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Abstract
Pheochromocytomas (PCCs) and paragangliomas (PGLs) are rare neuroendocrine tumors of the
adrenal glands and the sympathetic and parasympathetic paraganglia. They can occur
sporadically or as a part of different hereditary tumor syndromes. About 30% of PCCs and
PGLs are currently believed to be caused by germline mutations and several novel susceptibility
genes have recently been discovered. The clinical presentation, including localization, malignant
potential, and age of onset, varies depending on the genetic background of the tumors. By
reviewing more than 1700 reported cases of hereditary PCC and PGL, a thorough summary of the
genetics and clinical features of these tumors is given, both as part of the classical syndromes
such as multiple endocrine neoplasia type 2 (MEN2), von Hippel–Lindau disease, neurofibroma-
tosis type 1, and succinate dehydrogenase-related PCC–PGL and within syndromes associated
with a smaller fraction of PCCs/PGLs, such as Carney triad, Carney–Stratakis syndrome, and
MEN1. The review also covers the most recently discovered susceptibility genes including
KIF1Bb, EGLN1/PHD2, SDHAF2, TMEM127, SDHA, and MAX, as well as a comparison with the
sporadic form. Further, the latest advances in elucidating the cellular pathways involved in PCC
and PGL development are discussed in detail. Finally, an algorithm for genetic testing in patients
with PCC and PGL is proposed.
Endocrine-Related Cancer (2011) 18 R253–R276
Introduction

Pheochromocytomas (PCCs) and paragangliomas

(PGLs) are neuroendocrine tumors that arise in the

adrenal medulla or the extra-adrenal sympathetic and

parasympathetic paraganglia (DeLellis et al. 2004).

Paraganglia are small organs that mainly consist of

neuroendocrine cells derived from the embryonic

neural crest that have the ability to synthesize and

secrete catecholamines (McNichol 2001). As defined

by the World Health Organization, a PCC is an intra-

adrenal PGL that arises from the chromaffin cells of the

adrenal medulla (DeLellis et al. 2004). The term PCC

means ‘dusky-colored tumor’ and was historically

derived from the color change that occurs when the

tumor tissue is immersed in chromate salts. Extra-

adrenal PGLs, nowadays often referred to as only
Endocrine-Related Cancer (2011) 18 R253–R276
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PGLs, are classified as sympathetic or parasympathetic

depending on the type of paraganglia in which they

have their origin. Sympathetic PGLs arise from

chromaffin cells of paraganglia along the sympathetic

chains and are usually located in the chest, abdomen, or

pelvis (Fig. 1). Parasympathetic PGLs arise from the

glomera that are distributed along parasympathetic

nerves in the head, neck, and upper mediastinum and

are therefore also referred to as head and neck PGLs.

PCCs and PGLs are rare tumors. Their prevalence is

unknown but has been estimated to lie between 1:6500

and 1:2500 in the United States (Chen et al. 2010).

Autopsy series have revealed a higher prevalence of

about 1:2000, suggesting that many tumors remain

undiagnosed (McNeil et al. 2000). The annual incidence

has been reported to be two to ten cases per million
t Britain
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Figure 1 Anatomical distribution of paraganglia. Pheochromo-
cytomas arise in the medulla of the adrenal gland, whereas
sympathetic paragangliomas arise along the sympathetic chains
in the pelvis, abdomen, and chest. Parasympathetic para-
ganglioma arise along the parasympathetic nerves in the head,
neck, and mediastinum, the most common location being the
carotid body. Adapted from Lips et al. (2006) with permission.
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(Beard et al. 1983, Stenstrom & Svardsudd 1986, Ariton

et al. 2000). The tumors may occur in all ages but have

the highest incidence between 40 and 50 years, with an

approximately equal sex distribution (O’Riordain et al.

1996, Favia et al. 1998, Goldstein et al. 1999, Erickson

et al. 2001, Cascon et al. 2009b, Mannelli et al. 2009). In

693 unselected PCC/PGL patients, about 69% of the

patients had PCC, 15% had sympathetic PGL, and 22%

had parasympathetic PGL (some had a combination of

tumors), providing an approximate measure of the

relative incidence of the different tumor types (Cascon

et al. 2009b, Mannelli et al. 2009).

PCCs and sympathetic PGLs are very similar

histologically as well as functionally (DeLellis et al.

2004). They generally produce large amounts of

catecholamines, mainly adrenaline and noradrenaline,

at rates many times higher than normal, resulting in a

high concentration of these fight-or-flight response

causing hormones in the bloodstream (reviewed by

Karagiannis et al. (2007)). The tumors usually cause

hypertension, which may be either paroxysmal or

sustained. Typical symptoms are recurring episodes of

headache, sweating, and palpitations. Other symptoms

may include anxiety, tremors, nausea, pallor, and

abdominal or chest pain. Up to 10% of the patients

have only minor or no signs of clinical symptoms and

an increasing number of tumors are incidentally found

during imaging studies (Kopetschke et al. 2009). In

other cases, the tumors can cause severe cardiovascular

or neurological manifestations such as shock, heart
R254
failure, seizures, and stroke, which can become life

threatening and also obstruct a correct diagnosis

(Spencer et al. 1993, Sibal et al. 2006).

Parasympathetic PGLs are histologically similar to

PCCs and sympathetic PGLs (McNichol 2001), but

whereas the latter two tumor forms are almost always

clinically functional, parasympathetic PGLs are

usually not (DeLellis et al. 2004). They typically

have no or only a low production of catecholamines

(Erickson et al. 2001, van Duinen et al. 2010) and

commonly present as a slow-growing, painless cellular

mass (DeLellis et al. 2004). Consequently, many

patients are non-symptomatic. However, depending

on site, the space occupation by the tumors may cause

symptoms such as pain, hearing disturbances, hoarse-

ness, and dysphagia.

The majority of PCCs and PGLs are benign.

Malignancy is defined as the presence of distant

metastases (DeLellis et al. 2004) and occurs in w5–13%

of PCCs (Goldstein et al. 1999, DeLellis et al. 2004,

Mannelli et al. 2009), 15–23% of sympathetic PGLs

(O’Riordain et al. 1996, Goldstein et al. 1999, Mannelli

et al. 2009), and 2–20% (depending on site) of

parasympathetic PGLs (DeLellis et al. 2004, Mannelli

et al. 2009). The most common sites for metastasis are

bone, liver, and lung tissue (Chrisoulidou et al. 2007).

Currently, malignancy cannot be predicted with cer-

tainty, although some histological or gene expression

features might be suggestive of malignancy (Strong

et al. 2008). The prognosis of malignant PCC and PGL

is poor, with a 5-year mortality rate O50% (Lee et al.

2002, Chrisoulidou et al. 2007). There is currently no

effective or curative treatment, but surgery, chemother-

apy, and radiotherapy are beneficial in some patients.
Genes and syndromes associated with
PCC and PGL

Most PCCs and PGLs occur as sporadic tumors, and

historically about 10% of the tumors were associated

with hereditary syndromes, mainly multiple endocrine

neoplasia type 2 (MEN2), von Hippel–Lindau disease

(VHL), and neurofibromatosis type 1 (NF1) (Maher &

Eng 2002). A small fraction is associated with other

syndromes, including Carney triad, Carney–Stratakis

syndrome, and, very rarely, MEN1. During the last

decade, mutations in the genes encoding different

subunits of the succinate dehydrogenase (SDH)

complex have been linked to familial PCC–PGL

syndrome, and subsequent genetic screenings have

revealed that about 30% of PCCs and PGLs are caused

by hereditary mutations (Amar et al. 2005, Mannelli

et al. 2009). In addition, several novel susceptibility
www.endocrinology-journals.org
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genes, such as kinesin family member 1B (KIF1Bb;

Schlisio et al. 2008), EGL nine homolog 1, also termed

PHD2 (EGLN1/PHD2; Ladroue et al. 2008), trans-

membrane protein 127 (TMEM127; Qin et al. 2010),

and MYC-associated factor X (MAX; Comino-Mendez

et al. 2011), have recently been added to the list. The

predisposing genes that have been identified seem at

a first glance to have entirely different functions but,

in spite of this, malfunction of their different gene

products can give rise to clinically and histologically

undistinguishable tumors. Nevertheless, some clinical

features may be quite different, e.g. patients with

SDHB mutations have considerably higher risk of

malignancy than many other PCC/PGL patients

(Gimenez-Roqueplo et al. 2003). The following

section gives an overview of clinical characteristics

of PCCs and PGLs with different genetic backgrounds,

which is summarized in Table 1.
RET

Gene and protein function

RET is a proto-oncogene of 21 exons, located on

chromosome 10q11.21. The gene was discovered in

1985 by transfection of NIH 3T3 cells with human

lymphoma DNA (Takahashi et al. 1985). As it was

activated by a rearrangement during the process, the

name ‘Rearranged during Transfection’ was suggested.

The gene product, RET, is a transmembrane receptor

tyrosine kinase for members of the glial cell line-

derived neurotropic factor (GDNF) family (Durbec

et al. 1996, Jing et al. 1996, Trupp et al. 1996). RET is

normally activated by the binding of one of its ligands,

which induces dimerization (Treanor et al. 1996).

A subsequent phosphorylation of specific tyrosine

residues by RET is then believed to activate multiple

intracellular pathways involved in cell growth and

differentiation. The RET protein is mainly expressed

in urogenital and neural crest precursor cells and is

essential for the development of the kidneys as well as

the sympathetic, parasympathetic, and enteric nervous

system (Ichihara et al. 2004). Alternative splicing of

the gene results in three isoforms, RET9, RET43, and

RET51, which seem to differ slightly in function.

Oncogenic activation of RET has been shown to

activate both PI3K/AKT- and RAS/RAF/MAPK-

dependent cell signaling (Besset et al. 2000, Califano

et al. 2000, Segouffin-Cariou & Billaud 2000).

Gain-of-function mutations of the RET gene is the

underlying genetic cause of the MEN2 syndrome

(Donis-Keller et al. 1993, Mulligan et al. 1993, Hofstra

et al. 1994). They are mostly missense and located in

exons 10, 11, 13, 14, 15, and 16 (Raue & Frank-Raue
www.endocrinology-journals.org
2010). Inherited inactivating mutations can be scattered

throughout the gene and do instead predispose for

Hirschsprung disease, which is a congenital disorder

characterized by lack of ganglion cells in the colon

(Edery et al. 1994, Romeo et al. 1994). Interestingly,

some overlap has been reported between MEN2

and Hirschsprung phenotypes (Mulligan et al. 1994).

A rare sequence variant (rs36119840) in the RET

ligand gene GDNF has also been detected in the

germline of one PCC patient, and it was suggested that

GDNF variants may influence PCC susceptibility,

although no further studies have been performed

(Woodward et al. 1997).

MEN2 syndrome

MEN2 is an autosomal dominantly inherited tumor

syndrome with a prevalence of w1/40 000 individuals

(reviewed by Raue & Frank-Raue (2010)). Clinically,

it can be divided into three types: MEN2A (55% of

all cases), MEN2B (5–10%), and familial medullary

thyroid carcinoma (FMTC, 35–40%). MEN2A and

MEN2B patients have almost 100% risk of developing

MTC and w50% risk of developing PCC. Patients with

MEN2A also possess a risk (15–25%) of developing

primary hyperparathyroidism, which is not a feature

of MEN2B. MEN2B is the least common but often

considered the most aggressive form with higher

morbidity and mortality of MTC and an earlier onset,

although the difference in aggressiveness has been

argued (Leboulleux et al. 2002). FMTC is the mildest

variant in which patients have familial, often more

benign, MTC and by definition no incidence of other

endocrine neoplasms.

RET-associated PCCs and PGLs

Activating RET mutations predispose to PCCs, which

are often recurrent and bilateral, but typically have a

low risk of malignancy (Table 1). Four large studies

of PCCs in MEN2 (Lairmore et al. 1993, Modigliani

et al. 1995, Quayle et al. 2007, Rodriguez et al. 2008),

including a total of 514 MEN2 patients with PCCs (479

MEN2A and 35 MEN2B), are summarized in this

review. In these studies, w63% of the patients

displayed bilateral PCC and only 3% had malignant

disease. The mean age at PCC presentation was 36

years, and PCC was diagnosed before MTC in 12–25%

of the cases (Modigliani et al. 1995, Rodriguez et al.

2008). PGLs are very rare in MEN2 and were not

reported in any of the above patients, but a few cases

of sympathetic and parasympathetic PGL have been

described (Neumann et al. 1993, Nilsson et al. 1999,

Erickson et al. 2001, Boedeker et al. 2009).
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von Hippel–Lindau

Gene and protein function

VHL is a tumor suppressor gene of three exons,

mapping to chromosome 3p25.3. The gene was

identified by positional cloning in 1993 (Latif et al.

1993). There are three VHL gene products: a full-length

213 amino acid protein and two shorter isoforms,

resulting from an alternative splicing excluding the

second exon and an alternative translation initiated

from an in-frame ATG codon respectively (Richards

et al. 1996, Kaelin 2008). VHL is involved in oxygen-

dependent regulation of hypoxia-inducible factor (HIF)

by constituting a part of the E3 ubiquitin ligase complex

that ubiquitinates HIF-1a, thereby targeting it for

proteasomal degradation (Maynard & Ohh 2007,

Kaelin 2008).

VHL is considered a classical tumor suppressor gene

in the sense that, in accordance with Knudsons two-hit

model, biallelic inactivation is usually required for

tumorigenesis (Knudson 1971, 1996). Loss of hetero-

zygosity (LOH) of the wild-type allele is frequent in

VHL-associated tumors, including PCCs (Crossey

et al. 1994), and hypermethylation of the wild-type

allele as an alternative mechanism of gene inactivation

has also been reported (Herman et al. 1994, Prowse

et al. 1997), although not in PCCs (Bender et al. 2000).

Disease-causing mutations in VHL can be missense,

nonsense, as well as deletions and insertions (indels),

with missense mutations being more frequent in

families with PCC/PGL (Woodward & Maher 2006).

VHL syndrome

Germline mutations that inactivate the VHL gene result

in VHL, an autosomal dominantly inherited tumor

syndrome occurring in w1/36 000 individuals (Wood-

ward & Maher 2006). The disease is characterized by

several different tumors such as clear cell renal

carcinomas, PCCs, PGLs, pancreatic islet cell tumors,

lymphatic sac tumors, and hemangioblastomas of

the retina, cerebellum, kidney, and pancreas. About

10–26% of VHL patients develop PCC or PGL, but the

risk varies between different families (Richard et al.

1994, Walther et al. 1999b, Baghai et al. 2002).

VHL-associated PCCs and PGLs

VHL mutations predispose to unilateral or bilateral

PCCs and, much less frequently, to sympathetic or

parasympathetic PGLs (Table 1). Six studies of VHL-

associated PCCs and PGLs (Neumann et al. 1993,

Richard et al. 1994, Walther et al. 1999b, Baghai et al.

2002, Amar et al. 2005, Mannelli et al. 2009),

including a total number of 236 patients, have been
www.endocrinology-journals.org
analyzed. Of these patients, 90% had PCC and 19%

had PGL. Bilateral PCC was seen in 44% of the

patients, and only 3% displayed malignant tumors. The

mean age at diagnosis of PCC/PGL was 29 years. PCC

or PGL was the first manifestation of VHL disease

in 30–55% of the cases (Richard et al. 1994, Baghai

et al. 2002).
Neurofibromatosis type 1

Gene and protein function

NF1 is a large gene of 60 exons, located on

chromosome 17q11.2 and encoding the protein

neurofibromin (Boyd et al. 2009). The gene was

discovered in 1990 (Viskochil et al. 1990) and has one

of the highest spontaneous mutation rates in the human

genome (Boyd et al. 2009). Alterations of the gene

include missense, nonsense, and splice-site mutations

as well as indels and chromosomal rearrangements.

The gene product is mainly expressed in the nervous

system, where it suppresses cell proliferation by

promoting the conversion of RAS into its inactive

form, thereby inhibiting the oncogenic RAS/RAF/

MAPK signaling cascade (Ballester et al. 1990,

Martin et al. 1990). Neurofibromin also inhibits the

PI3K/AKT/mTOR pathway via suppression of RAS

(Johannessen et al. 2005, 2008). NF1-related tumors,

including PCCs, often display alterations of both

alleles, normally including one germline mutation

and one acquired mutation or LOH of the wild-type

allele, implying that NF1 functions as a classical tumor

suppressor gene (Bausch et al. 2007, Boyd et al. 2009).

NF1 syndrome

Mutations in NF1 result in NF1, also termed von

Recklinghausen’s disease, which occurs in w1 of 3500

persons (reviewed by Boyd et al. (2009)). It is inherited

as an autosomal dominant disease, but 30–50% of

the patients have new, spontaneous mutations that, if

postzygotic, can give rise to a mosaic phenotype

(Kehrer-Sawatzki & Cooper 2008). NF1 syndrome

can be usually diagnosed early in childhood and the

diagnostic features include neurofibromas, café au lait

patches, skinfold freckling, iris Lisch nodules, optic

pathway gliomas, and bone dysplasia (Boyd et al.

2009). Patients may also suffer from malignant

peripheral nerve sheath tumors, other CNS gliomas,

and cognitive impairment. PCCs and PGLs are not

among the most common manifestations of NF1 but

occur in 0.1–5.7% of the patients (3.3–13.0% at

autopsy), representing a considerably higher incidence

than in the general population (Walther et al. 1999a).
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NF1-associated PCCs and PGLs

NF1-associated PCCs and PGLs typically have

characteristics similar to those of sporadic tumors,

with a relatively late mean age of onset and about 10%

risk of malignancy (Table 1). A summary of a thorough

review (Walther et al. 1999a) together with more

recent studies (Amar et al. 2005, Bausch et al. 2007,

Mannelli et al. 2009, Zinnamosca et al. 2011),

including a total of 216 NF1 patients with PCC or

PGL, showed that 95% of the patients had PCC and 6%

had PGL, all of which were sympathetic. Fourteen

percent of the patients displayed bilateral PCC, 9%

developed malignant disease, and the mean age at

presentation was 42 years.
SDHx

Genes and protein functions

SDH is a mitochondrial enzyme complex consisting

of four subunits: SDHA, SDHB, SDHC, and SDHD,

which are all encoded by the nuclear genome

(reviewed by Rutter et al. (2010)). The enzyme, also

known as mitochondrial complex II, is involved both

in the tricarboxylic acid cycle, where it catalyzes the

oxidation of succinate to fumarate, and in the

respiratory electron transfer chain, where it transfers

electrons to coenzyme Q. The gene SDHA is located on

chromosome 5p15.33 and consists of 15 exons. It

encodes a protein that functions as a part of the

catalytic core and contains the binding site for

succinate. The other part of the catalytic domain,

which also forms an interface with the membrane

anchor, is encoded by SDHB, a gene of eight exons

located on chromosome 1p36.13. SDHC on chromo-

some 1q23.3 and SDHD on chromosome 11q23.1

contain six and four exons, respectively, and encode

two hydrophobic proteins that anchor the complex to

the mitochondrial inner membrane.

The link between SDH and neuroendocrine tumors

was first established in the year 2000, when germline

mutations in SDHD were discovered in patients with

familial PGLs (Baysal et al. 2000). SDHD mutations

were subsequently found also in apparently sporadic

PCCs (Gimm et al. 2000) and PGLs (Dannenberg et al.

2002) as well as in familial PCCs (Astuti et al. 2001a).

Shortly after, germline mutations were also identified

in SDHB in both PCCs and PGLs (Astuti et al. 2001b).

SDHC mutations were reported in PGLs in 2000

(Niemann & Muller 2000) and were also recently

found in PCCs (Peczkowska et al. 2008). During

several years, homozygous and compound heterozy-

gous mutations in the gene encoding the fourth subunit,

SDHA, were associated with a rare early-onset
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neurodegenerative disorder called Leigh syndrome

(Bourgeron et al. 1995, Horvath et al. 2006), but

neither with PCCs nor with PGLs (Bayley et al. 2005).

This was intriguing since functional analysis showed

that SDHA mutations cause SDH deficiency (Briere

et al. 2005). However, most recently, a germline

mutation in SDHA was reported in a patient with PGL

(Burnichon et al. 2010) and subsequently in additional

patients including one with PCC (Korpershoek et al.

2011), and thus all of the four SDH subunits have now

been revealed to be involved in PCC and/or PGL

development. In 2009, two factors involved in the

assembly of the SDH complex were discovered,

SDHAF1 (Ghezzi et al. 2009) and SDHAF2 (Hao

et al. 2009). Whereas mutations in the SDHAF1 gene

have been associated with infantile leukoencephalo-

pathy, a brain white matter disease (Ghezzi et al.

2009), mutations in SDHAF2, a gene of four exons on

chromosome 11q12.2, have been identified in two

families affected by PGLs (Hao et al. 2009, Bayley

et al. 2010), but so far not in any PCC patients (Bayley

et al. 2010, Yao et al. 2010a). Missense, nonsense,

frameshift, as well as splice site mutations have been

described in SDHB and SDHD, which are the most

commonly altered SDH genes (Neumann et al. 2004).

The SDHx genes are believed to function as

classical tumor suppressors since tumors generally

display LOH of the non-mutated allele (Baysal et al.

2000, Gimenez-Roqueplo et al. 2003, Lopez-Jimenez

et al. 2008, Burnichon et al. 2010). Mutations in any of

the different SDHx genes, regardless of whether its

gene product has catalytic or anchorage function,

have been demonstrated to cause an abolishment of

SDH enzyme activity (Gimenez-Roqueplo et al. 2001,

Douwes Dekker et al. 2003) as well as an absence

of SDHB protein expression (van Nederveen et al.

2009, Gill et al. 2010, Korpershoek et al. 2011).

PCC–PGL syndrome

Germline mutations in the SDHx genes give rise to

familial PCC–PGL syndrome, sometimes only referred

to as familial PGL. The syndrome can be divided

into PGL1, PGL2, PGL3, and PGL4, which are caused

by mutations in SDHD, SDHAF2, SDHC, and SDHB

respectively. They are all inherited in an autosomal

dominant manner but with varying penetrance. SDHD

is putatively maternally imprinted and PGL1 is thus

only passed on to children by their father (van der Mey

et al. 1989), although one exception of maternal

transmission has been reported (Pigny et al. 2008).

To date, PGL2 has also only been diagnosed in

individuals with an affected father, suggesting a similar
www.endocrinology-journals.org
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parent-of-origin-specific inheritance for SDHAF2

(Kunst et al. 2011). No specific PCC/PGL syndrome

has yet been described for SDHA mutations, but they

seem to have a low penetrance of PCC/PGL and do not

seem to be associated with a familial presentation

(Burnichon et al. 2010, Korpershoek et al. 2011). The

prevalence of PCC–PGL syndrome is unknown, but a

summary of the cases reviewed here (about 13% of all

PCC/PGL cases) gives an estimate of 1:50 000 to

1:20 000, the majority represented by PGL1 and PGL4.

Apart from PCCs and PGLs, SDHB mutations have

been associated with renal cell carcinoma (Neumann

et al. 2004, Vanharanta et al. 2004, Ricketts et al. 2008,

2010). One SDHD mutation carrier with a renal cell

tumor has also been described (Ricketts et al. 2010),

as well as a few cases of SDHB and SDHD patients

with thyroid carcinoma (Neumann et al. 2004, Ricketts

et al. 2010). In addition, mutations in SDHB, SDHC,

and SDHD can give rise to the Carney–Stratakis

syndrome (Stratakis & Carney 2009), characterized by

the dyad of PGLs and gastrointestinal stromal tumors

(GISTs), as will be discussed later. Very recently,

SDHA mutations were also reported in two patients

with GISTs but without PGLs (Pantaleo et al. 2011).

SDHx-associated PCCs and PGLs

SDHD mutations (PGL1) predispose most frequently

to parasympathetic, often multifocal PGLs, but also

to sympathetic PGLs and PCCs (Table 1). Several

national and multinational studies have gathered

information about tumor characteristics in patients

with PCC–PGL syndrome (Neumann et al. 2004, Benn

et al. 2006, Burnichon et al. 2009, Mannelli et al. 2009,

Ricketts et al. 2010). Summarizing these studies for

289 patients with SDHD-related tumors, 24% had

developed PCC, none of which were bilateral. As many

as 92% had developed PGL (22% of the patients had

sympathetic and 84% had parasympathetic PGL), 56%

of the patients had multiple PGLs, and 4% had

malignant disease. The mean age at presentation was

35 years and the penetrance of PCC/PGL in SDHD

mutation carriers has been estimated to 86% by the age

of 50 years (Neumann et al. 2004).

SDHAF2 mutations (PGL2) have so far been

detected in one large Dutch kindred (Hao et al. 2009,

Kunst et al. 2011) and in one Spanish family (Bayley

et al. 2010), both afflicted with early-onset hereditary

PGL and carrying the same mutation. Identity-by-state

analysis of genome-wide single nucleotide polymorphism

(SNP) data implied that the two families are unrelated

(Bayley et al. 2010). In the Dutch kindred with

PGL2, almost 100% penetrance of the disease has
www.endocrinology-journals.org
been reported by the age of 45 years (van Baars et al.

1981). All reported SDHAF2-related tumors have been

parasympathetic PGLs, and no metastases have been

described (Table 1). Summarizing 15 patients from

the two families (Bayley et al. 2010, Kunst et al. 2011),

the mean age at presentation was 32 years, and 87%

of the patients had multiple PGLs.

SDHC mutations (PGL3) are rare but have been

detected in up to 4% of patients with parasympathetic

PGL (Schiavi et al. 2005). They are mainly associated

with parasympathetic PGLs, much less frequently with

sympathetic PGLs and very seldom with PCCs

(Mannelli et al. 2007, Peczkowska et al. 2008). The

tumors are typically benign, but malignancy has been

reported in one case (Niemann et al. 2003). In three

different studies (Schiavi et al. 2005, Burnichon et al.

2009, Mannelli et al. 2009), including 42 patients with

SDHC-related tumors, all patients had PGLs (93%

parasympathetic and 7% sympathetic). All tumors were

reported as benign, and 17% of the patients had multiple

tumors (Table 1). No PCCs were detected in these

cohorts. The mean age at presentation was 43 years and

only 20–25% of the patients revealed a family history

of PGL, suggestive of an incomplete penetrance.

SDHB mutations (PGL4) are generally associated

with higher morbidity and mortality than mutations in

the other SDHx genes (Gimenez-Roqueplo et al. 2003).

They typically predispose to sympathetic PGLs with a

high risk of malignancy, and, less frequently, to benign

or malignant PCCs and parasympathetic PGLs

(Table 1). Meta-analysis of a number of studies

(Neumann et al. 2004, Benn et al. 2006, Srirangalingam

et al. 2008, Burnichon et al. 2009, Mannelli et al. 2009,

Ricketts et al. 2010), totally including 378 patients

with SDHB-related tumors, showed that 78% of

the patients had PGL (71% had sympathetic and

24% had parasympathetic PGL) and 25% had PCC

(none of which were bilateral). The mean age at

presentation was 33 years, 21% of the patients

presented with multiple PGLs, and as many as 31%

of the patients displayed malignant tumors. The

penetrance of PCC/PGL in SDHB mutation carriers

has been estimated to 77% by the age of 50 years

(Neumann et al. 2004).

SDHA mutations have so far been identified in six

different patients with PCC or PGL (Burnichon et al.

2010, Korpershoek et al. 2011). Among these, one

patient suffered from PCC and the other five from PGL

(three sympathetic and two parasympathetic). The mean

age at presentation was 40 years and no patients

displayed metastases or multiple tumors (Table 1).

A seventh patient who presented with a malignant

sympathetic PGL can be suspected to carry an SDHA
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mutation due to an immunohistochemically SDHA-

negative tumor but could not be genetically tested

(Korpershoek et al. 2011). The six patients reported

by Korpershoek et al. (2011) were found among 198

apparently sporadic PCCs and PGLs (3%) in an

immunohistochemical screening for the absence of

SDHA expression. Interestingly, the identified SDHA

mutations were also seen in low frequencies in a healthy

control group, suggesting a low penetrance of PCC/PGL

in SDHA mutation carriers (Korpershoek et al. 2011).
Kinesin family member 1B

Gene and protein function

KIF1B is a large gene of about 50 exons mapping to

chromosome 1p36.22, a region that is frequently deleted

in neural crest-derived tumors (Schlisio et al. 2008). The

gene has two splice variants, KIF1Ba and KIF1Bb.

The encoded protein isoforms are kinesins that share a

common region including a motor domain but have

distinguished cargo domains transporting mitochondria

and synaptic vesicle precursors respectively (Nangaku

et al. 1994, Zhao et al. 2001). KIF1Bb functions as a

tumor suppressor that is necessary for neuronal

apoptosis (Schlisio et al. 2008). Findings suggesting a

proapoptotic role of KIF1Bb were also put forward in

another study (Munirajan et al. 2008), and both studies

suggest that haploinsufficiency of KIF1Bb may be

adequate for tumorigenesis because the wild-type allele

was retained in the tumors. Schlisio et al. (2008)

discovered two different missense KIF1Bb mutations in

PCC patients without other predisposing mutations.

Germline DNA was available for one patient, in which

the mutation was confirmed to be germline. Three other

germline mutations were identified in neuroblastoma

patients, and one somatic mutation was detected in a

patient with medulloblastoma.

Syndrome

No specific syndrome has been attributed yet, but

patients with germline KIF1Bb mutations seem to be

predisposed to at least PCCs and neuroblastomas.

Ganglioneuroma, leiomyosarcoma, and lung adeno-

carcinoma have also been reported in a family with

KIF1Bb mutations (Yeh et al. 2008).

KIF1Bb-associated PCCs and PGLs

One of the PCC patients reported by Schlisio et al.

(2008) suffered from neuroblastoma in childhood and

developed PCC as an adult. Pedigree analysis revealed

that the proband’s paternal grandfather had also

been diagnosed with PCC, while the proband’s father

did not show any signs of the disease (Yeh et al. 2008).
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Both patients displayed bilateral PCC, with an onset at

22 and 70 years respectively (Table 1). No PCC

metastases were reported.
EGL nine homolog 1

Gene and protein function

EGLN1 is a gene of five exons located on chromosome

1q42.1, encoding the EGLN1 protein. EGLN1 is a

member of the EGLN prolyl hydroxylase family,

consisting of EGLN1, EGLN2, and EGLN3 (also termed

PHD2, PHD1, and PHD3). In the presence of oxygen,

the EGLN proteins catalyze a proline hydroxylation of

HIF-a, allowing it to be recognized and targeted for

degradation by the VHL containing E3 ubiquitin ligase

complex (Maynard & Ohh 2007). EGLN1 appears to be

the main HIF prolyl hydroxylase under conditions of

normal oxygen levels (Berra et al. 2003).

In 2008, a germline mutation in EGLN1 was

reported in a patient with erythrocytosis and recurrent

PGL (Ladroue et al. 2008). Germline mutations in

EGLN1 have previously been reported in patients with

erythrocytosis, but not in association with tumors

(Percy et al. 2006). The detected mutation was shown

to affect EGLN1 function and stabilized HIF-1a and

HIF-2a in HEK-293 cells. LOH was detected in the

tumors, suggesting that EGLN1 may possess a tumor

suppressor function.

In a recent study, mutation analysis of EGLN1,

EGLN2, and EGLN3 was performed in 82 patients with

features of inherited PGL and absence of mutations in

known susceptibility genes, but no mutations were

detected (Astuti et al. 2011). No studies on genetic

alterations inEGLNxhave been reported for PCC patients.

Syndrome

Only one PGL patient, suffering from recurrent PGL

and erythrocytosis, has been reported to have a

germline mutation in EGLN1, but no tumors have

been reported in the relatives of the patient and no

syndrome has been described yet (Ladroue et al. 2008).

EGLN1-associated PCCs and PGLs

The patient with EGLN1 mutation was 43 years old

at presentation with sympathetic PGL (Ladroue et al.

2008). A recurrent tumor was diagnosed 3 years later,

but no metastases have been reported (Table 1).
Transmembrane protein 127

Gene and protein function

TMEM127 is a gene of four exons located on 2q11.2, a

locus identified as a PCC susceptibility locus in 2005
www.endocrinology-journals.org
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(Dahia et al. 2005a). The transmembrane protein was

recently revealed to function as a tumor suppressor,

and germline mutations in TMEM127 were detected in

PCCs (Qin et al. 2010). Qin et al. also demonstrated

that TMEM127 is a negative regulator of mechanistic

target of rapamycin, formerly mammalian target of

rapamycin (mTOR), thus linking a critical signaling

pathway for cell proliferation and cell death to the

initiation and development of PCC. Both missense and

nonsense mutations in TMEM127 have been reported.

LOH of the gene was detected in tumors of all tested

mutation carriers, suggesting a classical two-hit model

of inactivation.

Syndrome

So far, no specific syndrome has been described for

TMEM127. Other tumors, including MTC, breast

cancer, and myelodysplasia, have been identified in

carriers of TMEM127 mutations, but a causal relation-

ship between the tumors and the mutations remains to

be established (Jiang & Dahia 2011). A clear family

history in only a fourth of the patients suggests an

incomplete penetrance, and in a single family, the

penetrance of PCC was 64% by the age of 55 years

(Yao et al. 2010b).

TMEM127-associated PCCs and PGLs

Among 990 patients with PCC or PGL, negative for

RET, VHL, and SDHB/C/D mutations, TMEM127

mutations were identified in 20 (2.0%) of the cases,

all of which had PCC (Yao et al. 2010b). Another study

revealed one additional PCC patient with a TMEM127

mutation (Burnichon et al. 2011). No TMEM127

mutations were detected in 129 sympathetic and 60

parasympathetic PGLs (Yao et al. 2010b), but in a

recent study, germline missense variants were detected

in two out of 48 patients with multiple PGLs (Neumann

et al. 2011), one of which also displayed bilateral PCC.

Summarizing the 23 reported patients, all but one

(96%) had PCC and 39% had bilateral PCC (Table 1).

Two (9%) had PGL, of which one had sympathetic and

the other multiple parasympathetic PGLs. The mean

age at presentation was 43 years, and one patient (4%)

displayed a malignant tumor.
MYC-associated factor X

Gene and protein function

MAX is a gene of five exons, located on chromosome

14q23.3. It encodes a transcription factor, MAX, that

belongs to the basic helix–loop–helix leucine zipper

(bHLHZip) family and plays an important role in

regulation of cell proliferation, differentiation, and
www.endocrinology-journals.org
death as a part of the MYC/MAX/MXD1 network

(Grandori et al. 2000). Members of the MYC family

are proto-oncoproteins and their expression correlates

with growth and proliferation, whereas expression of

MXD1 (also known as MAD) is associated with

differentiation. Heterodimerization of MAX with

MYC family members results in sequence-specific

DNA-binding complexes that act as transcriptional

activators. In contrast, heterodimers of MAX with

MXD1 family member repress transcription of the

same target genes by binding to the same consensus

sequence and thus antagonize MYC–MAX function.

Interestingly, PC12 cells, derived from a rat PCC,

express only a mutant form of MAX incapable of

dimerization, and a reintroduction of normal MAX in

these cells resulted in a repressed transcription and

inhibited growth (Hopewell & Ziff 1995). This

suggests that some tumors can grow in the absence of

MYC–MAX dimers and may imply that MAX can

function as a tumor suppressor. A tumor suppressor

role of MAX was most recently confirmed when

germline MAX mutations were discovered in PCC

patients by next-generation exome sequencing

(Comino-Mendez et al. 2011). The mutations were

missense, nonsense, splice site, or altering the start

codon, and immunohistochemical analysis confirmed

the lack of full-length MAX in the tumors. LOH of 14q,

caused either by uniparental disomy or by chromo-

somal loss, was seen in investigated tumors in

agreement with classical tumor suppressor behavior.

Syndrome

MAX mutations segregate with the disease in families

with PCC (Comino-Mendez et al. 2011), but no

specific syndrome has been described yet. A paternal

origin of the mutated allele in investigated cases,

together with the absence of PCC in persons who

inherited a mutated allele from their mother, may

suggest a paternal transmission of disease similar to

that of PGL1 (SDHD) and PGL2 (SDHAF2).

MAX-associated PCCs and PGLs

Comino-Mendez et al. (2011) reported 12 PCC

patients with MAX mutations, of which three were

discovered with exome sequencing and four were

relatives of those. The remaining five were found in

a subsequent screening of 59 PCC patients lacking

mutations in other known susceptibility genes but

suspected to have hereditary disease (due to bilateral

tumors, early age of onset, and/or familial antecedents

with the disease). Of the 12 patients, eight (67%) had

bilateral PCC and the mean age at presentation was
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32 years (Table 1). Notably, 25% of the patients (38%

of the probands) showed metastasis at diagnosis,

suggesting that MAX mutations are associated with a

high risk of malignancy. So far, no studies on PGLs

have been reported.
Carney triad

Carney triad syndrome

Carney triad is a condition that includes a triad of

tumors: PGLs, GISTs, and pulmonary chondromas

(Carney 1999). PCCs and other lesions such as

esophageal leiomyomas and adrenocortical adenomas

have also been described (Stratakis & Carney 2009).

The prevalence of Carney triad is not known, but

!100 cases have so far been reported worldwide. The

syndrome primarily affects young women, with a mean

age of 21 years at presentation. About 20% of the

patients have all three tumor types; the remaining has

two of the three, most commonly GIST and pulmonary

chondroma. In a study of 79 patients with Carney triad,

47% presented with PGL and/or PCC (Carney 1999).

Gene and protein function

Carney triad does not appear to run in families and no

responsible gene has been discovered so far (Stratakis

& Carney 2009). Yet, the coexistence of several

rare tumor types and the young age of the affected

individuals do implicate an inherited genetic defect,

but the lack of familial cases has hampered linkage

studies and positional cloning. Patients have been

tested for mutations in SDHA, SDHB, SDHC, and

SDHD, which are involved in familial PGLs, and also

KIT and PDGFRA, which are the most frequently

mutated genes in GISTs, but no mutations have so far

been detected (Matyakhina et al. 2007, Stratakis &

Carney 2009).

Carney triad-associated PCCs and PGLs

In a study of 37 Carney triad-patients with PCC and/or

PGL, 92% presented with PGL, including both

sympathetic and parasympathetic tumors, and 16%

presented with PCC (Carney 1999). Multiple PGLs

were found in 22% of the patients and bilateral PCC in

3%. Metastasis occurred in 11% of the patients and the

mean age at presentation was 28 years (Table 1).
Carney–Stratakis syndrome

Carney–Stratakis syndrome

Carney–Stratakis syndrome, also termed Carney dyad,

is a condition that includes PGLs and GISTs, but

not pulmonary chondromas as in Carney triad
R262
(Carney & Stratakis 2002). The condition is inherited

in an autosomal dominant manner but with incomplete

penetrance. The prevalence is unknown, but so far

about 20 kindreds with Carney–Stratakis syndrome

have been identified (Stratakis & Carney 2009). The

syndrome is, in contrast to Carney triad, equally

common in men and women, with an average age of

23 years at presentation. Among 12 patients with

Carney–Stratakis syndrome, 33% displayed both tumor

forms, 58% showed only PGL/PCC and 8% showed

only GIST (Carney & Stratakis 2002).

Genes and protein function

The majority of patients with Carney–Stratakis

syndrome have been found to carry germline mutations

in SDHB, SDHC, or SDHD (McWhinney et al. 2007,

Pasini et al. 2008), which encode subunits of the SDH

complex (described earlier). This has revealed a novel

molecular mechanism behind GISTs, which are usually

caused by gain-of-function mutations in KIT or

PDGFRA (Hirota et al. 1998, 2003).

Carney–Stratakis syndrome-associated PCCs

and PGLs

Among 11 patients with Carney–Stratakis-related

PGL/PCC, 100% had PGL and one patient (9%) also

presented with unilateral PCC, with a mean age of 33

years at presentation (Carney & Stratakis 2002).

Multiple PGLs, which could be both sympathetic and

parasympathetic, were seen in 73% of the patients, and

none of the tumors were malignant (Table 1).
Multiple endocrine neoplasia type 1

Gene and protein function

MEN1 is a tumor suppressor gene consisting of ten

exons on chromosome 11q13, which was identified

by positional cloning in 1997 (Chandrasekharappa

et al. 1997). Missense, nonsense, frameshift, as well as

splice-site mutations in MEN1 have been reported, and

tumors frequently have LOH of the MEN1 gene,

consistent with a classical tumor suppressor function

(reviewed by Lemos & Thakker (2008)). The gene

product, menin, is a nuclear protein that interacts

with several proteins involved in transcriptional

regulation, genome stability, and cell proliferation. It

has been demonstrated to bind JunD and suppress its

activity and also to enhance the activity of c-Jun

(Agarwal et al. 1999, Ikeo et al. 2004), but the precise

mechanism for menin’s role as a tumor suppressor still

remains unclear.
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MEN1 syndrome

Mutations in MEN1 is the genetic cause of MEN1, an

autosomal dominant disorder occurring in w1 of

30 000 individuals (Agarwal et al. 2009). MEN1 is

characterized by a combined occurrence of tumors in

the parathyroid glands, pancreatic islet cells, and

anterior pituitary gland, and some patients may also

develop adrenal cortical tumors, carcinoid tumors,

facial angiofibromas, collagenomas, and lipomas. PCC

is a very infrequent and rarely described manifestation

of the MEN1 syndrome (Schussheim et al. 2001).

MEN1-associated PCCs and PGLs

To our knowledge, no cases of PGL and only seven

cases of PCC in the MEN1 syndrome have been

reported in the literature (Alberts et al. 1980, Trump

et al. 1996, Carty et al. 1998, Marx et al. 1998, 1999,

Dackiw et al. 1999), previously summarized by

(Schussheim et al. 2001). However, the authors know

from personal communication that more unpublished

cases exist, and the real incidence is thus not known.

The reported tumors were unilateral in all cases and

malignant in one case (14%). Age information was

available for two patients, who were 29 and 32 years at

onset respectively (Table 1).
Sporadic PCCs and PGLs

Apparently, sporadic tumors constitute the majority of

PCCs and PGLs. The patients are generally somewhat

older at onset and have a lower rate of multiple tumors

than those with familial disease (Table 1). The rate of

inherited mutations in patients with a negative family

history has been reported to be 11–24% (Neumann

et al. 2002, Amar et al. 2005, Cascon et al. 2009b,

Mannelli et al. 2009), around the lower figure in

patients with a single tumor, and without syndromic

features. Somatic mutations in any of the identified

familial disease genes are rare (Maher & Eng 2002,

Korpershoek et al. 2007, van Nederveen et al. 2007,

Waldmann et al. 2009).

Among 340 PCC/PGL patients with apparently

sporadic PCC or PGL, 73% had PCC and 29% had

PGL (9% had sympathetic and 20% had parasympa-

thetic PGL; Mannelli et al. 2009). Bilateral PCC was

seen in 6% of the patients and multiple PGLs in only

1%. When also including 228 patients with PCC or

sympathetic PGL after a similar genetic screening

(Amar et al. 2005), the average age at presentation was

48 years, and 9% of the patients had malignant disease.

The summarized patients were negative for mutations

in RET, VHL, SDHB, SDHC, and SDHD and showed

no clinical signs of NF1 syndrome, but mutations in
www.endocrinology-journals.org
any of the more recently discovered susceptibility

genes cannot be ruled out.
Gene expression and cellular pathways

Distinct gene expression profiles revealed by

microarray analysis

Microarray studies of genome-wide mRNA expression

have revealed that hereditary PCCs and PGLs cluster

into two distinct groups based on their transcription

profile: tumors with VHL mutations resemble those

with mutations in any of the SDHx genes and display

a different transcription profile compared to tumors

caused by RET or NF1 mutations (Eisenhofer et al.

2004, Dahia et al. 2005b). By unsupervised hierarch-

ical cluster analysis of sporadic and hereditary PCCs,

Dahia et al. (2005b) could identify two dominant

expression clusters, where the first cluster contained all

VHL- and SDHx-mutant tumors whereas the second

contained all RET- and NF1-mutant tumors. Interest-

ingly, the sporadic tumors were represented in both

clusters. The VHL/SDH cluster showed a transcription

signature associated with angiogenesis, hypoxia, and a

reduced oxidative response, suggesting common

molecular pathways in the development or preser-

vation of these tumors. In contrast, the RET/NF1

cluster displayed a signature of genes involved in

translation initiation, protein synthesis, and kinase

signaling. Similar results were obtained in yet other

independent studies which, in addition, could further

divide the VHL/SDH cluster into SDH and VHL

tumors by performing unsupervised clustering using

either genes involved in oxidative phosphorylation

(Favier et al. 2009), or target genes of HIF-1a and HIF-

2a (Lopez-Jimenez et al. 2010). Subsequent studies

have revealed that microarray transcription profiles of

tumors with mutations in KIF1Bb (Yeh et al. 2008),

TMEM127 (Qin et al. 2010, Burnichon et al. 2011),

and MAX (Comino-Mendez et al. 2011) all cluster with

the RET/NF1 group. As would be expected, both

SDHAF2-mutant (Hensen et al. 2009) and SDHA-

mutant (Burnichon et al. 2010) tumors have shown

gene expression profiles similar to those of other

SDHx-mutant tumors.

HIF-a regulation and pseudohypoxia

VHL and SDH mutations are linked by their ability to

cause a so-called pseudo-hypoxic response by stabil-

izing HIFs under normoxic conditions (Fig. 2). HIFs

are sequence-specific DNA-binding transcription

factors that activate several genes promoting adap-

tation and survival under conditions of reduced oxygen
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Figure 2 Regulation of HIF-a. Proteins that have been found
inactivated by germline mutations in PCCs/PGLs are indicated
in blue color. Inactivations of SDH, VHL, or EGLN1 are believed
to cause a pseudo-hypoxic response where HIF-1a and/or HIF-
2a escape ubiquitination and are allowed to accumulate.
Downregulation of SDHB by high HIF-1a levels (dashed line),
which would further enhance the pseudo-hypoxic response, has
been suggested (Dahia et al. 2005b).
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levels (hypoxia; reviewed by Maynard & Ohh (2007),

Tennant et al. (2009), and Favier & Gimenez-Roque-

plo (2010)). Active HIF is a heterodimer consisting of

one a and one b subunit. There are three human HIF-a
genes: HIF-1a, HIF-2a, and HIF-3a. The term HIF-a
will here primarily refer to HIF-1a and HIF-2a, which

are best characterized and appear to be the most

important players in PCC and PGL. The b subunit

HIF-1b, also called the aryl hydrocarbon receptor

nuclear translocator, is stably expressed, and HIF

activity is therefore regulated by the levels of HIF-a.

The VHL protein, pVHL, is part of an E3 ubiquitin

ligase complex that ubiquitinates HIF-a and thereby

targets it for degradation by the 26S proteasome

(Maynard & Ohh 2007). The interaction requires

proline hydroxylation of HIF-a in order for it to be

recognized by the E3 complex. This hydroxylation is

performed by members of the EGLN/PHD family,

where EGLN1, which has been found to be mutated in

PGL, appears to be the main HIF prolyl hydroxylase

under normoxic conditions (Berra et al. 2003). The

reaction is dependent on molecular oxygen (O2) and

a-ketoglutarate and produces succinate and CO2

(Tennant et al. 2009). In the absence of functional
R264
pVHL or under conditions of hypoxia, HIF-a is

allowed to accumulate and bind to HIF-1b and induce

transcription of several genes involved in angiogenesis

(e.g. VEGF), energy metabolism, survival, and growth.

Thus, pVHL deficiency induces the same cellular

response as hypoxia, a process referred to as pseudo-

hypoxia.

The SDH complex, which catalyzes oxidation of

succinate to fumarate in the tricarboxylic acid cycle,

has also been associated with a pseudo-hypoxic

response (Favier & Gimenez-Roqueplo 2010). An

inactivation of SDH causes accumulation of succinate,

which can diffuse out in the cytosol and has been

shown to be a competitive inhibitor of EGLN, blocking

the binding site of a-ketoglutarate (Briere et al. 2005).

The succinate accumulation thus inhibits the EGLN

enzyme activity, thereby leading to HIF-a stabilization

and activation (Selak et al. 2005). It has been proposed

that high HIF-1a levels may downregulate SDHB,

suggesting a positive regulatory loop that further

enhances the pseudo-hypoxic response (Dahia et al.

2005b). This model is supported by findings of

suppressed SDHB protein levels in tumors with VHL

mutation (Dahia et al. 2005b, Pollard et al. 2006) and

might explain some of the similarities in transcription

profile between SDH- and VHL-mutant tumors.

HIF-1a and HIF-2a (or sometimes exclusively

HIF-2a) as well as several of their target genes have

been shown to be overexpressed in SDH- and VHL-

mutated PCCs and PGLs (Pollard et al. 2006, Favier

et al. 2009, Lopez-Jimenez et al. 2010). This suggests

a critical role for HIF-1a and/or HIF-2a and hypoxia

in these tumors, although their precise role in tumor

development remains unclear. A link between

PCC/PGL and hypoxia is also consistent with the

early and intriguing findings that persons exposed to

chronic hypoxia, due to dwelling on high altitude,

appear to have a higher prevalence of PGL compared

with those living at sea level (Saldana et al. 1973,

Rodriguez-Cuevas et al. 1998).
Activation of kinase signaling pathways

The genes of the second gene expression cluster, RET

and NF1, are linked by their association with

oncogenic kinase signaling pathways (Fig. 3). Onco-

genic activation of RET triggers an activation of the

RAS/RAF/MAPK pathway (Besset et al. 2000,

Califano et al. 2000) and has also been associated

with activation of the PI3K/AKT signaling pathway

(Besset et al. 2000, Segouffin-Cariou & Billaud 2000).

Both kinase cascades promote cell proliferation,

growth, and survival and are frequently dysregulated
www.endocrinology-journals.org
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altered by germline mutations (activating in the case of RET and
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Figure 4 Model linking familial PCC/PGL genes to neuronal
apoptosis when NGF becomes limiting. Proteins that have been
found altered by germline mutations (activating in the case of
RET and inactivating in the others) in PCCs/PGLs are indicated
in blue color. The model was proposed by (Lee et al. 2005,
Schlisio et al. 2008) and suggests that germline mutations in
any of the predisposing genes cause a susceptibility to neural
crest-derived tumors by allowing neuronal progenitor cells to
escape from c-Jun/EGLN3-dependent apoptosis. Dashed lines
suggest possible roles of MAX and MEN1 in this context: the
MEN1 gene product, menin, can enhance c-Jun activity,
whereas MYC (which may be antagonized by MAX–MXD1) can
block c-Jun upregulation.
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in human cancers (reviewed in Vivanco & Sawyers

(2002) and McCubrey et al. (2007)).

The NF1 gene product, neurofibromin, promotes

the conversion of RAS into its inactive form, and NF1

mutations can thus also lead to an activation of the

RAS/RAF/MAPK signaling pathway (Ballester et al.

1990, Martin et al. 1990). In addition, mutations in

NF1 can also activate the PI3K/AKT signaling

cascade, an activation that is dependent on enhanced

RAS activity (Johannessen et al. 2005, 2008).

As the microarray transcription profile of

TMEM127-mutant tumors clustered with the

RET/NF1 group and displayed a similar enriched

expression of kinase receptor signals, it is tempting to

hypothesize that TMEM127 regulates either RAS/

RAF/MAPK or PI3K/AKT signaling (Qin et al. 2010).

However, Qin et al. (2010) showed that this was not the

case; instead TMEM127 mutations enhanced mTOR

activity in a RAS/RAF/MAPK- and PI3K/AKT-

independent manner. Activation of mTOR, a kinase

that is dysregulated in many human cancers, is a

downstream signal of both RET and NF1 mutations via

the PI3K/AKT pathway, possibly suggesting a

common mechanism for mutations in RET, NF1, and

TMEM127 (Fig. 3). Microarray expression analysis of

KIF1Bb-mutant (Yeh et al. 2008) as well as MAX-

mutant (Comino-Mendez et al. 2011) tumors also

revealed transcription patterns similar to that of the

RET/NF1-mutant tumors, but the potential roles of
www.endocrinology-journals.org
KIF1Bb and MAX in this context remain to be

elucidated. A link between the MYC/MAX/MXD1

network and the other two pathways has been

suggested since activation of the PI3K/AKT/mTOR

and RAS/RAF/MAPK signaling cascades may pro-

mote the degradation of MXD1, thereby inhibiting

it from antagonizing MYC transcription activity

(Zhu et al. 2008). It is also well established that

RAS/RAF/MAPK activation promotes MYC stability

(Sears et al. 2000).
Developmental apoptosis of neuronal

precursor cells

Despite the existence of two distinct groups of PCCs

and PGLs, defined by their gene expression profiles,

other studies have proposed that the different suscep-

tibility genes converge into a single common pathway

(Lee et al. 2005, Schlisio et al. 2008). According to

this model, RET, VHL, NF1, and SDHx germline

mutations all cause a defect in the apoptosis of

neuronal progenitor cells, which normally occurs

during embryogenesis as nerve growth factor (NGF)

becomes limiting (Fig. 4). The neuronal apoptosis is

induced by c-Jun, which is activated upon loss of NGF

(Estus et al. 1994, Palmada et al. 2002). The NF1 gene
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product neurofibromin can inhibit the NGF receptor

TrkA, and loss of neurofibromin promotes the survival

of embryonic sympathetic neurons in the absence of

NGF (Vogel et al. 1995). It has also been shown that

RET and TrkA can cross talk and possibly activate

each other (Tsui-Pierchala et al. 2002, Peterson &

Bogenmann 2004). Lee et al. (2005) showed that

elevated levels of the transcription factor JunB blocked

apoptosis in PC12 cells and suggested inhibition of

c-Jun by JunB. Further, loss of pVHL as well as

oncogenic activation of RET leads to an induction of

JunB, resulting in decreased apoptosis in PC12 cells

after NGF withdrawal. Lee et al. (2005) also

demonstrated that EGLN3, but not the other members

of the EGLN family, induces neuronal apoptosis and

placed it downstream of c-Jun in the NGF signaling

pathway. Accumulation of succinate due to SDH

inactivation inhibits EGLN3, and SDH inhibition was

shown to reduce apoptosis in PC12 cells. An shRNA

screening for preventing EGLN3-induced cell death

resulted in the finding of KIF1Bb, which was a target

for one of the identified shRNAs (Schlisio et al. 2008).
R266
Introduction of KIF1Bb into PC12 cells was sufficient

to induce apoptosis, and siRNA knockdown of human

EGLN3 (but not EGLN1) in HeLa cells decreased

KIF1Bb levels, suggesting that KIF1Bb acts down-

stream of EGLN3.

In summary, Lee et al. (2005) and Schlisio et al.

(2008) proposed a model where germline mutations in

RET, VHL, NF1, SDHx, or KIF1Bb allow neuronal

progenitor cells to escape from c-Jun/EGLN3-depen-

dent apoptosis during early development (Fig. 4) and

that these cells are capable of forming PCCs and PGLs

later in life. The theory is supported by the fact that

somatic mutations of the familial disease genes, as

opposed to the case in many other cancers, are rare in

sporadic PCCs and PGLs. However, the model does

not provide an explanation for the two distinct

transcription profiles seen in these tumors. Augmenta-

tion of c-Jun activity induced by menin (Agarwal et al.

1999, Ikeo et al. 2004) and blocking of c-Jun

upregulation by MYC (Vaque et al. 2008) may suggest

potential roles for MEN1 and MAX mutations in this

context, although it remains to be investigated.
www.endocrinology-journals.org
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Whether there are any links between EGLN1 or

TMEM127 and neuronal apoptosis also still remains

to be determined.
Concluding remarks

During the past few years, numerous advances have

taken place in the field of PCC and PGL biology,

revealing an increasingly versatile genetic background

of these intriguing tumors. Several novel susceptibility

genes have been discovered, and even though only

about 10% of the patients have a positive family

history, genetic screenings have revealed that about

30% have germline mutations in any of the identified

genes (Mannelli et al. 2009). The frequency is likely to

increase as additional susceptibility genes probably

remain to be discovered, an assumption supported by

the existence of families with PCC or PGL without an

identified genetic cause and the young age of some

apparently sporadic cases (Comino-Mendez et al.

2011), the existence of at least one additional potential

susceptibility locus (Dahia et al. 2005a), and the so far

unidentified but plausibly genetic cause of Carney triad

(Stratakis & Carney 2009).

Genetic testing can be of great importance for

patients and their relatives, especially in cases of

malignant or multiple tumors or a young age of onset.

In light of the cases reviewed herein and further

publications (Cascon et al. 2009a, Erlic et al. 2009,

Petri et al. 2009, Karasek et al. 2010, Waguespack

et al. 2010), we propose a genetic testing algorithm that

may constitute a guide for a time- and cost-efficient

genetic screening (Fig. 5). Measurements of plasma

concentrations of catecholamines and their metabolites

(Karasek et al. 2010, Eisenhofer et al. 2011)

and SDHB and SDHA immunohistochemistry

(van Nederveen et al. 2009, Gill et al. 2010) may be

valuable tools to further guide the order of genetic

testing and thereby reduce the costs. Knowledge of the

clinical features linked to different hereditary back-

grounds can be crucial for decision making regarding

treatment and surveillance. For example, complete

unilateral adrenalectomy may be the best alternative in

SDHB mutation carriers with PCC, considering the

high risk of malignancy and the low risk of bilateral

PCC, whereas MEN2 and VHL patients with high risk

of bilateral tumors and low risk of malignancy might

benefit from cortical-sparing surgery.

Studies of genome-wide transcription patterns have

shed new light on the molecular characteristics of

PCCs and PGLs and revealed cellular pathways that

might be potential targets of future therapeutic

approaches. VHL- and SDHx-related tumors share
www.endocrinology-journals.org
a similar gene expression profile linked to hypoxia

and angiogenesis, where a stabilization of HIF-1a
and/or HIF-2a under normoxic conditions may play a

central role in the pathogenesis. In contrast, the profile

displayed by RET-, NF1-, KIF1Bb-, TMEM127-, and

MAX-related tumors can be linked to an activation of

kinase signaling pathways. Interestingly, sporadic

tumors can belong to either of the two distinct groups.

Apart from these two models, an additional model has

been suggested that links the different familial disease

genes to a common pathway, where germline

mutations would cause tumor susceptibility by allow-

ing neuronal progenitor cells to escape from apoptosis

during embryogenesis. It is hoped that our increasing

knowledge of the underlying pathogenesis of these

tumors will lead to the development of new treatment

modalities.
Declaration of interest

The authors declare that there is no conflict of interest that

could be perceived as prejudicing the impartiality of the

review reported.
Funding

This review did not receive any specific grant from any

funding agency in the public, commercial or not-for-

profit sector.
References

Agarwal SK, Guru SC, Heppner C, Erdos MR, Collins RM,

Park SY, Saggar S, Chandrasekharappa SC, Collins FS,

Spiegel AM et al. 1999 Menin interacts with the AP1

transcription factor JunD and represses JunD-activated

transcription. Cell 96 143–152. (doi:10.1016/S0092-

8674(00)80967-8)

Agarwal SK, Ozawa A, Mateo CM & Marx SJ 2009 The

MEN1 gene and pituitary tumours. Hormone Research

71 (Suppl 2) 131–138. (doi:10.1159/000192450)

Alberts WM, McMeekin JO & George JM 1980 Mixed

multiple endocrine neoplasia syndromes. Journal of the

American Medical Association 244 1236–1237. (doi:10.

1001/jama.244.11.1236)

Amar L, Bertherat J, Baudin E, Ajzenberg C, Bressac-de

Paillerets B, Chabre O, Chamontin B, Delemer B,

Giraud S, Murat A et al. 2005 Genetic testing in

pheochromocytoma or functional paraganglioma.

Journal of Clinical Oncology 23 8812–8818.

(doi:10.1200/JCO.2005.03.1484)

Ariton M, Juan CS & AvRuskin TW 2000 Pheochromocy-

toma: clinical observations from a Brooklyn tertiary

hospital. Endocrine Practice 6 249–252.

Astuti D, Douglas F, Lennard TW, Aligianis IA, Woodward ER,

Evans DG, Eng C, Latif F & Maher ER 2001a
R267

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1016/S0092-8674(00)80967-8
http://dx.doi.org/10.1016/S0092-8674(00)80967-8
http://dx.doi.org/10.1159/000192450
http://dx.doi.org/10.1001/jama.244.11.1236
http://dx.doi.org/10.1001/jama.244.11.1236
http://dx.doi.org/10.1200/JCO.2005.03.1484


J Welander and others: Hereditary pheochromocytomas and paragangliomas
Germline SDHD mutation in familial phaeochromocy-

toma. Lancet 357 1181–1182. (doi:10.1016/S0140-

6736(00)04378-6)

Astuti D, Latif F, Dallol A, Dahia PL, Douglas F, George E,

Skoldberg F, Husebye ES, Eng C & Maher ER 2001b

Gene mutations in the succinate dehydrogenase subunit

SDHB cause susceptibility to familial pheochromocy-

toma and to familial paraganglioma. American Journal of

Human Genetics 69 49–54. (doi:10.1086/321282)

Astuti D, Ricketts CJ, Chowdhury R, McDonough MA,

Gentle D, Kirby G, Schlisio S, Kenchappa RS, Carter BD,

Kaelin WG Jr et al. 2011 Mutation analysis of HIF prolyl

hydroxylases (PHD/EGLN) in individuals with features

of phaeochromocytoma and renal cell carcinoma suscep-

tibility. Endocrine-Related Cancer 18 73–83. (doi:10.

1677/ERC-10-0113)

van Baars FM, Cremers CW, van den Broek P & Veldman JE

1981 Familiar non-chromaffinic paragangliomas (glomus

tumors). Clinical and genetic aspects (abridged). Acta

Oto-Laryngologica 91 589–593. (doi:10.3109/

00016488109138545)

Baghai M, Thompson GB, Young WF Jr, Grant CS,

Michels VV & van Heerden JA 2002 Pheochromo-

cytomas and paragangliomas in von Hippel–Lindau

disease: a role for laparoscopic and cortical-sparing

surgery. Archives of Surgery 137 682–688 discussion

688–689. (doi:10.1001/archsurg.137.6.682)

Ballester R, Marchuk D, Boguski M, Saulino A, Letcher R,

Wigler M & Collins F 1990 The NF1 locus encodes a

protein functionally related to mammalian GAP and yeast

IRA proteins. Cell 63 851–859. (doi:10.1016/0092-

8674(90)90151-4)

Bausch B, Borozdin W, Mautner VF, Hoffmann MM,

Boehm D, Robledo M, Cascon A, Harenberg T, Schiavi F,

Pawlu C et al. 2007 Germline NF1 mutational spectra

and loss-of-heterozygosity analyses in patients with

pheochromocytoma and neurofibromatosis type 1.

Journal of Clinical Endocrinology and Metabolism 92

2784–2792. (doi:10.1210/jc.2006-2833)

Bayley JP, Devilee P & Taschner PE 2005 The SDH

mutation database: an online resource for succinate

dehydrogenase sequence variants involved in pheochro-

mocytoma, paraganglioma and mitochondrial complex II

deficiency. BMC Medical Genetics 6 39. (doi:10.1186/

1471-2350-6-39)

Bayley JP, Kunst HPM, Cascon A, Sampietro ML, Gaal J,

Korpershoek E, Hinojar-Gutierrez A, Timmers HJLM,

Hoefsloot LH, Hermsen MA et al. 2010 SDHAF2

mutations in familial and sporadic paraganglioma and

phaeochromocytoma. Lancet Oncology 11 366–372.

(doi:10.1016/S1470-2045(10)70007-3)

Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC,

Myssiorek D, Bosch A, van der Mey A, Taschner PEM,

Rubinstein WS, Myers EN et al. 2000 Mutations in

SDHD, a mitochondrial complex II gene, in hereditary

paraganglioma. Science 287 848–851. (doi:10.1126/

science.287.5454.848)
R268
Beard CM, Sheps SG, Kurland LT, Carney JA & Lie JT 1983

Occurrence of pheochromocytoma in Rochester, Minne-

sota, 1950 through 1979. Mayo Clinic Proceedings 58

802–804.

Bender BU, Gutsche M, Glasker S, Muller B, Kirste G, Eng C

& Neumann HP 2000 Differential genetic alterations in

von Hippel–Lindau syndrome-associated and sporadic

pheochromocytomas. Journal of Clinical Endocrinology

and Metabolism 85 4568–4574. (doi:10.1210/jc.85.12.

4568)

Benn DE, Gimenez-Roqueplo AP, Reilly JR, Bertherat J,

Burgess J, Byth K, Croxson M, Dahia PL, Elston M,

Gimm O et al. 2006 Clinical presentation and penetrance

of pheochromocytoma/paraganglioma syndromes.

Journal of Clinical Endocrinology and Metabolism 91

827–836. (doi:10.1210/jc.2005-1862)

Berra E, Benizri E, Ginouves A, Volmat V, Roux D &

Pouyssegur J 2003 HIF prolyl-hydroxylase 2 is the key

oxygen sensor setting low steady-state levels of HIF-

1alpha in normoxia. EMBO Journal 22 4082–4090.

(doi:10.1093/emboj/cdg392)

Besset V, Scott RP & Ibanez CF 2000 Signaling complexes

and protein–protein interactions involved in the activation

of the Ras and phosphatidylinositol 3-kinase pathways by

the c-Ret receptor tyrosine kinase. Journal of Biological

Chemistry 275 39159–39166. (doi:10.1074/jbc.

M006908200)

Boedeker CC, Erlic Z, Richard S, Kontny U, Gimenez-

Roqueplo AP, Cascon A, Robledo M, de Campos JM,

van Nederveen FH, de Krijger RR et al. 2009 Head and

neck paragangliomas in von Hippel–Lindau disease and

multiple endocrine neoplasia type 2. Journal of Clinical

Endocrinology and Metabolism 94 1938–1944. (doi:10.

1210/jc.2009-0354)

Bourgeron T, Rustin P, Chretien D, Birch-Machin M,

Bourgeois M, Viegas-Pequignot E, Munnich A & Rotig A

1995 Mutation of a nuclear succinate dehydrogenase gene

results in mitochondrial respiratory chain deficiency.

Nature Genetics 11 144–149. (doi:10.1038/ng1095-144)

Boyd KP, Korf BR & Theos A 2009 Neurofibromatosis type

1. Journal of the American Academy of Dermatology 61

1–14 quiz 15–16. (doi:10.1016/j.jaad.2008.12.051)

Briere JJ, Favier J, Benit P, El Ghouzzi V, Lorenzato A,

Rabier D, Di Renzo MF, Gimenez-Roqueplo AP &

Rustin P 2005 Mitochondrial succinate is instrumental for

HIF1alpha nuclear translocation in SDHA-mutant fibro-

blasts under normoxic conditions. Human Molecular

Genetics 14 3263–3269. (doi:10.1093/hmg/ddi359)

Burnichon N, Rohmer V, Amar L, Herman P, Leboulleux S,

Darrouzet V, Niccoli P, Gaillard D, Chabrier G, Chabolle F

et al. 2009 The succinate dehydrogenase genetic testing in

a large prospective series of patients with paragangliomas.

Journal of Clinical Endocrinology and Metabolism 94

2817–2827. (doi:10.1210/jc.2008-2504)

Burnichon N, Briere JJ, Libe R, Vescovo L, Riviere J, Tissier F,

Jouanno E, Jeunemaitre X, Benit P, Tzagoloff A et al. 2010
www.endocrinology-journals.org

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1016/S0140-6736(00)04378-6
http://dx.doi.org/10.1016/S0140-6736(00)04378-6
http://dx.doi.org/10.1086/321282
http://dx.doi.org/10.1677/ERC-10-0113
http://dx.doi.org/10.1677/ERC-10-0113
http://dx.doi.org/10.3109/00016488109138545
http://dx.doi.org/10.3109/00016488109138545
http://dx.doi.org/10.1001/archsurg.137.6.682
http://dx.doi.org/10.1016/0092-8674(90)90151-4
http://dx.doi.org/10.1016/0092-8674(90)90151-4
http://dx.doi.org/10.1210/jc.2006-2833
http://dx.doi.org/10.1186/1471-2350-6-39
http://dx.doi.org/10.1186/1471-2350-6-39
http://dx.doi.org/10.1016/S1470-2045(10)70007-3
http://dx.doi.org/10.1126/science.287.5454.848
http://dx.doi.org/10.1126/science.287.5454.848
http://dx.doi.org/10.1210/jc.85.12.4568
http://dx.doi.org/10.1210/jc.85.12.4568
http://dx.doi.org/10.1210/jc.2005-1862
http://dx.doi.org/10.1093/emboj/cdg392
http://dx.doi.org/10.1074/jbc.M006908200
http://dx.doi.org/10.1074/jbc.M006908200
http://dx.doi.org/10.1210/jc.2009-0354
http://dx.doi.org/10.1210/jc.2009-0354
http://dx.doi.org/10.1038/ng1095-144
http://dx.doi.org/10.1016/j.jaad.2008.12.051
http://dx.doi.org/10.1093/hmg/ddi359
http://dx.doi.org/10.1210/jc.2008-2504


Endocrine-Related Cancer (2011) 18 R253–R276
SDHA is a tumor suppressor gene causing paraganglioma.

Human Molecular Genetics 19 3011–3020. (doi:10.1093/

hmg/ddq206)

Burnichon N, Lepoutre-Lussey C, Laffaire J, Gadessaud N,

Molinie V, Hernigou A, Plouin PF, Jeunemaitre X,

Favier J & Gimenez-Roqueplo AP 2011 A novel

TMEM127 mutation in a patient with familial bilateral

pheochromocytoma. European Journal of Endocrinology

164 141–145. (doi:10.1530/EJE-10-0758)

Califano D, Rizzo C, D’Alessio A, Colucci-D’Amato GL,

Cali G, Bartoli PC, Santelli G, Vecchio G & de Franciscis V

2000 Signaling through Ras is essential for ret oncogene-

induced cell differentiation in PC12 cells. Journal of

Biological Chemistry 275 19297–19305. (doi:10.1074/jbc.

M905866199)

Carney JA 1999 Gastric stromal sarcoma, pulmonary

chondroma, and extra-adrenal paraganglioma (Carney

triad): natural history, adrenocortical component, and

possible familial occurrence. Mayo Clinic Proceedings 74

543–552. (doi:10.4065/74.6.543)

Carney JA & Stratakis CA 2002 Familial paraganglioma and

gastric stromal sarcoma: a new syndrome distinct from the

Carney triad. American Journal of Medical Genetics 108

132–139. (doi:10.1002/ajmg.10235)

Carty SE, Helm AK, Amico JA, Clarke MR, Foley TP,

Watson CG & Mulvihill JJ 1998 The variable penetrance

and spectrum of manifestations of multiple endocrine

neoplasia type 1. Surgery 124 1106–1113 discussion

1113–1104. (doi:10.1067/msy.1998.93107)

Cascon A, Lopez-Jimenez E, Landa I, Leskela S, Leandro-

Garcia LJ, Maliszewska A, Leton R, de la Vega L, Garcia-

Barcina MJ, Sanabria C et al. 2009a Rationalization of

genetic testing in patients with apparently sporadic

pheochromocytoma/paraganglioma.HormoneandMetabolic

Research 41 672–675. (doi:10.1055/s-0029-1202814)

Cascon A, Pita G, Burnichon N, Landa I, Lopez-Jimenez E,

Montero-Conde C, Leskela S, Leandro-Garcia LJ,

Leton R, Rodriguez-Antona C et al. 2009b Genetics of

pheochromocytoma and paraganglioma in Spanish

patients. Journal of Clinical Endocrinology and Metab-

olism 94 1701–1705. (doi:10.1210/jc.2008-2756)

Chandrasekharappa SC, Guru SC, Manickam P, Olufemi SE,

Collins FS, Emmert-Buck MR, Debelenko LV, Zhuang Z,

Lubensky IA, Liotta LA et al. 1997 Positional cloning of

the gene for multiple endocrine neoplasia-type 1. Science

276 404–407. (doi:10.1126/science.276.5311.404)

Chen H, Sippel RS, O’Dorisio MS, Vinik AI, Lloyd RV &

Pacak K 2010 The North American Neuroendocrine

Tumor Society consensus guideline for the diagnosis and

management of neuroendocrine tumors: pheochromocy-

toma, paraganglioma, and medullary thyroid cancer.

Pancreas 39 775–783. (doi:10.1097/MPA.

0b013e3181ebb4f0)

Chrisoulidou A, Kaltsas G, Ilias I & Grossman AB 2007 The

diagnosis and management of malignant phaeochromo-

cytoma and paraganglioma. Endocrine-Related Cancer

14 569–585. (doi:10.1677/ERC-07-0074)
www.endocrinology-journals.org
Comino-Mendez I, Gracia-Aznarez FJ, Schiavi F,

Landa I, Leandro-Garcia LJ, Leton R, Honrado E,

Ramos-Medina R, Caronia D, Pita G et al. 2011

Exome sequencing identifies MAX mutations as a

cause of hereditary pheochromocytoma. Nature

Genetics 43 663–667. (doi:10.1038/ng.861)

Crossey PA, Foster K, Richards FM, Phipps ME, Latif F,

Tory K, Jones MH, Bentley E, Kumar R, Lerman MI et al.

1994 Molecular genetic investigations of the mechanism

of tumourigenesis in von Hippel–Lindau disease: analysis

of allele loss in VHL tumours. Human Genetics 93 53–58.

(doi:10.1007/BF00218913)

Dackiw AP, Cote GJ, Fleming JB, Schultz PN, Stanford P,

Vassilopoulou-Sellin R, Evans DB, Gagel RF & Lee JE

1999 Screening for MEN1 mutations in patients with

atypical endocrine neoplasia. Surgery 126 1097–1103

discussion 1103–1094. (doi:10.1067/msy.2099.101376)

Dahia PL, Hao K, Rogus J, Colin C, Pujana MA, Ross K,

Magoffin D, Aronin N, Cascon A, Hayashida CY et al.

2005a Novel pheochromocytoma susceptibility loci

identified by integrative genomics. Cancer Research 65

9651–9658. (doi:10.1158/0008-5472.CAN-05-1427)

Dahia PL, Ross KN, Wright ME, Hayashida CY, Santagata S,

Barontini M, Kung AL, Sanso G, Powers JF, Tischler AS

et al. 2005b A HIF1alpha regulatory loop links hypoxia

and mitochondrial signals in pheochromocytomas. PLoS

Genetics 1 72–80. (doi:10.1371/journal.pgen.0010008)

Dannenberg H, Dinjens WN, Abbou M, Van Urk H, Pauw BK,

Mouwen D, Mooi WJ & de Krijger RR 2002 Frequent

germ-line succinate dehydrogenase subunit D gene

mutations in patients with apparently sporadic parasym-

pathetic paraganglioma. Clinical Cancer Research 8

2061–2066.

DeLellis RA, Lloyd RV, Heitz PU & Eng C Eds 2004 World

Health Organization Classification of Tumours: Path-

ology and Genetics of Tumours of Endocrine Organs.

pp 147–166. Lyon, France: IARC Press.

Donis-Keller H, Dou S, Chi D, Carlson KM, Toshima K,

Lairmore TC, Howe JR, Moley JF, Goodfellow P &

Wells SA Jr 1993 Mutations in the RET proto-oncogene

are associated with MEN 2A and FMTC. Human

Molecular Genetics 2 851–856. (doi:10.1093/hmg/

2.7.851)

Douwes Dekker PB, Hogendoorn PC, Kuipers-Dijkshoorn N,

Prins FA, van Duinen SG, Taschner PE, van der Mey AG

& Cornelisse CJ 2003 SDHD mutations in head and neck

paragangliomas result in destabilization of complex II

in the mitochondrial respiratory chain with loss of

enzymatic activity and abnormal mitochondrial

morphology. Journal of Pathology 201 480–486.

(doi:10.1002/path.1461)

van Duinen N, Steenvoorden D, Kema IP, Jansen JC, Vriends

AH, Bayley JP, Smit JW, Romijn JA & Corssmit EP 2010

Increased urinary excretion of 3-methoxytyramine in

patients with head and neck paragangliomas. Journal of

Clinical Endocrinology and Metabolism 95 209–214.

(doi:10.1210/jc.2009-1632)
R269

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1093/hmg/ddq206
http://dx.doi.org/10.1093/hmg/ddq206
http://dx.doi.org/10.1530/EJE-10-0758
http://dx.doi.org/10.1074/jbc.M905866199
http://dx.doi.org/10.1074/jbc.M905866199
http://dx.doi.org/10.4065/74.6.543
http://dx.doi.org/10.1002/ajmg.10235
http://dx.doi.org/10.1067/msy.1998.93107
http://dx.doi.org/10.1055/s-0029-1202814
http://dx.doi.org/10.1210/jc.2008-2756
http://dx.doi.org/10.1126/science.276.5311.404
http://dx.doi.org/10.1097/MPA.0b013e3181ebb4f0
http://dx.doi.org/10.1097/MPA.0b013e3181ebb4f0
http://dx.doi.org/10.1677/ERC-07-0074
http://dx.doi.org/10.1038/ng.861
http://dx.doi.org/10.1007/BF00218913
http://dx.doi.org/10.1067/msy.2099.101376
http://dx.doi.org/10.1158/0008-5472.CAN-05-1427
http://dx.doi.org/10.1371/journal.pgen.0010008
http://dx.doi.org/10.1093/hmg/2.7.851
http://dx.doi.org/10.1093/hmg/2.7.851
http://dx.doi.org/10.1002/path.1461
http://dx.doi.org/10.1210/jc.2009-1632


J Welander and others: Hereditary pheochromocytomas and paragangliomas
Durbec P, Marcos-Gutierrez CV, Kilkenny C, Grigoriou M,

Wartiowaara K, Suvanto P, Smith D, Ponder B,

Costantini F, Saarma M et al. 1996 GDNF signalling

through the Ret receptor tyrosine kinase. Nature 381

789–793. (doi:10.1038/381789a0)

Edery P, Lyonnet S, Mulligan LM, Pelet A, Dow E, Abel L,

Holder S, Nihoul-Fekete C, Ponder BA & Munnich A

1994 Mutations of the RET proto-oncogene in Hirsch-

sprung’s disease. Nature 367 378–380. (doi:10.1038/

367378a0)

Eisenhofer G, Huynh TT, Pacak K, Brouwers FM,

Walther MM, Linehan WM, Munson PJ, Mannelli M,

Goldstein DS & Elkahloun AG 2004 Distinct gene

expression profiles in norepinephrine- and epinephrine-

producing hereditary and sporadic pheochromocytomas:

activation of hypoxia-driven angiogenic pathways in von

Hippel–Lindau syndrome. Endocrine-Related Cancer 11

897–911. (doi:10.1677/erc.1.00838)

Eisenhofer G, Lenders JW, Timmers H, Mannelli M, Grebe

SK, Hofbauer LC, Bornstein SR, Tiebel O, Adams K,

Bratslavsky G et al. 2011 Measurements of plasma

methoxytyramine, normetanephrine, and metanephrine as

discriminators of different hereditary forms of pheochro-

mocytoma. Clinical Chemistry 57 411–420. (doi:10.1373/

clinchem.2010.153320)

Erickson D, Kudva YC, Ebersold MJ, Thompson GB,

Grant CS, van Heerden JA & Young WF Jr 2001 Benign

paragangliomas: clinical presentation and treatment out-

comes in 236 patients. Journal of Clinical Endocrinology

and Metabolism 86 5210–5216. (doi:10.1210/jc.86.11.

5210)

Erlic Z, Rybicki L, Peczkowska M, Golcher H, Kann PH,

Brauckhoff M, Mussig K, Muresan M, Schaffler A,

Reisch N et al. 2009 Clinical predictors and algorithm for

the genetic diagnosis of pheochromocytoma patients.

Clinical Cancer Research 15 6378–6385. (doi:10.1158/

1078-0432.CCR-09-1237)

Estus S, Zaks WJ, Freeman RS, Gruda M, Bravo R &

Johnson EM Jr 1994 Altered gene expression in neurons

during programmed cell death: identification of c-jun as

necessary for neuronal apoptosis. Journal of Cell Biology

127 1717–1727. (doi:10.1083/jcb.127.6.1717)

Favia G, Lumachi F, Polistina F & D’Amico DF 1998

Pheochromocytoma, a rare cause of hypertension: long-

term follow-up of 55 surgically treated patients. World

Journal of Surgery 22 689–693 discussion 694. (doi:10.

1007/s002689900454)

Favier J & Gimenez-Roqueplo AP 2010 Pheochromocyto-

mas: the (pseudo)-hypoxia hypothesis. Best Practice &

Research. Clinical Endocrinology & Metabolism 24

957–968. (doi:10.1016/j.beem.2010.10.004)

Favier J, Briere JJ, Burnichon N, Riviere J, Vescovo L,

Benit P, Giscos-Douriez I, De Reynies A, Bertherat J,

Badoual C et al. 2009 The Warburg effect is genetically

determined in inherited pheochromocytomas. PLoS ONE

4 e7094. (doi:10.1371/journal.pone.0007094)
R270
Ghezzi D, Goffrini P, Uziel G, Horvath R, Klopstock T,

Lochmuller H, D’Adamo P, Gasparini P, Strom TM,

Prokisch H et al. 2009 SDHAF1, encoding a LYR

complex-II specific assembly factor, is mutated in SDH-

defective infantile leukoencephalopathy. Nature Genetics

41 654–656. (doi:10.1038/ng.378)

Gill AJ, Benn DE, Chou A, Clarkson A, Muljono A, Meyer-

Rochow GY, Richardson AL, Sidhu SB, Robinson BG &

Clifton-Bligh RJ 2010 Immunohistochemistry for SDHB

triages genetic testing of SDHB, SDHC, and SDHD in

paraganglioma–pheochromocytoma syndromes. Human

Pathology 41 805–814. (doi:10.1016/j.humpath.2009.12.

005)

Gimenez-Roqueplo AP, Favier J, Rustin P, Mourad JJ, Plouin

PF, Corvol P, Rotig A & Jeunemaitre X 2001 The R22X

mutation of the SDHD gene in hereditary paraganglioma

abolishes the enzymatic activity of complex II in the

mitochondrial respiratory chain and activates the hypoxia

pathway. American Journal of Human Genetics 69

1186–1197. (doi:10.1086/324413)

Gimenez-Roqueplo AP, Favier J, Rustin P, Rieubland C,

Crespin M, Nau V, Khau Van Kien P, Corvol P, Plouin PF

& Jeunemaitre X 2003 Mutations in the SDHB gene are

associated with extra-adrenal and/or malignant phaeo-

chromocytomas. Cancer Research 63 5615–5621.

Gimm O, Armanios M, Dziema H, Neumann HP & Eng C

2000 Somatic and occult germ-line mutations in SDHD, a

mitochondrial complex II gene, in nonfamilial pheo-

chromocytoma. Cancer Research 60 6822–6825.

Goldstein RE, O’Neill JA Jr, Holcomb GW III, Morgan WM III,

Neblett WW III, Oates JA, Brown N, Nadeau J, Smith B

& Page DL 1999 Clinical experience over 48 years with

pheochromocytoma. Annals of Surgery 229 755–764.

(doi:10.1097/00000658-199906000-00001)

Grandori C, Cowley SM, James LP & Eisenman RN 2000

The Myc/Max/Mad network and the transcriptional

control of cell behavior. Annual Review of Cell and

Developmental Biology 16 653–699. (doi:10.1146/

annurev.cellbio.16.1.653)

Hao HX, Khalimonchuk O, Schraders M, Dephoure N,

Bayley JP, Kunst H, Devilee P, Cremers CW,

Schiffman JD, Bentz BG et al. 2009 SDH5, a gene

required for flavination of succinate dehydrogenase, is

mutated in paraganglioma. Science 325 1139–1142.

(doi:10.1126/science.1175689)

Hensen EF, Goeman JJ, Oosting J, Van der Mey AG,

Hogendoorn PC, Cremers CW, Devilee P & Cornelisse CJ

2009 Similar gene expression profiles of sporadic, PGL2-,

and SDHD-linked paragangliomas suggest a common

pathway to tumorigenesis. BMC Medical Genomics 2 25.

(doi:10.1186/1755-8794-2-25)

Herman JG, Latif F, Weng Y, Lerman MI, Zbar B, Liu S,

Samid D, Duan DS, Gnarra JR, Linehan WM et al. 1994

Silencing of the VHL tumor-suppressor gene by DNA

methylation in renal carcinoma. PNAS 91 9700–9704.

(doi:10.1073/pnas.91.21.9700)
www.endocrinology-journals.org

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1038/381789a0
http://dx.doi.org/10.1038/367378a0
http://dx.doi.org/10.1038/367378a0
http://dx.doi.org/10.1677/erc.1.00838
http://dx.doi.org/10.1373/clinchem.2010.153320
http://dx.doi.org/10.1373/clinchem.2010.153320
http://dx.doi.org/10.1210/jc.86.11.5210
http://dx.doi.org/10.1210/jc.86.11.5210
http://dx.doi.org/10.1158/1078-0432.CCR-09-1237
http://dx.doi.org/10.1158/1078-0432.CCR-09-1237
http://dx.doi.org/10.1083/jcb.127.6.1717
http://dx.doi.org/10.1007/s002689900454
http://dx.doi.org/10.1007/s002689900454
http://dx.doi.org/10.1016/j.beem.2010.10.004
http://dx.doi.org/10.1371/journal.pone.0007094
http://dx.doi.org/10.1038/ng.378
http://dx.doi.org/10.1016/j.humpath.2009.12.005
http://dx.doi.org/10.1016/j.humpath.2009.12.005
http://dx.doi.org/10.1086/324413
http://dx.doi.org/10.1097/00000658-199906000-00001
http://dx.doi.org/10.1146/annurev.cellbio.16.1.653
http://dx.doi.org/10.1146/annurev.cellbio.16.1.653
http://dx.doi.org/10.1126/science.1175689
http://dx.doi.org/10.1186/1755-8794-2-25
http://dx.doi.org/10.1073/pnas.91.21.9700


Endocrine-Related Cancer (2011) 18 R253–R276
Hirota S, Isozaki K, Moriyama Y, Hashimoto K, Nishida T,

Ishiguro S, Kawano K, Hanada M, Kurata A, Takeda M

et al. 1998 Gain-of-function mutations of c-kit in human

gastrointestinal stromal tumors. Science 279 577–580.

(doi:10.1126/science.279.5350.577)

Hirota S, Ohashi A, Nishida T, Isozaki K, Kinoshita K,

Shinomura Y & Kitamura Y 2003 Gain-of-function

mutations of platelet-derived growth factor receptor

alpha gene in gastrointestinal stromal tumors.

Gastroenterology 125 660–667. (doi:10.1016/S0016-

5085(03)01046-1)

Hofstra RM, Landsvater RM, Ceccherini I, Stulp RP,

Stelwagen T, Luo Y, Pasini B, Hoppener JW, van Amstel

HK, Romeo G et al. 1994 A mutation in the RET proto-

oncogene associated with multiple endocrine neoplasia

type 2B and sporadic medullary thyroid carcinoma.

Nature 367 375–376. (doi:10.1038/367375a0)

Hopewell R & Ziff EB 1995 The nerve growth factor-

responsive PC12 cell line does not express the Myc

dimerization partner Max. Molecular and Cellular

Biology 15 3470–3478.

Horvath R, Abicht A, Holinski-Feder E, Laner A, Gempel K,

Prokisch H, Lochmuller H, Klopstock T & Jaksch M 2006

Leigh syndrome caused by mutations in the flavoprotein

(Fp) subunit of succinate dehydrogenase (SDHA).

Journal of Neurology, Neurosurgery, and Psychiatry 77

74–76. (doi:10.1136/jnnp.2005.067041)

Ichihara M, Murakumo Y & Takahashi M 2004 RET and

neuroendocrine tumors. Cancer Letters 204 197–211.

(doi:10.1016/S0304-3835(03)00456-7)

Ikeo Y, Yumita W, Sakurai A & Hashizume K 2004 JunD–

menin interaction regulates c-Jun-mediated AP-1 trans-

activation. Endocrine Journal 51 333–342. (doi:10.1507/

endocrj.51.333)

Jiang S & Dahia PL 2011 Minireview: the busy road to

pheochromocytomas and paragangliomas has a new

member, TMEM127. Endocrinology 152 2133–2140.

(doi:10.1210/en.2011-0052)

Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang M, Tamir R,

Antonio L, Hu Z, Cupples R et al. 1996 GDNF-induced

activation of the ret protein tyrosine kinase is

mediated by GDNFR-alpha, a novel receptor for GDNF.

Cell 85 1113–1124. (doi:10.1016/S0092-8674(00)

81311-2)

Johannessen CM, Reczek EE, James MF, Brems H, Legius E

& Cichowski K 2005 The NF1 tumor suppressor critically

regulates TSC2 and mTOR. PNAS 102 8573–8578.

(doi:10.1073/pnas.0503224102)

Johannessen CM, Johnson BW, Williams SM, Chan AW,

Reczek EE, Lynch RC, Rioth MJ, McClatchey A,

Ryeom S & Cichowski K 2008 TORC1 is essential for

NF1-associated malignancies. Current Biology 18 56–62.

(doi:10.1016/j.cub.2007.11.066)

Kaelin WG Jr 2008 The von Hippel–Lindau tumour

suppressor protein: O2 sensing and cancer. Nature

Reviews. Cancer 8 865–873. (doi:10.1038/nrc2502)
www.endocrinology-journals.org
Karagiannis A, Mikhailidis DP, Athyros VG & Harsoulis F

2007 Pheochromocytoma: an update on genetics and

management. Endocrine-Related Cancer 14 935–956.

(doi:10.1677/ERC-07-0142)

Karasek D, Frysak Z & Pacak K 2010 Genetic testing for

pheochromocytoma. Current Hypertension Reports 12

456–464. (doi:10.1007/s11906-010-0151-1)

Kehrer-Sawatzki H & Cooper DN 2008 Mosaicism in

sporadic neurofibromatosis type 1: variations on a theme

common to other hereditary cancer syndromes?

Journal of Medical Genetics 45 622–631. (doi:10.1136/

jmg.2008.059329)

Knudson AG Jr 1971 Mutation and cancer: statistical study of

retinoblastoma. PNAS 68 820–823. (doi:10.1073/pnas.68.

4.820)

Knudson AG 1996 Hereditary cancer: two hits revisited.

Journal of Cancer Research and Clinical Oncology 122

135–140. (doi:10.1007/BF01366952)

Kopetschke R, Slisko M, Kilisli A, Tuschy U, Wallaschofski

H, Fassnacht M, Ventz M, Beuschlein F, Reincke M,

Reisch N et al. 2009 Frequent incidental discovery of

phaeochromocytoma: data from a German cohort of 201

phaeochromocytoma. European Journal of Endo-

crinology 161 355–361. (doi:10.1530/EJE-09-0384)

Korpershoek E, Petri BJ, van Nederveen FH, Dinjens WN,

Verhofstad AA, de Herder WW, Schmid S, Perren A,

Komminoth P & de Krijger RR 2007 Candidate gene

mutation analysis in bilateral adrenal pheochromocytoma

and sympathetic paraganglioma. Endocrine-Related

Cancer 14 453–462. (doi:10.1677/ERC-06-0044)

Korpershoek E, Favier J, Gaal J, Burnichon N, van Gessel B,

Oudijk L, Badoual C, Gadessaud N, Venisse A, Bayley JP

et al. 2011 SDHA immunohistochemistry detects germline

SDHA gene mutations in apparently sporadic paragan-

gliomas and pheochromocytomas. Journal of Clinical

Endocrinology and Metabolism 96 E1472–E1476.

Kunst HP, Rutten MH, de Monnink JP, Hoefsloot LH,

Timmers HJ, Marres HA, Jansen JC, Kremer H, Bayley JP &

Cremers CW 2011 SDHAF2 PGL2-SDH5) and hereditary

head and neck paraganglioma. Clinical Cancer Research 17

247–254. (doi:10.1158/1078-0432.CCR-10-0420)

Ladroue C, Carcenac R, Leporrier M, Gad S, Le Hello C,

Galateau-Salle F, Feunteun J, Pouyssegur J, Richard S &

Gardie B 2008 PHD2 mutation and congenital erythro-

cytosis with paraganglioma. New England Journal of

Medicine 359 2685–2692. (doi:10.1056/

NEJMoa0806277)

Lairmore TC, Ball DW, Baylin SB & Wells SA Jr 1993

Management of pheochromocytomas in patients with

multiple endocrine neoplasia type 2 syndromes. Annals of

Surgery 217 595–601 discussion 601–603. (doi:10.1097/

00000658-199306000-00001)

Latif F, Tory K, Gnarra J, Yao M, Duh FM, Orcutt ML,

Stackhouse T, Kuzmin I, Modi W, Geil L et al. 1993

Identification of the von Hippel–Lindau disease tumor

suppressor gene. Science 260 1317–1320. (doi:10.1126/

science.8493574)
R271

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1126/science.279.5350.577
http://dx.doi.org/10.1016/S0016-5085(03)01046-1
http://dx.doi.org/10.1016/S0016-5085(03)01046-1
http://dx.doi.org/10.1038/367375a0
http://dx.doi.org/10.1136/jnnp.2005.067041
http://dx.doi.org/10.1016/S0304-3835(03)00456-7
http://dx.doi.org/10.1507/endocrj.51.333
http://dx.doi.org/10.1507/endocrj.51.333
http://dx.doi.org/10.1210/en.2011-0052
http://dx.doi.org/10.1016/S0092-8674(00)81311-2
http://dx.doi.org/10.1016/S0092-8674(00)81311-2
http://dx.doi.org/10.1073/pnas.0503224102
http://dx.doi.org/10.1016/j.cub.2007.11.066
http://dx.doi.org/10.1038/nrc2502
http://dx.doi.org/10.1677/ERC-07-0142
http://dx.doi.org/10.1007/s11906-010-0151-1
http://dx.doi.org/10.1136/jmg.2008.059329
http://dx.doi.org/10.1136/jmg.2008.059329
http://dx.doi.org/10.1073/pnas.68.4.820
http://dx.doi.org/10.1073/pnas.68.4.820
http://dx.doi.org/10.1007/BF01366952
http://dx.doi.org/10.1530/EJE-09-0384
http://dx.doi.org/10.1677/ERC-06-0044
http://dx.doi.org/10.1158/1078-0432.CCR-10-0420
http://dx.doi.org/10.1056/NEJMoa0806277
http://dx.doi.org/10.1056/NEJMoa0806277
http://dx.doi.org/10.1097/00000658-199306000-00001
http://dx.doi.org/10.1097/00000658-199306000-00001
http://dx.doi.org/10.1126/science.8493574
http://dx.doi.org/10.1126/science.8493574


J Welander and others: Hereditary pheochromocytomas and paragangliomas
Leboulleux S, Travagli JP, Caillou B, Laplanche A, Bidart JM,

Schlumberger M & Baudin E 2002 Medullary thyroid

carcinoma as part of a multiple endocrine neoplasia type 2B

syndrome: influence of the stage on the clinical course.

Cancer 94 44–50. (doi:10.1002/cncr.10205)

Lee JH, Barich F, Karnell LH, Robinson RA, Zhen WK,

Gantz BJ & Hoffman HT 2002 National Cancer Data Base

report on malignant paragangliomas of the head and neck.

Cancer 94 730–737. (doi:10.1002/cncr.10252)

Lee S, Nakamura E, Yang H, Wei W, Linggi MS, Sajan MP,

Farese RV, Freeman RS, Carter BD, Kaelin WG Jr et al.

2005 Neuronal apoptosis linked to EglN3 prolyl

hydroxylase and familial pheochromocytoma genes:

developmental culling and cancer. Cancer Cell 8

155–167. (doi:10.1016/j.ccr.2005.06.015)

Lemos MC & Thakker RV 2008 Multiple endocrine

neoplasia type 1 (MEN1): analysis of 1336 mutations

reported in the first decade following identification of the

gene. Human Mutation 29 22–32. (doi:10.1002/humu.

20605)

Lips C, Lentjes E, Hoppener J, Luijt R & Moll F 2006

Familial paragangliomas. Hereditary Cancer in Clinical

Practice 4 169–176. (doi:10.1186/1897-4287-4-4-169)

Lopez-Jimenez E, de Campos JM, Kusak EM, Landa I,

Leskela S, Montero-Conde C, Leandro-Garcia LJ, Vallejo

LA, Madrigal B, Rodriguez-Antona C et al. 2008 SDHC

mutation in an elderly patient without familial ante-

cedents. Clinical Endocrinology 69 906–910. (doi:10.

1111/j.1365-2265.2008.03368.x)

Lopez-Jimenez E, Gomez-Lopez G, Leandro-Garcia LJ,

Munoz I, Schiavi F, Montero-Conde C, de Cubas AA,

Ramires R, Landa I, Leskela S et al. 2010 Research

resource: transcriptional profiling reveals different pseu-

dohypoxic signatures in SDHB and VHL-related pheo-

chromocytomas. Molecular Endocrinolgy 24 2382–2391.

(doi:10.1210/me.2010-0256)

Maher ER & Eng C 2002 The pressure rises: update on the

genetics of phaeochromocytoma. Human Molecular

Genetics 11 2347–2354. (doi:10.1093/hmg/11.20.2347)

Mannelli M, Ercolino T, Giache V, Simi L, Cirami C &

Parenti G 2007 Genetic screening for pheochromocy-

toma: should SDHC gene analysis be included? Journal of

Medical Genetics 44 586–587. (doi:10.1136/jmg.2007.

051045)

Mannelli M, Castellano M, Schiavi F, Filetti S, Giacche M,

Mori L, Pignataro V, Bernini G, Giache V, Bacca A et al.

2009 Clinically guided genetic screening in a large cohort

of italian patients with pheochromocytomas and/or

functional or nonfunctional paragangliomas. Journal of

Clinical Endocrinology and Metabolism 94 1541–1547.

(doi:10.1210/jc.2008-2419)

Martin GA, Viskochil D, Bollag G, McCabe PC, Crosier WJ,

Haubruck H, Conroy L, Clark R, O’Connell P,

Cawthon RM et al. 1990 The GAP-related domain of the

neurofibromatosis type 1 gene product interacts with ras

p21. Cell 63 843–849. (doi:10.1016/0092-

8674(90)90150-D)
R272
Marx S, Spiegel AM, Skarulis MC, Doppman JL, Collins FS

& Liotta LA 1998 Multiple endocrine neoplasia type 1:

clinical and genetic topics. Annals of Internal Medicine

129 484–494.

Marx SJ, Agarwal SK, Kester MB, Heppner C, Kim YS,

Skarulis MC, James LA, Goldsmith PK, Saggar SK &

Park SY 1999 Multiple endocrine neoplasia type 1:

clinical and genetic features of the hereditary endocrine

neoplasias. Recent Progress in Hormone Research 54

397–438 discussion 438–439.

Matyakhina L, Bei TA, McWhinney SR, Pasini B, Cameron S,

Gunawan B, Stergiopoulos SG, Boikos S, Muchow M,

Dutra A et al. 2007 Genetics of carney triad: recurrent

losses at chromosome 1 but lack of germline mutations

in genes associated with paragangliomas and gastro-

intestinal stromal tumors. Journal of Clinical

Endocrinology and Metabolism 92 2938–2943. (doi:10.

1210/jc.2007-0797)

Maynard MA & Ohh M 2007 The role of hypoxia-inducible

factors in cancer. Cellular and Molecular Life Sciences 64

2170–2180. (doi:10.1007/s00018-007-7082-2)

McCubrey JA, Steelman LS, Chappell WH, Abrams SL,

Wong EW, Chang F, Lehmann B, Terrian DM, Milella M,

Tafuri A et al. 2007 Roles of the Raf/MEK/ERK pathway

in cell growth, malignant transformation and drug

resistance. Biochimica et Biophysica Acta 1773

1263–1284. (doi:10.1016/j.bbamcr.2006.10.001)

McNeil AR, Blok BH, Koelmeyer TD, Burke MP & Hilton JM

2000 Phaeochromocytomas discovered during coronial

autopsies in Sydney, Melbourne and Auckland. Australian

and New Zealand Journal of Medicine 30 648–652.

(doi:10.1111/j.1445-5994.2000.tb04358.x)

McNichol AM 2001 Differential diagnosis of pheochromo-

cytomas and paragangliomas. Endocrine Pathology 12

407–415. (doi:10.1385/EP:12:4:407)

McWhinney SR, Pasini B & Stratakis CA 2007 Familial

gastrointestinal stromal tumors and germ-line mutations.

New England Journal of Medicine 357 1054–1056.

(doi:10.1056/NEJMc071191)

van der Mey AG, Maaswinkel-Mooy PD, Cornelisse CJ,

Schmidt PH & van de Kamp JJ 1989 Genomic imprinting

in hereditary glomus tumours: evidence for new genetic

theory. Lancet 2 1291–1294. (doi:10.1016/S0140-

6736(89)91908-9)

Modigliani E, Vasen HM, Raue K, Dralle H, Frilling A,

Gheri RG, Brandi ML, Limbert E, Niederle B, Forgas L

et al. 1995 Pheochromocytoma in multiple endocrine

neoplasia type 2: European Study. Journal of Internal

Medicine 238 363–367. (doi:10.1111/j.1365-2796.1995.

tb01211.x)

Mulligan LM, Kwok JB, Healey CS, Elsdon MJ, Eng C,

Gardner E, Love DR, Mole SE, Moore JK, Papi L et al.

1993 Germ-line mutations of the RET proto-oncogene in

multiple endocrine neoplasia type 2A. Nature 363

458–460. (doi:10.1038/363458a0)

Mulligan LM, Eng C, Attie T, Lyonnet S, Marsh DJ,

Hyland VJ, Robinson BG, Frilling A, Verellen-Dumoulin C,
www.endocrinology-journals.org

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1002/cncr.10205
http://dx.doi.org/10.1002/cncr.10252
http://dx.doi.org/10.1016/j.ccr.2005.06.015
http://dx.doi.org/10.1002/humu.20605
http://dx.doi.org/10.1002/humu.20605
http://dx.doi.org/10.1186/1897-4287-4-4-169
http://dx.doi.org/10.1111/j.1365-2265.2008.03368.x
http://dx.doi.org/10.1111/j.1365-2265.2008.03368.x
http://dx.doi.org/10.1210/me.2010-0256
http://dx.doi.org/10.1093/hmg/11.20.2347
http://dx.doi.org/10.1136/jmg.2007.051045
http://dx.doi.org/10.1136/jmg.2007.051045
http://dx.doi.org/10.1210/jc.2008-2419
http://dx.doi.org/10.1016/0092-8674(90)90150-D
http://dx.doi.org/10.1016/0092-8674(90)90150-D
http://dx.doi.org/10.1210/jc.2007-0797
http://dx.doi.org/10.1210/jc.2007-0797
http://dx.doi.org/10.1007/s00018-007-7082-2
http://dx.doi.org/10.1016/j.bbamcr.2006.10.001
http://dx.doi.org/10.1111/j.1445-5994.2000.tb04358.x
http://dx.doi.org/10.1385/EP:12:4:407
http://dx.doi.org/10.1056/NEJMc071191
http://dx.doi.org/10.1016/S0140-6736(89)91908-9
http://dx.doi.org/10.1016/S0140-6736(89)91908-9
http://dx.doi.org/10.1111/j.1365-2796.1995.tb01211.x
http://dx.doi.org/10.1111/j.1365-2796.1995.tb01211.x
http://dx.doi.org/10.1038/363458a0


Endocrine-Related Cancer (2011) 18 R253–R276
Safar A et al. 1994 Diverse phenotypes associated with exon

10 mutations of the RET proto-oncogene.HumanMolecular

Genetics 3 2163–2167. (doi:10.1093/hmg/3.12.2163)

Munirajan AK, Ando K, Mukai A, Takahashi M, Suenaga Y,

Ohira M, Koda T, Hirota T, Ozaki T & Nakagawara A

2008 KIF1Bbeta functions as a haploinsufficient tumor

suppressor gene mapped to chromosome 1p36.2 by

inducing apoptotic cell death. Journal of Biological

Chemistry 283 24426–24434. (doi:10.1074/jbc.

M802316200)

Nangaku M, Sato-Yoshitake R, Okada Y, Noda Y,

Takemura R, Yamazaki H & Hirokawa N 1994 KIF1B, a

novel microtubule plus end-directed monomeric motor

protein for transport of mitochondria. Cell 79 1209–1220.

(doi:10.1016/0092-8674(94)90012-4)

van Nederveen FH, Korpershoek E, Lenders JW, de Krijger

RR & Dinjens WN 2007 Somatic SDHB mutation in an

extraadrenal pheochromocytoma. New England

Journal of Medicine 357 306–308. (doi:10.1056/

NEJMc070010)

van Nederveen FH, Gaal J, Favier J, Korpershoek E,

Oldenburg RA, de Bruyn EM, Sleddens HF, Derkx P,

Riviere J, Dannenberg H et al. 2009 An immunohisto-

chemical procedure to detect patients with paraganglioma

and phaeochromocytoma with germline SDHB, SDHC, or

SDHD gene mutations: a retrospective and prospective

analysis. Lancet Oncology 10 764–771. (doi:10.1016/

S1470-2045(09)70164-0)

Neumann HP, Berger DP, Sigmund G, Blum U, Schmidt D,

Parmer RJ, Volk B & Kirste G 1993 Pheochromocytomas,

multiple endocrine neoplasia type 2, and von

Hippel–Lindau disease. New England Journal of

Medicine 329 1531–1538. (doi:10.1056/NEJM1993

11183292103)

Neumann HP, Bausch B, McWhinney SR, Bender BU,

Gimm O, Franke G, Schipper J, Klisch J, Altehoefer C,

Zerres K et al. 2002 Germ-line mutations in nonsyn-

dromic pheochromocytoma. New England Journal of

Medicine 346 1459–1466. (doi:10.1056/NEJMoa020152)

Neumann HP, Pawlu C, Peczkowska M, Bausch B,

McWhinney SR, Muresan M, Buchta M, Franke G,

Klisch J, Bley TA et al. 2004 Distinct clinical features of

paraganglioma syndromes associated with SDHB and

SDHD gene mutations. Journal of the American

Medical Association 292 943–951. (doi:10.1001/jama.

292.8.943)

Neumann HP, Sullivan M, Winter A, Malinoc A,

Hoffmann MM, Boedeker CC, Bertz H, Walz MK,

Moeller LC, Schmid KW et al. 2011 Germline mutations

of the TMEM127 gene in patients with paraganglioma of

head and neck and extraadrenal abdominal sites.

Journal of Clinical Endocrinology and Metabolism 96

E1279–E1282. (doi:10.1210/jc.2011-0114)

Niemann S & Muller U 2000 Mutations in SDHC cause

autosomal dominant paraganglioma, type 3. Nature

Genetics 26 268–270. (doi:10.1038/81551)
www.endocrinology-journals.org
Niemann S, Muller U, Engelhardt D & Lohse P 2003

Autosomal dominant malignant and catecholamine-

producing paraganglioma caused by a splice donor site

mutation in SDHC. Human Genetics 113 92–94.

Nilsson O, Tisell LE, Jansson S, Ahlman H, Gimm O &

Eng C 1999 Adrenal and extra-adrenal pheochromo-

cytomas in a family with germline RET V804L mutation.

Journal of the American Medical Association 281

1587–1588. (doi:10.1001/jama.281.17.1587)

O’Riordain DS, Young WF Jr, Grant CS, Carney JA &

van Heerden JA 1996 Clinical spectrum and outcome of

functional extraadrenal paraganglioma. World Journal of

Surgery 20 916–921 discussion 922. (doi:10.1007/

s002689900139)

Palmada M, Kanwal S, Rutkoski NJ, Gustafson-Brown C,

Johnson RS, Wisdom R & Carter BD 2002 c-Jun is

essential for sympathetic neuronal death induced by NGF

withdrawal but not by p75 activation. Journal of Cell

Biology 158 453–461. (doi:10.1083/jcb.200112129)

Pantaleo MA, Astolfi A, Indio V, Moore R, Thiessen N,

Heinrich MC, Gnocchi C, Santini D, Catena F, Formica S

et al. 2011 SDHA loss-of-function mutations in KIT-

PDGFRA wild-type gastrointestinal stromal tumors

identified by massively parallel sequencing. Journal of the

National Cancer Institute 103 983–987. (doi:10.1093/

jnci/djr130)

Pasini B, McWhinney SR, Bei T, Matyakhina L,

Stergiopoulos S, Muchow M, Boikos SA, Ferrando B,

Pacak K, Assie G et al. 2008 Clinical and molecular

genetics of patients with the Carney–Stratakis syndrome

and germline mutations of the genes coding for the

succinate dehydrogenase subunits SDHB, SDHC, and

SDHD. European Journal of Human Genetics 16 79–88.

(doi:10.1038/sj.ejhg.5201904)

Peczkowska M, Cascon A, Prejbisz A, Kubaszek A, Cwikla

BJ, Furmanek M, Erlic Z, Eng C, Januszewicz A &

Neumann HP 2008 Extra-adrenal and adrenal pheochro-

mocytomas associated with a germline SDHC mutation.

Nature Clinical Practice. Endocrinology & Metabolism 4

111–115. (doi:10.1038/ncpendmet0726)

Percy MJ, Zhao Q, Flores A, Harrison C, Lappin TR,

Maxwell PH, McMullin MF & Lee FS 2006 A family with

erythrocytosis establishes a role for prolyl hydroxylase

domain protein 2 in oxygen homeostasis. PNAS 103

654–659. (doi:10.1073/pnas.0508423103)

Peterson S & Bogenmann E 2004 The RET and TRKA

pathways collaborate to regulate neuroblastoma differen-

tiation. Oncogene 23 213–225. (doi:10.1038/sj.onc.

1206980)

Petri BJ, van Eijck CH, de Herder WW, Wagner A &

de Krijger RR 2009 Phaeochromocytomas and

sympathetic paragangliomas. British Journal of Surgery

96 1381–1392. (doi:10.1002/bjs.6821)

Pigny P, Vincent A, Cardot Bauters C, Bertrand M,

de Montpreville VT, Crepin M, Porchet N & Caron P

2008 Paraganglioma after maternal transmission of
R273

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1093/hmg/3.12.2163
http://dx.doi.org/10.1074/jbc.M802316200
http://dx.doi.org/10.1074/jbc.M802316200
http://dx.doi.org/10.1016/0092-8674(94)90012-4
http://dx.doi.org/10.1056/NEJMc070010
http://dx.doi.org/10.1056/NEJMc070010
http://dx.doi.org/10.1016/S1470-2045(09)70164-0
http://dx.doi.org/10.1016/S1470-2045(09)70164-0
http://dx.doi.org/10.1056/NEJM199311183292103
http://dx.doi.org/10.1056/NEJM199311183292103
http://dx.doi.org/10.1056/NEJMoa020152
http://dx.doi.org/10.1001/jama.292.8.943
http://dx.doi.org/10.1001/jama.292.8.943
http://dx.doi.org/10.1210/jc.2011-0114
http://dx.doi.org/10.1038/81551
http://dx.doi.org/10.1001/jama.281.17.1587
http://dx.doi.org/10.1007/s002689900139
http://dx.doi.org/10.1007/s002689900139
http://dx.doi.org/10.1083/jcb.200112129
http://dx.doi.org/10.1093/jnci/djr130
http://dx.doi.org/10.1093/jnci/djr130
http://dx.doi.org/10.1038/sj.ejhg.5201904
http://dx.doi.org/10.1038/ncpendmet0726
http://dx.doi.org/10.1073/pnas.0508423103
http://dx.doi.org/10.1038/sj.onc.1206980
http://dx.doi.org/10.1038/sj.onc.1206980
http://dx.doi.org/10.1002/bjs.6821


J Welander and others: Hereditary pheochromocytomas and paragangliomas
a succinate dehydrogenase gene mutation. Journal of

Clinical Endocrinology and Metabolism 93 1609–1615.

(doi:10.1210/jc.2007-1989)

Pollard PJ, El-Bahrawy M, Poulsom R, Elia G, Killick P,

Kelly G, Hunt T, Jeffery R, Seedhar P, Barwell J et al.

2006 Expression of HIF-1alpha, HIF-2alpha (EPAS1),

and their target genes in paraganglioma and pheochro-

mocytoma with VHL and SDH mutations. Journal of

Clinical Endocrinology and Metabolism 91 4593–4598.

(doi:10.1210/jc.2006-0920)

Prowse AH, Webster AR, Richards FM, Richard S,

Olschwang S, Resche F, Affara NA & Maher ER 1997

Somatic inactivation of the VHL gene in von Hippel–

Lindau disease tumors. American Journal of Human

Genetics 60 765–771.

Qin Y, Yao L, King EE, Buddavarapu K, Lenci RE, Chocron

ES, Lechleiter JD, Sass M, Aronin N, Schiavi F et al. 2010

Germline mutations in TMEM127 confer susceptibility to

pheochromocytoma. Nature Genetics 42 229–233.

(doi:10.1038/ng.533)

Quayle FJ, Fialkowski EA, Benveniste R & Moley JF 2007

Pheochromocytoma penetrance varies by RET mutation

in MEN 2A. Surgery 142 800–805 discussion 805 e801.

(doi:10.1016/j.surg.2007.09.013)

Raue F & Frank-Raue K 2010 Update multiple endocrine

neoplasia type 2. Familial Cancer 9 449–457. (doi:10.

1007/s10689-010-9320-2)

Richard S, Beigelman C, Duclos JM, Fendler JP, Plauchu H,

Plouin PF, Resche F, Schlumberger M, Vermesse B &

Proye C 1994 Pheochromocytoma as the first mani-

festation of von Hippel–Lindau disease. Surgery 116

1076–1081.

Richards FM, Schofield PN, Fleming S & Maher ER 1996

Expression of the von Hippel–Lindau disease tumour

suppressor gene during human embryogenesis. Human

MolecularGenetics 5 639–644. (doi:10.1093/hmg/5.5.639)

Ricketts C, Woodward ER, Killick P, Morris MR, Astuti D,

Latif F & Maher ER 2008 Germline SDHB mutations and

familial renal cell carcinoma. Journal of the National

Cancer Institute 100 1260–1262. (doi:10.1093/jnci/

djn254)

Ricketts CJ, Forman JR, Rattenberry E, Bradshaw N,

Lalloo F, Izatt L, Cole TR, Armstrong R, Kumar VK,

Morrison PJ et al. 2010 Tumor risks and genotype–

phenotype–proteotype analysis in 358 patients with

germline mutations in SDHB and SDHD. Human

Mutation 31 41–51. (doi:10.1002/humu.21136)

Rodriguez JM, Balsalobre M, Ponce JL, Rios A, Torregrosa

NM, Tebar J & Parrilla P 2008 Pheochromocytoma in

MEN 2A syndrome. Study of 54 patients. World

Journal of Surgery 32 2520–2526. (doi:10.1007/s00268-

008-9734-2)

Rodriguez-Cuevas S, Lopez-Garza J & Labastida-Almendaro S

1998 Carotid body tumors in inhabitants of altitudes higher

than 2000 meters above sea level.Head&Neck20 374–378.

(doi:10.1002/(SICI)1097-0347(199808)20:5!374::AID-

HED3O3.0.CO;2-V)
R274
Romeo G, Ronchetto P, Luo Y, Barone V, Seri M,

Ceccherini I, Pasini B, Bocciardi R, Lerone M, Kaariainen

H et al. 1994 Point mutations affecting the tyrosine kinase

domain of the RET proto-oncogene in Hirschsprung’s

disease. Nature 367 377–378. (doi:10.1038/367377a0)

Rutter J, Winge DR & Schiffman JD 2010 Succinate

dehydrogenase – assembly, regulation and role in human

disease. Mitochondrion 10 393–401. (doi:10.1016/j.mito.

2010.03.001)

Saldana MJ, Salem LE & Travezan R 1973 High altitude

hypoxia and chemodectomas. Human Pathology 4

251–263. (doi:10.1016/S0046-8177(73)80012-7)

Schiavi F, Boedeker CC, Bausch B, Peczkowska M, Gomez

CF, Strassburg T, Pawlu C, Buchta M, Salzmann M,

Hoffmann MM et al. 2005 Predictors and prevalence of

paraganglioma syndrome associated with mutations of the

SDHC gene. Journal of the American Medical Associ-

ation 294 2057–2063. (doi:10.1001/jama.294.16.2057)

Schlisio S, Kenchappa RS, Vredeveld LC, George RE,

Stewart R, Greulich H, Shahriari K, Nguyen NV, Pigny P,

Dahia PL et al. 2008 The kinesin KIF1Bbeta acts

downstream from EglN3 to induce apoptosis and is a

potential 1p36 tumor suppressor. Genes and Development

22 884–893. (doi:10.1101/gad.1648608)

Schussheim DH, Skarulis MC, Agarwal SK, Simonds WF,

Burns AL, Spiegel AM & Marx SJ 2001 Multiple

endocrine neoplasia type 1: new clinical and basic

findings. Trends in Endocrinology and Metabolism 12

173–178. (doi:10.1016/S1043-2760(00)00372-6)

Sears R, Nuckolls F, Haura E, Taya Y, Tamai K & Nevins JR

2000 Multiple Ras-dependent phosphorylation pathways

regulate Myc protein stability. Genes and Development 14

2501–2514. (doi:10.1101/gad.836800)

Segouffin-Cariou C & Billaud M 2000 Transforming ability

of MEN2A–RET requires activation of the phospha-

tidylinositol 3-kinase/AKT signaling pathway. Journal of

Biological Chemistry 275 3568–3576. (doi:10.1074/jbc.

275.5.3568)

Selak MA, Armour SM, MacKenzie ED, Boulahbel H,

Watson DG, Mansfield KD, Pan Y, Simon MC,

Thompson CB & Gottlieb E 2005 Succinate links TCA

cycle dysfunction to oncogenesis by inhibiting HIF-alpha

prolyl hydroxylase. Cancer Cell 7 77–85. (doi:10.1016/j.

ccr.2004.11.022)

Sibal L, Jovanovic A, Agarwal SC, Peaston RT, James RA,

Lennard TW, Bliss R, Batchelor A & Perros P 2006

Phaeochromocytomas presenting as acute crises after beta

blockade therapy. Clinical Endocrinology 65 186–190.

(doi:10.1111/j.1365-2265.2006.02571.x)

Spencer E, Pycock C & Lytle J 1993 Phaeochromocytoma

presenting as acute circulatory collapse and abdominal

pain. Intensive Care Medicine 19 356–357. (doi:10.1007/

BF01694713)

Srirangalingam U, Walker L, Khoo B, MacDonald F,

Gardner D, Wilkin TJ, Skelly RH, George E, Spooner D,

Monson JP et al. 2008 Clinical manifestations of familial

paraganglioma and phaeochromocytomas in succinate
www.endocrinology-journals.org

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1210/jc.2007-1989
http://dx.doi.org/10.1210/jc.2006-0920
http://dx.doi.org/10.1038/ng.533
http://dx.doi.org/10.1016/j.surg.2007.09.013
http://dx.doi.org/10.1007/s10689-010-9320-2
http://dx.doi.org/10.1007/s10689-010-9320-2
http://dx.doi.org/10.1093/hmg/5.5.639
http://dx.doi.org/10.1093/jnci/djn254
http://dx.doi.org/10.1093/jnci/djn254
http://dx.doi.org/10.1002/humu.21136
http://dx.doi.org/10.1007/s00268-008-9734-2
http://dx.doi.org/10.1007/s00268-008-9734-2
http://dx.doi.org/10.1002/(SICI)1097-0347(199808)20:5%3C374::AID-HED3%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-0347(199808)20:5%3C374::AID-HED3%3E3.0.CO;2-V
http://dx.doi.org/10.1038/367377a0
http://dx.doi.org/10.1016/j.mito.2010.03.001
http://dx.doi.org/10.1016/j.mito.2010.03.001
http://dx.doi.org/10.1016/S0046-8177(73)80012-7
http://dx.doi.org/10.1001/jama.294.16.2057
http://dx.doi.org/10.1101/gad.1648608
http://dx.doi.org/10.1016/S1043-2760(00)00372-6
http://dx.doi.org/10.1101/gad.836800
http://dx.doi.org/10.1074/jbc.275.5.3568
http://dx.doi.org/10.1074/jbc.275.5.3568
http://dx.doi.org/10.1016/j.ccr.2004.11.022
http://dx.doi.org/10.1016/j.ccr.2004.11.022
http://dx.doi.org/10.1111/j.1365-2265.2006.02571.x
http://dx.doi.org/10.1007/BF01694713
http://dx.doi.org/10.1007/BF01694713


Endocrine-Related Cancer (2011) 18 R253–R276
dehydrogenase B (SDH-B) gene mutation carriers.

Clinical Endocrinology 69 587–596. (doi:10.1111/j.1365-

2265.2008.03274.x)

Stenstrom G & Svardsudd K 1986 Pheochromocytoma in

Sweden 1958–1981. An analysis of the National Cancer

Registry Data. Acta Medica Scandinavica 220 225–232.

(doi:10.1111/j.0954-6820.1986.tb02755.x)

Stratakis CA & Carney JA 2009 The triad of paragangliomas,

gastric stromal tumours and pulmonary chondromas

(Carney triad), and the dyad of paragangliomas and

gastric stromal sarcomas (Carney–Stratakis syndrome):

molecular genetics and clinical implications. Journal of

Internal Medicine 266 43–52. (doi:10.1111/j.1365-2796.

2009.02110.x)

Strong VE, Kennedy T, Al-Ahmadie H, Tang L, Coleman J,

Fong Y, Brennan M & Ghossein RA 2008 Prognostic

indicators of malignancy in adrenal pheochromocytomas:

clinical, histopathologic, and cell cycle/apoptosis gene

expression analysis. Surgery 143 759–768. (doi:10.1016/

j.surg.2008.02.007)

Takahashi M, Ritz J & Cooper GM 1985 Activation of a

novel human transforming gene, ret, by DNA rearrange-

ment. Cell 42 581–588. (doi:10.1016/0092-8674(85)

90115-1)

Tennant DA, Duran RV, Boulahbel H & Gottlieb E 2009

Metabolic transformation in cancer. Carcinogenesis 30

1269–1280. (doi:10.1093/carcin/bgp070)

Treanor JJ, Goodman L, de Sauvage F, Stone DM, Poulsen KT,

Beck CD, Gray C, Armanini MP, Pollock RA, Hefti F

et al. 1996 Characterization of a multicomponent receptor

for GDNF. Nature 382 80–83. (doi:10.1038/382080a0)

Trump D, Farren B, Wooding C, Pang JT, Besser GM,

Buchanan KD, Edwards CR, Heath DA, Jackson CE,

Jansen S et al. 1996 Clinical studies of multiple endocrine

neoplasia type 1 (MEN1). Quarterly Journal of Medicine

89 653–669.

Trupp M, Arenas E, Fainzilber M, Nilsson AS, Sieber BA,

Grigoriou M, Kilkenny C, Salazar-Grueso E, Pachnis V &

Arumae U 1996 Functional receptor for GDNF encoded

by the c-ret proto-oncogene. Nature 381 785–789.

(doi:10.1038/381785a0)

Tsui-Pierchala BA, Milbrandt J & Johnson EM Jr 2002 NGF

utilizes c-Ret via a novel GFL-independent, inter-RTK

signaling mechanism to maintain the trophic status of

mature sympathetic neurons. Neuron 33 261–273.

(doi:10.1016/S0896-6273(01)00585-2)

Waguespack SG, Rich T, Grubbs E, Ying AK, Perrier ND,

Ayala-Ramirez M & Jimenez C 2010 A current review of

the etiology, diagnosis, and treatment of pediatric

pheochromocytoma and paraganglioma. Journal of

Clinical Endocrinology and Metabolism 95 2023–2037.

(doi:10.1210/jc.2009-2830)

Waldmann J, Langer P, Habbe N, Fendrich V, Ramaswamy A,

Rothmund M, Bartsch DK & Slater EP 2009 Mutations and

polymorphisms in the SDHB, SDHD, VHL, and RET genes

in sporadic and familial pheochromocytomas. Endocrine

35 347–355. (doi:10.1007/s12020-009-9178-y)
www.endocrinology-journals.org
Walther MM, Herring J, Enquist E, Keiser HR & Linehan

WM 1999a von Recklinghausen’s disease and pheo-

chromocytomas. Journal of Urology 162 1582–1586.

(doi:10.1016/S0022-5347(05)68171-2)

Walther MM, Reiter R, Keiser HR, Choyke PL, Venzon D,

Hurley K, Gnarra JR, Reynolds JC, Glenn GM, Zbar B

et al. 1999b Clinical and genetic characterization of

pheochromocytoma in von Hippel–Lindau families:

comparison with sporadic pheochromocytoma gives

insight into natural history of pheochromocytoma.

Journal of Urology 162 659–664. (doi:10.1097/

00005392-199909010-00004)

Vanharanta S, Buchta M, McWhinney SR, Virta SK,

Peczkowska M, Morrison CD, Lehtonen R, Januszewicz A,

Jarvinen H, Juhola M et al. 2004 Early-onset renal cell

carcinoma as a novel extraparaganglial component of

SDHB-associated heritable paraganglioma. American

Journal of Human Genetics 74 153–159. (doi:10.1086/

381054)

Vaque JP, Fernandez-Garcia B, Garcia-Sanz P, Ferrandiz N,

Bretones G, Calvo F, Crespo P, Marin MC & Leon J 2008

c-Myc inhibits Ras-mediated differentiation of pheo-

chromocytoma cells by blocking c-Jun up-regulation.

Molecular Cancer Research 6 325–339. (doi:10.1158/

1541-7786.MCR-07-0180)

Viskochil D, Buchberg AM, Xu G, Cawthon RM, Stevens J,

Wolff RK, Culver M, Carey JC, Copeland NG, Jenkins

NA et al. 1990 Deletions and a translocation interrupt a

cloned gene at the neurofibromatosis type 1 locus. Cell 62

187–192. (doi:10.1016/0092-8674(90)90252-A)

Vivanco I & Sawyers CL 2002 The phosphatidylinositol

3-Kinase AKT pathway in human cancer. Nature

Reviews. Cancer 2 489–501. (doi:10.1038/nrc839)

Vogel KS, Brannan CI, Jenkins NA, Copeland NG & Parada

LF 1995 Loss of neurofibromin results in neurotrophin-

independent survival of embryonic sensory and sym-

pathetic neurons. Cell 82 733–742. (doi:10.1016/0092-

8674(95)90470-0)

Woodward ER & Maher ER 2006 von Hippel–Lindau

disease and endocrine tumour susceptibility. Endocrine-

Related Cancer 13 415–425. (doi:10.1677/erc.1.00683)

Woodward ER, Eng C, McMahon R, Voutilainen R, Affara

NA, Ponder BA & Maher ER 1997 Genetic predisposition

to phaeochromocytoma: analysis of candidate genes

GDNF, RET and VHL. Human Molecular Genetics 6

1051–1056. (doi:10.1093/hmg/6.7.1051)

Yao L, Barontini M, Niederle B, Jech M, Pfragner R &

Dahia PL 2010a Mutations of the metabolic genes IDH1,

IDH2, and SDHAF2 are not major determinants of the

pseudohypoxic phenotype of sporadic pheochromo-

cytomas and paragangliomas. Journal of Clinical

Endocrinology and Metabolism 95 1469–1472. (doi:10.

1210/jc.2009-2245)

Yao L, Schiavi F, Cascon A, Qin Y, Inglada-Perez L, King EE,

Toledo RA, Ercolino T, Rapizzi E, Ricketts CJ et al. 2010b

Spectrum and prevalence ofFP/TMEM127 gene mutations
R275

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1111/j.1365-2265.2008.03274.x
http://dx.doi.org/10.1111/j.1365-2265.2008.03274.x
http://dx.doi.org/10.1111/j.0954-6820.1986.tb02755.x
http://dx.doi.org/10.1111/j.1365-2796.2009.02110.x
http://dx.doi.org/10.1111/j.1365-2796.2009.02110.x
http://dx.doi.org/10.1016/j.surg.2008.02.007
http://dx.doi.org/10.1016/j.surg.2008.02.007
http://dx.doi.org/10.1016/0092-8674(85)90115-1
http://dx.doi.org/10.1016/0092-8674(85)90115-1
http://dx.doi.org/10.1093/carcin/bgp070
http://dx.doi.org/10.1038/382080a0
http://dx.doi.org/10.1038/381785a0
http://dx.doi.org/10.1016/S0896-6273(01)00585-2
http://dx.doi.org/10.1210/jc.2009-2830
http://dx.doi.org/10.1007/s12020-009-9178-y
http://dx.doi.org/10.1016/S0022-5347(05)68171-2
http://dx.doi.org/10.1097/00005392-199909010-00004
http://dx.doi.org/10.1097/00005392-199909010-00004
http://dx.doi.org/10.1086/381054
http://dx.doi.org/10.1086/381054
http://dx.doi.org/10.1158/1541-7786.MCR-07-0180
http://dx.doi.org/10.1158/1541-7786.MCR-07-0180
http://dx.doi.org/10.1016/0092-8674(90)90252-A
http://dx.doi.org/10.1038/nrc839
http://dx.doi.org/10.1016/0092-8674(95)90470-0
http://dx.doi.org/10.1016/0092-8674(95)90470-0
http://dx.doi.org/10.1677/erc.1.00683
http://dx.doi.org/10.1093/hmg/6.7.1051
http://dx.doi.org/10.1210/jc.2009-2245
http://dx.doi.org/10.1210/jc.2009-2245


J Welander and others: Hereditary pheochromocytomas and paragangliomas
in pheochromocytomas and paragangliomas. Journal of

the American Medical Association 304 2611–2619.

(doi:10.1001/jama.2010.1830)

Yeh IT, Lenci RE, Qin Y, Buddavarapu K, Ligon AH,

Leteurtre E, Do Cao C, Cardot-Bauters C, Pigny P &

Dahia PL 2008 A germline mutation of the KIF1B beta

gene on 1p36 in a family with neural and nonneural

tumors. Human Genetics 124 279–285. (doi:10.1007/

s00439-008-0553-1)

Zhao C, Takita J, Tanaka Y, Setou M, Nakagawa T, Takeda S,

Yang HW, Terada S, Nakata T, Takei Y et al. 2001

Charcot–Marie–Tooth disease type 2A caused by mutation

in a microtubule motor KIF1Bbeta. Cell 105 587–597.

(doi:10.1016/S0092-8674(01)00363-4)

Zhu J, Blenis J & Yuan J 2008 Activation of PI3K/Akt and

MAPK pathways regulates Myc-mediated transcription
R276
by phosphorylating and promoting the degradation of

Mad1. PNAS 105 6584–6589. (doi:10.1073/pnas.

0802785105)

Zinnamosca L, Petramala L, Cotesta D, Marinelli C, Schina

M, Cianci R, Giustini S, Sciomer S, Anastasi E, Calvieri S

et al. 2011 Neurofibromatosis type 1 (NF1) and

pheochromocytoma: prevalence, clinical and cardiovas-

cular aspects. Archives of Dermatological Research 303

317–325. (doi:10.1007/s00403-010-1090-z)

Received in final form 22 October 2011
Accepted 28 October 2011
Made available online as an Accepted Preprint
31 October 2011
www.endocrinology-journals.org

Downloaded from Bioscientifica.com at 08/22/2022 11:01:40PM
via free access

http://dx.doi.org/10.1001/jama.2010.1830
http://dx.doi.org/10.1007/s00439-008-0553-1
http://dx.doi.org/10.1007/s00439-008-0553-1
http://dx.doi.org/10.1016/S0092-8674(01)00363-4
http://dx.doi.org/10.1073/pnas.0802785105
http://dx.doi.org/10.1073/pnas.0802785105
http://dx.doi.org/10.1007/s00403-010-1090-z

	Outline placeholder
	Introduction
	Genes and syndromes associated with PCC and PGL
	RET
	von Hippel-Lindau
	Neurofibromatosis type 1
	SDHx
	Kinesin family member 1B
	EGL nine homolog 1
	Transmembrane protein 127
	MYC-associated factor X
	Carney triad
	Carney-Stratakis syndrome
	Multiple endocrine neoplasia type 1
	Sporadic PCCs and PGLs

	Gene expression and cellular pathways
	Distinct gene expression profiles revealed by microarray analysis
	HIF-alpha regulation and pseudohypoxia
	Activation of kinase signaling pathways
	Developmental apoptosis of neuronal precursor cells

	Concluding remarks
	Declaration of interest
	Funding
	References


