenetic risk, NPM1 mutation, FAB classification, inferior survival, and immune enrichment.17
Their study establishes precedence and precludes framing FIBP as a newly discovered AML biomarker. The present
analysis instead addressed whether FIBP expression is associated with a more specific ferroptosis-related
transcriptional phenotype and whether a derived ferroptosis sensitivity score adds prognostic information. We
integrated pathway/network resources, TCGA-LAML expression, marker-based immune signatures, contextual clinical
results from the prior study, and patient-level survival. The study was explicitly designed as an association-based,
hypothesis-generating analysis; no causal mediation or treatment effect was tested.

2. Materials and Methods

2.1. Study design, ethics, and reporting framework

This retrospective integrative study used publicly available, deidentified transcriptomic and clinical data. It was
designed as a prognostic-marker and mechanism-generating reanalysis and was reported with reference to the
Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK).18 The protocol for the secondary
analysis was approved by the Medical Ethics Committee of the Second Affiliated Hospital of Fujian Medical University
([2023]4& =Bt 4 H 5 7(196)75). No identifiable participant information was accessed, and no additional informed
consent was required for analysis of public deidentified data.

2.2. Data sources and analytical cohorts

The human KEGG ferroptosis pathway (hsa04216) provided a 42-gene reference set.20 FIBP-related proteins were
defined by the STRING version 12.0 first-shell functional association network, restricted to the 10 highest-ranking
partners at a required combined score of at least 0.400.19 STRING edges were interpreted as functional associations
rather than necessarily direct physical interactions. Pathway over-representation was calculated against the Enrichr
KEGG_2021_Human library by one-sided hypergeometric testing with Benjamini-Hochberg correction.21,22 Because

1277



World Journal of Advanced Research and Reviews, 2026, 31(01), 1276-1290

the enrichment input was itself the KEGG ferroptosis set, enrichment findings were treated as descriptive rather than
independent confirmation.

Legacy TCGA-LAML RNA expression data were obtained from the cBioPortal DataHub and contained 173 samples with
RSEM abundance values.23,24 Patient-level overall survival and age were obtained from the TCGA-LAML Firehose
clinical annotation and matched by the first 12 characters of the TCGA barcode. Overall survival was available for 149
expression-matched patients, including 93 deaths. The expression cohort (n=173) and survival cohort (n=149) were
reported separately throughout.

2.3. Expression processing and whole-transcriptome comparison

Expression values were transformed as log2(RSEM+1). When multiple rows mapped to the same canonical gene, the
row with greatest across-sample variance was retained. The legacy symbol MRX63 was mapped to ACSL4 using Entrez
Gene ID 2182; TfR1, DMT1, and FSP1 were represented by TFRC, SLC11A2, and AIFM2, respectively. Samples were
divided at the median FIBP value into 86 low-expression and 87 high-expression samples. Welch two-sample t tests
were applied to analyzable genes, with Benjamini-Hochberg false-discovery rate (FDR) control across the
transcriptome. A reconstructed differential-expression result required an absolute high-minus-low mean log2
difference greater than 1 and FDR below 0.05. This RSEM-based reconstruction was not an exact replication of the prior
HTSeq-count/DESeq2 analysis, which reported 720 differentially expressed genes but did not provide a complete gene-
level table in the available materials.17

Table 1 Data sources and analytical cohorts

Analysis layer Dataset/size Role in the study

Pathway/network KEGG ferroptosis: 42 genes; STRING | Direct overlap: 0

comparison FIBP first shell: top 10

Expression analysis 173 TCGA-LAML samples Low FIBP n=86; high FIBP n=87

Reconstructed differential | All analyzable genes 263 DEGs: 193 higher, 70 lower

expression

Target-gene analysis 11 prespecified genes Group FDR and correlation FDR reported
separately

Immune reconstruction 173 samples Treg and M2-like marker scores

Survival analysis 149 matched patients; 93 deaths Continuous FIBP primary; groups used for
visualization/RMST

Published clinical context 151 patients in Ma et al.17 Context only; not pooled with current
models

Note: Distinct denominators are reported for expression (n=173) and matched survival (n=149). The Ma et al. cohort is cited as contextual evidence
only.

2.4. Prespecified ferroptosis-related gene panel

Eleven genes were prespecified to represent iron handling (TFRC, FTH1, SLC11A2, HAMP), antioxidant or ferroptosis
defense (GPX4, AIFM2, DHODH), lipid remodeling (ACSL4, LPCAT3), and mitochondrial function (COX10, 0XCT1). High-
versus-low group comparisons were taken from the transcriptome-wide analysis. Spearman correlations were
calculated between continuous FIBP expression and each target gene; FDR was controlled across the 11 correlations.
Correlation coefficients were interpreted as coordinated expression, not evidence of transcriptional regulation.

2.5. Immune-signature reconstruction

Treg and M2-like macrophage states were reconstructed as marker-based expression scores. The Treg score was the
mean standardized expression of FOXP3, IL2RA, CTLA4, TIGIT, IKZF2, and TNFRSF18. The M2-like score used CD163,
MRC1, MSR1, IL10, CSF1R, and ARG1. Spearman correlations were calculated between each immune score and the 11
target genes, with FDR correction within each 11-gene family. Continuous FIBP was also correlated with the two
immune scores, with correction across those two tests. These scores represent transcriptional programs in bulk
samples and cannot be interpreted as absolute cell counts or cellular localization.
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2.6. Contextual clinical evidence from the published TCGA-LAML study

To avoid combining nonidentical patient-level datasets, clinical associations reported by Ma et al.17 were extracted as
contextual evidence and were not pooled with the present expression or survival models. Prespecified contextual
features were WBC count, peripheral-blood blast percentage, FAB classification, cytogenetic risk, and NPM1 mutation.
Reported odds ratios and P values were reproduced with explicit attribution to the prior study.

2.7. Ferroptosis sensitivity score and risk groups

A higher ferroptosis sensitivity score was intended to indicate greater expression of iron-import/lipid-sensitization
genes relative to defense genes. The score was calculated as mean Z(TFRC, SLC11A2, ACSL4, LPCAT3) minus mean
Z(FTH1, GPX4, AIFM2, DHODH). FIBP and the score were each divided at their expression-cohort medians. For
visualization, patients with survival data were classified as: group A, low FIBP; group B, high FIBP and high score; or
group C, high FIBP and low score. The score was exploratory and was derived and evaluated in the same cohort.

2.8. Survival and statistical analysis

Kaplan-Meier curves and an overall log-rank test compared the three visualization groups. Pairwise log-rank P values
were adjusted by the Benjamini-Hochberg method. Because Schoenfeld-residual diagnostics indicated nonproportional
hazards for the group-B and group-C indicators, group-specific Cox hazard ratios were not used as primary effect
estimates. Instead, 3-year restricted mean survival time (RMST; tau=1095 days) and bootstrap 95% confidence
intervals were reported for between-group comparisons.27

Continuous FIBP, the continuous ferroptosis score, and age were standardized to 1 SD and analyzed in univariable and
multivariable Cox models with Efron handling of ties. Proportional-hazards assumptions were evaluated using
correlations between scaled Schoenfeld residuals and log event time.26 Variance inflation factors were calculated to
assess collinearity. A spline sensitivity analysis did not identify evidence of nonlinear FIBP association (likelihood-ratio
P=0.470); continuous linear FIBP was retained.

Model discrimination was evaluated by Harrell C-index, with 500 bootstrap samples used to estimate optimism and
provide sampling intervals.28 Incremental value of the score was assessed by likelihood-ratio testing, change in C-index,
and time-dependent cumulative/dynamic AUC using inverse-probability-of-censoring weighting at 1 through 5
years.29 Estimates at late horizons were interpreted cautiously when few patients remained beyond the horizon. An
age-adjusted nomogram and quartile-based apparent calibration curves were treated as supplementary exploratory
visualizations, not validated clinical tools.

All tests were two-sided. FDR-adjusted q<0.05 was used for high-dimensional or prespecified correlation families;
nominal P<0.05 was used for survival-model coefficients and global tests. Exact P values and 95% confidence intervals
were emphasized. Analyses were performed with Python-based scientific and survival-analysis libraries; executable
scripts and processed outputs accompany the submission.

3. Results

3.1. Analytical cohorts and absence of direct FIBP-ferroptosis network overlap

The pathway analysis comprised 42 KEGG ferroptosis genes and the 10 highest-ranking STRING first-shell FIBP
partners. Their strict intersection was zero (Figure 1; Supplementary Figure S3). Thus, FIBP was not identified as a
canonical ferroptosis-pathway member and none of its restricted first-shell partners directly overlapped the KEGG set.
The descriptive pathway analysis of the ferroptosis genes yielded 12 FDR-significant KEGG terms, but this reflected
biological sharing within a ferroptosis-derived input and was not used as independent evidence of an FIBP-ferroptosis
mechanism (Supplementary Figure S4).

The expression cohort contained 173 samples (86 low FIBP and 87 high FIBP). Under the reconstructed threshold, 263
genes differed between groups: 193 were higher and 70 lower in high-FIBP samples (Supplementary Figure S1). These
counts differed from the 720 DEGs reported by Ma et al, as expected from the different matrices, sample sets,
transformations, and statistical methods.
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Study design and revised analytical framework

Pathway context

BTRING FIBP partners: 1

KEGG ferroptosis: 42 gengs—

TCGA-LAML expression
173 samples
log2(RSEM+1)

—3

Prespecified panel
ferroptosis-related gen
BH-FDR control

=ad

Immune reconstruction
Treg and M2-like
marker scores

N/

Matched survival cohort
149 patients; 93 deaths
continuous Cox primary

|

Exploratory score
8-gene sensitivity score
KM + RMST + discrimination

Interpretation

FIBP-associated ferroptosis-resistant transcriptional phenotype
Agsociation does not establish direct regulation or therapeutic efficaty

Figure 1 Study workflow and interpretation boundaries. Public pathway/network resources, TCGA-LAML expression,
marker-based immune signatures, contextual published clinical results, and matched survival data were integrated.
The analysis distinguishes direct network overlap, coordinated transcription, and exploratory clinical associations; no

causal mediation was tested

3.2. High FIBP is accompanied by an iron-buffering and antioxidant expression pattern

Among the 11 prespecified genes, FTH1, GPX4, AIFM2 /FSP1, and LPCAT3 had transcriptome-wide FDR below 0.05 and
were higher in the FIBP-high group (Figure 2A; Table 2). The high-minus-low mean differences were 0.705 for FTH1
(q=8.58x10"-7), 0.604 for GPX4 (q=2.34x10"-10), 0.456 for AIFM2 (q=0.0388), and 0.424 for LPCAT3 (q=2.38x10"-6).
None of the 11 genes simultaneously met the more stringent reconstructed requirement of absolute mean difference

greater than 1 and q<0.05.
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Figure 2 Ferroptosis-related gene expression and correlations with FIBP. (A) Row-standardized expression heatmap
for 11 prespecified genes in FIBP-low and FIBP-high samples. (B) Spearman correlations between continuous FIBP

and target genes. Asterisks indicate Benjamini-Hochberg FDR below 0.05 across 11 tests
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Gene Category High- Group | Spearman Correlation | Interpretation
low A q rho q

TfR1 (TFRC) Iron homeostasis -0.080 0.725 -0.136 0.104 Not FDR-significant

FTH1 (FTH1) Iron homeostasis 0.705 8.58e- 0.512 3.48e-12 Higher in high FIBP
07

DMT1 Iron homeostasis -0.102 0.307 -0.220 0.00814 Lower/inverse

(SLC11A2) association

HAMP (HAMP) | Iron homeostasis 0.127 0.257 0.066 0.423 Not FDR-significant

GPX4 (GPX4) ROS defense 0.604 2.34e- 0.619 1.17e-18 Higher in high FIBP
10

FSP1 (AIFM2) ROS defense 0.456 0.0388 | 0.285 0.000386 Higher in high FIBP

DHODH ROS defense 0.093 0.446 0.147 0.0845 Not FDR-significant

(DHODH)

ACSL4 (ACSL4) | Lipid metabolism -0.107 0.384 -0.196 0.0178 Lower/inverse

association

LPCAT3 Lipid metabolism 0.424 2.38e- 0.502 7.58e-12 Higher in high FIBP

(LPCAT3) 06

COX10 Mitochondrial 0.031 0.699 0.008 0.922 Not FDR-significant

(COX10) function

OXCT1 Mitochondrial 0.292 0.113 0.127 0.117 Not FDR-significant

(OXCT1) function

Note: Group q values were adjusted across the whole transcriptome; correlation q values were adjusted across the 11 prespecified genes. A is the
difference in mean log2(RSEM+1). None of the targets met both |A|>1 and q<0.05.

Continuous-gene correlations reinforced a coordinated expression pattern (Figure 2B; Supplementary Figure S2). FIBP
correlated positively with GPX4 (rho=0.619; q=1.17x10”-18), FTH1 (rho=0.512; q=3.48x10"-12), LPCAT3 (rho=0.502;
q=7.58x107-12), and AIFM2 (rho=0.285; q=3.86x10"-4). Negative correlations were observed for SLC11A2/DMT1
(rho=-0.220; q=0.0081) and ACSL4 (rho=-0.196; q=0.0178). The mixture of higher defense genes and inverse
associations with selected iron-import or lipid-sensitization genes was compatible with, but did not prove, a ferroptosis-
resistant transcriptional state.

3.3. Immune associations are gene-specific and exploratory

FIBP showed a weak nominal positive correlation with the reconstructed M2-like score (rho=0.157; P=0.0385), but the
association did not remain significant after correction across the two immune scores (q=0.0771). The association with
the Treg score was negative and nonsignificant (rho=-0.089; P=q=0.247), and therefore did not replicate the positive
Treg association reported in the prior ssGSEA-based study.17

Gene-level associations with immune scores were heterogeneous (Figure 3A; Table 3). The M2-like score correlated
positively with FTH1 (rho=0.541; q=1.64x10”-13), ACSL4 (rho=0.389; q=4.59x107-7), LPCAT3 (rho=0.283;
q=4.51x107-4), and SLC11A2 (rho=0.195; q=0.0185), and negatively with DHODH (rho=-0.498; q=1.64x10"-11) and
COX10 (rho=-0.212; q=0.0111). The Treg score correlated positively with TFRC (rho=0.298; q=7.47x10"-4) and
SLC11A2 (rho=0.239; q=0.00855). These associations did not converge on a single immune-mediated mechanism and
were retained as exploratory links for cell-resolved validation.
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Table 3 Revised immune-signature results

Comparison Level Spearman rho | P value FDR q
FIBP vs Treg score Global -0.089 0.247 0.247
FIBP vs M2-like score | Global 0.157 0.039 0.077
Treg vs TfR1 Gene-level | 0.298 6.79e-05 | 0.000747
M2-like vs FTH1 Gene-level | 0.541 1.49e-14 | 1.64e-13
Treg vs DMT1 Gene-level | 0.239 0.00155 | 0.00855
M2-like vs DMT1 Gene-level | 0.195 0.0101 0.0185
M2-like vs DHODH Gene-level | -0.498 2.99e-12 | 1.64e-11
M2-like vs ACSL4 Gene-level | 0.389 1.25e-07 | 4.59e-07
M2-like vs LPCAT3 Gene-level | 0.283 0.000164 | 0.000451
M2-like vs COX10 Gene-level | -0.212 0.00505 | 0.0111

Note: Global FIBP-immune tests were corrected across two scores. Gene-level tests were corrected separately across 11 genes for each immune
score. Marker-derived scores do not represent absolute cell abundance.
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Figure 3 Immune-signature integration and association-based working model. (A) Spearman correlations between
marker-derived Treg/M2-like scores and ferroptosis-related genes; asterisks indicate FDR below 0.05 within the 11-
gene family. (B) A noncausal working model in which high FIBP marks iron buffering, antioxidant defense, lipid
remodeling, immune-context variation, and adverse outcome
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3.4. Published clinical findings provide contextual support for an adverse FIBP phenotype

In the prior TCGA-LAML analysis by Ma et al., high FIBP was associated with WBC count above 20x1029/L (OR, 2.134;
P=0.023), peripheral-blood blasts above 70% (OR, 2.722; P=0.003), intermediate/poor versus favorable cytogenetic
risk (OR, 5.667; P<0.001), and NPM1 mutation (OR, 2.333; P=0.040).17 FAB distribution also differed overall (P=0.001),
and M5 cases were concentrated in the high-FIBP group (14 high vs 1 low). These results were not re-estimated in the
present patient-level expression dataset and were used only as contextual support for the hypothesis that FIBP marks
a proliferative or monocytic, stress-adapted AML phenotype (Table 4).

Table 4 Contextual clinical associations reported by Ma et al.17

Characteristic Reported OR P value Contextual interpretation
WBC >20x10"9/L 2.134 0.023 Associated with high FIBP
Peripheral-blood blasts >70% 2.722 0.003 Associated with high FIBP
Intermediate/poor vs favorable cytogenetic | 5.667 <0.001 Strongest reported
risk association
NPM1 mutation positive vs negative 2.333 0.040 Associated with high FIBP
FAB distribution / M5 Not expressed as one | 0.001 M5: high FIBP 14 vs low FIBP
OR overall 1
Note: These are previously published results and were not pooled with the present expression or survival analyses. FAB P value refers to the overall
distribution.

3.5. High-FIBP groups have shorter survival, but the score does not separate the high-FIBP strata

Among 149 patients with complete overall-survival data, 80 were in group A, 26 in group B, and 43 in group C; 93 deaths
occurred. Median overall survival was 822 days in group A, 365 days in group B, and 273 days in group C. Five-year
Kaplan-Meier survival was 30.1%, 21.0%, and 12.2%, respectively. The overall log-rank test was significant (chi-
square=14.89; P=5.85x10"-4; Figure 4A). Pairwise FDR-adjusted q values were 0.0126 for A versus B, 0.0010 for A
versus C, and 0.544 for B versus C.
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Figure 4 Overall survival by FIBP-ferroptosis visualization group. (A) Kaplan-Meier curves for group A (low FIBP),
group B (high FIBP /high score), and group C (high FIBP/low score). The overall log-rank P value is shown. (B) Three-
year restricted mean survival time with bootstrap 95% confidence intervals. The B-versus-C RMST difference was not

significant

At 3 years, RMST was 729 days (bootstrap 95% CI, 645-817) in group A, 492 days (95% CI, 350-642) in group B, and
448 days (95% CI, 330-569) in group C (Figure 4B). Compared with group A, the RMST deficit was 237 days for group
B (95% CI, 60-409 fewer days) and 281 days for group C (95% CI, 132-433 fewer days). The C-versus-B difference was
only -44 days (95% CI, -236 to 137). The numerical B-to-C ordering therefore should not be interpreted as validated
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risk separation. The three-group Cox indicator model was not retained for primary inference because proportional-
hazards diagnostics were significant for both high-FIBP indicators.

3.6. Continuous FIBP, but not the derived score, retains a prognostic association

In univariable Cox analysis, each 1-SD increase in FIBP was associated with higher mortality (HR, 1.402; 95% CI, 1.171-
1.678; P=0.00024). The ferroptosis sensitivity score showed a nonsignificant inverse association (HR, 0.822; 95% CI,
0.655-1.031; P=0.091), while age was associated with mortality (HR, 1.762; 95% CI, 1.371-2.264; P<0.001).

When FIBP and the score were entered together, FIBP remained associated with mortality (HR, 1.446; 95% CI, 1.149-
1.820; P=0.0017), whereas the score was not (HR, 1.062; 95% CI, 0.810-1.391; P=0.665). After adding age, the HRs were
1.420 for FIBP (95% CI, 1.119-1.803; P=0.0039), 1.063 for the score (95% CI, 0.812-1.392; P=0.657), and 1.708 for age
(95% CI, 1.328-2.196; P<0.001) (Figure 5A). No evidence of proportional-hazards violation was detected for these
continuous covariates. The FIBP-score Pearson correlation was -0.572, but variance inflation factors were 1.52 for FIBP,
1.49 for the score, and 1.03 for age, providing no evidence of problematic collinearity.

3.7. Adding the score does not improve model discrimination

The apparent C-index was 0.636 for FIBP alone, 0.637 for FIBP plus the ferroptosis score, and 0.678 after adding age
(Figure 5B). Optimism-corrected values were 0.634, 0.624, and 0.667, respectively. The apparent C-index increment
from adding the score to FIBP was 0.0008, with a bootstrap 95% interval of -0.0470 to 0.0014. The likelihood-ratio test
for adding the score was nonsignificant (P=0.666), whereas adding age improved model fit (P<0.001).

Time-dependent AUCs for FIBP alone were 0.723 at 1 year, 0.660 at 3 years, and 0.742 at 5 years. Corresponding values
for FIBP plus the score were 0.726, 0.665, and 0.762, and for FIBP plus score plus age were 0.728, 0.726, and 0.799
(Figure 5C). Only eight patients remained event-free beyond the 5-year horizon; late-horizon estimates therefore had
substantial uncertainty. The exploratory age-adjusted nomogram and apparent calibration curves were moved to the
supplement and were not described as validated prediction instruments (Supplementary Figures S5-S6).
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Figure 5 Continuous-variable Cox results and model performance. (A) Univariable and multivariable hazard ratios per
1-SD increase. The continuous models showed no evidence of proportional-hazards violation. (B) Apparent and
optimism-corrected Harrell C-indices. (C) IPCW cumulative/dynamic time-dependent AUC at 1-5 years; late estimates
are exploratory because few patients remained beyond 5 years
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3.8. Association-based working model

The integrated findings support a restrained working model in which high FIBP marks an AML transcriptional state
characterized by ferritin-associated iron buffering, GPX4 /FSP1 antioxidant defense, and lipid remodeling, accompanied
by gene-specificimmune associations and adverse outcome (Figure 3B). The model does not establish that FIBP directly
regulates these genes, that ferroptosis is functionally suppressed in individual tumors, or that the survival association
is mediated by ferroptosis.

4. Discussion

This integrative TCGA-LAML analysis refines the interpretation of FIBP in AML. The strongest finding was not direct
pathway membership: the restricted STRING FIBP network and KEGG ferroptosis pathway had no overlapping genes.
Rather, high FIBP was accompanied by higher expression of FTH1, GPX4, AIFM2/FSP1, and LPCAT3 and by continuous
correlations with several iron- and lipid-peroxidation-related genes. This pattern, together with adverse survival,
supports FIBP as a marker of a stress-adapted transcriptional phenotype. It does not establish FIBP-mediated
ferroptosis resistance, and the revised title and section headings intentionally use association-based language.

The expression pattern has biological coherence but is not unidimensional. FTH1 can limit the labile iron pool through
ferritin storage, while GPX4 and FSP1 suppress lipid peroxidation through distinct biochemical systems.5,6,9 LPCAT3
participates in phospholipid remodeling and may alter the substrate landscape for peroxidation. Conversely, FIBP
correlated negatively with SLC11A2 and ACSL4. ACSL4 is a recognized determinant of ferroptosis-sensitive lipid
composition,4 and recent work suggests that ACSL4-dependent susceptibility can be particularly relevant in monocytic
AML.34 These inverse correlations strengthen the argument that high FIBP marks a composite iron-buffering and
antioxidant state, but they also caution against reducing the phenotype to a single “low-ferroptosis” axis. Functional
lipidomics, labile-iron measurements, and perturbation studies are required to determine whether this state actually
shifts ferroptotic threshold.

The immune analyses were deliberately interpreted more conservatively after multiplicity correction. The global M2-
like association was nominal but had q=0.077, and the Treg association was not replicated using the marker-based
score. The prior ssGSEA study reported positive FIBP associations with Treg and several innate immune populations,17
but differences in signatures and algorithms can materially alter bulk deconvolution results. In the present data, M2-
like associations were gene-specific: FTH1 and ACSL4 were positively related to the M2 score, whereas DHODH and
COX10 were negatively related. Bulk expression cannot distinguish malignant monocytic blasts from macrophage
programs, nor can it establish that immune cells are protected from ferroptosis. The immune results are therefore best
viewed as a roadmap for single-cell RNA sequencing, flow cytometry, spatial profiling, and cell-type-specific iron
measurements.

Table 5 Survival and model-performance summary

Analysis Measure Estimate Statistical note
Three-group overall log-rank - chi-square 14.89 P=0.000585

3-year RMST, group A - 729d (95% C1 645-817) | Low FIBP

3-year RMST, group B - 492 d (95% CI 350-642) | High FIBP/high score
3-year RMST, group C - 448 d (95% CI 330-569) | High FIBP/low score
Adjusted FIBP per SD HR 1.420 (1.119-1.803) P=0.0039

Adjusted ferroptosis score per SD | HR 1.063 (0.812-1.392) P=0.657

Adjusted age per SD HR 1.708 (1.328-2.196) P=2.99e-05
FIBP-only C-index Apparent / corrected | 0.636 / 0.634 500 bootstrap samples
FIBP + score C-index Apparent / corrected | 0.637 / 0.624 LR test P=0.666

FIBP + score + age C-index Apparent / corrected | 0.678 / 0.667 Exploratory model

Note: Group-specific Cox HRs were removed from primary interpretation because the group-indicator model violated the proportional-hazards
assumption. RMST was truncated at 1095 days. Corrected C-index values used 500 bootstrap samples.
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Published clinical findings provide an important, but separate, layer of context. Ma et al. associated high FIBP with
leukocytosis, high peripheral-blood blast percentage, nonfavorable cytogenetics, NPM1 mutation, and FAB distribution,
including enrichment of M5 cases.17 High leukemic burden plausibly increases iron and redox demands, and monocytic
differentiation may modify lipid metabolism and ferroptotic susceptibility. However, the present study did not have a
harmonized patient-level table containing all of these variables, so the prior odds ratios were not combined with our
expression or survival models. This separation avoids pseudo-replication and prevents published associations from
being presented as new results.

The survival analysis also changes the interpretation of the proposed ferroptosis score. Low-FIBP patients had longer
survival than both high-FIBP groups, but the two high-FIBP groups did not differ by pairwise log-rank testing or 3-year
RMST. The high-FIBP/low-score group was numerically worst, but its advantage over the high-FIBP /high-score group
was not statistically supported. Moreover, the score was not independently associated with survival after FIBP was
included and did not improve C-index or model fit. This result is clinically important because many transcriptomic
signatures appear prognostic when dichotomized in their derivation cohort but provide little incremental information
beyond a correlated marker.30,31 The score should therefore remain a biological summary for hypothesis generation,
not a prognostic classifier.

Continuous FIBP showed the most robust prognostic signal. Its association persisted after adjustment for the
exploratory score and age, passed the implemented proportional-hazards diagnostics, and showed no evidence of
nonlinearity in sensitivity analysis. Nevertheless, this is limited adjustment. Treatment intensity, transplantation,
measurable residual disease, comorbidity, performance status, contemporary ELN risk, and key co-mutations were
unavailable or incompletely harmonized. The reported HR therefore reflects an association within the matched public
cohort rather than proof that FIBP adds value to a modern clinical-genetic model.

The therapeutic implications should likewise remain conditional. Preclinical AML studies indicate that GPX4, ferritin
homeostasis, ferritinophagy, PSTK, PIEZ01-SLC7A11 signaling, FSP1 regulation, and iron mobilization can influence
ferroptosis sensitivity.8-12,32,33 These findings provide plausible intervention nodes for testing whether FIBP-high
models are preferentially dependent on GPX4/FSP1 or ferritin-associated defenses. A rigorous experimental program
would require FIBP knockdown or overexpression in genetically diverse AML models, rescue experiments, lipid ROS
and labile-iron assays, pharmacologic and genetic ferroptosis controls, and xenograft studies. Ex vivo samples should
be stratified prospectively by FIBP expression before treatment with GPX4/FSP1 or iron-modulating agents. Until such
data exist, “targeting iron metabolism” is a research strategy, not a therapeutic recommendation.

This study has several limitations. It is retrospective, single-cohort, and based on a legacy RSEM matrix. The exact 720-
gene table from the earlier DESeq2 analysis was unavailable, and our reconstructed differential analysis is
methodologically distinct. Immune states were reconstructed from compact marker sets and were not validated against
cytometry or single-cell data. The ferroptosis score was constructed and evaluated in the same cohort, creating
optimism and limiting transportability. The survival model included only age in addition to molecular variables, and the
long-horizon risk sets were small. The three-group indicator model violated the proportional-hazards assumption,
necessitating RMST-based interpretation. The nomogram and calibration are apparent internal displays without
external validation. Finally, no protein, metabolomic, functional ferroptosis, or perturbation experiments were
performed.

Despite these limitations, the study provides a statistically and biologically restrained framework. It distinguishes direct
network membership from coordinated expression, separates new analyses from prior clinical evidence, corrects
immune findings for multiple testing, diagnoses nonproportional hazards, and formally tests incremental prognostic
value. These steps narrow the claim from causal “FIBP-mediated resistance” to an association between FIBP, a
ferroptosis-related transcriptional phenotype, and adverse AML outcome.

5. Conclusions

High FIBP expression in TCGA-LAML is associated with higher ferritin/antioxidant-defense gene expression and inferior
overall survival. The derived ferroptosis sensitivity score did not independently predict survival or improve
discrimination beyond FIBP, and the immune associations were heterogeneous and exploratory. FIBP should therefore
be regarded as a candidate marker of a stress-adapted, ferroptosis-related AML state rather than a demonstrated
regulator of ferroptosis. Experimental perturbation and external clinical validation are required before iron-directed
therapeutic stratification can be proposed.
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Abbreviations: AML, acute myeloid leukemia; AUC, area under the curve; FDR, false-discovery rate; FIBP, FGF1
intracellular binding protein; FSP1, ferroptosis suppressor protein 1; HR, hazard ratio; IPCW, inverse probability of
censoring weighting; OS, overall survival; RMST, restricted mean survival time; RSEM, RNA-Seq by expectation
maximization; TCGA, The Cancer Genome Atlas; Treg, regulatory T cell.
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