
Abstract. Neuroblastoma is a childhood cancer that exhibits
either a favorable or an unfavorable phenotype. MYCN and
MYC are oncoproteins that play crucial roles in determining
the malignancy of unfavorable neuroblastoma. The Hsp90
superchaperone complex assists in the folding and function
of a variety of oncogenic client proteins. Inhibition of Hsp90
by small molecule inhibitors leads to the destabilization of
these oncogenic proteins and consequently suppresses tumor
malignancy. Nonetheless, little is known about the effect
of Hsp90 inhibition on the stability of MYCN and MYC
proteins. In this study, we investigated the effect of Hsp90
inhibition on the phenotype of unfavorable neuroblastoma
cells including its effect on MYCN and MYC expression.
Two MYCN-amplified neuroblastoma cell lines (IMR5 and
CHP134) and two non-MYCN-amplified cell lines (SY5Y
and SKNAS) were used to address the effect of Hsp90
inhibition on the malignant phenotype of neuroblastoma. It
was found that Hsp90 inhibition in neuroblastoma cell lines
resulted in significant growth suppression, a decrease in
MYCN and MYC expression, and an increase in the expres-
sion of p53. In the TP53-mutated SKNAS cell line, Hsp90
inhibition enhanced the expression of the favorable neuro-
blastoma genes EFNB2, MIZ-1 and NTRK1 (TrkA). In
addition, Hsp90 inhibition reduced HDAC6 expression and
enhanced tubulin acetylation. Together our data suggest that
Hsp90 inhibition suppresses the growth of neuroblastoma
through multiple cellular pathways and that MYC/MYCN
destabilization is among the important consequences of
Hsp90 inhibition. 

Introduction

Neuroblastoma is a neural crest-derived tumor and is the
most common extracranial pediatric malignancy. The tumor
accounts for 7-10% of all childhood cancers and is the cause
of ~15% of fatalities in children with cancer. Neuroblastoma
is unique because of its propensity to exhibit either a favorable
or an unfavorable phenotype. Favorable neuroblastomas can
undergo spontaneous regression or maturation. These tumors
are also curable by surgical removal with or without adjuvant
chemotherapy. In contrast, unfavorable neuroblastomas
exhibit unrestrained growth despite the most intensive
treatment (1,2).

About half of unfavorable neuroblastomas are MYCN-
amplified and express high levels of MYCN. MYCN ampli-
fication is associated with rapid tumor progression and the
worst disease outcome (3-5). A recent report suggests that in
non-MYCN-amplified unfavorable neuroblastomas, MYC
rather than MYCN expression provides the aggressive pheno-
type (6). There is also a clear-cut dichotomy that MYCN-
amplified neuroblastoma cell lines express MYCN, whereas
non-MYCN-amplified neuroblastoma cell lines express MYC
at high levels. These observations suggest that MYCN or
MYC expression is one of the major determining factors of
neuroblastoma malignancy.

The concept of favorable neuroblastoma genes was first
introduced in our previous study (7). High-level expression
of favorable neuroblastoma genes is associated with good
neuroblastoma disease outcome. In addition, forced expression
of these genes in unfavorable neuroblastoma cells results in
growth suppression. Notably, MYCN-amplified neuroblasto-
mas, the most aggressive form of the tumor, exhibit little or
no expression of these genes. Thus far, several favorable
neuroblastoma genes have been identified, which include
EPHB6, EFNB2, EFNB3, NTRK1 (TrkA), CD44 and MIZ-1
(7-12). We have previously reported that known favorable
neuroblastoma genes are epigenetically silenced in unfavorable
neuroblastoma cells (13). In addition, our study suggests that
favorable neuroblastoma gene expressions can be considered
molecular indicators of the effectiveness of chemotherapeutic
agents against neuroblastoma cells (9).

Hsp90 is essential for maintaining the conformational
maturation, stability and activity of client proteins, including
many key proteins necessary for the oncogenic phenotype.
These proteins include BCR-ABL, ERBB2, EGFR, CRAF,
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BRAF, AKT, MET, VEGFR, FLT3, androgen and estrogen
receptors, HIF-1·, and telomerase. Inhibition of Hsp90 by
small-molecule inhibitors leads to destabilization of its client
oncogenic proteins and consequently suppresses tumor malig-
nancy (14). Nonetheless, there has been little information on
the effect of Hsp90 inhibition on the stability of MYC and
MYCN proteins.

Studies on the effect of Hsp90 inhibition in neuroblas-
toma have also been limited. It was reported that an Hsp90
inhibitor, geldanamycin, depleted AKT and IGF1R and
suppressed growth of non-MYCN-amplified SK-N-SH and
MYCN-amplified IMR32 human neuroblastoma cell lines
in vitro (15). The effect of Hsp90 inhibition in preclinical test
settings has generated mixed results so far. It was shown that
Hsp90 inhibitors 17-AAG and EC5 had growth suppressive
effects on xenografts of two neuroblastoma cell lines, SK-N-
SH and LAN-1 (MYCN-amplified) (16). In contrast, a limited
efficacy of 17-DMAG on xenografts of several neuroblas-
toma cell lines was later reported (17). None of these studies
examined the expression of MYC and MYCN proteins as
indicators of the malignancy of neuroblastoma cells in culture
or xenografts in response to Hsp90 inhibition. In this study,
we have shown that Hsp90 inhibition suppresses the malignant
phenotype of unfavorable neuroblastoma cells by down-
regulating MYCN and MYC, increasing p53 expression, and
enhancing tubulin acetylation as well as the expression of
favorable neuroblastoma genes. 

Materials and methods

Neuroblastoma cell lines. The neuroblastoma cell lines (IMR5,
CHP134, SY5Y and SKNAS) were grown in RPMI-1640
supplemented with 5% fetal bovine serum and OPI (1 mM
oxaloacetate, 0.45 mM pyruvate, 0.2 U/ml insulin, final con-
centration). These cell lines tested negative for mycoplasma,
and their identity was validated by the original source. IMR5
(a clone of IMR32) and CHP134 were received from Dr
Roger H. Kennett (Wheaton College, Wheaton, IL). SY5Y
was the gift from Dr Robert Ross (Fordham University,
Bronx, NY). SKNAS was from Dr C. Patrick Reynolds (The
Texas Tech University Health Sciences Center, Lubbock,
TX).

MTS assay. An MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carbo-
xymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt] assay (a water soluble form of the MTT assay) was
performed as described in our previous study (7). 17-(dimethyl-
aminoethylamino)-17-demethoxygeldanamycin hydrochlo-
ride (17-DMAG) was purchased from LC Laboratories,
Woburn, MA, USA. The stock solution was made at 2.5 mM
in H2O, filter-sterilized and stored at -20˚C.

Western blot analysis. Western blotting was performed
according to the method previously described (18) except
SuperSignal West Dura extended duration substrate (Pierce)
was used. Light emission signals were captured by an LAS-
3000 (Fujifilm) digital image analyzer. Cell extracts were
made in 2-D gel sample buffer (9 M urea, 2% Nonidet-P40,
2% 2-mercaptoethanol, and 0.32% pH 3-10, 2D pharmalyte),
and the protein content of the samples was determined by the

BioRad protein assay kit using bovine serum albumin as a
standard and the sample buffer as the blank. Antibodies used
to detect proteins of interest are described in the figure legends.

Reverse transcription and TaqMan real-time PCR. RNAs
were isolated from neuroblastoma cell lines using the Qiagen
RNeasy kit. Total RNA (2 μg) was used to synthesize cDNA.
The experimental procedures for the reverse transcription
were performed as previously described (19). The quanti-
tative real-time PCR was done using an iQ5 real-time PCR
machine (BioRad). TaqMan probes were purchased from
Applied Biosystems, Inc., and the multiplex qPCR mix
(QuantiTect Multiplex PCR kit) was purchased from Qiagen.
Relative quantification of expression levels of genes of
interest was done by the ΔΔCt method using the expression
of GAPD RNA as an internal control. The experimental
procedures were performed according to the instructions
provided by Qiagen and BioRad. 

Subcellular fractionation. Cell pellets washed in Dulbecco's
modified phosphate-buffered saline (D-PBS) were re-
suspended in D-PBS containing 0.5% Nonidet P-40 (vol/vol)
and 1% (v/v) Sigma proteinase inhibitor cocktail (P8340) by
pipetting 20 times using a 200 μl Rainin pipetter. The resulting
homogenates were centrifuged for 60 sec in an Eppendorf
microfuge at 100 rcf. The supernatants contain the cytoplasm,
membrane and mitochondria fractions, and the pellets contain
the nuclear fraction. The pellets were further washed in the
above solution and centrifuged in the same fashion. The
supernatant was collected and designated as the nuclear wash
fraction. The resultant pellets were extracted with the 2-D gel
sample buffer (see Western blot section), and the cleared
supernatants, after being centrifuged at 13,200 rpm for 5 min
in an Eppendorf centrifuge were designated as the nuclear
fraction. 

Transient transfection of neuroblastoma cells with MIZ-1.
Full-length cDNA of MIZ-1 was cloned into an eukaryotic
expression vector, pEAK12. The neuroblastoma cells indicated
(Fig. 8) were transfected with the pEAK/MIZ-1 construct by
electroporation using an XCell electroporator (BioRad) (120 V
square wave for 20 msec). To examine MIZ-1 protein
expression by Western blot analysis and 2-D gel analysis, the
cells were harvested at 24 h after transfection.

2-D gel analysis. The 2-D gel electrophoresis was done
according to the ReadyPrep™ 2-D Starter Kit and PROTEAN®

IEF cell instruction manuals. Briefly, cell extracts for 2-D gel
electrophoresis were made in the 2-D sample buffer (see
Western blot section). An 11-cm, pH 3.0-10, immobilized pH
gradient (IPG) strip was re-hydrated directly with 200 μl
ReadyPrep rehydration/sample buffer, which included 50 μg
cell extract at room temperature, overnight. The re-hydrated
IPG strips were then placed on a PROTEAN IEF cell and the
first dimension electrophoresis was performed using the rapid
voltage ramping program. After the first dimension electro-
phoresis, the IPG strips were equilibrated consecutively with
Equilibration Buffer I (BioRad) and with Equilibration
Buffer II containing iodoacetamide (BioRad). The IPG strips
were then placed on 4-20% Criterion pre-cast gels and the
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second dimension electrophoresis was performed using a
Criterion Cell (BioRad).

Results

Hsp90 inhibition results in growth suppression of unfavo-
rable neuroblastoma cells. All neuroblastoma cell lines to
date are derived from unfavorable neuroblastomas. To examine
the effect of Hsp90 inhibition on growth of unfavorable neuro-
blastoma cells, the four cell lines IMR5, CHP134, SY5Y and
SKNAS were used. IMR5 and CHP134 are MYCN-amplified
neuroblastoma cell lines and express high levels of MYCN.
SY5Y and SKNAS are non-MYCN-amplified cell lines and
express high levels of MYC. 17-DMAG was used as a model
agent for Hsp90 inhibitors because of its water solubility and
potency. As shown in Fig. 1, 17-DMAG inhibited growth of
the four neuroblastoma cell lines in dose-dependent fashions
after two days of the treatment. Among the cell lines, CHP134
was most sensitive to 17-DMAG treatments, whereas SKNAS
(a TP53-mutated line) was least sensitive to the treatments.
In addition, there was a biphasic growth inhibitory effect of
Hsp90 inhibition for SKNAS, SY5Y and IMR5. In these
three cell lines, 17-DMAG showed similar growth inhibitory
effects between the concentrations of 0.63 and 2.5 μM, and
its effect was further enhanced up to 10 μM according to the
dose. Based on these results, subsequent assays were done
using 17-DMAG at the dose of 5 μM for all neuroblastoma
cell lines.

The effect of Hsp90 inhibition on MYCN and MYC destabili-
zation in neuroblastoma cell lines. It has been shown that
inhibition of Hsp90 leads to the down-regulation of known
oncoproteins, including AKT, ERBB2, BRAF and BCR-
ABL (14). Nonetheless, whether or not Hsp90 inhibition
can affect MYC and MYCN stability has not been well
documented. In this study, we examined whether the growth
suppressive effect of Hsp90 inhibition on the neuroblastoma
cells was associated with MYCN and MYC destabilization in

these cells. As shown in Fig. 2A, treatment of these cell lines
with 17-DMAG resulted in a clear decrease in MYCN or
MYC expression as early as day 1 of the treatment. Early time
course studies showed that the effect of the drug treatment on
MYCN and MYC stability varied among the cell lines
examined (Fig. 2B). The drug treatment was most effective
against MYCN and MYC in IMR5 and SY5Y, respectively.
MYCN and MYC down-regulation was clearly observed in
IMR5 and SY5Y as early as 3 h of the drug treatment. A small
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Figure 1. Inhibition of Hsp90 by 17-DMAG results in significant growth
suppression of neuroblastoma cell lines. Neuroblastoma cells were treated
with 17-DMAG at the concentrations indicated. Two days after the treatments,
an MTS assay was done to determine the effect of the drug on growth of the
neuroblastoma cell lines indicated.

Figure 2. Treatment of neuroblastoma cells with 17-DMAG results in a
decrease in MYCN expression (IMR5 and CHP134) and MYC expression
(SY5Y and SKNAS). (A) IMR5, CHP134, SY5Y and SKNAS were treated
with 17-DMAG (5 μM) for 1, 2 and 3 days. The cells were harvested and
subjected to Western blot analysis. Total protein (5 μg) was loaded per lane.
The MYCN-specific monoclonal antibody, NCM II 100, was used to detect
expression of MYCN (38). The MYC-specific monoclonal antibody (9E10,
ATCC) and anti-ß-actin monoclonal antibody (C4, Santa Cruz Biotechnology)
were used to detect expression of MYC and ß-actin, respectively. (B) Time
course studies were performed to determine the expression of MYCN or
MYC in the neuroblastoma cells after 3, 6 and 9 h of 17-DMAG treatment
as described in (A).
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reduction of MYCN and MYC expression was also seen in
CHP134 and SKNAS treated with 17-DMAG for 3 and 9 h,
respectively. 

Inhibition of Hsp90 results in an increased p53 expression in
neuroblastoma cell lines. Our previous study indicated that
an elevated p53 expression had a suppressive effect on MYCN
expression in MYCN-amplified neuroblastoma cells (20). We
thus examined if Hsp90 inhibition by 17-DMAG could up-
regulate p53 expression in neuroblastoma cell lines. The
SKNAS cell line was not included in this experiment because
it harbors TP53 mutations (21,22). As shown in Fig. 3A,
treatment of IMR5, CHP134 and SY5Y with 17-DMAG in
fact resulted in an increased p53 expression as early as day 1
of the treatment. Early time course studies showed that the
effect of the drug treatments on p53 expression varied among

the cell lines examined. An enhancement of p53 expression
was most apparent in IMR5, in which p53 expression was
increased after 6 h of the drug treatment (Fig. 3B). There was
no apparent effect on p53 expression in CHP134 and SY5Y
up to 9 h of the drug treatment. 

The effect of Hsp90 inhibition on expression of p21WAF1 in
neuroblastoma cell lines. As described, Hsp90 inhibition
increased p53 expression in the neuroblastoma cells (Fig. 3).
We therefore examined if 17-DMAG treatment up-regulated
the expression of p21WAF1, a known target of p53. As shown
in Fig. 4, Hsp90 inhibition by 17-DMAG resulted in an up-
regulation of p21WAF1 expression in IMR5 and SY5Y cells,
but not in CHP134. SKNAS with TP53 mutations showed
little induction of p21WAF1 expression upon the drug treatment
(see Discussion).

The effect of Hsp90 inhibition on AKT expression in neuro-
blastoma cell lines. AKT is a known client protein of Hsp90,
and thus inhibition of Hsp90 leads to degradation of AKT
(23-25). In addition, the AKT pathway is known to stabilize
MYC (26) and MYCN (27). We thus examined the effect
of Hsp90 inhibition by 17-DMAG on AKT stability in the
neuroblastoma cells as a control, and to compare to the
MYCN and MYC destabilization described in Fig. 2A. As
shown in Fig. 5A, 17-DMAG treatment of the neuroblastoma
cells resulted in a decreased AKT expression. Kinetics of
AKT destabilization resembled to those of MYCN and MYC
down-regulation in the neuroblastoma cell lines examined
(Fig. 2A). In addition, Hsp90 inhibition by 17-DMAG treat-
ments did not change the subcellular localization of AKT,
MYCN and MYC in CHP134 and SKNAS cells (Fig. 5B).
Subcellular localization of these proteins in the drug-treated
IMR5 and SY5Y was not examined.

17-DMAG enhances tubulin acetylation in neuroblastoma
cells and such effect is accompanied by a reduction of HDAC6.
To address a potential role of Hsp90 inhibition in interfering
with mitosis, we examined the expression of acetylated tubulin
in the 17-DMAG-treated neuroblastoma cells. As shown in
Fig. 6, there was an increased expression of acetylated tubulin
in the drug-treated cells, suggesting that tubulin deacetylase
levels were down-regulated by Hsp90 inhibition. In fact,
expression levels of a tubulin deacetylase, HDAC6, were
markedly suppressed in these cells (Fig. 6).
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Figure 3. Treatment of neuroblastoma cells with 17-DMAG results in an
increase in p53 expression in IMR5, CHP134 and SY5Y. (A) IMR5, CHP134
and SY5Y were treated with 17-DMAG (5 μM) for 1, 2 and 3 days. The
cells were harvested and subjected to Western blot analysis. Total protein
(5 μg) was loaded per lane. A p53-specific monoclonal antibody, DO-1
(Calbiochem), was used to detect expression of p53. (B) Time-course studies
were performed to determine the expression of p53 in the neuroblastoma
cells after 3, 6 and 9 h of 17-DMAG treatment as described in (A).

Figure 4. The effect of 17-DMAG on p21WAF1 expression in neuroblastoma cells. IMR5, CHP134, SY5Y and SKNAS were treated with 17-DMAG (5 μM)
for 1 and 2 days. The cells were harvested and subjected to Western blot analysis. For p21WAF1 expression, total protein (20 μg) was loaded per lane. For ß-actin
expression, total protein (5 μg) was loaded per lane. A mouse monoclonal antibody (EA10, Calbiochem) was used to detect expression of p21WAF1 protein.
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Treatment of SKNAS cells with 17-DMAG results in an
increased expression of favorable neuroblastoma genes
EFNB2, MIZ-1, NTRK1 (TrkA) and growth suppressive genes
NRG1, SEL1L. Favorable neuroblastoma genes are known to

be growth suppressive (7,9,28,29). Since SKNAS is a TP53-
mutated cell line, we asked whether Hsp90 inhibition up-
regulated favorable neuroblastoma genes in SKNAS as an
alternative mechanism to p53 pathways in suppressing growth
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Figure 5. (A) The effect of 17-DMAG on AKT expression in neuroblastoma cells. IMR5, CHP134, SY5Y and SKNAS were treated with 17-DMAG (5 μM)
for 1, 2 and 3 days. The cells were harvested and subjected to Western blot analysis. Total protein (5 μg) was loaded per lane. An anti-AKT rabbit polyclonal
antibody (Cell Signaling) was used to detect the expression of AKT protein. (B) Subcellular localization of AKT in the 17-DMAG-treated CHP134 and
SKNAS cells. The expressions of Bax, MYCN and MYC were included as controls for the mitochondria/cytoplasm fraction and nucleus fraction,
respectively. An equal proportion of each fraction [cytoplasm (CY), nucleus wash (NW) and nucleus (N)] was analyzed by Western blot analysis using the
anti-AKT rabbit polyclonal antibody as described in (A), the anti-MYCN NCM II 100 antibody, the anti-MYC 9E10 antibody, and the anti-Bax rabbit
polyclonal antibody (N-20, Santa Cruz Biotechnology).

Figure 6. Treatment of neuroblastoma cell lines with 17-DMAG results in an enhancement of tubulin acetylation and a reduction of HDAC6 expression.
IMR5, CHP134, SY5Y and SKNAS were treated with 17-DMAG (5 μM) for 1, 2 and 3 days. The cells were harvested and subjected to Western blot analysis.
For acetylated tubulin expression, total protein (15 μg) was loaded per lane. For HDAC6 expression, total protein (20 μg) was loaded per lane. For ß-actin
expression, total protein (5 μg) was loaded per lane. An acetylated tubulin-specific monoclonal antibody (6-11B-1, Sigma) and an HDAC6-specific mouse
monoclonal antibody (D-11, Santa Cruz Biotechnology) were used to detect expression of proteins of interest.
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of these cells. As shown in Fig. 7, treatment of SKNAS cells
with 17-DMAG resulted in an increased expression of favo-
rable neuroblastoma genes (EFNB2, MIZ-1, NTRK1) as well
as growth suppressive genes (NRG1, SEL1L) (30,31). 

The effect of Hsp90 inhibition on MIZ-1 protein expression.
Thus far, MIZ-1 is the only known favorable neuroblastoma

gene to encode a transcription factor (9). Previous studies
from our group and others suggest that MIZ-1 positively
regulates expression of other favorable neuroblastoma genes
(9) and genes encoding CDK inhibitors (CDKN1A, CDKN2B)
(32-34). We thus investigated if MIZ-1 protein expression
was also up-regulated in the 17-DMAG-treated cell lines. As
shown in Fig. 8, MIZ-1 protein was detected in the four cell
lines treated with 17-DMAG. However, it was noted that treat-
ment of these cells with 17-DMAG induced a smaller mole-
cular weight MIZ-1 protein (~90 kDa) as compared to that of
MIZ-1 detected in MIZ-1-transfected cells (~125-130 kDa).
In addition, results shown in Fig. 8 were reproducible when
different anti-MIZ-1 antibodies were used (Fig. 8 legend). It
should be noted that based on the deduced amino acid sequence
of MIZ-1, its expected molecular weight is 88 kDa. To further
confirm data shown in Fig. 8, we performed 2-D gel analysis
using CHP134 and SKNAS treated with 17-DMAG. As shown
in Fig. 9, 17-DMAG did in fact induce MIZ-1 protein in these
cell lines, but the drug-induced MIZ-1 protein had a smaller
molecular weight (~90 kDa) and fewer post-translational
modifications as compared to that of the cells transfected
with MIZ-1 (see Discussion).

Discussion

To date, there has been no report to demonstrate that Hsp90
inhibition leads to down-regulation of MYC and MYCN. In
this study, we have shown that Hsp90 inhibition rapidly desta-
bilizes MYC and MYCN proteins in unfavorable neuroblas-
toma cells. Although the exact mechanism by which Hsp90
inhibition causes destabilization of MYC and MYCN is not
clear, our results suggest that MYC and MYCN are among
the Hsp90 client proteins. In addition, the AKT pathway is
known to stabilize MYC and MYCN (26,27). Since treatment
of neuroblastoma cells with 17-DMAG results in down-
regulation of AKT, one could explain the destabilization of
MYCN and MYC as a result of AKT inactivation.

Our data also suggest that there is yet an additional mecha-
nism for MYCN and MYC destabilization in neuroblastoma
cells with an intact p53 pathway. As described, inhibition
of Hsp90 by 17-DMAG up-regulates p53 expression and
concomitantly destabilizes MYCN (IMR5, CHP134) and

REGAN et al: Hsp90 INHIBITION RESULTS IN MYCN AND MYC DESTABILIZATION110

Figure 7. Enhanced expression of favorable neuroblastoma genes (EFNB2,
MIZ-1, NTRK1) and growth suppressive genes (NRG1, SEL1L) in 17-DMAG-
treated SKNAS. SKNAS cells were treated with 17-DMAG (5 μM) for 1, 2
and 3 days. RNAs were prepared from the control untreated cells and the
drug-treated cells. Expression of genes of interest was examined in duplicate
by TaqMan real-time PCR using gene-specific TaqMan Gene Expression
Assays (ABI). Expression levels of EFNB2, MIZ-1, NTRK1, NRG1, SEL1L
were presented as fold increase in the 17-DMAG-treated SKNAS cells over
the untreated control.

Figure 8. Treatment of neuroblastoma cell lines with 17-DMAG results in an induction of MIZ-1 protein expression. CHP134, SKNAS, IMR5 and SY5Y
were treated with 17-DMAG (5 μM) for 1, 2 and 3 days. The cells were harvested and subjected to Western blot analysis. MIZ-1-transfectants (designated as
MIZ-1 Tfx) were included as positive controls (see Materials and methods). For the drug-treated samples, total protein (20 μg) was loaded per lane. For the
MIZ-1-Tfx samples, total protein (5 μg) was loaded, with the exception of MIZ-1 IMR5 Tfx (2.5 μg protein was loaded). Anti-MIZ-1 rabbit polyclonal
antibody (H-190, Santa Cruz Biotechnology) was used to detect MIZ-1 protein. Similar results were obtained when anti-MIZ-1 polyclonal antibodies (SC-5987
and SC-5984, Santa Cruz Biotechnology) were used (data not shown).
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MYC (SY5Y). There is an inverse correlation between p53
expression and MYCN or MYC expression in 17-DMAG-
treated cell lines (Figs. 2 and 3). This observation is consistent
with our previous study, which shows that an elevated p53
expression results in a decreased MYCN expression in
MYCN-amplified neuroblastoma cells (20). However, the
identity of p53 targets that mediate the destabilization of
MYCN and MYC in the neuroblastoma cells remains to be
determined.

Based on the data shown in Figs. 3 and 4, the induction of
p21WAF1 is likely p53-dependent (SY5Y) and p53-independent
(IMR5). It is not clear why CHP134 with the intact p53
pathway, fails to induce p21WAF1 expression in response to
p53 induction mediated by Hsp90 inhibition. However, based
on our experience, it is more difficult to induce p21WAF1 protein
expression in CHP134 by drug treatments as compared to
other cell lines (20). Thus, the p21WAF1 response mechanism
to various environmental cues might be impaired in CHP134
cells.

Hsp90 is known to be key to the stability and function of
many proteins that are important to growth and survival of
cancer cells (14). To this end, our study has shown that
Hsp90 inhibition also causes HDAC6 destabilization. It is
known that HDAC6 is one of the tubulin deacetylases, and
thus, HDAC6 depletion by Hsp90 inhibition results in hyper-
acetylation of tubulin (Fig. 6). As Hsp90 inhibition results in
G2/M arrest (35,36), the hyper-acetylation of tubulin by
Hsp90 inhibition may in part be involved in this phenomenon.

The depletion of AKT and other kinases by Hsp90
inhibition should have global consequences in the cell. It has
been reported that MIZ-1 can be phosphorylated by AKT
(37). The induction of MIZ-1 protein with a smaller
molecular weight and fewer post-translational modifications
(Figs. 8 and 9) therefore may be due to the depletion of AKT
and/or other protein kinases that phosphorylate the MIZ-1
protein. In addition, our study shows that Hsp90 inhibition
up-regulates the expression of favorable neuroblastoma
genes (EFNB2, MIZ-1, NTRK1). We have previously shown
that favorable neuroblastoma genes are epigenetically silenced

in unfavorable neuroblastoma cells, but their expression can
be enhanced by the treatment of small molecule epigenetic
modifiers, including 5-aza-2'-deoxycitidine and 4-phenyl-
butyrate (13). As we have shown that HDAC6 is destabilized
by Hsp90 inhibition, epigenetic silencers such as other
HDACs and/or DNA methyltransferases may be among the
Hsp90 client proteins. Destabilization of epigenetic silencers
by Hsp90 inhibition may in turn activate many genes
silenced in unfavorable neuroblastoma cells, including those
described in this study.

In summary, our data suggest that Hsp90 inhibition sup-
presses the malignant phenotype of neuroblastoma through
multiple pathways. Furthermore, activation of the p53 pathway
and destabilization of MYC and MYCN are important mecha-
nisms to the growth suppressive effect mediated by Hsp90
inhibition in neuroblastoma. 
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