
Mulberrofuran G Induces Apoptosis and Cell 
Cycle Arrest Through Suppression of the JAK2/
STAT3 Pathway by Direct JAK2 Inhibition and 
Reactive Oxygen Species Induction in the NCI-
H460 Cell Line

Abstract
Background: Large cell lung carcinoma (LCLC) is an aggressive 
non-small cell lung cancer subtype. Mulberrofuran G (MG) 
from Morus alba L. possesses pharmacological properties, but 
its anticancer mechanisms in LCLC remain unexplored. This 
study aimed to validate the antitumor activity of MG against 
NCI-H460 cells and elucidate its dual mechanism involving 
Janus kinase 2 (JAK2) inhibition and reactive oxygen species 
(ROS) induction.
Methods: This study was conducted at the Nanjing 
University of Chinese Medicine and China Pharmaceutical 
University, Nanjing, China, from 2023 to 2025. Cell 
viability was assessed via 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). Flow cytometry using 
annexin V-fluorescein isothiocyanate (FITC)/propidium iodide 
(PI), 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA), 
and 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcar
bocyanine iodide (JC-1) measured apoptosis, cell cycle, ROS, 
and mitochondrial membrane potential (MMP). Western blot 
analyzed p21, cyclin B1, caspases3/7/9, cleaved caspases3/7/9, 
poly(ADP-ribose) polymerase (PARP), cleaved PARP, JAK2, 
p-JAK2, signal transducer and activator of transcription 3 
(STAT3) and p-STAT3. Interactions were confirmed via docking, 
cellular thermal shift assay, and ADP-Glo. In vivo efficacy was 
evaluated in zebrafish. Data analysis was performed using 
GraphPad Prism 8.0. Statistical significance was determined 
using Student’s t test or one-way/two-way ANOVA followed by 
Tukey’s post hoc test (P<0.05).
Results: MG suppressed proliferation (IC50=9.90 μM), induced 
G2/M arrest, and triggered mitochondrial apoptosis. MG inhibited 
JAK2/STAT3 via direct kinase inhibition (IC50=17.17 μM) and 
ROS-mediated suppression. N-acetylcysteine (NAC) reversed 
these effects. Zebrafish tumor growth decreased by 19.7% (P<0.05).
Conclusion: MG exerts anticancer effects against LCLC by 
inducing ROS accumulation and dual suppression of the JAK2/
STAT3 pathway, highlighting its potential as a therapeutic 
candidate.
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What’s Known

•	 Persistent activation of the JAK2/
STAT3 signaling pathway contributes to 
tumor proliferation, survival, and therapy 
resistance in non-small cell lung cancer.
•	 Mulberrofuran G exhibits anticancer 
activity in several malignancies, but its 
mechanism and therapeutic relevance in 
large cell lung carcinoma remain unclear.

What’s New

•	 This study provides the first evidence 
that mulberrofuran G directly inhibits 
Janus kinase 2 activity and suppresses 
JAK2/STAT3 signaling in large cell lung 
carcinoma cells.
•	 A hierarchical dual-hit mechanism 
involving reactive oxygen species induction 
and direct kinase inhibition is demonstrated, 
supported by in vivo zebrafish validation.
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Introduction

Lung cancer remains a leading cause of cancer-
related mortality worldwide, accounting for 
approximately 25% of all cancer deaths.1 Among 
its subtypes, large cell lung carcinoma (LCLC)—a 
rare form of non-small cell lung cancer (NSCLC)—
comprises 3–9% of cases and is characterized 
by aggressive growth, high invasiveness, and 
poor prognosis. Current treatments for LCLC 
include surgery, radiotherapy, chemotherapy, 
and immunotherapy. Chemotherapy remains the 
primary approach for advanced or inoperable 
cases. However, its efficacy is often limited by 
drug resistance and side effects. Therefore, 
developing more effective therapies and gaining 
a deeper understanding of the molecular 
drivers of LCLC progression are of clear clinical 
importance.

The JAK2/STAT3 signaling axis is a 
master regulator of several cancer hallmark 
processes, including cellular proliferation, 
survival, metastatic invasion, and blood vessel 
formation.2 In LCLC, the activation frequency 
and molecular dynamics of this pathway remain 
less well characterized than in other NSCLC 
subtypes. Nevertheless, multiple lines of indirect 
evidence point toward its likely importance in 
this setting. For example, persistent JAK2/
STAT3 activation has been observed across 
multiple NSCLC models and correlates strongly 
with aggressive tumor behaviors, such as 
resistance to apoptosis, unrestrained growth, 
and metastatic dissemination.3 Because LCLC 
itself is recognized as an especially aggressive 
and poorly differentiated NSCLC variant, it is 
plausible that aberrant JAK2/STAT3 signaling 
similarly contributes to its malignant progression. 
This idea gains additional support from reports 
linking sustained JAK2/STAT3 activity to broader 
mechanisms of chemotherapy resistance and 
cancer stem celllike properties in lung cancer 
pathogenesis.4 Consequently, therapeutic 
agents that can selectively disrupt this pathway 
represent a promising strategy for LCLC 
treatment, justifying dedicated research efforts 
to evaluate their efficacy within this specific 
disease context.

Natural products have long served as 
valuable sources of anticancer agents.5 Morus 
alba L. (mulberry root bark), which has been 
used in traditional medicine for clearing lung 
heat, contains Diels-Alder adducts as its 
primary bioactive constituents.6 Several of these 
adducts, such as Sanggenons C, G, and O, 
as well as chalcomoracin, have demonstrated 
notable antitumor properties.7-11 Mulberrofuran 
G (MG), another adduct in this class, also 

exhibits a range of biological effects.12-16 Previous 
studies have reported MG’s antiproliferative 
activity in various cancer models: it induces 
apoptotic cell death in human leukemia HL60 
cells through death-receptor and mitochondrial 
pathways, suppresses proliferation and 
migration in lung adenocarcinoma (A549) and 
squamous cell carcinoma (NCIH226) cells by 
directly inhibiting JAK2/STAT3 signaling.17-19 
However, the antitumor efficacy of MG in 
LCLC and its ability to selectively target this 
dysregulated pathway in this specific subtype 
remain largely unexplored. This gap limits our 
understanding of MG’s potential as a targeted 
therapy for LCLC. 

To address this gap, the present study aimed 
to systematically validate MG as a targeted 
inhibitor of the aberrantly activated JAK2/STAT3 
pathway in LCLC using NCIH460 cells, and to 
elucidate its underlying anticancer mechanisms. 
Specifically, we investigated whether MG 
suppresses LCLC cell proliferation, induces 
cell cycle arrest, and promotes apoptosis by 
specifically abrogating aberrant JAK2/STAT3 
activation, whether through direct interaction 
with JAK2 or via reactive oxygen species (ROS)-
dependent pathway inhibition. Furthermore, 
we provide preliminary in vivo validation using 
a zebrafish xenograft model to bridge the gap 
between the in vitro findings and physiological 
relevance. This study provides a mechanistic 
foundation for advancing MG as a potential 
therapeutic agent for LCLC and expands the 
understanding of natural product-derived JAK2/
STAT3 inhibitors targeting pathwayaddicted lung 
cancer subtypes.

Materials and Methods

This study was conducted at the Nanjing 
University of Chinese Medicine and China 
Pharmaceutical University, Nanjing, China, 
from September 2023 to August 2025. All 
experimental protocols were approved by the 
Institutional Ethical Review Committee of China 
Pharmaceutical University (Approval Code: 
YSL-20260211).

Materials and Reagents 
MG was purchased from Push Bio-technology 

(Chengdu, China). Antibodies against caspases, 
cleaved caspases, PARP, cleaved PARP, p21, 
Cyclin B1, STAT3, p-STAT3, JAK2, p-JAK2, Bax, 
and Bcl-2 were from Cell Signaling Technology 
(Danvers, MA, USA), Abcam (Cambridge, UK), 
and EnoGene (Nanjing, China). NAC and MTT 
were obtained from Beyotime (Shanghai, China) 
and Solarbio (Beijing, China), respectively.
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Cell Culture
The NCI-H460 human LCLC cell line 

was obtained from the Shanghai Institute of 
Biochemistry and Cell Biology (Shanghai, China). 
This cell line was selected because of its origin 
from a patient with large cell lung carcinoma 
and its documented constitutive activation of the 
STAT3 pathway, making it an appropriate model 
for this study.20 Cells were cultured in Dulbecco’s 
modified Eagle medium with 10% fetal bovine 
serum and 1% antibiotics at 37 °C, 5% CO₂.

Cell Viability and Proliferation
Cells were treated with MG (0-100 μM) for 

24-72 h. Viability was assessed using the MTT 
assay. The concentration range was selected 
based on previous literature reporting IC50 for 
Diels-Alder adducts in the low micromolar range 
and preliminary screening experiments to ensure 
coverage of the effective dose.17, 21 Proliferation 
was evaluated using CFDA-SE tracing, colony 
formation, and EdU assays.10

Flow Cytometric Analysis
Flow cytometry was employed to assess 

apoptosis, cell cycle distribution, mitochondrial 
membrane potential (MMP), and intracellular ROS 
levels. Specifically, apoptosis was determined 
using annexin V-FITC/PI double staining; the 
cell cycle was analyzed by PI staining; MMP 
was measured with 5,5’,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide 
(JC-1) dye; and ROS generation was detected 
using the fluorescent probe DCFH-DA. All flow 
cytometry kits were procured from KeyGen 
Biotech (Nanjing, China). Samples were 
analyzed using a BD AccuriTM C6 flow cytometer 
(BD Biosciences, San Jose, CA, USA).

Western Blot Analysis
Protein extraction from NCI-H460 cells 

treated with MG for 48 hours was performed 
using the lysis buffer. After quantifying protein 
concentration via bicinchoninic acid assay, equal 
amounts (30-40 μg per lane) were separated 
by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to 
nitrocellulose membranes. The membranes were 
blocked with 5% skim milk, incubated overnight 
with primary antibodies at 4 °C, and then with 
horseradish peroxidase-conjugated secondary 
antibody. Protein bands were visualized using 
an enhanced chemiluminescence detection kit 
(Tanon, Shanghai, China).

RNA-seq Analysis
Total RNA was extracted from cells treated 

with MG or DMSO. Sequencing libraries were 

generated using the NEBNext® Ultra™ RNA 
Library Prep Kit and sequenced on an Illumina 
NovaSeq platform (Illumina, San Diego, CA, 
USA). Clean reads were aligned to the reference 
genome using Hisat2. Differential expression 
analysis was performed using DESeq2. To 
control for multiple testing and minimize Type 
I errors, P values were adjusted using the 
Benjamini-Hochberg procedure. Genes with an 
adjusted P value<0.05 and |log2 fold change|≥1 
were identified as differentially expressed genes 
(DEGs). Functional enrichment was analyzed 
via gene ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways.

Molecular Docking
Molecular docking was performed using 

Molsoft ICM-Pro 3.9-4 (Molsoft L.L.C., San 
Diego, CA, USA). The crystal structure of JAK2 
(PDB: 3LPB) was prepared by removing solvent, 
adding hydrogens, and optimizing residue states. 
The ligand (MG) was docked into the refined 
model, and binding affinities were evaluated 
with the internal scoring function.

Cellular Thermal Shift Assay
NCI-H460 cells were treated with 10 μM 

MG or a DMSO-treated control for 1 hour. 
After washing with cold PBS, cell pellets were 
resuspended in PBS with protease inhibitors 
and heated at graded temperatures. The 
samples then underwent three freeze-thaw 
cycles using liquid nitrogen to achieve complete 
lysis. Following centrifugation, soluble protein 
extracts were subjected to immunoblotting to 
detect JAK2 levels, with GAPDH serving as the 
loading control. 

In Vitro JAK2 Kinase Activity Assay
To validate direct inhibition, the ADP-Glo™ 

Kinase Assay (Promega, Madison, WI, USA) was 
employed. Recombinant human JAK2 kinase 
(0.2 ng/μL) was preincubated with MG (varying 
concentrations) or DMSO for 5 min. The reaction 
was initiated by adding ATP (25 μM) and PolyE4Y1 
substrate (0.2 μg/μL) and incubated for 60 min. 
ADP production was quantified by measuring 
luminescence on a PerkinElmer EnSight™ 
reader (PerkinElmer, Waltham, MA, USA). The 
percentage inhibition and IC50 were calculated 
using non-linear regression in GraphPad Prism 
8.0 (GraphPad Software, San Diego, CA, USA).

Zebrafish Xenograft Model
Wild-type zebrafish (AB strain) larvae (48 hpf) 

were microinjected with DiI-labeled NCI-H460 
cells (~200 cells/larva) into the yolk sac. Larvae 
were randomly allocated to control (0.1% DMSO) 
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or treatment (10 μM MG) groups (n=22/group) 
and incubated at 28 °C for 72 hours. During this 
72-hour incubation period, larvae were maintained 
in E3 medium without exogenous feeding to 
ensure they remained within the non-protected 
early life stage classification. Tumor burden 
was quantified by measuring red fluorescence 
intensity using ImageJ (NIH, Bethesda, MD, 
USA). Upon completion of the experiment at 
120 hpf, all larvae were immediately euthanized 
using an overdose of tricaine methanesulfonate 
(MS-222), strictly adhering to ethical guidelines 
for early-life stage zebrafish models.

Statistical Analysis
All experiments were conducted at least three 

times independently, and results were presented 
as mean±SD and were analyzed with GraphPad 
Prism 8.0. Statistical significance was assessed 
using Student’s t test (for two groups) or one-
way/two-way ANOVA followed by Tukey’s test 
(for multiple comparisons). Differences were 
considered statistically significant for P<0.05.

Results

MG Inhibits Proliferation in NCI-H460 Cells 
To evaluate the anti-proliferative activity of 

MG (figure 1A) in LCLC, NCI-H460 cells were 
exposed to increasing concentrations of MG 
for 24-72 hours. As shown in figure 1B, MG 
significantly suppressed cell growth in a dose- 
and time-dependent manner, with IC50 values of 
20.65 μM (24 h), 9.90 μM (48 hours), and 7.39 
μM (72 h). Colony formation was also markedly 
inhibited by MG in a concentration-dependent 

manner (figure 1C). Furthermore, CFDA-SE 
tracing revealed that MG reduced cell division, 
as indicated by the increased fluorescence 
intensity (figure 1D). The EdU incorporation 
assay confirmed the anti-proliferative effect, 
showing a notable decrease in EdU-positive 
cells upon MG treatment (figure 1E). Collectively, 
these results demonstrate that MG acts as a 
potent inhibitor of NCI-H460 cell proliferation.

MG Induces G2/M Phase Arrest and Mitochondrial- 
Mediated Apoptosis in NCI-H460 Cells

Because cell cycle arrest represents a key 
mechanism for inhibiting tumor growth, we 
first examined the effect of MG on cell cycle 
progression.22 Flow cytometric analysis revealed 
that MG treatment led to a dose-dependent 
accumulation of cells in the G2/M phase (figure 2  
A, C). The proportion of G2/M phase cells 
increased from 9.2% (control) to 13.6% (10 μM)  
and 26.8% (20 μM), while the percentages 
of cells in G0/G1 and S phases showed no 
significant change, indicating that G2/M arrest 
contributes to the antiproliferative effects of MG. 

We next investigated whether apoptosis 
induction represents another mechanism 
underlying MG’s anti-tumor effects. Annexin 
V-FITC/PI staining showed that MG treatment 
significantly increased apoptosis rates from 
2.39% (control) to 18.51% (10 μM) and 31.47% 
(20 μM) (figure 2 B, D). Consistent with these 
findings, Western blot analysis demonstrated 
that MG dose-dependently enhanced the 
cleavage of caspase-3, caspase-9, and PARP 
(figure 2 E, F), confirming the activation of 
caspase-dependent apoptosis.

Figure 1: Mulberrofuran G inhibits proliferation in NCI-H460 cells. (A) Chemical structure of mulberrofuran G. (B) Cell viability after 
treatment with mulberrofuran G (0-100 μM) for 24-72 h was assessed by  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay. (C) Colony formation capacity following mulberrofuran G exposure for 8 days was examined. D) Following 48 
hours of mulberrofuran G treatment, cell division was assessed by carboxyfluorescein diacetate, succinimidyl ester staining 
and flow cytometry. (E) After 48 hours of mulberrofuran G exposure, cell proliferation was evaluated using a 5-ethynyl-2’-
deoxyuridine incorporation assay and visualized by confocal microscopy (scale bar: 100 μm). Data represent mean±SD from 
three independent experiments. MG: Mulberrofuran G; CFDA: Carboxyfluorescein diacetate; EdU: 5-ethynyl-2’-deoxyuridine
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Figure 2: Mulberrofuran G triggers cell cycle arrest and mitochondrial apoptosis in NCI-H460 cells. Cells were treated with 
mulberrofuran G (0-20 μM) for 48 hours. (A) Cell cycle distribution analyzed by propidium iodide staining and flow cytometry. (B) 
Apoptosis rates determined by annexin V-fluorescein isothiocyanate/propidium iodide staining. (C-D) Quantitative analysis of (A) 
and (B), respectively. (E-F) Protein levels of apoptosis-related markers (cleaved poly(ADP-ribose) polymerase, caspase-3/7/9) 
assessed by Western blot. (G-H) Intracellular ROS levels measured using 2’7’-dichlorodihydrofluorescein diacetate. (I-J) 
Mitochondrial membrane potential (ΔΨm) evaluated by JC-1 staining. (K-L) Expression of Bcl-2 and Bax analyzed by Western 
blot. Data are represented as mean±SD of three independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. 
control. PI: Propidium iodide; ROS: Reactive oxygen species; PARP: Poly(ADP-ribose) polymerase; GAPDH: Glyceraldehyde-
3-phosphate dehydrogenase; JC-1: 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide
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Given the close relationship between 
mitochondrial function and apoptosis 
induction, we further explored MG’s effects on 
mitochondrial integrity.23 JC-1 staining showed 
that MG significantly reduced mitochondrial 
membrane potential (MMP) in a concentration-
dependent manner (figure 2 I, J). Concurrently, 
MG upregulated the pro-apoptotic protein 
Bax while downregulating the anti-apoptotic 
protein Bcl-2, resulting in a decreased Bcl-2/
Bax ratio (figure 2 K, L) known to trigger 

caspase cascade activation.24 Accompanying 
these mitochondrial alterations, MG treatment 
substantially increased intracellular ROS 
levels from 6.32% (control) to 30.8% (10 
μM) and 49.1% (20 μM) as measured by 
DCFH-DA staining (figure 2 G, H). Collectively, 
these results demonstrate that MG induces 
apoptosis through the mitochondrial pathway, 
characterized by MMP collapse, altered 
Bcl-2 family protein expression, and ROS 
accumulation.

Figure 3: Mulberrofuran G disrupts redox homeostasis and inhibits Janus kinase 2/signal transducer and activator of transcription 
3 signaling in NCI-H460 cells. (A) Statistics of differentially expressed genes. (B) Volcano plot of differentially expressed genes. 
(C) Gene ontology functional analysis of differentially expressed genes. (D) Kyoto Encyclopedia of Genes and Genomes pathway 
enrichment of differentially expressed genes. (E-F) Western blot analysis of Janus kinase 2/signaling transducer and activator 
of transcription 3 pathway proteins. (G-H) Molecular docking of mulberrofuran G into the Janus kinase 2 active site (PDB: 3LPB). 
(I) Cellular thermal shift assay showing mulberrofuran G-induced stabilization of Janus kinase 2. (J) Mulberrofuran G directly 
inhibits Janus kinase 2 kinase activity in a dose-dependent manner. Data represent mean±SD (n=3). ****P<0.0001 vs. control; 
#P<0.05, ###P<0.001, vs. mulberrofuran G alone. NC: Negative control; MG: Mulberrofuran G; JAK2: Janus kinase 2; STAT3: 
Signal transducer and activator of transcription 3; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
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Unbiased Transcriptomic Analysis of MG-treated 
NCI-H460 Cells

To elucidate the antitumor mechanisms of MG, 
we conducted transcriptomic profiling of treated 
NCI-H460 cells. RNA-seq analysis identified 315 
differentially expressed genes (168 upregulated, 
147 downregulated; |FC|≥2, q<0.05) (figure 
3A-B). Functional annotation revealed significant 
enrichment in redox processes, ROS regulation, 
and cell adhesion (GO analysis, figure 3C), while 
KEGG pathway analysis indicated involvement 

of peroxisome, glutathione metabolism, and 
cancer-related pathways including JAK-STAT, 
Wnt, and mTOR (figure 3D).

Based on transcriptomic analysis of JAK-
STAT pathway involvement, we validated that 
MG substantially suppressed JAK2/STAT3 
phosphorylation (figures 3E-F). To elucidate 
the binding mode of MG with its molecular 
target, molecular docking was performed 
using the crystal structure of the JAK2 
tyrosine kinase domain (JH1) (PDB ID: 3LPB).  

Figure 4: Reactive oxygen species scavenger N-acetyl-cysteine reverses mulberrofuran G-mediated effects in NCI-H460 
cells. Cells were treated with mulberrofuran G (10 μM) alone or co-treated with N-acetyl-cysteine (5 mM) for 48 hours. (A) 
Cell viability. (B-C) Apoptosis analysis. (D-E) Cell cycle distribution. (F-G) Apoptosis and cell cycle-related protein expression. 
(H-I) Janus kinase 2/ signal transducer and activator of transcription 3 pathway protein levels. (J-K) mRNA expression of 
signal transducer and activator of transcription target genes, matrix metalloproteinase 9, and matrix metalloproteinase 2. Data 
represent mean±SD (n=3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. control; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 
vs. mulberrofuran G alone. NC: Negative control; MG: Mulberrofuran G; NAC: N-acetyl-cysteine; JAK2: Janus kinase 2; STAT3: 
Signal transducer and activator of transcription 3; MMP9: Matrix metalloproteinase 9; MMP2: Matrix metalloproteinase 2
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The structural analysis revealed that MG fits 
securely into the ATP-binding pocket of JAK2, 
adopting a conformation that facilitates multi-
point anchoring (figure 3 G-H). MG forms a 
hydrogen bond with the backbone of Leu932 
located in the hinge region, a canonical 
interaction characteristic of ATP-competitive 
inhibitors that stabilizes the ligand within the 
catalytic cleft. Furthermore, MG engages in a 
specific hydrogen bond interaction with Gln853 
in the N-lobe. Given that Gln853 is a non-
conserved residue among JAK family members, 
this interaction may contribute to the specificity of 
MG for JAK2. Collectively, these computational 
findings support a mechanism where MG 
functions as a direct, Type I inhibitor of the JAK2 
catalytic domain, thereby physically blocking ATP 
access and downstream signal transduction. 
Experimental validation via cellular thermal shift 
assay confirmed MG-induced JAK2 stabilization 
(figure 3I), collectively supporting JAK2 as a 
direct cellular target whose inhibition underlies 
MG’s antitumor effects. To provide functional 
confirmation of this interaction, we performed 
a cell-free in vitro kinase assay. As shown in 
figure 3J, MG inhibited JAK2 enzymatic activity 
in a dose-dependent manner with an IC50 value 
of 17.17 μM. This finding demonstrates that MG 
directly inhibits JAK2 kinase.

ROS Scavenger Reverses the Effects of MG in 
NCI-H460 Cells

To confirm the essential role of ROS in MG’s 
anticancer activity, we employed the antioxidant 
NAC. NAC significantly attenuated MG-induced 
cell death (figure 4A) and apoptosis. The 
apoptosis rate decreased from 18.51% (MG 
alone) to 10.34% (MG+NAC) (figure 4 B-C), 
consistent with reduced cleavage of caspase-3, 
caspase-9, and PARP (figure 4 F-G). 
Furthermore, NAC reversed the MG-mediated 
decrease in the Bcl-2/Bax ratio and alleviated 

G2/M phase arrest (figure 4 D-E). Notably, the 
MG-induced upregulation of p21 and Cyclin B1 
was also reversed by NAC (figure 4 F-G), linking 
ROS-mediated oxidative stress directly to the 
cell cycle checkpoint activation.

At the signaling level, NAC restored the 
phosphorylation of JAK2 and STAT3 (figure 
4H-I) and rescued the expression of STAT3 
target genes matrix metalloproteinase 2 (MMP2) 
and matrix metalloproteinase 9 (MMP9). 
These data collectively demonstrate that the 
anticancer effects of MG, including cell cycle 
arrest, apoptosis, and JAK2/STAT3 pathway 
suppression, are primarily mediated through 
ROS-dependent mechanisms.

MG Suppresses Tumor Proliferation in a 
Zebrafish Xenograft Model 

As depicted in figure 5, MG treatment resulted 
in a significant reduction in tumor burden. 
Quantification of fluorescence intensity indicated 
a 19.7% inhibition of tumor cell proliferation 
compared to the negative control group (P<0.05, 
n=22). This provides robust in vivo evidence 
supporting the therapeutic potential of MG.

Discussion

In this study, we provide a comprehensive 
evaluation of the antitumor efficacy and 
underlying molecular mechanisms of MG 
in LCLC. Our results demonstrate that MG 
significantly inhibits the proliferation of NCI-
H460 cells by inducing G2/M phase arrest 
and mitochondrial-mediated apoptosis. This 
tumor-suppressive effect is driven by a dual 
mechanism involving the sensitive induction 
of ROS-dependent oxidative stress and direct 
enzymatic inhibition of the oncogenic JAK2/
STAT3 signaling pathway. These findings identify 
MG as a promising, naturally derived candidate 
for LCLC therapy.

Figure 5: Mulberrofuran G suppresses tumor proliferation in a zebrafish xenograft model. (A) Representative fluorescent 
microscopy images of zebrafish larvae at 3 days post-inoculation (dpi) with fluorescently labeled NCI-H460 cells. Larvae were 
treated with mulberrofuran G or a negative control (0.1% DMSO) from 1 to 3 dpi. (B) Quantification of relative tumor fluorescence 
intensity, normalized to the control group. Mulberrofuran G treatment significantly reduced tumor cell proliferation by 19.7% 
compared to the control (P<0.05; n=22 larvae per group). Data are presented as mean±SD. Statistical analysis was performed 
using an unpaired two-tailed Student’s t test. NC: Negative control; MG: Mulberrofuran G
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MG, a benzofuran isolated from the root bark 
of Morus alba, exhibits diverse pharmacological 
activities. Although bioinformatic studies have 
suggested its potential as an anti-cancer agent 
and related compounds have shown activity in 
other lung cancer subtypes, MG’s efficacy and 
mechanism in LCLC remain unclear.24

In the present study, we demonstrate that 
MG exerts potent antitumor activity against 
NCI-H460 cells by coordinately inducing 
oxidative stress and suppressing oncogenic 
JAK2/STAT3 signaling. Given that dysregulated 
cell-cycle progression is a hallmark of cancer, 
we investigated whether MG affects cell cycle 
progression.25 MG significantly induced G2/M 
phase arrest, suggesting cell cycle blockade 
contributes to its anti-proliferative effect. This was 
mechanistically supported by the upregulation of 
p21 and cyclin B1, proteins critical for the G2/M 
transition.

MG also induced mitochondrial apoptosis, 
evidenced by increased annexin V-FITC/PI 
staining and activation of caspase-3, -7, -9, 
and PARP cleavage. We found MG reduced 
mitochondrial membrane potential (MMP) 
and decreased the Bcl-2/Bax ratio, indicating 
activation of mitochondrial apoptotic pathway.26 
While our data highlight the mitochondrial 
pathway as a primary driver, consistent with the 
observed caspase-9 activation and Bcl-2/Bax 
modulation, we cannot exclude the potential 
involvement of the extrinsic death receptor 
pathway, as MG has been reported to trigger 
both pathways in leukemia cells.17 Future studies 
assessing caspase-8 activation would help 
clarify this broader regulatory network.

Given the susceptibility of cancer cells to 
oxidative stress, we examined ROS involvement. 
MG increased ROS levels in a dose-dependent 
manner.27 Transcriptomic analysis confirmed 
MG disrupts redox homeostasis, highlighting 
enrichment in peroxisome, glutathione 
metabolism, and cancer-related pathways, 
including JAK-STAT. Further investigation revealed 
that MG directly inhibits JAK2. This finding, 
initially predicted by SwissTargetPrediction, was 
confirmed by molecular docking and cellular 
thermal shift assay, and conclusively validated 
by an in vitro kinase assay (IC50=17.17 μM), 
collectively supporting JAK2 as a direct functional 
target of MG.

To confirm ROS dependency, we co-treated 
cells with NAC. The ROS scavenger significantly 
reversed MG-induced cytotoxicity and apoptosis, 
restored the Bcl-2/Bax ratio, and attenuated 
G2/M arrest. NAC also rescued MG-mediated 
suppression of p-JAK2, p-STAT3, and STAT3 
target genes MMP2/MMP9, confirming that 

MG exerts its anti-LCLC effects, at least in part, 
through ROS-mediated suppression of the JAK2/
STAT3 pathway. The discrepancy between the 
kinase assay IC50 (17.17 μM) and the effective 
cellular concentrations (<10 μM) suggests a 
hierarchical mechanism: ROS induction likely 
serves as the primary, highly sensitive trigger 
that broadly inhibits phosphatases or kinases 
via oxidation, while direct JAK2 binding provides 
a secondary, reinforcing blockade of the survival 
pathway.28

A major strength of this study lies in its 
multi-layered mechanistic validation, integrating 
transcriptomic profiling, biochemical assays, and 
in silico docking with in vivo zebrafish xenograft 
modeling. By identifying the dual-target action—
ROS induction and direct JAK2 inhibition—
this work highlights the potential value of 
simultaneously targeting multiple components 
against the JAK2/STAT3 oncogenic network. 
Furthermore, the use of cellular thermal shift 
assay and kinase assays provides robust 
evidence for JAK2 as a direct functional target 
of MG, offering a solid mechanistic foundation 
for its development as a targeted therapy.

Despite these strengths, this study utilized 
a single LCLC cell line (NCI-H460), which is 
a limitation for generalizing findings across 
the heterogeneity of lung cancer. However, 
the consistent results across transcriptomic, 
biochemical, and cellular assays, strengthened 
by the zebrafish in vivo validation, provide a 
solid mechanistic proof-of-concept. Future 
studies should expand to a panel of NSCLC cell 
lines and mammalian xenograft models to fully 
characterize the clinical potential of MG.

Conclusion

Collectively, our findings establish MG as a dual-
mechanism antitumor agent that suppresses 
the progression of NCI-H460 cells through 
ROS-dependent signaling disruption and direct 
enzymatic inhibition of JAK2, thereby providing 
a mechanistic foundation for further in vivo 
validation and translational exploration.

Supporting these findings, preliminary 
in vivo evidence obtained from a zebrafish 
xenograft model substantiates the ability of 
MG to suppress tumor growth, effectively 
connecting mechanistic understanding with 
relevant physiological responses. To further 
harness the therapeutic promise of MG, 
subsequent research should concentrate 
on the following priority areas: (i) extending 
experimental validation to a broader spectrum 
of LCLC and NSCLC cell lines; (ii) performing 
systematic assessments of efficacy, safety, and 
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pharmacokinetic properties in murine tumor 
systems; and (iii) examining potential synergistic 
effects of MG in combination with established 
chemotherapy regimens or immune-modulating 
agents. Ultimately, translational evaluation of 
MG’s bioavailability and pharmacokinetic profile 
will be indispensable for its progression toward 
clinical application.
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