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Abstract Triple-negative breast cancer (TNBC) is a highly aggressive and heterogeneous subtype of

breast cancer characterized by early metastasis, poor prognosis, and high recurrence rates. Targeting dys-

regulated PI3K/Akt/mTOR signaling and triggering anti-tumor immunity represent promising strategies

for TNBC therapy. In this study, we report the discovery of a series of novel chromone derivatives as

potent mTOR inhibitors by artificial intelligence-assisted drug design and structure-based drug design.

The optimal compound, MT-44, was a highly selective mTOR inhibitor and showed no obvious binding

activity to a broad panel of 200 kinases, and it exhibited nanomolar-level mTOR inhibitory and anti-

TNBC cells proliferative activities. MT-44 effectively blocked the PI3K/Akt/mTOR signaling pathway
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and exerted robust anti-tumor efficacy in an MDA-MB-231 xenograft mouse model. Furthermore, MT-44

activated pattern recognition receptor TLR2 and upregulated the cGAS/STING signaling pathway, and

reshaped the tumor microenvironment, thereby enhancing the tumor immune landscape. Collectively,

our findings highlighted MT-44 as a highly selective and potent mTOR inhibitor with dual-targeted ther-

apeutic and immunomodulatory effects, offering an appealing strategy for TNBC.

ª 2025 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

Triple-negative breast cancer (TNBC) is a highly aggressive

subtype of breast cancer (BC), accounting for about 15%‒20% of

newly diagnosed BC cases and with over 50% mortality1-3. TNBC

is characterized by the lack of expression of the three main BC

biomarkers, namely, estrogen receptors (ERs), progesterone re-

ceptors (PRs), and human epidermal growth factor receptor 2

protein (HER2), according to immunohistochemical examination

results of cancer tissue2,3. Therefore, TNBC is typically insensi-

tive to hormonal therapy or HER2-targeted treatment that is nor-

mally used in most other BC patients, and cytotoxic chemotherapy

with relatively limited efficiency, severe side reactions, and a high

relapse rate still stands as the main therapeutic option. Although

some small-molecule candidates targeting diverse kinases or

proteases, such as EGFR, PARP, CDKs, MEK, and PI3K/Akt/

mTOR signaling pathway inhibitors (Fig. 1), have been devel-

oped for the potential monotherapy or combination drug strategy

for TNBC4, low objective response rates and limited clinical

benefits were achieved. Because of the high incidence, poor

prognosis, and low survival rate, the development of effective

targeted inhibitors for the treatment of TNBC faces a great chal-

lenge and thus constitutes a huge clinical demand.

The phosphoinositide 3-kinase (PI3K) —protein kinase B

(Akt) —mammalian target of rapamycin (mTOR) pathway plays

vital roles in cellular growth, proliferation, differentiation, and

survival5,6. PI3Ks transduce the cellular signals from G protein-

coupled receptors and receptor tyrosine kinases and activate the

key downstream signaling proteins Akt and mTOR by catalyzing

the formation of the secondary messenger phosphatidylinositol

(3,4,5)-triphosphate from phosphatidylinositol (4,5)-biphosphate.

The mTOR belongs to a group of serine-threonine protein kinases

of the PI3K superfamily and exists in two distinct complexes:

mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2),

which play different biological functions in cell maintenance6.

The overactivation of mTORC1 leads to a wide range of precan-

cerous effects, including cell cycle progression, proliferation, and

survival; whereas dysregulation of mTORC2 affects Akt phos-

phorylation and cytoskeleton protein functions. S6K1 (p70S6 ki-

nase) and 4E-BP1 (4E-binding protein) are key downstream

effectors of mTORC1, which are critically involved in the regu-

lation of protein synthesis7. It has been confirmed that the

abnormal activation of the mTOR pathway is closely related to the

survival and progression of TNBC8-10, suggesting that mTOR

inhibition may become a potential strategy for the treatment of

TNBC.

It has been confirmed that mTOR inhibition is closely related

to anti-tumor immunity in TNBC by increasing T-cell activity and

IFN-γ responses8,11. Compared with “cold tumors” where the

immune response is dormant, the effects of drug chemotherapy,

radiation, and immunotherapy are significantly enhanced in “hot

tumors” where immune cells are active12. One critical mechanistic

strategy involves activating the cGAS/STING signaling pathway

to enhance innate immune surveillance and remodel the tumor

microenvironment13-15. STING activation triggers the downstream

TANK-binding kinase 1 and interferon regulatory factor 3 (IRF3)

signaling cascade, culminating in the production of type I in-

terferons and the infiltration of anti-tumor immune cells16-18.

Notably, Toll-like receptors (TLRs), as pattern recognition re-

ceptors, serve as key sentinels of the innate immune system. They

regulate innate immunity and subsequent adaptive immune re-

sponses, playing a pivotal role in cancer immunotherapy19. Unlike

other molecular subtypes of breast cancer, TNBC exhibits elevated

PD-L1 expression and significant immune infiltration, suggesting

a potential benefit from immunotherapy20. However, the limited

presence of tumor-infiltrating effector lymphocytes severely

compromises clinical efficacy. Therefore, the combination of

mTOR-targeted inhibition with STING and TLR2 pathways

activation represents a highly attractive therapeutic strategy

against TNBC, offering enhanced clinical benefits for patients.

Hitherto, structurally diverse mTOR inhibitors have been

developed, including allosteric mTOR inhibitors and ATP-

competitive mTOR inhibitors, some of which have been system-

atically investigated in the treatment of TNBC4,21. For example,

Everolimus (Fig. 1), a hydroxyethyl derivative of Rapamycin

belonging to the macrolide allosteric mTOR inhibitors, has been

intensively evaluated in multiple clinical trials for the treatment of

TNBC and metastatic TNBC (NCT02456857, NCT05954442 and

NCT00930930), and showed promising clinical efficacy along

with acceptable side reactions22,23. As the first synthetic pan-

PI3K/mTOR inhibitor, PI-103 was proven to enhance radiation-

induced cell death in BRCA-proficient MDA-MB-435S and

MDA-MB-231-BR cells and xenografts in combination with

Olaparib (a PARP inhibitor, Fig. 1)24, and the dual PI3K/mTOR

inhibitor BEZ-235 combined with CAPE can effectively inhibit

tumor metastasis and progression in TNBC cells25. MNL-0128 is

a potent and selective mTOR inhibitor developed by Takeda,

which has been clinically evaluated for the potential treatment of

TNBC and showed good anti-tumor activity and drug tolerance26

(Fig. 1). Despite structurally diverse ATP-competitive mTOR in-

hibitors have been developed and some of these candidates have

advanced to the clinical trials, no agents have been approved by

the FDA due to their low kinase selectivity, poor drug-likeness

profiles, and unfavorable on- and off-target side effects27.

Notably, our recent systemic bioinformatics analysis of the gene

expression with prognostic survival of TNBC patients showed that

the expression level of EIF4EBP1 was closely related to the

overall survival and disease-free survival of TNBC (Fig. 2), which

further confirms that the development of a highly selective mTOR

inhibitor is a practical and urgent strategy for TNBC treatment.
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On this basis, it is critical to expedite the discovery and

development of novel mTOR inhibitors possessing new scaffold

structures with high potency, aiming to advance therapeutic options

for TNBC. Artificial intelligence (AI)-driven drug design has

revolutionized the discovery of lead compounds by enabling rapid

virtual screening of vast chemical libraries and de novo molecular

generation with optimized drug-likeness. Machine learning

models, trained on high-throughput screening data and structural

biology insights, can identify novel chemotypes with high affinity

for therapeutic targets while minimizing off-target effects28-30.

Deep generative adversarial networks further accelerate scaffold

hopping, creating chemically diverse analogues that bypass exist-

ing intellectual property constraints31. Because of the continued

interest in exploring highly active kinase inhibitors based on the

PI3K/Akt/mTOR pathway32-36, our recent medicinal work on the

development of highly potent and selective mTOR inhibitors via

AI-assisted drug design (AIDD) and structure-based drug design

(SBDD) strategies facilitated the discovery of a novel chromone-

based derivative, MT-44, for the potential therapy of TNBC via

mTOR-targeted inhibition and cGAS/STING pathway activation.

Figure 2 Bioinformatics analysis of gene expression in triple-negative breast cancer patients and their overall survival (A), and disease-free

(B) progression periods.

Figure 1 Clinical candidates for the potential treatment of TNBC. (A) FDA-approved small molecule inhibitors, (B) PI3K/Akt/mTOR

signaling pathway inhibitors.
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2. Results and discussion

2.1. Discovery of the lead compound MT-1 (Table 1, 4a)

Virtual screening is a very practical and efficient strategy for

finding structurally novel and potentially bioactive lead com-

pounds. To begin our medicinal campaign, the ligand PI-103 was

taken as the shape molecule, and approximately 1.5 million

molecules in the ChemDiv database were used to perform a shape

screening via the Shape Screening workflow of Schrödinger

software (Fig. 3A). The Pharmacophore Types, as volume scoring,

wrote out at most 1 alignment per ligand and filtered out con-

formers with similarity below 0.8. Machine learning can deliver

excellent performance in the virtual screening domain37. There-

fore, the remaining ligands after shape screening were selected to

predict active score in models with better predictive performance

that were built via machine learning algorithms (Random Forest,

XGBoost), the ligands with a prediction label of “1” were docked

to the mTOR protein to improve the hit rate. Conformers with

similarity below 0.8 compared with PI-103 were filtered out, and

then the remaining ligands were selected to predict active score in

models with better predictive performance that were built via

machine learning algorithms (Random Forest, XGBoost), the li-

gands with a prediction label of “1” were docked to the mTOR

protein (PDB: 4JT6). Subsequently, a cluster analysis was per-

formed, and the optimal ligand MT-1 (4a) was screened out with

the highest docking score and model predictive score, which

contained a chromone scaffold with an imine substituent at the

C-4 position. Then, MT-1 was synthesized and its in vitro kinase

inhibitory activity was confirmed with an IC50 value of 1.5 μmol/L

against mTOR (Fig. 3A).

2.2. Molecular design based on MT-1

To develop novel potent and selective mTOR inhibitors, the

binding patterns of PI-103 and MT-1 with the mTOR protein

were investigated using molecular docking and molecular dy-

namics simulations. As shown in Fig. 3B, the oxygen atom on

the morpholine ring of PI-103 formed a key hydrogen bond

interaction with residue Val-2240 (1.8 Å), the hydroxyl group

from the benzene ring formed two hydrogen bond interactions

with residues Tyr-2225 (2.7 Å) and Asp-2195 (2.3 Å). Compared

with PI-103, MT-1 indicated no interaction with residues Tyr-

2225 and Asp-2195, and only the hydrogen bond interaction

between the oxygen atom on the pepper ring and residue Val-

2240 (2.1 Å). The molecular dynamics simulations of MT-1

with the mTOR protein complex were performed to further

verify the stability of the docking conformation. As shown in

Fig. 3C, we aligned conformations extracted from the dynamic

simulation trajectory to the docking conformation, and the con-

formations extracted from the dynamic simulation trajectory

were consistent with the docking conformation. Guided by these

binding modes, we performed the first round of structure-activity

relationship (SAR) explorations based on MT-1 to improve the

kinase inhibitory activity: (1) the R1 group of MT-1 toward the

solvent-exposed area of the protein pocket, thus various amino

acids in different lengths, such as alanine, morpholine, and L-

prolinamide, were introduced to enhance the interaction with the

surrounding residues. Meanwhile, side chain substituents on the

meta- or para-positions were also modestly investigated. (2)

Substituents on the R2 and R3 areas orient to the affinity pocket,

and diverse groups, such as F, methoxy, amino, and nitro groups,

were investigated to increase additional hydrogen bond

Figure 3 (A) Screening flow of mTOR inhibitors and discovery of MT-1. (B) Comparison of binding modes of PI-103 and MT-1 with mTOR

protein (PDB: 4JT6). (C) Align conformations extracted from the dynamic simulation trajectory to the docking conformation of MT-1. The

conformations extracted from the dynamic simulation trajectory are consistent with the docking conformation. (D) The pocket analysis of MT-1

with mTOR protein guided by binding modes.

Novel mTOR inhibitors for triple-negative breast cancer’s treatment 4169



Scheme 2 Synthetic route for compounds 12a—o. Reagents and conditions: (a) 3-hydroxy-4-nitrobenzaldehyde, 20% NaOH, EtOH, 24 h, rt,

63%—81%; (b) I2, DMSO, 150 ◦C, 1 h, 48%—74%; (c) Fe powder, NH4Cl, EtOH/H2O (v:v � 1:1), 90 ◦C, 25%—56%; (d) BrCN, MeOH, rt, 24 h,

26%—60%; (e) ortho-phenylenediamine, Ti(OEt)4, toluene, 120
◦C, toluene, 19%—42%; (f) diverse carboxylic acids, HATU, DIPEA, DMF, rt,

12 h; (g) TFA, DCM, rt, 6 h and BBr3, DCM, �78 ◦C—rt, 12 h, 27%—66% (f and g).

Scheme 1 Synthetic route for compounds 4a and 5a—ac. Reagents and conditions: (a) piperonyl aldehyde or 1,4-benzodioxin-6-

carboxaldehyde, 20% NaOH, EtOH, room temperature (rt), 24 h, 72%—90%; (b) I2, DMSO, 150 ◦C, 1 h, 72%—87%; (c) ortho-, meta-, or

para-phenylenediamine, Ti(OEt)4, toluene, 120
◦C, 20 h, 63%—76%; (d) diverse substituted amines, phenyl chloroformate, pyridine, rt, 12 h or

diverse carboxylic acids, HATU, DIPEA, DMF, rt, 12 h; (e) TFA, DCM, rt, 6 h and Fe powder, NH4Cl, EtOH/H2O (v:v � 1:1), 90 ◦C, 5 h, 33%—

68% (d and e).
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interaction with residue Asp-2195 or Tyr-2225. (3) Considering

the metabolic instability of the pepper ring and its farther dis-

tance away from the key residue Val-2240 compared with that of

PI-103, different aromatic ring groups were designed and eval-

uated (Fig. 3D).

2.3. Chemical synthesis

The designed target compounds were prepared via four synthetic

routes (Schemes 1—4). The procedure for compounds with 1,3-

benzodioxole (pepper ring) and 1,4-benzodioxine substituents

on the C-2 position is outlined in Scheme 1. Compounds 4a
and 5a—ac were synthesized from substituted 2-

hydroxyacetophenone by five steps of transformation, namely

aldol condensation, free radical cyclization, imine formation,

amidation, and final deprotection. It should be noted that the

synthesis of imine intermediates 4a—g, 4h, and 4i from 3a—g
under strong Lewis acid Ti(OEt)4-catalyzed conditions was the

key step, and only moderate yields were obtained (63%—76%).

A similar route with Scheme 1 was developed for the synthesis of

C-2 benzoxazole motif-substituted derivatives 12a—o (Scheme

2), the main difference lay in the formation of amino-

substituted benzoxazole, which was obtained by condensation

of 2-aminophenol with BrCN in low to moderate yields (26%—

60%).

Scheme 3 shows the procedure for the synthesis of compound

15. Starting from 2-aminophenol-substituted intermediate 9a, 13
was prepared by condensation with EDCI in isopropanol condi-

tions. Then, 13 underwent imidization and subsequent amide

condensation and deprotection to produce the desired compound

15. Compound 21 was synthesized using a similar procedure to

12a, and 4-hydroxy-3-nitrobenzaldehyde was used in the aldol

condensation reaction (Scheme 4).

2.4. SAR discussion

Our primary structural modification on MT-1 focused on the R1

substituent, and diverse amide side chains were introduced

(Table 1), such as simple amino acids and alkoxycarboxylic acid

(5a—d, 5j), finding that the glycine-substituted derivative 5a
showed an increase in kinase inhibitory activity with an IC50 value

of 719.0 nmol/L. Then, different carbon chain lengths between the

free amino and carbonyl groups were investigated (5e—g), and the

results indicated that ß-aminopropionic acid was the optimal

substituent, and the corresponding compound 5e exhibited an

inhibitory IC50 of 316.6 nmol/L against mTOR (Table 1). We

analyzed the binding postures of 5a (Fig. 4A) and 5e (Fig. 4B) in
the mTOR binding pocket, and the results showed that compared

with 5a, the β-alanine substituted on the R1 site of 5e formed two

key hydrogen bond interactions with residues Asn-2343 and Asp-

2357. The heterocycles, including morpholine and piperazine

substituents, showed no contribution to mTOR inhibition (5h and

5i). Unexpectedly, the mTOR inhibitory activity was completely

lost when the pepper ring was replaced with 1,4-benzodioxole on

the C-2 position (5q—t, 5x—y), indicating that the structural

replacement may hinder the key hydrogen bond interaction with

residue Val-2240 in the hinge region (Fig. 4). The ß-alanine

attached to the m- or p-position displayed no obvious kinase in-

hibition against mTOR (5 ab and 5ac), indicating the substituted

side chain may form a key interaction with the binding pocket.

Notably, when the pepper ring was replaced with 2-

aminobenzoxazole, a structural motif frequently used in PI3K/

Scheme 3 Synthesis of compound 15. Reagents and conditions: (a) EDCI, isopropanol, 85 ◦C, 18 h, 52%; (b) ortho-phenylenediamine, Ti

(OEt)4, toluene, 120
◦C, 20 h, 41%; (c) Boc-ß-alanine, HATU, DIPEA, DMF, rt, 12 h; (d) TFA, DCM, rt, 6 h, 39% (c and d).

Scheme 4 Synthesis of compound 21. Reagents and conditions: (a) 3-nitro-4-hydroxybenzaldehyde, 20% NaOH, EtOH, 24 h, rt, 73%; (b) I2,

DMSO, 150 ◦C, 2 h, 62%; (c) Fe powder, NH4Cl, EtOH/H2O (v:v � 1:1), 90 ◦C, 5 h, 55%; (d) BrCN, MeOH, rt, 24 h, 54%; (e) ortho-phe-

nylenediamine, Ti(OEt)4, toluene, 120
◦C, 20 h, 39%; (f) Boc-ß-alanine, HATU, DIPEA, DMF, rt, 12 h; (g) TFA, DCM, rt, 6 h, 48% (f and g).
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Akt/mTOR pathway inhibitors38,39, the desired compound 12a
exhibited a significantly increased mTOR inhibitory activity with

an IC50 value of 45.2 nmol/L, which was 34-fold more potent than

the lead compound MT-1 (Table 1). To understand further the

protein-ligand interaction, the binding modes of 12a with the

ATP-binding pocket of mTOR were investigated by molecular

docking. As shown in Fig. 4C, the 2-aminobenzoxazole motif

formed three key hydrogen bond interactions with residues Val-

2240 and Cys-2243. In addition, the electrical distribution of

12a in the binding pocket was investigated. As shown in Fig. 4D,

the benzene ring of the chromone scaffold was in a negatively

charged space, and a negatively charged substituent may lead to

electrostatic repulsion. With these insights in hand, the second

round of the SAR study based on 12a was performed.

In view of the key hydrogen bond interactions with the hinge

region of the binding pocket and the crucial role in the kinase

inhibitory activity it plays, the 2-aminobenzoxazole motif was

maintained, and the structural optimization was focused on the R1,

R2, and R3 groups. As shown in Table 2, various substituents on

the primary amine were evaluated (12b—i), and a remarkable

decrease in enzyme activity was noticed when it was replaced

with methoxyl, methylamino, and methanesulfonylamino

Table 1 The mTOR inhibition of chromone derivatives with benzodioxole or benzodioxan substituents.

Compd. R1 R2 R3 Ar mTOR, IC50

(nmol/L) a

4a (MT-1) H H H 1539.0 ± 21.1

5a H H 719.0 ± 7.4

5b H H 3186.0 ± 194.0

5c H H >10,000

5d H H >10,000

5e H H 316.6 ± 19.1

5f H H 8192.0 ± 1854.0

5g H H >10,000

5h H H >10,000

5i H H 7468.2 ± 139.2

5j H H >10,000

5k OCH3 H NTb

5l H NO2 NT
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substituents. Because of the lack of hydrogen bond interactions

with residues Asp-2357 and Asn-2343, N,N-disubstituted func-

tional groups, such as dimethylamino (12e, Fig. 5A), diethylamino

(12f), pyrrolidine (12g), or morpholine (12h), showed no obvious

inhibition either. However, pyrrolidine-3-carboxylic acid-

substituted derivative 12i, which could form hydrogen bond in-

teractions with residue Gln-2167 (Fig. 5B), exhibited moderate

kinase inhibitory activity with an IC50 value of 165.0 nmol/L. To

confirm the electronic effect of substituents attached to the ben-

zene ring of the chromone scaffold (Fig. 4D), diverse electron-

withdrawing and electron-donating groups attached to R2 and R3

were investigated, respectively (12j—o). The electron-donating

substituents, such as methoxyl and hydroxyl, were more desir-

able for the enzyme inhibitory activity (Fig. 5C), and compounds

12j (MT-44) and 12m showed comparable activity to 12a, with
inhibitory IC50 values of 49.4 and 40.2 nmol/L, respectively,

5m H NH2 6160.0 ± 1109.0

5n F H NT

5o F H NT

5p H H 1520.2 ± 121.0

5q H NO2 >10,000

5r H NH2 >10,000

5s OCH3 H >10,000

5t OCH3 H >10,000

5u OCH3 H NT

5v OCH3 H NT

5w OCH3 H NT

5x F H >10,000

5y F H >10,000

5z F H NT

5aa F H NT

5ab >10,000
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indicating that an electron-donating group could better match the

surrounding electronegative pocket (Fig. 4D). Notably, compound

12n with hydroxyl substitution at R2 that could form additional

hydrogen bonding interaction with residue Glu-2190 (Fig. 5C)

showed the most potent mTOR inhibitory efficacy (IC50:

26.3 nmol/L), which was 1.72-fold more potent than that of 12a. A

substituent on the amino of the aminobenzoxazole motif would

lose its hydrogen bonding interactions with Cys-2243 (Fig. 5D)

and show a remarkable decrease in mTOR inhibition (15). In
addition, the aminobenzoxazole attached to the C-2 of chromone

via the C-7 position also led to a 15.4-fold decrease in kinase

inhibitory activity (21, Table 2).

5ac >10,000

12 a 45.2 ± 8.8

P I -10 3 - 12.1 ± 0.6
aIC50 values are the mean ± SD of tripf tripf licate measurements. bNT: Not tested.

Figure 4 Binding modes of 5a (A), 5e (B), and 12a (C) with mTOR (PDB: 4JT6) and electrical distribution of 12a in the binding pocket (D).

The benzene ring of the chromone scaffold lies in a negatively charged space, and a negatively charged substituent may lead to electrostatic

repulsion.
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Considering the high homology of mTOR kinase with other

PIKK isoforms, the subtype selectivity profiles of 12a and 12j (MT-
44) were investigated aganist PI3Ks. As shown in Table 3, both

compounds showed a high specificity for mTOR. To investigate the

kinome-wide specificity further, we confirmed the kinase profiling of

MT-44 at a concentration of 1.0 μmol/L against a panel of 200

human kinases using the Eurofins Kinase Profiling platform

(KINOMEscan). As shown in Fig. 6, MT-44 proved to be a highly

selective mTOR inhibitor and showed no obvious binding activity to

this broad panel of kinases, including mTOR homologous family

members and other PIKKmembers (only weak binding to PI3KC2γ,

a member of the class II PI3K isoform). The complete profiling data

of MT-44 can be found in Supporting Information Table S1.

2.5. In vitro cell viability

The antiproliferative activity of the synthesized compounds was

evaluated on TNBC cell lines MDA-MB-468 and MDA-MB-231,

and meanwhile, breast cancer cells MCF-7, human colorectal

cancer cells HCT-116, lung cancer cells A549 and H1975, and

acute myeloid leukemia cells Molm-13 were also evaluated for

their abnormal proliferation, which was closely related to the

mTOR protein activation40. In general, compounds that exhibited

potent kinase inhibitory activity against mTOR displayed a potent

cell proliferation inhibition rate at a concentration of 1.0 μmol/L,

such as 5e, 12a, 12c, 12i, 12j (MT-44), and 12n. Among these,

12a showed a 78.5% inhibition rate against HCT-116 cells, and

compound 12k showed inhibition rates higher than 70% against

MDA-MB-231, MCF-7, and HCT-116 cell lines (Supporting

Information Table S2). Notably, compound MT-44 exerted

desirable antiproliferative activities against TNBC cells MDA-

MB-468 and MDA-MB-231, with inhibition rates of 74.0% and

70.7%, respectively, which were much more potent than that of

the positive control PI-103 (Table S2). Then, compounds 12a,
12c, 12k, 12j, 12m, 12n, and 12i were selected for further IC50

values confirmation on sensitive cells MDA-MB-231, MDA-MB-

436, MCF-7, and HCT-116. As shown in Table 4, most of the

investigated compounds showed high sensitivity to TNBC cells

MDA-MB-231 and MDA-MB-436. In particular, compound MT-
44 exhibited IC50 values of 66.5 and 148.2 nmol/L against MDA-

MB-231 and MDA-MB-468, respectively. Meanwhile, the anti-

proliferative activities of clinical therapeutic drugs for TNBC

were also evaluated, including Everolimus, Paclitaxel, Doxoru-

bicin, and MLN-0128, finding that the optimal compound,MT-44,
exerted a significant advantage on sensitive cells MDA-MB-231,

showing 34.4- and 1.1-fold more potent antiproliferative effect

than Everolimus and Doxorubicin, respectively (Table 4).

2.6. Anti—migration effect of compound MT-44

Malignant cell migration and invasion play important roles in the

progression and metastasis of TNBC41. Therefore, the anti-

Table 2 mTOR inhibition of chromone derivatives with benzoxazole substituent.

Compd. R1 R2 R3 mTOR, IC50

(nmol/L)a

12 a H H 45.2 ± 8.8

12 b H H 3373.2 ± 334.3

12 c H H 472.8 ± 42.4

12 d H H 3393.2 ± 164.1

12 e H H 2610.0 ± 201.5

12 f H H >10,000

12 g H H >10,000

12 h H H >10,000

12 i H H 165.0 ± 8.1
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migration effect of MT-44 was investigated on MDA-MB-

231 cells using a wound healing assay. As shown in Fig. 7A,

compared with the control, PI-103 and MT-44 could significantly

inhibit the migration of the MDA-MB-231 cells in a

concentration-dependent, and compound MT-44 showed more

potent anti-migration effects than PI-103 at the same test con-

centration (Fig. 7B and C). In addition, the protein expression

inhibitory effect of MT-44 on cell migration has also been eval-

uated. As shown in Fig. 7D and E, the expression level of

vimentin, a key protein that is critical for tumor cell migration and

metastasis, was significantly inhibited in a concentration-

dependent manner following treatment with compound MT-44.

2.7. Compound MT-44 inhibits the colony formation and

invasion of MDA-MB-231 cells

Tumor cell proliferation and invasion are crucial for tumor pro-

gression and metastasis42. To investigate further the anti-

proliferative potential, a colony formation assay was performed to

determine the long-term effects of the optimal compound, MT-44,
on MDA-MB-231 cells (Fig. 8A and B). The results indicated that

the colony formation ability of MDA-MB-231 cells was signifi-

cantly inhibited after treatment with PI-103 and MT-44, and the

inhibitory effect of MT-44 was much more potent than that of PI-
103 at the same concentration. Additionally, PI-103 and MT-44
were detected in MDA-MB-231 cell lines using a Transwell assay.

Fig. 8C and D shows that MT-44 could significantly inhibit the

invasion of the MDA-MB-231 cells in a concentration-dependent

manner when compared with the control PI-103, and the inhibi-

tory effect was more potent than with PI-103 at the same

concentration.

2.8. Cell cycle arrest effects of compound MT-44

Flow cytometric analysis was employed to evaluate the effects of

PI-103 and MT-44 on cell cycle progression. In the control group,

the distribution of cells across the G0/G1, S, and G2/M phases was

44.79%, 50.01%, and 5.20%, respectively (Fig. 9A). Treatment

with increasing concentrations of MT-44 (0.25, 0.5, and 1 μmol/

L) resulted in a progressive accumulation of cells in the G0/G1

phase (49.35% to 52.38%), a reduction in the S phase population

(45.15% to 29.77%), and a significant increase in the G2/M phase

population (5.48% to 17.84%). By contrast, PI-103 exhibited

weak effects on cell cycle distribution (Fig. 9A), potentially

correlated with its lower antitumor activity (Table 4). These

findings demonstrated that MT-44 induced G2/M phase arrest in

MDA-MB-231 cells, effectively inhibiting tumor cell prolifera-

tion. Compared with PI-103, MT-44 exerted a more pronounced

effect on cell cycle arrest (Fig. 9B and C). Furthermore, the

expression levels of CDK1 and Cyclin B1, two proteins that are

closely related to the G2/M phase, were also significantly

decreased in Western blot analysis (Fig. 7D and E), which further

confirmed that compound MT-44 induced cell cycle arrest in the

G2/M phase.

12 j (MT-44) OCH3 H 49.4 ± 17.1

12 k F H 166.0 ± 6.3

12 l CN H 1240.0 ± 86.1

12 m H OH 40.2 ± 1.0

12 n OH H 26.3 ± 0.2

12 o H Br 9339.8 ± 748.4

15 2664.5 ± 380.3

2 1 696.1 ± 58.2

P I -10 3 - 12.1 ± 0.6
aIC50 values are the mean ± SD of tripf tripf licate measurements.
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2.9. Induction of apoptosis by compound MT-44

Inducing cell apoptosis is a key therapeutic strategy in anticancer

treatments43. The effect of PI-103 and MT-44 on cell apoptosis was

confirmed using Annexin V-AF647/7AAD. When treated with MT-

44 at concentrations of 0.5, 1, and 2 μmol/L, the percentage of total

apoptotic cells increased to 4.73%, 9.43%, and 22.23%, respec-

tively (Fig. 10A and B). At an equivalent concentration of 2.0 μmol/

L, compound MT-44 induced a higher apoptosis rate in MDA-MB-

231 cells (22.23%) than PI-103 (4.47%). The γ-H2AX serves as a

critical factor in the initiation and regulation of apoptosis44, with its

sustained presence indicating the progression of cells into the

apoptotic pathway. Compound MT-44 demonstrated a

concentration-dependent effect in increasing γ-H2AX expression.

Moreover, the ratio of the key apoptotic signaling proteins BAX/

BCL2 also exhibited a concentration-dependent rise, with signifi-

cantly elevated expression levels (Fig. 10C and D), indicating that

compound MT-44 exhibited potent inhibitory activity on tumor

cells and induced cell apoptosis.

2.10. Signaling pathway inhibitory activity of compound MT-44

The cellular thermal shift assay (CETSA) results further demon-

strated that MT-44 directly interacts with mTOR protein in the

cellular context, inducing significant thermal stability shifts as

evidenced by the altered protein aggregation profiles (Fig. 11A and

B). Moreover, to elucidate the molecular mechanism by which MT-

44 inhibits tumor cell proliferation and progression, the expression

levels of key proteins within the PI3K/Akt/mTOR signaling

pathway were assessed through Western blot analysis. As shown in

Fig. 11C, the expressions of activated p-P70S6K(Thr389), p-

Akt(Ser473), and p-4EBP1(Thr37/46) were significantly downregulated

in a concentration-dependent manner. Quantitative analysis showed

that treatment with MT-44 resulted in a more pronounced reduction

in the expression levels of p-P70S6K, p-Akt, and p-4EBP1 in

MDA-MB-231 cells compared with the control group (Fig. 11D).

2.11. Compound MT-44 induced autophagy and ROS

production in MDA-MB-231 cells

mTOR kinase plays a central role in regulating autophagy45. To

assess further the autophagy-induced effects of MT-44 in MDA-

MB-231 cells, Western blot analysis was performed to evaluate

the expression levels of autophagy-related proteins. As shown in

Fig. 12A and B, the autophagy substrate P62 exhibited a

concentration-dependent increase, whereas the conversion of LC3I

to LC3II was more pronounced at 2 μmol/L. Similarly, immuno-

fluorescence staining of LC3B yielded consistent results, demon-

strating a concentration-dependent increase in LC3B expression

(Fig. 12C and D). Notably, when the autophagy inhibitor chloro-

quine (CQ) was introduced, the expression level of the key

autophagy-related protein LC3 II induced by MT-44 was signifi-

cantly reduced (Fig. 12E and F). These findings indicated that

compound MT-44 significantly enhanced autophagy induction in

cells. As an intracellular signaling molecule, reactive oxygen spe-

cies (ROS) concentration changes are closely related to apoptosis,

autophagy, and other biological processe46. Therefore, we also

examined the effect of mTOR inhibition on intracellular ROS

Figure 5 Binding modes of 12e (A), 12i (B), 12n (C), and 15 (D) with mTOR (PDB: 4JT6).
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levels. By FACS analysis (Fig. 12G), we found that MT-44 treat-

ment significantly increased ROS production in MDA-MB-

231 cells, and the concentration-dependent effect of MT-44 was

particularly significant (Fig. 12H). Fluorescence imaging results

(Fig. 12I) further confirmed the ROS accumulation, suggesting that

mTOR inhibition may affect cell fate by inducing ROS production.

2.12. MT-44 induced immune signaling activation in TNBC

To elucidate further the antitumor mechanism of MT-44 against

TNBC cells, we performed an RNA-seq analysis (Fig. 13). The

heat map (Fig. 13A) illustrates differential gene expression pro-

files in TNBC cells treated with MT-44. KEGG pathway analysis

(Fig. 13B) showed significant enrichment of genes associated with

multiple pathways, including mTOR signaling, autophagy, cell

cycle regulation, p53 signaling, PD-L1 expression, and amino acid

metabolism. This broad-spectrum modulation suggested that MT-

44 exerts multifaceted effects on cellular processes. Moreover, the

volcano plot (Fig. 13C) demonstrated that MT-44 treatment

induced significant differential expression of genes such as EGR1,

TXNIP, DKK1, TIMP3, and TMEM156 at the mRNA level, with

notable upregulation or downregulation. These genes are impli-

cated in enhancing mTOR inhibitory activity, promoting ROS

accumulation, influencing cancer metastasis, and modulating im-

mune responses16. The differential expression of these genes

further indicated that MT-44 not only suppressed mTOR but also

Figure 6 Kinase-specificity profiling of MT-44 at 1.0 μmol/L concentration (Eurofins Kinase Profile platform). (A) TREEspot interaction maps

of MT-44 against 200 kinases. (B) Heat map of the %Ctrl (percent control) values of MT-44 against various kinases. The %Ctrl values were

calculated using the following formula: (test compound signal − positive control signal)/(negative control signal − positive control

signal) × 100%; test compound: MT-44; negative control: DMSO (100% Ctrl); positive control: control compound (0% Ctrl).

Table 3 Activities of the selected compounds against PI3Ks and mTOR (IC50, nmol/L).a

Compd. PI3Ks mTOR

PI3Kα PI3Kß PI3Kγ PI3Kδ

12a >10,000 >10,000 >10,000 >10,000 45.2 � 8.8

12j (MT-44) >10,000 >10,000 >10,000 >10,000 49.4 � 17.1

PI-103 7.5 � 0.3 14.0 � 1.2 93.1 � 2.0 9.3 � 0.1 12.1 � 0.6

aIC50 values are the mean ± SD of triplicate measurements.
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regulated other critical cellular pathways, including apoptosis and

the transcription of MYC target genes (Supporting Information

Fig. S1), thereby augmenting its overall therapeutic efficacy.

Intriguingly, MT-44 treatment was associated with significant

enrichment of immune response-related pathways, including the

RIG-I-like receptor, T cell receptor, and cAMP signaling path-

ways. Building on these findings, we initially investigated the

effects of MT-44 on PD-L1 and CCR1 expressions. The results

indicated that MT-44 did not change the protein levels of PD-L1

or CCR1 (Fig. 13D and E). Notably, using a TLR2-NF-κB-Luc

HEK293 reporter assay, we found that MT-44 potently activated

TLR2 signaling with an EC50 value of 1.39 μmol/L, whereas

neither the mTOR allosteric inhibitor rapamycin nor the ATP-

competitive inhibitor PI-103 elicited detectable signal activation

at equivalent concentrations (Fig. 13F). Moreover, MT-44 also

activated the phosphorylation of the key protein P65 in NF-κB

signaling and upregulated P53 protein expression in a

concentration-dependent manner, while exhibiting no detectable

effect on Notch signaling (Fig. 13G and H). Subsequently, we

explored the cGAS/STING signaling pathway, a convergence

point for NF-κB, RIG-I-like receptors, and cAMP signaling47,48.

As shown in Fig. 14A and B, MT-44 induced a concentration-

dependent increase in the phosphorylation of STING(Ser366),

TBK(Ser172), and IRF3 (Ser366), thereby activating the cGAS/

STING pathway. The immunogenic cell death (ICD) induced by

MT-44 was further validated in MDA-MB-231 cells, where the

expression levels of key ICD markers―calreticulin (CRT) and

high-mobility group box 1 (HMGB1), were significantly altered in

a concentration-dependent manner (Fig. 14C‒E). These compre-

hensive findings highlighted the potential of MT-44 to not only

target mTOR inhibition but also modulate immune activation.

2.13. Machine learning model predictions

Based on the evaluation metrics (SE, SP, MCC, ACC, AUC, F1,

BA) of six models for binary classification of mTOR-active com-

pounds based on molecular fingerprints (Supporting Information

Table S3), the XGBoost and RF models with better predictive

performance were selected to predict the scores of compounds

MT-1, MT-44, and 12n. As shown in Table 5, the predicted scores

of compounds MT-44 (0.9375, 0.8374) and 12n (0.9463, 0.8390)

were higher than those of MT-1 (0.5067, 0.6275) in XGBoost and

RF models, which is consistent with our experimental results.

2.14. Molecular docking and molecular dynamics simulation

To investigate the potential binding modes and selectivity profiles

over PI3Ks, we compared the binding postures of MT-44 in

PI3Kα and mTOR proteins by molecular docking. As shown in

Fig. 15A, MT-44 could not form a key hydrogen bond interac-

tion with residue Val of PI3Ks that was deemed to be crucial for

their kinase inhibition49. Fig. 15B details the binding modes of

MT-44 with mTOR, which were similar to those of compound 12a

(Fig. 4C). The results further validated the kinase selectivity of

MT-44 for mTOR. We further performed the 100 ns molecular

dynamics simulations for PI-103 and MT-44 with PI3Kα (PDB:

4L23) and mTOR (PDB: 4JT6) complexes, respectively, using

Amber 16, and identified the key residues for binding interaction.

Fig. 15C shows the RMSD plots of compounds PI-103 and MT-44

with PI3Kα and mTOR, respectively, and the results indicate that

the simulated systems were well equilibrated.

The binding free energies of PI-103 and MT-44 with PI3Kα

and mTOR have also been calculated using MM-GBSA methods.

As shown in Table 6, the ΔG values for PI-103-PI3Kα, MT-44-

PI3Kα, PI-103-mTOR, and MT-44-mTOR were − 43.49, − 32.49,

− 43.26, and − 40.19 kcal/mol, respectively. Hydrogen bond in-

teractions of PI-103 and MT-44 with PI3Kα and mTOR were

analyzed using the CPPTRAJ program in Amber 16, and the

corresponding data are listed in Supporting Information Table S4,

which showed that the hydrogen bond appearance time accounted

for above 10% in the entire simulation process. The MT-44-

mTOR complex formed moderate to strong hydrogen bond in-

teractions with residues Cys-2243, Asp-2357, Asn-2343, and Val-

2240, which were consistent with our previous predictions. The

key residue-free energy decomposition calculation results are

shown in Fig. 16A and B; Val-2240, Cys-2243, Asp-2357, and

Asn-2343 were the key residues in the MT-44—mTOR complex,

and the contribution of residue Val-851 to MT-44 was signifi-

cantly lower than that to PI-103 in the PI3Kα complex. Further-

more, alanine scanning mutagenesis was also employed to

investigate the influence of key residues on the binding free en-

ergy of the MT-44—mTOR complex (Fig. 16C). When residues

Val-2240, Cys-2243, Asp-2357, and Asn-2343 of mTOR were

Table 4 Antiproliferative activities of the selected compounds.

Compd. IC50 ± SD (μmol/L)a

MDA-MB-231 MDA-MB-436 MCF-7 HCT-116

12a 0.3373 � 0.0128 0.4979 � 0.0181 0.1176 � 0.0636 1.5086 � 0.3606

12c 0.1043 � 0.0033 0.5655 � 0.0091 1.3160 � 0.0064 0.9005 � 0.0055

12k 0.1248 � 0.0059 0.1123 � 0.0623 0.2111 � 0.0877 0.3079 � 0.0022

12j (MT-44) 0.0665 � 0.0015 0.1482 � 0.0017 0.3278 � 0.0054 0.5552 � 0.3147

12m >10 >10 >10 >10

12n 1.7655 � 0.4731 NTb 0.5474 � 0.6790 1.5683 � 0.1316

12i 0.2847 � 0.4255 NT 1.4870 � 0.0028 313.20 � 0.0057

PI-103 >10 >10 2.7885 � 0.3465 >10

MLN-0128 0.1790 � 0.2381 NT NT NT

Everolimus 2.2850 � 0.0763 NT NT NT

Paclitaxel 3.8621 � 0.0132 NT NT NT

Doxorubicin 0.0756 � 0.2700 NT NT NT

aData are presented as the mean values ± SD from experiments conducted in triplicate at three independent times.
bNot tested.
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mutated to alanine, the binding free energy fluctuated signifi-

cantly, confirming that these residues were crucial for

protein—ligand binding. In addition, the molecular dynamics

simulations of compounds 4a, 5a, 5e, 12a, 15, 12e, 12n, and 12i

were investigated, and the results indicated that the binding free

energy with mTOR agreed well with the experimental results

(Supporting Information Table S5 and Fig. S2).

2.15. Metabolic stability studies and cytochrome P450 (CYP)

enzyme inhibition

Good metabolic stability is of great importance for the in vivo

pharmacological evaluation of candidates. The in vitro metabolic

stability profiles of compound MT-44 were investigated using

artificial gastrointestinal fluids, Sprague‒Dawley (SD) rat plasma,

and liver microsomes. The results showed that MT-44 displayed

excellent metabolic stability profiles in the above incubated con-

ditions (Fig. 17A‒C). Furthermore, the metabolite analysis of MT-

44 in human liver microsomes has also been performed, and the

results indicated that the deamidation of the side chain (I) and

hydrolysis of imine (II) structural motifs were the predominant

metabolites (Fig. 17D). In addition, to avoid potential drug-drug

interactions, the CYP enzyme inhibition of compounds 12a and

MT-44 was investigated. Table 7 shows that 12a exhibited potent

inhibition on isoenzymes 2C9, 2C19, 2D6, and 3A4, with an

inhibitory IC50 value below 10 μmol/L. Notably, compound MT-44

showed no obvious inhibition on various isoenzymes, indicating a

high safety profile.

Figure 7 Anti-migration effects of compounds PI-103 and MT-44 on MDA-MB-231 cells. (A) MDA-MB-231 cells were treated with PI-103

and MT-44 (0.25, 0.5, and 1.0 μmol/L). (B, C) Quantitative analysis of cell migration ability. (D) Western blot analysis of compound MT-44 on

protein expression related to cell proliferation and cycle progress. (E) Quantitative analysis of Western blot analysis. Data are shown as

mean ± SD (n � 3). *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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2.16. Pharmacokinetic assay of MT-44 in SD rats

Pharmacokinetic (PK) parameters are an important basis for

evaluating the in vivo pharmacodynamics of candidates. To

investigate further the PK features of the optimal compound MT-

44, SD rats were treated with MT-44 via intragastric and intra-

venous (i.v.) administrations at doses of 20 mg/kg and 5 mg/kg,

respectively. Table 8 shows that MT-44 revealed a desirable

plasma exposure and moderate, comparable mean residence time

(MRT) values under i.v. administration, and long metabolic half-

life and low clearance values in both modes of administration.

Unexpectedly, an extremely low oral bioavailability (4.75%) was

noticed, which indicated that i.v. administration was more suitable

for MT-44 in vivo pharmacodynamics evaluation.

2.17. In vivo anticancer effects of MT-44

Given that compound MT-44 demonstrated excellent anti-tumor

effects in vitro, we further evaluated its in vivo activity. As

shown in Fig. 18A‒E, compared with PI-103, MT-44 exhibited

significant in vivo anti-tumor efficacy, effectively inhibiting tumor

growth and weight, and demonstrating a dose-dependent trend. In

addition, when MT-44 was combined with the first-line anti-

TNBC chemotherapeutic agent Doxorubicin (Doxo.), the anti-

tumor effect was markedly enhanced. Specifically, the tumor

growth inhibition rate (TGI) of the MT-44 (10 mg/kg) group was

38.64%, whereas that of the MT-44 (20 mg/kg) group was 72.73%

(Table 9). The combination of MT-44 (10 mg/kg) and Doxo.,

achieved a TGI of 95.45% with the average tumor volume in this

group being only 29.66 ± 10.80 mm3, significantly lower than the

control group’s 421.80 ± 136.31 mm3. Subsequently, we have also

assessed the biological safety and toxicity of MT-44. As illus-

trated in Fig. 18D, the body weight of mice increased after drug

treatment, whereas no significant difference among the groups was

noticed. Major organs were stained with hematoxylin and eosin

(H&E) to assess the toxicity of MT-44. As shown in Fig. 18F, no

significant toxicity was observed in the pathological tissues of the

heart, liver, spleen, lung, and kidney in the MT-44, PI-103, and

Doxo., groups compared with the control group, indicating that

MT-44 exhibited good biological safety.

To investigate the in vivo inhibitory effects of MT-44 on the

mTOR signaling pathway, we analyzed the expression of key

mTOR-related proteins in xenograft tumor tissues. Compared with

the control group, the phosphorylation levels of downstream

markers, including P70S6K, 4EBP1, and AKT, were significantly

reduced in the MT-44-treated groups (Fig. 18G and H). These

Figure 8 Colony formation and invasion inhibitory effects of compounds PI-103 and MT-44. (A) MDA-MB-231 cells were treated with

different concentrations of compounds PI-103 and MT-44 (0.05, 0.1, and 0.5 μmol/L) and stained with Crystal Violet to determine their colony-

forming ability. (B) Quantitative analysis of the inhibitory effects of PI-103 and MT-44 on the proliferation of MDA-MB-231 cells. (C) Transwell

assay in MDA-MB-231 to test the invasion ability of cancer cells. Scale bar � 100 μm (D) Quantitative analysis of the inhibitory effects of PI-

103 and MT-44 on the invasion of MDA-MB-231 cells. Data are shown as mean ± SD (n ≥ 3). *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001. ns, not significant.
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findings indicated that MT-44 potently suppressed the mTOR

signaling pathway in vivo, which was consistent with the results

previously observed in the in vitro evaluation. Furthermore, in the

same xenograft tumor tissues, MT-44 treatment markedly

increased the phosphorylation levels of STING and IRF3, sug-

gesting robust activation of the cGAS/STING signaling pathway

(Fig. 18I). This observation corroborated our in vitro data

(Fig. 13F) and highlighted MT-44’s dual roles in modulating both

tumor-intrinsic and immune-related pathways within the tumor

microenvironment. In addition, MT-44 significantly down-

regulated the expression of Ki67, a well-established marker of cell

proliferation, while upregulating the expression of LC3B, a

critical autophagy-related protein, in the tumor tissues (Fig. 19A).

These alterations underscored the anti-tumor efficacy of MT-44,

which appeared to stem from its ability to inhibit tumor cell

proliferation directly and promote autophagy. Given that MT-44

consistently inhibited mTOR signaling and activated the cGAS/

STING pathway both in vitro and in vivo, we further explored its

effects on immune cell infiltration within the tumor microenvi-

ronment. Immunofluorescent analysis showed that MT-44 treat-

ment significantly increased the infiltration of CD56-positive

natural killer cells, while concurrently reducing the presence of

FOXP3-positive regulatory T cells and F4/80-positive tumor-

associated macrophages (Fig. 19B). Collectively, these findings

Figure 9 Compounds PI-103 and MT-44 induced cell cycle arrest in the G2/M phase of MDA-MB-231 cells. (A) Flow cytometry analysis of

MDA-MB-231 cells treated with various concentrations of compound PI-103 (0.25, 0.5, and 1 μmol/L) and MT-44 (0.25, 0.5, and 1 μmol/L) for

48 h. Compound MT-44 induced MDA-MB-231 cell cycle arrest in a concentration-dependent manner. (B) The quantified analysis of compound

PI-103. (C) The quantified analysis of compound MT-44-induced cell cycle arrest in the G2/M phase of MDA-MB-231 cells. Data are shown as

mean ± SD (n ≥ 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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demonstrated that the novel mTOR inhibitor MT-44 effectively

suppressed mTOR signaling while simultaneously activating the

cGAS/STING pathway, thereby enhancing immune cell infiltra-

tion and exhibiting robust anti-tumor efficacy.

3. Conclusions

TNBC remains one of the most formidable subtypes of breast

cancer, characterized by its high metastatic potential, propensity

for recurrence, and absence of targeted therapeutic agents. The

aberrant activation of the mTOR signaling pathway is closely

related to survival and the progression of TNBC. Considering the

high impression of immune-related proteins, the combination of

mTOR-targeted inhibition and immunoregulation represents a

promising therapeutic strategy against TNBC. In this study, we

developed a highly selective and potent mTOR inhibitor, MT-44,

using an AIDD and SBDD integrated drug design strategy, which

showed nanomolar-level antiproliferative activity on the TNBC

cell line MDA-MB-231. The potential anti-tumor mechanism of

MT-44 was investigated on MDA-MB-231 cells by migration and

invasion, colony formation, cell cycle arrest, apoptosis, autophagy,

and ROS production assays. RNA-seq analysis showed that MT-44

indicated significant suppression of the PI3K/Akt/mTOR and im-

mune response-related pathways, which were preliminarily verified

using Western blot and immunofluorescence analysis, both in vitro

and in vivo assays. Notably, MT-44 exerted potent TLR2 agonistic

activity, which was different from other allosteric and ATP-

competitive mTOR inhibitors, and it could induce MDA-MB-

231 cells’ immunogenic cell death. MT-44 exhibits good metabolic

stability and safety profiles, and exerts robust anti-tumor efficacy in

an MDA-MB-231 xenograft tumor model with a TGI value of

72.73% under 20 mg/kg i.v. administration (Q3D), and a tumor

regression trend was noticed with the combination administration

of MT-44 with the first-line anti-TNBC agent Doxorubicin.

Nonetheless, the oral pharmacokinetic parameters of MT-44 were

undesirable, and a relatively low bioavailability was obtained,

which provided a new direction for our further structural modifi-

cation. In addition, the accurate molecular regulatory mechanism of

MT-44 on anti-tumor immunity needs to be further confirmed.

Collectively, our findings provided a novel chromone-based

derivative MT-44 as a highly selective and potent mTOR inhibitor

for the potential treatment of TNBC, which exerted robust anti-

tumor efficacy via mTOR protein-targeted inhibition and trig-

gering of anti-tumor immunity.

4. Experimental

4.1. Chemistry and general methods

All the solvents and reagents were from commercial sources and

used without further purification. All the compounds were char-

acterized by their 1H and 13C NMR on a Bruker Avance NEO 400/

Figure 10 The effects of PI-103 and MT-44 on cell apoptosis in MDA-MB-231 cells. (A) MDA-MB-231 cells treated with different con-

centrations of PI-103 (1.0, 2.0 and 10.0 μmol/L) and MT-44 (0.5, 1, and 2 μmol/L) for 24 h were harvested and then stained for apoptosis

analysis. (B) Quantitative analysis of apoptosis. (C) Western blot analysis of compound MT-44 on protein expression related to cell apoptosis. (D)

Quantitative analysis of Western blot analysis. Data are shown as mean ± SD (n ≥ 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns,

not significant.
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600 MHz NMR spectrometer (Bruker BioSpin GmbH, Rhein-

stetten, Germany). Data for 1H NMR spectra are reported in terms

of chemical shift (δ, ppm), coupling constant (Hz), integration,

and multiplicity (s � singlet, d � doublet, t � triplet,

q � quartet, and m � multiplet). 13C NMR spectral data are

reported in terms of chemical shift (relative to the central line of

the chloroform signal (δ � 77.06 ppm)) and multiplicity. High

resolution ESI was performed on Waters G2-XS Q-Tof mass

spectrometer (Waters Corporation, Milford, USA). All compounds

are >95% pure by high-performance liquid chromatography

(HPLC, Waters 2695) equipped with a Waters C18 column

(250 mm × 4.6 mm, 5 μm, CHP-C18-A25046), using MeOH/H2O

(0.1% Et3N) � 90/10 as the mobile phase conditions with a flow

rate of 0.5 mL/min. More information regarding the chemical

synthesis and structural characterization was provided in

Supporting Information

4.2. Shape screening

Shape screening approaches have demonstrated the ability to

identify hits in virtual screening and are commonly used to

perform screening libraries of tens of millions of compounds50.

We perform a shape screening via the Shape Screening workflow

of Schrödinger. The Pharmacophore Types, as volume scoring,

wrote out at most 1 alignment per ligand and filtered out con-

formers with similarity below 0.8. The other parameters remain at

the default settings. Conformers with similarity below 0.8

compared with PI-103 were filtered out, and then the remaining

ligands were selected for further study.

4.3. Data collection, preparation and model construction

4.3.1. Data collection and preparation

All compound information was collected from the ChEMBL

database by querying “mTOR,” yielding a total of 4545 unique

molecules. To focus on direct mTOR binders, we first excluded

any compound annotated with rapamycin-binding-site-related

terms (“FKBP12,” “FKBP,” “Rapamycin,” “FK506,” “FRB

domain,” “FKBP-rapamycin complex,” “FRAP,” “FRAP1,”

“Binding to FKBP,” “FKBP inhibitor,” “FKBP-ligand interac-

tion,” “FKBP-binding,” and “RAR”). We then retained only

those entries reporting quantitative bioactivity values (IC50,

Figure 11 Western blot assay of the selected compound MT-44 in MDA-MB-231 cells. (A) Western blot analysis, and (B) quantitative analysis

of mTOR from CETSA with MT-44 in MDA-MB-231 cells. (C) MDA-MB-231 cells were treated with MT-44 at concentrations of 0.5, 1, and

2 μmol/L for 24 h. Following treatment, cells were harvested for analysis of the PI3K/Akt/mTOR signaling pathway and its downstream effectors

using Western blotting. (D) Quantitative analysis of Western blot analysis. Data are expressed as mean ± SD (n ≥ 3) *P < 0.05, **P < 0.01.
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EC50, or AC50), converted all measurements to nanomolar units,

and averaged multiple records for the same compound. Applying

a threshold of ≤5 μmol/L for activity classification resulted in

3986 actives and 559 inactives. To evaluate chemical diversity

and ensure robust model assessment, we performed stratified

splits (80% training/10% validation/10% test) across five

consecutive random seeds. At the Bemis—Murcko scaffold level,

1812 unique scaffolds were observed: the single most frequent

scaffold accounted for only 3.6% of the dataset, while the

remaining 1795 scaffolds each comprised ≤0.5%, indicating a

highly uniform distribution of core chemotypes (Supporting

Information Figs. S3 and S4). Under this splitting scheme, the

average scaffold-level Jaccard similarity between training and

test sets was 0.2076, and the mean Tanimoto similarity based on

Morgan fingerprints was 0.1490 ± 0.0861, confirming limited

overlap in both skeletons and substructural features (Supporting

Information Table S6).

4.3.2. Model construction

This study constructed binary classification models to distinguish

active and inactive compounds targeting mTOR using five con-

ventional machine learning algorithms (Random Forest, Support

Vector Machine, Naive Bayes, K-Nearest Neighbors, XGBoost)

and one deep learning algorithm (Deep Neural Network, DNN).

All models were trained using Morgan fingerprints

(CircularFingerprint, size � 1024) as molecular descriptors, and

data preprocessing and modeling were performed using the

DeepChem framework. Random Forest (RF) was implemented

Figure 12 Compounds PI-103 and MT-44 induced autophagy in MDA-MB-231 cells. (A) Western blot analysis of protein expression related

to autophagy in MDA-MB-231 cells induced by MT-44 at different concentrations (0.5, 1, and 2 μmol/L) for 24 h. (B) Quantification of Western

blotting analysis is shown. (C) Immunofluorescence staining of LC3B and DAPI in MDA-MB-231. Cells were treated with PI-103 (0.5 and

2.0 μmol/L) or MT-44 (0.5 and 2.0 μmol/L) for 24 h (scale bar � 20 μm). (D) Quantitative analysis of mean fluorescence intensity. (E) The

expression level of LC3 II transformation induced by MT-44 in MDA-MB-231 cells with or without chloroquine (CQ, 5 μmol/L, for 4 h). (F)

Quantitative analysis of Western blot analysis. (G) ROS levels of DCFH-DA in MDA-MB-231 cells treated with compounds PI-103 (2.0 μmol/L)

and MT-44 (0.5, 1.0, and 2.0 μmol/L) were detected using FACS. (H) Quantification of the percentage of ROS-positive cells in different groups.

(I) Fluorescence images of MDA-MB-231 cells incubated with compounds PI-103 and MT-44 were then stained with the ROS fluorescence probe

DCFH-DA (scale bar � 20 μm). Data are expressed as mean ± SD (n ≥ 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not

significant.
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using Scikit-learn, with parameters set to n_estimators � 100,

max_depth � 15, and criterion � ‘entropy’, while other pa-

rameters were left as default. Support Vector Machine (SVM) was

constructed using Scikit-learn’s SVC class with an RBF kernel,

C � 1.0, gamma � ‘scale’, and probability � True enabled.

Naive Bayes (NB) used GaussianNB with the default configura-

tion. K-Nearest Neighbors (KNN) employed

KNeighborsClassifier with n_neighbors � 5, using Jaccard dis-

tance as the similarity metric. XGBoost was implemented via the

xgboost package, with hyperparameters including:

max_depth � 6, eta � 0.1, alpha � 0.5, lambda � 1,

colsample_bytree � 0.8, subsample � 0.8, and n_jobs � − 1.

Early stopping was applied using early_stopping_rounds � 10 to

prevent overfitting. The Deep Neural Network (DNN) was built

using DeepChem’s MultitaskClassifier, configured as a three-layer

fully connected neural network (1024 → 512 → 256) with ReLU

activation and dropout (rate � 0.2) for regularization. The

learning rate was set to 0.001, batch size to 128, and the model

was trained for 10 epochs. To ensure fair and robust evaluation, all

models were trained and evaluated using five different random

seeds to split the dataset into training (80%), validation (10%), and

test (10%) sets. After each split, models were independently

trained, and the following performance metrics were calculated:

Accuracy (ACC), Sensitivity (SE), Specificity (SP), Matthews

Correlation Coefficient (MCC), Area Under the ROC Curve

(AUC), F1 Score, and Balanced Accuracy (BA). The final per-

formance of each model was reported as the mean of the five

experimental runs, ensuring robustness and representativeness of

the results. Furthermore, we evaluated the stability and general-

ization of our final RF and XGB classifiers via five-fold cross-

validation. The RF model achieved an average AUC of

0.9573 ± 0.0056, while the XGB model attained 0.9603 ± 0.0078

Figure 13 Gene expression profiling of MDA-MB-231 cells treated with DMSO and MT-44 (2.0 μmol/L) for 8 h by RNA-seq. (A) Visualized

heat maps of gene expression in MDA-MB-231 cells treated with the compound MT-44 and DMSO as a control group. (B) Enrichment bubble

plot illustrating KEGG pathways significantly associated with differentially expressed genes. Circle dimensions reflect gene counts per pathway,

with color gradients denoting adjusted P-values. (C) Volcano plot displaying |log2(fold change)|>1.5 versus ‒log10(FDR) for differential

expression. (D, E) Dose-dependent effects of MT-44 (0.5-2.0 μmol/L, 24 h) on immune-related protein expression by immunoblot with densi-

tometry. (F) The TLR2 NF-κB-Luc HEK293 cells were incubated with different concentrations of the compounds for 6 h, and then the activation

degree was measured by using an enzyme reader to measure the absorbance. NA: no activating effect at the same concentration. (G, H) Western

blot was used to detect the levels of changes in related signaling pathways.
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(Supporting Information Table S7). These high and tightly

distributed AUC values demonstrate that both models perform

consistently without evidence of overfitting. After building the

classification model, we used the same model parameters to

construct the regression model and observe the model’s prediction

ability in regression. We standardized all IC50 measurements to

the same units and applied a logarithmic transformation to train

regression models, the resulting R2 values uniformly fell below

0.8 (Supporting Information Table S8). We observed that the

model performed poorly in regression prediction, and we finally

adopted a categorical model for our study.

4.4. Docking and MD simulation study

The protein crystal structures of PI3Kα (PDB: 4L23) and mTOR

(PDB: 4JT6) were used for docking and the MD simulation study,

and the Ligand docking module in Glide (Schrödinger) was used

for docking, the detailed procedures are referenced from our

previous work32. The Amber 16 software was used for solvation,

molecular dynamics (MD) simulation, and trajectory analysis.

Compounds were optimized using BCC charges, the ff14SB force

field, and the general amber force field (gaff2) were used for the

protein and ligand, respectively, and a solvent octahedral box with

a boundary 15 Å away from the complex was built, and the TIP3P

water model was used to fill the entire octahedral box. The 9 Na+

and 12 Na+ were added to neutralize the systems of PI3Kα and

mTOR, respectively. The 100 ns MD simulations were performed

at 300 K with 1.0 atmospheric pressure in the NPT ensemble. The

CPPTRAJ program in Amber 16 was used to analyze hydrogen

bond interactions. The MMGBSA.py script was employed to

calculate the binding free energy and residue free energy

decomposition. For detailed steps, please refer to the molecular

Figure 14 Preliminary exploration of the immune activation signaling pathway. (A, B) cGAS-STING signaling pathway modulation by MT-44

(0.5‒2.0 μmol/L, 24 h) was demonstrated through immunoblot and GAPDH-normalized quantification. (C, D) Western blot was used to detect

and quantify the expression levels of key proteins involved in immune-mediated cell deaths. (E) Immunofluorescence staining of the immunogenic

death marker protein CRT (green) and DAPI (blue) in MDA-MB-231 cells (scale bar � 20 μm). Data are expressed as mean ± SD (n ≥ 3).

*P < 0.05, **P < 0.01. ns, not significant.
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dynamics simulations section in our previously published

article51.

4.5. In vitro enzymatic assay

The kinase inhibitory activities of the target compounds against

mTOR were assessed by Shanghai ChemPartner Co., Ltd. (China).

PI3K inhibition was evaluated using the ADP-Glo Luminescent

Kinase Assay under reaction conditions of 50 mmol/L HEPES

(pH 7.5), 100 mmol/L NaCl, 3.0 mmol/L MgCl2, 2.0 mmol/L

dithiothreitol (DTT), 1.0 mmol/L ethylene glycol tetraacetic acid

(EGTA), and 0.03% CHAPS. mTOR inhibition was measured

using the Lance Ultra assay in a buffer containing 50 mmol/

LHEPES (pH 7.5), 10 mmol/L NaCl, 1.0 mmol/L EGTA,

3.0 mmol/L MnCl2, 2.0 mmol/L DTT, and 0.01% Tween-20.

Assays were conducted in triplicate, and IC50 values were

determined using GraphPad Prism 8.3, with data recorded on an

EnVision system. Detailed procedures can be found in our pre-

vious studies32,34.

4.6. Cell viability assay

The antiproliferative activity of the target compounds was evalu-

ated using a CCK-8 assay in seven human cancer cell lines (MDA-

MB-468, MDA-MB-231, MCF-7, HCT-116, A549, H1975, and

Molm-13). Cells were seeded in 96-well plates and incubated at

37 ◦C with 5% CO2 for 24 h, followed by treatment with

increasing concentrations of the compounds for 48 h. Subse-

quently, 10 μL of CCK-8 solution (2.5 mg/mL) was added to each

well and incubated for 0—4 h. Absorbance was measured at

450 nm using a microplate reader (PerkinElmer, USA), and IC50

values were calculated using GraphPad Prism 8.3.

4.7. Colony formation assay

The number of MDA-MB-231 cells was 1 × 103 cells per well,

and the cells were planted in a 12-well plate with DMEM culture

medium (BasalMedia, Shanghai, China). Replace the medium

with fresh medium containing 0.5, 1.0, or 2.0 μmol/L compounds

PI-103 and MT-44. After 2 weeks of culture, the cells were

stained with 0.1% crystal violet solution, naturally air-dried,

photographed, and statistically analyzed.

Table 5 The predicted scores of compounds MT-1, MT-44,

and 12n in XGBoost and RF models.

Compd. Prediction probability

RF XGBoost

MT-1 0.6275 0.5067

MT-44 0.8374 0.9375

12n 0.8390 0.9463

Figure 15 The binding posture prediction of MT-44 in PI3Kα (PDB: 4L23) (A) and mTOR (PDB: 4JT6) (B) proteins. Compared with mTOR,

MT-44 cannot form a key hydrogen bond with Val-851 of PI3Kα that ensures active critical residues. (C) The RMSD plots of compounds PI-103

and MT-44 with PI3Kα and mTOR.
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4.8. Cell migration assay

MDA-MB-231 cells were cultured in 12-well plates with a density

of 2 × 105 cells per well for 24 h, and then cultured in complete

medium containing 2% fetal bovine serum (FBS) (Gibco, Waltham,

MA, USA) for 12 h after cell adhesion. Then the cells were cut with

the tip of a 10 μL pipette to form wounds, and washed twice with

PBS. PI-103 and MT-44 were then treated with three different

concentrations (1.0, 1.5, and 2.0 μmol/L) and imaged under an

optical microscope (Nikon, Tokyo, Japan) at 0, 12, 24, and 48 h.

4.9. Flow cytometric analysis

MDA-MB-231 cells were maintained in DMEM/F12 medium

(Gibco) supplemented with 10% FBS and 1% penicillin/strepto-

mycin at 37 ◦C under 5% CO2. For experiments, cells were seeded at

2.5 × 105 cells/well in 6-well plates and treated with designated

compounds for 24 h. Cells were trypsinized, washed twice with ice-

cold PB, and fixed in 70% ethanol (4 ◦C, 2 h). Fixed cells were

pelleted (300×g, 5 min, Eppendorf, Hamburg, Germany), resus-

pended in PBS containing 0.1% Triton X-100, 20 μg/mL propidium

iodide, and 100 μg/mL RNase A for 30 min at 37 ◦C in darkness.

Samples were analyzed on the FACSCanto™ II system (BD Bio-

sciences, NJ, USA) equipped with a 488 nm laser, by detecting PI

fluorescence. At least 10,000 events were obtained for each sample.

The data is processed using ModFit LT 5.0 and dual identification by

FSC-A and FSC-H gating. Cells were collected, washed with cold

PBS, and stained using the Annexin V-AF647/7AAD Apoptosis

Detection Kit (Goonie, Guangzhou, China) following the manu-

facturer’s protocol. Briefly, cells were resuspended in 100 μL

binding buffer containing 5 μL Annexin V-AF647 and 5 μL 7AAD

for 15 min at 25 ◦C. After incubation with different concentrations

of MT-44 for 10 h, the cells were cultured with 5 μmol/L

2′,7′-dichlorodihydrofluorescein (DCFH-DA) (Medchemexpress,

Shanghai, China) in serum-free medium at 37 ◦C for 30 min, then

washed and collected. DCF fluorescence was quantified in FITC-A.

Data were normalized to untreated controls and expressed as geo-

metric mean fluorescence intensity using FlowJo v10.8.

4.10. RNA sequencing and bioinformatic analysis

Total RNA was isolated from MT-44-treated or untreated MDA-

MB-231 cells using TRIzol reagent (Absin, Shanghai, China).

RNA sequencing was performed following the protocols provided

by Majorbio. Raw data processing and bioinformatic analysis

were conducted via the freely accessible Majorbio Cloud Platform

(www.majorbio.com).

4.11. Western blotting analysis

The cell lysates were dissolved in 10% SDS-PAGE under reduced

conditions and then transferred to a polyvinylidene fluoride

(PVDF) membrane (pore size 0.45 μm; Millipore) using a wet

transfer system (200 mA, 60 min). Use 5% (w/v) skim milk

powder (Bio-Rad) in tris-buffered salt water (TBS; 20 mmol/L

Tris-HCl, 150 mmol/L NaCl, pH 7.4) at room temperature for 1 h.

Primary antibody was incubated in TBS containing 0.05% Tween-

20 (TBST) at 4 ◦C for 16 h. Primary antibodies used in this article

include: phospho-4EBP1 rabbit mAb (Cell Signaling Technology,

2855s, Cambridge, USA), 4EBP1 (Proteintech, 60246-1-AP,

Rosemont, USA), phosphor-IRF3 rabbit mAb (Huabio, ET1608-

22, Hangzhou, China), Cyclin D1 rabbit mAb (Cell Signaling

Table 6 Binding free energies of PI-103 and MT-44 with PI3Kα (PDB: 4L23) and mTOR (PDB: 4JT6) (kcal/mol).

Compd. Contributiona

ΔEvdw ΔEele ΔEegb ΔEesurf ΔGgas ΔGsolv ΔGbind

PI-103—PI3Kα �39.35 � 0.29 �25.54 � 0.34 25.07 � 0.25 �3.67 � 0.01 �64.89 � 0.30 21.40 � 0.26 �43.49 � 0.28

MT-44—PI3Kα �45.17 � 0.32 �21.79 � 0.88 38.83 � 0.67 �4.36 � 0.03 �66.96 � 0.87 34.47 � 0.66 �32.49 � 0.39

PI-103—mTOR �39.12 � 0.33 �39.81 � 0.38 39.68 � 0.31 �4.01 � 0.02 �78.93 � 0.36 35.67 � 0.30 �43.26 � 0.37

MT-44—mTOR �53.39 � 0.37 �47.24 � 0.79 65.80 � 0.58 �5.36 � 0.02 �100.63 � 0.90 60.44 � 0.57 �40.19 � 0.49

aData are the mean ± SD of triplicate calculations.

Figure 16 The key residue free energy decomposition calculation of PI-103 and MT-44 with (A) PI3Kα and (B) mTOR, respectively. (C)

Alanine scanning mutagenesis of MT-44—mTOR. The 200 conformations extracted from the last 10 ns trajectories of the system were used to

calculate the binding free energy. The changes in binding free energy, ΔΔG, were calculated according to the formula (ΔΔGbind � ΔGbind mutant‒
ΔGbind wild type) between the variant and wild-type protein when the specific residue was mutated to alanine.
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Technology, 55506T), mTOR rabbit mAb (Cell Signaling Tech-

nology, 2983S), phospho-AKT rabbit mAb (Cell Signaling Tech-

nology, 4249T), phospho-P70S6K rabbit mAb (Proteintech,

28735-1-AP), STING rabbit mAb (STARTER, S0B0906, Hang-

zhou, China), CRT rabbit mAb (STARTER, S0B0474), TBK1

rabbit mAb (STARTER, S0B0449), PD-L1 rabbit mAb (Huabio,

HA721176), cGAS rabbit mAb (STARTER, S0B0396), LC3B

rabbit mAb (Huabio, ET1701-65), GAPDH monoclonal antibody

Table 8 Pharmacokinetic parameters of compound MT-44 in SD ratsa (n � 6).

Parameter Unit i.v.b (5 mg/kg) i.g.c (20 mg/kg)

AUC(0—30) μg/L � h 28,750.06 � 2461.20 5303.27 � 514.18

AUC(0—inf) μg/L � h 29,902.44 � 2360.94 5677.69 � 501.28

MRT(0—30) h 2.93 � 0.16 5.44 � 0.20

Tmax h 0.05 1.40 � 0.55

t1/2 h 14.14 � 3.35 13.97 � 4.11

Cl mL/min/kg 0.17 � 0.01 0.75 � 0.07

Vss L/kg 4.43 � 0.93 15.04 � 4.24

Cmax μg/L 29,237.95 � 2081.44 1148.14 � 174.19

F % — 4.75

aAUC: area under the plasma concentration—time curve; MRT: mean resonance time; Tmax: peak time; t1/2: half-life; Cl: clearance; Vss: volume of

distribution at steady state; Cmax: peak concentration; F: oral bioavailability.
bi.v.: intravenous administration.
ci.g.: intragastric administration.

Figure 17 Metabolic stability of compound MT-44. (A) Artificial gastrointestinal fluids with MT-44 (n � 3). (B) SD rat plasma stability

(n � 3). (C) Liver microsome stability (n � 3). (D) Analysis of metabolites in human liver microsomes.

Table 7 CYP enzymes inhibition of compounds 12a and

MT-44.

Compd. IC50 (μmol/L)

1A2 2C9 2C19 2D6 3A4

12a >50 0.14 0.68 5.52 7.86

MT-44 >50 >50 >50 19.89 >50
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(Proteintech, 10494-1-AP). After three 10-min TBST washes with

gentle stirring, DyLight 800-coupled anti-rabbit IgG (H + L)

secondary antibodies (1:15,000; Cell Signaling Technology)

retarded buffering at 25 ◦C for 60 min. After incubation, the

membrane was subjected to three rigorous 5-min washes with

TBS containing 0.1% Tween-20 to eliminate non-specific binding.

4.12. Cellular thermal shift assay (CETSA)

The Cellular thermal shift assay (CETSA) was performed to

evaluate target engagement of the test compound in living cells.

Briefly, MDA-MB-231 cells were cultured to 70-80% confluence

and treated with either the test compound (5 μmol/L, 8 h) or

vehicle control (DMSO). After treatment, cells were harvested,

washed with PBS, and subjected to a temperature gradient for

3 min each using a thermal cycler, followed by cooling to 25 ◦C

for 3 min. Cells were then lysed in buffer containing 50 mmol/L

Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% NP-40, and protease

inhibitors, and insoluble aggregates were removed by centrifu-

gation at 20,000×g for 15 min at 4 ◦C. Soluble proteins were

quantified, separated by SDS-PAGE, and analyzed via immuno-

blotting using specific antibodies against the target protein. Band

intensities were quantified using ImageJ software, and thermal

stability curves were generated by plotting the percentage of

soluble protein remaining versus temperature.

4.13. TLR2 reporter assay

The TLR2-agonistic activity of MT-44, PI-103, and Rapa was

tested on TLR2 NFκB-Luc HEK293 reporter cells using an ultra

luciferase detection kit (Co-bioer, Nanjing, China). Briefly, TLR2

NFκB-Luc HEK293 reporter cells were seeded into a 96-well

plate at a density of 30,000 cells per well in medium

(MEM + 10%FBS + 1%NEAA + 1 mmol/L NaP) containing

different concentrations of MT-44, PI-103, and Rapa., respec-

tively. After incubation for 6 h, added the ultra luciferase detection

Figure 18 The xenograft tumor model was employed to assess the in vivo antitumor efficacy of MT-44. (A) Tumor volume growth curves for

each treatment group. (B) Comparison of tumor volumes across groups on Day 15. (C) Comparison of tumor weights among groups on Day 15.

(D) Body weight changes over time in each group, measured every three days to evaluate the safety profile of different treatments. (E) Tumors

were excised from mice in all groups on Day 15. (F) H&E staining of major organs after treatment (scale bar � 100 μm). (G, H) The expression

and quantitative analysis of mTOR signaling proteins in MDA-MB-231 cell xenografted mouse tumor tissues were analyzed using Western

blotting. (I) The expression of cGAS/STING signaling pathway proteins in MDA-MB-231 cell xenografted mouse tumor tissue was detected using

Western blotting.
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kit and measured the absorbance using a plate reader. TLR2

agonist Pam3CSK4 was used as a positive control. The EC50

values were calculated using GraphPad Prism 8.3.

4.14. Metabolic stability study

4.14.1. Simulated gastrointestinal fluid stability study

Artificial gastrointestinal fluids were prepared according to the

Chinese Pharmacopoeia (2020 edition). MT-44 (10 mg/mL, con-

taining 1% organic solvent) was incubated with blank gastric

fluid, simulated gastric fluid (SGF), blank intestinal fluid, and

simulated intestinal fluid (SIF) at 37 ◦C. Reactions were termi-

nated at 0, 0.5, 1, 2, 4, and 6 h by adding 400 μL of ice-cold

methanol. The mixtures were vortex-mixed for 5 min and centri-

fuged at 13,000 rpm for 10 min at 4 ◦C. Supernatants were

collected for analysis, and the peak area of MT-44 was recorded.

The residual percentage of MT-44 at each time point was calcu-

lated relative to the initial drug content (0 h, defined as 100%).

4.14.2. Plasma stability assay

Blank SD rat plasma (198 μL) was mixed with 2 μL of MT-44

(containing 1% organic solvent) and incubated at 37 ◦C. Reactions

were quenched at 0, 0.5, 1.0, 2.0, and 3.0 h by adding 600 μL of

ice-cold methanol. After vortex-mixing for 5 min, samples were

centrifuged at 13,000 rpm for 10 min at 4 ◦C. The supernatants

were collected, dried under an N2 stream, and reconstituted with

200 μL methanol. Following centrifugation (13,000 rpm, 10 min),

the supernatants were analyzed.

4.14.3. Liver microsomal metabolic stability evaluation

MT-44 (10 μg/mL) was pre-incubated with rat liver microsomes

(0.5 mg/mL) at 37 ◦C for 5 min. The reaction was initiated by

adding an NADPH-regenerating system (1 mmol/L), and aliquots

were collected at 0, 5, 10, 15, 30, 45, and 60 min. Reactions were

terminated with 600 μL ice-cold methanol, vortex-mixed for

5 min, and centrifuged at 13,000 rpm for 10 min at 4 ◦C. Su-

pernatants were dried under N2 at 37 ◦C, reconstituted in 200 μL

Figure 19 Compound MT-44 enhances immune infiltration in the tumor environment. (A) Immunofluorescence analysis of Ki67 (green) and

LC3B (red) expression in tumor tissue, the nucleus was stained with DAPI (blue). (B) The expression of FOXP3 (green), CD56 (red), and F4/80

(yellow) in tumor tissues was analyzed using immunofluorescence, and the nucleus was stained with DAPI (blue, scale bar � 100 μm). Data are

expressed as mean ± SD (n � 4); *P < 0.05, **P < 0.01. ns, not significant.

Table 9 Tumor growth inhibition by MT-44, PI-103, and their combination therapy (n � 4).

Compd. Treatment description Tumor size (mm3)b T/C (%) TGI (%)c

Vehicle 0 mg/kg, i.v., Q3D � 6 421.80 � 136.31 — —

MT-44 10 mg/kg, i.v., Q3D � 6 210.95 � 33.18 61.36 38.64d

MT-44 20 mg/kg, i.v., Q3D � 6 115.97 � 20.63 27.27 72.73e

PI-103 20 mg/kg, i.v., Q3D � 6 256.59 � 40.06 61.36 38.64d

Doxo.a 2.5 mg/kg, i.v., Q7D � 2 115.17 � 32.95 31.82 68.18d

MT-44 + Doxo. 10 mg/kg, i.v., Q3D � 6

2.5 mg/kg, i.v., Q7D × 2

29.66 � 10.80 4.55 95.45d

PI-103 + Doxo. 10 mg/kg, i.v., Q3D � 6

2.5 mg/kg, i.v., Q7D × 2

53.27 � 13.80 12.50 87.50d

TGI: tumor growth inhibition.
aDoxo. means Doxorubicin.
bMean ± SEM.
cCompared with the vehicle group on Day 15 using ordinary one-way ANOVA.
dP < 0.0001.
eP � 0.0001 (one-way ANOVA).
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methanol, and centrifuged again (13,000 rpm, 10 min) prior to

analysis.

4.15. Pharmacokinetic study

Ten SD rats (220 ± 20 g) were randomly divided into two groups

(n � 5 per group). Mice were treated with the MT-44 drug at a dose

of 5 mg per kg of body weight via the tail vein. Then, the blood

samples were collected from the inner canthus vein plexus at 0.05,

0.25, 0.5, 1, 2, 4, 8, 12, 16, 24, and 30 h after intravenous adminis-

tration. Another group of mice was treated with the MT-44 drug at a

dose of 20 mg per kg of body weight oral. Then, the blood samples

were collected from the inner canthus vein plexus at 0.25, 0.5, 0.75,

1, 2, 4, 6, 8, 12, 16, 24, and 30 h after intravenous administration,

which were immediately centrifuged (3000 rpm) at 4 ◦C for 10 min.

The plasma was analyzed on an AB SCIEX Instruments 5500 triple

quadrupole mass spectrometer (Applied Biosystems, Foster City,

CA) interfaced online with a 1290 infinity system (Agilent Tech-

nologies, Santa Clara, CA). The concentration-time profiles were

plotted using GraphPad Prism 8.0.2 software. Pharmacokinetic pa-

rameters were calculated using DAS 2.0.

For intravenous (i.v.) administration, the concentration of MT-

44 in plasma samples collected at 0.05, 0.25, and 0.5 h after i.v.

administration was found to be higher than the upper limit of

quantification. Plasma samples collected at 0.05, 0.25, and 0.5 h

after i.v. administration were diluted once with blank plasma

(20 μL of plasma samples added to 80 μL of blank plasma) before

preparation; plasma samples collected after 0.5 h were prepared as

aforementioned.

4.16. Evaluation of in vivo anti-tumor efficacy

All animal experiments were conducted under the guidance and

supervision of the Animal Ethics Committee of Guizhou Uni-

versity (Approval No. SYXK (Gui) 2025-0001). To evaluate the

anti-tumor effect of MT-44 in vivo, we established a xenograft

tumor model using MDA-MB-231 cells in female BALB/c nude

mice. Three-week-old female BALB/c nude mice were purchased

from Beijing Vital River Laboratory Animal Technology Co., Ltd.

and acclimated in a specific pathogen-free environment for 3 days.

MDA-MB-231 cells in the logarithmic growth phase were har-

vested and resuspended in physiological saline to a concentration

of 1 × 107 cells per milliliter. One hundred microliters of the cell

suspension were injected subcutaneously into the right fat pad of

each mouse. When the average tumor volume reached approxi-

mately 100 mm3, the mice were randomly divided into seven

groups (n � 4 per group): (A) physiological saline control; (B)

MT-44 at 10 mg/kg; (C) MT-44 at 20 mg/kg; (D) PI-103 at

20 mg/kg as a positive control; (E) doxorubicin at 2.5 mg/kg as a

positive control; (F) combination of MT-44 at 10 mg/kg and

doxorubicin at 2.5 mg/kg; (G) combination of PI-103 at 20 mg/kg

and doxorubicin at 2.5 mg/kg. All pharmacological agents were

administered through intravenous injection via the tail vein.

Tumor dimensions were measured every 3 days using calipers, and

body weight was recorded simultaneously. Tumor volume was

calculated using Eq. (1):

V�Length×Width2 × 0:5 (1)

On Day 15, all mice were euthanized using isoflurane

(Shenzhen, China).

4.17. H&E staining

Tissue samples, including heart, liver, spleen, lung, and kidney,

were collected from mice in each experimental group. The spec-

imens were fixed in 4% paraformaldehyde (Beyotime, Shanghai,

China) and embedded in paraffin. Serial sections (4 μm thickness)

were prepared and subjected to hematoxylin and eosin (H&E)

staining. Histopathological evaluation was performed through

light microscopic examination to assess morphological alterations.

4.18. Immunofluorescence staining

MDA-MB-231 cells were cultured in confocal dishes until they

reached about 80% confluence. Subsequently, the cells were

assigned to different groups and given the corresponding con-

centration of the compound, and the solvent dose of DMSO as a

control. After treatment, the cells were fixed with 4% para-

formaldehyde overnight and then permeated on ice with 0.2%

Triton X-100 for 20 min. Then rinse with 0.01 mol/L phosphate-

buffered saline three times for 10 min. The cells were then sealed

with 2% bovine serum albumin at room temperature for 1 h,

washed with PBS 3 times (10 min each time), and treated with

rabbit primary antibody. On the second day, Alexa Fluor 488 Goat

anti-rabbit antibody (Proteintech) was administrated at room

temperature for 1 h, then washed 3 times with 0.01 mol/L PBS.

After immobilization in a DAPI-containing medium and 3 addi-

tional washes of PBS, the cells were subjected to ZEISS LSM 900

(CLSM, Jena, Germany) for 3D reconstruction.

4.19. Statistical analysis

Data were analyzed using GraphPad Prism 8.3 with parametric

statistical approaches. Continuous variables are expressed as

mean ± Standard deviation (SD). For comparisons involving three

or more experimental groups, one-way ANOVA followed by

Dunnett’s post hoc test was applied to adjust for multiple com-

parisons. A two-tailed P < 0.05 defined statistical significance.

Sigmoidal dose-response modeling was employed to calculate

median inhibitory concentrations (IC50), with graphical outputs

generated directly through the software’s nonlinear regression

module. Data are expressed as mean ± SD. All data are repre-

sentative of at least three independent experiments. *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not significant.
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