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Abstract This study aims to investigate whether the expres-
sion of heat shock protein 90 (HSP90) is associated with the
malignant pheochromocytoma (PHEO) and the effects of 17-
allylamino-17-demethoxygeldanamcyin (17-AAG) on the
expression of vascular endothelial growth factor (VEGF) in
PHEO cell line PC12. The expression of HSP90 was inves-
tigated in 38 paraffin-embedded samples of PHEO patients
using immunohistochemistry. The time and concentration
effects of 17-AAG were investigated in PHEO PC12 cells.
Cell proliferation was measured by MTT assay and cell
counting. Apoptosis was detected by flow cytometry. Posi-
tive staining for HSP90 was found in 14 of 17 malignant
(82.35 %) and in 5 of 21 (23.81 %) benign PHEOs. There
existed a significant statistical difference between the malig-
nant group and the benign ones (P<0.001). 17-AAG
inhibited the proliferation of HCC cells in a time- and
concentration-dependent manner. The apoptosis rates of PC12
cells after treatment with 0.1 μmol/L for 6, 12, 24, and 48 h
were significantly higher than that in blank control group. 17-
AAG significantly downregulated VEGF-165 protein level in
PC12 cells. This study has confirmed that the specific HSP90
inhibitor 17-AAG can play a therapeutic role in malignant
PHEO treatment, and HSP90 qualifies as a promising new
target in malignant PHEO.
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Introduction

Pheochromocytomas (PHEOs) are rare neuroendocrine tu-
mors that derive from chromaffin cells of the adrenal medulla
[1]. Most of PHEOs are benign, and the rate of malignancy
has long been cited as 10 %; however, recent study has
estimated that it may be as high as 26 % [2]. There is
currently no generally effective therapy for malignant
PHEO. At the moment, chemotherapy and radionuclide ther-
apy are the main treatment options of choice in the case of
malignant PHEO. The 5-year overall survival of patients
with unresectable metastatic disease is 40–72 % [3]. There-
fore, this urges the need for innovative nonsurgical treatment
options for patients with malignant PHEO.

Heat shock protein 90 (HSP90) is a molecular chaperone
that comprises 1–2 % of total cellular protein content and
regulates the correct conformation, activity, function, and
stability of over 200 client proteins [4]. Several observations
support the importance of the activation of HSP90 in a
variety of human cancers, suggesting an increased reliance
of cancer cells on HSP for maintenance of cellular viability
[5, 6]. Enhanced or diminished expression of HSP90 pro-
motes cell survival or growth inhibition, respectively [7, 8].
Targeting HSP90 may represent a therapeutic strategy that
could potentially interfere with multiple oncogenic pathways.

Recently, HSP90 inhibitors have been considerably im-
proved; 17-allylamino-17-demethoxygeldanamycin (17-
AAG), as the first-in-class HSP90 inhibitor and the first to
enter clinical trials, has shown significant antitumor activity
in preclinical studies [9–11]. It can not only inhibit cell
proliferation and induce apoptosis by mediating the HSP90,
which results in inhibition of tumor growth, but also suppress
angiogenesis. For many years, many investigators have tried
to identify primary tumor phenotype of PHEO to tailor appro-
priate therapy and follow-up to the individual. However,
expression of HSP90 in malignant PHEO and the effect of
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17-AAG on malignant PHEO have not been clarified until
recently. A recent study has suggested that HSP90 inhibitors
may benefit patients with advanced PHEO [12], yet no large
studies have been conducted on growth-inhibitory effect of
HSP90 inhibitors on malignant PHEO through angiogenesis
pathway. Therefore, the aim of our study is to investigate the
expression of HSP90 in malignant PHEO tissue and evaluate
the efficacy of 17-AAG in vitro through angiogenesis pathway.

Materials and methods

Patients and tissues

A total of 38 paraffin-embedded samples of PHEO were
obtained from 38 patients undergoing surgery between
1990 and 2010. The preoperative diagnosis was confirmed
by increased plasma and urinary catecholamine (adrenaline
and norepinephrine) or their metabolites (metanephrine and
occasionally vanillylmandelic acid) and by specific, un-
equivocal imaging findings (CT, MRI, or radiotracer-labeled
metaiodobenzylguanidine scan). Syndromic or familial cases
(multiple endocrine neoplasia type 2A or 2B, von Hippel–
Lindau disease, or neurofibromatosis type 1) were not includ-
ed in this study. For histological evaluation, sections were
stained with hematoxylin and eosin. There were two clinically
defined subject groups: 21 benign (male 10, female 11, aging
from 19 to 77 years old, average 41.53) and 17 malignant
intramedullar PHEOs (male 9, female 8, aging from 21 to
74 years old, average 47.05). The diagnosis of malignant was
established according to the criteria: (1) presence of wide-
spread local invasion at time of surgery, (2) history of recur-
rence, and (3) metastasis which occur to sites normally devoid
of chromaffin tissue. Standard demographic data, information
on presenting signs and symptoms, results of routine labora-
tory tests, and preoperative radiographic imaging studies were
obtained by reviewing these records. Besides clinical diagno-
sis, histopathologic slides were classified by two pathologists
independently and no discrepancy exists between them. How-
ever, when the tumor invades the vessel, massive necrotic area
is found in the tumor tissue, or more than five out of ten HP
mitosis cells ar found in the borderline tumor but nometastasis
in any non-chromaffin issues, it is treated as benign. The
tissues are from the patients who did not receive radiotherapy
or chemotherapy. The follow-up data were obtained from
patient's medical records. Each patient was evaluated at regu-
lar intervals postoperatively. Routine examination, including
blood pressure measurement, plasma or urine catecholamine
(MN/NMN), imaging examinations, was done every 3 to
6 months for 5 years and every 6 months thereafter to follow
patients and possibly identify recurrence. The mean post-
surgery follow-up of patients was 126.3 months (range, 97–
264 months) for the benign group and 92.2 months (range,

11–220 months) for the malignant group, respectively. This
study was approved by the Ethics Committee of Ruijin Hos-
pital. All patients provided informed consent.

Cells culture and reagents

PC12, a rat PHEO cell line, was obtained from American
Type Culture Collection (Manassas, VA) and cultured in
Dulbecco's Modified Eagle Medium (Invitrogen Inc., Carls-
bad, CA) supplemented with 10 % fetal bovine serum and
antibiotic/antimycotic at 37 °C, 5 % CO2. The HSP90 inhib-
itor 17-AAG (Cayman, USA) was solubilized in dimethyl
sulfoxide (DMSO) before use. Vascular endothelial growth
factor (VEGF) protein (Roche, Switzerland), rabbit anti-rat
VEGF antibody (PeproTech, USA), and mouse anti-human
HSP90 antibody (Abcam, USA) were obtained.

Immunohistochemical analysis

To evaluate the HSP90 expression in malignant PHEO, the
immunohistochemical analyses were performed using the
EnVision method (DAKO, Glostrup, Denmark). Antigen
retrieval was achieved by microwave at 750 W for 15 min,
and the sections were incubated with 10 % normal goat
serum at room temperature for 10 min to block nonspecific
reactions. This was followed by a PBS wash and incubation
with polyclonal mouse anti-human HSP90 antibody (Abcam,
USA) diluted to 1:100 for 12 h at 4 °C. Localization of
immunostaining was demonstrated by incubation with EnVi-
sion–peroxidase system. The staining results of pancreatic
carcinoma tissue sections which HSP90 positive had already
known were regarded as positive control, PBS instead of
primary antibodies was as negative control.

Evaluation of immunohistochemical results

Positive HSP90 staining was characterized by purple–brown
granules located diffusely in the cell cytoplasm. Lack of any
obvious purple–brown or brown–red pigmentation in the
cytoplasm of tumor cell was considered negative. For quan-
titative analyses of expression, five visual fields were ran-
domized selected per section under high power microscope
(×400), and 200 cells were counted in each high power field.
Staining was scored according to the percent of positive
staining tumor cells, including 0—less than 5 %, 1—5 to
29 %, 2—30 to 50 %, and 3—greater than 50 %, and as
intensity, including 0—no, 1—weak, 2—moderate, and
3—strong staining. Positive or negative expression was de-
termined according to the combinationof these 2 variables. A
total score of greater than 3 was considered positive and a
total score of 3 or less was considered negative, as previously
reported [13]. The results were scored by two independent
pathologists who were blinded to the diagnosis.
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Cell viability measurement

Cell viability was analyzed by Thiazolyl Blue (MTT,
Sigma-Aldrich, USA). The cells were divided into three
groups: negative controls (the solvent DMSO treated cells
served as control), blank controls, and experiment groups.
The experiment group was divided into two groups. Cells
of the first group that were grown to 70–80 % confluency in
96-well plates were treated with 17-AAG at a final concen-
tration of 0.005, 0.025, 0.05, 0.1, 0.25, 0.5, 1.0, and 2.0-
μmol/L for 12, 24, or 48 h, respectively. In addition, PC12
cells were treated with 150 μg/L VEGF (VEGF group),
0.1 μmol/L 17-AAG (17-AAG group), and 0.1 μmol 17-
AAG + 150 μg/LVEGF (17-AAG + VEGF group), respec-
tively. The blank group was only added culture fluid. Cells
treated with 100 μL cell suspension and DMSO were used
as negative control. After the reaction with the drugs for 12,
24, and 48 h, cells were then treated withMTT (10 mL/well)
for 4 h at 37 °C. Cells were subjected to absorbance reading
at 570 nm using a 96-well microplate reader. The OD values
were normalized to cells treated with 0 nmol/L of 17-AAG.
Percentage of residual cell viability was determined as
[(OD of experiment group−OD of blank group)/(OD of
negative group−OD of blank group)]×100 %. Assays were
performed three times.

Cell morphology and number counting

PC12 cells were seeded in 96-well plates at a density of
2×104 cells/ well. After continuous incubation for 24,
48, and 72 hours, cell suspensions were smeared on a
slide and air-dried, fixed in methanol, and stained with
Wright−Giemsa staining solution for 2 min. Cells were ob-
served under inverted microscope. To count the increased cell
number, PC12 cells were then trypsinized and cell number was
counted using hemocytometer by two researchers blinded to
the experimental design. The increased cell number was cal-
culated as percentage of the cells treated with 0 nmol/L of 17-
AAG.

Flow cytometry assay of cell apoptosis

After treating cells with 17-AAG, the PC12 cells were
washed twice in cold PBS and labeled with Annexin V-
FITC and propidium iodide (PI) and analyzed immediately
after staining with a FACScan flow cytometer (BD Bio-
sciences) and FlowJo software according to the manufac-
turer's recommendations. Quantification of Annexin V-
FITC and PI binding was conducted with a FACScan flow
cytometer. Cell flow cytometric analysis was used to dif-
ferentiate between living, early apoptotic, late apoptotic/
necrotic, and necrotic cells by staining with Annexin V-
FITC and PI.

Cell extracts and immunoblotting

Cells were harvested and homogenized in cell lysis buffer
containing the following: 50 mM Tris–HCl pH 8.0, 150 mM
NaCl, 1 % Triton X-100, 100 μg/mL phenylmethylsulfonyl
fluoride, and 1 mM DTT. After centrifugation at 12,000-
rev/min for 30 min at 4 °C, supernatants were used and
separated by SDS-PAGE (using 10 % gels) and transferred
onto polyvinylidene fluoride membranes (Millipore, Billeri-
ca, MA). The membranes were blocked with 5 % nonfat milk
and then incubated with primary antibodies, including rabbit
anti-rat VEGF-165 antibody (PeproTech, USA) and actin
(1:10,000; MP Biomedicals, Germany). Membranes were
washed three times for 10 min each with Tris-buffered saline
(50 mM Tris, pH 7.4, 0.9 % NaCl) containing 0.05 % Tween
20 (TBS-T) and incubated with horseradish peroxidase-
conjugated secondary antibodies. Membranes were then washed
again three times for 10 min each with TBS-T. Target protein
bands were visualized using the enhanced chemiluminescence
method. Western blot experiments were repeated at least three
times with independent cell preparations.

Statistical analysis

Data analyses were performed using SPSS statistical package
15.0. Patient characteristics are shown as the mean±SD for
continuous variables and as the count and percent for discrete
variables. Phenotypic differences in quantitative traits were
assessed by genotype using the t test or ANOVA. Differences
in the distribution of qualitative traits by genotype were
assessed by standard chi-square analysis and Fisher's exact
test. A P value less than 0.05 was considered significant.

Results

HSP90 is expressed in overwhelming majority of malignant
PHEOs

Positive staining for HSP90 was found in 14 of 17 malignant
(82.35 %) and in 5 of 21 (23.81 %) benign PHEOs (Fig. 1).
There existed a significant statistical difference between the
malignant group and the benign ones (P<0.001), which
indicated the upregulation of HSP90 in malignant cells of
the adrenal medulla.

17-AAG plays an inhibiting role in proliferation of PC12
cells

MTT assay shows that 17-AAG in experiment group 1
inhibit the proliferation of PC12 cells with time and dose
dependence. As shown in Fig. 2, 17-AAG significantly
reduced cell survival rate in PC12 cells in a time- and dose-
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dependent manner (P<0.05). The half maximal growth inhib-
itory concentration after 24 h (IC50) was 0.05 μmol/L. In
experiment group 2, PC12 cells were treated with 150 μg/L
VEGF (VEGF group), 0.1 μmol/L 17-AAG (17-AAG group),
and 0.1 μmol 17-AAG and 150 μg/L VEGF (17-AAG +
VEGF group), respectively. In this group, PC12 cell survival
rate in VEGF group and 17-AAG + VEGF group is much
higher than 17-AAG group (P<0.01), while the survival rate in
17-AAG + VEGF group is lower than VEGF group (P<0.01)
(Fig. 3).

Morphological observation of PC12 cells

Wright–Giemsa staining shows that the cell volume did not
change apparently after intervention of 17-AAG in experi-
ment group 1. There are bud hooks on the cell membrane and
vacuole in the cytoplasm. The nucleus staining is not all-dyed.

The nuclear deformation, karyopyknosis, and coenocytes can
be seen. In the negative control group and blank control group,
no karyopyknosis can be found and the nuclear remains
normal, round, and all-dyed (Fig. 4).

HSP90 inhibition induces apoptosis in PC12 cells

In PC12 cells, apoptosis significantly increased after inhibi-
tion of HSP90. We test the survival rates after action of 17-
AAG in 6, 12, 24, and 48 h in group 1. The results show that
the cell survival rate in each point of time (Q1 + Q3) is much
higher than the blank control (P<0.01) (Fig. 5). The survival
rate in 17-AAG + VEGF group is 12.3 %, much lower than
the 17-AAG group (22.3 %), which has statistical signifi-
cance (Fig. 6).

VEGF-165 expression tested in Western blotting

After action with 0.1 μmol/L 17-AAG in 6, 12, 24, and 48 h,
the expression of VEGF-165 is gradually lower. The compar-
ison between expression level of VEGF-165 and negative
control groups is statistical significant (P<0.01) (Figs. 7 and 8).

Discussion

Malignant PHEO has a poor prognosis and the 5-year sur-
vival rate is about 44 %, while the 5-year survival rate of
surgically treated benign PHEOs is over 95 % [13]. The
diagnosis of malignant PHEO can only be determined by
the presence of recurrence or metastatic disease at a site
where chromaffin cells do not normally exist [14]. However,
the molecular mechanisms responsible for malignant PHEO
development have not been elucidated. Therefore, novel
approaches to diagnose malignant PHEO early to ensure effec-
tive therapy are drastically needed.

Fig. 1 Positive expression of HSP90 in the malignant PHEO (magni-
fication ×100)

Fig. 2 17-AAG inhibits proliferation of PC12 cells. Cell number was
measured by MTT assay, 17-AAG concentration-dependently inhibited
PC12 cell proliferation at 12, 24, and 48 h (*P<0.05; **P<0.01)

Fig. 3 Comparison of cell survival rates among subgroups in experi-
ment group 2 (*P<0.05; **P<0.01)
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HSP90 regulates the fate of a variety of client proteins
crucial for multiple cell signaling processes in eukaryotic
cells, including AKT, IL-6R, BCR-ABL, and Apaf-1. Many
client proteins of HSP90 are involved in signal transduction
pathways whose deregulationmay drive cancer [15]. Avariety
of receptor tyrosine kinases including VEGFR, IGFR, and

EGFR are client proteins of HSP90, which depend on
HSP90 to achieve active conformation or increase stability.
These client proteins are available to promote growth factor
independence, resistance to drugs, proliferation, tissue invasion,
metastasis, and angiogenesis, all critical components for tumor
progression and survival [16]. In this study, our findings on

Fig. 4 17-AAG induced cell morphological changes. Morphology of PC12 cells observed by Wright–Giemsa staining ×100 (a experiment group 1;
b negative control group; c blank control group)

Fig. 5 17-AAG induced cell apoptosis in PC12 cells. Cell apoptosis was detected by flow cytometry with Annexin-FITC/PI double staining (a blank
control group; b negative control group; c experiment group 1 after 6 h; d after 12 h; e experiment group 1 after 24 h; f experiment group 1 after 48 h)
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malignant PHEOs are in line with the previous reported
overexpression of HSP90 in different tumor entities, including
invasive breast tumors, gastrointestinal stromal tumors, and
others [17, 18].

HSP90 inhibition has attracted considerable interest in the
past two decades for the treatment of advanced cancers [19,
20]. In general, HSP90 inhibitors display remarkable selec-
tivity for cancer cells as compared to normal cells [5, 6]. And
due to specific conformations of the chaperone, it has been
implicated in cancer versus normal cell sensitivity to HSP90
inhibitors: HSP90 was shown to display higher binding
affinity for 17-AAG exclusively in cancer cells, leading
to the formation of 17-AAG-sensitive HSP90-containing
“superchaperone” complexes in malignant cells, whereas nor-
mal cells bearing a predominantly uncomplexed HSP90 are
significantly less sensitive to these types of inhibitors.
According to concerned research reports [21, 22], as the
first-in-class HSP90 inhibitor, 17-AAG can inhibit various
tumor cells from proliferation, induce the apoptosis of tumor
cell, and show the time and dose dependence. Kaur et al. [23]
found that 17-AAG can inhibit the endothelial cell from
proliferation, motility, invasion, and inducement of apoptosis,
all of which can be through angiogenesis pathway. However,
whether 17-AAG possesses growth-inhibitory effect on PC12
cells through angiogenesis pathway has not yet been exam-
ined. In our study, we treated PC12 cells with different con-
centrations of 17-AAG. Cell survival rate was measured by
MTT assay, cell morphology was observed by Wright–
Giemsa staining, and cell apoptosis was detected by flow

cytometry. All of this is to test the inhibiting effect of 17-
AAG. The MTT assay showed that 17-AAG inhibited the
growth of PC12 cell lines in a time- and dose-dependent
manner. In this study, IC50s of 17-AAG for PC12 cells at
24 h was 0.05 μmol/L. These values were within the range of
IC50 values, but at relatively low level, as previously reported
in other cancer cells [24]. Our results validate HSP90 as an
important target in malignant PHEO and provide rationale for
the testing of HSP90 inhibitors as a promising therapeutic
agent in clinical trials.

Angiogenesis is an essential process for growth of tumor
and metastasis of solid malignancy. One of the most potent
endothelial mitogens and mediators of angiogenesis is
VEGF. The induction of VEGF in cancer cells can be medi-
ated through activation of various signaling pathways such
as PI3K/AKT. Nguyen et al. [25] reports that by observing
H358 cell and rat tumor cell lines in vitro, 17-AAG can both
obviously inhibit the creation of VEGF, which proves that
17-AAG is an effective medicine which can regulate the
expression of genes of VEGF. In addition, Hur et al. [26]
also affirms that 17-AAG can reduce the angiogenesis of
tumor cells by inhibiting the genes of VEGF. In our previous
study, we recognized that VEGF are highly expressed in the
malignant PHEO [27]. To make sure whether the function of
17-AAG has an effect on VEGF expression, expression of
VEGF-165 protein was determined by western blotting in
PC12 cells treated with different concentrations of 17-AAG.
Our study first demonstrated that 17-AAG significantly
downregulated VEGF-165 protein level in PC12 cells.

Fig. 6 17-AAG induced cell apoptosis in PC12 cells. Cell apoptosis was detected by flow cytometry with Annexin-FITC/PI double staining (a
VEGF group; b negative control group; c 17-AAG group; d 17-AAG + VEGF group)

Fig. 7 17-AAG regulated
VEGF-165 protein expression. a
Expression of VEGF-165 in
PC12 cells detected by Western
blotting; b semiquantitative
analysis of blots. Effects of
0.1 μmol/L 17-AAG on
expression of VEGF-165 protein
in PC12 cells (**P<0.01)
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In conclusion, our data show that HSP90 is overexpressed
in malignant PHEOs. HSP90 inhibitor 17-AAG inhibited
cell proliferation and induced apoptosis through the direct
degradation of VEGF in a time- and dose-dependent manner.
The 17-AAG treatment may provide a promising strategy for
the antitumor therapy of PHEO, and HSP90 qualifies as a
promising new target in malignant PHEO.
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