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Neuroblastoma (NB) is one of the most common extracranial solid tumors of childhood and accounts for 15% of cancer deaths.
Even with the multimodality treatment protocols, the advanced-stage tumor overall 5-year survival rate is less than 50%.
Therefore, novel drug therapy targeting cellular signal transduction pathways regulating the apoptotic cascade may be important
for the treatment of drug-resistant NB. In our previous studies, we have demonstrated that 5 μM sodium orthovanadate (SOV)
induced the apoptosis of SH-SY5Y cells. 17-Allylamino-demethoxygeldanamycin (17-AAG) is a geldanamycin- (GA-) derived
heat shock protein 90 (Hsp90) inhibitor, and it has been shown to have potent antitumor activity in head and neck cancers.
However, the effect of 17-AAG on the apoptosis of NB cells has not been reported. Therefore, the purpose of this study was to
determine the effects of 17-AAG and SOV on the growth and invasion of SH-SY5Y cells in vitro and explore the related
mechanism. In this study, we first investigated the antiviability effect of 17-AAG on SH-SY5Y cells, then studied the cell
apoptosis and invasion influenced by 17-AAG and SOV, and assessed the role of PIWI-Like2 (PIWIL2) and piRNA-PIWI
signaling in it. The results showed that 5 μM 17-AAG inhibited cell growth and viability and induced apoptosis in SH-SY5Y
cells. Both 17-AAG and SOV reduced the level of PIWIL2 and Bcl-xl proteins and inhibited the invasion of SH-SY5Y cells. In
addition, the combined use of the two drugs had greater effect than the single use of any drug.

1. Introduction

Neuroblastoma (NB) is one of the most common extracranial
solid tumors of childhood and accounts for 15% of cancer
deaths [1–3]. Even with the multimodality treatment proto-
cols, including chemotherapy, surgery, radiation therapy,
and immunotherapy, the advanced-stage tumor overall 5-
year survival rate is less than 50% [4–6]. Cases of high-risk
NB are associated with frequent relapses and tumors that are
resistant to alternative chemotherapy regimens. It is reported
that the altered cellular responses to apoptosis are thought to
play an important role in drug resistance in high-risk NB [7].
Therefore, novel drug therapy targeting cellular signal trans-

duction pathways regulating the apoptotic cascade may be
important for the treatment of drug-resistant NB.

The human NB cell line SH-SY5Y is a commonly used
cell line in studies related to NB [8, 9] and neurodegenerative
disease, such as Alzheimer’s disease (AD) [10] and Parkin-
son’s disease (PD) [11, 12]. For example, SH-SY5Y cells were
usually used as a model system in vitro to investigate the
effect and mechanism of new drugs and provide a basis for
the formulation of drug strategy and the treatment of
diseases. Here, we focus on the treatment of NB and study
the effect of 17-allylamino-demethoxygeldanamycin (17-
AAG) and sodium orthovanadate (SOV, molecular formula:
Na3VO4) on the apoptosis and invasion of SH-SY5Y cells.
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AAG is a geldanamycin- (GA-) derived heat shock
protein 90 (Hsp90) inhibitor, which is a less toxic and more
stable analog of GA [13]. Hsp90, a ubiquitous chaperone
protein, plays significant roles in the organization and matu-
ration of client proteins involved in the progression and
survival of tumor cells and has become a therapeutic target
for cancer treatment. 17-AAG binds to Hsp90, destroys the
Hsp90-client protein cycle, and results in the degradation of
Hsp90’s client proteins. Several preclinical and clinical stud-
ies demonstrated that 17-AAG as a single agent or in combi-
nation with other anticancer agents has potent antitumor
activity in a range of human cancers [14–17]. However, it
has not been reported whether 17-AAG can induce apoptosis
of NB cells or not.

SOV is a proverbial vanadium compound and has many
biological activities [7]. Many studies have shown that SOV
displays antineoplastic activities against various types of
cancers, such as hepatocellular carcinoma [18, 19], anaplastic
thyroid carcinoma [20], oral squamous cell carcinoma [21],
EGFR-mutated lung adenocarcinoma [22], and other tumors
[23, 24]. In addition, SOV also has neuroprotective and anti-
diabetic effects [25, 26]. In our previous study, we have dem-
onstrated that 5μM SOV induced the apoptosis of SH-SY5Y
cells [27]. The results suggested that SOV could be a promis-
ing agent to treat the central nervous system tumors.

Multiple studies have shown that the combined use of 17-
AAG and other antitumor reagents enhanced its antitumor
efficacy. As an antitumor agent, can SOV combined with
17-AAG inhibit tumor development to a greater extent?
Therefore, on the basis of previous studies, we also used
SH-SY5Y cells as a cell model for relevant studies. Further-
more, studies have shown that SOV can play an antitumor
role by inhibiting the piRNA-PIWI signaling pathway [28,
29], so we want to know whether SOV and 17-AAG can
inhibit the proliferation and invasion of SH-SY5Y by inhibit-
ing PIWI protein-related signaling pathways.

In this study, we mainly investigated the role of 17-AAG
alone or combined with SOV in inhibiting the viability and
invasion of SH-SY5Y cells and also explored the potential
mechanism of action.

2. Materials and Methods

2.1. Materials and Reagents. The human NB SH-SY5Y cell
line was purchased from the Cell Bank of Chinese Academy
of Sciences (Cat. No.: SCSP-5014, Shanghai, China). The cells
were resuspended and plated on a 10 cm petri dish with
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone),
supplemented with 10% fetal bovine serum (FBS; Gibco),
100U/ml penicillin, and 100μg/ml streptomycin (Sigma
Chemical Co., St. Louis, Missouri), and were grown in a 5%
CO2 incubator at 37

°C. After culturing for 72 h, the nonad-
herent cells were removed. The plastic-adherent cells were
treated with 0.25% trypsin containing 1mM EDTA and
passaged when they reached about 90% confluent density
and subcultured continuously.

2.2. Cellular Viability Assay. Cellular viability was assessed by
an MTT assay (Sigma, USA). In this method, SH-SY5Y cells

were seeded in 96-well culture plates at a density of 2000
cells/well in triplicates and subsequently treated with differ-
ent concentrations (0, 0.001, 0.01, 0.1, 1, 5, 10, and 25μM)
of 17-AAG (Sigma, USA) for 24, 48, 72 h, or 96 h. Control
cells were treated with an equal amount of DMSO in culture
medium. After treatment, the cells were incubated with a
20μl MTT reagent (5mg/ml) for 4 h, and then, the superna-
tant was discarded and 150μl DMSO was added, followed by
colorimetric analysis using a multilabel plate reader (Bio-
Rad) at 490nm. Cell viability was measured relative to
untreated cells at each time point. The formula is as
follows: Cell viability ð%Þ = ðA490 of experimental group − A
490 of blank groupÞ/ðA490 of control group − A490 of blank
groupÞ × 100%. Data are presented as the mean ± standard
errors from independent experiments.

2.3. Count and Viability Testing. The quantitative analysis of
cell count and viability were obtained using the Muse™
Count & Viability Kit (MCH100102, Merck KGaA, Darm-
stadt, Germany) on the Muse™ Cell Analyzer (Millipore
Corporation, USA). The Muse™ Count & Viability Reagent
differently stains viable and dead cells based on their perme-
ability to the two DNA binding dyes present in the reagent.
First, 1 × 106 of SH-SY5Y cells were treated with 5μM 17-
AAG or DMSO for 24, 48, 72, or 96 h and then were stained
with 450μl Muse™ Count & Viability Reagent in a sample
tube for at least 5 minutes. Finally, the samples were detected
by the Muse™ Cell Analyzer according to the manufacturer’s
instructions. The Muse™ Count & Viability Software Module
then performs calculations automatically and displays data in
two dot plots.

2.4. Western Blot. 5 × 105 of SH-SY5Y cells were planted on
10 cm dishes and treated with PBS, 5μM 17-AAG, 5μM
SOV (Sigma-Aldrich), or the mixture of 5μM (17-AAG
+SOV) for 72h. Then, the cells were lysed with RIPA buffer,
and protein concentrations were estimated using the BCA
Protein Assay Kit (Thermo Scientific, Rockford, IL). Equal
amounts of protein (40μg) were used for Western blot anal-
ysis with antibodies to anti-PIWIL2 (Bioss, bs-3817R) and
anti-Bcl-xl (ABclonal, A0209). Specific antibody binding
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Figure 1: The cell viability of SH-SY5Y cells after 17-AAG
treatment at 24 h, 48 h, 72 h, and 96 h (n = 3). P < 0:05.
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was detected by horseradish peroxidase-conjugated goat
anti-rabbit antibodies (Santa Cruz) and visualized with the
ECL reagent (Santa Cruz) according to the manufacturer’s
protocol. Antibody to β-actin was used to evaluate protein
loading in each lane.

2.5. Apoptosis Assays. Apoptotic cell death was assessed by
the Annexin V-FITC Apoptosis Detection kit (KeyGen
Biotech, Nanjing, China) according to the manufacturer’s
instructions. Firstly, 1 × 105 of SH-SY5Y cells were seeded
in 6-well plates, treated with PBS, 5μM 17-AAG, 5μM
SOV, and the mixture of 5μM (17-AAG+SOV) for 24, 48,
or 72h, then were double-stained with Annexin V-FITC

solution and PI/RNase solution in the dark. Then, each sam-
ple was analyzed by FACSort flow cytometry (BD, San Jose,
CA, USA). The percentages of cells staining positive for
Annexin V were calculated, and means as well as standard
error were plotted. Three separate experiments were
performed for each group.

2.6. Cell Invasion Assay. Cell invasion assays were performed
by using the BD Matrigel Basement Membrane Matrix (BD
Biosciences, New Jersey, USA) according to the manufac-
turer’s instructions. The diluted Matrigel (1 : 5 ratio) was
added to the upper chamber of a 24-well Transwell plate
(Corning Company, New York, USA) and incubated at
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Figure 2: 5 μM17-AAG reduces the percentage of viable cells at 24, 48, and 72 h. (a) The flow chart of SH-SY5Y cells in the control group and
17-AAG group. The viable cells are located in the top left, and dead cells are located in the lower right. (b) The bar graph of the average percent
of viable cells and dead cells in the control group and 17-AAG group (n = 3, ∗P < 0:05, ∗∗P < 0:01).
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37°C for 4-5 hours for gelling. Then, 2 × 105 SH-SY5Y cells in
100μl DMEM serum-free medium were seeded into the
upper compartment of the chamber, while 600μl medium
containing 20% FBS was added to the bottom compartment
of the chamber. The drugs of 5μM 17-AAG, 5μM SOV,
the mixture of 5μM (17-AAG+SOV), or PBS were added
into the upper chamber. Transwell plates were incubated at
37°C in a humidified atmosphere containing 5% CO2 in air
for 24 hours, and then, the noninvaded cells on the upper
side of the chamber were wiped with cotton swabs. The cells
that had migrated from the Matrigel into the pores of the
inserted filter were fixed with 90% ethanol for 30 minutes
and stained with 0.1% crystal violet dye for 10min. The num-
ber of cells invading through the Matrigel was counted under
an inverted microscope, and nine fields per well were
counted. Each assay was repeated three times.

2.7. Statistical Analysis. All quantitative variables were
expressed as the mean ± standard deviation ðSDÞ and tested
for normality using homogeneity variances prior to further
statistical analysis. Each experiment was repeated three
times. The data were analyzed by one-way ANOVA followed
by Tukey’s posttest using SPSS software, version 16.0. Differ-
ences were considered statistically significant at P < 0:05.

3. Results

3.1. 17-AAG Inhibits Cell Growth and Viability in SH-SY5Y
Cells. To demonstrate the role of 17-AAG in NB, we investi-
gated how 17-AAG affects cell viability in SH-SY5Y cells with
different concentrations. After that, SH-SY5Y cells showed
reduction in cell viability after 24 h of treatment with 5μM
17-AAG, with a maximum reduction at 96h (Figure 1). This
antiviability effect was dose- and time-dependent at 1, 5, 10,
and 25μM at 48, 72 h, and 96h. These results indicated that
17-AAG inhibits NB cell viability. Therefore, 5μM 17-AAG
was used for further assays.

3.2. 17-AAG Reduces the Percentage of Viable Cells. The flow
chart showed that viable cells are located in the top left and
dead cells are located in the lower right (Figure 2(a)). After
17-AAG treatment, the average percentages of viable cells
were 85:13 ± 5:72, 76:63 ± 13:36, and 68:63 ± 1:10 at 24 h,
48 h, and 72h, respectively, while those in the control group
were 96:53 ± 1:15, 91:73 ± 6:95, and 90:73 ± 1:81, respec-
tively (Figure 2(b), ∗P < 0:05, ∗∗P < 0:01). This suggested that
17-AAG could reduce the percentage of viable cells, espe-
cially at 72 h, about 24.3% (Figure 2(b)).

3.3. 17-AAG Reduces the Expression of PIWIL2 and Bcl-xl
Proteins. Western blot was performed to determine if 5μM
17-AAG inhibited the expression of PIWIL2 and Bcl-xl pro-
teins in SH-SY5Y cells. The results showed that the expres-
sion of PIWIL2 and Bcl-xl proteins in SH-SY5Y cells
reduced after treatment of 5μM 17-AAG, 5μM SOV, and
the mixture of the two drugs (Figure 3(a)). In addition, the
protein levels in the 5μM (17-AAG+SOV) group reduced
more than those in 5μM 17-AAG or 5μM SOV groups,
which indicated that the combined effect is greater than the
use of the single drug. Quantification analysis revealed the
above results (Figure 3(b), ∗P < 0:05, ∗∗P < 0:01).

3.4. 17-AAG and SOV Treatment Induces Apoptosis in SH-
SY5Y Cells. The early apoptotic cells could be stained by
Annexin V, which is located in the right lower quadrant
(Figure 4(a)). The results showed that 5μM 17-AAG, 5μM
SOV, and the mixture of 5μM (17-AAG+SOV) treatment
increased the apoptotic rates of SH-SY5Y cells at 24 h, 48 h,
and 72h, compared with those in the control group
(∗P < 0:05, ∗∗P < 0:01, Figure 4(b)). In addition, the com-
bined effect of 5μM17-AAG and 5μMSOVwas greater than
the single use of any drug, and the apoptotic rates reached the
climax at 48 h, then declined at 72 h (Figure 4(b)).

3.5. 17-AAG or SOV Treatment Inhibits the Invasion of SH-
SY5Y Cells. SH-SY5Y cells that migrated into the lower
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Figure 3: 5μM 17-AAG, 5μM SOV, and the mixture of 5μM (17-AAG+SOV) reduce the expression of antiapoptotic protein at 72 h. (a)
Western blot analysis of PIWIL2 and Bcl-xl protein level in SH-SY5Y cells. β-Actin was the loading control. (b) The bar graph showed the
mean ± SD of the ratio interest proteins/β-actin band intensity obtained by pooling the results from 3 independent experiments in SH-
SY5Y cells, respectively (n = 3, ∗P < 0:05, ∗∗P < 0:01).
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Figure 4: Continued.
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chamber were stained with crystal violet (Figure 5(a)). The
results showed that amounts of migrated cells in the control,
5μM 17-AAG, 5μM SOV, and 5μM (17-AAG+SOV) groups
were 62:33 ± 2:08, 30:67 ± 4:02, 42:00 ± 2:00, and 23:67 ±
3:07, respectively, (Figure 5(b), ∗P < 0:05, ∗∗P < 0:01). After
5μM 17-AAG, 5μM SOV, or the mixture of 5μM (17-AAG
+SOV) treatment, the invasion rates decreased 50.8%, 32.6%,
and 62.0%, respectively, compared with the control groups.

It can be concluded that both 17-AAG and SOV treatment
inhibited the invasion of SH-SY5Y cells, and the combined
effect of them was greater than the single use of any drug.

4. Discussion

Here, we describe the effects of 17-AAG used alone or in
combination with SOV on apoptosis and invasion of SH-
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Figure 5: 5 μM 17-AAG, 5 μM SOV, and 5 μM (17-AAG+SOV) inhibit the invasion of SH-SY5Y cells. (a) SH-SY5Y cells invaded into the
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SY5Y cells and explore the level of PIWIL2 expression as a
promising mechanism. Our research has achieved certain
results and provided a therapeutic strategy for the treatment
of tumors.

HSP90 is a molecular chaperone required for the stability
and function of many proteins. The survival, growth, and
invasive potential of cancer cells can be enhanced by
HSP90. And HSP90 inhibitors are promising new anticancer
agents, among which 17-AAG is in clinical evaluation now
[30]. 17-AAG has exhibited lower toxicity and improved
stability and induced reduction of key regulators of signal
transduction in many human tumors, including colon and
breast cancers [31, 32].

In our study, we found that 17-AAG inhibited cell growth
and viability in SH-SY5Y cells at different concentrations
(Figure 1). When we treated SH-SY5Y cells with 5μM 17-
AAG, the cells’ viability reduced sharply at 24, 48, 72, and
96 h (Figure 1). So, we used this concentration for further
tests. The results of apoptosis and invasion assay showed that
the single use of 17-AAG or SOV induced significant apopto-
sis and inhibited the invasion in SH-SY5Y cells at 24 h, 48 h,
and 72 h, compared with those in the control groups
(Figures 4 and 5). And the combined use of the two drugs
had a more significant effect than the single use of any drug,
which demonstrated that 17-AAG and SOV have a synergis-
tic inhibitory effect on SH-SY5Y cell development. The anti-
tumor effects of 17-AAG or SOV were demonstrated in
multiple studies [14, 19, 24], and our study confirmed the
advantages of their combined usage.

It has been reported that PIWI proteins played a role in
germ cell proliferation, differentiation, germline stem cell
maintenance, and transposon control in germline from Dro-
sophila to mammals. The PIWIL2 gene is mainly expressed
in the testis or embryonic cells among normal tissues but
widely expressed in tumors [33, 34]. Increasing evidence
has proven that PIWI proteins are linked to the hallmarks
of cancer, such as cell proliferation, antiapoptosis, and inva-
sion. This provides new possibilities for anticancer therapies
through the targeting of PIWI proteins [35, 36]. Bcl-xl is one
of the leading members of the Bcl-2 protein family and exerts
its antiapoptotic role to mediate the interaction with the
proapoptotic members of the same Bcl-2 family [37, 38].
Lee et al. demonstrated that PIWIL2 inhibited apoptosis
and stimulated proliferation through activation of
Stat3/Bcl-xl and enhancement of Stat3/cyclin D1 signaling
pathways [39, 40]. In our previous studies, we have known
that SOV inhibited the growth of SH-SY5Y cells via the
piRNA-PIWI signal, which is consistent with the report of
Izumi et al. in the silkworm ovary-derived BmN4 cells [41].
Then, we want to verify if 17-AAG can enhance this effect.
The result of Western blot showed that the expression of
PIWIL2 and Bcl-xl proteins reduced when treated with 17-
AAG, SOV, and the mixture of the two drugs (Figure 3).
Besides, the result of the apoptosis assay showed that the
single use of 17-AAG or SOV induced significant apoptosis
in SH-SY5Y cells at 24 h, 48 h, and 72 h, compared with those
in the control groups (Figure 4). And the combined use of
the two drugs had more significant effect than the single
use of any drug, which demonstrated that 17-AAG could

enhance the apoptosis effect induced by SOV in SH-SY5Y
cells. In addition, the invasion assay showed that 17-AAG
or SOV treatment inhibited the invasion of SH-SY5Y cells,
compared with control groups, and the combined use of
the two drugs had greater effect than the single use of any
drug (Figure 5). Therefore, we speculated that 17-AAG
plays its role by modulating PIWIL2 via the piRNA-PIWI
signal pathway.

The limitations of this study may include the mecha-
nism of molecular action which remains to be further
studied. In addition, we have only conducted in vitro exper-
iments, and in vivo and clinical trials are essential if clinical
transformation is to be achieved. Furthermore, there are
some shortcomings in 17-AAG itself. At present, it is mainly
improved by combining nanomaterials [42, 43], and related
researches can be carried out in the later stage. Despite the
fact that this study is preliminary, we clearly indicated that
17-AAG used as a single agent or combined with SOV had
antineoplastic effect on SH-SY5Y, which may offer a new
strategy to treat neuroblastoma or other central nervous
system tumors/diseases.

5. Conclusions

In conclusion, 17-AAG can promote apoptosis and inhibit
invasion of SH-SY5Y cells. Furthermore, a synergistic inhib-
itory effect of 17-AAG combined with SOV has been shown
on SH-SY5Y cells. This synergistic effect was mediated
through induction of apoptosis by downregulating PIWIL2-
related pathways.
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