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Abstract Pheochromocytomas (Pheo) and paragangliomas
(PGL) are rare tumors, with heterogeneous genetic background.
In up to 30 % of all, apparently sporadic Pheo/PGL cases
germline mutations can be identified in one of the 15 genes
representing genetic susceptibility for Pheo/PGL. Malignancy
is rare but it frequently associates with SDHB mutations. Our
aim was to determine the prevalence of germline SDHx,
SDHAF2, MAX and TMEM127 mutations in Hungarian pa-
tients with apparently sporadic Pheo/PGLs.Mutation screening
of the SDHx, SDHAF2, MAX and TMEM127 genes was per-
formed in 82 Hungarian patients with apparently sporadic
Pheo/PGL using PCR and bidirectional Sanger sequencing.
Disease-causing germline mutations were identified in 11 pa-
tients, of which 4 SDHB and 2 TMEM127 mutations were
novel. Earlier development of Pheo/PGL, more malignant phe-
notype and multiple tumors were observed in genetically

positive cases especially in those with SDHB mutations. The
presence of bilateral or multiple tumors was the most predictive
for identification of a pathogenic mutation. Together with cases
harboring germline RET, VHL and NF1 mutations, Hungarian
patients with Pheo/PGL exhibit a heterogeneousmutation spec-
trum, indicating that all of the Pheo/PGL susceptibility genes
should be tested. Novel genotype-phenotype associations re-
vealed by our study may contribute to improvement of diag-
nostic approaches and may help to achieve a better clinical
follow up for patients with Pheo/PGL.
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Introduction

Pheochromocytomas (Pheos) and paragangliomas (PGLs) are
rare tumors; their incidence in the general population is ap-
proximately 2–8 cases/1 million/year. These tumors are aris-
ing from neural crest derived chromaffin cells, producing and
secreting catecholamines. Pheo refers to tumors arising from
the adrenal medulla, while PGLs originate from the sympa-
thetic (e.g. organ of Zuckerkandl) or parasympathetic (e.g.
carotid body) paraganglia [1].

Most of these tumors are sporadic, but 20–30% of all cases
are part of well characterized hereditary tumor syndromes [1,
2]. These syndromes include Multiple Endocrine Neoplasia 2
(MEN2 ) , von H ipp e l -L i nd au D i s e a s e (VHL) ,
Neurofibromatosis type 1(NF1) and familial paraganglioma
syndrome types 1–5 (PGL) caused by mutations of RET
protooncogene (MEN2), VHL (VHL syndrome) ,
neurofibromin (NF1) and genes encoding the subunits of suc-
cinate dehydrogenase enzymes (SDHD-PGL1, SDHC-PGL3,
SDHB-PGL4 and SDHA-PGL5) [3–7]. Recently the list of
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genes involved in the genetic susceptibility of Pheo/PGL ex-
tended by identification of germline mutations in genes
encoding kinesin family member 1B (KIF1B) [8], EGL nine
homolog 1 (EGLN1) [9], the transmembrane protein 127
(TMEM127) [10, 11], MYC-associated factor X (MAX) [12],
fumarate hydratase (FH) [13] and malate dehydrogenase type
2 (MDH2) [14] making Pheo/PGL a multigenic disorder.

Due to the large number of genes responsible for the de-
velopment of Pheo/PGL the genetic testing remains a diag-
nostic challenge. Both laboratory work load and cost of testing
of all these genes are still significant despite of the lower price
of molecular biological reagents. Phenotype oriented guide-
lines allow us some priorization in the order of genes tested
but after a negative result the remaining genes should be also
examined. Therefore, it would be ideal that after exclusion of
some genes based on the obvious phenotype features (i.e,
because of typical manifestation the NF1 gene is rarely tested)
all of the remaining genes would be tested at the same time.
Recent technical improvements in sequencing technology -
next generation sequencing (NGS) platforms - allow us to
use whole exome or targeted resequencing of all these genes
[15]. The usefulness of NGS has been demonstrated not only
in resequencing of already known genes, but also in discov-
eries of novel genes associated with Pheo/PGL [12, 14,
16–19]. However, after an NGS-based analysis Sanger se-
quencing is used for confirmation of results and a negative
NGS result does not exclude the possibility of mutations.
Therefore, the Bgold standard^methodology for identification
of pathogenic mutation is the PCR amplification of coding
region of target genes followed by Sanger sequencing. For
large deletion analysis multiple ligation probe amplication
(MLPA) should also be performed. In addition, the
Endocrine Society clinical practice guideline recommend the
use of a clinical feature-driven diagnostic algorithm to estab-
lish the priorities for specific genetic testing in Pheo/PGL
patients with suspected germline mutations delivered within
the framework of health care [20, 21].

Our centre oversees the majority of the Hungarian
Pheo/PGL population and the genetic testing using routine
molecular biological methods including Sanger sequencing
of RET, VHL, SDHB, SDHC, SDHD, SDHAF2, MAX and
TMEM127, and multiplex probe amplification (MLPA) for

VHL and SDHx are performed in our laboratory. We present
this current study in order to summarize the prevalence of
germline mutations among Hungarian patients with apparent-
ly sporadic Pheos/PGLs and to evaluate the genotype-
phenotype associations in our patients with novel germline
SDHB, SDHC and TMEM127 mutations.

Materials and Methods

Patients

Our database containing the clinical and laboratory data of
129 patients diagnosed and followed up at the 2nd
Department of Internal Medicine, Semmelweis University
with clinical diagnosis of Pheo/PGL between 1998 and 2014
was reviewed in order to select cases for comprehensive ge-
netic testing. Of these patients the clinical diagnosis was con-
firmed by pathological examination of the surgically removed
tumor tissues in 92 cases. Mutation screening of the RET and
VHL genes identified 4 RET mutation carriers and 4 patients
with germline VHL mutations [22–24]. In two cases the spe-
cific phenotype features indicated neurofibromatosis type 1.
These patients were excluded from this current analysis and
SDHB, SDHC, SDHD, SDHAF2,MAX and TMEM127muta-
tion analysis was performed in 82 cases. The main demo-
graphic and pathological data are summarized in Table 1.

Genetic Testing of the RET, VHL, SDHB, SDHC, SDHD,
SDHAF2, MAX and TMEM127 Genes Using Sanger
Sequencing

After genetic counseling and obtaining informed consent all 82
patients underwent genetic testing for the SDHB, SDHC,
SDHD, SDHAF2, MAX and TMEM127 using conventional
methods including PCR followed by Sanger sequencing (22–
24). Blood DNA was extracted using commercially available
DNA extraction kits (DNS isolation from mammalian blood,
Roche, or DNA isolation kit from blood, Qiagen LTD).
Bidirectional DNA sequencing of all these genes and large
deletion analysis of the SDHB, SDHC, and SDHD genes were
performed using multiplex ligation probe amplification [24].

Table 1 Main genotype-
phenotype associations in
Hungarian patient with Pheo/PGL

Cause of Pheo/PGL Age (years) Malignant/recurrent Bilateral or multiple locations

Genetic cause (n = 11) 34,6 (19–51) 3/11 (27.2 %) 8/11 (72.7 %)

SDHD (n = 1) 32 0 1/1 (100 %)

SDHB (n = 7) 31.4 (19–38) 3/7 (42.8 %) 5/7 (71.4 %)

TMEM (n = 3) 40 (22–51) 0/3 (0 %) 2/3 (66 %)

No genetic cause (n = 71) 40,4 (13–78) 12/71 (16.9 %) 3/71 (4.2 %)

Total (n = 82) 38,8 (13–78) 15/82 (18.3 %) 11/82 (13.4 %)
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Results

Prevalence of Germline Mutations in Pheo/PGL
Susceptibility Genes

Eleven patients were identified to carry mutation in one of the
Pheo/PGL associated genes. Together with our previous data
demonstrating mutations in RET (n = 4) and VHL (n = 4)
genes, the prevalence of germline disease-causing mutations
in Hungarian patients with apparently sporadic, non-
syndromic Pheo/PGL is 21.1 % (Table 1). To detect pathogen-
ic mutation, bilateral involvement and multiple tumors had the
most predictive value. The prevalence of bilateral tumors was
significantly higher in mutation carriers than in genetically
negative cases (8 of 11, 72.8 % vs. 3 of 71, 2.1 %; p < 0.001).

The mutation spectrum observed in our patients was het-
erogeneous, the most frequent mutations were detected in the
SDHB gene (7 different of which 4 were novel mutations),
Three patients had TMEM127 mutations (two novel) and
one had mutation in the SDHD gene (Table 2). The chromato-
grams of all novel mutations identified are presented in Fig. 1.
All novel SDHB mutation have been submitted to TCA
Mutation Database and the new TMEM127 mutations to
dbSNP database (http://chromium.lovd.nl/LOVD2/SDH/
variants.php?select_db=SDHB&action= view&view =

0,000,838, http://chromium.lovd.nl/LOVD2/SDH/variants.
php?select_db=SDHB& action = view&view = 0,000,839;
http://chromium.lovd.nl/LOVD2/SDH/variants.php?select_
db = SDHB&action = view&view = 0,000,840;http://
chromium.lovd.nl/LOVD2/SDH/ variants.php? select_db =
SDHB& action = view&view = 0,000,841) and the novel.

No mutations in SDHC, SDHAF2, andMAXwas identified
in our patients.

Genotype-Phenotype Associations

Comparison of the main demographic and clinical data of the
genetically positive and negative cases indicated that genet-
ically positive patients were younger, their Pheo/PGL was
more frequently malignant, and 72 % of cases had bilateral
or multiple tumors (Table 1). As expected the malignancy
was the highest (3 out of 7 cases) in patients with SDHB
mutations. Two patients with mutations SDHB:c758G > A -
Cys253Tyr- and the novel SDHB: c.586 T > G -Cys196Gly-
were lost because of metastatic disease by the age of
35 years. In these patients multiple metastases in bone and
liver were observed. In the third case with malignant PGL
the novel SDHB: c728G > A Cys243Tyr mutation was iden-
tified. In this patient an intraabdominal PGL with multiple
bone metastasis was diagnosed.

Table 2 Phenotype
characteristics of Hungarian
patients with Pheo/PGL

Case Age Manifestation Gene/Mutation

1 33 (PB) Paraganglioma (intrabdominal + head/neck,
malignant)

SDHB:c.758G > A Cys253Tyr

2 32 (LM) Paraganglioma (intrabdominal + head/neck,
malignant)

SDHB: c.586 T > G

Cys196Gly *

3 31 (PK) Paraganglioma (intrabdominal + head/neck) SDHB: c.586 T > C

Cys196Arg*

4 38 (KJ) Paraganglioma intraabdominalis SDHB: c649C > TArg217Cys

5 19 (MF) Pheochromocytoma + renal cell carcinoma SDHB: c.607G > T Gly203Stop*

6 37 (BB) Paraganglioma (head/neck) SDHB: c.286 + 1G/A,

7 30 (KP) Paraganglioma (intraabdominal multiple, malignant) SDHB: c.728G > A Cys243Tyr*

8 32 Paraganglioma (intrabdominal + head/neck) SDHD: c.147–148 insA

9 51 Pheochromocytoma (bilateral)

Paraganglioma (intraabdominalis and head/neck)

TMEM127: c.464 T > A

Leu155Stop*

10 22 Pheochromocytoma unilateral TMEM127: c419G > A

Cys140Tyr

11 47 Pheochromocytoma bilateral TMEM127: c.572delC

(http://chromium.lovd.nl/LOVD2/SDH/variants.php?select_db=SDHB&action=view&view=0000838,

http://chromium.lovd.nl/LOVD2/SDH/variants.php?select_db=SDHB&action=view&view=0000839,

http://chromium.lovd.nl/LOVD2/SDH/variants.php?select_db=SDHB&action=view&view=0000840

http://chromium.lovd.nl/LOVD2/SDH/variants.php?select_db=SDHB&action=view&view=0000841) and the
novel

SDHB (ENSG00000117118),TMEM127 (ENST00000258439). All novel SDHB mutation have been submitted
to TCA Mutation Database and the new TMEM127 mutations to dbSNP database

*mutations marked are novel mutations
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Another important finding was that the SDHB associated
tumors were mainly intraabdominal PGLs (6 out of the 7
cases). In one case with the novel SDHB c607G > T
Gly203Stop mutation pheochromocytoma and renal cell car-
cinoma with oncocytic feature was detected at age of 19 years.
The solid architecture, cytoplasmic inclusions of flocculent
material and intratumoral mast cells as the main characteristics
for SDHB associated renal cell carcinomas could be identified
(Fig. 2).

Head-neck PGLs were detected in a patient harboring the
SDHB: c286 + 1G/A mutation, and in a patient with SDHD
c.147–148 insA frameshift mutation. In the later case an
intraabdominal PGL was also removed. After 4–8 years
follow-up no malignancy was observed in these cases.

TMEM127 mutations were detected in three patients. Two
of them had Pheo (one bilateral) while in the third patient with
the novel mutation (TMEM127: c467T > A, − Leu155Stop)
Pheo and PGL of the head-neck region was also observed.
These tumors showed no malignancy. The youngest patient
harboring TMEM127 associated tumor was 22 years old.

Discussion

Pheo/PGLs are rare chatecholamine producing tumors. To
date 15 genes have been implicated in genetic susceptibility,
which are responsible for the 25–30 % of all Pheo/PGL cases.
The American Society of Clinical Oncology have suggested
that for patients with a ≥ 10 % chance for carrying a germline
mutation genetic testing should be offered [20, 25]. Patients
with Pheo/PGL are in this group. Currently the genetic anal-
ysis of patients with Pheo/PGL includes molecular genetic
analysis of RET, VHL, SDHx, MAX and TMEM127 genes.
MAX and TMEM127were identified in 2010, and to date only

few studies have been published about the prevalence of mu-
tations in apparently sporadic cases [2, 10, 18, 26, 27]. Our
current study was initiated to comprehensively analyze the
prevalence of germline mutation in our cohort of histological-
ly confirmed non-syndromic patients. Using conventional
molecular biological methods we identified 11 germline mu-
tation carriers, including six novel mutations. These results,
together with our previous data on RET (n = 4) and VHL
mutations (n = 4) in Hungarian patients with apparently spo-
radic, non-syndromic Pheo/PGL shows that 21.1 % of our
patients carry mutation in one of the Pheo/PGL susceptibility
genes [22, 24]. This finding is in line with previously reported
data in other populations [2, 26] and with a recent review by
Brito et al. [27].

The mutation spectrum observed in our cohort suggests
that no founder mutation is present in the Hungarian popula-
tion. Genetic studies performed in the past did not include the
mutation testing of KIF1B, EGLN1, TMEM127, MAX or the
recently identified MDH2 and their prevalence in apparently
sporadic Pheo/PGL cases are lacking. Therefore, our study is
also important from this aspect and the results demonstrated
that in a population with heterogeneous genetic background
the genetic screening should be performed for all of these
genes.

The novel mutations identified in our cases are considered
as disease-causing mutations, because they are either protein
truncating mutations (TMEM127. c572delC, SDHB
Gly203Stop and TMEM127, Leu155Stop) or they affect resi-
dues which are important for protein function and in the same
codon other mutations have already been reported as patho-
genic (SDHB p.Cys196Gly and p.Cys243Tyr) according to
the TCA Cycle Gene Mutation Database (http://chromium.
liacs.nl). These novel mutation are not listed in any database
including dbSNP database (http://www.ncbi.nih.gov/SNP),

Fig. 1 Results of Sanger
sequencing and chromatograms
of novel germline variants
identified in 6 patients with
Pheo/PGL
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exome variant server (http://evs.gs. washington.edu/EVS/,
version v.0.0.30) and Exac variant (exac.broadinstitute.org/)
databases. In addition a negative SDHB immunostaining of
tumors associated with SDHB p.Cys196Gly, p.Cys243Tyr and
Gly203Stop (Fig. 2) further supports the pathogenic role of
SDHB mutations in these patients.

Genotype-phenotype associations confirmed that the
malignant potential is frequently associates with SDHB
mutations. The presentation and the course of the disease
of our case with the SDHB Cys196Gly mutation were
unique. In this case malignant PGL presenting as a pri-
mary PGL in the occipital bone was found. By reviewing
the literature only one similar case was found. Kanai et.
presented a 61-year-old male patient diagnosed with mul-
tiple paragangliomas including intracranial PGL and
osteolytic lesion in the occipital bone. Despite surgical
interventions and chemotherapy, the patient died in the
fourth year after the diagnosis. No data about the genetic
background of this case was reported but the similar be-
havior observed in these two cases may raise the patho-
genic role of SDHB [28].

In addition, a more complex phenotype, including a
rare concomitant tumor (Pheo/PGL and renal cell carcino-
ma) was found in another patient with SDHB mutation.
Renal cell carcinoma with oncocytic feature has been re-
ported as a hallmark of the SDHB associated renal cell
carcinomas [21, 29]. In our patient the lack of SDHB
staining confirmed the loss of SDHB protein in tumor

tissue while it was kept in renal tubular cells. Based on
our and Williamson’s results genetic testing of the SDHB
gene should be offered for patients presenting with renal
cell carcinoma with oncocytic features [21, 29].

The lack of mutation of SDHC gene is not entirely unex-
pected because our patient group consisted of patients having
mostly intraabdominal PGLs and Pheos whereas SDHC mu-
tations have been identified exclusively in head and neck
PGLs [2, 18, 20]. In addition, sporadic head and neck PGLs
may present with less symptoms and may possibly be
underdiagnosed.

Mutations in SDHAF2, MAX and TMEM127 genes
have been reported only in a very few cases [12, 27]. In
our study no SDHAF2 and MAX mutations were found
but TMEM127 mutations were detected in 3 patients of
which 2 mutations proved to be novel. It seems particu-
larly important that TMEM127 mutations were previously
reported only in patients with adrenal Pheos, but in one of
our patient having a novel TMEM127 mutation bilateral
adrenal Pheos as well as glomus caroticum PGL were
diagnosed. This new phenotype indicates that mutations
of TMEM127 can also associate with head and neck PGLs
[10, 11, 30]. In our study the two novel TMEM127 muta-
tions were truncating mutations strongly suggesting their
deleterious nature. The third TMEM127 mutation was de-
tected in a 22-years-old) female patient presenting with
unilateral adrenal Pheo. This mutation was already report-
ed by Yao et al. and, surprisingly this seems to be the only

Fig. 2 Immunohistochemical labeling of tumours associated with novel
SDHB mutations. Both PGLs and renal cell carcinoma with oncocytic
feature associated with SDHB mutations showed no SDHB
immunohistochemical staining. Panel A. Intraabdominal PGL
associated with SDHB: c.586 T > G (Cys196Gly), positive control:

adrenaocortical cells; Panel B: paraganglioma associated with the
SDHB: c.728G > A (Cys243Tyr) mutation, positive control: endothelial
cells; Panel C: Renal cell cancer associated with the SDHB: c.607G > T
(Gly203Stop) mutation. Entrapped non-neoplastic renal tubules showed
positive immunohistochemical labeling for SDHB
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TMEM127 mutation associated with malignant phenotype
[11, 30]. Toledo et al. reported a six generation family
with TMEM127 mutation and suggested that clinical sur-
veillance in TMEM127 carriers should be started at age of
22 years. Our finding indicate that clinical surveillance
should be started at earlier age.

In our mutation negative patients only three cases pre-
senting with bilateral or multiple tumors had no disease
causing mutation. These patients, together with the 12
patients with malignant phenotype (5 PGL and 7 Pheo)
may have mutations of genes which were not investigated
in the present study. Testing the KIF1B, EGLN1, FH,
IDH2 and MDH2 genes by classical methods represents
a significant work load and cost, therefore, next genera-
tion sequencing based methods would be desired.

The clinical follow-up of patients identified with path-
ogenic, germline mutation and their first-degree relatives
is challenging. First of all, in the affected families for the
first degree relatives genetic counseling followed by ge-
netic testing should be offered. These tumours syndromes
are inherited in an autosomal dominant manner, therefore
the chance of inheriting the pathogenic variant is 50 %.
The SDHD gene is maternally imprinted therefore the
pathogenic variant is inherited from the paternal side,
hence in children inheriting mutation from their mother
the development of the disease is extremely unexpected.
The penetrance of Pheo/PGL varies significantly between
these syndromes. It seems to be very low for SDHA,
SDHB, SDHC, SDHD and TMEM127 mutations but it is
higher for RET, VHL and NF1 alterations. Of course the
typical manifestations associating with RET, VHL and
NF1 mutations are highly penetrant and several times
preceed the development of Pheo (ie. mdullary thyroid
cancer in RET mutation carriers, renal cell cancer,
hemangioblastoma and retina angiomatosis in VHL car-
riers and skin lesions in NF1 mutation carriers). In these
families the routine clinical follow-up includes regular
checking for manifestation using laboratory and imaging
techniques (summarized by Lenders, 20).

In summary, our current study presents results of a
comprehensive mutational screening of a large series of
patients with Pheo/PGL. The heterogeneous genetic back-
ground with six novel mutations observed in Hungarian
patients is similar to other populations where no founder
mutations are present. The genetic screening offered for
Pheo/PGL patients in these populations should cover all
of the genes identified to date but the first gene for testing
should be the SDHB in cases with intraabdominal PGL
especially with malignant phenotype. The novel
genotype-phenotype associations revealed by our study
may contribute to improvement of diagnostic approaches
and may help to achieve a better clinical follow up of
patients with Pheo/PGL.
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