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Epithelial-mesenchymal transition (EMT) is a critical process in cancer cell motility and metastasis. 
Monoterpene indole alkaloids (MIAs) have been widely investigated for biological activities, but rarely 
been explored for cell motility inhibition. This study aimed to discover natural products, especially 
focusing on MIAs, that inhibit EMT in cancer cells, based on our screening using multiple plant 
extracts. We found that an extract of the aerial parts of Uncaria scandens (Sm.) Wall. (Rubiaceae) 
decreased cancer cell motility. Targeted isolation exhibited eight MIAs. Among them, strictosamide 
and mitraphylline suppressed the invasion and migration of the cells. The alteration of the mRNA 
expression of the EMT effectors and transcription factors suggested that the EMT signaling pathway 
is related to the suppression of cancer cell motility by both compounds. RT-PCR gene array suggested 
inhibition of integrin α4 signaling as a potential mechanism of the EMT inhibition, which was 
supported by the quantitative analysis of the mRNA expressions of the related genes. Together, 
present study is the first report highlighting the cell motility-suppressive effects of strictosamide and 
mitraphylline. Our results suggested the potential applicability of strictosamide and mitraphylline for 
the prevention of metastasis.
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Cancer is more difficult to treat when metastasis occurs. Despite advances in treatment, metastasis is the most 
common cause of cancer-related deaths1. Epithelial-mesenchymal transition (EMT), a developmental process in 
which epithelial cells are transformed into spindle-shaped mesenchymal cells, enhances mobility, invasion, and 
resistance to apoptotic stimuli in cancer cells, which advances their metastatic properties2. A fundamental event 
in EMT includes downregulation of the epithelial marker E-cadherin, whereas the expressions of mesenchymal 
markers, such as N-cadherin, vimentin, and fibronectin, are upregulated3,4. Several experimental studies have 
suggested that EMT inhibition can help prevent metastasis5–7. Hence, small molecules that target EMT may be 
valuable candidates as chemotherapeutic agents that reduce malignancy.

Monoterpene indole alkaloids (MIAs) are phytochemicals derived from strictosidine which is biosynthesized 
by condensation of tryptamine and secologanin8. MIAs exhibit structural complexity and diversity during 
subsequent biosynthetic pathway, and this diversity makes them a promising source of drug candidates9. The 
most well-known clinical applications of MIAs are vinblastine and vincristine [chemotherapeutic agents from 
Catharanthus roseus (L.) G. Don (Apocynaceae)], reserpine [an antihypertensive drug from Rauvolfia serpentina 
(L.) Benth. ex Kurz (Apocynaceae)], and quinine [an antimalarial drug from Cinchona spp. (Rubiaceae)]. Despite 
extensive pharmacological investigations on MIAs, their inhibitory activities on cell motility remain unexplored.
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As a part of our research program aiming to discover natural products that suppress cancer cell motility10–12, 
we investigated the phytochemistry and pharmacology of aerial parts of Uncaria scandens (Sm.) Wall. 
(Rubiaceae). The genus Uncaria is a rich source of alkaloids, especially MIAs13. The species that have been well-
characterized for their bioactive chemical constituents include Uncaria rhynchophylla (Miq.) Miq. and Uncaria 
tomentosa (Willd. ex Schult.) DC14–17. However, MIA constituents of U. scandens have rarely been investigated. 
Yang et al.18 performed a chemical investigation of U. scandens; however, only triterpenes and flavonoids were 
reported. A study using liquid chromatography-tandem mass spectrometry (LC-MS/MS) profiling suggested the 
possible occurrence of MIAs in U. scandens; however, these were not fully confirmed by further experiments19.

Here, we describe the bioactivity- and chemical profile-guided discovery of strictosamide (1) and mitraphylline 
(2), two MIAs isolated from U. scandens, as bioactive compounds against the motility of H1975, AGS, and 
CaCo2 cells, which are human lung, gastric, and colorectal cancer cells, respectively, via EMT suppression. The 
three cancer cells used in this study harbored different states of mutations in cancer-critical genes: AGS has 
mutant KRAS, PIK3CA, TP53, and CTNNB1; CaCo2 has wild-type KRAS, BRAF, and PIK3CA; and H1975 has 
mutant EGFR, PIK3CA, and TP5320.

Materials and methods
Plant materials
The aerial parts of Uncaria scandens (Sm.) Wall. were collected on March 9, 2011, from the Dong community 
in K’Bang district, Gia Lai province, Vietnam. The plant was authenticated by T. T. Bach (Vietnam Academy of 
Science and Technology, Hanoi, Vietnam). A voucher specimen (VK 4455) was deposited in the herbarium of 
the Korea Research Institute of Bioscience and Biotechnology (Daejeon, Republic of Korea).

Isolation and structural Elucidation of compounds
The dried aerial parts of U. scandens (550 g) were extracted with MeOH (3 × 5.5 L, for 2 h each) by ultrasonication 
at room temperature. The crude extract (47.6 g) was obtained by removing the extraction solvent in vacuo. The 
extract was suspended in H2O and washed with n-hexane to remove fat, wax, and chlorophyll. The aqueous 
residue was acidified using HCl to attain a pH of 2–3, and the nonpolar compounds were extracted from the 
acidic suspension using EtOAc. Thereafter, NH4OH was added to aqueous residue to obtain a pH of 11–12 and 
alkaloid-rich fraction (0.8  g) was obtained by extracting it with CH2Cl2. Extra-pure grade solvents used for 
extraction and fractionation were purchased from Daejung Chemicals & Metals Co. Ltd. (Si-heung, Korea). The 
total extract and fractions were desiccated with a nitrogen blower and a centrifugal vacuum evaporator before 
further chemical and biological analysis.

Compound 2 (165.0 mg) was obtained as a MeOH-insoluble pellet of the alkaloid-rich fraction during sample 
preparation for the preparative HPLC. The remaining alkaloid-rich fraction was separated using preparative 
HPLC (Waters 600 system) equipped with a Hector C18 column (250 × 21.2 mm, 5 μm, RS Tech, Daejeon, Korea) 
and eluted with a linear gradient of H2O-MeCN (75:25 → 10:90 for 25  min, 12 mL/min) to obtain purified 
compound 1 (7.1 mg, tR 11 min) and four fractions D1–D4. D2 (77.3 mg) was further separated into seven 
subfractions (D2a–D2g) using silica gel flash chromatography and eluted with a gradient of CH2Cl2-MeOH. 
Compounds 3–6 (3, 1.7 mg, tR 6.5 min; 4, 1.9 mg, tR 7.0 min; 5, 0.8 mg, tR 14.0 min; 6, 1.8 mg, tR 8.0 min) were 
purified from D2b using preparative HPLC equipped with a Spursil C18–EP column (250 × 10 mm, 5 μm, Dikma 
Technologies, Foothill Ranch, CA, USA) and eluted using a linear gradient of H2O-MeCN (85:15 → 60:40 for 
20 min, 4 mL/min). Compounds 7 and 8 (7, 1.5 mg, tR 9.5 min; 8, 2.1 mg, tR 11.0 min) were isolated from D2d 
by preparative HPLC equipped with a Hector C18 column (250 × 10 mm, 5 μm) and eluted with a linear gradient 
of H2O-MeCN (90:10 → 40:60 for 15 min, 4 mL/min). The solvents used for preparative HPLC were purchased 
from J. T. Baker (Avantor, Phillipsburg, NJ, USA; #4218-03, water; 9017-03, MeCN).

A Bruker Avance III HD 500 spectrometer (Bruker BioSpin, Billerica, MA, USA) at the Chronic and 
Metabolic Diseases Research Center of Sookmyung Women’s University was used for the structural identification 
of isolates. Pure forms of compounds 3–6 were unstable because isomerization occurs at room temperature14. 
Raw NMR data is provided as supplementary material (Figs. S1–S16).

LC–MS/MS analysis
The alkaloid-rich fraction of U. scandens was analyzed using a Waters Acquity UPLC system coupled with a 
Waters Vion IMS QTOF mass spectrometer (Waters Co., Milford, MA, USA). Chromatographic separation was 
performed using a mobile phase comprising 0.1% formic acid in water (A) and MeCN (B). Samples were injected 
into a Waters Acquity BEH C18 (100 × 2.1 mm, 1.7 μm; #186002353) column with a gradient method at a flow 
rate of 0.3 mL/min:10–60% of B (0–20 min), followed by 3 min washing and 3 min reconditioning. MS/MS 
analysis was performed in positive ion mode, and leucine enkephalin at m/z 556.2771 was selected as the lock 
mass. LC-MS grade solvents were acquired from Fisher Chemical (Thermo Fisher Scientific, Waltham, MA, 
USA; #W6, water; A995, MeCN).

Cell culture
Roswell Park Memorial Institute (RPMI; #CM058-050) or Dulbecco’s modified Eagle’s medium (DMEM; 
#CM001-050) (GenDepot, Katy, TX, USA) supplemented with 10% fetal bovine serum (FBS, #F0600-050, 
GenDepot) and 1% penicillin/streptomycin solution (#CA005-010, GenDepot) was used to maintain the human 
cancer cell lines H1975 (H. sapiens lung cancer; CVCL_1511; #CRL-5908), AGS (H. sapiens gastric cancer; 
CVCL_0139; #CRL-1739), and CaCo2 (H. sapiens colorectal cancer; CVCL_0025; #HTB-37). Cell lines were 
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained at 
37 °C in a humidified atmosphere containing 5% CO2. The α4β1 agonist (Integrin modulator 1, #HY-134130) 
was purchased from MedChemExpress (Monmouth Juntion, NJ, USA).
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Cell viability
Cells (3 × 103/well) were seeded in 96-well plates, incubated overnight, and exposed to compounds at 
concentrations of 25, 12.5, 6.25, 3.13, and 1.56 µM for 48 h. MTT (#M2128, Sigma Aldrich, St. Louis, MO, USA) 
was added to the cultures, and cells were lysed after 4 h using 150 µL of DMSO (#D8418, Sigma Aldrich) at 37 °C. 
Absorbance was measured at 570 nm using a microplate reader (BioTek, Winooski, VT, USA).

Invasion assay
Invasion assay was conducted in Transwell chambers (Corning, NY, USA) containing polycarbonate membranes 
with 8 μm pores coated with 1% gelatin. Cells were plated at 5–7 × 104/well in DMEM or RPMI containing 0.2% 
bovine serum albumin (BSA) in the upper compartment of the chamber with or without the tested compounds. 
Subsequently, the chemoattractant fibronectin was added to the lower chamber with RPMI or DMEM (600 
µM) containing 0.2% BSA. Following 24  h of incubation, the infiltrating cells were fixed using a Diff-Quik 
kit (Polysciences, Inc., Warrington, PA, USA). Cells were mechanically removed from the membrane in the 
chamber using a cotton swab, and cells clinging to the underside of the filter were stained and counted under a 
light microscope11.

Scratch wound healing assay
The scratch wound healing assay was performed using the IncuCyte system (Sartorius, Göttingen, Germany). 
H1975, AGS, and CaCo2 cells were seeded in Essen ImageLock 96-well plates (4 × 104/well). After an overnight 
incubation, a scratch wound was made on a monolayer of confluent cells using a wound marker (Sartorius). 
After wounding, cell debris was cleared with PBS, and the cells were incubated in DMEM or RPMI culture 
medium supplemented with 2% FBS, with or without the tested compounds.

Quantitative reverse-transcription PCR
The cells were plated at a density of 2 × 105/well on a 6-well plate and grown overnight. The cells were then 
treated with the compounds or DMSO. Total RNA was isolated from the cells using RNAiso Plus (#9109, 
TaKaRa, Otsu, Japan). The RNA (1 µg) was converted to cDNA using M-MLV reverse transcriptase (#28025021, 
Invitrogen, Carlsbad, CA, USA). qPCR was performed using SYBR Green qPCR PreMIX (#RT500, Enzynomics, 
Seoul, Korea). qRT-PCR was performed using a CFX instrument (Bio-Rad, Hercules, CA, USA). The list of the 
sequences of primers used in this study is shown in Table 1.

Western blot
Whole cell lysates were prepared as follows: cells were plated in 6-well plates, incubated overnight, treated with 
DMSO or strictosamide and mitraphylline, washed twice with ice-cold PBS, and lysed with a lysis buffer. Protein 
concentrations in the lysates were determined using a bicinchoninic acid (BCA) assay (#23225, Thermo Fisher 
Scientific, Waltham, MA, USA). Antibodies against N-cadherin, FAK, and p-FAK (Tyr397) were detected with a 
horseradish peroxidase-conjugated secondary antibody using an Immobilon Western Chemiluminescent HRP 
Substrate Kit (#WBKLS, Millipore, Billerica, MA, USA) and luminescence imaging. The relative densities of the 
bands were obtained by normalizing the density of β-actin (#4967, Cell Signaling Technology, Danvers, MA, 

Gene

Primer sequences

Forward (5′→3′) Reverse (5′→3′)
E-cadherin ​C​A​G​A​A​A​G​T​T​T​T​C​C​A​C​C​A​A​A​G ​A​A​A​T​G​T​G​A​G​C​A​A​T​T​C​T​G​C​T​T

N-cadherin ​C​T​C​C​T​A​T​G​A​G​T​G​G​A​A​C​A​G​G​A​A​C​G ​T​T​G​G​A​T​C​A​A​T​G​T​C​A​T​A​A​T​C​A​A​G​T​G​C​T​G​T​A

SNAIL ​T​C​C​C​G​G​G​C​A​A​T​T​T​A​A​C​A​A​T​G ​T​G​G​G​A​G​A​C​A​C​A​T​C​G​G​T​C​A​G​A

TWIST ​C​G​G​G​A​G​T​C​C​G​C​A GTCTTA ​T​G​A​A​T​C​T​T​G​C​T​C​A​G​C​T​T​G​T​C

ZEB1 ATGACA ​C​A​G​G​A​A​A​G​G​A​A​G​G ​A​G​C​A​G​T​G​T​C​T​T​G​T​T​G​T​A​G

ZEB2 ​C​A​A​G​A​G​G​C​G​C​A​A​A​C​A​A​G​C​C ​G​G​T​T​G​G​C​A​A​T​A​C​C​G​T​C​A​T​C​C

SLUG ​C​G​A​A​C​T​G​G​A​C​A​C​A​C​A​T​A​C​A​G​T​G ​C​T​G​A​G​G​A​T​C​T​C​T​G​G​T​T​G​T​G​G​T

CAV1 ​C​T​A​C​A​A​G​C​C​C​A​A​C​A​A​C​A​A​G​G​C ​A​G​G​A​A​G​C​T​C​T​T​G​A​T​G​C​A​C​G​G​T

WASF1 ​A​G​T​T​C​T​T​C​A​C​C​C​A​G​C​T​C​C​T​C ​G​G​T​G​A​T​G​A​T​G​G​T​C​G​A​A​T​G​C​C

CAPN1 ​C​C​T​G​C​T​T​G​A​G​A​A​G​G​C​C​T​A​T​G ​G​G​T​C​C​A​C​G​T​T​G​T​T​C​C​A​C​T​C​T

WASL ​G​A​A​C​G​A​G​T​C​C​C​T​C​T​T​T​C​A​C​T​T​T​C ​G​T​T​C​C​G​A​T​C​T​G​C​T​G​C​A​T​A​T​A​A​C​T

RHO ​A​G​C​T​C​G​T​C​T​T​C​A​C​C​G​T​C​A​A​G​G​A ​C​C​A​G​C​A​G​A​T​C​A​G​G​A​A​A​G​C​G​A​T​G

RHOA ​T​G​C​T​A​T​G​T​T​G​C​C​C​A​G​A​C​A​C​G​A ​T​C​C​A​C​C​T​C​G​A​T​A​T​C​T​G​C​C​A​C

SRC ​C​T​C​A​T​G​G​T​G​T​G​G​T​C​C​G​T​T​C​A​T​C ​G​C​T​C​T​G​C​T​G​G​C​G​G​T​T​T​A​T​T​C​T​G

ITGA4 ​G​C​A​T​A​C​A​G​G​T​G​T​C​C​A​G​C​A​G​A​G​A ​A​G​G​A​C​C​A​A​G​G​T​G​G​T​A​A​G​C​A​G​C​T

FAK ​G​C​C​T​T​A​T​G​A​C​G​A​A​A​T​G​C​T​G​G​G​C ​C​C​T​G​T​C​T​T​C​T​G​G​A​C​T​C​C​A​T​C​C​T

β-actin ​A​T​T​G​T​G​A​A​C​T​T​T​G​G​G​G​G​A​T​G ​G​A​T​G​A​G​A​T​T​G​G​C​A​T​G​G​C​T​T​T

Vimentin ​T​G​C​C​C​T​A​A​A​G​G​A​A​C​C​A​A​T​G ​T​C​C​A​G​C​A​G​C​T​T​C​C​T​G​T​A​G​G​T

RHOB ​A​C​A​T​T​G​A​G​G​T​G​G​A​C​G​G​C​A​A​G​C​A ​C​T​G​T​C​C​A​C​C​G​A​G​A​A​G​C​A​C​A​T​G​A

Table 1.  Sequences of primers used in this study.
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USA) bands in each sample using Multi-Gauge 3.0 software (Fuji Photo Film Co., Ltd., Tokyo, Japan). Values 
are represented as arbitrary units of densitometry, corresponding to the signal intensity. The PageRuler Plus 
Prestained Proten Ladder (#26619, Thermo Fisher Scientific) served as a ladder. The primary and secondary 
antibodies used for Western blots are presented in Table  2. Full-length uncropped blots are provided as 
supplementary material (Figs. S18–S25).

Real-time PCR gene array
The Human Cell Motility RT2 Profiler™ PCR Array (Qiagen, SA Biosciences, Valencia, CA, USA) was used to 
assess the expression of motility-related genes in AGS cells that were treated with strictosamide and mitraphylline. 
Expression levels of 84 key genes associated with cell motility were quantified according to the manufacturer’s 
instructions. Fold-changes in mRNA expression were calculated based on the cycle threshold values obtained 
by RT-PCR. A scatter plot of the test versus control samples demonstrated the validity of the experiment. 
Downregulated markers were evaluated for their contribution to biological processes using Metascape ​(​​​h​t​t​p​s​:​/​/​
m​e​t​a​s​c​a​p​e​.​o​r​g​​​​​)​​​2​1​​​.​​

Immunofluorescence imaging
Cancer cells were cultured on cover slips at the density of 1 × 105 in a 12-well plate. After the overnight, 
cells were treated with DMSO or compounds for 24 h. Immunofluorescence (IF) staining was performed as 
previously described22, using α-tubulin monoclonal antibody (B-5-1-2), Alexa Fluor™ 488 (#78833, Thermo 
Fisher Scientific) and Alexa Fluor™ 568 Phalloidin (#A12380, Thermo Fisher Scientific). K1-Fluo Confocal Laser 
Scanning Microscope (Nanoscope Systems, Daejeon, Republic of Korea) was used to capture the images.

Statistical analysis
Data are expressed as means ± standard deviation. All statistical analyses were performed using Sigma Plot 12.5 
software (Systat Software Inc., Chicago, IL, USA). The statistical significance between two groups was compared 
using the Student’s t-test and p values < 0.05 were considered statistically significant.

Results
Bioactivity- and chemical profile-based isolation of monoterpene indole alkaloids from 
Uncaria scandens
U. scandens was selected in this study because its crude extract showed inhibitory activity in primary screening 
of AGS cells using an invasion assay. AGS cell line is commonly used in drug screening studies due to its well-
established characteristics and reproducible responses to various treatments23,24. Given the known production of 
alkaloids in this species, an acid–base partitioning method was employed for fractionation. Among the resulting 
fractions, both the EtOAc and alkaloid-rich fractions exhibited the most potent activity (Fig. 1A). The alkaloid-
rich fraction was prioritized for further chemical investigation due to the reported abundance of alkaloids in 
the Uncaria genus. Furthermore, since liquid–liquid partitioning often distributes individual compounds across 
multiple fractions, it was hypothesized that alkaloids might also be present in the EtOAc fraction, potentially 
contributing to its observed bioactivity.

LC-MS/MS profiling of the alkaloid-rich fraction suggested the abundance of MIAs, characterized by 
multiple MS ion features with predicted molecular formulae containing two nitrogen atoms and falling within 
the m/z 350–400 range. These results also supported the presence of shared alkaloids between the alkaloid-
rich and EtOAc fractions (Fig. S17). Strictosamide and mitraphylline were annotated from the chemical profile 
by MS/MS spectral matching against the GNPS library25; however, many MS features remained unidentified. 
The alkaloid-rich fraction was subjected to chromatographic isolation and eight compounds were purified. We 
compared the NMR spectral data of the obtained compounds with that data available in literature and identified 
the isolates as strictosamide (1), mitraphylline (2), uncarine A (3), uncarine C (4), uncarine E (5), uncarine F (6), 
lyaloside (7), and 5(S)-5-carbomethoxystrictosidine (8) (Fig. 1B,C)26–30. Of the eight compounds, strictosamide 
(1) and mitraphylline (2) were further evaluated for their inhibitory activity against cancer cell motility as their 
isolated amounts were abundant and gap in literature for the investigation.

Strictosamide and mitraphylline suppress the cell motility in human cancer cells
We used three different cell lines in the following experimental designs, mainly because these cell lines were 
isolated from different types of cancers, but there are some background differences. The H1975 cell line, derived 
from human non-small cell lung cancer (NSCLC), carries EGFR mutations (L858R and T790M) and exhibits 

Name Species UniProt ID Dilution RRID number Catalogue number Supplier

N-cadherin Mouse P19022 1:1000 AB_398236 610921 BD Bioscience

FAK Mouse Q05397 1:1000 AB_10610506 sc-271195 Santa Cruz Biotech

p-FAK Mouse Q05397 1:1000 AB_1125825 sc-81493 Santa Cruz Biotech

β-actin Rabbit Q9UE89 1:1000 AB_330288 4967 Cell signaling

Goat Anti-rabbit IgG (H + L) Peroxidase Conjugated Goat N/A 1:10000 AB_228341 31460 Thermo Fisher Scientific

Goat Anti-mouse IgG (H + L) Peroxidase Conjugated Goat N/A 1:5000 AB_228307 31430 Thermo Fisher Scientific

Table 2.  Primary and secondary antibodies used in Western blotting.
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epithelial characteristics under basal conditions. However, H1975 cells are capable of undergoing epithelial-
mesenchymal transition (EMT) upon stimulation with factors such as TGF-β, contributing to enhanced 
migratory ability and potential resistance to EGFR-targeted therapies31–33. The AGS cell line, derived from 
human gastric adenocarcinoma, harbors mutations in key oncogenes and tumor suppressors, including KRAS, 
PIK3CA, TP53, and CTNNB1, which are frequently altered in gastric cancer and implicated in EMT regulation. 
While AGS cells typically exhibit an epithelial phenotype and are not highly metastatic under basal conditions, 
they can undergo epithelial-mesenchymal transition (EMT) upon stimulation with cytokines such as TGF-β. 
These features make AGS a relevant and responsive model for investigating EMT-associated signaling pathways, 
stemness traits, and drug responses in the context of gastric cancer progression34–40. On the other hand, CaCo2 

Fig. 1.  Bioactivity screening and chemical investigation of U. scandens. (A) Representative images showing 
each insert in the invasion assay and the relative number of invaded cells. AGS cells were treated with 
fractions (5 µg/mL; with 0.1% DMSO) for 24 h. Data represent mean ± S.D. * p < 0.05; ** p < 0.01. (B) 
Chemical structures of the eight isolated compounds 1–8. (C) The LC-MS base peak ion (BPI) chromatogram 
of the alkaloid-rich fraction of U. scandens. The isolated compounds are denoted on the corresponding 
chromatographic peaks. Notably, the intensities of chromatographic peaks do not represent absolute quantity 
of each compound because the MS signal intensity is heavily affected by ionization efficiency of each molecule.
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cell line, derived from human colorectal adenocarcinoma, exhibits a well-differentiated epithelial phenotype 
and forms tight junctions and brush-border-like structures, making it a classical model for intestinal barrier 
and absorption studies41,42. Mutations, including TP53 (a well-known tumor suppressor gene), KRAS-WT, and 
PIK3CA-WT, contribute to the cell line’s transformation and resistance to certain chemotherapeutic agents in 
CaCo2 cells43–45. Strictrosamide (1) and mitraphylline (2) were evaluated for their effects on the viability of 
H1975, AGS, and CaCo2 cells at concentrations from 1.56 to 25 µM. These compounds were cytotoxic at high 
concentrations, but their effects were not potent (Fig. 2A). Based on these results, the concentrations for the 
Transwell invasion assay were determined to be 1 and 2.5 µM. Strictosamide (1) inhibited the invasion of H1975, 
AGS, and CaCo2 cells by approximately 21, 27, and 11%, respectively, at 2.5 µM after 24 h, whereas mitraphylline 
(2) inhibited the invasion by approximately 24, 23, and 17%, respectively, under the same conditions (Fig. 2B). 
In the wound-healing assay using the IncuCyte system, strictosamide (1) and mitraphylline (2) decreased the 
number of migrating cancer cells in a dose-dependent manner (Fig. 2C). In particular, mitraphylline (2) exerted 
a strong inhibitory effect on AGS cell migration. Our results suggested that these two compounds suppressed the 
motility of H1975, AGS, and CaCo2 cells.

Strictosamide and mitraphylline regulates the markers of epithelial-mesenchymal transition
To determine whether the motility suppression by strictosamide (1) and mitraphylline (2) involved any 
regulation of EMT, the mRNA expression levels of three EMT effectors (E-cadherin, N-cadherin, and vimentin) 
were measured. The results showed that E-cadherin tended to be slightly upregulated, while the expression 
of N-cadherin mRNA was significantly downregulated by the two compounds in the three cell lines, whereas 
vimentin mRNA expression was not significantly downregulated in H1975 cells treated with strictosamide (1) or 
in CaCo2 cells treated with mitraphylline (2) (Fig. 3A). Examination of N-cadherin protein levels supported the 
downregulation of N-cadherin by strictosamide and mitraphylline (Fig. 3B). The mRNA expression of the EMT 
transcription factors Twist, Snail, Slug, Zeb1, and Zeb27 were examined to determine if they were affected by 
strictosamide and mitraphylline. Strictosamide (1) significantly suppressed all EMT transcriptional regulators, 
including Twist, in H1975 cells, whereas it was more weakly modulated in CaCo2 cells than in the H1975 and 
AGS cell lines. In contrast, mitraphylline (2) did not significantly affect Slug and Zeb1 mRNA expression in the 
H1975 cell line, whereas it significantly downregulated other markers. Although mitraphylline (2) significantly 
downregulated all markers in the AGS cell line, the markers Slug, Zeb1, and Zeb2 exhibited a more dramatic 
inhibitory effect on mitraphylline (2) than on the H1975 and CaCo2 cell lines. Our results showed that both 
compounds decreased the expression of EMT transcription factors, suggesting that the EMT signaling pathway 
is related to the suppression of cancer cell motility by strictosamide (1) and mitraphylline (2) (Fig. 3C).

Strictosamide and mitraphylline downregulated several cell motility-related factors and 
suppressing ITGA4 signaling
To identify the mechanisms of action of strictosamide (1) and mitraphylline (2) against EMT, the mRNA 
expression profiles of strictosamide- and mitraphylline-treated cells were compared with those of controls 
using a Human Cell Motility RT2 Profiler™ PCR Array containing 84 cell motility-related genes. The array 
identified cell motility target genes, such as CAPN1, RHO, RHOA, RHOB, WASF1, WASL, CAV1, EGF, SRC, 
and ITGA4. Among them, ITGA4 was the most downregulated by strictosamide (1) (− 17.42, fold change) 
and mitraphylline (2) (− 11.42, fold change) (Fig. 4A). Based on the PCR array results, downregulated genes 
were screened for potential associations using the Search Tool for the Retrieval of Interacting Genes (STRING) 
database46. A protein-protein association network comprising CAV1, CAPN1, ITGA4, PTK2, RHO, RHOA, 
RHOB, SRC, WASF1, and WASL was acquired (Fig. 4B). The RT-PCR gene array results were further validated 
by quantifying the relative mRNA expression of genes listed in the protein network. Focal adhesion kinase (FAK) 
was also examined because it is associated with integrin signaling47,48. Strictosamide (1) downregulated all genes 
(Fig. 4C), confirming the PCR array profiling, and significantly downregulated ITGA4, FAK, and SRC mRNA 
expression in all the cell lines. However, mitraphylline (2) had different effects on these cell lines. RT2 PCR array 
analysis confirmed the downregulation of ITGA4, SRC, RHOB, WASF1, and CAV1 in AGS cells. Mitraphylline 
(2) significantly downregulated RHO, RHOA, and ITGA4 in H1975 cells but did not significantly alter the 
expression of other regulators. The expression of ITGA4, FAK, and SRC was not downregulated in CaCo2 cells 
after mitraphylline (2) treatment, whereas the expression of CAPN1, WASL1, and RHOB was significantly 
downregulated. This result suggests that mitraphylline (2) has different mechanical effects on CaCo2 cell line. 
These results suggested that strictosamide (1) and mitraphylline (2) inhibited cancer cell motility via ITGA4 
signaling (Fig. 4C).

Effect of strictosamide and mitraphylline on cell morphology and reorganization of the actin 
cytoskeleton
We further analyzed the effect of downregulated markers on biological processes in Metascape. The results 
showed that the effect of the alkaloids is associated with regulating actin cytoskeleton regulation and regulate 
cell adhesion (Fig. 5A). Cell motility is linked to EMT, loss of the cell-cell adhesion protein E-cadherin, rupture 
of cell-cell junctions, and actin cytoskeleton reorganization49. Therefore, tubulin and F-actin staining were 
performed to examine the distribution of cell morphology and cytoskeletal components in strictosamide (1) 
and mitraphylline (2) treatment compared to control. The results reveal that the cell-cell adhesion of the treated 
cells was tighter and mesenchymal cell morphology was less observed compared to the control group (Fig. 5B). 
Interactions between the extracellular matrix, regulation of the actin cytoskeleton, mesenchymal cell adhesion, 
and cell motility are regulated through focal adhesions. High expression of FAK is related to the EMT process and 
increased cell migration50–52. For a further validation, we checked total-FAK and phosphorylated-FAK (Tyr397) 
protein levels to investigate the effect of the alkaloids against EMT and ITGA4-associated FAK activation. The 
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Fig. 2.  The effects of strictosamide (1) and mitraphylline (2) on cell viability and motility of H1975, AGS, 
and CaCo2 cells. (A) The cell viability of H1975, AGS, and CaCo2 cells treated with strictosamide (1) and 
mitraphylline (2) for 48 h. Data are represented as the mean ± S.D. of the differences between the cell viability 
of cells affected with strictosamide (1) and mitraphylline (2) compared with that of DMSO-treated controls. 
(B) Representative images of each insert and relative number of invaded cells in the Transwell invasion assay. 
Cells were treated with strictosamide (1) and mitraphylline (2) at concentrations of 1 and 2.5 µM for 24 h. 
(C) Representative images of each wound area and quantitative data of relative wound density in the scratch 
wounding migration assay using the IncuCyte system. Overlaid on phase contrast images, the green line 
indicates the initial wound line, while the red line indicates the migrated cell area at the specified time period. 
Data are represented as the mean ± S.D. *p < 0.05; ** p < 0.01; *** p < 0.001.
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result revealed that the level of phosphor-FAK (Tyr 397) and/or the level of total FAK were decreased compared 
to the control group (Fig. 5C).

The responses against strictosamide and mitraphylline in cells exposed to Α4β1 agonist
We checked the responses against strictosamide (1) and mitraphylline (2) in cells treated with an α4β1 agonist 
molecule developed by Baiula and co-authors53 (Fig. 6A). We first performed a cell viability assay to determine 
the appropriate concentration and used the α4β1 agonist at concentrations of 2.5 µM in qRT-PCR and Transwell 
invasion assays (Fig. 6B).

In α4β1 agonist treated cells, the mRNA levels of N-cadherin, ITGA4 and FAK were upregulated. However, 
in groups of cells co-treated with the α4β1 agonist and the alkaloids, N-cadherin and ITGA4 levels retained 
their capacity to be downregulated by strictosamide (1) and mitraphylline (2), whereas FAK levels were not 
significantly downregulated (Fig. 6C). We then checked these results with a phenotypic assay. The results were 
consistent in that the number of invaded cells induced by the α4β1 agonist treatment was reduced when co-
treated with the alkaloids (Fig. 6D). Overall, treatment of strictosamide (1) and mitraphylline (2) continued 
to significantly suppress cell motility, although the response was attenuated in the cells treated with the ITGA4 

Fig. 3.  Strictosamide (1) and mitraphylline (2) downregulated the expression of EMT effectors and 
transcription factors. (A) The mRNA expression of EMT effectors (N-cadherin, vimentin and E-cadherin) 
were analyzed by qRT-PCR. The mRNA expressions were normalized against β-actin. (B) The protein levels 
of N-cadherin were measured. β-actin served as a loading control. (C) The mRNA expressions of EMT 
transcription factors (Twist, Snail, Slug, Zeb1, and Zeb2) were analyzed by qRT-PCR. The mRNA expressions 
were normalized against β-actin. Data are represented as the mean ± S.D. * p < 0.05; ** p < 0.01; *** p < 0.001.
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agonist. Comparing between strictosamide (1) and mitraphylline (2), mitraphylline (2) exhibited a stronger 
inhibitory effect in α4β1 agonist-treated cells.

Discussion
Integrins provide outside-in signals that control cell destiny and mediate physical adhesion to appropriate 
matrices/ligands54. Among the integrin family, ITGA4 is crucial for cell survival, proliferation, migration, 
invasion, and tumor growth and spread, and high ITGA4 expression is associated with metastasis in many 
cancer types55. It has several ligands including fibronectin, osteopontin, fibrillin, thrombospondin, ADAM, 
COMP, and L148. Fibronectin is an important mesenchymal ECM glycoprotein involved in cell motility, matrix 
adherence, and cell-to-cell contact56. Furthermore, integrin clustering activates focal adhesion kinase (FAK) to 
cause tyrosine phosphorylation57. The focal adhesion complex is composed of the structural proteins vinculin, 
paxillin, and talin, along with SRC and FAK48. Several signaling pathways are controlled by FAK activation, 
which also causes EMT in different cancer cells58. The activation of the SRC/FAK pathway in cancer cells 
can result in several forms of invasion, which require different Rho GTPases59. Rho, RhoA, and RhoB family 
GTPases are important regulators of cell adhesion, cytoskeleton, and cell migration. RhoA activation promotes 

Fig. 4.  Strictosamide (1) and mitraphylline (2) downregulated several cell motility-related factors. (A) 
Pathway-focused gene expression analysis using the Human Cell Motility RT2 Profiler™ PCR Array was 
performed to examine the mechanisms by which strictosamide and mitraphylline modulate cell motility. The 
scatter plot compares the gene on the PCR Array between the DMSO-strictosamide and DMSO-mitraphylline. 
The number of fold changes for ITGA4 arranged downwards is shown in the figure. (B) A network of 
interrelated genes affected by strictosamide (1) and mitraphylline (2). (C) Quantitative analysis of the mRNA 
expressions of CAV1, CAPN1, WASF1, WASL, RHO, RHOA, RHOB, ITGA4, FAK, SRC in H1975, AGS, 
and CaCo2 cells treated with 2.5 µM of strictosamide (1) and mitraphylline (2). Data are represented as the 
mean ± S.D. * p < 0.05; ** p < 0.01; *** p < 0.001.
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the production of actin stress fibers and protein clusters associated with focal adhesions60,61. RHOA upregulation 
promotes angiogenesis and cell migration62. The results of the present study indicated that strictosamide and 
mitraphylline affect cell motility by decreasing the expression of ITGA4-related genes (FAK, SRC, and RhoA) 
and EMT markers (N-cadherin, Vimentin, Twist, Snail, Slug, Zeb1, and Zeb2).

EMT is also intricately linked to the acquisition of cancer stem cell (CSC)-like properties and the development 
of resistance to anticancer therapies63,64. Cells undergoing EMT often exhibit stemness markers and features 
such as self-renewal and tumor-initiating capacity, which contribute to tumor heterogeneity and recurrence. 
Furthermore, EMT-driven changes in gene expression can promote survival pathways and reduce drug uptake or 
increase drug efflux, collectively leading to chemoresistance65,66. Promoting migratory and invasive properties, 
epithelial-to-mesenchymal transition (EMT) is functionally and mechanistically linked to the acquisition of 

Fig. 5.  Effect of strictosamide (1) and mitraphylline (2) on cell morphology and FAK protein level of cancer 
cells. (A) Biological processes linked to the pathways by strictosamide (1) and mitraphylline (2) found in 
Metascape. (B) The microtubule organization in the H1975, CaCo2, and AGS cells was examined using 
immunofluorescence microscopy following a 24 h treatment with strictosamide (1) and mitraphylline (2). 
Microtubules were stained with α-tubulin antibodies (green), while actin was stained with Alexa Fluor 568 
phalloidin (red). (C) The protein levels of p-FAK and total FAK were measured. Cells were treated with 1 
and 2.5 µM of strictosamide (1) and mitraphylline (2) for 48 h. β-actin served as a loading control. Data are 
represented as the mean ± S.D. * p < 0.05; ** p < 0.01; *** p < 0.001.
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cancer stem cell (CSC) characteristics. EMT markers such as Snail, Slug, Twist, and Zeb1 have been directly 
implicated in the induction of stemness in epithelial cancer cells66,67–69,. Therefore, the modulation of EMT 
by the investigated compounds in our study may have broader implications beyond cell motility, potentially 
influencing CSC-related traits and therapeutic resistance.

Strictosamide (1) and mitraphylline (2) downregulate the expression of other cell motility factors in 
combination with ITGA4/FAK/SRC/RHOs axis or independently. CAPN1 induces membrane detachment rate 
associated with peripheral focal adhesions, resulting in cell motility70. While Cav1 is associated with metastasis, 
it is also involved in cancer-related processes, such as tumor growth and drug resistance71. Cav1 phosphorylation 
promotes cell motility by promoting the association of stabilized FAK with focal adhesions through the RHO/
ROCK signaling cascade72. In contrast, Wiskott-Aldrich syndrome proteins (WASPs) are involved in cellular 
processes through the transmission of GTPase activation signals73. WASF1/2/3 and WASL proteins promote 
the Arp2/3 (actin-related protein 2/3) complex in response to extracellular signaling, resulting in actin fiber 
recruitment and induction of actin polymerization74. Previous studies showed that WASF1 and WASL promote 
cancer cell motility75,76. With these knowledges, the results of the present study suggest that strictosamide and 
mitraphylline regulate multiple signaling pathways. Even through the pharmacological aspects of investigation 
of strictosamide (1) and mitraphylline (2) have been broadly studied, the present study is the first report— to 
the best of our knowledge—to highlight the cell motility-suppressive effects of the compounds. Strictosamide 
(1) has been previously reported to exhibit anti-inflammatory77,78 and anthelmintic79 activities, whereas 
mitraphylline (2) has shown anti-inflammatory80 and immunomodulatory81 activities. Notably, strictosamide 
(1) and mitraphylline (2) possess different skeleton types, although they are classified as MIAs. Strictosamide (1) 
is classified as having a rigid vallesiachotaman-type skeleton, whereas mitraphylline (2) is a spirocyclic oxindole 
alkaloid specifically distributed in the genus Uncaria82,83. However, future studies should comprehensively 
investigate the morphological changes of these alkaloids on actin and other cytoskeletal components that play a 
role in EMT processes and mechanical effects on the ITGA4/FAK axis. Differences in cellular processes because 
of different factors such as ITGA4 expression differences in cell lines and ECM substrates may cause differences 
in sensitivity and response to these alkaloids. Therefore, experimental designs such as ITGA4 overexpression 
and knockdown cell modeling or response tests with ITGA4 small molecule inhibitors can guide future studies. 

Fig. 6.  The responses to strictosamide (1) and mitraphylline (2) were evaluated in cells exposed α4β1 agonist. 
(A) Chemical structure of the α4β1 agonist molecule. (B) Cell viability in ITGA4 agonist treated in AGS 
cells. Cells were treated with α4β1 agonist for 48 h with indicated concentration. (C) Relative mRNA levels of 
N-cadherin, ITGA4 and FAK, after treatment with strictosamide (1) and mitraphylline (2) for 48 h in AGS 
cells. (D) Representative images of each insert and relative number of invaded cells in the Transwell invasion 
assay. AGS cells were treated with strictosamide (1) and mitraphylline (2) at concentrations of 1 and 2.5 
µM for 24 h. The α4β1 agonist was treated at a concentration of 2.5 µM. Data are presented as mean ± S.D. 
Statistical significance was determined as follows: *p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant (p > 0.05) 
compared to DMSO-treated cells; #p < 0.05, ##p < 0.01, ###p < 0.001, NS: not significant (p > 0.05) compared 
to α4β1 agonist-treated cells; @p < 0.05, @@p < 0.01, @@@p < 0.001, NS: not significant (p > 0.05) compared to 
strictosamide (1)- or mitraphylline (2)-treated cells.
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Another noteworthy point is that, mitraphylline (2) modulated EMT-related gene expression in a cell-type-
specific manner. While ITGA4, FAK, and SRC were significantly downregulated in AGS and H1975 cells, CaCo2 
cells showed limited changes in these targets, with downregulation observed instead in CAPN1, WASL1, and 
RHOB. This difference likely reflects the epithelial phenotype and lower EMT plasticity of CaCo2 cells, along 
with potential variations in basal signaling, mutational profile, or compound bioavailability84,85. These findings 
underscore the importance of cellular context in interpreting EMT modulation by natural compounds. Further 
investigations can help expand the potential of these two compounds and their analogs as anti-metastatic agents 
in different types of cancer therapy.

It should be noted that mitraphylline (2) undergoes spontaneous isomerization to isomitraphylline, a 
7-epimer given via retro-Mannich interconversion of the spiro structure86. It was reported that the isomerization 
of mitraphylline (2) occurs in normal cell culture condition14. Thus, the biological activity shown in this study 
should be considered as a result from a mixture of mitraphylline (2) and isomitraphylline. This needs to be 
considered for further investigations performed in a molecular level.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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