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Abstract Triple-negative breast cancer (TNBC) exhibits marked molecular heterogeneity, posing

ongoing therapeutic challenges. Metabolic reprogramming, particularly through the Warburg effect, of-

fers a promising therapeutic target for TNBC treatment. Data mining and machine learning identified

(+)-miliusol as a promising candidate. Its direct target, eukaryotic initiation factor 3D (EIF3D), was vali-

dated through mass spectrometry-coupled cellular thermal shift assay (MS-CETSA), a biotinylated probe,

and a proteolysis-targeting chimera (PROTAC) approach. EIF3D, an emerging oncoprotein and atypical

translation initiation regulator, promotes tumor survival by selectively modulating protein synthesis.

(+)-Miliusol demonstrates potent anti-proliferative and anti-migratory activity against TNBC in both
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ER stress
in vitro and in vivo. Integrated proteomic and transcriptomic analyses revealed that (+)-miliusol sup-

presses TNBC progression through EIF3D-mediated translational regulation. Mechanistically, it disrupts

the EIF3D—AlkB homolog 5 (ALKBH5)—glucose transporter type 4 (GLUT4) axis, EIF3D—HIF1α

signaling, and the EIF3D—RuvB like AAA ATPase 1 (RUVBL1)—ß-catenin pathway, thereby inhibiting

glycolysis and metastasis while inducing ER stress-dependent apoptosis via caspase-12 and JNK activa-

tion. Additionally, (+)-miliusol blocks EIF3D—HIF1α and EIF3D—ALKBH3 interactions, impairing

ATAD2/PAK1-regulated Warburg-effect networks and triggering autophagy-associated cell death.

(+)-Miliusol induces TNBC cell death by selectively suppressing translation of critical glycolytic and

metastatic regulators. These findings establish EIF3D-mediated translational control as a promising ther-

apeutic avenue for TNBC treatment.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Breast cancer is the most prevalent type of human malignancies in

women. It was reported that breast cancer has surpassed lung

cancer in terms of incidence for the first time in 2020, establishing

itself as the leading malignancy worldwide1. Among the subtypes

of breast cancer, TNBC, which is defined by the absence of es-

trogen receptor (ER), progesterone receptor (PR), and human

epidermal growth factor receptor 2 (HER2) amplification, is one

of the most prominent subtypes, accounting for approximately

15%—20% of all breast cancer cases2. TNBC poses significant

challenges to therapeutic interventions due to its marked hetero-

geneity and the absence of effective therapeutic targets. This, in

turn, results in a high recurrence rate, augmented metastatic po-

tential, and diminished overall survival rates3. Despite advances in

targeted drug therapies (such as poly ADP-ribose polymerase

(PARP) inhibitors and protein kinase B (AKT) inhibitors)4,5,

immunotherapy (such as camrelizumab)6, and gene therapy7, their

applications in TNBC are still limited, and the outlook remains

uncertain. Therefore, there is an urgent need to identify and

develop innovative therapeutic alternatives for TNBC. Although

currently personalized therapy appears to be an optimal choice for

TNBC treatment, achieving individualized treatment medications

and regimens for each patient remains a challenge. Accordingly,

accurate identification of intrinsic commonalities of TNBC and

precise classification from its high heterogeneity may offer greater

potential for its therapeutics.

TNBC classification currently relies on gene/protein expres-

sion profiles and immunohistochemical biomarker panels. How-

ever, therapeutic outcomes predicted by conventional subtyping

methods remain suboptimal due to TNBC’s dynamic mutational

landscape. Notably, metabolic reprogramming represents a

fundamental hallmark of cancer cells. Consequently, targeting

tumor metabolism emerges as both a conceptually innovative and

therapeutically viable strategy for TNBC treatment. It has been

observed that more than one-third of TNBC cases exhibit a

preference for glycolysis as their metabolic mode8. Interestingly,

aerobic glycolysis (known as the Warburg effect) stands for the

most well-known and studied manner of tumor metabolic

reprogramming. Warburg effect states that even with sufficient

oxygen, cells will still choose glycolysis, a less productive manner

for energy, rather than the more efficient OXPHOS9. The Warburg

effect enhances cellular energy production efficiency, while lactate

accumulation promotes tumor microenvironment acidification,

thereby exacerbating genomic instability and malignant

progression. Consequently, the utilisation of glycolytic inhibition

as a therapeutic modality for TNBC has proven to be a promising

approach, exhibiting the potential for tangible clinical benefits8.

Recently, regulating mitochondrial metabolism and immune

microenvironment has shown promising prospects in the treatment

of TNBC10,11.

The translation of mRNA in cancer cells exhibits a profound

alteration as compared to that in normal ones. The tumor will

inhibit or activate the translation of specific mRNAs in response to

various pressures on tumor survival. EIF3D, a component of the

EIF3 complex, primarily participates in controlling the translation

of mRNA12. Accumulating evidence has shown that EIF3D plays

a significant role in the advancement and growth of cancer by

modulating the translation of specific proteins. For instance, knock

out of EIF3D significantly reduced the expression of multiple

marker proteins for the epithelial—mesenchymal transition (EMT)

(such as Vimentin, N-cadherin, MMP1, etc.) in breast cancer cells,

indicating its important role in cell metastasis13. In addition, the

activation of the phosphoinositide 3-kinase (PI3K)—AKT

signaling pathway by EIF3D may contribute to the progression of

gallbladder cancer14. Notably, EIF3D has been reported to pro-

mote the Warburg effect in cervical cancer cells by inhibiting the

degradation of GRP78, suggesting that it might be of great po-

tential to suppress the Warburg effect of cancer cells by targeting

EIF3D15.

Natural product-derived small molecules exhibiting potent

anti-tumor properties represent a valuable source for drug dis-

covery, particularly as lead compounds targeting cancer-

associated metabolic reprogramming―a hallmark of malignant

progression. Among them, (+)-miliusol is an active natural

product, which was first isolated from Miliusa balansae Fin. &

Gagn. in 200416. (+)-Miliusol has been shown with broad-

spectrum anti-tumor activity, including colon cancer, melanoma,

lung cancer, and cervical cancer17. However, the mechanistic ef-

fects of (+)-miliusol in breast cancer, particularly in the context of

TNBC, remain poorly understood. Crucially, the molecular targets

and associated regulatory networks underlying its anti-tumor ac-

tivity have yet to be systematically characterized.

Through systematic data mining and high-throughput

screening of natural product libraries, we identified (+)-miliusol

as a novel glycolysis inhibitor targeting the Warburg effect. This

compound has been shown to effectively suppress the glycolysis,

proliferation and metastasis of TNBC cells in both in vitro and

in vivo models. Multi-omics profiling revealed EIF3D as the direct

molecular target, through which (+)-miliusol coordinately

Miliusol targets EIF3D to suppress Warburg effect in TNBC 3699



disrupts: (1) the EIF3D—ALKBH5—GLUT4 axis regulating

glucose metabolism, and (2) the EIF3D—RUVBL1—ß-catenin

signaling cascade. Mechanistically, (+)-miliusol triggers an inte-

grated cell death network involving concurrent autophagy induc-

tion, endoplasmic reticulum stress (ER stress) activation, and

apoptotic signaling. Furthermore, transcriptional repression of

PAK1 encodes p21-activated kinase1 (PAK1) and ATPase family

AAA domain-containing protein 2 (ATAD2) contributes to its

anti-TNBC efficacy, which was regulated by EIF3D—ALKBH5

and EIF3D—HIF1α signaling. These findings establish (+)-mil-

iusol as a multifaceted therapeutic candidate and reveal new tar-

gets for TNBC treatment.

2. Materials and methods

2.1. Chemistry

2.1.1. Preparation and structural characterization of

(+)-miliusol

(+)-Miliusol was obtained as oil from Miliusa tenuistipitata W. T.

Wang. The molecular formula was determined to be C18H24O4 by

HR-ESI-MS that showed a pseudomolecule ion peak at m/z

305.1746 [M+H]+ (calcd. 305.1747). The characterization of

(+)-miliusol was based on NMR (Supporting Information

Table S5). 1H NMR (600 MHz, CDCl3), δ(ppm): 6.91—6.89

(1H, dd, J � 10.2, 3.8 Hz), 5.97 (1H, d, J � 10.2 Hz), 5.57 (1H,

d, J � 10.1 Hz), 5.14 (1H, d, J � 10.1 Hz), 4.98 (1H, m), 4.56

(1H, m), 3.15 (1H, d, J � 17.3 Hz), 2.30 (1H, d, J � 17.3 Hz),

2.30 (1H, m), 2.20 (1H, dd, J � 14.0, 5.1 Hz), 2.03 (4H, m), 1.70

(3H, s), 1.66 (3H, s), 1.57 (3H, s); 13C NMR (150 MHz, CDCl3),

δ(ppm): 196.5, 175.4, 149.0, 145.6, 132.3, 129.0, 123.4, 118.5,

82.3, 63.4, 52.5, 39.8, 39.6, 38.2, 38.2, 26.2, 25.8, 17.8, 17.0.

2.1.2. Synthesis of biotin-(+)-miliusol probe (Scheme 1)

To a solution of 4-pentynoic acid 2 (197.0 mg, 2.0 mmol) and

N,N′-dicyclohexylcarbodiimide (454.0 mg, 2.2 mmol) in

dichloromethane (DCM) (10 mL), (+)-miliusol 1 (608.8 mg,

2.0 mmol) and a catalytic amount of 4-dimethylaminopyridine

were added. The mixture was stirred at room temperature for

24 h. The mixture was cooled to a temperature of 0 ◦C, and then

the suspension was filtered using a Buchner funnel. The cake was

washed with DCM (10 mL). The combined organic layers were

subjected to washing with saturated aqueous sodium bicarbonate

and brine, followed by drying over anhydrous sodium sulfate.

Subsequently, the solvent was evaporated under reduced pressure,

and purification was carried out through silica gel flash chroma-

tography (using dichloromethane/methanol 0—4%), resulting in a

colorless jelly with a yield of 87%.

(1R,7S)-1-((E)-2,6-Dimethylhepta-1,5-dien-1-yl)-3,10-dioxo-

2-oxaspiro[4,5]dec-8-en-7-yl pent-4-ynoate (3): 1H NMR

(600 MHz, CDCl3), δ(ppm): 6.80 (1H, ddd, J � 10.2, 4.0,

1.1 Hz), 6.07 (1H, dd, J � 10.2, 1.3 Hz), 5.62 (1H, m), 5.46 (1H,

d, J � 10.0 Hz), 5.13 (1H, dq, J � 10.1, 1.3 Hz), 5.03—4.95 (1H,

m), 3.34 (1H, d, J � 17.6 Hz), 2.67—2.59 (2H, m), 2.58—2.53

(2H, m), 2.41 (1H, ddd, J � 14.7, 4.2, 1.2 Hz), 2.30—2.23 (2H,

m), 2.05 (1H, m), 2.03—1.98 (4H, m), 1.69 (3H, d, J � 1.4 Hz),

1.67 (3H, s), 1.58 (3H, s). 13C NMR (150 MHz, CDCl3) 195.07,

174.75, 171.06, 144.88, 144.01, 132.48, 131.21, 123.52, 118.75,

82.05, 81.18, 70.04, 65.64, 52.56, 39.96, 37.29, 36.77, 33.69,

26.32, 26.02, 18.06, 17.19, 14.75.

2.1.3. Synthesis of biotin-(+)-miliusol (5)
In a solution containing 193.0 mg (0.5 mmol) of probe 3, tetra-
hydrofuran (2.0 mL), and water (2.0 mL), NaASe (119.0 mg,

0.6 mmol), CuSO4 (8.0 mg, 0.6 mmol) and intermediate 4 were

introduced. The mixture was stirred at room temperature for 24 h,

then treated with distilled water (30 mL). The resulting solution

underwent three extractions with ethyl acetate (30 mL each). The

combined organic layers underwent washing with saturated

aqueous sodium bicarbonate and brine, followed by drying over

anhydrous sodium sulfate. Subsequently, the solvent was removed

under reduced pressure, and purification was carried out using

silica gel flash chromatography (dichloromethane/methanol

4%—10%) to yield a white solid at a rate of 57%.

(1R,7S)-1-((E)-2,6-Dimethylhepta-1,5-dien-1-yl)-3,10-dioxo-

2-oxaspiro[4,5]dec-8-en-7-yl3-(1-(3-(5-((3aR,4R,6aS)-2-oxohexa

hydro-1H-thieno[3,4-d]imidazole-4-yl)pentanamido)propyl)-1H-

1,2,3-triazol-4-yl)propanoate (biotin-(+)-miliusol, 5): 1H NMR

(600 MHz, CDCl3), δ(ppm): 7.05 (1H, s), 6.82—6.78 (2H, m), 6.52

(1H, s), 6.05 (1H, d, J � 10.2 Hz), 5.61 (m, 1H), 5.41 (1H, d,

J � 10.0 Hz), 5.09 (1H, d, J � 10.0 Hz), 4.97(1H, m), 4.52—4.50

(1H, m), 4.38 (1H, t, J � 6.8 Hz), 4.31 (1H, m), 3.33 (1H, d,

J � 17.6 Hz), 3.25—3.22 (2H, m), 3.14—3.13 (1H, m), 3.07—3.05

(2H, m), 2.90—2.88 (1H, dd, J � 12.8, 5.0 Hz), 2.81 (2H, t,

J � 7.1 Hz), 2.71 (1H, d, J � 12.8 Hz), 2.41—2.38 (1H, dd,

J � 14.6, 4.2 Hz), 2.23—2.29 (m), 2.18(2H, t, J � 7.4 Hz),

2.10—2.08 (2H, m), 2.03 (4H, m), 1.73—1.70 (2H, m), 1.66 (6H,

s), 1.57(3H, s), 1.43—1.41 (2H, m); 13C NMR (150 MHz, CDCl3),

δ(ppm): 194.97, 175.03, 173.99, 171.85, 164.17, 145.82, 144.81,

144.15, 132.27, 130.92, 123.31, 121.92, 118.47, 81.12, 65.27,

61.90, 60.29, 55.83, 52.39, 47.93, 40.75, 39.76, 37.03, 36.47,

36.39, 35.85, 33.67, 30.14, 28.23, 28.07, 26.13, 25.82, 25.68,

20.98. HR-ESI-MS m/z 711.3518 [M + H]+ (calcd. for

C36H51N6O7S, 711.3534).

2.1.4. Synthesis of PROTAC-(+)-miliusol probe (Scheme 2)

In a solution containing 481.1 mg (1.0 mmol) of VHL ligand (6),
158.0 mg (1.1 mmol) of 5-azido-valerianic acid (7), and 349.0 μL

(2.0 mmol) of N,N-diisopropylethylamine in DMF (8 mL), HATU

(418.0 mg, 1.1 mmol) was added.

The mixture was subjected to stirring at room temperature for a

period of 15 h. Following this, it underwent treatment with

distilled water (30 mL). The resulting solution was extracted on

three occasions with ethyl acetate (30 mL on each occasion). The

Scheme 1 Synthesis of intermediate 3.
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combined organic layers were then subjected to a thorough

washing process using a saturated solution of sodium bicarbonate

and brine, followed by a drying step over anhydrous sodium

sulfate. Subsequently, the solvent was removed under reduced

pressure, and purification was carried out using silica gel flash

chromatography (dichloromethane/methanol 1%—10%) to obtain

a white solid with a yield of 78%.

(4R)-5-((R)-2-(5-Azidopentanamido)-3,3-dimethylbutanoyl)-

4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrro-

lidine-2-carboxamide (8): 1H NMR (600 MHz, CDCl3), δ(ppm):

8.68 (1H, s), 7.42—7.39 (2H, m), 7.39—7.34 (2H, m), 6.23 (1H,

dd, J � 15.9, 8.7 Hz), 5.08 (1H, d, J � 7.1 Hz), 4.72 (1H, td,

J � 7.9, 4.2 Hz), 4.56 (1H, dd, J � 8.8, 2.5 Hz), 4.52 (1H, dq,

J � 4.2, 2.2 Hz), 4.11 (1H, m), 3.64—3.55 (1H, m), 3.28 (2H, td,

J � 6.7, 1.4 Hz), 2.53 (3H, s), 2.25 (2H, m), 2.07 (1H, m), 1.75

(1H, s), 1.73—1.68 (4H, m), 1.63—1.58 (2H, m), 1.47 (3H, d,

J � 6.9 Hz), 1.05 (9H, s); 13C-NMR (150 MHz, CDCl3), δ(ppm):

173.28, 172.03, 150.74, 148.33, 143.32, 131.83, 130.80, 129.65,

129.65, 126.58, 126.58, 70.06, 58.76, 57.74, 56.83, 55.64, 48.96,

43.62, 28.36, 26.60, 26.60, 26.60, 22.83, 22.27, 18.68, 17.29,

16.04, 12.62.

2.1.5. Synthesis of PROTAC-(+)-miliusol (9)
A solution of probe 3 (193.0 mg, 0.5 mmol) was prepared in a

mixture of tetrahydrofuran (2.0 mL) and water (2.0 mL), followed

by the addition of NaASe (119.0 mg, 0.6 mmol), CuSO4 (8.0 mg,

0.6 mmol) and intermediate 8. The mixture was stirred at ambient

temperature for 24 h. Following this, it was treated with distilled

water (30 mL) and extracted with ethyl acetate (3 × 30 mL). After

stirring for a further 15 h at room temperature and adding another

30 mL of distilled water, the resulting solution was extracted three

times with 30 mL of ethyl acetate each time. The combined

organic layers were washed with saturated aqueous sodium bi-

carbonate and brine, then dried over anhydrous sodium sulphate.

Purification was then carried out using silica gel flash chroma-

tography with a mixture of dichloromethane and methanol in a

ratio of 1:10. The resulting white solid was obtained with a yield

of 56% after removal of solvents under reduced pressure.

(1R,5S,7S)-1-((E)-2,6-dimethylhepta-1,5-dien-1-yl)-3,10-di-

oxo-2-oxaspiro[4,5]dec-8-en-7-yl-3-(1-(5-(((2R)-1-((3R)-3-hydr-

oxy-5-(((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)carbamoyl)

pyrrolidin-2-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-5-oxopen-

tyl)-1H-1,2,3-triazol-4-yl)propanoate (PROTAC-Miliusol, 9): 1H

NMR (600 MHz, CDCl3), δ(ppm): 8.67 (1H, s), 7.39 (4H, dd,

J � 6.2, 2.1 Hz), 7.36 (2H, d, J � 8.3 Hz), 6.74 (1H, ddd, J � 10.2,

4.0, 1.0 Hz), 6.53—6.47 (1H, m), 6.04 (1H, dd, J � 10.1, 1.3 Hz),

5.54—5.51 (1H, m), 5.34 (1H, d, J � 10.0 Hz), 5.10—5.06 (2H, m),

4.99—4.95 (1H, m), 4.69 (1H, t, J � 8.0 Hz), 4.58 (1H, d,

J � 9.0 Hz), 4.49 (1H, d, J � 4.7 Hz), 4.33—4.27 (2H, m),

4.09—4.04 (1H, m), 3.60 (1H, dd, J � 11.3, 3.6 Hz), 3.32 (1H, d,

J � 17.7 Hz), 3.05 (2H, td, J � 7.1, 2.5 Hz), 2.83 (2H, q,

J � 6.8 Hz), 2.51 (3H, s), 2.48—2.41 (1H, m), 2.37 (1H, dd,

J � 14.6, 4.0 Hz), 2.30 (1H, d, J � 17.7 Hz), 2.25 (2H, dt, J � 8.2,

6.4 Hz), 2.19 (1H, dd, J � 14.8, 5.6 Hz), 2.11 (1H, ddd, J � 11.7,

7.8, 4.3 Hz), 2.02 (2H, d, J� 5.6Hz), 1.98 (2H, d, J� 5.2Hz), 1.94

(1H, d, J � 33.7 Hz), 1.90—1.85 (2H, m), 1.66 (3H, s), 1.64 (3H, d,

J � 1.4 Hz), 1.63—1.58 (2H, m), 1.57 (3H, s), 1.46 (3H, d,

J � 6.8 Hz), 1.02 (9H, s); 13C NMR (150 MHz, CDCl3), δ(ppm):

195.17, 175.38, 173.21, 172.23, 172.19, 170.19, 150.69, 148.78,

145.83, 145.05, 144.24, 143.52, 132.46, 131.89, 131.19, 131.14,

129.86, 126.78, 123.52, 121.68, 118.60, 81.31, 70.34, 65.57, 58.79,

57.84, 57.20, 52.57, 50.12, 49.12, 39.96, 37.18, 36.62, 36.11, 35.51,

35.39, 33.95, 30.02, 29.56, 27.79, 26.82, 26.82, 26.82, 26.32, 26.02,

22.60, 22.53, 21.19, 18.07, 17.19, 16.42. HR-ESI-MSm/z 954.4793

[M + H] + (calcd. for C51H68N7O9S, 954.4794).

2.2. Cell culture

The cell lines BT-549, MDA-MB-231, MDA-MB-436, MDA-MB-

468, HCC1937, MCF-7, 4T1, MGC803, HGC-27, A549, PANC-1,

HCT116, HepG2, MCF-10A, GES-1, BEAS-2B, hTERT-HPNE,

NCM460, and L-O2 were obtained from ATCC. BT-549,

HCC1937, A549, MCF-10A, GES-1, NCM460 and L-O2 were

maintained in RPMI-1640 medium supplemented with 10% (v/v)

fetal bovine serum, streptomycin (50 U/mL) and penicillin (50

U/mL). MDA-MB-231, MDA-MB-436, MDA-MB-468, MCF-7,

4T1, MGC803, HGC-27, PANC-1, HCT116, HepG2, BEAS-2B

and hTERT-HPNE maintained in DMEM medium supplemented

with 10% (v/v) fetal bovine serum, streptomycin (50 U/mL) and

penicillin (50 U/mL). The cells were cultured at 37 ◦C with 5%

CO2 in an incubator.

2.3. Antibodies and reagents

The antibodies used in this study were as follows: hexokinase II

(HK II) (2867, CST), glucose transporter 1 (Glut1) (73015, CST),

lactate dehydrogenase A (LDHA) (3582, CST), matrix metal-

lopeptidase 2 (MMP-2) (40994, CST), lactate dehydrogenase B

(LDHB) (14824-1-AP, Proteintech), ß-actin (3700, CST), BCL2-

associated X (Bax) (14796, CST), B-cell lymphoma-2 (Bcl-2)

(15071, CST), Caspase-3 (9662, CST), epithelial cadherin (E-

Cadherin) (14472, CST), Caspase-8 (9746, CST), Caspase-9

(9504, CST), sequestosome-1 (SQSTM1/p62) (23214, CST),

autophagy-related gene 5 (ATG5) (12994, CST), microtubule-

associated protein 1 light chain 3 beta (LC3B) (3868, CST),

Beclin-1 (3495, CST), PAK1 (2602, CST), Phospho-PAK1(Ser144)

(2606, CST), phospho-PAK1(Ser199/204) (2605, CST), ATAD2

(50563, CST), c-Myc (13987, CST), phospho-c-Raf(Ser338)

(9427, CST), phospho-MEK1/2(Ser217/221) (3958, CST), phospho-

MEK1/2(Ser298) (98195, CST), lysosome-associated membrane

protein 2 (LAMP2) (34141, CST), PARP (9532, CST), eIF3D

(40765, CST), ribosomal protein S5 (RPS5) (16964-1-AP, Pro-

teintech), 40S ribosomal protein S16 (RPS16) (15603-1-AP, Pro-

teintech), c-Jun (9165, CST), ALKBH5 (49015, CST),

Scheme 2 Synthesis of intermediate 8.

Miliusol targets EIF3D to suppress Warburg effect in TNBC 3701



GLUT4(2213, CST), Tumor-specific pyruvate kinase M2 (PKM2)

(4053, CST), RUVBL1 (12300, CST), ß-catenin (8480, CST),

heat shock protein 90 (HSP90) (4877, CST), phospho-Akt(Ser473)

(4060, CST), Akt (9272, CST), Mammalian target of rapamycin

(mTOR) (2983, CST), phospho-mTOR(Ser2448) (5536, CST),

PERK (5683, CST), Unc-51-like kinase 1 (ULK1) (8054, CST),

phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (4370, CST),

phospho-ULK1(Ser757) (14202, CST), phospho-ULK1(Ser555)

(5869, CST), focal adhesion kinase family interacting protein of

200 kDa (FIP200) (12436, CST), autophagy-related protein 101

(Atg101) (13492, CST), CHOP (2895, CST), phospho-

Atg13(Ser355) (46329, CST), inositol-requiring enzyme 1 alpha

(IRE1α) (3294, CST), X-box-binding protein-1 (XBP-1s) (40435,

CST), Snail (3879, CST), autophagy-related protein 13 (Atg13)

(13468, CST), Ki-67 (9449, CST), SAPK/JNK (9252, CST),

Caspase-12 (35965, CST), phospho-SAPK/JNK(Thr183/Tyr185)

(9255, CST).

Other reagents include 3-methyladenine (3-MA) (M9281,

Sigma—Aldrich), chloroquine (CQ) (C6628, Sigma—Aldrich),

DAPI (D9542, Sigma—Aldrich), Actin-Tracker Red-555 (C2203S,

beyotime), 2-NBDG (ab235976, Abcam), D-Lactate Assay Kit

(Colorimetric) (ab83429, Abcam), Lactate Dehydrogenase Ac-

tivity Detection Kit (C0016, beyotime), One-step TUNEL Cell

Apoptosis Detection Kit (Red fluorescence) (C1089, beyotime),

Annexin V-FITC/PI Apoptosis Detection Kit (FXP018-100, 4A

Biotech), and SignalSilence� PAK1 siRNA (6361, CST). si-

ATAD2 and si-EIF3D were purchased from GENE (Shanghai,

China). RFP-GFP-LC3 adenovirus was purchased from Hanbio

(Shanghai, China). MG-132 (HY-13259, MCE) was purchased

from MedChemExpress (Shanghai, China). 3-Bromopyruvic acid

(3-BP) (HY-19992, MCE) was purchased from MedChemExpress

(Shanghai, China). MedChemExpress (Shanghai, China) provides

the compound known as Dorsomorphin (Compound C) (HY-

13418A, MCE).

2.4. Pharmacophore-based virtual screening

To obtain a pharmacophore capable of screening for Warburg

effect inhibitors, four compounds (bis-geranylacylphloroglucinol

derivative moronone18, Compound 319, Compound 1719 and SRI-

3768320) were selected as training set to build the pharmacophore

models. The attributes of Principal (set to a value of 2) and

MaxOmitFeat (set to a value of 0) were added to all the molecules

in the training set. The pharmacophore characteristic elements

include hydrophobic, hydrogen bond (HB) acceptor, HB donor

and ring aromatic elements. First, all possible pharmacophore

feature mappings and features for the selected training set were

computed by the Feature Mapping protocol of DS2016 to produce

10 pharmacophores. A validation program was conducted by the

Ligand Profiler protocol to verify the ability to predict the active

compounds of each pharmacophore model. The validation process

involved evaluating the mapping of each pharmacophore based on

each molecule, which in turn generated the relevant heat map. A

pharmacophore model with a high score for decoy set was

considered the candidate pharmacophore, and applied to the

follow-up virtual screening. The top ten compounds were found

according to the Fit values pharmacophore-based screening.

2.5. Molecular docking

The molecular docking of (+)-miliusol into EIF3D (PDB code

6YBS) was conducted using Discovery Studio 3.5 software, with

the active binding site defined based on predicted activity and a

radius of 8.5 Å considered. The protein structure underwent pro-

cessing including hydrogen atom addition, water removal, and

Charmm forcefield assignment. The gold score was selected as the

scoring function while maintaining default settings for other pa-

rameters. A maximum of 30 conformations were generated to

preserve ligand poses with a minimum RMSD between final poses

set at 0.50 Å. The protein structure used in this study was obtained

from PDB databank (https://www.rcsb.org)21.

2.6. MS-CETSA

The MS-CETSA assay was performed as previously

described22,23. BT-549 cells were harvested, washed with pre-cold

PBS, and resuspended in lysis buffer. The lysate was then treated

with (+)-miliusol, heated, and centrifuged to collect the super-

natant. Proteins were reduced and alkylated before digestion with

LysC and trypsin. The digested peptides were labeled with TMT-

10plex reagents, desalted, fractionated by high pH reversed phase

HPLC, and analyzed by LC—MS/MS.

2.7. RNA-sequencing (RNA-seq) analysis

The (+)-miliusol treated xenografts and controls were subjected to

TRIzol Reagent (Invitrogen, USA) for total RNA extraction, fol-

lowed by quantification using NanoDrop (Thermo Fisher Scien-

tific, USA). The HiSeq X Ten instrument (Illumina, Huada Gene,

Wuhan, China) was utilized for RNA-seq analysis. To eliminate

low-quality bases, the obtained data underwent quality trimming

with Cutadapt version 1.9.1 before aligning them to the human

genome (Mus musculus. GRCm38) downloaded from the NCBI

database. DESeq2 version 1.6.3 was employed for differential

mRNA expression analysis with a significance threshold of

adjusted P-value <0.05 applied to identify genes showing at least

a two-fold change in expression24.

2.8. Quantitative proteomics

A total of 200 μL of SDT protein cleavage solution was added to

each sample, which was then shaken thoroughly. We heated the

mixture at 100 ◦C for 5 min, followed by ultrasound treatment on

ice for 5 min. The process of centrifugation at 13,000 × g was

carried out for a duration of 30 min, after which the resulting

filtrate was transferred into a tube equipped with a 0.22-micron

pore size filter membrane. BCA quantification was performed

using only 1 μL of the filtrate and the remaining portion was

stored at − 80 ◦C. FASP processing involved taking 300 μg from

each sample, which were then treated with 100 mmol/L DTT

(final concentration), cooked at 100 ◦C for 5 min before adding

UA buffer and thorough mixing. The resulting mixture was

transferred to an ultrafiltration tube and centrifuged at RT before

discarding the filtrate. The process was repeated three times. After

that, the samples were treated with IAA in UA buffer, incubated at

room temperature to avoid light exposure, and then centrifuged

under the same conditions three times. Finally, trypsin buffer

totaling to a volume of 52 μL was added before being placed on a

constant temperature homogenizer for digestion.

2.8.1. SDS-PAGE

20 μg protein samples were mixed with 5 × loading buffer. The

ratio of the samples was 5:1 (v/v). The buffer composition was as

follows: 250 mmol/L Tris-HCl (pH 6.8), 10% (w/v) SDS, 0.5% (w/
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v) BPB, 50% (v/v) glycerol and 5% DTT. The samples were

subjected to a heating process in a boiling water bath for a

duration of 5 min. Following this, the samples were then subjected

to a centrifugation process in order to collect the upper layer for

electrophoresis in a 12% SDS-PAGE gel. The gel was then sub-

jected to an electric current of 150 V for a duration of 45 min. At

the end of electrophoresis, the colloid was cleaned slightly with

deionized water, and then stained.

2.8.2. MS-CETSA

The LC—MS/MS analysis was performed using an EASY-nLC

1200 system connected to an Orbitrap Eclipse Tribrid mass

spectrometer equipped with a nanoelectrospray source. 500 ng of

peptides in 0.1% formic acid and 2% acetonitrile were loaded onto

an Acclaim PepMap 100 C18 Nano Trap Column and separated

on an Acclaim PepMap RSLC C18 column using specific gradi-

ents. MS1 data were collected at a resolution of 120,000 with a

scan range of m/z 400—1200, while MS/MS spectra were acquired

at a scan range of m/z 200—1200. The precursors were isolated by

Quadrupole and fragmented with a collision energy of 36%,

detected in IonTrap. FAIMS device was set between the nanoESI

source and the Orbitrap Eclipse for LC—MS/MS analysis.

2.8.3. Quantitative proteomics

Solvent A contained 0.1% formic acid in water, while Solvent B

contained 0.1% formic acid in 100% acetonitrile. The Thermo

Scientific analytical column used had dimensions of

75 μm × 25 cm, with a particle size of 5 μm and a pore size of

100 Å, coated with C18 material. Prior to the experiment, the

column was conditioned using a mixture consisting of 95% sol-

vent A. Samples were loaded into a Thermo Scientific EASY trap

column and separated by column chromatography. After capillary

high performance liquid chromatography desalting and separation,

the enzymatic hydrolysis products were analyzed by Orbitrap-

Fusion mass spectrometer (Thermo Finnigan, San Jose, CA,

USA). Analysis duration: 60 min were allocated for the analysis

process.

2.8.4. Mass spectrum database search and analysis

The mass spectrometry analysis used RAW files as the raw data

and Proteome Discoverer 2.4 (Thermo Scientific) with its built-in

software Sequest for database identification and quantitative

analysis. The selected database was Uniprot-20230131-human-

207393.fasta, containing a total of 207,393 sequences. Proteome

Discoverer 2.4 screened for peptide identification results with

FDR≤0.01 (high confidence) and conducted quantitative analysis

based on ion peak intensity values of peptides, followed by me-

dian homogenization across all channels to generate final protein

quantification results.

2.9. Cell viability assay

The cells were seeded into 96-well plates at a density of 6000 cells

per well and left to adhere for 24 h. Following this stabilization

period, test compounds were administered at specified concen-

trations and exposure times. Cell viability was subsequently

quantified using MTT assays, with absorbance measurements

normalized to untreated controls.

2.10. Glucose uptake assay

The uptake of cellular glucose was assessed by flow cytometry to

measure the uptake of 2-NBDG, as previously outlined25. In brief,

the treated cells were exposed to 50 μmol/L 2-NBDG for 30 min

at 37 ◦C. Following washing and resuspension in pre-cooled PBS,

fluorescence intensity at 488 nm was measured using a flow

cytometer.

2.11. Lactate production assay

BT-549 and MDA-MB-231 cells were seeded at a density of

200,000 cells per well in 6-well plates. They were then treated for

24 h, followed by measuring lactate production using the D-

Lactate Assay Kit. The study assessed lactate production relative

to protein levels and normalized it to the control group treated

with DMSO. Additionally, cellular lactate dehydrogenase (LDH)

activity was determined using the Lactate Dehydrogenase Activity

Detection Kit.

2.12. Extracellular acidification rate (ECAR) and oxygen

consumption rate (OCR)

2.12.1. Cell seeding and treatment

A single-cell suspension (1 × 105 cells/mL) should be prepared in

complete medium. Add 100 μL to each well of a 96-well plate and

incubate at 37 ◦C for 24 h. Next, treat the cells with (+)-miliusol

for a further 24 h, and then centrifuge them at 300 × g for 5 min.

Proceed with subsequent assays.

2.12.2. Medium exchange and preparation

Aspirate 175 μL of spent medium from each well. Wash twice

with 600 μL of hippocampus-specific assay medium, then add

450—525 μL of fresh medium per well. Verify cell monolayer

integrity by phase-contrast microscopy. Transfer plates to a non-

CO2 incubator and equilibrate for 1 h at 37 ◦C.

2.12.3. Reagent administration

Prepare respiratory chain inhibitor cocktail containing:

Oligomycin (1 μmol/L); FCCP (1 μmol/L); Antimycin A (1 μmol/

L). Add 75 μL of inhibitor solution to designated reagent wells

according to experimental design.

2.12.4. Instrument calibration

Perform system calibration using manufacturer-recommended

protocols. Verify proper function of all sensors and fluidics. Run

calibration plate according to standard operating procedures.

2.12.5. Assay execution

Replace calibration plate with cell culture plate. Initiate assay

protocol with predefined measurement intervals and parameters.

Monitor real-time data acquisition for quality control.

2.13. Transfection of siRNA

The BT-549 and MDA-MB-231 cells were subjected to trans-

fection with si-PAK1, si-ATAD2, and a negative control siRNA

(si-NC) at a concentration of 50 nmol/L using Lipofectamine 3000

reagent (Invitrogen) in accordance with the manufacturer’s in-

structions. Subsequent experiments were conducted 48 h post-

transfection.
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2.14. Apoptosis assay

The BT-549 and MDA-MB-231 cells were exposed to varying

concentrations of (+)-miliusol, 3-MA, or CQ. The assessment of

cell apoptosis was conducted through the utilisation of the

Terminal-deoxynucleoitidyl Transferase Mediated Nick End La-

beling (TUNEL) assay, a method employed to quantitate DNA

fragmentation. Furthermore, the Annexin-V/PI double staining

assay was employed to ascertain the proportion of cell apoptosis

in both the early and late stages. JC-1 staining was utilised to

detect changes in mitochondrial membrane potential in TNBC

cells treated with (+)-miliusol.

2.15. Cell migration assay

The migratory ability of cells was evaluated using the wound

healing and Transwell assays as previously outlined24. In brief,

BT-549 and MDA-MB-231 cells were seeded in 6-well plates for

the wound healing assay. Upon reaching full confluence in culture,

the cells were gently scratched with a 1 mL pipette tip. These

initial cellular wounds were immediately documented using a

microscope after the removal of floating cells. Then various drugs

are used for treatment.

Then allow the scratch to heal in the medium without FBS for

24 or 48 h. Record the scratch under a microscope and use ImageJ

software to quantify its degree.

In the Transwell assay, the initial step involves the resus-

pension of 20,000 BT-549 or MDA-MB-231 cells in FBS-free

medium. Subsequently, 200 μL of the cell suspension is inoculated

into the upper chamber of the Transwell apparatus. The addition

of 600 μL of drug-containing cell culture medium, which has been

supplemented with 10% foetal bovine serum (FBS), to the lower

chamber is required, followed by incubation at 37 ◦C for a period

of 24 h. After that, the top layer cells were removed with a swab

and the bottom layer cells were fixed with 4% paraformaldehyde

for 30 min at room temperature. Subsequently, the lower layer

cells were stained with crystal violet and photographed.

2.16. Autophagy assay

BT-549 and MDA-MB-231 cells were transfected with GFP/

mRFP-LC3 for 24 h and subsequently treated with (+)-miliusol

for another 24 h. Cells were harvested afterwards, and the fluo-

rescence intensity of GFP and RFP was measured by flow

cytometry. In addition, immunofluorescence for LC3 and LAMP2

was used in this study to detect the process of autophagy.

2.17. Colony formation assay

The cells were placed into 6-well dishes and exposed to medi-

cation for a period of two weeks. Subsequently, the cells were

immobilized using 4% paraformaldehyde for a period of half an

hour, after which they were subjected to staining with crystal

violet.

2.18. Western blot-coupled cell thermal shift assay (WB-CETSA

assay)

The interaction of (+)-miliusol with the protein target was

detected using the WB-CETSA. Specifically, cells were treated

with DMSO or (+)-miliusol for 6 h. Cells were collected and then

heated for 3 min at a temperature gradient of 37—67 ◦C and

subjected to three freeze—thaw cycles and centrifuged at

12,000 rpm and 4 ◦C for 20 min. A Western blot was then carried

out as a follow-up to detect the protein thermal stability changes.

2.19. Biotin-(+)-miliusol pulldown assay

Streptavidin-agarose beads were incubated with biotin-(+)-mil-

iusol in HEPES buffer for 2 h at 25 ◦C. BT-549 and MDA-MB-

231 cell lysates were then incubated with the biotin-(+)-mil-

iusol—streptavidin complex overnight at 4 ◦C. Proteins bound to

the beads were analyzed by WB using an EIF3D antibody after

washing with HEPES buffer.

2.20. Western blot

BT-549 and MDA-MB-231 cells were exposed to varying con-

centrations of (+)-miliusol for specified time periods, followed by

collection. Cell lysis was performed using the cell lysis buffer

from the Western and IP Kit (Beyotime, P0013) for 1 h. The

protein content in the supernatant after centrifugation at

12,000 rpm for 20 min was determined using the BCA Protein

Concentration Determination Kit (P0011, Beyotime). Thereafter,

an equivalent quantity of denatured protein was separated on an

SDS-polyacrylamide gel (SDS-PAGE), following which the gel

was transferred onto a polyvinylidene fluoride (PVDF) membrane.

The membranes were blocked with 5% skimmed milk at room

temperature for 1 h, followed by overnight incubation with the

primary antibody at 4 ◦C. After washing with TBST, HRP-

conjugated secondary antibodies were applied to the mem-

branes. Visualization of protein bands was achieved through

enhanced chemiluminescence detection, and ImageJ was used to

quantify grayscale values of the bands.

2.21. Immunofluorescence analysis

The BT-549 and MDA-MB-231 cells were sequentially exposed to

Ki-67 antibody (1:200), LDHA antibody (1:200), MMP-2 anti-

body (1:200), E-cadherin antibody (1:200), LC3 antibody (1:200),

LAMP2 antibody (1:200), ATAD2 antibody (1:200), PAK1 anti-

body (1:200), p-ERK1/2Thr202/Tyr204 antibody (1:200), XBP-1s

antibody (1:200) and JNK12 antibody (1:200) at 4 ◦C overnight.

The antibodies were diluted in PBS containing 10% BSA, fol-

lowed by incubation with fluorescent-labeled secondary antibodies

for 60 min at room temperature.

2.22. Zebrafish tumor xenograft model

The wild-type zebrafish (strain AB) was obtained from Hangzhou

Hunter Biotechnology Co., Ltd. (Hangzhou, China) and was

maintained under standard conditions at 28 ◦C in a 14-h:10-h

light-dark cycle26. Each wild-type zebrafish embryo was trans-

planted with 200 CM-DIL marked BT-549 or MDA-MB-231 cells

48 h after fertilization using a microsyringe IM-300 after anes-

thesia. After injection, the embryos were incubated at 28 ◦C for

1 h and then at 35 ◦C. Two hundred xenografted zebrafish em-

bryos tagged with CM-DIL and either BT-549 or MDA-MB-231

were randomly selected and inoculated into 10 replicates of 6-

well plates, with 30 embryos per well. After incubation with

(+)-miliusol (2.0 μg/mL) at 35 ◦C for 5 days, 10 of the 30 em-

bryos were randomly selected from each well and visualized

under a fluorescent microscope. The fluorescence intensity of the

zebrafish abdomen inoculated with BT-549 or MDA-MB-231 was
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assessed to determine the inhibitory effect of (+)-miliusol on

growth. The total distance of metastasis in the tail of xenograft

zebrafish implanted with BT-549 or MDA-MB-231 was measured

to evaluate the impact of (+)-miliusol on cell metastasis.

2.23. Mice models

2.23.1. Xenograft mouse model

Female BALB/c nude mice weighing 18 to 20 g were purchased

from SPF (Beijing, China) Biotechnology Co., Ltd. (certificate no.

SCXK [Jing] 2019-0010). All animal procedures were approved

by Shenzhen University Medical Department Laboratory Animal

Ethics Committee (No: A202401678). Following acclimatisation,

the mice were subcutaneously injected with BT-549 cells and

MDA-MB-231 cells (5 × 106 cells/mouse). As the tumour volume

increased to approximately 0.1 cm3, the subjects were randomly

divided into four groups, with each group consisting of six to eight

subjects. BT-549 xenograft mouse: the control group, 10 mg/kg

(+)-miliusol-treated group, 20 mg/kg CQ-treated group and

10 mg/kg (+)-miliusol-treated + 20 mg/kg CQ-treated group.

MDA-MB-231 xenograft mouse: the control group, 8 mg/kg

(+)-miliusol-treated group, 20 mg/kg CQ-treated group and

8 mg/kg (+)-miliusol-treated + 20 mg/kg CQ-treated group. The

mice were weighed daily during dosing (intraperitoneal injection,

daily), and the tumor size was measured daily with an electronic

vernier caliper. Last day of the experiment, the animals were

anesthetized with isoflurane, then mice were euthanized by cer-

vical dislocation, and tumor tissue was harvested and subjected to

liquid nitrogen or formalin for subsequent analyses.

For the in vivo cancer cell metastasis experiment of TNBC

cells, 1 × 105 cells (MDA-MB-231-LUC or BT-549-LUC) were

injected into nude mice through the tail vein injection, and

administration began on Day 2 after injection, and images were

collected on Days 0, 4, 8, 12 and 16, respectively. The mice were

euthanized on the 24th day of administration, and their organs

were subsequently harvested. Moreover, blood and spleen tissues

were subjected to flow cytometry to quantify CD45, CD3, and

CD19 markers, thereby assessing B cell and T cell populations.

2.23.2. BALB/c mouse model

To investigate the toxicity of (+)-miliusol, female BALB/c mice

were administered (+)-miliusol daily for a period of 14 days.

Following the treatment, blood samples were collected for

comprehensive hematological analysis. Major organs were har-

vested for HE staining. Additionally, blood, spleen, and thymus

tissues were subjected to flow cytometry to quantify CD45, CD3,

and CD19 markers, thereby assessing B cell and T cell

populations.

2.24. Survival curve

The subcutaneous injection of 100 μL of phosphate-buffered sa-

line (PBS) containing 5 × 106 BT-549 cells/MDA-MB-231 cells

or 5 × 104 4T1 cells should be performed into the right inguinal

mammary fat pad of female BALB/c mice aged 4—6 weeks. As

the tumor volume increased to approximately 0.1 cm3, the subjects

were randomly divided into four groups, with each group con-

sisting of ten subjects. The 4T1 transplanted tumour mouse model

comprised the following groups: the control group, the (+)-mil-

iusol-treated group at 10 mg/kg (or 8 mg/kg), the CQ-treated

group at 20 mg/kg, and the combination of 10 mg/kg (or 8 mg/

kg) (+)-miliusol-treated and 20 mg/kg CQ-treated groups. The

mouse was euthanised when the tumor diameter exceeded 15 mm

or when the mouse was moribund during the observation period.

The time of euthanasia was recorded as the time of death.

2.25. Immune cells were analyzed by flow cytometry

2.25.1. Preparation of single-cell suspension from peripheral

blood of mice

Peripheral blood samples should be collected from mice in tubes

containing an anticoagulant. The addition of 100 μL of fresh blood

to a centrifuge tube is the first step in the procedure. This is fol-

lowed by the addition of one test-specific flow cytometry antibody.

The mixture should be thoroughly agitated and then incubated at a

temperature of 4 ◦C in conditions of darkness for a period of

30 min. Following this, 2—5 mL of 1 × red blood cell lysis buffer

should be added, and the mixture thoroughly agitated. The sam-

ples are then to be lysed at 4 ◦C for 5 min. Centrifugation at 300 ×

g for 5 min is required to yield the cell sediment, with the su-

pernatant being discarded. The object should then be washed once

with phosphate buffered saline (PBS). The cells should then be

resuspended in 400 μL of cell staining buffer, after which they can

be analysed using a flow cytometer.

2.25.2. Preparation of single-cell suspensions of tumor tissues

After completely removing the tumor, transfer it to a 1.5 mL

centrifuge tube and mince it thoroughly. Then, transfer the tumor

tissue suspension to a 50 mL centrifuge tube. Add 9 mL of PBS,

resuspend the cell pellet and add 1 mL of 10 × Triple Enzyme

Stock Solution. The contents should then be gently pipetted to

ensure thorough mixing, after which the mixture should be incu-

bated at 37 ◦C in a water bath shaker for a period of 1—2 h.

Following digestion, the solution should be diluted with PBS and

passed through a 75-micron mesh filter to remove any residual

tissue fragments. Subsequently, the subject should be washed once

with PBS. The cell suspension should then be collected and

subjected to a centrifugal process at a speed of 300 × g for a

duration of 5 min. The superior portion should be discarded. The

cells must then be resuspended in cell staining buffer, with the

concentration adjusted to 1 × 107 cells/mL, prior to staining and

detection.

2.26. Immunohistochemistry analysis

Tumor tissues were collected, fixed with 4% paraformaldehyde

and embedded in paraffin. The samples were then sectioned to a

thickness of 5 μm and subsequently affixed onto slides. Following

this, they were washed and antigen repaired with EDTA. The

following day, the samples were subjected to an overnight incu-

bation with primary antibodies at 4 ◦C. Sections were then rinsed

with phosphate buffer and incubated with secondary antibody for

1 h at room temperature. Finally, the sections were washed and

reacted with a diaminobenzidine chromogenic solution for 5 min.

Sections were subjected to staining with hematoxylin, followed by

thorough washing, dehydration, and subsequent coverage with

cover glasses. The results of the staining were obtained using a

microscope.

2.27. Statistical analysis

All experiments were conducted independently at least three

times, and the data are expressed as mean ± standard error of

mean (SEM). Statistical analysis was carried out using GraphPad
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Prism 8.0 software, with one-way ANOVA and Student’s t-test

used for comparisons. A significance level of P < 0.05 was

applied.

3. Results

3.1. Identification of (+)-miliusol as a novel Warburg effect

inhibitor

In order to discover novel natural small molecules with inhibitory

effect on the Warburg effect, we adopted a strategy which com-

bines data mining, bioinformatics analysis, artificial intelligence

screening and experimental verification, and successfully identi-

fied (+)-miliusol as a potent inhibitor of Warburg effect in TNBC.

We first carried out data mining and curated a collection of 96

small molecules from the PubMed database, which have been

shown to have the capability of modulating the Warburg effect of

cancer cells (Supporting Information Table S1). Subsequently, the

Swiss Target Prediction database was utilized to predict potential

targets of these compounds 27, and the Gene Ontology (GO)

biological process enrichment analysis was further conducted on

these targets using the DAVID database28. Compounds whose

predicted targets exhibited significant enrichment in the Warburg

pathway were then screened out, with four compounds selected as

the training set (Supporting Information Table S2) and another

five compounds used as the decoy set (Supporting Information

Table S3). 10 pharmacophore models were established using the

training set. After the validation using the decoy set, Model 2 was

selected as the optimal one (Supporting Information Fig. S1).

Then, we performed pharmacophore-based virtual screening from

a natural product database consisting of 21,388 compounds from

Topscience Co. Ltd., and 2008 compounds from an in-house

compound library revised by Lipinski’s rule of five and Veber’s

rule. By assessment of the pharmacophore features, shapes, and

exclusion constraints, the ligand database was mapped into the

pharmacophore model and ten ligands were selected with a cri-

terion of Fitvalue >3.3. Among the ten candidates, (+)-miliusol

showed the highest score and the most promising Warburg

pathway-interfering potential (Fig. 1A, Supporting Information

Fig. S1 and Table S4).

Next, we tested whether (+)-miliusol showed anti-tumor activity

in TNBC cells. Results of MTT assay indicated that (+)-miliusol

exhibited significant suppressive functions on cell proliferation of

BT-549 (6 h IC50 � 5.443 ± 0.736 μmol/L; 12 h IC50 �

5.862 ± 0.768 μmol/L; 24 h IC50 � 4.85 ± 0.686 μmol/L; 36 h

IC50 � 3.396 ± 0.531 μmol/L; 48 h IC50 � 3.043 ± 0.483 μmol/L)

and MDA-MB-231 (6 h IC50 � 21.906 ± 1.341 μmol/L; 12 h

IC50 � 11.885± 1.075 μmol/L; 24 h IC50 � 4.185± 0.622 μmol/L;

36 h IC50 � 4.692 ± 0.671 μmol/L; 48 h IC50 � 4.684 ±

0.671 μmol/L) (Fig. 1B and C). Among a panel of TNBC cell lines,

BT-549 exhibited the highest sensitivity to (+)-miliusol treatment,

as determined by dose-response profiling. Notably, (+)-miliusol

demonstrated broad-spectrum anti-proliferative activity across

multiple cancer cell types, with IC50 values varying by cell lineage.

Strikingly, (+)-miliusol exhibited more potent anti-tumor activity

in cancer cells compared to normal cells, suggesting a favorable

therapeutic window and potential safety profile for (+)-miliusol in

cancer therapy (Supporting Information Fig. S2). Later, BT-549 and

MDA-MB-231 cells were chosen for follow-up investigations.

Results of colony formation assay revealed that (+)-miliusol

exhibited inhibitory effects on the long-term proliferation ability of

BT-549 and MDA-MB-231 cells (Fig. 1D and E). Results of 3D cell

spheroid formation assay further demonstrated that (+)-miliusol

could inhibit the formation of TNBC tumor spheroid in a

concentration-dependent manner (Fig. 1F and G), thereby con-

firming the compound’s ability to disrupt collective tumor cell

growth in a physiologically relevant model system. The expressions

of the proliferation markers Ki-67 and EdU in (+)-miliusol-treated

BT-549 and MDA-MB-231 cells were also quantified by immuno-

fluoresent staining. Results revealed that the fluorescence intensity

of Ki-67 and EdU decreased upon the treatment of (+)-miliusol in a

concentration-dependent manner, suggesting that (+)-miliusol

could dose-dependently inhibit the proliferation of BT-549 and

MDA-MB-231 cells (Fig. 1H—K), consistent with the observed

suppression of clonogenic and spheroid-forming capacity. Collec-

tively, these results illustrate that (+)-miliusol is a candidate com-

pound with potent in vitro anti-tumor activity in TNBC.

3.2. (+)-Miliusol inhibits the Warburg effect and cell migration

in TNBC cells

In order to verify the potential inhibitory effect of (+)-miliusol on

the Warburg effect in TNBC cells, the effect of (+)-miliusol on

the glucose uptake capacity and lactate production activity was

first evaluated. These are key indicators of the Warburg effect, as

previously defined29. The results demonstrated that (+)-miliusol

exerted a dose-dependent inhibitory effect on glucose uptake

(Fig. 2A and B) and lactate production (Fig. 2C and D) in both

BT-549 and MDA-MB-231 cells. Treatment with (+)-miliusol

also decreased the fluorescent intensity of LDHA, a crucial rate-

limiting enzyme in aerobic glycolysis9, in BT-549 cells and

MDA-MB-231 cells (Fig. 2E and G). Besides, the cellular LDH

activity also showed a remarkable attenuation upon the treatment

with (+)-miliusol (Fig. 2F and H), indicating a profound meta-

bolic perturbation in TNBC cells. Next, the expression of HK II, a

key enzyme in glycolysis and crucial for the Warburg effect, was

examined by immunofluorescence staining analysis30. As shown

in Fig. 2I and J, HK II exhibited high expression patterns and

cytoplasmic distribution in TNBC cells. After treatment with

(+)-miliusol, the expression level of HK II significantly

decreased, particularly in BT-549 cells, coinciding with the

observed attenuation of LDH activity. This dual suppression of

rate-limiting glycolytic enzymes (HKII and LDH) suggests

(+)-miliusol disrupts the Warburg effect. Next, the expressions of

a panel of key glycolysis regulators were evaluated by immuno-

blotting, including HK II, GLUT1, LDHA, and LDHB (Fig. 2K,

Supporting Information Fig. S3A—S3D). Results demonstrated

that (+)-miliusol inhibited the glycolysis in TNBC cells by down-

regulating key glycolysis regulators, including GLUT1, HK II,

LDHA, and LDHB. To delineate the metabolic consequences of

(+)-miliusol treatment, we performed real-time bioenergetic

profiling through OCR and ECAR measurements. The results

demonstrated that (+)-miliusol significantly suppressed glycol-

ysis, glycolytic reserve, and glycolytic capacity in TNBC cells.

Additionally, treatment with (+)-miliusol markedly reduced basal

respiration, ATP production, maximal respiration, and spare res-

piratory capacity (Fig. 2L—O). These results further confirm that

(+)-miliusol strongly inhibits the Warburg effect in TNBC cells,

leading to mitochondrial metabolic disruption and energy supply

collapse in TNBC cells.

High metastatic potential is a prominent feature of TNBC, and

aerobic glycolysis is a key player of this feature31. Therefore, we

next investigated whether the treatment of (+)-miliusol could
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exerts any effects on TNBC cell migration. The results of the

wound healing assay demonstrated that (+)-miliusol effectively

suppresses TNBC cell migration (Supporting Information

Fig. S4A). Consistently, the results of Transwell assay also

showed that treatment of (+)-Miliusol inhibited the migratory

capacity of BT-549 and MDA-MB-231 cells (Fig. S4B). The

Figure 1 Identification of (+)-miliusol as a glycolysis inhibition candidate in TNBC from natural products. (A) Flowchart of screening for

(+)-miliusol in glycolysis-preferred TNBC. (B, C) MTT assay detection of the cell viability of (+)-miliusol treatment (100, 50, 25, 12.5, 6.25,

3.13, 1.56, and 0.78 μmol/L) for 6, 12, 24, 36 and 48 h, respectively. (D, E) Colony formation ability of (+)-miliusol (2.5, 5, and 10 μmol/L)

treatment of BT-549 and MDA-MB-231 cells. (F, G) Effect of (+)-miliusol (2.5, 5, and 10 μmol/L) on 3D-spheroid formation in BT-549 and

MDA-MB-231 cells. (H, I) Immunofluorescence detection of Ki-67, a cell proliferation marker, following treatment with (+)-miliusol at con-

centrations of 2.5, 5, and 10 μmol/L. Scale bar � 10 μm. ZOOM Scale bar � 2 μm. The fluorescence intensity of Ki-67 was calculated using

Image J software. (J, K) EdU assay of (+)-miliusol (2.5, 5, and 10 μmol/L) on TNBC cell proliferation. Scale bar � 10 μm. ZOOM Scale

bar � 2 μm. Data are presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, compared

with the DMSO treated group. M, mol/L.
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Figure 2 (+)-Miliusol inhibits glycolysis and cell migration in TNBC. (A, B) (+)-Miliusol inhibits the glucose uptake in BT-549 cells and

MDA-MB-231 cells. BT-549 cells and MDA-MB-231 cells were treated with 0, 2.5, 5, and 10 μmol/L (+)-miliusol for 24 h, and the glucose

uptake ratio was detected by 2-NBDG uptake through flow cytometry. (C, D) BT-549 cells and MDA-MB-231 cells were treated with 0, 2.5, 5,

and 10 μmol/L (+)-miliusol for 24 h and the lactic acid production was detected by lactic acid production detection kit. (E, G) Immunofluo-

rescence detection of the expression of LDHA after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. ZOOM Scale bar � 5 μm. The

fluorescence intensity of LDHA was calculated using Image J software. (F, H) BT-549 cells and MDA-MB-231 cells were treated with 0, 1.25, 2.5,

5, 10, 20, and 40 μmol/L (+)-miliusol for 24 h and the LDH activity was detected by lactate dehydrogenase activity detection kit. (I, J)

Immunofluorescence detection of the expression of HK II after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. ZOOM Scale bar � 5 μm.
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expression levels of several key metastasis markers were also

evaluated by immunofluorescence staining, including MMP-232

and E-cadherin33. Remarkably, (+)-miliusol treatment resulted in

a significant decrease in MMP-2 intensity, as well as an increase in

E-cadherin intensity (Fig. 2P—S), suggesting the impairment of

TNBC migration capacity. Furthermore, the immunoblotting re-

sults for MMP-2 and E-cadherin confirmed that treatment with

(+)-miliusol resulted in the downregulation of MMP-2 and the

upregulation of E-cadherin (Fig. 2T, Fig. S3E and S3F), further

demonstrating that (+)-miliusol hinders the migration potential of

TNBC cells. Taken together, (+)-miliusol attenuated the glycol-

ysis process and migration capacity in TNBC cells.

Interestingly, we conducted a preliminary comparison of the

efficacy of (+)-miliusol and a well-established glycolysis inhibi-

tor, 3-bromopyruvic acid (3-BP) 34, which is an inhibitor of the

key glycolytic enzyme Hexokinase II. We systematically assessed

the differences between 3-BP and (+)-miliusol with respect to cell

proliferation, cell migration, and glucose uptake. The findings

revealed that (+)-miliusol possesses significantly stronger anti-

proliferative, anti-migratory, and anti-glycolytic properties (Sup-

porting Information Fig. S5). These results further substantiate the

potential of (+)-miliusol as a novel Warburg effect inhibitor in the

treatment of TNBC.

3.3. RNA-seq analysis revealed that ATAD2 and PAK1 are key

regulators in (+)-miliusol-induced TNBC cell death

To elucidate the underlying mechanism of the suppressive effects of

(+)-miliusol on TNBC cell proliferation and migration, especially

its inhibitory functions on the Warburg effect in TNBC cells, we

conducted RNA-seq analysis to evaluate the alterations in gene

expression upon (+)-miliusol treatment. In BT-549 cells, a total of

4450 genes exhibited significant differential expressions between the

control and (+)-miliusol-treated group, among which, 1384 were

up-regulated and 3066 were down-regulated (FDR <0.05, and

FC> 1.2 or FC< 0.8) (Fig. 3A). In (+)-miliusol-treated MDA-MB-

231 cells, 5763 genes exhibited significant differential expressions,

and among these, 2827 were up-regulated and 2936 were down-

regulated (Fig. 3C). The GO enrichment analysis revealed signifi-

cant alterations in a panel of key pathways including glycolysis,

oxidation-reduction reactions, cell migration, hypoxia response,

IRE1-mediated unfolded protein response, MAPK signaling

pathway, ERK1/2 activity and autophagy in (+)-miliusol-treated

BT-549 cells (Fig. 3B). Similarly, in (+)-miliusol-treated MDA-

MB-231 cells, the significantly enriched biological processes

included DNA damage, apoptosis, mitochondrial respiratory chain

complex I assembly, cell migration, PERK-mediated unfolded pro-

tein response, glycolytic process, autophagy, and MAPK signaling

(Fig. 3D). The heatmaps show the list of the top 40 significantly

altered genes in (+)-miliusol treated BT-549 and MDA-MB-

231 cells (Supporting Information Fig. S6A and S6B). Intriguingly, a

total of 1957 genes exhibited significant expression alterations in

both BT-549 and MDA-MB-231 cell lines as shown by Venn dia-

gram (Fig. 3E). Further GO biological process enrichment analysis

demonstrated that these 1957 genes are significantly enriched in

tricarboxylic acid cycle (TCA cycle), apoptosis, protein processing

in the endoplasmic reticulum, glycolysis, FOXO signaling, mTOR

signaling, HIF-1 signaling, MAPK signaling, autophagy, and

PI3K—AKT signaling pathways (Fig. 3F). Among these altered

pathways and differentially expressed genes, two candidates, PAK1

and ATAD2, were further investigated because of their significant

expression changes upon the treatment with (+)-miliusol in both

BT-549 and MDA-MB-231 cells. PAK1, a well-conserved serine/

threonine protein kinase. Accumulating evidence revealed the

upregulated expression pattern of PAK1 in multiple types of cancer,

and its functional roles in tumor gene transcription, cell prolifera-

tion, migration, apoptosis, and cytoskeleton remodeling35. ATAD2

encodes ATAD2 protein, a member of the AAA ATPase family,

which exerts functions on cell proliferation, apoptosis, and metas-

tasis in cancer development and progression through chromatin

binding36. We constructed a PPI network centered on PAK1 and

ATAD2, revealing their regulatory influence on proteins involved in

diverse biological processes such as tumor glycolysis, proliferation,

metastasis, apoptosis, autophagy, and ER stress (Supporting Infor-

mation Fig. S6C, Fig. S7A). Next, the mRNA expression levels of

PAK1 and ATAD2 in both normal and breast cancer tissues were

analyzed using GEPIA (http://gepia.cancer-pku.cn/) (Fig. S7B and

S7C). The results suggested that the mRNA expression levels of

PAK1 and ATAD2 in breast tumor tissues were significantly higher

than those in normal breast tissues (ATAD2: Tumor 16.43; Normal

3.42; PAK1: Tumor 37.31; Normal 19.22). We then analyzed the

expression levels of PAK1 and ATAD2 in breast cancer patients

(https://www.betastasis.com/), and the findings demonstrated

elevated expression levels of PAK1 and ATAD2 in breast cancer

compared to the normal levels (Fig. S7D and S7E), suggesting that

PAK1 and ATAD2 might play functional roles in the carcinogenesis

and development of breast cancer. Besides, we also identified and

extracted the PAK1- and ATAD2-regulated sub-networks, wherein

PAK1 encompassed glycolysis, apoptosis, autophagy and ER stress

sub-network (Fig. 3G), while ATAD2 comprised cell metabolism,

apoptosis, cell proliferation, and ER stress sub-network (Fig. 3H).

Based on these results, we hypothesized that PAK1 might regulate

the PI3K—AKT—mTOR pathway and that ERK1/2 activation plays

a significant role in TNBC progression. Additionally, ATAD2-

mediated activation of c-MYC may also contribute to the meta-

bolic reprogramming of TNBC.

The fluorescence intensity of HKII was calculated using Image J software. (K) Western blot analysis of HK II, GLUT1, LDHA and LDHB protein

expression in BT-549 and MDA-MB-231 cells treated 5 μmol/L (+)-miliusol for 24 and 48 h, respectively. ß-Actin, loading control. (L, M) The

extracellular acidification rate (ECAR) of BT-549 and MDA-MB-231 cells following 24-h treatment with (+)-miliusol was quantified using the

Seahorse XF Analyzer. (N, O) The oxygen consumption rate (OCR) of BT-549 and MDA-MB-231 cells following 24-h treatment with

(+)-miliusol was measured using the Seahorse XF Analyzer. (P, Q) Immunofluorescence detection of MMP-2 in BT-549 and MDA-MB-231 cells

after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. Enlarged Scale bar � 2 μm. The fluorescence intensity of MMP-2 was calculated

using Image J software. (R, S) Immunofluorescence detection of E-cadherin in BT-549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol

treatment. Scale bar � 10 μm. Enlarged Scale bar � 2 μm. The fluorescence intensity of E-cadherin was calculated using Image J software. (T)

Western blot analysis of MMP-2 and E-cadherin protein expression in BT-549 and MDA-MB-231 cells treated with 5 μmol/L (+)-miliusol for 24

and 48 h, respectively. ß-Actin, loading control. Data are presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001, compared with the DMSO treated group. M, mol/L.
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Figure 3 RNAseq analysis of (+)-miliusol treated BT-549 and MDA-MB-231 cells. BT-549 and MDA-MB-231 cells were treated with 5 μmol/

L (+)-miliusol for 24 h. (A, C) Volcano plot illustrating the differential expression of genes in BT-549 and MDA-MB-231 cells, with or without

(+)-miliusol treatment. The red plots indicate up-regulated genes (P < 0.05 and fold change (FC) > 1.2), while the blue plots represent down-

regulated genes (P < 0.05 and fold change <0.8). (B, D) Bubble plot of pathways enriched by the differentially expressed genes. (E) Overlapping

of the genes in (+)-miliusol treated BT-549 and MDA-MB-231 cells. (F) Bubble plot of pathways enriched by the differentially expressed genes

in both BT-549 and MDA-MB-231 cells after (+)-miliusol treatment. (G) Extraction of PAK1-centered glycolysis, apoptosis, autophagy and ER

stress sub-network. (H) Extraction of ATAD2-centered cell metabolism, apoptosis, cell proliferation and ER stress sub-network.
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3.4. (+)-Miliusol blocks ATAD2 and PAK1 regulated Warburg

PPI to induce autophagy-related cell death

To validate our hypotheses, the expression levels of ATAD2 and

PAK1 in BT-549 and MDA-MB-231 cells upon (+)-miliusol

treatment were evaluated. Consistently with their mRNA expres-

sion patterns evidenced by RNA-seq analysis, the protein ex-

pressions of both ATAD2 and PAK1 significantly decreased upon

treatment with (+)-miliusol in TNBC cells by immunofluores-

cence staining analysis (Fig. 4A—D). Results of immunoblotting

also verified the decreased expressions of ATAD2 and PAK1.

Further evaluation also demonstrated the decreased phosphoryla-

tion status of PAK1, as well as the decreased expression level of

the ATAD2 substrate c-MYC after (+)-miliusol treatment. The

results indicated that (+)-miliusol significantly inhibited the

expression and phosphorylation of PAK1 (Fig. 4E). Similarly,

(+)-miliusol demonstrated a potent inhibition of ATAD2 expres-

sion and activation, resulting in decreased levels of both ATAD2

and c-MYC (Fig. 4E, Supporting Information Fig. S8A and

S8B). Next, the expression of PAK1 and ATAD2 was respec-

tively knocked down to further investigate their roles in the tumor

suppressive effect of (+)-miliusol. Knockdown of either PAK1 or

ATAD2 individually resulted in reduced cell viability in TNBC

cells; however, even with the absence of PAK1 or ATAD2 indi-

vidually, (+)-miliusol still exhibited significant inhibition on

TNBC cell viability. However, when ATAD2 and PAK1 were

simultaneously knocked down, the anti-proliferative effect of

(+)-miliusol on TNBC cells at low concentrations was not

significantly different from that observed in the control group.

Only at higher doses did (+)-miliusol exhibit significant anti-

proliferative activity against TNBC cells (Fig. 4F and G). Simi-

larly, Ki-67 staining demonstrated that (+)-miliusol could inhibit

the proliferation of TNBC cells when either PAK1 or ATAD2 was

individually knocked down. However, this inhibitory effect was

not significant when both PAK1 and ATAD2 were simultaneously

knocked down (Fig. 4H). Consistent results were observed in the

3D cell spheroid formation assay, demonstrating that the double

knockdown of PAK1 and ATAD2 significantly inhibited the anti-

proliferative effect of (+)-miliusol (Fig. 4I and J). It is note-

worthy that treatment of (+)-miliusol still resulted in a significant

inhibition of cell viability and proliferation capacity in either

PAK1- or ATAD2-knockdown TNBC cells, however, the folds of

inhibition upon treatment were lower than the negative-control (si-

NC) group. These findings indicated that (+)-miliusol might

exhibit its inhibitory effects on the proliferation of TNBC by

modulating pathways associated with PAK1 and ATAD2.

Given that c-MYC, ERK1/2, and AKT pathways are important

regulators of glycolysis, playing important roles in tumor cell

proliferation and metastasis37—39, we next examined whether these

pathways are involved in PAK1- and ATAD2-mediated anti-tumor

effects of (+)-miliusol. The immunofluorescence staining and

immunoblotting of p-ERK1/2Thr202/Tyr204 confirmed the inhibition

of ERK1/2-MAPK signaling in (+)-miliusol-treated BT-549 and

MDA-MB-231 cells (Fig. 4K—L). As a key upstream protein of

ERK1/2-MAPK, c-Raf, can be activated by the phosphorylation at

Ser338 by PAK140. Upon (+)-miliusol treatment, the phosphor-

ylation of c-Raf at Ser338 was remarkably downregulated, indi-

cating the inhibition of PAK1 activity by (+)-miliusol in BT-549

and MDA-MB-231 cells. MEK1/2 can be phosphorylated and

activated by c-Raf at Ser217/221, and also by PAK1 at

Ser29841,42. In our study, (+)-miliusol treatment significantly

decreased the phosphorylation of MEK1/2 at both Ser217/221 and

Ser298, further confirming the inhibition of PAK1 and c-Raf

(Fig. 4M, Fig. S8C—S8F). Next, we investigated the effect of

(+)-miliusol on AKT—mTOR pathway and found that (+)-mil-

iusol could inhibit the expression of both AKT and mTOR, as well

as the phosphorylated protein expression at Ser473 and Ser2448,

respectively (Fig. 4M, Fig. S8C—S8F).

Interestingly, mTOR functions as a critical regulator in both

cell proliferation and the complex process of autophagy43. Hence,

we further examined the expression and phosphorylation of

mTOR-regulated downstream autophagy core initiator ULK1 and

ULK1 complex proteins. The results showed that (+)-miliusol

could effectively activate ULK1 and ULK1 complexes, as evi-

denced by a significant increase in phosphorylation at Ser555 of

ULK1, suppression of phosphorylation at Ser757 of ULK1, and

increased phosphorylation levels of mATG13 at Ser355 (Fig. 4N,

Fig. S8G—S8J). Notably, the RNA-seq results also indicated a

significant induction of autophagy by (+)-miliusol treatment,

thereby suggesting the potential of (+)-miliusol treatment to

induce autophagy-associated cell death in TNBC cells. Interest-

ingly, we used proteasome inhibitor MG-132 to investigate the

effect of protein degradation on protein levels, and it was found

that MG-132 was unable to rescue the reduced levels of PAK1,

AKT, and other proteins caused by (+)-miliusol, indicating that

(+)-miliusol inhibits their expression at the transcriptional or

translational level (Supporting Information Fig. S9).

Collectively, our findings confirmed that (+)-miliusol could

induce TNBC cell death by inhibiting ATAD2-and PAK1-

mediated c-MYC, ERK1/2—MAPK, and AKT—mTOR signaling

pathways.

3.5. (+)-Miliusol induces autophagy-related cell death in TNBC

cells

Given the intricate interplay between aerobic glycolysis and

autophagy in cancer progression31,44,45, we subsequently investi-

gated the impact of (+)-miliusol on autophagy in BT-549 and

MDA-MB-231 cells. Firstly, we labeled the autophagosome

marker LC3 (green) and lysosome marker LAMP2 (red) by

immunofluorescence. A significant upregulation, accumulation

and co-localization of LC3 and LAMP2 puncta were observed

upon (+)-miliusol treatment (Fig. 5A and B). In addition, we

employed Bafilomycin A1 (Baf. A1, vacuolar H+-ATPase inhib-

itor), an autophagy inhibitor, to monitor the autophagy flux.

Importantly, the enhanced accumulation and co-localization of

LC3 and LAMP2 puncta in (+)-miliusol + Baf. A1-treated group

confirmed that (+)-Miliusol-induced autophagy was a continuous

process (Fig. 5A and B). Next, BT-549 and MDA-MB-231 cells

were transfected with GFP-mRFP-LC3 plasmid and then exam-

ined the GFP and RFP fluorescence intensity after treatment with

different doses of (+)-miliusol. Consistently, (+)-miliusol induced

a dose-dependent increase in the fluorescence intensity of GFP

and RFP (Fig. 5C and D). Moreover, we evaluated the expression

of key autophagy markers, Beclin-1, SQSTM1/p62 and LC3, and

found that (+)-miliusol attenuated the expression of autophagy

substrate SQSTM1/p62, and triggered the expression of pro-

autophagy regulators Beclin-1 and LC3 (Fig. 5E, Supporting In-

formation Fig. S10). Intriguingly, we observed significant activa-

tion of the AMPK pathway in the RNA-seq results. AMPK, an

upstream protein of mTOR, can activate ULK1 to induce auto-

phagy. Additionally, AMPK is a well-known energy sensor acti-

vated under energy-deficient conditions. Our findings revealed that

(+)-miliusol markedly activates AMPK. However, when AMPK
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Figure 4 (+)-Miliusol inactivates ATAD2 and PAK1 to regulate BT-549 and MDA-MB-231 cell death. (A, B) Immunofluorescence detection

of ATAD2 in BT-549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. ZOOM Scale bar � 2 μm. The

fluorescence intensity of ATAD2 was calculated using Image J software. (C, D) Immunofluorescence detection of PAK1 in BT-549 and MDA-

MB-231 cells after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. ZOOM Scale bar � 2 μm. The fluorescence intensity of PAK1 was

calculated using Image J software. (E) Western blot analysis of PAK1, p-PAK1S199/204, p-PAK1S144, ATAD2 and c-MYC protein expression in BT-

549 and MDA-MB-231 cells treated 0, 2.5, 5, 10 μmol/L (+)-miliusol for 24 h. ß-Actin, loading control. (F, G) BT-549 and MDA-MB-231 cells

were transfected with si-NC, si-PAK1 or si-ATAD2 plasmid for 48 h, and then after co-incubation with 0, 2.5, 5, and 10 μmol/L (+)-miliusol for

another 24 h. (H) Immunofluorescence detection of Ki-67 in BT-549 and MDA-MB-231 cells in different groups. (I, J) Effect of 5 μmol/L

(+)-miliusol on 3D-spheroid formation in BT-549 and MDA-MB-231 cells. (K, L) Immunofluorescence detection of p-ERK1/2Thr202/Tyr204 in BT-

549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. ZOOM Scale bar � 2 μm. The fluorescence intensity of

p-ERK1/2Thr202/Tyr204 was calculated using Image J software. (M) Western blot analysis of p-c-RafS338, p-MEK1/2S217/221, p-MEK1/2S298, p-

ERK1/2Thr202/Tyr204, AKT, p-AKTS473, mTOR, and p-mTORS2448 protein expression in BT-549 and MDA-MB-231 cells treated 5 μmol/L

(+)-miliusol for 24 or 48 h, respectively. ß-Actin, loading control. (N) Western blot analysis of ULK1, p-ULK1S757, p-ULK1S555, FIP200,

mATG13, ATG101 and p-mATG13S355 protein expression in BT-549 and MDA-MB-231 cells treated 5 μmol/L (+)-miliusol for 24 or 48 h,
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was inhibited using its specific inhibitor Compound C46, the

autophagy-promoting effect of (+)-miliusol was substantially

diminished (Supporting Information Fig. S11). This demonstrates

that AMPK activation plays a crucial role in (+)-miliusol-induced

autophagy, potentially triggered by its disruption of energy

metabolism in TNBC cells.

Considering the complex role of autophagy in cancer47,48, we

next examined the relationship between autophagy and cell pro-

liferation by employing autophagy inhibitors (3-MA and CQ).

Intriguingly, when treated with (+)-miliusol, TNBC cells exhibi-

ted significantly lower viability upon inhibition of autophagy as

compared to (+)-miliusol treatment alone (Fig. 5F and G,

respectively. ß-Actin, loading control. Data are presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001. M, mol/L.

Figure 5 (+)-Miliusol induces autophagy in BT-549 and MDA-MB-231 cells. (A, B) Immunofluorescence detection of LC3 and LAMP2 in

BT-549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol with or without autophagy inhibitor Baf.A1 treatment. Scale bar � 10 μm. ZOOM

Scale bar � 2.5 μm. The fluorescence intensity of LC3 and the co-localization of LC3 and LAMP2 were calculated using Image J software. (C,

D) BT-549 and MDA-MB-231 cells were transfected with GFP-mRFP-LC3 plasmid for 24 h, and after co-incubation with 2.5, 5, and 10 μmol/L

(+)-miliusol for 24 h, the GFP and RFP intensities of the cells were measured by flow cytometry. (E) Western blot analysis of SQSTM1/p62,

Beclin-1 and LC3 protein expression in BT-549 and MDA-MB-231 cells treated 5 μmol/L (+)-Miliusol for 24 and 48 h, respectively. *Indicate

the statistical strip. (F, G) BT-549 and MDA-MB-231 cells were treated with 0, 1.25, 2.5, and 5 μmol/L (+)-miliusol together with or without

autophagy inhibitor 3-MA or CQ for 24 h, respectively. (H) Colony formation assay of BT-549 and MDA-MB-231 cells treated with 5 μmol/L

(+)-miliusol together with or without 3-MA or CQ, respectively. (I, J) Effect of 3D-spheroid formation ability of BT-549 and MDA-MB-231 cells

treated with 5 μmol/L (+)-miliusol together with or without 3-MA or CQ. (K, L) EdU assay of BT-549 and MDA-MB-231 cells treated with

5 μmol/L (+)-miliusol together with or without 3-MA or CQ, respectively. Scale bar � 100 μm. Data are presented as mean ± SEM, n � 3. ns,

no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. M, mol/L.

Miliusol targets EIF3D to suppress Warburg effect in TNBC 3713



Supporting Information Fig. S12), suggesting that autophagy

induced by (+)-miliusol hindered its anti-proliferative activity.

Results of colony formation experiments revealed that inhibition

of autophagy could further reduce the colony formation capacity

of TNBC cells upon (+)-miliusol treatment (Fig. 5H). Impor-

tantly, consistent findings were observed in both the 3D-spheroid

formation assay and the EdU proliferation assay (Fig. 5I—L),

suggesting that (+)-miliusol-induced autophagy may indeed

contribute to the adaptive survival of TNBC cells. This intriguing

finding has prompted us to investigate the involvement of auto-

phagy in the mechanisms of (+)-miliusol.

We next investigated whether (+)-miliusol-induced autophagy

affected the Warburg effect in BT-549 and MDA-MB-231 cells.

The addition of the autophagy inhibitors 3-MA and CQ reduced

glucose uptake activity in BT-549 cells and MDA-MB-231 cells

(Supporting Information Fig. S13A, S13B, S13D and S13E).

Intriguingly, co-treatment with 3-MA and CQ did not significantly

affect the lactate production activity in (+)-miliusol-treated BT-

549 cells (Fig. S13C). However, the addition of 3-MA signifi-

cantly decreased the lactate production activity in (+)-miliusol-

treated MDA-MB-231 cells; CQ co-treatment also decreased

lactate production in (+)-miliusol-treated MDA-MB-231 cells,

albeit with no statistically significant difference (Fig. S13F). The

expression of key glycolysis regulators, including HK II, LDHA,

and LDHB, was subsequently assessed by immunoblotting

(Fig. S13K and S13L). The results showed that co-treatment with

3-MA and CQ further enhanced the (+)-miliusol-induced down-

regulation of HK II, but exerted different regulatory properties in

LDHA and LDHB expression. Co-treatment with 3-MA signifi-

cantly decreased the expressions of LDHA and LDHB in

(+)-miliusol-treated BT-549 cells; however, it exhibited little ef-

fects in MDA-MB-231 cells. Co-treatment with CQ significantly

decreased LDHA and LDHB expression in both BT-549 cells and

MDA-MB-231 cells. The different effects of autophagy inhibitors

on LDH expression may account for the observed variations in

lactate production activity. These findings confirm that autophagy

indeed plays a role in promoting glycolysis in TNBC cells.

In addition, we investigated the effect of (+)-miliusol-induced

autophagy on tumor cell migration. Notably, the inhibition of

autophagy by 3-MA and CQ did not introduce further inhibition of

migration by (+)-miliusol treatment in BT-549 cells. Co-treatment

with 3-MA and CQ further enhanced the (+)-miliusol-induced

inhibition of migration in MDA-MB-231 cells upon treatment for

48 h, although no significant difference in the folds of inhibition

was observed after 24 h treatment (Supporting Information

Fig. S14). The results of the Transwell assay further demon-

strated that 3-MA significantly influenced the inhibitory effects on

cell migration induced by (+)-miliusol treatment in both BT-549

and MDA-MB-231 cells (Fig. S13G—S13J). To confirm these

findings, we examined the expression of the migration markers

MMP-2 and E-cadherin. Remarkably, co-treatment with (+)-mil-

iusol and 3-MA or CQ enhanced the expression of E-cadherin in

both two TNBC cells. However, co-treatment with (+)-miliusol

and 3-MA exhibited no further inhibitory effect on the expression

of MMP-2 compared to the (+)-miliusol-treated group (Fig. S13M

and S13N). It is worth noting that the basal autophagy observed in

BT-549 and MDA-MB-231 cells may indicate its cytoprotective

function, as evidenced by the significant reduction in glucose

uptake activity when these cells were treated solely with 3-MA or

CQ. This suggests that dysregulation of basal autophagy might be

attributed to the glycolysis-dominated metabolic mode in TNBC

cells, which further sustains their metabolic reprogramming.

3.6. EIF3D was discovered and validated as a direct target of

(+)-miliusol

Target identification remains a technical challenge for natural

active products and is key for elucidating their mechanism of

action49. To identify the potential direct protein target of

(+)-miliusol, we first applied the MS-CETSA technique22. Our

results revealed a number of potential targets for (+)-miliusol,

namely LARS1, SRGAP3, GFPT1, AKR1B15, EIF3D, DDX42

and DOCK7, which emerged as the top seven candidates (Fig. 6A,

Supporting Information Fig. S15A). We also used the Western blot

(WB)-CETSA experiments to confirm that (+)-miliusol could

significantly increase the thermal stability of EIF3D in BT-

549 cells and MDA-MB-231 cells, suggesting that (+)-miliusol

could directly bind to EIF3D in TNBC cells (Fig. 6B, Fig. S15B

and S15C).

To further confirm the direct targeting of EIF3D by (+)-mil-

iusol, we also designed and synthesized a probe Biotin-

(+)-Miliusol by biotinylation of (+)-miliusol (Fig. 6C), and

biotin-(+)-miliusol showed similar anti-TNBC cell proliferation

activity as (+)-miliusol (Fig. S15D). TNBC cells were then co-

incubated with Biotin-(+)-miliusol, and the eluent was tested by

Western blot (Fig. 6D). The results showed that Biotin-(+)-mil-

iusol could capture EIF3D in a concentration-dependent manner

(Fig. 6D, Fig. S15F), further confirming the direct binding of

(+)-miliusol to EIF3D. PROTAC is an emerging approach for

target protein degradation 50, and has also been applied to target

protein identification 51. Therefore, we further designed and syn-

thesized a PROTAC-(+)-miliusol probe (Fig. 6E), and the

PROTAC-(+)-miliusol probe also showed similar anti-TNBC cell

proliferation activity as (+)-Miliusol (Fig. S15E). TNBC cells

were treated with PROTAC-(+)-miliusol probe for 24 h, followed

by the detection of intracellular EIF3D protein levels (Fig. 6F).

The results showed that PROTAC-(+)-miliusol can concentration-

dependently reduce the protein level of EIF3D in TNBC cells

(Fig. 6F, Fig. S15G), further confirming that EIF3D is a direct

target of (+)-miliusol. The SPR experiment importantly provided

further confirmation that (+)-miliusol could directly bind to

EIF3D (Kd � 23.4 μmol/L) (Fig. 6G). Next, the molecular

docking revealed that (+)-miliusol occupied the pocket formed by

EIF3D, RPS5 and RPS16 subunits. The lactone moiety initiated

two key hydrogen bonds with residues Arg418 and Thr469, and an

additional hydrogen bond was observed within the unsaturated

carbonyl group and Arg418. In addition, the hydroxy group was

orientated towards the contact surface of the EIF3D and RPS16

subunits. The geranyl side chain inserted into a hydrophobic

pocket formed by EIF3D (residues Asp415, Gly419, Ile422 and

Gln470) and RPS5 (Asp37, Lys42, Lys44 and Tyr45). The results

suggested that (+)-miliusol could impede the formation of the

EIF3D—RPS5—RPS16 complex by binding to EIF3D (Fig. 6H).

Next, we examined the effect of (+)-miliusol on the integrity of

EIF3D—RPS5—RPS16 complex by protein co-

immunoprecipitation. After treatment with (+)-miliusol, the

binding of EIF3D to RPS5 and RPS16 was significantly reduced,

confirming that (+)-miliusol interfered with the formation of the

EIF3D complex (Fig. 6I and J, Fig. S15H and S15I). To further

investigate the role of EIF3D in (+)-miliusol induced cell death,

we knocked down EIF3D and examined the effects of (+)-mil-

iusol on the proliferation and migration potential of TNBC cells.

(+)-Miliusol could significantly inhibit the proliferation and

migration of TNBC cells, however, following EIF3D knockdown,

(+)-miliusol did not exhibit a significant effect on the proliferation
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Figure 6 Identification of EIF3D as a target of (+)-miliusol. (A) MS-CETSA result of (+)-miliusol in TNBC cells. (B) WB-CETSA result of

BT-549 and MDA-MB-231 cells after treatment with 20 μmol/L (+)-miliusol for 6 h, followed by immunoblotting to detect the expression of

EIF3D. (C) The workflow of design and synthesis of biotin-(+)-miliusol probe, and the workflow of biotin-(+)-miliusol for the identification of

(+)-miliusol-interacting proteins by in vitro pull-down assay in TNBC cells. (D) The pull-down result of BT-549 and MDA-MB-231 cell lysates

after incubation with biotin-(+)-miliusol probe for 2 h at room temperature, followed by avidin-agarose beads-mediated pull-down and Western

blot experiment. (E) The workflow of design and synthesis of PROTAC-(+)-miliusol. (F) The Western blot results of TNBC cells after treatment

with 0, 2.5, 5, and 10 μmol/L PROTAC-(+)-miliusol for 24 h, followed by Western blot detection of the expression of EIF3D. (G) The SPR assay

of (+)-miliusol and EIF3D. (H) Molecular docking of (+)-miliusol with EIF3D—RPS5—RPS16 complex. Green: (+)-miliusol; Pink: EIF3D;

Blue: RPS16; Brown: RPS5. (I, J) Co-IP results of BT-549 and MDA-MB-231 cells after treatment with 5 μmol/L (+)-miliusol for 24 h, followed

by Western blot detection. (K, L) Colony formation assay and transwell assay of (+)-miliusol on si-NC and si-EIF3D transfected TNBC cells.

Transwell assay Scale bar � 200 μm. ZOOM Scale bar � 50 μm. Data are presented as mean ± SEM, n � 3. ns, no significance;

****P < 0.0001. M, mol/L.
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and migration of TNBC cells when compared to EIF3D knock-

down alone (Fig. 6K and L), indicating that EIF3D is very

important for cell death induced by (+)-miliusol. Taken together,

these findings provide robust evidence that EIF3D is a direct target

of (+)-miliusol.

3.7. Proteomics analysis revealed that (+)-miliusol suppresses

EIF3D-mediated translation of cell survival PPI network

Considering that EIF3D mainly regulates cancer development by

controlling protein translation13,52, we then performed tandem mass

tagging (TMT)-based quantitative proteomics to further unravel the

mechanisms of (+)-miliusol-induced TNBC cell death. In the

(+)-miliusol-treated BT-549 cells sample (n � 3), a total of 5394

proteins with at least two peptides were quantified. Using a cutoff of P

value ≤ 0.05 and fold change >1.2, we found 1165 proteins up-

regulated and 647 proteins down-regulated compared with the con-

trol group (n � 3), and the top 50 altered proteins ranked by FC and P

values were presented in a heatmap (Fig. 7A and C). GO enrichment

analysis showed that these differentially expressed proteins were

associated with translation, ribosomal subunit, eukaryotic translation

initiation factor 3 complex, ribosome, endoplasmic reticulum mem-

brane and rough endoplasmic reticulum membrane (Fig. 7E).

Furthermore, KEGG analysis revealed that these proteins are

involved in the regulation of some key pathways, including ribosome,

glycolysis/gluconeogenesis, cell migration, regulation of TORC1

signaling, protein folding, metabolic pathways and regulation of

macroautophagy (Supporting Information Fig. S16A). The PPI

network constructed based on the differentially expressed proteins

strongly suggests that EIF3D occupies a central position within the

network and exerts potentially critical regulatory functions

(Fig. S16D).

In the (+)-miliusol-treated MDA-MB-231 cell sample (n � 3), a

total of 6320 proteins with at least two peptides were quantified.

Using a cutoff of P value≤ 0.05 and FC> 1.2, we found 813 proteins

up-regulated and 797 proteins down-regulated compared with the

control group (n � 3), and the top 50 altered proteins ranked by FC

and P values were presented in a heatmap (Fig. 7B and D). GO

enrichment analysis showed that these differentially expressed pro-

teins were associated with ribosomal subunit, endoplasmic reticulum

membrane, translation, and rough endoplasmic reticulum membrane

(Fig. 7F). Furthermore, KEGG analysis revealed that these proteins

are involved in the regulation of some key pathways, including

glycolysis/gluconeogenesis, apoptotic process, cell migration, auto-

phagy, regulation of TORC1 signaling, protein folding, and response

to unfolded protein (Fig. S16B). Similarly, the PPI networks of

differentially expressed proteins provide further evidence supporting

the crucial role of EIF3D in (+)-miliusol regulation (Fig. S16E).

Therefore, we conclude that (+)-miliusol can induce TNBC cell

death by regulating EIF3D-mediated translation of key proteins for

cellular glycolysis, proliferation, and migration (Fig. S16C).

Consistently with the RNA-seq findings, the proteomic analysis

also revealed that (+)-miliusol significantly modulated the PPI

network associated with autophagy, metastasis, apoptosis, and

protein folding in TNBC cells. Furthermore, PPI networks associ-

ated with protein translation showed the most significant changes

(Fig. S16F). Since (+)-miliusol may affect mitochondrial function,

we next examined the ATP generation capacity of TNBC cells after

(+)-miliusol treatment. The results showed that (+)-miliusol

significantly decreased ATP production in TNBC cells (Fig. 7G and

H), suggesting the disruption of mitochondrial function. In addition,

the localization and expression of Snail in TNBC cells were also

examined and the results also confirmed that (+)-miliusol could

significantly inhibit the protein expression of Snail and its nuclear

localization (Fig. 7I and J), suggesting the inhibition of migration.

Next, we knocked down EIF3D to further confirm its role in

(+)-miliusol-regulated TNBC glycolysis and metastasis. Upon

EIF3D knockdown, TNBC cells exhibited a significant reduction in

lactate production. When treated with (+)-miliusol, no additional

decrease in lactate generation was observed in TNBC cells

(Fig. 7K), indicating that (+)-miliusol primarily depends on

modulating EIF3D to regulate glycolysis. By Western blot detec-

tion, we found that (+)-miliusol had little effect on the expression

level of EIF3D, but could significantly inhibit the expression of its

known translation substrate c-Jun53 (Fig. 7L, Fig. S16G), further

confirming the inhibition of (+)-miliusol on the function of EIF3D.

According to the omics results, RUVBL1 is also one of the

significantly altered protein after the treatment with (+)-miliusol

in TNBC cells, and it has been reported to be closely and posi-

tively associated with cancer development54. Moreover, RUVBL1

could promote tumor metastasis by activating the ß-catenin

signaling55. Interestingly, RUVBL1 was also found to be up-

regulated by EIF3D56. By Western blot, we found that (+)-mil-

iusol could significantly inhibit the expression of RUVBL1, ß-

catenin and the downstream metastasis marker Snail (Fig. 7L).

When EIF3D was knocked down, (+)-miliusol could no longer

further inhibit the expression of ß-catenin and snail, confirming

that (+)-miliusol mainly relies on EIF3D to suppress TNBC

metastasis (Fig. 7M, Fig. S16H and S16I). In addition, the N6-

methyladenosine (m6A) demethylase ALKBH5 plays a crucial

role in the regulation of various cellular processes57 and shows

strong associations with various human malignancies, including

TNBC58. Interestingly, ALKBH5 also contributes to cell glycol-

ysis by facilitating GLUT4 translation59 and regulate HIF1α.

Therefore, we further examined the protein levels of ALKBH5,

GLUT4 and HIF1α after (+)-miliusol treatment, and found that

(+)-miliusol significantly reduced the expression of ALKBH5,

GLUT4 and HIF1α in TNBC cells (Fig. 7N, Fig. S16J and S16K).

PKM2 is critical for the Warburg effect. In addition to directly

regulating pyruvate to determine the rate of glycolysis60, PKM2 is

also involved in regulating the transcription of genes (MYC, AKT

and ERK1/2) related to cancer cell proliferation and migra-

tion61,62. Our results showed that (+)-miliusol significantly

inhibited the protein expression of PKM2, which is consistent with

its suppressive effects on glycolysis and metastasis in TNBC cells

(Fig. 7N). Upon knockdown of EIF3D, (+)-miliusol was no

longer able to further suppress the expression of ALKBH5,

GLUT4, PKM2, and HIF1α (Fig. 7O, Fig. S16L and S16M),

thereby confirming that the inhibitory effect of (+)-miliusol on

glycolysis is predominantly mediated through EIF3D. We further

examined the impact of (+)-miliusol on the expression levels of

PAK1 and ATAD2 following EIF3D knockdown. The results

demonstrated that after EIF3D knockdown, (+)-miliusol was

unable to exert additional inhibitory effects on the expression of

PAK1 and ATAD2 (Fig. 7O). These findings also corroborate that

(+)-miliusol modulates PAK1 and ATAD2 expression through the

regulation of EIF3D.

Together, our results suggest that (+)-miliusol can promote

TNBC cell death by inhibiting the key proteins involved in

EIF3D-mediated cell glycolysis, proliferation, and metastasis.

3716 Jin Zhang et al.



3.8. (+)-Miliusol stimulates ER stress and facilitates apoptosis

in TNBC cells

Based on the results of RNA-seq and proteomics analyses, we

found that ER stress may be involved in (+)-miliusol-induced cell

death. Of note, ER stress is a widely studied cell biological pro-

cess mainly caused by the accumulation of misfolded proteins in

the ER63. Recent studies have shown that ER stress is frequently

present and has a pivotal role in tumorigenesis, progression, and

therapy64. EIF3D has also been found to be closely related to ER

stress65. Transmission electron microscopy was used to observe

the submicroscopic structure of TNBC cells treated with 2.5, 5,

and 10 μmol/L (+)-miliusol, respectively. It was found that

treatment with (+)-miliusol induced significant vacuolation in the

cytoplasm of TNBC cells, which was consistent with the char-

acteristics of ER stress (Fig. 8A and B). In addition, with

Figure 7 Investigating the mechanism of (+)-miliusol-induced TNBC cell death by proteomics. (A, B) Heatmap of proteins enriched in TNBC

cells treated with or without (+)-miliusol, respectively. (C, D) Volcano plot of differentially expressed proteins in TNBC cells treated with or

without (+)-miliusol, respectively. (E, F) Top 20 of GO enrichment in BT-549 and MDA-MB-231 cells treated with or without (+)-miliusol,

respectively. (G, H) BT-549 and MDA-MB-231 cells were treated with 0, 2.5, 5, and 10 μmol/L (+)-miliusol for 24 h, then measuring the

intracellular ATP respectively. (I, J) Immunofluorescence detection of Snail in BT-549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol

treatment. Scale bar � 10 μm. ZOOM Scale bar � 3 μm. The fluorescence intensity of Snail was calculated using Image J software. (K)

Detection of lactate content in TNBC cells transfected with si-NC and si-EIF3D after treatment with (+)-miliusol. (L, N) Western blot analysis of

EIF3D, c-Jun, RUVBL1, ß-catenin, Snail, ALKBH5, GLUT4, PKM2 and HIF1α protein expression in BT-549 and MDA-MB-231 cells treated 0,

2.5, 5, and 10 μmol/L (+)-miliusol for 24 h, respectively. (M, O) Western blot analysis of EIF3D, ß-catenin, Snail, PAK1, ATAD2, ALKBH5,

GLUT4, PKM2 and HIF1α protein expression in TNBC cells transfected with si-NC and si-EIF3D after treatment with (+)-miliusol. Data are

presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. M, mol/L.
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Figure 8 (+)-Miliusol triggers ER Stress and apoptosis in TNBC cells. (A, B) BT-549 and MDA-MB-231 cells were treated with 0, 2.5, 5, and

10 μmol/L (+)-miliusol for 24 h, and then fixed with 2.5% glutaraldehyde. Ultrastructure of cells examined using transmission electron mi-

croscopy. Scale bar � 4.0 μm. ZOOM Scale bar � 0.8 μm. Red arrow: intracellular vacuoles; Green arrow: abnormal mitochondria; Blue arrow:

autophagosome. (C, D) Immunofluorescence detection of XBP-1s in BT-549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol treatment.

3718 Jin Zhang et al.



increasing concentration of (+)-miliusol, the vacuoles gradually

became larger, which was accompanied by many abnormal

mitochondria and autophagosomes, demonstrating the presence of

ER stress and autophagy, as well as the abnormal mitochondrial

function induced by the treatment with (+)-miliusol (Fig. 8A and

B).

XBP-1s is an important regulator of ER stress, and its activa-

tion and nuclear translocation can increase the expression of ER

stress-related genes. XBP-1s can also interact with the forkhead

box O1 (FoxO1) transcription factor and participate in the regu-

lation of cellular glucose homeostasis66. Therefore, we next

examined the expression and subcellular localization of XBP-1s

by immunofluorescence after 5 μmol/L (+)-miliusol treatment.

As shown in Fig. 8C and D, treatment with (+)-miliusol signifi-

cantly enhanced the expression and nuclear localization of XBP-

1s, suggesting a clear activation of XBP-1s induced by (+)-mil-

iusol treatment. We then used immunoblotting to detect some

other key regulators of ER stress, including CHOP, PERK, IRE1α,

and XBP-1s (Fig. 8E, Supporting Information Fig. S17A and

S17B). The expression levels of these positive regulators were

increased upon 2.5, 5, and 10 μmol/L (+)-miliusol treatment,

further demonstrating that ER stress is involved in (+)-miliusol-

induced cell death in TNBC. In addition, HSP90, a protein iden-

tified as significantly altered upon (+)-miliusol treatment by

proteomics, was also shown to be dose-dependently down-regu-

lated by (+)-miliusol (Fig. 8E). Interestingly, HSP90 is also an

emerging anti-tumor target that has been shown to block ER stress

by inhibiting IRE1α activity67. Inhibition of HSP90 can induce

apoptosis of tumor cells 68. Moreover, both IRE1α and CHOP can

induce apoptosis by activating the c-Jun N-terminal kinase JNK,

which is involved in various stress processes in cells. Additionally,

the ER is an important cellular calcium ion reservoir, and when

ER stress occurs, especially severe ER stress, calcium ions in the

ER are released into the cytoplasm, causing an imbalance of

intracellular calcium ions. Interestingly, severe ER stress can also

induce apoptosis by regulating calcium release69. Therefore, we

determined the level of intracellular calcium ions (Fig. 8F and G),

the expression and phosphorylation level of JNK (Fig. 8H and I),

and the activation of Caspase-12 (Fig. 8J, Fig. S17C and S17D), a

key marker of ER apoptosis, after 2.5, 5, and 10 μmol/L

(+)-miliusol treatment in BT-549 and MDA-MB-231 cells.

Intriguingly, treatment with (+)-miliusol could increase the

intracellular calcium level and promote the activation of JNK and

Caspase-12, demonstrating the occurrence of ER stress-induced

apoptosis. In addition, the results of TUNEL assay showed that

(+)-miliusol induced apoptosis in a dose-dependent manner with

remarkable accumulation of DNA breaks (Fig. 8K). In addition,

JC-1 staining and Annexin V/PI staining showed that (+)-miliusol

induced significant mitochondrial membrane potential reduction

and apoptosis (Fig. 8L—N). To investigate the underlying mech-

anism of (+)-miliusol-induced apoptosis, we next examined the

expression of some key apoptosis markers by Western blot anal-

ysis. The results demonstrated that treatment with (+)-miliusol

elicited activation of the mitochondrial-regulated apoptotic

pathway, as evidenced by the upregulation of Bax and down-

regulation of Bcl-2 expression, along with enhanced cleavage of

Caspase-9, Caspase-3, PARP, and Caspase-8 (Fig. 8O,

Fig. S17E—S17H), suggesting that the death receptor-mediated

apoptotic pathway might also involve in (+)-miliusol-induced

apoptosis.

The impact of autophagy on apoptosis was further examined in

our investigation. The results showed that co-treatment with 3-MA

and CQ significantly increased the ratio of cells in late apoptosis

phase when treated with a high dose of (+)-miliusol in both BT-

549 and MDA-MB-231 cells, but had little or less significant ef-

fect at a low dose of (+)-miliusol (Supporting Information

Fig. S18A—S18D). Co-treatment of (+)-miliusol and 3-MA or

CQ further enhanced the cleavage of Caspase-8 in BT-549 and

MDA-MB-231 cells. Treatment with 3 MA or CQ significantly

increased the levels of Bax and cleaved-caspase-9 following

(+)-miliusol treatment. However, no statistically significant dif-

ference was observed in cleaved-caspase-9 levels in BT-549 cells,

although an upward trend was noted. Regarding PARP, treatment

with 3 MA or CQ further decreased overall PARP levels after

(+)-miliusol treatment, indicating enhanced apoptosis after auto-

phagy inhibition (Fig. S18E—S18G). It is noteworthy that the

inhibition of AMPK significantly enhances the upregulation of

Bax by (+)-miliusol, thereby providing further evidence that the

suppression of autophagy promotes apoptosis induced by

(+)-miliusol (Fig. S11). In summary, (+)-miliusol effectively in-

duces ER stress, which subsequently triggers the release of

intracellular calcium ions and ultimately promotes cellular

apoptosis. Notably, the autophagy induced by (+)-miliusol

partially counteracts its pro-apoptotic effects.

3.9. (+)-Miliusol has a therapeutic potential by modulating

EIF3D-regulated cell death in vivo

Considering the promising anti-tumor effect of (+)-miliusol in

TNBC cells, we next investigated its anti-tumor potential in

TNBC xenograft model. We established nude mouse xenograft

models of BT-549 cells and MDA-MB-231 cells. The results

showed that treatment with (+)-miliusol also exerted a significant

suppressive effect in BT-549 and MDA-MB-231 xenograft growth

in vivo (Fig. 9A—F). Since autophagy was found to be involved in

(+)-miliusol-induced tumor cell death in vitro, we also

Scale bar � 10 μm. ZOOM Scale bar � 2.5 μm. The fluorescence intensity of XBP-1s were calculated using Image J software. (E) BT-549 and

MDA-MB-231 cells were treated with 0, 2.5, 5, and 10 μmol/L (+)-miliusol for 24 h, and then Western blot analysis of HSP90, CHOP, PERK,

IRE1α and XBP-1s protein expression levels. ß-Actin, loading control. (F, G) BT-549 and MDA-MB-231 cells were treated with 0, 2.5, 5, and

10 μmol/L (+)-miliusol for 24 h, the content of intracellular calcium ion was then detected by Fluo-3 AM probe. (H, I) Immunofluorescence

detection of JNK in BT-549 and MDA-MB-231 cells after 5 μmol/L (+)-miliusol treatment. Scale bar � 10 μm. (J) Western blot analysis of

SAPK/JNK, p-SAPK/JNKThr183/Tyr186 and caspase-12 protein expression levels. ß-Actin, loading control. *Indicate the statistical strip. (K)

TUNEL assay detection of apoptosis of TNBC cells treated with 0, 2.5, 5, and 10 μmol/L (+)-miliusol for 24 h. (L) JC-1 staining of TNBC cells

treated with 0, 5 μmol/L (+)-miliusol for 24 h to examine the mitochondrial membrane potential. (M, N) Annexin V-PI staining of TNBC cells

treated with 0, 2.5, 5, 10 μmol/L (+)-miliusol for 24 h to examine the apoptosis ratio. (O) Western blot analysis of Bax, Bcl-2, caspase-8, caspase-

9, caspase-3 and PARP expression in BT-549 and MDA-MB-231 cells treated 5 μmol/L (+)-miliusol for 24 and 48 h, respectively. ß-Actin,

loading control. *Indicate the statistical strip. Data are presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001, #P < 0.05; ##P < 0.01; ###P < 0.001; ####P < 0.0001, &P < 0.05; &&P < 0.01; &&&P < 0.001; &&&&P < 0.0001.

M, mol/L.
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Figure 9 (+)-Miliusol inhibits tumor growth in TNBC xenograft model. (A, B) The experimental protocol for xenografting BT-549 and MDA-

MB-231 cells in nude mice. (C, D) Change in tumor volume during drug treatment. MDA-MB-231 and BT-549 tumor-bearing xenograft mice

were treated with vehicle control or (+)-miliusol, CQ and (+)-miliusol + CQ treatment once daily. The tumor volume data were collected daily

and presented as the mean ± standard error of the mean (SEM). The representative tumor images for each group were obtained on the final day.

(E, F) Tumor volume and tumor weight data were collected at the final day and presented as mean ± SEM, n � 6—8. (G) Changes in body weight

during drug treatment. (H) Experimental protocol for the survival curve of xenograft tumors of nude mouse BT-549 and MDA-MB-231 cells. (I)

Survival curve analysis of BT-549 and MDA-MB-231 xenograft tumor models. In the BT-549 xenograft tumor models, the Control group vs CQ

group, ns, P � 0.1066; the Control group vs (+)-miliusol group, ***P � 0.0009; the Control group vs (+)-miliusol + CQ group,

****P < 0.0001; the (+)-miliusol group vs (+)-miliusol + CQ group, #P � 0.0367. In the MDA-MB-231 xenograft tumor models, the Control

group vs CQ group, ns, P � 0.2638; the Control group vs (+)-miliusol group, *P � 0.0297; the Control group vs (+)-miliusol + CQ group,

***P � 0.0004; the (+)-miliusol group vs (+)-miliusol + CQ group, ns, P � 0.2181. (J—M) Immunohistochemical analysis of proliferation
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investigated whether autophagy inhibition by CQ could affect the

in vivo anti-tumor potential of (+)-miliusol. The results showed

that the autophagy inhibitor CQ did not significantly affect the

effect of (+)-miliusol on the tumor proliferation rate, tumor

volume, and tumor weight (Fig. 9A—F). We also found that the

body weight of the nude mice in the (+)-miliusol and

(+)-miliusol + CQ groups gradually decreased with the admin-

istration time; this was most notable in the (+)-miliusol group

Figure 10 (+)-Miliusol inhibits tumor metastasis in TNBC xenograft models. (A, B) Immunofluorescence detection of Snail levels in tumor

tissues of BT-549 cells and MDA-MB-231 cells xenograft mice. Scale bar � 10 μm. ZOOM1 Scale bar � 2.5 μm. ZOOM2 Scale bar � 1 μm.

(C, D, J, K) The images illustrate representative immunofluorescence of CM-Dil-labelled BT-549 and MDA-MB-231 cells in xenograft zebra fish.

The treatment dosage of (+)-miliusol was 2.0 μg/mL. CM-Dil intensity was measured using ImageJ software. Tumor proliferation and migration

ratio were quantified by comparison with the control group. (E, L) Representative images of BT-549-LUC cells and MDA-MB-231-LUC cells

metastasis in mice, respectively. (F, M) Representative images of BT-549-LUC cells and MDA-MB-231-LUC cells metastasis in mice lung,

respectively. (G, N) The images provided represent the organs of mice, namely the heart, liver, spleen, brain and kidney, respectively. (H, O)

TNBC cell metastasis intensity statistics during (+)-miliusol treatment. (I, P) TNBC cell metastasis intensity statistics in lung during (+)-miliusol

treatment. Date is presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001, compared with

the vehicle control group.

marker Ki-67. Scale bar � 50 μm. ZOOM Scale bar � 10 μm. Date are presented as mean ± SEM, n � 3. ns, no significance; **P < 0.01;

****P < 0.0001, compared with the vehicle control group. M, mol/L.
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Figure 11 (+)-Miliusol has therapeutic potential in regulating glycolysis, apoptosis, autophagy, migration, and ER-stress in vivo. (A—D)

Immunohistochemical analysis PAK1 and ATAD2. Scale bar � 20 μm. ZOOM Scale bar � 5 μm. (E) Western blot analysis of HK II, LDHA,

ALKBH5 and Snail protein expression levels of tumor tissues in different group. ß-Actin, loading control. (F, G) Immunohistochemical analysis

of apoptosis marker TUNEL assay. Scale bar � 20 μm. ZOOM Scale bar � 5 μm. (H) Western blot analysis of PARP, Bax, Caspase-8 and

Caspase-3 protein expression levels of tumor tissues in different group. ß-Actin, loading control. (I) The Western blot analysis was performed to

determine the protein expression levels of PAK1, phospho-PAK1S199/204, phospho-PAK1S144, ATAD2, c-MYC, CHOP and XBP-1s in different

experimental groups. The protein ß-actin was utilised as a loading control. (J) The mechanism diagram of (+)-miliusol in TNBC treatment. Date

is presented as mean ± SEM, n � 3. ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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(Fig. 9G), which showed a decrease on the 10th day of adminis-

tration, suggesting that (+)-miliusol might has a slight toxicity.

Subsequently, we systematically evaluated the survival rates of

each group of mice and generated Kaplan—Meier survival curves.

Our results demonstrated that (+)-miliusol significantly improved

the survival rate of tumor-bearing mice. Moreover, the combina-

tion of CQ and (+)-miliusol exhibited a synergistic effect, further

enhancing the survival rate of TNBC xenograft mice, particularly

in the BT-549 cell xenograft model (Fig. 9H and I). Importantly,

both (+)-miliusol and (+)-miliusol + CQ significantly inhibited

tumor proliferation, as demonstrated by Ki-67 staining, although

there was no statistically significant difference between the two

groups (Fig. 9J—M). These results also indicate that the incor-

poration of autophagy inhibitors in long-term treatment may

potentially provide greater benefits.

To investigate the safety of (+)-miliusol, we first examined its

effect on the blood routine of nude mice (Supporting Information

Fig. S19A and S20A). The results indicated that no statistically

significant differences were observed in the blood routine pa-

rameters between the (+)-miliusol treatment group and the control

group. In addition, HE staining also showed that the effects of

(+)-miliusol treatment on major organs (brain, heart, liver, spleen,

lung, kidney, stomach and intestine) in nude mice were not sta-

tistically different from those in the control group (Fig. S19 and

S20). Considering that general natural anti-tumor drugs have

immunosuppressive effects, we preliminarily tested the effect of

(+)-miliusol on B cells in the blood and spleen of nude mice. The

results showed that (+)-miliusol had no significant effect on the

content of B cells (Fig. S19C and S20C). Furthermore, in BALB/c

mice, we evaluated the effects of (+)-miliusol on blood parame-

ters, major organs, and T and B lymphocytes in the blood, thymus,

and spleen. The results also indicated no significant toxicity

throughout the treatment period with (+)-miliusol (Supporting

Information Fig. S21). We also examined the survival rates of each

group in immune-competent 4T1 tumor-bearing mice, and the

results also indicated that CQ could enhance the survival rate of

tumor-bearing mice treated with (+)-miliusol (Supporting Infor-

mation Fig. S22A and S22B). We further investigated the effects

of (+)-miliusol on T cell trafficking, activation, and cytotoxicity

in immunocompetent mice bearing 4T1 tumors

(Fig. S22C—S22J). The results showed that T cells were not

significantly activated in either the blood or tumor tissue, indi-

cating that (+)-miliusol does not exert its anti-TNBC effects

through T cell activation. In conclusion, (+)-miliusol is relatively

safe in mice overall.

Next, we proceeded to examine the impact of (+)-miliusol on

the metastatic potential of TNBC in vivo. First, we employed

immunofluorescence staining to evaluate the expression levels of

the migration marker Snail in TNBC tumors. The results

demonstrated that Snail was highly expressed in the nucleus of

tumor tissues under normal conditions, whereas treatment with

(+)-miliusol significantly attenuated Snail expression (Fig. 10A

and B). Subsequently, we investigated the impact of (+)-miliusol

in a zebrafish heterograft model. (+)-Miliusol demonstrated

promising potential as an anti-proliferative and anti-metastatic

agent in xenografted zebrafish models of BT-549 and MDA-

MB-231 cells (Fig. 10C, D, J, K). We intravenously injected

BT-549-LUC and MDA-MB-231-LUC cells into nude mice to

evaluate the anti-TNBC metastatic potential of (+)-miliusol. The

experimental results demonstrated that treatment with (+)-mil-

iusol significantly suppressed the migration rate of both BT-549-

LUC and MDA-MB-231-LUC cells (Fig. 10E, H, L, O).

Furthermore, upon sacrificing the mice on day 16, (+)-miliusol

exhibited a remarkable reduction in lung metastasis intensity in

TNBC cells (Fig. 10F, I, M, P). The presence of TNBC metastasis

in other major organs was not significant, and there were no

notable differences observed between all organs and the control

group (Fig. 10G, N). Consequently, (+)-miliusol exhibited robust

potential as an anti-TNBC metastasis agent in vivo.

To verify the underlying mechanism of the anti-tumor effect of

(+)-miliusol in vivo, we assessed the expression and activity of

PAK1 and ATAD2 in tumor tissues. Results of both immuno-

chemistry staining and Western blot assay suggested a significant

inhibition of PAK1 expression and phosphorylation, as well as a

remarkable down-regulation of ATAD2 and its downstream

c-MYC, suggesting that (+)-miliusol could inhibit PAK1 and

ATAD2 in vivo (Fig. 11A—D and I, Supporting Information

Fig. S24). We also evaluated the expression of glycolysis

markers HK II and LDHA, and migration markers Snail and

E-cadherin by Western blot. Results revealed a significant

decrease in the expression of both HK II, ALKBH5 and LDHA,

indicating that (+)-miliusol significantly inhibited the Warburg

effect of tumors in vivo (Fig. 11E, Fig. S24). Similarly, after

(+)-miliusol treatment, the expression of Snail was significantly

downregulated, and that of E-cadherin was significantly up-

regulated (Fig. 11E, Supporting Information Fig. S23).

Next, we examined the ratio of apoptotic cells in the tumor

tissue by TUNEL assay, and the results showed that both

(+)-miliusol and (+)-miliusol + CQ treatment induced a signifi-

cant increase in the apoptotic cell ratio in the tumor tissue, albeit

with no statistically significant difference between these two

groups (Fig. 11F and G). We also examined the expression of

PARP, Bax, Caspase-8, and Caspase-3 by Western blot, and found

that both (+)-miliusol and (+)-miliusol + CQ treatment signifi-

cantly increased the cleavage of PARP, caspase-8, and caspase-3,

and enhanced the expression of Bax, suggesting that (+)-miliusol

significantly induced cell apoptosis in vivo. Interestingly, co-

treatment with CQ further enhanced the regulatory functions of

(+)-miliusol on the expressions of these proteins (Fig. 11H,

Fig. S24), indicating that inhibition of autophagy could promote

(+)-miliusol-induced apoptosis, which is consistent with the

in vitro results. In addition, we found that (+)-miliusol facilitated

LC3 expression, while CQ further enhanced the accumulation of

LC3 induced by (+)-miliusol (Fig. S23), demonstrating the pro-

gression of autophagy. Furthermore, results of Western blot also

suggested that (+)-miliusol treatment could up-regulate the

expression of ER stress markers, including CHOP and XBP-1s,

suggesting that (+)-miliusol could also induce ER stress in vivo

(Fig. 11I, Fig. S24). Taken together, these findings suggest that

(+)-miliusol exhibits considerable therapeutic potential through

the inhibition of EIF3D, thereby modulating key biological pro-

cesses including glycolysis, apoptosis, autophagy, cell migration,

and ER stress in vivo (Fig. 11J).

4. Discussion

Breast cancer presently ranks second in global incidence among

all types of cancers. Among its subtypes, TNBC is the most ma-

lignant one with an unfavorable prognosis, characterized by early

onset, extensive metastasis, and frequent recurrence2. However,

due to the lack of a unified and effective therapeutic target, the

clinical treatment of TNBC still relies on surgical resection and

chemotherapy70. Despite the advances in novel therapeutic
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strategies against cancers, such as targeted small molecule drugs,

biological antibody drugs, and nucleic acid therapy, there remains

a dearth of satisfactory outcomes in the treatment of TNBC. The

primary factor contributing to this problem is the substantial

heterogeneity observed in TNBC, not only among patients but

also within tumor tissue from the same patient4. As a result,

TNBC exhibits relative insensitivity to single-target inhibition,

and compensatory signaling pathways associated with drug

resistance may emerge shortly after. To date, the most successful

case of novel drug development in TNBC is the use of PARP

inhibitors (olaparib71,72 and talazoparib73) based on synthetic

lethality in BRCA1/2-mutated TNBC. However, the emergence of

resistance to PARP inhibitors has raised concerns about the future

prospects of TNBC treatment. PI3K/AKT inhibitors (cap-

ivasertib74 and ipatasertib75) also bring new hope to TNBC

treatment, but there is also a serious problem of susceptibility to

drug resistance. Research into immune checkpoint inhibitors and

antibody drugs in TNBC has also made some progress. Anti-PD-1

therapy by pembrolizumab can activate T lymphocytes by

blocking the interaction between PD-1 and its ligand PD-L1.

Studies have shown that pembrolizumab shows some certain

clinical benefit, but only in PD-L1-positive TNBC76. Another

antibody-drug conjugate, sacituzumab govitecan77,78, which tar-

gets the cell surface glycoprotein TROP-2 expressed in more than

90% of TNBC, showed clinical benefit but caused significant

adverse reactions, leading to the discontinuation of some TNBC

clinical trials. Therefore, it is imperative to explore innovative

therapeutic strategies and identify potential drug candidates for

TNBC from novel perspectives.

Alterations in the metabolic characteristics of tumors arise

from the cumulative effects of genetic mutations and dysregula-

tion of signaling pathways, serving as critical indicators of ma-

lignant progression. By considering the metabolic characteristics,

re-evaluating TNBC from a holistic perspective may allow us to

overcome the limitations of focusing solely on specific targets or

signaling pathways8. Recently, inhibition of the Warburg effect is

emerging as a reliable and promising therapeutic strategy for

TNBC. Many compounds that inhibit the Warburg effect have

been reported in the treatment of various types of cancer, most of

which are inhibitors of key glycolytic enzymes, as well as some

small molecules that indirectly affect glycolysis. For instance, the

LDHA inhibitor PSTMB was reported to inhibit glycolysis in

breast cancer through LDHA suppression, although its anti-tumor

activity was suboptimal (MCF-7 cells: IC50 � 84.3 ± 1.92 μmol/

L)79. Moreover, oleanolic acid, a natural product, was found to

inhibit aerobic glycolysis at 50 or 100 μg/mL in breast cancer,

which also shows limited application prospect due to its low po-

tency80. GAPDH inhibitor DC-5163 has been shown to inhibit

GAPDH activity to attenuate glycolysis in MDA-MB-231 cells,

but its activity was also unsatisfactory (MDA-MB-231 cells: 48 h

IC50 � 99.22 μmol/L, 72 h IC50 � 52.09 μmol/L)81. Therefore,

the development of novel inhibitors of Warburg effect with novel

mechanisms has significant clinical value for the treatment of

TNBC.

In this study, we endeavored to identify novel glycolysis in-

hibitors from a unique perspective. Given the remarkable contri-

butions of natural products to cancer therapy, exemplified by

chemotherapeutic agents such as paclitaxel and colchicine, we

aimed to identify novel natural compounds with glycolysis

inhibitory activity. We first identified the reported active com-

pounds with a glycolysis inhibitory activity through data mining

and literature collection, processed these compounds through

machine learning and manual screening, and predicted and eval-

uated the possible pharmacophore. A natural small molecule,

(+)-miliusol, with potential glycolysis inhibitory activity was

obtained through preferred pharmacophore screening combined

with the glucose uptake capacity screening in the glycolytic

subtype TNBC BT-549 cell line. Next, we demonstrated that

(+)-miliusol markedly suppresses cell proliferation, the Warburg

effect, and migration of TNBC cells, thereby offering preliminary

evidence of its therapeutic potential in vitro.

PAK1 and ATAD2 are currently emerging targets for cancer

therapy, and drug development targeting PAK1 and ATAD2 is also

in full swing35,36. It is worth noting that both PAK1 and ATAD2

may be involved in the regulation of the Warburg effect, cell

proliferation and migration in cancer. In our study, we found that

PAK1 and ATAD2 may play an important role in cell death

induced by (+)-miliusol. Through bioinformatics analysis of

differentially expressed genes, we found that PAK1 and ATAD2

were in a relatively central position, and may be involved in

regulating (+)-miliusol-induced glycolysis inhibition, cell

apoptosis, ER stress and autophagy. After confirming that

(+)-miliusol could indeed significantly reduce the expression

levels and activities of PAK1 and ATAD2 in TNBC cells, we then

knocked down PAK1 or ATAD2, respectively, and found that

knockdown of PAK1 or ATAD2 alone could barely attenuate the

anti-proliferative activity of (+)-miliusol. However, when PAK1

and ATAD2 were knocked down simultaneously, the treatment of

(+)-miliusol had little effect on cell proliferation, indicating that

PAK1 and ATAD2 are both very important for the anti-

proliferative effect of (+)-miliusol. Ras—Raf—MEK1/2—ERK1/2

signaling and AKT—mTOR pathway are two known oncogenic

signaling pathways which can be activated by PAK1 and ATAD2.

We further verified that treatment of (+)-miliusol blocked these

two pathways. In addition, (+)-miliusol activated the ULK1

complex, a key component of autophagy initiation, by inhibiting

mTOR, which is consistent with significant enrichment in auto-

phagy pathway suggested by transcriptomics analysis.

The role of autophagy in TNBC has also received much

attention in recent years82. As a mature system of cellular self-

recycling, autophagy often plays a dual role in cancer progres-

sion. One study found that TNBC had lower levels of basal

autophagy, and that dysregulation of autophagy blunted the

ability of T cells to kill tumors83. Another study found that

autophagy also impedes the occurrence of TNBC by inhibiting

the stemness of tumor cells84. However, autophagy has also been

reported to promote drug resistance to the anticancer drug epi-

rubicin in the treatment of TNBC85. Therefore, some small

molecules that regulate autophagy, including both autophagy

activators and inhibitors, have also shown promises in the

treatment of TNBC. For instance, the SIRT3 activator ADTL-

SA1215 was identified to induce autophagy and exhibit thera-

peutic potential in TNBC both in vitro and in vivo25. The natural

product Ferulic C has also been found to facilitate autophagy-

related cell death in TNBC24. The autophagy inhibitor hydrox-

ychloroquine (HCQ) has been shown to potentiate the anti-tumor

activity of the topoisomerase I inhibitor SN38 in TNBC86. Thus,

we next investigated the role of (+)-miliusol-induced autophagy

in cell proliferation, glycolysis and migration. Unexpectedly, our

findings indicate that (+)-miliusol-induced autophagy may

counteract the inhibitory effects of (+)-miliusol on glycolysis,

cell proliferation, and metastasis. In other words, the induction of

autophagy by (+)-miliusol appears to be detrimental to its anti-

tumor efficacy.
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Translation of mRNA in cancer cells has distinct characteris-

tics compared to that in normal cells. The adaptive mechanism of

mRNA translation regulation in cancer enables the tumor to

dynamically adapt to various stimuli and cope with survival

pressure87. EIF3 is the largest and most complex mammalian

translation initiation factor, in which EIF3D is involved in regu-

lating the onset and development of tumor metabolic stress by

regulating the translation of specific mRNAs, such as c-Jun12. By

MS-CETSA analysis, we identified EIF3D as a potential direct

target of (+)-miliusol, and then applied WB-CETSA experiment,

boitin-(+)-miliusol probe, the PROTAC-(+)-miliusol probe for

joint confirmation. Molecular docking analysis suggests that

(+)-miliusol may interfere with EIF3D-mediated mRNA trans-

lation by disrupting the interactions between EIF3D and RPS16 as

well as RPS5. The disruption of EIF3D—RPS16—RPS5 complex

by (+)-miliusol was then confirmed by protein co-

immunoprecipitation. Interestingly, in a separate study, we syn-

thesized a series of derivatives through structural modifications of

(+)-miliusol. Among these, derivative ZMF-24 exhibited superior

anti-TNBC potential, which may be attributed to its inhibition of

EIF3D88. However, further validation is required to confirm its

target specificity and mechanism of action. Through proteomics,

we further found and identified that (+)-miliusol could inhibit the

glycolysis and proliferation of TNBC cells by inhibiting the

EIF3D—ALKBH5—GLUT4 pathway. (+)-Miliusol can also

inhibit the EIF3D—RUVBL1—ß-catenin pathway to block the

metastasis of TNBC cells. (+)-Miliusol can induce a robust ER

stress response in TNBC cells by inhibiting EIF3D—HSP90,

which subsequently activates JNK and triggers calcium release,

ultimately promoting Caspase-12-mediated apoptosis. Similarly,

autophagy induced by (+)-miliusol was not conducive to

(+)-miliusol-induced apoptosis. Notably, we evaluated the relative

expression levels of EIF3D in a panel of tumor cell lines and

normal cells (as shown in Supporting Information Fig. S25) using

Western blot analysis, combined with quantitative densitometry

and statistical assessment. The results indicated that cells with

higher EIF3D expression exhibited greater sensitivity to

(+)-miliusol, a finding that aligns well with the compound’s

demonstrated antitumor efficacy (Fig. S2). This finding suggests

that (+)-miliusol holds broad application prospects and may

potentially be developed for the treatment of various tumors

characterized by high EIF3D expression.

Considering the negative effect of autophagy on TNBC cell

death induced by (+)-miliusol, we included an autophagy

inhibitor-treated group (CQ, 20 mg/kg) in the nude mouse xeno-

graft experiment. However, the results showed that CQ had no

significant effect on the tumor growth in the (+)-miliusol-treated

group, with differential effects on the expression of some marker

proteins for glycolysis, apoptosis, autophagy, migration and ER

stress. Nevertheless, the overall effect on tumor phenotype was

minimal. This suggests that the complex role of autophagy in

(+)-miliusol-induced cell death remains to be further elucidated,

especially in the case of drug treatment with longer duration. It is

encouraging to observe that the combination of CQ and

(+)-miliusol enhanced the survival rate of tumor-bearing mice

treated with (+)-miliusol, thereby providing further evidence for

the potential benefits of autophagy inhibition in the future treat-

ment of TNBC using (+)-miliusol. Upon observing that treatment

with (+)-miliusol results in weight loss in mice, we conducted

comprehensive safety evaluations through blood routine tests,

organ HE staining, and analysis of T cell and B cell ratios. These

assessments indicate that (+)-miliusol is generally well-tolerated.

In addition, T cells exhibited no significant activation in either the

blood or tumor tissue, suggesting that (+)-miliusol does not

mediate its anti-TNBC effects via T cell activation. However, it

was noted that the mice experienced diarrhea during the experi-

ment, which may have contributed to the observed weight loss.

Further investigation into the underlying mechanisms will be

pursued.

5. Conclusions

In conclusion, this study demonstrates that (+)-miliusol acts as a

novel inhibitor of the Warburg effect and exhibits therapeutic

potential against TNBC both in vitro and in vivo by targeting

EIF3D. Mechanistically, (+)-miliusol suppresses the EIF3D—

ALKBH5—GLUT4, EIF3D—HIF1α, and EIF3D—RUVBL1—ß-

catenin signaling pathways, leading to the inhibition of PAK1,

ATAD2, and Snail. These effects consequently attenuate glycol-

ysis and migration in TNBC models. Furthermore, inhibition of

EIF3D by (+)-miliusol disrupts protein translation, resulting in

endoplasmic reticulum stress and activation of apoptosis mediated

by caspase-12 and JNK. Taken together, these results establish a

robust mechanistic foundation for targeting EIF3D as a promising

therapeutic strategy for TNBC, through impediment of the syn-

thesis of proteins critical for tumor survival.
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