
© 2018 Choe et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy 2018:11 6197–6207

OncoTargets and Therapy Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
6197

O r i g i n a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/OTT.S175810

sOX2, a stemness gene, induces progression 
of nsclc a549 cells toward anchorage-
independent growth and chemoresistance 
to vinblastine

chungyoul choe1,*
hyewon Kim2,*
sol Min2

sangkyu Park2,3

Jeongmin seo2,3

sangho roh2

1samsung Biomedical research 
institute, samsung Medical center, 
sungkyunkwan University, school 
of Medicine, seoul, republic of 
Korea; 2laboratory of cellular 
reprogramming and embryo 
Biotechnology, school of Dentistry, 
seoul national University, seoul, 
republic of Korea; 3Biomedical 
research institute, neoregen Biotech 
co., ltd., gyeonggi-do, Korea

*These authors contributed equally 
to this work

Background: Non-small cell lung cancer (NSCLC) is difficult to treat successfully. This intrac-

tability is mainly due to the cancer progressing through invasion, metastasis, chemotherapeutic 

resistance and relapse. Stemness has been linked to the various steps of cancer progression in 

a variety of tumors, yet little is known regarding its role in NSCLC. 

Purpose: In this study, we sought to determine the role of SOX2, a master regulator of pluripo-

tency, in the growth of extracellular matrix (ECM)-detached cells during cancer progression. 

Methods: We established a three-dimensional (3D) Poly-2-hydroxyethyl methacrylate (poly-

HEMA) culture of lung adenocarcinoma (LUAD) A549 cells as an ECM-detached cell growth 

model and examined the role of stemness genes using siRNA and small molecule inhibitor in 

comparison to standard two dimensional (2D) culture.

Results: In poly-HEMA culture, A549 cells formed substratum-detached spheroids with char-

acteristics of intermediate epithelial to mesenchymal transition (EMT) and exhibited greater 

expression of SOX2 than did control 2D cells. Knockdown of SOX2 markedly suppressed the 

growth of A549 cell aggregates in poly-HEMA culture conditions and furthermore increased 

their sensitivity to the anticancer drug vinblastine with concomitant downregulation of the activ-

ity of the anti-apoptotic AKT kinase. Interestingly, a small molecule, RepSox, which replaces 

SOX2, stimulated A549 cell growth in poly-HEMA 3D culture condition. 

Conclusion: Our findings strongly indicate that SOX2 contributes to anchorage-independent 

growth and chemoresistance via its downstream signaling mediator AKT kinase during the disease 

progression of NSCLC. SOX2 may therefore be an invaluable therapeutic target of NSCLC.

Keywords: SOX2, lung cancer, NSCLC, EMT, stemness, vinblastine

Introduction
Lung cancer is the leading cause of cancer-related death worldwide, and ~85% of all 

lung cancers are non-small-cell lung cancers (NSCLCs).1–3 NSCLC is defined by the 

accumulation of multiple genotypic alterations and further classified by a high degree 

of histological heterogeneity, including lung adenocarcinoma (LUAD; 48%), lung 

squamous cell carcinoma (LUSC; 28%), and large cell carcinoma (24%).4,5 Genetic 

and epigenetic alterations have been intensely pursued as therapeutic targets, and the 

development of a series of molecular inhibitors, such as gefitinib (Iressa, AstraZeneca, 

Cambridge, UK) and erlotinib (Tarceva, OSI Pharmaceuticals, Melville, NY, USA), 

targeting EGFR, has revolutionized the treatment of NSCLC.6 However, these drugs 

have limited therapeutic efficacy; the overall cure and survival rates for NSCLC 
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remain low at 19%, particularly in metastatic stage IIIA 

disease.7 Therefore, it is imperative to understand the biology 

and mechanisms of tumor progression to identify potential 

therapeutic molecular targets for NSCLC.

Cancer is somewhat similar to a micro-evolutionary 

process in which accrual of multiple mutations in cell growth 

genes leads to uncontrolled cell growth, which then generates 

growth-induced stress in a spatiotemporal manner.8 As a posi-

tive selection factor, which is advantageous in promoting its 

own growth and progression, these growth-induced stresses 

fatally lead tumors in situ to detach from their primary site 

as individual cells or cell clusters and disseminate to the 

lymphatic and circulatory systems and pleural and peritoneal 

cavities (reviewed in the studies by Buchhei et al9,10). During 

this series of dynamic processes called the metastasis cascade, 

cancer cells must primarily adapt to and survive periodic cell-

extracellular matrix (ECM) detachment, whereas normal epi-

thelial cells require attachment to ECM for survival (reviewed 

in the study by Frisch and Francis11). As a safeguard against 

preventing cell-ECM detachment-induced death, cancer cells 

evolve multifaceted mechanisms to compensate for the lack of 

cell-ECM survival signaling. In particular, several studies have 

shown that the epithelial-to-mesenchymal transition (EMT) 

plays an important role in anchorage-independent survival 

(reviewed in the study by Brabletz et al12). EMT is a process 

by which epithelial cells lose cell–cell adhesion, detach from 

basement membranes, and acquire mesenchymal-like traits. 

As the underlying mechanisms, it has long been proposed 

that a change in the expression of cell adhesion proteins from 

E-cadherin to N-cadherin on detachment increases cell–cell 

adhesion and leads to cell clusters resistant to cell death. In sup-

port of this, cancer cells derived from the patients with tumors 

in an advanced malignant stage grow as spheroids in suspen-

sion culture conditions.13,14 Recent work by several groups 

highlighted that anchorage-independent survival signaling 

universally converges into the activation of the phosphati-

dylinositol-3-kinase (PI3K)/AKT.15–17 In addition, EMT is also 

associated with tumor stemness and resistance to therapy.18 

Recently, however, the role of EMT in cancer progression has 

become controversial since there is no direct in vivo evidence 

supporting that EMT occurs in human cancer.19

It is known that cancer stem cells are a key population 

of tumor cells that is highly tumorigenic and chemoresistant 

in many types of cancer. The stem cell transcription factors 

SOX2, OCT4, KLF4, C-MYC, and NANOG, which were 

originally identified in induced pluripotent stem cells, have 

been detected in a variety of tumors.20 Among them, in par-

ticular, a number of associations were recently found between 

SOX2 and lung cancer.21–23 SOX2 is a transcription factor that 

belongs to the highly conserved SOX family characterized 

by the presence of the high mobility group DNA binding 

domain of SRY.24 SOX2 is autonomously required in both 

embryonic and extra-embryonic cell types, and the lack of 

SOX2 results in peri-implantation lethality. SOX2, in con-

junction with OCT3/4 and NANOG, plays a pivotal role at 

the stage when the repetitive branching of the airways allows 

for the development of the primary bronchial tree, a process 

that efficiently increases the surface area with a minimum 

increase of volume.25 The genomic amplification of SOX2 is 

seen in 20% and 27% of LUSC and small-cell lung cancer 

(SCLC), respectively, and its increased expression is detected 

in 90% of LUSC, suggesting that SOX2 mediates a major 

tumorigenic effect on SCLC and LUSC regardless of genetic 

alterations.26,27 In contrast, while the genomic amplification 

of SOX2 has not been reported in LUAD, its expression is 

detected in nearly 20% of LUAD cases.28 Bass et al26 reported 

that the knockdown of SOX2 in RNA interference experiments 

reduced proliferation and anchorage-independent growth of 

lung and esophageal squamous cell carcinoma  cell lines in 

soft agar. Furthermore, SOX2 is necessary for proliferation 

and response to injury in the putative tracheal and airway stem 

cells.29 The mechanism by which genetic alternation of SOX2 

increases tumor progression has been correlated with PIK3CA, 

which resides in a broad amplicon spanning 3q26-28 along 

with SOX2.30 PIK3CA influences the nuclear localization of 

SOX2 via its downstream signaling transducer AKT, resulting 

in the activation of target genes, including cyclin-dependent 

kinase inhibitor 1A (CDKN1A [p21CIP1]). On the other hand, 

SOX2 is likely to act as a tumor suppressor gene in gastric 

cancer driven by canonical Wnt signal activation, pointing to 

the importance of the signaling context of SOX2 activities in 

regulating cell proliferation and tumorigenesis.31 These studies 

strongly suggest that SOX2 is a critical regulator of tumor 

development and progression. However, to date, the issues 

of whether and how SOX2 is critical in cancer progression, 

especially in LUAD, have remained largely unexplored.

To shed light on these issues, we investigated whether the 

stemness transcription factor SOX2 is particularly important 

for anchorage-independent growth of LUAD cancer cells, 

which is a key to the success of the cancer progression. Our 

hypothesis was that the growth behavior of an embryoid body 

in which pluripotency is enriched would be similar to that 

of a cancer cell aggregate detached from the substratum.32,33 

Over the past decade, 3D cultures of cancer cells in poly-2-

hydroxyethyl methacrylate (poly-HEMA) hydrogel, which 

prevents cell spreading and cell attachment to the substratum 

due to its superhydrophilic nature, have received attention 

as valid models to recapitulate the anchorage-independent 
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growth of cancer cell.34,35 In this study, we report that SOX2 

increases the growth of NSCLC A549 cell spheroids and 

increases the resistance to the anticancer drug vinblastine 

through AKT kinase signaling.

Materials and methods
cell culture and reagents
Human pulmonary adenocarcinoma A549 cells were 

obtained from the Korean Cell Line Bank (Seoul, Korea). 

Cells were maintained in Roswell Park Memorial Institute 

(RPMI-1640) medium supplemented with 10% FBS (Thermo 

Fisher Scientific, Waltham, MA, USA). Cells were cultured at 

37°C under a humidified atmosphere with 95% air/5% CO
2
. 

Vinblastine and ReoSox were obtained from Sigma-Aldrich 

Co. (St Louis, MO, USA) and Selleckchem (Houston, TX, 

USA), respectively, and dissolved in dimethyl sulfoxide 

(DMSO) at 30 and 100 mM, respectively.

Poly-heMa hydrogel coating
A total 1.3 g of poly-HEMA (Sigma-Aldrich Co.) was dis-

solved in 33 mL of 99% ethanol, and the solution was mixed 

overnight at 37°C. Fifty microliters or 3.2 mL of the poly-

HEMA stock solution was added to 96-well plates and 10 cm 

dishes, respectively, in the tissue culture hood, and plates 

and dishes were swirled using a plate rotator for 10 minutes. 

Plates were left to dry overnight and then washed with PBS 

immediately before use.

cellTiter-glo luminescent cell viability 
assay
To test chemosensitivity to drugs, cells were seeded in 

triplicate at 1,000 cells per well into 96-well plates in a 

final volume of 100 µL. After 49 hours, cells were treated 

for 72 hours with drugs using a 9-point 1:10 serial dilution 

series starting at the maximum concentration unless speci-

fied otherwise. Cells were then assayed for viability using 

the CellTiter-Glo reagent (Promega Corporation, Fitchburg, 

WI, USA) following the manufacturer’s instructions. To 

avoid edge effects due to evaporation, the outer well of the 

plate was filled only with culture medium without cells. The 

plates were read using a Spark 10M Plate Reader (Tecan US 

Inc., San Jose, CA, USA). Results were normalized to the 

samples treated with the vehicle control of 1% DMSO in 

medium. Each experiment was performed at least three times, 

each with triplicate samples. Cell viability was calculated 

using the following equation: cell viability (%) = ([LI
[uM]

 × 

LI
[DMSO]

]/100)×100, where LI
[uM]

 is the average lumines-

cence intensity of the drug-treated sample and LI
[DMSO]

 is 

the average luminescence intensity of the DMSO-treated 

sample. IC
50

 values were calculated by fitting the data to 

a sigmoid dose-response curve using four parameters, and 

linear regression was calculated using Sigma plot (Systat 

Software, Inc., San Jose, CA, USA). Differences in IC
50

 were 

compared using a Student’s unpaired t-test with P , 0.05 as 

the limit of statistical significance.

sirna-mediated knockdown of sOX2
Transient knockdown of SOX2 was performed using 

the TranslT-X2 Dynamic Delivery System (Mirus Bio, 

Madison, WI, USA). Briefly, cells were plated in a 10 cm 

dish at a density of 8 × 105 cells per well and cultured 

overnight at 37°C. The following day, SOX2 siRNA or non-

targeting control siRNAs (GenePharma Co., Ltd., Shanghai, 

China) were transfected using 30 µL of TranslT-X2 reagent 

according to the manufacturer’s instructions. The final 

concentration of siRNA was 25 mM. Following incuba-

tion for 24 hours, cells were divided into conventional 

two-dimensional (2D) and poly-HEMA 3D cultures and 

incubated further for 72 hours for the following downstream 

experiments. The sequence of SOX2 siRNAs is available in 

Table S1.

Quantitative real-time reverse 
transcription Pcr(qrT-Pcr)
Total RNA was extracted from cultured cells using the 

PureLink™ RNA Mini Kit (Thermo Fisher Scientific), and 

first-strand cDNA was synthesized using oligo-dT primers 

and M-MLV reverse transcriptase (Thermo Fisher Scien-

tific). Real-time qPCR reactions were performed in tripli-

cate in a final volume of 20 µL containing SYBR Premix 

Ex Taq II (Takara, Shiga, Japan), 10 ng of cDNA, and 20 

pmol of each primer. Real-time qPCR was performed using 

a 7500HT fast real-time PCR system (Thermo Fisher Sci-

entific) with the following conditions: 95°C for 10 minutes, 

followed by 40 cycles of 95°C for 15 seconds and 60°C 

for 1 minute. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as an internal control in each reaction. 

To verify specific amplification, melting curve analysis 

was performed (55°C–95°C, 0.5°C/s). Quantification of 

relative expression was performed by the ΔΔCT method. 

Genes and their primers are shown in Table S2. Expression 

of each mRNA was normalized to that of GAPDH in the 

same sample.

Western blot analysis
Cells were lysed with RIPA buffer (sc-24948; Santa Cruz 

Biotechnology Inc., Santa Cruz, CA, USA) for 30 minutes on 
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ice, and lysates were cleared by centrifugation at 13,000×g 

for 15 minutes at 4°C. Supernatants were incubated with 4× 

Laemmli sample buffer (#161–0747, Bio-Rad Laboratories 

Inc., Hercules, CA, USA) at 95°C for 5 minutes. The samples 

were then separated with SDS-PAGE gel and immunoblotted 

with the indicated antibodies: vimentin (ab92547; Abcam, 

Cambridge, UK), SMA (ab5694; Abcam), EpCAM (ab32392; 

Abcam), SOX2 (23064; Cell Signaling Technology, Danvers, 

MA, USA), CDH1 (4,065S; Cell Signaling Technology), 

CDH2 (4061; Cell Signaling Technology), FN1 (sc-18825; 

Santa Cruz Biotechnology), AKT (CSB-PA15905A0RB; 

Cusabio Life Science, Wuhan, China), p-AKT (S473; Cell 

Signaling Technology), GAPDH (919501; BioLegend, San 

Diego, CA, USA), and β-actin (sc-4778; Santa Cruz Bio-

technology). β-Actin and GAPDH were used to show equal 

loading of protein.

immunocytochemistry
Fibroblasts were seeded on sterile glass cover slips, and 

immunocytochemical staining was performed. Briefly, 

cells on cover slips were fixed with 4% paraformaldehyde 

for 10 minutes and then permeabilized with 0.5% Triton-X 

100 for 5 minutes. Cells were then blocked for 1 hour with 

blocking solution (1% BSA in PBS), followed by incuba-

tion with primary antibody against SMA for 2 hours at room 

temperature. Subsequently, the cells were incubated with 

Alexa 594-conjugated anti-mouse IgG (A-11032; Thermo 

Fisher Scientific) for 60 minutes at room temperature. To 

assess the subcellular organization of actin microfilaments, 

cells were incubated with rhodamine-conjugated Phalloidin 

(Molecular Probes, Eugene, OR, USA) at a dilution of 

1:200 (1.5 units/mL final concentration). The cells were 

then washed with PBS, and the cover slips were mounted 

on a glass slide in 10% Mowiol 4–88 (Sigma-Aldrich Co., 

St Louis, MO, USA), 1 µg/mL DAPI, and 25% glycerol in 

PBS. The cells were observed with a ZEISS FL Microscope 

Axiovert 200 (Zeiss, Oberkochen, Germany).

scanning electron microscopy (seM) of 
spheroids
For SEM, spheroids were collected using wide pipette 

tips and pooled into an Eppendorf tube. Following a PBS 

wash, spheroids were incubated in 5 mL of 2.5% (vol/vol) 

EM-grade glutaraldehyde (EMS, Hatfield, PA, USA) and 

2% paraformaldehyde (EMS) in PBS for 2 hours at room 

temperature and then stored overnight at 4°C. Follow-

ing serial dehydration in the following grades of ethanol 

(10 minutes each; 50%, 70%, 90%, and two times for 

10 minutes: 100%), samples were then placed on glass cover 

slips and subjected to platinum sputtering before imaging. 

Images were acquired at an acceleration voltage of 20 kV 

at 1,000–1,500× magnification using SEM (Hitachi S-4700; 

Hitachi Ltd., Tokyo, Japan).

Results and discussion
growth behavior of human nsclc a549 
cell spheroids
The architecture of a tissue and its functions are regulated by 

proper cell–cell and cell–ECM adhesions.36,37 During cancer 

progression toward malignancy, metastatic cancer cells would 

be exposed to periodic cell–substratum detachment. To first 

examine the role of cell–substratum detachment on cancer 

tissue architecture, we cultured A549 cells in poly-HEMA 

hydrogel substratum, which is superhydrophilic and prevents 

cell attachment.34,35 Following seeding on poly-HEMA coated 

substratum, A549 cells floated and aggregated to form spher-

oids with a compact organization, but the surface was quite 

rough, with a bulging presentation of cells on the periphery 

(Figure 1A). Cytoskeletal architecture was determined using 

phalloidin staining. Immunocytochemistry showed the 

appearance of actomyosin cortex in 3D aggregates, whose 

functions include cell–cell adhesion, physical barrier to 

hydrostatic pressure, and amoeboid-type cell motility (Figure 

1B).38 Interestingly, cell aggregates displayed membrane 

protrusions and invaginations, which are known to lead to 

basement membrane degradation and amoeboid-type cell 

motility (Figure 1C).39,40 These results collectively indicate 

that A549 cells in suspension form 3D multicellular spheroidal 

structures, which may mimic the metastatic organization in 

vivo. Additional investigation using transmission electron 

microscopy (TEM) to include the accessible surfaces and 

gaps of cell contact could be useful to elucidate the underlying 

mechanisms of this cytoskeleton-mediated change in growth 

behavior of A549 cell spheroid. In addition, given recent 

interests on molecular linkages between the topographic 

configuration of cell contact and cellular processes such as 

cell–cell adhesion, cell migration, tumor cell invasion, and 

cytokinesis, it will be interesting to investigate the mecha-

nisms by which the change in actin cytoskeleton architecture 

in 3D culture influences such links.

Upregulation of tumor plasticity-
associated genes in nsclc a549 
spheroid
Previous studies have shown that in spheroid aggregates the 

expression of genes associated with the regulation of the 
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Figure 1 representative images of nsclc a549 cells showing intercellular and intracellular architecture in a normal culture dish (2D, left panel) and in poly-heMa-coated 
dishes (3D, right panel). images were taken 72 hours following culturing.
Notes: (A) Phase-contrast micrograph showing the morphology of human NSCLC A549 cells grown in 2D (left) and 3D (right) cultures. Original magnification: ×1,000. 
scale bar: 200 µm. (B) Representative fluorescence microscopic images of NSCLC A549 cells grown in 2D (left) and 3D (right) cultures. Cells were stained with an 
antibody targeting α-sMa (green) and rhodamine-conjugated phalloidin (F-actin, red), while nuclei were counterstained blue with DaPi. cells were imaged using confocal 
fluorescence microscopy. The image on the left is a merged image of DAPI, α-sMa, and phalloidin staining. Photographs are representative of n = 3 experiments. Original 
magnification: ×1,500. scale bar: 50 µm. (C) representative seM images of nsclc a549 cells grown in 2D (left) and 3D (right) cultures. Photographs are representative of 
n = 3 experiments.
Abbreviations: nsclc, non-small-cell lung cancer; seM, scanning electron microscopy; α-sMa, α-smooth muscle actin; 2D, two dimension; 3D, three dimension; poly-
heMa, poly-2-hydroxyethyl methacrylate.

plasticity of cell stemness and EMT dynamically changes.41 

Initially, we evaluated EMT gene expression in A549 cell 

spheroids. A549 spheroids exhibited greater expression of 

the EMT transcription factor (EMT-TF) genes (Figure 2A) 

and the cell–cell adhesion protein N-cadherin (CDH2) at the 

mRNA and protein levels (Figure 2B). Unexpectedly, the 

expression of the canonical mesenchymal marker α-smooth 

muscle actin (α-SMA) was not significantly different 

between the 2D and 3D cultures. This finding indicates that 

A549 cell spheroids represent an atypical EMT phenotype. 

This idea is supported by the following evidence. EMT is a 

process in which cells lose their intercellular adhesion and 

acquire mesenchymal, migratory properties allowing them 

to scatter, suggesting that cells in culture are expected to 

be more likely to be dispersed.12 However, A549 cells in 

poly-HEMA culture displayed clusters of cells as opposed 
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to cell scattering (Figure 1), suggesting that the expression of 

EMT gene markers examined in A549 cell spheroids confer 

different motility modes such as collective and amoeboid 

migration. Among cell cycle-related proteins, expression of 

DKN1A (p21CIP1) was specifically increased in 3D spheroids 

compared with the 2D culture. We then examined the expres-

sion of stemness genes. Interestingly, A549 cell spheroids 

differentially upregulated the expression of pluripotency-

associated transcription factors (OCT4, SOX2, KLF4, 

C-MYC, and NANOG), which were originally identified 

in the induction of pluripotency.20 However, one caveat of 

this interpretation is that differential expression levels of 

the examined stemness genes are not necessarily associated 

with the extent of their cellular roles for the regulation of 

pluripotency. Contrary to intuition, the genes exhibiting 

the largest changes in expression level may reflect genes 

that are subject to less gene expression control, therefore 

having a more limited specific function rather than greater 

function. Recent studies revealed that EMT transcription 

factors (EMT-TFs) activate the stemness genes, resulting in 

cancer cell plasticity.42 Taken together, our findings suggest 

that the stem cell transcription factors in conjunction with 

EMT-TFs might play an important role in the growth of 

A549 cell clusters.

Downregulation of sOX2 gene 
expression results in inhibition of 
spheroids (size) and aKT signaling
The stem cell transcription factor SOX2 is known to be 

upregulated in NSCLC LUSC and SCLC and increases a rare 

fraction of tumor cells endowed with properties that are char-

acteristic of somatic/embryonic stem cells.26,28 To examine 

α

β

Figure 2 gene expression patterns in a549 cell spheroid.
Notes: (A) Quantitative real-time rT-Pcr of transcript levels for eMT markers (cDh1, cDh2, snai1, and ZeB1), cell cycle markers (MKi67, gaDD45a, and cDKn1a), and 
pluripotent markers (OcT4, sOX2, KlF4, c-MYc, and nanOg). Data shown are representative of two independent experiments, and the values represent the mean ± sD  
of triplicate samples. The expression of each mrna was normalized to that of gaPDh mrna in the same sample and is presented as the fold-change over that of 2D culture 
control cells. Differences in expression levels were evaluated for significance using one-sided t-tests with unequal variance (*P , 0.01, **P , 0.05, ***P , 0.001). (B) The 
protein expression changes were estimated by Western blot. β-actin was used as an internal control.
Abbreviations: eMT, epithelial-to-mesenchymal transition; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; 2D, two dimension; 3D, three dimension.
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its role in the growth of cell–substratum detachment-induced 

spheroids, LUAD A549 cells were transfected with SOX2 

siRNA to knockdown its expression. The expression of SOX2 

was found to be markedly downregulated by this siRNA, 

as evidenced by Western blotting (Figure 3A). However, 

we found that the expression of E-cadherin (CDH1) in 3D 

spheroids slightly decreased compared to the level in the 

2D culture. In contrast, N-cadherin (CDH2) in 3D spheroids 

increased relative to levels in the 2D culture. This suggests 

that SOX2 knockdown regulates the expression of cell adhe-

sion proteins differently between the 2D and 3D cultures, 

whose mechanism remains to be elucidated. Spheroids with 

downregulated SOX2 expression showed a decrease in 

spheroid growth, which is more apparent with decreasing cell 

density numbers, compared to the negative siRNA control 

(Figure 3B). In contrast, the downregulation of SOX2 in the 

2D culture did not result in any apparent change in cell growth 

compared to the control siRNA. We also assessed the effect 

of the small molecule, RepSox, on the growth of A549 cells 

in 2D and 3D culture conditions. RepSox is a TGF-β inhibitor 

that replaces the role of SOX2 in reprogramming by inducing 

NANOG and inhibits EMT.43,44 Interestingly, RepSox at low 

concentrations (0.5–36 µM) stimulated A549 cell growth in 

poly-HEMA 3D culture condition (Figure 3C). In consistent 

with this finding, recent studies showed that SOX2 overex-

pression increased cell proliferation and tumorigenicity.28,45 

Importantly, knockdown of SOX2 decreases the phospho-

rylation level of AKT kinase compared to negative control 

siRNA in both 2D and 3D cultures (Figure 3A). As aberrant 

activation of Akt in NSCLC is a frequent and early event 

Figure 3 effects of sOX2 sirna knockdown on gene expression patterns and on the growth of spheroids.
Notes: (A) Downregulation of sOX2 following transfection of sOX2 sirna. Four days following sirna transfection, cells were harvested to validate the knockdown of 
sOX2 protein as evidenced by protein expression evaluated by Western blotting. β-actin was used as an internal control. (B) Phase-contrast micrograph showing the growth 
of human nsclc a549 cells in 2D (top panel) and 3D (bottom panel) cultures following sirna transfection. about 5 × 104 cells were plated in six-well plate as described in 
“Materials and methods” section and transfected with SOX2 siRNA. Original magnification: ×1,000. scale bar: 100 µm. (C) Dose-response viability curves of nsclc a549 
cells. cells were treated with different concentrations of repsox for 72 hours. cell survival was measured using an aTP assay and the ic50 of vinblastine was determined 
in 2D and 3D cultures of a549 cells. Data are expressed as the percentage of vehicle-treated control cells (set as 100% cell viability). each experiment was repeated at least 
twice in triplicate with similar results, and the drug-response data from a representative experiment are shown fitted to a non-linear sigmoidal model using Sigma plot. Values 
represent the mean ± SD of triplicate samples in one representative experiment. Significant differences in IC50 were determined using a student’s unpaired t-test. *P , 0.05 
vs 2D culture.
Abbreviation: ctrl, control; nc, negative control; nsclc, non-small-cell lung cancer; 2D, two dimension; 3D, three dimension.
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that correlates with tumor progression, drug resistance, and 

poor prognosis,46–48 we propose that upregulation of SOX2 

expression contributes to this abnormal activation of Akt in 

A549 cell spheroid, leading to cell survival. In support of 

this idea, other studies revealed that anchorage-independent 

spheroid growth is correlated with AKT activation. While 

this study did not prove that the SOX knockdown and 

RepSox treatment changed the population of cancer stem 

cells, it nevertheless confirms that SOX2 gene expression 

in spheroids contributes to the growth of spheroid through 

the downstream signaling transducer AKT.

sOX2 induces vinblastine resistance in 
a549 cancer cells
Tumors in advanced stages display spheroid type growth, 

which confers resistance to anticancer drugs. Initially, we 

examined whether the SOX2 gene in A549 cell spheroid plays 

an important role in resistance to anticancer drugs. Vinblastine 

is a tubulin targeting anticancer drug used in therapy for 

many cancer types, including NSCLC.49,50 The sensitivity to 

vinblastine was determined using a conventional ATP viabil-

ity assay. A viability assay showed that vinblastine exerted 

cytotoxicity in a dose-dependent manner, with greater effect 

in 2D culture compared with 3D culture (Figure 4A). How-

ever, the viability of SOX2 knockdown cells in 3D culture 

decreased sharply to 78% at 10 nM, whereas the viability of 

SOX2 knockdown cells in 2D culture decreased progressively 

to 55% at 10 nM. This significant decrease in the resistance 

to vinblastine in SOX2 knockdown cells in 3D culture com-

pared to 2D culture suggests that SOX2 plays an important 

role in the growth of cells in the 3D culture in response to 

vinblastine. Furthermore, we investigated the mechanism 

by which SOX2 exerts drug resistance. Interestingly, we 

observed that the levels of SOX2 and pAKT in both the 2D 

and 3D cultures were increased by vinblastine (Figure 4B). 

As expected, pAKT level in the 2D culture was positively 

Figure 4 The contribution of sOX2 to resistance to vinblastine in a549 cells.
Notes: (A) Dose-response viability curves of nsclc a549 cells. cells transfected with a control sirna or sOX2 sirna were plated in a 96-well plate, followed by 
the treatment with different concentrations of the vinblastine for 72 hours. cell survival was measured using an aTP assay and the ic50 of vinblastine was determined in 
2D and 3D cultures of a549 cells. Data are expressed as the percentage of vehicle-treated control cells (set as 100% cell viability). each experiment was repeated at least 
twice in triplicate with similar results. Values represent the mean ± SD of triplicate samples in one representative experiment. Statistical analysis (*) of significant differences 
vs vehicle control, P , 0.05. (B) effect of sOX2 knockdown on the activation of aKT kinase in response to vinblastine. Three days following vinblastine treatment with 
an ic50 of 10 nM, cells were harvested to evaluate phosphorylation level of aKT by Western blotting. β-actin was used as an internal control. (C) Quantitative real-time 
rT-Pcr of transcript levels of pluripotency genes in response to vinblastine treatment. Data shown are representative of two independent experiments, and the values 
represent the mean ± sD of triplicate samples. The expression of each mrna was normalized to that of gaPDh mrna in the same sample and is presented as the fold-
change over that of vehicle-treated 2D culture control cells. Differences in expression levels were evaluated for significance using one-sided t-tests with unequal variance 
(*P,0.01, ***P,0.001).
Abbreviations: gaPDh, glyceraldehyde 3-phosphate dehydrogenase; nsclc, non-small cell lung cancer.
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correlated with the level of SOX. In contrast, pAKT level in 

the 3D culture was increased, especially with vinblastine treat-

ment, suggesting that A549 cells in the 3D culture are more 

resistant to vinblastine than in the 2D culture (Figure 4B). 

This finding is in accordance with the study showing SOX2 is 

necessary for proliferation and response to injury in putative 

tracheal and airway stem cells.29 Furthermore, in contrast to 

SOX2, vinblastine decreased the expression levels of other 

pluripotency genes OCT4, C-MYC, and KLF4 in 3D culture 

(Figure 4C). This observation suggests that SOX2 mediates 

resistance of A549 spheroid independently of OCT4, C-MYC, 

and KLF4, in contrast to somatic and embryonic stem cell. 

Taken together, we conclude that SOX2 is responsible for the 

chemoresistance of spheroids to vinblastine. Targeting SOX2 

is a good therapeutic strategy considering that there are no 

drugs for cancer in advanced stage.

Conclusion
The significance of our study is two-fold: first, acquisition 

of anchorage-independent growth is a prerequisite for tumor 

cell metastasis, which is correlated with chemoresistance 

and poor prognosis. In light of this, this study demonstrated 

that SOX2 contributes to anchorage-independent growth 

and chemoresistance via its downstream survival signaling 

mediator AKT kinase. SOX2 has been well defined in 

LUSC and SCLC. Although the LUAD A549 cells used 

in our study are distinct in their histological, molecular, 

and clinical presentation from LUSC and SCLC, our study 

strongly suggests that SOX2 universally mediates a major 

tumorigenic effect on NSCLC regardless of histological 

heterogeneity. Therefore, we believe that our study provides 

proof of concept that SOX2 may be a potential therapeutic 

target for lung cancer.

Second, since the introduction of poly-HEMA culture 

by Folkman and Moscona34 as a means to study the effect 

of cell shape on the growth of cells, 3D spheroids in poly-

HEMA suspension cultures have been used for many years 

to mimic in vitro 3D cancer tissue architecture, as they are 

pathologically similarity to clusters isolated from patient’s 

circulating tumor cells, ascitic fluid, and pleural effusion. 

Furthermore, spheroids in poly-HEMA suspension culture 

have long been used to understand resistance to anticancer 

drugs. However, poly-HEMA suspension culture has been 

limited in its anticancer drug development application. One 

reason for this barrier is the controversy over whether spher-

oids in poly-HEMA represent more of a true 3D structure 

than a cellular aggregate. However, in light of increasing 

evidence that the transcription factor SOX2 is imperative to 

the development and control of the embryonic stem cell fate, 

our results demonstrating that it contributes to the growth of 

the A549 cell spheroids strongly supports the idea that cancer 

cell spheroids in poly-HEMA culture are indeed useful in 

the anti-cancer drug development platform, particularly in 

targeting pluripotency genes.

Finally, it will be interesting to elucidate the mechanism 

by which stemness genes are enriched in cancer spheroids. In 

light of the studies demonstrating that stemness traits increase 

in response to cell–cell interaction, we hypothesize that 

poly-HEMA suspension cultures result in a densely crowded 

environment, which increases intercellular interactions and 

upregulates pluripotency genes, resulting in a self-renewal 

population in the spheroids. Addressing this issue in detail 

is beyond the scope of this study; however, gaining a deeper 

understanding of spatiotemporal networks of gene expression 

in spheroids in poly-HEMA suspension and in vivo animal 

models, as well as identifying alternations of SOX2 in clinical 

NSCLC samples, will advance our fundamental understand-

ing of the role of pluripotency genes in tumor progression. 

Such understanding will provide novel therapeutic leads for 

improving the specificity and efficacy of experimental anti-

cancer therapies for NSCLC.
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Table S1 sequence information on the sirnas used in this 
study

Name Sequence

siSOX2 agU gga aac UUU UgU cgg aTT
Ucc gac aaa agU UUc cac Ucg

siNegative UUc Ucc gaa cgU gUc acg UTT
acg Uga cac gUU cgg aga aTT

siPositive Uga ccU caa cUa caU ggU UTT
aac caU gUa gUU gag gUc aTT

Table S2 Primers used in this study

Gene Name Forward sequence (5′–3′) Reverse sequence (5′–3′)

SNAI1 Snail family zinc finger 1 ccTcccTgTcagaTgaggac ccaggcTgaggTaTTccTTg
ZEB1 Zinc finger E-box binding homeobox 1 TTcaaacccaTagTggTTgcT TgggagaTaccaaaccaacTg
CDH1 e-cadherin TgcccagaaaaTgaaaaagg gTgTaTgTggcaaTgcgTTc
CDH2 n-cadherin acagTggccaccTacaaagg ccgagaTggggTTgaTaaTg
MKI67 Antigen identified by monoclonal antibody KI-67 agTTTgcgTggccTgTacTaa agaagaagTggTgcTTcggaa
GADD45A growth arrest and Dna-damaging-inducible, alpha gagagcagaagaccgaaagga cagTgaTcgTgcgcTgacT
CDKN1A cyclin-dependent kinase inhibitor 1a (p21, cip1) TgTccgTcagaacccaTgc aaagTcgaagTTccaTcgcTc
OCT4 POU class 5 homeobox 1 agcgaaccagTaTcgagaac TTacagaaccacacTcggac
SOX2 srY-box2 agcTacagcaTgaTgcagga ggTcaTggagTTgTacTgca
KLF4 Kruppel like factor 4 TcTcaaggcacaccTgcgaa TagTgccTggTcagTTcaTc
C-MYC MYc proto-oncogene, bhlh transcription factor acTcTgaggaggaacaagaa TggagacgTggcaccTcTT
NANOG nKl subclass homeoboxes and pseudogenes ccTgTgaTTTgTgggccTg gacagTcTccgTgTgaggcaT
GAPDH glyceraldehyde-3-phosphate dehydrogenase TggacTccacgacgTacTcag acaTgTTccaaTaTgaTTcca
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