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Abstract: Ciclesonide is an FDA-approved glucocorticoid (GC) used to treat asthma and allergic
rhinitis. However, its effects on cancer and cancer stem cells (CSCs) are unknown. Our study focuses
on investigating the inhibitory effect of ciclesonide on lung cancer and CSCs and its underlying
mechanism. In this study, we showed that ciclesonide inhibits the proliferation of lung cancer cells and
the growth of CSCs. Similar glucocorticoids, such as dexamethasone and prednisone, do not inhibit
CSC formation. We show that ciclesonide is important for CSC formation through the Hedgehog
signaling pathway. Ciclesonide reduces the protein levels of GL1, GL2, and Smoothened (SMO),
and a small interfering RNA (siRNA) targeting SMO inhibits tumorsphere formation. Additionally,
ciclesonide reduces the transcript and protein levels of SOX2, and an siRNA targeting SOX2 inhibits
tumorsphere formation. To regulate breast CSC formation, ciclesonide regulates GL1, GL2, SMO, and
SOX2. Our results unveil a novel mechanism involving Hedgehog signaling and SOX2 regulated by
ciclesonide in lung CSCs, and also open up the possibility of targeting Hedgehog signaling and SOX2
to prevent lung CSC formation.
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1. Introduction

Lung cancer, known as lung carcinoma, is a common cancer and is known to cause uncontrolled
cell growth in lung tissue. Lung cancer is a major cause of cancer death, accounting for 20% of all
cancer-related deaths [1]. Chemotherapy improves survival rate to a limited extent, but the overall
survival rate is low due to the recurrence of aggressive tumors [2]. Lung cancer is divided into two
groups based on pathological properties. These two types are non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC). NSCLC accounts for 85% of all lung cancers, and the survival rate is
low [3].

Cancer stem cells (CSCs) were first identified at Dr. John Dick’s laboratory [4], and the concept
of CSCs has become an interesting field in cancer research. CSCs represent a small portion of the
total cancer cell population and have strong tumorigenic properties [5]. The characteristics of CSCs
are self-renewal, differentiation, tumorigenicity, and resistance to chemotherapy [6,7]. CSC markers
in lung cancer include the metabolic marker aldehyde dehydrogenase isoform 1 (ALDH1) and the
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surface markers CD133, CD44, and CD166 [8]. Novel therapeutic methods targeting CSCs can improve
long-term clinical outcomes [1].

Hedgehog signaling is activated during embryogenesis and development, and reactivated in
many solid tumors [9–11]. The proteins involved in Hedgehog signaling are divided into Sonic
Hedgehog (Shh), Indian Hedgehog (Ihh), and Desert Hedgehog (Dhh) according to species. In
humans, Sonic Hedgehog is the main protein. The Hedgehog signaling pathway consists of three
proteins, the GPCR-like protein Smoothened (SMO), the canonical receptor Patched (PTCH1), and the
GLI1/2/3 proteins. Hedgehog signaling is essential for self-renewal, cell fate determination, and CSC
formation [11,12]. Aberrant Hedgehog signaling is associated with the progression of several cancers,
tumorigenesis, and CSC formation [12]. Additionally, the Hedgehog signaling pathway is involved in
chemo-resistance, relapse, and metastasis of lung cancer [12].

SOX2 is a key transcription factor for maintaining self-renewal, reprogramming of somatic cells,
and pluripotency of undifferentiated embryonic stem cells [13–15]. The SOX2 protein is involved
in several cancers, including melanoma, lung cancer, breast cancer, ovarian cancer, and pancreatic
cancer [2,16–19], and maintains CSCs in skin, bladder, and colorectal cancers [20]. Other groups
previously showed that Hedgehog-GLI signaling is involved in cancer growth, tumorigenicity, and
stemness [16,21,22]. Through Hedgehog-GLI signaling, GLI regulates the SOX2 gene, and GLI-mediated
regulation of SOX2 induces self-renewal of melanoma and lung CSCs [2,16].

The anti-asthma medicine ciclesonide is a glucocorticoid (GC) used to treat asthma and allergic
rhinitis. Ciclesonide, a new inhaled corticosteroid, is effective as a once-daily controller therapy
for pediatric asthma and reduces airway inflammation through a single daily administration [23].
Ciclesonide has strong anti-inflammatory activity in vitro and in vivo. The relative binding affinities
of ciclesonide for the rat GR were higher than those of dexamethasone [24]. We demonstrated that
ciclesonide had anti-proliferative properties against lung cancer and inhibited lung CSC formation
through suppression of Hedgehog signaling and SOX2. Hedgehog signaling and SOX2 are potential
therapeutic targets for CSCs in lung cancer.

2. Results

2.1. Ciclesonide Inhibits Proliferation and Induces Apoptosis in A549 Lung Cancer Cells

We assessed the effect of ciclesonide on the growth of A549 human lung cancer. Ciclesonide
showed anti-proliferative effects (Figure 1A). After treatment of lung cancer with ciclesonide, the
formation of apoptotic bodies was induced (Figure 1B). Ciclesonide induced apoptosis of lung cancer
(Figure 1C). Ciclesonide increased caspase 3/7 activity in A549 cells (Figure 1D). Ciclesonide inhibited
migration and colony formation of lung cancer (Figure 1E,F). We showed that ciclesonide effectively
suppressed lung cancer cell growth, apoptosis, cell migration, and colony formation.

2.2. Ciclesonide Blocks Tumor Growth

Since ciclesonide inhibited the proliferation of lung cancer, we tested whether ciclesonide reduces
tumor growth in a mouse model. Nude mice in the control and ciclesonide-treated groups had similar
body weights (Figure 2A). The tumor weights of ciclesonide-treated mice were lower than the control
mice (Figure 2B). The tumor volumes of the ciclesonide-treated mice were smaller than the control
mice (Figure 2C). We showed that ciclesonide reduced tumor growth in the mouse model.
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Figure 1. Ciclesonide reduces the proliferation of lung cancer. (A) A549 lung cancers were cultured
in a 96-well plate with ciclesonide. The growth of cancer cells was assayed with an MTS reagent.
(B) Ciclesonide (30 µM) induced apoptotic bodies stained with Hoechst 33342 dye (magnification, 40×).
(C) Ciclesonide (10 and 20 µM) induced apoptosis of A549 cells. Apoptosis was assayed using Annexin
V/PI staining. (D) Caspase 3/7 activity was measured by a caspase-Glo assay kit (Promega). Ciclesonide
induced caspase 3/7 activity in A549 cells. (E) Ciclesonide (10 µM) inhibited cell migration, evaluated
by a scratch assay. (F) The inhibitory effect of ciclesonide on colony formation of A549 cells. A total of 1
× 103 cancer cells were incubated in 6-well plates containing 5 and 10 µM of ciclesonide. The data of
triplicate experiments are represented as the mean ± SD; * p < 0.05, compared with control.
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Figure 2. Ciclesonide reduces tumor growth in a mouse model. A total of 2× 106 lung cells were injected
into nude mice subcutaneously. Inhibitory effect of ciclesonide on tumor growth in A549-bearing mice.
(A) The concentration of ciclesonide is 10 mg/kg. After 55 days, images of the mice were captured. (B)
Inhibitory effect of ciclesonide on tumor weight. The nude mice were sacrificed on day 55, and tumor
weights were assayed. The data of triplicate experiments are shown as the mean ± SD. Compared
with control, *** p < 0.05. (C) The tumor volumes of the mice over 55 days were comparable between
the control and ciclesonide-treated mice. Tumor volumes were calculated as (width2xlength)/2. The
ciclesonide-treated group exhibited a decrease in tumor volume.

2.3. Effect of Ciclesonide, Prednisone, and Dexamethasone on Lung CSCs

To examine whether ciclesonide inhibits tumorsphere formation in lung cancer, we cultured
tumorspheres derived from A549 cells with different concentrations of ciclesonide. Ciclesonide
and isobutyryl ciclesonide inhibited lung tumorsphere formation (Figure 3A,B). We evaluated cell
proliferation and tumorsphere formation using the most popular steroid hormones, prednisone and
dexamethasone. These two steroids did not affect cell growth or tumorsphere formation (Figure 3C,D).
We checked the ALDH1 level in lung cancer cells because it is a marker of lung CSCs. We examined the
effect of ciclesonide on ALDH1-positive lung cancer cells. Ciclesonide decreased the ALDH1-positive
cell fraction from 5.0% to 2.5% (Figure 4). Our results showed that ciclesonide specifically suppresses
tumorsphere formation.

Figure 3. Cont.
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Figure 3. Ciclesonide and isobutyryl ciclesonide reduce tumorsphere formation in lung cancer cells.
(A,B) Tumorspheres derived from A549 cells were cultured for 7 days with cancer stem cell (CSC)
medium. Treatment with ciclesonide (5 and 10 µM) reduced tumorsphere formation to 5%. The data of
triplicate experiments are shown as the mean ± SD. Compared with control, * p < 0.05. (C) A549 cells
were cultured in a 96-well plate with prednisone and dexamethasone. The growth of cancer cells was
measured with MTS reagents. (D) Treatment with prednisone and dexamethasone (40 and 80 µM) did
not reduce tumorsphere formation efficiency (TFE). The data of triplicate experiments are shown as the
mean ± SD. Compared with control, * p < 0.05.

Figure 4. ALDH assay. A549 cancers were incubated in a 6-well plate with ciclesonide. The ALDH
activity of lung cancer was assayed using an ADELFLUOR assay kit. The portion of ALDH1-positive cells
was quantified by the ADELFLUOR assay. The ALDH-positive fraction was reduced after ciclesonide
treatment. The lower parts show representative red-dot plots of the negative control experiment after
treatment with the ALDH inhibitor (DEAB). The upper parts indicate ALDH-positive cells that were
not treated with DEAB. Values in the red-dot plots show the percentage of ALDH-positive cells.
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2.4. Ciclesonide Inhibits Tumorsphere Formation through Inhibition of Hedgehog Signaling

To determine the cellular mechanism of ciclesonide in tumorigenesis, we examined the levels of
GLI transcripts and proteins in the tumorsphere under ciclesonide treatment because ciclesonide and
budesonide inhibit the Hedgehog signaling pathway [25]. Our results showed that transcripts of GLI1
and GLI2 but not GLI3 were reduced significantly under ciclesonide treatment (Figure 5A). To provide
a biological meaning of the GLI1 and GLI2 genes in lung cancer, we used the Xena browser analysis for
comparison of normal and tumor GLI gene transcripts. The Xena browser analysis indicated a higher
gene expression of GLI1 and GLI2 in primary tumor tissue compared to normal tissue (Figure S2)
(GLI1; n = 786, p-value = 2.894 × 10−21, GLI1; n = 786, p-value = 6.001 × 10−33). Ciclesonide reduced
GLI1, GLI2, and SMO protein levels (Figure 5A). To check SMO function in tumorsphere formation,
we examined the tumorsphere formation ability of cells subjected to small interfering RNA (siRNA)
silencing of SMO. Lung cancer cells transfected with SMO-specific siRNA showed a 40% reduction in
tumorsphere formation (Figure 5B). Our observations suggest that SMO and Hedgehog signaling are
important for tumorsphere formation in lung cancer. To confirm the specificity of the ciclesonide effect,
we checked the Hippo-YAP signaling with ciclesonide present in A549 lung cancer cells. Ciclesonide
did not change YAP or pYAP in lung cancer (Figure S1).

Figure 5. Ciclesonide blocks the Hedgehog signaling pathway through downregulation of the GLI1,
GLI2, and Smoothened (SMO) proteins. (A) Ciclesonide treatment (10 µM) decreased Hedgehog
signaling-related gene expression in the A549-derived tumorspheres. The mRNA levels of GLI1, GLI2,
and GLI3 in tumorspheres were examined using specific primers after treatment with ciclesonide.
β-actin was used as a loading control. The data of triplicate experiments are shown as the mean ±
SD. Compared with control, * p < 0.05. The protein levels of GLI1, GLI2, and SMO were analyzed
in ciclesonide-treated tumorspheres using specific anti-GLI1, anti-GLI2, and anti-SMO antibodies for
immune-blotting. β-actin was used as a loading control. (B) Effect of SMO on tumorsphere formation
using SMO small interfering RNA (siRNA). Tumorspheres of siRNA-transfected cells were incubated for
7 days with complete CSC medium, and tumor formation efficiency (TFE) was assayed. Representative
images of Western blots are shown. The data of triplicate experiments are shown as the mean ± SD.
Compared with control, * p < 0.05.
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2.5. Ciclesonide Inhibits Tumorsphere Formation through GLI-Mediated SOX2 Regulation

Since GLI1-mediated regulation of SOX2 regulates the self-renewal of lung and melanoma
CSCs [2,16], we examined SOX2 levels using ciclesonide. Ciclesonide reduced the transcript and
protein levels of SOX2 (Figure 6A). In order to confirm the regulation of the SOX2 gene by Hedgehog
signaling, we performed knock-down of the SMO gene using siRNA of the SMO gene and checked
SOX2 transcripts. SMO regulated SOX2 gene expression (Figure 6A). To investigate SOX2 function in
tumorsphere formation, we examined the tumorsphere formation ability of cells via siRNA silencing
of SOX2. Lung cancer cells transfected with SOX2-specific siRNASOX showed a 70% reduction in
tumorsphere formation (Figure 6B). Our observations suggest that ciclesonide reduced SOX2 and
Hedgehog signaling, which is important for tumorsphere formation in lung cancer.

Figure 6. The effect of ciclesonide on SOX2 expression and tumorsphere formation. (A) Treatment
of the tumorsphere for 48 h with ciclesonide (10 µM) decreased the mRNA and protein levels of the
SOX2 gene. The SMO gene was knocked-down by using siRNA of the SMO gene. The transcripts of
the SOX2 and SMO genes were assayed with specific real-time RT-qPCR primers. The SOX2 protein
was assayed with an anti-SOX2 antibody. β-actin was used as an internal control. (B) siRNA-induced
silencing of SOX2 reduced the expression of SOX2 and the formation of tumorspheres. Tumorspheres
of siRNA-treated cells were incubated for 1 week with complete CSC medium, and tumorsphere
formation efficiency (TFE) was assayed. Representative images of Western blots are shown. The data of
triplicate experiments are shown as the mean ± SD. Compared with control, * p < 0.05.

2.6. Ciclesonide Inhibits Gene Expression of Cancer Stem Cell Markers and Growth of Tumorspheres

To determine whether ciclesonide inhibits lung CSC-specific genes, we checked the transcript
levels of CSC-specific genes. Ciclesonide decreased the transcription levels of the specific genes SOX2,
Nanog, c-Myc, and Snail in lung CSCs (Figure 7A). To confirm that ciclesonide reduced tumorsphere
growth, we added ciclesonide to tumorsphere medium and cultured the cancer cells derived from
tumorspheres. Ciclesonide induced cell death of the tumorspheres (Figure 7B). We showed that
ciclesonide decreased the growth of tumorspheres and that ciclesonide suppressed lung CSC formation
through dysregulation of the Hedgehog/SOX2 signaling axis.
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Figure 7. The effect of the anti-asthma medicine ciclesonide on CSC traits in lung cancer. (A) The mRNA
levels of Snail, SOX2, Nanog, and c-Myc in tumorspheres were analyzed using specific primers after
treatment with ciclesonide. β-actin was used as a loading control. The data of triplicate experiments are
shown as the mean ± SD. Compared with control. * p < 0.05. (B) Ciclesonide prevented tumor growth.
After treatment with ciclesonide, tumorspheres were divided into single cells, and equal numbers of
cells were plated in a 6 well plate. One day after plating, the cells were calculated. After 2 or 3 days, the
cells were calculated in triplicate, and the mean value was plotted. Compared with control, * p < 0.05.

3. Discussion

Lung cancer is a life-threatening disease, and its death rate is higher than that of other cancers.
Lung cancer accounts for 20% of cancer-related deaths [26]. Of all lung cancers, 85% are NSCLCs.
Many scientists believe that CSCs or cancer-initiating cells are a subpopulation of cancer cells that
confer aggressiveness and chemo-resistance to cancer cells. CSCs have the capacity to self-renew,
initiate tumors, and undergo multiple differentiations. Therefore, the properties of lung CSCs have
become targets of lung cancer therapies.

In this report, we showed that ciclesonide suppresses the proliferation of lung cancer cells and the
growth of CSCs. Similar glucocorticoids, such as dexamethasone and prednisone, do not inhibit CSC
formation. In the hospital, glucocorticoids such as dexamethasone (DEX) have been administered to
cancer patients to minimize chemotherapy, reduce nausea, and protect healthy tissue [27]. Clinical
evidence has shown GR-induced chemotherapy resistance and poor prognosis in cancers [28,29].
Another GC, budesonide, and ciclesonide are distinguished by bulky hydrophobic groups at positions
16 and 17 [25]. Ciclesonide, dexamethasone and prednisone showed different effects on lung CSC
formation based on their different structures. Prednisone promoted SMO accumulation at cilia and
induced Hedgehog stimulation, but ciclesonide and budesonide inhibited SMO ciliary localization and
signaling activity [25]. Cyclopamine, a potent Hedgehog signaling antagonist, inhibits breast cancer
growth independent of SMO [30].

We showed that ciclesonide reduced transcripts of GLI1 and GLI2 and played an important role in
lung CSC formation by using an siRNA to target SMO. Our data showed that ciclesonide inhibits lung
CSCs through regulation of Hedgehog signaling. GCs induce chemo-resistance and tumor relapse by
promoting the unexpected growth of CSCs that are resistant to therapy and highly metastatic [31–33].
Ciclesonide has a different function from that of typical GCs due to its different structure.

Our data showed that anti-proliferative concentrations of ciclesonide in mouse and cell experiments
are 600 and 300 mg/60 kg, respectively. The concentration of ciclesonide used in our experiments is
very high (ciclesonide drug dosage; 200 µg/1 day and 73 mg/1 year) and may induce cytotoxicity. It
is very hard to use ciclesonide as a cancer drug. In order to overcome this problem, we have two
options; one is the development of a ciclesonide analog that has strong anti-cancer activity, another is
ciclesonide co-medication in cancer patients undergoing chemotherapy.

CSCs are responsible for drug resistance, recurrence, and metastasis, which are major causes
of cancer mortality [34]. Aberrant Hedgehog signaling induced progression and tumorigenesis,
including CSC maintenance, in several cancers [11,12]. SOX2 regulated the self-renewal of human
melanoma-initiating cells [16]. Our data showed that ciclesonide reduced Hedgehog signaling and
SOX2 expression. Ciclesonide-mediated regulation of the Hedgehog signaling/SOX2 pathway regulates
lung CSC formation.
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Ciclesonide, a new inhaled corticosteroid, reduces airway inflammation through a single daily
administration and controls asthma in atopic children [23]. Ciclesonide and budesonide inhibit the
Hedgehog signaling pathway [25]. Ciclesonide inhibits the function of Hedgehog signaling and
the SOX2 protein. Hedgehog signaling and the SOX2 protein regulate lung CSC formation. Our
results unveil a novel mechanism involving Hedgehog signaling and SOX2 protein expression induced
by ciclesonide in lung CSCs, and also open up the possibility of targeting Hedgehog signaling to
prevent CSC formation. Ciclesonide may show potential for applications in anticancer therapy
and inflammation.

4. Materials and Methods

4.1. Culture and Tumorsphere Formation Assay

A549 human lung cancer cells were obtained from the American Type Culture Collection (Rockville,
MD, USA) and maintained in RPMI medium with 10% fetal bovine serum (HyClone, Thermo Fisher
Scientific, CA, USA) and 1% penicillin/streptomycin (HyClone, Thermo Fisher Scientific, CA, USA). For
lung tumorsphere formation, 5 x 104 human lung cancer cells were cultured in an ultralow-adherence
plate with Cancer Stem Premium Medium (ProMab Biotechnologies Inc., Richmond, CA, USA).
All cells were maintained in a humidified 5% CO2 incubator at 37 ◦C for 7 days. The number of
tumorspheres was estimated by using the NICE program [35]. Formation of tumorspheres was
estimated by determining tumorsphere formation efficiency (TFE) (%) [36].

4.2. Antibodies and siRNAs

Anti-GLI1, anti-GLI2, anti-SMO, and anti-SOX2 antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-β-actin antibody was obtained from Santa Cruz Biotechnology.
Anti-CD44 FITC and anti-CD24 PE antibodies were obtained from BD Pharmingen (BD, San Jose, CA,
USA). Human SMO- and SOX2-specific siRNAs were obtained from Bioneer Corp. (Daejeon, Korea).

4.3. Cell Proliferation

We followed a previously described method [37]. A549 lung cancer cells were cultured in a
96-well plate with ciclesonide. The proliferation assay was assessed using a CellTiter 96®Aqueous
One Solution cell kit (Promega, Madison, WI, USA), and the OD490 was measured using a microplate
reader (SpectraMax, San Jose, CA, USA).

4.4. Colony Formation and Migration Assay

For the colony formation assay, A549 cells were incubated at 1000 cells/well with ciclesonide for 7
days in RPMI/10% FBS. The colonies were cultured and counted. For the migration assay, the cells
were cultured in a 24-well plate, and a scratch was made by using a pipette tip. After washing with
RPMI/10% FBS, the lung cancer cells were treated with ciclesonide. We used a previously described
method [38].

4.5. Annexin V/PI Assay and Analysis of Apoptosis

Lung cancer cells were cultured in 6-well plates with ciclesonide (20 µM). Apoptotic cells were
detected by Annexin V/PI staining according to the manufacturer’s instructions (BD, San Jose, CA,
USA). The samples were analyzed by Accuri C6 (BD, San Jose, CA, USA). Cancer cells were treated
with 20 µM ciclesonide for 1 day, and then the cells were incubated with Hoechst 33258 (10 mg/mL)
solution for 20 min at 37 ◦C. The cells were observed using a fluorescence microscope (Lionheart FX,
Biotek, Winooski, VT, USA).
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4.6. Hoechst Staining and ALDEFLUOR Assay

For Hoechst 33258 staining, A549 lung cancer cells were treated with 30 µM ciclesonide for 1
day, and then the cells were incubated with Hoechst 33258 (10 mg/mL) solution for 30 min at 37 ◦C.
The cells were observed using a fluorescence microscope (Lionheart FX, Biotek, Winooski, VT, USA).
The aldehyde dehydrogenase activity was assayed using an ALDEFUORTM assay kit (STEMCELL
Technologies, Vancouver, BC, Canada). We used a previously described method [38]. Cells were
cultured in ALDH assay buffer at 37 ◦C for 30 min. ALDH-positive cells were counted using an Accuri
C6 (BD, San Jose, CA, USA).

4.7. Gene Expression Analysis

Total RNA from cancer cells was extracted and purified, and quantitative real-time RT-PCR was
assayed using a real-time One-step RT-qPCR kit (Enzynomics, Daejeon, Korea). We used a previously
described method [37]. The RT-qPCR primers are described in Table S1.

4.8. Western Blot Analysis

Protein extracts were extracted from lung cancer cells and tumorspheres. After 12% SDS-PAGE, the
proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (EMD Millipore, Burlington,
MA, USA). The membranes were incubated in Odyssey blocking buffer for 1 h and then incubated with
primary antibodies. Anti-SMO, anti-GLI1, anti-GLI2, anti-Sox2, and anti-β-actin antibodies were used.
After washing, the membranes were reacted with IRDye-conjugated secondary antibodies. Images
were captured using an ODYSSEY CLx system (LI-COR, Lincoln, NE, USA).

4.9. Caspase-3/7 Assay

We used a previously described method [39]. The lung cancer cells were incubated with ciclesonide
(40 and 80 µM). Caspase-3/7 activity was determined according to the manufacturer’s instructions
using the Caspase-Glo 3/7 kit (Promega, Madison, WI, USA). One hundred microliters of Caspase-Glo
3/7 reagent was added to 96-well plates and incubated, and the activity was measured using a
GloMax®Explorer plate-reading luminometer (Promega, Madison, WI, USA).

4.10. Small Interfering RNA (siRNA)

To examine the effect of SOX2 and SMO on the formation of tumorspheres, we transfected cancer
cells with human SOX2 and SMO siRNA (Bioneer, Daejeon, South Korea). SOX2 siRNA (NM_003106.3)
and SMO siRNA (NM_181651.1) were obtained from Bioneer Corp. (Daejeon Corp., South Korea). For
the transfection, cancer cells were incubated and transfected using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol. The protein levels of SOX2 and SMO
were investigated via Western blot analysis.

4.11. Xenograft Transplantation

Twelve male nude mice were injected with two million A549 cells with/without ciclesonide
(10 mg/kg). Tumor volumes were estimated for 55 days using the formula (width2

× length)/2.
The experiments were performed as described previously [40]. Animal care and experiments were
performed with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of
Jeju National University. Male nude mice (4 weeks old) were purchased from OrientBio (Seoul, South
Korea) and kept in mouse facilities for 1 week.

4.12. Statistical Analysis

All data were computed with GraphPad Prism 5.0 software (GraphPad Prism Inc., San Diego, CA,
USA). All data values are reported as the means ± standard deviations. Data were analyzed by using
one-way ANOVA. Significant values were those with p < 0.05.
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5. Conclusions

In this study, we showed that ciclesonide suppresses the proliferation of lung cancer cells and the
growth of CSCs. Similar glucocorticoids, such as dexamethasone and prednisone, do not inhibit CSC
formation. We show that ciclesonide is important for CSC formation through the Hedgehog signaling
pathway. Ciclesonide reduced the protein levels of GL1, GL2, and SMO, and an siRNA targeting SMO
inhibited tumorsphere formation. Ciclesonide reduced the transcript and protein levels of SOX2, and
an siRNA targeting SOX2 inhibited tumorsphere formation. Ciclesonide-mediated regulation of GL1,
GL2, SMO, SOX2, Hedgehog signaling, and the SOX2 pathway regulates breast CSC formation. Our
results unveil a novel mechanism involving Hedgehog signaling and SOX2 expression induced by
ciclesonide in lung CSCs, and also open up the possibility of targeting Hedgehog signaling and SOX2
to prevent lung CSC formation.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/3/1014/
s1. The primer sequences used for real-time RT-qPCR are described in Table S1.

Author Contributions: H.S.C. and S.-L.K. designed and performed all the experiments, and H.S.C. and D.-S.L.
wrote the manuscript. J.-H.K. helped to design and perform the experiments. D.-S.L. supervised the study. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2016R1A6A1A03012862) and by the project
for Cooperative Research Program for Agriculture Science and Technology Development (PJ01316701) Rural
Development Administration, Republic of Korea.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Maiuthed, A.; Chantarawong, W.; Chanvorachote, P. Lung Cancer Stem Cells and Cancer Stem Cell-targeting
Natural Compounds. Anticancer Res. 2018, 38, 3797–3809. [CrossRef]

2. Bora-Singhal, N.; Perumal, D.; Nguyen, J.; Chellappan, S. Gli1-Mediated Regulation of Sox2 Facilitates
Self-Renewal of Stem-Like Cells and Confers Resistance to EGFR Inhibitors in Non-Small Cell Lung Cancer.
Neoplasia 2015, 17, 538–551. [CrossRef] [PubMed]

3. Zakaria, N.; Satar, N.A.; Abu Halim, N.H.; Ngalim, S.H.; Yusoff, N.M.; Lin, J.; Yahaya, B.H. Targeting Lung
Cancer Stem Cells: Research and Clinical Impacts. Front. Oncol 2017, 7, 80. [CrossRef] [PubMed]

4. Bonnet, D.; Dick, J.E. Human acute myeloid leukemia is organized as a hierarchy that originates from a
primitive hematopoietic cell. Nat. Med. 1997, 3, 730–737. [CrossRef] [PubMed]

5. Pardal, R.; Clarke, M.F.; Morrison, S.J. Applying the principles of stem-cell biology to cancer. Nat. Rev. Cancer
2003, 3, 895–902. [CrossRef]

6. Nassar, D.; Blanpain, C. Cancer Stem Cells: Basic Concepts and Therapeutic Implications. Annu Rev. Pathol
2016, 11, 47–76. [CrossRef]

7. Adorno-Cruz, V.; Kibria, G.; Liu, X.; Doherty, M.; Junk, D.J.; Guan, D.; Hubert, C.; Venere, M.;
Mulkearns-Hubert, E.; Sinyuk, M.; et al. Cancer stem cells: Targeting the roots of cancer, seeds of
metastasis, and sources of therapy resistance. Cancer Res. 2015, 75, 924–929. [CrossRef]

8. Prabavathy, D.; Swarnalatha, Y.; Ramadoss, N. Lung cancer stem cells-origin, characteristics and therapy.
Stem Cell Investig 2018, 5, 6. [CrossRef]

9. Ingham, P.W.; Nakano, Y.; Seger, C. Mechanisms and functions of Hedgehog signalling across the metazoa.
Nat. Rev. Genet. 2011, 12, 393–406. [CrossRef]

10. McMahon, A.P.; Ingham, P.W.; Tabin, C.J. Developmental roles and clinical significance of hedgehog signaling.
Curr Top. Dev. Biol 2003, 53, 1–114.

11. Giroux-Leprieur, E.; Costantini, A.; Ding, V.W.; He, B. Hedgehog Signaling in Lung Cancer: From Oncogenesis
to Cancer Treatment Resistance. Int J. Mol. Sci 2018, 19, 2835. [CrossRef] [PubMed]

12. Cochrane, C.R.; Szczepny, A.; Watkins, D.N.; Cain, J.E. Hedgehog Signaling in the Maintenance of Cancer
Stem Cells. Cancers (Basel) 2015, 7, 1554–1585. [CrossRef] [PubMed]

13. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/3/1014/s1
http://www.mdpi.com/1422-0067/21/3/1014/s1
http://dx.doi.org/10.21873/anticanres.12663
http://dx.doi.org/10.1016/j.neo.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26297432
http://dx.doi.org/10.3389/fonc.2017.00080
http://www.ncbi.nlm.nih.gov/pubmed/28529925
http://dx.doi.org/10.1038/nm0797-730
http://www.ncbi.nlm.nih.gov/pubmed/9212098
http://dx.doi.org/10.1038/nrc1232
http://dx.doi.org/10.1146/annurev-pathol-012615-044438
http://dx.doi.org/10.1158/0008-5472.CAN-14-3225
http://dx.doi.org/10.21037/sci.2018.02.01
http://dx.doi.org/10.1038/nrg2984
http://dx.doi.org/10.3390/ijms19092835
http://www.ncbi.nlm.nih.gov/pubmed/30235830
http://dx.doi.org/10.3390/cancers7030851
http://www.ncbi.nlm.nih.gov/pubmed/26270676
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174


Int. J. Mol. Sci. 2020, 21, 1014 12 of 13

14. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of
pluripotent stem cells from adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. [CrossRef]

15. Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.; Jonsdottir, G.A.;
Ruotti, V.; Stewart, R.; et al. Induced pluripotent stem cell lines derived from human somatic cells. Science
2007, 318, 1917–1920. [CrossRef]

16. Santini, R.; Pietrobono, S.; Pandolfi, S.; Montagnani, V.; D’Amico, M.; Penachioni, J.Y.; Vinci, M.C.;
Borgognoni, L.; Stecca, B. SOX2 regulates self-renewal and tumorigenicity of human melanoma-initiating
cells. Oncogene 2014, 33, 4697–4708. [CrossRef]

17. Leis, O.; Eguiara, A.; Lopez-Arribillaga, E.; Alberdi, M.J.; Hernandez-Garcia, S.; Elorriaga, K.; Pandiella, A.;
Rezola, R.; Martin, A.G. Sox2 expression in breast tumours and activation in breast cancer stem cells. Oncogene
2012, 31, 1354–1365. [CrossRef]

18. Bareiss, P.M.; Paczulla, A.; Wang, H.; Schairer, R.; Wiehr, S.; Kohlhofer, U.; Rothfuss, O.C.; Fischer, A.;
Perner, S.; Staebler, A.; et al. SOX2 expression associates with stem cell state in human ovarian carcinoma.
Cancer Res. 2013, 73, 5544–5555. [CrossRef]

19. Herreros-Villanueva, M.; Zhang, J.S.; Koenig, A.; Abel, E.V.; Smyrk, T.C.; Bamlet, W.R.; de Narvajas, A.A.;
Gomez, T.S.; Simeone, D.M.; Bujanda, L.; et al. SOX2 promotes dedifferentiation and imparts stem cell-like
features to pancreatic cancer cells. Oncogenesis 2013, 2, e61. [CrossRef]

20. Takeda, K.; Mizushima, T.; Yokoyama, Y.; Hirose, H.; Wu, X.; Qian, Y.; Ikehata, K.; Miyoshi, N.; Takahashi, H.;
Haraguchi, N.; et al. Sox2 is associated with cancer stem-like properties in colorectal cancer. Sci Rep. 2018, 8,
17639. [CrossRef]

21. Stecca, B.; Mas, C.; Clement, V.; Zbinden, M.; Correa, R.; Piguet, V.; Beermann, F.; Ruiz, I.A.A. Melanomas
require HEDGEHOG-GLI signaling regulated by interactions between GLI1 and the RAS-MEK/AKT
pathways. Proc. Natl. Acad. Sci. USA 2007, 104, 5895–5900. [CrossRef] [PubMed]

22. Alexaki, V.I.; Javelaud, D.; Van Kempen, L.C.; Mohammad, K.S.; Dennler, S.; Luciani, F.; Hoek, K.S.; Juarez, P.;
Goydos, J.S.; Fournier, P.J.; et al. GLI2-mediated melanoma invasion and metastasis. J. Natl Cancer Inst. 2010,
102, 1148–1159. [CrossRef] [PubMed]

23. Maglione, M.; Poeta, M.; Santamaria, F. New Drugs for Pediatric Asthma. Front. Pediatr 2018, 6, 432.
[CrossRef] [PubMed]

24. Stoeck, M.; Riedel, R.; Hochhaus, G.; Hafner, D.; Masso, J.M.; Schmidt, B.; Hatzelmann, A.; Marx, D.;
Bundschuh, D.S. In vitro and in vivo anti-inflammatory activity of the new glucocorticoid ciclesonide. J
Pharmacol Exp Ther 2004, 309, 249–258. [CrossRef] [PubMed]

25. Wang, Y.; Davidow, L.; Arvanites, A.C.; Blanchard, J.; Lam, K.; Xu, K.; Oza, V.; Yoo, J.W.; Ng, J.M.; Curran, T.;
et al. Glucocorticoid compounds modify smoothened localization and hedgehog pathway activity. Chem Biol
2012, 19, 972–982. [CrossRef] [PubMed]

26. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int J.
Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]

27. Zhang, C.; Beckermann, B.; Kallifatidis, G.; Liu, Z.; Rittgen, W.; Edler, L.; Buchler, P.; Debatin, K.M.;
Buchler, M.W.; Friess, H.; et al. Corticosteroids induce chemotherapy resistance in the majority of tumour
cells from bone, brain, breast, cervix, melanoma and neuroblastoma. Int. J. Oncol. 2006, 29, 1295–1301.
[CrossRef]

28. Pan, D.; Kocherginsky, M.; Conzen, S.D. Activation of the glucocorticoid receptor is associated with poor
prognosis in estrogen receptor-negative breast cancer. Cancer Res. 2011, 71, 6360–6370. [CrossRef]

29. Arora, V.K.; Schenkein, E.; Murali, R.; Subudhi, S.K.; Wongvipat, J.; Balbas, M.D.; Shah, N.; Cai, L.;
Efstathiou, E.; Logothetis, C.; et al. Glucocorticoid receptor confers resistance to antiandrogens by bypassing
androgen receptor blockade. Cell 2013, 155, 1309–1322. [CrossRef]

30. Zhang, X.; Harrington, N.; Moraes, R.C.; Wu, M.F.; Hilsenbeck, S.G.; Lewis, M.T. Cyclopamine inhibition
of human breast cancer cell growth independent of Smoothened (Smo). Breast Cancer Res. Treat. 2009, 115,
505–521. [CrossRef]

31. Sorrentino, G.; Ruggeri, N.; Zannini, A.; Ingallina, E.; Bertolio, R.; Marotta, C.; Neri, C.; Cappuzzello, E.;
Forcato, M.; Rosato, A.; et al. Glucocorticoid receptor signalling activates YAP in breast cancer. Nat. Commun
2017, 8, 14073. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1126/science.1151526
http://dx.doi.org/10.1038/onc.2014.71
http://dx.doi.org/10.1038/onc.2011.338
http://dx.doi.org/10.1158/0008-5472.CAN-12-4177
http://dx.doi.org/10.1038/oncsis.2013.23
http://dx.doi.org/10.1038/s41598-018-36251-0
http://dx.doi.org/10.1073/pnas.0700776104
http://www.ncbi.nlm.nih.gov/pubmed/17392427
http://dx.doi.org/10.1093/jnci/djq257
http://www.ncbi.nlm.nih.gov/pubmed/20660365
http://dx.doi.org/10.3389/fped.2018.00432
http://www.ncbi.nlm.nih.gov/pubmed/30701170
http://dx.doi.org/10.1124/jpet.103.059592
http://www.ncbi.nlm.nih.gov/pubmed/14718604
http://dx.doi.org/10.1016/j.chembiol.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22921064
http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://dx.doi.org/10.3892/ijo.29.5.1295
http://dx.doi.org/10.1158/0008-5472.CAN-11-0362
http://dx.doi.org/10.1016/j.cell.2013.11.012
http://dx.doi.org/10.1007/s10549-008-0093-3
http://dx.doi.org/10.1038/ncomms14073
http://www.ncbi.nlm.nih.gov/pubmed/28102225


Int. J. Mol. Sci. 2020, 21, 1014 13 of 13

32. Dean, M.; Fojo, T.; Bates, S. Tumour stem cells and drug resistance. Nat. Rev. Cancer 2005, 5, 275–284.
[CrossRef] [PubMed]

33. Obradovic, M.M.S.; Hamelin, B.; Manevski, N.; Couto, J.P.; Sethi, A.; Coissieux, M.M.; Munst, S.; Okamoto, R.;
Kohler, H.; Schmidt, A.; et al. Glucocorticoids promote breast cancer metastasis. Nature 2019, 567, 540–544.
[CrossRef] [PubMed]

34. Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: the mechanistic link and clinical implications.
Nat. Rev. Clin. Oncol 2017, 14, 611–629. [CrossRef]

35. Clarke, M.L.; Burton, R.L.; Hill, A.N.; Litorja, M.; Nahm, M.H.; Hwang, J. Low-cost, high-throughput,
automated counting of bacterial colonies. Cytometry A 2010, 77, 790–797. [CrossRef]

36. Choi, H.S.; Kim, D.A.; Chung, H.; Park, I.H.; Kim, B.H.; Oh, E.S.; Kang, D.H. Screening of breast cancer stem
cell inhibitors using a protein kinase inhibitor library. Cancer Cell Int 2017, 17, 25. [CrossRef]

37. Choi, H.S.; Kim, J.H.; Kim, S.L.; Deng, H.Y.; Lee, D.; Kim, C.S.; Yun, B.S.; Lee, D.S. Catechol derived from
aronia juice through lactic acid bacteria fermentation inhibits breast cancer stem cell formation via modulation
Stat3/IL-6 signaling pathway. Mol. Carcinog 2018, 57, 1467–1479. [CrossRef]

38. Choi, H.S.; Kim, S.L.; Kim, J.H.; Deng, H.Y.; Yun, B.S.; Lee, D.S. Triterpene Acid (3-O-p-Coumaroyltormentic
Acid) Isolated From Aronia Extracts Inhibits Breast Cancer Stem Cell Formation through Downregulation of
c-Myc Protein. Int J. Mol. Sci 2018, 19, 2528. [CrossRef]

39. Choi, H.S.; Kim, J.H.; Kim, S.L.; Lee, D.S. Disruption of the NF-kappaB/IL-8 Signaling Axis by Sulconazole
Inhibits Human Breast Cancer Stem Cell Formation. Cells 2019, 8, 1007. [CrossRef]

40. Kim, S.L.; Choi, H.S.; Kim, J.H.; Jeong, D.K.; Kim, K.S.; Lee, D.S. Dihydrotanshinone-Induced NOX5
Activation Inhibits Breast Cancer Stem Cell through the ROS/Stat3 Signaling Pathway. Oxid Med. Cell Longev
2019, 2019, 9296439. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrc1590
http://www.ncbi.nlm.nih.gov/pubmed/15803154
http://dx.doi.org/10.1038/s41586-019-1019-4
http://www.ncbi.nlm.nih.gov/pubmed/30867597
http://dx.doi.org/10.1038/nrclinonc.2017.44
http://dx.doi.org/10.1002/cyto.a.20864
http://dx.doi.org/10.1186/s12935-017-0392-z
http://dx.doi.org/10.1002/mc.22870
http://dx.doi.org/10.3390/ijms19092528
http://dx.doi.org/10.3390/cells8091007
http://dx.doi.org/10.1155/2019/9296439
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Ciclesonide Inhibits Proliferation and Induces Apoptosis in A549 Lung Cancer Cells 
	Ciclesonide Blocks Tumor Growth 
	Effect of Ciclesonide, Prednisone, and Dexamethasone on Lung CSCs 
	Ciclesonide Inhibits Tumorsphere Formation through Inhibition of Hedgehog Signaling 
	Ciclesonide Inhibits Tumorsphere Formation through GLI-Mediated SOX2 Regulation 
	Ciclesonide Inhibits Gene Expression of Cancer Stem Cell Markers and Growth of Tumorspheres 

	Discussion 
	Materials and Methods 
	Culture and Tumorsphere Formation Assay 
	Antibodies and siRNAs 
	Cell Proliferation 
	Colony Formation and Migration Assay 
	Annexin V/PI Assay and Analysis of Apoptosis 
	Hoechst Staining and ALDEFLUOR Assay 
	Gene Expression Analysis 
	Western Blot Analysis 
	Caspase-3/7 Assay 
	Small Interfering RNA (siRNA) 
	Xenograft Transplantation 
	Statistical Analysis 

	Conclusions 
	References

