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Inhibition of autophagy potentiates the efficacy
of Gli inhibitor GANT-61 in MYCN-amplified

neuroblastoma cells
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Abstract

the role of autophagy in GANT-61 induced cell death.

Background: Aberrant Hedgehog (Hh) signaling is often associated with neuroblastoma (NB), a childhood
malignancy with varying clinical outcomes due to different molecular characteristics. Inhibition of Hh signaling with
small molecule inhibitors, particularly with GANT-61, significantly suppresses NB growth. However, NB with MYCN
amplification is less sensitive to GANT-61 than those without MYCN amplification.

Methods: Autophagic process was examined in two MYCN amplified and two MYCN non-amplified NB cells treated
with GANT-61. Subsequently, chemical and genetic approaches were applied with GANT-61 together to evaluate

Results: Here we show that GANT-61 enhanced autophagy in MYCN amplified NB cells. Both an autophagic
inhibitor 3-methyladenine (3-MA) and genetic disruption of ATG5 or ATG7 expression suppressed GANT-61 induced
autophagy and significantly increased apoptotic cell death, whereas pre-treatment with an apoptotic inhibitor,
Z-VAD-FMK; rescued GANT-61 induced cell death and had no effect on the autophagic process. In the other hand,
GANT-61 barely induced autophagy in MYCN non-amplified NB cells, but overexpression of MYCN in MYCN
non-amplified NB cells recapitulated GANT-61 induced autophagy seen in MYCN amplified NB cells, suggesting that
the level of GANT-61 induced autophagy in NB cells is related to MYCN expression level in cells.

Conclusion: Aberrant Hh signaling activation as an oncogenic driver in NB renders inhibition of Hh signaling an
effective measure to suppress NB growth. However, our data suggest that enhanced autophagy concomitant with
Hh signaling inhibition acts as a pro-survival factor to maintain cell viability, which reduces GANT-61 efficacy.
Besides, MYCN amplification is likely involved in the induction of the pro-survival autophagy. Overall, simultaneous
inhibition of both Hh signaling and autophagy could be a better way to treat MYCN amplified NB.
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Background

NB is one of the most common solid malignant tumors in
children. It arises from neural crest element of the sympa-
thetic nervous system and usually occurs in the adrenal
medulla [1]. Nearly half neuroblastoma is classified as high-
risk group due to aggressive tumor and poor prognosis.
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Many of them are associated with MYCN oncogene ampli-
fication [2]. Although children with high-risk tumor are ag-
gressively treated with multi-modal therapy, this group still
has poor survival rate (40%-50%) [3]. Therefore, it is critical
to understand the underlying therapy-resistant mechanism
of high-risk tumor.

The Hedgehog (Hh) signaling pathway plays a crucial role
in the regulation of numerous embryonic development pro-
cesses, including neural crest proliferation, differentiation
and patterning [4]. Its signaling cascade is mainly comprised
of Hh ligands [Sonic Hedgehog (Shh), Indian Hedgehog
(Ihh) and Desert Hedgehog (Dhh)], receptors [patched
(Ptch) and smoothened (Smo)], and downstream effectors
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(Gli1, 2 and 3) [5]. Aberrant activation of Hh signaling and
ectopic expression of its components are observed in several
malignancies such as medulloblastoma, basal cell carcinoma,
rhabdomyosarcoma, etc [6,7]. Inhibition of Hh signaling has
been shown to be an effective way to block cancer cell pro-
liferation and induce cell apoptosis [8,9]. Two strategies have
been used to block Hh signaling. One is to target the trans-
membrane receptor Smo with cyclopamine or SANT1
[10,11], the other is to interfere with downstream effector
Gli transcription factors with GANT-61 [12]. Given the pos-
ition of Gli in Hh signaling cascade, GANT-61 has an ad-
vantage of functioning regardless of the mechanism of Hh
signaling activation, which would be particularly useful for
treating tumors with mutations constitutively activating Hh
signaling upstream of Gli.

NB also has aberrant expression of Hh signaling compo-
nents and is susceptible to Hh signaling inhibitor [13,14].
Both cyclopamine and GANT-61 have been shown to sup-
press NB cell growth and induce apoptosis, with GANT-61
being more effective [15,16]. However, similar to the reac-
tion of NB cells to conventional chemotherapeutic drug,
MYCN amplified NB cells are also more resistant to Hh
signaling than non-MYCN amplified NB cells do.

Here we provide first evidence that GANT-61 can induce
autophagy in MYCN amplified NB cell lines. Inhibition of
autophagy increased cell death though apoptosis, suggest-
ing a pro-survival role of autophagy in MYCN amplified
NB cell lines. However, inhibition of apoptosis did not
change the level of autophagy, although it rescued cell via-
bility. It indicates that induction of autophagy may be an in-
trinsic property of GANT-61 for treating MYCN amplified
NB cells. Furthermore, we found that the autophagic level
in MYCN non-amplified NB cells was hardly affected by
GANT-61, but MYCN overexpression in MYCN non-
amplified NB cells could enhance GANT-61 induced au-
tophagy, suggesting that MYCN amplification has a positive
role in the induction of the pro-survival autophagy. Our
data point out that a combination of GANT-61 and au-
tophagy inhibitor may be a good approach to treat high-
risk NB with MYCN amplification.

Methods

Chemicals

GANT-61, 3-Methyladenine (3-MA) and Z-VAD-FMK
were purchased from Sigma Chemical Co (St. Louis, MO,
USA). Bafilomycin Al (BafAl) was purchased from
Cayman Chemical (Ann Arbor, MI, USA).

Cell culture

Four human neuroblastoma cell lines were used in our
research. SK-N-BE(2) cells and SH-SY5Y cells were pur-
chased from the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China). NBL-
W-S and SK-N-AS cells were obtained from the State

Page 2 of 14

Key Laboratory of Hematology Oncology of the Ministry of
Health, Shanghai Children’s Medical Center (Shanghai,
China). SK-N-BE(2), SH-SY5Y and NBL-W-S cells were
maintained in DMEM (Dulbecco’s Modified Eagle
Medium) with high glucose (Life Technologies, Grand
Island, NY, USA). SK-N-AS cells were cultured in DMEM
with low glucose (Life Technologies, Grand Island, NY,
USA). Both media were supplemented with 10% FBS (Life
Technologies, Grand Island, NY, USA) and 1% penicillin/
streptomycin (Sigma-Aldrich Co, St. Louis, MO). Cells
were cultured as monolayer in a humidified atmosphere
containing 5% CO, at 37°C. When cells reached a conflu-
ence of 60-80%, media were switched to serum-free media
for drug treatment.

Fluorescence in situ hybridization

The hypotonic solution was preheated at 37°C for
30min. NB cells were precipitated, put into the pre-
warmed hypotonic solution, concentrated, fixed and
then dropped onto clean microscope slides. Slides were
allowed to dry at 56°C for 1h or at room temperature
overnight. Denaturation and hybridization were done
with LSI MYCN Probe mixture (Vysis, Downers Grove,
IL) as described by the manufacturer. DAPI II counter-
stain (Vector Laboratories, Burlingame, CA) was added
to visualize nucleus and slides were incubated in the
dark for 30 min at 4°C before imaging. Images were
taken under an upright fluorescence microscope (Olym-
pusIX51, Japan).

Cell viability assay

Cell viability and cytotoxicity was assessed by MTT [3-(4,5-
dimethylthiazol-2-yl) -2,5-diphenylterazo-lium] colorimetric
assay (Sigma, Steinheim, Germany). Cells were seeded in
96-well plates at the density of 10,000 cells in 100 pL
medium per well. MTT solution was added to the culture
medium (final concentration 500 pg/ml) and incubated for
4h at 37°C in the dark. After incubation, the supernatant
was aspirated and formazan crystals were dissolved in
100puL of DMSO at 37°C for 15 min with gentle agitation.
The absorbance value at 570 nm was read using Glo Max-
Multi Detection System (Promega, USA). Data was ana-
lyzed from three independent experiments and was
normalized to the absorbance of wells containing media
only (0%) and untreated cells (100%). IC50 values were cal-
culated from Sigmoidal dose-response curves using Sigma-
plot 10.0 software.

Protein extraction and Western blot analysis

Cells were washed twice with cold PBS (phosphate buffer
saline) and were harvested by trypsinization. For total pro-
tein isolation, cells were suspended in cell lysis buffer
(Beyotime, China) and incubated on ice for 30 min. The
suspension was collected after centrifugation at 15000 g for
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15min at 4°C. Protein concentrations were measured
using the BCA protein assay kit (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s instruction. Fifty
microgram of proteins were denatured by boiling at 96°C
for 5 min in sample buffer (0.5M Tris-HCL, PH 6.8, 4%
Sodium dodecyl sulfate, 20% glycerol, 0.1% bromphenol
blue, 10% p-mercaptoethanol) in a ratio of 1:1. Equivalent
amounts of protein were loaded and electrophoresed in 6-
15% SDS (Sodium dodecyl sulfate)-PAGE gels. After
electrophoresis, gels were transferred to nitrocellulose
(NC) filter membranes or polyvinylidene fluoride (PVDEF)
membranes. Membranes were blocked with blocking buf-
fer for 1h and then were incubated with various primary
antibodies with 1:1000 dilution for 2 h. After washing with
PBS, membranes were incubated with IRDye 800-
conjugated goat anti-rabbit IgG secondary antibody
(Rockland, USA) with 1:2000 dilution for half an hour at
room temperature. Immunoreactive bands were visualized
with a Licor Odyssey Infrared Imaging System (LI-COR
Biosciences, USA). Primary antibodies against ATGS5,
ATG7, BECLIN-1, cleaved CASPASE3, AKT and phos-
phorylated AKT (ser473) and -ACTIN were purchased
from Cell Signaling Technology, Inc. (Danvers, MA,
USA). LC3B were purchase from Novus Biologicals
(Littleton, CO, USA) and BCL-2 was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). All the
Western blot experiments were reproduced in three sep-
arate experiments

Annexin V binding assay

The Annexin V binding assay was performed according
to manufacturer’s instruction using Annexin V-FITC or
Annexin V-PE detection kit I (BD Biosciences, San
Diego, CA, USA). Cells were harvested by trypsinization
and washed twice with cold PBS. Cell pellets were re-
suspended with 100 pL binding buffer at a density of
1x10° cells per ml and incubated with 5uL of FITC or
PE-conjugated AnnexinV and 5 pL of propidium iodide
(PI) or 7-AAD for 15 min at room temperature in the
dark. 400 ul of 1X binding buffer was added to each
sample tube, and immediately the samples were analyzed
by BD FACSCanto II Flow Cytometer (BD Biosciences,
USA).

Acridine orange staining

Acridine orange (AO) (Sigma-Aldrich Co.) was used to
evaluate and quantify the formation of acid vesicular organ-
elles (AVOs) by fluorescence microscopy and flow cytome-
try. AO is an acidotropic fluorescent dye that stain DNA
and cytoplasm bright green. When protonated in the pres-
ence of acid compartments, AO fluorescences bright red.
Cells were treated with 200 nmol/l BafA1 for 30 min before
adding AO to inhibit the acidification of autophagic vacu-
oles. After incubated with the BafA1l, cells were treated with

Page 3 of 14

AO (1 pg/ml) in serum-free medium for 15 min at 37°C.
AO was removed and fluorescent micrographs were
obtained using an inverted fluorescence microscope
(Leica DMI3000, Solms, Germany). Green (510-530 nm)
and red (650 nm) fluorescent emission from 1x10* cells
illuminated with blue (488 nm) excitation light was
measured with a BD FACSCanto II Flow Cytometer (BD
Biosciences, USA).

Monodansylcadaverine (MDC) incorporation assay
Autophagic vacuoles were also detected with MDC
staining. Cells were incubated with MDC (50 pM) in
PBS at 37°C for 10min. After incubation, cells were
washed four times with cold PBS and fixed with 3.75%
paraformaldehyde in PBS. Cells were immediately ana-
lyzed under an inverted florescence microscope (Leica
DMI3000, Solms, Germany).

Detection and quantification of endogenous LC3 vacuoles
Cells were fixed in 3.7% paraformaldehyde (PFA) in PBS
for 10 min at room temperature. Coverslips were washed
in PBS and blocked with 1% bovine serum albumin
(BSA)/PBS for 1 h. Next, cells were incubated with anti-
LC3 antibody (Diluion 1:400, Novus Biologicals, USA) in
1% BSA/PBS for 2 h at room temperature. After washing
3 times with PBS, slides were stained for 1h with goat
anti rabbit IgG-H&L Cy3 antibody (Abcam, Hongkong).
Samples were mounted with 80% glycerol and photo-
graphed under an upright florescence microscope (Leica
DM6000, Germany). Image analysis was done with
Image-Pro Plus (Media Cybernetics, USA). The average
number of fluorescent puncta in untreated NB cells is
used a basal value for AVOs in untreated conditions.
Cells with a value 5 times higher than the basal value
were scored as cells with active autophagic process. The
percentages of positive cells were determined by count-
ing a total of more than 50 cells in each sample and 3
samples were analyzed in each group.

Formation and quantification of exogenous GFP-LC3
vacuoles

Cells were transfected with GFP-LC3 plasmid (Gift of Dr.
Zhixue Liu, Institute for Nutritional Sciences, SIBS, China),
using Lipofectamine LTX (Life Technologies, USA) accord-
ing to manufacturer’s instruction. After 10uM GANT-61
treatment for 48h, cells were fixed with 4% PFA in PBS,
analyzed and photographed under an upright florescence
microscope (Leica DM6000, Germany). For quantification
of autophagic cells, the proportion of cells with punctate
green dots were determined from triplicates.

ATG5 and ATG7 shRNA knockdown
Lentiviral ATG5 and ATG7 shRNA vectors were purchased
from (Genechem, China). Lentiviral particles were produced
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by calcium phosphate transfection of lentiviral shRNA
vector, envelope vector PMD2.G and packaging vectors
A8.74 into 293FT cells (the molar ratio of plasmids is
2:3:3). Supernatant with viral particle was collected 48 h
after transfection. Viral transduction was facilitated with
8pg/ml polybrene. shRNA sequences listed below: ATG5:
5-TTCATGGAATTGAGCCAAT-3"; ATG7: 5'-TTTGG
GATTTGACACATTT-3"; scramble control: 5'- TTCTC
CGAACGTGTCACGT-3'.

MYCN overexpression

MYCN expression vector (pPCMV6-XL4-MYCN) was pur-
chased from (OriGene Technologies, Inc, USA). Plasmid
DNA was prepared from Endofree Plasmid Kit (Tiangen,
China) and transfected into NB cells through electropor-
ation (Nepa Gene, Japan). Cells were trypsinized and
resuspended in Opti-MEM (Life Technologies, USA). 10
ug DNA was mixed with 1x10° cells in a volume of 100l
cells and placed into an electroporation cuvette. Place the
cuvette with cell DNA mixture in the electroporation
holder. Set the electroporator at 150 V and pulse cells
twice with a pulse width of 5ms and an interval of 50ms.
After electroporation, cells were quickly transferred into a
pre-warmed culture plate containing media for the follow-
ing experiments.

Statistical analyses

Results were presented as means + standard deviation
(SD). The significance of difference between groups was
determined by Student’s ¢-test.

Results

GANT-61 decreases cell viability and induce apoptosis in
MYCN amplified NB cells

GANT-61, an inhibitor of Hh signaling effector GLI
protein, was reported to have a cytotoxic effect on NB cell
lines, such as SK-N-AS, SH-SY5Y, SK-N-DZ etc., and
GANT-61 efficacy is reversely correlated with MYCN
expression [16]. To examine whether the reduced GANT-
61 sensitivity is a general phenomenon for MYCN ampli-
fied NB cells. We tested the effect of GANT-61 on two
other NB cell lines, NBL-W-S and SK-N-BE(2), which have
multiple-copy MYCN amplification (Figure 1A and
Additional file 1: Figure S1A). Using MTT assay, we exam-
ined the viability of NB cells under various concentrations
of GANT-61 (0.1-15 pM) at 48 h and 72 h after drug
treatment. The low concentrations of GANT-61 did not
substantially affect cell viability, while the higher con-
centrations of GANT-61 significantly reduced the num-
ber of NB cells. SK-N-BE(2) cells had fewer viable cells
at high concentration of GANT-61, with 11.52% live
cells at 72 h under 15 uM GANT-61, whereas NBL-W-S
cells had 34.43% live cells under the same condition.
The ICs( values of GANT-61 for NBL-W-S cells at 48 h
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and 72 h after treatment are 13.56 uM and 9.74 pM, re-
spectively (Figure 1B). Similar values were also achieved
for SK-N-BE(2) cells. The ICsq values of GANT-61 at
48 h and 72 h after treatment are 10.9 pM and 7.96 pM,
respectively (Additional file 1: Figure S1B). Both ICsq
values at 72 h are similar to those reported for other
MYCN amplified NB cells [16], indicating that it is quite
a general rule for GANT-61 to have a lower cytotoxic
effect on MYCN amplified NB cells. Since 48 h treat-
ment of GANT-61 already had significant effect on both
cell lines, we used 48 h treatment of 10uM GANT-61 for
all the following experiments, if not indicated otherwise.

Previous studies have shown that cytotoxicity of
GANT-61 is mediated though apoptosis. Therefore, we
used Annexin V-FITC/PI double staining to evaluate
apoptotic status of NB cells after GANT-61 treatment.
Indeed, the number of apoptotic cells increased with the
concentration of GANT-61 in both NB cell lines
(Figure 1C and Additional file 1: Figure S1C). The sum
of early apoptotic cells (PI-/Annexin-FITC+) and late
apoptotic/necrotic cells went up to around 50% in both
cell lines (Figure 1C-1D and Additional file 1: Figure
S1C-1D). Interestingly, we noticed a small population of
necrotic cells existed even in untreated NB cells. How-
ever, the percentage of this population in the whole
population didn’t change too much with the increased
GANT-61 concentration.

To examine the biochemical changes in the GANT-61
induced apoptosis, we measured the expression of crit-
ical regulators of apoptotic process by Western blot.
GANT-61 significantly decreased the expression of
apoptotic regulator BCL2 and increased the level of ac-
tive CASPASE3 in both NB cell lines (Figure 1E and
Additional file 1: Figure S1E), suggesting the intrinsic
apoptotic pathway plays a major role in GANT-61 in-
duced apoptosis.

GANT-61 induces autophagy in NB cells

Numerous studies have shown that autophagy has a
dual role in tumorigenesis, either functioning as a
tumor suppressor though removing aberrant proteins
and organelles, or as a mechanism maintaining cell sur-
vival under stress [17-19]. To understand whether au-
tophagy has a role in GANT-61 induced cell death, we
examined the formation of autophagic vacuoles with
MDC staining. MDC is an autofluorescent compound
that preferentially accumulates in mature autophagic
vacuoles, such as autophagolysosomes. As shown in
Figure 2A and Additional file 2: Figure S2A, we noticed
a gradual increase in the number and fluorescent intensity
of MDC-labeled vesicles with an increasing GANT-61 con-
centration in both NB cell lines. It suggests an induction of
autophagic vacuoles formation by GANT-61.
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Figure 1 GANT-61 induces cell cytotoxicity and apoptosis in NB cells. (A) FISH analysis of MYCN amplification in NBL-W-S cells. Scale bar, 10um. (B)
NBL-W-S cells were treated with GANT-61 at various concentration (0.1-15uM) for indicated times and the cytotoxicity was measured by MTT assay. The
percentage of viable cells was calculated as a ratio of treated to control cells. Data is expressed as the mean + SD of three independent experiments.

*P <005, **P < 001. (C) Representative flow cytometry analysis of apoptosis after Annexin V and Pl-double staining. NBL-W-S cells were treated with the
indicated concentration of GANT-61 for 48h. (D) Histogram of flow cytometry analyses from 3 independent experiments. *P < 0.05, **P < 0.01. (E) Western
blot analysis was carried out to detect the expression of apoptosis-related proteins. NBL-W-S cells were treated with indicated concentrations of GANT-61
for 48h. The BCL2/B-ACTIN and Cleaved-CASPASE3/B-ACTIN ratios were determined by densitometry (mean + SD), *P < 0.05, **P < 0.01. The expression of
anti-3-ACTIN is used as a loading control. CON, control.
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We further validated this finding with other assays. AO is
widely used for detection of AVOs, an indicator of autoph-
agy. In acid compartments, such as lysosomes and autoly-
sosomes, the fluorescence of AO switches from green to
red color. Consistent with MDC staining result, we ob-
served an increasing red fluorescence with the increasing
GANT-61 concentration, while control cells primarily ex-
hibited green fluorescence with minimal red fluorescence
(Figure 2B and Additional file 2: Figure S2B). Using flow cy-
tometry to do quantitative analysis, we observed five- and
two-fold increase of red fluorescent signal in NBL-W-S and
SK-N-BE(2) cells, respectively (Figure 2C and Additional
file 2: Figure S2C).

A symbolic marker of autophagosome formation is the
conversion of a soluble form of LC3-I to autophagic vesicle-
associated form LC3-Il. We did note a significantly in-
creased LC3-II level after GANT61 treatment (Figure 2D
and Additional file 2: Figure S2D), suggesting an enhanced
autophagic induction with the increasing GANT-61 concen-
tration. Consistently, the level of BECLINI, a critical compo-
nent for autophagosome initiation, significantly increased
with the increasing GANT-61concentration (Figure 2D and
Additional file 2: Figure S2D). The level of another autopha-
gosomal component ATG5 also significantly increased in
GANT-6-treated NBL-W-S cells (Figure 2D), though no sig-
nificant increase was observed in GANT-6-treated SK-N-BE
(2) cells (Additional file 2: Figure S2D).

To determine whether GANT-61 induces autophagic
production or disrupt autophagosomal consumption, we
applied a lysosomal proton pump inhibitor Bafilomycin
A1 (BafA1l) to block the autophagosome-lysosome fusion
step. Cells were collected for anti-LC3 immunoblotting
at 4 h, 12 h, 24 h and 48 h after GANT-61 treatment.
From 12h on, cells treated with both GANT-61 and
BafA1l started to show a higher level of LC3-II than cells
treated with GANT-61 only (Figure 2E and Additional
file 2: Figure S2E), indicating that GANT-61 stimulates
autophagosomal production rather than autophagosomal
sysnthesis.

Autophagosomal formation was also visually examined
by immunofluorescence in both cell lines. GANT-61 sig-
nificantly increased endogenous LC3 puncta in both
MYCN amplified cell lines (Figure 2F-2G and Additional
file 2: Figure S2F-S2@G). In addition, We transfected both
NBL-W-S and SK-N-BE(2) cells with GFP-LC3 plasmid
to monitor autophagic induction. After GANT-61 treat-
ment, we observed a distribution pattern change from a
homogenous distribution into punctuate dots in the
cytoplasm of a significant amount of cells (Figure 2H-21I
and Additional file 2: Figure S2H-S2I), indicating an in-
creased autophagosomal formation in these cells.

Overall, our fluorescent microscope and biochemical data
indicate that GANT-61 can induce autophagic induction in
MYCN amplified NB cells.
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Induced autophagy after GANT-61 treatment is
pro-survival

Having known autophagosome formation was enhanced
after GANT-61 treatment, we used autophagy inhibitor
3-MA to understand the role of autophagy in GANT-61
induced cell death. Incubation with 1mM 3-MA for 6h,
a treatment commonly used to inhibit autophagy in
cells, didn’t affect the viability of NB cell lines (Figure 3A
and Additional file 3: Figure S3A). However, it signifi-
cantly caused more cell death in GANT-61 treated cells
(Figure 3A and Additional file 3: Figure S3A), suggesting
a protective role of autophagy in GANT-61 induced cell
death. As expected, the inhibition of GANT-61 induced
autophagy by 3-MA pre-treatment was evidentiated by
the decreased levels of autophagosome markers LC3-1I
and BECLIN 1 (Figure 3B and Additional file 3: Figure
S3B), possibly through a feedback elicited from autopha-
gic inhibition.

Since 3-MA is shown to have non-specific effects
other than autophagy inhibition in different cellular en-
vironments, such as inhibition of class I PI3K that could
lead to suppression of AKT phosphorylation [20], the in-
creased cell death caused by 3-MA pre-treatment might
be mediated through inhibition of AKT pro-survival
pathway instead of autophagy inhibition. To exclude this
possibility, we examined AKT phosphorylation at
30 min and 48 h after GANT-61 treatment. In our ex-
perimental condition, 3-MA pre-treatment didn’t change
the level of AKT phosphorylation in GANT-61 treated
cells at both time points (Figure 3C and Additional
file 3: Figure S3C). It suggests autophagic induction is
likely the major mechanism that MYCN amplified NB
cells use to resist the cytotoxicity of GANT-61.

To check whether the additional cell death was caused
by apoptosis, Annexin V-FITC/PI staining was applied to
quantitate apoptotic cells. Indeed, the combination of 3-
MA and GANT-61 increased the apoptotic cells from
52.78% and 54.11% up to 63.32% and 61.47% in NBL-W-S
and SK-N-BE(2) cell lines, respectively (Figure 3D and
Additional file 3: Figure S3D). Our data also showed a sig-
nificantly decreased level of BCL2 and an increased level
of cleaved CASPASE3 in 3-MA pre-treated NB cells lines
(Figure 3E and Additional file 3: Figure S3E), which again
suggested that an increased cell death induced by GANT-
61 in 3-MA pre-treated cells was caused by enhanced
apoptosis.

More specifically, we used a genetic approach to disrupt
the autophagic production. As shown in Figure 3F and
Additional file 3: Figure S3F, ATG5 or ATG7 shRNA specif-
ically knocked down ATG5 or ATG7 expression, respect-
ively. Knockdown of essential autophagic components
ATG5 or ATG7 completely abolished GANT-61 induced
LC3 conversion (Figure 3G and Additional file 3: Figure
S3G), indicating an autophagic inhibition. Similar to the
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(See figure on previous page.)

Figure 3 Effects of autophagic inhibition on GANT-61 treated NB cells. (A) 3-MA pre-treatment enhanced GANT-61 toxicity on NBL-W-S cells. Cell
viability was measured by MTT assay. (B) The effect of 3-MA on the expression of autophagic proteins in NBL-W-S cells. Western blot analysis was
performed with anti-LC3, anti-BECLIN-1 and anti-ATG5 antibodies. The densitometry ratios of LC3 II/3-ACTIN, BECLIN1/B-ACTIN and ATG5/R-ACTIN were
plotted as histogram. (C) 3-MA pre-treatment did not affect the level of AKT phosphorylation in NBL-W-S cells after GANT-61 treatment. Values of P-AKT/
AKT ratio were listed under p-AKT blots. (D) 3-MA increased cell apoptosis in GANT-61 treated NBL-W-S cells. Apoptotic cells were analyzed using Annexin
/Pl double staining. (E) The effect of 3-MA on apoptotic protein expression. Western blot analysis was performed with anti-BCL-2 and anti-cleaved
CASPASE3 antibodies. The BCL2/R-ACTIN and Cleaved-CASPASE3/B-ACTIN ratios were listed under blots. (F) Knockdown of essential autophagic
component ATG5 or ATG7 by shRNA in NBL-W-S cells was verified by Western blot analysis with anti-ATG5 or anti-ATG/ antibodies. The ATG-5/B-ACTIN
and ATG-7/B-ACTIN ratios were listed under blots. (G) Knockdown of ATG5 or ATG7 completely abolished GANT-61 induced LC3 conversion, even in the
presence of lysosomal inhibitor BafA1. Knockdown cells were first treated with 200nM BafA1 for 30 min and then treated with 10uM GANT-61 for 12h. The
LC3 II/B-ACTIN ratio was listed under blots. (H) A higher level of cleaved CASPASE3 and a lower level of BCL2 were detected in ATG5 or ATG7 knockdown
NBL-W-S cells. The BCL2/B3-ACTIN and cleaved-CASPASE3/B-ACTIN ratios were plotted as histogram. (I) Representative flow cytometry analysis of apoptosis
in GANT-61 treated cells. siCON: scramble shRNA knockdown control, SiATG5: ATG5 shRNA knockdown, SIATG7: ATG7 shRNA knockdown cells. CON,
control. Data are expressed as the mean =+ SD, *P < 005, **P < 001, n:s, no statistical significance.

effect of 3-MA pre-treatment, ATG5 knockdown decreased
the level of BCL2 and increased the level of cleaved CAS-
PASE3 in GANT-61 treated cells (Figure 3H and Additional
file 3: Figure S3H), suggesting an enhanced cell apoptosis
after autophagic inhibition. ATG7 knockdown in NBL-W-S
cells also showed a significant alteration in response to
GANT-61 treatment (Figure 3H), albeit a non-significant
change was observed in ATG7 knockdown SK-N-BE(2) cells
(Additional file 3: Figure S3H). Next, we used PE-Annexin
V/7-AAD double staining to quantitate apoptotic cell death
in GANT-61 treated shRNA knockdown cells. Indeed,
GANT-61 caused more apoptotic cell death in both ATG5
and ATG7 knockdown cells than those in scramble shRNA
knockdown cells (Figure 3I and Additional file 3:
Figure S3I). These date further confirmed that autoph-
agy is a protective mechanism preventing MYCN ampli-
fied NB cells from apoptotic cell death under the stress
of GANT-61.

Since autophagy could also be pro-death, we asked
whether inhibition of apoptosis in GANT-61 treated cells
could affect cell viability or not. We used Z-VAD-FMK, an
inhibitor of pan caspases, to suppress apoptotic pathway.
First, we tested the cytotoxicity of Z-VAD-FMK in both NB
cell lines and found no toxic effect in NBL-W-S and SK-N-
BE(2) at the concentration of 50pM (Figure 4A and
Additional file 4: Figure S4A). Therefore, we chose 50uM Z-
VAD-FMK for apoptotic inhibition experiment. We ob-
served that 50uM Z-VAD-FMK fully rescued cell viability
after GANT-61 treatment (Figure 4A and Additional file 4:
Figure S4A). A significantly increased level of BCL2 and a
significantly decreased level of cleaved CASPASE 3 were
also seen in Z-VAD-FMK treated cells (Figure 4B and
Additional file 4: Figure S4B), verifying the occurrence of
apoptotic inhibition. Interestingly, we noted that there was
no change in the level of LC3-II and BECLIN 1 after
addition of Z-VAD-FMK (Figure 4C and Additional file 4:
Figure S4C). AO staining also revealed similar amounts of
cells emitting red fluorescence between GANT-61 and
GANT-61 plus Z-VAD-FMK groups (Figure 4D and

Additional file 4: Figure S4D). Both indicate that apoptotic
inhibition doesn’t affect GANT-61 induced autophagic
process. These data again suggest that autophagy doesn’t
function as an alternative cell death pathway in GANT-61
treated cells. Instead, it is a pro-survival factor to prevent cell
death though apoptotic pathway triggered by GANT-61.

The level of GANT-61 induced autophagy is lower in
MYCN non-amplified NB cells

As MYCN non-amplified NB cells are more sensitive to
GANT®61 [16], we hypothesized that it is due to a lower
level of the pro-survival autophagy induced in MYCN
non-amplified NB cells. First, we tested the efficacy of
GANT61 on SK-N-AS and SH-SY5Y cells, two known
MYCN non-amplified NB cell lines (Figure 5A). Using
MTT assay, we determined that the ICsy values of
GANT-61 on SK-N-AS cells at 48 h and 72 h after drug
treatment are 7.54 puM and 6.12 uM, respectively, and
those on SH-SY5Y cells are 8.83 pM and 6.96 uM, re-
spectively (Figure 5B). They are lower than the ICsq
values of GANT-61 on NBL-W-S and SK-N-BE(2)
(Figure 1A and Additional file 1: Figure S1A). It con-
firmed that MYCN non-amplified NB cells are more
sensitive to GANT-61. Next, we examined the autopha-
gic flux on these two MYCN non-amplified NB cell
lines. Indeed, GANT-61 didn’t induce as much LC3
conversion in these two cell lines as it did in two MYCN
amplified NB cell lines, even with the presence of
lysosomal inhibitor BafA (Figure 5C, Figure 2E and
Additional file 2: Figure S2E). It indicates that GANT-
61 can’t enhance autophagic induction in GANT-61
treated MYCN non-amplified cells. Furthermore, we
used AO for AVOs staining to evaluate the level of au-
tophagy. Consistent with Western blotting results, we
observed a weaker red fluorescence in both MYCN
non-amplified cells (Figure 5D). Flow cytometry analysis
quantitatively showed that the intensity of red fluores-
cence is much lower in both MYCN non-amplified cells
than those in MYCN amplified cells (Figure 5E),
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suggesting a low level of autophagy in MYCN non-
amplified cells. To recapitulate MYCN amplification in
these MYCN non-amplified cells, we overexpressed
MYCN in SK-N-AS and SH-SY5Y cells through electro-
poration (Figure 5F). It significantly enhanced autophagic
production induced by GANT-61 (Figure 5G), demon-
strating that MYCN amplification is a positive factor in
GANT-61 induced protective autophagy.

Discussion

NB is a common extra cranial tumor in childhood. Ab-
errant Hh signaling has recently been found associated
with NB. Hh signaling inhibitors could suppress tumor
growth through apoptotic induction [14,16,21]. Among
them, GANT-61, a small molecular inhibitor of Hh
signaling effector Gli, induces considerably greater cytotox-
icity in NB cell lines than inhibitors of Hh signaling
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Figure 5 GANT-61 induces a lower level of autophagy in MYCN non-amplified NB cells. (A) FISH analysis of MYCN copy number in SK-N-AS
and SH-SY5Y cells. White arrows indicate positive signals. Scale bars, 10um. (B) SK-N-AS and SH-SY5Y cells were treated with GANT-61 at various
concentration (0.1-15uM) for indicated times and the cytotoxicity was measured using a MTT assay. The percentage of viable cells was calculated as a
ratio of treated to control cells. (C) The effect of lysosomal inhibitor BafA1 on LC3 conversion in SK-N-AS and SH-SY5Y cells treated with GANT-61. Cells
were first treated with 200nM BafA1 for 30 min and then treated with 10uM GANT-61 for 12h. The LC3 IIl/3-ACTIN ratio was listed under blots. (D)
Fluorescence microscopy of AO stained SK-N-AS, SH-SY5Y, NBL-W-S and NBL-W-S cells treated with 10uM GANT61 for 48h. Top row, phase contrast;
Second row, green fluorescence; Third row, red fluorescence; Bottom row, merged images. Scale bars, 100um. (E) Flow cytometry histograms of AO
stained NB cells. The last plot summarizes four histogram profiles to visualize the difference of fluorescence intensities in MYCN non-amplified and
amplified NB cells. (F) MYCN overexpression was verified by Western blot analysis with SK-N-AS and SH-SY5Y cells transfected with MYCN plasmid. The
MYCN/B-ACTIN ratio was listed under blots. (G) The effect of lysosomal inhibitor BafA1 on LC3 conversion in SK-N-AS/MYCN and SH-SY5Y/MYCN cells
treated with GANT-61. Cells were first treated with 200nM BafA1 for 30 min and then treated with 10uM GANT-61 for 12h. SK-N-AS/MYCN: SK-N-AS
cells overexpressing MYCN. SH-SY5Y/MYCN: SH-SY5Y cells overexpressing MYCN. Equal loading and transfer were verified by re-probing membranes
with anti-B-actin antibody. The LC3 II/B-ACTIN ratio was listed under blots. Data is expressed as the mean + SD. *P < 0.05, **P < 0.01.

receptor Smo do. However, MYCN amplified NB cells are
less susceptible to GANT-61 than MYCN non-amplified
NB cells are [16]. We confirmed this observation with two
additional MYCN amplified NB cell lines. MYCN amplifi-
cation is so far the most reliable prognostic factor for high-
risk NB [22,23]. Our new findings reiterate clinical
outcomes of high-risk NB with MYCN amplification.

MYCN is a transcription factor belonging to the MYC
family of proto-oncogene, which regulates critical cellular
processes including proliferation, cell growth and differen-
tiation [24]. MYCN amplification is considered as an
oncogenic driver of aggressive NB and MYCN targeted
therapies have shown promises for treating this subset NB
[25,26]. Although numerous studies have focused on dis-
secting the molecular mechanism underlying MYCN-
mediated resistance, a lot still remain to be discovered.

To understand the possible mechanism of GANT-61
resistance in MYCN amplified NB cell lines, we examined
autophagic process in GANT-61 treated NB cells due to a
role of MYC proteins in autophagic induction to promote
cell survival [27]. Autophagy is a lysosome-dependent de-
gradative pathway that is often induced under cell stress
conditions to catabolize cytoplasmic contents [28-30]. It re-
mains disputable whether therapy-induced autophagy in
cancer cells is a self-defense mechanism to maintain cell
survival or a non-apoptotic form of programmed cell death.
Our data showed that GANT-61 could enhance autopha-
gosomal formation in NB cells (Figure 2E and Additional
file 2: Figure S2E), presenting an increasing number of
AVOs stained by AO or MDC with an increasing drug
concentration (Figure 2A-2C and Additional file 2: Figure
S2A-S2C). Likewise, it was further evidentiated by increases
in LC3-1I levels and other autophagy-related molecules in
GANT-61 treated NB cells (Figure 2D and additinoal
Figure 2D). Consistently, activation of Shh signaling was
shown to have a conserved role in suppressing autophago-
somal synthesis from drosophila up to human, and both in
normal and malignant cells, whereas inhibition of Shh sig-
naling could increase autophagy [31,32].

To understand the role of autophagy in GANT-61
induced cell death, autophagic formation was inhibited
by 3-MA. We observed a significant increase of apop-
totic cells after GANT-61 treatment (Figure 3D-3E and
Additional file 3: Figure S3D-S3E). Using genetic ap-
proach, we confirmed this finding through knockdown
of essential autophagic components ATG5 and ATG7
(Figure 3G-3I and Additional file 3: Figure S3G-S3I).
These data demonstrate that autophagy induced by
GANT-61 is indeed a protective factor in NB cells. Both
GANT-61 and cyclopamine are small molecules inhibit-
ing Hh signaling. But NB cells are more ressistant to
cyclopamine [16]. Given the protective role of drug-
induced autophage we showed here, cyclopamine resist-
ance might be explained by a stronger autophagic
induction, because it is shown that cyclopamine could
not only increase autophagosomal synthesis through
Smo acitivity inhibition, but also impair autophagoso-
mal degradation through an unknow mechanism [31].

From the opposite end to approach this question, we
inhibited apoptosis with Z-VAD-FMK. Inhibition of apop-
tosis rescued GANT-61 induced cell death, while no en-
hancement of autophagosomal formation was observed
(Figure 4C and Additional file 4: Figure S4C). It indicates
that GANT-61 induced autophagy is independent of cellu-
lar apoptotic process and is not a programmed cell death
alternative to apoptosis.

It has been shown that both C-Myc and N-Myc over-
expression are capable of inducing cytoprotective
autophagy [27]. Several studies have also shown that tu-
mors with high MYC expression activate autophagy to
promote cell survival under drug treatment [32,33].
Consistently, our results showed that GANT-61 treat-
ment hardly induced LC3 conversion in MYCN non-
amplified cells (Figure 5C). Ao staining showed much
lower levels of red fluorescent autophagosome in
GANT-61 treated MYCN non-amplified NB cells than
those in GANT-61 treated MYCN amplified NB cells
(Figure 5D), indicating that MYCN amplification is
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likely to have a role in GANT-61 induced autophagy in
NB cells. Overexpression of MYCN in MYCN non-
amplified NB cells indeed reiterate GANT-61 induced
autophagy seen in MYCN amplified NB cells, which
suggests that MYCN amplification could render NB
cells the capability to resist GANT-61 toxicity through
induction of pro-survival autophagy.

Conclusions

Overall, our data revealed the existence of a protective au-
tophagy in GANT-61 treated NB cells. The level of the
pro-survival autophagy is related to MYCN expression
level. Inhibition of autophagy in MYCN amplified NB cells
could augment the efficacy of GANT-61 on MYCN ampli-
fied NB cells. It partially explains the GANT-61 resistance
in MYCN amplified NB cells and suggests that a combin-
ation of GANT-61 and autophagic inhibitor could be a
good approach to treat MYCN amplified NB. However, the
molecular mechanism how MYCN amplification is in-
volved in drug-induced autophagy remains to be answered.

Additional files

Additional file 1: Figure S1. GANT-61 induces cell cytotoxicity and
apoptosis in NB cells. (A) MYCN amplification was evaluated by FISH
analysis in SK-N-BE(2) cells. Scale bars, 10um. (B) GANT-61 dosage
response curves of SK-N-BE(2) cells were determined using a MTT assay.
The percentage of viable cells was calculated as a ratio of treated to
control cells. Data is expressed as the mean =+ SD of three independent
experiments. *P < 0.05, **P < 0.01. (C) Flow cytometry analysis of
apoptosis after AnnexinV and Pl-double staining SK-N-BE(2) cells were
treated with indicated concentration of GANT-61 for 48h. (D) Histogram
of flow cytometry analyses from 3 independent experiments. *P < 0.05,
**P < 0.01, CON, control. (E) Western blot analysis was performed to
detect the expression of apoptosis-related proteins. SK-N-BE(2) cells were
treated with indicated concentration of GANT-61 for 48h. The BCL2/3-ACTIN
and Cleaved-CASPASE3/B-ACTIN ratios were determined by densitometry
(mean + SD), *P < 0.05, **P < 0.01. Equal loading and transfer were verified by
re-probing membranes with anti-3-ACTIN antibody. CON, control.

Additional file 2: Figure S2 GANT-61 induces autophagy in NB cells.
(A) MDC staining showed that the autophagy was activated in SK-N-BE(2)
cells after GANT-61 treatment for 48h. Scale bars, top: 100um, bottom:
50 um. (B) Fluorescence microscopy of AO stained SK-N-BE(2) cells
treated with the indicated concentration of GANT-61. Scale bars, 100um.
(C) Flow cytometry analysis of AO stained cells in panel B. (D) The expression
of autophagic proteins in GANT-61 treated SK-N-BE(2) cells. The densitometry
ratios of LC3 II/B-ACTIN, ATG5/3-ACTIN and BECLIN1/B-ACTIN were plotted as
histogram (mean + SD), *P < 0.05, **P < 0.01. (E) Effect of lysosomal inhibitor
BafA1 on autophagic flux induced by GANT-61. SK-N-BE(2) cells were first
treated with 200nM BafA1 for 30 min and then treated with 10uM GANT-61
for 4 h, 12 h, 24 h or 48 h. The LC3 II/B-ACTIN ratio at different time
points was plotted as histogram (mean + SD), *P < 0.05, **P < 0.01. (F)
Immunofluorescence with LC3 antibody on SK-N-BE(2) cells after 48h
GANT-61 treatment. Scale bars, top: 500um, bottom: 20um. CON, control.
(G) Quantification of cells with a number of LC3 puncta five times
higher than basal level in panel F. **P < 0.01 (H) SK-N-BE(2) transfected
with GFP-LC3 plasmids were treated with GANT-61 for 48h. A puncta
pattern of GFP-LC3 was formed after drug treatment. Scale bar,20 um.
(1) Quantification of cells with GFP-LC3 puncta shown in panel H,

**P <0.01. Equal loading and transfer were verified by re-probing
membranes with anti-B-ACTIN antibody in Western blot analysis.
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Additional file 3: Figure S3. Effects of autophagic inhibition on GANT-61
treated NB cells. (A) The effect of 3-MA on SK-N-BE(2) cell viability. Cell viability
was measured by MTT assay. (B) Effect of 3-MA on autophagic proteins in
SK-N-BE(2) cells. Western blot analysis was performed with anti-LC3,
anti-BECLIN-1 and anti-ATG5 antibodies. The densitometry ratios of LC3
I/B-ACTIN, BECLINT/B-ACTIN and ATG5/B-ACTIN were plotted as histogram.
() Effect of 3-MA on AKT phosphorylation was examined by Western blot in
SK-N-BE(2) cells treated with GANT-61. Values of P-AKT/AKT ratio were listed
under p-AKT blots. (D) Effect of 3-MA on cell apoptosis. SK-N-BE(2) cells were
treated with GANT-61 and 3-MA at the indicated concentration for 48 h.
Apoptotic cells were quantitated by flow cytometry. (E) The effect of 3-MA on
apoptotic protein expression. Western blot analysis was performed with
anti-BCL-2 and anti-cleaved CASPASE3 antibodies. The BCL2/B-ACTIN and
Cleaved-CASPASE3/B-ACTIN ratios were listed under blots. (F) ATG5 or ATG7
ShRNA specifically knocked down ATG5 or ATG7, respectively, in SK-N-BE(2) cells.
Western blot analysis was performed with anti-ATG5 and anti-ATG7 antibodies.
The ATG-5/B-ACTIN and ATG-7/B-ACTIN ratios were listed under blots. (G)
Knockdown of essential autophagic components ATG5 or ATG7 completely
abolished GANT-61 induced autophagic production. The LC3 1I/B-ACTIN ratio
was listed under blots. (H) GANT61 caused a higher level of cleaved CASPASE3
and a lower level of BCL2 in ATGS5 or ATG7 knockdown NB cells than those in
scramble shRNA knockdown controls. The BCL2/B-ACTIN and cleaved-
CASPASE3/B-ACTIN ratios were plotted as histogram. (I) Representative flow
cytometry analysis of apoptosis in GANT-61 treated cells after PE-AnnexinV and
7-AAD double staining. siCON: scramble shRNA control, SIATG5: ATG5 shRNA
knockdown, SIATG7: ATG7 shRNA knockdown. CON, control. Data are expressed
as the mean + SD. *P < 0.05,*P < 001, ns, no statistical significance.

Additional file 4: Figure S4. Effects of an apoptotic inhibitor on
GANT-61 treated NB cells. (A) The effect of Z-VAD-FMK on SK-N-BE(2) cell
viability. Cell viability was measured by MTT assay. Data are expressed as
the mean + SD of three independent experiments. *P < 0.05. (B) Western
blot analysis was performed with anti-BCL-2 and anti-cleaved CASPASE3
antibodies. The BCL2/B-ACTIN and cleaved-CASPASE3/B-ACTIN ratios
were listed under blots (mean + SD), *P < 0.05. (C) Western blot analysis
was performed with anti-LC3, anti-BECLIN-1 antibodies. The densitometry
ratios of LC3 II/B-ACTIN and BECLINT/B-ACTIN were listed under blots,
(mean + SD), *P < 0.05, n.s,, no statistical significance. (D) Flow cytometry
histogram of AO stained SK-N-BE(2) cells treated with the indicated drug.
Con, control. Equal loading and transfer were verified by re-probing
membranes with anti-B-ACTIN antibody in Western blot analysis. CON,
control.

Abbreviations

3-MA: 3-methyladenine; AO: Acridine orange; Atg5: Autophagy related
gene5; AVOs: Acid vesicular organelles; BafA1: Bafilomycin A1; Bcl-2: B cell
lymphoma leukemia-2; CON: Control; DMEM: Dulbecco’s modified eagle
medium; DMSO: Dimethylsulfoxide; Dhh: Desert hedgehog; FBS: Fetal bovine
serum; FITC: Fluorescein isothiocyanate; Hh: Hedgehog; Ihh: Indian
hedgehog; LC3: Microtubule-associated proteins light chain 3B;

MDC: Monodansylcadaverine; MTT: 3-(4,5-Dimethylthiazol -2-yl)-2,5-
diphenyltetrazolium bromide; NB: Neuroblastoma; NC: Nitrocellulose;

PI: Propidium iodide; PVDF: Polyvinylidene fluoride; PBS: Phosphate buffer
saline; Ptch: Patched; Smo: Smoothened; SDS: Sodium dodecyl sulfate;
Shh: Sonic hedgehog.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

77, XM, GS and WJ conceived and designed the studies. WJ performed
experiments. HJ did the FISH experiment. WJ, SC and GS analyzed the data.
WJ drafted the manuscript. ZZ revised the manuscript. All authors read and
approved the final manuscript.

Acknowledgements

We thank the State Key Laboratory of Hematology Oncology of the Ministry
of Health, Shanghai Children’s Medical Center (Shanghai, China) for NBL-W-S,
SK-N-AS and SH-SY5Y neuroblastoma cell lines. We also thank Ye Wang for
technical assistance. This research was supported by Committee of Science
and Technology Grant of Shanghai (SHDC12012110) Health Bureau Grant of


http://www.biomedcentral.com/content/supplementary/1471-2407-14-768-S1.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2407-14-768-S2.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2407-14-768-S3.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2407-14-768-S4.jpeg

Wang et al. BMIC Cancer 2014, 14:768
http://www.biomedcentral.com/1471-2407/14/768

Shanghai (No.2010Y138), New 100 talents of Shanghai Health and Family
Planning Commission (No. XBR2013105) and Shanghai Pujiang Talent
Program (11PJ1406900).

Author details

'Department of Surgery, Shanghai Children’s Medical Center, Shanghai
Jiaotong University School of Medicine, Shanghai 200127, China.
“Hematology and Oncology Department, Shanghai Children’s Medical
Center, Shanghai Jiaotong University School of Medicine, Shanghai 200127,
China. 3Institute for Pediatric Translational Medicine, Shanghai Children’s
Medical Center, Shanghai Jiaotong University School of Medicine, Shanghai
200127, China. “Shanghai Pediatric Congenital Heart Disease Institute,
Shanghai Children’s Medical Center, Shanghai Jiaotong University School of
Medicine, Shanghai 200127, China.

Received: 14 April 2014 Accepted: 10 October 2014
Published: 17 October 2014

References

1. Park JR, Eggert A, Caron H: Neuroblastoma: biology, prognosis, and
treatment. Pediatr Clin North Am 2008, 55(1):97-120. x.

2. Westermark UK, Wilhelm M, Frenzel A, Henriksson MA: The MYCN
oncogene and differentiation in neuroblastoma. Semin Cancer Biol 2011,
21(4):256-266.

3. Brodeur GM, lyer R, Croucher JL, Zhuang T, Higashi M, Kolla V: Therapeutic
targets for neuroblastomas. Expert Opin Ther Targets 2014, 18(3):277-92.

4. Ingham PW, McMahon AP: Hedgehog signaling in animal development:
paradigms and principles. Genes Dev 2001, 15(23):3059-3087.

5. Ruiz |, Altaba A: Gli proteins and Hedgehog signaling: development and
cancer. Trends Genet 1999, 15(10):418-425.

6. Teglund S, Toftgard R: Hedgehog beyond medulloblastoma and basal cell
carcinoma. Biochim Biophys Acta 2010, 1805(2):181-208.

7. Tostar U, Malm CJ, Meis-Kindblom JM, Kindblom LG, Toftgard R, Unden AB:
Deregulation of the hedgehog signalling pathway: a possible role for
the PTCH and SUFU genes in human rhabdomyoma and
rhabdomyosarcoma development. J Pathol 2006, 208(1):17-25.

8. Williams JA, Guicherit OM, Zaharian Bl, Xu Y, Chai L, Wichterle H, Kon C,
Gatchalian C, Porter JA, Rubin LL, Wang FY: Identification of a small molecule
inhibitor of the hedgehog signaling pathway: effects on basal cell
carcinoma-like lesions. Proc Natl Acad Sci U S A 2003, 100(8):4616-4621.

9. Qualtrough D, Buda A, Gaffield W, Williams AC, Paraskeva C: Hedgehog
signalling in colorectal tumour cells: induction of apoptosis with
cyclopamine treatment. Int J Cancer 2004, 110(6):831-837.

10.  Chen JK, Taipale J, Cooper MK, Beachy PA: Inhibition of Hedgehog
signaling by direct binding of cyclopamine to Smoothened. Genes Dev
2002, 16(21):2743-2748.

11. Dixit D, Ghildiyal R, Anto NP, Ghosh S, Sharma V, Sen E: Guggulsterone
sensitizes glioblastoma cells to Sonic hedgehog inhibitor SANT-1
induced apoptosis in a Ras/NFkappaB dependent manner. Cancer Lett
2013, 336(2):347-358.

12. Mazumdar T, Devecchio J, Agyeman A, Shi T, Houghton JA: Blocking
Hedgehog survival signaling at the level of the GLI genes induces DNA
damage and extensive cell death in human colon carcinoma cells.
Cancer Res 2011, 71(17):5904-5914.

13. Xu L, Wang X, Wan J, Li T, Gong X, Zhang K, Yi L, Xiang Z, Xu M, Cui H:
Sonic Hedgehog pathway is essential for neuroblastoma cell
proliferation and tumor growth. Mol Cell Biochem 2012, 364(1-2):235-241.

14. Mao L, Xia YP, Zhou YN, Dai RL, Yang X, Duan SJ, Qiao X, Mei YW, Hu B, Cui H: A
critical role of Sonic Hedgehog signaling in maintaining the tumorigenicity of
neuroblastoma cells. Cancer Sci 2009, 100(10):1848-1855.

15.  Schiapparelli P, Shahi MH, Enguita-German M, Johnsen JI, Kogner P, Lazcoz P,
Castresana JS: Inhibition of the sonic hedgehog pathway by cyplopamine
reduces the CD133+/CD15+ cell compartment and the in vitro tumorigenic
capability of neuroblastoma cells. Cancer Lett 2011, 310(2):222-231.

16. Wickstrom M, Dyberg C, Shimokawa T, Milosevic J, Baryawno N, Fuskevag OM,
Larsson R, Kogner P, Zaphiropoulos PG, Johnsen JI: Targeting the hedgehog
signal transduction pathway at the level of GLI inhibits neuroblastoma cell
growth in vitro and in vivo. Int J Cancer 2013, 132(7):1516-1524.

17.  Das G, Shravage BV, Baehrecke EH: Regulation and function of autophagy
during cell survival and cell death. Cold Spring Harb Perspect Biol 2012, 4(6):1-14.

Page 14 of 14

18.  Degenhardt K, Mathew R, Beaudoin B, Bray K, Anderson D, Chen G,
Mukherjee C, Shi Y, Gelinas C, Fan Y, Nelson DA, Jin S, White E: Autophagy
promotes tumor cell survival and restricts necrosis, inflammation, and
tumorigenesis. Cancer Cell 2006, 10(1):51-64.

19. Kondo Y, Kanzawa T, Sawaya R, Kondo S: The role of autophagy in cancer
development and response to therapy. Nat Rev Cancer 2005, 5(9):726-734.

20. Lin YC, Kuo HC, Wang JS, Lin WW: Regulation of inflammatory response
by 3-methyladenine involves the coordinative actions on Akt and glyco-
gen synthase kinase 3beta rather than autophagy. J Immunol 2012, 189
(8):4154-4164.

21. Feldmann G, Dhara S, Fendrich V, Bedja D, Beaty R, Mullendore M, Karikari C,
Alvarez H, lacobuzio-Donahue C, Jimeno A, Gabrielson KL, Matsui W, Maitra
A: Blockade of hedgehog signaling inhibits pancreatic cancer invasion
and metastases: a new paradigm for combination therapy in solid can-
cers. Cancer Res 2007, 67(5):2187-2196.

22. Tang XX, Zhao H, Kung B, Kim DY, Hicks SL, Cohn SL, Cheung NK, Seeger
RC, Evans AE, lkegaki N: The MYCN enigma: significance of MYCN
expression in neuroblastoma. Cancer Res 2006, 66(5):2826-2833.

23.  Brodeur GM, Seeger RC, Schwab M, Varmus HE, Bishop JM: Amplification of
N-myc in untreated human neuroblastomas correlates with advanced
disease stage. Science 1984, 224(4653):1121-1124.

24, Coller HA, Grandori C, Tamayo P, Colbert T, Lander ES, Eisenman RN, Golub
TR: Expression analysis with oligonucleotide microarrays reveals that
MYC regulates genes involved in growth, cell cycle, signaling, and
adhesion. Proc Natl Acad Sci U S A 2000, 97(7):3260-3265.

25.  Seeger RC, Brodeur GM, Sather H, Dalton A, Siegel SE, Wong KY, Hammond
D: Association of multiple copies of the N-myc oncogene with rapid
progression of neuroblastomas. N Engl J Med 1985, 313(18):1111-1116.

26. Fan L, lyer J, Zhu S, Frick KK, Wada RK, Eskenazi AE, Berg PE, lkegaki N,
Kennett RH, Frantz CN: Inhibition of N-myc expression and induction of
apoptosis by iron chelation in human neuroblastoma cells. Cancer Res
2001, 61(3):1073-1079.

27. Fulda S, Lutz W, Schwab M, Debatin KM: MycN sensitizes neuroblastoma
cells for drug-induced apoptosis. Oncogene 1999, 18(7):1479-1486.

28. Kroemer G, Marino G, Levine B: Autophagy and the integrated stress
response. Mol Cell 2010, 40(2):280-293.

29. Cuervo AM: Autophagy: in sickness and in health. Trends Cell Biol 2004,
14(2):70-77.

30. Eisenberg-Lerner A, Kimchi A: The paradox of autophagy and its
implication in cancer etiology and therapy. Apoptosis 2009, 14(4):376-391.

31, Jimenez-Sanchez M, Menzies FM, Chang YY, Simecek N, Neufeld TP,
Rubinsztein DC: The Hedgehog signalling pathway regulates autophagy.
Nat Commun 2012, 3:1200.

32, LiH, LiJLiY, Singh P, Cao L, Xu LJ, Li D, Wang Y, Xie Z, Gui Y, Zheng XL:
Sonic hedgehog promotes autophagy of vascular smooth muscle cells.
Am J Physiol Heart Circ Physiol 2012, 303(11):H1319-H1331.

33. Oehme |, Linke JP, Bock BC, Milde T, Lodrini M, Hartenstein B, Wiegand |,
Eckert C, Roth W, Kool M, Kaden S, Grone HJ, Schulte JH, Lindner S,
Hamacher-Brady A, Brady NR, Deubzer HE, Witt O: Histone deacetylase 10
promotes autophagy-mediated cell survival. Proc Natl Acad Sci U S A
2013, 110(28):E2592-E2601.

doi:10.1186/1471-2407-14-768

Cite this article as: Wang et al: Inhibition of autophagy potentiates the
efficacy of Gli inhibitor GANT-61 in MYCN-amplified neuroblastoma
cells. BMC Cancer 2014 14:768.




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Chemicals
	Cell culture
	Fluorescence in situ hybridization
	Cell viability assay
	Protein extraction and Western blot analysis
	Annexin V binding assay
	Acridine orange staining
	Monodansylcadaverine (MDC) incorporation assay
	Detection and quantification of endogenous LC3 vacuoles
	Formation and quantification of exogenous GFP-LC3 vacuoles
	ATG5 and ATG7 shRNA knockdown
	MYCN overexpression
	Statistical analyses

	Results
	GANT-61 decreases cell viability and induce apoptosis in MYCN amplified NB cells
	GANT-61 induces autophagy in NB cells
	Induced autophagy after GANT-61 treatment is pro-survival
	The level of GANT-61 induced autophagy is lower in MYCN non-amplified NB cells

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

