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Abstract

Abstract

Pheochromocytoma and paraganglioma (PPGL) are rare neuroendocrine tumors of
the autonomic nervous system. According to their anatomical location, they can be divided
into two main groups: sympathetic paragangliomas (including pheochromocytomas) and
parasympathetic paragangliomas. About 40% of PPGL arise in the context of hereditary
disease, associated with germline mutations in several genes. Hereditary PPGL (HPPGL)
can be caused by mutations in the SDHB gene, a member of the succinate dehydrogenase
enzyme. Although the mutational spectrum of the SDHB gene mainly includes missense
and nonsense mutations, a significant amount of HPPGL patients present large genomic
rearrangements. Particularly, one SDHB exon 1 deletion has been reported recurrently in
HPPGL families from the north of the Iberian Peninsula and has been associated with a
founder effect. A high frequency of families presenting a SDHB exon 1 deletion were
identified at the Portuguese Oncology Institutes of Porto, Coimbra and Lisbon. The aims of
this national level study were: to characterize the genomic breakpoints of all the SDHB exon
1 deletions; to perform haplotype studies in order to determine if it is a founder mutation in
the Portuguese families; to estimate the age of the mutation; to determine the geographical
distribution of the families presenting this rearrangement; and to estimate the penetrance
of the disease in these families.

This study included 30 HPPGL families presenting a SDHB exon 1 deletion
previously detected by Multiplex Ligation Probe Amplification (MLPA). Twenty-four, four and
two families were studied by routine genetic diagnosis at the Portuguese Oncology
Institutes of Porto, Lisbon and Coimbra, respectively. We performed PCR specific
amplification and Sanger sequencing in all positive samples, and all the cases harbored an
identical deletion of 15,678 bp, corresponding to the SDHB variant c.-151-10260_73-
3865del (HGVS, NC_000001.11 (SDHB): ATG=1). Haplotype analysis was performed
using microsatellite markers flanking the SDHB gene. Nine different haplotypes were
phased for 12 informative families and a conserved region of approximately 47 kb was
observed. All families also shared the SNPs haplotype previously described by Martins et
al., (2013) and most families were originated from the north region of Portugal. The
penetrance of the disease was estimated using data from 78 SDHB exon 1 deletion carriers,
including 22 probands and 56 family members. The penetrance estimation was 66.2% and
29.4% at the age of 75 years, including and excluding probands, respectively, which is

similar to that observed for other SDHB mutations.
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Abstract

Concluding, all SDHB exon 1 deletion carriers presented the same 15,678 bp
deletion, previously described as the Iberian founder deletion. Microsatellite haplotype
analysis revealed a conserved region of about 47 kb, indicating a possible common origin
for the Portuguese families. To our knowledge, this is the first study to characterize the
genomic breakpoints of families presenting the SDHB exon 1 deletion at the national level
and to perform an extensive microsatellite haplotype analysis. Nonetheless, additional
studies including all families reported worldwide would be important to further evaluate the

ancestral origin and the age of this mutation.
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Resumo

Resumo

Feocromocitomas e paragangliomas (FEO/PGLs) s&o tumores neuroendécrinos do
sistema nervoso autdonomo. De acordo com a sua localizagdo anatémica, podem ser
divididos em dois grupos principais: paragangliomas simpaticos (incluindo os
feocromocitomas) e parassimpaticos. Cerca de 40% dos FEO/PGLs ocorrem no contexto
de sindrome hereditaria, associados com mutagbes germinativas em varios genes. Os
FEO/PGLs hereditarios podem ser causados por mutagées no gene SDHB, um membro
da enzima sucinato desidrogenase. Apesar do espetro mutacional do gene SDHB incluir
maioritariamente mutacbes missense e nonsense, uma parte significativa de doentes
apresentam rearranjos genomicos. Especificamente, uma dele¢do do exdo 1 do gene
SDHB tem sido frequentemente descrita em familias diagnosticadas com FEO/PGLs,
oriundas da regiao norte da peninsula ibérica, tendo sido associada a um efeito fundador.
Uma elevada frequéncia de familias apresentando a dele¢do do exao 1 do gene SDHB
foram identificadas nos Institutos Portugueses de Oncologia do Porto, de Coimbra e de
Lisboa. Este trabalho teve como obijetivos: caracterizar o ponto de quebra gendmico das
delecdes do exado 1 do gene SDHB identificadas em familias Portuguesas; efetuar estudos
de haplétipo de forma a avaliar se este rearranjo € uma mutagéo fundadora em Portugal;
estimar a idade desta mutagéo; determinar a distribuicdo geografica das familias com esta
alteracao; e estimar a penetrancia da doenga nos portadores.

O estudo incluiu 30 familias diagnosticadas com FEO/PGL hereditario e que
apresentavam a delegao do exdo 1 do gene SDHB previamente detetada por MLPA
(Multiplex Ligation Probe Amplification). Vinte e quatro, quatro e duas familias foram
identificadas no ambito do diagndstico genético da sindrome nos Institutos Portugueses de
Oncologia do Porto, Lisboa e Coimbra, respetivamente. De forma a identificar os pontos de
quebra, efetuamos PCR especifico para a delegéo e sequenciagao de Sanger em todas as
amostras previamente consideradas positivas, e todos os casos apresentaram uma
delecao de 15,678 bp, correspondente a variante SDHB c.-151-10260_73-3865del (HGVS,
NC_000001.11 (SDHB): ATG=1). O estudo de haplétipo foi efetuado usando marcadores
microssatélite a flanquear o gene SDHB. Nove haplétipos diferentes foram observados em
12 familias informativas e uma regido conservada de aproximadamente 47 kb foi
identificada. Adicionalmente, todas as familias também apresentaram o haplétipo usando
SNPs previamente descrito por Martins et al., (2013) e a origem geografica da maioria das
familias é a regiao norte de Portugal. A penetrancia foi estimada recorrendo a dados de 78

portadores da dele¢ao do exao 1 do gene SDHB, incluindo 22 casos indice e 56 familiares.
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A penetrancia estimada foi de 66.2% e 29.4% aos 75 anos de idade, incluindo e excluindo
os casos indice da analise, respetivamente, sendo semelhante a observada para outras
mutag¢des do mesmo gene.

Concluindo, todos os portadores da delecdo do exdo 1 do gene SDHB
apresentaram a mesma delegdo de 15,678 bp, previamente descrita como a delegao
fundadora da Peninsula Ibérica. O estudo de haplétipos usando marcadores microssatélite
revelou uma regido conservada de aproximadamente 47 kb, sugerindo um ancestral
comum para as familias portuguesas. Tanto quanto € do nosso conhecimento, este é o
primeiro estudo a caracterizar o ponto de quebra de familias com uma delecédo do exao 1
do gene SDHB a nivel nacional e a efetuar uma extensa analise de haplétipos usando
marcadores microssatélites. No entanto, estudos adicionais incluindo todas as familias
reportadas mundialmente seriam importantes para avaliar a origem ancestral e a datagao

desta mutagao.
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Introduction

l. Introduction

Cancer is generally considered a large group of diseases characterized by
uncontrolled cell division, resistance to cell death, invasion of adjacent tissues and,
eventually, dissemination to other organs (Hanahan and Weinberg, 2011). According to
GLOBOCAN worldwide data from 2018, there were 18.1 million new cancer cases and 9.6
million cancer deaths (including nonmelanoma skin cancer), which makes cancer the
second leading cause of death globally (Ferlay et al., 2019). Incidence and mortality related
to cancer are growing worldwide, reflecting aging of the population as well as changes in
risk factors prevalence and distribution (i.e. smoking, western diet and physical inactivity)
(Bray et al., 2018).

1. Anatomy and Physiology of the Autonomic Nervous System (ANS)

By definition, the nervous system is divided into central (CNS) and peripheral
nervous system (PNS). The CNS includes the brain and spinal cord. The PNS consists of
ganglia, nerves, sensory receptors and plexuses and it can be subdivided into the afferent
and the efferent division. The afferent division is responsible for transmitting the action
potentials from the sensory receptors to the CNS. The efferent division does the opposite,
transmitting the action potentials from the CNS to the effector organs, such as glands. The
efferent division includes the somatic nervous system and the autonomic nervous system
(ANS). Specifically, ANS includes the sympathetic and parasympathetic divisions, and the
enteric nervous system, controlling involuntarily or subconsciously certain glands, smooth
and cardiac muscle (Wehrwein et al., 2016). Within the ANS, efferent signals between the
CNS and the effector organ are transmitted by preganglionic and postganglionic neurons,
and the autonomic ganglia (Seeley et al., 2006b) (Figure 1). The preganglionic neurons
(whose cell bodies are located in the CNS) synapse with the postganglionic neurons, within
the autonomic ganglia (where the cell bodies of the postganglionic neurons are located, and
the preganglionic neuron axons extend); and the axons of the postganglionic neurons
extend to the effector organ. The ANS sympathetic and parasympathetic divisions differ in
the location of their preganglionic neuron cell bodies within the CNS, and the location of

their autonomic ganglia (Seeley et al., 2006a).
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The sympathetic division has its preganglionic neuron cell bodies located between
the first thoracic (T1) and the second lumbar (L2) segments. The autonomic ganglia are
called sympathetic chain ganglia (or paravertebral ganglia), being located along the two
sides of the vertebral column (Wehrwein et al., 2016). Specifically for the adrenal glands,
the axons of the preganglionic neurons synapse directly with cells in the adrenal medulla,
the inner portion of that gland. The adrenal medulla is composed by a group of cells which
derived from the neural crest, during the embryonic development, as well as postganglionic
cells of the ANS (Seeley et al., 2006a).

The preganglionic neuron cell bodies of the parasympathetic division are located in
the brainstem or in the sacral zone of the spinal cord, between the S2 and S4. Their axons
are in cranial and pelvic nerves and synapse with the postganglionic neuron, within the

terminal ganglia (Seeley et al., 2006a).

Spinal nerve
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Effector organ

Figure 1 - Organization of autonomic nervous system neurons. Adapted from Seeley et al. (2006b)

2. Pheochromocytoma and Paraganglioma

Pheochromocytomas and paragangliomas (PPGLs) are highly vascular
neuroendocrine tumors of the ANS (Lenders et al., 2005). According to the fourth edition of
the WHO classification of endocrine tumors, PPGLs are classified as tumors of the adrenal
medulla and extra-adrenal paraganglia, based on their location or origin (Lam, 2017). More
specifically, paragangliomas (PGLs) arise from neural crest-derived paraganglion cells,
located in the ANS sympathetic or parasympathetic ganglia and accompanying nerves
(Lenders et al.,, 2014; Lam, 2017). Pheochromocytomas (PHEOs) arise from adrenal
medulla chromaffin cells, being therefore considered as intra-adrenal sympathetic PGLs
(Lam, 2017).
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Based on the clinical and biological behavior, PGLs can be divided in two groups:
sympathetic and parasympathetic PGLs. Sympathetic PGLs from the adrenal medulla
represent about 80-85% of the cases and, the remaining 15-20% are extra-adrenal, located
in the prevertebral and paravertebral sympathetic ganglia of the chest, abdomen (most
commonly from the organ of Zuckerkandl, a chromaffin tissue situated near the mesenteric
artery) and pelvis (Pacak and Tella, 2000; Lenders et al., 2005) (Figure 2). Parasympathetic
PGLs are mainly located in the head and neck, being therefore also known as head-and-
neck PGLs (Lam, 2017). According to the anatomical sites of origin, parasympathetic PGLs
could be subdivided into four groups: carotid body, jugulotympanic (middle ear), vagal and
laryngeal PGLs (Chan JKC et al., 2017) (Figure 2). Carotid body location represents more
than 50% of the total parasympathetic PGLs (Lam, 2017).

Considering the fourth edition of the WHO classification of endocrine tumors, the
“malignant PPGL” terminology must be replaced by “metastatic PPGL” (Lam, 2017). This
was justified by the fact that there is no histological system validated and universally
adopted for the establishment of the biological aggressiveness of the tumor (Lam, 2017).
Although the majority of PPGLs are benign tumors, approximately 10% of PHEOs and 25%
of PGLs are metastatic, usually found in lungs, liver, bones and lymph nodes (Pacak and
Tella, 2000).

Middle ear |

%—— Glomus tympanicum

Glomus jugulare

Posterior
mediastinal Internal
3 Glomus vagale
Paravertebral paraganglioma jugular vein ?

sympathetic chain ~
Retroperitoneal

sympathetic
nerve fibers

Vagus nerve ~7

Carotid body
paraganglioma

Paraganglioma
in the organ of
Zuckerkand|

Organ of
Zuckerkand|

Aortic
paraganglioma
Vesical
paraganglioma

Sympathetic
nerve fibersin
pelvic organs

Figure 2 - lllustrative representation of sympathetic paragangliomas (on the left) and parasympathetic

paragangliomas (on the right) anatomical location. Adapted from Katabathina et al. (2019).
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3. Epidemiology

PPGLs are considered rare tumors, irrespective of arising in the context of sporadic
or hereditary disease. For the general population, the reported annual incidence is 3 to 8
cases per 1 million, and the estimated annual prevalence is 1:4,500 and 1:1,700 for PHEO
and PGL, respectively (Pacak et al., 2001). In a recent study performed on a vast cohort of
patients from the Netherlands, the observed incidence was 0.57 per 100,000 persons-year
considering the period between 2011 and 2015 (Berends et al., 2018). In the United States,
the reported annual incidence rate in 2014 was 0.8 per 100,000 persons-years (Shuch et
al., 2014). However, the incidence of PPGLs can be higher, if we account the number of
tumors diagnosed during autopsy procedures (Lenders et al., 2014). In Portugal, the
National Oncology Registry (RON) from 2010, reported an incidence rate for adrenal-gland
tumors (in which PHEO is included) of 0.2 per 100,000 malignant tumors and an incidence
rate for endocrine glands tumors (in which PGL is included) of 0.1 per 100,000 malignant
tumors (RORENO, 2016).

The peak incidence occurs between the third and the fifth decades, however these
tumors are diagnosed earlier when associated with a hereditary predisposition (Eisenhofer
et al., 2011). PPGLs are a rare cause of secondary arterial hypertension (HTA), occurring
on approximately 0.1% of hypertensive patients (Pacak and Tella, 2000).

The only environmental risk factor described so far is the exposure to chronic
hypoxia, i.e. living at high altitudes is associated with increased incidence of head-and-neck
paraganglioma (Astrom et al.,, 2003; Cerecer-Gil et al., 2010; Favier and Gimenez-
Roqueplo, 2010; Waguespack et al., 2010; Opotowsky et al., 2015; Cascon et al., 2019).

4. Biochemical Phenotype, Signs and Symptoms

PPGLs are neuroendocrine tumors and catecholamine secretors. Catecholamines,
including adrenaline (or epinephrine), noradrenaline (or norepinephrine) and dopamine, are
hormones produced by the chromaffin cells of the adrenal medulla and the postganglionic
fibers of the sympathetic nervous system (thoracic and abdominal locations) (Dahia, 2014).
Metanephrine, normetanephrine and 3-methoxytyramine are adrenaline, noradrenaline and
dopamine metabolites, respectively, and all of them are considered for establishing the
tumor’s biochemical phenotype (Else et al., 2018; NCCN, 2019). Therefore, PPGLs can be
classified into three different biochemical phenotypes: noradrenergic, adrenergic and

dopaminergic (Gupta et al., 2017). The noradrenergic phenotype includes PPGLs that are
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characterized by elevated levels of norepinephrine and normetanephrine and is suggestive
for the presence of mutations in VHL, SDHx, FH, MDH2, EPAS 1/HIF2A and SDHAF2 genes
(Pacak and Tella, 2000; Gupta et al., 2017). The majority of the tumors included in this
biochemical phenotype are located outside the adrenal gland, but, PHEOs can also show
a noradrenergic phenotype, namely when they occur in the context of von Hippel-Lindau
(VHL) syndrome (Pacak and Tella, 2000). The adrenergic phenotype includes PPGLs
characterized by elevated levels of epinephrine and norepinephrine and the tumor location
is typically on the adrenal glands, although tumors with TMEM127 mutations are an
exception (Pacak and Tella, 2000; Gupta et al., 2017). The PPGLs with this biochemical
phenotype usually harbor mutations in kinase signaling related genes, such as NF1, RET,
TMEM127 and MAX (Pacak and Tella, 2000). The dopaminergic phenotype includes
PPGLs characterized by elevated levels of dopamine, but slightly elevated levels of
norepinephrine/normetanephrine can also be present. This phenotype can occur with some
head-and-neck PGLs (more specifically, carotid body PGLs) and its characteristic of
metastatic disease, especially in SDHB and SDHD mutated tumors (Pacak and Tella,
2000). Therefore, the biochemical phenotype can be suggestive of the tumor anatomical
location (Turchini et al., 2018).

Hypertension (continuous, intermittent or paroxysmal) is the most common feature
of PHEOs and sympathetic PGLs (Parenti et al., 2012). Hypertensive crises are associated
with severe headaches, diaphoresis and palpitations. Dyspnea, weakness, arrythmias,
weakness, glucose intolerance and weight loss are other symptoms associated with
catecholamine hypersecretion (Lenders et al., 2005; Fishbein, 2019). The high morbidity
and mortality are essentially related with cardiovascular events, such as sudden death,
myocardial infarction and cerebrovascular accidents (Lenders et al., 2005; Parenti et al.,
2012).

Parasympathetic PGLs are usually associated with the tumor mass effect and
infiltration of adjacent structures (Fishbein, 2019). Palpable neck masses, dysphagia,
tinnitus and cranial nerve palsies could be observed in some patients with this type of tumor
(Erickson et al., 2001; Fishbein, 2019). Indeed, catecholamine hypersecretion is absent in
95% of these head-and-neck tumors; the remaining 5% are either a subset of carotid body
tumors or arise from the cervical sympathetic chain (Pacak and Tella, 2000; Else et al.,
2018).
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5. Diagnosis, Treatment and Follow-up

The disease diagnosis is based on evaluation of the catecholamine hypersecretion
by biochemical testing, and localization of the tumor by imaging methods. Both are equally
important; however, the first approach should be the biochemical testing, followed by
imaging studies (Pacak and Tella, 2000; Lenders et al., 2014). The biochemical diagnosis
of secreting PPGLs is based on catecholamines and respective metabolites levels, which
can be evaluated in plasma or urine samples (specifically, plasma free metanephrines or
urinary fractionated metanephrines). Liquid chromatography with mass spectrometric or
electrochemical detection methods should be the election methods for establishing the
biochemical diagnosis (Lenders et al., 2014). The concomitant use of certain drugs
(including acetaminophen, some B- and a-adrenoreceptor blocking drugs, serotonin-
reuptake inhibitors and monoamino oxidase inhibitors), as well as caffeine and alcohol
intake, smoking, and strenuous physical activity in the 24 hours prior to testing, can cause
false-positive test results (Neary et al., 2011; Hannah-Shmouni et al., 2017). False-negative
metanephrine test results could occur in presence of head-and-neck, nonfunctional or small
(less than 1 cm) tumors (Gupta et al., 2017). For dopaminergic phenotype tumors, like some
head-and-neck paragangliomas, it is recommended to test the dopamine metabolite 3-
methoxytyramine and not dopamine itself, because most of urine dopamine is formed in
renal cells (Eisenhofer et al., 2005).

In terms of imaging methods used for diagnosis, chest computed tomography (CT)-
scans (with or without contrast) and abdominal/pelvic multiphasic CT or magnetic
resonance imaging (MRI) scans are also recommended. However, CT is the recommended
first-choice, because it offers better spatial resolution for anatomical locations such as the
abdomen, thorax and pelvis (Lenders et al., 2014; NCCN, 2019). If metastatic disease is
suspected, MRI is the recommended method, although other imaging studies could be
performed (including somatostatin receptor-based imaging, Fluorodeoxyglucose - Positron
emission tomography (FDG-PET)/CT, Metaiodobenzylguanidine (MIBG) scan, and bone
scan) (Lenders et al., 2014; NCCN, 2019).

Genetic testing is also recommended for all patients with PPGL, regardless of
patient and family characteristics and should be performed using a clinical feature-driven
diagnostic algorithm to establish the priorities for specific genetic testing, according to a
syndromic or metastatic presentation (Lenders et al., 2014; Plouin et al., 2016; Fishbein,
2019; Muth et al., 2019; NCCN, 2019). A young age at diagnosis, presence of positive family
history, and presentation of multifocal tumors or bilateral pheochromocytomas are

prioritizing features for patients genetic testing. Tumor location and biochemical phenotype
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considerations are also helpful for guiding genetic testing (Lenders et al., 2014). The
identification of a hereditary syndrome in the proband may result in earlier diagnosis and
treatment of PPGLs in the family members (Lenders et al., 2014).

The definitive treatment of PPGLs is surgical resection, using a laparoscopic
approach, whenever possible. However, for secreting tumors, a pre-operative medical
management is essential to prevent perioperative cardiovascular complications (such as
arrythmias and hypertensive crises), which can arise from the exposure to high circulating
catecholamine levels during the surgical procedure (Berruti et al., 2012; Lenders et al.,
2014; Fishbein, 2019; NCCN, 2019). This pre-operative management generally includes, in
first line, the use of a-adrenergic receptor block drugs (known as “alpha blockade”) with an
aggressive volume repletion and a high-sodium diet during 10-14 days or until stabilization
of blood pressure and heart rate (Lenders et al., 2014; NCCN, 2019). If necessary, other
drugs can be used after the alpha blockade. When the tumor is locally unresectable, the
medical therapy for secreting tumors must be continued, in addition to one of the following
four options: cytoreductive resection, radiotherapy, iodine-131-MIBG or ""’Lutethium
Peptide Receptor Radionuclide Therapy ('"’Lu-PRRT). For metastatic disease, the aim of
the treatment is to control the excessive catecholamine secretion and tumor burden,
however, no curative approach is achievable (Berruti et al., 2012; NCCN, 2019; Pang et al.,
2019).

The recommended lifelong surveillance for PPGL patients includes biochemical,
imagiological and clinical examination. Eventually, if a pathogenic variant in a susceptibility
gene is found, the type and frequency of the surveillance measures should be based on the

genotype-phenotype relationships established for the affected gene (Fishbein, 2019).

6. Tumorigenesis

The tumorigenesis mechanism of PPGLs it's quite diverse, involving a great variety
of biological pathways, related to somatic and germline genetic alterations. PPGLs can be
segregated into three clusters, according to their transcription profile: genes associated with
metabolic reprogramming and pseudo-hypoxic signaling; kinase signaling and protein
translation; and the Wnt-signaling pathway (Jochmanova and Pacak, 2018; Pang et al.,
2019).
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6.1 Pseudohypoxic Signaling Cluster

The tumors included in this group typically present a metabolic reprogramming and
pseudohypoxic signature, commonly linked to mutations in VHL, SDHx (SDHA, SDHB,
SDHC, SDHD), SDHAF2, HIF2A, EGLN1/2, MDH?2 and FH genes (Jochmanova and Pacak,
2018). This cluster is characterized by upregulation of hypoxia inducible factors (HIFs),
which are transcription factors, physiologically induced when the cell is exposed to hypoxia.
However, in a pseudohypoxic state, the HIF pathways are constitutively active,
independently of oxygen cellular levels (Gruber and Simon, 2006; Dahia, 2014;
Gunawardane and Grossman, 2017; Jochmanova and Pacak, 2018).

Physiologically, HIFs are heterodimeric complexes composed by a- and -subunits
(Gruber and Simon, 2006). HIF-a family members include HIF-1a, HIF-2a and HIF-3a,
which are the three isoforms of the a-subunit. HIF-$ also has three isoforms: ARNT, ARNT2
and MOP3 (member of PAS protein 3) (Gruber and Simon, 2006; Jochmanova et al., 2013).
While HIF-B is constitutively expressed in the nucleus, the HIF-a protein expression is
related to oxygen levels, therefore regulating HIF activity. In normoxia, HIF’s activity is
regulated by prolyl-hydroxylase domain enzymes (PHDs), which hydroxylate HIF-a subunits
on specific prolyl residues (Gruber and Simon, 2006). This forms a recognition site for von
Hippel-Lindau tumor suppressor protein (pVHL), a member of the E3 ubiquitin ligase
complex. That complex induces polyubiquitylation of the a-subunits, leading therefore to
their proteasomal degradation (the ubiquitin-proteasome pathway) (Gruber and Simon,
2006; Jochmanova et al., 2013) (Figure 3). In hypoxia, the proteasomal degradation is
inhibited because the hydroxylation of HIFs, referred above, does not occur (Gruber and
Simon, 2006). HIF-a will form a heterodimeric complex with HIF-B, binding to the hypoxia
responsive elements (HRE) in the target genes, activating their transcription. Genes coding
growth factors like VEGF, PDGF and TGFa, and metabolic enzymes like GLUT1 are
examples of the target genes referred above. This will allow the adaptation of cells to a
hypoxic state, inducing glycolysis as an alternative to oxidative phosphorylation and
angiogenesis, two features relevant for tumorigenesis (Gottlieb and Tomlinson, 2005;
Jochmanova et al., 2013).

Loss-of-function mutations in SDHx, SDHAF2, FH and MDH2 leads to the
accumulation of Krebs cycle metabolites (succinate, fumarate and malate). More
specifically, SDHx and SDHAF2 inactivating mutations lead to an accumulation of
succinate, because it's not converted into fumarate on the Krebs cycle. The accumulated
succinate goes to cytosol, where it inhibits the PHDs, leading to the stabilization of HIF and
consequent activation of target genes — a cellular state known as pseudohypoxia

(Jochmanova et al., 2013). Fumarate accumulation, resulting from FH mutations, also
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inhibits PHDs and consequently leading to HIF-a stabilization (lsaacs et al., 2005).
Mutations in MDH2 gene (MDH2 converts malate into oxaloacetate, in the Krebs cycle) are
probably associated with fumarate accumulation, however, the mechanism is not
completely understood (Cascon et al., 2015). In tumors presenting mutations in genes like
VHL, EGLN1/2 and HIF2A, the HIF signaling pathway is activated because they are directly
involved in hypoxic signaling (Jochmanova and Pacak, 2018). VHL codes for the VHL
protein, a member of the E3 ubiquitin ligase complex, EGLN7 and EGLN2 code for PHD2
and PHD1 enzymes, respectively and HIF2A codes for the subunit 2a of HIF. Tumors
included in this cluster typically have a poor prognosis, being more clinically aggressive and

often metastatic (Jochmanova and Pacak, 2018).
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Figure 3 - Normoxia cellular state with hypoxia pathway inhibition and consequent proteasomal degradation of
HIFs (on the left). Hypoxia or pseudoxypoxia cellular state with activation of the hypoxia pathway, stabilization
of HIFs and consequent transcription of target genes, promoting tumorigenesis (on the right). Adapted from
Gupta et al. (2017).

6.2 Kinase Signaling Cluster

The tumors included in this group typically harbor somatic and germline mutations
in RET, NF1, MAX and TMEM127 genes, which are related with kinase signaling (Dahia,
2014).
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The physiological activation of RET, a transmembrane tyrosine kinase receptor
coded by RET proto-oncogene, initiates a cascade of events activating RAS and PI3K/AKT
downstream signals, including mTOR that regulates cell growth related processes (Dahia,
2014; Pang et al.,, 2019). Gain-of-function mutations in RET gene will result in the
constitutive activation of the transmembrane tyrosine kinase receptor, leading to
tumorigenesis (Dahia, 2014; Pang et al., 2019).

NF1, which acts as a tumor suppressor gene, codes for neurofibromin, which is a
GTPase-activating protein that negatively regulates RAS signaling (Dahia, 2014; Pang et
al., 2019). The decreased activity of neurofibromin, caused by loss-of-function mutations in
NF1, leads to an uncontrolled activation of the RAS signaling, increasing tumorigenesis
processes (Pang et al., 2019).

TMEM127 acts as a tumor suppressor gene and encodes TMEM127 protein. The
decreased activity of TMEM127 protein, by loss-of-function mutations, allows the activation
of the mTOR pathway, independently of RAS and PI3K/AKT (Qin et al., 2010; Gunawardane
and Grossman, 2017).

MAX gene encodes a transcriptional regulator, MAX, which can form heterodimers
with transcription factors MYC (oncogenic proprieties) and MXD1 (MYC repressor),
controlling (inhibiting or promoting) the transcription of genes involved with cellular
proliferation, differentiation and apoptosis (Comino-Mendez et al., 2011; Pang et al., 2019).
The balanced activity between MYC-MAX and MXD1-MAX heterodimers is essential for the
MAX-mediated transcriptional control referred above (Dahia, 2014) (Figure 4).

RET

TMEM127 @

Cell proliferation and survival

Figure 4 - Schematic representation of the kinase signaling cluster genes and signaling pathways. Adapted from
Katabathina et al. (2019).
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6.3 Wnt Signaling Cluster

The tumors included in this group are associated with CSDE1 somatic mutations or
fusion genes involving MAMLS3, such as UBTF-MAML3 and TCF4-MAML3 (Jochmanova
and Pacak, 2018). Alterations in these genes appeared to be two independent ways for Wnt
and Hedgehog signaling pathways activation (Fishbein et al., 2017; Gunawardane and
Grossman, 2017). The Wnt (or B-catenin) pathway is known for regulating cell proliferation,
adhesion, polarity, motility and differentiation. One target gene of this pathway is the
oncogene MYC, known as a driver of cell proliferation (Bielinska et al., 2009). Typically, the
tumors included in this cluster are sporadic pheochromocytomas, with a poor prognosis
(Fishbein et al., 2017; Jochmanova and Pacak, 2018).

7. Hereditary Pheochromocytoma and Paraganglioma (HPPGL)

Although the majority of the PPGLs are considered sporadic, about 40% of the cases
are associated with germline mutations, being therefore considered hereditary (Dahia,
2014; Castro-Vega et al., 2016; Lam, 2017; Fishbein, 2019). Indeed, PPGLs are considered
the most strongly hereditary group of tumors among human cancers (Dahia, 2014; Castro-
Vega et al., 2016; Lam, 2017).

PPGLs have a highly diverse genetic background, including germline pathogenic
variants in VHL (Crossey et al., 1994), NF1 (Xu et al., 1992), RET (Mulligan et al., 1993),
SDHA (Burnichon et al., 2010), SDHB (Astuti et al., 2001), SDHC (Niemann and Muller,
2000), SDHD (Baysal et al., 2000) , SDHAF2/SDH5 (Hao et al., 2009), TMEM127 (Qin et
al., 2010), MAX (Comino-Mendez et al., 2011), EGLN1/PHD2 (Ladroue et al., 2008), KIF1B
(Yeh et al., 2008), EPAS1/HIF2A (Lorenzo et al., 2013), FH (Castro-Vega et al., 2014),
MEN1 (Dackiw et al., 1999), MDH2 (Cascon et al., 2015), EGLN2/PHD1 (Yang et al., 2015),
KMT2D (Juhlin et al., 2015) and BAP1 (Wadt et al., 2012) genes (Table 1). For several of
these genes, germline mutations cause hereditary tumor syndromes, in which PHEOs
and/or PGLs can be one of the clinical manifestations. Germline mutations in SDHx and
SDHAF?2 are the most common genetic cause of inherited PPGLs (Lam, 2017).

The likelihood of finding a germline pathogenic variant in a patient with a PHEO or
a PGL increases when one, or more, of the following features is present: young age at
presentation (less than 45 years old); associated syndromic manifestations; multifocal,
bilateral, or metastatic disease; and/or a positive family history (based on family pedigree
or identification of susceptibility gene mutation in a relative) (Cascon et al., 2009; Mannelli

et al., 2009; Buffet et al., 2012). However, the presence of those characteristics is not
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mandatory (Lenders et al., 2014). The diagnosis of a HPPGL is established when a germline

heterozygous pathogenic variant is found in the proband (Else et al., 2018).

Table 1 - Genes associated with HPPGL, chromosomal locus, associated syndrome, germline pathogenic

variants prevalence and mode of inheritance. Adapted from Muth et al. (2019).

Gene Locus PPGL syndrome Prevalence Mode of
inheritance
RET 10911.21 MEN2 5% AD
VHL 3p25.3 VHL 13% AD
NF1 17q11.2 NF1 3% AD
MEN1 11913.1 MEN1 <1% AD
FH 1943 HLRCC 1% AD
SDHA 5p15.33 PGL5 1% AD
SDHB 1p36.13 PGL4 8-10% AD
SDHC 1923.3 PGL3 2% AD
SDHD 11923.1 PGL1 7-10% AD 2
SDHAF2 11q912.2 PGL2 1% AD @
TMEM127 2q11.2 - 1-2% AD
MAX 14923.3 - 1% AD
KIF1B 1p36 - * AD
PHD2/EGLN1 1942.2 - * AD
PHD1/EGLN2  19q13.2 - * AD
EPAS1/HIF2A 2p21 - * AD
MDH2 7911.23 - * AD
KMT2D 12913.12 - * AD
BAP1 3p21.1 - * AD

*not available; 2 Autosomal dominant with “parent-of-origin” expression phenotype.

7.1 Syndromic Forms

Germline mutations in RET, VHL, NF1, MEN1 and FH genes are related with the
following hereditary syndromes: MEN2 (Multiple Endocrine Neoplasia type 2A and 2B), VHL
(von Hippel-Lindau disease), NF1 (Neurofibromatosis type 1), MEN1 (Multiple Endocrine
Neoplasia type 1) and HLRCC (Hereditary Leiomyomatosis and Renal Cell Carcinoma
syndrome), respectively. All of these are well-established hereditary syndromes, in which
PHEOs (more commonly) and/or PGLs, are one of the clinical manifestations (Lam, 2017).
The diagnosis of these five syndromes can be performed based on clinical criteria and they
are also characterized by the presence of syndromic lesions (involving organs other than
the adrenals or the paraganglia) (Mannelli et al., 2009; Else et al., 2018; Muth et al., 2019).

The mode of inheritance is autosomal dominant and germline mutations are present in
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about 23% of all HPPGL cases. VHL germline mutations are the most prevalent,
representing about 13% all HPPGL cases, followed by RET (=5%) and NF1 (3%) genes.
The occurrence of PPGL in MEN1 and HLRCC syndromes is much rarer, with only a small
percentage (=1%) of cases presenting germline mutations in MEN7 and FH genes (Muth et
al., 2019).

7.1.1 Multiple Endocrine Neoplasia type 2

Multiple Endocrine Neoplasia type 2 (MEN2) is an autosomal dominant syndrome
caused by germline activating mutations in the RET proto-oncogene (Wohllk et al., 2010).
This gene is located on chromosome 10q11.2, has 21 exons and encodes an 860 amino
acid protein, which is a transmembrane receptor tyrosine kinase (Lodish and Stratakis,
2008). Clinical diagnostic criteria are medullary thyroid carcinoma (MTC), PHEO and
primary hyperparathyroidism (Fishbein, 2019).

There are three subtypes of MEN2 associated with RET mutations: MEN2A, MEN2B
and familial medullary thyroid carcinoma (FMTC). The MEN2A subtype represents the
majority of cases (90%) and the mutational spectrum related to this subtype includes
missense mutations in exon 10 (codons 609, 610, 611, 618, 620) and exon 11 (codon 634)
(Brandi et al., 2001; Fishbein and Nathanson, 2012). These mutations occur in the
extracellular domain of RET, causing activation of PI3 kinase pathway in a ligand
independent manner. That activation leads to a higher capacity of the cell to grow,
differentiate and survive (Wohllk et al., 2010). The MEN2B subtype is much less common
(5% of the cases) and mostly associated with mutations at exon 16 (codon 918) (Pacak et
al., 2009; Wohllk et al., 2010). Lastly, the FMTC subtype is the rarest subtype, and it's
characterized by the absence of PHEO. The mutational spectrum of these patients includes
mutations in exon 10, 11 and 13 (codon 768) and exon 14 (codons 804, 806) (Brandi et al.,
2001).

The identification of a PHEO in a patient with MEN2 syndrome is clinically relevant
because prevention of a possible hypertensive crisis during a surgical treatment becomes
possible (Gunawardane and Grossman, 2017). About 50% of MEN2 syndrome patients will
develop PHEO, and approximately half of them will present bilateral disease (Fishbein,
2019).

7.1.2 von Hippel-Lindau disease

The VHL disease is a rare autosomal dominant syndrome caused by germline

mutations on VHL tumor suppressor gene (Latif et al., 1993). This gene is located on
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chromosome 3p25.3, contains three exons and encodes two proteins: pVHL3o and pVHL1g.
These proteins are involved in HIF1a and HIF2a proteasomal-mediated degradation and
ubiquination, regulating the transcription of hypoxia inducible genes (Latif et al., 1993). VHL
disease is characterized by either benign and malignant tumors, including CNS
hemangioblastomas, clear cell renal cell carcinoma (RCC), pancreatic neuroendocrine
tumors, renal, pancreatic and epididymal cysts and PHEOs. VHL disease can be divided
into type 1 and type 2, based on the likelihood of developing PHEO, with type 2 families
presenting an increased risk (Gunawardane and Grossman, 2017). Above 10 to 20% of
patients develop benign and bilateral PHEOs, and it can be one of the first clinical
manifestations of the syndrome (Delman et al., 2006; Fishbein and Nathanson, 2012).
Although rare, there are reports of sympathetic and parasympathetic PGLs in these patients
(Boedeker et al., 2009). The age of diagnosis of PPGL in VHL syndrome is about 28 years,
and they are generally bilateral, multiple and asymptomatic at diagnosis (Maher et al., 2011;
Jafri and Maher, 2012). The most common VHL gene mutations are deletions, truncating
and splice-site, being associated with a lower risk for PPGLs development. However,
missense mutations are associated with a higher risk for PHEO development (Jafri and
Maher, 2012; Fishbein, 2019).

7.1.3 Neurofibromatosis type 1

NF1 is an autosomal dominant genetic disorder caused by germline mutations on
the tumor suppressor gene NF1 (Fishbein and Nathanson, 2012). NF1 is located on
chromosome 17q11.2, contains sixty exons and has multiple pseudogenes (Fishbein and
Nathanson, 2012; Gunawardane and Grossman, 2017; Pang et al., 2019). Up to 50% of
NF1 syndrome patients have a de novo mutation, with variable penetrance and disease
expressivity, even in patients with the same mutation (Ferner et al., 2007) which makes it
difficult to establish a relationship between genotype and phenotype. A wide variety of
germline mutations have been described, namely points mutations, which include
nonsense, missense, insertion/deletions, and splicing mutations, and large genomic
rearrangements (Shen et al., 1996; Fokkema et al., 2011).

NF1 diagnosis is mostly clinical and requires the presence of at least two or more of
the following clinical features: café-au-lait macules, neurofibromas, optic glioma, Lisch
nodules, bony dysplasia, axillary and inguinal freckling and a first degree relative with the
disease (Ferner et al., 2007). Although, the occurrence of PHEO is not a criterion for NF1
syndrome diagnosis, they occur in approximately 3 % of all NF1 patients (L. M. Gruber et
al., 2017; Fishbein, 2019).
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7.1.4 Multiple Endocrine Neoplasia type 1

MEN1 is an autosomal dominant genetic disorder caused by germline mutations in
the tumor suppressor gene MEN1 (Marini et al., 2006). This gene is located on chromosome
11913.1, contains ten exons and encodes menin, a 610 amino acid protein. Menin has a
nuclear localization, probably suggesting an important role in the regulation of DNA
transcription and replication, in cell cycle and genome integrity maintenance (Marini et al.,
2006). Clinically, MEN1 is characterized by the presence of hyperplasia and neoplasia in at
least two endocrine tissues (parathyroid adenomas, entero-pancreatic and pituitary
tumors). PHEO is a very rare clinical manifestation of MEN1, occurring in less than 1% of
the patients (Dackiw et al., 1999).

7.1.5 Hereditary Leiomyomatosis and Renal Cell Carcinoma syndrome

HLRRC syndrome is an autosomal dominant syndrome caused by germline
mutations in the tumor suppressor gene FH, which is located on chromosome 1g42.1, has
eight exons and encodes fumarase (Favier et al., 2015). This enzyme is part of the Krebs
cycle, converting fumarate to malate. This syndrome is characterized by the occurrence of
smooth muscle tumors (leiomyomas) in the skin and uterus, and type 2 papillary renal cell
carcinoma. PPGLs are an exceptional manifestation of the disease, occurring in less than
1% of the patients (Castro-Vega et al., 2014; Favier et al., 2015).

7.2 Other Susceptibility Genes Described for Hereditary PPGL

Germline pathogenic variants in TMEM127 (2911.2), MAX (14q23.3), KIF1B (1p36),
EGLN1/PHD2 (1942.2), EPAS1/HIF2A (2p21), MDH?2 (7q11.23), EGLN2/PHD1 (19q13.2),
KMT2D (12913.12) and BAP1 (3p21.1) are much less frequent, when compared to the
previously referred genes.

TMEM127 germline mutations have been associated with PHEO susceptibility, are
present in 1-2% of inherited cases, and the mutational spectrum includes frameshift, in-
frame deletions, missense and nonsense variants (Fokkema et al., 2011; Muth et al., 2019).

MAX mutations have also been associated with PHEO susceptibility and germline
mutations are present in about 1% of the cases. The mutational spectrum mainly includes
missense, nonsense and frameshift variants (Fokkema et al., 2011; Muth et al., 2019)

(Comino-Mendez et al., 2011; Gunawardane and Grossman, 2017).
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Regarding the remaining genes, germline mutations have only been reported in rare
or single cases, and their role in the etiology of PPGL remains unclear (Yeh et al., 2008;
Wadt et al., 2012; Lorenzo et al., 2013; Buffet et al., 2014; Cascon et al., 2015; Juhlin et al.,
2015; Yang et al., 2015).

7.3 Hereditary PPGL Related to SDHx

SDHA, SDHB, SDHC, SDHD and SDHAF2 are the genes that code for the four
subunits and the cofactor of the succinate dehydrogenase (SDH) mitochondrial enzyme.
This enzyme, also known as succinate-ubiquinone oxidoreductase, is a highly conserved
heterotetrametric mitochondrial protein (Bardella et al., 2011). SDHA and SDHB are the
catalytic subunits, which protrude into the mitochondrial matrix and are anchored to the
inner membrane by SDHC and SDHD subunits, which also provide the binding site for
ubiquinone (Bardella et al., 2011) (Figure 5). SDH forms the mitochondrial complex Il and
is the only mitochondrial enzyme that participates both in the Krebs cycle and in the electron
transport chain (ETC). In the Krebs cycle, SDH performs the oxidation of succinate to
fumarate and, in the ETC, SDH participates in the electron transfer to the terminal acceptor
ubiquinone (ubiquinone reduction) (Gottlieb and Tomlinson, 2005; Bardella et al., 2011;
Aldera and Govender, 2018). The Krebs cycle links the glucose metabolism in the cytosol

and the oxidative phosphorylation in the mitochondria (Gottlieb and Tomlinson, 2005).

Complex I

Figure 5 - lllustration of the mitochondrial succinate dehydrogenase enzyme (or complex Il of the electron
transport chain), including the four subunits (SDHA, B, C, D) and the SDHAF2 cofactor. Adapted from Ricketts
et al. (2012).
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HPPGLs syndromes caused by mutations in the SDHx and SDHAF2 genes can be
classified in five groups: PGL type 1, PGL type 2, PGL type 3, PGL type 4 and PGL type 5,
according to the presence of germline mutations in the SDHD, SDHAF2, SDHC, SDHB and
SDHA genes, respectively (Benn et al., 2015). All of these HPPGL types present an
autosomal dominant inheritance, however, regarding SDHD and SDHAF2 the disease only
occurs when associated with paternally inherited pathogenic variants (Bayley et al., 2014;
Else et al., 2018). Generally, PGLs are more frequently diagnosed than PHEOs in patients
with SDHx mutations (Benn et al., 2015). Beyond PPGLs, other types of tumors
characterize these syndromes like RCC, gastrointestinal stromal tumors (GISTs) and
pituitary adenomas (PA), with a variable risk of development (Benn et al., 2015). Patients
with PGL type 4 and 1 present a risk for RCC of approximately 14% and 8%, respectively
(Gill et al., 2011; Benn et al., 2015). The risk for developing GISTs is higher for patients with
PGL type 5, but they also have been described in patients with PGL types 1, 3 and 4 (Benn
et al., 2015; Boikos et al., 2016). PA is a very rare clinical manifestation that has been

described in some case reports (Gill et al., 2014).

7.3.1 Hereditary PPGL related to SDHD (PGL type 1)

PGL type 1 is mainly associated with bilateral or multifocal head-and-neck PGLs,
however, unilateral PHEOs and sympathetic PGLs have also been reported (Gunawardane
and Grossman, 2017). Although metastatic disease is uncommon, occurring in less than
5% of the patients (Ricketts et al., 2010), the reported lifetime penetrance is considered
high, given that at the age of 40 about 75% of the paternally inherited mutations carriers
manifest the disease (Benn et al., 2006). Mean ages at diagnosis of head-and-neck PGLs
and PHEOs are approximately 40 and 20 years of age, respectively (Ricketts et al., 2010).
The SDHD gene, located at 11923.1, has four exons and encodes a 103 amino acid protein,
the D subunit of the SDH enzyme (Baysal et al., 2000). According to the LOVD database,
the mutational spectrum of SDHD includes frameshift, in frame deletions, indels, missense

and nonsense variants and large genomic rearrangements (Fokkema et al., 2011).

7.3.2 Hereditary PPGL related to SDHAF2 (PGL type 2)

PGL type 2 has been identified in a small number of PPGL patients, so mutations in
the SDHAF2 gene are a rare cause of inherited disease. Clinically, head-and-neck PGLs
are the typical manifestation, and the mean age at diagnosis is 30 years old (Gunawardane
and Grossman, 2017). The tumors are often multifocal and about 75% of the paternally

inherited mutation-carriers will develop head-and-neck PGLs (Benn et al., 2015). The
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SDHAF2 gene, located at 11g12.2, has four exons and encodes a 166 amino acid protein,
which is a SDH enzyme cofactor, essential for the flavination of the SDHA subunit (Fishbein
and Nathanson, 2012). According to the LOVD database, the mutational spectrum of
SDHAF2 includes mainly missense variants, with only one frameshift alteration reported
(Fokkema et al., 2011).

7.3.3 Hereditary PPGL related to SDHC (PGL type 3)

PGL type 3 is mainly associated with head-and-neck (more specifically, carotid
body) PGLs, being PHEOs and extra-adrenal PGL less common. Mutations in SDHC are a
rare cause of hereditary PPGL, being present in only about 4% of head-and-neck PGLs,
and the risk of metastatic disease is low (Schiavi et al., 2005; Fishbein and Nathanson,
2012). The SDHC gene located at 1923.3, has six exons, and encodes a 169 amino acid
protein, the succinate dehydrogenase complex subunit C. According to the LOVD database,
the mutational spectrum includes missense, frameshift, nonsense, in-frame deletion and

duplication variants and large genomic rearrangements (Fokkema et al., 2011).

7.3.4 Hereditary PPGL related to SDHB (PGL type 4)

PGL type 4 is clinically characterized by the occurrence of unifocal disease and
extra-adrenal sympathetic PGLs, which are more frequently diagnosed than PHEOs and
parasympathetic PGLs (Timmers et al., 2007; Jochmanova et al., 2017).

The SDHB gene, located at 1p36.13, has eight exons and encodes a 280 amino
acid protein, which is the B subunit (or iron-sulfur subunit) of the SDH enzyme. Patients with
mutations in the SDHB gene present more frequently metastatic disease (Jochmanova et
al., 2017; Andrews et al., 2018), so every patient diagnosed with a PPGL should be tested
for SDHB mutations (Amar et al., 2007; R. Martins and Bugalho, 2014; Lam, 2017).
According to the LOVD database, the mutational spectrum of SDHB comprises missense,
nonsense, frameshift, in frame duplications or deletions and large genomic rearrangements
(Fokkema et al., 2011).

7.3.5 Hereditary PPGL related to SDHA (PGL type 5)

PGL type 5 is a rare cause of sympathetic and parasympathetic PGLs, with less
than 1% of the cases harboring SDHA germline mutations (Toledo et al., 2017). The SDHA
gene, located at 5p15.33, contains 15 exons and encodes a 621 amino acid protein, being

therefore the largest gene of the SDH group of genes (Benn et al., 2015). According to the
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LOVD database, the mutational spectrum of SDHA includes missense, nonsense,
frameshift and in frame deletions (Fokkema et al., 2011). SDHA gene has three
pseudogenes, SDHAP1 (3929), SDHAP2 (3929) and SDHAP3 (5p15.33). These
pseudogenes are highly homologous with SDHA intronic and coding regions, complicating

the genetic analysis of this gene (Benn et al., 2015; Fishbein, 2019).

7.4 SDHB Exon 1 Deletion

The mutational spectrum of the SDHB gene mainly includes missense and
nonsense mutations, nonetheless a significant amount of HPPGL patients present large
genomic rearrangements (Fokkema et al., 2011). Several large deletions have been
reported in HPPGL families from many different countries and some of them are associated
with founder effects (Bayley et al., 2009; Hensen et al., 2012; Rijken et al., 2016). The SDHB
exon 1 deletion has been reported recurrently in several countries, but in the majority of
them the genomic breakpoints were not determined (Table 2). Given the high frequency of
large deletions involving SDHB exon 1, this region can be a possible hot spot for gross
deletions within the SDHB gene (Cascon et al., 2006). The intron 1 region of SDHB presents
a high density of Alu repeats, which are thought to be involved in chromosomal
rearrangements and homologous recombination events (Cascon et al., 2006; Hoekstra et
al., 2017). Therefore, Alu-mediated recombination has been proposed as a possible
mechanism responsible for these rearrangements (Cascon et al., 2006; Hoekstra et al.,
2017).

Particularly, one SDHB exon 1 deletion has been described as a founder mutation
in the Iberian Peninsula (Cascon et al., 2008; Martins et al., 2013). The first description of
this rearrangement was made in a Brazilian family, in a study that searched for large
genomic rearrangements in patients that tested negative for point mutations in known
PPGLs susceptibility genes (McWhinney et al., 2004). Subsequently, additional families
were reported to present this SDHB exon 1 deletion, namely three Spanish and one
Portuguese families (Cascon et al., 2008). Genomic breakpoint characterization revealed
that all these families presented the same 15,678 bp deletion (Cascon et al., 2008).
Furthermore, all these families were originated from the northwest of the Iberian Peninsula
and shared a common haplotype, suggesting a founder effect (Cascon et al., 2008). This
rearrangement was also observed in a large family with Mexican-Spanish origin (Solis et
al., 2009). More recently, Martins et al (2013) reported 11 families from the north of Portugal

with this rearrangement (Martins et al., 2013). Haplotype analysis, using SNPs, revealed a
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conserved region in all the patients harboring this deletion, suggesting a founder effect
(Cascon et al., 2008; Martins et al., 2013).

Table 2 - Gross deletions involving SDHB exon 1 described in the literature until August 2019.

SDHB Rearrangement cl?an:::tzc:ii:: d Country N° of cases Authors
Iberian 15,678 bp deletion Yes Brazil 1 (McWhinney et al., 2004)
Iberian 15,678 bp deletion Yes Spain and Portugal 2 (Cascon et al., 2006)

c.1-?_72+7?del No France 2 (Amar et al., 2007)
Iberian 15,678 bp deletion Yes Brazil, Spain and Portugal 5* (Cascon et al., 2008)
Exon 1 deletion No Europea.n-America.m 2 (Neumann et al., 2009)
Paraganglioma Registry
Iberian 15,678 bp deletion Yes Mexico 1 (Solis et al., 2009)
Exon 1 deletion No USA 2 (Lodish et al., 2010)
c.1-16416_72-3886del Yes France 1 (Buffet et al., 2012)
c.1-10413_73-3867del Yes France 1 (Buffet et al., 2012)
c.1-?_72-?del No France 1 (Buffet et al., 2012)
Exon 1 deletion No USA 3 (Ricketts et al., 2012)
Exon 1 deletion No Switzerland 1 (Weber et al., 2012)
Exon 1 deletion No France 2 (Lefebvre et al., 2012)
Iberian 15,678 bp deletion Yes Portugal 11 (Martins et al., 2013)
Exon 1 deletion No United Kingdom 1 (Rattenberry et al., 2013)
Exon 1 deletion No United Kingdom 1 (Cilliers et al., 2013)
Exon 1 deletion No Brazil 3 (Moraes, 2014)
Exon 1 deletion No United Kingdom 1 (Fowler et al., 2016)
Exon 1 deletion No Poland 1 (Michalowska et al., 2016)
Exon 1 deletion No Denmark 1 (Bennedbaek et al., 2016)
Exon 1 deletion No United Kingdom 1 (Parrish et al., 2017)
Exon 1 deletion No United Kingdom 17 (Andrews et al., 2018)
c.(?_1-173)_(1-87_109) del No Portugal 8 (Donato et al., 2019)
Exon 1 deletion No Spain 1 (Guerrero-Perez et al.
2019)
Exon 1 deletion No United Kingdom 5 (Tufton et al., 2019)

* Five cases include two new Spanish cases and also the three cases already reported by Cascon et al., (2006)

and McWhinney et al., (2004).
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. Aims

This study aimed to characterize, at a national level, patients with hereditary

paraganglioma-pheochromocytoma carrying a frequent SDHB exon 1 deletion.

Specifically, the aims of this project were:

To characterize the genomic breakpoint in the patients with a SDHB exon 1

deletion;

To perform an extensive haplotype study using closely linked microsatellite

markers in carrier families;
To estimate the age of the SDHB exon 1 deletion;

To gain insight about the geographical distribution of the SDHB exon 1 deletion

positive families;

To estimate the penetrance of all clinical manifestations in SDHB exon 1 deletion

carriers;
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Il. Materials and Methods

1. Clinical Samples

This study included 30 HPPGL families presenting a SDHB exon 1 deletion (SDHB
c.(?_-151) (72+1_73-1)del, HGVS, LRG_316t1) previously detected by Multiplex Ligation
Probe Amplification (MLPA). Twenty-four families were studied by routine genetic
diagnosis, during the period of 2010 to 2019, at the Genetics Department of the Portuguese
Oncology Institute of Porto. Eleven of these 24 families had been previously studied in the
context of a research project developed in IPATIMUP (Martins et al., 2013). Additionally,
four and two families were identified by routine genetic diagnosis at the Portuguese
Oncology Institute of Lisbon and Coimbra, respectively. Additionally, 106 family members,
including 77 carriers, were also studied.

After genetic counseling and informed consent, DNA was isolated from peripheral
blood samples using Magna Pure LC 2.0 [roche Applied Science, Indianapolis, Indiana] according to the
manufacturer’s instructions and the DNA quality and concentration were evaluated using a
NanoDrop ND-1000® [Nanobrop Technologies, Wilmington, DE, usA]. All the samples were screened for
large genomic rearrangements by MLPA, using the SALSA MLPA P226 SDH Kit prc-Holiand,
Amsterdam, Nethertands], @according to the manufacturer’s protocol.

The geographic origin of the families presenting the SDHB exon 1 deletion was
inferred from the birthplace of the oldest carrier or of the oldest affected family member

most likely to be a carrier.

2. SDHB Exon 1 Germline Deletion Breakpoint Identification

To characterize the deletion breakpoints of the SDHB exon 1 germline deletion, a
PCR specific amplification and Sanger sequencing were performed, using primers that
flanked the 15,678 bp deletion previously described as an Iberian Peninsula founder
deletion (Solis et al., 2009).

For this purpose, approximately 20 ng of DNA were amplified in a solution containing
1x Taq reaction buffer (75 mM Tris-HCI, 20 mM (NH4)2SO4) (thermo Fisher Scientific, Waltham, USA], 2
MM of MQCl2 [thermo Fisher scientific, 0,5 MM dNTP MiX [thermo Fisher scientiic,; 1 U of Taq DNA
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polymerase [thermo Fisher scientfig, 0.15 WM of SDHB exon 1 Del F: 5
GTAAAATAGATACGAGCCATCACTGG-3' and 0.15 pM of SDHB exon 1 Del R: 5'-
TAGTAGGGTAAGTGGGACAATATGCC-3’ [Metabion, Germany;, and bidistilled sterile water .
Braun Medical Lda, Portugal] IN @ final reaction volume of 20 yL. PCR reaction was performed in a
thermocycler (giometra, Analytik Jena, Germany] @ccording to the conditions indicated in Table 3.
Amplified PCR products were analyzed by electrophoresis in a 2% (w/v) agarose gel rhermo
Fisher Scientificy Stained with GreenSafe [nzytech, Lisbon, Portuga) 0.05 pL/mL. The amplification of a

228 bp fragment indicates the presence of the 15678 bp Iberian Peninsula founder deletion.

Table 3 - PCR program used for the detection of the SDHB exon 1 deletion.

Temperature Time
95°C 10 minutes
95°C 45 seconds
58°C 45 seconds 35 cycles
72°C 45 seconds
72°C 10 minutes
4°C Pause

Amplified PCR products were purified using the ExoSAP-IT method, for the removal
of primers and dNTPs in excess. Samples were purified adding 2 uL of ExoSAP solution
(Exonuclease | [rhermo Fisher scientiic] (20 U/WL) and Fast Thermosensitive Alkaline Phosphatase
[Thermo Fisher Scientific] (1 U/ML), in a proportion of 1:2) to 5 uL of the PCR product, followed by
incubation at 37°C for 50 minutes, and enzyme inactivation at 85°C for 15 minutes.

Sanger sequencing was performed using BigDye™ Terminator v3.1 [thermo Fisher Scientific]
following the manufacturer’s instructions. The reaction was performed using 3.4 uL of
BigDye™ Terminator 5x sequencing buffer, 0.5 pL of Big Dye™ Terminator v3.1, (containing
dNTPs, ddNTPs-fluorocromes, MgCl. and Tris-HCI buffer), 0.32 pL of a 10 yM primer
solution, 1 L of the previously purified DNA and bidistilled sterile water g. graun Medical Lda) tO
reach a final reaction volume of 10 pL The sequencing reaction was performed using the

conditions presented in Table 4.
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Table 4 - PCR program used for the sequencing reaction.

Temperature Time
95°C 4 minutes
95°C 10 seconds
50°C 10 seconds 35 cycles
60°C 2 minutes
60°C 10 minutes
4°C Pause

The sequencing products were purified with lllustra Sephadex® G-50 fine Gt Healthcare,
Life Sciences, Chicago, UsA], according to standard procedures, for the removal of the excess dNTPs,
labeled ddNTPs and non-incorporated primers. Then, 15 uL of Hi-Di™ Formamide (rhermo
Fisher Scientific) Were added to the previously purified products, in order to help the stabilization
of the single stranded DNA. Sequencing analysis was performed by capillary
electrophoresis on a 3500 Genetic Analyser [thermo Fisher scientificj. Electropherograms were
analysed by the Sequencing Analysis Software V6 [thermo Fisher scientific; and sequences were

manually reviewed at least twice.

3. SDHB Exon 1 Deletion Specific Assay

After breakpoint identification, a PCR amplification specific assay was designed to
detect the SDHB exon 1 rearrangement. This assay consisted of a three-primer PCR
selective amplification in which the mutated allele is amplified with primers SDHB EX1del
BKP F: 5-TGTGGAAATAGGCACATTCCTTAAA-3’ (forward) and SDHB EX1del BKP MUT
R: 5'-AAATGGGGCTACTTCAAGTTTTTACT-3" (reverse), and the normal allele with the
same forward primer and the reverse primer SDHB EX1del BKP WT R: 5°-
CCTGGGACTCCAAGTACACATTTT-3" (reverse). This assay was performed in all positive
cases and in 27 negative cases.

PCR reactions were performed in a 20 uL reaction containing 20 ng of DNA, 1x Taq
reaction buffer (75 mM Tris-HCI, 20 mM (NH4)2SO4) (thermo Fisher scientific, 2 MM of MgCla (thermo
Fisher Scientificj, 0,9 MM dNTP MiX thermo Fisher scientific, 1 U of Taq DNA polymerase (thermo Fisher

scientific;, 0.15 UM of each primer [metabionj, and bidistilled sterile water [g. raun Medical Laal. PCR
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reaction was performed in a thermocycler [siometra) according to the conditions indicated in
Table 3.

Amplified PCR products were analyzed by electrophoresis in a 2% (w/v) agarose
gel [Thermo Fisher scientiic; Stained with GreenSafe nzytechy 0.05 pL/mL. Amplification of two
fragments, one of 351 bp (wild-type allele) and another of 290 bp (mutant allele) indicates
that the case is positive for the SDHB deletion, whereas in the negative cases only the 351
bp fragment will amplify. Positive cases were confirmed by Sanger sequencing after
selective amplification of the mutant allele, using the primers SDHB EX1del BKP F: 5'-
TGTGGAAATAGGCACATTCCTTAAA-3" (forward) and SDHB EX1del BKP MUT R: 5°-
AAATGGGGCTACTTCAAGTTTTTACT-3" (reverse), as described above (Table 4).

The SDHB intron 1 breakpoint region of the wild-type allele was also sequenced in
all 104 carriers (for three families the DNA from the index case was not available) using
primers: SDHB EX1del BKP F 5- CGGGCAAGGTGGCCTGTA-3" (forward) and SDHB
EX1del BKP WT R: 5'-CCTGGGACTCCAAGTACACATTTT-3" (reverse) and as described
previously. Additionally, this region was also sequenced in 31 non-carrier family members

and 50 normal controls (cases without the deletion and unrelated with the HPPGL families).

4. SDHB Exon 1 Deletion Genomic Breakpoints and Sequence Context Analysis

Genomic breakpoints were defined as a set of coordinates on the genome spanning
the genomic sequence of the deletion and were given using the reference sequence
NC_000001.11. The SDHB exon 1 deletion nomenclature was described in agreement with
the rules recommended by the Human Genome Variations Society guidelines.
RepeatMasker software was used to search for low complexity DNA sequences and
interspersed repeats in the regions flanking the two breakpoints (upstream SDHB 5 UTR

and intron 1 regions).

5. Haplotype Analysis

Haplotype analysis was performed by genotyping microsatellite and single
nucleotide polymorphisms (SNPs) markers. Haplotype construction was performed

manually and based on probands and their relatives’ genotypes.
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Materials and Methods

A total of 27 probands and 106 family members were genotyped for polymorphic
microsatellite markers flanking the SDHB gene, namely D1S507, D1S436, D1S170,
D1S2826, D1S2644, D1S2732 and D1S2828. The consensus repeat and the genomic

location of the markers are shown in Table 5. The consensus pattern was obtained with the

software Tandem Repeats Finder (http://www.tandem.bu.edu/) (Benson, 1999). The

genomic location of the microsatellite markers and primer sequences for their amplification
were derived from the UCSC Genome Browser (Human GRCh37/hg19 Assembly)

(http://genome.ucsc.edu/) (Kent et al., 2002).

Table 5 - Microsatellite markers used for haplotype analysis and respective repeat unit, genomic location and

primer sequences.

Microsatellite Repeat Genomic
Primer sequence
Marker unit location
15028720 F — AGGGGATCTTGGCACTTGG
D1S507 CA
15028985 R — CTCTAGGGTTTCTGGAAAATGCTG
15870457 F - TGAATGTGTCTCCAGTGTTAGC
D1S436 AC
15870771 R — GTTTCTTCTGTAGAGCAATCTGGCAATATGT
17297436 F — CACTCAGGCAGGTGCATG
D1S170 AC
17298256 R - GTTTCTTGAATCTTGTGCATGGTGTGG
18433233 F - TGGGACTTGTATGTTACCATTACTC
D1S2826 CA
18433591 R - GTTTCTTCCCTTCATCCTCGCAG
19026467 F — TGCAACCCACCTGAATGA
D1S2644 AC
19026806 R - GTTTCTTTACGTGAAGTGCCAGCACA
20309855 F - TGACTTCAGTGAGGCTGC
D1S2732 AC
20310118 R — CGGATACAAGGGCTTTTC
21615978 F — GGCTCCTGAACCTGGG
D1S2828 AC
21616249 R - AGCTTTGGCTGACCTTCC

All seven markers were assayed by PCR using fluorescently end-labeled primers

and fragment analysis. Approximately 20 ng of DNA were amplified in a solution containing
1x Taq reaction buffer (75 mM Tris-HCI, 20 mM (NH4)2SO4) [thermo Fisher Scientific;, 2 MM of MgCl.

[Thermo Fisher Scientific], 055 mM dNTP mix [Thermo Fisher Scientific], 1 U Of Taq DNA p0|ymerase [Thermo

Fisher Scientific, Waltham, USA], 0.15 UM of each primer [Metabion, Germany], and bidistilled sterile water [B.
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Braun Medical Lda, Portugal]. PCR reaction was performed in a thermocycler [rerofessional Basic 96, Biometra,
Analytik Jena, Germany] @ccording to the to the conditions indicated in Table 3. PCR products were
analyzed by capillary electrophoresis on a 3500 Genetic Analyzer thermo Fisher Scientific, Waltham,
USA] after mixing with 20 |JL of Hi-DiTM Formamide [Thermo Fisher Scientific, Waltham, USA] and 0.4 pL of
fluorescence labeled DNA fragment size standard GeneScan™ 600 LIZ™ thermo Fisher Scientific,
waltham, usa]- Allele sizes were determined using the GeneMapper® Software version 5 [rhermo

Fisher Scientific, Waltham, USA].

5.2 Haplotype Construction and Estimation of Mutation Age

Haplotype construction was performed manually using the genotypes obtained from
probands and family members. The age of the mutation was estimated from the variation
accumulated in the ancestral haplotype, as described by Martins et al. (2007). This method
considers both recombination (c) and mutation (p) rates in the generation of variation. The
probability of change per generation (g) is given by €=1- [(1-c) (1-p)], and the average of
mutation and recombination events (A) equals €t, where t is the number of generations. The
recombination rate (c) was estimated from the physical distance between the two most
distant markers using a conversion factor calculated in Rutgers Map Interpolator
(http://compgen.rutgers.edu/old/map-interpolator/) (Matise et al., 2007). The estimate of

average mutation rate used was 7.8x107 for dinucleotides markers (Gyapay et al., 1994).

5.3 SNPs Markers Genotyping

Haplotype analysis of seven SNPs markers, previously described by Martins et al
(2013), flanking the upstream (rs1569754, rs3946080, rs2143811 and rs5772743) and
downstream (rs7545518, rs7545499 and rs7536679) regions of the SDHB exon 1 deletion
was also performed.

SNPs markers genotyping was performed by PCR and Sanger sequencing using

the primers indicated in Table 6, and as previously described (Table 3 and Table 4).
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Table 6 - Primers used for single nucleotide polymorphisms analysis.

Materials and Methods

Region Primers sequence

SNPs

Upstream SDHB F - TGTGGAAATAGGCACATTCCTTAAA
S UTR R - AAATGGGGCTACTTCAAGTTTTTACT
SDHB intron 1 F - GGTACATGATACCTTGGAGTGC

R - ACCTCCCCTGTACTCCGTAAG

rs1569754, rs3946080, rs2143811,
rs5772743

rs7545518, rs7545499, rs7536679

6. Penetrance of all Clinical Manifestations Related to SDHB Exon 1 Deletion

The penetrance for the different manifestations of the disease, such as PHEO, PGL,

RCC or GIST, was estimated using the available clinical data from 78 SDHB exon 1 deletion

carriers, including 22 probands and 56 family members. All estimates were calculated using
the Kaplan-Meier method with IBM SPSS Statistics version 22 (SPSS inc., Chicago, IL).

For probands and affected relatives, age was determined using the tumor diagnosis date.

For unaffected relatives, the last follow-up date was used, being defined as the last normal

biochemical screening carried out in the context of surveillance procedures. The penetrance

estimation was performed including and excluding probands.

For comparison purposes, we also estimated the penetrance for the different

manifestations of the disease in the families with other SDHB pathogenic variants. The

penetrance estimation was performed using 17 probands and 30 family members.
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V. Results

1. Characterization of Hereditary PPGL Families

The SDHB exon 1 deletion was confirmed in all 24 HPPGL, families identified at the
Portuguese Oncology Institute of Porto. PGL was the most frequent tumor, representing
about 76% (26/35) of all the tumors diagnosed in the families with the SDHB exon 1 deletion
(Table 7). PHEO was the second most frequent tumor, representing about 14% (5/35) of all
diagnosed tumors, followed by GIST diagnosed in about 6% (2/35) of the cases and RCC
(1/35) and PA (1/35) diagnosed each in about 3% of the cases. Two pedigrees of two
HPPGL families are shown in Figure 6. The mean age of PGL and PHEO diagnosis was
approximately 37 years for both tumors (Table 7).

The geographic origin of the 24 HPPGL families studied at the Portuguese Oncology
Institute of Porto was, for the majority of the cases, the north region of Portugal, especially
Porto and Braga districts, with 7 and 14 families, respectively. The remaining families were
from Viana do Castelo (two) and Lisbon (one) districts (Figure 7). Regarding the families
from the Portuguese Institutes of Coimbra and Lisbon, two were originated from Coimbra

and one each from Lisbon, Setubal, Portalegre and Faro districts (Figure 7).
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Figure 6 - Pedigrees of two HPPGL families presenting the SDHB exon 1 deletion, namely family #7 (A) and
family #8 (B).
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Table 7 - Clinicopathological features of the 24 probands, studied at the Portuguese Oncology Institute of Porto,

and 8 affected relatives.

Age Geographic
Kindred Gender at origin
Family Tumor type diagnosis (district)
#1 Proband F Carotid-body PGL 39 Porto
#2 Proband M Paravertebral PGL 36 Porto
Niece F PGL 8
#3 Proband M Vesical PGL 35 Porto
Brother M PHEO 55
#4 Proband M Peritoneal PGL 28 Porto
Mother M Carotid-body PGL 44
#5 Proband M Cervical PGL 59 Braga
#6 Proband M Aortic PGL 19 Viana do Castelo
#7 Proband F Paravertebral PGL; Cervical PGL 16; 38 Porto
Mother F Cervical PGL 51
Uncle M GIST 62
Brother M Jugulo-tympanic PGL 30
#8 Proband F Carotid body PGL 38 Braga
#9 Proband M Paravertebral PGL 32 Braga
#10 Proband a a a Porto
#11 Proband M PHEO 40 Porto
#12 Proband M PHEO ; PA 15; 35 Braga
Cousin M Carotid-body PGL 31
#13 Proband F PHEO 14 Braga
#14 Proband M Jugular PGL 48 Braga
Cousin M Jugulo-tympanic PGL 25
Uncle M GIST 61
#15 Proband F Para-aortic PGL 22 Braga
#16 Proband M PGLP 15 Lisboa
#17 Proband F RCC 64 Braga
#18 Proband F Retroperitoneal PGL 41 Braga
#19 Proband F Cervical PGL 16 Braga
#20 Proband M Cervical PGL a Braga
#21 Proband M Abdominal PGL 68 Braga
#22 Proband F Cervical PGL & PHEO 61; 61 Viana do Castelo
#23 Proband F Retroperitoneal PGL 49 Braga
#24 Proband F Retroperitoneal PGL 33 Braga

PGL: Paraganglioma; PHEO: Pheochromocytoma; RCC: renal cell carcinoma; PA: Pituitary adenoma; GIST:
Gastrointestinal stromal tumor. 2 No clinical information available. P No clinical information available related to

the tumor anatomical location.
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(1)

Figure 7 - Geographic origin of the families presenting the SDHB exon 1 germline deletion in Portugal. Black
circles and the number within represent the families and its frequency. On the left, the larger-scale map

represents Braga (upper) and Porto (lower) districts.

2. SDHB Exon 1 Deletion Breakpoint Identification and Characterization

The SDHB exon 1 deletion was confirmed in all the samples previously classified as
positive by MLPA, either using the primers described by Solis et al. (2009) or the designed
specific assay (Figure 8A). Furthermore, the results for the 27 negative cases were also
concordant.

Sequence analysis of the mutated allele showed that all the samples harbored the 15
678 bp deletion previously described as an Iberian founder mutation (Cascon et al., 2008;
Martins et al., 2013). This rearrangement comprises SDHB exon 1 and upstream 5 UTR
region, being the 5' and 3’ breakpoints located 10260 bp upstream SDHB 5 UTR region
and 3865 bp upstream of SDHB exon 2, respectively. Therefore, the full description of the
SDHB deletion is ¢.-151-10260_73-3865del (HGVS, NC_000001.11 (SDHB): ATG=1).

The 5’ and 3’ breakpoint flanking regions presented a complete homology sequence
of 3 bp (CTG) (Figure 8B). The genomic sequences flanking the deletion breakpoints in
SDHB 5’ UTR region and intron 1 were analyzed for low-complexity DNA sequences and
interspersed repeats and one AluSx repeat was found at intron 1 breakpoint. Within the

upstream SDHB 5 UTR breakpoint, no Alu element was found, but an AluSx repeat was
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found in the flanking region near the breakpoint. These two Alu elements were highly
homologous.

Additionally, we observed in all positive cases a deletion of four nucleotides (AATA)
near the breakpoint region, corresponding to the SDHB variant LRG_316t1:¢.73-3821_73-
3818del (Figure 8B). This small deletion was not present in the wild-type allele of the

carriers, nor in the non-carriers family members and normal controls cases.
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1’ AV

Figure 8 - Molecular characterization of the SDHB c.-151-10260_73-3865del mutation by a PCR specific assay

and sequencing analysis. (A) Genomic DNA analysis by a three primer set amplification. The positive cases

(lane 5 and 6) present two bands corresponding to a 351 bp amplicon from the wild-type allele and an additional
290 bp long amplicon from the mutated allele; the negative cases (lane 1 to 4) present only the 351 bp amplicon
from the wild-type alleles. NTC is a non-template control and MW refers to 100 bp DNA standard. (B) Sequence
electropherograms of the normal (upper) and mutated (lower) alleles in the SDHB exon 1 deletion breakpoint
region. The overlapping region indicates a 3 bp homology sequence (CTG) shared by the 5" and 3’ breakpoint

flanking regions. The deletion of four nucleotides (AATA) in SDHB intron 1 is also indicated (black arrow).

3. Haplotype Analysis and Estimation of Mutation Age

Microsatellite haplotypes were phased for 12 out of the 30 Portuguese HPPGL
families and 9 different haplotypes were observed (Table 8). Two haplotypes were more
frequently observed, namely haplotype H1 and H7 present in three (families 5, 7 and 8) and

two (families 10 and 14) families, respectively. The 12 informative families revealed a
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conserved region of about 47Kb, comprising the region between D1S170 microsatellite
marker and the SDHB gene. Regarding the 12 families with unphased haplotypes, 10
families also harbored alleles consistent with the conserved region between the D1S170
marker and the SDHB gene (Table 8). Six families were excluded from the haplotype
analysis due to inconclusive results.

The age estimation method that we planned to use takes into account the
recombination rate (physical distance between the two most distant markers in cM), the
microsatellite marker mutation rate and the average number of mutation and recombination
events observed in the different haplotypes. The probability of mutation vs recombination is
evaluated considering the minimum number of stepwise mutations required to explain the
haplotype divergence from a single ancestor. For example, considering haplotype 1 (H1)
the ancestral haplotype, the simplest explanation for the divergence observed in the
haplotype 2 (H2) would be two recombination events, including markers D1S436 to D1S507
in the most telomeric region and markers D1S2644 to D1S2828 in the most centromeric
region (Table 8). On the other hand, the divergence observed in haplotype 3 (H3) and 5
(H5) for marker D1S2826 is more difficult to explain given the observed conserved region
that comprises markers D1S2644 and D1S2732 (Table 8). Given these doubts, we were
not yet able to estimate the age of the mutation. However, SNP haplotypes will be
constructed in order to establish whether a specific microsatellite is different from the
consensus because of a recombination event rather than a mutation and the deletion age
estimation will then be performed.

Regarding the SNP markers haplotyping, the 30 HPPGL families presented the same
haplotype previously described by Martins et al. (2013) (Table 8).

4. Penetrance of all Manifestations Related to SDHB Exon 1 Deletion

Thirty (22 probands and 8 affected family members) of the 78 SDHB exon 1 deletion
carriers presented a clinical manifestation of PPGL, RCC or GIST. The estimated
penetrance, including probands, was 66.2% at the age of 75 years (Figure 9A). Excluding
the probands, the estimated penetrance was 29.4% at the age of 75 years (Figure 9B).
Regarding the group of the other SDHB pathogenic mutations, the estimated penetrance
was 67.2% and 22.8% at the age of 75 years including and excluding the probands,

respectively.
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Figure 9 - Penetrance estimates of all manifestations (PPGLs, RCC and GIST) of the SDHB exon 1 deletion
including probands (A) and excluding probands (B).
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Table 8 - Microsatellite markers and SNP haplotypes of the 12 informative and 12 non-informative SDHB exon 1 deletion positive families.

Results

Families with phased haplotype

Non-informative families

Markers
(rf1) (H71) (:1) (:Ig) (:3) (I?IZ) (flg) (:e) (:Il;) (:I(;) (I-:S) (:I:;) 24 2 15 22 9 6 20 28 16 30 18 2
Diz:i’;:l“ BR PO BR BR PO SE CO PO BR PO PO BR BR L BR ve BR Ve BR PA L FA BR BR
tel
D1S507 | 186 186 186 184 192 198 186 184 184 184 188 188 | 184/188  196/198 196 184 186 186/196  186/196  186/202  192/196  192/196 196 186/196
D1S436 | 230 230 230 208 230 230 230 230 230 230 230 202 230 236 208/230 208 230 208/230  230/234  208/230  208/236 208 230/240 238
DIS170 | 218 218 218 218 218 218 218 218 218 218 218 218 218 228 218 218 218 218 2180222 204218 228 218 2181228  218/222
11569754 | C c c c c c c c c c c c c c c c c c c c c c c c
r$3946080 | A A A A A A A A A A A A A A A A A A A A A A A A
2143811 | C c c c c c c c c c c c c c c c c c c c c c c c
SDHB c c c c c c c c c c c c c c c c c c c c c c c c
5772743 | A A A A A A A A A A A A A A A A A A A A A A A A
17545518 | A A A A A A A A A A A A A A A A A A A A A A A A
rS7545499 | A A A A A A A A A A A A A A A A A A A A A A A A
17536679 | T T T T T T T T T T T T T T T T T T T T T T T T
D1S2826 | 136 136 136 136 132 132 126 126 126 126 126 142 126 132 132 132 1321136 132 132 126 126132 126M132 1321136 132/136
D1S2644 | 230 230 230 218 230 228 230 222 222 222 222 226 232 230 232 226/234 218 2300232 2200232 232 230 226/230 230 218/232
D1S2732 | 265 265 265 273 265 250 265 269 269 257 267 265 265 265 257 273 257 265/267  257/261 263 265 257 2631267  257/265
D1S2828 | 253 253 253 255 255 269 277 269 269 267 279 253 257 279 253 253 253 257/283  253/281  253/275 253 277/279 265277  255/281

cen

(_A means deletion of an adenine nucleotide); (BR: Braga, FA: Faro, LI: Lisbon, PA: Portalegre, PO: Porto, SE: Setubal, VC: Viana do Castelo)
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V. Discussion

HPPGL can be caused by heterozygous germline variants in the genes that code for
the four subunits and cofactor of the SDH mitochondrial enzyme, namely the SDHA, SDHB,
SDHC, SDHD and SDHAF2 genes (Benn et al., 2015). The mutational spectrum of the
SDHXx genes includes point mutations, small insertions and deletions, changes affecting
splice sites and large genomic rearrangements, distributed throughout the genes (Fokkema
et al.,, 2011). However, due to several founder effects, the spectrum of germline SDHXx
variants can differ greatly between countries. For example, the SDHD founder mutation
€.274G>T plays a major role in the prevalence of HPPGL in the Netherlands (Hensen et al.,
2012). Regarding SDHB gene, a deletion of exon three (¢.201-4429 287-933del mutation)
has also been described as a founder mutation in the Netherlands (Bayley et al., 2009;
Rijken et al., 2016).

In 2004, a SDHB exon 1 germline deletion was identified in a Brazilian family with
HPPGL (McWhinney et al., 2004). Afterward, SDHB exon 1 deletions were also described
in three Spanish and one Portuguese families (Cascon et al., 2006; Cascon et al., 2008).
Molecular characterization of these rearrangements revealed that they all harbored the
same 15,678 bp deletion (Cascon et al., 2008). According to the authors, the four Iberian
families were originated from a relatively small area of the northwest of the Iberian
Peninsula, and haplotype analysis suggested a common ancestor, probably indicating a
founder effect (Cascon et al., 2008). The SDHB 15,678 bp deletion was also described in
one Spanish-Mexican descent family (Solis et al., 2009). More recently, Martins et al. (2013)
identified this rearrangement in 11 families from the North of Portugal and SNP haplotype
analysis showed that all the families shared a common haplotype, also suggesting a
possible founder effect in northern Portuguese/Galician populations (Cascon et al., 2008;
Solis et al., 2009; Martins et al., 2013).

Twenty-four families from the Portuguese Oncology Institute of Porto presented a
SDHB exon 1 deletion, accounting for about 64% of all SDHB variants identified in families
followed at this institution. Furthermore, several SDHB exon 1 deletions were identified at
the Portuguese Oncology Institutes of Lisbon and Coimbra and, for the purpose of
haplotype studies, we included in this study four and two families from these Institutions,
respectively. Given the high frequency of the SDHB exon 1 deletion in Portugal, we aimed
to evaluate if it is a founder mutation at national level. In order to do that, we first needed to
perform the molecular characterization of all the deletions. Genomic breakpoint
characterization showed that all the carriers presented the same 15,678 bp deletion

previously described as a founder Iberian mutation (Cascon et al., 2008; Martins et al.,
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2013). Additionally, we observed a deletion of four nucleotides (AATA), located very close
to the deletion breakpoint in all carriers. This small deletion was not observed in the wild-
type allele of the carriers nor in the negative cases and normal controls analyzed. To our
knowledge, this small deletion is not described in the literature or in variant databases.
Additionally, none of the authors that studied the Iberian founder deletion reported this
alteration (Cascon et al., 2006; Cascon et al., 2008; Solis et al., 2009; Martins et al., 2013).
Given that this variant occurred near the breakpoint and would be detectable at least by the
assay described by Solis et al. (2009), further studies including the Spanish samples would
be needed to clarify this question. Nonetheless, the fact that all Portuguese carriers present
this alteration is a strong indicator of a common origin. Haplotype analysis by microsatellite
markers flanking the SDHB gene revealed a conserved region of about 47 kb in the 12
informative families. Furthermore, 12 non-informative families also harbored alleles
consistent with the conserved region, indicating that these families could share a common
ancestor. The haplotype divergence we observed can be explained by recombination and/or
mutation events that accumulated in the ancestral haplotype. This variation accumulated in
the ancestral haplotype can be used to estimate the age of the mutation (Martins et al.,
2007). However, with the microsatellite haplotype results obtained so far, it is not yet
possible to estimate the age of the SDHB exon 1 deletion.

Further haplotype studies including SNPs markers located in the regions that
encompass the microsatellite markers will be performed to allow mutation age estimation.
Regarding the SNPs haplotype previously described by Martins et al (2013), our results
showed that all families shared the same reported haplotype (Martins et al., 2013). As
indicated previously, a founder effect in northern Portuguese/Galician population was
suggested because this rearrangement had not been described in Portuguese PPGL
patients from central and southern Portugal (Domingues et al., 2012; Martins et al., 2013).
Recently, Donato et al. (2019) reported eight HPPGL families, identified at the Portuguese
Oncology Institute of Lisbon, with a SDHB exon 1 deletion, being one of the most frequent
variants of their series (Donato et al., 2019). Furthermore, our study has shown that the
SDHB exon 1 deletion presents a wider geographical distribution than previously reported.
This deletion has been described only in countries with strong historical links with Portugal
and Spain, either by colonization processes (from Portugal to Brazil and from Spain to
Mexico) or more recent emigration flows (from Portugal to Brazil) (Sousa et al., 2007; Arruda
et al., 2013; Izquierdo et al., 2015). However, given that several deletions affecting SDHB
exon 1 have been reported worldwide, without genomic breakpoints determination, this
deletion could also be present in other countries. Further studies including all the reported
families worldwide would be needed to evaluate the ancestral origin of this mutation.

Nonetheless, to our knowledge this is the first study to perform an extensive microsatellite
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haplotype analysis in SDHB exon 1 deletion carriers, demonstrating that the majority of the
Portuguese families share a longer conserved region than the previously reported by
Martins et al., (2013), further supporting the hypothesis of a founder mutation (Martins et
al., 2013).

On the other hand, we cannot exclude the possibility that the SDHB exon 1 deletion
could have occurred several times de novo. Considering that it could be a recurrent
rearrangement, this region may be a hot spot for large genomic rearrangements, as
previously suggested by Cascon et al. (2006). According to these authors, the SDHB intron
1 presents a high density of Alu repeats, comprising 36% of the region (Cascon et al., 2006).
Alu elements are retrotransposable interspersed repetitive sequences that belong to a class
of elements named short interspersed nuclear elements (SINEs), and account for
approximately 11% of the human genome (Deininger, 2011; Kim et al., 2016). Alu elements
are a major cause of non-allelic homologous recombination (NAHR) events causing large
genomic rearrangements and disease (Kolomietz et al., 2002; Kim et al., 2016). As
previously indicated, an Alu repeat was found only at the SDHB intron 1 breakpoint (AluSx)
(Cascon et al., 2006). However, we also observed an AluSx repeat near the upstream
SDHB 5 UTR breakpoint that is highly homologous to the one observed at intron 1.
Therefore, we cannot exclude NAHR mediated by Alu elements as a possible mechanism
for the occurrence of this rearrangement. Alternatively, Cascon et al. (2008) observed, at
the breakpoint region, a DNA sequence motif known to be associated with site-specific
recombination, mutation, cleavage and gene rearrangements (the DNA polymerase a
frameshift hotspot GGGGGA) (Abeysinghe et al., 2003) and suggested that the mechanism
involved in SDHB exon 1 deletion was different from Alu-mediated genomic recombination
(Cascon et al., 2008). As indicated previously, a four base deletion was observed near the
breakpoint junction and located in one short tandem repeat sequence. According to
Esposito et al (2017), genomic rearrangements can give rise to microdeletions, generally
located in palindromic and repeat sequences (Esposito et al., 2017). The authors suggest
that these types of sequences may promote DNA instability, predisposing these regions to
DNA breakage and recombination (Esposito et al., 2017). Therefore, one possible
explanation for the observed small deletion is that it resulted from the mechanism
responsible for this rearrangement.

Regarding the phenotype of the 24 HPPGL families, we observed that PGL was more
frequently diagnosed than PHEO (74% versus 14%, respectively). This result is in
accordance with previous studies, in which families presenting SDHB mutations showed a
predominant clinical phenotype of PGL (Burnichon et al., 2009; Martins et al., 2013;
Gunawardane and Grossman, 2017). Regarding the PGLs anatomical location, thoracic-

abdominal location was more frequently observed when compared to head-and-neck
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location, which it is also concordant with the literature (Gunawardane and Grossman, 2017).
The mean age at diagnosis reported in the literature (30 years) is also in concordance with
our results (37 years) (Gunawardane and Grossman, 2017). Additionally, when we compare
with the group of the remaining SDHB pathogenic mutations identified at our institution, the
mean age at diagnosis was similar (39 years) and PGL was also the most frequent tumor
diagnosed in these families.

Although with a much lower prevalence, we observed the presence of other types of
tumors previously associated with SDHB germline mutations, namely RCC, PA and GIST
(Benn et al., 2015; Evenepoel et al., 2015; Gill, 2018; Muth et al., 2019). RCC belongs to
the tumor spectrum of PGL type 4, occurring in approximately 14% of the cases, and in
some families it has been reported as the only clinical phenotype (Benn et al., 2015).
Regarding PA, although associated with mutations in the SDHx genes, it is rarely diagnosed
in the context of HPPGL, being mainly described in case reports and small series (Benn et
al., 2015; Xekouki et al., 2015; Gill, 2018). GISTs are the most common type of
mesenchymal gastrointestinal tumors, usually associated with somatic activating mutations
in KIT or PDGFRA genes (Wang et al., 2015). A small subset of GISTs is associated with
SDH deficiency (Wang et al., 2015), due to germline mutations in SDHx genes (Gill, 2018).
For example, the Carney-Stratakis syndrome is characterized by the occurrence of gastric
GIST and PGL, due to germline mutations in the SDHx genes (Wang et al., 2015).

Penetrance is defined as the proportion of individuals with a given genotype who
exhibit the phenotype associated to that genotype. PPGLs associated with mutations in
SDHB are characterized by a high risk of malignancy, so estimating the age-dependent
penetrance of these alterations is extremely important. The apparent age-related
penetrance for SDHB mutation carriers varies widely in the literature, ranging from 9% to
77% at 50 years of age (Neumann et al., 2004; Hes et al., 2010; Rijken et al., 2016; Andrews
et al., 2018; Rijken et al., 2018). The observed difference in disease penetrance across
studies is mainly due to the method, size and type of cohorts used in penetrance estimation.
While initial studies used cohorts of symptomatic PPGL patients (mostly probands) and a
limited number of asymptomatic family members, more recent studies tend to exclude
probands from the analysis. Although the estimates obtained from studies that include
probands can overestimate the penetrance, exclusion of affected patients from the analysis
can also be prone to bias in low-penetrant diseases, because it discards valuable
information of affected mutation carriers (Andrews et al., 2018; Rijken et al., 2018).
Adequate methodologies for penetrance calculations must be used in order to correct for
these ascertainment bias. Regardless of these, penetrance estimates for SDHB mutation
carriers have decreased since the first reports. According to two recent studies, from the

Netherlands and United Kingdom, the estimated penetrance of SDHB mutations was 21%
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and 16% by age 50 years, respectively (Andrews et al., 2018; Rijken et al., 2018).
Concerning SDHB exon 1 deletions, Jochmanova et al. (2017) estimated the penetrance of
31 carriers (including probands) of the ¢.1-16418_73-5173del rearrangement to be 50% at
63 years of age. Solis et al. (2009) also estimated the penetrance on a large family with the
SDHB 15,678 bp Iberian founder deletion and obtained a value of 35% at 40 years of age.
As expected, the estimated penetrance observed in our work was higher when we included
the probands in the analysis (66.2% and 29.4% at the age of 75 years, including and
excluding probands, respectively). Our study also suggests a lower penetrance when
compared with that estimated by Solis et al. (2009). The difference observed could be due
to the size of the series, given that they only included in the analysis 23 mutation carriers.
On the other hand, our estimated disease penetrance in non-proband SDHB mutation
carriers is in accordance with recent studies regarding other mutations in SDHB gene, in
which the estimated penetrance is lower than the previously reported (Schiavi et al., 2010;
Andrews et al., 2018; Rijken et al., 2018). Additionally, the estimated penetrance of all the
remaining SDHB pathogenic mutations of our series was similar to the one observed for the
SDHB exon 1 deletion. Further studies including all the families that present the SDHB exon
1 founder mutation could help to determine with more accuracy the penetrance of this
rearrangement. Be that as it may, we have currently no evidence that the penetrance of this
founder SDHB deletion is different from that of other SDHB mutations.
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Conclusions

The main conclusions of this thesis are:

All SDHB exon 1 deletion carriers presented the same 15,678 bp deletion
previously described as the Iberian founder deletion, as well as a previously
unreported 4 bp deletion nearby the breakpoint;

The extensive haplotype analysis with microsatellite markers showed a
conserved region of 47 kb suggesting a common ancestor for all Portuguese
families, but further studies are needed to estimate the SDHB exon 1 deletion
age;

Evaluation of the geographic origin of the families revealed that the majority of
the SDHB deletion carriers are from the north region of Portugal, but that it
also exists in families originating from other regions of the country;

The penetrance of this founder SDHB deletion is similar to that observed for
other SDHB mutations.
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VIL. Future Perspectives

In order to support and improve our results and conclusions, we plan to:

» Determine if the genomic breakpoints of all SDHB exon 1 deletions described
worldwide are the same as those of the Iberian founder deletion, as well as to
confirm if all carriers have the nearby 4 bp deletion we identified in this study;

» Perform additional haplotype studies, including more SNPs markers, in all
families with the Iberian founder deletion reported worldwide;

» Estimate the age of the Iberian Peninsula deletion, using the information
obtained from microsatellite and SNPs extended haplotyping;

» Perform additional penetrance studies including all the reported carriers of the

Iberian Peninsula deletion as compared with other deleterious SDHB variants.
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