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Abstract Systemic analysis of somatic mutations of other
susceptibility genes in syndromic tumors as well as apparent-
ly sporadic tumors in well-characterized specimens is lacking.
Its clinical relevance has not been studied. Our objective was
to determine the frequency of second allele inactivation in
syndromic tumors and determine the frequency and potential
clinical impact of somatic mutations and loss of heterozygos-
ity (LOH) of the known susceptibility genes in syndromic and
sporadic tumors. Nine tumor specimens from clinically char-
acterized VHL mutation, five from SDHB mutation, four from
SDHD mutation, two from RET mutation carriers, and eight
from apparently sporadic cases were analyzed. Tumor DNA
mutation screening of the SDHx, VHL, and RET genes and
LOH analyses of the SDHx and VHL genes were performed.
The Yates-corrected chi-squared test was used for comparison
of the clinical data and the molecular-genetic results. Second
allele inactivation in tumors was identified in 83 % of VHL,
80 % of SDHB, and 50 % of SDHD specimen. High preva-
lence of VHL (6/6, p=0.024) and SDHB (7/7, p=0.018)
somatic mutations has been identified in the sporadic group
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compared to all others. In the group of the VHL tumors the
SDHB somatic events were significantly lower (2/6; p=
0.045). In 18/19 (95 %) of cases, we were able to demonstrate
the presence of at least two concomitant affected susceptibil-
ity genes. We conclude that LOH is the most prevalent second
allele-inactivating event. SDHB and VHL somatic mutation
might play a role in the sporadic forms of tumor development.
There is no clinical impact of mutation screening or LOH
analysis of tumor specimens.

Introduction

Pheochromocytoma is a tumor of the paraganglial system.
We use the term pheochromocytoma for adrenal medullary
tumors as well as for extra-adrenal retroperitoneal, pelvic,
and thoracic paraganglial tumors, because they are usually
vasoactive due to release of catecholamines in contrast to
head and neck paragangliomas (HNP) [1]. Approximately
one out of four pheochromocytoma patients carry a predis-
posing germline mutation in one of six susceptibility
genes. The genes cause distinct clinical syndromes: von
Hippel-Lindau disease (VHL; caused by germline muta-
tions in the VHL tumor suppressor gene), multiple endo-
crine neoplasia type 2 (MEN 2; RET), paraganglioma
syndromes type 1 (SDHD), type 3 (SDHC), and type 4
(SDHB) and type 1 neurofibromatosis (NF 1; due to muta-
tions of the NFI gene) (reviewed by [2]). Recently, germ-
line mutations of the TMEM127, SDHA, and MAX genes
have been associated with hereditary pheochromocytoma
in rare cases [3—7]. The clinical spectrum varies between
the distinct pheochromocytoma syndromes but there is also
an evident phenotypic expression difference between
patients carrying the same germline defect. The underlying
mechanisms are still unclear.
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According to Knudson's two-hit model, the inactivation
of both alleles of the susceptibility gene is necessary for the
development of a tumor in the hereditary setting [8]. So far,
for hereditary pheochromocytomas the major and only
mechanism identified as a second hit is the loss of the wild
type allele (loss of heterozygosity (LOH)). Few studies
analyzed tumors for point mutations and promotor region
hypermethylation in hereditary pheochromocytoma, but did
not identify such somatic changes [9—17]. Further, a signif-
icant role of somatic mutations in pheochromocytoma sus-
ceptibility genes has not been demonstrated in the
development of sporadic pheochromocytoma [13, 15-21].

The aims of our study were: first, to determine the
frequency of second allele inactivation in syndromic
tumors in terms of point mutations and LOH accordingly
to the Knudson two-hit model. Second, we analyzed the
tumor material for somatic mutations and LOH of genes
being not the susceptibility genes (for example SDHB,
SDHC, and SDHD in a patient with a VHL germline
mutation). We did not perform the LOH but only point
mutation analysis for the RET gene, since RET gene
activation is responsible for the tumor development.
Third, we determined the frequency and extent of somatic
mutations and LOH of pheochromocytoma susceptibility
genes in sporadic tumors. Finally we tested, if there was a
correlation between the somatic genetic status and clinical
setting of pheochromocytoma presentation as a potential
tool in the clinical management of the patients.

Materials and Methods
Patients and Tumor Samples

A series of 28 pheochromocytomas from 28 patients from
the Freiburg International Pheochromocytoma Registry
were used for this study [22]. All patients underwent a
detailed clinical and molecular genetic assessment, the latter
including germline mutation analysis, in the VHL, RET,
SDHB, SDHC, and SDHD genes as previously described
[22]. For the purpose of this study, nine tumor specimens
from VHL mutation carriers, five from SDHB mutation
carriers, four from SDHD mutation carriers, two from
RET mutation carriers, and eight tumor specimens from
apparently sporadic cases were selected and analyzed.

Tumor DNA Extraction

Using laser-microdissection (PALM Microbeam System,
Carl Zeiss Microlmaging GmbH, Jena Germany) tumor
cells were collected from formalin-fixed paraffin-
embedded tissue and DNA extracted by an automated
system (Maxwell 16, Promega, Madison, WI, USA) using
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the Maxwell 16 FFPE Tissue LEV DNA Purification Kit
(Promega) according to manufacturer protocol.

Somatic Point Mutation Analysis

All three exons of the VHL gene, all eight exons of the
SDHB gene, all six exons of the SDHC gene, all four exons
of'the SDHD gene and exons 10, 11, and 13 of the RET gene
were amplified by polymerase chain reaction (PCR) using
the HotStar Tag DNA polymerase (Qiagen, Hilden, Germany).
PCR reaction conditions are available upon request. Every
amplicon was analyzed by direct sequencing with the
ABI3130 sequencing analyzer according to manufacturer
recommendations.

Loss of Heterozygosity Analysis

Tumor DNAwas extracted as described above. Additionally,
DNA from whole-blood leukocytes was extracted using
standard procedures. One case with a RET germline mutation
was excluded since no blood leukocyte DNA could be
obtained. The 27 remaining blood tumor pairs were geno-
typed for the regions of the VHL gene, the SDHB gene, the
SDHC gene, and the SDHD gene using 20 polymorphic
microsatellite markers. All the markers were chosen in the
close proximity of the studied genes. For primers and the
PCR protocols see Electronic Supplementary Material
Tables 1 and 2. The PCR products were run on a MegaBACE
500 (GE Healthcare, Pittsburgh, PA, USA) and evaluated
with the MegaBACE Genetic Profiler Software Version 2.2
(GE Healthcare). Only polymorphic markers for which the
patient has two distinct alleles were possible to determine the
presence of an LOH. The latter was defined as a reduction of
at least 50 % in peak size in tumor DNA compared to leuko-
cytes DNA (Fig. 1). If the studied polymorphic marker was
homozygote in the given patient, it was classified as “non-
informative” for the analysis. A gene allele was considered
lost if LOH of markers flanking both sides of the gene was
identified.

Statistic Analysis

The Yates-corrected chi-squared test was used for compar-
ison of the clinical data, in particular sex, age at presenta-
tion, adrenal or extra-adrenal tumor localization, tumor
numbers at presentation, tumor biology (benign or malig-
nant) and patient's molecular characterization (germline mu-
tation screening), and the results of the molecular-genetic
analysis in the tumor specimens using the SYSTAT 10
Software. In order to exclude a potential bias of the germline
effect in the comparison of somatic mutations and clinical
features, we excluded from each analysis the group of
tumors with the same germline mutation as the analyzed
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Table 2 Correlation of germline mutations and somatic mutations

Somatic mutation VHL

Somatic mutation SDHB

Somatic mutation SDHC

Somatic mutation SDHD

Germline  Yes  Percentage of p Yes  Percentage of p Yes  Percentage of  p- Yes  Percentage of p
mutation total value total value total Wert total value
informative informative informative informative
cases (%) cases (%) cases (%) cases (%)
VHL - - - 2 25 0.045 6 75 1.0 5 63 1.0
SDHB 1 25 0.348 - - 4 80 1.0 2 100 0.838
SDHD 1 33 0.778 2 50 4 100 0451 - - -
RET 0 0 0.881 0 - 1 50 1.0 1 100 1.0
Sporadic 6 100 0.024 7 100 0.018 3 43 0.127 3 60 1.0
Total 8 62 11 58 18 69 11 69

In “bold” are indicated the statistically significant values (p<0.05)

somatic mutation when present, e.g., we excluded all the
VHL tumors when comparing the clinical data and somatic
VHL mutations. P values of <0.05 were considered as
significant.

Approval and Consent

The study design was approved by the ethical committee of
the University Medical Center of Freiburg. All patients
signed an informed consent form for participation with the
Registry and molecular genetic analysis.

Results

The molecular-genetic characterization and clinical data of
the patients as well as the results of the tumor DNA analysis
(somatic mutations) are shown in Table 1. If not clearly
specified, we use the term somatic mutation for both somatic

WA /l = O ;
145 10 185
145 130 155

Fig. 1 LOH of Marker D3S1335 in patient number 24. On the above
panel the analysis of the tumor DNA is shown, one allele with size 148
is represented with corresponding stutter bands, whilst the lower panel
represents the germline DNA with both alleles, sizes 148 and 152 with
corresponding stutted bands, confirming the loss of allele 152 in the
tumor DNA
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point mutations as well as presence of LOH. Briefly, 28 tumor
specimens from 28 unrelated patients were included in the
study. In total, there were 15 male and 13 females patients
with age at surgery spanning from 14 to 70 years (median
36.9 years). Regarding the tumor localization, 23 were local-
ized in the adrenal glands and 5 were of extra-adrenal local-
ization, the latter exclusively representing the SDHB mutated
tumors. Twelve tumors were multiple and three were
malignant.

Considering only the informative cases the inactivation
of the second allele among the hereditary tumors could be
identified in six of seven VHL-mutated tumors, four of five
SDHB-mutated tumors and two of four SDHD-mutated
tumors. In the hereditary tumors, no somatic point mutations
could be identified as second allele inactivating event. In
contrast, one somatic point mutation (SDHD c. 341 A>QG)
was detected in a sporadic tumor.

The prevalence of somatic mutations (LOH and point
mutations) in syndromic and sporadic tumors as well as the
comparison of the clinical characteristics and identified
somatic mutations is represented in the Tables 2 and 3.
Statistically significant were the high prevalence of somatic
VHL (six of six informative cases) and SDHB (seven of seven
informative cases) mutations in the sporadic form, as well as
the low prevalence of the VHL somatic mutations (two of
eight informative cases) in the SDHB-mutated tumors. Among
the clinical characteristics studied and somatic mutations
identified only the presence of a single tumor at presentation
was statistically significant associated with the presence of
SDHB somatic mutation.

Discussion

Regarding prevalence of second allele inactivation in the
hereditary tumors, we were able to identify a LOH in 83 %
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Table 3 Clinical Characteristics and Somatic Mutations

Somatic variant ~ Sex Age (years) Localisation Multiple Biology

m f pvalue <30 >30 pvalue a ea pvalue yes no pvalue benign malignant p value
VHL 3 5 0.589 2 6 1.0 7 1 0.348 1 7 0.348 7 1 1.0
SDHB 7 0.508 3 8 0.111 11 0 0491 1 10 0.014 11 0 0.491
SDHC 117 0.706 11 7 0.097 14 4 1.0 8 10 0.156 16 2 1.0
SDHD 4 7 1.0 4 7 0.734 9 2 0.838 5 6 1.0 10 1 1.0

m male, f female, a adrenal located pheochromocytoma, ea extra-adrenal abdominal or thoracic pheochromocytomas

In “bold” are indicated the statistically significant values (p<0.05)

of VHL informative tumors, 80 % in the SDHB, and
50 % of the informative and total analyzed cases in the
SDHD tumor specimens. In all these cases, the loss of
the wild-type allele could be confirmed by direct
sequencing. Except for the SDHD patients, where we
found cases without inactivated second allele, our data
are similar to the data published so far. However, the
Knudson two hit model is of value for the latter patients
is unclear. Whether methylation of the wild-type SDHD
allele or inactivation of other genes or regions plays a
role in SDHD-associated tumors is still matter of debate,
as it is also the particular inheritance pattern in these
patients [23, 24].

Only one-point mutation (SDHD c. 341 A>G) could
be identified in the tumor DNA. Interestingly, this variant
identified in a sporadic patient previously has already
been identified in an analysis of sporadic tumors [25].
Further to note is that among the analyzed tumor speci-
mens, a significant high prevalence of VHL (6/6 infor-
mative cases; p=0.024) and SDHB (7/7 informative case;
p=0.018) LOH has been identified in the sporadic group
compared to all others. A comparison with so far pub-
lished data is difficult since in the majority of the pub-
lished cases the patients were not completely molecular-
genetically characterized for the pheochromocytoma-
susceptibility genes. However, in more recent studies,
the prevalence of SDHB LOH spans from 35-63 %,
whilst no recent analysis has been performed for the
VHL Locus [16, 17, 19, 20]. If confirmed in larger
studies, these results might verify the importance of these
genes and gene loci also for the sporadic forms of tumor
development. To note is also that compared to all others,
in the group of the VHL tumors the SDHB somatic
events were significantly lower (2/6 informative cases;
p=0.045), and even if not statistically significant a lower
percentage of VHL somatic mutations (1/4, informative
cases) was noted in the SDHB group. Whether this
somatic event might play a role and correlates with the
recently published different transcriptional profiling

between the SDHB and VHL pheochromocytoma is un-
clear, but might become of interest if in the future these
pathways will be targeted in therapy strategies, as an easy
available and efficient tool in the tumor assessment [26].

Among the clinical data analyzed in our series, the only
clinical feature significantly correlating with a somatic mu-
tation was the presence of single tumor at presentation and
the SDHB somatic mutation (p=0.014). Therefore, no clin-
ical implications of somatic mutation testing in the tumor
specimens might be recommended (Table 3).

Interestingly, in our series in 18/19 (95 %) of cases we
were able to demonstrate the presence of at least two con-
comitant affected susceptibility genes. A similar finding has
been previously described in the MEN2 pheochromocyto-
mas, where a LOH of the VHL gene could be identified in
the tumor specimens [27]. However, whether these findings
are incidental due to the general chromosomal instability of
tumor DNA or are indicating a potential pathogenetic role of
different susceptibility genes in the development of heredi-
tary as well as sporadic tumors merits to be clarified in
larger genome-wide analysis of tumor specimens.

In summary, in our analysis for LOH and point
somatic mutations of the pheochromocytoma susceptibil-
ity genes we were able to demonstrate that these genes
have an essential role in the hereditary forms of tumor
development as well as a potential role in the develop-
ment of sporadic pheochromocytomas. There is current-
ly no impact on performing these analyses in the
routine clinical setting. Further, LOH or point mutations
in at least two different susceptibility genes merit fur-
ther investigations of a possible “multi-hits” mechanism
within the known susceptibility genes for the develop-
ment of hereditary and sporadic pheochromocytomas.
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