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Abstract

Purpose Sodium selenite (SS) has been widely reported to induce apoptosis in various cancer cell types. However, the
underlying molecular mechanisms governing SS-mediated repression of lung cancer stem cells remain largely undefined.
Methods In vitro assays of cell proliferation, clonal formation, apoptosis, migration and cancer stemness cell sphere for-
mation were performed to examine the inhibitory effects of SS on lung adenocarcinoma (LAD) cells with or without the
overexpression of SRY-related high-mobility-group box 2 (SOX2).

Results SS significantly inhibited cell growth and induced apoptosis in LAD cells in a dose-dependent manner with marginal
effects on normal epithelial cell HBEC. SS dramatically repressed expression of SOX2 and its upstream regulator GLI1 and
strongly decreased stemness sphere formation in LAD cells at 10 uM. Forced expression of SOX2 significantly buffered
anti-cancer effects of SS.

Conclusions Our results demonstrate that SS attenuates lung adenocarcinoma progression by repressing SOX2 and its
upstream regulator GLI1, which suggests that SS may be a potential therapeutic drug candidate for lung cancer patients.
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Introduction

As a leading cause of cancer-related mortality in the world,
non-small cell lung cancer (NSCLC) consists of several
pathological subtypes, among which lung adenocarcinoma
(LAD) accounts for 50% of all NSCLC cases and lung
squamous cell carcinoma (LSC) claims around 40% of all
NSCLC patients [1, 2]. Conventional chemotherapy agents
usually produce severe unbearable side effects in patients.
Although current available auxiliary therapies with EGFR
and ALK tyrosine kinase inhibitors have increased survival
ability and life qualities of lung cancer patients over the last
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decade, those treatments are not sufficient to prevent patients
with LAD from transient relapses with drug resistance
development and tumor metastasis [3, 4]. Accumulating
evidence has suggested that cancer stemness cells (CSCs)
were involved in drug resistance and tumor metastasis due
to their unlimited proliferative capability and multiple dif-
ferentiation potential [5]. Therefore, CSC-specific inhibitory
drugs with tolerable side effects may gain more potential
therapeutic benefit in clinic.

SOX2, one of the SOX family members, plays a pivotal
role in cancer stem cell self-renewal and multiple differen-
tiation potential. As a stem cell transcription factor, SOX2
has been reported to be highly expressed in NSCLC stem
cells and closely related to the initiation and maintenance
CSCs [6]. In the meantime, Glioma-associated oncogene 1
(GLI1), a dominant component of Hedgehog cascade, acts
as a positive upstream regulator via specific enrichments
in the promoter region of SOX2 to mediate stemness cell
proliferation and drug resistance [7]. The sonic hedgehog
(SHH) pathway not only physiologically regulates cell pro-
liferation and differentiation during embryonic develop-
ment but also plays a significant role in the tumorigenicity
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of CSCs [8]. Key components of the SHH pathway such
as Patched receptor (PTCH), Smoothened protein (SMO)
and GLI1 were reported to be actively expressed in various
cancer types including lung cancer [9, 10]. We and other
groups have reported that specific inhibition of SMO or
GLI1 could sensitize lung cancer cells to both standard
and targeted therapy [11-13].

Selenium, an essential trace element in human health,
has recently been found to play a beneficial role in can-
cer therapy [14, 15]. Selenium has been identified as a
chemotherapeutic candidate via inducing cancer cell
apoptosis with minimal side effects at a proper concen-
tration range [16, 17]. Extensive studies have shown that
selenium and its derivative sodium selenite (SS) could
induce apoptosis in various cancer cells including prostate,
colon, breast, cervical and lung cancer cells at tolerable
concentrations [18-24]. In prostate cancer, SS could acti-
vate cancer repressor gene PTEN and sensitize hormone-
refractory prostate cancer cells to radiotherapy in vivo [25,
26]. In addition to directly targeting neoplastic cells, SS
was found to alleviate chemo- and radiotherapy-related
lymphedema and other complications in patients [27].
Whether SS could repress lung CSCs and how the under-
lying molecular mechanisms governs this process remain
to be further investigated.

In the present study, we explored effects of SS on LAD
parental cell growth and stemness spheroid formation.
Herein, we report that SS attenuates lung adenocarcinoma
progression by repressing SOX2 and its upstream regulator
GLI1, which suggests that SS may be a potential therapeutic
drug candidate for lung cancer patients.

Materials and methods
Cell culture and reagents

The LAD cell lines A549 and H1299 were obtained from
American Type Culture Collection (ATCC). The LAD cell
line PC9 and normal human epithelial bronchial cell HBEC
(immortalized with CDK4 and hTERT) were obtained from
National Cancer Institute (USA). All three LAD cell lines
were maintained in DMEM medium supplemented with 10%
fetal bovine serum (Hyclone, USA), 100 units/ml penicillin,
and 100 pg/ml streptomycin. HBEC was cultured in DMEM
medium supplemented with 20% fetal bovine serum, 5 ng/ml
EGF (Peprotech, USA), 100 units/ml penicillin, and 100 pg/
ml streptomycin. All cell lines were incubated at 37 °C with
5% CO,. Sodium selenite (SS) was purchased from Sigma
and dissolved in PBS to 20 mM for storage. Concentrations
of SS and durations of incubation were illustrated specifi-
cally in each experiment.
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Cell proliferation assay

Cells were automatically counted and seeded at a den-
sity of 3000 cells per well into 96-well plate one day
before drug treatment. CCK8 (Dojindo, Japan) test was
performed 24, 48 and 72 h after various concentrations
(0, 5, 10, 20, 40 and 80 uM) of drug incubation accord-
ing to manufacturer’s guide. The absorption and refer-
ence wavelengths were measured separately at 450 and
630 nm. Relative proliferation =(0D450 — OD630)g,,1e/
(OD450 — OD630) control-

Clonal formation assay

Cells were counted and seeded into 12-well plate with 500
cells per well 1 day before drug incubation. Cells were
treated with indicated concentrations (0, 5, 10 and 20 uM)
of SS for 48 h and then cultured in drug-free medium for
another 10 days. Cell clones were fixed with freshly pre-
pared 4% paraformaldehyde and stained with crystal violet
(Sangon, China) before optical imaging. Experiments were
carried out in triplicates and densitometry analysis was
performed with ImagelJ software.

Apoptosis analysis

A549 and H1299 cells treated with various concentrations
(0, 5, 10, 20 and 40 uM) of SS for 24 h were collected,
washed with ice cold PBS and stained with Annexin V/
PI mixture at 4 °C for 30 min according to the manufac-
turer’s instructions (Vazyme, China). After full resuspen-
sion, fluorescent signals were measured with CFlow Plus
package from Accuri C6. To form four quadrant dot plot,
x- and y-axis were set up as FL.1 and FL2 channel sepa-
rately. Dots in left lower quadrant represented viable cells.
Dots in right lower and upper quadrants indicated early
apoptotic and terminal apoptotic cells, respectively.

Wound healing assay

Would healing assay was performed and analyzed as
described before [11]. A549 and H1299 cells were seeded
into 12-well plate at 10° cells per well 1 day before treat-
ment. On the second day, cells were scraped with a 200 ul
tip followed by incubation with serum free medium con-
taining 0, 5, 10 and 20 uM SS for 24 or 48 h. Photomi-
crographs were taken before and after treatment. Relative
distances which were calculated by subtracting wound
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width before treatment with wound width after treatment
were quantified with ImagelJ software.

Transwell migration assay

The transwell migration assay was performed in a 24-well
chamber (Corning, USA) according to manufacturer’s
instructions. The upper and lower chambers were filled with
2000 cells resuspended in DMEM medium free of FBS and
normal complete DMEM medium containing 10% FBS,
respectively. Cells were allowed to migrate for 72 h before
the membrane was fixed and then stained with crystal vio-
let. Cells migrated to the lower side of the membrane were
observed under microscope.

Sphere formation assay

Cells were plated into ultra-low-attachment 12-well plate
(Corning, USA) at a density of 1000 cells per well and cul-
tured in serum-free DMEM medium supplemented with
20 ng/ml EGF, 20 ng/ml FGF (Peprotech, USA) and 2%
B27 (Gibco, USA). To analyze the inhibitory function of SS
on lung CSCs, A549 and H1299 sphere-forming cells were
treated with 10 uM SS and PBS in parallel as control at the
beginning of spheroid culture. Medium was half refreshed
every 3 days without new drug addition. Cell spheroids
were observed and photographed by an inverted microscope
(Olympus, Japan) after 2 weeks.

Reverse-transcriptase PCR (RT-PCR)

RNA was extracted with Trizol (TransGen Biotech, China)
according to the manual’s instruction. The purified RNA
was reversely transcribed into cDNA with RevertAid First
Strand cDNA Synthesis Kit (Fermentas, USA) according
to manufacturer’s instructions. Polymerase chain reactions
were performed with 2X Taq Master Mix (Vazyme, China).
Primers against SOX2 were GGGAAATGGGAGGGGTGC
AAAAGA (Forward) and TTGCGTGAGTGTGGATGG
GATTGG (Reverse). Primers for SMO, GLI1 and PTCH
were used as published [11].

Immunoblot

Immunoblot was performed as described before [28]. Cells
were collected and lysed with buffer containing protease
inhibitors. Total cell protein was separated on sodium dode-
cyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore,
USA) by electroblotting. Membranes were incubated with
the respective primary antibody (1:1000 dilution) at 4 °C
overnight followed by secondary antibodies (1:2000 dilu-
tion) incubation. Enhanced chemiluminescence signals

(ECL, Amersham) were detected using the Image Lab soft-
ware. Antibody against SOX2 was purchased from Abcam
(USA). Antibodies used for detecting PTCH, SMO and
GLI1 were described before [11].

Immunofluorescent (if) staining

A549 and H1299 cells were grown on slides in 24-well plate
overnight followed with SS treatment for 24 h (Fig. 5d) or
not (Figs. le, 6b). Cells were fixed in 4% formaldehyde for
30 min, permeabilized with 0.2% Triton X-100 for 10 min
and blocked by 2% BSA for 30 min. Coverslips were incu-
bated with SOX2 antibody (Abcam, USA) at 1:200 dilution
and subsequently Alexa Fluor 594 (Life Technologies, USA)
secondary fluorescence antibody. Hoechst 33342 was used
at 2 pg/ml for nuclear staining. Images were obtained with
Zeiss Axio Imager Z1 Fluorescent Microscope.

Transfections

A549 and H1299 cells were plated and transiently trans-
fected in 6-well plate using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. pcDNA 3.1 empty
vector (pc3.1) and pcDNA 3.1-SOX2 (SOX2) were trans-
fected in parallel. RT-PCR and IF were performed 48 h post
transfection to evaluate the expression level of SOX2. For
CCKS and clonal formation assay, cells were seeded into
96 and 12 well plate, respectively, 12 h post transfection for
drug treatment as described above.

Statistical analysis

Data were analyzed with Microsoft Excel and Graphpad
Prism 5 and expressed as mean + SD. The unpaired Student’s
t test was used to compare two groups. A p value <0.05
was considered statistically significant and marked by an
asterisk. A p value <0.01 was marked by two asterisks. A p
value <0.001 was marked by three asterisks.

Results
SOX2 is upregulated in A549 and H1299 cells

To profile the expression of SOX2 in lung cancer cell lines,
we quantitatively analyzed both mRNA and protein lev-
els of SOX2 in three human LAD cell lines (PC9, A549
and H1299) and an immortalized normal human bronchial
epithelial cell line (HBEC). As shown in Fig. 1, the assays
of RT-PCR (Fig. 1a, b), immunoblotting (Fig. Ic, d) and
immunofluorescent staining (Fig. le, f) consistently revealed
that SOX2 were endogenously activated in A549 and H1299
cells compared to HBEC.
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SS arrests growth of A549 and H1299 cells

To characterize the selective effects of selenium on LAD
cells, CCK8 proliferation assay was performed to examine
whether SS inhibits cell growth of HBEC, A549 and H1299
cells in time- and/or dose-dependent manners. Our data
showed that SS significantly decreased the proliferation of
A549 and H1299 cells and did not substantially affect HBEC
cells for all time points (24, 48 and 72 h) at all three concen-
trations (5, 10 and 20 uM) (Fig. 2a). Of note, cytotoxicity
against HBEC cells emerged when SS was applied at 40 uM
for 48 and 72 h which justified the selective application of
SS at low concentrations (5, 10 and 20 uM) in all our fol-
lowing studies. Graphpad software was further applied to
calculate the IC50 of SS in those three above cell lines and
revealed that IC50 of SS inA549 and H1299 at 48 h were
23.95 and 2.82 uM, respectively, compared to 72.9 uM in
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HBEC cells. Additional clonal formation assay showed that
SS significantly repressed the clonogenicity of A549 and
H1299 cells in a dose-dependent manner (Fig. 2b, c).

SS induces and enhances programmed cell death
of A549 and H1299 cells

Since SS has been reported to induce neoplastic cells
of breast cancer, leukemia and colon cancer to undergo
apoptosis [22, 29, 30], here we checked the efficiency of
SS-mediated apoptosis induction in LAD cells. Annexin
V/PI staining results showed that SS remarkably induced
apoptosis in both A549 and H1299 cell lines at 10-40 pM
for 24 h. The quantitation of apoptosis cells at both early
stage (lower right quadrant) and late stage (upper right
quadrant) apoptotic cells in the assay of four quadrant dot
plots demonstrated that SS induced the apoptosis of LAD
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Fig.2 SS arrests growth of A549 and H1299 cells. a CCK8 assay
showing that SS specifically repressed A549 and H1299 cell prolif-
eration in a dose-dependent manner. Cells were treated with indicated
concentration of SS for 24, 48 and 72 h before CCKS8 test. As control
(0 uM SS), cells were incubated with same amount of PBS. The OD
values for all concentrations were normalized to that of correspond-
ing control cells and defined as relative proliferation. b Representa-

cells dose-dependently in which SS was more involved in
initiation of apoptosis events (early apoptotic stage) than
apoptosis progression (late apoptotic stage) in both A549
and H1299 cell lines (Fig. 3a, b).

tive images of colony formation assay with HBEC, A549 and H1299
cells upon SS (0, 5, 10, and 20 pM) incubation. ¢ Quantification of
triplicated staining of colony formation displayed that SS inhibited
A549 and H1299 cell proliferative capability. Histograms are shown
as mean+SD. Data were analyzed by a Student’s ¢ test (*p <0.05,
**p <0.01 and ***¥p <0.001 vs. untreated control)

SS reduces the invasive growth of A549 and H1299
cells

To test whether SS additionally slows down the invasive
expansion of LAD cells, we performed wound healing and
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Fig. 3 Induction of apoptosis by SS in A549 and H1299 cells. a Flow
cytometric analysis of Annexin V/PI staining showed that SS remark-
ably induced apoptosis in A549 and H1299 cells. Plots were gener-
ated by Accuri C6 software package. b Quantification of apoptosis

transwell assay with A549 and H1299 cells upon drug incu-
bation. Scratch healing assay showed that treatment of SS at
10 uM for 24 h strongly blocked cell migration of both LAD
cells (Fig. 4a, b), in which A549 cells was sensitive to the
treatment of SS at 5 uM for 48 h. We applied 10 uM drug
which displayed significant anti-metastatic effect in both
LAD cells to further explore its role in invasion inhibition.
Transwell assay further confirmed the dramatic reduction in
invasive growth of A549 and H1299 cells exposed to SS at
10uMfor 72 h (Fig. 4c).

SS selectively targets SOX2 and its upstream
hedgehog cascade signaling components
to attenuate the stemness of lung cancer cells

Accumulating evidence has proven that cancer stem-

like cells account for cancer initiation, progression,
drug resistance and metastasis [31, 32]. The stem cell
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ratio indicated that SS-induced apoptosis in LAD cells in a dose-
dependent manner. Histograms are expressed as mean+SD of three
independent experiments. The statistical significance was analyzed by
Student’s ¢ test (*p <0.05, **p <0.01 vs. untreated control)

transcription factor SOX2 and its upstream Hedgehog
signaling have recently been reported to play a crucial
role in the maintenance of lung cancer stemness features
[33-35]. Here, we wonder if SS specifically inhibits the
lung cancer stem-like cells and what are the underly-
ing molecular mechanisms governing this event. Sphere
formation assay demonstrated that SS at 10 uM strongly
reduced the number and size of A549 and H1299 cell
spheroids compared to PBS control group (Fig. 5a). We
next performed RT-PCR and immunoblot to examine
the expression of stemness-related genes and found that
treatment of SS significantly and dose-dependently down-
regulated SOX2 and its upstream regulator GLI1 in A549
and H1299 cells. Of note, PTCH, a GLI1 target in Hedge-
hog pathway was also down-regulated, and meanwhile,
another critical component of Hedgehog cascade SMO
was decreased by SS only specifically for A549 not for
H1299 cells (Fig. 5b, c). Consistent with immunoblotting
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Fig.4 Inhibition of migration by SS in A549 and H1299 cells. a
Wound healing assay indicated that SS repressed metastatic ability of
A549 and H1299 cells after 24 and 48 h incubation. Scale bar denotes
100 uM. b Quantification of relative distance indicated that SS inhib-
ited metastasis in LAD cells in a dose-dependent manner. Data were

result, immunofluorescent staining indicated that SS
treatment decreased SOX2 expression level in nucleus of
A549 and H1299 (Fig. 5d).

analyzed by Image] software. Relative distance was calculated as
distance before treatment minus distance after treatment. Histograms
are expressed as mean+SD. (**p<0.01, ***p <0.001 vs. untreated
control). ¢ Transwell assay demonstrated that SS prohibited invasive
capability of A549 and H1299 cells. Scale bar denotes 50 pM

The pivotal role of SOX2 in SS-mediated cancer
growth inhibition

To specify and manifest the phenotypic function of SOX2,
A549 and H1299 cells were transfected with pcDNA 3.1
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Fig.5 SS selectively targets
SOX2-SHH signal circuitry in
lung cancer cells. a SS retarded
sphere forming capability of
A549 and H1299 cells. Scale
bar denotes 50 uM. b RT-PCR
analysis demonstrating that SS
decreased transcriptional levels -
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components (PTCH, SMO and
GLI1) in A549 and H1299 cells. SS N ®
¢ Immunoblot analysis demon- S
strating that SS reduced protein
level of SOX2 and Hedgehog
cascade components (PTCH,
SMO and GLI1) in A549 and
H1299 cells. d Immunofluores-
cent staining showed that SS at
10 puM significantly decreased
nucleus SOX2 expression in
A549 and H1299 cells com-
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based SOX2 plasmid (SOX2) to gain the forced expression
of SOX2 and empty vector pcDNA 3.1 (pc3.1) as control.
As indicated in Fig. 6a, b, SOX2 overexpression was veri-
fied in A549 and H1299 cells with assays of both RT-PCR
and immunofluorescent staining. CCK8 assay showed that
SOX2 overexpression significantly arrested SS-mediated
A549 growth inhibition at all selected concentrations (5, 10,
20 and 40 pM) while those phenomena were not observed
in H1299 cells except at 20 uM SS treatment with relative
mild effects which suggests that more alternative targets of
SS may exist in addition to SOX2 (Fig. 6¢). Clonal forma-
tion assay revealed that forced expression of SOX?2 enhanced
clonogenicity of A549 and H1299 cells and significantly
resisted SS-induced reduction in clonal expansion ability
of those LAD cells in dose-dependent manner (Fig. 6d, e).

Discussion

In the present study, we found that SS exhibited remarkable
anti-proliferative and pro-apoptotic ability in SOX2 positive
LAD cell lines in a dose-dependent manner with no or mar-
ginal effect on normal lung epithelial cells. SOX2, as a stem
cell transcription factor, was previously reported to be highly
expressed in lung squamous carcinoma cells [36]. Here we
identified two LAD cell lines A549 and H1299 harboring
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H1299
[7)]
(7]

aberrant high SOX2 expression compared with normal
human epithelial cell line HBEC. Our in vitro assays fur-
ther demonstrated that SS attenuated lung adenocarcinoma
progression by repressing SOX2 and its upstream regulator
GLI1, which suggests that SS may be a potential therapeutic
drug candidate for lung cancer patients.

SS has been reported to be able to disrupt disease pro-
gression in 38% of patients with reversible and bearable side
effects when administered up to 10.2 mg/m? in a phase I
clinical trial including 70% lung carcinoma patients who
were resistant to cytostatic drugs [16]. When those patients
were administered with SS at 10.2 mg/m?*/day for 2 weeks,
the plasma selenium concentration ranged from 5 to 25 pM
[16], which might justify the drug concentrations (5-20 uM)
employed in our settings to test anti-proliferative and pro-
apoptotic efficiency. While Karp et al. [37] announced a neg-
ative relevance between selenized yeast uptake and clinical
benefits in a phase I clinical trial for NSCLC, we reasoned
that application and formula of SS might matter in explain-
ing the different outcomes of those clinical trials.

Previous studies reported that downregulation of SOX2
expression in lung cancer stem cells effectively inhibited
tumorigenicity, drug resistance and metastasis in vitro and
in vivo [35, 38, 39]. Our data showed that SS at 10 uM abro-
gated stemness sphere formation of LAD cells in vitro and
reduced SOX2 expression. Furthermore, forced expression
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of SOX2 counteracted the anti-proliferative capacity of SS
as shown in our CCKS8 and clonal formation assays. Our
findings confirmed that SS targets pluripotency of lung can-
cer cells via selectively repressing SOX2. Previous studies
have proven that drug-resistant lung cancer cells were sen-
sitive to SS incubation when used at high concentrations
(100-500 uM) for short term (6 h) or relative low concentra-
tion (5-30 uM) for up to 5 days [40, 41]. Since cancer stem-
like cells play essential roles in drug resistance formation,
SS could re-sensitize lung cancer cells with drug resistance
by targeting cancer stem-like cells.

As a positive upstream regulator of SOX2, GLI1 has
been identified to be related to lung cancer progression,

SS (kM)

drug resistance formation and stem-related feature main-
tenance [7, 13]. Our previous findings showed that GLI1
was highly upregulated in lung cancer tissues compared
with their paired normal adjacent tissues [11]. Disruption
of Hedgehog cascade was proved to prohibit proliferation
of NSCLC cells and sensitize NSCLC cells to cisplatin
therapy in vivo [11]. Thus, we further explored whether SS
down-regulated SOX2 via modulating its upstream regu-
lator GLI1. Our data indicated that SS repressed GLI1
consistently and targeted other Hedgehog cascade mol-
ecules selectively in LAD cells which suggested that SS
mediated specific inhibition of GLI1-SOX2 axis in those
lung cancer cells.
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The mechanisms governing the SS-mediated growth
inhibition of lung cancer stem cells are complex and SS
may have multiple targets in addition to GLI1-SOX2 axis.
Although we have briefly explored SS’s antitumor effect
in vitro, how SS worked in vivo to retard tumor initiation,
progression and metastasis remains to be addressed in our
future study. In summary, our study demonstrated that SS
inhibited LAD cell proliferation and stemness traits through
targeting SOX2 and its upstream factor GLI1. This provides
experimental evidence that SS could eradicate cancer stem-
like cells in vitro and might potentially facilitate LAD ther-
apy in clinic.
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