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Abstract: Objective: To investigate whether harmine (HM) suppresses the malignant phenotypes of Lewis lung car-
cinoma (LLC) cells through an epidermal growth factor receptor (EGFR) -mediated mechanism. Methods: Possible
targets of HM and LLC-related genes were obtained from public databases, and overlapping targets were identified.
A protein-protein interaction (PPl) network was constructed, followed by Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analyses. Molecular docking was performed to predict the binding
mode of HM with EGFR. The expression of phosphorylated EGFR (p-EGFR) was examined in LLC cells. In vitro assays
were used to evaluate the effects of HM on cell viability, proliferation, colony formation, migration, invasion, and
apoptosis. EGFR overexpression was further applied to assess whether EGFR was involved in the effects of HM.
Results: A total of 121 overlapping targets between HM and LLC were identified, and EGFR was recognized as a core
hub target in the PPI network. Molecular docking predicted that HM could fit into the ATP-binding pocket of EGFR,
with a binding energy below -7.0 kcal/mol. In LLC cells, HM showed selective cytotoxicity and significantly inhibited
EGFR phosphorylation. HM also reduced cell proliferation, colony formation, migration, and invasion, while promot-
ing apoptosis. These effects were partially reversed by EGFR overexpression. Conclusion: HM suppresses the ma-
lignant phenotypes of LLC cells, at least in part, by inhibiting EGFR phosphorylation and EGFR-mediated signaling.
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Introduction prognosis. Early symptoms are often atypical,
and many patients are diagnosed at an ad-

Lung cancer is one of the most common and vanced stage, when curative treatment options

lethal malignancies worldwide. It remains a
major threat to human health and a substan-
tial global public health burden. According to
recent global cancer statistics, both the inci-
dence and mortality of lung cancer remain high,
underscoring a need for more effective thera-
peutic strategies [1, 2]. Among the pathologic
subtypes of lung cancer, non-small cell lung
cancer (NSCLC) accounts for approximately
85% of all cases. NSCLC is characterized by
insidious onset, rapid progression, and poor

are limited. Therefore, further investigation of
the molecular mechanisms underlying lung can-
cer progression is essential for improving the-
rapeutic outcome.

Lewis lung carcinoma (LLC) is a widely used
murine lung carcinoma model. It can mimic
several key features of tumor growth, invasion,
and metastatic dissemination in vivo. Because
of these properties, LLC cells and LLC-bearing
mouse models are extensively used in studies
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of lung cancer biology, anti-tumor drug screen-
ing, and tumor immunotherapy [3]. This mo-
del provides a useful experimental platform for
evaluating candidate compounds and explor-
ing their mechanisms of action.

Harmine (HM) is a B-carboline alkaloid derived
from natural medicinal plants. It has diverse
biological activities and has attracted increas-
ing attention in cancer research [4-7]. Previous
studies have shown that HM can exert anti-
tumor effects through multiple mechanisms,
including induction of tumor cell apoptosis [8,
9], inhibition of cell proliferation [10, 11], sup-
pression of angiogenesis [12], regulation of
the tumor immune microenvironment [13], and
modulation of cell-cycle progression [14, 15].
HM has also shown anti-tumor activity in sev-
eral tumor cell lines and animal models, with
relatively low toxicity toward normal cells in
some experimental settings [16-19]. However,
its mechanism of action in LLC remains incom-
pletely understood. In particular, the key molec-
ular targets responsible for its inhibitory effects
on LLC cells have not been fully clarified.

Epidermal growth factor receptor (EGFR) is a
receptor tyrosine kinase that plays an impor-
tant role in cell proliferation, differentiation,
survival, and migration [20]. Under physiologic
conditions, EGFR activation is tightly regulated.
Ligand binding induces receptor dimerization
and autophosphorylation, which subsequently
activates downstream signaling pathways, in-
cluding the RAS-RAF-MEK-ERK pathway [21,
22] and the PI3K-AKT-mTOR pathway [23-26].
These pathways coordinate multiple biological
processes that are essential for normal cell
function.

In many tumors, however, EGFR is overex-
pressed or aberrantly activated [27]. Persi-
stent EGFR signaling promotes tumor cell pro-
liferation, survival, migration, invasion, immune
escape, and resistance to apoptosis [28-30].
For this reason, EGFR has become one of the
most important therapeutic targets in lung
cancer and other carcinomas. EGFR-targeted
therapies, including small-molecule tyrosine
kinase inhibitors and monoclonal antibodies,
have achieved substantial clinical benefit in
selected patients [31-37]. Nevertheless, drug
resistance and heterogeneous therapeutic re-
sponses remain major challenges. New com-
pounds that modulate EGFR-related signaling
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may therefore provide additional opportunities
for anti-tumor intervention.

Given the reported anti-tumor potential of HM
and the central role of EGFR in lung cancer
progression, the present study investigated
whether HM inhibits the malignant phenotypes
of LLC cells through an EGFR-mediated mecha-
nism. To address this question, we integrated
bioinformatic analysis, protein-protein interac-
tion network construction, functional enrich-
ment analysis, molecular docking, and in vitro
cellular assays. We further used EGFR overex-
pression to evaluate whether EGFR partici-
pates in the inhibitory effects of HM. This study
may provide new mechanistic insight into the
anti-tumor activity of HM and support its fur-
ther preclinical evaluation as a candidate com-
pound for lung cancer therapy.

Materials and methods
Bioinformatics analysis

Collection of potential target genes of har-
mine: The two-dimensional molecular structure
of harmine (HM) was retrieved from PubChem.
The structure was then submitted to three tar-
get prediction platforms, including PharmMa-
pper, SwissTargetPrediction, and the Similarity
Ensemble Approach (SEA). The species was
set as Mus musculus when applicable. For
PharmMapper, targets with a normalized fit
score greater than 0.7 were retained. For
SwissTargetPrediction, targets with a probabi-
lity value greater than 0.1 were selected. For
SEA, predicted targets were obtained using the
default parameters of the platform. The pre-
dicted targets from all databases were merged,
and duplicate entries were removed to gener-
ate a list of potential HM-related target genes.

Collection Lewis lung carcinoma-related target
genes: Lewis lung carcinoma (LLC)-related
genes were collected from GeneCards, the
Comparative Toxicogenomics Database (CTD),
and Online Mendelian Inheritance in Man
(OMIM) using “Lewis Lung Carcinoma” and
“Lung Neoplasms” as search terms. In Gene-
Cards, genes with a relevance score greater
than 10 were retained. In CTD and OMIM,
genes directly associated with lung cancer
etiology, progression, or pathologic processes
were selected. The genes obtained from the
three databases were then combined, and
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duplicate entries were removed to construct
the LLC-related target gene set. To match the
mouse species setting used for HM target pre-
diction, all human gene symbols obtained from
the disease databases were mapped to their
corresponding mouse orthologs using the R
package biomaRt (Ensembl orthology data-
base). After mapping, only genes with one-to-
one orthologous relationships between human
and mouse were retained, while genes without
valid mouse homologs were excluded. The
resulting set of mouse orthologs was defined
as the final LLC-related gene set for subse-
quent bioinformatic analyses.

Identification of overlapping targets: The over-
lapping targets between the HM-related target
set and the LLC-related target set were identi-
fied using the VennDiagram package in R. A
Venn diagram was generated to visualize the
intersection between the two target sets. These
overlapping genes were considered candidate
targets through which HM may exert biological
effects on LLC cells.

Construction of protein-protein interaction net-
work and identification of hub targets: The
overlapping target genes were submitted to
the STRING database version 12.0 for protein-
protein interaction (PPI) analysis. The species
was set as Mus musculus, and the minimum
required interaction score was set to greater
than 0.70. Disconnected nodes were hidden.
The interaction data were exported in tab-
separated values format and imported into
Cytoscape for network visualization and topo-
logical analysis. Hub genes were identified
using the CytoHubba plugin. Three topological
algorithms, including Degree, Betweenness,
and Closeness, were applied. The top 10 genes
ranked by each algorithm were extracted, and
their intersection was defined as the final set of
core targets.

Gene ontology and Kyoto encyclopedia of
genes and genomes enrichment analyses:
Gene Ontology (GO) functional enrichment an-
alysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis
were performed using the clusterProfiler pack-
age in R. GO analysis included three categories:
biological process (BP), cellular component
(CC), and molecular function (MF). Enriched
terms or pathways with an adjusted P value
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less than 0.05 and an enrichment factor great-
er than 1.5 were considered significant.

Construction of the drug-target-pathway net-
work: Information on HM, core overlapping tar-
gets, and significantly enriched KEGG pathways
was integrated to construct a drug-target-path-
way network. Node and edge files were pre-
pared and imported into Cytoscape for visual-
ization. In this network, HM, core targets, and
enriched pathways were represented as nodes,
while their associations were represented as
edges. This network was used to illustrate the
potential multi-target and multi-pathway mech-
anisms by which HM may affect LLC cells.

Molecular docking

Molecular docking was performed to predict
the potential binding mode between HM and
EGFR. The crystal structure of EGFR was ob-
tained from the Protein Data Bank (PDB ID:
1M17). The receptor protein was prepared by
removing water molecules and original ligands.
The three-dimensional structure of HM was
retrieved from PubChem and optimized by
hydrogenation and charge assignment.

The docking grid was centered on the ATP-
binding pocket of the EGFR kinase domain.
Semi-flexible docking was performed using
AutoDock Vina. The conformation with the low-
est predicted binding free energy was selected
for further analysis. The binding pose and in-
termolecular interactions were visualized using
PyMOL.

Cell experiments

Cell culture: The mouse Lewis lung carcinoma
cell line LL/2 (LLC1), the human normal lung
epithelial cell line BEAS-2B, the human non-
small cell lung cancer cell line A549, and the
normal mouse lung epithelial cell line MLE-12
were purchased from the Cell Resource Center
of the Shanghai Institute of Life Sciences,
Chinese Academy of Sciences. LLC1, BEAS-
2B, and MLE-12 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM,;
Gibco, Thermo Fisher Scientific, USA) supple-
mented with 10% fetal bovine serum and 1%
penicillin-streptomycin. A549 cells were cul-
tured in RPMI-1640 medium (Catalog No.:
11875093, Gibco, Thermo Fisher Scientific,
USA) supplemented with 10% FBS and 1%
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penicillin-streptomycin. All cells were main-
tained at 37°C in a humidified incubator con-
taining 5% CO,,.

Reagents and antibodies: HM was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd.
and dissolved in dimethyl sulfoxide to prepare a
50 mM stock solution, which was stored at
-20°C. Cell Counting Kit-8 (CCK-8), 5-ethynyl-
2’-deoxyuridine (EdU) proliferation kit, Trans-
well chambers, Matrigel, TUNEL apoptosis de-
tection kit, RIPA lysis buffer, and BCA protein
assay kit were used according to the manufac-
turers’ instructions.

Additional primary antibodies used for we-
stern blotting and immunofluorescence analy-
sis included rabbit anti-phospho-AKT (Ser473)
(Cat. No. 4060T), rabbit anti-pan-AKT (Cat. No.
4691T), rabbit anti-phospho-ERK1/2 (Thr202/
Tyr204) (Cat. No. 4370T), rabbit anti-total
ERK1/2 (Cat. No. 4695T), rabbit anti-p-EGFR
(Tyr1068), and rabbit anti-total EGFR monoclo-
nal antibodies, all purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Rabbit anti-
cleaved caspase-3 polyclonal antibody (Cat.
No. 25128-1-PBS) and mouse anti-GAPDH mo-
noclonal antibody (Cat. No. 60004-1-1g) were
obtained from Proteintech Group (Wuhan,
China). Appropriate horseradish peroxidase-
conjugated or fluorescence-conjugated secon-
dary antibodies were used for signal detection.
DAPI was used for nuclear counterstaining.

EGFR overexpression: Cells were transfected
with a mouse EGFR overexpression plasmid or
the corresponding empty vector using Lipofe-
ctamine 3000. Forty-eight hours after trans-
fection, cells were selected with puromycin to
establish stable EGFR-overexpressing cells
(OE-EGFR) and negative control cells (NC).

Western blotting: Total cellular proteins were
extracted using RIPA lysis buffer and quantified
using the BCA method. Equal amounts of pro-
tein were separated by SDS-PAGE and trans-
ferred onto polyvinylidene fluoride membranes.
After blocking with 5% skim milk, the mem-
branes were incubated with primary antibod-
ies overnight at 4°C, followed by incubation
with secondary antibodies at room tempera-
ture. Protein bands were detected using an
enhanced chemiluminescence substrate and
visualized with a ChemiDoc imaging system.
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GAPDH was used as the internal loading
control.

Cell viability, proliferation, migration, invasion,
and apoptosis assays: To determine the opti-
mal HM concentration and evaluate selective
cytotoxicity, cells were seeded into 96-well
plates at 5 x 103 cells per well and treated with
HM at 0, 2.5, 5, 10, 20, 40, or 80 puM for 24 h.
Cell viability was assessed using the CCK-8
assay, and absorbance was measured at 450
nm. The IC_ value was calculated by nonlinear
regression using GraphPad Prism 9.0. The
selectivity index was calculated as the ratio of
BEAS-2B cell viability to LLC and A549 cells
viability at each HM concentration.

For functional assays, cells were divided into
four groups: NC, HM, OE-EGFR, and OE-
EGFR+HM. Cells in the HM and OE-EGFR+HM
groups were treated with 20 yM HM, whereas
the NC and OE-EGFR groups received vehicle
control. Cell proliferation was assessed using
CCK-8 and EdU assays. For the CCK-8 assay,
cells were seeded into 96-well plates at 5 x
10% cells per well. After 24 h of attachment,
cells were treated with the corresponding drugs
as described above. Cell viability was mea-
sured at O, 24, and 48 h after treatment by
adding 10 pL of CCK-8 solution to each well,
followed by incubation at 37°C for 2 h. The
absorbance was then recorded at 450 nm
using a microplate reader. For the EdU assay,
cells were incubated with 10 yM EdU for 2 h,
followed by click reaction and nuclear staining
according to the manufacturer’s instructions.
The proportion of EdU-positive cells was calcu-
lated from at least five randomly selected fields.
Cell migration was evaluated using a wound
healing assay. Cells were seeded into 6-well
plates and cultured until they reached more
than 90% confluence. A linear scratch was
generated using a sterile 200 uL pipette tip.
Detached cells were removed with phosphate-
buffered saline, and cells were cultured in
serum-free medium with the indicated treat-
ments. Images were captured at 0, 24, and
48 h, and wound closure was quantified using
Imagel). Cell invasion was assessed using
Matrigel-coated Transwell chambers. A total of
5 x 10* cells suspended in serum-free medium
were added to the upper chamber, while medi-
um containing 10% fetal bovine serum was
added to the lower chamber as a chemoattrac-
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tant. After 48 h, non-invading cells were re-
moved. Invaded cells were fixed with 4% para-
formaldehyde, stained with 0.1% crystal violet,
and counted under a light microscope in five
randomly selected fields. Cell apoptosis was
detected using a TUNEL apoptosis detection
kit according to the manufacturer’s protocol.
Nuclei were counterstained with DAPI, and
TUNEL-positive cells were quantified under a
fluorescence microscope.

Colony formation assay: Cells in the logarith-
mic growth phase were seeded into 6-well
plates at 500 cells per well. After attachment,
cells were treated according to the four ex-
perimental groups: NC, HM, OE-EGFR, and
OE-EGFR+HM. The HM-containing groups re-
ceived 20 uM HM. Cells were cultured for 10-14
days, and the medium was replaced every 3
days. Colonies were fixed with 4% paraformal-
dehyde and stained with 0.1% crystal violet.
Colonies containing more than 50 cells were
counted under a light microscope. Relative col-
ony formation efficiency was calculated as the
number of colonies in each treatment group
divided by the number of colonies in the NC
group x 100%.

Statistical analysis

All experiments were performed independently
at least three times. Data were presented as
mean +* standard deviation (SD). Statistical
analyses were performed using GraphPad
Prism 9.0 software (GraphPad Software, San
Diego, CA, USA). For comparisons between two
groups, unpaired two-tailed Student’'s t-test
was used. For comparisons involving multiple
groups, one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test was applied.
Imagel software (National Institutes of Health,
Bethesda, MD, USA) was used for quantifica-
tion of western blot band intensities, EdU-
positive cell percentages, wound healing areas,
and cell counts in invasion and colony forma-
tion assays. For western blotting, band intensi-
ties were normalized to GAPDH as the loading
control. For EdU staining, the percentage of
EdU-positive cells was calculated as (EdU-
positive cells/total cells) x 100%. For wound
healing assays, the migration rate was calcu-
lated as [(wound area at O h - wound area at
indicated time)/wound area at O h] x 100%.
For IHC, the p-EGFR-positive rate was calculat-
ed as (p-EGFR-positive cells/total cells count-
ed) x 100%. A P-value < 0.05 was considered
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significant. Significance levels are indicated as
P < 0.05, *P < 0.01, and **P < 0.001.

Results

Target screening identifies EGFR as a candi-
date hub target of HM in LLC

To explore the potential molecular targets
involved in the inhibitory effects of HM on LLC
cells, target prediction and disease-gene min-
ing were first integrated. Candidate HM-related
targets were predicted using multiple target
prediction platforms. As shown in Figure 1A,
different platforms generated partially overlap-
ping target sets, indicating both consistency
and complementarity among the prediction
results.

LLC-related genes were then collected from
disease-associated databases, including OMIM,
GeneCards, and CTD. Venn analysis showed
that 75 genes were shared among these dis-
ease-related datasets, suggesting that the col-
lected gene set was relatively reliable for sub-
sequent analysis (Figure 1B). The predicted
HM-related targets were further intersected
with LLC-related genes. A total of 121 overlap-
ping genes were identified and considered can-
didate targets through which HM may affect
LLC cells (Figure 1C).

To identify key targets among these candi-
dates, the 121 overlapping genes were sub-
jected to protein-protein interaction (PPI) net-
work analysis. The resulting network reveal-
ed several highly connected nodes, including
EGFR, SRC, and CASP3 (Figure 1D). Among
them, EGFR occupied a central position and
showed extensive interactions with other can-
didate targets (Figure 1E). These findings sug-
gest that EGFR may be an important hub target
involved in the possible anti-LLC activity of HM.

Functional enrichment analysis suggests the
involvement of EGFR-related signaling in the
effects of HM on LLC

To further characterize the biological functions
of the overlapping targets, GO and KEGG en-
richment analyses were performed. GO enrich-
ment analysis showed that the overlapping tar-
gets were mainly associated with protein phos-
phorylation-related biological processes, includ-
ing peptidyl-serine phosphorylation and pro-
tein autophosphorylation (Figure 2A). These
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Figure 1. Target screening identifies EGFR as a candidate hub target of HM in LLC. A. Comparison of predicted HM-related targets obtained from different target
prediction platforms. B. Venn diagram showing the overlap among LLC-related genes retrieved from OMIM, GeneCards, and CTD. C. Venn diagram showing the
intersection between predicted HM-related targets and LLC-related genes. A total of 121 overlapping genes were identified as candidate targets. D. Protein-protein
interaction network of the 121 overlapping targets. Larger nodes indicate higher network connectivity. E. Subnetwork centered on EGFR and its interacting proteins.
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Figure 2. Functional enrichment analysis and drug-target-pathway network of HM-related candidate targets in LLC.
A. Gene Ontology enrichment analysis of the overlapping targets, including biological process, cellular components,
and molecular function categories. B. Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis
of the overlapping targets. C. EGFR tyrosine kinase inhibitor resistance pathway map showing the distribution of
candidate targets within EGFR-related signaling cascades. D. Drug-target-pathway network integrating HM, core

overlapping targets, and enriched pathways.

processes are closely related to receptor tyro-
sine kinase activation and downstream signal
transduction.

In the cellular component category, enriched
terms were mainly associated with membrane
rafts and the plasma membrane. This finding
suggests that membrane-associated signaling
events may be involved in the effects of HM on
LLC cells. In the molecular function category,
several enriched terms were related to trans-
membrane receptor protein tyrosine kinase
activity, which is consistent with the central
position of EGFR identified in the PPl network.

KEGG pathway enrichment analysis further
showed that the overlapping targets were
enriched in several cancer-related pathways,
including pathways in cancer, proteoglycans in
cancer, the thyroid hormone signaling pathway,
non-small cell lung cancer, and the EGFR tyro-
sine kinase inhibitor resistance pathway (Figure
2B). These enriched pathways indicated that
the candidate targets of HM were closely as-
sociated with oncogenic signaling networks.
In particular, the enrichment of EGFR-related
pathways supports EGFR as a plausible mecha-
nistic target for further validation.

A pathway map of EGFR tyrosine kinase inhibi-
tor resistance was used to display the distribu-
tion of candidate targets within EGFR-related
signaling cascades (Figure 2C). In addition, a
drug-target-pathway network was constructed
to integrate HM, core overlapping targets, and
enriched KEGG pathways (Figure 2D). This net-
work further suggested that HM may affect LLC
cells through a multi-target and multi-pathway
mechanism, with EGFR serving as a key candi-
date hub.

Molecular docking predicts a potential binding
mode between HM and EGFR

Based on the pathway and network analyses,
EGFR was selected for molecular docking to
further explore its potential interaction with
HM. The docking results predicted that HM
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could fit into the ATP-binding pocket of the
EGFR kinase domain. The predicted binding
energy was less than -7.0 kcal/mol, suggesting
a relatively stable binding conformation.

As shown in Figure 3A, HM was located within
the active pocket of EGFR. The compound was
stabilized mainly by hydrophobic interactions
and m-m stacking. Key residues, including
PHEQ9, VAL36, LEU115, and VAL85, were in-
volved in maintaining the ligand-receptor com-
plex. The two-dimensional interaction diagram
further showed that n-im stacking and alkyl/m-
alkyl interactions contributed to the predicted
binding mode between HM and EGFR (Figure
3B).

These docking results suggest that HM may
interact with the ATP-binding region of EGFR
where it can interfere with EGFR kinase activa-
tion. This structural prediction provided a ratio-
nale for subsequent experimental validation of
EGFR phosphorylation in LLC cells.

EGFR is constitutively activated in LLC cells
and suppressed by HM

To confirm that EGFR exhibits constitutive
abnormal activation in murine LLC lung tumor
cells at the cellular level, we compared the
baseline expression of EGFR and p-EGFR be-
tween normal mouse lung epithelial MLE-12
cells and untreated LLC cells by western blot
(Figure 4A). The quantitative results revealed
that total EGFR protein showed no obvious dif-
ference between MLE-12 and LLC cells (ns),
while the phosphorylation level of EGFR was
markedly higher in LLC cells than that in normal
MLE-12 cells (P < 0.05). In addition, stimula-
tion with exogenous EGF further robustly up-
regulated p-EGFR abundance in LLC cells (P <
0.01). These data provide direct cellular evi-
dence that EGFR signaling is inherently hyper-
activated in LLC tumor cells compared to nor-
mal pulmonary epithelial cells, laying a core
prerequisite for our subsequent HM interven-
tion and EGFR rescue assays.
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To determine whether HM inhibits aberrant
EGFR activation in LLC cells, LLC cells were
subjected to 20 yM HM treatment and sub-
jected to western blot detection (Figure 4B).
HM treatment significantly reduced p-EGFR lev-
els relative to the NC blank control group (P <
0.001), while the total protein abundance of
EGFR remained unchanged with no statistical
difference. This observation suggests that HM
represses EGFR signaling mainly through block-
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ing EGFR phosphorylation, rather than down-
regulating total EGFR protein expression.

EGFR overexpression markedly increased p-
EGFR levels compared to the NC group (P <
0.01). In the OE-EGFR+HM co-treatment group,
p-EGFR levels were significantly restored com-
pared to the HM single treatment group (P <
0.01), yet remained distinctly lower than those
of the NC blank control group (P < 0.01). These
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results indicate that EGFR overexpression only
partially attenuated HM-mediated inhibition of
EGFR phosphorylation and could not fully re-
store EGFR activation to the baseline level of
untreated normal LLC cells. Together, these
data systematically demonstrated that HM ef-
fectively suppresses the abnormally activated
EGFR phosphorylation signaling in LLC tumor
cells.

HM exhibits selective cytotoxicity against LLC
cells

To determine the appropriate concentration of
HM for subsequent functional assays, dose-
response CCK-8 assays were performed in LLC
cells and BEAS-2B normal lung epithelial cells.
Cells were treated with different concentra-
tions of HM ranging from O to 80 uM for 24 h,
and cell viability was then assessed.

As shown in Figure 5A, HM reduced LLC cell
viability in a concentration-dependent manner.
The calculated IC,; value in LLC cells was
approximately 19.1 + 3.5 yM. Therefore, 20
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MM HM was selected for subsequent experi-
ments. At this concentration, LLC cell viability
decreased to 46.8 + 3.6% of the control level.
In contrast, BEAS-2B cells retained 86.1 *
4.2% viability after treatment with 20 yuM HM,
which was significantly higher than that of LLC
cells (P < 0.001; Figure 5B).

The selectivity index, calculated as the ratio of
BEAS-2B cell viability to LLC cell viability, was
1.84 at 20 yM HM. In addition, the selectivity
index increased as the HM concentration in-
creased (Figure 5C). These results indicated
that HM exhibits greater cytotoxicity toward
LLC cells than toward BEAS-2B cells in vitro,
supporting the use of 20 uM HM in subse-
quent functional experiments.

HM suppresses downstream AKT and ERK1/2
signaling pathways in LLC cells

To determine whether HM-mediated inhibition
of EGFR phosphorylation leads to suppression
of downstream signaling cascades, we exam-
ined the phosphorylation status of AKT and

Am J Transl Res 2026;18(8):6483-6504
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ERK1/2 by western blotting in LLC cells with
or without EGFR overexpression. As shown in
Figure 6, HM treatment (20 uM) significantly
reduced the phosphorylation levels of both AKT
(Ser473) and ERK1/2 (Thr202/Tyr204) com-
pared to the NC group (P < 0.01), while total
AKT and total ERK1/2 protein levels remain-
ed unchanged across all groups. Conversely,
EGFR overexpression (EGFR) markedly increas-
ed p-AKT and p-ERK1/2 levels compared to
the NC group (P < 0.001). Notably, when EGFR-
overexpressing cells were co-treated with HM,
the phosphorylation levels of both p-AKT and
p-ERK1/2 were significantly reduced compared
to the OE-EGFR group (P < 0.01), while remain-
ing significantly higher than those in the HM
(20 uM) group (P < 0.01), demonstrating a par-
tial rescue effect. These results confirm that
HM effectively suppressed both the PISK-AKT
and RAS-RAF-MEK-ERK signaling pathways
downstream of EGFR in an EGFR-dependent
manner.

HM inhibits LLC cell proliferation, colony
formation, invasion, and migration in an EGFR-
related manner

To determine whether HM affects the malig-
nant phenotypes of LLC cells, proliferation, col-
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ony formation, invasion, and migration assays
were performed. As shown in Figure 7A, EdU
staining showed that HM treatment significant-
ly reduced the proportion of EdU-positive cells
compared with the NC group (P < 0.05). When
EGFR-overexpressing cells were co-treated with
HM (OE-EGFR+HM), the EdU-positive rate was
significantly lower than that in the OE-EGFR
group (P < 0.05), indicating that HM retained
inhibitory activity even in the presence of EGFR
overexpression. However, the EdU-positive rate
in the OE-EGFR+HM group remained signifi-
cantly higher than that in the HM group (P <
0.05), suggesting that EGFR overexpression
partially attenuated the inhibitory effect of HM
on cell proliferation. Notably, the OE-EGFR+HM
group exhibited an EdU-positive rate lower than
that of the NC group, further reflecting the
potent anti-proliferative activity of HM.

Consistent results were obtained from the
CCK-8 assay. HM significantly reduced LLC cell
viability at 24 and 48 h compared to the NC
group (P < 0.05), whereas EGFR overexpression
significantly increased cell viability compared
to the NC group (P < 0.01; Figure 7B). HM
treatment also significantly reduced the viabil-
ity of EGFR-overexpressing cells compared to

Am J Transl Res 2026;18(8):6483-6504
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the OE-EGFR group (P < 0.01). However, the
viability of the OE-EGFR+HM group remained
significantly higher than that of the HM group
at both 24 and 48 h (P < 0.05), indicating that
EGFR overexpression partially counteracted
the anti-proliferative effect of HM. These re-
sults further support the inhibitory effect of
HM on LLC cell proliferation and the involve-
ment of EGFR in mediating this effect.

The colony formation assay showed that HM
markedly reduced both the number and size of
colonies compared with the NC group (P < 0.01;
Figure 7C). EGFR overexpression significantly
promoted colony formation compared to the
NC group (P < 0.01). HM treatment significant-
ly suppressed colony formation in EGFR-over-
expressing cells compared to the OE-EGFR
group (P < 0.05). However, the colony number
in the OE-EGFR+HM group remained signifi-
cantly higher than that of the HM group (P <
0.05), confirming that EGFR overexpression
partially rescued the clonogenic capacity. These
data indicate that HM inhibits the long-term
clonogenic capacity of LLC cells and may
counteract the pro-proliferative effect of EGFR
overexpression.

Next, Transwell and wound healing assays were
used to evaluate cell invasion and migration.
HM significantly decreased the number of in-
vading cells compared to the NC group (P <
0.05), while EGFR overexpression enhanced
invasion (P < 0.01; Figure 7D). In the OE-
EGFR+HM group, the number of invading cells
was significantly lower than that of the OE-
EGFR group (P < 0.01). However, the invasive
ability of the OE-EGFR+HM group remained sig-
nificantly higher than that of the HM group (P <
0.05), indicating that EGFR overexpression par-
tially rescued the invasive phenotype. Notably,
the OE-EGFR+HM group showed an invasion
level lower than that of the NC group, further
reflecting the potent anti-invasive activity of
HM. Similarly, wound healing assays showed
that HM reduced wound closure at 24 and 48
h, whereas EGFR overexpression accelerated
wound closure (Figure 7E). HM treatment sig-
nificantly attenuated the EGFR overexpression-
induced increase in migratory ability. However,
the migration rate in the OE-EGFR+HM group
remained significantly higher than that in the
HM group (P < 0.05), suggesting that EGFR
overexpression partially rescued the migratory
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capacity. These results collectively demon-
strate that HM suppresses LLC cell migration
in an EGFR-related manner.

Together, these results demonstrate that HM
suppresses proliferation, colony formation, in-
vasion, and migration of LLC cells. In all assays,
EGFR overexpression significantly attenuated
but did not abolish the inhibitory effects of HM,
as evidenced by the consistent finding that
OE-EGFR+HM group values were significantly
higher than those of the HM group but signifi-
cantly lower than those of the OE-EGFR group.
These results confirm that the anti-malignant
effects of HM are partially mediated through
EGFR, while the sustained inhibition in the
OE-EGFR+HM group suggests additional EGFR-
independent contributions.

HM exerts similar inhibitory effects on prolif-
eration, colony formation, invasion, and migra-
tion in human NSCLC A549 cells

To evaluate whether the inhibitory effects of
HM observed in LLC cells could be generalized
to human lung cancer and whether EGFR is
similarly involved, we repeated the four-group
functional assays in the human NSCLC A549
cell line.

As shown in Figure 8A, EdU staining demon-
strated that HM treatment (20 uM) markedly
decreased the proportion of proliferating A549
cells compared to the NC group (P < 0.05),
consistent with the anti-proliferative effect ob-
served in LLC cells. EGFR overexpression sig-
nificantly increased the EdU-positive rate com-
pared to the NC group (P < 0.01). When EGFR-
overexpressing cells were co-treated with HM
(OE-EGFR+HM), the EdU-positive rate was sig-
nificantly lower than that in the OE-EGFR group
(P < 0.05), indicating that HM retained inhibito-
ry activity even in the presence of EGFR overex-
pression. However, the EdU-positive rate in the
OE-EGFR+HM group remained significantly hi-
gher than that of the HM group (P < 0.05),
suggesting that EGFR overexpression partially
attenuated the inhibitory effect of HM on A549
cell proliferation.

Consistent results were obtained from the
CCK-8 assay. HM significantly reduced A549
cell viability at 24 and 48 h compared to the
NC group (P < 0.05; Figure 8C). EGFR over-
expression significantly increased cell viability
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Figure 8. HM inhibits malignant behavior of human NSCLC A549 cells. A. EdU staining for cell proliferation detection. Scale bar = 50 ym. B. Colony formation assay
for clonogenic capacity evaluation. C. CCK-8 assay showing cell viability of A549 cells treated with HM (20 yM) for 24 and 48 h. D. Transwell invasion assay. Scale
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*P < 0.05; **P < 0.01; ***P < 0.001.
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compared with the NC group (P < 0.01). HM
treatment also significantly reduced the via-
bility of EGFR-overexpressing cells compared
to the OE-EGFR group (P < 0.01), while the
OE-EGFR+HM group remained significantly
higher than the HM group (P < 0.05), further
supporting the partial rescue effect.

The colony formation assay showed that HM
significantly suppressed the clonogenic capac-
ity of AB49 cells compared to the NC group (P <
0.01; Figure 8B). EGFR overexpression promot-
ed colony formation compared to the NC group
(P < 0.01), whereas HM treatment signifi-
cantly reduced colony formation in EGFR-over-
expressing cells compared with the OE-EGFR
group (P < 0.05). However, the colony number
in the OE-EGFR+HM group remained signifi-
cantly higher than that of the HM group (P <
0.05), confirming that EGFR overexpression
partially rescued the clonogenic capacity in
Ab549 cells.

Next, Transwell and wound healing assays were
used to evaluate cell invasion and migration in
A549 cells. HM significantly decreased the
number of invading cells compared to the NC
group (P < 0.01; Figure 8D), while EGFR overex-
pression significantly enhanced invasion com-
pared to the NC group (P < 0.01). In the
OE-EGFR+HM group, the number of invading
cells was significantly lower than that of the
OE-EGFR group (P < 0.01) but remained signifi-
cantly higher than that in the HM group (P <
0.05). Similarly, wound healing assays showed
that HM significantly reduced wound closure
at 24 and 48 h compared to the NC group,
whereas EGFR overexpression accelerated wo-
und closure (Figure 8E). HM treatment signifi-
cantly attenuated the EGFR overexpression-
induced increase in migratory ability compared
to the OE-EGFR group, while the OE-EGFR+HM
group remained significantly higher than the
HM group (P < 0.05).

Together, these results demonstrate that HM
suppressed proliferation, colony formation, in-
vasion, and migration of A549 cells. In all
assays, EGFR overexpression significantly at-
tenuated but did not abolish the inhibitory ef-
fects of HM, as evidenced by the consistent
finding that OE-EGFR+HM group values were
significantly higher than those of the HM group
but significantly lower than those of the OE-
EGFR group. These results confirm that the
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anti-malignant effects of HM are partially
mediated through EGFR in A549 cells, consis-
tent with the findings in LLC cells. Notably, in
several assays, the OE-EGFR+HM group exhib-
ited phenotypic levels even lower than those of
the NC group, further underscoring the potent
inhibitory activity of HM even under EGFR-
overexpressing conditions. The similarity of
these effects to those observed in LLC cells
supports the generalizability of our findings
beyond the murine model and suggests that
HM may have therapeutic potential in human
lung cancer.

HM promotes apoptosis of LLC cells in an
EGFR-related manner

To further determine whether HM affects apop-
tosis in LLC cells, TUNEL staining, cleaved cas-
pase-3 immunofluorescence, and western blot-
ting were performed. As shown in Figure 9A,
HM treatment significantly increased the pro-
portion of TUNEL-positive cells compared with
the NC group (P < 0.01) and significantly higher
than that in the OE-EGFR group (P < 0.01),
indicating enhanced apoptosis. EGFR overex-
pression partially reduced the HM-induced
increase in TUNEL-positive cells (P < 0.01), sug-
gesting that EGFR overexpression attenuated
the pro-apoptotic effect of HM.

Consistent with the TUNEL results, immunoflu-
orescence staining showed that HM markedly
increased the proportion of cleaved caspase-
3-positive cells compared with the NC group
(P < 0.001; Figure 9B). EGFR overexpression
alone did not significantly change cleaved cas-
pase-3 expression. However, in the OE-EGFR+
HM group, the percentage of cleaved caspase-
3-positive cells was significantly lower than that
of the HM group (P < 0.001) but remained sig-
nificantly higher than that of the NC group (P <
0.05) and higher than that of the OE-EGFR
group (P < 0.01), indicating that EGFR over-
expression partially counteracted HM-induced
caspase-3 activation.

Western blot analysis further confirmed these
findings. HM increased cleaved caspase-3 pro-
tein expression, whereas EGFR overexpres-
sion attenuated this increase (Figure 9C). The
cleaved caspase-3 level in the OE-EGFR+HM
group was intermediate between the HM group
and the OE-EGFR group, consistent with a par-
tial rescue effect. Together, these results sug-
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Figure 9. HM promotes apoptosis of LLC cells in an EGFR-related manner. A. TUNEL staining showing apoptotic
cells after different treatments. Nuclei were counterstained with DAPI. Scale bar = 50 ym. Quantitative analysis
of TUNEL-positive cells is shown on the right. B. Inmunofluorescence staining of cleaved caspase-3 after different
treatments. Nuclei were counterstained with DAPI. Scale bar = 50 ym. Quantitative analysis of cleaved caspase-
3-positive cells is shown on the right. C. Western blot analysis of cleaved caspase-3 protein expression. GAPDH was
used as the loading control. Data are presented as the mean + SD from three independent experiments. *P < 0.05;

**P < 0.01; ***P < 0.001.

gest that HM promotes apoptosis in LLC cells.
EGFR overexpression partially attenuated HM-
induced apoptosis, as indicated by the signifi-
cant reduction in TUNEL-positive cells in the
OE-EGFR+HM group compared to the HM

6500

group. However, the OE-EGFR+HM group still
exhibited significantly higher apoptosis rates
than the NC group, indicating that HM retains
substantial pro-apoptotic activity even in the
presence of EGFR overexpression. These find-
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ings support the role of EGFR as a key media-
tor of HM-induced apoptosis while also sug-
gesting the involvement of additional mecha-
nisms.

Discussion

In this study, bioinformatics analysis, molecu-
lar docking, and in vitro functional assays were
integrated to investigate the anti-tumor mecha-
nism of HM in LLC cells. The results provide
convergent evidence that HM suppresses sev-
eral malignant phenotypes of LLC cells, includ-
ing proliferation, colony formation, migration,
and invasion, while promoting apoptosis. These
effects were closely associated with inhibition
of EGFR phosphorylation. Through target pre-
diction and disease-gene mining, 121 overlap-
ping targets between HM-related targets and
LLC-related genes were identified. PPl network
analysis further recognized EGFR as a candi-
date hub target. This finding is biologically
plausible because EGFR is a well-established
receptor tyrosine kinase involved in tumor cell
proliferation, survival, migration, invasion, and
therapeutic resistance. Recent studies have
further highlighted the diverse roles of EGFR
signaling in tumor biology, including kinase-
dependent and kinase-independent regulation,
EGFR-related ligand signaling, and abnormal
receptor activation in malignant progression
[38-40]. Functional enrichment analysis also
supported the involvement of EGFR-related
signaling, since the overlapping targets were
enriched in biological processes related to pro-
tein phosphorylation and protein autophos-
phorylation, as well as in molecular functions
associated with transmembrane receptor pro-
tein tyrosine kinase activity. These results pro-
vided a rationale for selecting EGFR for fur-
ther mechanistic validation.

Molecular docking analysis offered a structur-
al hypothesis for the potential interaction
between HM and EGFR. HM was predicted to fit
into the ATP-binding pocket of the EGFR kinase
domain, with a binding energy below -7.0 kcal/
mol. The predicted binding mode involved
hydrophobic interactions, m-m stacking, and
alkyl/m-alkyl interactions with residues within
the EGFR active pocket. This suggests that
HM may interfere with EGFR kinase activation.
Previous structure-activity and pharmacologi-
cal studies have shown that harmine and its
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derivatives possess anti-tumor potential and
that structural modification of the B-carboline
scaffold can influence their biological activity
[41-43]. These reports support the plausibility
that HM may interact with functionally relevant
protein targets. Importantly, however, the dock-
ing result in the present study should still be
interpreted as a computational prediction rath-
er than definitive evidence of direct physical
binding. Consistent with the docking prediction,
cellular experiments showed that HM signifi-
cantly reduced p-EGFR levels in LLC cells,
whereas total EGFR expression was not signifi-
cantly altered. This finding indicates that HM
mainly suppresses EGFR activation by inhibit-
ing its phosphorylation rather than by induc-
ing EGFR protein degradation. Moreover, EGFR
overexpression increased p-EGFR levels, while
HM treatment partially reduced this increase.
These findings link the structural prediction to
a functional change in EGFR activation.

The functional assays further demonstrated
that HM inhibited the malignant behaviors of
LLC cells. CCK-8, EdU, and colony formation
assays showed that HM reduced cell viability,
DNA synthesis, and long-term clonogenic ca-
pacity. Transwell and wound healing assays
showed that HM suppressed cell invasion and
migration. In parallel, TUNEL staining, cleaved
caspase-3 immunofluorescence, and western
blotting showed that HM promoted apoptosis.
These findings are generally consistent with
previous evidence that HM can inhibit the
growth of non-small cell lung cancer cells th-
rough mechanisms involving tumor cell death
and growth suppression [44]. However, the
present study extends previous observations
by identifying EGFR phosphorylation as a key
mechanistic event in LLC cells and by using
EGFR overexpression to perform a rescue ex-
periment. EGFR overexpression partially coun-
teracted the effects of HM, including the inhi-
bition of proliferation, migration, and invasion,
as well as the induction of apoptosis. These
rescue results suggest that EGFR-mediated
signaling contributes to the anti-LLC activity of
HM. The rescue effect was partial rather than
complete. Therefore, HM may also act through
additional targets or signaling pathways, which
is consistent with the multi-target pharmaco-
logical characteristics of natural compounds.
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Another relevant finding was that HM show-
ed greater cytotoxicity toward LLC cells than
toward BEAS-2B normal lung epithelial cells in
vitro. This result supports the use of 20 yM HM
in the subsequent functional assays and sug-
gests preliminary tumor-selective cytotoxicity.
Nevertheless, this conclusion should be inter-
preted cautiously because in vitro selectivity
does not directly reflect in vivo safety, pharma-
cokinetics, or therapeutic efficacy. Several li-
mitations should also be acknowledged. First,
although molecular docking predicted a poten-
tial interaction between HM and EGFR, direct
target engagement was not experimentally con-
firmed. Surface plasmon resonance, cellular
thermal shift assay, drug affinity responsive
target stability assay, or pull-down experiments
would be needed to verify direct physical bind-
ing. Second, this study combines a human
EGFR structure for docking and mouse LLC
cells for functional experiments. Regarding the
species discrepancy between docking and cel-
lular validation, human and mouse EGFR share
approximately 90% amino acid identity in the
kinase domain, and the ATP-binding pocket
residues critical for inhibitor binding are fully
conserved between the two species, support-
ing the use of the human EGFR crystal struc-
ture in the context of mouse LLC cells. Never-
theless, minor sequence differences outside
the pocket cannot be excluded, and cross-spe-
cies findings should be interpreted with cau-
tion. The consistency of HM'’s effects in human
A549 cells partially addresses this concern,
but further validation in additional human cell
lines and in vivo models is warranted. Third, the
disease-associated genes used for bioinfor-
matics analysis were originally derived from
human databases; these genes were convert-
ed to mouse orthologs using the biomaRt R
package. Although this is a standard and widely
accepted approach in cross-species bioinfor-
matics analyses, minor mapping biases cannot
be completely excluded, and the bioinformat-
ics-based findings should be interpreted with
this consideration. Future studies should fur-
ther clarify these signaling events and evaluate
the pharmacological properties, toxicity profile,
and potential combination effects of HM with
existing EGFR inhibitors.

Conclusion

This study suggested that HM suppresses the
malignant phenotypes of LLC cells, at least in
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part, by inhibiting EGFR phosphorylation and
EGFR-mediated signaling. EGFR serves as an
important candidate target that links the bioin-
formatic prediction, molecular docking analy-
sis, and cellular functional validation. These
findings provide mechanistic insight into the
anti-tumor activity of HM and support further
preclinical investigation of HM as a candidate
compound for lung cancer therapy.
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