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Abstract Although NPM1 mutations are frequently found in acute myeloid leukemia patients, thera-

peutic strategies are scarce and unsuitable for those who cannot tolerate intensive chemotherapy. Here

we demonstrated that heliangin, a natural sesquiterpene lactone, exerts favorable therapeutic responses

in NPM1 mutant acute myeloid leukemia cells, with no apparent toxicity to normal hematogenous cells,

by inhibiting their proliferation, inducing apoptosis, causing cell cycle arrest, and promoting differenti-

ation. In-depth studies on its mode of action using quantitative thiol reactivity platform screening and

subsequent molecular biology validation showed that the ribosomal protein S2 (RPS2) is the main target

of heliangin in treating NPM1 mutant AML. Upon covalent binding to the C222 site of RPS2, the elec-

trophilic moieties of heliangin disrupt pre-rRNA metabolic processes, leading to nucleolar stress, which

in turn regulates the ribosomal proteinseMDM2ep53 pathway and stabilizes p53. Clinical data shows

that the pre-rRNA metabolic pathway is dysregulated in acute myeloid leukemia patients with the

NPM1 mutation, leading to a poor prognosis. We found that RPS2 plays a critical role in regulating this

pathway and may be a novel treatment target. Our findings suggest a novel treatment strategy and lead

compound for acute myeloid leukemia patients, especially those with NPM1 mutations.
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1. Introduction

Acute myeloid leukemia (AML) is a common blood cancer char-
acterized by rapid infiltration of the patient’s bonemarrow, blood, or
other tissues by abnormally proliferating, poorly differentiated
myeloid hematopoietic cells1,2. The cure rate of AML is highly
correlated with patient age and is approximately 35%e40% for
patients aged �60 years, and 5%e15% for patients aged >60
years1e3. The clinical treatment of AML patients has not changed
substantially in over 30 years, with intensive induction chemo-
therapy being the preferred option. This primarily consists of
treatment with intravenous anthracyclines for three days and
continuous injections of cytarabine for seven days4. However, most
patients aged >60 years cannot receive this treatment for safety
reasons or require a lower dose to reduce the side effects caused by
chemotherapy. This leads to poor outcomes in this group, with a
median survival of only 5 months1. Although the genetic abnor-
malities that contribute to AML have been well studied for many
years, and the importance of these abnormalities in the prognosis of
AML is widely accepted, the targeting of these molecules with
appropriate clinical treatments is still in its early stages5. Among
these, the nucleophosmin 1 (NPM1) mutation is found frequently in
AML patients, accounting for approximately 25%e35% of all
cases. ThemutatedNPM1 gene has an insertion in the terminal exon,
resulting in the loss of nuclear localization and the generation of a
new nuclear export signal. Thus, in contrast with thewild-type (WT)
NPM1proteinwhich is localized in the nucleus, themutant protein is
abnormally localized in the cytoplasm (NPM1c)where it inhibits the
normal function of key nuclear proteins (e.g., tumor suppressors and
transcription factors) by binding and exporting them to the cyto-
plasm, thereby causing AML6e9. Currently, no targeted therapy
exists for the treatment of AML caused by the NPM1 mutation.
Although an exportin-1 (XPO1) inhibitor that targets the abnormal
export of NPM1c protein has recently been developed10, it is still in
the early stages of a clinical study (NCT02649790). Clinical treat-
ment of this type of AML is currently limited to conventional
chemotherapy, which is not feasible for most patients aged >60
years7. Therefore, it is crucial to develop new targeted treatments
and more sensitive drugs that are less toxic.

Jerusalem artichoke (Helianthus tuberosus L.) is an annual
perennial herb belonging to the family Asteraceae11. Owing to its
salt and drought tolerance, it has recently been cultivated in saline
soils and coastal tidal flats throughout China for soil salinity control
and ecological improvement. The underground tuber of this plant is
rich in inulin and is currently used for industrial and food purposes.
However, the aerial stem and leaves are often discarded or used only
as livestock feed. Chemical studies have shown that the main con-
stituents of the Jerusalem artichoke are heliangolide-type sesqui-
terpene lactones12e14. As reported in the literature, sesquiterpene
lactones isolated from this plant contains the a-methylene-g-
butyrolactone group, which is a typical covalent ligand15. It is well
known that sesquiterpene lactones with this bioactive group have
anti-inflammatory and antitumor activities. The electrophilic group
can covalently bind to cysteine residues in certain protein targets,
thus exerting its corresponding physiological activity16e23. In our
previous study, we found that heliangin (HEL), a representative
component of heliangolides, elicited sensitivity in hematological
tumors, especially in NPM1 mutant AML24. This compound not
only significantly inhibited the proliferation of NPM1mutant AML
cells and promoted their differentiation into normal blood cells, but
also had no significant toxicity to normal hematopoietic cells, sug-
gesting that it could be a novel lead compound for treating NPM1
mutant AML.However, the underlyingmechanism and target of this
compound in treating NPM1 mutant AML are not yet known; this
information is needed to structurally modify and further develop
HEL as a drug lead. In addition, elucidating the drug target will
enable the development of targeted drugs based on the identification
of novel therapeutic targets. This is of particular importance for the
treatment of patients aged >60 years suffering from this disease.

Recently, mass spectrometry-based isoTOP-ABPP techniques
have made a rapid search for covalent ligand small-molecule protein
targets and binding sites possible25. Using this approach, laboratories
worldwide have screened for and obtained novel covalently binding
drug targets of multiple bioactive natural products26e28. Quantitative
thiol reactivity profiling (QTRP),whichwas introduced in2020, is the
latest generation of this technique29. This method involves extensive
labeling of reactive cysteines in cell and tissue samples (e.g., control
vs. treatment) by a 2-iodo-N-(prop-2-yn-1-yl)acetamide (IPM) probe
that is electrophilically bound to sulfhydryl groups, which are then
processed into tryptic peptides and tagged by click chemistry with an
isotopically labeled azido-biotin reagent containing a photocleavable
linker. Biotin-binding peptides are then captured with streptavidin
beads, andmass spectrometry-based shotgun proteomics is applied to
identify and quantify the photo-released peptide. Finally, the mass
spectrometry data are analyzed using proteomics software to deter-
mine the covalent protein target and binding site. Compared with
conventional isoTOP-ABPP, this new technique has the advantages of
fast sample processing time, short mass spectrometry analysis time,
high sensitivity, and good accuracy.

In this study, we focused on further evaluating the effect of
HEL in vitro and in vivo using RNA-seq, QTRP, and other omics
technologies to screen the anti-NPM1 mutant AML pathway and
target. The pathways and targets obtained from screening were
validated using multiple molecular biology methods. The ultimate
goal of this study was to provide a basis for further development
of this lead molecule and to provide new methods for targeted
therapy of NPM1 mutant AML patients.
2. Materials and methods

2.1. Ethical statement

All animal studies were conducted in strict accordance with the
recommendations of the Guidelines for the Care and Use of Labo-
ratoryAnimals of theMinistry of Science and Technology of China.
The protocol and experimental designswere reviewed and approved
by the Animal Ethics Committee of Nanjing University of Chinese
Medicine (#202104A02, Nanjing, China). Immunocompromised
NOD-PrkdcscidIl2rgem1/Smoc (M-NSG) male mice were purchased
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from the Shanghai Model Organisms Center Inc. (Animal Certifi-
cate: SCXK(Hu) 2017-0010; Shanghai, China). Mice were housed
under sterile conditions using HEPA-filtered microisolators and fed
irradiated food and sterile water. All possible steps were taken to
avoid the animals’ suffering at any stage of the experiment.

2.2. Chemicals

Heliangin (HEL, CAS# 13,323-48-3) was previously isolated and
purified from the stem and leaf parts of H. tuberosus L. Its
structure (Fig. 1A) has been validated by nuclear magnetic reso-
nance and mass spectrometry (Supporting Information Fig. S1)
with a purity of 98% (#19-05-25; Nanjing University of Chinese
Medicine). All-trans retinoic acid (ATRA; > 99% purity) was
obtained from APExBIO (#A8539; Houston, TX, USA). Cytar-
abine (AraC; > 99% purity) was purchased from Shanghai Yua-
nye Biotech Co. (#B28038; Shanghai, China). Actinomycin D
(ActD; > 98% purity) was obtained from GLPBIO (#GC16866;
Montclair, CA, USA).

2.3. Cell culture

OCI-AML3 cells (German Collection of Microorganisms and Cell
Cultures [DSMZ], Braunschweig, Germany) were cultured in
RPMI 1640 medium (#01-100-1ACS; Biological Industries;
Kibbutz Beit-Haemek, Israel) containing 20% fetal bovine serum
(FBS) (#10270-106; Gibco, Waltham, MA, USA). OCI-AML2
cells (DSMZ) were cultured in MEM-alpha medium (#12561-056,
Gibco) containing 20% FBS. U937 (American Type Culture
Collection [ATCC], Manassas, VA, USA), HL-60 (ATCC), and
THP-1 (ATCC) cells were cultured in RPMI 1640 medium con-
taining 10% FBS. KG-1a cells (ATCC) were cultured in IMDM
(#SH30228.01; Hyclone, Logan, UT, USA) supplemented with
20% FBS. Human mesenchymal stem cells (hMSCs, China Na-
tional Collection of Authentic Cell Cultures [NCACC]) were
cultured in a mesenchymal stem cell medium (#7501; ScienCell,
Carlsbad, CA, USA) containing 5% FBS. The 293T cell line
(ATCC) was cultured in DMEM (#SH30243.01, Hyclone) sup-
plemented with 10% FBS. IMS-M2 cell line was a kind gift from
Dr. Li He at Zhongnan Hospital of Wuhan University (Wuhan,
China) and cultured in RPMI 1640 medium containing 20% FBS.
All cell lines were cultured at 37 �C in a humidified chamber in
the presence of 5% CO2. Penicillin/streptomycin (#SV30010,
Hyclone) was added to all cell cultures, except for the medium
used for plasmid/siRNA transfection.

2.4. Cell viability assays

Cells were plated at a density of 1.25 � 104 cells per well in 100
mL of medium in a 96-well plate. The next day, cells were treated
with 1 mL of either DMSO or HEL to the indicated concentrations
and were then incubated at 37 �C in 5% CO2. After 48 h, cell
viability was evaluated using an MTT assay kit (#FMS-MTT01;
FCMACS, Nanjing, China) according to the manufacturer’s in-
structions, and absorbance was measured using a Spectra Max i3x
(Molecular Devices, San Jose, CA, USA) plate reader. A sample
size of n Z 5 was used for each treatment condition.

2.5. Apoptosis and cell cycle assays

Cells were plated in 6-well plates at a density of 4 � 105/mL and
treated for 48 h with either 0.1%DMSO (#D2650, SigmaeAldrich,
St. Louis, MO, USA) or HEL (1, 5, or 10 mmol/L). AraC (5 mmol/L)
was used as a positive control.

For cell apoptosis analyses, cells were washed with ice-cold
phosphate-buffered saline (PBS) twice and then stained using the
AnnexinVAlexa Fluor 647Apoptosis Detection Kit (#FMSAV647-
050, FCMACS) according to the manufacturer’s instructions, fol-
lowed by FCM analysis using a Gallios Flow Cytometer (Beckman
Coulter, Brea, CA, USA). FlowJo software (v. 10.4) was used to
analyze the results. Live cells were defined as annexine/PIe, and
apoptotic cells as annexinþ/PIe or annexinþ/PIþ.

For cell cycle analyses, the cells were washed twice with ice-
cold PBS and then fixed with 70% ethanol at 4 �C overnight. They
were then centrifuged at 1000 � g for 5 min at 4 �C, and the
supernatant was removed. After washing with ice-cold PBS twice,
cells were resuspended in 0.5 mL staining buffer containing 50
mg/mL propidium iodide (#40301ES50; Yeasen Biotechnology,
Shanghai, China) and 50 mg/mL RNase A (#40301, Yeasen
Biotechnology), and analyzed by FCM using the Gallios Flow
Cytometer. FlowJo software was used to analyze the results. The
sample size was n Z 3 for each treatment condition.

2.6. Cell differentiation assays

Cell differentiationwas detected using the APC-labeled anti-human
CD14 (#11-0118-42; eBioscience, San Diego, CA, USA) and FITC
or PE-labeled anti-human CD11b (#17-0149-42 or 12-0112-82,
eBioscience) antibodies or the corresponding isotype control anti-
body (FITC-IgG, #11-4714-41, eBioscience; or APC-IgG,
#400119, BioLegend, San Diego, CA, USA) and analyzed by FCM.

Cells were plated in 6-well plates at a density of 5� 105 cells/well
and treated for 5 days with either DMSO (0.1%) or HEL (1, 5, or 10
mmol/L). ATRA (1 mmol/L) was used as a positive control. The cell
medium was replaced with fresh medium after 3 days of treatment.

For the FCM differentiation assay, cells were washed with ice-
cold flow cytometry staining buffer (FCS, #00-4222-26, eBio-
science) twice, resuspended in 100 mL FCS buffer, and then stained
with FITC-anti-human CD11b or APC-anti-human CD14 for 45
min on ice. Appropriate isotype controls were included in this
analysis. After incubation, cells werewashed twicewith FCS buffer,
resuspended in 0.3 mL FCS buffer, and analyzed by FCM using the
Gallios Flow Cytometer. FlowJo software was used to analyze the
results. The sample size was n Z 3 for each treatment condition.

2.7. Morphological analysis

Cells were treated as described in section 2.5 for cell differenti-
ation assays. After 5 days of treatment, the cells were centrifuged
for 5 min at 1000 � g and washed twice with ice-cold PBS. Fifty
mL of cells (1 � 104) were dropped onto adherent slides and
incubated overnight at 4 �C. Cells were then fixed with methanol
for 10 min and stained with Giemsa using the Fast Wright Giemsa
kit (#60529ES01, Yeasen Biotechnology) according to the man-
ufacturer’s instructions. Images were acquired using an Axio
Scope A1 microscope (Zeiss, Jena, Germany).

2.8. In vivo study

M-NSG mice were injected via tail vein with 2 � 106 OCI-AML3
cells at 6e9 weeks old. The mice were anesthetized with iso-
flurane before transplantation. After confirmation of >10% AML
bone marrow engraftment in three randomly selected mice, the
remaining mice were randomized into groups that were treated



Figure 1 HEL inhibits cell proliferation, induces apoptosis and differentiation in AML cells. (A) Structure of HEL highlighting (in red) three

potentially thiol reactive sites. (B, C) Calculation of IC50 for HEL using MTT dose response curves expressed as the log of concentration vs. cell

viability of the AML or HMSC cells (n Z 5). (D) the effect of HEL (5 mmol/L) on cell apoptosis of multiple AML cells was analyzed by FCM

with AraC (5 mmol/L) as the positive group (nZ 3). (E) AML cells were treated with DMSO, HEL (5 mmol/L) or ATRA (5 mmol/L) for 5 days as

indicated. CD11b or CD14 expression was measured by FCM, the positive cell population percentage of CD11b or CD14 cells analysis results

were presented (nZ 3). Representative flow cytometry charts of experiments D and E are shown in Supporting Information Figs. S2 and S3, CTR

means control group. All data are presented as Median � IQR, ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001.
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with either vehicle (injection oil), 50 mg/kg HEL, or 50 mg/kg
AraC by intraperitoneal injection every 48 h for 14 days. The mice
were sacrificed at the end of the experiment. The bone marrow and
spleen were dissected and tail vein blood was collected. The
experimental details are shown in Fig. 3A.
For assessment of leukemia burden and differentiation, bone
marrow was resuspended in ice-cold phosphate buffer extraction
(PBE) (Supporting Information Table S1), filtered using a 40mmol/L
cell sieve, and washed twice with ice-cold PBE, then 1 mL red
blood cell lysis buffer (#C3702, Beyotime, Jiangsu, China) was
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added and centrifuged for 5min at 1000� g. Cells were thenwashed
with ice-cold PBE twice and resuspended in 0.1 mL FCS buffer,
blocked with 10 mL FcR blocking reagent (#16-0167-82; Miltenyi,
North Rhine-Westphalia, Germany) for 10 min. Cells were washed
and resuspended in 100 mL FCS buffer and stained with PE-anti-
mouse CD45 (#12-0451-82, eBioscience) to analyze mouse leuko-
cytes; PE-Cy5-anti-human CD45 (#15-0459-42, eBioscience) to
analyze human leukocytes; and FITC-anti-human CD11b and APC-
anti-human CD14 to analyze cell differentiation, according to the
cell differentiation assay described in Section 2.5. Appropriate iso-
type controls were included in this experiment. Bone marrow cells
were analyzed by FCM using the Gallios Flow Cytometer. FlowJo
software was used to analyze the results.

The dissected spleens were weighed, paraffin-embedded, cut
into 7-mm thick sections, and stained with hematoxylin and eosin.
Images were obtained using an Axio Scope A1 microscope (Zeiss).

Blood samples were collected into a glass capillary tube. A
complete blood count was performed using an automated hema-
tology analyzer. Sample sizes were n Z 10 mice for each treat-
ment condition.

2.9. RNA-seq and data analysis

OCI-AML3 cells were incubated with either 5 mmol/L HEL or
0.1% DMSO in triplicate for 48 h. Total RNA was isolated using
an RNeasy kit (#74004; Qiagen, Hilden, Germany). RNA libraries
were prepared from 1 mg of total RNA using an mRNA-Seq Li-
brary Prep Kit (#001.24; Lexogen, Wien, Austria). Total RNA and
library quality were analyzed using a Qubit 3.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA). Samples were sequenced using
an Illumina HiSeq/Novaseq instrument according to the manu-
facturer’s instructions (Illumina, San Diego, CA, USA). RNA-seq
reads were aligned to the human genome using Hisat2 (v2.0.1) and
gene expression was determined using HTSeq (v0.6.1). Differ-
ential expression was analyzed using the DESeq2 Bioconductor
package (https://bioconductor.org/packages/release/bioc/html/
DESeq2.html) with the parameters set to default. GOSeq
(v1.34.1) was used to identify gene ontology (GO) terms from an
annotated list of enriched genes with a significance of P < 0.05.
Gene set enrichment analysis (GSEA) was performed using the
Java GSEA Desktop Application with default parameters and the
C5 ontology gene sets, which are provided as part of MSigDB
V6.2 (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) as
default screening gene sets.

2.10. Human clinical data analysis

Genomic data of samples from patients with AML were obtained
from the open-source cancer genomics website cBioPortal by using
theAML,OHSU,Nature 2018 Study (https://www.cbioportal.org/).
This study included RNA-seq gene expression profiles of samples
from patients with AML and their associated clinical data (nZ 450
AML patients with RNA-seq data that included associated survival
data, among which 102 patients carried the NPM1 mutation). In-
dividual sample expression profiles were scored against the C5
ontology gene sets at MSigDB 6.2 using GSEA.

Patients were stratified according to their correlation score with
the preribosome, rRNA metabolic process, and ribosome
biogenesis gene sets, and KaplaneMeier survival analyses were
conducted using the default settings in cBioPortal (https://www.
cbioportal.org/). The log-rank test was used to assess statistical
significance.
2.11. Northern blot analysis of pre-rRNA species

Northern blotting was conducted using a previously described
method30,31. RNA (5 mg/well for cytoplasmic extracts) was
separated on a 1% agarose gel with 1 � TT buffer (30 mmol/L
triethanolamine and 30 mmol/L tricine, pH 7.9) containing 1%
formaldehyde and run in 1 � TT buffer at 120 V. RNA was
transferred to an Nþ nylon membrane (#FFN10; Beyotime) and
fixed by UV cross-linking. Membranes were prehybridized for 2 h
at 48 �C in 6 � SSC buffer (#T9172, TaKaRa, Shiga, Japan), 5 �
Denhardt’s solution (#750018, Invitrogen), 0.5% SDS, 50%
formamide (#75-12-7, Macklin), and 100 mg/mL denatured her-
ring sperm DNA (#B548210-0005, Sangon Biotech, Shanghai,
China). Biotin-labeled oligodeoxynucleotide probe was added and
incubated overnight at 48 �C. The 30-biotin-labeled ITS1, ITS2,
and ETS probes used in this study were provided by Sangon
Biotech Co., Ltd. and their sequences were as follows:

ETS (50e30): TCGGACGCGCGAGAGAACAGCAGG;
ITS1 (50e30): CCTCGCCCTCCGGGCTCCGGGCTCCGTTAAT
GATC;
ITS2 (50e30): CTGCGAGGGAACCCCCAGCCGCGCA.

After hybridization, the membranes were washed in 2 � SSC
for 10 min at room temperature and then in 1 � SSC for 10 min at
room temperature. Labeled RNA signals were detected using the
Chemiluminescent Biotin-labeled Nucleic Acid Detection Kit
(#D3308, Beyotime), images were captured using the Tanon 5200
Chemiluminescent Imaging System, and the captured signal was
quantified using ImageJ 1.52 (National Institutes of Health,
Bethesda, MD, USA).

2.12. Immunofluorescence (IF)

Mouse anti-human fibrillarin (FBL, #16201-1-AP) and rabbit anti-
human NPM1 (#60096-1-Ig) primary antibodies, and corallite 594
goat anti-rabbit IgG (#SA0003-4) and corallite 488 goat anti-
mouse IgG (#SA0003-1) secondary antibodies were purchased
from Proteintech (Wuhan, China). Cells were fixed on coverslips
for 15 min with 4% paraformaldehyde in PBS, rinsed three times
with PBS, and permeabilized with 0.2% Triton X-100 (#ST795,
Beyotime) for 20 min. After rinsing three times, the cells were
incubated with 1% bovine serum albumin (BSA) in PBST
(#28352; ThermoFisher Scientific, Waltham, MA, USA) for 30
min, then with the primary antibody in the same buffer at 4 �C
overnight. The dilution factor used for primary antibodies was
1:200. The cells were washed three times in PBST, and nonspe-
cific sites were further saturated with 1% BSA in PBST for 30
min. Cells were then incubated for 1 h with the corresponding
secondary antibodies (1: 500 dilution). After rinsing twice with
Hoechst 33342 (#ab228550; Abcam, Cambridge, UK), the cov-
erslips were mounted and analyzed using a Leica TCS SP8
confocal microscope (Leica, Wetzlar, Germany).

2.13. QTRP assays

QTRP studies were performed following a previously reported
method28. Briefly, OCI-AML3 cells were treated with DMSO or
the indicated concentrations of HEL for 48 h. Cells were then
harvested and lysed by probe sonication in protein lysis buffer
(Table S1), and protein concentrations were determined using a
BCA protein assay kit (#ab102536, Abcam). Proteins (2.5 mg)

https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
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were then labeled with 100 mmol/L IPM (#EVU111; Kerafast,
Boston, MA, USA) at room temperature for 1 h, following
reduction with DTT (#125B0424; YIFEIXUE Biotech, Nanjing,
China) and alkylation with iodoacetamide (#DI8451, Bomeibio),
as described previously. The protein was then precipitated using
the methanolechloroform method. Protein samples were pro-
cessed into tryptic peptides using trypsin digestion buffer (Table
S1) containing 1 mol/L urea. After desalting using HLB SPE
cartridges (#161A38289A; Waters Corp., Milford, MA, USA), the
IPM probe-modified peptides were tagged with isotopically
labeled azido-biotin reagents containing a photo-cleavable linker
(#EVU102, # EVU151, Kerafast) via copper-catalyzed azide-
alkyne cycloaddition (CuAAC). After CuAAC, proteins were
washed and combined in a 1:1 vehicle:HEL ratio, washed again,
and bound to streptavidin-agarose beads (#20347, ThermoFisher
Scientific) while rotating for 2 h at room temperature in strepta-
vidin binding buffer (Table S1). After washing the beads with
washing buffer (Table S1), the beads were exposed to 365 nm UV
light for 2 h at room temperature. After centrifuging at 2000 � g
for 4 min, the supernatant was concentrated and desalted using
C18 stage tips (#87782, ThermoFisher Scientific) and HLB SPE
cartridges, respectively, according to the literature28. The photo-
released peptides were subsequently identified and quantified by
mass spectrometry-based shotgun proteomics using a Q-Exactive
Plus Qrbitrap (ThermoFisher Scientific). Finally, the MS data
were interpreted by a streamlined informatic pipeline using the
pFind 3 (https://github.com/pFindStudio/pFind3) software and an
automatic post-processing algorithm.

2.14. RPS2 WT and C222S mutant protein expression and
purification

A pET28 vector containing full-length human RPS2 with a His-
tag was provided by the Public Protein/Plasmid Library (PPL,
Nanjing, China). The RPS2-C222S plasmid was prepared using
the QuickMutation Plus Site-Directed Mutagenesis Kit (#D0208S,
Beyotime) using the pET28-His-RPS2 plasmid as a template. The
primers were provided by Sangon Biotech Co., Ltd., and had the
following sequences: forward, 50-GGGCTGAGGTGTAGCTGT-
CATCGATACCAGC-30; reverse, 50-GCTGGTATCGATGA-
CAGCTACACCTCAGCCC-30. All plasmids were overexpressed
in Escherichia coli BL21(BE3) cells in LB medium (#ST158;
Beyotime) in the presence of 50 mg/mL kanamycin (#R31000,
Yuanye Biotech, Shanghai, China). Cells were grown at 37 �C to
an optical density of 0.8 and induced with 0.5 mmol/L IPTG
(#ST098, Beyotime) for 4 h at 25 �C. Samples were collected by
centrifugation. Cell pellets were sonicated in lysis buffer
(Table S1) and the lysate was centrifuged at 5000 � g for 10 min.
His-Tag Purification Resin (#P2233, Beyotime) was mixed with
the lysate supernatant for 1.5 h and washed with lysis buffer. The
beads were then transferred to a column, and the bound protein
was washed with 15% washing buffer and then eluted with 100%
washing buffer (Table S1). The proteins were enriched by ultra-
filtration using ultrafiltration spin columns (15 mL, 10 kDa
MWCO, PES; Sartorius, Göttingen, Germany) and preserved in
PBS containing 20% glycerol at e80 �C.

2.15. Gel-based ABPP

As described previously26,32, recombinant proteins including WT
and C222S RPS2 mutant (0.3 mg per sample) were pretreated with
either DMSO or indicated concentrations of HEL at 37 �C for 1 h
in 20 mL PBST (#P0226, Beyotime), and subsequently treated
with 500 nM IA-rhodamine (#114458-99-0, J&K Scientific, Bei-
jing, China) at room temperature for 1 h. The reaction was stopped
by the addition of 4 � SDS protein loading buffer (#WB2001;
New Cell & Molecular Biotech Co., Ltd.). After boiling at 95 �C
for 5 min, the samples were separated using SDS-PAGE. IA-
rhodamine probe-labeled proteins were analyzed using a GelDoc
XR (Bio-Rad, Hercules, CA, USA).

2.16. Microscale thermophoresis (MST) assay

As described previously33, the equilibrium dissociation constant
(KD) was determined using a Monolith NT.115 instrument
(NanoTemper Technologies, San Francisco, CA, USA). His-
tagged RPS2 WT or C222S mutant proteins were fluorescently
labeled using the His-Tag Labeling Kit (#MO-L018, NanoTemper
Technologies) according to the manufacturer’s protocol. HEL was
diluted to the indicated concentrations and incubated with either
WT or C222S mutant proteins (0.5 mg/mL) for 15 min. The
samples were then loaded into glass capillaries. The KD values
were calculated from triplicate measurements using the mass ac-
tion equation via the NanoTemper software.

2.17. MS-based co-immunoprecipitation

Co-immunoprecipitation (Co-IP) with MS sample preparation was
performed as previously described34,35. Briefly, the OCI-AML3
cells were washed twice with PBS and pelletized. The cross-
linking reaction was performed using 2 mmol/L disuccinimidyl
sulfoxide (DSSO) (#A33545, ThermoFisher Scientific) in 1 mL
PBS for 1 h. The reaction was quenched with 50 mmol/L
TriseHCl (pH8.0) (#ST780, Beyotime), and cells were lysed in
Co-IP lysis buffer (#P0013, Beyotime). The lysate was pelleted at
12,000 � g for 20 min at 4 �C. The protein concentration of the
cytosolic fraction was adjusted to 500 mg after the BCA assay.
Thirty microliters of protein AG beads (#P2108, Beyotime) were
equilibrated with 1 mL wash buffer (#ST661, Beyotime) and
incubated with 500 mg protein lysate and approximately 5 mg
RPS2 (#ab154972, Abcam) or MDM2 (#66511-1-Ig, Proteintech)
antibody or a corresponding amount of rabbit IgG isotype control
(#14-4616-82, eBioscience) overnight at 4 �C. The beads were
washed twice with wash buffer and twice with basic buffer
(Table S1). For the MS sample, 25 mL elution buffer 1 (Table S1)
was added to the beads for 30 min at room temperature. Subse-
quently, the beads were treated with 100 mL elution buffer 2
(Table S1) overnight at 37 �C. Protein digestion was stopped with
0.75% trifluoroacetic acid, and peptides were concentrated with a
centrifugal vacuum concentrator and desalted using C18 stage tips
(#87782, ThermoFisher Scientific) according to previously pub-
lished methods. Peptides were subsequently identified and quan-
tified by mass spectrometry-based label-free proteomics using a
Q-Exactive Plus Qrbitrap (ThermoFisher Scientific). Finally, the
MS data were processed using MaxQuant software (version
1.6.0.1), and the resulting data were statistically analyzed using
Perseus software (version 1.6.2.3) according to previously
described methods33,34.

2.18. Constructing knockdown lines and reinforced expression
and overexpression

Short hairpin (sh) oligonucleotides were used to knockdown p53
expression in OCI-AML3 cells. Lentiviral plasmids containing

https://github.com/pFindStudio/pFind3
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shp53 (PPL) were transfected into 293T cells using Lipofectamine
6000 (#C5026, Beyotime). Lentivirus was collected from the
filtered culture medium and used to infect the target cell line with
a 1:1000 dilution of polybrene. OCI-AML3 cells were selected
over 3 d with 1 mg/mL of puromycin (#ST551, Beyotime). The
short hairpin sequences used for the generation of the knockdown
cell line are provided in the Supporting Information Table S2.

OCI-AML3 cells were transiently transfected with an RPS2
expression plasmid using Lipofectamine 6000 for the expression
of WT or C222S mutant RPS2. The WT human RPS2 expression
plasmid contained a C-terminal FLAG tag and was purchased
from PPL. The C222S RPS2 mutant was generated using a
QuickChange site-directed mutagenesis kit, according to the
manufacturer’s instructions.

For transient knockdown of RPS2 or NPM1 with small inter-
fering RNA (siRNA), cells were seeded in 6-well plates overnight
and then transfected with either non-targeting siRNA oligonu-
cleotides (siNC, Sangon Biotech) or siRPS2 (or siNPM1) oligo-
nucleotides (Sangon Biotech, for sequences see Table S2) using
Lipofectamine 6000. Cells were treated with DMSO or HEL 48 h
after transfection to determine the in vitro protein expression.

2.19. Co-IP pulldown assays

For FLAG pulldown assays, OCI-AML3 cells stably expressing
FLAG-GFP, FLAG-RPS2, or FLAG-RPS2 (C222S) were treated
with DMSO or 5 mmol/L HEL for 48 h. Cells were collected,
washed with ice-cold PBS, and lysed by probe sonication in Co-IP
lysis buffer (#P0013, Beyotime). After centrifugation at 12,000� g
for 10 min at 4 �C, the supernatant was incubated with BeyoMag
Anti-Flag Magnetic Beads (#P2115, Beyotime), washed twice
with cold TBS (#ST661, Beyotime), and the beads were added to
SDS-PAGE sample loading buffer (#P0015, Beyotime) and boiled
at 95 �C for 5 min. The supernatants were used for Western blot
analyses.

For MDM2 pulldown assays, OCI-AML3 cells were treated
with DMSO or 5 mmol/L HEL for 24 h, washed with cold PBS,
and lysed with Co-IP lysis buffer. MDM2 was precipitated using
protein A/G magnetic beads according to the manufacturer’s in-
structions; PBS was used for the washes. A specific isotype con-
trol antibody served as the control. The amounts of MDM2, p53,
and RPL11 in the pulldown fractions were analyzed by Western
blot analysis.

For statistical analyses, the results of each biological replicate
were set to a 1.0-fold ratio.

2.20. Western blot

RPS2 antibody was obtained fromAbcam (#ab155961). Antibodies
against p53 (#EA780B), caspase 3 (#E1A0835B), beta-tublin
(#E301044), histone-H3(#E1A0435B-3), and cleaved caspase 3
(#EA003L) were obtained from Enogene Biotech (Nanjing,
Jiangsu, China). Antibodies against p21 (#2947S) and GAPDH
(#5174S) were obtained from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against c-MYC (#1028-1-AP), CEBP/a
(#18311-1-AP), RPL11 (#16277-1-AP), MDM2 (#66511-1-Ig),
FLAG (#66008-4-Ig), b-actin (#20536-1-AP) and NPM1 (#60096-
1-Ig) were purchased from Proteintech (Wuhan, Hubei, China).

Proteins were resolved by SDS-PAGE and transferred to PVDF
membranes. Membranes were blocked with 5% BSA in PBS-T
solution for 2 h at room temperature, washed with PBS-T, and
probed with primary antibodies diluted in the recommended diluent
overnight at 4 �C. After three washes with PBS-T, the membranes
were incubated with the indicated secondary antibodies at a 1:5000
dilution in 5% BSA in PBS-T at room temperature for 2 h. Mem-
branes were washed in PBS-T five times, and signals were detected
using the Super ECLDetection Reagent Kit (#36208ES800, Yeasen
Biotechnologies) according to themanufacturer’s protocols. Images
were captured by the Tanon 5200 Chemiluminescent Imaging
System (Tanon, Shanghai, China), and the signal intensity was
quantified using ImageJ 1.52 (NIH).

2.21. Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (#15596018, Invi-
trogen) follow by reverse transcription using RevertAid First
Strand cDNA Synthesis kit (#K1622, Thermo). Gene-specific
primers and SYBR Green qPCR Mix kit (#D7265, BeyoFast) were
used to quantify mRNA levels of indicated genes. The real time
PCR reactions were performed in triplicate on ABI7500
(Thermo). The primer sequences used are listed in Table S2.

2.22. Statistical analysis

All the statistical tests were performed with RStudio (USA) open-
source software (V1.3.959) using the “ggpubr” package (V 0.4.0).
Two-tailed Student’s t test or one-way analysis of variance
(ANOVA) were applied to determine statistical significance. All
data presented as median � interquartile range (IQR), significance
was described as follows: ns, not significant, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

3. Results

3.1. In vitro activity showed that HEL selectively inhibits the
proliferation of NPM1 mutant AML cells, promotes cell
differentiation, induces apoptosis, and arrests cell cycle

We first evaluated the effect of HEL (chemical structure see Fig.
1A) on the proliferation of different AML cells, as shown in
Fig. 1B and C and Supporting Information Table S3. HEL
inhibited the proliferation of seven AML cell lines, including
U937, THP-1, OCI-AML3, IMS-M2, OCI-AML2, KG1a, and
HL60, at concentrations ranging from 0.2 to 12.8 mmol/L. Among
these cell lines, the NPM1 mutant AML cell line OCI-AML3 and
IMS-M2 were the most sensitive to HEL, with an IC50 of 1.17 and
1.28 mmol/L, respectively, which was more sensitive than AraC,
which is an approved clinical chemotherapy drug1,2. A toxicity
evaluation showed that HEL did not inhibit the proliferation of
normal bone marrow mesenchymal stem cells (HMSC) in the
concentration range of 1.25e40 mmol/L, while AraC was signif-
icantly more toxic with an IC50 of 25.2 mmol/L (Table S3).

The results of apoptosis assay showed that HEL significantly
induced apoptosis in four AML cell lines including IMS-M2, OCI-
AML3, KG-1a, and THP-1, at a dosing concentration of 5 mmol/L
(Fig. 1D and Supporting Information Fig. S2). The strongest
apoptosis induction was observed in NPM1 mutant AML cells
OCI-AML3, IMS-M2 with apoptosis rates of 23.07 � 2.87% and
15.93 � 2.94%, respectively.

We then evaluated the effect of HEL on the differentiation of
each AML cell line by evaluating differences in the expression
levels of CD11b (granulocytes) and CD14 (monocytes) on the
membrane of each cell before and after drug administration using
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flow cytometry. As shown in Fig. 1E and Supporting Information
Fig. S3, at a concentration of 5 mmol/L, HEL significantly pro-
moted the differentiation of OCI-AML3 (P Z 0.0023), IMS-M2
(P Z 0.01) and KG-1a (P Z 0.02) cells to the granulocyte line-
age and of OCI-AML3 (PZ 0.035), IMS-M2 (PZ 0.02) and HL-
60 (P Z 0.026) cells to the monocyte lineage after five days of
administration compared to the control group, whereas the current
clinical pro-differentiation drug ATRA36 only promote differen-
tiation of acute promyelocytic leukaemia (APL) cell line HL-60
and the acute monocytic leukaemia cell line THP-1 to the gran-
ulocyte lineage. The above results suggest that, in addition to
inhibiting proliferation and inducing cell apoptosis, HEL can
significantly promote some AML cells, particularly NPM1 mutant
AML cells, to differentiate into monocytic and granulocytic lin-
eages when administered at the appropriate time.

It was previously reported that expression levels of the tran-
scription factor p53 decreased in NPM1 mutant AML cells due to
the abnormal localization of NPM1c protein in the cytoplasm8,9.
In this experiment, we found that the expression of p53 protein in
NPM1 mutant AML cell lines, including OCI-AML3 and IMS-M2
was significantly up-regulated (P < 0.01) after the administration
of HEL at 5 mmol/L, while this effect was not significant in other
AML cell lines (Supporting Information Fig. S4). Above results
suggest that the sensitivity of HEL to NPM1 mutant AML may be
related to its specificity in increasing the expression of p53 protein
in these cells.

Subsequently, the activity of HEL against its most sensitive
cell line OCI-AML3 was further evaluated in vitro. As shown in
Fig. 2A, an apoptosis assay showed that HEL significantly
induced apoptosis in OCI-AML3 cells at concentrations of 5e10
mmol/L in a dose-dependent manner. Cells showed significant
monocytic morphological changes at a HEL concentration of 5
mmol/L, verifying the previous results of the differentiation assay
(Fig. 2B, blue and purple arrows). As shown in Fig. 2C, detection
of CD11b and CD14, markers of cell differentiation, by flow
cytometry showed that OCI-AML3 cells differentiated into
monocytic and granular lineages at HEL concentrations of 5 and
10 mmol/L, respectively, and that the level of differentiation was
dose-dependent. The expressions of granulocyte colony-
stimulating factor receptor (CSF3R) and macrophage colony-
stimulating factor receptor (CSF1R) were upregulated more than
5 or 15-folds when OCI-AML3 cells treated with 5 mmol/L of
HEL (Fig. 2D), further prove the ability of this compound to
induce cell differentiation in NPM1-mutated AML cells. Cell
cycle assays in OCI-AML3 cells also showed (Fig. 2E) that HEL
significantly arrested the cell cycle in the G1/S phase at concen-
trations of 5 and 10 mmol/L in a dose-dependent manner. Western
blotting showed that HEL significantly increased the expression
levels of p53 and decreased c-MYC expression levels in OCI-
AML3 cells in a dose-dependent manner. At the same time, the
expression level of the p53-regulated apoptosis-related protein c-
Cas3 increased significantly as the dose of HEL increased, and the
expression level of cyclin p21 (regulated via the p53ep21 axis)37,
which controls the cell cycle during the G1 phase, and CEBP/a
(regulated via the p53eKLF4eCEBP/a axis)38, which related to
cell differentiation of AML, increased significantly with
increasing doses of HEL, which is consistent with the results of
flow cytometry (Fig. 2F and Supporting Information Fig. S5).

In summary, in vitro results demonstrate that NPM1 mutant
AML cells were the most sensitive to HEL in vitro, resulting in
significant inhibition of proliferation, induction of apoptosis, cell
cycle arrest in the G1 phase, and granular and monocytes
differentiation in AML cells without significant toxicity to normal
mesenchymal stem cells. Some of these functions are superior to
those of AraC, the drug of choice for clinical chemotherapy, and
unlike the pro-differentiation drug ATRA, HEL promotes the
differentiation of NPM1 mutant AML cells.

3.2. In vivo activity showed that HEL significantly inhibited
proliferation and promoted the differentiation of NPM1 mutant
AML cells in the bone marrow of M-NSG mice

As shown in Fig. 3A and B and Supporting Information Fig. S6,
following two weeks of treating OCI-AML3 cells (human CD45þ

cells) with HEL at a dose of 50 mg/kg every other day, prolifer-
ation was significantly decreased in the bone marrow of M-NSG
mice compared to that in the model group (P < 0.0001). In
addition, no significant difference was observed in proliferation
when compared to the positive control drug AraC at the same
dose, suggesting that AraC has inhibitory activity against NPM1
mutant AML cells in vivo.

As shown in Fig. 3C, flow cytometry results showed that HEL
significantly increased the expression levels of CD11b and CD14
(P < 0.0001 and P Z 0.00031, respectively) in the bone marrow
of M-NSG mice compared with those in the model group, whereas
AraC applied at the corresponding dose did not have this effect.
This suggests that, consistent with the in vitro results, HEL can
promote the differentiation of NPM1 mutant AML cells to gran-
ulosa and monocytic lineages in vivo.

We also found that HEL administration significantly reduced
spleen weight (P Z 0.015) and the level of splenic lesions of
model mice (Fig. 3D and E). Peripheral blood data suggest that
HEL significantly reduced the number of white blood cells (P Z
0.024) and significantly increased the number of platelets (P Z
0.001) in model mice (Fig. 3F).

In conclusion, HEL significantly inhibited the proliferation of
NPM1 mutant AML cells in the bone marrow in vivo, promoted
their differentiation into granular and monocytic lineages, and
reduced the infiltration of malignant AML cells in the spleen of
model mice, while reducing the number of white blood cells and
elevating platelets. It also reduced the level of splenic lesions of
AML model mice.

3.3. HEL disrupts the processing of ribosomal RNA, causing
nucleolar stress in NPM1 mutant AML cells

RNA-Seq was used to screen for pathways targeted by HEL in OCI-
AML3 cells. As shown in Supporting Information Figs. S7A, 6694
differentially expressed genes were identified after HEL treatment,
of which 3671 genes were downregulated and 3023 were upregu-
lated. These genes were subjected to GO pathway enrichment
analysis (Fig. S7B), and we found that HEL significantly inhibited
the ribosome biogenesis (LogP Z 31.75) and rRNA processing
(LogP Z 7.77) pathways in NPM1 mutant AML cells.

Next, by analyzing the GSEA of the transcriptomics database
of AML clinical patients published in Nature in 2018 (https://
github.com/cBioPortal/datahub/issues/402), we found that the
rRNA metabolic process pathway (normalized enrichment score
[NES] Z 1.80, P < 0.01), preribosome pathway (NES Z 1.74, P
< 0.01), and ribosomal biogenesis pathway (NES Z 1.80, P <
0.01) were significantly upregulated in NPM1 mutant AML pa-
tients (n Z 100) as compared to patients with the wild-type gene
(n Z 267). GSEA of the transcriptome data for HEL-treated OCI-
AML3 cells indicated that all three ribosomal pathways

https://github.com/cBioPortal/datahub/issues/402
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Figure 2 HEL induces apoptosis, cell cycle arrest and cell differentiation of NPM1-mutated AML cells in dose dependent manner. (A) the

effect of HEL on cell apoptosis of OCI-AML3 cells was analyzed by FCM with AraC (5 mmol/L) as the positive group. (B) Cell morphology of

OCI-AML3 after HEL or ATRA (positive group) treatment on Day 5. Giemsa-stain, scale bar, 50 mm. (C) The effect of HEL on cell differentiation

of OCI-AML3 cells was analyzed by FCM, right panel shows the percentage of CD11bþ or CD14þ cells after HEL treatment at different

doses. (D) Macrophage colony stimulating factor receptor (CSF1R) or granulocyte colony stimulating factor receptor (CSF3R) expression

analyzed by RT-qPCR in OCI-AML3 cells after 5 days of HEL treatment. (E) HEL induces a dose-dependent cell cycle arrest at G1 phase in OCI-

AML3 cells. AraC (5 mmol/L) was used as the positive group. All the above experiments were analyzed by three biological replicates, presented

as Median � IQR, ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Protein levels of p53, cMYC, C-Cas3, Cas3,

CEBP/a and p21 in OCI-AML3 cells were analyzed by Western blot after HEL treatment at different doses (n Z 3). The expressions are

quantified in Supporting Information Fig. S5.
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mentioned above were significantly downregulated, with NES
values of e2.58, e2.50, and e2.65, respectively (Fig. 4A and B,
and Fig. S7C).
In addition, using the same clinical patient database, we found
that the rRNA metabolic process and proteasome pathway had a
significant impact on the survival and prognosis of AML patients.



Figure 3 The in vivo effect of HEL on NPM1 mutant AML cells. (A) Experiment schema. After confirmation of bone marrow AML

engraftment to >10% in 3 randomly selected mice, remaining mice were randomized to model, 50 mg/kg HEL, or 50 mg/kg AraC, by i. p. every

48 h for 14 days (B) Bone marrow AML burden. Representative flow cytometry for Human CD45þ (AML) and mouse CD45þ (normal) cells. (C)

Granulocyte (CD11b) and monocyte (CD14) lineage differentiation marker expression in marrow AML cells using FCM analysis. (D, E) Photos

show spleens from model M-NSG mice and different treatment groups, with H&E-stained spleen sections showing splenic lesions (yellow arrow).

Scale bar, 12 mm. (F) Serial blood counts. The increasing of WBC and decreasing of Hb or PLTwas due to myeloblasts. All the above experiments

were analyzed by ten mice per group (vehicle group, n Z 5), presented as Median � IQR, ns, not significant, *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.
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Figure 4 HEL regulates ribosome RNA metabolic process and causes nucleolar stress in NPM1 mutant AML cells. (A, B) GSEA enrichment

plots of preribosome or rRNA metabolic process genesets in NPM1 mutant AML patients group compared with WT (red) or OCI-AML3 cells

treated with DMSO compared with HEL (blue). Heat map of the preribosome or rRNA metabolic process genesets containing top 20 genes found

significantly down-regulated when comparing DMSO treated OCI-AML3 cells versus the HEL treated. Genes in blue were found up-regulated in

the NPM1 mutant patients against WT ones. (C) KaplaneMeier plots shows that high expression of rRNA metabolic process gene-set was

associated with shorter overall survival time in AML patients significantly. (D, E) Northern blot analysis of pre-rRNA processing phenotypes after

the treatment of HEL at different concentrations in OCI-AML3 cells, ActD was set as positive group. The probes used in the screening (ETS,

ITS1, and ITS2), as well as the major pre-rRNA detected, are depicted in the left. Mature rRNAs were shown on the ethidium bromide (EtBr)-

stained gel. Bands on the Northern blots or EB gels (n Z 3) were quantitated by ImageJ, presented as Median � IQR, ns, not significant,

*P < 0.05, **P < 0.01. (F, G) FBL (red) and NPM1 (green) localization in the HEL treated OCI-AML3 cells by IF. Hoechst 33342 (blue) was

used to stain for nuclei. Images by Leica SP8 confocal microscope. Scale bar, 12.3 mm. Quantification of percentage of cells with nucleolar stress

is shown in Supporting Information Fig. S8.
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Figure 5 HEL targets C222 of RPS2 in NPM1 mutant AML cells. (A) General protocol for QTRP. The proteome from HEL or DMSO (control)

treatmentwithOCI-AML3 cells are labeledwith IPMprobe in vitro and then digested by trypsin, the peptides were conjugatedwith Light (L) andHeavy

(H) Az-UV-biotin reagents, respectively, mixed and captured with streptavidin beads. The probe modified peptides are photo-released for further

LCeMS/MS analysis, followed by pFind3 software analysis and post-processing. (B) Distribution of competitive QTRP ratios (RH/L values) quantified

from reactionswith the humanOCI-AML3proteome treatedwith 10mmol/LHEL (three technical replicates from threebiological replicates).A cutoff of

threefold or greater blockade of IPMprobe labeling (RH/L> 3) is shown by black line tomark cysteines that exhibit high sensitivity to HEL, and proteins

with cysteines showing the strongest competitive reactivity with HEL are labeled by names. (C) Left: representativeMS1 profiles for multiple cysteine-

containing peptides from the RPS2 protein, only the peptide containing C222 (MS2 profile underneath) shows sensitivity to HEL competition. Right:

representativeMS1 profiles forHEL-sensitiveC222 peptide inRPS2 showing concentration-dependent blockade of IPM labeling byHEL. (D)Box plots

showing the RH/L values C222 peptide of RPS2 quantified from competitive QTRP experiments with the OCI-AML3 proteome treated with 1, 10

and 50 mmol/L HEL, respectively, data were shown in three biological replicates. Data are presented as Median� IQR, ns, not significant, *P< 0.05.

(E) Left: Successful plasmidmutagenesis was verified by Sanger sequencing.Mutation site is presented in red line. Right: Showing bands in the expected

size (37 kDa) for the purified RPS2WTandC222Smutant recombinant proteins. 12% SDS-PAGE gel stained with Coomassie blue orWestern blot with

RPS2 antibody. (F) Gel-based ABPP analysis of HEL against recombinant human RPS2WTorC222Smutant proteins. Proteins were preincubated with

DMSO vehicle or different concentrations of HEL before IA-rhodamine labeling. Proteins were resolved by SDS-PAGE and visualized by in-gel fluo-

rescence, and protein loading was assessed by Coomassie staining. (G) MST traces and doseeresponse curves of labeled RPS2 WT or C222S mutant

proteins bound with HEL. Error bars indicate the SD between the performed three technical replicates. Dissociation constants (KD) are shown.
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As shown in Fig. 4C, the median survival time of AML patients in
the group with high expression levels of rRNA metabolic pro-
cesses was significantly lower than that in the group with low
expression levels (P Z 0.0034). Taken together, the combined
results of the transcriptomic GO enrichment analysis and GSEA
potentially suggest that HEL inhibits NPM1 mutant AML cells by
disrupting rRNA processing and proteasome pathways.

To validate the screening results, we used northern blotting to
analyze the effect of HEL on rRNA processing in OCI-AML3
cells. The RNA polymerase I inhibitor actinomycin D (ActD) was
used as a positive control39. As shown in Fig. 4D and E, HEL
significantly reduced the intracellular 30 S rRNA content (P Z
0.0024) by inhibiting 47 S precursor rRNA shearing to 30 S rRNA
in OCI-AML3 cells at a dose of 5 mmol/L.

The small ribosomal subunits mainly control the shearing of
47S into 30S rRNA precursors40e43, suggesting that 5 mmol/L HEL
disrupts the processing of RNA precursors by small ribosomal
subunits, thereby blocking 30S rRNA biogenesis. At a dose of
Figure 6 HEL impairs NPM1 mutant AML cells and induces cell dif

loading control anti-b-actin protein expression in OCI-AML3 cells stably e

assessed using western blotting. (B)e(E) Cell viability (B, n Z 6); cycles

n Z 3) of OCI-AML3 cells transiently expressing pcDNA3.1 vector, FLA

HEL (5 mmol/L) for 48 h, cell viability was tested by MTT method and cel

method. Representative flow cytometry charts of experiments C&D are

experiments were analyzed by at least three biological replicates, presen

***P < 0.001, ****P < 0.0001.
10 mmol/L, 32S, 26S, 21S, 18S-E, and 12S rRNA processing was
significantly blocked in treated cells compared to the control group
(P Z 0.0013, 0.049, 0.022, 0.002, and 0.0007, respectively), sug-
gesting that at high doses (Fig. 4E), HEL causes severe damage to
all ribosomal subunits. Processing of the above precursor rRNAs is
necessary for the maturation of rRNAs (including 18S, 28S, and
5.8S), which further assemble into 40S and 60S ribosomal subunits
that are translocated outside the nucleus to participate in the cor-
responding biological functions of ribosomes.

Disruption of rRNA processing leads to impairment of
ribosome assembly, causing nucleolar stress44e47. The FBL
protein can be used as a marker for nucleolar morphology44. As
shown in Fig. 4F and Supporting Information S8A, at a dose of 5
mmol/L, HEL caused significant changes in the nucleolus
morphology of OCI-AML3 and IMS-M2 cells, with typical
features of nucleolus stress, such as nucleolus consolidation,
dispersion, and disappearance. These cells showed significant
increases in the positive rate of nucleolar stress after HEL
ferentiation through targeting RPS2. (A) Anti-FLAG, anti-RPS2 and

xpressing FLAG-GFP, FLAG-RPS2 WTor FLAG-RPS2 C222S mutant

(C, n Z 5), apoptotic rates (D, n Z 3) and differentiation status (E,

G-RPS2 WT or a FLAG-RPS2 C222S mutant treated with DMSO or

l cycle, apoptosis, and differentiation were all tested by flow cytometry

shown in Supporting Information Figs. S10 and S11. All the above

ted as Median � IQR; ns, not significant, *P < 0.05, **P < 0.01,
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treatment (P < 0.001, Fig. S8C). It has been reported that NPM1
mutant AML cells are more sensitive to nucleolar stress than
WT cells7, which is associated with a shift in localization of
NPM1c from the cytoplasm to the nucleus during nucleolar
stress, thereby inhibiting the re-entry of p53 oncoprotein into the
nucleus and exerting AML inhibitory activity. Therefore, we
determined the localization of the NPM1c protein before and
after administration of HEL using confocal microscopy and
found that HEL caused a shift in NPM1c protein localization
from the cytoplasm to the nucleus including OCI-AML3 (Fig.
4G) and IMS-M2 (Fig. S8A) cells, which further validates that
HEL causes significant nucleolar stress in NPM1 mutant AML
cells. Further studies revealed that HEL did not affect the
morphology of the nucleolus of the WT OCI-AML2 cells and
the nuclear distribution of NPM1 at the same dose (Fig. S8B and
S8C), which suggests the sensitivity of HEL on the rRNA pro-
cessing pathway of the mutant cells.

It has been reported that the translocation and expression of
NPM1c protein may somewhat regulate the binding of p53 and
HDM2 proteins in NPM1 mutant AML cells, resulting in p53 accu-
mulation, which may cause the corresponding anti-AML effect48. To
verifywhetherHEL’s anti-AMLactivity depends on this pathway,we
used siRNA to knock down the expression of NPM1 in OCI-AML3
cells and observe HEL’s activity in knockdown cells. The results
are demonstrated in the Supporting Information Fig. S9, OCI-AML3
cells showed significant changes in cell proliferation inhibition (PZ
0.0032), induction of apoptosis (PZ 0.0012), G1 cell cycle arrest (P
Z 0.0095), cell differentiation (PZ 0.00017 for CD11bþ and PZ
0.00028 for CD14þ) and p53 accumulation (PZ 0.05) when NPM1
was knockdown by siRNA, which is consistent with the results re-
ported by Balusu et al49. When HEL was administered in NPM1
knockdown cells, the p53 accumulation, cell proliferation inhibition,
apoptosis induction, G1 cell cycle arrest, and cell differentiation ac-
tivities significantly elevated when compared with either non-drug
administered NPM1 knockdown or HEL-treated siNC control cells,
which indicates thatHEL’s activity onNPM1mutantAMLcells is not
dependent onNPM1eHDM2ep53 pathway.Other protein targets on
the Pre-rRNA processing pathway of AML cells need to be further
investigated.

3.4. RPS2 is the primary target of HEL anti-NPM1 mutant AML
and C222 is the covalent binding site

In accordance with previous results, we found that HEL inhibits
rRNA metabolic processes by disrupting the function of pre-
ribosomal subunits. However, it remains unclear which proteins
are targeted. HEL contains covalent nucleophilic groups (among
which the signature group is a-methylene-g-butyrolactone), and
we speculate that they may covalently interact with cysteine in
target proteins.

We, therefore, used the QTRP technique29 to screen for po-
tential targets and sites for covalent binding with HEL. We labeled
the blank and HEL-administered proteomic samples with the
thiol-reactive probe IPM separately, followed by sample pro-
cessing, mass spectrometry, and data analysis according to the
literature (Fig. 5A).

As shown in Fig. 5B, human 40S ribosomal protein S2 (RPS2)
was the main target for HEL binding in OCI-AML3 cells, and
C222 was the main site for covalent binding. Experiments were
performed in quartic, as shown in Supporting Information Table
S4. The results of all four screens revealed that HEL binds
covalently to position C222 of the RPS2 protein with RH/L values
of 5.33, 9.12, 10.72 and 10.12, respectively, further validating the
reproducibility of the QTRP screening results.

For the RPS2 protein, QTRP recognized a total of four
cysteine-containing peptides, including C182, C188, C222, and
C229, and the MS results shown in Fig. 5C suggest that the RH/L

values of the peptides at positions C182, C188, and C229 were
1.16, 0.86, and 1.01, respectively (all less than 3.0), while only the
RH/L value at position C222 was greater than 3.0 (9.12). This
provides further evidence that position C222 is the likely site of
covalent binding of HEL to the RPS2 protein.

Next, we examined whether the covalent binding of HEL to the
C222 position of RPS2 changed with increasing concentrations of
HEL. The results are shown in Fig. 5D. The covalent binding ca-
pacity of HEL to the RPS2 protein was significantly different when
administered at a concentration of 10 mmol/L compared to 1 mmol/L
(PZ 0.046), although no significant change in the binding capacity
of HEL to RPS2 was observed in OCI-AML3 cells between HEL
concentrations of 10 and 50 mmol/L (PZ 0.70), suggesting that the
covalent binding capacity to the RPS2 protein becomes saturated
when administered at concentrations >10 mmol/L.

To further validate the binding of HEL to RPS2, we designed a
prokaryotic expression plasmid (pET28a-RPS2-WT) containing a
sequence for human RPS2 protein sourced from NCBI (GeneID:
6187 NM_002952.4) and used a site-directed mutagenesis kit to
change position 222 in the protein from cysteine to serine. The
results of plasmid mutation sequencing are shown in Fig. 5E. The
results of Coomassie blue staining and western blotting of RPS2
and its mutant recombinant proteins obtained by prokaryotic
expression are shown in Fig. 5E.

We confirmed that RPS2 was a direct target of HEL using gel-
based ABPP approaches; Fig. 5F shows that HEL competes
against rhodamine-functionalized iodoacetamide (IA-rhodamine)
labeling of recombinant human WT RPS2 protein in a dose-
dependent manner. HEL bound to the C222S mutant RPS2 pro-
tein with a lower affinity than the WT protein, suggesting that
C222 of RPS2 is the binding site of HEL.

We used MST experiments to evaluate the binding parameters
of HEL with either WT or mutant RPS2 recombinant proteins. As
shown in Fig. 5G, by curve fitting the changes in the MST signal
of the interaction between HEL and RPS2 proteins, we obtained
the equilibrium dissociation constant KD values and found that the
WT RPS2 binds to HEL with a KD value of 3.05 mmol/L whereas
the C222S mutant protein of RPS2 binds to HEL with a KD value
of 220.1 mmol/L. This further validated that HEL covalently tar-
gets the human RPS2 protein at site C222.

Validation of RPS2 as a target for HEL in the treatment ofNPM1
mutant AMLwas also performed at the cellular level.We designed a
eukaryotic expression plasmid containing the RPS2 protein with a
FLAG tag (pcDNA3.1-RPS2-FLAG) and mutated the cysteine at
position 222 to serine, as described above. The plasmids were then
transfected into OCI-AML3 cells, and as shown in Fig. 6A, the cells
expressed the FLAG-tagged RPS2 proteins.

Next, we evaluated the effects of HEL administration on
transfected cells, and as shown in Fig. 6BeE and Supporting In-
formation Figs. S10 and S11, compared to the blank plasmid
group (vector), the inhibition of OCI-AML3 cell proliferation was
significantly reduced with wild-type RPS2-FLAG plasmid trans-
fection (P < 0.0001), and its ability to induce cell apoptosis, cell
G1 phase arrest, and cell differentiation were all significantly
blocked (P Z 0.025, 0.002, 0.032 for CD11bþ, and 0.041 for
CD14þ, respectively). In contrast, after transfection with the RPS2
C222S mutant plasmid, no significant differences were observed



Figure 7 HEL inhibits RPS2 interaction with the ribosome proteins (RPs) therefore affecting the RPseMDM2ep53 pathway. (A) Schematic

workflow of MS-based Co-IP. OCI-AML3 cells were treated with 10 mmol/L HEL or DMSO, respectively, for 24 h. Subsequently, DSSO linker was

added to covalently link protein complexes within cells. RPS2 (or MDM2) and linked proteins were enriched using an anti-RPS2 (or anti-MDM2)

antibody immobilized on protein A/G beads. Tryptic peptides were measured via LCeMS/MS, and analyzed using MaxQuant and Perseus. (B) Vol-

canoplots represent two-sample t-test results of anti-RPS2Co-IP compared to isotype control Co-IP (nZ 3). Cut-off criteriawere defined as log2Z 2 (4-

fold enrichment) enrichment factor andelog10 (t-testP-value)Z 1.5 (dotted lines). RPS2 (orMDM2) is colored in red,RPs in blue and p53 in indigo. (C)

Venn diagram showing the overlap between the anti-MDM2Co-IP (DMSO treated) and anti-RPS2Co-IP (HEL treated) enriched proteins. The common

proteins are listed,whereRPL11 (red) possess the highest enrichment score. (D)TheOCI-AML3cells stably expressingFLAG-GFP, FLAG-RPS2WTor
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in the proliferation, cell cycle arrest, and differentiation of OCI-
AML3 cells caused by HEL as compared to the control plasmid
(P Z 0.28, 0.88, and 0.079 for CD11bþ and 0.87 for CD14þ,
respectively). Significant differences were also observed in pro-
liferation, apoptosis, G1 phase cell cycle arrest, and cell differ-
entiation of AML cells that were transfected with mutant plasmid
compared to those with WT plasmid after HEL treatment (P Z
0.003, 0.0014, 0.014 and 0.0027 for CD14þ, respectively). The
above results further validated that HEL binds to C222 of RPS2
and that this binding affects the proliferation, apoptosis, cycle, and
differentiation of OCI-AML3 cells.

3.5. HEL affects the RPseMDM2ep53 pathway, and anti-
NPM1 mutant AML activity is dependent on p53

As reported previously, the RPS2 protein is an important 40S ri-
bosomal protein, and its main functions include ribosome assembly
and the processing andmaturation of pre-rRNAs50,51. Toobserve the
role of RPS2 protein in NPM1 mutant AML and its impact on
downstream pathways, we first investigated the interactome of
RPS2 protein in NPM1 mutant AML cells using MS-based Co-IP
experiments. Co-IP with anti-RPS2 antibody immobilized on
magnetic beads was performed using DSSO cross-linking reagent,
enabling the capture of transient binding proteins34.

The protocols used are shown inFig. 7A.The proteins captured by
the RPS2 antibody were analyzed by LCeMS/MS. Compared with
the isotype control, OCI-AML3 cells contained many significantly
enriched proteins (log10P > 1.5, Log2 enrichment >2) (Fig. 7B and
Table S5), including a variety of ribosomal proteins (blue dots) that
can bind to RPS2, such as RPL11, RPL21, and RPS5.

To determine the effect of HEL on the proteins that were found
to bind to RPS2, Co-IP experiments were repeated 24 h after HEL
treatment prior to DSSO cross-linking. As shown in Fig. 7B and
Table S5, treatment with HEL reduced the number of ribosomal
proteins bound to RPS2, suggesting HEL targets the RPS2 protein
and disrupts the biogenesis of ribosomes in NPM1 mutant AML
cells, causing nucleolar stress and leading to the mutual disas-
sembly of ribosomal proteins bound to RPS2.

Free-state ribosomal proteins further induce downstream
biological activities. It has been reported that when cells
experience nucleolar stress, numerous free-state ribosomal
proteins in the nucleus bind competitively to MDM2 proteins,
affecting the RPseMDM2ep53 pathway and inhibiting the
degradation of p53, thus affecting proliferation, the cell cycle,
and differentiation52,53. Therefore, we analyzed the effect of
HEL on MDM2-binding proteins using MS-based Co-IP.
LCeMS/MS analysis of the proteins captured by the MDM2
antibody revealed that OCI-AML3 cells treated with HEL were
significantly enriched in multiple ribosomal proteins (blue
dots) compared to the control, and had a significant loss of p53
protein enrichment (purple dots), suggesting that HEL pro-
motes the binding of free-state ribosomal proteins to MDM2
FLAG-RPS2 C222S were treated with DMSO or HEL (10 mmol/L) for 24

proteinswere subsequently enriched and subjected toWestern blot analysis, pro

showing specific interaction of RPL11with FLAG-RPS2WT, however, when

Although theC222Smutant RPS2 protein can also specifically interact withRP

ofMDM2, p53 and RPL11 expression levels of OCI-AML3 either treated with

AML3 cells and detection of MDM2 and interactors p53/RPL11 by Western

biologically dependent samples per group, bands were quantitated by ImageJ,

***P < 0.001.
proteins, affecting the RPseMDM2ep53 pathway, thereby
freeing p53 protein (Fig. 7B and Table S6). In summary, five
ribosomal proteins dissociated from RPS2 and bound to MDM2
after HEL administration, including RPL11, RPL21, RPS5,
RPS27, and RPS14 (Fig. 7C).

Next, we validated the results of the MS-based Co-IP screening
using western blotting. In the RPS2 pull-down assay (Fig. 7D), a
significant amount of RPL11 was captured in FLAG-RPS2 express-
ing OCI-AML3 cells, indicating that RPS2 can bind to RPL11 in
OCI-AML3 cells, which was significantly inhibited by HEL (P <
0.001).However, the binding inhibitory effect ofHELwas not evident
in cells expressing the FLAG-RPS2 C222S mutant protein.

The ribosomal proteins are reported to be key contributors that
make up the pre-ribosomes and maintain the structure of the
nucleolus, both of which are mainly distributed in the nucleus52.
When HEL targets RPS2, resulting in free RPL11 transferred from
the nucleus to the cytosol, where it can bind to MDM2 to generate
downstream effects. The significant changes in the distribution of
RPL11 protein from the nucleus to the cytoplasm after HEL
treatment can further verify the results of the above Mass Co-IP
experiments (Supporting Information Fig. S12).

In the protein pulldown assay withMDM2 (Fig. 7E), the binding
of MDM2 to p53 was significantly decreased (P Z 0.042), and
correspondingly, its binding to the RPL11 was significantly
increased (P Z 0.044) after HEL administration. All the above re-
sults suggest that HEL affects the RPseMDM2ep53 pathway in
OCI-AML3 cells at the molecular level.

p53 plays a key role in the RPseMDM2ep53 pathway52,53. To
validate the essential role of p53 in the physiological activity of HEL
on OCI-AML3 cells, we constructed a p53 knockdown OCI-AML3
cell line. As shown in Fig. 8AeD and Figs. S13 and S14, knock-
down of p53 in OCI-AML3 cells significantly reduced the prolifer-
ation inhibitory activity of HEL inOCI-AML3 cells (P< 0.001), and
significantly impaired the ability of HEL to induce apoptosis (P Z
0.0003), arrest the cell cycle at the G1 phase (PZ 0.023), and induce
differentiation (P Z 0.003 for CD11bþ, P Z 0.002 for CD14þ).
These results were further corroborated byWestern blot analysis. The
results in Fig. 8E and Supporting Information Fig. S15 show that the
apoptosis-associated protein c-Cas3 was not significantly increased
by HEL administration after p53 knockdown, nor was the expression
of cyclin p21 (cell cycle arrest-related protein) andCEBP/a (a protein
related to cell differentiation) significantly increased by HEL
administration. In summary, HEL modulates the RPseMDM2ep53
pathway in OCI-AML3 cells by targeting the RPS2 protein, thereby
exerting an inhibitory effect on the physiological activity of OCI-
AML3 cells, which is dependent on the p53 protein.

3.6. RPS2 is an essential target for NPM1 mutant AML
treatment, and this target is p53-dependent

To further understand the role of RPS2 protein in the treatment of
NPM1mutant AML and to determine whether it is a suitable target
h, FLAG-GFP-, FLAG-RPS2-WT- and FLAG-RPS2-C222S-interacting

tein levels of FLAG-tagged proteins, RPL11 and loading controlGAPDH

cells were treated with HEL, this interaction will be significantly reduced.

L11, this interactionwas not disrupted byHEL. (E)Western blot analysis

DMSO or HEL (5 and 10 mmol/L) for 24 h and Co-IP ofMDM2 in OCI-

blot analysis. Gels shown in D and E are representative blots from nZ 3

presented as Median� IQR; ns, not significant, *P< 0.05, **P< 0.01,



Figure 8 RPS2 is an essential target for NPM1 mutant AML treatment, and this target is p53 dependent. OCI-AML3 shNC (blue) or shp53

(red) cells transfected with RPS2 siRNA or siNC (control) and treated with DMSO or HEL (5 mmol/L), respectively for 48 h, the cells were then

tested for the (A) proliferation, (B) apoptosis, (C) cycle arrest, and (D) differentiation status [a, DMSO; b, siNC; c, HEL (5 mmol/L)þsiNC; d,

siRPS2; e, HEL (5 mmol/L)þsiRPS2] and (E) expressions of p53, RPS2, caspase 3, C-caspase 3, p21 and CEBP/a proteins. Experiments (A) was

analyzed by five biological replicates; experiments (BeD) were analyzed by three biological replicates. Representative flow cytometry charts of

experiments B&C are shown in Supporting Information Figs. S13 and S14. All data are presented as Median � IQR; ns, not significant,

*P < 0.05, **P < 0.01, unpaired t test; gels shown in experiment (E) are representative blots for three biological independent samples per group;
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for treatment, we knocked down RPS2 in OCI-AML3 cells by
siRNA, as shown in Fig. 8F. Northern blotting was performed to
analyze the effect of this protein on the processing of pre-rRNA in
cells. As shown in Fig. 8G and H, siRNA knockdown of RPS2
resulted in significant inhibition of 32S (P Z 0.018), 30S (P Z
0.036), 26S (P< 0.0001), 21S (PZ 0.002), 18S-E (PZ 0.01), and
12S (P Z 0.05) pre-rRNAs and reduced the ratio of 28S/18S
compared to that in the control group (siNC ) (P Z 0.01). This
suggests that RPS2 is involved in pre-rRNA processing in OCI-
AML3 cells.

No significant difference was observed in pre-rRNA processing
in OCI-AML3 cells with RPS2 knockdown after 48 h of HEL
treatment compared to the non-drug administered RPS2 knock-
down group, further suggesting that HEL mainly disrupts pre-
rRNA synthesis in NPM1 mutant AML cells by targeting the
RPS2 protein.

Confocal microscopy observations indicated that, compared
to controls, RPS2 gene knockdown resulted in significant
changes in the structural morphology of OCI-AML3 nucleoli
with typical features of nucleolar stress, which is consistent with
results observed following administration of HEL (Fig. 8I). The
NPM1 protein localization assay also suggested that the knock-
down of RPS2 resulted in a shift in the localization of the NPM1
protein from the cytoplasm to the nucleus (Fig. 8I). For NPM1
mutant IMS-M2 cells, knockdown of RPS2 had the same effect
on the nucleolus structure, producing significant nucleolus stress
(Supporting Information Fig. S16A). The positive rates of cells
with nucleolar stress after siRPS2 transfection have been found
both significantly increased in OCI-AML3 and IMS-M2 cells
when compared with siNC group (Fig. S16C). In contrast, for
WT OCI-AML2 cells, knockdown of RPS2 did not cause sig-
nificant nucleolus structure changes (Fig. S16B) and showed a
significantly lower rate of positive cells with nucleolar stress
than mutant OCI-AML3 cells (Fig. S16C). The above results
demonstrate that RPS2 is an essential protein that controls ri-
bosomal biogenesis in NPM1 mutant AML cells and thus affects
nucleolar function.

In terms of cell physiology, knockdown of RPS2 significantly
inhibited cell proliferation (P < 0.001), induced apoptosis (P Z
0.001), caused G1 cycle arrest (P Z 0.0024), and led to a sig-
nificant increase in the expression of the cell differentiation-
associated protein CD11bþ (P Z 0.01) and CD14þ (P Z
0.0064), significantly elevated the p53 protein expression in OCI-
AML3 cells (P Z 0.0071) compared to the siNC control group
(Fig. 8AeD and Supporting Information Fig. S17). The other
NPM1 mutant cell line, IMS-M2, showed consistent results with
OCI-AML3, and knockdown of RPS2 protein also significantly
inhibited cell proliferation (P Z 0.00013), induced apoptosis (P
Z 0.035), arrested the cell cycle in the S phase (P Z 0.0019),
promoted cell differentiation (P Z 0.015 for CD11bþ and P Z
0.0026 for CD14þ), and significantly elevated cellular p53 protein
expression (P Z 0.001). These effects, however, were not sig-
nificant in NPM1 WT OCI-AML2 cells (Fig. S17), which suggest
Protein level quantification results are shown in Supporting Information Fig

in OCI-AML3 cells transfected with RPS2 siRNA and siNC (control), ass

processing phenotypes after transfected with RPS2 siRNA or siNC (cont

Mature rRNAs were shown on the EtBr-stained gel. Bands on the Norther

Median � IQR; ns, not significant, *P < 0.05, **P < 0.01, ****P < 0.00

down OCI-AML3 cells by IF. Hoechst 33342 (blue) was used to stain for n

Quantification of percentage of cells with nucleolar stress is shown in Su
that RPS2 may be an essential target for treating NPM1 mutant
AML.

When HEL was administered for 48 h after knockdown of
RPS2 in OCI-AML3 cells, these effects did not significantly differ
from the non-drug administrated knockdown group, verifying that
HEL disrupts the physiology of NPM1 mutant AML cells mainly
depending on the RPS2 protein. However, when p53 was knocked
down in OCI-AML3 cells, the proliferation inhibition, apoptosis
induction, G1 phase cell cycle arrest, and CD11bþ differentiation
caused by RPS2 knockdown were significantly reduced or lost (P
< 0.001, P < 0.001, P Z 0.027, and P Z 0.01, respectively)
when compared with the control group (shNC ), suggesting that
the effects of RPS2 on NPM1 mutant AML are dependent on p53
(Fig. 8AeD, Figs. S13 and S14). These findings were further
confirmed by Western blot analysis of changes in the expression
levels of proteins downstream of p53 (Fig. 8E and Fig. S15).

4. Discussion

Currently, NPM1 is the most commonly mutated gene in AML
patients, but there is a lack of targeted treatment options. Multiple
clinical studies have reported that AML patients with NPM1
mutations are prone to relapse. The XPO1 protein inhibitor Seli-
nexor, which targets the nuclear export of the NPM1c protein, has
recently been reported as a targeted therapy for this disease;
however, it is still in the clinical trial phase7e10.

Notably, in this study, we provided a novel natural sesquiter-
pene lactone lead compound for the treatment of NPM1 mutant
AML. The results of in vitro and in vivo experiments showed that
NPM1 mutant AML cells are sensitive to this lead compound, as it
inhibits proliferation, induces apoptosis, causes cell cycle arrest in
the G1 phase, and induces differentiation into normal blood cells.

Most importantly, through target pathway screening and vali-
dation, HEL was the first compound to be identified as a covalent
inhibitor of the 40S ribosomal protein RPS2, which, when cova-
lently bound to RPS2 at its C222 site, disrupts the processing of
rRNA precursors and causes nucleolar stress in NPM1mutant AML
cells. This, in turn, regulates the RPseMDM2ep53 pathway and
decreases the binding affinity between MDM2 and p53, thereby
activating the p53 pathway and its downstream effects.

There are two current therapeutic options for the upregulation
of ribosomal biogenesis driven by oncogenes in cancer54: first, the
use of classical chemotherapeutic agents (e.g., oxaliplatin,
cisplatin, actinomycin D, and 5-FU) and poly ADP ribose poly-
merase (PARP) inhibitors, which cause DNA damage and inhibit
ribosomal biogenesis in cells through a variety of mechanisms,
thus inhibiting cell proliferation and inducing cell cycle arrest.
However, the biggest disadvantages of these agents are their poor
selectivity and genomic toxicity. Second, the use of newly
discovered drugs that selectively target Pol I transcript activity,
such as CX-5461, which has the advantages of good selectivity
and low toxicity compared to the conventional chemotherapeutic
drugs mentioned above, and now shows effects in a variety of
. S15. (F) Expression of RPS2 protein and loading control actin levels

essed using Western blot. (G, H) Northern blot analysis of pre-rRNA

rol) treated with DMSO or HEL (10 mmol/L) for 48 h, respectively.

n blots or EtBr gels (n Z 3) were quantitated by ImageJ, presented as

01. (I) FBL (red) and NPM1 (green) localization in the RPS2 knock-

uclei. Images by Leica SP8 confocal microscope. Scale bar, 12.3 mm.

pporting Information Fig. S16.
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preclinical cancer models without significant genotoxicity55.
However, the compound is still in clinical or preclinical studies for
cancer treatment, and there are still some bioavailability and
solubility issues; therefore, the utility of the compound as a drug is
still unknown.

Currently, there are no targeted inhibitors of ribosomal pro-
teins. The finding that HEL inhibits the covalent binding of RPS2
in this study opens a new field for the development of drugs tar-
geting the overexpressed ribosome biogenesis pathway in AML.
In addition, it has been reported that solid tumors other than AML,
such as breast cancer and melanoma, cause abnormal over-
expression of the ribosomal biogenesis pathway56. Therefore, the
efficacy of HEL in the treatment of solid tumors should be further
evaluated.

Through bioinformatic analysis of clinical data, we found that
pathways associated with rRNA metabolism, preribosome, and
ribosomal biogenesis were significantly upregulated in AML pa-
tients with NPM1 mutations pathways and that patients with
activated preribosome and rRNA metabolic pathways showed
poor prognosis. It is widely accepted that the NPM1 protein plays
a crucial role in the regulation of ribosomal biogenesis in cells, but
the mechanism underlying ribosomal biosynthesis and rRNA
processing pathway in mutated variants of this protein is unclear.
It has been suggested that the non-coding long RNA HOXB-AS3
interacts with ErbB3-binding protein 1 (EBP1) and directs it to the
ribosomal DNA site57. Through this mechanism, HOXB-AS3 can
positively regulate rRNA transcription. Therefore, overexpression
of HOXB-AS3 caused by NPM1 mutations leads to the upregu-
lation of rRNA processing and ribosomal biogenesis pathways in
AML cells. However, this may be a reason for the significant
upregulation of the ribosomal pathways due to NPM1 mutation,
and the underlying mechanism requires further investigation.

In the present study, we found that RPS2 is an important protein
that regulates ribosomal biosynthesis and rRNA processing, and
knocking down this protein significantly affects ribosomal synthe-
sis, influences the RPseMDM2ep53 pathway, and stabilizes p53 in
NPM1-mutant AML cells. This leads to p53 pathway activation,
resulting in proliferation inhibition, induction of apoptosis, cell
cycle arrest, and cell differentiation. The above results suggest that
RPS2 may be a new target for the treatment of NPM1mutant AML,
but the mechanism underlying its effect on this disease remains to
be verified by further in-depth experiments. On this basis, small-
molecule drugs can be further developed to provide new targeted
therapeutic options for patients suffering from similar diseases.
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