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Recommended section assignment: Drug Discovery and Translational Medicine 

 

 

Abstract 

Cancer stem cells (CSCs) have been recognized as rare populations driving cancer 

progression, metastasis, and drug resistance in leading cancers. Attempts have been paid 

toward identifying compound that specifically targets these CSCs. Therefore, the 

investigations of the novel therapeutic strategies for CSCs targeting is required. The cytotoxic 

effects of Chrysotoxine on human NSCLC-derived H460 and H23 cells were evaluated by 

MTT assay. The Effect of Chrysotoxine suppresses CSC-like phenotypes was determined in 

CSC-rich populations and primary CSCs in 3D culture and Extreme limiting dilution assay. 

Expression of CSC markers and associated proteins were determined by Western blot 

analyses and flow cytometry. We have reported the CSC-suppressing activity 

of Chrysotoxine, a bibenzyl compound isolated from Dendrobium pulchellum. We have 

shown for the first time that Chrysotoxine dramatically suppressed CSC-like phenotypes of 

H460 and H23 cells. Treatment of Chrysotoxine significantly reduced the viability of 3D 

CSC-rich populations and concomitantly decreased known CSCs markers. Chrysotoxine 

suppressed CSC phenotypes through down-regulation of Src/Akt signaling. Active 

(phosphorylated Y416) Src was shown to regulate cancer stemness, since ectopic 

overexpression of Src strongly activated Akt and subsequently enhanced pluripotency 

transcription factor SRY (sex determining region Y)-box 2 (Sox2) mediating CSCs 

phenotypes, while the ShRNA of Src and Src inhibitor (Dasatinib) suppressed Akt, Sox2, and 

CSC properties.  Importantly, Chrysotoxine was shown to suppress active Src/Akt signal and 

intern depleted Sox2-mediated CSC. Our findings indicate a novel CSC-targeted role of 
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Chrysotoxine and its regulation by Src/Akt and Sox2, which may be exploited for the cancer 

treatment. 

 

 

Introduction 

Lung cancer is one of the most important human cancers due to its high rate of 

metastasis, therapeutic drug resistance, and high mortality rate (Peters et al., 2012). 

Accumulating evidence has pointed out that cancer stem cells (CSCs), unique cancer cells 

with capabilities of self-renewal and pluripotency, are responsible for cancer initiation, 

progression, and aggressive behaviors (Dalerba et al., 2007; Medema, 2013). According to 

the heterogeneity of cancer cells in tumors, CSC holds the center control as they proliferate 

and differentiate to other cells with a lower hierarchy of stemness line (Dalerba et al., 2007; 

Medema, 2013). In addition, the cytokines and growth factors secreted by CSC are strictly 

required for maintenance of the whole tumor (Levina et al., 2008). Recently, CSC-related 

research has attracted tremendous attention due to the promising CSC-targeted therapy which 

may attenuate the progression of cancer as well as improve the clinical outcome. Some of the 

newly identified compounds and invented strategies are currently in preclinical and clinical 

evaluations (Moselhy et al., 2015). 

Regarding CSC biology, several cellular signals and factors have been shown to be 

involved in the maintenance of cancer stemness. Among them, the transcription factor SRY 

(sex determining region Y)-box 2 (Sox2) is a key regulator of the self-renewal capability of 

CSCs (Boumahdi et al., 2014). Sox2 is overexpressed in various cancers and is associated 

with cancer progression and poor prognosis (Chen et al., 2013; Lundberg et al., 2016). 

Especially, Sox2 is a pivotal prognostic marker that is correlated to the clinical-pathologic 

characteristics in lung cancer (Chou et al., 2013). Recent studies have shown that the up-
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stream regulator of Sox2 is the proto-oncogene tyrosine-protein kinase Src (Wang et al., 

2014). Src is a critical component in many signaling pathways that regulate survival, 

metastasis and stemness characteristics (Summy and Gallick, 2003). In particular, Src 

increases the cellular expression level of Sox2, the self-renewal pluripotency transcription 

factor in non-small cell lung cancer (NSCLC) cells (Singh et al., 2012). The activation of Src 

via phosphorylation at Y416 was shown to activate Akt (phosphorylation at Ser473), which is 

an important mediator for cell survival, proliferation, and Sox2-regulated stemness (Chen et 

al., 2001; Singh et al., 2012). Taken together, these mentioned cellular signals are potential 

molecular targets for suppressing CSC-like phenotypes. 

Accumulative evidences have proved that natural products are the best source of 

bioactive compounds for anti-cancer drug discovery and development (Song et al., 2010; 

Song et al., 2012). Herein, we focus on Chrysotoxine, a bibenzyl compound isolated from the 

orchid Dendrobium pulchellum. Previous studies revealed that Chrysotoxine has 

cytoprotective effect against neurodegeneration in SH-SY5Y cells by attenuating 6-OHDA 

toxicity through mitochondria protection and NF-kB modulation (Song et al., 2010). In 

addition, Chrysotoxine showed protective effect against dopaminergic cell death via 

oxidative stress suppression, mitochondria protection, and NF-kB modulation (Song et al., 

2010; Song et al., 2012).  Also, Chrysotoxine was shown to counteract NF-kB activation by 

blocking its translocation to the nucleus and thereby preventing the up-regulation of inducible 

nitric oxide synthase (iNOS) and intracellular NO release (Song et al., 2012). 

In cancer, Chrysotoxine have been shown to attenuate growth of lung cancer cells in 

an anchorage-independent condition, and facilitate anoikis (Chanvorachote et al., 2013). 

Since the effect of Chrysotoxine on CSC regulation has not been clarified, the present study 

aimed to investigate the effect of Chrysotoxine on CSC phenotypes as well as the underlying 

molecular mechanism. The findings from this study could provide the important insights to 
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facilitate further investigation and development of Chrysotoxine for CSC-targeted 

approaches. 

 

Materials and methods 

1. Chemicals and Antibodies  

Chrysotoxine was isolated from the stems of Dendrobium pulchellum and its purity 

was determined using HPLC and NMR spectroscopy with more than 95% purity was used in 

this study. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), water-

soluble tetrazolium salt (WST), Hoechst 33342, propidium iodide (PI), dimethyl sulfoxide 

(DMSO), and bovine serum albumin (BSA) were obtained from Sigma chemical, Inc. (St. 

Louis, MO). Primary antibodies against phosphorylated Src (Y416), total Src, phosphorylated 

Akt (Ser473), total Akt, Sox2, Oct4, Nanog, CD44, ABCG2, ALDH1A1, and GAPDH and 

the horse radish peroxidase (HRP)-labeled secondary antibodies: anti-rabbit IgG or anti-

mouse were purchased from Cell-signaling Technology (Denvers, MA, USA). CD133 was 

obtained from Cell Applications (San Diego, CA). 

 

2. General experimental procedures and isolation of Chrysotoxine  

Chrysotoxine (>95%) was isolated from the stems of Dendrobium pulchellum.  

Briefly, dried, powdered stems of the plant (500 g) were extracted with 95% EtOH at room 

temperature to give a crude EtOH extract (50 g) after removal of the solvent.  The crude 

EtOH extract was subjected to vacuum liquid chromatography on silica gel (n-hexane-EtOAc 

gradient) to give 7 fractions (A-G).  Fraction D (1.8 g) was chromatographed on Sephadex 

LH-20 (MeOH-CH2Cl2 1:1) to give 8 fractions (D1-D8).  Fraction D4 (330 mg) was 

separated by column chromatography (silica gel; n-hexane-EtOAc 7:3) to yield 26 fractions.  

Separation of fractions 6-9 (35 mg) was performed on silica gel (n-hexane-EtOAc 7:3) to 
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afford Chrysotoxine (11 mg).  The structure of Chrysotoxine was determined by analysis of 

its spectroscopic data (Chanvorachote et al., 2013) (Fig. 1). 

Brown amorphous solid; C18H22O5; ESI-MS m/z 319 [M+H]+; 1H NMR (300 MHz, 

CDCl3)  6.75 (1H, d, J = 8.1 Hz, H-5), 6.66 (1H, br d, J = 8.1 Hz, H-6), 6.63 (1H, br s, H-2), 

6.33 (2H, s, H-2, H-6), 3.79 (12H, s, MeO-3, MeO-4, MeO-3, MeO-5), 2.79 (4H, br s, H2-

, H2-); 13C NMR (75 MHz, CDCl3)  148.5 (C-4), 147.0 (C-3), 146.6 (C-3, C-5), 134.1 

(C-1), 132.7 (C-4), 132.5 (C-1), 120.1 (C-6), 111.8 (C-2), 111.1 (C-5), 105.0 (C-2, C-6), 

56.0 (MeO-3), 55.8 (MeO-3, MeO-5), 55.5 (MeO-4), 37.9 (C-), and 37.4 (C-). 

In the experiment, Chrysotoxine was prepared as a master stock solution in DMSO, 

which was further diluted with cell culture medium to the desired concentration. The final 

concentration of DMSO was less than 0.1%, which is not harmful to the cells. 

 

3. Cell culture  

The human non-small cell lung cancer cell lines, NCI-H460, and NCI-H23, and 

human keratinocyte HaCaT cells were obtained from the American Type Culture Collection 

(Manassas, VA, USA). NCI-H460 and NCI-H23 were cultivated in Roswell Park Memorial 

Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, and 100 U/ml penicillin and streptomycin, while HaCaT cells were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 2 mM L-glutamine, and 100 U/ml penicillin and streptomycin. Cell cultures were 

maintained in a 37oC humidified incubator with 5% CO2. Cells were passaged at 80% 

confluent density using a 0.25% trypsin solution supplemented with 0.53 mM EDTA. RPMI 

1640 medium, FBS, L-glutamine, penicillin/streptomycin, phosphate-buffered saline (PBS), 

trypsin, and EDTA were obtained from GIBCO (Grand Island, NY).  
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Enriched primary lung cancer non-small cell (NSCLC) cancer stem cells were 

obtained from Promab Biotechnologies, Inc. (Richmond, CA, USA). Cells were cultivated in 

Cancer stem cell media premium (Cat. No. 20101) supplemented with 10% fetal bovine 

serum (FBS), 100 U/ml penicillin and streptomycin, and 2 mM L-glutamine. 

 

4.  Cytotoxicity assay  

For the cytotoxicity assay, cells were seeded onto 96-well plates at a density of 1 x 

104 cells/well and allowed to adhere by incubation overnight. Cells were then treated with 

various concentrations of Chrysotoxine and analyzed for cell viability using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were incubated 

with MTT (500 μg/ml) for 4 h at 37 °C and the intensity of formazan product, after 

solubilization in 100 μl DMSO, was determined at 570 nm using a microplate reader 

(Anthros, Durham, NC, USA). Relative cell viability was calculated by dividing the 

absorbance of the treated cells by that of the control cells. The half-maximal inhibition 

concentration (IC50) was determined from four independent experiments using the Graphpad 

Prism 5.0 software (La Jolla, CA). 

 

5. Cell proliferation assay 

For the cell proliferation assay, cells were seeded onto 96-well plates at a density of 

500 cells/well and were incubated overnight. Cells were then treated with various 

concentrations of Chrysotoxine for indicated times in 0.8% methylcellulose-based serum-free 

medium (Stem Cell Technologies, Vancouver, BC, Canada) supplemented with 20 ng/ml 

epidermal growth factor (BD Biosciences, San Jose, CA), 4 mg/ml insulin, and basic 

fibroblast growth factor (Sigma). The cell viability was analyzed using the MTT assay as 

above. 
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6. Cell death evaluation 

Hoechst 33342 (Molecular Probes Inc., Eugene, OR) and PI (Molecular Probes Inc.) 

co-staining was used to determine the level of apoptotic and necrosis cell death. After the 

treatments, cells were stained with 10 mM of Hoechst and 5 mg/mL of PI for 30 min at 37 °C 

and then cells visualized and imaged by fluorescence microscope (Olympus IX 51 with 

DP70). 

 

7. Spheroids formation assay 

Cells were pre-treated with Chrysotoxine (0–20 μM) for 72 h and assigned to 

spheroids using an adjusted method from previous described (Kantara et al., 2014; Condello 

et al., 2015; Yongsanguanchai et al., 2015; Grun et al., 2016; Jeong et al., 2017). 

Approximately 2.5 x103 cells/well were seeded onto a 24-well ultralow attachment plate in 

0.8% methylcellulose-based serum-free medium supplemented with 20 ng/ml epidermal 

growth factor, 4 mg/ml insulin, and basic fibroblast growth factor for 7 days. Primary 

spheroids were then resuspended as single cells, and again 2.5 x 103 cells/well were seeded 

onto a 24-well ultralow attachment plate in 0.8% methylcellulose-based serum-free medium 

supplemented with 20 ng/ml epidermal growth factor, basic fibroblast growth factor, and 4 

mg/ml insulin. Secondary spheroids were allowed to form for 30 days and spheroid formation 

were observed and imaged by using phase-contrast microscope (Olympus 1X51 with DP70). 

For CSC-rich population establishment, spheroid culture assay used in this study was 

slightly modified from previous described (Cao et al., 2011; Bao et al., 2013; Thakur et al., 

2015; Weiswald et al., 2015; Yongsanguanchai et al., 2015; Phiboonchaiyanan et al., 2016; 

Shaheen et al., 2016). Cells were seeded onto a 24-well ultralow attachment plate 

approximately 2.5 x 103 cells/well in 0.8% methylcellulose-based serum-free medium 

supplemented with 20 ng/ml epidermal growth factor, basic fibroblast growth factor, and 4 
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mg/ml insulin. The primary spheroids were allowed to form for 7 days. At day 7 of primary 

spheroid culture, primary spheroids were resuspended into single cells using 1mM EDTA, 

and again 2.5 x 103 cells/well were seeded onto a 24-well ultralow attached plate. Secondary 

spheroids were allowed to form for 14 days and observed using phase-contrast microscopy. 

For single three-dimension (3D) spheroid-formation assay, cells were allowed to form 

primary and secondary spheroids as detailed above. At day 14 of secondary spheroid 

formation, they were dissociated into a single spheroid of the same size and each spheroid 

was then treated with a noncytotoxic concentrations of Chrysotoxine (0–20 μM). Phase-

contrast images of the secondary spheroids were taken 3 and 7 days after Chrysotoxine 

treatment under a phase-contrast microscope (Olympus IX51 with DP70). 

 

8. Water-soluble tetrazolium salt (WST) assay  

Cells were seeded onto a 24-well ultralow attachment plate approximately 2.5 x 103 

cells/well using RPMI serum-free medium. The primary spheroids were allowed to form for 7 

days. At day 7, primary spheroids were then resuspended into single cells using 1 mM 

EDTA, and reseed at 2.5 x 103 cells/well were seeded onto a 24-well ultralow attached plate 

and cultured for 14 days to form secondary spheroids. At day 14, the CSC-rich population 

were treated with the noncytotoxic concentration of Chrysotoxine for 72 h and analyzed for 

cell viability using the WST assay. The harvested cells were incubated with 10% WST for 2 

h at 37˚C and the intensity of the formazan product was measured at 450 nm using a plate 

reader. Cell viability was calculated from OD readings and represented as percentages with 

respect to the non-treated control value. 

 

9. Plasmids and transfection  
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The Src expression plasmid and control plasmids were purchased from Origene 

Technologies Inc. (Rockville, MD, USA). Cells were transfected with the Src expression or 

the control plasmid using Lipofectamine 2000 reagent, according to the manufacturer’s 

protocol (Invitrogen) in RPMI medium in the absence of serum and antibiotics. After 12 h of 

incubation, the medium was replaced with complete culture medium containing 10% FBS. To 

obtain stable transfectants, the cells were then selected for G418 (400 μg/ml) resistance for 30 

days. Expression of Src was determined by Western blot analysis. The cells were cultured in 

RPMI 1640 (antibiotic-free) medium for at least two passages before further experiments 

(Chanvorachote and Luanpitpong, 2016). 

 

10. Retrovirus production and inhibition of Src by RNA interference  

Retrovirus plasmids carrying short hairpin (sh) RNA sequence against human Src and 

negative scramble for shRNA were obtained from Origene technologies Inc. (Rockville, MD, 

USA) and shSrc retrovirus production was performed using Platinum-A retroviral packaging 

cells (ATCC). Cells were incubated with shSrc viral particles and negative scramble for 

shRNA control for 48 h. Then, cells were cultured and selected for puromycin (1 μg/ml) 

resistance for 30 days. The infected cells were analyzed for Src expression prior to use by 

Western blotting (Chanvorachote and Luanpitpong, 2016). 

 

11. Western blot analysis  

Cells were incubated with lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na3VO4, 1% Triton X-100, 50 mM NaF, 100 mM PMSF, 10% glycerol, and 

cocktail protease inhibitor mixture (Roche Molecular Biochemicals, Indianapolis, IN, USA) 

for 45 min on ice. The cell lysates were evaluated for protein content using BCA protein 

assay kit from Pierce Biotechnology (Rockford, IL, USA). Equal amounts of denatured 
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protein samples (60 μg) were loaded onto 10% SDS-PAGE before transferring onto to 0.45-

µm nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Transferred membranes were 

blocked for 1 h in 5% nonfat dry milk in TBST (25 mM Tris-HCl, pH 7.5, 125 mM NaCl, 

and 0.05% Tween 20) and incubated overnight with specific primary antibodies against 

CD133, CD44, ABCG2, ALDH1A1, total Src, phosphorylated Src (Y416), total Akt, 

phosphorylated Akt (Ser473), Sox2, Oct4, Nanog and GAPDH. Membranes were washed 

three times with TBST and incubated with appropriate horseradish peroxidase (HRP)-labeled 

secondary antibodies for 2 h at room temperature. The immune complexes were detected by 

Super Signal West Pico chemiluminescent substrate (Pierce Biotechnology) and exposed to 

film. 

 

12. Flow cytometry analysis 

            Cell pellets were incubated overnight at 4 оC with rabbit anti-CD133 (Cell 

Applications) or anti-ALDH1A1 (Cell Signaling Technology) antibody. Cells were washed 

and incubated for 1 h with Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) secondary 

antibody (Life Technologies, Eugene, OR). Fluorescence intensity was determined by flow 

cytometry using a 488-nm excitation beam and a 519-nm band-pass filter with at least 

100,000 cells in each experiment. (FACSort; Becton Dickinson, Rutherford, NJ). The mean 

fluorescence intensity was quantified by CellQuest software (Becton Dickinson).  

 

13. Immunofluorescence staining 

Cells were allowed to form primary and secondary spheroids as detailed above. At 

day 14 of secondary spheroid formation, then treated with a noncytotoxic concentrations of 

Chrysotoxine (20 μM). After the treatment, the cells were fixed with 4% paraformaldehyde 

for 30 min and permeabilized with 0.1% Triton-X for 20 min. The cells were then incubated 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 7, 2017 as DOI: 10.1124/jpet.117.244467

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #244467 
 

13 
 

with 3% bovine serum albumin (BSA) for 30 min, washed and incubated with anti-p-Src or 

anti-CD133 antibody overnight at 4°C. The cells were washed and incubated with Alexa 

Fluor 488 (Invitrogen) conjugated goat anti-mouse IgG (H+L) secondary antibody or Alexa 

Fluor 594 (Invitrogen) conjugated goat anti-rabbit IgG (H+L) secondary antibody for 1 h at 

room temperature in the dark. The cells were washed with PBS and co-stained with DAPI 

dye, then visualized and imaged by fluorescence microscope (Nikon Eclipse Ts2). 

14. Extreme limiting dilution assay (ELDA) 

Extreme limiting dilution assay (ELDA) used in this study was slightly modified from 

previous described (Rota et al., 2012; Sarkar et al., 2014; Qureshi-Baig et al., 2016). Cells 

were plated in the gradually decreasing numbers from 200 cells/well to 1 cell/well in 200 μl 

onto a 96-well ultralow attachment plate and cultured for 14 days, whereupon the number of 

wells containing spheres for each cell plating density (number of positive cultures) was 

recorded. Spheroid formation with Chrysotoxine treated cells were calculated in all wells 

compared to control. 

15. Statistical analysis  

Data are shown as the mean ± S.D., derived from at least four independent 

experiments. Statistical analysis was performed by one-way ANOVA and Turkey’s post hoc 

test at a significance level of P < 0.05 level. 
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Results  

Cytotoxicity of Chrysotoxine on lung cancer cells but not normal epithelial cells 

Chrysotoxine has the ability to attenuate metastasis and sensitize anoikis 

(Chanvorachote et al., 2013). However, the effect of Chrysotoxine on CSC-like phenotypes 

has not been clarified before. To test the effect of Chrysotoxine on CSC-like phenotypes, its 

appropriate non-cytotoxic concentrations were evaluated. Human NSCLC H460 and H23 

cells and normal keratinocytes containing normal stem cells were treated with various 

concentrations of Chrysotoxine (0, 1, 5, 10, 20 and 50 µM) for 24 h and then their cell 

viability was determined after 24 h by the MTT viability assay. Chrysotoxine was found to 

non-toxic at concentrations of ≤ 20 µM in both H460 and H23 cells, with no significant 

decreased cell viability or increased apoptosis/ necrotic cell death, while a significantly 

reduced cell viability and increased level of apoptosis was noted at 50 µM (Fig. 2). 

Interestingly, Chrysotoxine showed no cytotoxic effect to the non-tumor cell lines at all tested 

concentrations (0–50 µM) (Fig. 2C). The derived IC50 of Chrysotoxine was approximately 

127.34 ± 1.65 µM on H460 cells and 145.47 ± 9.38 µM on H23 cells (data not shown). Thus, 

non-toxic (≤ 20 µM) concentrations of Chrysotoxine were further tested for their effects on 

CSC-like phenotypes. 

 

Chrysotoxine suppresses CSC-like phenotypes 

The fundamental properties of CSCs are their ability to self-renew and generate 

differentiated progeny. The capability of tumor cells to form spheroids under the non-

attached and serum starved condition of the tumor sphere formation assay is the gold standard 

for evaluation of CSCs and their self-renewal (Cao et al., 2011; Pastrana et al., 2011). 

Accordingly, the ability of Chrysotoxine to suppress this activity was determined. H460 and 
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H23 cells were treated with non-cytotoxic concentrations of Chrysotoxine (0–20 µM) for 72 

h, and then the cells were subjected to the spheroid formation assay. The control cells had the 

ability to form aggregates and spheroids, while treatment of the cells with non-toxic 

concentrations of Chrysotoxine dramatically reduced the size of the tumor spheroids in a 

dose-dependent manner (Fig. 3A and D), suggesting that Chrysotoxine has a suppressing 

effect on the CSC populations in these cells. In addition, Chrysotoxine treatment did not 

significantly decrease the cell proliferation under these conditions (Fig. 3C and F).  

Having shown the inhibitory effect of Chrysotoxine on the CSC population in a total 

lung cancer cell population, we next confirmed this effect in a 3D-CSC-rich population. The 

CSC-rich populations of H460 and H23 cells in 3D culture were created as previously 

described (Cao et al., 2011; Pastrana et al., 2011). All the H460 and H23 cells that were 

passaged from first-generation tumor spheres preserved the ability to form second-generation 

spheres. At 14 d of culture the secondary spheroids were selected into single 3D spheroids of 

a similar morphology and size and each spheroid was then treated with the non-cytotoxic 

concentrations of Chrysotoxine and monitored after 3 and 7 days.  

Representative images of the CSC spheroids in the control and Chrysotoxine-treated 

cells at day 0, 3 and 7 are shown in Fig. 4. Treatment of the CSC spheres with Chrysotoxine 

at 5–20 µM significantly reduced the CSC populations in both H460 and H23 cells, with a 

significant decrease in the size of the H460 CSC spheres by approximately 40, 53 and 67% at 

day 3 after treatment with 5, 10 and 20 µM Chrysotoxine, respectively, compared to the 

control (Fig. 4B). In addition, a further a decrease in the H460 CSC spheroid size of 

approximately 30, 60, 90 and 95% relative to the control was seen in cells treated with 1, 5, 

10 and 20 µM Chrysotoxine, respectively, at day 7 (Fig. 4B).  

Similar results were found for the H23 cells, where treatment of H23 CSC spheres 

with Chrysotoxine resulted in the dramatic shrinkage of spheroids in a dose-dependent 
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manner (Fig. 4E). A significant suppression was first detected in response to 5 µM of 

Chrysotoxine at day 3, with an approximately 30% size reduction of the CSC spheres, and 

this decreased in size by approximately 40, 60, 80 and 92% relative to the control after 

treatment with 1, 5, 10 and 20 µM of Chrysotoxine, respectively, at day 7 (Fig. 4E). In 

addition, to confirm the effect of Chrysotoxine on the viability of CSC, CSC-rich populations 

of H460 and H23 cells were generated as described in the Materials and Methods and the 

CSC populations were treated with Chrysotoxine (0–20 μM) for 72 h prior to determining the 

cell viability by the WST assay. Chrysotoxine at 5–20 µM significantly decreased the CSC 

cell viability in both H460 and H23 cells (Fig. 4C and F), while at 10 and 20 µM 

Chrysotoxine induced a high level of apoptosis in both H460 and H23 CSC cells after 72 h 

(Fig. 4G and H).  

 Given that Chrysotoxine caused an apparent decline in CSC-like phenotypes (in terms 

of the spheroid size and cell viability), the effect of Chrysotoxine on the CSC biomarkers 

CD133, CD44, ABCG2 and ALDH1A1 was determined to further confirm the CSC-

suppressing effect of Chrysotoxine. CSC-rich populations of H460 and H23 were generated 

as in materials and methods and then treated with Chrysotoxine (0–20 μM) for 72 h. The 

expression levels of CD133, CD44, ABCG2 and ALDH1A1 were evaluated by Western blot 

analysis. Chrysotoxine significantly decreased the cellular levels of CD133, CD44, ABCG2 

and ALDH1A1 in both H460 and H23 cells (Fig. 4A and 5A). A significant suppression was 

first detected with 5 µM of Chrysotoxine and was dose-dependent, decreasing by more than 

70% at 20 µM Chrysotoxine. 

 Interestingly, Chrysotoxine significantly decreased the expression level of CD133, 

CD44, ABCG2 and ALDH1A1 in the H460 and H23 CSC-rich populations when compared 

to their respective parental cells (Fig. 5A and 6A). Flow cytometry analysis confirmed that 

the expression of CD133 and ALDH1A1 were strongly increased in the control CSC-rich 
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population (Fig. 5C and 6C), and significantly decreased by Chrysotoxine in a dose-

dependent manner to more than an 85% reduced expression level in the CSC-rich population 

of both H460 and H23 cells at 20 µM Chrysotoxine. Taken together, a clear CSC-suppressive 

effect of Chrysotoxine in these lung cancer cells was established.  

 

Chrysotoxine suppresses Sox2 through a Src-Akt mechanism 

 Recently, Sox2 was been shown to be involved in the maintenance of CSC 

characteristics (Boumahdi et al., 2014; Lundberg et al., 2016), where Sox2 is regulated via 

Src pathway (Singh et al., 2012a; Tian et al., 2014; Yang et al., 2014). In order to determine 

the underlying mechanism of Chrysotoxine-mediated suppression of CSC-like phenotypes, 

both H460 and H23 cells and their derived CSC-rich spheroids were treated with 

Chrysotoxine (0–20 μM) for 72 h and the expression levels of p-Src, Src, p-Akt, Akt and 

Sox2 were determined by western blot analysis. Compared to the control cells, Chrysotoxine 

caused a significant decrease in the level of p-Src and p-Akt in a dose-dependent manner 

(Fig. 5B and 6B), whereas the level of total Src and Akt were not altered. Also, the down-

stream stem cell transcription factor Sox2 was significantly reduced following the decline in 

the level of p-Src in both H460 and H23 cells. Non-toxic concentrations of Chrysotoxine 

significantly decreased the expression level of p-Src, p-Akt and Sox2 in the CSC enriched 

cells, but to a greater level than in their respective parental cells. To confirm, the cells were 

similarly treated with the Chrysotoxine and the expression of p-Src and CD133 in 3D-CSC 

spheroids were determined by an immunocytochemistry. Results show that Chrysotoxine-

treated cells exhibited decrease in cellular level of p-Src and CD133 with reduced spheroid 

size (Fig. 5D and 6D). These results suggested that Chrysotoxine decreased the stem cell 

machinery in lung cancer cells, at least in part, by suppressing transcription factor Sox2 

through a Src-Akt pathway. 
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To further confirm the predominant role and mechanism of Src in lung CSC-like 

phenotypes regulation, the Src signal in these cells was suppressed using RNA interference 

against Src (shSrc) and control shRNA particles (shCon). In addition, for contrast, H460 and 

H23 cells were stably transfected with a Src overexpressing plasmid to augment the natural 

Src signal. Both cells were also transfected with the scramble plasmid and the effects of Src, 

shRNA, scramble, and control transfections were confirmed by western blot assay 

(Supplement fig. 1). The shSrc transfected cells exhibited a significantly decreased level of 

both Src and p-Src, while the Src overexpression transfectants showed overexpressed Src and 

p-Src levels, as expected, (Fig. 7A and D). Western blot analysis of these transfectants for 

Akt signal detection, Sox2 and CSC markers was then performed as well as the CSC spheroid 

formation assay. The existence of lung CSC-like phenotypes in the H460 and H23 cell lines 

and the acquisition and maintenance of lung CSCs was evident. The Src overexpressing cells 

had the greatest ability to form secondary tumor spheres, compared to the CSC populations. 

In contrast, the Src knockdown cells failed to form and maintain secondary spheroids in both 

the H460 and H23 cells (Fig. 7B and E).  

For the CSC markers and Akt signaling, the p-Akt and Sox2 expression levels were 

tightly correlated with the p-Src (Y416) expression. In addition, the expression level of the 

CSC markers CD133 and ALDH1A1 were found to be correlated with the p-Src level in the 

Src-overexpressing and Src knockdown cells. However, the expression of Oct4 and Nanog 

were only slightly altered. Altogether, these results demonstrated that lung CSC-like 

phenotypes were mediated by p-Src (Y416) through a mechanism involving Akt and Sox2 

regulation (Fig. 7C and F).  

As Sox2 expression and funtion in regulation of self-renewal in lung cancer cells has 

been previously shown to be regulated through Src-Akt pathway (Singh et al., 2012), we 

further confirm the such effects of Src signaling in our system using dasatinib, a highly 
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selective Src inhibitor. Also, the effect of Chrysotoxine in comparison to Dasatinib treatment 

was evaluated. The CSC-rich spheroids of H460 and H23 cells were treated with non-

cytotoxic concentrations of dasatinib (200 nM) or Chrysotoxine (20 µM) for 72 h, and the 

expression level of the CSC-regulating proteins was analyzed by western blot analysis. 

Results indicated that treatment of the CSC-rich cells with dasatinib as well as Chrysotoxine 

caused a significant decrease in the CSC markers CD133, CD44, ABCG2 and ALDH1A1 

(Fig. 8A and D) compared to the untreated control cells. In addition, treatment of the cells 

with Chrysotoxine and dasatinib significantly reduced the level of p-Src without any change 

in the level of total Src (Fig. 8B and E). Importantly, the downstream transcription factors, 

including p-Akt and Sox2, were decreased, presumably as a consequence of the reduced p-

Src level (Dogan et al., 2014). Both H460 and H23 cells had the ability to form secondary 

tumor spheres, revealing the presence of CSC-like phenotypes populations. In contrast, 

dasatinib and Chrysotoxine treated H460 and H23 cells failed to form and maintain 

secondary spheroids (Fig. 8C and F). Moreover, an extreme limiting dilution assay (ELDA) 

was performed to examine the effect of Chrysotoxine. Results indicated that while the non-

treated control cells exhibited ability to form tumor sphere, the H460 and H23 cells treated 

with Chrysotoxine failed to generate sphere (Fig. 8G). To confirm, we elucidate the CSC-like 

phenotypes suppressive effect of Chrysotoxine in enriched primary cancer non-small cells. 

Consistently, Chrysotoxine significantly reduced the ability of the cells to form spheroid (Fig. 

8H). 

Taken together, these results demonstrated that the CSC-like phenotypes in these lung 

cancer cells were mediated through a Src-Akt-Sox2-dependent mechanism and Chrysotoxine 

decreased the stemness of lung cancer cells, at least in part, by suppressing the Src-Akt 

activating mechanism. 
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Discussion 

Among human cancers, lung cancer is a leading cause of death due to its high and 

rapid rate of metastasis, spreading the cancer cells to other parts of the whole body. The 

presence of CSCs is potentially the important reason for the resistance and recurrence of 

cancer after therapy. Therefore, CSCs have continuously gained increasing attention in 

cancer research (Buettner et al., 2008; Peters et al., 2012; Singh et al., 2012).  

It has been proposed that CSCs are the key driving force in tumorigenesis, drug 

resistance and metastasis (Dalerba et al., 2007; Medema, 2013). In addition, the majority of 

current anti-cancer chemotherapies, while targeting the bulk tumor cells, ultimately fail to 

achieve efficient clinical outcomes because CSCs show only a limited response to such 

treatments. Thereafter, attempts have been made to identify potential compounds that are 

effective against CSCs.  

Many researchers have focused on compounds that can suppress CSC-related 

pathways. The activation of Src, a well-known survival and proliferating signal, has been 

shown to play an important role in regulating stemness in many cell models (Singh et al., 

2012). Src, a non-receptor tyrosine kinase, possessing ability to mediate cell transformation, 

including uncontrolled cell division, and activates many downstream targets, such as the 

PI3K/AKT, Ras/ MAPK, and STAT3 pathways (Summy and Gallick, 2003; Zhang et al., 

2007; Kim et al., 2009). Previous studies revealed that overexpression of Src significantly 

increased cancer stemness via inducing a self-renewal ability and stabilizing the expression of 

stemness genes (Zhang et al., 2007; Kim et al., 2009; Picon-Ruiz et al., 2016). In addition, the 

activation of Src via its phosphorylation at Y416 was shown to lead to the activation of Akt 

(by phosphorylation at Ser473), which is an important mediator for cell survival and 

proliferation (Hu et al., 2010). Indeed, Src-Akt was found to be linked with cancer stemness, 

and inhibition of Src reduced p-Akt and decreased tumor sphere formation (Chen et al., 2001; 
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Koga et al., 2006; Singh et al., 2012). Moreover, Akt is an important mediator that regulates 

Sox2, which is shown to enhance malignancy through the induction of CSCs. The function of 

Sox2 involves the self-renewal property of CSCs. Sox2 is a novel target of Src-Akt signaling 

in NSCLCs that modulates self-renewal and increase CSC-like phenotypes. Taken together, 

Src-Akt-Sox2 cellular signals may be potential molecular targets for suppressing CSC-like 

phenotypes (Xiang et al., 2011; Chen et al., 2012; Chen et al., 2013; Chou et al., 2013; Bora-

Singhal et al., 2015). 

This study demonstrated for the first time that Chrysotoxine, a pure compound 

isolated form Dendrobium pulchellum, exhibited an in vitro CSC-like phenotypes 

suppressing activity in human NSCLC cells. Previous reported demonstrated that 

Chrysotoxine also counteracted NF-kB activation by blocking its translocation to the nucleus 

and thereby prevented the up-regulation of inducible nitric oxide synthase (iNOS) and 

intracellular NO release (Song et al., 2012). Cancer stem cells (CSCs) are regulated by 

several signaling pathways including NF-kB, which is responsible for primary tumor 

formation, drive metastasis and the resistance to radiation and chemotherapy (Jiang et al., 

2014). Furthermore, the connections between the NF-kB pathway and oncogenesis in CSCs 

have been described, which the suppression of its activity contributed to attenuate self-

renewal and xenograft tumor growth (Jiang et al., 2014; Rinkenbaugh and Baldwin, 2016; 

Vazquez-Santillan et al., 2015). In this study, we also provided the potential effect of 

Chyrysiotoxin that the levels of CSC-rich populations of H460 and H23 cells in 3D culture 

were strongly diminished following the treatment (Fig. 4), together with, CD133, CD44, 

ABCG2 and ALDH1A1, stem cell markers in lung cancer, were significantly decreased (Fig. 

5 and 6). Recently, the pluripotency transcription factor Sox2 was shown to be involved in 

the maintenance of stem cell characteristics (Lundberg et al., 2016), while Sox2 is regulated 

via Src-Akt activity (Singh et al., 2012; Tian et al., 2014; Yang et al., 2014). In this study 
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Chrysotoxine treatment caused a significant reduction in the level of p-Src and p-Akt in a 

dose-dependent manner, whereas the total Src and Akt expression levels were not affected, 

supporting a post-translational (phosphorylation/dephosphorylation) control. In addition, the 

down-stream stem cell transcription factor Sox2 was significantly reduced following the 

decline in p-Src levels in both H460 and H23 cells. These results suggest that Chrysotoxine 

treatment decreased the CSC-like phenotypes in lung cancer cells, at least in part, by 

suppressing the transcription factor Sox2 through the Src-Akt pathway (Fig. 7).  

Dasatinib has previously been reported to block Src phosphorylation without affecting 

the cell proliferation and survival rates (Buettner et al., 2008; Timeus et al., 2008). To 

confirmed the effect of Src in regulating Sox2 and cancer stem cell markers in our system, 

the specific Src kinase inhibitor dasatinib was used (Buettner et al., 2008; Timeus et al., 

2008; Singh et al., 2012). In this study, compared to dasatinib treated cells, Chrysotoxine also 

caused a gradual decrease in the expression level of the CSC markers CD133, CD44, ABCG2 

and ALDH1A1, and significantly reduced the level of p-Src without any change in the total 

Src level (Fig. 8). Critically, the expression level of downstream transcription factor, Sox2 

were found to be decreased, presumably as a consequence of the decreased level of p-Src 

(Dogan et al., 2014). Taken together, these results demonstrated that the CSC-like phenotypes 

in these lung cancer cells were mediated through a Src-Akt-Sox2-dependent mechanism and 

that Chrysotoxine decreased the stemness of lung cancer cells. 

 

Conclusion 

In summary, this report provides evidence that Chrysotoxine has a potential CSC-

suppressing effect in human lung cancer cells. The mechanism by which Chrysotoxine 

decreases stemness likely involves the following steps. Chrysotoxine reduces the active level 

of Src (p-Src (Y416)), which is required for the subsequent activation of Akt, because the 
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inhibition of Src by Src inhibitor and RNA interference (shRNA) against Src prevented the 

formation of p-Akt. The down-stream primary target of the Src/Akt signal is the pluripotency 

transcription factor Sox2. As a consequence of decreasing the stem cell regulatory proteins, 

Chrysotoxine induced the down-regulation of the CSC markers CD133, CD44, ABCG2 and 

ALDH1, as well as the ability to form and maintain 3D spheres. Because CSCs have been 

tightly linked to the aggressiveness of cancers, the finding of this study could be beneficial to 

development of this compound as a novel therapy for CSCs therapeutic approaches. 
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Figure legends 

Figure 1: The chemical structure of Chrysotoxine (Chanvorachote et al., 2013). 

Figure 2: Cytotoxic effect of Chrysotoxine on human lung cancer H460 and H23 cells. (A) 

H460, (B) H23 and (C) HaCaT cells were treated with various concentrations of 

Chrysotoxine (0–50 µM) for 24 h, or solvent used as control group, and then the cell viability 

was determined by the MTT assay, relative to the viability of untreated cells set as 100%.  

(D–G) The level of apoptotic and necrotic cell death was evaluated at the same time using 

Hoechst 33342/PI costaining, and is shown relative to that of the control cells. All plots show 

the mean ± SD (n = 4). * P < 0.05 vs. untreated cells. 

Figure 3: Chrysotoxine suppresses CSC-like phenotypes. (A) H460 and (D) H23 cells were 

treated with various concentrations of Chrysotoxine (0–20 µM) for 72 h, then resuspended 

and cultured to form primary spheroids before being resuspended as single cells and cultured 

for 30 days to form secondary spheroids and imaged (4x magnification) by phase-contrast 

microscopy. (B, D) In addition, the (B) H460 and (D) H23 spheroid sizes were measured and 

presented relative to that of the control cells, while the cell viability and proliferation of the 

(C) H460 and (F) H23 attached cells after Chrysotoxine (0–20 µM) treatment for 3–7 days 

was determined by the MTT assay relative to that for the untreated cells at Day 0 (set at 

100%). All plots show the mean ± SD (n = 4). * P < 0.05 vs. untreated cells. 

Figure 4:  Chrysotoxine suppresses CSC growth in CSC-rich population. (A, B) H460 and 

(D, E) H23 cells secondary spheroids were dissociated into single spheroids of the same size 

and treated with a non-cytotoxic concentration of Chrysotoxine for 3 and 7 days. (A and D) 

Phase-contrast images (10x) of secondary spheroids at day 0, 3 and 7 for the treated and 

untreated cells, and (B, E) the spheroid size relative to that of the untreated group. (C, F–H) 

The cell viability of (C) H460 and (F) H23 cells in a detached condition were determined in 
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the CSC-rich populations after treatment with or without a non-cytotoxic concentration of 

Chrysotoxine for 72 h and analyzed for cell viability using the WST assay. In addition, the 

level of apoptotic and necrotic cell death was evaluated at the same time for the (G) H460 

and (H) H23 cells, and are displayed as a percentage relative to the untreated control cells. 

All plots show the mean ± SD (n = 5). * P < 0.05 vs. untreated cells. 

 

Figure 5:  Effect of Chrysotoxine on CSC markers in H460 cells. Parental H460 cells and the 

derived CSC-rich cells from secondary spheroids were treated in the presence or absence of 

Chrysotoxine (0 - 20 µM) for 72 h. The cell lysate or cells were then collected and evaluated 

for the level of the lung CSC biomarkers as lysate levels of (A) CD133, CD44, ABCG2 and 

ALDH1A1 and (B) p-Src, Src, p-Akt, Akt and Sox2 using Western blotting, reprobing the 

blots with GAPDH to confirm equal loading of samples, or (C) cell expressed levels of 

CD133 and ALDH1A1 by flow cytometry. Flow cytometry was performed using rabbit anti-

CD133 and ALDH1A1 monoclonal antibodies followed by Alexa Fluor 488-labeled 

secondary antibody. The expression level was then expressed relative to that of the control 

cells. (D) The expression level of p-Src and CD133 was determined using anti-p-Src (Y416) 

antibody followed by Alexa Fluor 594-lebeled secondary antibody and Alexa Fluor 488-

lebeled secondary antibody and the expression was visualized by fluorescence microscopy 

(10×). Cells were stained with DAPI dye to aid visualization of the cell nucleus. Bars show 

the mean ± SD (n = 4). * P < 0.05 vs. untreated cells. 

 

Figure 6: Effect of Chrysotoxine on CSC markers in H23 cells. Parental H23 cells and the 

derived CSC-rich cells from secondary spheroids were treated in the presence or absence of 

Chrysotoxine (0 - 20 µM) for 72 h. The cell lysate or cells were then collected and evaluated 

for the level of the lung CSC biomarkers as lysate levels of (A) CD133, CD44, ABCG2 and 
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ALDH1A1 and (B) p-Src, Src, p-Akt, Akt and Sox2 using Western blotting, reprobing the 

blots with GAPDH to confirm equal loading of samples, or (C) cell expressed levels of 

CD133 and ALDH1A1 by flow cytometry. Flow cytometry was performed using rabbit anti-

CD133 and ALDH1A1 monoclonal antibodies followed by Alexa Fluor 488-labeled 

secondary antibody. The expression level was then expressed relative to that of the control 

cells. (D) The expression level of p-Src and CD133 was determined using anti-p-Src (Y416) 

antibody followed by Alexa Fluor 594-lebeled secondary antibody and Alexa Fluor 488-

lebeled secondary antibody and the expression was visualized by fluorescence microscopy 

(10×). Cells were stained with DAPI dye to aid visualization of the cell nucleus. Bars show 

the mean ± SD (n = 4). * P < 0.05 vs. untreated cells. 

 

Figure 7: Effect on CSC behaviors and CSC markers of p-Src overexpression and 

knockdown. (A-C) H460 and (D–F) H23 cells were stably transfected with p-Src (Y416), 

shSrc or control plasmid and (A, D) their p-Src expression level was determined by Western 

blotting, while the cells were cultured for 21 d under non-attached and serum-starved media 

to form tumor spheroids that were then (B, E) visualized under phase contrast microscopy 

and (C, F) the parental and CSC-rich cells from the secondary spheroids were evaluated for 

their levels of p-Src, Src, p-Akt, Akt, CD133, ALDH1A1, Sox2, Oct4 and Nanog using 

Western blotting. Blots were reprobed with GAPDH to confirm equal loading of samples. 

The expression level was then expressed relative to that of the control cells. Bars are the 

mean ± SD (n = 4). * P < 0.05 vs. untreated cells. 

Figure 8:  The effect of dasatinib and Chrysotoxine on CSC markers. The CSC-rich cells 

from secondary spheroids of (A–C) H460 and (D–F) H23 were separately treated with non-

cytotoxic concentrations of dasatinib (200 nM) or Chrysotoxine (20 µM) for 72 h or left 

untreated as control group, the spheroids were collected and the cellular lysate level of (A, D) 
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CD133, CD44, ABCG2 and ALDH1A1 and (B, E) p-Src, Src, p-Akt, Akt and Sox2 were 

analyzed by Western blotting. Blots were reprobed with GAPDH to confirm equal loading of 

samples. In addition, (C, F) the treated secondary spheroids were visualized under phase 

contrast microscopy. (G) H460 and H23 cells were plated in decreasing numbers from 200 

cells/well to 1 cell/well in 200 μl RPMI and cultured for 14 days whereupon the number of 

wells containing spheres for each cell was calculated. (H) Enriched primary lung cancer non-

small cell (NSCLC) cancer stem cells was treated with 20 µM Chrysotoxine, spheroid size 

and spheroid number were visualized under phase contrast microscopy compared to untreated 

control cells.  Bars are the mean ± SD (n = 4). * P < 0.05 vs. untreated cells. 
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supplementary data 

Figure 1 H460 and H23 cells were stably transfected with p-Src (Y416), shSrc, scramble, or 

control plasmid and their p-Src and Scr expressions were determined by Western blotting. Blots 

were reprobed with GAPDH to confirm equal loading of samples.  



 


