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Norchelerythrine from Corydalis incisa (Thunb.) Pers.
promotes differentiation and apoptosis by activating
DNA damage response in acute myeloid leukemia
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Abstract. Acute myeloid leukemia (AML) is the most preva-
lent form of leukemia in adults. The cornerstone of first-line
chemotherapy for AML has poor survival rates, underscoring
the urgent need for development of novel therapeutic agents.
Differentiation therapy targets the blockade of differentiation in
myeloid progenitor cells. The present study screened 100 plant
extracts native to South Korea to search for those with differ-
entiation-inducing activity in AML. Differentiation-inducing
activity was assessed by measuring CDI11b expression using
fluorescence activated cell sorting. Of these, Corydalis incisa
(Thunb.) Pers. (CIP) exhibited the highest efficacy. CIP
induced myeloid differentiation, decreased viability and
increased cell apoptosis and cell cycle arrest in HL-60, U937
and THP-1 cells. Furthermore, ultra-performance liquid
chromatography-quadrupole time-of-flight mass spectrometry
identified norchelerythrine as the primary anti-leukemic
compound in CIP. Norchelerythrine induced differentiation
and promoted cell cycle arrest and apoptosis, mirroring the
tumor-suppressive effects of CIP, and notably decreased cell
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viability in patients with various genetic abnormalities. The
present mechanistic study showed that norchelerythrine
stimulated reactive oxygen species generation, leading to acti-
vation of DNA damage signaling and upregulation of p21¢P!,
a cyclin-dependent kinase inhibitor. Overall, norchelerythrine
isolated from CIP may be a novel therapeutic option in AML.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal
disorder of the hematopoietic system that is characterized
by arrest of differentiation in myeloid progenitors (blasts) in
bone marrow and peripheral blood (1,2). Such cells infiltrate
the bone marrow, blood or other tissues, ultimately leading to
hematopoietic failure (2-4). The incidence of AML increases
with age. In 2022, an estimated 20,050 new cases of AML and
11,540 deaths were reported worldwide. The 5-year survival
rate for AML is 30.5%, the lowest 5-year relative survival rate
among all leukemias. Currently, ~40% of patients with AML
under the age of 60 and 15% of aged >60 years are cured (4-6).
Patients with AML are treated primarily with chemotherapy,
called the 7 + 3 regimen (7 days of cytarabine and 3 days of
anthracycline) (7-9). Nevertheless, these chemotherapeutic
agents have limitations of poor efficacy and high toxicity (10).

Recently, more specific targeted therapies such as fms-like
tyrosine kinase 3 (FLT3) and isocitrate dehydrogenase (IDH)
inhibitor have been developed based on better understanding
of the molecular pathogenesis of AML (11). Mutations in
FLT3 genes occur in one-third of patients with AML. These
mutations cause constitutive activation of signaling, which
promotes cell proliferation and survival and inhibits differen-
tiation. FLT3 mutation in AML is associated with increased
risk of relapse and adverse prognosis (12,13). FLT3 inhibi-
tors (sorafenib, midostaurin and quizartinib) have improved
overall survival as single agents and in combination with
the 7 + 3 regimen in patients with FLT3-mutated AML (13).
Another mutation frequently occurring in AML is isocitrate
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dehydrogenase (IDH), which has been identified in 15-20%
of patients. Mutations in this gene cause abnormal enzyme
activity, producing a metabolite 2-hydroxyglutarate (2-HG).
2-HG blocks the differentiation of myeloid precursors and
causes uncontrolled proliferation. IDH1 inhibitor (ivosidenib)
and IDH2 inhibitor (enasidenib) have been used in patients
with relapsed or refractory AML with the IDH mutation and
improved median overall survival (3.3-9.0 and 3.3-9.3 months,
respectively) (13,14). CD33 is a cell surface marker highly
expressed on leukemic blasts in almost all patients with
AML (15). Gemtuzumab ozogamicin, a CD33 antibody conju-
gated to the cytotoxic drug calicheamicin, was developed
based on molecular studies of AML (16-20), but withdrawn
due to lack of improvement in survival rates and concerns
about liver toxicity. These targeted therapies also have limited
therapeutic efficacy because of the genomic complexity and
clonal architecture of AML (15,21).

Differentiation therapy is a therapeutic method that
stimulates differentiation in undifferentiated cancer cells to
eliminate tumor phenotypes (22,23). One of the hallmarks of
AML is blockade of differentiation, suggesting that induction
of differentiation may be a feasible therapeutic option for AML
subtypes. Differentiation therapy notable improves survival
of patients with acute promyelocytic leukemia (APL) (23),
a subtype of AML characterized by t (15;17) chromosomal
translocation, resulting in fusion of the promyelocytic
leukemia (PML) gene with a retinoic acid receptor (RARa)
to form the PML-RARa fusion protein. All trans-retinoid
acid (ATRA) and arsenic trioxide reverse the differentiation
blockade induced by the fusion protein, leading to APL differ-
entiation and clearance (24,25). However, ATRA and arsenic
trioxide have limited effects in other subtypes of AML (25),
necessitating novel agents with low toxicity and high efficacy
for differentiation therapy.

Plants provide a source of drug research and development.
They contain natural bioactive compounds, such as vitamins,
carotenoids, terpenoids, flavonoids, alkaloids, tannins and
minerals, which are associated with anti-oxidant, anti-micro-
bial, anti-inflammatory and anti-tumor activity (26-28). Plants
belonging to the Corydalis genus exert tumor-suppressive
effects. Tetrahydrocoptisine from C. impatiens has shown
anti-inflammatory activity by inhibiting the NF-xB and MAPK
signaling pathways (29). In addition, corynoline isolated from
C. bungeana Turcz. decreases pro-inflammatory mediators
by regulating the Nrf2/MAPK pathway (30). Furthermore,
C. edulis Maxim exerts an anti-diabetic effect by increasing
insulin secretion via protein kinase C activation (31).
C. yanhusco extract inhibits cell proliferation in breast cancer
and exhibits anti-proliferative and anti-tumor effects in liver
carcinoma cells (32,33).

Alkaloids are bioactive compounds found frequently in
natural herbs that elicit anti-tumor effects in various types
of cancers by inducing DNA damage, cell cycle arrest and
apoptosis. Taxol, camptothecin and vinblastine are among
the most widely used alkaloids to treat cancer (34,35).
Alkaloids also exert anti-leukemic effects in AML (36-40).
Securinine is a major alkaloid isolated from the roots of
Securinega suffruticosa. This compound induces differentia-
tion by activating the DNA damage response (39). Tetrandrine,
an alkaloid isolated from the roots of Stephaniae tetrandrae,

promotes reactive oxygen species (ROS) accumulation and
inhibits c-myc expression, inducing autophagy and differentia-
tion (40).

The present study investigated the effect of Corydalis incisa
(Thunb.) Pers. (CIP) and norchelerythrine, an alkaloid isolated
from CIP, on differentiation and apoptosis in AML cells.

Materials and methods

Preparation of plant extracts. Plant extracts (Table SI) were
obtained from the Korea Plant Extract Bank at the Korea
Research Institute of Bioscience and Biotechnology. Each
extract was dissolved in DMSO.

Cell culture and chemicals. Human AML cell lines HL-60,
U937 and THP-1 were purchased from Korean Cell Line Bank
(Seoul, Korea) and cultured in RPMI-1640 medium (Cytiva,
cat. no. SH30027.01) supplemented with 10% FBS (HyClone,
Cytiva; cat. no. SH30919.03), 1% HEPES (cat. no. 15630-080),
1% penicillin/streptomycin (cat. no. 15140-122) and 1%
L-glutamine (all Gibco, cat. no. 25030-81; Thermo Fisher
Scientific, Inc.) at 37°C in a 5% CO, incubator. U937 cell line
was authenticated using STR profiling by Cosmogenetech Co.,
Ltd. Normal bone marrow cells from wild-type C57BL/6 mice
were cultured in RPMI-1640 medium with 10% FBS as afore-
mentioned. Norchelerythrine and peltatoside were purchased
from ChemFaces (cat. no. CFN92737 and CFN70318).
Phorbol-12 myristate-13 acetate (PMA) (cat. no. P8139) and
ROS scavenger N-acetylcysteine (NAC) was purchased from
Sigma-Aldrich (cat. no. A9165; Merck KGaA).

Flow cytometry assay. The induction of AML cell differentia-
tion was determined by assessing CD11b and CD14 expression
on the cell surface. Briefly, cells were treated with DMSO,
CIP (20 pug/ml for 96 h), norchelerythirne (2, 5 or 10 uM for
96 h) or Corydalis speciosa Maxim. (20 pug/ml for 96 h) at
37°C, harvested and washed with PBS, followed by staining
with FITC-conjugated CD11b (cat. no. 101206) or PE-cy7
conjugated CD11b (both Biolegend, Inc.; cat. no. 101216)
or PercP-CyS5.5-conjugated CD14 (BD Biosciences, cat.
no. 550787) for 1 h at 4°C in the dark. To assess the effect
of norchelerythrine on normal hematopoiesis in mice, bone
marrow cells were treated with 5 M norchelerythrine at 37°C
for 96 h.Cells were harvested and washed with PBS, then stained
with PE-conjugated CD45 (eBioscience, cat. no. 12-0451-82;
Thermo Fisher Scientific, Inc.), PE-Cy7-conjugated CD11b
(BioLegend, Inc.; cat. no. 101216), APC-conjugated Ly-6G
(BD Biosciences, cat. no. 560599) and FITC-conjugated
CD14 (BioLegend, Inc.; cat. no. 123307) for 1 h at 4°C in the
dark. The samples were analyzed using a FACSDiva Fusion
Flow Cytometer (BD Biosciences). At least 10,000 cells were
analyzed for each data point. Data analysis was carried out
using FlowJo software version 10.8.1 (Treestar Inc.).

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was isolated from U937 cells using Tri-RNA reagent (Favorgen,
cat. no. FATRROO1) and cDNA was synthesized using the
PrimeScript RT reagent kit (Takara Bio, Inc., cat. no. RR047A)
according to the manufacturer's protocol. Equal amounts of
cDNA were used for transcript PCR amplification, which
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Table I. Primers used in reverse transcription-quantitative PCR.
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Gene Forward, 5'—3' Reverse, 5'—3'

CSFIR GTGGCTGTGAAGATGCTGAA CCTTCCTTCGCAGAAAGTTG

MAFB GCCTGCGCTAATTGTAGGAG CGCACTTGAAAGTTGCAAAA
ITGAM AGAACAACATGCCCAGAACC GCGGTCCCATATGACAGTCT

CDI14 CTGCAACTTCTCCGAACCTC CCAGTAGCTGAGCAGGAACC

Lyz GCCAAATGGGAGAGTGGTTA ATCACGGACAACCCTCTTTG
MMP9 TTGACAGCGACAAGAAGTGG GCCATTCACGTCGTCCTTAT

Myb GGCAGAAATCGCAAAGCTAC GCAGGGAGTTGAGCTGTAGG

Myc TTCGGGTAGTGGAAAACCAG CAGCAGCTCGAATTTCTTCC

TBP TATAATCCCAAGCGGTTTGCTGCG AATTGTTGGTGGGTGAGCACAAGG

CSFIR, colony stimulating factor 1 receptor; MAFB, V-maf musculoaponeurotic fibrosarcoma oncogene homolog B; ITGAM, integrin aM;
Lyz, Lysozyme; Myb, v-myb avian myeloblastosis viral oncogene homolog; TBP, TATA box-binding protein.

was performed using TOPreal qPCR PreMIX SYBR Green
with low ROX (Enzynomics Co., Ltd.; cat. no. RTS00M). The
thermocycling conditions were as follows: 95°C for 15 min
followed by 40 cycles of 95°C for 15 sec, 59°C for 30 sec and
72°C for 30 sec. Table I lists the primers used. Relative gene
expression was analyzed using the 2-AACq method (41).

Cell proliferation assay. Cell proliferation rates were deter-
mined using trypan blue exclusion assay (42). The cells
(2x10° cells/well) were seeded into a 24-well plate and treated
with CIP (0, 10 or 20 pg/ml), norchelerythrine (0, 5 or 10 xM)
or peltatoside (0, 500 nM, 1, 2 or 5 uM) at 37°C for 24-120 h.
Cells were stained with 0.4% Trypan blue (Gibco; Thermo
Fisher Scientific, Inc.; cat. no. 15250061) for 3 min at room
temperature every day, and the number of viable cells was
counted using a hemocytometer.

Measurement of cell viability. Cell viability was assessed
using CellTiter 96 AQueous MTS assay. The cytotoxicity of
CIP and Corydalis speciosa Maxim. extract in human AML
cell lines (HL-60 and THP-1) was tested by seeding cells in a
six-well plate at a density of 4x10%/well followed by treatment
with CIP or Corydalis speciosa Maxim. extracts (20 pg/ml) at
37°C for 5-8 days. The cytotoxicity of CIP was identified by
plating cells in a 96-well plate at a density of 3x10* AML cells
(HL-60 and U937) or 5x10° normal bone marrow cells/well
and treating them with CIP (0, 50, 100, 200 or 300 ug/ml)
at 37°C for 24 h. The cytotoxic effect of norchelerythrine
and peltatoside was examined by treating HL-60, U937 and
THP-1 cells with norchelerythrine (0 or 10 M for 72 or 96 h)
or peltatoside (0, 500 nM, 1, 2 or 5 uM for 48, 72 h or 96 h)
at 37°C. MTS reagent (Promega Corporation; cat. no. G1112)
was added for 4 h at 37°C. The absorbance at 450 nm was
measured using a GloMax Microplate multi-mode reader
(Promega Corporation) (43).

Trypan blue staining. Trypan blue stain was used to determine
the cell apoptosis rate. HL-60 and THP-1 cells were plated
in six-well plates at a density of 4x10° cells/well and treated
with Corydalis incisa (Thunb.) Pers. or Corydalis speciosa
Maxim. extract (20 pg/ml) at 37°C for 5-8 days. The cells

were stained with 0.4% trypan blue (Gibco, Thermo Fisher
Scientific, Inc.; cat. no. 15250061) for 3 min at room tempera-
ture. The number of positively stained cells was counted using
a hemocytometer (44).

Colony forming assay. HL-60 cells (1x10* cells/well) were
seeded in a 12-well plate in methylcellulose (Methocult
H4100, StemCell Technologies) supplemented with 10% FBS
and 1% penicillin/streptomycin, as previously described (43)
and treated with CIP (2 pg/ml) at 37°C for 11 days. The
colonies containing >50 cells were counted manually
11 days after plating using an Olympus CX31microscope
(Olympus Corporation) at 400x magnification.

Ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-QTOF-MS) anal-
ysis of CIP. CIP was analyzed using Waters AQUITYTM
UPLC system equipped with an XEVO-QTOF mass detector.
ACQUITY UPLC BEH CI18 column was used, with two
mobile phases containing water with 0.1% formic acid
(solvent A) and acetonitrile with formic acid (solvent B). The
mobile phase was delivered at a flow rate of 0.4 ml/min, and
a 1 ul injection volume was used. The elution gradient was as
follows: 1, B 8%; 13, B 8-40%:; 2.5, B 40%; 0.5, B 40-100%;
2.5,B 100%; 0.5, B 100-8%; 2 min B 8%. XEVO-QTOF mass
detector featured electrospray ionization. The analysis was
conducted in negative and positive ion modes in the range
of 100-1,500 m/z. N, was used as the desolvation gas. The
desolvation temperature was set to 350°C at a flow rate of
800 1/h with a source temperature of 110°C. The capillary and
cone voltages were set to 300 and 40 V, respectively. CIP was
prepared (3 mg/ml) in methanol.

Measurement of intracellular ROS. Intracellular ROS were
detected by MitoSOX Red staining. Following treatment with
10 uM norchelerythrine at 37°C for 48 h, cells were harvested
and washed with PBS, followed by staining with MitoSOX Red
(MedChemExpress, cat. no. HY-D1055) for 20 min at 37°C
in the dark. The cells were washed with PBS and analyzed
using a FACSDIVA fusion Flow Cytometer (BD Biosciences).
At least 10,000 cells were analyzed for each data point. Data
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analysis was performed using FlowJo software version 10.8.1
(Treestar Inc.).

Western blot analysis. HL-60 and U937 cells were treated
with norchelerythrine (5 or 10 pM at 37°C for 6, 12 or 48 h)
and washed in PBS. The cells lysed in RIPA buffer (Elpis
Biotechnology, cat. no. EBA-1149) containing 1 Na-vanadate,
50 B-glycerophosphate disodium salt (both Sigma-Aldrich;
Merck KGaA; cat. no. G9422), 142 B-mercaptomethanol
(Bioworld Technology, Inc.; cat. no. 41300000-1) and 5 mM
EDTA and ProteaseArrest (Thermo Scientific, Inc.; cat.
no. 87786). Protein concentrations were measured using
BCA assay kit (Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. The samples were boiled at
100°C for 10 min, 25 ug proteins loaded on 6 or 15% poly-
acrylamide gels and transferred to Immobilon-P transfer
membrane. The membranes were blocked for 1 h at room
temperature in 0.1% TBST with 1% BSA (MP Biomedicals,
LLGC; cat. no. 160069) and incubated with primary antibodies
overnight at 4°C, washed three times for 5 min in TBST, and
incubated with HRP-conjugated anti-mouse or anti-rabbit
secondary antibodies for 1 h at room temperature. The
membranes were washed three times for 10 min in TBST. The
protein bands were detected using chemiluminescent substrate
(EzWestLumi plus; ATTO corporation) and visualized using
the Luminograph II (ATTO Corporation). The proteins were
quantified using ImagelJ 1.54 g (National Institutes of Health).
The primary antibodies against p21 (cat. no. #2947S), YH2AX
(cat. no. #9718S), Ataxia telangiectasia mutated (ATM) (cat.
no. #2873S) and phosphorylated ATM (all 1:1,000; #5883S)
were purchased from Cell Signaling Technology, Inc. The
primary antibody against B-actin (1:5,000; cat. no. sc-47778)
and the anti-mouse secondary antibody (cat. no. sc-516102,
1:5,000) was obtained from Santa Cruz Biotechnology, Inc.
The anti-rabbit secondary antibody (cat. no. A120-101P,
1:5,000) was purchased from Bethyl Laboratories, Inc. (45).

Patient samples. Pusan National University Hospital (Busan,
South Korea) provided the bone marrow samples from 4
male patients with AML, collected between August 2023 and
November 2023, after obtaining informed written consent from
patients and approval from the institutional review board of Pusan
National University Hospital (approval no. IRB 2403-010-137).
The mean age of the patients was 55 years (range, 21-80 years).
Table SII lists the mutation profiles of patients.

Generation of CIP-resistant cells. CIP-resistant cell line was
generated by seeding HL-60 cells (2x10° cells/well) in 12-well
plates followed by treatment with DMSO or 2 pg/ml CIP at
37°C for 96 h. Medium was removed, and the cells were cultured
for an additional 48 h in RPMI-1640 medium supplemented
with 10% FBS, 1% HEPES, 1% penicillin/streptomycin and
1% L-glutamine. Subsequently, the cells were treated with 4,
6,8, 10, 12, 15, 18 and 20 pug/ml CIP, respectively, in the same
manner. This cycle was repeated for over 6 months. Resistance
was confirmed by FACS analysis of CD11b and cell counting.

QuantSeq-3' mRNA-sequencing (seq). Total RNA from
HL-60-DMSO and HL-60-CIP cell lines was extracted using
Tri-RNA reagent (Favorgen, FATRRO001). DNA was removed

using Ambion AM1906 DNase Treatment and Removal
Reagents (Ambion) according to the manufacturer's instruc-
tions. RNA quality was assessed by Agilent 4200 TapeStation
System (Agilent Technologies, Inc.). QuantSeq-3'mRNA-seq
was performed by ebiogen, Inc. Briefly, RNA library construc-
tion was performed using the Quant-Seq 3' mRNA-Seq
V2 library prep kit FWD with UDI 12 nt Sets Al-A4,
(UDI12A_0001-0384). 384 preps (cat. no. 193.384; Lexogen
GmbH). The loading concentration of the final library
was >4 nM and was measured using Qubit (Thermo Fisher
Scientific Inc.). High-throughput single-end 75 bp sequencing
was conducted using NextSeq 500/550 (Illumina, Inc.)
using a NextSeq 500/550 High Output Kit v2.5 (75 cycles,
cat. no. 20024906; Illumina, Inc.). Gene ontology (GO) and
differentially expressed genes (DEG) were analyzed using
ExDEGA version 5.0 (ebiogen, Inc.). Differentially expressed
genes with fold change >2 and P<0.05 were selected. A
heatmap was generated using MultiExperiment Viewer 4.9.0
(sourceforge.net/projects/mev-tm4/).

Statistical analysis. All data are presented as the mean + SD.
Statistically significant differences were calculated using
non-parametric Mann-Whitney U or unpaired t-test or one-way
ANOVA test with Tukey's post hoc test using Prism version
5.03 software (GraphPad Software, Inc.; Dotmatics). All
experiments were repeated =3 times. P<0.05 was considered
to indicate a statistically significant difference.

Results

Extracts of CIP efficiently promote differentiation of AML.
A total of 100 plant extracts native to South Korea were
screened morphologically based on the presence of adherent
cells, after treatment with 20 pg/ml plant extracts for 96 h,
which indicated the induction of differentiated cells. Four
extracts that promoted the formation of adherent cells were
then analyzed for CD11b expression, a myeloid differentia-
tion marker, following exposure to 20 ug/ml plant extracts
for 96 h. Extracts of CIP were most effective in increasing
CDl11b expression (Table SI). Therefore, the present study
focused on CIP extracts for further characterization. U937
AML cell line was exposed to CIP extracts (20 pg/ml) to
confirm the ability of CIP to induce AML differentiation,
which significantly increased CD11b expression (Fig. 1A). In
addition, increases in size (forward scatter) and granularity
(side scatter) are commonly observed as the cells differ-
entiate (46), which was the case following CIP treatment
(Fig. 1B). PMA can induce differentiation of AML cells
and make them adherent and elongated (47). Co-treatment
of CIP notably increased the number of adherent/elongated
cells compared with PMA alone, suggesting that CIP
enhances PMA-induced differentiation of THP-1 AML
cells (Fig. 1C).

The present study analyzed expression of genes related
to myeloid differentiation using RT-qPCR. Consistent with
the data that CIP efficiently induces AML differentiation,
myeloid differentiation markers (colony stimulating factor
1 receptor, integrin aM and CD14) were upregulated and
negative regulators of myeloid differentiation (Myb and Myc)
were downregulated following CIP treatment. Furthermore,
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Figure 1. CIP induces differentiation in AML cells. (A) Fluorescence activated cell sorting analysis of CD11b expression levels following the CIP treatment

(20 pg/ml) for 96 h. (B) FSC and SSC measured by flow cytometry. (C) THP-

1 AML cells were treated with 1 ng/ml PMA in the presence or absence of CIP

(20 pg/ml) for 96 h, followed by microscopic observation of adherent and elongated cells. (D) Relative expression of CSFIR, MAFB, ITGAM, CD14, Lyz,

MMP9, Myb and Myc measured by reverse transcription-quantitative PCR.

*P<0.05; CIP, Corydalis incisa (Thumb.) Pers.; AML, acute myeloid leukemia;

FSC, forward scatter; SSC, side scatter; PMA, phorbol-12 myristate-13 acetate; CSFIR, colony stimulating factor 1 receptor; MAFB, V-maf musculoaponeu-
rotic fibrosarcoma oncogene homolog B; ITGAM, integrin alpha M; Lyz, lysozyme; Myb, v-myb avian myeloblastosis viral oncogene homolog; con, control.

MAFB, a transcription factor key for early myeloid and
monocytic differentiation (48), exhibited increased expression
following exposure to CIP. In addition, lysozyme and MMP9,
genes associated with differentiated cell functions such as
neutrophils and macrophages, showed elevated expression in
response to CIP treatment. These results collectively showed
that CIP effectively stimulates differentiation in human AML
cells (Fig. 1D).

CIP inhibits cell proliferation in AML. HL-60 and U937 AML
cells were exposed to CIP (0, 10 or 20 ug/ml), followed by cell
counting every 24 h to determine differentiation by CIP would
affect proliferationin AML. CIPsignificantly decreased the cell
number in a dose-dependent manner in HL-60 and U937 cells
(Fig. 2A). Consistently, CIP decreased viability and increased
the apoptosis rates in HL-60 and THP-1 cells (Fig. 2B and C).
CIP extracts (2 ug/ml) had an inhibitory effect on the colony
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formation in AML (Fig. 2D). In addition, CIP exhibited more
toxicity in HL-60 and U937 AML cells than normal bone
marrow cells (Fig. S1), suggesting that the cytotoxic effect
of this extract may be specific to AML cells with minimal
impact on normal cells. These data collectively indicated that
CIP extracts have anti-proliferative and pro-apoptotic effects
by triggering differentiation in AML cells.

Genome-wide profiling of genes involved in CIP-induced
AML differentiation. CIP-resistant cells were generated to
understand CIP-induced differentiation and identify potential
targets of CIP (49). Human AML cell line HL-60 was treated
with DMSO or increasing CIP concentrations (2-20 ug/ml)
for 6 months. Following exposure to CIP (20 pg/ml), CD11b
expression notably increased in HL-60-DMSO but increased
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to a lesser extent in HL-60-CIP cells (Fig. 3A and B).
HL-60-DMSO cells were sensitive to CIP treatment, leading
to a decrease in cell number, while HL-60-CIP cells were
resistant to CIP, showing no decrease in cell number. These
data showed that HL-60-CIP cells are resistant to CIP-induced
differentiation and cell cycle arrest (Fig. 3A and B).
Furthermore, when HL-60-CIP cells were cultured in the
absence of CIP, they remained resistant to CIP for 3 weeks,
suggesting that resistance was achieved through stable genetic
alteration (Fig. S2).

The genes involved in CIP-induced AML differen-
tiation were identified at the genome level using Quantseq
3'mRNA-seq using HL-60-DMSO and HL-60-CIP cells.
The genes regulated by CIP were enriched in ‘hematopoietic
progenitor cell differentiation’, ‘myeloid cell development’
and ‘myeloid cell differentiation’ (Fig. 3C). RNA-seq
analysis showed that genes that promote leukemogenesis
and inhibit myeloid differentiation, such as myeloperoxi-
dase (50), proteoglycan 2 (51), insulin-like growth factor
2 mRNA-binding protein 1 (52), tribbles homolog 1 (53),
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dachshund homolog 1 (54), ikaros family zinc finger 2 (55),
preferentially expressed antigen in melanoma (56), CD81 (57),
CCAAT/enhancer binding protein 6 (58) and CD84 (59),
were upregulated in CIP-resistant HL-60 cells, validating
that HL-60-CIP cells are resistant to differentiation-inducing
agents by regulating genes involved in modulating AML
differentiation (Fig. 3D-F).

Norchelerythrine in CIP induces differentiation. The
compounds in CIP that induce differentiation in AML cells
were identified and quantified by UPLC-QTOF-MS on the
CIP extract. Two notably peaks were identified and labeled
peltatoside and norchelerythrine (Fig. 4). Peltatoside did not
have any significant effect on the viability or proliferation
of U937 and THP-1 cells (Fig. S3A and B). These findings
suggested that peltatoside is not the differentiation-inducing
compound present in CIP. Norchelerythrine significantly
increased the fluorescence intensity of CD11b and CD14
in HL-60 and U937 cells (Fig. 5A). Furthermore, treat-
ment of HL-60 and U937 with norchelerythrine resulted
in significantly decreased cell viability and proliferation
in a dose- dependent manner (Fig. 5B and C). Moreover,
norchelerythrine decreased the number of viable cells in
primary AML cells from patients harboring IDH1, ETS
variant transcription factor 6, Lysine methyltransferase 2A
(KMT2A) and CCAAT/enhancer binding protein o muta-
tion (Figs. 5D and S4). Myeloid lineage cells distribution
was not altered by norchelerythrine, suggesting that norche-
lerythrine did not have any effect on normal hematopoiesis
in mice (Fig. S5).

The effects of Corydalis genus plant extract on AML
cells were examined based on the hypothesis that plants
of the same genus have comparable compound composi-
tions and similar biological effects. C. speciosa Maxim.
extract increased expression of the CDI11b surface marker
(Fig. S6A). Similarly to CIP, the extract of C. speciosa
Maxim. decreased cell viability and increased the rate of
apoptosis (Fig. S6B and C). Consistent with these results,
norchelerythrine, but not peltatoside, was also observed
in the UPLC-QTOF-MS chromatogram of the C. speciosa
Maxim. extract (Fig. S7). These findings suggest that
norchelerythrine may be one of the major compounds in
CIP responsible for promoting cell differentiation and
inhibiting cell proliferation in AML.

ROS-mediated DNA damage response is involved in norche-
lerythrine-induced differentiation. ROS influence cellular
signaling processes key for cell proliferation and differentia-
tion. In particular, ROS concentration plays a regulatory role
in the differentiation of cells during hematopoiesis (60,61).
The mechanism of norchelerythrine-induced differen-
tiation was examined using a fluorescent probe (MitoSOX
Red) to detect ROS levels in the presence or absence of
norchelerythrine. The cells treated with norchelerythrine
had higher intracellular ROS levels than those treated with
DMSO (Fig. 6A). Previous studies have suggested that
alkaloids promote ROS accumulation, leading to DNA
damage (62-64). DNA damage in human and murine myeloid
leukemia cells is associated with myeloid differentiation
and cell cycle arrest (65,66). Therefore, the present study
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Figure 5. Norchelerythrine inhibits cell viability and proliferation in AML. (A) fluorescence activated cell sorting analysis of myeloid differentiation cell
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Relative cell viability was measured using MTS assays. (C) Cells were counted every 24 h. (D) Primary samples from patients with AML were treated with
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examined whether norchelerythrine activates DNA damage
response via ROS production. Norchelerythrine treatment
led to increased levels of H2AX phosphorylation at Ser139
(yYH2AX), which is a marker of DNA double-strand breaks.
In addition, levels of phosphorylated ATM and p21, but not
total ATM, increased following exposure to norchelerythrine
(Fig. 6B). The ROS scavenger NAC was used to determine
if ROS accumulation mediated differentiation of AML
cells. NAC treatment reduced the differentiation induced
by norchelerythrine significantly (Fig. 6C), suggesting that
ROS generated by norchelerythrine were involved in AML
differentiation. These findings suggest that ROS and DNA

damage response are critical in norchelerythrine-induced
differentiation.

Discussion

The primary chemotherapy of AML, the 7 + 3 regimen, has not
changed for several decades. The 5-year survival rate is poor,
particularly for patients aged >65 years. Patients with APL are
successfully treated with differentiation therapy, highlighting
the need to develop novel agents for treating AML (67,68).
The present study showed that among 100 plant extracts, CIP
extracts were the most effective in overcoming differentiation
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Figure 6. Norchelerythrine induces ROS generation and DNA damage signaling in acute myeloid leukemia cells. (A) ROS levels were assessed by flow
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arrest in AML. Furthermore, UPLC-QTOF-MS analysis
identified norchelerythrine as one of the key compounds in
CIP, which exerted anti-leukemic efficacy in vitro. The present
mechanistic study found that the ROS generated by norche-
lerythrine were responsible for AML differentiation and the
inhibition of cell proliferation through DNA damage response
(DDR) activation.

Our previous study demonstrated that CIP exhibits cyto-
toxicity in diffuse large B cell lymphoma cells (35). To the
best of our knowledge, the present study is the first to reveal

that CIP has anti-leukemic activity in AML. CIP contains
several alkaloids, including corynoline and acetylcoryno-
line (69-75). To the best of our knowledge, the present study
is the first to demonstrate that CIP contains norchelerythrine,
a phytochemical with diverse biological activities, such as
inhibitory effects against several microorganisms, such
as Staphylococcus aureus, Pseudomonas aeruginosa,
Enterococcus faecalis and Escherichia coli (76). In addi-
tion, norchelerythrine has antifeedant activity against
Tribolium castaneum, causing damage to stored grain
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products (77). Studies have assessed its cytotoxic effects on
human hematoma, cervical carcinoma and gastric cancer and
murine lymphocytic leukemia cells in vitro (78-80). However,
the impact of norchelerythrine on AML has been unexplored.
To the best of our knowledge, the present study is the first to
reveal the anti-AML activity of norchelerythrine and explore
the underlying mechanisms.

Cells respond differently to ROS and DDR; leukemic cells
differentiate but hematopoietic stem cells exit quiescence
and differentiate (81). The hypothesis that ROS serves a
pivotal role in norchelerythrine-mediated AML differen-
tiation is supported by direct FACS measurements showing
increased ROS levels and inhibition of these effects by NAC,
a ROS scavenger. These data suggest that norchelerythrine
engages the tumor-suppressive signaling pathway shared by
chemotherapeutic drugs, such as cisplatin and doxorubicin.

Norchelerythrine effectively induces apoptosis in
samples from patients with AML, including samples with
myelodysplasia-related changes (MRCs). AML-MRCs
include patients with =20% of blasts, prior history of myelo-
dysplastic syndrome (MDS) or MDS/myeloproliferative
neoplasm, a cytogenetic abnormality related to MDS and
multilineage dysplasia. AML-MRC account for up to 48%
of all adult AML cases and mainly affects elderly patients,
showing a poor prognosis with lower remission rates and
shorter overall survival time compared with other AML
subtypes (82,83). Here, norchelerythrine decreased the
number of viable cells in two samples from patients with
AML-MRC, suggesting it may be an effective treatment for
these patients.

The present study did not identify the direct target of
norchelerythrine. Quantseq 3' mRNA-seq was conducted
in CIP-resistant AML cells. Upregulated genes such as
ANKRDI8A, ITM2A, and BLMH may be involved in inhib-
iting differentiation and could be potential targets of CIP and
norchelerythrine. The observation that several genes upregu-
lated in CIP-resistant cells have no reported association with
myeloid differentiation provides novel avenues for research in
AML. Further studies are needed to understand their functions
and potential impacts on AML.

The present results suggested that norchelerythrine
exhibits anti-leukemic effects by inducing myeloid differ-
entiation, decreasing cell viability and causing cell cycle
arrest. Norchelerythrine inhibits cell proliferation in samples
from patients with AML harboring various mutations.
Norchelerythrine mechanistically activated the DDR by gener-
ating ROS. However, the present study was limited to in vitro
experiments and lacks supporting in vivo evidence, leaving
the anti-tumor activity and toxicity of norchelerythrine in vivo
unclear. Further in vivo studies in leukemic mouse models will
be required to evaluate the preclinical therapeutic potential of
norchelerythrine in AML.

In summary, the present study showed that CIP and norche-
lerythrine exhibited anti-leukemic effects by generating ROS,
leading to activation of DDR and the subsequent induction of
terminal differentiation in AML cells. Based on these findings,
CIP and norchelerythrine hold promise as novel therapeutic
candidates for treating AML. In addition, considering that
differentiation therapy with ATRA and other agents is being
evaluated in various types of cancer, including hepatocellular
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carcinoma (25,84), further research is warranted to explore
their full therapeutic potential and mechanisms of action in
clinical settings.
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