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ABSTRACT

Conventional treatments like chemotherapy and radiotherapy frequently provoke anti-tumor immunity by
initiating immunogenic cell death (ICD), a process where expiring cancer cells extrude damage-associated
molecular patterns to stimulate targeted immune reactions. Despite this, the capacity of natural compounds to
precipitate ICD within leukemic contexts remains largely unexplored. The present investigation demonstrates that
the dietary compound y-mangostin successfully eliminates primary murine leukemic populations, thereby
extending the lifespan of affected mice. Furthermore, this agent effectively suppresses primary malignant cells
alongside $CD34”+$ leukemic progenitor cells derived from human patients. Notably, the anti-leukemic effects
of y-mangostin are mediated via ICD induction, confirmed by the marked expression of IL1B, ANXA1, and
HSP90B1. Moreover, the compound expedites the formation of cytoplasmic chromatin fragments, which
subsequently drives the DNA damage response and augments cGAS pathway activation, ultimately elevating
chemokine levels. In parallel, y-mangostin precipitates HDAC4 degradation while fostering the buildup of
acetylated histone H3, mechanisms that jointly facilitate the transcription of chemokines. As a result, these
elevated chemokines recruit and activate $CD8"+$ T cells within the local microenvironment. Ultimately, our
findings reveal that y-mangostin initiates ICD and engages cGAS networks via a combination of epigenetic
alterations and the DNA damage response. Consequently, incorporating dietary y-mangostin offers a promising
pharmacological strategy for stimulating immune-mediated defenses in the clinical management and prophylaxis
of leukemia.
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Introduction

Characterized by the unregulated expansion of leukemic stem cells (LSCs) and leukemic progenitor cells (LPCs)
within the bone marrow, acute myeloid leukemia (AML) encompasses a diverse array of disease subtypes. While
standard induction therapies utilizing cytarabine and anthracyclines yield complete remission in most individuals,
extended survival outcomes remain distinctly unfavorable [1]. A growing body of literature underscores that
successful therapeutic interventions are profoundly reliant upon a robustly active immune microenvironment and
the inherent immunogenicity of the malignancy.

Certain modalities—including photodynamic therapy, physicochemical interventions, oncolytic viruses,
chemotherapy, and radiotherapy—can precipitate immunogenic cell death (ICD). As malignant cells perish during
ICD, they emit damage-associated molecular patterns (DAMPS) that incite a targeted immune reaction and foster
overarching anti-tumor immunity. Nevertheless, the dynamic interplay connecting ICD to the molecular pathways
governing tumor immunogenicity remains highly intricate [2].
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By facilitating protein acetylation and subsequently modulating gene transcription, the suppression of histone
deacetylases (HDACs) exerts formidable anti-neoplastic effects and corrects anomalous epigenetic profiles in
cancer cells. At present, researchers are actively exploring HDAC-proteolysis-targeting chimeras (PROTACS)
and traditional HDAC inhibitors for the management of diverse neoplasms, with a particular focus on
hematological cancers [3, 4]. Given the profound interconnectedness of immune modulation, DNA damage
pathways, and epigenetic regulation within malignant tissues, targeting HDACSs holds the potential to dismantle
immunosuppressive microenvironments, amplify anti-tumor immune reactions, and augment overall tumor
immunogenicity [5-7]. Furthermore, prior studies have documented that epigenetic inhibitors can successfully
restrict proliferation and activate innate immune pathways across multiple malignancies, including
chondrosarcomas [8].

Derived primarily from the pericarp of the subtropical mangosteen fruit, xanthones represent a family of natural
polyphenolic secondary metabolites. Over the past several years, structurally varied xanthones and their
derivatives have demonstrated robust pharmacological properties, encompassing anti-malarial, anti-hypertensive,
anti-inflammatory, and antioxidant functions [9]. Moreover, these compounds exhibit documented cytotoxicity
against a spectrum of malignant lineages, notably including leukemia [10].

Historically utilized in traditional medicine to address infections, wounds, and diarrheal illnesses, y-mangostin is
a specific tetraoxygenated diprenylated xanthone. Importantly, this compound has surfaced as a compelling anti-
cancer candidate capable of precipitating mitochondrial impairment, driving apoptosis, and halting the cell cycle
at the $G_0/G_1$ transition. Mechanistically, y-mangostin inhibits the B-catenin signaling cascade, thereby
diminishing the expression levels of TCF4 alongside its downstream effectors [11]. It additionally mitigates
malignant stemness and oncogenesis via the downregulation of the GSK3/B-catenin/CDKG6 axis [12]. Crucially,
while y-mangostin is highly lethal to neoplastic populations, it spares healthy cellular counterparts [11].
Consequently, probing how y-mangostin might optimize therapeutic outcomes by altering tumor immunogenicity
represents a highly valuable endeavor.

Within the current investigation, we illustrate that y-mangostin successfully eradicates leukemic populations via
the initiation of ICD. By prompting a DNA damage response and subsequently activating cGAS, y-mangostin
elevates chemokine production, a process integral to the activation of CD8" T cells. Furthermore, we outline the
precise mechanisms through which this agent drives histone acetylation to facilitate the transcription of these
chemokines. Ultimately, our data underscore the viability of dietary y-mangostin as a potent pharmacological tool
for both treating and preventing leukemia.

Materials and Methods

Patients and samples

Clinical specimens, specifically peripheral blood mononuclear cells (PBMCs) and bone marrow mononuclear
cells (BMMCs), were acquired from healthy donors and individuals diagnosed with AML at The Third Affiliated
Hospital of Sun Yat-sen University’s Department of Hematology. These cells were subsequently concentrated via
Ficoll-Hypaque density gradient centrifugation. A CD34 MicroBead kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) was employed to separate LPCs. Ethical approval for this research was granted by the Research Ethics
Committee of The Third Affiliated Hospital of Sun Yat-sen University ([2015]2-209), ensuring strict compliance
with the principles outlined in the Declaration of Helsinki.

Reagents and cell culture

Extracted directly from mangosteen pericarp, the y-mangostin utilized in this study demonstrated a purity
exceeding 99.5%, verified via HPLC-MS analysis. This compound was formulated into a 100 mM stock utilizing
dimethyl sulfoxide (DMSO) as the solvent, and subsequently preserved at —20 °C. Reagents for evaluating lactate
dehydrogenase (LDH) and Caspase 3 activity were sourced from Beyotime Biotechnology (Shanghai, China).
To accurately monitor apoptotic events and overall cellular viability, we utilized a CCK-8 assay (Dojindo
Laboratories, Kumamoto, Japan), alongside an Annexin VV-Phycoerythrin (PE)/7-Aminoactinomycin D (7-AAD)
Kit (Beyotime Biotechnology, Shanghai, China) and an Annexin V-Fluorescein Isothiocyanate (FITC)/Propidium
lodide (PI) Kit (Vazyme, Nanjing, China). We procured 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester
(CFSE) from Sigma-Aldrich (St. Louis, MO, USA) and Z-VAD-FMK from APExBIO (Houston, TX, USA).
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The U937 and HL-60 cell lines were provided by the American Type Culture Collection (ATCC, Manassas, VA,
USA), whereas MOLM13 cells were obtained from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ, Braunschweig, Germany). Cultivation of all leukemic lines was performed using
RPMI 1640 media (Gibco, Grand Island, NY, USA), which was enriched with standard antibiotic formulations
and 10% fetal bovine serum (Gibco, Grand Island, NY, USA).

Homology modeling of HDACs

The amino acid sequences for human HDAC family members lacking determined crystallographic structures were
retrieved from the UniProt database (HDAC5: Q9UQL6, HDAC9: Q9UKVO0). Suitable structural templates for
homology modeling were selected by performing sequence alignments of the HDACs with the NCBI Protein
BLAST tool. Specifically, the core domain sequence of HDAC4 exhibited 98% and 99% similarity to the
corresponding sequences of HDACS and HDACSY, respectively. Consequently, several crystallographic structures
of HDAC4 (PDB code: 2VQJ, 4CBT, 2VQW, 4CBY, 5Z00) available in the PDB database served as templates
to construct homology models for HDACS5 and HDACO. Similarly, the core domain of HDAC2 demonstrated
94% and 65% sequence similarity with HDAC1 and HDACS3, respectively. Thus, various HDAC2
crystallographic structures (PDB code: 3SMAX, 4LXZ, 4LY1, 6G30) from the PDB bank were employed for the
homology modeling of HDAC1 and HDACS3. Following this, the Modeller 9.20 software [13] was utilized to
perform the homology modeling, and the generated structures were subsequently validated using PROCHECK.

Computational docking and molecular dynamics refinement

The molecular docking of y-mangostin into the various HDACs was executed using our proprietary FIPSDock
software [14]. This docking simulation utilized the homology models of HDACI, — 3, — 5, — 9 generated in the
previous step alongside the established crystallographic structures for HDAC2, —4, -7, — 8 (PDB ID for HDAC?2:
3MAX; PDB ID for HDAC4: 2vQJ; PDB ID for HDAC7: 3C10; PDB ID for HDAC8:1T64). The grid center for
each receptor structure was designated at its center of mass. The dimensions for each grid were set to 120 x 120
x 120 points, featuring a spacing of 0.375 A. Both the starting conformation and spatial position of y-mangostin
were assigned randomly, followed by the execution of 70 independent docking runs. The receptor-ligand
complexes demonstrating the optimal docking scores were selected for subsequent structural refinement via the
Gromacs 2018.4 package [15]. Binding free energies for each complex were subsequently calculated in Discovery
Studio using the CHARMM implicit solvation model.

Bioinformatics analysis

Following the treatment of HL-60, MOLM13, or U937 cells with y-mangostin, RNA-Seq analysis was carried out
by Novogene (Beijing, China). ChlP-Seq assays were performed by Shanghai Jiayin Biotechnology (Shanghai,
China). The GSE116256 dataset was retrieved from the Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) [16]. Single-cell data integration was accomplished using the Seurat package
within the R platform, version 4.1.3. Data from The Cancer Genome Atlas (TCGA) was accessed via the XENA
browser (https://xenabrowser.net/hub/). Gene set enrichment analysis (GSEA) was executed utilizing the
ClusterProfiler package [17]. Evaluations of immune cell infiltration were performed using the ssSGSEA
methodology and the xCell algorithm [18]. The identification and analysis of ICD-related genes were conducted
following previously established protocols [19, 20].

HDAC activity assay

Intracellular HDAC activity was evaluated utilizing a colorimetric HDAC activity assay kit (BioVision, San
Francisco, CA, USA) in strict accordance with the provided manufacturer protocols. In summary, cell nuclear
extracts were combined with the corresponding substrate and assay buffer in a 96-well microplate, followed by a
1 h incubation period at 37 °C. The reaction was subsequently terminated via the addition of a lysine developer
buffer and incubated for an additional 30 min at 37 °C. Finally, HDAC activity was quantified by recording the
absorbance at 405 nm on a multi-well plate reader (Bio-Rad, Hercules, CA, USA).

Cellular thermal shift assay
To assess the intracellular target engagement between y-mangostin and HDAC4, HL-60 and MOLM13 cells were
exposed to either the vehicle control or y-mangostin for the specified durations. Following treatment, the cells
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were harvested, washed a single time in PBS, and resuspended in PBS containing either the vehicle or y-
mangostin. These cellular suspensions were aliquoted into PCR tubes and subjected to a temperature gradient for
3 min, followed by a subsequent 3 min equilibration phase at room temperature. Cellular lysis was achieved by
subjecting the samples to two rapid freeze-thaw cycles using liquid nitrogen. The resulting cell lysates were
collected and subsequently analyzed via western blotting.

Western blot analysis

Protein concentrations were quantified using the Bradford assay, and equivalent protein quantities from all
samples were resolved via SDS-polyacrylamide gel electrophoresis. Following electrophoretic transfer,
nitrocellulose membranes (Merck Millipore, Billerica, MA, USA) were blocked using 5% bovine serum albumin
(BSA) for 1 h. The membranes were then probed overnight at 4 °C with primary antibodies targeting cGAS,
STING, p-STING, TBK, p-TBK, c-abl, p21, Cleaved caspase 3, Cleaved PARP, Survivin, Bcl-2, histone H3
(acetyl Lys9), as well as a Histone Deacetylase Antibody Sampler Kit (Cell Signaling Technology, Danvers, MA,
USA); Flt3, p-actin, and c-myc (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and histone H3 (acetyl K27)
(Abcam, Cambridge, MA, USA). This was followed by a 1 h incubation with the corresponding secondary
antibodies. Antibody-antigen complexes were visualized using an enhanced chemiluminescence detection system
(Vazyme, Nanjing, China).

Real-time PCR

Total RNA extraction was performed utilizing the TRIzol reagent system (Invitrogen Life Technologies, Carlsbad,
CA, USA). Complementary DNA (cDNA) was reverse transcribed using the Thermo Scientific RevertAid RT Kit
(Thermo Fisher Scientific, Waltham, MA, USA). This cDNA served as the template for evaluating mRNA
expression levels via the Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA).

T cell functional assay

Leukemic cell lines were exposed to varying concentrations of y-mangostin for 24 h. Following a washing step,
the cells were incubated in fresh culture medium for an additional 24 h, after which the supernatant was harvested
as conditioned medium (CM). Peripheral blood mononuclear cells (PBMCs) were maintained in this CM for 48
h, subsequently transferred to 96-well plates, and stimulated with CD3/CD28 antibodies for 12 h. The expression
levels of CD8 and CD69 were then quantified via flow cytometry. To assess T cell proliferation, PBMCs
previously cultured in CM were labeled with CFSE, seeded into 96-well plates with CD3/CD28 antibody
stimulation for a duration of 5 days, and subsequently analyzed by flow cytometry. To evaluate migratory
capacity, CM was placed in the lower compartment of transwell chambers, while PBMCs were seeded into the
upper inserts and allowed to migrate for 6 h. The extent of migration was determined by quantifying the viable
cells present in the lower chamber.

Animal model

In the BALB/c nude mouse model, HL-60 cells were subcutaneously inoculated into the flanks. Tumor volumes
were monitored on specified days and calculated using the formula AxB2/2, where A represents the longest
diameter and B denotes the perpendicular diameter. In experiments involving NOD-SCID mice, subjects were
engrafted with luciferase-expressing HL-60 cells prior to the intragastric administration of y-mangostin.
Longitudinal imaging of the mice was conducted at predetermined time points using an in vivo imaging system
(PerkinElmer, Waltham, MA, USA). For the C57BL/6 mouse model, hematopoietic progenitor cells (HPCs) were
isolated from donor mice pre-treated with 5-Fluorouracil (5-FU). These cells were subjected to overnight
stimulation with mIL-3, mIL-6, and mSCF (Peprotech, Rocky Hill, NJ, USA) and subsequently transduced with
a retrovirus harboring the MLL-AF9 fusion gene. Following X-ray irradiation, recipient mice were transplanted
with the transduced HPCs through tail vein injections. Bone marrow (BM) samples from these leukemic mice
were subsequently harvested for secondary transplantation assays or additional downstream analyses. All animal
care protocols and experimental methodologies received approval from the Institutional Animal Care and Use
Committee of Sun Yat-sen University (00181576), operating in strict compliance with the WMA statement
regarding the ethical use of animals in biomedical research.
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Statistics

All statistical evaluations were performed utilizing SPSS software, version 16.0. Statistical comparisons across
experimental groups were executed using either the Student’s t-test or ANOVA, with significance defined as p <
0.05.

Results and Discussion

y-mangostin eliminates leukemic cells in both in vitro and in vivo settings

Following an initial screening of multiple naturally occurring compounds, we identified that the dietary compound
y-mangostin exhibited a robust capacity to clear malignantly transformed cells. To establish a leukemia model,
murine bone marrow (BM) cells were transduced with the MLL-AF9 fusion gene and subsequently engrafted into
recipient mice. Harvested BM cells were then subjected to CCK-8 assays and Annexin V-7AAD staining
procedures (Figures 1a and 1d). Treating MLL-AF9 leukemic cells with y-mangostin led to a marked decline in
cellular viability alongside elevated levels of apoptotic cell death, relative to the untreated control group (Figures
1b and 1d). In a comparable manner, y-mangostin suppressed the viability of cells undergoing malignant
transformation driven by BCR-ABL or FLT3-ITD. Following a secondary engraftment of MLL-AF9 BM cells,
the subjects received either a vehicle control or y-mangostin via intragastric administration on alternate days.
Treatment with y-mangostin effectively mitigated splenomegaly in the MLL-AF9 murine model, which was
demonstrated by significantly reduced splenic dimensions and masses (Figures 1e and 1f). Furthermore, subjects
in the y-mangostin treatment cohort exhibited a substantially extended overall survival (Figure 1g). Evaluations
of cellular morphology indicated that y-mangostin promoted an increased presence of leukemic blasts exhibiting
segmented nuclei (Figure 1h). Flow cytometry further confirmed a reduction in the leukemic cell population,
quantified by GFP+ expression, among the y-mangostin-treated subjects (Figure 1i). Collectively, these findings
demonstrated the capacity of y-mangostin to effectively eliminate murine leukemic cells.
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Figure 1. y-mangostin suppresses LPC proliferation within a leukemia model. (a) Schematic outline detailing
the experimental protocol for harvesting murine leukemic cells. Hematopoietic progenitor cells (HPCs) from
mice were transduced with the MLL-AF9 retrovirus and engrafted into recipient subjects. Upon the onset of
leukemia, bone marrow (BM) populations were harvested for subsequent evaluations. These isolated murine
leukemic cells were cultured either in the presence or absence of y-mangostin to assess phenotypic alterations
(b), viability via CCK-8 analysis (c), and apoptosis (d). (e) Visual representation of spleens excised from
MLL-AF9 leukemic subjects following treatment with or without y-mangostin. (f) Quantification of spleen
masses. (g) C57BL/6 subjects undergoing secondary MLL-AF9 transplantation received oral administrations
of either y-mangostin (50 mg/kg) or a control vehicle every alternate day over a 14-day period. Survival
outcomes are depicted using Kaplan-Meier curves (n = 5). (h) Morphological assessment of BM populations
via Wright-Giemsa staining comparing the y-mangostin-treated cohort against the vehicle control. The
proportion of MLL-AF9-driven (GFP-positive) leukemic cells within the BM was determined by flow
cytometric evaluation of GFP expression (i). (j) HL-60 cells were subcutaneously implanted into the flank
regions of 5- to 6-week-old male nu/nu BALB/c mice. The subjects were subsequently randomized into
cohorts receiving either y-mangostin (50 mg/kg, i.p.) or vehicle control every alternate day for a total of 12
days (n = 5). Tumor volumetric progression was graphically represented over time. *p < 0.05. (K) In vitro
imaging of luciferase-expressing red fluorescent cells following a 24 h incubation with or without y-
mangostin. (I) NOD-SCID subjects bearing luciferase-labeled red fluorescent cells were intraperitoneally
administered D-Luciferin and subjected to in vivo imaging at various intervals post-y-mangostin treatment (n
= 3). (m) Survival trajectories are illustrated through Kaplan-Meier analysis (n = 5).

Subsequently, the antineoplastic efficacy of y-mangostin was evaluated in vivo using a nude mouse xenograft
model engrafted with human leukemic cells. Specifically, nu/nu BALB/c mice subcutaneously injected with HL-
60 cells were randomly assigned to either a y-mangostin treatment group or an untreated control group. As
depicted in Figure 1j, the administration of y-mangostin robustly restricted tumor expansion. In parallel, in vitro
exposure of luciferase-expressing HL-60 cells to y-mangostin demonstrated a substantial decline in
bioluminescent signaling (Figure 1k). These luciferase-tagged HL-60 cells were additionally engrafted into
NOD-SCID subjects, which were then treated with either y-mangostin or a vehicle control. A progressive, time-
dependent reduction in bioluminescence intensity was recorded in the y-mangostin-treated cohort relative to the
control subjects (Figure 1I). Furthermore, the application of y-mangostin significantly extended the overall
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survival of the leukemic mice (Figure 1m). Taken together, these findings indicated the promising therapeutic
potential of y-mangostin for the treatment of acute myeloid leukemia (AML).

y-mangostin induces immunogenic cell death and stimulates cGAS signaling in leukemic models

We subsequently explored the underlying mechanisms by which y-mangostin restricts the viability of human
leukemic cells. The findings demonstrated that y-mangostin constrained the proliferative capacity of HL-60,
MOLM13, and U937 cellular models in a dose-responsive fashion (Figures 2a and 2b). Importantly, this
compound exhibited minimal cytotoxic effects on peripheral blood mononuclear cells (PBMCs) isolated from
healthy individuals. Morphological examinations corroborated these findings, highlighting the appearance of
nuclear fragmentation (Figure 2c). Flow cytometric evaluation using Annexin V-PI staining confirmed the
induction of apoptosis across cell populations exposed to the specified concentrations of y-mangostin (Figures
2d and 2e). Furthermore, the compound substantially elevated both the release of lactate dehydrogenase (LDH)
and the enzymatic activity of Caspase 3 across the evaluated cell lines (Figures 2f and 2g). Treatment with y-
mangostin also upregulated the protein levels of cleaved Caspase 3 and PARP; notably, exposure to a 20 uM
concentration prompted a pronounced elevation in the expression of both apoptotic markers (Figure 2h).
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Figure 2. y-mangostin promotes apoptotic cell dgath within human leukemic models. (a) Cellular

proliferation was evaluated via a CCK-8 assay following a 24 h incubation with various concentrations of y-

mangostin. *p < 0.05, ***p < 0.001. Additional cellular evaluations included a CFSE tracking assay (b),
Wright-Giemsa morphological staining (c), flow cytometric Annexin V-PI analysis (d, €), and quantification
of LDH release (f). *p < 0.05, p < 0.01, ***p < 0.001. (g) Enzymatic activity of Caspase 3 was quantified in

HL-60 and MOLM13 cell lines post-y-mangostin treatment. *p < 0.05, p < 0.01. (h) Cellular lysates were

generated to assess the expression levels of key apoptosis-associated proteins utilizing western blot
methodologies.

Subsequent transcriptomic evaluation via RNA-Seq revealed that y-mangostin substantially altered the global
gene expression profile relative to untreated controls, which is illustrated in the corresponding heatmap. A ridge
plot visualizing the enriched GSEA hallmark pathways indicated a marked upregulation of apoptotic cascades
and interferon (IFN) signaling networks within the y-mangostin-treated cohorts (Figure 3a). Furthermore, GSEA-
GO assessments demonstrated a significant enhancement in gene sets associated with cytokine release and IFN
responsiveness, alongside a concurrent downregulation in pathways governing DNA replication and
chromosomal packaging (Figure 3b).
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Figure 3. y-mangostin provokes structural DNA damage and stimulates the cGAS/STING signaling cascade.
Transcriptomic profiling was conducted via RNA-Seq on HL-60, MOLM13, and U937 cells following a 24 h
exposure to y-mangostin. Pathway enrichment was evaluated utilizing ridge plots for GSEA hallmarks (a) as
well as GSEA-GO categorizations (b). (c) PicoGreen fluorescent labeling was utilized to visualize HL-60
cells post-treatment with 10 uM y-mangostin for 24 h. The presence of cytosolic DNA is denoted by arrows.
Scale bar =5 pum. (d) The generation of DNA fragments in cells treated with 15 uM y-mangostin was
assessed using Hoechst 33342 staining. p < 0.01, ***p < 0.001. Cells exposed to y-mangostin were
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subsequently analyzed for the expression of y-H2AX, p21, and c-MYC (e), alongside evaluations of cell
cycle distribution (f). (g) Relative mRNA levels of cGAS were quantified in HL-60 and MOLM13 cells
following treatment with 20 uM y-mangostin. *p < 0.05. (h) Western blot analyses of prepared cell lysates
were performed to probe the components of the cGAS signaling pathway.

Notably, our observations indicated that even at reduced concentrations, y-mangostin facilitated the accumulation
of cytosolic DNA and cytoplasmic chromatin fragmentation (Figures 3¢ and 3d). Furthermore, western blot
evaluations verified the upregulation of y-H2AX following y-mangostin treatment, serving as a primary indicator
for the initiation of a DNA damage response (Figure 3e). Prior literature has established that the induction of
DNA damage frequently leads to elevated p21 expression within neoplastic cells [21, 22]. Consistent with this,
exposure to y-mangostin amplified the protein levels of p21 while simultaneously suppressing its downstream
target, c-MYC (Figure 3e). Additionally, we observed a pronounced cell cycle arrest at the GO/G1 phase among
viable cell populations following y-mangostin treatment (Figure 3f), an effect likely driven by the concurrent
DNA damage signaling and subsequent p21 activation.

The cGAS protein, serving as a primary sensory molecule for cytosolic DNA, operates to impede DNA repair
mechanisms, thereby hastening genomic instability and subsequent cellular demise [23]. Consequently, we
proceeded to evaluate the activation status of the cGAS signaling axis following exposure to y-mangostin. As
anticipated, treatment resulted in an elevation of both the transcript and protein levels of cGAS, alongside the
corresponding activation of its downstream effectors, STING and TBK (Figures 3g and 3h). Interestingly, in
addition to stimulating these innate immune pathways, y-mangostin provoked the upregulation of distinct markers
of immunogenic cell death (ICD), notably HSP90B1, ANXAL, and IL1B. Collectively, these findings strongly
suggest that y-mangostin possesses the capacity to drive ICD within human leukemic models.

Chemokine production is induced by y-mangostin via cGAS signaling

To evaluate the dynamic immunological alterations following y-mangostin administration, the immune profile of
individuals with acute myeloid leukemia (AML) was initially examined. Single-cell RNA sequencing data from
the GSE116256 dataset, comprising 16 AML patients and 4 healthy controls, was analyzed. Following gene
expression normalization and principal component analysis (PCA), cells were categorized into nine distinct
lineages utilizing specific marker genes (Figure 4a). The distribution of these cell lineages differed substantially
between healthy and leukemic cells. According to marker expression profiles, bone marrow (BM) cells from
individuals with AML demonstrated significant clustering within the granulocyte-monocyte progenitor (GMP)
population relative to healthy controls (Figure 4a). Furthermore, GMPs derived from both healthy donors and
AML patients exhibited unique dominant gene expression signatures. Additionally, while a cytosolic-DNA
immune response was detected in AML-derived GMPs, these cells presented diminished expression of
immunogenic cell death (ICD)-related genes (Figures 4a and 4b), suggesting that the induction of ICD may
represent a viable therapeutic approach for AML.
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Figure 4. Chemokine expression is upregulated by y-mangostin. (a) UMAP projection illustrating various
cell populations derived from 16 AML patients and 4 healthy controls (GSE116256). (b) UMAP
representations of cell populations linked to ICD gene expression and the cytosolic-DNA immune response
(GSE116256). (c) RNA-Seqg-derived heatmap displaying the expression of cGAS and chemokines across
three evaluated cell lines. (d) Assessment of chemokine expression via real-time PCR. ***p<0.001. (e)
H3K27ac binding peaks at chemokine promoters identified through ChlIP-Seq analysis in HL-60 cells. (f, g)
Annexin V-PI apoptosis assays conducted on bone marrow cells sourced from 3 healthy controls and 10
AML patients following a 24-hour incubation with specified concentrations of y-mangostin. *p<0.05, ***p
<0.001. (h) Proliferation analysis of leukemic blasts (CD34+ and CD34- populations, n = 3) treated with
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varying doses of y-mangostin for 24 hours. p<0.01, ***p<0.001. (I) Real-time PCR evaluation of
chemokine expression in patient-derived leukemia blasts. ***p<0.001.

Subsequently, RNA-Seq validation of the heatmap corresponding to cGAS and ICD-associated chemokines
demonstrated a marked upregulation following exposure to y-mangostin (Figure 4c). Real-time PCR analysis
corroborated the elevated expression levels of CCL2, CCL3, CCL5, CXCL8, CXCL10, and CXCL11 in HL-60
and MOLM13 cell lines (Figure 4d), mirroring the observations in bone marrow cells isolated from MLL-AF9
leukemic murine models. Prior studies have indicated that the upregulation of CCL chemokines necessitates an
accumulation of histone acetylation within their promoter regions [7, 24]. Consequently, ChIP-Seq analysis
utilizing an anti-H3K27ac antibody was conducted to evaluate histone acetylation status at these chemokine
promoters. The findings confirmed that administration of y-mangostin promoted the enrichment of histone H3
acetylation at the promoters of specific chemokines, including CCL2, CCL3, CCL5, and CXCL8 (Figure 4e).
This provides further evidence that the y-mangostin-induced enhancement of chemokine expression is driven by
a combination of histone acetylation and cGAS pathway activation.

The capacity of y-mangostin to eliminate primary leukemic blasts via ICD was subsequently investigated.
Subjecting primary leukemic blasts to y-mangostin for a 24-hour period triggered substantial apoptosis.
Conversely, this natural compound caused negligible cytotoxicity in healthy bone marrow cells (Figures 4f and
49), highlighting its favorable safety profile. Furthermore, y-mangostin profoundly reduced the viability of both
CD34+ and CD34- fractions within primary leukemic cell populations (Figure 4h). Importantly, transcriptional
levels of cGAS were upregulated in primary leukemic blasts following y-mangostin treatment (Figure 4i). In
alignment with the in vitro cell line data, the expression of CCL3, CCL5, and CXCL8 was significantly augmented
in y-mangostin-treated primary leukemic cells (n = 7); (Figure 4i). Therefore, these findings reinforce the
hypothesis that y-mangostin effectively eradicates primary leukemic cells and stimulates chemokine production
through the initiation of ICD.

y-mangostin inhibits the expression of HDAC4

The epigenetic activation of immune and inflammatory genes is mediated through histone modifications [7, 24,
25], and exposure to y-mangostin resulted in H3K27ac enrichment at chemokine promoter sites (Figure 4e).
Notably, previous research has shown that y-mangostin elevates a-tubulin acetylation in MCF-7 and MDA-MB-
231 breast carcinoma cell lines [26]. Consequently, the potential influence of y-mangostin on broader epigenetic
mechanisms was explored. As illustrated in Figure 5a, y-mangostin significantly promoted the acetylation of
histone H3. To determine if this alteration in histone H3 acetylation was linked to histone deacetylases (HDACS),
homology modeling of the HDAC family was constructed. Subsequent molecular dynamics refinement and
computational docking revealed that y-mangostin acts as a broad inhibitor across the HDAC family. Among the
various HDAC isoforms, y-mangostin demonstrated a particularly strong binding affinity for HDAC4. Therefore,
the specific modulatory interaction between y-mangostin and HDAC4 warranted deeper investigation.
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Figure 5. Downregulation of HDAC4 expression by y-mangostin. (a) Western blot evaluation of histone H3
acetylation in cells exposed to specified concentrations of y-mangostin for a 24-hour period. HL-60,
MOLM13, and U937 cells were incubated with designated doses of y-mangostin for 24 hours, followed by
the assessment of HDAC expression via western blotting (b) and the measurement of overall HDAC
enzymatic activity (y-mangostin: 0 and 20 uM) (c). *p<0.05, ***p<<0.001. (d) Cellular models were
administered either the vehicle control or 20 pM y-mangostin (HL-60: 1 hour and MOLM13: 2 hours).
Following collection and washing steps, the cell suspensions containing the vehicle or y-mangostin
underwent temperature treatments for 3 minutes, stabilized at room temperature for another 3 minutes, and
the resulting lysates were analyzed by western blot. (€) Western blot analysis of cells treated with 15 uM y-
mangostin and/or 10 pM Z-VAD-FMK for the specified durations (HL-60: 8 hours; MOLM13: 24 hours). (f)
Western blot profiling of H3K9ac and HDAC4 levels in primary blasts derived from two leukemic patients.

The downregulation of HDACs mediated by y-mangostin was further validated utilizing western blot techniques.
As depicted in Figure 5b, y-mangostin specifically diminished HDAC4 levels in leukemic cells, exerting minimal
impact on alternative HDAC isoforms. Comparable outcomes were observed in K562 cells, as well as in cells
transformed with FLT3-ITD or BCR-ABL. Furthermore, a colorimetric assay revealed that overall HDAC
enzymatic activity was markedly suppressed by y-mangostin in HL-60, MOLM13, and U937 cell lines (Figure
5¢). Consistent with computational predictions, y-mangostin demonstrated physical binding to HDAC4 within
leukemic cellular models (Figure 5d), confirming a direct protein-compound interaction. The addition of 10 uM
of the caspase inhibitor Z-VAD-FMK successfully blocked the degradation of HDAC4 (Figure 5¢), proving that
y-mangostin initiates HDAC4 breakdown through a caspase-dependent degradation pathway. In agreement with
these findings, primary leukemic blasts exhibited a concurrent decrease in HDAC4 expression and an elevation
in histone H3 acetylation upon y-mangostin treatment (Figure 5f).
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CD8+ T cell activation within the tumor microenvironment is triggered by y-mangostin

Intercellular communication analysis derived from single-cell RNA-seq data indicated a profound functional
disruption of immune cells in AML patients (Figure 6a). Trajectory analysis was subsequently utilized to evaluate
the transcriptomic transitions of these immune populations. As expected, individuals with AML exhibited an
overrepresentation of GMPs, whereas healthy controls presented higher frequencies of T cells (Figure 6b). This
implies that the dysregulation of T cells may serve as a critical factor in the progression of AML. To investigate
the association between T cell populations and HDAC4 in the context of AML, single-sample gene set enrichment
analysis (SSGSEA) was executed utilizing The Cancer Genome Atlas (TCGA) dataset. The results established
that patients with elevated HDAC4 expression demonstrated a diminished enrichment of CD8+ T cells (Figure
6¢). While the general correlations among immune cell types were relatively similar regardless of HDACA4 status,
both natural killer (NK) cells and CD8+ T cells showed a significant enrichment in patient cohorts characterized
by low HDAC4 expression (Figures 6d and 6e). Subsequently, the relationship between HDAC4 levels and
tumor microenvironment (TME) cellular infiltration was detailed. As illustrated in Figure 6f, cohorts with low
HDAC4 expression exhibited a more robust infiltration of macrophages and NK56dim cells relative to the high-
expression group. Importantly, within the elevated HDAC4 cohort, HDAC4 levels demonstrated a pronounced
negative correlation with the infiltration of CD8+ T cells and NK cells, suggesting a potential immunosuppressive
role for HDACA4 against T and NK cell populations in AML patients.
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Figure 6. Analysis of the association between HDAC4 expression and T cell infiltration. (a) Intercellular
communication networks among immune cells derived from healthy controls and AML patients
(GSE116256). (b) Monocle 2-based trajectory mapping delineating sample origins (left) and cell types (right)
across healthy donors and AML subjects (GSE116256). (c) Evaluation of immune cell infiltration profiles in
cohorts with high versus low HDACA4 expression via SSGSEA. (d) Spearman analysis assessing the
correlation between distinct infiltrating immune cell signatures. (e) Quantification of the relative abundance
of specific infiltrating cell populations stratified by high and low HDAC4 expression. (f) ssGSEA-derived
correlation analysis between individual infiltrating immune subsets and HDAC4 levels within the low and
high expression groups.

Given the essential role of chemokines in orchestrating T cell development, preservation, and effector functions
[27], it was hypothesized that the y-mangostin-mediated pharmacological blockade of HDAC4 might counteract
T cell suppression within the AML microenvironment. Consequently, exposure to conditioned medium (CM)
harvested from y-mangostin-treated leukemic cells successfully reactivated Jurkat cells and CD8+ T cells derived
from peripheral blood mononuclear cells (PBMCs), as evidenced by the upregulation of the activation marker
CD69 (Figures 7a and 7c). Crucially, this treatment also enhanced both the recruitment capacity and the
proliferation of the PBMCs (Figures 7d and 7e). These findings suggest that the chemokine induction elicited
by y-mangostin likely facilitates the reactivation of CD8+ T cells, thereby amplifying the compound's anti-
leukemic efficacy.
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Figure 7. T cell activation within the microenvironment is stimulated by y-mangostin. (a) Activation of
Jurkat cells triggered by y-mangostin-conditioned medium (CM), displaying representative data from a single
experiment. (b) Representative data and (c) cumulative statistical analysis (n = 5) illustrating CD8+ T cell
activation induced by y-mangostin CM. *p<0.05, p<0.01, ***p<0.001. (d) Enhanced chemotactic
recruitment of Jurkat cells or PBMCs (n = 5) mediated by y-mangostin, as evaluated via migration assays. *p
<0.05, p<0.01, ***p<0.001. (e) CFSE staining demonstrating the pro-proliferative effect of y-mangostin
CMon T cells (n = 5), featuring representative PBMC data from a single healthy volunteer. (f) Mechanistic
schematic detailing the anti-leukemic action of y-mangostin: The compound triggers ICD and activates the
c¢GAS signaling cascade. Furthermore, y-mangostin promotes the targeted degradation of HDAC4, leading to
the accumulation of acetylated histone H3 proteins. This epigenetic modification synergizes with cGAS
signaling to drive robust chemokine transcription, ultimately reactivating CD8+ T cells within the
microenvironment.

Oncological immunotherapy modulates the immune system to generate an anti-tumoral immune reaction.
Comprehending the underlying mechanisms or signaling cascades through which anti-cancer agents trigger
DAMPs and stimulate immune activity holds promise for advancing effective ICD inducers and enhancing cancer
immunotherapy. Importantly, discovering ICD inducers capable of leveraging innate immunity to amplify anti-
tumor responses, while also stratifying patients based on their potential therapeutic benefit, would represent a
significant clinical advancement [1].

DAMPs, such as nucleic acids, are recognized by the cGAS and stimulator of interferon genes (STING) signaling
axis. The cGAS enzyme functions as an innate immune sensor responsible for monitoring cytosolic DNA,
including pathogenic microbial DNA as well as endogenous DNA extruded from the nucleus during genomic
stress [28-30]. Upon binding to double-stranded DNA, cGAS synthesizes the second messenger cyclic GMP-
AMP. This event subsequently triggers downstream innate immunological cascades, ultimately driving the
secretion of type | IFNs and various other cytokines [28, 31]. Aberrations within the cGAS pathway are associated
with a multitude of pathological conditions, encompassing inflammatory pathologies, infectious diseases, and
malignancies [31, 32]. Furthermore, cGAS exerts anti-neoplastic effects by sensing DNA released within
malignant cells, thereby facilitating tumor immunogenicity following chemotherapeutic intervention [33, 34],
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[35]. Within the current investigation, it was observed that y-mangostin stimulated both ICD and cGAS pathway
activation concurrent with DNA damage (Figures 3e and 3h). Primary downstream targets of cGAS signaling,
namely CCL3, CCL5, and CXCLS, exhibited marked upregulation in cells subjected to y-mangostin treatment
(Figures 4d and 4i). Such chemokines serve as essential factors driving the chemotactic recruitment of CD8+ T
lymphocytes, which is necessary to achieve optimal anti-tumor activity [36-39]. Additionally, this study
demonstrated that the CM derived from y-mangostin-exposed leukemic cells facilitated the activation, expansion,
and recruitment of CD8+ T cells (Figures 7b and 7e). Corroborating these findings, analysis of TCGA datasets
revealed that patient cohorts exhibiting diminished HDAC4 levels possessed greater infiltration of CD8+ T cells
(Figure 6e). Consequently, the pharmacological suppression of HDAC4 by y-mangostin promotes chemokine
secretion, which beneficially modulates the leukemic microenvironment by alleviating CD8+ T cell suppression.
Given that y-mangostin induced immunogenic properties within leukemic cells, its underlying mechanistic action
was further delineated. The findings indicated that y-mangostin expedited the formation of cytoplasmic chromatin
fragments, which subsequently activated cGAS and culminated in chemokine release. Alternatively, the
transcriptional activation of chemokines is dependent upon histone acetylation modifications [7, 24, 25]. As a
critical post-translational modification, acetylation governs both protein stability and gene transcription. The
direct consequence of histone hyperacetylation, achieved via HDAC suppression, is the facilitated transcription
of specific cytokines and chemokines [40]. In this research, y-mangostin suppressed the enzymatic function of
HDAC4 and promoted the accumulation of acetylated histone H3 protein (Figure 5a), thereby driving the
transcriptional regulation of chemokines. The selectivity and potency of HDAC inhibitors are likely associated
with the marked overexpression of HDACs frequently observed in malignant cells. Correspondingly, elevated
expression of HDAC4 has been documented across various human solid tumors and leukemias [41-43]. The
targeted inhibition of HDAC4 has been shown to impede leukemic cell proliferation, precipitate cell cycle arrest,
and drive cells toward apoptosis [44, 45]. The current data suggested that y-mangostin potentially establishes
physical coordinates with the HDAC4 protein (Figure 5d). Prior investigations have indicated that HDAC
inhibitors can stimulate the proteasome-dependent degradation of HDAC4 [46, 47]. Conversely, alternative
reports have proposed that the degradation of HDAC4 does not rely on the proteasome but is instead caspase-
dependent [48, 49]. Aligning with the latter, y-mangostin was found to downregulate HDAC4 expression by
initiating its caspase-dependent degradation (Figure 5e). Therefore, y-mangostin likely contributes to HDAC
inhibitory activity by structurally altering HDAC4 to expedite its degradation.

LPCs often endure rigorous chemotherapeutic regimens, ultimately driving recurrent disease. The well-
documented oncogenes MLL-AF9 and BCR-ABL are recognized for imparting LPC characteristics and
instigating leukemia in mice, rendering these in vivo models robust read-outs for studying leukemogenesis [50,
51]. In this investigation, y-mangostin substantially attenuated the proliferative capacity of progenitor cells
positive for MLL-AF9 or BCR-ABL (Figures 1c and 1i). Notably, y-mangostin treatment proved highly
efficacious against MLL-AF9-induced leukemia, significantly extending the survival of the leukemic mice
(Figure 1g). Earlier research has reported that AML CD34+/CD38- progenitor cells exhibit inherent
chemoresistance coupled with reduced immunogenicity [52]. The present results demonstrated that y-mangostin
successfully suppressed not only CD34- but also CD34+ leukemic cells (Figure 4h). More importantly, while y-
mangostin triggered apoptosis in leukemic blasts, its cytotoxic impact on normal cells was negligible (Figure 4g).
Consequently, y-mangostin exhibits a preferential lethality toward leukemic cells while demonstrating diminished
toxicity against normal hematopoietic bone marrow cells, thereby mitigating drug-related myelosuppression.

Conclusion

In summary, the aggregated data reveal that y-mangostin triggers ICD, which subsequently leads to the activation
of cGAS signaling across both established leukemic cell lines and primary leukemic blasts. Evidence is also
presented suggesting that y-mangostin functions as a potential epigenetic modulator; this mechanism operates in
tandem with cGAS activation to ultimately enhance the secretion of chemokines, facilitating the activation of
CD8+ T cells within the microenvironment (Figure 7f). Such discoveries open novel therapeutic possibilities for
leveraging y-mangostin-mediated ICD in the treatment of leukemia. Furthermore, y-mangostin holds potential
utility as a dietary supplement, presenting a novel approach for cancer prevention.
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