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Accumulated evidence suggests a major role for the activation of
the Sonic Hedgehog (SHH) signaling pathway in the development
of neural crest stem cells that give rise to the sympathetic nervous
system. We therefore investigated the involvement of SHH signaling
in the pathogenesis of neuroblastoma, a common childhood malig-
nant tumor of the sympathetic nervous system. Human neuroblastoma
cell lines and a majority of primary neuroblastoma specimens showed
high-level expression of the pathway targets and components,
indicating persistent activation of the SHH pathway. All of the
neuroblastoma cell lines we examined expressed significant levels
of SHH ligand, suggesting an autocrine, ligand-dependent activation
of the SHH pathway in neuroblastoma cells. Inhibition of SHH
signaling by cyclopamine induced apoptosis and blocked proliferation
in all major types of neuroblastoma cells, and abrogated the
tumorigenicity of neuroblastoma cells. Moreover, the knockdown of
GLI2 in neuroblastoma BE (2)-C and SK-N-DZ cell lines resulted in the
inhibition of colony formation. Our study has revealed a molecular
mechanism for the persistent activation of the SHH pathway which
promotes the development of neuroblastoma, and suggests a new
approach for the treatment of this childhood malignant tumor.
(Cancer Sci 2009; 100: 1848–1855)

Sonic Hedgehog (SHH) is a member of the Hedgehog family
of signaling proteins that were originally identified by their

homology to the Drosophila melanogaster segment polarity gene
Hedgehog. SHH induces signaling by binding to its receptor,
Patched 1 (PTCH1), which inactivates PTCH1 and prevents
it from inhibiting the transmembrane protein Smoothened
(SMO). This signaling eventually results in the activation of
GLI transcription factors, which, in turn, regulate the expression
of many target genes that control cell growth, survival, and
differentiation in a wide variety of tissues. Aberrant activation
of the SHH signaling pathway has been implicated in the
pathogenesis of various types of cancer.(1–3)

Neuroblastoma (NB) is a childhood malignant tumor of neural
crest origin, arising in the sympathetic nervous system.(4) Several
lines of evidence suggest an important role for SHH signaling in
regulating the development of neural crest stem cells and the
sympathetic nervous system. First, inhibition of SHH signaling
in vivo results in neural crest cell death.(5) Second, SHH promotes
proliferation but inhibits neuronal differentiation of enteric neural
crest stem cells.(6) Third, SHH signaling in neural crest stem cells
is essential for the patterning and growth of facial primordia.(7)

Finally, SHH signaling promotes the proliferation of postnatal
sympathetic cells in culture.(8) As aberrant activation of develop-
mental pathways plays a key role in cancer pathogenesis, we
investigated the significance of SHH signaling in NB cell
growth and tumorigenesis.

Materials and Methods

Clinical specimens. Forty NB samples were obtained from
Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China, with approval from the
Office for Scientific Research of the hospitals, and all cases were
reviewed by neuropathologists to confirm the diagnosis of NB.

Immunohistochemistry. Tumor sections were deparaffinized,
rehydrated, and treated with 10 mM citrate buffer (pH 6.0) at
95°C to retrieve antigens. After quenching endogenous
peroxidase activity with H2O2 and blocking with 10% normal
horse serum, the sections were incubated sequentially with
the primary antibodies goat anti-SHH (1:50; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), goat anti-PTCH1 (1:100;
Santa Cruz Biotechnology), and rabbit anti-SMO (1:50; Santa
Cruz Biotechnology) or rabbit anti-GLI2 (1:200; Abcam,
Cambridge, MA, USA), biotinylated secondary antibodies, and
the ABC reagent (Vector Laboratories, Burlingame, CA, USA).
The immunostaining was visualized with 3, 3′-diaminobenzidine
(Sigma, St Louis, MO, USA). The sections were then counter-
stained with hematoxylin. Negative controls were performed in each
case by replacing the primary antibody with Tris-buffered saline.

Cell culture. Human NB cell lines SHEP1, SK-N-F1, SK-N-DZ,
and SK-N-SH were grown in DMEM supplemented with 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA).
IMR32, CHP212, CHP234, BE(2)-C, and LAN55n were grown
in a 1:1 mixture of DMEM and Ham’s nutrient mixture F12
supplemented with 10% FBS. LAN-6, SMS-KAN, and SMS-
KCNR were grown in RPMI-1640 supplemented with 10%
FBS. All cells were cultured at 37°C in 5% CO2 humidified
incubator and were subcultured at the split ratio of 1:5 every 3
days. The retroviral packaging cell line 293GPG was cultured as
previously described.(9)

Immunoblotting. Cells were suspended in standard sodium
dodecyl sulfate (SDS) sample buffer. Protein concentrations
were determined with a Bio-Rad protein assay kit, using bovine
serum albumin (BSA) as the reference. Proteins (80 μg) were
separated on SDS-polyacrylamide gels, transferred to nitrocellulose
membranes, and probed with goat anti-SHH (N-19, 1:200; Santa
Cruz Biotechnology), rabbit anti-SMO (H-300, 1:200; Santa
Cruz Biotechnology), and rabbit anti-GLI2 (1:1000; Abcam)
or mouse anti-α-tubulin (B-5-1-2, 1:5000; Sigma), followed by
incubation with horseradish peroxidase–conjugated secondary
antibodies (ICN). Proteins were visualized with a SuperSignal
West Pico chemiluminescence kit (Pierce, Rockford, IL, USA).
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Drug treatment. Cyclopamine was dissolved in ethanol as 5 mM
stock solution. Neuroblastoma cells grown in medium containing
2.5% of FBS were treated with vehicle or cyclopamine (20 μm)
for various lengths of time. To enhance the SHH signaling
pathway, exogenous SHH (R&D Systems, Minneapolis, MN,
USA) dissolved in phosphate-buffered saline (PBS) (3 μg/mL)
was used to treat NB cells. The 5E1 monoclonal antibody to the
N-terminal domain of Sonic Hedgehog (SHH-N) was obtained
from the Developmental Studies Hybridoma Bank (Iowa City, IA,
USA), and was used at a concentration of 10 μg/mL. Micrographs
showing cell morphology were taken with an Olympus IX70
(Olympus, Tokyo, Japan) before cells were collected. Cell survival
was analyzed by Trypan blue exclusion assay.

Soft agar assays. Cells were mixed in 0.3% Noble agar in
growth medium containing vehicle or 20 μM cyclopamine and
plated onto six-well plates containing a solidified bottom layer
(0.6% Noble agar in growth medium) at 1500 cells per well.
Colonies were photographed after 14 to 21 days and scored.

Cell cycle assay. Cells were fixed with 70% ethanol, stained
with propidium iodide (PI), and analyzed by flow cytometry
(BD FACSCalibur system; BD BioSciences, San Jose, CA, USA).
The data were analyzed with CellQuest Pro (BD BioSciences)
and ModFit 3.1 (Verity Software, Topsham, ME, USA).

Apoptosis assay. The apoptotic ratios of cells were determined
with the Annexin V-FITC apoptosis detection kit (Biovision,
Mountain View, CA, USA). Briefly, after 48 h of drug treatment,
the cells were collected and washed twice with cold PBS. They
were then resuspended in 100 μL of binding buffer, incubated
with 5 μL of Annexin V conjugated to FITC and 10 μL PI for
15 min at room temperature, and then analyzed by flow cytometry
(Becton-Dickinson, San Jose, CA, USA). Untreated cells
incubated with 5 μL of Annexin V-FITC and 10 μL PI were used
as the negative control. Annexin V+/PI– cells were recognized
as apoptotic, Annexin V+/PI + cells were defined as late apoptotic
or secondarily necrotic, and Annexin V–/PI– cells were recognized
as normal cells. The experiments were repeated at least three times.

Real-time PCR. After the cells were harvested, their total
RNA was extracted and reverse transcribed into cDNA. The
levels of CCND1, p21, and control β-actin mRNA transcripts
were determined by quantitative RT-PCR using the SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA, USA),
and the specific primers are listed in Supporting Information
Table 1. The individual values were first normalized to that of
the β-actin control, and then the ratio of the relative expression
levels over that of the vehicle-treated cells was calculated.

Retroviral constructs and infection. To generate the GLI2 knock-
down, three pairs of 60-bp oligonucleotides containing the
human GLI2 siRNA sequences were synthesized and cloned
into the HindIII and BglI sites in pSuper-retro to generate
pSuper-retro/GLI2si. The siRNA sequence that resulted in the
most efficient knockdown of GLI2 expression (5′-GATGATCC
GCACCTCACCC-3′) was chosen for subsequent experiments.
pSuper-retro-GFPsi was used as control. Retroviruses were
produced using the 293GPG packaging cell line as described.(9)

Briefly, 293GPG cells were grown to 70% to 90% confluence in
a 6-cm dish and then transfected with 2 μg pSuper-retro-GLI2si
or pSuper-retro-GFPsi using the LipofectAmine Plus protocol
(Life Technologies, Carlsbad, CA, USA). Forty hours after
transfection, the retrovirus-containing medium was filtered
through a 0.45-μm filter (Millipore, Billerica, MA, USA) and
supplemented with 4 μg/mL polybrene (Sigma). For retroviral
infections, BE(2)-C cells or SK-N-DZ cells were seeded in a
6-cm dish and incubated overnight. At the time of transduction,
BE(2)-C cells or SK-N-DZ cells grown to 30% to 40% confluence
were infected by adding 3 mL of media containing retrovirus
four times at 12 h intervals. One day after the final round of
infection, cells were cultured in the presence of puromycin for 3
days, and drug-resistant cells were pooled.

Statistical analysis. Quantitative data are expressed as the
mean ± SD. The two-tailed Student’s t-test was performed for
paired samples. P < 0.05 was considered statistically significant.

Results

Sonic Hedgehog (SHH) signaling pathway components are
highly expressed in primary NBs and NB cell lines. To investigate the
possible involvement of the SHH signaling pathway in NB
pathogenesis, we analyzed 40 human NB specimens for the
expression of SHH signaling pathway components by
immunohistochemistry. Fifty-eight to 70% of the tumor samples
expressed significant levels of SHH, PTCH1, SMO, and GLI2
(Fig. 1a). The SHH, PTCH1, and SMO staining patterns were
consistent with their membrane localization (Fig. 1a), while
GLI2 was predominantly localized in the nucleus (Fig. 1a).
These observations were also confirmed in human NB cell lines.
Immunoblotting revealed high-level expression of SMO and
GLI2 in all NB cell lines we examined (Fig. 1b,c). Using an
antibody against the N-terminus of SHH, we found that all of
the cell lines expressed significant levels of SHH-N (Fig. 1c,
SHH-N), an active 19-kDa ligand generated by autocatalytic
processing of the 45-kDa SHH precursor (Fig. 1c, SHH). This
finding suggests autocrine and/or juxtacrine activation of the
SHH signaling pathway in NB cell lines.

Sonic Hedgehog (SHH) pathway activation is essential for the
survival and proliferation of NB cells. We next examined the
biological significance of the activation of SHH signaling in NB
cell lines. Three morphologically distinct NB cell lines, which rep-
resent the three major human NB cell types, the N-(neuroblastic,
SK-N-DZ), S-(substrate-adherent and non-neuronal, SHEP1),
and I-type (intermediate, BE(2)-C) NB cells, were chosen for
the investigation.(10) These cells were treated with cyclopamine,
a steroidal alkaloid that specifically antagonizes the SHH
signaling pathway through direct interaction with SMO.(11–13)

Treatment with 20 μM cyclopamine for 48 h resulted in a
significant reduction in the number of viable cells compared to
vehicle-treated cells (Fig. 2a–f). Most of the cyclopamine-treated
cells detached from culture plates, and a significant number of
remaining cells exhibited morphological changes, such as cell
shrinkage, that are characteristic of apoptosis (Fig. 2).

We also tested the impact of exogenous SHH on NB cell
proliferation and the inhibitory effect of cyclopamine. NB cells
were treated with 20 μM cyclopamine and/or 3 μg/mL SHH or
vehicle for 48 h and their cell growth status was examined under
a microscope and quantified as described in the ‘Materials and
Methods’ (Fig. 2). Treatment with exogenous SHH alone did
not significantly enhance the proliferation of NB cell lines.
However, treatment with SHH together with cyclopamine signi-
ficantly attenuated cyclopamine-mediated inhibition of prolifer-
ation in vitro. In addition, treatment with the 5E1 antibody
inhibited the proliferation of NB cell lines (Fig. 2g).

Sonic Hedgehog (SHH) pathway activation is required for the
tumorigenicity of NB cells. Growing evidence suggests that many
tumors arise from a discrete population of cancer stem cells
capable of self-renewal and differentiation along multiple
lineages.(14,15) The SHH signaling pathway has been shown to
play an important role in the maintenance of cancer stem
cells.(16–18) Based on these findings, we investigated the role of
SHH signaling in NB cell tumorigenesis. Compared with
vehicle control, BE(2)-C NB cells treated with cyclopamine
gave rise to significantly fewer and smaller colonies in a soft
agar assay, an in vitro assay of tumorigenicity (Fig. 3). Strikingly,
cyclopamine treatment completely abrogated the growth of
SK-N-DZ cells in soft agar (Fig. 3). SHH alone had no significant
effect, but in cells pre-treated with SHH, the inhibition by
cyclopamine of NB cells was only partially effective, as evidenced
by colony growth (Fig. 3). We also examined several other NB
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cell lines, including IMR32, SMS-SAN, and SMS-KCNR (data
not shown). All cell lines showed reduced ability to grow in soft
agar following cyclopamine treatment. These data suggest
that SHH signaling is essential for the tumorigenicity of NB
cells.

Inhibition of the SHH signaling pathway induces cell G0/G1
arrest and apoptosis in NB cell lines. To elucidate the mechanisms
involved in SHH-mediated proliferation and survival of NB
cells, we examined the effects of the SHH signaling pathway on
cell cycle and apoptosis in NB cell lines. Flow cytometric
analysis was carried out on the three major types of NB cell
lines, as shown in Figure 4. Cell cycle analysis of cyclopamine-
treated BE(2)-C cells revealed a significant increase in the
proportion of cells in the G0/G1 phase (79.36 ± 1.39%), along
with a significant reduction in both S (8.78 ± 0.16%) and G2/M
phases (11.86 ± 1.30%), compared with vehicle-treated cells
(G0/G1, 60.76 ± 1.30%; S, 20.46 ± 0.73%; G2/M, 18.79 ± 0.80%).
Similar results were obtained in the SK-N-DZ and SHEP1 cell
lines (Fig. 4). These data show that cyclopamine treatment
blocks the G0/G1-S transition and induces G0/G1 arrest in NB
cell lines. It also demonstrated a significant inhibition of NB

proliferation by cyclopamine. To investigate the cell death
induced by cyclopamine, we assessed the apoptosis of NB cells
by flow cytometry. As shown in Figure 5, cyclopamine treatment
increased the apoptosis rate of BE(2)-C cells significantly,
compared with vehicle-treated cells. Similar results were
obtained in the SK-N-DZ and SHEP1 cells (Fig. 5). Real-time
PCR revealed that cyclopamine decreases the mRNA level of
CCND1, while increasing that of p21. SHH partially reversed
these effects (Fig. 6).

GLI2 is essential for the tumorigenicity of human NB cells. The
observation that GLI2 is highly expressed in almost all of the
NB cell lines and in most human NBs (Fig. 1) implicates a more
general role for GLI2 in the development of NB. We speculated
that GLI2 might be important for the tumorigenicity of NB
cells. We generated three GLI2 siRNA-expressing retroviral
constructs that targeted different regions of the GLI2-coding
sequence, and chose the most efficient sequence (Fig. 7a).
Retroviruses produced from the constructs were able to knock
down the level of GLI2 by about 40–50% in the NB cell lines
BE(2)-C and SK-N-DZ (Fig. 7a). Both BE(2)-C cells and SK-
N-DZ cells with reduced levels of Gli2 gave rise to significantly

Fig. 1. Sonic Hedgehog (SHH) pathway compo-
nents were highly expressed in human primary
neuroblastomas (NBs) and NB cell lines. The
expression of SHH, Patched 1 (PTCH1), Smoothened
(SMO), and GLI2 in 40 human NB specimens was
characterized by immunohistochemistry. Protein
expression of SMO, GLI2, and SHH in human NB
cells was characterized by immunoblotting. Data
are representative images from groups of tissues
or immunoblots. The expression of α-tubulin was
used as the control. (a) Immunohistochemical
(IHC) staining for SHH, PTCH1, SMO, and GLI2 in
NB specimens. Positive cells stained brown. Scale
bars, 100 μm. (b) Immunoblot analysis of SMO in
human NB cell lines. (c) Immunoblot analysis of
SHH and GLI2 expression in NB cell lines. SHH
undergoes autocatalytic processing to generate
SHH-N, a 19-kDa protein with SHH signaling
activity.
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Fig. 2. Sonic Hedgehog (SHH) pathway activation
is essential for the survival and growth of
neuroblastoma (NB) cells. Three representative
NB cell lines were treated with vehicle, 20 μM
cyclopamine, 3 μg/mL SHH, or 5E1 for 2 days. Cell
viability was measured by a Trypan blue exclusion
assay and is expressed as a percentage of vehicle
control ± SD. The proliferation of control cells
at each time-point was designated as 100%. (a)
Representative images of BE(2)-C cells. (b) The
proliferation rate of BE(2)-C cells (%). (c) Represen-
tative images of SK-N-DZ cells. (d) The proliferation
rate of SK-N-DZ cells (%). (e) Representative
images of SHEP1 cells. (f) The proliferation rate of
SHEP1 cells (%). (g) The proliferation rate of three
NB cell lines with 5E1 treatment. Data were
obtained from at least three independent experi-
ments. Statistical analysis was performed using
the two-tailed Student’s t-test. V, treated with
ethanol alone; C20, 20 μmol/L Cyclopamine; S3,
3 μg/mL SHH.
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fewer and smaller colonies in soft agar than the control cells
(Fig. 7b–c). Thus, the downregulation of GLI2 inhibited the
clonogenic activity of NB cells. Downregulation of GLI2 also
decreased the mRNA level of CCND1, while increasing that of
p21, in NB cell lines (Fig. 7d–e).

Discussion

The results presented in this paper establish that the SHH
signaling pathway is widely activated in human NB cell lines
and primary tumors, manifesting as high-level expression of the
pathway targets and components SHH, PTCH1, SMO, and GLI2.
We further demonstrated that the activation of this pathway is
critical for the growth and survival of NB cells. Cyclopamine
treatment, which blocks SHH signaling, led to decreased
proliferation and increased apoptosis in NB cells, and abolished
the ability of NB cells to grow in soft agar. Interestingly, SHEP1
cells were much more sensitive to the inhibition of cyclopamine
than BE(2) C and SK-N-DZ cells. The different susceptibility of
SHEP1 cells may stem from their differential expression of
SHH signaling components. SHEP1 cells with lower level
expression of SHH had a higher susceptibility to cyclopamine.
SHH alone had no significant effect, but for the cells pre-treated
with SHH, the inhibition of cyclopamine on NB cells was
partially reversed in cell and colony growth. More importantly,
knocking down the expression of GLI2 in NB cell lines resulted
in inhibition of colony formation. These findings suggest an
essential role for SHH pathway activation in the maintenance of
the tumorigenicity of NB cells.

This study reveals a mechanism for the activation of the SHH
signaling pathway in NB cells. There were significant levels of
SHH expression in all of the NB cell lines we examined. The

tumor cells expressed both the SHH precursor and the mature
signaling form, SHH-N, which can activate the SHH pathway in
an autocrine and/or juxtacrine manner. Moreover, 5E1, a mono-
clonal antibody to the N-terminal domain of Sonic Hedgehog
(SHH-N), could inhibit the proliferation of NB cell lines. Since
SHH pathway activation is essential for NB cell survival and
proliferation, the finding that NB cells are capable of producing
their own SHH ligand suggests that ligand-dependent activation
of the SHH pathway(19) may play a key role in NB pathogenesis.

Blockage of the SHH signaling pathway by cyclopamine
treatment induced apoptosis and G1 arrest of NB cell lines.
These results indicated that the SHH pathway affects the end-point
for NB cell lines through cell apoptosis and cell cycle arrest.
Previous studies have shown that the activity of the SHH
pathway can increase levels of the anti-apoptotic protein BCL2
and promote survival of medulloblastoma cells via upregulation
of BCL2.(20) On the other hand, SHH pathway activation also
has mitogenic effects. SHH signaling can promote continued
cell cycle progression in proliferating neural precursor cells by
maintaining expression of G1-phase cyclins.(21) D-cyclin activity
is necessary for cell cycle progression through G1 phase to S
phase, and p21/CIP1 can induce G1 arrest and block S-phase
entry by inactivating Cyclin-dependent kinases (CDK)s.(22)

We therefore examined the expression of CCND1 and p21 in NB
cells. Our results show that the blockage of SHH signaling induced
G0/G1 arrest with decreased CCND1 and increased p21 expression,
which are consistent with a previous study.(23) These data suggest
that SHH signaling may regulate the cell cycle of NB cells by
influencing the expression of CCND1 and p21 proteins.

We also found that the GLI2 transcription factor plays an
important role in the tumorigenicity of NB cells. The GLI2
transcription factor is indispensable for mouse development, as

Fig. 3. Sonic Hedgehog (SHH) pathway activation
is required for the tumorigenicity of neuroblastoma
(NB) cells. BE(2)-C and SK-N-DZ cells were treated
with 20 μM cyclopamine and/or 3 μg/mL SHH or
the vehicle in a soft agar culture system for 2–3
weeks, and the formed colonies were stained
with MTT and imaged in order to count colonies.
Data represent the average ± SD of at least three
independent experiments. Statistical analysis was
performed using the two-tailed Student’s t-test.
V, treated with ethanol alone; C20, 20 μmol/L
Cyclopamine; S3, 3 μg/mL SHH. Scale bar, 2 mm.
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GLI2 knockout mice die prenatally and exhibit neural tube
defects that include a complete loss of the floor plate and a
reduction of V3 interneurons.(24,25) On the other hand, mice lacking
GLI1 seem to be normal and fertile, suggesting that the GLI1
protein is not required for SHH signaling in mice.(26) As found
in many other cancer cell types,(27–29) our data show that most
NB tumor samples and all of the 12 NB cell lines examined
express a high level of GLI2 but not GLI1. In addition, knocking
down GLI2 inhibited colony formation. Thus, GLI2 may
become an attractive target for therapeutic intervention for the
treatment of NB.

Fig. 4. Sonic Hedgehog (SHH) pathway activation affects the cell cycle
of neuroblastoma (NB) cells. Three types of NB cell lines were treated
with 20 μM cyclopamine and/or 3 μg/mL SHH or the vehicle alone for
48 h and the status of cell cycling was analyzed by FACS analysis. Data
represent the average ± SD of at least three independent experiments.
Statistical analysis was performed using the two-tailed Student’s t-test.
V, treated with ethanol alone; C20, 20 μmol/L Cyclopamine; S3, 3 μg/mL
SHH.

Fig. 5. Sonic Hedgehog (SHH) pathway activation affects apoptosis of
neuroblastoma (NB) cells. Three types of NB cell lines were treated with
20 μM cyclopamine and/or 3 μg/mL SHH or the vehicle for 48 h and
apoptosis was analyzed by FACS. The Annexin V+/PI– cells were considered
to be in the early stage of apoptosis, the Annexin V+/PI+ cells were in
the late stage of apoptosis, Annexin V–/PI+ cells were necrotic, and
Annexin V–/PI– cells were healthy cells. Data are expressed as the mean
percent ± SD of each group of cells from three independent experiments.
V, treated with ethanol alone; C20, 20 μmol/L Cyclopamine; S3, 3 μg/mL
SHH.

Fig. 6. Relative mRNA levels of CCND1 and p21 determined by RT-PCR in
three representative neuroblastoma (NB) cell lines treated with vehicle
or 20 μM cyclopamine and/or SHH 3 μg/mL for 2 days. Data represent
the average ± SD of at least three independent experiments. Statistical
analysis was performed using the two-tailed Student’s t-test. Cyclopamine.
V, treated with ethanol alone; C20, 20 μmol/L Cyclopamine; S3, 3 μg/mL
SHH.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Table S1. Primer sequences

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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