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Abstract

Hedgehog (Hh) signaling plays essential roles in various developmental processes, and its aberrant regulation results in
genetic disorders or malignancies in various tissues. Hyperactivation of Hh signaling is associated with lung cancer
development, and there have been extensive efforts to investigate how to control Hh signaling pathway and regulate
cancer cell proliferation. In this study we investigated a role of CDO, an Hh co-receptor, in non-small cell lung cancer
(NSCLC). Inhibition of Hh signaling by SANT-1 or siCDO in lung cancer cells reduced proliferation and tumorigenicity, along
with the decrease in the expression of the Hh components. Histological analysis with NSCLC mouse tissue demonstrated
that CDO was expressed in advanced grade of the cancer, and precisely co-localized with GLI1. These data suggest that CDO
is required for proliferation and survival of lung cancer cells via Hh signaling.
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Introduction

Hh signaling pathway is one of essential signaling pathways,

which is implicated in embryonic development, morphogenesis

and proliferation [1,2,3,4,5,6]. The molecular mechanism how to

regulate Hh signaling is still under investigation. Generally, once

Hh ligand binds to its primary receptor, Patched 1 (PTCH1),

Smoothened (SMO) is released from PTCH1-mediated inhibition

and migrates to primary cilium. Stimulation of SMO triggers

sequential signal transduction that activates the transcription

factors of GLI family. The active form of GLI protein is

translocated into the nucleus and regulates the expression of

downstream target genes, including PTCH1 and GLI1 [1,7,8].

The loss of Hh signaling during embryonic development is

associated with several genetic disorders including holoprosence-

phaly, which is the most common malformation of the forebrain

[9,10,11]. In contrast, constitutive activation of Hh signaling has

been known to be involved in initiation and progression of several

cancers in skin (sporadic basal cell carcinoma, BCC), brain

(medulloblastoma), muscle (rhabdomyosarcoma, RMS), gastroin-

testinal tract, prostate, pancreas, and lung [12,13,14,15,16,

17,18,19,20,21,22,23]. The link of Hh pathway to carcinogenesis

was initially reported in Gorlin syndrome in which the mutation in

the PTCH1 gene is responsible for the cancer incidence [24].

Moreover, the aberrant upregulation of Hh signaling through the

loss of PTCH1 or the gain-of-function mutation in SMO was

extensively studied in BCC and medulloblastoma [13,14].

The significance of Hh signaling in carcinogenesis was also

explored in the proliferation of small cell lung cancer (SCLC),

which is a highly aggressive lung cancer constituting about 20–

25% of all lung cancers [21]. Inhibition of the activity of Hh

signaling using SMO antagonist, cyclopamine resulted in the

serious growth reduction in SCLC cell lines [21,23,25,26].

Whereas, it was initially suggested that Hh signaling is less

associated with NSCLC, the most dominant type of lung cancer

and the most lethal malignancy. However, several evidences have

recently indicated that NSCLC is dependent on Hh signaling

activity in proliferation as well [27,28,29,30].

Although the major receptor against Hh is PTCH1, there are

additional co-receptors assisting the Hh signaling positively, such

as CDO, BOC and GAS1 [31,32,33,34,35]. Hh signaling is

involved in various cellular and developmental processes, and

consequently tight regulations are absolutely required for the

signaling to recognize and control micro-variation in cellular

environment. Meanwhile, many lung cancer cell lines are

producing various levels of Hh ligand [25,30]. Even if a low level

of Hh ligand is seen in some lung cancer cells, these cells reveal the

increase in Hh target gene expression implying upregulation of Hh

signaling. Under these circumstances, the presence of Hh co-

receptors may contribute to the amplification of the weak

extracellular cue in cancer cells in addition to the fine adjustment

of Hh signaling during embryogenesis.

Among those co-receptors, CDO is a transmembrane protein

belonging to the immunoglobulin (Ig)/fibronectin type III (FNIII)

superfamily and plays an important role in muscle differentiation,
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embryonic development and neuronal differentiation

[36,37,38,39]. Structural analysis demonstrated that the fibronec-

tin repeats in the extracellular domain of CDO is critical for Hh

binding [39]. The positive regulation of Hh signaling pathway by

CDO was initially identified in Drosophila. It has been known that

ihog (ortholog of CDO in Drosophila) together with boi (ortholog

of BOC in Drosophila) is important to the activation of Hh

signaling in the developing wing imaginal disc [40,41]. In mice,

Cdo deficiency exhibits multiple congenital defects, including

holoprosencephaly, which is the defect commonly, associated with

mutations in Hh signaling [39,42]. Furthermore, CDO is involved

in Hh-mediated ventral neural patterning of the mammalian

neural tube [31] and as well as in Hh-mediated cell proliferation in

cerebellar granule neuron progenitors (CGNPs) [43].

In addition to the role of CDO in organ development and

cellular differentiation, the association of CDO to Hh signaling,

which is implicated in tumorigenesis intrigued us to elucidate a

role of CDO in lung cancer cell proliferation. In the present study

we sought to uncover the contribution of CDO to Hh signaling in

NSCLCs and additionally to proliferation and tumorigenicity in

lung tumor cells. We found that the level of CDO was higher in

NSCLC cells, and that the inhibition of CDO expression

downregulated Hh signaling, and reduced proliferation and

tumorigenesis in human lung cancer cells. In addition, CDO

expression was observed in advanced stage of NSCLC tissues.

Taken together, all data suggest that CDO, as a co-receptor for

Hh, is crucial for cancer cell proliferation and tumorigenicity, and

therefore it can be considered as a good candidate for anticancer

therapeutic applications.

Materials and Methods

Cell cultures and reagents
BEAS-2B and NSCLC cell lines, A549, H1299, H460 and

H520 were kindly provided by Prof. D. H. Kim (Sungkyunkwan

University, Samsung Biomedical Research Institute, Korea) [44].

The culture of BEAS-2B followed ATCC’s guidelines. NSCLC

cells were cultured in a humidified incubator with 5% CO2 in

RPMI-1640 medium (Invitrogen) with 10% fetal bovine serum

(FBS) supplemented with penicillin and streptomycin. For

measuring mRNA/protein expression or cell death in siCDO-

transfected cells, the medium was switched to RPMI-1640

medium with 0.5% FBS one day after transfection, and the

transfected cells were cultured for 2 days further. 50 mM of

SANT1 (S4572, Sigma-Aldrich) dissolved in DMSO or the

corresponding volume of the vehicle DMSO was treated to cells

grown in RPMI-1640 medium containing 0.5% FBS at indicated

time point.

RNA interference experiments
Each NSCLC cell line was transfected with siCDO using

Lipfectamine RNAiMAX reagent (Invitrogen) according to

manufacturer’s instructions. The following sequences were used

as siRNA against CDO. siCDO #1, Sense, 59-GGAUCUUG-

GACCCUUAUGUUU-39, Antisense, 59- ACAUAAGGGUC-

CAAGAUCCUU-39. siCDO #2, Sense, 59-CUUCAAAGUC-

GAAUAUAAAUU-39, Antisense, 59- UUUAUAUUCGACU-

UUGAAGUU9. For in vivo tumorigenicity assay, A549 cells that

stably express small hairpin RNA (shRNA) against CDO were

prepared by transfecting with pSuper-puro-shCDO. pSuper-puro-

shCDO vector was reported previously [42].

Total RNA preparation and real-time qRT-PCR
Total RNA was isolated using easyBLUE total RNA extraction

kit (iNtRON Biotechnology Inc., Korea), and cDNA was

synthesized using PrimeScript RT reagent kit (TAKARA, Japan)

according to manufacturer’s instructions. Real-time qRT-PCR

was performed using SYBR Premix ExTaq kit (TAKARA, Japan)

and Thermal Cycler Dice real time system (TP800, TAKARA,

Japan) according to manufacturer’s instructions. The forward (F)

and reverse (R) primers used in this study are listed below. SHH F,

59-CCAAAAAGCTGACCCCTTTA-39, R, 59-GCTCCGGTG-

TTTTCTTCATC-39; PTCH1 F, 59-CAGCACTGGAAAAC-

TCGTCA-39, R, 59-TCTGATGAACCACCTCCACA-39; GLI1
F, 59-AAGGGGTTTCTATCCTTCCAGA-39, R, 59-TCCTTT-

ATTATCAGGAAACAGTGTCA-39; CDO F, 59-GGGAAATA-

CATCTGCGAAGC-39, R, 59-CTGAGCAGCATCAGGAAG-

TG-39; 18S rRNA F, 59-GTAACCCGTTGAACCCCATT-39,

R, 59-CCATCCAATCGGTAGTAGCG-39. Relative quantifica-

tion of a gene expression was described as fold of relative changes

in mRNA levels compared to a control, using the 22DDCt equation,

[DDCt =DCt (target gene)-DCt (reference gene)]. 18S rRNA was

used as a reference gene.

Cell proliferation and viability assay
Cells were seeded at a concentration of 56103 or 16104 cells

per 96-well and cultured in RPMI-1640 containing 0.5% FBS.

Trypsinized cells were stained with trypan blue (TB) solution, and

the non-stained viable cells were counted. For MTT assay, 20 ml

of 5 mg/ml MTT (3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetra-

zolium bromide) was added to 56103 or 16104 cells per 96-well.

After 4 hour-incubation at 37 uC, the culture soup was switched to

200 ml DMSO. The absorbance was measured at 595 nm. For

BrdU assay, cells were grown with 10 mM bromodeoxyuridine

(BrdU; Sigma-Aldrich Corp.) for 1 hr. Fixed cells by 4% PFA were

probed with anti-BrdU antibody (Chemicon international Inc.).

Fluorescence was detected by Alexa Fluor 488 goat anti-mouse

antibody (Molecular Probe).

Flow cytometry assay of apoptosis
Apoptosis was measured by using ApoScan Annexin V FITC

apoptosis detection kit (BioBud, Korea) and BD FACS CANTO II

flow cytometer (BD Biosciences) according to manufacturer’s

instructions.

Western blot
Western blot analyses were performed as described previously

[37]. Primary antibodies used in this study are listed as below;

Cleaved Caspase3 (#9664, Cell Signaling), Caspase9 (sc-81663,

Santa Cruz), Cdk2 (sc-6248, Santa Cruz), Cyclin D1 (sc-246,

Santa Cruz), Cyclin E (sc25303, Santa Cruz), GAPDH (Ab-

FRONTIER, Korea), p21 (sc-6246), p27 (ab7961, Abcam).

Colony forming assay
Five thousand of cells were gently blended with 10% FBS

RPMI-1640 medium containing 0.35% agarose. The mixture

overlaid on the 0.5% bottom agarose with 10% FBS medium in 6-

well dishes. The plated cells were incubated at 37uC in humidified

incubator for 3 weeks with feeding of medium every second day.

The colony formation was visualized with 0.01% crystal violet and

analyzed with a dissecting microscope. The quantification of

colony number per field was determined by using ImageJ. Each

experiment was performed in triplicate and repeated twice.
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In vivo tumorigenicity assay
56106 of the control (pSuper-puro)- or pSuper-puro-shCDO-

transfected A549 cells were subcutaneously injected into the flanks

of 6- to 8-week-old female nude mice. Tumor volume was

measured every 4 days, and calculated as described [45]. All

animal studies were reviewed and approved by the International

Animal Care and Use Committee (IACUC) of SKKU School of

Medicine (SUSM). SUSM is an Association for Assessment and

Accreditation of Laboratory Animal Care (AAALAC) internation-

al accredited facility and abides by the Institute for Laboratory

Animal Research (ILAR) guide.

Mice and immunohistochemistry
LSL-K-ras G12D mice were provided by Dr. Tyler Jacks (MIT

Cancer Center) [46,47]. The paraffin sections from LSL-K-ras
G12D mice were immunoreacted with 2B3 (mouse ascites against

CDO) and anti-GLI1 antibody (1:100; ab49314, Abcam), and

detected using immunofluorescence. Confocal microscopy was

performed at SKKU School of Medicine-Microscopy Shared

Resource Facility with Zeiss LSM-510 Meta confocal microscope.

All animal studies were reviewed and approved by the Interna-

tional Animal Care and Use Committee (IACUC) of SKKU

School of Medicine (SUSM). SUSM is an Association for

Assessment and Accreditation of Laboratory Animal Care

(AAALAC) international accredited facility and abides by the

Institute for Laboratory Animal Research (ILAR) guide.

Statistical analysis
Statistical analyses were performed using Student’s t test. Data

were presented as means 6SD from at least three independent

experiments and considered significant when p values were ,0.05

(*) or ,0.01(**).

Results

Hh components, which are involved in lung cancer cell
proliferation were inhibited by CDO depletion in NSCLCs

Previous literatures have shown that CDO acts as an accessory

receptor for Hh ligand and positively regulates Hh signaling

[39,48]. The close relevance of the activation of Hh signaling to

cancer cell proliferation prompted us first to test CDO expression

in NSCLC cells. To do so, total RNAs were isolated from A549,

H1299, H460 and H520 NSCLC cell lines as well as from BEAS-

2B human non-cancerous lung cell, and used for analyzing CDO

expression by doing real-time qRT-PCR. The result showed that

CDO was expressed higher in A549, H1299 and H520 cells than

BEAS-2B however H460 revealed relatively lower CDO level

(Figure 1A). In addition, we investigated the expression of Hh

signaling components in NSCLC cells by performing real-time

qRT-PCR. The higher expression of SHH was seen in all four

NSCLC cell lines than in the non-cancerous lung cell. Likewise,

the downstream target genes of Hh signaling, PTCH1 and GLI1

were expressed higher in those NSCLC cells (Figure 1A). A549

showed relatively lower level of Hh ligand, compared with other

cell lines, however revealed the increase in Hh target gene

expression (PTCH1 and GLI1). In H520, CDO, SHH and

PTCH1 were expressed comparatively higher than any other cell

lines but GLI1 expression was fairly low.

We first determined the inhibitory effect of SANT1 on Hh

signaling by examining the expression of Hh signaling target genes

after SANT1 treatment. SANT1 binds directly to SMO, impeding

the signaling. Total RNAs isolated from DMSO- or SANT1-

treated A549, H1299 and H460 were used for analyzing PTCH1

and GLI1 expressions by real-time qRT-PCR. As predicted, the

addition of SANT1 resulted in reduction of PTCH1 and GLI1

expressions (Figure S1 in File S1). In order to determine the effect

of Hh signaling on the proliferation of NSCLCs, we inhibited Hh

signaling in A549, H1299, H460 and H520 by using SANT-1.

Then, TB cell counting and MTT assay were performed to

analyze cell proliferation and viability. The data showed that the

addition of 50 mM SANT1 resulted in significant reduction in cell

growth and viability of four individual NSCLC cells (Figure 1B

and C). The effect of SANT1-mediated inhibition was stronger at

late time points. These data indicate that the tested NSCLC cells

require Hh signaling activity for retaining their proliferation.

Next, we asked whether CDO contributed to the activity of Hh

signaling in NSCLCs. To determine that, we transfected three

different NSCLC cell lines, A549, H1299 and H460 with siCDO

or the scrambled siRNA and evaluated the effect of CDO

deficiency on the expressions of Hh signaling components by real-

time qRT-PCR. The expression of CDO was substantially

reduced with siCDO in all cell lines (Figure 1D). To deplete

CDO expression, we utilized two different sequences of siRNA,

siCDO #1 and #2. Both siCDOs were showing the similar CDO

depletion and the results (Data not shown), and we are presenting

the data of siCDO #1. The levels of the Hh signaling components,

SHH, PTCH1, and GLI1 were significantly reduced in CDO-

depleted lung cancer cells compared with the scrambled control

(Figure 1E). These data denote that CDO acts as a positive

regulator for Hh signaling in NSCLC cells, irrespective of its

expression level.

CDO depletion led to an inhibition of proliferation and an
induction of apoptosis in NSCLCs

As shown in Figure 1B and C, we observed that proliferation of

NSCLC cells was quite sensitive to SANT1. Thus, we decided to

determine the effect of the down-regulation of Hh signaling by

CDO knockdown on cancer cell proliferation. To do so, we

evaluated the rate of cellular proliferation of A549, H1299, H460

and H520 under CDO-depleted condition by performing TB cell

counting and MTT assay (Figure 2A and D). The result showed

that CDO knockdown in all tested NSCLC cells considerably

diminished cell number and viability, compared with the

scrambled control. However the extent of the proliferation

reduction was not stronger than that in SANT1 treatment

(compare Figure 2A and D to Figure 1B and C, respectively).

The slope of the graphs for cell number and viability in CDO-

depleted cancer cells still kept rising at longer time point day 5,

compared with that in SANT1 treatment even though the levels

were absolutely much lower than those in the scrambled control

cells. To assess the effect of CDO depletion on proliferation

further, we performed BrdU incorporation assay. The result

showed that CDO knockdown in NSCLC cells led to 20–40% of

decrease in cell proliferation (Figure 2B).

The decrease in cell proliferation and viability in the CDO-

depleted NSCLC cells could be due to reduced cell cycle

progression and/or enhanced cell death. To verify the expression

levels of cell cycle regulators/repressors, A549 cells transfected

with the scrambled or siCDO were examined for immunoblotting.

As a result, the protein levels of cell cycle regulators (Cyclin D1,

Cyclin E, and Cdk2) were declined, while the expressions of Cdk

inhibitors (p27 and p21) were elevated in siCDO-treated A549

cells compared with the scrambled-treated cells (Figure 2C). These

data indicate that the inhibition of CDO expression seems to cause

cell cycle arrest in NSCLC cells.

Then, we asked whether CDO depletion was also associated

with cell death. Immunoblotting against cleaved forms of caspase-

9 and -3 showed that these apoptotic factors were detected

A Role of CDO in Lung Cancer Cell Proliferation
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Figure 1. Hh signaling, which is associated with lung cancer cell proliferation was inhibited by CDO depletion. A. Real-time qRT-PCR
for the expression levels of CDO and Hh signaling components (SHH, PTCH1 and GLI1) in BEAS-2B and NSCLC cell lines (A549, H1299, H460 and H520).
Each expression level was normalized to the level of 18S rRNA. The relative amount of each component in NSCLCs was determined as the amount of
each in BEAS-2B was set to 1.0. B. The number of viable cells was determined by cell counting at indicated time in A549, H1299, H460 and H520
treated with or without 50 mM SANT1. C. Cell viability was assessed by MTT assay at indicated time in A549, H1299, H460 and H520 treated with or
without 50 mM SANT1. The absorbance was measured at 595 nm. D. RT-PCR for CDO in A549, H1299 and H460 transfected with the scrambled siRNA
or siCDO #1. E. Real-time qRT-PCR for Hh signaling components in A549, H1299 and H460 transfected with the scrambled siRNA or siCDO. The
expression level of each component was normalized to the level of 18S rRNA. The relative amount of each component in CDO-depleted NSCLCs was
determined as the amount of each in the control cells was set to 1.0 (red line). All the values represent means of at least triplicate determinations 61
SD. *p,0.05 and **p,0.01.
doi:10.1371/journal.pone.0111701.g001
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stronger in siCDO-transfected A549 than in the control

(Figure 2C). Consistently, flow cytometry profile for apoptosis

with A549, H1299, H460 and H520 exhibited that higher

percentage of annexin-V and PI double positive cells was found

in four individual CDO-depleted NSCLCs (Figure 2E). Therefore,

these data suggest that the decreased proliferation of NSCLCs

upon CDO depletion is due to increased cell death as well as

attenuated cell cycle progression.

Inhibition of CDO expression in NSCLCs showed the
reduction of in vitro and in vivo tumorigenicity

The diminished cell proliferation in CDO knockdown led us to

investigate the influence of CDO depletion on malignant features

of NSCLC cells. For that, we assessed the extent of colony

formation of siCDO-transfected A549, H1299, H460 and H520

cells in soft agar (Figure 3A and B). The result displayed a marked

reduction in clonogenicity in vitro when CDO level was

decreased.

In order to support the data of in vitro tumorigenicity, we

prepared stable cell line of A549 expressing shRNA against CDO,

and subcutaneously injected the control or CDO-depleted cells to

the flanks of nude mice. The tumor size was periodically

measured. As shown Figure 3C, D, and E, a significant decrease

in tumor growth was observed in nude mice injected with CDO-

knockdown A549. Together, these data indicate that CDO is

required for the in vivo growth of NSCLC cells.

CDO expression was detected with GLI1 together in
advanced stages of NSCLCs

To determine CDO expression during lung cancer progression,

we took advantage of a NSCLC mouse model, LSL-K-rasG12D

mice [46,47]. After intranasal inhalation of Ad-Cre to induce

Figure 2. CDO depletion inhibited and promoted cell proliferation and apoptosis in NSCLC cells, respectively. A. The number of viable
cells was determined by cell counting at indicated time in the control- or CDO-depleted A549, H1299, H460 and H520. B. Cell proliferation of CDO
knockdown A549, H1299, H460 and H520 was determined by BrdU incorporation. C. Western blot analysis for the expression of cell cycle regulators
(Cyclin D1, Cyclin E and Cdk2), repressors (p27 and p21) and apoptotic markers (cleaved Caspase 3 and cleaved Caspase 9) in the control or CDO
knockdown A549 cells. GAPDH was used as a loading control. D. MTT assay for the cell viability of the control- or siCDO-transfected A549, H1299,
H460 and H520 at indicated time. The absorbance was measured at 595 nm. E. Annexin V-FITC apoptosis and flow cytometry analysis with A549,
H1299, H460 and H520 transfected with the scrambled siRNA or siCDO. All the values represent means of at least triplicate determinations 61 SD.
*p,0.05 and **p,0.01.
doi:10.1371/journal.pone.0111701.g002
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spontaneous lung tumorigenesis in LSL-K-rasG12D mice, we

assessed CDO expression in the lung tumor tissue showing four

individual grades of tumor progression by fluorescent immuno-

histochemistry. CDO expression was nearly undetectable in grade-

1, which is an early stage of tumor progression featuring atypical

adenomatous hyperplasia (AAH) or small adenoma (Figure S2 in

File S1). However, its expression became enriched as tumor

progression has been advanced. In grade-2, in which larger

adenomas with a little enlarged nuclei are detected, CDO

expression was observed in the cytoplasm of cells in the tumor

lesions, and this high expression was retained until grade-3

(Figure 4). As tumors progressed to be invasive adenocarcinomas

(grade-4), CDO expression was somewhat decreased and detected

in cell membrane. The expression of CDO in the tumor lesions led

us to investigate the expression of Hh pathway components in the

tumor tissue. Confocal immunofluorescence images showed that

GLI1, one of Hh signaling factors was colocalized with CDO, and

additionally its expression was also highly observed in grade-2 and

-3 tumor lesions, not in grade-4 (Figure 4). The deficiency of GLI1

expression in grade-4 is corresponding to the results suggested by

several previous studies [23,29]. The results of these experiments

indicate that CDO expression may be correlated to the up-

regulation of Hh signaling in tumor lesions and CDO is also likely

related to the progression of lung tumor, not in tumor initiation.

Figure 3. Knockdown of CDO in NSCLCs showed the reduction of in vitro and in vivo tumorigenesis. A. Colony formation of the control or
CDO knockdown A549, H1299, H460 and H520 in soft agar. B. Quantitative analysis of the experiment described in A. Colony numbers per field were
determined by ImageJ. The values represent means of triplicate determinations 61 SD. *p,0.05 and ** p ,0.01. C. Representative tumor growth 50
days after subcutaneous injection of nude mice with the control or shCDO-treated A549 cells. D. The tumor volume of the nude mice with the control
A549 (n = 8) or CDO-depleted A549 (n = 10) described in C. Means are shown as error bars. E. Tumors from the nude mice injected with the control
A549 or CDO-depleted A549 cells shown in C.
doi:10.1371/journal.pone.0111701.g003
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Discussion

In fact, the significance of CDO in cancer cell proliferation was

somewhat uncovered and referred earlier. Hayashi et al. [49]

made an effort to screen out genes encoding transmembrane

proteins, which are highly expressed in prostate cancer cell lines.

Among candidates, they focused on 83% of CDO-overexpressed

prostate cancer, and demonstrated that reducing CDO expression

induced apoptosis and inhibited cell invasion in prostate cancer.

However, the molecular mechanism how CDO is involved in

proliferation of prostate cancer cells was not explained. In this

study, we revealed that the fine-tuning and up-regulation of Hh

signaling by CDO is quite required for cell proliferation in lung

cancer. We additionally observed that the mRNA level of CDO in

the tested lung cancer cell lines except H520 was higher than in

BEAS-2B, but it was not significant. Particularly CDO mRNA

level in A549 was about 1.7-fold higher than the basal level of it in

BEAS-2B. Even though the increase is not dramatically high, it is

worthy of notice if we consider that CDO expression is generally

found during development and embryogenesis, and hardly

detected in adult tissues [36].

It was initially presumed that Hh signaling was rarely linked to

NSCLC because Hh and GLI1 were observed at a relatively lower

level in NSCLC. Since then, the data, including the present data,

of the inhibition of NSCLC proliferation by a SMO antagonist

suggested that the activation of Hh signaling via the low level of

Hh is certainly associated with tumorigenesis in NSCLC. Under

this circumstance CDO may play a critical role as a ligand sensor

for a little amount of Hh, supporting the main receptor, PTCH1

and after all induces the activation of Hh signaling.

Meanwhile, the function of CDO in cell proliferation seems to

be ambivalent depending on Hh level. Delloye-Bourgeois et al.
[50] recently suggested that, the Hh level is important for CDO to

function as a dependence receptor, which is closely related to the

induction of proapoptotic signal. According to them when Hh

ligand is fairly limited, caspase 3/9 are recruited to the caspase

cleavage site in the intercellular domain of CDO and evoke

proteolytic cleavage. This caspase-mediated cleavage eventually

triggers apoptosis. The role of CDO as a dependence receptor

basically conflicts with the function of CDO in cancer cells with

Hh expression, what we uncovered in this study. Therefore,

appropriate level of Hh ligand seems to be essential to determine

the function of CDO as a positive regulator of Hh signaling or a

dependence receptor.

The inhibition of Hh signaling by SANT1 in all NSCLC cells

showed more substantial reduction of cell proliferation and

viability at longer time point, compared to the inhibition by

CDO gene depletion (compare Figure 1B and C to Figure 2A and

D, respectively). The limited effect of CDO knockdown on the

inhibition of cell proliferation might be due to that other Hh co-

receptors, such as BOC and GAS1 are still expressed and active,

even though we cannot rule out the possibility of the transient

CDO depletion with siRNA. It has been demonstrated that all Hh

co-receptors, CDO, BOC, and GAS1 are collectively required for

full activation of Hh signaling. CDO, BOC and GAS1 individually

make a complex with PTCH1 and the formation of the complexes

is critical to Hh-mediated CGNP proliferation [43]. Based on this,

understanding the roles of BOC and GAS1 during Hh-mediated

tumorigenesis would be needed later.

Detection of CDO expression in high-grade tumor lesion of

NSCLC mouse model, not in the lesion of grade-1, excited our

curiosity on the role of CDO-mediated Hh signaling in tumor

progression. It has been dominantly suggested that the up-

regulation of Hh signaling seems to be correlated with tumor

grade although it is controversial in some types of cancer. In

prostate cancer, the mRNA levels of SHH, PTCH1 and GLI1

were highly elevated in more advanced stages of the cancer, and

all those components were closely linked to Gleason score [51]. On

the other hand, Gialmanidis et al. [29] have immunohistochem-

ically analyzed paraffin-embedded lung tissue sections of 80

NSCLC patients. They found that activation of Hh signaling was

associated with tumor grade, and the high activation of the

signaling was mainly detected in well-differentiated and moder-

ately differentiated tumors. The robust expression of CDO in the

high-grade of tumor may lead to a possibility that CDO as a

Figure 4. CDO expression was colocalized with GLI1 in high-grade of NSCLCs. Confocal immunofluorescence detection of CDO (red) and
GLI1 (green) in grade-2, -3, and -4 lung tumor tissues from LSL-K-ras G12D model. Cell nuclei were visualized by DAPI (blue) and the phase contrast
images are shown. Scale bar indicates 50 mm.
doi:10.1371/journal.pone.0111701.g004
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positive regulator regulates and results in aberrant activation of

Hh signaling in tumor development and progression.

So far, the efforts to find anticancer therapies have been

targeting mainly SMO, and indeed several SMO inhibitors have

been applying to the clinic [52]. The expression of CDO is

generally restricted in development and embryogenesis, not in

adult stage. Abnormal expression of CDO in the cancerous

condition is possibly associated with aberrant cell proliferation. As

a part of clinical trials, CDO could be considered as a potential

indicator for tumorigenesis and a therapeutic target.

Supporting Information

File S1 Figure S1, SANT1 inhibited the expression of PTCH1

and GLI1 in NSCLC cells. qRT-PCR for the expression levels of

PTCH1 and GLI1 in A549, H1299 and H460, which were treated

with DMSO or 50 mM SANT1 for 2 days. Each expression was

normalized to the level of 18S rRNA, and the relative amount of

each normalized level in SANT1-treated cells was determined as

the amount of each in the DMSO-treated cells was set to 1.0 (red

line). All the values represent means of triplicate determinations

61 SD. Figure S2, CDO expression was not detected in grade-1 of

NSCLCs. Confocal immunofluorescence detection of CDO (red)

in grade-1 lung tumor tissues from LSL-K-ras G12D model. Cell

nuclei were visualized by DAPI (blue). Scale bar indicates 50 mm.
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