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Iván Muñoz, Francesca Schiavi, Cristina Montero-Conde, Aguirre A. de Cubas,
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Carmen Bernal, José M. de Campos, Cristina Diez-Tascón, Mario F. Fraga,
Cesar Boullosa, David G. Pisano, Giuseppe Opocher, Mercedes Robledo,
and Alberto Cascón

Hereditary Endocrine Cancer Group (E.L.-J., L.J.L.-G., C.M.-C., A.A.d.C., I.L., S.L., A.M., L.I.-P., L.d.l.V.,
C.R.-A., R.L., M.R., A.C.), Structural Biology and Biocomputing Programme (G.G.-L., C.B., D.G.P.), and
Human Genetics Group (I.M., R.R.), Spanish National Cancer Research Centre, 28029 Madrid, Spain; Familial
Cancer Clinic (F.S., G.O.), Veneto Institute of Oncology, 35128 Padua, Italy; ISCIII Center for Biomedical
Research on Rare Diseases (C.R.-A., M.R., A.C.) and Endocrinology and Nutrition Service (C.B.), Hospital 12 de
Octubre, C Madrid, Spain; Neurosurgery Department (J.M.d.C.), Fundación Jiménez Díaz, 28040 Madrid,
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The six major genes involved in hereditary susceptibility for pheochromocytoma (PCC)/paraganglioma
(PGL) (RET, VHL, NF1, SDHB, SDHC, and SDHD) have been recently integrated into the same neuronal
apoptotic pathway where mutations in any of these genes lead to cell death. In this model, prolyl
hydroxylase 3 (EglN3) abrogation plays a pivotal role, but the molecular mechanisms underlying its
inactivation are currently unknown. The aim of the study was to decipher specific alterations associ-
ated with the different genetic classes of PCCs/PGLs. With this purpose, 84 genetically characterized
tumors were analyzed by means of transcriptional profiling. The analysis revealed a hypoxia-inducible
factor (HIF)-related signature common to succinate dehydrogenase (SDH) and von Hippel-Lindau
(VHL) tumors, that differentiated them from RET and neurofibromatosis type 1 cases. Both canonical
HIF-1� and HIF-2� target genes were overexpressed in the SDH/VHL cluster, suggesting that a global
HIF deregulation accounts for this common profile. Nevertheless, when we compared VHL tumors
with SDHB cases, which often exhibit a malignant behavior, we found that HIF-1� target genes
showed a predominant activation in the VHL PCCs. Expression data from 67 HIF target genes was
sufficient to cluster SDHB and VHL tumors into two different groups, demonstrating different pseudo-
hypoxic signatures. In addition, VHL-mutated tumors showed an unexpected overexpression of EglN3
mRNA that did not lead to significantly different EglN3 protein levels. These findings pave the way for
more specific therapeutic approaches for malignant PCCs/PGLs management based on the patient’s
genetic alteration. (Molecular Endocrinology 24: 2382–2391, 2010)
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Pheochromocytomas (PCCs) and paragangliomas
(PGLs) are rare neuroendocrine tumors that arise

from the adrenal medulla and from extraadrenal para-
ganglia distributed along the paravertebral axis or located
in the skull base and neck, respectively. PCCs and PGLs
mainly occur as sporadic tumors but can be associated
with three well-known hereditary neuroendocrine syn-
dromes: multiple endocrine neoplasia type 2 caused by
germline mutations in the RET proto-oncogene; von
Hippel-Lindau (VHL) disease, associated with mutations in
the VHL tumor-suppressor gene; and neurofibromatosis
type 1 (NF1) caused by mutations in NF1. In addition,
heterozygous germline mutations in three of the four
genes encoding the succinate dehydrogenase (SDH) en-
zyme (SDHB, SDHC, and SDHD) are also involved in the
development of the disease. This “housekeeping” enzyme
participates both in the Krebs cycle and in the electron-trans-
port chain, and recently, the fourth subunit of this protein
(SDHA) and a SDHA-interacting protein [succinate dehy-
drogenase complex assembly factor 2 (SDHAF2)] have been
found to be occasionally altered in PGL patients (1, 2). Fi-
nally, the transmembrane-encoding gene TMEM127, a neg-
ative regulator of mammalian target of rapamycin, has also
been reported as a new PCC susceptibility gene (3).

Recently, it was described that the six major genes
involved in PCC/PGL susceptibility (RET, VHL, NF1,
SDHB, SDHC, and SDHD) can be integrated into the
same neuronal apoptotic pathway, where mutations in
any of these genes lead to deregulation of nerve growth
factor signaling and attenuation of the consequent cell
death (4). Although RET, NF1, and VHL mutations ab-
rogate the proapoptotic transcription factor c-Jun by means
of JunB induction, SDH inactivation leads to the accumula-
tion of succinate that inhibits prolyl hydroxylase 3 (PHD3,
also called EglN3)-induced apoptosis (4). Therefore, in this
model, EglN3-induced apoptosis must be inhibited for PCC/
PGL development to occur. Moreover, another downstream
effector in this pathway, KIF1B-�, was recently reported to
be altered in PCCs and neuroblastomas (5).

Besides the impressive advances that classical genetic
studies of this disease have made during the past 10 yr,
new genomic strategies, such as expression profiling, have
thrown light on the different biological processes in-
volved in PCC/PGL development (6–8). Thus, a tran-
scriptional profiling study performed in a large series of
PCCs/PGLs revealed two dominant expression groups:
one included all VHL and SDH tumors, and the other
clustered the PCCs carrying RET and NF1 mutations (6).
The predominant hypoxic-angiogenic expression features
observed in the SDH/VHL cluster linked these genetically
different tumors by an autoregulatory loop. Although in
VHL tumors hypoxia-inducible factor (HIF)-1� contrib-

utes to the attenuation of SDHB levels resulting in SDH
inhibition, in SDH tumors inactivation of the mitochon-
drial complex II and subsequent succinate accumulation
blocks HIF-1� degradation by EglN3 inhibition (6). A
recent study also found this common angiogenic profile in
SDH and VHL tumors and described that, despite both
genetic classes demonstrated a decrease in electron transport
protein expression and activity, the stimulation of glycolysis
was only observed in VHL specimens (8). Although the ap-
optotic and the hypoxic pathways link SDHB and VHL
tumors, little is known about the transcriptional differences
between these genetically similar classes that have very dif-
ferent clinical outcomes (SDHB-related tumors are signifi-
cantly more aggressive than those arising in VHL patients).
In the present study, we found that these genetic PCC/PGL
classes can be distinguished by means of gene expression
profiling and that EglN3 mRNA was exclusively overex-
pressed in VHL tumors.

Results

Genetic characteristics of the tumors
Germline (42 cases) or somatic (five cases) genetic alter-

ations were found in 47 tumors involving: RET (15; one
somatic), VHL (15; four somatic), SDHB (eight), SDHC
(one), SDHD (four), and four previously diagnosed NF1
cases. This information was used to establish the genetic
classes used in subsequent analyses. The remaining samples,
without mutations in any of the six major susceptibility
genes, were classified as sporadic (31 cases), with the excep-
tion of six tumors classified as familial PCC (FPCC) cases,
because of the presence of familial antecedents of adrenal
PCC. All SDHD and SDHC cases, but none of the SDHB
tumors, were located in the head and neck region.

Expression profiling related to genetic background
A full listing of the microarray results has been deposited

in the National Center for Biotechnology Information Gene
Expression Omnibus database under the accession no.
GSE19422. Unsupervised and consensus clustering analysis,
performed using the 2621 clones that remained after the
preprocessing step, revealed a great homogeneity among
cases sharing an alteration in the same gene (Fig. 1). Two
main clusters were found, mainly defined by SDH/VHL and
by RET/NF1 specimen profiles, respectively. The FPCC
cases were spread along the RET/NF1 cluster, similarly to
the majority of the sporadic tumors. Both adrenal and ex-
traadrenal tumors were represented in the two clusters,
whereas the head and neck tumors were all grouped within
the SDH/VHL branch. Neither the mutation type nor the
origin of the alteration (somatic or germline) had an evident
influence on the clustering. A second unsupervised cluster-
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ing performed with the expression data from a list of ranked
HIF target genes (see Materials and Methods) correctly clas-
sified all tumors into the two major branches previously
obtained, with the exception of two samples (Supplemental
Fig. 1, published on The Endocrine Society’s Journals On-
line web site at http://mend.endojournals.org). One hundred
and forty-one genes were used for this second clustering,

after discarding genes that exhibited flat
patterns across the sample set (SD � 0.8).
Among the downstream HIF targets,
mainly overexpressed in SDH/VHL tu-
mors, we found genes responsible for the
Warburg effect (regulating glucose up-
take and metabolism) and angiogen-
esis (VEGF and PDGF). HIF-1�

mRNA showed no differences between
both clusters, but we found a striking
significant overexpression of HIF-2�

(EPAS1) in SDH/VHL tumors [3.1-fold;
false discovery rate (FDR) 1.00E-07]. Al-
though HIF-1� protein expression
showed no differences between the main
clusters, we found that HIF-2� expres-
sion was higher in SDH/VHL tumors, es-
pecially in SDH-related cases (Supple-
mental Fig. 2).

Transcriptional profile of SDH/
VHL tumors

Supervised analysis of representative
classes from the two major clusters
(SDH/VHL and RET/NF1) revealed
1118 clones significantly differentially ex-
pressed between both groups (FDR �
0.05) (Supplemental Table 1). The gene
set enrichment analysis (GSEA) test, fo-
cused on the different biological pro-
cesses occurring in SDH/VHL samples
compared with RET/NF1, showed seven
pathways overrepresented in the SDH/
VHL tumor group [nominal (NOM),
P � 0.05)] (Supplemental Table 2).
These included the neural development
Notch pathway (both in the BioCarta
and the Kyoto Encyclopedia of Genes and
Genomes predictions), another Notch-
related pathway (PS1PATHWAY), and
the hypoxic HIF and vascular endothelial
growth factor (VEGF) pathways. Among
the genes differentially expressed be-
tween SDH/VHL and RET/NF1 clusters
(FDR � 0.05), 48 genes were identified
as HIF target genes, because they were

found in the set of genes included in the ranked list of HIF
target genes.

Differential gene expression between VHL and
SDHB tumors

Despite their common transcriptional profile, VHL
and SDH tumors show very different clinical characteris-

A

B

FIG. 1. A, Unsupervised clustering of 84 PCCs, either with extraadrenal (red letters) or adrenal
location (black letters), named according to their genetic background: RET (mutation in RET), VHL
(mutation in VHL), SDHB (mutation in SDHB), SDHC (mutation in SDHC), SDHD (mutation in
SDHD), NF1 (from patients with NF1), SPORADIC (apparently sporadic cases without mutations),
and FPCC (familial cases without mutations). H&N, Head and neck tumors; TAP, thoracic/
abdominal/pelvic tumors. An asterisk indicates malignant tumors. B, Consensus matrix that verifies
the reliability of the two major clusters (1 and 2) obtained in the unsupervised clustering.
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tics. For example, SDHB-related tumors usually develop
as extraadrenal masses with a high risk of malignancy
(50%), whereas VHL tumors are mainly adrenal and ma-
lignancy is uncommon (5%) (9–11). Thus, we performed
a supervised comparison of VHL and SDHB tumors,
which were the most representative classes of the SDH/
VHL cluster, to identify molecular patterns underlying
this different clinical behavior. The supervised test per-
formed to find transcriptional differences between VHL
and SDHB tumors revealed 886 clones, corresponding to
782 genes, significantly differentially expressed between
both tumor classes (FDR � 0.05) (Fig. 2 and Supplemen-
tal Table 3). Comparison of these two genetic classes
through GSEA showed several BioCarta pathways over-
represented in one of the two classes (Supplemental Table

4). Briefly, we found overrepresentation of genes belong-
ing to several TNF-related (TNFR1, TNFR2, HIVNEF,
SODD, and STRESS) and apoptotic (D4GDI and
DEATH) pathways in VHL cases, and overrepresentation
of genes included in three actin organization pathways
(INTEGRIN, EPHA4, and CDC42RAC) in SDHB tu-
mors (NOM P � 0.05). A high number of HIF target
genes (n � 41) was differentially expressed between VHL
and SDHB tumors; surprisingly, 17 of them were already
found differentially expressed in the SDH/VHL cluster vs.
the RET/NF1 (Fig. 3A). Because the hypoxia-related
genes were differentially expressed across both genetic
classes, we wondered whether HIF target genes alone
could also distinguish between them. Unsupervised clus-
tering of SDHB and VHL tumors using expression data

FIG. 2. Heat map showing the 50 top clones (represented in the rows) differentially expressed (FDR � 0.05) in the supervised comparison of VHL
and SDHB tumors (represented in the columns). Color bar, Green and red colors represent relative under- and overexpression of more than or
equal to 2-fold, respectively.
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from HIF target genes classified the tumors into two dif-
ferent groups, according to their genetic background,
demonstrating a different hypoxic signature. After dis-
carding those genes that exhibited flat patterns across the
sample set (SD � 0.8), 67 genes were used for the cluster-
ing. In fact, of these 67 HIF target genes, gene expression
data from the 12 top-ranked genes was sufficient to dis-
tinguish between both tumor types (Fig. 3B), and among
them, we found canonical HIF-1� genes like BNIP3 and
SLC2A1 (GLUT1) (12, 13).

Validation of the differentially expressed genes
Quantitative RT-PCR was initially performed using

total RNA from eight VHL and five SDHB tumors previ-
ously hybridized. A second validation step was performed
in an alternative series of 13 formalin-fixed paraffin-em-

bedded (FFPE) tumors: seven VHL and
six SDHB cases (Fig. 4A). The valida-
tion was carried out for six genes sig-
nificantly differentially expressed be-
tween VHL and SDHB tumors selected
from the top-ranked list of genes of the
supervised analysis. In both tumor sets,
we found a significantly different ex-
pression between VHL and SDHB
classes that validated the result ob-
tained in the microarray analysis.

Immunohistochemical detection of
EglN3 protein

All positive cases assessed showed a
cytoplasmic staining pattern. Half (4/8)
of the VHL tumors showed a positive
staining for EglN3. In addition, 66.7%
(6/9) of SDHB cases, 29% (7/24) of
RET cases, and 100% of SDHD tu-
mors (4/4) were positive for immuno-
histochemical detection of EglN3 (Fig.
4B). Finally, 55.6% (5/9) of sporadic
PCCs and all normal adrenal tissues in-
cluded in the tissue arrays also resulted
positive for EglN3.

Analysis of Egln3
promoter methylation

Although low levels of EglN3 in
non-VHL hereditary PCCs (RET, NF1,
and SDH) may be explained by an al-
teration in one of the PCC susceptibil-
ity genes, sporadic tumors do not have
any known alteration in the develop-
mental apoptotic pathway. Thus, we
assessed the EglN3 promoter methyl-

ation status in sporadic cases. We did not find promoter
methylation in the CpG islands analyzed in the 31 spo-
radic cases studied.

Discussion

The transcriptional clustering observed in PCC
depends on the hypoxic signature

Unsupervised profiling of 84 PCCs/PGLs revealed two
major groups of tumors defined by their genetic mutation/
background: SDH/VHL and RET/NF1 (Fig. 1). Our re-
sults showed a hypoxic transcriptional signature (repre-
sented by HIF and VEGF pathways) in the SDH/VHL
cluster (Supplemental Table 2) that confirmed a common
angiogenesis/hypoxia profile typical of VHL dysfunction

A

B

FIG. 3. A, Diagram showing the list of HIF target genes differentially expressed in two
different supervised comparisons. 1, VHL-SDH tumor class compared with RET-NF1; 2, VHL
compared with SDHB cases. For a given gene, a minus sign indicates down-regulation for
each respective tumor class, VHL-SDH and VHL. B, Heat map produced by unsupervised
clustering of 15 VHL cases and eight SDHB cases, using 12 HIF target genes.
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(6). In addition, two Notch-related pathways were over-
represented in the SDH/VHL samples. This agrees with
the hypoxic signature, because there is a cross talk be-
tween hypoxia and Notch signaling where the Notch in-
tracellular domain directly interacts with the HIF-1�

(14). Unsupervised clustering using HIF target genes re-
vealed the same transcriptional distinction between the two
major clusters (Supplemental Fig. 1). The significant over-
expression of HIF-2� in SDH/VHL tumors was especially
interesting, consistent with previously reported studies (7,
8). In addition, NOX4, critical for HIF-2� transcriptional
activity (15), and VEGF, a HIF-2�-specific target gene in
VHL-defective renal cell carcinoma cells (12, 16), were both
up-regulated in SDH/VHL tumors. Thus, it seems that
HIF-2� deregulation has an important role in the hypoxic
SDH/VHL transcriptional profile.

Expression profiling distinguishes between VHL
and SDHB tumors

We found a foreseeable down-regulation of SDHB
mRNA only in SDHB compared with VHL PCCs (5.1-fold;
FDR � 0.003), suggesting that the attenuation of SDHB
protein levels reported in VHL tumors (6) is posttranscrip-
tional, which is in agreement with previously reported find-
ings (8). Interestingly, several TNF apoptotic pathways were
augmented in VHL tumors, whereas three actin-related
pathways involved in cell-cell interaction and migration

were overrepresented in the SDHB
group. Overexpression of cell-adhesion
related genes had been previously de-
scribed in SDHB-silenced cells (17). The
significant overexpression of the neuro-
nal cell adhesion gene CDH10 (cadherin
10) in SDHB tumors compared not only
with VHL (15.0-fold; FDR � 0.002), but
also to any other genetic class (FDR �
0.001) is noteworthy. Adhesion mole-
cules, including cadherins, play an im-
portant role in cell migration and metas-
tasis, so a differential expression of these
molecules in potentially malignant tu-
mors may help to define future therapeu-
tic targets.

HIF-1�/HIF-2� deregulation
differentiates VHL from
SDHB tumors

Differences in expression of HIF-1
and HIF-2� and target genes have been
recently detected in VHL and SDH
PCCs, suggesting specific mechanisms
of HIF deregulation in both tumor
types (8, 16). Despite finding a higher

HIF-2� protein expression in SDH tumors, we did not
find significant differences either in HIF-2� or VEGF
mRNA expression between VHL and SDHB tumors, sug-
gesting that HIF-1� deregulation accounts for this dis-
tinction. In agreement with these findings, expression of
genes involved in HIF-1�-dependent glycolysis (such as
SLC2A1) has been recently described to be specifically
linked to VHL PCCs (8). Transcriptional induction of
HIF targets is profoundly influenced by cell type, and the
relative HIF-1�/HIF-2� protein abundance modulates
the clinical phenotype of VHL (18). Our findings suggest
that both transcription factors are deregulated in VHL
PCCs, with a predominant activation of HIF-1� target
genes that leads to a molecular distinction from SDH-
mutated tumors. Moreover, it was especially striking that
EglN3 mRNA levels were up-regulated in VHL tumors
compared with SDHB tumors (16.6-fold; FDR � 0.002).
It has been reported that up-regulation of EglN3 can be
driven by both HIF transcription factors, with HIF-2� being
the stronger activator (19). However, our results suggest
that HIF-1� may have a more important role in the regula-
tion of EglN3 expression, at least in VHL-related PCC.

EglN3 mRNA overexpression is exclusive of
VHL-mutated PCCs

Significant EglN3 mRNA overexpression was found in
VHL tumors compared not only with SDHB tumors but

A

B

FIG. 4. A, Quantitative real-time RT-PCR analysis of six genes significantly differentially
expressed between VHL tumors (gray bars) and SDHB FFPE tumors (black bars): five
overexpressed (SPOCK2, EglN3, SLC2A1, SLC16A3, and BNIP3) and one underexpressed
(CDH10) in VHL tumors. The analysis of each gene was performed in triplicate, and relative
mRNA levels (RU) were determined using HPRT1 as internal control. B, Immunohistochemical
negative (1) and positive (2) staining of Egln3 carried out in two VHL tumors.
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also with any other tumor class or normal tissue hybrid-
ized (FDR � 0.005) (data not shown). This overexpres-
sion of EglN3 had been previously described in VHL tu-
mors compared with RET cases (7). EglN3 is a HIF-�
target gene that encodes one member of the EglN family
of prolyl hydroxylases, consisting of EglN1, EglN2, and
EglN3. These proteins modify specific prolyl residues of
HIF-� for its ubiquitination by the VHL ubiquitin ligase
complex and subsequent degradation (20). Although all
three members of the EglN family can hydroxylate
HIF-1� in vitro (21), it was suggested that EglN1 is the
critical oxygen sensor, regulating oxygen-dependent
HIF-1� degradation in normoxia and after a short expo-
sure to hypoxia (22). In our study, EglN3 was the only
up-regulated EglN member in VHL tumors. In addition,
EglN3 plays a role in skeletal muscle differentiation, reg-
ulation of nuclear factor �B, and contributes to cellular
homeostasis and apoptotic cell death (4, 23–25). Regard-
ing the latter function, VHL mutations can promote in-
hibition of EglN3 expression through the JunB cascade,
because all disease-associated pVHL mutants fail to
down-regulate JunB (4). Nevertheless, VHL mutations
can also lead to EglN3 accumulation and, subsequently,
promote neuronal apoptosis by the deregulation of HIF-�
(21). This deregulation of HIF-� has been described for
VHL type 1 mutant cells, whereas type 2 mutant cells,
related to PCC development, retain some ability to regu-
late HIF-� and therefore to maintain lower levels of
EglN3 (21). Moreover, VHL type 2C alleles, which are
associated to FPCC, appear to be essentially wild type
with respect to HIF (21). In the present study, all VHL-
PCCs, including a specimen with a well-known type 2C
mutation (p.Val84Leu), expressed high EglN3 mRNA
levels compared with normal adrenal tissue. Moreover,
up-regulation of genes related to glucose metabolism (i.e.
canonical HIF targets like SLC2A1) was also seen in all
VHL-related tumors from our series (n �15) compared
with non-VHL tumors (n � 69) (FDR � 0.005) (data not
shown). Thus, it seems that the VHL-PCC up-regulation
of EglN3 in our series is due to deregulation of HIF-1�,
specifically associated with VHL mutations. Therefore,
EglN3 expression, barely detected in normal adrenal tis-
sues, is induced in hypoxic VHL PCCs and does not seem
to have a negative feedback role in the activation of HIF-
1�. Nevertheless, immunostaining of EglN3 did not show
differences at the protein level among the genetic classes
of PCC/PGL (Fig. 4B). Regarding this, overexpression of
EglN3 mRNA has been reported in renal cell carcinoma
cell lines with mutations in VHL, but immunohistochem-
ical assessment failed to reveal differences in protein levels
between VHL- and non-VHL renal tumors (26). In addi-
tion, a recent study reports that an 100-fold Egln3 mRNA

overexpression obtained from mice podocytes lacking
VHL does not lead to such great differences at the protein
level (27). These findings are in agreement with our re-
sults, which probably indicates that VHL/HIF alone does
not regulate the expression of the EglN3 gene, and a still
unknown posttranscriptional mechanism must be in-
volved in the regulation of EglN3 mRNA in VHL PCCs.
Inactivation of EglN3 by promoter hypermethylation
was recently described in plasma cell neoplasia (28); nev-
ertheless, our data suggest that methylation of the up-
stream CpG island of this gene is not a frequent event in
sporadic tumors; therefore, the mechanisms responsible
for the lack of EglN3 expression observed in these PCCs
remain to be found.

BCL2/adenovirus E1B 19-kDa protein-interacting
protein 3 (BNIP3) overexpression is specifically
linked to VHL mutations in PCC

Another HIF target gene differentially expressed in
VHL PCCs compared with any other tumor class in-
cluded in the present study was BNIP3. BNIP3 is a pro-
apoptotic protein, up-regulated by p53 and HIF-1� and
negatively regulated by HIF-2�, which promotes hypoxic
cell death when induced or overexpressed in cells (12, 29,
30). It has been suggested that SDHB/D PCCs lose BNIP3
expression via a HIF-independent pathway and that loss
of BNIP3 expression might be implicated in the increased
frequency of malignant transformation reported in SDHB
PCCs (16). Nevertheless, we observed that BNIP3 is also
down-regulated in normal adrenal tissue, and this finding
is common to all PCCs except for VHL-related tumors,
suggesting that BNIP3 down-regulation is not related to
malignant behavior of SDHB PCCs. On the other hand,
rather than promoting cell death, BNIP3 may allow sur-
vival by promoting autophagy (elimination of damaged
mitochondria) in response to hypoxia and suppress genes
required for mitochondrial biosynthesis (31, 32). This
latter function of BNIP3 could explain the significant
overexpression of this HIF-1�-induced molecule in the
most hypoxic PCCs, which are the VHL tumors.

In summary, transcriptional profiling of a large series
of PCCs/PGLs revealed unexpected EglN3 mRNA over-
expression in VHL-mutated tumors compared with nor-
mal adrenal tissue and to the remaining genetic PCC
classes. These high levels of EglN3 mRNA did not lead to
significant differences at the protein level, so it seems that
an unknown posttranscriptional mechanism should ac-
count for this discrepancy. In addition, we found that,
although VHL and SDHB tumors share a common hy-
poxic transcriptional signature that confirms the previ-
ously described HIF regulatory loop (6), they significantly
differ in the expression of major HIF-1�/HIF-2� down-
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stream targets. This latter finding opens new specific ther-
apeutic approaches for malignant PCCs taking into ac-
count the genetic background of the tumor.

Materials and Methods

Tissue specimens
Eighty-four frozen tumors from 84 unrelated patients (aged

between 11 and 79 yr) were collected from different Spanish
hospitals through the Spanish National Tumor Bank Network
and from the Instituto Oncologico Veneto in Italy. The tissues
were immediately frozen in liquid nitrogen, embedded in Tissue-
Tek OCT compound (Sakura, Torrance, CA), and stored at
�80 C until they were used. All tissues were evaluated by pa-
thologists by means of hematoxylin/eosin staining; 85% was
considered a suitable percentage of tumor cells per sample to be
included in the study. All patients provided informed consent. In
addition, medullar adrenal tissue samples from nonaffected do-
nors were also hybridized for further comparisons.

DNA and RNA isolation
Genomic DNA and total RNA were obtained using the

DNeasy (QIAGEN, Inc., Valencia, CA) and the TriReagent
(MRC, Cincinnati, OH) kits, respectively, according to the
manufacturers’ instructions. Purity and integrity of RNA was
assessed using an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Palo Alto, CA), and degraded samples (with an RNA in-
tegrity number below 7) were discarded. Concentration was
determined using a Nanodrop ND-1000 spectrophotometer.

Molecular characterization of tumors
A complete genetic characterization of five PCC susceptibil-

ity genes (RET, VHL, SDHB, SDHC, and SDHD) was carried
out in tumor specimens and in the corresponding normal tissue,
when possible (normal tissue was available for 69 out of the 84
cases). Screening for point mutations (in all genes) and gross
deletions (in VHL and SDHx) was performed by direct sequenc-
ing and Multiplex Ligation-dependent Probe Amplification
(MRC-Holland, Amsterdam, The Netherlands), respectively, as
described (33). NF1 diagnosis was based on clinical character-
istics of patients.

cDNA synthesis, labeling, hybridization, and
detection

For each tumor, as well as normal adrenal tissues, 500 ng of
total RNA were amplified by double strand cDNA synthesis, fol-
lowed by T7-based in vitro transcription, according to the manu-
facturer’s instructions. Universal Human Reference RNA (Strat-
agene, La Jolla, CA) was used for all samples as a reference.
Amplified cRNA was then labeled with cyanine (Cy)5-conjugated
2�-deoxyuridine 5�-triphosphate, whereas cRNA from Universal
Human Reference RNA was labeled with Cy3-conjugated
2�-deoxyuridine 5�-triphosphate. The Agilent Whole Human Ge-
nome platform (4x44K) was used for competitive hybridization,
and the slides were washed, dried, and scanned in an Agilent mi-
croarray scanner (Agilent Technologies).

Normalization and preprocessing
Two channel ratios (Cy5/Cy3) for each array spot were gen-

erated and quantified using Feature Extraction version 9.5 soft-

ware. Microarray background subtraction was carried out us-
ing the normexp method (34). The dataset was normalized using
loess within-array normalization and quantile between-array
normalization. Differentially expressed genes were identified by
applying linear models using the Bioconductor limma R pack-
age (http://www.bioconductor.org) (35). After normalization, a
preprocess step was performed by the methods implemented in
the GEPAS package (36). Inconsistent replicates (SD � 1) were
discarded, and consistent replicates were averaged (median
method). Finally, genes that exhibited flat patterns (SD � 0.8)
across the set of samples were filtered and omitted in further
comparisons.

Unsupervised and supervised analysis
Tumor samples were grouped according to their expression

profiles by means of unsupervised clustering using GeneCluster
2.0 (37). Unsupervised learning is implemented by a Self-Orga-
nizing Map algorithm and viewed in a visualizer that displays
cluster profiles and relevant cluster member information. The
reliability of the clusters was verified by consensus clustering, a
robust clustering method which obtains the consensus across
multiple runs of a clustering algorithm and assess the stability of
the discovered clusters by using resampling techniques (38).
This procedure performed 500 permutations to refine the clus-
ter parameters. The most stable clusters resulting from multiple
iterations were defined and used for subsequent analysis. A sec-
ond unsupervised clustering of either all tumors included in the
study or the SDHB- and VHL-positive cases only was performed
using the expression data corresponding to a set of genes in-
cluded in a recently reported ranked list of HIF target genes (39).
The list of genes included 500 newly predicted and 58 well-
known HIF target genes. Finally, tumors belonging to different
predefined classes were used for supervised analysis to identify
specific transcripts related to each genetic condition. A t test was
carried out as implemented in POMELOII (40). To account for
multiple hypothesis testing, the estimated significance level (P)
was adjusted using Benjamini’s FDR correction (41). Genes
with an FDR � 0.05 were selected as differentially expressed
between tumor classes.

Functional profile analysis
To discover biological processes differentially regulated be-

tween the genetic classes, we employed GSEA (42) using Bio-
Carta and Kyoto Encyclopedia of Genes and Genomes annota-
tions. Gene expression values were ranked based on t statistic
for Kolmogorov-Smirnoff testing. GSEA yields a normalized
enrichment score that represents the degree of enrichment of the
gene set in the ranked gene list, and a P (NOM P) that measures
the significance of that score. To account for multiple testing,
the NOM P was adjusted using FDR. Those gene sets showing
FDR � 0.25 were considered enriched between classes under
comparison.

Validation of microarray data by quantitative
real-time RT-PCR

To validate microarray data, expression levels of selected
significantly differentially expressed genes were assessed by RT-
PCR in 13 of the 84 previously hybridized samples and in 13
FFPE tumors from an independent series. Reverse transcription
was performed using 1 �g total RNA, random hexamers, and
M-MLV Reverse Transcriptase (Promega Corp., Madison, WI).
PCRs were done on an ABI Prism 7000 sequence detection sys-
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tem (Applied Biosystems, Foster City, CA) using the Universal
ProbeLibrary set (Roche Applied Science, Indianapolis, IN) as
described by the manufacturer. All analyses were performed in
triplicate, and relative RNA levels were determined using hypo-
xanthine phosphoribosyltransferase 1-RNA as internal control.
The Mann-Whitney test was used to compare the two genetic
classes.

Immunohistochemistry
Immunohistochemical staining was performed using 3-�m

FFPE sections included in two tissue microarrays. The microar-
rays contained PCCs/PGLs from patients carrying different
germline mutations: eight in VHL, 10 in SDHB, 24 in RET, and
for in SDHD. Nine sporadic cases and three normal adrenal
sections were included as controls. Slides were processed by
means of a standard protocol using EglN3 (mouse monoclonal
188E, kindly provided by Patrick J. Pollard), HIF-1� (mouse
monoclonal antibody; Abcam, Cambridge, MA), and HIF-2�
(rabbit polyclonal; Novus Biologicals, Littleton, CO) primary
antibodies and the Envision System (Dako, Carpinteria, CA) for
antigen-antibody detection. Regarding EglN3 subcellular local-
ization, we only considered staining in the cytoplasm, and when
positive, 100% of cells were found to be stained. We delineated
four levels of staining: 0 (null staining), 1 (low staining), 2 (me-
dium staining), and 3 (strong staining), which we grouped into
negative (0), midlevel (1 and 2), and positive (3).

Methylation-specific polymerase chain
reaction (MSP)

The methylation status of EglN3 CpG islands was analyzed
using the MSP technique (43). Normal lymphocytes and in
vitro-methylated DNA were used as positive controls for the
unmethylated and methylated sequences, respectively. In se-
lected samples, methylation status was confirmed by bisulfite
genomic sequencing, as described (44). The primers used for the
MSP analysis are available on request.
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