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Abstract
Pheochromocytomas and paragangliomas (PCC/PGL) are neuroendocrine tumors of the adrenal medulla and extra-adrenal
ganglia which often over-secrete catecholamines leading to cardiovascular morbidity and even mortality. These unique tumors
have the highest heritability of all solid tumor types with up to 35–40% of patients with PCC/PGL having a germline
predisposition.
Purpose of Review To review the germline susceptibility genes and clinical syndromes associated with PCC/PGL.
Recent Findings There are over 12 PCC/PGL susceptibility genes identified in a wide range of pathways. Each gene is associated
with a clinical syndrome with varying penetrance for both primary and metastatic PCC/PGL and often includes increased risk for
additional tumors besides PCC/PGL.
Summary Patients with sporadic or hereditary PCC/PGL should be monitored for life given the risk of multiple primary tumors,
recurrence, and metastatic disease. All patients with PCC/PGL should be referred for consideration for clinical genetic testing
given the high heritability of disease.
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Introduction

Pheochromocytomas and paragangliomas are tumors of the
adrenal medulla and extra-adrenal paraganglia, respectively.
The incidence of pheochromocytoma/paraganglioma is 2–8
per million and they account for at least 0.2–0.6% of all pa-
tients with hypertension [1]. The perioperative mortality pre-
viously was quite high due to secretion of catecholamines
from these tumors leading to hemodynamic instability, but
with the use of perioperative alpha blockade and improve-
ments in anesthesia, the morbidity and mortality rates are as
low as 0–2% around surgical resection [2]. Nevertheless, con-
sequences from undiagnosed tumors can be grave and include
uncontrolled hypertension, stroke, cardiomyopathy, and even
death. Particularly vulnerable populations for missed diagno-
sis include younger patients with hypertension, patients with

resistant hypertension, patients with acute dilated cardiomy-
opathy and Takotsubo cardiomyopathy, and patients with ad-
renal incidentalomas.

A unique feature of pheochromocytomas and
paragangliomas is that up to 35–40% are associated with a
hereditary predisposition due to germline pathogenic variants
in over 12 susceptibility genes [3, 4]. Knowing if a patient
carries a pathogenic variant in a susceptibility gene is impor-
tant as it alters the surveillance and screening needed for the
patient based on the associated tumor syndrome, and it affects
the clinical care of the relatives who may be asymptomatic
carriers. Given this, it is imperative that all providers involved
in the multi-disciplinary care of patients with pheochromocy-
tomas and paragangliomas are aware of the genetic disorders
associated with these unique tumors. This review focuses on
the germline susceptibility genes that predispose to develop-
ment of pheochromocytomas and paragangliomas and dis-
cusses the clinical syndromes and surveillance recommenda-
tions associated with alterations in each gene.

Screening and Diagnosis

Screening for pheochromocytoma and paraganglioma (PCC/
PGL) should be initiated for any individual with new onset

This article is part of the Topical Collection on Hypertension

* Lauren Fishbein
lauren.fishbein@ucdenver.edu

1 Department of Medicine, Division of Endocrinology, Metabolism
and Diabetes, Division of Biomedical Informatics and Personalized
Medicine, University of Colorado School ofMedicine, 12801 E. 17th
Ave, MS 8106, Aurora, CO 80045, USA

Current Cardiology Reports (2019) 21: 104
https://doi.org/10.1007/s11886-019-1184-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s11886-019-1184-y&domain=pdf
mailto:lauren.fishbein@ucdenver.edu


difficult to control hypertension, especially for children and
young adults. In addition, any patient with an adrenal
incidentaloma should be screened for pheochromocytoma
whether hypertensive or not [5, 6]. The hypertension associ-
ated with PCC/PGL can be sustained, episodic or orthostatic.
The classic triad of symptoms includes headaches, palpita-
tions, and diaphoresis, but this triad is not seen in many pa-
tients [7]. Other symptoms can include anxiety, tachycardia,
syncope, nausea, abdominal pain, new onset hyperglycemia,
or worsening diabetes mellitus and some patients are asymp-
tomatic [8–10]. Symptoms from head and neck PGL often are
secondary to mass effect rather than catecholamine secretion
as most are derived from parasympathetic ganglia and are
usually non-secreting. For this reason, many head and neck
PGL are found incidentally but symptoms can include tinni-
tus, neck pain, and dysphagia. Some PCC/PGL located out-
side the head and neck region also can be non-secreting, as-
sociated with minimal symptoms and found incidentally.
Nevertheless, the majority of PCC/PGL are secreting and pro-
viders must suspect PCC/PGL in order to make the diagnosis.
Once suspected, the mainstay of diagnosis for the secreting
tumors is biochemical testing with plasma free metanephrines
or 24 h urine fractionated metanephrines and catecholamines
[11•]. With newer technologies, the plasma and urine tests
have nearly equal sensitivity and specificity [11•, 12]. In an
ideal setting, patients should be supine for 30 min prior to
plasma collection for accurate measurement. There are many
medications and substances which can lead to false positive
elevations of catecholamines and metanephrines and these
should be avoided if possible. Some of these include tricy-
clics, alpha blockers, MAOIs, sympathomimetics, cocaine,
and even acetaminophen, depending on the laboratory assay
run [11•]. Positive results from biochemical testing should be
followed up with cross sectional imaging using CT or MRI to
localize the tumor. Surgical removal after perioperative alpha
blockade is the mainstay of treatment.

Genetics

Previously, PCC/PGLs were thought to be connected with
genetic syndromes only 10% of the time, based on the asso-
ciation with the classic cancer predisposition syndromes of
neurofibromatosis type 1, von Hippel-Lindau syndrome, and
multiple endocrine neoplasia type 2. In the last two decades,
however, the field of genetics of PCC/PGL has exploded.
There are now over 12 genes predisposing to PCC/PGL and
they account for 35–40% of all cases [3, 4, 13] (see Table 1
and Fig. 1). Large-scale genomic studies have shown that
another about 30% have tumor specific somatic driver muta-
tions, in the same predisposition genes and in additional genes
[14, 15, 16•, 17]. Taken together, we now know the driving
event for tumorigenesis in about 60–70% of cases.

Germline Genetics

Because up to 40% of PCC/PGL are associated with inherited
susceptibility gene pathogenic variants, expert guidelines rec-
ommend that all patients with PCC/PGL be considered for
clinical genetic testing [11•, 18]. Clinical genetic testing most
often is performed now using targeted sequencing of panels of
genes rather than using a one gene at a time approach.
Screening and surveillance guidelines differ based on the
germline mutation status (see Table 2). At minimum, all pa-
tients who have had PCC/PGL (sporadic or hereditary) should
be monitoring for life with annual biochemical testing with
plasma free metanephrines or 24 h urine fractionated
metanephrines/catecholamines. If a person carries a pathogen-
ic variant in a susceptibility gene, additional screening tests
may be recommended based on the genetic condition and
other possible associated tumors. In addition, the proband’s
blood relatives should be offered cascade genetic testing spe-
cific for the known pathogenic variant. Any family member
who tests positive should be screened appropriately. The PCC/
PGL susceptibility genes and associated clinical syndromes
are discussed below.

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is a common autosomal dom-
inant condition affecting about 1 in 3000 individuals and
caused by pathogenic variants in the NF1 gene located on
chromosome 17 [19]. The NF1 gene encodes the protein
neurofibromin, which inactivates RAS to regulate the MAP
kinase pathway for cellular proliferation [20]. When
neurofibromin is mutated and inactivated, there is uncon-
trolled cell proliferation, leading to tumorigenesis.

NF1 usually is diagnosed by history and physical exam
before any clinical genetic testing is performed. The clinical
criteria for diagnosis includes patients having two or more of
the following: six or more café-au-lait spots of certain size
based on pubertal status, Lisch nodules which are benign iris
hamartomas, two or more cutaneous neurofibromas, one or
more plexiform neurofibroma, axillary or inguinal freckling,
optic glioma, sphenoid dysplasia, or thinning of the long
bones, and a first degree relative with NF1 [19].
Pheochromocytomas are associated with NF1, although not
part of the diagnostic criteria. It is reported that 3–5% of pa-
tients with NF1 will develop PCC/PGL [19, 21, 22]; however,
this number actually may be higher. A study of 48 patients
with NF1 evaluated in a hypertension clinic found that 15%
had PCC [22], and an autopsy study of patients with NF1
suggested up to 13% of patients have PCC/PGL [23].
Almost all PCC/PGL associated with NF1 will be intra-
adrenal pheochromocytomas and they can be bilateral. The
median age of diagnosis of PCC in patients with NF1 is
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41 years old [21]. The risk of malignancy in NF1 associated
PCC is high, up to 12% [19, 21, 24]. Most NF1 associated
pheochromocytomas will have epinephrine/metanephrine se-
cretion [25].

The most recent guidelines from the American College
of Medical Genetics and Genomics (ACMG) suggest that
patients with NF1 be screened for PCC/PGL if hyperten-
sive and over the age of 30 or pregnant [19]. These guide-
lines do not suggest screening asymptomatic patients with

NF1 for pheochromocytoma. However, other experts sug-
gest that all patients with NF1 have biochemical testing
for PCC/PGL at least every 3 years based on one study of
41 patients with NF1 and PCC/PGL [21]. This study
found that only 7.3% of PCC/PGL in patients with NF1
were discovered by case detection and 31% were found
incidentally [21]. These data suggest screening should oc-
cur in all patients with NF1; however, of course, this
study is limited by the small sample size.
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Fig. 1 Schematic of the roles in
the cell for the protein products
from the pheochromocytoma and
paraganglioma susceptibility
genes.

Table 2 Screening
recommendations for pathogenic
variant carriers

Gene Screening Recommendations

NF1 Biochemical testing§ in hypertensive patients over age 30 or pregnant

VHL and RET Annual biochemical testing§

SDHx genes, TMEM127 andMAX Annual biochemical testing§*

Biennial full body imaging from neck to pelvis with MRI or CT

EPAS1, FH and MDH2 Unknown, likely:

Annual biochemical testing§

Biennial full body imaging from neck to pelvis with MRI or CT

§ Biochemical testing means plasma free metanephrines or 24hr urine fractionated metanephrines and
catecholamines.

*Because of the potential for dopaminergic secretion of PCC/PGL, screening for SDHx carriers may include both
plasma metanephrines and catecholamines.

Biennial time interval is the current recommendation which may change with further research.
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von Hippel-Lindau Syndrome

von Hippel-Lindau (vHL) syndrome is an autosomal domi-
nant cancer predisposition syndrome which affects 1 in
36,000 individuals and is caused by inactivating pathogenic
variants in the VHL gene on chromosome 3 [26]. The VHL
protein regulates hypoxia inducible factor alpha (HIFα). In the
presence of oxygen, VHL protein binds HIFα and
ubiquitinates it for proteosomal degradation [27]. In the pres-
ence of hypoxia or if VHL is mutated, this interaction cannot
occur, and HIFα moves into the nucleus to act as a transcrip-
tion factor activating genes involved in angiogenesis, thereby
promoting tumorigenesis.

vHL syndrome is characterized by hemangioblastomas of
the central nervous system, clear cell renal cell carcinoma and
renal cysts, pancreatic neuroendocrine tumors and pancreatic
cysts, endolymphatic sac tumors and epididymal cysts as well
as pheochromocytomas [26, 28]. About 20% of patients with
vHL will develop intra-adrenal pheochromocytoma [29] with
rare reports of extra-adrenal paraganglioma [30, 31]. The
vHL-associated pheochromocytomas can be unilateral or bi-
lateral, and the mean age at diagnosis is 30 years old.
Metastatic disease is rare, occurring in about 5% of patients
[32]. Biochemical testing shows a norepinephrine/
normetanephrine predominance [25], thought to occur be-
cause of silencing, by promoter hypermethylation, of the en-
zyme PNMTwhich converts norepinephrine to epinephrine in
the adrenal medulla.

There are genotype-phenotype correlations with the patho-
genic variants of VHL. Certain VHL pathogenic variants are
more highly associated with PCC, usually missense mutations
on the surface of the protein [33]. On the other hand, patients
with VHL pathogenic variants that are truncating or exonic
deletions have a lower penetrance for developing PCC and a
higher penetrance for renal cell cancer [33]. Nevertheless, all
patients with vHL, regardless of the exact variant, are recom-
mended to be screened for PCC/PGL annually with plasma
metanephrines beginning at age 5 [26, 28].

Multiple Endocrine Neoplasia Type 2

Multiple endocrine neoplasia type 2 (MEN2) is another auto-
somal dominant syndrome which affects 1 in 30,000 individ-
uals and caused by pathogenic variants which activate the
protoconcogene RET, located on chromosome 10 [34]. The
RET protein is a tyrosine kinase receptor on the cell mem-
brane which, when activated by ligand binding or by muta-
tions, sends signals through the PI3 kinase pathway to stimu-
late cell growth and survival.

There are two subtypes of MEN2: MEN2A, and
MEN2B [35]. Over 90% of patients with germline acti-
vating RET pathogenic variants will have MEN2A,

characterized by risk for medullary thyroid cancer, hyper-
parathyroidism, and pheochromocytoma. Patients with
only medullary thyroid cancer (familial medullary thyroid
cancer) were considered a third subtype in the past but
now are thought to be part of MEN2A, just with low
penetrance for hyperparathyroidism and pheochromocyto-
ma. Ten percent of patients with RET activating pathogen-
ic variants will develop MEN2B, characterized by medul-
lary thyroid cancer and pheochromocytoma but no risk of
hyperparathyroidism. These patients with MEN2B also
develop mucosal and cutaneous neuromas especially on
the lips and eyelids, gastrointestinal ganglioneuromas
and a marfanoid habitus. In patients with MEN2, diagno-
sis of PCC occurs after or with the diagnosis of medullary
thyroid cancer in 85% of cases, but it can occur before the
diagnosis of medullary thyroid cancer in about 15% of
cases [36]. About 50% of patients with MEN2 will devel-
op pheochromocytoma and at least 50% of those patients
will have bilateral disease [35, 36]. Paragangliomas are
rare. The mean age for developing PCC/PGL in MEN2
is between ages 30 and 40 [35]. The risk of metastatic
pheochromocytoma for patients with MEN2 is low at less
than 5%. Most MEN2-associated pheochromocytomas
will have epinephrine/metanephrine secretion [25].

Guidelines recommend annual biochemical testing with
plasma free metanephrines for pheochromocytoma screen-
ing in patients with MEN2 starting at different ages de-
pending on the RET codon mutated given varying
genotype-phenotype correlations. Those individuals with
the higher risk mutations for PCC/PGL in codons 634,
918, and 883 are screened earlier beginning at age 11,
and those with all other mutations considered moderate
risk can start screening later, at age 16 [35].

Hereditary
Paraganglioma-Pheochromocytoma
Syndrome

After the discovery of the classic cancer predisposition syn-
dromes described above, there were still patients who clearly
had hereditary cases of PCC/PGL without having clinical fea-
tures of NF1, vHL or MEN2. Ultimately, the majority of these
cases were found to have hereditary paraganglioma-
pheochromocytoma syndrome caused by pathogenic variants
in the Succinate Dehydrogenase Subunit (SDH) genes, SDHA,
SDHB, SDHC, SDHD, and the co-factor, SDHAF2. The succi-
nate dehydrogenase complex is complex II of the mitochondrial
respiratory chain and also functions as an enzyme converting
succinate to fumarate in the Kreb’s cycle. When the complex is
disrupted by loss-of-function pathogenic variants, high levels of
succinate accumulate and competitively inhibit 2-oxoglutarate-
dependant dioxygenases, such as histone and DNA
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demethylases, as well as HIF prolyl-hydroxlases, because of the
structural similarity between succinate and 2-oxyglutarate (also
called α-ketoglutarate) [37, 38].

The clinical syndrome associated with pathogenic variants
in each SDHx gene is described below. SDHx-associated PCC/
PGL have a norepinephrine/normetanephrine predominant
profile [25], thought to be secondary to hypermethylation of
the PNMT gene promoter, silencing expression of the gene,
similar to VHL-associated tumors. Guidelines by the
American Association of Cancer Researchers (AACR) recom-
mend that asymptomatic carriers of pathogenic variants in
SDHx genes have at least annual biochemical testing with
plasma free metanephrines or 24 h urine fractionated
metanephrines and catecholamines to detect secreting PCC/
PGL and biennial full body imaging from neck to pelvis with
CT or MRI to detect non-secreting PCC/PGL and other asso-
ciated tumor types as will be described below [39•]. Each gene
when disrupted is associated with different penetrance of dis-
ease, although one limitation is that many studies are based on
under 50–100 cases for some of the genes. Hopefully with
time and larger databases, more precise information about
genotype/phenotype correlations and penetrance will be deter-
mined and used to help guide screening recommendations.

SDHA

Heterozygous pathogenic variants in SDHA lead to hereditary
paraganglioma-pheochromocytoma syndrome [40]. SDHA is
located on chromosome 5 and has several pseudogenes on chro-
mosome 5 and 3, making variant testing more challenging [41].
Most commercial panel tests will sequence the gene with con-
fidence but do not assess for deletions or duplications given this
challenge. SDHA pathogenic variants are associated with gas-
trointestinal stromal tumors most frequently but also lead to
PCC/PGL [40, 42–44]. SDHA pathogenic variants account for
less than 1% of all PCC/PGL and the penetrance is quite low at
10% by age 70 for non-index SDHA carriers [43]. However, of
those patients who develop PCC/PGL, there is a high rate of
metastatic disease at 12% [42]. SDHA pathogenic carriers can
develop PCC/PGL at any location in the body, including head
and neck PGLs, and the median age at diagnosis is 43 years old
[42, 43]. Homozygous mutations in SDHA lead to Leigh’s syn-
drome which is an early onset neurodegenerative disorder often
with an associated cardiomyopathy [45].

SDHB

Heterozygous pathogenic variants in SDHB, on chromosome
1, lead to hereditary paraganglioma-pheochromocytoma syn-
drome [46]. Up to 10% of all patients with PCC/PGL will
have pathogenic variants in SDHB. SDHB pathogenic variant
carriers usually have single extra-adrenal PGL; however, they
can develop multiple primary tumors in any location (adrenal,

head and neck, thoracic or extra-adrenal). The median age at
diagnosis of PCC/PGL is 32 years [47]. The penetrance of
SDHB pathogenic variants for PCC/PGL is about 25% by
age 60 [48•, 49, 50]. Once a tumor forms, the risk ofmetastatic
disease is high around 23–25% [48•, 51, 52]. SDHB patho-
genic variants also increase risk for a patient developing clear
cell renal cell carcinoma with about a 4–5% risk by age 60,
and an increased risk as well for gastrointestinal stromal tu-
mors [48•].

SDHD

Heterozygous pathogenic variants in SDHD also lead to he-
reditary paraganglioma-pheochromocytoma syndrome [53].
SDHD gene is located on chromosome 11, and pathogenic
variants in the gene are associated with almost exclusively
paternal transmission of disease with rare exception [54–56].
The paternal transmission can make recognizing familial in-
heritance difficult as the disease may seem to “skip” genera-
tions. Patients with SDHD pathogenic variants have perhaps
the highest penetrance of all SDHx genes with a 43% risk of
developing PCC/PGL by age 60 [48•] and SDHD pathogenic
variants account for about 9% of all PCC/PGL. Patients also
are at risk for gastrointestinal stromal tumors and clear cell
renal cell carcinoma, although with less risk than SDHB path-
ogenic variant carriers [48•, 57]. The most common presenta-
tion is that of multiple head and neck PGLs, although primary
tumors can develop in any location and many patients have
multiple primary tumors throughout the lifetime [48•, 50, 57].
The median age of PCC/PGL diagnosis with SDHD patho-
genic variants is 33 years [47]. The risk ofmetastatic disease is
low at less than 5% [48•, 52].

SDHC

The SDHC gene is located on chromosome 1 and het-
erozygous pathogenic variants lead to hereditary
paraganglioma-pheochromocytoma syndrome [58]. Less
than 1% of patients with PCC/PGL have pathogenic
variants in this gene making it difficult to assess pene-
trance given the small number of patients. One study
suggests the penetrance is 25% by age 60 [48•]; how-
ever, this study is limited by the small sample size and
bias given high number of probands (only 43 SDHC
pathogenic variant carriers, over half of which (N = 26)
were probands). The estimated penetrance from this
study is higher than most experts believe, as allegori-
cally there is usually only one affected family member.
Most patients develop a single head and neck PGL
(over 80%). PGLs in the thoracic compartment are the
next most common location (10%) [59]. The mean age
at PCC/PGL diagnosis is 38 years old and there is a
very low risk of metastatic disease [47, 59].
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SDHAF2

SDHAF2 is a co-factor for the succinate dehydrogenase
complex and pathogenic variants in the gene located on
chromosome 11 have been reported in a few families
with head and neck PGLs, often multiple and bilateral
[42, 60, 61]. SDHAF2 pathogenic variants account for
less than 0.1% of PCC/PGL [42]. Interestingly, expres-
sion of disease in SDHAF2 pathogenic variant carriers
shows paternal transmission, similar to SDHD. There is
limited data given the small number of patients with
SDHAF2 pathogenic variants but the malignancy rate
is believed to be negligible.

Other Genes Associated with Hereditary
Pheochromocytoma and Paraganglioma

Several additional susceptibility genes have been identified
which together contribute to about 2% of cases of PCC/
PGL. For example, loss-of-function germline pathogenic
variants in TMEM127 (Transmembrane Protein 127) in-
crease risk of PCC/PGL and clear cell renal cell carcinoma
[62–64]. TMEM127 is a transmembrane protein on the
early endosome thought to play a role in the mTOR path-
way. Germline pathogenic variants causing loss-of-
function in the transcription factor MAX (Myc-associated
Protein X) also increase risk for PCC/PGL [65, 66]. These
patients often have PCC which can be multifocal within a
single adrenal gland or develop bilateral PCC [65, 66]. The
number of cases are limited and there are conflicting re-
ports of increased risk of malignancy in MAX-associated
PCC/PGL [42, 65, 66]. Somatic mosaic gain-of-function
variants in EPAS1, encoding HIF2α, lead to increased risk
of PCC/PGL with or wi thout polycythemia and
somatostatinomas [67–71].

Two additional Kreb’s cycle genes are implicated as PCC/
PGL susceptibility genes. Fumarate Hydratase, FH, coverts
fumarate to malate. FH loss-of-function pathogenic variants
lead to hereditary leiomyomatosis and renal cell carcinoma
syndrome (HLRCC) [72]. Germline pathogenic variants in
FH have been found in a few families with PCC/PGL [73,
74]. Interestingly, all reported cases have been in patients
without features of HLRCC syndrome and the mutations are
in different regions of the gene. Malate Dehydrogenase,
MDH2, coverts malate to oxaloacetate. A few families have
been reported with heterozygous loss-of-function pathogenic
variants in this gene and PCC/PGL [75, 76].

Through genomic approaches, more genes are being iden-
tified which have germline variants in patients with either
hereditary or multiple primary PCC/PGL, including
SCL25A11 [77], GOT2 [78], DNMT3A [79], and DLST [80].
These genes potentially may be additional low penetrant

susceptibility genes for PCC/PGL, but further studies are
needed to prove causality.

Conclusions

In conclusion, pheochromocytomas and paragangliomas
are the most commonly inherited solid tumor type with
up to 35–40% of patients having a known susceptibility
gene pathogenic variant. Therefore, all patients with PCC/
PGL should be referred for genetic counseling and testing,
even in patients without a recognized familial inheritance.
Knowing the germline susceptibility will allow for im-
proved surveillance and screening for the patients and
their family members. Even patients with sporadic PCC/
PGL (patients with no identified susceptibility gene)
should be monitored for life with at least annual biochem-
ical testing to screen for recurrence or metastatic disease,
which can have a long latency period, even 20-40 years
after primary tumor diagnosis. As more PCC/PGL suscep-
tibility gene pathogenic variant carriers are identified and
larger databases and studies are completed, screening rec-
ommendations may change over time. Finally, patients
with sporadic disease but phenotypes suspicious for he-
reditary disease (i.e., familial cases, multiple primary tu-
mors, metastatic disease, young age, etc.) should be con-
sidered for referral back to medical genetics every 5 years
or so to be re-evaluated as newly confirmed PCC/PGL
susceptibility genes may be identified.
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