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Immunohistochemical Evidence
of Dysregulation of the Mammalian
Target of Rapamycin Pathway in
Primary and Metastatic Pheochromocytomas
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OBJECTIVE To characterize the status of the mammalian target of rapamycin pathway using formalin-fixed,
paraffin-embedded specimens from patients with primary and metastatic pheochromocytoma.

METHODS Tissue microarrays were built from 19 normal adrenal medullas, 39 primary pheochromocytomas,
and 8 unrelated metastatic pheochromocytomas. In 2 of the 8 cases of metastatic pheochromo-
cytoma tissues, samples from the primary tumor were available. The expression levels of
phosphatase and tensin homolog, phosphorylated Akt, phosphorylated S6, p27, and c-myc were
evaluated by immunohistochemistry.

RESULTS The levels of phosphatase and tensin homolog and p27 were greater in the nontumor tissue than
in the primary and metastatic pheochromocytomas. Increasing levels of phosphorylated Akt were
noted in the nontumor adrenal medulla, primary pheochromocytomas, and metastatic pheo-
chromocytomas. Finally, the levels of phosphorylated S6 were greater in the metastatic pheo-
chromocytomas than in the nontumor adrenal medulla and primary pheochromocytomas.

CONCLUSION We found evidence of dysregulation of the mammalian target of rapamycin pathway in primary
and metastatic pheochromocytomas, with increased phosphorylated S6 and phosphorylated Akt,
and decreased phosphatase and tensin homolog and p27 expression levels. Because the currently
available treatment modalities are less than optimal, our findings lend additional support to
continuing to explore the utility of mammalian target of rapamycin pathway-targeted therapy for

pheochromocytomas. UROLOGY 80: 736.e7–736.e12, 2012. © 2012 Elsevier Inc.
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Adrenal pheochromocytoma is a catecholamine-
secreting tumor arising from the chromaffin cells
of the adrenal medulla. Although most pheo-

chromocytomas have a benign clinical course, about 10%
of cases are malignant. Only the presence of metastatic
disease reliably establishes the malignancy of these tu-
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mors. Therefore, close clinical and biochemical follow-up
is recommended in all cases, even in tumors with bland
histologic findings.1,2 For malignant pheochromocytomas,
the reported 5-year survival rate from the point of diagnosis
is �50%.3-5 The main therapeutic option is in the form of
surgical cytoreduction, which is not curative and rarely
feasible in the event of disseminated metastatic disease.3,6,7

In the past, palliative cytoreductive therapies have been
explored, including iodine-131 metaiodobenzylguanidine,
streptozotocin, cyclophosphamide, vincristine, and decarba-
zine, mitotane, and tyrosine kinase inhibitors, all with lim-
ited success.7-11

Dysregulation of the mammalian target of rapamycin
(mTOR) pathway has been reported in several types of
malignancies, including lung carcinomas, clear cell renal
cell carcinomas, urothelial carcinomas, and neuroendo-
crine tumors.7,12-15 Additionally, in vitro studies have
uggested that dysregulation of the mTOR pathway is
mplicated in the pathogenesis of pheochromocy-
oma.16,17 First-generation mTOR inhibitors, such as

everolimus and temsirolimus, are already approved for

the treatment of renal cell carcinoma, and second-gen-

0090-4295/12/$36.00 736.e7
http://dx.doi.org/10.1016/j.urology.2012.04.032

mailto:gnetto1@jhmi.edu
http://dx.doi.org/10.1016/j.urology.2012.04.032


m
Š
c
t
r
p
(

eration mTOR inhibitors have also entered the clinical
trials arena.18 This approval has recently been extended
to pancreatic neuroendocrine tumors.15 However, expe-
rience with mTOR inhibitors in pheochromocytomas is
limited.19 In the present study, we evaluated the immu-
nohistochemical expression of members of the mTOR
pathway in primary and metastatic pheochromocytomas.
We also evaluated the expression levels of these biomark-
ers in nontumor tissue of the adrenal medulla.

MATERIAL AND METHODS

The present study included tissue samples from 47 patients with
pheochromocytoma who were diagnosed and treated by surgery
at the Johns Hopkins Medical Institutions (Baltimore, MD)
from 1996 to 2009. Of the 47 patients, 39 had primary pheo-
chromocytomas and 8 unrelated patients had metastatic pheo-
chromocytomas. Tissue from the primary tumor was available in
2 of these 8 metastatic pheochromocytomas. All tissue samples
were fixed in buffered formalin and embedded in paraffin. The
histologic sections were retrieved and reviewed for confirmation
of the original diagnosis. A first tissue microarray (TMA) was
built using triplicate tissue samples from the unmatched primary
and metastatic pheochromocytomas, as previously described.20

A second TMA was built using adrenal glands removed during
nephrectomy for renal cancer. This second TMA included 19
triplicate samples of microscopically normal adrenal medulla.
Finally, the 2 primary tumors that were matched to their cor-
responding metastatic pheochromocytomas were evaluated us-
ing whole sections.

The immunohistochemical expression of the following
mTOR pathway markers was evaluated: phosphatase and tensin
homolog (PTEN) (clone D4.3; dilution 1:50; Cell Signaling
Technology, Danvers, MA), phosphorylated (phos)-Akt (clone
736E11; dilution 1:50; Cell Signaling Technology), phos-S6
(polyclonal antibody; dilution 1:200; Cell Signaling Technol-
ogy), p27 (clone 57; dilution 1:4000; BD Transduction Labo-
ratories, San Jose, CA), and c-myc (clone Y69; dilution 1:300;
Epitomics, Burlingame, CA). For each marker, the percentage
of positive cells (0%-100%) and the intensity of staining (0,
1�, 2�, and 3�) per each extent were recorded. At each
TMA, the spot intensity and extent were multiplied, and their
values summed to form an H score (range 0-300). For the whole
slide sections, PTEN was evaluated in 3 selected spots (20�)
showing the lowest immunohistochemical expression (“cold
spots”). The remaining biomarkers were evaluated in 3 sele-
cted spots (20�) showing the greatest immunohistochemical
expression (“hot spots”). For each case, the average H score of
the spots was used for analysis.

Statistical Analysis
The H scores were compared using the paired Student t test for

atched cases and 1-way analysis of variance test with the
idák test for post hoc pair wise comparisons for unmatched
ases. The significance level was set at P � .05 for the Student
test and analysis of variance test and, after Bonferroni’s cor-

ection, at P � .01 for post hoc comparisons. All P values
rovided are 2-tailed. Data were analyzed using Stata, release 11

StataCorp, College Station, TX).
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RESULTS

Primary Pheochromocytomas
The mean patient age was 44 years (range 10-71). Of the
39 patients with primary pheochromocytomas, 21 (54%)
were men and 18 (46%) were women (male/female ratio
1.16:1). The tumor size ranged from 0.9 to 12.5 cm
(mean 5.3). Of the 39 cases, 31 were sporadic and 8 were
associated with genetic syndromes (5 with multiple en-
docrine neoplasia type 2A, 2 with neurofibromatosis, and
1 with Von Hippel-Lindau disease). The patients with
syndromic cases presented at an earlier age than those
with sporadic cases (age 38 vs 46 years), but the differ-
ence was not significant (P � .48). The syndromic cases
also presented with smaller tumors than the sporadic
cases (3.2 vs 5.9 cm, P � .037).

Metastatic Pheochromocytomas
For the 8 patients with metastatic pheochromocytomas,
the mean patient age at presentation was 52.5 years
(range 36-71). A marked male predominance was ob-
served, with 7 men and 1 woman. The site of the meta-
static disease was retroperitoneal lymph nodes in 6 pa-
tients and bone in 2 patients. At 1.5 and 2 years
postoperatively, 4 patients were alive with disease and 2
had died of their disease, respectively.

Analysis of Immunohistochemical Expression
The patterns of immunohistochemical expression for the
mTOR pathway-related biomarkers are depicted in Fig-
ure 1. The expression levels in nontumor adrenal me-
dulla, primary pheochromocytomas, and metastatic pheo-
chromocytomas are listed in Table 1 and Figure 2A. The
PTEN and p27 levels were greater in the nontumor tissue
than in the primary and metastatic pheochromocytomas.
Increasing levels of phos-Akt were noted in the nontu-
mor adrenal medulla, primary pheochromocytomas, and
metastatic pheochromocytomas. Finally, the phos-S6 lev-
els were greater in the metastatic pheochromocytomas
than in the nontumor adrenal medulla and primary pheo-
chromocytomas and were similar in the latter 2.

The biomarker levels between the matched primary
and metastatic cases are listed in Table 2 and Figure 2B.
The PTEN levels were markedly greater in the primary
pheochromocytomas than in the metastatic pheochro-
mocytomas. The opposite trend was noted for phos-Akt,
with markedly greater levels in metastatic pheochromo-
cytomas compared to primary pheochromocytomas. In
metastatic tumors, the phos-S6 levels were slightly
greater and p27 levels were slightly greater than the
primary tumors. Expression of c-myc was not observed in
these cases.

COMMENT
In the present study, we analyzed the expression of
mTOR pathway-related members in a large series of

pheochromocytomas. Our findings of decreased PTEN
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and p27 levels and increased phos-S6 levels compared to
normal tissues suggest a dysregulation of the mTOR path-
way in pheochromocytomas. In addition, the greater lev-
els of phos-Akt and phos-S6 and lower levels of PTEN
and p27 in metastatic pheochromocytomas compared to

Figure 1. Patterns of immunohistochemical expression of
istochemical loss of PTEN expression. (B) Positive cytopl

Nuclear expression of phos-Akt. (E) Negativity for phos-S6
hos-S6. (G) Loss of p27 immunohistochemical expression
f c-myc not depicted, because it was negative in all cases

Table 1. Immunohistochemical expression of biomarkers
cytoma, and metastatic pheochromocytomas*

Variable
Adrenal Medulla

(n � 19)
Primary Pheochrom

(n � 39)

PTEN 230 � 52 15 � 13
Phos-Akt 68 � 37 108 � 92
Phos-S6 6 � 7 6 � 12
p27 91 � 37 2 � 5
c-myc 0 � 0 0 � 0

PTEN, phosphatase and tensin homolog; NA, not applicable.
* Data presented as mean � standard deviation of H scores.
† One-way analysis of variance test.
primary tumors might also indicate a role for mTOR

UROLOGY 80 (3), 2012
pathway dysregulation in tumor progression. We have
seen the same staining patterns of immunohistochemical
expression in urothelial carcinomas of the urinary bladder
and in primary and metastatic clear cell and papillary
renal cell carcinomas.12,21,22 Considering these previous

R-related members in pheochromocytomas. (A) Immuno-
c PTEN expression. (C) Negative phos-Akt expression. (D)
nohistochemical expression. (F) Cytoplasmic positivity for
Nuclear staining for p27. Immunohistochemical expression

matched cases of adrenal medulla, primary pheochromo-

oma Metastatic Pheochromocytoma
(n � 8) P Value†

16 � 16 � .0001
139 � 135 .12

45 � 66 .0003
23 � 57 � .0001

0 � 0 NA
mTO
asmi
immu
. (H)
in un

ocyt
studies, our present observations might provide a frame-
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tic ca
work for exploring the potential role of the currently
available mTOR inhibitors in malignant pheochromocy-
tomas, because the existing treatment modalities for this

Figure 2. mTOR pathway in normal adrenal gland and pheoc
biomarkers in nontumor adrenal medulla and unrelated prim
values of biomarker using H score. Lines with capped ends

idák test. (B) Expression levels of mTOR pathway-related
omas (n � 2). Bars represent mean values of biomarker u

Table 2. Immunohistochemical expression of biomarkers in 2

Variable

Primary Pheochromocytoma

Case 1 Case 2 Mean

PTEN 220 135 178
Phos-Akt 73 28 50
Phos-S6 60 10 35
p27 200 4 102
c-myc 0 0

SD, standard deviation.
* Statistical tests were not run for matched primary and metasta
disease are suboptimal. The activation of the mTOR

736.e10
pathway in pheochromocytomas has been previously re-
ported in both tumor cells and tumor samples.17,23 Our
results have confirmed these initial findings, further sup-

ocytomas. (A) Expression levels of mTOR pathway-related
and metastatic pheochromocytomas. Bars represent mean
w P values between categories. P values estimated using
arkers in matched primary and metastatic pheochromocy-
H score.

tched cases of primary and metastatic pheochromocytomas*

Metastatic Pheochromocytoma

D Case 1 Case 2 Mean � SD

15 5 10 � 7
270 300 285 � 21
27 80 54 � 38

9 140 0 70 � 99
0 0 0

ses owing to the small sample size.
hrom
ary
sho

biom
ma

� S

� 60
� 32
� 35
� 13
0

porting a possible link between activation of the mTOR
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pathway and oncogenesis in pheochromocytomas. In ad-
dition, a new susceptibility gene (TMEM127) has re-
cently been identified that was associated to the mTOR
pathway, mainly in the sporadic forms of pheochromo-
cytoma.24

Evidence that mTOR inhibitors could be beneficial for
patients with neuroendocrine tumors has been provided
by several recent studies. Missiaglia et al14 found de-
creased immunohistochemical expression of PTEN in
61% of 72 pancreatic neuroendocrine tumors. They also
noted an association between PTEN, tumor progression,
and disease-free survival. Jiao et al25 found mutations in
enes of the mTOR pathway in 14% of pancreatic neu-
oendocrine tumors, including mutations in PTEN,
SC2, and PIK3CA. Moreover, in a Phase III clinical

rial, everolimus significantly prolonged progression-free
urvival in patients with advanced pancreatic neuroen-
ocrine tumors.15 However, to date, only 4 patients with

malignant pheochromocytomas have been treated with
everolimus, with disappointing results.19 Nonetheless, we
believe that our current data should lend further support
for continuing to explore the utility of these drugs, alone
or combined with other chemotherapeutic agents. Thus,
the antagonists of the vascular endothelial growth factor,
such as sunitinib, were reported to inhibit the mTOR
pathway in pheochromocytomas tumor cells.17

Given the difficulty in determining their biologic be-
havior on pathologic grounds alone, pheochromocytomas
pose a clinical challenge, even in their primary setting.
Histologically, the most useful scoring system to predict
the behavior of primary tumors is the Pheochromocy-
toma Adrenal Gland Scaled Score. The Pheochromocy-
toma Adrenal Gland Scaled Score includes factors, such
as capsular invasion, vascular invasion, necrosis, and in-
creased mitotic activity, with scores of �4 correlating
with malignant behavior.2 However, some of the Pheo-
chromocytoma Adrenal Gland Scaled Score histologic
parameters, such as diffuse cellular growth, hyperchro-
masia, severe atypia, and increased cellularity, are, to
some extent, subjective. This unavoidable subjectivity,
combined with the lack of long-term follow-up in most
studies conducted on the subject, makes this histologic
scoring system far from perfect.1,26,27 Therefore, the need
or additional prognosticators in pheochromocytomas
ontinues to fuel the search for biomarkers. However,
ost of the cell cycle and apoptosis-related gene products

ested, including p53, p21, p27, BCL2, cyclin-D1, and
DM2, proved to be of little significance.1 The useful-

ess of prognostic models combining both the Pheochro-
ocytoma Adrenal Gland Scaled Score system and the

xpression status of mTOR pathway members could be
xplored in future studies. Finally, the mechanisms un-
erlying decreased PTEN expression should be further
haracterized. The potential mechanisms include loss of
eterozygosity and/or PTEN mutation or gene promoter

ypermethylation, among others.

UROLOGY 80 (3), 2012
One limitation of the present study was the small
ample size of matched tissues from primary and meta-
tatic pheochromocytomas. Even with this limitation,
ur results consistently suggested a role for mTOR dys-
egulation in the oncogenesis of pheochromocytomas.

onclusions
e found immunohistochemical evidence of dysregula-

ion of the mTOR pathway in pheochromocytomas, with
ecreased PTEN and p27 expression levels compared
ith the normal adrenal medulla. The expression levels
f phos-Akt and phos-S6 were greater in metastatic
heochromocytomas compared with primary pheochro-
ocytomas. Because the current available treatment mo-

alities are less than optimal, our findings might lend
dditional support for continuing to explore the utility of
TOR pathway-targeted therapy in these tumors.
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