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From the Collège de France and Institut National de la Santé et
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Angiogenesis is a critical step in tumor growth and
metastatic invasion. We here report the study of the
vascular status of 10 benign and 9 malignant pheo-
chromocytomas. We examined the vascular architec-
ture after immunostaining endothelial cells (CD34)
and vascular smooth muscle cells (�-actin) and iden-
tified a vascular pattern characteristic of malignant
lesions. To define a gene expression profile indicative
of the invasive phenotype, we studied by in situ hy-
bridization the expression of genes encoding several
pro- and anti-angiogenic factors [hypoxia-inducible
factor (HIF-1�), EPAS1, vascular endothelial growth
factor (VEGF), VEGF receptors, angiopoietins and
their receptor Tie2, five genes of the endothelin sys-
tem, and thrombospondin 1]. A semiquantitative eval-
uation of the labeling revealed an induction of genes
encoding EPAS1, VEGF, VEGFR-1, VEGFR-2, endothe-
lin receptor, type B (ETB) and endothelin receptor,
type A (ETA) in malignant pheochromocytomas as
compared to benign tumors. These differences were
observed in tumor cells, in endothelial cells, or in
both. Quantification by real-time reverse-transcrip-
tase polymerase chain reaction showed an increase of
EPAS1, VEGF, and ETB transcripts of 4.5-, 3.5- , and
10-fold, respectively, in malignant versus benign tu-
mors. Furthermore, we observed a strong correlation
between the expression of EPAS1 and VEGF in tu-
moral tissue and between EPAS1 and ETB in endothe-
lial cells. Altogether, our observations show that anal-
ysis of angiogenesis provides promising new criteria
for the diagnosis of malignant pheochromocytomas.
(Am J Pathol 2002, 161:1235–1246)

Pheochromocytomas are catecholamine-secreting neo-
plasms of chromaffin tissue.1 They usually arise from the
adrenal medulla, although one-tenth of tumors may arise
from extra-adrenal chromaffin tissue (extra-adrenal pheo-

chromocytomas or paragangliomas). Pheochromocyto-
mas may be malignant, as documented by the presence
of lymph node, bone, or visceral metastasis2,3 either at
first operation or at recurrence. Tumor recurrence may
occur months or years after the initial operation.4 Extra-
adrenal pheochromocytomas are frequently malignant
and associated with a high incidence of persistent or
recurrent disease.5 Whereas diagnosis of malignancy is
clear-cut in the presence of metastatic lesions, recent
interest has focused on identifying primary tumor pheno-
types likely to predict future recurrence or metastasis.
Angiogenic patterns are one such phenotype.

According to a commonly accepted concept, induc-
tion of angiogenesis is a condition for tumor growth be-
yond a certain size and for metastasis invasion.6 This
process of neovascularization, necessary to ensure the
input of oxygen and nutrients, is regulated by hypoxia,
which triggers the increased expression of various endo-
thelial growth factors and/or their receptors. Specifically,
modulation of the angiogenic balance is monitored by
two hypoxia-inducible transcription factors called hypox-
ia-inducible factor (HIF)-1� and EPAS1 (HIF-2�), which
activate the expression of several angiogenic agents in
response to low oxygen tension.7 Vascular endothelial
growth factor (VEGF), which is the most potent factor for
vascular development,8 is a direct target of both these
transcription factors.9,10 In contrast, the VEGF receptor
VEGFR-211 and Tie2,12 a receptor involved in vascular
remodeling and stabilization.13 are activated specifically by
EPAS1, in vitro. Although there is still no evidence on the
direct binding of either HIF-1� or EPAS1 to the hypoxia
responsive elements present in their promoters, other
genes, such as those encoding VEGFR-1,14 Tie2’s ligand
angiopoietin-2,15 or genes of the endothelin system16,17

are known to be overexpressed in hypoxic conditions.
The pivotal role of angiogenesis in tumor growth has

initiated a wealth of studies on the expression of growth
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and differentiation factors, as well as other molecules,
which affect the modeling of blood vessels, particularly
small capillaries. These studies have better defined the
relative roles of activators and inhibitors of angiogenesis in
tumors, with the ultimate goal being the blockade of vascu-
lar growth as inhibitory tools to stop tumor progression.

Pheochromocytomas are usually highly vascular tu-
mors, although there is a wide variation between the
vascularity of individual tumors. Several studies have
analyzed vascular density as a putative marker to de-
fine the malignant status of these tumors,18,19 but the
expression of angiogenic factors has never been re-
ported in pheochromocytomas. This lack of informa-
tion, when angiogenesis is considered the permissive
condition of tumor growth, prompted us to undertake a
comparative study of the structure of the vascular net-
work and the angiogenesis status in tissue from both
benign and malignant pheochromocytomas. We have
examined the vascular architecture after immunostain-
ing blood vessels with anti-CD34 and anti-�-actin an-
tibodies and evaluated by in situ hybridization the ex-
pression of well-established angiogenic agents: 1) the
two hypoxia-inducible transcription factors (HIF-1�
and EPAS1); 2) VEGF and its receptors VEGFR-1 and
VEGFR-2; 3) angiopoietin (Ang)-1 and Ang-2 and their
receptor Tie2. In addition, we studied the expression of
genes of the endothelin system [the prepro-endothelin
1 (PPET-1) and 3 (PPET-3) together with their matura-
tion enzyme (ECE1) and their receptors endothelin re-

ceptor, type A (ETA) and endothelin receptor, type B
(ETB) as they seem to be involved in angiogenic pro-
cesses in several tumor types.20 –22 Their implication in
neural crest cell development made them good candi-
dates in this study, pheochromocytomas being neural
crest-derived tumors. Finally, we looked for the pres-
ence of a known anti-angiogenic component of the extra-
cellular matrix [thrombospondin 1 (TSP1)]. The relative ex-
pression of these markers was evaluated in benign and
malignant pheochromocytomas to identify a putative pat-
tern of gene expression characteristic of malignancy in
these tumors, which, in term, may provide new prognostic
tools for the diagnosis of pheochromocytomas.

Materials and Methods

Patients

We analyzed tumors from 19 patients with pheochromo-
cytomas (10 males, 9 females) diagnosed from 1983 to
2000 (Table 1). Ten patients had benign tumors (seven
adrenal, three extra-adrenal) and nine had malignant
tumors (five adrenal, four extra-adrenal). Among the ma-
lignant pheochromocytomas, two were initially diagnosed
as benign but had a malignant recurrence several years
later. Patients with malignant pheochromocytomas had
larger tumors at initial operation than those with benign
pheochromocytomas (81 and 47 mm, respectively; P �

Table 1. Clinical Characteristics of Patients with Benign (B1 to B10) or Ever Malignant (M1 to M9) Pheochromocytoma

No.

Gender/age
at 1st

operation
Year of 1st
operation

Preoperative
UMN,

�mol/day

Preoperative
plasma
NorE/E,
nmol/l

Tumor status
at 1st

operation

Tumor size
at 1st

operation,
mm

Tumor site
at 1st

operation

Source of
tumor sample

analyzed
Present
outcome

B1 M/27 1989 35.7 30.2/0.5 Benign 72 Zuckerkandl body Primary tumor Tumor-free
B2 M/25 1990 57.0 109.0/1.3 Benign 70 Zuckerkandl body Primary tumor Lost to follow-up
B3 F/37 1992 12.7 14.9/0 Benign 30 Zuckerkandl body Primary tumor Tumor-free
B4 M/45 1999 20.3 16.8/0.2 Benign 35 Left adrenal Primary tumor Tumor-free
B5 F/41 1998 35.3 4.4/1.3 Benign 45 Right adrenal Primary tumor Tumor-free
B6 F/53 1998 12.2 3.7/0.6 Benign 40 Right adrenal Primary tumor Tumor-free
B7 M/62 1998 16.0 3.8/3.4 Benign 35 Left adrenal Primary tumor Tumor-free
B8 F/44 1998 161.3 27.9/0 Benign 41 Left adrenal Primary tumor Tumor-free
B9 F/49 1999 51.9 1.9/0.4 Benign 35 Right adrenal Primary tumor Tumor-free
B10 M/71 2000 128.4 7.8/3.1 Benign 65 Right adrenal Primary tumor Tumor-free
M1 M/38 1988 51.7 21.6/0 Malignant 120 Zuckerkandl body Primary tumor Multiple meta,

died 1996
M2 M/29 1991 18.0 13.0/0.1 Benign 50 Zuckerkandl body Primary tumor Multiple meta,

died 2001
M3 M/24 1977 Not available Not available Malignant Not available Zuckerkandl body Intrascrotal

meta, 1996
Multiple meta,

died 1997
M4 F/39 1988 55.9 32.6/0.4 Malignant 90 Left adrenal Lymph node

meta, 1992
Diseased,

asymptomatic
M5 M/43 1993 25.6 114.0/0 Malignant 50 Urinary bladder Primary tumor Multiple meta,

died 1997
M6 F/54 1999 96.3 87.3/0.2 Malignant 140 Right adrenal Primary tumor Multiple meta,

died 1999
M7 M/53 1983 104.8 17.0/1.4 Malignant 90 Right adrenal Lymph node

meta, 1983
Multiple meta,

died 1984
M8 F/42 1989 Not available Not available Malignant 60 Left adrenal Lymph node

meta, 1996
Multiple meta,

died 1998
M9 F/46 1992 21.0 46.0 Benign 45 Right adrenal Lymph node

meta, 1998
Diseased,

asymptomatic

M, male; F, female; UMN, urinary metanephrine excretion; NorE, norepinephrine; E, norepinephrine; meta, metastasis.
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0.015). The mean age of patients with benign tumors and
those with malignant tumors was 45.4 and 40.9 years,
respectively, at first operation.

The procedures used for pheochromocytoma diagno-
sis and treatment were in accordance with institutional
guidelines and have been described previously.4,23–25

Tissue Samples

Tumor samples were obtained at first operation in 14
patients (10 with benign, 4 with malignant pheochromo-
cytomas) and at repeat operation for a malignant recur-
rence in 5 patients. All samples were obtained as paraffin
blocks prepared for routine pathological section. Paraffin
blocks were cut and sections (7-�m thick) were mounted
on silane-treated slides before being used for immuno-
histochemistry or in situ hybridization. For four patients
(two with benign and two with malignant pheochromocy-
tomas), we obtained tumor samples frozen by immersion
in liquid nitrogen.

Antibodies and Riboprobes

The antibodies used for immunostaining were: tyrosine
hydroxylase (Institut J. Boy, Reims, France), neuronal-
specific enolase (gift from N. Lamandé26), CD34 (Immu-
notech, Marseille, France) and �-actin (DAKO, Trappes,
France).

The following probes used for in situ hybridization were
previously described27: EPAS1, HIF-1�, VEGF, VEGFR-1,
VEGFR-2, Ang-1, Ang-2, and Tie2. TSP1 (nucleotides
�33 to 1189) was a gift from J. J. Feige, and components
of the endothelin system were gifts from M. Brand.28

Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed.29 The protocol used a biotinylated secondary
antibody (Vector Laboratories, Burlingame, CA), an avi-
din-biotin-peroxidase complex (Vectastain ABC Elite,
Vector Laboratories) and diaminobenzidine as a chromo-
gen for the peroxidase activity.

In Situ Hybridization

The in situ hybridization method has been described in
detail.30 Briefly, after deparaffinization, sections were
prepared for hybridization by boiling in citrate buffer,
followed by a proteinase K digestion. Sections received
50 �l of hybridization mixture containing 5 � 105 cpm of
35S-UTP-labeled riboprobe and were hybridized at 50°C
overnight. Then slides were washed in buffer solutions of
varying stringencies and temperatures. The posthybrid-
ization procedure also included an RNase treatment to
eliminate all single-strand RNAs. After ethanol dehydra-
tion, slides were exposed for 2 to 4 days on X-ray film
(BioMax MR; Eastman-Kodak, Rochester, NY) and then
dipped in NTB2 liquid emulsion (Eastman-Kodak). After 1

to 6 weeks the slides were developed, fixed, and stained
with toluidine blue before mounting in Eukitt.

Semiquantification of in Situ Hybridization
Signals

The intensity of labeling was compared exclusively be-
tween slides processed simultaneously for hybridization,
dipping, photographic treatment, and histological stain-
ing. All precautions were taken to ensure identical con-
ditions of labeling for all slides that were to be compared.
Evaluation of the intensity of labeling was made in a blind
manner by two independent investigators and graded
using a 5-scale system: 0, no signal; 1, weak; 2, moder-
ate; 3, strong; 4, very strong. VEGFR-1 required more
grades (from 0 to 6) because the hybridization signal was
much stronger. In many cases, a second evaluation sev-
eral weeks later yielded identical values. In the rare cases
of discrepancy between the two measurements, a mean
value was calculated.

Real-Time Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from the frozen tissues using the
RNeasy kit (Qiagen, Courtaboeuf, France) and submitted
to a DNase I RNase-free treatment (Roche, Basel, Swit-
zerland). Three �g of total RNA were retrotranscribed in a
20-�l volume containing 50 mmol/L Tris-HCl (pH 8.3), 75
mmol/L KCl, 3 mmol/L MgCl2, 5 �mol/L random hexam-
ers, 500 �mol/L dNTP mix, 1 U/�l RNAsin, 1 mmol/L
dithiothreitol, and 10 U/�l Moloney murine leukemia virus
reverse transcriptase. After denaturation for 5 minutes at
70°C, the reaction was performed for 10 minutes at 26°C
and 50 minutes at 37°C and stopped by a 10-minute incu-
bation at 70°C.

Real-time PCR was performed on an ABI Prism 7700
sequence detector (Applied Biosystems) using a SYBR
green assay. Primer sequences were as follows: 5�-
GCGCTAGACTCCGAGAACAT-3� (forward) and 5�-TG-
GCCACTTACTACCTGACCCTT-3� (reverse) for EPAS1
amplification; 5�-CTACCTCCACCATGCCAAGTG-3� (for-
ward) and 5�-TGATTCTGCCCTCCTCCTTCT-3� (reverse)
for VEGF; 5�-CTGCTGCACATCGTCATTGAC-3� (forward)
and 5�-GCTCCAAATGGCCAGTCCT-3� (reverse) for ETB
amplification; 5�-CGCCGCTAGAGGTGAAATTC-3� (for-
ward) and 5�-TCTTGGCAAATGCTTTCGC-3� (reverse)
for 18S amplification. EPAS1, VEGF, and 18S primers
were used at a 300-mmol/L concentration whereas ETB
primers were at 900 mmol/L each. PCR reaction was
performed as follows: 50°C for 2 minutes, 95°C for 10
minutes, and 45 cycles of two-step PCR (95°C for 15
seconds and 60°C for 1 minute). Each experiment was
achieved in duplicate for five dilutions of cDNA template
(10�1, 10�2, 10�3, 10�4, and 10�5). Gene expression
was analyzed for each tumor as a target-to-control ex-
pression ratio using the ��CT method for EPAS1 and
ETB and the standard curve method for VEGF.
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Statistical Analysis

The significance of the in situ hybridization results was
tested by the unpaired t-test with 1 degree of freedom.
Significance of the real-time PCR differences was as-
sessed by a nonparametric Mann-Whitney test. A P value
�0.05 was considered statistically significant. Analyses
were performed using the SAS statistical package.

Results

Immunostaining of Chromaffin Cells

To characterize tumor cells as cells of neuronal lineage,
the sections were immunostained with antibodies to ty-
rosine hydroxylase, a key enzyme for the synthesis of
catecholamines (Figure 1, A and C), and with antibodies
to neuron-specific enolase, a marker of neuroendocrine
differentiation31 (Figure 1, B and D). Tyrosine hydroxy-
lase-immunostained cells formed compact clusters or
masses of large polygonal cells. These clusters were
separated by strands of stromal tissue that served as
passageways for large blood vessels. All cells positive for

tyrosine hydroxylase were also immunostained with the
anti-neuron-specific enolase antibody. Although there
was some variation between individual tumors (intensity
of staining and density of labeled cells), none of these
differences appeared to distinguish benign (Figure 1, A
and B) from malignant (Figure 1, C and D) pheochromo-
cytomas.

Vascular Architecture

The architecture of the vasculature within medullar plexus
of normal adrenals and the 19 pheochromocytomas was
delineated by immunostaining for CD34, an endothelial
surface antigen and �-actin in smooth muscle cells (Fig-
ure 2). The immunostaining pattern obtained with these
two markers of the blood vessel wall did not differ from
each other (see Figure 2, insets, for �-actin labeling).
Pheochromocytomas could be divided in two groups
according to their vascular architecture. One pattern
(Figure 2B) consisted mostly of short, straight vascular
segments distributed regularly over large areas of tu-
moral tissue. The vascular density of these tumors was
equivalent to that observed in normal adrenal medulla
(Figure 2A). Another pattern (Figure 2; C to F) exhibited

Figure 1. Immunostaining of chromaffin cells. Immunolabeling of tyrosine hydroxylase (A, C) or neuron-specific enolase (B, D) reveals the nodules of tumoral
cells of a benign (A, B) and a malignant (C, D) pheochromocytoma. No apparent difference in the signal intensity between benign and malignant tumors was
observed. Scale bar, 100 �m.
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Figure 2. Vascular architecture. The vascular network of a normal adrenal medulla (A), and a benign (B) and four malignant (C–F) pheochromocytomas is
observed under light microscopy. Sections were immunostained for ECs with an anti-CD34 antibody and for vascular smooth muscle cells with an anti-�-actin
antibody (insets). These structures illustrate archetypal examples of the regular (B) and the irregular vascular patterns (C–F). Note the presence of vascular
entities forming arcs (C) as well as large (D) or tight (E) networks. Images in which straight blood vessels run in parallel have also been observed (F). In the
irregular patterns, the vascular density is inferior to that observed in the regular pattern, as illustrated by the presence of avascular tumor nodules (D). Scale bars,
200 �m.
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longer segments, of irregular length, frequently display-
ing at least one branching and an open luminal space.
The density of vascular entities apparent on a section
was lower in this second pattern than in tumors with the
first, more regular pattern. Interestingly, the average
length of the vascular entities in the irregular pattern is not
compatible with a vascular tree formed by dichotomy of
tubular capillary-like blood vessels. Indeed, the important
length of these blood vessels, as seen on a 7-�m section,
cannot represent the transversal section of an organized
vascular network. The density of these structures is also
too high to result from a sagittal section of all capillaries,
unless one assumes a privileged direction of all blood
vessels, almost parallel to the plane of section. Most
consistent with our data are to view these vascular struc-
tures as three-dimensional flattened vascular bags, lim-
ited by endothelium and pericytes and surrounding large
nodules of tumor tissue (Figure 2D), rather than linear
tubular structures. When, in a blind screening, the pheo-
chromocytomas were sorted according to their regular or
irregular pattern of vascularization, all of the nine malig-
nant tumors exhibited an irregular pattern, Conversely, 9
of 10 benign tumors exhibited the regular pattern and one
the irregular (B1). Interestingly, the primary tumor of pa-
tient M2 displayed this irregular pattern, confirming its
malignant state, whereas, it was, at the time of first oper-
ation, diagnosed as benign (Table 1).

Expression of Agents of the Angiogenic
Condition

The expressions of 13 stimulators and 1 inhibitor (TSP1)
of angiogenesis were studied by in situ hybridization with
specific riboprobes (Figure 3) on 10 benign and 6 malig-
nant pheochromocytomas. Genes encoding VEGFR-1
and VEGFR-2, ETB, Tie2, TSP1, and PPET-1 were ex-
pressed exclusively in vascular endothelial cells (ECs).
VEGF receptors and ETB transcripts were present in the
endothelium of all blood vessels, with a particularly
strong expression of VEGFR-1. Tie2 mRNA was also de-
tected in both large blood vessels and capillaries at very
low levels. However, Tie2 mRNA was not detectable in a
great number of blood vessels within the tumor samples.
TSP1 expression was present at a high level in a limited
subpopulation of ECs; PPET1 labeling was observed in a
still more limited number of ECs, but at a very high level.
The gene encoding the transcription factor EPAS1 was
expressed in ECs of all vessels, irrespective of their size
and, together with VEGF mRNA, in chromaffin cells, iden-
tified by tyrosine hydroxylase and neuron-specific eno-
lase immunostaining. HIF-1�, PPET-3, and ECE1 (data
not shown) transcripts were ubiquitously expressed in
these sections. In contrast, mRNAs encoding angiopoi-
etins were hardly detectable in all pheochromocytomas,
with the exception of Ang-2 transcripts, which were de-
tected in some ECs in the most invasive malignant tumor
of this study (M6, data not shown). Finally, ETA displayed
a heterogeneous pattern of expression. Transcripts en-
coding this receptor were detected mostly in the first
layer of pericytes surrounding large and medium size

blood vessels. Surprisingly, in two malignant samples,
ETA mRNA was not present in the vessel wall but in tumor
cells.

To estimate the differences in these gene’s expression
levels between benign and malignant tumors, we have
semiquantitatively evaluated the hybridization signals. No
difference was observed for mRNA encoding TSP1, HIF-
1�, angiopoietins, Tie2, ECE1, PPET-1 and PPET-3. The
detailed individual values and statistical analysis for
genes that presented a variation (EPAS1, VEGF,
VEGFR-1, VEGFR-2, and ETB) are reported in Table 2. An
average twofold increase was observed for the transcrip-
tion factor EPAS1 (Figure 4) and for VEGF (Figure 5, A
and D) in tumor tissue. In the wall of blood vessels, we
also observed an overexpression of EPAS1 (Figure 4),
both of the VEGF receptors (Figure 5; B, C, E, and F), and
the ETB receptor (Figure 6). ETA (Figure 7) was nearly
absent in benign samples and exhibited a heteroge-
neous tissue distribution in malignant pheochromocyto-
mas (pericytes or tumor cells); the significance of these
differences could therefore not be statistically assessed.
Among all of the genes studied, ETB and ETA stand out
as those with the best prognostic value (ie, the highest
individual value for a benign tumor was equal, but never
superior, to the lowest value of a malignant pheochromo-
cytoma) (Figure 8).

To determine whether there was a correlation between
the expression of these genes for each patient, we per-
formed a statistical correlation between individual data
points for all genes that exhibited a difference between
benign and malignant lesions in the same cell type. A
high correlation was obtained for EPAS1 and VEGF in
tumor cells (correlation factor, 0.81; P � 0.0001), and for
EPAS1 and ETB (correlation factor, 0.83; P � 0.0001),
and EPAS1 and VEGFR-2 (correlation factor, 0.72; P �
0.0025) in ECs.

To validate our semiquantitative evaluation of gene
expression, we performed real-time RT-PCR for three of
the overexpressed genes, EPAS1, VEGF, and ETB, on
two benign (B6, B8) and two malignant (M8, M9) pheo-
chromocytomas (Figure 9). The mean values of these
experiments showed a 4.5-fold increase of EPAS1 mRNA
(P � 0.0001) and a 3.5-fold induction of VEGF (P �
0.0001) in malignant versus benign, after normalization
with endogenous control RNAs (18S ribosomal). And, as
observed in situ, ETB levels emerged as the most reliable
prognostic tool; this gene appears overexpressed 10-fold
in the malignant pheochromocytomas (P � 0.0001). Al-
together, these results strongly support the relevance of
the in situ hybridization data on gene expression levels.

Discussion

One of the main difficulties in the management of pheo-
chromocytomas is the absence of reliable criteria for
distinguishing malignant from benign tumors. Actually,
the diagnosis of malignancy still depends on the in situ
recurrence of the tumor or the occurrence of metastasis.
In view of the current concept of neovascularization be-
ing necessary for tumor growth, and because pheochro-
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Figure 3. Sites of expression of angiogenesis-related factors in pheochromocytomas revealed by observation under bright-field illumination at a high magnification.
VEGFR-1, VEGFR-2, ETB, Tie2, TSP1, and PPET-1 are restricted to ECs. Note the presence of PPET-1 in very few ECs in the blood vessel wall (arrows). EPAS1 is present
in both ECs and chromaffin cells, which express large amounts of VEGF transcript. Genes encoding HIF-1� and PPET-3 are ubiquitously expressed whereas ETA has
a heterogeneous pattern of expression. It is present either in pericytes (left) or in tumor cells (right). Ang-2 is not detectable in these tissues. Scale bar, 100 �m.
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mocytomas are considered as highly vascularized tu-
mors, it was pertinent to correlate their angiogenic status
with their invasive behavior. Two independent reports
recently examined the vascular density in pheochromo-
cytomas but reached discrepant conclusions. In one
study, Liu and colleagues18 found a correlation between

the density of microvessels stained for factor VIII and the
invasive behavior of pheochromocytomas. In contrast, a
recent report by Ohji and colleagues19 reported the ab-
sence of a statistical association between microvascular
counts after CD34 immunolabeling and malignancy. We
therefore analyzed the vascular architecture of pheochro-
mocytomas using a qualitative approach, together with
an evaluation, using in situ hybridization and real-time
PCR, of the mRNA expression of several agents (promot-
ers and inhibitor) of angiogenesis.

Our observations on the vascular structures of these
tumors revealed that all malignant pheochromocytomas
exhibited an abnormal vascular architecture, character-
ized essentially by an irregular pattern of large vascular
volumes flattened between the tumor nodules. In con-
trast, all but one benign tumor exhibited a regular pattern
of short straight capillaries. Interestingly, the irregular
patterns observed in malignant pheochromocytomas re-
sembled some of the periodic acid-Schiff (PAS) patterns
described by Folberg and colleagues32 in primary uveal
melanomas. In particular, we observed a strong analogy
with the parallel, arc, and network PAS patterns. Net-
works and abnormal vascular architecture have previ-
ously been described in three-dimensional images in
mammary carcinomas33 and in colon cancer34 but have
never been reported in two-dimensional images. More-
over, the PAS-stained patterns, which were first ascribed
to blood vessels, are now thought to consist of tumor-
lined vascular channels, generated by the new process
of vasculogenic mimicry proposed by Maniotis and col-
leagues.35–37 Our observations of comparable motifs on
pheochromocytoma tissue sections, using well-estab-
lished vascular markers (CD34 and �-actin) is, to our
knowledge, the first demonstration of the existence of
such vascular patterns of endothelial- and pericyte-lined
channels.

Table 2. Semiquantitative Analysis of Differentially Expressed Genes in All Benign (B1-B10) and Malignant (M1-M6)
Pheochromocytomas

Probes EPAS1 EPAS1 VEGF VEGFR-1 VEGFR-2 ETB
cell type EC TC TC EC EC EC

B1 2.5 2.0 3.5 5.0 2.5 2.0
B2 2.5 2.0 2.5 2.0 2.5 2.0
B3 1.5 1.5 2.5 3.0 2.0 2.0
B4 1.0 0.5 3.0 4.0 2.0 2.0
B5 1.5 0.0 0.5 2.0 2.0 1.5
B6 1.0 0.0 0.0 2.0 0.5 0.5
B7 1.0 0.0 0.0 2.0 1.5 1.0
B8 1.5 0.0 0.5 4.0 3.5 0.5
B9 3.0 1.5 2.0 6.0 2.5 2.5
B10 1.5 0.5 0.0 3.5 ND ND
M1 3.5 1.5 2.5 5.0 4.0 3.0
M2 3.0 1.0 3.0 6.0 3.0 4.0
M3 3.0 2.0 3.0 4.0 3.0 3.0
M4 3.0 2.0 3.5 5.0 3.5 2.5
M5 2.5 1.5 3.5 6.0 2.0 2.5
M6 3.5 2.5 3.5 5.0 3.0 4.0
Mean B 1.7 � 0.23 0.8 � 0.27 1.4 � 0.43 3.4 � 0.45 2.1 � 0.27 1.6 � 0.24
Mean M 3.1 � 0.15 1.8 � 0.21 3.1 � 0.24 5.2 � 0.31 3.1 � 0.27 3.2 � 0.28
M/B Ratio 1.8 2.2 2.2 1.5 1.5 2
P value 0.0007 0.029 0.011 0.12 0.031 0.0009

Mean values are indicated � SEM.
EC, Endothelial cells; TC, tumor cells; ND, not determined.

Figure 4. Expression of EPAS1 transcripts in a benign (A, B) and a malignant (C,
D) pheochromocytoma. Observation under dark-field (A, C) or bright-field (B,
D) illuminations. Note the overexpression of EPAS1 in the malignant tumor,
especially in ECs of the blood vessels wall (arrows). Scale bars, 100 �m.
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The abnormal, irregular vascular architecture in pheo-
chromocytomas appears as one consistent trait of malig-
nancy. It is worth noting that our classification of a benign
tumor in the malignant group may be of prognostic value,
as in the case of patient M2 whose primary tumor was first
diagnosed as benign but presented the irregular vascu-
lar pattern. In addition, the benign tumor that exhibited
this architecture was the largest of the benign group and
presented high levels of angiogenic factors. A particular
attention should therefore be paid in the follow-up of this
patient.

The marked difference in vascular morphology be-
tween benign and malignant tumors supports our as-
sumption that blood vessel counting is probably not ap-
propriate to characterize these tumors because the
choice of counting strategy (number, length, branching)
will inevitably influence the results.

To unambiguously distinguish malignant from benign
pheochromocytomas, we attempted to characterize other
features, which may be causal in inducing this typical
vascular architecture. We investigated the angiogenesis
status by comparing the expression level of pro- and
anti-angiogenic factors, as a means of distinguishing
malignancy. Because nothing was known about the ex-
pression of angiogenic factors in pheochromocytomas,
we chose to screen for the expression of 13 known or
putative angiogenic agents and of one angiostatic mole-
cule (TSP1).

The increased expression of the endothelin receptors
ETB in ECs and of ETA in pericytes or tumor cells is a very
interesting observation because these overexpressions

Figure 5. In situ hybridization of genes of the VEGF system. Serial sections of a benign (A–C) and a malignant (D–F) pheochromocytoma radiolabeled with VEGF
(A, D), VEGFR-1 (B, E), and VEGFR-2 (C, F) probes. Signals are observed under dark-field illumination. The presence of VEGF transcripts is detected in
tumoral cells, whereas the receptors are expressed in vascular ECs. Note that these three markers are expressed at a higher level in the malignant tissue.
Scale bar, 100 �m.

Figure 6. Expression of the ETB receptor in a benign (A, B) and a malignant (C,
D) pheochromocytoma. Observation under dark-field illumination (A, C) re-
veals a higher density of ETB-positive ECs in the malignant tissue (C) compared
to the benign neoplasm (A). The intensity of the signal for one cell, as shown in
bright-field observations (B, D) is also stronger in the malignant pheochromo-
cytoma (D). Arrows, blood vessels. Scale bars, 100 �m.
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in malignant tumors are, in addition to the vascular archi-
tecture, the most reproducible traits distinguishing be-
nign and malignant tumors. Thus, among the 14 genes
studied by in situ hybridization, ETB and ETA appear as
the most reliable factors to identify an invasive pheochro-
mocytoma. Interestingly, in these tumors, the endothelin
precursors PPET-1, PPET-3, and their maturation enzyme
ECE1 are not up-regulated by malignancy. Both ET-1 and
ET-3 have been shown to induce EC migration and pro-
liferation via the ETB receptor.38 In the pheochromocyto-
mas, PPET-1 mRNA was occasionally detected in ECs
whereas PPET-3 was widely expressed in the tumoral
tissue. Thus, as ET-3 does not bind to the ETA receptor,39

it seems likely that the putative contribution of the endo-
thelin system to the vascularization of these tumors, and
particularly to the malignant lesions, is mediated by an

ET-3 activity via the ETB receptor. Whether the peculiar
induction of ETB in malignant pheochromocytomas is a
cause or a consequence of the angiogenic phenotype of
ECs remains to be addressed.

In contrast to genes of the Tie/angiopoietin system,
which did not seem to be involved in the vascularization
of pheochromocytomas, an approximately twofold ex-
cess in VEGF and both of its receptor’s expression level
was measured in malignant versus benign tumors. Such
observations were previously reported in many human
tumors.40–43 The overexpression of VEGF and VEGFR-2
is in keeping with the concept of tumor growth fueled by
VEGF-dependent neoangiogenesis. In addition, the re-
cent assumption by Carmeliet and colleagues44 that, in
pathological conditions, VEGFR-1 is not only a decoy
receptor45 but also a bona fide signal transducer recep-
tor is in favor of an active angiogenic function of VEGFR-1
in malignant pheochromocytomas.

We have observed a strong correlation between the
expressions of EPAS1 and of VEGF in tumor cells of
malignant and benign pheochromocytomas. Such a cor-
relation has recently been described in stromal cells of
capillary hemangioblastomas,46 in bladder cancer,47 in
renal cell carcinoma,48 and in non-small-cell lung can-
cer.49 It has previously been reported that VEGF tran-
scription is induced by EPAS110,50 and by HIF-1�,9 via
the hypoxia responsive elements contained in its promot-
er.51 Blancher and colleagues52 recently reported a
highly significant correlation between EPAS1 mRNA and
protein levels in human breast carcinoma cell lines. Thus,
if these findings also apply to pheochromocytomas, our
observations on the expression of EPAS1 mRNA are
highly suggestive of the presence of the protein and
putatively of an activity of this transcription factor in these
tumors. In contrast, Blancher and colleagues52 did not
observe a linear relation between mRNA and protein
levels of HIF-1�, confirming the importance of posttrans-
lational regulation in HIF-1� modulation.53,54 Although we
have not observed any correlation between HIF-1� and
VEGF levels of expression, we cannot exclude the pos-
sibility of an up-regulation of this transcription factor at
protein level in malignant versus benign lesions.

In summary, malignant pheochromocytomas are big-
ger, exhibit a peculiar irregular pattern of vascular archi-
tecture, have an induced VEGF pathway, a higher level of

Figure 7. Expression of the ETA receptor in a benign (A) and two malignant (B, C) pheochromocytomas. No ETA labeling is detected in a benign neoplasm
whereas there is a strong signal in malignant tissues, either in pericytes (B) or in tumor cells (C). Dark-field pictures. Arrows, blood vessels. Scale bar, 100 �m.

Figure 8. Expression levels of endothelin receptors in benign and malignant
pheochromocytomas: comparison of individual values. The values corre-
spond to the intensity of labeling in ECs for ETB gene (A) and in either
pericytes or tumor cells for ETA mRNA (B). Note the absence of overlap
between these levels of expression in patients with benign tumors when
compared to the malignant pheochromocytomas.

Figure 9. Real-time RT-PCR quantification of EPAS1, VEGF, and ETB tran-
scripts in benign versus malignant pheochromocytomas. Mean values � SEM
of relative mRNA expressions in two benign (hatched bars) versus two
malignant (black bars) tumors are presented as a gene/18S ratio.
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EPAS1 and particularly of the ETB and ETA receptors
than the benign tumors. The present results, which draw
a limit between benign and malignant tumors, may con-
tribute to the development of new prognostic tools to
evaluate the malignant potential of a pheochromocytoma.
They provide a basis to envisage new therapies based on
the repression of neovascularization.
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