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4-Acetylantrocamol LT3 suppresses colorectal cancer growth
and metastasis via PI3K/AKT and MAPK pathway modulation
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Abstract. Colorectal cancer (CRC) remains one of the
leading causes of cancer-related mortality worldwide. Despite
advances in targeted therapies, 2drug resistance and limited
efficacy in KRAS-mutant CRC continue to present clinical
challenges. Antrodia cinnamomea, a medicinal fungus,
demonstrates antitumor properties; however, the mechanisms
of its triterpenoid compound, 4-acetylantrocamol LT3 (LT4),
remain unclear. The present study investigated the effects of
LT4 on KRAS-mutant HCT116 CRC cells using cell viability,
colony formation and migration assays. Western blotting
was also employed to examine key signaling pathways.
Transcriptome profiling via RNA sequencing was followed by
Kyoto Encyclopedia of Genes and Genomes/Gene Ontology
enrichment and protein-protein interaction network analyses
using STRING, CytoHubba and Molecular Complex Detection
(MCODE). Molecular docking with PI3Ky (PDB: 1E7U) was
conducted to evaluate the predicted binding position and
docking energy of LT4. The results indicated that LT4 signifi-
cantly inhibited HCT116 cell proliferation and migration,
induced a mesenchymal-to-epithelial transition, suppressed
PI3K/AKT/mTOR and ERK signaling and activated the
GSK3p/FOXO and phosphorylated-p38/p21 axes. LT4 also
reduced the levels of cyclooxygenase-2 and anti-apoptotic
proteins (Bcl-2 and Bcl-XL) and reduced the expression of the
mitochondrial respiratory chain protein cytochrome c oxidase
subunit I'V. Transcriptomic analysis identified the PI3K/AKT
pathway as the most significantly enriched signaling cascade.

Correspondence to: Dr I-Chuan Yen, School of Pharmacy,
National Defense Medical University, 161 Section 6, Minquan East
Road, Neihu, Taipei City 11490, Taiwan, R.O.C.

E-mail: yenichuan@mail.ndmutsgh.edu.tw

Key words: Antrodia cinnamomea, 4-acetylantrocamol LT3,
colorectal cancer, PI3K/AKT/mTOR, RNA sequencing, molecular
docking, solute carrier family 3 member 2, Cyclin D1

Network topology analyses highlighted solute carrier family 3
member 2, Cyclin D1, phosphoserine aminotransferase 1 and
ChaC glutathione-specific y-glutamylcyclotransferase 1 as
central nodes, linking the effects of LT4 to nutrient signaling,
redox homeostasis and serine metabolism. Molecular docking
confirmed that LT4 stably occupied the ATP-binding pocket
of PI3Ky with a binding energy comparable to wortmannin
and a conformation similar to antroquinonol. In conclusion,
to the best of our knowledge, the present study is the first
to comprehensively demonstrate the multi-target anti-CRC
effects of LT4, highlighting its potential as a therapeutic agent,
especially in KRAS-mutant CRC.

Introduction

Colorectal cancer (CRC) is the third most commonly diag-
nosed malignancy worldwide and ranks as the second leading
cause of cancer-related death, posing a significant global health
burden (1). The incidence of CRC continues to rise, particularly
in countries undergoing rapid industrialization and lifestyle
changes (1). Despite advancements in screening programs
and therapeutic strategies, the 5-year survival rate for patients
with advanced or metastatic CRC remains ~16% (2,3). Current
treatment modalities include surgical resection, chemotherapy
(such as 5-fluorouracil-based regimens), radiotherapy and
targeted therapies (such as anti-vascular endothelial growth
factor and anti-epidermal growth factor receptor agents) (4).
In recent years, immunotherapies, particularly immune check-
point inhibitors targeting programmed cell death protein 1
and programmed death-ligand 1, have emerged as a prom-
ising option, especially for patients with high microsatellite
instability or deficient mismatch repair tumors (4,5). However,
these approaches are not universally effective; their efficacy
is often limited by acquired resistance, genetic heterogeneity
of the tumor and adverse side effects. Moreover, mutations in
oncogenes and tumor suppressors such as KRAS, TP53 and
APC, as well as aberrant activation of signaling pathways
including Wnt/B-catenin, PI3K/AKT/mTOR and MAPK, are
frequently implicated in disease progression and treatment
resistance (6-8). These complexities underscore the urgent
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need for complementary strategies targeting alternative
molecular mechanisms to enhance therapeutic efficacy and
reduce tumor recurrence.

In recent years, increasing attention has been directed
toward the use of natural products and herbal medicines in
cancer therapy. Owing to their multi-targeted mechanisms,
lower toxicity profiles and historical usage in traditional
medicine systems, natural compounds offer promising candi-
dates for both chemoprevention and adjuvant therapy (9,10).
Among these, Antrodia cinnamomea (commonly known as
Niu-chang-chih), a medicinal fungus endemic to Taiwan, has
gained significant scientific interest due to its wide spectrum of
pharmacological activities, including anti-inflammatory, anti-
oxidant, hepatoprotective, immunomodulatory and notably,
anticancer effects (11). To date, research on A. cinnamomea
has predominantly focused on its crude extracts, which
have demonstrated inhibitory effects against various cancer
types via multiple mechanisms, such as CHOP/tribbles
pseudokinase 3 (TRB3)/AKT/mTOR pathway activation,
suppression of NF-kB and c-Myc signaling and modula-
tion of epithelial-mesenchymal transition (EMT) and tumor
stemness (12-15). Despite these findings, research on the
bioactivity of purified, structurally-defined compounds from
A. cinnamomea remains limited, especially in the context of
CRC. Among the active constituents, triterpenoids (particu-
larly antcins) have shown anticancer potential across multiple
malignancies, including oral, breast, pancreatic, prostate,
ovarian, cervical and osteosarcoma models (16-18), and a few
recent studies have begun to examine their effects in CRC. For
example, antrodin C was reported to induce Gl-phase arrest
and apoptosis in HCT116 cells through reactive oxygen species
(ROS)/AKT/ERK/p38 signaling and to suppress tumor growth
in xenograft models (19). However, these studies remain
largely descriptive, focusing on phenotypic outcomes such as
apoptosis or cell-cycle arrest without elucidating the broader
signaling networks or direct molecular targets involved.

The present study evaluated the anticancer potential of
4-acetylantrocamol LT3 (LT4), a purified triterpenoid deriva-
tive isolated from the mycelium of A. cinnamomea. Using
human CRC HCT116 cells as a model, functional assays
were performed in combination with transcriptomic profiling,
protein expression analysis and molecular docking to eluci-
date the underlying mechanisms of LT4 action. The findings
revealed novel insights into the signaling networks affected by
LT4 and suggest that this compound may serve as a promising
candidate for further development in CRC therapy.

Materials and methods

Preparation and purification of A. cinnamomea-derived
compounds. In total, 4 compounds were isolated from
A. cinnamomea, including dehydroeburicoic acid (DeEA)
and dehydrosulphurenic acid (DSA) from the fruiting body
and 4-acetylantroquinonol B (4AAQB) and LT4 from the
mycelium. For DeEA and DSA, ethanolic extracts of the
fruiting body were sequentially partitioned into hexane, ethyl
acetate, dichloromethane and aqueous layers. Each layer was
analyzed by reverse-phase high-performance liquid chro-
matography (HPLC) using aa Hitachi L-7100 instrument
(Hitachi, Ltd.) equipped with a photodiode array detector

(L-2400), a pump (L-2130) and an autosampler (L-2200).
Separation was performed on a C18 column (Lichro CART®
RP-18e; 4.0x250 mm i.d.; 5 ym; Merck KGaA) with the
column temperature maintained at 25°C. The mobile
phase consisted of solvent A (0.1% formic acid in water)
and solvent B (acetonitrile). The elution program was as
follows: 0-3 min (A:B, 70:30 to 60:40), 3-15 min (A:B, 60:40
to 42:58), 15-21 min (A:B, 42:58), 21-26 min (A:B, 42:58
to 35:65), 26-35 min (A:B 35:65 to 0:100) and 35-50 min
(0:100). The flow rate was 0.8 ml/min, the injection volume
(sample quantity) was 10 pl and detection was performed at
254 nm. No internal standard was used. Based on the reten-
tion times, DSA and DeEA were identified at ~29 min and
45 min, respectively (Fig. S1A).

To isolate 4AAQB and LT4, the mycelial extract was
subjected to reverse-phase HPLC using a Lichro CART®
RP-18e column (4.0x250 mm, 5 um; Merck KGaA) on
a Hitachi L-7100 system equipped with a UV detector
(L-7455). The column temperature was maintained at 25°C.
The mobile phase was a gradient of water-methanol: 40:60
for 15 min, 20:80 for 15 min and 0:100 for 10 min. The flow
rate was 1.0 ml/min, the injection volume was 10 ul and the
detection wavelength was 254 nm. No internal standard was
used. The retention times were 14.92-15.35 min for 4AAQB,
17.93-17.97 min for antrocamol LT3 and 18.53-18.64 min for
LT4, as confirmed by comparison with authentic standards
(Fig. S1B-E).

Cell culture and authentication. Human CRC cell lines,
HCT116 (KRAS mutant), HT-29 and Caco-2, were
purchased from the American Type Culture Collection
(ATCC; HCT116, CCL-247;,; HT-29, HTB-38; Caco-2,
HTB-37). Cells were cultured in Dulbecco's Modified
Eagle Medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.) and 1% penicillin-streptomycin and
maintained in a humidified incubator at 37°C with 5% CO,.
For routine experiments, cells were seeded at a density of
3x10° to 6x10° cells per 10-cm culture dish, unless other-
wise specified. According to Cellosaurus, the HT-29 cell
line (CVCL_0320) was originally derived from a rectosig-
moid adenocarcinoma and should therefore be classified as
a CRC cell line.

The cell lines were not independently authenticated in our
laboratory but were obtained directly from ATCC and used
within 6 months after resuscitation. Mycoplasma contamina-
tion was routinely monitored using PCR-based assays and
found to be negative throughout the study.

Cellviability assay. HCT116, HT29 and Caco?2 cells were seeded
into 96-well plates at a density of 5x10° cells/well and allowed to
adhere overnight. The next day, the cells were treated with varying
concentrations (0.1, 1, 3 or 10 uM) of DeEA, DSA, 4AAQB or
LT4 for 24, 48 and 72 h. Cell viability was assessed using the
Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Inc.). After
treatment, CCK-8 solution was added to each well and the plates
were incubated at 37°C in a humidified atmosphere containing
5% CO, for 30 min. Absorbance was measured at 450/650 nm
using a microplate reader (SpectraMax 190; Molecular Devices,
LLC). Experiments were performed in triplicate.
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Colony formation assay. HCT116 cells were seeded into
6-well plates at a density of 300 cells/well and allowed to
adhere overnight at 37°C in a humidified incubator with
5% CO,. The following day, the cells were treated with LT4
at concentrations of 0, 0.1, 1, 3 or 10 yuM and cultured for
10 days under the same conditions (37°C, 5% CO,). Colonies
were fixed with 95% ethanol for 30 min at room temperature
and stained with 1% crystal violet for another 30 min at
room temperature. Excess dye was washed off with phos-
phate-buffered saline (PBS) and the plates were air-dried for
2-3 days. The colonies were imaged and quantification was
performed by manual counting. A colony was defined as a
cluster containing =50 cells.

Wound healing assay. HCT116 cells were seeded at
3x10° cells/well into 6-well plates and cultured to near conflu-
ence. A uniform scratch was created using a 200 ul pipette
tip and the cells were gently washed with PBS to remove
debris. LT4 was added at final concentrations of 0, 0.1, 1, 3
or 10 uM in fresh serum-free medium. Images were captured
using an inverted light microscope (phase-contrast) and the
same microscopic fields were imaged at 0, 24, 48 and 72 h
to monitor wound closure and cell migration. Wound closure
was quantified using ImageJ (National Institutes of Health;
v2.14.0/1.54f) by measuring the wound width at 0 h and at
each indicated time point. For each image, the wound width
was measured at multiple evenly spaced positions across the
scratch and averaged to obtain a single value per well. The
healing rate was calculated as (W,-W)/W,, where W, is the
wound width at 0 h and W, is the wound width at the indicated
time.

RNA extraction. HCT116 cells were cultured in six 10 cm
dishes until reaching confluence. Cells were divided into two
groups: Three dishes for the control group and three dishes
for the LT4-treated group (10 #M). The control group received
an equal volume of DMSO [final concentration, 0.1% (v/v)]
corresponding to the LT4 solvent. After 24 h of treatment,
cells were washed 1-2 times with PBS to remove residual
medium and avoid interference with the NucleoZOL reagent
(Macherey-Nagel GmbH & Co. KG). Subsequently, at least
1 ml of NucleoZOL was added to each dish and the cells were
scraped using a cell scraper. The lysates were transferred to
centrifuge tubes, sealed with Parafilm to prevent leakage and
stored at -20°C or -80°C.

For RNA purification, 400 ul of DEPC-treated water
(NZYtech) was added per 1 ml of NucleoZOL lysate, followed
by vigorous shaking for 15 sec and incubation at room temper-
ature (18-25°C) for 5-15 min. Samples were centrifuged at
12,000 x g for 15 min at 4°C to separate the RNA-containing
supernatant from the DNA/protein pellet. The supernatant
was transferred to a new tube and 5 pl of 4-bromoanisole
was added per 1 ml of supernatant for phase separation. After
mixing for 15 sec and incubating at room temperature for
35 min, samples were centrifuged at 12,000 x g for 10 min at
4°C. The RNA-containing supernatant was then mixed with an
equal volume of isopropanol to precipitate RNA, incubated at
room temperature for 10 min and centrifuged at 12,000 x g for
10 min. The RNA pellet was washed twice with 75% ethanol,
centrifuged at 4,000-8,000 x g for 1-3 min at 4°C and air-dried
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briefly. Finally, RNA was dissolved in DEPC-treated water to
achieve a concentration of 1-2 ug/ul and incubated at room
temperature for 2-5 min to ensure complete dissolution.

RNA sequencing (RNA-seq) and bioinformatic analysis.
RNA-seq was performed by Genomics, BioSci & Tech Co.,
Ltd. (New Taipei City, Taiwan). Library preparation followed
the TruSeq Stranded mRNA Library Prep Kit protocol
(Illumina, Inc.). Briefly, 1 ug of total RNA was used to
isolate mRNA using oligo(dT) magnetic beads, followed by
fragmentation and synthesis of first and second-strand cDNA.
After end repair, 3' adenylation and adaptor ligation, libraries
were amplified by PCR and purified using AMPure XP
beads (Beckman Coulter, Inc.). Library quality was assessed
using the Agilent 2100 BioAnalyzer, and quantification was
performed using quantitative PCR. Sequencing was conducted
on the [llumina NovaSeq X Plus platform using a NovaSeq X
Series 10B Reagent Kit (300-cycle; Illumina, Inc.) to generate
150-bp paired-end reads. The final pooled library was diluted
and loaded at an average concentration of 110 pM according
to the manufacturer's recommendations. RNA-seq data have
been deposited in the NCBI Gene Expression Omnibus under
accession no. GSE299648.

Raw sequencing data were converted to FASTQ format
using bcl2fastq (v2.20.0; Illumina, Inc.). Sequencing reads
were processed using fastp (v0.20.0) to remove low-quality
reads and adapters (20). Ribosomal RNA filtering is an
optional step and was not performed in this study (that is,
no SortMeRNA filtering). Trimmed sequences were aligned
to the human reference genome GRCh38 (RefSeq assembly:
GCF_000001405.40; https://www.ncbi.nlm.nih.gov/data-
sets/genome/GCF_000001405.40/) using HISAT2 (v2.1.0;
Johns Hopkins University; https://dachwankimlab.github.
io/hisat2/). The resulting SAM files were converted to BAM
format using SAMtools (v1.9; SAMtools project; https:/www.
htslib.org/). Gene-level read counts were calculated using featu-
reCounts (Subread v2.0.1; Subread package; http://subread.
sourceforge.net/) and normalized to transcripts per million.
Differentially expressed genes (DEGs) were identified using
DESeq?2 (v1.48.2) with thresholds set at llog, fold changel=1
and adjusted P<0.05 (21). Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed using clusterProfiler (v4.12.6) (22).

Western blotting. Proteins were extracted using RIPA
buffer prepared in-house (150 mM NaCl, 1% NP-40, 0.1%
SDS, 50 mM Tris-HCI pH 7.6, 10 mM EDTA pH 8.0 and
0.5% sodium deoxycholate), supplemented with 1 M PMSF
(Sigma-Aldrich; Merck KGaA) and phosphatase inhibitors
(1 mM Na,VO,, 10 mM NaF and 10 mM B-glycerophosphate).
Protein concentrations were determined using the BCA
assay (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts
of protein (30 ug) were separated by 10% SDS-PAGE and
transferred onto PVDF membranes (MilliporeSigma). After
blocking with 5% non-fat milk for 30 min at 25°C, membranes
were incubated overnight at 4°C with the indicated primary
antibodies. Most primary antibodies, including those against
phosphorylated (p-)AKT (Ser473) (cat. no. 4060), AKT (cat.
no. 9272), p-mTOR (Ser2448) (cat. no. 5536), mTOR (cat.
no. 2983), p-PI3K p85 (Tyr458) (cat. no. 4228), PI3K p85
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(cat. no. 4257), p-ERK1/2 (Thr202/Tyr204) (cat. no. 4370),
ERK1/2 (cat. no. 4695), p-p38 (Thr180/Tyrl82) (cat. no. 4511),
p38 (cat. no. 9212), GSK3p (cat. no. 12456), p-GSK3p (Ser9)
(cat. no. 5558), FOXO3a (cat. no. 2497), FOXO1 (cat. no. 2880),
p-FOXO1 (Ser256) (cat. no. 9461), p27%?' (cat. no. 3686),
p21€PWail (cat, no. 2947), cyclooxygenase-2 (COX-2; cat.
no. 12282), Bcl-2 (cat. no. 4223), Bcl-XL (cat. no. 2764), Bax
(cat. no. 2772), cytochrome c oxidase subunit IV (COX 1V; cat.
no. 4850), B-actin (cat. no. 4970), N-cadherin (cat. no. 13116)
and E-cadherin (cat. no. 3195) were purchased from Cell
Signaling Technology, Inc. [rabbit host; diluted 1:1,000 in 5%
BSA (Sigma-Aldrich; Merck KGaA)/PBST (PBS containing
0.1% Tween-20) with 1% NaN,]. The anti-Vimentin antibody
(cat. no. ARG66199) was obtained from Arigo Biolaboratories
Corp. and used under the same dilution and buffer conditions
as aforementioned. After incubation with HRP-conjugated
goat anti-rabbit secondary antibody (Abcam; cat. no. ab6721;
1:10,000 in 5% milk), membranes were washed and developed
using enhanced chemiluminescence (Thermo Fisher Scientific,
Inc.). Band intensities were semi-quantified using ImagelJ
(v1.50a) and all experiments were performed in triplicate.

Protein-protein interaction (PPI) network analysis. DEGs
were analyzed using the STRING database (https://string-db.
org/) to construct PPI networks, with a confidence score =0.4.
The resulting networks were visualized using Cytoscape
(v3.10.2; Cytoscape Consortium; https://cytoscape.org/), and
key hub genes were identified using the CytoHubba plugin,
which applies 11 topological analysis methods, including
Degree, maximal clique centrality (MCC) and maximum
neighborhood component (MNC). Additionally, the MCODE
plugin was used to detect densely connected regions within
the network, with parameters set as follows: Degree cut-off=2,
node score cut-off=0.2 and K-Core=2.

Molecular docking. Molecular docking studies were conducted
using BIOVIA Discovery Studio 2024 Client (BIOVIA;
v24.1.0.23298; Dassault Systemes S.E.). The crystal structure
of PI3Ky (PDB ID: 1E7U) was retrieved from the RCSB
Protein Data Bank (https://www.rcsb.org/structure/1E7U) and
was originally reported by Walker et al (23). Protein prepara-
tion involved removal of water molecules and the addition of
hydrogen atoms. Ligand structures for antroquinonol and wort-
mannin were obtained from PubChem (https://pubchem.ncbi.
nlm.nih.gov/compound/24875259 and https://pubchem.ncbi.
nlm.nih.gov/compound/312145, respectively). The 2D struc-
ture of LT4 was drawn using ChemDraw Prime (v23; Revvity
Signals Software). Energy minimization was performed.
Docking simulations were carried out using the CDOCKER
algorithm, focusing on the ATP-binding site of PI3Ky. Binding
energies and interaction modes were analyzed and docking
poses were visualized using PyMOL (v3.1; Schrodinger, LLC;
https://pymol.org/) and BIOVIA Discovery Studio Client.

Statistical analysis. Data are expressed as mean + SD, except
for the molecular binding energy results, which are presented
as mean + SEM. Group differences in docking energies were
assessed using unpaired t-tests. Other experimental data were
analyzed by one-way ANOVA followed by Bonferroni post
hoc tests. P<0.05 was considered to indicate a statistically

significant difference. All statistical analyses were performed
using SPSS Statistics (v22.0; IBM Corp.). Graphs and
quantifications were generated using GraphPad Prism (v5.0;
Dotmatics) and ImagelJ. All experiments were performed in at
least triplicate (n=3).

Results

Lt4 selectively inhibits the viability of KRAS-mutant HCT116
CRC cells. To evaluate the anticancer potential of four
compounds derived from A. cinnamomea, including DeEA
and DSA from the fruiting body and 4AAQB and LT4 from
the mycelium, cell viability assays with three human CRC cell
lines, HCT116 (KRAS mutant) and HT29 and Caco2 (both
KRAS wild-type), were conducted. Cells were treated with
increasing concentrations of each compound (0.1, 1, 3 and
10 uM) and cell viability was assessed at 24,48 and 72 h using
the CCK-8 assay (Fig. 1A-C).

Among the four compounds tested, LT4 and 4AAQB
showed the most evident inhibitory effects on HCT116 cell
viability, whereas DeEA and DSA produced minimal changes
under the same conditions (Fig. 1A). Notably, LT4 exhibited
a clearer dose- and time-associated decrease, reaching statis-
tical significance at concentrations =1 M at later time points
(Fig. 1A, bottom right panel). Although 4AAQB also caused
significant reductions in viability in HCT116 cells, the overall
pattern was less consistent across time points compared with
LT4 (Fig. 1A, bottom left panel). In HT29 and Caco?2 cells, the
viability responses to LT4 and 4A AQB were cell line-depen-
dent, showing generally milder inhibition than that observed
in HCT116 cells (Fig. 1B and C). Notably, Caco2 cells exhib-
ited a comparable reduction in viability in response to 4A AQB
and LT4 (Fig. 1C). Given the clearer overall inhibitory trend
of LT4 in KRAS-mutant HCT116 cells, LT4 was selected for
downstream mechanistic investigations.

LT4 inhibits colony formation, cell migration and EMT in
HCTI116 cells. To further assess the anti-proliferative effects
of LT4 on CRC cells, a colony formation assay with HCT116
cells treated with LT4 (0.1-10 M) for 14 days was performed.
As shown in Fig. 2A, LT4 significantly suppressed the clono-
genic potential of HCT116 cells in a dose-dependent manner,
particularly at concentrations of =1 yM.

To investigate the effect of LT4 on cell migration, a wound
healing assay was next conducted. Compared with the control
group, LT4 treatment markedly inhibited cell migration in a
time- and dose-dependent manner (Fig. 2B). Quantification of
the healing rates revealed that 3 and 10 uM LT4 significantly
delayed wound closure at both 48 and 72 h.

Given that EMT plays a pivotal role in cancer invasion
and metastasis (24), the expression levels of EMT markers in
LT4-treated HCT116 cells were examined. Densitometric anal-
ysis of three independent western blot experiments showed that
LT4 reduced the levels of the mesenchymal marker N-cadherin,
reaching statistical significance at 10 uM (Fig. 2C), while
significantly upregulating the epithelial marker E-cadherin at
1-3 uM (Fig. 2D). To strengthen the EMT assessment, Vimentin
was also measured, a canonical mesenchymal marker widely
used in CRC EMT studies (25-28). Densitometric analysis of
western blots showed that LT4 significantly reduced Vimentin
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type) and (C) Caco-2 (KRAS wild-type) after treatment with

derived triterpenoid compounds on CRC cell viability. Cell viability was assessed by Cell Counting Kit-8

vs. vehicle-treated control. CRC, colorectal cancer; DeEA, dehydroeburicoic acid; DSA, dehydrosulphurenic acid; 4AAQB, 4-acetylantroquinonol B; LT4,

to vehicle-treated controls (0.1% DMSO). Data are presented as the mean + SD from at least three independent experiments (n=3). "P<0.05, “P<0.01, ““P<0.001
4-acetylantrocamol LT3.

assay in three human CRC cell lines: (A) HCT116 (KRAS mutant), (B) HT29 (KRAS wild
increasing concentrations (0.1, 1, 3 and 10 uM) of DeEA, DSA,4AAQB and LT4 for 24,48 and 72 h. Absorbance was recorded at 450/650 nm and normalized

Figure 1. Effects of four Antrodia cinnamomea
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Figure 2. LT4 suppresses colony formation, cell migration and EMT in HCT116 cells. (A) Colony formation assay was performed after treating HCT116
cells with various concentrations of LT4 (0.1, 1, 3 and 10 uM) for 14 days. Colonies were stained with crystal violet and quantification of colony growth
was calculated relative to the vehicle-treated Ctrl. (B) Wound healing assay showing inhibition of cell migration by LT4 (0.1,
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Figure 3. Transcriptomic analysis of LT4-treated HCT116 cells reveals modulation of tumor-associated pathways. (A) Volcano plot illustrating DEGs in HCT116
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protein expression at 1-10 xM, with the lowest level observed  -log,,(P-adjust) =1.3), yielding a total of 17 DEGs (13 upregu-

at 3 uM (Fig. 2E). Together, these results suggest that LT4 not
only impaired proliferation and migration but also suppressed
EMT phenotypes in HCT116 CRC cells by downregulating
mesenchymal markers and restoring epithelial features.

LT4 treatment alters gene expression profiles and enriches
the PI3K/AKT and MAPK pathways in HCTI116 cells. To
investigate the transcriptional changes induced by LT4 in CRC
cells, RNA-seq was performed on HCT116 cells treated with
10 uM LT4 for 24 h. The complete RNA-seq output for all
transcripts detected in LT4-treated and control HCT116 cells
is provided in Table SI. DEGs were identified using a cut-off
of llog,(fold change)l=1 and adjusted P<0.05 (corresponding to

lated and 4 downregulated) in LT4-treated HCT116 cells, as
visualized by volcano plot (Fig. 3A). Among the upregulated
genes were ZNF460, CHACI, KIF21A, FBX030, KLHLI11,
SLC7A11, CLIC4,NT5E, CPA4, BCAN-AS2, AHNAK, UPPI
and AKAPI12, while ND6, PLEKHOI, KRT13 and CRABP2
were significantly downregulated. Detailed information on the
DEGs is provided in Table SII.

To elucidate the functional relevance of these DEGs,
KEGG and GO enrichment analyses were performed. KEGG
pathway analysis revealed significant enrichment in ‘PI3K-Akt
signaling pathway’, ‘Antigen processing and presentation’ and
‘Chemical carcinogenesis-reactive oxygen species’ (Fig. 3B).
GO enrichment in the Biological Process category highlighted
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terms such as ‘Positive regulation of cytokine production’,
‘Wound healing’, ‘Ameboidal-type cell migration’, ‘Positive
regulation of MAPK cascade’ and ‘Intrinsic apoptotic
signaling pathway’ (Fig. 3C). In the Molecular Function
category, enriched annotations included ‘Cadherin binding’,
‘DNA-binding transcription factor binding’, ‘Protein kinase
regulator activity’ and °‘Active transmembrane transporter
activity’ (Fig. 3D). GO analysis of Cellular Components further
revealed enrichment in ‘Focal adhesion’ and ‘Cell-substrate
junction’, structures essential for cell adhesion and signaling
(Fig. 3E). These results suggest that LT4 modulates key gene
expression programs associated with tumor survival, migra-
tion, stress adaptation and oncogenic signaling in CRC cells.

Construction of a PPI network and identification of hub genes.
To elucidate the interaction landscape of LT4-responsive genes,
a PPI network was constructed using the STRING database.
A total of 83 significantly regulated genes (adjusted P<0.05
without applying the [log2FCI=1 threshold) were submitted
to STRING to avoid an overly sparse network and to retain
sufficient nodes for module/hub analysis, and 63 genes with
non-zero node degree were retained for network visualization
and further analysis (Fig. 4A; Table SIII for the full STRING
node list). The network comprised 113 interactions, filtered
with a confidence score threshold >0.4.

To prioritize key regulatory genes within this network,
topological analysis was performed using the CytoHubba
plugin in Cytoscape. Based on integrated centrality scores
across 11 parameters, including Degree, MCC, MNC, DMNC,
Closeness, Betweenness and others (Fig. S2; Table SIV for
detailed CytoHubba centrality rankings), several high-ranking
hub genes were identified, such as solute carrier family 3
member 2 (SLC3A2), Cyclin D1 (CCNDI), phosphoserine
aminotransferase 1 (PSATI1), ChaC glutathione-specific
v-glutamylcyclotransferase 1 (CHAC1), TRIB3 and ITGBI,
which appeared in the top-10 lists across multiple ranking
methods (Fig. 4B).

Further clustering analysis was performed using the
MCODE plugin to identify densely connected modules within
the PPI network. In total, 4 distinct clusters were identified and
are summarized in Fig. 4C. Cluster 1 had the highest score
(4.0), consisting of 6 tightly interconnected nodes: SLC3A2,
SLC7A11, SLC38A1, ATF4, CHACI1 and PSATI1. These
genes are associated with amino acid transport, oxidative
stress response and cellular metabolism (29-33). Other clus-
ters encompassed mitochondrial respiratory components and
ribosome-related genes, indicating LT4-induced modulation
of metabolic and proliferative signaling hubs. These clustering
results closely aligned with the CytoHubba analysis, rein-
forcing the biological relevance of these modules.

Taken together, these findings highlight a functional
hub centered around SLC3A2 and CCNDI, linking nutrient
sensing, redox regulation and cell cycle progression, poten-
tially mediating the anticancer effects of LT4 in CRC cells.

LT4 suppresses PI3K/AKT/mTOR and PI3K/AKT/GSK3B/
FOXO signaling pathways in HCT116 cells. Network analysis
identified SLC3A2 and CCND1 as 2key hub genesin LT4-treated
CRC cells. Both genes have been implicated in cancer progres-
sion. For instance, SLC3A2 (also known as CD98hc) is a

transmembrane amino acid transporter that has been reported
to be upregulated in various cancer types, including osteosar-
coma, lung, breast and biliary tract cancer, where it contributes
to tumor proliferation and invasion, primarily through the
PI3K/AKT signaling pathway (34-39), and in certain contexts
via ERBB2/ERBB3-mediated MAPK activation (40). In CRC,
SLC3AZ2 depletion has been shown to suppress cell proliferation
and metastasis through the AKT/GSK-3f pathway and induc-
tion of ferroptosis (41). CCNDI, a key regulator of the G1/S
cell cycle transition, is frequently upregulated in colon, breast
and gastric cancer (42-44); it serves as a downstream effector
of multiple oncogenic cascades, including PI3K/AKT/mTOR
and AKT/GSK3p, promoting cell cycle progression and tumor
growth (45-47).

To further elucidate whether LT4 targets these signaling
cascades, western blotting was performed to assess the
PI3K/AKT/mTOR and PI3K/AKT/GSK3p/FOXO axes. In
LT4-treated HCT116 cells, the phosphorylation levels of PI3K
(p85), AKT (Ser473) and mTOR were significantly reduced in
a dose-dependent manner, while total PI3K, AKT and mTOR
levels remained unchanged (Fig. SA-D). These results demon-
strated that LT4 inhibited the PI3K/AKT/mTOR signaling
pathway, a key regulator of cell growth and protein synthesis.

The downstream targets of AKT were next evaluated.
Densitometric quantification of three independent western
blot experiments showed that LT4 increased FOXO3a
protein levels, reaching statistical significance at 3-10 uM
(Fig. 6A and B), and increased p27*' levels at 1 and 10 uM
(Fig. 6A and C), both of which have been implicated in tumor
suppression (48.,49). In parallel, the p-FOXO1/FOXOL ratio was
reduced at 10 M (Fig. 6D and E). Moreover, LT4 increased
the p-GSK3p/GSK3p ratio, with a significant peak at 1 uM
(Fig. 6D and F). Collectively, these findings indicated that LT4
modulated the PI3K/AKT/GSK3p/FOXO pathway, leading to
cell cycle inhibition and enhanced apoptotic potential in CRC
cells.

LT4 suppresses the ERK branch of the MAPK pathway while
activating the p38-p21 axis and reducing COX-2 expression.
Given that LT4 inhibits the PI3K/AKT/mTOR and GSK3p/
FOXO axes, both crucial for cell cycle regulation, it was next
investigated whether MAPK signaling, another central pathway
regulating proliferation and stress response, is also modulated
by LT4.

As shown in Fig. 7A, LT4 treatment markedly decreased
p-ERK levels in a dose-dependent manner, while total ERK
remained unchanged. Semi-quantification confirmed signifi-
cant suppression of ERK activation at all tested concentrations
(Fig. 7B), indicating that LT4 inhibited the ERK arm of MAPK
signaling, potentially reducing proliferative signaling. Notably,
the level of p-p38 MAPK, another branch of the MAPK
pathway often associated with cellular stress responses, was
significantly upregulated at 3 uM LT4 (Fig. 7D). This shift
may reflect a compensatory response or cell cycle regula-
tory mechanism. Consistent with this, the expression of p21,
a cyclin-dependent kinase inhibitor and downstream target
of both ERK and p38 (50-52), was markedly elevated in a
dose-dependent manner, with the highest expression at 10 M
(Fig. 7A and C). Collectively, these findings indicate that LT4
activated the p38-p21 axis, thereby promoting p21-mediated
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cell cycle arrest (51,53), while simultaneously dampening
ERK-mediated proliferative signaling.

To further clarify the anti-proliferative and pro-apoptotic
mechanisms of LT4, its effect on COX-2, a known down-
stream effector of both the PI3K/AKT and MAPK pathways
and a pro-tumorigenic factor in CRC, was examined (54-56).
Western blot analysis demonstrated a consistent, dose-depen-
dent decrease in COX-2 protein levels following LT4 treatment
(Fig. 7E and F), suggesting that LT4 may suppress inflamma-
tory and survival pathways downstream of ERK and PI3K.

Together, these results support a model in which LT4
modulates multiple MAPK signaling branches to reduce
proliferation (via ERK inhibition and COX-2 suppression) and
induce cell cycle arrest (via p38-mediated p21 upregulation),
complementing its effects on PI3K/AKT signaling.

LT4 modulates the levels of Bcl-2 family proteins and the
mitochondrial marker COX 1V in HCTI116 cells. Since both
p38 MAPK and the PI3K/AKT/GSK3[/FOXO axis are known
to regulate apoptotic signaling (57-64), it was next investi-
gated whether LT4 treatment modulated Bcl-2 family protein

expression in HCT116 cells. As shown in Fig. 8A and B,
Bcl-XL levels showed no significant changes across the
tested concentrations. By contrast, Bcl-2 was significantly
reduced at 3 uM LT4 (Fig. 8C). Conversely, the expression of
the pro-apoptotic protein Bax was significantly increased at
1 uM (Fig. 8D), consistent with a shift toward a pro-apoptotic
Bcl-2/Bax balance following LT4 exposure. To further inves-
tigate whether LT4 also affects mitochondrial-associated
protein expression, the expression of COX IV, a mitochondrial
inner membrane protein commonly used as a mitochondrial
marker (65), was assessed. COX IV expression was slightly
but significantly reduced at 10 uM (Fig. 8A and E), suggesting
that high-dose LT4 may alter mitochondrial-associated protein
levels. Together, these data indicate that LT4 shifts Bcl-2
family protein expression toward a pro-apoptotic profile and
is accompanied by a reduction in the mitochondrial marker
COX 1V at higher concentrations, suggesting possible involve-
ment of mitochondrial-associated apoptotic signaling.

Molecular docking suggests LT4 stably binds to the
ATP-binding pocket of PI3Ky. Among the numerous signaling
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components modulated by LT4, PI3K appeared as a central
regulatory node. Western blot analysis showed consistent
and robust inhibition of phosphorylated PI3K (p85 subunits),
while transcriptomic KEGG enrichment further supported the
PI3K/AKT pathway as one of the most significantly affected
signaling cascades. GO terms related to kinase regulation,
focal adhesion and cell cycle regulation likewise pointed
toward upstream PI3K involvement. To validate whether
PI3K could serve as a direct target of LT4, a molecular
docking study was conducted using PI3Ky (PDB ID: 1E7U)
as the receptor template. The 1E7U structure represents a
co-crystallized complex of PI3Ky with wortmannin (KWT), a
classical covalent inhibitor of PI3K, enabling precise definition
of the ATP-binding pocket (23). Antroquinonol, a structural
analogue of LT4 derived from A. cinnamomea and previously

shown to exhibit anti-CRC activity, was included as a natural
compound comparator (66,67).

Since the receptor structure (PDB ID: 1E7U) contains a
co-crystallized KWT complex, KWT was first removed and
re-docked as a positive control to validate the docking settings
and pocket definition. Using the same grid and parameters,
antroquinonol and LT4 were then docked into the PI3Ky
ATP-binding pocket to enable a head-to-head comparison of
predicted binding modes and binding energies under identical
conditions. The original PI3Ky-wortmannin co-crystal struc-
ture was reported by Walker et al (23). Docking simulations
revealed that KWT bound deeply within the ATP-binding
cleft of PI3Ky, forming key interactions with residues such
as Val-882 and Lys-890 (Fig. 9A and B). Antroquinonol
displayed stable binding by forming a hydrogen bond with
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Lys-890 and positioning its long side chain within a hydro-
phobic pocket bordered by residues such as Ser806, Lys833,
Ala885, 11963 and Asp964 (Fig. 9C and D). LT4 adopted a
binding position similar to antroquinonol, forming van der
Waals contacts with Lys-833, a carbon-hydrogen bond with
Val-882 and sharing interaction sites with residues Ile-963
and Asp-964 (Fig. 9E and F). These results suggested that

LT4 may occupy the ATP pocket of PI3Ky in a biologically
relevant orientation.

Binding energy calculations showed that antroquinonol had
the strongest predicted binding energy (-60.49+2.90 kcal/mol),
significantly lower than that of LT4 (-44.50+4.01 kcal/mol;
P=0.0047), whereas LT4 and KWT (-35.37+4.13 kcal/mol)
were not significantly different (Fig. 9G). While LT4 did not
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exhibit the most favorable predicted binding energy among
the tested compounds, its consistent docking position and
stable interaction profile within the PI3K active site support
its potential to engage PI3K and contribute to downstream
signaling inhibition, as observed in both transcriptomic and
biochemical analyses.

Discussion

The present study comprehensively investigated the therapeutic
potential and underlying mechanisms of LT4, a triterpenoid

derivative from A. cinnamomea mycelium, in human CRC
HCT116 cells. The data demonstrated that LT4 significantly
suppressed cell viability, colony formation and cell migration,
while inducing apoptosis-related signaling and decreasing the
mitochondrial marker COX IV.

Studies have shown that A. cinnamomea extracts exert
anti-CRC effects primarily through autophagy and apoptosis
induction. For instance, a study demonstrated that A. cinna-
momea activates the CHOP/TRB3/AKT/mTOR pathway to
induce autophagic cell death in CRC cells (12), while another iden-
tified Antrodin C, a compound isolated from A. cinnamomea,
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Figure 10. Proposed schematic model of LT4-mediated anticancer signaling regulation in HCT116 colorectal cancer cells. This schematic summarizes the
proposed major pathways and regulatory nodes modulated by LT4, based on transcriptomic, western blotting and molecular docking analyses. LT4 inhibits the
PI3K/AKT/mTOR signaling cascade, as reflected by reduced phosphorylation signaling and the annotated functional outcomes (cell viability/cell proliferation
and protein synthesis). In addition, LT4 shifts EMT marker expression toward an epithelial phenotype (increased E-cadherin and decreased N-cadherin).
In parallel, LT4 modulates the GSK3p3-FOXO1/FOXO3a node and differentially regulates MAPK signaling by suppressing ERK phosphorylation while
enhancing p38 activation, accompanied by p21 upregulation, consistent with cell-cycle arrest and stress-response phenotypes. LT4 also modulates apoptosis
by decreasing the levels of anti-apoptotic proteins (Bcl-2 and Bcl-XL) and increasing Bax expression, alongside mitochondrial destabilization (COX IV) and
COX-2 suppression. Key hub genes identified through protein-protein interaction network analysis, SLC3A2, CCNDI, PSAT1 and CHACI, are highlighted as
potential mediators linking transcriptomic regulation to these functional outcomes. Black arrows indicate canonical interactions supported by previous studies;
red arrows indicate regulatory effects supported by the experimental data in the present study; dashed lines indicate docking-predicted interactions. Arrows
indicate activation, whereas blunt-ended lines indicate inhibition. LT4, 4-acetylantrocamol LT3; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B;
mTOR, mechanistic target of rapamycin; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; GSK3, glycogen synthase
kinase 3 ; FOXO, forkhead box O; BAX, COX IV, cytochrome c oxidase subunit IV; COX-2, cyclooxygenase-2; N-cad, N-cadherin; E-cad, E-cadherin; EMT,
epithelial-mesenchymal transition; P, phosphorylation; SLC3A2, solute carrier family 3 member 2; CCNDI, cyclin D1; PSAT1, phosphoserine aminotrans-

ferase 1; CHACI, ChaC glutathione-specific y-glutamylcyclotransferase 1.

as an apoptosis inducer via ROS/AKT/ERK/P38 signaling
and histone acetylation of the TNFa promoter (19). However,
mechanistic elucidation at the level of signaling network
modulation and direct molecular targeting has been limited.
Compared with prior findings, the present study is the first
to integrate RNA-seq, KEGG/GO enrichment, PPI network
mapping, western blot validation and molecular docking to
elucidate the multi-target anti-CRC potential of LT4.

In the present study, transcriptomic profiling revealed
enrichment of the PI3K/AKT signaling pathway, consistent
with the western blot data, where LT4 significantly down-
regulated p-PI3K, p-AKT and p-mTOR. These effects were
accompanied by modulation of downstream effectors in the
GSK3p-FOXO axis, including upregulation of tumor suppres-
sors p21, FOXO3a and p27*®'. In parallel, ERK suppression
and p38/p21 upregulation within the MAPK cascade were
identified, supporting a dual mechanism involving both prolif-
erative inhibition and stress-induced cell cycle arrest. Notably,
molecular docking validated PI3K as a potential direct target of
LT4. LT4 occupied the same ATP-binding pocket as KWT, the
classical PI3K inhibitor (PDB: 1E7U) (23), and demonstrated a
stable binding profile similar to that of antroquinonol, another

A. cinnamomea-derived compound. Although its binding
energy was not as strong as antroquinonol, LT4 showed a more
favorable docking energy than KWT, supporting its moderate
but functionally relevant PI3K-targeting capacity.

In the present study, among the identified hub genes,
SLC3A2 and CCNDI emerged as central nodes in the PPI
network, both previously linked to CRC progression via
nutrient signaling and cell cycle regulation (41,43). In line
with this, LT4 was shown to inhibit EMT-associated markers,
reversed cadherin switching and downregulate COX-2, an
inflammatory effector downstream of PI3K and MAPK,
reinforcing the pleiotropic nature of LT4-mediated inhibition.

Based on the full STRING-derived interaction network,
combined with CytoHubba centrality scoring and MCODE clus-
tering, PSAT1 and CHACI1 emerged as consistently high-ranking
genes across multiple topological metrics in the present study,
underscoring their potential functional importance in the
LT4-regulated network. PSAT1 is a key enzyme in the serine
biosynthesis pathway and its upregulation has been shown to
promote CRC cell proliferation and metastasis through activation
of the Hippo-YAP/TAZ-IDI axis, independent of its metabolic
activity (68). PSAT1 has also been implicated in chemoresistance
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and is associated with poor prognosis in CRC (68-70). CHAC1
contributes to redox regulation by degrading glutathione and
modulating oxidative stress. Elevated CHACI expression has
been associated with ferroptosis induction and poor survival
outcomes in several cancer types, including CRC (32,71).

The results of the present study also support the effect of LT4
on cell cycle regulation. Transcriptomic enrichment pointed to
KEGG and GO terms related to cell cycle checkpoints and
proliferation, while hub gene analysis identified CCNDI and
PSAT]1 as central regulators. These findings were function-
ally consistent with the observed induction of p21 and p27*"!,
both inhibitors of cyclin-dependent kinases, and suppression
of CCNDI signaling. Taken together, these findings support
a role for LT4 in cell-cycle regulatory perturbation, thereby
restricting CRC cell proliferation in concert with the modula-
tion of upstream PI3K/AKT and MAPK cascades, including
the induction of FOXO3a and reduction of p-FOXO1 levels.

To further distill the mechanistic landscape of the effects
of LT4, a summary schematic (Fig. 10) that integrates key
signaling pathways and transcriptionally regulated nodes was
constructed. This model highlights the ability of LT4 to inter-
fere with PI3K/AKT/mTOR, GSK3p/FOXO, MAPK/p38 and
apoptosis-related signaling cascades. The inclusion of PSAT1
and CHACI in this framework underscores their potential as
novel downstream mediators of LT4's antitumor activity.

Limitations of the present study should be acknowl-
edged. First, all functional assays were performed in vitro,
and no in vivo xenograft models were included. Although
the data consistently demonstrated that LT4 modulates
PI3K/AKT/mTOR and MAPK signaling pathways in CRC
cells, the lack of animal studies limits the extrapolation of
these findings to complex tumor microenvironments. Future
studies employing xenograft or patient-derived models will be
required to validate the therapeutic relevance and pharmaco-
kinetic properties of LT4 in vivo. Second, most mechanistic
experiments were conducted in the HCT116 cell line, which
harbors a KRAS mutation and served as a responsive
model in the present study. While this approach provided
consistent insights into the antitumor mechanisms of LT4,
it did not capture the full spectrum of genetic heterogeneity
in CRC. Validation in additional KRAS-mutant cell lines,
or other genetically diverse CRC models, will be essential
to strengthen the generalizability of these findings. Third,
although network topology analysis consistently highlighted
hub genes such as SLC3A2, PSAT1 and CHACI, the present
study did not include direct functional assays to establish
their causal involvement in mediating the anticancer effects
of LT4. These genes were identified bioinformatically as
central regulators within the LT4-responsive network, but
experimental knockdown or overexpression studies will be
required to validate their mechanistic roles. Finally, although
LT4 was shown to consistently suppress the phosphorylation of
PI3K (p85 subunits) in HCT116 cells and molecular docking
analysis supported PI3Ky as a potential direct target of LT4,
no functional confirmation was performed in the present
study. Biochemical kinase and genetic approaches, such as
PI3K overexpression or the expression of constitutively active
mutants, would be required to verify direct PI3K engagement
and to determine whether the inhibitory effects of LT4 are
specifically mediated through PI3K.

In conclusion, to the best of our knowledge, the present
study provides the first integrative evidence that LT4, a
compound from A. cinnamomea mycelium, exerts anti-CRC
activity by modulating multiple key signaling pathways,
including PI3K/AKT/mTOR, GSK3p/FOXO, MAPK, apop-
tosis and COX-2. Through transcriptomic, biochemical and
molecular docking validation, it was demonstrated that LT4
not only regulated signaling cascades at the transcriptional
and protein levels but may also directly engage PI3K as a
potential target. These findings establish LT4 as a prom-
ising candidate for further preclinical development in CRC
therapy, particularly for tumors with KRAS mutations,
where treatment options remain limited. Future studies are
warranted to evaluate in vivo efficacy and to explore the
combinatory potential of LT4 with conventional chemo-
therapies.
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