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Acute myeloid leukemia (AML) is an aggressive hematologic malignancy with a poor prognosis and limited therapeutic options.
Leukemic stem cells (LSCs), which drive disease progression and confer resistance to therapy, pose a significant challenge to
conventional treatment strategies. In this study, we identified and characterized the inhibitory mechanisms of TH37, a small
molecule derived from traditional Chinese medicine, which selectively targets AML blasts and LSCs. Our analyses identified
peroxiredoxin 1 (PRDX1), an enzyme that catalyzes the breakdown of hydrogen peroxide (a reactive oxygen species), as the primary
molecular target of TH37. We demonstrated that TH37 directly interacts with PRDX1, inhibiting its enzymatic activity and thereby
elevating intracellular reactive oxygen species levels in AML cells. PRDX1 was found to be overexpressed in AML, and its expression
correlated with poor prognosis and the activation of AML- and cancer-associated pathways. Targeting PRDX1, either through
lentiviral short-hairpin RNA-mediated silencing or TH37 treatment, induced apoptosis, reduced colony formation, and impaired the
engraftment and growth of AML cells in immunodeficient mouse models. Furthermore, TH37 synergized with conventional
chemotherapeutic agent to significantly reduce the viability and colony-forming capacity of AML cells. These findings demonstrate
the critical role of PRDX1 in AML pathogenesis and highlight its potential as a key therapeutic target to improve clinical outcomes

for AML patients.
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INTRODUCTION

Acute myeloid leukemia (AML) is an aggressive malignancy of
myeloid cells, characterized by a high relapse rate and often
exhibiting intrinsic or acquired drug resistance [1]. Despite recent
advances in drug development, AML remains one of the most
lethal cancers. This is particularly true for elderly patients (aged
>60), whose 5-year overall survival rate can be as low as 10-15%,
compared to 20-35% in the general population [2-4]. The
standard treatment, known as the 7+3 regimen, relies on a
combination of anthracycline and cytarabine, and has remained
largely unchanged since the 1970s [4].

A major challenge in treating AML involves targeting leukemic
stem cells (LSCs), which drive relapse and resistance after
chemotherapy or radiation [5-7]. CD34 + CD38— AML cells, the
earliest identified LSCs population, demonstrate enhanced colony-
formation and disease-initiating activity [8-14]. The frequency of
LSCs increases significantly at relapse compared to diagnosis,

correlating with a poor prognosis [5]. AML cells often develop
multidrug resistance (MDR) through mechanisms such as the
overexpression of efflux pumps (e.g., ATP-binding cassette
transporters) and TP53 mutations [15, 16], leading to limited
therapeutic options and treatment failure. In addition, conven-
tional chemotherapy drugs not only target leukemic cells but also
cause significant toxicity to normal cells, resulting in severe side
effects. This restricts a significant proportion of patients from
receiving intensive chemotherapy, preventing them from achiev-
ing complete remission and increasing the risk of relapse.
Therefore, the development of more effective and selective drugs
is essential to improve current therapeutic options.
Peroxiredoxin family are ubiquitously expressed and play key
roles in regulating reactive oxygen species (ROS) by catalyzing the
reduction of hydrogen peroxide (H,0,) [17]. Peroxiredoxins share
a conserved N-terminal cysteine residue (around position 51),
which can be oxidized by H,0, to form cysteine-sulfenic acid (Cys-
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SOH) [17]. The role of peroxirodoxin 1 (PRDX1) in cancer remains
controversial. In certain cancers, such as breast and lung cancer,
PRDX1 has been shown to function as a tumor suppressor by
inhibiting c-Myc activity and the PTEN/AKT pathway [17-19].
Whereas other studies demonstrated that PRDX1 promoted tumor
progression and metastasis through the activation of c-Jun, AP-1,
and epithelial-mesenchymal transition in prostate, pancreatic, and
colorectal cancers [19, 20]. While PRDX1 has been reported to
suppress FLT3-ITD-induced transformation in AML [21], it also
inhibits AML cell differentiation [22]. Thus, the role of PRDX1 in
AML has not been fully elucidated.

Malignant cells, including those in AML, typically exhibit
elevated basal ROS [23-25]. This is largely attributed to their high
proliferative capacity and enhanced cellular respiration, which
generate ROS as byproducts, particularly during mitochondrial
oxidative phosphorylation(OXPHOS) [26]. ROS, such as H,0,, also
function as signaling molecules that activate cancer-promoting
pathways, including Wnt/B-catenin and PI3K/AKT/mTOR [27-29].
Moreover, drug-resistant cancer cells possess higher ROS levels
and antioxidant activity than non-resistant cells [30]. However,
elevated ROS levels also render cancer cells more vulnerable to
ROS-induced apoptosis. To maintain ROS homeostasis, cancer cells
often upregulate antioxidant mechanisms [23, 29]. Therefore,
triggering ROS production or disrupting antioxidant pathways
offers a promising strategy for anticancer therapy [25, 31].

To identify novel therapeutic agents for AML, we screened a
small-molecule library derived from traditional Chinese medicine
(TCM). TCM is a valuable resource for modern drug discovery, as
exemplified by the success of arsenic trioxide (ATO) in treating
acute promyelocytic leukemia (APL) [32]. We identified TH37 as a
promising candidate exhibiting potent anti-AML activity and low
toxicity to normal cells. Mechanistic studies revealed that TH37
acts as a natural inhibitor of PRDX1, whose expression is
significantly upregulated in AML and is associated with poor
prognosis. Our results demonstrate that PRDX1 is essential for the
maintenance of AML cells, both in vitro and in vivo. Furthermore,
targeting PRDX1 with lentiviral short-hairpin RNAs (shRNA) or
TH37 enhanced the effects of conventional chemotherapeutic
drugs, underscoring the potential of TH37 to improve existing
treatment strategies for AML.

METHODS
Cell culture and clinical specimens
The source of each cell line and corresponding culture medium are
summarized in Supplementary Table 1. Each cell line identity was verified
by short tandem repeat (STR) analysis either prior to distribution or upon
receipt. Cells were cultured in DMEM (Hyclone, Logan, UT, USA) or
RPMI1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS) (Hyclone). All cells were maintained at 37 °C in 5%
CO; and confirmed as mycoplasma-free through monthly PCR screening.
Bone marrow (BM) or peripheral blood samples were collected from
patients with leukemia or healthy donors at Shenzhen University General
Hospital who provided written informed consent in compliance with the
Declaration of Helsinki and the Institutional Review Board. Mononuclear
cells from BM and/or peripheral blood were isolated using Lympho-
prep™ (Stemcell Technologies, Vancouver, Canada) density gradient
centrifugation.

Colony formation assay and Drug screening
For colony formation assay of leukemia cell lines, 300-1000 cells per well
were suspended in methylcellulose-based growth medium (MethoCult™
H4434, Stemcell Technologies) and plated into 48-well plates. Drug
screening was performed at a final drug concentration of 4 uM per well.
After 5-7 days of incubation, colonies were counted under an inverted
microscope (Nikon, Tokyo, Japan). A >50% reduction in colony formation
compared to untreated controls was defined as an effective drug response.
For primary samples, CD34+ cells were enriched from normal or AML
samples using EasySep™ Human CD34 Positive Selection Kit Il (Stemcell
Technologies). Then, 5000-20,000 CD34+ cells were suspended in
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methylcellulose-based growth medium and plated in 12-well plates. The
number of colonies was counted after 7-14 days.

Extraction and Isolation of TH37

Garcinia resin (600 g Voucher sample: CHYX0629, deposited at the School
of Pharmacy, Shenzhen University, PR China) was extracted with 95%
ethanol through sonication (3 x 3L, 1 h each) at room temperature.

The combined extracts were concentrated under reduced pressure to
yield a crude residue (390 g). The crude residue was subjected to silica gel
column chromatography (200-300 mesh) using a gradient of petroleum
ether (PE) and acetone (100:0 to 50:50, v/v), resulting in 10 fractions labeled
Fr.A to FrJ. Fraction Fr.B (2.4 g) was further purified using a Sephadex LH-
20 column (MeOH), yielding two subfractions: Fr.B.1 and Fr.B. Fr.B.2 (2.0 g)
was separated into seven fractions (Fr.B.2.1 to Fr.B.2.7) using silica gel
column chromatography, eluted with PE/ethyl acetate gradient (100:0 to
84:16, v/v). Fr.B.2.5 was fractionated on a Sephadex LH-20 column (MeOH)
to produce two subfractions: Fr.B.2.5.1 and Fr.B.2.5.2. Fr.B.2.5.1 (500 mg)
was further separated into two portions (Fr.B.2.5.1.1 and Fr.B.2.5.1.2) by
preparative HPLC using a gradient of MeOH/H,O (80-100%). Fr.B.2.5.1.2
(230.4 mg) was purified by preparative HPLC using a gradient of aqueous
methanol (95%) containing 0.05% trifluoroacetic acid, yielding compound
TH37 (137.0 mg, tg = 14.5 min). The structure of TH37 was elucidated using
NMR spectroscopy.

Western blot analysis

Cells were lysed using RIPA buffer supplemented with a protease inhibitor
cocktail (Roche; Cat# 04693132001). Protein concentrations were deter-
mined using a BCA assay kit (Thermo Fisher Scientific, Waltham, MA, USA;
Cat# 23225). Equal amounts of protein were separated by 10% SDS-PAGE
and transferred to PVDF membranes (Millipore, Burlington, MA, USA; Cat#
IPVH00010). The membranes were blocked with 5% non-fat milk in TBST
(Tris-buffered saline with 0.1% Tween-20) for 1h at room temperature,
then incubated with primary antibodies overnight at 4°C. Anti-PRDX1
(Thermo Fisher Scientific, 1:1000) and anti-GAPDH (Cell Signaling
Technology, 1:2000) were used as primary antibodies, with GAPDH serving
as the loading control (Supplementary Table 2). After washing with TBST,
the membranes were incubated with HRP-conjugated secondary anti-
bodies (anti-rabbit IgG, Cell Signaling Technology, 1:5000 dilution) for 1 h
at room temperature. Protein bands were visualized using an enhanced
chemiluminescence detection kit (Thermo Fisher Scientific; Cat# 32106)
and imaged with a chemiluminescence detection system.

Lentivirus infection

For knockdown (KD) of PRDX1, a PLKO.1 plasmid containing shRNA
sequences targeting PRDX1 (shPRDX1-1: CAGAUGGUCAGUUUAAAGAUA;
shPRDX1-2: CACCTAAGAAACAAGGAGG) or an empty vector (Control) was
co-transfected with the packaging plasmids psPAX2 and pMD2.G
(Addgene, Cambridge, MA, USA) into 293T cells in a 10-cm dish using
polyethylenimine transfection reagent (Polysciences).

Virus-containing media were collected after 48 and 72 h. For infection,
the cells were co-cultured in virus-containing medium for 48 h, and 2 pg/
ml puromycin was added to select stable PRDX1-KD cells.

For PRDX1 overexpression, CD532A lentivirus vector containing the
PRDX1 sequence was used, and the same lentivirus production and
infection methods described above were employed.

In vivo experiments

The IVIS 200 imaging system (Caliper Life Sciences) was used to monitor
luciferase-labeled leukemia cell in mice. To create cell line-derived
xenograft (CDX) model, 5x 10° THP-1/luciferase-GFP cells were injected
intraperitoneally into 3 to 4 week old NOD-Prkdc®m26Cd52|| 2rgem26cd22
NjuCrl (NCG) mice. The mice were evenly divided into two groups on the
following day based on their bioluminescence signals, with one group
randomly to be the treatment group. TH37 (2 mg/kg/mouse, diluted in
phosphate-buffered saline [PBS] with 3% Tween-80) was administered via
the tail vein every 2 days. Bioluminescence signals were monitored
every week.

To create the patient-derived xenograft (PDX) model, AML bone marrow
mononuclear cells (BMMCs) (5x 10° cells per mouse) were injected into
1.0 Gy irradiated NCG mice via the tail vein. TH37 was administered using the
method described above. AML cell engraftment was monitored according to
the percentage of human CD45+ cells in the blood. After sacrifice, BM cells
from the femurs were isolated for flow cytometry analysis.
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Flow cytometry analysis

For antibody staining, cells were washed twice with PBS (Hyclone) and
resuspended in PBS containing 2% FBS. Antibodies (see Supplementary
Table 2) were added at manufacturer-recommended concentrations. After
incubation for 30 min at 4 °C, cells were washed twice with PBS. We used
7-aminoactinomycin D (7-AAD, BioLegend, San Diego, CA, USA) and
Calcein-Violet (Life Technologies) to stain dead and viable cells,
respectively. Fluorescence signals were analyzed using a flow cytometer
(Attune™ NxT, Thermo Fisher Scientific). For intracellular staining, cells were
fixed with 2% paraformaldehyde and permeabilized using 0.5% Triton
X-100. Zombie dye (BioLegend) was used to stain dead cells. A mix of 5%
FBS in PBS was used for blocking. Anti-human PRDX1 antibody, conjugated
with Alexa Fluor 488 (using the Alexa Fluor 488 conjugation kit, Abcam),
was used for staining.

For Annexin-V/7-AAD staining, cells were stained with Annexin-V-FITC
(BioLegend) according to the manufacturer’s protocol. After washing with
PBS, the cells were incubated in Annexin-V Binding Buffer (BioLegend) with
Annexin-V for 15 min. Then 7-AAD was added prior to flow cytometry
analysis.

CCK-8 viability assay

Cells (10,000-15,000) were suspended in 100 pl culture medium per well in
a 96-well plate. After 48 h incubation, 10yl CCK-8 reagent (Beyotime
Biotechnology, Shanghai, China) were added to each well and cultured for
1 h. Absorbance was measured at 450 nm using a plate reader, and the
IC50 was determined with Graphpad Prism.

Measuring ROS levels

Cells were rinsed three times with RPMI-1640 medium and then incubated
with 5puM 2’ 7'-dichlorodihydrofluorescein diacetate (D6883, Sigma-
Aldrich) in RPMI-1640 for 20 min at 37 °C in the dark. After probe loading,
cells were treated with 2 uM TH37 for 30-60 min. After treatment, the cells
were harvested, and washed three times with ice-cold PBS. Fluorescence
intensity was measured using an Attune™ NxT Flow Cytometer (Thermo
Fisher Scientific) with excitation/emission wavelengths of 488/530 nm.

Measuring PRDX1 activity

Recombinant PRDX1 protein purchased from MedChemExpress (NJ, USA)
was mixed with hydrogen peroxide substrate with or without TH37. PRDX1
activity was determined by measuring the change in hydrogen peroxide
concentration using a hydrogen peroxide assay kit (Elabscience, Wuhan,
China) following the manufacturer’s protocol.

Cellular thermal shift assay

The principle of the cellular thermal shift assay is described in Jafari et al.
[33]. PRDX1 protein (0.2 pM) was added into 14 different 200 uL PCR tubes
with 2 uM of TH37 or DMSO control. The PCR tubes were heated in a PCR
machine at a specified temperature for 3 min, followed by heating at 25 °C
for 3min. The supernatants were mixed with SDS sample buffer and
heated at 95 °C for 10 min. Protein samples were then separated by SDS-
PAGE and transferred onto a PVDF membrane for immunoblot analysis.

Enzyme-linked immunosorbent assay

Purified PRDX1 protein in PBS buffer was diluted to a concentration of 1 ng/pL,
and 100 pL was used to coat each well of a 96-well ELISA plate stored at 4 °C
overnight. The following day, the plate was washed three times with PBST
buffer, shaken dry, and blocked with 5% BSA at room temperature for 1 h.
Next, 100 pL of TH37-Biotin at various concentrations was added to each well
and incubated at room temperature for 1 h, followed by three washes with
TBST buffer. Subsequently, 100 uL of peroxidase-conjugated streptavidin
(Proteintech, Rosemont, IL, USA) diluted in TBST was added to each well,
incubated at room temperature for 1h, and washed three times with TBST
buffer. Finally, 100 uL of tetramethylbenzidine substrate (Sangon Biotech,
Shanghai, China) was added and incubated at room temperature in the dark
for 20 min, after which 100 pL of 1 M HCI was added to each well for detection.

Molecular docking analysis

The PRDX1 molecular structure was downloaded from the RCSB Protein
Data Bank (https://www.rcsb.org/). Of the eight available structures, 3HY2
was selected for its completeness and highest resolution. The compound’s
coordinate set was drawn using ChemDraw 19.0 and converted to PDB
format in Chem3D 19.0. AutoDockTools (Version 1.5.6) was used to add
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hydrogens, assign appropriate atom types, and, if necessary, add charges
to both coordinate sets. The possible binding pocket of PRDX1 was
predicted using P2Rank. Molecular docking was performed with AutoDock
Vina (Version 1.1.2).

Statistical and clinical database analysis

Sample sizes for in vivo and in vitro experiments were determined based
on previously established methods. For experiments involving primary
patient samples, the sample size was limited by specimen availability.
Patient-derived gene expression and clinical data were obtained from the
UCSC Data Hub and cBioPortal. Statistical analyses—including normality
tests, determination of statistical differences (e.g., t-test, log-rank test), IC50
determination, and data visualization—were performed using GraphPad
Prism (San Diego, CA, USA). The Chou-Talalay combination index was
calculated using Compusyn software.

Single-cell RNA sequencing data analysis

Single-cell RNA sequencing data from GSE120221 (scNBM_1: Bone marrow
F, scNBM_2: Bone marrow K) and GSE235063 (scAML_1: PAWHFW,
scAML_2: PAWNPG, scAML_3: PAVDYE) were downloaded from the Gene
Expression Omnibus (GEO). The data were processed and analyzed using
the Seurat R package (Version 5.0). Cell type annotation for each sample
was performed using the Azimuth R package (Version 0.5). The datasets
were merged, normalized, and scaled prior to performing principal
component analysis (PCA). Batch effects were corrected using the
Harmony R package (Version 1.21). Finally, PRDX1 expression was
visualized on a Uniform Manifold Approximation and Projection plot using
the Seurat’s FeaturePlot function.

RESULTS

Search for new anti-leukemia drugs in TCM library

To identify potential new myeloid leukemia inhibitory drugs, we
screened a drug library containing 173 compounds derived from
TCM, many of which have been traditionally used for cancer
treatment. We assessed the impact of these compounds using
colony-formation assays of five myeloid leukemia cell lines
representing distinct subtypes: THP-1 (AML, MLL-AF9), MV4-11
(AML, FLT3-ITD), HL60 (AML, TP53-null), K562 (CML, BCR-ABL1), and
KGla (AML, mutant TP53), a LSC-like cell line resistant to
conventional chemotherapeutic agents (e.g., doxorubicin and
cytarabine) [34]. From the initial screening, we selected the drugs
that inhibited colony formation across multiple cell lines in this
study (Fig. STA), and subsequently performed counter-screening
using normal CD34+ cells (Fig. S1B). The gamboge-derived
compound TH37 (Fig. 1A and Fig. S2) exhibited the lowest toxicity
to normal CD34+ cells (Fig. S1B), suggesting favorable selectivity.
Furthermore, gamboge has a history of use in TCM for treating
tumors. Therefore, we selected TH37 for further investigation.

To further examine the effects of TH37 on primary AML cells, we
conducted ex vivo assays using primary cells (clinical information
is provided in Table 1). Treatment with TH37 significantly inhibited
the colony formation of primary CD34 + AML cells, while showing
no significant effects on normal CD34+ hematopoietic stem and
progenitor cells (HSPCs) (Fig. 1B, C). Additionally, ex vivo treatment
with TH37 markedly reduced the proportion of AML blasts among
live cells (Fig. 1D; gating strategy for live cells in Fig. S3).

PRDX1 is the primary target of TH37

To elucidate the molecular mechanism of TH37 activity, we
investigated whether TH37 functions through specific protein
targets. Thus, we labeled TH37 with biotin (Fig. S4) and used
streptavidin beads to capture TH37-associated proteins (Fig. 2A).
Biotin labeling was confirmed not to affect the inhibitory activity
of TH37 on leukemia cells (Fig. 2B). Through silver staining (Fig. S5)
and mass spectrometry (MS) analysis of TH37-biotin co-precipi-
tated proteins, we identified 13 candidate proteins shared by K562
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Drug screening and evaluation of TH37 efficacy and safety. A Chemical structure of TH37. Results of colony-formation assays using

normal CD34+ cells from healthy donors (n = 2) and AML patients (n = 4) treated with TH37. B Representative microscope images. C Statistical
analysis of the relative colony numbers at different TH37 concentrations. Data are presented as mean * standard deviation (SD), as assessed by
Student’s t-test (*P <0.05; **P <0.01; ***P < 0.001 for all figures). D Flow cytometry analysis of primary AML treated with TH37 for 18 h
demonstrated a significant shift in the blast cell ratio among live cells.

Table 1. Clinical characteristics of patients with AML.
Patient ID Age;Sex FAB subtype
AML-1 27;F M4
AML-2 60;M M5
AML-3 67;:M M2
AML-4 73;M M2
AML-5 26;M M2
AML-6 39;M M4
AML-7 67;M M2
AML-8 45;M M2
AML-9 60;F M5
AML-10 57;F M5
AML-11 71M M5
AML-12 48;F M2

F female, M male, FAB French—-American-British classification.

and THP-1 samples (Fig. 2C). Among these, PRDX1 (23 kDa) and
EFTU (43kDa) were significantly more abundant than others.
PRDX1, a key regulator of ROS, consistently co-precipitated with
TH37 across multiple cell lines (Fig. 2D). In silico docking analysis
suggested that TH37 occupied the PRDX1 pocket that contains
the active site, Cys52 [17] (Fig. 2E). Moreover, siRNA-mediated
knockdown (KD) of PRDX1 significantly impaired cell survival
compared to EFTU KD (data not shown), mirroring the effects of
TH37. Based on these findings, we focused our subsequent
investigations on PRDX1.

To confirm that TH37 directly binds to PRDX1, we performed a
cellular thermal shift assay (CETSA) using purified recombinant
PRDX1 protein. The results indicated that TH37 significantly
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Tissue Status Genetic abnormality
BM De novo FLT3-ITD

BM De novo

BM De novo

BM De novo

BM De novo

BM Relapse TP53

BM Relapse DNMT3A; IDH1; FLT3-ITD
BM De novo MLL-AF6; BRAF; KRAS
BM De novo FLT3-ITD; NPM1

BM De novo +8; DNMT3A; IDH2
Blood De novo

Blood De novo

stabilized PRDX1 (Fig. 2F), suggesting a direct interaction. This
finding was consistent with the pull-down assay results(Fig. 2G).
Furthermore, ELISA revealed that TH37 bound to PRDX1 with an
EC50 of approximately 800 nM (Fig. 2H). To evaluate the functional
impact of TH37 on PRDX1, we assessed the enzymatic activity of
PRDX1 using the peroxiredoxin activity assay. As anticipated, TH37
dose-dependently inhibited PRDX1's peroxidase activity (Fig. 2I).
As PRDX1 plays a critical role in the scavenging of H,0,, a
major ROS, we hypothesized that inhibiting PRDX1 with TH37
would lead to the accumulation of cellular ROS, thereby
inducing apoptosis. Therefore, we conducted an ROS assay and
observed a significant increase in ROS levels in both leukemia
cell lines and primary AML cells treated with TH37 (Fig. 2J, K).
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PRDX1 expression is upregulated and associated with poor
prognosis in AML

To investigate the role of PRDX1 in myeloid leukemia, we analyzed
publicly available datasets. PRDX1 expression was significantly
elevated in myeloid leukemia cells compared to normal white
blood cells, with even higher levels observed in samples from
patients who failed to respond to induction therapy (Fig. 3A).
Additionally, increased PRDX1 expression was correlated with
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TP53 mutations and was associated with worse clinical outcomes
in AML patients (Fig. 3B, C), suggesting a potential role for PRDX1
in disease progression and treatment resistance.

To further characterize PRDX1 expression in primary AML cells,
we analyzed scRNA-seq data from publicly available datasets. The
integration of AML and normal BM samples revealed distinct
leukemia-like cell populations that were significantly more
abundant in AML BM samples than normal control samples.
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Fig. 2 Drug screening and evaluation of TH37 efficacy and safety. A Schematic of strategy for identifying potential targets of TH37.
B Microscope images demonstrating the effect of TH37-biotin on colony formation by K562 cells. C MS analysis performed on TH37-biotin co-
precipitated proteins from THP-1 and K562 lysates, using N3-biotin as negative control. Gene hits with >50% coverage were selected, and
Venn diagrams illustrate the number of hits from the two cell lines, with overlapping genes listed in the right margin. D Co-precipitation of
PRDX1 and TH37-biotin in various cell lines, as validated by western blotting. E Molecular interaction fingerprints of PRDX1 and TH37 (green
sticks). The X-ray crystallographic structure of PRDX1 was obtained from the Protein Data Bank (PDB ID: 3HY2). Analysis revealed that TH37
interacts with nine amino acid residues within the binding pocket, forming a hydrogen bond with Thr49 (2.97 A) and making additional
contacts with Phe50 (3.37 A) and Val51 (3.44 A). F Cellular thermal shift assay results showing the thermal stability of PRDX1 in the presence of
TH37. G Pull-down assay using purified PRDX1-6xHis and TH37-biotin to validate direct binding. H The binding affinity of TH37 for purified
PRDX1 protein as measured by ELISA (mean + SD). | Effect of TH37 on the catalytic activity of PRDX1, as assessed with a peroxidase activity
assay. J-K Cellular ROS levels assessed using the 2,7-dichlorofluorescein (DCF) assay. J Cellular ROS levels in representative leukemia cells. Cells
were stained with DCF probe and treated with TH37 or DMSO (vehicle control). ROS levels were measured as mean fluorescence intensity ratio
(MFIR), defined as the mean fluorescence intensity (MFI) of DCF-stained cells divided by the MFI of unstained controls. K Statistical analysis of
ROS changes in THP-1, KG1a, K562, HL60 cell lines and primary AML-4 cells treated with TH37 versus DMSO-treated controls was performed

using two-tailed paired Student’s t test.

These populations were classified as HSPCs using the Azimuth cell
type annotation tool (Fig. 3D). PRDX1 expression was markedly
higher in these leukemia-like cells at diagnosis or relapse than in
normal BM cells (Fig. 3E).

Gene set enrichment analysis (GSEA) demonstrated a positive
correlation between high PRDX1 expression and pathways asso-
ciated with the cell cycle, cancer, and drug resistance, including
DNA synthesis, MYC targets, and ATP-binding cassette(ABC)
transporters (Fig. 3F). Additionally, OXPHOS, an ATP-producing
metabolic process that is highly utilized by AML CD34 + CD38—
LSCs [35], was significantly more active in samples with high PRDX1
expression, highlighting PRDX1's potential role in AML pathogen-
esis. Furthermore, high PRDX1 expression was associated with the
increased expression of ROS-related genes, aligning with the
observation that cancer cells typically exhibit elevated ROS levels
accompanied by enhanced antioxidant activity. Consistent with this,
AML cells demonstrated significantly increased ROS levels (Fig. S6)
and elevated PRDX1 expression (Fig. 3A).

Targeting PRDX1 induced apoptosis in AML cells

Western blot analysis confirmed that PRDX1 protein levels were
elevated in AML cells compared to normal PBMCs (Fig. 4A). To
further investigate PRDX1 expression in LSCs, we performed
intracellular staining on primary samples. Consistent with the
western blot data, PBMCs exhibited significantly lower PRDX1
levels than LSCs and non-LSC leukemic cells (Fig. S7A, B). LSCs
exhibited higher PRDX1 expression levels (median MFIR =31.5)
than non-LSCs (median MFIR =30.9) in patients with AML (n = 6),
although the difference was not statistically significant (Fig. S7C).

To investigate the functional role of PRDX1, we employed
shRNAs to knock down PRDX1 expression in various cell lines
(Fig. 4B). Using AnnexinV and 7-AAD staining to detect early and
late apoptosis, respectively, we found that PRDX1 depletion
significantly increased apoptosis in AML cells (Fig. 4C, D). Notably,
PRDX1 KD also led to increased ROS levels (Fig. S8), consistent
with the effects observed upon TH37 treatment, supporting the
role of PRDX1 in maintaining redox balance and cell survival.

Similarly, a 500-1000 nM dose of TH37 induced a strong
increase in apoptosis in leukemia cell lines (Fig. 4E, F). Consistent
with this, CCK-8 assays revealed that the IC50 of TH37 for most
myeloid leukemia cell lines was below 1 pM (Table 2). In primary
AML samples, TH37 effectively induced apoptosis not only in bulk/
blast cells (SSC-low, CD45-dim) but also LSC-enriched populations
(SSC-low, CD45-dim, CD34+, CD38—) (Fig. 4G, H).

To confirm that TH37 induces apoptosis via ROS generation, we
performed a rescue assay using the antioxidant N-acetylcysteine
(NAQ). Treatment with NAC significantly reduced TH37-induced
apoptosis in both AML cell lines and primary cells (Fig. 4, J),
indicating that ROS mediate TH37-triggered apoptosis.

We hypothesized that elevating PRDX1 levels would mitigate
ROS accumulation, thereby reducing the effects of TH37, while
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decreasing PRDX1 expression would enhance its efficacy. Con-
sistent with this hypothesis, PRDX1 overexpression decreased AML
cell sensitivity to TH37, while KD of PRDX1 increased it (Fig. S9).
These findings support the notion that PRDX1 plays a critical
role in modulating ROS levels and cellular responses to TH37,
further highlighting its potential as a therapeutic target in AML.

Targeting PRDX1 suppressed leukemia engraftment/cell
growth in vivo and prolonged mouse survival

To further evaluate the role of PRDX1 in LSCs, we examined the
impact of PRDX1 depletion on colony-forming activity. Stable
PRDX1-KD cells showed a significant reduction in colony-forming
ability (Fig. 5A). Consistent with these findings, in vivo experi-
ments demonstrated that PRDX1 KD in luciferase/THP-1 cells
significantly reduced engraftment and delayed disease progres-
sion in mice (Fig. 5B, C), further supporting the importance of
PRDX1 in LSC maintenance and function.

To determine whether TH37 treatment can recapitulate these
effects, we utilized both a CDX model and a PDX model (Fig. 5D).
In the CDX model, THP-1/GFP-luciferase cells were injected
intraperitoneally into NCG mice. TH37 treatment significantly
suppressed the growth of leukemia cells (Fig. 5E, F) and improved
survival in the treated group (Fig. 5G). We did not observe
significant changes in body weight (Fig. S10A) or observable
adverse effects in TH37-treated mice, suggesting the treament
had a favorable safety profile. In the PDX model, primary AML
BMMCs were injected intravenously into irradiated mice. Engraft-
ment and disease burden were assessed by measuring the
proportion of human CD45+ cells in the blood and BM. TH37
treatment significantly reduced the ratio of AML cells in both the
BM and blood of mice, as well as the proportion of CD34 + CD38—
LSC-enriched cells in the BM (Fig. 5H, I).

To further assess the potential toxicity of TH37, we performed
28-day toxicity studies in wild-type (C57BL/6) mice, including a
high-dose group (twice the dose given in earlier experments).
Histopathological examination (H&E staining) of the heart, lungs,
liver, and kidneys revealed no significant abnormalities (Fig. S10B).
Consistent with this, serum biochemical analysis showed no
significant changes in most parameters, except for a reduction in
creatinine (CRE) levels in the high-dose group (Fig. S10C).
However, a slight increase was observed in the alanine
aminotransferase/aspartate aminotransferase ratio, suggesting
the potential for hepatotoxicity with prolonged treatment or
higher doses of TH37 (Fig. S10C).

PRDX1 targeting treatments had synergistic effects with
conventional chemotherapy drug

Cross-resistance or MDR is a major cause of drug treatment failure.
To examine whether TH37 would remain effective, we assessed its
effect on the multidrug-resistant cell line K562-ADR, a K562 variant
that overexpresses the P-glycoprotein (MDR1) efflux transporter,
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Fig. 3 Elevated PRDX1 expression correlates with poor prognosis in AML. A The dataset (TCGA-TARGET-Gtex) was downloaded from the
UCSC data hub (https://xenabrowser.net/datapages/). A violin plot was generated to visualize PRDX1 mRNA levels in normal white blood cells
and AMLs with or without induction therapy failure. Statistical significance was determined using Tukey's multiple comparisons test. B PRDX1
levels in AML samples with wild-type (WT) TP53 and mutant TP53, shown for the TCGA-AML and OHSU datasets. P values were calculated
using Mann-Whitney test. C Clinical and gene expression data from the TCGA-AML and TARGET-AML datasets were downloaded from UCSC
data hub. The association between PRDX1 expression and patient prognosis was assessed using the R2 Kaplan-Meier tool (hgserver1.amc.nl/
cgi-bin/r2) with an automatic group cutoff. D-E PRDX1 expression levels assessed at the single-cell level using scRNA-seq data from normal BM
(scNBM_1 and scNBM_2) and AML BM (scAML_1, scAML_2 and scAML_3). D Strategy to identify leukemia-like populations. Leukemia-like cells,
overrepresented in AML samples, were classified as HSPCs using Azimuth cell type annotation. E PRDX1 expression levels in normal and AML
BM samples at diagnosis and relapse. F TARGET-AML expression matrix was divided into PRDX1-high and PRDX1-low expression groups based
on the median expression level of PRDX1. Gene set enrichment analysis plots were generated to analyze pathways associated with PRDX1
expression.

which confers MDR [36]. We compared the fold-change in
resistance of K562-ADR cells to TH37 and Adriamycin (ADR)
relative to K562 cells, and found that, while resistance to ADR was
in excess of 17-fold greater, resistance to TH37 was around 2.5
folds higher (Fig. 6A), indicating a low degree of cross-resistance
between TH37 and the conventional chemical drug.

Given that elevated ROS levels have been reported to impair
drug resistance mechanisms [37], we investigated whether
targeting PRDX1 would enhance drug sensitivity. PRDX1-KD in
AML cells significantly reduced their IC50 for ADR, indicating that
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PRDX1 depletion sensitized the AML cells to the conventional
chemotherapeutic drug (Fig. 6B).

To examine whether TH37 treatment elicits similar effects, we
evaluated the combined effects of TH37 and ADR in CCK-8 viability
assays. The Chou-Talalay combination index (Cl) [38] for TH37 and
ADR were found to be less than 1, indicating a synergistic
interaction occurred between the two drugs (Fig. 6C). To validate
these findings, we investigated the combined effects of the drugs
on apoptosis and colony-formation. While low-dose treatments of
TH37 or ADR alone had limited effects on apoptosis and colony
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Fig. 4 Targeting PRDX1 promoted apoptosis in AML cells. A Immunoblot analysis of PRDX1 protein levels in AML cells compared to PBMC
lysates from healthy donors. B-D Effects of PRDX1 KD in leukemia cells. B Immunoblot analysis of PRDX1 levels in leukemia cells infected with
lentivirus for delivering PRDX1 shRNAs (KD-1 or KD-2) or negative control shRNA (NC). C Representative contour plots from flow cytometry
analysis. D Flow cytometry analysis of apoptosis by Annexin-V/7-AAD staining. E-F Leukemia cell lines were treated with TH37 or DMSO
control for 12 h, followed by Annexin-V/7-AAD staining. E Representative contour plots from flow cytometry analysis. F Statistical analysis of
apoptosis in each cell line. G-H Flow cytometry analysis of apoptosis in TH37-treated primary AML BMMCs, focusing on blasts (CD45 dim, SSC-
low) and LSC-enriched cells (CD45 dim, SSC-low, CD34+, CD38—). G Representative Flow cytometry analysis results. H Statistical analysis
showing the mean + SD of apoptotic cell percentages in primary AML samples (AML-4, AML-5, and AML-8), as assessed via paired Student’s
t test. NAC (Selleck Chemicals, Houston, TX, USA) was added to TH37-treated AML cells. I-J Apoptosis was assessed using Annexin-V/7-AAD
staining in the presence or absence of NAC. | Representative flow cytometry plots. J Statistical analysis confirmed that NAC significantly
attenuated TH37-induced apoptosis across each cell type (mean + SD; n = 3). Significance was assessed using a two-tailed Student’s t test.
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Fig. 5 Targeting PRDX1 suppressed leukemia engraftment and growth in mice. A Effects of PRDX1 KD on colony formation activity. Left
panel: Representative microscope images of colony formation in THP-1 cells. Right panel: Statistical analysis showing the mean + SD of relative
percentage of CFUs for each cell line, as assessed via Student’s t test. B-C NGC mice were intravenously injected with PRDX1-KD (n=>5) or
control (n=15) luciferase-labeled THP-1 cells. B Representative bioluminescence images of mice at the indicated time points. Photon flux
(photons per second, p/s) is indicated by color. C Line graph depicting the mean + standard error of the mean (SEM) of bioluminescence signal
intensity for each group of mice. D Drug treatment scheme for TH37 in CDX and PDX models. E-G Result of CDX model. E Representative
bioluminescent images of mice at the indicated time points following THP-1 cell injection. F Mean + SEM of bioluminescent signal in Control
(n = 6) and TH37-treated (n = 5) groups at various time points. G Kaplan-Meier analysis of survival in each group of mice. Log-rank test was
used for statistical analysis. H-1 Efficacy of TH37 in AML PDX model. H Gating strategy to assess the ratio of human CD45+ (H CD45) or
CD34 + CD38— cells in mouse BM or blood. I Comparison of disease burden between the two groups, as measured by the frequency of AML
cells in blood or BM, shown as the percentage of H CD45+ or human CD45 + CD34 + CD38— cells among total human and mouse CD45+ (M
CD45) cells.

formation, in combination, they significantly enhanced apoptosis
and suppressed colony formation (Fig. 6D, E). These results
highlight the potential of combining TH37 with conventional
chemotherapy agents to overcome drug resistance and enhance
anti-leukemic efficacy.
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DISCUSSION

The development of highly effective and selective drugs to target
LSCs is crucial for minimizing relapse and improving the long-term
survival of patients with AML. Several TCM agents have demon-
strated success in modern clinical applications. For instance, ATO,
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a TCM-derived compound used in the treatment of APL/M3-AML,
has dramatically increased survival rates from below 30% to over
90% [39, 40]. However, the majority of TCM compounds remain
underexplored. Inspired by these facts, we conducted drug
screenings using a TCM-derived small-molecule library and
identified TH37 as a promising therapeutic candidate for AML
treatment. TH37 was highly efficient in eliminating both blast cells
and LSCs while exhibiting low toxicity to normal HSPCs. TH37's
efficacy was validated in AML mouse models, including PDX,
without significant adverse effects. Moreover, the administration
of TH37 at higher doses did not induce significant histopatholo-
gical abnormalities in the major organs of mice. However, our
findings suggest that prolonged treatment or further dose
escalation may lead to hepatotoxicity. Additionally, decreased
CRE levels were observed in the high-dose group, the underlying
mechanism of which remains unclear and requires further
investigation.

Our study identified PRDX1 as the primary target of TH37.
PRDX1 plays distinct roles in tumorigenesis, acting as both a
promoter and a suppressor depending on the cancer type [19, 20].

In this study, we found that elevated PRDX1 expression was
associated with poor prognosis and malignant characteristics,
such as TP53 mutations, which are linked to poor responses to
chemotherapy [41]. Further experimental results demonstrated
that PRDX1 is required for maintaining colony-formation activity, a
feature recently identified as a strong indicator of poor prognosis
[42]. In consistent findings, the KD of PRDX1 in AML cells impaired
their engraftment and growth in mice, underscoring the critical
role of this enzyme in AML maintenance.

Highly proliferative cancer cells undergo metabolic reprogram-
ming to meet their large energy demands. Glycolysis and OXPHOS
are two major sources of ATP. LSCs predominantly rely on
OXPHOS, whereas normal hematopoietic stem cells rely on
glycolysis and thus exhibit low ROS levels [35, 43]. ROS are both
metabolic byproducts and active effectors that promote cellular
proliferation [24]. AML driver mutations, including RAS and FLT3-
ITD, are associated with high levels of ROS production [44].
Because excessive ROS trigger apoptosis, cancer cells often exhibit
elevated antioxidant enzyme activity to limit ROS [23]. Consistent
with these findings, we found that PRDX1 is closely linked to cell
cycle, OXPHOS, and ROS pathways in AML, and targeting PRDX1
promoted ROS levels and induced apoptosis. The selectivity of
TH37 may be attributed to the high ROS levels in cancer cells,

Table 2. 1C50 values of TH37 in leukemia cell lines. - 8 .
which make them more prone to reaching cytotoxic thresholds
Cells 1C50 (uM) [31, 45]. Moreover, our findings align with the observation that
THP-1 0.58 promoting ROS can impair MDR, potentially by oxidizing NADH to
KG1 NAD+ and thereby reducing ATP availability for efflux pump
= 0.28 g
activity [46].
HL60 048 In a notable colon cancer study, PRDX1 was identified as a
MV4-11 0.34 target of Celastrol, a promising natural product with antitumor
K562 1.02 properties. Similarly to TH37, celastrol can promote the
Kasurni-1 062 production of ROS in cancer cells [47]. Another study revealed
’ that H7, a different PRDX1 inhibitor, can promote differentiation
SKNO-1 Lol in AML cells [22]. The differential effects of TH37 and H7 may
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Fig. 6 Targeting PRDX1 in AML cells enhanced sensitivity to chemotherapy drug. A Comparison of the fold-change in resistance of K562-
ADR cells to ADR and TH37, defined as the ratio of IC50(K562-ADR) to IC50(K562) for each drug. B Measurement of IC50 for ADR in stable
PRDX1-KD or NC KG1a cells using the CCK-8 assay. C Analysis of combination effects of TH37 and ADR on leukemia cell lines in the CCK-8
assay. The Chou-Talalay combination index (Cl) was calculated. D Effect of the TH37 and ADR combination on apoptosis. E Effect of the TH37
and ADR combination on colony-formation of THP-1 cell line or primary CD34 + AML cells. Statistical significance was analyzed using one-way

ANOVA for multiple comparisons. Data are presented as mean * SD.
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result from their distinct IC50 values for inhibiting PRDX1
activity: H7 has an IC50 of 7.8 uM, more than 10 times higher
than that of TH37 (0.6 uM). This difference in potency likely
results in varying levels of ROS elevation and subsequent cell
fate differences, as moderate increases in ROS production can
promote differentiation signaling, whereas highly excessive ROS
can trigger apoptosis [25].

Drug combination strategies are commonly used to enhance
the efficacy of therapeutics. In our study, we observed that TH37
enhanced the effects of the chemotherapy drug ADR on AML cells,
which we attributed to multiple mechanisms. First, targeting
PRDX1 enhanced the sensitivity of AML cells to chemotherapy
drug, and similar findings have been observed in breast cancer
[48]. Second, TH37 exhibited low cross-resistance to conventional
chemotherapy drug, suggesting it may help overcome tumor
heterogeneity by effectively targeting drug-resistant subpopula-
tions within tumors. However, the effects of combining TH37 with
other antioxidant agents or targeted drugs, as well as the safety
and efficacy of these combinations in in vivo models, requires
further investigation.

Taken together, our findings underscore the critical role of
PRDX1 in AML blast and LSC maintenance. Targeting PRDX1 has
the potential to be an effective therapeutic strategy to improve
the treatment of de novo and relapsed/refractory AML.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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