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Abstract. Metastasis is the primary cause of cancer-associated 
mortality. The ternary IPP complex of integrin-linked kinase, 
PINCH and parvin functions as a signaling platform for inte-
grins, which modulate numerous cellular processes including 
cell migration and invasion. Chelidonine, isolated from 
Chelidonium majus, is a benzophenanthridine alkaloid that 
exhibits anticancer properties; however, the anti‑migratory and 
anti‑invasive effects of chelidonine remain unknown. The aim 
of the present study was to investigate the inhibitory effects 
of chelidonine on migration and invasion of MDA‑MB‑231 
human breast cancer cells, and to determine the underlying 
mechanisms. Chelidonine was shown to inhibit the migration 
and invasion of MDA‑MB‑231 cells in a concentration‑depen-
dent manner, without affecting the cell viability. Chelidonine 
did not significantly inhibit the adhesion of the cells to type 1 
collagen (COL‑I), however it did affect cell spreading and 
reorganization of the actin cytoskeleton. Chelidonine also 
inhibited COL‑I‑induced protein kinase B (Akt) activa-
tion and translocation to the plasma membrane, however, it 
did not significantly inhibit the activation of focal adhesion 
kinase. Notably, chelidonine treatment significantly inhibited 
COL‑I‑induced formation of the IPP complex and activation 
of IPP downstream signaling molecules, such as extracellular 
signal‑regulated kinase (ERK)1/2. These results suggest that 
chelidonine exhibits anti‑migratory and anti‑invasive effects 
in MDA‑MB‑231 cells, by suppressing COL‑I‑induced inte-

grin signaling, through inhibiting the formation of the IPP 
complex and subsequent down‑regulation of IPP downstream 
signaling molecules, such as Akt and ERK1/2. These results 
suggest that chelidonine may be a potential therapeutic agent 
against metastasis of invasive human cancer cells. 

Introduction

Metastasis is the leading cause of morbidity and mortality 
associated with cancer. The development of metastasis 
consists of numerous processes, in which cancer cells initially 
detach from the primary tumor, invade the surrounding tissues 
and intravasate into blood and/or lymphatic systems. This is 
followed by extravasation from the vasculature and subsequent 
colonization of target organs  (1). The extracellular matrix 
(ECM) provides both structural support and extracellular 
cues that regulate invasive tumor growth. Tumor‑associated 
changes in the ECM contribute to cancer progression (2). Cell 
migration involves the assembly and disassembly of focal adhe-
sions. The migration of cells is stimulated extracellularly and 
is initiated by integrins and intracellular signaling proteins, 
which are located within focal adhesions (2,3). Integrins are 
α and β heterodimeric cell‑surface receptors that mediate 
cell‑ECM interactions, and have important roles in the regula-
tion of normal and tumor cell migration and survival (2,3). The 
binding of a ligand to the extracellular integrin domain induces 
conformational changes and integrin clustering, that results 
in the activation of signaling cascades and recruitment of 
multi‑protein complexes to focal adhesions (4). Subsequently, 
integrins lacking kinase activity transmit signals through a 
variety of intracellular protein kinases and adaptor molecules, 
including focal adhesion kinase (FAK), integrin‑linked kinase 
(ILK) and paxillin (5‑7).

ILK has a central role in mediating signal transduc-
tion, initiated by cell‑ECM interactions. This leads to  the 
regulation of numerous biochemical processes, including 
proliferation, survival, differentiation, migration, invasion and 
angiogenesis (8). ILK was initially described as an integrin β1 
subunit‑binding protein, with involvement in kinase signaling 
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pathways (5). However, previous studies have demonstrated 
that ILK is a pseudokinase that acts as a distinct adaptor 
protein linking integrin and α‑parvin  (9,10). Structurally, 
ILK is comprised of an N‑terminal ankyrin repeat domain 
and a C‑terminal kinase‑like domain  (10,11). Through the 
ankyrin repeat domain, ILK binds to PINCH1  (12). The 
kinase‑like domain of ILK interacts directly with other 
components of integrin‑based adhesion plaques, including 
α‑parvin  (9,10,13). ILK, PINCH1, and α‑parvin form the 
ternary complex IPP, which has emerged as an essential 
constituent of integrin‑containing adhesion sites. IPP func-
tions both as a structural complex, that connects integrins 
to the actin cytoskeleton, and as a signaling platform, that 
modulates numerous cellular processes (6,8). The IPP complex 
is a central constituent of β1 and β3 integrin‑containing adhe-
sion sites, where it regulates numerous signaling pathways, 
including Akt, extracelullar signal‑regulated kinase (ERK)1/2, 
and Rac1 (6,8,13).

Chelidonine is a major benzophenanthridine alkaloid 
derived from the plant extract of Chelidonium majus, which 
is also known as the greater celandine (family Papaveraceae), 
and is widely distributed in Europe and Asia. The plant 
extract exhibits notable antitumor and antiviral activities (14). 
Chelidonine is the major component of the anticancer drug 
Ukrain, which is a semisynthetic derivative of C. majus alka-
loids and has antitumor activity (15). This alkaloid has been 
shown to induce apoptosis of primary human uveal melanoma 
cells  (16); arrest mitosis through the inhibition of tubulin 
polymerization and activation of the stress‑activated protein 
kinase/c‑Jun N‑terminal protein kinase (17); and down‑regu-
late the expression of telomerase in HepG2 cells (18). The 
effects of chelidonine on cell migration and invasion, however, 
have not yet been determined. The aim of the present study 
was to explore whether chelidonine inhibited the migration 
and invasion of MDA‑MB‑231 human breast cancer cells, and 
to further elucidate the underlying mechanisms.

Materials and methods

Cell culture and reagents. MDA‑MB‑231 human breast 
cancer cells were purchased from the American Type Culture 
Collection (Manassas, VA, USA). The cells were main-
tained in RPMI‑1640 medium, supplemented with 100 U/
ml penicillin and 100 µg/ml streptomycin (Invitrogen Life 
Technologies, Carsbad, CA, USA) and 10% heat‑inactivated 
fetal bovine serum (HyClone Laboratories, Inc., Logan, UT, 
USA), in a humidified 5% CO2 atmosphere at 37˚C. The 
chelidonine used for the present study was isolated from C. 
majus as described by previous methods (19). The chemical 
structure of chelidonine is shown in Fig. 1. The purity of the 
compound was determined to be >98%, by high performance 
liquid chromatography analysis. HPLC was performed using 
a Gilson UV/VIS 156 system (Gilson Inc., Middleton, WI, 
USA), in reverse phase mode on an Agilent Eclipse XD8‑C18 
(5 µm; 4.6 x 250 cm) column (Agilent Technologies, Santa 
Clara, CA, USA) at an elution rate of 1 ml/min, in the gradient 
15‑80% of acetonitrile in 10 mM 1‑hexane sulphonic acid 
sodium. The chelidonine was solubilized in 100% dimethyl 
sulfoxide (DMSO) and used at a final concentration of <0.05% 
DMSO. Antibodies against phospho‑Akt (Ser473), Akt, 

ERK1/2, phospho‑ERK1/2 (Thr202/Tyr204), phospho‑FAK 
(Tyr397), FAK, and ILK were obtained from Santa Cruz 
Biotechnology, (Santa‑Cruz, CA, USA). Antibodies against 
α‑tubulin and PINCH1 were from Sigma‑Aldrich (St. Louis, 
MO, USA). Protein A/G agarose beads and antibodies against  
GAPDH, ErbB2, and α‑parvin were obtained from Santa 
Cruz Biotechnology Inc. (Dallas, TX, USA). Fibronectin 
and type  1  collagen (COL‑I) were purchased from BD 
Biosciences (Franklin Lakes, NJ, USA). Fluorescein isothio-
cyanate (FITC)‑conjugated phalloidin was from Enzo Life 
Sciences (San Diego, CA, USA).

Cell viability assay. The cytotoxic activity of chelidonine  
was determined using an MTT‑based colorimetric assay. 
Briefly, the cells (1x104 cells/well) were seeded in 96‑well 
plates and allowed to grow for 24 h. Chelidonine was added 
to the wells at the following concentrations: 0, 1, 3, 10 µm. 
Following an additional 24 h incubation, the MTT solution 
(5 mg/ml) was added and the cells were incubated for 4 h. 
The experiment was performed in triplicate and the cell 
viability was presented as a percentage of the control. 

Immunoprecipitation and western blotting. Immunoprecipitation 
and western blotting were performed as previoulsy 
described  (20,21). Briefly, the cells were lysed in lysis 
buffer, containing 50 mM Tris‑HCl (pH 7.4), 150 mM NaCl, 
1  mM  EDTA, 5  mM  sodium orthovanadate, 1%  NP40 
and a protease inhibitor cocktail (BD Biosciences), and 
centrifuged at 22,000  x  g for 10  min at 4˚C. A total of 
25 µg protein per lane was separated by sodium dodecyl 
sulfate (SDS)‑polyacrylamide gel electrophoresis and trans-
ferred onto a polyvinylidene difluoride membrane (Millipore, 
Bedford, MA, USA.). The membrane was blocked with 5% 
non‑fat milk for 2 h and subsequently incubated with the 
corresponding primary antibody (1:1,000 dilution) overnight 
at 4˚C. Following washing and binding of an appropriate 
secondary antibody (1:5,000 dilution) coupled to horse-
radish peroxidase for 2 h at room temperature, the signals 
were visualized by enhanced chemiluminescence according 
to the manufacturer's instructions (Animal Genetics Inc, 
Kyonggi‑do, Korea). For the immunoprecipitation, equal 
quantities of cell lysate were incubated with the appropriate 
antibodies, followed by an incubation with protein A/G 
agarose beads. The immunoprecipitates were extensively 

Figure 1. The chemical structure of chelidonine. 
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washed and the eluted precipitates were resolved, transferred 
and probed with the appropriate antibodies.

Cell fractionation. The cells were washed with phos-
phate‑buffered saline (PBS), incubated for 20 min in hypotonic 
lysis buffer (50 mM Tris‑HCl, pH 7.0, 1 mM EDTA, 0.1% 
β‑mercaptoethanol, 5 mM sodium orthovanadate, protease 
inhibitors cocktail) and 1 ml of the protein extract was lysed 
using a pre‑chilled Dounce homogenizer (Thomas Scientific, 
Swedesboro, NJ, USA), with a tight‑fitting pestle (15 strokes). 
Unbroken cells and nuclei were pelleted at 1,000 x g at 4˚C 
for 10 min, the supernatants were further centrifuged at 
21,000 x g at 4˚C for 45 min. The pellets, containing the 
cellular membranes, were washed three times in hypotonic 
lysis buffer and resuspended in lysis buffer prior to western 
blot analysis.

Cell migration and invasion assays. The cell migration and 
invasion assays were performed using a modified Boyden 
chamber (8 mm pore size; Corning Costar, Cambridge, MA, 
USA) as described by previous methods (20,21). Briefly, the 
lower surface of the filters were coated with COL‑I or fibro-
nectin as a chemoattractant. The upper surface of the filter 
was coated with Matrigel™ (BD Biosciences) for the invasion 
assay, or left uncoated for the migration assay. MDA‑MB‑231 
cells were seeded at a density of 5x104 cells in 100 µl RPMI, 
containing 0.5% bovine serum albumin (migration) or RPMI, 
containing 10% FBS (invasion) in the upper compartment of 
transwell. The lower compartment contained 800 µl RPMI, 
containing 10% FBS. Following incubation for 8 h (migra-
tion) or 24 h (invasion) at 37˚C in 5% CO2, the cells which 
had not penetrated the filter were completely wiped away using 
a cotton swab and the cells which had migrated to the lower 
surface of the filter were fixed with methanol. The cells were 
subsequently stained and counted in ≥5 randomly selected 
microscopic fields (magnification, ×100) per filter using an 
Olympus CKX41 inverted microscope (Olympus, Tokyo, 
Japan).

Adhesion and spreading assays. The cell adhesion assays were 
carried out using 96‑well tissue culture plates. The plates were 
coated with 10 µg/ml of COL‑I overnight at 4˚C. Each well 
was rinsed with 1X PBS and blocked with PBS supplemented 
with 0.1% bovine serum albumin for 1 h. The cells were plated 
at a density of 2x104 cells/well. Following a 1 h incubation, the 
unbound cells were removed from the wells by gentle aspira-
tion and washed three times with PBS. The attached cells were 
quantified by measuring the acid phosphatase activity. Briefly, 
the attached cells were treated with lysis buffer (0.1 M sodium 
acetate, pH 5.0, 0.1% triton X‑100) containing 5 mM p‑nitro-
phenyl phosphate and incubated for 1 h at 37˚C, followed by 
the addition of 1 M NaOH. The absorbance was measured at 
405 nm using a microplate reader.

For the spreading assay, the cells were seeded into a 24‑well 
plate coated with 10 mg/ml of COL‑I (1x105 cells/well)  and incu-
bated for 1 h. Following the incubation, the cells were fixed in 3.7%  
formaldehyde. The proportion of spread cells was determined 
using a light microscope. Non‑spread cells were observed as 
small, round cells with little or no membrane protrusions, 
whereas spread cells were observed as large cells with exten-

sive visible lamellipodia. The results represent the percentage 
of spread cells in five randomly selected microscopic fields 
(magnification, x200).

F‑actin staining and confocal microscopy. The cells were 
grown on glass coverslips coated with COL‑I, fixed with 4% 
paraformaldehyde and permeabilized in 0.2% Triton X‑100. 
The F‑actin staining was performed using fluorescein isothio-
cyanate (FITC)‑conjugated phalloidin. Confocal images were 
acquired using a Zeiss LSM510 META NLO inverted laser 
scanning confocal microscope (Carl Zeiss AG, Oberchocken, 
Germany; Korea Basic Science Institute Chuncheon Center) 
equipped with an external argon HeNe laser and HeNe 
laser II. The images were captured at the colony midsection 
using a C‑Apochromat 63X NA1.2 water immersion objec-
tive (Carl Zeiss AG).

Statistical analyses. The data represent the means ± standard 
deviation of three independent experiments, each repeated in 
triplicate. The data were analyzed by Student's t‑test. A P<0.05 
was considered to indicate a statistically significant difference, 
as compared with the controls. 

Results

Chelidonine inhibits COL‑I‑induced migration of 
MDA‑MB‑231 cells without affecting cell viability. The 
Boyden chamber migration assay was performed to determine 

Figure 2. The effects of chelidonine on the migratory ability of MDA‑MB‑231 
human breast cancer cells. In the migration assay, the lower surface of the 
filters, in a Boyden chamber, was coated with (A) type 1 collagen (COL‑I) 
or (B) fibronectin. The cells were treated with the indicated concentrations 
of chelidonine for 8 (fibronectin) or 12 h (COL‑I). The cells that migrated 
through the pores in the filter were fixed, stained and counted in five random 
fields. The data represent the means ± standard deviation of three indepen-
dent experiments, performed in triplicate; *P<0.01, as compared with the 
vehicle‑treated control.
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the inhibitory effects of chelidonine on the migratory ability of 
MDA‑MB‑231 cells. The lower surface of the filters was coated 
with COL‑I and the migrated cells were analyzed following 
a 12 h incubation with chelidonine. Chelidonine significantly 
suppressed the migration of the cells towards COL‑I, in a 
concentration‑dependent manner, with a half maximal inhibi-
tory concentration (IC50) value of 1.0±0.1 µM (Fig. 2A). The 
effects of chelidonine on the migration of MDA‑MB‑231 cells 
induced by fibronectin, were also investigated. Chelidonine 
treatment weakly inhibited the migration of the cells 
towards fibronectin, with an IC50 value of >10 µM (Fig. 2B). 
These results suggest that chelidonine was more effective at 
suppressing COL‑I‑induced cell migration, as compared with 
fibronectin‑induced cell migration. The present study also 
examined whether chelidonine was capable of suppressing 
the invasive abilities of MDA‑MB‑231 cells, using a Boyden 
chamber coated with Matrigel™. The number of cells invading 
the lower chamber were significantly decreased when the cells 
were treated with chelidonine, in a concentration‑dependent 
manner, with an IC50 value of 1.4±0.2 µM (Fig. 3A). To verify 
that the concentrations of chelidonine used in the experiments 
did not affect the cell viability, MDA‑MB‑231 cells were incu-
bated with various concentrations of chelidonine for 24 h and 
cell viability was evaluated using an MTT assay. Chelidonine 
did not cause any significant toxic effects on the cells <10 µM 
(Fig. 3B), suggesting that chelidonine is effective in inhibiting 
MDA‑MB‑231 cell migration and invasion.

Chelidonine inhibits cell spreading and actin cytoskeleton 
reorganization, during adhesion to COL‑I. Integrin‑mediated 
cancer cell adhesion and spreading is an important step in 
cell migration and invasion (22). Therefore, the present study 
determined whether chelidonine prevented the adhesion of 
MDA‑MB‑231 cells to COL‑I. Treatment of MDA‑MB‑231 
cells with chelidonine slightly impaired the adhesion of 
cells to COL‑I (Fig. 4A). The percentage of adhesion inhi-
bition, in the cells treated with 10  µM chelidonine, was 
15±2.5%, which was markedly less than that of the migra-
tory inhibition towards COL‑I. The effects of chelidonine 

on the spreading of MDA‑MB‑231 cells on COL‑I were also 
determined. Chelidonine inhibited the spreading of cells 
on COL‑I, in a concentration‑dependent manner, with an 
IC50 value of 2.5±0.3 µM (Fig. 4B). COL‑I stimulation also 
induced a dramatic reorganization of the actin cytoskeleton 
in MDA‑MB‑231 cells; however, treatment of the cells with 
10 µM chelidonine completely blocked the COL‑I‑induced 
reorganization of the actin cytoskeleton (Fig.  4C). These 
results suggest that chelidonine may inhibit migration of 
MDA‑MB‑231 cells by suppressing the reorganization of the 
actin cytoskeleton and cell spreading. 

Chelidonine inhibits COL‑I‑induced activation of Akt. 
Integrins transmit signals through a variety of intracel-
lular protein kinases and adaptor molecules, including FAK 
and ILK  (9,23). Activation of FAK results in numerous 
cellular processes, including cell attachment, migration and  
invasion  (24). Therefore, the effects of chelidonine on 
COL‑I‑induced FAK activation were determined. COL‑I 
stimulation did not significantly increase the protein expres-
sion levels of phospho‑FAK (Tyr397) in MDA‑MB‑231 
cells (Fig. 5A). However, COL‑I stimulation did significantly 
increase the protein expression levels of phospho‑Akt (Ser473) 
within 30 min, after which it gradually returned to the basal 
level (Fig. 5A). These results suggest that the activation of Akt 
may be induced at an early stage during adhesion to COL‑I, 
in this cancer cell line. Notably, treatment of MDA‑MB‑231 
cells with chelidonine significantly decreased phospho‑Akt 
(Ser473) protein expression levels (Fig. 5B), in a concentration 
dependent manner (Fig. 5C). Conversely, fibronectin increased 
the protein expression levels of phospho‑FAK (Tyr397), and 
chelidonine treatment did not significantly alter the fibro-
nectin‑induced phosphorylation of FAK (Fig. 5D). 

Chelidonine inhibits the COL‑I‑induced formation of the 
IPP complex. The IPP complex regulates multiple integrin 
signaling pathways, including Akt, ERK1/2 and Rac1 small 
GTPase (6,23). Therefore, the effects of chelidonine on the 
COL‑I‑induced formation of the IPP complex were determined 

Figure 3. The effects of chelidonine on the invasive ability and viability of MDA‑MB‑231 human breast cancer cells. (A) The cells were treated with the indi-
cated concentrations of chelidonine for 16 h in a Boyden chamber invasion assay, and the invasive ability of the cells was quantified by counting the number of 
cells that invaded through the underside of the porous polycarbonate membrane. The data represent the average of three independent experiments, performed 
in triplicate; *P<0.01, as compared with the vehicle‑treated control. (B) MDA‑MB‑231 cells were seeded in triplicate in 96‑well plates and cultured with the 
indicated concentrations of chelidonine for 24 h. The viability of the cells was determined using an MTT assay. The data represent the means ± standard 
deviation of three independent experiments, performed in triplicate. 
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Figure 4. The effects of chelidonine on adhesion, spreading and actin cytoskeletal reorganization of MDA‑MB‑231 human breast cancer cells. (A) The cells 
were seeded in triplicate on type 1 collagen (COL‑I)‑coated 96‑well plates and cultured with the indicated concentrations of chelidonine for 1 h. The adhered 
cells were quantified by measuring the acid phosphatase activity. The data represent the average of three independent experiments, performed in triplicate; 
*P<0.01, as compared with the vehicle‑treated control. (B) The cells were seeded on COL‑I‑coated 24‑well plates and cultured with the indicated concentra-
tions of chelidonine for 1 h. The cells were fixed, visualized by phase‑contrast microscopy (magnification, x200) and scored for the percentage of spread 
cells. The data represent the average of three independent experiments, performed in triplicate; *P<0.01, as compared with the vehicle‑treated control. (C) The 
cells were allowed to adhere to COL‑I‑coated (10 µg/ml) coverslips for 1 h in the presence or absence of 10 µM chelidonine, and stained with fluorescein 
isothiocyanate‑labeled phalloidin, to detect F‑actin filaments.

Figure 5. The effects of chelidonine on the activation of Akt and focal adhesion kinase (FAK) in MDA‑MB‑231 human breast cancer cells.  (A) The cells 
were serum‑starved for 12 h and allowed to adhere to COL‑I‑coated dishes (10 µg/ml) for the indicated period of time. Whole cell lysates were blotted with 
the indicated antibodies. (B) The serum‑starved cells were allowed to adhere to COL‑I‑coated dishes (10 µg/ml), in the presence or absence of chelidonine 
(10 µM), for the indicated period of time. Whole cell lysates were blotted with the indicated antibodies. (C) The serum‑starved cells were allowed to adhere 
to COL‑I‑coated dishes (10 µg/ml), with the indicated concentrations of chelidonine for 1 h. Whole cell lysates were used to determine the protein expression 
levels of phospho‑Akt (Ser473) (p‑Akt) by western blot analysis. (D) The serum‑starved cells were allowed to adhere to fibronectin‑coated dishes (10 µg/ml), 
in the presence or absence of chelidonine (10 µM), for the indicated period of time. Whole cell lysates were used to determine the protein expression levels of 
phospho‑FAK (Tyr397) (p‑FAK) by western blot analysis. H, hours.
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using a co‑immunoprecipitation assay. COL‑I stimulation 
increased ILK association with PINCH1 and α‑parvin, as well 
as Akt; however, chelidonine suppressed this association in a 
concentration‑dependent manner (Fig. 6A). Membrane frac-
tionation revealed that chelidonine significantly suppressed 
the COL‑I‑induced plasma membrane translocation of 
Akt (Fig. 6B), which is an essential process for Akt activa-
tion (25,26). To further confirm that chelidonine inhibited the 
COL‑I‑induced formation of the IPP complex, the effects of 
chelidonine on IPP downstream signaling molecules, such 
as ERK1/2, were evaluated. COL‑I significantly increased 
the phosphorylation of ERK1/2 in MDA‑MB‑231 cells, in 
a time‑dependent manner; however, chelidonine treatment 
decreased the protein expression levels of COL‑I‑induced 
phospho‑ERK1/2 (Fig. 6C). These results suggest that cheli-
donine may exert its anti‑migratory effects through interfering 
with the formation of the IPP complex. 

Discussion

Chelidonium majus has a history in phytomedicine for the 
treatment of numerous diseases and health disturbances. It 
contains isoquinoline alkaloids, particularly protoberberine 
and benzophenanthridine alkaloids  (27). The plant extract 
exhibits both antitumor and antiviral activities (14), in addition 
to hepatoprotective and anti‑genotoxic effects in mice (28). 
Ukrain, a semi‑synthetic derivative of C. majus alkaloids, 
has been used in therapy to treat various types of solid tumor. 
Previous pre‑clinical and clinical investigations have estab-
lished Ukrain as an anticancer drug (29). Chelidonine, the 

major component of Ukrain, induces apoptosis (16), mitotic 
arrest (17) and reduction of telomerase activity (18) in cancer 
cells. However, the underlying mechanisms behind the anti-
cancer effects of chelidonine remain to be elucidated. 

In the present study, the anti‑migratory and anti‑invasive 
effects of chelidonine on MDA‑MB‑231 human breast 
cancer cells were investigated. The results demonstrated 
that chelidonine exhibited a potent anti‑migratory effect on 
MDA‑MB‑231 cells induced by COL‑I, without affecting cell 
viability. Based on these results, the mechanism of action of 
chelidonine, for inhibiting COL‑I‑induced migration, was 
further explored. Chelidonine was shown to be capable of 
suppressing COL‑I‑induced reorganization of the actin cyto-
skeleton and cell spreading. Notably, chelidonine treatment 
suppressed the formation of the IPP complex and subsequent 
activation of IPP downstream signaling molecules, including 
Akt and ERK1/2 induced by COL‑I. These results suggest that 
the anti‑migratory mechanisms of chelidonine may be associ-
ated with inhibition of integrin signaling, by suppressing the 
COL‑I‑induced formation of the IPP complex. 

Integrin‑mediated signaling regulates a variety of 
biological processes, including cell migration, survival and 
proliferation. The ternary IPP complex is also a central 
constituent of adhesion sites, where it regulates multiple 
signaling pathways, including Akt, ERK1/2, and Rac1 (6,8,10). 
The present study demonstrated that chelidonine suppressed 
the COL‑I‑induced association of ILK with PINCH1, α‑parvin 
and Akt. Furthermore, chelidonine suppressed COL‑I‑induced 
reorganization of the actin cytoskeleton, cell spreading and 
migration, as well as activation of the downstream IPP signaling 

  A   B

  C

Figure 6. The effects of chelidonine on type 1 collagen (COL‑I)‑induced formation of the integrin‑linked kinase, PINCH and parvin (IPP) complex and translo-
cation of (Akt) to the plasma membrane. (A) The serum‑starved MDA‑MB‑231 human breast cancer cells were allowed to adhere to COL‑I‑coated dishes, with 
or without chelidonine (10 µM), for 1 h. Whole cell lysates were immunoprecipitated with integrin‑linked kinase (ILK) antibody. The immunoprecipitates (IP) 
and whole cell lysates (Input) were blotted with the indicated antibodies. (B) The serum‑starved MDA‑MB‑231 cells were allowed to adhere to COL‑I‑coated 
plates, with or without chelidonine (10 µM) for 1 h, and plasma membrane fractions were prepared and blotted with the indicated antibodies. ErbB2 was used as 
a membrane protein marker, and GAPDH was used as the cytosol protein marker. (C) The effects of chelidonine on COL‑I‑induced activation of extracellular 
signal‑regulated kinase (ERK)1/2. The serum‑starved cells were allowed to adhere to COL‑I‑coated dishes (10 µg/ml) with the indicated concentrations of 
chelidonine for 1 h. Whole cell lysates were used to determine the level of phospho‑ERK1/2 (p‑Erk) by western blot analysis. H, hours.
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molecules, including Akt and ERK1/2. Therefore, chelidonine 
may inhibit cell migration by suppressing COL‑I‑induced 
integrin signaling, through inhibiting the formation of the 
IPP complex in MDA‑MB‑231 cells. However, the detailed 
mechanisms by which chelidonine interferes with IPP complex 
formation induced by COL‑I, remain to be elucidated.

Chelidonine was shown to be more effective at suppressing 
COL‑I‑induced cell migration, as compared with fibro-
nectin‑mediated cell migration. The binding of integrins to 
their ligands induces conformational changes and integrin 
clustering, resulting in the activation of signaling cascades and 
recruitment of multi‑protein complexes to focal adhesions (30). 
FAK is predominantly activated in focal adhesions and is 
important in cell‑ECM interactions that affect cell migration, 
proliferation and survival (4,7). Autophosphorylation of FAK 
at Tyr397, occurs in response to numerous stimuli, including 
integrin engagement. FAK phosphorylation promotes the Src 
homology domain 2‑dependent binding of the Src family 
tyrosine kinases and the formation of an activated FAK‑Src 
complex (7). FAK activation at focal adhesion sites enhances 
cytoskeletal reorganization, cellular adhesion and cell 
survival (7). Previous studies have shown that stimulation of 
MDA‑MB‑231 cells with fibronectin predominantly induces 
the activation of FAK (20,21). Conversely, COL‑I stimula-
tion does not significantly increase FAK phosphorylation at 
Tyr397, but induces the activation of Akt in MDA‑MB‑231 
cells, suggesting that the formation of the IPP complex could 
be induced at an early time during adhesion to COL‑I, in this 
cancer cell line. Chelidonine did not significantly decrease the 
level of FAK phosphorylation induced by fibronectin, but it 
did effectively suppress the COL‑I‑induced formation of the 
IPP complex, and activation of IPP downstream signaling 
molecules, including Akt. These results indicate that chelido-
nine may preferentially inhibit the IPP complex, rather than 
suppress FAK activation. This may explain why chelidonine 
was more effective at suppressing COL‑I‑induced cell migra-
tion, as compared with fibronectin‑mediated cell migration.

The anticancer effects of chelidonine have previously been 
reported, however this is the first report, to the best of our 
knowledge, demonstrating that chelidonine inhibits migra-
tion and invasion of MDA‑MB‑231 cells. These effects may 
be achieved through the inhibition of the IPP complex and 
subsequent activation of IPP downstream signaling molecules, 
such as Akt and ERK1/2. The results of the present study also 
support potential, additional biological activities of chelidonine, 
and may provide a basis for the development of more specific 
cancer chemotherapeutic agents derived from natural products.
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