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ABSTRACT
Cyclin D1 and cyclin E1, as vital regulatory factors of G1-S phase cell cycle progression, are frequently
constitutive expressed and associated with pathogenesis and tumorigenesis in most human cancers and
they have been regarded as promising targets for cancer therapy. In this study, we established NVP-
BEZ235, a potent dual kinase inhibitor, could induce neuroblastoma cells proliferation inhibition without
apoptosis activation. Moreover, we showed NVP-BEZ235 could induce neuroblastoma cells arrested at G0/
G1 phase accompanied with significant reduction of the cyclin D1 and E1 proteins in a dose dependent
manner at nanomole concentration. Additionally we found that GSK3b was dephosphorylated and
activated by NVP-BEZ235 and then triggered cyclin D1 and cyclin E1 degradation through ubiquitination
proteasome pathway, based on the evidences that NVP-BEZ235 induced downregulation of cyclin D1 and
cyclin E1 were obviously recovered by proteasome inhibitor and the blockade of GSK3b contributed to
remarkable rescue of cyclin D1 and cyclin E1. Analogous results about its anti-proliferation effects and
molecular mechanism were observed on neuroblastoma xenograft mouse model in vivo. Therefore, these
results indicate that NVP-BEZ235-induced cyclin D1 and cyclin E1 degradation, which happened through
activating GSK3b, and GSK3b-dependent down-regulation of cyclin D1 and cyclin E1 should be available
for anticancer therapeutics.
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Introduction

Neuroblastoma is the most common extracranial solid tumor of
childhood that derives from the peripheral sympathetic nervous
system and accounts for 15% of childhood cancer deaths.1-3 It
presents heterogeneous clinical features, such as at the early age of
onset, spontaneous regression in infancy and the high risk of meta-
static disease at diagnosis.4,5 The 10-year survival rate of high-risk
neuroblastoma patients is as low as 20% despite decades of the con-
siderable advances in diagnostic methods and the development in
therapeutic treatment.6 Due to major obstacles like MYCN onco-
gene amplifications and germline or somatic activating ALKmuta-
tions, chemotherapy resistance and poor prognosis subsequently
occur to patients.7 Therefore, the identification and validation of
novel therapeutic agents remain an effective strategy to further
improve survival and long-term quality of life of patients. Eviden-
ces have been shown that PI3K/Akt/mTOR pathway is often con-
stitutively activated and correlate with excessive proliferation and
drug resistance in neuroblastoma.8-10 NVP-BEZ235 is a synthetic
small molecular compound that potently and reversibly inhibits
the catalytic activities of PI3K and mTOR by competing at their
ATP-binding sites.11 NVP-BEZ235 is the most effective small

molecule inhibitor to date and has been a particularly attractive
compound with the traits of low dose, well tolerance, notable effect
andmore selectivity, compared with other dual inhibitors. Multiple
researches have demonstrated the prominent inhibitory efficacy of
NVP-BEZ235 on the proliferation in a wide variety of human
malignant tumors in vitro and preclinical animal models and are
currently in phase I/II clinical trials for advanced solid tumors.12,13

It is generally believed that cell cycle arrest triggered by NVP-
BEZ235 via antagonizing the PI3K/mTOR signaling pathway plays
a pivotal role in its potent cytostatic effects.14 The activities of
cyclins /cyclin-dependent kinases (CDKs) are involved in normal
cell cycle progression. D- and E-type cyclins, which mediate G0-
G1 phase cell cycle progression, form a complex with their specific
catalytic CDKs kinases and then phosphorylate the retinoblastoma
protein (pRb) that leads to release of E2F and promote G1/S transi-
tion by transcriptional activation of S-phase genes.15 In the whole
of cyclin D and cyclin E isoforms, the overexpression of cyclin D1
and cyclin E1 is most frequently associated with pathogenesis of
most human cancers, including neuroblastoma.16 Previous obser-
vations have revealed that elevated levels of cyclin D1 or cyclin E1
appear to be related to some diseases including those of the breast,
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esophagus, bladder and lung, and various therapeutic agents, such
as retinoic acid, gambogic acid and resveratrol, have been identified
to induce them down-regulation.15,17-19 Many researches have
reported that PI3K/mTOR signal pathway plays an important role
in the up-regulation of cyclin D1 and cyclin E1. Although several
papers have reported that NVP-BEZ235 could down-regulate
cyclin D1 or cyclin E1, the specific molecular mechanism are not
yet clear.20,21 It is worthwhile to further investigate detailedmolecu-
lar mechanism about the down-regulation of NVP-BEZ235-
induced cyclin D1 and cyclin E1 in NB cells.

In this work, we investigated the antiproliferation effects of
NVP-BEZ235 on neuroblastoma and the molecular mechanisms.
We showed that GSK3b involved in NVP-BEZ235-induced
cyclin D1 and cyclin E1 degradation in vitro and in vivo.

Results

NVP-BEZ235 inhibited the proliferation of neuroblastoma
cells

To determine the effect of the dual PI3K/mTOR inhibitor
NVP-BEZ235 on the proliferation of human NB cells,
SH-SY5Y and SK-N-MC were treated with varying

concentrations of NVP-BEZ235 (0, 10, 25, 50, 100, 200, 500
and 1000 nM) for 24 h and then cell viability was measured by
CCK-8 assay. We showed that NVP-BEZ235 decreased the cell
viability of both cell lines in a dose-dependent manner (Fig. 1A
and C). We then detected the expression of PI3K/mTOR path-
way related proteins in both cell lines treated with NVP-
BEZ235. As shown in Fig. 1B and D, the phosphorylation level
of Akt, p70S6K, mTOR and 4E-BP1 was significantly declined
by NVP-BEZ235. Moreover, the number of both cells under
the microscope and MCM2 protein levels related to cell growth
were also persistently decreased in both cell lines treated with
NVP-BEZ235 (Fig. 1E, F, G and H).

NVP-BEZ235 induced G0/G1 cell cycle arrest but not
apoptosis in neuroblastoma cells

To further investigate whether NVP-BEZ235-induced prolifer-
ation inhibition was associated with an induction of apoptosis,
acridine orange/ethidium bromide (AO/EB) fluorescence were
performed and apoptotic related hallmark, PARP and caspase 3
cleavages were measured by immunoblotting on NB cells cul-
tured in the presence of NVP-BEZ235. AO was able to infiltrate

Figure 1. NVP-BEZ235 inhibited PI3K/AKT/mTOR pathway and proliferation of neuroblastoma cells. (A, C) SH-SY5Y and SK-N-MC cells were treated with 0, 10, 25, 50, 100,
200, 500 and 1000 nM NVP-BEZ235 for 24 h. Cell viability was determined by CCK-8 assay. (B, D) Western blot analysis for the expression of p-AKT, AKT, p-p70S6K,
p70S6K, p-MTOR, p-4E-BP1 in SH-SY5Y and SK-N-MC cells treated with 500 and 1000 nM NVP-BEZ235 for 12 h and 24 h. (E, F) Morphological changes in SH-SY5Y and SK-
N-MC cells treated with NVP-BEZ235 (500, 1000 nM) for 24 h. (G, H) Western blot analysis for the expression of M CM2 in SH-SY5Y and SK-N-MC cells treated with 500
and 1000 nM NVP-BEZ235 for 12 h and 24 h.
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into the viable cells, and the nuclei were stained a bright green
color. For the integrity of the cell plasma membrane, EB was
unable to infiltrate into the cells which remained alive or were
at the early stage of apoptosis, while the late apoptotic cells or
dead cells had EB inside and the nuclei were stained a bright
red color.22 Our results revealed that 500 nM and 1000 nM
NVP-BEZ235 did not induce apoptosis in either cell line, as
suggested by the absence of bright red color stained cells
(Fig. 2A and B), PARP, caspase 3 cleavages (Fig. 2C and D) and
sub-G1 fraction DNA histograms (Fig. 2E and F).

As apoptosis could not have accounted for the potent inhibi-
tory effect of NVP-BEZ235 on NB cell growth, we next ana-
lyzed the effect of NVP-BEZ235 on cell cycle progression in
NB cells by flow cytometry using PI staining of DNA content.
Exposed to 100 nM and 200 nM NVP-BEZ235 for 24 h, there
was a significant increase in the percentage of SH-SY5Y cells in
the G0/G1 phase (82.28% § 2.86% 100 nM, 85.98% § 1.93%
200 nM) compared with the control group (66.82% § 3.50%)
(Fig. 2E). The G0/G1 cycle arrest was also detected in SK-N-
MC cells (Fig. 2F). To further investigate correlation NVP-

BEZ235-induced G1 cell cycle arrest with some important G1-
phase regulatory proteins in NB cells, the expression of endoge-
nous cyclin D1 and cyclin E1 were detected when SH-SY5Y and
SK-N-MC cells are treated with 200 nM NVP-BEZ235 for vari-
ous time. Cyclin D1 and cyclin E1 gover the restriction point of
G1 to S phase progression and their inhibition or degradation
lead to G1 phase arrest.23 As indicated by Fig. 2G and H, there
was a remarkable reduction or gradual decrease in cyclin D1
and cyclin E1 protein levels in both cell lines. Based on the
above results, we concluded that NVP-BEZ235 exerts notable
G0/G1 cell cycle arrest in NB cell through the down-regulation
of several key G1-phase regulatory proteins.

NVP-BEZ235 down-regulates cyclin D1 and cyclin E1 levels
through affecting proteins stability

To elucidate if NVP-BEZ235 mediated down-regulation of
cyclin D1 and cyclin E1 expression by transcriptional or post-
transcriptional regulation, their mRNA levels were evaluated
by Real time-PCR. As shown in Fig. 3A and B, the mRNA levels

Figure 2. NVP-BEZ235 induced G0/G1 cell cycle arrest but not apoptosis in neuroblastoma cells. (A, B) Morphological changes in SH-SY5Y and SK-N-MC cells treated with
NVP-BEZ235 (500, 1000 nM) for 24 h followed by AO/EB staining (magnification, 100 £). Normal cells showed green fluorescence by acridine orange (AO) staining, apo-
ptotic cells showed yellow-orange fluorescence by merge of ethidium bromide (EB) staining and AO staining. (C, D) Western blot analysis for cleaved caspase-3 and
cleaved PARP in SH-SY5Y and SK-N-MC cells treated with serial NVP-BEZ235 for 24 h. (E, F) SH-SY5Y and SK-N-MC cells were treated with NVP-BEZ235 (100, 200 nM) for
24 h. Cell cycles were detected by flowcytometry analysis which determining cellular DNA content with hypotonic PI solution. (G, H) SH-SY5Y and SK-N-MC cells were
treated with NVP-BEZ235 (200 nM) for the indicated times. Cyclin D1 and cyclin E1 proteins were performed by western blot analysis.
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of cyclin D1 and cyclin E1 were not altered in the presence of
200 nM NVP-BEZ235. These indicate that NVP-BEZ235 may
affect the proteins stability of cyclin D1 and cyclin E1 that were
detected via CHX-chase analysis. As showed in Fig. 3C-J, NB
cells were co-treated with 10 mg/ml CHX for different time fol-
lowed by pre-treatment 200 nM NVP-BEZ235 for 1 h.
NVP-BEZ235 obviously attenuated half-life of proteins in both
cells. These data suggested that NVP-BEZ235 reduces cyclin
D1 and cyclin E1 protein stability and down-regulates their
proteins.

The ubiquitin proteasome pathway involved in
NVP-BEZ235-induced the degradation of
cyclin D1 and cyclin E1

To explore which pathway is necessary for the down-regulation
of cyclin D1 and cyclin E1, protein degradation’s effect is worth-
while to be considered. Firstly, lysosomal pathway inhibitors CQ
was used to pre-treated for the SH-SY5Y and SK-N-MC cells

for 1 h, followed by co-incubation 200 nM NVP-BEZ235 for
another 12 h and we found that the levels of cyclin D1 and
cyclin E1 proteins were not restored in both cells compared
with NVP-BEZ235 single treatment (Fig. 4A-D). Then to inves-
tigate whether the 26S proteasome involved in NVP-BEZ235-
induced down-regulation of cyclin D1 and cyclin E1, thus the
SH-SY5Y and SK-N-MC cells were pre-incubated in the pres-
ence of the 26S proteasome inhibitor MG132 for 1 h, followed
by co-incubation 200 nM NVP-BEZ235 for another 12 h. NVP-
BEZ235-induced reduction of cyclin D1, E1 was abolished by
adding MG132 into medium (Fig. 4E-H), compared to the treat-
ment of NVP-BEZ235 alone.

GSK3b is required for NVP-BEZ235- induced degradation of
cyclin D1 and cyclin E1

Researchers have reported when PI3K/mTOR signal pathway
was activated, the activity of GSK3b would be decreased 20,24. It
is needed to elucidate whether NVP-BEZ235 involved in cyclin

Figure 3. NVP-BEZ235 decreased cyclin D1 and cyclin E1 levels through enhancing their protein degradation. (A, B) SH-SY5Y and SK-N-MC cells were incubated with NVP-
BEZ235 for the indicated time periods. Cyclin D1 and cyclin E1 mRNA levels were determined by Q-RT-PCR. (C-J) SH-SY5Y and SK-N-MC cells were pre-treated with vehicle
or 200 nM NVP-BEZ235 for 1 h, then adding 10 mg/ml CHX for another various times and cyclin D1 and cyclin E1 protein expression levels were detected by immunoblot-
ting and quantified by the densitometry analysis and normalized against b-Actin expression.
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D1 and cyclin E1 down-regulation in a GSK3b-dependent way.
Firstly, we investigate the GSK3b effect under NVP-BEZ235
treatment. NB cells were incubated with NVP-BEZ235 0, 3, 6
and 12 h, respectively. As shown in Fig. 5A and B, the expres-
sion of total GSK3b were not perturbed and the phosphorylated
GSK3b (p-GSK3b) were down-regulated in a time-dependent
manner in the SH-SY5Y and SK-N-MC cells treated by NVP-
BEZ235. To assess whether GSK3b involved in NVP-BEZ235-
mediated cyclin D1 and cyclin E1 degradation, we used GSK3b
inhibitor LiCl and GSK3b specific siRNA. As shown in Fig. 5C
and D, SH-SY5Y and SK-N-MC cells pretreated with LiCl for

1 h and then co-incubated with 200 nM NVP-BEZ235 for 12 h,
we found that LiCl suppressed NVP-BEZ235-caused cyclin D1
and cyclin E1 degradation. And in Fig. 5E and F, GSK3b protein
expressions were effectively knocked down by siRNA and con-
tributed to restoration of cyclin D1 and cyclin E1 levels in NVP-
BEZ235-treated SH-SY5Y and SK-N-MC cells. Moreover, deple-
tion of GSK3b by siRNA significantly attenuated NVP-BEZ235-
induced G0/G1 arrest in SH-SY5Y and SK-N-MC cells (Fig. 5G
and H). These data suggest that NVP-BEZ235-induced cyclin
D1 and cyclin E1 degradation and G0/G1 arrest are mediated by
the activity of GSK3b.

Figure 4. The ubiquitin proteasome pathway involved in NVP-BEZ235- induced the degradation of cyclin D1 and cyclin E1. (A-D) SH-SY5Y and SK-N-MC were pretreated
for 1 h with autophagy inhibitor 20 mM CQ and subsequently treated for another 12 hours with 200 nM NVP-BEZ235. Western blot analyzed cyclin D1 and cyclin E1. (E-H)
SH-SY5Y and SK-N-MC cells were pretreated for 1 h with 10 mM proteasome inhibitor (MG132) and subsequently treated for another 12 hours with 200 nM NVP-BEZ235
and lysates were probed for cyclin D1 and cyclin E1.
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NVP-BEZ235 down-regulates cyclin D1 and cyclin E1 levels
via reducing p-GSK3b in NB xenograft tumor

NB xenograft mouse model were generated to assess the patho-
physiological role of NVP-BEZ235 in vivo and further deter-
mine the regulation of cyclin D1, E1 and GSK3b. Compared
with vehicle mice, tumor growth was impaired in NVP-
BEZ235 -treated group as shown in Fig. 6A and B. In agree-
ment with the blockage of cell cycle in vitro, NVP-BEZ235 also
reduced the levels of cyclin D1, E1 in xenograft tumors, accom-
panied by decrease of p-GSK3b (Fig. 6C and D). We next veri-
fied NVP-BEZ235 could accumulate ubiquitinated cyclin D1,
E1, which is consistent with the consecutive proteasomal degra-
dation of cyclin D1, E1 in tumor tissues cell lysates (Fig. 6E and
F) by immunoprecipitation assay.

Discussion

PI3K/Akt/mTOR signaling pathways are critical for controlling
normal cellular functions and the abnormal activation of this
pathway play an important role in progression, metastasis, and
chemoresistance in various types of cancer, including advanced
neuroblastoma.10,25,26 NVP-BEZ235, as a potent dual PI3K and
mTOR kinase inhibitor, presents potent antitumor effects via
multiple mechanisms, including disturbing cell cycle and differ-
entiation, promoting apoptosis, autophagy, angiogenesis and
EMT in preclinical model of most human cancer, but the effect
of NVP-BEZ235 has rarely been reported in neuroblastoma. In
this report, we demonstrated NVP-BEZ235 failed to induce
apoptosis. It induced cyclin D1 and cyclin E1 degradation and
G0/G1 arrest in a GSK3b-dependent manner.

Figure 5. GSK3b is required for NVP-BEZ235- induced degradation of cyclin D1 and cyclin E1. (A and B) SH-SY5Y and SK-N-MC cells were incubated with NVP-BEZ235 for
the indicated time periods. Western blot analyzed p-GSK3b and GSK3b. (C, D) SH-SY5Y and SK-N-MC were pretreated with GSK3b inhibitor LiCl for 1 h and then incubated
with 200 nM NVP-BEZ235 for 12 h. Western blot analyzed cyclin D1 and cyclin E1. (E and F) SH-SY5Y and SK-N-MC were transfected with the siRNA targeting GSK3b for
48 h and then treated with 200 nM NVP-BEZ235 for another 12 h. The cells were lysed and analyzed by immunoblotting against cyclin D1 and cyclin E1. (G and H) SH-
SY5Y and SK-N-MC cells were transfected with GSK3b siRNA, followed by NVP-BEZ235 treatment. The cell cycle distribution was measured by flow cytometric analysis.
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As is well-known that phosphorylation of 4E-BP and
P70S6K facilitate assembly of the translational initiation com-
plex with subsequent translation of proteins responsible for
the progression of the cell from G0/G1 to S phase, such as
cyclin D1 and cyclin E1.27-28 It is proved for the first time that
NVP- BEZ235 inhibited neuroblastoma cells proliferation
through blocking cell cycle progression at G0/G1 phase
accompanied by the decrease of cyclin D1 and cyclin E1 pro-
tein expression in neuroblastoma cells. The up-regulation of
cyclin D1 and cyclin E1 are hallmarks of poor prognosis in
various human cancers including those of the breast, esopha-
gus, bladder and lung.15,17,29 It was believed that aberrant
degradation system appears to be responsible for the
increased levels of cyclin D1 and cyclin E1.30,31 Consistent
with this, there was a remarkable reduction in cyclin D1 and
cyclin E1 proteins levels whereas their mRNA levels were not
obviously changed in NVP-BEZ235-treated NB cells. And
CHX-chase analysis further authenticated NVP-BEZ235
obviously attenuated half-life of these proteins and promoted
their degradation. This manifested the significance of enhanc-
ing cyclin D1 and cyclin E1 degradation by NVP-BEZ235-
induced in NB cells.

Prior reports have demonstrated that cyclin D1, E1 was
modulated ubiquitin-dependent proteasomal degradation sys-
tem which labeled target proteins for destruction by the 26S
proteasome through three critical enzymes, including E1

ubiquitin-activating enzyme, E2 ubiquitin-activating enzyme
and E3 ligase.32,33 We also affirm the notion that proteasomal
degradation is sufficient to regulate cyclin D1 and cyclin E1
coupled with the fact that proteasome inhibitors can recover
their reduction in NVP-BEZ235-treated neuroblastoma cells.
Likewise, NVP-BEZ235 could accumulate ubiquitinated cyclin
D1 and cyclin E1 in NB xenograft tumor cells lysates. Cyclin
D1 is phosphorylated at Thr-286 and/or T288 by GSK-3b or
Mirk/Dyrk1b, promoting cyclin D1 nuclear export and subse-
quent rapid ubiquitin-dependent degradation within the cyto-
plasm.16,34 The phosphorylation of cyclin E located at Thr380
which is thought to be the result of cyclin E/Cdk2 autocatalytic
activity and GSK3b mediated is critical for ubiquitination.17

Above observations illustrate GSK-3b is indispensable for the
turnover of cyclin D1 and cyclin E1. And GSK3b is negatively
regulated by the PI3K/Akt/mTOR and can be inactivated by
phosphorylation.35,36 In our study, we presented that NVP-
BEZ235 dephosphorylates of GSK-3b, resulting in its activa-
tion. Likewise, similar results were also observed in vivo experi-
ments. Our subsequent experiments elaborate inhibition of
GSK-3b by its inhibitor LiCl or specific siRNA leads to abolish-
ment of cyclin D1 and cyclin E1 degradation induced by NVP-
BEZ235. In addition, blockade of GSK-3b strikingly rescued
NVP-BEZ235-induced G0/G1 arrest which highlights the
importance of the GSK3b-dependent catabolism of cyclin D1
and cyclin E1 in NB cells.

Figure 6. NVP-BEZ235 induced cyclin D1 and cyclin E1 ubiquitin-dependent proteasomal degradation through reducing p-GSK3b in NB xenograft tumor. (A) Treatment
was initiated when the average tumor size reached 50 mm3. Nude Mice with SH-SY5Y xenografts were administered vehicle or NVP-BEZ235 (20 mg/kg/day). After 3-
week consecutive treatment, the mice were sacrificed. (B) Tumor volumes were measured every week. (C and D) Tumor extracts were lysed and analyzed by immunoblot-
ting against cyclin D1, cyclin E1, p-GSK3b and GSK3b. (E and F) Tumor extracts were immunoprecipitated (IP) by anti-cyclin D1 and cyclin E1 followed by immunoblotting
with anti-Ub (top) and anti-cyclin D1 and cyclin E1 (bottom).
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Taken together, these results clearly indicated that NVP-
BEZ235 can enhance the degradation of cyclin D1, E1 via ubiq-
uitin proteasome pathway in a GSK3b-dependent manner thus
preserving the neuroblastoma cells in G0/G1 status and growth
inhibition. Therefore, the therapeutic ablation of p-GSK3b,
cyclin D1 and cyclin E1 may be critical targets for the preven-
tion and treatment of neuroblastoma cells.

Materials and methods

Reagent, cell lines and cell culture

NVP-BEZ235 was purchased from Novartis (Selleck, China)
and dissolved in DMSO to a stock concentration of 1 mM. CQ,
MG132 were obtained from Sigma-Aldrich and dissolved in
sterile H2O to a stock concentration of 20 mM and 10 mM
respectively. CHX was purchased from Sigma (Sigma-Aldrich,
USA) and dissolved in ethanol a stock concentration of
100 mg/ml. The stock solutions were wrapped in foil and main-
tained at ¡20�C.

SH-SY5Y, SK-N-MC were obtained from the Shanghai
Institutes for Biological Sciences (Shanghai, China) and were
cultured in RPMI 1640 medium, containing 10% fetal bovine
serum (FBS) (Gemini, Australia) and 1% penicillin-streptomy-
cin(Gibco, USA), and under standard culture conditions (378C
and 5% CO2). Cells in the logarithmic phase of growth were
used in all experiments.

Cell Counting Kit-8 assay

The cell proliferation was assessed by using Cell Counting Kit-8
reagent (Dojindo Molecular Technologies, Japan). SH-SY5Y
and SK-N-MC cells were seeded in 96-well culture plates at 5
£ 103 cells/well in triplicate and allowed to settle overnight,
and treated with serial concentration of NVP-BEZ235 (0, 10,
25, 50, 100, 200, 500, 1000 nM) of in 200 ml medium for 24 h.
The cells were then treated with CCK-8 solution and incubated
for 2 h according to the CCK-8 kit instructions. The absorbance
was measured at 450 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA). Each experiment was performed at least
3 times independently.

Acridine orange/ethidium bromide (AO/EB) fluorescence

NB cells were cultivated in a 24-well plate exposed to various
concentrations (0, 500 and 1000 nM) of NVP-BEZ235 for 24 h
in a humidified incubator (378C, 5% CO2). After removing the
culture solution and washing three times with PBS, the cells
were stained with 200 ml mixture of (100 mg/ml) acridine
orange (AO) and (100 mg/ml) ethidium bromide (EB) (Solar-
bio, China) with the 1:1 AO to EB, and then incubated the plate
for 3 min in the incubator. These cells were visualized by a fluo-
rescence microscope (Nikon Eclipse Ti, Japan).

Cell cycle by flow cytometric analysis

NB cells in exponential growth were seeded in 6-well plate at a
density of 5 £ 105 per well for 24 h attachment, then they were
treated with NVP-BEZ235 (0,100,200 nM) for 24 h. For cell

cycle analysis, cells were digested with 0.25% trypsin and cen-
trifuged at 2000 g for 5 minutes and washed three times with
PBS and fixed by ice-cold 75% (v/v) ethanol at ¡20�C for 2 h,
then after washing twice with PBS, the cells were resuspended
with 50 ml PI solution (PI 50 mg/ml and RNase A 100 mg/ml).
After incubating for 15 minutes at room temperature in the
dark at then cell cycle distribution were analyzed by FACS can
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Western blot analysis

Cultured cells or mouse tumor tissues were homogenized on ice
1 £ RIPA lysis buffer containing phosphatase and protease
inhibitor cocktail(Roche, Swiss) and the protein concentration
was measured by BCA Protein Assay Kit(Takara, Japan). Equal
amounts (50 mg) of isolated proteins were separated by SDS
polyacrylamide gel electrophoresis and transferred to the PVDF
membrane. Membranes were blocked in 5% non-fat milk in
Tris-buffered saline containing 0.1% Tween-20 (TBST, pH7.4)
for 1 h at room temperature, and incubated overnight at 48C a
dilution of 1:1000 with primary antibodies for phospho-AKT
(Ser473), AKT, phospho-p70s6k(Thr389), p70s6k, phospho-
MTOR(Ser2448), phospho-4E-BP1(Thr37/46), MCM2, GAPDH,
cleaved caspase-3, cleaved PARP, cyclin D1, cyclin E1, total and
phosphorylated GSK3b (all from Cell Signaling Technology).
Then the membranes were probed for 2 h at room temperature
with species-specific HRP-conjugated rabbit anti-mouse IgG
(Cell Signaling Technology, USA) at a dilution of 1:10000.
Immunoreactive bands were identified by Immobilon Western
chemiluminescent HRP substrate (Millipore Co., USA). The
GAPDH is a loading control and the gray value of the protein
brands were quantified by Image J software.

Immunoprecipitation Assays

After washing in cold PBS, Cells or tissues were lysed in 500 ml
ice-cold RIPA lysis buffer(50 mM Tris-HCL pH 7.4, 1 mM
EDTA, 0.5% Sodium Deoxycholate, 1%NP-40, 0.1%SDS, and
150 mM NaCl containing protease and phosphatase inhibitors
(complete EDTA-free; Roche Applied Science, Mannheim
Germany) on ice for 30 minutes. Total cell lysates were clarified
by centrifugation at 12,000g for 15min at 48C, and were divided
into two parts, one (400 ml, 500 mg) used for the immunoprecip-
itation assays and the other (50 ml) for total protein analysis.
Lysates supernatants was incubated with 3 mg of anti-ubiquitin
or rabbit IgG overnight at 48C with rotation, followed by pre-
clearing with 50% protein A/G agarose slurry for 2 h and then
the complexes were incubated with protein A/G agarose for 4 h
at 48C. After washing 5 times with lysis buffer by centrifugation
at 5,000 rpm for 5 min, samples were eluted in 2xSDS loading
buffer by boiling for 8 min and subjected to immunoblot analysis
with anti-cyclin D1 or anti-cyclin E1 or anti-ubiquitin antibody.

Quantitative real-time PCR

Total cellular RNA was extracted from NB cell lines using RNA
Isolation Kit (Roche, Basel, Switzerland). The reaction was per-
formed in Micro Amp Optical 96-well plates with SYBR Premix
Ex TaqTM II (Takara, Japan) in Real-Time PCR Detection

CELL CYCLE 2393



System according to manufacture instructions. Related gene
expression was assessed after normalization by housekeeping
gene human b-Actin. Primers were designed and synthesized
by Sangon Biotech Co. Ltd (Shanghai, China). b-actin (For-
ward:5�-TCGTGCGTGACATTAAGGAG-3� and Reverse: 5�-
GTCAGGCAGCTCGTAGCTCT-3�), cyclin D1 (Forward: 5�-
GCTGCGAAGTGGAAACCATC-3� and Reverse: 5�-CCTCCT
TCTGCACACATTTGAA-3�), cyclin E1 (Forward: 5�-
GCCAGCCTTGGG ACAATAATG-3� and Reverse: 5�-
CTTGCACGTTGAGTTTGGGT-3�).

RNA interference

Small interfering RNA (siRNA) specific to human GSK3b and
negative control siRNA were synthesized by GenePharma.
Sequences are as follows: Negative control, 50-UUCUCC-
GAACGUGUCACGUTT-30.SiRNA1:50-GGGCAGUGAUU-
CUGUUUAAUU-30, SiRNA2:50-
GGGCCUUAUAUACUCUAAAUU-30. SiRNA1 and SiRNA2
were equally mixed. Both cells were transfected with mixed
siRNA using Lipofectamine-3000 (Life Technologies, USA)
according to the manufacturer’s protocol.

Nude mouse xenograft model of NB cancer

Animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Shanghai Jiao Tong Uni-
versity. Five- to six-week old female athymic (nu/nu) mice were
housed under pathogen-free conditions in micro-isolator cages
with laboratory chow and water ad libitum. SH-SY5Y cells at 5
£ 106 suspended in 100 ml PBS were injected s.c. into the flank
region of nude mice. When size of local tumors reached certain
ranges (»50 mm3), the mice were randomized into two groups
according to tumor volumes and body weights for the following
treatments: vehicle control (DMSO), NVP-BEZ235 (20 mg/kg/
day, ip.). Tumor volumes were measured using caliper measure-
ments once every 5 days and calculated with the formula: V D
a2 £ b £ 0.4, where “a” is the smallest diameter and “b” is the
diameter perpendicular to “a”. The body weight, feeding behav-
ior, and motor activity of each animal were monitored as indica-
tors of general health. Mice were euthanized after 3 weeks of
interventions and tumor tissues were excised and fixed in 10%
buffered formalin and embedded in paraffin.

Statistical analysis

Each sample was analyzed in triplicate, and experiments were
repeated three times. In all figures, error bars are standard devi-
ations. Statistical analyses were performed by Microsoft Office
Excel 2007(Microsoft, Albuquerque, NM, USA) and Statistica
version 10.0 (StatSoft, Tulsa, OK, USA). Differences between
mean values were evaluated by the unpaired t-test. Differences
were considered statistically significant at P < 0.05.
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