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Abstract: Ferroptosis, a regulated cell death dependent on iron, has garnered attention as a poten-
tial broad-spectrum anticancer approach in leukemia research. However, there has been limited
ferroptosis research on ATL, an aggressive T-cell malignancy caused by HTLV-1 infection. Our
study employs bioinformatic analysis, utilizing dataset GSE33615, to identify 46 ferroptosis-related
DEGs and 26 autophagy-related DEGs in ATL cells. These DEGs are associated with various cellular
responses, chemical stress, and iron-related pathways. Autophagy-related DEGs are linked to au-
tophagy, apoptosis, NOD-like receptor signaling, TNF signaling, and the insulin resistance pathway.
PPI network analysis revealed 10 hub genes and related biomolecules. Moreover, we predicted crucial
miRNAs, transcription factors, and potential pharmacological compounds. We also screened the top
20 medications based on upregulated DEGs. In summary, our study establishes an innovative link
between ATL treatment and ferroptosis, offering promising avenues for novel therapeutic strategies
in ATL.

Keywords: ferroptosis; adult T-cell leukemia/lymphoma (ATL); bioinformatic analysis; precision
medicine

1. Introduction

Adult T-cell leukemia/lymphoma (ATL) is a highly aggressive malignancy caused
by human T-cell leukemia virus type I (HTLV-1), with an extremely poor prognosis [1,2].
Aggressive subtypes, including acute and lymphoma types (about 60% of cases), have
a median overall survival of only 8-10 months [3]. Even those initially diagnosed with
indolent forms, like smoldering and chronic subtypes, often progress to aggressive disease
within a year [4]. HTLV-1 infection is estimated to affect 5 to 20 million people world-
wide [5], with higher prevalence in regions like southwestern Japan, the Caribbean Basin,
and central Africa [1]. The morbidity of ATL among individuals with chronic HTLV-1
infection ranges from 0.7 to 7.1 cases per 1000 carrier-years [6-8], equating to a 3-7% life-
time risk for all HTLV-1 carriers [9]. HTLV-1 transmission typically occurs through cellular
contact [10]. For instance, HTLV-1-infected lymphocytes can recruit CD4 T-cells through
spontaneous secretion of leukotriene B4 [11] and selectively recruit CCR4+ CD4 T-cells
via CCL22 secretion [12]. The expansion of HTLV-1-infected cells is primarily driven by
the viral oncoprotein Tax, which modulates essential cellular pathways controlling cell
migration, virological synapses, and intracellular protein distribution [13]. Another viral
oncoprotein, HBZ, plays a multifaceted role by counteracting Tax-induced cellular effects,
suppressing the host’s anti-Tax immune response, inducing HTLV-1-infected cell migration
and proliferation, ultimately promoting ATL onset [13].

In 2012, the term ‘ferroptosis” was coined to describe a form of cell death reliant
on iron and driven by excessive lipid peroxidation [14]. It is characterized by abnormal
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iron accumulation, resulting in increased reactive oxygen species (ROS) levels, oxidative
stress, lipid imbalance, lipid peroxidation, DNA damage, plasma membrane rupture, and
eventual cell death [14,15]. The key factors initiating oxidative cell membrane damage in
ferroptosis are iron buildup and lipid peroxidation [14], which hinge on regulating the
balance between oxidative damage and antioxidant defense [15,16]. Polyunsaturated fatty
acids, such as arachidonic acid and adrenic acid, are particularly susceptible to peroxidation,
disrupting lipid bilayers and causing membrane damage [15]. A notable morphological
feature of ferroptosis is mitochondrial ultrastructure changes, including mitochondrial
shrinkage, increased membrane density, outer mitochondrial membrane rupture, reduced
cristae density, and compromised membrane integrity. These changes occur alongside
normal nuclear morphology with unaggregated chromatin [14,17-19].

Autophagy, a lysosome-dependent process, removes damaged proteins and organelles,
affecting various cellular responses, including metabolic balance and inflammation [20,21].
Some evidence suggests a link between increased autophagy flux and ferroptosis in cancer
cells exposed to the ferroptosis-inducing agent erastin [22]. Additionally, ferroptosis can
be triggered by the degradation of ferritin, known as ferritinophagy [23]. Dysregulated
ferroptosis is implicated in various pathological conditions and human diseases [15,24,25],
making it a promising avenue for cancer therapeutics due to the increased iron levels and
susceptibility to ferroptosis induction in cancer cells [26-28].

Extensive research has explored the role of ferroptosis in hematological disorders, in-
cluding anemia, thrombosis, and various leukemia subtypes [29-34], such as acute myeloid
leukemia (AML) [29-31], acute lymphoblastic leukemia (ALL) [32,34], and chronic myeloid
leukemia (CML) [33]. However, there is a noticeable gap in our understanding of how
ferroptosis relates to adult T-cell leukemia (ATL), primarily due to the absence of compre-
hensive data search and analytical strategies in this context. This gap hinders our ability to
fully appreciate the significance of ferroptosis in this distinct hematological malignancy.

In this study, we aimed to analyze the GSE33615 dataset to uncover distinctive gene
expression profiles and differentially expressed genes (DEGs) in ATL patients. We con-
ducted comprehensive pathway enrichment analysis of these DEGs to reveal molecular
implications. Additionally, we identified hub genes within protein—protein interaction
networks, which could serve as prospective biomarkers and targets for understanding
ATL’s progression, shedding light on the role of ferroptosis and autophagy in this hemato-
logical condition.

2. Materials and Methods
2.1. Data Source

In this study, we initiated our research by conducting a targeted search for the key-
word ‘ATL’, in the Gene Expression Omnibus (GEO) database. We identified the dataset
GSE33615 [35-37], which was generously contributed by Nakano K, Sato A, Uchimaru K,
Utsunomiya A, Yamaguchi K, and Watanabe T. The gene expression profile GSE33615 was
generated using the GPL4133 Agilent-014850 Whole Human Genome Microarray 4x44k
G4112F platform (Feature Number version). This dataset comprises data from 52 indi-
viduals diagnosed with ATL and 21 healthy volunteers for comparative analysis. Total
RNA samples from HTLV-1 infected CD4+ T-cell of ATL patients and from CD4+ T-cells
from healthy donors were subjected to Cy-3 labeling, followed by subsequent human
whole genome gene expression microarray analysis. For additional comparison analysis on
ferroptosis signatures among T-cell leukemia/lymphoma patients, we also obtained the
datasets of peripheral T-cell lymphomas (PTCL) and angioimmunoblastic T-cell lymphoma
(AITL): GSE19069, posted by the authors of [38].

2.2. Sample Detection and Differential Expression Analysis

Utilizing the limma package, GSE33615 was explored to conduct differential expression
analysis. A |log2 Fold Change (FC)| > 1.5 and adjusted p-value < 0.05 were considered
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as significant. Heatmaps and volcano plots were generated in R using the packages
ComplexHeatmap and ggplot2 by the Xiantao website.

To further investigate the involvement of ferroptosis and autophagy in our analysis,
we integrated external datasets. We obtained data on ferroptosis-related genes from the
FerrDb (http:/ /zhounan.org/ferrdb/current/operations/download.html, accessed on 8
July 2023) [39] and autophagy-related genes from the HAMdb (http:/ /hamdb.scbdd.com/
home/download/, accessed on 18 July 2023) [40]. In total, we included 564 ferroptosis-
related genes and 315 autophagy-related genes, which we intersected with the GSE33615
dataset to identify DEGs associated with ferroptosis and autophagy.

2.3. Enrichment Analysis

We conducted a comprehensive analysis of the gene expression profile from GSE33615
using Networkanalyst 3.0 (https:/ /www.networkanalyst.ca/NetworkAnalyst/home.xhtml,
accessed on 19 September 2023) [41-45]. This analysis encompassed Kyoto Encyclopedia of
Genes and Genome (KEGG) [46,47] and Reactome pathway analysis [48]. Furthermore, we
performed Gene ontology (GO) functional enrichment analysis [49] and KEGG analysis
specifically for ferroptosis-related DEGs and autophagy-related DEGs. These analyses
were carried out using Metascape (https://metascape.org/gp/index.html#/main/stepl,
accessed on 19 September 2023) [50] and ggplot2 Package in R, with results visualized
through the Xiantao website (https://www.xiantaozi.com/, accessed on 4 August 2023).
Our inclusion criterion for statistical significance was set at p < 0.05.

2.4. Protein—Protein Interaction Network Analysis and the Hub Genes

To identify hub genes, we utilized STRING (version 11.5) (https:/ /cn.string-db.org/,
accessed on 9 July 2023) [51], in conjunction with Cytoscape v 3.9.1 plug-in CytoHubba,
specifically employing the Maximal Clique Centrality algorithm [52]. The minimum re-
quired interaction score was set at 0.4 for significant criterion.

2.5. The Hub Genes and Their Interactions

The transcription factor (TF)-screened gene interaction of hub genes was analyzed
by Networkanalyst 3.0 utilizing ENCODE ChIP-seq data (peak intensity signal < 500
and the predicted regulatory potential score < 1 is used). The miRNA, IncRNA, and cir-
cRNA interactions with hub genes were shown using miRWalk (http://mirwalk.umm.uni-
heidelberg.de/, accessed on 19 September 2023) [53], LncRBase V.2 (http:/ /dibresources.
jcbose.ac.in/zhumur/Incrbase2 /start2.php, accessed on 19 September 2023) [54], and cir-
cBase (http:/ /www.circbase.org/, accessed on 19 September 2023) [55].

2.6. Potential Pharmacological Targets

For the screening of potential pharmacological small molecule compounds, we turned
to the cMAP (ConnectivityMap) (https://clue.io/, accessed on 10 July 2023) [56] database.
This resource encompasses data on gene expression profile changes induced by 33,609 per-
turbagens, allowing us to compare expression signatures. Specifically, we considered
connectivity scores less than 0, as they indicate that the small molecule compounds trigger
gene expression changes in the opposite direction, which may hold therapeutic potential
for the disease.

3. Results
3.1. Identification of Differentially Expressed Genes of GSE33615

The gene dataset GSE33615 comprised a total of 73 samples, including 52 ATL patients
and 21 healthy volunteers. To ensure data quality and across comparability of microarray
data, we employed the ‘normalizeBetweenArray’ function from the limma R package to
normalize the data (Figure 1A-C). Subsequently, we explored the differentially expressed
genes within GSE33615.
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Figure 1. Identification of DEGs in the ATL GEO dataset GSE33625. (A) The cross—comparability
evaluation of microarray data. (B) The gene cluster by PCA loading score. (C) The heat map of the
dataset. (D) Volcanic plots of gene expression of ATL in GSE33615. 678 up-regulated genes (red dots)
and 648 down-regulated genes (blue dots) were identified with a p-value < 0.05. Gray dots represent
genes that are not statistically significant.

To assess data quality and distribution, the selected samples were processed and
depicted using a boxplot (Figure 1A). This plot illustrates that the samples have been
appropriately centered and exhibit a numerically standardized distribution. Furthermore,
the PCA plot (Figure 1B) effectively demonstrates the expected biological clustering of
ATL and normal samples. It showcases the clear distinction between these two groups,
highlighting their inherent biological differences. The heat map (Figure 1C) provides a
visual representation of the distinguishing features between ATL and normal samples,
offering insights into the gene expression patterns that set them apart.

Our analysis eventually identified 1326 genes that exhibited differential expression
in ATL patients compared to healthy volunteers (with an adjusted p-value < 0.05 and
lTog2FC| > 1.5). Among these genes, 678 were upregulated and 648 were downregulated,
as visualized in the volcano plot (Figure 1D).
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3.2. The GSEA Analysis of Differentially Expressed Genes of GSE33615

To identify the most enriched genes sets among all detected genes in ATL patients, we
utilized the Networkanalyst website for comprehensive functional analysis. The Reactome
pathway analysis (Figure 2A) revealed that the unregulated genes were notably enriched
in pathways related to O, /CO, exchange in erythrocytes, Uptake of Carbon Dioxide and
Release of Oxygen by Erythrocytes, Uptake of Oxygen and Release of Carbon Dioxide by
Erythrocytes, Binding and Uptake of Ligands by Scavenger Receptors, as well as Scavenging
of Heme from the Plasma pathway.
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Figure 2. The pathway enrichment analysis of ATL whole gene expression profile by dataset
GSE336156. (A) The Reactome analysis of GSE33615. (B) The KEGG analysis of GSE33615.

The downregulated genes were enriched in several pathways, including signal trans-
duction, G alpha (i) signaling events, downregulation of SMAD2/3: SMAD#4 transcriptional
activity, and the chemokine receptors binding to chemokines pathway. In addition, our
KEGG analysis (Figure 2B) identified several top pathways enriched among these genes.
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We took particular interest in several pathways, including statistically significant ones like
breast cancer, malaria, cytokine-cytokine receptor interaction, and microRNAs in cancer.
Additionally, we focused on Jak-STAT, p53, and TGF-beta signaling pathways, which will
each be discussed in the ‘Discussion” section.

3.3. Ferroptosis-Related DEGs and Autophagy-Related DEGs

Ferroptosis- and autophagy-associated genes were obtained from the FerrDb and
HAMGdb databases, respectively. Through the intersection of DEGs with these ferroptosis-
associated and autophagy-associated sets, we utilized both Venn diagrams and Upset
diagrams to identify 46 ferroptosis-related DEGs. Among these, 21 were upregulated and
25 were downregulated genes. Additionally, we identified 26 autophagy-related DEGs,
with 9 upregulated and 17 downregulated genes in this subset of genes (Figure 3A-C,
Supplementary Tables S1 and S2).

GSE33615 GSE33615
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C 1280
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Figure 3. The ferroptosis- and autophagy-related DEGs in GSE33615. (A) A Venn diagram of GSE33615
DEGs and autophagy-related genes. (B) A Venn diagram of GSE33615 DEGs and ferroptosis-related
genes. (C) An Upset diagram of GSE33615 DEGs along with ferroptosis marker, driver, suppressor,
and unclassified.

3.4. Functional Enrichment Analysis

The enriched GO and KEGG pathway analysis on the ferroptosis-related and autophagy-
related DEGs were performed using Metascape and ggplot2 Package in R via the Xiantao web-
site.
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The result of GO enrichment revealed that, in terms of biological processes (BPs),
ferroptosis-related DEGs were significantly enriched in functions related to the negative
regulation of transferase activity, cellular response to external stimulus, and cellular re-
sponse to chemical stress. Regarding for molecular functions (MFs), ferroptosis-related
DEGs exhibited significant enrichment in protein kinase inhibitor activity, kinase inhibitor
activity, and iron ion binding. Furthermore, the cellular localization analysis indicated
that the ferroptosis-related DEGs were predominantly located in the apical part of the
cell. In the KEGG pathway-enrichment analysis, we observed significant enrichment of
ferroptosis-related DEGs in various KEGG pathways, including those involved in the
negative regulation of transferase activity (which includes the reduction of various trans-
ferase activities, such as methyl, acetyl, and phosphorus group transfers from donors to
acceptors), interleukin-4/13 signaling (important for immune responses related to allergies
and asthma), ferroptosis, and cellular responses to external stimuli (alterations in cell state
or activity, including enzyme production and gene expression, triggered by external stim-
uli). Additionally, we focused on pathways such as the TGF-beta signaling pathway, the
FoxO signaling pathway, and microRNAs in cancer due to their relevance to oncogenesis
(Figure 4, Supplementary Figure S1, Supplementary Table S4).
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Figure 4. The enrichment pathway analysis of ferroptosis—related DEGs. (A) The enrichment
pathway analysis of ferroptosis-related DEGs by Metascape. (B) The advanced bubble chart shows
GO/KEGG enrichment significant items of ferroptosis-related DEGs via the Xiantao website. (C) The
chord plot shows the distribution of DEGs in different GO/KEGG-enriched functions. Symbols
of DEGs are shown on the left side with their fold change values mapped by color scale. Gene
involvement in each term was determined by colored connecting lines.
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For autophagy-related DEGs, the GO enrichment analysis highlighted their involve-
ment in various BPs, including response to starvation, astrocyte activation, and positive
regulation of cellular catabolic processes. These genes were primarily located in cellular
components such as the autophagosome, membrane raft, and membrane microdomain.
The key MFs associated with these DEGs included tubulin binding, microtubule binding,
and enzyme inhibitor activity. In another KEGG pathway-enrichment analysis focusing
on autophagy-related DEGs, we observed prominent enrichment in pathways related to
apoptosis, the regulation of cellular catabolic processes (modulation of the rate or extent of
chemical reactions and pathways leading to the breakdown of substances within individual
cells), and cellular responses to organonitrogen compounds (alterations in cellular activities
such as secretion, enzyme production, gene expression, etc., triggered by organonitrogen
stimuli). Additionally, we identified pathways associated with immune responses and
tumorigenic signals, including the PID P75 NTR PATHWAY, the NOD-like receptor sig-
naling pathway, and the apoptosis—multiple species pathway (Figure 5, Supplementary
Figure S2, Supplementary Table S5).

1 | WP254: Apoptosis
] G0:0031329: regulation of cellular catabolic process
1 GO0:0071417: cellular response to organonitrogen compound
1 M153: PID P75 NTR PATHWAY
1 GO0:0048143: astrocyte activation
1 hsa04621: NOD-like receptor signaling pathway
| GO0:0042594: response to starvation
I} GO0:0043086: negative regulation of catalytic activity
| G0:1901888: regulation of cell junction assembly
1 R-HSA-9734009: Defective Intrinsic Pathway for Apoptosis
] WP4659: Gastrin signaling pathway
] GO0:0045807: positive regulation of endocytosis
] G0:0045596: negative regulation of cell differentiation
1 GO0:0002685: regulation of leukocyte migration
G0:0062012: regulation of small molecule metabolic process
0 2 4 6 8 10
-log10(P)
positive regulation of cellular catabolic process 4 [ - g é? IogFAC
k) s & & 2
response to starvation [ ] % 7, I;) 8 S 0
A 2 o @ S "t:\ 0
p - o] >
2238 09 ¢ -2
astrocyte activation - » 4 %‘ < -QO S Q\Q«, [
4, % N, S
e O
membrane microdomain L) \
membrane raft ® .l P a‘:)' 208
0.006
autophagosome - o i g%
Counts
tubulin binding o |o s
Qs
microtubule binding [ ] £ 8 ?
enzyme inhibitor activity -
“
NOD-like receptor signaling pathway L ] \Qg v\ ‘é 2,
TIEFTIBER Y
F3 =3
pam— o2 & E3538% %
o) g X Z2 3 o > >
O ¥ 5 o o > 4
o g R R
Apoptosis - multiple species 4 ® O K o
0'15 0’20 0'25
GeneRatio

Figure 5. The enrichment pathway analysis of autophagy-related DEGs. (A) The enrichment pathway
analysis of autophagy-related DEGs by Metascape. (B) The advanced bubble chart shows GO/KEGG
enrichment significant items of autophagy-related DEGs via the Xiantao website. (C) The chord plot
shows the distribution of DEGs in different GO/KEGG-enriched functions. Symbols of DEGs are
shown on the left side with their fold change values mapped by color scale. Gene involvement in
each term was determined by colored connecting lines.
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3.5. The PPI Network Analysis and Hub Gene Detection

To delve deeper into the role of ferroptosis- and autophagy-related DEGs, we con-
structed protein—protein interaction networks using STRING and Cytoscape v 3.9.1. The
ferroptosis-related DEG network consisted of 30 nodes and 59 edges (Figure 6A), while
the autophagy-related DEG network comprised 17 nodes and 29 edges (Figure 6C). Sub-
sequently, we employed the MCC algorithm from the CytoHubba plugin to rank the
genes within each module. This analysis identified 10 hub genes in each of the modules

(Figure 6B,D).
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Figure 6. The PPI analysis of ferroptosis-related DEGs and autophagy-related DEGs. (A) The PPI
analysis of ferroptosis-related DEGs; red represents upregulated genes, blue represents downregu-
lated genes. (B) The PPI analysis of autophagy-related DEGs; red represents upregulated genes, blue
represents downregulated genes. (C) The top 10 ferroptosis-related DEGs via MCC. (D) The top 10
autophagy-related DEGs via MCC.

The enriched GO and KEGG pathway analyses for the hub genes associated with
ferroptosis and autophagy were further analyzed and visualized in Figure 7. The BPs
primarily linked to these hub genes encompassed functions such as glial cell activation,
positive regulation of proteolysis, neuroinflammatory response, and negative regulation of
the phosphate metabolic process (Figure 7A,B,D, Supplementary Table S6).
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Figure 7. Enrichment pathway analysis of differentially expressed genes related to ferroptosis
and autophagy. (A) The histogram shows the GO/KEGG enrichment analysis result of ferroptosis-
and autophagy-related DEGs. (B) The chord plot shows the distribution of ferroptosis- and autophagy-
related DEGs in different GO/KEGG-enriched functions. (C) The concentric circle graph displays the
enrichment result data. The nodes in frame represent co-expressed gene clusters in specific biological
process terms; red represents upregulated genes, blue represents downregulated genes. Each column
in the inner circle corresponds to a term. The column height represents the p-value, with higher
columns indicating smaller p-values. Z-scores are represented by color intensity, with negative values
indicating that that rank is lower than expected. (D) The bubble graph illustrates the distribution
of all the results obtained by enrichment. The node color represents the category corresponding to
the terms. The size of node represents the amount of genes it encompasses. (E) The Cluego network
diagram shows the relationship between the DEGs and terms; the blue nodes represent categories,

red nodes represent molecules. A connection indicates that the molecule has an annotation for the
corresponding categories.

In terms of MFs, the hub genes exhibited significant enrichment in functions such
as enzyme inhibitor activity, tubulin binding, cyclin-dependent protein serine/threonine
kinase inhibitor activity, and cytokine receptor binding (Figure 7A,C,D, Supplementary
Table S7). Regarding KEGG pathway analysis, the hub genes displayed notable enrich-
ment in pathways including apoptosis in multiple species, necroptosis, toxoplasmosis,
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and the FoxO signaling pathway (Figure 7A,B,D, Supplementary Table S6). The cellular
localization analysis indicated that these hub genes were primarily located in membrane
rafts, membrane microdomains, growth cones, and glial cell projections (Figure 7A,D,
Supplementary Table S6). An enhanced understanding of the relationship between the
DEGs and GO/KEGG terms is shown in Figure 7E.

3.6. Confirmation of the ATL-Specific Ferroptosis Signature

To validate the ATL-specific ferroptosis signature, we acquired public datasets for
peripheral T-cell lymphomas (PTCLs) and angioimmunoblastic T-cell lymphoma (AITL)
GSE19069 [38]. We then compared ferroptosis-associated genes among the three T-cell
leukemia/lymphoma groups (Figure 8, Supplementary Tables S8 and S9). T-cell lymphomas
are a diverse group with varying biological and clinical features, including ATL, which is
one of 30 subtypes of mature T-cell lymphomas classified in the 2022 revised 5th edition
of the World Health Organization (WHO) classification of hematolymphoid tumors [57].
Among these diseases, 14 genes were shared, including IFNG and SMAD?7. However,
the ferroptosis signatures in ATL patients were distinctive, with very few (three for each
disease) shared genes compared to PTCL or AITL, which shared 13 times more common
genes (Figure 8, Supplementary Tables S8 and S9).

ATL Ferrop-related DEGs

26

14

39

AITL Ferrop-related DEGs

Figure 8. Comparisons of the ferroptosis-related DEGs among ATL, PTCL, and AITL patients PBLs.
A Venn diagram of GSE33615 (ATL) and GSE19069 (PTCL and AITL) DEGs.

3.7. Construction of the Target DEGs—TF Network and the Target DEGs—ncRNA Network

Out of the six upregulated hub DEGs, only four were identified as having associated
transcription factors as determined by ENCODE ChIP-seq data of Networkanalyst 3.0
(Supplementary Figure S3A). Among these, MUC1 emerged as the top targeted DEG,
being regulated by 68 different TFs. Additionally, BIRC5 was modulated by 30 TFs, while
CDKN2A and LRRK2 were regulated by 11 and 4 TFs, respectively.

The DEGs—ncRNA interactions are represented in Supplementary Figure S1. The mod-
ules in pink and purple indicate interactions between target DEGs and circRNA or IncRNA,
respectively, while modules in blue represent DEG-miRNA interactions. For a detailed
view of the downregulated DEGs—miRNA interaction analysis, refer to Supplementary
Figure S3B.

In this analysis, the top three target DEGs of miRNAs were identified as follows:
(1) BCL2L11, which was regulated by 10 different miRNAs; (2) CDKN1A, influenced by
5 miRNAs; and (3) APP, which was modulated by 5 miRNAs (Supplementary Figure S3B).

3.8. Potential Pharmacology of Identified Targets DEGs

The list of upregulated DEGs was submitted to the cMAP website for a potential
pharmacological analysis, where compounds were evaluated based on their connectivity
scores. The top 20 potential compounds are listed in Table 1, and they include a diverse
range of drug classes.
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Table 1. Top 20 predicted potential compounds from cMap for adult T-cell leukemia treatment based

on the ferroptosis- and autophagy-related DEGs.

Rank Score ID Name Description
1 —99.93 BRD-A47513740 Calyculin Protein phosphatase inhibitor
2 —99.86 BRD-A70731303 Avrainvillamide-analog-5 Nucleophosmin inhibitor
3 —99.83 BRD-U25771771 WZ-4-145 EGEFR inhibitor
4 —99.44 BRD-K65503129 CCT018159 HSP90-inhibitor
5 —99.26 BRD-K80431395 Triciribine AKT inhibitor
6 —99.15 BRD-K85402309 Dovitinib EGEFR inhibitor
7 —99.12 BRD-K64606589 Apicidin HDAC inhibitor
8 —99.05 BRD-K02130563 Panobinostat HDAC inhibitor
9 —99.03 BRD-K82823804 SA-792987 PKC inhibitor
10 -99.01 BRD-K21672174 RO-28-1675 Glucokinase activator
11 —98.98 BRD-K50168500 Canertinib EGEFR inhibitor
12 —98.94 BRD-K68336408 Tyrphostin-AG-1478 EGEFR inhibitor
13 —98.91 BRD-K12502280 TG-101348 FLT3 inhibitor
14 —98.91 BRD-K39120595 Bithionol Autotaxin inhibitor
15 —98.77 BRD-K98490050 Amsacrine Topoisomerase inhibitor
16 —98.77 BRD-K81418486 Vorinostat HDAC inhibitor
17 —98.72 BRD-A17065207 Brefeldin-a Protein synthesis inhibitor
18 —98.70 BRD-K10705233 GW-405833 Cannabinoid receptor agonist
19 —98.64 BRD-K51575138 TPCA-1 IKK inhibitor
20 —98.61 BRD-K04853698 LDN-193189 Serine/threonine kinase inhibitor

Notably, among these compounds are four EGFR inhibitors: WZ-4-145, dovitinib,
canertinib, and tyrphostin-AG-1478. Additionally, there are three HDAC inhibitors: api-
cidin, panobinostat, and vorinostat. The list also encompasses other classes of drugs, such
as calyculin (a protein phosphatase inhibitor), tricirbine (an AKT inhibitor), avraivillamide-
analog-5 (a nucleophosmin inhibitor), bithionol (an autotaxin inhibitor), amsacrine (a
Topoisomerase inhibitor), brefeldin-a (a protein synthesis inhibitor), as well as an HSP90
inhibitor, PKC inhibitor, glucokinase activator, and so forth.

These discoveries pave the way for promising avenues of further research and potential
therapeutic directions in the diagnosing and treating of ATL.

4. Discussion

ATL is a complex T-cell disorder currently characterized by various clinical manifes-
tations that result from the random proviral integration of HTLV-1. This integration is
often followed by extensive genetic [58] or epigenetic [59] modifications within the host
genome, further complicating the understanding and treatment of the disease. Symptoms
and signs of aggressive ATL are characterized by leukemic cells displaying multi-lobulated
nuclei, often referred to as ‘“flower cells’. These abnormal cells can infiltrate various tis-
sues, with a particular predilection for skin lesions [60]. Other clinical indicators of ag-
gressive ATL include hypercalcemia and associated renal impairment, elevated serum
lactate dehydrogenase (LDH) and soluble interleukin-2 receptor levels, lymphadenopathy,
hepatosplenomegaly, fever, and susceptibility to opportunistic infections leading to uncon-
sciousness [1,61]. Currently, there is an acknowledgment of various factors and components
that intricately contribute to the development of ATL. However, it is important to note that
the potential implications of ferroptosis in the progression of ATL have not been explored
or investigated until now. This represents an intriguing and uncharted area of research that
could provide valuable insights into the understanding and treatment of ATL.

In the present study, we initiated our research by conducting a comprehensive analysis
of the whole gene profile within the GSE33615 dataset. In the Reactome analysis of this
comprehensive gene profile, we observed that the top three enriched pathways were all
associated with O,/CO, exchange in erythrocytes. This observation is consistent with
the substantial increase in energy requirements that occur following the transformation of
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HTLV-1-infected cells into ATL. Furthermore, our analysis suggests that ATL cells induce
the glycolysis pathway, likely in response to the hypoxic microenviroment created by their
rapid proliferation and infiltration into healthy tissues. This observation aligns with the
notable increase in serum LDH levels observed among ATL patients, highlighting the
metabolic changes that accompany the progression of this disease.

Subsequently, we proceeded to identify the DEGs related to ferroptosis and autophagy,
followed by conducting enrichment analyses for each category. The functional enrichment
analysis of ferroptosis-related DEGs revealed that these genes, particularly those involved
in cellular response to external stimulus and chemical stress, appeared to exhibit an in-
hibitory effect on their respective pathways (G0O:0071496, zscore = —1.8898; GO:0062197,
zscore = —0.3779). These observations could potentially suggest the suppression of the
ferroptosis pathway in ATL cells. This is noteworthy since acute or chronic cellular stress
can precipitate cellular ferroptosis [62,63].

Iron is a crucial element that plays a pivotal role in cellular growth and homeosta-
sis. However, an excessive accumulation of iron reserves is positively associated with an
increased risk of tumor initiation and tumor growth [64,65]. Many types of cancer cells
undergo a reprogramming of iron metabolism, resulting in a net influx of iron [64,65]. It is
worth noting that patients diagnosed with myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML) often exhibit systemic iron overload, suggesting an elevated
requirement for iron by leukemic cells [65,66]. Although there is currently a lack of spe-
cific clinical investigations related to iron in ATL, these observations appear to be in line
with the results of the enrichment analysis of ferroptosis-related DEGs in our study. The
unexpected presence of functions related to iron ion binding and ferric iron binding within
ferroptosis-related DEGs, combined with the absence of negative regulation of transferase
activity such as transferrin, suggests a potential inclination of ATL cells to enhance their
capability for iron uptake (GO:0005506, zscore = 0.4472; GO: 0008199, zscore = 1.4142;
GO:0051348, zscore = —0.3333). However, at the same time, the insufficient response to
metal ion and iron ion transport functions appears to mitigate the risk of ferroptosis to
ATL cells (GO: 0006826, zscore = —0.4472; GO: 0010038, zscore = —0.3333). These findings
shed light on the complex interplay of iron metabolism in ATL and its potential role in
modulating susceptibility to ferroptosis. Further research is warranted to unravel the
precise mechanisms underlying these observations.

From the comparison of ferroptosis signatures among other T-cell lymphomas, the
ATL-specific ferroptosis signal turned out to be distinctive (Figure 8). T-cell lymphoma-
genesis implies the deregulation of signaling pathways, which occurs in many PTCL
entities [67]. Dysregulation of the TCR pathway is a common feature of ATL, PTCL, and
AITL, whereas the JAK/STAT pathway is frequently altered in PTCL with a cytotoxic
immunophenotype ALK-positive or negative anaplastic large cell lymphoma (ALCL),
breast-implant-associated-ALCL (Bi-ALCL), cytotoxic PTCL-NOS, and extra-nodal NK/T-
cell lymphoma, nasal-type (ENKTCL). Dysregulation of the cell cycle in cancer is mostly
due to inactivation of the tumor suppressor gene TP53. While alterations of TP53 and
CDKN2A /PTEN have been reported in GATA3-positive PTCL-NOS, associating with
complex chromosomal rearrangements and genomic instability, these alterations appear to
be infrequent in ATL and AITL [68]. While PTCL and AITL shared 39 of the ferroptosis-
related genes, ATL shared only 3 with both diseases (Figure 8 and Supplementary Tables S8
and S9).

The observations above suggest an intense interplay centered on the ferroptosis path-
way within ATL cells. Additionally, the ferroptosis-related DEGs were also significantly
enriched in processes related to the regulation of T-cell activation, Th17 cell differentiation,
as well as IL-17 signaling pathway, which appeared to be related to the immunosuppressive
functions exhibited by ATL cells. On a separate note, the autophagy-related DEGs also
displayed patterns suggestive of immunosuppressive effects. These patterns were charac-
terized by a partial downregulation in pathways associated with the NOD-like receptor
signaling pathway, TNF signaling pathway, and leukocyte activation involved in inflam-
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matory response. Furthermore, autophagy-related DEGs, in addition to their involvement
in autophagy and apoptosis-related functions, appear to play a role in facilitating glucose
uptake by ATL cells to a certain extent (hsa04931, zscore = —1.7320).

We identified 10 ferroptosis-related hub genes, with each potentially playing a distinct
role in the context of ATL. These genes included six downregulated ferroptosis driver
genes (IFNG, IL1B, MAPKS8, SMAD?, SOCS1, ZEB1); one upregulated ferroptosis diver
gene (CDKN2A); two downregulated ferroptosis suppressor genes (CDKN1A, STAT3);
and one upregulated suppressor gene (MUC1). Among these genes, STAT3 is known
to act as a regulator of the inflammatory response by regulating the differentiation of
naive CD4+ T-cells into Th17 or Treg [69]. Interestingly, the expression of phosphorylated
STAT3 has been associated with a better prognosis in ATL [70]. IL1B is a pivotal mediator
of inflammatory response and is involved in T-cell activation [71]. It also promotes the
differentiation of T-cells towards Th17 and synergizes with IL-12 to induce IFNG synthesis
from Thl cells [72].

In acute promyelocytic leukemia cells, IENG exhibit a synergistic effect with As203,
regulating IRF-1 expression and apoptosis induction [73]. Additionally, single nucleotide
polymorphisms (SNPs) within the IFNG gene have been associated with the expansion
and proliferation of hematopoietic stem cells, influencing the response to imatinib therapy
in patients diagnosed with chronic myeloid leukemia (CML) [74]. MAPKS plays a pivotal
role in T-cell proliferation and differentiation, and can promote stressed-cell apoptosis
by phosphorylating p53/TP53 and Yes-associated proteins YAP1 [75]. ZEB1, functioning
as a transcriptional repressor, exerts negative regulation on IL-2 expression [76,77]. In
the context of adult T-cell leukemia (ATL), ZEB1 functions as a tumor suppressor but is
frequently disrupted through various mechanisms [78]. SOCS1 is expressed in peripheral
blood T-cells in response to cytokines such as IL2, IL4, IL6, and IENG [79]. It participates in
a negative feedback loop to attenuate cytokine signaling [79,80]. Interestingly, the enforced
expression of SOCS1 in lymphoid or non-lymphoid malignancies has been observed to
effectively attenuate LCK-mediated cell transformation [81]. SMADY serves as an antago-
nist of TGF-f31 receptor superfamily members signaling. Overexpression of SMAD? has
been found to attenuate TGF-f3-mediated inflammation and carcinogenesis [82]. However,
it is worth noting that there are reported cases where the overexpression of SMAD? is
associated with an unfavorable prognosis in AML [83].

CDKNI1A is a cyclin-dependent kinase inhibitor that is tightly regulated by p53. It
plays a pivotal role in orchestrating p53-dependent cell cycle G1 arrest in response to
various stress stimuli. CDKIN2A, on the other hand, is a p53 stabilizer that represses the
oncogenic effects of MDM2 by blocking MDM?2-induced p53 degradation and enhanc-
ing p53-dependent transactivation. CDKN2A can also induce G2 arrest and apoptosis
in a p53-independent manner. However, while both CDKN1A and CDKN2A induce
cell cycle arrest, their effects in the context of ferroptosis appear to be different. It has
been reported that knocking out CDKN1A enhances the sensitivity of A549 cells (lung
cancer cells) to doxorubicin-induced ferroptosis, suggesting that CDKN1A inhibits fer-
roptosis [84]. Conversely, CDKN2A has been reported to sensitize cells to ferroptosis in
a p53-independent manner. Depletion of CDK2A induces NRF2 activation and promotes
cancer cell survival in response to oxidative stress [85]. However, recent studies indicate
that CDKN2A-deficient gliomas exhibit heightened lipid peroxidation, leading to selective
ferroptosis in the tumor [86]. Therefore, further investigation is needed to elucidate the
precise role of CDKN2A in ferroptosis. MUC1 is a secreted oncogenic mucin that is ab-
normally expressed in ATL cells and AML blasts [87]. It is associated with an unfavorable
prognosis in ATL patients [88].

Based on the 10 ferroptosis-related hub genes, we identified the top 20 compounds that
may suppress ATL growth (Table 1). Among these, five small molecules (triciribine, panobi-
nostat, vorinostat, amasacrine, and dovitinib) are currently in global phase I/1I clinical trials
(Supplementary Table S7). Several molecular targeting drugs for ATL treatment have been
approved over the last decade. These include mogamulizumab (an anti-CCR4 monoclonal
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antibody) [89,90], Lenalidomide (an immunomodulatory drug) [91], Brentuximab vedotin
(an anti-CD30 monoclonal antibody conjugated with an antimitotic agent, monomethyl
auristatin E) [92], and Tucidinostat (an HDAC inhibitor) [93], and Valemetostat (EZH1/2
inhibitor) [94,95].

In addition to these approved drugs, we have summarized 10 candidate drugs that
may induce ferroptosis in ATL cells (Figure 9). These include Apicidin, a cyclic tetrapeptide
with antiproliferative activity against various cancer cells, including leukemia [96]. Panobi-
nostat, another new class of pan-HDAC inhibitor, was approved by the FDA and EMA
for use in combination with bortezomib and dexamethasone for the treatment of multiple
myeloma [97]. However, some research has suggested it may not be safe for elderly AML
patients due to its lack of specificity [98].
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Figure 9. Approved and ferroptosis-inducing drug candidates for ATL therapy. Four approved
molecular targeting drugs (in black), ten potential ferroptosis inducers (in blue), and a novel Hsp90
inhibitor TAS-116 (in green) examined by us [99-101].

HSP90 inhibitors play a crucial role in the NF-kB-mediated anti-apoptosis of ATL
cells. Besides CCT018159 [102], this category includes compounds such as 17-DMAG,
NVP-AUY922, and TAS-116, which have shown significant suppressive activity against
ATL [99-101]. TAS-116 has been approved for use in gastrointestinal stromal tumor (GIST)
patients [103].

Two EGEFR inhibitors are also listed. WZ-4-145 has been reported as a candidate for
treating pancreatic neuroendocrine tumors [104]. Dovitinib targets FGFR1/2/3 and is under
clinical trial investigation as an anti-tumor drug, with FGFR1 chromosomal translocation
associated with 8p11 myeloproliferative syndrome, and FGFR3 is implicated in multiple
myeloma and peripheral T-cell lymphoma [105].

Triciribine, an AKT inhibitor, has been studied in phase I/II clinical trials and has
shown effectiveness in reducing the risk of elevated Akt levels in patients with advanced
hematological malignancies (AML, CCML, ALL, CLL) while inducing cell death through
the modulation of Akt and its substrate BAD under well-tolerated conditions [106].
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Avrainvillamide, a nucleophosmin inhibitor, has shown potential inhibitory effects
on the abnormal trafficking of mutated NPM1, which causes acute myeloid leukemia
(AML) [107].

SA-792987, a PCK inhibitor targeting Weel activity, has been listed as an anti-neoplastic
agent against nine malignant cell lines [108].

RO-28-1675, a glucokinase activator originally developed as an allosteric activator of
glucokinase for diabetes treatment [109], may induce anti-ATL activity through ferroptosis,
possibly due to its role in enhancing glycolytic activity in response to hepatitis virus
infection in liver cells [110].

5. Conclusions

In this study, we analyzed the GSE33615 dataset, allowing us to identify multiple
targets associated with ferroptosis and autophagy, along with related molecules and cor-
responding small-molecule compounds. Our findings indicate a partial downregulation
of the ferroptosis pathway in ATL cells. Leveraging the increased iron demand in can-
cer cells to spare normal cells and selectively target cancer cells represents a promising
opportunity [111]. A recent study has demonstrated that the ferroptosis inducer erastin
can overcome chemotherapy resistance and enhance the sensitivity of AML cell lines to
chemotherapy treatment [112].

Furthermore, research into ferroptosis nanotherapeutic technology for hematological
malignancies is also progressing, highlighting the potential of ferroptosis induction as a
treatment strategy for ATL [17,113]. This study represents the pioneering investigation into
the interplay between ATL and pathways associated with ferroptosis. While it sheds light
on an alternative approach for ATL treatment, it is not devoid of limitation. For instance,
the potential for false positives due to the enrichment method cannot be ruled out, and
biases may have been introduced by sample constraints. However, both the existing and
forthcoming results have the potential to aid in the identification of novel therapeutic
targets. Further efforts in data collection, exploration, and the screening of related genes
remain essential in the pursuit of ATL and ferroptosis-related treatment alternatives.
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