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Chapter 1

1.1 The paraganglion system

Paraganglia are small clusters of chromaffin cells that originate from neuroectodermal tissue of the
neural crest. The paraganglion system encompasses the sympathetic paraganglia and the
parasympathetic paraganglia (1). The sympathetic paraganglia are found from the level of the
superior cervical ganglion, descending the sympathetic trunk to the pelvis (Figure 1A), and include
the organs of Zuckerkandl and the celiac, renal, suprarenal and hypogastric plexuses. The organs of
Zuckerkandl are the main source of catecholamines in the early gestational period and they normally
start to regress in the third trimester, being subsequently replaced by the largest paraganglion in the
body, the adrenal medulla, which is the main source of catecholamines in adults (2). The
parasympathetic paraganglia are localized almost exclusively in the head and neck along the
branches of the glossopharyngeal and vagus nerves (Figure 1B). The most prominent
parasympathetic paraganglia are the carotid bodies, found at the carotid bifurcation, which function
as sensitive chemoreceptors of arterial carbon dioxide and oxygen levels, and of arterial pH. The
carotid bodies respond by rapidly increasing breathing and blood pressure, thus maintaining normal
oxygen tension (3).

R

Figure 1. Paraganglion system (adapted from (4). Paraganglia associated with the (A) sympathetic nervous
system and the (B) parasympathetic nervous system. APP: aorticopulmonary paraganglia, CBP: carotid body
paraganglion, VP: vagal paraganglia, JTP: jugulotympanic paraganglia.

Histology

Microscopically, the normal paraganglion is organized into typical cell nests (“Zellballen”),
characterized by clusters of neuroendocrine cells, referred to as ‘chief’ or ‘type 1’ cells, that are
partially or completely surrounded by ‘sustentacular’ or ‘type 2’ cells, a glial-like cell (Figure 2). These
cell nests are separated by fibrovascular stroma. The chief cells are polygonal cells with abundant
cytoplasm and have numerous membrane-bound, electron-dense granules that contain
catecholamines. Chief cells can be distinguished immunohistochemically by expression of
chromogranin A, neuron specific enolase and synaptophysin, whereas sustentacular cells express the
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S-100 and glial fibrillary acidic proteins (GFAP). Sustentacular cells have a more flattened, elongated
morphology, with less cytoplasm and an absence of granules (5).

Chief cells

Sustentacular cells

Figure 2. Hematoxylin and eosin (HE) stained carotid body paraganglioma tissue displaying the characteristic
Zellballen pattern, with the sustentacular cells surrounding the chief cells.

1.2 Paragangliomas and pheochromocytomas

Paragangliomas (PGLs) and pheochromocytomas (PCCs) are neuroendocrine tumors that originate
from both the sympathetic and parasympathetic branches of the autonomic nervous system.
Parasympathetic PGLs usually occur in the head and neck region, most commonly in the carotid body
at the bifurcation of the carotid artery. PGLs of the head and neck are highly vascular, with generally
very slow growth and only rarely develop metastases (6). Strikingly, the architecture of the normal
paraganglia, the characteristic zellballen pattern, is usually maintained in the tumor (Figure 2). The
chief cells have been demonstrated to be the tumorigenic component, apparently driving the
expansion of other non-transformed cell populations such as the sustentacular cells, resulting in a
very heterogeneous tumor (7).

Extra-adrenal (EA) PGLs and PCCs are tumors associated with the sympathetic nervous system. EA
PGLs can develop from the neck to the pelvic floor in any of the sympathetic paraganglia, occurring
most frequently in the abdomen and pelvis and less frequently in the thorax. PCCs are derived from
the chromaffin cells of the adrenal medulla (8). In contrast to head and neck PGLs, abdominal PGLs
show relatively frequent malignancy and patients with malignant tumors have an estimated 5-year
survival of 34—60% (9). PCCs of the adrenal medulla rarely metastasize but are clinically important
due to the potentially life-threatening hypertensive crises that may result from the excessive
production and secretion of catecholamines.

Incidence

Both parasympathetic and sympathetic paragangliomas are rare. Estimates of the overall incidence
of head and neck PGLs range from 1 in 30.000 to 1 in 100.000, with carotid body tumors making up
nearly 60% of cases, followed by jugular PGLs (23%), vagal PGLs (13%), and tympanicum PGLs (6%)
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(10). However, as obtaining reliable figures for paraganglioma incidence has received little attention,
it is likely that current estimates underrate true incidences. In necropsy studies, incidences of
1:3.860 to 1:13.400 were reported for carotid body PGLs (11). The population-based clinical
incidence of PCCs per year has been estimated to be 1:200.000 (5;12;13). Although tumors may
occur in all age groups, age-related incidence is highest between 40 and 50 years, with an
approximately equal sex distribution (14;15).

Clinical presentation

Head and neck PGLs range in spectrum from small lesions to large unresectable masses and may
remain clinically silent for years due to the slow growth rate (6). Their location in close proximity to
nerves and vascular structures can lead to compression or infiltration of the adjacent structures,
causing symptoms such as dysphagia, hearing loss, tinnitus, and cranial nerve palsies. Carotid body
tumors usually present as a painless cervical mass. The majority of head and neck PGLs do not
secrete catecholamines (up to 70%—95%) and are therefore mostly discovered by anatomical and
functional imaging (16). Patients with sympathetic PGLs present with symptoms and signs of
catecholamine excess including headache, palpitation, perspiration, pallor, and hypertension.
Catecholamine secreting tumors can be distinguished from head and neck PGLs through the
evaluation of the urine or plasma concentrations of metanephrine and normetanephrine,
metabolites of catecholamines, which are rarely elevated in head and neck PGLs (17).

Treatment

Treatment strategies for head and neck PGLs include watchful waiting, surgery and radiotherapy. As
most tumors grow slowly, a wait-and-scan option is often advised. No intervention is performed and
tumor growth is monitored regularly with repeated MRI. However, the obvious benefits of surgery
include the reduction or removal of the tumor mass and the prevention of tumor progression to
malignancy. Due to the highly vascularized nature of head and neck PGLs and the characteristic
involvement with the carotid artery, the jugular vein, multiple cranial nerves, and/or the skull base,
there is a real risk of surgical complications. Moreover, the rate of surgical complications increases
with the size of the tumor (18). Preoperative embolization may simplify the surgical procedure and
reduce blood loss but does not decrease rates of cranial nerve damage (19). While most head and
neck PGLs are benign, some PGLs can metastasize to cervical lymph nodes or systemic regions
including bone, lung and liver (20). Complete surgical resection of the primary tumor and the
regional lymph nodes is the strategy of choice for malignant head and neck PGLs. Postoperative
radiation may be beneficial in slowing the progression of residual disease (20). The third treatment
option is radiotherapy, which can result in local tumor control of head and neck PGLs and sometimes
regression through the generation of fibrosis and vascular sclerosis (21). Stereotactic radiosurgery,
the most spatially precise form of therapeutic radiation, has been shown to be highly effective in
terms of tumor control and symptom relief (22;23). However, long-term negative effects of
radiotherapy include possible recurrences and potential induction of malignancy.

10
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Surgical treatment is the primary strategy for EA PGLs and PCCs, where adequate peri-operative
treatment is mandatory to minimize surgical complications (hypertensive crisis and arrhythmias)
(24). There is currently no effective treatment for malignant EA PGLs and PCCs, and different
treatment strategies result in quite variable and site-specific outcomes (24). Therefore, the optimal
choice of treatment for both parasympathetic and sympathetic PGLs and PCCs often unclear and
must be evaluated in relation to tumor growth velocity, biological activity of the tumor, patient age,
tumor size and site, malignancy, and potential for treatment-related morbidity.

1.3 Genetics of paragangliomas

Paragangliomas and pheochromocytomas can occur both sporadically and in the context of
hereditary syndromes. Historically, PCCs were considered to have a syndromic presentation in about
10% of cases, as part of the neurofibromatosis type 1 (caused by mutations in the NF1 gene),
multiple endocrine neoplasia type 2 (due to activating RET mutations) or von Hippel Lindau
(associated with mutations in VHL gene) syndromes (25). Today, approximately 40% of PGLs and
PCCs are associated with a germline mutation in one of at least 15 genes (Table 1) (26). These genes
belong to a wide range of functional categories that include kinase receptors (RET), regulators of
signaling (NF1), hypoxia-related factors (VHL, HIF2A; also known as EPAS1, PHD2), enzymes involved
in energy metabolism (SDHA, SDHB, SDHC, SDHD, SDHAF2, FH, MDH?2), endosomal signaling factors
(TMEM127), vesicle transport/apoptosis (KIF1B), and transcription factors (MAX).

Major advances in genomic analyses have allowed studies that identified somatic mutations in the
RET, VHL, NF1, MAX, HIF2A and HRAS genes (Table 1) in up to 30% of PGLs/PCCs (26). Recently,
somatic mutations of ATRX, TP53, CDKN2A, MET, CDH1, GNAS, and FHIT have been identified in a
subset of PGL/PCC patients by whole exome sequencing (27;28). However, the precise role of these
genes in PGL/PCC tumor development has yet to be established.
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Table 1. Summary of PGL/PCC susceptibility genes and the clinical presentation

Localization

Gene Locus Mutation  Malignant  HNPGL EA-  Multiple PCC Bilate- Related
type PGL/PCC PGL PGL ral conditions
PCC
SDHA 5p15 Germline - + + - - - Leigh
syndrome,
GIST, PA
SDHB 1p36 Germline  +++ ++ +++ o+ ++ + GIST, RCC, PA
SDHC 1923 Germline  + ++ + + + - GIST, RCC
SDHD 11923  Germline  + 4+ + + - GIST, PA
SDHAF2 11912 Germline - +++ - ++ - - -
VHL 3p25 Germline, + Rare + + ++ +++ VHL
somatic
NF1 17911  Germline, + - + - + - NF1
somatic
RET 10911  Germline, + Very - - ++ ++ MEN2
somatic rare
TMEM127 2ql1 Germline  +/- Very +/-  +/- +++ o+ -
rare
MAX 14923 Germline, + - - - ++ ++ -
somatic
FH 1943 Germline  + + + + + - Uterine
leiomyoma
HIF2A 2p21 Germline, - - + + + - Polycythemia
somatic and somato-
statinoma
PHD2 1942 Germline  + - + + + - Polycythemia
and erythro-
cytosis
MDH2 7q11 Germline  + - + + N - -
KIF1B 1p36 Germline, - - - - ++ + Neuroblasto-
somatic ma, ganglio-
neuroma
HRAS 11p15  Somatic - - + - ++ - -

+ present, - absent

PGL: paraganglioma, PCC: pheochromocytoma, HNPGL: head and neck paraganglioma, EA PGL: extra-adrenal
paraganglioma, AD: autosomal dominant, ADPI: autosomal dominant paternal inheritance, GIST:
gastrointestinal stromal tumor, RCC: renal cell carcinoma, PA: pituitary adenoma, VHL: von Hippel Lindau, NF1:
neurofibromatosis type 1, MEN2: multiple endocrine neoplasia type 2

The succinate dehydrogenase genes

Hereditary paraganglioma-pheochromocytoma syndromes are associated with germline mutations
in succinate dehydrogenase (SDH) complex genes, including SDHD (PGL1), SDHAF2 (PGL2), SDHC

12
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(PGL3), and SDHB (PGL4) (29-32). SDH is a heterotetramer consisting of two soluble proteins, a
flavoprotein (encoded by SDHA) and an iron—sulfur protein (SDHB), which together form the
catalytic subunit, while subunits encoded by SDHC and SDHD anchor the complex in the inner
mitochondrial membrane and bind ubiquinone. Succinate dehydrogenase complex assembly factor 2
(SDHAF2) encodes a protein involved in complex assembly. Biochemical analyses have demonstrated
that mutations in each of these subunits or assembly factor results in the loss of a functional enzyme
complex (26).

SDHD

The identification of SDHD (located on chromosome 11g23) demonstrated for the first time that
mitochondrial proteins involved in intermediary metabolism could act as tumor suppressors (30).
Germline mutations in SDHD generally result in benign head and neck PGLs but are also associated
with EA PGLs and PCCs (Table 1) (33). Metastatic disease is rare (0-10%). PGL1 is the autosomal
dominant syndrome caused by mutation in the SDHD gene. Carriers of SDHD mutations have a very
high propensity for tumor development (penetrance) upon paternal transmission, variously
estimated at 87-100%, although not all carriers will develop overt clinical symptoms or even be
aware of their tumor (34-36). In the Netherlands, the majority of mutation-positive patients with
head and neck PGL are explained by the Dutch SDHD founder mutations p.Asp92Tyr and
p.Leul39Pro (37;38).

SDHB

The SDHB gene (located on chromosome 1p36) is the most commonly mutated of all the SDH-
related genes and SDHB mutation carriers may develop EA PGLs, PCCs or head and neck PGLs (Table
1) (15;29). Mutations in the SDHB gene cause an autosomal dominant syndrome with incomplete
penetrance (PGL4). Around 20% of SDHB mutation carriers will develop metastatic disease (15;34).
SDHB mutations tend to show low penetrance and only 25-40% of all carriers will eventually develop
a tumor (39;40), suggesting that many carriers go undetected. This is reflected in the apparently
sporadic presentation of many patients, with further investigation of family members often
revealing germline mutations in asymptomatic carriers, many of whom remain tumor-free to
advanced age. Two founder mutations in SDHB have been identified in Dutch PGL families, the SDHB
exon 3 deletion and the c.423+1G>A splicesite mutation (41;42).

SDHC

Despite the close physical interaction of the SDHC and SDHD proteins, PGLs due to SDHC mutations
are far less common than SDHD-related PGLs. Although the number of SDHC-related patients is still
insufficient to allow firm conclusions to be drawn, the penetrance of SDHC mutations appears to be
low, more closely reflecting that of SDHB than SDHD. Similar to SDHB, SDHC is located on
chromosome 1 (1g23). The clinical expression of SDHC mutations appears to be comparable to that
of SDHD, with most patients showing primarily head and neck PGLs, although some EA PGLs have
been reported (Table 1) (43). The average age at diagnosis is 38-46 years (44). In the Netherlands,
SDHC mutations represent only 0.3% of all mutations found in SDH-related genes (37).

13
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SDHA

Mutations in SDHA were originally described as a cause of Leigh syndrome, a rare mitochondrial
deficiency resulting in encephalopathy, myopathy, developmental retardation, loss of vision, loss of
hearing, and a limited life expectancy (45). The identification of mutations of complex Il in hereditary
paraganglioma—pheochromocytoma syndrome immediately implied a role for the major catalytic
subunit, SDHA, located on chromosome 5p15. In 2010, a heterozygous SDHA germline mutation was
identified in a patient with abdominal PGL (46). SDHA germline mutations have been convincingly
associated with disease through biochemical analysis, and found in at least 3% of patients affected
by apparently sporadic head and neck PGLs and PCCs (Table 1), but the same mutations have been
found at a relatively high frequency in healthy controls (0.5%) (47). This suggests that SDHA
mutations may show extremely low penetrance, with most mutation carriers escaping the
development of clinical symptoms (47). SDHA is the most stable of the SDH proteins when soluble
and also appears to be a component of a mitochondrial ATP-sensitive potassium channel (48). This
additional function could be an explanation for the rarity of mutations if maintenance of this
complex is essential for cell viability, although this supposition is challenged by the existence of Leigh
syndrome patients with homozygous SDHA mutations. However, in patients with Leigh syndrome,
considerable residual cytoplasmic SDHA immunostaining and activity can still be detected, indicating
that SDHA stability is affected but SDHA functionality is not completely lost (45). So another
explanation might be that mutations that eliminate all SDHA activity are incompatible with life.

An alternative, genetic explanation might be that the ‘second hit’, usually occurring via complete or
partial chromosomal loss, would result in the concomitant loss of essential genes in the proximity of
SDHA (46). If these genes are essential to cell viability, only very specific and rare molecular events
may be tolerated.

SDHAF2

SDHAF2, located on chromosome 11q13, encodes a gene for a novel protein that acts as an assembly
factor for the SDH complex, adding a flavin-adenine dinucleotide (FAD) prosthetic group to form a
catalytically active SDHA flavoprotein. SDHAF2 was shown to be essential for the correct flavination
of SDHA and function of the SDH complex (31). The first mutation identified in SDHAF2, a missense
variant c.232G>A (p.Gly78Arg), was identified in a large Dutch head and neck PGL kindred and was
shown to result in the loss of SDHA flavination and activity of the SDH complex (31). A follow-up
study in 443 PGL and PCC patients found no further mutations and demonstrated that SDHAF2
mutations make a very modest contribution to the overall genetic burden in these syndromes (49).
A notable characteristic of SDHAF2 mutations is the very high penetrance (50). Head and neck PGLs
occur in 70-91% carriers of paternally inherited mutations, occurring from a relatively young age
(earliest affected aged 22 years) and often multifocal, but with no reported cases of malignancy to
date (Table 1) (50). This high level of penetrance is reminiscent of SDHD, which also shows very high
penetrance compared to other SDH-related genes.

14
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Other PGL/PCC-associated genes
VHL

VHL is a tumor suppressor gene located on chromosome 3p25 and tumor formation occurs upon loss
of the wild type allele. Germline mutations in VHL predispose to von Hippel Lindau disease, a cancer
syndrome characterized by clear cell renal cell carcinomas, PCCs, PGLs and hemangioblastomas, as
well as cysts of the retina, cerebellum, kidney and pancreas (51). The incidence of the syndrome is 1
in 36.000 births (51;52). PCCs occur in approximately 20% of VHL mutant patients and may be one of
the earliest manifestations of the disease. The mean age of PCC presentation in VHL-related patients
is around 30 years-of-age and most PCCs are bilateral and multiple (Table 1). The rate of malignant
PCC in VHL disease is approximately 5% (51;52). VHL mutations in head and neck PGLs are rare and
are found in less than 1% of VHL cases (53).

NF1

The NF1 gene, located on 17q11, acts as a tumor suppressor gene and its main function is to
suppress cell proliferation by converting the RAS protein to an inactive form, thereby inhibiting the
oncogenic RAS/RAF/MAPK and the PI3Kinase/AKT/mTOR signaling pathways (54;55). Mutations in
NF1 lead to neurofibromatosis type 1, the most common tumor syndrome of the peripheral nervous
system, with an estimated prevalence of 1:3000 (56). This syndrome may also present with other
tumors such as gastrointestinal tumors, gliomas and myeloid leukemia. PCC arises in 0.1% to 5.7% of
NF1 mutant patients, although this tumor has been found at autopsy in 3.3-13.0% of NF1 mutant
patients (57). The mean age at presentation for PCC is 42 years, similar to the general population.
NF1-associated PCCs have a predominantly unilateral, intra-adrenal location, and NF1-associated
tumors are seldom PGLs (Table 1) (53). The malignancy rate for NF1-associated PCCs is
approximately 3% to 12% (58).

RET

Activating mutations in the RET proto-oncogene (located on 10gq11) cause multiple endocrine
neoplasia type 2 (MEN2), subtype A (MEN2A) and MEN2B. RET encodes a transmembrane receptor
tyrosine kinase predominantly expressed in neural crest cells and urogenital cells. The RET protein is
involved in the initiation of PI3Kinase/AKT/mTOR and RAS/RAF/MAPK intracellular pathways and
therefore drives cell growth, differentiation and survival (59). MEN2A is characterized by medullary
thyroid carcinoma, PCC and hyperparathyroidism, while MEN2B is associated with medullary thyroid
carcinoma, PCC, mucosal neuroma, and marfanoid habitus. The incidence of RET-associated MEN2
syndrome is 1:35.000 in the general population (51). About 30% to 50% of patients with MEN2
develop PCCs, and RET-associated PCCs are mostly bilateral (50% to 80%) and multifocal, though the
risk of malignancy is low (Table 1) (60;61). In MEN2, patients with PCCs usually present between the
ages of 30 and 40 years. PGL is reported to be rare in MEN2 (53).

TMEM127

Transmembrane protein 127 (TMEM127), located on chromosome 2q11, has been identified as a
PGL/PCC susceptibility gene. Truncating germline TMEM127 mutations comprised 30% of the 103
tested familial tumors (negative for all other PCC/PGL-related gene mutations) and about 3% of
apparently sporadic PCCs, with the wild type allele consistently deleted in tumor DNA (62).
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TMEM127 functions as a negative regulator of mTOR and in this way can modulate cellular growth,
angiogenesis and cell survival (62). Neumann et al. reported germline mutations of TMEM127 in 4%
(2/48) of patients with multiple PGLs and one patient had a bilateral carotid body tumor (Table 1)
(63). The prevalence of TMEM127 mutations in the overall PCC and PGL population seems to be low
(1-2%) (64;65). The mean age at presentation of TMEM127-related PCCs is 42-45 years and these
tumors have a low risk of malignancy (65;66).

MAX

MAX (chromosome 14qg23) is a basic helix-loop-helix transcription factor that forms a complex with
the important oncogene MYC. MAX is also found in repressor complexes with other transcription
factors, which effectively oppose the function of the MYC-MAX heterodimer. Germline loss-of-
function MAX mutations were identified by sequencing the entire exome of 3 unrelated patients
with a family history of PCC (Table 1) (67). Intriguingly, these patients exhibited a loss of
heterozygosity of the wild type allele that was shown to be dependent on uniparental disomy (in this
case duplication of the paternal chromosome). An additional 5 cases were identified in a follow-up
study (67), and in a study of 1694 PGLs and PCCs negative for mutations in other known genes
Burnichon et al. showed that germline mutations in MAX were responsible for 1.1% of cases (68).
Although the total number of patients identified is still limited, these studies showed exclusively
paternal transmission of MAX mutations in affected patients, with tumor formation absent in
individuals with maternally inherited mutations. In addition, it was shown that MAX is not imprinted
(67). These studies indicate that MAX mutations show a paternal bias, a pattern of transmission
analogous to that observed in the SDHD and SDHAF2 paraganglioma—pheochromocytoma
syndromes.

Inheritance

Paraganglioma—pheochromocytoma syndrome, with some notable exceptions, shows a classic
Mendelian pattern of dominant inheritance in families. However, as with other tumors associated
with tumor suppressor genes, at the cellular level tumor occurrence resembles a recessive disease
with predominantly adult onset. Mechanistically, an inherited mutation is initially functionally silent
and carriers are phenotypically normal at birth, but at some point a chance second mutation or loss
of the remaining normal allele occurs, and this so-called ‘second hit’ leads to the initiation and
growth of a tumor (26).

Although germline mutations in most of the PGL/PCC susceptibility genes lead to autosomal
dominant inheritance patterns of the disease in families, there are several prominent exceptions:
SDHD, SDHAF2 and MAX (Table 1). Gene mutations in SDHD, SDHAF2 and MAX show a parent-of-
origin effect whereby tumor formation occurs almost exclusively following paternal transmission of
the mutation (31;67;69). The failure of maternally transmitted mutations to initiate tumorigenesis
initially suggested that a maternally imprinted gene could be the underlying cause of the tumor (70).
However, biallelic expression of SDHD in multiple tissues and no imprinting of MAX has been
demonstrated (67;71). Although at present there is no explanation for the pattern of inheritance, it
is worth noting that chromosome 11 (SDHD and SDHAF2) and chromosome 14 (MAX) harbors
several imprinted genes.
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To date, three different models have sought to explain the striking inheritance pattern seen in SDHD
and SDHAF2-linked families. The ‘threshold model’ hypothesized by Muller assumes a “partial
inactivation” of the maternally derived copies of either SDHD or SDHAF2 and requires the existence
of an as yet purely theoretical mechanism of partial imprinting (72). The model proposes that partial
inactivation of the maternal allele, together with an inactivating mutation on the paternal allele,
results in a state in which some residual activity of SDH is maintained in cells with a paternally
derived mutation. This residual activity is sufficient to maintain normal function in paraganglia cells
over long periods (decades). Functionally, the model goes on to postulate that ongoing exposure to
elevated levels of ROS and succinate (both known to be elevated by SDH gene mutations), together
with chronic hypoxia, favor pathogenic processes and chromosomal nondisjunction. This results in
loss of maternal chromosome 11 and causes SDH activity to dip below a permissive threshold,
triggering the adult-onset of PGL tumorigenesis. Conversely, a maternally derived mutation does not
have a similarly deleterious effect because sufficient SDH activity and normal function is maintained
due to the activity of the paternally derived wild type SDHD allele (72).

Recently, two cases of maternal transmission of SDHD mutation resulting in head and neck PGL have
been described. Both cases showed somatic recombination of chromosome 11 in the tumor,
resulting in loss of the paternal wild type SDHD gene and the maternal 11p15 region (73;74), which
can’t be accommodated by Muller’s model.

An alternative model has been advanced by Baysal and colleagues (71). They focus on the idea that
tissue-specific hypermethylation at or near the SDHD locus determines the pattern of inheritance
(71). They identified several factors which collectively support imprinting within an alternative
promoter of a non-coding RNA sequence located at the boundary between the SDHD locus and a
flanking gene desert. However, RT-PCR and sequencing analyses to estimate allelic expression of the
non-coding RNA gene in seven fetuses showed biallelic expression in the adrenal gland, lung, kidney,
skin and brain tissues in six out of seven fetuses. In addition, no allelic imbalance was found for
SDHD. The authors also observed biallelic SDHD expression in non-paraganglioma tissues. These
data, together with the two PGL cases caused by maternal transmission of SDHD mutation, appear
to argue against the mechanism proposed by Baysal and colleagues (71). A further issue with the
Baysal model is that this elaborate genetic mechanism would need to be replicated at the SDHAF2
locus in order to explain the close similarities to SDHD in terms of inheritance, phenotype and
penetrance.

Hensen model

Against a background of theoretical models of direct maternal imprinting, an unexpected finding in
SDHD-linked PGLs was the frequent loss of the maternal copy of chromosome 11 (69). Although this
conforms to the Knudson two-hit model for tumor suppressor genes in which the remaining wild
type allele is lost early in tumorigenesis, it is counterintuitive if one assumes that imprinting
inactivates the maternal allele. The presence of a paternal parent-of-origin effect in SDHAF2-
associated PGL families, together with its absence in families caused by other SDH genes, again
argues that their physical location on chromosome 11 is an important factor in SDHD and SDHAF2-
related tumorigenesis. The role of chromosomal location, with the main cluster of human imprinted
genes located on the short arm of chromosome 11 (11p15), led to the development of an alternative
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hypothesis, now known as the ‘Hensen model’ (69). The Hensen model implies that loss of the
maternal copy of chromosome 11 in paraganglionic cells of individuals carrying a paternally-derived
mutation in SDHD or SDHAF2 not only completely inactivated wild type activity at these loci, but also
inactivated a critical maternally expressed, paternally imprinted gene in the 11p15 region (Figure 3).

a b c
M P P
& Tumorsuppressorgene
3 imprint
@ SDHD
WR Mutated SDHD
£2 Recombination
M Maternal allele
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M P

E

4 4 &

Tumor No tumor Tumor

Fig. 3. Hensen model explaining parent-of-origin transmission in SDHD-linked PGL/PCC. Maternal (white) and
paternal (gray) chromosomes 11 are depicted. (a) Paternal transmission of a SDHD mutation together with loss
of maternal chromosome 11 targets both the wild type maternal SDHD allele and a second tumor suppressor
gene, tumor formation is initiated. (b) In the case of transmission of a maternal SDHD mutation, followed by
loss of paternal chromosome 11, a second tumor suppressor gene is still present on the maternal chromosome
and tumor formation is suppressed. (c) Upon maternal transmission of a mutated SDHD gene, two events are
required for tumor development: mitotic recombination of the paternal wild type SDHD allele with a section of
the maternal chromosome containing a second tumor suppressor gene, followed by loss of the recombined
chromosome.

It is conceivable that the loss of an as yet unidentified locus (or loci) in 11p15 provides the necessary
conditions in which SDHD-null cells can foster tumor development. Several genes on chromosome
11 are known to be exclusively maternally expressed, including CDKN1C, KCNQ1, KCNQ1DN, ZNF215,
SLC22A18, PHLDA2, OSBPL5, and H19. Two particularly well-described genes in the chromosome
11p15.5 region are CDKN1C and H19, the expression of which is frequently deregulated in imprinting
disorders such as Beckwith—-Wiedemann Syndrome and Silver—Russell Syndrome (75). Although it
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has been shown that the loss of chromosome 11p does not occur in all SDH-related PGL/PCC, other
genetic and epigenetic mechanisms may result in functional loss of one or more genes in the 11p
region. It is interesting to note that chromosome 11p loss is also a prominent feature in VHL-related
PGL/PCC (27). If the loss of chromosome 11 is important for the development of all SDH-related
tumors, one prediction of the Hensen model is that mutations in SDHD and SDHAF2 will display
higher penetrance than mutations in SDHA, SDHB, or SDHC. Tumorigenesis in SDHD and SDHAF2
mutation carriers requires only a single somatic genetic event (chromosome 11 loss), as opposed to
the two events required in SDHA, SDHB, and SDHC mutation carriers (loss of the respective wild type
allele, together with independent loss of chromosome 11). This prediction appears to be borne out
by the wide difference in lifetime penetrance between mutations in SDHD (~90%) (35) and SDHAF2
(>95%) (50), compared to SDHB (~30%) (39;40;42), and SDHA and SDHC (both with unknown, but
probably very low, penetrance). Particularly striking is the contrast in penetrance between germline
mutations of SDHA, in which carriers appear to be sporadic cases, and its assembly factor, SDHAF2,
in which germline mutations have a clearly familial presentation and display almost full penetrance
in known pedigrees. As the role of SDHAF2 mutations in tumorigenesis is thought to be mediated
through the loss of SDHA, SDHA mutations could reasonably be expected to show a similar or even
higher penetrance.

However, the rarity of SDHA-related PGLs may be due to the relatively low frequency of the loss of
the chromosomal region containing the SDHA locus (5p15), compared with the 1p36 (SDHB), 11913
(SDHAF2) and 11923 (SDHD) loci that often show loss in tumor tissues (46). The role of
haploinsufficiency for individual components of SDH may also play a role, as a 50% reduction in
genetic content for the SDHB, SDHC, or SDHD genes results in no noticeable physiological
phenotype, while heterozygous mutations of SDHA, accompanied by reduced enzymatic activity, can
give rise to late-onset neurodegenerative diseases (76).

The Hensen model is also relevant to the rare cases in which maternal inheritance leads to tumor
development. Hensen and colleagues predicted that “when the SDHD mutation is maternally
transmitted, at least two events caused by different chromosomal mechanisms will be required. . .
namely loss of the paternal wild type SDHD allele by, for example, mitotic recombination, followed
by loss of the recombined paternal chromosome containing the paternal 11923 region and the
maternal 11p15 region” (69). This phenomenon has indeed been observed in at least two cases of
maternal inheritance (73;74). Both cases were patients with PCC, caused by a mutation in SDHD,
both inherited via the maternal line. Analysis of microsatellite markers revealed only partial loss of
the paternal chromosome, with loss of a significant proportion of the maternal chromosome 11
including the p arm and centromeric g arm. Both cases showed somatic recombination of
chromosome 11 in the tumor, resulting in loss of the paternal wild type SDHD gene and the maternal
11p15 region (73;74).
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1.4 Molecular biology of paragangliomas

PGLs and PCCs of various genetic backgrounds can be segregated by their transcriptional profile into
two main clusters: cluster 1 and cluster 2. Cluster 1 contains tumors with mutations in SDHx and FH,
VHL and HIF2A and is enriched for genes that are associated with angiogenesis and the hypoxic
response (Figure 4). Cluster 1 can be further subdivided into clusters 1A and 1B. Cluster 1A consists
of PGL/PCC related to SDHx and FH while Cluster 1B includes tumors with VHL and HIF2A gene
mutations (27;77). Cluster 2 comprises RET, NF1, TMEM127 and MAX mutant tumors that are
associated with abnormal activation of kinase signaling pathways such as PI3Kinase/AKT/mTOR, and
the RAS/RAF/ERK pathway (78).

PGL/PCC

Cluster 1

Cluster 1A || Cluster 1B RET

SDifA VHL, HIFZA NF{

SOde TMEMI2F

SDHC MAX

SDHD

SDHAFRZ

FH Activation
REASMAPK pathway

Pecudohypoxia

Hypermethylation

Fig. 4. The cluster 1 and 2 subdivisions of molecular pathways in PGL/PCC. Cluster 1 genes induce the
activation of HIF and can be further divided into 2 groups based on methylation profiles. Cluster 1A contains
PGL/PCC related to SDHx and FH which show a hypermethylation phenotype, while Cluster 1B contains tumors
with VHL and HIF2A mutations. Cluster 2 comprises RET, NF1, TMEM127 and MAX mutated tumors which
show activation of PI3Kinase/AKT/mTOR, and/or the RAS/RAF/ERK pathway.

Pseudohypoxia

SDH, also known as succinate—coenzyme Q reductase, has a dual function as an enzyme of the
mitochondrial tricarboxylic acid (TCA) cycle and as complex Il of the electron transport chain.
Combining these functions places SDH at the center of the two essential energy producing processes
of the cell. In the TCA cycle, SDH oxidizes succinate to fumarate, while in its latter role SDH reduces
ubiquinone to ubiquinol, contributing to the generation of ATP by oxidative phosphorylation. SDH
inactivation leads to an accumulation of its substrate, succinate, (Figure 5) (79) and to the
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generation of reactive oxygen species owing to frustrated electron transport through the respiratory
chain (80). Accumulation of succinate leads to the inhibition of a-ketoglutarate-dependent HIF prolyl
hydroxylases and the activation of hypoxia inducible factor (HIF) (79).

HIFs are transcription factors that respond to changes in tissue oxygen concentration. These proteins
are composed of a and B subunits. The HIF-B subunit is constitutively expressed whereas HIF-a levels
increase exponentially as oxygen levels decrease (81). Under normoxic conditions, HIF-1a and HIF-2a
levels are reduced, primarily by the activity of prolyl hydroxylases (PHD) 1, 2, and 3. PHDs are a-
ketoglutarate-dependent dioxygenases, using molecular oxygen, iron, and ascorbate to hydroxylate
their substrate HIF-a so that it can be ubiquitinated by VHL-E3 ubiquitin-protein ligase complex, after
which it is targeted for proteasomal degradation (82). Under hypoxic conditions, HIF-1a degradation
is inhibited and HIF-1a is translocated to the nucleus where it dimerizes with the HIF-1pB subunit,
leading to HIF stabilization. This is turn results in transcription of HIF target genes involved in cell
proliferation, glucose transport and metabolism, glycolysis, apoptosis and angiogenesis.
Pseudohypoxia occurs when HIF pathways are constitutively activated, regardless of oxygen levels,
which has been shown for SDH-related tumors, but also for VHL and HIF2A mutant tumors (26).
Inactivating mutations of VHL result in reduction of HIF-a degradation, leading to stabilization of HIF
and the activation of hypoxia-inducible target genes (77;83). HIF2A mutations affect the
conformation of HIF-2a, which disrupts binding to PHDs and VHL, and, consequently, increased
stabilization of HIF-2a with induction of its downstream targets (84).
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Fig. 5. Schematic representation of the consequences of succinate dehydrogenase (SDH) inactivation.
Inactivation of SDH or fumarate hydratase (FH) leads to accumulation of its substrate succinate or fumarate,
respectively, which inhibits a-ketoglutarate-dependent prolyl hydroxylases (PHD). Defects in SDH, the von
Hippel-Lindau (VHL) protein, HIF2A, and FH all inhibit the degradation of hypoxia-inducible factor HIFa, and
HIFa is subsequently transported to the nucleus where it binds HIFB forming the transcription factor HIF and
activates hypoxia-inducible target genes. Other dioxygenases, including Jumonji (JMJ)-related histone
demethylases (JMJDs) and the ten-eleven translocation (TET) family of DNA hydroxylases, are also inhibited by
succinate and fumarate accumulation, resulting in global hypermethylation of target genes.
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Hypermethylation

In addition to the a-ketoglutarate-dependent prolyl hydroxylases, other enzymes use a-
ketoglutarate as a substrate, with succinate as a product, and are inhibited in SDH-related PGLs.
These include the histone demethylases and the ten-eleven translocation (TET) family of DNA
hydroxylases (Figure 5) (85). Human histone demethylases are defined by a catalytic jumonji (JMJ)
domain, and the JMJ histone demethylases (JMJD) remove methyl groups from the histones H3 and
H4. Histone methylation affects gene activity by altering chromatin structure, which is amongst
others, dependent on both the exact nature and degree of methylation (86). TET enzymes have been
shown to demethylate DNA, by converting 5-methylcytosine to 5-hydroxymethylcytosine, and
regulate gene expression (87). Global hypermethylation of target genes has been reported for SDH
mutant PGLs/PCCs (88).

A second enzyme of the TCA cycle was shown to be a tumor suppressor with the identification of
fumarate hydratase (FH) (89). Germline mutations in FH predispose to dominantly inherited uterine
fibroids, skin leiomyomata and papillary renal cell cancer (89). The link between SDH and FH
inactivation was strengthened by the recent identification of FH gene mutations in PCCs that
displayed transcriptional and methylation similarities to SDH mutant tumors (88;90). FH catalyses
the reaction that follows SDH in the TCA cycle, converting fumarate to malate (Figure 5). Deficiency
in FH activity results in the accumulation of its substrate fumarate, which shares structural
similarities with succinate and similarly affects the same classes of a-ketoglutarate-dependent
enzymes (85;90). Very recently, a germline mutation in MDH2, coding for another enzyme of the
TCA cycle, was found in two family members with paraganglioma (91). This study also reported that
MDH2 mutations are associated with a methylator phenotype and showed a transcriptional profile
similar to SDH gene mutated tumors.

Insights from SDH-deficient mouse models

Elucidating the primary link between loss of SDH and disease is an important clinical aim that could
open the way to new treatments. A major barrier to further progress is the current lack of relevant
animal and cell models. Several mouse lines carrying knockouts of SDH genes have been described,
and homozygous knockout is lethal (92). Heterozygous SDHD inactivation in mice induced a slight
increase in the percentage of glomus cells in the carotid body and a significant increase of
spontaneous carotid body activity under normoxic conditions but did not lead to carotid body PGL
nor PCC (92). In order to mimic the parent-of-origin inheritance pattern of SDHD tumorigenesis
observed in human (see paragraph 1.3; inheritance), a SDHD/H19 double knockout mouse model
was created but also did not show increased PGL or PCC susceptibility, which might indicate that H19
is not a modifier gene in tumor development, at least in mice (93). Conditional and tissue-specific
SDH-deficient models also failed to develop disease (88;94). TH promoter is expected to drive Cre
recombinase expression in all catecholaminergic cells, while PSA, although supposedly specific to the
prostate, can also drive expression in the adrenal medulla of mice (95). Furthermore, PTEN*/'mice
are reported to be predisposed to PCC (96). Consequently, a SDHB/PTEN double conditional
knockout model expressing Cre recombinase under the control of PSA promoter was generated and
these mice developed only half as many tumors compared to PTEN knockout mice (97). The carotid
bodies and adrenal glands of these mice were smaller, with few chromaffin cells when SDHB was
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completely eliminated. Major cell death was caused by the complete deletion of SDHB and the
tumors that did arise showed no accumulation of succinate, demonstrating normal SDH activity. This
widespread cell death due to complete SDHB deletion suggested that mouse cells respond poorly to
loss of SDH subunits and as such will be unlikely to survive when loss occurs in many cells
concurrently (97). It is understandable that a cell that loses a protein central to energy generation
would have poor survival chances, suggesting that a subtle approach might succeed where blunt
force fails.
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1.5 Outline of this thesis

The aim of this thesis is to gain insight in the genetics, inheritance and tumor biology of head and
neck paragangliomas with a focus on SDHD and SDHAF2-related tumors and the Hensen model.

In chapter one, an overview of current knowledge of causative genes and inheritance patterns in
paraganglioma and pheochromocytoma is given. Although germline mutations in most of these
genes lead to autosomal dominant inheritance patterns of the disease in families, there are
prominent exceptions: SDHD and SDHAF2. Mutations in SDHD and SDHAF2 show a remarkable
parent-of-origin dependent tumorigenesis in which tumor formation almost exclusively occurs
following paternal transmission of the mutation. Several models are discussed that attempt to
explain the striking inheritance pattern seen in SDHD and SDHAF2-linked families.

In chapter two, the epigenetic consequences of the accumulation of succinate and fumarate caused
by germline mutations in succinate dehydrogenase (SDH) and fumarate hydratase (FH), respectively,
were assessed. Since the accumulation of succinate and fumarate can inhibit a-ketoglutarate
dependent dioxygenases, including histone demethylases and the ten-eleven translocation (TET)
family of DNA hydroxylases, histone and DNA modifications were evaluated in SDH-linked
paragangliomas/pheochromocytomas and FH-related smooth muscle tumors in comparison to their
normal counterparts using immunohistochemistry.

In chapter three, the parent-of-origin dependent tumorigenesis in SDHD-linked patients is studied.
The hypothesis that a second target gene(s) on chromosome 11p15, a region known to harbor an
imprinted gene cluster, is involved in tumor formation is further investigated by creating an in vitro
model. Two potential tumor modifier genes involved in tumor formation of SDHD-mutated PGL were
identified and expression of these genes was evaluated in SDHD-linked tumors.

In chapter four, loss of the maternal copy of chromosome 11 is studied in SDHD, SDHAF2, SDHB and
VHL mutant paragangliomas and pheochromocytomas using highly polymorphic microsatellite
markers. In addition, genome-wide copy number changes and loss of heterozygosity were
investigated in these tumors by SNP array analysis.

Chapter five describes the characterization of large deletions in SDHB, SDHC or SDHD-related
PGL/PCC patients who tested negative for point mutations by Sanger sequencing of the SDH genes. A
long-range PCR ‘chromosome walking’ approach was used and the advantages and limitations of this
long-range PCR method were evaluated. The detection of collateral deletion of neighboring genes
may be of phenotypic significance and are discussed here.

Chapter six provides a summary and discussion of the thesis, with an emphasis on the Hensen
model, and the striking differences between SDH-related tumors.
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Chapter 2

Abstract

Succinate dehydrogenase (SDH) and fumarate hydratase (FH) are tricarboxylic acid (TCA) cycle
enzymes and tumor suppressors. Loss-of-function mutations give rise to hereditary
paragangliomas/pheochromocytomas and hereditary leiomyomatosis and renal cell carcinoma.
Inactivation of SDH and FH results in an abnormal accumulation of their substrates succinate and
fumarate, leading to inhibition of numerous a-ketoglutarate dependent dioxygenases, including
histone demethylases and the ten-eleven-translocation (TET) family of 5-methylcytosine (5mC)
hydroxylases.

To evaluate the distribution of DNA and histone methylation, we used immunohistochemistry to
analyze the expression of 5mC, 5-hydroxymethylcytosine (5hmC), TET1, H3K4me3, H3K9me3, and
H3K27me3 on tissue microarrays containing paragangliomas/pheochromocytomas (n = 134) and
hereditary and sporadic smooth muscle tumors (n = 56) in comparison to their normal counterparts.

Our results demonstrate distinct loss of 5ShmC in tumor cells in SDH- and FH-deficient tumors. Loss of
5hmC in SDH-deficient tumors was associated with nuclear exclusion of TET1, a known regulator of
5hmC levels. Moreover, increased methylation of H3K9me3 occurred predominantly in the chief cell
component of SDH mutant tumors, while no changes were seen in H3K4me3 and H3K27me3, data
supported by in vitro knockdown of SDH genes. We also show for the first time that FH-deficient
smooth muscle tumors exhibit increased H3K9me3 methylation compared to wildtype tumors.

Our findings reveal broadly similar patterns of epigenetic deregulation in both FH- and SDH-deficient
tumors, suggesting that defects in genes of the TCA cycle result in common mechanisms of inhibition
of histone and DNA demethylases.
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Introduction

The tricarboxylic acid (TCA) cycle enzymes isocitrate dehydrogenase (IDH), succinate dehydrogenase
(SDH) and fumarate hydratase (FH) are mutated in a subset of human cancers, leading to alterations
in cell metabolism. In the TCA cycle, the SDH complex converts succinate to fumarate, while FH
catalyzes the hydroxylation of fumarate to L-malate. Germline mutations in SDHA (46), SDHB (29),
SDHC (98), SDHD (30), and SDHAF2 (31) cause paraganglioma/pheochromocytoma (PGL/PCC). PGL of
the head and neck arise most commonly in the carotid body, a chemoreceptor organ with two
predominant cell types: the chief (type I) cells, which represent the neoplastic population in
paragangliomas (99), and the surrounding supportive sustentacular (type Il) cells. Inactivating
germline mutations of FH result in hereditary leiomyomatosis and renal cell carcinoma (HLRCC),
which is inherited in an autosomal dominant manner (100;101). Leiomyomas, benign smooth muscle
tumors predominantly found in the skin and uterus, are the most common tumor type in HLRCC, but
papillary type 2 renal cell carcinomas may also occur, although less frequently. Rare germline
mutations in FH were recently reported in patients with PGL/PCC (88;90;102).

Although the mechanisms by which mutations in metabolic enzymes promote tumor formation are
still poorly understood, the stabilization of hypoxia inducible factor (HIF) under conditions of
normoxia is the most widely studied mechanism. Inactivation of SDH and FH leads to accumulation
of the respective substrates succinate and fumarate, which inhibit a-ketoglutarate (a-KG) dependent
HIF prolyl hydroxylases, leading to HIF activation (79;103). Other dioxygenases, including histone
demethylases and the TET (ten-eleven translocation) family of 5-methylcytosine (5mC) hydroxylases,
are also inhibited by succinate and fumarate accumulation (85;104;105). The JmjC domain-
containing histone demethylases and the TET family of DNA hydroxylases play central roles in
epigenetic control of genomic information. While the JmjC domain-containing histone demethylases
catalyze the oxidation of methyl groups on the lysine residues of histones H3 and H4 (106), TET1 and
TET2 are responsible for the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC), a process
requiring a-KG and oxygen (107). TET3 is mainly involved in the oxidation of 5mC to 5hmC in zygotic
paternal DNA after fertilization (108).

Mutations in SDH are also found in gastrointestinal stromal tumors, in addition to the more
commonly occurring mutations in KIT or PDGFRA. In these tumors, SDH mutations were shown to be
associated with global hypermethylation and loss of 5ShmC (109). Furthermore, a PGL/PCC cohort
showed a hypermethylation phenotype in SDH mutant tumors, reminiscent of the methylation
signature of gliomas with IDH mutations (88;109).

Enchondromas carrying an IDH1 mutation also display a hypermethylation profile (110). The
common IDH1 and IDH2 mutations cause a gain-of-function and confer a neomorphic catalytic
activity that allows the synthesis and accumulation of the oncometabolite 2-hydroxyglutaric acid
(2HG). Due to the structural similarity to a-KG, 2HG competitively inhibits a-KG-dependent TET and
histone demethylase enzyme families (111).

Intriguingly, a study by Letouzé et al. (88) included a hypermethylated PGL/PCC subgroup in which
the only tumor sample without SDH mutations was shown to harbor germline inactivating FH
mutations. A study in five patients with FH-deficient PGL/PCC reported loss of hydroxylation of 5mC
in tumor cells (90). This was also seen in SDH-deficient PGL/PCC and /IDH mutant gliomas, suggesting
that a common pathophysiological mechanism leads to alterations in DNA methylation.
Furthermore, increased expression of the repressive trimethylation of H3K9 (H3K9me3) and a trend
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towards an increase in trimethylation of H3K27 (H3K27me3) was reported in IDH1 mutant gliomas,
while no differences were observed in the active trimethylation of H3K4 (112). To date, DNA and
histone methylation profiles have not been reported for FH-deficient smooth muscle tumors. In
addition, the role of TET1 has not yet been explored in SDH mutant PGL/PCC or in FH-deficient
tumors.

Using immunohistochemistry, we investigated the distribution of 5mC, 5hmC, TET1, and histone
methylation in SDH- mutant PGL/PCC and in FH-deficient smooth muscle tumors in comparison to
non-SDH or FH-mutated PGL/PCC and smooth muscle tumors, respectively. Interestingly, we found a
similar pattern of epigenetic deregulation in FH-deficient smooth muscle tumors compared to SDH-
deficient PGL/PCC, both in terms of loss of 5hmC expression and increased trimethylation of H3K9 in
tumor cells.

Material and Methods
Tissue samples

Formalin-fixed paraffin-embedded (FFPE) tissue samples of head and neck paragangliomas (PGL),
pheochromocytomas (PCC), leiomyomas (LM) and leiomyosarcomas (LMS) were retrieved from the
archives of the Department of Pathology. The histological appearances of all cases and controls were
reviewed (JVMGB, JPB, PCWH, MAdG). For all PGL/PCC tumors and normal carotid bodies, the
diagnosis was confirmed by routine S-100 immunohistochemical staining detecting sustentacular
cells and chromogranin A detecting chief cells (Supplemental Figure 1A, B). In the smooth muscle
tumors, at least one of the smooth muscle markers h-caldesmon or desmin was positive. PGL/PCC
tumors were benign. The tissue samples were arrayed in tissue microarray (TMA) format resulting in
a TMA including 100 PGL and 17 PCC samples in triplicate as previously described (113). The TMAs
were constructed using 0.5mm diameter punch (Beecher Instruments, Silver Spring, MD) to transfer
tumor punches to the recipient block. Cores from human adrenal medulla, adrenal cortex, kidney,
and liver were included for control and orientation purposes. TMAs with LM and LMS tumor samples
were constructed from a panel of FFPE tumors including 7 uterine LM and 44 LMS as described
previously (114). Cores from colon, liver, placenta, prostate, skin, and tonsil were included for
control and orientation purposes. As normal controls, we used whole sections of 6 normal carotid
bodies, obtained from patients at autopsy within 24 hours after death, and 13 whole sections of
normal smooth muscle of uterus, carotid artery, oesophagus, bowel wall, and aorta. In addition, we
included whole sections from 9 SDHAF2 PGL tumors obtained from Radboud UMC, Nijmegen,
Netherlands, 8 VHL (Von Hippel-Lindau) PCC tumors obtained from Erasmus MC, Rotterdam,
Netherlands, 2 uterine LM, and 2 cutaneous LM from two patients; 1 HLRCC patient with a germline
FH mutation (115), and 1 suspected HLRCC patient (based on clinical data) with a FH mutation as
detected by 25C staining. The mutation status for most tumors was known (Table 1) and nonfamilial
tumors with an unknown mutation status were excluded for analysis. All samples were handled
according to the Dutch code of proper secondary use of human material approved by the Dutch
society of pathology (www.federa.org), and samples were handled in a coded (pseudonymised)
fashion according to procedures agreed with the LUMC ethical board.
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Immunohistochemistry and scoring

The primary antibodies used in immunohistochemistry analysis are described in supplemental Table
1, with tonsil, colon and liver acting as positive controls. After antigen retrieval by microwave
heating in Tris—EDTA buffer, pH 9.0 or citrate buffer, pH 6.0 at 100°C for 10 min, sections were
blocked for 30 min with 10% goat serum and incubated overnight at 4°C with primary antibodies.
Signal detection was performed with Envision+ (DAKO K3468, Agilent Technologies, Belgium) and
the chromogen 3,3'-diaminobenzidine according to manufacturer's instructions.

The results of the immunohistochemical labeling were scored semi-quantitatively: the intensity of
labeling was assessed on a scale of 0 to 3 (0 = none; 1 = weak; 2 = moderate; 3 = strong), and the
percentage of positive cells was assessed on a scale of 0 to 4 (0 = 0% positive; 1 = 1-24% positive; 2 =
25-49% positive; 3 = 50-74%; 4 = 75-100% positive cells). The two scores were then added to find a
total sum score ranging from 0-7, as described previously (116). Chief cells and sustentacular cells
were scored separately, if possible. For TET1, only subcellular localization was scored, as described
(117). In addition, TET1 expression was only scored in chief cells in PGL/PCC tumors.

A tumor was scored negative only when a positive internal control was present. Tumor samples
were excluded from the analysis when substantial tissue was lost during sectioning. The scoring was
performed independently by two observers blinded for clinicopathological data (ASH and JVMGB)
and discrepancies were discussed. Immunohistochemistry images were taken using a Leica DFC550
camera with LAS software version 4.5 (Heerbrugg, Switzerland).

Cell culture

HEK293 cells were obtained from DSMZ (ACC 305, Braunschweig, Germany) and grown in Dulbecco’s
Modified Eagle Medium (DMEM, Life Technologies, Paisley, UK) supplemented with 10% fetal bovine
serum (Life Technologies) and penicillin/streptomycin (Life Technologies). HEK293 cells were
maintained at 37°C in a humidified atmosphere of 5% CO2 in air.

Lentiviral vector-based silencing of SDHD, SDHB and SDHAF2

To silence SDHD, SDHB and SDHAF2, three validated MISSION® shRNA constructs (TRCN0000231553
-236398, -159253 respectively) targeting human SDHD (NM_003002.1), SDHB (NM_003000.2), and
SDHAF2 (NM_017841.2) (Sigma Aldrich, St. Louis, USA) or scramble shRNA encoding plasmid
(SHCO002 Sigma Aldrich) were used to produce infectious virus particles (LV). To evaluate the
transduction efficiency, the MISSION TurboGFP control plasmid (SHC003 Sigma Aldrich) was used.
HEK293T cells were transfected with the shRNA constructs together with helper plasmids encoding
HIV-1 gag-pol, HIV-1 rev, and the VSV-G envelope as described (118). Viral supernatants were added
to HEK293 cells in fresh medium supplemented with 8 pug/ml Polybrene (Sigma Aldrich) and the cells
were incubated overnight. The next day, the medium was replaced with fresh medium. Transduction
efficiency was analysed 3 to 6 days post transduction by evaluating GFP labelled cells. Experiments
were performed 2-3 and 4-5 weeks after transduction of HEK293 cells with shRNAs.

Western blotting

For preparation of total protein extracts, cells were extracted in RIPA buffer (Sigma Aldrich)
supplemented with “complete” protease inhibitor cocktail (Roche, Germany). Total histone fractions
were prepared using sodium dodecyl sulfate (sds) buffer containing 1% SDS, 10mM EDTA, and
10mM Tris pH 7.4, supplemented with “complete” protease inhibitor cocktail (Roche) and phosSTOP
(Roche). The concentration of protein was determined by bicinchoninic acid protein assay (Thermo
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Scientific Pierce, Rockford, USA). Equal amounts of protein (30 ug) were separated by SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore). After blocking with 5% (w/v)
non-fat milk powder, membranes were incubated overnight at 4 °C with the following antibodies:
SDHB 1:500 (Sigma Aldrich), a-tubulin 1:2000 (Sigma Aldrich), H3 and H3K9me3 1:2000 (Abcam,
Cambridge, UK), H3K4me3 1:1000 and H3K27me3 1:2000 (Millipore, Billerica, USA). Visualization and
quantification was carried out with the LI-COR Odyssey® scanner (Bad Homburg, Germany) and
software (LI-COR Biosciences).

Succinate and fumarate quantification by LC-MS/MS

Sample preparation for biochemical analysis of HEK293 cells with knockdown of SDHD, SDHB or
SDHAF2 and scrambled cells was performed according to (119), using ice cold 90% MeOH: CHCl; as
extraction solvent containing *C-labeled isotopes of nucleotides as internal standards. Dried
samples were reconstituted in 100ul H,O for compatibility with the liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method (120) and the concentrations of succinate and fumarate
were determined by anion-exchange LC-MS/MS [44].

Statistical analysis

IBM SPSS Statistics 20.0 for Windows software package (SPSS, Armonk, NY: IBM Corp) was used to
analyze the results. The statistically significance of differences between 2 groups was assessed by
the Mann-Whitney U test, and the 1-way analysis of variance test was used for comparisons of more
than 2 groups. Statistical significance was determined by Pearson chi-square test to evaluate TET1
correlation with loss of 5ShmC. P<0.05 was considered statistically significant.

Results
Low prevalence of FH mutations in smooth muscle tumors and absence in PGL

To estimate the prevalence of FH mutations in smooth muscle tumors and to exclude FH mutations
in SDH wildtype PGL, we performed immunohistochemistry for 2-succinocysteine (2SC), a robust
biomarker for FH mutations (90;121-123). Of all hereditary and sporadic smooth muscle tumors
(n=56), 1 uterine LM and 1 cutaneous LM from a patient with suspected HLRCC, and 2 LMS tumors
were positive for 2SC, indicating the presence of an FH mutation (Table 1). Of the
LM/leiomyosarcoma (LMS) tumors with an unknown FH mutation status, 1 uterine LM and 1
cutaneous LM (from a patient with suspected HLRCC), and 2 LMS tumors were positive for 2SC
(Table 1). All PGL/PCC tumors were negative for 2SC. In addition, negative SDHB staining and positive
SDHA staining correlated exactly with the known mutation status in all SDHB, SDHC, SDHD and
SDHAF2 mutant tumors.
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Table 1. Genomic characteristics of tumor specimens

Mutation Paraganglioma Pheochromocytoma Uterine Cutaneous Leiomyosarcoma

status (n=109) (n=25) Leiomyoma | Leiomyoma (n=44)
(n=9) (n=3)

SDHB 2

SDHC 1

SDHD 59 1

SDHAF2 12

VHL 9

NF1 2

MEN1 1

RET 3

Nonfamilial* | 35 9 7 1 42

FH 0 0 2 2 2"

Mutation status is indicated for each tumor sample, in absolute numbers of each group size. Abbreviations:
SDH, succinate dehydrogenase; VHL, von hippel landau; NF1, neurofibromatosis type 1; MEN1, multiple
endocrine neoplasia type 1; RET, rearranged during transfection (mutation gives rise to multiple endocrine
neoplasia type 2); FH, fumarate hydratase.'No SDHA/B/C/D/AF2/VHL or FH mutation. "FH mutation detected
by 2SC staining.

Loss of 5hmC in SDH and FH mutant tumors

Since elevated intracellular succinate and fumarate competitively inhibit TET-catalyzed oxidation of
5mC to 5hmC (85), we analyzed expression of 5ShmC and 5mC in SDH/FH-deficient and non-SDH/FH
mutant tumors. In PGL/PCC, the expression of 5ShmC differed markedly between chief cells and
sustentacular cells within the same tumor (Figure 1A,C,D). Of the SDH mutant PGLs, 95% showed no
or low expression (score 0-2) of 5hmC in chief cells, whereas 90% of the sustentacular cells in the
same tumors showed high expression levels (score 4-7). When compared with chief cells in normal
carotid bodies (Figure 1A, B), the chief cells in the tumor showed significantly lower expression of
5hmC (p=0.0001). Similarly, 5hmC was significantly lower or even absent in FH-deficient tumors
compared to normal smooth muscle tissue and FH wildtype tumors (Figure 1A, F-G) (p=0.0001). In
PCC, the difference between tumor cells and sustentacular cells was less pronounced, but significant
(p=0.001) (Figure 1E). Likewise, the ratio of 5hmC expression in the chief cells and the sustentacular
cells per tumor sample differed significantly between SDH-deficient tumors, normal carotid bodies,
and non-SDH mutant tumors (Supplemental Fig. 3). We also analyzed 5mC, which is present at up to
40-fold greater levels in cells than 5hmC (124). Perhaps unsurprisingly, the large shifts seen in the
small 5hmC pool were not reflected in a detectable shift in the far larger 5mC pool, and 5mC was
found to be highly expressed in all SDH- and FH-deficient tumors and controls (Figure 2A,D).
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Fig'ure 1. Loss of 5hm.C expression in tumor cells of SDH and FH m‘utant tumors. (A) Dot plot presenting
results of immunohistochemical 5ShmC expression in tissues. Data are represented as calculated mean score +
standard deviation. *p< 0.05; **p<0.001; ***p<0.0001. (B) Micrographs of representative staining (40x
maghnification) show strong immunostaining of sustentacular cell nuclei in normal carotid body and in (C-E) all
SDH-related tumor types, whereas tumor cell staining (chief cell) was weaker or absent in SDHx-mutated
tumors compared to (E) VHL mutant PCC. (F) Loss of 5hmC in tumor cells of FH mutant compared to (G) FH
wildtype.

Nuclear exclusion of TET1 is associated with loss of 5hmC in SDH mutant tumors

Since TET1 is responsible for the oxidation of 5mC to 5hmC and gliomas with loss of 5ShmC
expression have been reported to show nuclear exclusion of TET1 expression (117), we investigated
this correlation in SDH and FH mutant tumors. Indeed, absence of nuclear staining for TET1 was
more common in SDH mutant PGL (38 of 52, 73%) compared to either non-SDH mutated PGL/PCC
(5/19, 26%) (p=0.002) or normal carotid bodies (1/5, 20%) (p=0.03) (Figure 2B,E). SDH-deficient
tumors with cytoplasmic TET1 expression more frequently showed loss of 5hmC (Figure 2C, p=0.01).
Absence of nuclear staining was also more frequent in FH-deficient smooth muscle tumors (2 of 5,
40%), compared to FH wildtype tumors (9/45, 20%) or smooth muscle tissue (0/8). However, this
difference was not significant (p=0.5) and was not correlated to loss of 5hmC expression (p=1.0).
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Figure 2. 5mC and TET1 protein expression in SDH and FH mutant tumors. (A) Dot plot presenting results of
immunohistochemical 5mC expression demonstrating a high expression in all tumors. Data are represented as
calculated mean score + standard deviation. (B) TET1 expression and its subcellular localization, demonstrating
nuclear exclusion in SDHx related tumors (C) which is associated with low 5hmC expression levels (p=0.01). (D)
Micrographs of representative staining (40x magnification) of TET1 are shown for FH mutant LM with
predominantly nuclear staining and (E) SDHD mutant tumor with cytoplasmic staining. Subcellular localization
of the protein: C, exclusively cytoplasmic; C > N, predominantly cytoplasmic; N, exclusively nuclear; N > C,
predominantly nuclear.

Increased H3K9me3 in SDH and FH mutant tumors

Succinate and fumarate have been shown to directly inhibit a-KG dependent histone demethylase
activity in a manner similar to 2HG, resulting in increased methylation of various lysine residues of
histone H3 (85;112). We therefore evaluated H3K4me3, H3K9me3, and H3K27me3 expression in
SDH and FH mutant tumors by immunohistochemistry. Expression of trimethylated H3K4 was
significantly increased in chief cells of SDH mutant tumors compared to sustentacular cells (Figure
3A,B) (p=0.01). However, expression levels of H3K4me3 were also high in chief cells of normal
carotid bodies and in non-SDH mutant tumors. No differences were seen in H3K4me3 expression
between smooth muscle cells, FH-deficient, and FH wildtype tumors (Figure 3A,C).

The expression of H3K9me3 was significantly increased in chief cells compared to sustentacular cells
in SDH-deficient tumors (p=0.0001), but again, this was not significantly different from the
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expression in normal carotid bodies or non-SDH mutant tumors (Figure 3D,F). However, when we
plotted the ratio of H3K9me3 expression per tumor sample by dividing the expression in the chief
cells by the expression in the sustentacular cells within the same tumor, thus co-opting sustentacular
cells as an inter-tumor control, expression levels of H3K9me3 were significantly increased in SDH-
deficient tumors compared to non-SDH mutant tumors (Figure 3E) (p=0.01). Regarding PCCs,
H3K4me3 and H3K9me3 levels were increased in VHL-deficient tumors compared to non VHL mutant
PCC. Interestingly, FH-deficient smooth muscle tumors showed significantly elevated levels of
H3K9me3 compared to smooth muscle cells (p=0.027) and FH wildtype tumors (Figure 3D,G)
(p=0.004). In contrast, no expression differences were seen for H3K27me3, with high expression in
all tumors and controls, regardless of the manner of analysis (Figure 3H).
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Figure 3. Expression of histone markers in SDH and FH mutant tumors. (A) Dot plot presenting results of
immunohistochemical H3K4me3 levels in SDHx and FH mutant tumors. Micrographs of representative staining
(40x magnification) are shown for (B) SDHD mutant and (C) FH mutant tumors. (D) H3K9me3 expression levels
are significantly increased in chief cells compared to sustentacular cells in SDH mutant tumors and in tumor
cells of FH-deficient tumors compared to smooth muscle cells and FH wildtype tumors. (E) Increased ratio of
H3K9me3 expression observed in SDH mutant compared to non-SDH mutant tumors. Micrographs of
representative staining (40x magnification) are shown for (F) SDHD mutant and (G) FH mutant tumors. (H) No
differences observed in H3K27me3 expression. Data are represented as calculated mean score + standard
deviation. *p< 0.05; **p<0.001; ***p<0.0001.
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Increased H3K9me3 upon inhibition of SDHD, SDHB or SDHAF2 in vitro

In order to establish a direct causal link between histone methylation and loss of SDH, we derived
subclones of HEK293 cells with stable knockdown of SDHD, SDHB and SDHAF2. Stable knockdown
was confirmed by RT-PCR analysis of RNA expression levels and by immunoblotting, with decreased
SDHB protein levels under all three conditions taken as a marker for SDH deficiency (125) (Figure
4A). Analysis of nuclear histones in these subclones revealed an increase in steady-state levels of
H3K9me3 upon silencing of SDHD (by 1.7-fold), SDHB (by 1.7-fold), and SDHAF2 (by 1.9-fold) (Figure
4B). Furthermore, silencing of SDHD, SDHB, and SDHAF2 did not lead to increased trimethylation of
H3K4 or H3K27 in HEK293 cells. To further validate the level of SDHD, SDHB and SDHAF2 silencing in
HEK293 cells, succinate and fumarate levels were quantified by LC-MS/MS. Succinate levels were
increased in cells with knockdown of SDHD, SDHB or SDHAF2 compared to scrambled cells. Likewise,
the succinate-to-fumarate ratio was increased in the silenced cells compared to scrambled cells
(Figure 4C), results which accord with those reported by Lendvai et al. (126).
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Figure 4. Increased H3K9me3 protein by succinate dehydrogenase gene inhibition. (A) HEK293 cells with
stable knockdown of SDHD, SDHB and SDHAF2 demonstrate decreased SDHB protein levels in total protein
extract. a-Tubulin was used as a loading control. Histone lysine methylation levels were assessed in total
histone fractions by western blotting with specific antibodies. Total H3 was used as a loading control. (B)
Quantification of western blotting demonstrates only H3K9me3 levels were increased by silencing of SDHD (by
1.72-fold), SDHB (by 1.7-fold) and SDHAF2 (by 1.9-fold) in HEK293 cells compared to scrambled shRNA. (C)
HEK293 cells with stable knockdown of SDHD, SDHB and SDHAF2 demonstrate a significant increased ratio of
succinate to fumarate compared to scrambled cells, measured by LC-MS/MS. *p< 0.05; **p<0.001.

Discussion

Loss-of-function mutations in SDH and FH leading to the accumulation of succinate and fumarate
indirectly act as inhibitors of a-KG dependent dioxygenases. Here, we demonstrate that SDH and FH
mutations can inhibit DNA and histone demethylases, leading to loss of 5ShmC and increased
H3K9me3 levels. We convincingly showed loss of 5ShmC in chief cells in almost all (95%) SDH-
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deficient PGL/PCC. Moreover, FH-deficient smooth muscle tumors (83%) showed loss of 5hmC
expression in tumor cells as compared to normal smooth muscle or FH wildtype smooth muscle
tumors. Loss of 5hmC in SDH-deficient tumors correlated significantly with nuclear exclusion of TET1
protein.

Our results agree with findings reported by Miller et al. (117), who demonstrated that nuclear
exclusion of TET1 is associated with loss of 5ShmC in gliomas. In contrast, FH-deficient smooth muscle
tumors showed nuclear exclusion of TET1 in only 40% of cases and exclusion was not correlated with
loss of 5hmC. Given that that oxidation of 5mC to 5hmC is considered to be a nuclear event, these
results suggests TET1 is not the main player in the hydroxylation of 5mC in FH-deficient smooth
muscle tumors. Thus far, little information is available on post-translational modifications of TET
enzymes that may determine their subcellular localization. TET1 has three nuclear localization
signals, suggesting a mainly nuclear localization of the protein. In addition, Xiao et al. (85) showed in
HEK293 cells that stable knockdown of SDHA/B or FH reduced both TET1- and TET2-induced 5ShmC
levels as compared to control cells with normal SDH and FH expression. Therefore, in addition to
TET1, the TET2 protein may also be associated with loss of 5hmC in SDH- and FH-deficient tumors,
especially in FH-deficient HLRCC. Future studies should explore the role of TET2, principally in a
much larger cohort of FH-deficient tumors than presently available. Also of note, we confirmed that
2-succinocysteine (2SC) immunohistochemistry is a robust biomarker for FH mutation status,
consistent with earlier reports (121;123). In addition to the correct identification of two tumors from
a HLRCC patient with a previously determined FH mutation, two sporadic LMS tumors were also
positive for 2SC. However, insufficient paraffin-embedded tissue was available to allow FH germline
mutation analysis and therefore the mutation might be somatic. Our results are consistent with
earlier reports of very low FH mutation rates in LMS, including those of Kiuru et al. (127) who found
germline FH mutations in 1-2% of apparently sporadic early-onset LMS, and Barker et al. (128), who
observed no FH mutations in 26 sporadic LMS.

Besides the inhibition of the TET family of DNA hydroxylases, accumulation of succinate and
fumarate negatively affects the enzyme activity of histone demethylases (85;104;105;111). We
found an increased expression of H3K4me3 and H3K9me3 in chief cells compared to sustentacular
cells in SDH-deficient tumors. However, we also found that H3K4me3 and H3K9me3 were highly
expressed in the chief cell compartment of normal carotid bodies. Previous studies have used SDH
wildtype PGL/PCC or adrenal glands with low expression levels of different histone methylation
markers as a control group (88;109). This might explain differences with earlier results, since in our
study chief cell expression levels of H3K4me3 and H3K9me3 are higher in SDH-deficient tumors
compared to non-SDH mutant tumors, but did not differ significantly from the levels present in
normal carotid bodies.

Regarding PCCs, we separated tumors into VHL mutant and non-mutant groups, as Letouzé et al.
previously reported three stable DNA methylation clusters for PGLs and PCCs, including SDHx
tumors, VHL tumors, and NF1-RET. The group differences in DNA and/or histone methylation
suggested in this previous study were supported by our data, which showed increased H3K4me3 and
H3K9me3 levels in VHL mutant PCC tumor cells compared to non VHL mutant PCC. This finding lends
support to the idea that changes in histone methylation may not be due to a direct effect of
succinate accumulation, but may relate to the stabilization of HIF1, as HIF1 can directly regulate the
activity of some JmjC domain-containing histone demethylases (129).
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Of note, our study supports the concept of the chief cell compartment as the sole source of tumor
cells in PGL, in agreement with previous reports (7;104), and also underlines the curious
heterogeneity of cells found in these tumors. Plotting sustentacular-chief cell ratios of H3K9me3
expression per tumor sample showed that expression levels of H3K9me3 were significantly increased
in SDH-deficient tumors compared to non-SDH mutant tumors. This finding suggests that intra-
tumor heterogeneity can mask differences in H3K9me3 levels. Furthermore, the involvement of SDH
in modulating H3K9me3 levels was confirmed by in vitro silencing of SDHB, SDHD or SDHAF2,
supporting the immunohistochemistry results in tumors. Despite small numbers, our results showed
significantly elevated H3K9me3 levels in FH-deficient smooth muscle tumors, supporting the
hypothesis that fumarate inhibits histone demethylation.

In contrast to H3K9me3, neither SDH nor FH mutant tumors displayed elevated H3K27me3
expression levels compared to control groups. These data contrast with other reports in which SDH
mutant tumors reportedly showed an increased expression of H3K27me3 compared to SDH wildtype
tumors (88). A possible explanation for this difference might be the inclusion of predominantly SDHB
mutated tumors in the earlier study, whereas our cohort consisted of mostly SDHD and SDHAF2-
related tumors, which are known to have similar gene-expression profiles (130). Letouzé et al. (88)
reported a significantly higher mean level of hypermethylation in SDHB-mutated PGL/PCC compared
to other SDH PGL/PCC, which might explain the difference in outcomes.

Overall, we found a similar pattern of epigenetic deregulation in FH-deficient smooth muscle tumors
and SDH-deficient HPGL, with loss of 5hmC proving a robust marker of deregulated DNA
methylation. Like DNA methylation, H3K9me3 is often associated with regulatory elements of
transcriptionally repressed genes and constitutive heterochromatic regions of the genome, and was
also increased in both SDH- and FH-deficient tumors. Although not directly targetable, loss of SDH
and FH do afford clinical opportunities such as synthetic lethal interactions. The DNA
methyltransferase inhibitors 5-azacytidine and decitabine are of particular interest, where 5-
azacytidine has been shown to reduce the proliferative index in an in vivo IDH1 glioma model (131)
and decitabine repressed the migration capacities of Sdhb”" cells (88). This could lead to clinical
opportunities of epigenetic targeting in tumors caused by TCA cycle defects.

43



Chapter 2

1

()

(3)
(4)

(5)

(6)

7

(8)

(9)

(10)

(11)

(12)

(13)

(14)
(15)

(16)

References

Burnichon N, Briere JJ, Libe R, Vescovo L, Riviere J, Tissier F, Jouanno E, Jeunemaitre X, Benit P,
Tzagoloff A, Rustin P, Bertherat J, Favier J, Gimenez-Roqueplo AP. SDHA is a tumor suppressor gene
causing paraganglioma. Hum Mol Genet 2010 August 1;19(15):3011-20.

Astuti D, Latif F, Dallol A, Dahia PL, Douglas F, George E, Skoldberg F, Husebye ES, Eng C, Maher ER.
Gene mutations in the succinate dehydrogenase subunit SDHB cause susceptibility to familial
pheochromocytoma and to familial paraganglioma. Am J Hum Genet 2001 July;69(1):49-54.

Niemann S, Muller U. Mutations in SDHC cause autosomal dominant paraganglioma, type 3. Nature
Genetics 2000 November;26(3):268-70.

Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC, Myssiorek D, Bosch A, van der MA, Taschner PE,
Rubinstein WS, Myers EN, Richard CW, llI, Cornelisse CJ, Devilee P, Devlin B. Mutations in SDHD, a
mitochondrial complex Il gene, in hereditary paraganglioma. Science 2000 February 4;287(5454):848-
51.

Hao HX, Khalimonchuk O, Schraders M, Dephoure N, Bayley JP, Kunst H, Devilee P, Cremers CW,
Schiffman JD, Bentz BG, Gygi SP, Winge DR, Kremer H, Rutter J. SDH5, a gene required for flavination
of succinate dehydrogenase, is mutated in paraganglioma. Science 2009 August 28;325(5944):1139-
42.

van Schothorst EM, Beekman M, Torremans P, Kuipers-Dijkshoorn NJ, Wessels HW, Bardoel AF, Van
Der Mey AG, van der Vijver MJ, van Ommen GJ, Devilee P, Cornelisse CJ. Paragangliomas of the head
and neck region show complete loss of heterozygosity at 11922-q23 in chief cells and the flow-sorted
DNA aneuploid fraction. Hum Pathol 1998 October;29(10):1045-9.

Tomlinson IP, Alam NA, Rowan AJ, Barclay E, Jaeger EE, Kelsell D, Leigh |, Gorman P, Lamlum H,
Rahman S, Roylance RR, Olpin S, Bevan S, Barker K, Hearle N, Houlston RS, Kiuru M, Lehtonen R, Karhu
A, Vilkki S, Laiho P, Eklund C, Vierimaa O, Aittomaki K, Hietala M et al. Germline mutations in FH
predispose to dominantly inherited uterine fibroids, skin leiomyomata and papillary renal cell cancer.
Nat Genet 2002 April;30(4):406-10.

Launonen V, Vierimaa O, Kiuru M, Isola J, Roth S, Pukkala E, Sistonen P, Herva R, Aaltonen LA.
Inherited susceptibility to uterine leiomyomas and renal cell cancer. Proc Natl Acad Sci U S A 2001
March 13;98(6):3387-92.

Castro-Vega LJ, Buffet A, De Cubas AA, Cascon A, Menara M, Khalifa E, Amar L, Azriel S, Bourdeau |,
Chabre O, Curras-Freixes M, Franco-Vidal V, Guillaud-Bataille M, Simian C, Morin A, Leton R, Gomez-
Grana A, Pollard PJ, Rustin P, Robledo M, Favier J, Gimenez-Roqueplo AP. Germline mutations in FH
confer predisposition to malignant pheochromocytomas and paragangliomas. Hum Mol Genet 2014
May 1;23(9):2440-6.

Clark GR, Sciacovelli M, Gaude E, Walsh DM, Kirby G, Simpson MA, Trembath RC, Berg JN, Woodward
ER, Kinning E, Morrison PJ, Frezza C, Maher ER. Germline FH mutations presenting with
pheochromocytoma. J Clin Endocrinol Metab 2014 October;99(10):E2046-E2050.

Letouze E, Martinelli C, Loriot C, Burnichon N, Abermil N, Ottolenghi C, Janin M, Menara M, Nguyen
AT, Benit P, Buffet A, Marcaillou C, Bertherat J, Amar L, Rustin P, De RA, Gimenez-Roqueplo AP, Favier
J. SDH mutations establish a hypermethylator phenotype in paraganglioma. Cancer Cell 2013 June
10;23(6):739-52.

Pollard PJ, Briere JJ, Alam NA, Barwell J, Barclay E, Wortham NC, Hunt T, Mitchell M, Olpin S, Moat SJ,
Hargreaves IP, Heales SJ, Chung YL, Griffiths JR, Dalgleish A, McGrath JA, Gleeson MJ, Hodgson SV,
Poulsom R, Rustin P, Tomlinson IP. Accumulation of Krebs cycle intermediates and over-expression of
HIF1alpha in tumours which result from germline FH and SDH mutations. Hum Mol Genet 2005
August 1;14(15):2231-9.

Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield KD, Pan Y, Simon MC,
Thompson CB, Gottlieb E. Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha
prolyl hydroxylase. Cancer Cell 2005 January;7(1):77-85.

Cervera AM, Bayley JP, Devilee P, McCreath KJ. Inhibition of succinate dehydrogenase dysregulates
histone modification in mammalian cells. Mol Cancer 2009;8:89.

Smith EH, Janknecht R, Maher LJ, llI. Succinate inhibition of alpha-ketoglutarate-dependent enzymes
in a yeast model of paraganglioma. Hum Mol Genet 2007 December 15;16(24):3136-48.

Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, Liu L, Liu Y, Yang C, Xu Y, Zhao S, Ye D, Xiong Y, Guan KL.
Inhibition of alpha-KG-dependent histone and DNA demethylases by fumarate and succinate that are

44



Inactivation of SDH and FH cause loss of 5hmC and increased H3K9me3

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

accumulated in mutations of FH and SDH tumor suppressors. Genes Dev 2012 June 15;26(12):1326-
38.

Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME, Borchers CH, Tempst P, Zhang Y. Histone
demethylation by a family of JmjC domain-containing proteins. Nature 2006 February
16;439(7078):811-6.

Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, Agarwal S, lyer LM, Liu DR, Aravind
L, Rao A. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL
partner TET1. Science 2009 May 15;324(5929):930-5.

Gu TP, Guo F, Yang H, Wu HP, Xu GF, Liu W, Xie ZG, Shi L, He X, Jin SG, Igbal K, Shi YG, Deng Z, Szabo
PE, Pfeifer GP, Li J, Xu GL. The role of Tet3 DNA dioxygenase in epigenetic reprogramming by oocytes.
Nature 2011 September 29;477(7366):606-10.

Killian JK, Kim SY, Miettinen M, Smith C, Merino M, Tsokos M, Quezado M, Smith WI, Jr., Jahromi MS,
Xekouki P, Szarek E, Walker RL, Lasota J, Raffeld M, Klotzle B, Wang Z, Jones L, Zhu Y, Wang Y,
Waterfall JJ, O'Sullivan MJ, Bibikova M, Pacak K, Stratakis C, Janeway KA et al. Succinate
dehydrogenase mutation underlies global epigenomic divergence in gastrointestinal stromal tumor.
Cancer Discov 2013 June;3(6):648-57.

Pansuriya TC, van ER, d'Adamo P, van Ruler MA, Kuijjer ML, Oosting J, Cleton-Jansen AM, van
Oosterwijk JG, Verbeke SL, Meijer D, van WT, Nord KH, Sangiorgi L, Toker B, Liegl-Atzwanger B, San-
Julian M, Sciot R, Limaye N, Kindblom LG, Daugaard S, Godfraind C, Boon LM, Vikkula M, Kurek KC,
Szuhai K et al. Somatic mosaic IDH1 and IDH2 mutations are associated with enchondroma and
spindle cell hemangioma in Ollier disease and Maffucci syndrome. Nat Genet 2011
December;43(12):1256-61.

Xu W, Yang H, LiuY, Yang Y, Wang P, Kim SH, Ito S, Yang C, Wang P, Xiao MT, Liu LX, Jiang WQ, Liu J,
Zhang JY, Wang B, Frye S, Zhang Y, Xu YH, Lei QY, Guan KL, Zhao SM, Xiong Y. Oncometabolite 2-
hydroxyglutarate is a competitive inhibitor of alpha-ketoglutarate-dependent dioxygenases. Cancer
Cell 2011 January 18;19(1):17-30.

Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-Wahab O, Edwards CR, Khanin R, Figueroa ME,
Melnick A, Wellen KE, O'Rourke DM, Berger SL, Chan TA, Levine RL, Mellinghoff IK, Thompson CB. IDH
mutation impairs histone demethylation and results in a block to cell differentiation. Nature 2012
March 22;483(7390):474-8.

Bardella C, El-Bahrawy M, Frizzell N, Adam J, Ternette N, Hatipoglu E, Howarth K, O'Flaherty L, Roberts
I, Turner G, Taylor J, Giaslakiotis K, Macaulay VM, Harris AL, Chandra A, Lehtonen HJ, Launonen V,
Aaltonen LA, Pugh CW, Mihai R, Trudgian D, Kessler B, Baynes JW, Ratcliffe PJ, Tomlinson IP et al.
Aberrant succination of proteins in fumarate hydratase-deficient mice and HLRCC patients is a robust
biomarker of mutation status. J Pathol 2011 September;225(1):4-11.

Chen YB, Brannon AR, Toubaji A, Dudas ME, Won HH, Al-Ahmadie HA, Fine SW, Gopalan A, Frizzell N,
Voss MH, Russo P, Berger MF, Tickoo SK, Reuter VE. Hereditary leiomyomatosis and renal cell
carcinoma syndrome-associated renal cancer: recognition of the syndrome by pathologic features and
the utility of detecting aberrant succination by immunohistochemistry. Am J Surg Pathol 2014
May;38(5):627-37.

Ternette N, Yang M, Laroyia M, Kitagawa M, O'Flaherty L, Wolhulter K, Igarashi K, Saito K, Kato K,
Fischer R, Berquand A, Kessler BM, Lappin T, Frizzell N, Soga T, Adam J, Pollard PJ. Inhibition of
mitochondrial aconitase by succination in fumarate hydratase deficiency. Cell Rep 2013 March
28;3(3):689-700.

Globisch D, Munzel M, Muller M, Michalakis S, Wagner M, Koch S, Bruckl T, Biel M, Carell T. Tissue
distribution of 5-hydroxymethylcytosine and search for active demethylation intermediates. PLoS One
2010;5(12):e15367.

Muller T, Gessi M, Waha A, Isselstein LJ, Luxen D, Freihoff D, Freihoff J, Becker A, Simon M, Hammes J,
Denkhaus D, zur MA, Pietsch T, Waha A. Nuclear exclusion of TET1 is associated with loss of 5-
hydroxymethylcytosine in IDH1 wild-type gliomas. Am J Pathol 2012 August;181(2):675-83.

van Nederveen FH, Gaal J, Favier J, Korpershoek E, Oldenburg RA, de Bruyn EM, Sleddens HF, Derkx P,
Riviere J, Dannenberg H, Petri BJ, Komminoth P, Pacak K, Hop WC, Pollard PJ, Mannelli M, Bayley JP,
Perren A, Niemann S, Verhofstad AA, de Bruine AP, Maher ER, Tissier F, Meatchi T, Badoual C et al. An
immunohistochemical procedure to detect patients with paraganglioma and phaeochromocytoma
with germline SDHB, SDHC, or SDHD gene mutations: a retrospective and prospective analysis. Lancet
Oncol 2009 August;10(8):764-71.

45



Chapter 2

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

Lendvai N, Pawlosky R, Bullova P, Eisenhofer G, Patocs A, Veech RL, Pacak K. Succinate-to-fumarate
ratio as a new metabolic marker to detect the presence of SDHB/D-related paraganglioma: initial
experimental and ex vivo findings. Endocrinology 2014 January;155(1):27-32.

Kiuru M, Lehtonen R, Arola J, Salovaara R, Jarvinen H, Aittomaki K, Sjoberg J, Visakorpi T, Knuutila S,
Isola J, Delahunt B, Herva R, Launonen V, Karhu A, Aaltonen LA. Few FH mutations in sporadic
counterparts of tumor types observed in hereditary leiomyomatosis and renal cell cancer families.
Cancer Res 2002 August 15;62(16):4554-7.

Barker KT, Bevan S, Wang R, Lu YJ, Flanagan AM, Bridge JA, Fisher C, Finlayson CJ, Shipley J, Houlston
RS. Low frequency of somatic mutations in the FH/multiple cutaneous leiomyomatosis gene in
sporadic leiomyosarcomas and uterine leiomyomas. Br J Cancer 2002 August 12;87(4):446-8.

Lee HY, Choi K, Oh H, Park YK, Park H. HIF-1-dependent induction of Jumonji domain-containing
protein (JMJD) 3 under hypoxic conditions. Mol Cells 2014 January;37(1):43-50.

Douwes Dekker PB, Corver WE, Hogendoorn PC, Van Der Mey AG, Cornelisse CJ. Multiparameter DNA
flow-sorting demonstrates diploidy and SDHD wild-type gene retention in the sustentacular cell
compartment of head and neck paragangliomas: chief cells are the only neoplastic component. J
Pathol 2004 April;202(4):456-62.

Hensen EF, Goeman JJ, Oosting J, Van Der Mey AG, Hogendoorn PC, Cremers CW, Devilee P,
Cornelisse CJ. Similar gene expression profiles of sporadic, PGL2-, and SDHD-linked paragangliomas
suggest a common pathway to tumorigenesis. BMC Med Genomics 2009;2:25.

Borodovsky A, Salmasi V, Turcan S, Fabius AW, Baia GS, Eberhart CG, Weingart JD, Gallia GL, Baylin SB,
Chan TA, Riggins GJ. 5-azacytidine reduces methylation, promotes differentiation and induces tumor
regression in a patient-derived IDH1 mutant glioma xenograft. Oncotarget 2013 October;4(10):1737-
47.

Lehtonen HJ, Makinen MJ, Kiuru M, Laiho P, Herva R, van M, |, Hogendoorn PC, Cornelisse C, Devilee
P, Launonen V, Aaltonen LA. Increased HIF1 alpha in SDH and FH deficient tumors does not cause
microsatellite instability. Int J Cancer 2007 September 15;121(6):1386-9.

de Graaff MA, Cleton-Jansen AM, Szuhai K, Bovee JV. Mediator complex subunit 12 exon 2 mutation
analysis in different subtypes of smooth muscle tumors confirms genetic heterogeneity. Hum Pathol
2013 August;44(8):1597-604.

Smit DL, Mensenkamp AR, Badeloe S, Breuning MH, Simon ME, van Spaendonck KY, Aalfs CM, Post JG,
Shanley S, Krapels IP, Hoefsloot LH, van Moorselaar RJ, Starink TM, Bayley JP, Frank J, van Steensel
MA, Menko FH. Hereditary leiomyomatosis and renal cell cancer in families referred for fumarate
hydratase germline mutation analysis. Clin Genet 2011 January;79(1):49-59.

Bovee JV, Cleton-Jansen AM, Kuipers-Dijkshoorn NJ, van den Broek LJ, Taminiau AH, Cornelisse CJ,
Hogendoorn PC. Loss of heterozygosity and DNA ploidy point to a diverging genetic mechanism in the
origin of peripheral and central chondrosarcoma. Genes Chromosomes Cancer 1999
November;26(3):237-46.

Carlotti F, Bazuine M, Kekarainen T, Seppen J, Pognonec P, Maassen JA, Hoeben RC. Lentiviral vectors
efficiently transduce quiescent mature 3T73-L1 adipocytes. Mol Ther 2004 February;9(2):209-17.
Lorenz MA, Burant CF, Kennedy RT. Reducing time and increasing sensitivity in sample preparation for
adherent mammalian cell metabolomics. Anal Chem 2011 May 1;83(9):3406-14.

Canelas AB, ten PA, Ras C, Seifar RM, van Dam JC, van Gulik WM, Heijnen JJ. Quantitative evaluation
of intracellular metabolite extraction techniques for yeast metabolomics. Anal Chem 2009 September
1;81(17):7379-89.

46



Inactivation of SDH and FH cause loss of 5hmC and increased H3K9me3

Supplementary data

Table S1. Primary antibodies used for immunohistochemistry analysis.

Primary antibody | Detect Company Clone Dilution | Antigen
retrieval buffer

Rabbit polyclonal | Trimethyl-Histone H3, Millipore 1:7000 | Tris-EDTA
Lys 4

Rabbit polyclonal | Trimethyl-Histone H3, Millipore 1:7000 | Tris-EDTA
Lys 27

Rabbit polyclonal | Trimethyl-Histone H3, Abcam 1:2000 | Tris-EDTA
Lys 9

Mouse 5-Methylcytosine Millipore 33D3 1:2000 | Tris-EDTA

monoclonal

Rabbit polyclonal | 5-Hydroxymethylcytosine Active motif 1:7000 | Citrate

Rabbit polyclonal | Tet oncogene 1 GeneTex 1:800 Citrate

Rabbit polyclonal | 25C* Eurogentec 1:1000 | Citrate

Rabbit polyclonal | SDHB Atlas 1:4000 | Tris-EDTA

Mouse SDHA Abcam 2E3GC12FB | 1:2000 | Tris-EDTA

monoclonal

*provided by Norma Frizzell
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Abstract

Mutations in SDHD and SDHAF2 (both located on chromosome 11) give rise to hereditary
paraganglioma almost exclusively after paternal transmission of the mutation, and tumors often
show loss of the entire maternal copy of chromosome 11. The ‘Hensen’ model postulates that a
tumor modifier gene located on chromosome 11p15, a region known to harbor a cluster of
imprinted genes, is essential to tumor formation. We observed decreased protein expression of the
11p15 candidate genes CDKN1C, SLC22A18 and ZNF215 evaluated in 60 SDHD-mutated tumors
compared to normal carotid body tissue and non-SDH mutant tumors.

We then created stable knockdown in vitro models, reasoning that the simultaneous knockdown of
SDHD and a maternally expressed 11p15 modifier gene would enhance paraganglioma-related
cellular characteristics compared to SDHD knockdown alone. Knockdown of SDHD in SNB19 and
SHSYS5Y cells resulted in the accumulation of succinate, the stabilization of HIF1 protein and a
reduction in cell proliferation.

Compared to single knockdown of SDHD, knockdown of SDHD together with SLC22A18 or with
CDKN1C led to small but significant increases in cell proliferation and resistance to apoptosis, and to
a gene expression profile closely related to the known transcriptional profile of SDH-deficient
tumors. Of the 60 SDHD tumors investigated, 4 tumors showing retention of chromosome 11
showed SLC22A18 and CDKN1C expression levels comparable to levels in tumors showing loss of
chromosome 11, suggesting loss of protein expression despite chromosomal retention.

Our data strongly suggest that SLC22A18 and/or CDKN1C are tumor modifier genes involved in the
tumorigenesis of SDHD-linked paraganglioma.
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Introduction

Hereditary paraganglioma—pheochromocytoma syndrome is characterized by neuroendocrine
tumors that originate from both the sympathetic and parasympathetic branches of the autonomic
nervous system. Pheochromocytomas (PCC) are generally benign catecholamine-secreting tumors of
the adrenal medulla (1), whereas extra-adrenal paragangliomas (EA-PGL) are frequently aggressive
tumors that arise in the thorax and abdomen. Paragangliomas of the head and neck (HNPGL) arise
most commonly in the carotid body, the main sensor of blood oxygenation, and these highly vascular
tumors are often characterized by an indolent, non-invasive growth pattern (2).

Although more than 14 different genes have been linked to PGL/PCC, a subgroup of these genes is
associated with hereditary PGL/PCC, including SDHA (3), SDHB (4), SDHC (5), SDHD (6), and SDHAF2
(7). These genes encode subunits of the mitochondrial succinate dehydrogenase (SDH) complex,
which plays a central role in the tricarboxylic acid (TCA) cycle and the electron transport chain. In the
TCA cycle, SDH converts succinate to fumarate while providing electrons for oxidative
phosphorylation in the inner mitochondrial membrane. SDH inactivation results in accumulation of
its substrate succinate, which can function as competitor of a-ketoglutarate (a-KG) to broadly inhibit
a-KG-dependent dioxygenases leading to HIF activation (8-11). Expression profiling of PGL and PCC
shows increased hypoxic-angiogenic expression features and reduced oxidoreductase profiles in
SDH-deficient tumors compared to non-SDH mutant tumors (12;13).

Germline mutations of the SDHD and SDHAF2 genes, unlike mutations of the other SDH subunit
genes, show a parent-of-origin expression phenotype, with tumor development occurring almost
exclusively due to mutations inherited via the paternal line (14;15). Carriers of maternally-inherited
mutations develop tumors only very rarely. SDHD and SDHAF2 are both located on the long arm of
chromosome 11, whereas the SDHA, SDHB and SDHC subunit genes are located on chromosome 5
(SDHA) or chromosome 1 (SDHB and SDHC). The 11p15 region of chromosome 11 harbors the main
concentration of imprinted genes in the human genome, with 8 genes (Table 1) expressed
exclusively from the maternal allele while the opposite allele is silenced by epigenetic mechanisms.
Loss of the entire maternal copy of chromosome 11 is a frequent occurrence in SDHD-linked
paragangliomas (16-18) and since neither SDHD nor SDHAF2 are imprinted, other gene(s) expressed
exclusively from the maternal allele must play a role in tumor formation.

Now known as the Hensen model, in 2004 Hensen and colleagues proposed that selective loss of
maternal chromosome 11 results in the simultaneous deletion of the SDHD gene and an exclusively
maternally expressed gene, leading to a parent-of-origin phenotype (Figure 1A) (17). Based on this
model, Hensen and colleagues also predicted that, in order to cause disease, a maternally-
transmitted SDHD mutation would require “mitotic recombination, followed by loss of the
recombined paternal chromosome containing the paternal 11g23 region and the maternal 11p15
region” (Figure 1B) (17). This phenomenon has since been observed in at least two cases of maternal
inheritance (19;20), strongly supporting the involvement of still unknown maternal genetic factors in
tumor formation.
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A 8
HEHJ Hw _ Figure 1. Schematic representation of Hensen model to explain the
1 A 5 ’ " parent-of-origin effect of SDHD-linked paraganglioma. (A) Upon
!i H g . paternal transmission of the SDHD mutation and loss of maternal
chromosome 11, both the wild type maternal SDHD allele and the

] l [ l ] X s active tumor suppressor gene located at 11p15 are targeted,

'a r x' 1 —— thereby initiating tumor formation. (B) In rare cases of maternal

I B %E transmission of the SDHD mutation, at least two events caused by

different chromosomal mechanisms will be required to inactivate
both the wild type SDHD allele and the active maternal tumor
suppressor gene, namely loss of the paternal wild type SDHD allele

EE by, for example, mitotic recombination, followed by loss of the
recombined paternal chromosome containing the paternal 11923
j region and the maternal 11p15 region.

We hypothesized that in a human cell line with two parental copies of chromosome 11, knockdown
of SDHD together with an additional candidate imprinted gene would lead to a cellular phenotype
resembling that of primary paragangliomas. We therefore performed lentiviral stable shRNA
knockdown of SDHD in SNB19 and SHSY5Y cells, two tumor cell lines of neuroectodermal origin.
These cells were then used for additional knockdown of several 11p15 genes, followed by analysis of
cell proliferation, apoptosis, TCA cycle metabolites and gene expression profiles. Further
(protein/genetics) analysis of candidate tumor modifiers was performed in 60 SDHD-mutated
tumors. Taken together, our results suggest that SLC22A18 and CDKN1C are potential tumor
modifier genes involved in tumor formation of SDHD-mutated PGL.

Material and methods
Selection of cell lines

As no human SDH-related PGL tumor cell line is currently available, we selected developmentally
similar neural crest-derived cell lines. Cell lines carrying somatic mutations in PGL/PCC-linked
susceptibility genes, including VHL and MAX mutations, were excluded based on information from
the Catalogue of Somatic Mutations in Cancer (COSMIC) database. SNB19 (glioblastoma) and SHSY5Y
(neuroblastoma) cell lines were selected based on a karyotype that demonstrated two copies of
chromosome 11. SHSY5Y cells were heterozygous for chromosome 11 as detected by microsatellite
markers, while SNB19 cells were homozygous for chromosome 11 (Supplemental Figure 1A). To
establish the parental origin of chromosome 11 in the cells, we determined the methylation status of
the two imprinted domains at 11p15.5 [H19-differentially methylated region (DMR) and KvDMR].
When both parental copies of chromosome 11 are present, the H19-DMR/KvDMR methylation rate
ratio should be around one (39). SHSY5Y cells showed an average methylation rate of 0.75 + 0.08 for
H19-DMR and 0.65 + 0.1 for KvDMR, resulting in a ratio of 1.1 (Supplemental Figure 1B). The average
methylation rate for H19-DMR in SNB19 cells was 0.1 + 0.1, while the average methylation rate for
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KvDMR 0.005 * 0.03, suggesting loss of imprinting. Nonetheless, clear RNA expression of H19
(expressed from the maternal allele) and absence of expression of IGF2 (expressed from the paternal
allele) indicated that chromosome 11 in SNB19 cells shows a maternal expression pattern. Both cell
lines were therefore considered suitable.

Cell culture

SNB19 cells and HEK293 cells were obtained from DSMZ (ACC 305 and ACC 325, Braunschweig,
Germany) and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies, Paisley,
UK) supplemented with 10% fetal bovine serum and penicillin/streptomycin (Life Technologies).
SHSY5Y cells were obtained from European Collection of Cell Cultures via Sigma Aldrich (St. Louis,
USA, Catalogue no. 86012802). SHSY5Y cells were cultured in DMEM-F12 (Life Technologies, Paisley,
UK), supplemented with 15% fetal bovine serum and penicillin/streptomycin, and maintained at
37°Cin a humidified atmosphere of 5% CO in air.

Patients and samples

A tissue microarray (25) comprising 100 PGL and 17 PCC paraffin-embedded specimens yielded 5
micrometer sections for immunohistochemistry (IHC). All samples were handled according to the
Dutch Code for Proper Secondary Use of Human Materials approved by the Dutch Society of
Pathology (www.federa.org). SDHD mutant FFPE samples were used for DNA extraction. In addition,
we included 8 fresh frozen SDHD tumor samples and paired blood samples for DNA extraction. The
samples were handled in a coded (pseudonymised) fashion according to procedures agreed with the
LUMC ethical board (P12.082).

LOH analysis by microsatellite genotyping

DNA from SNB19 and SHSY5Y cells was isolated using the Wizard Genomic DNA purification kit
(Promega, Fitchburg, USA) according to the manufacturer’s instructions. Representative tumor areas
from FFPE samples were selected to punch 3 cores of 0.6 mm in diameter for DNA isolation. FFPE
and fresh frozen tumor sections were incubated overnight with proteinase K at 60°C and DNA was
isolated using the Qiagen FFPE DNA kit or QlAamp DNA Mini Kit (Qiagen Benelux B.V., Venlo, The
Netherlands), respectively, following manufacturer’s instructions. All DNA samples were genotyped
for microsatellite markers located on chromosome 11 (primer sequences available upon request).
For each marker, thirty nanograms of DNA was amplified over 40 cycles using FastStar Tag DNA
Polymerase (Roche). Forward primers were labeled with a 6-FAM, HEX or NED fluorophore (Sigma-
Aldrich, St. Louis, MO, USA). Amplicons of microsatellite markers were run on an ABI 3730 genetic
analyzer and data were analyzed using Gene Marker software (Soft Genetics, State College, PA
16803, USA), with ABI GeneScan Rox 400 as the internal size standards. LOH of markers in tumor
samples was calculated using the allelic imbalance ratio: AIR = (Tumorl/Tumor2)/
(Normal1l/Normal2). Tumors were regarded as positive for LOH when the mean allele ratio between
tumor and blood was <0.7 for all informative markers, as described earlier (19). In cases where no
matching blood DNA sample was available, allele peak ratios were compared to DNA samples with
the same or very similar allele combinations. Some markers were either not informative in the
patient or did not perform well enough with tumor DNA to give a reliable result and were therefore
excluded.
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Karyotyping

Conventional cytogenetic analysis on GTG-banded chromosomes from cultured SNB19, HEK293 and
SHSYS5Y cells was performed according to standard techniques. Briefly, 17 hours before harvesting
the cells, 200 pl FdU (5 uM) was added to the cells. Then, the cells were incubated with 200 pl BrdU
(14 mg/ml) for another 5-6 hours. Finally, colcemid was added 15 minutes before harvesting and
metaphase spreads were prepared according to standard protocols.

Bisulfite-modified PCR and sequencing

DNA (300 ng) from SNB19 and SHSY5Y cells was bisulfite-treated using the EZ DNA methylation kit
(Zymo research, Irvine, USA). Bisulfite-treated DNA was then amplified by PCR using primers specific
for modified DNA designed with Meth primer (40). Primer sequences for H19 were 5’-GGTTT
TAGTGTGAAATTTTTTT-3’ (forward) and 5’-CCATAAATATCCTATTCCCAAATAAC-3’ (reverse), and 5'-
TTGAGGAGTTTTTTGGAGGTT-3’ (forward) 5'-ACCC AACCAATACCTCATAC-3’ (reverse) for KvDMR1.
The PCR program consisted of an initial denaturation step at 94°C for 15 minutes followed by 44
cycles of 20 seconds at 94°C, 30 seconds at 55°C for KvDMR1 and 52.5°C for H19, followed by 5
minutes at 72°C. Sanger sequencing of PCR products was performed using standard protocols, and
methylation rates were evaluated using ESME software (41).

CDKN1C and SLC22A18 mutation analysis

All exons of the CDKN1C and SLC22A18 genes were amplified by PCR (primer sequences available on
request). Twenty nanograms of genomic DNA and matched normal DNA from 6 SDHD-linked
patients was amplified and primer annealing was performed at 58°C. PCR fragments were purified
using the Nucleospin gel and PCR clean-up kit (Macherey-Nagel). Sequencing was performed using
standard protocols and data were analyzed using Mutation Surveyor software (Softgenetics).

Tissue samples and immunohistochemistry

FFPE tissue samples used for IHC were as described in ‘patients and samples’. As control tissue,
whole sections of 4 normal carotid bodies were included, obtained from anonymous patients at
autopsy within 24 hours after death. We reviewed the histological appearance of all samples
(JVMGB, JPB, ASH) and confirmed diagnoses by routine IHC staining for S-100 (detecting
sustentacular cells) and chromogranin A (detecting chief cells). Mutation detection was confirmed by
routine SDHA and SDHB immunohistochemical staining, as described previously (30).

Primary antibodies for IHC analysis were used as follows: Rabbit polyclonal antibody for detection of
SLC22A18 (1:3200, Proteintech), KCNQ1 (1:100, Sigma Aldrich), PHLDA?2 (1:200, Abcam), CDKN1C
(1:1600, Sigma Aldrich), ZNF215 (1:200, Sigma Aldrich). Placenta and liver were used as a positive
control. After antigen retrieval by exposure to microwave heating in citrate buffer, pH 6.0 at 100°C
for 10 min, sections were blocked for 30 min with 10% goat serum and incubated overnight at 4°C
with primary antibodies. Signal detection was performed with Envision+ (DAKO, Agilent
Technologies, Belgium) and the chromogen 3,3’-diaminobenzidine according to manufacturer's
instructions. The results of the immunohistochemical labeling were scored semi-quantitatively: the
intensity of labeling was assessed on a scale of 0 to 3 (0 = none; 1 = weak; 2 = moderate; 3 = strong),
and the percentage of positive cells was assessed on a scale of 0 to 4 (0 = 0% positive; 1 = 1-24%
positive; 2 = 25-49% positive; 3 = 50-74%; 4 = 75-100% positive cells). The two scores were then
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added to reach a total sum score ranging from 0-7. The scoring was performed independently by two
observers blinded for clinicopathological data (ASH and JVMGB) and discrepancies were discussed.
Photos of IHC sections were obtained using a Leica DFC550 camera and the Leica Application Suite,
software version 4.5 (Heerbrugg, Switzerland).

Gene knockdown

To create stable cell lines with a single or double knockdown of genes, four validated MISSION®
shRNA constructs and one non-validated MISSION® shRNA construct (TRCN0O000231553 -237878, -
147951, -344525 and -13054) targeting human SDHD (NM_003002.1), CDKN1C (NM_000076),
OSBPL5 (NM_020896), SLC22A18 (NM_002555) and ZNF215 (NM_013250), respectively (Sigma
Aldrich, St. Louis, USA) or a scrambled shRNA encoding plasmid (SHC002 Sigma Aldrich) were used to
produce infectious virus particles. To evaluate the transduction efficiency, the MISSION TurboGFP
control plasmid (SHC003 Sigma Aldrich) was used. HEK293T cells were transfected with the shRNA
constructs together with helper plasmids encoding HIV-1 gag-pol, HIV-1 rev, and the VSV-G envelope
as described (42). Viral supernatants were added to SNB19, HEK293 and SHSY5Y cells in fresh
medium supplemented with 8 ug/ml Polybrene (Sigma Aldrich) and the cells were incubated
overnight. The next day, the medium was replaced with fresh medium. Selection was carried out
using 2 ug/ml puromycin. Transduction efficiency was analyzed 3 to 6 days post transduction.
Experiments were performed 2-3 and 4-5 weeks after transduction of cells with shRNAs.

RT-PCR analysis

Total RNA from cells was isolated using the Nucleospin RNA Il kit (Macherey-Nagel, Diiren, Germany)
according to manufacturer’s instructions. cDNA was synthesized from 1ug RNA using the Omniscript
RT kit (Qiagen, Venlo, Netherlands). Gene expression was determined using quantitative PCR and
was measured in triplicate on the CFX96 Real-Time System (Bio-Rad, USA) using the iQ SYBR Green
Supermix (Biorad, California, USA). The relative quantification of target mRNA was performed by the
222" method (43). Results from the housekeeping genes HNRMP, TBP and HPRT were used as
references. Target genes were SDHD, CDKN1C, SLC22A18, OSBPL5, ZNF215, GLUT1, EGLN3, BNIP3,
ENO1 and VEGF.

Western blotting

Total protein was isolated using RIPA buffer (Sigma Aldrich) supplemented with “complete” protease
inhibitor cocktail (Roche, Germany). The concentration of protein was determined by bicinchoninic
acid protein assay (Thermo Scientific Pierce, Rockford, USA). Equal amounts of protein (35 pg) were
separated by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore).
After blocking with 5% (w/v) non-fat milk powder, membranes were incubated overnight at 4 °C with
the following antibodies: SDHB (Sigma Aldrich) and HIF-1a (Novus Biologicals, Littleton, USA) in a
dilution of 1:500 in blocking buffer (Rockland, Gilbertsville, USA). a-tubulin was used as a loading
control (1:2000, Sigma Aldrich). Visualization and quantification was carried out using the LI-COR
Odyssey® scanner (Bad Homburg, Germany) and software (LI-COR Biosciences).

Microarray expression analysis

Quiality control, RNA labeling, hybridization and data extraction were performed at ServiceXS B.V.
(Leiden, The Netherlands). RNA concentrations were measured using the Nanodrop ND-1000
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spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). The RNA quality and integrity
was determined using Lab-on-a-Chip analysis on the Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc., Santa Clara, CA, USA). Biotinylated cRNA was prepared using the Illumina TotalPrep RNA
Amplification Kit (Ambion, Inc., Austin, TX, USA) according to the manufacturer’s specifications with
an input of 200 ng total RNA. Per sample, 750 ng of the obtained biotinylated cRNA samples was
hybridized to the Illlumina HumanHT-12 v4 BeadChip (lllumina, Inc., San Diego, CA, USA).
Hybridization and washing were performed according to the lllumina Manual “Direct Hybridization
Assay Guide”. Scanning was performed on the Illlumina iScan (Illumina, Inc., San Diego, CA, USA).
Image analysis and extraction of raw expression data was performed with Illumina GenomeStudio
v2011.1 Gene Expression software.

Bioinformatic analysis

Normalization and quality control was performed using the Bioconductor "lumi" package of R (lumi)
(44). Samples were clustered using an unsupervised hierarchical clustering method to delineate
groups with biological distinction. The R package 'Linear Models for Microarray Data' (LIMMA) was
used for the assessment of differential expression of individual genes between the different
subgroups (45). Overall gene expression differences between scrambled control and SDHD
knockdown, scrambled control and SDHD+CDKN1C knockdown or scrambled control and
SDHD+SLC22A18 knockdown subgroups in SNB19 and SHSY5Y cells were evaluated with the 'global
test' designed by J.J. Goeman using the R package 'global test' available on Bioconductor (46). We
applied the global test in order to evaluate subtle differences between the different subgroups, as
this test has greater power to detect gene sets with small effect sizes (46;47). We performed a
pathway-based analysis using the global test on pathways described in the publicly available
pathway database Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations (48). KEGG
pathway analysis of scrambled control HEK293 cells versus SDHD knockdown was not consistent
with tumor gene expression profiles of PGL with SDH gene mutations (12;49) and was therefore
excluded as a relevant model. All tests, both for genes and pathways, were corrected for multiple
testing based on the false discovery rate (FDR) criterion, using the Benjamini and Hochberg method
(50). Comparison analysis and functional categorization of the different subgroups was performed
with Ingenuity Pathway Analysis (IPA; www.ingenuity.com). All data are available at the GEO
database (GSE80968).

Cellular DNA content and flow cytometry

Using the Vindelov technique (51), DNA staining was performed as follows: Cells were centrifuged
(500g, 5 min) and washed in PBS, then 300 pl of solution A containing trypsin (0.3 g/L, Sigma) at pH
7.6 was added and incubated for 2 hours at 37°C. Next, 225 ul of solution B containing RNAse
(0.5g/L, Sigma) and a trypsin inhibitor (0.1 g/L Sigma) was added, followed by a 10 min incubation at
room temperature (RT). Finally, a third incubation at RT was carried out for at least 15 min after the
addition of 225 pl of propidium iodide (P1) (0.42g/L, Sigma) (solution C). Samples were measured
using an LSRII (BD Biosciences, Erembodegem, Belgium) flow cytometer. Detector D (BP610/20 nm)
was used to collect Pl fluorescence. The WinList 8.0 and ModFit 4.0.1 software packages (Verity
Software House, Inc., Topsham, ME) were used for data analysis.
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xCelligence

The RTCA xCelligence system (Roche Applied Sciences, Almere, the Netherlands), based on cell
electrode substract impedance detection technology, was used for proliferation assays. Cell lines
were plated at a density of 10.000 cells per well in a 16-well E-Plate. The plates were loaded into the
RTCA station in the cell culture incubator immediately after plating and cell index was acquired every
30 min. Experiments were performed in triplicate.

Assessment of apoptosis

SNB19 and SHSY5Y cells were stimulated with 2, 4 or 8 uM staurosporine (Sigma) or with 10, 20 or
40 uM cisplatin (Sigma). The ApoLive-Glo multiplex Assay (Promega, Madison, USA) was used to
measure cell viability and apoptosis in the same sample following the manufacturer’s protocol.
Briefly, the viability is measured by the activity of a protease marker of cell viability. Apoptosis is
measured by the addition of a luminogenic caspase-3/7 substrate (Caspase-Glo 3/7) which is cleaved
in apoptotic cells to produce a luminescent signal. Fluorescence at 400 Ex/505 Em (viability) and
luminescence (apoptosis) were measured with a Victor 3 machine (PerkinElmer, Massachusetts,
USA).

Nuclear fragmentation was determined in SNB19 and SHSY5Y cells stimulated with 4 uM
staurosporine. Cells were fixed with 4% paraformaldehyde for 15 min. Then, the cells were washed
three times in PBS and stained with 50 pg/ml 4,6-diamidino-2-phenylindole-2-HCI (DAPI; Sigma) in
Vectashield mounting medium under a cover slip. Images of fixed cells were acquired on a Zeiss Axio
Imager M2 fluorescence microscope equipped with an HXP 120 metal-halide lamp used for
excitation. Fluorescent probes were detected using the following filters: DAPI (excitation filter:
350/50 nm) and GFP (excitation filter: 470/40 nm). Images were recorded using ZEN 2012 software.

TCA cycle metabolite quantification by LC-MS/MS

Sample preparation for biochemical analysis of SNB19 and SHSY5Y cells was performed according to
(52), using ice cold 90% MeOQOH: CHCl; as extraction solvent containing 3C-labeled isotopes of
nucleotides as internal standards. Dried samples were reconstituted in 100ul H,O for compatibility
with the liquid chromatography-tandem mass spectrometry (LC-MS/MS) method (53). The
concentrations of citric acid, a-ketoglutarate, succinate, fumarate and malate were determined by
anion-exchange LC-MS/MS. The concentrations of AMP, ADP and ATP were determined by ion-pair
reverse-phase LC-MS/MS (54).

Statistical analysis

IBM SPSS Statistics 20.0 for Windows software package (SPSS, Armonk, NY: IBM Corp) was used to
analyze the results. The statistically significance of differences between 2 groups was assessed by
the Mann-Whitney U test, and the 1-way analysis of variance test was used for comparisons of more
than 2 groups. P<0.05 was considered statistically significant.
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Results
Protein expression of chromosome 11p15 candidate genes in SDHD mutant PGL

We selected imprinted 11p15 candidate modifier genes reasoning that a gene of interest would be
expressed in normal carotid body tissue and lost in SDHD mutant tumors. Using
immunohistochemistry (IHC), we analyzed the protein expression of specific 11p15 genes (indicated
in bold in Table 1) in normal human post-mortem carotid bodies, SDHD-related tumors and non-SDH
mutant PCCs. Expression of SLC22A18 was significantly decreased in the chief cell, the neoplastic cell
population, of SDHD mutant tumors, while remaining abundant in all normal carotid bodies and non-
SDH mutant tumors (Fig. 2A-D). ZNF215 showed no or low expression (score 0-2) in chief cells in 85%
of SDHD-related tumors, and expression was significantly lower compared to normal carotid bodies
(Fig. 2A, E-G). The nuclear expression of CDKN1C was very low in the normal carotid body and absent
in SDHD mutant PGL (Fig. 2A, 2H-1). However, CDKN1C was expressed in non-SDH mutant tumors
(Fig. 2A, 2J). By contrast, KCNQ1 and PHLDA2 were expressed in SDHD mutant tumors (Fig. 2A, 2K-
0), effectively excluding them as candidates.

Table 1. Imprinted genes expressed exclusively from the maternal allele on 11p15

Gene Chromosome  Description Expressed Imprinted ‘
location allele EIIEE
KCNQ1DN 11p15.4 non-coding RNA Maternal  Paternal
ZNF215 11p15.4 zinc finger protein 15 Maternal  Paternal
OSBPL5 11p15.4 member oxysterol-binding protein family Maternal  Paternal
PHLDA2 11p15.5 pleckstrin homology-like domain family A Maternal  Paternal
member 2
CDKN1C 11p15.5 cyclin-dependent kinase inhibitor 1c Maternal  Paternal
H19 11p15.5 non-coding RNA Maternal  Paternal
KCNQ1 11p15.5 encoding voltage-gated potassium channel Maternal  Paternal
SLC22A18 11p15.5 poly-specific organic cation transporter Maternal  Paternal

Bold indicates the candidate genes investigated in this study.
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Figure 2. Protein expression in normal human carotid bodies, SDHD and non-SDH mutant tumors. (A) Dot
plot showing immunohistochemical expression levels of SLC22A18, CDKN1C, ZNF215, KCNQ1, and PHLDA2 in
normal carotid bodies, SDHD and non-SDH mutant tumors. Data are represented as calculated mean score +
standard deviation. *p< 0.05; **p<0.001. Representative staining data (40x magnification) show strong nuclear
immunostaining of (B) SLC22A18 protein in chief cells in normal carotid bodies, whereas the nuclear tumor cell
staining was lost in (C) SDHD mutant tumors. (D) SLC22A18 is expressed in non-SDH mutant tumors. (E)
Expression of ZNF215 is present in the chief cell compartment of normal carotid body, but is absent in (F)
SDHD-mutated tumors. (G) Low expression of ZNF215 is observed in non-SDH mutant tumors. (H) Very low
nuclear expression of CDKN1C was observed in chief cells of normal carotid bodies and was absent in (1) SDHD-
mutated tumors. (J) CDKN1C is highly expressed in non-SDH mutant tumors. (K) Cytoplasmic expression of
KCNQ1 was observed in normal carotid bodies, (L) SDHD mutant tumors, and (M) non-SDH mutant tumors. (N)
Cytoplasmic expression of PHLDA2 was present in normal carotid bodies and (O) SDHD mutant tumors, and (P)
non-SDH mutant tumors.

SDHD knockdown leads to succinate accumulation, reduced ATP levels and HIF activation

In order to evaluate metabolic changes and HIF1 activation induced by loss of SDHD, we generated
subclones of SNB19 and SHSY5Y cells with stable knockdown of SDHD. Knockdown of SDHD was
confirmed by real-time analysis of RNA expression levels and by immunoblotting (Fig. 3A), with
decreased SDHB protein levels taken as a marker for SDH deficiency (21). As expected (11),
suppression of SDHD resulted in the significant accumulation of succinate in both SNB19 and
SHSYS5Y cells (Fig. 3B). In addition, ATP levels were also significantly decreased (Fig. 3C). Suppression
of SDHD expression increased HIF1a protein levels (Fig. 3D) as well as mRNA expression of HIF1
target genes by at least 2 fold, including glucose transporter 1 (GLUT1), Bcl-2-like 19kDa-interacting
protein 3 (BNIP3), prolyl hydroxylase 3 (EGLN3), enolase 1 (ENO1) and vascular endothelial growth
factor (VEGF) compared to scrambled control cells (Fig. 3E).
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Figure 3. SDHD knockdown leads to accumulation of succinate, reduction in ATP levels and HIF1
stabilization. (A) SNB19 and SHSY5Y cells with stable knockdown of SDHD demonstrate decreased SDHB
protein levels in total protein extract compared to control cells (scrambled shRNA). a-Tubulin was used as a
loading control. (B) Succinate levels quantified by LC/MS/MS were increased in SNB19 and SHSY5Y cells with
stable knockdown of SDHD compared to scrambled control cells. (C) ATP levels as quantified by LC/MS/MS
were decreased in SNB19 and SHSY5Y cells with stable knockdown of SDHD compared to scrambled control
cells. (D,E) HIF1a levels were assessed in total protein extract by western blotting. a-Tubulin was used as a
loading control. Stimulation with 200uM CoCl2 for 24 hours was used to induce HIF1 stabilization. Knockdown
of SDHD resulted in stabilization of HIF1a protein and (B) increased mRNA expression of HIF1 target genes,
including GLUT1, BNIP3, EGLN3, ENO1 and VEGF, compared to control (dashed line), as measured by RT-PCR.
mMRNA expression of SDHD knockdown cells was normalized to control cells (scrambled shRNA), indicated by
the dashed line. HNRMP was used as a housekeeping gene. Error bars represent standard deviation for
duplicate experiments. *p<0.05, **p<0.01.

To study the effects of 11p15 candidate gene loss in SDHD knockdown cells, we carried out
additional knockdown of OSBPL5, SLC22A18, CDKN1C or ZNF215 in both SNB19 and SHSY5Y cells.
Stable knockdown of each gene was confirmed by real-time analysis of RNA expression levels
(Supplementary Fig. 2). Cells with double knockdown of SDHD and either SLC22A18, CDKN1C or
OSBPL5 exhibited succinate levels equivalent to single knockdowns of SDHD, while combined
knockdown of SDHD and ZNF215 resulted in a small (non-significant) reduction in succinate levels
(Figs. 4A and 4B). Consistent with these findings, the ratio of succinate to fumarate was increased in
cells with single knockdown of SDHD compared to scrambled control cells and did not change
significantly following additional knockdown of either SLC22A18, CDKN1C, OSBPL5 or ZNF215 (Fig
4C-D). Furthermore, the elevated succinate/a-KG ratio following SDHD knockdown did not change
significantly upon additional knockdown of any candidate gene (Fig. 4E-F).
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Figure 4. No metabolic changes by stable knockdown of SDHD and 11p15 genes. (A,B) Increased succinate
levels following stable knockdown of SDHD did not change significantly in CDKN1C, SLC22A18 or OSBPL5
double knockdown SNB19 or SHSYS5Y cells, as quantified by LC/MS/MS. (C,D) The ratio of succinate to fumarate
and (E,F) succinate to a-KG is not increased in cells with double knockdowns of CDKN1C, SLC22A18, OSBPL5 or
ZNF215 compared to SDHD knockdown, as quantified by LC/MS/MS. Error bars represent standard deviation
for duplicate experiments. *p<0.05, **p<0.01.

Increased cell proliferation following SDHD and CDKN1C or SLC22A18 double knockdown

HNPGL is characterized by unusually slow growth, with a reported doubling time of 4 years (2). Using
a real-time cell proliferation system, SDHD knockdown in SHSY5Y resulted in reduced proliferation
(Fig. 5A) and a lower S-phase fraction (Fig. 5B), relative to controls. However, reduced proliferation
could not be attributed to cell cycle arrest at G2/M, since no changes were found in the G2/M
fraction in SDHD knockdown compared to control cells (Fig. 5B).

However, a significantly increased rate of cell proliferation was seen following double knockdown of
SDHD and CDKN1C (Fig. 5C), or of SDHD and SLC22A18 (Fig. 5D), compared to single knockdown of
SDHD. By contrast, knockdown of SDHD together with OSBPL5 (Fig. 5E) or ZNF215 (Fig. 5F) did not
result in enhanced proliferation compared to single knockdown of SDHD. Only very minor changes in
cell proliferation were observed in SNB19 cells, perhaps because these cells show much faster
intrinsic growth compared to SHSY5Y cells.
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Figure 5. Increased cell proliferation in cells with knockdown of SDHD and CDKN1C or SLC22A18. (A) SHSY5Y
cells with stable knockdown of SDHD demonstrate a reduced cell proliferation compared to scrambled control
cells, measured in real-time using xCelligence. (B) Using propidium iodide and FACS analysis, DNA content
histograms showed a decreased S phase fraction and increased GO/1 fraction in SDHD knockdown cells
compared to scrambled cells. The acquired FACS data were analyzed by ModFit LT software (Verity Software
House, Inc.). (C) Using xCelligence, SHSY5Y cells with stable knockdown of SDHD and CDKN1C or (D) SLC22A18
show increased proliferation compared to single knockdown of SDHD. (E) No differences in cell proliferation
were observed when comparing single knockdown of SDHD to combined knockdown of SDHD and OSBPL5 or
(F) SDHD and ZNF215.

Knockdown of SDHD and SLC22A18 results in apoptosis resistance

No significant apoptotic activity has been detected in HNPGLs, suggesting that apoptotic
mechanisms may be impaired or blocked (22). Using SDHD knockdown SHSY5Y cells, we induced
apoptosis using various concentrations of staurosporine or cisplatin and studied key features of
apoptosis such as nuclear fragmentation and activation of caspase 3/7. Staurosporine was
significantly less proficient in inducing apoptosis upon SDHD knockdown (Figure 6A), and SNB19 cells
showed similar results, but with lower overall sensitivity to apoptosis (Fig. 6B). SDHD knockdown
also resulted in resistance to cisplatin-induced apoptosis, compared to control cells (Fig. 6C).
Induction of apoptosis using staurosporine or cisplatin was also accompanied by decreased cell
viability (Fig. 6D). Only one candidate gene showed significant differences in apoptosis resistance
following double knockdown, SLC22A18. In SNB19 cells the combined knockdown of SDHD and
SLC22A18 resulted in significant apoptosis resistance compared to single knockdown of SDHD (Fig.
6F).
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Figure 6. Knockdown of SDHD together with SLC22A18 results in apoptosis resistance. (A) Apoptosis was
induced with 2uM, 4uM or 8uM staurosporine for 2 hours in SHSY5Y cells and caspase 3/7 activity was
measured using the APOLive-GLO Multiplex Assay (Promega). (B) Apoptosis was induced in SNB19 cells
following exposure to 2uM, 4uM or 8uM staurosporine (for 24 hours). SNB19 cells showed lower sensitivity to
apoptosis induction than SHSY5Y cells. (C) SHSY5Y cells were exposed to 10uM, 20puM or 40uM cisplatin for 18
hours. (D) Cell viability is decreased by the addition of 2uM, 4uM and 8uM staurosporine or 10uM, 20uM and
40uM cisplatin, measured by APOLive-GLO Multiplex Assay. (E) Using 4uM staurosporine for 2 hours, apoptosis
was induced in SHSY5Y cells and double knockdown cells were analyzed. Silencing of SDHD together with
CDKN1C, SLC22A18, OSBPL5 or ZNF215 resulted in small but non-significant decreases in apoptosis compared
to SDHD knockdown alone. (F) Apoptosis was induced by 4uM staurosporine for 24 hours in SNB19 cells.
Double knockdown of SDHD and SLC22A18 led to a small but significant reduction in apoptosis compared to
knockdown of SDHD alone. Error bars represent standard deviation for duplicate experiments. *p<0.05,
**p<0.01.

Gene expression changes characteristic for SDH-related PGL/PCC by the combined loss of SDHD and
SLC22A18 or CDKN1C

SDHD PGLs display distinctive gene expression patterns compared to paragangliomas and
pheochromocytomas linked to other genes. Unsupervised hierarchical cluster analysis of gene
expression in SNB19 and SHSY5Y cells showed that while cell type is the primary determinant of
clustering (Supplemental Figure 3), a large number of genes are significantly differentially expressed
in both SNB19 cells and SHSY5Y cells depending on single SDHD, or double knockdown together with
SLC22A18 or CDKN1C. Focusing on pathways believed to play a role in PGL/PCC (12;13) and
exploiting the pathway database KEGG, we selected functional gene sets for analysis, including
oxidative phosphorylation, citrate cycle (TCA cycle), apoptosis, glycolysis, VEGF signaling pathway,
pathways in cancer including HIF, glutathione metabolism and beta-alanine metabolism.

Analysis using the global test revealed a synchronized suppression of mitochondrial functions in
SDHD knockdown SNB19 cells compared to scrambled control cells, characterized by significant
differential expression of components of the oxidative response and TCA cycle (Table 2).
Interestingly, double knockdown of SDHD together with either CDKN1C or SLC22A18 in SNB19 cells
led to greater (significant) differential expression of additional PGL/PCC-associated pathways (Table
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2). These changes were not observed in SHSY5Y cells using the global test (Supplemental Figure 3).
To identify further cellular functions that might be affected by the observed gene expression
changes, we performed a series of comparisons using Ingenuity Pathway Analysis (IPA). This analysis
revealed that double knockdown of SDHD and SLC22A18 or of SDHD and CDKN1C strongly decreased
apoptosis and cell death-associated gene expression in both SNB19 cells (Fig. 7A) and SHSY5Y cells
(Fig. 7B), compared to single SDHD knockdown. In addition, both double knockdowns induced gene
expression signatures for increased cell proliferation and cell survival compared to single SDHD
knockdown.

Table 2. Global test of KEGG pathways in three SNB19 cell subgroups
Pathway KEGG pathway Number P-value P-value P-value

ID name of genes Control vs Control vs SDHD + Control vs SDHD +

SDHD shRNA CDKN1C shRNA SLC22A18 shRNA

00190 Oxidative 158 0,002 0,001 0,005
phosphorylation

00020 Citrate cycle 50 0,002 0,0005 0,01

00410 beta-Alanine 34 0,05 0,04 0,01
metabolism

04210 Apoptosis 151 0,1 0,00002 0,003

00480 Glutathione 83 0,9 0,1 0,01
metabolism

00010 Glycolysis 122 0,9 0,5 0,5

05200 Pathways in cancer 601 1 0,008 0,05

04370 VEGF signaling 130 1 0,2 0,1
pathway

Number of genes indicates the number of genes involved in the KEGG pathway. P-value is corrected for
multiple testing using Benjamini—Hochberg, as described in Material and Methods.
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Figure 7. Comparison between the cell subgroups in functional classifications. (A) Heatmap of functional
classifications associated with different SNB19 and (B) SHSY5Y cell subgroups, selected by IPA. Changes in gene
expression of cellular functions for the 3 subgroup comparisons are included in this analysis. 1= scrambled
control cells versus knockdown of SDHD. 2= scrambled control cells versus knockdown of SDHD and CDKN1C.
3= scrambled control cells versus knockdown of SDHD and SLC22A18. Double knockdown of SDHD and
SLC22A18 or of SDHD and CDKN1C strongly decreased apoptosis and cell death-associated gene expression in
both SNB19 and SHSY5Y cells, and increased cell proliferation and cell survival-related gene expression when
compared to single knockdown of SDHD. Orange indicates increased and blue indicates decreased Z-scores.

Protein expression of SLC22A18 and CDKN1C and somatic mutation analysis in SDHD mutant tumors
without loss of chromosome 11

Most SDHD-linked HNPGLs show loss of the entire maternal copy of chromosome 11 (16-18),
effectively preventing further genetic or functional analysis of genes and gene products found on the
maternal chromosome. However, surveying 60 SDHD mutant tumors, we identified four (6.6%)
tumors that were heterozygous (no LOH) for microsatellite markers on chromosome 11, indicating
retention of chromosome 11 (Fig 8A). Reasoning that retention of maternal chromosome 11 would
lead to an alternative pathway of inactivation of a bona fide SDHD modifier gene, we analyzed
SLC22A18 and CDKN1C protein loss in all 60 tumors by IHC. Interestingly, four tumors with retention
of chromosome 11 showed similarly reduced expression levels of SLC22A18 and CDKN1C compared
to tumors showing loss of chromosome 11 (Fig 8B-C).
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Figure 8. SDHD mutant tumors with retention of chromosome 11. (A) Microsatellite markers located on
chromosome 11 were used for LOH analyses. Summary of LOH results for two patients, indicating no LOH (e.g.
retention) of chromosome 11, which was found in a total of four patients. Nt — not tested. Ni — not
informative. (B) Dot plot presenting results of immunohistochemical SLC22A18 expression demonstrating a
high expression in normal post-mortem carotid bodies and non-SDH mutant tumors, including RET, NF1 and
MEN1-linked pheochromocytomas, which is significantly decreased in SDHD mutant paragangliomas with
retention of chromosome 11 and loss of chromosome 11. (C) Dot plot presenting results of
immunohistochemical CDKN1C expression demonstrating comparable expression levels in the 4 SDHD-linked
tumors showing retention of chromosome 11 to SDHD mutant paragangliomas with LOH of chromosome 11
and significantly increased expression levels in non-SDH mutant tumors. Data are represented as calculated
mean score * standard error of the mean. **p<0.01.

To investigate whether somatic mutation in CDKN1C or SLC22A18 might underlie protein loss, we
analyzed all exons of both genes by Sanger sequencing. While no variants were found in CDKN1C, a
missense variant was found in the coding region of SLC22A18, c.65G>A (p.Arg22GIn) in tumors and in
normal matched DNAs in 2 cases. However, as this variant was frequent in a large population
database (http://exac.broadinstitute.org), this variant is unlikely to explain CDKN1C or SLC22A18
inactivation in this specific group of SDHD mutant PGLs/PCCs.
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Discussion

Our goal in this study was to identify genes that, upon knockdown together with SDHD, would
enhance cellular characteristics previously associated with paraganglioma/pheochromocytoma
(PGL/PCC). The Hensen model postulates that tumor formation in SDHD-linked PGL/PCC occurs upon
loss of the SDHD wild type gene together with a maternally-expressed tumor modifier gene probably
located in the 11p15 region (17). Our evaluation of protein expression in the chief cell component of
SDHD-mutated tumors showed that KCNQ1 and PHLDA2 were expressed and thus excluded as
candidates, whereas CDKN1C, SLC22A18 and ZNF215 all showed loss of protein expression
consistent with the Hensen model. The protein expression of the candidate genes H19 (noncoding
RNA) and KCNQ1DN (noncoding RNA) could not be explored for obvious reasons, or due to lack of
reliable antibodies (OSBPL5).

Using two distinct neural-derived cell lines, we then developed stable single and double knockdowns
of SDHD in combination with the candidate genes OSBPL5, CDKN1C, SLC22A18 and ZNF215.
Consistent with earlier reports (11;23;24), we showed knockdown of SDHD results in a disturbed
metabolism indicated by changed levels of TCA cycle metabolites and ATP in cells, and by differential
gene expression of components of the oxidative response and TCA cycle. We anticipated that SDHD
gene knockdown together with the knockdown of the relevant 11p15 tumor modifier gene would
enhance PGL-related cellular characteristics compared to SDHD knockdown alone. Indeed, additional
knockdown produced small but significant increases in cell proliferation and apoptosis resistance.
Although relatively modest enhancements, similar changes found in benign, slow-growing SDHD
mutant PGLs are also small. Large changes would in fact be intrinsically suspect. Most importantly,
comparative analysis of gene expression confirmed these broader functional differences by showing
decreased levels of apoptosis and increased cell proliferation compared to single knockdown.

Results from the cell line-based functional assays were further supported by the finding that SDHD
mutant tumors with either retention or loss of chromosome 11 showed equally low levels of
SLC22A18 and CDKN1C protein expression. SDHx mutations are associated with DNA
hypermethylation and histone methylation (25), suggesting a possible mechanism underlying the
lowered expression of SLC22A18 and/or CDKN1C in SDHD mutant tumors with retention of
chromosome 11.

A limitation of our in vitro work is that all observations were made with tumor cell lines that have
already acquired genetic changes that endow them with tumorigenic growth properties. It is
therefore remarkable that the knockdown of SDHD with or without concomitant knockdown of
11p15 candidate genes was nonetheless capable of causing additional cellular phenotypes
resembling those found in primary PGLs (22). While it would have been more appropriate to perform
knockdowns in normal carotid body cells, these are currently unavailable as in vitro cell lines.
Likewise, reintroduction of SDHD, SLC22A18 or CDKN1C into a PGL tumor cell line to revert the
phenotype wasn’t possible for the same reason.

The concept that SDHD knockdown (or knockout) alone is insufficient to trigger tumorigenesis in the
carotid body is supported by work carried out in genetically engineered mice. No engineered mouse
germline knockout of Sdhb, Sdhc, or Sdhd has developed tumors to date (26-28), and conditional

tissue-specific homozygous knockout leads only to severe apoptotic loss of neuronal and chromaffin
cells and early death of newborn mice (29). Starting from what we understand of SDHD PGLs in man
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- the almost complete resistance to tumor development of carriers of maternally-inherited, and the
loss of entire maternal chromosome 11 —we would argue that the loss of mitochondrial complex Il
activity in chromaffin cells can only be tolerated on a background of other genetic changes that
allows them to overcome cellular lethality. Simultaneous loss of SDHD and SLC22A8 and/or CDKN1C
may create a favorable genetic landscape via a single genetic event, whole chromosome loss of
chromosome 11 (30).

Loss-of-function mutations in CDKN1C are associated with Beckwith-Wiedemann syndrome, an
overgrowth disorder related to disruption of imprinted expression of 11p15 (31). CDKN1C, encoding
the cyclin-dependent kinase inhibitor 1C, inhibits cell cycle progression and may therefore lead to
increased cell proliferation when lost in SDHD mutant PGLs. SLC22A18 is a member of a family of
polyspecific transporters and multidrug resistance genes and has been reported to be a tumor
suppressor candidate and a substrate for RING105, a conserved E3 ubiquitin ligase (32). Genetic
mutations in SLC22A18 are rare, with isolated reports of point mutations in a breast cancer cell line
(33), a rhabdomyosarcoma cell line (34), and Wilms’ tumors and lung tumors (35;36). In glioma cells,
SLC22A18 has a pro-apoptotic function and confers drug resistance (37) and more recently,
downregulation of SLC22A18 in colorectal cancer cell lines has been shown to lead to slower growth
by inducing G2/M arrest (38), supporting a role for SLC22A18 as a tumor suppressor in certain cell
types. Our results showed that the combined loss of SDHD and SLC22A18 leads to apoptosis
resistance and may, in combination with the increased cell proliferation, result in tumor formation in
SDHD mutant PGLs. Future studies should address this mechanism, together with the triple
knockdown of these genes to assess possible synergistic interactions.

In conclusion, this study has identified two credible candidate 11p15 tumor modifier genes that may
be involved in SDHD-linked PGL/PCC, and provides further insight into the consequences of SDHD
knockdown in cells with a neuronal background.
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Supplementary data
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Figure S1. (A) SHSY5Y cells were heterozygous for chromosome 11 as detected by microsatellite markers, while
SNB19 cells were homozygous for chromosome 11. (B) SHSY5Y cells showed an average methylation rate of
0.75 £ 0.08 for H19-DMR and 0.65 + 0.1 for KvDMR, resulting in a ratio of 1.1. The average methylation rate for
H19-DMR in SNB19 cells was 0.1 + 0.1, while the average methylation rate for KyDMR 0.005 + 0.03.
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Figure S2. mRNA expression of CDKN1C, SLC22A18, OSBPL5, ZNF215 and SDHD in SNB19 and SHSY5Y cells.
SNB19 and SHSY5Y cells with stable knockdown of CDKN1C, SLC22A18, OSBPL5, or ZNF215 using lentival shRNA
and in combination with knockdown of SDHD results in decreased mRNA expression of CDKN1C, SLC22A18,
OSBPL5, ZNF215 and SDHD compared to scrambled control cells (dashed line).
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Figure S3. Unsupervised hierarchical cluster analysis of all cells revealed two dominant expression clusters, one
including all SHSY5Y samples and the other consisting of all SNB19 samples. Pathway-based analysis using the
global test on pathways described in Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed no
significant differences between SHSY5Y cells with SDHD knockdown versus control cells (scrambled shRNA),
whereas SDHD+CDKN1C knockdown or SDHD+SLC22A18 knockdown cells compared to scrambled control cells
showed significant differential expression of components of the TCA cycle.
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Abstract

Germline mutations in the succinate dehydrogenase (SDHA, SDHB, SDHC, SDHD, SDHAF2) or Von
Hippel-Lindau (VHL) genes cause hereditary paraganglioma/pheochromocytoma. While SDHB (1p36)
and VHL (3p25) are associated with autosomal dominant disease, SDHD (11q23) and SDHAF2
(11913) show a remarkable parent-of-origin effect whereby tumor formation is almost completely
dependent on paternal transmission of the mutant allele. Loss of the entire maternal copy of
chromosome 11 occurs frequently in SDHD-linked tumors, and has been suggested to be the basis
for this typical inheritance pattern.

Using fluorescent in situ hybridization, microsatellite marker and SNP array analysis, we demonstrate
that loss of the entire copy of chromosome 11 is also frequent in SDHAF2-related PGLs, occurring in
89% of tumors. Analysis of two imprinted differentially methylated regions (DMR) in 11p15, H19-
DMR and KvDMR, showed that this loss always affected the maternal copy of chromosome 11.
Likewise, loss of maternal chromosome 11p15 was demonstrated in 85% of SDHD and 75% of VHL-
related PGLs/PCCs. By contrast, both copies of chromosome 11 were found to be retained in 62% of
SDHB-mutated PGLs/PCCs, while only 31% showed loss of maternal chromosome 11p15. Genome-
wide copy number analysis revealed frequent loss of 1p in SDHB mutant tumors and indicated that
SDHB tumors show greater genomic instability compared to SDHD and SDHAF2.

These results show that loss of the entire copy of maternal chromosome 11 is a highly specific and
statistically significant event in SDHAF2, SDHD and VHL-related PGLs/PCCs, but is less significant in
SDHB-mutated tumors, suggesting that these tumors have a distinct genetic etiology.
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Introduction

Paragangliomas (PGLs) are neuroendocrine tumors derived from cells of the parasympathetic or
sympathetic ganglia. Parasympathetic PGLs occur most commonly in the head and neck region
(carotid body, glomus jugulare, and glomus typanicum), are typically benign, and are rarely
associated with catecholamine secretion (1;2). PGLs arising from the sympathetic ganglia occur in
the abdomen and thorax, often secrete catecholamines, and are associated with a higher risk of
malignancy. Pheochromocytomas (PCCs) are generally benign paragangliomas that arise in the
chromaffin cells of the adrenal medulla, but are frequently associated with hypertension due to
excessive catecholamine secretion (3).

Germline mutations in genes encoding subunits of succinate dehydrogenase (SDH, complex Il of the
mitochondrial respiratory chain) are the most common genetic cause of PGL/PCC, occurring in up to
25% of all cases (4;5). SDH is a heterotetramer consisting of two catalytic subunits, SDHA and SDHB,
and two membrane-spanning subunits, SDHC and SDHD. SDHAF2 encodes an accessory factor
required for the flavination of SDHA. SDH is an essential component of the tricarboxylic acid (TCA)
cycle and the mitochondrial respiratory chain. A puzzling aspect of SDHx-related disease is that
despite the close functional relationship of the SDH proteins, mutations lead to marked differences
in both tumor location and clinical phenotype.

Another striking difference is that only mutations in SDHD and SDHAF2, both located on
chromosome 11, show a parent-of-origin inheritance effect in which carriers develop tumors almost
exclusively following paternal transmission of the mutation (6;7). An important role in causing this
inheritance pattern has been ascribed to the loss of the entire maternal copy of chromosome 11 in
SDHD-linked tumors. A cluster of maternally expressed imprinted genes is located on chromosome
11p15, which formed the basis for a hypothesis now known as the ‘Hensen model’. The model
proposes that maternal chromosomal 11 loss results in the simultaneous deletion of the SDHD wild
type gene and an as yet unidentified exclusively maternally expressed gene (or genes), resulting in
tumor formation (7). This hypothesis predicts that loss of the maternal copy of chromosome 11
might be similarly important for SDHAF2-linked tumors, but has yet to be demonstrated.

To further clarify the role of loss of the maternal copy of 11p in relation to loss of the long arm of
chromosome 11 in paragangliomas, we used several genetic approaches to determine the allelic
status of chromosome 11 in SDHAF2, SDHD, SDHB, and VHL mutant PGLs/PCCs. SDHB and VHL-
related tumors were included because these genes map to other chromosomes than 11. The results
show that tumorigenesis in SDHAF2-related tumors are fully compatible with the Hensen model, and
that 11p loss is less important in SDHB-related tumors than for the other three tumor subgroups.
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Material and methods
Patients and samples

A total of 44 formalin-fixed, paraffin-embedded (FFPE) tissue samples of PGL/PCC from 41 different
patients were used for DNA extraction, including 12 SDHB, 16 SDHD, 9 SDHAF2 and 8 VHL-related
tumors. In addition, we included 12 fresh frozen tumor samples for DNA extraction; 11 SDHD and 1
SDHB-mutated tumors. The histology of all tumors was reviewed (JVMGB, JPB, ASH) and the
mutation detection was confirmed by routine SDHA and SDHB immunohistochemical staining
(Supplemental Figure 1), as described previously (8). For 7 SDHAF2 mutant tumors and 4 SDHB
mutant tumors, paired blood lymphocyte DNA samples were available. In addition, parental blood
lymphocyte DNA was available for 3 SDHAF2-linked patients. Following the original identification of
the SDHAF2 mutation, c.232G>A, p.Gly78Arg, all patients were analyzed by sequencing for the
presence of the mutation (9). The following primers were used for the amplification of exon 2 of the
SDHAF2 gene: 5'-GTTGACCTTCCCAGGCTC-3’ (forward) and 5’-GAGGTTCAGCTGCTTTTCTG-3’
(reverse). Thirty nanograms of genomic DNA from each patient was amplified, and primer annealing
was performed at 58°C. PCR fragments were purified using the Nucleospin gel and PCR clean-up kit
(Macherey-Nagel). Sequencing was performed using standard protocols. Sequences were analyzed
using the Mutation Surveyor software package (Softgenetics).

The SDHB-related samples were obtained from Radboud UMC, Nijmegen, The Netherlands, from
UMCG, Groningen, The Netherlands and from University Hospital Southampton, UK. SDHD-related
samples were obtained from the LUMC, Leiden, The Netherlands. SDHAF2-related samples were
obtained from Radboud UMC and LUMC. VHL-related samples were obtained from the Erasmus MC,
Rotterdam, The Netherlands. Written informed consent was obtained for DNA testing, further
analyses and publication of all results, according to protocols approved by the Ethics Committees of
the Erasmus MC, Radboud UMC, and University Hospital Southampton. Tissues from UMCG were
used anonymously in accordance with the code for adequate secondary use of tissue, code of
conduct: “Proper Secondary Use of Human Tissue” established by the Dutch Federation of Medical
Scientific Societies (http://www.federa.org). Oral informed consent was obtained from patients
according to protocols approved by the Ethics Committees of the LUMC, Protocol P12.082.

Triple colour interphase FISH on nuclei isolated from paraffin-embedded tissue

The PUC1.77 probe for the centromeric alphoid repeat DNA of chromosomes 1 was kindly provided
by Dr J Wiegant (Department of Molecular Cell Biology, LUMC, Leiden, The Netherlands) (10;11). The
BAC probes 371C18 (telomere 11p) and 469N6 (telomere 11q) were obtained from the Children’s
Hospital Oakland Research Institute (Peter de Jong BAC library RP11). All probes were labelled by
standard nick translation with biotin-16-aUTP, digoxigenin-11-dUTP or fluorescein-12-dUTP (Roche,
Basel, Switzerland).

Isolation of intact nuclei, hybridization and immunodetection were performed as previously
described (12), with some modifications. The hybridization mix contained 50% formamide, 3 ng/ul of
each of the three probes (either PUC1.77, pLC11A and 3F7 or PUC1.77, 371C18 and 469N6) and a 50-
fold excess of human Cot-1 DNA (Invitrogen Life tech., Paisley, UK). A volume of 5 ul of the mix was
applied directly onto the slides and covered with an 18x18 mm? coverslip. After a denaturation step
of 8 min at 80°C, the slides were incubated overnight at 37°C in a moisture chamber. A total of 200
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nuclei were analysed for each sample and probe combination by two independent investigators (EFH
and ESJ).

LOH analysis by microsatellite genotyping

Representative tumor areas from FFPE samples were selected to punch 3 cores of 0.6 mm in
diameter for DNA isolation. Microdissection was performed on 8 SDHB-related tumors, using a total
of two 10um thick sections for each case. A tumor percentage of greater than 80% was achieved for
all tumors. FFPE and fresh frozen tumor samples were incubated overnight with proteinase K at 60°C
and DNA was isolated using the Qiagen FFPE DNA kit or QlAamp DNA Mini Kit (Qiagen Benelux B.V.,
Venlo, The Netherlands), respectively, according to the manufacturer’s instructions. Tumor and
blood samples were genotyped for microsatellite markers located on chromosome 11, as described
in the results section. For each marker, 40 ng of DNA was amplified over 40 cycles using FastStar Taq
DNA Polymerase (Roche). Forward primers were labeled with 6-FAM, HEX or NED fluorophore
(Sigma-Aldrich, St. Louis, MO, USA). Amplicons of microsatellite markers were run on an ABI 3730
genetic analyzer and data were analyzed using Gene Marker software (Soft Genetics, State College,
PA 16803, USA), using ABI GeneScan Rox 400 as the internal size standards. LOH was calculated
using the allelic imbalance ratio: AIR = (Tumor1/Tumor2)/(Normall/Normal2). Tumors were
regarded as positive for LOH when the mean allele ratio between tumor and blood was <0.7 for all
informative markers, as described earlier (13). In cases where no matching blood lymphocyte DNA
sample was available, allele peak ratios were compared to DNA samples with the same or very
similar allele combinations. Some markers were either not informative in the patient or did not
perform well enough on tumor DNA samples to give a reliable result and were therefore excluded.

Methylation analysis of H19-DMR and KvDMR

Bisulfite conversion of 250 ng of tumor DNA was performed with the EZ DNA Methylation Kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s instructions. Bisulfite treated DNA was
amplified by PCR with primers specific for modified DNA, designed using Methprimer (14). Primer
sequences for the H19-DMR were 5’-GGTTT TAGTGTGAAATTTTTTT-3’ (forward) and 5’-
CCATAAATATCCTATTCCCAAATAAC-3’ (reverse) and for the KvDMR 5’ -TTGAGGAGTTTTTTGGAGGTT-3’
(forward) and 5’-ACCC AACCAATACCTCATAC-3’ (reverse). The PCR program consisted of an initial
denaturation step at 94°C for 15 minutes followed by 44 cycles of 20 seconds at 94°C, 30 seconds at
55°C for the KvDMR and 52.5°C for the H19-DMR, followed by 5 minutes at 72°C. PCR fragments
were purified using the Nucleospin gel and PCR clean-up kit (Macherey-Nagel, Diren, Germany).
Sanger sequencing was performed using standard protocols and methylation rates were evaluated
using ESME software (15).

Oncoscan analysis

Twelve SDHD, four SDHAF2, nine SDHB, and three VHL mutant tumors (Supplemental Table 1) were
further investigated for whole genome copy number by OncoScan analysis (molecular inversion
probe technology), as described in (16). This array consists of ~335.000 probes of which the majority
(~283.000) are SNP-based. DNA was processed by the Affymetrix Research Services Laboratory
(Santa Clara, California, USA) using the OncoScan™ FFPE Assay. The normalized OncoScan data (2Log
(test/reference)-ratios and B-allele frequency plots) were analyzed with the Nexus Express software
version 3.1 (Biodiscovery, Inc, El Segundo, California, USA) for copy number calling.
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Statistical analysis

IBM SPSS Statistics 20.0 for Windows software package (SPSS, Armonk, NY: IBM Corp) was used to
analyze the results. Statistical significance between two groups was determined by Mann-Whitney U
test. P<0.05 was considered statistically significant.

Results
Loss of heterozygosity in SDHAF2-related PGL

Since SDHAF2-related PGLs show a parent-of-origin effect, similar to SDHD mutations (7), we
hypothesized that their tumorigenesis might also critically depend on loss of the maternal copy of
chromosome 11. We first established SDHAF2 mutation status in germline DNA from 9 patients from
SDHAF2-related families. All patients showed a missense mutation of SDHAF2, c.232G>A
(p.Gly78Arg), in a conserved region of the gene (9). We then sequenced DNA isolated from tumors of
all nine patients, and compared this to matched DNA from blood samples. This comparison showed
that the wild type allele (guanine (G) nucleotide — arrow, Figure 1A) is underrepresented in tumor
DNA (Figure 1B), and the mutant allele is (adenine (A) nucleotide) overrepresented, indicating loss of
the wild type allele (loss of heterozygosity - LOH) in the tumor. Partial retention of the wild type
allele is characteristic of LOH in PGLs, and is due to admixture with normal cells that proliferate
together with tumor cells (17).

Loss of chromosome 11 in SDHAF2-related PGL

To investigate whether the entire copy of chromosome 11 is lost in SDHAF2-related tumors, we
performed fluorescence in situ hybridization (FISH) studies on 6 SDHAF2-linked tumors using a probe
for the centromere of chromosome 1 as a ploidy reference as described earlier (7), and BAC probes
for the subtelomeric regions of 11p and 11q. Simultaneous loss of both probes located on
chromosome 11 relative to centromere 1 was found in all SDHAF2-related PGLs, in 15-44% of nuclei
(Figure 1C, red and orange). Loss of one of the two probes located on chromosome 11 relative to the
other was observed in only a very small minority of nuclei (<0.5%), demonstrating that the observed
relative loss involves the entire copy of chromosome 11.

Parental origin of chromosomal loss in SDHAF2-related PGL

To further evaluate LOH in all SDHAF2-related tumors and study the parental origin of chromosomal
loss, tumor DNA was analyzed for LOH using 24 highly polymorphic microsatellite markers selected
from a custom microsatellite database. In the 9 SDHAF2-related PGLs investigated, 8 (89%) showed
chromosome 11-wide LOH, with allelic imbalance ratios of <0.7 or >1.3 (Figure 1D). Parental blood
DNA samples were available for 3 SDHAF2-related patients. Microsatellite analysis of parental DNA
confirmed that the copy of chromosome 11 lost in all 3 SDHAF2-mutated tumors was maternal
(Figure 1E).
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As parental DNA was not available for the remaining cases, we investigated the methylation status
of two 11p15.5 DMRs, KvDMR (maternal allele methylated) and H19-DMR (paternal allele
methylated). In the presence of two chromosomes with normal methylation levels, each of these
DMRs should show an average 50% methylation rate (one chromosome methylated, opposite
chromosome unmethylated). This analysis showed hypermethylation of the H19-DMR and
hypomethylation in the KvDMR in 8 (89%) SDHAF2 mutant PGLs (Table 1). These findings are
consistent with loss of the maternal allele (18). The mean methylation rates (+ sd) of 7 SDHAF2-
related tumors differed significantly from the normal methylation rates in matched blood DNA (H19-
DMR 0.83 +0.13 versus 0.52 + 0.03 (p=0.008) and KvDMR 0.06 + 0.07 versus 0.50 + 0.10 (p=0.006)).
In each of the tumors with chromosome 11 loss, the ratio of the methylation rate of H19-
DMR/KvDMR was >3, while the ratio of H19-DMR/KvVDMR in blood DNA was ~1. The one SDHAF2-
related tumor without LOH for chromosome 11 by microsatellite marker analysis, demonstrated
normal methylation of both H19-DMR and KvDMR, comparable to blood DNA.
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Figure 1. Sanger sequencing of SDHAF2 in normal (A) and tumor (B) DNA. Arrows indicate the relevant
nucleotides in the heterozygous patient. (C) Interphase FISH results from isolated whole nuclei isolated from
paraffin-embedded material of 6 SDHAF2-related patients. Frequency distribution of signals obtained with
probes for centromere 1 (PUC1.77), telomere 11p (371C18) and telomere 11q (469N6). (D) A typical profile of
microsatellite marker alleles showing loss of heterozygosity. Arrows indicate the allele lost. (E) Chromosome
11 haplotypes of family members. Microsatellite markers are shown with genomic location and the position of
SDHAF2 is indicated. Alleles in orange blocks represent the probable disease haplotype, present in the proband
and absent in the father. Alleles in blue blocks represent alleles from the father.

81



Chapter 4

Table 1. Methylation status of 11p15 imprinted regions KvDMR and H19-DMR in SDHAF2 mutant PGLs with

and without chr 11 LOH

Gene 11p15 11q12 Methylation rate H19-DMR/KvDMR Methylation
mutation status status of tumor DNA Methylation rate rate of matched
and number Ratio of tumor DNA  blood DNA
SDHAF2 (1) LOH LOH KvDMR: 0,07 8,1
(maternal) H19-DMR: 0,57
SDHAF2 (2) LOH LOH KvDMR: 0,01 >10 KvDMR: 0,59
H19-DMR: 0,94 H19 DMR: 0,52
SDHAF2 (3) LOH LOH KvDMR: 0,001 >10
H19-DMR:0,82
SDHAF2 (4) LOH n.i KvDMR: 0,03 >10
H19-DMR: 0,97
SDHAF2 (5)  LOH LOH KvDMR: 0,08 9,8 KvDMR: 0,47
(maternal) H19-DMR: 0,79 H19 DMR: 0,53
SDHAF2 (6) No LOH No LOH KvDMR: 0,63 0,9 KvDMR: 0,57
H19-DMR: 0,57 H19 DMR: 0,54
SDHAF2(7) LOH LOH KvDMR: 0,22 3,7 KvDMR: 0,37
(maternal) H19-DMR: 0,81 H19 DMR: 0,47
SDHAF2 (8) LOH LOH KvDMR: 0,03 >10
H19-DMR: 0,9
SDHAF2 (9)  LOH LOH KvDMR: 0,0001 =

H19-DMR: failed

LOH: loss of heterozygosity, n.i: not informative

Frequent loss of maternal chromosome 11 in SDHD and VHL-related tumors

To investigate the extent and nature of chromosome 11 loss across the various paraganglioma
subgroups, we assembled a panel of 26 SDHD, 13 SDHB, and 8 VHL-related PGLs/PCCs. Of the 26
SDHD-related tumors investigated using polymorphic microsatellite marker analysis, LOH at all

informative markers of chromosome 11 was observed in 22 (85%) tumors (Table 2). In four SDHD-
related tumors almost all markers showed allele ratios between 0.8 and 1, indicating retention of
heterozygosity. Methylation analysis of H19-DMR and KvDMR demonstrated hypermethylation of
H19-DMR and hypomethylation of KvDMR in all SDHD mutant PGLs with LOH for chromosome 11,
consistent with loss of the maternal allele and significantly different from methylation rates of H19-
DMR (p=0.004) and KvDMR (p=0.002) in blood DNA (Table 2). In the four SDHD-related tumors
without chromosomal loss, the ratio of H19-DMR to KvDMR was 1, comparable to blood DNA.
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All 8 VHL-associated PCCs demonstrated loss of chromosome 11 (Table 3), although in 3 tumors,
microsatellite markers were uninformative at 11p15 or at 11923, while other markers on
chromosome 11 showed allelic imbalance ratios of <0.7 or >1.3.

Methylation status of H19-DMR and KvDMR revealed loss of the maternal copy of chromosome 11 in
6 of 8 (75%) VHL-associated PCCs (Table 3), while the methylation status of the H19-DMR could not
be determined in 2 (25%) tumors. However, both these tumors showed hypomethylated KvDMR,
suggestive of maternal allele loss.

Table 2. Methylation status of KvDMR and H19-DMR in SDHD mutant PGLs with and without chr 11 LOH

Gene 11p15 status 11q23 status KvDMR H19-DMR H19-DMR/KvDMR
mutation Methylation Methylation Methylation rate
and number rate rate Ratio

SDHD (10) LOH LOH 0,01 0,62 >10

SDHD (11) LOH LOH 0,0 1,0 >10

SDHD (12) LOH LOH 0,01 0,96 >10

SDHD (13) LOH LOH 0,10 0,86 8,6

SDHD (14) LOH n.i 0,04 0,97 >10

SDHD (15) LOH LOH 0,07 1 >10

SDHD (16) LOH n.i 0,02 0,75 >10

SDHD (17) n.i LOH 0,03 0,45 >10

SDHD (18) LOH LOH 0,02 0,96 >10

SDHD (19) LOH n.i 0,0 0,91 >10

SDHD (20) LOH LOH 0,0 0,87 >10

SDHD (21) LOH LOH 0,08 0,76 >10

SDHD (22) LOH n.i 0,14 0,90 6,4
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SDHD (23) No LOH No LOH 0,51 0,56 1
e
SDHD (25) LOH LOH 0,04 0,86 >10
il
SDHD (27) No LOH No LOH 0,53 0,57 1
i
SDHD (29) LOH LOH 0,15 0,68 4,4

SDHD (31) LOH LOH 0,16 0,68 4,4

SDHD (33) LOH LOH 0,13 0,65 5,2

SDHD (35) LOH LOH 0,13 0,69 5,4

LOH: loss of heterozygosity, n.i: not informative
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Table 3. Methylation status of KvDMR and H19-DMR in VHL mutant PCCs with and without chr 11 LOH

Gene 11p15 status 1123 status KvDMR H19-DMR H19-DMR/KvDMR
mutation Methylation Methylation Methylation rate
and number rate rate Ratio

VHL (37) LOH n.i 0 0,65 >10

VHL (38) LOH LOH 0,01 0,89 >10

VHL (39) LOH LOH 0,03 0,75 >10

VHL (40) LOH LOH 0,01 1 >10

VHL (41) LOH LOH 0,01 1 >10

VHL (42) LOH LOH 0,01 0,83 >10

VHL (43) n.i LOH 0,01 failed -

VHL (44) n.i LOH 0 failed -

LOH: loss of heterozygosity, n.i: not informative

Low frequency maternal chromosome 11 loss in SDHB-related tumors

Almost all (92%) SDHB-mutated tumors retained heterozygosity in the 11q region, while 4 (31%)
tumors showed LOH exclusively in the 11p15 region, in 1 tumor microsatellite markers were
uninformative at 11p15 (Table 4). Moreover, in all cases with LOH, this LOH affected multiple small
regions of chromosome 11 alternated with regions of retention of heterozygosity. Methylation
analysis of H19-DMR and KvDMR in 8 (62%) SDHB mutant tumors showed the ratio of H19-DMR to
KvDMR was ~1, comparable to blood DNA. Of the 4 tumors with indications for LOH of 11p15, 1
(tumor 51) showed hypermethylation of H19-DMR and hypomethylation of KvDMR. Tumors 48 and
50 showed hypermethylation of H19-DMR but normal methylation of KvDMR, resulting in a ratio of
H19-DMR/KVDMR <3 (Table 4). In the remaining SDHB mutant tumor (tumor 49), no methylation
was detected at KvDMR, whereas the methylation rate of H19-DMR was normal. These results are in
stark contrast to the unequivocal findings in SDHAF2, SDHD and VHL-related PGLs/PCCs. To
investigate whether SDHB-mutated tumors show a scattered pattern of LOH on other chromosomes,
we used microsatellite markers from chromosomes known to be affected in PGL/PCC (19), including
chromosomes 1, 3, 5, 14 and 17. All SDHB mutant tumors showed LOH for chromosome 1p,
presumably affecting the SDHB wild type allele (Figure 2). In addition, LOH of other chromosomes,
defined as allelic imbalance ratios of <0.7 or >1.3, was observed in most SDHB-related tumors, in
contrast to SDHD mutant tumors (Figure 2).
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Table 4. Methylation status of KvDMR and H19-DMR in SDHB mutant tumors with and without chr 11 LOH

Gene 11p15 11g23 KvDMR H19-DMR H19-DMR/ Methylation

mutation  status status Methylation Methylation KvDMR rate of

and rate rate Methylation matched blood

number rate Ratio DNA

SDHB (45) No LOH No LOH 0,39 0,45 1,1 KvDMR: 0,39
H19: 0,44

SDHB (46) No LOH No LOH 0,68 0,60 0,9

SDHB (47) No LOH No LOH 0,48 0,31 0,6

SDHB (48)  LOH No LOH 0,57 0,81 1,4 KvDMR: 0,30
H19:0,51

SDHB (49) LOH No LOH 0,09 0,43 4,8 KvDMR: 0,37
H19: 0,51

SDHB (50) LOH No LOH 0,33 0,91 2,8

SDHB (51) LOH LOH 0,04 0,86 >10

SDHB (52) n.i No LOH 0,004 0,47 >10

SDHB (53) No LOH No LOH 0,41 0,69 1,7

SDHB (54) No LOH No LOH 0,89 0,97 1,1 KvDMR: 0,50
H19: 0,54

SDHB (55) No LOH No LOH 0,91 0,92 1,0

SDHB (56)  No LOH No LOH 0,46 0,52 1,1

SDHB (57) No LOH No LOH 0,23 0,33 1,4

LOH: loss of heterozygosity, n.i: not informative
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Figure 2. Frequency (%) plot of loss of heterozygosity (LOH) of different chromosomes in SDHB (black bars) and
SDHD (grey bars) mutant tumors, determined by microsatellite marker analysis. A higher frequency of LOH of
chromosomes 1, 3, 14, and 17 is observed in SDHB-related tumors compared to SDHD-related tumors. LOH of
chromosome 11p is the most frequent event in SDHD mutant tumors.

Greater genomic instability in SDHB tumors compared to SDHD and SDHAF2-related tumors

To further explore genomic instability in these tumors, we analyzed genome-wide copy number
changes and LOH in a total of 28 tumors (12 SDHD, 4 SDHAF2, 9 SDHB and 3 VHL-related PGLs/PCCs)
using SNP array analysis. In agreement with our microsatellite marker results and with other studies
(19-23), the most frequent copy number alterations in these tumors were deletions of 1p (48%),
3p/q (28%/32%), and 11p/q (88%/68%) (Figure 3). Although the SDHB, VHL, SDHD, and SDHAF2
genes are located in these chromosomal regions, losses occurred independently of the presence of
germline mutations in these genes (Supplemental Figure 2). SNP array analysis revealed patterns of
chromosomal gains and losses that were more heterogeneous in SDHB mutant tumors compared to
SDHD and SDHAF2-mutated tumors. We evaluated the level of chromosomal instability in each
tumor by calculating the ‘Fraction of Aberrant Arms’ (i.e. the proportion of chromosome arms
altered over more than 40% of their length (24)). This analysis confirmed the greater degree of
genome instability in SDHB mutant tumors (mean 12%) compared to SDHD mutant tumors (mean
4%) or to SDHAF2 mutant tumors (mean 4,5%). One SDHD and two SDHB-linked tumors appeared to
be tetraploid as determined by the 2Log (test/reference) ratios (Supplemental Figure 3). The most
commonly affected chromosomal regions in SDHB-related tumors were gain of 1q (57%),
chromosome 7 (28%) and 17q (28%), and loss of 1p (100%) (SDHB locus) and 17p (57%). These
regions have also been shown to be affected in RET, NF1 and sporadic
paragangliomas/pheochromocytomas (19), indicating the potential presence of driver genes on
these autosomes.
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Figure 3. SNP array results of SDHx and VHL-mutated paragangliomas/pheochromocytomas. Genomic
frequency plots of gains (in blue) and deletions (in red) among 11 SDHD, 4 SDHAF2, 7 SDHB and 3 VHL-mutated
tumors, obtained with Nexus Express. SDHD, SDHAF2 and VHL mutant paragangliomas/pheochromocytomas
have the highest frequency of 11p loss, while the loss of 1p is a frequent event in SDHB mutant tumors. The X-
axis shows the genomic position along the chromosomes and the Y-axis shows the frequency (%) of copy
number gains and losses.

Discussion

In this study we showed that loss of maternal chromosome 11 is also a cardinal feature of SDHAF2-
linked paragangliomas. The selective loss of maternal chromosome 11 conforms to the Hensen
model and explains why SDHAF2-linked tumors arise in principal upon paternal transmission of the
mutation, comparable to most SDHD-linked tumors (7;20;25). The presence of a paternal parent-of-
origin effect in both SDHAF2 and SDHD-related PGLs, a phenomenon absent in other SDH-related
PGLs, argues that their location on chromosome 11 reveals the fundamental role of another
chromosome 11 gene in tumorigenesis.

The specific loss of maternal chromosome 11 in VHL-related PCCs suggests that a maternally-
expressed gene on chromosome 11 also plays a crucial role in these tumors. In this case no parent-
of-origin effect for the VHL mutation is predicted because loss of the wild type VHL allele on
chromosome 3 can occur independently of maternal chromosome 11 loss. These findings agree with
earlier reports (18;19;22;26) showing a high frequency of chromosome 11p loss in VHL mutant
tumors. It is likely that loss of chromosome 11p confers further growth advantage to the tumors
besides the inactivation of the VHL gene.
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The 11p15 region contains several imprinted genes that are exclusively maternally expressed and
paternally silenced. LOH of maternal chromosome 11 will result in complete loss of expression of
these genes. Our results lend further support to the notion that loss of an as yet unidentified locus
(orloci) in 11p15 could contribute to tumor formation in SDHD, SDHAF2 and VHL-related PGLs/PCCs.

Of the potential candidate genes, the paternally expressed growth promoter insulin like growth
factor 2 (IGF2) and the maternally expressed candidate tumor suppressor genes CDKN1C and H19,
have been most consistently implicated in imprinting disorders, such as Beckwith-Wiedemann
Syndrome and Silver-Russell Syndrome (27). Interestingly, we recently found loss of CDKN1C and
SLC22A18 expression in SDHD-related PGLs compared with normal carotid body tissue and
established that knockdown of SDHD together with SLC22A18 or with CDKN1C led to small increases
in cell proliferation and resistance to apoptosis in neuronal cells (28). Further studies are needed to
clarify the role of imprinted genes located on 11p15 in tumor development of SDHx and VHL mutant
PGL/PCC.

While partial or entire loss of chromosome 11 is a signature event in a proportion of SDHB-related
tumors, many SDHB tumors exhibit gains and losses confined to other chromosomes. Compared to
SDHD and SDHAF2, SDHB tumors show a more complex pattern of chromosome 11 loss and
characteristic changes affecting other chromosomes. Closer analysis to the allele ratios of various
microsatellite markers in all tumors revealed a scattered segmental LOH pattern (Supplemental
Table 5). While loss might be partly masked by tumor heterogeneity and copy neutral LOH, either of
which could impair the detection of genomic alterations (29), the complex pattern of chromosome
11 loss we observed was specific to SDHB tumors. Nevertheless, 4 (31%) SDHB-related tumors
showed loss of maternal chromosome 11p, perhaps signifying a role for the same modifier genes
that play such a prominent role in SDHD and SDHAF2 tumors. A low frequency of chromosome 11
loss in SDHB-related tumors is in agreement with previous reports (19;23). While a proportion of the
greater heterogeneity of chromosomal gains and losses we observed in SDHB mutant tumors might
simply be a byproduct of genomic instability, many changes are recurrent and thus apparently under
the influence of selection, especially losses on chromosomes 1p, 3q, 11p, and 17p and somatic gain
of chromosome 1q. One or more modifier genes on these autosomes may work in specific
synergistic combinations to initiate or promote tumor growth. These recurring and often non-
overlapping chromosomal changes also point to a potential redundancy in modifiers, and as such,
altered expression of different groups of modifier genes might be involved in SDHB tumorigenesis.
Analysis of a much larger number of SDHB tumors will be required to resolve this question.

Interestingly, recent work (30;31) showed that engineering in vitro the loss of chromosome 8p in
cells alters fatty acid and ceramide metabolism. The shift in lipid metabolism triggered tumorigenic
potential under stress conditions. Such a complex metabolic shift is difficult to ascribe to a dosage
effect of a single gene, and is more likely the result of multiple genes on 8p coordinately undergoing
a dosage change. This mechanism might also be at work in SDHx-related tumors, with chromosome
11p loss necessary and sufficient to trigger SDHD and SDHAF2 tumorigenesis, whereas SDHB tumors
require amplification or deletion of multiple driver genes located on different chromosomes.

This speculation is supported by the striking difference in penetrance. A characteristic feature of
SDHD and SDHAF2-related mutations is very high penetrance (90-100%) (9;34), in contrast to SDHB-
related PGLs/PCCs that have an estimated penetrance of only 20-30% (35-37). This striking
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difference cannot be readily explained by functional differences between the respective proteins
and therefore suggests a role for genetic effects, such as chromosomal location. In this scenario,
tumorigenesis in SDHD and SDHAF2 mutation carriers requires only a single somatic genetic event
(chromosome 11 loss), as opposed to the two or more independent somatic events required in SDHB
mutation carriers (loss of the respective wild type allele, together with loss or gain of other
chromosomal regions). In conclusion, our results clearly show that SDHB tumors follow a more
complex and possibly different path to tumorigenesis compared to SDHD and SDHAF2-related PGLs,
involving loss or gain of a greater proportion of the genome.

Despite the apparently integrated function of the SDH subunits, mutations in individual subunit
genes result in a number of striking genetic, phenotypic and clinical differences. Our data now
highlight further differences between SDHB-related PGL/PCC compared to SDHD, SDHAF2 or VHL
mutant PGL/PCC in terms of maternal chromosome 11 loss and additional genomic instability. Loss
of maternal chromosome 11 is a highly specific and statistically significant event in the latter tumors,
suggesting an important role for a still unidentified chromosome 11 factor in the genesis of
paraganglioma.
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Supplementary data

SDHB IHC

SDHA IHC

SDHB protein expression is negative in SDHx-related tumors and positive in VHL mutant tumors. SDHA protein
expression is positive in SDHD, SDHAF2, SDHB and VHL-mutated tumors.
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Supplemehtal figure 2. Overview of the copy-number profiles exported from Nexus Express. Each line
represents the profile of a tumor, with gains in blue and deletions in red. Samples are ordered according to the
gene mutation, as indicated on the left.
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Supplemental figure 3. Log Ratio profiles of five different tumors. The left panel represents three different
tetraploid tumors from 1 SDHD and 2 SDHB mutation carriers. The right panel represents two diploid tumors
from 1 SDHD and 1 SDHB mutation carriers.
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Abstract

Germline mutations in genes encoding subunits of succinate dehydrogenase (SDH) are associated
with hereditary paraganglioma and pheochromocytoma. Although most mutations in SDHB, SDHC
and SDHD are intraexonic variants, large germline deletions may represent up to 10% of all variants
but are rarely characterized at the DNA sequence level. Additional phenotypic effects resulting from
deletions that affect neighbouring genes are also not understood.

We performed multiplex ligation-dependent probe amplification, followed by a simple long-range
PCR ‘chromosome walking’ protocol to characterize breakpoints in twenty SDHx-linked
paraganglioma-pheochromocytoma patients. Breakpoints were confirmed by conventional PCR and
Sanger sequencing.

Heterozygous germline deletions of up to 104 kb in size were identified in SDHB, SDHC, SDHD and
flanking genes in twenty paraganglioma-pheochromocytoma patients. The exact breakpoint could be
determined in sixteen paraganglioma-pheochromocytoma patients of which 15 were novel
deletions. In six patients proximal genes were also deleted, including PADI2, MFAP2, ATP13A2
(PARK9), CFAP126, TIMMSB and C11orf57. These genes were either partially or completely deleted,
but did not modify the phenotype.

This study increases the number of known SDHx deletions by over 50% and demonstrates that a
significant proportion of large gene deletions can be resolved at the nucleotide level using a simple
and rapid method.
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Introduction

Head and neck paragangliomas (HN-PGLs) are generally benign, highly vascularized neuroendocrine
tumours that are associated with the parasympathetic nervous system. HN-PGLs most frequently
arise in the head and neck region as carotid body tumours at the carotid bifurcation. Extra-adrenal
PGLs and pheochromocytomas (PCCs) are associated with the sympathetic nervous system, with
extra-adrenal PGLs occurring in the sympathetic paraganglia anywhere from the neck to the pelvic
floor, while PCCs originate in the chromaffin cells of the adrenal medulla (1). Extra-adrenal
sympathetic PGLs may show an aggressive and metastatic growth pattern (2).

Germline mutations in the genes that encode succinate dehydrogenase (SDH), including SDHA (3),
SDHB (4), SDHC (5), SDHD (6), and SDHAF2 (7), are associated with the development of familial
PGL/PCC. SDH plays a central role in the tricarboxylic acid cycle, converting succinate to fumarate,
while providing electrons for oxidative phosphorylation via the inner mitochondrial membrane.
Despite the close functional relationship of the SDH proteins, mutations of subunit genes lead to
clear differences in clinical phenotype. While SDHD and SDHAF2 mutations predominantly result in
head and neck PGLs, SDHB mutations are more closely associated with extra-adrenal PGL and
metastatic disease (8;9). SDHA and SDHC mutations are very rare and are currently associated with
both PGL and PCC (10;11).

A wide variety of SDH gene mutations have been described and listed in the SDH mutation database
at http://chromium.liacs.nl/LOVD2/SDH/home.php (12), and over 400 variants are now included.
The majority of mutations in the SDH genes are point mutations and small deletions, which are easily
detected by direct sequencing. Large deletions are rarely detectable using this method, but the
widespread adoption of multiplex ligation-dependent probe amplification (MLPA), and other
methods has led to the identification of many large deletions (13-16). The SDH mutation database
currently contains 31 large deletions, including some relatively common variants such as the SDHB
Dutch founder deletion in exon 3 (17;18). However, few deletions have been fully characterized and
it is not known whether partial or complete deletion of additional genes has any phenotypic effect.
In addition, mechanisms underlying deletion such as Alu repeat-mediated recombination, which is
known to play a major role in germline deletions affecting VHL (19), have not yet been extensively
explored in the SDH genes.

We collected samples from PGL/PCC patients who tested negative for point mutations by Sanger
sequencing of the SDH genes. MLPA gene deletion analyses of SDHB, SDHC and SDHD in these
patients led to the identification of 20 SDH-related gene deletions. The exact breakpoint could be
determined in 16 PGL/PCC patients and the majority of these deletions were rapidly identified using
a simple ‘chromosome walking’ long-range PCR method. Of the 15 novel deletions identified, 6 also
affected neighbouring genes. This study illustrates the ease-of-use of this long-range PCR method
and suggests that it may be the most rapid and practical approach for further characterization of
single or a small number of deletions. However, this study also illustrates the drawbacks of this
method in the analysis of complex or very large deletions (>100 kb).
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Material and methods
Patients

DNA samples from 20 index paraganglioma/pheochromocytoma patients were obtained from the
Albert-Ludwigs-University, Freiburg. Genomic DNA was extracted using standard methods from
EDTA-anticoagulated blood samples. Following initial Sanger sequencing and MLPA analysis at
Albert-Ludwigs-University, the samples were further analyzed at the Department of Human
Genetics, Leiden University Medical Center. Informed consent was obtained for DNA testing
according to protocols approved by ethics committee of the Albert-Ludwigs-University, Freiburg. All
included patients were found to be negative for pathogenic mutations by sequencing.

MLPA

Screening for large deletions was carried out using the P226-B1 MLPA kit, following the
manufacturer’s protocol (MRC-Holland, Amsterdam, The Netherlands). This P226-B1 probemix
contains probes for all exons of the SDHB, SDHC and SDHD genes. In addition, 10 reference probes
are included in this probemix, detecting 10 different autosomal chromosomal locations.

Long-range PCR

Long-range PCR was carried out using the Takara LA Taq kit (Takara Bio Inc., Lucron Bioproducts,
B.V., Gennep, The Netherlands) according to manufacturer’s recommendations, except that the final
volume was reduced to 20 pl. Approximately 30 ng of genomic DNA isolated from whole blood was
used per reaction. The long range-PCR protocol was as follows: first an initial melting phase at 95°C
for 3 minutes, followed by 35 cycles of 30 seconds at 95°C, 15 minutes at 68°C (20 minutes for
fragments over 10 kb), and finally an extension phase for 10 minutes at 72°C. Primers were designed
using the Primer3 program (http://frodo.wi.mit.edu/), with a left or right primer specified and
subsequent primers selected using standard parameters (loosened when no primer was found). DNA
sequences were downloaded from the UCSC genome browser using the pages gene sorter, genomic
sequence, and get genomic sequence near gene, with the extent of appropriate upstream or
downstream sequences specified, together with repeat masking. Primer3 allows the analysis of up to
200 kb of genomic sequence, so all primers required for a particular deletion analysis strategy were
designed together. Alu sequences were analyzed using Repbase (Jurka 2000)
(http://www.girinst.org/repbase/index.html). PCR fragments spanning a deletion were characterized
in detail by Sanger sequencing. Results from the sequenced PCR products were analyzed using either
the Multalin program (http://multalin.toulouse.inra.fr/multalin/multalin.html) or the Blat program
https://genome.ucsc.edu/cgi-bin/hgBlat. Deletion nomenclature follows HGVS guidelines.

Quantitative PCR

Broad mapping of selected deletions was carried out by quantitative PCR of DNA using the iQ SYBR
Green Supermix (Biorad, California, USA) on a CFX96 Real-Time System (Bio-Rad, USA). BioRad CFX
Manager 3.0 software was used to analyze the data. Primers were designed using Primer3 software
on repeat masked sequences (primer sequences available upon request). PCR reactions and
quantification of PCR products were performed as previously described (20;21). All measurements
were carried out in triplicate. Ratios of 0.85-1.25 were accepted as diploid, while values of 0.35-0.70
were considered to be haploid, as described previously (19).
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Results
MLPA analysis

MLPA analysis, which is based on the quantification of multiplexed amplified DNA fragments, allows
the identification of large deletions. MLPA screening identified ten cases with partial or complete
germline deletions of SDHB, four cases with deletions of SDHC and six cases with deletions of SDHD
(Table 1). Patients with SDHB deletions showed a variety of deletions in the proximal part of the
gene including the SDHB promoter, exons 1 and 2 (patients 1, 2, 3 and 6), complete gene deletions
(patients 4 and 5), and deletions affecting distal exons (patients 8, 9 and 10). A previously described
Dutch founder deletion affecting exon 3 of the SDHB gene was identified in one patient (patient 7)
(17).

Of the four patients with SDHC-related deletions, three had deletions that extended beyond the
boundaries of the gene, including two patients with deletions in exons 4, 5 and 6 (patients 11 and
12), and patient 14 with a deletion of exons 5 and 6 (Table 1). Only patient 13 showed a deletion
confined to the internal exons 3 and 4.

Of the six patients with deletions in SDHD, five had deletions that affected extragenic regions,
including distal deletions affecting exons 3 and 4 (patient 15 and 20), deletions of the SDHD
promoter and proximal exons (patients 16 and 17) and a complete gene deletion (patient 18). One
patient appeared to have an internal deletion confined to exon 3 of SDHD (patient 19).

Table 1. MLPA results of 20 SDH-related patients

Patient number Gene mutation Description MLPA

1 SDHB Del Promoter + exon 1

2 SDHB Del Promoter + exon 1

3 SDHB Del Promoter + exon 1+2
4 SDHB Del Promoter + exon 1-8
5 SDHB Del Promoter + exon 1-8
6 SDHB Del exon 1

7 SDHB Del exon 3

8 SDHB Del exon 6+7

9 SDHB Del exon 6-8

10 SDHB Del exon 2-8

11 SDHC Del exon 4-6

12 SDHC Del exon 4-6

13 SDHC Del exon 3+4

14 SDHC Del exon 5+6

15 SDHD Del exon 4

16 SDHD Del Promoter + exon 1
17 SDHD Del Promoter + exon 1-3
18 SDHD Del Promoter + exon 1-4
19 SDHD Del exon 3

20 SDHD Del exon 3+4
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Long-range ‘chromosome walking’ PCR

We used long-range PCR to refine deleted regions and, in some cases, to immediately identify exact
breakpoints. Long-range PCR is conventionally used as a secondary method to narrow regions
around deletions that have been located approximately by other methods such as qPCR or
microsatellite mapping. In a previous publication we briefly described exclusive use of long-range
PCR in the rapid mapping of the breakpoints of four SDH gene deletions (13). Here we wished to
further explore the practicality of using this approach as a primary method of breakpoint
identification. Forward or reverse primers were designed in undeleted regions of the SDH genes
when known, with strategies for individual deletions developed based on the known location of
deleted and retained regions as defined by MLPA. For example, in the case of a proximal deletion
extending for an unknown distance upstream of a gene, several reverse primers are designed in a
retained exon and into the possibly retained proximal intron region (Figure 1A). Forward primers are
concurrently designed at increasing distances beyond the region known to be deleted, with steps of
around 5 kb, depending on the location of masked repeat regions in the gene sequence. Following
long-range PCR, amplified products are analyzed by gel electrophoresis and compared to theoretical
products from the wild type allele and possible deletion alleles. The staggered design of primers
pairs (R1+F1, R1+F2, R1+F3, etc.) will in some cases produce a ladder effect on an agarose gel that
immediately suggests the presence of a deletion. In other cases a single dominant product of the
correct size will suggest a specific PCR product. Suspected positive PCR products must be confirmed
by Sanger sequencing (Figure 1B). The breakpoint can then be directly sequenced from such deletion
junction-containing fragments or further refined by conventional PCR and sequencing.
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Figure 1. Long-range PCR mapping strategy to identify the breakpoints of the deletion. (A) Patient 1. F and R
indicate approximate positions of the forward and reverse primers used for SDHB. Genomic DNA is
represented by horizontal lines with exons as blue boxes. The size of the deletion was 59238 bp. (B) The
breakpoint is identified by sequencing with the black line indicating the breakpoint. Alignment of the SDHB
gene (red) shows the continuous region of mismatch and the breakpoints (black).

Thirteen of 20 deletions were rapidly identified using this ‘chromosome walking’ long-range PCR
approach. Ranging from 2.5 kb up to 44 kb, 10 deletions included extragenic regions. A total of 288
PCR reactions were required to identify the breakpoints of 13 deletions, representing an average of
22 PCR reactions per deletion. Even using the relatively basic and low-throughput approach of 96-
well PCR followed by gel electrophoresis, little more than 3 PCR plates were required to identify
these deletion breakpoints. In some cases where products were too large for convenient sequencing
across a breakpoint or mononucleotide repeats hindered sequencing, additional primers were
designed to simplify Sanger sequencing.

By contrast, an additional 629 PCR reactions failed to identify the 7 unresolved deletion breakpoints
(approx. 90 per deletion). Deletions encompassing an entire gene were particularly problematic,
because in the absence of an anchoring gene sequence the number of forward and reverse primer
combinations expands rapidly and results in significant numbers of false positive PCR products that
have to be further analyzed. Extended analysis can also lead to the depletion of DNA samples that
are only available in limited quantities.
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Mapping of deletions by gPCR

The 7 deletions (patients 1, 4, 5, 13, 14, 15, 18) that could not be resolved by long-range PCR
analyses were subjected to broad mapping by SYBR Green qPCR (20). Primers were designed to
amplify 100-300 bp DNA fragments of the genomic sequence of the SDHB, SDHC and SDHD genes,
using steps of around 8 kb between primer sets and including 100 kb upstream and 100 kb
downstream of the coding regions where appropriate. Amplicons of patient DNA with an unresolved
deletion were compared to amplicons derived from DNA lacking an SDH gene deletion. Relative
ratios of 0.85-1.25 were considered to be diploid, while values of 0.35-0.70 were taken as indicators
of a haploid genome region.

The deletion breakpoint for patient 1 (deletion of SDHB promoter and exon 1) was narrowed by
gPCR analysis to a region 44 kb upstream of SDHB (Figure 2A). The breakpoints for patient 4 were
mapped to regions 21 kb upstream and 95 kb downstream of SDHB. However, downstream qPCR
results were variable, with ratios of 0.70-0.90 in the region 96 kb to 165 kb of SDHB. Breakpoints for
patient 5 were mapped to areas 76 kb upstream and 28 kb downstream of SDHB (Figure 2A). A
deletion in SDHC exons 3 and 4 (patient 13) determined by MLPA analysis gave inconclusive qPCR
results in this region with ratios of 0.75-0.85 (Figure 2B). The deletion breakpoint for patient 14
(deletion of SDHC exons 5 and 6) was narrowed to a 56 kb region downstream of SDHC (Figure 2B).

Patient 15 carried a deletion of exon 4 of the SDHD gene that extended only slightly beyond the end
of gene (Figure 2C). The breakpoints of patient 18, with a complete SDHD gene deletion, were
narrowed by gPCR mapping to regions 2 kb upstream and 38 kb downstream of SDHD (Figure 2C).
However, the downstream region was uncertain, due to borderline ratios of 0.75-0.85.
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fragments of the genomic sequence of the SDH gene, using steps of around 10 kb between primer sets and
including 100 kb upstream and 100 kb downstream of the coding regions. (A) Normalized qPCR result of
patient 1, with the dashed line indicating the deleted region based on ratio values of 0.35-0.70. (B) Primers 96
kb upstream and 266 kb downstream of SDHB are used for qPCR. (C) Primers 98 kb upstream and 286 kb
downstream of SDHC are used for gPCR. (D) Primers 97 kb upstream and 92 kb downstream of SDHD are used
for gPCR. Black blocks represents the deleted region based on ratio values of 0.35-0.70. Grey blocks represents
the retained region based on ratio values of 0.85-1.25. Inconclusive results are indicated by white blocks based
on ratio values of 0.75-0.85.

Breakpoint characterization

Following the further refinement of deleted regions by qPCR, we again applied the long-range PCR
approach described above to identify exact breakpoints. Exact positions of the breakpoints could be
determined in a further three patients (patients 1, 5, 15). Of the four unresolved patients, three
showed poor results suggesting low-quality DNA (patients 4, 13 and 14), and one could not be
resolved due to exhaustion of available DNA (patient 18). All results are listed in Table 2, which also
provides information on neighbouring genes affected by deletions. We have included schematic
figures of all deletions and the location of the breakpoints identified in SDHB (Figure S1), SDHC
(Figure S2), and SDHD carriers (Figure S3). Of the 16 deletions, 13 were simple deletions and 3 were
deletions-insertions, including a 17 bp insertion (patient 8), a 6 bp insertion (patient 9), and an
insertion of 133 bp in patient 20 that was identified as an AluS repeat.

We also analyzed the breakpoint regions using Repbase (22) to determine whether Alu-Alu
recombination is an underlying mechanism driving deletion in the SDH genes. Single deletion
breakpoints were located in Alu repeats (patients 5, 7, 15) or in a mammalian long terminal repeat
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(LTR)-transposon 1 (MLT1) element (patients 11, 12) in the SDHD and SDHC genes providing no
evidence for an influence of repeat sequences. Evidence for Alu-Alu recombination-mediated
deletion was found for 4 SDHB gene deletions (patients 1, 3, 6, 7).

Proximal genes

Several of the identified SDH gene deletions also affected neighbouring genes. Patient 1 showed a
deletion in the SDHB promoter together with exon 1 that also extended to include exons 2-16 of
PADI2 (Peptidyl Arginine Deiminase 2) upstream of SDHB. In addition to complete gene deletion of
SDHB in patient 5, upstream of SDHB exons 11-16 of PADI2 were lost and downstream the MFAP2
(Microfibrillar-Associated Protein 2) and ATP13A2 (PARK9) genes were entirely deleted. Mutations in
ATP13A2/PARK9 have been linked to genetic forms of early onset Parkinsonism (23). Patients 11 and
12 showed, in addition to deletion of SDHC exons 4-6, complete deletion of CFAP126 (Cilia And
Flagella Associated Protein 126) (Table 2). Complete gene deletion of TIMM8B (Mitochondrial import
inner membrane translocase subunit Tim8 B) upstream of SDHD was found in patient 16. Patient 17
also showed deletion of the entire TIMMS8B gene, in addition to partial deletion of C110rf57,
upstream of SDHD.

Table 2. Exactly defined breakpoints and deletion sizes in 16 SDH-linked patients

Patient  Description Size HGVS description Associated Other affected
number MLPA deletion repeats/other genes
information (bp) features
1 SDHB del 59238 NG_012340.1 (NM_003000.2): 5’ AluSq PADI2 all but 15t exon
promoter + c.1-54121_73-4014del 3’ AluSq deleted
exon 1
2 SDHB del 3019 NG_012340.1 (NM_003000.2):  None None
promoter + ¢.1-516_72+333del
exon 1
3 SDHB del 28199 NG_012340.1 (NM_003000.2): 5’ AluSz None
promoter + ¢.1-8570_201-1396del 3’ AluSz
exon 1+2
a4 SDHB del ? NG_012340.1 (NM_003000.2):
promoter + c.1+1_*1_?del
exon 1-8
5 SDHB del 103903 NG_012340.1 (NM_003000.2): 5’ Alulb MFAP2 complete
promoter + c.1-24771_*1+43992del deletion, ATP13A2
exon 1-8 complete deletion,

PADI2 last 5 exons
deleted
6 SDHB del 2530 NG_012340.1 (NM_003000.2): 5’ AluSq None
exon 1 c.1-584_72+1872del 3’ AluSq
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10

11

12

13

14

15

16

17

18

19

20

SDHB del
exon 3

SDHB del
exon 6+7
SDHB del
exon 6-8
SDHB del

exon 2-8

SDHC del

exon 4-6

SDHC del

exon 4-6

SDHC del

exon 3+4

SDHC del

exon 5+6

SDHD del

exon 4

SDHD del
promoter +
exon 1
SDHD del
promoter +

exon 1-3

SDHD del
promoter +
exon 1-4
SDHD del

exon 3

SDHD del

exon 3+4

7905

8240

8182

33973

44028

44028

4944

2409

10636

2640

6571

NG_012340.1 (NM_003000.2):

€.201-4429_287-933del

NG_012340.1 (NM_003000.2):

¢.540+266_766-341del.ins17

NG_012340.1 (NM_003000.2):

€.541-1549_*1+1692del.ins6
NG_012340.1
(NM_003000.2):c.72+2025_*1
+931del

NG_012767.1
(NM_001278172.1):
€.179+1931_*1+12026del
NG_012767.1
(NM_001278172.1):
€.179+1931_*1+12026del
NG_012767.1
(NM_001278172.1):
c.77-?_c.179+?del
NG_012767.1
(NM_001278172.1):
€.241+*1_?del
NG_012337.3
(NM_001276506.1):
€.315-726_*1+4052del
NG_012337.3
(NM_001276506.1):
¢.1-1949_52+408del
NG_012337.3
(NM_001276506.1):
c.1-2651_315del

NG_012337.3
(NM_001276506.1):
c.1+*1_?del

NG_012337.3
(NM_001276506.1):
¢.169+168_314+177del
NG_012337.3
(NM_001276506.1): c.170-
80_*1+895del.ins133

5" AluS

17 bp insertion

6 bp insertion

5" AluSx1

3’ AluSx1

5 MLT1-int

5 MLT1-int

5" AluSq

None

None

None

133bp insertion

None

None

None

None

CFAP126 complete

deletion

CFAP126 complete

deletion

None

TIMMSB (DDP2)

complete deletion
TIMMS8B (DDP2)
complete deletion,

Cliorf57 3'UTR

partially deleted

None

None

SDH: succinate dehydrogenase, PADI2: peptidyl argininie deiminase 2, MFAP2: microfibrillar-associated protein
2, CFAP126: cilia and flagella associated protein 126, TIMMS&B (DDP2): mitochondrial import inner membrane

translocase subunit tim8 B, MLT1: mammalian long terminal repeat (LTR)-transposon 1.
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Discussion

In this study we characterized germline deletions of the SDH genes and flanking genes, identifying
precise deletion breakpoints in sixteen patients and deletions of up to 104 kb in size. The average
size of a deletion was 23 kb. This study underlines the fact that clinically relevant deletions may
encompass neighbouring genes, with the potential to modify phenotype. Six of the deletions
affected genes proximal to SDH. Deletions affecting neighbouring genes may influence phenotypes,
as apparent in the case of the VHL gene in which deletion of the actin regulator gene BRK1 together
with the VHL gene reduces risk for renal cell carcinoma, kidney cysts and retinal angiomas
(19;24;25). Patient 1, with a deletion of the SDHB gene promoter and exon 1, also showed a deletion
of exons 2 to 16 of PADI2. PAD enzymes convert protein arginine to citrulline, and citrullination has
been associated with autoimmune responses such as those seen in rheumatoid arthritis (RA) (26).
Certain polymorphisms of the PADI2 gene are also associated with RA (27). No additional phenotype
is currently recognized in patient 1. In addition to complete gene deletion of SDHB, patient 5 was
also affected by deletion of exons 11-16 of PADI2 and complete deletion of the genes MFAP2 and
ATP13A2 (PARK9). MFAP2 is an antigen of elastin-associated microfibrils and may affect
hematopoiesis (28). Mfap2”~ mice show bone abnormalities, hematopoietic changes, increased fat
deposition, diabetes, compromised wound repair, and bleeding diathesis (29). However, no human
mutations in MFAP2 are currently known and heterozygous deletion of MFAP2 in this patient did not
lead to an additional phenotype. ATP13A2 (PARK9) is involved in the pathogenesis of movement
disorders and a heterozygous ATP13A2 gene frameshift mutation has been reported to cause
juvenile Parkinsonism, a disease with an onset under 21 years of age (23). Patient 5 had complete
loss of one ATP13A2 allele, but no additional clinical features associated with Parkinsonism. A large
ATP13A2 deletion has never been reported before in the literature. This deletion may not resultin a
phenotype because it currently appears that mutations with a relatively mild structural effect result
in misfolded proteins that are the actual cause of symptoms, probably acting as dominant negative
proteins (30). If this patient had a Parkinson-like phenotype it would be the very first report of such a
pathogenic mutation in this disease, and would require a re-think of pathogenic mechanisms.

Two patients with a deletion in exons 4-6 of SDHC (patient 11 and 12) also showed complete
deletion of the CFAP126 gene. This gene might play a role in Charcot-Marie-Tooth disease, however
no mutations in CFAP126 have been reported to date. In two other patients, genes proximal to SDHD
were also affected by the deletion of TIMMS8B (patients 16 and 17) and C11orf57 (patient 17). Little
is known about the function of these genes but heterozygous deletions are not known to result in an
additional phenotype (13). Although we did not observe any clinical repercussions that can be
attributed to deletions in these neighbouring genes, some patients may be too young for a full
phenotype to be manifested.

Of the 32 sequenced breakpoints, 13 (40%) were located in repeats, of which 11 (34% of total) were
Alu elements. Most breakpoints located in Alu elements were identified in SDHB-related cases
(10/18, 55%). In four SDHB-related cases there was evidence for Alu-Alu recombination-mediated
deletion and analysis of the genomic structure of the SDHB gene revealed a high density of Alu
repeats (44 elements that represent 31% of the sequence). A high density of Alu elements is likely to
contribute to homologous Alu-mediated recombination, as shown for VHL mutant PCCs where most
large VHL gene deletions are caused by recombination events driven by Alu repeat sequences (19).
The VHL locus sequence shows a very high Alu density of 49%, this may predispose the VHL gene to a
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high frequency of Alu-mediated deletions, in contrast to the SDH genes (mean Alu density of 29%).
Our results suggest that Alu-mediated recombination does not play a major role in the deletion of
SDH genes, since only 34% of all SDH deletions were located in Alu elements compared to 90% of
VHL deletions (19).

This study also illustrates the practicality of a long-range ‘chromosome walking’ PCR strategy in the
rapid and efficient mapping of deletion breakpoints. Although large deletions may represent up to
10% of all SDHx mutations, on a per center basis they are relatively rare and most centers will find
few large deletions. At this point further mapping becomes problematic in terms of return on time
invested. On the one hand, benefits of precise breakpoint mapping include exact identification of a
variant, which facilitates family studies and the identification of founder mutations. The sequence-
related mechanisms underlying large deletions can only be elucidated by breakpoint mapping.
Furthermore, as so few deletions have been mapped in detail, we currently know little about
possible additional phenotypes or phenotypic modification. On the other hand, drawbacks include
the time required to map breakpoints, the expense and relative technical complexity of typical first-
line methods such as gPCR, and the uncertainty surrounding the relevance and meaning of results.
Our experience in this study suggests that any lab with a basic competence in molecular biology
could rapidly map the majority of gene deletion breakpoints using standard equipment, and with
personnel with limited experience. We suggest that while all deletions could be considered targets
for long-range ‘chromosome walking’ PCR, this technique is at its most efficient when used to tackle
deletions that show retention of some part of a gene. In practical terms, using this technique to
analyze more than 100 kb flanking either side of a gene yields diminishing returns and other
approaches such as qPCR or microsatellite mapping should perhaps be considered. Limitations of the
chromosome walking approach include the lack of a positive control in PCR reactions, the possibility
of false negative findings due to primers that produce PCR deletion products too large for efficient
amplification (>10-12kb) and the numerous off-target PCR products produced when primers are not
consumed in the amplification of bona fide products.

In several cases, we used qPCR for further mapping of large deletions in the SDH genes. When
successful, upstream or downstream gene regions can be very rapidly narrowed. However, this
approach is relatively costly, time-consuming, difficult to interpret, and requires close supervision of
inexperienced personnel. Our results were not always conclusive, possibly due to the variable quality
of certain DNA samples, the inexperience of staff and to the intrinsically wider variability of this
quantitative technique. As newer technologies, such as digital PCR, targeted arrays, targeted panel
sequencing, and next-generation sequencing, are increasingly being used for routine clinical
screening, and the costs for genome sequencing decreases, these techniques could be used in the
future to detect copy-number changes (31).

In conclusion, we identified 15 novel deletions, increasing the number of reported SDHx deletions to
46. The majority of deletions found in this study fell within the reach of our ‘chromosome walking’
approach. In several cases the initial characterization and confirmation of a deletion could be
completed in a single long-range PCR experiment, followed directly by Sanger sequencing using the
same primers. We hope that this method will provide a low threshold approach for labs facing the
dilemma of whether to invest time and resources in the full characterization of deletions. Only by
fully characterizing deletions and monitoring patients for possible additional phenotypes can we
determine whether specific SDHx deletions and/or loss of neighbouring genes have phenotypic
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consequences. Improved understanding of the function of deleted neighbouring genes may allow
new insights into subtle clinical effects.
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Figure S1. Schematic figure of the deletions in the SDHB gene. In total, 9 large deletions were identified and
the size of the deletions is provided, varying from 2530 bp to 103903 bp. Patient numbers are indicated on the
left as defined in Table 2. In two patients proximal genes were also deleted, including PADI2 (patient 1),
MFAP2 and ATP13A2 (PARK9) (patient 5). Involvement of Alu repeats in deletions are found in 6 SDHB carriers
(patient 1, 3, 5, 6, 7, 10). Broken lines indicate deletions with breakpoints located beyond the limits chosen for
this figure.

Fig S2
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Figure S2. Schematic figure of the deletions in the SDHC gene. In total, 2 large deletions were identified and
the size of the deletions is 44028 bp. Patient numbers are indicated on the left as defined in Table 2. Both
patients also showed complete deletion of the CFAP126 gene. Single deletion breakpoints were located in
MLT1-int repeat in both SDHC carriers.
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Figure S3. Schematic figure of the deletions in the SDHD gene. In total, 5 large deletions were identified and
the size of the deletions is provided, varying from 2409 bp to 10636 bp. Patient numbers are indicated on the
left as defined in Table 2. In two patients proximal genes were also deleted, including TIMMS8B (DDP2) (patient
16) and C11orf5 (patient 17). A single deletion breakpoint was located in an Alu repeat in 1 SDHD carrier
(patient 15).
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Chapter 6

TCA cycle defects

Paraganglioma and pheochromocytoma are associated with more than 20 genes to date, in which
germline and/or somatic mutations have been identified. A subgroup of these genes is associated
with hereditary paraganglioma—pheochromocytoma, and encode the subunits forming complex II
embedded in the mitochondrial inner membrane. Complex I, also termed succinate dehydrogenase
(SDH) consists of SDHA, SDHB, SDHC, SDHD and the SDH-assembly factor SDHAF2. Tumors caused by
mutations in these genes can be grouped together in a cluster (cluster 1) on the basis of their
transcriptional profile, enriched for genes that are associated with angiogenesis and the hypoxic
response (1). The SDH complex resides in the inner mitochondrial membrane and serves as a core
component of both the tricarboxylic acid (TCA) cycle and the electron transport chain coupling the
conversion of succinate to fumarate with the reduction of ubiquinone. Another component of the
TCA cycle is fumarate hydratase (FH), responsible for the hydroxylation of fumarate to L-malate. FH-
deficient tumors show gene expression profiles that are very similar of SDH mutant tumors,
suggesting similarities in the mechanism of tumorigenesis (2). The link between SDH and FH
inactivation was further strengthened by the identification of FH gene mutations in PCCs that
displayed similar transcriptional and methylation profiles to those of SDH mutant tumors (3).
Inactivation of either SDH or FH leads to accumulation of the respective substrates, succinate and
fumarate, which act as oncometabolites. ‘Oncometabolite’ is a term coined to describe existing or de
novo compounds that accumulate due to the action of a cancer-associated protein and which
influence important cellular processes. In the case of succinate and fumarate this involves inhibition
of a-ketoglutarate dependent hydroxylases, including prolyl hydroxylases (PHD), histone
demethylases and the TET (ten-eleven translocation) family of DNA hydroxylases (Figure 1). TET is
responsible for the oxidation of 5-methylcytosine to 5-hydroxymethylcytosine (5ShmcC).
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Figure 1. Inactivating mutations (red crosses) in genes encoding succinate dehydrogenase (SDH), fumarate hydratase (FH),
and oncogenic mutations (red star) in isocitrate dehydrogenase (IDH1 and IDH2) lead to the accumulation of succinate,
fumarate and (R)-2 hydroxyglutarate ((R)2-HG), respectively. These oncometabolites inhibit a-ketoglutarate (2-0G)
dependent hydroxylases, including prolyl hydroxylases (PHD), jumonji C-domain-containing (JmjC) histone demethylases

and the TET (ten-eleven translocation) family of DNA hydroxylases, respectively leading to pseudohypoxia, histone and
DNA methylation. (Adapted from (4)).
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In chapter two, we demonstrated that SDH and FH mutations are associated with inhibition of DNA
and histone demethylases, leading to loss of 5ShmC and increased H3K9me3 levels in the tumor cells
of SDH-deficient paragangliomas and FH-deficient smooth muscle tumors. Both DNA methylation
and H3K9me3 are often associated with regulatory elements of transcriptionally repressed genes
and constitutive heterochromatic regions of the genome, resulting in an altered transcriptome. The
relationship between methylation and expression changes in SDHx and FH-related paragangliomas
has been examined by Letouzé et al. (2), who revealed 191 genes showing both significant CpG
island hypermethylation and significant downregulation in these tumors (2). Gene ontology analysis
of this set of genes showed a significant enrichment in terms associated with neuroendocrine
differentiation, indicating that methylome remodeling results in transcriptional abnormalities in
SDHx and FH-related paragangliomas, directly associated with their phenotypic characteristics. VHL,
NF1, and RET-mutated paragangliomas/pheochromocytomas did not display a hypermethylator
phenotype (2), while those caused by defects in other genes of the TCA cycle, such as isocitrate
dehydrogenase and malate dehydrogenase, did (5;6). These findings suggest clinical opportunities
for epigenetic targeting in tumors caused by TCA cycle defects. The DNA methyltransferase
inhibitors 5-azacytidine and decitabine are of interest, as 5-azacytidine has been shown to reduce
the proliferative index in an in vivo IDH1 glioma model (7) and decitabine repressed the migration
capacities of Sdhb?" cells (2). Moreover, temozolomide, an alkylating agent, has been shown to be
effective in the treatment for glioblastoma and neuroendocrine tumors (8;9). The cytotoxic effect of
temozolomide has been attributed to its ability to induce DNA methylation at the O° position of
guanine. Methylation of guanine results in DNA mismatch, ultimately resulting in apoptosis and
tumor cell death. Efficacy of temozolomide was correlated with loss of the expression of the DNA
repair enzyme O(6)-methylguanine-DNA methyltransferase (MGMT) and/or MGMT promoter
methylation in glioblastoma and neuroendocrine tumors (8;9). In a limited cohort, temozolomide
appeared to be more effective in patients with SDHB malignant
paragangliomas/pheochromocytomas compared to non-SDHB mutant tumors. This increased
response is probably explained by the loss of MGMT as its promoter was highly methylated in this
subgroup of tumors (10).

The Hensen model

Mutations in SDHD or SDHAF2, unlike mutations of the other SDH subunit genes, show a remarkable
parent-of-origin effect in which carriers develop tumors only when the mutation is inherited from
the father. SDHD and SDHAF2 share the same location, chromosome 11, in contrast to the SDHA,
SDHB and SDHC genes, which are located on chromosome 5 (SDHA) and chromosome 1 (SDHB and
SDHC), and in which germline mutations do not give rise to this parent-of-origin effect. Chromosome
11 harbors the main concentration of imprinted genes in the human genome in the 11p15 region,
with 8 genes expressed exclusively from the maternal allele while the opposite allele is silenced by
epigenetic mechanisms. Loss of the entire maternal copy of chromosome 11 is a frequent event in
SDHD-linked paragangliomas (11). Hensen and colleagues (11) have proposed that the selective loss
of the maternal copy of chromosome 11 results in the simultaneous deletion of the wild type copy of
the SDHD gene and an exclusively maternally expressed gene, producing a parent-of-origin
inheritance pattern (Figure 2). This second locus has remained elusive to date. In chapter three we
present experiments to identify this second locus/loci. We hypothesized that in a human neuronal
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cell line with two parental copies of chromosome 11 in which SDHD had been inactivated, the
knockdown of candidate genes from the imprinted gene cluster on 11p15 might lead to a cellular
phenotype resembling that of primary paragangliomas if the correct combination of genes were
targeted. We studied cell proliferation, apoptosis, gene expression profiles and TCA cycle
metabolites in these cells and identified two potential tumor modifier genes, SLC22A18 and CDKN1C.
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Figure 2. The ‘Hensen’ hypothesis in outline. Loss of a maternal expressed tumor suppressor gene(s) in the tumor, together
with the normal gene copy of SDHD, leads to tumor formation. (m — maternal, p — paternal)

Compared to single knockdown of SDHD, knockdown of SDHD together with SLC22A18 or with
CDKN1C led to small but significant increases in cell proliferation and resistance to apoptosis and
resulted in a gene expression profile closely related to the known transcriptional profile of SDH-
deficient tumors. While the results of our cell line-based functional assays supported a role of
SLC22A18 and/or CDKN1C in tumor formation, further genetic and protein analyses of SLC22A18 and
CDKN1C was performed in 60 SDHD-mutated tumors. Of the 60 SDHD mutant tumors investigated, 4
tumors showed retention of chromosome 11, suggesting that SLC22A18 and/or CDKN1C might be
functionally deleted in these tumors. Indeed, we observed that SLC22A18 and CDKN1C protein
expression levels in SDHD mutant tumors with retention of chromosome 11 were comparable to
levels in tumors showing loss of chromosome 11 by immunohistochemistry and were significantly
decreased compared to controls and/or non-SDH mutant tumors. In chapter two, we have observed
the association of SDHD-related tumors with DNA hypermethylation and histone methylation; it is
possible that this leads to repressed transcription of SLC22A18 and CDKN1C and might explain the
lowered expression of these genes in SDHD mutant tumors with retention of chromosome 11.
Histone modifications leading to repression of CDKN1C transcription has been shown to contribute
to breast cancer (12), rhabdoid tumors (13), and gastric cancer (14). Moreover, SLC22A18 promoter
methylation and downregulation is associated with the development and progression of glioma
(15;16). Future studies should address whether SLC22A18 and CDKN1C are methylated in this
subgroup of SDHD-related tumors with retention of chromosome 11. Overall, our data strongly
suggest that SLC22A18 and CDKNI1C are genes involved in the tumorigenesis of SDHD-linked
paragangliomas.
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CDKN1C, encoding the cyclin-dependent kinase inhibitor 1C, negatively regulates cell proliferation by
inhibiting cyclin/CdK complexes during the G1 phase of the cell cycle and blocks cancer cell growth
(17). It is likely that loss of CDKN1C expression in SDHD mutant paragangliomas confers further
growth advantage to the tumors besides the inactivation of the SDHD gene. In agreement with this,
our data showed that the double knockdown of SDHD and CDKN1C increased cell proliferation of
neuronal cells and cell proliferation-related gene expression compared to single knockdown of
SDHD.

SLC22A18 is a member of a family of polyspecific transporters and multidrug resistance genes, but
the identity of its physiological substrates is presently unknown. As such, there is no information on
molecular pathways that could explain a tumor suppressive function of this transporter. It has been
shown that SLC22A18 has a pro-apoptotic function in glioma cells and confers drug resistance, since
the elevated expression of SLC22A18 increased the expression of caspase-3 and the sensitivity of
glioma cells to the anticancer drug BCNU (18). In agreement with this, our findings showed
downregulation of apoptosis and cell death-related gene expression in neuronal cells by the
knockdown of SLC22A18. No significant apoptotic activity has been detected in head and neck
paragangliomas (19), and our results showed that by combined knockdown of SLC22A18 and SDHD,
cells became more resistant to apoptosis. This suggests that the joint loss of SLC22A18 and SDHD
might create a cellular condition that is favourable for tumor progression, i.e., a combination of
metabolic and epigenetic changes induced by succinate accumulation, and increased resistance to
apoptotic mechanisms. Via which mechanism SDHD and SLC22A18 regulate apoptosis is still
unknown. A possible explanation could be through the activation of hypoxia inducible factor 1 (HIF-
1). SDHD mutations leads to a cellular pseudohypoxic state through the stabilization of HIF-1 caused
by the accumulation of succinate (Figure 1). Activated HIF-1 can act as a transcription factor in the
nucleus and activates the transcription of a large number of genes, resulting in increased cellular
proliferation and reduced apoptosis (1).

Somatic genetic changes

If the loss of chromosome 11 is important for the development of all SDH-related tumors, one
prediction of the Hensen model is that mutations in SDHD and SDHAF2 will display higher
penetrance than mutations in SDHA, SDHB, or SDHC. Tumorigenesis in SDHD and SDHAF2 mutation
carriers requires only a single somatic genetic event (chromosome 11 loss), as opposed to the two
events required in SDHA, SDHB, and SDHC mutation carriers (loss of the respective wild type allele,
together with independent loss of chromosome 11). This prediction appears to be borne out by the
wide difference in lifetime penetrance between mutations in SDHD (~90%) (20) and SDHAF2 (>95%)
(21), compared to SDHB (~30%) (22-24) and SDHA and SDHC (both with unknown, but probably very
low, penetrance). In chapter four we studied whether loss of the maternal copy of chromosome 11p
is an important feature for the development of SDHAF2, SDHD, SDHB, and VHL-linked tumors. We
demonstrated in 89% of SDHAF2, 85% of SDHD, and 75% of VHL-related tumors loss of maternal
chromosome 11p, using highly polymorphic microsatellite markers. No paternal chromosome 11 loss
was found in these tumors. By contrast, both copies of chromosome 11 were found to be retained in
62% of SDHB-mutated PGLs/PCCs, while only 31% showed loss maternal chromosome 11p15,
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suggesting a different genetic mechanism for tumor development in a substantial group of SDHB-
related tumors.

SNP array analysis revealed a strikingly simple pattern of chromosome involvement in SDHAF2 and
SDHD-related tumors, in which copy number loss/LOH primarily affects chromosome 11 and not
much else. VHL and SDHB-related tumors show a much more complex pattern, involving several
other chromosomes beyond those containing VHL and SDHB (chromosome 3 and 1, respectively).
Moreover, SDHB mutant tumors have a greater degree of genome instability (mean 12%) compared
to SDHD (mean 4%) and SDHAF2 (mean 4,5%) mutant tumors. The most commonly affected
chromosomal regions in SDHB-related tumors were gain of 1q (57%), chromosome 7 (28%) and 17q
(28%), and loss of 1p (100%) and 17p (57%). These regions have also been shown to be similarly
affected in RET, NF1 and sporadic paragangliomas/pheochromocytomas (25), indicating the
potential presence of modifier genes on these autosomes. Many chromosomal changes are
recurrent and often non-overlapping, suggesting a potential redundancy in modifiers. As such,
altered expression of different groups of modifier genes might be involved in SDHB tumorigenesis.
Analysis of a much larger number of SDHB tumors will be required to resolve this question.

Interestingly, recent work showed that somatic copy number alterations impact cancer by the
concomitant loss of multiple genes, leading to an altered metabolism (26;27). This mechanism might
also be at work in SDHx-related tumors, with chromosome 11p loss necessary and sufficient to
trigger SDHD and SDHAF2 tumorigenesis, while SDHB tumors can develop upon amplification or
deletion of multiple modifier genes located on different chromosomes. As shown in chapter three,
SLC22A18 and CDKN1C could be the genes involved in the tumorigenesis of SDHD-linked
paragangliomas and might also be involved in SDHAF2 and VHL-related tumors, but this has yet to be
determined. In conclusion, our results clearly show that loss of maternal chromosome 11 is a
signature event in SDHAF2, SDHD, and VHL-related paragangliomas, while SDHB tumors follow a
more complex and possibly different path to tumorigenesis, involving loss or gain of a greater
proportion of the genome.

Clinical presentation

Despite the fact that the SDH proteins are all associated with the same protein complex, mutations
in individual subunit genes lead to clear differences in clinical phenotype (Table 1). The molecular
basis for this clinical divergence is as yet unknown. SDHD mutations are generally associated with a
higher risk of head and neck paragangliomas. For SDHB mutations, extra-adrenal and adrenal is more
often the presenting feature, and SDHB mutation carriers have a higher risk of metastasis (31;32).
Metastasis is thought to occur through epithelial-mesenchymal transition (EMT), while gene
expression analysis of SDHB-related metastatic paragangliomas showed the activation of the EMT
programme (26;33). This might confer cancer cells with stem cell-like properties including the ability
to migrate to and invade distant anatomic sites.
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Table 1. Clinical presentation of SDH-related paragangliomas/pheochromocytomas

Gene Gene Protein Inheri-  Pene- Malignancy PGL
locus function of tance trance rate predeliction
SDH complex site
SDHA | 5p15 Flavoprotein, AD low - Extra-adrenal
catalytic subunit
SDHB | 1p36 Iron-sulphur AD 20-30% +++ Extra-adrenal,
catalytic subunit adrenal
SDHC | 1921 Anchoring AD low + Head and neck
subunit
SDHD | 1123 Anchoring ADPI 88-100% + Head and neck
subunit
SDHAFZ2 | 11913 Assembly factor ~ ADPI 87-100% - Head and neck

PGL: paraganglioma, AD: autosomal dominant, ADPI: autosomal dominant paternal imprinting.

It was recently proposed that a quantitative epigenetic switch, more pronounced in SDHB mutants
than in other SDHx-related tumors, explains the increased malignancy risk conferred by SDHB
mutations (2). Certain methylated genes have been linked to neuroendocrine differentiation (PNMT,
NPY and SLC6A2) and EMT differentiation (KRT19). And as explained above, epigenetic targeting by
the DNA methyltransferase inhibitor decitabine repressed the migration capacities of SDHB-deficient
cells (2). Whether suppression of certain genes by CpG island or histone methylation provides an
advantage in SDHB-mutated tumor progression, however, remains to be directly demonstrated.

Genetic heterogeneity of paragangliomas is further highlighted by the identification of the variety of
SDH germline mutations, with the majority of mutations being point mutations and small deletions
(30). In chapter five, we have molecularly characterized 16 germline deletions in SDHB, SDHC, SDHD
and flanking genes of up to 104 kb in size using a simple and rapid long-range PCR method. This
study increases the number of known SDH germline deletions by over 50%. It further underlines the
fact that clinically relevant deletions may encompass neighboring genes, with the potential to
modify phenotype. In 6 patients, we found a deletion affecting genes proximal to SDHB, SDHC, or
SDHD, including PADI2, MFAP2, ATP13A2 (PARK9), CFAP126, TIMMS8B and C11orf57. These genes
were either partially or completely deleted, but did not influence the phenotype of the patients. In
addition, our results suggest that mechanisms underlying deletion such as Alu repeat-mediated
recombination, which is known to play a major role in the germline deletion of VHL (31), does not
play a significant role in the deletion of SDH genes. Since the VHL locus sequence shows a very high
Alu density of 49%, this may predispose the VHL gene to a high frequency of Alu-mediated deletions,
in contrast to the SDH genes, which show a lower Alu density (mean of 29%). Benefits of precise
breakpoint mapping include exact identification of a variant, which facilitates family studies and the
identification of founder mutations. Improved understanding of the function of deleted neighboring
genes will bring new insights into subtle clinical effects.

Overall, we and others (25) identified recurrent copy number alterations as well as gene expression
and methylation patterns in SDH-deficient tumors. However, the particular mechanisms in which
these events are involved in paraganglioma tumorigenesis remain to be clarified. We still do not
know if the primary link between loss of SDH and tumorigenesis is due to the activation of HIF-1
through the accumulation of succinate or due to inhibition of DNA and histone demethylases (Figure
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1), leading in both cases to an altered transcriptome. Recently, a causal link between hypoxia and
DNA hypermethylation has been identified, leading to altered gene expression (32). Since
paragangliomas are hypoxic tumors and show a hypermethylator phenotype, this might suggest
these mechanisms are related and both important for tumorigenesis. Whether changes in gene

expression are a cause or a consequence of tumor formation needs to be addressed in the future.

Progress will require the development of relevant animal and cell culture models that link SDH
dysfunction to tumor formation.
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Chapter 7

Introductie

Paragangliomen zijn vaatrijke neuro-endocriene tumoren van het autonome zenuwstelstel en zijn
afkomstig van paraganglia, die ontstaan uit de embryonale neurale lijst. Paragangliomen kunnen van
hoofd-halsgebied tot bekken ontstaan ter plaatse van parasympathische ganglia en de sympathische
grensstreng (1). Parasympatische paragangliomen zijn vaak gelegen in het hoofd-halsgebied. De
meest voorkomende hoofd-hals paraganglioom, glomus caroticum, onstaat in de splitsing van de
halsslagader en meet de zuurstofspanning in het bloed. Een glomus-caroticum-tumor is een
goedaardige tumor en groeit langzaam (2). Sympatische paragangliomen zijn voornamelijk
gelokaliseerd in thorax, abdomen of pelvis en hebben een groter risico op maligniteit. Als het
paraganglioom uitgaat van het bijniermerg, spreekt men van een feochromocytoom (3).

Paraganglioma kan sporadisch ontstaan of in het kader van familiaire syndromen. In dit proefschrift
worden klinische kenmerken, de genetica en de tumor biologie van paragangliomen geévalueerd,
waarbij gefocust wordt op SDH mutatiedragers.

Hoofdstuk 1

In hoofdstuk 1 wordt een overzicht gegeven van de genen die een rol spelen bij de tumorvorming
van paraganglioma. Meer dan de helft van de paragangliomen is erfelijk en kan onder andere
veroorzaakt worden door een kiembaanmutatie in SDH-gerelateerde genen. SDH, ook
mitochondriaal complex Il genoemd, is een enzym complex dat zich bevindt in het binnenste
membraan van het mitochondrién en maakt onderdeel uit van zowel de citroenzuurcyclus als de
elektron-transportketen. Hoewel kiembaanmutaties in de meeste SDH-gerelateerde genen tot een
autosomaal dominant overervingspatroon van de ziekte in families leidt, zijn er 2 uitzonderingen:
SDHD en SDHAF2. Mutaties in het SDHD of SDHAF2 gen, beide gelegen op chromosoom 11, vertonen
een bijzondere overervingspatroon. Paragangliomen ontstaan vrijwel nooit indien de
verantwoordelijke mutatie in het SDHD of SDHAF2 gen wordt geérfd via de moeder, terwijl er wel
een grote kans is op het ontstaan van paragangliomen als dezelfde mutatie wordt doorgegeven via
de vader (4;5). Meerdere modellen om dit overervingspatroon te verklaren worden besproken in dit
hoofdstuk.

Hoofdstuk 2

In dit hoofdstuk worden de epigenetische consequenties van mutaties in SDH-gerelateerde
paragangliomen en FH-gerelateerde leiomyosarcomen besproken. De enzymen SDH en FH spelen
een rol in de citroenzuurcyclus, waar SDH de oxidatie van succinaat naar fumaraat uitvoert en FH
fumaraat naar malaat omzet. Een mutatie in het SDH of FH gen leidt respectievelijk tot een ophoping
van succinaat of fumaraat in het cytoplasma, waardoor a-ketoglutaraat afhankelijke dioxygenases,
zoals histon demethylases en de TET familie van DNA hydroxylases, geremd worden. Hierdoor wordt
histon en DNA methylatie gestimuleerd. Met behulp van immunohistochemie laten we in dit
hoofdstuk zien dat histonen van tumorcellen in SDH-gerelateerde paragangliomen en FH-
gerelateerde leiomyosarcomen meer H3K9me3 modificatie bevatten, en het DNA een verlies van
5hmC vertoont ten opzichte van normaal weefsel. Verlies van 5hmC was gecorreleerd aan de
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nucleaire exclusie van TET1 eiwit in de tumorcellen van SDH-gerelateerde paragangliomen. Onze
studie toont aan dat een defect in twee genen van de citroenzuurcyclus vergelijkbare epigenetische
consequenties kan hebben en resulteert in histon en DNA methylatie. Histon en DNA methylering
kan leiden tot het moduleren van genexpressie, waardoor het transcriptoom verandert. Eerder
onderzoek heeft aangetoond dat FH-gerelateerde tumoren dezelfde genexpressie patronen
vertonen als SDH-gerelateerde tumoren (6), en dat FH mutaties paragangliomen kunnen
veroorzaken (7). Deze data suggereert dat SDH en FH mutaties een vergelijkbaar mechanisme tot
tumorvorming kunnen hebben en door metabolische veranderingen het epigenoom wordt
gemodificeerd. Daarnaast is ook aangetoond dat een defect in andere genen van de
citroenzuurcyclus zoals isocitraat dehydrogenase en malaat dehydrogenase kan leiden tot DNA
methylering. Deze bevindingen geven aanleiding tot klinische mogelijkheden voor epigenetische
therapie voor tumoren veroorzaakt door een mutatie in een gen onderdeel van de
citroenzuurcyclus.

Hoofdstuk 3

In hoofdstuk 3 wordt een model uitgewerkt dat het bijzondere overervingspatroon van SDHD-
geassocieerde paragangliomen verklaart. Eerder onderzoek heeft aangetoond dat in SDHD-
geassocieerde paragangliomen niet alleen het wild type SDHD allel verloren gaat, maar dat er sprake
is van selectief verlies van de gehele maternale kopie van chromosoom 11 (4). Dit somatische verlies
van het gehele chromosoom suggereert dat een ander gen, gelegen elders op chromosoom 11, een
essentiéle rol speelt bij de tumorvorming. Volgens dit zogenaamde “Hensen” model is het
aannemelijk dat naast het wild type SDHD allel, ook een actief maternaal tumor suppressor gen
verloren moet gaan, welke onderhevig is aan paternale imprinting (4). Imprinting is een epigenetisch
fenomeen waarbij een gen, afhankelijk van de ouder die het doorgeeft, wel of niet tot expressie
komt. Aangezien de maternale kopie selectief verloren gaat in SDHD-geassocieerde paragangliomen,
zal het tweede gen alleen actief zijn op het maternale allel. Wij hebben aangenomen dat dit gen zou
gelokaliseerd moeten worden in de 11p15 regio, omdat dit een gebied is dat bekend staat vanwege
het uitgebreide cluster van geimprinte genen dat er gelegen is.

In dit hoofdstuk hebben we uitgezocht welk gen in de 11p15 regio betrokken zou kunnen zijn bij de
tumorvorming van SDHD-geassocieerde paragangliomen. Dit is gedaan met behulp van een in vitro
model van neuronale oorsprong, waarin SDHD is uitgeschakeld. Vervolgens zijn verschillende 11p15
genen uitgeschakeld en is uitgezocht welke combinatie resulteerde in een cellulair fenotype
vergelijkbaar aan primaire tumoren. Onze resultaten laten zien dat het uitschakelen van SDHD en
CDKN1C of van SDHD en SLC22A18 beide leiden tot een verhoging in celproliferatie en resistentie
tegen apoptose (celdood) ten opzichte van SDHD uitschakeling alleen. Verder hebben we een
verlaging van de eiwit expressie van CDKN1C en SLC22A18 in 60 SDHD-geassocieerde tumoren
aangetoond en deze tumoren onderzocht op chromosoom 11 verlies. Van de 60 SDHD-
geassocieerde tumoren vertoonden 4 tumoren geen chromosoom 11 verlies. In deze 4 tumoren
zouden de geimprinte genen functioneel uitgeschakeld kunnen zijn. DNA sequentie analyse liet zien
dat deze tumoren geen somatische mutaties in CDKN1C of SLC22A18 hebben. Het zou kunnen dat
CDKN1C en SLC22A18 gemethyleerd zijn in deze tumoren en op die manier niet tot expressie komen,
maar nader onderzoek zal dit moeten uitwijzen.
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In dit hoofdstuk tonen wij aan dat CDKN1C en/of SLC22A18 goede kandidaat genen zijn welke
betrokken kunnen zijn bij de tumorvorming van SDHD mutatiedragers. CDKN1C is een remmer van
cycline-afhankelijke kinases die de transitie van de G1-fase naar de S-fase van de celcyclus, en dus
celdeling, mediéren (8). Verlies van CDKN1C zal een stijging in celdeling veroorzaken en kan op deze
wijze een rol spelen bij de tumorvorming van SDHD mutatiedragers.

SLC22A18 behoort tot de familie van de organische cation transporters, maar het is nog onbekend
via welk mechanisme SLC22A18 zijn tumor suppressor functie uitoefent. Recent onderzoek heeft
aangetoond dat overexpressie van SLC22A18 een pro-apoptotische functie heeft in glioma cellen en
dat deze cellen resistent zijn tegen chemotherapie (BCNU) (9). Dit komt overeen met onze resultaten
waarin wij aantonen dat onderdrukking van SLC22A18 in neuronale cellen apoptose resistentie
veroorzaakt. In hoofd-hals paragangliomen is ook geen apoptose gemeten (10), wat suggereert dat
apoptose wordt geblokkeerd tijdens tumorvorming. Onze resultaten tonen aan dat uitschakeling van
SDHD en SLC22A18 in neuronale cellen een blokkering van apoptose veroorzaakt, dit zou een
mogelijke verklaring kunnen zijn van de tumorgenese in SDHD-geassocieerde paragangliomen. Via
welk mechanisme dit optreedt is nog niet bekend. Echter, een mogelijk mechanisme zou kunnen zijn
via de activatie van hypoxia-inducerende factor 1 (HIF1). De ophoping van succinaat in SDHD-
geassocieerde paragangliomen kan proxyl hydroxylase remmen, waardoor HIF1 wordt gestabiliseerd
(11). Vervolgens kan HIF1 in de kern van de cel reageren als een transcriptiefactor en de transcriptie
van verschillende genen activeren die betrokken zijn bij onder andere glucose metabolisme,
angiogenese, celdeling en apoptose. Meer onderzoek is nodig om de onderliggende mechanismen in
het ontstaan van paragangliomen te begrijpen en de rol van CDKN1C en SLC22A18 bij tumorvorming
uit te zoeken.

Hoofdstuk 4

In hoofdstuk 4 hebben we een groot cohort van paragangliomen en feochromocytomen met
SDHAF2, SDHD, SDHB en VHL mutaties geanalyseerd op het verlies van de maternale kopie van
chromosoom 11. Uit onze resultaten blijkt dat in 89% van SDHAF2, 85% van SDHD en 75% van VHL-
geassocieerde tumoren de maternale 11p regio verloren is gegaan. In tegenstelling tot SDHB-
gerelateerde tumoren, waar in 62% van de tumoren beide kopieén van chromosoom 11 aanwezig is
en maar 31% verlies toont van de maternale 11p regio. Onze resultaten suggereren dat een
subgroep van SDHB-gerelateerde tumoren een ander genetisch mechanisme tot tumorvorming
heeft ten opzichte van SDHAF2, SDHD en VHL-geassocieerde tumoren.

SNP array analyse toont aan dat er naast het verlies van chromosoom 11 in SDHAF2 en SDHD-
gerelateerde tumoren niet veel andere chromosomale veranderingen plaatsvinden. VHL en SDHB-
gemuteerde tumoren laten een veel complexer patroon zien, waar naast het verlies van het wild
type allel ook andere chromosomale veranderingen plaatsvinden. Voorts vertonen SDHB-
gerelateerde tumoren meer heterogene patronen van amplificaties en deleties van chromosomen
en is de genomische instabiliteit hoger in vergelijking met SDHAF2 en SDHD-geassocieerde
paragangliomen. Uit onze studie blijkt dat SDHB-gerelateerde tumoren voornamelijk een verlies van
chromosoom 1p (100%) en 17p (57%) vertonen, maar ook amplificatie van chromosoom 1q (57%),
chromosoom 7 (28%) en 17q (28%). Deze chromosomale regio’s zijn ook aangedaan in RET, NF1 en
sporadische paragangliomen en feochromocytomen (12), wat suggereert dat er potentiele driver
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genen in deze chromosomale regio’s kunnen liggen. Eén of meerdere genen gelegen op deze
chromosomen zouden in synergie kunnen werken om zo tumorgroei te initiéren. Analyse van een
groter cohort SDHB tumoren is nodig om deze vraag te kunnen beantwoorden.

Recent onderzoek heeft aangetoond dat somatische kopie-aantal veranderingen het metabolisme
van een cel kan veranderen door het gelijktijdig verlies van meerdere driver genen gelokaliseerd in
een enkele chromosoom regio (13;14). Dit mechanisme zou ook van toepassing kunnen zijn voor
SDHx of VHL-geassocieerde tumoren, waar chromosoom 11p verlies belangrijk is voor SDHAF2,
SDHD en VHL-gemuteerde tumoren. Voor SDHB-gerelateerde paragangliomen is dat minder
eenduidig en lijken ze te kunnen ontstaan door amplificatie of deletie van verschillende driver genen
gelokaliseerd op verschillende chromosomen.

Deze speculatie wordt ondersteund door de opvallende verschillen in penetrantie van SDHx
mutaties. SDHD en SDHAF2 mutaties hebben een zeer hoge penetrantie (90-100%), terwijl SDHB
mutaties een lage penetrantie hebben (20-30%) (5;17-19). Het verschil in penetrantie kan niet
verklaard worden door functionele verschillen tussen de respectieve eiwitten en suggereert een rol
voor genetische effecten, zoals chromosoom locatie. In het geval van paternaal overerfde SDHD en
SDHAF2 mutaties is slechts één gebeurtenis voldoende voor de initiatie van tumorgroei, namelijk het
wegvallen van het maternale chromosoom 11. In het geval van SDHB mutaties zijn twee
onafhankelijke stappen nodig voor de initiatie van tumorgroei, namelijk het verlies van het wild type
allel (chromosoom 1p) en een tweede die een ander chromosoom regio treft. Aangezien dit soort
genetische gebeurtenissen met een bepaalde waarschijnlijkheid optreden tijdens de celdeling, is het
zeer aannemelijk dat dit laatste scenario veel minder frequent voorkomt.

Hoofdstuk 5

Hoofdstuk 5 betreft een studie waarin 16 deleties in SDHB, SDHC, SDHD en aangrenzende genen zijn
gekarakteriseerd en de exacte breukpunten van de deleties beschreven worden. Van de 16
beschreven deleties zijn 15 SDH deleties nieuw, wat resulteert in een stijging van meer dan 50% van
het aantal bekende SDH deleties. In de studie is gebruik gemaakt van MLPA om SDH deleties te
identificeren, gevolgd door een simpele en snelle techniek genaamd ‘long-range PCR’ om de
breukpunten van de deleties te karakteriseren. De breukpunten zijn bevestigd met behulp van
Sanger sequencing. Onze resultaten laten zien dat de deleties kunnen variéren in grootte van 2,5 kb
tot 104 kb. Voorts wordt aangetoond dat 6 patiénten een heterozygote deletie hebben in SDHB,
SDHC of SDHD en ook in aangrenzende genen, zoals PADI2, MFAP2, ATP13A2 (PARK9), CFAP126,
TIMMS8B en C11orf57. Deze genen zijn voor een deel of volledig gedeleteerd, maar hebben geen
invloed op de fenotype van de patiénten. Daarnaast laat onze studie zien dat Alu-Alu recombinatie
geen prominente mechanisme voor SDH deleties is. Eerder onderzoek heeft aangetoond dat Alu-Alu
recombinatie een grote rol speelt bij kiembaan deleties in het VHL gen (20), dit kan verklaard
worden door een hoog aantal kopieén van Alu sequenties in VHL (49%) ten opzichte van SDH genen
(gemiddelde van 29%). Alleen door het volledig karakteriseren van deleties en het monitoren van
patiénten op additionele fenotypes zullen we kunnen bepalen of een specifieke SDH deletie en
verlies van aangrenzende genen een verandering in fenotype kan veroorzaken. Op deze manier
kunnen we beter de functie van het verloren gen begrijpen wat kan leiden tot nieuwe inzichten in
subtiele klinische effecten.
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Conclusies

In dit proefschrift wordt een aantal nieuwe bevindingen gepresenteerd die de tumorontwikkeling
volgens het Hensen model in SDHD en SDHAF2-geassocieerde paragangliomen bevestigen en verder
invulling geven. Er zijn twee tumor suppressor genen geidentificeerd die mogelijk een rol spelen in
de initiatie van tumorgroei in SDHD (en SDHAF2)-geassocieerde paragangliomen: CDKNIC en
SLC22A18. Nader onderzoek zal dit moeten bevestigen.

Er is voortgang geboekt in het begrip van de moleculair biologische mechanismen die tumorgroei als
gevolg van SDH mutaties kunnen verklaren. Succinaat ophoping als gevolg van een SDH mutatie kan
a-ketoglutaraat afhankelijke dioxygenases remmen. Hierdoor ontstaat er HIF1 stabilisatie en DNA
hypermethylatie, wat resulteert in (epi)genetische veranderingen. De precieze link tussen deze
veranderingen en tumorontwikkeling is nog onbekend. Dat mutaties in andere genen van de
citroenzuurcyclus vergelijkbare epigenetische veranderingen veroorzaakt, kan inzicht geven in de
moleculaire wegen die metabolische veranderingen verbinden met tumorgroei.

Het paragangliomen onderzoek heeft het inzicht doen toenemen in de verschillen in genomische
instabiliteit tussen SDHAF2, SDHD, VHL en SDHB-gerelateerde tumoren, waar het verlies van
chromosoom 11p een duidelijke rol speelt in SDHAF2, SDHD en VHL-geassocieerde
paragangliomen/feochromocytomen, maar niet zozeer in SDHB-gerelateerde tumoren. Een
belangrijke vraag welke onbeantwoord blijft is waarom mutaties in genen die allen onderdelen van
hetzelfde SDH complex coderen, en allen leiden tot een verstoorde functie van dit enzym, toch tot
duidelijke verschillen in klinische presentatie kunnen leiden (Tabel 1).

Toekomstig onderzoek zal moeten uitwijzen wat de onderliggende mechanismes zijn die
verantwoordelijk zijn voor de tumorontwikkeling en het gedrag van paragangliomen als gevolg van
mutaties in het SDH complex. Progressie zou gemaakt kunnen worden door de ontwikkeling van
relevante diermodellen en cellijnen.
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Tabel 1. Klinische presentatie van SDH-gerelateerde paragangliomen/feochromocytomen

Gen Genlocus  Eiwit functievan Over-  Penetrantie Maligniteit Typische tumor
SDH complex erving lokalisatie

SDHA 5p15 Flavoproteine, AD Laag - Extra-adrenaal
katalytisch
subeenheid

SDHB 1p36 lJzer- AD 20-30% +++ Extra-adrenaal,
zwavelproteine, adrenaal
katalytisch
subeenheid

SDHC 1921 Cytochroom b AD Laag + Hoofd-halsgebied
subeenheid,
ankereiwit

SDHD 11923 Cytochroom b ADPI 88-100% + Hoofd-halsgebied
subeenheid,
ankereiwit

SDHAF2 11q13 Cofactor ADPI 87-100% - Hoofd-halsgebied

SDH: succinaat dehydrogenase, AD: autosomaal dominant, ADPI: autosomaal dominant paternale imprinting.
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