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1  |  INTRODUC TION

A number of studies have reported that a small subpopulation 
of tumour cells known as cancer stem cells (CSCs) are capable of 

self-renewal and multipotency. CSCs are a key cause of cancer 
development, aggressiveness and chemotherapy resistance.1-4 
They can be recognised by stem cell markers such as CD133 and 
ALDH1A1.5,6 CSCs also overexpress genes, including Oct-4 and 
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Abstract
Cancer stem cells (CSCs), a small subpopulation of tumour cells, have properties of 
self-renewal and multipotency, which drive cancer progression and resistance to cur-
rent treatments. Compounds potentially targeting CSCs have been recently devel-
oped. This study shows how melatonin, an endogenous hormone synthesised by the 
pineal gland, and its derivative suppress CSC-like phenotypes of human non-small cell 
lung cancer (NSCLC) cell lines, H460, H23, and A549. The effects of MLT and its deriv-
ative, acetyl melatonin (ACT), on CSC-like phenotypes were investigated using assays 
for anchorage-independent growth, three-dimensional spheroid formation, scratch 
wound healing ability, and CSC marker and upstream protein signalling expression. 
Enriched CSC spheroids were used to confirm the effect of both compounds on lung 
cancer cells. MLT and ACT inhibited CSC-like behaviours by suppression of colony 
and spheroid formation in NSCLC cell lines. Their effects on spheroid formation were 
confirmed in CSC-enriched H460 cells. CSC markers, CD133 and ALDH1A1, were 
depleted by both compounds. The behaviour and factors associated to epithelial–
mesenchymal transition, as indicated by cell migration and the protein vimentin, were 
also decreased by MLT and ACT. Mechanistically, MLT and ACT decreased the ex-
pression of stemness proteins Oct-4, Nanog, and β-catenin by reducing active AKT 
(phosphorylated AKT). Suppression of the AKT pathway was not mediated through 
melatonin receptors. This study demonstrates a novel role, and its underlying mecha-
nism, for MLT and its derivative ACT in suppression of CSC-like phenotypes in NSCLC 
cells, indicating that they are potential candidates for lung cancer treatment.
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Nanog, that are known to regulate the stem cell function of multi-
ple cancers.7-9 The AKT pathway is important for retaining cancer 
stem-like cells in many types of cancer, including prostate, breast, 
and lung cancer, and can, therefore, be used as a target of treat-
ment.10-13 The active form of AKT has been found to phosphorylate 
glycogen synthase kinase 3β (GSK3β) into inactive phosphorylated 
GSK3β (p-GSK3β) form; the complex of GSK3β/β-catenin can en-
hance ubiquitin–proteasome degradation. Without the GSK3β/β-
catenin complex, β-catenin level is increased and further moves to 
the nucleus where stemness genes are transcribed.14,15 β-catenin is 
highly expressed in lung cancer cells resistant to chemotherapy. In 
the absence of β-catenin, a decrease in lung cancer cell proliferation, 
formation of colony, migration and resistance to chemotherapy are 
reported.16,17 In addition, CSC metastasis is regulated by increasing 
the properties of epithelial-to-mesenchymal transition (EMT). EMT 
induction in CSCs has been shown to increase stem cell-like pheno-
types.13,18 The increase in EMT markers such as vimentin correlates 
with enhanced cancer cell migration and invasion.19

Melatonin (MLT; Figure  1A) or N-acetyl-5-methoxytryptamine, 
an indolamine, is generally considered a multitasking molecule. It is 
secreted by the pineal gland to control circadian rhythms.20 It is used 
for the management of many symptoms and diseases, including in-
somnia,21 migraine,22 and Parkinson’s disease.23 A number of studies 
have reported antioxidant, immunomodulatory, anti-inflammatory, 
and anti-cancer properties for MLT.20,24-26 Recently, MLT was found 
to inhibit CSCs in breast, ovarian, brain and colon cancers.27-31 It de-
creased the size and number of spheroids in MCF-7 cells, in both 
spheroid-formation assay and anchorage-independent growth.29 
MLT has a role in inhibiting the survival and invasiveness of breast 
CSCs as well as in regulating the EMT-related proteins expression.28 
The effect of MLT was investigated in mammospheres consisting of 
CD44+ cells from human breast cancer cell lines, MCF-7; the via-
bility, migration, and invasion of the mammospheres were reduced 
by treatment with MLT.28 The expression of the self-renewal pro-
tein Oct-4 and vimentin decreased in the MLT-treated cells. In the 
SKOV3 ovarian cancer cell line, there was a decrease in the percent-
age of CD133+/CD44+ cells in the presence of MLT.27 Self-renewal 
and tumorigenicity of glioblastoma stem-like cells (GSCs) of primary 
GSC cultures were also impaired by MLT treatment.31 GSCs showed 
reductions in the rate of proliferation of GSC clonogenicity. Stem 
cell markers of GSCs (CD133, and Sox2), and upstream signalling 
protein (phosphorylated AKT), were found to be reduced after 
treatment with MLT. Indeed, when GSCs were pre-incubated with 
luzindole, a MLT receptor antagonist, the suppression of CD133 by 
MLT was impaired. This study indicated that the anti-CSC effect of 
MLT was regulated via the MLT receptors.31 MLT mainly acts on the 
G-protein coupled receptor family, MT1 and MT2.32 MLT receptors 
are expressed in various cancer cells, including CSCs.27,31,33 Previous 
studies have also shown that the MLT receptors are involved in the 
anti-proliferation and anti-metastasis of MLT in cancer cells.33,34 
Suppression of AKT by MLT was diminished through MLT receptors 
in uterine leiomyoma cells.35 However, the effect of MLT on lung 
CSCs is largely unknown.

Because of the therapeutic potential of MLT as mentioned 
above and its widespread use as a nutritional supplement, we have 
aimed to find its effect on CSCs and the underlying mechanisms 
of action. However, previous studies on oral administration of 
MLT have reported low bioavailability (3%–33%) and large inter-
subject variability.36,37 Therefore, novel MLT derivatives that can 
improve MLT bioavailability are required. Accordingly, this study 
investigated the novel role of MLT derivative, acetyl melatonin 
(ACT; Figure 1A), for its anti-CSC effect. The suppression of CSCs 
in human non-small cell lung cancer (NSCLC) by MLT and its de-
rivative may imply their potential use as new anti-cancer agents in 
cancer treatment.

2  |  RESULTS

2.1  |  Effect of melatonin and acetyl melatonin on 
the viability of the human NSCLC cell line H460

Non-toxic concentrations of MLT and ACT were investigated to 
assess their effects on lung cancer stem cells. In cells treated with 
1000 μmol/L MLT or 500 and 1000 μmol/L ACT, a significant de-
crease was observed in viability, while the non-toxic concentrations 
were 10–500 μmol/L MLT or 10–250 μmol/L ACT (Figure 1B). The 
assessment of cell death induction by acridine orange (AO)/pro-
pidium iodide (PI) staining confirmed the results of the cell viability 
tests. At the non-toxic concentrations of MLT (10–500 μmol/L) and 
ACT (10–250  μmol/L), cells did not show chromatin condensation 
and/or nuclear fragmentation, and, therefore, they were not apop-
totic or necrotic (Figure 1C,D). The non-toxic concentrations of MLT 
and ACT were used for further experiments.

2.2  |  Non-toxic concentrations of melatonin and 
acetyl melatonin suppress CSC and epithelial–
mesenchymal transition phenotypes

The CSC-like phenotypes are commonly assessed through the ca-
pacity of cancer cell to form three-dimensional spheroids and prolif-
erate in anchorage-independent cultivation.12,28 The effects of MLT 
and ACT on NSCLC-derived H460 cell growth and survival were ex-
amined. The cells treated with non-toxic concentrations of MLT and 
ACT showed significant decreases in the number of colonies formed 
compared to untreated cells (Figure 2A). Spheroid growth was signif-
icantly inhibited in cells treated with MLT and ACT at 14 and 21 days 
of treatment (Figure 2B). These results indicate that MLT and ACT 
suppress the behaviours of CSCs in H460 cells. CSCs have been as-
sociated with the EMT of cells, thus increasing their metastatic abil-
ity. The effect of MLT and ACT on EMT was studied by determining 
cell migration behaviour. We observed that MLT and ACT treatment 
at non-cytotoxic concentrations (100 and 250 μmol/L) significantly 
decreased cell motility in the wound healing assay at 72  h of the 
treatment (Figure 2C).
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F I G U R E  1  (A) Structure of melatonin (MLT) and acetyl melatonin (ACT). (B) Effect of MLT or ACT on cell viability. Human non-small cell 
lung cancer (NSCLC)-derived H460 cells were cultured with MLT or ACT for 24 h and subjected to be determined cell viability using MTT 
assay. Level of apoptotic and necrotic cell death was investigated by Acridine orange (AO)/propidium iodide (PI) co-staining after (C) MLT and 
(D) ACT treatment. Cells were imaged under fluorescence microscopy (4×). Data represent the mean ± SD (n = 3). Within each treatment 
group, the mean bars with same letters at the top of error bars indicate no significant difference
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2.3  |  Melatonin and acetyl melatonin decrease 
CSC and EMT markers

CD133 and ALDH1A1 are commonly used markers for identification 
of CSCs. Cells expressing CD133 and ALDH1A1 demonstrated an 
enhanced capacity for spheroid formation and chemoresistance.5,6 
We cultivated H460 cells for 48 h in the presence of MLT and ACT, 
and determined the levels of expression of CD133 and ALDH1A1 
by western blotting. Results showed that the levels of expression of 
both markers were reduced by MLT and ACT (Figure 3). Moreover, 
MLT and ACT treatment resulted in lower levels of expression of 
EMT marker vimentin compared to the control (Figure  3). These 
findings indicate that MLT and ACT suppress CSC and EMT pheno-
types in NSCLC-derived H460 cells.

2.4  |  Melatonin and acetyl melatonin decrease self-
renewal transcription factors

The self-renewal process divides stem cells into new identical stem 
cells through self-renewal transcription factors such as Oct-4 and 
Nanog.7-9 These proteins are expressed in several types of CSC. In 
this study, H460 cells treated with MLT and ACT for 48 h had sub-
stantially reduced levels of Oct-4 and Nanog (Figure 4). This finding 
supports that MLT and ACT are negative regulators of CSCs by sup-
pression the self-renewal transcription factors.

2.5  |  Melatonin and acetyl melatonin suppress CSC 
phenotypes through an AKT-dependent mechanism 
that not mediated by membrane melatonin receptors

We studied the underlying mechanisms of action of MLT and ACT on 
CSC phenotypes in H640 cells. CSCs have previously been shown to 
increase and maintain their phenotype via the AKT signalling path-
way through the protein β-catenin.10-15 MLT and ACT treatment sig-
nificantly decreased the expression of phosphorylated AKT (p-AKT) 
and β-catenin (Figure 4). These results indicate that MLT and ACT 
regulate CSCs by downregulation of AKT-dependent signalling.

MLT binds to MLT membrane receptors, MT1 and MT2.32 We 
further evaluated the involvement of MLT receptors in the CSC in-
hibition pathway of MTL and ACT. Cells were pre-incubated with 
the MLT receptor antagonist luzindole (10  µmol/L) for 2  h, prior 

to 250  µmol/L MLT or ACT treatment. At 48  h of incubation, the 
expression of key molecular proteins p-AKT and AKT were deter-
mined. Pre-treatment of the cells with luzindole failed to prevent the 
attenuation of p-AKT. This indicates that CSC suppression by these 
compounds is independent of MT1 and MT2 receptors.

2.6  |  Melatonin and acetyl melatonin inhibit 
enriched CSC population growth

The size of single spheroids decreased significantly with MLT and 
ACT at 5 and 7 days after treatment (Figure 5). At day 7 of treat-
ment, spheroids were stained with PI, indicating that MLT and ACT 
exposure induced cell death. ACT was more cytotoxic than MLT to 
the enriched CSC population (Figure 5).

2.7  |  Effects of melatonin and acetyl melatonin on 
CSCs from two other NSCLC-derived cell lines

After finding that MLT and ACT suppressed CSC phenotypes in 
NSCLC-derived H460 cells, their effects on other NSCLC-derived 
cell lines, H23 and A549, were also investigated. We observed that 
treatment with MLT and ACT decreased the number of colonies of 
both H23 and A549 cells (Figure 6A). In addition, spheroid size was 
reduced after MLT and ACT exposure (Figure 6B). MLT and ACT also 
inhibited cancer cell migration in both cell lines (Figure 6C). These data 
together confirmed our findings for H460 cells, showing that MLT and 
ACT suppressed CSC-like characteristics of human NSCLC cell lines.

3  |  DISCUSSION

Lung cancer is now the most common cause of mortality from cancer 
in the world.38,39 NSCLC is the major type of lung cancer, with a me-
dian progression time of about 5–24 months and frequent relapses 
in patients who have received chemotherapy.40 Recent research has 
shown the major role of CSCs in cancer progression, metastasis and 
chemotherapy resistance;1-4 therefore, successful new strategies to 
eliminate CSCs are required.12,41 Recently, MLT was reported to sup-
press CSCs in a variety of cancers, such as breast, ovarian, brain, 
colon and lung.27-31,42 The exact effect of MLT on lung CSCs and 
the underlying mechanisms of action are, however, largely unknown. 

F I G U R E  2  Effect of melatonin (MLT) and acetyl melatonin (ACT) on cancer stem cell (CSC) and epithelial-to-mesenchymal transition 
(EMT) behaviours in H460 cells. After MLT or ACT treatment for 48 h, cells were subject for (A) anchorage-independent growth assay, (B) 
spheroid forming assay, and (C) scratch wound healing assay. (A) The formation of colonies was recorded by microscopy (4×) at day 7, 12 
and 14 of treatment and the relative colony number of MLT- or ACT-treated cells were compared to control group. Within the same day of 
treatment, the mean bars with same letters at the top of error bars indicate no significant difference. (B) Spheroid formation at day 14 and 
21 was assessed by microscopy (4×). The relative colony number of MLT or ACT- treated cells were compared to control group. Within the 
same day of treatment, the mean bars with same letters at the top of error bars indicate no significant difference. (C) Phase-contrast images 
(4×) of migratory cells were captured at 0, 24, 48 and 72 h after treatment. The relative cell migration level at indicated time points was 
calculated relative to 0 h. Within the same time of treatment, the mean bars with same letters at the top of error bars indicate no significant 
difference
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Our study provides an insight into MLT as a new agent for lung CSC 
suppression in three NSCLC-derived cell lines.

Our study found that non-toxic concentrations of MLT inhibited 
CSC-like phenotypes, and suppressed colony and spheroid formation 
in the H460, H23, and A549 cell lines (Figures 2, 5 and 6). The study 
by Yang et al. is the only other report of an effect of MLT on lung can-
cer stem cells. They found that 1 mM MLT reduced the formation of 
spheroids and expression of the stem cell marker CD133 in A549 and 
CL1-5 cell lines.42 Our study provides further data on the effect of MLT 
against CSC markers, including reduced expression of both CD133 and 
ALDH1A1 caused by MLT exposure (Figure 3). AKT has previously been 
reported to be involved in CSC phenotype maintenance in various can-
cers, including lung cancer.10-13 CSCs that expressed CD133 showed 
increased p-AKT expression.43 Inhibition of AKT caused decreased 
Oct-4 levels and CSC proliferation.44 Oct-4 is clearly phosphorylated by 
p-AKT, which also translocates into the nucleus to transcribe Nanog.45 
Our study found that MLT reduced the expression of p-AKT, leading to 
a decrease in the levels of Oct-4 and Nanog (Figure 4). Previous studies 
have shown the role of β-catenin in the aggressiveness and chemoresis-
tance of lung cancers.16,17 β-catenin is the upstream regulator of stem-
ness, which increases Nanog and Oct-4 expression.46 This study found 
down-expression of β-catenin after MLT treatment, confirming that 
MLT suppresses stemness through AKT/β-catenin reduction (Figure 4). 
In a previous study, CD133 may have been reduced by suppression of 
β-catenin, ERK/p38, PLC and Twist.42

Previous studies have reported that orally administered MLT 
has low bioavailability with wide variability between subjects.36,37 

To improve bioavailability, our group, therefore, synthesised new 
MLT derivatives, including two N-substituted derivatives—ACT 
and benzoyl melatonin. These derivatives were able to reduce the 
production of  inflammatory mediators  such as nitric oxide and 
prostaglandin E in macrophage cells and reduced pain in rats with 
prolonged action.47 In this study, ACT suppressed CSC phenotypes 
by inhibiting colony and spheroid formation, and reduced the ex-
pression of CSC markers, CD133 and ALDH1A1 (Figures 2, 3, 5 and 
6). The self-renewal markers, Oct-4 and Nanog, as well as upstream 
protein signalling, p-AKT, and β-catenin, were suppressed by ACT 
(Figure 4). Consistent with MLT, ACT suppressed stemness by me-
diating AKT/β-catenin signalling. Spheroid size and colony number 
were reduced more in the presence of ACT than of MLT (Figures 2a, 
5, and 6a,b). The substitution of N-acetyl in MLT may improve lipo-
philicity, leading to increased permeability of ACT.48,49

The most functional cell membrane receptors of MLT are MT1 
and MT2, which are in the G-protein coupled receptor family.32 In 
uterine leiomyoma cells, MLT failed to reduce the expression of 
AKT when luzindole was added, indicating the role of the MLT re-
ceptors in AKT signalling suppression.35 However, our recent study 
observed the independent of MLT receptors on the MLT-inhibited 
AKT signalling pathway. Furthermore, MLT acts through a receptor-
independent manner, passing through the cell membrane and pro-
moting radical scavenging properties.50 The antioxidant effect of 
MLT was related to an anti-proliferative effect, through attenuation 
of AKT and NF-KB in C6 glioma cells.51 In our study, the ability of 
MLT to change cellular redox state may inactivate the AKT signalling 

F I G U R E  3  Melatonin (MLT) and acetyl 
melatonin (ACT) decreases the expression 
of cancer stem cell (CSC) and epithelial-to-
mesenchymal transition (EMT) markers. 
H460 cells were treated with (A, B) 
MLT and (C, D) ACT for 48 h. Protein 
expression of CD133, vimentin and 
ALDH1A1 was examined by western blot 
analysis. Relative protein levels of treated 
H460 cells was compared to that of 
control group. Data represent mean ± SD 
(n = 3). Within each protein group, the 
mean bars with same letters at the top 
of error bars indicate no significant 
difference

F I G U R E  4  Melatonin (MLT) and acetyl melatonin (ACT) inhibits the expression of self-renewal transcription factors and upstream 
signalling pathway. H460 cells were treated with (A, B) MLT and (C, D) ACT for 48 h. The expression level of β-catenin, p-AKT, AKT, 
Oct-4 and Nanog proteins were examined by western blot analysis. (E, F) Cotreatment of cells with (E) MLT or (F) ACT with the melatonin 
antagonist luzindole. Luzindole (10 µmol/L) was added 2 h before 250 µmol/L MLT or ACT treatment and then incubation of cells with both 
compounds for 48 h. The expression level of p-AKT and AKT proteins were determined by western blot analysis. Relative protein levels of 
treated H460 cells was compared to that of control group. Data represent mean ± SD (n = 3). Within each protein group, the mean bars with 
same letters at the top of error bars indicate no significant difference



    |  7PHIBOONCHAIYANAN et al.

pathway. Taken together, similar effects may be exhibited by ACT, 
since it has the antioxidant potential to regulate cellular redox states 
in cells.52

Studies increasingly show that CSCs possess EMT characteris-
tics during lung cancer metastasis and EMT markers. EMT induc-
tion in cancer cells has been reported to increase stem cell-like 
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phenotypes.13,18,19 Strong upregulation of EMT markers vimentin 
and N-cadherin and EMT-related transcription factor Snail1 were 
found in CSC-NSCLC cells.53 NSCLC patients with high vimentin-
positive circulating tumour cell levels had a short progression-free 
survival after receiving epidermal growth factor receptor tyrosine 

kinase inhibitor therapy.54 Our study found that MLT and ACT in-
hibited migration and downregulation of vimentin in NSCLC cells, 
suggesting that EMT regulation could suppress CSCs.

In conclusion, MLT and ACT are potentially beneficial anti-CSC 
agents, as they suppress CSC-like characteristics of NSCLC cell lines. 

F I G U R E  5  Melatonin (MLT) and acetyl 
melatonin (ACT) inhibits single cancer 
stem cell (CSC)-enriched spheroid growth. 
Single CSC-enriched spheroid derived 
from H460 cells were exposed to MLT 
(250 μmol/L) or ACT (250 μmol/L) for 
7 days. (A) Spheroid images were captured 
by microscopy (10×) at day 0, 5, and 7 
of treatment. Cell death was assessed 
by propidium iodide (PI) staining at day 
7 of treatment. Cells were captured 
under fluorescence microscopy (10×). (B) 
The relative spheroid size at indicated 
time points was calculated relative to 
0 h. Within the same time of treatment, 
the mean bars with same letters at the 
top of error bars indicate no significant 
difference

F I G U R E  6  Melatonin (MLT) and acetyl melatonin (ACT) inhibits CSC-like behaviour in H23 and A549 cells. The respective cells were 
treated with MLT or ACT for 48 h. After treatment, cells were subject for (A) anchorage-independent growth assay, (B) spheroid forming 
assay, and (C) scratch wound healing assay. (A) The formation of colonies was recorded by microscopy (4×) at 14 of treatment. (B) Spheroid 
formation at day 14 and 21 was assessed by microscopy (4×). (C) Phase-contrast images (4×) of migratory cells were captured at 0, 24, and 
48 for H23, and at 0, 18, and 24 h for A549 after treatment
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MLT and ACT reduce the level of active AKT, and inhibit the trans-
location of Oct-4 and β-catenin into the nucleus. Inhibition of key 
stemness proteins further suppresses Nanog, CSC markers (CD133, 
ALDH1A1), and the EMT marker (vimentin), as well as colony and 
spheroid formation (Figure  7). MLT is a safe ingredient commonly 
used in multivitamin and dietary supplement formulations. It is a 
promising candidate for further study in the treatment of lung can-
cer. However, the cellular mechanism of the anti-CSC effect should 
be further confirmed in the lung CSC model and in-vivo study. In the 
case of the new MLT-derivative ACT, its pharmacokinetic profiles as 
well as the MLT receptor binding affinity should be explored.

4  |  MATERIAL S AND METHODS

4.1  |  Cell culture and reagents

Human NSCLC cell lines H460, H23, and A549 were bought from 
the American Type Culture Collection (Manassas, VA, USA). They 
were cultivated in Roswell Park Memorial Institute (RPMI) 1640 
complete medium (RPMI 1640 with 100  U/mL penicillin, 100  µg/
mL streptomycin, 2  mmol/L l-glutamine, and 10% fetal bovine 

serum [FBS]). Cells were incubated under 5% CO2 and 37℃ humid-
ity. Every two days, the cells were subcultured in a 0.25% trypsin 
solution. RPMI 1640 medium, penicillin/streptomycin, L-glutamine, 
FBS, and trypsin were bought from GIBCO. MLT was purchased 
from Shanghai Chemical Co. Ltd. The synthesis and characterisation 
of acetyl-melatonin (ACT;  N-[2-(1-acetyl-5-methoxy-1H-indol-3-yl)
ethyl]acetamide) was previously described in the Panyatip et al.55 
study. Luzindole (an antagonist of MT1 and MT2), AO and PI were 
purchased from Sigma Chemical. Bovine serum albumin, cell lysis 
buffer, and antibodies directed against CD133, vimentin, ALDH1A1, 
β-catenin, p-AKT, AKT, Oct-4, Nanog and GADPH, and secondary 
antibodies were bought from Cell Signaling Technology.

4.2  |  Cell viability assay

Cell viability was examined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. H460 cells (1 × 104 cells) 
were cultured overnight in 96-well plates. The cells were then ex-
posed to MLT or ACT (0–1000 μmol/L) for 24 h. After that, the MLT 
and ACT solutions were discarded and MTT (400 μg/mL) was added 
and the cells incubated for 4 h under 5% CO2 and 37°C humidity. The 

F I G U R E  7  Schematic overview the 
cancer stem cell (CSC)-like phenotypes 
inhibition effect of melatonin (MLT) and 
acetyl melatonin (ACT) through AKT-
dependent mechanism. MLT and ACT 
reduced the expression of phosphorylated 
AKT (p-AKT) and further downregulation 
of β-catenin and Oct-4. This resulted in 
the inhibition of CSC-like phenotypes in 
lung cancer cells
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MTT solution was discarded, and replaced by 100 μL of dimethyl sul-
phoxide. The intensity of colour of formazan, formed by reduction 
of MTT, was determined by spectrophotometry at 570 nm (Bio-Rad 
Laboratories). The viability (%) of treated H460 cells was compared 
to that of control group.

4.3  |  Cell death detection assay

H460 cells (1 × 104 cells) were cultured overnight in 96-well plates 
and exposed to MLT or ACT (0–1000 μmol/L). The compound solu-
tion was discarded after 24 h incubation. The cells were incubated 
in AO; 10 μg/mL) for 30 min and in PI; 5 μg/mL) for 5 min. Cells with 
DNA fragmentation and nuclear condensation, or PI-positive ne-
crotic cells were captured under fluorescence microscopy (Olympus 
CKX41 inverted phase-contrast microscope with an Olympus E-330 
camera; Olympus).

4.4  |  Anchorage-independent growth assay

Proliferation of NSCLC H460, H23, and A549 cells was determined 
using a colony formation assay. Cells treated with MLT or ACT (50–
250 μmol/L) for 48 h were cultured in soft agar for 14 days. Firstly, 
the lower layer was prepared using 1% (w/v) agarose in complete 
RPMI-1640 medium. Secondly, the cellular layer was prepared with 
cells (1 × 103) in 0.3% agarose in complete medium. Cells were then 
treated with MLT or ACT (50–250 μmol/L). Lastly, complete medium 
was added to the second layer. At days 7, 12, and 14, the colony was 
visualised under a phase-contrast microscope (Olympus CKX41 with 
an Olympus E-330 camera, Olympus).

4.5  |  Three-dimensional spheroid formation assay

The NSCLC H460, H23, and A549 cells were pre-incubated with 
MLT or ACT (0–250 μmol/L) for 48 h. Cells (2.5 × 103 cells) were de-
tached and cultured in a 24-well ultra-low attachment plate in RPMI 
1640  medium contained 20  ng/mL basic fibroblast growth factor, 
20 ng/mL epidermal growth factor (BD Biosciences), and 4 mg/mL 
insulin (Sigma). These cells were treated every two days for 21 days. 
Spheroids were visualised at day 14 and 21 using phase-contrast mi-
croscopy (Olympus IX51 with an Olympus DP70 camera, Olympus).

4.6  |  Scratch wound healing assay

Cell migration were determined using a scratch wound healing assay. 
NSCLC H460, H23, and A549 cells were pre-incubated with MLT or 
ACT (0–250 μmol/L) for 48 h. Cells were detached and cultivated in a 
96-well plate at 4 × 104 cells/well overnight. The cells attached were 
scratched with the tip of a pipette (20–200  μL). The old medium 
was replaced by a new complete medium with or without MLT or 

ACT, and further incubated for time points indicated below. Wound 
areas were imaged using bright field microscopy (10×) at 0, 24, 48, 
and 72 h for H460; at 0, 24, and 48 for H23 cells; and at 0, 18, and 
24 h for A549 cells. The width of the wound areas was measured by 
ImageJ software. Cell migration at indicated time points was calcu-
lated relative to 0 h.

4.7  |  Western blot analysis

H460 cells (1 × 105 cells) were treated with 50–250 µmol/L MLT or 
ACT for 48 h. For luzindole cotreatment experiments, cells were pre-
treated with luzindole (10 µmol/L) for 2 h and then further incuba-
tion with 250 µmol/L MLT or ACT for 48 h. Cells were lysed using cell 
lysis buffer (Cell Signaling Technology) contained protease inhibitor 
cocktail (Bio-Rad), 100 mmol/L phenylmethylsulfonyl fluoride, and 
0.5% (v/v) Triton X-100. The level of protein of cell lysates was ana-
lysed by protein assay kit (Bio-Rad). Each cell lysate was loaded to a 
sodium dodecyl sulphate polyacrylamide gel. The separated proteins 
were moved to membranes (0.45 μm nitrocellulose) and block with 
5% (w/v) non-fat milk in TBST solution for 45 mins. TBST solution 
contained 125  mmol/L NaCl, 25  mmol/L Tris-HCl, and 0.1% [v/v] 
Tween 20. The blots were exposed to primary antibodies (CD133, 
vimentin, ALDH1A1, β-catenin, p-AKT, AKT, Oct-4, Nanog and 
GADPH) overnight at 4℃. The membranes were washed with TBST 
and further incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 2 h. The level of each protein was determined 
by chemiluminescence substrate (Bio-Rad). The intensity of protein 
band was measured using ImageJ software.

4.8  |  Single spheroid formation assay

The spheroids were formed as described above in the spheroid for-
mation assay for 14 days. Each individual spheroid was separated and 
cultured in a 96-well ultra-low attachment well plate and incubated 
with 250 μmol/L MLT or ACT every two days for 7 days. Spheroids 
were visualised using phase-contrast microscopy (Olympus IX51 
with Olympus DP70 camera, Olympus) at day 5 and 7. Relative sphe-
roid size was calculated for the treatments and compared to that of 
the untreated control.

4.9  |  Statistical analysis

Means ±standard deviation (SD) of the data in each experiment are 
presented. Multiple comparisons were analysed with analysis of 
variance (ANOVA), and post hoc multiple means comparisons per-
formed with Scheffé’s test at the p < .05 significance level.
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