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Abstract. Fangchinoline (FAN), an alkaloid extracted from 
Stephania  tetrandra, has a variety of biological and phar-
macological activities, but evidence of its effects on colon 
adenocarcinoma (COAD) is limited. Therefore, the present 
study aimed to elucidate the molecular mechanisms by which 
FAN affects COAD. The cytotoxicity, viability and prolifera-
tion of DLD‑1 and LoVo cells were assessed in the presence 
of FAN using MTT and colony formation assays. The effects 
of FAN on apoptosis and the cell cycle in COAD cells were 
analysed by flow cytometry, and the migration and invasion 
of these cells were assessed by wound healing and Transwell 
experiments. Furthermore, a network pharmacological 
analysis was conducted to investigate the target of FAN and 
the results were confirmed by western blotting. In addition, a 
xenograft model was established in nude mice, and ultrasound 
imaging was used to assess the preclinical therapeutic effects 
of FAN in vivo. To the best of our knowledge, the results of this 
study provided the first evidence that FAN inhibited cellular 
proliferation, stemness, migration, invasion, angiogenesis and 

epithelial‑mesenchymal transition (EMT), and induced apop-
tosis and G1‑phase cell cycle arrest. Network pharmacological 
analysis further confirmed that FAN prevented EMT through 
the epidermal growth factor receptor (EGFR)‑phosphoinositide 
3‑kinase (PI3K)/AKT signalling pathway. Finally, FAN signif-
icantly repressed tumour growth and promoted apoptosis in 
xenografts. Thus, targeting EGFR with FAN may offer a novel 
therapeutic approach for COAD.

Introduction

Among all malignant tumours, colorectal cancer (CRC) ranks 
third in incidence and second in cancer‑related mortality (1). 
There are >1.8  million new cases reported each year, 
accounting for 6.1% of all sites of cancers (2). In addition, the 
most common histopathological type of CRC is colon adeno-
carcinoma (COAD). Although significant advancements have 
been made in the early diagnosis and treatment of colon cancer, 
the long‑term survival and prognosis of patients remain poor 
due to recurrence and metastasis (3). Drug resistance is the 
primary cause of cancer treatment failure and cancer‑related 
deaths. Therefore, the research and development of novel 
antitumour drugs for metastasis has been a long‑term focus of 
antitumour therapy. Plant‑derived compounds have numerous 
advantages, including cost, stability, safety and multitargeting 
abilities, making them highly valued in clinical applica-
tions (4).

Fangchinoline (FAN), a bisbenzylisoquinoline alka-
loid, is extracted from Stephania  tetrandra, which exists 
widely in nature. FAN possesses a variety of biological and 
pharmacological activities, including anti‑hypertensive and 
anti‑atherosclerotic activity, enhanced immunity, platelet 
aggregation inhibition and histamine release (5). In previous 
years, researchers have demonstrated that FAN exhibits 
antitumor activity against a variety of malignant tumours, 
such as bladder cancer, prostate cancer, breast cancer, gastric 
cancer, hepatocellular carcinoma and melanoma (6), but its 
effects on CRC are unclear. Aggressive metastatic dissemina-
tion accounts for ~90% of CRC‑related deaths (7). The loss 
of cell polarity and a shift from an epithelial phenotype to 
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a mesenchymal fibroblastic phenotype, a process known as 
epithelial‑mesenchymal transition (EMT), promotes malig-
nant cell metastasis through the extracellular matrix (ECM) to 
other tissues (8). Exogenous and endogenous cytokines work 
together to stimulate receptors on the cell surface and then 
activate signalling pathways to regulate EMT factors, eventu-
ally inducing EMT. For example, growth factors (including 
EGF, VEGF, TGF‑β, Wnt, stromal cell‑derived factor 1 and 
prostaglandin E2), cytokines (such as FAM3 metabolism regu-
lating signalling molecule C and interleukins) and receptor 
tyrosine kinases [including epidermal growth factor receptor 
(EGFR), hepatocyte growth factor receptor and insulin‑like 
growth factor 1 receptor] have been implicated in the regula-
tion of EMT (9). Tyrosine kinase inhibitors and monoclonal 
antibodies against the extracellular domain of EGFR are now 
widely used for metastatic CRC treatment after failure of 
first‑line chemotherapy regimens (10,11). Therefore, targeting 
EGFR is important for treating CRC.

The aim of the present study was to evaluate the anticancer 
activities of FAN in COAD and the potential molecular 
mechanisms involved in vitro and in vivo. The present study 
confirmed that FAN, as an alkaloid chemotherapeutic drug, 
had antitumour activity in COAD cells.

Materials and methods

Cells and reagents. The COAD cell lines DLD‑1 and LoVo 
and the human intestinal epithelial cell line NCM460 were 
purchased from FuHeng BioLogy Cell Centre. DLD‑1 and 
NCM460 cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Thermo  Fisher Scientific, Inc.), while 
LoVo cells were cultured in RPMI‑1640 medium (Gibco; 
Thermo Fisher Scientific, Inc.). Both media were supplemented 
with 10% foetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% antibiotic (100 U/ml penicillin and 
100 mg/ml streptomycin; Sigma‑Aldrich; Merck KGaA). All 
cells were cultured in a standard humidified incubator at 37˚C 
under an atmosphere with 5% CO2. FAN was purchased from 
Aladdin Industrial Corporation (cat. no. F110200), which was 
dissolved in dimethyl sulfoxide (DMSO) as a 65.78 mmol/l 
stock solution.

MTT assay. The MTT assay was performed to measure the 
cytotoxicity of FAN on DLD‑1, LoVo and NCM460 cells. 
Cells were seeded into 96‑well plates (5x103 per/well), incu-
bated overnight, and treated with varying concentrations of 
FAN (0‑9 µM) at 37˚C for 48 h. Subsequently, MTT solution 
(5 mg/ml, 20 µl/well; Sigma‑Aldrich; Merck KGaA) was added 
to each well, followed by DMSO (150 µl/well) to dissolve 
the formazan crystals. Then, the absorbance at 490 nm in 
each well was read on a microplate reader (ELx808, BioTek 
Instruments, Inc.). Three biologically independent experi-
ments were performed.

Plate colony formation assay. COAD cells (1x103) were 
seeded in a 6‑cm culture dish, incubated overnight, and 
treated with varying concentrations of FAN (0‑7 µM) for 
5 h. Then, the supernatant was replaced with regular medium 
containing 10% FBS. After 2 weeks, the cells were fixed 
with methanol (≥99.5%) at room temperature for 15 min and 

stained with a 0.5% crystal violet solution at room temperature 
for 10 min. Three biologically independent experiments were 
conducted.

Cell cycle assay. After DLD‑1 and LoVo cells were treated 
with FAN (5 µM) for 48 h, they were harvested, fixed in 
75%  ethanol at 4˚C overnight, treated with RNase and 
stained with propidium iodide (Beijing 4A Biotech Co., Ltd.). 
Analysis of the cell cycle distribution was performed using 
flow cytometry (FACSCalibur; BD  Biosciences). ModFit 
LT™ version 5.0 software (Verity Software House, Inc.) was 
used for analysis. Three biologically independent experiments 
were conducted.

Apoptosis assay. DLD‑1 and LoVo cells were seeded in 6‑well 
plates (2.5x105 per/well) and allowed to adhere overnight. Then, 
FAN (0‑7 µM) was added, and the cells were incubated for 48 h 
before being harvested and stained with an Annexin V‑FITC/PI 
Apoptosis Detection kit (cat. no. FXP018; Beijing 4A Biotech 
Co., Ltd.). FACSCalibur and FACSDiva™  6.1.3 software 
(BD Biosciences) were used to analyse apoptosis (early and 
late apoptosis). Three biologically independent experiments 
were conducted.

Wound healing assay. Monolayers (90% confluency) of DLD‑1 
and LoVo cells in serum‑free medium were scratched with a 
sterile 200‑µl pipette tip and then treated with different doses 
of FAN (0‑2 µM) for 24 h. The scratch was imaged under a 
light microscope (magnification, x100), and wound closure 
was assessed at different time points (0, 24 and 48 h). The 
widths of the scratches were analysed with ImageJ v1.8.0 
(National Institutes of Health), and three biologically indepen-
dent experiments were conducted.

Transwell assay. Migration and invasion experiments were 
performed with Transwell chambers. DLD‑1 and LoVo cells 
were pretreated with different doses of FAN (0‑2 µM) for 24 h 
before they were resuspended in FBS‑free medium and seeded 
into the upper chambers of the inserts (1x104 cells/200 µl 
medium per well). Then, 500 µl medium containing 10% FBS 
was added to the lower chamber to serve as a chemoattrac-
tant. For invasion analysis, 50 µl Matrigel (BD Biosciences) 
was added to the upper chamber to coat the polycarbonate 
membrane at room temperature for 6 h before the cells were 
seeded. Following incubation for 48 h, the cells on the upper 
surface of the membrane were wiped away, and the migrated 
or invaded cells were fixed with methanol at room tempera-
ture for 15 min and stained with a 0.5% crystal violet solution 
at room temperature for 20 min. Under a light microscope 
(magnification, x100), 5 randomly selected fields were quan-
titatively analysed by recording the mean number of cells. 
Three biological experiments were performed.

Western blot analysis. COAD cells were treated with different 
concentrations of FAN (0‑7 µM) for 48 h, after which they 
were lysed with RIPA buffer (cat.  no.  P0013B; Beyotime 
Institute of Biotechnology) containing protease and phospha-
tase inhibitors. After the lysates were centrifuged at 4˚C for 
10 min at 12,000 x g, the supernatants were transferred to new 
test tubes. A BCA kit (cat. no. P0012S; Beyotime Institute 
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of Biotechnology) was used to measure protein concentra-
tion. Proteins (25 µg/lane) were separated by SDS‑PAGE on 
10% gels (Beyotime Institute of Biotechnology), and then 
electrotransferred onto polyvinylidene difluoride membranes 
(EMD Millipore). After the membranes were blocked with 
5%  non‑fat milk in TBS with 0.1%  Tween‑20 for 1  h at 
room temperature, they were incubated overnight at 4˚C 
with primary antibodies targeting the following proteins (as 
appropriate): Phosphorylated (p)‑AKT (Ser473; polyclonal, 
rabbit anti‑human IgG; 1:1,000; cat. no. 4060S; Cell Signaling 
Technology, Inc.), EGFR (polyclonal, rabbit anti‑human 
IgG; 1:1,000; cat.  no.  18986‑1‑AP; ProteinTech  Group, 
Inc.), E‑cadherin (polyclonal, rabbit anti‑human IgG; 
1:1,000; cat.  no.  20874‑1‑AP; ProteinTech Group, Inc.), 
N‑cadherin (polyclonal, rabbit anti‑human IgG; 1:1,000; 
cat. no. 22018‑1‑AP; ProteinTech Group, Inc.), vimentin (poly-
clonal, rabbit anti‑human IgG; 1:1,000; cat. no. 10366‑1‑AP; 
ProteinTech Group, Inc.), MMP2 (polyclonal, rabbit 
anti‑human IgG; 1:1,000; cat. no. 10373‑2‑AP; ProteinTech 
Group, Inc.), MMP9 (polyclonal, rabbit anti‑human IgG; 
1:1,000; cat.  no.  10375‑2‑AP; ProteinTech Group, Inc.), 
CD133 (polyclonal, rabbit anti‑human IgG; 1:1,000; 
cat. no. 66666‑1‑Ig; ProteinTech Group, Inc.), cyclin D1 (poly-
clonal, rabbit anti‑human IgG; 1:1,000; cat. no. 60186‑1‑Ig; 
ProteinTech Group, Inc.), Bax (polyclonal, rabbit anti‑human 
IgG; 1:1,000; cat.  no.  50599‑2‑Ig; ProteinTech Group, 
Inc.), Bcl‑2 (polyclonal, rabbit anti‑human IgG; 1:1,000; 
cat. no. 12789‑1‑AP; ProteinTech Group, Inc.), zinc finger 
E‑box‑binding homeobox  1 (ZEB1; polyclonal, rabbit 
anti‑human IgG; 1:1,000; cat. no. 21544‑1‑AP; ProteinTech 
Group, Inc.), ZEB2 (polyclonal, rabbit anti‑human IgG; 
1:1,000; cat. no. 14026‑1‑AP; ProteinTech Group, Inc.), zinc 
finger protein SNAI1 (SNAIL; polyclonal, rabbit anti‑human 
IgG; 1:1,000; cat.  no.  13099‑1‑AP; ProteinTech Group, 
Inc.), zinc finger protein SNAI2 (SLUG; polyclonal, rabbit 
anti‑human IgG; 1:1,000; cat. no. 12129‑1‑AP; ProteinTech 
Group, Inc.), AKT (polyclonal, rabbit anti‑human IgG; 1:1,000; 
cat. no. 10176‑2‑AP; ProteinTech Group, Inc.) and β‑actin 
(polyclonal, mouse anti‑human IgG; 1:1,000; cat. no. TA‑09; 
OriGene Technologies, Inc.). Then, the membranes were incu-
bated with anti‑rabbit (HRP‑conjugated goat anti‑rabbit IgG; 
1:10,000; cat. no. ZB‑2301; OriGene Technologies, Inc.) or 
anti‑mouse (HRP‑conjugated goat anti‑mouse IgG; 1:10,000; 
cat.  no.  ZB‑2305; OriGene Technologies, Inc.) secondary 
antibodies for 1 h at room temperature. Protein signals were 
visualized using an enhanced chemiluminescence substrate 
(Thermo Fisher Scientific, Inc.) on a Bio‑Rad gel imaging 
system (Bio‑Rad Laboratories, Inc.). Image Lab version 2.0.1 
(Bio‑Rad Laboratories, Inc.) was used for semi‑quantification. 
Three biologically independent experiments were performed.

Bioinformatics prediction. GEPIA2 (http://gepia2.cancer‑pku.
cn/#index) analysis included differential expression in tumours 
vs. normal tissues, patient survival and multiple gene compari-
sons (12). The Human Protein Atlas (https://www.proteinatlas.
org/) was used to determine the EGFR protein levels in colon 
cancer and normal colon tissues with an EGFR antibody 
(CAB000035). The Venny online tool (http://bioinfogp.
cnb.csic.es/tools/venny/) was used to obtain the intersection 
between two sets of data groups.

Chemical database collection of the properties of FAN. 
The PubChem website (https://pubchem.ncbi.nlm.nih.gov/) 
was used to search for FAN and download its three‑dimen-
sional  (3D) structure as an SDF file, which was imported 
into the PharmMapper website (http://www.lilab‑ecust.
cn/pharmmapper/) for compound‑target gene prediction, and 
compound‑target gene information annotation was obtained 
and transformed into standard gene symbols.

Prediction of target genes of compounds in colonic 
neoplasms. The Comparative Toxicogenomics Database 
(CTD; http://ctdbase.org/) was searched using the key word 
‘Colonic Neoplasms’ to obtain the pathogenic genes related 
to this disease. The overlapping genes for the compounds 
and diseases were obtained through the Venny online tool 
(http://bioinfogp.cnb.csic.es/tools/venny/).

Functional enrichment analysis. The genes were entered 
into The Database for Annotation, Visualization and 
Integrated Discovery (DAVID; https://david.ncifcrf.gov/) 
for Kyoto Encyclopaedia of Genes and Genomes  (KEGG) 
pathway (http://www.genome.jp/kegg/pathway.html) 
and Gene Ontology (GO; http://www.geneontology.org) 
enrichment analyses. ‘Homo sapiens’ and false discovery 
rate  (FDR) <0.05 were selected as the filter criteria. The 
ggplot2.R package (version  0.0.1; https://cran.r‑project.
org/web/packages/ggplot2/) was used for image visualization.

Protein‑protein interaction (PPI) network construction. The 
PPI network of the target genes was constructed using the 
Search Tool for the Retrieval of Interacting Genes (STRING) 
online tool (https://string‑db.org/). R version 3.6.0 software 
(https://www.r‑project.org/) was used to connect the adjacent 
nodes in the PPI network.

Animal experiments. A total of 10 female BALB/C nude mice 
(5‑6 weeks old; weight, 18 g) were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. and reared in 
a pathogen‑free environment under a 12/12 h light/dark cycle 
at room temperature. The mice had free access to food and 
water. The protocol relating to all animal experiments was 
discussed and approved by the Institutional Animal Care and 
Use Committee of Harbin Medical University (Harbin, China). 
The health and behaviour of the mice were monitored every 
day (12). Xenograft tumours were established by subcutaneously 
injecting 0.1 ml DLD‑1 cells (1x107 cells/ml) in culture medium 
into the flanks of the mice. When the xenograft tumours were 
established, the mice were randomly divided into the treat-
ment group (n=5) or control group (n=5) and intraperitoneally 
injected with FAN (0.1 ml, 0.5 mg/ml) or PBS, respectively, 
three times per week for 4 weeks. After the intraperitoneal 
injection of 1% pentobarbital sodium into mice (50 mg/kg), 
the tumours were monitored by ultrasound imaging (USI). 
Analysis of tumour growth, angiogenesis, microangiogenesis 
and tumour hardness was performed with Philips  IU Elite 
ultrasound system (Philips Healthcare), which includes four 
USI modes, namely, B‑ultrasound (B‑mode), colour Doppler 
flow imaging (CDFI), colour power angiography (CPA) and 
ultrasonic elastosonography (USE). The mice were anesthe-
tized with sodium pentobarbital (100 mg/kg), followed by 
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cervical dislocation at the end of the experiment. The tumours, 
hearts, livers, spleens and lungs were collected for pathological 
examination, and the tumour volumes were calculated using 
the following formula: Volume = length x width2/2.

Pathological examination via immunohistochemistry (IHC) 
haematoxylin and eosin (H&E) and TUNEL apoptosis 
detection. For IHC, formaldehyde‑fixed (at room temperature 
for 48 h) and paraffin‑embedded tumour tissues were sliced into 
5‑µm thick sections. The sections were deparaffinized using 
xylene, rehydrated in a graded series of ethanol, incubated with 
3% H2O2 for 30 min, and blocked with 10% normal goat serum 
(Beijing Solarbio Science & Technology Co., Ltd.) at room 
temperature for 1 h. Sections were then immunostained with 
antibodies against Ki67 (1:200; cat. no. WL01384a; Wanleibio 
Co., Ltd.), EGFR (1:200; cat. no. WL02312; Wanleibio Co., 
Ltd.), p‑Bcl‑2 (1:100; cat. no. WL01556; Wanleibio Co., Ltd.), 
N‑cadherin (1:100; cat. no. WL01047; Wanleibio Co., Ltd.) and 
cyclin D1 (1:200; cat. no. WL01435a; Wanleibio Co., Ltd.) at 
4˚C overnight. Tissues were then incubated with HRP‑labeled 
goat anti‑rabbit IgG (1:500; cat. no. 31460; Thermo Fisher 
Scientific, Inc.) at 37˚C for 60 min, then immersed in PBS 
for 5  min three  times. The colour was developed with a 
3,3'‑Diaminobenzidine Substrate Kit (cat. no. DA1010; Beijing 
Solarbio Science & Technology Co., Ltd.) at 4˚C overnight, 
following which the sections were counterstained with haema-
toxylin at room temperature for 3 min. Five visual fields on 
each slide were randomly selected and photographed under a 
light microscope (magnification, x400).

For H&E staining, tissues were fixed and embedded in 
paraffin, sliced into 5‑µm thick sections, stained with haema-
toxylin at room temperature for 5 min, treated with 1% acid 
ethanol for 3 sec, washed with distilled water, stained with 
eosin solution at room temperature for 3 min, dehydrated 
with graded alcohol and washed with xylene. After drying, 
the mounted slides were examined and five visual fields were 
randomly selected on each slide and imaged using a light 
microscope (magnification, x200).

Apoptosis in pathological tissues was detected using a 
TUNEL Apoptosis Detection Kit (Wanleibio Co., Ltd.), and 
stained with hematoxylin for 2 min at room temperature. A 
total of five visual fields were randomly selected on each slide 
and imaged using a light microscope (magnification, x400). 
Three biologically independent experiments were performed.

Statistical analysis. Statistical analysis and probit regres-
sion analysis were conducted using SPSS  22.0 software 
(IBM  Corp.). Data are presented as the mean  ±  standard 
deviation. Differences between the means of two  groups 
were assessed using an unpaired Student's t‑test (indepen-
dent). Differences among the means of multiple groups were 
assessed using one‑way ANOVA followed by a Bonferroni 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

FAN suppresses viability and proliferation of COAD cells. 
The chemical structural formula and 3D structure of FAN are 
shown in Fig. 1A and B, respectively. To evaluate cytotoxicity, 

COAD cells were incubated with multiple concentrations 
of FAN (0‑9 µM) for 48 h. The MTT assay results showed 
that FAN significantly inhibited COAD cell viability in 
a dose‑dependent manner (Fig.  1C). The 50%  inhibitory 
concentration  (IC50) values for DLD‑1 and LoVo  cells at 
48 h, according to probit regression analysis, were 4.53 and 
5.17 µM, respectively. Notably, FAN showed minimal cytotox-
icity towards NCM460 cells (Fig. S1). The colony formation 
assay results indicated that the number and size of colonies 
decreased in a dose‑dependent manner (Fig. 1D and E).

Disordered cell cycle regulation is the basic mechanism of 
infinite and rapid cancer cell proliferation (13). As shown in 
Fig. 1F and G, FAN induced cell cycle arrest in DLD‑1 and 
LoVo cells in the G1 phase, with the percentage of cells in 
the G1 phase cells increasing from 42.84 to 57.68% and from 
46.30 to 53.25%, respectively. The western blot assay results 
showed that the expression of CD133 and cyclin D1 in cells 
treated with FAN decreased in a dose‑dependent manner 
(Figs. 1J and S2).

FAN induces apoptosis in COAD cells. Dysregulation of 
the apoptotic process is closely associated with tumour 
progression and resistance to chemotherapies (14). Therefore, 
exploring drug‑induced apoptosis is crucial for elucidating 
anticancer mechanisms. The results showed that FAN 
significantly induced apoptosis in a dose‑dependent manner 
(Fig. 1H and I), and western blot analysis revealed decreased 
Bcl‑2 expression and increased Bax expression in FAN‑treated 
COAD cells (Figs. 1J and S2).

FAN impedes COAD cell mobility. Generally, chemotherapy 
can not only induce apoptosis, but also weaken mobility in 
tumour cells (15). Tumour cell mobility is essential for metas-
tasis and is typically assessed by wound healing and Transwell 
assays. Lower concentrations of FAN were administered 
(0‑2 µM) to avoid effects related to decreased viability. As 
shown in Fig. 2A and B, FAN significantly reduced the wound 
healing rate of COAD cells in a dose‑dependent manner 
compared with the untreated control group. Consistent with 
these observations, Transwell assay results demonstrated 
that the migration and invasion of FAN‑treated COAD cells 
decreased in a dose‑dependent manner (Fig. 2C and D).

FAN inhibits EMT in COAD cells. Western blot analysis results 
showed that E‑cadherin expression increased with increasing 
FAN concentration, whereas vimentin and N‑cadherin expres-
sion decreased compared with the control group. Furthermore, 
MMP2 and MMP9 expression levels were decreased by 
FAN compared with the control cells (Fig. 3A and B). With 
increasing FAN concentrations, SNAIL and ZEB2 expres-
sion decreased in a dose‑dependent manner compared with 
the control group, and the expression of SLUG in DLD‑1 and 
LoVo cell lines was not inhibited following treatment with 
FAN. Inhibition of ZEB1 expression in DLD‑1 cells by FAN 
required a concentration >7 µM (Fig. 3C and D). The public 
GEPIA database showed that SNAIL expression was higher 
in COAD tissues compared with the adjacent tissues, and the 
overall survival (OS) of patients with COAD was decreased in 
the SNAIL‑overexpression group from the GEPIA2 database 
(Fig. S3).
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FAN blocks the PI3K‑AKT signalling pathway in COAD 
cells by inhibiting EGFR targets. The obtained SDF file for 
FAN, which was downloaded from the PubChem website, was 
imported into the PharmMapper website to predict target genes, 
and 258 compound‑target genes were obtained. The CTD 
was searched with ‘Colonic Neoplasms’ as the key word and 
25,581 pathogenic‑target genes were obtained. Subsequently, 
256 overlapping genes were identified as potential target genes 
through the online tool Venny (Fig. 4A).

A PPI network of five core potential target genes out of 
256 potential target genes was constructed using the STRING 
online database (Fig. 4B). The circle in Fig. 4B represents the 
protein, and there are interactions between the linker proteins. 
R software was used to draw the number of adjacent nodes in 
the interactive network, where the abscissa is the number of 
adjacent nodes of the gene, and the ordinate is the name of the 
gene. Genes with more adjacent nodes are at the centre of the 
network. From the column (Fig. 4C), a number of potential 

Figure 1. Effect of FAN on COAD cell proliferation, cell cycle and apoptosis. (A) Chemical and (B) three‑dimensional structures of FAN. (C) An MTT assay 
was performed to measure COAD cell viability following FAN (0‑9 µM) treatment. (D and E) Colony formation assay of FAN (0‑7 µM)‑treated COAD cells. 
(F and G) Flow cytometry analysis of the cell cycle distribution of COAD cells after treatment with FAN (5 µM). (H and I) Percentage of apoptotic COAD cells 
following treatment with FAN (0‑7 µM, 48 h) was determined by flow cytometry. (J) Western blot analysis of the expression of related proteins in COAD cells 
treated with FAN (0‑7 µM). **P<0.01 and ***P<0.001 vs. 0 µM group. FAN, fangchinoline; COAD, colon adenocarcinoma; FMC, flow cytometry.
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Figure 3. FAN represses EMT and EMT regulatory factors in colon adenocarcinoma cells. (A and B) E‑Cadherin, N‑cadherin, vimentin, MMP2 and MMP9 
expression following treatment with FAN (0‑7 µM, 48 h) was determined by western blotting. (C and D) The expression of related transcription factors after 
FAN treatment (0‑7 µM, 48 h) was measured by western blotting. *P<0.05 and **P<0.01 vs. 0 µM group. FAN, fangchinoline; EMT, epithelial‑mesenchymal 
transition; SNAIL, zinc finger protein SNAI1; SLUG, zinc finger protein SNAI2; ZEB1, zinc finger E‑box‑binding homeobox 1.

Figure 2. Effect of FAN on COAD cell mobility. (A and B) Wound healing assay of FAN‑treated COAD cells at non‑toxic concentrations (0‑2 µM, 
24 h). Mmagnification, x100. (C and D) Migration and invasion assays of COAD cells pretreated with FAN at non‑toxic concentrations (0‑2 µM, 24 h). 
Mmagnification, x100. *P<0.05 and **P<0.01. FAN, fangchinoline; COAD, colon adenocarcinoma.
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target genes were obtained, among which albumin (ALB), 
AKT1, EGFR, proto‑oncogene tyrosine‑protein kinase 
Src (SRC) and caspase‑3 (CASP3) were found to be at the core 
of the PPI network.

The 256 potential target genes were input into DAVID 
for GO enrichment analysis and KEGG signalling pathway 
enrichment analysis to elucidate the multiple biological 
functions of potential targets of FAN from a systematic 

Figure 4. EGFR is a therapeutic target of colon cancer. (A) Venn diagram of the target genes for 258 compound‑target genes and 25,581 pathogenic‑target 
genes. (B) PPI network of the 5 core target genes among 256 potential target genes. (C) The column shows the adjacent nodes of the proteins. (D) GO analysis 
of potential target genes. (E) Kyoto Encyclopaedia of Genes and Genomes pathway analysis of potential target genes. (F) EGFR protein levels in normal and 
colon cancer tissues from The Human Protein Atlas database. (G) Immunohistochemistry analysis of EGFR expression in DLD‑1 xenograft tumours following 
FAN treatment (magnification, x400; scale bar, 100 µm). (H) EGFR, PI3K, p‑AKT and AKT expression levels in COAD cells treated with FAN (0‑7 µM, 48 h) 
were verified by western blotting. PPI, protein‑protein interaction; EGFR, epidermal growth factor receptor; GO, Gene Ontology; FAN, fangchinoline; PI3K, 
phosphoinositide 3‑kinase; p‑, phosphorylated; ALB, albumin; SRC, proto‑oncogene tyrosine‑protein kinase Src; CASP3, caspase‑3; BP, ‘Biological Process’; 
MF, ‘Molecular Function’; CC, ‘Cellular Component’; COAD, colon adenocarcinoma.
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level (Fig. 4D and E). From the GO enrichment analysis for 
‘Biological Process’, the potential targets of FAN were enriched 
in ‘negative regulation of apoptotic process’ (GO:0043066), 
‘proteolysis’ (GO:0006508), ‘positive regulation of cell 
proliferation’ (GO:0008284), ‘protein phosphorylation’ 
(GO:0006468), ‘response to drug’ (GO:0042493) and others. 
For ‘Cellular Component’, the enriched items belonged to 
‘cytosol’ (GO:0005829), ‘cytoplasm’ (GO:0005737), ‘extracel-
lular exosome’ (GO:0070062), ‘nucleoplasm’ (GO:0005654), 
‘extracellular region’ (GO:0005576) and others. For ‘Molecular 

Function’, ‘ATP binding’ (GO:0005524), ‘zinc ion binding’ 
(GO:0008270), ‘identical protein binding’ (GO:0042802), 
‘enzyme binding’ (GO:0019899) were primarily enriched 
(Fig.  4D). KEGG signalling pathway enrichment analysis 
results were enriched in ‘Metabolic pathways’ (hsa01100), 
‘Pathways in cancer’ (hsa05200), ‘PI3K‑Akt signalling 
pathway’ (hsa04151) and others (Fig. 4E).

A differential expression analysis of tumour vs. normal 
tissues showed that EGFR expression was higher in COAD 
tissues than in normal tissues (Fig. 4F). Furthermore, IHC 

Figure 5. FAN suppresses tumour growth in vivo. (A‑C) DLD‑1 cells were subcutaneously injected into the left flanks of mice to establish xenograft models. 
Following FAN treatment (0.1 ml, 0.5 mg/ml three times per week for a total of 4 weeks), all mice were observed, and the tumour weight and volume were 
measured and compared. (D) Ki67, cyclin D1, Bcl‑2 and N‑cadherin expression levels in xenograft tumours were analysed by immunohistochemistry (magni-
fication, x400; scale bar, 100 µm). (E) TUNEL assays were performed to detect apoptosis in pathological tissues. (F) Ultrasound evaluation that included 
B‑mode, CDFI, CPA and USE. *P<0.05 and **P<0.01 vs. control group. FAN, fangchinoline; B‑mode, B‑ultrasound; CDFI, colour Doppler flow imaging; CPA, 
colour power angiography; USE, ultrasonic elastosonography.
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results showed that EGFR expression was decreased in tumour 
tissues in the FAN treatment group (Fig. 4G). Moreover, the 
protein expression levels of EGFR, PI3K and p‑AKT were 
decreased, but total AKT expression showed no significant 
changes (Figs. 4H and S4).

FAN suppresses tumour growth in vivo. USI (including B‑mode, 
CDFI, CPA and USE) is a non‑invasive imaging technique that 
can enable comprehensive analysis of xenograft tumours, and 
not only accurately measures the tumour size, but also displays 
the blood supply around the transplanted tumour and the hard-
ness of the transplanted tumour. A DLD‑1 xenograft model was 
established in BALB/c nude mice to evaluate the antitumour 
activity of FAN in vivo. After 4 weeks, the weights and sizes of 
the xenografts in the FAN treatment group were smaller than 
those observed in the control group, as shown in Fig. 5A‑C. 
According to the different USI patterns in the FAN treatment 
group, the tumour size, as measured by the B‑mode pattern, 
decreased, the xenograft tumour angiogenesis, as reflected by the 
CDFI and CPA patterns, decreased, and the xenograft tumour 
hardness, according to the USE pattern, decreased (Fig. 5F). 
Next, IHC was performed to measure the protein expression 
of representative tumour progression markers. Compared with 
that observed in the control group, the expression of Ki67, 
cyclin D1, Bcl‑2 and N‑cadherin in the FAN‑treated group 
decreased (Fig. 5D). Haematoxylin and eosin (H&E) staining 
of the FAN‑treated group confirmed a reduction in tumour 
angiogenesis (Fig. S5B) without obvious necrosis in internal 
organs (Fig. S5A). The apoptotic rate of xenograft tumours, as 

determined by the TUNEL assay, was 17.23 and 3.05% in the 
FAN‑treated and control groups, respectively, indicating the 
obvious apoptosis‑inducing effect of FAN (Fig. 5E).

Discussion

Natural plant compounds (NPCs) have long been used as a 
source of therapeutic substances and a structural basis for 
drug development. Natural products provide unique struc-
tures that can be used to design novel therapeutic agents (16). 
Boldbaatar et al (17) systematically reviewed the anticancer, 
anti‑inflammatory and antifibrosis effects of NPCs via EMT 
inhibition and concluded that NPCs inhibit pathological 
EMT through different signal transduction pathways in cells. 
In addition, accumulating evidence has suggested potential 
plant‑derived compounds as inhibitors of several stages of 
tumorigenesis and of inflammatory and fibrotic processes (4). 
Several clinical trials have demonstrated that NPCs elicit 
anti‑aging, anticancer and other health‑enhancing effects. For 
example, berberine shows extensive pharmacological effects 
in gastroenteritis, abdominal pain and diarrhoea, and also 
antibacterial, anti‑diabetic and anti‑inflammatory proper-
ties (18). Furthermore, baicalin has been found to decrease 
blood lipids and inflammation in patients with coronary artery 
disease and rheumatoid arthritis, supporting its further clinical 
application (19). A low amount of gallic acid can prevent oxida-
tive DNA injury and decrease inflammatory‑, cancer‑ and 
cardiovascular disease‑related markers (20). Key targets of 
the effects of NPCs may include the suppression of oxidative 
stress and the induction of 5'AMP‑activated kinase (AMPK), 
or inhibition of the WNT/β‑catenin, PI3K/AKT/mTOR and 
RAS/MEK/ERK signalling pathways, which result in cell 
death and the prevention of conditions such as aging, diabetes, 
cardiovascular disease and cancer (21). During EMT, epithe-
lial cells lose the expression of epithelial markers (including 
E‑cadherin, occludin and cytokeratins) and begin to express 
mesenchymal markers (such as vimentin and fibronectin). 
In the present study, the expression of the epithelial marker 
E‑cadherin increased significantly after FAN treatment, 
whereas that of the mesenchymal markers N‑cadherin and 
vimentin decreased significantly. Although it is unclear 
whether FAN can reverse EMT, it can be speculated that FAN 
may inhibit EMT. Cancer stem cells (CSCs) have the potential 
for self‑renewal and multipotent differentiation, which leads to 
drug resistance (22). As a CSC surface marker, overexpression 
of CD133 is hypothesized to be involved in tumour metastasis 
and CRC relapse (23). Furthermore, degradation of the ECM 
due to increased MMP expression is crucial in the process 
of EMT‑related metastasis (24,25). MMP2 and MMP9 are 
the most commonly used indicators of tumour invasion and 
metastasis. Western blot analysis in the present study showed 
that the expression levels of CD133, MMP2 and MMP9 were 
decreased significantly in the FAN‑treated group. In addi-
tion, the expression of Bcl‑2, an antiapoptotic marker, and 
cyclin D1, a cell cycle G1 marker, decreased with increasing 
FAN concentrations.

A group of transcription factors, namely, the EMT regula-
tory factors SNAIL, SLUG, ZEB1 and ZEB2, are upstream of 
the aforementioned markers and can regulate EMT by directly 
inhibiting E‑cadherin promoter activity and promoting the 

Figure 6. Molecular mechanism of FAN‑induced colon cancer inhibition via 
the EGFR‑SRC‑PI3K/AKT signalling pathway. FAN, fangchinoline; EGFR, 
epidermal growth factor receptor; SRC, proto‑oncogene tyrosine‑protein 
kinase Src; PI3K, phosphoinositide 3‑kinase; EMT, epithelial‑mesenchymal 
transition.
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mesenchymal phenotype  (26‑29). In the present study, the 
expression of SNAIL and ZEB2 decreased significantly and 
consistently in a dose‑dependent manner in both COAD cell 
lines. A previous study demonstrated that the overexpression 
of SNAIL, a zinc finger transcriptional repressor, is closely 
associated with lymph node metastasis, indicating a poor 
clinical prognosis in patients with COAD, whereas blocking 
SNAIL protein expression can reduce the invasive activity of 
malignant tumours (30). ZEB2 expression has been demon-
strated to be significantly higher in COAD tissues than in 
normal adjacent tissues (31), and Li et al (32) confirmed that 
ZEB2 promotes tumour metastasis and is associated with poor 
prognosis in patients with COAD. Therefore, we speculate that 
SNAIL and ZEB2 are primarily involved in regulating EMT 
as transcription factors in FAN‑treated cells.

The concept of network pharmacology stems from 
the introduction of systems biology and the application 
of bioinformatics, as well as the ‘genome’ theory, which 
involves the integration of modern genomics, proteomics and 
metabolism (33). Based on the ‘disease‑gene‑target‑drug’ 
interaction network, the intervention and influence of drugs 
on the disease network were analysed. The combination of 
a disease targeting database and molecular verification can 
provide a basis for identifying target genes and signalling 
pathways, as well as aiding the discovery of complex under-
lying mechanisms (34).

In the present study, through network pharmacological 
analysis, a PPI network of 256 potential target genes was 
constructed, and the molecular mechanisms were further 
predicted according to the enrichment of the potential target 
genes in the GO analysis and KEGG signalling pathways. 
The PPI network indicated that ALB, AKT1, EGFR, SRC and 
CASP3 were core components of tumour progression.

ALB, the most abundant protein in human blood, helps 
regulate plasma colloid osmotic pressure and acts as a carrier 
protein for a broad range of endogenous molecules  (35). 
The loss of serum ALB reflects the degree of malnutri-
tion and inflammatory response (36,37). In a recent study, 
the combination of serum ALB and cholinesterase levels 
was revealed to be a useful clinical index, as it provided 
accurate prognostic information for patients with CRC (38). 
AKT1 is a member of the AKT family that plays a central 
role in the AKT pathway. A variety of biological processes, 
such as proliferation, cell cycle progression, invasion and 
metastasis, are regulated by AKT kinase (39). Caspase‑3, 
a primary inducer of apoptosis, is activated directly by 
caspase‑8, caspase‑9 and caspase‑10, and exerts its func-
tion via convergence of the intrinsic and extrinsic apoptotic 
pathways (40,41). SRC (a non‑receptor tyrosine kinase) is a 
well‑studied proto‑oncogene that participates in the tumori-
genesis of numerous types of cancer, such as colorectal, 
pancreatic cancer (42,43). Studies have demonstrated that 
SRC cannot significantly increase the proliferation, invasive-
ness and tumorigenicity of tumour cells unless bound with 
EGFR and p‑EGFR (42). As a component of EGFR signalling 
transduction, cellular SRC (C‑SRC) mediates EGFR‑driven 
tumorigenesis in vivo, and the interaction between EGFR 
and C‑SRC leads to a more aggressive tumour pheno-
type (44,45). Previously, a study on genetic variations in the 
EGFR pathway demonstrated that the interaction between 

SRC and single nucleotide polymorphisms (SNPs) of EGFR 
is significantly related to the risk of COAD, which further 
supports the joint regulatory model of EGFR and SRC in 
early‑stage colorectal cancer (46). Furthermore, SRC plays 
a central role in regulating multiple downstream pathways, 
such as the PI3K/AKT, signal transducer and activator of 
transcription 3 and mitogen‑activated protein kinase path-
ways (47). SRC activation is associated with chemotherapy 
and EGFR antibody resistance, which has led to the strategy 
of developing SRC family‑specific inhibitors to prevent 
immune inhibition (46). Research on NPCs targeting EGFR 
has remained important (48). The ligands of EGFR (EGF 
and TGF‑α) bind to its extracellular domain and induce 
phosphorylation of its intracellular domain, in turn acti-
vating an intricate downstream signalling pathway (49,50) 
Curcumin treatment has been found to significantly reduce 
the proliferation and migration of NSCLC cells, possibly 
through toll‑like receptor 4/myeloid differentiation primary 
response protein MyD88‑EGFR‑mediated inhibition of AP‑1 
protein and suppression of the EMT process (51). A study 
by Li et al (52) revealed that evodiamine can downregulate 
the expression of total EGFR in human LoVo cells, which 
may be the underlying mechanism of its inhibitory effects 
on invasion and metastasis of CRC via the PI3K, AKT and 
mTOR signalling pathways. The present study confirmed by 
western blotting that the expression of EGFR decreased in a 
dose‑dependent manner. After a comprehensive analysis of 
the aforementioned potential targets, it was concluded that 
EGFR is the most likely target of FAN in the treatment of 
CRC.

To elucidate the molecular mechanism by which FAN 
affects COAD, GO analysis and KEGG pathway enrich-
ment analysis of the 256 potential targets were performed. 
The KEGG pathway analysis results primarily identified the 
PI3K/AKT signalling pathway, which was consistent with 
previous reports on hepatocellular carcinoma and gastric 
cancer (6,53). Abnormal activation of the PI3K/AKT signal-
ling pathway leads to an imbalance between cell proliferation 
and apoptosis, resulting in tumorigenesis (54). In addition, 
terms in the ‘Biological Process’ category ranked highest 
among the top 10 GO terms, suggesting that FAN may exert 
its anticancer activity by regulating different biological 
processes.

In a previous study, Wang et al (53) observed that FAN 
induced autophagy in HepG2 and PLC/PRF/5 cells via AMPK 
signalling. Feng et al (6) confirmed that FAN targets PI3K and 
suppresses the PI3K/AKT signalling pathway in SGC7901 
cells. Shi et al (55) observed that FAN inhibits the growth 
and metastasis of melanoma cells by suppressing the focal 
adhesion kinase 1 pathway. These data indicate that FAN is 
a non‑specific drug. Compared with single‑target inhibitors, 
non‑specific drugs have innate advantages, such as greater 
anticancer effects and a significantly reduced risk of multi-
drug resistance and serious side effects (56). Moreover, with 
the application of nanotherapy‑based drug delivery systems, 
targeted and sustained drug release can be achieved, the 
solubility and bioavailability of drugs can be improved, and 
the side effects of drugs can be reduced (57). When combined 
with EGFR‑targeted nanotherapy, plant‑derived evodiamine 
showed a stronger ability to inhibit the invasion and metastasis 
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of CRC than other monotherapy groups  (51). Therefore, it 
is proposed that FAN could potentially have useful clinical 
applications in the future.

The present study confirmed that FAN has a strong inhibi-
tory effect on tumorigenesis in vitro and in vivo. FAN can 
inhibit the proliferation and invasion of tumour cells and induce 
apoptosis and cell cycle arrest through the EGFR‑PI3K/AKT 
signalling pathway (Fig. 6). In addition, SRC may be involved 
in the EGFR‑SRC‑PI3K/AKT signalling pathway according to 
the network pharmacology assessment and relevant literature 
reports; however, this finding needs further experimental 
confirmation. Therefore, these results suggested that FAN may 
be a potential anticancer strategy for COAD.
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