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Abstract
Background—Operative resection is the only curative treatment for pheochromocytomas.
Inhibition of the phosphatidylinositol-3 kinase (PI3K)-Akt pathway has been shown to be an
effective treatment of neuroendocrine (NE) tumors in vitro. We hypothesized that inhibition of the
PI3K-Akt pathway would be a viable strategy to inhibit growth and hormonal secretion in
pheochromocytoma cells.

Methods—Sixteen pheochromocytomas were analyzed for expression of phosphorylated Akt and
the NE marker achaete scute complex-like 1 (ASCL1). Pheochromocytoma PC-12 cells were
treated with up to 100 µM of the PI3K-specific inhibitor LY294002 for 48 h. Western blot
analysis was used to measure phosphorylated Akt, total Akt, ASCL1, chromogranin A (CgA), and
markers of apoptosis. Growth was assessed by a methylthiazolyldiphenyl-tetrazolium (MTT)
bromide cellular proliferation assay for six days.

Results—Human pheochromocytomas expressed significant amounts of phosphorylated Akt,
and there was a significant correlation between malignant pheochromocytomas and the amount of
expressed ASCL1. LY294002 significantly inhibited the PI3K-Akt pathway. Treatment led to a
dose-dependent decrease in both ASCL1 and CgA, indicating an alteration in the NE phenotype
and hormonal suppression. Treatment decreased cellular proliferation, and cleavage of the
apoptotic markers caspase-3 and PARP was observed.

Conclusions—Human pheochromocytoma tumor samples express high levels of
phosphorylated Akt. LY294002 effectively inhibits the PI3K-Akt pathway, suppresses NE tumor
markers, and decreases cellular proliferation via apoptosis in vitro. Inhibition of the PI3K pathway
may represent a new strategy in the treatment of pheochromocytomas.

Introduction
Originating from neural crest cells, pheochromocytomas are considered neuroendocrine
(NE) tumors. Pheochromocytomas are catecholamine-secreting neoplasms that typically
arise from the adrenal medulla, but they also occur in extra-adrenal rests throughout the
body [1]. These hormonally active tumors secrete vasoactive compounds, leading to the
classic presentation of episodic headache, sweating, tachycardia, and hypertension [2, 3].
Pheochromocytoma is rare: less than 0.5% of patients with hypertensive symptoms have a
pheochromocytoma [4], and the incidence of pheochromocytoma may be higher in patients
with a history of cancer [5]. Surgical excision remains the only definitive cure for benign
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lesions, and unresectable or malignant disease has no effective treatment; therefore, novel
approaches must be found.

Recently, advances have been made in targeted therapies of NE tumors such as
pheochromocytoma. One of these pathways is the phosphatidylinositol 3′ kinase (PI3K)-Akt
pathway. The PI3K-Akt pathway regulates normal cellular functions such as growth,
survival, proliferation, and motility. PI3K is activated upon binding of growth factor
receptor tyrosine kinases or G protein-coupled receptors. In turn, PI3K activates Akt
(alternaively, protein kinase B) by phosphorylation at the threonine 308 and serine 473
residues. Activated Akt then interacts with a number of downstream targets including
caspases, mTOR, Bad, AP-1, and transcription factors such as nuclear factor-kappa B (NF-
κB) [6].

In many cancers, including NE tumors, the PI3K-Akt pathway is overexpressed [6, 7]. In
PC-12 cells, which are used as a model for both neural development and
pheochromocytoma, Akt was shown to be the effector of PI3K-mediated survival in the
developing nervous system [8]. Nerve growth factor (NGF) can activate PI3K-Akt as a
survival pathway, demonstrating that overexpression of this pathway is able to prevent
apoptosis [9]. Under hypoxic conditions, pheochromocytoma cells upregulate Akt as a
protective antiapoptotic response [10]. In a study of surgically obtained tumor samples,
Fassnacht et al. found that Akt is highly phosphorylated in pheochromocytomas, whereas it
was not as highly phosphorylated in benign adrenocortical tumors [11]. This led us to
hypothesize that inhibition of the PI3K-Akt pathway could lower NE markers, suppress
hormonal secretion, and inhibit growth in an in vitro model of pheochromocytoma.

Methods
Human tissue samples

After we obtained informed consent, we collected human pheochromocytoma tumor
samples during surgical excision. The samples were frozen in liquid nitrogen and stored at
−80°C. The identity of the tumors was verified by histologic review. Tumor cell lysates
were prepared from the frozen samples by grinding in liquid nitrogen, and the samples were
lysed as previously described [12]. The lysates were analyzed by Western blotting for
phosphorylated Akt (pAkt), achaete scute complex-like 1 (ASCL1), and neuron-specific
enolase (NSE), as described below. Relative amounts of protein expression were quantified
using QuantityOne (version 4.6.3, BioRad Laboratories, Hercules, CA) standardized to the
amount of protein loaded in each lane.

Cell culture
Rat pheochromocytoma PC-12 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA) and were maintained in Ham’s F12K medium (ATCC)
supplemented with 15% horse serum (Sigma Aldrich, St. Louis, MO), 2.5% fetal bovine
serum (Sigma Aldrich), and 100 IU/ml penicillin plus 100 µg/ml streptomycin (Invitrogen,
Carlsbad, CA), as previously described [13–15]. The cells were maintained in a humidified
atmosphere of 5% CO2 at 37°C.

Western blot analysis
The PC-12 pheochromocytoma cells were treated with the PI3K-specific inhibitor
LY294002 (Sigma Aldrich) in concentrations from 0 to 100 µM, and whole cell lysates were
prepared as previously described [12]. An equal volume of dimethyl sulfoxide (DMSO;
Sigma Aldrich) was used as a control. Total protein concentrations were quantified with a
bicinchoninic acid assay kit (Pierce Biotechnology, Rockford, IL). Denatured cellular
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extracts were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto nitrocellulose membranes (Schleicher and Schuell, Keene, NH),
blocked in milk, and incubated with appropriate antibodies.

The antibody dilutions were prepared as follows: 1:500 for chromogranin A (CgA; Zymed
Laboratories, San Francisco, CA); 1:1,000 for ASCL1 (BD Biosciences, San Diego, CA),
NSE (Research Diagnostics, Flanders, NJ), total Akt, poly-ADP ribose phosphate (PARP),
cleaved caspase-3 (Cell Signaling Technology, Beverly, MA); 1:2,000 for pAkt (Cell
Signaling Technology), and 1:10,000 for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Trevigen, Gaithersburg, MD).

Horseradish peroxidase conjugated goat anti-rabbit IgG (1:2,000, Cell Signaling
Technology) secondary antibody was used for cleaved caspase-3, CgA, GAPDH, PARP,
pAkt, and total Akt, while goat anti-mouse IgG (1:200, Pierce Biotechnology) secondary
antibody was used for ASCL1. For visualization of the protein signal, Immunstar (Bio-Rad
Laboratories, Hercules, CA) was used for CgA, PARP, total Akt, and GAPDH. SuperSignal
West Femto (Pierce Biotechnology) was used for ASCL1, pAkt, and cleaved caspase-3
according to the manufacturer’s instructions.

Cell proliferation assay
Cell proliferation was measured by the methylthiazolyldiphenyl-tetrazolium bromide (MTT;
Sigma-Aldrich) rapid colorimetric assay. Cells were seeded in equal amounts in
quadruplicate on 24-well plates and incubated overnight. The cells were then treated with
LY in concentrations of 0, 25, 50, 75, and 100 µM and incubated for up to 6 days. Every 2
days, treatment medium was changed, and the MTT assay was performed by replacing the
standard F12K medium with 250 µl of serum-free medium containing MTT (0.5 mg/ml) and
incubating at 37°C. After 4 h of incubation, 750 µl DMSO was added to each well and
mixed thoroughly. The absorbance of each well on the plates was then measured at 540 nm
with a spectrophotometer (µQuant; Bio-Tek Instruments, Winooski, VT).

Statistical analysis
As appropriate to presented data, one-way analysis of variance (ANOVA) and the
independent samples t-test were performed with SPSS (version 11; SPSS, Inc., Chicago, IL);
P ≤ 0.05 was considered to be significant.

Results
Pheochromocytoma cells express high levels of phosphorylated Akt

A total of 16 primary pheochromocytoma tumor samples were analyzed. Of the 16 tumors,
10 were benign, 3 were extra-adrenal abdominal paraganliomas, and 3 were malignant.
Malignancy was defined as documented meta-static disease, either at the time of operation
or from future metastases. All pheochromocytomas expressed high amounts of pAkt as
measured by Western blot analysis (Fig. 1). Moreover, there was a significant association
between malignant disease and relative levels of the proneuroendocrine transcription factor
ASCL1 (P < 0.05, one-way ANOVA), suggesting that these tumors may express a stronger
NE phenotype. Having confirmed that the PI3K-Akt pathway is active in
pheochromocytoma tumors, we wanted to investigate its activity and effects in PC-12 cells.

LY294002 inhibits phosphorylation of Akt in pheochromocytoma cells
The PC-12 pheochromocytoma cells were treated with the Akt inhibitor LY294002 for two
days. At baseline, PC-12 cells express high levels of pAkt at serine 473. This indicates that
pheochromocytomas have a strongly activated PI3K-Akt pathway (Fig. 2). Treatment with
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LY294002 resulted in a dose-dependent decrease in pAkt, indicating inhibition of the
pathway. There was no change in the total expression of Akt with increasing concentrations
of LY294002. This inhibition is similar to an effect demonstrated in medullary thyroid
cancer cells [16]. Thus, the PI3K-Akt pathway is highly active in pheochromocytoma cells,
and it can be inhibited by LY294002.

Inhibition of Akt decreases neuroendocrine markers and suppresses hormonal secretion
Treatment with LY294002 led to a dose-dependent decrease in ASCL1 (Fig. 3). Achaete
scute complex-like 1 is a basic helix-loop-helix transcription factor that promotes neuronal
differentiation and serves as a marker of the NE phenotype. It also downregulates CgA and
limits hormonal secretion [17]. Chromogranin A is an acidic glycoprotein co-secreted with
hormones by NE tumors. Reductions in CgA levels are correlated with decreases in
hormonal secretion [13, 14]. We therefore wanted to see if LY294002 was also able to
decrease CgA in PC-12 pheochromocytoma cells. As shown in Fig. 3, treatment of PC-12
cells with LY294002 decreased CgA, suggesting an overall decrease in hormonal secretion.
Thus, inhibition of the PI3K-Akt pathway leads to an inhibition of the NE phenotype and a
decrease in hormonal secretion.

LY294002 significantly limits pheochromocytoma cell growth
Our group has demonstrated growth suppression associated with PI3K-Akt inhibition in
medullary thyroid cancer cells [16]. We wanted to see if inhibition of the PI3K-Akt similarly
affected cellular proliferation of PC-12 cells. The MTT growth assay was used to determine
the impact on pheochromocytoma cell growth. Growth was inhibited in a dose-dependent
manner by LY294002 (Fig. 4). Moreover, growth was significantly suppressed after only 2
days by the lowest amount of LY294002 used (P < 0.001, one-way ANOVA). Therefore,
blocking the PI3K-Akt pathway is a potent strategy for growth inhibition of
pheochromocytoma cells.

Inhibition of the PI3K pathway leads to apoptosis in pheochromocytoma cells in vitro
Noticing significantly limited cellular proliferation with LY294002 treatment in PC-12 cells,
we wanted to study the mechanism of this inhibition. We used a Western blot for PARP and
caspase-3. Both of these proteins are well-known markers of the apoptotic pathway, and
their cleavage is indicative of apoptosis. After 2 days of PI3K inhibition by LY294002,
increased cleavage in both PARP and caspase-3 (Fig. 5) was noted. These increases were
dose dependent and suggest that the cell death observed by MTT was due to apoptosis,
which indicates that LY294002 causes growth inhibition via apoptosis. This concurs with
other reports that overexpression of Akt prevents apoptosis in PC-12 cells [8–10, 18].

Discussion
Surgical resection is the only cure for benign pheochromocytomas. For unresectable or
malignant disease, current medical treatment remains unsatisfactory. Thus there is an urgent
need for targeted pharmacologic treatments of greater value and potency. In
pheochromocytoma, these therapeutics could affect diverse targets such as the Notch1 [15],
raf-1 [13], and GSK-3β [14] pathways. Targeting multiple pathways accomplishes two aims:
it potentially increases the efficacy of treatments and it gives insight into how these tumors
arise. We present here the results of the PI3K-Akt pathway inhibition in pheochromocytoma
cells.

In this study, we demonstrate that human pheochromocytomas have high levels of pAkt at
baseline. We also show that the inhibition of the PI3K-Akt pathway leads to a diminished
NE phenotype, decreased hormonal secretion, and an inhibition of growth via apoptosis.
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This was accomplished with the use of the PI3K-specific inhibitor LY294002. Previous
studies have demonstrated that the overexpression of Akt inhibits apoptosis and enhances
survival of PC-12 cells [8–11, 18]. Our results make sense within this context, because
PI3K-Akt pathway inactivation reverses the antiapoptotic effect of Akt overexpression. An
important conclusion from this study is that the same pro-survival pathway in neuronal
development can be exploited for growth inhibition in the treatment of pheochromocytoma.

Significantly, this study includes an analysis of human pheochromocytomas. From the tumor
samples analyzed, it is clear that these tumors express significant amounts of phosphorylated
Akt, which suggests that the pathway is active in pheochromocytomas and represents a
therapeutic target.

Importantly, there was a significant association between the NE marker ASCL1 and
malignant pheochromocytoma. It has been shown in knockout mice that ASCL1 is necessary
for the development of chromaffin cells [19]. This is not limited only to differentiation of
catecholamine-secreting ability, but affects the entire cell lineage in mice. Taken together,
these findings imply that ASCL1 is an important marker in malignant pheochromocytoma.

We demonstrate that inhibition of the PI3K-Akt pathway causes a decrease in the NE
phenotype and a suppression of hormonal secretion. A decrease in ASCL1 and CgA is also
seen when the Notch1 [15], raf-1 [13], and GSK-3β [14] pathways are inhibited in
pheochromocytoma cells. This would suggest that, at least downstream, these various targets
might interact to affect the NE phenotype and promote the significant symptomatic burden
on patients with pheochromocytoma. As these patients often suffer from symptoms such as
sweating, headache, tachycardia, and hypertension, inhibition of the PI3K-Akt pathway
could be therapeutically useful if it decreases hormonal secretion. This would also make the
pathway an appealing target for future development.

The PI3K-Akt pathway is a commonly dysregulated pathway in human cancers [7]. This
appears to also apply to NE tumors, including pheochromocytoma. In this study, we used
LY294002, a known pharmacologic inhibitor of PI3K. However, LY294002 is not a viable
therapeutic agent for use in humans because of its poor solubility and short half-life; current
studies focus on pharmacologically viable inhibitors of these pathways, such as SF1126
[20]. Progression to clinical trials would require a more viable PI3K inhibitor.

In conclusion, satisfactory treatment of malignant or unresectable pheochromocytoma
remains elusive. In this study, we examined the human tumor samples and the importance of
targeting the pro-survival PI3K-Akt pathway in pheochromocytoma. Human tumor samples
demonstrated an active PI3K-Akt pathway. Inhibition of the PI3K-Akt pathway with
LY294002 in pheochromocytoma cells downregulated the NE phenotype, decreased
hormonal secretion, and suppressed growth via apoptosis. Thus, targeting this pathway may
represent a new treatment strategy for patients with unresectable or malignant
pheochromocytoma.
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Fig. 1.
The PI3K-Akt pathway is highly active in pheochromocytoma. There were 10 benign (B), 3
malignant (M), and 3 extra-adrenal paragangliomas (P). Surgically removed
pheochromocytomas show a significant amount of active, phosphorylated Akt (pAkt).
Moreover, there was a significant association between the levels of ASCL1 and malignant
and extra-adrenal pheochromocytomas. The identity of these tumors was verified with NSE,
a marker of NE tissue. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is shown as a
loading control. ASCL1 achate scute complex-like 1; NSE neuron-specific enolase; NE
neuroendocrine
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Fig. 2.
The PI3K-specific inhibitor LY294002 inhibits Akt in pheochromocytoma cells. Treatment
for 2 days with increasing concentrations of LY294002 decreases the amount of active,
phosphorylated Akt (pAkt). The amount of total Akt is not affected by LY294002. GAPDH
is shown as a loading control
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Fig. 3.
Inhibition of the PI3K-Akt pathway reduces ASCL1 and CgA. Western blot analysis showed
a decrease in levels of ASCL1, a proneuroendocrine transcription factor, and chromogranin
A (CgA), a marker of hormonal secretion. Inhibition of the PI3K-Akt pathway leads to a
decrease in the NE phenotypte and hormonal secretion
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Fig. 4.
LY294002 limits growth of PC-12 pheochromocytoma cells. PC-12 cells were treated with
increasing amounts of LY294002 for up to 6 days, and cell viability was determined by a
methylthiazolyldiph-enyltetrazolium bromide (MTT) colorimetric growth assay. Points
represent mean ± SE. All treatments are significantly different from control after day 2 (* P
< 0.001, one-way ANOVA)
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Fig. 5.
Inhibition of the PI3K-Akt pathway causes apoptosis. PC-12 cells were treated with the
indicated concentrations of LY294002 for 2 days, and total cell lysates were prepared. An
increase in the cleavage of poly-ADP ribose phosphate (PARP) and caspase-3 suggests that
apoptosis induced cell death. GAPDH was used as a loading control. PARP
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