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Summary and conclusions

In the current thesis, we evaluated the clinical characteristics of SDHx mutation carriers,
described genotype-phenotype correlations, assessed which (nonparaganglionic) tumors
can also be linked to SDHx mutations and reviewed various treatment options for malignant
pheochromocytoma (PCC)/paraganglioma (PGL).

Mutations in any one of the genes encoding succinate dehydrogenase (SDH) complex
subunits or co-factors (SDHA, SDHB, SDHC, SDHD, and SDHAF2) can lead to formation of
hereditary PGL syndromes. Mutations in SDHB and SDHD are generally the most common.
In the Netherlands, the majority of the SDH mutation carriers harbor one specific mutation
of SDHD, the c274G>T, pAsp92Tyr.? SDHB mutations are less common, but the majority
of SDHB mutation carriers also harbor known Dutch founder mutations, specifically the
c423+1G>A mutation or the exon 3 deletion, ¢.201-4429_287-933del." The reported
penetrance of SDHB mutations (26-75%) is lower than the penetrance of SDHD or SDHAF2
mutations (88-100% and 87-100%, respectively).'? In chapter 2, an extended family with
a founder exon 3 deletion in the SDHB gene was studied. From the 17 mutation carriers,
6 were clinically affected PGL patients. The calculated penetrance in this study was 9% at
50 years. The lower penetrance found in this study might reflect a clinical characteristic
of this specific Dutch SDHB founder mutation, or the influence of a shared genetic or
environmental modifier of penetrance in this family. However, it might also reflect an
overestimation of SDHB-linked penetrance in the literature due to various forms of bias. In
the literature, penetrance calculations are prone to overestimation because of the limited
inclusion of unaffected mutation carriers and because the mutation carriers are identified
via index patients. This might give a higher chance of selecting other mutation carriers
with the disease (ascertainment bias). We included a relatively large number of unaffected
mutation carriers and corrected for ascertainment bias. Also we excluded the index patient
from the calculations. This resulted in reduced estimates of SDHB-linked penetrance and
might be very important in the (genetic) counseling of SDHB-linked patients.

In chapter 3, we determined phenotypical characteristics of a large Dutch cohort of SDHB
mutation carriers and assessed differences in clinical phenotypes related to specific SDHB
mutations. We conducted a retrospective descriptive study in seven academic centers and
included 196 SDHB mutation carriers. The study contained 65 (33.2%) index patients and
131 (66.8%) relatives. Fifty-four mutation carriers (27.6%) had one or multiple head and neck
PGLs (HNPGLs), 4 (2.0%) had a PCC and 26 (13.3%) had one or more sympathetic PGLs. The
figures for PCC en sPGL we found in our study were lower than that reported in previous
studies that have assessed clinical characteristics in SDHB mutation carriers.>”'3'* Because
we included a large number of unaffected mutation carriers, ascertainment bias might
play only a minor role. Furthermore, percentages mentioned in previous studies took into
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Chapter 8

account only disease-affected subjects. However, if we excluded all unaffected mutation
carriers from our cohort, we still found lower figures for PCC and sPGL.

The frequency we found for HNPGLs (27.6%) was relatively high compared with other studies
(6-31%)>""3*, and when we excluded all unaffected mutation carriers, our prevalence was
as high as 65.1%. This might in part be explained by the observation that in our study the
proportion of HNPGL patients with a positive family history (i.e. non-index HNPGL patients)
is 29-6% (16/54). The large majority of these patients had no symptoms and had not yet
come to medical attention. The genetic testing of relatives and structured follow-up
protocols of persons with a SDHB mutation in the Netherlands identifies a relatively high
number of asymptomatic mutation carriers, with or without tumors, allowing for a more
accurate representation of the phenotype of SDHB mutation carriers.

Only 15 patients (7.7%) developed a malignant PGL and 17 patients (8.7%) developed non-
paraganglionic tumors, including 5 renal cell carcinomas (RCCs) and 2 gastric gastrointestinal
stromal tumors (GIST).

Statistical analyses showed no significant differences in the number and location of HNPGLs,
sPGLs or PCC, nor in the occurrence of malignant disease or other tumors between carriers
of the two founder SDHB mutations (exon 3 deletion versus c.423+1G>A).

This study underlines the importance of the inclusion of unaffected identified carriers in
studies that assess phenotypes of germline mutations. The results from this study are
important to consider in the clinical management and genetic counseling of families with
PCC/PGL syndromes. Including unaffected carriers provides a more accurate insight into
the spectrum of disease.

In chapter 4 we investigated which nonparaganglionic tumors belong to the SDH-
associated tumor spectrum. If mutations occur in the SDHA, SDHB, SDHC, SDHD, or SDHAF2
genes with corresponding loss of the wild-type allele or a second inactivating mutation,
SDHB immunohistochemical staining will become negative.”® This negative staining for
SDHB is now a validated and highly sensitive marker for germline mutations of any of the
SDH subunits and is a broadly accepted indication of pathogenicity of an SDH mutation.'
In addition, SDHA immunohistochemistry is a proven marker for SDHA mutations,
showing loss of immunoreactivity exclusively in SDHA-mutated tumors.” We analyzed 35
nonparaganglionic tumors from 26 SDH mutation carriers. Eight tumors showed negative
staining for SDHB and positive staining for SDHA: a pancreatic neuroendocrine tumor
(NET), a macroprolactinoma, two gastric GISTs, an abdominal ganglioneuroma, and three
RCCs. A prolactinoma in a patient with a germline SDHA mutation was the only tumor
immunonegative for both SDHA and SDHB. Sanger sequencing of this tumor revealed a
somatic mutation (p.D38V) as a likely second hit leading to biallelic inactivation of SDHA. Our
study strengthens the etiological association of SDH genes with pituitary neoplasia, renal
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tumorigenesis, and gastric GISTs. Furthermore, our results indicate that pancreatic NET also
falls within the SDH-related tumor spectrum. Our report was the first report of an association
between a germline SDHD mutation and pancreatic NET. This finding might have potential
implications for the surveillance of patients with a germline SDHD mutation, because in the
existing surveillance protocol, abdominal imaging is only advised when there is evidence
of catecholamine excess. It might be advisable to amend surveillance protocols, with the
addition of standard abdominal imaging studies. However, the occurrence rate in our study
was rare, and further studies are needed to definitely amend surveillance protocols.

Paragangliomas in the head and neck region can arise from the carotid body, vagal body,
or jugulotympanic tissue (i.e. paraganglioma of the temporal bone). Due to their location
in close proximity to important neurovascular structures, tumor growth may lead to serious
morbidity and cranial nerve impairment. With removal of these tumors, branches of the
carotid sinus nerves may not be spared. Bilateral carotid body tumor resection (bCBR) may
thus result in arterial baroreflex dysfunction. In chapter 5 we investigated the role of the
baroreflex during sleep. We found that bCBR was associated with decreased low frequency
power during sleep, suggesting impaired baroreflex function. The effect of sleep on heart
rate was similar in bCBR patients and their matched controls, suggesting that the sleep-
related heart rate decrease primarily results from non-baroreflex mediated pathways.

The risk of malignant transformation is 10% for PCC and 10-20% for extra-adrenal non-
HNPGLs."” Treatment of malignant disease remains basically palliative. Radionuclide therapy
using "'-MIBG has been investigated in several studies, however, with varying success
rates. Because the precise effect of *'I-MIBG therapy for the treatment of malignant PCC/
PGL remained unclear, we performed a systematic review and meta-analysis. The results of
this meta-analysis assessing the effects of "*'I-MIBG therapy on tumor volume in patients
with malignant PCC/PGL are reported in chapter 6. We included 17 studies in our meta-
analysis, with a total of 243 patients. We showed that stable disease following "*'I-MIBG
therapy could be achieved in 52% of the patients and a partial hormonal response in 40%.
Reported 5-year survival rates were 45% and 64% and mean progression-free survival
times 23-1 and 28-5 months. The most frequent side effect was haematologic toxicity. In
the included studies, the protocol when to initiate treatment differed widely. Many of the
studies included patients irrespective of evidence of progressive disease. Therefore it might
be possible that stable disease is not merely a therapy effect, but also a reflection of the
natural course of the disease, with slow progression in a subset of patients.

Chemotherapy is another treatment option for patients with malignant PCC/PGL.
Combination chemotherapy of cyclophosphamide, vincristine and dacarbazine (CVD) was
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introducedin 1985 by Keiseretal.'® Ameta-analysis assessing the effect of CVD chemotherapy
has never been performed. Therefore, in chapter 7, we performed a systematic review
and meta-analysis addressing this effect. We included four studies concerning a total of
50 patients with malignant PCC/PGL. The meta-analysis of the effect of chemotherapy on
tumor volume showed pooled percentages of complete response, partial response and
stable disease of respectively 4% (95% Cl: 1%-15%), 37% (95% Cl: 25%-51%) and 14% (95%
Cl: 7%-27%). Only two studies concerning a total of 35 patients assessed the response
on catecholamine excess; pooled percentages for complete, partial and stable hormonal
response were 14% (95% Cl: 6%-30%), 40% (95% Cl: 25%-57%) and 20% (95% Cl: 10%-36%),
respectively. In the included studies, the protocol when to initiate treatment was not well
described. Therefore it might be possible that the reported effect of chemotherapy on
tumor volume reflects the natural course of the disease, at least partially.

Conclusions
The findings of this thesis can be summarized in the following conclusions:

1. The penetrance of the germline exon 3 SDHB mutation might be lower than previously
described.

2. The inclusion of unaffected identified carriers in studies that assess phenotypes of
germline mutations is very important to provide a more accurate insight into the
spectrum and penetrance of disease.

3. The pancreatic NET is a new component of the SDH-related tumor spectrum. This
might have potential implications for the surveillance of patients with a SDHD mutation,
because at the moment abdominal imaging is not a standard part of the surveillance
protocol.

4. After bilateral carotid body tumor resection, patients exhibit baroreflex dysfunction.
Sleep-related heart rate changes are similar between bCBR patients and controls,
suggesting that the effects of sleep on heart rate are predominantly generated through
central, non-baroreflex mediated pathways.

5. In patients with malignant PCC/PGL, concerning tumor volume, stable disease following
3'-MIBG therapy can be achieved in 52% of the patients and a partial hormonal response
in 40%.

6. With CVD chemotherapy, a partial response concerning tumor volume can be
achieved in about 37% of patients with malignant PCC/PGL and a partial response on
catecholamine excess in about 40% of patients.
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