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Abstract
Paragangliomas and pheochromocytomas are rare neuroendocrine tumors, which secrete catecholamines, with 
the same embryological origin from the neural crest cells. Pheochromocytomas develop from the adrenal medulla, 
while paragangliomas are extraadrenal tumors, evolving from the autonomic sympathetic and parasympathetic 
nervous chains. In the last 10 years, molecular medicine has discovered novelties in the understanding of genetics 
of these tumors. Although the majority of these tumors occur sporadically, recent medical discoveries have indi-
cated that approximately 30-40% of these tumors are associated with an inherited mutation. In addition to this, 
developments in molecular pathology of pheochromocytomas and paragangliomas will provide the key to target 
specifi c cellular markers, assuring a personalised therapy. In this article we have reviewed the current medical lite-
rature, in order to summarise the most important aspects of genetics and clinical features of pheochromocytomas 
and paragangliomas.
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Rezumat
Feocromocitoamele şi paraganglioamele sunt tumori neuroendocrine rare secretante de catecolamine, având ace-
eaşi origine embriologică din celulele crestei neurale. Feocromocitoamele se dezvoltă din celulele cromafi ne ale 
medularei glandei suprarenale, pe când paraganglioamele apar extradrenal la nivelul lanţurilor nervoase autonome 
simpatice şi parasimpatice. În ultimii 10 ani, medicina moleculara a descoperit noutati în înţelegerea determinis-
mului genetic al acestor tumori. Deşi majoritatea acestor tumori apar sporadic, descoperirile medicale recente au 
indicat că aproximativ 30-40% dintre acestea se asociază cu o mutaţie genetică moştenită. În plus, progresele în 
patogeneza moleculară a feocromocitoamelor şi paraganglioamelor vor oferi cheia pentru a viza markeri celulari 
specifi ci, asigurând o terapie de viitor personalizată. În acest articol am realizat o revizuire aprofundată a literaturii 
medicale actuale de specialitate, cu scopul de a rezuma cele mai importante aspecte legate de genetică şi carac-
teristicile clinice în feocromocitoame şi paraganglioame.
Cuvinte cheie: genetica, feocromocitoame, paraganglioame

REVIEWS

INTRODUCTION
 Pheochromocytomas (Pheos) and paragangliomas 

(Pgls) are rare neuroendocrine tumors, with the same 

embriologic origin. Based on WHO classifi cation, 

chro maffi  n tumors of the adrenal medulla are cal-

led Pheos, whereas tumors arising from extra-adrenal 
chromaffi  n cells, along the autonomous nervous cha-
ins, are named Pgls1. Furthermore, there are two types 
of Pgls according to their homologous nervous chain: 
sympathetic and parasympathetic tumors. Sympathe-
tic Pgls are developing from the pre- and paravertebral 
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sympathetic ganglia (ex: Pgls of the thorax, mediasti-
num, abdomen) and from the connective tissue within 
the pelvic organs (ex:urinary bladder Pgl). Th ey release 
dopamine or norepinephrine (NE) because they lack 
phenylethanolamine N-methyltransferase (PNMT), 
the enzyme in charge of transforming NE into epine-
phrine (E), that is specifi c to adrenal medulla.

On the other hand, parasympathetic Pgls originate 
from the parasympathetic tissue of the head and neck, 
arising in the orbit, nasal cavity, middle ear (tympa-
nic Pgl), in the internal jugular vein region (jugular 
Pgl), along with the vagal nerve (base of skull), in the 
laryngeal region or the most frequent location in the 
bifurcation of the common carotid arteries (carotid 
body Pgl). Even though, they are in the vast majority 
nonsecreting tumors, with a slow growth rate, they can 
cause symptoms such as cranial nerve palsy, dysphagia 
and hearing loss due to their mass eff ect on adjacent 
neurovascular structures2,3.

Additionally, the clinical presentation of patients 
with Pheos or sympathetic Pgls can be very variable 
due to excessive catecholamine production. Continuo-
us or paroxysmal hypertension is the most common cli-
nical sign and “the classic triad” of symptoms consists 
in headache, palpitations, and perspirations4. Th ese tu-
mors are called ‘the great masquerader’, thus symptoms 
such as nausea, vomiting, panic attacks and muscle 
weakness should attract medical attention. Furthermo-
re, the onset of symptoms can be triggered by physical 
exercise, surgery, stress, micturition or administration 
of certain drugs (metoclopramide , corticosteroids)5.

Th e overall incidence of Pheos and Pgls is approxi-
mately 1 in 250,000 persons per year with the highest 
frequency in the fourth decade with a younger age of 
occurence in the case of familial tumors and with no 
gender diff erentiation6. In hypertensive patients ,the 
prevalence of Pheos/Pgls ranges from 0.1 to 0.6%7, 
whereas Pheos are found in adrenal incidentalomas in 
about 5% of cases8.

Th e majority of Pheos/Pgls are benign, but in 10–
15% of cases these tumors are malignant, characterized 
by the occurence of metastatic chromaffi  n cells in non-
chromaffi  n organs such as lungs, liver, bone and lymph 
nodes9. Given the poor prognosis for patients with ma-
lignant Pheos/Pgls, it was of great interest to develop 
methods for an early diagnosis and to determine the 
predictive factors.

Currently, there are no histological diff erentiation 
criteria between benign and malignant tumors, even 
though histological features such as size greater than 
5 cm, Ki-67 index exceeding 4% and noradrenergic or 
dopaminergic secretory profi le have been identifi ed as 

negative predictive factors9,10. In addition to this, stu-
dies have reported that malignant Pheos/Pgls occur 
frequently in patients which are carriers of SDHB gene 
mutations and also with high levels of serum chromo-
granin A and methoxytyramine (metabolite of dopa-
mine) at the diagnosis moment11.

GENETICS
In the past it was thought that 10% of Pheos and 
Pgls were hereditary, caused by well-described muta-
tions of three genes, thus resulting three diff erent ge-
netic syndromes: multiple endocrine neoplasia type 2 
(MEN2) syndrome involving mutations of the pro-
tooncogene RET, von Hippel-Lindau (VHL) disease 
caused by mutations of VHL gene and neurofi broma-
tosis type 1 (NF1) produced by NF-1 gene mutations. 
Nowadays, it is known that 30-40% of Pheos/Pgls are 
genetically inherited and the recent molecular medi-
cine discoveries describe 16 genes (RET, NF1, VHL, 
SDHA, SDHAF2, SDHB, SDHC, SDHD, MAX, 
TMEM127, HIF2A, KIF1B, H-RAS, EGLN1/
PHD2, FH, IDH) which play an important role in the 
pathogenesis of these tumors12,13. Th is high percentage 
of inherited tumors indicate the need for genetic scree-
ning for all the patients with Pheos/Pgls. Besides, these 
genes have been classifi ed into two main tumorigene-
sis clusters, depending on the molecular pathways: 1) 
cluster 1, a pseudohypoxic cluster, represented by VHL, 
SDHx, HIF2A, FH, PHD2/EGLN1 genes and 2) 
cluster 2, rich in kinase receptor-signaling cluster, com-
posed of NF1, RET, MAX, TMEM127, KIF1B ge-
nes14,15. Th ese clusters indicate two diff erent pathways 
of tumor growth, emphasizes the need for further re-
searches, in order to contribute to the descoveries of 
new molecular targeted treatments.

A. Familial syndromes associated with 
Pheos/Pgls

Multiple endocrine neoplasia type 2 (MEN2) 
syndrome

MEN2 syndrome is caused by activating germli-
ne mutations in the REarranged during Transfection 
(RET) proto-oncogene located on chromosome 10. 
RET gene encodes for a transmembrane receptor of 
the tyrosine kinase family, which plays an important 
role in the cell growth, migration, diff erentiation and 
apoptosis. According to the latest classifi cation , MEN 
2 syndrome is divided into two categories: MEN2A 
and MEN2B. Th e former is further divided in four 
subtypes: classical MEN2A (the most common) , MEN 
2A associated with cutaneous lichen planus amyloido-
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sis, MEN 2A associated with Hirschprung disease and 
familial medullary thyroid cancer (FMTC)16. Classi-
cally, MEN2A is represented by the clinical manifes-
tation of Pheo in 50% of cases, hyperparathyroidism in 
15–30% of patients and medullary thyroid carcinoma, 
usually the fi rst and most common clinical feature17. In 
MEN 2B, a more aggressive subtype, the hyperparathy-
roidism is absent, while medullary thyroid carcinoma 
is found in all the patients and Pheo in 50% of cases. 
MEN2B patients can present with mucosal neuromas, 
intestinal ganglioneuromas and a specifi c marphanoid 
habitus18. FMTC is represented by the medullary thy-
roid cancer as the single clinical manifestation.

Most of the genetic mutations found in MEN2A 
syndrome aff ect the cysteine residues, encoded in RET 
exons 10 (codons 609, 611, 618, and 620), 11 (codon 
630,634) and also exons 8,13,14,15,16. Nevertheless, 
the most frequent mutation found in MEN2A patients 
is at codon 634 in exon 1119. Th e majority of MEN2B 
mutations aff ect exon 16 (codon 918), but genetic de-
fects in exon 15 (codon 883) have also been described20.

Furthermore, genetic defects which increase the risk 
for developing Pheos, have been classifi ed in three risk 
classes: highest-risk category refers to RET (codon 
918), SDHB and SDHD mutations, high-risk class in-
cludes RET (codons 609, 611, 618, 620,630, 634) and 
VHL gene missense mutations and lowest risk class 
comprises RET (codons 768, 790, 791, 804,891) and 
VHL truncating defects16,21.

It is very important to notice that MEN2 patients 
who present Pheos are usually identifi ed at a younger 
age than patients with sporadic Pheos, have multifocal 
epinephrine secreting tumors and present a low risk of 
malignancy22.

Von Hippel-Lindau (VHL) disease
Genetic defects of the von Hippel-Lindau (VHL) 

gene, found on chromosome 3, lead to VHL disease 
development. Th e VHL protein encoded by the above 
mentioned gene, modulates the actions of hypoxia in-
ducible factor - alpha (HIF-), thus controlling colla-
gen IV synthesis and blood vessels development . VHL 
disease is characterized by a predisposition to develop 
multiple tumors such as: retinal, spinal and cerebellar 
hemangioblastomas, pancreatic tumors, clear cell renal 
carcinomas, endolymphatic sac tumors, cystadenomas 
of the kidney, epididymis and broad ligament. Th e di-
sorder is subdivided into two categories according to 
the risk of Pheos/Pgls: VHL disease type 1 without 
Pheos/Pgls and VHL disease type 2 characterized by 
the presence of these tumors. Type 2 VHL disease is 
further divided into three classifi cations according to 

the presence of clear cell renal carcinomas: 2A without 
clear cell renal carcinoma, 2B with clear cell renal carci-
noma and 2C characterized exclusively by the presence 
of Pheos/Pgls23. 

Bilateral Pheos occur in approximately 20-40% 
of patients, mostly carriers of missense mutations of 
VHL gene at codon 167 (exon 3), presenting a nore-
pinephrine biochemical phenotype24. Pheos develop in 
the childhood period in approximately 40% of cases25. 
Furthermore, rare sympathetic Pgls cases were descri-
bed and the malignant potential of Pheos/Pgls within 
this disorder is very low26.

Neurofi bromatosis type 1 (NF1) syndrome
Neurofi bromatosis type 1 (NF 1) syndrome also 

known as von Recklinghausen’s disease is an autoso-
mal dominant pathology produced by genetic defects 
of NF1 gene localised on the long of chromosome17, 
which encodes for a protein called neurofi bromin. 
Th e diagnosis of NF1 is made on at least two of the 
next criteria: six or more café-au-lait spots, two or 
more cutaneous neurofi bromas, two or more iris ha-
martomas (Lisch nodules), optic-nerve glioma, inter-
triginous freckling, pseudoarthrosis or dysplasia of the 
sphenoid bone and a fi rst-degree relative with NF1. 
Secondly, NF1 patients could present with sarcomas, 
chronic myeloid leukemias of childhood, seizures, ma-
crocephaly, short stature and Pheos/Pgls17,22,27. Pheos 
within this syndrome, which are very rare described (2-
5% of cases), develop unilateral or bilateral and have an 
epinephrine or norepinephrine secretory profi le27.

Familial paragangliomas syndromes (SDHx 
and SDHAF2)

Inherited paragangliomas syndromes are determi-
ned by mutations in the genes encoding for the suc-
cinate dehydrogenase (SDH) mitochondrial complex. 
SDHx genes mutations lead to inactivation of SDH, 
increasing succinate and oxygen free radicals, stabiliza-
tion of hypoxia-inducible factor 1 alpha (HIF-1) and 
consequently expose tissues to chronic hypoxia and an-
aerobic cellular proliferation, specifi c for tumoral cells. 
Even if mutations in the SDHx genes aff ect the same 
complex, their clinical manifestations can be very di-
ff erent22,28,29.

Mutations of the SDHA gene, located on chromo-
some 5, that encode for subunit A of the SDH complex 
were fi rst described in Leigh syndrome, a neurodegene-
rative disorder30. More recently, heterozygous SDHA 
gene mutation carriers, have been reported with Pheos 
and Pgls31. However, further studies are required in or-
der to establish phenotype-genotype correlations and 
risk of malignant transformation.
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Another tumor suppressor gene, MYC-associated fac-
tor X (MAX), located on 14q23.3 chromosome, im-
plicated in the modulation of cell development, has 
been linked to malignant Pheos/Pgls46. Furthermore, 
hypoxia-inducible factor 2-alpha (HIF2A) gene de-
fects located on 2p21 chromosome, have been associ-
ated with the development of Pheos/Pgls47. Its muta-
tions were reported in patients with multiple Pheos/
Pgls, polycythemia and somatostatinomas, the authors 
defi ning a new medical entity, Pacak-Zhuang syndro-
me. Somatic mutations in the HRAS gene have been 
reported in few cases of Pheos/Pgls48. Moreover iso-
citrate dehydrogenase (IDH) gene somatic mutation 
has been reported in a carotid Pgl case49. Furthermore, 
germline mutations in fumarate hydratase (FH) and 
egg-laying-defective nine 1 (EGLN1/PHD2) genes 
were described in cases of malignant Pheo, respectively 
multiple Pgls50,51.

Patient management
Th e initial work-up of the patients should start with 

a thorough clinical examination, looking for clinical 
clues: skin neurofi bromas, intertriginous freckling or 
café-au-lait spots indicating a NF1 syndrome or a thy-
roid nodule found in medullary thyroid carcinoma in 
MEN2 syndrome. Th e next step should be the patient’s 
family and past medical history. It is important to re-
member that even in the absence of any known family 
history of Pheos/Pgls, the existence of sudden death 
at younger ages due to strokes in family members co-
uld indicate the posibility of a familial disease. Furt-
hermore, modifi ed paraclinical examinations should 
draw attention: positive ocular fundoscopic examinati-
on for retinal haemangioblastomas sugestive for VHL 
disease, positive computer tomography scans for renal 
or pancreatic tumors could indicate also VHL disease, 
elevated catecholamines, metoxithyramine, chromo-
granin A and calcitonin could orient to neuroendocri-
ne tumors. Genetic testing should be proposed to pati-
ents with age below 45 years, with multifocal tumors or 
presenting distant metastases, with a positive family or 
personal medical history of Pheos/Pgls13-15,17,26. 

Given the high prices and lack of availability of the 
genetic tests, studies concluded that the decision to test 
for a specifi c gene should be done based on tumor lo-
cation, malignant potential, secretory profi le or speci-
fi c clinical or biochemical features. In case of positive 
family history or specifi c clinical manifestations, RET 
and VHL genes should be tested fi rstly. Th e mutational 
analysis technique is diffi  cult due to the large size of 
the NF1 gene and the existence of many diff erent mu-
tations. Th erefore, the diagnosis is based on the clinical 
examination.

Besides, SDHAF2 or SDH5 gene localised on chro-
mosome 11, encodes for a protein, wich is responsible 
for fl avination of the SDHA subunit. Its genetic de-
fects presenting a paternal inheritance can cause exclu-
sively multifocal benign head and neck Pgls, defi ning 
familial Pgl type 232,33.

Mutations in the SDHB gene localised on chro-
mosome 1 defi ne familial Pgl syndrome type 4. Th ey 
are the most common gene mutations found in Phe-
os/Pgls and they are inherited by autosomal dominant 
transmission. Th eir clinical picture consists of multiple 
aggressive Pheos/Pgls with younger ages at diagnosis 
time and with a high risk of malignancy (30-70%)34,35. 
In addition to this, SDHB gene have been also linked 
with gastrointestinal stromal tumors (GIST), papillary 
thyroid neoplasm, breast cancer and clear cell renal 
cancer36. It is worth noticing that numerous studies re-
commend screening for SDHB gene mutations for all 
the patients with Pheos/Pgl, especially for those with 
malignant tumours or with noradrenergic or dopami-
nergic biochemical phenotype37,38.

Furthermore, SDHC gene mutations, localised on 
chromosome 1, have been associated with familial Pgl 
type 3, which is an autosomal dominant disorder, cha-
racterized classically by the clinical occurence of head 
and neck benign Pgls39.

Moreover, SDHD gene mutations found on chro-
mosome 11, have been described in familial Pgl type 
1, presenting a paternal transmission. Patients with Pgl 
type 1 syndrome present frequently with multifocal 
benign parasympathetic head and neck Pgls, whereas 
sympathetic Pgls and Pheos cases have also been de-
scribed37,40.

Furthermore, rare tumor syndromes, such as Carney-
Stratakis dyad and Carney triad have also been descri-
bed in association with SDHx genes. Carney-Stratakis 
dyad is characterized by Pheos/Pgls and gastrointesti-
nal stromal tumors (GIST), while Carney triad consists 
in GIST,Pheos/Pgls and pulmonary chondromas41.

B. New genes related to PHEOs/PGLs
Recently, new susceptibility genes for Pheos/Pgls have 
been identifi ed, increasing the level of knowledge re-
garding the pathogenesis of these tumors. Th e KIF1B 
( (Kinesis Family Member 1B) gene is located on chro-
mosome 1p36.22. and encodes for a transport protein 
involved in neuronal cells apoptosis. Diff erent Studies 
have reported its implication in cases of Pheos/Pgls 
and neuroblastoma42,43. Th e transmembrane protein 
127 (TMEM127), a tumor suppressor gene, located on 
2q11.2 chromosome has been pointed as a cause for 
frequently benign unilateral or bilateral Pheos/Pgls44,45. 
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RAS, PHD2/EGLN1, IDH, FH) were indicated as 
being involved in the development of these tumors. 
Essentially, patients diagnosed with Pheos/Pgls and 
with one of the following clinical criteria should un-
dergo genetic testing: a younger age (below 45 years), 
multiple, reccurent or malignant tumors, a positive 
genetic familial syndrome or a personal medical his-
tory of head and neck Pgls. Furthermore, in order to 
identify the causative genes, it is important to continue 
the genetic screening relying on an algorithm wich in-
clude: the secretory profi le, localization of the tumor, 
malignant character and previous family history. Th e 
detection of a gene mutation in a patient with Pheo/
Pgl is of great interest, particularly because it can assu-
re an early diagnosis and an adequate treatment with 
a regular follow-up and consequently it can lead to a 
better prognosis for patients and their relatives. Th e fu-
ture clinical studies based on next-generation sequen-
cing methods will provide valuable information for 
defi ning the genotype-phenotype correlations and will 
off er new options in the clinical management of Phe-
os/Pgls. Moreover, recent and future discoveries regar-
ding molecular pathogenesis of Pheos/Pgls will assure 
a starting point for the future personalized treatment. 
In this article we have reported the most signifi cant 
aspects regarding the clinical characteristics and recent 
advances in the genetics of Pheos/Pgls.

Furthermore, if the patient presents with bilate-
ral tumors, RET, VHL , SDHB and SDHD genes 
mutations should be searched22,28,29,52. In case of ma-
lignant Pheos/Pgls, the genetic screening should be-
gin with SDHB gene, followed by MAX, SDHD 
and VHL genes9,10,11,37. In case of Pgls the fi rst genes 
that need to be tested are SDHB,SDHC,SDHD and 
SDHAF213,14,26,28. If particular biochemical feature 
such as polycythemia occurs, HIF2A gene should be 
tested47. According to the secretory behaviour, a do-
minant epinephrine profi le should indicate RET and 
NF1 genes testing, an elevated norepinephrine secre-
tion should suggest VHL and SDHB genes screening, 
while an increased dopamine or its metabolite meto-
xythyramine should lead to SDHB and SDHD genes 
screening53,54. Presented data were summarized in Fi-
gure 1.

CONCLUSIONS
Th ere have been numerous recent discoveries regarding 
the genetics of Pheos and Pgls in the last 10 years. Cur-
rently, it is recognised that approximately 30-40% of 
Pheos/Pgls have a genetic pathogenesis. Th ey can com-
pose the clinical picture of a genetic syndrome or may 
occur apparently sporadic. Th us, 16 gene mutations 
(RET, NF1, VHL, SDHA, SDHB, SDHC, SDHD, 
SDHAF2, MAX, TMEM127, HIF2A, KIF1B, H-

References
9. Parenti G, Zampetti B, Rapizzi E, Ercolino T, Giache V, Mannelli 

M. Updated and new perspectives on diagnosis, prognosis, 
and therapy of malignant pheochromocytoma/paraganglioma. 
JOncol. 2012;2012:872713

10. Szalat A, Fraenkel M, Doviner V, Salmon A, Gross DJ. Malignant 
pheochromocytoma: Predictive factors of malignancy and cli-
nical course in 16 patients at a single tertiary medical center.
Endocrine. 2011;39:160-66

11. De Wailly P, Oragano L, Radé F, Beaulieu A, Arnault V, LevillainP, 
Kraimps JL. Malignant pheochromocytoma: New malignancy 
criteria. Langenbecks Arch Surg. 2012;397:239-46

12. Bryant J, Farmer J, Kessler LJ, Townsend RR, Nathanson KL: 
Pheochromocytoma: The expanding genetic differential dia-
gnosis. J Natl Cancer Inst 2003, 95, 1196–1204

13. Martucci I, Pacak K, Pheochromocytoma and Paraganglioma: 
Diagnosis, Genetics,Management, and Treatment, Curr Probl 
Cancer. 2014; 38(1): 7–41

14. Vicha A, Musil Z, Pacak K: Genetics of pheochromocytoma and 
paraganglioma syndromes: new advances and future treatment 
options. Curr Opin Endocrinol Diabetes Obes 2013: 186-191

15. Karasek D, Shah U, Frysak Z, Stratakis Ca, Pacak K: An upda-
te on the genetics of phaeochromocytoma. J Hum Hypertens 
2012 27: 141-147

16. Wells SA Jr, Asa SL, Dralle H, et al. Revised American Thyroid 
Association guidelines for the management of medullary thyro-
id carcinoma. Thyroid 2015;25:567

17. Lefebvre M, Foulkes WD, Pheochromocytoma and paraganglio-
ma syndromes: genetics and management update, Curr Oncol 
2014 , Vol. 21,8-17

1. DeLellis R, Lloyd R, Heitz P, Eng P, Pathology and Genetics of 
Tumours of Endocrine Organs (IARC WHO Classifi cationof Tu-
mours) 2004, IARC Press, Lyon, France

2. Chen H, Sippel RS, O’Dorisio MS, Vinik AI, Lloyd RV & Pacak K. 
The North American Neuroendocrine Tumor Society consensus 
guideline for the diagnosis and management of neuroendocri-
ne tumors: pheochromocytoma, paraganglioma, and medullary 
thyroid cancer.Pancreas 2010 ,39 775–783

3. Tischler AS, Komminoth P. Extra-adrenal sympathetic para-
ganglioma: Cervical paravertebral, intrathoracic and urinary 
bladder. In: DeLellis RA , Lloyd RV, Hitz PU, Eng C, editors.World 
Health Organization classifi cation of tumors, Vol: 8, pathology 
and genetics, tumors of endocrine organs, WHO Press; 2004. 
165-66.

4. Opocher G, Schiavi F, Genetics of pheochromocytomas and pa-
ragangliomas. Baillieres Clin Endocrinol Metab 2010, 24, 943–
956

5. Lenders JWM, Eisenhofer G, Mannelli M, et al. Phaeochromo-
cytoma. Lancet. 2005; 366:665–675

6. Anderson GH, Blakeman N, Streeten DH. The effect of age on 
prevalence of secondary forms of hypertension in 4429 conse-
cutively referred patients. J Hypertens. 1994; 12:609–615.

7. Omura M, Saito J, Yamaguchi K, et al. Prospective study on the 
prevalence of secondary hypertension among hypertensive pa-
tients visiting a general outpatient clinic in Japan. Hypertens 
Res. 2004; 27:193–202

8. Arnaldi G, Boscaro M. Adrenal incidentaloma. Best Pract Res 
Clin Endocrinol Metab. 2012;26:405–419



Alexandra Mirica et al.

Modern Medicine  |  2016, Vol. 23, No. 3222

syn dromes: a clinicopathologic and molecular analysis. Eur J 
Endocrinol. 201310.1530/EJE-13-0623

37. Ricketts CJ, Forman JR, Rattenberry E, et al. Tumor risks and 
genotype-phenotype-proteotype analysis in 358 patients with 
germline mutations in SDHB and SDHD. Hum Mutat 2010;31: 
41–51

38. King KS, Prodanov T, Kantorovich V et al., “Metastatic pheo-
chromocytoma/paraganglioma related to primary tumor deve-
lopment in childhood or adolescence: signifi cant link to SDHB 
mutations,” Journal of Clinical Oncology 2011, vol. 29, no. 31,pp. 
4137–4142

39. Mannelli M, Ercolino T, Giach V, Simi L, C. Cirami, and G. Parenti, 
“Genetic screening for pheochromocytoma: Should SDHC gene 
analysis be included?” Journal of Medical Genetics 2007,vol. 44, 
no. 9, pp. 586–587

40. Yeap PM, Tobias E, Mavraki E et al., “Molecular analysis of pheo-
chromocytoma after maternal transmission of SDHD mutation 
elucidates mechanism of parent-of-origin effect,” The Journal 
of Clinical Endocrinology and Metabolism 2011, vol. 96, no.12, 
pp. E2009–E2013

41. Pasini B, McWhinney SR, Bei T, et al. Clinical and molecular 
genetics of patients with the Carney- Stratakis syndrome and 
germline mutations of the genes coding for the succinate dehy-
drogenase subunits SDHB, SDHC, and SDHD. Eur J Hum Genet. 
2008; 16:79–88

42. Schlisio S, Kenchappa RS, Vredeveld LC, et al. The kinesin 
kif1bβ acts downstream from EglN3 to induce apoptosis and is 
a potential 1p36 tumor suppressor. Genes Dev2008;22:884–93

43. Yeh it, Lenci R.E., Qin Y A germline mutation of the KIF1B beta 
gene on 1p36 in a family with neural and nonneural tumors. Hu-
man Genetics 2008, 124, 279–285

44. Burnichon N, Lepoutre–Lussey C, Laffaire J, et al. A novel 
TMEM127 mutation in a patient with familial bilateral pheo-
chromocytoma.Eur J Endocrinol 2011;164:141–5.

45. Neumann HP, Sullivan M, Winter A, et al. Germline mutations of 
the TMEM127 gene in patients with paraganglioma of head and 
neck and extraadrenal abdominal sites. J Clin Endocrinol Metab 
2011;96:E1279–82.

46. Burnichon N, Cascon A, Schiavi F, et al. MAX mutations cause 
hereditary and sporadic pheochromocytoma and paraganglio-
ma.Clin Cancer Res 2012;18:2828–37

47. Lorenzo F, Yang C, Ng Tang Fui M, et al. A novel EPAS1/HIF2A 
germline mutation in a congenital polycythemia with paragan-
glioma. J Mol Med (Berl) 2013;91:507–12

48. Crona J, Delgado Verdugo A, Maharjan R, et al. Somatic mutati-
ons in H-RAS in sporadic pheochromocytoma and paragangli-
oma identifi ed by exome sequencing. J Clin Endocrinol Metab 
2013;98:E1266–71

49. Gaal J, Burnichon N, Korpershoek E, et al. Isocitrate dehydroge-
nase mutations are rare in pheochromocytomas and paragan-
gliomas. J Clin Endocrinol Metab. 2010; 95:1274–1278

50. Tomlinson IPM, Alam NA, Rowan AJ, et al. Germline mutati-
ons in FH predispose to dominantly inherited uterine fi broids, 
skin leiomyomata and papillary renal cell cancer. Nat Genet. 
2002;30:406–410

51. Ladroue C, Carcenac R, Leporrier M, et al. PHD2 mutation and 
congenital erythrocytosis with paraganglioma. N Engl JMed 
2008;359:2685–92.

52. Galan SR, Kann PH. Genetics and molecular pathogenesis of 
pheochromocytoma and paraganglioma. Clin Endocrinol (Oxf) 
2013;78:165–75

53. Eisenhofer G, Lenders JWM, Timmers H, Mannelli M, Grebe SK, 
Hofbauer LC, Bornstein SR, Tiebel O,Adams K, Bratslavsky G, 
Linehan WM, Pacak K: Measurments of plasma methoxytyra-
mine, normetanephrine,and metanephrine as discriminators of 
different hereditary forms of pheochromocytoma. Clin Chem 
2011, 57,411–420

54. Jafri M, Maher ER. The genetics of phaeochromocytoma: using 
clinical features to guide genetic testing. Eur J Endocrinol 2012; 
166:151–8

18. Znaczko A, Donnelly DE, Morrison PJ. Epidemiology, clinical 
features, and genetics of multiple endocrine neoplasia type 2B 
in a complete population. Oncologist 2014;19:1284

19. Frank-Raue K, Raue F: Genotype-phenotype correlation of RET 
mutations. Hot Thyroidol 2008,22:32

20. Raue F, Raue K. Genotype phenotype relationship in multiple en-
docrine neoplasia type 2. Implications for clinical management. 
Hormones (Athens) 2009;8:23

21. American Thyroid Association Guidelines Task Force,Kloos RT, 
Eng C, Evans DB, Francis GL, et al. (2009)Medullary thyroid can-
cer: management guidelines of the American Thyroid Associa-
tion. Thyroid 19:565-612

22. Raue F, Raue K. Genotype phenotype relationship in multiple en-
docrine neoplasia type 2. Implications for clinical management. 
Hormones (Athens) 2009;8:23

23. Hes FJ, Hoppener JWM, Lips CJM: Pheochromocytoma in Von 
Hippel-Lindau Disease. J Clin Endocrinol Metab 2003, 88, 969–
974.

24. Gergics P, Patocs A, Toth M, Igaz P, Szucs N, Liko I, Fazakas F, 
Szabo I, Kovacs B, Glaz E, Racz K: Germline VHL gene mutations 
in Hungarian families with von Hippel-Lindau disease and pati-
ents with apparently sporadic unilateral pheochromocytomas. 
Eur J Endocrinol 2009, 161, 495–502

25. Waguespack SG, Rich T, Grubbs E, et al. A current review of the 
etiology, diagnosis, and treatment of pediatric pheochromo-
cytoma and paraganglioma. J Clin Endocrinol Metab. 2010;95: 
2023–2037

26. Fishbein L, Nathanson KL. Pheochromocytoma and paragan-
glioma: understanding the complexities of the genetic backgro-
und. Cancer Genet 2012;205:1–11

27. Bausch B, Koschker AC, Fassnacht M, Stoevesandt J, Hoffmann 
MM, Eng C, Allolio B, Neumann HPH:Comprehensive mutation 
scanning of NF1 in apparently sporadic cases of pheochromo-
cytoma. J Clin Endocrinol Metab, 2006, 91, 3478–3481

28. Kantorovich V, King KS, Pacak K: SDH-related pheochromocyto-
ma and paraganglioma. Baillieres Clin Endocrinol Metab 2010, 
24, 415–424

29. Nolting S, Grossman AB: Signaling pathways in pheochromo-
cytomas and paragangliomas: prospects for future therapies. 
Endocr Pathol 2012, 23, 21–33

30. Burnichon N, Brie`re JJ, Libe´ R, Vescovo L, Rivie`re J, Tissier 
F,Jouanno E, Jeunemaitre X, Be´nit P, Tzagoloff A et al. SDHA is 
a tumor suppressor gene causing paraganglioma. Human Mo-
lecular Genetics 2010, 19 3011–3020

31. Korpershoek E, Favier j, Gaal jet al., “SDHA immunohistoche-
mistry detects germline SDHAgenemutations in apparently 
sporadic paragangliomas and pheochromocytomas,” The Jo-
urnal of Clinical Endocrinology and Metabolism 2011, vol. 96, 
no. 9, pp.E1472–E1476

32. Hao HX, Khalimonchuk O, Schraders M, Dephoure N, Bayley 
JP,Kunst H, Devilee P, Cremers CW, Schiffman JD, Bentz BG et 
al. SDH5, a gene required for flavination of succinate dehydro-
genase, is mutated in paraganglioma. Science 2009 325 1139–
1142

33. Bayley JP, Kunst HP, Cascon A, et al. SDHAF2 mutations in fa-
milial and sporadic paraganglioma and phaeochromocytoma.
Lancet Oncol 2010;11:366–72

34. Srirangalingam U, Walker L, Khoo B et al., “Clinical manifes-
tations of familial paraganglioma and phaeochromocyto-
mas in succinate dehydrogenase B (SDH-B) gene mutation 
carriers,”Clinical Endocrinology 2008, vol. 69, no. 4, pp. 587–596

35. Patterson E, Webb R, Weisbrod A, Bian B, He M, Zhang L, 
Holloway AK, KrishnaR, Nilubol N, Pacak K, Kebebew E. The 
microRNA expression changes associated with malignancy 
and SDHB mutation in pheochromocytoma. Endocr Relat Can-
cer.2012;19:157-66

36. Papathomas T, Gaal J, Corssmit EPM, et al. Non-pheochro-
mocytoma/paraganglioma tumors in patients with succinate 
dehydrogenase-related pheochromocytoma-paraganglioma 


